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Amino Acids

BY G.C.BARRETT

1 Introduction

The chemistry and biochemistry of the amino acids, as featured in
the 1991 literature, is reviewed in this Chapter. The targeted material
could be categorized as the occurrence, chemistry, and analysis of the
amino acids, and with the exclusion of routine literature covering the
natural distribution of well-known amino acids. As before, the term
‘amino acids’ is taken to mean [w]-amino-alkanoic acids, and there is
therefore no coverage of amino-phosphonic, -sulphonic, -boronic acids
and others of these types.

There continue to be themes in this literature that will be familiar to
regular readers of this Specialist Periodical Report, and papers develop-
ing these long-running themes are usually given only brief coverage here.
However, more thorough discussion is offered for papers where more
significant synthetic work, and mechanistically-interesting results, are
reported. Patent literature is almost wholly excluded, but this is easily
reached through Section 34 of Chemical Abstracts, and other Sections
(e.g. Section 16: Fermentations etc).

This Chapter is arranged into sections as used in all previous
Volumes of this Specialist Periodical Report, and major Journals and
Chemical Abstracts (to Volume 116, issue 11) have been scanned to reveal
the material to be reviewed.

2 Textbooks and Reviews

Most of the citations of textbooks and reviews are located within
appropriate Sections of this Chapter. Some books and monographs'-
having broad relevance to several Sections of this Chapter, are collected
here.

3 Naturally Occurring Amino Acids

3.1 Methodology of Isolation of Amino Acids from Natural Sources
This Section covers a number of topics of increasing importance
(though mostly simple in themselves). The generation of artefacts through
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extraction procedures applied to natural samples, and the ever more
sensitive analytical methods used with amino acids, all factors that
increase the scope for erroneous conclusions concerning the presence (or
absence) of amino acids in natural sources.

Aqueous acidic hydrolysis of peptides can be accelerated by micro-
wave irradiation,’® and large-scale separation of amino acids from hydro-
lysates can be achieved using appropriately-designed ion-exchange
columns* or by reverse-phase flash chromatography.’ Large-scale crystal-
lisation of L-asparagine from aqueous solutions has received detailed
attention.®

3.2 Occurrence of Known Amino Acids

Topics in reviews include non-protein amino acids,” the role of
D-amino acids in the biosphere,® and N-acylamino acids as components
of bacterial lipids.® An issue of Advances in Enzymology and Related Areas
in Molecular Biology includes several reviews relevant to this Chapter [e.g.
N>-(1-carboxyethyl)-L-ornithine and related opines in crown gall
tumours, marine invertebrates, microorganisms,'® and ovothiols''].

Perhaps the most spectacular example of the occurrence of a known
amino acid is the presence of alanine in the Murchison meteorite — though
known for many years, refined analytical methods now allow the
additional, even more spectacular, knowledge to emerge, that the amount
of the L-enantiomer exceeds that of D-alanine by about 18%.!> The result
needs independent confirmation in another laboratory,'* but also needs
independent proof that the amino acids in a meteorite (or in a fossil,'* for
that matter) are indigenous; this is partly solved by stable isotope analy-
sis, the *C-content of the meteorite amino acid indicating extraterrestrial
origin.'? The *'N-content of amino acids in fossil samples can be a useful
monitor of indigeneity since this isotope is increasingly enriched up the
food chain.'® These are welcome analytical checks on the authenticity of
spectacular inferences made, based on the appearance of well-known
amino acids in ancient samples — evolution of protein content being one
such controversial topic — and another consideration is the chemical
stability of the amino acids over such time-spans. The environmental
decomposition of aspartic and glutamic acids, serine, alanine, and glycine
in 1500y-old molluscan shells has been discussed.!®

Further examples given later (Section 6.1: Racemization) describe
studies of protein amino acids in fossils, but several recent papers report
the presence of some uncommon, but known, amino acids in contempo-
rary natural sources. These include L-aminobutyric acid as C-terminal
residue in nazumamide A, a thrombin-inhibitory peptide from the marine
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sponge Theonella sp.,'® L-thiazolidine-5-carboxylic acid combined with
L-proline in a new di-oxopiperazine (1) found in the Bermudan sponge
Tedania ignis,"” another new di-oxopiperazine (2), a germacranolide —
valine condensation product (the first of its type) from aerial parts of
Centaurea aspera,'® and a-methyl-L-serine as a constituent of conagenin
(3) from Streptomyces roseosporus.'® Lactacystin (4) is a new microbial
metabolite that induces differentiation of neuroblastoma cells.?

Further bromotyrosine — cysteine condensation products have been
found in a marine sponge already shown to be rich in such psammaplins.?'
Far-reaching revision has been necessary for structure assignments made
to radish hypocotyl constituents, the raphanusins, thought to be
piperidine-2-thiones (see Vol.23, p.3). Raphanusin B is now established to
be the pyrrolidinethione (5).2>23

3.3 New Natural Amino Acids

Relatively simple aliphatic amino acids emerging for the first time
include trans-4-methoxypipecolic acid (6) from the tropical legume, Inga
Paterno,® and trans-4-hydroxy-B-proline (7) from the red marine alga
Furcinellaria lumbricalis.*® Phenol ring-opening (at C-2 — C-3, and at C-4
- C-5) of L-DOPA by an enzyme from the red peel of Amanita muscaria
yields two (hitherto hypothetical) intermediates 2,3-secodopa and 4,5-
secodopa (8) and (9) respectively. They must be regarded as still elusive
since their existence was proved in this study on the basis of the isolation
of reaction products muscaflavin and betalamic acid.?®

A novel addition to the natural biphenyl family is the aldose reduc-
tase inhibitor (10) from the fungus Humicola grisea, ¥’ while the similarly-
expanding bromotyrosine family has gained two new derivatives (11;
R =H) and its ethyl ester.?®

Heterocyclic systems are represented by L-3-(2-carboxy-4-pyrrolyl)
alanine (12) from the poisonous mushroom Clytocybe acromelalga,®
and near relatives (13), a novel fungal antibiotic (TAN-950A) [with (14) as
minor component; structural proof supplied by synthesis from L-glutamic
acid],’® and (15),%' the oxidative adduct from N-acetyl-L-histidine and
N-acetyldopamine, but from very different sources. TAN-950A was iso-
lated from Streptomyces platensis A-136, while (15) was formed in vitro
through the action of the cuticle of silkmoth larvae as an enzyme source
[(15) is suggested to be widespread in Nature though as yet not recognized
to be a natural product]. S-[2-Carboxy-1-(1H-imidazol-4-yl)ethyl]cysteine
(16) has been located in normal human urine.?? It is suggested to be the
precursor of its reductive de-amination product, recently discovered also
in normal urine.
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3.4 New Amino Acids from Hydrolysates

As in previous Volumes, this Section is intended to include new
amino acids that would be released from condensed structures (i.e. pep-
tides and proteins, mostly) by hydrolysis (in principle if not readily
achievable in practice).

Full details are available (¢f. Vo0l.23, p.3)** of the new protein
crosslink allodesmosine (from bovine lung, aorta and skin hydrolysates,
as well as from elastin). As the name implies, this pentafunctional amino
acid is structurally related to well-known crosslinking amino acid resi-
dues, and, like desmosine, contains a pyridinium moiety, being formed
from one lysine and four allysine residues in the proteins.

Another reference back to earlier-published material® is a correc-
tion of the structure of the antibiotic FR900148, revised from the pyrro-
lone isomer to (17). The opportunity was also taken to establish
additional stereochemical details for (17), including the L-configuration
shown).

The marine sponge Theonella (see also, preceding Section 3.2) bio-
synthesizes thrombin-inhibitory factors cyclotheonamides A and B made
up of proline, phenylalanine 2,3-diaminoptropionic acid, as well as a
modified arginine residue (-CO- between the a-methine and COOH
groupings) and a modified tyrosine residue (-CH=CH- between the
a-methine and COOH groupings).®® The sea urchin Tripneustes gratilla
produces o-, m- and p-bromophenylalanine-containing peptides, the
p-isomer being the only previously-known isomer.*®

New cyclic anti-tumour peptides trapoxins A and B (18) contain the
surprising a-amino 6-epoxyacylhexanoic acid residue. These differ in the
adjacent proly! or pipecolyl residue.?’

More complex aliphatic amino acids (often heavily disguised) are
represented in the newly-studied pyoverdin-type peptide siderophores
(19) from Pseudomonas fluorescens E2.38

4 Chemical Synthesis and Resolution of Amino Acids

4.1 General Methods of Synthesis of a-Amino Acids

This Section offers representative examples from the 1991 literature
of mostly well-established general methods. Later sections often reinforce
the merits of some of these methods, by giving further examples, and no
attempt is made to rank them here; but over the years reviewed in this
Specialist Periodical Report, readers will have noticed the growing
distinctions between the perennials and the annuals.

Amination reactions, e.g. the reaction of 2-bromopropanamide
enantiomers with amines to give alanine amides,*® and conceptually-
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related azidation (3-fluoro-alanine from BrCH,CHBrCO,Me by BrF;,
then NaN; followed by catalytic hydrogenation)* a similar approach to
all isomeric 3-phenyl-serines and -iso-serines;*' and a very useful, long
sought — but extremely hazardous! — regiospecific SN2 ring-opening of an
alkoxycarbonyl epoxide using HN;-di-isopropylethylamine at room tem-
perature (20—21)* are conventional ways of introducing a nitrogen
functional group into an aliphatic substrate. They are joined by a new
reagent, p-Me-C4H,-SO,-O-NHBoc, that may be converted into the N-
hthio-derivative so as to offer a Boc-NH™ equivalent for a-amino acid
synthesis; thus, reaction with the zinc enolate PhCH=C(O'Pr)ZnMe
gives isopropyl N-Boc-phenylglycinate but in only 35% yield.** Time will
tell whether the methodology can be improved (and simplified) so as to
turn this promising method into a generally useful procedure.

A new a-amination method for aliphatic carboxylic acids, would be
a suitable way of describing the rearrangement of N-acyl-N-methyl-
hydroxylamine O-carbamates to a-amino acid N-methylamides under
basic conditions.** Yields are in the range 34 — 76% in the cases so far
tried for this anionic hetero[3,3]-rearrangement (Scheme 1). Mercury-
catalyzed cyclization of chiral amidals is also a new a-amination method,
applied to aB-unsaturated aliphatic carboxylic acids (Scheme 2).%

Cobalt-catalyzed aminocarbonylation processes using Co,(CO)g
with CO and aldehydes,*®'7? or equivalent gem-dihalogenoalkanes,*’
continue to provide effective entry to a-amino acids. Use of acetamide as
substrate leads to N-acetyl -cyclopropylalanines and its 8-methyl homo-
logue,* and use of diethylamine gives NN-diethylamino acid NN-
diethylamides.*’

Alkylation of glycine derivatives is as popular as ever as a route to
target a-amino acids. Diethyl acetamidomalonate has been employed in
many laboratories,*#2?! including use in the synthesis of cis- and trans-
pyrrolidine-2,4-dicarboxylic acid.*® These targets are viewed as cyclic
analogues of glutamic acid,*® and similar objectives and methods are
involved in the synthesis of all stereoisomers of related substituted pro-
lines.*’ Alkylation of diethyl acetamidomalonate has yielded 4,4-difluoro-
threonine,*® and similar methodology has been applied, to syntheses of
3,6-dimethyldioxopiperazines (from dioxopiperazine and methyl mag-
nesium carbonate),’’ to ethyl a-azidoacetate [aldol reaction with 4-{(bis-
t-butoxy)phosphonylmethyl}benzaldehyde and reduction of the resulting
cinnamate],>? and to a-aminonitriles (readily alkylated by epibromhydrin,
in contrast with acylated glycine esters, to give 2,3-methanoserines).”?

Schiff base alkylation is much used, especially in asymmetric synthe-
sis (next Section), notable examples being based on Ph,C=NCH,CO,Et
[synthesis of a “-CH=CH- for -S-S- replacement”, viz. 6,6-penta-
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methylene-2-amino-A*3-suberic acid (22) in a cystine analogue],’* or on
PhCH=NCH,CO-Ft (alkylation in an aqueous organic medium).>* The
imidate PhC(OEt)=NCH,CO,Et*® and the corresponding nitrile
PhC(OEt)=NCH,CN>7 undergo aldol condensation with an aldehyde,
elaboration of the resulting oxazoline in conventional ways giving
B-hydroxy-a-amino acids*® and a-hydroxymethylserines.>’

Interesting applications of the ring expansion of azetidin-2,3-diones
to N-carboxyanhydrides, which amounts to a general synthesis of
a-amino acids from B-amino acids, have perhaps been slow in coming.
The example in Scheme 3 (see also Scheme 30) is representative of the
method.>®

4.2 Asymmetric Synthesis of a-Amino Acids

Many of the methods that are familiar to regular readers are found
again here. They have, in their own way, become an aspect of general
methods of synthesis of a-amino acids, and the text of this Section could
be combined with that of the preceding section for readers seeking
information on the broader overall current situation.

Numerous reviews have appeared: the use of carbohydrates as chiral
auxiliaries in asymmetric synthesis of a-amino acids**-? including synthe-
sis of prolines and pipecolic acids® and B- and y-amino acids (including
polyoxins);®? amino acids from chiral lithiated amides;** and asymmetric
hydroformylation® A brief general review of asymmetric synthesis of
amino acids is available,® accompanied by a review of asymmetric syn-
thesis of statine.®

Standard methods are being exercised in a number of laboratories.
Alkylation of the bislactim ether illustrated in Scheme 4, and its enanti-
omer, for the synthesis of (2R)- and (2S)-2-amino-2-methylmalonic acid
(chiral on account of '* C-isotopic substitution at one of the carboxyl
carbon atoms), has been fully described following last year’s preliminary
account (Scheme displayed in Vol.23, pp.9,10).%” The method has also
been used in syntheses of (2R,3S)-3-hydroxy-3-(2’,3'-substituted-
cyclopropyl)alanines through diastereoselective Simmons-Smith cyclo-
propanation of the appropriate 1-hydroxy-2-alkenyl bis-lactim ether
(Scheme 4).® Corresponding (2R,3S)-3-substituted serines have been
obtained similarly, exploiting the CITi(NEt,);-catalyzed addition of the
bis-lactim ether (via 23) to a ketone.®® Both enantiomers of each member
of a series of 2-alkyl-2,3-diaminopropanoic acids,’”® and substituted
phenylglycines,”' have been prepared by bis-lactim ether alkylation, the
latter case involving arene-Mn complexes as nucleophiles.

Asymmetric alkylation of Schiff bases also features in several recent
papers. The prodigious output continues,’”>’® of examples based on alky-
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lation of the Ni(II) complex of the (S)-2-[N(N’-benzylprolyl)aminobenz-
aldehyde] Schiff base of glycine or alanine ethyl ester (¢f. Vol.23, p.15).
Phenylalanine or a-methylphenylalanine obtained in this way through
(S)-(2-aminomethyl)pyrrolidine catalysis of benzylation, are obtained in
33-87% yields but only 3-21% optical purity.”> Hydroxyalkylation using
benzaldehydes gives (2S,3R) and (2R,3R)-B-phenylserines from isomeric
starting materials.”> Curiously, while (2S,3S)-perfluoralkylserines are
obtained in this way with perfluoroalkanals, the (2R,3S)-alkylserines are
obtained when non-fluorinated alkanals are used under otherwise identi-
cal conditions with the same starting material.”* Fluorine-substituted
benzaldehydes give a range of (2R,3S)-phenylserines carrying F-,
F>,CHO-, F;CO-, and F;C-substituents when used in this process.””
o-Methylserine has been obtained from the process based on the alanine
Schiff base,”® similarly applied to the asymmetric synthesis of a-methyl-
valine and a-methylglutamic acid through conventional alkyl halide alky-
lation;”” however, although aspartic acid and its a-methyl analogue were
prepared analogously using ethyl bromoacetate as alkylation agent, the
latter target could not be obtained from a-allylalanine.”

Related Schiff base alkylation routes established many years ago are
also of continuing interest in asymmetric synthesis of a-amino acids.
These routes involve substrates with a chiral alkylidene moiety (Schiff
bases generated from 2-hydroxypinan-3-one and an amino acid ester’),
those with a chiral ester or amide function [Schiff bases derived from
chiral sultams (Vol.23, p.15) and N-benzophenylideneglycine®] in
sytheses of L-diphenylalanine and L-9-fluorenylglycine,®® and those
derived from TWO chiral moieties [e.g., the (—)-menthyl ester of the
(+)-camphor ketimine of glycine®'*4]. These studies explore factors
determining diastereoselectivity, which is usually not high, though the
“double asymmetric induction” study®!*** includes examples of syntheses
of L-amino acids from lithium enolate alkylations in 72-96% optical
yields.

Asymmetric alkylation of benzylideneglycine t-butyl ester by a-13-
bromomethylbipyridine in the presence of (8S,9R)-(—)-N-benzylcincho-
nidinium chloride gives modest (53%) enantiomeric excess in favour of
the (S)-enantiomer of the novel metal-chelating amino acid (24).%

Schiff bases may be used in another way for asymmetric synthesis of
a-amino acids, again illustrated in this year’s literature in the context of
the development of established methods. Asymmetric Strecker synthesis
of D-amino acids using imines derived from tetra-O-pivaloyl-a-D-
galactosylamine (see Vol.23, pp.28,34)%¢ or from tri-O-pivaloyl-a-D-
arabinopyranosylamine (25),%” and an asymmetric Ugi synthesis based on
the latter imine,®” are efficient processes. A diastereoselective Strecker
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synthesis the other way round - imines of achiral aldehydes and
(—~)-a-phenylglycinol — yields chiral N-substituted a-aminonitriles that
can be cleaved with lead tetra-acetate (though, unfortunately, with
destruction of the chiral auxiliary).®® Asymmetric synthesis of cyano-
hydrins [Me;SiCN+ RCHO—=RCH(OH)CN] employs the AIR; or
Ti(OR),; complex of the 2-hydroxy-1-naphthylidene Schiff base of L-
valyl-L-tryptophan methyl ester as chiral catalyst.*® The enantiomer
excesses achieved are good [71% in one case, better than 94% in the case
of (R)-mandelonitrile], and cyanohydrins are suitable for amino acid
synthesis in a modification of the Strecker synthesis.

Enantioselective hydration of racemic a-aminonitriles in basic
aqueous media has been observed in the presence of a homochiral
monoterpene-derived nitrile, reaching 42% enantiomeric excess at half-
completion.®® Although the mechanism is as obscure as the thinking that
led to the choice of catalyst, the demonstration by the same group that
a-chymotrypsin brings about the same result and completes the overall
process by catalyzing the hydrolysis of the amide (the hydration product)
is more easily rationalized.®!

Asymmetric alkylation processes in which the glycine moiety is
rendered the electrophilic partner through a-halogenation, are illustrated
in a synthesis in high optical yield of (S)-[2->H]glycine from N-Boc-glycine
(—)-menthyl ester, through reaction with N-bromosuccinimide followed
by radical formation with Bu;Sn?H,”? and related enantioselective
a-substitution of the same substrate with alkenyl- and alkynylstan-
nanes.” These results are important in a wider context, since they demon-
strate asymmetric induction in radical reactions. Methyl arylacetate —
Cr(CO); complexes are readily alkylated by N-benzyloxycarbonyl
a-halogeno-a-amino acid esters in the presence of sodium hydride, to give
B- and d-arylated a-amino acids.®* a-Aryl a-amino acids are obtained in
optically-pure form in this way using fluorobenzene — Cr(CQO); with a
chiral Schiff base [from L-alanine methyl ester] and (1R,2R,5R)-2-
hydroxy-3-pinanone in the presence of LiN'Pr; or lithiated 2-t-butyl-4-
methyl-1,3-oxazolidin-5-one.”

An example of amino acid synthesis by amination,®® in addition to
those described in the preceding Section, describes asymmetric amination
of af-unsaturated amides (Scheme 5).

Aldol reactions of a conventional type leading to B-hydroxy-
a-amino acids from N-protected glycine derivatives and aldehydes or
ketones give modest excess of the threo-isomer (33-39%) and poor
enantioselection (3-12% excess) when conducted in the presence of a
chiral phase transfer catalyst.®” The chiral trans-oxazolidin-5-one (26),
formed from D-alanine and benzaldehyde followed by N-benzyloxy-
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carbonylation, can be used as a source of homochiral a-methyl-a-amino
acids through alkylation using an alkyl halide after carbanion for-
mation.®® X-Ray crystal analysis demonstrates that inversion of configur-
ation occurs.

Numerous studies of alkylation of the glycine homologue of (26),
with opposite chirality with t-butyl in place of phenyl, have been reported,
mostly from Seebach’s group. This chiral synthon, readily resolved by
preparative scale chromatography (and readily racemized in boiling
MeCN),” has been used to prepare threonine analogues by the aldol
route, using LiN(SiMe;), for chiral enolate formation.?® This method is
suitable for a synthesis of MeBmT, the threonine homologue that is a
component of cyclosporin A (Scheme 6), relying on the high diastereo-
selectivity of the alkylation step for achieving good optical yields with the
correct stereochemistry.'%?

The corresponding imidazolidin-4-one (26; MeN in place of ring O)
has been used in a synthesis of threo-3-alkyl- and aryl-glutamic acids'®"
and studied for its stereochemical requirements in a number of other
simple alkylation processes.!?21%5 Aldol condensation gives a 5-alkylidene
derivative to which dichlorocarbene or hydrogen (in the presence of a
heterogeneous metal catalyst) add completely stereoselectively to the face
opposite the t-butyl group.'” N-Bromosuccinimide-AIBN bromination
of the imidazolidin-4-one gives the trans-bromination product, from
which the 5-allyl derivative can be prepared using CH,=CHCH,SiMe;
and ZnCl,, involving inversion of configuration.!®* A careful study of the
stereochemical features of Hg-promoted cyclization of chiral unsaturated
amidals (27), the basis of a new a-amino acid synthesis (see Scheme 2) to
give 2,5-trans-imidazolidin-4-ones, has been reported.!* The 2R-configu-
ration favours the induction of the 5R-configuration at the new chiral
centre.

An efficient way of using the potential for enantioselective alky-
lation of the racemic 2,5-trans imidazolin-4-ones (26; MeN in place of
ring O) as well as recovering one enantiomer of it, requires only a chiral
base for deprotonation of the racemic synthon.!®> Thus, (R,R)-
(PhCHMe),NLi followed by Mel gives the (S,S)-2-t-butyl-5-methyl-
imidazolidinone together with (R)-2-butylimidazolidinone.!%®

Related chiral heterocycles studied in the present context include
the imidazolidine (28; R! or R2=H; R? or R! =alkyl), which is amenable
to alkylation after deprotonation with Bu' Li and used (in the case of R?
or R!' =CO,Me; R!' or R2=H) to prepare (R)- and (S)-
MeNHCH,CH(NH,)CO,H.'*¢ A route from glyoxal to a multi-chiral
imidazolidine (Scheme 7) is part of an enantioselective synthesis of
a-amino aldehydes.'”” The thiazoline (29) from L-cysteine undergoes
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stereoselective trans addition of BuCu and enamines and has been shown
to undergo cycloaddition to Danishefsky’s diene to give 2-amino-5-
hydroxy-3-mercaptoalkanoic acid derivatives after routine work-up
{Scheme 8).'%® Chiral oxazolidin-2-ones'® and thiazolidin-2-thiones''®
seem to be destined for more limited applications. The 4-hydroxymethyl
derivatives of the former family [from (R)-glycidol and 2,3-epoxy-
carbamates] offer access to homochiral serinols, and 5-methoxycarbonyl
derivatives of the sulphur analogues can lead to homochiral a-hydroxy-
ethyl-B-lactams. Pyrrolines (30) built up from nitrones, KCN, and chloro-
methyl ether, with chirality based on (—)-menthol, can be elaborated into
(S)- and (R)-a-methylprolines.'!!

The use of chiral enolates of (5S,6R)- and (5R,6S)-oxazin-3-ones is
accompanied with high enantiomeric excesses when used as substrates for
alkylation [anti-mono-alkylation of (31; R' and R*=H-—>R!'=alkyl,

2=H) has been established.''? Further alkylation is feasible; work-up
involves Li-ammonia reduction to give Boc-amino acids. (2S,6R)- and
(28,6S)-2,6-di-amino-6-hydroxymethylpimelic acid (a component of the
dipeptide antibiotic from Micromonospora chalcea) have been synthesized
in this way using [CH,CH,CH==CH, for alkylation and MeOCH,Br for
inserting the hydroxymethyl group.''® These synthons give dimethoxy-
phosphoryl derivatives (31; R!=PO;Me,, R?=H) that undergo
Wadsworth-Emmons alkylidenation with aldehydes, giving substrates for
cyclopropanation with PhS(O)(N " Et,)CH,~ to result in coronamic acid
(32; R=Et) and its nor-analogue (32; R =Me) and ?H-analogue.''*

Homochiral a-(N-methylamino) acids result from nucleophilic dis-
placement of thiophenoxide from the tetrahydro-oxazines (Scheme 9),
giving an 84:16 diastereoisomer ratio at C-6, with retention when PrZnl is
used, but with inversion with alkylcopper reagents.''s

More complex chiral heterocycles are accessible through cyclo-
addition reactions of 2-azadienes to chiral nitrones (Scheme 10).'' The
a-amino acid resulting from the particular starting materials shown is of
L-configuration and of greater than 98% optical purity, so establishing a
novel asymmetric amination procedure.

Aza-Diels-Alder reactions leading to 1-azabicyclo[2.2.1]heptene-2-
carboxylic esters (33) based on a chiral iminium ion formed in situ from
glyoxal and a chiral amine, approach 90% diastereoisomeric excess for
exo-isomers, when a non-hindered moiety is introduced with the chiral
amine.!'” Related chiral 1-acetamidobicyclo[2.2.1}heptene-1-carboxylates
formed by Diels-Alder addition of cyclopentadiene to N-acetyldehydro-
alanine (—)-cis-2-neopentyloxyisoborn-3-yl esters exhibit a preference for
the isomer with exo-disposition of the carboxylate moiety.''® A cognate
study (that strictly does not fall within the terms of reference of this



Amino Acids 15

CH,OMe CH,OMe CH,OMe
0 o)
N—( i N—( i N—CO—N>\.:O i Fj>\
L HyN7 ~CO,-
NHOH N=0 O. _NH 3 2
CH,OMe CH,OMe CHOMe ™

Reagents: i, NEt;"104";
it, RCH,COCI + PrOCH= NHZCI’ —= — R.CH=C(OTBDMS)CH=N.OPr';

iii, Mo(CO)g then H30*

%COZR
2 N H

R1

Scheme 10

Reagents: i, established methodology; ii, xylene/135 °C: iii, RuCly/NalOy; iv, HzO"

Scheme 11
RO OR
CH{(SEt),
0
7
< N
(36) (37)
BU‘Ozc utOZC
\©>>\<COZE1
Bu'Ph,SiO 6  BuPh,SIO
TBDMSO\QN :
Bu'Ph,SiO

Reagents: i, CH,=CLi-OEt; ii, Og; iii, routine protectton strategy, Nal; iv, NaNg;
v, ester interchange Et — 4-nitrophenyl for coupling to give nikkomycin B

Scheme 12



16 Amino Acids and Peptides

Section, but is mechanistically related), succeeds in explaining the
diastereofacial selectivity observed in Lewis-acid catalyzed cycloaddition
of cyclopentadiene to N-acryloyl-L-amino acids.'"”

Asymmetric hydroformylation of N-acetamidodehydroalanine
ethyl ester has been achieved using HRh(CO)(PPh;); as catalyst with a
chiral chelating diphosphine [e.g. (—)-DI1OP] as chiral selector, giving the
protected a-formylalanine.'?® Related studies with acrylate esters of N-
acylamino acids have been reported.'?! Chiral rhodium or ruthenium
catalysts effect dynamic catalytic resolution during hydrogenation of
2-acylamino-3-oxobutanoates to yield D- or L-threonine.'??

The substantial record of results on asymmetric (homogeneously
catalyzed) hydrogenation of a-acetamidocinnamic acid esters continues
to be augmented, studies this year including a report of better than 92%
enantiomeric excess with chiral RhX(bichep)(nbd) catalysts [X = Cl, ClOy;
nbd = norbornadiene; bichep = 2,2’-bis(dicyclohexylphosphino)-6,6'-
dimethyl-1,1'-biphenyl].'?* Better than 95% stereoselectivity is attributed
to the use of a zeolite anchor for the nitrogen-based chiral ligands of the
Rh catalyst for the same substrate,'* and very high stereoselectivity is
also achieved with a chiral cyclopentane-1,2-diphosphine.'?> All four
stereoisomers of tripalmitoyl vy,8-dihydroxyamino acids have been pre-
pared through this methodology using an acylamino dehydroamino acid
(34) already containing a chiral moiety.'** More routine studies have
appeared,'?”'** in one of which'?® there is mechanistic interest in the fact
that a decisive role exists for water, present in a two-phase (EtOAc - H,0)
medium used in deuteration (20 — 70% incorporation) of N-acyldehydro-
alanine methyl esters.

Better than 95% optical yield, is the extraordinary outcome for
hydride transfer from (S)- or (R)-N,N’,1,2,4-pentamethyl-1,4-dihydro-
nicotinamide to the Schiff base MeO,CN=CPhCO,Me to give the deriva-
tized phenylglycine enantiomers.'?® This provides an excellent model for
the in vivo action of NADH.

Elaboration of the carbonyl group of the chiral lactone from di-
acetone-D-glucos-3-ulose provides a versatile intermediate (35 in Scheme
11) that is susceptible to the imidate rearrangement.’*® The resulting
aB-unsaturated amine gives the appropriate a-amino acid enantiomer
through RuCl; — NalO, cleavage, and the novel variation of known
methodology has been exemplified in the case of a synthesis of (2R)-[2-
2H]glycine.

4.3  Synthesis of Protein Amino Acids and Other Naturally Occurring
a-Amino Acids
The substantial literature on fermentative production of protein
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amino acids continues to be represented here only in representative
citations, given the availability of authoritative reviews and the accessi-
bility of the literature through Chemical Abstracts (mainly within Section
16 — Fermentation and Bio-industrial Chemistry). The reviews this year
cover amino acid production mediated by transaminases,'*' by microbial
eukaryotes and prokaryotes other than coryneforms,'?? and by acylases,
aminopeptidases, and hydantoinases.'** One of these'?* also covers
a-alkyl-a-amino acids. L-Aspartic acid production using the L-aspartase
in immobilized microbial cultures,'** and L-aspartic acid and D-alanine
production in pressurized reactors connecting immobilized Pseudomonas
dacunhae and Escherichia coli mediated reactions,'*> have been reviewed.

Representative topics featured in primary research papers include
L-phenylalanine production employing Citrobacter freundii with L-
glutamic acid as NH,-donor for the transaminase-based process with
phenylpyruvic acid'* (a mathematical model is reported'?” for the corres-
ponding L-tyrosine production from phenol, pyruvate, and NH; employ-
ing the same organism immobilized on macrocyclic gel granules), L-
tryptophan production, from indole-resistant Corynebacterium glutami-
cum,'*® and from tryptophan synthase using L-serine and indole.'3° Less
familiar a-amino acids covered, include norvaline and O-ethylhomoserine
that accompany L-isoleucine produced by Brevibacterium flavium AB-07
(these can be suppressed by using mutant strains),’'*® and S-adenosyl-L-
methionine and -L-homocysteine production in animal tissues after
inactivation of methionine synthase by N,O.!#!

A number of illustrations of general laboratory methods and asym-
metric synthesis methods described in preceding sections have used with
protein and other natural amino acids as synthetic targets. Further
examples that could have been located here, have instead been collected in
a later Section (6.3: Specific Reactions), because they illustrate the synthe-
sis of one amino acid starting from another.

Aliphatic, alicyclic, and saturated heterocyclic examples of par-
ticular interest concern polyoxamic acid [enantiospecific ring opening by
PhS -, of an aziridine (36) derived from a protected L-arabinose],'** and a
related synthesis of the +vy-hydroxy-B-methyl-a-aminobutanoic acid
moiety in nikkomycin B [starting from (—)-(E)-crotyldi-isopinocam-
pheylborane; Scheme 12].'** Leucinostatine constituents (2S,4S,65)-2-
amino-6-hydroxy-4-methyl-8-oxodecanoic acid and (4S,E)-4-methylhex-
2-enoic acid have been synthesized; the amino acid wss prepared through
alkylation of a chiral glycine Schiff base with (S)-CH,~CH.CH,CH-
Me.CH.I, followed by routine elaboration].!** A norcoronamic acid syn-
thesis (see also an example in the preceding Section) builds the cyclo-
propane ring on to a Schiff base, prepared following the illustrative
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simpler sequence starting from CICH,CH,CH(OH)CN —
CICH,CH,CH(N=CHPh)CN— I-benzylideneamino-1-cyanocyclopro-
pane.'* A related natural product, (2S,3S)-(+ )-aziridine-2,3-di-
carboxylic acid has been synthesized from the corresponding 2,3-di-
carbethoxyoxirane (Me;SiN; followed by Ph;P).!4¢

The natural stereoisomer of dihydroxyproline, configuration
(28,35,45), and a new isomer [(2R,35,4S)], have been synthesized from
L-tartaric acid by cyanosilylation and routine elaboration of the derived
Schiff base (37; R =Bz, TBDMS).'” These are relatively simple targets
compared with members of the kainoid family and near relatives, which
continue to stimulate applications of modern synthetic methods. Acro-
melic acid congeners (carrying an aryl group in place of the 3-pyrid-2-onyl
grouping at the 4-position) are accessible through methodology applied
to hydroxy-L-proline (Scheme 13; see also Vol.23, p.20).'** Electro-
chemical C-5 methoxylation of hydroxy-L-proline carbamates followed
by C-5 stereospecific radical homologation (OMe—CH,OH) are the
crucial steps in a bulgecinine synthesis.'*’

Approaches to kainoids continue to illustrate the best of strategies
using interesting new methodology. The Nicholas reaction (Scheme 14)
applied to the purpose gives a pyrrolidine carrying all essential sub-
stituents.'*® Total syntheses of racemic a-allokainic acid, one involving
two allylsilane — N-acyliminium ion reactions (shown in part in Scheme
15),'3" and another based on Zn(OAc),-catalyzed cyclization of y-iso-
cyanosilyl enolates RC(NC)(CO-Me)CR'=C(0OSiMe;)Me, use of 6-
(TBDMSO)-3-hexen-2-one giving (38), amenable to functional group
modification by standard methods.'?

The interest in a synthesis published for tyrosine'>? lies in its explor-
ation of the feasibility of synthesizing the more complex isodityrosine
diaryl ether moieties of the vancomycins. Cycloaddition of Danishefsky’s
diene (Scheme 16) is possible and the equivalent diene CH,=C-
(OTMS).C(OAr)=CHOTMS will be likely to be successful for the more
important target. A synthesis of (S)-3,5-dihydroxyphenylglycine (a con-
stituent of the vancomycins and related antibiotics) starts with an appar-
ently routine synthesis of the dihydroxyphenylacetic acid, used to acylate
Evans’ chiral oxazolidin-2-one followed by a-azidation (trisyl azide).'**

4.4  a-Alkyl Analogues of Protein Amino Acids

The long-running interest continues in these homologues, seen as
highly hindered compounds potentially capable of modified biological
activity in comparison with their natural counterparts. Implicit in this
structural feature is the fact that general methods of a-amino acid synthe-
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sis, with the notable exception of the Strecker synthesis, often fail when
applied to these homologues.

Alkylation of heterocycles categorises many of the successful routes,
and a review of the use of 3-amino-2H-azirene in this way has
appeared.'>’ A 4.4-diaralkyl-2-phenyloxazol-5-one is obtained from the
parent heterocycle through reaction with the aralkyl bromide in the
presence of MeMgCOj;.'5¢

A spectacular achievement is the first synthesis of aa-di-isopropyl-
glycine, through a modified Ugi synthesis (HCO,H/PhCH,N=C'Pr,/
CeH; NC) but requiring 0.9GPa pressure.’”” All four isomers of
a.B-dimethylphenylalanine and 4,5-dimethyl-1,2,3,4-tetrahydro-
isoquinolin-3-carboxylic acid have been synthesized as “constrained”
phenylalanine analogues, through alkylation of the chiral imidazolidin-4-
ones (¢f. 26, NMe in place of ring O) prepared from alanine enanti-
omers.'*® A similar approach, «-alkylation of an a-amino acid through
various means, underlies syntheses of a-benzylproline (hetero-Cope
rearrangement of N-trifluoroacetylphenylalanine allyl ester, as estab-
lished by Steglich many years ago,'* and subsequent elaboration),'®® and
of a-carboxymethyltryptophan (prepared from the isonitrile analogue of
N™.Boc-tryptophan benzyl ester by alkylation).'®! A longer route to
a-alkylated tryptophans, based on cyclization of suitably protected
carbamates followed by enolate alkylation, has been described.'®>

a-[B-(D-C-Allosyl)]-L-alanine (39) and its altrosyl isomer represent
a rare type of side-chain-glycosylated amino acid, prepared by Claisen
rearrangement (¢f. Ref 159) and hydration of the resulting unsaturated
sugar (Scheme 17).163

2,6-Di-amino-2-fluoromethylhept-3-ene-1,7-dioic  acid, a di-
aminopimelic acid analogue, has been synthesized by alkylation of
fluoroacetonitrile by propenylmagnesium bromide and routine elabo-
ration.'®* Further uses for 5-fluoro-2-phenyl-4-trifluoromethyloxazole, a
“hidden” trifluoroalanine synthon, have been found, alkadienylation and
ring-opening giving (E)-CH,~CH-CH=CH-CH,C(CF;)(CO,Me)NH
COPh.'®

Fluorobenzene chromium tricarbonyl complexes react with chiral
esters of Schiff bases of L-alanine, L-leucine, and L-valine, to give the
corresponding a-aryl-substituted amino acids. 0079495

4.5 Synthesis of C-Alky!l and Substituted C-Alkyl a-Amino Acids

This Section collects examples of syntheses of near-relatives of the
familiar natural aliphatic c-amino acids.

Acyclic examples are 3-alkylglutamic acids (potential kainic acid
analogues), prepared by moderately diastereoselective alkylation of
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(S)-N-Boc-2,2-dimethyl-5-(2'-methoxycarbonylethenyl)oxazolidine using
R,CuLi.'%” (R)- and (S)-2,3-Di-aminopropanoic acids have been prepared
through iodocyclization of (S)-RR’'C=CH.CH,.N(CHMePh)CONHTos
(chiral on account of the N-phenylethyl moiety) to the N-tosyl-N'-4-
a-icdoalkyl-phenylethylimidazolidin-2-one.'®® HC1O,-Catalyzed Friedel-
Crafts acylation of arenes using the L-aspartic acid derivative (40) yields
y-oxoaralkyl-a-amino acids.'®

Aliphatic a-amino acids with conformational constraints built in to
otherwise flexible acyclic side chains, include the four diastereoisomeric
L-a-(carboxycyclopropyl)glycines prepared by cyclopropanation of (S)-
CH,=—CH.CH(NHBoc)CO,SiMe,Bu'.'”®  trans-2-(Phenylcyclopropyl)
glycine enantiomers have been synthesized from t-butyl (E,4R)- and
(E,4S)-2,2-dimethyl 4-(2'-phenylvinyl)-3-oxazolidinecarboxylates [pre-
pared from the corresponding aldehyde (41)—-CH=—CHPh—phenyl-
cyclopropyl].!”!

A substantial collection of papers on the synthesis of members of
the proline and pipecolic acid families can be seen in this year’s literature,
partly covered in earlier sections of this Chapter. This activity is perhaps
mainly stimulated by the potential pharmacological activity of the targets,
bearing in mind the importance in this context of the kainoids as well as
conformationally-constrained analogues of protein amino acids. Follow-
ing the method used in new syntheses of lysine and ornithine,*¢ Co,(CO)s-
catalyzed carboxylation of N-benzoylpyrrolines and -tetrahydropyridines
under hydroformylation conditions gives moderate yields of N-benzoyl-
prolines and -pipecolic acids.'”? The mechanism of this process, already
exemplified some time ago,'”® is tentative but may involve C — Co bond
formation at the C=C group followed by CO insertion and (even more
tentatively) may involve participation by the benzoyl oxygen atom to give
the carboxy function after hydrolytic work-up.

The Schiff base route using Ph,C=N.CH,.CO,R as nucleophile in a
Michael addition to an «,B-unsaturated ketone with 10 mol% Cs,CQ; as
catalyst gives the adduct, cyclisation leading to 2,5-disubstituted 1-
pyrrolinecarboxylates and -prolines.'”™ a-Acetoxy-'"*!7¢ and «-chloro-!"’
N-methoxycarbonylglycine esters carrying an N-alk-3-enyl grouping
undergo cationic m-cyclisation (SnCly; or HCO,H)!'73'7¢ or Cu,Cl,- 2,2'-
bipyridine cyclisation [attempted radical cyclization (Bu;SnH) merely
gives H in place of C1]'77 to give substituted pipecolic acid esters'”>!7¢ and
proline esters.'”” There are curious stereochemical results, viz. that cis-4-
hydroxypipecolic acid esters are formed when the temperature is at — 78°
throughout the reaction and subsequent quenching, but trans-isomers
result if the reaction mixture is allowed to warm before quenching.'”® The
formic acid mediated reaction gives 4-formyloxypipecolates with low
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stereoselectivity at the newly-created chiral centre (C-4).'”* Cyclization of
the ene-iminium ion derived from the (R)-2-phenylglycinol derivative (42)
gives optically-pure 4-substituted pipecolic acids after routine deprotec-
tion and hydrolysis stages.!”® Cobaloxime(I)-mediated cyclization of
homochiral 2-(a-iodoalkyl) N-alk-1-enyl oxazolidin-2-ones gives the C-8
side-chain analogues of domoic acid shown in Scheme 18.'”° Radical
cyclization (Ph,SnH-AIBN) of N-allyl-N-Boc-L-serine lactone gives
4-alkyl- and 4,4-di-alkylprolines.'®® The (28,9S)-2-amino-8-0x0-9,10-
epoxydecanoic acid moiety of the trapoxins (18) has been prepared by
homolytic homologation of protected (S)-2-amino-5-iodopentanoic
acid.'s!

Other syntheses of proline derivatives reported this year also start
from familiar amino acids. (S)-Pyroglutamic acid can be elaborated into
optically-pure homologues containing three chiral centres through addi-
tion of the derived enolate to activated imines (Scheme 19).'®? The chiral
centre in the side chain is of the configuration shown, in the major (75%)
diastereoisomer. The same starting material has been used in a relatively
straightforward synthesis of (2S,3R)-2-carboxy-3-pyrrolidine-acetic acid,
a simple kainic acid analogue.'*?

Hydroxyproline isomers are convenient as starting materials in a
synthesis of all stereoisomers of (43), a conformationally-restricted argi-
nine analogue.'®* The eight-step procedures used in this study, amount to
relatively straightforward elaboration of the secondary alcohol chiral
centre in the starting material. Azomethine ylide formation from the
secondary amine (Scheme 20) derived from L-valine provides a partner
for use in asymmetric cycloaddition; e.g. to N-methylmaleimide, giving a
homochiral a-isopropyl D-proline derivative though with loss of the
L-valine chiral auxiliary (discrepancies exist between absolute configur-
ations in formulae and names in text).'8’

A new synthesis of racemic piperazine-2-carboxylic acid has been
described, based on Schmidt rearrangement of N-ethoxycarbonyl-
piperidin-4-one to give the seven-membered azalactam. aa-Dibromi-
nation at the amide carbonyl followed by Favorskii rearrangement effects
the required ring-contraction and simultaneous creation of the a-carboxy
group.'8¢ Azepane-2-carboxylic acid enantiomers are available through
Schmidt rearrangement of homochiral 2-substituted cyclohexanones pre-
pared from D- and L-valine-based enamines (Scheme 21).'87

1-Aminocyclopropanecarboxylic acid is easily prepared from cyclo-
propanone in a modified one-pot Strecker synthesis.'®® If the ethyl trime-
thylsilyl acetal of the ketone is treated with NaCN and a chiral amine
(phenylethylamine), an asymmetric synthesis opportunity is created.
B-Chloroaldimine — HCN adducts prepared using acetone cyanohydrin
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have been converted into a-amino-y-chloronitriles that can be cyclized to
1-amino-2,2-dimethylcyclopropanecarboxylic acid.'®® More conventional
synthesis routes based on cyclopropanation of alkenes using diazome-
thane, and giving more flexibility as far as patterns of substituents are
concerned, have been described for the Schiff base (44),'*° giving cis- and
trans-2-methyl- and -2-ethyl-1-aminocyclopropane carboxylic acids, and
for  4-ethylidene-2-phenyloxazol-5-one  (giving DL-allocoronamic
acid).'*!

First syntheses of 1-amino-3-aza-, 3-oxa-, and 3-thia-cyclobutane-1-
carboxylic acids have been announced, starting from 1-chloro-2,3-
epoxypropane.'®® These are considered to have potential as NMDA
receptor modulators.

A tested procedure for the synthesis of a mixture of cis- and
trans-4-aminocyclohexyl-D-alanines, through catalytic hydrogenation of
Boc-D-phenylalanine, has been described.'*?

4.6  Prebiotic Synthesis Models for Amino Acids

Relevant reviews of the broader topic, within which environmental
synthesis of amino acids may have occurred, have been published. One'**
is aimed more at the layman than the other.'?

Amino acids have been shown to be present in reaction mixtures
consisting of 1.0 or 2.2M aqueous KCN kept over kaolinite at 70° during
20 days (glycine, alanine, and aspartic acid),'”® of nitrogen, carbon
monoxide, and water subjected to electric discharge over a pool of water
(glycine in 5.6% yield based on available carbon, and trace amounts of
other amino acids; together with HCN, HCHO, and urea).'*¢

Amination of aliphatic carboxylic acids in water occurs under
nitrogen with glow discharge, the best yield being seen for maleic acid.!”’
This reductive fixation of nitrogen is enhanced by HCI, apparently suffer-
ing oxidation to ClO;~ in the process.

4.7 a-Alkoxy a-Amino Acids and Related a-Hetero-Atom-Substituted

a-Amino Acids

A useful new synthesis of N-benzyloxycarbonyl a-acetoxyglycine
methyl ester from the threonine analogue employs lead tetra-acetate in
benzene as reagent.!*® Substitution of acetoxy by thiolate can be effected
by a thiol in the presence of DABCO.'"”® Twenty-six examples of
a-hetero-atom (O, N, S) substituted N-acetylglycine benzylamides have
been synthesized to follow up the discovery that the alanine derivative has
potent anticonvulsant activity.'??

The N-methoxyamino- and N-methoxy-N-methylamino- deriva-
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tives showed the highest activity. The a-methoxy a-amino acid (45) has
been resolved through diastereoisomer formation with ethyl (S)-
lactate.?

4.8 a-(Halogenoalkyl) a-Amino Acids

Aliphatic fluorinated amino acids have been reviewed.?®! Fluori-
nated analogues, EtOQ,C.CH=C[(CF,),CF;]-X-(CH,),,.CH(NH,)CO-H,
oflysine, arginine and cysteine (X =NH:m=4,6; X=S;m=1,n=4,6) have
been prepared from CF3(CF,),.C=C.CO,Et through Michael addition
processes.’®® Trifluoroalanine is obtainable from hexafluoroacetone or
trifluoropyruvates, but conveniently from 5-fluoro-2-phenyl-4-tri-
fluoromethyloxazole (see also Refs. 165, 169, 515) by conversion into the
5-t-butoxy analogue and hydrolytic fission, a procedure that allows easy
[2 - 2 H]-labelling.?"?

D-vyvyy-Trichloro-allo-threonine, prepared from the oxazoline from
N-benzyloxycarbonyl-L-serinal (¢f. 41), gives D-allo-threonine by cata-
lytic hydrogenation, a route suitable for preparing the *H-labelled amino
acid.?*

4.9 Synthesis of Aliphatic a-Amino Acids Carrying Side-Chain

Hydroxy Groups

Stereoselective reduction of a-~([w]-oxo-alkyl) amino acids is a
somewhat neglected route, and is given a useful stimulus in the estab-
lishment of methods illustrated in Scheme 22, for ~-hydroxy-
compounds.?® Alternatively, aff-dehydro-a-amino acids are appropriate
starting materials for these targets, demonstrated with an improved route
to (2S,4R)-4-hydroxyornithines.>’¢

DL-5,5’-Dihydroxyleucine and it 4-fluoro-analogue have been pre-
pared by alkylation of the Schiff base Ph,C=NCH,CO,Et with 2,2-
dimethyl-5-iodomethyldioxan and the corresponding 6-fluoro-
compound.?” Alkylation of diethyl 2-acetamidomalonate by the same
compounds was not so satisfactory.

4.10 Synthesis of Aliphatic a-Amino Acids Carrying Unsaturated
Side-Chains
As seen in the immediately preceding Section, and elsewhere in this
Chapter, alkenyl amino acids are valuable in synthesis and show potential
as biologically-active compounds.
Synthesis of By-unsaturated amino acids,*®® and synthesis of - and
v-amino acids containing an acetylenic moiety,? have been reviewed.
ap-Dehydroamino-a-amino acids have been prepared by the time-
honoured aldol condensation method, illustrated with the unusual sub-
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strate (HCO),NCH,.CO,Et which requires a strong base (NaOEt in
EtOH) for the purpose when benzaldehydes are used.?'® A mixture of (E)-
and (Z)-dehydro-compounds is obtained on working up the products of
radical bromination (N-bromosuccinimide; there are several examples of
this reaction in the year’s literature*?’#%%4°7) of phthaloylphenylalanine
t-butyl ester.?!! X-Ray crystal analysis was used to assign stereochemistry
to the separated products.

Regioselective a-amination of di-anions of af-unsaturated alkanoic
acids has been established, employing H,N.O.PPh,; yields of af-dehydro-
amino-a-amino acids are modest.?'> The special case situation of L-
DOPA is shown in many of its properties covered elsewhere in this
Chapter, and in the present context too; the N-acetyl ethyl ester derivative
gives the af-dehydro-analogue with NalO, or with catechol oxidase,
through rearrangement of the initially-formed dopaquinone.?!?

Vinylglycine enantiomers are available through effective stereo-
selective routes, from the (R)- or (S)-serinal derivative (41), already found
to be a valuable synthon in other contexts (Sections 4.5, 4.9, and 4.15),2'¢
or from the cysteinal analogue (46).2'> Wittig elaboration of (41) gives
alkenes that are converted oxidatively into the D-vinylglycines. Similar
treatment of the sulphur analogue (46), followed by photo-oxidation (O,,
meso-tetraporphyrin) then Ph;P reduction to the hemithioacetal, gives
D-Bvy-unsaturated-a-N-Boc-amino acids (Scheme 23).2!3

Allylation of Schiff bases is also a feasible route, using a Pd catalyst
with allylic carbonates, esters or halides,?'® or through Michael addition
to l-alkenes in the case of benzylideneamino nitriles.?'” In the former
study, it was shown that the reaction could be biased to the extent of 70%
in favour of one enantiomer when Pd(OAc), — (+)-DIOP was used as
catalyst.?!® N-Benzyl aa-divinylglycine ethyl ester was obtained in an
application of the latter route.?’

Two representative a-amino acids with y-thioenol ether side-chains
have been prepared through a Pummerer-type reaction with S-alkyl-
homocysteines effected using N-chlorosuccinimide.?'®

4.11 Synthesis of a-Amino Acids Carrying Aromatic and Heteroaromatic

Side-Chains

The routine nature of synthetic routes to near-relatives of the
aromatic protein amino acids, is accounted for both by the effectiveness
of standard methods of a-amino acid synthesis and by the simplicity of
methods needed to create the aromatic side-chain precursor from which
the a-amino acid is to be prepared. Some natural products in this cate-
gory, however, offer more challenging problems (e.g. vancomycins,'>*)
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and examples of these, and of more routine work,”! 949516 have been
located elsewhere in this Chapter.

A review of fluorine-containing aromatic amino acids has
appeared.?!” Direct fluorination is possible in some cases, e.g. m-tyrosine
gives 2- and 6-fluoro-compounds in anhydrous HF;??° this permits easy '®
F-labelling and further examples are collected in the later Section 4.15.
DL-2'-Fluoromethyl- and -difluoromethyltyrosines have been prepared
from 3,4-dimethylanisole through side-chain radical bromination and use
of diethyl acetamidomalonate in the former case, and routine elaboration
of ethyl 5-hydroxy-2-methylbenzoate, in the latter case.??! lodination of
L-DOPA has been achieved through halogen replacement of the 6’-
chloro-compound, prepared using CI(CH,CH,0),P*(NMe;),PF,~ 2%
4'-Substituted phenylalanines are accessible from the N-Boc-4'-iodo-
compound, e.g. 4'-aminomethyl-L-phenylalanine by Pd-catalyzed car-
bonylation, followed by oxime formation and catalytic reduction.?*?

Heteroaromatic side-chain creation and manipulation is also often
challenging [e.g. preparation of D- and L-pyridylalanines from corres-
ponding bromopyridines by Pd(0)-catalyzed substitution of N-acetylde-
hydroalanine methyi ester, followed by asymmetric hydrogenation,*** and
the 2-pyridiniomethyl-alanine (47) prepared by alkylation of a 5-methyl-
2-t-butylimidazolidin-4-one (¢f. Section 4.2).*° Standard methods have
been used to prepare B-(3-quinolinyl)alanine and its lysine analogue, and
3-pyridylcarbonyl-lysine (by alkylation of diethyl acetamidomalonate),>®
and the fluorescent amino acid, DL-2-amino-1-(7-methoxy-4-coumaryl)
propionic acid.??” The heterocyclic moiety has been built on to the amino
acid framework in the cases of $-(4-thiazolyl)-L-alanine [from the L-
aspartic-acid derived chloromethyl ketone (48) by Hantszch synthesis —
condensation with thioformamide},>*® and of novel analogues of the
pharmacologically-interesting B-(3-carboxyalkyl-isoxazol-5-yl)-
alanines.?®

Fischer indole synthesis of 7-fluoro-DL-tryptophan,?*® and routine
alkylation methodology [1-hydroxytryptophan from methyl 1-hydroxy-
indole-3-acetic acid;**' and 5-bromo-DL-tryptophan from 5-bromoindole
and the bromoalanine Schiff base HON=C(CH,Br)CO,Et?*? ] have been
described.

4.12 Synthesis of N-Substituted a-Amino Acids

While this Section excludes peptides, it includes non-routine
examples of side-chain N-acyl- and N-alkyl derivatives.

Easy methylation of the ring nitrogen atom in (S)-phthalimido- and
-tritylamino -lactams derived from L-lysine and ornithine, has been estab-
lished using Mel and Ag,0 in DMF.>** Side-chain N-(a-halogenoacetyl)
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derivatives (S)-RCH,CONH(CH,),CH(NH,)CO,H R=Cl, Br, I; n=1-3
have been prepared for study as enzyme inhibitors.?** Synthesis of the
same iodo-acetyl derivatives of ornithine and lysine (n= 3, 4 respectively)
has been reported simultaneously from a different laboratory.?*

A new synthesis of N'™-hydroxytryptophan has been published.
N-Amination of a-amino acids under mild conditions using N-methoxy-
carbonyl phenyloxaziridine offers a useful entry to new carbazates.?*’

236

4.13 Synthesis of a-Amino Acids Carrying Phosphorus-Containing

Side-Chains

Organic synthesis is responding more noticeably to the biological
importance of glycosylated, phosphated and sulphated side-chains. The
enhanced response is also stimulated for other reasons, and has been
significantly helped by simplified synthesis methodology.

Together with other examples collected elsewhere in this Chapter,
current papers include cis-4-(phosphonoxy)-pipecolic acid (a conform-
ationally-restricted potential antagonist of the NMDA subtype of the
glutamate receptor), synthesized from N-benzyl but-3-enylamine and
glyoxal through alkene — iminium ion cyclization and ring-opening of the
resulting lactone (49).2%® (2R,3S)-B-(Phosphonoxyacetyl)pipecolic acid
has been synthesised from N-(3-chloropropyl)-D-aspartic acid for the

same purpose.?*’

4.14 Synthesis of a-Amino Acids Carrying Boron-Containing Side-Chains

This short new Section is introduced for the first time this year in
this Specialist Periodical Report series. This is not intended to imply that
these are in any way novel types of a-amino acid, but that their study
continues to be recognized as offering useful biological rewards. Unevent-
ful alkylation of the Schiff base Ph,C=NCH,CO,Me with 3-[2-methyl-
1,2-dicarba-closo-dodecaborane(12)-1-yl]propyl iodide gives the corres-
ponding carboranyl amino acid.?*

4.15 Synthesis of Labelled a-Amino Acids

The topic has all the relevance and fascination in this year’s litera-
ture, that has been illustrated in all recent Volumes of this Report.
References are arranged in order of increasing atomic number of the
substituting isotope.

*H- and '*C-Labelling of L-cysteine has been accomplished through
tryptophan synthase-catalyzed condensation of L-[3-'3C]serine with tolu-
enethiol.?*' The corresponding method with 1-'N- and 2-'3C-indoles
gives labelled tryptophans.?*?

7H;, or *H,-Solid-state labelling of amino acids by isotopic exchange
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has been extensively studied recently, following a large number of similar
earlier studies. Uniform labelling with 80-90% substitution is possible,
with retention of stereochemical configuration.?** The most recent of the
Russian studies have concentrated on catalysis®** and other parameters®*+®
involved in the H, version of the process, concentrating particularly on
L-valine.?* General *H - 'H exchange using a Pd catalyst with *H, is also
featured in a preparation of *H-a-amino-y-butyrolactone, work-up with
HBr-AcOH giving the hydrobromide of labelled a-amino-y-bromo-
butyric acid as main product (57% yield) with 23% of the y-hydroxy-
analogue.?*® [4,4-3H]-y-Aminobutyric acid has been prepared from gluta-
mine by Chloramine-T oxidation to the nitrile, followed by reduction
with *H, .2*7 A report on [3-*H]-labelling of S-ribosyl-L-homocysteine has
been published,**® and stereochemical control has been exerted in syn-
theses of (5R)- and (5S)-[5-*H}-L-ornithines, through crucial stages
involving asymmetric reduction of CH,=CH(CH,);C*HO followed by
Evans’ azidation methodology,®® and in a synthesis of [3-3Hj]-L-
threonine involving [*H,-Pd] tritiolysis of the trichloromethyl alcohol
derived from the Z-D-serinal oxazoline [41; CHO—=CH(OH)CCl;—
CH(OH)C3H;}.2%

'C-Labelling continues to provide valuable derivatives for diag-
nostic medical studies, but applications are limited by the need for deft
organic chemistry in view of the short half-life of the isotope. ''CH;Cl has
been used in a synthesis of labelled (R)-carnitine in this context.?>! An
improved synthesis of [1,1'-13C,}-L-cystine from Na'*CN includes Asper-
gillus acylase resolution.?®? Specific '*C-labelling of each carbon atom is
featured in the synthesis of [3-'*C]-, [4-13C]-, [5-1*C]-, and [3,4-13C, ]-2-
oxoglutaric acids for use in the synthesis of correspondingly-labelled
L-['’N]glutamic acids.?>® Less spectacular are the syntheses of L-[I-
14C]phenylalanine (in seven steps from '* CO,),>>* and of L-['* C-methyl]-
methionine, converted into the S-adenosyl derivative using methionine
adenosyl tranferase and ATP in better than 90% yield with relatively high
labelling efficiency.?>’

8F-Labelling, referred to elsewhere in this Chapter,*? is featured in
syntheses of 4-['8-F]fluoro-m-tyrosine by regioselective fluorodemercura-
tion of the 4-trifluoroacetoxymercurio derivative using AcO'8F,>*¢ and of
the isomeric L-[6-'*F]fluoroDOPA by the Schiff base alkylation route
using similar methods applied to 6-nitroveratraldehyde, to synthesise the
labelled 6-fluorobenzyl bromide.?’

A new synthesis of N-bromoacetyl-[3'-'2°1]3,3'5-tri-iodo-L-
thyronine has been published.?*®
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4.16 Synthesis of B- and Higher Homologous Amino Acids

Attention continues to be paid to gaps in synthetic methodology in
this topic area, so that it can approach the level of sophistication estab-
lished for the a-amino acids.

The chemistry of B-alanine has been reviewed.?* Standard methods
for the synthesis of B-amino acids exemplified this year for asymmetric
synthesis, include addition of nitrogen nucleophiles to af-unsaturated
esters. 202! The presence of baker’s yeast achieves up to 60% enanti-
omeric excesses, enhanced further by the presence of cyclodextrin.?
N-Lithio (R)-N-benzyl-a-methylbenzylamine adds highly diastereo-
selectively (better than 95% enantiomeric excess) to (E)-t-butyl but-2-
enoate in giving (R)-3-aminobutanoic acid and (S)-B-tyrosine.>*! Efficient
and practical syntheses of (R)-3-aminobutanoic acid starting from L-
asparagine have been developed,?®? through elaboration of the derived
N,N-dibenzyl-L-asparaginol methanesulphonate via the nitrile. D-
Aspartic acid acts as starting material in a new synthesis of the f-amino
acid ADDA, the chiral centres in the derived (4R,5S)-4-methyl-5-
phenyloxazolidin-2-one (¢f. Scheme 18) becoming the (8S)- and (9S)-
chiral centres of the synthesis target.?®* Further syntheses in the general
category of synthesizing one amino acid from another, include (2S,3R)-3-
amino-2-hydroxy-4-(4'-hydroxyphenyl)butanoic acid from Boc-D-
tyrosine methyl ester by DIBAL reduction to the aldehyde, and cyano-
hydrin formation and conventional elaboration,?** and specifically deu-
teriated isoserines (50; R>=NH,) by Curtius rearrangement of 3-deuter-
iated malic acid (50; R*=CO,H), itself prepared through enzyme-
catalyzed methods. Cyclization of an isoserine to the aziridine (51) creates
a key intermediate in a versatile route to labelled D-amino acids.?®®> An
enolate Claisen rearrangement of a B-amino acid allyl ester shown in
Scheme 24 has been used for B-proline synthesis.?¢¢

Examples of homochiral B-amino acid synthesis, building on
methods established for a-amino acids, include homoallylamines pre-
pared by addition of allylsilanes or -stannanes to O-pivaloyl-galacto-
sylamine imines (¢/. the arabinose analogue 25) catalyzed by SnCl,,>*’
alkylation of the homologue (52) of the well-established imidazolin-4-
ones (Section 4.2) with high diastereoselectivity, and in good yields,?**
and BINAP-Rh(II)-catalyzed asymmetric hydrogenation of B-substituted
(E)-B-acylamino-acrylic acids.?®® The Boc-serine-derived 3-lactone (53)
undergoes highly diastereoselective 1,4-addition with amines combined
with lactone aminolysis.>”®

A general asymmetric B-amino acid synthesis exemplified by syn-
theses of natural B-leucine, B-lysine, and B-phenylalanine, involves
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dipolar cycloaddition of nitrones to vinyl acetates, keten acetals and
a-chloroalkenyl-nitriles.?"!

Methods reminiscent of standard a-amino acid syntheses are ilius-
trated in a number of recent papers. Ammonolysis of 2-bromo-3-deoxy-
D-threonic and -D-arabinoic acids to give 3-aminoalkanoic acids via
2,3-epoxycarboxamides.”’> The formation of isomeric a-amino acids is
also a feature of this study. Curtius rearrangement of mercaptosuccinic
acid oxathiolone (54) gives B-amino-a-mercaptosuccinic acid (alias iso-
cysteine), isolated as its S-benzyl derivative.?’? The B-trifluoromethyl
derivative of B-phenyl-B-alanine has been synthesized starting from
CF;CPh=NH, the Schiff base of trifluoroacetophenone, through N-
trifluoroacetylation and addition to a vinyl ether to give the oxazinone
(55) followed by hydrolysis with concentrated aqueous acid.”’* A chiral
Schiff base is employed in an enantioselective Staudinger reaction to give
B-lactams from which the corresponding isoserines are obtainable
(Scheme 25).>7> A new homochiral -lactam synthesis from a homochiral
diazaborolidine is based on addition to simple Schiff bases as displayed in
Scheme 26.27¢ Birch reduction of homochiral N-Boc-phenylethylamines
followed by ozonolysis and either decarboxylation (to $-amino acid
esters) or B-lactam formation is shown in Scheme 27.277 An alternative,
familiar, way to create the carboxy group in the present context is
represented in synthesis of 3-amino-2-arylpropanoic acids by N-pivaloy-
lation and benzylic lithiation of 2-arylethylamines and their addition to
CO0,.77® N-Silylated enamines MeCR!'=CHN(SiMe;), are a source of
2-aminocyclopropane-1-carboxylic acid derivatives through cyclo-
propanation using methyl diazoacetate and Rhy(OAc),.7"

Pharmacologically-interesting B-amino acids are featured in recent
synthesis studies, leading to PB-proline analogues (agonists at the
strychnine-sensitive glycine receptor) through azomethine ylide addition
to methylpropiolate (Scheme 28),° Rhodococcus equi-mediated enantio-
selective hydrolysis of 6-azabicyclo[3.2.0]hept-3-en-7-one to give a pre-
cursor of the antifungal agent (+)-cispentacin,?®! and a synthesis of a
series of GABA receptor-binding 2-(thien-2-yl)-3-aminobutanoic acids
(56; X=S) and closely related heterocycles.?®? Points of methodological
interest in these studies include an effective N-demethylation step in the
B-proline synthesis (Scheme 28), using CICO,CHCIMe,**® and points of
interest as far as biological activity is concerned are that 3-carboxy-3,4-
dehydropyrrolidines (Scheme 28) are more active than any other
isomer,?®® and that the 5-methyl- and 5-chloro-thienyl compounds were
the most potent, and also specific for the GABAg receptor, from the series
(56) studied.?®?

Within the y-amino acid area, there is also considerable interest in
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biologically active compounds. Gabapentin, the anticonvulsive 1-
(aminomethyl)cyclohexaneacetic acid (57), is synthesized in a new way
through addition of HCN to diethyl cyclohexylidenemalonate, followed
by routine elaboration.?®* Other GABA analogues have been synthesized,
including +yy-dialkyl homologues (Scheme 29) illustrating acetal alky-
lation with allyltrimethylsilane,?®* and both enantiomers of Baclofen
[4-amino-3-(4-chlorophenyl)butanoic acid, which, unlike GABA, can
cross the blood — brain barrier], prepared by a-chymotrypsin-catalyzed
hydrolysis of prochiral dimethyl 4-chlorophenylglutarate di-esters to the
mono-esters, followed by amination [-CO,H—=NH, vie azide (Curtius
rearrangement), and -CO,Me—CONH,].?*

Dolastatin 10 components (3R,4S,5S)-dolaisoleucine  and
(2R,3R 4S)-dolaprine have been synthesized from an N-protected iso-
leucine (via the derived B-keto-ester -CO,H—-COCH,CO,Bu") and from
N-Boc-L-prolinal  [CHO—CH(OH)CHMeCOSPh]  respectively.?%¢
Several other studies extending the separation of amino and carboxy
functions by similar means have been reported, particularly those based
on B-keto-esters and using enzyme-catalyzed reduction of the ketone
grouping. In this way, baker’s yeast and (S)-Boc.NH.CHMe.CO.CH,
CO, Me give the 3R-configuration required for elaboration into sper-
abillin and negamycin,?®’ and the simplest example has been studied
further — (R)- and (S)-GABOB from enantiomers of AcO.CH(CN).CH,-
CO,Et through lipase-catalyzed kinetic resolution (¢f. Vol 23, p.38).2%72 A
different route to these B-keto-esters employs enolate alkylation by N-
carboxyanhydrides, newly synthesized by the astonishing ring-expansion
of 3-oxolactams (Scheme 30; see also Scheme 3).%8

The statine group is of long-standing interest and although many
syntheses have been described, still more are evidently in the pipeline. The
continuing investigations in this area are of broader interest since light is
cast on factors controlling stereoselectivity, especially since standard
organic reactions of wide applicability are involved. The aldol conden-
sation of silyl enolates CH, = C(OMe)OSiMe; with homochiral aldehydes
is better than 95% diastereoselective in the presence of TiCl,, and (3S,4S)-
statine and (3S,4S)-cyclohexylstatine have been obtained in this way from
L-leucinal and L-phenylalaninal, respectively.?® 2-Trimethylsilyl-
ethylidene triphenylphosphorane adds to Boc-amino aldehydes to give the
Cram chelation-controlled product, successive hydration and oxidation
of the ethenyl moiety of the adduct, to give a carboxy group providing
N-Boc-statine in 36% overall yield from Boc-L-leucine.?

Alkylcuprate — BF; substitution of 5-methoxy or 5-phenylthio-
groups from 4,5-disubstituted oxazolidin-2-ones with retention of con-
figuration has been employed in syntheses of (3S,4S)-statine and (35,45)-
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cyclohexylstatine.?”' Routes via these oxazolidinones prepared differ-
ently, have been a feature of recent studies (Vol.23, pp.36, 37).

(3S,45)-Statine and (3S,4R)-statine have been prepared from
(S)-malic acid, already used by Bernardi’s group (Vol.23, p.34) involving
allylation of an a-alkoxy N-acyliminium ion.?*? An “easy” synthesis of
cyclohexylnorstatine  (3-amino-4-cyclohexyl-2-hydroxybutanoic  acid)
from D-glucose involves an electro-oxidation and Baeyer-Villiger oxi-
dation sequence.?* 1,3-Dipolar cycloaddition of a chloronitrile oxide to
N-allyl trichloroacetamides gives a diastereoisomer mixture that is not
particularly biased (1.4 — 2.2:1) in favour of the stereochemistry of
DL-statine.?®* The C;; — Css portion of the calyculins is a (2R,3R,4R)-2,3-
dihydroxy-4-dimethylamino-5-methoxypentanoic acid residue, and is
thus closely related to the statines. Syntheses, incidentally verifying the
assigned stereochemistry, have been based on building-up the serine
oxazoline (41),°>> and on the pyroglutamate-derived hydroxymethyl-
lactam (58).2%¢

d-Amino acids and higher homologues are generally accessible
through standard organic synthesis methodology, as opposed to the
particular methods that are recognizable to the protein amino acid
chemist. D-Ribonolactone is a convenient starting material for a synthesis
of (2R,3R,4R)-5-amino-2,3,4-trihydroxyvaleric acid (60),°7 employing
the key azidation step (59; R=0H—59; R = Nj in several steps—>60) so
frequently used in bridging from the carbohydrates across to the amino
acids [see also a synthesis of natural trans-5-hydroxypipecolic acid from
(S)-5-hydroxy-2-piperidone by the same group,?®’® using the acyliminium
ion method®"**2]. D-Ribose has been elaborated into the 8-amino acid
corresponding to (59) with one fewer OH groups, after reaction of its
5-O-methanesulphonate with NaN;.2*® Other 2,3-dideoxymonosaccha-
rides can be manipulated in this way, a synthesis of N-Boc-O-benzyl-
(4S,55)-5-amino-4-hydroxy-6-phenylhexanoic  acid being crucially
dependent upon selective protection of the secondary and anomeric
hydroxy groups so that azidation at the C-6 hydroxy group could be
accomplished.?®® A lactone almost identical with the above-mentioned
lactone (59; NHCPh; in place of OH) has been prepared from L-phenyl-
alanine for synthetic studies in this area, through the transformation —
CO,Me—-COCH; P(O)(OMe), followed by isopropylidenation, and ring
closure.’® Further connections with statine syntheses are noticeable in
this and in a number of other syntheses of higher homologues starting
with a-amino acids, such as aldolization of the phenylalanine-derived
aldehyde based on (41) with PPrCH=C(OSiMe;)SBu',**! and aldolization
of a protected prolinal [reversal of stereoselectivity was observed in this
case, compared with experience in the same method applied in a dola-
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proine synthesis,**?* and is ascribed to the use of excess dibutylboron
triflate and NEt3].3°?* Alkylation of diethyl 2-substituted malonates with
the chloromethyl ketone derived from a protected ornithine,?®? alkylation
of N-t-butyl-D-alanine pyridylthioester with (R)-1-bromopropan-2-ol
benzyl ether, giving (61) for further elaboration,*** and reduction with
alkenylcopper reagents MeCu(CN)Li.BF;**® and (vinyl);Cu(CN)(Mg-
C),,*%¢ of 3-amino-y-methanesulphonyloxy-aB-enoate esters, (62)—
(63)3% have also been reported.

Full details are available’®” of support by synthesis of the revised
structure of galantinic acid, a component of galantin I previously assigned
a tetrahydropyran structure now shown to be readily formed from the
now-established open-chain structure (see also Vol.23, pp.40,41).

An example of the synthesis of an amino acid with considerably
greater separation of amino and carboxy functions, is offered by the
compound (64), prepared from the corresponding dicarboxylic acid (from
di-iodobenzofuran) through a route employing conversion of the corres-
ponding mono-ester into the t-butyl carbamate with (PhO),P(O)N; and
t-butanol.’*® Development of synthetic routes to handle such a separation
of functional groups is relevant for residues in some antibiotics but
particularly in syntheses of protein cross-linking moieties and their
peptide models.

4.7 Laboratory Resolution of DL-Amino Acids

All the classical methods for resolution of racemic amino acids in
the laboratory, are represented in the recent literature: separations based
on diastereoisomer formation and on eutectic phenomena; on enantio-
selective reactions; and on chromatographic interactions. The last-
mentioned category has both preparative and analytical aspects and
papers dealing with the latter aspect are mostly covered in later Sections
of this Chapter.

Conventional diastereoisomeric salt formation, ¢.g. between (RS)-2-
phenylglycine and (S)-10-camphorsulphonic acid, is accompanied by
asymmetric transformation in favour of one enantiomer, when the
mixture is allowed to equilibrate in an alkanoic acid solution at 100°.3% A
“replacing crystallization” phenomenon (favoured crystallization of the
L-enantiomer) is illustrated for solutions of ammonium salts of N-acetyl-
DL-butyrine, norvaline, and norleucine in the presence of ammonium
N-acetyl-L-alaninate.’'* Seeding with L-threonine gives optically-impure
crystals from a melt of the racemate due to co-crystallization of the
D-enantiomer at the crystal surface.?!!

Numerous examples of enzyme-catalyzed “resolution” have
appeared in the recent literature for the amino acids area (e.g. papain,*
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lipase,*' and a-chymotrypsin®), and the topic has been reviewed.?'? Rates
of a-chymotrypsin-catalyzed ester hydrolysis differ for (Z)- and (E)-
isomers of N-benzoyldehydrophenyalanine methyl ester, with the
(Z)-acid predominating in reaction mixtures approaching completion.?'?
Urethane protecting groups cause a drop in the selectivity of this pro-
cess.?’3 A new acylase, from Comamonas testosteroni, has been used for
enantioselective hydrolysis of N-acyl-DL-amino acids;*'* a study of
immobilized enzymes for the corresponding role in the resolution of B-(1-
and -2-naphthyl)alanines has been reported.’'* Moderate enantiomeric
excesses are recorded for the overall process of accumulation of D-ureido
acids from hydantoins of L-a[w]-di-amino acids incubated with Agro-
bacterium radiobacter *'3

Increasing interest is being shown in resolutions employing chiral
chromatographic techniques, a subject endowed with potential commer-
cial reward like others applicable for the resolution of amino acid race-
mates. Pirkle chiral stationary phases (CSP’s) are well established in
chromatographic resolutions, and research papers continue to record
improvements in their efficiency. A review has appeared in a Symposium
Volume.*'® The CSP based on N-(1-naphthyl)-D-leucine has been evalu-
ated for the resolution of N-(3,5-dinitrobenzoyl)-DL-leucinamides,3!7-3#
and shows improved performance compared with N-(2-naphthyl)-D-
alanine.*'” The principle is used the other way round, for the resolution of
N-acetyl-DL-leucine 2-naphthylamides over an N-(3,5-dinitrobenzoyl)-
L-leucine-based CSP.3!° Interactions involved have been studied, in an
attempt to rationalize chromatographic elution order, through collecting
physical data (including X-ray analysis) for 1:1-(8,S)- and 1:1 (R,S)-co-
crystals of N-(3,5-dinitrobenzoyl)leucine N-methylamide as an analogue
of the stationary phase. The spacer groups, typically long-chain aliphatic
a,[w]-diols, connecting the chiral selector group with the inorganic
supports, are important in the process, as are the N-protecting groups on
the amino acid moiety.*”® Four new CSP’s of general form N-(3,5-
dinitrobenzoyl)-L-tyrosine[-(CH,), X(CH,); Y-]NHMe have been evalu-
ated for amino acid enantiomer recognition.??!

Studies employing related principles are featured in separation of
DL-N-(2.4-dinitrophenyl)amino acids over a B-cyclodextrin-bonded
stationary phase,**? similar application of crown-ether-bonded col-
umns,??* and uses of synthetic polymers imprinted through having a
derivative of an enantiomer of an amino acid present from the start of the
polymerization, and washed out from the polymer at the end (see Vol.23,
p.43).32* Ligand-exchange chromatographic techniques also offer chiral
discrimination possibilities, shown in a multi-gram scale resolution of
DL-amino acids®*?® and in an analytical scale application, monitoring of
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the production of L-alanine from DL-aspartic acid by Pseudomonas
dacunhae *® A standard technique, exemplified in resolution of chiral
B-amino acids,*”’ uses N-dodecyl-hydroxy-L-proline bonded to C-18
silica with a copper(Il) acetate buffer, but there are numerous variations
of this protocol. Thus, copper(Il) acetate and 5'-guanosine monophos-
phate or cyanocobalamin have been shown to effect resotution of DL-*H-
labelled a-amino acids,** and copper(II) salts of ribonucleic acids have
been used as components of the mobile phase.* This last-mentioned
study was stimulated by the possible role of homochiral polynucleotides
in bringing about the dominance of L-amino acids from prebiotic times,
an aspect of resolution featured in the next Section of this Chapter. This
explains why there are certain other unexpected aspects to this study, such
as the discovery that DNAs work as well as RNAs in this respect, and that
L-amino acids seemed to give more stable complexes since they were
eluted more slowly than their D-isomers.

4.18 Models for Prebiotic Enantioselection Relating to a-Amino Acids

This topic, formerly located within the preceding Section, has
strongly established strands of enquiry, and is now given its own identity
within this Chapter.

A major prerequisite for a quantum physics background might
appear necessary, in coming to terms with currently-discussed models
accounting for the discrimination in the contemporary biosphere in
favour of L-enantiomers of a-amino acids. However, the basis of the
electroweak theory (3x 107! eV energy difference between D- and L-
enantiomers due to parity violation) is relatively accessible to all, and has
been authoritatively reviewed,?* even if it is not accepted by all.'> From
this starting point, a specific enhancement factor (i.e. a phase transition
into a condensed Bose mode) has been proposed.’*! This, with co-
operative and condensation phenomena, could give rise to second-order
phase transitions (including equilibration of D-isomers into their L-
counterparts) below a critical temperature T.. This would provide a novel
amplification mechanism to transform racemic amino acids into their
L-enantiomers. This offers a target, the determination of T, that might be
the subject of experimental study,**? though it is considered®! that the
value for T. might be too low plausibly to account for the occurrence of
the process on planet Earth.

The two strands — how did the first small stereochemical bias arise?
how did this become amplified? — continue to be fertile fields for specu-
lation and controversy involving different areas of science, and do not
depend on the ever-more-enclosed quantum mechanical debate. Long-
running theories, all based as they must be on indisputable factors in the
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prebiotic environment, continue to be put forward in new forms. It has
been suggested**? that in the course of a day, the planet’s surface is bathed
in sunlight with a slight predominance of left circularly-polarized light in
the morning. In the afternoon, the predominance switches to right
circularly-polarized light and because the temperature on the planet’s
surface is now higher on average than in the morning, chemical reactions
will proceed faster (including the destruction of the D-enantiomer within
samples of racemic amino acids). The related theory, in which radiolytic
or electromagnetic radiative destruction of one enantiomer is proposed to
be greater than that of the other, has featured in another new contribution
to the debate. Since bi-molecular interactions between two like enanti-
omers might be such as to suppress their photodegradation, while inter-
actions between opposite enantiomers are likely to be at some different
level, there should be a consequence in the selective destruction of one
enantiomer faster than the other.>** This has aspects reminiscent of the
respected Frank mechanism (spontaneous chiral selection; see Vol.22),
which has now been extended to allow for the racemization that might
accompany any amplification mechanism3** — whether any amplification
might be extinguished, or enhanced, as a result of racemization, depends
on relative rate constants.**

5 Physice-Chemical Studies of Amino Acids

5.1 X-Ray Crystal Structures

Familiar amino acids and simple compounds derived from them
continue to be subjected to X-ray crystal structure determination, because
information on their solid-state structures is relevant in a number of
contexts, including the behaviour of heterogeneous systems incorporating
amino acids.

Single crystal X-ray analysis of L-alanine has been interpreted to
give its total electronic charge density at 23K.?* More routine motives
(solid-state conformations, especially of side-chains) lie behind X-ray
studies of DL-histidinium dinitrate,>*” L-lysinamide dihydrochloride,**
calcium bis-L-pyroglutamate and lithium L-pyroglutamate,®*® N-acetyl-
DL-alaninamide and N-acetyl-DL-leucinamide,**° N-benzoyl a-hydroxy-
methyltyrosine,**' and a-hydroxymethyl aspartic acid.>*? In the two last-
mentioned cases, assignment of absolute configuration [( + )-isomers have
the R-configuration] was the objective, as was the case in an X-ray study
of methyl (2R,3S)-N-benzoyl-3-phenylisoserinate.?** Thialysine hydro-
chloride®** provides a further example outside the immediate protein
amino acid family.
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5.2 Nuclear Magnetic Resonance Spectrometry

Proton n.m.r. studies of a non-routine nature concern the interpre-
tation of 'H — 'H coupling constant data for serine, cysteine, and seleno-
cysteine in every conceivable protonation state,* and a similar objective
for thiazolidine-4-carboxylic acid, assisted by i.r., Raman, and '*C-n.m.r.
data.*¥¢ 'H-, 3C-, and ""O-N.m.r. data have assisted X-ray structural
studies of calcium L-pyroglutamate.® Solid-state high-resolution
'H-n.m.r. of glycine, alanine, N-acetylglycine, and histidine hydro-
chloride using CRAMPS reveal characteristic line shapes for 'H bonded
to '“N, explained by '*N quadrupole effects on '*N — 'H interactions.**’

Absolute configurational assignments dependent on 'H-n.m.r.
measurements have been reported for methyl (S)-(+ )-mandelate esters of
N,N-dimethylamino acids,*® confirmed with interpretation of corres-
ponding data for p-nitroanilides of these amino acids in chiral solvents. A
modified Mosher method has been developed further, in which shift
values for protons in N-(2-methoxy-2-phenyl-2-trifluoromethyl)acetyl
derivatives of amines and amino acid esters are determined. A putative
extended conformation for these derivatives**® (CF; coplanar with the
carbonyl of the chiral acyl group) for chiral amine derivatives of known
configuration accounts for consistencies seen in shift values, and estab-
lishes a method for configurational assignments that requires less than 0.1
mg of an amino acid. The n-butylamide of (S)-2-(phenylcarbamoyloxy)
propionic acid is a suitable chiral solvating agent for determining the
enantiomeric composition of N-(3,5-dinitrobenzoyl)amino acid methyl
esters.>°

H-N.m.r. combined with m.s. data have been used to assess isotope
distribution at different locations within amino acid molecules.*' Gluta-
mic and aspartic acids, alanine, proline, and lysine from different origins
show wide variations. '*C-N.m.r. data for aqueous solutions of L-lysine
together with a chiral lanthanide shift agent, confirm the adoption of an
extended conformation.?>® At a more sophisticated level, "*N — dipole-
coupled "*C-n.m.r. powder spectra have been interpreted to give the '*C
chemical shift tensor for the indole C-2 in tryptophan.3%3

"7Q-N.m.r. line widths for carboxy groups of protein amino acids in
Y7O-enriched water establish the relative hydration numbers for their
cationic, anionic, and zwitterionic forms.>** "*F-N.m.r. data have been
determined for diastereoisomeric inclusion complexes formed between
fluorinated amino acid derivatives and a-cyclodextrin.3**

5.3 Optical Rotatory Dispersion and Circular Dichroism
Routine spectropolarimetry underpins a study of the dependence of
optical activity on structure for L-cysteine, L-histidine, and L-tyrosine.%¢
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Chiral aggregates are concluded to be formed in ethanol solutions of
N-octadecanoyl-L-glutamic acid, since the positive c.d. feature at 215 nm
is replaced by a negative feature at 205 nm in aqueous sodium dodecyl-
sulphate solutions of the same solute.**” An ordered structure is also
claimed for N-acetyl-L-prolyl-D-alanine methylamide in 2,2,2-
trifluoroethanol.>*® A more targeted approach is seen in establishment by
c.d. of aggregation phenomena involving the L-alanine amphiphile
H,0:P(0)-(CH,)s-O-p-(CsH4)-N=N-(p-C(H,)-CO-NH-CHMe-CO-O-
(CH,);;Me.** A particular feature of interest in this last-mentioned study
is the helical bilayer membrane-forming propensity shown by this
derivative.

Raman optical activity spectrometry is developing steadily into a
technique where the collection of high quality spectra is a routine matter,
a point made in a paper dealing with L-alanine 3¢

5.4 Mass Spectrometry

The electrospray technique dominates the current non-routine
literature in this area, with much remaining to be discovered so as to
clarify the physical basis of ionization achieved in this way. As a contri-
bution to this problem, the establishment of a relationhip between log
(relative intensity) for ions of protonated amino acid molecules and their
standard hydration free energies, is consistent with the ion evaporation
theory.3! A later paper from the same workers*** modifies the relation-
ship to the difference between hydration free energies and gas-phase
binding free energies. Comparison of the atmospheric pressure spray and
electrospray techniques has been reported for glycine.**> While intense
ions in the molecular ion region are seen in the spectra for glycine from
both methods, atmospheric pressure spray leads to [M+ Na]*, [M+K]*,
and [M + H]* ions while electrospray yields only [M + H]* 1ons. Electro-
spray techniques offer several useful advantages over classical ionization
techniques for amino acids and peptides,*** but may give charged clusters;
ion masses corresponding to up to 24 molecules have been recorded for
arginine.’®

Positive ion chemical ionization mass spectra of didehydroamino
acids give more satisfactory results than those from other conventional
jonization modes, and are suitable for structure assignments.®

Chemical ionization (isobutane) mass spectra of cyclic D- and
L-a-amino acids derivatized with homochiral reagents make interesting
comparison.?*” Characteristic ions for diastereoisomers of one configur-
ational type consistently appear to be more abundant in mass spectra, and
this opens up a use of mass spectrometry for assignment of absolute
configuration using derivatives well-known for this purpose employing



44 Amino Acids and Peptides

spectrometric techniques based on absorption of electromagnetic
radiation.

5.8 Other Spectroscopic and Related Studies

Infra-red studies with a traditional objective have established inter-
molecular hydrogen bonding in Boc-glycine N,N-dimethylamide through
its influence on amide absorption features.**® More sophisticated u.v.-
resonance Raman studies applied to N-acetylamino acid amides***37° and
prolinamides®’' continue to develop new structural insights, including a
revision of long-standing dogma that the position of the amide II'-like
band is diagnostic of the cis:trans ratio for the amide bond in proline
derivatives.’”' A new w.v.- resonance Raman technique used to determine
relative Raman intensities as a function of the refractive index of the
liquid medium has employed N-acetyl-L-tyrosinamide for comparison
purposes.®’? Raman spectra of [N-?H]-labelled histidine salts and C-2 —
’H analogues have shown their usefulness for assessing parameters of
hydrogen-bonding in the solid state,’”* information that is potentially
transferable to hydrogen-bonding interactions in proteins.

L-Phenylalanine and its methyl ester, derivatized with the nitroxyl
spin label 2,2,55-tetramethyl-1-oxypyrroline-3-carboxylic acid, yields
ENDOR spectra interpreted in terms of conformational details.?”*

Electron diffraction data provide a more traditional basis for gas-
phase conformational information, applied to DL-alanine (a unique con-
formation for the neutral tautomer)®’® and to glycine (a planar structure
with OH and NH, groups in an anti-relationship).*’

5.6 Physico-Chemical Studies

What might be called ‘the thermodynamic properties of wet amino
acids’ have obvious biological interest since that is one of the normal
viewpoints taken in vivo by nearby molecules, small and large. It is a
growing topic area for this reason, and also because valid data are easily
acquired with simple apparatus. Studies of amino acids in homogeneous
media include the simplest solubility studies, e.g. of domoic acid,*”” highly
relevant information because this proline derivative is a seasonally-
dangerous marine toxin (this background is fully described in Ref.179).
Solvation of amino acids and small peptides has been reviewed.’”®
Hydrogen-bonding pairing (65) involving N-succinoyl L-proline,*” is
revealed by the 32-fold alteration of the amide cis:trans ratio after presen-
tation of the hydrogen-bonding partner. Dissociation constants for valine
and norvaline®®® and the corresponding data for the alanine zwitterion
together with thermodynamic parameters,’®' have been determined by
conductimetric methods; thermodynamic aspects have also been the
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primary interest in related calorimetric studies of acid-base reactions in
solutions of DL-threonine,**? and of N-protonation of histidine and other
imidazoles.*?

Determinations of partial molar heat capacities and partial molar
volumes,*®* and of enthalpies of interaction,*®* for N-acetylamino acid
amides, are accompanied by enthalpies of dilution studies of N-acetyl
derivatives of sarcosine and N-methylalanine amides.’®® The last-
mentioned topic area has its own fascination in establishing chiral recog-
nition phenomena by continuing studies®” of ternary aqueous solutions
containing two different aliphatic amino acid derivatives of the same or
different chirality (see Vol.23, p.49).

A different principle is involved in a study of proton transfers
involving amino acids in aqueous solutions using ultrasonic velocity and
absorption data.®®

Strong inclusion complexes are formed in aqueous solutions
between amino acids such as DL-tryptophan or DL-tyrosine, or to a
lesser extent, DL-phenylalanine, and the rigid cyclophane (66) carrying
two acceptor paraquat groups facing each other.*®® The binding constants
are two orders of magnitude greater than those involving simple electron
acceptors such as methylviologen. Heterogeneous systems are represented
in partition and distribution coefficient measurements for amino acids in
l-octanol — water,*° and transfer free energies of ionic amino acid
derivatives (of aspartic and glutamic acids, lysine and arginine) in the
same medium.**! From such distribution coefficient data it can be inferred
that amino acids are transferred as their hydrates, from aqueous media
into lipid phases.*?

A similar, and equally important inference,*®* has been drawn,
based on comparisons of water-to-vapour and water-to-cyclohexane
distribution coefficients for N-acetylpyrrolidine and N-butylacetamide.
Proline residues in simple N-acyl amides including peptides and proteins
must be taken to be much more hydrophilic than is generally believed.

Amino acid hydrochlorides are well transported through thin sheet
supported liquid membranes (polysulphone, polyacrylonitrile, or poly-
ethylene as support in the form of hollow fibres; and long chain alkanols
and a choice from various crown ethers to form the membrane).** Par-
tition studies of amino acids in micro-emulsion droplets (reversed
micelles) have been described, revealing amino acids to have co-surfactant
properties.*** Stable monolayers at the air-water interface, capable of
specifically binding amino acids, are formed by long chain alkyl deriva-
tives of Kemp’s acid.’®*® Monolayer-forming amphiphilic amino acid
esters Me(CH,),;CH(NH,)CO, CH,R (R =Ph or CHCl,) must exist in an
ordered state since rates of self-condensation to give peptides occur at
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much faster rate in the monolayers compared with the process in non-
ordered media.*’

Solid state studies deal with the adsorption of phenylalanine and
tyrosine on to activated carbon from water at various pH,* and the
measurement of latent heat of melting of the oxygen adduct of the eutectic
compound formed between NaCl and water in the presence of an
L-amino acid (leucine, threonine or aspartic acid).?® It is puzzling to
consider that the value obtained is 5KJ mol~' NaCl lower than that
found when a D-amino acid is present.

5.7 Molecular Orbital Calculations

The mainstay for this Section over the years continues to be the
application of various self-consistent field models to N-acylamino acid
N-methylamides.*°*-4%5 However, an authoritative review has now high-
lighted both the efficiency and limitations of these compounds as models
of protein segments, and therefore the limited relevance that such calcula-
tions might have in the conformational analysis of peptides.*®® Among the
research papers, specific objectives include study of N-alkylamino acid
derivatives,*%-4! comparison of hydrated and non-hydrated states from
the point of view of changes in free energy and hydration free energy,*’?
and consideration of statine as a peptide component.4°?

Calculations relating to the underivatized amino acids have
appeared for solvates of zwitterionic glycine, alanine and proline,**¢ for
five plausible conformations of glycine,*” and for various models for the
interaction of an amino acid with a helical structure.**® Of course, the
latter initial study can only scratch the surface as far as the multitude of
possibilities is concerned, but has already shown some features of interest
in terms of chiral discrimination related to the geometry of the amino acid
alignment within the helix cavity. A less obscure basis is shown by
calculations for complexes formed between (S)-methyl N-(2-naphthyl)
alaninate and enantiomers of N-(3,5-dinitrobenzoyl)leucine n-propyl-
amide, since they are models for putative interactions occurring on Pirkle
CSP’s used in chromatographic resolution.**

An interesting development in this topic area is the broadening of
conformational calculations to compounds resulting from isosteric
replacements, and the dithio-acid analogue of N-formylglycine is one
such compound.*'©

6 Chemical Studies of Amino Acids

6.1 Racemization
There is little to report this year, on the application of amino acid
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enantiomer ratios for dating relatively young fossils and similar formerly-
living materials, though the subject has been reviewed,*!! and last year’s
review*!? gives an account of some relevant and extraordinary applica-
tions of the method.

Research papers describe long-running mechanistic interests in
aldehyde-catalyzed racemization, of proline and pipecolic acid,*'* and of
a series of amino acid esters.!* In the former study, it was shown that
solvent acidity affects rates, with higher acidity suppressing racemi-
zation,*'* while an unexpected rate enhancement was seen in the other
study,** and explained to be a consequence of immobilizing of the
pyridoxal used as catalyst.

Racemization of pentachlorophenyl esters of amino acids accom-
panying their use in dipeptide synthesis has been shown to be less than
that of corresponding p-nitrophenyl esters.*!> A curious fact that may
modify current theories of causes of racemization in reactions of N-
protected amino acids, is the optical purity of N-acylureas formed as
side-products when dicyclohexylcarbodi-imide is used in peptide synthe-
sis to give partly-racemized peptides.*!'®

6.2 General Reactions of Amino Acids

This, and the following Section, divide the discussion of reactions of
amino acids roughly into: reactions mainly involving amino and carboxy
groups (this Section), and reactions mainly involving side-chains (next
Section).

Processes causing degradation of amino acids include irradiation by
3KeV helium ions (gradual carbonization of glycine monitored by i.r.
spectra)*!” and thermal self-condensation.*'®* The latter topic is gaining
more momentum because, as well as its ‘origins of life’ connection, it is
becoming clear that there is no uniform pattern of thermal behaviour
among protein amino acids, and because mixtures of amino acids are
somewhat selective in the range of peptides they form under thermal
conditions. Thus, a methionine-phenylalanine bond is not formed in
condensation products from mixtures containing these and other amino
acids, judging by Edman degradation of cyanogen bromide-cleavage
products.*'® Metal ion catalyzed self-condensation occurs under mild
conditions in aqueous solutions, glycine giving mixtures of di- and tri-
glycine,*'? and alanylglycine predominates in glycine — alanine mixtures
containing copper(Il) salts.**® Glycine slowly forms its cyclic dimer,
2,5-dioxopiperazine, when in aqueous solution in the presence of urea,**'
and if alanine is also present, the aminolysis product glycylglycylalanine is
formed. De-amination and decarboxylation of glycine (—= NH; + CO»,)
occur in aqueous solutions containing pyrogallol, a process that is
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accelerated strongly by the presence of a mineral, e.g. calcium non-
tronite.**

Further details are available (Vol.23, p.53) of the preparation of
quaternary ammonium salts of amino acids, which should be of consider-
able value in synthesis.**

Reactions at the amino group involving simple processes can be
followed by further transformations in the special case of a-amino acids.
Kinetics of chlorination of aliphatic amino acids, represented by alanine
and valine, have been studied;*** the process leads to N-chloro- and
N,N-dichloro-derivatives that decompose to give aldehydes and nitriles.
Independently, N-chlorination of proline and hydroxyproline,*** and
kinetics of the decomposition of the derivatives has been studied, and the
same workers have applied themselves to the kinetics of decomposition of
N-bromoleucine and N-bromoisoleucine.*?** Diazotization of (S)-tert-
leucine is followed by conversion into the a-chloro- and -hydroxy-acids,
as expected, but then successively into the acid chlorides and a-chloro-
amides which are sources of the elusive a-lactams, e.g. 67, through
treatment with But OK.*** Small amounts of N-t-butyl-tert-leucine t-butyl
ester also appear among the products.

Radical N-methylation of Boc- and phenyloxycarbonylamino acid
methyl esters is achieved in 47 — 57% yields using t-butyl perbenzoate in
the presence of copper(Il) octanoate (Boc-valine methyl ester does not
react).*?” More conventional processes are reductive benzylation of amino
acids and esters using benzaldehyde and sodium hydrotelluride,*?® and
Eschweiler — Clarke N,N-dimethylation using HCHO/HCO,H.42%430
These latter reports concern unexpected reaction products with B-alanine
(N,N,N-trimethylation to give the betaine***) and describe fragmentation
products formed with polyamines.**® In contrast with these thwarted
alkylation processes, an unintended N-methylation, with some N,N-
dimethylation, has occurred during hydrogenolytic deprotection
operations of threonine derivative in MeOH-AcOH.**! N-(1-Ethoxy-
carbonyl)-1-acetonylation of amino acid esters can be effected by their
NEt;-catalyzed addition to HO.CHMe.C=C.CO,Et and its homo-
logues.**? Improved N-protecting group protocols have been reported for
N-benzyloxycarbonylation of y-benzyl glutamate and B-benzyl aspartate
as their O,N-bis(trimethylsilyl) derivatives, using Z-Cl and N-methyl-
morpholine,*** for preparing 4-azidomethyleneoxy-Z-protected amino
acids,** and for polymeric reagents for 3,5-dinitrobenzoylation*** and for
the introduction of Fmoc, 4-nitrobenzoyl, and acetylsalicyloyl groups.**

Photolysis of N-2.4,6-trinitrophenylamino acids in weakly basic
alkaline solution causes cleavage into 2-nitroso-4,6-dinitroaniline, CO,,
and the aldehyde corresponding to the decarboxylated amino acid.**’
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Schiff base formation between pyridoxal 5'-phosphate and L-serine,
and its subsequent transamination to pyridoxamine 5'-phosphate and
ketoacetate, has been subjected to kinetic study.**® Formation equilibria
for the initial step in this process have been determined for several amino
acids over a range of pH.** In this*3? and another study,** spectrometric
characteristics have been collected for these particular Schiff bases,
including estimation by u.v. spectrometry of their tautomerization equili-
bria and acid dissociation constants.**® A detailed study has appeared**!
of the oxidative deamination of (p-sulphophenyl)glycine by copper(Il)-
mediated Vitamin B¢ coenzymes with pyridoxal 5'-phosphate or 5'-
deoxypyridoxal phosphate. The deamination product, (p-sulphophenyl)
glyoxylic acid, becomes a focus in this study for a demonstration by
'80-labelling that 80, is a reactant and is incorporated into hydroxyl-
amine released after conversion of its Schiff base into the oxime, followed
by hydrolysis.**! It seems reasonable from this impressive study, to
assume that hydroxylamine is the precursor of the eventual product, NHs.

[2 + 2]-Cycloaddition reactivity of chiral Schiff bases of amino acid
esters have been reviewed.*? Chiral-catalyzed addition of derived azo-
methine ylides to acrylic esters to give proline homologues (Scheme 31)
has been explored,** using CoCl, or MnBr, with (1R,2S)-N-methylephe-
drine; up to 96% enantiomeric excess is claimed. Isatin-derived azome-
thine ylides undergo decarboxylative cycloaddition to (— )-menthyl acry-
late to give (68).*® These extend the scope of earlier results that
established the wider usefulness of Schiff bases of amino acids, and
Grigg’s group has combined the process with a cyclization by using a
mixture of N-methylmaleimide, an N-allylglycine ester, and o-bromo-
benzaldehyde (to provide the intermediate azomethine ylide that under-
goes cycloaddition to N-methylmaleimide, but with the bromine atom to
provide the point for cyclization to the allyl moiety). Catalysis by
Pd(OAc), /Ph; P/Ety NCI/K, COs) is involved, and gives a product with
four chiral centres.**

Extensive studies of Maillard reactions between amino acids and
carbohydrates continue to give increasing insights into this most complex
of processes. The Schiff base formed between glucose and proline
rearranges in the usual way to the fructose — proline Amadori product,
which is the main intermediate from which ensuing steps develop, leading
to numerous products.*** About 40 compounds were identified in this
study, and a detailed study of products from glucose — N*-protected lysine
reaction mixtures has been published.**® The mechanistic detail of the
release of ammonia from the Amadori product is one of the difficult
problems, and some attention is given to this aspect in this**® and in other
recent papers. 1,2- and 1,3-Enolization of the open-chain form of the
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Amadori compound is followed by dehydration, and then an avalanche of
processes, in the currently-adopted mechanism, but it has long been
realized that this does not adequately account for most of the ultimate
products. An alternative dehydration mode involving cyclic forms of the
Amadori compound is suggested.*” Another interesting development is
the verification of azomethine ylide behaviour by isolation of cycload-
ducts with the dipolarophile, norbornene, targeting the pyrylium betaines
derived from initially-formed Schiff bases (Schiff bases are already known
to exhibit this reactivity profile — see preceding paragraphs).**® The
original amino acids can be recovered from the fructose -B-alanine,
-phenylalanine, and -N*-Boc-N*-fructosyl-lysine Amadori compounds,
by oxidation in the presence of copper(Il) salts to release D-arabino-
hexos-2-ulose.** The generation of fluorescent compounds and non-
enzymic browning processes, based on interactions of ascorbic acid with
amino acids, has been surveyed.**® Furfural formed between L-ascorbic
acid and simple amino acids accounts for the ‘browning reaction’ pro-
ducts through further condensations with the amino acids.**' The Mail-
lard process has been reviewed from the carbohydrate point of view,
concentrating on the behaviour of 3-, 4-, and l-deoxyosones in the
presence of particular amino acids and amines.**? The physiological role
of the Maillard reaction is also important, especially in protein cross-
linking processes, and the formation of the recently-discovered fluore-
scent crosslinking residue, pentosidine (containing the 2-amino-
imidazof4,5-b]pyridinium chromophore) in human extracellular matrix
protein has been modelled with D-ribose and N*-Boc-L-lysine and Ne-
Boc-L-arginine.*3? Ribated (sic!) Boc-lysine gives a compound identical
with pentosidine, which could also be obtained using glucose or ascorbic
acid as carbohydrate*** (note the link with work outside the physiological
context*’),

Relatively superficial reports still appear in the food chemistry and
in the physiology contexts, but are rarer, as shown in an excellent
overview of the presently greater chemical sophistication seen in the
current approaches to this topic.**

Reactions at the carboxy group of amino acids include routine
hydrolysis of Schiff base methyl esters, and re-alkylation with an alkyl
halide, with the purpose of establishing the survival of the Schiff base
function through these steps.*>> Crown ethers have been shown to
enhance a-chymotrypsin-catalyzed transesterification of N-acetyl-L-
phenylalanine ethyl ester in isopropanol,*® while ethyl ester formation
from N-protected tyrosines can be effected easily by suspending a-chymo-
trypsin in 95% ethanol containing an appropriate buffer.**” Industrial-
scale Fischer-type synthesis of L-phenylalanine methyl ester hydro-
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chloride has been described, using DL-phenylalanine and (—)-camphor-
10-sulphonic acid.**

In the biosynthesis of proteins, each amino acid passes from the
aminoacyl adenylate to become an amino acid ester, and finally a 2'(3)-
peptidyl ester of AMP at the end of a tRNA. Because of the stereochemi-
cal situation, it would be expected and has now been established, that
bis(2’,3’-aminoacyl)esters of AMP should react faster with N-acetyl-L-
phenylalanine than with its D-isomer.*® Conventional methods for pre-
paring active esters of N-protected amino acids for use in peptide synthe-
sis are led by dicyclohexylcarbodi-imide condensation of the acid with the
alkanol or phenol. However, a way of avoiding the use of this reagent
exploits the high acylation reactivity, free from side-reactions, recently
established for Fmoc-amino acid chlorides.*®® While DHBt esters are
made in a simple one-pot way, from the Fmoc-amino acid, thionyl
chloride, and HODHBE, in the case of pentafluorophenyl esters a work-
able procedure requires separation of the acid chloride formation step
from the acylation step.

An alternative method to that recently established (SOCI,) for the
preparation of Fmoc-amino acid chlorides involves reaction of an Fmoc-
amino acid anhydride with anhydrous HCl, though some contamination
with simple esters is inevitable, as the alkanol liberated along with the
displaced anhydride grouping reacts with other components.*®' These
acid chlorides are sensitive to atmospheric moisture,**? and correspond-
ing fluorides, which are readily prepared from Fmoc- and Z-amino acids
using cyanuryl fluoride,**? are more stable. Polymers prepared from
bis(N-chloroformylmethyl)pyromellitimide bis(acid chloride)s in which
the acid chlorides are based on amino acids, have been described.*®?

Cleavage by BuyN*F~, of 4-nitrobenzyl, 2,2,2-trichloroethyl, and
phenacyl esters of N-protected amino acids,*** and use of aqueous alco-
holic alkali metal carbonates (e.g. Cs,CO;) and bicarbonates for cleavage
of methyl, ethyl, and benzyl esters,* are useful practical procedures. The
extensive studies of recent years (Vol.23, p.59) of enantioselective hydro-
lysis of N-acylamino acid esters continues with results using aqueous
emulsions containing Z-L-histidyl-L-leucine as chiral catalyst, with a
series of long chain N-acyl D- and L-phenylalanine p-nitrophenyl
esters*® and Z-L-leucine p-nitrophenyl ester*®’ as substrates. A
thoughtful approach to the former system?*® feads to the suggestion that
the micellar interface discriminates between transition states that have
different hydrophilic and hydrophobic properties. Thiolysis of hydro-
bromides of amino acid p-nitrophenyl esters is more effectively catalyzed
by bridged crown ethers (69; 2R = p-CH,-C¢H,4-CH,-, R’ = Me or CH,SH)
than by unbridged analogues (R =2-MeQ-CH,-).4®°
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Reduction of carboxy functions is represented in the preparation of
B-aminoalkanols from N-protected amino acid mixed anhydrides using
NaBH, in an aqueous organic medium (see also the same results of
G.Kokotis cited in Vol.23, p.58),47® and in polarography of chiral metal
complexes fac[Cr(L-aminoacidato),], in which the first reduction wave at
the Hg surface in the presence of the tetracthylammonium ion is more
positive for the (+ )-isomer.*

Homochiral a-amino-aldehydes have been mentioned several times
earlier in this Chapter, and as conveniently-available compounds nowa-
days, they are useful in Wittig reactions leading to y-amino esters*’? that
undergo [2,3-[c]} rearrangement after N-oxide formation (Scheme 32) to
give homochiral a-aminoxy esters.*”

Oxidative decarboxylation of N-acylamino acids with lead tetra-
acetate followed by quenching with MeOH gives N,O-acetals
RCONH.CHR'.CH(OMe)NHAc which can be used in a-amidoalky-
lation reactions with Me; SiCN to give a-amino nitriles.*”* There is some
mechanistic interest involved in this process, since diastereoisomeric
excesses in the range 5 — 72% are obtained with homochiral amino acid
derivatives.*’* The ninhydrin reagent protocol has been modified for use
in t.l.c., by preceding its use by a (+)-camphor-10-sulphonic acid spray,
and heating the plates;*’* this produces a range of distinctive colours
rather than the familiar, relatively uniform, blue-purple of the usual
ninhydrin system. Since it is claimed that the colours appear in the cold,
from 0.4 — 2.0 ug samples, no doubt some will be tempted to try to
repeat this strange protocol. It is incorrectly claimed in this paper that
secondary amines are formed from amino acids in this procedure.

a-Amino acids are useful sources of heterocyclic compounds,*”® and
examples additional to those already cited above, illustrate 4-alkyloxazol-
5(4H)-one formation from mixed anhydrides of N-formylamino acids
(prepared using isopropenyl chloroformate with N-methylmorpho-
line),*’”” and from N-acylamino acids using cyanuric chloride and tri-
ethylamine*”® (see above, for discussion of acid chloride formation with
this reagent). Since oxazolones are implicated as side-reaction-introduc-
ing species in peptide synthesis, their aminolysis reactions are of consider-
able interest; diastereoisomer ratios disclosed for dicyclohexylcarbodi-
imide coupling products of N-benzoyl-L- or D-amino acids with L-amino
acid esters give false indications of the racemization accompanying this
standard peptide bond-forming procedure, considered to be introduced
through oxazolone intermediates, unless corrected for asymmetric induc-
tion.*”” Easy assessment of diastereoisomer ratios is possible using
h.p.l.c.*¥ 2-Phenyloxazolones give N-benzamido-acyl 2-thiothazolidines,
usable in peptide synthesis, through reaction with 2-thiothiazolidine in
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boiling dichloromethane in the presence of NEt;.#¥! Oxidative dimeri-
zation of oxazolones, giving 4,4’-bis-oxazolones, can be achieved using
nickel peroxide or DMSQ. %82

N-Protected oxazolidines are readily prepared from N-protected
amino acids by LiAlH, reduction and in situ condensation of the resulting
B-amino alkanols with a carbonyl compound.*** Condensation of an
N-arylalanine methyl ester with an isocyanide gives an imidazolidin-2,4-
dione,*®* while N-sulphonylisocyanate gives 1,2,5-thiadiazolin-1,1-
dioxides.*®5 Heterocyclic synthesis from higher homologous amino acids
includes B-amino acid cyclodehydration to B-lactams (methanesulphonyl
chloride/NaHCO; /MeCN/80°),%%¢ and active ester cyclization of y-keto-
d-amino acids to piperidin-2,5-diones.*®’

The flow of routine, often repetitive, work on simple oxidation
processes involving amino acids, continues with accounts of peroxo-
monophosphoric acid,*®® alkaline hexacyanoferrate(I1),*®® and electro-
oxidation at a Pt electrode.*®® Potassium permanganate continues as
front-runner in this pack,*!*** with attention to autocatalytic effects of
colloidal MnO,*! and Mn(I1),*? Mn(III) and Mn(IV)*? species. An
exceptional interest attaches to a study of the oxidation of amino acids by
Fenton’s reagent [H,O, and an Fe(II) salt] leading to the expected pro-
ducts NH, ", a-keto-acid, and CO,, but also to oximes and aldehydes, and
the carboxylic acid containing one fewer carbon atom than the starting
amino acid.**® The process has a dependence on bicarbonate ion and
appears to involve an undefined iron chelate with an (undefined) role.

6.3 Specific Reactions of Amino Acids

Some reactions that are specific to a particular amino acid are
occasionally extendable to homologues of that amino acid, though the
distinctive functional group distribution in the familiar protein amino
acids usually ensures a unique profile for each structural type. The
aliphatic side-chains might have been expected to show a general group of
radical substitution reactions, but there are structural influences such as
the finding that phthaloylamino acids show much less a-halogen substitu-
tion than corresponding N-acylamino acids.**® Regioselective H-transfer
from B- and vy-positions of N-acetylvaline and from the N-methyl group
of N-acetylsarcosine has been established by e.p.r., providing direct
evidence of polar effects in radical reactions of amino acid derivatives.*’
New results indirectly demonstrating a-hydroxylation of a-amino acids, a
key step in one theory for C-terminal amidation of peptides, relate to
copper(Il)-mediated oxygenation of N-salicoylglycine.**® Although this
substrate is a poor model for a peptide, more support is given for
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non-enzymatic processing in accordance with the original proposal for
the biogenesis of peptide amides.*°

Michael addition reactions to dehydroalanine have proved useful
over the years, and another example is a synthesis of 6-phosphono-alkyl
tetrahydro-4-pyrimidinecarboxylic acids (Scheme 33) as NMDA receptor
antagonists.>®

A surge of papers relating to side-chain hydroxy groups is mostly
accounted for by growing interests in glycosylated amino acids, especially
in protected versions suitable for peptide synthesis. B-Glucosidase from
almonds, and B-xylosidase, have been employed in preparations of
B-glycosides from N-acetyl-L-serine methyl ester.>®'*392 and B-Galactosi-
dases®25%3 have been used in the corresponding transglycosylations from
lactose®®*%%% and raffinose,>** employing mild deprotection procedures.
Non-enzymic procedures require protection of the carbohydrate moiety,
illustrated in SnCl, -catalyzed transglycosylation (Fmoc-L-serine —70),3%¢
and a variation of the Koenigs-Knorr process with a glycosyl bromide/
AgOTfl/L-serine methyl ester Schiff base.’®® In the last-mentioned
study,’®> the interesting suggestion seems to be validated, that a hydrogen
bond between the side-chain OH and the imine nitrogen atom of a serine
Schiff base increases the nucleophilicity of the oxygen lone pair, thereby
catalyzing electrophilic attack as required in non-enzymic O-glycosylation.

O-Phosphorylation methodology for serine, threonine and tyrosine
continues to be developed for similar reasons to those stimulating glyco-
sylation studies, a recent example being (S,S-diaryl)phosphorodithioy-
lation.’®® O-t-Butylation of N-Fmoc derivatives has been effected for
methyl esters of serine and threonine using isobutene and toluene-p-
sulphonic acid (H,SO, catalysis for non-esterified Fmoc-tyrosine), fol-
lowed by mild, non-racemizing, ester saponification (NaOH or Na,-
C05).%97 The overall process is suitable for large scale operations, improv-
ing on the current route based on benzyl esters.

“Homologation of L-threonine”, a somewhat inaccurate term
used>®® for a procedure (Scheme 34) based on oxazolidin-4-yl thiazol-2-yl
ketones, depends on the use of the thiazole as a latent aldehyde func-
tion.>%® Poly(ester)s [F-OCH, CH(NHZ)CO-], (n [=] 100) are obtained by
heating benzotriazoly! esters of Z-serine at 105° during 3h.3%° A lengthy
process involved in bridging two protected serine molecules through
side-chain hydroxy groups with — CH,CH, — starts with the conversion of
N-tritylserine methyl ester into the aziridine; in this and in other steps, the
synthesis is based on routine methodology.*'® L-Homoserine lactone has
been prepared from L-aspartic acid through selective reduction with
LiBH,.>'" N-Benzoyl [3,4-?H,]-L-homoserine, subjected to 6M-HCI
hydrolysis (reflux 14h) and conversion into its 3,5-dinitrobenzoate was
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surprisingly epimerized at C-4, but not at C-3.5'2 The possible expla-
nation, cyclization involving the benzoyl group (to give a 2-phenylox-
azole) has been discussed.

No tritylamide derivatives of amino acids have so far been reported,
but they may be prepared using triphenylmethanol with Ac,O/AcOH;
N-tritylasparagines and other derivatives are stable to strong mineral
acids in aqueous media but may be cleaved with trifluoroacetic acid.’"?
1-Glycosylamines [easily prepared by dissolving a reducing sugar in
saturated aqueous (NH,),CO;] have been condensed with a-t-butyl
B-pentafluorophenyl Fmoc-L-aspartate to give NP -glycosides of Fmoc-
L-asparagine for use in peptide synthesis.>'*

L-Aspartic acid condenses with hexafluoroacetone to give the
oxazolidin-4-one (71), proposed to be a useful synthon for regiospecific
reactions leading to a- or B-substituted aspartates.’'> D-Isoglutamine, a
component of peptidoglycans of the bacterial cell wall, has been synthe-
sized from dicyclopentyl D-glutamate through lipase-catalyzed selective
hydrolysis of the side-chain ester group followed by ammonolysis of the
other ester group.’'® A useful recipe for the preparation of y-benzyl
Boc-L-glutamate that avoids the pyroglutamic acid side-reaction involves
minor changes to an established procedure.’'” L-Pyroglutamic acid con-
tinues to provide the starting point in syntheses of interest to several
research groups. The derived acetal (72) is readily prepared, and has been
used in syntheses of 2,4- and 2,3,4-substituted pyrrolidinones.’'® The
related pyroglutaminol (58), as its N-Boc O-TBDPS derivative, has been
shown to be susceptible to stereoselective functionalization at C-3 and
C-4.5" After introduction of a C-3 — C-4 double bond (LDA/PhSeCl),
3,4-dihydroxy- and 4-methyl-derivatives were prepared by standard
methods; alternatively, 3-hydroxylation could be accomplished (LDA/
MoOPH). Methylation (Me,S0.,/K,CO;) gives methyl N-methyl-L-
pyroglutamate, and methyl L-pyroglutamate with MeOCH, OMe/MeSO;
H gives a mixture of the N-methoxymethyl derivative and the bis[N,N-
(methyl pyroglutamyl)lmethane.5?°

Biogenetic interests are reflected in a study of the finer details
(oxidative decarboxylation involves loss of the 3-pro-(R) proton, i.e.
anti-geometry for the eliminated atom and group) of the conversion of
(2S,6R)-(—)-S-(2-carboxypropyl)cysteine  into  trans-S-1-propenyl-L-
cystine sulphoxide.®?! S-Protected cysteines are converted into cystines
through reaction with sulphoxides and trimethylsilyl chloride in
TFA.532523 Simpler methods are involved in reactions with NN'-diacetyl
L-cystine bismethylamide (thermolysis gives trisulphides; aqueous alkali
causes elimination to dehydroalanine).’>* Tyrosinase catalyzes attack by
cysteine through the side-chain sulphur atom, at the 4-position of 5,6-
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dihydroxytryptamine;>% in the absence of the enzyme, 5,6-dihydroxytryp-
tamine protects cysteine against oxidation to cystine, because it is more
readily oxidized to the o-quinone.

Lysine is represented in detailed recipe for conversion into the
Ne-Z-derivative of its methyl ester through successive copper complex-
ation, reaction with ZCl, and MeOH-SOCI, esterification®?® (errors in this
account are corrected later’?”). Extraordinary lysine derivatives, the
(eee-tribenzyl-EDTA) ester of Boc-L-lysine,”® and the heavily-loaded
amino acid (73),5* have been prepared. The latter derivative in MeCN
displays net electron transfer between the bipyridinium group and the
phenothiazine moiety when subjected to 6ns 460 nm laser pulses.

One-pot syntheses in about 50% yields, of N? -Boc-N®N“l.di-Z-
arginine and of tri-Z-arginine have been reported, based on the reaction
of ZCl with appropriate di- and tri-N-trimethylsilyl derivatives.>** Estab-
lished routes enjoying detailed description concern synthesis of side-chain
Pmc-protected arginine,>*' and multi-gram synthesis of N*l-methyl argi-
nine (in the classical way from ornithine and MeNH.C(SMe)=NH,* 1~
in the presence of aqueous NaOH).>3? Lysine is the starting material in a
synthesis of Boc-homoarginine through regiospecific amidation with
EtN=C(NHEt)SO;H.33* Synthesis of Nl-hydroxy-arginine from N-
Boc-ornithine t-butyl ester, proceeds via the thiourea [-NH, with
CSCl,—-NH.CS.NH,—-NH.C(=NOR).NH,],>* or alternatively>3*
-NH,—=-NHC=N with BrCN,—=NHC(=NH)NHOH. This arginine
derivative has created interest as the source, in tissue, of the vasorelaxing
agent nitric oxide; the work of D.J.Stuehr and co-workers on this topic
has been surveyed.>*¢

Aromatic and heteroaromatic side-chain modifications have been
mentioned in earlier Sections (4.11 and 4.15) of this Chapter, a spectacu-
lar example®® being the biogenesis from L-tyrosine, of the pyoverdin
chromophore (19) via (74) in Pseudomonas fluorescens E2.°¥7 Mass-
spectrometric confirmation of the structure has been published.®*® The
propensity to form 1,1'-ethylidene bis(L-tryptophan) (75) with acetalde-
hyde®* led to the unfortunate outbreak of eosinophilia myalgia syndrome
when this compound, Contaminant “97”, was discovered in commercial
L-tryptophan used as a nutritional additive in health foods.’*

4-Methoxy- and 4-methyltrityl side-chain protection of histidine has
been proposed,**! removable under mild conditions compared with trityl
groups, employing novel temporary protection of NH, and CO- H groups
(Scheme 35). Unprotected histidine readily forms spinacine (76) with
aqueous formaldehyde, and several of its analogues have been prepared
from N'™ -benzyl-L-histidine.*** The histidine side-chain can be degraded
using Ru(VIIH) reagents to cleave the 4,5-w-bond, leading to Nl
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carbamoyl-L-asparagine, NlelLformyl-L-asparagine, Ne*-benzoyl-
B-cyanoalanine, and aspartic acid.*

6.4 Effects of Electromagnetic Radiation on Amino Acids

Familiar theses for this Section continue to be represented, with
studies of fluorescence quenching of dityrosine with boric acid and bor-
ates,>* and similar quenching studies for 3-nitrotyrosine and N-acetyl-
tryptophanamide.>> Lumiflavin-sensitized photo-CIDNP study of
tryptophan has to take account of accompanying irreversible photolysis
processes since these reduce the intensity of the CIDNP.*¢ Similarly, the
presence of the anti-oxidant spermine suppresses the formation of u.v.-
generated radicals in aqueous tryptophan,>*’ as shown by e.s.r. monitor-
ing. Generation of the azide radical, and radical anions from bromine and
dithiocyanogen, has been assessed in relation to the formation of the
tryptophan radical and the protonated tryptophan radical cation.>*®

7 Analytical Methods

7.1  General

Reviews have appeared covering recent advances®® and broad
areas: liquid chromatographic methods of amino acid analysis,>° deter-
mination of L-DOPA in physiological fluids.>*! Certain drugs interfere
with analytical methods for amino acids, particularly when blood and
urine samples are involved.*>?

7.2 Gas-Liquid Chromatography

The topic has been reviewed.’>? Pre-treatment of amino acid
samples for g.l.c. analysis has received attention,*** and so it should, to
improve reliability which so often depends on rigid protocols and cali-
bration. n-Propyl esters are best extracted from an NH,Cl/NH,OH buffer
with propan-1-ol — chloroform mixtures, increased extraction efficiency
accompanying higher proportions of propan-1-ol. This is the typical first
step in g.l.c. analysis of amino acids, and esterification is followed by
N-derivatization with a variety of reagents. N-Trifluoroacetyl-,>* penta-
fluoropropionyl-,>%37 and heptafluorobutyroyl-,>*® derivatives are con-
tinuing in use after many years, and are being shadowed by N-alkoxycar-
bonyl derivatives>*©-3%-56! that have the benefit of being formed from an
alkyl chloroformate very rapidly.*®%-%!

Different workers distribute their favours differently as far as ester-
ifying groups are concerned for g.l.c. analysis of amino acids, and isopro-
pyl,>*¢ isobutyl,>® propyl,**” and methyl*®' esters are typical.

Configurational assignments based on enantioselection over chiral
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g.l.c. columns have been made to N-methylphenylalanine using Chirasil-
L-Val capillary g.1.c.>>® The topic of enantioselective g.1.c. of amino acids
has been reviewed.’¢? Other points of interest in these accounts include
m.s. monitoring,*>® and a special derivatization protocol for g.1.c. analysis
of cysteic acid [N-isobutoxycarbonylation followed by methylation (Mel/
Me-SO,/Ag,0) of the silver salt to give the dimethyl ester].’®' One
study®’ focuses on a-aminoisobutyric acid and isovaline, non-protein
amino acids that are, in fact, quite common in the biosphere.

7.3 lon Exchange and Related Forms of Chromatography

New techniques are being assessed for ion-exchange separation of
amino acids, employing poly(hydroxyethyl methacrylate) modified with
various weak acid and strong acid functional groups such as carboxyalkyl
and sulphobutyl, respectively,’*? employing hollow fibres made from a
perfluorinated ion-exchange membrane of the Nafion type,*¢* and using a
strong cation exchange polymer gel (Polyspher PE-A).563

Ion-pair chromatography has been used for the analysis of N-
oxalylcysteine through conversion into a highly-fluorescent derivative
using monobrombimane.>

7.4  Thin-Layer Chromatography

A routine subject for evermore, perhaps, in the context of amino
acid analysis, but valid new papers continue to appear that are welcome
when they describe improvements, however small, such as ICT-Empore
silica gel plates capable of separating glutamic and aspartic acids, and
serine and glycine.*®” Mention could be made of a modified ninhydrin
spray reagent (prior spraying an heating with (4 )-camphor-10-sulphonic
acid) that is claimed to give distinctively different blue colours for the
different common amino acids.*”

7.5 High Performance Liquid Chromatography

This too might almost have become a routine topic by now, like the
subject of the preceding Section, but the number of relevant papers
exploring new aspects shows no sign of declining. Most of the current
papers reflect benefits associated with newer derivatization regimes that
are proposed to take the place of older, but not necessarily displaced,
methods.

The o-phthaldialdehyde (OPA) — mercaptoethanol reagent,3¢8-574
and its highly sensitive relative, naphthalene-1,2-dialdehyde,>”> are still
dominant in amino acid analysis, as far as the volume of current literature
is concerned. Comparisons are being made with Fmoc derivatives, often
in favour of the latter, and with N- phenylthiocarbamoyl derivatives.
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The favoured OPA derivatization routine continues to have among
its supporters a number of research groups which strive to expunge some
of its problematical details. Good housekeeping shows up many of these
problems to be somewhat illusory,>*® and attention to sample prepar-
ation, and the incorporation of nitrilotri-acetic acid to stabilize the OPA
reagent,>® are beneficial. Better fluorescence response accompanies the
sequential use of dithiothreitol and iodoacetic acid in OPA derivati-
zation-based assays of cysteine and cystine.’’® Among studies of general
application of the OPA procedure in amino acid analysis,>”!->7* accurate
assay of 3-methylhistidine®”’ continues to have special clinical import-
ance. Commercial samples of L-amino acids estimated for their D-
enantiomer content, as OPA derivatives separated in an achiral — chiral
coupled column configuration, all show at least traces of the ‘wrong’
enantiomer.’” In some of these cases, the levels of D-amino acids reach
several percent.

A combination of OPA with Fmoc-Cl derivatization using
piperidine-4-carboxylic acid as internal standard allows estimation of
both primary and secondary amino acids (the OPA protocol cannot
derivatize amino acids in the latter category) with improved quantifi-
cation of secondary amino acids compared with classical ion exchange
techniques,®’® though h.p.l.c. shows lower reproducibility levels for some
amino acids. Other assays based on fluorescence measured at 315 nm
(excitation at 265 nm) for Fmoc-amino acids*’7"® include an assay of
basic amino acids extracted from mixtures with the use of a weakly acidic
cation exchanger.>”’

Automated derivatization of amino acid mixtures using phenyl
isothiocyanate (PITC) has been compared with Fmoc-Cl derivati-
zation,>”® with the finding that Fmoc-Cl is more sensitive to the deleter-
ious effects of buffers and solvents. Routine uses of PITC derivatization
continue to be reported, for quantifying amino acids in hydrolysates,>°
in aminopeptidase — carboxypeptidase — mineral acid®®! or trypsin®®?
digests, and in wine.’®* Use of the PITC method for estimating the
crosslinking amino acids desmosine and isodesmosine in elastin hydro-
lysates®®+5%5 illustrates the growing realization, that h.p.l.c. analysis
offers a reliable method for the assay of trace components in tissue
samples, from which clinically useful conclusions can be drawn. Assays
of collagen cross-linking amino acids pyridinoline and deoxypyridino-
line in physiological fluids gives early diagnosis of bone loss in osteo-
porosis.>#

Enantiomer ratios are quantifiable from the use of 2,3,4,6-tetra-O-
acetyl-B-D-glucopyranosyl isothiocyanate as a chiral reagent, recently
applied to a-methyl a-amino acids with the finding that the elution order
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for enantiomers of these is the opposite of that for their parent a-amino
acids of the ‘same’ configuration.>®’

The PITC method has been found to compare favourably with the
OPA - Fmoc-Cl combination for h.p.l.c. analysis of amino acids.’®?
However, PITC and OPA methods are unsatisfactory for asparagine,
glutamine, NY-methylasparagine and NY-methylglutamine (protein con-
stituents that are the products of post-translational processing). Indeed,
careful studies of deamidation of these compounds in solutions at various
temperatures and pH (glutamine reacts [=] 12 — 14 times faster than
N¥-methylglutamine, and NY-methylasparagine undergoes cyclisation in
preference to de-amidation) suggests that there must be several errors in
the literature due to previous lack of this knowledge.>®®

Ninhydrin derivatization of asparagine and glutamine and their
methylation products mentioned in the preceding paragraph is, however,
the basis of a satisfactory analytical procedure, and this faithful standby
has been used for estimating S-methylmethionine, methionine, and lysine
in corn,”® and 2,6-di-aminopimelic acid as a marker for bacterial pro-
tein.>?

A review has appeared covering the role of h.p.l.c. in identifying
phenylthiohydantoins (PTHs) for protein sequence analysis.™'
DOPA-PTH co-elutes with alanine-PTH, but such overlaps can be dealt
with by varying chromatographic parameters.*?

Isolated examples of alternative derivatization reagents arise with
an assay of homocysteine in plasma, using 7-fluorobenzo-2-oxa-1,3-
diazole-4-sulphonate,’* and of general uses for dabsyl chloride, claimed
to be a simple, stable reagent, capable of offering sensitive assays for
amino acids.”* No derivatization is involved in assays of histidine, tyros-
ine and tryptophan based on their u.v. absorption at 220 nm;%’ of cystine,
arginine, lysine and ornithine based on intense [M + H]* ions formed
using a mass spectrometer equipped with an atmospheric pressure ion
interface;>*® and of cysteine and N-acetylcysteine using indirect amper-
ometric detection based on I, oxidation.>®” N-Acetylamino acids have
been determined at 0.5 nmol levels using a mobile phase containing
trisphenanthrolinyliron(IT) salts.8

Examples have been given in foregoing paragraphs of reports of
analytical enantiomer separation by standard method. A more experi-
mental approach is illustrated in an application of an 18-crown-6 silica gel
stationary phase for analyzing unusual amino acids.’®®

7.6  Other Analytical Methods
High performance capillary electrophoresis (h.p.c.e) is now an
established technique in many areas, and especially in the field of amino
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acid analysis. Less than one picomole of phosphotyrosine PTH can be
detected,®™ and similar levels can be reached for the analysis of un-
derivatized amino acids.®®! Enantiomer composition of amino acid
samples can be determined by h.p.c.e., after derivatization with Marfey’s
reagent, 52

7.7 Assay of Specific Amino Acids

Many examples have been given elsewhere in this Chapter, of
analytical information being acquired for particular amino acids.
However, this Section’s title as used over the years, is not meant to have
hidden meaning; its purpose is to collect papers describing methods based
on specific amino acid-modifying enzymes by whose action some simple
compound is released in amounts indicative of the level of the particular
amino acid.

A flexible redox polymer biosensor responsive to L-glutamic acid
has been developed, employing immobilized L-glutamate oxidase.*
Improvements to details of a standard hydroxyproline assay capable of
detecting levels in urine, have been announced.%%*

Instrumentation for flow-injection analysis has reached levels of
sophistication that allow reliable analysis of specific L- and D-amino
acids in the presence of all other L-amino acids in serum samples, based
on immobilized enzymes.®*>%% In one of these accounts,*** an assay for
L-lysine is described in detail; the other® indicates the scope of the
technique, which allows the analysis of nineteen 50p.L samples per hour.
A sensitive flow-injection analysis, in which L-aspartic and L-glutamic
acids are enzymatically coupled with NADH that activates immobilized
bacterial bioluminescence enzymes, has been described.®®” The aspartate
assay depends on the aspartate aminotransferase — malate dehydrogenase
combination, while glutamate is quantified through the corresponding
glutamate aminotransferase — dehydrogenase system.
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