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Amino Acids

BY G. C. BARRETT

1 Introduction

The coverage is predominantly derived from the chemical literature, though much of the
interest in the amino acids lies in their biological context. The list of references at the end
of this Chapter (p.40) reveals many citations from biological journals and secondary sources,
however. The 'cut-off point' as far as this Chapter is concerned is to exclude coverage of the

distribution of amino acids and metabolic and biosynthetic aspects and biological roles.

2 Textbooks and Reviews

Reviews of a specialist nature are cited in the appropriate Sections of this Chapter. This
Section lists more general references: o supplementary list of nomenclature recommendations
(ITUPAC-1UB) covers selenium-containing amino <:u:ids;'| N-hydroxyamino ucids;2 L-proline and
L-hydroxyproline as chiral auxiliary agents in asymmetric synthesis;3 historical account of the
discovery of ¥-aminobutyric ac id;4 and arginine with special emphasis on evolutionary and
metabolic qspects.s Monographs and compendia include a volume entitled 'Glutamate,
Clutamine, and Related Compounds' that contains authoritative coverage of many other amino
acids of similar funcﬁonc:lil'y;6 Proceedings vol umes;7 comprehensive anal ytical cc)vert.'lge;8

and more broadly based fexfs.9

3 Naturally Occurring Amino Acids

3.1 Occurrence of Known Amino Acids.- This Section includes examples of unusual occurr-

ence of simple, familiar amino acids, either inthe free form or in a non-peptide coupling.

D-Leucine is found, not merely in frace amounts, in aerial parts of Coronilla varia and in

seeds of Coronilla scorpioides.m S-(p -Carboxyethyl)cysteine is the major free amino acid

{up to 2.9% dry weight) in seeds of several Calliandra species, and survives in leaves of these
plants at early stages of germination. n Since this derivative is moderately insecticidal,
young plants have chemical defence against at least some of their natural adversaries.

Culture media of Streptomyces cattleya contain (25)-amino-(3R)-hydroxypent-4-ynoic acid

" g -ethynyl serine").12 The detection of 1,2,3,4-te trahydro—ﬁ -carboline-3-carboxylic
acid in beer and wine has been reported; ~ it is accompanied by its 1~-methyl homologue.
Argiopine, a fortuitously named ion-channel blocking agent from the spider Argiope iobata,
1



2 Amino Acids and Peptides

contains arginine and asparagine linked through their carboxy groups by the polyamine moiety
-NH(CH2)3NH(CH2)3NH(CH2)5NH-, the side-chain amide being substituted by a 2,4-dihydr-
oxyphenylacetic acid grouping.

3.2 Uncommon Amino Acids in Peptides and Proteins.-  Thiswould be a much larger section

if it covered the title comprehensively; it is restricted to representative citations.

The aquatic fern Azolla caroliniana contains(N- § -L-glutamyl-D-amino) phenylpropanoic
acid.]s The modified nucleoside N~[9-(B-D-ribofuranosyl)purin-6-ylcarbamoy!]-L- threonine
occurs in the urine of patients with certain types of breast cancer and may be of diagnostic
value in this c:::nfexf.16

Hydrolysis of the glycopeptide antibiotic aricidin A gives (2R,2'S)-actinoidinic acid (as a
mixture of two atropisomers) and the phenylglycine derivative (1), 17 More familiar but still
uncommon amino acids reported as substituents of proteins are D-aspartic acid in myelin and
myelin basic profein;wx—ﬁ—mefhyl asparagine in ullophycocyanin;wand histidinoalanine, a

. N . . .20 . sy . .
crosslinking residue in a Macrocallista nimbosa protein.” This crosslink is surmised to derive

from non-enzymic condensation of phosphoserine and histidine residues,zo though since this
protein also contains phosphothreonine this conclusion would be more plausible if analogous

"histidinobutyrine" crosslinks could also be hunted for,

3.2 New Natural Amino Acids.- Xylem sap of Pisum sativum contains an amino-chlorobut-

anoic acid C4H8N02C|;2‘I while further structural studies can be expected for this compound,
more complete assignments have been reported for Ea—ﬂ—carboxyefhyl)-L—ornithine from
Streptococcus lactis grown in ornithine-supplemented medicl.22 Synthesis of this compound
from poly(L-ornithine) or N*-benzyloxycarbonyl-L-ornithine gave a 1:1 mixture of diastereo-
isomers, one of which was identical with the natural material .

Seven new amino acids have been found in the red alga Chondria armufc,23 but the inform-
ation from Chemical Abstracts is limited to domoilactone B (2} and two palitoxin analogues.
The strongly insecticidal properties of these amino acids towards cockroach will ensure the

availability of more complete information on this research. Ectothiorhodispira halochloris

- e e 24
yields ectoine {3), shown by X-ray analysis to exist in the zwitterionic form.

An unusual type of derivative, D- B -lysylmethanediamine, occurs in Streptomyces nashvili-

ensis.
The earlier Findingz6 that o~ amino- ¥ , & - dihydroxyadipic acid is a constituent of normal
human urine is now corrected;”” it is an artefact from boiling urea emd D-glucuronolactone

with 6M hydrochloric acid.

3.3 New Amino Acids from Hydrolysates.- This Section covers new amino acids found

in peptides and proteins and related condensation producis. 2,2'-Bityrosine has been detected
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4 Amino Acids and Peptides

in yeast acospore wall protein in previously unknown racemic and meso forms.28 Hydrolysis
of proteins that have been chemically modified through azo-coupling of lysine residues releases
the modifed residues unal tered when MeSO3H is used, but when aqueous HCl is used for the
hydrolysis o-amino-¢ ~hydroxycaproic acid and X-amino- ¢ -chlorocaproic acid are formed.29
2- Aminoethylphosphonic acid, claimed to have been found in hydrolysates of ruminate
stomach contents, is thought to be a mis-interpretation .30
Lipopurealins A (4; R = Me, n=12) and homologues B (4; R = iPr, n=11) and C (4 R=Me,

n = 14} are novel bromotyrosine derivatives from the marine sponge Psammaplysilla pureq.:ﬂ

Nikkomycin from Streptomyces tendae releases three novel amino acids ( 5) on hydrolysis,

whose structures have been confirmed by synthesis.:32

4 Chemical Synthesis and Resolution

4.1 General Methods of Synthesis of x-Amino Acids.-  This Section collects together those

papers that illustrate the use of standard methods (the objectives of these papers are mentioned
elsewhere in this Chapter), and also the development of alternative methods. Several papers
in the following Section on Asymmetric Synthesis describe the use of standard general methods.

Acylaminomalonates, Ac- or Z—NHCH(COZEf)2,33'39 and other glycine derivatives, e.g.
Ph2C=NCH2C02Me,4O'4‘ are alkylated by alkenes,33'4‘ alkyl P’nc1|ides,34-38’40 or xf-unsatur-
ated aldehydes (Michael addition leading to Z/E-—3-erhy|proline39). Analogous alkylation
of "azlactones' continues in use;30:145q new azlactone synrhesis42 uses the glycine derivative
t-butyl isocyanoacetate ( 6) in a condensation that is closely analogous to the standard use of
(&) for the synthesis of xp-dehydro amino acids through reaction with aldehydes or kei'ones.43

Several methods exist for the amination of carboxylic acid derivatives, either employing
ammonia with an «-halo-acid 44 or amines with triflates of o(-hydroxyocids.45 In the
latter study based on (S)-lactic acid derivatives, decreasing reactivity of various leaving
groups (MeCHRCO»Et: R = CF3SO3 D Br > MeSO3 > To|503 > Cl) is accompanied by increas-
ing tendency towards racemization and elimination. = Reductive amination of ox-keto-acids
using NADH and NADPH with NH3 has been given a novel aspect in the use of photoinduced
regeneration of the reducing agent.

The use of nitrosobenzene for the introduction of a nitrogen functional group into a silyl
enol ether, PANO + (Me3Si0)C=CRIRZ —> PhANHCRIRZCOH, involves LiAlH4 reduction
of the intermediate adduct. 4’ Nitro-alkanoate esters are reduced by catalyzed hydrogen
transfer (ammonium formate and Pd-C).48

The hydrolysis of «-aminonitriles to corresponding amides is markedly catalyzed by thiols;
for example 2-mercaptoethano! leads to 90% conversion in 17 hours at room temperature in
aqueous solution at pH 6.5.4

Further study of the amidocarbonylation of allylic alcohols has led to improvements in
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details: R‘RZC:CHCHon + AcNHz + CO + Hp— R]RZCHCHch(NHAC)COQH under
mild conditions through the use of the catalyst system HRh(CO)(PPh3)2 + Coz(CO)B.so

4.2 Asymmetric Synthesis of «-Amino Acids.  Electrophilic amination by BocN=NBoc of

chiral silylketene ucefc:lss'I and of camphane estersd2 leads to o~ hydrazino acids. These are
readily reduced (Hp/Pt) to o~amino acids and provide valuable new routes as alternatives to
well established methodology. In the latter category, the 'asymmet:ic Strecker synthesis' in
which (5)-1-phenylethylamine is condensed with NaCN and PhCH,COMe to give (R)-o(-methyl
;'.\l'menylcalcmine,53 numerous examples of alkylation of glycine derivatives (PhoC=NCH,COoMe)
and allyl acetate catalyzed by a chiral Pd cufa|ys'r,54 (MeS)2C=NCH2CONR'|R2 where -NR'R2
is a chiral 2,5—bis(methoxyme1‘hy|)pyrrolidine,55 and the D-camphor imine of t-butyl glycin-
ate 96), and analogous Schiff bases (RCH=NCHMePh + BrCN —> RCH(CN)NBrCHMePh, >/
and PhCON=CHC02R + enamines (7)58) provide a range of optical efficiency. While
modest enantioselectivity (up to 57% 54) is frequently obtained, some of these methods are
exceedingly enantio- and diastereoselective (better than 97%,55 100%58), alkylation by
enamines being postulated to proceed via a Diels-Alder-like transition state, 58

Amination processes of a conventional type are involved in the reaction of «-halogeno-10-

sulphonamido-isobornyl esters(8) with NaN 359

and of «-keto-acids mediated by polymer-bound
NADH and leucine dehydrogenase.50 Both lead to nearly 1009 enantioselective syntheses of
a variety of simple aliphatic L-x-amino acids including L-olloisoleucine59 and L-t-leucine. &
Other examples of chiral uuxi|iurie53 are D-mannitol (conversion into diaxitidines, thence to N-
tol uene-p-sulphonyl -L-o¢ ~aminobutyric acid, 819 or conversion into (R)-phthalimido-aldehydes
and D-amino acids: Scheme 16”7). (R,R)-Tartaric acid has been used for the preparation of N-
Boc-L-erythro-p-benzyloxyaspartate through partial dehenzylation, then conventional sfages.62
Enantioselective protonation of lithium enolates by chiral acids alters the optical purity of an
amino acid, the extent determined by the lithium <:ounfer-ion.63
Chiral heterocyclic compcunds are being worked hard for the present purpose, with the

bislactim ethers (e.g. 9) derived from L-valylglycine di-oxopiperazine having been in use by
Schollkopf's group for several years. Chiorination by Cl3CCClj followed by reaction with
a malonic ester gives f-carboxy-D-aspartic acid diesl‘ers,64 while more conventional alkyl~
ation methods lead to x—diethoxyphosphinyl-L—bufyrine.65 The oxazinone (10) from erythro-

o p-diphenyl- B -hydroxyethylamine enantiomers is a useful electrophilic gfycine synthon
when R = Br (prepared from 10; R = H by reaction with N-bromosuccinimide) that reacts with
carbon nucleophiles.66’67 The (-) isomer after alkylation in this way gives L- &<-amino acids
through hydrolysis and hydrogenolysis;éé one exampleé'7 in which displacement of the bromine
substituent is brought about by 2H2 has been described, leading to (S)-chiral glycine.

Seebach's exploitation of the enantioselectivity accompanying alkylation of lithium
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enolates of imidazolidines (11; see also Vol .18, p. 5) has been extended to other examples,

68-7 70,71

including analogous oxazolidinones. Condensation of pivalaldehyde with glycin-

amide gives (11), which can be resolved in the conventional way using (S)-PhCH(OH)CO2H,
69 while use of an L-amino acid in the condensation gives the oxazolidinone corresponding to
(11) with a cis relationship between the 2-t-butyl group and the 4-—subsﬁh.nenf.7l Use of an
N-alkanoyl oxazolidinone (12) as a chiral glycine synthon for the synthesis of N-methyl- p-
hydroxy amino acids through syn-diastereoselective aldol addition of the stannous enolate of
(12 R2= PBu) has been illustrated for N-methyl- 3 -hydroxy- 4 -methyloct-é-enoic acid, an
unusual x-amino acid in <:yc|osporin.72 The novel aminating agents BocN=NBoc73;c£ 51,52
and ROZCN=NC02R74 react with near-100% stereoselectivity with (12) in the form of its Li
enolate, the resulting (S)-hydrazino acids being hydrolysed (LiOH), deblocked, and hydrogen-
olyzed (Ho/Ni) to give the amino acids. N-lsocyanoacetyl-L-prolinol derivatives (13) have
served the corresponding purpose in syntheses of enantiomers of x-disubstituted amino acids ,75
Aldol reactions (CNCH2COoMe + RCHO)76 and hydrogenations of 2—acy|aminocrofonafes77
show a wide range of enantio- and diastereoselectivities with the influence of chiral catalysts.
Bis(cyclohexylisocyanide)gold(l) tetrafluoroborate and an (R)-ferrocenylphosphine are very
effective in this respect for the aldol reqcﬁon,76 while a range of chiral Rh(l) phosphines
of familiar types has shown mixed ability (less than 26%,77° ]OO%m). 'Asymmetric hydrog-
enation' (Ho can be replaced by 80% aqueous HC02H77C) has been reviewed in relation to
the commercial synthesis of L—dopc:.77d Closely related studies have been described for the
hydrogenation of alkylidene derivatives of glycyl-L-alanine dioxopiperazine, 78 leading to
L-amino acids in better than 94% e.e.,and x-nitrocaprolactam catalyzed by PdCl; - (S)-phenyl-
ethylamine (giving L-lysine in only 11% e.e.);79c1minoiysis of 2-methyl-4-(4-acetylamino-
butyl)oxazolin-5-one with (S)-phenylethylamine gives mainly the L-lysine-containing
diastereoisomer.

1 . — . . .
A review has c:p[:w.-clred8 concerning applications of enzymes in asymmetric synthesis.

4.3 Synthesis of B- and Higher Homologous Amino Acids. - These systems can be made

available through standard methods of introduction of amine and carboxy functional groups,
and there are few characteristic routes.

Addition of ammonia to «B-unsaturated acids at 15-30 Kbar yields p-amino c1cids,82 An
alternative conventional approach to these compounds, exemplified in the synthesis of 3-amino
-3-(2-nitrophenyl)propionic acid from o-nitrobenzaldehyde, malonic acid, and NH4OAc in
AcCH, offers a 'one-pot’ procedure.83 Asymmetric synthesis is illustrated in the threo-
selective condensation of Z-(Q-vinyloxy)boranes with imines (14)+(15). 84 The addition of a
chiral primary amine to an op-unsaturated ester at 5-15 Kbar is generally highly enantio-

85
selective, especially so in the case of 8-(2-naphthyl)menthylamine (better than 99%).
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Seebach has taken up the procedure for decarboxylative electrochemical methoxylation of
amino acids (see Vol. 17 p 26) to provide a conversion of (25,4R)-hydroxyproline into (R)- 3 -
amino-3-hydroxybutanoic acid ("GABOB"), as shown in Scheme 2.86,87

Proline isomers (16) can be prepared by cyclization of azomethine ylides formed between

alkenes, amines, and formaldehyde.

4.4 Prebiotic Synthesis Models for Amino Acids.- A number of enterprising experiments

have been described under this heading in recent Vol umes of this Report. These are joined by
an account of the formation of the polymer "Titan tholin" by continuous d.c. discharge through
N2 and CHy (9:1) at 0.2 mbar pressure.89 This mixture and energy source simulates the turbu-
lent cloud-top atmosphere of Jupiter's moon; hydrolysis of the polymer with 6M-hydrochloric
acid leads to glycine, aspartic acid, alanine, and p-alanine, with 12 other amino acids in
lesser proportions. A review has qppeared9o covering HCN polymers as a potential prebiotic
source of amino acids.

An efficient system for the synthesis of amino acids that may be relevant to the primordial
scene is the ammonolysis of keto-acids in aqueous ammonia, mediated by visible light and
dyes.9]

Conventional experiments, repeating the earliest laboratory demonstrations, have Leen
desc ribed for photolysis of CH4 withHCN, CO5, and other simple compounds;92 of HCHO with
aqueous K4Fe(CN)6;93 and electric discharge studies with CHy, Np, Hy0, NH4+ and metal

salts;” * and similar mixtures also including PH3. Amino acids are formed in all these cases.

4.5 Synthesis of Protein Amino Acids and Other Naturally Occurring o¢-Amino Acids. -

As in previous Volumes, there is insufficient space here for the ever more voluminous literature
concerning enzymic synthesis of protein amino acids. This important area can only be acknow-
ledged through representative citafionshere, but it is well served with reviews 9 and is access-

ible through Section 16 (Fermentation and Bio-industrial Chemistry) of Chemicel Abstracts.

7,98

Selected papers and a compendium99 describe the use of immobilized cells of A lcali—

. . . 97 .
genes metalcaligenes for the synthesis of L-aspartic acid from ammonium fumarate; mixed

enzymes (serine hydroxymethyltransferase with P—tyrosinose) for the synthesis of L-tyrosine from
glycine and pher1c>|;98 and individual treatment of the microbiological production of each of
the protein amino acids.

Several of the papers discussed in other sections (synthesis and reactions of amino acids) lead
incidentally to the synthesis of natural amino acids, and a full appraisal of syntheses achieved
should take in these other Sections.

Simple aliphatic a-amino acids that have received attention are (S)-2-cyclopropylalanine,

a constituent of the mushroom Amanita virgineoides (synthesis from L—qllylglycine);]oo
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1-aminocyclopropanecarboxylic acid (through the use of methyl 4-bromo-2-phthalimidobutyr -
ate, a compound more generally useful in synthesis as shown by syntheses of DL-phosphino-
thricin and DL-2-amino-4-phosphonobutyric cx:id);mI and carnosadine (1-amino-2-guanidino-
metrg;cyclopropane—l -carboxylic acid) from Z-(N-benzoyl)-up-dehydroglutamic acid (§cheme
3).

continued fo appear for 1-aminocyclopropanecarboxylic acid, including an interesting proof

Numerous studies, mainly biosynthetic as far as chemical interest is concerned, have

that synthesis from S-udenosyl~[4—2H2]—L-methionine through the use of 1-aminocyclopropane-
carboxylic acid synthase involves inversion of configuration at C-2, 103 In an extension of

this project, in which 2H-n.m.r. played a key role, a 1:1 mixture of (35,4R)—[3,4-2H2]-(25)-
adenosylmethionine and its (3R,4R) isomer was converted into a 1:1 mixture of the two meso
isomers of 1-aminocyclopropanecarboxylic acid labelled by 2H. This is consistent with the
inversion of configuration at C-4 that implies direct nucleophilic displacement of the sulphon-
ium grouping.

Proline and itsanalogues feafure prominently in the recent literature, with synfheses] 05,143
of some amino acids (17)19) of the echinocandins employing largely conventional routes from
starting materials ghown; synthesis of (25, 4S)-4-phenylproline, notable for the retention of
configuration observed in displacement of the corresponding 4-tosyloxyproline with lithium
diphenylcuprate ;méund a general synthesis employing 1,3-dipolar cycloaddition of an N-alkyl
thiazolium salt  (20) to an «p-unsaturated ester leading to 4—ethoxycorbony|pro|ines.107

Acromelic acid A (21)the toxic principle of the poisonous mushroom Clitocybe acromelalga,

has been synthesised from L-cc-kainic acid (Scheme 4). 108 The allo isomer accompanying
kainic acid (epposite configuration at the isopropenyl-substituted carbon atom) as neuroexcit-
atory amino acids in the alga Diginea simplex Ag., has been synthesised through the dipolar
cycloaddition to an azomethine ylide that has become a favoured strategy in this area of
stereoselective synthesis (Scheme 5) .]09 Hydroxylated prolines (22) and analogous pipecolic
acids have been synthesized enantiospecifically from D-ribonolcuci'one”O and from D-glucuro-
nolacfone,]” respectively. In the former case, introduction of the azide grouping at C-2 of
D-ribonolactone occurs with retention of configuration, surprisingly, and routine elaboration of
the resulting compound gives the D-proline derivative (2R,3S,4R)-dihydroxyproline. A similar
strategy leads to (25, 3R, 4R, 5S)-trihydroxypipecolic acid and its (2R) epimer and bulgecinine
lelias (25,45, 5R)~4-hydroxy-5-hydroxymethylprolinel. !

Highly stereoselective syntheses have been described for L-saccharopine, (2S,5‘S)-—ﬁe~(1,3—
dicarboxypropyl)lysine, and related N-carboxyalkylamino acids (‘opines'; see Vol .18, p.1)

12,45 Other simple aliphatic amino

through aminolysis of triflates of chiral hydroxy-acids.
113 . .
acids synthesised recentlyinclude L-canaline (O-amino-L-homoserine) = and polyoxamic acid

(22; from the threose derivative(23)through Overman - Claisen rearrangement of the derived
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imine (24))114

Aromatic and heterocyclic amino acids featured in the recent literature include tryptathion-
ine, formed between cysteine and the pyrrolof2,3-blindole (25);”5 quisqualic acid, synthes-
ized from p-chloroalanine né(see also Vol . 18, p.16 ); and the extraordinary wybutine (26;
R = H) a fluorescent minor base from yeast tRNA, whose oxygenated derivative R=OHor
R = COH) has been located in animal and plant sources. Disagreement has arisen over steuct-
ural details obtained with minute amounts of the materials, and synthesis of (25,38)—ﬁ ~hydroxy-
wy butine and its 25,3R isomer has identified one or other of these as 'most likely' sfrucrure.]”

The natural GABA-T inhibitor gabaculine (Streptomyces toyocaensis) s now available througha

fifth synthesis that is conceptually different fromits predecessors, all of which have been based
on the functionalization of a ¢ yclohexenecarboxylic acid. 5-Ethoxypyrrolid-2-one was N~
silylated and its 3-phenylsulpheny| derivative was alkylated with 5-iodo~1-trimethylsilylpent -
2-yne. Desilylation in HCOOH was accompanied by ring closure to a 7-azabicyclo[3.2. loct-
2-ene from which gabaculine was secured through straightforward e|qbor0fion,] 18 as the

racemate (27).

4.6 Synthesis of o~Alkyl Analogues of Protein Amino Acids.— Reference is made elsewhere
1¢

in this Chapter to the title compounds (e.g. refs 47, 53). Acylimines are a novel source,]
adding organometallic compounds to give xx-disubstituted N-acylglycinamides in good yields
when the amide function is methoxylated (28)—>(29) . The starting materials are formed by

. . L 1
singlet oxygenation of corresponding imidazoles.

4.7 Synthesis of Other Aliphatic Amino Acids.-  Later Sections deal with side-chain

functionalized amino acids, and this Section discusses close relatives of protein amino acids.

Side-chain extension of protected §-iodobutyrine (prepared from homoserine) through
nucleophilic displacement by a lithium dialkyl cuprate offers a general entry to fong-chain
homologues.120 Adifferent carbon-carbon bond-forming strategy; used for the synthesis of (IR,
25)-2-methyl-1-aminocyclopropane-1-carboxylic acid,‘zl was the outcome of consideration
of other established methods for this type of amino acid. It was concluded that condensation
of 1,2-dibromopropane with ethyl isocyanoacetate was the method of choice in this cose.

Friedel-Crafts acylation of benzene by ethyl N-methoxycarbony!-L-aspartate through the
side-chain carboxy group leads to (S)-phenacylglycine derivci’iv:—:s.122

Several proline analogues have been synthesized through demonstrations in a crop of papers
of the potential of new methods for this category. 5 5-Dichloro-L-pyrrolidinecarboxylic
esters formed from corresponding L-pyrrolines as N-chlorocarbonyl derivatives by reaction
with COCl2 can be converted into proline esters in 78% overall yield by dehydrochlorination

124

followed by hydrogenu’ﬁor'u.]23 cis=5-Alkyl- and m-4-cyc|ohexyl-pro|ines have been
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synthesized from N-~benzyloxycarbonyl-L-glutamic acid and from L-pyroglutamic acid, resp-
ectively, deriving their absolute configurations from that of the starting materials. Ring
closures, in the former case to the oxazolidinone (30),which on ammonolysis undergoes ring
opening and reclosure to the prolinamide, and in the latter case to the bicyclic derivative (31),
which is formed from benzaldehyde and the hydroxymethylpyrrolidone derived from L-pyroglu-
tamic acid, are crucial to each route'l.zsfhe chiral lithium enolate from (31) is alkylated by
cyclohexyl bromide and elaborated through conventional methods into the L-proline analogue.
Photocyelization of secondary amines PhRCOCHRICH> NRCHR2C02R3 yields mixtures of cyclo-
propanones and 3-hydroxyprolines. 126

Uses of readily available L-amino acids for the synthesis of elusive analogues continue to
be well represented, a further illustration of the versatility of L-glutamic acid being its use in
the synthesis of (S)—H3§1CH2CH(OH)CH2CH2C02H via (S)-5-carboxybutyrolactone (elaborat-
ion of the carboxy group into CHoNHo). 7 Other aliphatic amino acids with well separated
functional groups include 2,3-diaminopropanoic acid, prepared as its §2-Boc—[:l_3—benzy| ester
through addition of benzylamine to Boc-dehydroalanine methyl es’fer,lI28 and unsaturated
o ~diaminopimelic acids carrying §-methyl, methylene, or chloro subsfituenf.lz? At the
other end of the scale, the aminoglycines, e.g. BocNHCH(NHZ)CO4H, can be prepared from Z-
hydroxyglycines (i.e. ZNHao+ glyoxylic acid) through conversion into the sulphide with PiSH

and reaction with BocNH5 and HgC|2.'l30

4.8 Synthesis of Halogehoalkyl Amino Acids.~ An enzyme-catalyzed route is to be seen

as unusual in this area, and conversion of halogenofumaric acids into f-halogenoaspartic acids
through B -methylaspartase-mediated addition of NH3 is a valuable entry to (25,3R) isomers .] 3
The usual method for introducing a halogen substituent into an amino acid, remembering the
relatively easily modified incumbent functional groups, is through side-chain unsaturation via
hydrogen halide addition to a derived oxirane. This approach has been used in a synthesis of
(28, 3R, 4R)-4-chloro-3-hydroxyproline from the protected 3,4-dehydroprc>|ine,‘32 and for a
synthesis of 4-fluoro-L-threonine .]33 In this latter case; stereospecific introduction of the
halogen substituent into a chiral oxirane derived from benzyl 4-hydroxybut-2-enyl ether was
followed by construction of the amino acid through standard general mefhods.133
Separate routes to threo and allo isomers of  Y¥¥-trifluorothreonines have been reported,
reduction of CFCOC(=NOMe)CO2Et and hydrolysis giving the allo isomer, and hydrolysis of
4-trifi voromethyloxazolin-2-one-5-carboxylic acid giving the threo isomer.lsa ppp-Tri-
fluoroalanine has been prepared by azidolysis of FCOCH(CF3)CO9Me and hydrolysis of the

.o 1
resulting isocyanate.

4.9 Synthesis of Amino Acids with Unsaturated Side-Chains.- A general amino acid
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synthesis employing a cationic glycine synthon, ZNHCHCICOoMe, has been applied to a
synthesis of vinylglycine and other P -unsaturated amino c:cids,135 through condensation
with organomagnesium reagents. Differently based routes include alkylation of diethyl acet-
amidomalonate with Me3SiC=CSOyPh followed by sulphone cleavage, a method that permits
136

stereospecific labelling at each vinyl proton, '°° and an alternative (seeV ol 17,p.13 } route
to optically pure L-vinylglycine from L-glutamic acid.'¥ The latter meth od involves succ-
essive Hunsdiecker reaction (COH — Br) and conversion into the 2-pyridyl selenide, followed

137

by oxidative elimination (Og). Another acetamidomalonate route leads to p-methylene-

glutamic acid through alkylation by the allene HoC=C=CHC OzEf;:33 yet another leads to
2-amino-4-hexynoic acid .38
Allylglycines R2502NHCH(COQBU)CHR2CR3=CHR4 are formed from an N-sulphinylsulphon-
amide RSO9NSO and glyoxylate ester through an ene reaction with an cxlkene.]38
2-Aminocrotonates ('dehydro-amino acids') have received attention over many years, and the
nove!l eliminative route from CF3CON(SiMe3)CH(CO,Me)CHRSiMeg should offer entry to new
examples of this class carrying sensitive side-chains.] i The synthesis of 'dehydroprolinés’ has
been revh'e.wed.]40
Higher homologous unsaturated amino acids , like their saturated analogues, are generally
prepared through standard methods for the introduction of either amine or carboxy group into
the otherwise complete structure. Gubruel synthesis of PhtCHoC=CCO,H and partial reduction
and deblocking (EtNH>) gives (Z)- H3NCH2CH-CHCO2H 141 Schmidt rearrangement of (E)-
(H02CCH2CH #2 yields (E)-5-aminopent-3-encic ac1d,]42 the double bond can be moved
into conjugation with E/Z isomerization through the use of a strong base. Corresponding

alkynes have been formed through the same amination approach. 142

4.10 Synthesis of Hydroxyalkyl Amino Acids.- Ohfune's group continues to provide elegant

syntheses of uncommon amino acids (see also ref.105), especially hydroxylated derivatives, and
the 'halolactonization' approach by which (5)-allylglycine is converted into (19) has been used
with other alkenyl amino ac:ids.M3 (-)-Bulgecinine has been provided with another synthesis
using this approach (Scheme 6), and the general nature of this route was illustrated for several
P ~hydroxy-oc~amino acids from 2-amino-4-pentenoic acid derivatives .143 The same systems
can be prepared through condensation of aldehydes or ketones with [N, N-bis(trimethylsilyl)-
aminolketene bis(trimethylsilyl)acetal, a method that avoids the use of a strong base. The
key intermediate (Me3Si)2NCH=C(OSiM63)2 is readily available by reaction of glycine with
Me3SiNEts followed by conversion into the lithium enolate and silylation (MegSiCl).

4.11 Synthesis of Amino Acids with Aromatic or Heteroaromatic Side-Chains.- Syntheses from
familiar (ozlocfone)”s and novel [CHp= C(N=O)C02Et]l46 alanine derivatives have been
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described for 2-fluoro-L-histidine and 2-substituted tryptophans, respectively. Rearrangement
is observed in the ring-opening of the 2-(dimethylallyl)indole - nitrosoalkene adduct (32) to
give the N-hydroxy tryptophan homologue (33), after reduction of the precursor oxime using
trimethylaminoborane and HCl in ethanol .]46

Modification of the side-chains of readily available amino acids (O-phenylation of N-acet-
yl -L-tyrosine methyl ester [NaH and C6H6—Mn(CO)3]J 47 iodination of p-trimethylsilylphenyl-
alanine with |2/Ag+ to give E—iodophenylulanine,lI48 and radical halogenation of protected
tryptophans to give 2-halogenation productsMQ) continues a long series of papers over the

years in the same vein.

4.12 Synthesis of N-Substituted Amino Acids.- The problems of synthesis of simple N-alkyl

amino acids from the amino acids themselves have been largely overcome in recent years, and
a synthesis of EQNE_N_G—trimefhyllysine from a suitably protected starting material is illustrative

of the general approach.

4.13 Synthesis of Amino Acids containing Sulphur or Selenium.-  General m ethods have

been applied to the synthesis of Bg-dialkyl cysteines through reaction of P4Syg with an
N-formyl dehydroamino acid ester 43 and preparation of selenocysteines through alkylation of
a Schiff base of methyl glycinate with bromomethyl selenides .40

Other papers under this heading describe modificationsof amino acids in straightforward ways.
5-Thioxoproline can be prepared from pyroglutamic acid through reaction with Lawesson's
reagenf.]s'I Cysteine is the starting material for the synthesis of bis(S-cysteinyl)selenide using
selinite anion as recgent,]52 and homocysteine for the preparation of S-adenosylhomocysteine
through reaction of the derived N-TFA disulphide methyl ester with adenosine and BusP;lsaand
of S—(ﬁéﬁé—dimefhyladenosyl)-L—methionine from 6-chloro-9-((-D-ribofuranosyl)purine by
reaction with MeoNH to give 5'-chloro-5'deoxy Néﬁb-dimethylodenosine, the synthesis being
completed by methylation of the resulting homocysteine unalogue.154 DL-5,5-Dimethyl-4-

thiazolidinecarboxylic acid has been prepared from DL-penicillamine and Form<:1|n:iehyde.'l55

4.14 Amino Acids Synthesized for the First Time.- The following, additional to other new

amino acids named elsewhere in this Chapter, have been prepared through routine methods:
2-amino-4-alkenoic acids;“ cycloprOpylglycines;“ (2S,95)-2-amino-8-ox0-9,10-epoxy-
decanoic ucid;55 1-adamantylglycines and 2-adoman1‘y|u|anines;44 1,3-bis(2-glycinyl)adam-
untanes;44 (2R,5R)-5-hydroxymefhy|proline;37 DL-homolysine;35 1-amidinylpyro-L-glutamic
acid;]56 p-benzoyl—L—phenylalcnine;]57 3'-carboxy-D-phenylalanine, and its 4'-methyl- and
4’—hydrox—y mncxlogut-:'s;w8 4'-methoxy-3'-formylphenylalanine and its oxime;ls8 and 2'-, 5'-

or 6'-F|uorodopas.36
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4.15 Synthesis of Labelled Amino Acids.- Many of the methods described here are standard

general methods, but others illustrate novel sol utions to problems of synthesis of selectively
labelled amino acids. As in previous Volumes, the coverage is in a sequence of increasing
atomic number of the labelled atom.

Addition of 2H2 to 2-cyanoethyl acetamidomalonic acid diethyl ester gives [5,5-2H2]-DL—
ornithine after conventional elaboration 197 Catalyzed halogen exchange between 2H2 and
N-acetyl-4-chloro- and -iodo-L-phenylalaninamides competes unfavourably with exchange
with TH (from H20) and scrambling is also observed. 160 Catalyzed p-deuteriation of GABA
and homoserine requiring pyridoxal and its 5'-phosphate 161 and direct substitution of the
halogen atom in N-benzoyl-3-chloro-L-valine methyl ester by 2H lézure processes that do not
suffer side-reactions. NqB2H4 is the source of the label in Boc~[4,4—2H2]-L—pro|ine, prepared
from hydroxy-L-proline via the oxo analogue (RuO4- NalO,) through[4-2H]-hydroxy-L-proline
and the iodo analogue (PhgP/diethyl uzodicqrboxylofe/Mel).163 Chiral 2H-glycine features
in an exchange study involving a chiral cobalt(Il) N-2-picolinylglycine complex and ZHZO.|64
and also results from L-glutamic acid subjected to enzymic and chemical degradation in the
presence of 2H20. 165

Various 2H, 3¢, 15N, and 180 isotopomers of L-tyrosine have been prepared from the

166 and the

correspondingly labelled phenol and L-serine through the use of ﬁ-tyrosinase,
L-phenylalanines derived from them by chemical degradation have also been described.
Processes analogous to some of those described above have led to 3H-labelled amino acids,
namely addition of 3H2 to L-2-amino-4-hexynoic ac id,38 to a protected de hydro-2-fluoro-
hish'dine,”s and a protected dehydro-3-(2-naphthyl)alanine. 167 3H- Halogen exchange has
been employed for the preparation of [4’-3H]-DL-phenylalc|nine from P_—chloropheny'alunine,]68
[2,5-3Hgl-L-histidine from 2,5-di-iodo-L-histidine, ** and [4-3H]-L ~glutamic acid 170

168,169 and NuB3H4 was enplo yed

Pd-Catalyzed exchange of 3H2 was used in these studies,
in the case of labelled glutamic acid, where curiously only the (25,4S)-4-halogenoglutamic
acid (as its dimethy! ester) underwent satisfactory 3 - halogen exchange.]70 The diastereo-
isom er was obtained, however, by the alternative enzymatic exchange method . 170
l3C—Formc:ldel'nyt:!e has been extended to EtOZCCHZ'IsCHOVvia 1,3-dithian and used in the
Strecker synthesis giving the labelled aspartic acid .]7] The [1,4-]3C2]-L—cspartic acid isotop-
omer is obtainable through aspartase-catalyzed addition of ammonia to 01,4-13C,)-fumaric
acid 172 and the [4—]3C]-L—aspartic acid from an acetamidomalonate synthesis. 72 Acylase
mediates the conversion of the intermediate cyanomethyl derivative into ﬁ-[] 3C-cyanol-L-
alanine in this rouha.'|72 The amidocarbonylation synthesis of amino acids has been used only
rarely in syntheses of labelled compounds, a recent example being [1—13C]—L-iso|eucine;]
cobalt(Il) acetate-catalyzed condensation of acetamide, (RS)-EtCHMeCHO, and 13CO in the

presence of hydrogen is followed by resolution of the resulting N-acetylamino acid using
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hog renal acylase. 173 g—[Carboxy—]3C]-pheny|a|anine has been prepared from o-bromo -
toluene and ISCOZ, followed by conversion of the resulting labelled o-toluic acid into the
g-[carboxy-mC]benzyl bromide and use in the acetamidomalonate synfhesis.174
”C—Labelled amino acids are worthwhile targets only if rapid synthesis and use in metabolic

and transport studies is ensured, because of the short half-life of this isotope. A 30 minute
synthesis of isocyanoacetic acid (CNCH LT + l'ICOQ) has been repor'red,l75 opening up
some options for use in synthesis of 0-1Clamino acids. S-Adenosyl-[1 1C3-L-methionine has
been prepared from the labelled methionine and rat liver extract. 76 The general field of
1 Cl-amino acid synthesis has been reviewed 177

Purification of ! SNI-amino acids, prepared through standard procedures from 15NH3, by
anion-exchange preparative chromatography has been achieved. 178

A number of papers on 6—[‘8FJ-dopo synthesis (and its use for tracing dopamine metabolism in
the brain by positron tomographng) has appeared, employing ]BFZ with 6~trimethylsilyl-3,4-
180 ; direct reaction of the amino

acid with AcO18F (less than 8% yield)]a'I or with H318F4 (high yie|d).]82 Introduction of 18F
into 5-amino-3,4-dimethoxybenzaldehyde through the Schiemann reaction, followed by the

dimethyldopa ethyl ester as its N-salicylidene derivative

elaboration of the aldehyde group into the alanyl moiety through standard methods, provides

a satisfactory route to 5- []BF]-dopa.]83 Direct fluorination ‘of phenylalanine with ]8F2 gives
184

a mixture of o-, m- and E-IBF derivatives.

In corporation of 735 from 73Se02 into selenomethionine can be accomplished by Saccharo-

5

myces cerevisiae and E.coli 18

4,16 Resolution of DL-Amino Acids.—-  While this Section is at least as well endowed with

useful recent literature as in previous Volumes of this Report, and therefore surprisingly lengthy
for such a well researched topic, there are also papers discussed elsewhere in this Chapter on
the analytical resolution of amino acids.

Chemical and physical techniques to achieve the separation of enantiomers continue to be
based on familiar principles. Adduct formation of DL~amino acids with L-phenylalanine is
strongly enantioselective in a number of cases, permitting D-amino acids to be crystallized
out in 75 - 100% optical put’il‘y.‘Ieé More reliable general methods have been used for the
resolution of DL-thﬁg—P-hydroxyvoline and its DL-erythro isomer via L-tyrosinehydrazide
salt formotion,187 of cis-3-ethyl-DL-proline and its DL-trans isomer by (+)-dibenzoyltartaric
acid salt fcrmcﬁon,39 of tert-leucine by (+)-camphor-10-sulphonic uc:id,]88 and of homo-
methionine through salt formation with the chiral phosphoric acid (34).]89 Derivative form-
ation between DL-amino acids and (35) is followed by separation of the resulting diastereo-
isomers and removal of the chiral 'handle' with NaBHg, in an efficient resolution method.190

Preferential crystallization resol ution of N-acetyl-DL-phenylglycine (as its NH4+ scnl‘r)‘w.|
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and N-acety|-DL-phenylalanine (as its pentylammonium scxlf)192 has been achieved. Again,
any rational link between structure and tendency towards preferential crystallization still
seems elusive.

Chromatographic and related methods are often useful since they are direct, and economical
of time. Many of the analytical methods (Sections 7.1, 7.4)for determining enantlomer
ratios can be scaled up for preparative separations, in principle. Another example of the use
of the simplest chiral stationary phase, cellulose, has been reported: the preparative separation
of enantiomers of N-(2,4-dinitrophenyl)amino c:cids.]c'):3 Pirkle has developed an application
of long-chain esters of N- (2-naphthyl)-L-valine attached to silica as stationary phase for the
resol ution of DL-amino acid 3,5-dinitrobenzamides ]940 nd the reverse approach, resolution of
N-acyl-DL-amino acid esters on a chiral stationary phase prepared from N-(3,5-dinitrobenzoyl)
-L-leucine or D-pl'menylglycine.W"S The thorough study is being rewarded with very substantial
separation factors in some cases, and has more recently been extended to N ~Z-naphthyl)alanine
alanine esters.‘19 A chiral stationary phase formed by immobilizing bovine serum albumin has
been used in exploratory studies of resolution of N-acetyl-DL-amino acid derivutives.]97

Other physical methods of resolution include a promising observation that macroporous
acrylic polymers, when prepared so that the architecture of the polymer becomes chiral through
what is described as a 'coulombic' influence by D-phenylakinine ethyl ester (or its L-isomer),
show a modest resolution capability towards DL-phenylalanine ethyl ester when used in column
chromcx'rogruphy.]S>8 L-Tryptophan is adsorbed more strongly than its D-isomer on silica coated

199

with membranes formed by plasmolysis of (+)~camphor, and a distantly related basis applies

to the resolution of racemates over polystyrene-supported liquid membrane carrying a chiral
crown ether,zoo and through electrophoresis in a chiral electrolyfe.zm

Uses of enzymes in resolation of DL-amino acids are: o-chymotrypsin (aromatic amino acid
esfers);202 aminopeptidase from Pseudomonas putida (homctmefhioninc:mide);189 and hog renal
acylase (trifl uoroalanine;203 see also refs. 172,173). A review has appeared204 dealing with
uses of L-aminoacylases and N-acyl-L-lysine amidohydrolase in resolution of DL~amino acids.
Microbial sources of enzymes such as these may themselves be used for the same purpose, an
example being preferential degradation of L-isomers of N-acetyl-DL-tryptophan and N-benz-
oyl-DL-alanine (Nocardia restrictus) and of the D-isomer of N-acetyl-DL-tryptophan ethyl

ester (Arthrobacter oxydans; the L-isomer is preferentially hydrolyzed by Nocardia
197

corallina).
Some enzymic methods involve the 'destruction’ of one enantiomer to achieve resolution of

a DL-amino acid (though none of the examples in the preceding paragraph are in this category).

The differential degradation of enantiomers of an amino acid by radiation is a topic that has

featured in the literature for many years, because of its relevance to the ascendancy of L-amino
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acids in biological systems. Polarized electrons arising from 90$r - 0y p-decay cause some
10% greater degradation of solid D-alanine than of its L-analogue, as shown by e.s.r. spectral
analysis of radical yield.zo5 Results such as these have been claimed, and disputed, over the
years; but persuasive attempts continue to be made to the effect that each member of a pair of
enantiomers is of slightly different energy due to parity-violating weak neutral current perturb-

206

ation of ground-state electronic energy. The result of this, in energy content, is that the
existence of L~amino acids is favoured to the extent of approximately 10-14 mo|'1,206 too
small an amount to have led to the present si?uofion.207 A new type of chiral interaction,
expressed in the relative affinities for enantiomeric amino acids towards water208 or the coup~
ling of the magnetic moment induced by the chiral interaction with the Earth's magnetic field,

209 ha5 been proposed .

5 Physical and Stereochemical Studies of Amino Acids

5.1 Crystal Structures of Amino Acids and Their Derivatives.- While there is a predominant

" "fact-gathering' motive to many of the reported crystal structures of these compounds, there are
examples of experimental verification of calculated molecular parameters, and of comparison
of information with that obtained by solid-state n.m.r. spectrometry.

Amino acids for which more accurate data than those in the literature have been determined
are L-leucine 210 and D-enantiomers of methionine and tyrosine 211 ) Citrulline dihydrate,
212 its formed between L-arginine and D-aspartic acid or D-glutamic acid,z"3 DL~homocys-

teine thiolactone perch|orufe,2|4 and E—fluoro-DL—[Z,3,5,6-2H4]pheny|a|anine2]5 have also

been studied, the last-mentioned example assisting the interpretation of the solid-state n.m.r.

spectrum.

Amino acid derivatives subjected to X-ray analysis are N-monochloroacetylglycine and the
x-di-ethyl and -di-propyl homz:slogues,z16 and various cex-dimethylglycine (alias x-aminoiso-
butyric acid) derivutives.2]7 The parameters found for the proline and hydroxyproline moieties
in their simple derivatives correlate well with those deduced from conformational energy calc-
ul(:ll‘icms.z]8 NN'-Bis(L-phenylalanyl) hydrt:.\ziclez'|9 and dimethyl N-phthaloyl-4-bromo-DL-
gluh::mafe220 and unsaturated derivatives (Z)-_l_\l_-benzoyl-oq}-dehydroleucine221 and (Z)-4-

222 .
benzylidene-2-methyloxazolin-5-one” "~ have been studied.

5.2 Nuclear Magnetic Resonance S pectrometry. - Conformational information has been

inferred from n.m.r. studies of amino acid adenylate anhydrides of amino acids with hydrophob-
ic side-cl'n:xins.zz3 At low pH in dilute solutions, the side-chain is shown to participate in the
same type of intercalative interaction with the adenine ring that has already been established

for aromatic side-chains. N-Acetyl t-butyl-DL-valinate has provided a surprising example of
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discrimination of one enantiomer in favour of another, in studies of this racemate to which
small additions of one enantiomer were made (i.e. [DI=£ [L1). It was found that CCl sol utions
showed n.m.r. non-equivalence due to the formation of N-H - ... O=C hydrogen-bonded

224

diasterecisomeric dimers.

MH-, 19—, and 3TP-N..m.r. has been used in estimations of enantiomeric purity for (S)-[2-
2H]-glycine as its (-)-N-camphanyl derivorive;67 of amino acids derivatized with Mosher's
acid (2-trifluoromethyl-2-methoxyphenylacetic ocid);225 and methylthiophosphoric di-amides
formed between an amino acid ester and MeP(S)C|2.226 In the last-mentioned example the
derivatives consist of a mixture of racemate with two meso isomers due to the chirality at both
carbon and phosphorus centres, that show well resolved 3ip singlets which, on integration, give
o direct measure of optical purity.

2H-N.m.r. nuclear relaxation rates for aqueous solutions over a wide pH range reveal details
of molecular dynamics of [§-2, 2—2H2]aminobufyric acid, [2-2H]-DL-g|utamic acid, and [2-2H}-

227 A similarly targetted sf*udy228 has been made of polycrystalline [4,4—2H2}-DL—

DL-lysine.
proline and of [2,3,5,6-2H4]—E-f| uoro—DL-phenyIalqnine,m5 assisted in the latter case witha
detailed X-ray crystal structure determination.

]SC -N.m.r. study of L-histidine prepared in differently protonated forms from solutions of
variouspH illustrates further the increasing interest in the finer details of the solid-state
behaviour of amino mids.229 Homonuclear coupling is revealed by the magic-angle technique
for solid-state glycine zwitterion labelled at both carbon atoms by 13C  that can be interpret-
ed in terms of rotamer composition. Different crystalline forms of DL-, D-, and L-methionine
are conformationally pure, but each contains a different conformation; 23005 yet undefined.

170-N.m.r. of solutions of L-alanine and L-proline in 2HQO - dimethyl sulphoxide provide
unique information on the hydration states of the carboxy group’. 2 Two water molecules are
hydrogen-bonded in neutral and basic solutions, and a third is involved in acidic media. In
dimethyl sulphoxide solutionsthe solute appears to exist in the dimeric form. 170-N.m.r.

data have been reported for the labelled L-tyrosine isotopomers.zs"3

5.3 Optical Rotatory Dispersion and Circular Dichroism.-  While routine applications for

assignments of absolute configuration continue to be excluded, even the two papers selected
are based on well established principles. The c.d. of N-2, 4-dinitrophenyl-L-amino acids
carrying a polycyclic aromatic side-chain shows anegative Cotton effect centred at 400 nm,234
in accordance with the rule linking chirality with sign of longest-wavelength Cotton effect.
On this basis, the laevorotatory isomer of 3-(9-anthryl)alanine is assigned the D-configuration.
An interesting example of the power of the technique is the discovery of induced Cotton effects
by tryptophan, tyrosine and phenylalanine into gossypol .235 Solutions at pH 7.6 show negative

c.d. at 424-426 and 300 nm, and positive c.d. centred at 355 nm, indicating weak complex
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formation between the aromatic moieties in the amino acids and the pigment,

5.4 Mass Spectrometry.~  In contrast with the preceding Section, this is well supplied with

innovative papers associated with the rapid progress in instrumentation. Again, routine mass
spectrometric analysis is excluded, and mention of a study of the N-trifluoroacetyl derivative
of n-butyl 2H-leucinate to establish positions of the Icubel?'36 is made to give the reader an
indication of the sort of material which, although worthy and useful, is based on established
principles and supported by standard textbook coverage and not covered further here.

A curious observation has been published 237 to the effect that c.i.m.s. of enantiomers of
an amino acid de‘rivafive can show characteristic differences when (<)-amyl alcohol is a const-
ituent of the reagent gas. The implication that this might be exploited to permit mass spectro-
metric assignment of absolute configuration to an amino acid is sure to be followed up. The
c.i.m.s. technique has been applied to N-2,4-dinitrophenylamino acid esters, leading to very
simple negative-ion spectra in which the molecular ion is the base peak.238

Various fast-atom bombardment studies, mostly in the tandem mode, have been reported for
amino acids. These provide improved spectra for problem cases (argininosuceinic acid and
citrulline as their n-butyl esters,239 L-carnitine 24C')buf also give more insight into fragmentat-
ion processes more generally. Two isomeric immonium ions formed from N-isobutylglycine and
N-methylvaline by f.a.b. can be distinguished by their collision-induced fragmentation
characteristics and therefore mixtures containing them can be analyzed .24] In terms of structure
determination of an 'unknown' amino acid, the characteristic fragmentation patterns permit an
unequivocal distinction to be made between C- and N-alkylated isomers.

Unimolecul ar reactions of metastable cluster ions formed by f.a.b. of amino acids have been

24
interpreted to provide an order of relative proton affinities: Arg> His > Lys > Trp. 2

5.5 Other Spectroscopic Studies.-  The pattern for preceding Sections {exclusion of routine

papers) continues here. Observations from readily accessible methods that appear to provide
novel insights include reduction of the molar absorptivity of bilirubin by all common amino
acids except arginine 243 and indications from calorimetric and infrared spectrometric studies
that proline aggregation in aqueous solutions may account for a role for this amino acid in
stabilizing biological macromolecules under reduced w ater stress (Vol . 18, p.26).244 An
extraordinary technique in which molecules are cooled to near absolute zero in supersonic
beams has been applied to tryptophan, so that it could be shown that two conformers exist under
these com:!iﬁons.245 The conclusion was drawn from electronic spectra with the implication
that there must be two gas-phase conformations of this amino acid of essentially identical

energy.

Considerable progress is being made with Raman spectroscopic techniques, and the literature
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on amino acids is duly reflecting this. Surface-enhanced Raman spectra of amino acid5246
adsorbed on silver have been interpreted to show that both amino and carboxy functional
groups are points of adsorption. Ultraviolet excitation resonance Raman spectroscopy can

provide finer details of structure - spectra relationships. A n application to aromqﬁc247’248

47,249

. 2 . A .
and heteroaromatic amino acids includes observations that nitration of tyrosine shifts

the spectral features and abolishes its 200nm excited Raman spectrum, and that a similar effect
is observed for the 218nm excitation feature of tryptophan as a result of (2-hydroxy-5-nitro}-
benzylation .247
More convential Raman spectroscopic study has been incorporated with infrared and n.m.r.
analysisof conformational equilibria for thiazolidine-4-carboxylic acid and its 2- and/or 5-

methyl derivatives. 250

5.6 Other Physical Studies.-  Papers collected for this Section range from simple observat-

ions on purely physical phenomena to applications of physical methods other than spectroscopic
for determination of data. In the former category, the observations usually relate to certain
biological models, and include adsorption studies (intercalation of L-histidine, L-lysine, and
L-arginine in ¥ -zirconium phosphate,zs] phenylalanine - cyc|odextrin52 and cyclomaltohex-
ose253 inclusion complexes) and radiation protection (_I\_l—ucetylcysteine254 and zinc aspartate
255). The effect of tyrosine on reducing critical micellar concentrations of bile sc1|15256 and
an effect of proline (see also ref.244) in increasing the area occupied by membrane phospho-
lipid molecules 257 ave been reported .

A fascinating sfudy258 of transport of L-amino acids employs an oil layer between two aqueows
layers, one of which contains a chiral detergent and the other contains the amino acids. As
followed by changes in the electric potential across the aqueous layers, which varied with time
in a pattern that is characteristic of the detergent chirality, the transport behaviour could be
interpreted as a novel method to determine chirality. A related transport study through an
ion-exchange membrane to which a potential gradient is applied has been modelled on the
biological cell membrane sysl’em.259

Fundamental physical parameters have emerged from studies of N-acetyl-L-prolinamide and
_N_-ucefyl—E-mefhyl-Lﬁulaninamide in binary mixtures, in terms of interpreting the excess free
energy of the mixtures and their enthalpic virial coefficients to show interactions between
solute molecules .260 A related objective, the estimation of transfer free energies of amino
acid side-chains from water to N-methylacetamide, similarly aims to extend knowledge on
aspects of interactions that occur within proteins.zu Simpler methods can be used to deter-
mine the hydrophobicity of amino acid side-chains, but vapour pressure meosuremenf5262 may
have only limited vcllidl'fy.263 Dissociation constants of amino acids can be de’l'erminec|264

by the ionophoretic technique; a simple interpretation of the variation of electrophoretic
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mobility with pH of the electrolyte shows results in "fair agreement” with those of other
methods. The related isotachophoretic indexes vary with pH and this has been interpreted to
give absolute mobility values and pK,, values for 26 amino ucids.265 An equally simple
method based on polarimetric measurements yields protonation microconstants for L~amino
<:<:ids.266

The long-running interest in interactions between amino acids and DINA continues with
interpretations of simple physical data on mixfures.267

The polarographic behaviour of L-pyrrolidine-2~carboxylic acid and its lead(Il) and

cadmium(l1) complexes 28 and of DL-norleucine?6? has been described.

5.7 Molecular Orbital Calculations.-  Continuing an interest covered at the end of the

preceding Section, calculations have been presenfed270 for the binding energies of amino acid
side-chains to O-6 and N-7 of guanine and adenine . Allowed molecular conformations for
Pitkle's chiral stationary phases (see refs. 194-196) have been computed for one specific case,
viz. 3,5-dinitrobenzoyl-L-alaninamide linked to silica through the amide nitrogen atom with a
-(CH5)3- group.z-,"| Because force field parameters for aromatic nitro groups do not yét exist,
these authors have based their computations on the 3,5-di-formylbenzoyl analogue, and have
concluded that the chiral stationary phase presents chiral recognition through an anti conform-
ation of the methine hydrogen at the chiral centre relative to the benzoyl carbonyl group.ZTI
Support for spectroscopic studies is provided by calculations of lower electronic energy
levels for the glycine zwitterion, which are in good agreement with the spacing implied by

absorption spectra.

6 Chemical Studies of Amino Acids

6.1 Racemization.- Kinetic studies for racemization of representative L-amino acids at
142°C in aqueous solutions of differing pH yield the 6 absolute rate constants that correspond

273

with each ionic species for catalysis by H3O+ and OH™. The heterogeneous -catal yzed

racemization of L-alanine (a strong base anion exchanger substituted with 5-sulphosalicylalde-
hyde as the Cut™ salt) has also been studied kineﬁcally.274
The use of a racemase is still the province of very few groups, but the catalyzed 2—]H -2
exchange by &-amino- € -caprolactam racemase in 2H20 will be an attractive labelling
method in certain cases.
The exploitation of amino acid racemization for dating of relatively young fossil samples
has given cause for concern due mainly to the uncertainties of effects, particularly catalytic,

of the medium in which the fossil was located. A further problem, of course, is the chance

that the amino acids being studied may have accumulated in the sample over time, from the
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environment, and it has been pointed ouf276 that there might be evidence on the absolute

ind igeneity of the amino acids arrived at by considering the proportions of the stable isotopes
for carbon and nitrogen in the amino acids from the fossil, in relation to those of other amino
acids collected at the fossil site. Major discordances have been reported between dates
determined by aspartic acid racemization and those from accelerator mass spectrometric 14¢c
analysis, for bone sqmples,277 and the sources of error in the amino acid dating method are
concluded to be the uncertainties outlined above. Another factor that is perhaps unlikely to
have arisen is the acceleration of the racemization of aspartic acid residues in eye lens protein
that accompanies accelerated aging by X- or X-irrcldial'ion.278 Isoleucine epimerization has
been used in dating of nine outcrop raised marine deposits through analysis of epimer ratios for

sediment shells (Glycymeris violascens and Glycymeris glycymeris), leading to dates for three

marine terraces of 120000, 200000, and 350000 y that agree with estimates derived from 2304,
- 234y decay.279 Another way of using isoleucine racemization takes account of changes at

both chiral centres .280The application referred to in the preceding sentence is based on epimer
formation at the o-carbon, for which the half-life (the time taken to reach a D-alloisoleucine
to L-isoleucine ratio of about 0.4) is between 105 - 107 y. The other sterecisomers result from

280 All

four stereoisomers were found in ancient biogenic carbonates, so P—epimerizaﬁon might be an

P -epimerization, and rates for this process have been measured in HO at 250°C.

index of value in the study of such samples.

6.2 General Reactions of Amino Acids.-  This title is used to collect recent advances in

reactions involving the amino and carboxy functional groups of amino acids.

A regular feature of this section is heterocyclic synthesis through the Maillard reaction
between amino acids and carbohydrates and other reactions leading to heterocyclic ring form-
ation. In the simplest combination in the Maillard reaction, between glycine and D-glucose,
N-butylacetamide and N-butylformamide are formed as well as pyrroles (twelve such products
as well as 5,6,7,8-tetrahydroindolizin-6-one and its 8-hydroxymethyl derivative are formed
in the reaction of hydroxyproline and arabinose or eryfhrosezs]),suggesﬁng that an early stage
in the reaction creates dicarbonyl compounds.282 There is some conflict between two reports,
in one of which lysine is stated to react with glucose to yield the pyrrole (36),34 while in the

other the product is claimed fo be the 1-alkyl-3-oxidopyridinium betaine (37).283

Synthesis
of (36) appears to have settled the point but further consideration may be called for, in view
of the numerous products commonly found in such reactions. Fluorescent 1,4-dihydropyridines
are formed in the Michael addition of malondialdehyde and a simple aldehyde with an amino

cxcid,zs4 and - chymotrypsin catalyzes the formation of fluorescent products between amino

acid amides and 1-methyl-3,4-dihydro- { -carboline-3-carboxylic acid methyl esfer.285

2-Methoxy-2,4-diphenyl -3(2H)-fu ranone has been proposedzséqs a useful alternative reagent
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for fluorescent derivative formation with amino acids (the reagent is closely similar to fluoresc-
amine).

Well established heterocyclic syntheses are based on the reaction of both amino and carboxy
groups, and a new example involves the condensation of alanine with sodium cyclotriphosphate
at pH 10 -12, to give (38) as well as the phosphonamide (HO),P(O)NHCHMeCO,H . 287
Curiously, @—qlanine gives (HO)2P(O)OP(O)(OH)OP(O)(OH)NHCHZCHZCOZH under these
conditions. Oxazolin-5-ones form easily from N-acylamino acids and can be converted into
-acylominoalkyl B -difl voroalkyl l<efc>nes288 and benzamidoalkyl mono-, di-, and trifluoro-
methyl kefones289 by a modified Dakin-West reaction with appropriate acyl chlorides or acid
anhydrides. Oxazolinones may be intermediates in oxidative decarboxylation of N-acylglycine
using K02290 or lead fefra-acefafe.29] Yields of amid es are modest in these reactions, the
side-products in the latter case being the N-formyl and N-acetoxymethyl omides.29]

2-Cyclohexen-1-one is a better catalyst than di-t-butyl peroxide for the decarboylation of
amino acids;z‘?2 'peroxidizing methyl linoleate' brings about the standard Strecker degradation
of amino c:cids,z‘?3 a classic example of which (reaction with ninhydrin) is now shown to
involve the 1,3-dipole (39).294 The methaneiminium methylide CH2=T\1HCH2- (more correctly
represented in a delocalized structure; cf.(39)) is formed by decarboxylative condensation of

29 . . .
5 In both these studies, evidence for the assertions comes from

glycine with formaldehyde.
trapping experiments using simple dipolarophiles.

Studies of the kinetics of oxidative degradation of amino acids by familiar oxidants continue to
fascinate a number of research groups .296 Metabolic oxidation, exemplified by a study using
Raja erinacea liver mifochondric,297 is a broader topic o utside the scope of this Chapter.

Oxidation of amino acids with Fremy's salt co nverts amino acids successively into hydroxy-
and keto-acids without oxidative decarboxylation 28 (a number of the other oxidants described
in ref.296 bring about the same conversion). o-Hydroxy acids are formed from amino acids by

299,300

reaction with HNO, with high, but not complete, stereospecificity . However, the

useful chiral synthon (S)-3-hydroxybutyro lactone is available from L-aspartic acid through
straightforward elaboration of (S)-malic acid that forms from the amino acid with HN02.300
Photolytic decarboxylation of N-acetyl-N-nitroso-amino acids is accompanied by N- N
cleavcge.sm These facts needed unravelling since the eventual products are 1,2,4-oxadi-
azoles formed between the initially formed N-acetylimines and NO™.
The final example of decarboxylation in this year's review is accomplished by electroly-
tic methoxylation, a useful entry to chiral amines since the resulting N,O-acetal (e.g. (40)

from a protected L-threonine) undergoes TiCl4-catalyzed substitution with high diastereosel-

. . . 86
ectiviry.87 Scheme 2 uses the same decarboxylation process in an alternative synthesis.

A distantly related asymmetric synthesis, the Rh(I) - chiral phosphine-catalyzed hydrogenation
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of l_\l_—(o(—ketoacyl)amino acid esters, is a useful route to chiral X~hydroxy <'.1cids.302
N-Substitution reactions of amino acids providing synthetically valuable derivatives
thave been reported: N-maleyl and N-dichloromaleylanino ocids;303 Boc- and Z-amino acids
prepared using benzotriazol-1-yl carbonares,304 and through the usual reagent for preparation
of Boc derivatives (BoczO: reactions of 17O-labelled amino acids with this reagent in MeOH
or DMF occur without loss of the Iabel);:m5 and use of Fmoc N-succinimidoyl ester for the
preparation of Fmoc~amino cu:ids.306 N-Benzyloxycarbonylamino acids and allyloxycarbony!
analogues can be converted into triethylallyloxycarbonyl analogues, through reaction with
triethylsilane (not the N-triethylsilyl analogues as reported earlier), and,using t-butyldimethy!-
silane and 0.05 equiv. Pd(CAc),, into the t-butyldimethylsilyloxycarbonyl onulogues.307
Palladium-catalyzed hydrostannolysis by BugSnH of allyl- and allyloxycarbonylamino acid
derivatives offers a novel, very mild, deprotection method. 308

A novel variation of the Bucherer reaction of amino acids enables a preparation of L-N-(2-
naphthyl)amino acids to be conducted conveniently and on a sufficiently large scale for the
development of chiral stationary phases from rhem‘ao‘? The method is essentially a condensation
reaction of the L-amino acid, 2-naphthol, and NaHSO45 in aqueous media at pH 8.

Kinetic studies have been reported for the reaction of trinitrobenzenesul phonic acid with
amino acids 310 and for the nitrosation of proline, cysteine, and sarcosine.sn A corresponding
study of the formation of N—ocefyl-ﬁin-nirrosorrypl’ophon also covers the kinetics of the
de-nitrosation process.

Direct esterification procedures based on the enhanced ambident reactivity of the amino acid
zwitterion with an alkyl halide rely on the much higher proportion of zwitterion in DMSOin

comparison with HyO. 313

Isolated examples of simple esterification in this way in aqueous
solution5314have appeared in the literature,  The thoughtful article by Hughes, Bergam and
Grabowski, though mainly concerned with spectroscopic determination of pK, values of amino
acids in DMSO, will stimulate further attempts to simplify direct esterification. Rates of ester-
ification of 5'-adenosine monophosphate by N-acetylamino acids differ greatly for amino acids
with A as the middle letter of their anticodons (Phe > Leu > Val > lle) but not for others.3]5
Ester hydrolysis is represented in a comparison of uncatalyzed and CuH-promofed reactions

of p-nitrophenyl glycincfe.s.'6 The major crop of papers concerns enantioselective hydrol ysis,
cut—alyzed by chirally substituted polyethylene imines (benzoyloxycarbonyl-DL-phenylalanine p-
nitrophensd es’rer),31 7 imidazole in chiral reversed micelles (a series of amino acid B—nitrophenyl
esters),sl|8 and N-benzoyloxycarbonyl-L-Phe-L-His-L-leu-CH (N-dodecanoyl-DL-phenylala-
nine p-nitrophenyl esfer).sw A comparison is made in the last-mentioned study with the diaster-
eoseI;chiry of cleavage of N-benzyloxycarbonyl~DL-Pro-L-Pro-OC H/NOg by a functional
jodosobenzoate surfactant showing that both processes respond similarly to dimensions of the

coaggregate micellar sysrems.319 Chiral crown ethers (41) show modest chiral recognition
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in thiolysis of DL-amino acid p-nitrophenyl esl'ers.320
Simple exchange of anion has been described for amino acid benzyl ester tol uene-p-sulphon~
ates, leading to the corresponding hydrochlorides.sz]
Other manipulations of the carboxy function of amino acids have been reported for formation
of Fmoc-amino acid chlorides from the acids using SOCly in CHoCl, (and the use of 4-piper-
idylmethylamine for Fmoc cleavage),322 formation of N-alkylhydroxamate esters by reaction
with CICH=NMe, CI” and N-methylmorpholine, followed by reaction of a hydroxylamine to
displace the leaving group: RCO,H —> RCO,CH=RMep CI” —> RCONR'OH, 2 and the
reduction of esters to aldehydes 8 4cmc| N-ethoxycarbonyl-L-proline to the phenylmethanol
( 42) by H™ - selectride reduction of the phenylketone derived (93% e.e.) by Grignard addit-

fon to the mixed qnhydride.325

6.3 Specific Reactions of Amino Acids. Side-chain manipulations described here are also,

incidentally, often useful methods for the conversion of one amino acid into another.
Aliphatic side-chains in N-benzoylamino acid methyl ester undergo slower H-abstraction with

N-bromosuccinimide (a source of Br* under irradiation in CCly) than glycine.326 Ethylene

formation from 1-aminocyclopropanecarboxylic acid can be accomplished in vitro through MnZ*

catalyzed degradation by Hy 0, 327 gnd through lipoxygenase-catalyzed oxidation. 328 |n the

latter study the atoms of the cyanide ion that results are C-1 and N-1 .328
oW -Aminodicarboxylic acids can be formed from cyclic &t-amino acids through an improved
RuO 4-oxidation, followed by hydrolysis of the resulting Iacl‘am.329 The related formal dehyd-
rogenation of proline under physiological conditions, giving pyrrol-1-ine-5-carboxylic acid,
involves catalytic transfer of H via NA,DP(H).:','30 Other unsaturated side-chain studies include
unusual cyclodimerization of Schiff bases (43)>(44) 331 and selective reduction by DIBAL
hydride + BF3.Et,O of oB-unsaturated §-amino acid esters (readily available from o~amino
acids) to give corresponding allylic alcohols,332
Pyrolysis of cysteine at 130 - 20° during 30 = 120 min in a sealed glass tube gives NHg3 and
cystine as major identified products, while at 180° for longer periods thiophen, EtoSo 4-ethyl-
2-methylpyridine, di- and tetramethylthiolans, 1,2-dithiane, and N-ethylacetamide are
Fomed.333 The sulphur-containing amino acids yield SO4™~ through heating in water or HCI
(the highest conversion occurring in TM HCI), particularly readily for cysfeine.ssfll‘his surprising
result, so long undiscovered, implies that analyses of sulphated proteins or glycoproteins may
need correction of the sulphate figure to take account of contributions from these amino acids.
L-Lysine and L-ornithine bis (N-nitrososulphonamide)s undergo regioselective N-nitroso-
sulphonamide -~ sulphonate rearrangement to give N-toluene-p-sulphonyl-L-proline and -pip-
ecolic acids, respecﬁvely.335 The near-relative amino acid, asparagine, undergoes adduct

formation with H]3CHO that enables ]3C—n.m .r. detection of free asparagine in potato.
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A 15N/“"N kinetic isotope effect has been established in the transamination of aspartic acid
by «-ketoglutaric ucid.337 L-Serine is represented in preparation of its O-trimethylsilyl-N%-
trifluoroacetyl diefhylamide,sssin conversion into an oxefanone under Mitsunobo conditions
(see also Vol .18, p.32; these conditions also %a-rz)verf N%-Boc p—hydroxy—L—voline O-benzyl

hydroxamate into azetidinones (45) and (46)" ). L-Serine has been used as a substrate for

attack by HO* in HoO at pH 3 - 7, leading to ’CH(OH)CH(COZ-)N Ha* and thence to NH4+
and OCHéHCOz-.S‘ﬂ In the last-mentioned study, corresponding products were found in
reactions of HO® with threonine.

Migration of a 4~substituent in the aromatic moiety of [ring-2H5]-L-phenyk:lanine to position
3 or 5 (the NIH shift) occurs in vivo (species: man) in hydroxylation to L -tyrosine. The
redox condensation system consisting of an alkanol with PhgP ~ diethyl azodicarboxylate (the
Mitsunobo reagent) brings about C-alkylation of fyrosine.343 Iron(lll) complexes catalyze the
H7O oxidation of DOPA at pH 7.344

Substitution reactions of the indole moiety of tryptophan include a surprising Ei"-acylaﬁon
by aldehydes in aqueous media at pH 6.8, which can also lead to Ei"-(l-hydroxyulkyl) adducts,
but no reaction occurs with kefones.345 The _I\_Iin-prol'on can also be substituted by the 3,4-di-
hydroxyphenyl group through reaction in acidic media with g—benzoquinone.346 Indole C-hyd-
roxylation can be accomplished in aqueous media with FeSO4 and ascorbic dcid;347 the more
extensive result usually observed with such 'Udenfriend reagents’ (FeH/EDTA/ascorbi%:;id/Oz)

is melanin formation, both from tryptophan and 'melanin-like' material from tyrosine.

6.4 Non-Enzymic Models of Biochemical Processes Involving Amino Acids.-  Spectroscopic

evidence has been inferprefed to derive binding constants for L-tryptophan to the Trp repressor
oF_F._.Eo_Ii.349 Disulphide bonds of proteins of lysosom es are more likely to undergo thiolysis by
cysteine in vivo, rather than alternative thiols.

These papers indicate a general rationale for this Section, but this Chapter contains several
overlapping Sections so that certain topics that might have been located here have, instead,

found an alternative relevant destination.

6.5 Effects of Electromagnetic Radiation on Amino Acids.- A group of papers dealing with

relatively drastic treatment of aliphatic amino acids is a regular feature of this Section. This
year this topic is represented by e.s.r. and ENDOR studies of X-irradiated single crystals of
DL-proline hydrochloride (yielding radicals through o-deprotonation and ring cleavage),
K-ray-or ¥-ray-accelerated racemization of aspartyl residues in proteins,278 and autoradiolysis
in solid D- and L-14C-leucine resulting in f-radiation-induced cle::crf:mxylc:ﬁon.352 E.s.r.
analysis of the autodecomposition products reveals a 10% larger concentration of radicals in

the D-leucine samples, a figure identical with that for D- and L-alanine irradiated with
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polarized electrons produced during 905, . 90y ﬁ-decay.zos

Ultraviolet photolysis of N-acetylamino acids liberates free radicals through amide cleavage,
and causes decurboxylcn‘ion;353 these substrates do not provide satisfactory models for the u.v.
photolysis of peptides and pro1'eins.353 Arginine is degraded into aspartic acid, serine, norval-
ine, ornithine, urea, and NHg3 through u.v.-stimulated H0, oxidution;354in this system u.v,
irradiation alone or H202 alone causes no degradation.

Extension of studies of one-electron oxidation of DOPA and cysteinyl DOPAs through pulse
radiolysis of aqueous solutions has been described. 355 Azide radicals formed from NaNg in the
conditions yield unstable quinones and dopachromes. Electron-donating groups in substituted
phenylalanines and tyrosine accelerate umifiavin-sensitized photo-cmidc:d'ion;356 the formation
of 'dityrosine’ through 60C0-X -irradiation of aqueous tyrosine solutions can be detected by

357

characteristic fludrescence at 410 nm. The fluorescence of tyrosine itself in acidic

solutions has been thoroughly invesrigured.358
An interesting variation of what has become a routine area of study is the observation that
tryptophan radicals cause oxidation of tyrosine in aqueous solutions of any pH, while tyrosine
radicals achieve the corresponding effect on try ptophan only in strengly acidic or strongly
alkaline soluﬁons.359 Tryptophan free radicals involving the indole moiety can be 'repaired’
by cnti-oxidanfs.360 Photo-oxidation of tryptophan in aqueous solutions gives cis- and trans-
3x-hydroperoxy-1,2,3,3a,8,8a-hexahydropyrrolol2,3-blindole-2-carboxylic acid as primary
products through singlet-O, formed by red-light irradiation in the presence of sulphonated
phthalocyanine - metal chelofes.%] Another pathway may be involved in the case of the Mn
complex, but the tricyclic photoproduct is common to many other such studies, e.g. dye-sensit-
ized photo-oxygenation at pH 3.6 - 7.1 .362 However, the indole-opened product, kynurenine,
g—HCONHC6H4COCH2CH(COQ’)NH;,-is formed in these conditions at pH 7.7 - 8.4.362
3-Indolecarboxaldehydes are formed by u.v. degradation of the side-chain of pro tected trypto-
phans in acid media through oxidation by py rimidof5,4-glpteridine N-oxide, with the correspo-
nding protected glycine as accompanying product. 363 This new cleavage mode may account for
the accumulation of 3-indolecarboxaldehyde in animals and plants. Another intriguing role for
tryptophan is presumed in interpretation of visible light activation of retinal in bacteriorhodop-
sin followed by energy transfer to tryptophan revealed by fluorescence emission at 350 nm.364
Five photolysis products, two unidentified accompanying kynurenine, N -formylkynurenine, and
tryptamine, form in laser-irradiated (337 nm) aq veous tryptophon.365 Radiolysis gives kynuren-

ine and 5- hydroxtryptophan .366 An e.s.r. study of photoionization products of tryptophan

formed in media containing spin-traps to intercept hydrated electrons has been published.
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7 Analytical Methods

7.1 Gas-Liquid Chromatography.-  Despite the continuing surge in h.p.l.c. analytical

methods, there is no diminution in the volum e of papers describing g.!1.c. analysis.
Derivativization is an essential first step in the sample preparation stage of g.l.c. analysis o f
amino acids, and the novelty of procedures detailed here can be inferred from the extent of the
discussion. Silylation is chosen only by a minority of workers, but the fact that t-butyldimethyl-
silyl derivatives are some 10000 times more stable than their trimethyisilyl anulogue5368 will
attract some to follow leaders using N-methyl-N-t-butyldimethylsilyltrifluoroacetam ide as
derivatization reagent for amino acids. Already 369 their use in analyses of glutamine and
asparagine avoids problematical side-reactions that generate pyrogi utamic acid and deaminated
artefacts. Standard silylation practice has been employed ing.1.c. - m.s. analysis of phenyl-

alanine and tyrosine that have been variously 2H-Icnbelled,370 though N-trifluoroacetylated

371-373,22
and

remain the most widely used procedures that follow
371,374-37%,21 372,22

pentafluorobenzyl esters were also used in this study. N-Trifluoroacetylation
N-heptafluorobutyroylati on374_ 379,21
esterification with pentafl uorobenzyl alcohol,37o isobutanol, n-butanol,
n-propanel .373 N-Pentafluorobenzoylation is preferred by some workers.37g> Arenesulphonyl
derivatives are rarely used, but a novel example is of 1-dibutylamino-5-naphth alenesulphonyl
derivatization, followed by trimethylsilylation for an attack on the analytical problem posed
by the existence of more than 90 ninhydrin-positive compounds in the urine of healthy subjects,

only about 46 of which have been identified previously.380

The amino acids that have benefitted from these and other g.l.c. analytical sh.vdiesae'l-:‘]85
include various aminobutyric acids,:373 including a new chlorine-substituted homologue found
in xylem sap of Pisum scfivum,2]pipeco|ic ocid,382 3-mefhy|hisﬁdine,37]’381 Ills-(l -carboxy-
ethyl)ornithine, 2cysfeic acid,383 (employing the N-isobutoxycarbonyl or dibutylsulphamoyl
methyl ester or dibutylamide derivatives), and cysteinesulphinic qcid.384

Some of the papers cited here include some appraisal of practical innovations (stability of the
stationary phase "Supt-:lcoport“,376 applicability of an N-selective detecfor,377and fused-silica
capillary columnsass). Creatinine has been established as a major problem of interference in
g.l.c. of amino acids in urine.

Estimation of enantiomer ratios by g.1.¢c. of derivatized amino acids over chiral stationary
phases (polysiloxanes treated with chiral derivcfiveswé‘aeaincluding acylated L-phenylalanine
t-butyl esterasa novel enantiomer discriminant) has continued, with applications for aspartic

acid in aged human eye lens protein hydrolysates B6 and asparagine in ancient samples.

7.2 lon-Exchange Chromatography.-  Automated ion-exchange amino acid analysis has
39,390

been reviewedlde9 and precautions in sample preparation including de-sqlﬁngsg" have
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been discussed. Brief reference can be made to representative applications of the amino acid
analyzer: for analysis of crosslinking amino acids and 5-hydroxylysine from hydrolyzed efastin
and callc:gen;392 an independent study of pyridinoline and its 2'-deoxy analogue; 393 lysine

content of fermentation pn:aducts;394 3—mefhylhisﬁdine;395 and tryptophan .396

7.3 Thin-Layer Chromatography.~  Quantitative analysis by t.1.c. is o more reproducible

technique than it once was, due to the availability of more homogeneous materials and to
. . . 397
improvements in practical aspects.
The use of tin(IV) arsenosilicate as a cation-exchange t.l.c. medium for analysis of amino
acids may have some advantages, since aromatic and acidic amino acids show greater mobility
are . . . . .. 398 .
than on silica gel while basic amino acids stay at the origin. Other non-routine papers
. . . s . 399, .
give detailed data on t.l.c. of methylated lysines and arginines, interpretation of t.l.c.

400

mobility to yield an order of lipophilicity of amino acids, "~ identification of amino acids as

their 4,4-dimethylamino-azobenzene-4'-naphthalenesul phonyl derivatives 401 gnd estimation
of optical purity through t.l.c separation of enantiomers on chirally modified silica ge|.402,403
Commercially available 'Chimlpk:fes'® consist of reverse-ph ase silica gel impregnated with

cu™ and a chiral proline derivative, operating on the ligand-exchange principle.403

7.4. High-Performance Liquid Chromatography.- A number of reviews have appeared on

this vigoro usly expanding topic, two of a general nature 404,405
406,407

and two dealing with
pre-column derivatization with o-phthaldialdehyde. One covers also electro chemical
detectors as they are used in amino acid andlysis.4O7

Aspects of e xperimental technique are covered in a study of the use of alkanesulphonate salts
as mobile-phase additives 408 and laser-induced fluorescence detection for o-phthaldialdehyde
- mercaptoethanol derivatives and their naphthalenedialdehyde <:mt:logues.4o9 This sensitive
method allows the detection of between 4 and 15 femtomoles of the o-phthaldialdehyde deriv-
atives or 200 - 500 amol amounts of the naphthalenedialdehyde analogues. Several orders
of lower magnitude are therefore becoming possible, in relation to current levels around 10
pmol for the o-phthaldialdehyde derivatives using commercial instrumentation.

Deamination of L-amino acids by an L~amino acid oxidase creates a change in ionic strength,
and amino acids in h.p.l.c. eluent can be estimated by the conductimetric approach with an
immobilized enzyme defecfor.410Crown ether-containing mobile-phase separation parameters
for amino acids4“ and improved separations using ammonium tungstophosphate-coated silica
gel“zhcxve been explored.

Familiar subdivisions of the fopic appear in the current literature, with some waxing and
waning of emphasis. o -Phthaldialdehyde - mercaptoethanol occupies the pre-eminent posit-
413-424

ion now, for pre-column derivatization re agent. In one of these examples, the
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necessity to cleave imino acids by HOCI to generate the fluorophore leads to post-column

. . . . 420
reaction for detection of proline and hydroxyproline. 2 Two other applications use wholly
post-column derivatization following ion-exchange h.p.l.c. for assays of ﬁ‘N(Ne—h’"imefhyl-

. 425 A 26
lysine "~ and §-mel‘hy|me1’h|omne.4 Few papers describe the use of ninhydrin, but those

427,428

that do adopt the usual post-column mode. Harduf advocates colorimetry at 405nm and

considers it advantageous to avoid switching detector wavelengths, as is common practice.

The other burgeoning application is the direct phenylthiocarbamoylation by phenylisothio-
cyanate that appears to have been fully developed and side-reactions well understood .429_439
An excellent short account of the meﬂ'u:)d436 will inform new and hesitant usess. 1 pmol levels
of 1-aminocyclopropanecarboxylic acid in apple tissue have been located by the mzathocl,430 so
it certainly compares favourably from this point of view with the o-phthaldialdehyde method.
A novel combination of the two methods has been used for the assay of proline and hydroxypro-

line after pre-column derivatization with o-phthaldialdehyde and separation of the derivatives,

followed by phenylthiocarbamoylation of the unreacted imino ucids.439

Electrochemical detection is featured in an increasing proportion of h.p.l.c. studies of amino

. - . . . N & 74
ucnds,“o 445 these papers cove ring homocysteine,  cystine, methionine, tyrosine,

442

’

5 . .
and tryptophan, and detection limits can be as fow as 1 ng.

Phenylthiohyda ntoins, whether they arise from sequencing or are prepared directly from amino

h446),

acids (e.g.3-nitrotyrosine + 0.5M HCl + PhNCS, room temp. during 24 continue to offer

7-453
satisfactory h.p.l.c. characterisation of amino acids. 47-4 4'-(NN-D imethylamino)azob en-
zenethiohydantoins form the basis o f one of these papers, accompanied by their 4'-sulphonate

anulogues;453all the other p apers involve the phenylthiohydantoins themselves.
454-457

D ansylamino acids and their close analogues (dabsylamino ucids458) are e xtending

. . I 4
their long service in the contextof analysis and characterization at about 20 pmol levels, 54

although laser fluorimetric detection permits 10-16mo| levels to be reached.456

Alternative derivatives are tho se formed with 4-ch|oro-7-n7trobenzofurazc|n459’ 460 and with
its 4-fluoro unqlogue,46] p-bromophenacyl esters from amino acid bel'aines,462 Fmoc amino
qcids,463 and xanth ydrol ;erivutizclﬁon of u—cu:el'yl-L-glu1'¢:amine.46‘4 Fluorescent 'I,Né-efheno
derivatives are formed from the reaction Letween decarboxylated S-adenosylmethionine and
CICH,CHO, 465 and the innate fluorescence of o- and m-tyrosines at 305 nm (A it 275 nm)
has also been used in detection of these emino acids during h.p.| .c.466

467-470

The amino acids on which these and other h.p.l.c. papers have focussed, if not stated

444445467

as part of the preceding narrative, are: tryptophan and its radiolytic decomposition

proch.n:fs,366 methylated lysines, arginines, histidines, and nethionine:,B]/‘”5:4261457_0_—phospho—
417 .., 417 32

serine, threonine and l'yrosine,‘fl 7X-cqrboxyg l utamic acid, ! glutamic acid, P-phosphor-

ylated amino acids,468 histidine and its 1- and 3-methyl derivarives,4thenylalanine and
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(

urginine,428 asparagine and glutc:mine,da'l tyrosine
437,439

tyrosi ne,“’24 S-adenosy lmethionine,46
Q—sulphofe,433 4-fluorophenyla |anine,434 hydroxyproline and proline.

Losses during protein hydrolysis have been accepted for many years as the price to pay for
convenient and reliable methods for most of the amino acids. Cysteine, labelled with 4-(amino
sulphonyl)-7-fluoro-[2.1.3)-benzoxadiazole while bound within the protein, is released using
6M-hydrochlioric acid and then derivatized for h.p.l.c. analysis. Although methionine is
largely destroyed by this milder acid hydrolysis, lysine is quantitatively recovered.“]

Determination of enantiomer ratios by h.p.l.c. has been based on three main variations: the
most common approach is the use of a chiral stationary phase,47]_476with the use of chiral
mobile phases becoming more widely used.477—479The classical approach in which the enantio-
mer mixture is converted into a pair of diasterecisomers through reaction with a chiral reagent
is also valid, and dibenzoyl-L~tartaric anhydride has been used for this purpose to give the
imides (47)%80 A further example of the formation of diastereoisomeric mixtures has been
provided in the context of the well estabiished o-phthaldialdehyde derivatization method. If
N-acetyl-L-eysteine is used as thiol co-reactant, instead of the usual mercaptoethanol, then
optically impure amino acids will yield corresponding proportions of diasterecisomeric
iso-indoles that can be estimated by h.p.l.c. over achiral stationary phmses.478

Pirkle's group is studying potential chiral stationary phases in a most thorough manner (see also
refs. 194-196) and has described their use with enantiomeric purity determinations for - and (-
substituted ﬁ-alanines.47] Silica gel made chiral through bonding to a D-phenylglycine deriv-
r::five472 also continues existing studies, and has been used with N-@, 5-dinitrobenzoylJamino
acid isopropyl esters. A chiral naphthylamine stationary-phase appmcxchlw3 and bovine serum
albumin bonded to silicq474 also exploit the same general principle, the latter being a detailed
study showing the particular suitable N-substituent for each amino acid (e .g.o-carboxybenzoyl

4

for DL-alanine, phthaloyl for threonine) .47 The ligand-exchange principle (as used in t.l.c.

resolution, ref. 392),in which an L-amino acid is bonded to the stationary phase and chelated to

Cutt, continues to develop satisfactorily, e.g. for the resolution of perfluoro-o¢, ot ~dialkyl
477
475,476 The same principle with mobile phases containing L-arginine - cott
7
and either L-proline or L-histidine with 't 478

glycines.
has been used for the resol ution of N-dansy!
amino acids. N-Acetyl-L-valine t-butylamide has been used as a chiral hydrogen-bonding
additive to the nonaqueous phase in silica-gel chromatography for the resolution of N-acetyl-
amino acid t-butyl esters.‘w9

A further category of h.p.l.c. enantiomer analysis employs a micropolarimeter-cum-refractive
index detector at the outlet of a normal (achiral) h.p.l.c. col umn.48]The sensitivity claimed
(50ng - 2 /ug) can only refer to compounds whose pure enantiomers have large specific rotations,

and the method operates best only for samples that are close to maximum optical purity.
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7.5 Fluorescence Methods.-  The o -phthaldialdehyde methad is covered in the conte xt of

its coupling with h.p.l.c., in the preceding section. lts reliability is assurable only under
standardized procedures since degradation of the 1-alkythio-2-alkyliso-indoles occurs during
and after derivatization. An important observation,482 that degradation is strongly accelerated
by excess o-phthaldialdehyde, implies the use of minimum reagent (or gradual addition). The
low picomole detection limit for these derivatives has been underlined, 3 compared with about
3 nmol limits for the ninhydrin colorimetric method.
2,3-Nuphthlenedicarboxoldehyde409reucfs to give 2-substituted 1-cyanobenzolfliso-ind-

N";484fhe highly fluorescent derivatives will no

oles by condensation with amino acids and C
doubt be taken up in competition with the o-phthaldialdehyde method for amino acid analysis.

The inherent fluorescence of certain amino acid side-chains has been mentioned in the
preceding Section, and fluorescence energy acceptance by 4'-aminopheny|alanine485 might be
useful in analysis of this amino acid.

486

Fluorimetric analysis of amino acids has been reviewed.

7.6 Other Analytical Methods.- Dansylamino acids have been separated by paper electro-

phoresis487 and by isoelectric focussing in immobilized pH gradient phases.

7.7 Determination of Specific Amino Acids.-  Most of the methodsdescribed here are specif-

ic because enzymatic assays are involved or because of colorimetry (in its broadest sense) deriv-
ed from characteristic functional-group reactions for particular amino acids.
. . 489 R
Three L-glutamic acid assays based on either L-glutamine synthetase ~ or L-glutamic acid

490,491 include novel coupling with a second enzyme system - a reductase and

dehydrogenase
luciferase that generate luminescence proportional to the amino acid,49o and a transam inase
that generates NADH in an enzyme electrode sysl'em‘.w'| One of these permits assay down to

100 pmol .491 Arginase cleavage of L-arginine into ornithine and urea and assay of the urea by
standard methods 492 illustrate conventional methodology, and immobilized bacteria -pO5
sensor assay of L-l'rypfophan:ws L-lysine «-oxidase electrode, 494 and other immobilized
enzyme methods for L-amino acids495 illustrate another strand of established methodology .

An improved radioenzymic carnitine assay has been reported.

Cysteine colorimetry using Eliman's thiol reagent can be inaccurate when surfactants are also
presenr.497 Another sort of interference applies to HOCI cleavage of 1-aminocyclopropane-
carboxylic acid into ethylene, thought to be a specific reaction - but ethanol can also undergo
cleavage to the same prc)ducf.498 Other presumed inocuous organic compounds, such as aliphat-
ic amines, result in low ethylene yields from the amino acid .498 Standard colorimetry is
represented by Chloramine-T degradation of hydroxyproline (see also Vol .17, p.39 499 and

N-bromosuccinimide substitution of tryptophan (using a stopped-flow l'echnique).soo Analysis
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of S-methylmethionine and S-adenosylmethionine in plant tissue down to 100 pmol levels has
been accomplished through a dual-isotope dansylation procedure, depending on separation of
the amino acids on phosphocellulose followed by thermal degradation to homoserine and
estimation of the derived [3H]donsyl[14C]homoserine.50]

Authoritative recent reviews of assay of specific amino acids are contained in refs 6 and 8.
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