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ABSTRACT

3-Methylaspartate ammonia-lyase (EC 4.3.1.2) catalyses the reversible
elimination of ammonia from
The enzyme

(2S,3S)-3-methylaspartic acid to mesaconic acid.

from Clostridium tetanomorphum has been shown to catalyse the

stereospecific Michael addition of /V-nucleophiles to various mesaconic acid

Methylamine was found to react with fumaric acid, mesaconic acid

analogues.
and

ethylfumaric acid to give the corresponding (2S)- or (2S,3S)-/V-methyl

alkylaspartic acids.

Dimethylamine reacted with only fumaric acid to give (2S)-

/V,/V-dimethylaspartic acid.
reacted with fumaric acid
after five weeks of

Ethyiamine was a very slow A/-nucleophile and

only, giving (2S)-A/-ethylaspartic acid (<5% conversion

incubation).

Hydrazine and hydroxylamine were found to be

highly effective /V-nucleophiles and reacted with a large range of Michael
acceptors (fumaric to npropylfumaric acids) giving the corresponding (2S)- or

(2S,3S)-/V-hydrazino alkylsuccinic and /V-hydroxy

alkylaspartic

acids,

respectively. The /V-hydroxy alkylaspartic acids were found to be highly unstable
molecules.

(2S)-

or

Methoxylamine reacted with fumaric and mesaconic acids to give

(2S,3S)-/V-methoxy alkylaspartic acids. Therefore, the active site

is accessible to each of the substrates in

a

space

mutually exclusive fashion. However

methylamine was incapable of reacting with bromofumaric or chlorofumaric acids
but the reaction of

enzyme

hydrazine with these halogenofumaric acids, albeit not

catalysed, was seen to be influenced by the presence of enzyme.

Dimethylfumaric acid was tested as a substrate with ammonia and found
to be a very

slow substrate, giving (2S,3S)-2-amino-2,3-dimethylsuccinic acid.

An alternative

Horner

synthesis of dimethylfumaric acid was undertaken using the

Wittig reaction.

As

a

model for the

methylaspartase reaction, various A/-carbonyl protected

dehydroalanine derivatives were synthesised and reacted with "propylamine. It
was found that reactions proceeded via two mechanisms, a (3-conjugate addition
reaction

or an

a-imine capture

reaction.

Benzyloxycarbonyl dehydroalanine

ethylamide and lbutoxycarbonyl dehydroalanine ethylamide were found to react
with

"propylamine and dimethyl (2S,3S)-3-methylaspartic acid via a conjugated

imine.

However, benzyloxycarbonyl dehydroalanine methyl ester, methyl

acetamidoacrylate and A/-acetyl dehydroalanine ethylamide reacted via the
usual (3-conjugate addition. Therefore, the regioselectivity of /V-nucleophiles to
/V-carbonyl proteced dehydroalanine derivatives

can

be controlled completely by

varying the A/-protecting group or the carboxy protecting

group.

Benzyloxycarbonyl- and tbutoxycarbonyl-2,3-diaminopropanoic acids
synthesised.

benzyloxycarbonyl-2,3-diaminopropanoate,
"propylamine were found to react with /V-methylmaleimide via
expected conjugate addition.

were

ethanolamine and
the

Methyl
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HAL

-

Histidine

PAL

-

Phenylalanine Ammonia-Lyase

Ammonia-Lyase

MAL

-

3-Methylaspartate Ammonia-Lyase

CBZ

-

Carbobenzyloxy

BOC

-

CD

Circular Dichroism

-

DMF
THF

tButoxycarbonyl

/V,/V-Dimethylformamide

-

Tetrahydrofuran

-

DCM

Dichloromethane

-

m-CPBA
D

-

-

mefa-Chloroperbenzoic Acid

Deuterium

PLP
NAD

Pyridoxyl 5'-Phosphate

-

-

Nicotinamide Adenine Dinucleotide

NADH

-

YADH

-

Nicotinamide Adenine Dinucleotide
Yeast Alcohol

Dehydrogenase

(reduced form)

Amino acid

Three letter code

One letter code

Glycine

Gly

G

Alanine

Ala

A

Valine

Val

V

Leucine

Leu

L

Isoleucine

lie

1

Phenylalanine

Phe

F

Tyrosine

Tyr

Y

Tryptophan

Trp

W

Serine

Ser

S

Threonine

Thr

T

Cysteine

Cys

C

Methionine

Met

M

Asparagine

Asn

N

Glutamine

Gin

Q

Aspartic acid

Asp

D

Glutamic acid

Glu

E

Lysine

Lys

K

Arginine

Arg

R

Histidine

His

H

Proline

Pro

P

Chapter 1.1: General Introduction
1.1

1

Introduction

General

Enzymes have been the focus of extensive research throughout this century
resulting in a considerable understanding of their nature and properties.
Proteolytic enzymes such as serine and aspartic proteases have been

extensively studied, both on a catalytic and structural level. The serine protease,
chymotrypsin, which catalyses the hydrolysis of peptides containing large

hydrophobic side chains, e.g. phenylalanine, tyrosine and tryptophan,
the first enzymes
Other enzymes

was one

of

whose mechanistic and structural details were established.

have been the subject of much multi-disciplinary investigation

due to their relevance to

therapeutics, e.g. the HIV-1 protease, which is an

aspartic protease required for HIV viral maturation. Other well studied systems
are

the PLP

catalyse

dependent enzymes, particularly the aminotransferases, which

the

Ca-H

bond

scission

of

amino

acids

{e.g.

aspartate

aminotransferase). However other enzymes including glutamate mutase (a B12
dependent enzyme) remain poorly understood.

The

catalytic mechanism and active site map of the enzyme, 3-methylaspartase,

have

been

thoroughly investigated by our group, using both kinetics and

inhibitor/ substrate

analogue studies; however, little is known about the 3-D

structure of the active site or the

The amino acid,

key active site residues participating in catalysis.

dehydroalanine, has been implicated as the key electrophilic

prosthetic group essential for catalysis in histidine, and phenylalanine ammonialyases.

Recently, similar evidence has emerged for the presence of this

dehydroalanine moiety in methylaspartase.

2

Chapter 1.2: Dehydroalanine
1.2

1.2.1

a,

Dehydroalanine

Introduction

(3-Unsaturated amino acid residues play an important role in biochemical

reactions, and occur in a number of peptide antibiotics, e.g.,

subtilin,1

nosiheptide2 and berninamycin A3 (1).

(1) Berninamycin A

Dehydroalanine is by far the most important

a,

^-unsaturated amino acid.

Dehydroalanine's double bond imparts interesting chemical properties and is
prone to

nucleophilic attack at the p-carbon

attack at the a-carbon

-

Michael addition, and nucleophilic

(a-imine capture), see Scheme 1.1.

Chapter 1.2: Dehydroalanine

3

h

h2n

ho2c
Nu
H-Solvent

h2n.

:Nu

+

h02c

ho2c

Scheme 1.1: Possible
attack

on

products of

a

ch3

nucleophilic (Nu)

dehydroalanine

Furthermore, dehydroalanine is an acylated enamine and would be nucleophilic
at the

p-carbon, and therefore

prone to

reactions with electrophiles at this carbon

(Scheme 1.2).

Scheme 1.2:

Another

Dehydroalanine attack to an electrophile

interesting aspect of dehydroalanine is its captodative nature

(possessing both an electron-donating and electron-withdrawing substituent at
the

same

stabilised
orbital

site).

Radicals on dehydroalanine molecules

by additional resonance structures and

(Scheme 1.3).4

a

can

therefore, be

lower energy molecular

Chapter 1.2: Dehydroalanine

4

/\

•O

v\,»:Q: f
y

:0"X

Scheme 1.3: Radical

resonance

v

-o:

structures of

dehydroalanine

/V-Pyridoxylidenedehydroalanine (Fig. 1.1; (2)) has been postulated to be
reactive intermediate in the
amino

acids.5

Wulf

a

pyridoxal phosphate-catalysed biosynthesis of some
and

Bohnke

have

synthesised

analogues

of

/V-pyridoxylidenedehydroalanine (Fig. 1.1; (3)), and have demonstrated that the
derivatives

are

strong Michael

acceptors.6

.CO 2

.co2ch3
H

N=<

If ycH3

Ar

\^I\JH
Ar

HO

=

4-(C6H5)C6H4;C6H5

Figure 1.1: N-Pyridoxylidenedehydroalanine and it's analogues

Recently serine
dehydroalanine

has been
residue

in

attributed

as

the source

3-methylaspartate

for the

ammonia-lyase,

ammonia-lyase and phenylalanine ammonia-lyase (see section 1.3).

putative

histidine

Chapter 1.2: Dehydroalanine
1.2.2

The

5

Origin of the Dehydroalanine Residue

origin of the dehydroalanine residue is attributed to either dehydration of

serine

or

dehydrosulfuration of cysteine (Scheme 1.4).3.7>8,9

Scheme 1.4: Formation of the

dehydroalanine residue

Bycroft postulated that biosynthesis of dehydroalanine residues found in peptide
antibiotics, resulted from either dehydration of serine or the dehydrogenation of
alanine
that

residues.7 An important study by Pearce and Rinehart, Jr., demonstrated

dehydroalanine residues arose by dehydration of serine in the antibiotic,

berninamycin A (1), produced by Streptomyces bernensis3 They found that
incubation of S. bernensis with (2S)-[U-14C]serine, heavily labelled

upon

berninamycin was produced.
introduced in the
label

was

dehydroalanine residues.

were

However, only a small amount of

incorporated into the antibiotic when S. bernensis was incubated with

(2S/F?)-[1-14C]alanine.

This showed that alanine

dehydroalanine precursor.

[U-14C]cysteine but found
that

Degradation studies showed that the labels

dehydroalanine

was

was

not an effective

They also incubated the bacterium with (2S)no

label in the degradation compounds, confirming

not derived from cysteine, in berninamycin

A.3

Furthermore, Masri and Friedman found that proteins containing serine, when

exposed to alkali, dehydrate to give dehydroalanine residues.8
Jones

et al.

have

shown from

1H and 13C-NMR

In contrast,

measurements,

that

Chapter 1.2: Dehydroalanine

6

dehydroalanine residues are formed from the lysis of the disulfide bonds of
insulin and oxidised

1.2.3

glutathione at pH 13.9

Conformational

Studies

Palmer and co-workers10 have established that the

dehydroalanine residue

adopted a roughly planar conformation for the <I> (Fig. 1.2; C2-N3-C4-C5) and

\\r

(Fig. 1.2; N3-C4-C5-N6) torsion, and induced an inverse y-turn in the preceding
residue

of

a

peptide.

Similar effects have been observed for linear

dehydroalanine-containing peptides in solution, or in the crystalline state,
suggesting that dehydroalanine exerts a powerful conformational influence
independent

of other constraints.10

The conformational structures of

dehydroalanine-containing peptides differ substantially from their (2R)- or

(2S)-alanine substituted analogues, which adopt
the central

a-, y- or

inverse y-turns about

(2R)- or (2S)-alanine residue, respectively.10

1
r

•T*

H

0

1

11

4

C2
C
11

0

3

C

II

"

7

C

6

5

N

'C"U

1

H

Figure 1.2: Numbering scheme for dehydroalanine peptide

Ajo et at. have analysed the theoretical conformations of dehydroalanine and
dehydrophenylalanine molecules; concluding that in general,
in

a

a

dehydroalanyl peptide produces conformational effects.11

conformational effects promote

bulky side chain
Moreover, these

significant perturbations in the electronic

structure, particularly concerning the enamine moiety and, as a consequence,
will affect the reactions of these

have inferred, from the

peptidic dehydroalanines. Furthermore, Ajo et al.

crystal and molecular structure of dehydrophenylalanyl

proline, that the influence and nature of the saturated residue (proline) on the

Chapter 1.2: Dehydroalanine
conformation of the unsaturated
saturated

(1.344

7
one are

similar, if not greater, than that of the

analogues.12 The amide bond N1-C2 (Fig. 1.3) is significantly longer

A) than the

mean

value reported for the saturated peptide (1.32

the N1-C3 bond is shorter

(1.425

A)

A), while

than that for the saturated peptide (1.45

A).

Figure 1.3: Dehydrophenylalanyl proline

Interestingly, Aleman and coworkers have found through quantum mechanical
studies, that the dehydroalanine residue is a stronger helix former than alanine

(residue that possesses a tendency to adopt helical conformations).13-14

1.2.4

Synthetic Uses of Dehydroalanine

Dehydroalanines are important precursors to amino acids, e.g., alanine. 15.16,17
Ando

et al.

have

reported that cyclic peptides with dehydroalanine, when

hydrogenated, give chiral induction to produce (2f?)-alanine.15 Belokon et al.
have

synthesised (3-substituted (2S)-alanines via

the asymmetric Michael

addition of

nucleophiles to Ni(ll)-dehydroalanine complexes.18

shown that

heterogeneous asymmetric hydrogenation is possible using linear

Harada has

tripeptides containing dehydroalanine, to give good yields of (2F?)-alanine.17
/V-Acetyl-p-aminoalanine derivatives have been synthesised in good yields by
Asquith et al. using the Michael addition of primary amines to acetamidoacrylic
acid

(Scheme 1.5).19 Liu et al. have used methyl acetamidoacrylate to

synthesise 1-aminocyclopropane-1-carboxylate using diazomethane.20 Copper

Chapter 1.2: Dehydroalanine

(l)-catalysed

8

addition

conjugate

of

Grignard

reagents

to

methyl

acetamidoacrylate has been demonstrated by Cardellicchio et al. to give

a-

amino acids.21

Scheme 1.5: Michael addition of

Radical additions to
Beckwith et

primary amines to dehydroalanine

dehydroalanine have been demonstrated by Crich et al.,22

al.,23 and Broxterman and co-workers.24 A novel synthesis of

2-aminoesters has been conducted

utilised vitamin

by Orlinkski and Stankiewicz.25

They

B12 photoelectro-catalysed addition of alkyl bromides and

carboxylic anhydrides, to methyl acetamidoacrylate (Scheme 1.6).

Scheme 1.6: Vitamin B12

photoelectro-catalysed reactions of dehydroalanine

Dehydroalanine has been used as the dienophile in the Diels-Alder reaction by
several

research

groups.

Bueno

et al.

have

shown

that

methyl

acetamidoacrylate will undergo the Diels-Alder reaction with cyclopentadiene
under several conditions.26 The exo:endo ratio

was

about 70:30

(Scheme 1.7).

Chapter 1.2: Dehydroalanine

9

h3c02c

ji.l"CH3
N
h

nhcoch3

c02ch3
Endo

co2ch3

+

nhcoch3
Exo

Scheme 1.7: Diets-Alder reaction of
and

dehydroalanine

cyclopentadiene

Souchet et al. have used the Diels-Alder reaction to construct novel a-amino
acids

from

methyl acetamidoacrylate and 1-methoxycyclohexa-1,3-diene

(Scheme 1.8).27

Scheme 1.8:

Synthesis of

a

novel amino acid using the Diels-Alder reaction

Chapter 1.3: The Ammonia-Lyases
1.3 The

1.3.1

A

10

Ammonia-Lyases

Introduction

simple

way

of degrading amino acids would be to deaminate the amino acid to

give ammonia and an
further transformed to

energy.

a,
a

p-unsaturated acid. The

a,

(3-unsaturated acid

can

be

variety of different compounds, or breakdown to produce

In producing the ammonia-lyases, nature has precisely used this

strategy.

There

are

four "true"

ammonia-lyases known so far, aspartase, 3-methylaspartate

ammonia-lyase (methylaspartase), histidine ammonia-lyase (histidase) and

phenylalanine ammonia-lyase (PAL).

Although the enzymes have no specific

requirements for cofactors themselves, a wide variety of other ammonia-lyases
do

require coenzymes for activity (Table 1.1). The enzymes are found in both

eucaryotic and procaryotic cells and are mainly used in amino acid metabolism.

As the main

objective of this research was to gain a better understanding of the

mechanism of
with the 'true

methylaspartase, the remainder of this chapter will be concerned

ammonia-lyases'.

Chapter 1.3: The Ammonia-Lyases

enzyme

coenzyme

Glucosaminate ammonia-

PLP

lyase

(EC

11

reaction

r voH
HJOC>
hozc
h

4.3.1.9)28

oh oh

Ethanolamine ammonia-

lyase
(EC

h

—
h3c

nh2

cyclo -deaminase
(EC 4.3.1.12)30

NAD+

h"7vv>^-~nn^,NH2

h>YS

Formimino—

oh
h

1

•

-

h

h

/ yco* * NH>
\ /

^

ho2c

tetrahydrofolate
cyclo -deaminase
(EC 4.3.1.4)31

+ nh>

ohh

oh

Ornithine

^

"vyS

h

^—n

oh

nh

NH'

\
r

3-Alanyl-CoA ammonialyase
(EC 4.3.1.6)32

0

o

H2N/A\^N>

—

Aspartase
(EC 4.3.1.1)33

hzn\J
\

/c°2h

4.3.1.2)91

ho/

h

>

y

^

,co2h

/

w

2*

+

v

ho^c

h
co2h
i

h-H*ch3

—

+ NH3

h

r- h

ho2c
h2n

=^^SCoA

SC0A^«

£

h"jI

—

3-Methylaspartate
ammonia-lyase

(EC

1 voH

hoX^N^oh

0H

"V

B12

4.3.1.1)29

catalysed

h
.cojh

h

y.

h0'c

h

nh,

ch>

+ NHj

h

Histidine ammonia-lyase

(EC

—

4.3.1.3)55

«

ho2c

Phenylalanine
ammonia-lyase
(EC 4.3.1.5)71

Table 1.1: The

h

<Z>
\=/

*"
h°2c

h

h

+ nhj

h

Ammonia-lyases

Mechanisms of Ammonia Elimination

The three classical mechanisms of elimination

The E1 mechanism is

amino acid

ho*c

h

h-^7

o

„

O

—

ho2c

1.3.2 General

0

a

two

are

E1, E1Cb and E2.

step process involving a carbocation at 2-C of the

(Scheme 1.9). This mechanism would therefore be unlikely, since

the carbocation is destabilised

by the a-carboxyl group.

Chapter 1.3: The Ammonia-Lyases
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Scheme 1.9: The E1 mechanism

The

E1Cb invokes a carbanion at 3-C of the amino-acid (Scheme 1.10).

carbanion

group

can

be stabilised

The

by the side chains in the amino acids: carboxyl

in aspartic and 3-methylaspartic acids, and aromatic rings in histidine and

phenylalanine ammonia-lyases.

The E2 mechanism is
are

eliminated

occur

via

For the

a

a

concerted process

whereby the hydrogen and ammonia

simultaneously (Scheme 1.11). The elimination of ammonia

syn or an

anti-periplanar fashion.

ammonia-lyases, it appears that either the E1Cb or E2 mechanisms

the likeliest processes

can

by which deamination can occur.

are

Chapter 1.3: The Ammonia-Lyases
1.3.3

13

Aspartase

Aspartase catalyses the reversible elimination of ammonia from (2S)-aspartic
acid to

nature,

give fumaric acid (Scheme 1.12).
occurring

in

The enzyme is widely distributed in

bacteria, plants and a variety of animals, except

mammals.33"35

Scheme 1.12: The aspartase

The enzyme

reaction

from E. coli is the most studied and has a molecular weight of

193, 000 Da, and consists of 4 identical subunits, each of 48, 500 ± 500 Da,

arranged in D2 symmetry.36 The primary sequence has also been determined 36

The enzyme

is the most dissimilar from the other three ammonia-lyases; for

example, the enzyme is almost substrate specific; only the replacement of
ammonia with
was an

hydroxylamine is tolerated.37 Viola et at. showed that aspartase

allosteric enzyme

-

activated by aspartic acid binding at

a remote

from the active site.38 Furthermore, metal ions bound to this allosteric

The

enzyme

displayed co-operative kinetics at alkaline pH

relationship between substrate concentration and the rate.40
displayed Michaelis-Menten kinetics at pH 6.0 and
cations

was

-

site

site.39

sigmoidal

The enzyme

activated by divalent

(Ca2+, Mg2+, Mn2+, Co2+, Zn2+, Cd2+) above pH 8.0.41 At pH 9.0,

divalent cations

were

divalent cations at

necessary

pH below 8.0.41

for catalysis.

The enzyme is active without

Interestingly, potassium caused activation at

high substrate concentrations (>20 mM), but inhibited at lower concentrations.42
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Without added metal ions, the
reaction to 7.7. The
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pH optimum dropped from 8.7 for the deamination

Km for aspartate

Chemical modification and
histidine residues may

was

1 mM.42

pH studies have suggested that lysine, cysteine, and

be involved in enzyme catalysis.43-45 The presence of

aspartate and magnesium ions afforded protection of cysteines 140 and 430,
from

A/-(7-dimethylamino-4-methylcoumarynyl)maleimide

fluorescence
later that

same

chloride ions

mutagenesis.47 The

presence

a

researchers found

cysteine-430 was not directly involved in the catalytic reaction,

deduced from site-directed
or

thiols.46 However, the

reagent specific for

(DACM),

as

of aspartate, fumarate

(an inhibitor) prevented inactivation of the histidine residue(s) by

diethylpyrocarbonate, which suggested the importance of a catalytically active
histidine

residue.44

However, Saribas et al. have found using homology

comparisons among sequenced bacterial aspartases, and site-directed
mutagenesis; that histidine and cysteine are not essential for catalysis in
aspartase from E.

co//'.48 However, they found that the highly conserved lysines

54 and 326; were essential for

catalysis.

with subunit association, whereas

Lysine-54 is believed to be involved

lysine-326 appears to be involved in substrate

binding, through one of the carboxylic acid groups of either (2S)-aspartate or
fumaric acid.

More

insight on the enzyme mechanism will be available once Shi

et al. have collected data on their

crystallised aspartase from E. coli49

Studies, using the enzyme isolated from Hafnia alvei, show a negligible primary

isotope effect of 1.04 on Vmax and 1.02 on V/K for the deamination of (2S,3R)-

[3-2H] aspartic acid. However,
0.0014

was

in which

observed

on

=

significant 15N primary isotope effect of 1.0239 ±

V/K.50 These results indicated

a

two-step mechanism

carbon-nitrogen bond cleavage was, at least, partially rate limiting.

As 3-nitroalanine bound very

(Km/Kj

a

strongly to aspartase, especially in its ionised form

220 above pH 9.0) 51 it was suggested that 3-nitroalanine was a
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transition state
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analogue of a step-wise mechanism (E1Cb), since it can act as a

aci-carboxylate intermediate (Scheme 1.13).
—'
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Aci-carboxylate stabilisation of aspartate and 3-nitroalanine

Finally, evidence that the 3-pro-R hydrogen of aspartate was abstracted from
carbon-3, prior to the rate limiting carbon-nitrogen bond cleavage, all point to an

E1cb mechanism for aspartase.52

1.3.4

Histidine

Histidine

Ammonia-Lyase (HAL)

ammonia-lyase catalyses the elimination of ammonia from (2S)-

histidine to urocanic acid

mammals.

(Scheme 1.14). The

enzyme

In bacteria, it is the first enzyme

is found in bacteria and

in histidine catabolism.53

In

mammals, HAL is the first enzyme in the urocanic acid pathway for (2S)-histidine

degradation, and is located in the liver and epidermis.54 The human genetic
disease, histidinemia, is characterised by the hereditary absence of this enzyme
from both tissues.
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Scheme 1.14: The histidine

ammonia-lyase reaction

The enzyme

from Pseudomonas fluorescens has been the most extensively

studied, and

was

shown by Rechler to consist of a tetramer, with a molecular

weight of 222,000.55 Peterkofsky found that the Km for histidine was 9 mM below
pH 8.5, and 24 mM above pH 9.O.56 For urocanic acid the Km was 7 mM at pH
9.0.

The enzyme was

inhibited by sodium borohydride, as demonstrated by Abeles,

but the presence

of substrate afforded protection.57 Using sodium borotritide,

followed

by acid hydrolysis of the enzyme, alanine was found to be the only

labelled

residue.58 Similarly,

enzyme.

14C-labelled nitromethane also inactivated the

After acid hydrolysis, the labelled molecule

been attacked

was

found to have either

by ^-displacement of an unknown group, or by (3-addition to

dehydroalanine residue.59

This provided evidence for the existence of

a

a

dehydroalanine residue at the active site, which probably undergoes Michael
addition with
intermediate.

the amino group

of the substrate to give an enzyme bound

Peterkofsky performed labelling experiments with tritiated water,

showing that the abstraction of

a proton

from C-3 was stereospecific and the

resulting carbanion promoted C-N bond cleavage to give urocanic acid.56
Elimination

was

facilitated

by the delocalisation of charge through the

dehydroalanine system, which was regenerated by the loss of ammonia, to begin
the

cycle again.
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Experiments, using 15N ammonia, showed that no exchange of ammonia
occurred.56

Incubation of histidine and 14C-urocanic acid gave

labelled

histidine, but in the absence of histidine the back reaction did not occur.
ammonia and urocanic acid did not
Histidine

was

incubated

The rate of increase in concentration of [5'-

2H]urocanic acid exchanged with hydrogen did not depend
formation of urocanic acid, and carried on

enzyme

was

complete.

(2S)-[5'-2H]-

give the amination product.

by Furata, with histidase, to investigate the rate of

hydrogen exchange at C-5'.60'61

formation

Free

on

the rate of

being formed even after urocanic acid

These results suggest the formation of an amino-

complex, derived from histidine, as an intermediate in the reaction. The

back reaction

the enzyme

(amination of urocanic acid to give histidine) cannot occur unless

has been incubated with histidine, to allow the amino-enzyme

intermediate to form.

All the above

experiments suggest a stepwise mechanism

(E1cb) predominates (Scheme 1.15).

The enzyme

has been cloned in E. coli from Pseudomonas putida 62 Bacillus

subtilis63 and S. griseus;

64 and shows significant similarity in

gene

products
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(see chapter 2 for a detailed discussion of the sequences).
consist of

Bacterial histidases

approximately 55 kDa tetramers.65 The deduced histidase primary

structures also show

similarity with that from rat histidase and phenylalanine

ammonia-lyase derived from plants and fungi.66

White and Kendrick have shown that histidase from S.

griseus

was

by methylglyoxal and phenylglyoxal, dicarbonyl reagents which
react

are

inactivated
known to

specifically with arginine residues in proteins.67 The inactivation showed

pseudo first-order kinetics and could be prevented by protection with histidinol
phosphate, a competitive inhibitor of histidase. From analysing the amino acid

composition of histidase after treatment with phenylglyoxal, together with the
kinetics of inactivation,
reaction with
the

suggested that inactivation

one or more

essential

was a consequence

arginyl residues at

or near

of specific

the active site of

enzyme.67

Hernandez et al. found that histidase from P.

putida was irreversibly inactivated

by (2S)-cysteine at pH 10.5 in the presence of oxygen, and caused the formation
of

a new

UV-absorbing species centred around 340 nm.68 (2S)-[35S]Cysteine

labelling experiments revealed that 4 mol of (2S)-cysteine were bound per mole
of enzyme tetramer, upon
dissociated from the
340 nm

Inactivation
nm

of

histidase

by cyanide prevented the

species in subsequent (2S)-cysteine modification

experiments; indicating that there
histidase

The radiolabel, however,

protein under denaturing conditions without loss of the

absorbance.

formation of the 340

complete modification.68

was a common target

site for modification of

by all the reagents.68 Trypsin and protease digestion showed that the

strong absorbing species at 340 nm were attributed to an octapeptide,

(Glyi38-Ser.Val.Gly.Ala.Ser.Gly.Aspus), which contained
modification

on

Ser-143

as

seen

results indicated that Ser-143

required for histidase activity.

was

an

unidentified

by electrospray mass spectrometry.68 The
the

binding site for an electrophilic cofactor

Furthermore, from site-directed mutagenesis,
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Langer et al. have confirmed that Ser-143 was essential for activity.69 When
alanine

was

substituted for each of the four serines

known histidases and

(which

are

conserved in all

phenyalanine ammonia-lyases) consecutively, histidase

activity was observed for all except the mutant S143A (serine-143 to
alanine-143).
precursor

Langer et al. concluded that serine-143

differences in the

mutant

S143A.69

78%:0%:22%.

The

substitution and

could not

folding of the protein between the wild-type and the

a-helix:p-sheet:coil+turn ratio

Further site-directed

have confirmed the

histidases

the most probable

of the active-site dehydroalanine. CD spectra had shown that there

were no

al.

was

an

calculated to be

mutagenesis experiments by Hernandez et

importance of Ser-143.70

A142S-S143A

was

Two mutants,

a

S143A

transposition, were made and both mutant

completely lost all enzymatic activity.

The purified mutant proteins

incorporate [14C]-cyanide nor could they generate the UV-absorbing

species normally observed when (2S)-cysteine modifies wild-type histidase.68
Recent work

by Langer et al. has revealed that when serine-143 is replaced by

cysteine, the mutant enzyme retains full catalytic activity and displays similar
characteristics to the

wild-type enzyme.189

replaced with threonine, all enzymatic activity

However, when serine-143
was

was

lost. Therefore, it is possible

that

a

and

cysteine-143 by elimination of water and hydrogen sulfide, respectively; to

post-translational modification occurs in the enzyme with both serine-143

give the dehydroalanine residue.
modification is not

1.3.5

However, in the

case

of threonine,

a

similar

possible, presumably due to the extra methyl group.

Phenylalanine Ammonia-Lyase (PAL)

Phenylalanine ammonia-lyase catalyses the reversible elimination of ammonia
from

(2S)-phenylalanine to give trans-cinnamic acid (Scheme 1.16).71

enzyme

is found in many plants and some micro-organisms.72-73

phenylalanine ammonia-lyase is the initial
for the formation of many

enzyme

The

In plants,

in the biosynthetic pathway

phenylpropanoids such as lignins, coumarins, stilbenes

20
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and

anthocyanins.73 In contrast, micro-organisms

use

phenylalanine ammonia-

lyase for catabolism; thus allowing yeasts, fungi, and streptomycetes to utilise
phenylalanine as either a sole source of carbon and energy, or as a sole

nitrogen source.74-75

Scheme 1.16: The

phenylalanine ammonia-lyase reaction

PAL has various industrial and

potential medical applications.

suitable for the treatment of certain

mouse

Purified PAL is

neoplastic tumours,76 the quantitative

analysis of serum phenylalanine,77 and the treatment of phenylketonuria.78 The
enzymes

from maize,79 potato80 and the yeast-like fungus, Rhodotorula

glutinis 81 have been most extensively studied.

Phenylalanine ammonia-lyase from all three sources is a tetramer of molecular

330,000.79-81

weight

The enzyme from potatoes is specific for (2S)-

phenylalanine 80 but that from maize and Rhodotorula glutinis will act on both
(2S)-phenylalanine and (2S)-tyrosine.81

Although (2fl)-phenylalanine is a

competitive inhibitor for the potato enzyme; it is also turned-over at 1/5000 of the
rate of

(2S)-phenylalanine.82

Phenylalanine ammonia-lyase will also accept

p-fluoro- and p-chlorophenylalanine as substrates.83

Hanson

and

Havir

also

showed

that

3-(1,4-cyclohexadienyl)-(2S)-alanine,

the

was a

cyclohexadienyl

analogue,

substrate in the deamination

direction; to give trans-2-{\ ,4-cyclohexadienyl)acrylic acid (Scheme 1.17)

84
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Scheme 1.17: Deamination of

Amrhein and co-workers

3-(1,4-cyclohexadienyl)-(2S)-alanine

synthesised a variety of inhibitors for PAL,85 including

(S)-2-aminooxy-3-phenylpropanoic acid (Fig. 1.4; (4); Kj=1.4 nM), (F?)-(1-amino2-phenylethyl)phosphonic acid (Fig. 1.4; (5); Kj=1.5 mM) and 2-aminoindan2-phosphonic acid (Fig. 1.4; (6); Kj=0.08 mM).

Figure 1.4: Inhibitors of phenylalanine ammonia-lyase

Hanson

and

Havir showed that the

kinetics.82.83

Michaelis-Menten

0.038 mM to 0.26 mM and the

At

deamination

reaction

were

not

follow

optimum pH 8.7, the Km increased from

Vmax doubled as the concentration of (2S)-

phenylalanine was increased from 0.01 mM to 6.7 mM.
Menten kinetics

did

demonstrated

However, Michaelis-

by the presence of the competitive inhibitor

(2F?)-phenylalanine. The product, frans-cinnamate, also inhibited the reaction.
These observations
allosteric enzyme.
of

the

enzyme

suggested that phenylalanine ammonia-lyase

was an

Unlike histidase, the reaction was fully reversible; incubation
with

phenylalanine.82-83

labelled

trans-cinnamate

gave

labelled

(2S)-
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(2S)-phenylalanine and labelled trans-cinnamate

were

incubated

together, labelled (2S)-phenylalanine was produced faster than one would
expect for the back reaction. Hanson and Havir rationalised this result in terms of

amino-enzyme intermediate, which would allow a partial back reaction

an

(between labelled trans-cinnamate and the amino-enzyme intermediate) to occur
at a

greater

rate.80

As with histidase, sodium

borotritide79-80 and 14C-nitromethane81

were

found,

by Hanson and Havir, to inactivate phenylalanine ammonia-lyase, giving after
acid

hydrolysis of the enzyme, [3-3H]-alanine and [4-14C]-aspartic acid (the usual

product of acid hydrolysis of nitroalkyl aci salts), respectively.79"81

Zon and Laber showed that the mechanism of elimination was
that the

stereospecific and

pro-3S hydrogen was eliminated.86 Cleland studied the mechanism of

phenylalanine ammonia-lyase using deuterium and 15N isotope effects (double
isotopic measurements).87-182 (2S)-Phenylalanine gave a D(V/K) value of 1.15.
The

pH dependence of the 15N isotope effects, showed that the active substrate

was

the monoanion.

of

Extrapolated 15(V/K) values for the unlabelled monoanion

(2S)-phenylalanine were 1.0021 and 1.0010 for the deuteriated compound.

This evidence showed that

1.18).

a

stepwise, E1Cb, mechanism was occurring (Scheme

23
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Scheme 1.18:

The yeast enzyme

E1cb, mechanism of phenylalanine ammonia-lyase

has been crystallised but no crystal structure has been

published.88 D'cunha has recently shown that trans-cinnamyl methyl ester
substrate for PAL, from Rhodotorula
The

incubations

were

was a

glutinis, in the retro-physiological direction.

conducted in

an

organic-aqueous biphasic system

(Scheme 1.19).89

Scheme 1.19: Incubation of
with

Schuster and

trans-cinnamyl methyl ester

phenylalanine ammonia-lyase

Retey have conducted site-directed mutagenesis on PAL from

parsley (Petroselinum crispum), where they exchanged serine-202 for alanine,
and found that the mutant

existence of

a

was

serine-derived

of PAL will be discussed in

inactive.

This

provided further evidence for the

dehydroalanine in PAL.90 The primary sequence

chapter 2.
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3-Methylaspartate Ammonia-Lyase (MAL)

Methylaspartase catalyses the reversible elimination of ammonia from (2S,3S)-

3-methylaspartic acid to give mesaconic acid (Scheme 1.20).
distributed among
found

among

obligate anaerobic micro-organisms91 and

facultative anaerobic bacteria.92

The

The enzyme is

was very

enzyme

recently

from the soil

anaerobe, Clostridium tetanomorphum, has been the most studied.91

COoH

HoN

H.

CO,H
^

•+

H"

CH'

H02C

H

Scheme 1.20: The

1.4.1

The

Mesaconate

Glutamate mutase

on

CH'

H02C

3-methylaspartate ammonia-lyase reaction

Pathway

In 1958, Barker et al. elucidated the mesaconate

fermentation studies

NH,

pathway (Scheme 1.21) from

the bacterium Clostridium

tetanomorphum, strain H1.

catalyses the first step of the pathway, converting (2S)-

glutamic acid to (2S,3S)-3-methylaspartic acid. Methylaspartase then, catalyses
the conversion of

(2S,3S)-3-methylaspartic acid to mesaconic acid, which is

subsequently transformed to (2S)-citramalic acid by
is then cleaved into

mesaconase.

The molecule

pyruvic acid and acetic acid by citramalate lyase.

The

pyruvic acid is oxidatively decarboxylated to give acetyl-CoA. Two acetyl-CoA
molecules form

butyryl-CoA and hence, butyric acid.

(ATP) is also generated from cleavage of the thioesters.

Adenosine triphosphate
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(25)-Citramalic

acid

H3Cvs<X^S^C02H
Butyric acid

Scheme 1.21: The mesaconate

1.4.2

The Structure

The enzyme

of

pathway

3-Methylaspartate Ammonia-Lyase

from Clostridium tetanomorphum

has

100,000 Da, as determined by sedimentation equilibrium
enzyme was

a

molecular weight of

measurements.93 The

cleaved into two 50,000 molecular weight subunits by 6 mol dm-3

guanidine hydrochloride.93'94
p-chloromercuribenzoate in

a

However, Hsiang and Bright reported that

molar excess of 8-fold, cleaved the enzyme into

four subunits of 25,000 molecular

sedimentation

techniques.95

enzyme was an

weight as measured by density gradient

Electrophoretic evidence suggested that the

(aP)2 structure,96 however, recently Cohen showed that the
homodimer of molecular weight 49,000 Da.97 SDS-PAGE

enzyme

behaved

under

variety of conditions gave no evidence of the homodimer splitting into

a

smaller subunits.

as a

Furthermore, Wu and Williams found that half the total number

26
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of

arginine and lysine residues were present in the tryptic digests of the enzyme,

compared to the native enzyme.98 This suggested that the enzyme was a dimer
of identical subunits.

The Clostridium

tetanomorphum

gene

encoding methylaspartase has recently

been cloned,

sequenced and expressed in E. coli by Goda et al." There are

413 residues

(MW 45,539) (Fig. 1.5), which have unambiguously identified

methylaspartase as a homodimer. The recombinant protein is identical to the
enzyme

isolated directly from C. tetanomorphum.
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Figure 1.5: The primary sequence of methylaspartase

Williams and Libano showed from
for enzyme

photo-oxidation studies, that the rate constant

activity loss was nearly identical to that for sulfhydryl destruction;

suggesting a sulfhydryl group was required for activity.15 The enzyme was also
inactivated

by the thiol alkylating agent, /V-ethylmaleimide.

inactivation studies,
had

of

Protection from

provided by various substrates and substrate analogues,

implied that the sulfhydryl group (cysteine residue) was proximate to the 3-H

(2S, 3S)-3-methylaspartate.100
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EPR measurements

by Fields and Bright, using manganese as the divalent

cation, showed two metal ions bound per enzyme

molecule;101 leading to the

suggestion of two active sites. This correlates with the number of mesaconic acid
binding sites found by gel filtration of methylaspartase in buffer containing
mesaconic acid.98
inactivated

Furthermore, Hsiang and Bright showed that the enzyme was

by two equivalents of p-chloromercuribenzoate.93

However,

methylaspartase was insensitive to arsenite, indicating that the two essential thiol
groups, were not

1.4.3

located at the same active site.

Substrate

Specificity of 3-Methylaspartate Ammonia-Lyase

Methylaspartase can tolerate a wide variety of 3-C substituted aspartic acids, due
to a

large methyl-binding pocket. (2S)-Aspartate 91 (2S,3S)-3-ethylaspartate,102

(2S,3S)-3-npropylaspartate, (2S,3S)-3-'propylaspartate102 and (2S,3R)-3-

chloroaspartate103 have all been shown to be substrates for 3-methylaspartase
(Table 1.2).
was

Interestingly, Asano and Kato have shown that (2S)-aspartic acid

not a substrate for

MAL, from

amination of fumaric acid to

a

facultative anaerobe, but catalysed the

give (2S)-aspartic acid.92

Substrate

Km (mM)

Vmax

(x107 mol dm-3 S"1)

(2S,3S)-3-Methylaspartic acid

2.37±0.2

109.0

(2S)-Aspartic acid

10±0.82

0.80

(2S,3S)-3-Ethylaspartic acid

17.08±1.4

48.7

(2F?,3S)-3-Chloroaspartic acid

>50

(2S,3/:?)-3-Methylaspartic acid

40

Table 1.2: Substrates for

2.9

methylaspartase and deamination kinetic parameters

Akhtar et al. have shown that the enzyme can
amination direction;

-

be used synthetically in the

by using the enzyme to synthesise stereochemically pure

28
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3-halogeno- and 3-alkylaspartic acids from the corresponding substituted
fumarates

(Scheme 1.22 and Table 1.3).104

Hv

ho2c*

o.C02H

2+

+

'r

R=H, Me, Et,

Mg'

NH3

h2n

,K- H"4}
H02C

co2h

V*R
H

nPr,1 Pr

CI, Br

Scheme 1.22: Substrates for

Substrate

Vmax

Km

Fumaric acid

methylaspartase

(x10~6 mol dm-3 min'1)

23±2.2

1702

1.24±0.085

894

1.05±0.2

583

Chlorofumaric acid

3.52+0.71

382

Bromofumaric acid

2.64±0.53

425

"Propylfumaric acid

2.1±1.3

4.2

'Propylfumaric acid

5.5±3.0

5.3

Mesaconic acid

Ethylfumaric acid

nButylfumaric acid

<0.05

-

lodofumaric acid

<0.05

-

Table 1.3: Substrates for

methylaspartase and

amination kinetic parameters

Although (2F?,3S)-3-fluoroaspartate was produced from fluorofumarate, side
reactions

precluded isolation.

Bromofumarate was a good substrate for

3-methylaspartase but the (2f?,3S)-3-bromoaspartate produced, was unstable
under the incubation conditions and

cyclised to form 2,3-aziridinedicarboxylate

(Scheme 1.23; (7)). Bromofumarate was also found to cause inactivation (as
suicide
This

a

inhibitor) of the enzyme, probably through (2fl,3S)-3-bromoaspartate.105

suggested that alkylation of

active site of the enzyme

an

essential base (probably cysteine) at the

occurred during catalytic turnover (Scheme 1.24).

Chapter 1,4: 3-Methylaspartate Ammonia-Lyase

Scheme 1.23: Formation of
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2,3-aziridinedicarboxylate

Scheme 1.24: Suicide inhibition of

methylaspartase by

(2R, 3S)-3-bromoaspartate

The C-3 deuteriated
incubations
deaminated

formed upon

in

isotopomers have also been prepared by conducting

deuterium

oxide.104

Barker found that

methylaspartase

{2S,3R)-erythro-rc\ethy\aspan\c acid, and that this diastereomer

was

prolonged incubation with mesaconic acid.91 Archer and Gani had

shown that the recombinant

protein, also catalysed the formation of {2S,3R)-

e/yfftro-methylaspartic acid and therefore, the formation (or deamination) was
inherent to the

enzyme.106 Archer has shown that the

enzyme

also displays

'(2S,3R)-ery\hro-' activity with the substrate analogue, fumaric acid, but not with
ethylfumaric acid.107

1.4.4

In

Kinetic

Properties of 3-Methylaspartate Ammonia-Lyase

1959, Barker observed the following kinetic properties of the enzyme,

methylaspartase: pH optimum was 9.7, was most active at 55 °C, albeit, not very

Chapter 1.4: 3-Methylaspartate Ammonia-Lyase
stable and the

Keq, for the deamination reaction was 0.3.91

required a divalent and a monovalent cation for activity,91 of which

The enzyme

magnesium

equilibrium constant,

was

found to be the best divalent metal ion, although nickel, cobalt,

zinc, iron, manganese and cadmium also
activation to be:

Mg2+

found to be inhibitors.

>

The

inhibitors.108 Potassium

activated.108 Bright found the order of

Mn2+> Co2+> Ni2+.109 Calcium and strontium

A being activators, whereas those larger were

the most effective monovalent cation activator. The

was

order of effectiveness for monovalent cations
>

conditions.
The enzyme

Na+> Cs+.91

At

The

was

shown to be; K+ >

NH4+

>

Km for potassium was 3 mM, under Barker's

high concentrations, however, potassium inhibited the reaction.

behaved auto-catalytically in the absence of potassium due to the

formation of ammonium ions

1.4.5

were

activity of the enzyme was related to ionic radii; those

ions with radii of less than 1

Rb+> Li+

30

Mechanism

of

-

a

deamination

product.

3-Methylaspartate Ammonia-Lyase

Bright proposed that 3-methylaspartate ammonia-lyase operated via a carbanion
mechanism.110-111

One of his main

pieces of evidence was that (2S,3f?)-

e/yf/7/-o-3-nriethylaspartate was a substrate for the enzyme and hence the
carbanion intermediate

generated at C-3 would be identical for both substrates.

Bright also observed no primary deuterium isotope effect for the deamination of

(2S,3S)-f/7/"eo-3-[2H-]methylaspartate under his incubation conditions (50 mM
potassium ion concentrations).110 Furthermore, he found that 15N-ammonia
incorporated into 3-methylaspartic acid at

a

was

negligible rate compared to the C-3

hydrogen exchange with the solvent.110 This implied that C-H and C-N bond
cleavages were separate events and ruled out

an

E2 mechanism.

Thus, 3-methylaspartase was established as the archetypal enzyme operating by
an

E1cb type mechanism (Scheme 1.25).
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Scheme 1.25:

E1Cb Mechanism of methylaspartase

Botting et al. however, observed a primary deuterium isotope effect at potassium
ion concentrations lower than 50 mM

(Table 1.4); implying that C-H bond

cleavage was at least partially rate limiting and therefore questioned Bright's

proposal.112 Primary deuterium isotope effects

were

also measured for (2S)-

aspartic acid and (2S,3S)-3-ethylaspartic acid (Table 1.4).

Km

Vmax

(mM)

(x107 mol dm-3 S"1)

(2S)-Aspartic acid

10±0.82

0.80

0.076

(2S,3/:?)-[3-2Hi]Aspai1ic acid

10±0.82

0.80

0.076

(2S,3S)-3-Methylaspartic acid

2.37±0.2

109.0

46.0

2.35±0.25

64.2

27.3

17.08±1.4

48.7

2.85

17.66±1.6

41.8

2.37

Substrate

(2S,3S)-[3-2H]-3-Methylaspartic

V/K

acid

(2S,3S)-3-Ethylaspartic acid

(2S,3S)-[3-2H]-3-Ethy!aspartic
acid

Table 1.4: Kinetic

The lack of
the

a

reduced

deuterium

isotope parameters

isotope effect, for the deamination of aspartic acid, and

isotope effect with 3-ethylaspartic acid, suggested that both

(2S)-aspartic and (2S,3S)-3-ethylaspartic acids were deaminated by a
mechanism

which

'character'.113 This

was

was

less

concerted

rationalised

as

and

a

greater

E1cb

being due to the orbital alignment for

concerted elimination; which was considered

3-methylaspartic acid.

contained

a

optimal in the case of (2S,3S)-

Removal of the 3-C-H in the two slower reacting

Chapter 1.4: 3-Methylaspartate Ammonia-Lyase
substrates

generated

and 3-C-H bond

was

a

32

carbanion in which the torsion angle between the 2-C-N

not

optimal for the elimination of ammonia.113 Hence no

primary isotope effects were observed.

In

(2S)-aspartate, weak interaction of the 3-H with the hydrophobic methyl-

binding pocket accounts for non-optimal orbital alignment of the carbanion and
therefore

primary isotope effect.

no

substrate and
substrate/

bond

The substantially higher Km for both

product, than for the physiological compounds, suggested that

product dissociation was not rate limiting. The results imply that 2-C-N

cleavage was rate limiting and that 3-C-H bond cleavage was non-rate

limiting. Hence (2S)-aspartic acid was deaminated by an E1cb mechanism.113

In the
the

case

of

(2S,3S)-3-ethylaspartate, strong interactions of the ethyl

group

with

hydrophobic methyl-binding pocket, resulted in non-optimal orbital alignment

of the carbanion, and therefore

3-C-H bond cleavage was non-rate limiting.

However, the enzyme may still operate by an E2 mechanism because

ethylfumarate binds more tightly in the active site than the physiological
substrate, causing product debinding to become partially rate

Since C-H bond

cleavage was considered at least partially rate limiting for the

natural substrate, a need to
mechanism and
fractionation

limiting.103' 113

an

E2 type

distinguish between

a

balanced stepwise E1cb

mechanism was necessary.

Using double isotope

experiments, Botting et al. measured the kinetic isotope effect

on

C-N bond

cleavage in the presence and absence of deuterium at C-3.114 In

concerted

(E2) mechanism, isotopic substitution at C-3 should not affect the

kinetic

isotope effect on C-N bond cleavage.

E1cb mechanism would show

a

a

However, a balanced stepwise

reduced kinetic isotope effect for C-N bond

cleavage in the presence of deuterium at 3-C. Values of 1.0246 ± 0.0013 and
1.0241

± 0.0009 were obtained for the

deuterium at 3-C

15N isotope effect with protium and

respectively. These results implied that the reaction followed

a
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concerted

pathway with a single transition state involving both 3-C-H and 2-C-N

cleavages, i.e. by an E2 mechanism (Scheme 1.26).114

bond

Scheme 1.26: E2 Mechanism of

methylaspartase

Exchange experiments were conducted to explain the exchange reaction of the
3-C

hydrogen of (2S,3S)-3-methylaspartic acid with the solvent.

(2S,3S)-

3-Methylaspartic and (2S,3S)-[3-2H]-3-methylaspartic acids were incubated in
tritiated water, which allowed the rate of

substrates to be measured
effect

on

large changes with pH.

deuterium isotope

This suggested that the exchange

occurred after the concerted elimination

possesses a strong

1.4.6

The primary

isotope effect was not dependent on the ratio VeXchange/ Vdeamination,

which showed

did not

tritium wash-in.

Vmax for the exchange reaction at pH 9.0 was found to be 1.6.115 The

size of the

reaction

as

protium or deuterium wash-out from the

occur

step and that the step

reversible commitment. It also indicated that the exchange

at the free carbanion

level,

as

D(Vex)

was constant

with pH.115

Binding and Debinding Orders Of 3-Methylaspartate AmmoniaLyase

Bright and Silverman demonstrated that (2S,3S)-3-methylaspartic acid bound as
the free amino acid and not as an amino

acid-magnesium complex.116 When

methylaspartic acid was incubated with methylaspartase, without magnesium
ions, mercuribenzoate did not inhibit the enzyme.

This suggested that the
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substrate bound to the enzyme

cation.117

Kinetic

either first

or

analysis showed that

addition of the divalent cation and

in a random order with the divalent
a

random order, rapid equlibrium

methylaspartate to the enzyme seemed most

likely.

Botting and Gani found that methylamine was not an activator of methylaspartase
but

was

a

competitive inhibitor of 3-methylaspartic acid in the deamination

reaction, and of ammonia and mesaconic acid in the amination direction.115
These two
were

also

experiments showed that mesaconic acid and the ammonium ion

released at the

same

rate with random

debinding.

This hypothesis was

supported by the fact that mesaconic acid was a competitive inhibitor for

(2S,3S)-3-methylaspartic acid.115

Bright showed that ammonium ion could enhance the exchange rate, over that
for normal deamination, and that
into the substrate in

increase in

an

15N-labelled ammonia

exchange reaction.

incorporated

Therefore it appeared that the

Vexchange/ Vdeamination, was caused without cleavage of the C-N

bond.110 Botting and Gani showed from the incubation of
and

was not

15N-labelled ammonia

[3-2H3]-mesaconic acid, with unlabelled (2S,3S)-3-methylaspartic acid, that

rapid formation of [15N, methyl -2H3]-3-methylaspartic acid occurred. The singly
labelled

species were formed only slowly and could be accounted for by reaction

with free unlabelled substrates.

enzyme was

Thus the rate of mesaconic acid release

by the

equal to the rate of ammonium ion release and that debinding was

random.115 This result verified Bright's findings.110

Reanalysis of Bright's work at low pH showed that the substrate and magnesium
ion bound in

a

random

steady state manner followed by potassium ion.115 At

pH 6.5 and high potassium ion concentrations, the binding order was

compulsory, with potassium ion binding after the substrate, and released before
the first

product.115 At pH 9.0, magnesium ion bound before the substrate, in

rapid equilibrium and the potassium ion bound after the substrate.

At low
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magnesium ion concentrations, a binding order of: the substrate, then potassium
and then

magnesium was favoured.

substrate bound in the

steady state.

active sites of the enzyme,

for

It

At low potassium ion concentrations, the
Co-operativity existed between the two

which was in a new catalytic form with

a

high affinity

potassium.115

was

suggested from binding/ debinding experiments that there

after C-N bond

which

was a

slow step

cleavage but before the formation of the E.NH4+.Mes complex,

caused the

products to partition between recombination (to give

methylaspartic acid), and formation of the E.NhU+.Mes complex, from whence the
product could escape.115 Therefore, in labelled water, solvent-derived hydrogen
could

exchange with the conjugate acid on the enzyme (after the base removes

the proton

from the substrate at 3-C) to give labelled substrate. Since ammonium

ion enhances the

exchange reaction, the ion must prevent the formation of the

E.NHU+.Mes complex. Ammonium ion could easily do this if the product site for
ammonium ion is not
of the substrate

The evidence

the

rate

occupied in the intermediate complex by the amino

group

(Scheme 1.27).115

presented for the second binding site for ammonia

of reaction

ammonium ions

were

was

was

firstly; that

dependent upon [NH4+]2, i.e. two molecules of

involved.

Secondly, ammonia acted

uncompetitive product inhibitor for the deamination process.

as a

non-linear
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Scheme 1.27

1.4.7
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Exchange mechanism of 3-methylaspartate ammonia-lyase

Active Site Structure of

3-Methylaspartate Ammonia-Lyase

Enzymes containing a catalytic dehydroalanine residue such as HAL and PAL
inactivated

by sodium borohydride; however methylaspartase showed no

inactivation."

Furthermore, phenylhydrazines caused partial-irreversible

are

inactivation of MAL, with some inactivation

protection afforded by the substrate;

indicating that an electrophilic prosthetic group was present at the active site."

Wu and Williams had shown that

upon treatment

eight uniformly labelled peptides were formed

of methylaspartase with [1-14C]-/V-ethylmaleimide (thiol reacting

compound), followed by tryptic digestion, and assumed that eight cysteine
residues in the
the presence

protein had been labelled.98 Bright also provided evidence for

of sixteen cysteine residues per mole of enzyme, on the basis of

Chapter 1.4: 3-Methylaspartate Ammonia-Lyase
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p-chloromercuribenzoate titrations.93-94 Furthermore an active site peptide was
isolated, which

was

believed to be labelled

on a

cysteine residue (with [1-14C]-

A/-ethylmaleimide).98 This peptide corresponded to

one

of the eight uniformly

peptides obtained from the earlier experiment,98 and consequently the

labelled

amino acid

composition was determined by total acid hydrolysis.98

Upon

attempting to match this amino acid composition to the primary structure of
methylaspartase, there was no observable match if it was assumed to contain

a

cysteine.

However, if the labelled residue was taken as a serine, a match was

obtained.

Moreover, from the primary structure, methylaspartase contains seven

cysteine residues rather than eight. In order to explain the reaction of serine with

/V-ethylmaleimide, a post-translational

modification of the serine to

a

dehydroalanine residue (Scheme 1.28; A) was invoked.99 The dehydroalanine
residue could

conceivably be attacked by the amino group of the substrate to

give a 2,3-diaminopropanoic acid residue (Scheme 1.28; B), which could then
react with

A/-ethylmaleimide, alkylating the enzyme (Scheme 1.29).

Scheme 1.28: Formation of the

2,3-diaminopropanoate residue

Chapter 1.4: 3-Methylaspartate Ammonia-Lyase

Scheme 1.29: The reaction of
with

1.4.8

In

38

N-ethylmaleimide

2,3-diaminopropanoate

(2S,3R)-erythro Activity of 3-Methylaspartate Ammonia-Lyase

the

absence

of

a

carbanion

intermediate

derived

from

(2S,3S)-

3-methylaspartic acid, it was difficult to explain why methylaspartase should
process

the (2S,3R)-erythro-6\as\ereo\somer. Experiments by Archer and Gani

identified that
from the

methylaspartase catalyses the direct syn-elimination of ammonia

(2S,3R)-erythro-subsXra\e and

Kinetic parameters
and Gani

epimerase activity.106

of the (2S,3R)-erythro-substra\e were measured by Archer

(Table 1.2).106 Since there was a difference in stereochemistry at C-3,

it would be
Michaelis

was not an

expected that the rates for: (i) the fast reversible conversion of the

complex to a covalent substrate-enzyme complex (Scheme 1.30, step

1) and (ii) partially rate-limiting, concerted 3-C-H and 2-C-N bond cleavage

(Scheme 3.11, step 2) to be different from the (2S,3S)-f/7reo-diastereomer. The
partially rate-limiting regeneration of the electrophilic prosthetic group, the
putative dehydroalanine residue, would be expected to be similar.
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symmetric covalent mechanism of methylaspartase

primary deuterium isotope effect of DV [or (Vh/Vd)] was 7.15 ± 2.74, indicating

that C-H bond

therefore

a

cleavage was the rate-determining step in the reaction and

3-C carbanion

was

not an intermediate.

The value of

D(V/K)

[or (Vh/Vd)/(Kh/Kd)] was smaller, 3.39 ± 1.6, indicating that a reverse step(s)
preceding the isotopically sensitive transition state in the reaction co-ordinate
was

slow and exerted

for the decrease in

a

forward reaction commitment.

D(V/K)

was

The most

probable

cause

the slow break-down of the covalent (2S,3S)-

e/ytf7ro-substrate-enzyme complex to give the Michaelis complex, the reverse of
step 1 in Scheme 1.30.

Given that the facile formation of

carboxylic acid intermediate

was

a

2-C carbocation

unlikely, the results suggested that the

syn-elimination reaction was concerted.106
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2.0 Results and Discussion

2.1

Introduction

The elimination

mechanism, together with the synthetic utility of the enzyme,

methylaspartase, were established by the extensive work carried out within our
research
the

group.104-112-114 The next objective towards

enzyme

a

fuller understanding of

mechanism was to obtain greater details of the structural

requirements for catalysis.

The

dehydroalanine residue has been implicated to be important for catalysis in

histidine and

phenylalanine ammonia-lyases; moreover, results obtained from

the above kinetic, inhibition and

primary sequence studies for methylaspartase,

have also led us to assume that a similar residue exists within
as

methylaspartase

well.

The main

objective of this study was to verify the existence of the dehydroalanine

residue and to

gain further insight into the structural requirements for enzyme

catalysis (see Scheme 1.30).

Chapter 2.2: Michael Addition of 2,3-Diaminopropanoic Acid
2.2

Michael Addition of

An indirect way

41

2,3-Diaminopropanoic Acid

of obtaining more information about the mechanism of an

enzyme,

is to perform model reactions to verify the original assumptions.

Williams

and

a

we

A Hofmann

very

reported that methylaspartase

was

completely

happen would be if the 2,3-diaminopropanoic acid residue underwent

Michael addition to

feasible,

had

by the addition of A/-ethylmaleimide.100 One possible way in which

inactivated
this could

Libano

A/-ethylmaleimide.

In order to confirm whether this was

decided to synthesise this molecule.

rearrangement on A/-protected (2S)-asparagine would result in a

convenient one step route to 2,3-diaminopropanoic acid (Scheme 2.2).

However, since the Hofmann rearrangement is conducted in a basic medium, the
choice of
or

nitrogen protecting groups would have to be limited to lbutoxycarbonyl

benzyloxycarbonyl.

P

P

"nh

o

I

II

co2h
Scheme 2.2:

Hofmann
Rearrangement

2

^

^ nh

I
co2h

Synthesis of N-protected 2,3-diaminopropanoic acids

Accordingly tbutoxycarbonyl-(2S)-asparagine (Scheme 2.3; (9)) was synthesised
using the method of Keller et a/.118 with dMbutyl carbonate in 65% yield.
Hofmann

rearrangement of this, under the classical conditions of sodium

hydroxide and

bromine,119 resulted in the unexpected removal of the

toutoxycarbonyl protecting

group.

It was possible that the prolonged use of high

temperatures (70-80 °C for->3-h) had resulted in degradation of the protecting
group.
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Waki et al. had
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reported the synthesis of 2,3-diaminopropanoic acids using

bis[trifluoroacetoxy]-phenyliodine (Scheme 2.3).120 We decided to
our

use

this

as

choice method for the Hofmann rearrangement.

Rv

NH2 O

NH

i)

O

iii)

H"fcANH=

r
(8)

(9) R=(CH3)3OCO
(10) R=PhCH2OCO

Rv

H

NH

NH3+CI

N)

-k^NH2

-

co2H

NH 2

CO2H

(11) R=(CH3)3OCO
(12) R=PhCH2OCO

(13)

i) ((CH3)30C0)20, NaOH

iii) Ph-l-(OCOCF3)2,

aqueous

DMF

OR

^ H2- Pd/C

ii) PhCH2OCOCI, NaHCOs
Scheme 2.3:

Synthesis of N-protected 2,3-diaminopropanoic acids using
bis[trifluoroacetoxy]-phenyliodine

tButoxycarbonyl-(2S)-2,3-diaminopropanoic acid (11)

was

synthesised from the

correspondingly protected asparagine (9) in a moderate 41% yield.

In an

attempt to improve the yield of this reaction, benzyloxycarbonyl protection of the

nitrogen was sought.

Benzyloxycarbonyl-(2S)-asparagine (10)
method

of

Bermann

and

bis[trifluoroacetoxy]-phenyliodine
as

a

white solid in 58%

charcoal

catalyst

Zervas121
gave

yield.

followed

was
in

synthesised according to the
77%

yield.

Reaction with

the Hofmann rearrangement product (12)

Catalytic hydrogenolysis over palladium
by

acidic

(2S)-diaminopropanoic acid.HCI (13) in 88% yield.

work-up,120

then

on

gave

Chapter 2.2: Michael Addition of 2,3-Diaminopropanoic Acid

A/-Ethylmaleimide is frequently used in the biochemical literature
agent for the thiol containing amino acid,

43
as an

alkylating

cysteine.100 We reasoned that

as

this

conjugate nucleophilic attack can occur with SH, there was a good chance that
compounds containing an amino group should also undergo a similar reaction

(Scheme 2.4).

Ethanolamine and "propylamine were both reacted with

A/-methylmaleimide in aqueous methanol to give the corresponding Michael
products respectively (14 and 15), in moderate yields.
olefin

(In both

cases

the 5h

peak at 5.6 ppm disappeared, and new peaks at 3.8-3.9 ppm and 3.0-

3.25 ppm

for the C-3 and C-4 protons appeared.)

Scheme 2.4: Michael addition of FISH and RNH2 to

N-ethylmaleimide

Joseph-Nathan et al. had shown that aziridine undergoes a Michael

addition to

A/-methylmaleimide when ether was employed as the solvent, with

a

amount of

pyridine.186

catalytic
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The

CBZ-protected (2S)-2,3-diaminopropanoic acid was subjected to

addition with

A/-methylmaleimide.

a

Michael

However, due to the insolubility of both the

benzyloxycarbonyl- and tbutoxycarbonyl-diamino acids in most solvents, the
reactions
was

were

not successful.

converted into

In order to circumvent this problem, the acid

(12)

methyl benzyloxycarbonyl-(2S)-2,3-diaminopropanoate.HCI

(16) using thionyl chloride and methanol in 92% yield. The free diamino ester
(obtained by basifying an aqueous solution of methyl benzyloxycarbonyl-(2S)-

2,3-diaminopropanoate.HCI to pH 9 and extracting with ethyl acetate) was
reacted with

A/-methylmaleimide

as

described above; to give the Michael product

(17) as a thick viscous oil in 59% yield (m/z (Found: [M

+

H]+ 364.1509.

C17H22N3O6 requires 364.1508)).

O

(17)

2.3

Model

Reactions of

Dehydroalanine

Having shown that amino compounds do undergo Michael additions to

A/-alkylmaleimides; the next step was to assess whether a similar reaction would
occur

between

a

dehydroalanine

3-methylaspartate (Scheme 2.5).

residue

and

dimethyl

(2S,3S)-
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co2ch3

HO

2c^

Scheme 2.5: Possible
with

The

most

h3c02c

convenient

h

ch3

products from the reaction of dehydroalanine

dimethyl (2S,3S)-3-methylaspartate

and

ubiquitous method found in the literature for

synthesising a dehydroalanine residue involved dehydrating serine.
most of these

increase

However,

dehydrations were conducted on protected serine esters in order to

reactivity and hence optimise yields and avoid side reactions.

decided to

We

dehydrate protected serine amides, since the dehydrated products

would mimic

a

peptidic dehydroalanine residue, as located in the enzyme active

site.

2.3.1

Methods of

A/-Protected

Dehydrating Serine

(2S)-serine ethylamides

were

prepared from the corresponding

/V-protected (2S)-serines using the mixed anhydride methodology (Scheme 2.6).

Chapter 2.3: Model Reactions of Dehydroalanine

p,

P*NH

fT3

NH

H-k/OH
co2h
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0

H-^0h

cxo

-

EtNH2

o'ANH

(
ch3

(18) P=CBZ
(19) P=BOC
Scheme 2.6:

(20) P=CBZ
(21) P=BOC

Synthesis of N-protected serine ethylamides

Several methods

are

available in the literature for

dehydroalanine.

Photaki has converted the alcohol into a tosylate ester and

dehydrating serine to form

subsequently dehydrated using base. Wojcieclouska et al. have used a modified
Mitsonubu
reactions

reaction to effect
were

found

to

be

dehydration (Scheme 2.7).123
unsuccessful

when

carried

Both of these

out

with

serine

ethylamides.

Scheme 2.7:

Synthesis of dehydroalanine using the Mitsonubu protocol

Amongst the other methods available are those of Srinivasan et al., which
utilised the chlorination of serine with

subsequent p-elimination.124 Kolasa has
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described

a

using A/-acyl-/V-hydroxyamino acid esters.125 Paquet has

method

described the

dehydration of diphenyl phosphoserine derivatives with an organic

base.126 The first example in which serine was dehydrated within a peptide was

reported by Ranganathan et al. using oxalyl chloride and triethylamine.127
However, the authors
serine

did observe that there was no reactivity with AMerminal

peptides and attributed this to steric reasons.

latter reaction with

When we attempted this

benzyloxycarbonyl-(2S)-serine ethylamide,

no

reaction

occurred, confirming their observations.

A copper

(I) chloride catalysed dehydration of serine with diJpropylcarbodiimide

has been used
and
to

we were

by Miller.128 This reaction proved to be successful in our hands

able to

dehydrate benzyloxycarbonyl-(2S)-serine ethylamide (20)

give benzyloxycarbonyl dehydroalanine ethylamide (26), as white crystals in

65%

yield (m.p 71-73 °C; 5h peaks at 5.0 and 6.0 ppm corresponding to the

dehydroalanine olefinic protons) (Scheme 2.8).

Scheme 2.8:

Synthesis of benzyloxycarbonyl dehydroalanine using

di-'propylcarbodiimide and CuCI

Dehydration also proved to be successful with tbutoxycarbonyl-(2S)-serine
ethylamide

(21), resulting in a moderate yield of the corresponding

toutoxycarbonyl dehydroalanine ethylamide (27)
5.0

and

5.9

ppm

as a

viscous oil (8h peaks at

corresponding to the dehydroalanine olefinic protons).
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However this

solution in

2.3.2
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compound easily polymerised and therefore was stored

as a

dilute

ethyl acetate with hydroquinone, for stabilisation.

Reactions with

Dehydroalanine

(2S,3S)-3-Methylaspartic acid

converted

was

into its

dimethyl

ester

hydrochloride (28) using thionyl chloride and methanol in 86% yield (m.p 8184

°C, m/z (Found: M+, 176.0917. Calc. for C6H12N04: 176.0923.)).

was

oil

then converted to the free amine
added to

was

Even after
was

crude

(see experimental section). The resulting

benzyloxycarbonyl dehydroalanine ethylamide in methanol.

overnight stirring at room temperature, only a small amount of product

formed.

reaction

The salt

was

Addition of

triethylamine as a catalyst, increased the rate, and the

assessed to be

complete after 7 days (as judged by 1H NMR). The

product was purified by silica chromatography to give the a-aminated

compound (29) as the main product (Scheme 2.9) (m.p 83-85 °C; m/z (Found:
[M+ H

-

BnOCON]+ 273.1448. Calc. for C12H21N2O5: 273.1450). This

unexpected

and

intriguing

result,

which

could

be

explained

was an

by the

dehydroalanine moiety behaving as a conjugated imine rather than an enamine

(Scheme 2.9).

h3co2c

h
(28)

Scheme 2.9: Mechanism for the diamino

product
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A number of different

above reaction to

dehydroalanines and amines

assess

The results of the reaction
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were

then subjected to the

what factors influence which type
are

of addition reaction.

summarised in Table 2.1.

Amine

Dehydroalanine

Product

•^T^o^^nh

X.

>=

1

o=cN

0=CN
NH

k

k
(27)

(30)

0

J

„

1
H3C

x

NH

H3Cr

2

X

0=

H

NH

k

(

(31)

(32)

CKx

CkX

NH

0

3

NH

J

0

x

H3C

o=c>=

A

J

/

NH

X

0=CN

H

H

och3

(34)

(35)
«

0

1

h,co2c

H2N

H,C
H

-^

CO2CH3

T"" CHs

CH3O2C

H

OCH,

<Vh
H,C

A

J

fH
A

ch>

«*=■

rv h
0=CN

H
OCH,

(28)

Table 2.1: Reactions of

Reaction of

H

(33)

HaC^^NH

(34)

H

OCH,

OCH,

of

/

0=CN

(25)

5

rC*

X

OCH,

4

X

/

NH

NH

O

CH3

NH

(36)

dehydroalanine with amines

tbutoxycarbonyl dehydroalanine ethylamide (27) with

one

equivalent

"propylamine (entry 1) gave the 2,2-diamino product (30) as a white solid in
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62%
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yield (m.p 79-81 °C, 5h singlet at 1.55 due to a-methyl group; m/z (Found:

[M + H]+, 274.2129. Calc. for C13H28NO3: 274.2131)). Since the tbutoxycarbonyl
is base stable, there was no likelihood of the amine carrying out a

group

competing transamidation reaction and causing the removal of the protecting
group; as was
with

observed for the reaction of benzyloxycarbonyl dehydroalanine

"propylamine (Scheme 2.10).

h2n

ch3

o

Scheme 2.10:

Deprotection of benzyloxycarbonyl dehydroalanine ethylamide

A/-Acetyl dehydroalanine ethylamide (31) was synthesised according to the
method of Harada and
in 11%

Takasaki,129 using acetamidoacrylic acid and ethylamine

yield, after purification by silica chromatography (m.p 103-104 °C; 5h

peaks at 5.2 and 6.4 ppm corresponding to the dehydroalanine olefinic protons).
Reaction of
same

A/-acetyl dehydroalanine ethylamide with "propylamine under the

conditions

as

entry 1, Table 2.1, gave the Michael product (32) in 86%

yield (m/z (Found: [M

+

H]+, 216.1703. Calc. for C10H22N3O2: 216.1712)).
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Benzyloxycarbonyl dehydroalanine methyl ester (25)

benzyloxycarbonyl-(2S)-serine in two steps.

prepared from

was

Reaction of benzyloxycarbonyl-

(2S)-serine with diazomethane in diethyl ether gave the methyl ester
Subsequent dehydration
the desired
the

described for the ethylamide analogue then gave

dehydroalanine olefinic protons; m/z (Found: [M

ester with

amide.

+

H]+, 236.0916. Calc. for

Reaction of benzyloxycarbonyl dehydroalanine methyl

"propylamine proceeded more quickly than that of the corresponding

After 3

days the reaction was complete, and the Michael product (33)

purified, again by silica chromatography (m/z (Found: [M

Calc. for

oil.

product in 65% yield (5h peaks at 5.8 and 6.3 ppm corresponding to

C12H14NO4: 236.0923)).

was

as

as an

+

H]+, 295.1649.

C15H23N2O4: 295.1657)). As this dehydroalanine was a good Michael

acceptor, the increased reactivity resulted in only a small amount of product

deprotection.

Methyl

acetamidoacrylate

(34) was synthesised

via

methylation

of

acetamidoacrylic acid with diazomethane (m.p. 45-48 °C (lit.187 52-54 °C);
5h peaks at 5.74 and 6.42 ppm corresponding to the dehydroalanine olefinic

protons). When this was reacted with "propylamine, the crude Michael product
(35) was obtained after 3 days.
lead to the pure

Purification, again by silica chromatography,

product being isolated as a pale yellow oil in 92% yield (entry 4)

{m/z (Found: [M + H]+ 203.1403. Calc for C9H19N2O3: 203.1396)).

Since

methyl acetamidoacrylate behaved

as a

investigate whether the reaction was dependent
Dimethyl (2S,3S)-3-methylaspartate

Michael acceptor, we decided to
on

the nature of the amine used.

(28) was therefore reacted with this

dehydroalanine in an identical manner to that above, except that as the reaction
was

very

slow, the reaction temperature

was

maintained at 45 °C. After 10 days

(as judged by 1H NMR), the Michael product (36) was purified by silica

chromatography to give a viscous oil in 78% yield (entry 5) (m/z (Found: [M
319.1511. Calc for

C13H23N207: 319.1505)).

+

H]+
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2.3.3 Conclusions of the

It is evident from the

Dehydroalanine Reactions

preceding reactions that the products for the reactions of

dehydroalanine with amines, are governed by the substituents on both the amino
and

carboxyl ends. If two powerful electron-donating groups, such as urethanes

and amides, are

present on the amino and carboxyl moities of the same

dehydroalanine molecule, respectively; the electronic properties of the
dehydroalanine are adversely affected (Scheme 2.11).
localisation of the lone
resonance,

then

pair of the a-amino

group

Due to increased

and the presence of an amide

the dehydroalanine can form an imine (Scheme 2.11). This imine is

susceptible to nucleophilic attack at the a-carbon.

Scheme 2.11: Electronic distribution in

benzyioxycarbonyi

dehydroalanine ethylamide

Dehydroalanine molecules containing A/-benzyloxycarbonyl without an amide
resonance at

the

carboxyl end, cannot achieve the electronic requirements for

imine formation due to the lack of
is not

an

effective

electron-donating capability. The acetyl group

electron-donating and electron-delocalising group as is the

urethane group.

Taken

together, the results of this study indicate that there is a fine balance

between a-addition and

system.

(3-addition of A/-nucleophiles to the dehydroalanine

Another interesting aspect of these findings is that the scope of the

53
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reaction could be further
controlled

using appropriate protecting groups.

2.4 Reaction of

Methylaspartase with A/-Nucleophiles

2.4.1

Hydrazino Acids

There

are

Chemical

explored. What is clear is that regioselectivity can be

to date no

previous syntheses of hydrazino acids using enzymes.

syntheses of these biologically important acids have either involved

lengthy procedures, or electrophilic aminations.

Vederas et al. have

synthesised (2S) and (2R)-2-hydrazinosuccinic acids using

commercially available R- and S-malic acids in 4 steps (Scheme 2.12).131

HO

HO

Bn02C*j«

CF3SO2-O
C02Bn

R-Malic Acid

O

ho2c
Bn02C

i)

nBu4NOH, BnBr

ii) (CF3S02)20

C02Bn

co2h

(2S)-2-Hydrazinosuccinic Acid

jjj) BnOCONHNH2

iv)H2, Pd/C

s

Scheme 2.12: Vederas's

synthesis of (2S)-2-hydrazinosuccinic acid

Gennari and co-workers have used
prepare

(1R,2S) A/-methylephedrine in order to

a-hydrazino acids in moderate to good yields (Scheme 2.13).132
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O
Ph.

H

Y°h

d

Me3SiO

^r

H /

Ph

Ph

y°

,

1

Me^ NMe2

NMe2

R

II

V<

»)

►

Ph\2'o
r

I

Y
Me^ NMe2

*

H

H

54_

H

»

H

C02 Bu

'

-N'NH

iv>'"»'vi»

C02-BU

VH

,

H

Me^T- NMe2
H

i) RCH2COCI

iv) CFsCC^H/RT

v) LiOH

ii) LDA; Me3SiCI
...

t—

^

^

vi)'Dowex'50W

^

m) Bu02C-N=N-C02 BU, T1OI4, DCM

Scheme 2.13: German's

Evans et al. have used the
have found that

synthesis of a-hydrazino acids

electrophilic amination of chiral enolates.133 They

commercially available di-tbutyl azodicarboxylate reacts readily

with lithium enolates derived from

adducts

A/-acyloxazolidones to provide hydrazide

(Scheme 2.14). The hydrazino acids

than 99%.

Nh2

- HO2C
H&c"^ NN'NH2

were

Trimble and Vederas have also used

obtained with e.e.'s greater

similar

a

methodology.134

O

0

o

A.

o

\

i), ii)

R^

7

^

/

?

BU1O20N
1

.

O
.

\

?

Bn

Bu02CN

Bn

H

.0

M

iii)

HN

OH

\

nh2
i) LiNR2
ii) tBu02CN=NC02tBu
iii) 2.3 eq. LiOH, THF/ Water
Scheme 2.14: Evans'

synthesis of a-hydrazino acids

,

/
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Guanti and co-workers have however, utilised the
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electrophilic amination of

p-hydroxy esters to synthesise hydrazino and a-amino-p-hydroxyacids, using

dMbutyl azodicarboxylate.135 Karady et al. synthesised hydrazino acids using
the direct attack of the amino group
the

with hydroxylamine-O-sulfonic acid; however,

product was difficult to purify from the starting material.136 Other successful

methods utilised

by Karady et al., included the direct amination of the amino acid

using chloramine.136

(Scheme 2.15).136 The subsequent formation of the hydrazino

intermediates
acid

A further method relied on hydantoic acids as key

involved

Hofmann-type rearrangement, known

a

as

the Shestakov

rearrangement.

h

CM

r^V><NH2
RO

[J

KCNO

C02H

'R

„

_

RO^^^

OR

'R

C02H

OR

x—^.NHNHg

NaOCI

r

*

M

J

RO^f

'R

C02H

OR
Scheme 2.15:

Previous

studies

in

our

Karady's synthesis of a-hydrazino acids

laboratory had shown that methylaspartase was

irreversibly inhibited with hydrazine, hydroxylamine and phenylhydrazines 130
Since

hydrazines were potent nucleophiles, it was conceivable that the active

site residue

residue.

was an

electrophilic prosthetic group, such as a dehydroalanine

Dr. M. Akhtar

with the enzyme

in

synthesised 14C-p-nitrophenylhydrazine and reacted this

an attempt to

identify the key active site residues involved in

catalysis, after tryptic digestion.130
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During the course of dialysis, it was observed that the radio-labelled protein was
slowly losing its radioactivity. This suggested that the inhibition of the enzyme
was

not

completely irreversible and implied that it may be possible that

hydrazine, hydroxylamine and possibly phenylhydrazine could act
substitutes.

Reaction with

/V-substituted

aspartic acids.

alkyl fumaric acids would then give

as

ammonia

a new route to

In 1972, Hanson and

Havir had reported that hydroxylamine or alkylamines

could

ammonia

not

replace

methylaspartase;53 however when

in

the

we

incubated hydrazine and mesaconic acid

retro-physiological

reaction

of

(37; R1=CH3) at pH 9, the new signals in the 1H NMR spectrum (8h peaks at
0.87, 2.62 and 3.55 ppm due to the P-CH3, [3-H and a-H protons respectively)

corresponded to (2S,3S)-2-hydrazino-3-methylsuccinate (38; R1=CH3). In a
control
was

experiment, without the presence of enzyme, no Michael addition product

formed; thus confirming that the reaction was enzyme catalysed.

hydrazino acid was isolated

The

in 61% yield by adjusting the pH to 4, and then

recrystallising the precipitated product from boiling water.

In order to confirm the stereochemical

course

of the reaction,

2-hydrazino-

3-methylsuccinic acid was reduced to 3-methylaspartic acid using a nickelaluminium

alloy (see Experimental). 3-Methylaspartic acid was obtained in 67%

yield, after recrystallisation from boiling water,

[a]2^ -10.8 (c 0.6 in water) and

compared favourably with the literature optical rotation of

[a]2^ -10.0 (c 0.6 in

water).104 This revealed that the addition of hydrazine to mesaconic acid follows
the

same

stereochemical

the 3-s/-face in

an

course as

a/7f/-fashion

for the addition of ammonia and

(Scheme 2.16).

occurs

from
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H
-v*

.C02H
^

Mq2+,K+
+

nh2nh2

HN
^

nh2
C02H

^

Methylaspartase

CHr

ho2c

57

V" ^ ^3

H02C

H
(38)

(37)
Scheme 2.16: Incubation of mesaconic acid and

hydrazine

using methylaspartase

As

a

consequence

of this result, hydrazine was incubated with fumaric acid (37;

R1=H); the resulting (2S)-2-hydrazinosuccinic acid monohydrate (38; R1=H)
was

obtained

water.

The

as

white needles, in 42%

yield, after recrystallising from boiling

monohydrate had a m.p. (123-124 °C) and optical rotation

[a]2^ -14.4

(c 1 in H2O) similar to that reported in the literature [lit.,131'185 -14.2 (c 1 in h2o);
m.p.

lit.,131 116-118 °C]; and all other spectroscopic data

were

identical to that

reported by Vederas et a/.131

Examination

of the

substrate

specificity of the

enzyme

with a range of

alkylfumaric acids would also lead to an estimate of the size of the binding pocket
occupied by the methyl group in the natural substrate.

The

alkylfumarates (Scheme 2.17, R1=Et, 'Pr, nPr) were synthesised according to

the method of Akhtar et a/.104
acetoacetate

involved the alkylation of ethyl

using sodium ethoxide and the corresponding alkyl bromide.

Favorskii type
followed

The sequence

of rearrangement

was

then induced by treatment with bromine,

by ethanolic potassium hydroxide.

alkylfumarates in moderate yields.
substrates with the enzyme are

Acidic work-up afforded the

The results of the incubations of the

summarised in Table 2.2. As one would expect,

the rate of the additions decreased
to active site constraints.

A

as

the size of the fumaric acid increased due
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0

0

9 0

j)

h3c/^S//^

ii), iii)

o.C02H

t

H3c/y/^ och2ch3

och2ch3
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R1

ho2c

R1

=Et,' Pr, nPr

R

R1-Br

i) NaOEt,

ii) Br^ Et20

iii) KOH/ EtOH, H+

Scheme 2.17:

Synthesis of alkylfumaric acids

H

H,„.

>C02H

H02C^

> R1

Mg2+, K+
+

Nn2-[NM2

/NH2

>

^°2H

^R1
3-Methylaspartase
■
w
HO2C

(37)

R1

n

(38)

Conversion

(%)

Yield

H

89

42

Me

91

61

Et

90

57

'Pr

87

33

npr

83

31

Table 2.2: Incubation of

(%)

alkylfumaric acids with hydrazine and

methylaspartase

2.4.2

N-Alkylaspartic Acids

Quitt et at. have

synthesised A/-methyl amino acids using a lengthy protection/

deprotection procedure as outlined in Scheme 2.18.138
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i)

NH2

ch2

Q

i'i)

H3Cs ,CH2

iv)

N

^

i) NaOH, Benzaldehyde
ii) NaBH4, H+
Scheme 2.18: Quitt's

iii) CH20/ HC02H
iv) H2/ Pd

synthesis of N-methyl amino acids

N-Alkyl aspartic acids have also been synthesised using the nucleophilic
addition of

primary amines to monomethyl maleate by Laliberte et a/.139

In order to further extend the

synthetic utility of methylaspartase, we envisaged

replacing hydrazine with other A/-nucleophiles (Table 2.3).
methylamine with fumaric acid produced

(2S)-A/-methylaspartic

monohydrate in 45% yield as a white crystalline solid
The

Incubation of
acid

([a]2^ +14.4 (c 2 in H2O).

/V-methylaspartic acid was identical in all respects to its D-antipode

([a]2^

(c2 in H20).137 Again, the addition occurred from the 3-s/-face in

anti-

-15.4

fashion.
6 mol

(2S,3S)-A/-Methyl-3-methylaspartic acid

an

([a]2^ +17.1 (c 0.6 in

dm-3 HCI), (Found: C, 44.75; H, 6.95; N, 8.65. Calc. for C6H-iiN04:

C, 44.70; H, 6.70; N, 8.70%.)) and (2S,3S)-A/-methyl-3-ethylaspartic acid
+20.2

([a]2D2

(c 0.6 in 6 mol dnrr3 HCI), (Found: C, 47.95; H, 7.40; N, 6.85. Calc. for

C7H13NO4: C, 48.00; H, 7.50; N, 7.0%)) were also synthesised in a similar
manner

using the corresponding fumaric acids.

the addition of enzyme at
of the incubation.

acids.

No

All these incubations required

regular intervals, due to the high denaturing conditions

products were formed with "propyl- and 'propylfumaric
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Ethylamine was a very poor and extremely slow Michael donor, on account of its
large size.

It was found to react with fumaric acid only, to give (2S)-

/V-ethylaspartic acid.
concentration of the

This compound

was not

isolated due to

a

low final

product (<5%, after five weeks of incubation).

See

experimental section for full details.

When
acid

dimethylamine was incubated with fumaric acid, (2S)-A/,/V-dimethylaspartic

was

produced in 28% yield {m.p. 196-198 °C (lit.,181 198 °C);

(c0.6 in 6 mol dm"3 HCI)}.

[ct]2£ -2.0

However, for mesaconic and ethylfumaric acids,

dimethylamine was not accepted as a Michael donor. Insufficient space at the
active site, and unfavourable

the

steric interactions between A/-methyl groups and

alkyl group of substituted fumaric acids probably account for the fact that

larger electrophiles were unable to act as Michael acceptors (Fig. 2.1).

Figure 2.1: Steric interactions in N,N-dimethyiaspartic and -3-methylaspartic acids
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r2
H„.

H02C^

^

*NC02H

+

^*R1

y

N

p3

"N\\.
?C°2H

Mg2t, K+

1

i

|

—

Hv

H

3-Methylaspartase

Hq2"

V"R

h
(39)

(37)

r1

R2

R3

H

Me

H

55

45

Me

Me

H

54

40

Et

Me

H

60

35

H

Me

Me

70

28

H

Et

H

5

Table 2.3: Incubation of

Conversion

(%)

Yield

(%)

-

alkylfumaric acids with alkylamines and

methylaspartase

(2S,3S)-[2-2H]-/V-Methyl-3-methylaspartic acid (40) ([a]2^ +18.7 (c 0.63 in
6 mol

drrr3 HCI)) was also prepared by performing the incubation in the

presence
40%

of deuterium oxide to give the compound as white crystalline solid in

yield.

Therefore, the active site space is accessible to each of the substrates in a

mutually exclusive fashion.

2.4.3

A/-Hydroxy Amino Acids

Due to the successful
were

synthesis of A/-alkylamino acids using methylaspartase

we

tempted to try hydroxylamine and methoxylamine as alternative

A/-nucleophiles.
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/V-Hydroxyamino acids are unstable as solutions and undergo a pH-dependent
oxidative

decarboxylation to form the corresponding aldoximes (Scheme 2.19;

(41 )).142 They can also form cc-oximino acids (Scheme 2.19; (42)),142 and can
disproportionate (Scheme 2.20).142

C05

hq

o,
nh

n
*

h'T-r
co2h

co2h

Scheme 2.19: Oxidative

decarboxylation of N-hydroxy amino acids

O

R

h,M

0o

oh

N-'OH ^O
y-i OhO

HO

h-Vr
+ h-Vr
co2h
co2h

R

Scheme 2.20:

nh2

n

Disproportionate of N-hydroxy amino acids

Emery incubated fumaric acid with aspartase and unquestionably observed the
formation of

/V-hydroxyaspartic acid (Scheme 2.21 ).37

/OH
h

rn

h

..•ou2h

....

+

ho2c'

H

Scheme 2.21: Incubation of

NH2OH

Aspartase^
,

\

C02h

/

H-irr-H
H02C

H

aspartic acid with hydroxy/amine and aspartase
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Unfortunately, he could not isolate the compound. Attempted purification by ionexchange chromatography on 'Dowex'-50 resin gave a white crystalline material,
which

upon exposure to

air, formed

an

intractable gum, darkening upon

standing. Attempted derivatisation and crystallisation with metal salts yielded the
same

results.

Furthermore, Neelakantan et al. have reported difficulty in

A/-acylation of a-hydroxyamino acids.143 McCullough et al. have attempted the
isolation of

A/-hydroxyaspartic acid through acidic hydrolysis of the naturally

occurring dipeptide, (2S)-a-asparaginyl-(2S)-a-A/-hydroxyasparagine but

were

unsuccessful.144 Kolasa has attempted the synthesis of A/-hydroxyaspartic using
the

Sn2 attack of benzyloxylamine with 2-bromopropionic acid to give

A/-benzyloxyaspartic acid (Scheme 2.22).145 He has also similarly synthesised

dMbutyl /V-hydroxyaspartate.145

O
H

Scheme 2.22: Kolasa's

NH

synthesis of N-benzyloxyaspartic acid

Unfortunately, Kolasa could not deprotect these compounds to give the free

A/-hydroxyaspartic acid, experiencing the

same

difficulties

as

Emery.37 Ahmad,

however, has successfully synthesised N-hydroxy amino acids, albeit not

A/-hydroxyaspartic acids, using lithium cyanohydridoborate (Scheme 2.23).140
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HCL
N
ii

fCckco2h

r

c02h

R=H, Me, Et, -(CH2)2C02H

Scheme 2.23: Ahmad's

A

synthesis of N-hydroxy amino acids

large variety of /V-hydroxy-a-amino acids have also been synthesised using

the

addition

of

cyanides to aldoximes followed by hydrolysis (Scheme

2.24).143'146'147 The products obtained

were

usually contaminated with side

products from disproportionation and overall yields were usually below 50%.

HCL

HCL

Scheme 2.24:

Synthesis of N-hydroxy amino acids using addition
of

When

we

to that for

incubated

cyanides to aldoximes

hydroxylamine with all the fumaric acids, in

a

similar

manner

hydrazine; we obtained the corresponding A/-hydroxy aspartic acids

(see Fig. 2.2).
isolate.

HCL

Due to their instability, these compounds

were very

difficult to

However, purification using cation ion-exchange chromatography

('Dowex', 50W-X8, H+ form), as described by Ahmad,140 led to the isolation of
A/-hydroxy aspartic acids (43; R1=H, R2=OH, R3=H), although in very low
yields, due to extensive decomposition on the ion-exchange column (Table 2.4).
Furthermore, within hours of isolation, the A/-hydroxy aspartic acids slowly

decomposed into sticky gums. As mentioned earlier, this was also observed by

Emery, when he attempted to isolate A/-hydroxyaspartic acid using the same

procedure.37 (2S)-/\/-hydroxyaspartic acid {5h peaks at 2.94 and 4.13
to the

with

(3-CH2 and a-H protons respectively,

ppm

due

[a]2^ +5.3 (c0.19 in H2O)}, together

(2S,3S)-A/-hydroxy-3-methylaspartic acids {8h peaks at 1.07, 3.01 and

Chapter 2.4: Reaction of Methylaspartase with A/-Nucleophiles
4.11 ppm
in

H2O)}

due to the P-CH3, p-H and a-H protons respectively,

were

65

[a]2^ -23.3 (c 0.25

isolated and quickly characterised. However, (2S,3S)-/V-hydroxy-

3-ethylaspartic acid could not be isolated in this manner and was therefore,
isolated

as

In order to

the

diethylammonium salt (see experimental section).

verify the stereochemical course of the reaction(s), A/-hydroxy-

3-methylaspartic acid was reduced using the same procedure mentioned earlier
for

hydrazino succinic acids to give (2S,3S)-3-methylaspartic acid, thus

confirming that the enzymatic addition had occurred in the expected manner.

Methoxylamine was synthesised using the method of Fujii et a/.,141 and
incubated with the fumaric acids.

found to be Michael acceptors.
role in

Only fumaric acid and mesaconic acid

were

Again, the size of the active site plays a major

dictating which substrates are acceptable. The stereochemical course of

these addition reactions

were

again confirmed to be (2S,3S) by reducing the

A/-methoxy aspartic acids, using Ni/ Al alloy reduction, to the corresponding
aspartic acid.
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t

1

,1

I
1

Figure 2.2: 1H NMR of N-hydroxy methylaspartic acid (A) and
N-hydroxy methylaspartic acid with methylaspartic acid (B)
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R3

_2

R3
a\CO?H

Ha.

HO2C^

.

n

^R3

VN

Mg 2+, k+

X-L

i

*R1

3-Methylaspartase

H

(43)

r1

r2

R3

H

OH

H

90

28

Me

OH

H

90

19

Et

OH

H

88

12*

H

OMe

Me

80

28

Me

OMe

H

70

Crude

1

H

H02C

(37)

*

£02H

Conversion

(%)

Yield

(%)

-

yield

Table 2.4: Incubation of

alkylfumaric acids with hydroxylamine

methoxylamine and methylaspartase

2.5

Incubations with

Halogenofumaric Acids

Chloro- and bromofumaric acids

were

synthesised as described by Akhtar

efa/.104

The

presence

of methylaspartase. After two days, there was no evidence for product

formation,

as

halogenofumaric acids

were

incubated with methylamine, in the

judged by 1H NMR. Accordingly, more enzyme was added to the

incubation mixtures.

Even after

a

total of 14

days, no product was observed.

Methylamine, therefore, only adds to alkyl fumaric acids.

methylamine is not

as an

ammonia.

therefore

It

is

effective Michael donor to halogenofumaric acids,
evident

that

halogenofumaric acids due to electronic
within the active site

Furthermore,
as

is

methylamine does not add to

reasons,

rather than steric reasons
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Incubation of chlorofumaric acid
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(44) with hydrazine, however resulted in

new

peaks at 3.91 and 4.69 ppm in the 1H NMR spectrum. After 15 hours, a further
new

peak at 2.22 ppm was observed.

The latter spectrum could only be

explained if after formation of the 2-hydrazino-3-chloroaspartic (45), an
intramolecular

Sn2 displacement of the chloride had occurred, forming A/-amino-

2,3-aziridinedicarboxylic acid (46) (Scheme 2.25).
hydrazino moiety could be similarly involved.
due to the

The primary amine of the

However, this would be unlikely

highly strained nature of the resulting four-membered ring.
-

,C02H

H.

Ho2C^ ^Cl

,NH2
H2ISt-NC02H

Mg2+,K+

+

2 ~ Methylaspartase

2

H-Pta

ho2c

(44)

h

(45)

nh2
*

hJLh
ho2C^ ^CO2H
(46)

Scheme 2.25: Formation of

Bromofumaric acid

N-amino-2,3-aziridinedicarboxylic acid

(47) produced similar results, although the reaction was

much faster due to the bromine

being a better leaving-group than chlorine. The

results of the incubations of

halogenofumaric acids with hydrazine were

consistent with those observed

by Akhtar et at. with ammonia.104-105 They found

that addition to chloro- and bromofumaric acids gave

3-halogenoaspartic acids.
transformed to aziridines via

of the 3-C

halogen/

2.26B, respectively).

or

the corresponding

The halogenoaspartic acids were then further
a

direct

or

indirect intramolecular

Sn2 displacement

lactone by the amine, respectively (Scheme 2.26A and

Chapter 2.5: Incubations with Halogenofumaric Acids

H*,_*c°2"

M32*.K+

+ NHa

"02C' VCI

69

.

^Cl

Methylaspartase

(44)

N

u

^

H

02C

C02"
(49)

(48)

O

OL

hv_oC°2

B

/—V
,C
Br
"02C

MJ2+.K*
+

nh3

.

Methylaspartase

H2N^W

fV

-

Br

H"'|

02C

(47)

'C-Q

H2N
\

H
(50)

\_k.o

H""i

"02C

H

|
H

H.yNvC02

02C*

H

(51)
Scheme 2.26: Incubation of chlorofumaric acid with ammonia
and

Due

to

the

methylaspartase

spontaneous formation of the aziridines, the

2-hydrazino-

3-halogenosuccinic acids could not be isolated.

Blank incubations

(without the presence of enzyme) were conducted with

chlorofumaric acid and

hydrazine, which resulted in

spectrum to that of the incubation containing enzyme.
reaction of chlorofumaric acid with
assess

whether

or

enzyme, an aqueous
added until the
one

was

influenced

solution of chlorofumaric acid

Thus implying that the
To

by the presence of the

was

prepared and hydrazine

pH was 9. The solution was then halved, and enzyme added to
The mixtures

were

then incubated and the reactions

by 1H NMR. It was found that the enzymatic incubation contained less

cyclised product as judged by 1H NMR (Fig 2.3).
reaction

identical 1H NMR

hydrazine was not enzyme catalysed.

not the reaction

half of the solution.

followed

an

was

interact with

being influenced by the

enzyme.

Therefore the cyclisation

The enzyme would probably

(2f?,3S)-2-hydrazino-3-chloroaspartate rather than the (2R,3R)

diastereomer, thereby slowing the cyclisation process to produce A/-amino-

2,3-aziridinedicarboxylic acid.

Chapter 2.5: Incubations with Halogenofumaric

Acids

Figure 2.3: 1H NMR of (A): non-enzymatic incubation and

(B): enzymatic incubation
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Chapter 2.6: Deamination of (2S,3S)-2-Hydrazino-3-Methylaspartic Acid
Furthermore,

the

diastereomer for the

other

(2R,3S) diastereomer is the sterically unfavourable
cyclisation due to both carboxylate groups being cis to each

(Fig-2.4A). The (2fl,3F?)-diastereomer is the most energetically favoured

diastereomer

(Fig-2.4B).

2.6 Deamination of

It

was

71_

(2S,3S)-2-Hydrazino-3-Methylaspartic

observed that in incubations

Acid

involving hydrazine and hydroxylamine, little

starting material remained relative to the situation for the addition of simple
amines, including ammonia.

As a consequence we decided to establish if

(2S,3S)-2-hydrazino-3-methylsuccinic acid was a substrate in the deamination
direction.
be

However, after incubation, no mesaconic acid was produced. This can

explained if the hydrazination of mesaconic acid has a very high equilibrium

constant and hence the formation of

of

product is favoured over the dehydrazination

(2S,3S)-3-methylaspartic acid (Scheme 2.27).

incubations of MAL with

Furthermore, the fact that

hydrazine gives high yields of the corresponding

hydrazino-3-alkylsuccinic acids further reinforces the above conclusions

.
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HN

NH2
C02H

Mg2+,K+
Methylaspartase

ho2c

h

Scheme 2.27: Deamination of

2.7 Incubation of
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H.

V.

HQ2C

.C02H
^

O

«=»

+

nh2nh2

ch3

(2S,3S)-2-hydrazino-3-methylaspartic acid

Dimethylfumaric Acid

Dimethylfumaric acid (52) was prepared in 28% yield by base catalysed
isomerisation of

Kettner.146
decided to

2,3-dimethylmaleic anhydride according to the method of

Due to the low

yield obtained in the isomerisation reaction,

investigate alternative routes to this compound.

we

A direct way of

synthesising such a molecule would be to utilise the Horner-Wittig reaction
(Scheme 2.28).

h3c,,_,co2h
r

ch3

Etoy°co2H

h3c

tto

HO2C
Pyruvic Acid

(53)

Methyl Diethyl
2-Phosphonopropionate
Scheme 2.28:

Reaction of

Retrosynthesis of dimethylfumaric acid

triethyl phosphite with methyl (2S/R)-2-bromopropionate gave the

phosphonate as a pale yellow liquid in 91% yield.
sodium

Immediate treatment with

hydride in THF followed by addition of ethyl pyruvate gave predominately

the cis-isomer

(54), which cyclised to form 2,3-dimethylmaleic anhydride (55)

{m.p 93-95 °C (lit.,188 95 °C)}(Scheme 2.29).
since the stabilised

This was an unexpected result

Horner-Wittig reaction usually gives the trans-isomer.
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H3C.

v,CH3

0=C

h3c.
0

0

(55)

(54)
Scheme 2.29:

In an

.ch3

O=0=0

C-OH

OH
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Cyclisation of cis-dimethylfumaric acid

attempt to synthesise the trans-isomer, the reaction was conducted in

dimethoxyethane and acetonitrile as alternative solvents.

However, the cis-

product still predominated. An alternative strategy would be to synthesise bulky
esters of both

pyruvic and (2S//:?)-2-bromopropionic acids.

should form in

preference to the cis-isomer due to steric reasons (Fig. 2.5).

The trans di-ester

Fig. 2.5; Formation of trans-dimethylfumarate

We decided to
heated with
49%

use

benzyl esters due to their ease of synthesis. Pyruvic acid was

benzyl alcohol for 5 h to give after distillation, benzyl pyruvate (56) in

yield (8h singlets at 2.45 and 5.29 & 7.39 ppm due to methyl and benzyl

protons). Benzyl (2S/fl)-2-bromopropionate (57)

was

also synthesised from the

corresponding acid using benzyl alcohol and a catalytic amount of concentrated
sulfuric acid;

giving the ester in good yield.

Benzyl (2S/F?)-2-bromopropionate

(57) was then converted into the phosphonate
the anion
the

as

described above. Reaction of

(formed with sodium hydride) with benzyl pyruvate in THF, again gave

c/'s-product. A possible explanation for this result

was

that stacking of the

benzyl groups was occurring via the p/-electrons, thus assisting the formation of

Chapter 2.7: Incubation of Dimethylfumaric Acid
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2,3-dimethylmaleic anhydride (55) (Fig. 2.6). The use of tbutyl
would circumvent this

or

'propyl esters

problem, however, due to lack of time this

was not

pursued.

Figure 2.6: Stacking of benzyl esters

Dimethylfumaric acid (52) was incubated with methylaspartase and the
necessary

metal ions in the presence of excess ammonia at pH 9.

After one

week, signals attributing to 2-amino-2,3-dimethylsuccinic acid were observed (8h

peaks at 1.05, 1.35, 2.88 due to (3-CH3, (X-CH3 and (3-H protons respectively).
The mixture

was

then incubated for

addition of enzyme.
obtained
in 6 mol

as a

further three weeks, with the

regular

The pure 2-amino-2,3-dimethylsuccinic acid (58) was

white solid, after

ion-exchange chromatography

drrr3 HCI); m/z (Found: [M

162.0766)).

a

+

([a]2^ +6.1 (c 0.23

H]+, 162.0767. C6H12NO4 requires

Methylaspartase, is therefore able to accept changes at the a-C

(with respect to the a-H) at the expense of the reaction rate.
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2.8 The

Mechanism of

Methylaspartase

Comparison of the primary sequence of phenylalanine ammonia-lyase, histidine
ammonia-lyase and methylaspartate ammonia-lyase, reveals that the sequence
SGD is conserved
which
MAL

are

(Table 2.5).

Two other identical hydrophobic amino acids

conserved in PAL and HAL

(leucine), are however, acidic residues in

only (aspartic acid).

Amino Acid

Enzyme

Amino Acid

Number

Sequence

PAL P.

crispum^49

197-208

GTITASGDLVPLSYIA

PAL R.

toruloides150

205-216

GTISASGDLSPLSYIA

PAL R.

rubra151

211-222

GTISASGDLSPLSYIA

184-195

GTITASGDLVPLSYIA

204-215

GTITASGDLVPLSYIA

187-198

GTITASGDLVPLSYIA

138-149

GSVGASGDLAPLATMS

137-148

GSLGASGDLAPLSHLA

PAL 0. saf/Va152
PAL L.

esculentum153

PAL /. batatas
HAL P.

152

putida 62

HAL B. subtilis

63

HAL S.

griseus 64

142-153

GSLGCSGDLAPLSHCA

HAL R.

norvegicus 66

250-261

GTVGASGDLAPLSHLA

250-261

GTVGASGDLAPLSHLA

168-182

PVFAQSGDDRYDNVDK

HAL M. muscu/us154

MAL C.

tetanomorphum 99
Table 2.5:

Ammonia-lyases containing the SGD motif

Mutagenisis studies by Langer et al. have shown that serine-143 is catalytically
important for HAL activity.69 Similar studies by Schuster and Retey have shown
that serine-202 is also

not.90

catalytically important in PAL, whereas serine-209 is

Therefore the sequence

SGD is catalytically important, especially the

serine, which is believed to be dehydrated, post-translationally, to form the

dehydroalanine residue (Scheme 2.30).69'99 Furthermore, we can assume that
the second serine, conserved in both PAL and HAL, but

(N) in MAL, is probably not involved in catalysis.

changed to asparagine

Recent studies in the Retey

laboratory have demonstrated that by replacing serine-143 with cysteine-143, the
resulting mutant HAL
when

was

identical to the wild-type enzyme.189

Furthermore,

quantifying the number of free thiol groups in the mutant, Langer et al.
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found
most

no

extra SH group,

76

only 6.8, as identical to the wild-type enzyme.189 The

logical assumption therefore, is that the cysteine was post-translationally

modified to

dehydroalanine (see chapter 1.2.2). Further inference from this result

is that the SH group

and therefore the OH group of cysteine and serine,

respectively, do not participate in catalysis.

OH

co2h

C02H

Scheme 2.30: Post-translational formation of

Another

dehydroalanine

similarity with the sequence is that two of the leucines which occur in all

primary sequences of PAL and HAL, are replaced by aspartic acid in MAL. The
key difference between 3-methylaspartic acid, phenylalanine and histidine is that
the side chain in

3-methylaspartic acid is acidic (hydrophilic) whereas the other

two amino acids contain

amino acids may

hydrophobic residues.

One possibility is that these

be involved in binding the side chain.

Langer et al. have

shown, by CD (circular dichroism) spectroscopy, that histidine ammonia-lyase
from

P.

putida is predominately an a-helical

structure.69

Furthermore,

dehydroalanine has been shown to possess an a-helix forming tendency.13'14 If
we

assume

mechanism

that this is the

involving

an

case

for all

ammonia-lyases, then

a-helix, (such as Fig. 2.7) can be a possibility.

a

binding
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From the model reactions of
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dehydroalanine residues with propylamine, two

mechanisms exist for the addition

(elimination) of

an

amine to a dehydroalanine

residue, Scheme 2.31 A and 2.31 B.

Scheme 2.31: Mechanisms of ammonia elimination
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The nearest mimic to a

peptidic dehydroalanine, in

78

our

model reactions, is

/V-acetyl dehydroalanine. This dehydroalanine was demonstrated to undergo a
Michael addition with

mechanism

occurs

"propylamine.

in the enzyme,

Therefore, we can assume that such a

however,

we cannot

be absolutely certain and

consequently, the a-imine mechanism cannot be ruled out. Although the model
reactions

were

conducted in methanol, a solvent which is a

good mimic of the

active site environment, we are unable to conclude which mechanism operates
with

present results.

Since torsion about the amide bonds flanking the

dehydroalanine residue in enzymes could be easily controlled to adjust the
electronic

properties of the putative Michael acceptor, either of the two

mechanisms

depicted in Scheme 2.31 could operate. There is a possibility that

aspartic acid of SGD stabilises the positive charge on the nitrogen of the imine
(Fig. 2.8).

Figure 2.8: Stabilisation of the a-imine

Another

possible role of the aspartic acid is in binding the a-acid group of the

substrate with

Mg2+ (Scheme 2.32).
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eo2c
H3C

Scheme 2.32:

If the imine mechanism operates

formed, which

can react

Binding of the a-carboxylate

then

a

2,2-diaminoethanoic acid residue (60) is

with /V-alkylmaleimides (Scheme 2.33).

R

R

(60)

(61)

Scheme 2.33: Addition of 2,2-diaminoethanoic acid to

N-alkylmaleimide

2,2-Diaminoethanoic acid (60) is also a highly reactive molecule and will be
easier to deaminate than

2,3-diaminopropanoic acid, due to lone pair assistance

of the amino groups.

from

one

be

key intermediate in enzyme catalysis.

a

In this respect, one would expect this molecule to

Wickner has shown that treatment of HAL with sodium borotritide
tritiated

alanine.58 This

the a-imine capture
mechanism operates
be identified;

this.58

can

produces

a

however, be formed by either the Michael addition or

of the hydride (Scheme 2.34).

Clarification of which

could be obtained if the carbon with the tritium label could

however, neither Wickner

nor

other researchers have verified
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Scheme 2.34: Mechanisms for alanine formation

However, the fact that the sterically hindered amine, dimethylamine, is accepted
as a

nucleophile for the amination of fumaric acid by methylaspartase,

favour of scheme 2.31 B.
at the a-carbon would

unhindered at the
has shown that

Attack of

be

argues

in

dimethylamine to the putative dehydroalanine

unlikely due to steric constraints, but would be

(3-carbon. This has been demonstrated by Dr. K.Morris, who
bulky amines do not react with dehydroalanines which

are

capable of a-imine capture.

2.9

Kinetics

Dr. K. Morris has

performed preliminary kinetic studies

on

acids in the deamination direction and found that the rates

analysis; however, estimates are given in Table 2.6.
acids, albeit not substrates

were

tested

as

the A/-methyl aspartic
are too

slow for kinetic

The hydrazino aspartic

inhibitors and the results

are

summarised in Table 2.6.

From the Km values of

(2S)-A/-methylaspartic acid and (2S,3S)-A/-methylaspartic

acid in Table 2.6, it appears

that both A/-alkyl aspartic acids bind better than their
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analogues (see Table 1.2, Chapter 1.4.3).
of the

From the dissociation

enzyme-inhibitor complexes (Kj), (2S,3S)-2-hydrazino-

3-methylsuccinic acid is the strongest inhibitor. (2S)-2-Hydrazinosuccinic and

(2S,3S)-2-hydrazino-3-ethylsuccinic acids have similar Kj's.

The hydrazino

analogue of the physiological substrate, (2S,3S)-3-methylaspartic acid, therefore
binds the strongest

Inhibitor

within the active site

(I)/

Substrate (S)

(2S)-/V-Methylaspartic
Acid

as one

would expect.

Km

Vmax

Kj

(mM)

(X10-6 mol dm-3 S"1)

(mM)

1.52*

0.0495*

1.4*

0.287*

Inhibition

—

—

—

—

(S)

(2S,3S)-A/-Methyl-3Methylaspartic acid (S)

2-Hydrazino analogue
of

-

-

-

-

-

-

10.4

Competitive

2.32

Competitive

13.8

Competitive

(2S)-aspartic acid (I)

2-Hydrazino analogue
of

(2S,3S)-3-

methylaspartic acid (I)

2-Hydrazino analogue
of

(2S,3S)-3-

ethylaspartic acid (I)
*

High Errors due to very slow catalysis
Table 2.6: Kinetic parameters

for various substrates/ inhibitors
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2.10 Conclusions and Future Work

Our work has shown that

place of ammonia.

methylaspartase

can accept

various A/-nucleophiles in

Furthermore, we have established that two mechanisms

predominate in the attack of (2S,3S)-3-methylaspartic acid to the putative

dehydroalanine.

Further work

which

would

shed

more

light into the existence of the

dehydroalanine residue, would be to first, crystallise the enzyme for X-ray
crystallography studies.

This is currently in progress; although

have been obtained, non were found to be suitable for
interest would be to establish which mechanism

crystals

X-ray analysis. Also of

operated in the enzyme, along

with the evaluation of the role of the metal ions, in

residue.

some

activating the dehydroalanine

Furthermore, the timing of the serine dehydration and dehydroalanine

amination processes
would be to

see

if

need to be determined.

Another interesting possibility

methylaspartase catalyses the amination of fumarate esters in

aqueous/ organic media, as was demonstrated with phenylalanine ammonia-

lyase by D'cunha et al.89 Thus further establishing methylaspartase as a useful
synthetic enzyme.
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Experimental

Elemental

microanalyses were performed in the departmental microanalytical

laboratory.

NMR spectra were
74.76 MHz;

MHz;

recorded on a Bruker AM-300 (300 MHz; f.t. 1H-NMR, and

13C-NMR),

or a

Varian gemini 200 (200 MHz; f.t. 1H-NMR and 50.31

1H-NMR spectra

13C-NMR) spectrometers.

million downfield shift from TMS and
or

are

are

described in parts per

reported consecutively

as

position (8h

5c), relative integral, multiplicity (s-singlet, d-doublet, t-triplet, q-quartet, dd-

doublet of doublets,

sep-septet, m-multiplet, and br-broad), coupling constant

(Hz) and assignment (numbering according to the IUPAC nomenclature for the
compound).

1H-NMR

were

referenced internally on 2HOH (4.68 ppm), C2HCl3

(7.27 ppm) or DMSO-d6 (2.47 ppm). 13C-NMR were referenced on CH3OH (49.9
ppm), C2HCl3 (77.5 ppm), or DMSO (39.70 ppm).

IR

spectra were recorded on a Perkin-Elmer 1710 f.t. IR spectrometer.

The

samples were prepared as nujol mulls, or thin films between sodium chloride
discs.

The

frequencies (o) as absorption maxima are given in wavenumbers

(cm-1) relative to

a

polystyrene standard.

Mass spectra and accurate mass

measurements were recorded on a VG 70-250

SERC service at Swansea
were

recorded

using

a

SE,

a

Kratos MS-50

or

by the

VG AZB-E. Fast atom bombardment spectra

using glycerol as a matrix.

Major fragments

percentages of the base peak intensity (100%).

were

given as

UV spectra were recorded on

Pye-Unicam SP8-500 or SP8-100 spectro-photometers.

Flash

chromatography was performed according to the method of Still

efa/.176using Sorbsil C 60 (40-60
chromatography

was

pm

mesh) silica gel.

Analytical thin layer

carried out on 0.25 mm precoated silica gel plates

(Macherey-Nagel SIL g/UV254) and compounds were visualised using UV
fluorescence, iodine vapour, ethanolic phosphomolybdic acid, or ninhydrin.
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Melting points were taken on an Electrothermal melting point apparatus and are
uncorrected.
AA-100

Optical rotations

were

measured at 22 °C

on a

Optical Activity

polarimeter using 10 or 20 cm path length cells.

The solvents used

refers to that

were

either distilled

or

of analar

quality and light petroleum

portion boiling between 40 and 60 °C.

according to literature procedures.
magnesium turnings.

Solvents

Ethanol and methanol

were

were

dried

dried using

Isopropanol, isopentanol, DMF, toluene, CH2CI2,

acetonitrile, diisopropylamine, triethylamine, and pyridine were distilled over

CaH2-

THF and diethylether were dried over sodium/ benzophenone and

distilled under

nitrogen. Thionyl chloride was distilled over sulfur, and the initials

fractions

always discarded.177

were

tButoxycarbonyl-(2S)-asparagine (9)

(2S)-Asparagine (10.0 g, 75.8 mmol)

was

dissolved in 1 mol dm-3 sodium

hydroxide (75 cm3) and tbutyl alcohol (75 cm3) added with stirring.
carbonate

any

(22.0 g, 98.5 mmol)

was

DMbutyl

then added in tbutyl alcohol (40 cm3) and

resulting precipitate was redissolved using 1 mol dm"3 sodium hydroxide.

The mixture

was

then stirred at 45-50 °C

under reduced pressure.

overnight and the organics removed

The aqueous solution

was

washed with light petroleum

(115 cm3) and then acidification to pH 3 using 1 mol dnr3 sulfuric acid, resulted
in the

precipitation of tbutoxycarbonyl-(2S)-asparagine (9).

from methanol/

Recrystallisation

light petroleum gave the pure compound as white powder

(11.5 g, 65.4%), m.p. 170-174 °C (decomp.) {lit.,118 176 °C (decomp.)}; m/z
(Found: [M + H]+, 233.1140. Calc. for C9H17N205: 233.1137);

DMF) {lit.,118 -7.2 (c2.0 in DMF)};

\)max

[a]2g -9.0 (c2.0 in

(Nujol)/crrr1 3346 (NH) and 1689 (CO); 8H

(200 MHz; 2H20, pH 9) 1.37 (9H, s, tbutyl), 2.50 (1H, m, (ABX splitting), 3-CH2),
2.68

(1H, dd, (ABX splitting), J 4.5, 3-CH2) and 4.18 (1H, dd, J 4.5, ccH); 5C

(75 MHz; cfe-DMSO) 28.1 (tbutyl), 36.8 (3-CH2), 50.3 (aC), 78.1 ((Mefe-£.),
155.1

(tbutyl-0-£0-), 171.4 (C02H) and 173.2 (CONH2); m/z (CI) 233 {[M + H]+,
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177

(89,

[M

85

+

H

-

(Me)2CCH2]+) and 133 (100, [M

+

H

-

(Me)2(CH2)COCO]+).

Benzyloxycarbonyl-(2S)-asparagine (10)

To

a

vigorously stirred solution of (2S)-asparagine (10.0 g, 75.8 mmol) in water

(750 cm3) containing sodium bicarbonate (15.9 g, 190 mmol) was added

benzylchloroformate (12.9 cm3, 91 mmol) in 5 portions over 20 min. The mixture
was

250

then

was

left

stirring overnight before being extracted with ether (2

cm3). Acidification of the

resulted in the

aqueous

layer with 12 mol dnr3 hydrochloric acid
Recrystallisation from

precipitatation of the crude product.

ethanol/ ether gave

x

benzyloxycarbonyl-(2S)-asparagine

as a

white powder (10)

(15.5 g, 76.7%), m.p. 158-162 °C (decomp.) {lit.,178 165 °C (decomp.)}; m/z
(Found: [M + H]+, 267.0987. Ci2Hi5N205 requires 267.0981);

AcOH) {lit.,178 +7.6 (c 1.6 in AcOH));

umax

[a]2g +6.4 (c 1.6 in

(Nujol)/cnrr1 3337 (NH) and 1669 (CO);

5h (200 MHz; 2h20, pH 9) 2.55 (1H, dd, (ABX splitting), J 9.0, 3-CH2), 2.72 (1H,
dd, (ABX splitting), J 4.0, 3-CH2), 4.25 (1H, dd, J 4.0, cxH), 5.06 (2H, s, PhCh^)
and 7.37

(5H, s, aromatic); 6c (75 MHz; cfe-DMSO) 36.7 (3-CH2), 50.6 (ccC), 65.4

(Ph£H2), 127.6 and 127.7 (ortho and
155.7

aromatic), 128.2 (ipso aromatic),

(urethane CO), 171.1 (C02H) and 172.9 (amide CO); m/z

{[M+ H]+, 12%), 249 (20, [M
[M+ H

para

-

-

NH3]+), 223 (18, [M

PhCH20]+) and 91 (100, PhCH2+).

+

H

-

(CI) 267

CONH2]+), 159 (34,
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a-tButoxycarbonyl-(2S)-2,3-diaminopropanoic Acid (11)

To

a

stirred solution of

bis[trifluoroacetoxy]-phenyliodine (22.3

g,

51.8 mmol)

[prepared by dissolving iodobenzene diacetate (20.0 g, 62.1 mmol) in hot
trifluoroacetic acid

(40 cm3) and filtering the resulting crystals (m.p. 115-118 °C

{lit.,120 119-122 °C})] in A/,A/-dimethylformamide/ water (280 cm3; 1:1 v/v)
added

tboc-(2S)-asparagine (9) (8.0

15 min,

mmol) at room temperature. After

pyridine (5.4 cm3, 68 mmol) was added and stirring continued overnight.

The solvent

concentrated under reduced pressure

was

dissolved in water

and the aqueous
Addition of
was

g, 34.5

was

then

and the resulting oil

(100 cm3). The solution was washed with ether (5 x 80 cm3)

layer concentrated under reduced pressure to give a yellow oil.

ethyl acetate resulted in the precipitation of the product (11), which

recrystallised from ethanol/ ether (2.9

g,

41.4%), m.p. 198-202 °C

(decomp.) {lit.,120 198-200 °C (decomp.)}; (Found: C, 47.3; H, 7.65; N, 13.4.
C8H16N204 requires C, 47.0; H, 7.9; N, 13.7%);
-2.7

(c 1.0 in AcOH)};

\)max

2H20, pH 9) 1.42 (9H,

s,

[a]2D2 -3.0 (c 1.0 in AcOH) {lit.,120

(Nujol)/cm"1 3342 (NH) and 1687 (CO); 5H (200 MHz,

^utyl), 3.1 (2H,

m,

(ABX splitting), J 5.5 & 8.2, 3-CH2),

ccH); 5c (75 MHz; 2H20, pH 9) 28.7 (*butyl), 44.0 (3-CH2), 59.3 (aC),

4.04

(1H,

82.1

((Me)3£), 158.8 (*butyl-0-£0) and 178.8 (C02H); m/z (CI), 205 {[M

m,

60%) and 149 (100, [M + H

-

(CH3)2CCH2]+).

+

H]+,
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a-Benzyloxycarbonyl-(2S)-2,3-diaminopropanoic Acid (12)

co2h

This

was

prepared

in

an

identical

manner

to

that

described

for

/V«-tbutoxycarbonyl-(2S)-2,3-diaminopropanoic

acid

(11)

using

A/«-benzyloxycarbonyl-(2S)-asparagine (6.0

22.6

mmol)

(10).

g,

Recrystallisation from ethanol/ ether gave the protected diaminopropanoic acid
as a

white

241

°C

powder (12) (3.1 g, 58.1%), m.p. 238-242 °C (decomp.) {lit.120 240-

(decomp.)}; (Found: C, 55.5; H, 5.6; N, 11.5. C11H14N2O4 requires

C, 55.45; H, 5.95; N, 11.75%.); m/z (Found: [M

requires 239.1032);
1 mol

H]+, 239.1033. C11H15N2O4

[a]2^-7.0 (c 0.4 in 1 mol dm-3 NaOH) {lit.,120 -7.8 (c 0.4 in

drrr3 NaOH)); t>max

2H20, pH 9) 2.8 (2H,

+

m,

(Nujol)/cnr1 3302 (NH) and 1694 (CO); 5h (200 MHz;

(ABX splitting), J 5.1 & 7.3, 3-CH2), 3.9 (1H,

m,

aH), 5.04

(2H, s, PhCH?) and 7.3 (5H, s, aromatic); 6c (50 MHz; 2H20, pH 9) 45.8 (3-CH2),
60.0

(aC), 68.0 (Ph£H2), 128.8-137.4 (aromatic), 159.0 (urethane CO) and 178.7

(C02H); m/z (CI) 239 {[M+ H]+, 85%), 131 (100, [M + H
PhCH2+).

-

PhCH20]+) and 91 (66,
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(2S)-2,3-Diaminopropanoic Acid.HCI (13)

A solution of
4.2

A/a-benzyloxycarbonyl-(2S)-2,3-diaminopropanoic acid (12) (1.0

g,

mmol) in acetic acid (15 cm3) was hydrogenated for 4 h in the presence of

palladium on charcoal catalyst (1 g). The filtrate was evaporated, the residue
dissolved in 1 mol dm*3

hydrochloric acid (4 cm3) and the pH adjusted to 7 with

The solvent was removed under reduced pressure to give the

triethylamine.

hydrochloride salt (5), which was then recrystallised from water/ ethanol (0.5 g,

87.7%); m.p. 235-237 °C (decomp.) {lit.,120 235-236 °C (decomp.)}; (Found:
C, 25.65; H, 6.3; N, 19.05. C3H9N2O2CI requires C, 25.7; H, 6.5; N, 19.0%); m/z

(Found: [M

+

H

-

HCI]+, 105.0664. C3H9N2O2 requires 105.0664);

[a]2D2 +24.5

(c2.0 in 0.5 mol drrr3 HCI) {lit.,120 +25.1 (c 2.0 in 0.5 mol dm-3 HCI)};

Umax

(Nujol)/crrr1 1615 (CO); 5H (200 MHz; 2H20) 3.41 (2H, d, J 7.1, 3-CH2) and 3.97
(1 H, t, J 7.1, <xH); 5C (75 MHz; 2H20) 39.6 (3-CH2), 51.1 (<xC) and 171.8 (C02H);
m/z

(CI) 105 {[M+ H

-

HCIJ+, 100%) and 61 (8, [M

+

H

-

C02]+).
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W-Methyl-3-( W-2-hydroxyethyl)succinimide

Ethanolamine

(0.65

cm3, 10.8 mmol)

Monohydrate(14)

added to a solution of

was

/V-methylmaleimide (1.0 g, 9.0 mmol) in methanol/ water (30 cm3, 1:1 v/v) and
then left

stirring overnight. The resulting pink solution was concentrated under

reduced pressure to
acetone.

give a pink viscous oil, which precipitated on the addition of

Recrystallized from water/ ethanol/ ether gave the /V-methyl-

3-(/V'-2-hydroxyethyl)succinimide (14) as a fine white powder (90 mg, 64.3%),
m.p.

193-195 °C; (Found: C, 44.0; H, 7.4; N, 14.5. Calc. for C7H12N203.H20:

C, 44.2; H, 7.4; N, 14.7%); m/z (Found: [M + H]+, 173.0929.

C7Hi3N203: 173.0926);

umax

Calc. for

(Nujol)/crrr1 3285 (NH), 1651 and 1603 (CO); 5H

(200 MHz; 2H20) 2.71 (3H, s, N-CH3), 2.87 (2H, t, J 5.4, 1'-CH2), 3.25 (2H, m,

4-CH2), 3.87 (1H, dd, J 4.9, 3-CH) and 3.95 (2H, t, J 4.9, 2'-CH2); 5C (200 MHz;

2H20) 26.9 (N-CH3), 35.0 (4-CH2), 49.4 (1'-CH2), 57.8 (2'-CH2), 59.8 (3-CH),
173.0 and

173.2

[CH3NCO]+).

(2 x CO); m/z

(CI) 173 ([M

+

H]+, 50%) and 57 (100,
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/V-Methyl-3-(N'-nPropyl)succinimide Monohydrate (15)

This

was

synthesised in an identical manner to that described for the

ethanolamine

analogue (14) using A/-methylmaleimide (1.0 g, 9.0 mmol) and

"propylamine (0.88 cm3, 10.8 mmol) to give the desired compound (15) as a
white solid

(0.70 g, 47%), m.p. 224-225 °C; (Found: C, 50.7; H, 8.6; N, 14.6. Calc.

forC8Hi4N202.H20: C, 51.1; H, 8.6; N, 14.9%); m/z (Found: [M
Calc. for

C8H15N202: 171.1134);

Dmax

+

H]+, 171.1134.

(Nujol)/cm-l 3283 (NH), 1646 and 1613

(CO); 5h (200 MHz; 2H20) 0.96 (3H, t, J 7.4, 3'-CH3), 1.72 (2H, q, J 7.4, 2'-CH2),
2.70

(3H, s, N-CH3), 2.83 (2H, t, J 7.3, 1'-CH2), 3.03 (2H, t, J 5.1, 4-CH2) and

3.89

(1H, t, J 5.1, 3-CH); 8C (200-MHz; 2h20) 11.2 (3'-CH3), 20.3 (2'-CH2), 26.9

(N-CH3), 35.3 (4-CH2), 49.5 (1'-CH2)( 59.7 (3-CH), 172.9 and 173.4 (2
(CI) 189 {[M+ H

+

H20]+, 100%), 171 (6, [M + H]+) and 143 (6, [M + H

-

x

CO); m/z

CO]+).
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Methyl /Va-Benzyloxycarbonyl-(2S)-2,3-diaminopropanoate.HCI

To

an

acid

ice-cold

(16)

suspension of A/a-benzyloxycarbonyl-(2S)-2,3-diaminopropanoic

(12) (1 g, 4.2 mmol) in dry methanol (30 cm3) was added dropwise, thionyl

chloride

(0.31 g, 4.2 mmol). The mixture was then left stirring for 5 min before

being refluxed for 3 h. The resulting solution was concentrated under reduced
pressure to
to

give a pale yellow solid, which was recrystallised from ethanol/ ether

give a white powder (16) (1.1 g, 91.6%), m.p. 154-156 °C; (Found: C, 50.3;

H, 5.9; N, 9.7. Calc. for Ci2H17N204CI: C, 50.0; H, 6.0; N, 9.7%); m/z (Found:

[M+ H]+, 253.1185. C12H17N2O4 Calc. for 253.1188);
t>max

[a]2D2-43.4 (c1 in H20);

(Nujol)/cnr1 3315 (NH), 1737 (ester CO) and 1692 (urethane CO); 5h

(200 MHz; 2H20), 3.28 (1 H, dd, J 8.9, 3-CH2), 3.50 (1 H, dd, J 5.1, 3-CH2), 3.73

(3H, s, CH3), 4.53 (1H, dd, J 5.1, aH), 5.12 (2H, s, PhCH2) and 7.39 (5H, s,
aromatic); 5C (50 MHz; 2H20) 40.7 (OCH3), 52.7 (3-CH2), 54.5 (2-CH), 68.7
(Ph£H2), 128.9-129.9 (aromatic), 137.1 (ipso aromatic), 159.1 (urethane CO)
and 171.8

C02]+).

(ester CO); m/z (CI) 253 ([M

+

H

-

HCI]+, 100%) and 209 (11, [M

+

H

-
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W-Methyl-(3S//?)-3-(W/*-methyl /V«-benzyloxycarbonyl-(2'S)-2,3diaminopropanoate)succinimide (17)

Methyl A/«-benzyloxycarbonyl-(2S)-2,3-diaminopropanoate.HCI (16) (1.0 g,
3.5

mmol) was converted to the free amine by dissolving the hydrochloride in

1 mol

drrr3 sodium hydroxide (20

cm3) and extracting with ethyl acetate (3

x

cm3).

The combined organic extracts were concentrated under reduced

pressure

and the residue dissolved in ethanol (15 cm3). A/-Methylmaleimide

15

(0.39 g, 3.5 mmol) was added and the solution stirred for 24 h. The solvent was
removed under reduced pressure

and the resulting residue purified by silica

chromatography using ethyl acetate/ light petroleum (3:7) as the eluent, to give
viscous

a

pale yellow oil (17) (0.75 g, 59%, diastereomeric mixture), (Found: H,

5.6; N, 11.5. Calc. for C17H21N3O6: H, 5.8; N, 11.6%); m/z (Found: [M + H]+,
364.1509.

C17H22N3O6 requires 364.1508);

[a)2£ +6.4 (c 1 in MeOH);

umax

(Neat)/cm-l 3359 (NH) and 1780-1650 (CO, acid); SH (300 MHz; C2HCI3) 1.98
(1H, br s, 3-NH), 2.31 (0.5H, t, J 4.6, 4-CH2), 2.38 (0.5H, t, J 4.6, 4-CH2), 2.89

(3H, s, N-CH3), 2.78-2.92 (2H,
CH2), 3.67 (3H,

s,

m,

4-CH2 and 3'-CH2), 3.12 (1H, dt, J 4.1, 3'-

OCH3), 3.63-3.69 (1H,

m,

3-CH), 4.41 (1 H,

m,

2'-CH), 5.04 (2H,

s,

PhCI±>), 5.73 (0.5H, d, J 7.5, 2'-NH), 5.82 (0.5H, d, J 7.5, 2'-NH) and 7.28 (5H,

s,

aromatic); 5C (75 MHz; C2HCI3) 25.3 (N-CH3), 36.7 (4-CH2), 48.9 (3'-CH2),

53.3

(OCH3), 54.8 (2'-CH), 56.4 (3-CH), 67.7 (PhCH2), 129.1 (aromatic), 136.7
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(ipso aromatic), 171.9 (1'-CO), 175.6 and 178.2 (2
+

H]+, 20%), 273 (30, [M

+

H

-

x

2 & 5 CO); m/z (CI) 364 ([M

PhCH2]+) and 256 (100, [M.

-

PhCH2OH]).

Benzyloxycarbonyl-(2S)-Serine (18)

To

vigorously stirred solution of (2S)-serine (5.3 g, 50 mmol) in water (250 cm3)

a

containing

sodium

bicarbonate

(10.5

g,

125

mmol)

was

added

benzylchloroformate (8.0 cm3, 55 mmol) in 5 portions over 20 min. The mixture
was

then left

stirring overnight, before being extracted with ether (3

was

100 cm3),

layer was acidified with 12 mol drrr3 hydrochloric acid.

and then the aqueous
The mixture

x

re-extracted with ether

(3

x

200 cm3). The combined ethereal

layers were washed with brine (2 x 100 cm3), dried (MgS04) and concentrated
under reduced pressure to
acetate/
118 °C

recrystallised from ethyl
g,

70.7%), m.p.116-

{lit.,179 115-118 °C}; m/z (Found: M+, 239.0796. C11H13NO5 requires

[a]2g +6.5 (c6 in AcOH) {lit.,180 +5.6 (c6 in AcOH)}; \)max (Nujol)/cnr1

(NH), 3206 (OH), 1747 (acid CO) and 1691 (urethane CO); 5H (200 MHz;

de-DMSO) 3.7 (2H,
s,

was

light petroleum to give a white powder (18) (8.55

239.0794);
3337

give a white solid, which

m,

3-CH2), 4.1 (1H,

m,

<xH), 5.1 (2H, s, PhChb) and 7.35 (5H,

aromatic); 6C (50 MHz; cfc-DMSO) 56.9 (aC), 61.9 (2-CH2), 65.9 (Ph£H2),

127.8-137.5

(aromatic), 156.3 (urethane CO) and 172.2 (C02H); m/z (El) 239

{IM+, 10%), 148 (9, [M

-

PhCH2]+), 108 (52, PhCH2OH) and 91 (100, PhCH2+).
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Benzyloxycarbonyl-(2S)-serine Ethylamide (20)

Benzyloxycarbonyl-(2S)-serine (18) (2.9

g,

12.0 mmol) was dissolved in dry THF

(60 cm3), /V-methylmorpholine (1.32 cm3, 12.0 mmol) was added and the

Isobutylchloroformate (1.62 cm3, 12.0 mmol) was

solution cooled to -15 °C.
added and the solution left
obtained

stirring for 5 min.

Ethylamine (ethylamine

was

by adjusting the pH of a saturated aqueous ethylamine hydrochloride

solution to 9 and then

distilling the resulting ethylamine into

an

ice-cold flask)

(0.99 g, 12.0 mmol) was then added to the reaction mixture. The mixture

was

left

stirring at room temperature for a further 20 min and was then filtered. The filtrate
concentrated under reduced pressure

was

give a pale yellow oil.

Water

(150 cm3) was added to the oil and the mixture extracted with ethyl acetate (3
100

cm3). The organic layers

under reduced pressure to
acetate/ ether to

were

give

a

x

combined, dried (MgSCU) and evaporated

white solid, which was recrystallized from ethyl

give a white powder (20) (1.78 g, 55.6%), m.p. 121-123 °C;

(Found: C, 58.4; H, 6.6; N, 10.3. Calc. for C13H18N2O4: C, 58.6; H, 6.8;
N, 10.5%.); m/z (Found: [M + H]+, 267.1349. Calc. for C13H19N2O4: 267.1345);

[a]2g -4.1 (c 1 in MeOH);
1650

umax

(Nujol)/cnrr1 3294 (NH), 1686 (urethane CO) and

(amide CO); 5H (200 MHz; C2HCI3) 1.12 (3H, t, J 7.0, N-CH2CJ±3), 3.28

(2H, q, J 7.2, N-CH2CH3), 3.68 (1H, dd, J 4.8, 3-CH2), 4.05 (1H, dd, J 4.8,
3-CH2), 4.20 (1H,
6.64

(1H, br

s,

m„

cxH), 5.13 (2H, s, PhCtb), 5.95 (1H, d, J7.4, urethane NH),

amide NH) and 7.36 (5H, s, aromatic); 5c (50 MHz; C2HCl3)
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15.0

(N-CH2£H3), 35.0 (N-£H2CH3), 56.1 (ccC), 63.3 (3-CH2), 67.8 (Ph£.H2),

128.7-136.5
267

95

(aromatic), 157.2 (urethane CO) and 171.1 (amide CO); m/z (CI)

{[M+ H]+, 100%), 223 (61, [M + H

-

CH3CH2NH]+) and 91 (37, PhCH2+).

Benzyloxycarbonyl Dehydroalanine Ethylamide (26)

s

NH

To
in

a

solution of

benzyloxycarbonyl-(2S)-serine ethylamide (20) (1.0

g,

3.8 mmol)

dry dichloromethane (20 cm3) was added 1,3-di-'propylcarbodiimide (1.2 cm3,

7.6

mmol) and copper (I) chloride (0.11 g, 1.14 mmol). The mixture

for 32 h at

pressure.

room

was

stirred

temperature, and the solvent was removed under reduced

The resulting residue was purified by silica chromatography using

ether/ hexane

(50:50) to give a soft white solid (26) (0.6 g, 64.5%), m.p. 71-73 °C;

(Found: C, 63.1; H, 6.1; N, 11.3. Calc. for Ci3Hi5N203: C, 63.0; H, 6.5; N, 10.7%);
m/z

(Found: [M

+

H]+, 249.1243. Calc. for Ci3H17N203: 249.1239);

umax

(Nujol)/cnrr1 3324 (NH), 1733 (urethane CO), 1642 (amide CO) and 1614 (C=C);
8h (200 MHz; C2HCI3) 1.18 (3H, t, J 7.5, CH3), 3.38 (2H, q, J 7.5, CH2), 5.03
(1H, s, C=CH2), 5.16 (2H, s, PhC]^), 6.0-6.18 (2H, s, C=CH2 and urethane NH),
7.9

(5H, s, aromatic) and 7.6 (1H, br s, amide NH); 5c (75 MHz; C2HCI3) 14.5

(CH3), 34.9 (CH2), 66.8 (Ph£H2), 97.6 (C=£H2), 128.0-135.8 (aromatic), 134.5
(£=CH2), 153.2 (urethane CO) and 163.4 (amide CO); m/z (CI) 249 ([M
100%), 205 (52, [M

-

CH3CH2NH2]+) and 91 (41, PhCH2+).

+

H]+,
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tButoxycarbonyl-(2S)-Serine (19)

To

stirred solution of

a

hydroxide
carbonate
was

95.2 mmol) in 1 mol dm*3 sodium

(27.6 g, 0.12 mol) in *butyl alcohol (50 cm3). Any resulting precipitate

redissolved in 1 mol dm*3 sodium

pressure,

g,

(95 cm3) and lbutyl alcohol (95 cm3) was added di-ferf -butyl

temperature overnight.

to

(2S)-serine (10.0

hydroxide and the mixture stirred at

The alcoholic layer

was

room

removed under reduced

the aqueous layer washed with light petroleum (140 cm3) and acidified

pH 3 with 1 M sulphuric acid. The resulting solution was then extracted with

ethyl acetate (3

x

125 cm3). The pooled organic layers were washed with brine

(200 cm3), dried (Na2SC>4), and the solvent removed under pressure to give a
colourless oil.
white

Crystallisation from ethyl acetate/ hexane

gave

crystals (12.6 g, 65%), m.p. 89-90 °C {lit.,180 86-88 °C};

AcOH) {lit.,118 -3.6 (c 2.0 in AcOH)};

umax

the product as

[afg -2.8 (c 2.0 in

(Nujol)/cnr1 3420 (NH), 3350 (OH),

1750

(acid CO) and 1667 (amide CO); 5H (200 MHz; C2HCI3) 1.46 (9H, s, {butyl),

3.88

(1H, dd, J 5.1, 3-CH2), 4.02 (1H, br dd, 3-CH2),5.9 (1H, d, CONH) and 6.75

(1H, br s, OH); 5C (50 MHz; C2HCI3) 28.8 (£H3)3C), 56.0 (aC), 63.4 (2-CH2), 81.0

(CH3)3£), 156.6 (urethane CO) and 174.5 (C02H).
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tButoxycarbonyl-(2S)-serine Ethylamide (21)

This

compound was prepared in a manner identical to that described for

benzyloxycarbonyl-(2S)-serine ethylamide (20), starting from tbutoxycarbonyl(2S)-serine (19) (2.5 g, 12.2 mmol); the desired compound was obtained
white

as a

crystalline solid (21) (2.1 g, 73.2%), m.p. 120-122 °C; (Found: C, 51.9; H,

9.1; N, 12.2. Calc. for C10H20N2O4: C, 51.7; H, 8.7; N, 12.1%); m/z (Found:

[M+ H]+, 233.1504. Calc. for C10H21N2O4: 233.1501);
Umax

[afg-4.2 (c 1 in MeOH);

(Nujol)/cm-l 3420 (OH), 3319, 3109 (NH), 1713 (urethane, CO) and 1656

(amide, CO); 5H (200 MHz; C2HCI3) 1.15 (3H, t, J 7.3, N-CH2CH3), 1.46 (9H, s,

(Cj±3)3C), 3.30 (2H,

q,

3-CH2), 4.04-4.15 (2H,
6.74

J 7.0, N-CH2CH3), 3.46, (1H, br s, OH), 3.66 (1H, m,
m,

3-CH2 and aH), 5.66 (1H, d, J 6.6, urethane NH) and

(1H, br s, amide NH); 5c (50 MHz; C2HCI3) 15.1 (N-CH2£H3), 28.77

(£H3)3C), 34.9 (N-£H2CH3), 55.7 (aC), 63.4 (3-CH2), 80.9 (CH3)3£), 156.7
(urethane CO) and 171.6 (amide CO); m/z (CI) 233 {[M
[M+ H

-

C4H8]+) and 133 (35, [M

+

H

-

C5H802]+).

+

H]+, 23%), 177 (100,
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tButoxycarbonyl Dehydroalanine Ethylamide (27)

This

compound was prepared in a manner identical to that described for

benzyloxycarbonyl

dehydroalanine

ethylamide

tbutoxycarbonyl-(2S)-serine ethylamide (21) (1.2
was

to

g,

(26);

starting

with

5 mmol); the crude material

purified by silica chromatography using ethyl acetate/ light petroleum (3:7),

give a clear oil (27), which was stored as a 50% w/v solution in ethyl acetate

stabilised with

hydroquinone (0.7 g, 65%);

t>max

(Neat)/crrr1 3380 (NH), 1718

(urethane CO), 1663 (amide CO) and 1631 (C=C), 5H (200 MHz; C2HCI3) 1.14
(3H, t, J 7.3, CH3), 1.43 (9H, s, (CH3)3C)), 3.33 (2H, q, J 7.2, CH2), 5.04 (1H, s,

C=CH2), 5.90 (1H,
urethane
80.89
164.43

s,

C=CH2), 6.52 ( 1H,

m,

amide NH) and 7.31 (1H, br s,

NH); 5C (50 MHz; C2HCI3) 15.03 (CH3), 28.67 (£H3)3C), 35.46 (CH2),

((CH3)3£), 97.61 (C=£H2), 135.44 (£=CH2), 153.25 (urethane CO) and
(amide CO).
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Dimethyl (2S,3S)-3-Methylaspartate.HCI

(28)

hci.h2n

co2ch3

ch3o2c

h

s

To

ice-cold

an

suspension of (2S,3S)-3-methylaspartic acid (5.0 g, 30 mmol) in

dry methanol (200 cm3) was added dropwise, thionyl chloride (3.5 g, 30 mmol).
The mixture

was

then left

stirring for 5 min before being refluxed for 3 h. The

resulting solution was concentrated under reduced pressure and the resulting oil
was

dissolved in water

(25 cm3) and the pH adjusted to 9 with 2 mol dm-3

sodium

hydroxide solution.

acetate

(3 x 25 cm3) to remove unreacted starting material. The organic layers

were

The resulting solution

was

extracted with ethyl

combined, dried (MgS04) and concentrated under reduced pressure to

give an oil. The oil was redissolved in ethyl acetate (10 cm3) and an ethereal
solution of HCI
mixture

was

was

added

dropwise until no more precipitation occured.

concentrated under reduced pressure to

give an oil, which solidified

upon

standing, to give dimethyl (2S,3S)-3-methylaspartate.HCI (28)

solid

(6.2 g, 86%), m.p. 81-84 °C; m/z

C6Hi2N04: 176.0923.);

The

as a

white

(Found: M+, 176.0917. Calc. for

[a]2^ +13.7 (c0.6 in H20);

vmax

(Nujol)/cm-i 1750 (CO);

5h (200 MHz; 2H20) 1.32 (3H, d, J 7.45, 3-CH3), 3.35 (1H, m, (AB splitting), 3-H),
3.75

(3H, s, C02CH3), 3.85 (3H, s, C02CJ±3) and 4.5 (1H, d, J 3.6, 2-H); 5C (50

MHz;

2H20) 13.24 (CH3) 40.69 (3-CH), 54.15 and 54.90 (2 xCO^Hs), 55.16 (2-

CH), 170.05 and 175.32 (2 x£02CH3); m/z (El) 176 {[M
[M+ H

-

C2H402]+) and 88 (86, [M + H

-

C4H802]+).

-

HCI]+, 5%), 116 (100,
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A/-Ethyl-2,2-(N-benzyloxycarbonyl-W'-dimethyl (2S,3S)3-methylaspartyl)diaminopropanamide (29)

h

r* co2ch3
;T

i'

\

nh

k
Dimethyl (2S,3S)-3-methylaspartate.HCI (28) (0.6 g, 3.5 mmol) was dissolved in
water

(5 cm3) and the pH adjusted to 9 with 2 mol dm"3 sodium hydroxide
The solution

combined

organic extracts were dried (MgS04) and concentrated under reduced

pressure to

silica

The

was

added

benzyloxycarbonyl dehydroalanine ethylamide (0.7

g,

was

removed under reduced pressure

and the resulting oil purified by

chromatography, eluting with ethyl acetated/ light petroleum (7:3), to give a

white solid.

Recrystallisation from ether/ hexane gave the coupled product as a

soft white solid

(0.4 g, 33%), m.p. 83-85 °C; m/z (Found: [M

273.1448. Calc. for

C12H21N2O5: 273.1450);

(Nujol)/cm-1 1743 and 1653 (2

x

+

H

-

BnOCON]+,

[a]2D2+11.2 (c0.29 in MeOH);

CO); 5H (200 MHz; C2HCI3) 1.20 (6H,

m,

a)max

3'-CH3

N-C^CFb), 1.69 (3H, s, 2-CH3), 2.71 (1H, m, 3'-CH), 3.3 (2H, m, N-CH2CH3),

3.52
s,

x

mmol) and triethylamine (40 fil). After stirring for 8 days at room temperature,

the solvent

&

ethyl acetate (3

give a pale yellow oil, which was then dissolved in methanol (2 cm3).

To this solution
2.9

was

extracted with

10 cm3).

solution.

(3H, s, OCH3), 3.69 (4H, m, OCH3 & 2'-CH), 5.06 (2H, s, PhCH2), 6.32 (1 H,

NH (urethane)), 7.11 (1H, m, NH (amide)) and 7.38 (5H, s, aromatic); 5c

(50 MHz; C2HCI3) 12.53 (N-CH2£H3), 14.93 (3'-CH3), 26.64 (2-CH3), 35.26

(N-£H2CH3), 42.75 (3'-CH), 52.38 & 52.60 (2

x

OCH3), 57.52 (2'-CH), 66.84

(PhCH2),72.33 (2-C), 129.0 (aromatic), 136.80 (ipso

aromatic), 155.17
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(CO (urethane), 172.16 (1-CO (amide)) and 174.02 & 174.54 (2
m/z

(CI) 273 {[M

+

H

-

x

1'- & 4"-CO);

BnOCON]+, 100%) and 116 (100, [M

+

H

-

BnOCONHCH(CH3)CONHEt]+).

yV-Ethyl-2,2-(/V-tbutoxycarbonyl-M"-propyl)diaminopropanamide (30)

o=cN

CH3
NH

This

compound was prepared in a manner identical with that for for compound

(29), using "propylamine
dehydroalanine

(0.28 g,

ethylamide

4.7 mmol)

(19) (1 g, 4.7 mmol) (triethylamine was not

necessary); in 62% yield, m.p. 79-81 °C; m/z (Found: [M
for

C13H28NO3: 274.2131);

1663

tbutoxycarbonyl

and

omax

+

H]+, 274.2129. Calc.

(Nujol)/cnr1 3320 (NH), 1692 (urethane CO),

(amide CO) and 1534 (C=C); 5H (200 MHz; C2HCI3) 0.91 (3H, t, J 7.3,

N-CH2CH2CH3), 1.13 (3H, t, J 7.3, N-CH2CH3), 1.48 (12H,

m,

(CJ±3)3C &

N-CH2CH2CH3 & NH), 1.55 (3H, s, 2-CH3), 2.08 & 2.45 (2H, m, N-CH2CH2CH3),
3.28

(2H, m, N-CHoCH.^. 6.05 (1H, s, urethane NH) and 7.14 (1H,

m,

amide NH);

5C (75 MHz; C2HCI3) 11.81 (N-CH2CH2£H3), 14.64 (N-CH2£H3), 23.26

(N-CH2C.H2CH3), 26.14 (2-CH3), 28.26 (£H3)3C), 34.21 (N-£H2CH3), 44.61
(N-C.H2CH2CH3), 71.98 (2-C), 78.89 ((CH3)3£.), 154.27 (urethane CO) and
172.62

(1-CO); m/z (CI) 274 {[M + H]+, 62%), 215 (14, [M + H

and 157

(100, [M

+

H

-

(CH3)3COCONH2)]+).

-

CH3(CH2)2NH2]+)
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M-Acetyl Dehydroalanine Ethylamide (31)

To

a

stirred

acetate

suspension of acetamidoacrylic acid (1.63 g, 12.6 mmol) in ethyl

(30

cm3),

was

added

ethylamine

(0.57

12.6

g,

mmol),

A/-hydroxysuccinimide (1.5 g, 12.6 mmol) and dicyclohexylcarbodiimide (3.1 g,
12.6

mmol) at -15 °C. The mixture was stirred at -15 °C for 1 h and then at

room

temperature for a further 14 h before being filtered. The filtrate was washed with
5% aqueous

citric acid (30 cm3), brine (30 cm3), and dried (Na2S04),

concentrated under reduced pressure

silica

and then the crude solid

was

purified by

chromatography, eluting with 70% ethylacetate/ light petroleum (7:3; Rf

=

0.26), to give a white solid (0.21 g, 11%), m.p. 103-104 °C; m/z (Found: [M + H]+,
157.0984. Calc. for
1683

C7H13N2O2: 157.0977);

umax

(Nujol)/cm-l 3320-3371 (NH),

(acetyl CO), 1645-1627 (amide CO) and 1515 (C=C); 5H (200 MHz;

C2HCI3) 1.21 (3H, t, J 7.3, CH3), 2.13 (3H,

s,

OCCH3), 5.17 (1H,

s,

C=CH2), 6.22

(1H, brs, amide NH), 6.43 (2H, s, C=CH2) and 8.12 (1H, br s, acetyl NH); 5c (50
MHz;

C2HCI3) 15.07 (CH2£H3), 25.22 (acetyl CH3), 34.41 (CH2£H3), 101.09

(C=£H2), 134.87 (C=£H2), 164.43 (amide CO) and 168.70 (acetyl CO); m/z (CI)
157

([M+ H]+, 100%) and 57 (76, [CH3NCO]+).
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/V-Ethyl-2,3-(W«-acetyl-W0-propyl)diaminopropanamide (32)

This

compound was prepared in a manner identical with that for compound (29),

using A/-acetyl dehydroalanine

ethylamide (100 mg, 0.64 mmol) and

"propylamine (53 pi, 0.64 mmol) (triethylamine was not necessary); after 12 days
stirring, the desired compound was obtained as a yellow oil (0.12 g, 86%),
m/z

(Found: [M + H]+, 216.1703. Calc. for C10H22N3O2: 216.1712); 5H (200 MHz;

C2HCI3) 1.02 (3H, t, J 7.5, N-CH2CH2CH3 ), 1 -14 (3H, t, J 7.2, N-CH2CH3 ), 1 -83
(2H, m, N-CH2CH2CH3), 2.11 (3H, s, acetyl CH3), 2.93 (2H, m, N-CM2CH2CH3),
3.25

(4H,

3.76

(3H, s, OCH3), 4.80 (1H, m, 2-CH), 7.95 (1H, m, 1-CONH) and 8.37 (1H, d,

J 5.7,

m,

N-CH2CM3 & 3-CH2), 3.31 (1H,

m,

(ABX splitting), J 4.9, 3-CH2),

acetyl CO); 5C (50 MHz; C2HCI3) 12.17 (N-CH2CH2£H3), 15.14

(N-CH2£H3), 23.44 (N-CH2£H2CH3), 23.65 (acetyl CH3), 34.70 (N-£H2CH3),
51.18

(N-C.H2CH2CH3), 51.90 (3-CH2), 52.31 (2-CH) and 171.11 & 171.55

(2x CO); m/z (CI) 216 {[M + H]+, 100%), 157 (11, [M
60

(45, [CH3CH2CH2NH2]+).

+

H

-

CH3(CH2)NH2]+) and
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Benzyloxycarbonyl Dehydroalanine Methyl Ester (25)

This

compound was prepared in a manner identical to that described for

benzyloxycarbonyl

dehydroalanine

ethylamide

benzyloxycarbonyl-(2S)-serine methyl ester (1.2
was

purified and stored

as

described for

g,

(26);

starting

from

5 mmol). The crude material

*butoxycarbonyl dehydroalanine

ethylamide (27) (0.7 g, 65%); m/z (Found: [M

+

H]+, 236.0916. Calc. for

C12Hi4N04: 236.0923); \)max (Neat)/cnr1 3413 (NH), 1718 (urethane CO), 1637

(ester CO) and 1520 (C=C); 5H (200 MHz; C2HCI3) 3.85 (3H, s, OCH3), 5.19 (2H,
s,

PhCtte), 5.82 (1H,

and 7.40
106.63

s,

C=CH2), 6.29 (2H,

s,

C=CH2), 7.3 (1H, brs, urethane NH)

(5H, s, aromatic); 5C (50 MHz; C2HCI3) 53.46 (OCH3), 67.58 (Ph£H2),

(C=£H2), 128.77-131.53 (aromatic), 136.35 (£=CH2), 153.67 (urethane

CO) and 164.7 (ester CO); m/z (CI) 236 ([M
CHCC02CH3]+) and 59 (100, [CH3NCO]+).

+

H]+, 88%), 152 (77, [M

+

H

-

105
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Methyl 2,3-(Na-Benzyloxycarbonyl-M/?-propyl)diaminopropanoate
(33)

This

compound was prepared in a manner identical with that for for compound

(29), using "propylamine

(0.12

g,

2.1

mmol)

and

benzyloxycarbonyl

dehydroalanine methyl ester (0.5 g, 2.1 mmol) (triethylamine was not necessary)
to

give, after 4 days, a brown oil (33) (0.55 g, 87%); m/z (Found: [M +H]+,

295.1649. Calc. for

C15H23N2O4: 295.1657);

-umax

(Neat)/crrr1 3335 (NH), 1721

(ester CO) and 1653 (urethane CO); 5H (200 MHz; C2HCI3) 0.87 (3H, t, J 7.5,

N-CH2CH2CH3 ), 1.47 (3H, m, N-CH2CH2CH3 & NH (amine)), 2.53 (2H, t, J 7.1,
N-CH2CH2CH3 ), 2.98 (2H, m (ABX splitting), 3-CH2), 3.74 (3H, s, OCH3), 4.43

(1H, m, 2-CH), 5.12 (2H, s, Ph-CH2), 5.85 (1H, br d, amide NH), and 7.35 (5H, s,
aromatic); 5C (50 MHz; C2HCI3) 12.09 (N-CH2CH2£H3), 23.53 (N-CH2£H2CH3),
50.88

(N-£H2CH2CH3), 51.89 (3-CH2), 52.95 (OCH3), 54.42 (2-CH), 67.48

(PhCH2), 128.65-129.00 (aromatic), 136.77 (ipso aromatic), 156.63 (urethane

CO) and 172.71 (ester CO); m/z (CI) 295 ([M
nPrNH2]+) and 152 (100, [M + H

-

+

H]+, 52%) 236 (20, [M

C(C02CH3)CH2NHnPr]+).

+

H

-
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Methyl Acetamidoacrylate (34)

To

a

was

feint

solution of

acetamidoacrylic acid (1.0

7.8 mmol) in methanol (50 cm3)

slowly added one equivalent of an ethereal solution of diazomethane until

a

yellow colour persisted (care!, too much diazomethane results in

cyclisation).

The solution was flushed with nitrogen and the solvent removed

under pressure to
from

g,

give an oil, which solidified upon standing.

Recrystallisation

ethyl acetate/ ether gave the methyl ester (34) as colourless crystals (0.98 g,

90%), m.p. 45-48 °C {lit.187 52-54 °C}; m/z (Found: [M +H]+, 144.0667. Calc. for
C6HioN03: 144.0661); \)max (Nujol)/cirr1 3363 (NH), 1813 (ester CO), 1681

(acetyl CO) and 1515 (C=C); 5H (200 MHz; C2HCI3) 2.01 (3H, s, CH3), 3.70 (3H,
s,

OCH3), 5.74 (1H,

s,

C=CH2), 6.42 (2H,

s,

C=CH2) and 7.9 (1H, br

s,

amide

NH); 5C (50 MHz; C2HCI3) 25.07 (CH3), 53.44 (OCH3), 109.24 (C=£H2), 131.37
(£=CH2), 165.05 (ester CO) and 169.49 (amide CO); m/z (CI) 144 ([M
100%) and 60 (9, [CH3CONH2)]+).

+

H]+,
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Methyl 2,3-(JVa-Acetyl-N/3-propyl)diaminopropanoate

This

(35)

compound was prepared in a manner identical with that for for compound

(29), using "propylamine (0.21 g, 3.5 mmol) and methyl acetamidoacrylate
(0.5 g, 3.5 mmol) (triethylamine was not necessary) to give, after 3 days, a brown
oil

(35) (0.65 g, 92%); m/z (Found: [M

203.1396);

umax

+

H]+ 203.1403. Calc for CgH19N203:

(Neat)/cm-i 3382 (NH), 1732 (ester CO) and 1661 (acetyl CO);

5H (200 MHz; C2HCI3) 0.88 (3H, t, J 7.3, N-CH2CH2CH3 ), 1.46 (2H, q, J 7.1,

N-CH2CH2CH3 ), 1.62 (1H, br s, amine NH), 2.05 (3H, s, acetyl CH3), 2.54 (2H, t,
J 7.6,
m,

N-CH2CH2CH3), 2.95 (2H,

q,

J 7.9, 3-CH2), 3.76 (3H, s, OCH3), 4.62 (1H,

2-CH), and 6.65 (1H, br d, amide NH); 5c (50 MHz; C2HCI3) 12.08

(N-CH2CH2C.H3), 23.45 (acetyl CH3), 23.56 (N-CH2£.H2CH3), 50.62
(N-.QH2CH2CH3), 51.90 (3-CH2), 52.70 (OCH3), 53.0 (2-CH), 170.70 (ester CO)
and 172.70
and 60

(acetyl CO), m/z (CI) 176 ([M

(92, CH3CH2CH2NH3+).

+

H]+, 39%), 189 (100, [M + H

-

CH2]+)

Chapter 3: Experimental

108

Methyl 2,3-(/V«-Acetyl-/V/J-dimethyl (2S,3S)-

3-methylaspartyl)diaminopropanoate

This

(36)

compound was prepared in a manner identical with that for compound (29),

using dimethyl (2S,3S)-3-methylaspartate.HCI (28) (0.74 g, 3.5 mmol) and
methyl acetamidoacrylate (34) (0.5 g, 3.5 mmol); after 10 days stirring at 45 °C
and

purification using silica chromatography, compound (36)

was

obtained

pale yellow oil (0.86 g, 78.2%) (diastereomeric mixture), m/z (Found: [M
319.1511. Calc for

C13H23N2O7: 319.1505);

+

as a

H]+

[a]2D2+4.6 (c 0.61 in MeOH);

"Umax

(Neat)/cm-l 3347 (NH), 1740 and 1663 (CO); 5H (300 MHz; C2HCI3) 1.01 &

1.03

(6H, 2

x

d, J 4.8, 2

x

3'-CH3), 1.99 & 2.00 (6H, 2

x s,

2 x acetyl CH3), 2.19

(1H, br s, amine NH), 2.59 (0.5H, dd, J 4.3, 3-CH2), 2.84 (1.5H, m, 3-CH2 &

3'-CH), 3.07 (0.5H, dd, J4.0, 3-CH2), 3.27 (0.5H,
2'-CH), 3.67 (9.5H,

m,

2'-CH & 3

x

m,

OCH3), 4.5 (1H,

3-CH2), 3.65 (0.5H, d, J 7.3,

m,

2 x 2-CH) and 6.64 & 6.81

(1 H, br d, J 8.0, amide NH); 5c (75 MHz; C2HCI3) 10.78 & 11.36 (2 x 3'-CH3),
22.70 & 22.76

(2

x

acetyl CH3), 41.94 (2 x 3-CH), 49.08 & 49.27 (2 x 3-CH2),

51.72, 51.84, 51.96 & 52.05 (4 x OCH3), 52.57 & 52.62 (2 x 2'-CH), 62.54 & 62.93

(2

x

2-CH), 169.92 & 170.00 (2 xCO (ester)), 171.39 & 171.43 (2

x

acetyl CO) and

173.34, 173.40, 173.66 & 173.94 (4 x 1' & 4'CO ); m/z (CI) 319 ([M + H]+, 100%),
176

(20, [NH2CH(C02CH3)CHCH3(C02CH3)]+) and 61 (14, [HC02CH3]+).
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(2S,3S)-2-Hydrazino-3-methylsuccinic Acid (38; R1=CH3)

h

/

h2N^ n

co2h

ch3
ho2c

h

Hydrazine hydrate solution (70%) was added dropwise to mesaconic acid (4.7 g,
36.2

mmol) until dissolution occured.

volume

was

40

Water was then added until the total

cm3. The pH was adjusted to 9 with hydrazine hydrate solution.

Magnesium chloride hexahydrate (80 mg), potassium chloride (14 mg) and
finally 3-methylaspartase (120 units) were added. The reaction flask was then
incubated at 30 °C.

followed

Aliqouts (100 (il) were then taken out and the reaction

by 1H NMR. After the reaction was complete (~3 days), the mixture was

concentrated under reduced pressure
concentrated

and the resulting oil was acidified with

hydrochloric acid to pH 4, to cause precipitation of the product. The

precipitate was filtered and recrystallised from boiling water to give a white
crystalline solid (3.6 g, 61.0%), m.p. 169-172 °C; (Found: C, 37.0; H, 6.45;
N, 17.15. Calc. for C5H10N2O4: C, 37.0; H, 6.2; N, 17.3%.); m/z (Found: [M+HJ+,
163.0720. Calc for
Dmax

C5HHN2O4: 163.0719);

[a]2D2 -18.6 (c 0.6 in 6 mol dm*3 HCI);

(Nujol)/cm-i 3261 (NH) and 1739 (C=0); 5H (200 MHz; 2H20, p2H 1) 0.84

(3H, d, J 7.5, 3-CH3), 2.85 (1H, m, (AB splitting), 3-H), 3.83 (1H, d, J 5.0, 2-H); 6C
(50 MHz; 2H20, p2H 1) 12.30 (CH3), 41.47 (3-CH), 62.74 (2-CH) and 174.46 &
177.92

(2 x C02H); m/z (CI), 163 {[M

+

H]+, 6%) and 145 (100, [M

-

NH4]+).
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(2S)-2-Hydrazinosuccinic Acid Monohydrate (38; R1 = H)

h2nx xh
N

co2h.h2o
co2h
V

This

compound was prepared in

a manner

identical to that described for (2S,3S)-

2-hydrazino-3-methylsuccinic acid (38; R1=CH3), using fumaric acid (2.0 g,
17.2

mmol) to give the desired compound

as a

white crystalline solid (1.2 g,

41.9%), m.p. 123-124 °C {lit.,185'131 109 °C and 116-118 °C}; (Found: C, 29.0;
H, 6.35; N, 16.7. Calc. for C4H10N2O5: C, 28.9; H, 6.05; N, 16.85%.);

[a]2D2 -22.0

(c0.6 in 6 mol drrr3 HCI) and -14.4 (c 1 in H2O) {lit.,131-185 -14 2 (c 1 in h2o)};
"Umax

(Nujol)/cnr1 3285 & 3105 (NH) and 1705 (CO); 8H (200 MHz; 2H20, p2H 1)

2.77

(2H, d, J 7.5, 3-CH2) and 3.92 (1H, d, J 7.5, 2-H); 5C (50 MHz; 2H20, p2H 1)

35.87

(3-CH2), 57.68 (2-CH) and 174.75 & 175.04 (2

x

C02H).

2-Ethylacetoacetate Ethyl Ester (59)

Sodium

(1.28 g, 55.7 mmol) was dissolved in dry ethanol (20 cm3). A portion

(7.3 cm3, 20.2 mmol) was removed via a syringe and dripped into ethyl
acetoacetate

(2.0 g, 15.5 mmol) with stirring.

ethoxide solution, the mixture was left

After addition of the sodium

stirring for 20 min. and then added
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dropwise to ethyl tosylate (2.38 g, 11.9 mmol), while stirring. The mixture

was

then refluxed under

was

nitrogen for 4 h, before being cooled.

The solution

poured into water (25 cm3) and then extracted with ether (4 x 30 cm3). The
ethereal

layers were combined, dried (MgSC>4) and the solvent removed under

reduced pressure

distillation to

to give an orange oil, which was partially purified by micro-

give 2-ethylacetoacetate ethyl ester

23.9%), b.p. 125 °C/ 25 mmHg;

\)max

as a

colourless oil (0.45 g,

(Nujol)/cm"1 1734-1653 (CO); 5H (200 MHz;

C2HCI3) 0.87 (3H, t, J 7.5, 2'-CH3), 1.21 (3H, t, J 7.2, OCH2CI±3), 1.82 (2H,

qn,

J 6.6,

r-CH2), 2.16 (3H, s, 4-CH3), 3.27 (1H, t, J 7.4, 2-CH) and 4.13 (2H.

J 7.2,

OCtL2CH3); 5C (50 MHz; C2HCI3) 12.3 (2'-CH3), 14.5 (OCH2£H3), 22.0

q,

(2'-CH2), 29.2 (£H3CO), 61.6 (0£H2CH3), 61.8 (3'-C), 170.2 (0£OEt.) and 203.7
(0£OCH3); m/z (El) 130 {[M
[M

-

-

C2H4]+, 14%), 116 (62, [M

-

C3H6]+), 101 (51,

C3H50]+), 73 (64, [M - C5H90]+) and 43 (100, C2H30+).

Ethylfumaric Acid (37; R1 = Et)

h

,co2H

ho2c

Bromine

(4.0 g, 11.3 cm3) was added slowly to a vigorously stirred solution of

2-ethyl acetoacetate ethyl ester (59) (1.78 g, 11.3 mmol) in dry diethyl ether
(15 cm3).

The resulting solution

was

removed under reduced pressure to
dibromide
ethanol

was

dissolved in

refluxed for 5 h and the volatiles

were

give the dibromide as an orange oil. The

dry ethanol (3 cm3) and added to a solution of

(10 cm3) containing powdered potassium hydroxide (3.6 g, 64.3 mmol)

and refluxed for 1 h.

The mixture

was

refluxed for 1 h and then steam distilled

until 60 cm3 of distillate had been collected.

The undistilled material

was
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acidified with concentrated
40

hydrochloric acid and extracted with diethyl ether (4

cm3). The pooled organic extracts

removed under reduced pressure to
from

were

dried (MgSCU) and the solvent

x

was

give a yellow solid, which was recrystallised

diethyl ether/ light petroleum to give an off white solid (0.66 g, 41.4%), m.p.

197-200 °C

{lit.,104 195 °C}; m/z (Found: [M

requires 145.0501);

+

H]+, 145.0496. C12H17N2O4

(Nujol)/cnrr1 1686 (CO); 5h (200 MHz; 2H20, pH 9) 0.96

omax

(3H, t, J 7.6, CH3), 2.45 (2H, q, J 7.6, CH2) and 6.42 (1H, s, C=CH); 5c (75 MHz;

2H20, pH 9) 13.77 (CH3), 22.77 (CH2), 128.01 (3C), 148.01 (2C), 174.37 and
175.44
101

(2

x

C02H); m/z (CI) 145 ([M

(100, [M+ H

-

+

H]+, 100%), 127 (60, [M

+

H

-

H20]+) and

C02]+).

'Propylfumaric Acid (37; R1='Pr)

h

,co2h
—/

H02cCH(CH3)2

Sodium ethoxide solution

(prepared by dissolving sodium (9.6 g, 0 42 mol) in

anhydrous ethanol (150 cm3)) was added dropwise to ethyl acetoacetate (49 g,
0.38

mol). After 20 min of further stirring, 2-bromopropane (69.5 cm3, 0.74 mol)

was

added

slowly dropwise and the reaction mixture was refluxed for 3 h and

then allowed to cool.
extracted with

The solution

diethyl ether (3

x

was

poured into water (200 cm3) and

200 cm3).

The ethereal layer

was

dried

(MgSCU), and the solvent removed under reduced pressure to give a red oil
which

was

distilled under

vacuum to

yellow oil (24 g, 37.0 %).
converted into

give 2-'propyl acetoacetate ethyl ester as a

The 2-'propylacetoacetate ethyl ester

'propylfumarie acid in

preparation of ethylfumaric acid. The

a manner
pure

was

then

identical to that described for the

'propylfumaric acid was obtained after
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recrystallisation from diethyl ether / petroleum ether as an off-white solid (6.4 g,

34.8%), m.p. 180-182 °C, (lit.,104 180-181 °C);
5h (200 MHz;

umax

(Nujol)/crrr1 1700 (CO);

2H20, pH 9) 1.08 (6H, d, J 7.0, 2-CH(CJt±B)2), 3.13 (1H, septet,

CH2) and 5.89 (1H, s, C=CH); 6C (50 MHz; 2H20, pH 9) 22.0 (2-

J 7.0,

CH(£H3)2), 29.4 (2-£H(CH3)2), 123.7 (3-C), 152.1 (2-C), 177.8 and 179.4 (2

x

C02H).

npropylfumaric Acid (37; R1=nPr)

This

compound was prepared in a manner identical to that described for

'propylfumaric acid, using 1-bromopropane (51.4 cm3, 0.56 mol) to give an offwhite solid, in 22.9%

yield,

m.p.

172-175 °C, (lit.,104 172-174 °C);

umax

(Nujol)/cm-1 1701 (CO); 5H (200 MHz; 2H20, pH 9) 0.85 (3H, t, J 7.3,
2-CH2CH2CM3), 1.40 (2H,

m,

2-CH2CH2CH3), 2.42 (2H, t, J 7.0, 2-CJd2CH2CH3)

(1H, s, C=CH); 5C (50 MHz; 2H20; pH 9) 14.2 (2-CH2CH2£H3), 22.7

and 6.35

(2-CH2£H2CH3), 31.8 (2-£H2CH2CH3), 129.1 (3-C), 145.0 (2-C), and 177.7 &
178.8

(2

x

C02H).
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(2S,3S)-2-Hydrazino-3-ethylsuccinic Acid (38; R1 = Et)

H

h2N-.n'

co2H

%

Y_ i
H"*lj \^ch2ch3
H

ho2c

This

compound was prepared in a manner identical to that described for (2S,3S)-

2-hydrazino-3-methylsuccinic acid (38; R1=CH3), using ethylfumaric acid
(37; R1=Et) (2.0 g, 13.9 mmol) to give the desired compound. The product was
further

purified by charcoal treatment and recrystallisation to give an off-white

powder (1.4 g, 57.3%), m.p. 189-192 °C; (Found: C, 40.55; H, 6.75; N, 15.75.
Calc. for

C6H12N204: C, 40.90; H, 6.85; N, 15.9%.); m/z (Found: [M +H]+,

177.0871. Calc. for

C6H13N204: 177.0875);

[a]2g -13.9 (c 0.6 in 6 mol dm"3 HCI);

Umax

(Nujol)/cm-1 3344 & 3219 (NH) and 1700 (CO); 5H (200 MHz; 2h20, p2H 1)

0.48

(3H, t, J 8.3, -CH2CH3), 1.5 (2H, m, -CF^Me), 2.8 (1H, m, 3-H) and 3.95 (1H,

d, J 4.2, 2-H); 6c (50 MHz;
62.04

2h20, p2H 1) 12.25 (CH3), 21.84 (CH2), 48.79 (3-CH),

(2-CH) and 174.50 & 177.62 (2

and 159

(93, [M

-

NH4]+).

x

C02H); m/z (CI) 177 ([M

+

H]+, 100%)
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(2S,3S)-2-Hydrazino-3-(propylsuccinic Acid (38; R1='Pr)

This

compound was prepared in a manner identical to that described for (2S,3S)-

2-hydrazino-3-methylsuccinic acid (38; R1=CH3), using 'propylfumaric acid
(37; R1='Pr) (2.0

g,

12.7 mmol) to give the desired compound as an off-white

powder (0.79 g, 32.8%), m.p. 193-195 °C; (Found: C, 44.2; H, 7.4; N, 14.5. Calc.
for

C7H14N204: C, 44.2; H, 7.4; N, 14.75%.); m/z (Found: [M + H]+, 191.1026. Calc.

for

C7H15N2O4: 191.1032);

3347 & 3227

[a]2^ -42.0 (c0.6 in 6 mol dm-3 HCI); umax (Nujol)/cm-i

(NH) and 1703 (CO); 5H (200 MHz; 2H20, p2H 1) 0.66 (3H, d, J 6.6,

3-CH(CJ±3)2), 0.76 (3H, d, J 6.6, 3-CH(C]±3)2), 1-94 (1H,

m,

3-CFL(CH3)2), 2.42

(1H, t, J 6.6, 3-H) and 3.81 (1H, d, J 6.4, 2-H); 5C (50 MHz; 2H20, p2H 1) 19.82

(3-CH(£H3)2), 21.15 (3-CH(£H3)2), 27.81 (3-£H(CH3)2), 54.06 (3-CH), 60.74
(2-CH) and 174.51 & 177.12 (2
(100, [M

-

NH4]+).

x

C02H); m/z (CI) 191 ([M

+

H]+, 30%) and 173
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(2S,3S)-2-Hydrazino-3-npropylsuccinic Acid (38; R1=nPr)

This

compound was prepared in a manner identical to that described for (2S,3S)-

2-hydrazino-3-methylsuccinic acid (38; R1=CH3), using "propylfumaric acid
(37; R1=nPr) (0.9 g, 5.7 mmol) to give the desired compound as an off-white

powder (0.34 g, 31.4%), m.p. 173-174 °C; (Found: C, 44.1; H, 7.55; N, 14.7. Calc.
for

C7HUN2O4: C, 44.2; H, 7.4; N, 14.75%.); m/z (Found: [M + H]+, 191.1027. Calc.

for

C7H15N204: 191.1032);

[a]2g -37.1 (c 0.41 in 6 mol dm-3 HCI);

umax

(Nujol)/cm-l 3346 & 3219 (NH) and 1699 (CO); 5H (200 MHz; 2h20, p2H 1) 0.66
(3H, d, J 6.6, 3-CH(CJ±b)2), 0.76 (3H, d, J 6.6, 3-CH(Ci±3)2), 1-94 (1H, m, 3-

CH(CH3)2), 2.42 (1H, t, J 6.6, 3-H) and 3.81 (1H, d, J 6.4, 2-H); 5C (50 MHz;

2H20, p2H 1) 14.04 (3-CH2CH2£H3), 21.16 (3-CH2£.H2CH3), 30.37 (3^H2CH2CH3), 46.94 (3-CH), 62.31 (2-CH) and 174.47 & 177.71 (2
(CI) 191 ([M+ H]+, 5%) and 173 (100, [M

-

NH4]+).

x

C02H); m/z
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(2S)-A/-Methylaspartic Acid Monohydrate (39; R1=H, R2=CH3, R3=H)

Fumaric acid

(2.0 g, 17.2 mmol) was dissolved in concentrated (40%)

methylamine solution.
pressure to
water

concentrated under reduced

Magnesium chloride hexahydrate (0.38 g) and potassium

(0.45 g) were added and the pH was adjusted to 9 with

methylamine solution.
reaction flask

was

the reaction

and

was

conc.

3-Methylaspartase (120 units) was added and the

then incubated at 30 °C.

Aliqouts (100 pi)

were

then taken out

by 1H NMR. More enzyme was added every 24 h. After

and the reaction followed

2 mins

was

give the dimethyl ammonium salt which was then redissolved in

(25 cm3).

chloride

The resulting solution

complete (~7 days), the protein was denatured at 100 °C for

removed

by filtration through a celite pad. The filtrate

was

evaporated to dryness and the residue redissolved in water (10 cm3).

The

solution

was

acidified to

pH 1 with 12 mol dm-3 hydrochloric acid and extracted

40 cm3). The aqueous layer was then adjusted to pH 4 (with conc.

with ether

(2

ammonia

solution) and the solution concentrated under reduced pressure. The

x

resulting crude product was recrystallised from boiling water.to give a white

crystalline solid (1.28 g, 45.0%), m.p. 189-191 °C (lit.,137 189-190 °C); (Found:
C, 36.65; H, 6.95; N, 8.3. C5H9NO4.H2O requires C, 36.35; H, 6.7; N, 8.5%.); m/z

(Found: [M + H]+, 148.0610. C5H10NO4 requires 148.0609);

H2O), {lit.,137 -15.4 (c0.5 in H2O at 18 °C) for D-antipode};

[cc]2D2 +14.4 (c 2 in

Dmax

(Nujol)/crrr1 3210

(NH) and 1637 (CO); 5H (200 MHz;2H20) 2.77 (3H, s, N-CH3), 3.02 (2H, d, J 5.1,
3-CH2) and 3.90 (1H, t, J 5.2, 2-H); 5C (50 MHz; 2H20) 33.10 (N-CH3), 34.35

(3-C), 60.14 (2-C), 173.01 (4-C) and 175.09 (1-C); m/z (CI)
102

(32, [M - CO2H

-

H]+).

,

148 (M+, 100%) and
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(2S,3S)-/V-Methyl-3-methylaspartic

Acid

(39;

R1 = CH3, R2=CH3,

R3=H)

H

h^n

ho2c

co2h

h

V,

This

compound was prepared in a manner identical to that described for (2S)-

/V-methylaspartic acid monohydrate (39; R1=H, R2=CH3, R3=H), using
mesaconic acid

(2.0 g, 15.4 mmol) to give the desired compound as

a

white

crystalline solid (1.0 g, 40.3%), m.p. 195-197 °C; (Found: C, 44.75; H, 6.95;
N, 8.65. Calc. for CeHnNO^ C, 44.7; H, 6.9; N, 8.7%.); m/z (Found: [M + H]+,
162.0766. Calc.
Umax

forC6H12N04: 162.0765);

[a]2D2 +17.1 (c0.6 in 6 mol dm-3 HCi);

(Nujol)/cm-1 3227 (NH) and 1696 (CO); 5H (300 MHz; 2H20) 1.18 (3H, d,

J7.5, 3-CH3), 2.69 (3H, s, N-CH3), 3.11 (1H, m, (AB splitting), J 7.5 and 3.1, 3-H)
and 3.84
42.39

(1H, d, J 3.1, 2-H); 8C (50 MHz; 2H20) 14.25 (3-CH3), 35.88 (N-CH3),

(C-3), 67.40 (C-2), 174.17 (C-4) and 180.00 (C-1); m/z

(MT 100%), 144 (15, [M - OH]+) and 116 (57, [M - H

-

C02H]+).

(CI) 162
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(2S,3S)-W-Methyl-3-ethylaspartic Acid (39; R1=Et, R2=CH3j R3=H)

h

c02h

ho2c

This

h

compound was prepared in a manner identical to that described for (2S)-

A/-methylaspartic acid monohydrate (39; R1=H, R2=CH3, R3=H), using
ethylfumaric acid (37; R1=Et) (2.0
as a

white

crystalline solid (0.85

g,

g,

13.9 mmol) to give the desired compound

34.9%), m.p. 225-227 °C

;

(Found: C, 47.95;

H, 7.4; N, 6.85. Calc. for C7H13N04: C, 48.0; H, 7.5; N, 7.0%.); m/z

[M

+

H]+, 176.0923. Calc. for C7H14N04: 176.0921);

6 mol dm-3

HCI);

umax

[a]2D2 +20.2 (c 0.6 in

(Nujol)/cm-l 3230 (NH) and 1694 (CO); 5H (200 MHz;

2H20, Na02H) 0.88 (3H, t, J 5.9, 3-CH2CH3), 1.42 (2H,
m,

(Found:

m,

3-CH2CH3), 2.60 (1H,

3-H), 2.65 (3H, s, N-CH3), and 3.63 (1H, d, J 1.7, 2-H); 5C (50 MHz; 2H20,

Na02H) 12.85 (CH3), 21.44 (CH2), 34.30 (N-CH3), 49.69 (C-3), 66.36 (C-2),
173.29
H

-

OH

(C-4) and 181.93 (C-1); m/z (CI) 176 ([M
+

H]+).

+

H]+, 100%) and 158 (32, [M

+
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(2S)-A/-Ethylaspartic Acid (39; R1=H, R2=Et, R3=H)

/ch2ch3
n

co2h

This

compound was prepared in a manner identical to that described for (2S)-

/V-methylaspartic acid monohydrate (39; R1=H, R2=CH3, R3=H), using
fumaric acid

(0.2 g, 1.4 mmol) and ethylamine solution (70 %). However due to

low final concentrations,

isolated;

compound (39; R1=H, R2=Et, R3=H) could not be

5H (200 MHz; 2H20, p2H 9) 1.22 (3H, t, J 7.0, N-CH2CH3), 2.68 (2H, dd,

(ABX), J 7.0 & 4.8, 3-CH2), 3.04 (2H, q, J 7.0, N-CH2CH3), 3.73 (1H, dd, J 4.8,

2-C-H); 5C (50 MHz; 2H20, p2H 9) 13.43 (N-CH2£H3), 36.25 (N-£H2CH3), 45.48
(3-C), 59.25 (2-C), 174.09 (4-C) and 176.15 (1-C).

(2S)-/V,/V-Dimethylaspartic Acid (39; R1=H, R2=CH3, R3=CH3)

This

compound was prepared in a manner identical to that described for (2S)-

/V-methylaspartic acid monohydrate
fumaric acid

desired
°C

(39; R1=H, R2=CH3, R3=H), using

(2.0 g, 17.2 mmol) and dimethylamine solution (40 %) to give the

compound as a white crystalline solid (39) (0.70 g, 28.2%), m.p. 196-198

(lit.,181 198 °C); (Found: C, 44.85; H, 6.85; N, 8.75. CeHnNCU requires C,
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44.7; H, 6.9; N, 8.7%.); m/z (Found: [M + H]+, 162.0766. C6H12N04 requires

162.0765);

[a]2D2 -2.0 {c 0.6 in 6 mol dm-3 HCI);

umax

(Nujol)/cnr1 1699 (CO); SH

(200 MHz; 2H20) 2.86 (6H, s, N-(CH3)2), 2.98 (2H, d, J6.4, 3-CH2) and 4.05 (1H,
t, J 6.2, 2-H);
175.0

5C (50 MHz; 2H20) 34.74 (C-3), 62.19 (C-2), 68.76 (N-(CH3)2),

(C-4) and 176.67 (C-1); m/z (CI) 162 (Af+, 100%), 144 (22, [M

and 116

(30, [M

-

H

-

+

H

-

OH]+)

C02H]+).

(2S,3S)-/V-Methyl-{3-2H}-3-methylaspartic Acid (40)

This

compound was prepared in a manner identical to that described for (2S,3S)-

A/-methyl-3-methyaspartic
mesaconic acid
white

acid

(39; R1 = CH3, R2=CH3, R3=H) using

(2.0 g, 15.4 mmol) in 2H20 to give the desired compound

as a

crystalline solid (40) (0.98 g, 39.5%), m.p. 209-211 °C; m/z (Found:

[M+ H]+, 163.0821. Calc. for CeHi^HNO^ 163.0829);
6 mol dm-3

HCI);

2H20) 1.14 (3H,

vmax

s,

[a]2D2 +18.7 (c 0.63 in

(NujolJ/cnrH 2853 (N-CH3) and 1688 (CO); 5H (200 MHz;

3-CH3), 2.68 (3H,

s,

N-CH3) and 3.83 (1H,

s,

2-H); 5C

(50 MHz; 2h20) 12.50 (3-ch3) 34.18 (N-ch3), 40.10 (c-3), 65.61 (c-2) and
172.50 & 178.29

[M

-

OH]+).

(2

x

C02H); m/z (CI)

,

163 {[M

+

H]+, 100%) and 145 (21,
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(2S)-/V-Hydroxyaspartatic Acid (43; R1=H, R2=OH, R3=H)

HO

H

\

/

N

V,

Fumaric acid

(0.3 g, 2.6 mmol) was dissolved in ethylamine and the solution was

concentrated under reduced pressure to
was

dissolved in water

give the salt. The diethylammonium salt

(2 cm3) and the pH adjusted with hydroxylamine solution

(40% w/v, pH 11 in 70% w/v ethylamine solution) to 9.

Magnesium chloride

hexahydrate (64 mg), potassium chloride (76 mg) were added and the solution
made upto

4 cm3 with water. 3-Methylaspartase (20 units) was added and the

reaction flask

was

then incubated at 30 °C for 3

concentrated under reduced pressure to

days.

The solution

was

give crude diethylammonium (2S,3S)-

/V-hydroxyaspartate The crude material was redissolved in the minimum amount
of water and acidified to

pH 1 with dilute HCI and purified using ion exchange

chromatography ('Dowex', 50W-X8, H+ form).

After thorough washing of the

column with distilled water, the

product was eluted from the column with aqueous

ammonia

was

acid

(0.5%).

as an

The eluate

off white solid, which

evaporated to give (2S)-/\/-hydroxyaspartic

gradually formed

a

sticky gum (0.11 g, 28.2%),

[a]2^ +5.3 (cO.19 in H20); 5H (200 MHz; 2h20) 2.93 (2H,

m,

(ABX splitting), J4.8,

3-CH2) and 4.13 (1H, t, J 5.0, 2-H); 8C (50 MHz; 2H20) 34.90 (3-CH2), 64.18

(2-CH) and 174.31 & 177.59 (2

x

C02H).
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(2S,3S)-N-Hydroxy-3-methylaspartic

Acid

(43;

R1 = CH3, R2=OH,

R3=H)

h

\

co2h
•

h..*j >ch3
h

ho2c

This

compound was prepared in a manner identical to that described for (2S)-

A/-hydroxyaspartic acid (43; R1=H, R2=OH, R3=H), using mesaconic acid
(2.0 g, 15.4 mmol) to give (2S,3S)-A/-hydroxy-3-methylaspartic acid (0.48 g,

19.2%),

[a]2D2 -23.3 (c 0.25 in H20); 5H (200 MHz; 2h20) 1.07 (3H, d, J 7.3,

3-CH3), 3.01 (1H,

m,

(AB splitting), 3-H) and 4.11 (1H, d, J 3.2, 2-H); 8c (50 MHz;

2H20, p2H 1) 14.20 (CH3), 41.42 (3-CH), 69.49 (2-CH) and 174.12 & 181.12 (2

x

C02H).

(2S,3S)-A/-Hydroxy-3-ethylaspartic Acid (43; R1=Et, R2=OH, R3=H)

h

7

UA

n

ho2c

This

compound

was

c02h

^ch2ch3
h

prepared in a manner identical to that described for (2S)-

A/-hydroxyaspartic acid (43; R1=H, R2=OH, R3=H), using ethylfumaric acid
(0.2 g, 1.4 mmol) to give the crude compound (30 mg, 12%), 5h (200 MHz; 2H20,
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p2H 9) 0.69 (3H, t, J 7.0, -CH2CH3), 1.42 (2H,
3.48

m,

-CH^Me), 2.33 (1H,

m,

3-H) and

(1H, d, J 4.2, 2-H).

(2S)-A/-Methoxyaspartic Acid (43; R1=H, R2=OMe, R3=H)

Fumaric acid

(2.0 g, 17.2 mmol) was dissolved in concentrated (40%) ethylamine

solution. The

resulting solution was concentrated under reduced

pressure to

give

diethyl ammonium salt which was then redissolved in water (15 cm3).

the

Methoxylamine solution (40%) was added (10 cm3) and the pH adjusted to 9
using ethylamine solution. Magnesium chloride hexahydrate (0.38 g), potassium
chloride

(0.45 g) and finally 3-methylaspartase (120 units) were added.

reaction flask

was

then incubated at 30°C.

and the reaction followed

the reaction

was

by 1H NMR. More enzyme was added every 24 h. After

by filtration through a celite pad. The filtrate was evaporated

dryness and the residue redissolved in water (10 cm3).

acidified to
40

Aliquots (100 (il) were then taken out

complete (~3 days), the protein was denatured at 100 °C for 2

mins and removed
to

The

The solution

was

pH 1 with 12 mol drrr3 hydrochloric acid and extracted with ether (2

cm3). The

aqueous

x

layer was then concentrated under reduced pressure to

give a yellow oil, which was purified using ion exchange chromatography

('Dowex', 50W-X8, H+ form). After thorough washing of the column with distilled
water, the product was eluted from the column with aqueous ammonia (0.5%).
The eluate
viscous oil
2.20

was

evaporated to give (2S)-A/-methoxyaspartic acid

(0.87 g, 31%),

as a

yellow

[a]2^ -7.2 (c 0.35 in H20); 8h (200 MHz; 2H20, pH 9)

(1H, dd, J 7.5 Hz, 3-CH2) and 3.92 (1H, d, J 7.5 Hz, 2-H); 5c (50 MHz;
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2H20, p2H 1) 39.31 (3-CH2), 55.01 (2-CH), 63.79 (OCH3) and 180.0 & 181.22
(2 x C02H).

(2S,3S)-/V-Methoxy-3-methylaspartic

Acid

(43;

R1 = CH3, R2=OMe,

R3=H)

V

This

compound was prepared in a manner identical to that described for (2S)-

/V-methoxyaspartic acid (43; R1=H, R2=OMe, R3=H), using mesaconic acid
(0.3 g, 2.3 mmol) to give the desired compound as a light brown viscous oil
(0.14 g, 34.1%), 5H (200 MHz; 2H20, p2H 9) 0.90 (3H, d, J 7.3, 3-CH3), 2.58 (1H,
m,

(AB splitting), 3-H), 3.36 (3H, s, OCH3) and 3.72 (1H, d, J 4.2, 2-H); 5c

(50 MHz; 2H20, p2H 1) 15.26 (CH3), 43.02 (3-CH), 58.8 (2-CH), 63.88 (OCH3)
and 181.0 & 182.3

(2 x C02H).
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(47)

(14.72 g, 92 mmol) was slowly added to dry diethyl ether (100 cm3) in

Bromine
the dark.

After 30 min, maleic acid

30 min and the reaction

solution

(10

g,

86 mmol) was added in portions over

kept cool in an ice bath throughout the addition.

then stirred for

was

sulfurous acid
water

126

a

further 30 min, washed with water

The

(50 cm3), dilute

(100 cm3 portions) until there was no further colour change, and

(2 x 50 cm3).

The ether was dried (MgSC>4) and the solvent removed

under reduced pressure to

yield racemic-2,3-dibromosuccinic acid

as

white

crystals (19.3 g, 81.5%), m.p. 167-169 °C {lit.,104 1 67-168 °C}.

Racemic-2,3-dibromosuccinic acid (9 g, 33 mmol) was refluxed in water (30
for 6 h.

The water

solid which

was

was

removed under reduced pressure to

yield

an

cm3)

off-white

recrystallised from diethyl ether/ light petroleum to give white

crystals (47) (4.0 g, 63.0%) (55.3%, from maleic acid), m.p. 176-178 °C {lit.,104
176-177
7.52

°C};

Umax

(Nujol)/crrr1 1708 (CO) and 1622 (C=C); 5H (200 MHz; 2H20)

(1H, s, CH3); 5c (50 MHz; 2H20) 125.72 (C=£H), 133.02 (C=£-Br) and

166.33 & 169.04

(2

x

C02H).
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(44)

Phosphorus pentoxide (125 g, 0.6 mol) and (2fl,2fl)-(+)-tartaric acid (19 g,
0.125

mmol) were mixed and warmed until the reaction became liquid.

reaction mixture
and the

was

distilled

(130-160 °C) to remove POCI3, the residue cooled,

liquid decanted from the resulting crystalline

reduced pressure

The

mass.

Distillation under

(b.p. 66-68 °C/ 10 mmHg) gave chlorofumaryl dichloride

as a

pale yellow liquid. The entire sample was then added to water (50 cm3). The
mixture
were

stirred

vigorously overnight, at 4 °C to give white crystals (44), which

recrystallised from dilute HCI (7 g, 41.1%), m.p. 190-191 °C (lit.,104

190-191
7.06

was

°C);

umax

(Nujol)/crTT1 1709 (CO) and 1633 (C=C); 5H (200 MHz; 2H20)

(1H, s, CH3);5c (50 MHz; 2H20) 128.61 (C=£H), 135.28 (C=£.-CI) and

165.54 & 167.93

(2

x

C02H); m/z (El) 150 and 152 (M+, CI isotopes).

Dimethylfumaric Acid (52)

2,3-Dimethylmaleic anhydride (2.8 g. 22.2 mmol) was dissolved in 30% aqueous
sodium

hydroxide solution (40 cm3) and refluxed for 48 h. The reaction mixture

was

acidified with

was

extracted with ether

conc.

HCI, and the resulting precipitate filtered.

(3

x

The filtrate

50 cm3) and the organic layers were combined and
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The residue was subjected to steam distillation until

starting material crystallised in the condenser.

no more

The remaining solution

was

evaporated under reduced pressure and the residue recrystallised from hot water
to

give white needles of product (52) (0.89 g, 27.8%), m.p. 245-246 °C (lit.,148

239-240

°C); (Found: C, 50.35; H, 5.3. C6H8O4 requires C, 50.0; H, 5.6%.);

(Nujol)/cm-1 1689 (CO); 5H (200 MHz; 2H20, pH 9) 1.72 (6H,
2H20, pH 9) 17.73 (2

x

s,

Dmax

CH3); 5C (50 MHz;

CH3), 133.77 (2-C and 3-C) and 177.25 (2

x

C02H).

Benzyl Pyruvate (56)

To

pyruvic acid (3.9 cm3, 56.8 mmol)

62.5

was

added benzyl alcohol ( 6.5 cm3,

mmol) and the mixture heated at 90-100 °C for 8 h.

The solution

poured into water (20 cm3) and extracted with ethyl acetate (3

x

was

20 cm3). The

organic layers were combined, dried (MgS04) and concentrated under reduced
pressure.

The residue was purified by silica chromatography using ethylacetate/

light petroleum (3:7; Rf
75-80 °C/ 15

5H (200 MHz;

=

0.59) to give

a

pale yellow oil (56) (4.9 g, 48.5%), b.p.

mmHg (lit.,190 68-70 °C/ 10 mmHg);

C2HCI3) 2.45 (3H,

s,

umax

CH3), 5.29 (2H,

s,

(Neat)/crrr1 1732 (CO);

Ph-CFb) and 7.39 (5H, s,

Ar); 5C (50 MHz; C2HCI3) 27.25 (CH3), 68.49 (Ph-£H2), 129.2 (aromatic), 135.0
(ipso aromatic), 161.04 (£02CH2Ph) and 192.10 (CO).
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Benzyl (2ft/S)-2-Bromopropionate (57)

To

benzyl alcohol (41.3 cm3, 0.4 mol) and concentrated sulfuric acid (1.3 cm3)

was

added

stirred

(2f?/S)-2-bromopropionic acid (20

overnight at room temperature.

2 mol dm-3 sodium

alkaline.

The mixture

was

was

extracted with

distilled under pressure to

140-150 °C/ 15

0.13 mol), and the mixture

Water (100 cm3) was added and

hydroxide solution added until the

(MgSCU) and concentrated under reduced
The oil

g,

aqueous

ethyl acetate (3
pressure to

give

100 cm3), dried

x
a

40.61

pale yellow oil.

give a colourless oil (50) (23.1 g, 72.6%),

mmHg (lit.,191 139-141 °C/ 7 mmHg);

umax

(neat)/cnr1 1740

(CO); 5h (200 MHz; C2HCI3) 0.66 (3H, d, J 7.5, CH3), 4.43 (1H,
5.22

layer became

q,

J 7.5, 2-CH),

(2H, s, Ph-CH2) and 7.40 (5H, s, Ar); 5C (50 MHz; C2HCI3) 22.17 (£H3),

(2-CH), 68.09 (Ph-£H2), 128.72-129.18 (aromatic), 135.74 (ipso aromatic)

and 170.56

(£02CH2Ph).

2,3-Dimethylmaleic Anhydride (55)

Benzyl (2fl/S)-bromopropionate (57) (15.0 g, 61.7 mmol) was added to triethyl

phosphite (10.6 cm3, 61.7 mmol) and the mixture refluxed for 24 h. The solution
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concentrated under reduced pressure to

distilled under reduced pressure

give a colourless oil, which

was

(150 °C/ 25 mmHg) to give a pale yellow oil of

methyl diethyl 2-phosphonopropionate

hydride (0.55 g, 14.7 mmol) was suspended in dry THF (10 cm3) and

Sodium

methyl diethyl 2-phosphonopropionate (4.2 g, 14.0 mmol) added dropwise with
stirring. After a further 2 h, benzyl pyruvate (56) (2.5 g, 14.0 mmol) was added
and the solution left

stirring for another hour. Water (20 cm3) was added slowly

and the mixture extracted with
reduced pressure.

ethyl acetate (3

Sodium hydroxide (2.2

g,

x

20 cm3) and concentrated under

56 mmol) was dissolved in water

(30 cm3) and added to the residue. The mixture was refluxed for 1 h, acidified
with

conc.

residue

recrystallised from water to give white crystals (0.74

was

93-95 °C
Umax

HCI, and again concentrated under reduced pressure. The resulting

41.1%), m.p.

g,

(lit.,133 95 °C); m/z (Found: M+, 126.0314. C6H603 requires 126.0317);

(Nujol)/cm-1 1755 (CO); 6H (200 MHz; 2H20, pH 9) 1.60 (6H,

s,

2 x CH3); 8C

(50 MHz; 2H20, pH 9) 18.15 (2 x CH3), 135.81 (2-C and 3-C) and 182.56 (2

x

C02H); m/z (El) 126 {M+, 50 %), 82 (80, [M - C02]+), 54 (100, [M - C203]+) and
39

(81, [M - C3H303]+).

(2S,3S)-2-Amino-2,3-dimethylsuccinic Acid (58)
>

h2n

\

co2h

H3C"«f~~V*ch3
ho2c

Dimethylfumaric acid (52) (0.65 g, 4.5 mmol)
and the

solution
which

was

suspended in water (6 cm3)

pH adjusted to 9 with concentrated ammonia solution.
was

was

concentrated under reduced pressure to

redissolved in water

(5 cm3).

The resulting

yield the diammonium salt

Magnesium chloride hexahydrate
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(13 mg, 6.5 pmol) and potassium chloride (3 mg, 38 pmol)
The

pH

readjusted to

was

9

with

concentrated

were

then added.

ammonia

solution.

3-Methylaspartase (50 units) was added and the reaction flask incubated at
30 °C.

Extra enzyme was

conversion

was

obtained

added periodically, for 5 weeks, however only 15%

as

judged by 1H NMR. The protein was denatured at

100 °C for 2 min and removed

by gravity filtration. The filtrate

was

acidified to

pH 1 with 12 mol dnr3 hydrochloric acid and purified by ion exchange

chromatography ('Dowex', 50W-X8, H+ form) to give
(40 mg, 7%); m/z (Found: [M

+

a

buff white solid (58)

H]+, 162.0767. C6H12NO4 requires 162.0766);

[a]2D2 +6.1 (c 0.23 in 6 mol dm*3 HCI);

umax

(Nujol)/cnrH 1713 (CO); 5H (200 MHz;

2H20, pH 9) 1.05 (3H, d, J 7.5, 3-CH3), 1.35 (3H,

s,

2-CH3), 2.88 (1H,

q,

J 7.5, 3-

H); 8C (50 MHz; 2H20, pH 9) 13.5 (3-CH3) 21.7 (2-CH3), 45.2 (3-C), 61.9 (2-C)
and 173.2 & 176.9
and 116

(2

x

C02H); m/z (CI) 162 {[M + H]+, 57%), 144 (45, [M

-

NH4]+)

(100, [M- C02H]+).

Ethyl Tosylate (64)

Dry ethanol (2.0 g, 44 cm3) was dissolved in dry pyridine (2 cm3) and cooled in
ice.

Tosyl chloride (10.0 g, 52 mmol) was dissolved in dry pyridine (12 cm3), and

this solution

was

added

slowly, dropwise to the ethanol/pyridine mixture.

The

temperature was kept below 10 °C and the reaction stirred for a further 3 h. The
reaction

mixture

was

poured into ice water (44 cm3) containing

conc.

hydrochloric acid (13 cm3), causing precipitation of ethyl tosylate. The solid was

recrystallised from ether/ light petroleum to give white crystals of ethyl tosylate
(64) (7.17 g, 82.4%), m.p. 27-29 °C (lit.,183 33-34 °C); m/z (Found: M+, 200.0514.
C9Hi2S03 requires 200.0507);

umax

(Nujol)/cnr1 1597 (Ar C-C), 1179 (SO); 8H

(200 MHz; C2HCi3) 1.26 (3H, t, J 7.2, CH2Ctl3), 2.42 (3H, s, ChbPh), 4.07 (2H,
q,

J 7.2, CH2CH3), 7.32 (2H, d, J 8.3, aromatic) and 7.76 (2H, d, J 8.4, aromatic);

8C (75 MHz; C2HCI3) 14.5 (CH2£H3), 21.4 (Ar-£H3), 66.6 (£H2CH3), 127.7 &
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(aromatic), 133.2 (Ar-CH3) and 144.5 (Ar-S); m/z (El) 200 (M+, 40%), 155

(62, [M- CH3CH20]+) and 91 (100, CH3Ph+).

[1-C2H2]-Ethyl Iodide (71)

Anhydrous isoamyl acetate (7.4 cm3, 50 mmol) was added dropwise (0.5-1 h) at
5 °C to
ether

a

stirred mixture of lithium aluminium deuteride

(20 cm3).

The mixture

was

(2.1 g, 50 mmol) in dry

refluxed for 1 h and hydrolysis with

2-butoxyethanol (19.6 ml, 150 mmol) was effected at 0-10 °C. The ethanol was
distilled

(77-78 °C) and dissolved in dry ethanol-free ether (20 cm3), dried

(MgSC>4) and the ether carefully removed by distillation, to give [1,1-2H]-ethanol
(2.1 g, 88%).

Triphenyl phosphite (13.1 cm3, 50 mmol), methyl iodide (4.7 cm3, 75 mmol) and

[1,1-2H]-ethanol (2.4

g,

40 mmol) were mixed together under anhydrous

conditions and heated under

gentle reflux until the internal temperature had risen

The

[1 -C2H2]-ethyl iodide was distilled from the mixture under

reduced pressure

and collected at -80°C, giving a colourless liquid (6.3 g, 80%).

to ~120°C.

This

compound was immediately used for the synthesis of [T-C2H2]-ethylfumaric

acid

(72).
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[1 '-C2H2]-Ethylfumaric Acid (72)

To sodium ethoxide

(prepared by dissolving sodium (0.5 g, 21.5 mmol) in ethanol

(18 cm3) was added dropwise ethyl acetoacetate (2.5 cm3, 20 mmol). After 20
min

stirring, [1-C2H2]-ethyl iodide (71) (3.5 g, 22 mmol) was added slowly

dropwise while the reaction flask was warm. The mixture
and then allowed to cool.

extracted with
removed

The solution

was

refluxed for 3 h

poured onto water (10 cm3) and

was

diethyl ether (3x10 cm3) and dried (MgSCU). The solvent

under

reduced

pressure

to give a yellow oil.

was

The alkylated

ethylacetoacetate was purified by silica chromatography using ethyl acetate/ light
petroleum ether (5:95) as the eluent, to give a colourless oil (0.9

[1'-C2H2]-2-ethylacetoacetate ethyl ester

correspondingly labelled ethylfumaric acid in
described for the unlabelled

obtained

[M

+

as a

then

was
a

35%). The

converted to the

manner

compound (37; R1=Et).

g,

identical to that

The crude material

was

pale yellow solid in 75% yield, m.p. 168-170 °C; m/z (Found:

H]+, 147.0629. Calc. for C6H72H204: 147.0626);

(CO); 5h (200 MHz; 2H20, pH 9) 0.94 (3H,

s,

umax

(Nujol)/cm-l 1684

CH3), and 6.44 (1H,

s,

C=CH); 5C

(50 MHz; 2H20, pH 9) 13.63 (CH3), 22.85 (C2H2), 128.13 (3-C), 147.84 (2-C) and
174.68 & 175.71

(2

H20]+), 103 (60, [M

x

C02H); m/z (CI) 147 {[M

+

H

-

C02]+) and 57 (17, [M

+

H]+,100 %), 129 (47, [M

+

H

-

2 x C02H]+).

+

H

-
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(2S,3S)-[1'-C2H2]-Ethylaspartic Acid (67)

H2N

\
H

"lJ~ \^c2h2ch3

ho2c

This

co2h
c

H

compound was prepared in a manner identical with that for (2S,3S)-

2-amino-2,3-dimethylsuccinic acid (58), using the crude [1'-C2H2]-ethylfumaric
acid

(72) (250 mg, 1.7 mmol) and purified by ion-exchange chromatography

(Amberlite 118(H)).

Ninhydrin positive fractions

under reduced pressure

were

combined, concentrated

and the pH adjusted to 3.0. The resulting residue

was

recrystallised from water/ ethanol to give an off-white powder (67) (110 mg,
39%), m.p. 248-249 °C; m/z (Found: [M + H]+ 164.0892. Calc. for C6H10NO42H2:
164.0889);
1733

[a]2^ +17.1 (c0.6 in 6 mol dnr2 HCI); omax (Nujol)/cnrH 3080 (NH) and

(CO); 5H (200 MHz; 2H20, pH 9) 0.85 (3H,

s,

J5.4, 3-H) and 3.68 (1H, d, J 5.4, 2-H); 5C (75 MHz,
20.3
164

3-CH2CH3), 2.57 (1H, d,

2H20, pH 9) 12.8 (CH3),

(C2H2), 54.8 (3-CH), 59.0 (2-CH) and 181.9 & 183.8 (2
{[M + H]+, 100%) and 118 (41, [M - H

-

C02H]+).

x

C02H); m/z (CI)
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2S-[2-2H]-Glutamic Acid.HCI (65)

To

a

suspension of (2S)-glutamic acid (14.7 g, 0.1 mol) in deuterium oxide

(10 cm3) was added concentrated ammonia solution until dissolution occurred.
The solution
the

was

then freeze dried.

Deuterium oxide

pH adjusted to 7.25 with concentrated ammonia solution.

oxaloacetic transaminase

denatured
celite

5

Glutamate

(900 units) and pyridoxal 5'-phosphate (15 mg)

added and the solution incubated at 37 °C for 3

was

(50 cm3) was added and

days.

were

The enzyme was

by boiling the solution for 2 min. The mixture was filtered through

pad and then concentrated under reduced pressure.

dissolved in water

a

The solid residue

(25 cm3) and re-concentrated under reduced pressure to

cm3, diluted to 10 cm3 with water and recrystallised from 6 mol dnr3

hydrochloric acid to yield fine white crystals (17.9 g, 97%), m.p.192-194 °C
(decomp.) {lit.,184 205 °C (decomp.)}; m/z (Found: [M

+

H

-

HCI]+, 149.0676.

C5Hi02H1NO4 requires 149.0673); [a]2D2+24.5 (c 0.4 in 5 mol dm"3 HCI) {lit.,184
+46.8

(c 2 in 5 mol drrr3 HCI) for the undeuterated free amino acid};

Dmax

(Nujol)/cm-1 3190 (NH) and 1724 (CO, acid), 5H (200 MHz; 2h20) 2.02 (2H,

m,

3-CH2) and 2.35 (2H, t, J 7.0, 4-CH2); 5C (50 MHz; 3H20) 29.5 (3-CH2), 34.7

(4-CH2), 56.1 (2-CH) and 178.5 & 182.9 (2
45%) and 131 (100, [M

+

H

-

NH4]+).

x

C02H); m/z (CI) 149 ([M

+

H

-

HCI]+,
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Sereochemistry for N -Substituted Aspartic Acids

general procedure is outlined below:-

A/-Substituted
water

aspartic acid (3 mmol) was dissolved in 2 M KOH (10 cm3) and

(10 cm3) was added.

Nickel-aluminium alloy (6.2 g) was added in small

portions and the mixture left stirring for 24 h.

The mixture

was

then filtered

through a celite pad and the pH of the filtrate adjusted to 7. Nickel/ aluminium
salts

were

filtered and the filtrate acidified to 3-4 and the water removed under

under reduced pressure to

the

give a solid. Recrystallisation from boiling water gave

product as white crystals in moderate to good yields.

Using the above procedure, 2-hydrazino-3-methylsuccinic,

A/-hydroxy-

3-methylaspartic and /V-methoxyaspartic acids gave (2S,3S), (2S,3S) and (2S)stereochemistry of the relevant products respectively, as expected.
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Appendix

Glutamate

Mutase

Introduction

The enzyme

glutamate mutase, catalyses the carbon skeleton rearrangement of

(2S)-glutamic acid to (2S,3S)-3-methylaspartic acid (Scheme 3.1 )155 and is the
only rearrangement known in which all three carbon atoms involved, are
saturated.

The enzyme

is dependent on coenzyme B12 for catalytic activity

(Fig 3.1). It is the first enzyme on the glutamic acid degradation pathway, used
by Clostridia and some other species of bacteria (see Chapter 1.4.1).
enzyme

from Clostridium tetanomorphum has been the most studied.

Scheme 3.1: The

The Clostridial enzyme
calcium

The

glutamate mutase reaction

consists of two components, designated component S (a

phosphate supernatant fraction) and component E (a gel eluate

fraction).156-157 Barker has purified each component, and achieved 20-25%
yields of component S after 350-fold enrichment and an 18% yield of component
E after 180-fold enrichment.156-157

component

S to

128,000 Da.156-157

be

17,000

Da

Barker estimated the molecular

and

that

of

component

weight of
E

to

be
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Figure 3.1: Coenzyme B12

The enzyme

from Clostridium cochlearium

He found that the molecular

was

recently purified by Buckel.158

weight of component S from this enzyme

was

16, 000 Da and that component E was a homodimer of molecular weight 100,
000 Da.

Recently Marsh, also confirmed, that glutamate mutase from Clostridium

tetanomorphum

consists of a monomeric component S of molecular weight

15, 000 Da and a homodimeric component E with subunits of 50, 000
Marsh has also cloned and
from Clostridium

from C.

Da.160

sequenced the genes for components S159 and E160

tetanomorphum. The /V-terminal sequence for component S

tetanomorphum is almost identical to that from C. cochlearium. 158,159

It is believed that the substrate binds to E component,

helps to bind the coenzyme.157

whereas component S

Holloway and Marsh have compared the
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of

sequence

component

E

with

the

primary

sequence

of

methylaspartase, and have found that there is a significant degree of homology
between the two.

The
to

However, the SGD motif, of methylaspartase is not present.

equilibrium for the reaction favours the conversion of 3-methylaspartic acid

glutamic acid; the opposite direction to that of the physiological reaction.

Barker found that

Keq at 30 °C and pH 8.2 was 10.78.157 Although the pH

optimum is 8.5. the enzyme is still active between pH 6.0 and 9.88. The pH of 8.2
chosen for most

was

UV

spectra.157 The

experiments to avoid interference from mercaptoethanol in

enzyme

activity at 27 °C.157

showed maximal activity at 38 °C, and half maximal

This was quite different to the temperature for maximal

activity of methylaspartase, which was 55 °C.91

The only substrates found for

glutamate mutase were the physiological substrates, (2S)-glutamic acid and

(2S,3S)-3-methylaspartic acid.161 The Km for glutamic acid

was

1.5 mM and for

3-methylaspartic acid was 0.5 mM.162 Barker found that (2/:?)-glutamic acid,
3-ethylaspartic acid,

a-,

[3- and y-methyl-(2S/H)-glutamic acid, (2S)-glutamine, the

y-methyl ester of (2S)-glutamic acid and (S/fl)-oc-aminoadipic acid were not
substrates for the

enzyme.162

Buckel has, however, shown that (2S,4S)-

4-fluoroglutamic acid, (2/?,3f?/S)-3-fluoroglutamic acid, 2-methyleneglutaric acid,

(S)-3-methylitaconic acid and itaconic acid

are

competitive inhibitors for

glutamate mutase.158 He also obtained evidence for a paramagnetic species as
an

intermediate in the reaction with the substrate, and also in the presence

inhibitors, (2S,4S)-4-fluoroglutamic acid and 2-methyleneglutaric
may

of the

acid.163 This

be the low-spin Co (II) species, which would be generated after homolytic

cleavage of the coenzyme C-Co bond.

A series of coenzyme

These
base

analogues have been examined by various groups.164-165

experiments suggested that

were

a

deoxyadenosyl moiety and a heterocyclic

required for activity, and that the enzyme was tolerant of fairly major

alterations in the

heterocyclic base.
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Stereochemical

studies

revealed

that

glutamate mutase catalysed the

rearrangement via the cleavage of the bond between C-2 and C-3 in the glutamic
acid molecule, followed

by transfer of the carboxyaminomethyl fragment thus

formed, from C-3 to C-4, with inversion of configuration at

C-4.166-167 This

was

accompanied by removal of a hydrogen from C-4 and addition of a hydrogen to
C-3, thus forming a methyl group at this carbon (Scheme 3.2).

No

exchange of hydrogens with the solvent was observed.168 More recently,

Hartrampf and Buckel fermented (2S,3R)- and (2S,3S)-[3-2H, 3-3H] glutamic
acids with

growing cells of C. tetanomorphum and determined the chirality of the

butyric acid produced.169 They showed that racemisation occurred at C-3, i.e.
the

The

methyl group of 3-methylaspartic acid.

experimental evidence available form both enzyme and model studies

supports the hypothesis that catalysis involves homolytic cleavage of the
coenzyme
must be

C-Co bond, to initiate the reaction. The high

radical formed

bound, by the enzyme, in such a way that it abstracts a hydrogen only

from the substrate and does not

enzyme

energy

undergo any radical quenching processes. The

then induces the rearrangement which is possibly mediated by the

coenzyme

cobalt ion.(Scheme 3.2)
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Glutamic

methyl-aspartic

nh2
■

ho2c

h2nv
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^
V"'H H
CH3

acid

y
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HR
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>
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co2H
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ho2c
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/±\

/^\
0^

J

§

Scheme 3.2: Mechanism of

B

glutamate mutase

Results and Discussion

In order to
mutase

gain further insights on the stereochemical

reaction,

we

course

of the glutamate

decided to reinvestigate the possibility of ethylaspartic acid

acting as a useful substrate analogue. Although Barker had reported that this
molecule

was

not

a

substrate, his conclusions

were

soley based

on

TLC

comparison with the starting material. Therefore, there was the possibility that if

ethylaspartic acid

was a

slow substrate, compared to 3-methylaspartic acid, the
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product may not have been detected. Furthermore, Barker used impure enzyme
for his

investigations, which would further hinder any conclusions made about

substrate

Ethylaspartic acid could be easily synthesised from

specificity.

methlyaspartase (see Chapter 1.4.3) and the synthesis adopted to incorporate
the introduction of deuterium, tritium and/ or

13C label.

Synthesis of (2S,3S)-[1'-2H]-3-Ethylaspartic Acid

(2S,3S)-3-Ethylaspartic acid, chirally labelled at the 1'-C of the ethyl
required

in

establish

order to

from

which

stereochemical

5'-deoxyadenosyl radical abstracted a hydrogen.

group was

side the

Archer had attempted the

synthesis of (2S,3S)-[1'-2H]-3-ethylaspartic acid from [1-2H]-ethanol.107 The

[1-2H]-ethanol could be converted to [1'-2H]-ethyl tosylate (64) to act
electrophile in the synthesis of [1'-2H]-ethylfumaric acid,

(Chapter 1.4.7).
this

more

an

enzymatic synthesis of [1-2H]-ethanol would be

?r

KBr, NaNQ2, HBr^
H

u

PCI5, CHCI3

f~CI

'd

''pCH3
d

H-

CH

CH2N2
^"2^2

H. f

I
D

Q\
P-CH3

LiEt3BD, THF

H3C co2h

co2h

H.. f

2.16

It was, therefore,
a

convenient method.

HsC

the

However, Archer found the synthesis of [1-2H]-ethanol, using

synthetic methodology, too problematic (Scheme 3.3).

decided that

scheme

as

ch3

d

f~CHN2

H. f
K

o^/CH3
CHCI2CH2CI

HI, DCM

^ *f-<
D

m-P.PR A

m-CPBA,

P°2H
"rCH3

~

B

o

H'»,£^CH3

WW-WW-

NH2NH2

r

PH
H... f
CH3
LJ

d

D

Scheme 3.3: Archer's synthesis of

[I^HJ-ethanol

faster and
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synthesis of [1-2H]-ethanol using enzymes

Lowes et a/.170

was

first accomplished by

They employed the reduction of [1-2H]-acetaldehyde with a

dehydrogenase, in the presence of the cofactor, NADH, to give [1-2H]-ethanol.

[1-2H]-ethanol

When

was

re-incubated, [1-2H]-acetaldehyde

without loss of deuterium.

was

recovered,

Conversely, acetaldehyde incubation with NAD2H

yielded [1-2H]-ethanol, which after reoxidation, lost all of its deuterium to give
acetaldehyde (Scheme 3.4).

Gunther and co-workers have

reported the synthesis of deuterated alcohols

using a coupled enzyme system (Scheme 3.5).171
situ.

NAD2H

was

synthesised in

(1 fl)-[1-2H]-ethanol was obtained by incubation of ethanol yeast alcohol

dehydrogenase and diaphorase (NAD: Lipoamide oxidoreductase, E.C. 1.6.4.3)
in

the

presence

of catalytic NAD/ NADH

in

deuterium oxide.

(1 S)-enantiomer was synthesised from [1,1-2H]-ethanol in water.

The
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YADH

ch3ch2oh

+

nad —

^

h3c
NADH

+

H+

Diaphorase
+

^

Flavine.H2 + NAD

—

Scheme 3.5: Gunther's

h

w

Flavineox

Flavine.H2 +D20

A + NADH + H+

I Flavine.D2 +H20

coupled enzyme system

Wong et. at. 172 have developed procedures for the in situ regeneration of
deuterated nicotinamide cofactors,

employing:-

1.

CH3CD2OH/ Alcohol dehydrogenase/ Aldehyde dehydrogenase

2.

DCO2"/ Formate dehydrogenase/ Alcohol dehydrogenase in the

synthesis of (F7)-[1 -2H]-trifluoroethanol
See scheme 3.6.

2.
H
Formate

Horse Liver Alcohol

Dehydrogenase

Dehydrogenase
HO.

NAD

Scheme 3.6:

Synthesis and regeneration of nicotinamide cofactors
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Lee and Whitesides, however, have used

glutamic dehydrogenase for the

regeneration of NADH.173

We decided to follow the

procedure of Lee and Whitesides in order to prepare

[1-2H]-ethanol. (2S)-[2-2H]-glutamic acid (65), which is easily synthesised using
glutamate oxaloacetic transaminase, would act as the source of deuterium for the
coupled system.
would be

3.7).

Once glutamic acid is oxidised to 2-oxoglutaric acid, NAD2H

generated, and utilised by the yeast alcohol dehydrogenase (Scheme

Both enantiomers could be synthesised by using the appropriate

dehydrogenase.

Scheme 3.7:

(2S)-[2-2H]-Glutamic acid (65)
with the

Synthesis of [I^HJ-ethanol

was

prepared through deuterium oxide exchange

Ca-proton of (2S)-glutamic acid using a commercial preparation of

glutamate oxaloacetic transaminase. When we attempted the coupled enzyme
incubation

using unlabelled glutamic acid (Scheme 3.7), we could only observe

trace amounts of

ethanol,

as

judged by 1H NMR.

Further complications

arose

during the isolation of ethanol. Methods ranging from freeze drying to extractions
were

tried, but

produced.

none were

suitable for the isolation of the small quantity of ethanol
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During the course of the synthesis, studies by B. Hartzoulakis showed that

(2S,3S)-3-ethylaspartic acid was not
therefore the

synthesis

was not

a

substrate for glutamate mutase and

persued any further.

Synthesis of (2S,3S)-[1'-C2H]-3-Ethylaspartic Acid

An alternative

strategy that would provide information about the mechanism of

glutamate mutase involved the synthesis of (2S,3S)-[1'-C2H2]-3-ethylaspartic
acid

(Fig 3.2; (67)), (2S,3S)-[2'-C2H3]-3-ethylaspartic acid (Fig 3.2; (68)) and

(2S,3S)-[3-C2H2C2H3]-3-ethylaspartic acid (Fig 3.2; (69)). These molecules,
when

incubated with

whether the enzyme
molecule

was

formed radicals on 3-ethylaspartic acid, or whether the

acting as an inhibitor.

co2h

h2n

\
h

glutamate mutase, would provide information about

\

4

-j

\^cd2ch3
h

ho2c

co2h
4

h2n

h-rt/

V^ch2cd3
h

ho2c

(67)

h2n

\

h-rt/
ho2c

(68)

co2h
4

\^cd2cd3
h
(69)

Figure 3.2: Deuterated (2S,3S)-3-ethylaspartic acids

o

H3C

X

LiAIDa
4 »

OH

Scheme 3.8:

CH3CD2OH

(PhO)3P+CH3I

► CH3CD2I

(70)

Synthesis of [1,1 ^HJ-iodoethane

(71)
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[1,1-2H]-Ethanol (70)

was

synthesised by the method of Friedman and Jurewicz,

from reduction of acetic acid with
deuterated ethanol

IJAID4 in dry ether, in 88% yield.174 The

(70) was converted to [1-C2H2]-iodoethane (71) using the

by Landauer et al. (Scheme 3.8).175 The

Arbuzov reaction, as demonstrated

[1-C2H 2]-iodoethane

(71)

[1-C2H2]-ethylfumaric acid (72)
incubation with
was

as

was

employed

in

the

When

of

illustrated in scheme 2.16, chapter 1.4.7. After

methylaspartase, (2S,3S)-[1'-C2H2]-3-ethylaspartic acid (67)

produced in 39% yield {m.p 248-249 °C; m/z (Found: [M

Calc. for

synthesis

+

H]+ 164.0892.

C6HioN042H2: 164.0889)}.

(2S,3S)-[1'-C2H2]-3-ethylaspartic acid (67)

enzyme, no

was

incubated with the

scrambling of protium/ deuterium occured. Similar results

obtained with

were

also

(2S,3S)-[2'-C2H3]-3-ethylaspartic and (2S,3S)-[3-C2H2C2H3]-

3-ethylaspartic acids (68 and 69) (synthesised in our laboratory by K. Badiani),
therefore

concluding that (2S,3S)-3-ethylaspartic acid does not generate

radical within the active site of gutamate mutase

a

and more likely, acts as an

inhibitor.

Work conducted
mutase is a

by B. Harztoulakis and K. Badiani has revealed that glutamate

substrate-specific

enzyme

and cannot tolerate any analogues of the

substrates, (2S)-glutamic acid and (2S,3S)-3-methylaspartic acid.

findings

have

resulted

in

the

identification

of

Recent

2-substituted-2,3-

cyclopropanedicarboxylic acid derivatives as powerful inhibitors, presumabley
acting as transition-state analogues. Work is currently being conducted on these
molecules

by K. Badiani.
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