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ABSTRACT.

Several unusual guanidinated and non-guanidinated alkoxyphosphophoryl-

ethanolamine derivatives have been found in various groups of lower

animals. The guanidinated forms are thought to act as intracellular

regulators of high energy phosphate compounds in a similar way to creatine

and arginine. Lombricine (2-amino-2-carboxyethyl 2-guanidinoethyl hydrogen

phosphate) and its biochemical precursor D-serine ethanolamine

phosphodiester contain the unusual D-serine as the alkoxy moiety.
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This thesis describes:-

The development of a novel, general method of synthesising alkoxy and
aryloxyphosphorylethanolamine compounds and their guanidinated
derivatives using 1,3,2-oxazaphospholidin-2-ones as ‘phosphoryl-
ethanolamine synthons,' and their structural confirmation by one

and two-dimensional nuclear magnetic resonance spectroscopy.

The development of high-performance liquid chromatographic (HPLC)
analyses on reversed—-phase columns based on the o

phthaldialdehyde (OPA)-thiol reaction and pre-column derivatisation
methodology:-

To show the presence and concentration of lombricine and ¥-
phosphoryl lombricine in crude worm tissue extracts.

Using diastereoisomer formation by the OPA-chiral thiol derivatisationm,
to establish the enantiomeric configuration of the serine moiety in
lombricine samples from several different animals, thereby proving that

the natural lombricine from earthworms contains the D-seryl enantiomer.

The extension of the latter technique to the resolution of the
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enantiomers of the neuroexcitatory, non-protein 2-amino-w-
phosphonoélkanoic acid homologues and f-methyl-aminoalanine by
reversed-phase HPLC.

The design and synthesis of a homologous series of new,
enantiomerically pure N-acyl L-cysteines for use in the formation of
diastereoisomers in the OPA-chiral thiol pre-column derivatisation of
various amino compounds.

The study of the chromatographic behaviour and resolution of the
diastereoisomers formed from the enantiomers of glutamic acid,
lombricine and the 2-amino~w-phosphonoalkanoic acids, by HPLC, using
pre-column derivatisation with the new N-acyl L-cysteines and OPA. The
advantages of these OPA-amino-thiol adducts over those currently used,
including reduced retention times, enhanced resolution and improved
fluorescent properties, mean that they could prove valuable in
recognising the minor enantiomeric impurities in drugs and food

additives based on optically active primary amines.
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ATP Adenosine triphosphate.

ADP Adenosine diphosphate.
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a Separation factor.

Re Resolution.
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IR Infra red.
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1. INTRODUCTION

1.1 Rhosphagens of vertebrates and invertebrates.

Creatine was first isolated and identified in the last century' and
since then biochemists have been extremely interested in the metabolic
role of guanidine derivatives, and particularly of arginine in ureogenesis
and N-phosphorylarginine and N-phosphorylcreatine in muscular
contraction. The biochemical role of creatine (1) as a high energy
phosphate storage molecule, in its N-phosphorylated (2) form, was
elucidated during the 1930's and the phosphate group transfer was shown

to be by a pH dependent, enzymic, reversible reaction® (see scheme 1.

+,]\|IH2
H,N -C"ll\l -CH,~-C00™ + ATP
CH; |
(1) creatine kinase
PH6‘3-7'1/"' pH®'5-9.9
o _
“O0;P~NH-C-N-CH,~CO0™  +  ADP
CH, '
(2)

Scheme 1
The high potential energy which gives phosphagens their lability

enables them to play an important role in transforming chemical energy

into mechanical energy. In muscle tissues, in particular, these molecules
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constitute a pool of labile phosphate which can recycle 'in situ', by the
reaction shown in scheme 1, the adenosine triphosphate (ATP) used during
mechanical work and the reversibility of the reaction permits the pool of
phosphagen to be reconstituted from ATP during the nuscles' resting
periocds. There is a relatively small amount of free ATP in the muscle®
and this would be used up rapidly if it was not continuously regenerated,
but the synthesis of ATP from ADP, using energy sources like glycolysis
or cellular oxidations, is too slow to fulfill the immediate ATP
requirement for any prolonged period of muscular work so the presence of
a large, rapidly available phosphate source is essential to any nobile
animal.

It has been proposed that phosphagens also may be4implicated in the
regulation of glycolysis® because N-phosphorylarginine (3) and N-
phosphorylcreatine (2) have been shown to be inhibitors of some of the
key enzymes involved in the glycolytic pathway. The proposal was that a
reduction in the reserves of phosphagen, through muscular wark, would
cause a disinhibition of these enzymes and an increase in glycolysis, so

replenishing ATP levels and hence phosphagen levels.

. NH
= 03P ANH-C -NHI~(CH,J;-CH-COO"
e : +&H3
guanidino
moiety

(3)
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These twov__ actions of phosphagens should be considered to be
complementary as they ensure, both directly and indirectly, the production
of ATP necessary for muscular work.

For many years N-phosphorylcreatine was thought to be the
charactaristic phosphagen of vertebrates and N-phosphorylarginine that of
invertebrates, but this was proved incorrect as N-phosphorylcreatine has
been shown to be present in sponges® and annelids®. Although arginine
appears to be the main biological source of the amidine moiety (4)

~C-NH,

NH
(&)

in naturally occurring guanidines” (see structure 3) it does not appear
in its N-phosphorylated form in vertebrate tissues, but it is essential in
the synthesis of N-phosphorylcreatine from glycine via guanidinoacetate®.
N-Phosphorylarginine, which was originally thought to be the only
invertebrate phosphagen, has been shown since the early i950's to be only
one of many phosphagens in the tissues of invertebrates. Thoai & Robin®
(1954) isolated lombricine (5) (2-amino-2-carboxyethyl 2-guanidinoethyl
hydrogen phosphate) from earthworms and their proposal that the
physiological role of N-phosphoryl lombricine (6) was similar to that of
N-phosphorylcreatine and N-phosphorylarginine in vertebrates and
invertebrates respectively, in that they act as intracellular regulators
of ATP levels, was later proved by ‘in vivog' 'P nmr saturation transfer
experiments'®. They proposed that the structure of lombricine was as
shown overleaf (5) and that the compound found in turtle tissues'', 2-
-:amino-2-carboxyetbyl 2-amincethyl hydrogen phosphate (serine
ethanolamine phosphate, SEP) (7) might be its biological precursor

because of their similarity in structure.
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+NH, 0
: I I

0 .-+NH3
(5)

NH Q
03P ~NH~C~NH~(CH,};=0~P=0~CH, ~CH-C00'
0 +NH,

(6)

0
I
HyN =(CH,),~0~P~0~CH,~CH~C00"

o +NH;
(7)
1.1.1 Establishment of the biochemical origin of the earthworm
nosol - lombrici

This view was later supported by Rosenberg & Ennor'# who isolated
and characterised both lombricine and SEP from the same earthworm
tissues. They guanidinated SEP to form lombricine but this was not proof
that SEP is the biological precursor of lombricine as it is possible that
the amidine group is introduced at an earlier stage, however the fact
that SEP is present, biologically, in very small quantities suggested that
it is an intermediate in a metabolic pathway and not an end product. The
stereoisomeric configuration of the serine moiety in lombricine frqm

earthwornms had appeared to be the D-isomer, which aroused interest as D-
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amino acids were considered to be laboratory artefacts and not present in
living organisms, The serine in SEP from earthworms was reported to be
the D-enantiomer and this indicated strongly that SEP is the biological
precursor of lombricine,

Feeding experiments were undertaken on earthworms using radio-
labelled forms of all the assumed precursor molecules in the biosynthetic
pathway, in an attempt to follow the synthesis'®. This work showed
conclusively that D-SEP in earthworms is the biological precursor of
lombricine and that the amidino group is probably derived from arginine.

This result suggested that there should be a re-investigation of the
first SEP to be found, that in turtle muscle, where the serine was thought
to exist in the L-enantiomeric form and no lombricine wés found. Beatty
et al'4.'% tried to confirm that the serine moiety in reptilian SEP is in
the L-form and that in lombricine is in the D-form. The anal&sis used
optical rotations of the purified natural compounds compared with those
of the synthetic compound and they considered the results to be
conclusive despite about 25% variation in the optical rotations of the
various samples of L-SEP. This was claimed to be the first totally
proved occumence of a D-amino acid in animal tissues.

The two naturally occuﬁﬁng stereoisomers of SEP do not appear to
~have a common function because reptilian muscle contains more than
500mg/Kg of L-SEP and worm muscle only about 30mg/Kg of D-SEP which is
the precursor of lombricine - a compound not present in reptilian
tissues. L-SEP has also been found to have a wide distribution in fish,
amphibians and birds''-*$~'® and it has been proposed that it may
participate in the donation of serine, ethanolamine, ethanolamine-0-

phosphate or serine-O-phosphate in synthetic reactions forming cephalins
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or phosphoproteins''. N-Phosphoryl lombricine has been identified'® and
shown, on mild hydrolysis, to breakdown into lombricine and inorganic
phosphate. This, and the lack of any signif'icant amount of other
phosphagens in annelid muscles gave a strong indicatioﬁ that N-
phosphoryl lombricine was the phosphagen of earthworms, and this was

proved by *'P nmr saturation transfer experiments'e.

1.1.2 Isolation of phosphodiesters and N-phosphorylated phosphodiesters
from varjous phyla.

Analysis of tissue extracts of animals from many phyla has led to
the discovery of a phosphodiester which is very similar to L-SEP and
occurs with the same distribution in the tissues of the fish
examined®”~° but in two to three times greater quantities. This
compound, threonine ethanolamine phosphate (TEP) (8), also contains an L-

anino acid and has no known metabolic role.

I} C|Ha
H.N-(CH,),~0—-P-0—-CH-CH-COQ"
3 2127Y 7 ,

0 +NH,

(%)

A number of new guanidinated phosphodiesters were also found which
are apparently related to lombricine. The muscle of the marine worm
Bonellia viridis was found to contain bonellidine - aspartyl-lombricine
(9) - in which the seryl moiety was later reported to be in the L-form
and the aspartyl moiety in the DL racemic form, although this latter
finding may have been due to the extraction and isolation procedure®', as

aspartic acid is known to racemise very easily2Z=,
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*NH, 0 *NH;
H,N ~C~NH- (CH,),~0 P 0=CH,~CH-NH~CO~- CH- CH,
o cog™ | coo
(9)

The techniques used gave no indication if the aspartyl residue was in
the a or § form and these researchers were unable to isolate the N-
phosphorylated form, but as bonellidine proved to be the only
guanidinated derivative present in the muscle of Bonellia viridis it is
surprising that it does not form a phosphagen. It is, however, possible
that the phosphagen N-phosphoryl bonellidine is so unstable that it
decomposes during the isolation procedure and only the use of the more
direct method of 'in vivo' nmr studies to look at this type of molecule in
tissues, would show its presence.

Thalassemine - guanidino ethyl phosphate-O-(a-N,N-dimethyl) serine

(10>~ was found in the marine worm Thalassema neptuni==.

+P¢+42 ()
HZN C NH- (CHZ)Z-O P -0~ CH CH Coo
O N
Ve N

(10)

Lombricine and arginine were found in the viscera of this animal but only
thalassemine and its N-phosphoryl derivative were found in the muscles.

The serine moiety was reported to be in the L- form and feeding
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experiments with radio-labelled L-methionine showed that 'in vivo'
methylation of lombricine occured in the muscle and not in the viscera=2.
Thalassemine and bonellidine are both ciosely related to lombricine,
the only difference being in the a-amino substitution a'nd the serine
enantiomer present. All three compounds are O-serine esters of guanidino
ethyl phosphate and another, simpler derivative of this latter molecule
was found in the marine worm Ophelia neglecta, in this case the O-methyl
ester — opheline (11)24, The corresponding phosphagen was also isolated

and appeared to be the only muscle phosphagen present.

+NH, 0
H,N ‘C‘NH‘(CHz)z‘O‘f-O—CH3
I
(11)

The amino acid moieties of the phosphorylethanolamine derivatives
from ‘lower animals' are, apparently, all in the L-configuration whereas
in ‘'worms' the configuratiomn, surprisingly, depends on the phyla; i.e.
Annelida possess D-moieties but Echinoidea possess L-seryl moieties 22,

The variety of phosphagens observed in marine worms makes these
resemble an evolutionary ‘trial laboratory' for phosphagens and makes it
difficult to establish a reason, biochemically, for the use of one or
other of these molecules or why two or more usually co-exist in the same
animal®?4. Possibly they represent evolutionary ‘cul-de-sacs', but this
does not detract from their fundamental importance in biochemistry.

L-2-Amino-2-carboxyethyl phosphoric acid (SEP) was first synthesised
by Jones & Lipkin®®, using a complex and expensive method (see section

2.1,scheme 2). SEP, TEP and opheline have also been previcusly
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synthesised by laborious, expensive and low-yielding methods, and neither
their structures nor their enantiomeric purities. have been proved
thoroughly.

The many unusual aspects of these phosphodiesters m%kes them
compounds of considerable interest to medicinal chemists because either
they, or their analogues, could have applications in pharmacology or
agriculture. There is growing interest in producing medicines and
pesticides based on natural products which can often have the advantages
of reduced side effects and speedy natural breakdown, leaving no toxic
residues. The involvement of phospholipids in a variety of important
physiological processes such as blood coagulation®®, inflammation®” and
blood pressure regulation®® has resulted in an increased interest in
their synthesis®®~32%, As a consequence patentially useful medicinal
compounds such as renin inhibitors®®, platelet activating factor
regulators®+ and anti-inflammatory phospholipid analogues®%, have been
synthesised.

The problems with the early synthetic methods showed that, in order
to make a full investigation of this group of compounds, it was essential
to devise and develop an inexpensive and simpler method, giving high
yields and generating fewer by-products, which could .be applied to the
synthesis of all phosphodiesters based on ethanolamine O-phosphate.
Eibl®*® established the use of oxazophospholane synthons in the synthesis
of phospholipids, and the observations of Hudson's group®® on the
hydrolysis of phosphoramidates in acidic and basic conditions suggested
that a synthon of this type would be a good starting point for the
development of a general synthesis O-ethanolamine phosphodiesters. Once

reasonable quantitiesof the compounds were available and a means of
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establishing their enantiomeric purity developed, the investigation of
their internal structure to try to establish the aspects of their
secondary structure which give them their chemical and biochemical

properties was possible.

1.2. —ami s i imals

The unusual presence of the D-amino acid in lombricine may have
evolved to protect the precursor of so biologically important a molecule
as a phosphagen from incorporation into proteins and other biological
macromolecules. Phosphodiesterase, the enzyme which hydrolyses both L-
and D-SEP is only found in animals which contain L-SEP but both L- and
D-lombricines are substrates for ATP-lombricine phosphotransferase, so
the specificity for the D- amino acid is not in the high energy reactionm.

The reason for D-amino acids as components of the few molecules of
animal origin in which they are found is not obvious. Robin et al®”
suggested that octopine(12), found in octopus muscle, contains D-alanine,
formed by the enzymic reduction of the Schiff's base produced by the
condensation of L-arginine and pyruvate, as a storage form of arginine

from which it cannot be catabolised.

+b“IH2
H,N-C-NH~{CH,~CH-C00™
hllH
CH;-CH-COO

(12)
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Selinger et al®® showed that it was the D-cysteine moiety of

luciferin (13) which caused emission of light from the firefly.

(13)

Although the compound containing the L-isomer is a substrate for the
oxidase, no light is emmitted during the oxidation of L-luciferin.

D-Serine has been found, in the free amino acid form, in eleven
species of Lepidoptera, implying some metabolic use, and D-2,3-
diaminopropionic acid was shown to be synthesised 'in vivo' in Bombyx
mori but the functions of these D-amino acids is unknown. It has been
suggested that they could protect the species from either micrcbial or
insect parasites since D-serine inhibits the growth of some bacteria and
some insect larvae®® but this reasoning cannot be applied to the presence
of D-serine in lombricine which is a molecule with immense importance in
all of the worms' metabolic reactions that obtain their energy by

conversion of ATP to ADP in muscle cells.

The fact that a number of enzymes have been shown to be able to use
both D- and L- enantiomers of their substrate molecule suggests that D-
enantiomers are more common than has been thought. There is a high risk
of racemisation of amino-acids isolated from plant and animal tissues
during their purification, and this means that it is most important to

develop techniques for determining the enantiomeric content from very
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crude extracts of the tissues. Although several earlier researchers
reported that both L- and D- lombricine occurred naturally in different
species their findings were not unamipiguously proved.

a-Amino acids used in enzymological, pharmacologicaulb":azld neurological
studies are often required in an enantiomerically pure form, since the D-
and L- forms can have totally different effects. In the 'thalidomide'
tragedy it was found that the R-isomer, only, was the active drug and the
S-isomer was teratogenic4©.# In some cases it has been found that one
enantiomer can have an important effect and the other no known effect,
therefore only acting as a diluent in any investigation using the
racemate4' 4%,

The w-N-oxalyl derivatives of L-a,ﬁ—diaminopropanoic.acid (L-8-0DAP,
Fig.l. 14a) and L—a,X—diamincbutanoi%?%L—Y-—ODAB, Fig.l. 15a) are both
natural products which were first isolated from the seeds of Lathyrus
species. L-$-ODAP is believed to be the major causative agent of
neurolathyrism, a crippling neurological disease“4®—4®, This compound is
a powerful convulsant“? and is neuroexcitatory to central nervous system
neurones4=.4€ 42 acting at the quisqualate and kainate receptorss’-4%.49
(i.e. as distinct from NMDA receptors). L-B-ODAP activates quisqualate
and kainate receptors to differing degrees and in a concentration-

 dependent manner#', whereas D-f~ODAP is a weak antagonist at the NMDA

receptor.

¥ L- and D- (which relate the configuration of the asymmetric carbon atom
to that of L- or D~ glyceraldehyde) are commonly used to describe the
enantiomeric forms of a—amino acids and sugars. The Cahn—-Ingold-FPrelog
Convention designates chiral molecules as R or S from the exact orientation
of the substituents around an asymmetric carbon atom and, therefore,
defines their absolute stereochemistry.
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It is, obviously, of utmost importance that the method of synthesis
of a biologically important molecule achieves the end product in the
correct stereochemical configuration with minimal contamination from the
alternative enantiomer. Proof of enantiomeric purity has always posed
considerable problems for scientists and from these examples the
importance of making absolute determinations of optical purity can be
seen.

Pharmacological and biochemical interest in the longer chain L-w-N~
oxalyl derivatives of diamino acids (15 - 17) has led to their synthesis
as the DL-racemates which are then resolveds® (i.e. Fig.l; D- and L-w-¥-
oxalyl derivatives of diaminobutanoic acid (15a,b), ornithine (16a,b) and
lysine (17a,b) ). |

The possiblity that the corresponding D-isomers might act as
important antagonists at the NMDA receptors®', indicated that a knowledge
of the optical purity of the products was also essential before
studies of the pharmacological and biochemical activity could be
undertaken. To date, the optical purity of these compounds has been
ensured by optical rotation measurements, however, this method is
insensitive to contamination with small quantities of minor enantiomers

arising from racemisation or incomplete resolution.
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O - NH,y

| ] - %l
HOzC —-C N'H-(CHz)n—Cl‘.HA
COzH
compound n optical

configuration

14a 1 L-
14b 1 D-
15a 2 L-
15b 2 D-
1648 3 L-
16b 3 D-
17a 4 L-
17 b 4 D-

. Fig. 1. Structure of w-N-oxalyl derivatives of diamino acids.
i (Asterisk denotes chiral centre)

40



As demonstrated by the above examples, it is essential to establish
the optical purity of neurcactive compounds. The conventially used
methods of determining the optical isomer present in a solution are (a)
by measuring the optical rotation or circular dichroism of a solution of
the purified compound and comparing the value obtained wifh that from a
standard synthetic sample, or (b) by using the compound as a substrate
of an enzyme known to be able to utilise only one enantiomer and
measuring some physical change in the reaction system. None of these
methods is capable of demonstrating the presence of 2-3% of the
alternative enantiomer in the system and optical rotatiéns must always be
suspect as values with very significant variations have sometimes been
accepted as conclusive evidence of there being only one optic-al isomer
present'4. These methods each compare an experimental value with that
obtained from a standard, but the standard itself could be a mixture of
stereoisomers

To date, the configuration of the seryl moiety of lombricine and SEP
has been laboriously determined by measurements on purified, isolated
lombricine and comparison with authentic D- and L-lombricine whose
configuration had been determined by classical hydrolysis'#-’®. The
liberated serine was purified by ion-exchange and paper chromatography
and the conformation of the purified serine was then established by
optical rotation measurements and the action of D-amino acid oxidase.

Ve decided that a method for the determination of the optical purity
of lombricine was needed from which it was possible to assess the

percentage of the minor enantiomer contamination to less than 0.5%. It
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is possible to separate the enantiomers of some amino acids on chiral tlc
plates®2 but good separation is difficult to attain for a large number of
hydrophilic chiral compounds like lombricine, and it is difficult to make

accurate quantitative measurements of the ratio of the two enantiomers.

1.4.1 'Direct' methods of enantiomer separation.

The separation of enantiomers requires the intervention of an
optically pure chiral agent which forms diastereocisomers with the
enantiomer pair. Where this is a short-term interaction using a chiral
stationary phase as the column packing or a chiral mobile-phase additive,
so0 that shortlived diastereoisomeric complexes of non-identical stability
are formed, the enantiomers will elute at different times; and can be
recovered in their original form when a CSP is used; but when an additive
is used this must be separated from the enantiomers. These methods give
‘direct' chiral resolution.

A number of different approaches to making chiral stationary phases
(CSP) have been used and these fall into two main categories. The first
uses polymeric phases e.g. polymethyl acrylamide, with chiral ‘holes'
which interact selectively with the enantiomers®® and the second uses
‘brush phases' in which chiral meolecules are attached to a non-chiral
stationary phase. The latter are most commonly used and the most
successful of these were developed by Pirkle who designed them with a
variety of chiral molecules, each of which is capable of resolving only
one, rather narrowly defined, molecular type. The commercially available
"Pirkle" CSP which can resoclve some amino acid and amine derivatives is

produced by binding the 3.5—dinitrobené’yl (DNB) protected phenylglycine

# Separation of lombricine enantiomers was attempted on chiral tlc plates
(Chiralplate™) impregnated with Cull jons, using ligand excbang? ‘
chromatography: no separation was achieved. (Personnal communication from

K.R.Euerby).
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to silica gel particles in a liquid chromatography column in either an

ionically bound form (18)S4, or with a covalent linkage.

N NO,

G=0
I:IH
CH-COO™ *NH3(CH,)3Si=

(18)

If a CSP is to show a greater affinity for one solute enantiomer than
the other, the preferentially bound enantiomer must undergo at least three
simultaneous interactions with the CSP®%. At least one of these
interactions must be dependent on the stereochemistry of the solute
enantiomer but the interactions can be of many different types e.g. H-
bonding, dipole-dipole forces, charge-transfer complexes, steric
repulsions and hydrophobic attractions. Obviously each CSP is only
capable of separating enantiomers of a range of closely related solutes
because of the requirement of simultaneous multiple interactions between
the solute molecule and the CSP.

Ligand exchange chromatography can be used with a metal ion, usually
Cu®*, Ni2+ or Zn3*, capable of forming a multidentate complex with a
chiral ligand(19), which is either bound to the support or in the mobile
phase, and a solute enantiomer. This method has been used successfully
with an amino acid derived CSP to separate some underivatised a-amino
acids®® and also in the form aof chiral mobile-phase additives, which

allow enantiomers to be separated on an achiral column because of a
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difference in the interaction of the enantiomer-additive complex with the

columns®7,

- . 4
0\/0 \ // N\ ..I“R
C \\ 2+ _~ C
Cu | H
R n,, C // \\ C

(19)

These direct methods are all very expensive to initiate, because of
the necessity of a supply of a large quantity of optically pure ligand,

and each is very limited in its application.

1.4.2 'Indirect' methods of enantiomer separation.

Vhen the chiral agent and the enantiomer pair react irreversibly to
form diastereoisomers which can then be separated on a non-chiral column,
‘indirect* resclution of the enantiomers occurs. There are a number of
different types of chiral derivatising agent (CDA) available, depending on
the type of chiral molecule to be analysed. The requirements of a CDA
are that it should be enantiomerically pure and react non-selectively
with both substrate enantiomers to give stable diasterecisomers which can
be separated by the available instruments. Where this is used as an

analytical technique, extremely small quantities of the CDA are needed.
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The most successful CDAs for the separation of amino acids, amino
alcohols and various other amine containing molecules are those based on
9-fluorenylalkyl chloroformates and o—phthald'ialdehyde (OPA)YS®—Ss', The
former molecular types react with alcohols, primary and secondary amines,
and thiols but have the disadvantage that they are intrimsically highly
fluorescent, so it is neccessary to extract the excess CDA with pentane
before anaysis. OPA-chiral thiols react specifically with primary
amines®? and these are some of the most highly fluorogenic reagents
available for the determination of amino acids by HPLC. The reagent is
very convenient to use because it forms fluorescent derivatives, rapidly,
at ambient temperature and is neither inherently fluorescent nor does it
break down to form fluorescent by-products, so no extraction or ‘work-up'
is necessary. Their specificity of reacting with primary amines and not
secondary amines or any other commonly occur:ing groups in biological
systems means that they have a very important application in the
determination of primary amines in crude biological extracts. They are
very much cheaper than the alternative systems and so for these reasons
OPA-chiral thiol derivatising agents are becoming widely recognised for use
in the analysis of the enanticmers of primary amines.

Pre-column derivatisation with OPA and a mercaptan has been used
successfully for analysing and quantifying the amino acid content of
various mixtu:es and tissue extracts®®-7'. Chiral mercaptans were first
used by Buck & Krummen®S for HPLC resolution of a-amino acid
enantiomers, which can be detected using fluorometry with far higher
sensitivity than is attainable using ultra violet detection of the
enantiomers resolved by 'direct' techniques. The high flexibility of HPLC,

as far as choice and variability of chromatographic parameters, allows
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the separation' and quantification even of multifunctical a-amino acid
derivatives at concentrations in the lower picomole to femtomole range,
so extremely small amounts of material are needed for accurate analysis.
A few chiral mercaptans are available commercially in an optically
pure form but N-acetyl-L-cysteine (NAC, 207 and N-acetyl-D-penicillamine
(NAP, 21) have proved most suitable for pre-column derivatisation with
OPA. N-tert.butyloxycarbonyl-L-cysteine (BocC, 22) is not available
commercially but is relatively easy to synthesise from S-benzyl-N-
tert.butyloxycarbonyl cysteine, by reduction with sodium in liquid
amnmonia®®, and can be stored at —-14°C for several months.
: ;
HN-C-CH, HN~C~CH,
HS—CH,~CH-COOH  HS-C(CHy),~CH-COOH

(20) (21)

0
]
H ,\Il —C-0 “C(CHa)a
HS-CH,~CH-COOH
(22)

The optical purity of a CDA is of utmost importance in trying to
measure very small enantiomeric impurities in the sample, and it is
essential that the derivatisation conditions do not induce racemisation.
OPA-mercaptans form highly fluorescent N-alkyl-2-alkylthio- substituted

isoindole derivatives, possibly of structure(23)?2, with primary amines
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and amino acids at pH8-10. Since both of the reactants are chiral the

enantiomers produced are diastereocisomers.

COOH
%
H RN-(l.:H
cH

S
* :

_-CH-COOH
R

(23)

HPLC determination of amino acid enantiomers using pre-column
derivatisation with OPA-chiral thiols has successfully been used to
determine, in a single chromatogram, both the amino acid content and the
enantiomeric ratios of tissue extracts®®:”' and peptide drug
hydrolysates®®. The major limiting factor in the development of HPLC for
determination of enantiomer ratios in amines, amino-alcohols and amino
acids is the availability of enantiomerically pure forms of suitable
thiols. The derivatisation reaction with OPA and almost any primary
amine should occur with a wide variety of chiral thiols, but until now it
has only successfully been applied to NAC, NAP and BocCS=-7°. Although
very good results have been obtained using these derivatising agents they
all have some major disadvantage for general applicability. NAC and NAP
generally give poor separation, also NAP derivatives have a low
fluorescence leading to low detection sensitivity. BocC gives good

enantiomeric separation, with gradient elution, but forms highly
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lypophilic diastereoisomers and when the amine used is either basic or
lypophilic the retention time and strength of seolvent required for elution
are so high that it is often not possible to éeparate the required peaks
from those formed by by-products and impurities in the reaction
system”®, The enantiomers of some unusual amino acids cannot be
separated totally even by OPA-BocC derivatisation®® so it is evident that
-a new group of thiols should be synthesised in the hope that one or more
have the necessary properties intermediate to those of NAC and BocC, and
so prove to be the totally versatile pre~column derivatising agent with
OPA.

A study of the molecular structures of NAC, NAP and BocC (20 - 22)
suggests that each of these structures could form the bésis of a new
series of chiral thiol derivatising agents.

It has been observed that there is a problem of instability of the
reaction product of OPA-2-mercaptoethanol-amino acid derivatisation”2 but
that the stability increases with increased branching of the side-chain «
to the thiol function”4, however the fluorescence decreases in most cases.
NAC was found to form a more stable derivative as was NAP but the latter
had the disadvantage of much diminished fluorescence of its OPA
derivatives. BocC derivatives of lypophilic amines, although both stable

~and of high fluorescence, have unacceptably long retention times on
reversed phase columns so this compound is at the higher limit of
lypophilicity of any series of derivatising agents based on the ' carb-

amoyl thiol structure. For these reasons the most obvious and simplest
route is to design a homologous series of chiral derivatising agents

based on N-acetyl-L-cysteine.
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15 The use of HPLC in the identification and estimation of lombricine
enantiomers and N-phosphoryl lombricine. .

The structure of natural and synthetic lombricine has previously been
established by optical rotation and degradation studies'4. It was
paramount to the project that we could establish the synthesis of
optically pure phosphodiesters by a combination of HPLC and high
resolution nmr spectroscopy.

The previous estimations of lombricine and its N-phosphorylated form
have been very varied, presumably due to the different types of
extraction and estimation used and the highly labile nature of the N~
phosphoryl bond. In order to obtain a better quantification of the
ratios of lombricine to its N-phosphorylated form in tigsue samples, the
development of a highly specific, non-destructive HPLC method for

determining both in crude extracts was assessed.
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1.6 Objectives

The objectives of the research described. were:—

A. To design a general synthetic pathway for the synthesis of alk-.oxy
and aryloxyphosphoryl ethanolamines and their amidinated
derivatives, particularly serine ethanolamine phosphate and

lombricine.

B. To create a high-performance liquid chromatographic (HPLC) analysis
to show the presence and tissue concentration of lombricine and N-

phosphoryl lombricine.

C.1) To use an HPLC analysis to prove that the lombricine in earthworms
is the D-enantiomer and that no measureable quantity of this
compound is found, in this animal, in the L-enantiomeric form. Also,

to establish the enantiomeric configuration in other phyla.

(ii) To extend the separation of amino acid enantiomers to those of
molecules of similar multifunctional amino acids which are of known

or potential neurological activity.
D. The design, synthesis and assessment of a new range of chiral thiol

derivatising agents for use with OPA in the HPLC separation of

multifunctional amino acid enantiomers.
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2. RESULTS AND DISCUSSION

L-2-amino-2-carboxyethyl 2-aminoethyl hydrogen phosphate (7}SEP) was first
synthesised by Jones and Lipkin®®, using a complex and expensive-method
(scheme 2). The amino groups of ethanolamine and serine were protected by
benzyloxycarbonyl groups and the carboxyl group of serine was converted to
the benzyl ester. The protected serine was reacted with phenyl-
phosphorodichloridate, a protected phosphorylating agent, forming the mono-
and bis-serine phosporylated compounds as side products. The resultant
reaction mixture was reacted, without purification, with the protected
ethanolamine (25) and the protecting groups removed by hydrogenolysis in
the presence of palladium and platinum catalysts. Purification by cellulose
column chromatography followed by two recrystallisations resulted in DL-SEP
and L-SEP in yields of 24% and 10%, respectively, from DL- and L-serine.
The simplest member of this group of phosphodiester phosphagens, opheline, .
was synthesised by Thoai et al*4, in an unreported yield, and threonine
ethanolamine phosphate was synthesised®® by a method based on Jones and
Lipkins*' method for the synthesis of SEP with a yield of 5%. The molecular
structure and enantiomeric purity of these compounds were not thoroughly
proved.

As these compounds are of potential pharmacological interest and the
fact that other phosphoryl ethanolamine derivatives, based on (27) (see

scheme 3) have already been found to have pharmacologically useful
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properties®®, the synthetic complexity, low yields and problems of
purification in the presence of a considerable number of by-products
bearing close molecular similarity to the required product, indicated that
it was essential to develop a convenient, inexpensive and high-yielding
general method of synthesising phosphodiesters based on ethanolamine
phosphate.

The molecular species was analysed in terms of the synthon approach
and a general synthetic scheme was derived (see scheme 3) which was then

applied to the synthesis of phosphorylethanolamine derivatives.
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OCgHs e QCHs
ROH + Cl-lila—Cl —_— - Cl"'ﬁ’-OR

0] 0
- d
(24)
HOj
N
R
¢ (25)
0CqHs
Pd +H, HR'N = (CH,l,~ 0~ P~0R
0
9
Haﬁ-(CHZ)Z—O-fIJ—o-CHz-cl:H—COO'
op NH3
(7)

R=C4HgCH,00CCH(NHCOOCH,C4Hs )CH,—

|
R=C6H5CHZOC(0)—
Scheme 2
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W 0
H,N=C ~NR*~(CHz);=0-P-0-R

OH _
(26) t
Q
HR'N-(CHZ)Z-O—I'D-O—R
OH
(27)
0
. . 0\ ]
SYNTHON E /P—O—R
N
ll
(28)

1,3,2—-0xazaphospholidin-2-one

Scheme 3

2.1.1 The use of 1,3.2-oxazaphospholidin-2-ones in the synthesis of
alkoxy and aryloxyphosphorylethanolamine derivatives.
The phosphorylethanolamine synthon '1,3,2-oxazaphospholidin-2-one' (28,
see scheme 3) has recently been employed in the sythesis of
phospholipids,®® and, as part of a programme to investigate the biological

function of a class of novel phosphorylethanolamine derivatives, (based on

54



structure 26); found in a variety of helminths7®, we have extended its use
to provide a convenient and inexpensive 'one-pot sythesis' of a range of

simple alkoxy and aryloxyphosphcrylethanolaﬁ:ines (27) (see Table 1).

IABLE 1
Alkoxy and aryloxyphosphorylethanolamine derivatives synthesised
v
HR'N -(_CHz)z-O-f’-O-R
OH
(27)
R R Method of
Preparation
27a Me Me A
27b Me PhCH= A
27c Et PhCH= A
274 Me 4-¥eOPhCHz A
27e Me H B
27% Ph H B
27g Ph ¥e B
- 27h  (Me)sCCH=z H B
271 Me(CHz)e B B
27j l-adamantanyl H B
27k  exo-norbornyl H B
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The phosphorylethanolamine synthon - ‘1,3,2-oxazaphospholidin-2-one'
can be conveniently synthesised 'In situ' by methods A and B, illustrated in

schemes 4 and 5 respectively.

2.1.1.1i Preparation of the 1.3.2-oxazaphosphalidin-2-ones (Z8) by method 4
{scheme 4)

0
POCI; + Hoj EtsN O:Q_Cl

(25) - (29) -
EtsN ‘ ROH
(24)

Scheme 4

2-Chloro-1,3,2-oxazaphospholidin~2-one (29) was prepared by the
reaction of equi-molar amounts of phosphoryl oxychloride and an K-
substituted aminoalcohol (25) (1= aminoalcohols were found to cause
extensive polymerisations) in the presence of triethylamine as base, under
anhydrous conditions. The resultant 2-chloro-cyclic intermediate could be
successfully reacted ‘In situ’ with an excess of sterically unhindered

alcohols (24).
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The resultant 1,3,2-oxazaphospholidin-2-ones (28, see Table 2), which
may be of pctentiql interest as insecticides,”® were found to be
sufficiently pure to be used directly in the fing—openiug reaction, they
could also be purified to homogeneity by silica-gel chr&matography using

non-hydrolytic solvents.

0 I
~ P-0-R
7
N
h
R
(28)
Compound R R' Yield%
28a Me Me 58
28b Me PhCHz 66
28c Et PhCH= 61
28d Me 4-MeOPhCH= 67

It was observed that small, sterically unhindered alcohols (24) reacted
easily with the 2-chloro-1,3,2-oxazaphospholidin-2-ones (29) giving the
desired 2-alkoxy-1,3,2-oxazaphospholidin-2-ones (28) in high yields,
whereas the hindered benzyloxycarbonyl-serine benzyl ester, (30) failed to

react with the 2-chloro intermediate even under forcing conditions.””
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0

CH,0CNH .
\ 7

O=0

OCH,~

This observation was consistent with the report that 2-chloro-2-oxo-

1,2,3-dioxo -phosphalane (31) reactsvery slowly with hindered alcohols.”®

01
[ SP-Cl
0

(31)

The difficulty encountered with sterically hindered alcohols can be
circumvented by coupling the alcohols to the more reactive phosphoryl
oxychloride as employed in method B (scheme 5), since phosphorylation

reactivity decreases with increasing phosphate order (1¢>2=>3=).7°

2.1.1.4ii Preparation of the 1.3.2-oxazaphospholidin-2-ones (28) by method B
{scheme D)

The appropriate alcohol (24) was reacted with a slight excess of
phosphoryl oxychloride in the presence of triethylamine as base, under
anhydrous conditions, to yield the phosphorous acid dichlorides (32). These
could be conveniently cyclised ‘In situ’ with a slight excess of an
aminoalcohol, in the presence of triethylamine, to yield the 1,3,2-

oxazaphospholidin-2-ones (28).
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fw

0
POCI; + ROH  Et3N R-0-P—Cl
|
(24) Cl
(32)

Scheme 5

2.1.2 Aqueous acid hydrolysis of 1,3.2-oxazaphospholidin-2-ones @8)

The observations of Hudson's group®® on the hydrolysis of
phosphoramidates in acidic and basic conditions were that in acidic
conditions there was rapid hydrolysis of the P-N bond involving protonation
of the N-atom, but in basic solution the major product was that due to P-O

bond fission (scheme 6).
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0
]
HR'N CHy),-0-P-0-R
Eo\% . > (27}

3 ' 9_ T;H_
(28) HO-(CHz)z—R'N-f’-O-R
(33) OH

Scheme 6

Once formed, the 1,3,2-oxazaphospholidin-2-ones were ring-opened by
exposure to dilute, aqueous acid which caused exclusive N-P bond fission,
yielding the phosphorylethanolamines (scheme 7).

The ring fission was monitored by #'P nmr spectroscopy of the 1,3,2-
oxazaphospholidin-2-one (28c, Table 2), using =thanol and 20% acetic acid
as previously described?”; ring fission was complete within 20 min, as
indicated by the disappearance of the 1,3,2-oxazaphospholidin-2-one (28c¢)

resonance at -21.2 ppm and the appearance of the phosphorylethanolamine

(27¢) resonance at -0.1 ppm.

0 0
EO 0 y
]
r;( CP-0-Et  Hi0' Et-0-P-0-CHz-CHy~NH-CHyPh
CH,Ph o

(27c)
(28c)

Scheme 7
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However, an impurity (approx.7%) was also observed at +0.2 ppm which could .
possibly be attributed to ethanol nucleophilically attacking the 1,3,2-
oxazaphospholidin;z—one (28c) instead of water. This was substantiated by
the observation that on performing the ring fission rea.ctions in solvents |
such as tetrahydrofuran and acetonitrile only the desired
phosphorylethanolamine (27¢) was formed, quantitatively, within 10min.
The production of phosphoramidates (33), which would have resulted
from P-O bond fission, was ruled out from ®'P and 'H nmr spectra of the

ring-opened products.

0
“ U
RO ~P~NR=(CH,);~0H
OH
(33)

For example, compound (27g) possessed a characteristic phosphodiester
resonance at +4.7 ppm in the ®'P amr (lit. value +4.8 ppm)3€ instead of at
-6.0 ppm which would have been attributed to the phosphor;amidate 33,
R'=Ph, R=Me)®S., Further evidence was inferred from the 'H nmr which
illustrated P-H cdupling of 9-12Hz for the OCHz resonances rather than in
the NCH= resonances for all ring-opened products.

The phosphorylethanolamines, being zwitterionic in character, were not
amenable to electron-impact mass spectrometry. However, under fast atomic
bombardment (FAB) mass spectrometry as previously reported for analogous
guanidino-alkanephosphonic acids,®® the phosphorylethanolamines gave
intense ions at M*+1 and base peaks which corresponded to the aziridinium

ion (B4) in most cases.
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~H
y\R'

(34)

The preparation of the 1,3,2-oxazaphospholidin-2-ones (via methods A
and B) and the subsequent ring-opening to yield the phosphoryl-
ethanolamines (see Table 1) can be convieniently performed as a ‘oOne-pot'
reaction, requiring purification only at the final product. The methods
enployed have enabled a diverse range of alkoxy and aryloxyphosphoryl-
ethanoclamines to be rapidly synthesised in moderate to good yields (see

Section 5.1.2 - Table 22).

2.1.3 Guanidination of 2.2-dimethylpropanyl Z-aminoethyl hydrogen
phosphate (27h).
The stereochemistry of the 2,2-dimethyipropanol (neopentyl alcohol)
molecule resembles, to some extent, that of N-benzyloxycarbonyl serine
benzyl ester in that both are primary alcohols with bulky non-polar groups

attached to C=, but neopentyl alcohol (35) is very cheap compared with

nnnnnn "

benzyl PrOtrFfFfé H 2 O co N,ﬁ C OZC HZPh

PhCH2000NH  CO,CH,Ph CHy  CH;
\ / \ /
C C
AN SN\
H CH,0H CH; CH,0H

(30) (35)
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2,2—Dimethy1propany1 2-aminoethyl hydrogen phosphate (27h) was
synthesised to investigate the effect of steric hindrance on the various
reactions necessary to synthesise the naturaliy occurring serine
ethanolamine phosphate and its guanidinated derivative - lombricine.

The analytical data obtained were expected to be simpler, but similar to
those of the natural product, lombricine, and theli'fore to be an aid in the
analysis of the latter (see section 5.33i.

The guanidination of the ethanolamine group in the presence of the a-
anino group of serine has been established as a reaction which occurred
preferentially at the more basic nitfogen atom, using O-methyl urea”s or S-
methyl isourea®° as the guanidinating reagent. The reaction of this
phosphoryl ethanolamine derivative with O-methyl urea (36) led to the
expected product (37) (see scheme 8) in 90% yield, after purification on an

ion-exchange chromatography column.

0
1]
(CH3 )30 CHZ O-'P -OCH2CH2NH2
(27h) O

pH 10-11 | CH;0CNH,

K "\
(CH3)3C CHp0 P ~OCH,CH,NH—-C ~NH,
i
(37)

Scheme 8



2.2 Synthesis of protected serines for use in the synthesis of
phosphorylethanolamine derivatives from ‘lower' animals.

Protecting groups are frequently used in synthetic organic chemistry to
selectively prevent the reaction of one or more functional groups under |
conditions in which they would normally react and form a product other
than the required product. The protecting groups form chemical bonds with
the specific group to be protected, to give a high yield of the unreactive
product, but can be removed easily by reaction conditions that do not
affect the remainder of the molecule to give a high yield of the
unprotected product. Different protecting groups can be removed
specifically by different reagents (for examples see section 2.2.4-6) which
allows great versatility in reaction schemes. Either ail of the protecting
groups can be removed under the same conditions at the end of a synthesis
(see section 2.2.1-2) or they can be removed one at a time, by different
reaction conditions, so allowing each unprotected group to participate
separately in the synthesis (see scheme 11). The main disadvantages of the
use of protected molecules in synthetic reactions are that the protecting
groups are frequently bulky and may introduce a significant degree of
steric hindgrance at the reaction centre, if this is in .close proximity, and
that their use greatly increases the cost and the time taken to make the
product.

Phosphorus oxychloride, the phosphorylating agent chosen for the
synthesis of the naturally occurring phosphorylethanolamine derivatives,
would react with -NHz, ~COOH and -OH groups so it was necessary to protect
both the amino and carboxylate functions of serine to ensure that

phospharylation occu{ed specifically at the hydroxyl function.
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2.2.1-2 Synthesis of N-benzyloxycarbonyl D-(DL-)serine benzyl ester.
N-Benzyloxycarbonyl D- and DL-serine benzyl esters 30> were
synthesised in moderate to good yields of approximately 58%, from serine

(38), following the literature method®' (see scheme 9). '

N ;
Il
HO,C-CH-CH,~0H + @cm—o-o—cn
(38) (39)

MgO, 0°C

0 '

Il ' |
@'CHZ—O-C—NH—?H-CHZ—OH . @.CHZ_Br

(40) COH (41)

Et;N, 75°C

0 '

Il .
@'CHZ-O—C-NH-(?H—CHZ—OH
. cochz~©
(30) |

Scheme 9
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Benzyl chloroformate (39) was added to a stirred, ice-cold, solution of
serine in a diethyl ether / water mixture, in which was also suspended
magnesium oxide powder to maintain the pH of the reaction mixture above pH
8. After 2.5 h the reaction mixture was worked up and écidified to obtain
N-benzyloxycarbonyl DL-(D)serine (40) in the free acid form. This was
refluxed with benzyl bromide (41> and triethylamine at 75°C for
approximately 1.5 h and the white solid obtained from the work—-up procedure
was recrystallised from chloroform and petroleum ether (60-80°C). A second
recrystallisation from warm, sodium-dried toluene gave the pure N-
benzyloxycarbonyl-DL(D)-serine benzyl ester (30).

Benzyl and benzyloxycarbonyl protecting groups were chosen to protect
both groups because the carboxyl and amino funtion weré required, unaltered,
in the final product and both of these protecting groups were removed
simply by catalytic hydrogenation, which did not affect any other reactive
group in the molecule, nor were there any non-volatile by-products formed.

These benzyl protected DL- and D- serines were used in the synthesis

of DL- and D- serine ethanolamine phosphates (see section 2.3.1).

2.2.3 Synthesis of NN-dimethyl L-serine methyl ester.

¥,N-Dimethyl L-serine methyl ester (43) was synthesised in moderate
. yield (38%) by the method shown in scheme 10, which is a variation of the
reductive alkylation of primary amines®® but using sodium cyanoborohydride
as the reducing agent instead of catalytic hydrogenation.

Formaldehyde (excess) was added to a suspension of L-serine methyl
ester hydrochloride (42) in acetonitrile, at pH 6, and stirred until the
suspended material had dissolved. Sodium cyanoborohydride in acetonitrile

was then added and the reaction mixture stirred for 2 h, while maintained
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at pH 6, then ‘worked up to yield a yellow oil. This was purified by silica
gel column chromatography and the N,N-dimethyl-L-serine methyl ester
obtained as its hydrochloride salt by recrysfallisation from ethanol /

ethereal hydrogen chlaoride.

HCl. H,N "(EH =CH,-0H +  HCHO (excess)

' CO,CH;
(42)

p}46 Pda(:hlEH4“

#

HC
3" > N-CH-CH,~OH
H,C J
3 CO,CH;
(43)
Scheme 10

This compound was synthesised for use as the starting material in the
synthesis of thalassemine, (structure 10, section 1.1.2) but its
phosphorylation gave ambiguous results, possibly due to the lability of the
methyl ester protecting group, so the synthesis of N,N-dimethyl L-serine
" benzyl ester was attempted using serine benzyl ester as the starting
material. This latter synthesis did not proceed as expected, giving

surprisingly ambiguous results as no N-methylated products were obtained.
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(For Fmoc structure see scheme 12 )

HN=CH~CHz=OH "L FmocNH-CH~CH,-OH
|
CoH (2] | COH
"~ (38) 45)
1)C52C03
2’@0&4,&
' (41)

H,CCICH
FmocNH-FH--CHZOC(CHa)3 £ CCHs), FmocNH-FH-CHz—OH

COzCHz‘© COZCH2©
(47) (46)

non-hydrolytic
base

HCHO
H,N=CH ~CH;=OC(CHly —*= N(CHy),~ CH-CH,=0C(CH s

2
cozcm@ ) CO,C Hz©
(49

(48)
H*

N(CH3)2-(‘3H—CH2-OH

| CO,CH
1 POCl;
2) HO(CH,),NH, (50)
3) acidolysis
) Hy/catalyst

o)
N(CHyl,~CH~CHy=0=P~0-(CH,,NH,
CO,H OH

(10)

Scheme 11
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2.2.4-6 Synthesis of protected serine with each function protected by a
different type of protecting group

The Fmoc group was used to protect the a—amino function because it
could be remaved by treatment with a non-hydrolytic base, e.g. piperidine,
under mild reaction conditions that would not cause premature deprotection
of the other two functions. The carboxyl group was protected as its benzyl
ester because this had been reported to be stable to the reaction
conditions necessary for the addition of the phosphoryl ethanolamine moiety
and to be easily removed by catalytic hydrogenation®®. Deprotection would
not occur in the presence of either acids or bases. The tert.butyl group
was chosen as the protecting group for the hydroxyl function because of
it's stablity in the presence of non-hydrolytic bases an;l it's easy removal
by mild acid hydrolysis (see scheme 11). Di-methylation of the amine could
then be attempted without risk of interfering reactions of the Vhydroxyl or

carboxyl functions occurring.

2.2.4 Synthesis of N-O-fluorenylmethyloxycarbonyl-L-serine
{Fmoc-L-serine)

Fmoc-L-serine (45) was synthesised, following the literature method®=
(see scheme 12). 9-Fluorenylmethylchloroformate (44) dissolved in dioxane
‘was added to an ice-cold, stirred solution of L-serine (38) and 10% aqueous
sodium carbonate in dioxane. This reaction mixture was stirred at ambient
temperature for 20 h and, after the work-up, yielded the crude product as
an o0il which was purified by recrystallisation from dichloromethane and

hexane. The yield was 91% from L-serine.
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HN-CH-CH=OH  + .
COH Y
(38) CHOGC

Na,CO5 (44) o)

I ~
~
H CHZO'ENH-'CH"CHZ‘OH
(45) 0 COzH

Scheme 12

The use of the Fmoc protecting group has been developed because the
relatively high cost of the starting material is offset by the high yield
and it's easy removal by treatment with piperidine or ethanolamine, which
do not remove either benzyl groups or tertiary butyl groups, these being
the other protecting groups of choice for carboxyl and hydroxyl functions

in amino acids.

+2.25 Synthesis of N-9-fluorenylmethyloxycarbonyl-L-serine benzyl ester.

N-Fmoc-L-serine benzyl ester (46) was synthesised according to the
literature method®® (see scheme 13). Cesium carbonate solution was added
to an ethanolic solution of Fmoc-L-serine (45) to form the Fmoc-L-serine
cesium salt. This was dried and suspended in dimethyl sulphoxide then
benzyl bromide was added and the reaction mixture stirred for 48 h. The

product, after the work-up procedure, was a yellow oil which was purified
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by recr-ystallisation from dichloromethane and hexane. The yield was 85%

from Fmoc-L-serine.

, ' g * CHzel'

H' CH,0CNH~-CH~CH;~OH (41)

0 COM

pH=7

H' CH0CNH-CH~CH;~OH
0O  COCH,
(46)

Scheme 13

The benzyl ester protecting group can be removed by catalytic
hydrogenation but is stable to both acid and base hydrolysis. It is
therefore the carboxyl protecting group of choice when differential
" deprotection of an amino and a hydroxyl function are also required in the

same molecule.

2.2.6 Synthesis of N-9-flugrenylmethyloxycarbonyl-Q-tertbutyl-L-serine
benzyl ester.
N-Fmoc—-0O- tert.butyl-L-serine benzyl ester (47) was synthesised,

following the literature method®® (see scheme 14). Liquid iscbutylene was
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added to a stirred solution of N¥-Fmoc-L-serine benzyl ester (46) and
concentrated sulpﬂuric acid, as a catalyst, in a mixture of dioxane and
diethyl ether at -68°C. This reaction mixture was sealed and allowed to
warm to ambient temperature then left stirring for 7 days. Tlc run
intermittantly during the reaction showed very little product formatiom.
The final yield after purification by silica gel column chromatography and
recrystallisation from diethyl ether / petroleum ether (40-60°C) was only

5%. For analytical data see section 5.2.6).

CH
A
. ' H'ZC—.C\-CHa

H' CH,0CNH-CH-CH; OH (52)
0  CO,CH,

(46)

H' CH0CNH-CH-CH,~0C(CHy)y
(47)

Scheme 14

The yield was too low for this triple protected serine molecule to be

of any use as the starting material in a synthetic pathway. The
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preparation was both expensive and time consuming and, without the
advantage of a high yield, this was not considered to be a feasible
approach to the synthesis of N,N-dimethyl L-serine benzyl ester, and hence

thalassemine (10).

2.2.7 Synthesis of N-benzyloxycarbonyl (8-benzyl ester) aspartyl-serine

methyl ester
This dipeptide was prepared as the starting material for the synthesis

of bonellidine (structure 9, section 1.1.2). It was thought that the free
hydroxyl group on the serine molecule would interfere with the reaction to
form the peptide bond so serine methyl ester hydrochlo;de was purchased
with its hydroxyl function protected by a tert.butyl moiety which was
removed by acid hydrolysis, without deprotection of the benzyl and methyl
protected funtions {(see scheme 15).

Solid DCC was added to a stirred solution of benzyl protected aspartic
acid (54) in dichloromethane and left stirring for about 5 min until a
white precipitate of urea formed. A solution of the protected serine (42a)
and DIPEA in dichloromethane was then added and this reaction mixture left
stirring, at ambient temperature, for 15 h. The urea was remcved by vacuum
filtration and, after the work-up, the product was purified by silica gel
- column chromatography. The nmr of this product (55a) showed two pairs of
multiplet signals for the BCH=z protons of the aspartyl (2.83-2.70 and 3.11-
2.98 ppm) and seryl (3.56-3.47 and 3.84-3.77 ppm) residues indicating non-
equivalence of the magnetic environments for each of these proton pairs,
over the time-scale of the nmr experiment, caused by rotational hindrance

at the C-C bond.
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CO;CH,8
HCI-H;NCHCH,0CICHyl; +  HO;CCHCH,

CO,CH; NH%OCHZO
(42a) 0

(54)

DCC
DIPEA

o)
@.CHzocNHCHCHz
] |

O CONHCHCH,OC(CH3,
CO,CH,
o (55a)

TFA

Oy
O CONHCHCH,OH

CO,CH,
(55)

Scheme 1§
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The quadruplely protected compound (55a) was redissolved in 50% TFA in
dichloromethane solution and stirred for 24 h, to remove the tertbutyl
protecting group from the hydroxyl function, then after removal of the
solvent, the resulting syrup was lyophilised to remove the TFA. The
product (55) was purified by silica gel column chromatography and the final
yield was 33%.

The 'H nmr spectral signals obtained at 300 MHz (Fig. 2) were assigned
from the chemical shifts, integration values and peak multiplicities. The
BCH= protons of the seryl and aspartyl residues could be definitely
assigned by comparison with the 'H nmr spectrum (300 MHz) for the O-
tert.butyl protected dipeptide intermediate which showed two pairs of
multiplets, as previously described. The removal of theio—tertbutyl
protecting group from the seryl -OH caused the collapse of the low-field
pair of multiplets into a singlet at 3.9 ppm but had no effectron the high-
field pair of multiplets at 3.20-2.72 ppm, which must therefore have been
due to the protons of the aspartyl BCH= whose magnetic environment was
unaltered.

O-Phosphorylation of the protected dipeptide, using the method
described in section 2.1, gave ambiguous results and none of the required
phosphoryl ethanolamine compound was isolated. Possibly this was due to
“the lability of the methyl ester group as no starting material was

recovered, so the serine benzyl ester could be a better starting material.
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This dipeptide was prepared as the starting material for the synthesis
of bonellidine (structure 9, section 1.1.2) with the intention that after O-
phosphorylation of the seryl moiety and addition of the amino-alcohol
moiety the protecting groups could be removed by catalytic hydrogenation,
-prior to guanidination.

1-Ethyl-3(3-dimethylaminopropyl) carbodiimide was added to a solution
of N-benzyloxycarbonyl aspartic acid B-benzyl ester (54) in
dichloromethane, at 0°C, to form an active intermediate. This carbodiimide
was used as it produces a water-soluble urea by-product after peptide bond
formation. Triethylamine was added to a stirred solutian of serine benzyl
ester hydrochloride in dichloromethane at 0°C and this solution was then
added to the activated aspartic acid solution. The reaction mixture was
stirred for 2 h at 0°C then for a further 18 h at ambient temperature to
form the peptide bond. After washing with water to remove the urea, the
product was purified by silica gel column chromatography (see scheme 16)

The benzyl protected aspartyl-serine dipeptide (56) was synthesised by
this 'solution' method®4 without the necessity of protecting the hydroxyl
function of the serine before forming the peptide bond. The yield was only
- moderate (45%) but the expense of the»large quantities of reagents normally
used in solid phase synthesis meant that a ‘solution' method was more
acceptable for the formation of a dipeptide.

The resulting dipeptide, in which all three of the free carboxyl and
amino groups were protected with benzyl groups, was stored at -18°C in

vacuo, over silica gel.
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~ COCH,
HCI-HNCHCH,OH  + HOCCHCH,

0 .
' 164) X

(53)

Et3N H OOC

(CH3),NICH,);-N=C=N-CH,CH,

CH,0CNHCHCH, |
O CONHCHCH,OH

CO,CH,—~
(56) @

Scheme 16

@_ ' (:,OZCH2©
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As in the nmr of the methyl ester (section 2.2.7) the 'H 300 MHz nmr
of this benzyl protected aspartyl-serine dipeptide (see Fig. 3) showed a
high degree of rotational hindrance to the aépartyl ~CH=- protons, whose
signals were assigned by comparison with the spectrum obtained for the
methyl ester form of the molecule. Again these were clearly non—equivalent
with their resonances occurring as multiplet signals centred at 3.04 and
2.79 ppm and their multiplicities and coupling constants closely resembling
those observed in the dipeptide methyl ester (see Fig. 2).

The protected aspartyl-serine dipeptide was reacted with excess
phosphorus oxychleoride, by stirring in anhydrous conditions until tlc
indicated complete conversion of the reactants to a phosphorylated product
(4 days). 2-Aminoethanol was then added and the reactants again stirred in
anhydrous conditions (3.5 days) until tlc indicated that no further reaction
was ocouﬁ}ng (see scheme 5, section 2.1.1). The reaction mixture was then
treated with 20% acetic acid and finally the protecting groups were removed
by catalytic hydrogenation (see scheme 17, section 2.3.1).

Tlc of the solution on cellulose plates showed four ninhydrin positive
spots. These products were separated by cellulose column chromatography
and examined by 300 MHz 'H nmr spectroscopy. None of the products showed
the expected signals for aspartyl-serine ethanolamine phosphate and the
“high Re components showed signals at 7 - 8 ppm suggesting incomplete
removal of the protecting groups. Despite several attempts at
debenzylation, using various platinum and palladium-containing
hydrogenation catalysts, it did not prove possible to remove these
protecting groups, probably due to poisoning of the catalysts by the

phosphate moiety.
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2.3. ' - e

TABLE 3
( L) ]
3
|
)
H R N _( CHz )2-0 —P-O-R
|
OH
Compound R R Non-standard nomenclature
7 (CO=H)NH2CHCH=- H L- and D- serine ethanol-
amine phosphate.=
8 (CO=H)NH=CHCH (CH2) - H L- threonine ethanolamine
phosphate.®
5 (COzH)NH2CHCH=- C(NH)NH= D- and L- lombricine.©
11 CHs- C (NH)NH= opheline.®

Standard nomenclature; a, D/L-, D- and L-Z2-amino-2-carboxyethyl 2-
aminoethyl hydrogen phosphate; b, L-2-(3-amino-3-carboxypropyl) 2-
aminoethyl hydrogen phosphate; ¢, D/L-, D- and L-2-amino-2-carboxyethyl
2-guanidinoethyl hydrogen phosphate; d, methyl 2-guanidinoethyl hydrogen

phosphate.
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The 1,3,2-oxazaphospholidin-2-ones (28) can be conveniently

synthesised 'in situ’ by two methods, as described in section 2.1.

HN ~(CHy);~0~P~0~CH,~CH-C00"
O- + NH3

(7)

The commercially available D/L-, D- and L-amino acids were protected
as their N-benzyloxycarbonyl and O-benzyl ester derivatives, as described
in section 2.2.1-2. Reaction of the double protected serine with the 1-
benzyl-2-chloro-1,3,2-oxazaphospholidin-2-one, as described in method A,
(see scheme 4) failed to afford coupling even after prolonged stirring
and reflux. This lack of reactivity may be due to the sterically hindered
hydroxyl moiety of the protected serine (30) and the bulky 2-chloro-
1,3,2-oxazaphospholidin-2-one (29).

The 1,3,2-oxazaphospholidin-2-ones of the double protected D/L-, D-
and L-serines could be easily prepared by method B using 2-amincethanol
as the amino alcohol (see scheme 17). As described in section 2.1.2, the

-1,3,2-oxazaphospholidin~2-one (58), once formed, was ring-opened by
exposure to acetic acid in aqueous tetrahydrofuran for 10 min, which
caused exclusive N-P bond fission. The resulting phosphorylethanolamines
were then deprotected by catalytic hydrogenation using palladium black in
aqueous propan—-2-ol and acetic acid. The resultant serine ethanolamine

phosphates (see Table 4, 7a — c) could then be purified, as reported in
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section 5.3.1, using cellulose and ion-exchange chromatography to yiéld

pure serine ethanolamine phosphates in yields of 36-55% (see scheme 17).

EtaN (3
ROH + POCl 2 - | ROPCI,
(24) - (32)
, HO:l
EtaN [ N
(57)
9 + + ( ?/0 -
-p_ i)l H30 _ ]
RO g_ OCH,CH,NH, TRy, RO-P
|
H
(59) - -
(58)
Scheme 17

The purified yields of serine ethanolamine phosphate (Table 4, 7a -
c), 36-55% based on double blocked serine) and L-threonine ethanolamine
phosphate (TEP) (Table 4, 8; 28%) were a considerable improvement over
those previously reported which were obtained by a stepwise coupling of
protected serine, ethanolamine and a phosophorodichloridate, as described
in section 2.1 (typical reported yields for serine ethanolamine phosphate

range from 13-36%).'=.'4
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TAELE 4
Phosphorylethanolamines synthesised.
, (See Table 3, P.81 for structural formula).
Compound  Optical configuration R R

of amino acid

7a D/L (COzH) NH=CHCH=- H
7b D (COzH)NH=CHCH=- H
7c L (CO=zH)NH=CHCH=- H
8 L (CO=H)NH=CHCH (CHz)~ H
Sa D/L (CO=H)NH=CHCH=- C (NH)NH=
5b D (CO=HYNH=CHCH=- C{NH)KH=
5¢ L (COzH)NHzCHCHz‘l C(NH)NH=
11 - CHa— C(KH)NH=

Previous synthesis involved the formation of considerable quantities
of side-products such as the starting amino acids, 2-aminoethanol and
their corrresponding O-phosphates; the symmetgrical phosphodiesters such
as bis(serine)diphosphate were also formed.'®.'* Using the 1,3,2~
oxazaphospholidin-2-one approach, not only was the production of the
symmetrical phosphodiesters eliminated, but also the yields of the other
side-products were considerably lower, greatly simplifying the isolation

of the desired phosphodiesters.

2.3.1.1 Assessment of optical purity of SEP by circular dichroism

The enantiomeric configurations of the D- and L-SEPs were
demonstrated by circular dichroism measurements. These depend,

exclusively, on the optical configuration of the molecules in solution and
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Figures 4 and 5 showed clearly that L- and D-SEP rotated the path of the
incident UV 1ighf in opposite directions. Although this method gave an
accurate indicatién of the major enantiomer present in each solution, it
was not possible to conclude if there was also a small‘percentage
ofcontanination by the alternative -enantiomer, because of the irregularity

of the curves.

2.3.1.i1 KEmr Analysis of SEP

High resolution 'H, '®C and ®'P nnr analyses aof the three different
SEPs were used to prove their chemical structures. The =P, '3C and 'H
nmr spectra of synthetic D/L-, D- and L-serimne ethanolqmine phosphate
(Ta - c) were in accord with those reported for isolated L-serine
ethanolamine phosphate (7c) from dystrophic chickens 'S,

a) Proton spectra.

The 'H nmr spectrum (Fig. 6i) was obtained at 300 MHz and showed

four well defined signals. The integration curve made it possible to

distinguish clearly the number of protons contributing to each multiplet.

0
d c i b a e
HzN-CHz-CHz“O-llD -0 -CHZ-?HfCOzH
OH NH,

(7)

The expansions of the multiplet signals (Fig. 6ii) showed that each
was either a second or third order signal and it was considered
necessary to use decoupling experiments (Fig. 7i-v) in which the sample
was irradiated with a strong field at the frequency of the signal from

the nucleus to be decoupled, while changes in the the remaining signal
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were observed using the normal radio frequency. This allowed assignment
of the signals to specific proton groups in the molecule and assisted in
the calculation of some of the coupling constants.

The values obtained were:- -

3.24 (2H,t,Jw4=5.1Hz, Jne=1.0Hz, CH=N), 3.94-3.99 (H,m,xCH),

4.05 (2H,pseudoquartet,Japp=5.4Hz, POCH=CH=), 4.10-4.40(2H,m,CHCH=0P>.

The signals due to proton groups b and ¢ exhibited both geminal HH
coupling and PH coupling as well as vicinal HH coupling so it was not
possible to assign the coupling constants observed even when the vicinal

coupling is removed in the decoupling experiments.

b) Carbon spectra.

The '®3C broadband decoupled spectrum (Fig. 8) was assigned with the
aid of the 'off-res‘onanoe‘ decoupled spectrum (Fig. 9) which showed the
multiplicity of eac.h signal as a result of *®C-'H spin coupling through
one bond only. The two overlapping triplets at 62.8 and 65 ppm could not
be specifically assigned to either the b or ¢ carbon nucleus. The '®C-'H
spin-spin coupling constant was easily obtained from the ‘off-resonance'
decoupling experiment and the 3'P-{2C coupling constant was obtained
from the 2'P and '3C broadband decoupled nmr spectra.

The values obtained were:—
40.7 (t Jen=143Hz, Jer=7 7Hz, CHzN), 55.6(d,Jen=144Hz, Jcp=0.9Hz, aCH),

62.8 (t,Jcnu=150.5Hz, Jcr=6.0Hz, CH20P), 65.0(t,Jcn=150.5Hz, Jcr=5.6Hz, CH=0P),

172.2(s,CO=zH).
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NH,-CHz-CHz-O-f—O-CHz-Cle-CozH

( OH .  NH,
(7)

I l ! l I I l I 1
H.YH ppm c.B
Fig. 6i. 300 MHz 'H nmr Spectrum of D-serine ethanolamine

phosphate (SEP) in D=20.
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339 PPmM 3|E

Fig. 6ii. Expansions of signals in 300 MHz 'H nmr spectrum of D-SEP.
Abbreviations as for Fig. 6i
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‘ - decoupling frequency.

71ii

—
}

7ii

+-

Fig. 7i-v. Decoupling experiments in the 300 MHz 'H nmr spectrum of
D-SEP. Abbreviations as for Fig. 6i.
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Fig. 8.

75.4 MHz '®C Broadband decoupled nmr spectrum of DL-SEP in
D=0
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b+c

I
200 ppm 0

Fig. 9. 75.4 MHz '=C ‘Off-resonance’ decoupled nmr Spectrum of DL-SEP
in D20. Abbreviations as in Fig. 8.
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2.3.2 Synthesjs of L-threonine ethanolamine phosphate - TEP

+ |
Hy N=(CH,);~0~#~0~CH~CH~-CO0"
g +NH,

0 CH;

(8)

The double protected L-threonine analogue (60) was used in the
synthesis of TEP by a similar approach to that used in the synthesis of
SEP (see scheme 17), however the yield was only 5% which may be
attributed to the increased bulk around the hydroxyl group. This was
partially overcome by using a four molar excess of phosphorus
oxychloride for a prolonged time with subsequent azeotropic removal of
the excess phosphorus oxychloride. Using this modification the yield was

increased approximately six-fold.

9
CH,0CNHCHCHOH
COCH,_
0

(60)

2.3.2.1 Nmpr Analysis of TEP

High resolution ‘H '#C and *'P nmr experiments were used to confirm
the molecular structure and to investigate any unusual intramolecular

conformation.
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a) Proton Spectra

f .

5 CH -
N—-CH,~CH,=0-P-0-CH-CH-
KA IR R S S

(8)

The 'H nmr spectrum was obtained at 500 MHz (Fig. 10) and showed
five well separated signals. The downfield signal was partially obscured
by the small residual HDO signal at 4.72 ppm but its integral indicated
that it was from a single proton. The multiplicity of this signal showed
it to be due to the B-threonine proton (b) while the multiplet at 3.69
ppn was from the a-proton (a). The two 2-proton signals at 3.35 and
4.04 ppm were assigned by analogy with those in the SEP molecule (see
section 2.3.1) to proton groups d and c respectively and the highfield 3-

proton doublet was, obviously, due to the methyl group ().

2-Dimensional spectra

All of the multiplets in the 'H 1-dimensional nmr spectrum of TEP
show second or third order coupling constants so the 2-D J-resolved and
expanded 1-D 'H 500 MHz spectra were analysed to obtain the fundamental

coupling constants (see Table 5).

1) J-Resolved 2-dimensional spectroscc»py."e
In this experiment the F1 frequency axis contained scalar coupling
information (Fig. 10) and the F2 (horizontal) axis contained only

chemical shift information (Fig. 11). Coupling constants were resolved
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along the Fl axis and chemical shifts along the F2 axis in the contour
diagram (Fig. 12). A detailed analysis of the J-resolved spectrum was
made from the X-sections which gave an expansion of the contour plots in

the form of peaks.

IABLE S

f
o) 9”3

1

H,N-CH,~CH,-0-P-0-CH~-CH-

gttt b o Eoﬁ*
OH NH,

(8]

Fundamental coupling constants for TEP.

Proton 3T ham 2T Jue

aCH a Jrgry, = 2.5 JHar = 2.5
BCH b Ty Ha = 2.5, Jrgne = 7.0 Jruye = 7.0
CH=0P ¢ Jheng = 55 Jhere = 5.0 Juer = 2.0
CH=2N d Jgrne = 5.5 Juge = 1.1
Cl= f Jl-Ibe = 7.0 ’ Jhge = 14.0

2) Ruclear Overhauser Enhancement Spectroscopy (NOESY)

The 2-D NOESY spectrum“’of TEP was obtained at 500 MHz and was not
well resolved but the phase-sensitivé‘srerc—;ion (Fig. 13) was quite well
resolved. This type of contour spectrum has off diagonal cross-peaks
where nuclei are close in space (less than 54) and is due to dipole-

dipole interactions rather than spin—spin coupling. X-Sections through
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the cross—peaks (see Fig. 14i-v) showed a strong proximity interaction
between the methyl group and the § and « protens, a medium interaction
with the CH=0P and a weak interaction with fhe CH=N protoms.

The CH=N showed a strong interaction with the adjacent CHz=0P protons
and with the methyl group but also a weak interaction with the B8-proton.
The a-proton showed a strong interaction with the adjacent B-proton and
a weak one with the methyl protons. The CH=0P protons had a strong
interaction with the adjacent CH=N protons and a weak one with the £-
proton. Finally the B-proton had a strong interaction with the adjacent
methyl protons and a-proton and a weak interaction with the CH;OP group.
These interactions are shown diagramatically in Fig 15 and indicated the

presence of some conformational structure

H,N = CHy - CH; - 0-P-0- CH - CH - COH
eS0T NH
Figure 15
— strong

--- medium |-proximity interactions
"'.ooweak R

b) '=Carbon spectra.

The '3C broadband decoupled spectrum was assigned clearly from the
‘off-resonance’ decoupled spectrum which showed the multiplicity of each
signal as a result of '®C-'H spin-coupling (Fig 16). Again it was
necessary to omit dioxane as the signal from this coincided with one of

the signals from the TEP molecule. The f-carbon (b) signal was
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significantlyi?hielded by the phosphate electrons and so showed a strong
downfield shift compared with that of the o-carbon., The ='P-'3C and
'3C-'H spin-spin coupling constants were easily obtained from the '3C
proton noise decoupled and 'off-resonance' decoupled experiments
respectively and the ®'P-'=C value was checked by comparison with the
3P spectrum

(see Table2D.

c) Model building.

A 'vball and stick' model of the L-TEP molecule, based on the
information on the proximity of the varicus proton groups obtained from
the 2D-NOESY experiment (Fig. 15), suggested that it waé possible for it
to adopt several conformations in which the CHz=N (d) protons were less
than 3A from both the f-proton (b) and the methyl protons (£f). In all of
these conformations the NHa* protons of the ethanolamine moiety lay
within 3A of the CO0~ group giving the possibility of hydrogen-bonding
to stabilise the structure. Using this simple form of modelling it was

not possible to assess the lowest energy conformation.

2.3.2.11 Assessment of optical purity of TEP by circular dichroism

The enantiomeric configuration was demonstrated by circular
dichroism measurements which showed that the UV light was rotated in the
same direction as for L-SEP. Again the results (Fig. 17) showed that
there was one predominant enantiomer present in the solution but the
irregularity of the curve made it impossible to ascertain if there was a

low percentage contamination by the minor enantiomer.
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Fig. 10. 500 MHz 'H nmr Spectrum of L-threonine ethanolamine
phosphate (TEP) in D20 - projection in F1.
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J-RESOLVED PROJECTION IN F2

f
d
C
a
b
HDO b L ,
A A .
5.0 i a5 4.0 3.5 3.0 2.5 2.0 1.5

Fig. 11. 500 MHz 'H nmr Spectrum of L-TEP in D0 - projection in F2.
Abbreviations as in Fig. 10.

101



0)

" HS W



% +
,-'$./0

" H#HS%

0)



£ |1.44

TEP NOESY — 4.81 ppm
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Fig. 14i-v.

X-Sections through contours shown on NOESY spectrum of
L-TEP (Fig. 13). Abbreviations as in Fig. 10
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2.3.3 Synthesis of methyl ethanolamine phosphate
. e
H3N -CH,-C HZ‘O"P —0-CH;,
OH
(27e)
The precursor (27e, Table 1 section 2.1.1)24 to opheline (11, Table
3)) was synthesised as described in section 5.1.1 in a yield of 26% using
method B (see scheme 17). In an attempt to increase the yield the
corresponding N-benzyl and N-(4-methoxy)benzyl analogues (27b and 274,
Table 1) were conveniently synthesised in yields of 64 and 62%
respectively using method A. Deprotection of the nitrogen should then
have yielded the opheline precursor. Unfortunately both analogues were
inert to the effects of palladium catalysed hydrogenations and the action
of trifluoroacetic acid as described previously'”. In contrast,
hydrogenation of the N-benzyl (27b) analogue using platinium dioxide as
catalyst afforded the corresponding hexahydrobenzyl derivative (61} (see

Scheme 18).

0
]
PhCH,NH CH,CH;0-P~0CH,

(27x) OH

Pt oz/Hz

0

Il

(61) OH

Scheme 18
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2.3.4 Synthesis of lombricipne by guanidination of serine ethanglamine
phosphate.

The guanidinated derivatives (Table 4, 5a - ¢ and 11) found in
'worns' were conveniently prepared as described in section 2.1.3 by the
reaction of the phosphorylethanolamine (59) with O-methylurea (36) at a

pH of 10 - 11,4 in pure isolated yields of 70-94% (see Scheme 19).

0] wH
]
HZN CHZCHZO—"D-OR + CH30CNH2
(59) 0 (36)
pH10-11
+NH, 0
I 1
H,N=C~NHCH,CH,0-P-0R
|
o

R=CH; and D/L-,D- and L-(CO,H)NHCHCH;,-

Scheme 19

The pH was maintained above 9 to suppress the ionisation of both
amine functions? The primary amine of the
aminoalcchol moiety was a stronger base than that of the a-amino acid

therefore the former preferentially attacked the electron deficient
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carbon atom c';f the amidine group (4) of the O-methyl urea molecule (36,
scheme 19). Since amino acids are very prone to racemisation in basic

conditions it was essential to develop a reiiable method of checking the
optical purity of the synthetic products which would demonstrate clearly
the presence of a small percentage of the minor enantiomer (see section

2.95).

Synthetic D/L-, D- and L- lombricines (Table 4, Sa-c), prepared
according to scheme 19, co-eluted with authentic D- and L-lombricine in
an HPLC assay described in section 5.6.1. The structures of these three
synthetic compounds were unambiguously confirmed by 2'P,'C and 'H nmr
spectroscopy and fast atomic bombardment mass spectrometry.

Synthetic D/L-, L- and D-lombricine exhibited the same *'P nmr resonance
as L- and D-lombricine isolated from natural sources and a perchloric

acid extract of earthworms which contained D-lombricine'®e,

23441 Nmr analysis of D-Lombricine

NH 0 .
I d c I b a e
H,N-C-NH-CH,-CH,-0-P-0 -C.HZ—CH-COZH
I I

f
OH NH,
(5)

a) Proton spectra
The ‘H nmr of lombricine was obtained at 80 MHz (Fig. 19) and showed
three groups of multiplets (section 5.3.3. Table 28, Sa-c) with

integration values giving them proton ratios of 2 : 3 : 2. The triplet at
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3.47 ppm Jun = 5 Hz) was unambiguously assigned as due to CHz=N (d).
The other 2-proton multiplet at 4.27-4.05 ppm could not be positively
assigned to either of the CHz=0F (b) or (c) pfoton groups and the 3-
proton multiplet at 4.05-3.73 ppm was obviously due to the signals from
both the second CHzOP group and the aCH (&), superimposed. 'H spectra
were run at 300 MHz and 500 MHz (Fig. 20 and 21) and both failed to
resolve the superimposed signals which must therefore be assumed to have
nearly identical chemical shifts. The 500 MHz spectrum showed that the
low-field signal was complex and apparently contained the J-coupling
value of 4.5 Hz, but this signal also showed second order coupling of the
*Jun and third order coupling between 'H-®'P nuclei. A.decoupling
experiment (300 MHz) was performed in which the high-field signal at
3.47 ppm was decoupled and this caused a partial simplification of the
multiplet at 4.01-3.90 ppm and had no effect on the low-field signal at
4.28-4.14 ppm, which was therefore assigned as due to the CH20P of the

seryl moiety.

e-Dimensional Spectra

1) Heteronuclear Shift Correlation (HETCOR)'™'

In this experiment one-bond 'H-'=C couplings provided the means for
. the transfer of magnetisation between coupled spins. The cross-peaks on
the contour plot (Fig. 22) indicated coupling correlations. The
assignment of the 'H spectrum (shown on the F.: axis)was thus confirmed
but that of the '®C spectrum (F2 axis) in relation to carbons (b) and (c)
(Fig.22) remained ambiguous as these were virtually magnetically

equivalent nuclei.
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The 1-dimensional and HETCOR experiments facilitated the
confirmation of the structure of the lombricine molecule, when taken with
the tlc data which confirmed the presence Df.primary amino and guanidino
groups. Although the '®C-2'P and '=C-'H spin-spin couplings could be
obtained from these experimental results, the only proton-proton coupling
that was clearly observed was that from the high~field triplet which
showed the vicinal H-H coupling.

2) Homonuclear Shift Correlation (COSY)'**

The basis of this experiment was the process of coherence transfer
in which magnetisation was transferred between coupled spins of two
protons. In this particular case it had the advantage of removing the
'H- ='P coupling and so reducing the complexity of the multiplets to
second order, or first order if the geminal proton couplings were too
small to be resolved. The multiplet structure within the cross-peaks
could be resolved using phase-sensitive detection which distinguished
between positive and negative signals. Each cross—-peak was split into
alternative positive and negative components, separated by Jww, displayed
as an 'anti-phase square array' on the contour plot. The geminal
couplings may also show up as fine structure within .this array.

The phase-sensitive COSY contour plot of D-lombricine (Fig. 23) was
well resolved at 500 MHz and from it, and the lI-dimensional 'H spectrum
at this frequency, the Juwm couplings shown in table 6 were obtained.
Unfortunately no information on the 'H-®'P couplings could be obtained

for the three protons in the midfield multiplet.
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TABLE 6
‘NH .
) c i b a e
HZN-C-NH-CHZ_-CHsz-P—O-CHz-CH-COzH
f I )

OH NH,
(5)

Fundamental coupling constants of lombricine.

Proton AT 2l Jre

CH20P b Jugnu,= 9.0 Hz JugHp= 4.5 Hz Juye = 185 Hz
CHz0P ¢ Ju.yg= 115 Hz Jugre= 4.5 Hz

CHzF d  Jwugw,= 115 Hz Jugryg= 5.0 Hz Juge = 175 Hz

3) Nuclear Overhauser Enhancement Spectroscopy (2D-NOEST)

The 2D-NOESY contour spectrum has off diagonal cross-peaks where
nuclei are close in space (less than 58) and is due to relaxation by
dipole~dipole interactions rather than spin-spin coupling. The 2D-NOESY
spectrum of D-lombricine was obtained at 500 MHz and was poorly resolved
(Fig.24). X-Sections through the cross-peaks (Fig. 25i-v) show a strong
interaction between the the two groups of protons in the ethanolamine

-moiety and between those in the seryl moiety, which was expected as these
are on adjacent carbon atoms. The only unexpected proximity reaction
observed was that between the CH2N (d) and the seryl CHz=0P (b) protons
(Fig. 25iii), but it was not possible to observe any unusual interactions

with the two superimposed groups.
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b) 'SCarbon spectra.

The '=C broadband decoupled spectrum was run at 74.5 MHz using
internal dioxane as a marker. Unfortunately the dioxane signal
interferred with a signal from the sample so the experiment was repeated,
under identical conditions, with no internal reference (Fig 26). The
‘off-resonance' decoupled spectrum was also obtained to help with the
assignment of the signals, although the strong nuclear Overhauser effect
observed in the proton noise decoupled spectrum allowed almost
unanmbiguous assignment.

The values obtained were:—

44 54 (t, Jcnw=140.5Hz, Jcr=T7.7Hz, CH2N), 57.55(d, Jcn=143Hz, Jce=8Hz, oCH),
66.70 (t, Jew=150.2Hz, Jcr=4.7Hz, CH=0POCH=)>, 160.0(s,NCINHIN),

174.10(5,C0=2H).

The proton noise decoupled experiment removed only the J-coupling due
to protons, not those due to other nuclei possessing spin such as 3'P.
The J-coupling constants between the carbon and phosphorus nuclei were
measured from this spectrum (see Fig. 27) and checked by measuring the
corresonding J-values observed in the ®'P nmr spectrum. The signals
~ from the two CH=0P (b) and {(¢) carbon nuclei had the same chemical shift
at 66.70 ppm, but the signal from the oCH (a) was significantly different
at 57.55 so a Heteronuclear Shift Correlation (HETCOR) experiment allowed
proof to be obtained of the chemical shift of the a-proton in the 'H

spectrum.
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c) ='Phosphofus spectra.

As lombricine is zwitterionic, it showed variations in the phosphorus
chemical shifts aécording to the acidity of the medium (see Fig. 18).
From the inflection points the pKa's of lombricine were.estimated as 2.2

and 9.1 which were in close agreement to those previously reported®e.

Chemical shift.
04 1
03
02 -
01 -

!
o
N

AN

Fig. 18. Effect of pH on the *'P nmr chemical shifts of D-lombricine
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d) Model building.

‘Ball and stick®' models of the D- and L-lpmbricine molecules were
constructed using the conformational information obtained from the 2-
dimensional nmr studies. The mbdels for both enantiomers suggested that
when the molecule twisted in such a way that the CHz2N (d) protons were
less than 2.511 from the CH20P (b) protons the guanidino group could take
up an orientation with the NHz protons less than 2k from PO~ and the NH
proton less than 3h from COO-. As the guanidino group is positively
charged at physiological pH values, the proximity of these charged groups
could allow ionic interactions and the formation of hydrogen-bonds which
would stabilise the structure so that it formed a lypophilic core with a
hydrophilic shell. This simple method of molecular modelling did not

show any significant difference between the D- and L- enantiomeric forms.
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u d ¢ u b a e
NHZ-C-NH—CHZ-CH['O-P-O-CHI—CH-CozH
| '
HD f OH NH,
{5}
6 5 4 3 2 1
pPPM
Fig. 19. 500 MHz ‘H nmr Spectrum of D-lombricine in D=0
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Fig. 20. 300 MHz 'H nmr spectrum of D-lombricine in Dz0.
Abbreviations as in Fig. 19
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Fig. 21. 500 MHz 'H nmr Spectrum of D-lombricine in D=20.
Abbreviations as in Fig. 19.
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bs+C

NH 0
M d c ] b a e
NHz‘f"NH-CHz‘CHZ_O-P‘O-CHz‘CH“COZH
)
OH NH,
(5)
a+c
d
b

H N.m.r.
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1
10

Fig. 22. 300 MHz 'H + '=C 2-Dimensional heteronuclear shift correlated
spectrum (HETCOR) nmr spectrum of D-lombricine in D=0.
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IN D20 THM=300 MSEC

a+c

NOESY — 4.26 ppm

LOMBRICINE

25ij

Fig. 25i-iii.

PHRSE SENS. NOESY OF D-LOMB.
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X-sections through contours shown on NOESY spectrum of

D-lombricine (Fig. 24). Abbreviations as in Fig. 23
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2.3.4.111 Assessment of the ogptical purity of lombricine by circular
dichroism

The enantiomeric configurations of L- and' D-lombricine were
demonstrated by circular dichroism measurements which demonstrated that
solutions of the two enantiomers rotated the incident UV light in
opposite directions (Fig. 28 and 29). The curve obtained for the L-
enantiomer had the same sign as that for L-SEP and L-TEP (Fig.4 and 17)
and both of the curves also showed a high noise / signal ratio and were
therefore very irregular in shape. Although they showed that each
solution contained, predominantly, only one enantiomer there was no way
of ascertaining if either was contaminated by the minor enantiomer.

The absence of racemisation in the synthesis was established by
circular dichroism and optical rotation measurements (see section 5.3.3.
Table 32) of isolated ‘natural' L-lombricine (5¢), from Urechis caupo) and
D-lombricine (Sb), from Lumbricus terrestris) and that of synthetic D/L-,
D- and L-lombricines. In addition, the optical purity was further
confirmed by a reversed-phase HPLC method which employs pre-column
diastereoisomer formation with chiral thiols and o-phthaldialdehyde
followed by fluorometric detection. The detection limit of this HPLC

method is better than 0.5% of the minor isomer in the lombricine sample

(see section 2.4)
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Opheline (11) was synthesised by guanidi'nation of methyl

ethanolamine phosphate (Table 1, 27e), using the method described in
section 2.3.4. (see scheme 19), with a purified yieid of 87%. The yield
obtained by previous researchers, in which the silver salt of
guanidinoethyl phcsphate was reacted with methyl iodide®#, was not quoted
but appeared to be very low.

The structure of this compound was unambiguously confirmed by ='P,
'3C and 'H nnr spectroscopy, fast atomic bombardment mass spectrometry

and elemental analysis.

2.3.5.1 Nmr Analysis of opheline.

NH 0

] o b I a
HZN-CCjI -NH-CHZ-CHZ-O--P-O--'CH3 '
I

OH
(11)

a) Proton spectra

The ‘H nmr spectrum of opheline was obtained at 300 MHz and showed
" three well defined signals (Fig. 30) which were easily assigned by
examination of their chemical shifts, multiplicity and integrals. The
assignments were confirmed by decoupling experiments (Fig. 31) and the
Jun and Jwe coupling constants for the signals assigned to CHz=N (c) and
CHs <a), respectively, were obtained from the expanded spectra(Fig. 32ii
and iii>. The low field multiplet signal at 3.93 ppm (Fig. 32i), for CH=0P

(b), contains a combination of geminal and vicinal HH coupling and PH
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NH 0
] c b n a
NH,~C -NH -CHz-CHz‘O -P-0-CH,
1
d OH
(11)
b
HDO C
decoupled
]

| [ { |
S 4 ppm

Fig. 30. 300 MHz 'H nmr spectrum of opheline in Dz0.
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311

V- decoupler frequency

Fig. 31i&ii. Decoupling experiments in 300 MHz 'H nmr spectrum of
opheline in D=0. Abbreviations as in Fig. 30.
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Fig. 32i-ii1i. Expansions of signals in the 300 MHz 'H nmr spctrum of
opheline (Fig 30). Abbreviations as for Fig. 30.
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d OH
(11)
a
)]
c
o<
X~
Q©
T
d
] 1 I | | [ | | I B |
ppPm
cd0 O
Fig. 33.

75.4 MHz '=C Broadband decoupled spectrum of opheline in D=20.
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Fig. 34. 75.4 MHz '=C ‘'Off-resonance' decoupled spectrum of opheline in
Dz0. Abbreviations as for Fig. 33.
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coupling so the coupling constant observed is a summed value and not a
real one.

The 'H nmnr data obtained were :—

3.43(2H,t, Juw=5.1Hz, CH=N>, 3.54 (CH,d, Jne=10.7Hz, CHa), 3.93 (2H,

pseudoquartet, Jun=5.5Hz, CH=0P).

b> '®Carbon spectra

The '2C broadband decoupled spectrum (Fig. 33) was run at 74.5MHz
using internal dioxane as a marker. It was assigned clearly from the
chemical shift values and the 'off-resonance' decoupled spectrum (Fig.34),
which showed the multiplicity of each signal as a result of '®C-'H spin
coupling and therefore also provided the values of the '®C-'H coupling
constants. Thgi;‘P spin-spin coupling constants were obtained from the

BC nmr spectrum.

The '2C nmr data obtained were ;-

42.6(t, Jcn=140Hz, Jer=6.8Hz, CH=N), 53.7(q, Jecn=147Hz, Jcp=6.1Hz, CHa0P),

64 .9¢t, Jcn=148Hz, Jcp=5.7Hz, CH=20P), 158.1(s, NCINHIN).

2.3.6 Mass spectral analysis of lombricine and opheline

The phosphorylethanolamines and their guanidinated analogues, being
zwitterionic in character, were not amenable to electron-impact mass
spectrometry. However, under fast atomic bombardment (FAB) mass
spectrometry, as reported for phosphorylethanolamines (see section 5.1.2,

Table 24 and section 5.3.3, Table 31) and analogous
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guanidinoalkaﬁephosphonic acids®®, compounds 5 and 11 gave intense ioms
at M*+1 and in many cases these were also the base peaks.

The fragmentation of the phosphorylethaﬁolamines (27) occurred about
the phosphodiester bonds giving rise to fragments corresponding to
ethanolamine phosphate, the amino acid phosphate and the aziridinium ions
(34) arising from 2-aminoethanol, serine and threonine. The guanidinated
analogues (Table 4, 5a - ¢ and 11) also gave base peaks which
corresponded to the M*+1. The fragmentation pattern was slightly

different to that found in the unguanidinated forms (Table 4, 7a-c and 8).

+NH, 0
] |
H,N =C-NHCH, CH,0-P -0R
|
o

*NH, 0 NH,
[ I 4 *NH
H;NCNHCH,CH,0~P~0H C=NH, = 2

= N
OH H H

(63a) (63b)

Scheme 20
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The major fragments arose from the guanidinium side of the molecule
yielding intense fragments corresponding to guanidinoethanolamine
phosphate (62) and the aziridinium (63a)/ 2-iminoimidazolidine ions (63b)
(see Scheme 20). This suggests that the charge localisation in these

compounds is strongly located at the guanidine moiety.
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Physical and spectral analyses, described in section 2.3, have shown

that the synthetic lombricines prepared complied with the structure
assigned from degradation and tlc studies by earlier researchers, to the
natural compound found in several species of earthworm. These synthetic
samples could, therefore, be utilised as the standard in developing a
specific assay for lombricine (5) and its N-phosphorylated form (6) in
biological samples. To date levels of these compounds have been measured
by laborious isolation procedures'Z:'®®7 and by non-specific colourimetric
estimations of guanidines and inorganic phosphate levels before and after

hydrolysis of the N-phosphoryl guanidines”s=2.83,
*NH, 0

‘ [
HyN = C=NH~(CH,);~0~P~0~CH,~CH-COO0"
o) ~a-NH3

(5)

W 9 .
“03P~NH-C~NH=(CH,);~0-P-0-CH,~CH-C00
CY +'Q}43

(6)

Recently there has been considerable interest in the analysis of both
O- and F-phosphoryl amino acids in biological samples by high performance

liquid chromatography (HPLC)®°—®Z, involving the utilisation of pre-column
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derivatisation with an o-phthaldialdehyde (OPA)-thiol reaction followed by
reversed-phase HPLC and fluorometric detection. OPA reacts with amino
acids in the presence of a thiol to give highly fluorescent 1-alkyl-thio-2-

alkyl substituted isoindoles”® probably by the reaction shown in scheme

217=,
Y CHO 3R
£ O
1 CHO
OH
(64) (63) (65)
R"NHZ
@\/\K'H‘R "o @\\QH—R
CHO CHO
(66) (67)
R-S”
. S-R
@_ S-R
N — —— NH—R
5 N-R — )
CE; £H
OH -‘0
- H,0 \
| S-R'
—
\. -R
(70)
Scheme 21
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Sternson et al”’* proposed that the primary amine reacts with free OPA
(63, scheme 21) to form a carbinolamine (66). .In aqueous solution OPA is
in equilibrium with its cyclic hydrate (64) and in the presence of thiols
forms a cyclic thiol product (65), by a reversible reaction, but neither of
these is thought to be reactive towards a primary amine. The carbinolamine
then dehydrates to give the highly reactive, protonated imine (67). This is
rapidly attacked by the thiol anion to form a a-alkylaminobenzyl sulphide
(68) and intramolecular nucleophilic attack by the resulting secondary
amine on the carbonyl carbon atom forms the isoindole ring. The unstable
intermediate (69) rapidly undergoes dehydration to yield the fluorescent
isoindole (70).

OPA is one of the most sensitive fluorogenic reagents available for the
determination of primary amines by HPLC as it rapidly forms highly
fluorescent derivatives at ambient temperature but is non-fluorescent itself
and does not breakdown or react to form fluorescent by-products. It was,
therefore, decided to evaluate the use of this HPLC methodoclogy in the
development of a new and specific assay for lombricine and its ¥N-

phosphorylated form in crude biological extracts of worm tissue.
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The specificity of OPA-thiol as a fluorescent pre-column derivatising

reagent only for molecules with a primary amine function means that this
method can be utilised for the investigation of very crude tissue extracts
because other functional groups will not interfere.

Extracts of free amino acids from earthworm tissues were prepared as
rapidly as possible and in such a way that the temperature was always
maintained below 0°C, to minimise the breakdown of lombricine and the
labile N-phosphoryl lombricine. The extraction procedure involved
maintaining the integrity of the N-phosphoryl guanidine bonds by freeze-
clamping and grinding the worms in liquid nitrogen, followed by ice-cold
perchloric acid extraction and potassium hydroxide neutralisation (the
whole procedure taking less than 4 min). The recovery of lombricine from
the extraction procedure was in excess of 99%, as was demonstrated
previously'®. This extraction method was shown not to effect the ATP / ADP
ratio which was the same ‘in vivo' as in the perchloric acid extracts, so
demonstrating the mildness of the procedure.

The extraction procedure described resulted in sufficiently clean
samples of the amino acids under investigation for immediate pre-column
derivatisation, at a suitable dilution, with OPA-ethanethiol followed by

injection onto the reversed-phase column as described in section 5.6.1.
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The derivatisation reagent OPA-ethanethiol was found to form a highly
fluorescent derivative with synthetic and isolated lombricine at pH 9.5.
Ethanethiol was used in place of the more commonly employed 2-
mercaptoethanol since there have been reports of the OPA-ethanethiol amino
acid adduct being more stable than that of corresponding 2-mercaptoethanol
adduct®®.24, The derivatisation occurred rapidly and quantitatively at
ambient temperature in the dark, reaching its maximum fluorescence within 1
to 2 min and was stable for at least 30 min (Fig. 35). The fluorescence
intensity of the lombricine derivative was observed to be similar to that
obtained with the other commonly occuﬁjng amino acids.

Unlike the O-phosphoryl amino acids (i.e. O-phosphoryl serine), the N-
phosphoryl amino acids (N-phosphoryl arginine) are extremely acid-labile
and base stable. In order to minimise the hydrolysis of the labile N-
phosphoryl guanidine bonds, mobile phases of pH 7.2 were employed in the
assay as reported previously®® for O- and N-phosphoryl amino acids.
Adaptations were made to the method of the previous workers; a silica gel
reversed-phase column was used and a gradient elution, which enhanced the
separation of the early eluting amino acids as seen in Fig. 36 (for

retention times see Table 7).
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Amino acid Retention time /7 min.

O-Phosphoryl serine 2.72.

Aspartic acid 7.10

Glutamic acid 13.80
N-Phosphoryl arginine 15.80
O-Phosphoryl ethanolamine 21.80
Asparagine 23.60
Serine 25.56
Histidine 26.20
Glutamine 26.20
Serine ethanolamine phosphate 26.00
Lysine 32.10

The run-time between injections was 40 min including wash and re-
equilibrium phases. Authentic lombricine was shown to elute (tr = 17.20
min) clear of a standard amino acid protein hydrolysate under the
~ conditions employed. In addition, the possible precursors of lombricine:
serine ethanolamine phosphate (tr = 29.00 min), O~phosphoryl serine (tr =
2.72 min) and O-phosphoryl ethanolamine (tr = 21.80 min) were shown not to
interfefe with the lombricine assay (Fig. 36). The reproducibility of the
retention times, peak heights and areas for lombricine (Lomb.), N-phosphoryl

lombricine (PLomb.) and N-phosphoryl arginine (PArg.) is shown in Table 8.

151



1204

1101

1004 /
904
804
701
604
S0+

40+

Fluorescence intensity (peak ht., mm)

20]

10 A

— v

O 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Derivatisation time. min

Fig. 35. Fluorescence response of the OPA-EtSH derivatisation as a
function of reaction time for lombricine. Chromatographic conditions as

in section 5.6.1.
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Fig. 36. HPLC Chromatogram of standard OPA-EtSH amino acids and
derivatives on a Sﬁkrisorb ODS II reverse-phase column. Chromatographic
conditions as in section 5.6.1. Non-standard abbreviations used, peaks:
PSer = O-phosphoryl serine; PArg = N-phosphoryl arginine; Lomb =
Lombricine; PLomb = N-phosphoryl lombricine; PEa = O-phosphoryl
ethanolamine; Imp = impurity arising from standard amino acid protein
hydrolysate. SEP = serine ethanolamine phosphate.

For HPLC apparatus see section 5.6. 153
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Coefficient of variation (%,n=6>

Compound Retention time Peak area Peak height
Lombricine 0.83 0.51 1.06
N-phosphoryl lombricine 0.61 6.68 1.45
R-phosphoryl arginine 0.86 0.70 1.32

The calibration graph (appendix 1, Graph 1) for lombricine showed good
linearity between both peak height and area with concentrations in the
range of 20-80 pmol per injection (r® = 0.988 for both peak height and
area). The detection limit was in the lower femtomole range (signal-to-
noise ratio of 3:1).

A typical chromatogram is shown in Fig. 37. The homogeneity of the
assigned peaks (Asp, tr = 7.10 min; Glut,tr = 13.80 min; PArg,tr = 15.80
min; Lomb,tr = 17.20 min; Asn,tr = 23.60 min; Ser,tx = 25 56 min; His+Gln,twr
= 26.2 min and Lys,tr = 32.10 min) was confirmed by comparison with the
retention times of authentic standards and chromatography of spiked
samples. N-Phosphoryl arginine was additionally confirmed by collection of
the peak fraction which was subjected to acid hydrolysis and re-analysed,
giving a peak corresponding to arginine (Arg,tr = 29.44 min). It is of

interest to note that in our assay O-phosphoryl serine (PSer) and aspartic

154



acid (Asp) were completely resolved (Fig. 36) whereas in the hands of
Carlomagno et al®® they were shown to co-elute.

Owing to the instability of N-phosphoryl lombricine and the lack of
pure authentic standard, the peak at tr = 3.20 min was confirmed to be N-
phosphoryl lombricine by treating the extract with 1 X hydrochloric acid
2.1, v/v) at 100°C for 5 min, followed by neutralisation and re-analysis.
The original peak at tr = 3.20 min disgapeared and a corresponding increase
in the lombricine peak was observed (see Fig. 37 and 38).

Under these conditions lombricine was shown to be stable, and therefore
the levels of N-phosphoryl lombricine could be determined from the
difference between the lombricine levels before and after hydrolysis. By
this method the percentage of N-phosphoryl lombricine in the total
lombricine content was found to be 52.99% + 2.58% (n = 4) with a total
lombricine concentration after hydrolysis of 1.1693 + 0.0227 mg/g wet
weight of worm (n = 4). This corresponded to levels of 0.550 + 0.0170 and
0.8032 + 0.0240 mg/g wet weight of lombricine and N-phosphoryl lombricine
in the mixed batch of earthworms Allé%qpbora caliginosa, Octolasium cyaneum
and Lumbricus terrestris®®, The previously reported levels of these
compounds in 4. caliginosa and 0. cyaneum (0.65 and 0.17 - 0.29 mg/g wet
weight of total lombricine'® after hydrolysis and N-phosphoryl lombricine'®
~ respectively) and L. terrestris (0.6 yglg wet weight of total lombricine®”
after hydrolysis) are lower than those quoted here and reflect the inherent

losses associated with the isolation in the earlier reports.
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Fig. 37. HPLC Chromatogram of OPA-EtSH amino acids and derivatives, in
a freeze-clamped perchloric acid extract of 'earthworm'. Conditions and
abbreviations as in Fig. 36
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Fig. 38. HPLC Chromatogram of OPA-EtSH amino acids and derivatives, in
an acid hydrolysed sample of freeze-clamped perchloric acid extract of
‘earthworm'. Conditions and abbreviations as in Fig. 36.
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The assay also enabled the level of N-phosphoryl arginine to be
determined and this was found to be 10 times lower (0.056 * 0,003 mg/g wet
weight of worm) based on a molar ratio, than N-phosphoryl lombricine in
the earthworms examined. This .illustrates that it is N-phosphoryl
lombricine and not N-phosphoryl arginine which is the most abundant high
energy phosphate regulator in the species of earthworm examined.

The HPLC assay described represents a specific and reproducible method
for determining lombricine and its acid-labile N-phosphorylated derivative
in biological extracts. A true picture of the importance of a particular
amino acid in the tissue from which it is obtained, whether it is
naturally occurring or from a drug or other ingested supstance, can only be
drawn from a knowledge of its absolute abundance and its abundance relative
to that of similar molecules. In addition, the assay proved to be an ideal
method for the separation and detection of acidic amino acids and their O-

and N-phosphorylated derivatives.
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It has been established that the synthetic lombricine (B) is identical
to natural lombricine and that it is the breakdown product of N-phosphoryl
lombricine ¢6) but the observation of earlier researchers that the seryl
moiety is the D-enantiomer, which is very unusual in nature, has not yet
been proved. It was considered essential in this study of these unusual
naturally occurring amino acids to establish unambiguously the
configuration of these molecules in nature, to check the enantiomeric purity
of the synthetic samples and finally to establish the purity of the crude

biological extracts.

2.5.1 Preparation of worm tissue extracts for reversed-phase HPLC
. tigati ¢ lombrici 4

The tissue extracts were prepared using conditions under which all of
the N-phosphoryl lombricine was converted to lombricine but other
breakdown reactions were minimised. The live, pre-weighed earthworms were
homogenised in ice-cold water for 5 min and the homogenate was then
. adjusted to pH 3.0 with concentrated sulphuric acid, boiled for 5 min and
centrifuged for 25 min. The supernatant was brought to pH 8.0 with cold,
saturated barium hydroxide solution and again centrifuged to remove the
barium sulphate®®, The supernatant was neutralised to pH 7.0 using dilute
hydrochloric acid, then lyophilised. The acidic conditions used over a

short time interval should not have tended to promote racemisation of the
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seryl moiety as amino acids generally show a greater tendency to racemise
in basic, aqueous conditions.

The extraction procedure described resuited in sufficiently clean
samples of the amino acid extracts for immediate pre-column derivatisation,
at a suitable dilution, with OPA-BocC followed by injection onto the

reversed—-phase HPLC column as described in section 5.6.2.

The seryl moiety of lombricine should, in principle, form
diastereoisomers (71 & 72) with OPA and the optically pure chiral thiols,
N-acetyl cysteine (NAC, 20), N-acetyl penicillamine (NAP, 21) and N-tert-
butyloxycarbonyl-L-cysteine (BocC, 22), using the same methodology as
described for the amino acids and amino alcohols44S3-%7 (gee scheme 22).
The resultant diastereoisomers should then be separable on standard
reserved-phase HPLC stationary phases, alleviating the need for expensive
chiral stationary phases.

D- and L~ lombricine were, in fact, shown to form highly fluorescent
derivatives with all three thiols at a pH of 9.5 (the NAP adduct had a
lower fluorescent intensity than NAC and BocC). The reactions occurred
rapidly and quantitatively at ambient temperatures in the dark reaching

their maximum fluorecence within 1-2 min and were stable for at least 10

min.
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Despite the use of the many mobile phase combinations described in the
literaturess $=-67 the separation of the D- and L- lombricine
diastereoisomers of NAC and NAP could not be achieved. However, the D~ and
L- isomers of lombricine could be easily separated, giving near base line
separation (Fig.39i & Table 9), by the use of a 50mM sodium acetate -
methanol gradient and OPA-BocC derivatisation. The BocC chiral thiol has
previously been observed to give better resolution of enantiomers than
NAC=S. A possible explanation for this is that the N-tert-butyloxycarbonyl
group of BocC is considerably more bulky than the acetyl groups of NAC and

NAP and so forms diasterenisomers with more restricted conformations.

to = 3.20 min; k', ¢ and Rs are the capacity ratio, separation factor and

resolution, respectively, for a pair of enantiomers; chromatographic

conditions are as in experimental section 5.6.2.

Sample K* .o Rs
L - D -

Lombricine 12.16 12.38 1.02 1.17

Aspartic acid 7.97 8.47 1.06 1.74

Glutamic acid 10.21 10.88 1.07 1.77

The limit of detection of L-lombricine in a mixture of D- and L-

lombricine is better than 0.5% as can be seen in Fig. 39ii and a blank rum,
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using water in place of sample for the derivatisation, showed no
interfering peaks in this region of interest. It was established that
racemisation did not occur since only one enantiomer of lombricine was
detected on subjecting the single enantiomers to extraction and pre-column

(Section $-6.2)
derivatisation. HPLC analysis of samples of the L- and D-serines,, used as
starting materials in the synthesis of the two lombricine enantiomers
(section 5.3), showed that each was contaminated by 1-3% of the minor
enantiomer. The HPLC analysis of the synthetic D- and L-lombricines showed
that neither of these had any observable percentage of racemisation (Fig.
39 iii and iv) so enantiomeric resolution must have occurred during the
recrystallisation steps in the syntheses.

The initial gradient phase (10% to 25% methanol in 50mM sodium acetate,
see Table 38) was vital to avoid co-elution of the diastereoisomers. As
observed with other OPA-BocC amino acids®®, the L- enantiomer of lombricine
eluted before its corresponding D- enantiomer. This is probably due to
stronger hydrogen—bonds in the D- diastereoisomers, resulting in a more
hydrophobic molecule which would be expected to interact more strongly with
the reversed-phase column and have a longer retention time than its
corresponding L- diastereoisomer. This confirms the findings of Buck and
Krummenss &<

The presence of D-lombricine has been previously reported in the
phylum Annelida, whereas L-lombricine has only been found in the phylum
Bchivuoidea. Samples of isolated L- lombricine from Urechis caupo and D-
lombricine from Lumbricus terrestris were shown to be enantiomerically pure
and had tr of 42.10 and 42.80 min respectively (Fig.39 iii and iv) which,

on comparison with the ts of unambiguously synthesised D- and L-lombricine
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(see section 5.3.3), verifies the previously assigned isolated lombricine
configurations.

The crude sulphuric acid extract of a mixed batch of 'earthworms' -
Allolobophora caliginosa, Octolasum cyaneum and Lumbricus terrestris of the
Annelida®® phylum was subjected to the assay in order to determine the
configuration of lombricine. A typical chromatogram is shown in Fig. 40.
The homogeneity of the assigned peaks (L-Asp, tr= 28.70 min; D-Asp, ter=
30.30 min; L-Glut, tr= 35.88 min; D-Glut, tsr= 38.00 min and D-Lomb, te=
42.80 min) was confirmed by comparison with the retention times of
authentic D- and L- standards and chromatography of spiked samples. It is
of interest to note that in addition to possessing the D- enantiomer of
lombricine the ‘'earthworms' studied also possessed a significantly higher
level of the D- enantiomer of aspartic acid than would be found in
manmalian tissues. This may be because aspartic acid is very prone to
racemisation and, despite the speed and carefully controlled reaction
conditions of the extraction process, some racemisation of this amino acid
occurred. An HPLC analysis of a solution of L-aspartic acid in 0.1 ¥
hydrochloric acid showed that after 6 hr it had become completely racemic
while under the same conditions the lombricines had no observable
racemisation.

A standard chromatogram of the enantiomers of aspartic and glutamic
acids and lombricine (Fig. 41) illustrated that elution of their OPA-BocC
diastereoisomers occurred in the same order as previously noted for their
OPA-ethanethiol adducts”’.

The HPLC assay described represents a specific method for detecting
enantiomers of lombricine in crude biological extracts and assessing the

enantiomeric purity of synthetic and isolated L- and D- lombricines,
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however, better enantiomeric separation was obtained using the new chiral
thiols (see section 2.8). The assay also permits the separation and

detection of the enantiomers of aspartic acid and glutamic acid in

earthworm extracts.
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Fig. 39i-iv. HPLC Chromatogram of OPA-BocC derivatives of D- and L-
lombricine on a Spherisorb ODS II 'EXCEL' reverse-phase column.
Chromatographic conditions as in section 5.6.1. Non-standard
abbreviations used: D-Lomb and L-Lomb = D- and L-lombricine
respectively. 39i - Synthetic racemic D/L-lombricine. 39ii - Synthetic
L~-and D-lombricine (0.5 : 99.5 ratio). 39iii - L-lombricine from
Urechis caupo. 39iv - D-Lombricine from Lumbricus terrestris
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Fig. 40. HPLC Chromatogram of OPA-BocC derivatives in sulphuric acid
extract of 'earthworms' conditions and abbreviations as in Fig. 39
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Fig. 41, L- and D-lombricine and aspartic acid (120nmol of each
enantiomer injected) and L- and D-glutamic acid (100 and 150nmol of each
enantiomer respectively injected). Conditions and abbreviations as in
Fig. 39.
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2.6

Excitatory amino acid receptors, which are thought to be activated
physiologically by L-aspartic acid and/or L-glutamic acid 42.56:37 ip the
central nervous system of vertebrates, have been classified into different
types ®77°°. The N-methyl-D-aspartate receptor is probably the best
characterised of all the subtypes'©®. It is activated by N-methyl-D-(-)-
aspartic acid (NMDA) and blocked by 2-amino-w-phosphonoalkancic acids,
such as D-Z-amino-7-phosphoncheptanoic acid (D-APH, 75b) and D-2-amino-5-
phosphonovaleric acid (D-APV, 74b)'°'. It is thought that Alzheimer's and
Huntington's diseases may be linked to overactivation of the NMDA
receptors, leading to progressive neuronal pathology and death.

The NMDA antagonists, D~-APB (Fig. 42, 73b), D-APV (74b) and D-APH (75b)
are of considerable value in the investigation of amino acid-mediated
synaptic excitation. The antagonist activity of these compounds resides
with the D-enantiomers but many biochemical studies have employed racemic
DL- mixtures. It is, however, essential to establish the enantiomeric
purity of these compounds because although the D-(-) enantiomer of APB acts
as an antagonist at the NMDA receptor, its corresponding L-(+) enantiomer
is a potent synaptic depressant, possibly at another non-NMDA receptor
sites?.

The L-(+) isomer of a-amino-f-methylaminopropancic acid (76a, MeDAP)
(see Fig. 42) appears to act as an agonist at the NMDA receptor and it
became the focus of much interest in view of the high incidence of
degenerative neural diseases on the Pacific island of Guam*®. During World

Var II, the inhabitants were forced to consume large quantities of seeds

containing
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MeDAP. Primates given repeated oral doses of MeDAP exhibited many signs
characteristic of upper and lower motor systems disease together with
associated neurodegenerative changes.

It can be seen therefore that since both MeDAP and the 2-amino-w-
phosphonoalkanoic acid series are prepared synthetically4®-47 as the
racemate and then resolved, the enantiomeric purity of the resultant L- and
D- enantiomers must be assessed prior to pharmacological or biochemical
studies. To date, the optical purity of these compounds has been ensured
by optical rotation measurements. However, this method is insensitive to
contamination with small quantities of minor enantiomers arising from
racemisation or incomplete resolution.

As an extension to the investigation into the resolution of unusual
phospho-amino acid enantiomers by OPA-chiral thiol derivatives (section 2.5
2), we decided to develop an HPLC analysis for these acidic amino acid
enantiomers and, as a comparison, for the basic MeDAP enantiomers then use
these analyses to investigate the enantiomeric purity of commercially

available and synthetic samples of these unusual amino acids.
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Fig. 42. Structures of the 2-amino-w-phosphonoalkanoic acids and MeDAP
(Asterisk denotes chiral centre).
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The acidic 2-amino-w-phosphonoalkanoic acids (73 - 75) gave intensely
fluorescent diastereoisomeric isoindole derivatives when reacted with OPA
and the chiral thiol- BocC (22) in alkaline conditions. At ambient
temperature in the dark they reached their maximum fluorescence within 2-3
minutes and were stable for up to at least 10 minutes. The resultant
diastereoisomeric isoindole derivatives were separable by reversed-phase
HPLC using a 50mM sodium acetate (pH 7.1) : methanol gradient (optimised
for separation of acidic compounds) and a Spherisorb ODS II ‘'EXCEL', Hum
(25cm x 4.6mm 1.D.) column (Hichrom, Reading) was used with a guard column
(Scm x 2mm [.D.)> packed with CO:PELL ODS sorbent (particle size 40um;
Hichrom). It has previously been shown that this type of pre-column
diastereoisomer formation induces no detectable degree of racemisation {(see
section 2.5.27.

Using these conditions the commercially available racemic DL- APV and
APH (Fig. 42, 74 and 75) gave baseline separation for the D- and L-
enantiomers, whereas those of the short chain homologue, APB (73), were not
fully resolved (Fig. 43i). However, on employing a gradient with a slower
rate of change of buffer : methanol, baseline separation was achieved (Fig.
4311). The reproducibility of the retention times and peak heights for the
enantiomers of APB, APV and APH was better than 1% coefficient of
variation. The calibration graph for the enantiomers of APB, APV and APH
showed good linearity between peak height and concentration within the
range of 0.2-1.1 nmoles per injection r® > 0.997) (see appendix 1, Graphs

(3-5), The limit of detection of the minor isomer was better than 0.1% and
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injection of a blank illustrated that there were no interfering peaks in the
region of interest.

As observed with other OPA/BocC amino Scids, the L-enantiomers eluted
before their corresponding D-enantiomer.®®S° This result is probably due
to stronger hydrogen-bonds in the D-diastereoisomers, resulting in a more
hydrophobic molecule, which would be expected to interact more strongly
with the reversed-phase column and have a longer retention time than its

corresponding L-diastereoisomer (see Table 10).

te = 3.2 min; K', « and Rs are the capacity ratio, separation and resoluticn
factors respectively, for a pair of enantiomers; Chromatographic conditions

are as described in the experimental section and Table 36.

Compound Ko Ko o Rs
APB 7.59 7.88 1.04 . 1.04
APB* 8.64 9.18 1.06 1.64
APV 9.76 10.60 1.09 3.33
APH 13.27 14.17 1.07 3.77

MeDAP 10.25 9.48 1.08 4.33

* Chromatographic conditions are as in experimental section and Table 37.
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Fig. 43i-v, HPLC of OPA-BocC derivatives of 2-amino-w-phosphonalkanoic
acids on a Spherisorb ODS II 'EXCEL' reversed-phase column.
Chromatographic conditions as in the section 5.6.3. i) Standard
mixture of 2-amino-w-phosphonoalkanoic acids using conditions as in
Table 39. Each peak corresponds to 500pmoles. 1ii) and iii) Commercial
samples of D-2APV and D-2APH. 1iv) Standard mixture of DL-ZAPB using
conditions as in Table 40. Each peak corresponds to 300pmoles. )
Commercial sample of L-2APB. Peaks 73a,b = L-, D-2APB;

74a,b = L-, D-2APV; 75a,b L-, D-2APH.
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Commercial samples of the D~ and L-enantiomers of APB, APV and APH
were shown to be > 98% optically pure and fell within the specification of
the manufacturer (i.e. see Fig. 43ii,iii and v). The use of this approach is
ideally suited to the quality control assessment of the enantiomeric purity |
of these compounds as, in addition to the above results, we have shown that
the pre~-column derivatisation can be conveniently automated using a Gilson
autosampler and injector (the BocC/OPA reagent is stable for at least 18
hours at ambient temperature in amber vessels). The OPA/BocC reagent is
added to the amino compound first, followed by the borate buffer just prior
to derivatisation to avoid any possibility of racemisation of the chiral

thiol (see section 5.6.2 and appendix 3 for autosampler method and

programme).

In contrast to the acidic 2-amino-w-phosphonoalkanoic acids and w-N-
oxalyldiamino acids,®® MeDAP (76) is considerably more basic.’®2 The use
of the lypophilic chiral thiol BocC (22) with synthetic DL-MeDAP resulted
in separation of the diastereocisomers. However, compared to the 2-amino-w-
phosphonoalkanoic acid series, they elgted late in the chromatogram (ts =
60.00 and 61.5 min. for the L- and D-enantiomers respectively) due to their
increased lipophilic nature. In addition, on performing a blank, interfering
peaks were shown to co-elute with the peaks of interest. On substituting
the chiral thiol NAC (20) for BocC, the diastereoisomers produced were less
fluorescent and were eluted earlier than their corresponding BocC

derivatives and free from interfering peaks.
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It was of interest to note that the NAC derivative of the D-enantiomer
of MeDAP had a fluorescence intensity 1.5 times greater than the
corresponding L-enantiomer for a racemic DL- mixture (Fig. 441) (optical
rotation and circular dichroism measurements confirmed a 50:50 racemic
mixture) whereas the UV response (at 338 nm) to both derivatives was the
same. In contrast, the BocC derivatives gave fluorescent peaks of equal
area for both enantiomers. This phenomenon of unequal fluorescence
response was also observed by Buck and Krummen®€ for the amino compounds
phenylalaninol and tryptophane but the difference in intensities was much
lower than observed for the NAC derivatives of D- and L-MeDAP. This
observation suggests that the diastereoisomeric OPA der@vatives exhibit
different specific fluorescent intensities, at the detection wavelength, so
that quantitative measurements can only be made by comparing the traces
obtained from samples of the same enantiomer.

The separation of the enantiomers achieved with the chiral thiocl NAC
was excellent (Fig. 44i) giving baseline separation and a limit of detection
of the minor isomer of better tham 0.1%. It has been suggested=s that OPA-
NAC derivatives of hydrophilic amino acids result in the L-enantiomer
eluting before the D-enantiomer, but the opposite was observed for the
hydrophobic amino acids as can be seen for MeDAP (see Table 10).

The assay of MeDAP was highly pH dependent; using a mobile phase of pH
values between 6 and 7.1 a single peak was seen for each enantiomer.
However, at pH values above 7.1, two peaks were observed for each
enantiomer, the second occurring very late in the 'run' suggesting the
additional production of a more lipophilic derivative . Using a mobile
phase of pH 6.8 the early-eluting peaks were reproducible {(coefficients of

variation of below 1% were obtained for the tr and peak height) and the
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peak heights for each enantiomer corresponded linearly with concentration
within the range 0.5 - 1.5nmoles (injected onto the column) (see appendix 1,
Graph 6).

Synthetic'©# and commercially available L-MeDAP contained no detectable‘
levels of the D-enantiomer (Fig. 44ii), however, the synthetic D-MeDAP
produced by our laboratory contained 1.24% of the L-enantiomer, and D-MeDAP
from another laboratory was shown to contain up to 20% of the L-enantiomer
(Fig. 44iii). During the synthesis, separation of the enantiomers from the
racemic a~N-acetyl DL-MeDAP was achieved by incubation with acylase-I
which yields free L-MeDAP. This compound was separated from the impure a-
N-acetyl-D-MeDAP by ion-exchange chromatography. The impure a-N-acetyl-D-
MeDAP was re-subjected to more acylase-I to remove furt".her quantities of L-
MeDAP.'°2 The N-acetyl-D- MeDAP was then hydrolysed with acid to yield
free D—-MeDAP. The occurrence of considerable amounts of the L-enantiomer
in the D-enantiomer suggested either racemisation in the hydrolysis stage

or, more probably, an incomplete acylase-I reaction.
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Fig. 44i-iii. HPLC of OPA-NAC derivatives of MeDAP(76a,b) on a

Spherisorb ODS II'EXCEL' reversed-phase column.

Chromatographic

conditions as in section 5.6.3. i) Standard mixture of DL-MeDAP (76a and
b). Each peak corresponds to 1.5nmoles. 1ii) Commercially available L-
MeDAP (76a). 1ii) Synthetically prepared D-MeDAP (76b).
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The studies of the resolution of a-amino acid enantiomers using pre-
column derivatisation with OPA and the commercially available chiral thiols
NAC (20>, NAP (21) and BocC (22) (prepared as shown in scheme 24) (see
sections 2.5.2 and 2.6 .) had shown that the problems in obtaining good
separation of some pairs of enantiomers, e.g. lombricine, were due to the
limited number of optically pure chiral thiols available. NAP had the
problem of forming isoindole derivatives with too low fluorescence to allow
detection in the picomole to femtamole range, NAC gave poor separation of
acidic and hydrophilic amino acids {(section 2.5 and 2.6) and BocC gave good
separation but sometimes had unacceptably long retention times (section
2.6). The EAP-OPA reaction probably bhas a low yield due to steric hindrance.

A group of new N-acyl chiral thiols were synthesised to try to assess
the structural components necessary in the molecule to give good
enantiomeric resolution and therefore to establish some guidelines for the
design of similar molecules for the resolution of specific types of a-amino
acids.

As our paper, 'A study of the chromatographic behaviour and resolution
of a-amino acid enantiomers by HPLC utilising pre-column derivatisation
with o-phthaldialdehyde and new chiral thiols' by M.R.Euerby, L.Z.Partridge
and W.A.Gibbons, J. Chromatogr., 483 (1989) 239, was going to press Bruckner
et al'®® published their findings on the use of N-butanoyl-L-cysteine and

N-isobutanoyl-L-cysteine in the enantio-separation of amino acid standard
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mixtures containing a large number of DL-amino acids and the detection and
quantification of D-aspartic acid, D-glutamic acid and D-alanine in yoghurt.
Their synthesis was by the addition of the écyl chlorides to an ice-cold
solution of L-cystine in 2M sodium hydroxide, followed by reduction of the
disulphide by zinc powder in 2M hydrochloric acid. These researchers did
not attempt, in their paper, to assess the enantiomeric purity of the N-acyl
cysteines synthesised and the HPLC enantio-separations described all
related to DL-amino acid mixtures or extracts containing large percentages
of the minor enantiomers. They investigated the variation in retention

time with temperature but not the separation or resolution of the

diastereoisomers formed.

S-Benzyl BocC (79) was synthesised from commercial S-benzyl cysteine
(77) by reaction at ambient temperature with ditert.butyldicarbonate in
aqueous tert.butanol at pH 13, and established the reaction conditions
necessary for the N-acylation of L-cysteine without racemisation (see

scheme 23).
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@-CHZ-SCHZCH CO,H
(79)
Scheme 23

The synthetic sample was then reduced using sodium in liquid ammonia
(scheme 24) to yield BocC (22).

A comparison was made by HPLC analysis (see section 2.8), using L-
glutamic acid, of the synthetic BocC made by schemes 23 and 24 (Fig. 45i)

and that of the reduction product of commercial S—bénzyl BocC. Neither

exhibited any detectable amount of the D-enantiomer so it was concluded

that the reaction shown in scheme 23 could be applied generally without

causing racemisation.
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NHCOC(CH),
~CH,~SCH,CHCO,H

(79) .
| Na (metatl)

NH,(liquid)

NHCOC(CH; 3
HSCH, CHCO,H
(22)

Scheme 24

N-tert. Butyloxycarbonyl L-cysteine was then prepared according to
scheme 25 from l-cystine (80) using the acid anhydride (78). N-tert.Butyl-
oxycarbonyl L-cystine (81) - was reduced in methanolic sodium borohydride
and the resulting BocC was checked for enantiomeric purity as before. No
peak for the minor enantiomer was detected, proving that the sodium
borochydride reduction did not cause racemisation. Sodium borohydride was
chosen as the reducing reagent because it is inexpensive, clean and easy to
use and has no effect on the other groups present'©®<4. Many other reducing
reagents are available but all had some disadvantages e.g. lithium aluminium
hydride'©®® reacts violently with water and is very difficult to maintain in
sufficiently anhydrous conditions during use, sodium sulphide'©®® and sodium
in liquid ammonia'®” require the use of extremely efficient air extraction

systems.
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Ia CH,CH4
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Ic CH(CH3) 5
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(81)

NaBH,
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U
N—C—R

HS - HCem G H

(82)
(I-19)

N-Acetyl-L-cysteine (NAC)

N-Propanoyl-L-cysteine (NPC)
N-Butanoyl-L-cysteine (NBC)

~N-Isobutanoyl-L-cysteine (NIBC)

N-Trimethylacetyl-L-cysteine
(NTMAC)

N-Valeroyl-L-cysteine (NVC)

N-Isovaleroyl-L-cysteine (NIVC)

N-Tert. butoxycarbonyl-
L-cysteine (BocC)

Scheme 25
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2.7.2 Synthesis of novel N-acylated cysteines

Novel N-acylated L-cysteine derivatives (Scheme 25 a-f), possessing N-
acyl groups of increasing alkyl chain length and branching, have been
prepared in low - moderate '‘non-optimised' yields. The synthesis involved
preparing the corresponding bis N-acylated-L-cystine forms from cystine
and the appropriate acid chloride or anhydride, in alkaline conditions. The
disulphide moiety of the bis N-acylated-L-cystine was then reduced to the
N-acylated-L-cysteine by reaction with sodium borohydride (see scheme 25)

The F-acylated L-cysteines were initially synthesised using the
appropriate acid chlorides in overall yields of approximately 20%. However
the OPA-glutamic acid purity test (see section 2.7.1) revealed at best 0.8%
(NTMAC) and at worst 3% (WPC) racemisation in the chirél thiols. The
observed racemisation was thought to be associated with the N-acylation
stage, as no racemisation had been observed with the sodium borohydride
reduction in the synthesis of BocC from cystine. The less reactive acid
anhydrides were therefore employed instead of the acid chlorides, in an
attempt to reduce the degree of racemisation. Although the ‘'non-optimised'
yields were lower (5-14%) than those obtained with the acid chlorides (12 -
22%), the OPA- purity test revealed that the racemisation problem had been
dramatically reduced. The percentage racemisation ranged from undetectable
(NBC, NIBC and NTMAC Fig. 45c, e and g) to approximately 1% for NPC (Fig.
45a). These chiral thiols appeared to be stable for at least two months
when stored at -14°C (as determined by no additional peaks being observed

on the chromatograms).
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Fig. 45. HPLC of OPA-chiral thiol derivatives of L- and DL- glutamic
acid on a Spherisorb ODS II 'EXCEL' reversed phase column. T = 23=C

a) = NPC/L-glut. b) = NPC/DL-glut., % solvent B = 5% (1600psi);

c) = NBC/L-glut. d) = NBC/DL-glut. e) = NIBC/L-glut. ,
f) = NIBC/ DL-glut., % solvent B = 7% (1500psi); g) = NTMAC/L-glut.
h) = NTMAC/DL-glut., % solvent B = 12% (1800psi); i) = BocC/L-glut.

3 BocC/DL-glut., gradient system®<.
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Compound Yield % D-isomer %(approx.)

Anhydride. Chloride. Anhydride, Chloride

NPC 5 18 1.0 3.0
NBC 12 19 not detected 2.0
NIBC 14 21 not detected 0.9
NVC 10 19 0.4 . 1.3
NIVC - 12 - 0.3
NTMAC 10 22 not detected 0.8
BocC 88 - not detected

A typical 500 MHz 'H nmr spectrum is shown in Fig. 46 for N-
isobutanoyl L-cysteine (82.Ic) which is consistant with the proposed
structure. The mass spectra of compounds la-g, scheme 25, revealed the
presence of a small quantity of their corresponding.disulphides
(RNHCH (COzH)CH=2S~SCH2CH(CO2)NHR), presumably as a result of oxidation on
storage. This was absent in all of the tlc, which were run at high
concentration after the initial preparation.

The synthetic route described produces, in most cases, enantiomerically
pure N-acyl cysteine derivatives which yield highly fluorescent isoindolic
diastereoisomers when reacted with OPA and racemic amino compounds in

alkaline conditions.
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The N-acylated cysteines, prepared as described in section 5.4.3,

reacted with OPA and a variety of amino compounds (Fig. 47 a-e) in alkaline

conditions to yield highly fluorescent diastereoisomeric isoindole

derivatives (see Scheme 26) which reached their maximum fluorescence, in

the dark at ambient temterature (23-24°C), within 1-2 min and were stable

for at least 10 min.

| Pow
c=0 y—c—n‘
. : (t-1g)
|.5-H20—-9—H
v coH
H
(63) (82)
(OPA)
H yN-CH{CO 2 H) CH R 2
(83)
pH 8.4
H O
(T
N—C—R'
Hz(l;—é—H
s CoM
CHR’
N—=c—H
COH
(84)
Scheme 26
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All of the resultant diastereoisomers were amenable to separation by
reversed phase HPLC on a Spherisorb ODS II Sum EXCEL column using mobile
phases of varying proportions of sodium acetate buffer (50mM, pH 7.1) and
methanol, the solvent ratio being optimised for each amino acid so that
baseline or near baseline separation was obtained with NPC (82.Ia, Scheme
25). Glutamic acid and lombricine failed to be resolved with OPA and the
parent thiol of the series NAC, however on using the new thiols dramatic
increases in resclution were observed (for example see Fig. 48).

A series of four 'runs' was performed with the N-acylated cysteines for
all of the DL- amino compounds. The derivatisation was completed prior to
each injection with a reaction time of 5 min. Measuring peak heights and
retention times, the coefficient of variation was less tﬁan 1%. The
fluorescent intensities of the resultant diastereoisomeric isoindoles formed
from the new N-acyl cysteines were similar to those obtained with either
NAC or BocC, for the amino compounds examined.

Buck and Krummen®® have previously observed that with OPA-NAC the
enantiomer elution order is dependent on the lypophilicity of the amino
compounds; for example, hydrophilic amino acids result in the L~ eluting
before the D- enantiomer, whereas hydrophobic amino acids elute with the D-
before the L- enantiomer. However, the elution order of the enantiomers of
~ varying hydrophilicity with the new chiral thiols was that, in all cases,
the L- enantiomer eluted before the corresponding D- enantiomer, in an
identical elution order to that when OPA-BocC is usedsSs.

It can be observed from Fig. 48a~f, 49 and 50 that increasing the
chain—length of the N-acyl group leads to increases in the capacity and
resolution factors. The effect of branching, in the N-acyl moiety of the

chiral thiols, on the resolution and capacity factors of the

196



diastereoisomers is more complex. For all of the thiols employed to date,
increasing the branching produced an improvement in the resolution of all
of the diastereoisomers (Tables 12 - 16). The effect of branching on the
K' of each diastereocisomer cannot be rationalised in terms of the
lypophilicity contribution of the N-acyl moiety'©®®, therefore additional
factors must be operative in controlling the affinity of the diastereoisomer
for the lypophilic stationary phase. For example - steric interactions of
the bulky N-acyl moiety may make the formation of intramolecular hydrogen-
bonding, resulting in a more lypophilic molecule, less energetically
favourable for certain diasterecisomers which would result in smaller K'

factors than would be expected.

Chiral Thiol K'C K'o o Rs
NPC 1.03 1.34 1.30 1.0
NBC 2.05 259 1.27 1.27
NIBC 2.67 3.58 1.32 2.75
NVC 10.48 13.61 1.30 4.0
NIVC 11.81 14.78 1.25 5.06
NTHAC 11.11 15.56 1.40 5.7
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TABLE 13

¢ OPA-chiral thiol
Chiral Thiol K'w K'n o Rg
NPC 7.13 7.44 1.04 0.90
NBC 9.70 10.25 1.06 1.00
NIBC 9.78 10.33 1.06 1.08
XvC 15.02 15.80 1.05 1.33
NIvVC 14.63 15.25 1.04 1.45
NTMAC 16.27 17.91 1.10 3.28

Chiral Thiol K'e K'o o Re
~NPC 0.56 0.72 1.28 0.67
NBC 2.13 2.27 1.26 1.56
NIBC 2.36 3.06 1.30 2.0
RNvVC 6.97 8.53 1.22 2.11
NIVC 8.69 10.88 1.25 3.11
NTMAC 11.083 13.69 1.24 3.38
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QEE- ] 3 ] !l 3 ].
Chiral Thiol Ko K's o Re
NPC 0.56 0.88 1.56 1.14
XBC 1.73 2.44 141 1.80
NIBC 1.97 2.67 1.36 2.40
RVC 7.36 10.33 1.40 4.75
RIVC 7.36 10.17 1.38 5.14
NTMAC 9.0 12.05 1.34 5.20

TABLE 16

QPA-chiral thigls.

Chiral Thiol K'e K's o Re
~ RPC 4 .55 6.73 1.48 3.73

NBC 7.75 12.36 1.60 5.13
NIBC 6.19 10.88 1.76 5.45
RVC 19.00 30.02 1.58 5.88
NIVC 22.13 31.03 1.40 6.0
NTMAC 18.53 32.59 1.76 9.0
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Fig. 48. HPLC of OPA-chiral thiol derivatives of DL-glutamic acid on a
Spherisorb ODS II 'EXCEL' reversed phase column. Chromatographic
conditions as in Table 41A. Peaks a) = NAC, b) = NPC, c) = NBC,

d) = NIEC, e) = NVC, f) = NIVC, g) = NTMAC.
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Fig. 4%a&b. The effect of increasing chain length of the chiral thiol
N-acyl moiety on the capacity factors for the L- (Fig. 49a) and
D-enantiomers (Fig. 49b)
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Fig. 50. The effect of increasing chain length of the chiral thiol N-

acyl moiety on the resolution factor of DL-glutamic acid (-0-),
DL-lombricine (-@-), DL-APB (-0O-), DL-APV (-8-) and DL-APH (-A-).
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Fig. 51. HPLC of OPA-chiral thiol derivatives of DL-lombricine on a
Sperisorb ODS II 'EXCEL' reversed phase column. Chromatographic
conditions as in Table 41E. Peaks as in Fig. 48
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The enantiomers of the multifuntional amino compound lombricine have

been separated using the OPA-BocC approach (section 2.5.2) giving

separation and resolution factors of 1.02 and 1.17 respectively, in an

optimised HPLC analysis.

Better results can be obtained by use of NTMAC,

in place of BocC, giving separation and resolution factors of 1.10 and 3.23

respectively, and equally good results were obtained using the remaining

new N-acyl L-cysteine thiols, in non-optimised HPLC assays (Fig. 51b-g).

The effect of temperature on the chromatographic behaviour of these

types of diastereoisomeric isoindoles has not been examined to date -

previous reports have used ambient temperatures<<4.S=-7°, However our

findings suggest that the temperature at which the chromatography is

performed has a dramatic effect on the capacity and resolution factors of

the diastereoisomers.
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Fig. 52. The effect of temperature on the capacity factors of the
D- (@), L- (-0-) enantiomers, resolution (43-) and separation factors

(-#-) of the glutamic acid-OPA-NTMAC adduct.
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Fig. 53. HPLC of OPA-NTMAC derivative of DL-glutamic acid on a
Spherisorb ODS II 'EXCEL' reversed phase column. % Solvent B = 9.5%.
Conditions for peaks - a) T = 18°C, P = 2000psi. b) T = 24°C, P = 1800
psi. ¢) T = 30¢C, P = 1500 psi. d> T = 35°C, P = 1400 psi. e) T 40<C,
P = 1300 psi. f) T = 45°C, P = 1200 psi.
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From Fig. 52 it can be seen that increasing the temperature led to a
rapid decrease in the capacity and resolution factors, the latter being
almost halved by a change in temperature frém 18-45°C, although the
separation factor remained constant (Fig. 53a-1f).

Our initial investigations show that the new N-acyl cysteine thiols
yield highly fluorescent isoindolic diastereoisomers when reacted with OPA
and a variety of amino compounds. The diastereoisomers have capacity
factors intermediate between those with NAC and BocC, using gradient A
(section 5.6.4, Table 41) the NPC and NMTAC derivatives of L-glutamic acid
possessed te of 6.5 and 38.75 min respectively compared with that of BocC
which failed to elute in 120min. The overall resolution of the
diastereoisomers formed from the new chiral thiols is better than with NAC
and appears to be as good as, if not better than, with BocC.

The synthetic route to these chiral thiols must, ideally, induce no
racenisation in the ‘optically pure' starting material. To test our
proposed synthetic route we compared a chromatogram of pure L-glutamic
acid with BocC made by our method (overall yield 88%) with that from a
sample of BocC made as described by Buch and Krummen®®, which has no
racemisation problems associated with it. Our method involved reducing the
bis N-tert.butyloxycarbonyl cystine (prepared from cystine and di-tert.
butyldicarbonate) with methanolic sodium borohydride. Both chromatograms
gave a single sharp peak for the L- enantiomer (Fig. 45i) indicating that
no racemisation had occuééd in the 'optically pure' L-cystine. The optical
purity of the latter was confirmed by reducing the L-cystine to L-cysteine
with dithiocerythritol followed by methylation using methyl iodide and pre-
column derivatisation with OPA-BocC, as described by Buch and Krummen®S.

The HPLC trace showed that the L-cystine was of sufficiently high
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enantiomeric purity to be used in the synthesis. The percentage
racemisation of the new N-acyl L-cysteines ranged from undetectable
(NBC,NIBC and NTMAC Fig. 45c,e and g) to approximately 1% for NPC (Fig. 45a
& Table 11, section 2.7.2).

These new chiral thiol compounds appeared to be stable in the
methanolic-OPA solutions, at 4°C, for at least 3 days, as judged by the peak
height of the L-glutamic acid derivative and the absence of racemisation.
These thiols should, therefore, be amenable to pre-column derivatisation
using an autosampler and injector as we have shown for analogous chiral
thiols. (The OPA-chiral thiol soclution must be added to the amino compound
first, followed by the borate buffer 5 min prior to injection to avoid any
possibility of racemisation of the chiral thiol.) In addition the chiral
thiols, which were smelly oils, appeared to be stable fur at least 2 months
when stored at -14°C (as determined by no additional peaks being observed
in the chromatograms).

The application of these novel thiols to the assessment of enantiomeric
purity of various amino compounds of diverse chemical structure has been
highlighted. The elution order of the amino enantiomers, studied to date,
with the new N-acyl L-cysteines and OPA appears to be L- before D- (see
Tables 12 - 16). It should be possible to synthesise the corresponding D-
forms of the ¥-acyl cysteines so that the D- and L- N-acylated cysteines
will give reversed elution orders. This would be convenient when small
amounts of one enantiomer have to be quantified in the presence of the
other because it would be possible to use the thiol which elutes the minor
enantiomer first, hence aiding quantification.

The diastereoisomeric isoindoles formed from the chiral thiols possess

capacity factors intermediate between the polar NAC and the lypophilic BocC
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thiols which have been employed to date, using reversed-phase HPLC44&3-79,
Fig. 45b, d, f, h and j show the ease with which baseline separation and
rapid elution of well resolved peaks can be obtained by variation of the
percentage of methanol in the solvent system. They have been shown to be
suited for rapid quality contreol of NMDA antagonists (APB, APV and APH) as
optimum conditions for separate elution of the derivatised enantiomers can
be achieved by variation of the methanol percentage and / or the
temperature. Their high versatility has been shown by their ability to
fully resolve the enantiomers of lombricine. The resolving power of the
new thiols is excellent with resolution factors of up to 9 being achieved

for certain diastereoisomers.
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3.1

3.2

3.3

3.3.1

CONCLUSIONS

A new general, convenient and inexpensive synthesis of simple
alkoxy and aryloxyphosphorylethanolamine derivati;es has been
evaluated and this approach has been extended to the synthesis of
naturally occurring phosphorylethanolamine derivatives and their
guanidinated analogues. The total synthesis of L- and D-lombricine
has been shown to be effected without any detectable degree of

racemisation in both isomers.

A methed was developed for assessing the free intracellular
concentration of a novel guanidinophosphoryl ethanolamine -
lombricine - and its acid labile N-phosphoryl guanidine form - N-

phosphoryl lombricine - in crude extracts, using HPLC.

The enantiomeric configuration of the serine moiety in lombricine
samples from various natural sources has been established by means
of the enantioselective HPLC method which utilises pre-column

derivatisation with OPA and chiral thiols, to farm diastereoisomers.

The applicability of the enantio-selective pre-column
derivatisation technique to the assessment of the optical purity of
various neurocactive, multifuntional amino acids was demonstrated.
The enantiomers of these molecules are known to have differing
effects 'in vivo' so it is of paramount importance to know the
enantiomeric ratio used in order to assess the data obtained from

biological studies.
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3.4

A method for preparing a range of new, optically pure chiral thiols
was developed. The use of these compounds, with OPA, as pre-column
derivatising agents which form diasteréoisomers with chiral amino
acid compounds of interest has been investigated, and they have
shown certain advantages over the commercially available chiral

thiols.

214



4.1

4.2

4.3

4.4

PROPOSED FURTHER WORK

Carry out a full investigation of the pbtential of the new chiral

thiols in diastereoisomer formation by pre-column derivatisation of
wide range of compounds containing a primary amine function.

Make the corresponding D-chiral thiols to have the choice over

which enantiomer elutes first.

Extend the 'chiral thiol-OPA' derivatisation approach to the HPLC
detection and estimation of some pharmacologically important drugs

such as thyroxines and Baclofen.

Look at computaticnal analyses of the proposed OPA-chiral thiol-
amino acid adducts using information obtaiﬁffrom experiments and
try toc fit these results to molecular bonding theory. This might
give an insight into the mechanism of separaticn of amino acid
enantiomers and allow the development of ‘designer chiral thiols'

for separation of specific chiral amino compounds of pharmacological

interest.
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5. EXPERIMENTAL

Mp were taken on an Electrothermal melting point apparatus IA6301
and are uncorrected. IR spectra were recorded with a Pye Unicam SP3-100
spectrophotometer for KBr discs or liquid films. ‘H nmr Spectra, were
recorded on a Bruker WP80 S4, a Varian XL-300 or a Brucker 500AM
spectrometer operating at 801,299.9 and 500.132MHz, respectively, as
stated in the text, and reported relative to internal 3-
trimethylsilylpropionic-2,2,3,3-da acid sodium salt for .experiments in
deuterium oxide, and tetramethyl silane for experiments in deuterated
chloroform. ='P nmr Spectra were recorded on a Varian XL-300 operating
at 121.4MHz, phosphorous chemical shifts are reported relative to 85%
inorganic orthophosphate (downfield. shifts being designated as negative);
however, the secondary standard was a capillary (lmm in diameter)
containing methylenediphosphonic aoic(l::‘i‘;lh é?bes buffer (pH 7.4)., '3C nmr
Spectra were recorded on a Varian 300-XL spectrometer operating at 75.4
MHz and the chemical shifts were reported relative to internal dioxane (67-¢puw).

All 1-dimensional experiments were performed with a 5 sec relaxation
delay included in the pulse sequence, to allow sufficient relaxation of
the majority of the nuclei and hence increase the accuracy of the
integration trace. For all 2-dimensional experiments at 500.132 MHz the
experimental conditions used were:— spectral width = 2500 Hz; relaxation
delay = 1.5 sec; number of scans/increment = 128; 2K data points were
used in Fz with no zero filling; in F. there was zero filling from 512w

to 1Kw; number of scans always equals the number of unfilled words in F..
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Mass spectral data were obtained using a VG Analytical ZAB reverse
geonetry double focusing spectrometer. Microanalysis was carried out on
a Carlo Erba MOD1106 CHN analyser. Reagenté and solvents were dried and
distilled prior to use as described in the literature'e®. ''© . All
reactions involving the use of phosphoryl oxychloride and phosphorous
acid dichlorides were performed under a blanket of dry ‘oxygen—free'
nitrogen using scrupulously anhydrous conditions. Amino compounds were
located on tlc plates by spraying with 0.25% w/v ninhydrin in acetone and
then heating for 5 min at 909C; phosphates were located by spraying with
ammonium molybdate spray''' (see appendix 2) and exposure to UV light.
Guanidino compounds were located with a—naphthol / diacetyl spray
reagent''Z? (see appendix 2). All other organic compounds were located by
spraying with ceric ammonium sulphate (Aldrich) 5% solution in 4K
sulphuric acid and heating with a bunsen burner (glass plates) or in an
oven at 100°C (plastic backed plates). Ion-exchange chromatography was
performed using a Dowex 50V cation-exchange resin, 200 - 400 mesh size
and 4% cross linked and silica gel chromatography was performed using
Merck-kieselgel 60, 70-230 mesh ASTH. Tlc Systems emplaoyed, using
cellulose MN 300 plastic backed plates, were as follows:-

A  butan-1-0l : water ; pyridine : glacial acetic acid (15 : 12 : 10 : 3).
B  acetone: glacial acetic acid : water 3 : 2 : 2).

C butan-1-o0l : glacial acetic acid : water (5: 3 ; 2).

D acetone : glacial acetic acid : water 2 : 1 : 1),

Various non-aquecus tlc systems were employed (as described in the text)
using either POLYGRAM® SIL G/UVzsa pre-coated plastic sheets or hand-
made glass-backed plates and locating amino compounds as described

above.
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5.1.1 i = : idin-z2-ones
Method A (see scheme 4, section 2.1)

N-Substituted aminoalcohal €21.45 mmol) and triethylamine (45.0 mmol)
in sodium dried diethyl ether (50 ml) were added dropwise over a period
of 30 min to a stirred solution of phosphoryl oxychloride (2 ml, 21.45
mmol) in diethyl ether (50 ml) at 0°C. As the reaction progressed a
white precipitate of triethylamine hydrochloride was observed. After 2 h
the production of the 2-chloro-1,3,2-oxazaphospholidin-2-one was
confirmed by tlc using silica gel eluting with toluene : acetone (7 : 3),
detection being achieved by spraying with ceric ammonium sulphate /
sulphuric acid and then heating at 100°C. The appropriate alcohol (86
mmol) and triethylamine (25 mmol) in diethyl ether (25 ml) were then
added dropwise to the reaction mixture at 0°C. After the addition the
reaction mixture was allowed to warm to room temperature and left to
stir overnight, then the precipitated triethylamine hydrochloride was
removed from the reaction mixture by vacuum filtration. Silica gel tlc,
eluting with ethyl acetate : MeOH (7 : 3), of the filtrate indicated
conversion of the 2-chloro compound to the 2-alkoxy-1,3,2-
oxazaphospholidin-2-one with the addition of a minor impurity which,
although non-detrimental to the next step, could be removed by column
chromatography using silica gel and eluting with the above solvent
system. Purification by column chromatography yielded the 1,3,2-

oxazaphospholidin-2-ones as pure, mobile, golden oils (see Tables 18-20).
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)
E O: P-0-R
N
|
Rl
(28)
Compound R R Yield%
28a Me Me 58
28b Me PhCHz 66
28c Et PhCHz 61
28d Me 4-MeOPhCHz 67
IABLE 19
g - - —2—ones (¢ -
Vmax/cm—? 'H nmr (§ values in ppm. Solvent CDCls)
P=00®
28a 1280 4.59-4.17 2H,m,CH=CH=0P), 3.81(3H,d,J=11Hz,CH=a0P),
3.41 2H,2xt Jencn =9Hz,Jen on =THz,CH=CH=20P)
2.75(3H,d,J=10Hz,PNCHz)
28b 1260 7.36 (5H,s,Ar), 4.69-4.07 (2H,m,CH=0P), 4.15

(2H,d,J=9Hz ,PRCH=Ph), 3.75(3H,d,J=11Hz,CHa0P), 3.21

(2H,2Xt,JPNCH =9HZ,JCH G =7HZ,PHCH2CH2)
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LE 19 (cont.)

28c 1250 7.34 (5H,s,ArH), 4.49-3.84 (6H,m,PhCH=NPOCH=,CH=CH=0P),
3.202H,2xt,Jenc =10Hz & Jon on =7Hz,PNCH=CHz),
1.33(3H,t,J=7Hz,CH=CH=).

28d 1240 7.28 & 6.85(4H,2xd,J=9Hz,AA*XX",ATH), 4.40-3.93
(ZH,m,POCH=CH=),
4.07 (34,d,J=8Hz,CH=0P), 3.77(3H,s,CHs0), 3.64

(2H,s,NCHAr>, 3.18 (2H,2xt Jrmnen =9Hz, Jon on =THz,

PNCH=CH=).

28a m/z 151(M*,45%), 150(36), 120<8), 58100

28b m/z 227(M*,36%), 199(7), 150(13>, 136(20), 104 (56>, 91(100), 65(16).

28c m/z 241(M*,26%), 212(25), 186(8), 169(8), 1508), 138(17), 13217,
122(9), 11037, 10440), 911007, 65(15)

28d m/z 257M*,19%), 162(11), 150(1_8), 136 (345, 124(19),104 (6,

91 (1005,65(¢18)
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Method B (see scheme 5, section 2.1)

The appropriate alcohol (22.70 mmol) and triethylamine (25.87 mmol)
in tetrahydrofuran (50 ml) were added dropwise over a period of 30 min
to a stirred solution of phosphoryl oxychloride (23.60 mmol) in
tetrahydrofuran (50 ml) at 0°C., After addition, the reaction was allowed
to warm to room temperature and stirring was continued for 16 h. Silica
gel tlc, eluting with ethyl acetate / petroleum ether (40-60°C) mixtures,
indicated that all the alcohol had been consumed after overnight stirring.
Cver a period of 30 min the aminoalcohol (24.59 mmol) and triethylamine
(56.78 mmol) in tetrahydrofuran (50 ml) were then added dropwise to the
reaction mixture at 0°C. Stirring was continued at room temperature for
5 h after which the reaction mixture was filtered to remove the
precipitated triethylamine hydrochloride. In this instance the 1,2,2-

oxazaphospholidin-Z-ones were not isolated and the resultant

tetrahydroturan solutions were subjected to acid hydrolysis.

Acetic acid (20% w/v, 16 ml/g of 1,3,2-oxazaphospholidin-2-ones) was
added to the 1,3,2-oxazaphospholidin-2-one in terahydrofuran and the
resultant reaction mixture stirred for 2 h, at room temperature. The
solvents were then removed by rotary evaporation under reduced pressure
to yield the phosphorylethanolamines as white solids which could be

purified by recrystallisation (see Tables 21 - 24).
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27a
27b
27c
274
27e
27%
27g
27h
271
273

27k

(27)

Me

Me

Et

Me

Me

Ph

Ph
(Me)2CCH=
Me (CHz)s
l1-adamantanyl

exo-norbornyl

0
]

_HRlN -(CHz)z-O -'P-O-R

OH

R'

Me

PhCH:z

PhCHz

4-¥eOPhCH=

H

H

Me
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Compound
%
27a 57
27b 64
27c 63
27d 62
27e 26
27f 71
27g 46
27h 53
271 31
273 33
27k 80

-

Yield?

mp  Solvent=

TeC

170-722

185-87

192-94

173-75

183-85

254-554

185-86%

258-60

230-32

258-60

266-68

Found %

c H

26.78 7.08

48.79 6.56

50.67 6.78

47.81 6.70

23.24 6.32

44 .29 554

46.78 6.09

39.99 8.50

42.39 9.03

51.89 7.88

4557 7.68

8.01

5.58

5.13

4 .93

8.89

6.46

6.02

6.33

6.04

5.09

5.60

Required %

C H N
26.97 7.02 7.87
48.98 6.58 5.71
50.96 7.00 5.40
48.00 6.55 5.09
23.23 6.50 9.03
44,25 557 6.45
1.16.'76 6.10 6.06
40.00 8.50 6.60
42.67 8.89 6.22
52.36 8.00 5.09

4596 7.66 5.96

Overall non-optimised yields from the starting alcchols

(method A) and amino alcohols (method B)

Recrystallisation solvents: A:— MeOH; B:— EtOH-Diethyl Ether;
C:~ MeOH-Diethyl Ether; D:- EtOH-H=zO.

Hemihydrate

Lit. mp 245-46°C'?'=

Lit. mp 184-85°C''4
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27b

27c

274

27e

27f

27g

27h

271

273

27k

Vmax/cm—?

1240

1240

1250

1240

1250

1250

1240

1240

1235

1240

'H nmr (6 values in ppm : solvent Dz0)

4.24-3.95 (2H,m ,POCH=CH=), 3.58 (3H,d,J=11Hz,POCHs), 3.29
(2H,t,J=7Hz,CH=CH=K), 2.76 (3H,s,CH=NHCH=)

7 .57 (6H,s,NCH=Ph), 4.38-4.08 (2H,m,POCH=CH=2), 3.69
(34,d,J=10Hz,CH=0P), 3.43 (2H,t,J=7Hz,CH=CH=N).

7 .60(5H,s,ATH), 4.44-4.08 (4H,m,CH=0POCH=), 4.43
(2H,s,PhCH=N), 3.43 (2H,t,J=6Hz ,NCH=CHz=)

7.45 & 7.09(4H,2xd,J=9Hz,AA'XX",ArH), 4.38-3.98

(2H,m ,POCH=CHz), 4.23 (2H,s,NCH=Ph), 3.86 (ISH,S,CH:aO), 3.65
(3H,d,J=10Hz,CH=0P)>, 3.33 (2H,t,J=7Hz, CH=CH=N),

4,15-4 .07 (2H,m,POCH=CH=>, 3.65 (3H,d,J=10Hz,CH=0P),3.28
(2H,t,J=THz, CH=2CH=1D),

7.46-7.15 (5H,m,PhOP>, 4.28-4.202H,n,POCH=CH=), 3.31
(2H,t,J=7Hz,CH2CH=N),

7.64-7.07 (SH,m,PhOP), 4.42-4.10CH,m,POCH=CH=), 3.35
(2H,t,J=7Hz,CH=CH=N), 2.74 (3H,s,NCH=)

4.27-3.94 (Z2H,n,POCH=CH=2>, 3.53 (2H,d,J=6Hz,POCH=C), 3.25
(2H,t,J=7Hz,CH2CH=N), 0.95(9H,s,CHax3)

4.31-3.69 (4H,m,CH=0POCH=>, 3.22 (2H,t,J=7Hz,CH=CH=N), 1.87-
0.67(11H,m,CsH11)

4.22-3.96 (2H,m,POCH=2CH=), 3.29 (2H,t,J=7Hz,POCH=CH=N),2.35-
1.51(15H,m,Adamantanyl protons)

4.27-3.91 (3H,m,CHOPOCHz=>, 3.26 (2H,t,J=7Hz,CH=CH=K), 2.31

(2H,s,CHx2), 1.86-0.86 (8H,m,CH=x4)

224



27a
27b
27c
274
27e
271
27g
27h
271

273

27k

m/z

m/z

m/z

m/z

m/z

m/z

m/z

m/z

m/z

m/z

m/z

'Solvent:~ Thioglycerol - acetic acid, all spectra possessed ions

170

246

260

276

156

218

232

212

226

276

(M++

(M++

M+

(M*+

(M*+

(M++

(M*+

M+

M+

(M++

1, 95%), 58100

1, 100%>, 134(71), 91(79).

1, 100%), 134(81), 91@87).

1, 32%), 121(100), 916>, 77(4).
1, 70%), 71(71), 44<100).

1, 82%), 44(100).

1, 97%), 58(100).

1, 23%), 142(20), 44(100).

1, 13%), 102(100), 72(13), 58(15), 44(39).

1, 100%), 253(7>, 225(2>, 163(14), 135(79), 119210,

57(18), 44(12).

236 (M*+ 1, 31%), 142(100), 95(29), 44(63).

corresponding to 2M*+1, 3M*+1 etc. up to 6M*+1.
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5.2 Synthesis of protected serines.

5.2.1 ' - - (D-)serine® (40)

DL-, or D-serine (Sigma, 100 mmol) was added to a flask containing
magnesium oxide (300 mmol) dispersed in mixture of water (175 ml) and
diethyl ether (80 ml) at 0°C., To this vigourously stirred, ice-cold mixture
was added dropwise benzyl chloroformate (155 mmol) over a period of 20
min. After 2 h of stirring the ice bath was removed and the stirring
cocntinued for a further 30 min. The reaction mixture was then centrifuged,
to remove the magnesium oxide, and the decanted supernatant solutions were
separated. The aqueous layer was retained and washed wift;h diethyl ether (2
X 75 ml), then chilled to 0°C and acidified, using 6 M hydrochloric acid to
pH 3.5 (congo red end pointd. The acidified reaction mixture was left
standing on ice for 2 h then the dense white precipitate which had formed
was removed by vacuum filtration, washed with small amounts of ice-cold
water and stored 'in vacuod' over sodium hydroxide pellets for 4 days.

Tlc using silica gel on glass plates, eluted with ethyl acetate /
petroleum ether (60-80°C) (2 / 1) (developed with ceric ammonium sulphate)

gave a single spot Re = 0.33.

N-Benzyloxycarbonyl-D-serine,

yield (17.39 g, 74%>; mp 119-120°C; lit. mp 119°C=",

Vimax (KBr disc) 1745cm~' (C=Qacia) and 1685cm~' (C=Ourethane)]

1 (80MHz; CDCls) 7.30(5H,s,Cells); 5.64 (H,d,J=8Hz,H}); 5.10(2H,s5,CelsCH=);

450 (H,m,aCH); 3.68(2H,m,CH=0H); m/z (E.I.) 108(65%), 91<100%> and 7842%).
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\

N-Benzyloxycarbonyl-DL-serine,

yield (17.62 g, 75%); mp 123-124°C; 1it mp 124-125°Ce1,

Vimax (KBr disc) 1755cm=' (C=Oacia) and 1690cm™' (C=Ouretians);

Su (BOMHz; CDCla) 7.30 5H,s,Cells); 5.64 (H,d,J=8Hz,NH); 5.10 (2H,,CeHsCHa);

450 H,m,xCH); 3.68 (2H,m,CHz0H); m/z (E.I.) 108(54%), 91(100%) and 79(35%).

5.2.2 Synthesis of N-benzyloxycarbonyl-DL- (D-)serine benzyl ester®'(30)

N-Benzyloxycarbonyl-DL-, or D- serine (21 mmol), benzyl bromide (63
mnmol) and triethylamine (31 mmol) were placed in a flask, fitted with an
air-condenser, and heated to 75°C. After 20 min, when the solution started
to solidify, further portions of benzyl bromide (32 mmql) and triethylamine
(16 mmol) were added and the reaction mixture maintained at 75°C for 1 h.
The sticky solid was removed from the flask to a separating funnel and
partitioned between 2 M hydrochloric acid (35 ml) and diethyl ether (70
ml). The ethereal solution was retained and washed with 2 M hydrochloric
acid 3 x 18 ml), water (2 x 18 ml)> and sodium bicarbonate (2 x 18 ml.
The diethyl ether was evaporated, under vacuum, to give a white solid which
was dissolved in 1% ml of chloroform. Petroleum ether (60-80°C) was added
until a dense white precipitate formed (45 ml). This mixture was stored
overnight at 4°C then vacuum filtered and the precipitéte washed with small
portions of ice-cold chloroform / petroleum ether (1 / 10) solution to
remove the remaining benzyl bromide. The product was recrystallised from
warm, sodium dried toluene, filtered and stored, in vacuog, over silica gel.

Tlc (as above) of the synthetic product and N—carbobenz:cs'xy L-serine

benzyl ester (Bachem) gave one spot for each of Re¢ = 0.52.
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N-Benzyloxycarbonyl-DL-serine benzyl ester,

yield (4.97 g, 72%); mp 73-74°C; lit. mp 72.5-73.5°C®?.

Vimax (KBr disc) 1745cm™' (C=Oamter), 1690cm™' (C=Ouratrnane) and 1665cm™’
(N-Hoanding); §u (80MHz; CDCla) 7.33(10H,m,Cells x 2), 5.71(H,d,J=6Hz, NI,
5.20(2H,s, CH=Ph>, 5.11(2H,s, CH=Ph), 4.58-4.33(H,m, aCH), 4.05-3.84 2H,m,

CH=0H); m/z (E.I.) 107(71%) and 91(100%).

N-Benzyloxycarbonyl-D-serine benzyl ester,

yield .34 g, 77%); m.p 83-84°C; lit, mp 83.5-84.5°C=",

Vmax (KBr disc) 1745cm™' (C=Camter), 1690cm™' (C=Ourethane) and 1665cm™"
(N-Howenaing); Su (80MHz; CDCla) 7.33(10H,n,Cells x 20, 5.71(H,d,J=6Hz, NI,
5.20(2H,s, CH=Ph), 5.11H,s, CH=Ph), 4.58-4.33H,m, oCH,

4.05-3.84 (2H,m,CH=0H); m/z (E.I.) 107(80%) and 91(100%).

L-Serine methyl ester hydrochloride (3.11g, 20 mmol) was suspended in

acetonitrile (10 ml) and 5 M sodium hydroxide (8 drops) added to bring the
solution to above pH © (checked with wet pH paper). Formaldehyde (1 ml of
35% w/v solution) was added and the mixture was stirred, at ambient
temperature, for 5 min while the suspended material dissolved. Sodium
cyancborohydride (3.78g, 60 mmol) suspended in acetonitrile B0 ml) was
then added to the reaction mixture, which effervesced. Glacial acetic acid
was used to maintain pH 6 while the reaction mixture was stirred
energetically for 2 h. A further quantity of formaldehyde (2 ml) was then
added and the mixture again left stirring for 2 h.

The acetonitrile was remaoved by rotary evaporation under reduced

pressure and the resulting solid was dissolved in 5 M potassium hydroxide

228

















































































































































































































































































































































































