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Abstract

The microcystins and nodularins, cyclic z'sohepta- and zsopentapeptides,
respectively, are potent inhibitors of the serine/threonine protein phosphatase
enzymes 1 (PP1) and 2A (PP2A). They have been shown to form covalent adducts
with the enzymes and are known to be potent hepatotoxins and liver tumour
promoters. These cyclic peptides possess both dehydroamino acid and Adda
residues which could potentially form covalent bonds with proteins. The
possibility that the dehydroamino acid moiety is the reactive group in inhibition
has been excluded by showing that the reduced analogue (dihydromicrocystin-
LR) is fully active as an inhibitor. This indicates that the Adda residue is the site
at which covalent bond formation with the proteins occurs.

In order to investigate the mode of inhibition, the potential inhibitor (33)
(cyc/o(Gly-(R)-zsoAsp-(S)-Phe-"Adda"-(R)-zsoGlu) was designed and its synthesis
was contemplated. (3-Alanine was used as a model for the "Adda" residue in
order to optimise the conditions for cyclisation. The zsopentapeptide (65) [Cbz-
(R)-Asp-a-(OCH3)-p-(S)-Phe-P-Ala-(R)-Glu-a-(OCH3)-y-Gly-OBzl] was synthesised,
from (2R)-aspartic acid and the readily available Boc-(2R)-Glu-a-(OH)-y-OBzl. The
overall synthesis required 15 steps and was achieved in 17.5% yield.
Simultaneous N- and C-terminal deprotection using catalytic hydrogenation
gave deprotected peptide (108). All attempts to cyclise this peptide using the
commonly employed protocols (DPPA, EDCI and TBTU etc.) failed. Molecular
modelling showed that the two ends of peptide (108) could not approach in the
correct orientation to allow ring closure. As a result of modelling studies the
zsopentapeptide (110) containing sarcosine in place of glycine was prepared.
Modelling studies predict that ring closure of this peptide could be achieved
(after deprotection).

The P-amino acid diene (3S)-methyl-3-(N)-9'-phenylfluoren-9'-yl-6-methyl-
nona-4,6-dienoate (107) was used as an analogue for the Adda residue of the
microcystins/nodularins. The diene was formed from the suitably protected
aspartic acid a-aldehyde (106) using Wittig chemistry. The a-aldehyde (106) was
prepared by Dess-Martin periodinane oxidation of the corresponding a-

hydroxymethyl alcohol (103). Thus, a pentapeptide containing a hydroxymethyl
group has been prepared, which can be elaborated to the diene, after successful
ring closure to give our potential inhibitor (33). Owing to time constraints, it was
not possible to complete the cyclisation. If cyclisation of these new peptides can
not be achieved by standard methods, the use of a free radical mediated
macrocyclisation may offer a solution. This is currently under investigation by
others in the group.
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Chapter 1: Introduction 1

1.0 Introduction.

1.1 General Introduction.

"Thus floating, it is wafted to the lee shores, and forming a thick scum like

green oil paint, some two to six inches thick, and as thick and pasty as porridge."
This is an excerpt describing the first cyanobacterium (blue-green alga) to be

reported in the scientific literature as being toxic to livestock in 1878.1 The

cyanobacterium concerned was Nodularia spumigena, however, the secondary
metabolite produced by this cyanobacterium, nodularin,2 was neither
characterised nor its structure elucidated for more than a century. Nodularin is

structurally related to the microcystins2 which are cyclic polypeptidic

hepatotoxins. These compounds are known to be potent inhibitors of the

catalytic subunits of protein phosphatases 1 and 2A (PP1 and PP2A), two of the

major protein phosphatases in the cytosol of mammalian cells that

dephosphorylate serine and threonine residues.3' 4 Microcystin is known to be
one of the strongest liver tumour promoters found to date.5

These cyanobacterial toxins have been implicated in the deaths of fish, birds,
wild and domestic animals, and agricultural livestocks in numerous areas of the

world, and adverse effects on human health have also been reported.6
The microcystins/nodularins are being used as biochemical probes for the

study and identification of cellular processes which are mediated by protein

phosphatases. The use of microcystin-LR in a microcystin-affinity column for the

purification of the catalytic subunits of PP1 enzymes has recently been reported.7

1.2 The Protein Phosphatases.

1.2.1 Reversible Phosphorylation.

It is widely accepted now, that the reversible phosphorylation of proteins is a

major mechanism for the control of intracellular events in eukaryotic and

prokaryotic cells. Protein phosphorylation is the most ubiquitous intracellular
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control mechanism. It regulates a variety of biological processes, including

certain metabolic pathways, muscle contraction, membrane transport and

secretion, gene transcription and translation, hormonal response, cell division
and cell growth, fertilization, viral oncogene response, photosynthesis, learning
and even memory.

Phosphorylation and dephosphorylation of regulated proteins is carried out

by protein kinases and protein phosphatases respectively (Fig. 1.1).

Kinases

2 ATP . , 2 ADP

3®
2Pi 2 H20

Protein-

dephosphorylated Phosphatases
Protein-

phosphorylated

Figure 1.1: Reversible phosphorylation.

In eukaryotic cells, reversible phosphorylation predominantly occurs on

serine, threonine and tyrosine residues,8 and more recently reversible

phosphorylation on histidine residues9 and the occurrence of a histone H4

protein histidine kinase have been reported.10 In prokaryotes, signal
transduction is also mediated by phosphorylation on serine, threonine, aspartate
and histidine residues.11 However, no reports of tyrosine phosphorylation have

yet been observed in prokaryotes.12
The reversible phosphorylation of serine, threonine and tyrosine residues can

result in either activation or inhibition of enzyme activity. It can promote

conformational changes in regulated proteins that alter their biological

properties, either locally or more remote from the site of phosphorylation. The
level of phosphorylation at any instant, reflects the relative activities of protein
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kinases and protein phosphatases that catalyse this interconversion process.13
To date, approximately two hundred protein kinases14*16 have already been

identified. A large proportion of these protein kinases have been characterised to

some extent, and for some of them, the physiological role and regulation have
been elucidated. By comparison to the protein kinases, the number of protein

phosphatases,17*19 although significantly higher than anticipated from
biochemical approaches, is nevertheless, still quite limited and does not appear

to equal the diversity of the protein kinases. Furthermore, in spite of the fact that
the vast majority of cellular phosphorylations are associated with

serine/threonine residues, the greatest number of protein phosphatases
identified so far belong to the phosphotyrosine-specific class.20 Only

approximately a dozen different catalytic subunits of serine/threonine

phosphatases have been found in mammalian cells,21 and even for such a

limited number, their substrate specificities, their modes of regulation and their

physiological roles are not well understood.
In the past, protein kinase activities have been associated with switching on

certain cellular activities, while protein phosphatase activities have been
associated with switching these off. It is now apparent that this view is too

simple, as the (serine) dephosphorylation of glycogen synthase by protein

phosphatase 1 (PP1) and also CD45 (a transmembrane protein tyrosine

phosphatase) has been shown to activate the T-cell specific tyrosine kinase via

dephosphorylation of a C-terminal tyrosine.22 Other recent work has shown that
kinases can activate protein phosphatases, for example, in the insulin stimulated

phosphorylation of a specific serine residue in the regulatory subunit of PP1.23
Kinase enzymes are responsible for the transfer of phosphoryl groups to

phosphoryl group acceptor moieties within molecules. These sites are usually,
but not always, O-atoms. The accepting O-atom can be part of a wide range of

different functional groups including alcohols, carboxylates and phosphates. The
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acceptor molecules have diverse structures and sizes. The kinase enzymes exist
to phosphorylate small molecules such as acetate, pyruvate and adenosine as

well as large molecules, for example, the serine, threonine, and tyrosine residues
of a vast array of proteins. Adenosine 5'-triphosphate (ATP), usually serves as

the phosphorylating agent in these reactions, and the O-atom of the acceptor

molecule (X=OH) directly displaces adenosine 5'-diphosphate (ADP), an excellent

leaving group, from the y-phosphorus atom of ATP (Scheme l.l).24

Scheme 1.1: Phosphorylation of an acceptor molecule by ATP.

Phosphatase enzymes are responsible for the removal (hydrolytic cleavage) of

phosphoryl groups from an equally diverse range of molecules (Scheme 1.2).24
However, almost nothing is known about the hydrolytic mechanism for the

protein phosphatases.

Scheme 1.2: Hydrolytic cleavage of a phosphoryl group.

Thus, understanding the complete picture of the inter-twined roles and
mechanisms of the protein kinases and phosphatases is important.
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1.3 Serine/Threonine Protein Phosphatases.

1.3.1 Classification.

Whereas a considerable amount of information has been gained on the

structure, mechanism of action, subunit composition, functional sites and

regulation of a variety of protein kinases, up until fifteen years ago, very little
was known about the protein phosphatases. Protein phosphatases have been

broadly classified according to which phosphorylated amino acid residues within
the proteins enzymes can act upon, either phosphotyrosine or

phosphoserine/phosphothreonine residues. This initial distinction is now

complicated by the discovery of protein phosphatases with "dual specificity"
towards both phosphotyrosine and phosphoserine/threonine residues.20 As the
main objective of our work was to design and synthesise microcystin and
nodularin based inhibitors of PP1 and PP2A (see below), the remainder of this

chapter will only be concerned with serine/threonine protein phosphatases.
Unlike many enzymes, the serine/threonine specific phosphatases show

broad and overlapping substrate specificities in vitro, and their classification

requires the use of specific inhibitors and activators. In 1983, Cohen et al.25

suggested that the protein phosphatase activities involved in regulating the

major pathways of intermediary metabolism could be explained by four principal

catalytic subunits which are divided into two classes, type 1 and type 2. The most

widely adopted classification is that proposed by Ingebritsen and Cohen25' 26 to

distinguish between the two groups of serine/threonine protein phosphatases.

Enzymes falling within this classification have been found in animals, plants,

fungi and bacteria,21 although a small number of enzymes have been described
that cannot be so classified.27 The type 1 phosphatases (PP1) were defined as

containing a catalytic subunit which preferentially dephosphorylates the (3-
subunit of phosphorylase kinase,28 and are inhibited by nanomolar
concentrations of two small, heat and acid-stable protein inhibitors29 known as
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inhibitor-1 (1-1) and inhibitor-2 (1-2 or modulator). While 1-1 is active as an

inhibitor only after phosphorylation by the cAMP-dependent protein kinases, 1-2
is spontaneously active. In contrast, the type 2 phosphatases (PP2) preferentially

dephosphorylate the a-subunit of phosphorylase kinase, and are insensitive to I-
1 and 1-2. The type 2 phosphatases are further subdivided into three distinct

classes, PP2A, PP2B and PP2C respectively, based on biochemical properties and
their requirement for divalent cations.18 PP2A, like PP1 does not have an

absolute requirement for cations, whereas PP2B and PP2C show an absolute

dependence on Ca2+ /calmodulin and Mg2+ cations respectively.
PP1 enzymes are also known as the ATP/Mg-dependent (or AMD) protein

phosphatases or as phosphorylase phosphatases, PP2A enzymes as the polycation
stimulated (PCS) protein phosphatases, and PP2C as the Mg2+-dependent protein
phosphatases. The catalytic subunit of PP1 (PPlc) is also referred to as protein

phosphatase C-I or Fc.

The classification system introduced by Cohen applies to all examined

eukaryotic cells25' 26>30~32 and provides a framework for the initial characterisation
of a phosphatase. Its major drawback is that it cannot accommodate all known

serine/threonine protein phosphatases. However, it is more difficult to classify
certain phosphatases that on one hand belong to type 1 or type 2 but on the other
hand differ from these enzymes. Thus, a protein phosphatase has been reported

that is inhibited by 1-1 and 1-2, but does not dephosphorylate phosphorylase
kinase at all.33 Other reports deal with enzymes that preferentially

dephosphorylate the P-subunit of phosphorylase kinase, but are either not

affected34 or are even stimulated35 by 1-2 (modulator). The recent discovery of

protein phosphatases that catalyse the dephosphorylation of both

phosphotyrosine and phosphoserine/threonine residues, provides a further

complication to the classification system.20
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Enzyme Inhibited by 1-1 or
1-2

Specificity for
phosphorylase

kinase

Absolute

requirement for
divalent cations

PP1 (ATP/Mg-dependent) Yes (3-subunit No

PP2A (Polycation stimulated) No a-subunit No

PP2B (Calcineurin) No a-subunit Yes, Ca2+
PP2C (Nig2"1" -dependent) No a-subunit Yes, Mg2+

Table 1.1: Original classification of the serine/threonine protein phosphatases.

Further complications to this classification system have recently arisen with
the discovery that PP1, PP2A and PP2C also dephosphorylate histidine residues,
but this discovery has increased even further the potential roles of these

enzymes in cell regulation.9
In 1991, Honkanen and co-workers identified a protein phosphatase from

bovine brain and designated this new phosphatase as PP3.35 It preferentially

dephosphorylated the (3-subunit of phosphorylase kinase, it did not require
divalent cations for activity, and was stimulated rather than inhibited by 1-2. PP3

is not thought to be an isoform of any known serine/threonine protein

phosphatase. PP3 displays molecular and biochemical characteristics distinct
from PP1 and PP2A.33

More recently Cohen has identified two novel members of the

PP1/PP2A/PP2B family in mammalian tissues, termed PP436 and PP5,37 which
are associated with centrosomes and nuclei, respectively. It is thought that

approximately 1% of human genes may encode this family of protein

phosphatases.

1.3.2 Catalytic Subunits.

The serine/threonine protein phosphatases with the exception of PP2C are

multi-subunit enzymes. They comprise of a catalytic subunit associated with a

non-catalytic subunit (regulatory subunit), which serve to regulate or specify the
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function of the catalytic moiety (Fig. 1.2).

Figure 1.2: Schematic representation of the association between the catalytic and
the regulatory subunits of a protein phosphatase.

The primary structures of the catalytic subunits of PP1, PP2A, PP2B and PP2C
have been defined by molecular cloning.19' 21>38 Apart from PP2C, all the catalytic
subunits belong to a single gene family. Four PP1 and two PP2A, PP2B and PP2C

catalytic subunit isoforms have been predicted from cDNAs isolated from
mammalian sources.

It is now known from cDNA cloning that the protein

serine/threonine/histidine phosphatases comprise of two distinct gene

families.18'27 PP1, PP2A and PP2B are members of the same family and analysis of
these enzymes in mammals, fruit flies, yeasts and higher plants has
demonstrated remarkable structural conservation through eukaryotic evolution
and may be the most conserved of all known enzymes.27 The amino acid

sequences of PP1 from mammals and Drosophila show greater than 90% overall

identity, while mammalian PP1 is over 80% identical to the corresponding

enzymes in Aspergillus (see Appendix 1, p.158) and yeast (see Appendix 2,

p. 159).18 Similar observations have been made with PP2A.39 In contrast, the
structure of PP2C is distinct.
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The pattern of specificity of the protein phosphatases is not one in which a

given phosphatase is designed to phosphorylate a set of proteins phosphorylated

by a given protein kinase. Although kinases recognise specific amino acid

sequences in their substrates, this is not so readily apparent in these enzymes,

and it is likely that higher orders of protein structures are important in

governing substrate specificity for the phosphatases.40 The broad substrate

specificity of the protein phosphatases, including in vitro activity towards non-

physiological protein substrates, suggests the need for mechanisms to restrict the
actions of these enzymes in vivo. Recently, evidence has emerged for the

presence of a novel class of intracellular proteins known as "targeting
subunits".41 The action of this novel class of proteins not only act to restrict the
location of kinase and phosphatase catalytic subunits, but also to modifiy their

catalytic and regulating properties. Thereby this plays a key role in ensuring the

fidelity of protein phosphorylation.41

1.3.3 Structure, Function and Regulation.
1.3.3.1 Protein Phosphatase 1 (PP1).

The catalytic subunit component of PP1 enzymes (PPlc) are present in the cell

as part of larger molecular complexes.42 At least four different molecular forms
of these large PP1 complexes have been identified38: (a) the ATP/Mg-dependent

phosphatase, (b) the glycogen/sarcoplasmic reticulum associated phosphatase

(PP1-G), (c) the myosin-associated phosphatase (PP1-M) and (d) a nuclear

phosphatase (PP1-N). All of these forms of PP1 appear to contain a similar

catalytic subunit (PPlc) of 37 kDa, but differ in the type of the associated

regulatory subunit. The identification by cDNA cloning of four catalytic subunit

isoforms, a, yl, y2 and 8, however, also opens up the possibility that there are

specific associations with regulatory components.43
PP1 enzyme complexes appear to acquire specificity by association with
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targeted regulatory subunits which direct the enzymes to specific cellular

compartments, confer substrate specificity and control enzyme activity.41
The association of PP1 enzymes with glycogen, sarcoplasmic reticulum and

myosin strongly supports their involvement in glycogen metabolism, calcium

transport and muscle contraction.38' 41 PP1 enzymes are also thought to play an

important role in the regulation of protein synthesis and the cell division cycle

(mitosis).38'44

The intracellular location of PP1 is important in the mechanism of its control.

The activity of PP1 is regulated by hormones like insulin, glucagon, a- and (3-

adrenergic agonists, glucocorticoids and thyroid hormones acting through the
second messengers cAMP and Ca2*.38

1.3.3.2 Protein Phosphatase 2A (PP2A).

PP2A enzymes are also known as the polycation-stimulated (PCS)

phosphatases, and they represent a substantial portion of the serine/threonine

protein phosphatase activity in many cells. PP2A has been isolated from a variety
of tissues in three different trimeric forms.18 All contain a catalytic subunit
(PP2Ac) of 36-38 kDa which is complexed to two regulatory subunits, A (61-65

kDa) and B.42 The B type regulatory subunit is found in three forms, which differ
in molecular mass and are referred to as B (52 kDa), B' (53 kDa) and B" (72

kDa).42 PP2A is located mainly in the cytosol unattached to particulate fractions.
Its high activity in vitro towards the regulatory enzymes of

glycolysis/gluconeogenesis, fatty acid synthesis, amino acid catabolism, lipolysis
and catecholamine synthesis, suggests that it may be the major phosphatase

acting to regulate these pathways in vivo.18' 27 A role for PP2A and its regulatory
subunits in the signal transduction pathways and other important cellular

signalling pathways has also been postulated. Along with PP1, biochemical
studies have suggested that PP2A is involved in the regulation of mitosis.42

Despite the fact that PP2A has been associated with a myriad of physiological
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roles, and progress has been made in determining the structure of the PP2A

subunits, very little is known about the control of its activity. Recent studies
have uncovered that there are a significant number of isoforms of regulatory
subunits.21' 45-48 The potential existence of five distinct B or B-related isoforms,
two A and two catalytic subunit isoforms, arises the possibility that a

combinatorial association could generate a large number of specific PP2A forms
which possess different substrate specificites and/or cellular localisations (Fig.

Figure 1.3: Schematic representation of the potential combinatorial
association between the catalytic and the regulatory subunits of PP2A.

The regulatory subunits may thus play an important role in determining the

physical and chemical properties of the protein phosphatases and thence their

physiological functions.

1.3.3.3 Protein Phosphatase 2B (PP2B).

PP2B, also termed calcineurin, was first defined as an activity that

dephosphorylated the a-subunit of phosphorylase kinase,49 and was

subsequently shown to be a Ca2+-dependent calmodulin-stimulated enzyme.50
PP2B is a heterodimer where the catalytic subunit (PP2BC, A, 58 kDa) is the

calmodulin binding component and the B-subunit is the Ca2+ binding

component.27 The high levels of PP2B in the brain suggest that it may operate on

several substrates in this tissue.18 The most effective substrates for PP2B so far

1.3).

B (a,P/y)
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identified are proteins that regulate the activities of protein kinases and

phosphatases, namely inhibitor-1 (I-l),51 the regulatory subunit of protein kinase
A (PKA),52 the a-subunit of phosphorylase kinase53 and the calmodulin-

dependent cAMP phosphodiesterase.54 Many of these proteins are themselves

phosphorylated by cAMP-dependent PKA.18 These findings have given rise to

the idea that PP2B plays an important role in allowing the second messenger Ca2+
to attenuate the effects of cAMP under certain conditions. PP2B plays a crucial
role in stimulating the production of interleukin-2 by T-cells, while in the

dopaminoreceptive neurones of the brain it permits the neurotransmitter

glutamate to antagonise the neurotransmitter dopamine that acts via cAMP.37

1.3.3.4 Protein Phosphatase 2C (PP2C).
Whereas PP1, PP2A and PP2B are multi-subunit enzymes, PP2C is a

monomeric enzyme (42 kDa) and like PP2A is mainly cytosolic.18 PP2C

dephosphorylates many proteins in vitro, but as yet its physiological roles are not

well defined.18

1.3.4 Peptide Substrates.

The molecular basis of protein phosphorylation is very poorly understood,

despite its great importance.55 A more detailed investigation of protein

phosphorylation is dependent on the availability of phosphoproteins and

phosphopeptides in sufficient quantities. It is hoped that this approach may lead
to the development of more effective and specific substrates for the

serine/threonine specific protein phosphatases56 and thence help in elucidating
the mechanism of action of the protein phosphatases.

Synthetic peptides are capable of reproducing naturally occurring

phosphoacceptor sites, albeit with suitable modifications, and have proved to be

very useful for defining the concensus sequence and specificity determinants of

many protein kinases.57' 58 A similar approach has been applied to the four main
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classes of protein phosphatases; PP1, PP2A, PP2B and PP2C.56' 59'60 However, the
results obtained are not as well-defined as for the protein kinases and do not

reveal any obvious relationship between the structural features responsible for
the dephosphorylation of peptide substrates and those occurring at the

phosphorylated sites of physiological protein substrates.61
The substrate specificity of protein kinases is to a large extent determined by

the primary structure in the immediate vicinity of the phosphorylated

residue,57'62 and the same may be true for PP2A.59"63 This explains why peptide
substrates can readily be used with these enzymes. In contrast, PP1C fails to

dephosphorylate peptides with a sequence that corresponds to the

phosphorylation site of model subtrates of the phosphatase.59'63'64 This indicates
that the determinants for substrate recognition of PP1C reside not only in the

primary structure, but also in the higher order structure of the substrate.38
It has been shown that the synthetic phosphopeptide RRATpVA, is an

effective substrate for both PP2A and PP2C.56 Both display a striking preference

for phosphothreonyl peptides over their phosphoseryl counterparts. However,
PP2B dephosphorylates phosphothreonine residues only slightly more efficiently
than it does phosphoserine residues included within identical sequences.

The synthesis of compound (1) which is the N-acetylated phosphopeptide

RRATpVA, is currently being conducted within our research group by Ms. P.
Hormozdiari and will be utilised as a synthetic substrate for a protein

phosphatase. Incorporation of the 14C-labelled acetate moiety into the substrate
will allow us develop an assay by which we can quantify phosphatase activity.
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(N-Ac)-(S)-Arg-(S)-Arg-(S)-Ala-(S)-Thr(P)-(S)-Val-(S)-Ala

(1): Substrate for PP2A, RRATpVA.
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1.4 The Okadaic Acid Class of Compounds.

1.4.1 Introduction.

The okadaic acid class of compounds, include four structurally different types,

namely, okadaic acid, calyculin, tautomycin and microcystin (Fig. 1.4). They are

secondary metabolites produced by marine sponges,65'66 cyanobacteria2 and a soil
bacterium.67 The okadaic acid class of compounds are known to be potent

tumour promoters (see section 1.5).

Nodularm Microcystin-LR

Figure 1.4: Members of the okadaic acid class of compounds.

These compounds bind to the okadaic acid receptors known as protein

phosphatases 1 and 2A (PP1 and PP2A), and inhibit their activities which results
in an increase in phosphorylation of proteins in the cells.68 Reversible

phosphorylation of proteins on serine, threonine and tyrosine residues by

protein kinases and phosphatases, is widely accepted as being the principal
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mechanism by which eukaryotic cells respond to extracellular signals. The
okadaic acid class of compounds are being used to gain an insight into the role of
PP1 /PP2A in cellular processes.40

1.4.2 Okadaic Acid and Its Derivatives.

Okadaic acid (2) is a marine polyether compound of a C38 fatty acid, which was

first isolated from the black sponge, Halichondria okadai. The structure of
okadaic acid was elucidated in 1981 by Scheuer et al.,65 (Fig. 1.5). A related

congener, dinophysistoxin-1 (35-methylokadaic acid) (3), was first isolated from
the hepatopancreas of the mussel Mytidus edulis by Yasumoto et al.,69 and like
okadaic acid, is also known to be produced by many types of free-living
unicellular marine dinoflagellates (marine planckton) belonging to the genera

Dinophysis and ProcentrumA0 They are known to be the causative agents

involved in diarrhetic shellfish poisoning around the world.70

Acanthifolicin (4), was the first polyether carboxylic acid to be reported from a

marine source,71 and is structurally an episulfide derivative of okadaic acid

isolated from the sponge Pandoras acanthifolicium.
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Diarrhetic shellfish poisoning has been reported in many countries such as

Japan, Spain, Holland, Norway, Chile and Mexico.70 Shellfish which feed on the

dinoflagellates ingest the toxins which then accumulates in their digestive

glands. The high morbidty rate, and worldwide distribution of diarrhetic
shellfish poisoning, make it a serious threat to the shellfish industries and to

public health.
The effect of okadaic acid on smooth muscle contractility led Takai to deduce

that it was an inhibitor of PP1 and PP2A.72' 73 It has no effect on other protein

phosphatases or on any of a range of protein kinases, including protein kinase C

(PKC). Many of the physiological roles for PP2A have been substantiated using
okadaic acid (2).

Okadaic acid (2) and dinophysistoxin-1 (3), have been reported to be potent

tumour promoters when initiated with 7,12-dimethylbenz[a]anthracene (DMBA)
(see section 1.5).74'75 Compounds (2) and (3) have a different mechanism of action
to the classical tumour promoter known as 12-0-tetradecanoylphorbol-13-acetate

(see section 1.5). Since okadaic acid was the first tumour promoter of this class,

the other members have collectively become known as the okadaic acid class of

compounds. These compounds bind to the okadaic acid receptors known as PP1
and PP2A, and inhibit their activities,73 which results in an increase of

phosphoproteins in the cells. The mechanism of this protein phosphatase
inhibition is known as the okadaic acid pathway.76 Acanthifolicin (4) has since
been shown to be an inhibitor of PP1 and PP2A, and is thought to be an

additional tumour promoter of the okadaic acid class.68
The total synthesis of okadaic acid was published by Isobe and co-workers in

1987.77 More recently many derivatives of okadaic acid, have been isolated78' 79
and semi-synthesised68 from okadaic acid, including ester, ether and acylated

forms, many of which have been evaluated as possible tumour promoters.68
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1.4.3 The Calyculins.

Calyculin A (5a) was isolated in 1986 from the marine sponge Discodermia

calyx.66 It contains an octamethyl-polyhydroxylated C28 fatty acid, that is linked to
two y-amino acids and esterified by phosphoric acid.

h3co
(ch3)2n

ch3

oh

R1 R2 R3
(5a) Calyculin A CN H H
(5b) Calyculin B H CN H
(5c) Calyculin C CN H CH
(5d) Calyculin D H CN CH

(5e) Calyculin E CN
(5f) Calyculin F H
(5g) Calyculin G CN
(5h) Calyculin H H

ch3

oh

Figure 1.6: The calyculins.
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Calyculin A is known to be a potent inhibitor of PP1 and PP2A, but unlike
okadaic acid, calyculin A has been found to be equally effective against both PP1
and PP2A.80' 81 Calyculin A has also been shown to be a tumour promoter as

equipotent as okadaic acid, in a two-stage carcinogenesis experiment on mouse

skin,82 (see section 1.5)

Seven other calyculins, B-H (5b-5h), have been isolated from Discodermia

calyx, and their structures have been elucidated.83'84 Calyculins E, F, G and H (5e-

5h), are geometrical isomers at C-2 and C-6 of calyculins A, B, C and D (5a-5d). It
was not until 1991 that the absolute stereochemistry of the calyculins were

determined,85 and the stereochemistry of calyculin A was shown to be
enantiomeric to that indicated in the original report.66

The previous synthetic approaches86 and total synthesis87 of calyculin A were

actually of the enantiomer, more recently the synthesis of naturally occurring (-)-

calyculin A has been reported by Masamune et al.88
A summary of the biochemical activities of the calyculins, with regard to

competition for okadaic acid binding, and inhibition of PP1 and PP2A is shown
in Table 1.2.89

Calyculin
Competition for

specific [3H]-okadaic
acid binding
UC50 (nM)l

Inhibition of PP1

BCso (nM)]
Inhibition of PP2A

HC50 (nM)]

A 2.5 1.4 2.6

B 4.6 1.0 3.6

C 3.7 0.6 2.8

D 9.9 4.0 4.8

E 6.0 1.4 5.2

F 6.0 1.4 4.8

G 9.0 6.4 8.5

H 9.6 7.5 14.0

Table 1.2: Biochemical activities of the calyculins.
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The IC50 values fall in a similar range to each other, which suggests that the
other calyculins B-H, may also be tumour promoters on mouse skin. The similar

IC50 values also suggests that the geometry of the tetraene moiety and the

presence or absence of the methyl group on C-32 does not have any effect on
their activities.84

It has been shown that hydrogenated derivatives of calyculin A retain their

activity, but protection of the 1,3-diol functionality at C-ll and C-13 as a ketal

using 2,2-dimethoxypropane, gave a compound which displayed an IC50 value
towards PP2A of >l|iM. This result clearly establishes that one or both of the

hydroxyl moieties are important for activity.90

1.4.4 Tautomycin.

Tautomycin (6), an antifungal antibiotic, was isolated from the soil bacterium

Streptomyces spiroverticallatus.67

Compound (6) possesses antifungal activity and also induces bleb formation

(morphological change) on the surface of human chronic leukemia K562 cells.

Furthermore, tautomycin also slightly enhances protein phosphorylation

through activation of protein kinase C in vitro, although it does not bind to the

phorbol ester receptor in K562 cells.91 Tautomycin is a potent inhibitor of protein

phosphatases and is equally effective for PP1 and PP2A. The IC50 values for the
inhibition of the catalytic subunits of both PP1 and PP2A are 22-32 nM.92 By
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contrast, okadaic acid is more effective as an inhibitor for PP2A (ICso=10 nM)

than for PP1 (ICso=224-237 nM).93 Tautomycin is also known to induce

contraction of smooth muscle under Ca2+ free conditions via protein

phosphatase inhibition.93
For many years, the hygroscopic amorphous nature and the flexibility of the

tautomycin molecule, was a major obstacle in obtaining an X-ray crystal structure
to provide assignment of its configuration. However, recently on the basis of
chemical degradation and spectroscopic evidence, the absolute configuration of

tautomycin has been elucidated.94 A number of groups have reported the partial

syntheses of tautomycin.95 The physical properties of tautomycin, could also
account for the absence of tumour promoting activity on mouse skin. However,

Fujiki and co-workers have reported that tumour promoting activity in the rat

glandular stomach is anticipated (see section 1.5).90
Tautomycin is therefore similar in its actions to calyculin A and to a lesser

extent okadaic acid, and is an additional tool for evaluating roles of

phosphorylation in various systems, such as smooth muscle.

1.4.5 The Microcystins and Nodularins.

1.4.5.1 Cyanobacterial Toxins.

A plethora of metabolites have been isolated from cyanobacteria (blue-green

algae), which show promising cytotoxic, fungicidal and antiviral activities.96- 97
Cyanobacteria are prokaryotic photosynthetic organisms which lack cellular

organelles and which do not generally contain sterols in their cellular
membranes. Other cells, including those of algae and more complex plants are

eukaryotic; they contain a definite nuclear membrane and have mitochondria as

well as other organelles.98 The term blue-green 'algae' is actually a misnomer as

they are recognised as a major group of bacteria.99
Toxins of cyanobacteria are grouped into two main categories based on the
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type of bioassay used to screen for their activity. The cytotoxins are so named
because the bioassay methods used to detect them are often cultured mammalian
cell lines, especially tumour cell lines, and the biotoxins are so named because

they are assayed with small animals (mice or aquatic invertebrates).6 The

cytotoxins are substances that can harm cells but do not kill multicellular

organisms.

The biotoxins have been studied intensively to date, and are further sub¬

divided and belong to one of two groups, defined by the symptoms they produce
in animals.100 One group are known as the neurotoxins and the other as the

hepatotoxins. The neurotoxins e.g. anatoxin-a (7), interfere with the functioning
of the nervous system and often cause death within minutes, by leading to

paralysis of the respiratory muscles.101"103

However, the hepatotoxins e.g. microcystins and nodularins, damage the
liver and kill animals by causing blood to pool in the liver.104 This pooling can

often lead to fatal circulatory shock within a few hours. By interfering with

normal liver function, pooling can lead to death due to liver failure over several

days.
The remainder of this chapter will now only be concerned with the

hepatotoxins.

1.4.5.2 Occurrence and Structure.

The microcystins and nodularins are cyclic polypeptide hepatotoxic
metabolites of cyanobacteria from the genera Microcystis,105-1™ Nodularza,111-113

H O

(7): Anatoxin-a.
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Anabaena}l^~ul Oscillatoria,118'120 Aphanizomenon121 and Nostoc.122A24

Microcystis aeruginosa is the most common producer of these hepatotoxins and

microcystin-LR (8) is the most abundant toxin.125 The cyanobacteria grow

worldwide in eutrophic freshwater and brackish lakes and have been implicated
in the deaths of domestic animals and wildlife that live on the surrounding

shores. They are also thought to pose a threat to human populations that depend
on surface drinking water which has become contaminated with cyanobacteria
and are suspected of contributing to a high rate of liver cancer in certain areas of
China.126

The cyanobacteria grow remarkably well and form waterblooms, the growth
of which is enhanced when four conditions converge: the wind is quiet or mild,
the water is of a balmy temperature (15-30 °C), has a pH of 6-9, and is enriched in
minerals and nutrients (nitrogen and phosphorus) and depleted of dissolved

oxygen." Under such circumstances growth of cyanobacterial populations is
more successful than those of true algae (true algae can also form waterblooms,
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but blooms in nutrient enriched water usually consist of toxic cyanobacteria).
The heptapeptide hepatotoxins have previously been known as; fast-death

factor,127 microcystin,128 cyanoginosin,106 cyanoviridin129 and cyanogenosin130

(apparently a mispelling of cyanoginosin). However, the term microcystin is now

commonly used when describing these cyclic heptapeptides.131
To date, over fifty different variants of the microcystin/nodularin family of

cyclic peptides have been characterised.99 The microcystins have the general

structure; cyc/o((R)-Ala-(S)-X-Masp-(S)-Y-Adda-(R)-isoGlu-N-Mdha)), where (S)-
X and (S)-Y are the two variable (2S)-a-amino acids, Adda is the unusual C20 P"

amino acid, (2S,3S,8S,9S)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-

4(E),6(E)-dienoic acid, Masp is (2R,3S)-3-methylaspartic acid, and N-Mdha is a N-

methyldehydroalanine residue.131 Most of the microcystins, which are all cyclic

heptapeptides, differ in the nature of the two (2S)-a-amino acids indicated by
suffix letters (i.e. L is leucine and R is arginine), the absence of methyl groups on

the (2R,3S)-3-methylaspartic acid (Masp) and/or N-methyldehydroalanine
residues. Variations on the Adda unit have also been reported. The (2S)-a-amino
acid X is usually leucine (L), arginine (R), or tyrosine (Y), but other variants of

microcystins have been isolated where X includes alanine (A), phenylalanine (F)
and also tryptophan (W). The N-Mdha residue has been found to be replaced by

dehydroalanine (Dha), (2S)-serine and N-methylserine residues. Recently a-

monoester variants of (2R)-glutamic acid have been isolated.105'132 The variants

of Adda occur at the C-9 position, where the methoxy group has been substituted

by an acetyl group or a hydroxyl group, and microcystins and nodularins

containing geometrical isomers of the Adda occurring around the diene moiety
at C-6 have been isolated (see section 1.4.5.4, p. 28). All the different microcystin
variants are shown in Appendix 3 (p. 160).

Nodularin (9), is a structurally related cyclic pentapeptide hepatotoxin

produced by the brackish water cyanobacterium Nodularia spumigena.in-n3 This
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was the first cyanobacterium to be reported in the scientific literature as being

implicated in the deaths of animals in 1878.1 However, for more than a century,

the hepatotoxin (nodularin) responsible for the deaths was neither characterised
nor its structure elucidated.

The nodularins are structurally related to the microcystins, but differ in the
fact that the (2S)-a-amino acid X, (R)-alanine and N-Mdha residues are replaced

by a single unit, namely N-methyldehydrobutyric acid (N-Mdhb). Recently, a

cyclic pentapeptide known as motuporin has been isolated from the marine

sponge Theonella swinhoei. The structure that was assigned for motuporin is

very similar to nodularin, the only difference is that the (2S)-arginine residue is

replaced by a (2S)-valine residue.133 This variation in the (2S)-a-amino acid
residue is similar to the variation in the two (2S)-a-amino acids present in the

microcystins.

1.4.5.3 Inhibition of Protein Phosphatases.

Both microcystin-LR and nodularin have been shown to be potent and

specific inhibitors of the catalytic subunits of PP1 and PP2A.134-135 PP1 and PP2A
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are two of the four major protein phosphatases in the cytosol of mammalian
cells that dephosphorylate phosphoserine/threonine residues respectively (see
section 1.3, p. 5). Recent studies suggest that the ability to inhibit the activity of
these protein phosphatases underlies the toxicity of members of the okadaic acid
class of compounds. It has been reported that microcystin-LR inhibits the activity
of PP1C and PP2AC at approximately the same concentration i.e. IC50 = 0.1 nM.136
Table 1.3 summarises the relative inhibitory potency against PP1 and PP2A of the
four representative compounds of the okadaic acid class and lack of inhibition of

protein tyrosine phosphatases as found by Suganuma et a/.136

Compound Inhibition of PP1
IC50 (nM)

Inhibition of PP2A

IC50 (nM)

Inhibition of

tyrosine
phosphatases
IC50 (nM)

Okadaic acid 3.40 0.07 >100,000

Calyculin A 0.30 0.13 >100,000

Tautomycin 0.70 0.65 >100,000

Microcystin-LR 0.10 0.10 >100,000

Table 1.3: Relative inhibitory potencies of the okadaic acid class of compounds as
found by Suganuma.

In another study Honkanen et al.,3> 135 compared the relative inhibitory

potency of okadaic acid, microcystin-LR and nodularin (Table 1.4). They found
that under the same experimental conditions, nodularin was a 20-fold more

potent inhibitor of both PP1 and PP2A than okadaic acid, and was very similar in

potency to microcystin-LR.3 This study showed the ability of microcystin-LR and
nodularin to inhibit PP2A more potently than PP1, which is in contrast to the
results of Suganuma et a/.136
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Compound Inhibition of PP1
IC50 (nM)

Inhibition of PP2A
IC50 (nM)

Okadaic acid 42.0 0.51

Nodularin 1.8 0.026

Microcystin-LR 1.7 0.04

Table 1.4: Relative inhibitory potencies of the okadaic acid class of compounds as
found by Honkanen.

A more recent and comprehensive study by Honkanen and co-workers
confirmed their earlier results.137 In this study they utilised two different

substrates, namely phosphohistone and phophorylase-a. They compared the

inhibitory effects of okadaic acid, microcystin-LR, microcystin-LA, nodularin,

calyculin A and tautomycin on the activity of PP1 and PP2A and the recently
identified protein phosphatase from bovine brain, PP3.35 This study also showed
that the aforementioned members of the okadaic acid class of compounds were

potent inhibitors of PP3 (Table 1.5).

Phosphohistone Phosphorylase-■a

Compound IC50 (nM) IC50 (nM)
PP1 PP2A PP3 PP1 PP2A PP3

Okadaic acid 49.0 0.28 3.91 51.2 0.30 3.70

Microcystin-LR 2.03 0.04 0.18 1.90 0.05 0.20

Microcystin-LA 2.01 0.04 0.19 2.30 0.05 0.33

Nodularin 2.37 0.03 1.39 1.90 0.03 1.41

Calyculin-A 0.40 0.25 0.25 0.40 0.30 0.29

Tautomycin 23.1 7.51 29.7 NOT DETERMINED

Table 1.5: Inhibition of PP1, PP2A and PP3 activities by several members of
the okadaic acid class of compounds using phosphohistone or phosphorylase-a

as a substrate.
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Comparison of the inhibitory effects of these toxins on all three enzymes

under identical conditions revealed that okadaic acid and the microcystins were

more potent inhibitors of PP2A and PP3 than PP1. The order of potency being
PP2A > PP3 > PP1. However, nodularin inhibited the activity of PP1 and PP3 at

similar concentrations which were slightly higher than that required to inhibit
PP2A. The amino acid composition of microcystin can vary without any

apparent effect on the inhibitory activity against PP1, PP2A and PP3 as can be seen

when microcystins-LR and -LA (in which an arginine is replaced by an alanine

residue) are compared with each other.137
A mono-propyl ester derivative on the (2R)-glutamic acid residue of

microcystin-LR has been isolated and showed no toxicity in a mouse bioassay.105
The free carboxylic acid on the (2R)-glutamic acid residue therefore appears to be
essential for toxicity. Two mono-methyl ester derivatives have been isolated by
Sivonen.132 However, these compounds have not yet been evaluated for their

toxicity, but they are also expected to be non-toxic.

1.4.5.4 N-Mdha and Adda.

The microcystins and nodularins possess two interesting moieties, namely
the N-methyldehydroalanine (N-Mdha)/N-methyldehydrobutyric acid (N-

Mdhb) and Adda residues.111'138 Potentially each one of these moieties could

become involved in the formation of covalent bonds with proteins (PP1 and

PP2A). It was thought that the N-Mdha moiety could act as a Michael acceptor for
a nucleophilic residue on the proteins which it inhibits. However, sodium

borohydride reduction of the dihydroamino acid residues in microcystin and
nodularin results in dihydro derivatives which are as toxic as their parent

compounds.139'140 The hepatotoxicity of these compounds appears to arise from
the unsaturated Adda residue, since ozonolysis or catalytic hydrogenation of the
diene system drastically reduces toxicity.141 It is interesting to note that synthetic
free Adda itself is not hepatotoxic.141 Another requirement for Adda with respect
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to bioactivity is the geometry of the diene functionality (see below).
Two structurally similar analogues of microcystins-LR and -RR have been

isolated from the genus Microcystis, which are geometrical isomers at C-6 of the
Adda residue142-143 (Fig. 1.7).

The geometrical isomers of Adda in microcystin-LR and -RR inhibited PP1

and PP2A about 10-100 times more weakly than the parent microcystins. This

decrease in protein phosphatase inhibition, indicates that the conjugated diene
with the 4(E), 6(E) geometry in the Adda portion is important for interaction
with the receptors, the protein phosphatases.144

Other unusual (3-amino acids have been reported and are interesting in view
of biogenetic considerations. The closely related amino acid (3S,4S)-3-amino-4-

hydroxy-6-methyl-8-(p-bromophenyl)-octa-5(E),7(E)-dienoic acid (Aboa)145 is
found in theonellamide F, a cytotoxic cyclic dodecapeptide, and (2S,3R,5S)-3-

amino-2,5,9-trihydroxy-10-phenyldecanoic acid (Ahad)146 is contained in

scytonemin A, a peptide with calcium antagonistic activity, both of which were
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isolated from blue-green algae. A biogenetically related 8-hydroxy acid147 has been
found in crytophycin, a cytotoxic peptide also isolated from a blue-green alga (Fig.

1.8). To date, (3-amino acids of these classes have never been encountered in

peptides from bacteria, fungi or plants.
s
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5-Hydroxy acid component
in cryptophycin

Figure 1.8: Unusual (5-amino acids found in cyanobacterial secondary
metabolites.

1.4.5.5 Hepatotoxicity.

It is known that oral and intraperitoneal administration of the cyclic peptides

microcystin/nodularin to mammals causes extensive loss of hepatic lobular and
sinusoidal architecture, with hepatocyte (functional cell of the liver) necrosis and

hepatic haemhorrage.134 The initial cause is a shrinkage of the hepatocytes which
leads on to a cascade of events. The hepatocytes are normally packed tightly

together, and a consequence of hepatocyte shrinkage is their separation from one

another. When the cells separate, other cells forming the so-called sinusoidal

capillaries of the liver also separate (Fig. 1.9). Blood which is carried by these
vessels seeps into liver tissue and accumulates there. This leads to local tissue

damage which results in death, often due to circulatory shock or ultimately liver
failure.

The toxins act most powerfully and specifically on the liver (hepatotoxins).
This is probably due to the toxin being carried into the hepatocytes by a transport
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system which is found only in hepatocytes that carries bile salts into the cells.
This transport system is known as the bile acid carrier salt transport system.148'149

Normal liver Liver after toxins act

Figure 1.9: Effect of hepatotoxins on the liver.
From "The Toxins of Cyanobacteria" by W. W. Carmichael. Copyright © (1994) by

Scientific American, Inc. All rights reserved.

Recent reports have revealed that the toxins distort hepatocytes by acting on

the cytoskeleton which are the gridwork of protein strands that among other

functions, gives shape to cells.104 The cytoskeletal components which are most

affected by the hepatotoxins are the protein polymers known as intermediate
filaments (cytokeratins) and microfilaments. Subunits are continually added to

and lost from the intermediate filaments, and the protein strands which form

the microfilaments are continually in a process of association and dissociation.

The microcystins and nodularins seem to tilt the balance towards subunit loss
and dissociation. The intermediate filaments apparently undergo change first,
followed by the microfilaments. As the cytoskeleton shrinks, the fingerlike

projections through which the hepatocytes interact with their neighbouring cells
withdraw. This results in the decomposition of the cell's contact with other

hepatocytes and sinusoidal capillaries, and this eventually results in liver

damage.6'104
Reversible phosphorylation reactions have been known to influence the

structure and function of intermediate filaments and microfilaments. It has been
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suggested that the hepatotoxicity of microcystin and nodularins may result from
inhibition of protein phosphatases and the increase of phosphoproteins. Other
well-known hepatotoxic compounds such as a-aminitin and another natural

peptide known as phalloidin have been reported as not showing any effects
similar to those of microcystin and nodularin.150 The hyperphosphorylation of
intermediate filaments mediated by inhibition of PP1 and PP2A is thought to be a

significant biochemical process also associated with liver tumour promotion by
these cyclic peptidic hepaptotoxins. Microcystin-LR has recently been reported to

be one of the strongest liver tumour promoters found to date.5
Because of the ubiquitous distribution of these cyanobacterial hepatotoxins

throughout the world, they pose a threat to human populations in countries
where drinking water supplies contain cyanobacteria. Adverse effects on human
health have been recognised.6 There is evidence which shows that there is a link

between incidences of primary liver cancer in people who drink water

contaminated by cyanobacteria.126
The discovery of motuporin in a marine sponge was the first indication that

this important class of compounds was also present in the marine
environment.133 The identification of microcystins in oceanic shellfish as being
the causative agents of Pacific North eastern salmon disease (netpen liver

disease), has provided strong evidence for the widespread occurrence of

microcystins and nodularins in the marine environment. This gives rise to

concern for human populations which ingest contaminated seafood.151'152

1.4.5.6 Why Produce Toxins?

The cyanobacteria of the genera Microcystis and Nodularia produce cytotoxins

and biotoxins, but it may be asked for what purpose are all these chemicals
made? They may be involved in the enhancement of cyanobacterial defence

against attack by other organisms in their local environment. This would appear

to be a reasonable assumption, but why would these cyanobacteria produce
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substances that are capable of killing livestock and other large animals? Recent

work by Carmichael and co-workers suggests that cyanobacterial hepatotoxins
and neurotoxins can be extremely harmful to birds, cows, horses and other

animals, but also to zooplankton living in lakes and ponds.153' 154 These toxins

may be directly lethal (especially the neurotoxins), or they may reduce the
number and size of offspring produced by creatures which feed on the

cyanobacteria. A comparable situation arises in vascular plants," which make

alkaloids, tannins, phenols and sterols to defend against predation, it maybe

likely that cyanobacteria synthesise toxins to parry attack by fellow planktonic

species.
Carmichael et al. have found evidence to support this notion. They found

that zooplanktonic species generally do not eat toxin producing cyanobacteria
unless there is no alternative food source around, and even then, they often

attempt to limit the amount they take in to ensure that they avoid a lethal
dose." Micro-organisms which take this route for survival pay a price in that

they produce fewer offspring, but at least they survive to reproduce.

However, it is possible that the protective effect of the cyanobacterial toxins is
incidental. The toxins may once have had some critical role that they have since

lost. This possibility is suggested by the fact that microcystins and nodularins
inhibit the action of protein phosphatases that regulate the proliferation of

eukaryotic and prokaryotic cells.40 The hepatotoxins do not now seem to be
involved in cell function and cell division in cyanobacteria, but they may have

played such a role early on in the evolution of these organisms.

1.4.5.7 Biosynthesis.

The structures of both microcystin and nodularin are characterised by the

presence of two unusual amino acids, Adda and (2R,3S)-3-methylaspartic acid

(Masp), and are thus of biosynthetic interest. Moore et al. studied the biosynthesis
of these moieties using feeding experiments with isotopically labelled
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precursors.155 From these experiments they concluded that the Adda unit was a

mixed polyketide made of phenylalanine (as phenylacetate), and the methyls on

C-2, C-6 and C-8 were methionine derived. The C-3 to C-8 segment of Adda

appeared to be derived from acetate (Fig. 1.10).

Figure 1.10: Biosynthesis of microcystin-LR.

Moore et al. also concluded that the algal (2R,3S)-3-methylaspartic acid (Masp)
was not derived from the known pathway, which is the rearrangement of

glutamate by glutamate mutase.156 It appeared that this residue was formed by
the condensation of pyruvate and acetate followed by rearrangement and
amination of 2-hydroxy-2-methylsuccinic acid156 (Scheme 1.3).

ch,

hoy^o + h3c-cosr
ch3o ch3 o

HOvi/°» —1HOrSJLOH

o oh

Rearrangement
and amination

nh,

h02c X— ho^^oh
o nh2

Scheme 1.3: Proposed biosynthetic pathway for the Masp residue.
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Rinehart et al. reported the similarity in nodularin when compared with the

biosynthesis of the corresponding amino acid components found in

microcystin-LR.157

1.4.5.8 Linear Peptides Related To The Microcystins.

Recently Rinehart and co-workers have reported the isolation of certain
linear petides, some of which are thought to be biogenetic precursors of
nodularin and microcystins.157 The peptides contain all of the amino acids found
in their cyclic counterparts but are essentially non-toxic. This has suggested that
the cyclic structure is necessary for the activity of the nodularins and

microcystins.

The linear peptide precursor of nodularin was Adda-(R)-z'soGlu-N-Mdhb-

Masp-(S)-Arg-OH (10). The microcystin-LR precursor was Adda-(R)-z'soGlu-JV-

Mdha-(R)-Ala-(S)-Leu-Masp-(S)-Arg-OH (11).

C02H i ji
H w"Mdhb~N (S)-Arg-OH

I J! Me

H02C O

h3c.

Me Me (10)

och3
h30.

Me Me

C02H

H NAj/^N-Mdha-(R)-Ala-(S)-Leu'
O

(11)

ho2c o

-nV (S)-Arg-OH

Proposed biogenetic precursors of Nodularin and Microcystin-LR.
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1.4.5.9 Molecular Modelling and NMR Studies On Microcystin.

(i) Molecular Modelling.

Quinn and co-workers found that superimposition of okadaic acid, calyculin
A and microcystin-LR using molecular modelling,158 indicated a pharmacophore
model which consisted of a central core, containing one conserved acidic group

and two potential hydrogen bonding sites (I and II) and a non-polar side chain

(Fig. 1.11).

Figure 1.11: The conserved acid binding domains of (a) calyculin A, (b) okadaic
acid and (c) microcystin-LR, showing the potential hydrogen binding areas I and
II, the conserved acids and the hydrophobic side chains. The protein is thought to

lie above the three compounds.

The hydrophobic side chain of the pharmacophore model has been shown to

extend from the central core away from the conserved acidic site. As the side
chain region contains a ketal (okadaic acid), a nitrile (calyculin A) and a diene

(microcystin-LR) the potential interactions with the receptor proteins might be

expected to be similar. However, when the configuration of Adda is altered to
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4(E)/6(Z)/ binding is diminished which indicates that this region is required for

receptor binding. In a similar manner, the (E)-geometry at the C-14 and C-15
double bond in okadaic acid has been shown to be necessary for activity.159

Replacement of the arginine residue in microcystin-LR with alanine appears not

to destroy binding to the receptor site.
The cavity caused by intramolecular hydrogen bonding in okadaic acid and

calyculin A is thought to result in these compounds being similar in shape to

microcystin-LR. The intramolecular hydrogen bonding is thought to be necessary

to hold the correct conformation to allow interaction at the receptor site of the

protein phosphatases.
The conserved nature of the acid is evident by the significant decrease in the

antagonism for [3H]-okadaic acid binding by the methyl ester of okadaic acid and
the mono-propyl ester of microcystin-LR.68'105 Okadaic acid tetramethylether has
also been found to be inactive. This finding supports the proposal that area I and

II, the potential hydrogen bonding sites within the cavity, are necessary.

(ii) NMR Spectroscopy.

Moroder and co-workers have determined the three-dimensional structure of

microcystin-LR and microcystin-LY by the use of two-dimensional NMR

spectroscopy and distance geometry calculations.160
For microcystin-LY, a single family of highly convergent structures was

obtained. This family was characterised by a relatively compact boat-like ring

structure. The large side chain of the Adda residue protruded from the concave

side, in close proximity to the tyrosine side chain. Conversely, for microcystin-LR
the calculations resulted in three conformational families characterised by an

even more compact ring structure. The Adda and arginine side chains protruded
from the ring distal from one another caused by the repulsion between the

guanidino group of arginine and the hydrophobic Adda residue. The backbone

stuctures of microcystin-LR obtained in this study were in contrast to those
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proposed from molecular modelling studies which predicted a planar ring.
Moroder and co-workers have proposed a working hypothesis of the Adda side
chain. This interacts with a hydrophobic pore of the protein phosphatases while
the rest of the microcystin molecule acts as a scaffold to help stabilise the

interdigitation of the Adda residue with additional molecular interactions.160
However, since the Adda residue alone142 or the proposed linear biogenetic

precursors of microcystin (11) (see p. 35) are not toxic,158 it is reasonable to assume

that the remainder of the peptide (ring portion) plays an important role in the

recognition or for maintaining the proper orientation of the Adda residue. This

proposed mechanism will remain only a working hypothesis until the first 3D
structure of the protein phosphatase/microcystin complex becomes available.

Preliminary crystallisation data has recently been reported for the protein

phosphatase PP1/microcystin-LR complex by Barford and Keller.161

1.5 Tumour promotion.
Tumour promotion is a term used for a two-stage carcinogenesis experiment,

which consists of initiation and tumour promotion.162 A tumour promoter is an

agent which causes the development of tumours on initiated cells. Cells treated
with an initiator (12-14), followed by repeated applications of a tumour promoter
will induce tumours. However, an initiator or tumour promoter alone will not

produce tumours.

0=n-n
,ch2ch3

*ch2ch3
ch3

(12) (13) (14)

Initiators: (12)7, 12-Dimethylbenz[a]anthracene (DMBA); (13)Diethyl-
nitrosamine (DEN); (14) N-Methyl-N'-nitro-N-nitrosoguanidine (MNNG).
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The mechanism of action of the classical tumour promoter known as 12-0-

tetradecanoylphorbol-13-acetate (TPA) or phorbol-myristate-acetate (PMA) (15),
has been well investigated.163 It is isolated from the seed oil of Croton tiglium L,
which is an oil found in plants of the Euphorbiaceae.164

(15): 12-0-Tetradecanoylphorbol-13-acetate (TPA).

The diterpene ester structure of TPA was thought to be essential for tumour

promotion as it had commonly been used as a tumour promoter on mouse skin.
Other TPA type tumour promoters (16 and 17), include the teleocidin class,
which were originally isolated as a strong irritant from the mycelia of

Streptomyces mediocidus.165 Lyngbyatoxin A (identical to teleocidin A-l) (16) was
the first tumour promoter derived from a marine organism as potent as TPA,

and was isolated from the blue-green alga Lyngbya majuscula.166 Aplysiatoxin

(17) was also isolated from the same alga but was initially isolated from the

midgut gland of the sea hare Stylocheilus longicauda.167
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Other TPA-type tumour promoters.

(16) Teleocidin A-l/Lyngbiatoxin A; (17) Aplysiatoxin.

The TPA type tumour promoters, have been shown to have a strong binding

affinity to the phorbol ester receptors in cell membranes.168 They activate the
calcium activated, phospholipid-dependent, protein kinase C (PKC) in vitro,
which serves as the phorbol ester receptor in cells.169'170 A limitation of TPA, is
that it is a tumour promoter for squamous cells on mouse skin or oesophagus,
but not for other cells.171 It is recognised that the TPA pathway can not be

generally accepted as a mechanism of tumour promotion in various organs.170
For this reason, non-TPA type tumour promoters have been investigated, which
do not mediate through the activation of PKC and determines the binding

affinity to the phorbol ester receptors.163
Non-TPA type tumour promoters, include the four structurally different

types of the okadaic acid class of compounds (see Fig. 1.5, p. 15), palytoxin (18),172

staurosporine (19),173 and thapsigargin (20).174
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Other non-TPA type tumour promoters.
(18) Palytoxin; (19) Staurosporine; (20) Thapsigargin.

Okadaic acid is known to induce tumour formation on mouse skin initiated

with DMBA (12)74 and also in rat glandular stomach initiated with MNNG

(13).175 Calyculin A promotes mouse skin tumours when initiated with DMBA

(12).82 Microcystin-LR is a potent tumour promoter in rat liver initiated with
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diethylnitrosamine (DEN, 13) and is known to be one of the strongest liver
tumour promoters found to date.5 The microcystins are not tumour promoters

on mouse skin as they do not penetrate fibroblasts and keratinocytes.176 The
absence of tumour promoting activity in tautomycin, maybe associated with it

not being able to penetrate the basal layer of mouse skin.90 However, tumour

promoting activity in rat glandular stomach is anticipated.90 The tumour

promoting activities of dinophysistoxin-1 (3), acanthifolicin (4) and calyculin A

(5a) have not been tested on rat glandular stomach due to their limited

availabilities, but they are also anticipated to be tumour promoters.177
The tumour promoting activity of microcystin-LR is also thought to be a

possibility in humans. Epidemiological evidence taken from an area in China,
where people drank pond and ditch water contaminated by high levels of

cyanobacteria, indicated an eight fold increase in the incidence of primary liver
cancer as compared to populations who drank well water.126 It has been reported

that the microcystins are not affected by normal chlorination, flocculation and
filtration procedures which are used by water treatment facilities.120

Ingestion of microcystin containing algae can reach the liver from the

digestive tract.6 This process is thought to involve preferential uptake of the
toxin across the ileum and into hepatocytes via bile acid carriers.148' 149 Other
cases of adverse effects to humans exposed to the cyanobacteria have been

reported in Australia, Scandinavia and in the U. S. A.40
The inhibition of the catalytic subunits of PP1 and PP2A by the microcystins

in the liver, is apparently associated with hepatocyte deformation as a result of

reorganisation of microfilaments.104 Fujiki et al. reported that liver tumour

promotion may be linked to the ability of the microcystins to promote

hyperphosphorylation of cytokeratins associated with morphological changes in

rat hepatocytes.178
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Figure 1.12: Schematic representation of tumour promotion.

In summary, all tumour promoters of the TPA-type induce the same

biochemical and biological activities. They show especially strong binding
affinities to the phorbol ester receptors and in vitro activation of PKC.169- 170 In
contrast, the non-TPA type tumour promoters do not bind to the phorbol ester

receptors or activate PKC. Each class of non-TPA type tumour promoter most

probably act upon the cells through different pathways as they have varying
biochemical and biological effects.163 The okadaic acid class of compounds, whose
mechanism of tumour promotion is via the okadaic acid pathway, mediated

through the inhibition of PP1 and PP2A, is thought to be a general mechanism of
tumour promotion in various organs.179 This biochemical pathway is thought to
be that taken in the process of tumour promotion in human cancer

development.177

1.6 Other Protein Phosphatase Inhibitors.

1.6.1 Introduction.

Aside from the okadaic acid class of compounds, a plethora of naturally

occurring substances which are inhibitors of protein phosphatases have been
identified. They include isopalinurin (isolated from a marine sponge),180 the

rubrolides (isolated from a marine tunicate),181 cantharidin (extracted from

blister beetles)182 and the structurally related endothall (a herbicide used in

agriculture for many years).183
To be useful biochemical probes, protein phosphatase inhibitors should

ideally have ICso's in the 0.1-50 nM range.151 On this basis, the aforementioned
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compounds are considered to be very weak, and probably not useful PP1 and
PP2A inhibitors. However, the immunosuppressant drugs, FK506 and

cyclosporin A are known to be potent and specific inhibitors of PP2B.184

1.6.2 Isopalinurin

Isopalinurin (21), is a sesterterpene tetronic acid isolated from a South
Australian sponge, Dysidea sp.180 was shown to demonstrate both antibiotic

activity against a Micrococcus sp., and weak protein phosphatase inhibitory

properties (active to 2.5 mM).

1.6.3 Rubrolides.

The rubrolides (A-H) (22-23), are a structurally novel family of biologically
active ascidian metabolites, isolated from the marine tunicate Ritterella rubra.181

Rubrolides B and H (22b and 23a) represent some of the first chlorinated
metabolites known from tunicates. The rubrolides are potent in vitro antibiotics

and show moderate but selective inhibition of PP1 and PP2A. The most active

protein phosphatase inhibitor of this family of compounds is rubrolide B, which
has IC50 values of 155 and 60 (iM, respectively, against PP1 and PP2A.151
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(22a) (A) R=Z=H X=Y=Br
(22b) (B) R=H X=Y=Br Z=CI

(23a) (G) Z=H
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Br

(22c) (C) R=X=Z=H Y=Br
(22d) (D) R=Y=Z=H X=Br
(22e) (E) R=X=Y=Z=H
(22f) (F) R=Me X=Y=Z=H

(22) and (23): The Rubrolides (A-H).

1.6.4 Cantharidin and Endothall.

Cantharidin (24), is a natural toxicant of blister beetles of which there are as

many as 1500 different species.182'184

The best known source of cantharidin is from the Spanish fly Cantharis
vesicatoria.185 Notwithstanding its notoriety as the putative aphrodisiac in

"Spanish fly", cantharidin has found commercial usage in the removal of

epithelial growths (warts) and as a vesicant.186
Cantharidin has been shown to be a potent inhibitor of PP1 (ICso=1.7 pM) and

PP2A (IC5o=0.16 pM), and a weak inhibitor of the Ca2+/calmodulin-dependent

phosphatase, PP2B.187
Endothall (25) is a commercially available herbicide. Its herbicidal activity is

(24): Cantharidin.
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thought to be associated with inhibition of PP2A or other protein phosphatase
known to be present in plants.183

(25): Endothall.

1.6.5 Cyclosporin A and FK506.

Cyclosporin A (26) and FK506 (27), although better known for their

immunosuppressive properties which have revolutionised transplantation

surgery, are also valuable research tools as probes of signalling pathways.188
Cyclosporin A (26) and FK506 (27) are naturally occurring secondary

metabolites.184 Cyclosporin A (26) is a lipid-soluble, cyclic undecapeptide

produced by the soil fungus Tolypocladium inflatum.189

It was first approved for clinical use in 1983 and has since revolutionised

organ transplantation through its widespread use in the prevention of graft

rejection. FK506 (27) is a lipid soluble macrocyclic lactone produced by the soil
bacterium Streptomyces tsukubaensis,190 and like cyclosporin A also possesses

immunosuppressive properties. However, it is still under evaluation as a
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therapeutic agent and has not yet received approval for clinical use.

H3C°V>X>CH3

,och3

"oh

(27): FK506.

FK506 and cyclosporin A are immunosuppressive because they block T-cell
activation or proliferation.184- 191 They exert their effects by inhibiting PP2B

(calcineurin) in T-cells,188 thereby blocking the production of interleukin-2 and

T-cell proliferation. To elicit their cellular effects, FK506 and cyclosporin A must

first bind to soluble intracellular receptor proteins known as immunophilins.
The cyclosporin A-binding protein is known as cyclophilin and the receptor for
FK506 is known as FKBP (FK506-binding protein). The drug-protein complexes
are then potent and specific inhibitors of PP2B.192

1.7 Other Biologically Active Compounds Isolated FromMicrocystis sp.

1.7.1 Introduction

Cyanobacteria of the Microcystis species have been extensively investigated
from the environmental, toxicological, biological and chemical points of view,
because they are responsible for water blooms that frequently produce potent

hepatotoxins i.e. the microcystins.125 Aside from the microcystins, a plethora of
other biologically active compounds have been isolated from the genus

Microcystis, including; microginin, aeruginosin 298-A, microviridin,
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micropeptins A and B and numerous other novel depsipeptides.

1.7.2 Microginin.

Microginin (28a) is a pentapeptide recently isolated from the blue-green alga

Microcystis aeruginosa193 and was found to be an angiotensin-converting

enzyme inhibitor (ACE inhibitor). ACE inhibitors have been developed as

antihypertensive agents.125 Microginin contains the unusual amino acid known
as 3-amino-2-hydroxydecanoic acid (AHDA, c.f. ADDA in the microcystins), and
this was first synthesised by Davies and co-workers.194 The Shiori group have

recently published the total synthesis of microginin and its three
diastereoisomers (28b-28d).195

microginin C-2 C-3

(28a) (a) S R

(28b) (b) S S
(28c) (c) R S
(28d) (d) R R

(28): The Microginins.

1.7.3 Aeruginosin 298-A.

Aeruginosin 298-A is a linear peptide recently isolated from Microcystis

aeruginosa and has been shown to potently inhibit thrombin and trypsin activity

(29).1%
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(29): Aeruginosin 298-A.

1.7.4 Microviridin.

Microviridin (30), was the first example of a tricyclic depsipeptide isolated
from natural sources (Microcystis viridis), and has been found to exhibit

tyrosinase actvity.197

(30): Microviridin.
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1.7.5 Micropeptins A and B.

Micropeptins A and B (31) have been recently isolated from Microcystis

aeruginosa by Murakami et aid98, These cyclic depsipeptides have been shown to

possess potent plasmin and trypsin inhibitory activities.

(31): Micropeptins A and B.

The aeruginopeptins are structurally similar to the micropeptins, however,

investigation into their biological activities has still to be undertaken.199

1.7.6 Microcystilide A.

Microcystilide A (32), has recently been isolated from Microcystis aeruginosa

by Shimizu et al.200 It was first recognised as a component which caused
convulsions or spasms in mice upon intraperitoneal injection.200 However, the

symptoms were distinctively different from those caused by microcystin. This

depsipeptide has been shown to be a cell differentiation promoter.
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(32): Microcystilide A.
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2.0 RESULTS AND DISCUSSION.

2.1 Introduction.

The design and synthesis of analogues of microcystin and nodularin which

specifically bind and inhibit each class of serine/threonine protein phosphatase is

important, as they can provide valuable tools for the study and identification of
cellular processes which are mediated by these protein phosphatases.
Intervention in the signalling mechanisms of specific cell types could offer

therapeutic opportunities in several areas of medicine, including cancer, host

defence, arthritis and atheroma. In order to identify specific target proteins of
relevance to different disease states, a more detailed understanding of the role
and mechanism of the enzymes involved in this process is required.

2.2 Design of a Potential Protein Phosphatase Inhibitor.
We chose to base our potential protein phosphatase inhibitor on the cyclic

pentapeptide, nodularin. The nodularins are similar in activity and structurally
related to the microcystins (see section 1.4.5),3 but have the advantage of being

composed of two fewer residues which make them an easier synthetic target.

In order to further simplify our potential inhibitor, we decided to first identify
the part(s) of the nodularin/microcystin molecules which are necessary for their
activities. The cyclic peptides possess two interesting moieties, a dehydroamino
acid residue (N-Mdha or N-Mdhb) and the Adda residue (see section 1.4.5.4, p.

28).m' 138 The dehydroamino acid group is thought to be the chemically

important part of the cyclic peptides, as potentially it could become covalently
linked to a protein through the formation of a Michael addition adduct (see
Scheme 2.1).
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X-Enz

vNYiN.CH3
°o^y

v

Scheme 2.1: Formation of a Michael addition adduct.

The hepatotoxicity of microcystin and related compounds appears to arise
from the unsaturated Adda residue, since ozonolysis or catalytic hydrogenation
of the diene system drastically reduces toxicity.141 However, sodium borohydride
reduction of the N-Mdha moiety in microcystin-LR, which specifically converts

the N-Mdha moiety into an N-methylalanine residue, has been shown to yield a

derivative which is as hepatotoxic as the parent compound.140 Dahlem et a/.1 40
demonstrated that while the a,(3-unsaturated amino acids played a role in the

observed toxicities of these cyclic peptides, they were not essential for bioactivity.
There was no clear evidence to suggest that hepatotoxicity and activity as

protein phosphatase inhibitors were related. We found that sodium borohydride
reduction of microcystin-LR , which gave a 5:1 mixture of diastereomers differing
in chirality at N-methylalanine (Scheme 2.2), had similar potency in the
inhibition of protein phosphatase 2A (PP2A) (purified from rabbit skeletal

muscle) to the native microcystin-LR i.e. ic50 = -0.1 nM.201 (see Appendix 4, p. 161
for experimental details).

ch3 o

kVS" + vNxV
ch3 o ch3 o

NaBH4
x h2o h3c h h3c h

N-Mdha (S)-N-methylalanine (R)-N-methylalanine

Scheme 2.2: Sodium borohydride reduction of the N-Mdha residue.
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High field NMR was used to confirm the reduction of the N-Mdha moiety.

Comparison of the 1H NMR spectra of microcystin-LR (see Fig. 2.1, p.55) and

dihydromicrocystin-LR (see Fig. 2.2, p.56) clearly shows the disappearance of the
N-Mdha olefinic protons at 5.44 and 5.89 ppm respectively, and the emergence of
a more complicated aliphatic region which contains new methyl signals due to

the presence of a mixture of diastereomers.
The result that both diastereomers of dihydromicrocystin-LR inhibited PP2A

with IC50 values of -0.1 nM was particularly useful because the synthetic target

need not contain a dehydroamino acid residue. This finding also ruled out the
formation of Michael addition adducts as a mechanism for protein phosphatase
inhibition.

In order to assess whether covalent adducts, either reversible or irreversible

were formed, a radiolabeled (tritiated) inhibitor was synthesised (see Appendix

5, p. 162 for experimental details). Preliminary results from Carol MacKintosh201
in Dundee, with PP2A have indicated that covalent adducts are formed with 3H-

dihydromicrocystin-LR. The IC50 values for inhibition of PP2A with the tritiated

inhibitor were 0.17 nM and 0.19 nM (for the diastereomers differing in chirality
at N-methylalanine). The IC50 value for microcystin-LR under the same

conditions was 0.1 nM, verifying that the N-Mdha residue is not essential for

inhibition. This finding also indicates that the Adda residue is the site at which

covalent bond formation with the protein occurs.
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Figure 2.1: 600 MHz 1H NMR spectrum of Microcystin-LR.
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From examination of the literature,105-124 it was apparent which residues were

essential for our synthetic analogue. (2R)-Glutamic acid was present in all of the
active microcystin and nodularin variants (see Appendix 3, p. 162), and was

therefore regarded to be essential in our target compound. We knew that our

synthetic target need not contain a dehydroamino acid, therefore we chose to

replace the N-Mdhb residue with glycine. The next residue in the target

compound was to be either a Masp residue or (2R)-aspartic acid. We chose the
latter residue, as there were no reported differences in the activity of compounds
which possessed or lacked a methyl group on this residue.120 The arginine
residue was known to be variable, and we chose to replace it with a synthetically
more manageable residue, namely (2S)-phenylalanine. Aside from this latter

residue being synthetically easier to handle than arginine, (2S)-phenylalanine
also possesses a UV chromophore which enables peptides containing this residue
to be monitored by TLC. The final residue to be considered was the Adda

fragment. Reports that variations at the C-9 position of Adda having no effect on
the activity of the cyclic peptides,105 prompted us to "shorten" the Adda

fragment. It was therefore, quite reasonable to believe that only the diene and

carboxyl groups in the nodularin skeleton were required for inhibition. We

therefore chose compound (33) as our initial potential protein phosphatase
inhibitor.

Even if the inhibitor was not more potent than nodularin or microcystin-LR

itself, it would still be useful for mechanistic studies. Using our synthetic

approach it was hoped that we would be able to synthesise hundreds of

milligramme quantities of (33) and other potential protein phosphatase
inhibitors. It is important to note that microcystin-LR can be purchased for £1000
for 5 mg, therfore access to synthetic analogues is essential.
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(R)-Glu

Diene Q H. HM w i

Gly

(S)-Phe
(jR)-Asp

v-

(33): Potential protein phosphatase inhibitor based on nodularin.

2.3 Solution Phase Peptide Synthesis.

There are numerous excellent methods for synthesising peptides in the
solution phase, including the use of acid chlorides or carbodiimides for peptide

couplings.202
We synthesised peptide fragments using the mixed anhydride method of

peptide coupling (see Scheme 2.3). This method was chosen for its advantages in

speed, yield and relative purity of the products. The mixed anhydride method
has been studied in detail to increase yield and minimise the possibility of
racemisation.203' 204 The reaction uses alkyl chloroformates as peptide forming

reagents. A suitably protected amino acid reacts with the alkyl chloroformate in
the presence of a base, to form an anhydride. A second suitably protected amino

acid is then added which reacts with the anhydride to form the peptide linkage.



Chapter 2: Results and Discussion 59

Scheme 2.3: Mechanism for the mixed anhydride peptide coupling.

It is believed that the first step of the reaction is the attack of the tertiary base

on the alkyl chloroformate to form a quaternary compound, which in turn reacts

with the carboxylic acid. An important consideration is that of racemisation,
which can be minimised depending on the steric bulk of the base and the choice
of solvent. It has been found that methylamine reacts the fastest, but causes

maximum racemisation.203 Base, solvent, temperature and alkyl chloroformate

variations have been examined, and it was found that the best results were

obtained using a combination of N-methylmorpholine (NMM),

isobutylchloroformate and dry tetrahydrofuran (THF).204 This combination of

reagents was used in the course of this work. However, when there was a

problem of solubility of one or more of the starting materials, a minimum
volume of dry DMF in THF was used to aid the solubility of the reactants.
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2.4 Synthesis of the Initial Pentapeptides.
Disconnection of the synthetic analogue (33) on either side of the diene

fragment gave two fragments, a tetrapeptide (34) and the diene portion itself (35)

(Scheme 2.4).

Disconnection of the tetrapeptide gave two dipeptides; first, a Glu-Gly

dipeptide (36), and second, an Asp-Phe (37) dipeptide. We decided to substitute
the diene fragment with (3-alanine and use this as a model, to optimise the
conditions for cyclisation.

The main challenge regarding the synthesis of the peptides, was the

regiospecific amide bond formation at the y- and (3-carboxyl groups of (2R)-

glutamic and (2R)-aspartic acids respectively. For the asp-phe dipeptide, we

employed a cyclic anhydride intermediate in order to achieve selective protection
of the a-carboxyl group of aspartic acid. Benzyloxycarbonyl (Cbz) protection of

(2R)-aspartic acid was achieved using benzylchloroformate and NaHCC>3 (aq.)
under Schotten-Baumann205 conditions to give Cbz-(2R)-aspartic acid (39) in 79%

yield {m.p. 115 °C (lit.,2063- b 116 °C); m/z (Found: [M + NH4 - H20]+ 267.0981.

Q2H15N2O5 requires 267.0981)}. Treatment of (39) with trifluoroacetic anhydride

(36) (37)

Scheme 2.4: Disconnection of the nodularin based analogue (33).
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(TFAA) in THF gave the Cbz-protected cyclic anhydride (40) in excellent yield

(95%) {Umax (NujoD/cnr1 1805 (CO, anhydride) and 1725 (CO, urethane)}.

Regioselective ring opening of the cyclic anhydride was attempted with a variety

of alcohols, including propan-2-ol, p-nitrophenol and 2,4-dinitrophenol.

Regioselective alcoholysis was best achieved using propan-2-ol which gave the
desired a-isopropyl ester p-acid (41) in 52% yield {m.p. 111-113 °C) (Scheme 2.5).

O

Reagents and conditions: i) BnOCOCl, NaHC03 (aq); ii) TFAA, THF, 0 °C, 2 h;
iii) Propan-2-ol, 0 °C to r.t., 48 h.

Scheme 2.5: Synthesis of a-isopropyl-N-benzyloxycarbonyl-(2R)-aspartate (41).

As the desired a-isopropyl ester P-acid (41) was only obtained in moderate

yield, the use of the trifluoroacetyl moiety as the amino protecting group was

investigated. This would have the advantage of both N-protection and

formation of the cyclic anhydride in a one pot reaction.207 (2R)-Aspartic acid was

converted to the anhydride (42) upon treatment with TFAA (5 eq.) in dry THF

(see Scheme 2.6). The anhydride was isolated as a white solid in excellent yield
and was taken through to the next step without further purification.
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(44)

Reagents and conditions: i) TFAA, THF, 0 °C, 2 h; ii) Propan-2-ol, 0 °C to r.t., 48 h,
85%; iii) NMM, z'-BuOCOCl, (2S)-Phe-OBu.HCL, THF, -15 °C to r.t., 30 min, 85%.

Scheme 2.6: Synthesis of the N-trifluoroacetyl protected dipeptide (44).

The selective protection of the a-carboxy group through treatment of the

anhydride with methanol was reported to yield 75-80% of the desired a-methyl
ester P-acid.207 Performing the reaction at lower temperatures did not improve

the ratio in favour of the a-ester over the P-ester, nor did treatment with

ethanol. However, treatment of the anhydride (42) with propan-2-ol at 0 °C gave

>95% of the desired a-isopropyl ester p-acid (43), as judged by examination of the
*H NMR spectrum of the crude material. Recrystallisation of (43) from diethyl

ether/light petroleum gave the pure a-isopropyl ester (43) in 85% yield
{m.p. 98 °C (lit.,208 98 °C (for the S-isomer)); a]g +41.85 (c 0.51 in EtOH) (lit.,208 -40.7

(c 1.0 in MeOH)) (for the S-isomer)}. The high regioselectivity of this reaction is

thought to be facilitated by the electron withdrawing effect of the N-

trifluoroacetyl protection, which enhances the electrophilicity of the a-carboxy

group.
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a-Isopropyl ester (43) was coupled to (2S)-Phe.OtBu.HCl to give dipeptide (44)
(Found: C, 55.55; H, 6.25; N, 5.95. Calc. for C22H29N2O6F3: C, 55.70; H, 6.15; N,

5.90%)}, and (43) was also coupled to (2S)-Phe.O-Allyl.p-TsOH in good yield to

give dipeptide (44b) . However, selective N-deprotection of the trifluoroacetyl

moiety in both cases proved to be a problem. Hydrolysis of the a-isopropyl ester

group could not be avoided during deprotection of the N-trifluoroacetyl group.

Weygand's209 method of N-trifluoroacetyl deprotection using sodium

borohydride in ethanol also resulted in the hydrolysis of the a-ester.

Modification of the reaction conditions using various methods of mild base

hydrolysis to effect the selective removal of the trifluoroacetyl moiety all failed to

selectively deprotect. However, in light of this fact, this methodology has been

successfully employed by Gani et al.208 in the synthesis of homoserine and

phosphohomoserine derivatives (Scheme 2.7).

O O

X A
F3C NH F3C^NH NH2

Hj^C°2" *" H H
° o-f O O-C\ X (2S)-Homoserine

Scheme 2.7: Synthesis of (2S)-homoserine.

Selective protection of the a-carboxyl group of (2R)-glutamic acid (45) was
achieved via the 5-oxazolidinone. The use of the N-benzyloxycarbonyl-5-
oxazolidinone moiety, was first described by Ben-Ishai210 and subsequently
utilised by Itoh211 and Bartlett,212 to provide a simple and reliable method to

selectively protect glutamic and aspartic acids respectively.

Benzyloxycarbonyl protection of (2R)-glutamic acid (45) was achieved using

benzylchloroformate and NaHC03 (aq.) under Schotten-Baumann205 conditions

to give (46) in 77% yield. This was converted to the 5-oxazolidinone (47) {umax
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(Nujoll/cnr1 1805 (CO, oxazolidinone)} upon treatment with paraformaldehyde
and a catalytic amount of p-TsOH with azeotropic removal of water (Scheme 2.8).

'

+

O
(47)

Scheme 2.8: Mechanism for the formation of the 5-oxazolidinone.

Mixed anhydride coupling of 5-oxazolidinone (47) with Gly.OBu.AcOH using
a small amount of DMF to aid the solubility of the latter compound, gave the y-

linked dipeptide (48) in good yield (87%) {(Found: C, 59.00; H, 6.60; N, 6.75. Calc.
for C20H26N2O7: C, 59.10; H, 6.45; N, 6.90%)} (see Scheme 2.9).

Ring opening of the 5-oxazolidinone proved to be difficult. Bartlett212 had

reported the use of sodium methoxide/methanol at -10 °C to afford the ring

opened methyl ester. However, after many attempts employing these same

reaction conditions, the desired compound was only obtained in 46% yield. Base

catalysed hydrolysis of dipeptide (48), using a solution of 1 mol dm-3 aqueous

sodium hydroxide in methanol followed by esterification of the resultant acid

(formed after a suitable workup) with diazomethane was investigated as an

alternative route. Ring opening of the 5-oxazolidinone was accomplished within
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30 min. However, problems were encountered when acidifying the sodium salt
to give the free a-carboxyl group. The '"butyl ester group was hydrolysed under

acidic conditions, and in all cases partial hydrolysis of the '"butyl ester moiety
could not be avoided. The best yield over the two steps was 64%, which was an

improvement on the sodium methoxide method. Consistent yields were also

very difficult to attain. However, the desired compound was taken on to the next

step in the synthesis. Hydrolysis of the '"butyl ester group was achieved using
trifluoroacetic acid (TFA) to give the deprotected dipeptide (48c) (Scheme 2.9).

o
(47)

iii

^ H..^C02CH3h ^ iv, v, vi jj1 O

o

(48c) (48)

Reagents and conditions: i) BnOCOCl, NaHCOj (aq.), r.t., 18 h, 77%; ii) Paraformaldehyde, p-TsOH, toluene,
A, 2 h, 90%; iii) NMM, i-BuOCOCl, Gly-O'Bu.AcOH, THF/DMF, -15 °C to r.t., 30 min, 87%; iv) 1 mol dm"3aq.
NaOH, MeOH, r.t., 1 h, 28%; v) CHjNj, Et20, 0 °C, 30 min, 100%; vi) TFA, DCM, r.t., 4 h, 69%.

Scheme 2.9: Synthesis of dipeptide (48c).

The Asp-Phe fragment was synthesised using a similar strategy involving the
use of the 5-oxazolidinone moiety as a suitable protection for the aspartate

residue, and coupling to Phe.O'Bu.HCl. gave dipeptide (50) as a white solid in

excellent yield {m.p. 117 °C; m/z (Found: [M + H]+ 483.2131. C26H31N2O7 requires

483.2131)} (see Scheme 2.10). Again partial hydrolysis of the '"butyl ester moiety
occurred on work up of the ring opened compound. Careful acidification at 0 °C

minimised the problem of hydrolysis of the '"butyl ester group. Subsequent
esterification and deprotection gave compound (52) {m/z (Found: [M + H]+

351.1920. C18H27N2O5 requires 351.1920)}. Coupling of this to the deprotected
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glu-gly derivative (48c) then gave the tetrapeptide (53) which was then N-

deprotected and coupled to Boc-|3-alanine (141) to give pentapeptide (54) {ra/z
(Found: [M + H]+ 722.3659. C34H52N5O12 requires 722.3668)} (Scheme 2.10).

h co2h
„.X^,c°2H

(38)

cr
o h c02h

(51)

(39)

(I
o c02ch3 o u

IV, V

O

A.
Q"°«r

oh

(49)

o
o

(50)

h3co2c h 9 h

(52)

O H co2CH3 h 9c^cK39 h ,

tJT H S H H o r*
(53)

V1U, IX

h h n h h " r-
(54)

Reagents and conditions: i) BnOCOCl, NaHC03 (aq.), r.t., 18 h, 79%; ii) Paraformaldehyde, p-TsOH, toluene,
A, 2 h, 91%; iii) NMM, i-BuOCOQ, (2S)-Phe-OtBu.HCl, THF, -15 °C to r.t., 30 min, 91%; iv) 1 mol dm"3 aq.

NaOH, MeOH, r.t., 1 h, 91%; v) CH2N2, Et20, 0 °C, 30 min, 100%; vi) 10% Pd/C, MeOH, r.t., 3 h, 100%;
vii) NMM, i-BuOCOCl, (48c), THF, -15 °C to r.t., 40 min., 76%; viii) 10% Pd/C, MeOH, r.t., 3 h, 96%; ix)

NMM, i-BuOCOCl, Boc-P-Ala, THF/DMF, -15 °C to r.t., 2 h, 62%.

Scheme 2.10: Synthesis of pentapeptide (54).



Chapter 2: Results and Discussion 67

This synthesis was abandoned due to the problems encountered with the glu-

gly fragment. A more reliable route to form a suitably protected glutamic acid
residue was therefore required. The ready availability of y-benzyl-(2R)-N-Boc-

glutamate (55) led us to utilise this as our starting material in order to achieve
the regiospecific amide bond formation at the y-carboxyl of (2R)-glutamic acid

(Scheme 2.11). Conversion of (55) to the a-methyl ester (56) was achieved using

diazomethane in quantitative yield. Subsequent y-benzyl ester deprotection
afforded compound (57) which was then y-linked to Gly.OBzl.p-TsOH (58) to give

dipeptide (59) [m/z (Found: [M + H]+ 409.1975. C20H29N2O7 requires 409.1975)}.

Boc-deprotection using hydrogen chloride gas in ethyl acetate followed by mixed

anhydride coupling to Boc-p-alanine gave tripeptide (61) in excellent yield {m.p.
74-76 °C; Found: C, 57.40; H, 7.00; N, 8.75. Calc. for C23H33N3O8: C, 57.60; H, 6.95; N,

8.75%}. Benzyl ester deprotection using catalytic hydrogenation and coupling to

peptide (52) afforded pentapeptide (54) as a white solid {Found: C, 56.80; H, 7.30;

N, 9.75. Calc. for C34H51N5O12: C, 56.60; H, 7.10; N, 9.70%} (Scheme 2.11).
■

. I 9 H.COaH rj| U Vl ? HVC02CHa lii vl U VC°2CH3H {?
°^[0]

(55) (57) (59)

iv, v

(54)

Reagents and conditions: i) CH2N2, Et20,0 °C, 30 mir\, 100%; ii) H2,10% Pd/C, MeOH, r.t, 3 h, 100%; iii) NMM, i-BuOCOQ, Gly-OBzl.
p-TsOH, THF/DMF, -15 °C to r.t., 30 min, 96%; iv) HQ (g), EtOAc, 0 °C to r.L, 15 h, 90%; v) NMM, i-BuOCOCl, Boc-p-Ala, THF/DMF,
-15 °C to r.t., 30 min, 91%; vi) H2,10% Pd/C, MeOH, r.t., 3 h, 100%; vii) NMM, i-BuOCOd, (52), THF/DMF, -15 °C to r.t., 2.5 hr, 91%.

Scheme 2.11: Alternative Synthesis of pentapeptide (54).
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Simultaneous deprotection of Boc and t-butyl ester groups of pentapeptide (54)

using TFA/CH2CI2 gave the trifluoroacetate salt (63) {m/z (Found: [M + H -

CF3CC>2H]+ 566.2460. C25H36N5O10 requires 566.2462)}.

(63): Deprotected pentapeptide.

Attempted cyclisation of (63) (see section 2.7, p. 82) was unsuccessful using a

variety of conditons. We reasoned that the TFA salt (63) affected the pH of the

reaction, thereby reducing the nucleophilicity of the amine group, thus

preventing the cyclisation reaction. In order to overcome this problem,

pentapeptide (65) was synthesised (see Scheme 2.12), using the two fragments (51)
and (61) from the previous pentapeptide synthesis (Scheme 2.11). Following the

appropriate deprotections of tripeptide (61) and dipeptide (51), mixed anhydride

coupling of the two, then afforded pentapeptide (65) which was recrystallised
from acetone/water and gave pure (65) as a white solid in 86% yield {m.p. 133-
135 °C; Found: C, 60.85; H, 6.00; N, 8.85. Calc. for C40H47N5O12: C, 60.85; H, 6.00; N,

8.95%}.
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\1 u u hvc°2CH3 h U i m hvc°2CH3 h u
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(65)

Reagents and conditions: i) HQ (g), EtOAc, 0 °C to r.t., 1.5 h, 90%; ii) TFA, DCM, r.t., 4 h, 73%; iii) NMM, i-BuOCOCl,
(63), THF/DMF, -15 °C to r.t., 2.5 hr, 86%.

Scheme 2.12: Synthesis of pentapeptide (65).

We envisaged that simultaneous deprotection of the Cbz and benzyl ester

groups of (65) using catalytic hydrogenation would proceed cleanly and give the

corresponding deprotected pentapeptide, which would not affect the pH of the

cyclisation reaction (see section 2.7, p. 82).

2.5 Literature Syntheses of Adda.

2.5.1 Rinehart's Synthesis of Adda.141
The first total synthesis of Adda was reported in 1989 by Rinehart and

co-workers who synthesised N-benzyloxycarbonyl Adda ethyl ester (72).141 For

the synthesis of the C-7 to C-10 part of Adda the previously synthesised
diastereomeric mixture of alcohols (66) (3-methoxy-2-methyl-4-phenyl-l-butanol)
was utilised. Oxidation, followed by Wittig and reduction reactions then

furnished the geometrical isomers of alcohol (67) which were separated by
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preparative HPLC. The alcohol (67) was converted to the bromide and then into
the corresponding triphenylphosphonium bromide (68) (Scheme 2.13).

Scheme 2.13: Rinehart's synthesis of the C-7 to C-10 portion of Adda.

The synthesis of the C-l to C-4 (amino acid) part of Adda proceeded via the y-

butyrolactone (69) which is readily available from (2R)-aspartic acid in 4 steps.111
The diastereomeric mixture obtained from the methylation of y-butyrolactone

(69) was purified by silica chromatography to yield the desired (2Sr3R) isomer of

(70). Saponification of (70) afforded the hydroxy acid which was then converted
to the ethyl ester (71). Swern oxidation of (71) followed by Wittig reaction with
the triphenylphosphonium bromide (68) and separation by preparative TLC gave

the N-Cbz-Adda ethyl ester (72) (Scheme 2.14).

Cbz-N
H

0 P
i, ii, iii M. 1V> v

,Ly°
(69)

Cbz-N
H

(70)

H3C. C02Et

Cbz-N' CH2OH
H

(71)

VI, Vll, Vlll„
C02Et

Reagents and conditions: i) LDA (2 eq.), THF, -78 °C, 30 min; ii) Mel, -78 °C to -20 °C;
iii) Si02, EtOAc/hexane (35:65); iv) NaOH, Me0H/H20, 0 °C, 1 h; v) EtI, KHC03, DMF,
r.t., overnight; vi) (COCl)2, DMSO, CH2C12, -78 °C; vii) Et3N; viii) (68), dimethoxyethane,
n-BuLi, r.t., 7 h.

Scheme 2.14: Rinehart's synthesis of N-Cbz-Adda ethyl ester (72).
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2.5.2 Chakraborty's Synthesis of Adda.213

Chakraborty and Joshi's213 synthesis of N-phthaloyl-Adda methyl ester (79)
utilised a common chiral epoxy alcohol (72) to ensure the stereospecific
construction of all the chiral centres of Adda.

The synthesis of the C-l to C-4 portion of Adda started with ring opening at

the C-2 position of the epoxy alcohol (73) using Me2CuLi which gave the 1,3-diol

(74) as the major product (Scheme 2.15). Protection of the primary alcohol
followed by Mitsonobu214 inversion of the secondary alcohol using phthalimide,

diethylazodicarboxylate (DEAD) and triphenylphosphine gave (75). Finally,
Swern oxidation of the debenzylated alcohol afforded aldehyde (76).

% +

H °\/\/OBn

(73)

iv, v

HO"

h3c

OH

CH3
(74)

NR
ii, in

TBDPSO
OBn

"C R = phthaloylOTBDPS

OHC NR

(76)

Reagents and conditions: i) Me2CuLi (4 eq.), Et20, -40 °C, 4 h; ii) 'BuPt^SiCl (1 eq.), imidazole
(2.5 eq), DMF, r.t., 5 h; iii) Phthalimide (1.1 eq), DEAD (1.1 eq), Ph3P (1.1 eq), THF, 0 °C, 12 h;
iv) H2. Pd/C, EtOH, r.t., 8 h; v) (COCl)2, DMSO, Et3N, CH2C12, -78 °C, 4 h.

Scheme 2.15: Chakraborty's synthesis of the C-l to C-4 portion of Adda.

The synthesis of the other half of Adda, utilised the ring opening at the C-3

position of the same epoxy alcohol (73), using trimethylaluminium (MeaAl) to

give the 1,2-diol (77). This was then converted to the triphenylphosphonium
bromide (78) in 10 steps. Subsequent Wittig reaction with aldehyde (76) then gave

the desired protected Adda (79) (see Scheme 2.16).
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-

P\ i ?H 10 steps
H0>^X.0Bn *H°v/N^obn

^ och3
ch3 CH3 CH3 Br

(73) (77) (78)

.COpMe
OMe f

3 steps L II » i R = phthaloyl

ch3 ch3

(79)

Reagents and conditions: i) Me3Al (4 eq.), C5H12:CH2Cl2 (9:1), 0 °C to r.t., 24 h.

Scheme 2.16: Chakraborty's synthesis of N-phthaloyl-Adda methyl ester (79).

2.5.3 Beatty's Synthesis of Adda.215

Beatty's synthesis employed a similar strategy to that reported by Rinehart,

except that the chiral centres at C-8 and C-9 were prepared in a stereocontrolled
manner and thus did not require the use of HPLC to separate unwanted

diastereoisomers.215

The chirality at C-8 and C-9 were controlled using Evans'216 chiral oxazolidine

template methodology using (4R,5S)-4-methyl-5-phenyloxazolidin-2-one (80).
The alcohol (81) was synthesised in 8 steps from the oxazolidine (80) using

oxidation, Wittig and reduction chemistry. The alcohol (81) was then converted
to the corresponding mixture of bromides (82) in 4 steps (Scheme 2.17).

Scheme 2.17: Beatty's synthesis of bromide (82).
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The (2S,3S) centres of Adda were derived from (2R)-aspartic acid. Aldehyde (87)

was synthesised as shown in Scheme 2.18.
Dianion alkylation of methyl ester (83) went in 32% yield and was reported to

have given a product ratio of only 43% of the desired erythro diasteroisomer (84)

along with 57% of the unwanted threo isomer. Hydrogenolysis of (84) furnished
the acid (85) which was reduced with borane in THF to give the alcohol (86).
Oxidation of the alcohol was accomplished in DMSO with pyridine-sulfur
trioxide in the presence of triethylamine to give the desired aldehyde (87).
The mixture of bromides (82) were converted into their corresponding

triphenylphosphonium salts and the ylide derived from the salt was reacted with
the protected aldehyde (87) to give a mixture of geometrical isomers of Boc-Adda

methyl ester. Separation by preparative TLC and hydrolysis gave the desired Boc-

Adda (88).

BnC^C CC>2Me j - Bn02C C03Me ... HO2C C03Me
) : . ) C . ) c

Bu 02C-N Bu'02C-N CH3 Bu 02C-N CH3
H H H

(83) (84) (85)

IV
HOH2C C02Me

t * *
Bu 02C-N CH3

H

OHC C02Me

tBu 02C-N CH3
H

(86) (87)

5 steps

ch3 ch3

co2h

N-COsBu1

(88)

Reagents and conditions: i) LHMDS (2 eq.), THF, -78 °C, 30 min; ii) Mel, -7 °C, 1 h; iii) H2, Pd/C,
MeOH, 2 h; iv) bh3.THF, 0 °C, 1 h; v) pyridine-S03, DMSO, Et3N, r.t., 30 min.

Scheme 2.18: Beatty's synthesis of Boc-Adda (88).
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2.6 Synthesis of the Diene Fragment.

Disconnection of the diene fragment (89) gave two synthetically viable targets,

aldehyde (90) and ylide (91) (Scheme 2.19). Aldehyde (90) is commercially
available and could be Wittig coupled to ylide (91) to give the diene fragment
(89). However, we chose not to pursue this approach as there was the possibility
of racemisation of the a-C on formation of ylide (91).

C02R'

nh

ch3 ch3 h r
(89)

* r^o
ch3 ch3

C02R'

(90)

V
NH

+ PPh3 R
(91)

Scheme 2.19: Proposed disconnection of the diene fragment (89).

The three total syntheses of Adda outlined above (see section 2.5),141' 213> 215 all
involved an initial disconnection so as to form the aldehyde on the amino acid

portion and the triphenylphosphonium salt on the alkene portion. We chose to

employ a similar strategy so as to synthesise our diene (107) (see p.76) as can be
seen in the disconnection outlined in Scheme 2.20.

Scheme 2.20: Actual disconnection of the diene fragment (89).

The readily available 2-methyl-2-pentenal (90) was reduced with sodium

borohydride to give the alcohol (94) in 79% yield {(b.p. 75-80 °C/15-20 mm Hg

(lit.,217 68-72 °C/10-12 mm Hg)} (see Scheme 2.21). Conversion of alcohol (94) to
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the bromide (95) was initially attempted by the addition of carbon tetrabromide (2

eq.) to a stirred solution of the alcohol in dry diethyl ether followed by addition
of a solution of triphenylphosphine (2 eq.). However, the bromide was only
formed in moderate yield (63%). We utilised an alternative procedure described

by Ziegler and Becker,218 which involved the addition of phosphorus tribromide
to a solution of alcohol (94) in pentane containing a few drops of pyridine to give
the bromide (95) in good yield (85%) after purification by Kugelrohr distillation

{(b.p. 34-36 °C/10 mm Hg (lit.,218 55 °C/20 mm Hg)}. Refluxing a solution of the
bromide (9 5) and triphenylphosphine in benzene then gave the

triphenylphosphonium bromide (96) {8p (121.2 MHz; C2HCl3) 20.9} (Scheme 2.21).
This crude material was taken through to the next step without further

purification.

ch3 ch3
(90)

ch3 ch3
(94)

li

ch3 ch3 "Br
(96)

ch3 ch3
(95)

Reagents and conditions: i) NaBH4, EtOH, 40 min, r.t. 79%;
ii) PBr3, pyridine, pentane, 15 h, 0 °C to r.t., 85%; iii) PPh3,
benzene, 6 h, A.

V.

Scheme 2.21: Synthesis of the triphenylphosphonium bromide (96).

The synthesis of the aldehyde (106) started from (2R)-aspartic acid (38) (see
Scheme 2.22). This was converted into the (3-methyl-(2R)-aspartate hydrochloride
(97) by dropwise addition of thionyl chloride (1.1 eq.) to a cooled suspension of
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(2R)-aspartic acid (38) in dry methanol, following the procedure of Schwarz.219
Treatment of a solution of the hydrochloride (97) in ethanol and propylene oxide
with reflux yielded the corresponding free amino derivative (98) as a white

crystalline solid {m.p. 194-195 °C (lit.,220 194-195 °C) (for the S-isomer)}.

nho nho

ho2c
iW\^co2H *- H^jL^CO2ch3

ho2c

(38) (98)

och3

nh °

^M-OCH3
ch2oh

(103)

(107)

Reagents and conditions: i) SOCl2, MeOH, -10 °C to r.t., 30 min, 80%; ii) Propylene oxide,
EtOH, A, 3 h, 90%; iii) TMSC1, EtjN, Pb(N03)2/ 9-bromo-9-phenylfluorene (102), DCM, r.t., 3
days, 81%; iv) NMM, i-BuOCOCl, THF, -15 °C, 5 min; v) NaBH4, THF, -15 °C to r.t., 3 h, 91%;
vi) Dess-Martin periodinane (146), DCM, r.t., 4 h, 64%; vii) (96), n-BuLi in hexanes, THF,
-78 °C to 0 °C, 4.5 h, 41%.

Scheme 2.22: Synthesis of the diene fragment (107).

It was necessary to protect the amine group of p-ester (98) before
functionalisation of the a-carboxy group could proceed further. The

benzyloxycarbonyl (Cbz) group was precluded, as the conditions required to
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N-protect resulted in the base catalysed hydrolysis of the methyl ester. Another

problem with the Cbz group was that the conditions required for its removal i.e.

catalytic hydrogenation, could also cause the reduction of the diene functionality.

Hydrolysis of the methyl ester group of compound (98) was also a problem under
conditions required for N-protection using the t_butoxycarbonyl (Boc) group. The

9-phenylfluoren-9-yl group which can be removed either by catalytic

hydrogenation or by acidolysis,220 was therefore chosen in order to overcome the
aforementioned problems. The N-9-phenylfluoren-9-yl derivative (99) {m.p.
160 °C (lit.,220 1 60-161 °C) (for the S-isomer); m/z (Found: [M + H]+ 388.1549.

C24H22NO4 requires 388.1549)} was synthesised by treating the monoester (98)
with chlorotrimethylsilane, and after 2 h, with 9-bromo-9-phenylfluorene (102)

{m.p. 97-99 °C (lit.,221 98-99 °C)}; (obtained by treating fluorenone (100) with

phenyllithium followed by HBr (Scheme 2.23)), in dry dichloromethane and
addition of lead nitrate as a halide scavenger.

(100)

o

1,11

(101) R = OH
(102) R = Br

Reagents and conditions: i) Bromobenzene, rc-BuLi in hexanes,
E^O, 0 °C, 30 min., r.t., 3 h; ii) HBr (48%), toluene, r.t., 24 h, 79%.

Scheme 2.23: Synthesis of 9-bromo-9-phenylfluorene (102).

A range of methods and conditions for selectively converting the a-carboxy

group of (99) to the corresponding aldehyde were examined. It was envisaged
that the transformation of the a-carboxylic acid to the aldehyde would best



Chapter 2: Results and Discussion 78

proceed via reduction of the acid followed by mild oxidation of the resulting
alcohol to yield the desired aldehyde.

Reduction of the acid to the corresponding alcohol was attempted using

borane in THF. However, this procedure did not give the desired alcohol (103) in
sufficient yield (21%). Other reducing agents e.g. LLAIH4, were precluded as there
was the possibility that reduction of the p-methyl ester could occur. Conversion

of the a-carboxylic acid into the acid chloride and subsequent reduction to the

aldehyde also had to be ruled out as the phenylfluorenyl moiety is acid labile.

Recently, Fukuyama222 reported the facile reduction of thioesters into their

corresponding aldehydes could be accomplished quickly using triethylsilane and
10% palladium on charcoal catalyst. Since carboxylic acids can readily be
converted into thioesters under mild conditions,223' 224 this procedure appeared
to be an attractive alternative to synthesise the aldehyde (106).

Conversion of compound (99) into its corresponding thioester derivative
(104) was readily achieved using the method of Steglich223 which involved the

DMAP-catalysed EDCI (carbodiimide) activated esterification of the acid with

ethanethiol. The desired thioester (104) was obtained as a colourless oil in good

yield (83%) {13C NMR, 205.57 (CO, thioester)} (Scheme 2.24).

/^\

jghQfrvlKs? 1 X^

och3
OH

—Cr^it x -H*4—^OCH3
o^S^CH3

Ox5H ; OCH3
O^H

(99) (104) (106)

Reagents and conditions: i) EDCI, DMAP,QH5SH, DCM, 3 h, r.t. 83%.

Scheme 2.24: Proposed synthesis of aldehyde (106).

Reduction of the thioester (104) was attempted using Fukuyama's conditions
with triethylsilane/Pd/C.222 However, no reduction occurred and only starting



Chapter 2: Results and Discussion 79

material was observed in the reaction mixture (followed by TLC), even after 3

days. This reductive procedure had also recently been employed by Rapoport and
co-workers225 and the transformation was complete within 30 min. Addition of
more catalyst and triethylsilane to the reaction mixture had no effect on the
course of the reaction. The absence of any reaction is thought to be due to the

bulkiness of the phenylfluorenyl group which is likely to be sterically hindering
the thioester functionality from reduction. It is also likely that the prolonged

presence of the thioester group in the reaction, could be poisoning the palladium

catalyst. The reaction was repeated several times under various conditions but
no reaction took place and only starting material was isolated.

Reduction of the a-carboxyl group was attempted by the initial formation of

the a-aspartic isobutylcarbonic anhydride from the acid (99), upon treatment

with one equivalent of N-methylmorpholine (NMM) and isobutylchloroformate
at -15 °C. The precipitated salts (NMM.HC1) were removed and the mixed

anhydride was added to a solution of aqueous sodium borohydride. This

procedure was also found to be unsuccessful as none of the desired alcohol was
formed. However, when the solvent used for the reduction was changed to dry

THF, the alcohol (103) was isolated. Finally under optimised conditions (see

experimental section, p. 147), the alcohol (103) was obtained as a white solid upon

trituration with diethyl ether in 91% yield {m.p. 135-137 °C; Dmax (NujoD/cnr1
1706 (CO, ester)}. Ishizumi et al 226 described a similar procedure except that ethyl
chloroformate was used to form the mixed anhydride.

It was noted that the by-product of the reduction i.e. lactone (105) was formed
in larger amounts when an excess of sodium borohydride was added to the a-

aspartic isobutylcarbonic anhydride. The lactone (105) was isolated as a white
solid {m.p. 156-158 °C; umax (NujoD/cnr1 1784 (CO, lactone)}.
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Base catalysed ring opening of the lactone (105) was readily achieved using 1
mol dm'3 aqueous sodium hydroxide in methanol and gave the hydroxy acid

(111) in 98% yield (see p. 91). This was found to be a useful precursor for the

synthesis of the hydroxymethyl containing pentapeptide (115) (see Scheme 2.28,

p. 92).
Mild oxidation of the alcohol (103) to the aldehyde (106) was attempted using

three different procedures. Swern227 oxidation, Dess-Martin228 periodinane and
use of tetrapropylammonium perruthenate (TPAP, Pr4N+ RuCV)229 all gave the
desired aldehyde (106) (see Scheme 2.25). The reactions were followed by TLC and
all gave a new spot which was positive to Brady's reagent. Purification of the

aldehyde (106) was achieved in all cases by silica chromatography to give pure

(106) as a colourless oil {[a]73 +85.3 (c 0.6 in CH2C12); 13C NMR, 202.28 (CO,

aldehyde)}. Dess-Martin228 periodinane oxidation gave the best yield (64%)

compared to the other two procedures (see Table 2.1).

Oxidation procedure % yield (after purifiaction)

Swern 41

Dess-Martin periodinane 64

TPAP 49

Table 2.1: Yields for the oxidation of alcohol (103) to aldehyde (106).
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(106)

Reagents and conditions: i) NMM, z-BuOCOCl, THF, -15 °C, 5 min;
ii) NaBH4/ THF, -15 °C to r.t., 3 h, 91%; iii) (COCl)2, DMSO, Et3N, DCM,
-50 °C to r.t., 1.5 h, 41%; or iv) Dess-Martin periodinane, DCM, r.t., 4 h,
64%; or v) TPAP, NMO, powdered 4 A molecular sieves, DCM/CH3CN,
5 h, 49%.

Scheme 2.25: Synthesis of the aldehyde (106).

Aldehyde (106) was Wittig coupled to ylide (92) to give the crude diene (107).
Purification by silica chromatography afforded the diene (107) as a colourless oil
in 41% yield {m/z (Found: [M + H]+ 438.2437. C30H32NO2 requires 438.2433)}.
However high field NMR showed the presence of an impurity which co-ran

with the product.
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2.7 Attempted Cyclisations of Pentapeptides.
The formation of a peptide ring, like any other cyclisation, requires the

generation of mutually reactive chain ends under conditons favouring
intramolecular processes. For a peptide bond to be formed, these mutually
reactive chain ends are the free amino moiety, not reduced in nucleophilicity by

protonation or substitution, and an activated carboxyl function which is

susceptible to nucleophilic attack. Intramolecular reaction is favoured over an

intermolecular process by allowing the coupling of these ends to proceed under

high dilution conditions (lO'MO"4 M).230

Cyclic peptides are divided into two broad classes. Those in which the peptide
backbone is formed by the usual amide linkage between amino acid residues are

known as homodetic.231 Those in which the chain contains any other kind of

linkage e.g. disulfide bonds, are termed heterodetic.231
In the synthesis of homodetic cyclic peptides, the readiness of an open chain

linear precursor to cyclise depends on the size of the ring to be closed. Unusually,
no difficulties arise for the cyclisation of peptides containing seven or more

amino acid residues. Although, ring closure with hexapeptides and

pentapeptides is more hampered, the cyclisation is reported to be enhanced by
the presence of turn structure-inducing amino acids, such as glycine, proline or

an (R)-a-amino acid.232 For linear peptides which do not contain amino acid

residues which stabilise turn structures, the cyclisation reaction maybe an

inherently improbable or slow process. Side reactions such as cyclodimerisation,

may dominate even under high dilution conditions.
With respect to the macrocyclisation step, the nodularin and microcystin

skeletons present several problems. First, the ring sizes involved are quite large
i.e. 19 and 25-membered rings respectively. Second, the rings also contain one y-

isopeptide and two {3-isopeptide linkages each. Thus, the normal conformational
constraints for peptides composed of a-amino acids are missing.
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We envisaged that subjection of pentapeptide (65) to catalytic hydrogenation
would give the suitably deprotected pentapeptide (108) (Scheme 2.26). This would
then undergo macrocyclisation using a variety of reported peptide cyclisation

reagents e.g. diphenylphosphoryl azide (DPPA).233' 234 Pentapeptide (65) was

successfully deprotected to give the corresponding deprotected pentapeptide (108)
as a white solid in 83% yield {m/z (Found: [M + H]+ 566.2467. C25H36N5O10

requires 566.2462)}. Cyclisation was attempted using DPPA and triethylamine and
the reaction was followed by TLC. The appearance of a new spot indicated that
the reaction may have occurred to give the cyclised product (109). Examination of
the NMR spectrum showed that there were peaks in the correct region which
could correspond to the cyclised material. However, further purification of the
crude compound proved to be difficult and eluded identification.

(65)

h3co2c h o 13°2Cvh o 1 H H 9
H

o O H C02CH3 h O

(108)

(109)

Reagents and conditions: i) H2, 10% Pd/C, MeOH, r. t., 6 h, 83%.

Scheme 2.26: Proposed macrocyclisation of linear peptide (108).
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In an attempt to facilitate the ring closure, a variety of reaction conditions

were employed. The amount and nature of the base, together with the

temperature were examined (see Table 2.2, p. 85). However, none of the above

reaction conditions yielded any of the desired product.
A number of other reagents including l-(3-dimethylaminopropyl)-3-ethyl

carbodiimide methiodide (EDCI),235 pentafluorophenyl diphenylphosphinate

(FDPP),236 2-(lH-benzotriazole-l-yl)-l,l,3,3-tetramethyluronium tetrafluoroborate

(TBTU)234 and benzotriazole-l-yl-oxy-tris-pyrrolidino-phosphonium hexa-

fluorophosphate (PyBOP)237 (Fig. 2.3) were evaluated for cyclisation of the linear

peptide and a summary of the reaction conditions are outlined in Table 2.2.

Ph

O
II

EDO F F

DPPA FDPP

TBTU PyBOP

Figure 2.3: Peptide cyclisation reagents.
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Reagent (eq.) Base (eq.) Solvent (Dry) Temp. (°C)

DPPA (1.5) Et3N (3) DMF 0-4

DPPA (2) Et3N (4) DMF 0-4

DPPA (4) Solid NaHC03 (10) DMF 0-4

DPPA (2) Solid NaHC03 (5) DMF 0-4

DPPA (1.5) Solid NaHC03 (5) DMF -15

DPPA (2) NMM (2) DMF 0-4

EDCI (1.5) + HOBt (1.5) Et3N (1) DMF 0-4

EDCI (1.5) + HOBt (1.5) / DMF r. t.

TBTU (3) + HOBt (3) DIPEA (1% v:v) DMF 0-4

TBTU (3) + HOBt (3) DIPEA (1% v:v) DMF r. t.

FDPP (3) DIPEA (3) DMF r. t.

PyBOP (1.5) Solid NaHC03 (5) ch3cn/dmf 0-4

PyBOP (1.5) Solid NaHC03 (5) ch3cn/dmf -15

PyBOP (1.5) Solid NaHC03 (5) ch3cn/dmf r. t.

PyBOP (1.5) Solid NaHC03 (5) DMF 0-4

Table 2.2: Cyclisation reagents and conditions evaluated.

None of the aforementioned reagents and conditions (Table 2.2) gave any of
the desired ring closed compound. However, in each case an organic soluble

product was always isolated. We initially assumed that this was the cyclised

product, as the workup involved an acid (10% citric acid) and base (5% NaHC03)
wash which would remove any unreacted starting material. The most promising
result was obtained with DPPA (solid NaHC03, 0-4 °C). The crude material was

subjected to silica chromatography and led to the isolation of a brown solid.

Comparison of the *H NMR spectrum with that of the pre-cyclised compound

(108) looked hopeful (see Fig. 2 .4, p. 87). However, mass spectrometry revealed
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that the major ion was 506. As the cyclic peptide (109) would have a mass of 547,
no fragmentation of this would give the peak at 506. The mass spectrum also
ruled out the possibility of cyclodimerisation. The peak at 506 could correspond
to the loss of CO2CH3 from the pre-cyclised compound (108), however, this can

also be precluded as a possibility due to the workup procedure (see above).
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Figure 2.4: Comparison of the NMR spectra of linear pentapeptide (108) and
an attempted cyclisation reaction.
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2.8 Design and Synthesis of New Pentapeptides.
In order to rationalise why the attempted cyclisations of compound (108) were

unsuccessful, we decided to investigate whether there were any conformational
constraints which prevented the cyclisations from occurring.

Modelling (conducted by Dr. J. Wilkie) of the cyclic pentapeptide (109) (see p.

83) showed that it could form a strain-free structure of low energy, and therefore
there appeared to be no problem with the existence of (109). However, when the

ring closure step itself was examined, there appeared to be a problem. The ring

closure step involved the formation of an amide bond between the free amino

moiety of the (R)-aspartate residue and the carboxylate of the glycine residue.

Modelling of this step with peptide (108) showed that the two ends could not

approach in the required orientation to allow ring closure. Fig. 2.5 shows the
"best" approach during dynamics run for 0.5 ns.
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We reasoned that by allowing one bond to have the cis geometry as opposed

to the all-trans geometry as in (108), then we would allow a different set of
conformations for the ring closure step. Substitution of glycine with N-

methylglycine (sarcosine-Sar), could induce some of the required cis geometry

(~7%)238 at this residue. A similar peptide to (108) containing a sarcosine residue
in place of a glycine residue was also modelled, and dynamics were again run for
the same amount of time (0.5 ns) as the glycine containing peptide (108). With
the introduction of cis geometry, it appears that the two ends of the molecule can

approach one another to allow ring closure (Fig. 2.6).

in place of a glycine residue.
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As a result of the modelling studies, we synthesised pentapeptide (110) which
contained a (N)-methylglycine (Sarcosine, Sar) residue in place of glycine as in

pentapeptide (65).

(110): Cbz-(R)-Asp-a-(OCH3)-p-(S)-Phe-p-Ala-(R)-Glu-a-(OCH3)-rSar-OBzl.

Pentapeptide (110) was synthesised in an identical manner to pentapeptide

(65), except that a-methyl-^RhN-t-butoxycarbonyl glutamate (57) was coupled to

Sar.OBzl.p-TsOH to give the corresponding dipeptide (112) which was then taken

through the same reaction sequence as outlined in Scheme 2.10 (p. 66) to give

pentapeptide (110). This was difficult to crystallise and was purified by column

chromatography to give (110) as a white solid {m/z (Found: [M + H]+ 804.3436

Q1H50N5O12 requires 804.3446)}. This new pentapeptide will be deprotected and
then cyclisation attempted.

Pentapeptide (115) (see p. 92) was also synthesised which contained a

hydroxymethyl group (see Scheme 2.28). This moiety was introduced as the (AO-

protected hydroxy acid (111) {m.p. 119-122 °C; umax (Nujol)/cm-1 3395 (NH), 3350-
2800 br (OH) and 1706 (CO, acid)} which was synthesised from the base catalysed

hydrolysis of hydroxy ester (103) or butyrolactone (105) in excellent yield (see
Scheme 2.27).
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Scheme 2.27: Synthesis of (R)-(N)-9'-phenylfluoren-9'-yl-3-amino-
4-hydroxy-butyric acid (PhFl-Ahba) (111).

Tripeptide (113) (see p. 92) was synthesised from the mixed anhydride

coupling of hydroxy acid (111) to the deprotected glu-sar dipeptide in 77% yield

{m/z (Found: [M + H]+ 664.3032. C39H42N3O7 requires 664.3023)}. Acidolysis of the

9-phenylfluoren-9-yl moiety was achieved albeit very slowly, to afford the

hydrochloride salt (114) which was coupled to the asp-phe fragment (64) to give

pentapeptide (115) as pale yellow oil which was attempted to be purified by silica

chromatography to give (115) as a colourless oil in 73% yield (m/z (FAB) 756 ([M -

CO2CH3 - H20]+, 2%)).



Chapter 2: Results and Discussion 92

-=->ul *>c^cci
(55) (57) (112)

iv, v

OH

(115)

Reagents and conditions: i) CH2N2, Et20,0 °C, 1 h, 100%; ii) 1T, 10% Pd/C, MeOH, 3 h, 98%; iii) NMM, i-BuOCOCl, Sar-OBzl.p-TsOH,
THF/DMF, -15 °C to r.t., 30 min, 94%; iv) HQ (g), EtOAc, 0 °C to r.t., 1.5 h, 88%; v) NMM, i-BuOCOCl, PhFL-(R)-Ahba, THF/DMF,-15 °C
to r.t., 30 min, 77%; vi) HQ (g), EtOAc, 0 °C to r.t, 3 days, 68%; vii) NMM, i-BuOCOCl, (64), THF/DMF, -15 °C to r.t, 2.5 hr, 73%.

Scheme 2.28: Synthesis of the hydroxymethyl containing pentapeptide (115).

If cyclisation of deprotected pentapeptide (110) is successful, we expect

pentapeptide (116) (see p. 93) to undergo cyclisation under similar conditions to

give the cyclic pentapeptide containing an exocyclic hydroxymethyl group (117).
This compound could then be utilised in the synthesis of the new nodularin
based potential protein phosphatase inhibitor (118) which contains a sarcosine
residue in place of a glycine residue (see Scheme 2.29). Elaboration of the

exocyclic hydroxymethyl group to the diene would be accomplished as for the

synthesis of the diene fragment (107). The final step would be the saponification
of the methyl esters to yield the potential protein phosphatase inhibitor (118).
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Reagents: i) H2, 10% Pd/C, MeOH; ii) DPPA, solid NaHC03, DMF; iii) Dess-Martin periodinane, DCM; iv) n-BuLi
in hexanes, (96), THF; v) 1 mol dm"3 NaOH, MeOH.

Scheme 2.29: Proposed synthesis of the new nodularin based inhibitor (118).
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2.9 Synthesis of (2R,3S)-3-Methylaspartic acid.

In order to attempt a total synthesis of nodularin or the microcystins, it is

important for us to synthesise the unusual amino acid (2R/3S)-3-methylaspartic
acid (124). Although various microcystins and nodularins have been isolated
which lack the methyl moiety on the Masp residue (see Appendix 3, p. 160), these
variants showed no significant difference in potency to there methylated

counterparts.120
The C1-C4 portion of Adda (119) is derived from the unnatural amino acid

(2R,3S)-3-methylaspartic acid. In contrast to the Masp residue, no variants have
been isolated which lack the 2-methyl moiety on the Adda residue. Although, it

may be reasonable to assume that this 2-methyl moiety will have no significant
effect on the activity of the cyclic peptides, there is no evidence to support this

assumption. Therefore we decided to synthesise this key amino acid.

(119): 4(E),6^)-Adda.

The ready availability of (2S,3S)-3-methylaspartic acid (121) in multigramme

quantities using the enzyme 3-methylaspartase (3-methylaspartate ammonia-

lyase) has already been accomplished in our laboratories, and led us to choose a

chemo-enzymatic route to the synthesis of (2R,3S)-3-methylaspartic acid (124).239

3-Methylaspartase is a key enzyme in the metabolism of glutamate in certain soil
bacteria. The enzyme from Clostridium tetanomorphum has been extensively
studied within our research group, and a more clear understanding of the

synthetic utility and catalytic mechanism of the enzyme has now emerged. The

enzyme excepts a range of fumaric acids as substrates, and a variety of N-
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nucleophiles can undergo addition.239"241 For each substrate, nitrogen approaches
from the C-2-sz-face242 of the fumaric acid to give the anti-addition product.

In common with some other ammonia-lyases, the active site of

methylaspartase is believed to contain a dehydroalanine residue, derived from
Ser-173, to which the amino group of amino acid substrates adds (to form
covalent C-N enzyme-substrate adducts (see the reverse of Scheme 2.30)) prior to
the deamination of the substrate.243-245

Scheme 2.30: Postulated mechanism for the amination of mesaconic acid.

Mesaconic acid (120) was converted into (2S,3S)-3-methylaspartic acid (121)

using 3-methylaspartase and the required metal ions in 67% yield {m.p. 275-

277 °C (lit.,239 276-278 °C)} (Scheme 2.31).

O WW n O NH

V-
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H C02H h2n co2h
^ H-..|_^-ch3

ho2c h

(121)

11 H-i^—i-CH3
ho2c h

(122)

Br C02H

ho2c ch3

(120)

in
n3 co2h
HCH3

H02C H
(123)

H2Nco2h
HCH3

H02C H
(124)

Reagents and conditions: i) P-Methylaspartase, Mg2+, K+, NH3, pH 9, 37 °C, 3 days, 67%;
ii) NaN02, HBr, KBr (aq), 0 °C to r.t., 1.5 hr, 92%; iii) NaN3, acetone (aq), A, 6 h; iv) H2,
10% Pd/C, MeOH, r.t., 24 h, 35% (over two steps).

Scheme 2.31: Attempted synthesis of (2R,3S)-3-methylaspartic acid (124).

Diazotisation in the presence of bromide ion afforded the (2S,3S)-2-bromo-3-

methylsuccinic acid (122) as a white solid in 91% yield {m.p. 142-144 °C (lit.246 145-
147 °C) (for the (2S, 3R)-isomer); m/z (Found: [M + NH4]+ 227.9871. C5HiiN04Br

requires 227.9872)}. Bromination under diazotising conditions has been well

studied and it is known that the reaction occurs with overall retention of

configuration if a free a-carboxyl group is present (Scheme 2.32).247

+

(121)
O

Br C02H
H-i\—5- CH<

O

Scheme 2.32: Mechanism for diazotisation in the presence of
bromide ion with overall retention of configuration.
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Reaction of bromide (122) with sodium azide in aqueous acetone gave the

supposed 2-azido-3-methylsuccinic acid (123) {m/z (Found: [M + NH4]+ 191.0780.

C5H11N4O4 requires 191.0780); vmax (neat)/cm_1 2150 (N3)}. Further purification of
the azido derivative (123) using silica chromatography and crystallisation met

without success. The crude material was therefore directly subjected to catalytic

hydrogenation using hydrogen and 10% palladium on carbon catalyst, to give the

suspected (2R,3S)-3-methylaspartic acid (124) as a white solid in 35% yield from
the bromo derivative (122). The !H NMR spectrum of (124) was identical to that

of the (2S,3S)-diastereomer (121). Comparison of the optical rotation of the

supposed (2R,3S)-diastereomer {[a]^ +15.3 (c 0.6 in 5 mol dm"3 HC1)} with the
(2S,3S) antipode {[a]^ +14.1 (c 0.6 in 5 mol dm-3 HC1) (lit.,239 +13.4 (c 0.6 in 5 mol
dm*3 HC1))} showed them to be identical within experimental error. We were

rather surprised by this result and decided to investigate further this sequence of
reactions.

We decided to carry out the aforementioned sequence of reactions with (2S)-

alanine, in order to ascertain whether the (3-carboxyl group of methyl aspartic
acid influenced the attempted inversion.

(2S)-Alanine (125) was successfully converted to (2S)-bromopropanoic acid

(126) in 93% yield after Kugelrohr ditillation {b.p. 70-73 °C/0.1 mm Hg (lit.,248 80-
81 °C/2 mm Hg); [a]2^ -27.8 (c 2.0 in CH2CI2) (lit.,249 -29.0 (neat)}. Reaction of
bromide (126) with sodium azide followed by catalytic hydrogenation gave the
desired (2R)-alanine (128) in 34% yield {[a]2p-14.1 (c 1.5 in 5 mol dm-3 HC1)

(lit.,206d +13.0 (c 2.0 in 5 mol dm"3 HC1)) (for the S-isomer)} (Scheme 2.33). This

confirmed that the reaction of the bromo compound (126) with sodium azide
occurred with complete inversion of stereochemistry.
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NHo

(125)

l

H02C CH3
(126)

Br
li

(127)

NH2
hi

(128)

Reagents and conditions: i) NaN02, HBr, KBr (aq), 0 °C to r.t., 1.5 hr, 93%;
ii) NaN3/ acetone (aq), A, 6 h, 71%; iii) H2,10% Pd/C, MeOH, r.t., 24 h, 34%.

Scheme 2.33: Inversion of (2S)-alanine (125) to (2R)-alanine (128).

In order to preclude the influence of the 3-methyl group of (2S,3S)-3-

methylaspartic acid, on the inversion in any manner, we subjected (2S)-aspartic
acid to the same reaction sequence as shown above. The aspartic acid isolated
from the reaction sequence possessed an optical rotation value which correlated
to that of (2S)-aspartic acid {[a]p +23.2 (c 2.0 in 5 mol dm-3 HC1) (lit.,250 +25.0 (c 1.97
in 6 mol dm-3 HC1))}. We therefore concluded that the (3-carboxyl group was in

some way affecting the inversion sequence.

It may be possible that the (3-carboxyl group could cause an intramolecular

displacement of the bromide forming a 4-membered lactone (130) (Scheme 2.34).
This could then undergo ring opening by azide to give overall retention of

stereochemistry at the C-2 centre.
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H

ho2c
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.0

(129)
H02C

(130)

ho2c
(131)

N3
H^C02H

Scheme 2.34: Postulated mechanism for the "non-inversion" by sodium azide.

Catalytic hydrogenation of (131) would therefore give the original (2S)-

stereochemistry at the a-centre of aspartic acid.
In order to prevent the participation of the free (3-carboxylate of aspartic acid

in the formation of the lactone (130), we decided to investigate whether masking
the activity of this acid as an ester would overcome this problem. We chose to

investigate this problem with aspartic acid as a model for (2S,3S)-3-

methylaspartic acid.

(3-Methyl-(2S)-aspartate (132) was synthesised in a similar manner to the (2R)-
isomer (98) as shown in Scheme 2.35. The following sequence of steps (see
Scheme 2.35) were carried out by David McLaughlin (final year project student) .
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nh2

h—/—^ co?h
ho2c

(132)

nh2
1/11

» H-^0C°2CH3
ho2c

(133)

Br

c02ch3
ho2c

(134)

Br

C02CH3 Y—
h3co2c

(135)

c02ch3
h3co2c'

(136)

nh2

^5^C02CH3 vii
h3co2c'

(137)
co2ch3

h3c02c'
(138)

Reagents and conditions: i) SOCl2/ MeOH, -10 °C to r.t., 30 min, 81%; ii) Propylene oxide,
EtOH, A, 3 h, 80%; iii) NaN02, HBr, KBr (aq), 0 °C to r.t., 1.5 hr, 93%; iv) CH2N2, EtzO, r.t.,
1 h, 94%; v) NaN3, acetone (aq), A, 6 h, 66%; vi) H2,10% Pd/C, MeOH, r.t., 24 h, 72%; vii)
K2C03, H20, (lS,4K)-(-)-camphoric chloride, toluene, r.t., 24 h, 69%.

Scheme 2.35: Inversion of (2S)-aspartic acid to dimethyl-(2R)-aspartate.

Diazotisation in the presence of bromide ion then gave 4-methyl-(2S)-2-
bromosuccinate (134) in 94% yield. This was converted into the dimethyl ester

(135) using diazomethane in diethyl ether, in order to compare the optical
rotation of (135) with that of the known literature compound. The optical
rotation of the diester (135) was -48.3 in diethyl ether. As the literature value was

-46.0 in the same solvent,251 this confirmed that the diazotisation in the presence

of bromide ion had gone as expected i.e. with retention of configuration.

Dimethyl-(2S)-2-bromo succinate (135) was then converted to the corresponding
azide (136) {umax (Nujolj/cnr1 2119 (N3)}. The crude material was then subjected
to catalytic hydrogenation to give the crude dimethyl-(2R)-aspartate (137) in 72%

yield. However, as this was difficult to purify in order to obtain a direct

comparison with the corresponding (2S)-isomer, we decided to compare the
enantiomers as their camphanamide derivatives. Authentic samples of
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dimethyl-(2R)-aspartate (obtained from (2R)-aspartic acid) and the (2S)-isomer
were converted to their (JV)-camphanamide derivatives upon treatment with

camphanoyl chloride under Schotten-Baumann205 conditions in 69% yield. The
crude synthetic dimethyl-(2R)-aspartate (137) was also converted to its

corresponding camphanamide derivative (138). Comparison of the 1H NMR

spectra of the camphanamides (see Fig. 2.7, p. 102), clearly shows that successful
inversion of stereochemistry at the C-2 centre had occurred. However, as can be
seen in spectrum B (Fig. 2.7), there is about 25-30% of the non-inverted (2S)-
isomer also present.

As we have shown that (3-methyl-(2S)-aspartate (133) was successfully
converted into the dimethyl (2R)-aspartate (137), it is reasonable to assume that if
the same transformations are carried out with (2S,3S)-3-methylaspartic acid (121)

(apart from conversion to its dimethyl derivative), we should obtain the

corresponding (2R,3S)-isomer (139). This is currently underway and once we

have obtained the (3-methyl-(2R,3S)-3-methylaspartate (139), this will be

converted sequentially into the hydroxy acid derivative (140) (Scheme 2.36) in a

similar manner to that outlined for the N-protected (2R)-hydroxy acid (111).

HoN COoCHo
HL\ ^CH3

H02C H
(139)

1-1V

^ NH C02H
H-i—If-CH3

HOHpC H
(140)

Reagents and conditions: i) TMSC1, Et3N, Pb(N03)2, 9-bromo-9-
phenylfluorene, DCM, r.t., 3 days; ii) NMM, i-BuOCOCl, THF,
-15 °C, 5 min; iii) NaBH4, THF, -15 °C to r.t., 3 h; iv) 1 mol dm"3
aq. NaOH, MeOH, r.t., 2 h.

Scheme 2.36: Proposed synthesis of hydroxy acid (140).
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Figure 2.7 1H NMR spectra comparing authentic and synthetic camphanamide
derivatives.
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2.10 Future Work.

We require a reliable cyclisation protocol for the synthesis of cyclic peptide
inhibitors that are specific for PP1 and PP2A, and to perform detailed structure-

activity studies of these systems. If the new pentapeptides fail to ring close, then a

free radical macrocyclisation will be investigated. It has been well documented
that free radical macrocyclisations proceed smoothly and in high yield if the

precursor contains an electrophilic endo-ene moiety to trap the radical.252' 253 This
would be a novel approach to cyclic peptides, as such methods have not been

employed in the synthesis of cyclic peptides presumably because other protocols
have sufficed. The nodularin and microcystin skeletons possess an isoglutamic
acid linkage which could be disconnected to give a linear peptide with suitably
functionalised terminal ends to effect a free radical cyclisation (Scheme 2.37).
This is currently being investigated within our group by Ms. K. Webster.

Future studies will also focus on an investigation into a putative Diels-Alder
reaction between the diene of microcystin and a dehydroalanine residue (Fig.

2.8). It has been postulated that an enzyme bound dehydroalanine residue could
arise from a post-translational modification of a serine residue in the active site

of the enzyme, analogous to that proposed for methylaspartase.254

Cyclic peptide (117)

Scheme 2.37: Proposed free radical cyclisation.
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Figure 2.8: Putative Diels-Alder reaction between microcystin-LR
and an enzyme bound dehydroalanine residue.

There are numerous serine residues in the amino acid sequences of PP1 and
PP2A (see Appendix 1, p. 158) which could be a potential source of a

dehydroalanine residue in the proposed mechanism shown above. A similar

process could arise for threonine residues in PP1 and PP2A.

The cyclic peptidic hepatotoxins, microcystins and nodularins pose a threat
and have the potential to help animals and humankind. They can provide
valuable tools for basic research in the life sciences and may one day participate
in the treatment of disease.



CHAPTER THREE

EXPERIMENTAL
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3.0 EXPERIMENTAL.

Elemental microanalyses were performed in the departmental

microanalytical laboratory.
NMR spectra were recorded on a Bruker AM-300 (300 MHz; f.t. 1H-NMR/ and

74.76 MHz; 13C-NMR.), or a Varian Gemini 200 (200 MHz; f.t. ^-NMR and 50.31

MHz; 13C-NMR) spectrometers. :H and 13C-NMR spectra are described in parts

per million downfield shift from TMS and are reported consecutively as position

(8h or 5c), relative integral, multiplicity (s -singlet, d -doublet, t -triplet, q -quartet,

quin -quintet, dd -doublet of doublets, sep -septet, m -multiplet, and br -broad),

coupling constant (Hz) and assignment (numbering according to the IUPAC
nomenclature for the compound). 3H-NMR were referenced internally on 2HOH
(4.68 ppm), CHCI3 (7.27 ppm) or DMSO (2.47 ppm). 13C-NMR were referenced on

C2H302H (49.9 ppm), C2HC13 (77.5 ppm), or d6-DMSO (39.70 ppm).
I.R. spectra were recorded on a Perkin-Elmer 1710 FT IR spectrometer. The

samples were prepared as Nujol mulls, solutions in chloroform or thin films
between sodium chloride discs. The frequencies (D) as absorption maxima are

given in wavenumbers (cm-1) relative to a polystyrene standard. Mass spectra

and accurate mass measurements were recorded on a VG 70-250 SE, a Kratos MS-

50 or by the SERC service at Swansea using a VG AZB-E. Fast atom bombardment

spectra were recorded using glycerol as a matrix. Major fragments were given as

percentages of the base peak intensity (100%). UV spectra were recorded on Pye-
Unicam SP8-500 or SP8-100 spectrophotometers.

Flash chromatography was performed according to the method of Still et al.255

using Sorbsil C 60 (40-60 pm mesh) silica gel. Analytical thin layer

chromatography was carried out on 0.25 mm precoated silica gel plates

(Macherey-Nagel SIL g/UV254) and compounds were visualised using UV

fluorescence, iodine vapour, ethanolic phosphomolybdic acid, or ninhydrin.
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Melting points were taken on an Electrothermal melting point apparatus and
are uncorrected. Optical rotations were measured at 23 °C on an Optical Activity
AA-1000 polarimeter using 10 or 20 cm path length cells.

The solvents used were either distilled or of analar quality and light

petroleum refers to that portion boiling between 40 and 60 °C. Solvents were

dried according to literature procedures. Ethanol and methanol were dried using

magnesium turnings. Isopropanol, DMF, toluene, CH2CI2, acetonitrile,

diisopropylethylamine, triethylamine and pyridine were distilled over CaH2-
THF and diethyl ether were dried over sodium/benzophenone and distilled
under nitrogen. Thionyl chloride was distilled over sulphur and the initial
fractions were always discarded. BuLi was titrated according to the method of

Lipton.256

Diazomethane:

Potassium hydroxide (6.0 g) was dissolved in water (10 cm3) and isopropanol

(35 cm3) and diethyl ether were added. The solution was heated and maintained
at 50 °C using a water bath. Diazald (21.4 g), dissolved in diethyl ether (130 cm3),
was added to the solution over 45 min. The yellow distillate was collected in a

flask immersed in an ice bath and the whole system was fitted with a drying tube.

An additional amount of ether (100 cm3) was added until the ether distilling

over was colourless. The etheral solution in the receiver (~200 cm3) contained

approximately 4 g of diazomethane.
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N-Benzyloxycarbonyl-(2R)-aspartic acid (39).

M HS°2H

(2R)-Aspartic acid (1.33 g, 10.0 mmol) was dissolved in aqueous sodium

hydrogen carbonate (30 mmol, 100 cm3) and benzylchloroformate (1.6 cm3,
11.0 mmol) was added in five portions over a period of 15 min with vigorous

stirring. The reaction was left to stir overnight and was extracted with diethyl
ether (2 x 50 cm3). The aqueous phase was acidified with 6 mol dm-3 HC1 and

then extracted with diethyl ether (3 x 75 cm3). The etheral extracts were washed

with brine, dried (MgS04) and concentrated under reduced pressure to give a

colourless oil which was crystallised from diethyl ether/light petroleum to yield
a white crystalline solid (2.11 g, 79%), m.p. 115 °C (lit.,206a 116 °C) (for the S-

isomer); (Found: C, 53.7; H, 4.8; N, 5.2. C12H13NO6 requires: C, 53.9; H, 4.9; N,

5.2%); m/z (Found: [M + NH4 - H20]+ 267.0981. C12H15N2O5 requires 267.0981);
[a]23 +6.7 (c 8.0 in AcOH) {lit.,206b +9.5 (c 2.0 in AcOH)}; umax (NujoD/cm'i 3350

(NH), 2900 br (OH), 1730 (CO, urethane) and 1710 & 1690 (CO, acid); 8H (200 MHz;

d6 -DMSO) 2.56 (1H, dd, / 6.8,15.9 Hz, 3-CH), 2.74 (1H, dd, / 6.8,15.9 Hz, 3-CH), 4.35

(1H, q, / 7.3 Hz, 2-CH), 5.06 (2H, s, PhCH2), 7.35 (5H, s, aromatic) and 7.55 (1H, d, /
8.5 Hz, NH); 5c (50.3 MHz; rf6-DMSO) 36.63 (3-C), 50.8 (2-C), 65.73 (PhCH2), 127.96,

128.09 & 128.62 (aromatic), 137.20 (quat. aromatic), 156.11 (CO, urethane) and
172.03 & 173.02 (CO, acids); m/z (CI) 285 ([M + H20]+, 4%), 268 (10, [M + H]+), 267

(81, M+), 224 (10, [M + H - C02]+), 108 (86, PhCH2OH+), 91 (8 , PhCH2+) and 44 (100,

CC>2+).
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a-Isopropyl-N-trifluoroacetyl-(2R)-aspartate (43).

Trifluoroacetic anhydride (42.00 g, 200 mmol) was added to a stirred

suspension of (2R)-aspartic acid (3.99 g, 30 mmol) in dry THF (125 cm3) at 0 °C
over 30 min. The reaction mixture was allowed to warm to room temperature

and was allowed to stir for 2 h. The solvent was removed under reduced

pressure and the resultant anhydride thoroughly dried under reduced pressure.

The anhydride was treated with dry isopropanol (80 cm3) and stirred for 48 h at

room temperature. The solvent was removed under reduced pressure to give a

white solid which was recrystallised from diethyl ether/light petroleum to yield
a white solid (6.90 g, 85%), m.p. 98 °C (lit.,208 98 °C) (for the S-isomer); (Found: C,
40.0; H, 4.5; N, 5.35. Calc. for C9H12N05F3: C, 39.9; H, 4.45; N, 5.2%); m/z (Found:

[M + NH4]+ 289.1011. C9H16N2Q;F3 requires 289.1011); [<xg +41.85 (c 0.51 in EtOH)

{lit.,208 -40.7 (c 1.0 in MeOH) (for the S-isomer)}; umax (Nujol)/cm_1 3320 (NH),
3200-2850 (OH), 1757 (CO, urethane), 1709 (CO, acid) and 1700 (CO, ester); 5H (300

MHz, C2HC13) 1.27 (3H, d, /4.2 Hz, CH3), 1.29 (3H, d, / 4.2 Hz, CH3), 2.99 (1H, dd, /

17.8,4.4 Hz, 3-CH), 3.18 (1H, dd, J 17.8,4.3 Hz, 3-CH2), 4.78 (1H, dt, / 4.1 Hz, 2-CH),

5.11 (1H, sep, / 6.3 Hz, (CH(CH3)2), 7.38 (1H, d, } 6.8 Hz, NH) and 9.27 (1H, br s,

COOH); 5C (75.74 MHz, C2HC13) 21.20 & 21.34 ((CH3)2), 35.10 (0-CH2), 48.76 (cc-C),

70.87 (CH(CH3)2), 115.39 (q, / 287 Hz, CF3), 156.48 (q, / 38 Hz, CF3CO), 168.36 (CO,
ester) and 175.56 (CO, acid); m/z (EI) 272 ([M+H]+, 2%), 96 (21, CF3CO+) and 43 (100,

(CH3)2CHOH+).
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t-Butyl-oc-isopropyl-N-trifluoroacetyl-d^-aspartyl-P-lSl-phenylalaninate (44).

a-Isopropyl-N-trifluoroacetyl-(2R)-aspartate (43) (1.94 g, 7.14 mmol) was

dissolved in dry THF (50 cm3), N-methylmorpholine (778 mm3, 7.14 mmol) was
added and the solution cooled to -15 °C. Isobutylchloroformate (971 mm3,
7.14 mmol) was added with stirring and the solution left for 5 min. at -15 °C.

(2S)-Phenylalanine '"butyl ester hydrochloride (1.84 g, 7.14 mmol) and

N-methylmorpholine (778 mm3, 7.14 mmol) were dissolved in dry THF and
added to the cold solution. The reaction was left at -15 °C for 5 min and a further

25 min at room temperature. The hydrochloride salts were filtered off and the
filtrate was concentrated under reduced pressure to give a white solid which was

recrystallised from ethanol/H20 to yield a white solid (2.88 g, 85%), m.p. 140-142

°C; (Found: C, 55.4; H, 6.4; N, 6.0. Calc. for C22H29N2O6F3: C, 55.7; H, 6.2 N, 5.9%);

m/z (Found: [M + H]+ 475.2056. C22H30N2O6F3 requires 475.2056); [a^ +16.27 (c 0.5
in EtOH); umax (Nujol)/cm-1 3338 (NH), 1742-1651 (CO, urethane, esters and

amide); 5H (400 MHz; C2HC13) 1.22 (3H, d, / 6.3 Hz, CH3), 1.24 (3H, d, J 6.3 Hz, CH3),

1.39 (9H, s, (CH3)3), 2.72 (1H, dd, / 4.2,16.3 Hz, 1 of P-CH2 (Asp)), 2.99 (1H, dd, J 4.1,
16.3 Hz, 1 of P-CH2, (Asp)), 3.05 (2H, m, PhCH2, (Phe)), 4.67 (1H, q, J 7.2 Hz, a-H,

(Phe)), 4.73 (1H, dt, / 4.0 Hz, a-H, (Asp)), 5.05 (1H, sep, J 6.2 Hz, (CH(CH3)2), 5.18 (2

H, s, PhCH2), 6.07 (1H, d, / 7.4 Hz, NH, (Phe)), 7.11-7.29 (5H, m, aromatic) and 7.86

(1H, d, J 7.4 Hz, NH, (Asp)); 6C (100 MHz; C2HC13) 21.36 & 21.43 ((CH3)2), 27.73

(CH3)3), 36.00 (p-CH2), 37.69 (PhCH2, (Phe)), 49.10 (a-C, (Asp)), 53.43 (a-C, (Phe)),
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70.16 (CH(CH3)2), 82.63 (C(CH3)3), 115.15 (q, J 288 Hz, CF3), 126.96, 128.30 & 129.18

(aromatic), 135.51 (quat. aromatic), 156.68 (q, / 38 Hz, CF3CO) and 168.48, 168.68 &

170.13 (CO, esters and amide); m/z (CI) 475 ([M + H]+, 23%), 419 (100, [M + H -

QH9 + H]+), 375 (7, [M + H - C5H9O2 + H]+) and 91 (1, PhCH2+).

Allyl-a-isopropyl-N-trifluoroacetyl-(P)-aspartyl-[3-(S)-phenylalaninate (44b).

This compound was prepared in a manner identical to that described for

dipeptide (44), using (2S)-phenylalanine allyl ester p-TsOH (1.51 g, 4.00 mmol)
and to give dipeptide (44b) as a white solid which was recrystallised from

ethanol/H20 to give pure (44b) (1.50 g, 82%), m.p. 144-145 °C; (Found: C, 54.9; H,

5.5; N, 6.2. Calc. for C2iH25N2OfcF3: C, 55.0; H, 5.5; N, 6.1%); m/z (Found: [M + H]+

459.1740. C21H26N206F3 requires 459.1743); [a^ +14.14 (c 0.5 in EtOH); vmax

(Nujol)/cm-1 3333 (NH), 1736 (CO, urethane), 1713 br (CO, esters) and 1646 (CO,

amide); 8H (400 MHz; C2HC13) 1.22 (3H, d, / 6.3 Hz, CH3), 1.25 (3H, d, / 6.3 Hz, CH3),

1.39 (9H, s, (CH3)3), 2.73 (1H, dd,/4.3,16.4 Hz, 1 of (3-CH2 (Asp)), 2.99 (1H, dd, J 4.0,
16.4 Hz, 1 of p-CH2, (Asp)), 3.10 (2H, d, / 5.8 Hz, PhCH2, (Phe)), 4.58-4.61 (2H, m,

CH2CH=CH2), 4.73 (1H, dt, J 4.1 Hz, a-H, (Asp)), 4.80-4.85 (1H, m, a-H, (Phe)), 5.06

(1H, sep, / 6.3 Hz, (CH(CH3)2), 5.24-5.32 (2 H, m, CH=CH2), 5.80-5.89 (1H, m,

CH=CH2), 6.07 (1H, d, J 7.7 Hz, NH, (Phe)), 7.06-7.30 (5H, m, aromatic) and 7.80

(1H, d, / 8.3 Hz, NH, (Asp)); 8c (100 MHz; C2HC13) 21.40 & 21.48 ((CH3)2), 35.98 ((3-
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CH2), 37.54 (PhCH2/ (Phe)), 49.11 (oc-C, (Asp)), 53.22 (a-C, (Phe)), 66.21

(CH2CH=CH2), 70.20 (CH(CH3)2), 115.54 (q, J 298 Hz, CF3), 119.28 (CH=CH2), 127.19,
128.56 & 129.15 (aromatic), 131.03 (CH=CH2), 135.22 (quat. aromatic), 156.92 (q, /
37.9 Hz, CF3CO) and 168.52, 169.09 & 170.62 (CO, esters and amide); m/z (CI) 459

([M + H]+, 100%), 401 (3, [M - CH2=CHCH2OH+ H]+), 91 (1, PhCH2+) and 58 (4,

CH2=CHCH2OH+).

N-Benzyloxycarbonyl-(2R)-glutamic acid (46).

This was prepared in an identical manner to that described for Cbz-(2fO-

aspartic acid (39), using (2R)-glutamic acid (0.74 g, 5.0 mmol), to give a colourless
oil which was crystallised from diethyl ether/light petroleum to yield a white

crystalline solid (1.09 g, 77%), m.p. 120-122 °C (lit.,206c 117.5-119 °C); (Found: C,

55.3; H, 5.3; N, 4.9. Ci3Hi5N06 requires: C, 55.5; H, 5.4; N, 5.0%); m/z (Found: [M +

NH4 - H20]+ 281.1137. Ci3H17N205 requires 281.1137); [a^ +6.7 (c 8.0 in AcOH)

{lit.,257 +7.2 (c 10.0 in AcOH)}; umax (Nujol)/cm"i 3300 (NH), 2900 br (OH), 1730

(CO, urethane), 1710 (CO, acid), 1680 (CO, acid); 5H (200 MHz; d6-DMSO) 1.65-2.10

(2H, m, 3-CH2), 2.25-2.40 (2H, m, 4-CH2), 4.05 (1H, m, 2-CH), 5.05 (2H, s, PhCH2),

7.35 (5H, s, aromatic) and 7.60 (1H, d, / 8.5 Hz, NH); 5c (50.3 MHz; d6-DMSO) 26.63

(3-C), 30.36 (4-C), 53.32 (2-C), 65.74 (PhCH2), 128.01, 128.10 & 128.67 (aromatic),

137.21 (quat. aromatic), 156.41 (CO, urethane), 173.93 and 174.02 (CO, acids); m/z

(CI) 303 ([M + H20]+, 5%), 281 (32, M+), 91 (11, PhCH2+) and 44 (100, C02+).
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(jR)-3-Benzyloxycarbonyl-5-oxo-4-oxazolidinepropanoic acid (47).

A mixture containing Cbz-(2R)-glutamic acid (46) (2.81 g, 10.0 mmol),

paraformaldehyde (0.60 g, 20.0 mmol) and p-toluene sulfonic acid (0.12 g,

0.60 mmol), in toluene (75 cm3) was refluxed for 2 h, with the removal of water

using a Dean-Stark trap. The solvent was concentrated under reduced pressure to

give an oily residue, which was dissolved in ethyl acetate (50 cm3), washed with
water and extracted with 5% NaHC03 solution (3 x 40 cm3). The combined

aqueous extracts were acidified with 6 mol dm"3 HC1 at 0 °C and extracted with

ethyl acetate (3 x 40 cm3). The organic phase was washed with water, dried

(MgS04) and concentrated under reduced pressure to yield a colourless oil which
was refractory to crystallisation (2.64 g, 90%); (Found: C, 57.5; H, 5.3; N, 5.0. Calc.
for Ci4H15N06: C, 57.3; H, 5.2; N, 4.8%); m/z (Found: [M + H]+ 294.0978.

Ci4Hi6N06 requires 294.0978); [a]23 -79.9 (c 1.0 in MeOH) {lit.,212 +77.6 (c 1.0 in

MeOH) (for the S-isomer)}; omax (neat)/cm_1 3000 br (OH), 1805 (CO,

oxazolidinone), 1720 (CO, urethane), 1710 (CO, acid); 5H (200 MHz; C2HC13) 2.10-

2.35 (2H, m, (3-CH2), 2.35-2.60 (2H, m, y-CH2), 4.40 (1H, br, 4-CH), 5.19 (2H, s,

PhCH2), 5.22 (1H, d, / 3.0 Hz, 2-CH), 5.55 (1H, br s, 2-CH) and 7.37 (5H, s, aromatic);

5c (50.3 MHz; C2HC13) 26.22 (p-C), 29.61 (y-C), 54.42 (4-C), 68.76 (PhCH2), 78.34 (2-C),

128.91, 129.10 & 129.24 (aromatic), 135.66 (quat. aromatic), 153.61 (CO, urethane),
172.20 (CO, oxazolidinone) and 178.23 (CO, acid); m/z (EI) 293 (M+, 4%), 249 (18,

[M - C02]+) and 91 (100, PhCH2+).
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' ButyKKl-S-benzyloxycarbonyl-S-oxo^-oxazolidine propionyl-glycinate (48).

Oxazolidinone (47) (2.34 g, 8 mmol) was dissolved in dry THF (50 cm3),

N-methylmorpholine (880 mm3, 8 mmol) was added and the solution cooled to

-15 °C. Isobutylchloroformate (1.09 cm3, 8 mmol) was added with stirring and the
solution left for 5 min at -15 °C. Glycine 4'butyl ester acetate (1.53 g, 8 mmol) and

N-methylmorpholine (880 mm3, 8 mmol) were dissolved in the minimum
volume of dry DMF (10 cm3) and THF (20 cm3) and added to the cold solution.
The reaction was left at -15 °C for 5 min and a further 25 min at room

temperature. The hydrochloride and acetate salts were filtered off and the filtrate
concentrated under reduced pressure to yield a colourless oil which was

refractory to crystallisation (2.83 g, 87%); (Found: C, 59.0; H, 6.6; N, 6.75. Calc. for

C20H26N2O7: C, 59.1; H, 6.45; N, 6.9%); m/z (Found: [M + H]+ 407.1818. C20H27N2O7

requires 407.1818); umax (neat)/cm-1 3331(NH), 1812 (CO, oxazolidinone), 1716

(CO, urethane), 1706 (CO, ester) and 1665 (CO, amide); 8h (300 MHz; C2HCl3) 1.46

(9H, s, (CH3)3), 2.20-2.31 (2H, m, (3-CH2), 2.31-2.38 (2H, m, y-CH2), 3.88 (2H, d, J 4.1

Hz, CH2 (Gly)), 4.43 (1H, t, J 5.6 Hz, a-H), 5.18 (2H, s, PhCH2), 5.22 (1H, d, / 4.6 Hz,

2-CH), 5.54 (1H, br s, 2-CH), 6.01-6.43 (1H, br, NH) and 7.37 (5H, s, aromatic); 5C

(75.4 MHz; C2HC13) 26.42 ((3-CH2), 27.87 (CH3)3), 30.90 (y-CH2), 41.88 (CH2 (Gly)),
53.91 (a-C), 67.96 (PhCH2), 77.63 (2-C), 82.16 (C(CH3)3), 128.21, 128.48 & 128.56

(aromatic), 135.16 (quat. aromatic), 152.97 (CO, urethane), 168.88 (CO, amide),
171.01 and 171.69 (CO, oxazolidinone and ester); m/z (CI) 407 ([M + H]+, 11%), 351

(100, [M + H - C4H9 + H]+), 307 (14, [M + H - C5H9O2 + H]+), 277 (7, [M + H -

Gly.OtBu]+), 108 (14, PhCH2Q+) and 91 (8, PhCH2+).

O

s 0
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t-ButyM/O-N-benzyloxycarbonyl-a-methyl-glutamyl-y-glycinate (48b).

To a solution of dipeptide (48) (1.00 g, 2.46 mmol) in methanol (35 cm3) was
added 1 mol dm"3 aqueous NaOH (5 cm3). The reaction was allowed to stir at

room temperature for 1 h and was then concentrated under reduced pressure to

give a white solid. This was redissolved in water (10 cm3) and partitioned

carefully between 10% citric acid/ethyl acetate (1:1; 50 cm3) at 0 °C. The aqueous

phase was extracted with ethyl acetate (3 x 25 cm3), the combined organic extracts

were dried (MgSC>4) and concentrated under reduced pressure to yield the acid as

a white solid (0.27 g, 28%).
Diazomethane was added to a solution of the acid (0.27 g, 0.69 mmol) in ethyl

acetate (10 cm3) at 0 °C. After 30 min the solution was purged with nitrogen and

concentrated under reduced pressure to yield the ester (48b) as a colourless oil in

quantitative yield which was refractory to crystallisation; m/z (Found: [M + H]+
409.1975. C20H29N2O7 requires 409.1975); umax (thin film)/cm"i 3343 (NH), 1734

(CO, urethane), 1706 br (CO, esters) and 1667 (CO, amide); 5H (200 MHz; C2HC13)

1.47 (9 H, s, (CH3)3), 1.93-2.19 (2H, m, p-CH2), 2.23-2.36 (1H, m, y-CH2), 3.74 (3H, s,

CH3), 3.89-3.93 (2H, m, CH2, (Gly)), 4.38-4.71 (1H, m, a-H), 5.11 (2H, s, PhCH2), 5.72

(1H, d, / 7.5 Hz, NH, (Glu)), 6.28 (1H, br d, NH, (Gly)) and 7.35 (5H, s, aromatic); 5c

(50.3 MHz; C2HC13) 27.92 (CH3)3), 28.27 ((3-CH2), 31.96 (y-CH2), 42.00 (CH2, (Gly)),
52.36 (a-C), 53.38 (CH3), 66.95 (PhCH2), 82.21 (C(CH3)3), 127.96, 128.05 & 128.39

(aromatic), 136.11 (quat. aromatic), 156.09 (CO, urethane), 168.92 (CO, amide) and
171.65 & 172.25 (CO, esters); m/z (CI) 409 ([M + H]+, 30%), 353 (100, [M + H - C4H9 +

H]+), 309 (12, [M + H - C5H9O2 + H]+), 108 (16, PhCH2OH+) and 91 (3, PhCH2+).
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(R)-3-Benzyloxycarbonyl-5-oxo-4-oxazolidineacetic acid (49).

O

This was prepared in an identical manner to that described for (R)-3-

benzyloxycarbonyl-5-oxo-4-oxazolidinepropanoic acid (47), using Cbz-(2£)-

aspartic acid (39) (1.34 g, 5.0 mmol), to yield a colourless oil which was refractory
to crystallisation (1.27 g, 91%); (Found: C, 55.8; H, 4.6; N, 4.9. Calc. for Q3H13NO6:

C, 55.9; H, 4.7; N, 5.0%); m/z (Found: [M + H]+ 280.0821. Ci3H14N06 requires
280.0821); [a]^ -130.6 (c 1.0 in MeOH) {lit.,212 +125.7 (c 3.53 in MeOH) (for the S-

isomer)}; umax (neat)/cm-1 3000 br (OH), 1805 (CO, oxazolidinone), 1719 (CO,

urethane) and 1710 (CO, acid); 5H (200 MHz; C2HC13) 3.04-3.45 (2H, m, p-CH2), 4.37

(1H, br, 4-CH), 5.13 (2H, s, PhCH2), 5.31 (1H, d, J 3.0 Hz, 2-CH), 5.51 (1H, br, 2-CH)

and 7.37 (5H, s, aromatic); 5C (50.3 MHz; C2HC13) 34.62 (p-C), 51.85 (4-C), 68.74

(PhCH2), 78.72 (2-C), 128.87 & 129.24 (aromatic), 135.59 (quat. aromatic), 153.28 (CO,

urethane), 171.98 (CO, oxazolidinone) and 175.65 (CO, acid); m/z (EI) 279 (M+,

4%), 235 (14, [M - C02]+), 108 (5, PhCH2OH+) and 91 (100, PhCH2+).
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t_Butyl-(R)-3-benzyloxycarbonyl-5-oxo-4-oxazolidineacetionyl-(S)-phenyl
alaninate (50).

Oxazolidinone (49) (2.23 g, 8 mmol) was dissolved in dry THF (50 cm3),

N-methylmorpholine (880 mm3, 8 mmol) was added and the solution cooled to

-15 °C. Isobutylchloroformate (1.09 cm3, 8 mmol) was added with stirring and the
solution left for 5 min at -15 °C. (2S)-Phenylalanine t_butyl ester hydrochloride

(2.06 g, 8 mmol) and N-methylmorpholine (880 mm3, 8 mmol) were dissolved in

dry THF (30 cm3) and added to the cold solution. The reaction was left at -15 °C

for 5 min and a further 30 min at room temperature. The hydrochloride salts
were filtered off and the filtrate concentrated under reduced pressure to yield a

colourless oil which was crystallised from diethyl ether/light petroleum to yield
a white solid (3.51 g, 91%), m.p. 117 °C; (Found: C, 64.6; H, 6.15; N, 5.8. Calc. for

C26H30N2Q7: C, 64.7; H, 6.3; N, 5.8%); m/z (Found: [M + H]+ 483.2131. C26H31N2O7

requires 483.2131); [a]p -92.9 (c 1.0 in MeOH); umax (NujoD/cm-1 3331 (NH), 1812

(CO, oxazolidinone), 1716 (CO, urethane), 1706 (CO, ester) and 1665 (CO, amide);

5H (300 MHz; C2HC13) 1.41 (9H, s, (CH3)3), 2.85-3.00 (2H, m, (3-CH2), 3.00-3.11 (2H,

m, PhCH2, (Phe)), 4.27 (1H, br, a-H, (Asp)), 4.70 (1H, q, / 6.6 Hz, a-H, (Phe)), 5.18

(2H, s, PhCH2), 5.21 (1H, d, /5.8 Hz, 2-CH), 5.51 (1H, br, 2-CH), 6.02-6.14 (1H, br,

NH) and 7.07-7.38 (10H, m, aromatic); 6c (75.4 MHz; C2HC13) 27.79 (CH3)3), 35.82

(p-CH2), 38.14 (PhCH2, (Phe)), 51.69 (a-C, (Asp)), 53.59 (a-C, (Phe)), 67.70 (PhCH2,

(Asp)), 78.12 (2-C), 82.62 (C(CH3)3), 126.78, 128.11, 128.19, 128.50, 128.61 & 129.28

(aromatic), 135.32 & 135.87 (quat. aromatic), 152.52 (CO, urethane), 167.80 (CO,
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amide) and 170.19 & 171.90 (CO, oxazolidinone and ester); m/z (CI) 483 ([M + H]+,

16%), 427 (100, [M + H - C4H9 + H]+), 383 (9, [M + H - C5H9O2 + H]+), 263 (18, [M + H

- Phe.OtBu]+), 108 (14, PhCH2OH+) and 91 (7, PhCH2+).

*

t_Butyl-(R)-N-benzyloxycarbonyl-a-methyl-aspartyl~(MS)-phenylalaninate (51).

To a solution of dipeptide (50) (1.00 g, 2.07 mmol) in methanol (35 cm3) was
added 1 mol dm-3 aqueous NaOH (5 cm3). The reaction was allowed to stir at

room temperature for 1 h and was then concentrated under reduced pressure to

give a white solid. This was redissolved in water (10 cm3) and partitioned

carefully between 10% citric acid/diethyl ether (1:1; 50 cm3) at 0 °C. The aqueous

phase was extracted with diethyl ether (3 x 25 cm3), the combined ether extracts

were dried (MgS04) and concentrated under reduced pressure to yield the acid as

a white solid (0.88 g, 91%).
Diazomethane was added to a solution of the acid (0.81 g, 1.73 mmol) in

diethyl ether (15 cm3) at 0 °C. After 30 min the solution was purged with nitrogen
and concentrated under reduced pressure to yield the ester (51) as a colourless oil
in quantitative yield which was refractory to crystallisation; (Found: C, 64.7; H,

6.9; N, 5.8. Calc. for C26H32N207: C, 64.45; H, 6.7; N, 5.8%); m/z (Found: [M + H]+

485.2288. C26H33N207 requires 485.2288); [a]^ +2.34 (c 1.11 in MeOH); umax (thin

film)/cm"1 3340 (NH), 1729 (CO, urethane), 1700 & 1692 (CO, esters) and 1670 (CO,

amide); 5H (300 MHz; C2HC13) 1.41 (9 H, s, (CH3)3), 2.65-2.75 (1H, m, 1 of p-CH2),
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2.92-3.02 (1H, m, 1 of |3-CH2), 3.06 (2H, d, / 5.9 Hz, PhCH2, (Phe)), 3.74 (3H, s, CH3),

4.55-4.63 (1H, m, a-H, (Asp)), 4.69 (1H, q, / 6.5 Hz, a-H, (Phe)), 5.13 (2H, d, / 5.9 Hz,

PhCH2, (Asp)), 5.91 (1H, d, / 8.4 Hz, NH, (Asp)), 6.04 (1H, br d, NH, (Phe)) and 7.09-

7.39 (10H, m, aromatic); 8C (75.4 MHz; C2HC13) 27.81 (CH3)3), 37.75 (p-CH2), 38.05

(PhCH2, (Phe)), 50.51 (a-C, (Asp)), 52.60 (CH3), 53.47 (a-C, (Phe)), 66.89 (PhCH2,

(Asp)), 82.52 (C(CH3)3), 126.90, 127.92, 128.28, 128.37, 128.39 & 129.36 (aromatic),
135.79 & 136.14 (quat. aromatic), 155.99 (CO, urethane), 168.90 (CO, amide) and
170.26 & 171.36 (CO, esters); m/z (CI) 485 ([M + H]+, 6%), 429 (74, [M + H - C4H9 +

H]+), 385 (13, [M + H - CsHgQz + H]+), 263 (68, [M - Phe.OlBu]+), 108 (71, PhCH2OH+)

and 91 (18, PhCH2+).

t-Butyl-(P)-a-methyl-aspartyl-(S)-phenylalaninate (52).

To a solution of dipeptide (51) (1.00 g, 2.07 mmol) in methanol (30 cm3) was
added 10% palladium on carbon (0.1 g) and the mixture was stirred under an

atmosphere of hydrogen for 3 h. The catalyst was then filtered off through a pre-

washed celite pad and the filtrate was concentrated under reduced pressure to

give a colourless oil in quantitative yield which was refractory to crystallisation;

m/z (Found: [M + H]+ 351.1920. Ci8H27N2Os requires 351.1920); Dmax (thin

film)/cm-1 3345 br (NH & NH2), 2980 (CH), 1735 br (CO, esters) and 1670 br (CO,

amides); 5H (300 MHz; C2HC13) 1.40 (9H, s, (CH3)3), 2.41-2.69 (2H, m, (3-CH2), 3.08

(2H, d, / 5.9 Hz, PhCH2, (Phe)), 3.72 (3H, s, CH3), 3.81-3.92 (1H, m, a-H, (Asp)), 4.75
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(1H, m, a-H, (Phe)); 8C (75.4 MHz; C2HC13) 28.43 (CH3)3), 38.52 (p-CH2), 40.28

(PhCH2/ (Phe)), 52.89 (a-C), 54.00 (CH3), 54.09 (a-C), 82.72 (C(CH3)3), 127.40, 128.80

& 130.00 (aromatic), 136.80 (quat. aromatic), 170.28 (CO, amide) and 171.16 &
174.84 (CO, esters); m/z (CI) 351 ([M + H]+, 100%), 295 (55, [M + H - C4H9 + H]+), 102

(5, CsHitAP).

^Butyl-N-'-Butoxycarbonyl-P-alaninyl-CRl-a-methyl-glutamyl-y-glycinyl-dO-a-

methyl-aspartyl-(S)-phenylalaninate (54).

Tripeptide (62) (0.48 g, 1.27 mmol) was dissolved in dry THF (10 cm3),

N-methylmorpholine (135 mm3, 1.27 mmol) was added and the solution cooled
to -15 °C. Isobutylchloroformate (167 mm3, 1.27 mmol) was added with stirring
and the solution left for 5 min at -15 °C. Asp-phe dipeptide (52) (0.43 g, 1.27

mmol) was dissolved in dry THF (15 cm3) and added to the cold solution. The

reaction was left at -15 °C for 15 min and a further 2 h at room temperature. The

hydrochloride salts were filtered off and the filtrate concentrated under reduced

pressure to yield a colourless oil which was crystallised from acetone/water to

yield the pentapeptide (54) as a white solid (0.78 g, 85%), m.p. 121-124 °C; (Found:

C, 56.8; H, 7.3; N, 9.7. Calc. for C^HsiNsO^: C, 56.6; H, 7.1; N, 9.7%); m/z (Found:

[M + H]+ 722.3659. C34H52N5Oi2 requires 722.3668); [afg +3.0 (c 1.0 in MeOH); 8H

(500 MHz; C2HC13) 1.40 (9H, s, (CH3)3), 1.41 (9H, s, (CH3)3), 1.95-2.01 (2H, br, (3-CH2

(Glu)), 2.15-2.25 (2H, br, y-CH2 (Glu)), 2.38-2.46 (2H, m, CH2 (p-Ala)), 2.68-2.90 (2H,

O

Y
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m, P-CH2 (Asp)), 2.95-3.07 (2H, m, PhCH2 (Phe)), 3.35-3.43 (2H, m, CH2 (P-Ala),
3.72 (3H, s, CH3), 3.73 (3H, s, CH3), 3.84-4.01 (2H, m, CH2 (Gly)), 4.55-4.78 (3H, m, 3 x

a-H's), 5.49 (1H, br, NH), 6.40 (2H, br, 2 x NH) and 7.13-7.49 (6H, m, aromatic &

NH); 5c G25.7MHz; C2HC13) 27.56 (p-CH2, (Glu)), 27.83 (CH3)3), 28.31 (CH3)3), 31.88

(y-CH2/ (Glu)), 36.14 & 36.71 (2 x CH2, (p-Ala)), 37.19 (p-CH2„ (Asp)), 37.76 (PhCH2,

(Phe)), 42.77 (CH2, (Gly)), 49.26 (cx-C), 51.69 (a-C), 52.43 & 52.62 (2 x CH2/), 53.63 (a-

C), 72.95 (C(CH3)3), 82.51 (C(CH3)3), 126.85, 128.31 & 129.24 (aromatic), 135.95 (quat.

aromatic), 156.06 (CO, urethane) and 169.00,169.24, 170.68, 171.09,171.84, 172 16 &

172.28 (CO, amides and esters); m/z (FAB) 744 ([M + Na]+, 100%), 722 (51, [M +

H]+), 622 (46, [M + H-C5H9O2 + H]+).

a-Methyl-lZRl-N-' butoxycarbonyl-y-benzyl glutamate (56).

y-Benzyl-(2R)-N-t"butoxycarbonyl glutamate (55) (5.00 g, 11.5 mmol) was

dissolved in diethyl ether (15 cm3) at 0 °C and diazomethane (25 cm3) was added
to the cold solution and allowed to stir for 30 min. The solution was purged with

nitrogen and concentrated under reduced pressure to give a colourless oil in

quantitative yield which was refractory to crystallisation; (Found: C, 61.2; H, 6.9;

N, 3.8. Ci8H25N06 requires: C, 61.5; H, 7.2; N, 4.0%); m/z (Found: [M - C02CH3]+
292.1549. C16H22N04 requires 292.1549); [a]23 +10.48 (c 1.0 in MeOH); umax

(neat)/cm_1 3376 (NH), 1740 (CO, urethane) and 1699 & 1694 (CO, esters); 8h (200

MHz; C2HC13) 1.43 (9H, s, (CH3)3), 1.86-2.29 (2H, m, p-CH2), 2.31-2.59 (2H, m, y-

CH2), 3.72 (3H, s, CH3), 4.33 (1H, q, / 5.1 Hz, a-H), 5.11 (2H, s, PhCH2), 5.20 (1H, d, /
8.0 Hz, NH), and 7.35 (5H, s, aromatic); 5c (50.3 MHz; C2HC13) 28.04 (p-CH2), 28.75



Chapter 3: Experimental 121

(CH3)3), 30.74 (y-CH2), 52.83 (CH3), 53.29 (a-C), 66.90 (PhCH2), 80.32 (C(CH3)3),

128.72 & 129.02 (aromatic), 136.26 (quat. aromatic), 155.89 (CO, urethane) and
172.97 & 173.18 (CO, esters); m/z (EI) 292 ([M - C02CH3]+, 10%), 236 (14, [M - C4H9 -

CC^CHs + H]+), 192 (47, [M - Boc - C02CH3 + H]+), 108 (12, PhCH2OH+) and 91 (100,

PhCH2+).

a-Methyl-(2JR)-N-l butoxycarbonyl glutamate (57).

To a solution of benzyl ester (56) (5.00 g, 14.8 mmol) in methanol (50 cm3) was
added 10% palladium on carbon (0.5 g) and the mixture was stirred under an

atmosphere of hydrogen for 3 h. The catalyst was then filtered off through a pre-

washed celite pad and the filtrate was concentrated under reduced pressure to

give a colourless oil in quantitative yield which was refractory to crystallisation;

(Found: C, 50.8; H, 7.5; N, 5.5. C11H19NO6 requires: C, 50.6; H, 7.3; N, 5.4%); m/z
(Found: [M + H]+ 262.1291. CnH20NO6 requires 262.1291); [a]33 +27.23 (c 5.2 in

MeOH); umax (DCM)/cm"1 3352 (NH), 2981 (OH), 1717 (CO, urethane) and 1699 &

1695 (CO, ester & acid); 5H (200 MHz; C2HC13) 1.43 (9H, s, (CH3)3), 1.85-2.20 (2H, m,

(3-CH2), 2.42-2.51 (2H, m, fCH2), 3.75 (3H, s, CH3), 4.36 (1H, q, / 5.1 Hz, a-H), 5.19

(1H, d, / 8.1 Hz, NH), and 6.74-7.47 (1H, br s, COOH); 5c (50.3 MHz; C2HC13) 28.02

(p-CH2), 28.69 (CH3)3), 30.54 (^CH2), 52.91 (CH3), 53.25 (a-C), 80.64 (C(CH3)3), 155.99

(CO, urethane), 172.35 (CO, ester) and 173.25 (CO, acid); m/z (CI) 262 ([M + H]+,

8%), 205 (34, [M + H - C4H9 + H]+), 162 (100, [M + H - CsHgCb + H]+) and 144 (42, [M

+ H - C5H10NO2 + H]+).
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Benzyl glycinate p-toluene sulfonate (58).

Benzyl alcohol (60 cm3, 0.556 mol) was added to a suspension of glycine (8.22

g, 0.11 mol) in toluene (200 cm3) and then p-toluene sulfonic acid (25.61 g,

0.12 mol) was added. The reaction was refluxed under Dean-Stark conditions for

6 h. On cooling yellow crystals had formed which were filtered and washed with

diethyl ether (125 cm3) and recrystallised from methanol/diethyl ether to yield
white needle shaped crystals (30.6 g, 81%), m.p. 131-133 °C (lit.,257 132-134 °C);

m/z (Found: [M - C7H11S03 + NH4]+ 183.1143. C9H15N2Q2 requires 183.1143); t)max

(Nujol)/cm"1 1754 (CO, ester); 8H (200 MHz; 2H20) 2.25 (3H, s, CH3), 3.84 (2H, s,

CH2 (Gly)), 5.16 (2H, s, PhCH2), 7.21 (2H, d, J 6.6 Hz, CHCCH3), 7.34 (5H, s, C6H5)

and 7.57 (2H, d, / 8.1 Hz, CHCS03); 5C (50.3 MHz; 2H20) 23.33 (CH3), 42.96 (CH2

(Gly)), 71.14 (PhCH2), 128.18, 131.34, 131.70 & 132.64 (aromatic), 137.45, 142.30 &

145.22 (quat. aromatic) and 170.77 (CO, ester); m/z (CI) 183 ([M - C7HnS03 +

NH4I+ 19%), 166 (64, [M - C7HnS03 + H]+), 108 (18, PhC02H+) and 91 (100,

PhCH2+).
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Benzyl-N-l-butoxycarbonyl-a-methyl-(R)-glutamyl-y- glycinate (59).

a-Methyl-URl-./SM'butoxycarbonyl glutamate (57) (1.55 g, 5.92 mmol) was
dissolved in dry THF (30 cm3), N-methylmorpholine (651 mm3, 5.92 mmol) was
added and the solution cooled to -15 °C. Isobutylchloroformate (805 mm3,
5.92 mmol) was added with stirring and the solution left for 5 min at -15 °C.

Benzyl glycinate p-toluene sulfonate (58) (2.00 g, 5.92 mmol) and

N-methylmorpholine (651 mm3, 5.92 mmol) were dissolved in the minimum
volume of dry DMF (10 cm3) and THF (25 cm3) and added to the cold solution.
The reaction was left at -15 °C for 5 min and a further 25 min at room

temperature. The hydrochloride salts were filtered off and the filtrate was

concentrated under reduced pressure to yield a colourless oil which crystallised
on standing, (2.32 g, 96%), m.p. 80-82 °C; (Found: C, 59.1; H, 7.2; N, 7.0. Calc. for

C20H28N2O7: C, 58.8; H, 6.9; N, 6.9%); m/z (Found: [M + H]+ 409.1975. C20H29N2O7

requires 409.1975); [a]*3 +18.6 (c 1.0 in MeOH); \)max (Nujol)/cm-i 3334 (NH), 1743

(CO, urethane), 1714 & 1698 (CO, esters) and 1665 (CO, amide); 5h (200 MHz;

C2HC13) 1.44 (9H, s, (CH3)3), 1.86-2.28 (2H, m, P-CH2), 2.31-2.39 (2H, m, y-CH2), 3.74

(3H, s, CH3), 4.10 (2H, m, CH2, (Glu)), 4.35 (1H, br, a-H), 5.19 (2H, s, PhCH2), 5.31

(1H, d, J 5.9 Hz, NH (Glu)), 6.63 (1H, br, NH (Gly)) and 7.36 (5H, s, aromatic); 8c

(50.3 MHz; C2HC13) 28.78 (p-CH2), 29.48 (CH3)3), 32.70 (y-CH2), 41.81 (CH2, (Gly)),
52.97 (CH3), 53.32 (<x-C), 67.48 (PhCH2), 80.61 (C(CH3)3), 128.36, 128.51 & 128.63

(aromatic), 135.70 (quat. aromatic), 156.35 (CO, urethane), 170.39 (CO, amide),

172.84 and 173.28 (CO, esters); m/z (CI) 409 ([M + H]+, 11%), 353 (15, [M + H - C4H9

+ H]+) and 309 (100, [M + H - C5H9O2 + H]+).
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Benzyl-a-methyl-(R)-glutamyl-y- glycinate hydrochloride (60).

Hydrogen chloride gas was bubbled into ethyl acetate (50 cm3) at 0 °C for 1 h.

Glu-gly dipeptide (59) (2.04 g, 5 mmol) was dissolved in ethyl acetate (20 cm3) and
added to the acidic solution and left for 1.5 h at room temperature. The solution

was concentrated under reduced pressure to yield a white hygroscopic solid
which was not purified further (1.55 g, 90%); mlz (Found: [M + H - HC1]+
309.1450. Q5H21N2O5 requires 309.1450); 5H (200 MHz; 2H20) 2.09-2.28 (2H, m, (3-

CH2), 2.44-2.51 (2H, m, y-CH2), 3.76 (3H, s, CH3), 3.95 (2H, s, CH2/ (Gly)), 4.07 (1H, t,

/ 6.6 Hz, a-H), 5.13 (2H, s, PhCH2) and 7.36 (5H, s, aromatic); 5C (50.3 MHz; 2H20)

26.38 (p-CH2), 31.62 (y-CH2), 42.42 (CH2, (Gly)), 53.10 (a-C), 54.64 (CH3), 68.62

(PhCH2), 128.96, 129.73 & 129.82 (aromatic), 136.16 (quat. aromatic) and 171.06,

172.39 & 175.52 (CO, amide & esters); m/z (CI) 309 ([M + H - HC1]+, 5%) and 166

(100, [M + H - HC1 - Gly.OBzl + H]+).
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Benzyl-N-l-butoxycarbonyl-P-alaninyl-(jR)-a-methyl-glutaniyl-Y-glycinate (61).

Zj fl O H C02CH3 h O
NNN

N-t-Butoxycarbonyl-fi-alanine (141) (0.93 g, 4.91 mmol) was dissolved in dry
THF (50 cm3), N-methylmorpholine (540 mm3, 4.91 mmol) was added and the
solution cooled to -15 °C. Isobutylchloroformate (668 mm3, 4.91 mmol) was added
with stirring and the solution left for 5 min at -15 °C. Hydrochloride (60) (1.69 g,

4.91 mmol) and N-methylmorpholine (540 mm3, 4.91 mmol) were dissolved in

the minimum volume of dry DMF (6 cm3) and dry THF (25 cm3) and added to

the cold solution. The reaction was left at -15 °C for 5 min and a further 30 min at

room temperature. The hydrochloride salts were filtered off and the filtrate
concentrated under reduced pressure to yield an oil which was triturated with

diethyl ether to yield a white solid (2.14 g, 91%), m.p. 74-76 °C; (Found: C, 57.4; H,

7.0; N, 8.8. Calc. for C23H33N308: C, 57.6; H, 7.0; N, 8.8%); m/z (Found: [M+H] +

480.2346. C23H34N3O8 requires 480.2346); [a]p +4.6 (c 0.5 in MeOH); umax

(Nujol)/cm_1 3318 (NH), 1735 (CO, urethane), 1689 & 1683 (CO, esters) and 1651 &

1645 (CO, amides); 5H (300 MHz; C2HC13) 1.40 (9H, s, (CH3)3), 1.94-2.26 (2H, m, [3-

CH2 (Glu)), 2.32 (2H, m, y-CH2 (Glu)), 2.42 (2H, t, / 6.0 Hz, CH2 ((3-Ala)), 3.37 (2H, q,

J 6.1 Hz, CH2 ((3-Ala)), 3.71 (3H, s, CH3), 3.99 (1H, dd, / 5.8,18.1 Hz, CH (Gly)), 4.11

(1H, dd, J 5.2,18.3 Hz, CH (Gly)), 4.57 (1H, m, cc-H), 5.15 (2H, s, PhCH2), 5.35 (1H, t,

/ 5.9 Hz, NH ((3-Ala)), 7.01 (1H, br, NH (Gly)), 7.07 (1H, d, / 6.8 Hz, NH (Glu)) and
7.33 (5H, s, aromatic); 5C (75.4 MHz; C2HC13) 27.49 ((3-CH2, (Glu)), 28.20 (CH3)3),

31.87 (y-CH2, (Glu)), 35.89 & 36.53 (2 x CH2, ((3-Ala)), 41.18 (CH2, (Gly)), 51.73 (a-C),
52.33 (CH3), 67.00 (PhCH2), 79.11 (C(CH3)3), 128.12, 128.32 & 128.43 (aromatic),

134.97 (quat. aromatic), 155.90 (CO, urethane), 169.80 & 171.84 (CO, amides) and
172.15 & 172.38 (CO, esters); m/z (CI) 480 ([M + H]+, 32%), 424 (8, [M + H - C4H9 +
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H]+), 406 (10, [M + H - C4H9O + H]+), 380 (100, [M + H - C5H9O2 + H]+), 309 (2, [M +

H - Boc-p-Ala + H]+) and 108 (5, PhCH2OH+).

N-l Butoxycarbonyl-P-alaninyl-(R)-a-methyl-glutamyl-y-glycine (62).

U 9 o h co2ch3 h 9
H H

o

To a solution of tripeptide (61) (1.05 g, 2.19 mmol) in methanol (30 cm3) was
added 10% palladium on carbon (0.1 g) and the mixture was stirred under an

atmosphere of hydrogen for 3 h. The catalyst was then filtered off through a pre-

washed celite pad and the filtrate was concentrated under reduced pressure to

give a colourless oil in quantitative yield; ra/z (Found: [M + H]+ 390.1876.
C16H28N3O8 requires 390.1876); [ajj^ +8.8 (c 0.54 in MeOH); umax (thin film)/cm"1
3400-3200 br (OH & NH), 1711 (CO, acid) and 1685-1653 br (CO, esters & amides);

5H (200 MHz; C2HC13) 1.42 (9H, s, (CH3)3), 1.95-2.10 (2H, m, (3-CH2 (Glu)), 2.01-2.45

(4H, br, y-CH2 (Glu) & CH2 ((3-Ala)), 3.37-3.48 (2H, m, CH2 ((3-Ala)), 3.72 (3H, s,

CH3), 4.56 (1H, br, a-H), 5.55 (1H, br, NH (p-Ala)), 7.25-7.37 (2H, m, 2 x NH) and
8.45 (1H, br, OH); 5c (50.3 MHz; C2HC13) 17.54 ((3-CH2, (Glu)), 28.87 (CH3)3), 32.40 (y-

CH2, (Glu)), 36.50 & 36.57 (2 x CH2 ((3-Ala)), 41.97 (CH2, (Gly)), 52.48 (a-C), 53.12
(CH3), 157.01 (CO, urethane), 172.93, 173.04 & 173.26 (CO, amides and ester) and

173.91 (CO, acid); m/z (CI) 390 ([M + H]+, 18%), 346 (37, [M + H - C02]+), 334 (7, [M +

H - C4H9 + H]'), 290 (100, [M + H - C5H902 + H]+).
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Benzyl-(3-alaninyl-(R)-a-methyl-glutamyl-y-glycinate hydrochloride (63).

O H C02CH3 h O
CI-

Hydrogen chloride gas was bubbled into ethyl acetate (30 cm3) at 0 °C for 1 h.

Tripeptide (61) (0.60 g, 1.25 mmol) was dissolved in ethyl acetate (20 cm3) and
added to the acidic solution and left for 1.5 h at room temperature. The solution
was concentrated under reduced pressure to yield a white hygroscopic solid
which was not purified further (0.47 g, 90%); m/z (Found: [M + H - HC1]+
380.1820. C18H26N306 requires 380.1821); 5H (300 MHz; 2H20) 1.91-2.23 (2H, m, (3-

CH2), 2.39 (2H, m, y-CH2), 2.72 (2H, m, CH2/ ((3-Ala)), 3.23 (2H, t, J 6.4 Hz, CH2, ((3-

Ala)) 3.73 (3H, s, CH3), 4.00 (2H, s, CH2, (Gly)), 4.07 (1H, m, a-H), 5.19 (2H, s,

PhCH2) and 7.42 (5H, s, aromatic); 5c (75.4 MHz; 2H20) 24.47 ((3-CH2), 29.69 (y-CH2),

33.59 & 39.18 (CH2, ((3-Ala)), 39.55 (CH2, (Gly)), 50.21 (a-C), 51.15 (CH3), 65.68

(PhCH2), 125.56, 126.34 & 126.91 (aromatic), 133.33 (quat. aromatic), m/z (CI), 380

([M + H - HC1]+, 30%), 304 (31, [M - CI - C6H5 + H]+), 233 (7, [M - CI - C9H9 + H]+)

and 91 (100, PhCH2+).
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(jR)-N-Benzyloxycarbonyl-a-methyl-aspartyl-(3-(S)-phenylalanine (64).

To a solution of dipeptide (51) (1.36 g, 2.81 mmol) in dichloromethane (15

cm3), was added trifluoroacetic acid (15 cm3). The reaction was allowed to stir at

room temperature for 4 h, after which time no starting material was observed by
TLC. The reaction mixture was concentrated under reduced pressure and

redissolved in ethyl acetate (30 cm3). This was washed with water (30 cm3) and
then extracted with 10% NaHCC>3 (aq.) (3 x 40 cm3). The combined aqueous

extracts were carefully acidified with 6 mol dm*3 HC1 and then extracted with

ethyl acetate (3 x 40 cm3). The organic extracts were washed with brine, dried

(MgSQi) and concentrated under reduced pressure to give a white solid which
was not purifed further (0.88 g, 73%); m/z (Found: [M+H]+ 429.1660. C22H25N2O7

requires 429.1662); omax (Nujol)/cm"i 3432 (NH), 3050 br (OH), 1747-1680 br (CO,

urethane, acid, ester and amide); 5h (300 MHz; C2HCl3) 2.65-2.82 (1H, m, 1 of (3-

CH2), 2.84-2.91 (1H, m, 1 of p-CH2), 2.99-3.20 (2H, m, PhCH2, (Phe)), 3.73 (3H, s,

CH3), 4.52-4.58 (1H, m, a-H, (Asp)), 4.77-4.83 (1H, m, a-H, (Phe)), 5.11 (2H, d, / 6.3

Hz, PhCH2, (Asp)), 6.05 (1H, dd, / 8.2, 36.3 Hz, NH, (Asp)), 6.35 (1H, dd, / 7.7, 18.0

Hz, NH, (Phe)) and 7.10-7.36 (10H, m, aromatic); 5c (75.4 MHz; C2HC13) 37.10 ((3-

CH2), 37.53 (PhCH2, (Phe)), 50.68 (a-C, (Asp)), 52.71 (CH3), 53.05 (a-C, (Phe)), 67.10

(PhCH2, (Asp)), 127.65, 128.51, 128.74, 128.81, 129.08 & 129.82 (aromatic), 135.53 &
135.88 (quat. aromatic), 156.32 (CO, urethane), 169.71 (CO, amide) and 171.36 (CO,

ester) and 173.82 (CO, acid); m/z (CI) 429 ([M + H]+, 100%), 411 (32, [M - H20]+), 385

(35, [M - C02 + H]+) and 91 (29, PhCH2+).
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Benzyl-N-benzyloxycarbonyl-(P)-a-methyl-aspartyl-(3-(S)-phenylalaninyl-(3-

alaninyl-CRl-a-methyl-glutamyl-y-glycinate (65).

Asp-phe dipeptide (64) (0.36 g, 0.84 mmol) was dissolved in dry THF (10 cm"3),

N-methylmorpholine (92 mm3, 0.84 mmol) was added and the solution cooled to

-15 °C. Isobutylchloroformate (114 mm3, 0.84 mmol) was added with stirring and
the solution left for 5 min at -15 °C. Tripeptide (63) (0.35 g, 0.84 mmol) and N-

methylmorpholine (92 mm3, 0.84 mmol) were dissolved in the minimum

volume of dry DMF (1 cm3) and dry THF (8 cm3) and added to the cold solution.
The reaction was left at -15 °C for 15 min and a further 2 h at room temperature.

The hydrochloride salts were filtered off and the filtrate concentrated under
reduced pressure to yield a colourless oil which was crystallised from

acetone/water to yield the pentapeptide as a white solid (0.57 g, 86%), m.p. 133-
135 °C; (Found: C, 60.8; H, 6.0; N, 9.0. Calc. for C40H47N5O12: C, 60.8; H, 6.0; N,

8.9%); m/z (Found: [M + H]+ 790.3297. C40H48N5O12 requires 790.3299); [a]^ -1.6 (c
0.5 in MeOH); \)max (NujoP/cm"1 3279 (NH), 1738 br (CO, urethanes), 1685 br (CO,

esters) and 1645 (CO, amides); 8H (500 MHz; C2HC13) 1.90-1.95 (2H, br, (3-CH2

(Glu)), 2.23-2.39 (6H, br, y-CH2 (Glu), CH2 ((3-Ala) & (3-CH2 (Asp)), 2.59-3.23 (4H, m,

PhCH2 (Phe) & CH2 ((3-Ala)), 3.72 (3H, s, CH3), 3.73 (3H, s, CH3), 3.89-3.97 (1H, dd, J

4.8,13.3 Hz, 1 of CH2 (Gly)), 4.12- 4.17 (1H, m, 1 of CH2 (Gly)), 4.54-4.66 (3H, m, 3 x

a-H's), 5.14 (2H, s, PhCH2), 5.17 (2H, s, PhCH2), 6.04-6.10 (1H, m, NH), 6.72-6.85

(3H, m, 3 x NH) and 7.10-7.32 (16H, m, aromatic & NH); 5C (125.7 MHz; C2HC13)

27.42 ((3-CH2, (Glu)), 31.71 (y-CH2, (Glu)), 35.57 & 35.73 (2 x CH2, ((3-Ala)), 37.51 ((3-



Chapter 3: Experimental 130

CH2, (Asp)), 37.88 (PhCH2/ (Phe)), 41.23 (CH2/ (Gly)), 51.67 (a-C), 52.49 (a-C), 52.57
& 52.67 (2 x CH3), 54.44 (a-C), 66.95 & 67.26 (PhCH2, (Asp & Gly)), 126.81, 127.99,

128.19, 128.31, 128.50, 128.58, 128.65, 129.16 & 129.23 (aromatic), 134.96, 136.10 &

136.44 (quat. aromatic), 155.99 (CO, urethane) and 170.25, 170.91, 171.40, 171.59,

171.86, 172.40 & 172.50 (CO, amides and esters); m/z (FAB) 812 ([M + Na]+, 9%),

790 (27, [M + H]+).

2-Methyl-2-pentenol (94).

ch3 ch3 |

To a solution of 2-methyl-2-pentenal (90) (10.0 g, 102 mmol) in ethanol (100

cm3), was added sodium borohydride (4.24 g, 112 mmol) and the reaction was

allowed to stir for 40 min at room temperature. Water was cautiously added (10

cm3) and the solution was extracted with diethyl ether (4 x 50 cm3). The

combined ether extracts were washed with brine (50 cm3), dried (MgS04) and
concentrated under reduced pressure to give a colourless liquid (8.06 g, 79%).
This was distilled under reduced pressure to give pure alcohol, b.p. 75-80 °C/15-
20 mm Hg (lit.,217 68-72 °C/10-12 mm Hg); (Found: C, 71.8; H, 12.2. C6H120

requires: C, 71.95; H, 12.1%); omax (neatf/cm"1 3339 br (OH); 5H (200 MHz; C2HC13)
0.95 (3H, t, / 7.5 Hz, CHsCH2), 1.64 (3H, s, CH3), 1.85 (1H, br s, OH), 2.03 (2H, quin, /
7.1 Hz, CHsCIi), 3.99 (2H, s, CH^OH) and 5.39 (1H, m, 3-CH); 5C (50.3 MHz;

C2HC13) 13.94 (CH3CH2), 14.48 (2-CH3), 21.32 (CH3CH2), 69.34 (CH2OH), 128.60 (3-C)

and 134.49 (2-C); m/z (EI) 101 ([M + H]+, 2%), 100 (13, M+), 82 (7, [M - H20]+) and 71

(47, [M - CH2CH3]+).
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2-Methyl-2-pentenyl bromide (95).

|r*V"H
ch3 ch3

Method 1

To a stirred solution of 2-methyl-2-pentenol (94) (1.00 g, 10 mmol) in dry

diethyl ether (40 cm3) under an atmosphere of argon, was added carbon

tetrabromide (6.63 g, 20 mmol) followed by a solution of triphenylphosphine

(5.25 g, 20 mmol) in dry diethyl ether (60 cm3). The mixture was stirred for 8
hours at room temperature. The triphenylphosphine oxide was filtered off and
washed with diethyl ether and the filtrate was concentrated under reduced

pressure to give the crude bromide as a pale yellow liquid which was purified by
distillation under reduced pressure to give the pure bromide (3.26 g, 63%), b.p. 32-
35 °C/10 mm Hg (lit.,218 55 °C/20 mm Hg).

Method 2

To a cooled solution of 2-methyl-2-pentenol (94) (2.35 g, 23.5 mmol) in

pentane (50 cm3) containing a few drops of pyridine, was added phosphorus
tribromide (2.30 g, 8.51 mmol). After 10 min, the reaction mixture was allowed to

warm to room temperature and then stirred for a further 15 h before being

poured into cold water (25 cm3). The organic layer was separated, washed with

brine (10 cm3), dried (MgSO-i) and concentrated under reduced pressure to give
the crude bromide as a pale yellow liquid which was purified by distillation
under reduced pressure to give the pure bromide (3.27 g, 85%), b.p. 34-36 °C/10
mm Hg (lit.,218 55 °C/20 mm Hg); umax (neat)/cm_1 2970 (CH) and 1661 (C=C);

8h (200 MHz; C2HC13) 0.96 (3H, t, / 7.5 Hz, CH3CH2), 1.75 (3H, s, CH3), 2.05 (2H,

quin, / 7.6 Hz, CH3CH2), 3.98 (2H, s, CH2Br) and 5.60 (1H, t, / 7.3 Hz, 3-CH); 5C (50.3

MHz; C2HC13) 12.63 (CH3CH2), 13.51 (2-CH3), 21.55 (CH3CH2), 61.88 (CH2Br), 114.00

(3-C) and 133.17 (2-C).
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2-Methyl-2-pentenyl triphenylphosphonium bromide (96).

To a solution of bromide (95) (106 mg, 0.65 mmol) in benzene (15 cm3) was
added a solution of triphenylphosphine (170 mg, 0.65 mmol) in benzene (15 cm3),
and the mixture was heated under reflux for 6 h. The solvent was then

concentrated under reduced pressure to give the corresponding

triphenylphosphonium salt as a white solid, and was not purified further (254

mg, 92% recovery); 6H (200 MHz; C2HC13) 0.76 (3H, t, / 7.5 Hz, CH3CH2), 1.49 (3H,

d, J 3.3 Hz, CH3), 1.90 (2H, quin, m, CH3CH2), 4.64 (2H, d, J 14.7 Hz, CH2P) and 5.26

(1H, q, / 7.1 Hz, 3-CH); 5P (121.2 MHz; C2HC13) 20.9; m/z (CI) 351 & 349 ([M + H -

Ph + H]+, bromine isotopes, 45 & 37%), 263 (100, [PPh3 + H]+) and 83 (27, C6Hn+).
This compound contained -20% Ph3P as shown by the 5p (121.2 MHz; C2HC13)
-5.0 ppm.

(3-Methyl-(2JR)-aspartate hydrochloride (97).

To a solution of (2R)-aspartic acid (10.00 g, 75.2 mmol) in dry methanol

(50 cm3) at -10 °C was added thionyl chloride (5.49 cm3, 75.2 mmol). The solution
was stirred and allowed to warm up to room temperature. After 30 min. diethyl
ether (125 cm3) was added and upon cooling the hydrochloride salt crystallised as

white needles (11.04 g, 80%), m.p. 200-202 °C (lit.,219b 204 °C) (for the S-isomer);

m/z (Found: [M + H - HC1]+ 148.0610. C5H10NO4 requires 148.0610); 5H (200 MHz;

2H20) 2.98 (2H, d, / 4.8 Hz, 3-CH2), 3.60 (3H, s, CH3), 4.19 (1H, t, J 3.4 Hz, 2-CH); 5C
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(50.3 MHz; 2H20) 34.84 (3-CH2), 51.37 (CH3), 53.86 (2-CH), 171.99 (CO ester) and

172.91 (CO acid); m/z (EI) 148 ([M + H - HC1]+, 16%) and 102 (100, [M - CI - C02H +

H]+).

(3-Methyl-(2R)-aspartate (98).

P-Methyl (2R)-aspartate hydrochloride (98) (7.34 g, 40 mmol) and propylene
oxide (50 cm3) were refluxed in dry ethanol (150 cm3) for 3h. On cooling the

resulting precipitate was filtered and washed with diethyl ether (25 cm3), to yield
a white solid (5.29 g, 90%), m.p. 194-195 °C (lit.,220 194-195 °C) (for the S-isomer);

(Found: C, 41.0; H, 6.3; N, 9.3. Calc. for C5H9NO4: C, 40.8; H, 6.2; N, 9.5%); m/z

(Found: [M + H]+ 148.0610. C5H10NO4 requires 148.0610); [a]^ -2.2 (c 0.5 in H20);

Umax (Nujol)/cm-1 1752 (CO, acid) and 1738 (CO, ester); 5H (200 MHz; C^C^H),
2.84 (1H, dd, / 8.3,17.7 Hz, 3-CH) 3.05 (1H, dd, J 3.9,17.7 Hz, 3-CH), 3.75 (3H, s, CH3)

and 3.88 (1H, dd, / 3.9, 38.3 Hz, 2-CH); 5C (50.3 MHz; 2H20) 35.43 (3-CH2), 51.65

(CH3), 53.61 (2-CH), 173.49 (CO, ester) and 173.88 (CO, acid); m/z (EI) 149 ([M +

H]+, 9%), 148 (100 , M+) and 102 (19, [M - C02H + H]+).
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(3-Methyl-(R)-(N)-9'-phenylfluoren-9,-yl aspartate (99).

To a solution of p-methyl-(2R)-aspartate (98) (2.2 g, 15 mmol) in dry
dichloromethane (30 cm3) was added chlorotrimethylsilane (2.03 cm3, 16 mmol)
at room temperature. Triethylamine (4.46 cm3, 32 mmol) was added after 2 h and
after another 15 min, Pb(N03)2 (3.3 g, 10 mmol) and 9-bromo-9-phenylfluorene

(102) (6.42 g, 20 mmol) in dry dichloromethane (30 cm3) were added. The mixture
was then stirred vigorously for 3 days. Methanol (7 cm3) was added and the
reaction mixture was filtered and concentrated under reduced pressure to give a

thick residue. To the residue was added 5% citric acid (80 cm3) and diethyl ether

(80 cm3) and the aqueous layer was extracted with diethyl ether (3 x 50 cm3). The
combined ether extracts were washed with brine (30 cm3), dried (MgS04) and

concentrated under reduced pressure to give a pale yellow foamy solid which
was recrystallised from DCM/hexane to yield a white solid (4.70 g, 81%), m.p. 160
°C (lit.,220 160-161 °C) (for the S-isomer); (Found: C, 74.6; H, 5.4; N, 3.5. Calc. for

C24H21NO4: C, 74.4; H, 5.4; N, 3.6%); m/z (Found: [M + H]+ 388.1549. C24H22NO4

requires 388.1549); [a]23 +149.5 (c 0.75 in MeOH); umax (NujoD/cm"1 3291 (NH),

1749 (CO, acid) and 1696 (CO, ester); 5H (200 MHz; C2HC13) 1.93 (1H, dd, / 4.4,16.9

Hz, 3-CH), 2.70 (1H, dd, J 4.3,16.7 Hz, 3-CH), 2.87 (1H, t, / 3.7 Hz, 2-CH), 3.66 (3H, s,

CH3) and 7.21-7.78 (13H, m, aromatic); 5C (50.3 MHz; C2HC13), 36.43 (3-C), 52.55

(CH3), 53.09 (2-C), 72.98 (quat. aliphatic), 120.88, 121.09, 125.21, 125.71, 126.28,

128.23, 128.74, 129.07, 129.14, 129.62 & 129.71 (aromatic), 140.97, 143.50, 147.47 &
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149.15 (quat. aromatic), 172.53 (CO, ester) and 175.58 (CO, acid); m/z (CI) 388 ([M +

H]+, 3%), 314 (4, [M + CH2CQ2CH3]+) and 241 (100, PhFl+).

9-Bromo-9-phenylfluorene (102).

To a solution of bromobenzene (15.8 cm3, 0.15 mol) in dry diethyl ether

(100 cm3) at 0 °C was added a solution of n-BuLi in hexanes (76 cm3, 1.5 mol

dm-3). After the mixture was stirred for 30 min, a solution of 9-fluorenone (100)

(18 g, O.lmol) in THF was added over a period of 45 min. The mixture was

warmed to room temperature and allowed to stir for a further 2 h, after which
the mixture was diluted with water (500 cm3) and diethyl ether (200 cm3). The

separated organic phase was washed with brine (100 cm3), dried (MgS04) and
concentrated under reduced pressure at 70 °C. The residue of the crude alcohol

(101) was dissolved in toluene (100 cm3) and HBr (50 cm3 of a 48% solution) was

added and the mixture was stirred for 24 h. The aqueous phase was extracted
with toluene (2 x 40 cm3) and then the combined organic phases were dried

(MgS04) and concentrated under reduced pressure to give an orange/brown

residue which was crystallised from hexane to yield a pale yellow solid (25.4 g,

79%), m.p. 97-99 °C (lit.,221 98-99 °C); m/z (Found: [M - Br]+ 241.1017. Q9H13

requires 241.1022); 5H (200 MHz; C2HC13) 7.27-7.73 (13H, m, aromatic); 5C (50.3

MHz; C2HC13), 72.65 (quat. aliphatic), 120.95, 126.67, 128.01, 128.62, 128.79, 128.91,

129.03, 129.11, 129.58 & 129.64 (aromatic) and 138.65, 141.68 & 150.15 (quat.

aromatic); m/z (EI) 320 (M+, 0.5%) and 241 (100, [M - Br]+).
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Methyl-(R)-(N)-9'-phenylfluoren-9,-yl-3-amino-4-hydroxybutyrate (103).

Methyl ester (99) (2.00 g, 5.17 mmol) was dissolved in dry THF (25 cm3),

N-methylmorpholine (568 mm3, 5.17 mmol) was added and the solution cooled
to -15 °C. Isobutylchloroformate (703 mm3, 5.17 mmol) was added with stirring

and the solution left for 5 min at -15 °C. The solution was filtered into a solution

of sodium borohydride (118 mg, 3.10 mmol) in dry THF (15 cm3) and the reaction

was stirred at -15 °C and allowed to come to room temperature. After 3 h, water

(10 cm3) was added with extreme caution and the solution was concentrated

under reduced pressure until the THF had been removed. The resulting aqueous

solution was extracted with ethyl acetate (3 x 25 cm3) and the combined organic

extracts were dried (MgS04), washed with brine (20 cm3) and concentrated under

reduced pressure to give the crude alcohol which was triturated with diethyl
ether to yield the alcohol as a white solid (1.75 g, 91%), m.p. 135-137 °C; (Found: C,

76.9; H, 6.1; N, 3.7. Calc. for C24H23NO3: C, 77.2; H, 6.2; N, 3.75%); m/z (Found: [M
+ H]+ 374.1752. C24H24NO3 requires 374.1756); [a?g +27.81 (c 0.52 in MeOH); umax

(NujoD/cm"1 3382 (NH), 3300-2800 br (OH) and 1706 (CO, ester); 5H (200 MHz;

C2HC13) 2.08 (1H, dd, / 5.9,15.6 Hz, 2-CH), 2.20 (1H, dd, /5.5,15.5 Hz, 2-CH), 2.59

(1H, quin., / 5.2 Hz, 3-CH), 2.71 (1H, br s, OH), 2.99 (1H, dd, / 4.6, 10.8 Hz, 4-CH),

3.16 (1H, dd, / 5.0, 10.9 Hz, 4-CH), 3.63 (3H, s, CH3) and 7.17-7.74 (13H, m,

aromatic); 5c (50.3 MHz; C2HC13) 37.98 (2-C), 51.62 (3-C), 53.00 (CH3), 64.91 (4-C),

72.91 (quat. aliphatic), 120.62, 125.46, 125.66, 126.41, 127.75, 128.39, 128.71, 128.87,
128.98 & 129.04 (aromatic), 140.59, 141.04, 145.38, 150.14 & 150.34 (quat. aromatic)

CH2OH
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and 173.42 (CO, ester); m/z (CI) 374 ([M + H]+ 15%), 342 (30, [M - OCH3]+), 241 (100,

PhFl+), 134 (49, [M + H - PhH + H]+) and 102 (22, [M + H - PhFl - CH2OH]+).

a-S-Ethyl (3-methyl (R)-(N)-9'-phenylfluoren-9'-yl thioaspartate (104)

To a solution of methyl ester (99) (2.50 g, 6.46 mmol), in dry dichloromethane

(50 cm3), was added EDCI (2.32 g, 7.81 mmol), ethanethiol (1.20 g, 19.35 mmol)
and 4-dimethylaminopyridine (0.79 g, 0.65 mmol). The reaction mixture was

stirred at room temperature for 3 h, then filtered and concentrated under

reduced pressure to give a yellowish oil which was purified by silica

chromatography (20% EtOAc/hexane) to yield a colourless oil which was

refractory to crystallisation (2.31 g, 83%); (Found: C, 72.2; H, 5.8; N, 3.1. Calc for

C26H25NO3S: C, 72.4; H, 5.8; N, 3.25%); m/z (Found: [M + H]+ 432.1633.

C26H26NO3S requires 432.1633); [a]^ -64.35 (c 1.35 in MeOH); i)max (neat)/cm_1 3310

br (NH), 1732 (CO, thioester) and 1695 (CO, ester); 5H (200 MHz; C2HC13) 1.22 (3H,

t, / 7.5 Hz, CH2CH3), 1.87 (1H dd, ] 4.5,16.8 Hz, 3-CH), 2.60 (1H dd, / 4.7,16.6 Hz, 3-

CH), 2.75 (2H, q, / 7.61 Hz, CH2CH3), 3.03 (1H, t, / 4.7 Hz, 2-CH), 3.47 (1H, d, / 9.0

Hz, NH), 3.60 (3H, s, C02CH3), 7.16-7.75 (13H, m, aromatic); 6c (50.3 MHz; C2HC13)

14.97 (CH2CH3), 24.12 (CH2CH3), 37.34 (3-C), 52.20 (C02CH3), 59.96 (2-C), 73.38

(quat. aliphatic), 120.60, 120.77, 125.26, 126.72, 126.89,128.00, 128.51, 128.57, 128.92,
129.15 & 129.22 (aromatic), 140.59, 141.07, 145.16, 148.46 & 150.91 (quat. aromatic),
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172.14 (CO, ester) and 205.57 (CO, thioester); m/z (CI) ([M + H]+, 15%), 342 (3,

COSCH2CH3+) and 241 (100, PhFl+).

(l?)-(N)-9'-phenylfluoren-9,-yl-3-amino-butyrolactone (105).

The filtrate from the trituration of hydroxy ester (103) was concentrated under

reduced pressure to give a yellow foamy solid which was recrystallised from

diethyl ether/light petroleum to give the lactone (105) as a white solid. It was
noted that addition of excess sodium borohydride in the synthesis of hydroxy
ester (103) resulted in the lactone (105) being isolated in greater yield (5-63%),

m.p. 156-158 °C; (Found: C, 80.6; H, 5.4; N, 4.0. Calc. for C23H19NO2: C, 80.9; H, 5.6;
N, 4.1%); m/z (Found: [M + H]+ 342.149021. C23H20NO2 requires 342.1494); [a]2*
+20.0 (c 1.0 in DCM); umax (Nujol)/cm"i 3322 (NH) and 1784 (CO, lactone); 5H (200

MHz; C2HC13) 2.14 (2H, d, / 7.8 Hz, 2-CH2), 3.18 (1H, quin, J 8.0 Hz, 3-CH), 3.77 (2H,

quin, J 6.8 Hz, 4-CH2) and 7.15-7.75 (13H, m, aromatic); 8C (50.3 MHz; C2HC13)
37.48 (2-C), 50.50 (3-C), 73.21 (quat. aliphatic), 74.72 (4-C), 120.84, 120.92, 125.49,

126.41, 126.52, 128.05, 128.69, 128.80, 128.96, 129.06 & 129.36 (aromatic), 140.65,

140.90, 144.50, 149.60 & 149.76 (quat. aromatic) and 176.13 (CO, lactone); m/z (CI)
342 ([M + H]+, 21%), 241 (17, PhM+), and 102 (29, [M + H - PhH + H]+).
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Methyl-(fJ)-(2V)-9'-phenylfluoren-9'-yl-3-amino-4-oxo-butyrate (106).

Method 1:

To a stirred solution of oxalyl chloride (96 mm3, 1.1 mmol) in

dichloromethane (10 cm3) at -50 to -60 °C, was slowly added a solution of DMSO

(156 mm3, 2.2 mmol) in dichloromethane (5 cm3). After 15 min, a solution of

alcohol (103) (373 mg, 1 mmol) in dichloromethane (10 cm3) was added. After

stirring the reaction mixture for about 30 min, triethylamine (556 mm3, 4 mmol)

was added and the reaction was allowed to stir and then allowed to warm up to

room temperature. Water (5 cm3) was then added to the reaction mixture and

extracted with dichloromethane (3 x 15 cm3). The combined organic extracts were

washed with brine, dried (MgSOj) and the solvent was concentrated under
reduced pressure to give the crude aldehyde as a yellow solid which was purified

by silica chromatography (20% EtOAc/hexane) to give pure aldehyde (106) as a

colourless oil (152 mg, 41%).
Method 2:

To a solution of alcohol (103) (0.3 g, 0.8 mmol) in dry dichloromethane (20

cm3) was added Dess-Martin periodinane (146) (0.68 g, 1.6 mmol) and the
solution was stirred at room temperature for 4 h. A mixture of saturated

NaHCC>3 and 10% Na2SC>4 (1:1; 20 cm3) solution was added to the reaction

mixture and was stirred for a further 10 min. The mixture was then partitioned
between dichloromethane and additional sulfite/bicarbonate solution. The
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aqueous phase was back-extracted with dichloromethane (4 x 30 cm3). The
combined dichloromethane extracts were washed with saturated NaHCC>3

solution (20 cm3), 10% Na2S04 solution (20 cm3), brine (25 cm3), dried (MgS04)
and concentrated under reduced pressure to give the aldehyde as a yellow oil

which was purified by silica chromatography (20% EtOAc/hexane) to give pure

aldehyde (106) as a colourless oil (0.19 g, 64%); m/z (Found: [M + H]+ 372.1610.
C24H22NO3 requires 372.1600); [aFp +85.3 (c 0.6 in DCM); umax (NujoD/cm-1 3295

(NH), 1725 (CO, aldehyde) and 1689 (CO, ester); 5H (200 MHz; C2HC13) 2.23 (1H, dd,
/ 5.7, 16.2 Hz, 3-CH), 2.53 (1H, dd, / 4.4,16.2 Hz, 3-CH), 2.83 (1H, t, / 4.4 Hz, 2-CH),

3.65 (3H, s, CH3), 7.12-7.71 (13H, m, aromatic) and 9.44 (CHO); 6c (50.3 MHz;

C2HC13), 37.12 (3-C), 52.41 (CH3), 59.18 (2-C), 73.38 (quat. aliphatic), 120.52, 120.71,

125.79, 126.02, 127.89, 128.58, 128.70, 128.77, 128.88, 129.16 & 129.29 (aromatic),

140.61,141.28,144.74,149.39 & 149.76 (quat. aromatic), 172.13 (CO, ester) and 202.28

(CO, aldehyde); m/z (CI) 372 ([M + H]+, 9%) and 241 (100, PhFl+).
Method 3:

To a stirred mixture of alcohol (103) (187 mg, 0.5 mmol), N-

methylmorpholine N-oxide (NMO) (88 mg, 0.75 mmol) and powdered 4 A
molecular sieves (250 mg) in 10% acetonitrile/dichloromethane (2 cm3), was

added a catalytic amount of tetrapropylammonium perruthenate (TPAP) (9 mg, 5

mol %). The mixture was stirred at room temperature under nitrogen for 5 h.
The reaction mixture was then concentrated under reduced pressure and then

taken up in dichloromethane. The reaction mixture was filtered through a short

pad of silica, eluting with dicloromethane. The filtrate was concentrated under

reduced pressure to give the crude aldehyde which was purified by silica

chromatography (25% EtOAc/hexane) to give pure aldehyde (106) as a colourless
oil (91 mg, 49%).
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(3S)-Methyl-3-(N)-9,-phenylfluoren-9'-yl-6-methyl-nona-4,6-dienoate (107).

To the triphenylphosphonium bromide (96) (224 mg, 0.53 mmol) in dry THF

(10 cm3) at -78 °C was added a solution of n-BuLi in hexanes (275 mm3, 1.6 mol

dm-3, 0.44 mmol) and the mixture was stirred at -20 °C for 20 min under

nitrogen. Aldehyde (106) was added (163 mg, 0.44 mmol) in dry THF (10 cm3) was
added and the mixture was stirred at -10 °C for 4 h. The reaction mixture was

then poured into ammonium chloride/ice, and extracted with diethyl ether (3 x

20 cm3). The combined ether extracts were washed with brine, dried (MgS04), and
concentrated under reduced pressure to give crude diene (107). Attempted

purification by silica chromatography (20% EtOAc/hexane) gave (107) as a

colourless oil (80 mg, 41%) with minor impurities (these co-ran with the product

using the solvent system described); m/z (Found: [M + H]+ 438.2437. C30H32NO2

requires 438.2433); umax (thin film)/cm-1 3300 br (NH), 2961 (CH), 1734 (CO, ester)
and 1608 br (C=C); 5H (300 MHz; C2HC13) 0.91 (3H, t, / 8.2 Hz, CH3CH2), 1.34 (3H, s,

6-CH3), 1.79-1.85 (2H, m, CH3CH2), 2.25-2.30 (1H, m, 1 of 2-CH2), 2.33-2.41 (1H, m, 1

of 2-CH2), 3.21-3.27 (1H, m, 3-CH), 3.64 (3H, s, OCH3), 4.97 (1H, dd, / 8.2,15.3 Hz, 4-

CH), 5.00-5.10 (1H, m, 7-CH), 5.53 (1H, d, / 15.3 Hz, 5-CH) and 7.15-7.69 (13H, m,

aromatic); 5C (75.4 MHz; C2HC13) 13.61 (CH3CH2), 14.09 (6-CH3), 19.89 (CH3CH2),

42.24 (2-CH2), 51.43 (OCH3), 54.32 (3-C), 73.26 (quat. aliphatic), 119.84-134.35

(aromatic, 4-C, 5-C, 6-C & 7-C), 139.81-145.76 (quat. aromatic) and 173.16 (CO,

ester); m/z (CI) 438 ([M + H]+, 18%), 364 (16, [M - CH2CO2CH3H, 242 (33, [PhFl +

H]+), 241 (100, PhFl+) and 196 (23 [M - PhFl]+).

C02CH3
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(R)-a-Methyl-aspartyl-P-(S)-phenylalaninyl-P-alaninyl-CR)-a-methyl-glutamyl-y-

glycine (108).

W1

H3C02C H o H J H H °
H

O O H C02CH3 h O

To a solution of pentapeptide (65) (0.6 g, 0.76 mmol) in methanol (75 cm3) was
added 10% palladium on carbon (150 mg) and the mixture was stirred under an

atmosphere of hydrogen for 24 h. The catalyst was then filtered off through a

prewashed celite pad and the filtrate was concentrated under reduced pressure to

give (108) as awhite solid which was not purified further (0.36 g, 83%); m.p. 116-
118 °C; m/z (Found: [M + H]+ 566.2467. C25H36N5O10 requires 566.2462); 8h (300

MHz; 2H20) 1.93-2.03 (2H, m, 1 of p-CH2 (Glu)), 2.11-2.21 (2H, m, 1 of (3-CH2 (Glu)),

2.29-2.50 (4H, m, y-CH2 (Glu), CH2 (p-Ala)), 2.79-3.09 (4H, m, p-CH2 (Asp) & PhCH2

(Phe)), 3.70 (3H, s, CH3), 3.71 (3H, s, CH3), 3.66-3.80 (2H, m, CH2 (Gly)), 4.30-4.40

(2H, m, 2 x a-H's), 4.48 (1H, q, / 6.4 Hz, a-H), and 7.17-7.37 (5H, m, aromatic); 8c

(75.4 MHz; 2H20) 27.46 (p-CH2, (Glu)), 29.79 (y-CH2, (Glu)), 32.00 & 32.71 (2 x CH2,

(p-Ala)), 33.66 (p-CH2, (Asp)), 35.46 (PhCH2, (Phe)), 41.12 (CH2/ (Gly)), 47.39 (a-C),
50.39 (a-C), 51.07 & 51.86 (2 x CH3), 53.22 (a-C), 125.29, 126.85 & 127.24 (aromatic),

134.96 (quat. aromatic), 167.66, 168.18, 170.92, 171.80, 171.92 & 172.75 (CO, amides
and esters) and 174.29 (CO, acid); m/z (FAB) 588 ([M + Na]+, 9%), 566 (6, [M + H]+).
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General peptide cyclisation procedures.

Three general procedures are outlined below, using different cyclisation

reagents. The temperature, nature and amount of base, and the reaction times
were varied accordingly. The isolated products were attempted to be purified by
silica chromatography. Although some of the suspected "ring closed" products

appeared to have cyclised due to the presence of certain peaks in their NMR

spectra, mass spectrometry did not confirm the presence of the expected mass ion

peak of 547. All attempts at ring closure were unsuccessful.

Cyclisation using EDCI (carbodiimide).
A solution of the deprotected linear pentapeptide (108) (71 mg, 0.125 mmol) in

dry DMF (15 cm3) was added dropwise over a period of 5 h, into a solution of

hydroxybenzotriazole (HOBt) (25.3 mg, 0.19 mmol) and EDCI (56 mg, 0.19 mmol)
in dry DMF (15 cm3), and the reaction mixture was stirred at room temperature

under an atmosphere of nitrogen for 24 h. The reaction mixture was then
concentrated under reduced pressure and was then partitioned between ethyl
acetate (8 cm3) and 5% NaHCOa solution (5 cm3). The organic layer was then
washed with 5% NaHCC>3 solution (3x3 cm3), 10% citric acid solution (3x4 cm3)

brine (4 cm3), dried (MgS04), and concentrated under reduced pressure to give a

yellow/brown solid.

Cyclisation using DPPA.
A solution of the deprotected linear pentapeptide (108) (80 mg, 0.14 mmol) in

dry DMF (20 cm3) was cooled to 0 °C. To this cold solution was added solid

NaHCC>3 (59 mg, 0.7 mmol) and diphenylphosphoryl azide (DPPA) (78 mg, 0.28

mmol), and the reaction mixture was stirred at 0 °C under an atmosphere of
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nitrogen for 72 h. The reaction mixture was then concentrated under reduced

pressure, and was worked up in a similar manner to that outlined for the EDCI

procedure above, to give a pale brown solid.

Cyclisation using TBTU.

Hydroxybenzotriazole (HOBt) (45 mg, 0.33 mmol) and TBTU (107 mg, 0.33

mmol) were added to a solution of the deprotected linear pentapeptide (108) (63

mg, 0.11 mmol) in dry DMF (25 cm3). Then N,N-diisopropylethylamine (DIPEA)

(200 mm3, 1% v:v) was added to the reaction mixture and was stirred at room

temperature under an atmosphere of nitrogen for 24 h. The reaction mixture was

then concentrated under reduced pressure, and was worked up in a similar

manner to that outlined for the EDCI procedure above, and a yellow oil was
isolated.
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Benzyl-N-benzyloxycarbonyl-(R)-a-methyl-aspartyl-(MS)-phenylalaninyl-(3-

alaninyl-CR)-a-methyl-glutamyl-y-sarcosinate (110).

Pentapeptide (110) was prepared in a manner identical to that described for

pentapeptide (65), using the HC1 salt of tripeptide (142) (0.37 g, 0.86 mmol) (after
Boc deprotection). The hydrochloride salts were filtered off and the filtrate
concentrated under reduced pressure to yield the crude pentapeptide (110) as a

pale yellow solid. Attempts to purify pentapeptide (110) by recrystallisation were

unsuccessful, however, (110) was purified by silica chromatography (93%

DCM/MeOH) to yield the pentapeptide as a white solid (0.56 g, 81%), m.p. 134-
138 °C; (Found: C, 61.0; H, 6.0; N, 8.5. Calc. for C41H49N5O12: C, 61.3; H, 6.1; N,

8.7%); m/z (Found: [M + H]+ 804.3446. C41H50N5O12 requires 804.3436); [a]p -4.7

(c 1.0 in MeOH); 5H (300 MHz; C2HC13) 1.87-1.99 (2H, br, P-CH2 (Glu)), 2.00-2.91

(8H, br m, y-CH2 (Glu), CH2 (P-Ala) & (3-CH2 (Asp) & PhCH2 (Phe)), 3.04 (3H, s, N-

CH3), 3.30-3.42 (2H, m, CH2 (p-Ala)), 3.72 (3H, s, CH3), 3.73 (3H, s, CH3), 4.06-4.22

(2H, m, CH2 (Sar)), 4.42-4.69 (2H, m, 2 x a-H), 4.70-4.90 (1H, m, a-H), 5.14 (2H, s,

PhCH2), 5.16 (2H, s, PhCH2), 6.02-6.14 (1H, br, NH) and 7.01-7.35 (17H, m, aromatic

& 2 x NH); 5c (75.4 MHz; C2HC13) 26.25 (P-CH2, (Glu)), 29.43 (y-CH2, (Glu)), 35.86 &

36.58 (2 x CH2, (P-Ala)), 37.00, 37.70 & 38.09 (p-CH2, (Asp), CH2, (Sarc), PhCH2,

(Phe)), 49.78 (a-C), 50.80 (N-CH3), 51.62 (a-C), 52.42 & 52.50 (2 x CH3), 54.46 (a-C),

67.03 & 67.31 (PhCH2, (Asp & Sarc)), 126.85, 128.16, 128.24, 128.48, 128.63, 128.75,

128.89, 129.23 & 129.30 (aromatic), 135.30, 136.27 & 136.68 (quat. aromatic), 156.14
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(CO, urethane) and 169.02-173.26 (CO, amides and esters); m/z (FAB) 804 ([M +

H]+, 5%), 136 (16, PhCH2C02H+) and 91 (100, PhCH2+).

(R)-(N)-9'-phenylfluoren-9'-yl-3-amino-4-hydroxybutyric acid (PhFl-Ahba) (111).

To a stirred solution of the hydroxy ester (103) (1.00 g, 2.68 mmol) in

methanol (30 cm3), was added 1 mol dm"3 aqueous NaOH (5 cm3). After 2 h, the
reaction was complete (as judged by TLC). The solvent was removed under
reduced pressure. The resulting Na+ salt of (111) was dissolved in water (25 cm3)
and washed with ethyl acetate (20 cm3). The aqueous phase was carefully

partitioned between 10% citric acid/ethyl acetate (1:1; 40 cm3) at 0 °C. The aqueous

phase was extracted with ethyl acetate (3 x 25 cm3), and the combined organic
extracts were washed with brine (25 cm3), dried (MgSC>4), and concentrated under

reduced pressure to yield the crude hydroxy acid which was recrystallised from

methanol/H20 to give pure hydroxy acid (111) as a white solid (0.82 g, 85%), m.p.
119-122 °C; (Found: C, 73.1; H, 6.1; N, 3.7. Calc. for C23H2iN03.H20: C, 73.2; H, 6.1;

N, 3.7%); m/z (Found: [M + H - H2Oj+ 342.1496. C23H2oN02 requires 342.1494);
[a]23 +151 (c 0.6 in MeOH); \)max (Nujol)/cm"i 3395 (NH), 3350-2800 br (OH) and

1706 (CO, acid); 6H (200 MHz; C2H302H) 1.98 (1H, dd, / 5.7, 16.3 Hz, 2-CH), 2.28

(1H, dd, / 6.5,16.3 Hz, 2-CH), 2.69 (1H, quin, J 5.9 Hz, 3-CH), 2.99 (1H, dd, J 5.4,11.3

Hz, 4-CH), 3.13 (1H, dd, J 4.8, 11.3 Hz, 4-CH), and 7.15-7.90 (13H, m, aromatic); 5C

(50.3 MHz; C2H302H) 38.25 (2-C), 54.79 (3-C), 63.50 (4-C), 74.24 (quat. aliphatic),

CH2OH
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121.92, 122.10, 127.21,127.31,127.36,129.49,129.68, 129.81, 129.93, 130.22, 131.11 &

131.31 (aromatic), 141.94,142.70,143.36,147.18 & 147.59 (quat. aromatic) and 177.93

(CO, acid); m/z (CI) 342 ([M + H - H20]+, 100%), 241 (93, PhFl+), and 102 (37, [M + H

- H20 - PhFl + H]+).

Benzyl-AMbutoxycarbonyl-a-methyMPhglutamyl-y- sarcosinate (112).

This compound was prepared in a manner identical to that described for the

glu-gly dipeptide (59), using benzyl sarcosinate p-toluene sulfonate (2.11 g, 6.00

mmol). The hydrochloride salts were filtered off and the filtrate concentrated

under reduced pressure to yield a colourless oil which crystallised on standing,

(2.38 g, 94%), m.p. 75-77 °C; m/z (Found: [M + H]+ 423.2132. C2iH3iN202 requires
423.2131); [a]2^ +13.4 (c 1.5 in MeOH); umax (NujoP/cm"1 3340 (NH), 1745 (CO,

urethane), 1713 br (CO, esters) and 1658 (CO, amide); 5h (200 MHz; C2HCl3) 1.42

(9H, s, (CH3)3), 1.90-2.32 (2H, m, (3-CH2), 2.38-2.59 (2H, m, ^CH2), 3.10 (N-CH3), 3.75

(3H, s, CH3), 4.05-4.19 (2H, m, CH2, (Sarc)), 4.23-4.36 (1H, br, a-H), 5.18 (2H, s,

PhCH2), 5.30 (1H, br, NH) and 7.37 (5H, s, aromatic); 8C (50.3 MHz; C2HC13) 28.13

(P-CH2), 28.79 (CH3)3), 29.47 (fCH2), 36.95 (CH2, (Sarc)), 50.08 (N-CH3), 52.88 (CH3),

53.64 (cx-C), 67.45 (PhCH2), 80.37 (C(CH3)3), 128.83, 128.94 & 129.21 (aromatic),

135.82 (quat. aromatic), 156.84 (CO, urethane), 169.68 (CO, amide) and 173.13 &

173.41 (CO, esters); m/z (CI) 409 ([M + H]+, 11%), 353 (15, [M + H - C4H9 + H]+) and

309 (100, [M + H - CSHqQZ + H]+).
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(jR)-(]V)-9,-Phenylfluoren-9,-yl-(K)-amino-hydroxy-butyryl-(l?)-a-methyl-

glutamyl-y-sarcosinate (113).

This compound was prepared in a manner identical to that described for

tripeptide (142), using hydroxy acid (PhFl-Ahba) (111) to give crude tripeptide

(113). This was purified by silica chromatography (94% DCM/MeOH) to give (113)
as a white solid (1.38 g, 77%); m.p. 80-83 °C; m/z (Found: [M + H]+ 664.3032.

C39H42N3O7 requires 664.3023); [a]^ +13.2 (c 1.3 in MeOH); omax (NujoD/crrr1
3350-3200 br (NH & OH), 1735 br (CO, ester) and 1648 br (CO, amides); 5H (200

MHz; C2HC13) 1.97-2.53 (6H, m, |3-CH2 (Glu), p-CH2 (Ahba) &y-CH2 (Glu)), 3.01 (N-

CH3), 3.06-3.35 (4H, m, a-CH2, a-CH & OH (Ahba)), 3.76 (3H, s, CH3), 4.14 (2H, dd, /

12.0, 17.3 Hz, CH2 (Sarc)), 4.48-4.58 (1H, m, a-H (Glu)), 5.14 (2H, s, PhCH2) and

7.18-7.72 (14H, m, NH (Glu) & aromatic); 5C (50.3 MHz; C2HC13) 27.29 (0-CH2,

(Glu)), 30.03 (y-CH2, (Glu)), 37.05 (p-CH2, (Ahba)), 40.34 (CH2, (Sarc)), 50.17 (N-

CH3), 51.92 (a-C, (Glu)), 52.86 (CH3), 52.98 (a-C, (Ahba)), 65.36 (CH2OH), 67.53

(PhCH2), 73.25 (quat. aliphatic), 120.46, 120.62,125.48, 125.96, 126.50,127.63, 128.45,

128.64, 128.80, 128.95, 129.13 & 129.26 (aromatic), 135.75, 140.80, 141.02, 145.32,

150.34 & 150.41 (quat. aromatic) and 169.58, 172.92, 172.96 & 173.38 (CO, amides

and esters); m/z (CI) 664 ([M + H]+, 12%), 424 (16, [M + H - PhFl]+), 342 (100, PhFl-

Ahba+), 323 (89, [M + H - PhFl-Ahba + H]+) and 241 (68, PhFl+).
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Benzyl-N-benzyloxycarbonyl-(R)-a-methyl-aspartyl-P-(S)-phenylalaninyl-(R)-

amino-hydroxybutyryl-(l?)-a-methyl-glutamyl-Y-sarcosinate (115).

Pentapeptide (115) was prepared in a manner identical to that described for

pentapeptide (110), using the HC1 salt of tripeptide (113) (0.35 g, 0.77 mmol) (after
PhFl deprotection). The hydrochloride salts were filtered off and the filtrate
concentrated under reduced pressure to yield the crude pentapeptide (115) as a

pale yellow oil. Attempts to purify pentapeptide (115) by crystallisation were

unsuccessful, however, (115) was attempted to be purified by silica

chromatography (94% DCM/MeOH) to give the pentapeptide as a colourless oil

which was refractory to crystallisation (0.47 g, 73%) which still contained some

impurity; 5H (300 MHz; C2HC13) 1.85-1.98 (2H, br, P-CH2 (Glu)), 2.00-2.35 (4H, br m,

y-CH2 (Glu) & (3-CH2 (Asp)), 2.47-2.79 (4H, br m, (3-CH2 (Ahba) & PhCH2 (Phe)),
2.95-3.13 (3H, br, cc-CH2 & OH (Ahba)), 3.03 (3H, s, N-CH3), 3.71 (3H, s, CH3), 3.74

(3H, s, CH3), 4.02-4.16 (3H, m, CH2 (Sar) & a-H), 4.38-4.68 (3H, br, 3 x a-H), 5.12

(2H, s, PhCH2), 5.14 (2H, s, PhCH2), 6.06-6.12 (1H, br, NH) and 7.04-7.37 (18H, m,

aromatic & 3 x NH); 5C (75.4 MHz; C2HC13) 26.15 (p-CH2, (Glu)), 28.99 (Y"CH2,

(Glu)), 36.46 (p-CH2, Ahba)), 37.05,37.70 & 38.15 (p-CH2, (Asp), CH2, (Sarc), PhCH2,

(Phe)), 49.66 (a-C), 50.80 (N-CH3), 51.55 (a-C), 52.28 & 52.67 (2 x CH3), 53.05 (a-C),

54.46 (a-C), 65.99, 66.96 & 67.29 (CH2OH, 2 x PhCH2, (Asp & Sarc)), 125.98-129.23

(aromatic), 135.38, 136.29 & 136.75 (quat. aromatic), 156.20 (CO, urethane) and
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168.95-173.27 (CO, amides and esters); m/z (FAB) 756 ([M - C02CH3 - H20]+, 2%),

733 (4, [M +Na-PhCH2 - OCH3 + H]+) and 91 (100, PhCH2+).

(2S,3S)-3-Methylaspartic Acid (121).

co2h|
H") c H 31

HOgC H I

Mesaconic acid (120) (13 g, 0.1 mol) was suspended in water (150 cm3) and the

pH adjusted to 9 with conc. ammonia solution. The resulting solution was

concentrated under reduced pressure to yield the diammonium salt which was

then redissolved in water (150 cm3). Magnesium chloride hexahydrate (2.13 g,

10.5 mmol), potassium chloride (10.7 g, 0.2 mol) and tris-buffer (6 g, 0.05 mol)

were added to this solution. The pH was readjusted to 9 with conc. ammonia
solution and 3-methylaspartase (400 cm3, 680 units/cm3) was added to the

reaction mixture and incubated at 30 °C until no further decrease in absorbance at

240 nm was observed (ca. 40 hr). The protein was denatured at 100 °C for 2 min

and removed by filtration through a pre-washed celite pad. The filtrate was

acidified to pH 1 with 12 mol dm"3 HC1 and extracted with diethyl ether (2 x 70

cm3). The aqueous layer was then adjusted to pH 4 with conc. ammonia solution

and addition of ethanol caused crystallization of the product. The product was

recrystallised from hot water to yield a white solid (10.1 g, 67%), m.p. 275-277 °C

(lit.,239 276-278 °C); (Found: C, 40.7; H, 6.2; N, 9.4. C5H9NO4 requires: C, 40.8; H, 6.2;
N, 9.5%); m/z (Found: [M + H]+ 148.0610. C5H10NO4 requires 148.0610); [a]23 +14.1

(c 0.6 in 5 mol dm-3 HC1) {lit.,239 +13.4 (c 0.6 in 5 mol dm"3 HC1)}; Dmax

(Nujol)/cm_1 3190 br (NH), 3000 br (OH) and 1697 br (CO, acids); 5h (200 MHz;

2H20) 1.11 (3H, d, / 7.5 Hz, CH3), 3.09 (1H, m, 3-H), 4.21 (1H, d, / 3.5 Hz, 2-H); 5C
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(200 MHz; 2H20) 14.83 (CH3), 42.15 (3-C), 56.91 (2-C), 173.24 and 178.82 (CO, acids);

m/z (EI) 128 ([M - H30]+, 12 %), and 102 (100, [M - C02H]+).

(2S,3S)-2-Bromo-3-methylsuccinic acid (122).

Br C02H|(-CH3|
ho2c H I

(2S,3S)-3-Methylaspartic acid (121) (10.29 g, 70 mmol) was added to a saturated

solution of potassium bromide (150 cm3), followed by the dropwise addition of

hydrogen bromide (35 cm3 of a 48% solution). The resulting solution was then
cooled to 0 °C and sodium nitrite (9.66 g, 140 mmol) was added over 30 min. The

reaction mixture was maintained below 5 °C for a further hour and then allowed

to warm to room temperature. The resulting solution was extracted with diethyl
ether (3 x 50 cm3) and the combined ether extracts were then dried (MgS04) and
concentrated under reduced pressure to yield a white solid (13.62 g, 92%), m.p.
142-144 °C (lit.246 145-147 °C) (for the (2S, 3R)-isomer); (Found: C, 28.7; H, 3.2. Calc.

for C5H704Br: C, 28.5; H, 3.3%); m/z (Found: [M + NH4]+ 227.9871. C5HnN04Br

requires 227.9872); [a]^ -40.42 (c 0.6 in H20); umax (Nujol)/cm_1 3000 br (OH), 1719
and 1710 (CO); 5H (200 MHz; 2H20) 1.34 (3H, d, / 7.2 Hz, CH3), 3.05-3.12 (1H, m, 3-

CH) and 4.61 (1H, d, J 8.5 Hz, 2-CH); 5C (200 MHz; 2H20) 15.38 (CH3), 43.64 (3-C),

49.10 (2-C) and 173.24 & 178.36 (CO, acids); m/z (CI) 228 & 226 ([M + NH4]+,

bromine isotopes, 31 & 33%), 210 (2, M+), 148 (100, [M + NH4 - Br]+), 165 (5, [M -

C02H]+) and 86 (20, [M - BrC02H]+).
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(2S,3S)-2-Azido-3-methylsuccinic acid (123b).

To a solution of bromide (122) (4.22 g, 20 mmol) in 50% aqueous acetone (75

cm3) was added sodium azide (1.3 g, 20 mmol), and the solution was refluxed for

6 h. The acetone layer was then removed under reduced pressure and the

resulting solution was extracted with diethyl ether (3 x 50 cm3). The combined
ether extracts were then dried (MgS04) and then concentrated under reduced

pressure to give the azido derivative (123b) as a pale yellow oil which was not

purified further (2.49 g, 72%); m/z (Found: [M + NH4]+ 191.0780. C5H11N4O4

requires 191.0780); "omax (neat)/cm_1 3000 br (OH), 2150 (N3) and 1730 br (CO); 5h

(200 MHz; 2h20) 1.11 (3H, d, / 7.2 Hz, CH3), 2.93-3.12 (1H, m, 3-CH) and 4.63 (1H, d,

/ 4.2 Hz, 2-CH); 5C (200 MHz; 2H20) 14.05 (CH3), 43.99 (3-C), 66.70 (2-C) and 175.74

& 179.88 (CO, acids); m/z (CI) 191 ([M + NH4]+, 6%), 173 (4, M+), 148 (12, [M + NH4

- N3]+) and 103 (100, [M + NH4 - N3 -CC^Hl+X

(2S)-Bromopropanoic acid (126).

This compound was prepared in a manner identical to that described for
bromide (122), using (2S)-alanine (2.0 g, 22.47 mmol) to give a pale yellow oil
which was purified by distillation under reduced pressure to give pure (2S)-

bromopropanoic acid as a colourless oil (3.20 g, 93%), b.p. 70-73 °C/0.1 mm Hg
(lit.,248 80-81 °C/2 mm Hg); [«PD3 -27.8 (c 2.0 in CH2C12) {lit.,249 +29.1 (neat); omax
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(neat)/cm-1 3000 br (OH) and 1715 (CO); 8H (200 MHz; C2HC13) 1.88 (3H, d, / 6.8

Hz, CH3), 4.41 (1H, q, / 6.8 Hz, 2-CH) and 9.69 (1H, br s, C02H); 5C (50.3 MHz;

C2HC13) 21.23 (CH3), 39.30 (2-C) and 175.95 (CO, acid); m/z (EI) 153 (M+, 20%), 108

(56, [M - C02H]+), 73 (44, [M - Br]+) and 28 (100, [M - BrC02H]+).

AM'Butoxycarbonyl-P-alanine (141).

Propan-2-ol (28 cm3) was added to solution of P-alanine (2.50 g, 28 mmol) in 1
mol dm-3 aqueous NaOH (28 cm3) with stirring. Di-^butyl dicarbonate (7.95 g, 36.4
mmol) was dissolved in propan-2-ol (15 cm3) and added to the reaction mixture.
The resulting precipitate was redissolved by the periodic addition of 1 mol dm-3
aqueous NaOH, and the solution was stirred at room temperature for 3 h. The
alcoholic layer was removed under reduced pressure and the aqueous phase was

washed with light petroleum (3 x 25 cm3). The aqueous phase was then carefully
acidified to pH 2 using 6 mol dm*3 HC1 at 0 °C and was then extracted with

diethyl ether (3 x 50 cm3). The combined ether extracts were washed with brine
(25 cm3), dried (MgS04) and concentrated under reduced pressure to give a

colourless oil which was crystallised from diethyl ether/light petroleum to give
Boc-(3-alanine as a white solid (4.39 g, 83%), m.p. 75-77 °C (lit.,258 73-74 °C); i)max

(Nujol)/cm"1 3380 (NH), 2995 br (OH), 1727 (CO, urethane) and 1700 (CO); 5H (200

MHz; C2HC13) 1.45 (9H, s, (CH3)3), 2.49-2.68 (2H, br, p-CH2), 3.31-3.47 (2H, br, a-

CH2), 5.11 (1H, br, NH) and 10.65 (1H, br s, OH); 5C (50.3 MHz; C2HC13) 28.81

(CH3)3), 34.97 (CH2), 36.35 (CH2), 80.15 (C(CH3)3), 156.51 (CO, urethane) and 178.01

(CO, acid); m/z (CI) 207 ([M + NH4]+, 47%), 190 (55, [M + H]+) and 90 (100, [M + H -

C4H9O + H]+).

H
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Benzyl-AM-butoxycarbonyl-P-alaninyl-CRl-a-methyl-glutamyl-y-sarcosinate (142).

Tripeptide (142) was prepared in a manner identical to that described for

tripeptide (61) using benzyl sarcosinate p-toluene sulfonate instead of benzyl

glycinate p-toluene sulfonate (58). The hydrochloride salts were filtered off and
the filtrate concentrated under reduced pressure to yield an oil which was

triturated with diethyl ether to yield a white solid (2.47 g, 87%), m.p. 78-79 °C;

(Found: C, 58.1; H, 6.9; N, 8.4. Calc. for C24H35N308: C, 58.4; H, 7.15; N, 8.5%); m/z

(Found: [M+] 493.2428. C24H35N3O8 requires 493.2424); [ccF^ +26.0 (c 0.25 in MeOH);

Umax (NujoD/cm"1 3324 (NH), 1732 (CO, urethane), 1694 & 1685 (CO, esters) and

1651 & 1647 (CO, amides); 5H (300 MHz; C2HC13) 1.42 (9H, s, (CH3)3), 2.04-2.25 (2H,

m, (3-CH2 (Glu)), 2.40 (2H, m, ^CH2 (Glu)), 2.49 (2H, m, CH2 ((3-Ala)), 3.06 (N-CH3),

3.39 (2H, q, / 5.8 Hz, CH2 (p-Ala)), 3.74 (3H, s, CH3), 4.17 (2H, dd, / 12.1, 17.6 Hz,

CH2 (Sarc)), 4.48 (1H, q, J 5.1 Hz, a-H), 5.16 (2H, s, PhCH2), 5.29 (1H, br, NH (f3-

Ala)), 6.83 (1H, d, / 7.0 Hz, NH (Glu)) and 7.36 (5H, s, aromatic); 5c (75.4 MHz;

C2HC13) 26.66 ((3-CH2, (Glu)), 28.63 (CH3)3), 29.73 (y-CH2, (Glu)), 35.55 & 36.20 (2 x

CH2, (|3-Ala)), 36.90 (CH2, (Sarc)), 50.11 (N-CH3), 51.93 (a-C), 52.79 (CH3), 67.36

(PhCH2), 79.50 (C(CH3)3), 128.72, 128.91 & 129.08 (aromatic), 135.75 (quat.
aromatic), 156.43 (CO, urethane), 169.50 & 172.75 (CO, amides) and 172.81 & 173.57

(CO, esters); m/z (EI) 494 ([M + H]+, 3%), 493 (7, M+), 437 (17, [M + H - C4H9]+), 393

(30, [M + H - C4H9Q2 ]+), 323 (44, [M + H - Boc-(3-Ala + H]+), 144 (85, C7H14N02+]), 91

(100, PhCH2+]) and 57 (58, C4H9+).
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(3-Methyl-(2S,3S)-3-methylaspartate hydrochloride (143).

cr h3n+ co2ch31
H3."H-ch3

This compound was prepared in an identical manner to that described for

hydrochloride (97), using (2S,3S)-3-methylaspartatic acid (121) (5.00 g, 34 mmol)

yielding a sticky white solid which was not purified further (5.71 g, 85%

recovery); m/z (Found: [M + H - HC1]+ 162.0766. C6H12NO4 requires 162.0766); 8h

(200 MHz; 2h20) 1.16 (3H, d, / 7.5 Hz, 3-CH3), 3.13 (1H, m, 3-CH), 3.66 (3H, s,

CO2CH3) and 3.99 (1H, d, / 3.8 Hz, 2-CH); 5c (50.3 MHz; 2H20) 12.84 (3-CH3), 40.49

(3-C), 54.23 (C02CH3), 56.11 (2-C), 172.53 (CO, ester) and 178.07 (CO, acid); m/z (CI)

162 ([M + H - HC1]+, 74%), 130 (9, [M - CI - OCH3 + H]+), 116 (100, [M - CI - C02H +

H]+) and 102 (12, [M - CI - C02H - CH3]+).

(3-Methyl-(2S,3S)-3-methylaspartate (144).

h2n co2ch3
H-J- COX0•iX-"

ho2c H

This was prepared in an identical manner to that described for methyl ester

(98), using P-methyl-(2S,3S)-3-methylaspartate hydrochloride (143) (4.86 g, 24.6

mmol) yielding a white solid (3.45 g, 87%), m.p. 198-200 °C; (Found: C, 45.0 H, 7.1;

N, 8.7. Calc. for C6HnN04: C, 44.7; H, 6.9; N, 8.7%); m/z (Found: [M + H]+

162.0766. C6Hi2N04 requires 162.0766); [a]^ +0.6 (c 0.5 in H20); umax (NujoD/cm-1
1735 (CO, acid) and 1732 (CO, ester); 5H (200 MHz; 2H20) 1.16 (3H, d, / 7.5 Hz,

3-CH3), 3.13 (1H, m, 3-CH), 3.66 (3H, s, C02CH3) and 3.99 (1H, d, / 3.8 Hz, 2-CH); 5C
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(50.3 MHz; 2H20) 12.31 (3-CH3), 40.70 (3-C), 53.82 (C02CHs), 56.66 (2-C), 173.30 (CO,

ester) and 176.38 (CO, acid); m/z (EI) 162 ([M + H]+, 11%) and 116 (83, [M - C02H]+).

P-Methyl-US^SMNM'-phenylfluoren^'-yl aspartate (145).

This compound was prepared in an identical manner to that described for the

(3-methylaspartate derivative (99), using P-methyl-(2S,3S)-3-methylaspartate (144)

(0.55 g, 3.42 mmol), to give a pale yellow foamy solid which was recrystallised
from DCM/hexane to yield a white solid (1.10 g, 80%), m.p. 174-176 °C; (Found: C,

74.7; H, 5.6; N, 3.4. Calc. for C25H23N04: C, 74.8; H, 5.8; N, 3.5%); m/z (Found: [M +

H]+402.1705. C25H24N04 requires 402.1705); [ap^ -237 (c 1.0 in MeOH); umax

(Nujol)/cm-1 3291 (NH), 1739 (CO, acid) and 1716 (CO, ester); 5H (200 MHz;

C2HC13) 1.10 (3H, d, / 7.2 Hz, 3-CH3), 2.54 (1H, m, 3-CH), 2.83 (1H, d, J 3.7 Hz, 2-CH),

3.52 (3H, s, CH3) and 7.16-7.72 (13H, m, aromatic); 5C (50.3 MHz; C2HC13) 13.06 (3-

CH3), 44.00 (3-CH), 52.60 (C02CH3), 57.97 (2-C), 73.07 (quat. aliphatic), 120.58,

120.64, 125.89, 126.47, 126.74, 128.05, 128.23, 128.47, 129.00, 129.16 & 129.36

(aromatic), 140.74, 141.37, 144.30, 147.70 & 148.74 (quat. aromatic), 174.19 (CO,

ester) and 177.86 (CO, acid); m/z (CI) 402 ([M + H]+, 2%), 241(100, PhFl+) and 162

(43, [M + H - PhFl + H]+).
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1,1,1-Triacetoxy-l,l-dihydro-l,2-benziodoxol-3(lH)-one (The Dess-Martin

periodinane)228 (146).

To a vigorously stirred mixture of 2-iodobenzoic acid (14.2 g, 57 mmol) and
0.73 mol dm"3 sulfuric acid (122 cm3) which was heated and maintained at 55 °C

in a water bath , was added potassium bromate (12.67 g, 75 mmol) over a period
of 30 min. The mixture was stirred for 4 h at 70 °C and then cooled with an ice

bath. The solid was filtered, washed with water (170 cm3) and ethanol (2 x 10 cm3)

to yield an orange/brown solid (l-hydroxy-l,2-benziodoxol-3(lH)-one 1-oxide)

(14.36 g, 90%), m. p. 231-233 °C (lit.,228 232-233 °C). CAUTION! The Dess-Martin

precursor oxide has been reported to be explosive under conditions of excessive
heat or impact.259

The acetylation of the Dess-Martin precursor oxide was carried out using the
modified procedure of Ireland.260 p-Toluene sulfonic acid (5 mg) was added to a

solution of the oxide (1.00 g, 3,57 mmol) in acetic anhydride (5 cm3). The solution
was heated and maintained at 80 °C in an oil bath for 2 h. The mixture was

cooled in an ice bath and quickly filtered and washed with dry diethyl ether (5x1

cm3) to yield the product as a white solid which was thoroughly dried under

reduced pressure (1.42 g, 94%), m. p. 132-134 °C (lit.,228 134 °C).

OAc

O
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bimG

PP-1

PP-2A MDEKVFTKELDQWIEQLNECK OLSESOVKSLCRRLKKSWTKESMVOEVRCPVTVRGDVHGOFHD

bimG LLRLF EYGGFPPEANYLFLGDYVDRGKOSLETICLLLAYKIKYPENFFVLRGNHECASINRTYGFYDEC

PP-1 LLRLF EYGGFPPESNYLFLGDYVDRGKOSLETICLLLAYKIKYPENFFLLRGNHECASINRIYGFYDEC

PP-2A LMELFRIYGKSP DTNYLFMGDYVDRGYYSVETVTLLVALKVRYRERITILRGNHESROITOVYGFYDEC

bimG KRRY NIKLWKTFTDSFNCLPIAAIIDEKIFTMHGGLSPDLNSMEOIRRVMRPTDIPDOGLLCDLLWSDPD

PP - 2A LRKYGNANVWKYFTDLFDYLPLTALVDGOIFCLHGGLSPSIDTLEHIRALDRLOEVPHEGPMCDLLWSDPD

PP-1 KDVOGWGENDRGVSFTFGAEWAKFLHKHDLDLICRAHOWEDGYEF FAKROLVTLFSAPNYCGEFDNAG

PP-2A DRGGWGISPRGAGYTFGODISETFNHANGLTLVSRAHOLVMEGYNWC HDRNWTIFSAPNYCYRCGNOA

bimG AMMSVPSSLLC?F9IbK £AEK KQK£VY gAMSSQRPITPPR KQEK*

PP-1 AMMSVDETLMCSFOILK PADKNKGKYGKLSGLNPGGRPITPPRNSAKAKK *

P P - 2A AIMELDDTLKYSELQFDPAPAEASHMLLWPQTTSCNEILNLYSIAMNHILT*

The predicted bimG gene (Aspergillus nidulans) product has homology to

mammalian protein phosphatases.18 Alignment has been performed visually between
bimG and the predicted amino acid sequences of mammalian phosphatase type 1 and

type 2A. Underlined areas represent identical amino acid residues.
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bws 1 MSMPPVDLDSIIDRLLEVRGSRPGROVOLSEDEIRFLCNKAREIFISOPILLELEAPLKICGPIH

PP-1tt MSnSEKI,NLDSIIGRLLEVOGSRPGKNVOLTENEIRGLCLKSREIFLSOPILLELEAPLKICGDTH

PP-2A MDEKVFTKELDOWIEOLNECKOLSESOVKSLCEKAKEILTKESNVOEVRCPVTVCGDVH

bws 1 GOYYDLLRLFEYGGFPPEANYLFLGDYVDRGKOLSEVICLLLAYKIKYPENFFILRGNEECASINR

PP-la GOYYDLLRLFEYGGEPPESNYIjFLGDYVDRGKOSLETICLLLAYKIKYPENFFLLRGNHECASINR

PP - 2A GQFHDLMELERIGGKSPDTNYLFMGDYVDRGYYSVETVTLLVALKVRYRERITILRGNHESROITO

bws 1 IYGFYDECKRRY-NIKLWKTFTDCFNCLPIAAIIDEKIFTMHGGLSPDLNSMDOIORIMRFTDVPD

PP - 2A VYGFYDECLRKYGNANVWKYFTDLFDYLPLTALVDGOIFCLHGGLSPS IDTLDHIEALDRLQEY£H

bws 1 TGT ■T.CDTiT.WSDPDKDLTGWGDNDRGVSFTFGPDWSRFLHKHDMDLVCRAHOWEDGYEFFSKROL

PP-la OGLLCDLLWSDPDKDVOGWGENPRGVSFTFGAEWAKFLHKHDLDLICRAHOWEDGYEFFAKROL

PP - 2A EGPMCDLLWSDPD-DRGGWGISPRGAGYTFGODISETFNHANGLTLVSRAHOLVMEGYNWCHDRNV

bws 1 VTLFSAPNYCGEFDNAGAMMSVDESLLCSFOILKPAEKKORYGYOGSSKNWHMTPPR KNKTGNSK

PP-la VTLFSAPNYCGEFDNAGAMMSVDETLMCSFOILKPADKNKGKYGOLSGLNPGGRPI TPPRNSAKAKK

PP-2A VTIFSAPNYCYRCGNOAAIMELDDTLKYSFLOFDPAPRRGEPHVTRRTPDYFL

Amino acid sequence homology of the bws 1 (yeast) protein and protein phosphatases

type 1 and 2A.18 Comparison of the deduced amino acid sequences of fission yeast bws
1 and rabbit protein phosphatases type la and type 2A. Underlined areas represent

identical amino acid residues.



(R)-Glu
(6)

N-Mdha
(7)

HN

NH2

Microcystin
Type

1

2

(X)

3

4

(Y)

5

6

7

Ref.

Microcystin-LR
(1)

cyclo
R-Ala
S-Leu

Masp
S-Arg

Adda

R-Glu

N-Mdha
107

Microcystin-RR
(2)

cyclo
R-Ala
S-Arg

Masp

S-Arg

Adda

R-Glu

N-Mdha
129

Microcystin-YR
(3)

cyclo
R-Ala
S-Tyr

Masp

S-Arg

Adda

R-Glu

N-Mdha
107

Microcystin-FR
(4)

cyclo
R-Ala
S-Phe

Masp
S-Arg

Adda

R-Glu

N-Mdha
105

Microcystin-AR
(5)

cyclo
R-Ala
S-Ala

Masp
S-Arg

Adda

R-Glu

N-Mdha
105

Microcystin-WR
(6)

cyclo
R-Ala
S-Trp

Masp
S-Arg

Adda

R-Glu

N-Mdha
105

Microcystin-LA
(7)

cyclo
R-Ala
S-Leu

Masp
S-Ala

Adda

R-Glu

N-Mdha
106

Microcystin-YA
(8)

cyclo
R-Ala
S-Tyr

Masp
S-Ala

Adda

R-Glu

N-Mdha
107

Microcystin-YM
(9)

cyclo
R-Ala
S-Tyr

Masp

S-Met
Adda

R-Glu

N-Mdha
107

Microcystin-LY
(10)

cyclo
R-Ala
S-Leu

Masp
S-Tyr

Adda

R-Glu

N-Mdha
262

Microcystin-LL
(11)

cyclo
R-Ala
S-Leu

Masp
S-Leu

Adda

R-Glu

N-Mdha
265

Microcystin-LV
(12)

cyclo
R-Ala
S-Leu

Masp
S-Val

Adda

R-Glu

N-Mdha
265

Microcystin-LM
(13)

cyclo
R-Ala
S-Leu

Masp

S-Met
Adda

R-Glu

N-Mdha
265

Microcystin-LF
(14)

cyclo
R-Ala
S-Leu

Masp
S-Phe

Adda

R-Glu

N-Mdha
265

Microcystin-M(0)R
(15)

cyclo
R-Ala

S-Met(O)
Masp

S-Arg

Adda

R-Glu

N-Mdha
105

Microcystin-YM(O)
(16)

cyclo
R-Ala
S-Tyr

Masp
S-Arg

Adda

R-Glu

N-Mdha
107

Microcystin-LAba
(17)

cyclo
R-Ala
S-Leu

Masp
Aba

Adda

R-Glu

N-Mdha
263

Microcystin-HtyR
(18)

cyclo
R-Ala
S-Hty

Masp
S-Arg

Adda

R-Glu

N-Mdha
117

[R-Asp]

Microcystin-HtyR
(19)

cyclo
R-Ala
S-Hty

R-Asp
S-Arg

Adda

R-Glu

N-Mdha
117

[R-Asp]

Microcystin-LR
(20)

cyclo
R-Ala
S-Leu

R-Asp
S-Arg

Adda

R-Glu

N-Mdha
120

[R-Asp]

Microcystin-RR
(21)

cyclo
R-Ala
S-Arg

Masp
S-Arg

Adda

R-Glu

N-Mdha
119

[R-Asp]

Microcystin-YR
(22)

cyclo
R-Ala
S-Tyr

R-Asp
S-Arg

Adda

R-Glu

N-Mdha
108

[Dha]

Microcystin-LR
(23)

cyclo
R-Ala
S-Leu

Masp
S-Arg

Adda

R-Glu
Dha

261

[Dha]

Microcystin-RR
(24)

cyclo
R-Ala
S-Arg

Masp
S-Arg

Adda

R-Glu
Dha

264

[Dha]

Microcystin-HtyR
(25)

cyclo
R-Ala
S-Hty

Masp
S-Arg

Adda

R-Glu

Dha

115

[Dha]

Microcystin-HphR
(26)

cyclo
R-Ala
S-Hph
Masp
S-Arg

Adda

R-Glu
Dha

115

[Dha]

Microcystin-YR
(27)

cyclo
R-Ala
S-Tyr

Masp
S-Arg

Adda

R-Glu

N-Mdha
110

[DMAdda]
Microcystin-LR
(28)

cyclo
R-Ala
S-Leu

Masp
S-Arg

DMAdda
R-Glu

N-Mdha
105

[ADMAdda]
Microcystin-LR
(29)

cyclo
R-Ala
S-Leu

Masp
S-Arg

ADMAdda
R-Glu

N-Mdha
122,
123

[ADMAdda]
Microcystin-LHar
(30)

cyclo
R-Ala
S-Leu

Masp
S-Har

ADMAdda
R-Glu

N-Mdha
122,123

[R-Asp,
Dha]

Microcystin-RR
(31)

cyclo
R-Ala

.

S-Arg

R-Asp
S-Arg

Adda

R-Glu
Dha

120

[R-Asp,
Dha]

Microcystin-HtyR
(32)

cyclo
R-Ala
S-Hty

R-Asp
S-Arg

Adda

R-Glu
Dha

115

[R-Asp,
Dha]

Microcystin-LR
(33)

cyclo
R-Ala
S-Leu

R-Asp
S-Arg

Adda

R-Glu
Dha

261

[R-Asp,
Mser]

Microcystin-RR
(34)

cyclo
R-Ala
S-Arg

R-Asp
S-Arg

Adda

R-Glu

N-Mser
118

[R-Asp,

S-Ser]Microcystin-XR
(35)

cyclo
R-Ala

CyHisNO
R-Asp
S-Arg

Adda

R-Glu

S-Ser
114

[Mser]

Microcystin-LR
(36)

cyclo
R-Ala
S-Leu

Masp
S-Arg

Adda

R-Glu

N-Mser
105

[S-Ser]

Microcystin-HtyR
(37)

cyclo
R-Ala
S-Hty

Masp
S-Arg

Adda

R-Glu

S-Ser
115

[S-Ser]

Microcystin-LR
(38)

cyclo
R-Ala
S-Leu

Masp
S-Arg

Adda

R-Glu

S-Ser
114

[S-Ser]

Microcystin-RR
(39)

cyclo
R-Ala
S-Arg

Masp
S-Arg

Adda

R-Glu

S-Ser
114

[R-Asp,
ADMAdda]
Microcystin-LR
(40)

cyclo
R-Ala
S-Leu

R-Asp
S-Arg

ADMAdda
R-Glu

N-Mdha
122,123

[R-Ser,

ADMAdda]
Microcystin-LR
(41)

cyclo
R-Ser

S-Leu

R-Asp
S-Arg

ADMAdda
R-Glu

N-Mdha
124

[ADMAdda,
Mser]

Microcystin-LR
(42)

cyclo
R-Ala
S-Leu

Masp
S-Arg

ADMAdda
R-Glu

N-Mser
124

[R-Asp,
ADMAdda]
Microcystin-LHar
(43)

cyclo
R-Ala
S-Leu

R-Asp
S-Har

ADMAdda
R-Glu

N-Mdha
117,123

[R-G1u(OC3H7)]
Microcystin-LR
(44)

cyclo
R-Ala
S-Leu

Masp
S-Arg

Adda

(OC3H;)
ester

N-Mdha
105

[R-G1u(OCH3)]
Microcystin-LR
(45)

cyclo
R-Ala
S-Leu

Masp
S-Arg

Adda

(OCH3)
ester

N-Mdha
132

[R-Asp,

R-G1u(OCH3)]
Microcystin-LR
(46)

cyclo
R-Ala
S-Leu

R-Asp
S-Arg

Adda

(OCHj)
ester

N-Mdha
132

[(6Z)-Adda]
Microcystin-LR
(47)

cyclo
R-Ala
S-Leu

Masp
S-Arg

(6Z)-Adda
R-Glu

N-Mdha
143

[(6Z)-Adda]
Microcystin-RR
(48)

cyclo
R-Ala
S-Arg

Masp
S-Arg

(6Z)-Adda
R-Glu

N-Mdha
143

Nodularin
(49)

cyclo

Masp
S-Arg

Adda

R-Glu

N-Mdhb
266

Motuporin
(50)

cyclo

Masp

S-Arg

Adda

R-Glu

N-Mdhb
266

[DMAdda]
Nodularin
(51)

cyclo

Masp
S-Arg

DMAdda
R-Glu

N-Mdhb
266

[R-Asp]
Nodularin
(52)

cyclo

R-Asp
S-Arg

DMAdda
R-Glu

N-Mdhb
266

[(6Z)-Adda]
Nodularin
(53)

cyclo

Masp
S-Arg

(6Z)-Adda
R-Glu

N-Mdhb
266

Masp
=

(2R,3S)-3-methylaspartic
acid;

N-Mdha
=

N-methyldehydroalanine;

N-Mdhb
=

N-methyldehydrobutyric
acid;
Dha
=

dehydroalanine;
Hty

=

S-homotyrosine;

Har
=

S-homoarginine;
Hph

=

S-homophenylalanine;
Aba

=

aminobutyric
acid;

ADMAdda
=

O-acetyl-O-demethylAdda;
DMAdda

=

O-demethylAdda;

N-Mser
=

N-methylserine;
X

=

leucine

homologue.
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Synthesis of dihydromicrocystin-LR.
To a solution of microcystin-LR (0.5 mg, 5 x 10"4 mmol) in C2H302H

(500 mm3) was added sodium borohydride (6 mg, 0.16 mmol). After 48 h, a 1 mol

dm-3 solution of KH2PO4 in 2H20 (2 cm3) was added to the reaction mixture. The

pH was adjusted to 6.8 and the solution was lyophilised and the resulting solid
was redissolved in 2H20 (500 mm3). A sample (100 mm3) was sent to Dr. Carol

MacKintosh in Dundee. Dr. MacKintosh purified the solution of

dihydromicrocystin-LR using HPLC and separated the diastereomers of

dihydromicrocystin-LR (differing in chirality at JV-methylalanine) in a ratio of

4.53:1. Both diastereomers were tested for inhibition against PP2A and were

found to be as potent as microcystin-LR i.e IC50 -0.1 nM.201
The remaining sample (400 mm3) of dihydromicrocystin-LR was sent to Dr.

Sadler in Edinburgh for investigation by high field NMR. An authentic sample
of microcystin-LR was sent along for comparison. The NMR spectra are shown
on p. 55 and p. 56.
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Synthesis of 3H-dihydromicrocystin-LR.
To a solution of microcystin-LR (0.5 mg, 5 x 10"4 mmol) in C2H302H

(500 mm3) was added 3H20 (10 mm3, 2.77 x 1010 dpm). This solution was then

added to an excess of sodium borohydride (6 mg, 0.16 mmol) and then 200 mm3
of KH2PO4 buffer (containing 20 mm3 3H20, 5.54 x 1010 dpm) was added to the

reaction mixture. After 72 h, the sample was concentrated under reduced

pressure (23.5 x 103 dpm). The resulting solid was redissloved in the minimum

amount of H2O (100 mm3) and was then lyophilised.
The sample was then sent to Dr. Carol MacKintosh and was purified by HPLC.

The resulting diastereomers were tested for inhibition against PP2A, and were

found to be active inhibitors (IC50 = 0.1 nM & 0.19 nM).201 These values compare

well with the IC50 obtained for microcystin-LR of 0.1 nM.
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