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Amino Acids 
BY G. C. BARRETT 

1 I n t r o d u c t i o n  

The coverage i s  predominantly derived from the chemical literature, though much of the 

interest in  the amino acids lies i n  their biological context. The l i s t  of references at the end 

of this Chapter (p.40) reveals many citations from biological journals and secondary sources, 

however. k e  ‘cut-off point’ as far as this Chapter i s  concerned i s  to exclude coverage of the 

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

2 T e x t b o o k s  a n d  R e v i e w s  

Reviews of a specialist nature are cited in  the appropriate Sections of this Chapter. This 

Section I is t s  more general references: a supplementary I ist of nomenclature recommendations 

(IUPAC-I UB) covers selenium-containing amino acids;’ N-hydroxyamino acids;2 L-proline and 

L-hydroxyproline as chiral auxiliary agents in  asymmetric synthesis;l historical account of the 

discovery of x-aminobutyric ac id;4 and arginine with special emphasis on evolutionary and 

metabol ic aspects. 

Glutamine, and Related Compounds’ that contains authoritative coverage of many other amino 
acids of similar functional ity;6 Proceedings vol ~ m e s ; ~  comprehensive analytical coverage; 8 

and more broad1 y based texts. 

Monographs and compendia incl ude a volume entitled ‘GI utamate; 

9 

3 N a t u r a l l y  O c c u r r i n g  A m i n o  A c i d s  

_3.1 Occurrence of Known Amino Acids,- 

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

This Section includes examples of unusual occurr- 

D-Leucine i s  found, not merely in  trace amounts, in aerial parts of Coronilla varia and in 

seeds of Coronil la scorpioides 

(up to 2.9% dry weight) in  seeds of several Calliandra species, and survives i n  leaves of these 

plants at early stages of germination .ll Since this derivative i s  moderately insecticidal, 

young plants have chemical defence against at least some of their natural adversaries. 

( I ’  Q -ethynyl serine”) #12 The detection of 1,2,3,4-te trahydro-P -carboline-3-carboxylic 

acid in beer and wine has been repor+ed;13 i t  i s  accompanied by i t s  l-methyl homologue. 

S-( p -Carboxyethyl)cysteine i s  the major free amino acid 

Culture media of Streptomyces cattleya contain (2S)-amino-(3R)-hydroxypent-4-ynoic acid 

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(CH~)~NH(CH~)~NH(CH~)SNH-,  the side-chain amide being substituted by a 2,4-dihydr- 

oxyphenylacetic acid grouping. 14 

3.2 Uncommon Amino Acids i n  Peptides and Proteins. - 

i f  i t  covered the tit le comprehensively; i t  i s  restricted to representative citations, 

acid. l 5  The modified nucleoside B- [9- ( p  - D- ribofuranosyl)purin-6-ylcarbamoyl J-L- threonine 

occurs i n  the urine of patients with certain types of breast cancer and may be of diagnostic 

value in  this context. 

Thiswould be a much larger section 

The aquatic fern pzol la  caroliniana contains(tj- -L-glutamyl-D-amino) phenylpropanoic 

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 ) ,  l7 More familiar but still 

uncommon amino acids reported as subbtituents of proteins are D-aspartic acid i n  myelin and 

myelin basic protein;18 8-!-methyl asparagine i n  allophy~ocyanin;'~and histidinoalanine, a 

crosslinking residue in  a Macrocallista nimbosa pro+ein.20 T h i s  crosslink i s  surmised to derive 

from non-enzymic condensation of phosphoserine and histidine residues,20 though since this 

protein also contains phosphothreonine this conclusion would be more plausible i f  analogous 

" h istid i no but yr i ne" cross1 i nks could a I so be hunted for, 

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

anoic acid CqHgN02C1;21 while further structural studies can be expected for -this compound, 

more complete assignments have been reported for !'j -( 1 -carboxyethyl)-L-orni thine from 

Streptococcus lactis grown in  ornithine-supplemented media.22 Synthesis of this cornpound 

from poly(L-ornithine) or y'-benzyloxycarbonyI-L-ornithine gave a 1:l  mixture of diastereo- 

isomers, one of which was identical with the natural material. 

Seven new amino acids have been found i n  the red alga Chondria a r m a t c ~ , ~ ~  but the inform- 

8 

ation from Chemical Abstracts i s  limited to domoilactone B (2 )  and two palitoxin analogues. 

The strongly insecticidal properties of these amino acids towards cockroach wi l l  ensure the 

availability of more complete information on this research. Ectothiorhodispira halochloris 

yields ectoine (3}, shown by X-ray analysis to exist i n  the zwitterionic form. 
24 

An unusual type of derivative, D- p -lysylmethanediamine, occurs i n  Streptomyces nashvill- 
25 

ensis. - 
The earlier finding26 that M-amino- 21 ,&-dihydroxyadipic acid i s  a constituent of normal 

human urine i s  now corrected;27 i t  i s  an artefact from boiling urea and D-glucuronolactone 

with 6M hydrochloric acid. 

3.3 

i n  peptides and proteins and related condensation products. 5,2'-Bityrosine has been detected 

New Amino Acids from Hydro1ysates.- This Section covers new amino acids found 
F 



Amino Acids 

OH 

3 

(1 1 Me ( 2 )  

R (C H,),C 0 NH(CH,),O 

Br 
(4) 

(5 )  X = N ,  Y = C H , R = M e  

X = C H , Y = N ,  R = M e  
H X = N , Y = C H , R  = H  

X '  
I 
Y \  

I,k,oE: + CNCH2C02But - 
(6 )  

Me 



4 Amino Acids and Peptides 

i n  yeast acospore wall protein i n  previously unknown racemic and meso forms.28 Hydrolysis 

of proteins that have been chemically modiTied through azo-coupling of lysine residues releases 

the modifed residues unaltered when MeS03H i s  used, but when aqueous HCI i s  used for the 
29 hydrolysis w-amino-€ -hydroxycaproic acid and o<-amino- -chlorocaproic acid are formed. 

2-Aminoethylphosphonic acid, claimed to have been found in hydrolysates of ruminate 
39 stomach contents, i s  thought to be a mis-interpretation. 

LipopurealinsA(4; R=Me,n=12)and  homologuesB(4; R = ' P r , ~ = l l ) a n d C ( 4 ; R = M ~ ,  
31 - n = 14) are novel bromotyrosine derivatives from the marine sponge Psammaplysilla purea. 

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

whose structures have been confirmed by synthesis. 32 

4 C h e m i c a l  S y n t h e s i s  a n d  R e s o l u t i o n  

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

papers that illustrate the use of standard methods (the objectives of  these papers are mentioned 

elsewhere i n  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(C02Et)2,33-39 and other glycine derivatives, e.g . 
Ph2C=NCH2C02Me,40A1 are dkylabd by a l k e n e ~ , ~ ~ ~ ~  alkyl  halide^,^^-^^'^' or c+unsatur- 

r)n 

ated aldehydes (Michael addition leading to Z/E-3-ethylpro1ined7). Analogous alkylation 

of 'azlactones' continues in  use;80t145a new azlactone synthesis42 uses the glycine derivative 

t-butyl isocyanoacetate ( 6)  i n  a condensation that i s  closely analogous to the standard use of 

( 6 )  for the synthesis of gp-dehydro amino acids through reaction with aldehydes or ketones. 

Several methods exist for the amination of carboxyl ic  acid derivatives, either employing 

ammonia with an 6-halo-acid 44 or amines with triflates of ~ - h y d r o x y a c i d s . ~ ~  In the 

latter study based on (S)-lactic acid derivatives, decreasing reactivity of various leaving 

groups (MeCHRC02Et: R = CF3SO3 >> Br > MeS03 > TolS03 > Cl) i s  accompanied by increas- 

ing tendency towards racemization and elimination .45 Reductive amination of a-keto-acids 

using NADH and NADPH with NH3 has been given a novel aspect in  the use of photoinduced 

regeneration of the reducing agent. 

43 

46 

The use of nitrosobenzene for the introduction of a nitrogen functional group into a silyl 

enol ether, PhNO + (Me3SiO)2C=CR1R2 + PhNHCR1R2C02H, involves LiAIH4 reduction 

of the intermediate a d d ~ c t . ~ ~  

transfer (ammonium formate and Pd-C). 

Nitro-alkanoate esters are reduced by catalyzed hydrogen 
4 

The hydrolysis of o(.clminonitriles to corresponding amides is  markedly catalyzed by thiols; 

for example 2-mercaptoethanol leads to 90% conversion in  17 hours at  room temperature in  

aqueous solution at pH 6.5.49 

Further study of  the amidocarbonylation of ally1 i c  alcohols has led to improvements i n  
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details: RlR2C=CHCH2OH + AcNH2 + CO + H2 -+ R1R2CHCH2CH(NHAc)C02H under 

mild conditions through the use of the catalyst system HRh(CO)(PPh3)2 + Co2(CO)8. 50 

4.2 Asymmetric Synthesis of oc-Amino Acids. 

chiral silylketene acetalsfj' and of camphane esters52 leads to d-  hydrazino acids . These are 

readily reduced (H*/Pt) to d-amino acids and provide valuable new route as alternatives to 

well established methodology. In the latter category, the 'asymmet:ic Strecke r synthesis' in 

which (S)-1 -phenylethylamine i s  condensed with NaCN and PhCH2COMe to give (R)-M-methyl 

~ h e n y l a l a n i n e , ~ ~  numerous examples of alkylation of gl ycine derivatives (Ph2C=NCH2C02Me) 

and ally! acetate catalyzed by a chiral Pd catalyst,54 (MeS)2C=NCH2CONR1R2 where -NR1R2 

i s  a chiral 2,5-bis(metho~ymethyl)pyrrolidine,~~ and the D-camphor imine of t-butyl glycin- 

ate 56), and analogous Schiff bases (RCH=NCHMePh + BrCN 3 RCH(CN)NBrCHMePh, 

and PhCON=CHC02R + enamines ( 7)58) provide a range of optical efficiency. While 

modest enantioselectivity (up to 57% 54) i s  frequently obtained, some of these methods are 

exceedingly enantio- and diastereoselective (better than 97./,55 

enamines being postulated to proceed via a Diels-Alder-l ike transition state .58 

Electrophilic amination by BocN=NBoc of 

57 

alkylation by 

Amination processes of a conventional type are involved in  the reaction of c+halogeno-lO- 

sulphonamido-isobornyl esters( 8 )  with NaN359 and of M-keto-acids mediated by polymer-bovnd 

NADH and leucine dehydrogenase .60 Both lead to nearly 100% enantioselective syntheses of 

a variety of simple aliphatic L-&-amino acids including L - a l l o i s ~ l e u c i n e ~ ~  and L-t-leucine.& 

Other examplasof chiral auxiliaries3 are D-mannitol (conversion h t a  diaxir'ich'w, thence to _N 

to1 uene-p-sulphonyl-L-x - -aminobvtyric acid,6la or conversion into (R)-phthalimido-aldehydes 

and D-amino acids: Scheme l6l9. (R,R)-Tartaric acid has been used for the preparation of E- 
62 

Boc-L-erytho- p-benzyloxyaspartak through pcrtial debenzylaaiob then conventional stages. 

Enant$oselectfve protonation of llthlurn enolates by chiVal acids alters the optical purity of an 

amino acid, the extent determined by the lithium counter-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, Chlorination by C13CCC13 followed by reaction with 

a malonic ester gives P-carboxy-D-aspartic acid d i e ~ t e r s , ~ ~  while more conventional alkyl- 

ation methods lead to x-diethoxyphosphinyl-L-butyrine .65 The oxazinone ( 10) from erythro- 

Mf-diphenyl- -hydroxyethylamine enantiomers i s  a useful electrophilic glycine synthon 

when R = Br (prepared from 10; R = H by reaction with N-bromosuccinimide) that reacts with 

carbon n u c l a ~ p h i l e s . ~ ~ ' ~ ~  The (-) isomer after alkylation i n  this way gives L-oc-amino acids 

through hydrolysis and hydrogenolysis;66 one example67 in which displacement of the bromine 

substifuent is brought about by 2H2 has been described, leading to (S)-chiral glycine, 

Seebach's exploitation of the enantioselectivity accompanying alkylation of I ithium 
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enolates of imidazolidines ( 11; see also Vol .18, p .  5)  has been extended to other examples, 
68-71 

including analogous oxazolidinones. 70r71 Condensation of pivalaldehyde with glycin- 

amide gives ( 1  1 ), which can be resolved in  the conventional way using (S)-PhCH(OH)C02H, 

69 while use of an L-amino acid in  the condensation gives the oxazolidinone corresponding to 

( 1  1) with Q cis relationship between the 2-t-butyl group and the 4-substituent. 71 

bJ-alkanoyl mazolidinone ( 12) as a chiral glycine synthon for the synthesis of N-methyl- 

hydroxy amino acids through syn-diastereoselective aldol addition of the stannous enolate of 

( 12; R = "Bu) has been il I ustrated for N-methyl- 3 -hydroxy- 4 -methyloct-6-enoic acid, an 
73;cf. 51,52 unusual o(-amino acid i n  c y c l o ~ p o r i n . ~ ~  The novel aminating agents BocN=NBoc 

and R02CN=NC02R react with near-100% stereoselectivity with (12) in  the form of its L i  

enolate, the resulting (S)-hydrazino acids being hydrolysed (LiOH), deblocked, and hydrogen- 

olyzed (H2/Ni) to give the amino acids. !-lsocyanoacetyl-L-prolinol derivatives ( 13) have 
75 served the corresponding purpose in  syntheses of enantiomers of oc-disubstituted amino acids. 
77 

Aldol reactions (CNCH2C02Me + RCHO)76 and hydrogenations of 2-acylaminocrotonates 

show a wide range of enantio- and diastereoselectivities with the influence of chiral catalysts. 

Bis(cyclohexylisocyanide)gold(l) tetrafl uoroborate and an (R)-ferrocenylphosphine are very 

effective i n  this respect for the aldol 

of familiar types has shown mixed abil ity (less than 260/0,77a 100./,m). 'Asymmetric hydrog- 

enation' (H2 can be replaced by 80% aqueous HC02HnC) has been reviewed i n  relation to 

the commercial synthesis of L-dopa. 77d Closely related studies have been described for the 

hydrogenation of alkylidene derivatives of  glycyl-L-alanine dio~opiperazine,'~ leading to 

L-amino acids i n  better than ?4% e .e .,and o(-nitrocaprolactam catalyzed by WC12 - (Skphenyl- 

ethylamine (giving L-lysine i n  only 11% e.e.);79aminolysis of 2-methyl-4-(4-acetylamino- 

buty1)oxazol in-5-one with (S)-phenylethylamine gives mainly the L-lysine-containing 

diastereoisomer . 

Use of an 

- 

2 

74 

while a range of chiral Rh(l) phosphines 

80 

A review has appeared" concerning applications of enzymes in  asymmetric synthesis. 

4.3 Synthesis of @ -  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 I 

82 
Addition of ammonia to rxg-unsaturated acids at 15- 30 Kbar yields p-amino acids. An 

alternative conventional approach to these compounds, exemplified i n  the synthesis o f  3-amino 

-3-(2-nitrophenyl)propionic acid from o-nitrobenzaldehyde, malonic acid, and NH4CAc in  

AcOH, offers a 'one-pot' procedwe.83 Asymmetric synthesis i s  illustrated i n  the &- 
selective condensation of Z-(O_-viny1oxy)boranes with imines (14)415). 84 The addition of a 

chirul primary amine t o  an v.p-unsaturated ester at 5-15 Kbar i s  generally highly enantio- 

selective, especially so in the case of 8-(2-naphthyl)menthylamine (better than 99%). 
85 
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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 (2S,4R)-hydroxyproline into (R)- 3 - 
amino-3-hydroxybutanoic acid ("GABOBI'), as shown in Scheme 2. 86f87 

88 
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.- 

have been described under this heading in  recent Volumes of this Report. These are joined by 

an account of the formution of the polymer "Titan tholin" by continuous d .c. discharge through 

N2 and CH4 (9: 1) at 0.2 mbar pressure .89 Th is  mixture and energy source simulates the turbu- 

lent cloud-top atmosphere of Jupiter's moon; hydrolysis of the polymer with 6Whydrochloric 

acid leads to glycine, aspartic acid, alanine, and p-alanine, wi th 12 other amino acids in 

lesser proportions. A review has appeared9' covering HCN polymers as a potential prebiotic 

source of amino acids. 

A number of enterprising experiments 

An efficient system for the synthesis of amino acids that may be relevant to the primordial 

scene i s  the ammonolysis of keto-acid s in aqueous ammonia , mediated by visible light and 

dyes. 

desc ribed for photolysis of CH4 with HCN, C02, and other simple compo~nds ;~~  of HCHO with 

aqueous K4Fe(CN)6;93 and electric discharge studies with CHg 3, H20, NH4f and metal 

salts;94 and similar mixtures also includiqg f'H3.95 Amino acids are formed in all these cases. 

91 

Conventional experiments, repeating the earliest laboratory demonstrations, have teen 

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

As in previous Volumes, there i s  insufficient space here for the ever more voluminous literature 

concerning enzymic synthesis of protein amino acids. This impxtant area can only be acknow- 

ledged through representative citafionr here, but i t  i s  we1 I served with reviews 96 and i s  access- 

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

Selected and a describe the use of immodilized cells of! Icali- 

genes metalcaligenes for the synthesis of L-aspartic acid from ammonium f ~ m a r a t e ; ~ ~  mixed 

enzymes (seti ne hydroxymethyl transferase with 1-tyrosinase) for the synthesis of L-tyrosine from 

glycine and phenol;98 and individual treatment of the microbiological production of each of 

the protein amino acids. 
99 

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 &-amino acids that have received attention are (S)-2-cyclopropylalanine, 
100 

a constituent of the mushroom Amanita virgineoides (synthesis from L-allylglycine); 
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H A C  Ac 

Reagents: i, e ,  MeOH, carrier electrolyte ; ii, Ac20; iii, AcOZH; i v ,  4M- HCI 

Scheme 2 
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1 -aminocyclopropanecarboxyl ic acid (through the use of methyl 4-bromo-2-phthal imidobutyr- 

ate, a compound more generally useful in synthesis as shown by syntheses of DL-phosphino- 

thricin and DL-2-amino-4-phosphonobutyric acid); lo’ and carnosadine (1 -amino-2-guanidino- 

methylcyclopropane-1 -carboxyl ic acid) from Z-(bJ-benzoyl)-c$-dehydrogl utamic acid (Scheme 

3). lo2 Numerous studies, mainly biosynthetic as far as chemical interest i s  concerned, have 

continued to appear for 1 -aminocycIopropanecarboxyl ic acid, incl d i n g  an interesting proof 

that synthesis from S-adeno~yl-[4-~H~I-L-methionine through the use of 1 -aminocyclopropane- 

carboxylic acid synthase involves inversion of configuration at C-2, lo3 In an extension of 

this project, i n  which 2H-n.m.r. played a key role, a 1:l mixture of (3S,4R)-t3,4-2H21-(2S)- 

adenosylmethionine and its (3R,4R) isomer was converted into a 1:l mixture of  the two r n 2  

isomers of 1-arninocyclopropanecarboxylic acid labelled by ’H. This is consistent with the 

inversion of configuration at C-4 that implies direct nucleophilic displacement of the sulphon- 

ium grouping. 
104 

105,143 
Proline and i tsadogues feature prominently in the recent literature, with syntheses 

of some amino acids (1 7)-(19) of the echinocandim employing largely conventional routes from 

starting materials shown; synthesis of (2S,4S)-4-phenylproline, no table for the retention of 

configuration observed in  displacement of the corresponding 4-tosyloxyproline with lithium 

diphenylcuprate ?O6and a general synthesis employing 1,3-dipolar cycloaddition of an N-alkyl 

thiazolium salt 

Acromelic acid A (2l)the toxic principle of the poisonous mushroom Clitocybe acromelalga, 

has been synthesised from L-oc-kainic acid (Scheme 4). lo8 The allo isomer accompanying 

kainic acid (opposite configuration at the isopropenyl-substituted carbon atom) as neuroexcit- 

atory amino acids i n  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) .l O9 Hydroxylated prolines (n) and analogous pipecolic 

acids have been synthesized enantiospecifically from D-ribonolactone’ 

107 
(20) to an rxp-unsaturated ester leading to 4-ethoxycarbonylprolines. 

and from D-gl ucuro- 

nolactone,” respectively. In the former case, introduction of the aride grouping at C-2 of 

D-rlbonolactone occurs with retention of configuration, surprisingly, and routine elaboration of 

the resulting compound gives the D-pro1 ine derivative (2R,3S,4R)-dihydroxyprol ine. A similar 

strategy leads to (2S,3R,4f?,SS)-trihydroxypipecolic acid and i t s  (2R) epimer and bulgecinine 

bl ias (2S,4S, 5R)-4- hydroxy-5-h ydroxymeth ylprol inel. 
111 

Highly stereoselective syntheses b v e  been described for L-saccharopine, (2S,5’S)-E6-(1 ,3- 

dicarboxypropyl)lysine, and related fl-carboxyalkylamino acids (‘opines’; see Vol .18, p 1) 

through aminolysis of triflates of chiral hydroxy-acids. ’ 12’45 Other simple aliphatic amino 

acids synthesised recent1 yinclude L-canaline (e-amino-L-homoserine)’ 

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

and polyoxamic acid 
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H CO,H 

H02,\# ' 
NHCOPh 
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iv, ZCI; (R)-(+)-PhCHMeNH2; D C C I ;  H2- Pt ; 3,5-dirnethyl-l-nitroguanyl- 

pyrazole ; v ,  H2 - Pd ; 6M-HCl 

Scheme 3 
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c0,- 

NHBoc 0-' 
H H 'OH 
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H o z c ~  H ,CH2 CO,H 

&C02H 

Reagents : i, m -  chloroperbenzoic acid; ii, L i  tetramethylpiperidide; iii, MnOZ ; 

iv, PhSH; v ,  construction of 3 - (  0-p i co l y l )  r ing;  vi, oxidation of desi lylated 

intermediate to the tricarboxylic acid ; v i i ,  rearrangement of the pyridine 

v i i i ,  Boc removal 

N-oxide; 

Scheme 4 
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CH,Ph CH,Ph 

f-- CO,Me + C-2-epimer 
(2 %) 

allo- kainic ac id  + 2 - epimer i - vi 

( 5 0 ‘10) ( 50 ‘10) 
PhCH, 

Reagents: i, PPh3CH2 ; i i ,  F’; iii, C r 0 3  -acetonei  iv, C H 2 N 2  ; 

v, ClCOOCHCLCH3; v i ,  N a O H  , for C-2-epimerization 

Scheme 5 

(23)  

(22) R = C0,- 

(241 R =CH2CCCL3 
II 
NH 
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114 imine (24)). 

Aromatic and heterocyclic amino acids featured i n  the recent literature include tryptathion- 

ine, formed be twen  cysteine and the pyrrolo[2,3-blindole ( 25);l l5 quisqualic acid, synthes- 

ized from p-chloroalanine l6 (see also Vol . 18, p. 16 ); and the extraordinary wybutine (26; 

R = H) a fluorescent minor base from yeast tRNA, whose oxygenated derivative (R = OH or 

R = @OH) has been located i n  animal and plant sources. Disagreement has arisen over stwct- 

ural details obtained with minute amounts of the mgterials, and synthesis of (2S,3S)-/3 -hydroxy- 

wybutine and its 2S,3R isomer has identified one or other of these as ‘most l ikely’ structure, 11 7 

The natural GABA-T inhibitor gabaculine (Streptomyces toyocaensit) i s  now availab4e through a 

fifth synthesis that i s  conceptually different fromits predecessors, a l l  of which have been based 

on the functionalization of a c yclohexenecarboxylic acid. 5-Ethoxypyrrolid-2. one was y- 
silylated and its 3-phenylsulphenyl derivative was alkylated with 5-iodo-1 -trimethylsilylpent - 

2-yne. 

2-ene from which gabaculine was secured through straightforward elaboration,’ l8 as the 

racemate (27).  

- 

Desilylation i n  HCOOH was accompanied by ring closure to a 7-azabicyclo[3.2. lloct- 

4.6 Synthesis of a-Alkyl  Analogues of Protein Amino Acids.- 

i n  this Chapter to the t i t le compounds (e.g. refs 47,53). Acylimines are a novel source, 

adding organometallic compounds to give Ncc-disubstituted N-acylglycinamides i n  good yields 

when the amide function i s  methoxylated (28)+(29) . The starting materials are formed by 

singlet oxygenation of corresponding imidazoles. 

Reference i s  made elsewhere 
119 

119 

4.7 Synthesis of Other Aliphatic Amino Acids.- 

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

Later Sections deal wi th  side-chain 

Side-chain extension of protected 8-iodobutyrine (prepared from hotnoserine) through 

nucleophilic displacement by a lithium dialkyl cuprate offers a general entry to long-chain 

homologues .12* Adifferent carbon- carbon bond-forming strategy, used for the synthesis of (IR, 

2S)-2-methyl-l-aminocyclopropane-l -carboxylic acid,’ 21 was the outcome of consideration 

of other established methods for this type of amino acid. 

of 1,2-dibromopropane with ethyl isocyanoacetate was the method of choice in  this case. 

It was concluded that condensation 

Friedel-Crafts acylation of benzene by ethyl N-methoxycarbonyl-L-aspartate through the 
122 

side-chain carboxy group leads to (S)-phenacylglycine derivatives, 

Several proline analogues have been synthesized through demonstrations i n  a crop of papers 

of the potential of new methods for this category. 5,5-Dichloro-L-pyrroI idinecarboxylic 

esters formed from corresponding L-pyrrol ines as N-chlorocarbonyl derivatives by reaction 

with COC12 can be converted into proline esters i n  78% overall yield by dehydrochlorination 

followed by hydrogenation .123 ~ & - 5 - A l k y l - ’ ~ ~  and trans-4-cyclohexyl-prolines have been 
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synthesized from N-benzyloxycarbonyl-L-glutamic - acid and from L-pyrogl utamic acid, resp- 

ectively, deriving their absol Ute 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 i s  formed from benzaldehyde and the hydroxymethylpyrrol idone derived from L-pyroglu- 

tamic acid, are crucial to each route12%he chiral lithium enolate from (31 ) i s  alkylated by 

cyclohexyl bromide and elaborated through conventional methods into the L-proline analogue. 

Photocycl ization of secondary amines PhCOCHR’CH2 NRCHR2C02R3 yields mixtures of cyclo- 

propanones and 3-hydroxyprolines, 126 

Uses of readily avdiable 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 i t s  use i n  

the synthesis of (S)-H3NCH2CH(OH)CH2CH2C02H via (S)-5-~arboxybutyrolactone (elaborat- 

ion of the carboxy group into CH2NH2). 127 Other aliphatic amino acids with well separated 

functional groups include 2,Sdiaminopropanoic acid, prepared as its bJ2-Boc-N3-benzyl ester 

through addition of benzylamine to Boc-dehydroalanine methyl ester,’28 and unsaturated 

at-diaminopimelic acids carrying 3 -methyl, methylene, or chloro substituent. 29 At  the 

other end of the scale, the aminoglycines, e .g . BocNHCH(NHZ)C02H, can be prepared from Z- 

hydroxyglycines (i .e. ZNH2+ glyoxylic acid) through conversion into the sulphide with PjSH 

and reaction with BocNH2 and HgC12. 

+ 

130 

4.8 Synthesis of Halogenoalkyl Amino Acids.- An enzyme-catalyzed route i s  to be seen 

as unusual in this area, and conversion of halogenofumaric acids into P-halogenoaspartic acids 
131 

through P-methylaspartase-mediated addition of NH3 i s  a valuable entry to (2S,3R) isomers. 

The usual method for introducing a halogen subsfituent into an amino acid, remembering the 

relatively easily modified incumbent functional groups, i s  through side-chain unsaturation via 

hydrogen halide addition to a derived oxirane. Th is  approach has been used in  a synthesis of 

(2S,3R,4R)-4-chloro-3-hydroxyproline fro m the protected 3,4-dehydroproIine,’ 32 and for a 

synthesis of 4-fluoro-L-threonine . 133 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 methods. 
133 

Separate routes to threo and al lo isomers of JIJ-trif l  uorothreonines have been reported, 

reduction of CbCOC(=NOMe)C02Et and hydrolysis giving the all0 isomer, and hydrolysis of 

4-trifluoromethyloxazolin-2-one-5-carboxylic acid giving the threo isomer.’ 33 PpP-Tri- 

fl uoroalanine has been prepared by azidolysis of FCOCH(rn)C02Me and hydrolysis of the 

resulting isocyanate. 
134 

4.9 Synthesis of Amino Acids with Unsaturated Side-Chains.- A general amino acid 
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synthesis employing a cationic glycine synthon, ZNHCHClC02Me, has been applied to a 

synthesis of vinylglycine and other px -unsaturated amino acids,'35 through condensation 

with organomagnesium reagents. Differently based routes include alkylation of diethyl acet- 

amidomalonate with MegSiCE CS02Ph followed by sulphone cleavage, a method that permi ts 

stereospecific labelling at each vinyl proton,13' and an alternative (seeV ol.17,p.13 ) route 

to optically pure L-vinylglycine from L-glutamic acid.137 The latter method involves succ- 

essive Hunsdiecker reaction ( C 9 H  + Br) and conversion into the 2-pyridyl selenide, followed 

by oxidative elimination (03). 137 Another acetamidomalonate route leads to f3-methylene- 

glutamic acid through alkylation by the allene H2C=C=CHC 02Et;33 yet another leads to 

2-amino-bhexynoic acid. 38 

A l  I ylg I ycines R2S02NHCH (C02Bu)CHR2CR3=CHR4 are formed from an N-sul ph inyl sul phon- 
138 amide RS02NSO and glyoxylate ester through an ene reaction with an alkene. 

2-Aminocrotonates ('dehydro-amino acids') have received attention over many years, and the 

novel eliminative route from CF3CON(SiMe3)CH(CO Me)CHRSiMeg should offer entry to new 

examples of this class carrying sensitive side-chains. The synthesis of 'dehydroprolinbs' has 

been reviewed. 

139 

140 

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. Gabriel synthesis of PhtCH2C- CC02H and partial reduction 

and deblocking (EtNH2) gives (Z)-H3NCH2CH=CHC02H; 41 Schmidt rearrangement of (E)- 

(H02CCH2CH +2 yields (E)-5-aminopent-3-enoic acid; 142 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 povide elegant 

syntheses of uncommon amino acids (see also ref. 103, especial I y hydroxylated derivatives, and 

the 'halolactonizati.on'approach by which (S)-allylglycine i s  converted into ( 19) has been used 

with other alkenyl amino acids. 143 (-)-Bulgecinine has been provided with another synthesis 

using this approach (Scheme 6 ) ,  and the general nature of this route was illustrated for several 

-hydroxy-a-amino acids from 2-amino-4-pentenoic acid derivatives .143 lhe same systems 

can be prepared through condensation of aldehydes or ketones with I_N,bJ-bis(trimethylsil yl)- 

aminolketene bis(trimethylsilyl)acetal, a method that avoids the use of a strong base. 144 The 

key intermediate (Me3Si)2NCH=C(OSiMe3)2 i s  readily available by reaction of glycine with 

Me3SiNEt2 followed by conversion into the lithium enolate and silylation (MegSiCI). 

4.11 Synthesis of Amino Acids with Aromatic or Heteroaromatic Side-Chains.- Syntheses from 

familiar ( a ~ l a c t o n e ) ' ~ ~  and novel [CH2= C(N=O)C0$t3146 alanine derivatives have been 
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described for 2-fluoro-L-histidine and 2-substituted tryptophans, respectively. Rearrangement 

i s  observed in  the ring-opening of the 2-(dimethylallyl)indole - nitrosoalkene adduct (32) to 

give the N-hydroxy tryptophan homologue (33), after reductfon of the precursor oxime using 

trimethylaminoborane and HCI in  ethanol . 146 

Modification of the side-chains of readily available amino acids (Q-phenylation of N-ucet- 

$ -L-tyrosine methyl ester [NaH and c6H6-Mn(co)3f47 iodination of - p-trimethylsilylphenyl- 

alanine with 121Ag' to give p-iodophenylalanine, 48 and radical halogenation of protected 

tryptophans to give 2-halogeiation products149) continues a long series of papers over the 

years i n  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 NENCNc-trimethylIysine from a suitably protected starting material i s  illustrative 

of the general approach. 
150 

4.13 Synthesis of Amino Acids containing Sulphur or Selenium .- 
been applied to the synthesis of PP-dialkyl cysteines through reaction of P4S10 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 

General methods have 

Other papers under this heading describe modifications of amino acids in straightforward ways. 

5-Thioxoprol ine can be prepared from pyrogl utamic acid through reaction with Lawesson's 

reagent. 51 Cysteine i s  the starting material for the synthesis of bis(S-cysteiny1)selenide using 

selinite anion as reagent,' 52 and homocysteine for the preparation of S-adenosylhomocysteine 

through reaction of the derived !-FA disulphide methyl ester with adenosine and B ~ ~ P / ~ ~ a n d  

of S-(N6N6-dimethyladenosy1)-L-methionine - -  from 6-chloro-9-(Q-D-ribofuranosyl)purine by 

reaction with Me2NH to give 5'-chloro-5'deoxy E6N_6-dimethyladenosine, the synthesis being 

completed by methylation of the resulting homocysteine analogue 154 DL-5,5-Dimethyl-4- 
155 

thiazolidinecarboxylic acid has been prepared from DL-penicillamine and formaldehyde. 

4.14 Amino Acids Synthesized for the First Time.- 

amino acids named elsewhere in  this Chapter, have been prepared through routine methods: 

2-amino-4-alkenoic acids;41 cyclopr~pylglycines;~~ (2S,9S)-2-amino-8-oxo-9,lO-epoxy- 

decanoic acid;55 1 -adamantylgl ycines and 2-adarnantylalanine~;~~ 1,3-bis(2-glycinyI)adam- 

a n t a n e ~ ; ~ ~  (2R,SR)-5-hydroxymethyI pro1 i ne; 37 DL-homo1 ysi ne; 35 1 -amidin ylpyro-L-g1 utamic 

acid;156 p-benzoyl-L-phenylalanine;'57 3'-carboxy-D-phenylalanine, and its 4'-methyl- and 

4'-hydroxi analogues;158 4'-methoxy-3'-formylphenylalanine and its oxirne;' 58 and 2'-, 5'- 

or 6'-fl uorodopas . 

Tile following, additional to other new 

36 
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4.15 Synthesis of Labelled Amino Acids.- 

general methods, but others illustrate novel solutions to problems of synthesis of selectively 

labelled amino acids. As in  previous Volumes, the coverage i s  in  a sequence of increasing 

atomic number of the labelled atom. 

Many of the methods described here arestandard 

Addition of *H2 to 2-cyanoethyl acetamidomalonic acid diethyl ester gives C5,S- 2 H2 I-DL- 

ornithine after conventional elaboration .l 59 Catalyzed halogen exchange between 2 H2 and 

- N-acetyl-4-chloro- and -iodo-L-phenylalaninamides competes unfavourabl y with exchange 

with l H  (from H20) and scrambling i s  also observed. 

and homoserine mquiring pyridoxal a d  its 5’-phosphate ’” and direct substitution of the 

halogen atom in ~-benzoyl-3-chloro-L-valine methyl ester by 2H 162are processes that do not 

suffer side-reactions. NaB2H4 i s  the source of the label in B0~-[4,4-~H$-L-proline, prepared 

from hydroxy-L-proline via the 0x0 analogue (RuO4- Na104) thr0~h~4-~HI-hydroxy-L-proline 

and the iodo analogue (PhgP/diethyl azodicarboxylate/Mel) a 63 Chiral 2H-glycine features 

in an exchange study involving a chiral cobalt(l1) N-2-picolinylglycine complex and 2H20164 

and also results from L-glutamic acid subjected to enzymic and chemical degradation in the 
presence of 2H20. 165 

Catalyzed P-deuteriation of GABA 

Various 2H, ’3C, I5N, and ’*O isotopomers of L-tyrosine have been prepared from the 

-tyrosinase ,’66 and the correspondingly labelled phenol and L-serine through the use of B 
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-Ghexynoic ac id,38 to a protected de hydro-2-fluoro- 

h i ~ t i d i n e , ’ ~ ~  and a protected dehydro-3-(2-naphthyI)alanine. 167 3H - Halogen exchange has 

been employed for the preparation of [4J-3H1-DL-phenylalanine from -- p-chlorophenylalanine, 

C2,5-3H21-L-histidine from 2,5-di - iodo-L-hi~t idine, l~~ and [4-3H]-L -glutamic acid.’ 70 

Pd-Catalyzed exchange of  3H2 was ued  in these and NaB3H4 was enployed 

in  the case of labelled glutamic acid, where curiously only the (2S,4S)-4-halogenoglutamic 

acid (as i t s  dimethyl ester) underwent satisfactory % - halogen exchange.170 The diastereo- 

isom er was obtained, however, by the alternative enzymatic exchange method. ’ 70 
13C-Formaldehyde has been extended to Et02CCH213CH0 via 1,3-dithian and used in the 

Strecker synthesis giving the labelled aspartic acid.’ 71 The [1,4-13C&L-apartic acid isotop- 

omer i s  obtainable through aspartase-catalyzed addition of ammonia to [1,4-1 3C 1 -fumaric 

acid ’ 72 and the C4-1 3C]-L-aspartic acid from an acetamidomalonate synthesis. ‘72 Acylase 

mediates the conversion of the intermediate cyanomethyl derivative into P-[’3C-cyanol-L- 

alanine i n  t h i s  r 0 ~ t e . l ’ ~  The arnidocarbonylation synthesis of amino acids has been used only 
1 73 

rarely in  syntheses of labelled compounds, a recent example being [1 -’ 3C1-L-isoleucine; 

cobal t(ll) acetate-catalyzed condensation of acetamide, (RS)-EtCHMeCHO, and 13C0 i n  the 

presence of hydrogen i s  followed by resolution of the resulting 2-acetylamino acid using 

168 
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bog renal acylase. 

to1 uene and 3C02, followed by conversion of the resulting labelled 2-to1 uic acid into the 

o-[carboxy-l ’Clbenzyl bromide and use in  the acetamidomalonate synthesis. 

1 73 
o-CCarb~xy-~~Cl-phenyIalanine has been prepared from 2-bromo- 

1 74 

llC-Labelled amino acids are worthwhile targets only i f  rapid synthesis and use in  metabolic 

and transport studies i s  ensured, because of the short half-l i fe of this isotope. A 30 minute 

synthesis of isocyanoacetic acid (CNCH2Li + 
some options for use i n  synthesis of [l -11 Clarnino acids. 

been prepared from the labelled methionine and rat l iver extract.’ 76 The general field of 

L1 CI-amino acid synthesis has been reviewed. 77 

C02) has been reported,l 75 opening I+ 

S-Adenosyl-[’ CI-L-methionine has 

Purification of r‘ 5N1-amino acids, prepared through standard procedures from 5NH3, by 

anion-exchange preparative chromatography has been achieved. ’ 78 
18 A number of papers on 6-[ Fl-dopa synthesis (and its use fortracing dopamine metabolism i n  

the brain by positron tomography’ 79) has appeared, employing 8F2 with 6-trimethylsilyl-3,4- 

dimethyldopa ethyl ester as its N-salicylidene derivative 180 or direct reaction of the amino 

acid with Ac018F (less than 8% yield)181 or with HB18F4 (high yield)!82 Introduction of 18F 

into 5-amino-3,4-dimethoxybenzaldehyde through the Schiemann reaction, followed by the 

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

a satisfactory route to 5-[18F1-dopa. 183 Direct fluorination of phenylalanine with 18F2 gives 

a mixture of 0-, and e-18F  derivative^.'^^ 
In corporation of 73Se from 73Se02 into selenomethionine can be accomplished by Saccharo- 

myces cerevisiae and E .coli . 185 

4.16 Resolution of DL-Amino Acids.- While this Section i s  at least as well endowed with 

useful recent literature as i n  previous Volumes of this Report, and therefore surprisingly lengthy 

for such a well researched topic, there are also papers discussed elsewhere i n  this Chapter on 

the analytical resolution of amino acids. 

Chemical and physical techniques to achieve the separation of enantiomers continue t3 be 

based on familiar principles. Adduct formation of DL-amino acids with L-phenylalanine i s  

strongly enantioselective in  a number of cases, permitting D-amino acids to be crystallized 

out in  75 - 100% optical purity.’86 More reliable general methods have been used for the 

resolution of DL- th-Q-hydroxyval ine and its DL-erythro isomer via L-tyrosinehydrazide 

salt formation ,’ 87 of &-3-ethyl-DL-proline and i t s  DL-trans isomer by (+)-dibenzoyl tartaric 

acid salt forrnati~n,’~ of tert-leucine by (+)-camphor-10-sulphonic acid,188 and of homo- 

methionine through salt formation with the chiral phosphoric acid (34).  189 Derivative form- 

ation between DL-amino acids and (35) i s  fojlowed by separation of the resulting diastereo- 
190 

isomers and removal of the chiral ‘handle’ with NaBHb in  an efficient resolution method. 

Preferential crystallization resolution of N-acetyl-DL-phenylglycine (as its NH4+ salt)191 
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and N_-acetyl-DL-phenylalanine (as its pentylammonium salt)192 has been achieved, Again, 

any rational link between structure and tendency towards preferential crystallization s t i l l  

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, i n  principle. Another example of the use 

of the simplest chiral stationary phase, cell ulose, has been reported: the preparative separation 

of enantiomers of N-(2,4-dinitrophenyl)amino acids. Pirkle has developed an application 

of long-chain esters of E- (2-naphthyl)-L-valine attached to silica as stationary phase for the 

resolution of DL-amino acid 3,5-dinitrobenzamides 194 a nd the reverse approach, resolution of 

N_-acyl-DL-amino acid esters on a chiral stationary phase prepared from N-(3,5-dinitrobenzoyI) 

-L-leucine or D-phenylgly~ine. '~ '  The thorough study i s  being rewarded with very substantial 

separation factors i n  some cases, and has more recently been extended to N -@rraphthyl)ulanifie 

alanine esters, 96 A c hiral stationary phase formed by immobilizing bovine serum albumin has 
- 

197 
been used in  exploratory studies of resolution of N-acetyl-DL-amino acid derivatives. 

ether 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 i s  described as a 'coulombic' influence by D-phenylabnine ethyl ester (or its L-isomer), 

show a modest resolution capability towards DL-phenylalanine ethyl ester when used in  column 

chromatography. 198 L-Tryptophan i s  adsorbed more strongly than its D-isomer on silica coated 

with membranes formed by plasmolysis of (+)-camphor, 199 and a distantly related basis applies 

to the resolution of racemates over polystyrene-supported liquid membrane carrying a chiral 

crown ether:" and through electrophoresis i n  a chiral electrolyte, 
20 1 

Uses of enzymes i n  resolation of DL-amino acids are: o(-chymokypsin (aromatic amino acid 

esters);2m aminopeptidase from Pseudomonas putida (hom~methioninamide); '~~ and hog renal 

acylase ( t r i f l u ~ r o a l a n i n e ~ ~ ~  see also refs. 172,173). A review has appeored2O4 dealing with 

uses of L-qminoacylases and y-acy l  -L-l  ysine amidohydrolase i n  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 kacetyl-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 i s  preferential I y hydro1 yzed by Nocardia 

coral I I no) . -147 

Some enzymic methods involve the 'destruction' of one enantiomer to achieve resolution of 

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

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

featured i n  the literature for many years, because of i t s  relevance to the ascendancy of L-amino 
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acids i n  biological systems. Polarized electrons arising from 90Sr - 9h P-decay cause some 

10% greater degradation of solid D-alanine than of i t s  L-analogue, as shown by e .s.r. spectral 

analysis of radical yield.205 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 i s  of slightly different energy due to parity-violating weak neutral current perturb- 

ation of ground-state electronic energy.206 The result of this, in  energy content, i s  that the 

existence of L-amino acids i s  favoured to the extent of approximately J mol-1,206 too 

small an amount to have led to the present 

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 has been proposed. 

A new type of chirat interaction, 

5 P h y s i c a l  a n d  S t e r e o c h e m i c a l  S t u d i e s  o f  A m i n o  A c i d s  

5.1 Crystal Structures of Amino Acids and Their Derivatives .- 
'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, 

are L-leucine 210 and D-enantiomers of methionine and tyrosine .211 

212 salts formed between L-arginine and D-aspartic acid or D-glutamic acidt213 DL-homocys- 

teine th io I ac tone perch I orate, 21 and p- f I uoro- D L-C2,3,5, 6-2H4]p hen y la1 ani ne21 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-monochloroacetylgl ycine and the 

eta-di-ethyl and -di-propyl homologues,216 and various m-dimethylglycine (a& cc-aminoiso- 

butyric acid) derivatives2l The parameten found for the proline and hydroxyproline moieties 

in  their simple derivatives correlate well with those deduced from conformational energy calc- 

ulations.2'8 "'-Bis(L-phenylalanyl) hydrazide21 and dimethyl N-phthaloyl-4-bromo-DL- 

gl utamate220 and unsaturated derivatives (Z)-N-benroyl-o(p-dehydroleucine221 and (2)-4- 

benzylidene-2-methyloxazolin-5-one 222 have been studied 

While there i s  a predominant 

Amino acids for which more accurate data than those in  the literature have been determined 

L-Citrulline dihydrate, 

- 

5.2 Nuclear Magnetic Resonance S pectrometry. - 
inferred from n.m.r. studies of amino acid adenylate anhydrides of amino acids with hydrophob- 

ic  s i d e - ~ h a i n s . ~ ~ ~  A t  low pH in  dilute solutions, the side-chain i s  shown to participate i n  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 

Conformational information has been 
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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. [ D l #  [L I ) .  I t  was found that CCI4 solutions 

showed n . m . r . non-equivalence due to the formation of N-H 0 * * * O=C hydrogen-bonded 

diastereoisomeric dimers. 224 

'H-, 19F-, and 31P-N.m.r. has been used in  estimations of enantiomeric purity for (S)-E2- 

2HI-glycine as its (-)-N-camphanyl der i~at ive; '~ of amino acids derivatized with Mosher's 

acid (2-trifl uoromethyl-2-methoxyphenylacetic acid);225 and methyl thiophosphoric di -amides 

formed between an amino acid ester and MeP(S)Cl,.226 In the last-mentioned example the 

derivatives consist of a mixture of racemate with two ~o isomers due to the chirality at both 

carbon and phosphorus centres, that show well resolved 31P singlets which,on integration, give 

a direct measure of optical purity. 
226 

2H-N,m.r. nuclear relaxation rates for aqueous solutions over a wide pH range reveal details 

of molecular dynamics of [ I  -2,2-2H21aminobutyric aci d, [2-2Hl-DL-gl utamic acid, and [2-2Hl- 

DL-lysine. 227 A similarly targetted study228 has been made of polycrystalline [4,4-2H2]-DL- 

proline and of [2,3,5,6-2H41-p-fl - ~oro-DL-phenyla lanine,~~~ assisted in  the latter case witha 

detailed X-ray crystal structure determination. 

13C-pIl.m.r. study of L-histidine prepared in differently protonated forms from solutions of 

various p H  
behaviour o f  amino Homonuclear coupling i s  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, 230as yet undefined, 

unique infomation on the hydration states of the carboxy group?32 Two water molecules are 

hydrogen-bonded in  neutral and basic solutions, and a t h i d  i s  involved in  acidic media. 

dimethyl sulphoxide solutionsthe solute appears to exist in  the dimeric form. 170-N .m , r .  

data have been reported for the label led L-tyrosine isotopomers. 

illustrates further the increasing interest in the finer details of the solid-state 

170-N.m.r. of solutions of L-alanine and L-proline in  2 H 2 0  - dimethyl sulphoxideprovide 

In 

233 

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-arnino acids 

carrying a polycyclic aromatic side-chain showsa negative Cotton effect centred at 400 nm, 

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 i s  assigned the D-configuration. 

An interesting example of the power of the technique i s  the discovery of induced Cotton effects 

by tryptophan, tyrosine and phenylalanine into gosspol .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 

234 
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formation between the aromatic moieties in  the amino acids and the pigment. 

5.4 Mass Spectrometry.- 

innovative papers associated with the rapid progress in instrumentation. Again, routine mass 

spectrometric analysis i s  excl uded , and mention of a study of the N-tr i f l  uoroacetyl derivative 

of n-butyl 2H-leucinate to establish positions of the labelm i s  made to give the reader an 

indication of the sort of material which, although worthy and useful, i s  based on established 

principles and supported by standard textbook coverage and not covered further here. 

In contrast with the preceding Section, this is  well supplied with 

A curious observation has been published 237 to the effect that c . i  .m .s. of enantiomers of 

an amino acid derivative can show characteristic differences when (-)-amyl alcohol i s  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 i s  sure to be followed up. 

c . i .m . s . technique has been applied to !-2,4-dinitrophenylamino acid esters, leading to very 

simple negative-ion spectra in which the molecular ion i s  the base peak. 

The 

23% 

Various fast-atom bombardment studies, mostly i n  the tandem mode, have been reported for 

amino acids. These provide improved spectra for problem cases (argininosuccinic acid and 

citrulline as their n-butyl esters,239 L-carnitine 24qbut also give more insight into fragmentat- 

ion processes more generally. Two isomeric immonium ions formed from N-isobutylgl ycine and 

N-methylvaline - by f.a .b. can be distinguished by their collision-induced fragmentation 

characteristics and therefore mixtures containing them can be analyzed z4' In terms of structure 

determination of an 'unknown' amino acid, the characteristic fragmentation patterns penni t an 

unequivocal distinction to be made between c- and N-alkylated isomers. 

Unimolecular reactions of metastable cluster ions formed by f.a.b. of amino acids have been 
242 

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

5.5 Other Spectroscopic Studies.- The pattern for preceding Sections (exclusion of routine --.__I___ 
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 i n  

stabilizing biological macromolecules under reduced water stress (Vol .18, p 2 6 ) .  244 An 

extraordinary technique in  which molecules are cooled to near absolute zero i n  supersonic 

beams has been applied to tryptophan, so that i t  could be shown that two conformers exist under 

these conditions. 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 i s  being made with Raman spectroscopic techniques, and the literature 
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on amino acids i s  duly reflecting this. Surface-enhanced Raman spectra of amino acids 246 

adsorbed on silver have been interpreted to show that both amino and carboxy functional 

groups are points of adsorption. UI traviolet excitation resonance Raman spectroscopy can 
provide finer details of structure - spectra relationships. A n  application to aromatic 247,248 

and heteroaromatic 247r249 amino acids includes observations that nitration of tyrosine shifts 

the spectral features and abolishes its 200nm excited Raman spectrum, and that a similar effect 

i s  observed for the 218nm excitation feature of tryptophan as a result of (2-hydroxy-5-nitrot 

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.- 

ions on purely physical phenomena to applications of physical methods other than spectroscopic 

Papers collected for this Section range from simple observat- 

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 8 -zirconium phosphate,251 phenylalanine - cyclodextrinZ2 and cyclomaltohex- 

ose253 inclusion complexes) and radiation protection ( N - a ~ e t y l c y s t e i n e ~ ~ ~  and zinc aspartate 

255), The effect of tyrosine on reducing critical micellar concentrations of bile ~ a l t s 2 ~ ~  and 

an effect of proline (see also ref. 244) in  increasing the area occupied by membrane phospho- 

l ipid molecules 257 have been reported. 

A fascinating stud:% of transport of L-amino acids employs an oil layer between two aque0t.a 

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 i s  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 i s  applied has been modelled on the 

biological cell membrane system. 
259 

Fundamental physical parameters have emerged from studies of y-acetyl-L-prolinamide and 

- N-acetyl-N-methyl-Liolaninamide i n  binary mixtures, i n  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.261 Simpler methods can be used to deter- 
262 

mine the hydrophobicity of amino acid side-chains, but vapour pressure measurements may 

have only limited validity.263 Dissociation constants of amino acids can be determined 

by the ionophoretic technique; a simple interpretation of the variation of electrophoretic 

264 
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mobility with pH of the electrolyte shows results i n  "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 p,Ka values for 26 amino An equally simple 

method based on polarimetric measurements yields protonation microconstants for L-amino 

acids, 
266 

The long-running interest i n  interactions between amino acids and DNA continues with 
267 interpretations of simple physical data on mixtures. 

cadmium(l1) complexes 268 and of D L - n ~ r l e u c i n e ~ ~ ~  has been described. 

The polarographic behaviour of L-pyrrolidine-2-carboxyl i c  acid and i t s  lead(l1) and 

5.7 Molecular Orbital Calculations.- 

preceding Section, calculations have been presented270 for the binding energies of amino acid 

Continuing an interest covered at the end of the 

side-chains to 0 - 6  and N-7 of guanine and adenine . Allowed molecular conformations for 

Pirkle'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 

-(CH2)3- group.271 Because force field parameters for aromatic nitro groups do not yet 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. 

Support for spectroscopic studies i s  provided by calculations of lower electronic energy 

levels for the glycine zwitterion, which are in  good agreement with the spacing implied by 

absorption spectra. 

271 

272 

6 C h e m i c a l  S t u d i e s  o f  A m i n o  A c i d s  

6.1 Racemization. - 
142OC in  aqueous solutions of differing pH yield the 6 absolute rate constants that correspond 

with each ionic species for catalysis by H30+ and OH-.273 The heterogeneous-catalyzed 

racemization of L-alanine (a strong base anion exchanger substituted with 5-sulphosalicylalde- 

hyde as the Cu* salt) has also been studied kinetically. 

Kinetic studies for racemization of representative L-amino acids at 

274 

The use of a rocemase i s  still the province of very few groups, but the catalyzed 2- lH - 2-2H 

exchange by a-amino- 

mthod in  certain cases. 

-caprolactam racemase in  2H20 wil l be an attractive labelling 
275 

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, i s  the chance 

that the amino acids being studied may have accumulated in  the sample over time, from the 
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environment, and i t  has been pointed 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 14C 
analysis, for bone samples,2n and the sources of error in the amino acid dating method are 

concluded to be the uncertainties outlined above. Another factor that i s  perhaps unlikely to 

have arisen i s  the acceleration of the racemization of aspartic acid residues in eye lens protein 

that accompanies accelerated aging by X- or 8-irradiation . 278 lsoleucine epimerization has 

been used i n  dating of nine outcrop raised marine deposits through analysis of epimer ratios for 

sediment shells (GI ycymeris violascens and Glycymeris glycperis), leading to dates for three 

marine terraces of 120000, 200000, and 350000 y that agree with estimates derived from 230Th 

- 234U decay. 279 Another way of using isoleucine racemization takes account of changes at 

both chiral centres280The application referred to in  the preceding sentence i s  based on epimer 

formation at the &-carbon, for which the half-life (the time taken to reach a D-alloisoleucine 

to L-isoleucine ratio of about 0.4) i s  between 16 - lo7 y. The other stereohomers result from 

fb-epimerization, and rates for this process have been measured in  H20  at 250°C.280 Al l  

four stereoisomen were found in  ancient biogenic carbonates, SO P-epimerization might be an 

index of value i n  the study of such samples. 

6.2 General Reactions of Amino Acids.- This t i t le i s  used to collect recent advances in 

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

A regular feature of this section i s  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 erythrose281), suggesting that an early stage 

in the reaction creates dicarbonyl compounds.282 There i s  some conflict between two reports, 

i n  one of which lysine i s  stated to react with glucose to yield the pyrrole ( 36),34 while in  the 

other the product i s  claimed to 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. F I  uorescent 1 ,bdihydropyridines 

are formed in  the Michael addition of malondialdehyde and a simple aldehyde with an amino 

acid ,284 and c(- chymotrypsin catalyzes the formation of fluorescent products between amino 

acid amides and 1 m e  thyl-3,4-dihydro- p -carbol ine-3-carboxylic acid methyl ester. 

2-Methoxy-2,4-diphenyl-3(2H)-fu ranone has been proposed286as a useful alternative reagent 

285 
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for fluorescent derivative formation with amino acids (the reagent i s  closely similar to f l  uoresc- 

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 (H0)2P(0)NHCHMeC02H.287 

Curiously, (3-alanine gives (H0)~P(O)OP(O)(OH)OP(O)(OH)NHCH~CH~C0~H under these 

conditions, Oxazolin-5-ones form easily from N-acylamino acids and can be converted into 

K-acylaminoalkyl p -difl uoroalkyl ketone?88 and benzamidoalkyl mono-, di-, and trif l  uoro- 

methyl ketone?89 by a modified Dakin-West reaction with appropriate acyl chlorides or acid 

anhydrides. Oxazolinones may be intermediates in oxidative decarboxylation of 3-acylgl ycine 

using KO:90 or lead tetra-acetate. 291 

side-products in the latter case being the N-formyl and bJ-acetoxymethyl amides. 

2-Cyclohexen-1 -one i s  a better catalyst than di-t-butyl peroxide for the decarboylation of 

amino acids;292 'peroxidizing methyl linoleate' brings about the standard Strecker degradation 

Yields of amides are modest in  these reactions, the 
29 1 

of amino acids,'03 a classic example of which (reaction with ninhydrin) i s  now shown to + 
involve the 1,3-dipole (39) .294 The methaneiminium methylide C H F N H C H ~  (more correctly 

represented i n  a delocalized structure; cf , (39)) i s  formed by decarboxylative condensation of 

glycine with formaldehyde.295 In both these studies, evidence for the assertions comes from 

trapping experiments using simple dipolarophiles. 

fascinate a number of research groups .296 Metabolic oxidation, exemplified by a study using 

Studies of the kinetics of oxidative degradation of amino acids by familiar oxidants continue to 

Raja erinacea liver i s  a broader topic o utside the scope of this Chapter. 

Oxidation of amino acids with Fremy's salt converts amno acids successively into hydroxy- 

and keto-acids without oxidative decarboxylation 298 (a number of the other oxidants described 

in ref.296 bring about the same conversion). d-Hydroxy acids are formed from amino acids by 

reaction with H N 0 2  with high, but not complete, stereospecificity . 299'300 However, the 

useful chiral synthon (S)-3-hydroxybutyro lactone i s  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-nitrosoamino acids i s  accompanied by N - N 

cleavage.301 These facts needed unravelling since the eventual products are 1,2,4-oxadC 

azoles formed between the init ially formed tj-acetylimines and No'. 

The final example of decarboxylation in  this year's review i s  accomplished by electroly- 

t ic methoxylation, a useful entry to chiral amines since the resulting bl,g-acetal (e .g. (40) 

from a protected L-threonine) undergoes TiClq-cata lyzed substitution with high diastereosel- 
86 

ectivi ty . 87 Scheme 2 uses the same decarboxylation process in  an alternative synthesis. 

A distantly related asymmetric synthesis, the Rh(l) - chiral phosphine-catalyzed hydrogenation 
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of I+(&-ketoacy1)amino acid esters, i s  a useful route to chiral cx-hydroxy acids. 302 - 
NSubstitution reactions of amino acids providing synthetically valuable derivatives 

have been reported: N-maleyl and hJ-dichloromaleylanino Boc- and Z-amino acids 

prepared using benzotriazol- 1 -yl carbonates,304 and through the usual reagent for preparation 

of Boc derivatives (Boc20: reactions of 70-labelled amino acids with this reagent i n  MeOH 

or DMF occur without loss of the 

preparation of Frnoc-amino acids. 306 N-Benzyloxycarbonylamino acids and allyloxycarbonyl 

analogues can be converted into triethylallyloxycarbonyl analogues,through reaction with 

triethylsilane (not the N-triethylsil yl analogues as reported earlier), and,using t-butyldimethyl- 
307 silane and 0.05 equiv. Pd(OAc)* into the t-butyldimethylsilyloxycarbonyl analogues. 

Palladium-catalyzed hydrostannolysis by BugSnH of a1 lyl- and allyloxycarbonylarnino acid 

derivatives offers a novel, ve ry mild, deprotection method. 

and use of Fmoc 8-succinimidoyl ester forthe 

308 

A novel variation of the Bucherer reaction of amino acids enables a preparation of L-N-(2- 

naphthy1)amino acids to be conducted conveniently and on a sufficiently large scale for the 

development of chiral stationary phases from them .309 The method i s  essentially a condensation 

reaction of the L-amino acid, 2-na$thol, and NaHS03 in  aqueous media at pH 8 .  

amino acids 310 and for the nitrosation of proline, cysteine, and ~ a r c o s i n e . ~ ~ ~  A corresponding 

study of the formation of N-acetyl-bJ'"-nitrosotryptophan also covers the kinetics of the 

de-nitrosation process. 

Kinetic studies have been reported for the reaction of trinitrobenzenesulphonic acid with 

31 5 

Direct esterification procedures based on the enhanced ambident reactivity of the amino acid 

zwitterion with an alkyl halide rely 

comparison with H20.313 Isolated examples of simple esterification in  this way i n  aqueous 

s ~ l u t i o n s ~ ~ ~ h a v e  appeared in  the literature. The thoughtful article by Hughes, Bergarn and 

Grabowski, though mainly concerned with spectroscopic determination of pKa values of amino 

acids in  DMSO, wil l 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 > Ile) but not for others. 

on the much higher proportion of zwitterion in DMSO in 

31 5 

Ester hydro1 ysis i s  represented in  a comparison of uncatalyzed and Cu*-prornoted reactions 

of p-nitrophenyl glycinate . 316 The mapr crop of papers concerns enantioselective hydrolysis, 

catalyzed by chirally shstituted polyethylene imines (benzoyloxycarbonyl-DL-phenylalanine - p 

nitrophenpl ester)?l imidazole i n  chiral reversed micelles (a series of amino acid p-nitrophenyl 

esters),318 and N-benzoyloxycarbonyl-L-Phe-L-His-L-leu -OH (N-dodecanoyl -DL-phenylala- 

nine p-nitrophenyl ester).319 A comparison i s  made in  the last-mentioned study with the diaster- 

eoselectivity of cleavage o f  ~-benzyloxycarbonyl-DL-Pro-L-Pro-OC~H~NO~ by a functional 

iodosobenzoate surfactant showing that both processes respond similarly to dimensions of the 

coaggregate micellar systems.319 Chiral crown ethers (41)show modest chiral recognition 

- 

- 
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320 in  thiolysis of DL-amino acid p-nitrophenyl esters. - 
Simple exchange of anion has been described for amino acid benryl ester to1 uene-p-sulphon- 

321 ates, leading to the corresponding hydrochlorides. 

Other manipulations of the carboxy function of amino acids have been reported for formation 

of Fmoc-amino acid chlorides from the acids using SOC12 in  CH2C12 (and the use of 4-piper- 

idylmethylamine for Fmoc formation of E- alkylhydroxamate esters by reaction 

with CICH=NMe2 CI-and N-methylmorpholine, followed by reaction of a hydroxylamine to 

displace the leaving group: RCO H j RC02CH=We2 C1- + RCONR’OH:23 and the 

reduction of esters to aldehydes 

( 42) by H’ - selectride reduction of the phenylketone derived (93% e.e.) by Grignard addit- 
325 ion to the mixed anhydride. 

+ 
+ 

3f4 
and N-ethoxycarbonyl-L-proline to the phenylmethanol 

6.3 Specific Reactions of Amino Acids. 

incidentally, often useful methods for the conversion of one amino acid into another. 

- N-bromosuccinimide (a source of Br. under irradiation in  CCl4) than glycine .326 Ethylene 

formation from 1 -aminocyclopropanecarboxyl i c  acid can be accomplished in  vitro through Mn2+ 

catalyzed degradation by H202 327and through lipoxygenase-catalyzed oxidation. 328 In the 

latter study the atoms of the cyanide ion h a t  results areC-1 and N-1 . 
Nu-Arninodicarboxylic acids can be formed from cyclic &-amino acids through an improved 

Ru04-oxidationI followed by hydrolysis of the resulting lactam. 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) . 330 Other unsaturated side-chain studies include 

unusual cyclodimerization of Schiff bases (43)+(44) 331 and selective reduction by DIBAL 

hydride + BF3.Et20 of ctp-unsaturated 8-amino acid esters (readily available from %-amino 

acids) to give corresponding allyi ic alcohols. 

Side-chain manipulations described here are also, 

Aliphatic side-chains in  bJ-benzoylamino acid methyl ester undergo slower H-abstraction with 

328 

332 

Pyrolysis of cysteine at 130-220° during 30 - 120 min in a sealed glass tube gives NH3 and 

cystine as major identified products, while at 1800 for longer periods thiophen, EtS2, 4-ethyl- 

2-methylpyridine, di- and tetramethyl thiolans, 1,2-dithiane, and N-ethylacetamide are 

The sulphur-containing amino acids yield SO4-- through heating in  water or HCI 
334 

(the highest conversion occurring in 1M HCI), particularly readily for cysteine. 

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- Lysi ne and L-orni thine bis (N- nitrososu1phonamide)s undergo reg iosel ecti ve N- ni  troso- 

sulphonamide - sulphonate rearrangement to give 3-to1 uene-p-sulphonyl-L-proline - and -pip- 

ecolic acids, respectively. 335 The near-relative amino acid, asparagine, undergoes adduct 
13 336 

formation with H 

Th is  surprising 

CHO that enables 13C-n.m .r. detection of free asparagine in  potato. 
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2 p - RCGH,CH=N-C-CO,Me 

1 II 
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A I5N/l4N kinegc isotope effect has been established in  the transamination o f  aspartic acid 

by d-ketogl utaric acid. 337 L-Serine i s  represented in  preparation of its g-trimethylsilyl-N'- 

trif l  uoroacetyl in  conversion into an oxetanone under Mitsunobo conditions 

(see also Vol ,18, p .32; these conditions also convert !f-Boc 1-hydroxy-L-valine 2-benzyl 
340 

hydroxamate into azetidinones (45) and (46) 

attack by HO* in  H 2 0  at  pH 3 - 7, leading to 'CH(OH)CH(C02-)N H3+ and thence to NH4+ 

and OCHb-Q-. 34' In the last-mentioned study, corresponding pvoducts were found in  

reactions of HO' with threonine. 

339 

). L-Serine has been used as a substrate for 

Migration of a 4-substituent i n  the aromatic moiety of [ring-2H51-L-phenylalanine to position 

3 or 5 (the NIH shift) occurs in  vivo (species: man) in hydroxylation to L - t y r ~ s i n e . ~ ~ '  The 

redox condensation system consisting of an alkanol with Ph3P - diethyl azodicarboxylate (the 

Mitsunobo reagent) brings about c-alkylation of tyrosine .343 Iron(1ll) complexes catalyze the 

Hf l2  oxidation of DOPA at pH 7. 344 

Substitution reactions of the indole moiety of tryptophan include a surprising Nin-acylation 

by aldehydes in  aqueous media at pH 6.8, which can also lead to bJin-(l-hydroxyalkyl)adducts, 

but no reaction occurs with ketones.345 The bJin-proton can also be substituted by the 3,4-di- 

hydroxyphenyl group through reaction in  acidic media with 2-benzoquinone. 346 lndole C-hyd- 

roxylation can be accomplished in  aqueous media with FeS04 and ascorbic acid;347 the more 

extensive result usually observed with such 'Wenfriend reagents' (FeH/EDTA/ascorbic acid&) 

i s  melanin formation, both from tryptophan and 'melanin-I ike' material from tyrosine. 348 

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

evidence has been interpreted to derive binding constants for L-tryptophan to the Trp repressor 

of E .coli .349 Disulphide bonds of proteins of lysosom es are more l ikely to undergo thiolysis by 

cysteine i n  vivo, rather than alternative thiols. 
350 

These papers indicate a general rationale for t h i s  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 i s  a regular feature of th is  Section. T h i s  

year this topic i s  represented by e.s.r. and ENDOR studies of 3-irradiated single crystals of 
35 1 

DL-proline hydrochloride (yielding radicals through ct-deprotonation and ring cleavage), 

- X-rayor 8-ray-accelerated racemization of aspartyl residues in 

in solid D- and L-14C-leucine resulting i n  f-radiation-induced d e c a r b ~ x y l a t i o n . ~ ~ ~  E.s.r. 

analysis of the autodecomposition products reveals a 10% larger concentration of radicals i n  

the D-leucine samples, a figure identical with that for D- and L-alanine irradiated with 

and autoradiolysis 
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polarized electrons produced during 90Sr - 9% P - d e ~ a y . ~ ~ ~  

Ultraviolet photolysis of N-acetylamino acids liberates free radicals through amide cleavage, 

and causes d e c a r b ~ x y l a t i o n ; ~ ~ ~  these substrates do not provide satisfactory models for the U.V. 

photo1 ysis of peptides and proteins .353 Arginine i s  degraded into aspartic acid, serine, norval- 

ine, ornithine, urea, and NH3 through u.v.-stimulated H202 ~ x i d a t i o n ; ~ ~ ~ i n  this system U.V. 

irradiation alone or H202 alone causes no degradation. 

radiolysis of aqueous solutions has been described. 355 Azide radicals formed from NaN3 in  the 

conditions yield unstable quinones and dopachromes. Electron-donating groups i n  substituted 

phenylalanines and tyrosine accelerate 1 umiflavin-sensitized p h o t o - ~ x i d a t i o n ; ~ ~ ~  the formation 

of 'dityrosine' through 6oCo-r -irradiation of aqueous tyrosine solutions can be detected by 

characteristic f l  udrescence at 41 0 nm. 357 
358 

solutions has been thoroughly investigated. 

Extension of studies of one-electron oxidation of DOPA and cysteinylDOPAs through pulse 

The fluorescence of tyrosine itself in  acidic 

An interesting variation of what has become a routine area of study i s  the observation that 

tryptophan radicals cause oxidation of tyrosine i n  aqueous solutions of any pH, while tyrosine 

radicals achieve the corresponding effect on tryptophan only in  strongly acidic or strongly 

alkaline solutions. 359 Tryptophan free radicals involving the indole moiety can be 'repaired' 

by an t i -~x idan ts .~~ '  Photo-oxidation of tryptophan in aqueous solutions gives &- and trans- 
3oc-hydroperoxy- 1,2,3,3a,8,8a-hexahydropyrroloE2,3-~lindole-2-car~xylic acid as primary 

products through singlet-O2 formed by red-light irradiation in the presence of sulphonated 

phthalocyanine - metal ~helates.~' '  Another pathway may be involved in  the case of the Mn 

complex, but the tricyclic photoproduct i s  commm 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, 

O - H C O N H C ~ H ~ C O C H ~ C H ( C O ~ - ) N H Z ~ ~  formed in  these conditions at pH 7. 7 - 8.4. 

3-Indolecarboxaldehydes are formed by U.V. degradation of the side-chain of protected trypto- 

phans in  acid media through oxidation by py rimidoC5,4-g]pteridine - &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 i n  bacteriorhodop- 

sin followed by energy transfer to tryptophan revealed by fluorescence emission at 350 nm. 

Five ph otolysis products, two unidentified accompanying kynurenine, 

tryptamine, form in laser-irradiated (337 nm) aq ueous tryptophan. 365 Radiolysis gives b u r e n -  

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

formed in media containing spin-traps to intercept hydrated electmns has been published a 

362 

364 

-formylkynurenine, and 

367 
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7 A n a l y t i c a l  Me thods  

7.1 Gas-Liquid Chromatography. - 
methods, there i s  no diminution in  the volume of papers describing 9.1 .c, analysis. 

Despite the continuing surge in h .p .I , c.  analytical 

Derivativization i s  an essential first step i n  the sample preparation stage of g .I .c. analysis o f  

amino acids, and the novelty of procedures detailed here can b e  inferred from the extent of the 

discussion, Silylation i s  chosen only by a minority of workers, but the fact that t-butyklimethyl- 

silyl derivatives are some 10000 times more stable than their trimethylsilyl analogues368 wil l 

attract some to follow leaders using 8-methyl-N-t-butyldimsthylsilyltrifluoroacetam ide as 

derivatization reagent for amino acids. Already 369 their use i n  analyses of glutamine and 

asparagine avoids problematical side-reactions that generate pyrogl utamic acid and deaminated 

artefacts, Standard silylation practice has been employed in  9.1 .c. - m.s. analysis of phenyl- 

alanine and tyrosine that have been variously 2H-labelled,370 though !j-trifl uoroacetylated 
pentafluorobenzyl esters were also used in  this study. N-Trifl uoroacetylation 371-373,22 and 

- N - hep taf I uorob ut yro y I at i  on 374-379‘21 remain the m9st widely used procedures that follow 
371,374-379,21 n-butano(, 372,22 

esteri f i ca ti on with pen taf I uorobenzy I a I coho1 , 370 isob utano I, 

n-propanol , 373 ! -Pentaft uorobenzoylation i s  preferred by some workers. 379 Arenesulphonyl 

derivatives are rarely used, but a novel example i s  of 1 -dibutylamino-5-naphth alenesulphonyl 

derivatizs?ion, 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 

381 -385 

include various aminobutyric acids,373 including a new chlorine-substituted homologue found 

in  xylem sap of Pisum sativum,21pipecolic acid,382 3 - m e t h y I h i ~ t i d i n e , ~ ~ ~ ‘ ~ ~ ’  - N5-(1-carboxy- 

ethy1)orni thine,22cysteic acid,383 (employing the N-isobutoxycarbonyl or dibutylsulphamoyl 

methyl ester or dibutylamide derivatives), and cysteinesulphinic acid. 

Some of the papers cited here include some appraisal of practical innovations (stability of the 

stationary phase “ S u p e l ~ o p o r t ” , ~ ~ ~  applicability of an !-selective d e t e ~ t o r , ~ ~ b n d  fused-silica 

capillary col ~ m n ? ~ ~ ) .  Creatinine has been established as a maior problem of interference in 

9.1 .c. of amino acids i n  urine. 

Estimation of enantiomer ratios by g .I .c ,  of derivatized amino acids over chiral stationary 

phases (polysiloxanes treated with chiral derivatives 386388 i ncl udi ng ac ylated L-phenyl alani ne 

t-butyl esterasa novel enan~omer discriminant) has continued, with applications for aspartic 
387 

acid i n  aged human eye lens protein hydrolysates 386 and asparagine i n  ancient samples. 

The amino acids that have benefitted from these and other g . I .c. analytical studies 

384 

374 

7.2 Ion-Exchange Chromatography. - 
been reviewed,*9 and precautions i n  sample p r e p a r a t i ~ n ~ ~ ~ ~ ~  including de-sal ting39’ have 

Automated ion-exchange amino acid analysis has 
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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 elastin 

and collagen;32 an independent study of pyridinoline and its 2'-deoxy analogue;393 lysine 

content of fermentation products;394 3 - m e t h y l h i ~ t i d i n e ; ~ ~ ~  and tryptophan, 396 

7.3 Thin-Layer Chromatography.- 

technique than i t  once was, due to the availability of more homogeneous materials and to 

improvements in  practical aspects. 

Quanfitative analysis by t .  I . c .  i s  a more reproducible 

397 

The use of tin(lV) arsenosilicate as a ca tion-exchange t .  I .c. medium for analysis of amino 

acids may have some advantages, since aromatic and acidic amino acids show greater mobility 

than on silica gel while basic amino acids stay at the origin.398 Other non-routine papers 

give detailed data on t.1 .c. of methylated lysines and a r g i n i n e ~ , ~ ~ ~  interpwtation of t.1 .c. 

mobility to yield an order of lipophilicity of amino acidsrm0 identification of amino acids as 

their 4,4-dimethylamino-azobenzene-4'-naphthal enesul phony1 derivatives Po' and estimation 

of optical purity through t.1 .c separation of enantiomers on chirally modified silica gel. 402,403 

Commercially available 'Chiralplates" 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 

this vigoro usly expanding topic, two of a general nature4O4t4O5 

pre-col umn derivatization with 2-phthaldialdehyde. 

detectors as they are used in  amino acid analysis. 

406,407 

407 

Aspects of experimental technique are covered in  a study of the 

reviews have appeared on 

and two dealing with 

covers also electrochemical 

use of al kanesul phonate salts 

as mobile-phase additives 408 and laser-induced fluwescence detection for 2-phthaldialdehyde 

- mercaptoethanol derivatives and their naphthalenedialdehyde analogues 409 This sensitive 

method allows the detection of between 4 and 15 femtomoles of the 2-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 2-phthaldialdehyde derivatives using commercial instrumentation. 

Deamination of  L-amino acids by an L-amino acid oxidase creates a change i n  ionic strength, 

and amino acids i n  h.p.1 .c. eluent can be estimated by the conductimetric approach with an 

immobilized enzyme de te~ to r .~ "  C rown ether-containing mobile-phase separation parameten 

for amino acid?" and improved separations using ammonium tungstophosphate-coated silica 

ge14'2have been explored. 

Familiar subdivisions of the topic appear in the current literature, with some waxing and 

waning of emphasis, 2 -Phthaldialdehyde - mercaptoethanol occupies th e pre-eminent posit- 

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

reaction for detection of proline and h y d r o ~ y p r o l i n e . ~ ~ ~  Two other applications use wholly 

post-column derivatization following ion-exchange h .p. I .c. for assays of @~'N'-trimethyl- 

l y ~ i n e ~ ~ ~  and 2-methylmethionine .426 Few papers describe the use of ninhydrin, but those 

that do adopt the usual post-cot umn mode, 427r428 Harduf advocates colorimetry at 405nm and 

considers i t  advantageous to avoid switching detector wavelengths,as i s  common practice. 4 28 

The other burgeoning application i s  the direct phenyl thiocarbamoylation by phenylisothio- 

cyanate that appears to have been fully developed and side-reactions well understood. 

An excellent short account of the method436 wil l inform qew and hesitant usem. 1 pmol levels 

of 1 -aminocyclopropanecarboxylic acid in  apple tissue have been located by the method,- so 

i t  certainly compares favourably from this point of view with the 2-phthaldialdehyde method. 

A novel combination of the two methods has been used for the assay of proline and hydroxypro- 

line after pre-cot umn derivatization with 2-phthaldialdehyde and separation of the derivatives, 

followed by phenyl thiocarbamoylation of the unreacted imino acids. 

 acid^,^'-^^ these papers cove ring homocysteine, cystine,&' methionine, tyrosine, 

and tryptophan , and detection l im i t s  con be as low as 1 ng . 
Phenylthiohyda ntoins, whether they arise from sequencing or are prepared directly from amino 

acids (e.g.3-nitrotyrosine + 0.5M HCI + PhNCS, room temp.during 24 hU6), continue to offer 

satisfactory h .p .I .c. characterisation of amino acids. 447-453 4'-(bl4l imethy1amino)azob en- 

zenethiohydantoins form the basis o f one of these papers, accompanied by their 4'-sulphonate 

a n a l ~ g u e s ; ~ ~ ~ a l l  the other p T e n  involve the phenyl thiohydantoins themselves. 

D ansylamino acids 454-457 and their close analogues (dabsylamino acid$58) are extending 
454 

429-439 

4 39 

Electrochemical detection i s  featured i n  an increasing proportion of h .p. I .c. studies of amino 
440 442 443 

442 

their long service i n  the contextof analysis and characterization at about 20 pmol levels, 

although laser fluorimetric detection permits 10-16mol levels to be reached. 

i t s  4-fl uoro analoguer4" p-bromophenacyl esters from amino acid b e t a i n e ~ , ~ ~ ~  Fmoc amino 

acids,463 and xanth ydrol derivatization of N-acetyl-L-gl utamine. 

derivatives are formed from the reaction tetween decarboxylated 2-adenosylmethionine and 

CICH2CH0, 465 and the innate fluorescence of 0- and 2-tyrosines at 305 nm (hexcit,275 nm) 

has also been used in  detection of these amino acids during h .p. I .c. 

as part of the preceding narrative, are: tryptophan 444445467and i t s  radiolytic decomposition 

product~,~~~methy lated Iysines, arginines, histidines, and ~thionine~l,415,426,45'0-pho~pho- 1 

serine, threonine and tym~ine,~'~$-carboxyg I utamic acid,41 91 utamic acid, 4'7 32P-phosphor- 

ylated amino acids,468 histidine and i t s  1 - and 3-methyl  derivative^,^ "phenylalanine and 

456 

A1 ternative derivatives are those formed with 4-chloro-7-ni trobenzofurazan 459f 460 and with 

464 6 Fluorescent l,N -etheno 

4 66 

7he amino acids on which these and other 467-470 h .pa  I .c. papers have focussed, i f  not stated 
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t y r o ~ i n e ? ~ ~  2-adenosy l m e t h i ~ n i n e , ~ ~ ~ ' ~ ~ ~  arginine,428 asparagine and g l ~ t a m i n e , ~ ~ '  tyrosine 

Q - ~ u l p h a t e , ~ ~ ~  4-fl uorophenyla lanine,434 hydroxyproline and pro1 ine .437,439 

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-[2.1.33-benzoxadiazole while bound within the protein, i s  released using 

6M-hydrochloric acid and then derivatized for h .p. I .c. analysis, Although methionine i s  

largely destroyed by this milder acid hydrolysis, lysine i s  quantitatively recovered. 

Determination of enantiomer ratios by h .p. I .c, has been based on three m ain variations: the 

most common approach i s  the use of a chiral stationary phase, 471-476with the use of chiral 

mobile phases becoming more widely used. 477-479The classical approach in which the enantio- 

mer mixture i s  converted into a pair of diastereoisomers through reaction with a chiral reagent 

i s  also valid, and dibenzoyl-L-tartaric anhydride has been used for this purpose to give the 

imides ( 47)P80 A further example of the formation of diastertoisomeric mixtwes has been 

provided in the context of the well established 2-phthaldialdehyde derivatiration method. 

- N-acetyl-L-cysteine i s  used as thiol co-reactant, instead of the usual mrcaptotthanol, then 

optically impure amino acids wil l yield corresponding proportions of diastereoisomeric 

iso-indoler that can be estimated by h .p . I  .c. over achiral stationary phases. 

461 

If 

479 

Pirkle's group i s  studying potential chiral stationary phases i n  a most thorough manner (see also 

refs. 194-196) and has described their use with enantiomeric purity determinations for o(- and Q- 
substituted P - a l a n i n e ~ . ~ ~ ~  Silica gel made chiral through bonding to a D-phenylglycine deriv- 

a t i ~ e ~ ~ ~  also continues existing studies, and has been used with ~-(3,5-dinitrobenzoyl)amino 

acid isopropyl esters, A chiral naphthylamine stationary-phase approach473 and bovine serum 

albumin bonded to silica474 also exploit the same general principle, the latter being a detailed 

study showing the particular suitable N-substituent for each amino acid (e .g .g-carboxybenzoyl 

for DL-alanine, phthaloyl for threonine) .474 The ligand-exchange principle (as used in  t.1 .c. 

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

Cu*, continues to develop satisfactorily, e .g. for the resolution of perfluoro-o(,d -dia lkyl 

g l ~ c i n e s . ~ ~ ~ ' ~ ~ ~  The same principle with mobile phases containing L-arginine - Cu 

and either L-pioline or L-histidine with Cu * 47d has been used for the resolution of N-dansyl 

amino acids. N-Acetyl-L-val ine t-butylamide has been used as a chiral hydrogen-bonding 

additive to the nonaqueous phase in  sil icagel chromatograpCly for the resolution of 2-acetyl- 

amino acid t-butyl esters. 

index detector at the outlet of a normal (achiral) h.p.1 .c. ~ o l u m n . ~ ~ ' T h e  sensitivity claimed 

(50ng - 2 pg) 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. 

ff 477 

479 

A further category of h .p. I .c . enantiomer analysis employs a micropolarimeter-cum-refractive 
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7.5 Fluorescence Methods.- 

its coupling with h .p.l .c., in  the preceding section. Its reliability i s  assurable only under 

standardized procedures since degradation of the 1 -alkythio-2-alkyliso-indoles occurs dwing 

and after derivatization. An important observation,482 that degradation i s  strongly accelerated 

by excess 2-phthaldialdehyde, implies the we of minimum reagent (or gradual addition). The 

low picomole detection l imit for these derivatives has been underlinedy3 compared with about 

3 nmol limits for the ninhydrin colorimetric method. 

2,3- Naphthalenedicarboxaldeh yde409reacta to give 2-substi tuted 1 -cyanobenzoCf3iso-ind- 

oles by condensation with amino acids and C N-;484the highly fluorescent derivatives wi l l  no 

doubt be taken up in  competition with the 2-phthaldialdehyde method for amino acid analysis. 

preceding Section, and fluorescence energy acceptance by 4’-amin0phenyIalanine~~ might be 

useful in  analysis of this amino acid. 

The 2-phthaldialdehyde methd i s  covered in  the context of 

The inherent fluorescence of certain amino acid side-chains has been mentioned in  the 

486 
Fluorimetric analysis of amino acids has been reviewed. 

7.6 Other Analytical Methods.- 

p h o r e s i ~ ~ ’  and by isoelectric focussing in immobilized pH gradient phases. 

Dansylamino acids have been separated by paper electro- 
488 

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 i t s  broadest sense) deriv- 

ed from characteristic functional-group reactions for particular amino acids. 

Three L-glutamic acid assays based on either L-gl utamine ~ y n t h e t a s e ~ ~  or L-glutamic acid 

deh ydrogenase 490’491 include novel coupling with a second enzyme system - a reductase and 

luciferase that generate luminescence proportional to the amino acid,490 and a transam inase 

that generates NADH in  a n  enzyme electrode system?91 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 -p02  

sensor assay o f  L-tryptophanPP3 L-l ysine cc-oxidase electrode, 494 and other immobilized 

enzyme methods for L-amino acid$95 illustrate another strand of established methodology. 

An improved radioenzymic carnitine assay has been reported. 

present -497 Another sort of interference applies to HOCl cleavage of 1 -aminocyclopropane- 

carboxylic ccid into ethylene, thought to be a specific reaction - but ethanol can also undergo 

cleavage to the same product.498 Other presumed inocuous organic compounds, such as aliphat- 

ic  amines, result in  low ethylene yields from the amino acid.498 Standard colorimetry i s  

represented by Chloramine-T degradation of hydroxyproline (see also Vol.17, p.39) 499 and 

N-bromosuccinimide substitution of tryptophan (using a stopped-flow technique)500 Analysis 

496 

Cysteine colorimetry using Ellman’s thiol reagent can be inaccurate when surfactants are also 
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of S-methylmethionine and 2-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 
14 50 1 estimation of the derived C3H3dansyl[ Clhomoserine. 

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