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Preface 

In this, the 26th volume in the series, the task of compiling the chapters 
has, in the main, been in the hands of authors already deeply rooted in the annual 
gathering of references. The swathe of material harvested is now vast and most 
reporters once again report expansion in the publications within their particular 
expertise. The first five chapters represent the current continuum from volume to 
volume. It is the turn of the p-lactams to be included for biennial coverage as the 
6th Chapter and we are greatly indebted to Drs Schofield and Westwood for 
reviewing the literature for 1992 and '93. It is very revealing how the p-lactam 
ring has extended its boundaries beyond its 'enchanted ring' status in the 
antibiotic field, into the domain of enzyme inhibition and as a synthetic 
intermediate. Hence a change of chapter name to p-Lactam Chemistry is justified 
to reflect the wider scope. 

While the use of sophisticated technology in structural elucidation is 
becoming routine in many publications, there seems to be continuing expansion, 
development and optimisation of solid phase peptide synthesis. The current scene 
is so different from the embryonic years so modestly described by Bruce 
Merrifield in his book 'Life During a Golden Age of Peptide Chemistry' 
(published by the American Chemical Society, 1993). Multiple syntheses, and the 
construction of large peptide libraries, have capitalised on the continuing 
development of the solid phase approach, but shifting the emphasis from the 
chemistry into bio-assaying with minute amounts of peptidic mixtures. 

A continuously expanding field also demands an international forum for 
communication. We have recently seen the launching of new Journals in the area 
of Protein and Peptide Science, e.g. Journal of Peptide Science (J. Wiley & Sons), 
Letters in Peptide Science (ESCOM), and Protein and Peptide Letters (Bentham 
Scientific Publications). Based on the 1993 list of publications, Bioorganic & 
Medicinal Chemistry Letters (Pergamon) has established itself already as a 
popular forum for papers discussing pharmaceutically relevant peptides. These 
augment the previously established Journals, and the valuable books produced 
from the International symposia of the various Peptide Societies. One hopes that 
the confidence in the expansion of peptide science can be sustained, at a time 
when our team of Reporters all report frustrations in the availability of original 
source references due to library cut-backs. Hopefully an equilibrium will be 
achieved sometime in the future. 

Sadly, one of this year's authors, Christine Bladon, has decided to make 
this her last report for the time being. Our thanks go to Christine for re- 
formatting the chapter on peptide analogues, which will no doubt remain an 
attractive template for next year's reporters to work on. To all my fellow 
Reporters and Janet Freshwater of the RSC, I offer sincere thanks for their 
unstinting efforts once again to get this volume into print. 

John S. Davies 
University of Wales, Swansea 
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Abbreviations 

The abbreviations for amino acids and their use in the formulation of 
derivatives follow in general the 1983 Recommendations of the IUB-IUPAC 
Joint Commission, which were reprinted as an Appendix in Volume 16 of this 
series. These are also published in: 

Eur J. Biochem., 1984, 138, 9-37; Int. J. Pept. Protein Res., 1984, 24, after 
p. 84; and J. Biol. Chem., 1985,260, 14-42. 

This year the Joint Commission have issued the following corrections to 
the above Recommendations: 

Section 3AA-13.4 For Ala-Thr-Gly-Asp-Gly, read Ala-Thr-Gly-Asp-Gly 

Section 3AA-13.5 The correct name is (7E,9 E, l lZ,14Z)-(5S,6R)-6-[(cysteinyl- 
g1ycin)-S-yl]-5- hydroxyicosa-7,9,11,14-tetraenoic acid. 

A complete listing of the single-letter code for amino acids appeared in the 
Abbreviations section of Volume 24 of these Reports, together with structures for 
the closely related BOP family of coupling reagents. 

Chapter authors have been encouraged to include new abbreviations in 
their texts. However with the ever increasing diversification in structures, the 
author of Chapter 3 (Christine Bladon) compiled her own list, which has been 
included here, since it has relevance to other chapters as well. 

List of Abbreviations 

The following is a list of the abbreviations for the less well-known non- 
proteinogenic amino acids used in the text. Some of these compounds, for 
example 2,4-diaminobutyric acid, have more than one abbreviated form. 

Abo 
Abu 
Azbu 
ACCA 
~ A h x  
Ai b 
Aic 
A2pr 
Atc 
Ava 
Aze 
Cha 
C P ~  

2-azabicyc10[2.2.2]octane-3-carboxylic acid 
a-aminobutyric acid 
2,4-diaminobutyric acid 
4-aminocyclohexanecarboxylic acid 
6-aminohexanoic acid 
a-aminoisobutyric acid 
2-aminoindan-2-carboxylic acid 
2,3-diaminopropionic acid 
2-aminotetralin-2-carboxylic acid 
5-aminopentanoic acid 
azetidine-2-carboxylic acid 
3-cyclohexylalanine 
a-cyclopentylgl ycine 



Abbreviations 

cPzACAla 
Dab 
D ~ P  
Dbf 
Dip 
D P ~  
D P ~  
G ~ Y  (Ph) 
Har 
Hib 
HYP 
Iva 
M P ~  
l -Nal 
2-Nal 
Nap 
Oic 
Opt 
3-Pal 
Pen 
Phg 
Pip 
P ~ P  
Qal 
Qua 
Sar 
Thi 
Tic 

l-mercaptocyclohexaneacetic acid, or p-mercapto-p, 
P-cyclopentamethylene propionic acid, or Pmp (below) 
cis-3-(4-pyrazinylcarbonylaminocyclohexyl)alanine 
2,4-diamino bu tyric acid 
2,3-diaminopropionic acid 
3-(2-dibenzofurany1)alanine 
3,3-diphenylalanine 
a-a-diphenylglycine 
2,3-diaminopropionic acid 
phen ylglycine 
homoarginine 
a-hydroxyisobutyric acid 
trans-4-hydroxyproline 
isovaline 
trans-4-mercaptoproline 
3-(l -naphthyl)alanine 
3-(2-naphthy1)alanine 
P-( l '-naphthy1)alanine 
octahydroindolecarboxylic acid 
0-phenyltyrosine 
3-(pyridy1)alanine 
penicillamine 
phenylglycine 
pipecolic acid 
P,p-pentamethylene-~mercaptopropionic acid, or Cpp (above) 
3-(3-quino1yl)alanine 
quinoline-2-carboxamide 
sarcosine 
P- thienylalanine 
1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid 



1 
Amino Acids 

By GRAHAM C.BARRETT 

1 Introduction 

The 1993 literature covering the chemistry and biochemistry of the amino 
acids, is dealt with in this Chapter. The approach taken in all previous Volumes 
of this Specialist Periodical Report continues to be relevant, and therefore the 
coverage in this Chapter concentrates on the literature covering the natural 
occurrence, chemistry, and analysis methodology for amino acids. Routine 
literature covering the natural distribution of well-known amino acids is 
excluded. 

Patent literature deals with material that also finds its way into the 
conventional literature, and is therefore almost wholly excluded from this 
Chapter. It is easily reached through the appropriate sections of Chemical 
Abstracts (Section 34 in particular). 

The flow of Journal papers and secondary literature continues to acceler- 
ate, as far as the amino acids are concerned. The coverage in this Chapter is 
arranged into sections as used in all previous Volumes of this Specialist Periodical 
Report, and major Journals and Chemical Abstracts [to Volume 120 (1994), issue 
1 l] have been scanned to provide the material surveyed here. Where it is helpful 
to refer to earlier Volumes of this Specialist Periodical Report, the formula "(Vol. 
XX, p. YY)" is used. 

For most of the papers cited, description is brief so that adequate 
commentary can be offered for particular papers desciibing significant advances 
in synthetic and analytical methodology, with mechanistically-interesting chem- 
istry being given prominence. 

2 Textbooks and Reviews 

IUPAC/IUB Nomenclature Recommendations ("Nomenclature and Sym- 
bolism for Amino Acids and Peptides, 1983"; see Vo1.16 of this Specialist 
Periodical Report, p.387) have recently been seen to contain three errors (one, in 
the systematic name for leucotriene D; another, the omission of indication of 
cyclization through side-chains in the peptide Ala-Thr-Gly-Asp-Gly; and the 
third, a typographical error),' and textbook representations of more subtle 
stereochemical details of protein amino acids are almost always erroneo~s.~ 
Broad coverage of the recent literature on the chemistry of the amino acids has 
appeared in a classic organic chemistry ~er ies .~  

Reviews have appeared covering synthetic applications of L- or D-amino 
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acid esters as chiral auxiliaries: properties and synthesis of l-aminocyclopropa- 
necarboxylic acids,5 uses of a-amino-P-hydroxy acids in the total synthesis of 
a m i n o ~ u ~ a r s , ~  synthesis of non-natural amino acids,7 uses of pyroglutamic acid 
in the synthesis of near  relative^,^ the reaction of aldehydes with tryptophan 
giving toxic derivatives (causing eosinophilia-myalgia syndrome; see Vol. 24, 
p. 58),' and the role of P-methylamino-L-alanine in neurodegenerative dis- 
orders.'' The effects of thiol-containing amino acids and peptides in interacting 
with food toxicants, has been reviewed." Many relevant reviews have appeared 
in a Conference Volume, including the origin of life and the role of amino acids,12 
recent advances in the biochemistry of amino acids,13 post-translationally- 
modified amino acids as constituents of proteins,14 aldosine (a new crosslink in 
collagen and in elastin) and oxodesmosine (a new crosslink present in elastin, 
derived from deaminated lysine residues of tropelastin)15 and the presence of 
o-bromophenylalanine in sea urchin eggs, in free form and as its m- and p- 
isomers in peptides, and bromohistidine in the same source.I6 

3 Naturally Occurring Amino Acids 

3.1 Isolation of Amino Acids from Natural Sources 
All fermentative processes for the production of amino acids involve 

routine isolation of the product; or the separation of mixtures of amino acids, as 
the concluding stage, but this section does not cover this topic, it is intended to 
deal with rather more subtle aspects, particularly those unexpected outcomes of 
otherwise straightforward techniques. 

Protein hydrolysates may deliver partly-racemized components, which can 
be eliminated (< 0.002%) through partial chemical hydrolysis (6M HC1/15 min/ 
80-90°C) followed by enzyme-catalysed lysis, first by pronase at 50°C during 12- 
16h, then leucine aminopeptidase and peptidyl D-amino acid hydrolase during 
24h.I7 Microwave heating completes 6M HCl hydrolysis of proteins within 10-20 
min as the first stage in an automated protein analysis system.'* Cystine- 
containing proteins yield cysteine when subjected to reductive hydrolysis (6M 
HCl/l 10°C/O. l % phenol/5% thioglycollic acid/l8h), and special attention has 
been given to ion-exchange chromatographic separation of cysteine from proline 
in such hydrolysates.'g 

Isolation in the form of its lactam, of y-(N-propy1amino)but-3-enoic acid, 
employs matrix-solid phase d i~pers ion .~~  Advantages of displacement ion- 
exchange chromatography of amino acid mixtures have been reviewed, and 
persuasively illustrated for the preparative-scale separation of valine from 
isoleucine by displacement with aqueous ammonia from strong acid cation 
exchangem2' On a production scale, a multi-stage fluidized ion exchange bed has 
been described for amino acid separation.22 

3.2 Occurrence of Known Amino Acids 
This Section is restricted to unusual and/or significant results, to the 

exclusion of the vast continuing literature covering the familiar amino acids. 
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Caprolactin A: 
R = -(CH2)&HMe2 

AcN H Caprolactin B: 
R = -(CHJ,CHMeEt 

Three-dimensional features at chiral centres of structures depicted in this chapter follow 
the convention:- 

(a) horizontally-ranged atoms, and their bonds, and atoms in rings, are understood 
to be in the plane of the paper; 

(b) atoms and groups attached to these atoms in (a) are ABOVE the page if ranged 
LEFTWARDS and BELOW the page if ranged RIGHTWARDS: 

R' R' 
means X ; Y means ')( 

R2 R' R R' 

d' mans 0:: 
R2 
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The family of aplyorines, potent anti-tumour compounds from the sea hare 
Aplysia kurodai, carry esterified NN-dimethylserine 0-methyl ether and NN- 
dimethylglycine within their ~ t ruc tu res .~~  The aerial parts of Desmodium styraci- 
folium contain desmodilactone Arthonin, a lichen metabolite of Arthonia 
endlicheri, has been formulated as the ester of N-benzoyl leucinol with N- 
benzoyl-L-isoleucine, while isoarthonin is the corresponding amide.25 Further 
newly-located, though known, compounds have been established in that far more 
familiar plant source, garlic, now seen to contain the glycoside (-)-N-(l'-deoxy-l'- 
P-D-fructofuranosy1)-S-allyl-L-cysteine sulfoxide as well as ( + )-S-allyl-, ( + )-S- 
methyl-, and (+)-S-(trans-l-propeny1)-L-cysteine s ~ l f o x i d e . ~ ~  It is comforting to 
those who enjoy this food accessory, and seek medical rather than aesthetic 
reasons to justify its inclusion in their diet, that the glycoside showed some 
inhibition of platelet aggregation in vitro. 4-Chloro-L-tryptophan has been 
located27 in immature seeds of Pisum sativum, and accompanied by its N-malonyl 
derivative (formerly assigned the D-configuration). Other stereochemical re- 
assignments concern the polyoxin constituent polyoximic acid (whose side-chain 
has the cis-configuration rather than trans),I5l and anticapsin (whose C-4 
configuration is s ) . ~ ~  

Protein constituents arising through post-translational modifications have 
been surveyed (see also reviews cited in Section 2).29 These include glycosylated, 
phosphorylated, and sulfated derivatives of well-known protein amino acids, and 
desmosine, allo-desmosine, hydroxylysylpyridinoline, 3-hydroxypyridinium com- 
pounds, cyclopentenosine, and other modified lysines, dityrosine, and the novel 
tyrosine-derived pulcherosine. o-Tyrosine and the aromatic ether, dityrosine, 
arise in proteins during radiolysis and through H ~ O ~ / C U +  + ~xidation,~' and 
evidently survive long storage, since dityrosine has been identified in the collagen 
content of the Dead Sea ~crol ls .~ '  Lysinoalanine formation has been reviewed.32 

3.3 New Naturally Occurring Amino Acids 
Previously unknown close relatives of the familiar a-amino acids include 

the antifungal antibiotic P-cyano-glutamic acid, from Streptomyces sp. K749-42, 
particularly effective against Candida albi~ans:~ and ~~- (2-ca rbox~e th~ l ) -  
arginine and ~~-(2-carbox~eth~l)-3-h~drox~ar~inine, produced by a blocked 
mutant of Streptomyces clavuligerus d c l ~ 6 5 . ~ ~  The novel arginines are possibly 
intermediates in the biosynthesis of clavulanic acid. Caprolactins A and B (2) are 
new caprolactams from an unidentified gram-positive bacterium, showing anti- 
viral and cytotoxic properties.35 Another common type of cyclized aliphatic 
amino acid is the di-oxopiperazine family, represented in dysamides A-C (3) 
and corresponding dehydro-amino acid analogue (4) from the marine sponge 
Dysidea fragilis,36 and in corresponding compounds from Tolypocladium sp., in 
which a-(methy1thio)glycine and 0-(3-methylbut-2-eny1)-U-(methy1thio)-D-tyro- 
Sine are condensed together,37 and dysideathiazole (9, in which the a-carboxy 
group has been modified to the thiazole moiety, from Dysidea herba~ea.~' The 
previously-known ~ l - m e t h ~ l  albonoursin, a weakly antibiotic factor from a 
Streptomyces sp. from perennial rye grass,39 and the Cl-symmetric WIN 64821 
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o N H ( c : d N M e 2  

R' = Me, R  = H; 
R' = Me, R  = I; 

Me0 Me0 R I = R = H  

I I 
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(6),  a new competitive antagonist for Substance P, from ~ s ~ e r ~ i l l u s ~ ~  have been 
reported. 

Other new aromatic and heteroaromatic a-amino acids (unusually abun- 
dant in this year's literature), are the tyrosine derivatives (7) from Aplidium sp. 
(colonial a~cidians),~' and pyridyl-L-alanines (8, 9) and -L-glutamic acid (1 0) 
from Clitocybe acromelalga, whose existence is consistent with the proposed 
biogenesis of acromelic acids.42 threo-P-Hydroxy-L-histidine has appeared as a 
component of a new pyoverdine-type siderophore (Vo1.24, p.5) from the culture 
filtrate of Pseudomonas fluorescens 244, functioning as a bidentate ligand for 
ferric ions.43 Chromopyrrolic acid (11) from a Chromobacterium violaceum 
mutant, is a new tryptophan m e t a b ~ l i t e . ~ ~  

3.4 New Amino Acids from Hydrolysates 
This section encompasses natural products from which new amino acids 

can be released by hydrolysis or similarly simple chemistry. 
Two new crosslinking U-amino acids, oxodesmosine (12) and iso-oxodes- 

mosine (13), from bovine aorta elastin, contain the oxopyridine moiety but are 
otherwise closely similar to the well-known desmosines from the same source.45 
These are probably metabolic intermediates en route to the major pyridinium 
crosslinks of elastin. 

Novel amino acid residues with nitrogen functional groups in side-chains 
have been reported; the novel U-aminoglycine derivative (14) in lyciumins A-D, 
cyclic peptides from Lycium chinense Mill. (~olonaceae)~~ and the unusual 
component of the dipeptide antibiotic TAN- 1057A (1 5) isolated from Flexibacter 
sp. PK-74.47 The oxidative ozonolysis product of cylindramide, a novel cytotoxic 
tetramic acid lactam from the marine sponge Halichondria cylindrata, has been 
shown to include (2S,3S)-erythro-P-hydroxy-L-ornithine ( 1 6 ) . ~ ~  

New p-amino acids have been reported, (2S,3R)-2-methyl-3-aminopenta- 
noic acid as a component of the cyclic depsipeptide metabolite majusculamide C 
from the alga Lyngba maju~cula,4~ and a complex P-tyrosine constituent of 
Antibiotic C-1027.~' Dolastatin D, a new depsipeptide from Dolabella auricularia, 
contains (2R,3R)-3-amino-2-methylbutanoic acid, not previously found in 
~a tu re . "  

4 Chemical Synthesis and Resolution of Amino Acids 

4.1 General Methods for the Synthesis of U-Amino Acids 
The term "general methods" has been attached to a group of reactions that 

have become familiar through use for many years; these are covered in this 
Section. Relatively few novel ideas have been introduced under this heading in 
recent years, and those that have, have been concerned with the burgeoning area 
of "Asymmetric Synthesis". Although given a Section of their own, asymmetric 
synthesis methods are nearly always "general methods of synthesis" too, and so 
are reactions by which one amino acid is used as starting material for the 
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synthesis of another (these reactions are mostly covered in the later Section 6.3: 
Specific Reactions of Amino Acids). 

The acetamidomalonate synthesis [AcNHCH(CO~E~)~ + RX --+ 

AcNHCR(CO~E~)~ --+ H~N+CHRCO~-] remains the most popular of the glycine 
alkylation methods, described in the recent literature. Examples of novel variants 
include new synthesis of 5-bromotryptophan (from 5-bromo-3-methylindole, 
after Nim-benzene~ulfon~lation and conversion into the bromide with NBS),'* 
similar preparation of 3-(carbazol-2- or -3-y1)-DL-alanines from 2- or 3-methyl- 
ca rba~oles ,~~  and Mn(II1) acetate-induced addition of conjugated a l k e n e ~ . ~ ~  The 
recent literature has many illustrations of forays by Chinese workers into phase- 
transfer-catalysed examples of this process.55 N-Boc-L-(2-Bromoally1)glycine has 
been prepared by the acetamidomalonate method.56 The related formamidomalo- 
nate route has led to a carboranyl-substituted phenylalanine through alkylation 
by a 1,2-dicarba-closododecaborane-substituted benzyl bromide.57 Ref.162 de- 
scribes a similar use of isocyano-acetates, and uses for U-bromoglycine are 
continuing to be favoured (e.g. Ref. 189). 

Preparation of a-acylamino-P-oxocarboxylic acid esters can be achieved 
through the above route [AcNHCH(CO~E~)~ + RCOX + 2 BUL~]'' and also 
through acylation of glycine Schiff bases [PhCH = NCH2C02Me + RCOX + 
KOBut] (see also Refs.169, 2 0 8 ) . ~ ~  This is the basis of several related syntheses, 
both of a simple nature (alkylation by an alkyl halide is complete in 1 minute by a 
microwave-mediated solid-liquid phase-transfer-catalysed system without 
~olvent),~' and for more complex targets (Scheme Di-alkylation of the Schiff 
bases is easier than has been supposed under phase-transfer catalysis.62 The 
analogous imines (MeS)2C = NCH2C02Me undergo alkylation by isonitriles 
(Scheme 2) with an unusual outcome.63 Hidden versions of the same procedure 
include alkylation of 2,5-dimethoxypiperazines (17) derived from glycine methyl 
ester.64 The last-mentioned route is illustrated through a "difficult" synthesis, of 
t-leucine ( H ~ N + C H B U ~ C O ~ ~ .  

The other version of imine alkylation that can be envisaged for a-amino 
acid synthesis [alkylation of R'N = cHco2R2 + RZnBr -, R'N = cRco2R2 
(R' = M ~ ~ s ~ o c H ~ c H E ~ - ) ~ ~ ]  has also been put to use. An aza-Diels-Alder 
process using an aldimine (Scheme 3) starts a route to (f )-baikiain.66 The 
applications of the nucleophilic alkylation of imines for the synthesis of 
uncommon amino acids has been reviewed.67 

Hippuric acid alkylation, via its cyclized form [2-phenyloxazol-5(4H)-one], 
using 4-f0rm~l(2,2'-bi~~ridine)~~ or 3,4-dimetho~~benzaldeh~de,~~ provides 2- 
amino-3-(2,2'-bipyridin4yl)propanoic acid and DOPA, respectively. 

The hydantoin synthesis (see also Refs. 168, 233) is particularly suited to 
the preparation of -a-disubstituted a-amino acids, illustrated for the preparation 
of geometrical isomers (the trans-isomer receives its first synthesis) of l-amino- 
1,2-cyclopentanedicarboxylic acid fortuitously facilitated by epimerization during 
the hydrolysis of the Bucherer-Bergs reaction product.70 

The Strecker synthesis is represented in later Sections (Refs. 78, 161,270). 
Amination procedures continue to come into their own, illustrated by 

azidolysis of methanesulfonyloxy-amides,71 and of l -alkenylcyclopropyl toluene- 
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p-sulfonates [Pd(O)-catalysed, leading to "2,3-methano-amino acids", alias 1- 
aminocyclopropane carboxylic acids; see later Section 4 . 5 1 ~ ~  and reductive 
amination of glyceric acid (Ru-Pd/C) to give ~er ine .~)  An extraordinary 
amination procedure using a molybdenum nitride complex, trans-[MoCl(N) 
(Ph2PCH2CH2PPh2)2], has been used to prepare correspondingly-complexed 
glycine and alanine ester ylides by reaction with a-iodoalkanoates, the amino acid 
ester being released b y  electrochemical MO-N cleavage.74 Pd(0)-Catalysed 
amination of allyl acetates [RCH = CHCH(0Ac)R' -, RCH = CHCH(NR2)R' -, 
Me02CCH(NR2)RJ followed by ozonolysis at -78°C in MeOH gives methyl 
esters of a-amino acids.74a Many more examples of amination, and of other 
general methods of amino acid synthesis (e.g. the Gabriel synthesis973 272), are 
located in the following section. 

4.2 Asymmetric Synthesis of a-Amino Acids 
Activity in this area continues to increase, both in the provision of new 

methodology and in the development of established methods, including well- 
known standard general methods of synthesis, some of which are described in the 
preceding section, and re-presented here in "asymmetric versions". 

In the last-mentioned category, amination reactions in the presence of 
homochiral species are represented in a synthesis of L-phenylalanine from 
phenylpyruvic acid and a mixed ligand copper(I1) Schiff base complex formed 
between pyridoxamine and ( 1 8 ) , ~ ~  and in a simple, intriguing synthesis (RCHO 
+ CHC13 + aqueous NH3 in the presence of ~ -c~c lodex t r in )~~  with enantiomeric 
excesses at a disappointing level (2.6% for L-phenylglycine and 28.2% in favour 
of D-phenylalanine) and unpredictable direction of the stereochemical bias. 

The conventional aldol synthesis of P-hydroxyalkyl-a-amino acids is given 
an asymmetric bias in an example (PhCHO + glycine -+ P-phenylserine) 
conducted in the presence of chiral supramolecular assemblies 

A one-pot asymmetric Strecker synthesis uses a chiral primary amine 
[RCHMeNH2 (R = Ph or 2-naphthyl) or l-amino tetra-0-pivaloyl-D-galactose] 
as aminating agent with 2,2-dimethylcyclopropane hemiacetal as masked alde- 
hyde, in a synthesis of 2,3-methanovalines in high enantiomeric and a 
very similar principle underlies the use of a homochiral U-aminonitrile formed by 
using a monoterpene ketone as a relay in an otherwise conventional Strecker 
synthesis of D-U-amino acids from aldehydes.78b Other amination reactions of 
homochiral species leading to homochiral a-amino acids, in which the chirality of 
the substrate is "transferred" to the a-carbon atom, are increasingly attracting 
new adherents, for example the route (Scheme 4) starting with an allyl alcohol.79 
Other examples of the genre include nucleophilic epoxidation and aminolysis 
(Scheme 5180 involving treatment of the homochiral epoxide from an allyl alcohol 
with BocNH2 and RuC13/NaI04 oxidation of the resulting glycol to give the Boc- 
amino acid.*' Aza-Claisen rearrangements (Scheme 6) exemplified in a synthesis 
of D-alloisoleucine, show excellent syn:anti (98:2) and facial (89: 1 1) sele~tivities,~~ 
and an aza-Cope rearrangement combined with Mannich cyclization (Scheme 
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7),83 yield 3-substituted prolines. The Overman rearrangement has been used 
(Scheme 8) for asymmetric synthesis of D- and L-alanine and chirally deuteriated 
glycine,84 and for D-valine and for a more ambitious purpose in a synthesis of 
thymin polyoxin 

The nitrone from D-glyceraldehyde [CH0 -+ C = N+(o-)cH~P~], pro- 
tected as the isopropylidene derivative, reacts with a 2-metallated thiazole to give 
the corresponding a-(N-benzyl-N-hydroxyaminoalkyl)thiazole. This is the basis 
of an interesting a-amino acid synthesis, since the thiazole grouping is readily 
degraded to the required carboxy group; 4-0-benzyl-2,3-isopropylidene-L- 
threose used in this way leads through routine subsequent steps to 5-0-carba- 
moylpolyoxamic acid [H~NCO~CH~CH(OH)CH(QH)CH(NH~)CO~H].~~ It is 
possible to start with a racemic a-bromoalkanoic acid, aminolysis of the derived 
(R)-pantolactone esters giving homochiral a-amino acid esters; the reaction 
appears to incorporate a kinetic resolution so leading to efficient delivery of one 
enantiomer, though this may need verificati~n.~~ An "asymmetric Gabriel synth- 
esis" has been performed with bornyl esters of 2-bromoalkanoic acids.97 Enolates 
of N-acyl sultams undergo stereobiased hydroxyamination [R 'CH~CONR~R~ -+ 

R'CH(NROH)CONR~R~, where -NR2R3 is an isobornylsultam moiety].88 
An approach using the same principle, applied to the alkylation of glycine 

derivatives carrying chiral auxiliaries, continues to find favour, illustrated in the 
successive bromination (NBS) (Vo1.25, p. 15) and reduction ( B U ~ S ~ ~ H  or 
(Bu3SnH) of (-)-8-phenylmenthyl esters of Boc-glycine or Boc-2,2-dideuterio- 
glycine to give both (S)- and ( ~ ) - 2 - ~ ~ - ~ l ~ c i n e  in 90% optical yields.89 
(-)-Menthy1 N-Boc-a-bromoglycinate acts as radical source in reacting with 
Co(A~ac)~  to give a-(acetylaceton-3-yl)glycine, on which, various five-membered 
heterocyclic side-chains were constructed, and from which, L-norvaline was 
obtained to demonstrate the potential of the m e t h ~ d . ~  

Both enantiomers of 2-amino-2-methylbutanoic acid ("isovaline") are 
available through diastereoselective alkylation of (1S,2R,4R)-1O-dicyclohexyl- 
sulfamoyl isobornyl esters of cyanoacetic acid.91 The same moiety attached as ap 
amide to N-benzylideneglycine provides the template for synthesis of L-a-(indan- 
l-y1)glycine and L-a-(benz~indan-l-yl)glycine.92 Schiff bases formed between 
glycine methyl ester and a chiral amine undergo diastereoselective alkylation and 
aldol reactions, the latter principle illustrated in aldolization of (19) with 
protected ribose or galactose in the first asymmetric synthesis of glycosy1-r)- 
hydroxy-(S)-a-amino acid esters.93 The related alkylation of chiral Schiff bases 
has been thoroughly studied by Belokon's group in the context of the nickel(I1) 
prolylglycine complex (20) and its prolylalanine analogue, with new results for 
the preparation of fluorinated (S)-phenylalanines in greater than 90% enantio- 
selectivity:4 and of (S)-2-amino-4-phosphonobutyric acid and (S)-2-amino-5- 
phosphonovaleric acid.95 Conference Reports covering this work have appear- 
ed.96 Further examples (see Vo1.25, p.20 and preceding Volumes) of the "double 
asymmetric induction" procedure, in which phase-transfer-catalysed alkylation 
of a glycine ester Schiff base in which amino and carboxy groups both carry 
homochiral substituents, have been published.97198 

Glycine Schiff bases yield azomethine ylides with DBUIAgOAc, that add 
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to chiral enones to yield homochiral prolines (Scheme g)." SnCL-catalysed 
asymmetric ene reactions involving (-)-8-phenylmenthyl esters of glycine imines, 
give L-enantiomers (21) preferentially, considered to be due to blockage of the 
re-face of the imine by the phenyl group. loo 

The Schollkopf piperazinedione alkylation procedure, and its more recent 
variants, are used year after year both by the originators and increasingly by 
others. The original form of the procedure is now used less for asymmetric 
synthesis of a-amino acids, but the acetylated synthon (22 in Scheme 10) shows 
wider usefulness, for example in allowing U-bromination (NBS)'~' and in 
facilitating aldolization with PhCHO en route to 2,3-methanophenylalanine 
methyl ester.'02 An extraordinary variant involving alkylation (RBr/LiHDMS/ 
THF) of the analogous bis[N-(S)-phenylethyll-(3s)-3-methyl piperazinedione 
gives better than 98% diastereoisomeric excess in up to 96% reaction yields.'03 
Curiously, the (3R)-epimer performs less well. The bis-lactim ether used in a 
popular variant of this procedure was chosen for syntheses of P-trimethylsilyl-D- 
alanine (Scheme 11),'04 L-2-amino-4-phosphonobutanoic acid (see also 
~ef.255),"~ and an t i~a~s in .~ '  The mild conditions (aqueous TFA) for ring- 
opening with release of the amino acid in the form of its ester were exploited in a 
synthesis of D-phenylalanine benzyl ester (better than 95% enantiomeric 
excess). '06 

The continuing interest in enantioselective homogeneous-catalysed hydro- 
genation of a,&unsaturated a-amino acids has been demonstrated recently in 
results for enantiomeric excesses of a modest level (43% for N-benzoyl-L- 
phenylalanine ethyl ester using H2/BICHEP-Ru(I1) complexes'07 to very high 
levels with related chiral phosphines for cinnamates with Rh complexes108~109 or 
Rh or Ni analogues"0 and analogous acylamino(thienyl)acrylic acids,"' and 
ferr~cen~lalanine"~ using Rh-chiral phosphine complexes. Rh-Cyclo-octadiene 
complexes catalyse asymmetric hydrogenation of N-acyl dehydro-amino acids 
when in the presence of 2,3-bis(Odiphenylphosphiny1)-D-glucose ethers.' l3 The 
general topic has been reviewed.l14 

Extending the principle to P-keto-esters through subjecting them to asym- 
metric hydrogenation (chiral Ru complexes) and amination with di-t-butyl 
azodicarboxylate leads to anti-N-Boc-a-hydrazino-P-hydroxyesters (23).'15 
Cyclic a-hydrazino acids are formed diastereoselectively, by aza-Diels-Alder 
addition (Vo1.25, p.17) of azodicarboxylates to homochiral esters ROCH= 
CHCH = CHC02R7 ( R  = tetra-~-acet~l-~-~luco~~ranos-  1 -yl).' l6 

Nucleophilic addition to chiral imines provides a near analogy to the 
hydrogenation process, but previous results have not been as encouraging as 
those (90-96% enantiomeric excess) for additions of organolithium or Grignard 
reagents (CeC13 catalysis) to (24).'17 Reductive cleavage (Raney nickel) leading to 
D-alanine is used to illustrate an asymmetric synthesis. 

The uses of Evans' chiral oxazolidin-Zones in the asymmetric synthesis of 
amino acids have been illustrated in a synthesis of all stereoisomers of 0-methyl 
2',p-dimethyltyrosine incorporating some beneficial modifications (Scheme 12) to 
the usual The same methodology has been used for &methyl- 
tyrosine and has been described as incorporating an asymmetric Michael-like 1,4- 
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addition.'lg Rather more complicated versions of the procedure are involved in 
useful asymmetric syntheses of a-alkyl-, -alkenyl-, and -alkynyl-a-amino acids 
(Scheme 13) through photolytic rearrangement 0701.25, p.17) of oxazolidine 
carbene Cr complexes,'20 and in syntheses of polychlorinated threonines (Scheme 
14), including the previously known (2S,3S)-4,4-dichloro-2-amino-3-hydroxy- 
butanoic acid.12' The four stereoisomers of 3-hydroxyleucine have been synthe- 
sized starting with Sharpless oxidation of (E)-4-methylpent-2-en-1-01 and 
PhCH2NCO-induced epoxide opening to give the 4-(2-hydroxy-3-methylpropy1)- 
N-benzyloxazolidin-2-one.'22 An interesting feature of this synthesis, concluded 
by Jones' oxidation (leading to recyclization to 4-carboxy-5-isopropyloxazolidi- 
none) and de-protection, is the propensity towards epimerization of the inter- 
mediate oxazolidinone. Synthesis of the pyrimidoblamic sub-unit of bleomycin 
A2 has been modelled by stereocontrolled introduction of the C-2 acetamido- 
methyl side-chain through alkylation of the stannous (Z)-enolate of the oxa- 
zolidin-2-one (25).123 The "chiral vinyl anion" equivalent, (S)- 
MeOCH2CH20CH20CHMeCH = CBr2, has been used to convert an imine 1,3,5- 
Me3So2C6H2N = CHR into the corresponding homochiral a-amino aldehyde 
1,3,5-Me3S02C6H2NHCHRCH0, for the purpose of synthesis of homochiral 
oxazolidin-2-ones (26; R' = 2,4,6-Me3C6H2-, R2 = C M ~ ~ C O ~ M ~ ) . ' ~ ~  

An "Org. Synth." has been published 12' for the standard method for 
exploitation of oxazolidin-5-ones in this area, based on the earliest report on the 
introduction of the method'26 The "dehydro-alanine" oxazolidin-5-one (27) 
undergoes gem-dimethylcyclopropanation with Ph3P = CMe2 to give unequal 
proportions of (S)- and (R)-"methanovaline" (alias 2,2-dimethyl-l-aminocyclo- 
propane- l -carboxylic acid). '27 

Corresponding uses for imidazolidinones (28 in Scheme 1 5)12* and pyrro- 
lidines (29 in Scheme 1 6 ) ' ~ ~  indicate the value of five-membered heterocycles as 
chiral auxiliaries. Further results (Vo1.24, p. 12) for the Hg(OTFA)2-catalysed 
cyclization of homochiral amidals to 2,5-trans-imidazolin-4-ones in a synthesis of 
D-a-amino adipic acid illustrate the potential of this method.130 The six- 
membered analogues have already established a competitive foothold in the same 
area of applications, with morpholin-Zones being employed in the enantio- 
selective synthesis of a-alkyl-U-amino acids13' and in continuing studies (see Vol. 
25. p.36) of applications of the cycloaddition reactivity of their derived azo- 
methine ylides with alkenals and alkynals, for the synthesis of prolines of high 
enantiomeric 2-Substituted pipecolic acids have been synthesised from 
chiral morpholin-2,5-diones prepared using a chiral U-hydroxyacid (30 in Scheme 
17 ) . ' ~~  

Applications of enzymes for the synthesis of a-amino acids can extend 
beyond the fermentative production methods used for the production of the 
familiar coded amino acids, covered in the next Section. This small topic area is 
represented in the recent literature by lipase-catalysed hydrolysis of (+)-3- 
benzyloxy-4-hydroxy-~2-isoxazoline butyrate and conventional work-up to 
provide cycloserine enant i~mers , '~~ and (R)- and (S)-oxynitrilase-catalysed en- 
antioselective addition of HCN to aldehydes, with incomplete enantioselectivity 
in forming the cyanohydrins, from which a-amino acids are easily accessible. 
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Improved optical yields result from the presence of organic solvents in the 
reaction media. 135 

4.3 Synthesis of Protein Amino Acids and Other Naturally Occurring a-Amino 
Acids 
This Section concentrates on laboratory synthesis, but fermentative pro- 

duction of the familiar protein amino acids and near relatives constitutes its 
opening paragraph, as it has done over recent years and with an ever more 
perfunctory coverage of the burgeoning literature, now mostly emanating from 
Pacific Rim countries. This topic has an increasingly routine nature but the full 
literature can be easily accessed through Section 16: Fermentations and Bio- 
industrial chemistry of ChemicaI Abstracts. Some contributions in a recent text 
deal with this area, represented by a review of membrane bioreactors for the 
production of L-amino acids,136 production of L-lysine by asymmetric trans- 
formation of U-amino-~-ca~rolactam,'~~ production of homochiral protein amino 
acids through the use of aminotransfera~es,'~~ and a review of methods for the 
production of natural and non-natural homochiral amino acids.139 Production of 
L-DOPA continues to be an active area of research, with descriptions of 
interesting routes from catechol, pyruvate, and ammonia, one using Escherichia 
coli into which had been cloned the gene encoding tyrosine phenol-lyase from 
Erwineia h e r b i ~ o l a ~ ~ ~  and the other, an economical and high yielding route using 
polyphenol oxidase from banana leaf.14' Escherichia coli accomplishes the 
conversion of pyrrol-l-ine 2-carboxylic acid into L-proline. 142 

Simple syntheses have been described for threonine (copper glycinate and 
a ~ e t a l d e h ~ d e ) ' ~ ~  glutamic acid (from cyclopentadiene by successive addition of 
HCl, ozonolysis, arnmonolysis, and hydrolysis).144 A convenient synthesis of L-a- 
amino-adipic acid starts with (S)-hexahydro-3-phthalimid0-2H-azepin-2-0ne.~~~ 

A new synthesis (Scheme 18) of the pyridyl y-hydroxy-B-arninobutanoic 
acid component of Nikkomycin Z, has been developed by authors who were 
unable to reproduce a nitrile oxide addition step in a previous synthesis.146 
Further syntheses of antibiotic components include the bicyclo-C,D,E-diphenyl 
ether component of vancomycin (Scheme 1 9 ) ' ~ ~  and the component ISP-l (alias 
myriocin or thermozymocodin) of a recently-isolated immunosuppressant 
(Scheme 20). 14' 

Alicyclic a-amino acids that derive from natural sources include ring sizes 
from 3 to 6 in this year's literature, which at the small ring end, is represented by 
3-(trans-2'-nitrocyc1opropyl)alanine (a constituent of the peptide lactone hormao- 
mycin). The (f )-compound has been synthesized in three steps from t-butyl 
acrylate, and the (l'S,2'R)- and (1'R,2'R)-isomers (31 in Scheme 21) synthesized 
in six steps from (S)-2,3-isopropylidene glyceraldehyde.149 Carnosadine (32) has 
been prepared from the corresponding cyclopropylmethanol.'50 

A notable synthesis from D-serine 0-t-butyldiphenylsilyl ether, of cis- 
polyoximic acid (Scheme 22), now known to be the natural isomer after a 
correction of the literature, has been reported.15' The non-natural (-)-isomer of 
polyoxamic acid has been synthesized starting from the N-benzyl p-lactam 
(33).lS2 A rearrangement in a synthesis (Scheme 23) of (+)-monomorine, an 
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NHZ 
C02Me 

0 0 

l iii, iv 

OMe 

N HBoc 

Reagents: i, ii, protected L-tyrosine/G eq. KF/DMF/SO 'C; iii, Na2S20,, selective 
conversion of OH to -CH=CH2; iv, CH=CH2 - L-Me02CCHNHBoc 
by standard methods 

Scheme l 9  
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] ii 
C H20 H 

iii 

0 0 

Reagents: i, extended sequence of standard functional group manipulations; 
ii, RuCIflaIO,; iii, iv, J-Chem. Soc., Perkin Trans. 1, 1983, 161 3 

Scheme 20 

Reagents: i, MeNOflF, then Ac20/DMAP and NaBH,; ii, TsOH; iii, OH group 

protection; iv, Na2COrtoluene/l 10 OC/15h; v, 4H20Tr  - CH2Br, 
then P~~C=NCH~CH~CO,BU'/BUL~ and routine deprotection 

Scheme 21 
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(33; R = D-mannitol residue) (-)-polyoxamic acid 

OTBDPS 

N2C H ,dot 

1 iv, iii, v 

Reagents: i, Rh,(OAc),; ii, NaH, (N -methoxy-N -methyl)-2- 
(triphenylphosphoranylidene) acetamide - trans :cis = 1 1 :89; 
iii, cis - LiAIH4; iv, CBr4, PPh3; v, remove TBDPS, Jones' reagent, 
remove Boc 

Scheme 22 
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/ 
iii, iv 

NHBoc 
Bzl 

Me 

(+) - monomorine - - 
L N ~ C o 2 T 1 P s  

Reagents: i, DIBAL-H; ii, CH2=CHMgCI; iii, protecting group changes; 
iv, BrCH2C02Ph; v, TIPS-OTf 

Scheme 23 
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Bu, ,Bu 
OTBDPS O..B\O 
I 

CO Me Ph 

OTBDPS 1 
BocNH 

Bno 

BnO, 

i - iii M e o ~ N ~ o  

TMS = 
(CH212 H 

I 
OTBDPS 'e 

Reagents: i, H20; ii, Curtius (DPPA/Bu'OH) degradation; 
iii, - CEC - - -C02H with OsOJNaI04 

Scheme 39 

,R 



I :  Amino Acids 

+ 
H 

OMOM OMOM + epimer (30%) 
N 

OTMS 

H OH 
OMOM 

N H2 

Reagents: i, C02Me - CH20H; ii, protecting group introductions and changes; 
iii, MeC,CCH2CH2Br; iv, Co2(CO)$CH2C12; v, H,/Pd on epimer mixture; 
vi, FeCIdEtMgBr,TMSCI on major isomer; vii, followed by routine 
development - (-)-kainic acid 

Scheme 24 
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TMS TMS 
t 

ii, iii OTBDMS 

OTBDPS OTBDPS 

OTBDPS 

Reagents: i, TMSC(Me)=CICH21 (from TMSCH2CMe=C=CHd; 
ii, deprotection, TsOH, [0], (CF3CH20)2P(0)CH2C02Me 
iii, Bu,SnH/AIBN; iv, protodesilylation, then complete deprotection 

Scheme 25 
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i 

OTf 4 

acromelic acid B 

Reagents: i, L-vinylglycinol-derived oxazolidin-2-one; 
ii, -CH=CH2 - -CH(CO,BU'),; iii, -CN - - C H 0  etc .; 

iv, MeONa; v, established methods 

Scheme 26 

l i i - v  

Reagents: i, AllocCI; ii, KHDMS; iii, Me2C=CHCH2Br; iv, Pd(PPh,),; 
v, Ph(CH2)CH0 then ii 

Scheme 27 
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NH-CO 

X 
BocN 0 

X 
BocN 0 

l ii, iii 
iv, v 

H 0  - JJ 
H, CO2- 

(+) - bulgecinine 

Reagents: i, (R) - isopropylideneglyceryl chloridelPd(0); ii, L - Selectride; 
iii, 12/MeOH; iv, TBDMSCI; v, steps established earlier (Tetrahedron, 

1987, 43, 423) 
Scheme 28 
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HCONHCMe(SiMe3)C02Et, and a-acetoxyglycine analogues, yield highly 
electrophilic iminium ions by electrochemical oxidation, that react with allyl- 
silanes and silyl ethers to give novel a,a'-disubstituted glycines. I7O A notable 
inclusion in the list of amino acids prepared in this way is the a-phenyl family. 

4.5 Synthesis of a-Amino Acids Carrying Alkyl Side-chains, and Cyclic 
Analogues 
Close structural analogues of the aliphatic protein amino acids are 

collected here, together with alicyclic analogues. 
Acyclic a-amino acids fulfilling the title of this Section include new types of 

4,4-disubstituted L-glutamic acids (4-methylene-, 4,4-dimethyl-, and the cyclo- 
propyl analogue incorporating C-4, prepared as conformationally constrained L- 
glutamic acid analogues from Boc-L-aspartic acid y-benzyl ester via (36), which is 
subjected to amino~arbon~la t ion .~~~  Three diastereoisomers of L-2-(2-carboxy-4- 
methylenecyclopenty1)glycine have been prepared (one of which is a potent 
kainoid receptor agonist), through the use of chiral oxazolines (37) and similar 
heterocyclic auxiliaries, starting with alkylation by 2-[(trimethylsilyl)methyl]prop- 
2-en-l-yl acetate.172 More pedestrian syntheses of 4-methyl- and 4-ethyl-L- 
glutamic acids from corresponding glutaric acids are mediated by glutamic 
oxalacetic amin0tran~ferase.l~~ Further synthetic targets for the L-serine-derived 
zinc reagent shown in Scheme 28 include a-(4-0x0-alky1)-a-amino acids (elabo- 
rated into (+)-bulgecinine precursors),174 and alkylation of the synthon by 
C ~ H ~ + F ~ ( C O ) ~  PF; gives cyclohexadienylalanine;'75 reactions with chloro- 
formates176 and with acyl chlorides and allylic  chloride^"^ have also been 
described, the last-mentioned study covering uses of the glutamic acid-derived 
organocopper analogue. The y-oxoalkyl a-amino acids have been approached in 
another way, from nucleophilic ring-opening of activated chiral a-alkoxycarbonyl 
p-lactams by M ~ ~ s + ( O ) C H ~ ,  by lithiated sulfones, or by B U ~ C U ( C N ) L ~ ~ . ' ~ ~  

a-Amino acids with alicylic structures in the side-chains continue to attract 
attention as conformationally-constrained mimics of the physiological action of 
the familiar acyclic protein amino acids, and the lactone (38) is a useful 
cyclopropyl chiron for the synthesis of 2,3-methano-amino acids17' (several other 
recent papers describe synthesis of members of this class: Refs. 72, 78, 102, 342). 
A simple synthesis of l-aminocylopropanecarboxylic acid starts with the conver- 
sion of a chelated homoserine into 2-arnin0-4-brornobutyrate.~~~ Further poten- 
tial glutamic acid agonists, (39) and its stereoisomer with reversed chirality for 
the ring C02H groups, have been prepared following the synthetic methodology 
reported earlier by the same workers (Vol. 24, p.22).'81 Alkenoic esters prepared 
from (1S,2R)-PhCHRCHPhOH [cleavable by P~(OAC)~], have been used for the 
preparation of (1 S,2R)- l -amino-2-phenylcyclopropane carboxylic acid. 18* 

Cyclic a-imino acids, the family of alicyclic a-amino acids that enclose the 
amino group as a member of the ring, are represented in a synthesis of (-)-trans- 
azetidine-2,6dicarboxylic acid,'83 in a synthesis of 5,5-dimethyl-DL-proline (pre- 
pared by addition of HCN to 5,5-dimethylpyrrolideine  oxide,"^ and in an 
interesting aza-Cope rearrangement process (Scheme 29).185 A more conventional 
proline synthesis employs L-pyroglutamic acid (Scheme 3 0 ) ~ ' ~ ~  
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Scheme 29 

iii, i, iv 

Reagents: i, conventional methodology; ii, LiHDMS/BrCH2C02R; iii, separate 
epirners; iv, deprotection 

Scheme 30 
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Six-membered ring a-imino acids approached through unusual routes 
include 4- and 5-substituted (S)-pipecolic acids, formed by ring-expansion of 
4-0x0-L-proline with N ~ C H C O ~ E ~ . ' ~ ~  The 4-oxopipecolic acids on reduction and 
sulfation give homochiral products exhibiting potent NMDA receptor agonist 
activity. NMDA Antagonism is shown by 3-(P)-phosphonoalkyl-substituted 
pipecolic acids prepared by established methodology.188 Aza-Diels-Alder cyclo- 
addition methods providing pipecolic acid derivatives involve N-camphor- 
sulfonylimines RS02N = CHC02Et (prepared from the corresponding a- 
bromoglycine derivative) with Danishefsky's diene,lg9 and N-arylidene a,$- 
dehydro-a-amino acid esters ArCH = NCH( = CH2)C02Me (prepared by either a 
long-known method from cysteine methyl ester, or from serine methyl ester) with 
electron-deficient alkenes (an interesting aza-Cope rearrangement concludes one 
of these syntheses). lgO 

Conventional Diels-Alder addition of cyclopentadiene to either isomer of 
4-benzylidene-2-phenyloxazol-5(4H)-one provides all four racemates of 2-amino- 
3-phenylnorbornane-2-carboxylic acids. lgl  

4.6 Models for Prebiotic Synthesis of Amino Acids 
Conventional studies of the formation of a-amino acids in activated 

mixtures of simple compounds [A2]aqueous ammonium acetate subjected to high 
energy LET particle [ lO~(n ,a )~~i ]  irradiation, or "CO-y-irradiation, giving 
aspartic acid, serine, glycine, alanine, valine, P-alanine and y-aminobutyric acid, 
etc),lg2 or UV irradiation of a gaseous mixture of H2 and H C N , ~ ~ ~  as reported in 
this Section over the years, are accompanied by results of investigations into 
intermediate stages involved in abiotic synthesis of the starting compounds. 
Formation in the early non-reducing atmosphere, of ammonia or fixed-nitrogen 
compounds required by theories of prebiotic a-amino acid synthesis, must have 
proceeded via nitric oxide, thence to nitrous and nitric acids whose reduction in 
water at pH 7.3 at temperatures above 25°C can be accounted for by the 
oxidation of ferrous salts to ferric compounds.'94 

Aqueous solutions of ammonia and 2-aminopropionitrile, a putative 
alanine precursor plausibly formed in an HCN-containing atmosphere, react to 
give 2,2'-iminodipropionitrile, N-(cyanoethyl)alaninamide, and alanine. 3- 
Aminopropionitrile reacts similarly to give p-alanine, among other products. lg5 

4.7 Synthesis of a-Alkoxy-a-Amioo Acids and Analogous a-Heteroatom- 
substituted a-Amino Acids 
Several papers have appeared dealing with members of the easily-prepared 

a-hydroxyglycine family and analogues that are also mentioned in other sections 
of this Chapter. N-2-[-(Diethoxyphosphonyl)]glycine has been prepared from 
2-a-hydroxyglycine (i.e. ZNH2 + OHCC02H) using PC15/P(OEt)3, and de- 
protection and Schiff base formation have been demonstrated.lg6 

Growing interest in protected a-aminoglycines (Scheme 31) and sulfur 
analogues for use in peptide synthesis is supported by relevant preparative 
methods.lg7 
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4.8 Synthesis of a-Halogenoalkyl a-Amino Acids 
Amino acids carrying fluoroalkyl side chains have yielded rewarding results 

as far as their enzyme inhibitory properties are concerned, and their synthesis 
continues to be studied, in some cases providing novel mechanistic insights. 

A y-fluorine substituent increases the propensity for 1,4-addition during 
the ammonolysis of a,gunsaturated a-bromobutenoic acid esters, leading to 
aziridines and lowering the yields of the intended reaction product, the trans-P,y- 
unsaturated y-fluoroalkyl-a-amino acids.19' New fluorinated analogues of (S)- 
norvaline (4,4-difluoro-, 4,4,5,5,5-pentafluoro-) and of (S)-norleucine (53-di- 
fluoro-, 5,5,6,6,6-pentafluoro-, and 4,4,5,5,6,6,6-heptafluoro-) have been prepared 
by standard methods,'99 also illustrated for the synthesis of a 1:l-mixture of 
(2S,4S)- and (2S,4R)-5,5,5-trifluoroleucine from 5,5,5-trifluoro-4-methyl-2-0x0- 
pentanoic acid by enzymatic transamination using Alcaligenes faecalis IAM 
1 0 1 5 . ~ ~  

A review of synthetic approaches to 4-fluoroglutamic acid,"' and methods 
for the preparation and separation of cis- and trans-4-fluoropyroglutamic acid, 
have been published.202 All four stereoisomers of 4-fluoroglutamic acid are 
accessible from (-)-trans-4-hydroxy-L-proline through inversion at C-4 (Ph3P/ 
DEAD), substitution of the hydroxy group by diethylaminosulfur trifluoride, and 
Ru04 r i n g - ~ ~ e n i n ~ . ~ ' ~  DL-3,3-Difluoroglutamic acid is accessible from 3-hydro- 
xyprolinol in a very similar way.204 4,4-Difluoro-L-arginine has been prepared 
from Boc-D-serine via the Garner aldehyde (37; C H 0  in place of - 
CH = CHC02R) through reaction with ethyl bromodifluoroacetate and routine 
elaboration to incorporate the guanidine grouping.205 A combination of side- 
chain fluorination and phosphonation to provide potential pharmacological 
activity is involved in 4-phosphono(difluoromethy1)-DL-phenylalanine, a target 
reached through a synthesis starting from 4-(diethoxymethy1)benzaldehyde and 
its reaction with ethyl a-azido-acetate.*06 A protected L-tyrosine O-trifluoroace- 
tate is the starting material in an independent synthesis of the L-analogue, 
involving carbonylation [CO/P~(OAC)~], conversion into the triethoxyphospho- 
nylcarbonyl-L-phenylalanine, and fluorination with diethylaminosulfur tri- 
fluoride.207 

4.9 Synthesis of a-(m-Hydroxyalkyl) a-Amino Acids 
This, one of the particularly variegated families of modified a-amino acids, 

is accessible through a range of mechanistically-interesting synthesis methods. 
P-Hydroxyalkyl-a-amino acids are easily prepared from glycine derivatives by 
aldol reactions using aliphatic aldehydes unless steric hindrance is involved; in 
which case, titanium enolates formed through transmetallation of lithium eno- 
lates using dichloro-di-isopropoxy-titanium are useful. They react well with N- 
alkylideneglycine esters preferentially yielding the anti-isomer under kinetic 
control, and have provided anti-2R-products with glycinamides in which the 
amide moiety is a chiral o x a ~ o l i n e . ~ ~ ~  Separable mixtures of diastereoisomeric 
racemates of P-hydroxyalkyl-a-amino acids are obtained when glycine enolates 
[C13CCONRCH2C02Me + CF3S03SiMe3 -, C13CCONRCH = C(OMe)OSiMe3] 
react with aldehydes.209 
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Ethylene oxide is a valuable vinyl cation equivalent for use in the synthesis 
of y-hydroxyalkyl-a-amino acids through alkylation of di-anions formed from N- 
benzoylglycine esters using LDA (Scheme 32),210 and thence to u-vinyl-a-amino 
acids. Nitrogen functions can be introduced stereoselectively into D-ribonolac- 
tone to yield 4,5-dihydroxy-D-erythro-norvaline and 4,5-dihydroxy-L-threo-nor- 
~al ine .~l l  Monosaccharide derivatives (40) and (41) have been used in 
sophisticated syntheses of hydroxylated l-aminocyclopentanecarboxylic acids212 
and furan the routes incorporating mechanistically-interesting ring- 
contractions. 

N-Z-0-TBS-L-Serinal yields (5s)-2-amino-(4R)-hydroxy-6-TBSO-hex- l - 
ene through highly stereoselective addition of allyltrimethylsilane, elaboration 
giving (2~,3~)-3-h~drox~~roline.~'~ 

N-Protected L-aspartic acid a-esters are useful starting points in the 
synthesis of a-(a-hydroxyalky1)-a-amino acids, through subjecting them to side- 
chain elaboration, and they have been used in a synthesis of RI-331 [(-)-5- 
hydroxy-4-oxo-~-norvaline];215 and in a similar way using hexafluoroacetone as 
protecting agent for both amino and a-carboxy 2-Amino- 
5,6-dihydroxy-5-(acetamidomethy1)hexanoic acid is an interesting putative bio- 
synthetic precursor of oxapenam antibiotics, that has now been established to be 
represented by (42) through synthesis from N-Z-P-iodo-L-alanine by free-radical 
alkylation with HOCH2C(= CH2)CH2SnR3, followed by Sharpless epoxidation 
and routine elab~ration.~~'  

4.10 Synthesis of a-Amino Acids with Unsaturated Aliphatic Side-chains 
In addition to standard methods of synthesis involving elimination re- 

actions [of a-vinylglycine, Ref.210 and preparation from L-methionine via the 
s u l f ~ x i d e ~ ' ~  and of a,P-dehydroamino acids, (MeS)2C = NC(C02Me) = CHR 
starting from P-hydroxy-a-amino acid~,~l9], some unusual approaches provide 
useful new methodology. (2S,3S)-2-Amino-3-methylpent-4-ynoic acid has been 
prepared starting with 3 - c h l o r o b ~ t - l - ~ n e , ~ ~ ~  and the serine-derived organozinc 
synthon (cf.Refs. 174- 177) has proved useful via transmetallation [-, IZn(CN)- 
CuCH2CH(NHBoc)C02Bn] for synthesis of allenic amino acids through reaction 
with toluene-p-sulfonyloxymethyl alkynes RC CCHR'OTS.~~' 

a-Allylglycine has been prepared from methionine by the application of the 
Ramberg-Baecklund rearrangement .222 

4.11 Synthesis of a-Amino Acids with Aromatic or Heteroaromatic Groupings in 
Side-chains 
Active research topics providing routes to near relatives of the aromatic 

and heteroaromatic protein amino acids are reported in several recent papers 
collected here. Standard methodology for the preparation of phenylalanine 
analogues is illustrated in a route to 3'-azidotyrosine employing 3-azidophenol, 
pyruvic acid, and tyrosine phenol-lyase.223 Preparations of conformationally- 
constrained L-phenylalanine analogues, one using Evans' meth~dology,~" and 
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Reagents: i, R'OCONH~, Me2CHSH; ii, R~OCONH~NBS 

Scheme 31 

l iii 

Reagents: i, LDA; ii, ethylene oxide; iii, LDA, R ~ X ,  then (PhSe)flaBH(OMe),; 
iv, 03, R10H2, A 

Scheme 32 
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another developing existing routes to trans-2-carboxy-4-substituted tetrahydro- 
quinolines (43) that are showing promise as glycine-site NMDA antagonists (see 
also Vo1.25, p.40).225 Simple transformations through nucleophilic substitution 
of p-iodophenylalanine derivatives lead to new phenyl-modified analogues, e.g. 
p-(tri-n-butylstannyl)phenylalanine.226 A new synthesis of actinoidic acid (44; 
H ~ N + C H C O ~ -  in place of CHO) involves an efficient biphenyl-forming step 
(44 + 45 --+ 46) followed by Strecker synthesis.227 

Tryptophan analogues continue to predominate in the heteroaromatic 
category, with new examples prepared through familiar routes. L-4-Aza-trypto- 
phans are accessible through the condensation of a 4-aza-indole with serine, 
mediated by tryptophan ~~nthase:~' and chlorotryptophans have been prepared 
similarly,229 while N-l- and C-Zsubstituted tryptophans, and 5-substituted 
analogues, are available from the corresponding indoles through alkylation by 
BrCH2C(=NOH)C02Et and conventional elaboration.230 Pd-Catalysed annu- 
lation of substituted 2-iodoanilines with 8-silylated propargylglycines gives 
substituted tryptophans.231 a-Substituted 5-hydroxytryptophans have been 
obtained through alkylation of homochiral pyrroloindoles (Vo1.25, p.40) (LDA, 
bromoalkane) with retention of configuration.232 1,2,3,4-Tetrahydro-2-amino-2- 
carboxycyclopent[b]indole is a new confonnationally-constrained tryptophan 
analogue prepared through the hydantoin synthesis from the corresponding 
ketone.233 

Side-chain pyridinium salt moieties are accessible from the corresponding 
P-(pyrid-3-y1)alanines through alkylation using a halogenoalkane in the presence 
of ~ ~ ~ 0 . ~ ~ ~  A general route to such p-(heteroary1)alanines has been fully 
documented for the case of N-2-P-(pyrazol- l -yl)-L-alanine, prepared from N-Z- 
L-serine through conversion (Ph3P/DEAD) into the ~ - 1 a c t o n e . ~ ~ ~  Boc-L-Serine 
methyl ester has been converted into novel amino acid nucleosides via its 
methylthiomethyl ether followed by reaction with silylated N-benzoyl purine and 
pyrimidine bases.236 Vederas' 1988 route to these compounds using N-Boc-L- 
serine-p-lactone continues to be used by others.237 

Further examples have been provided of preparative methods leading to 
new P-(heteroary1)alanines and homologues containing two or more nitrogen 
atoms. ~-[(3-~hos~honoalk~l)~uinoxalin-2-~l]alanines~~~ present a familiar 
general disposition of functional groups (47) for potential NMDA receptor 
affinity. y-(3,5-Dimethylpyrimidin-2-ony1)-L-butyrine has been prepared from L- 
glutamic acid via the corresponding ~ r e i d e . ~ ~ ~  a-(Tetrazol-5-y1)alkyl analogues 
have been prepared as potential NMDA antagonists? and trans4(tetra- 
zol-5-y1)-L-proline (LY300020) has been announced as a novel systematically- 
active AMPA agonist, prepared from N-Z-hydroxy-L-proline via nucleophilic 
displacement by CN- on the 0-toluene-p-sulfonyl derivative followed by tetrazole 
construction with B U ~ S ~ N ~ . ~ ~ '  

3-(Thiazol-4-y1)alanines and selenium analogues have been prepared by 
conventional Hantzsch synthesis from 2,2-bis(trifluoromethyl)4(3-bmo-2-ox- 
opropy1)-1,3-oxazolidin-5-one, readily obtained from aspartic acid protected by 
condensation with hexafluor~acetone.~~~ Thiazol-2- and 4-yl analogues and 
homologues have been reported independently.243 
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4.12 Synthesis of a-Aminoalkyl a-Amino Acids 
Derivatives of the basic protein amino acids showing useful pharmacolo- 

gical potential include the cyclized ornithine derivative (48), already known to act 
as a partial agonist of the glycine site of the NMDA receptor. A series of P- 
substituted analogues has been prepared by the previously-established method- 
ology.244 Ring-opening by hydroxylaminolysis, of the pyrrolid-l-ine carboxylic 
acid obtainable from hydroxy-L-proline, gives the oxime of the a-keto-acid 
corresponding to (4~)-h~drox~ornithine.~~~ One-pot Schiff base alkylation and 
amination of (Z)-AcOCH2CH = CHCH20C02Et by BocONHBoc or Me2NH, 
respectively, gives 1,4-adducts with Ph2C =NCH2C02Et from which, by hydro- 
genation, ~ ~ - ~ ~ - h ~ d r o x ~ l ~ s i n e  and DL-laminine can be obtained.246 The same 
target, but the L-(+)-enantiomer, has been synthesized starting from L-allyl- 
glycine, through a sequence resulting in hydroxyrnethylation at ~ - 5 . ~ ~ ~  

Mitsunobu processing of N-Fmoc-L-threonine and -allo-L-threonine N- 
Boc-hydrazides, giving (2S,3R)- and (2~,3~)-l*~-~moc-~~-~o~-a,~-diamino 
acids, can be operated on a multigram scale.248 The greater confidence with 
which U-amino aldehydes are being used is illustrated in a synthesis of homochiral 
2,4-di-amino acids (49 -P 50) .~~ '  

4.13 Synthesis of a-Amino Acids Carrying Sulfur- or Selenium-containing 
Sidechains 
Cysteine homologues RNHCH2S(CH2)2CH(NH2)C02H and MeS(CH2)3 

CH(NH2)C02H that are, from another point of view, also lysine and methionine 
analogues respectively, are accessible from L-methionine by Na/NH3 cleavage 
and S-alkylation by AcNHCH20H, and from L-ornithine through nucleophilic 
substitution of the derived pyridinium salt by methanethi~late.~'~ 

Isothiazolidine- l ,  l -dioxide 3-carboxylic acid2" can also be viewed in two 
ways; as a proline analogue or as a homocysteine analogue. A near analogue (51) 
has been unintentionally prepared, in addition to the expected sulfonamide, 
through reaction of aspartic acid diesters with arenesulfonyl chlorides.252 

4.14 Synthesis of a-Phosphonoalkyl a-Amino Acids and a-Amino Acids 
Carrying Other Phosphorus Functional Groups in Side-chains 
Representing the simplest trivalent phosphorus derivatives, N-protected 

3-(triphosphonio)alanine esters are valuable in synthesis for preparing "vinyl- 
glycines" with high optical purity through ylide formation and reaction with 
carbonyl compounds [with PhCHO -* (S,E)-PhCH = C H C H ( N H R ) C O ~ ~ . * ~ ~  

Another simple representative of this family, (2R)-2-amino-5-phosphono- 
pentanoic acid, is available through an interesting new route from (S)-serinal that 
involves addition of the trimethylsilylethyne carbanion, dehydration-rearrange- 
ment to the allene, and (after reductive de-silylation) routine completion of the 
synthesis.2s4 Its near relative, (E)-H203PCH2CH = CHCH(NH2)C02H, a con- 
stituent of plumbemicine, has been prepared through standard bislactim ether 
methodology or from ethyl 3-ethenyloxazoline 4 -ca rbo~~la te .~ '~  The 4-0x0 
analogue of (2R)-2-amino-5-phosphonohexanoic acid has also generated interest 
as a receptor antagonist, and homologues carrying methyl substituents at other 
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side chain locations, have been prepared (they are less strongly bound to 
r e ~ e ~ t o r s ) . ~ ~ ~  

Synthesis of (4'-phosphonodifluoromethyl)phenylalanines has been 
covered in the earlier Section 4.8. 

Intense synthesis activity must be an accurate description of work leading 
to the identification and stereospecific synthesis of (2R,4R,5S)-2-amino-4,5-(1,2- 
cyclohexy1)-7-phosphonohept anoic acid, the potent, selective, and competitive 
NMDA antagonist (52), previously prepared in admixture with other stereo- 
isomers (NPC 12626). An efficient nine-step synthesis incorporates the hydantoin 
method to construct the a-amino acid moiety on the 4,5-bis(carboxymethy1) 
cyclohexene monomethyl ester.257 

4.15 Synthesis of Isotopically Labelled a-Amino Acids 
Direct synthesis of 2~-labelled a-amino acids based on enzyme-catalysed 

exchange in 2 ~ 2 0  represents the simplest approach, and as illustrated in experi- 
ments with Escherichia coli cystathionine y-synthase, can be operated on a gram 
scale with several protein amino The procedure is most effective with 
arginine, glutamic acid, histidine, homoserine, and lysine; less so for asparagine, 
glutamine, methionine, ornithine, and S-methylcysteine; and of insignificant use 
for other amino acids. Some P-exchange can also be detected. Improved chemical 
catalytic exchange methods (better than 95% exchange) have been described as 
applied to syntheses of [2,3,5,6-2~4]tyrosine and [2,3,4,5,6-2~5]phenylalanine, as 
part of an account of new syntheses that include [2,3,5,6-2~4]phenylalanine and 
[2,3,6,7-2~4]tryptophan.259 2 ~ - ' ~  Exchange kinetics in 2 ~ 2 0 - 2 ~ ~ 1  and 
2 ~ 2 0 - 2 ~ 2 ~ 0 4  for L-phenylalanine, L-tyrosine, and L-tryptophan, and for 
[2,4,5,6,7-2~5]~-tryptophan and [3,5-2~2]~-tyrosine in aqueous HCl, yield activa- 
tion energies for direct exchange at various atoms in these amino acids.260 

Stereospecific syntheses in the 2~-labelling category have been reported for 
(2~,3~)-[3-~~]-3-meth~las~artic acid,261 and for (2~,3~)-[2,3-~H~]-~-ornithine 
and (2~,3~)-[3-2~]-~-ornithine, by asymmetric homogeneous-catalysed reduction 
[(R)-Rh-Prophos] of the protected a,P-dehydro-a-amino acid PhCONHC 
(C02Me) = C R ( C H ~ ) ~ N P ~ ~ . ~ ~ ~  Labelled pyroglutamic acids formed by intra- 
molecular ketene trapping in diazomethyl ketones originating in labelled glutamic 
acids, can be reduced (BH3-Me2S) to ( 2 ~ , 3 ~ ) - [ 3 - ~ ~ ] -  and (2S,3R)- 
[2,3-2~2]prolines263 

Tritiated analogues of GABA and P-phenylGABA, respectively, can be 
secured either through addition of 3 ~ 2  to PhtNCH2C E CC02Me, catalysed by 
tris(triphenylphosphinerhodium(I) chloride, and work-up to give (E)- and (Z)- 
H ~ N C ~ H  = c ~ H c o ~ H , ~ ~ ~  or by Pd/C-catalysed addition of 3 ~ 2  to the homo- 
chiral ester PhtNCH2CPh = C H C O ~ R . ~ ~ ~  

Among carbon isotopes, the most interesting synthetic challenges are 
provided by the need to introduce the short-lived "C label within the shortest 
possible time. There have been many impressive successes in this respect, reviewed 
recently.266 New results include an interesting route to a-[3-1'~]aminoisobutyric 
acid (Scheme 33) with an unusual N-protection strategy,267 and independent 
reports on the preparation of [ " ~ ] - ~ - m e t h i o n i n e ~ ~ ~  and its ~ L - a n a l o ~ u e . ~ ~ ~  
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Strecker methodology leading to ~L-[ l - '~qval ine from isobutyraldehyde 
and K '~CN followed by resolution using a D-amino acid oxidase-branched 
amino acid aminotransferase enzyme cocktail illustrates a typical approach to a 
simple case.270 L-Glutamic acid can be prepared carrying "C at any position 
through enzyme-mediated syntheses employing appropriately-labelled pyruvic 
acid, acetic acid, and sodium bi~arbonate.~~' 14c-~i~abatrin has been synthe- 
sized.320 

Multiple labelling is carried out increasingly confidently, illustrated by a 
one-pot preparation of D L - [ ~ - ' ~ N , ~ - ~ ~ C ] U ~ ~ C  acid from 2-bromobutyrolac- 
tone using potassium ["~]~hthalimide and ~ - [ 3 , 4 - ~ ~ ~ ~ ] ~ r o l i n e  and L- 
["~]~rol ine from correspondingly-labelled L-glutamic acids via the appropriate 
5-0x0-L-prolines (reduction of the amide grouping via the thioamide using 
B U ~ S ~ H ) . ~ ~ ~  Stereoselective synthesis and applications of L-["NI- and -[13c]- 
amino acids, prepared either from labelled L-serines produced through bacterial 
synthesis, or using I -chloro- l -nitrosocyclohexane as electrophilic amination 
agent for chiral enolates, has been reviewed.274 

15~-~nr iched  amino acids can be prepared through use of a coupled 
enzyme system, e.g. ( 1 5 ~ 4 ) 2 ~ ~ 4  with U-ketoglutaric acid and glutamate de- 
hydrogenase.275 Direct chemical synthesis of labelled asparagine and glutamine, 
based on [15~ammonolysis of the benzyl esters of the N-Boc-amino acids, is 
straightforward.276 

18F is another short-lived isotope whose properties lead to important 
medical uses when it is incorporated into an U-amino acid. The topic has been 
reviewed.277 The chemistry of fluorination and the need for relatively swift 
working, in view of the short half-life of the isotope, lead to choice of the tyrosine 
family as substrates, and there have been new syntheses in this category. 6-[''F]- 
and 4-[18fl~luoro-m-tyrosines have been prepared through "F-de~tann~lation 
(using [''F]"F~ and [' '~]acet~l hypofluorite), of (3'-acetoxy-5'-trimethylstanny1)- 
phenylalanine, protected as its N-trifluoroacetyl ethyl ester derivative."' 6- 
[ 1 8 F ] ~ l u o r o - ~ - ~ ~ ~ ~  is accessible (in 110 minutes' reaction time) from 6- 
nitroveratraldehyde, subjected to nucleophilic  fluorination and further 
elaboration into 2-["F]fluoro-4,5-dimethoxybenzyl bromide and presentation to 
the Li enolate of the l-(S)-camphorimine of glycine t-butyl ester or (S)-(-)-l-Boc- 
2-butyl-3-met hyl-4-imidazolidinone, giving ca.8 5 % enantiomeric excess.279 

6 - [ 7 7 ~ r ] ~ r o m o ~ ~ ~ ~  is accessible through direct bromination of 
DOPA.~'O 

4.16 Synthesis of $-Amino Acids and Higher Homologous Amino Acids 
Amdt-Eistert homologation is a standard general approach in this area, 

and bearing in mind the easy availability of U-amino acids, it is used for the 
synthesis of pamino acids more often than for the higher homologues. Its use is 
illustrated for homologation of cis4hydroxy-L-proline (Scheme 34).281 A new 
approach to homologation of U-amino acids in which derived ketones are 
subjected to the Wittig reaction followed by diastereoselective hydroboration, 
oxidation and de-protection [MBzlNTsCHR'C(=CH2)R -+ MBzlNTsCHR' 
CHRC02H] has been investigated.282 A novel diastereoselective rearrangement 
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of 0-prop-l-enyl a-N-acyl(methylamino)alkyl ethers, leading to P-(acyl-N- 
methy1amino)aldehydes (Scheme 35) amounts to a synthesis of a p-amino acid 
from an equivalent a-amino A use of a-N-Boc-amino aldehydes for the 
synthesis of p-(N-Boc-amino)-a-keto acids employs 2-trimethylsilylthiazole to 
supply the extra carbon atom, through the formation of the aldol-type adduct, 
the corresponding 2-(~-~-~oc-amino-a-h~drox~)thiazole.~~~ Selective reduction 
of the cyano-group of l -cyanocyclopropanecarboxylic acid benzyl ester has 
provided the I-aminomethyl analogue, required for study as a mechanism-based 
inactivating agent for mono-amine ox ida~e .~~ '  

The addition reactivity of imines has been as useful for p-amino acid 
synthesis as for the preparation of their U-amino acid analogues, though with the 
unique benefit of being able to base the method on mild Lewis acid-catalysed 
addition of ketene acetals (Scheme 36).286 With the inclusion of vinylic ketene 
acetals in one of these studies, it was possible to demonstrate the effectiveness of 
the method for the synthesis of &amino acids. 

a,p-Unsaturated p-amino acids are produced by "allylic" acylation of 
imines by carbonyldi-imidazole [R'N = C R ~ C H ~ R ~  + Im2C0 -* R'NHCR~ 
= C R ~ C O I ~ ] , ~ ~ ~  and base isomerization of N-benzylimines of p-fluoroalkyl-p- 
keto-esters gives high yields of corresponding N-benzylidene p-amino acid 
esters.288 Addition of malononitriles to imines [RCH(CN)2 + R9N= CHAr -, 
R'NHCHArCR(CN)2] calls for high pressures.289 

The growth in interest in enantioselective methods for p-amino acid 
synthesis is now very noticeable. The recent literature includes descriptions of 
several new procedures as well as extensions of methods used in the asymmetric 
synthesis of a-amino acids. The imine addition theme is given an interesting 
variation in a synthesis of (R)-p-amino acids using (S)-prolinol-based hydrazones 
that can be alkylated by an organometallic reagent (Scheme 37). The synthesis 
target is released by reductive N-N cleavage followed by ozonolysis.290 99% 
Diastereoisomeric excess is claimed in the addition of a chiral imine (Scheme 36; 
R2 = (R)-PhChMe-, R' = Ph) to silyl acetals mediated by an in situ-generated 
homochiral borate complex.29' The Staudinger reaction (ketene + imine P- 
lactam) applied to the homochiral imines ArCH =NCHMePh with AcOCH2- 
COC1/NEt3 gives an unequal mixture of cis-adducts from which, after separation 
and HCl ring opening, phenylisoserine esters are obtained.292 A similar approach 
using the homochiral Evans-Sjogren ketene (from an N-ClCOCH2-oxazolidin-2- 
one) has been used.293 

Asymmetric Michael addition has been used previously in the p-amino acid 
field, usually to establish chirality at the p-carbon atom. Addition of lithium (R)- 
(-methy1benzyl)benzylamide to t-butyl cinnamate and its 2-methyl analogue gives 
P-phenylalanine (95% e.e.) and its a-methyl homologue, as well as corresponding 
~ - 1 a c t a m s . ~ ~ ~  Addition of a chiral azepine to t-butyl crotonate followed by 
hydrogenolysis gives a mixture of erythro- and threo-a-substituted $-amino acid 
esters,295 while addition of lithium enolates to homochiral Zaminomethyl 
acrylates (53) is exceptionally effective (better than 99% diastereoselectivity) in 
establishing a - ~ h i r a l i t ~ . ~ ' ~  It would be interesting to see the method extended to 
acrylates carrying a homochiral Z(aminoalky1) grouping, with or without the 
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Reagents: i, L-alanine; ii, BuLi + 2,2,6,6 - tetramethylpiperidine; iii, "CH~I; 
iv, 5M aq. HCI 

Scheme 33 

Reagents: i, BU~OCOCI, NMM; ii, CH2N2; iii, BzOAg/MeOH, 40 "C; 
iv, deprotect 

Scheme 34 

RCONMe 
i 

RCONM~CHBU'OCH=CHM~ - 
Me 

Reagent: i, TMS triflate 

Scheme 35 

either or 

1 iii 

Reagents: i ,  metal salt of Lewis acid coated on dry montrnorillonite; 
ii, &OM; iii, H20 

Scheme 36 
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Reagents: i, RM; ii, Me0,CCI; iii, [H](N-N cleavage); iv, 0,; 
v, deprotection 

Scheme 37 
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homochiral N-substituents. Michael addition through the nitrogen atom of 
homochiral oxazolidin-Zones to a-cyclopropylidene a-chloroacetates in the pre- 
sence of 10 mol% KH, mediated by an 18-6-crown ether, yields p-amino acids 
carrying a P-cyclopropyl function (54).297 Lewis acid catalysed 1,Caddition of 
0-benzylhydroxylamine to N-(alk-2-enoy1)oxazolidin-2-ones is a similar example 
of the genre, leading to homochiral a-substituted p-alanines, with a curious 
dependence of stereochemical pathway on the Lewis acid (TiC14 and Me2AlCl 
provide opposite diastereoselectivity).298 12 catalysed 1,3-dipolar addition of 
cyclic nitrones to homochiral bornane-1,2-sultam esters of crotonic acid gives 
P-amino acid derivatives (55) with high diastereoselectivity, from which piper- 
idine and pyrrolidine alkaloids, (+)-sedridine and (+)-hygroline respectively, 
were obtained by further elaboration.299 Intramolecular nitrone-alkene cyclo- 
addition involving homochiral P~cH~N'(o-) = CH(CH2),CH = CHR [R = (S)- 
CHMeOH] yields the naturally-occurring P-amino acid cis-pentacin, after hydro- 
genolysis and oxidative elaboration of the ~ ~ c l o a d d u c t . ~ ~ ~  Acryloyl chloride 
CH2 = CHCOCl reacts through the Michael addition pathway in aza-annulation 
of enamines formed between BuNH2 and P-ketoesters to give 6-lactam epimer 
 mixture^,^" and a straightforward Michael reaction gives p-amino-P-(pyrimidin- 
5-y1)propanoic esters.302 

Several research groups have established the merits of Evans methodology 
for the asymmetric synthesis of P-amino acids using chiral oxazolidin-2-ones 
(already illustrated in this Section to put stereochemical bias on to the Michael 
addition route). The acylation-azidation-alkylation sequence shown in Scheme 
38 is not quite the way things are done for a-amino acid synthesis!303 The 
Nicholas reaction applied to boron enolates of N-acyloxazolidin-2-ones (Scheme 
39) leads to excellent diastereoselecti~it~.~~~ The closely-related approach em- 
ploying alkylation (LDA/MeI or PhCH2X) of (S)-l-benzoyl-3,6-dimethylper- 
hydropyrimidin-4-one (prepared by cyclization of the Schiff base of (S)-3- 
aminobutanoic acid)305 is a hidden form of a general approach in which one 
homochiral p-amino acid is used to synthesize another, also illustrated in uses for 
L-aspartic acid via its N-toluene-p-sulfonyl anhydride and thence via the 
protected 4-iodo-3-amino acid synthon to (R)- y-alkyl- P-amino acids306 and their 
a-hydroxy-analogues.307 This route,306 which can be operated on a multigram 
scale, exploits regioselective NaBH4 reduction of the anhydride, Me3SiI lactone 
cleavage, and substitution of the iodo-atom by R2CuLi, leading to (R)-y-alkyl-P- 
amino acids after somewhat fierce de-toluene-p-sulfonylation process (refluxing 
in 47% aq HBr/PhOH). (R)-S-Methylcysteine is used as starting material for a 
homochiral 4-methylene-oxazolidin-5-one, from which l -aminobicyclo[2.2. l] 
heptane-Zcarboxylic acids can be prepared through Diels-Alder addition.308 C-2- 
Alkylation of the homochiral N,O-acetal (56) using Bu3SnCH2C02Et followed 
by P ~ ( O A C ) ~  cleavage of the resulting N-[(S)-l-phenyl-2-hydroxyethyl] p-amino 
acid, is offered as a new enantioselective approach to these amino acids.,09 

Nucleophilic ring-opening of N-toluene-p-sulfonylaziridines (57) using a 
Grignard reagent with CuBr-SMe2/THF-HMPA has been established to give 
modest (Q-55%) yields of (R)-N-toluene-p-sulfonyl-p-amino acids.310 The aziri- 
dines can be prepared from an L-serine ester in seven steps. Chiral aziridines (58) 
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1 iii - v 

Reagents: i, BuLi; ii, Br(CH2), CH2COCI; iii, NaNJDMF; iv, NaN(SiMe& ; 
v, PhCH2Br; vi, (H]; vii, PhCH20Li/PhCH20H; viii, various protection- 
deprotection steps 

Scheme 38 

Reagents: i, MeOH - Cl2 ; ii, NH3, iii, [O] 

Scheme 40 
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Reagents: i, H20; ii, Curtius (DPPA/Bu'OH) degradation; 
iii, - CEC - - -C02H with OsOJNaI04 

Scheme 39 
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have been used to synthesize enantiomers of ZNHCH(CH2Ph)CH(OH)C02Me, 
which are key intermediates for bestatin synthesis.31' The use of lipase for 
enantioselective transesterification of methyl trans-p-phenylglycidate and succes- 
sive ring-opening with HBr, azidolysis, and routine elaboration provides the 
(2R,3S)-enantiomer of the tax01 side-chain, phenylisoserine.312 

Corresponding ring-opening processes are well-established for azeti- 
dinones, the interest residing as much in the methods of synthesis of the four- 
membered rings as in the p-amino acids. Recent examples are C-4-alkylation, 
using titanium enolates, of azetidinones formed by cycloaddition of chiral imines 
derived from (S)-mandelic aldehyde or ( ~ ) - ~ l ~ c e r a l d e h ~ d e , ~ l ~  and C-4-deuteri- 
ation of homochiral 3-trimethylsilyl-4-phenylthio-azetidinon leading to stereo- 
specifically-C-3-deuteriated p-a lanine~.~ '~  

Azidolysis of the methanesulfonate of homochiral4-hydroxy-3-methylhex- 
l-enes, and alkene -+ C02H conversion, provides (2R,3R)- and (2R,3S)-isomers 
of 3-amino-2-methylpentanoic acid, verifying through comparison with moieties 
from majusculamide C and dolastatins that these contain the ( 2 ~ , 3 ~ ) - i s o m e r . ~ ' ~  

Unusual synthesis methods for p-amino acids, whose course is determined 
by the particular synthetic target, have been described for a synthesis of N- 
alkylamides of the p-amino acid component of the gastroprotective agent AI-77B 
(Scheme 40),"~ and for (+)-megamycin and its 5-epimer [a fifteen-step synthesis 
involving Pd(I1)-assisted alkylation of a homochiral ene carbamate followed by 
carbonylative coupling to a trialkylvinyltin].3'7 The (9R)-isomer of the 3-amino- 
10-phenyl-2,5,9-trihydroxydecanoic acid known as "Ahda" has been synthesized 
by a route starting with a C-C bond-forming step involving the appropriate 
aldehyde and (M~~)~P(O)CH~COCH~CH(NHBOC)CH(OR)CH~~R.~'~ A C-C 
bond-forming step is involved (N"-BOC-N'-Z-ornithine + ethyl lithioacetate) in a 
synthesis of (2~,3~)-3-amino-2-carbox~meth~l~i~eridine.~'~ 

?-Amino acids are of increasing genera1 interest because of pseudopeptide 
field, and for the growing number of members of the family contributing useful 
physiological properties. Standard methods are illustrated for 14c-vigabatrin (4- 
amino-5-hexenoic acid), prepared from 5-hydroxymethyl-pyrrolidin-2-one 
toluene-p-sulfonate and N ~ ' ~ c N ,  and reduction of the nitrile in the presence 
of and the natural (S)-isomer, synthesized from either L-glutamic 
acid through elaborating the a-carboxy group ( + -CH20H -+ -CH0 -+ 

- C H = C H ~ ) ~ * '  or from D-methionine through a similar sequence but using 
(EtO)2P(0)CH2C02Et for the Wittig reaction step, and converting the methyl- 
thioethyl side chain into the vinyl moiety.322 

Vinylogous ct-amino acid esters, R2NCHR'CH = CHC02Et, undergo 
Michael addition (MeN02/DBU) to give p-substituted y-amino acid esters.323 A 
useful route to a synthon for homochiral vinylogous esters involves homogeneous 
metal-mediated hydroformylation (CO, H2) of (~)-2-t-but~loxazoline.~~~ 

(R)-(-)-Baclofen has been prepared by Evans' methodology (cf. Scheme 12) 
through alkylation of the chiral enolate with BrCH2C02But and routine elabora- 
t i ~ n . ~ ~ '  

(R)-(-)-GABOB (y-amino-P-hydroxybutyric acid) and (R)-carnitine have 
been prepared by catalytic asymmetric dihydroxylation of ally1 bromide using 
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K3Fe(CN)6/K20s02(0H)4 in the presence of a dihydroquinidine-derived ligand, 
conversion of primary OH to CN, and routine elaboration.326 A more traditional 
approach to GABOB and to isoserine involves enzymatic kinetic resolution of 
acetylated racemates formed from cyanohydrins E~O~C(CH~),CH(OEI)CN.~~~ 

A new homologation employs the aluminium acetals that have recently 
been discovered as intermediates in the low temperature DIBAL reduction of 
esters; these add to silylketene acetals and allylstannanes in the presence of a 
Lewis acid, to give y-amino-ghydroxy esters.328 

As in recent years, considerable interest is being sustained in statine 
synthesis, including routes leading also to stereoisomers and analogues. The 
chiral synthon (59) is amenable to electrophilic addition [59; R = Me + Br2/ 
MeC(OMe)3 -+ N-substituted (4S,5S)-4-bromo-5-methoxyoxazolidin-2-one -+ 

ally1 replacing Br with retention of configuration using CH2= CHCH2SnMe3/ 
hv],329 and Ru(I1)-catalysed intramolecular cycloaddition [59; R = COCHR'R~, 
R' = = C1 or F ] , ~ ~ ~  giving enantiomerically-pure products. 

Other statine syntheses have been developed; using pyrrolidin-Zones (60) 
prepared from methyl (E)-4-chloro-3-methoxybut-2-enoate and incorporating 
lipase-mediated kinetic resolution,331 using (4R,SS)-oxazolidin-2-ones (61) pre- 
pared in 8 steps from D-glucosamine, leading to natural statine and analogues,332 
or using tetramic acids (62) prepared from (S)-4-N-Z-3-0x0-alkanoate esters 
through DMAP-catalysed cyclization, and used in a syn-statine synthesis.333 Pd- 
Catalysed [3.3]-sigmatropic rearrangement of trichloroacetimidates prepared 
from homochiral vinylogous a-amino acid esters through reduction [-C02Et -, 
-CH20H -+ -CH20C(= NH)CC13] leads to 3-aminodeo~~statines.~~~ 

N-Protected L-serine and (S)-prolinol undergo DABCO-catalysed Baylis- 
Hillman addition to methyl acrylate en route to the novel sphingosine analogue 
(63).335 The increasing use of homochiral aldoses for amino acid synthesis is 
illustrated in the use of the protected furanose (64) in stereospecific azidolysis and 
elaboration into 2,3-dihydroxy-4-aminobutanoic acid and its 5-aminopentanoic 
acid analogue.336 L-Glutamine acts as starting material for a synthesis of 1- 
aminoalkyl-4carboxy-3,4,5,6-tetrahydropyrimidines, pyoverdin constituents that 
are formally &amino acids.337 Homochiral 5-amino-2-hydroxy-4-oxoalkanoic 
acid derivatives have been prepared starting from L-U-amino acid-derived A ~ - 1  ,2- 
oxazet idine~.~~~ 

All four stereoisomers of 2-methyl-4-hydroxy-5-arninopentanoic acid are 
obtainable from D- or L-glutamic acids via the lactone (65) and its enantio- 
mer;339a 5-amino-4-hydroxyalkanoic acids and 3-amino-2-hydroxyalkanoic acids 
can be approached starting from D-isoascorbic acid.339b Synthesis of bphthali- 
mido-y-keto esters has been illustrated in a specific case, employing methyl 3- 
iodo-2-methylbutanoate and the acid chloride of phthalimido-l-phenylala- 
nine.340 

New homochiral 7-aminoalkanoic acids are accessible in the form of N- 
protected &amino-y-lactones, from analogues of (65), through toluene-p-sulfony- 
lation, azidolysis, and conventional elab~ration.~~' 
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4.17 Resolution of DL-U-Amino Acids, and Assignments of Absolute 
Configuration to Enantiomers of U-Amino Acids 
The increasing number of papers on this topic collected here for discussion, 

include several that are cross-referenced to other sections of this Chapter, since 
resolution is often a routine terminal step in a synthesis route. 

Conventional procedures based on diastereoisomeric derivatives have been 
used for 2,3-methanopyroglutamic acid (salt formation with L- or D-leucin- 
amide).342 Correlation of the enantiomers with 2,3-methanoproline, whose 
absolute configuration was previously established by X-ray crystallography, 
shows that (-)-2,3-methanopyroglutamic acid is the (2S,3S)-isomer. New variants 
of this classical resolution procedure include 0-benzyl derivatives of (S)-(+)- and 
(R)-(-)-2-aminobutan-1-01 (resolution of N-acetyl U-phenylglycine and U-(4- 
hydroxyphenyl)glycine),343 and moderately-effective mutual resolution of amino 
acids (81 % and 74% enantiomeric excesses, respectively, for phenylalanine and 
a-phenylglycine) and mandelic acid complexed with Cu(1I) ions.344 Resolution of 
a-methyltryptophan by co-ordination to Co[(R,R)-N,N-di(2-picolyl-1 R,2R- 
diaminocyclohexane] has been described.345 

Studies of the underlying physical basis of resolution using these principles 
are illustrated by an estimation of interactive forces between enantiomers (L- + 
D-pairs of alanine and phenylalanine have lower energy than L-L- and D-D- 
pairs).346 This study has also demonstrated enantiomeric molecular recognition 
between 4-nitrobenzoylamino acids and N-butyroylvaline t-butylamide. A detail- 
ed X-ray study of interactions at the molecular level between one of the classical 
resolving alkaloids, brucine, and N-phthaloyl threo-P-hydroxy-D- or -L-leucine, 
reveal hydrogen-bonding between the carboxy and hydroxy groups and the 
methoxyindole moiety of the alkaloid, as well as electrostatic and van der Waals 
interactions.347 

Asymmetric transformations of a traditional nature involve tartaric acid 
and salicylaldehyde [applied to (R,S)-1,3-thiazane-4-carboxylic acid and leading 
to enantiomers of h o m ~ c ~ s t e i n e ] , ~ ~ ~  and carboxylic acid-catalysed racemization 
and asymmetric transformation of "unwanted" enantiomers formed during 
resolution of (R,S)-N-methyl-2-phenylglycine with (1s)-camphor-10-sulfonic acid 
and of N-ethyl-N-methyl-2-phenylglycine with (~)-~hen~leth~lamine.~~~ 

Growing interest in the use of homochiral macrocyclic hosts for the 
resolution of amino acids and derivatives has been reviewed.350 Research papers 
illustrating well-established principles concentrate on acetylated and methylated 
cyclodextrins~sl a homochiral 18,6-crown ether synthesized from  manno nose,^^^ 
and 36-membered ring pseudopeptides prepared from alternating glycine and 
(2S,3'S)-4-methyl-2-(2'-oxo-3'-isobutyl-1~-piperazinyl)pentanoic acid moieties.353 
The last-mentioned study includes 24- and 27-membered ring analogues, which 
are more effective than the larger ring in the resolution of (R,S)-alanine 
N-methylanilides. Similarly exquisite tailoring of the helicity of the tetrakis 
(0-aminopheny1)porphyrin ring by connecting the amino groups through different 
bis(acy1) chains is rewarded with significant chiral recognition in the formation of 
l:l-adducts of Zn complexes with amino acid esters.354 Proline (S)- or (R)- 
phenylethylamides and (S)- or (R)-lactate esters respond enantio- and diastereo- 
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selectively to new examples (see Vo1.25, p.54) of conformationally homogeneous 
host podand receptors (66 and hexacyclic analogues) by undergoing enantio- 
preferential complexation and partition into chloroform.355 

Selective transport of L-enantiomers of phenylglycine, phenylalanine, and 
tryptophan has been observed through membranes prepared through crosslinking 
of poly[y-(2-chloroethy1)-L-glutamic acid] with diethylenetriamine.356 Similar 
discrimination occurs in crown ether-mediated transport of amino acids through 
supported liquid membranes containing o-nitrophenyl octyl ether.357 

Chromatographic separations of racemic mixtures based on heterogeneous 
processes based particularly on the chiral stationary phase (CSP) approach, 
continue to be studied in detail. The notion of "entangled pairs" has been 
advanced for enantiodiscriminating interactions between racemic solutes in 
aqueous media with CSPs using N-(undec-10-enoy1)-L-valine t-butylamide and 
N-(hex-5-enoy1)-L-valine t -b~ t~ lamide .~~ '  Equally subtle design leading to chiral 
brush-type CSPs has been described, providing unexpected consequences; the 
separation efficiency and even the order of elution of enantiomers are tempera- 
t ~ r e - d e ~ e n d e n t . ~ ~ ~  Conventional applications of commercially-available Chirasil- 
Val CSPs and oligopeptide analogues, continue to be described in the research 
literature.360 a-Cyclodextrin dodecabenzoate-modified silica gel has been advo- 
cated for chromatographic resolution of p-nitrophenyl esters of Z-amino acids.361 
Insoluble proteins offer readily-available chiral surfaces, and immobilized human 
serum albumin has been studied in this context for the resolution of DL- 
tryptophan.362 In establishing baseline resolution in the HPLC mode in less than 
2 min elution time, these workers found that the L-enantiomer binds to the indole 
site of the protein while the D-enantiomer has no interaction with this site but is 
attracted indirectly to the warfarin site. 

The recent excitement (Vo1.25, p.51) generated by molecularly-imprinted 
stationary phases seems to have subsided as measured by the volume of the 
associated literature, but no doubt much is going on in research laboratories in 
view of the potential benefits. An indication that the potential of such phases in 
related areas is being recognized, is the finding that a silica-alumina surface 
imprinted with bis(N-benzyloxycarbonyl-L-alanyl)amine, (Z-L-Ala)2NH, exhi- 
bits discrimination towards L-, D-, and meso-isomers of the structurally similar 
anhydride ( z - A ~ ~ ) ~ o . ~ ~ ~  

The preferential crystallization technique has been established as a simple, 
effective large-scale method for the separation of an enantiomer from a racemic 
amino acid, and the range of examples susceptible to this technique is being 
steadily extended over the years; the accessibility of D-allo-threonine in this way 
has been established recently.364 

Enzyme-catalysed enantioselective hydrolysis and related processes with 
DL-amino acid derivatives are casually referred to as "resolution", though in 
many instances only one enantiomer of the racemate is accessible. a-Chymo- 
trypsin continues to be a popular choice in this context, with studies of DL- 
phenylalanine esters in a liquid/liquid/solid three-phase system indicative of the 
potential of large-scale Studies include a-chymotrypsin-catalysed 
hydrolysis of a-alkenyl-DL-a-amino acid esters.366 N-benzylidene DL-amino acid 
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esters,367 and P-(isoxazol-4-y1)-DL-alanine esters368 represent more conventional 
laboratory studies. In contrast to proteases, carbonic anhydrase-catalysed hy- 
drolysis of N-acetyl DL-amino acid esters favours the ~ -enan t iomer . )~~  Penicillin 
acylase-catalysed hydrolysis has been applied to N-phenylacetyl derivatives of 
threo-P-(4-fluoropheny1)serine and (2-, 3-, or 4-fluoro- and 2,3,4,5,6-pentafluoro- 
pheny1)alanines370 and to N-phenylacetyl-DL-p-amino acids371 and to analogous 
y-ethynyl-, y-allenyl-, and y - v i n y l ~ ~ ~ ~ s . 3 7 2  D-Aminoacylase from Alcaligenes 
faecalis releases D-enantiomers from N-benzoyl- and -benzyloxycarbonyl-DL- 
amino while the more common aminoacylases, immobilized by bonding 
to alginate, effectively catalyse the hydrolysis of the L-enantiomer of N-acetyl 
DL-phenylalanine. 374 

Lipase-catalysed hydrolysis (see also Refs.3 12, 33 1) has been used with 
fluorinated 3-acetoxy-2-(methoxyimino)butanoates, syntheses of enantiomers of 
mono-, di-, and tri-fluorothreonines and allo-threonines being completed by 
hydrogenation of the methoxyimino Non-protein amino acids, deriva- 
tized as 2,2,2-trifluoroethyl esters, can be resolved by lipase in organic solvents by 
enantioselective transesterification with A combination of lipase 
(from Pseudomonas cepaeia) for ring-opening of oxazol-5(4H)-ones and thiazol- 
S(4H)-ones into N-benzoyl- and -thiobenzoyl-L-amino acids, and protease- 
catalysed kinetic resolution, is advocated for efficient production of L-amino 

Exploitation of the propensity of alcalase to tolerate organic solvents as 
operating medium is seen in its use as catalyst for the hydrolysis of DL-amino 
acid esters, leading to precipitation of the ~ - e n a n t i o m e r . ~ ~ ~  High enantiomeric 
excess and effective use of the technique with several "unnatural" amino acids is 
dependent upon the lowest possible water content in the medium consistent with 
a reasonable reaction rate. 

The use of Arthrobacter D-amidase for the preparation of D-alanine from 
DL-alaninamide has been described.379 

Conversion of L-glutamic acid into D-glutamic acid qualifies for inclusion 
in this Section of this Chapter. Successive reactions of glutamate racemase (from 
Lactobacillus brevis ATCC 8287) and glutamate decarboxylase (to break down 
any remaining L-glutamic acid) can be operated efficiently on a large scale.380 

Whole-bacteria applications have been described for the conversion of DL- 
5-substituted hydantoins into L-amino acids using Pseudomonas sp.strain 
~ ~ 6 7 1 , ~ ~ '  and for soil bacteria immobilized in poly(acrylamide), acting on the 
same substrate to give ~ - 9 - h ~ d r o x ~ ~ h e n ~ l ) ~ l ~ c i n e . ~ ~ ~  A common problem in 
such processes is the inefficiency associated with the consumption by the bacteria 
of the released amino acids, but the method is viable for the production of L- 
methionine. 

The evolution of the L-amino acids over geological time is a topic under 
the heading of "resolution" that has been a source of speculation informed by 
advances in physics and in organic chemistry for many years. One approach-the 
preferential destruction of D-amino acids in racemates-has been encapsulated as 
the Vester-Ulbricht theory, and another claim383 that positron annihilation 
brings about this result in crystalline leucine must be balanced against the many 
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opposite assertions in the recent literature. Chiral amplification over time, of any 
microscopic bias in the L:D-ratio, is also the subject of speculation, and a 
modification of the respected Frank hypothesis has been proposed.384 The 
hypothesis proposes that two types of reaction are involved, autocatalytic 
generation of L- and D-amino acids and an interaction between them by which 
they eliminate each other, and it has been suggested that instead of both steps 
being irreversible, the first .step could be considered reversible. The racemization 
process that opposes the effect of any chiral amplification mechanism, has been 
considered385 within the context of the open-chain non-equilibrium model 
proposed by Kondepudi and ~ e l s o n . ~ ' ~  

Keeping all options open, the prior genesis of homochiral carbohydrates 
could explain the predominance of L-amino acids on the basis of "hetero- 
pairingu-as known for many years, the complexing of L-amino acids with nucleic 
acids involving D-ribose is energetically more favourable than L-L (and D-D) 
~ o m ~ l e x a t i o n . ~ ~ ~  

5 Physico-chemical Studies of Amino Acids 

5.1 X-Ray Crystal Structure Analysis of Amino Acids and Their Derivatives 
Although the usual style for this section continues, with papers that report 

factual material predominating over studies with a deeper penetration, there are 
some more interesting insights than usual in this year's literature. 

Structures for amino acids themselves and their salts have been reported 
for diglycine hydrochloride,388 DL-proline hemisu~cinate ,~~~ L-leucine nitrate,390 
sodium cysteine-~-sulfonate,39' the copper(I1) chloride complex of 3,5-di-iodo-L- 
tyrosine,392 abrine (alias ~ - m e t h ~ o l - ~ - t r ~ ~ t o ~ h a n ~ , ~ ~ ~  and GABA.~ '~  L-Alanine 
crystals involve a strong hydrogen bond and significant methyl-methyl inter- 
actions, as determined by coherent inelastic neutron scattering data which also 
provide a measure of vibrational details on a picosecond time~cale.)~~ Com- 
parison of X-ray details for L-tryptophan picrate and its DL-tryptophan 
analogue reveals three different sorts of indole-picric acid stacking modes.396 
X-Ray study of DL-histidine-succinic acid (1:3) crystals into which aqueous 
MeCN is diffused adopt DL-histidine hemisuccinate dihydrate stoichiometry in 
contrast to the L-histidine system in which the trihydrate is the final state.397 

N-Substituted amino acids reported on recently are N-di-t-butoxy- 
c a r b ~ n ~ l - ~ - a l a n . i n e , ~ ~ ~  N-acetyl-L-homocarnosine m o n ~ h ~ d r a t e , ~ ~ ~  N-Z-DL-2- 
amino-4-phosphonobutanoic acid mon0h~drate,4~~ and ~ ~ - t o l u e n e - ~ - s u l f o n ~ l - ~ -  
glutamine.401 N-Substituted amino acid esters (N-diphenylmethylene-L-threonine 
methyl ester,402 N-acetyl-L-tyrosine ethyl ester m o n ~ h ~ d r a t e ; ~ ~  N-phthaloyl P- 
phenylserine methyl ester [shown to be the (2~,3~)- isomer] ,4~~ and N-t-butoxy- 
carbonyl-L-valine N-hydroxysuccinimide ester405 have been studied. 

5.2 Nuclear Magnetic Resonance Spectroscopy 
Those papers under this heading that are aimed at more than routine data- 

collecting are given space here. 'H-NMR spectra for Boc-L-valine N-acylurea in 
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D M S O - ~ H ~  reveal an intramolecularly hydrogen-bonded ureide NH proton,406 
while studies of pH-dependent chemical shifts for N-acetyl-L-aspartic acid 
suggest that awareness of the phenomena observed could avoid mistaken 
interpretations of spectra of similar solutes.407 In particular, the corresponding 
signals for N-acetyl-L-aspartic acid overlap those of acetate at pH 4.7, but in 
more acidic solutions the acetate signals are further downfield. Another well- 
established principle underlies the use of 'H-NMR in assessing the optical purity 
of a-N-Boc-amino aldehydes through the slightly differing chemical shift of the 
Boc resonance seen for each diastereoisomer for semicarbazones formed with 
(S)-P~CHM~NHCONHNH~.~~'  

More common practice now, is to call upon interpretations of NMR 
spectra derived from two or more nuclei to obtain secure information, for 
example the 56:44 ratio of conformers of trans-4-hydroxy-N-Fmoc-L-proline in 
solution determined through 'H-'~c studies?O9 and the likelihood of indole ring 
distortion in Cmethyltryptophan in 0.1M A combination 
of 'H-'~C NMR with molecular orbital calculations and X-ray crystallographic 
analysis has led to identification of an exclusive chair conformation for 1- 
aminocyclohexane- 1,3-dicarboxylic acid diastereoisomers?' Routine stereo- 
chemical information can be obtained by NMR measurements through the 
Mosher approach, derivatization with (S)-[methoxy(trifluoromethyl)phenylacety1] 
chloride?* and E ~ ( h f c ) ~  shift studies, illustrated for the latter case for enantio- 
meric purity determinations with N-phthaloy12-cyanoglycine.413 

Applications of 3 ~ - ~ ~ ~  to tritiated amino acids have been reviewed.414 
1 3 c - ~ M R  has been applied to a precise determination of 1 4 ~ / 1 5 ~  equili- 

brium isotope effects on the acid-base chemistry of the amino group of amino 
acids in solutions, through determining chemical shift data for the carboxyl 
carbon atom as a function of Sophisticated applications of solid state 
1 3 c - ~ ~ R  are becoming more frequent, with correlations of protonation state 
with shielding of the carboxy groups in microcrystalline amino acids?l6 studies of 
inter- and intramolecular interactions in crystalline amino acids in which the 
asymmetric unit cell contains three L-isomers and one ~- isorner? '~  and measure- 
ments of 13c-chemical shift anisotropies of solid amino acids involving spinning 
side band separation of protonated and non-protonated carbon atoms in slow 
spinning conditions via dipolar dephasing.418 The interpretations of NMR 
spectra for nitrogen nuclei in amino acids remain divided between the acquisition 
of fundamental physical data, such as the quadrupole coupling tensor for the ' 4 ~  

nucleus in a single crystal of L-alanine by the overtone NMR and 
their use for establishing particular structural features, such as the existence of 
individual tautomeric forms of histidine in aqueous ethanol at - 55"C, with only 
a very weak hydrogen bond between the x-NH group and the a-amino group 
(previously claimed to be a more significant structural feature).420 

3 1 ~ - ~ ~ ~  features of phosphonamides (67, for the L-amino acid) formed 
by derivatization of partly-resolved amino acid esters, provide accurate estimates 
of enantiomer ratios.421 
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5.3 Optical Rotatory Dispersion and Circular Dichroism 
Those early applications of these complementary techniques that were used 

to assign absolute configuration to amino acids, based on the sign of a particular 
Cotton effect, are now rarely used. The revised geometry for polyoximic acid 
(Scheme 22) does not query the absolute configuration originally assigned by 
0.r.d. methods. The unique spectroscopic basis of the techniques can be exploited 
to follow the course of a chemical change, as in the case of electrochemical 
oxidation of ~ - t r y ~ t o ~ h a n . ~ ~ ~  

Architectural features of complex systems, and changes occurring within 
them, can also be picked out, as for the identification, based on the large positive 
CD centred at 213-215 nm, of micellar aggregation of N-palmitoyl- and N- 
stearoyl-L-serines in aqueous solutions.423 The CD arising through coupled 
amide chromophores in a regular array around the micelle surface, is largely lost 
by disintegrating the micelles in 50% aqueous ethanol. A different explanation 
has been given for the same strong CD feature, seen for methanol solutions of 
N-dodecanoyl derivatives of L-glutamic acid and L-valine, together with a 
smaller negative CD peak at 240 nm.424 These results are now interpreted to 
indicate dimerisation (supported by IR evidence) and the presence of two 
different rotamers, and in this respect these workers have replaced a previous 
interpretation involving hydrogen bonding between carboxy groups and NH 
moieties. 

5.4 Mass Spectrometry 
All the papers from the 1993 literature discussed here deal with spectra 

generated for the amino acids themselves using the more sophisticated instru- 
mental variants. Interpretation of spectra obtained for derivatized amino acids 
through standard ionization techniques now generally amounts to a routine 
exercise, and papers covering this approach are mostly excluded from this review. 

252~f -~ lasma  desorption MS of glycine-alkali metal salt mixtures 425 and 
of mixtures of 3, 4, or 5 amino in both positive ion and negative ion 
modes, have been interpreted. Strong MH+ and [M - H]- parent ions are 
formed. The negative ion mode responds most easily to interpretation. Plasma 
desorption MS provides more prominent parent ions with a range of energies, 
and compares favourably with ammonia and methane CIMS for the leucine-and- 
isoleucine test case?27 

Aqueous solutions of amino acids, sampled by the atmospheric pressure 
electrospray technique, yield positive ions in intensity order alanine, leucine 
threonine, serine, aspartic acid, glutamic 

Cycloalkane-based p-amino acids have been shown to conform to the 
general pattern for primary amines in favouring a-cleavage at nitrogen after 
ionization in the mass ~~ectrometer?~' 

Techniques leading to significant fragmentation can occasionally provide 
useful stereochemical information, as revealed in an interesting FAB-MS dis- 
tinction between the N- benzyloxycarbon yl derivatives of y -h ydroxyornithine 
diastereoisomers due to the faster sidechain dehydration shown by the negative 
ion of the threo- i~orner .~~~ 
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5.5 Other Spectrometric Studies of Amino Acids 
This section exists to acknowledge the variety of relevant work on amino 

acids involving spectrometric techniques in addition to those already covered in 
preceding sections, but again, excludes routine material. 

Rotational spectra for alanine have been interpreted in terms of dipole 
moment data showing the presence of two conformers corresponding to those 
already demonstrated for glycine.431 Another example of extensions of earlier 
work describes IR spectra of CC14 solutions containing N-Boc-L-proline N- 
methylamide and phenol, interpreted to reveal the formation of hydrogen- 
bonded complexes involving the amide carbonyl 

At first sight, ESR spectra of CaC03 and hydroxyapatite doped with 
amino acids represents a routine study in giving the expected signals for radicals 
derived through side-chain cleavage.433 However, the septet for isopropyl radicals 
derived from L-valine is accompanied by signals for the t-butyl radical, indicating 
the involvement of potentially interesting heterogeneous chemistry. More con- 
ventional ESR research is illustrated by monitoring 2 ~ - 1 ~  exchange processes 
occurring in a y-irradiated single crystal of ~ - a l a n i n e . ~ ~ ~  

Electronic absorption spectra of analogues of phenylalanine and tyrosine 
constrained within a supersonic jet have been obtained using laser-induced 
fluorescence  measurement^.^^' 

5.6 Other Physico-chemical Studies of Amino Acids 
A number of novel strands of research have developed in recent years 

under this heading, and most of them continue to be pursued. Membranes 
capable of penetration by amino acids have been of considerable interest, 
especially when they show enantioselective transport properties (see the earlier 
Section 4.17 Resolution), and a novel twist is shown in a property of some 
membranes to allow the transport, by E-Schiff bases formed between Na-Z-L- 
lysine methyl ester and copper(I1) or nickel(I1)-3-substituted salicylaldehydes, of 
Li, Na, K, CS, Ca and ammonium ions.436 Gels made up of micellar rods and 
vesicular tubules form from aqueous solutions of L-lysine derivatives 
H ~ N  + CH[(CH~)~NHCO(CH~) 1 ~ ~ 2 ] ~ 0 y . 4 3 7  

Thermodynamic data accumulated over recent years, feature enthalpies of 
solution of amino acids in the 0.005-0.07 m01 ICg-' concentration range;38 
enthalpies of dilution of aqueous solutions of p-alanine, a-aminobutyric acid, 
y-aminobutyric acid, E-aminocaproic acid, a-aminovaleric acid, and th re~n ine ;~~  
and enthalpic pairwise interaction coefficients of N-acetyl-L-leucinamide and 
N-acetylglycinarnide in concentrated aqueous tetramethylurea and in urea.440 
The last-mentioned study indicates structure-dependent coefficients, suggesting 
that protein denaturation in these media is a complex process. Calorimetric 
studies have been extended to amino acids with heteroatoms in their side- 
chains.441 

Partial molar characteristics (apparent molar volumes, apparent compres- 
sibilities, etc) have been determined for aqueous solutions of glycine and alanine 
under high pressures, by ultrasound methods.442 More conventional studies have 
been reported for apparent molar volumes of amino acids in aqueous solutions of 
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varying KC1  concentration^,^^ for limiting partial molar volumes obtained from 
density measurements of aliphatic amino acids in water containing various 
admixtures of HC1 and N ~ O H , ~  and for partial molal isothermal compressi- 
bilities of glycine and alanine in aqueous s o l ~ t i o n . ~ '  

On a simpler conceptual level, the cryoprotectant role of amino acids in 
vivo is reflected in studies of aqueous glycine in canine renal and 
separations of amino acid mixtures are represented in measurements of crystal 
growth kinetics of L-alanine from solutions containing L-phenylalanine or 
~ - 1 e u c i n e . ~ ~ ~  

Hydrophobicity values for tryptophan deduced from partition coefficient 
data, and hydrophilicity and lipophilicity values for the same amino acid 
determined from vapour-to-solvent coefficients, have been reported.448 

Stability constant data for proton- and metal-ion-complexation equilibria 
for aliphatic amino acids have been reviewed,449 accompanying new data for 
mixed ligand complexes of lysine + aspartic acid, lysine + succinic acid, and 
glycine + malonic acid.450 

The effect of ionic strength on the acid-base stoichiometric ratios for L- 
valine4" has been determined, as has the role of urea (1-8 m01 dm") in 
suppressing the first ionization constant of amino acids.452 Fingers have been 
wagged at those who draw titration curves incorrectly for amino acids to show 
the change of charge distribution as a function of pH-graphs can be mis-shapen, 
or the axis of the graph can be mis-labe~led.~~~ The extraordinary development of 
scanning tunneling microscopy has been extended in the amino acid field with 
visualization of individual molecules of glycine, alanine and phenylalanine 
adsorbed on graphite.454 

5.7 Molecular Orbital Calculations for a-Amino Acids 
As usual, the papers collected for this section defy tidy classification, 

although all are aimed in one way or another at assisting understanding of amino 
acid structures and properties. 

Extensions have been published to a series of papers (Vo1.25, p.60) 
advocating a molecular connectivity model for describing physico-chemical 
properties of U-amino acids.455 

Conformational assignments and energies of intramolecular interactive 
forces are frequently represented in papers under this heading, and N-formyl L- 
~al inamide~ '~ and other N-formyl amino acid amides4" and N-acetyl-L-alanin- 
amide4'* have received detailed attention in this. context. Ab initio IGLO 
(individual guage for localized orbitals) calculations for N-acetylglycine N- 
methylamide have been aimed at relating isotropic I3c chemical shifts to putative 
~onformations,4~~ These amino acid derivatives are obviously chosen as models 
for residues in proteins, so that meaningful statements about the behaviour of 
amino acids in this context may be made, but more direct models have been used, 
to assess the effect of change of configuration on the phenylalanine residue at the 
active site of thermolysin,460 and to assess the influence of neighbouring side- 
chains on particular amino acid residues in proteins.461 

For the amino acids themselves, calculations have been reported for 
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interaction energies of the 20 coded amino for ground state geometries 
and energies of first excited singlet states of phenylalanine and tyrosine,463 and 
for hydrophobicity characteristics derived from calculations of electrostatic fields 
at points on the van der Waals surfaces of amino acids.464 

Calculated proton affinities of lysine and histidine show the considerably 
higher relative basicity of lysine.465 

6 Chemical Studies of Amino Acids 

6.1 Racemization 
A 1989 report that racemization accompanies microwave heating of 

aqueous L-proline solutions (Vo1.23, p.51) has been disputed repeatedly, and 
most recently through experiments involving aqueous solutions of L-alanine, L- 
glutamic acid and L-proline. These are unchanged after 30 min heating either on 
a hotplate or in a microwave oven.466 Much more drastic treatment, ''CO 
y-irradiation, of L- or D-leucine, or DL-leucine, fails to cause racemization even 
though some degradation occurs, into H2, COl, and N H ~ . ~ ~ ~  

Time-honoured methods for bringing about amino acid racemization 
depend upon derivatization, such as dissolution of esters in ketones containing 
acetic acid; the best reagent is acetone containing 15% acetic Hydantoins 
are readily racemized through contact with an anion exchange resin (Q- 
Sepharose) at pH 6-1 3.5.469 

Little that is new, has appeared in the scientific literature covering fossil 
dating through measurement of enantiomer ratios of indigenous amino acids."' 

6.2 General Reactions of Amino Acids 
This substantial section of this Chapter deals with reactions involving 

(a) the amino group; (b) the carboxy group; (c) both amino and carboxy groups. 
Reactions at the a-carbon atom of a-amino acids have mostly been covered in 
earlier sections covering synthetic methods. The next section 6.3, covers reactions 
involving amino acid side-chains. 

One of the simplest reactions at the amino group, often taking place 
without being appreciated as such, is carbamate formation in solutions of amino 
acids and peptides (H~N+CHRCO~- + CO2 + H+ + -O~CNHCHRCO~H).~~* 
However, amino acids with pK, > 9.5 do not form significant amounts of 
carbamate in neutral aqueous solutions. Another simple reaction, N-chlorination, 
continues to receive detailed mechanistic study (Vo1.25, p.63), recent results 
indicating that protonation of N-chloro-U-amino acids takes place at lower pH 
than previously thought (pK, < 1 for the -NHCl moiety) and that this step is 
crucial in promoting the decomposition of these species.472 The decomposition of 
N-chloro-glutamic acid and of N-chloro-threonine is a first order process, and is 
independent of pH over the range 5 - 1 0 . ~ ~ ~  

N-Oxide formation with N-benzyl-L-prolinamide is completely diastereo- 
selective.474 N-Alkoxycarbonyl oxaziridines are effective new electrophilic 



I :  Amino Acids 57 

aminating agents, bringing about the conversion of amino acids (as tetra- 
alkylammonium salts) and their esters into N-alkoxycarbonylhydrazino 

Reductive alkylation of a-imino acids, e.g. L-proline, is the outcome of 
reaction with ketones in the presence of H2/Pd-C [HNR+CHR'CO, + MeCOR 
-+ (S,S)-RCHM~NH+CHRCO~.~~~ This recipe is involved in a classic Z- 
protecting group removal procedure, and is responsible for inadvertent N- 
methylation in H2/Pd-C/MeOH treatment of Z-amino acids due to Pd-catalysed 
oxidation of solvent to f0rmaldeh~de.4~~ This side-reaction can be avoided by 
including at least 5% water in the solvent, or changing solvent to isopropanol 
(or, of course, by ensuring the absence of oxygen!). The Pictet-Spengler reaction 
is well-known for the preparation of isoquinolines from indolylethylamines, and 
when applied to a mixture of an aldehyde and an N-[2-(indol-3-yl)ethyl]-L-amino 
acid ester, it results in enantiospecific ring closure on the secondary amine.478 
Mono-N-methylation of amino acids can be accomplished by cyanoborohydride 
reduction of N-(0-nitrobenzy1idene)amino acid esters followed by photolytic 
cleavage at 3 5 0 n m . ~ ~ ~  The same process is used to cleave N-(0-nitrobenzy1)amino 
acid a m i d e ~ . ~ ~ '  bis-N-Alkylation of (4'-nitropheny1)alanine by BrCH2CH2N 
(CH2C02R)2 has been reported.48' Release of the homochiral P-amino+- 
phenylalkanoic acid ester from the product of a classical asymmetric synthesis 
protocol ( --+ EtO2CCH2CHPhNHCHPhCH2OH + Et02CH2CHPhNH2) would 
be accomplished by hydrogenation were it not for the bis(benzy1)amine character 
of the compound. An alternative Pb(OAc)4 cleavage procedure is effective, 
without causing ra~emization.4~~ Removal of N-benzenesulfonyl or -toluene-p- 
sulfonyl groups from alanine or phenylalanine has been long known to be 
achievable electrochemically, and a recent study throws light on the nature of the 
three cathodic reduction steps that are inv0lved.4~~ 

A large crop of papers covering amino acids carrying familiar N-acyl and 
similar groups has emerged in the 1993 literature. N-Stearoyl-, -0ley1-, and - 
ricinoleyl-L-leucines have been prepared as potential antibacterial N- 
Boc amino acids can be prepared through acylation of amino acid salts by Boc- 
i m i d a ~ o l e . ~ ~ ~  The recently disclosed bis-N-Boc amino acids can be converted into 
their N-Boc analogues by Mg(C104)2/MeCN, and this leaves the t-butyl ester 
moiety unaffected when applied to (BOC)~-aspartic acid P-t-butyl ester a-methyl 
ester.486 Solid phase N-(9-fluorenacety1)ation of amino acids on a hydrophobic 
polymeric support has been and insignificant effects have been 
established, of constituents (salts, buffers, surfactants) in the reaction medium on 
the course of N-(9-fluorenylmethoxycarbonyl)ation (by Fmoc-Cl), N-phenylthio- 
carbamoylation, and cyanoisoindole formation (by naphthalene- l ,2-dicarboxal- 
dehyde/~~-).488 Replacement of N-Fmoc by N-Z in good yield can be achieved 
for the protected amino acids, by using N-Z-5-norbornene-2,3-dicarboximidel 
K F I E ~ ~ N . ~ ~ ~  Optically-pure N-Fmoc amino acids can be obtained by mild 
[T~(oP~')~] cleavage of N-acylsultams where the acyl group is (MeS)2C= 
NCHRCO-?90 Rapid (5 min) N-allyloxycarbonyl group cleavage from N-Alloc- 
amino acids can be accomplished by Pd(0)-catalysed ally1 transfer to diethyl- 
amine, and even the most severely hindered cases (e.g. N-Alloc-N-Boc-anilines) 
are cleaved within 45 min.491 
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An N-protection strategy, enamine formation ( -+ 68 and methyl homo- 
logues, deprotected by hydrazine at room temperature)492 is particularly useful in 
peptide synthesis since it provides a compatible side-chain protection strategy for 
lysine.493 Enamines MeCOCMe = CMeNHCHRC02Me have been prepared 
from a mixture of 1,3-diketone, amino acid ester hydrochloride, and KF in dry 
conditions, under microwave irradiation.494 The 3-(3',6'-dioxo-2',4',5'-trimethyl- 
cyclohexa-1',4'-diene)-3,3-dimethylpropanoyl grouping used as an N-protecting 
group leads to redox-sensitive, coloured derivatives, that can be deprotected by 
aqueous sodium di thi~ni te .~~ '  

New examples of reactions at nitrogen, that result in this function 
becoming enclosed within a heterocyclic ring, have been described for methoxy- 
methylene malononitrile ( -r 69)496 and 0-methoxycarbonylphenyl isocyanate( -t 
7 0 ) . ~ ~ ~  

Enzyme-catalysed de-amination of amino acids is represented here by 
unusual examples, (R,S)-2-methyl- and (S)-2,2-dimethyl-l-aminocyclopropane- 
carboxylic acid (by bacterial ACC deamina~e);~~ and W-Z-L-lysine to give the 
a-hydroxy acid (by L-amino acid oxidase from Providencia alcalfaciens together 
with L-2-hydroxyisocaproate dehydrogenase).499 

Reactions at the carboxy group of an amino acid generate at least as much 
research interest as the corresponding processes at the amino group, and new 
methods have been reported, as well as the development of established methods. 
Tetra-n-butylammonium salt formation has been adopted as both a useful 
solubilizing technique for taking up amino acids into organic solvents, and as a 
transient carboxyl protection strategy, and further practical details have been 
published on the procedure.500 Sodium L-prolinate-borane complexes have been 
advocated for asymmetric reduction of aromatic ketones, though they are not 
so effective as the NN'-dibenzoyl-L,L-cystine-LiBH4-ROH complex. Recently 
the stability and usefulness of suitably N-protected amino acid fluorides was 
established, and N-bis(Boc)amino acid fluorides have been added to the list.502 
They are prepared using cyanuric fluoride in CH2C12/py from - 30 to -20°C. 

Acid anhydrides feature in several studies, in a conventional preparation of 
Fmoc amino acid p-nitroanilides involving isobutyl chloroformate activation 
[i.e., unsymmetrical (alias mixed) anhydride formation] of Fmoc amino acids,503 
and in a corresponding preparation of Z-amino acid active esters.'04 In the course 
of the last-mentioned study, it was noticed that some mixed anhydrides dis- 
proportionate in CH2C12 during 24h to give the symmetrical anhydride (depend- 
ing on the alkyl group of the chloroformate) and the amino acid ester.''' In an 
alternative but otherwise equally conventional activation of the carboxy group of 
a Boc amino acid using N-ethyl-W-(3-dimethylaminopropy1)carbodi-imide, and 
presentation to p-nitrophenol in an intended conventional esterification protocol, 
8-25% of the corresponding dipeptide p-nitrophenyl ester was formed (BOC-aal- 
OH -, ~ o c - a a ' - a a ' - ~ N P ) . ~ ~ ~  The side reaction can be prevented by the presence 
of an equivalent of N-methylmorpholine, and the side reaction is explained by 
partial Boc breakdown, seen elsewhere (Vo1.25, p.67) after cyclization to the 2-t- 
butyloxyoxazol-5(4H)-one, leading to the amino acid N-carboxyanhydride, an 
effective acylating agent that reacts with p-nitrophenol and is then in possession 
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of a free NH2 group that is acylated by the activated Boc amino acid. Di-alkyl 
pyrocarbonates in the presence of NEt3 have been advocated for symmetrical 
anhydride formation, and esterification of N-protected amino acids.M7 

Esters can be prepared as described in the preceding paragraph and by 
other time-honoured methods, applied for the in-vogue synthesis of esters using 
1,9-(4-hydroxycyclohexano)buckminsterfullerene.~08 A novel method with alkyl 
trichloroacetimidates ROC(= NH)CC13 as esterifying agents, has been used to 
prepare Fmoc amino acid 2-phenylisopropyl esters.509 These can be cleaved 
acidolytically under mild conditions so as to leave N-Boc protection and t-butyl 
ethers and esters unaffected. Butyl esters of Z-amino acids can be prepared by 
reaction with B U ' B ~ / K ~ C O ~ / P ~ C H ~ N + M ~ ~  cl-/N,N-dimethylacetamide."O Vinyl 
esters can be prepared through mild oxidation of N-protected amino acid (2- 
phenylseleneny1)ethyl  ester^.^" De-protection of benzyl esters can be accom- 
plished in dry conditions (microwave irradiation of samples on an alumina 
surface),512 and phenacyl esters can be cleaved while leaving benzyl and 4- 
nitrobenzyl esters unaffected, by using tetra-n-butylammonium fluoride hydrate 
in the presence of 10 equiv l-octanethiol.'13 Aminoacylimidazoles are capable of 
more than the well-known mono-esterification of ribonucleotides, since bis(2',3'- 
diesters) and mixed anhydrides involving phosphate are also formed.514 The 
bis(2',3'-diesters) of 5'-AMP are hydrolysed at different rates at different pH, and 
N-acetyl-L-phenylalanyl diesters are hydrolysed 1.7-2.1 times faster than their 
D-analogues possibly due to "protection" of the latter by an association with the 
adenine ring.'I5 When N-acetyl-DL-valine is esterified by ribonucleotides, ester- 
ification rates are faster for the D-enantiomer.'16 Similar enantioselectivity has 
been noted frequently with reactions of amino acid esters, and non-polar L- 
compounds are hydrolysed twice as fast as their D-analogues in the presence 
of [trans-5,15-bis(2-hydroxypheny1)- 10-[2,6-bis(methoxycarbonylmethyl)phenyl]- 
2,3,17,18-tetraethylporphyrinato]zinc(II) (though interestingly, the reverse is the 
case for serine benzyl ester).517 Aromatic amino acid octadecyl esters undergo 
polycondensation much more rapidly in the monolayer state.518 Racemization 
occurs during the aminolysis of amino acid active esters by amino acid anions in 
aqueous DMF, i.e. under basic conditions, though the finer details show that the 
extent of the side reaction is dependent upon the amino acid and on the base 
used. It is particularly noticeable for valine and NaHC03, and can be minimized 
by working with a 50% excess of the amino acid, and with Na2C03 as base.519 
More conventional studies of amino acid esters involve hydrolysis kinetics of 
phenylalanine methyl ester in comparison with those for a ~ ~ a r t a m e , ~ ~ '  and 
ammonolysis through the use of diaminomethane dihydrochloride as a con- 
venient in situ ammonia release agent.521 

Research interests employing amino acid amides often have similar objec- 
tives to those described for esters, and an especially notable result is the enzyme- 
like properties of the synthetic lipids M~~N+(CH~)~CO-L-A~~-N[(CH~)~~M~]~ 
B ~ - / c u ~ +  that catalyse the condensation of DL-serine with indole to favour 
L-tryptophan as product, when the L-alaninamides are formed into a hybrid 
bilayer membrane structure.522 

Reduction of amino acids to Zamino alkanols with NaBH4-I2 in THF is 
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also appropriate for the corresponding process for N-acylamino acids.523 The 
direct reduction of L-proline to L-prolinol can be effected in 85% yield with 
LiA1H4 in THF at 85°C during 3h.524 NaBH4 Reduction of mixed anhydrides 
formed from Boc-amino acids gives the corresponding alkanols within a lh  
reaction period, and these have been used in a synthesis of homochiral N-Boc- 
aziridine~.'~~ Other uses for 2-amino alkanols include a synthesis of a-methyl- 
amines [L-histidinol -+ (R)-histamine via the chloromethyl analogue and reduc- 
tion with ammonium formate/~d-C]?~~ and an important role in the preparation 
of corresponding aldehydes, with Moffatt-Swern oxidation giving good yields of 
optically-pure products from 2-(~oc-arnino)alkanols~~~ and applicable also to N- 
protected ~-all~laminoalkanols.~~~ Full details of the preparation of Gamer's 
widely-used N,O-protected (S)-serinal (37, C H 0  in place of CH = CHC02R) in 
which DIBAL-H reduction of the protected methyl ester is employed, are 
available.529 New methods, illustrated with 3-(N-Boc-amino)-l,2-propanediol 
giving N-Boc glycinal in 76% yield when cleaved with aqueous KIO~,'~' and 
reduction of S-benzyl thioesters with E ~ ~ s ~ H / P ~ - c . ' ~ ~  The aldehydes can be used 
in the Wittig alkene synthesis, and thence to a variety of destinations; in a Diels- 
Alder reaction with Danishefsky's diene to give dihydropyrones,532 and in an 
evaluation of a stereospecific synthesis of pyrrolidines and piperidines.533 A 
conversion of N-Boc-valine into BOCNHCH(P~')CH = CHCH20H is notable.534 
Weinraub amides are a convenient source of the aldehydes in particular cases, 
and preparation and use in pseudopeptide synthesis, of a fully-protected arginine, 
Na-Boc-Om[NZC(NHZ) = N H ] - N M ~ O M ~ , ~ ~ '  and preparation of bis(N-benzy1)- 
L-phenylalaninal and its use in the synthesis of (4S,5S)-4-hydroxy-5-amino-6- 
phenylhexanoic have been described. 

y-Lactams may be obtained by Mg/MeOH treatment of y-amino acid 
derivatives RO~CNHCHRN'R~CH=CHCO~R~ formed in this way.537 

Amino acid esters react with arylmagnesium halides, to give the expected 
diarylcarbinols,538.539 those derived from L-valine methyl ester yielding homo- 
chiral 1,Zdiamines through routine elab~ration. '~~ a-Aminoglyoxals have been 
obtained by reaction of dimethyldioxirane with a-diazoketones derived from 
amino acids.540 

Sulfur analogues of the carboxy group are of continuing interest and 
thiono- and dithio-esters, have been prepared in the conventional manner from 
nitriles through the Pinner reaction with alkanols and thiols respectively, followed 
by t h i ~ h ~ d r o l ~ s i s . ~ ~ ~  Reductive acylation of L-a-amino thiocarboxylic 
and preparations of Boc- or Z-L-amino acid t h i ~ n i r n i d e s ~ ~ ~  have featured in 
recent papers. 

More extensive modification at the carboxy group and the neighbouring 
a-carbon atom is involved in the numerous oxidative processes that will be 
familiar to readers of this Chapter over the years. D-Amino acid oxidase reacts 
slowly with glycine, serine, arginine, histidine, tryptophan, norleucine, and 
aspartic and glutamic acids. The expected total inability of the enzyme to catalyse 
the oxidation of L-amino acids has been confirmed in this TWO citations 
are offered to represent the numerous mechanistic studies of oxidative 
decarboxylation of amino acids with simple oxidants (dichloramine-B;'~' N- 
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brom~acetamide'~~) that continue to appear in the literature. The role of Cu(II), 
Fe(II), and Mn(I1) ions in oxidative modifications of amino acids and proteins 
has been reviewed.547 Rates of oxidation of amino acids by the superoxide anion 
have been measured based on the accompanying chemilumine~cence.~~~ 

One of the best-known, but only recently properly understood, oxidative 
decarboxylative modifications of amino acids is that brought about by ninhydrin. 
Further indications of the synthetic potential of the early azomethine ylide- 
forming stage of the racemization-free process involving proline or sarcosine are 
given in the trapping of these transient intermediates by cycloadditions.549 An 
account of sensitive colour-forming reactions with ninhydrin and analogues, and 
corresponding fluorimetric procedures, has been published.55G 

The self-condensation of amino acids takes many pathways, and of course 
these have considerable importance in geological and biological fields as well as 
for their essential chemistry. The products of repeated sublimation of simple 
aliphatic amino acids on to silica and alumina surfaces at 220-240°C have been 
separated and analysed, and shown to include short peptides, di-oxopiperazines 
and bi- and tri-cyclic amidines (71) derived from the d i - o x ~ ~ i ~ e r a z i n e s . ~ ~ ~  Simple 
additional by-products indicate these products to suffer further degradation.552 
Further results (Vo1.25, p.62) for the extraordinary condensation of amino acids 
into peptides in aqueous solutions with NaCl and CuC12 have been provided. 
Successive evaporation and dissolution cycles generate peptides in 1-3 days from 
glycine, alanine, and aspartic and glutamic Mixtures of glycine, alanine 
and valine yield mainly N-terminal glycyl dipeptides in the early stages of this 
process.554 Rates of formation of multi-component mixtures through heating 
aspartic acid with proline in aqueous solutions suggest an autocatalytic character 
to the process.555 Di-oxopiperazines are formed from 2,2-bis(trifluoromethy1) 
oxazolidin-5-ones (72) in methanol at room temperature, understood on the basis 
of the easy hydrolysis of the heterocycle; and the N-carboxymethyl analogues 
(72; = -CH2C02H) have been prepared from N-carboxymethylamino 

Heterocyclic compounds enclosing the -HNCHRCO- moiety are most 
commonly formed through reactions involving both NH2 and C02H groups of 
amino acids, and new examples with interesting properties are still being 
discovered, such as the relatively lipophilic arylboronic acid chelates (73) whose 
structure, with a little licence, could be categorized as h e t e r ~ c ~ c l i c . ~ ~ ~  Imidazoli- 
nones are formed through cycloaddition of stabilized ylides derived from Schiff 
bases of a-amino acids (Scheme 41).558 N-Acylamino acids often exhibit reactions 
that are explicable on the basis of initial cyclization to oxazol-5(4H)-ones, as in 
the case of N-acylproline ring cleavage with trifluoroacetic anhydride (Scheme 
42).559 Undoubtedly, the course of the reaction of N-acylamino acids with the 
Vilsmeier reagent (POC13/DMF) leading to (74) and (75) [and (76) from 
homocysteine thiolactone], can be explained from the same starting point.560 
Reversal of the cyclization is represented in U-chymotrypsin-catalysed hydrolysis 
of oxazol-5(4H)-ones to N-acyl-L-amino acids,561 and basic hydrolysis of analo- 
gous 2-anilinothiazol-5(4H)-ones to N-phenylthiocarbamoyl amino 
Hydrogenolytic cleavage of 4-substituted oxazolidin-5-ones using Et3SiH/ 
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CF3C02H is a useful, clean, preparation of Z-N-methylamino acids starting from 
the Z-amino acids (H2/Pd cleaves the methyl group as well as the Z 

The Maillard reaction represents a long and complex pathway leading to 
mixtures of heterocyclic compounds, starting with a Schiff base formed between 
an a-amino acid and an aldose or ketose. An up-to-date review of the process 
from the food processing perspective is available,564 and a representative paper 
covering the reaction in the physiological context establishes that 2-amino-6-(2- 
formyl-5-hydroxymethylpyrrol-l-y1)hexanoic acid, alias pyrraline, is not a major 
intermediate or advanced glycation end-product formed from amino acids under 
physiological conditions, as recently claimed.565 

P-Amino acids have available to them the monocyclization pathway to 
azetidinones and this can be brought about using (3-nitropyridyl) dialkyl 
phosphates566 or alkylaluminium compounds e.g. ~ ~ 5 3 ~ 1 . ~ ~ ~  5-Amino-2-0x0- 
pentanoic acid exists partly in cyclized form (pyrroI-l-eine-2-carboxylic acid) in 
aqueous solutions, in proportions dependent upon p ~ . 5 6 8  

6.3 Specific Reactions of Amino Acids. 
"The side-chain chemistry of the amino acids" would be a suitable 

alternative title for this section, and there is some overlap with earlier synthesis 
sections to the extent that familiar amino acids are chosen increasingly often as 
the starting point for the synthesis of other amino acids by side-chain modifica- 
tion. Some of this chemistry involves the amino and/or carboxy groups of the 
amino acids, as well as their side-chains. 

Complete removal of the side-chain could be a way of describing the 
conversion of protected a-methoxyglycine into highly electrophilic iminium ions 
[R02CNHCH(OMe)C02R' -+ RO~CNH+ = CH(OMe)C02R'] to give versatile 
glycine cation equivalents that undergo ready alkylation,569 though a-methoxy- 
glycine and related a-heteroatom-substituted glycines should be appreciated to be 
a special case. Corresponding alanines react similarly but dehydroalanine forma- 
tion is a significant side-reaction. Dehydro-amino acid esters, i.e. @,&unsaturated 
a-amino acid esters, react stereospecifically with brominating agents to give syn- 
a-bromo-imines (77 -+ 78) from which (E)- and (Z)-P-bromo-analogues of the 
initial reactants can be obtained by base-induced t a~ tomer iza t ion .~~~  

The side chain ketone function in 3-0x0-L-proiine undergoes Baker's yeast- 
catalysed reduction to give (+)-cis-(2R,3S)-3-hydroxyproline with better than 
90% enantiomeric enr i~hment .~~ '  Hydroxylation of L-proline catalysed by 
proline 4-hydroxylase is accomplished with retention of configuration at ~ - 4 . ~ ~ ~  
The reverse process, the oxidation of the side-chains of the more familiar 
P-hydroxy-a-amino acids, serine and threonine, to formyl and acetyl respectively, 
has been accomplished more efficiently than heretofore, after protection of the 
carboxy groups of the Fmoc-amino acids as the cyclic ortho-ester (79).573 This 
useful transformation opens up a further range of applications for synthesising 
amino acids from serine and threonine (Wittig and similar processes are 
suggested, and many other functional group transformations could be added), 
and also allows p-*H labelling. These amino acids are featured in several further 
citations here as well as in preceding sections of this Chapter, where their uses in 
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synthesis are described. Full details for the preparation (Ph3P/DEAD) of the 
P-lactone of Boc-L-serine have been published.574 The aziridine obtained by 
cyclization of Fmoc-L-serine benzyl ester can be opened with 3,4-dimethoxy-6- 
nitrobenzyl alcohol to give the photo-deprotectable 0-aryl ~ e r i n e . ~ ~ ~  Serine 
methyl ester and benzaldehyde gives a more complex equilibrium mixture576 of 
ring-chain tautomers (i.e. Schiff base together with oxazolidines) than previously 
supposed. The formation of the corresponding N-Boc-oxazolidine from N-Boc- 
L-serine methyl ester and acetone calls for Mitsunobu reaction conditions.577 
N-Trityl-L-serine methyl ester reacts with thionyl chloride to give the cyclic 
sulfimidate (go), from which the sulfamidate can be obtained by oxidation.578 
0-Allylation of P-hydroxy-a-amino acids can be accomplished using ally1 
trichlor~acetimidate.~~~ Streptomyces amakusaensis possesses a novel aldolase 
that catalyses reverse aldol cleavage of P-hydroxy-a-amino acids.580 

Aspartic and glutamic acids have many synthetic applications, like the P- 
hydroxyalkyl-a-amino acids, and again, the reader is directed to other sections in 
this Chapter so as to access the full coverage of the recent literature on this topic. 
Glutamic acid a-semialdehyde has been prepared by ozonolysis of y-vinylGABA, 
and shown to exist in the cyclic form (81), so explaining its unexpectedly high 
stability; it can be purified by ion exchange chromatography over Dowex 50W- 
X8, while a-amino aldehydes are generally considered to need careful handling 
and storage.s8' Several cyclized forms of aspartic and glutamic acids are useful in 
synthesis; Z-L-aspartic anhydride has been widely used in aspartame synthesis;582 
the 2,2-bis(trifluoromethyl)oxazolidin-5-one (cf. 72) derived from aspartic acid 
diazomethyl ketone and used in 4-0x0-L-proline synthesis;583 and similar oxazo- 
lidinone formation allowing the side-chain carboxy group of L-glutamic acid to 
be elaborated into -COSEt and -CH(OMe)2 en route to (+)-porothramycins A 
and B , ' ~ ~  and allowing side-chain acid chlorides to be elaborated into sensitive 
functional groups when the oxazolidinone is protected as the N-C13CCH20CO- 
group (cleaved by z ~ / A c o H ) . ~ ~ ~  Regioselective ring-opening through amide 
cleavage of N-Boc-pyroglutamic and "-pyroaminoadipic" acid ethyl esters with 
nucleophiles ROH, RNH2, PhCH2SH (KCN catalysis under ultrasound) pro- 
vides the corresponding y-carboxy-derivatives.586 

Enolate di-anions formed with fully protected L-aspartic acid by treatment 
with LiN(SiMe3)2 undergo oxygenation by N-(benzenesulfony1)-3-phenylox- 
aziridine to give bhydroxyalkyl-a-amino acids (~S,~S)-R'NHCH(CO~R~)CH 
(OH)CO~R', while with oxydiperoxymolybdenum in pyridine + HMPT they 
give the 3 ~ - e ~ i m e r . ~ ~ ~  Acylation of the corresponding glutamic acid enolate leads 
to 6oxoalkyl-a-amino acids via decarboxylation of the initially-formed P-keto- 
esters.588 An improved synthesis of (S)-a-amino adipic acid &methyl ester from 
L-aspartic acid and its elaboration into homochiral 3-aminocyclopentyl- 
methanols after Dieckmann cyclization, has been reported.589 Conversion of 
L-glutamic acid into its "3,4-didehydro-analogue" in the form of its N-(9- 
fluoren-9-yl) methyl ester, followed by non-stereoselective methylation 
(LiMe2CuR) to give 3-methylglutamic acid, and conversion by DIBAL-H reduc- 
tion, carbamoylation and Os04 cleavage into (+)-5-0-carbamoyl polyoxamic 
acid.590 3-Methylaspartic acid has been prepared from DL-glutamic anhydride in 
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a remarkable ring contraction of the derived nickelacycle (82 in Scheme 43) and 
further unusual steps for which the metal functions as an activating 
Unexpected cleavage of L-pyroglutamates with the a-sulfinyl carbanion (Scheme 
44) creates a number of useful opportunities for the synthesis of other amino 
acids, illustrated for pyrrolidine-2,5-dicarboxylic acids and 5-hydroxypipecolic 
acids.592 Development of earlier success in Calkylidenation of pyroglutamates 
has been reported, leading to three naturally-occurring glutamic acids of this 
class.593 N- and Side-chain-protected aspartic and glutamic acids have been 
converted into p-amino- and y-amino esters, respectively, by substitution of the 
tosylated a-car,boxy group using organocopper reagents.594 Several synthesis 
applications for a-(W-carboxyalky1)-a-amino acids have been published during 
1993, leading away from the amino acid field, and although brief mention of 
these is made elsewhere in this Chapter, to the extent that routes start with novel 
functional group modifications, no attempt is made to cover this area in any 
thorough way. 

y-Carboxyglutamic acid reacts with 4-diazobenzenesulfonic acid to give an 
intensely red compound (L,, 530 nm) resulting from the replacement of both y- 
carboxy groups with moieties of the reagent; P-carboxy aspartic acid behaves 

The established side-chain chemistry of lysine and related o-aminoalkyl 
a-amino acids is also being extended into new areas, NE-alkylation by epichlor- 
hydrin being the starting point for a synthesis of naturally-occurring (2S,9R)- 
hypusine dihydrochloride [Lys(CH2CH(OH)CH2CH2NH2] and its (2S,9R)- 
epimer.596 Na-Fmoc-NE-bis(t-Butyloxycarbonylmethyl)lysine and ornithine and 
diaminopropanoic acid analogues have been synthesized from the protected 
lysine, ornithine and asparagine, respectively.597 Selective N~-BOC-protection has 
been attended to for (S)-2,3-diaminopropanoic acid,598 and a 100g-scale prepara- 
tion of NE-allyloxycarbonyl-L-lysine (85% yield from lysine hydrochloride/ 
Na2C03/CuC12/allyl chloroformate) as its Nu-Fmoc derivative (Fmoc succini- 
mide) has been described.599 a-[4-N-(Pyridiniobuty1)l-a-amino acids result from 
the reaction of Na-acetyl-L-lysine with pyrylium ~alts.~'' Further studies of lysine 
derivatives carrying redox groupings at the NE-site (Vo1.24, p.58) have been 
described, the amino acid acting as a vehicle for laser energy conversion by the 
redox groups (420nm laser pulses generate 1-17 volts energy storage in some 
cases).601 

Arginine derivatives that release nitric oxide (other than arginine itself 
through the action of NO synthase602*m3) include W-nitro-L-arginine and its 
methyl ester, under the influence of ultraviolet radiation.604 This may explain the 
relaxation of smooth muscle that is observed in UV light. The general topic has 
fascinating physiological implications, and has rejuvenated the study of nitric 
oxide.602 The nitric oxide-water system has a short half-life due to oxygenation 
to nitrite ion (with little or no nitrate ion formed), but the arginine-NO synthase 
system produces nitrate as well as nitrite if an additional oxidizing species, such 
as an oxyhaemoprotein, is present.602 

~ ~ - ~ l l ~ l - ~ - a r ~ i n i n e  has been prepared in good yield through the standard 
general route from L-ornithine using an N-allyl-N'-(pyrazol- l-y1)amidine as 
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amidinating agent.605 Side-chain protection for arginine using the 2,2,4,6,7- 
pentamethyl dihydrobenzofuran-5-sulfonyl group is secure under normal peptide 
synthesis operations and is more easily removed than current alternative 
protecting Cleavage of the guanidino group of arginine is the 
consequence of reaction with N-methyl-N-t-butyldimethylsilyltriAuoroacetamide, 
leading to TBDMS-ornithine and TBDMS-carbodi-imideSm7 

Cysteine side-chain chemistry continues to undergo development in bio- 
logical contexts, such as the stereospecific conversion of S-allyl-L-cysteine into 
the (+)-sulfoxide in culture tissues of Allium ~ a t i v u m , ~ ~ ~  and conversion of 
homocysteine into methionine via a non-enzymatic transfer in aqueous solution 
at pH 7, of a 5-methyl group from the 5-methyltetrahydrofolate model (83) that 
has a positive charge on ~ - 5 . ~ "  Cysteine esters treated with 3 equiv HN02 are 
de-aminated, as expected, but also caused to cyclise to thiirancarboxylates, 
presumably via the thi~nitrite.~" Of relevance in the food science context, 
cysteine and dihydroxyacetone react to give a large number of volatile products 
(specifically thiazoles and pyrazines) in proportions dependent on the relative 
concentrations of reactants and water.61' Modifications that are restricted to the 
the environment of the sulfur functional group of members of the cysteine family 
protected at amino and carboxy groups, have been reported for N-acetylcysteine 
methyl ester, which acts as a sulfur transfer agent towards carbodi-imides (84 -, 
85),612 and for penicillanic acid derivatives which undergo stereospecific oxidation 
at S with exclusive exchange of protons with 2 ~ 2 0  at the adjacent methyl group 
that is cis to the sulfoxide oxygen atom.613 Replacement of S-acetamidomethyl-, 
S-p-methoxybenzyl-, and S-trityl- protecting groups (but not S-benzyl-) from 
fully protected cysteines, by the S-methylthio-group is achieved using M ~ ~ S + S M ~  
BF4-, a well-known disulfide bond-forming process but novel in this context, that 
yields protected cysteine derivatives amenable to mild reductive S-deprotec- 
t i ~ n . ~ ' ~  

Examples of arene groups undergoing modification have appeared in 
reports of 4-aminomethylation of protected L-phenylalanine (C13CCONH 
CH20H and H2SO4, followed by conc H C ~ ) , ~ "  and phenolic 0-[4-(piperidin-4- 
yl)butyl]ation of trimethylsilyl-protected L-tyrosine en route to MK-383, a 
fibrinogen receptor antagoniste616 Milder than the usual (48% HBr/AcOH) 
conditions for demethylation of methoxy-substituted phenylalanines, are needed 
to avoid racemization; and conc aq HBr + NaI/90°C/2 h is effective.617 A novel 
[bis(trifluoroacetoxy)iodo]benzene-mediated oxidative hydroxylation of a pro- 
tected tyrosinal (86 -+ 87) is a first step in an aranosin synthesis.618 Even milder 
processes are involved in dopaquinone formation from L-tyrosine through 
catalysed oxidation by immobilized tyrosinase, and its detection through 
fluorescence generated at 480 nm (hexci, 350 nm) after reaction with 1,2- 
diphenylethylenediamine,619 and oxygenation studies of DOPA in aqueous 
solutions.620 Identification of 2,4,5-trihydroxyphenylalanine ("TOPA") as an 
oxygenation product (0.5% yield) and its conversion into a quinone imply that 
some properties attributed to DOPA may be those of TOPA/TOPAquinone. 

Nu-Z-Histidine t-butyl ester undergoes Pd(0)-catalysed phenylethynylation 
at C-4(5) of the imidazole a general process that has been used to 
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prepare a homologue, diphthine, the major metabolite of diphthamide. Alka- 
nethiols de-iodinate 2'-iodohistidine within 24 h, via attack by RS- on the 
protonated i m i d a ~ o l e . ~ ~ ~  This is thought to account for the limited in vivo efficacy 
of this otherwise promising antimalarial agent. 

Regioselective nucleophilic substitution of 1'-hydroxytryptophan in acidic 
media is the paradoxical result of dissolution in a 10% aqueous sulfuric acid- 
methanol mixture, leading to 5-methoxy analogues, and offers an attractive 
model for serotonin synthesis in the central nervous system.623 Electrophilic 
substitution at C-5 by NBS is observed during free radical C-3a functionalization 
of tryptophan (by Br using NBS, by NO2 and OH using ceric ammonium nitrate) 
in the form of its ~~~-benzenesu l fon~l  hexahydropyrrolo[2,3-blindole methyl ester 
derivative (Vo1.25, p.40).624 Stereoselective dioxygenolysis of N-acetyl D- or L- 
tryptophan methyl esters is catalysed by manganese porphyrins bonded to bovine 
serum albumin.625 Reactions of tryptophan have been reviewed.626 

6.4 Effects of Electromagnetic Radiation on Amino Acids 
The material traditionally collected here concerns the aromatic and hetero- 

aromatic amino acid side-chains, though some citations that might have been 
located here have involved additional aspects of chemistry that have caused them 
to be discussed elsewhere in this Chapter. 

Radiolytically-generated hydroxyl and sulfate radicals have been identified 
as the reagents involved in pulse radiolysis of phenylalanine leading to tyrosine 
and its isomers.627 Conversion of L-tryptophan into a hydroperoxide is a well- 
known example of the role of singlet oxygen, but radiolytic oxygenation has been 
found to yield two new hydroperoxides where ~ 1 ~ ~ 0 0 -  can be formed. This adds 
at C-2 of the indole moiety, and is followed by 0 2  addition and formation of the 
epimeric hydroperoxy-oxindolylalanines.628 A study showing that chloroform at 
0.08% levels, modifies the photolysis of tryptophan to give new products showing 
intense fluorescence in visible light, may prove to involve the same underlying 
chemistry.629 Photolysis of flavin-sensitized tryptophan leads to indole-3-acet- 
aldehyde under anaerobic conditions.630 There are numerous studies describing 
the search for new radioprotective agents, and the aromatic amino acids feature 
frequently in these; a representative citation reports the y-radiation protection 
possible with a mixture of hydroxylamine, Zaminethyl isothiouronium bromide 
hydrobromide and with 5-hydroxy-L-tryptophan as the major component.631 

A less common type of study in this category involves two-photon-excited 
fluorescence excitation spectra using circularly-polarized and linearly-polarized 
light, for phenylalanine, tyrosine and tryptophan in neutral aqueous solutions.632 
Absorption features in the 440-620 nm wavelength range are observed, corre- 
sponding to the familiar one-photon excitation absorption features in the 220- 
310 nm region. Riboflavin-sensitized photochemistry of tryptophan in visible 
light has been reviewed.633 
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7 Analytical Methods 

7.1 Introduction 
Some general reviews have appeared that apply to analysis for particular 

amino acids in biological samples ( h o m ~ c ~ s t e i n e ~ ~ ~  and tryptophan635) and to 
broader aspects (advances in amino acid analysis636 and in the analytical 
chemistry of amino acids, peptides and proteins637). 

7.2 Gas-Liquid Chromatography 
The general theme for the 1993 literature is the continuing development of 

existing methods (derivatization protocols and instrumental variants). The analy- 
sis of a mixture of 22 amino acids over a DB-I capillary column after derivati- 
zation with N-methyl-N-(TBDMS)trifluoroacetamide to give N(0)-TBDMS 
derivatives, illustrates the generally less time-consuming methodology employed 
for GLC analysis of amino acids, now used in some laboratories.638 A similar 
approach employing ethyl chloroformate in EtOHIpy to give N-ethoxycarbonyl 
amino acid ethyl esters for GC-MS analysis639 seems to risk the introduction of 
artifacts due to carboxyl activation by the reagent and competition for reaction at 
the amino group of an amino acid or amino acid ester, to give derivatized di- and 
polypeptides. Two-step derivatization procedures are illustrated for proline + 
hydroxyproline analysis as their N-dimethylthiophosphoryl methyl esters, after 
OPA treatment of the biological sample to remove primary amine~ ,~~ '  for 0- 
phospho-serine, -threonine, and -tyrosine in urine hydrolysates, as N-isobutyl- 
oxycarbonyl methyl esters,641 and in the specific case of l-aminocyclopropane- 
carboxylic acid (1-ACC) in leaf tissue (preparation of the N-benzoylated propyl 
ester), and use of capillary-GC with an NIP-sensitive detector.642 The last- 
mentioned study describes the development of a reliable protocol, and criticizes 
an established method for l-ACC analysis that is subject to interference and lacks 
internal standards. 

Enantiomeric analysis by GC continues to be based on either diastereo- 
isomer formation [(N-menthyloxycarbonyl)ation of amino acid esters643] or on 
the separation of amino acids derivatized in simple ways, over chiral stationary 
phases (packings coated with N-stearoyl-L-valine t-butylamide for the resolution 
of N-trifluoracetylamino acid isopropyl esters)644 and closely-related protocols 
for general amino acid analysis645 and specifically for selen~methionine~~ 

GABOB analysis (urine samples) by GC-MS is complicated by the fact 
that it CO-elutes with leucine in some standard procedures.647 

7.3 Thin-layer Chromatography 
A paper in the preceding sectiod4* refers to the considerable expense of 

GC-MS instrumentation; the increased activity in TLC analysis of amino acids 
and their derivatives probably reflects this situation. Densitometric quantitation 
of ninhydrin-developed hydrophilic TLC plates (silica coated with silicic acid) has 
provided reliable assays of lysine, homoserine and threonine in culture 
Amino acids interact with the non-ionic surfactant, nonylphenyl hexa-ethoxylate, 
a fact established by charge-transfer reversed-phase TLC that has a negligible 
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effect on the hydrophobicity of amino acids except for cysteine, glutamic acid, 
glutamine, hydroxyproline, phenylalanine and tyrosine.@' These results, 
although puzzling in terms of the particular amino acids that interact and those 
that do not, illustrates the usefulness of simple methods in obtaining information 
of wide applicability in amino acid science. 

Routine TLC analysis is well-represented in the literature, as usual (e.g., 
analysis of dansylamino acids6'') occasionally employing techniques undergoing 
evaluation as illustrated by the separation of a mixture of 20 PTH's by automated 
multiple development over silica 

Resolution of enantiomer mixtures of derivatized amino acids, employing 
chiral stationary phases652 or mobile phase additives ( f l - ~ ~ c l o d e x t r i n ~ ~ ~  or bovine 
serum albumin for the analysis of dansylamino acids,6s4 continues to be 
practised. 

7.4 High Performance Liquid Chromatography 
Some of the derivatization methods encountered in preceding sections are 

also routinely adopted in HPLC protocols, and the relative merits of the o- 
phthaldialdehyde/alkanethiol (OPA), N-(fluoren-9-ylmethoxycarbonyl)ation 
(Fmoc), N-phenylthiocarbamoylation (PTC), and N-dansylation (DNS) methods 
have been reviewed.655 HPLC analysis of homocysteine in plasma samples has 
been reviewed.656 

HPLC analysis of non-derivatized amino acids (Tyr, His, Phe, Trp) in 
foods;657 protein cross-linking amino acids pyridinoline, hydroxylysylpyridino- 
line, and lysylpyridinoline in urine6" conventionally involves ion-pair formation 
with sodium n-heptanesulfonate. Another study describes HPLC analysis of 
seven major crosslinking amino acids in elastin: desmosine, isodesmosine, 
allodesmosine, neodesmosine, aldosine, oxodesmosine, and cyclopentenosine.659 

The sensitivity criteria usually required in amino acid analysis, calls for 
choice of derivatives with optimised physical characteristics that can be exploited 
for quantitation. OPA Fluorescence is sufficiently stable to yield good precision 
with a relative standard deviation of 0.8-7.3% depending on the use of relevant 
internal or external standards.660 The presence of cyclodextrins in the mobile 
phase (a means of exploiting HPLC for the analysis of enantiomer mixtures) 
affects the fluorescence yield.661 The protocol has been used for the analysis of 
tyrosine-0-sulfate (ion-pair variant with t-butylammonium phosphate in the 
mobile and in other amino acid areas,663-665 one665 describing a sample 
pretreatment procedure that allows proline to be included in the method (which is 
applicable only to primary amines) through chloramine-T/NaBH4/600C/l l min 
treatment that converts the imino acid into 4-aminobutan-1-01. 

Dabsylation of collagen hydrolysates after OPA-blocking of primary 
a m i n e ~ ~ ~ ~  is capable of extraordinary sensitivity, with hydroxy-L-proline being 
measureable at ferntomole levels with its help.667 Where radioactive-labelling is 
distributed between amino acids in physiological samples, the efficiency of HPLC 
separation with suitable detectors allows their assay in the form of dabsyl 
derivatives.668 

7-Chloro-4-nitrobenzo-2-oxa- l ,3-diazole, or its 7-fluoro-analogue, has 
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been used increasingly recently, for derivatization of proline + hydroxyproline in 
mixtures after OPA blocking of primary a m i n e ~ , 6 ~ ~  or hydroxyproline 
and for homocysteine analysis.670 A salutary warning has been published that the 
derivatization of cysteine by 7-fluoro-4-nitrobenzo-2-oxa- l ,3-diazole is reversible 
in media containing reducing species at basic pH, undermining any quantitation 
protocol based on the fluorimetric assay using this reaction.671 

N-Phenylthiocarboamoylation compares well with classical ion-exchange 
chromatographic analysis for the HPLC estimation of amino acids in plasma,672 
and of protein h y d r ~ l ~ s a t e s . ~ ~ ~  Using gas-phase acid hydrolysis, and the Waters 
Pico-Tag Workstation based on PTC-derivatization, the amino acid content of 
lysozyme as a typical protein was secured with a 22 min HPLC separation. L- 
Methionine sulfoxide assay in tissue extracts has been achieved through the 
sequence ion-exchange, Pico-Tag derivatization and HPLC after derivatization 
using diethoxymethylene m a l ~ n a t e . ~ ~ ~  One-step amino acid derivatization by the 
new Waters AccQ-Tag Workstation has been described.675 Traditional PTH 
analysis676 and the similar DABTH assay employing H P L C ~ ~ ~  routinely deal 
with femtomole levels of analyte. Fluorogenic Edman reagents 7-N,N-dimethyl- 
aminosulfonyl-4-(2,1,3-benzoxadiazolyl)isothiocyanate and the 7-amino analogue 
yield amino acid derivatives showing h,, 505 nm for h,,,, 385 nm.678 

Several other derivatization protocols (some well-established, some new) 
have been reported, and there is perhaps more activity in this area than usual. N- 
Z-Amino N-acetylamino acid tetra-alkylammonium salts,6" and amino 
acid pentafluorobenzyl ested8' are familiar derivatives that have been studied 
further, the last-mentioned offering a suitable means of assay for tryptophan at 
low levels using electron capture detection and negative ion Cl-MS. Novel 
fluorogenic reagents include N-quinolin-6-yl carbamic acid N'-hydroxysuccini- 
mide ester682 and 2-fluoro-4,5-diphenyloxazole and 2-chloro-4,5-di-(p-N,N- 
dimethylaminosulfonyl)phenyloxazole, the fluorescence and chemiluminescence 
from the latter reagent being detectable at 19-64 femtomole levels.683 Known 
procedures for specific amino acids include the use of glyoxal (fluorescence 
generation with tryptophan),684 and 3-bromopropylamine (for ~~steine):~' and 
4,4'-dithiodipyridine (for post-column detection of homocysteine and other 
t h i o l ~ ) . ~ ~ ~  3'-Methylhistidine analysis has been accomplished through pre-column 
derivatization (reagent not stated in the abstract of this paper).687 

The determination of the enantiomeric composition of amino acids in 
mixtures continues to stimulate the development of known methods, some based 
on chiral derivatizing agents, (+)-l-(fluoren-9-y1)ethyl chloroformate for amino 

or N-glycyl-L-(4-nitropheny1)alanine methyl ester for N-Z-amino 
acids,689 others employing chiral stationary phases (cellulose tris(3,5-dimethyl- 
pheny1)carbamate for N-protected amino acid esters (N-Z- is better than N-Boc 
or N-formyl; the L-enantiomer runs fastest)? and commercial phases for 
ligand-exchange HPLC resolution of non-derivatized amino acids (stereoisomers 
of 2,6-di-aminopimelic acid).691 A review covers the HPLC resolution of amino 
acids.692 

A number of topics in HPLC analysis of amino acids are briefly noted: 
hydroxylysine glycosides in collagen hydrolysates,693 S-adenosyl-L-methionine 
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and its m e t a b ~ l i t e s , ~ ~ ~  serotonin in insect brain tissue (amperometric detec- 
t i ~ n ) , ~ ~ ~  tyrosine and isoquinoline alkaloids in papaver,696 and carbidopa in 
clinical samples (electrochemical detection).697 HPLC capacity factors have been 
correlated with Hansch hydrophobic parameters for N-dodecanoylamino 
acids.698 

7.5 Fluorimetric Analysis 
Much of the material under this heading is located elsewhere in this Section 

of this Chapter because analytical exploitation is the usual fate for fluorogenic 
derivatives of amino acids. The fluorescence generated in tryptophan through 
reaction with aldehydes in mildly acidic media (cf. glyo~a1684) has been studied in 
some detail for m e t h o ~ ~ a c e t a l d e h ~ d e . ~ ~ ~  p-Carboline and I-methoxyrnethyl-B 
carboline are formed at pH 2.75 in aqueous NaN02, the intense fluorescence (h,, 
450 nm at hexCi, 253 nm) being detectable down to 10 picomole levels. 

7.6 Other Analytical Methods 
The growth area under this heading continues to be capillary zone 

electrophoresis (CZE), now routinely offering laser-based detection of thiohydan- 
toins at sub-attomole levels,700 and applicable to chiral separation of derivatized 
amino acids.701 

Derivatization protocols for amino acids, and detection techniques, that 
are used for HPLC and other analytical purposes, are equally valid in the CZE 
area, as illustrated for laser-induced fluorescence (248 nm) for the detection of 
Fmoc amino acids (reaching 5 X 10-'O M),~O* and for oxazoles formed by 
condensation of amino acids with the co-enzyme pyrroloquinolinequinone.703 
Micellar electrokinetic capillary chromatography is an important variant of CZE, 
used for PTH analysis,704 and for chiral analysis employing bile salt m i c e l l e ~ ~ ~ ~  or 
$-cyclodextrin (for charged analytes) or carboxymethylethyl-P-cyclodextrin (for 
neutral analytes).706 

Absorption spectrophotometry at 440 nm allows simple estimation of the 
total amino acid content of a mixture reacted with benzoquinone (total protein at 
350 nm).707 Spectrophotometric estimation of phenylalanine in blood samples, on 
the basis of phenylpyruvate formed by oxidative deamination (phenylalanine 
dehydrogenase) compares favourably with results from fluorimetry, or other 
conventional amino acid analysis methods.708 Asparagine in aqueous solutions 
develops a colour (L,,.,,, 340-350 nm) with ninhydrin that differs from that (L,, 
405, 570 nm) for amino acids generally, leading to a simple colorimetric assay 
that compares favourably with HPLC methods for a ~ ~ a r a ~ i n e . ~ ' ~  Glutamine 
colorimetry down to millimolar levels has been e~tablished.~" The violet colour 
that develops between tyrosine methyl ester and iron(II1) salts is the basis of a 
novel colorirnetric assay applicable at 10 nanomolar levels.711 

A carbon paste electrode impregnated with copper(I1) cyclohexylbutyrate 
has an oxidation peak for copper(0) that is modified by the presence of amino 
acids in the solution.'12 The increased current taken to achieve the oxidation is 
proportional to the concentration of the total amino acids, which can thereby be 
estimated, down to 1 0 - ~  M levels. 
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7.7 Assays for Specific Amino Acids 
Adding to the methods appropriate for particular amino acids discussed in 

preceding sections, papers cited here deal mainly with enzymatic methods linked 
to electrochemical measurements. 

An amperometric electrode specific for L-alanine consists of a platinum 
surface that senses H202 produced in the presence of aqueous alanine by 
immobilized alanine aminotransferase and glutamate o x i d a ~ e . ~ ~ ~  Alanine de- 
hydrogenase and leucine dehydrogenase CO-immobilized on chitosan, constitutes 
an HPLC post-column reactor that catalyses the degradation of alanine, leucine, 
valine and isoleucine into species amenable to fluorimetric assay.714 Phenyl- 
alanine dehydrogenase, immobilized in a flow sensor, generates NADH from 
L-p hen ylalanine that encounters a nylon-immo bilized bacterial enzyme capable 
of creating biolumine~cence.~~ 

L-Lysine biosensors have been described, one employing a lysine oxidase 
reactor combined with a fibre-optic H202 detector incorporating peroxidase and 
luminol, and capable of dealing with 1 0 - ~  M levels of analyte,716 and another 
based on L-lysine decarboxylase combined with an optical transducer (a mem- 
brane carrying a lipophilic tartrate supporting an amine-sensitive dye-light 
source) for assaying the resulting ~adaver ine .~ '~  

Glutamate-sensing systems based on glutamic acid oxidase and other 
enzymes718 or on glutamic acid oxidase alone719 generating H202 at a Pt electrode 
in proportion to the concentration of glutamic acid. One of these studies describes 
ultra-miniaturisation of the sensor,719 The extension of the amperometric exploit- 
ation of glutamic acid oxidase electrodes into glutamine, aspartic acid and 
aspartame sensing systems has been reviewed.720 Glutaminase immobilized on an 
NH3-sensing electrode constitutes an L-glutamine sensor,721 while a broader 
range of analytes can be assayed by a device comprising an amino acid oxidase 
immobilized on aminated glass cloth and an NHysensitive electrode.722 

Non-enzymatic assays are involved in the remaining citations in this 
Section. A labelled L-leucine assay has been described, in which the amino acid is 
bound to its tRNA in the presence of either added radiolabelled tRNA-Leu and a 
deficiency of non-radioactive L-leucine, or in the presence of excess non- 
radioactive L-leucine to correct for other radiolabelled species.723 This work 
extends a previously-disclosed method (Vo1.25, p.78). A combined glutamine and 
a-ketoglutarate assay involves ion-exchange separation, o-phenylenediamine 
derivatization of the ketoglutarate, followed by conversion of the glutamine into 
ketoglutarate and its estimation as such through absorption spectrophoto- 
metry.724 

References 

1. Anon., Eur.J.Biochem., 1993,213,2. 
2. E. J.Behrman, G.E.Means, and U.Zhang, J.Chem.Educ., 1993,70,282. 
3. G.C.Barrett, in "Rodd's Chemistry of Carbon Compounds", Second Edition, Vol. 

ID, Second Supplement, Ed. M.Sainsbury, Elsevier, Amsterdam, 1993, pp.117-166. 



Amino Acids, Peptides, and Proteins 

H.Waldmann, Kontakte, 1993,58; (Chem.Abs., 1994,120,76634). 
A.Alami, M.Calmes, J.Daunis, and R. Jacquier, BuN.Soc.Chim.Fr., 1993,130, 5. 
A.Golebiowski and J.Jurczak, Synlett, 1993, 241. 
T.Ando, Osaka Kogyo Gijutsu Shikensho Hokoku, 1992,387,97. 
G.Rigo, P.Cauliez, D.Fasseur, and F.Sauvage, Trends Heterocycl.Chem., 1991, 2, 
155. 
J.C.Dillon, Cah.Nutr.Diet., 1992,27,90; (Chem.Abs., 1993,119, 137630). 
M. W .Duncan, Ann.N. Y.Acad.Sci., 1992,648, 16 1. 
M.Friedman, J.  Agric. Food Chem., 1994,42, 3. 
A.Soffen, in "Frontiers and New Horizons in Amino Acid Research", Proceedings 
of the First Biennial Conference, Kyoto, 13-19 August 1991, Ed. K.Takai, Elsevier, 
Amsterdam, 1992, p. 19. 
A.Meister, in Ref. 12, p. 3. 
R.G.Krishna and F.Wold, in Ref.12, p. 183. 
F.Nakamura and K.Suyama, in Ref. 12, pp.497 and 645, respectively. 
K.Yoshino, T.Takao, M.Suhara, Y.Shimonishi, and N.Suzuki, in Ref.12, p. 315 
(Chem.Abs., 1993,119,222076). 
A.D'Aniello, L.Petrucelli, C.Gardner, and G.Fisher, AnaLBiochem., 1993,213,290. 
R.M.Kamp, Biotec., 1993,4,36 (Chem.Abs., 1994,120,49500). 
L.Sottrup-Jensen, Biochem.Mol.Biol.Int., 1993,30, 789. 
S.A.Barker, ChemTech., 1993,23,42. 
M.Barwe and R.Wichmann, Bioforum, 1993, 16, 55, 57 (Chem.Abs., 1993, 119, 
4204); Idem., DECHEMA Biotechnol.Conf., 1992, S(Part B:Bioprocess Engineering, 
and Manufacturing Control), 647. 
M.Agosto, N.H.L.Wang, and P.C.Wankat, Ind.Eng.Chem. Res., 1993,32,2058. 
K.Yamada, M.Ojika, T.Ishigaki, Y.Yoshida, H.Ekimoto, and M.Arakawa, J-Am. 
Chem.Soc., 1993,115,11020. 
J.S.Yang, Y .L.Su, and Y .L.Wang, Yaoxue Xuebao, 1993,28, 197 (Chem. Abs., 1993, 
119, 156209). 
S.Huneck, A.Porze1, and J.Schmidt, Tetrahedron: Asymmetry, 1993,4,303. 
M.Mutsch-Eckner, C.A.J.Erdelrneier, O.Sticher, and H.D.Reuter, J.Nat.Prod., 1993, 
56,864. 
Y.Sakagami, K.Manabe, T.Aitani, S.V.Thiruvikraman, and S.Marumo, Tetrahedron 
Lett., 1993,34, 1057. 
J.E.Baldwin, R.M.Adlington, and M.B.Mitchel1, J.Chem.Soc., Chem.Commun., 
1993, 1332. 
K.K.Han and A.Martinage, Int. J.Biochem., 1993,25,957. 
T.G.Huggins, M.C.Wells-Knecht, N.A.Detorie, J.W.Baynes, and S.R.Thorpe, 
J.Biol.Chem., 1993,268, 12241. 
H.Sobel and H.Ajie, Free Radical Biol.Med., 1992, 13, 701(Chem.Abs., 1993, 118, 
1237 15). 
R.Amarowicz, H.Kostyra, and H.Kozlowska, Bromatol.Chem.Toksykol., 1991, 24, 
89.(Chem.Abs., 1993,119,271645). 
S.Naruse, S.Yamamoto, H.Yamamoto, S.Kondo, S.Masuyoshi, K.Numata, Y.Fu- 
kagawa, and T-Oki, J.Antibiot., 1993,46, 685. 
S. W .Elson, K.H.Baggaley, M. Fulston, N.H.Nicholson, J. W .Tyler, J.Edwards, 
H.Holms, I.Hamilton, and D.M.Monsdale, J.Chem.Soc.. Chem.Commun., 1993, 
1211. 
B.S.Davidson and R.W .Schumacher, Tetrahedron, 1993,49,6569. 



I: Amino Acids 77 

J.Su, Y-Zhong, L.Zeng, S.Wei, Q.Wang, T.C.W.Mak, and Z.Y.Zhou, J.Nat.Prod., 
1993,56,637. 
M.Chu, R.Mierzwa, I.Trumees, F.Gentile, M.Pate1, V.Gullo, T.- M.Chan, and 
M.S.Puar, Tetrahedron Lett., 1993,34,7537. 
M.D.Unson, C.B.Rose, D.J.Faulkner, L.S.Brinen, J.R.Steiner, and J.Clardy, 
J.Org.Chem., 1993,58,6336. 
K.A.Gurney and P.G.Mantle, J.Nat.Prod., 1993,56,1194. 
C. J.Barrow, P.Cai, J.K.Snyder, D.M.Sedlock, H.H.Sun, and R.Cooper, 
J.Org.Chem., 1993,58,60 16. 
A.R.Carrol1, B.F.Bowden, and J.C.Col1, Aust.J.Chem., 1993,46,825. 
K.Yamano and H.Shirahama, Tetrahedron, 1993,49,2427; Chem.Lett., 1993,21. 
D.K.Hancock, B.Coxon, S.-Y. Wang, E-White, D.J.Reeder, and J.M.Bellama, 
J. Chem. Soc., Chem. Commun., 1993,468. 
T.Hoshino, Y.Kojima, T.Hayashi, T.Uchiyama, and K.Kaneko, Biosci., Biotechnol., 
Biochem., 1993,57,775. 
F.Nakamura and K.Suyama, Connect.Tissue, 1992, 24, 127; K.Suyama and 
F.Nakamura, Bioorg.Med.Chem.Lett., 1992,2, 1767 (see also Refs. 154,659). 
S.Yahara, C.Shigeyama, T.Ura, K.Wakarnatsu, T.Yasuhara, and T-Nohara, Chem. 
Pharm.BuN., 1993,41,703. 
Y.Funabasht, S.Tsubotani, K.Koyama, N.Katayama, and S.Harada, Tetrahedron, 
1993,49, 13. 
S.Kanazawa, N.Fusetani, and S.Matsunaga, Tetrahedron Lett., 1993,34, 1065. 
D.E.Williams, D.L.Burgoyne, S.J.Rettig, R.J.Andersen, Z.R.Fathi- Afshar, and 
T.M. Allen, J. Nut. Prod., 1993,56, 545. 
Y.Minami, K.Yoshida, R.Azuma, M.Saeki, and T.Otani, Tetrahedron Lett., 1993, 
34,2633. 
H.Sone, T.Nemoto, H.Ishiwata, M.Ojika, and K.Yamada, Tetrahedron Lett., 1993, 
34,8449. 
D.Nagarathnam and M.E.Johnson, Synth.Commun., 1993,23,2011. 
A.Salifou, M.E.Johnson and D.Nagarathnam, Synth.Commun., 1993,23,2435. 
A.Citterio, A.Marion, A.Maronati, and M.Nicolini, Tetrahedron Lett., 1993, 34, 
798 1. 
S.Wang, S.Xi, and Q.Chen, Shenyang Yaoxueyuan Xuebao, 1992,9,255 (Chem.Abs., 
1993,119,49853 .); J.Cen and G.Geng, Zhongguo Yiyao Gongye Zazhi, 1993,24,133 
(Chem.Abs., 1993,119,3 1 168). 
M.R.Leanna and H.E.Morton, Tetrahedron Lett., 1993,34,4485. 
J.K.Prashar and D.E.Moore, Tetrahedron Lett., 1993,34, 1051. 
U.Schrnidt, H.Griesser, A.Lieberknecht, J.Schmidt, and T.Graether, Synthesis, 1993, 
765. 
J.Singh, T.D.Gordon, W.G.Earley, and B.A.Morgan, Tetrahedron Lett., 1993, 34, 
21 1. 
R.Deng, A.Mi, and Y .Jiang, Chin.Chem.ktt., 1993,4, 38 1. 
I.N.Houpis, A.Molina, R.A.Reamer, J.E.Lynch, R.P.Volante, and P.J.Rieder, 
Tetrahedron Lett., 1993,34,2593. 
J.Ezquerra, C.Pedrega1, M.Moreno-Manas, R.Pleixats, and A.Roglans, Tetrahedron 
Lett., 1993,34,8535. 
C.Alvarez-Ibarra, C.Dominguez-Fernandez, A.G.Csaky, E.Martinez- Santos, 
M.L.Quiroga, and E.Gutierrez, Tetrahedron Lert., 1993,34,5463. 
U.Gro th, T.Huhn, B.Porsch, C.Schmeck, and U.Schollkopf, Liebigs Ann.Chem., 
1993,715. 



Amino Acids, Peptides, and Proteins 

G.Courtois and L.Miginiac, J.Organomet.Chem., 1993,450,33. 
C.Herdeis and W.Enge1, Arch.Pharm., 1993,326,297. 
Y.Sato and C.G.Shin, Kogaku Kenkyusho Shoho (Kanagawa Daigaku), 1992,15, 20 
(Chem.Abs., 1993,118,255266.) 
B.Imperiali, T.J.Prins, and S.L.Fisher, J.Org.Chem., 1993,58, 16 13. 
0 . D  .Tyagi and P.M .Boll, Indian J. Chem., Sect. B, 1992,31B, 85 1. 
K.Curry, H.McLennan, S.J.Rettig, and J.Trotter, Can. J.Chem., 1993,71, 76. 
R.V.Hoffmann, N.K.Nayyar, and W.Chen, J.Org. Chem., 1993,58,2355. 
P.Aufranc, J.Ollivier, A.Stolle, C.Bremer, M.Es-Sayed, A.de Meijere, and J.Salaun, 
Tetrahedron Lett., 1993,34,4193. 
H.Kimura and K.Tsuto, J.Am.Oi1 Chem.Soc., 1993,70,6452. 
D.L.Hughes, S.K.Ibrahim, C.J.Macdonald, H.M.Ali, and C.J.Pickett, J.Chem.Soc., 
Chem.Commun., 1992,1762. 
R.Jumnah, J.M.J.Williams, and A.C.Williams, Tetrahedron Lett., 1993,34,6619. 
T.Chuard, F.Giretillat, and K.Bernauer, Chimia, 1993,47,215. 
W.Xu and Y.Zhang, Org.Prep.Proced.Int., 1993,25, 360. 
J.Kikuchi, T.Takashima, H.Nakao, K-Hie, H.Etoh, Y .Noguchi, K.Suehiro, and 
Y.Murakarni, Chem.Lett., 1993,553. 
(a) A.Fade1, Synlett., 1993, 505; (b) R.Bousquet, Z.Tadros, J.Tonne1, L.Mion, and 
J.Taillades, Bull.Soc.Chim.Fr., 1993, 130, 5 13. 
J.Clayden, E.W.Collington, and S.Warren, Tetrahedron Lett., 1993,34, 1327. 
R.F.W.Jackson, J.M.Kirk, N. J.Palmer, D.Waterson, and M. J.Wythes, J .  Chem.Soc., 
Chem.Commun., 1993,889. 
M.Poch, M.Alcon, A.Moyano, M.A.Pericas, and A.Riera, Tetrahedron Lett., 1993, 
34,778 1. 
T.Tsunoda, T.Tatsuki, Y.Shiraishi, M.Akasaka, and S.Ito, Tetrahedron Lett., 1993, 
34,3297. 
C.Agami, F.Couty, J.Lin, and A.Mikaeloff, Synlett., 1993, 349. 
T.Eguchi, T-Koudate, and K.Kakinuma, Tetrahedron, 1993,49,4527. 
A.Chen, I.Savage, E.J.Thomas, and P.D.Wilson, Tetrahedron Lett., 1993,34,6769. 
A.Dondini, S.Franco, F.L.Merchan, P-Merino, and T.Tejero, Tetrahedron Lett., 
1993,34,5479. 
K.Koh, R.N.Ben, and T.Durst, Tetrahedron Lett., 1993,34,4473. 
W.Oppolzer, P.Cintas-Moreno, O.Tamura, and F.Cardinaux, Helv.Chim.Acta, 1993, 
76, 187. 
D.P.G.Hamon, R.A.Massy-Westropp, and P.Razzino, Tetrahedron, 1993,49,6419. 
M .E.Lloris and M.Moreno-Manas, Tetrahedron Lett., 1993,34,7119. 
C.Cataviela, M.D.Diaz-de-Villegas, and J.A.Galvez, Tetrahedron: Asymmetry, 1993, 
4, 1445. 
H.Josien and G.Chassaing, Tetrahedron: Asymmetry, 1992,3, 1351. 
M.El Hadrarni, J.P.Lavergne, P.Viallefont, A.Chiaroni, C.Riche, and A.Hasnaoni, 
Synth.Commun., 1993,23, 157. 
V.P.Kukhar, Yu.N.Belokon, V.A.Soloshonok, N.Yu.Svistunova, A.B.Rozhenko, 
and N.A.Kuz7mina, Synthesis, 1993, l l. 
V.A.Soloshonok, N.Yu.Svistunova, V.P.Kukhar, V.A.Solodenko, N.A.Kuz'mina, 
A.B.Rozhenko, S.V.Galushko, I.P.Shishkina, A.O.Gudina, and Yu.N.Belokon, 
Izv.Akad. Nauk, Ser. Khim., 1992,397. 
Yu.N.Belokon, Izv.Akad.Nauk, Ser.Khirn., 1992, 1106; Pure AppLChem., 1992, 64, 
1917. 
G.Su and L.Yu, Synth.Commun., 1993,23,1229. 



l: Amino Acids 79 

G.Su and L.Yu, Yingyong Huaxue, 1993, 10, 75 (Chem.Abs., 1993, 119, 250431.); 
A.Mi, Z.Ma, L.Wu, and Y.Jiang, Chin.J.Chem., 1992, 10, 434 (Chem.Abs., 1993, 
118, 213477.) 
M.Patze1, G.Galley, P.G.Jones, and A.Chrapkowsky, Tetrahedron Left., 1993, 34, 
5707. 
K.Mikami, M.Kaneko, and T.Yajima, Tetrahedron Lett., 1993,34,4841. 
T.W.Badran, C.J.Easton, E.Horn, K.Kociuba, B.L.May, D.M.Schliers, and 
E.R.T.Tiekink, Tetrahedron: Asymmetry, 1993,4, 197. 
M.M.Campbel1, D.C.Horwel1, M.F.Mahon, M.C.Pritchard, and S.P.Walford, 
Bioorg. Med. Chem. Lett., 1993,3, 667. 
M.Orena, G.Porzi, and S.Sandri, J. Chem. Res., Synop., 1993,3 1 8. 
B.Weidmann, Chimia, 1992,46,3 12. 
G.Shapiro, D.Buechler, V.Ojea, E.Pombo-Villar, M.Ruiz, and H.- P.Weber, Tetra- 
hedron Lett., 1993,34, 6255. 
U.Groth, C.Schrneck, and U.Schollkopf, Liebigs Ann.Chem., 1993,321. 
T.Chiba, A.Miyashita, H.Nohira, and H.Takaya, Tetrahedron Lett., 1993,34,235 1. 
M.J.Burk, J.E.Feaster, W.A.Nugent, and R.L.Harlow, J.Am. Chem.Soc., 1993, 115, 
10125. 
S.Taudien and K.Schinkowski, Tetrahedron: Asymmetry, 1993,4,73. 
A.Corma, M.Iglesias, C.del Pino, and F.Sanchez, Stud.SurJSci.Catal., 1993, 75 
(Chem.Abs., 1993,119,549 12). 
C-Doebler, H.J.Kreuzfeld, H.W.Krauss, and M.Michalik, Tetrahedron: Asymmetry, 
1993,4, 1833. 
H.Brunner, W.Koenig, and B.Nuber, Tetrahedron: Asymmetry, 1993,4,699. 
R.Selke, C.Facklam, H.Foken, and D.Heller, Tetrahedron: Asymmetry, 1993,4, 369. 
J.M.Brown, Chem.Soc.Rev., 1993,22,25. 
C.Greck, C.Bischoff, F.Ferreira, C.Pine1, E.Piveteau, and J.- P.Genet, Synlett., 1993, 
475. 
I.H.Aspinal1, P.M.Cowley, G.Mitchel1, and R. J.Stoodley, J.Chem.Soc., Chem. 
Commun., 1993, 1 179. 
D.Enders, R.Funk, M.Klatt, G.Raabe, and E.R.Hovestreydt, Angew.Chem,Int,Ed., 
1993,105,418. 
G.Li, K.C.Russel1, M.A.Jarosinski, and V.J.Hruby, Tetrahedron Lett., 1993, 34, 
2565; G.Li, M.A.J.Jarosinski, and V.J.Hruby, Tetrahedron Lett., 1993,34,2561. 
E.Nicolas, K.C.Russel1, J.Knollenberg, and V.J.Hruby, J.Org.Chem., 1993,58, 7565. 
P.J.Colson and L.S.Hegedus, J.Org.Chem., 1993, 58, 5918; see also E-Lastra and 
L.S.Hegedus, J.Am. Chem.Soc., 1993, 115,87. 
T.Ishizuka, M.Osaki, H.Ishihara, and T.Kunieda, Heterocycles, 1993,35,901. 
T.Sunazuka, T.Nagamitsu, H.Tanaka, S.Omura, P.A.Sprengeler, and A.B.Smith, 
Tetrahedron Lett., 1993,34,4447. 
D.L.Boger and T.Honda, Tetrahedron Lett., 1993,34, 1567. 
M.Braun and K.Opdenbusch, Angew. Chem., Int.Ed., 1993,105,578. 
A.K.Beck, S.Blank, K. Job, D.Seebach, and T.Somrnerfeld, Org.Synth., 1993,72,62. 
D.Seebach, M.Boes, R.Naef, and W.B.Schweizer, J.Am.Chem.Soc., 1983,105, 5390. 
R.Chinchilla, C.Najera, S.Garcia-Granda, and A.Menendez-Velazquez, Tetrahedron 
Lett., 1993,34, 5799. 
S.Blank and D.Seebach, Liebigs Ann.Chem., 1993,889. 
O.Kitagawa, T.Hanano, N.Kikuchi, and T.Taguchi, Tetrahedron Lett., 1993, 34, 
2 165. 



Amino Acidr, Peptides, and Proteins 

R.Amoroso, G.Cardillo, M.S.Romero, and C.Tomasini, Gazz.Chim.Ital., 1993, 123, 
75. 
A.N.Boa, A.L.Guest, P.R.Jenkins, J.Fawcett, D.R.Russel1, and D.Waterson, 
J.Chem.Soc.. Perkin Trans.1, 1993,477. 
L.M.Harwood and I.A.Lilley, Tetrahedron Lett., 1993, 34, 537; L.M.Harwood and 
L.C.Kitchen, Ibid., 1993,34,6603. 
K.T.Wanner and SStamenitis, Liebigs Ann.Chem., 1993,477. 
M.De Amici, C.De Micheli, F.Cateni, G.Carrea, and G.Ottolina, Tetrahedron: 
Asymmetry, 1993,4, 1073. 
F.X.Effenberger, NATO ASI Ser., Ser. C, 1992, 381(Microbial Reagents in Organic 
Synthesis), 25. 
A.S.Bommarius, K.Drauz, U.Groeger, and C.Wandrey, in "Chirality in Industry", 
Eds. A.N.Collins, G.N.Sheldrake, and J.Crosby, Wiley, Chichester, 1992, p.371. 
S.Sifniades, in Ref. 136, p.79. 
D.I.Stirling, in Ref. 136, p.209. 
J.Kamphuis, W.H.J.BoestenW, B.Kapten, H.M.F.Hermes, T.Sonke, Q.B.Brox- 
tennan, W.J.J.Van De Tweel, and H.E.Schoemaker, in Ref.136, p.187; see also 
J.Kamphuis, E.M.Meijer, W.H. J.Boesten, T.Sonke, W. J. J.Van De Tweel, and 
H.E.Schoemaker, Ann.N, Y.Acad.Sci., l992,672(Enzyme Engineering XI), 5 10. 
F.Foor, N.Morin, and K.A.Bostian, Appl.Environ.Microbiol., 1993,59,3070. 
H.L.Chu, D.B.Yeh, and J.F.Shaw, Bot.Bull.Acad.Sin., 1993,34, 57. 
M.L.Lewis, S.L.Martin, C.J.Rowe, J.D.Sutherland, E.J.Wilson, and M.C.Wright, 
Bioorg. Med. Chem. Let t., 1993,3, 1 189. 
X.Liao, F.Liu, and Z.Liu, Huaxue Shijie, 1992, 33, 417 (Chem.Abs., 1993, 119, 
117776). 
R.Tao, Huaxue Shijie, 1992,33,41. 
A.A.Belyaev and E.V.Krasko, Izv.Akad.Nauk, Ser.Khim., 1992, 1692. 
A.K.Saksena, R.G.Lovey, V.M.Girijavallabhan, H.Guzik, and A.K.Ganguly, Tetra- 
hedron Lett., 1993,34,3267. 
A.V.Rama Rao, M.K.Gurjar, V.Kaiwar, and V.B.Khare, Tetrahedron Lett., 1993, 
34,1661. 
A.V.Rama Rao, M.K.Gurjar, T.R.Devi, and K.R.Kumar, Tetrahedron Lett., 1993, 
34, 1653. 
J.Zinde1, A.Zeeck, W.A.Konig, and A.de Meijere, Tetrahedron Lett., 1993,34, 1917. 
D.J.Aitken, D.Guillaume and H.P.Husson, Tetrahedron, 1993,49,6375. 
S.Hanessian, J.-M.Fu, and K.Isono, Tetrahedron Lett., 1993,34, 4153; S.Hanessian, 
J.-M.Fu, J.-L.Chiara, and R.di Fabio, Ibid., p.4 157. 
B.K.Banik, M.S.Manhas, and A.K.Bose, Tetrahedron Lett., 1993,34,307. 
S.R.Angle and J.G.Breitenbucher, Tetrahedron Lett., 1993,34, 3985. 
F.Nakamura and K.Suyama, J.Chem.Soc., Perkin Trans.1, 1993, 1007. 
S.Yoo, S.Lee, N.Jeong, and I.Cho, Tetrahedron Lett., 1993,34,3435. 
S.Hatakeyarna, K.Sugawara, and S.Takano, J. Chem.Soc., Chem.Commun., 1993, 
125. 
K.Hashimoto, M.Horikawa, M.Ishida, H.Shinozaki, and H.Shirahama, Bioorg. 
Med. Chem.Lett., 1992,2, 743. 
M.Horikawa, K.Hashimoto, and H.Shirahama, Tetrahedron Let?., 1993,34,33 1. 
M.E.Jung and C.Castro, J. Org.Chem., 1993,58,807. 
P.Chemla, Tetrahedron Lett., 1993,34,7391. 
L.Van Hijfte, V.Heydt, and M.Kolb, Tetrahedron LRtt., 1993,34,4793. 
M.Seki, M.Suzuki, and K.Matsumoto, Biosci.Biotechnol.Biochem., 1993,57, 1024. 



I: Amino Acids 8 1 

K.G.Grozinger, R.W.Kriwacki, S.F.leonard, and P.T.Pitner, J.Org.Chem., 1993,58, 
709. 
D.E.Zembower, J.A.Gilbert, and M .M.Ames, J.Med. Chem., 1993,36,305. 
A.B.Smith, R.C.Holcomb, M.C.Guzrnan, T.P.Keenan, P.A.Sprengeler, and 
R.Hirschmann, Tetrahedron Lett., 1993,34,63. 
D.Seebach, T.Gees, and F.Schuler, Liebigs Ann.Chem., 1993,785. 
G.Pattenden, S.M.Thorn, and M.F.Jones, Tetrahedron, 1993,49,2131. 
Z.W.An, R.D'Aloisio, and C.Venturel10, Synthesis, 1992, 1229. 
S.Kotha and A.Kuki, Chem-Left., 1993,2,299. 
E.C.Roos, M.C.Lopez, M.A.Brook, H.Hiemstra, W.N.Speckamp, B.Kaptein, 
J.Kamphuis, and H.E.Schoemaker, J.Org. Chem., 1993,58,3259. 
O.Ouerfelli, M.Ichida, H.Shinizaki, K.Nakanishi, and Y.Ohfune, Synlett., 1993,409. 
S.Raghavan, M.Ishida, H.Shinozaki, K-Nakanishi, and Y.Ohfune, Tetrahedron 
Lett., 1993,34,5765. 
F.Echalier, O.Constant, and J.Bolte, J.Org.Chem., 1993,58, 2747. 
R.F.W.Jackson and A.B.Rettie, Tetrahedron Lett., 1993,34,2985. 
M.J.Dunn, R.F.W.Jackson, and G.R.Stephenson, Synlett., 1993,905. 
R. F.W .Jackson, N.Wishart, and M .J.Wythes, J. Chem.Soc., Chem. Commun, 1993, 
1587. 
R.F.W.Jackson, N.Wishart, and M.J.Wythes, Synlett., 1993,219. 
J.E.Baldwin, R.M.Adlington, C.R.A.Godfrey, D.W .Collins, M.L.Smith, and 
A.T.Russell, Synlett., 1993, 51. 
K.Burgess, K.K.Ho, and C.Y .Ke, J.Org.Chem., 1993,58,3767. 
P.M.Angus, B.T.Golding, and A.M.Sargeson, J. Chem.Soc., Chem. Commun., 1993, 
979. 
Y.Ohfune, K.Shimamoto, M.Ishida, and H.Shinozaki, Bioorg.Med.Chem.Lett., 
1993,3, 15. 
R.M. Williams and G.J.Fegley, J.Org.Chem., 1993,58,6933. 
A.P.Kozikowski, W.Tuckmante1, Y.Liao, H.Manev, S.Ikonomovic, and 
J.T.Wroblewski, J.Med.Chem., 1993,36,2706. 
V.M.Magaard, R.M.Sanchez, J. W.Bean, and M.L.Moore, Tetrahedron Lett., 1993, 
34,381. 
C.Agami, F.Couly, J.Lin, A.Mikaeloff, and M.Pousoulis, Tetrahedron, 1993, 49, 
7239. 
N.Langlois and A.Rojas, Tetrahedron Lett., 1993,34,2477. 
R.Pellicciari, B.NataIini, R.Luneia, M.Marinozzi, M.Roberti, G.C.Rosato, B.M.Sa- 
deghpour, J .P.Snyder, J.B.Monohan, and F.Moroni, Med.Chem. Res., 1992,2,49 1. 
A.Claesson, B.M.Swahn, K.M.Edvinsson, H.Molin, and M.Sandberg, Bioorg.Med. 
Chem.Lett., 1992,2, 1247. 
A.K.McFarlane, G.Thomas, and A.Whiting, Tetrahedron Lett., 1993,34,2379. 
T.L.Gilchrist, A.M.d'A.Rocha Gonsalves, and T.M.V.D.Pinho e Melo, Tetrahedron 
Lett., 1993,34,4097,6945. 
C.Cataviela, M.D.Diaz de Villegas, J.A.Mayora1, A.Avenoza, and J.M.Peregrina, 
Tetrahedron, 1993,49,677. 
M.Akaboshi, K.Kawai, and H.Maki, Viva Origino, 1992,20, 163 (Chem.Abs., 1993, 
118,222687). 
H.Aoi and K.Nakarnura, Kinki Daigaku Genshiryoku Kenkyusho Nenpo, 1992,29, l l 
(Chem.Abs., 1993,119,90670). 
D.P.Summers and S.Chang, Nature, 1993,365,630. 



Amino Acids, Peptides, and Proteins 

K.Kawashiro, S.Seno, S.Sugiyama, and H.Hayashi, Origins Lfe Evol.Biosphere, 
1993,23, 153. 
R.Shankar and A.I.Scott, Tetrahedron Lett., 1993,34,2477. 
D.Qasni, L.Rene, and B.Badet, Tetrahedron Lett., 1993,34,3861. 
F.M.Laskovics, J.F.Le Borgne, F.Piriou, and E.Wolf, Bull.Soc.Chim.Fr., 1992, 129, 
529. 
U.Larsson, R.Carlson, and J.Leroy, Acta Chem.Scand., 1993,47,380. 
Y.Matsumura, M.Urushihara, H.Tanaka, K.Uchida, and A.Yasuda, Chem.Lett., 
1993,1255. 
V.Tolman, J.Fluorine Chem., 1993,60, 179. 
V.Tolman, V.Vlasakova, and J.Nemecek, J.Fluorine Chem., 1993,60, 185. 
M.Hudlicky, J.Fluorine Chem., 1993,60, 193. 
B.P.Hart and J.K.Coward, Tetrahedron Lett., 1993,34,4917. 
K.S.Kim and L.Qian, Tetrahedron Lett., 1993,34,7195. 
T.R. Burke, M.S.Smyth, A.Otaka, and P.P.Roller, Tetrahedron Lett., 1993,34,4125. 
J. Wrobel and A.Dietrich, Tetrahedron Lett., 1993,34, 3543. 
S.Kanemasa, T.Mori, E.Wada, and A.Tatsukawa, Tetrahedron Lett., 1993, 34, 677; 
S.Kanemasa, T.Mori, and A.Tatsukawa, Ibid., p.8293. 
M.Metzulat and G.Simchen, Synthesis, 1993,62. 
M.L.Pedersen and D.B.Berkowitz, J.Org.Chem., 1993,58, 6966. 
J.Ariza, M.Diaz, J.Font, and R.M.Ortuno, Tetrahedron, 1993,49, 1315. 
R.P.Elliott, A.Hui, A.J.Fairbanks, R.J.Nash, B.G.Winchester, G.Way, C.Srnith, 
R.B.Lamont, R.Storer, and G.W.J.Fleet, Tetrahedron Lett., 1993, 34, 7949; 
A.J.Fairbanks, R.P.Elliott, C.Smith, A.Hui, G.Way, R.Storer, H.Taylor, 
D.J. Watkin, B.G.Winchester, and G.W.J.Fleet, Ibid., p.7953. 
J. W.Burton, J.C,Son, A.J.Fairbanks, S.S.Choi, H.Taylor, D.J.Watkin, B.G.Winche- 
ster, and G.W.J.Fleet, Tetrahedron Lett., 1993,34,6119. 
J.Jurczak, P.Prokopowicz, and A.Golebiowski, Tetrahedron Lett., 1993,34, 7107. 
J.E.Baldwin, R.M.Adlington, C.R.A.Godfrey, D.W.Gollins, M.L.Smith, and 
A.T.Russel1, Synlett., 1993, 51. 
A.Goluber, N.Sewald, and K.Burger, Tetrahedron Lett., 1993,34,5879. 
J.E.Baldwin, R.Fieldhouse, and A.T.Russel1, Tetrahedron Lett., 1993,34, 5491. 
M. Carrasco, R. J. Jones, S. Kamel, H. Rapoport, and T.Thlen, Org.Synth., 1992, 70, 
29. 
C.Cativiela and M.Diaz de Villegas, Tetrahedron, 1992,48,497. 
H.Hasegawa, S.Arai, Y .Shinohara, and S.Baba, J.Chem.Soc., Perkin Trans.1, 1993, 
489. 
M.J.Dunn, R.F.W.Jackson, J.Pietruszka, N.Wishart, D.Ellis, and M.J.Wythes, 
Synlett., 1993,499. 
Z.-X.Guo, M.J.Schaeffer, and R. J.K.Taylor, J .  Chem.Soc., Chem.Commun., 1993, 
874. 
D.Hebel, D.C.Furlano, R.S.Phillips, S.Koushik, C.R.Creverling, and K.L.Kirk, 
Bioorg.Med.Chem.Lett., 1993,2,41. 
V.G.Beyin, H.G.Chen, J.Dunbar, O.P.Goe1, W.Harter, M.Marlatt, and J.G.Topliss, 
Tetrahedron Lett., 1993,34, 953. 
R. W .Carling, P.D .Leeson, A.M .Moseley, J.D. Smith, K.Saywell, M .D.Triclebank, 
J.A.Kemp, G.R.Marshal1, A.C.Foster, and S.Greenwood, Bioorg.Med.Chem.Lett., 
1993,3, 65. 
D.S. Wilbur, D.K.Hamlin, R.R.Srivastava, and H.D.Burns, Bioconjugate Chem., 
1993,4,574. 



l: Amino Acid 83 

J.Zhu, R.Beugelmans, A.Bigot, G.P.Singh, and M.Bois-Choussy, Tetrahedron Lett., 
1993,34,7401. 
M.J.Sloan and R.S.Phillips, Bioorg.Med.Chem.Lett., 1992,2, 1053. 
M.Lee and R.S.Phillips, Bioorg. Med.Chem.Lett., 1992,2, 1563. 
N.Prasitpan, J.N.Pate1, P.Z.De Croos, B.L.Stockwel1, P.Manavalan, L.Kar, 
M.E.Johnson, and B.L.Currie, J.Heterocycl.Chem., 1992,29,335. 
T.Jeschke, D.Wensbo, U.Annby, S.Gronowitz, and L.A.Cohen, Tetrahedron Lett., 
1993,34,6471. 
D.Crich and L.B.L.Lim, Heterocycles, 1993,36,1199. 
L.Franceschetti, A.Garzon-Aburbeh, M.R.Mahrnoud, B.Natalini, and R.Pellicciari, 
Tetrahedron Lett., 1993,34,3185. 
Y.Zhang, Z.Tian, M.Kowalczuk, P.Edwards, and R.W.Roeske, Tetrahedron Lett., 
1993,34,3659. 
S.V.Pansare, G.Huyer, L.D. Arnold, and J.C.Vederas, Org.Synth., 1993,70, 1. 
P.Garner and J.U.Yoo, Tetrahedron Lett., 1993,34, 1275. 
I.Lewis, Tetrahedron Lett., 1993,34, 5697. 
R.B.Baudy, L.P.Greenblatt, I.L.Jirkovsky, M.Conklin, R.J.Russo, D.R.Bramlett, 
T.A.Emrey, J.T.Sirnmonds, D.M.Kowa1, et al., J.Med.Chem., 1993,36,331. 
A.Katoh, M.Inokawa, K.Yamazaki, and J.Ohkanda, Seikei Daigaku Kogakubu 
Hokoku, 1993,55,3791 (Chem.Abs., 1993,119, 160734). 
P.L.Ornstein, M .B.Arnold, D.Evrard, J.D.Leander, D.Lodge, and D.D.Schoepp, 
Bioorg.Med.Chem.Lett., 1993,3,43. 
J. A.Monn, M. J.Valli, R.A.True, D.D.Schoepp, J.D.Leander, and D.Lodge, Bioorg.- 
Med.Chem.Lett., 1993,3,95. 
K.Burger, M.Gold, H.Neuhauser, M-Rudolph, and E.Hoess, Synthesis, 1992, 1145. 
I.Van Bogaert, A.Haerness, W.Bollaert, N.van Meirvenne, R.Brun, K.Srnith, and 
A.H.Fairlamb, Eur. J.Med. Chem., 1993,28,387. 
P.D.Leeson, B.J.Williams, M.Rowley, K.W.Moore, R.Baker, J.A.Kemp, T.Priestley, 
A.C.Foster, and A.E.Donald, Bioorg. Med.Chem. Lett., 1993,3,7 1. 
J.Haeusler, Liebigs Ann.Chem., 1993, 1231. 
J.-P.Genet, S.Thorimbert, S.Mallart, and N.Kardos, Synthesis, 1993,321. 
J.-P.Genet, S.Thorimbert, and A.-M.Touzin, Tetrahedron Lett., 1993,34, 1159. 
U.Schmidt, K.Mundinger, B.Ried1, G.Haas, and R.Lau, Synthesis, 1992, 1201. 
M.T.Reetz and F.Kayser, Tetrahedron: Asymmetry, 1992,3,1377. 
R.Lutgring, K.Sujatha, and J.Chmielewski, Bioorg.Med.Chem.Lett., 1993,3,739. 
G.Luisi and F.Pinnen, Arch,Pharm., 1993,326, 139. 
C.M.R.Low, H.B.Broughton, S.B.Kalindjian, and I.M.McDonald, Bioorg.Med.- 
Chem.Lett., 1992,2, 325. 
T.Itaya, T.Iida, S.Shirnizu, A.Mizutani, M.Morisue, Y.Sugimoto, and M.Tachinaka, 
Chem. Pharm. Bull., 1993,41,252. 
M.Muller, A.Mann, and M.Taddei, Tetrahedron Lett., 1993,34,3289. 
M.Kirihata, S.Kawahara, Y.Kawashirna, and I.Ichimoto, in Ref.12, p.375. 
J.P.Whitten, B.M.Baron, and I.A.McDonald, Bioorg.Med.Chem.Lett., 1993,3,23. 
G.S.Hamilton, Z.Huang, P.J.Patch, B.A.Narayanan, and J.W.Ferkany, Bioorg.- 
Med.Chem.LRtt., 1993, 3, 27; G.S.Harnilton, Z.Huang, X.J.Yang, P.J.Patch, 
B.A.Narayanan, and J.W.Ferkany, J. Org. Chem., 1993,58,7263. 
R. J.Homer, M.S.Kim, and D.M.Le Master, Anal. Biochem., 1993,215,2 1 1. 
D.S.Wishart, B.D.Sykes, and F.M.Richards, Biochim.Biophys,Acta, 1993,1164,36. 
A.B.Pshenichnikova, E.N.Karnankrova, B.I.Mitscher, P.V.Dubrovskii, and 
V.I.Shvets, Zh.Obshch.Khim., 1993,63, 1034. 



Amino Acids, Peptides, and Proteins 

C.H.Archer, N.R.Thomas, and D.Gani, Tetrahedron:Asymmetry, 1993,4, 1141. 
J.E.Baldwin, K.D.Merritt, and C.J.Schofield, Tetrahedron Lett., 1993,34,3919. 
P.Dieterich and D.W.Young, Tetrahedron Lett., 1993,34, 5455. 
R.K.Duke, R.D.Allan, C.A.Drew, G.A.R.Johnston, K.N.Mewett, M.A.Long, and 
C.Than, J.Lubelled Compd.Radiopharm., 1993,33,527. 
R.K.Duke, R.D.Allan, C.A.Drew, G.A.R.Johnston, K.N.Mewett, M.A.Long, and 
C.Than, J.kbelled Compd.Radiopharm., 1993,33,767. 
G.Blomqvist, Dev.Nucl.Med., 1993, 23, 149; W.Vaalburg, P.H.Elsinga, and 
A.M.J.Paans, Ibid., pp.75,161. 
F.Oberdorfer, A.Zobeley, K.Weber, C.Premnant, U.Haberkorn, and W.Borst- 
Maier, J.Labelled Compd.Radiopharm., 1993,33, 345. 
K.Mizuno, S.Yamazaki, R.Iwata, C.Pascali, and T.Ido, Appl.Radiat.Isot., 1993,44, 
788. 
D.A.Vasil'ev, M.Y.Kiselev, M.V.Korsakov, and A.G.Khorti, Radiokhimiya, 1992, 
34,172. 
K.J.Polach, S.A.Shah, J.C.La Iuppa, and D.M.Le Master, J.Labelled Compd.Radio- 
pharm., 1993,33,809. 
W. J.Goux, L. Rench, and D.S.Weber, J.Labelled Compd.Radiopharm., 1993,33, 18 1. 
J.C.La Iuppa and D.M.Le Master, J.Labelled Compd.Radiopharm., 1993,33,913. 
J. J.Cappon, G. A.M.Van der Walle, P.J. E.Verdegem, J.Raap, and J.Lugtenburg, 
Recl. Trav.Chim.Pays-Bas, 1992,111, 51 7. 
C.J.Unkefer and S.N.Lodwig, in "Synthetic Applications of Isotopically-Labelled 
Compounds", Proceedings of the 4th International Conference, Eds. E.Bunce1 and 
G. W.Kabalka, Elsevier, Amsterdam, 1992, p.337. 
J. A.Chanatny, P.H.Schafer, M .S.Kim, and D.M.Le Master, Anal.Biochem., 1993, 
213, 147. 
L.Lankiewin, L.Grehn, and U.Ragnarsson, J.Labelled Compd.Radiopharm., 1993, 
33, 557. 
H.H.Coenen, Dev. Nucl. Med., 1993,23, 109; C.Lemaire, Ibid., p.89. 
M.Namavari, N.Satyamurthy, M.E.Phelps, and J.R.Barrio, Appl. Radiat.Isot., 1993, 
44,527. 
C. Lemaire, A.Plenevaux, R.Cantineau, L.Christiaens, M.Guillaume, and D.Comar, 
Appl.Radiat.Isot., 1993,44, 737. 
F.Hu and Y .Li, Nucl.Sci. Tech., 1993,4, 5 1. 
M.R.Jirousek, A.W.-H.Cheung, R.E.Babine, P.M.Sass, S.R.Schow, and M.M.Wick, 
Tetrahedron Lett., 1993,34, 3671. 
K.Burgess, L.T.Liu, and B.Pal, J.Org. Chem., 1993,58,4758. 
H.Frauenrath, T.Arenz, G.Raabe, and M.Zorn, Angew. Chem.Int. Ed., 1993,105,72. 
D.Tourwe, J.Piron, P.Defreyn, and G.van Binst, Tetrahedron Lett., 1993,34,5499. 
R.B.Silverman, C.Z.Ding, J.L.Borril10, and J.T.Chang, J. Am. Chem.Soc., 1993, 115, 
2982. 
F.Texier-Boullet, R.Latouche, and J.Hamelin, Tetrahedron Lett., 1993, 34, 2123; 
M .Mladenova and M. Bellassoued, Synth. Commun., 1993,23,725. 
S.Fustero, M.D.Diaz, and R.P.Carbon, Tetrahedron Lett., 1993,34,725. 
V.A.Soloshonok, A.G.Kirilenko, and V.P.Kukhar, Tetrahedron Lett., 1993, 34, 
3621. 
H.Nemeto, Y.Kubota, N.Sasaki, and Y.Yarnamoto, Synlett., 1993,465. 
D.Enders, M.Klatt, and R.Funk, Synlett., 1993,226. 
K.Hattori, M.Miyata, and H.Yamamoto, J.Am.Chem.Soc., 1993,115,1151. 
J.D.Boureat and A.Comrnercon, Tetrahedron Lett., 1993,34,6049. 



I: Amino Acids 85 

C.Palomo, J.M.Aizpurue, J.I.Miranda, A.Mielgo, and J .M .Odriozola, Tetrahedron 
Lett., 1993,34,6323. 
S.G.Davies, N.M .Garrido, O.Ichihara, and I.A.S.Walters, J.Chem.Soc., Chem.- 
Commun., 1993,1153. 
J.M .Hawkins and T.A.Lewis, J.Org. Chem., 1993,58,649. 
I.T.Barnish, M .Carless, P. J.Dunn, D.Ellis, P.W.Finn, J.D.Hardstone, and K. James, 
Tetrahedron Lett., 1993,34, 1323. 
M.Es-Sayed, C.Gratkowski, N.Krass, A.I.Meyer, and A.de Meijere, Tetrahedron 
Lett., 1993,34,289. 
R.Amoroso. G.CardiUo, P.Sabatino, C.Tomasini, and A.Trere, J.Org.Chem., 1993, 
58, 5615. 
S.Murahashi, Y.Iada, M.Kohno, and T.Kawakami, Synlett., 1993,395. 
T.Konosu and S.Oida, Chem. Pharm. Bull., 1993,41,1012. 
K.Paulrannan and J.R.Stille, Tetrahedron Lett., 1993,34,8 197. 
P.R.Bovy and J.R.Rico, Tetrahedron Lett., 1993,34,8015. 
B.J.Mavunke1, Z.Lu, and D.J.Kyle, Tetrahedron Lett., 1993,34,2255. 
P.A.Jacobi and W.Zheng, Tetrahedron Lett., 1993,34,2581,2585. 
E.Juaristi and J.Escalante, J.Org.Chem., 1993,58,2282. 
C.W.Jefford and J.Wang, Tetrahedron Lett., 1993,34, 1 11 1,3 1 19. 
C.W.Jefford, J.B.Wang, and Z.-H.Liu, Tetrahedron Lett., 1993,34,7557. 
S.G.Pyne, B.Dikic, P.A.Gordon, B.W.Skelton, and A.H.White, Aust.J.Chem., 1992, 
46, 73. 
M.K.Mokhallalati, M.-J.Wu, and L.N.Pridgen, Tetrahedron Lett., 1993,34,47. 
J.E.Baldwin, A.C.Spivey, C.J.Schofield, and J.B.Sweeney, Tetrahedron, 1993, 49, 
6309. 
T.Kawabata, Y.Kiryu, Y.Sugiura, and K.Fuji, Tetrahedron Lett., 1993,34, 5127. 
D.M.Gou, Y .C.Liu, and C.S.Chen, J.Org. Chem., 1993,58, 1287. 
R-Annunziata, M.Benaglia, M.Cinquini, F.Cozzi, and F.Ponzini, J.Org.Chem., 
1993,58,4746. 
A.Basak, Synth.Comrnun., 1993,23, 1985. 
R.B.Bates and S.Gangwar, Tetrahedron: Asymmetry, 1993,4,69. 
J.M.Durghat and P.Voge1, Helv.Chim.Acta, 1993,76,222. 
J.J.Masters and L.S.Hegedus, J.Org. Chem., 1993,58,4547. 
T.K.Chakraborty, A.K.Hussain, and S.P.Joshi, Chem.Lett., 1993,2385. 
1.Gomez-Monterrey, R.Gonzalez-Muniz, R.Herranz, and M.T.Garcia- Lopez, 
Tetrahedron Lett., 1993,34,3593. 
A.J.Schuster and E. R.Wagner, J.Lubelled Compd. Radiopharm., 1993,33,2 1 3. 
Z.Y .Wei and E.E.Knaus, J.Org.Chem., 1993,58,1586. 
Z.Y .Wei and E.E.Knaus, Synlett., 1993,295. 
J.S.Plurnmer, L.A.Emery, M.A.Stier, and M.J.Suto, Tetrahedron Lett., 1993, 34, 
7529. 
L.Kollar and P.Sandor, J.Organomet. Chem., 1993,445,257. 
A.Schoenfelder, A.Mann, and S.Le Coz, Synlett., 1993,63. 
H.C.Kolb, Y.L.Bennani, and K.B.Sharpless, Tetrahedron: Asymmetry, 1993,4, 133. 
Y .Lu, C.Miet, N.Kunesch, and J.E.Poisson, Tetrahedron: Asymmetry, 1993,4,893. 
S.Kiyooka, K.Suzuki, M.Shirouchi, Y.Kaneko, and S-Tanimori, Tetrahedron Lett., 
1993,34,5729. 
T.Ishizuka, S.Ishibushi, and T.Kunieda, Tetrahedron, 1993,49, 1841. 
T.Yamamoto, S.Ishibushi, T.Ishizuka, M.Haratake, and T.Kunieda, J.Org. Chem., 
1993,58,1997. 



Amino Acids, Peptides, and Proteins 

J.F.McGarrity and T.Meu1, J.Org.Chem., 1993,58,40 10. 
K.Shinozaki, K.Mizuno, H.Oda, and Y.Masaki, Chem.Lett., 1992,2265. 
U.Schrnidt, B.Ried1, G.Haas, U.Griesser, A.Vetta, and S.Weinbrunner, Synthesis, 
1993,216. 
A.M.Doherty, B.E.Kornberg, and M.D.Reily, J.Org.Chem., 1993,58,795. 
S.E.Drewes, A.A.Khan, and K.Rowland, Synth,Commun., 1993,23,183. 
D.B.Tulshian, A.F.Fundes, and M.Czarniecki, Bioorg.Med.Chem.Lett., 1992,2,5 15. 
R.C.F.Jones and A.K.Crockett, Tetrahedron Lett., 1993, 34, 7459; R.C.F.Jones, 
A.K.Crockett, and D.C.Rees, Amino Acids, 1993,5, 119. 
B.H.Kim, Y.J.Chung, and E.J.Ryn, Tetrahedron Lett., 1993,34,8465. 
(a) C.Herdeis and K.Luetsch, Tetrahedron: Asymmetry, 1993, 4, 121; (b) D.Melon, 
C.Gravier-Pelletier, Y.Le Merrer, and J.C.Depezay, Bull.Soc.Chim.Fr., 1992, 129, 
585. 
M.Sakurai, T.Hata, and Y.Yabe, Tetrahedron Lett., 1993,34,5939. 
M.Meints, C.Wolff, and W.Tochtermann, Liebigs Ann.Chem., 1993,527. 
H.Kodoma, S.Matui, M .Kondo, and C.H.Stammer, Bull. Chem.Soc. Jpn., 1992, 65, 
2668. 
J.Touet, L.Faverie1, and E.Brown, Tetrahedron Lett., 1993,34,2957. 
Y.Yamamoto, S.Kato, H-Yamashita, and T.Maekawa, Bull.Chem.Soc.Jpn., 1992, 
65,3149;" H.Yamashita, S.Kayada, and T.Maekawa, Ibid., 1993,66,2764. 
P.D.Newman, F.S.Stephens, R.S.Vagg, and P.A.Williams, Inorg. Chim-Acta, 1993, 
204,257 (Chem.Abs., 1993,119, 107872). 
T.Hani, H.Hatano, N-Nimura, and T-Kinoshita, J.Liq.Chromatogr., 1993,16,801. 
S.Kuwata, J.Tanaka, N.Onda, T.Yamada, T.Miyazawa, M.Sugiura, Y .In, M.Doi, 
M.Inoue, and T.Ishida, Bull. Chem.Soc. Jpn., 1993,66, 150 1. 
H.Miyazaki, A.Ohta, N.Kawakatsu, Y.Waki, Y.Gogun, T.Shiraiwa, and 
H.Kurokawa, Bull.Chem.Soc. Jpn., 1993,66,536. 
T.Shiraiwa, Y.Baba, H.Miyazaki, S.Sakata, S.Kawamura, M.Uehara, and 
H.Kurokawa, Bull.Chem.Soc.Jpn., 1993,66, 1430. 
K.Naemura, Bunseki, 1993,414. 
Y.Yamashoji, M.Ito, and M.Tanaka, Chem.Express, 1993,8,285. 
M .Pietraszkiewicz and M.Kozbia1, J .  Inclusion Phenom. Mol. Recognit. Chem., 1993, 
14,339 (Chem.Abs., 1993,119,203777). 
H.Miyake, Y.Kojima, T.Yamashita, and A.Ohsuka, Makromol.Chem., 1993, 194, 
1925. 
Y.Kuroda, Y.Kato, T.Higashioji, and H.Ogushu, Angew.Chem.Int.Ed., 1993, 105, 
723; see also T.Mizutani, T.Ema, T.Tomita, Y.Kuroda, and H.Ogoshi, J.Chem.Soc., 
Chem.Commun., 1993,520. 
G.Li and W.C.Stil1, Bioorg.Med.Chem.Lett., 1992, 2, 731; see also G.Li and 
W.C.Stil1, Tetrahedron Lett., 1993,34,919; R.Liu and W.C.Stil1, Ibid., p.2573. 
M.Sato, A.Ichige, T.Emura, M.Yoshimoto, T.Nakahira, S.Iwabuchi, and 
K.Kojima, Polymer, 1993,34, 1237. 
T.Shimbo, T.Yamaguchi, H.Yanagishita, K.Sakaki, D.Kitamoto, and M.Sugiura, 
J.Membr.Sci., 1993,84,241. 
A.Dobashi, Y .Dobashi, T.Ono, K.Ishida, N.Oshida, and S.Hara, J.Liq. Chromatogr., 
1993,16,825. 
W.H.Pirkle and P.G.Murray, J.High Resolut.Chromatogr., 1993,16,299. 
K.Lohmiller, E.Bayer, and B.Koppennoefer, J.Chromatogr., 1993,634,65. 
M.Tsujimoto, Y.Saito, Y.Matsubara, S.Ito, M.Yoshihara, and T.Maeshima, Shi- 
kizai Kyokaishi, 1992,65,344 (Chem.Abs., 1993,119, 194747). 



l: Amino Acids 87 

J.Yang and D.S.Hage, J. Chromatogr., 1993,645,24 1. 
K.Morihara, S.Kawasaki, M.Kofuji, and TShimada, Bull.Chem.Soc.Jpn., 1993, 66, 
906. 
T.Shiraiwa, H.Miyazaki, H.Morita, and H.Kurokawa, Chem-Express, 1993,8, 229. 
E.Flasche1, S.Crelier, K.Schulz, F.U.Hunecke, and A.Renken, Progr.Biotechnol., 
1992,8, 163. 
BSchricker, K.Thirring, and H.Berner, Bioorg.Med.Chem.Lett., 1992,2, 387. 
Yu.N.Belokon, K.A.Kochetkov, N.V.Fileva, N.S.Ikonnikov, S.A.Orlova, and 
Z.Bakasova, Bioorg.Khim., 1993,93, 130. 
B.Nielsen, H.Fisker, B.Ebert, U.Madsen, D.R.Curtis, P.Krogsgaard- Larsen, and 
J.J.Hansen, Bioorg.Med.Chem.Lett., 1993,3, 107. 
R.Chenevert, R.B.Rhlid, M.Letourneau, R.Gagnon, and L.D'Astous, Tetrahedron: 
Asymmetry, 1993,4, 1 137. 
V.A.Soloshonok, V.K.Svedas, V.P.Kukhar, I.Yu.Galaev, E.V.Kozlova, and 
N.Yu.Svistunova, BioorgKhim., 1993,19,478. 
V.A.Soloshonok, V.K.Svedas, V.P.Kukhar, A.G.Kirilenko, A.V.Rybakova, V.A.So- 
lodenko, A.Vladimir, N.A.Fokina, O.V.Kogut, I.Yu.Galaev, E.V.Kozlova, and 
N.Yu.Svistunova, Synlett., 1993, 339. 
A.Margolin, Tetrahedron Lett., 1993,34,1239. 
H.P.Chen, S.H.Wu, Y .C.Tsai, Y .B.Yang, and K.T.Wang, Bioorg.Med.Chem.Lett., 
1992,2,697. 
P.M.Lee and K.H.Lee, J.Chem. Technol.Biotechnol., 1993,58,65. 
M.Shimizu, T.Yokata, K.Fujimori, and T.Fujisawa, Tetrahedron: Asymmetry, 1993, 
4, 835. 
T.Miyazawa, M.Mio, Y.Watanabe, T.Yamada, and S.Kuwata, BiotechnoLLett., 
1992,14,789. 
J.Z.Crich, R. Brieva, P.Marquart, R.L.Gu, S.Flemming, and C. J.Sih, J. Org. Chem., 
1993,58,3252. 
T.Kijima, K.Ohshima, and H.Kise, J.Chem.Technol.Biotechnol., 1994,59,61. 
A.Ozaki, H.Kawasaki, M.Yagasaki, and Y.Hashimoto, Biosci. Biotechnol. Biochem., 
1992,56, 1980. 
M.Yagasaki, A.Osaki, and Y.Hashimoto, Biosci.Biotechnol.Biochem., 1993, 57, 
1499. 
T.Ishikawa, K.Watabe, Y.Mukohara, S.Kobayashi, and H.Nakamura, Biosci.Bio- 
technol.Biochem., 1993,57,982. 
D.M.Kim and H.S.Kim, Enzyme Microb,Technol., 1993,15,530. 
W.Wang, J.Zhao, and Y.Wang, Chin.Sci.Bull., 1993,38,438 (Chem.Abs., 1993, 119, 
961 15). 
I.Gutman, D.Todorovic, and M.Vuckovic, Chem.Phys,Lett., 1993,216,447. 
M.Cattani and T.Tome, Origins Life Evol.Biosphere, 1993,23, 125. 
D.K.Kondepudi, Biosystems, 1987,20,75. 
J.C.Lacey, N.S.M.D. Wickramasinghe, G.W.Cook, and G.Anderson, J. Mol. Evol., 
1993,37,233. 
J.W.A.Faaman and E.R.T.Tiekink, Z.Kristallogr., 1993,204,277.(Chem.Abs., 1994, 
120, 19939). 
G.S.Prasad and M.Vijayan, Acta Crystallogr., Sect.B: Struct.Sci., 1993, B49, 348 
(Chem.Abs., 1993,119, 18187). 
S.A.Bahadur, R.K.Rajaram, M.Nethaji, and S.Nataran, Z.Kristallogr., 1993, 203, 
93 (Chem.Abs., 1994,120,19863). 



Amino Acia's, Peptides, and Proteins 

R.Stende1, A.Albertsen, M.Kustos, and J.Pickardt, Z.Natur$orsch., B: Chem.Sci., 
1993,48,555. 
N.Okabe and M.Hokase, Chem.Pharm.Bull., 1993,41,605. 
J.Seetharaman, S.S.Rajan, and R.Srinivasan, J.Crystallogr.Spectrosc.Res., 1993, 23, 
167. 
R.F.Stewart and B.M.Craven, Biophys. J., 1993,65,998. 
D.Durand, M.J.Field, M .Quilichini, and J.C.Srnith, Biopolymers, 1993,33,725. 
T.Ishida, H.Nagata, Y.In, M.Doi, M.Inoue, M.W.Extine, and A.Wakahara, 
Chem.Pharm.Bull., 1993,41,433. 
G.S.Prasad and M.Vijayan, Biopolymers, 1993,33,283. 
T.Gustafsson and K.Gunnarsson, Acta Chem.Scand., 1993,47,33 (Chem.Abs., 1993, 
118,223 188). 
J.A.Campbel1, A.A.Freer, and D.J.Robins, Acta Crystallogr., Sect.C: Cryst.Struct. 
Commun., 1993, C49,495 (Chem.Abs., 1993,119,18193). 
A.N.Chekhov, Izv.Akad.Nauk, Ser.Khim., 1992,2561. 
Z.Liu, R.Zhuo, Y.Zhang, and S.Zhang, Gaodeng Xuexiao Huaxue Xuebao, 1992,13, 
714 (Chem.Abs., 1993,118,136688). 
T.Wijayaratne, N.Collins, Y.Li, M.A.Bruck, and R.Polt, Acta Crystallogr., Sect.B: 
Struct.Sci., 1993, B49,316 (Chem.Abs., 1993,118,245078). 
M.Soriano-Garcia, Acta Crystallogr., Sect.B: Struct.Sci., 1993, B49,96. 
C.J.Easton, C.A.Hutton, and E.R.T.Tiekink, Z.Kristallogr., 1993, 203, 3 10 
(Chem.Abs., 1993,120,19918). 
N.Sukumar, M.N.Ponnuswamy, and R.Jayakumar, BuN.Chem.Soc.Jpn., 1993, 66, 
2101. 
R.Jayakumar and V.Pattabhi, Bioorg. Med.Chem.Lett., 1993,3, 153. 
M.Martin, J.Labouesse, P.Canioni, and M.Merle, Magn.Reson.Med., 1993,29, 692. 
J-Reiner, R.Dagnino, E.Goldman, and T.R.Webb, Tetrahedron Lett., 1993,34,5425. 
D.W.Aksnes, G.W.Francis, and D.Papaioannou, Magn.Reson.Chem., 1993,31,876. 
M.Lee and R.S.Phillips, J.Heterocycl.Chem., 1992,29, 1 18 1. 
N.Morelle, J.Gharbi-Benarous, F.Acher, G.Valle, M.Crisma, C.Toniolo, R.Azerad, 
and J.P.Girault, J.Chem.Soc., Perkin Trans.II, 1993,525. 
T.Kusumi, Yuki Gosei Kagaku Kyokaishi, 1993, 51, 462 (Chem.Abs., 1993, 119, 
180080). 
P.Hudhomme and G.Duguay, Tetrahedron: Asymmetry, 1993,4,1897. 
S.G.Rosenberg, Yu.A.Zolotarev, and N.F.Myasoedov, Amino Acids, 1992,3,95. 
D.L.Rabenstein and S.V.S.Mariappan, J.Org. Chem., 1993,58,4487. 
Z.Gu and A.McDennott, J.Am.Chem.Soc., 1993,115,4282. 
W.F.Schmidt, A.D.Mitchel1, M.J.Line, and J.B.Reeves, Solid State Nucl.Magn. 
Reson., 1993, 2, 1 1. 
C.Ye, R.Fu, J.Hu, L.Hou, and S.Ding, Magn.Reson.Chem., 1993,31,699. 
K.Takegoshi and K.Hikichi, Chem.Phys.Lett., 1993,206,450. 
S. Farr-Jones, W.Y .L. Wong, W.G.Guthei1, and W. W .Bachovchin, J.Am. Chem.Soc., 
1993,115,6813. 
R.Hulst, R. W.J.Zijlstra, B.L.Feringa, N.Koen de Vries, W.ten Hoeve, and 
H.Wynberg, Tetrahedron Left., 1993,34, 1339. 
Y.Zhu, G.Cheng, and S.Dong, Bioelectrochem.Bioenerg., 1993,31,301. 
M.Shirnitzky and R.Haimovitz, J.Am.Chem.Soc., 1993,115, 12545. 
K.Mizuno, S.Sirato, K.Inoue, Y .Ogura, K.Isa, and Y .Shindo, Bull. Chem. Soc. Jpn., 
1993,66,677. 



I: Amino Acids 89 

S.Bouchonnet, J.P.Flament, and Y.Hoppilliard, Rapid Commun.Mass Spectrom., 
1993,7,470. 
Y.Hoppilliard and C.Mauriac, 0rg.Mass Spectrom., 1993,28,977. 
G.Bouchoux, S.Bourcier, Y.Hoppilliard and C.Mauriac, 0rg.Mass Spectrom., 1993, 
28, 1064. 
A.Hirabayashi, Y.Takada, H.Kambara, Y.Umemura, H.Ho, and K.Kuchitsu, 
Chem.Phys.Lett., 1993,204, 152. 
T.Partanen, P.Vainiota10, G.Stajer, G.Bernath, G.Gondos, and K.Pihlaja, Rapid 
Commun.Mass Spectrom., 1993,7,1121. 
H.Tsunematsu and M.Yamamoto, 0rg.Mass Spectrom., 1993,28,921. 
P.D.Godfrey, S.Firth, L.D.Hatherley, R.D.Brown, and A.P.Pierlot, J.Am. 
Chem.Soc., 1993,115,9687. 
J.Parmentier, K.De Wael, C-Sarnyn, and T.Zeegers-Huskens, Biopolymers, 1993,33, 
659. 
T.Murata, A.Kai, and T.Miki, Appl.Radiat.Isot., 1993,44,299. 
E.Y.Cho, K.J.Song, I.W.Park, S.I.Kwon, and W.S.Kang, Unyong Mulli, 1993, 6, 
185 (Chem.Abs., 1993, 119, 66629); see also S.I.Kwon, Y.H.Han, and W.S.Kang, 
Ibid., p.180 (Chem.Abs., 1993,119,66628). 
S. J.Martinez, J.C.Alfano, and D.H.Levy, J. Mol.Spectrosc., 1993,158,82. 
S.Ranganathan and B.K.Pate1, Tetrahedron Lett., 1993,34,2533. 
J.H.Fuhrhop, D.Spiroski, and C.Boettcher, J.Am.Chem.Soc., 1993,115,60 16. 
D.A.Levushkin, V.G.Badelin, and G. A.Krestov, Izv, Vyssh. Uchebn.Zaved., Khim. 
Khim. Tekhnol., 1993,36, 1 17. 
M.A.Gallardo, T.H.Lilley, H.Lindsel1, and S.Otin, Thermochim.Acta, 1993,223,41. 
G.Barone, P.Del Vecchio, C.Giancola, and G.Graziano, Thermochim.Acta, 1993, 
227,67. 
F.Rodante and F.Fantauzzi, Themochim.Acta, 1993,220,67. 
T.V.Chalikian, A.P.Sarvazyan, T.Funck, C.A.Cain, and K.J.Breslauer, 
J.Phys.Chem., 1993,98,32 1. 
H.Yang, J.Zhao, and M.Dai, Huaxue Xuebao, 1993,51, 1 12 (Chem.Abs., 1993,119, 
9120). 
M.Abbate, G.Castronuovo, V.Elia, and S.Puzziello, Can. J.Chem., 1993,71,2 150. 
A.A.Yayanos, J. Phys.Chem., 1993,97, 13027. 
A.Saunder, M.S.Ametani, F.D.Belzer, and J.H.Southard, Cryobiology, 1993, 30, 
243. 
D.Lechuga-Ballasteros and N. Rodriguez-Hornedo, J. Colloid Interface Sci., 1993, 
157, 147. 
J.Chrnelik, Collect.Czech. Chem. Commun., 1993,58,996. 
I .Sovago, T.Kiss, and A.Gergely , Pure Appl. Chem., 1993,65, 1029. 
C.De Stefano, S.Sammartano, and A.Gianguzza, Talanta, 1993,40,629. 
I.Brandariz, F.Arce, X.L.Armesto, F.Penedo, and M.Sastre de Vicente, Monatsh. 
Chem., 1993,124,249. 
P.K.Jana and S.P.Moulik, Indian J.Biochem.Biophys., 1993,30,297. 
1.G.Darvey and G.B. Ralston, Trenh Biochem.Sci., 1993,18,69. 
J.Mou and W.S.Yang, Ultramicroscopy, 1992,4244 Part B, 1025; W.S.Yang, Y.Li, 
and J.Yan, Ibid., p.1031. 
L.Pogliani, J.Phys.Chem., 1993, W, 6731; Ibid., 1994,98, 1494. 
W.Viviani, J.L. Rivail, and I.G.Csizmadia, J.Am.Chem.Soc., 1993,115,832 1. 
W.Viviani, J.L. Rivail, and I.G.Csizmadia, Theor.Chim.Acta, 1993,85,189. 
1.R.Gould and I.H.Hillier, J. Chem.Soc., Chem. Commun., 1993,95 1. 



Amino Acids, Peptides, and Proteins 

D.Jiao, M.Barfield, and V.J.Hruby, J.Am.Chem.Soc., 1993, 115, 10883. 
0.Edholm and I.Ghosh, Mol.Simul., 1993,10,241 (Chem.Abs., 1993,119,219891). 
C.Chipot, J.G.Angyan, B.Maigret, and H.A.Scheraga, J,Phys.Chem., 1993,97,9797. 
M.Cocchi and E.Johansson, Quant.Struct.-Act. Relat., 1993, 12, 1. 
H.F.Hameka and J.O.Jensen, Theochem, 1993,107,9. 
G.Naray-Szabo and T.Balogh, Theochem, 1993,284,243. 
A. A. Bliznyuk, H.F.Schaefer, and I. J. Amster, J.Am. Chem.Soc., 1993,115, 5 149. 
P.Fritz, L.I.Dehne, J.Zagon, and K.W.Boeg1, Z.Ernaehruhgswiss., 1992,31,219. 
W.Wang, J.Jiang, Y.Zhou, and J.Wu, Chin.Chem.Lett., 1993,4, 363. 
L.G.Barry, M.Pugniere, B.Castro, and A.Previero, Int.J.Pept.Protein Res., 1993,41, 
323. 
F.Wagner, M.Pietzsch, and C.Syldatk, Eur.Pat.Appl., EP542,098 (Chem.Abs., 1993, 
119, 160284). 
R.Protsch, Euro Courses: Adv-Sci. Tech., 1991, 1 (Sci.Dating Methods), 271. 
(Chem.Abs., 1993,118,190771). 
J.G.Chen, M.Sandberg, and S.G.Weber, J. Am.Chem.Soc., 1993,115,7343. 
X.L.Armesto, M.Canle, M.Losada, and J.A.Santabella, Int. J.Chem.Kinet., 1993,25, 
331; X.L.Armesto, M.Canle, M.Losada, and J.A.Santabella, J.Chem.Soc., Perkin 
Trans.11, 1993, 181. 
J.M.Antelo, F.Arce, A.J.Carbal10, J.Crugeiras, J.C.Perez, P.Rodriguez, and 
A.Varela, An.Quim., 1992,88, 359. 
I.A.O'Nei1, N.D.Miller, J.Peake, J.V.Barkley, C.M.R.Low, and S.B.Kalindjian, 
Synlett., 1993, 515. 
D.A.Niederer, J.T.Kapron, and J.C.Vederas, Tetrahedron Lett., 1993,34, 6859; see 
also J.Vida1, L.Guy, S.Sterin and A.Collet, J.Org.Chem., 1993, 58, 4791, for the 
same chemistry. 
G.Toth, A.Kovacs, T.Tarnai, and A.Tungler, Tetrahedron: Asymmetry, 1993,4, 331. 
N.L.Benoiton, Int. J.Pept.Protein Res., 1993,41,6 1 1. 
H.Waldmann, G.Schmidt, M.Jansen, and J.Geb, Tetrahedron Lett., 1993,34,5867. 
Y.Gareau, R.Zamboni, and A.W.Wong, J.Org.Chem., 1993,58, 1582. 
D.Ramesh, R.Wieboldt, A.P.Billington, B.K.Carpenter, and G.P.Hess, 
J.Org.Chem., 1993,58,4599. 
M.A.Williams and H.Rapoport, J.Org.Chem., 1993,58,115 1. 
M.K.Mokhallati and L.N.Pridgen, Synth.Commun., 1993,23, 2055. 
M.V.B.Zanoni, C.H.M.Sartorel10, and N.R.Stradiotto, J.Electroanal.Chem., 1993, 
361, 103. 
S.Y.Mhaskar, G.Lakshiminarayana, and L.Saisree, J.Arn.Oi1 Chem.Soc., 1993, 70, 
23. 
S.B.Damle and C.Y .Chou, Spec.Chem., 1993,13,67. 
J.A.Stafford, M.F.Brackeen, D.S.Karanewsky, and N.L.Vaalvano, Tetrahedron 
Lett., 1993,34,7873. 
F .-X.Zhou, I.S.Krul1, and B.Feibush, J. Chromatogr., 1993,648, 357. 
F.Lai and T.Sheehan, Biotechniques, 1993,14,642,646,648. 
W.R.Li, J.Jiang, and M.M .Joullie, Synlett., 1993, 362. 
W.Oppolzer and P.Lienard, Heiv. Chim.Acta, 1992,75,2572. 
J.P.Genet, E.Blart, M.Savignac, S-Lemeune, and J.-M.Paris, Tetrahedron Lett., 
1993,34,4189. 
B.W.Bycroft, W.C.Chan, S.R.Chhabra, P.H.Teesdale-Spittle, and P.M.Hardy, 
J. Chem.Soc., Chem. Comrnun., 1993,776. 



l: Amino Acids 9 1 

B.W .Bycroft, W .C.Chan, S.R.Chhabra, and N.D.Hone, J. Chem.Soc., Chem. 
Commun., 1993,778. 
B.Rechsteiner, F.Texier-Boullet, and J.Hamelin, Tetrahedron Lett., 1993,34, 5071. 
L.A.Carpino and F.Nowshad, Tetrahedron Lett., 1993,34,7009. 
G.A.M.Nawwar, A.M.Shalabi, and S.A.H.Ahmed, J.Chem.Res.Synop., 1993,258. 
P.Canonne, M.Akssira, A.Dahbouh, K.Kasmi, and M.Boumzebra, Heterocycles, 
1993,36,1305. 
M.Honma, M.Kirihata, Y.Uchimura, and I.Ichimoto, Biosci., Biotechnol., Biochem., 
1993,57,659. 
R.L.Hanson, R.N.Pate1, and L.J .Szarka, Ann. N. Y. Acad.Sci., 1992, 672(Enzyme 
Engineering XI), 619. 
T.Nagase, T.Fukami, Y.Urakawa, U.Kurnagai, and K.Ishikawa, Tetrahedron Lett., 
1993,34,2495. 
T.Kawaguchi, K.Saito, K.Matsulci, T.Iwakuma, and M.Takeda, Chem.Pharm.Bull., 
1993,41,639. 
L. A.Carpino, El-S.M.E.Mansour, and A.El-Fahem, J.Org. Chem., 1993,58,4162. 
H.Neder, H.Naharisoa, and J.Haertle, Tetrahedron Lett., 1993,34,4201. 
N.L.Benoiton, Y.C.Lee, and F.M.F.Chen, Int.J.Pept. Protein Res., 1993,42,278. 
N.L.Benoiton, Y.C.Lee, and F.M.F.Chen, Int.J.Pept. Protein Res., 1993,41,338. 
N.L.Benoiton, Y.C.Lee, and F.M.F.Chen, Int.J.Pept.Protein Res., 1993,41, 587. 
V.F.Pozdnev, Int.J.Pept.Protein Res., 1992,40,407. 
Y .Z. An, J.L.Anderson, and Y .Rubin, J.Org.Chem., 1993,58,4799. 
C.Yue, J.Thierry, and P.Potier, Tetrahedron Lett., 1993,34,323. 
P.Chevallet, P.Garrouste, B.Maalawska, and J.Martinez, Tetrahedron Lett., 1993, 
34,7409. 
M.I.Weinhouse and K.D.Janda, Synthesis, 1993,8 1. 
R.S.Varma, A.K.Chatterjee, and M.Varma, Tetrahedron Lett., 1993,34,4603. 
M.Ueki, H.Aoki, and T.Katoh, Tetrahedron Lett., 1993,34,2783. 
N.S.M.D. Wickramasinghe and J.C.Lacey, Origins Life Evol.Biosphere, 1993, 22, 
361. 
N.S.M.D.Wickramasinghe and J.C.Lacey, Chirality, 1993,5, 150. 
N.S.M.D. Wickramasinghe and J.C.Lacey, Bioorg.Chem., 1992,20,265. 
T.Mizutani, T.Ema, T.Tomita, Y .Kuroda, and H.Ogoshi, J.Chem.Soc., Chem. 
Commun., 1993,520. 
M.H.Liu, H.Nakahara, Y .Hibasaki, and K.Fukuda, Chem. Lett., 1993,967. 
N.L.Benoiton, Y.C.Lee, and F.M.F.Chen, Int.J.Pept.Protein Res., 1993,41, 51 2. 
R.D.Skwierczynski and K.A.Connors, Pharm.Res., 1993,10,1174 (Chem.Abs., 1993, 
119,256381). 
G.Galaverna, R.Corradini, A.Dossena, and R.Marchelli, Int.J.Pept.Protein Res., 
1993,42,53. 
Y.Murakami, Y.Hisaeda, T.Miyajima, H.Sakata, and J.Kikuchi, Chem.Lett., 1993, 
645. 
M. J.McKennon, A.I.Meyers, K.Drauz, and M.Schwarm, J. Org.Chem., 1993, 58, 
3568. 
Q.Hua, J.Lin, and Q.Jiang, Huaxue Shiji, 1993, 15, 123 (Chem.Abs., 1993, 119, 
95254[7F]. 
M.Ho, J.K.K.Chung, and N.Tang, Tetrahedron Lett., 1993,34,6513. 
R.J.Friary, P.Mangiaracina, M.Nafissi, S.Corlando, S.Rosenhouse, V.A.Seid1, and 
N.Y.Shih, Tetrahedron, 1993,49, 1993. 
D. J.Krysan, A.R.Haight, J.E.Lallaman, D.C.Langridge, J.A.Menzia, B.A.Nar- 



92 Amino Acids, Peptides, and Proteins 

ayanan, R.Pariza, D.S.Reno, T.W.Rockway et al., Org. Prep.Proced.Int., 1993, 25, 
437. 
H.G.Aurich, G.Frenzen, and C.Gentes, Chem.Ber., 1993,126,787. 
P.Garner and J.M.Park, Org.Synth., 1992,70, 18. 
K.M.Oueholm, M.Egholm, and O.Buchardt, Org.Prep.Proced.Int., 1993,25,457. 
P.T.Ho and K.Y .Ngu, J.Org.Chem., 1993, SS, 6966. 
P.A.Grieco and E,D.Moher, Tetrahedron Lett., 1993,34, 5567. 
M.Franciotti, A.Mann, A-Mordini, and M.Taddei, Tetrahedron Lett., 1993, 34, 
1355; see also P,Castro, L.E.Overman, X.Zhang, and P.S.Mariano, Tetrahedron 
Lett., 1993,34, 5243. 
J.R.Hauske and S.M.Julin, Tetrahedron Lett., 1993,34,4909. 
G.Guichard, J.P.Briand, and M.Friede, Pept. Res., 1993,6, 1 2 1. 
A.M.Diederich and D.M.Ryckman, Tetrahedron Lett., 1993,34,6169. 
Z.-Y .Wei and E.E.Knaus, Tetrahedron Lett., 1993,34,4439. 
J.V.B.Kauth and M.Periasamy, Tetrahedron, 1993,49, 5127. 
S.-J.Wey, K.J.O'Connor, and C.J.Burrows, Tetrahedron Lett., 1993, 34, 1905. 
P.Darkins, N.McCarthy, M.A.McKervey, and T.Ye, J.Chem.Soc., Chem.Commun., 
1993,1222. 
A.Brutsche and K.Hartke, Arch.Pharm., 1993,326,27 1. 
M.A.McKemey, M.B.O'Sullivan, P.L.Myers, and R.H.Green, J.  Chem.Soc., Chem. 
Commun., 1993,94. 
B.Zacharie, R.Marte1, G.Sauve, and B.Belleau, Bioorg.Med.Chem.Lett., 1993, 3, 
619. 
A.D'Aniel10, A.Veter, and L.Petrucelli, Comp.Biochem.Physiol.,B: Comp.Biochem., 
1993,105B, 73 1. 
B.T.Gowda and P.J.M.Rao, J.Indian Chem.Soc., 1992,69,825. 
M.S.Ramachandran, D.Easwaramoorthy, R.P.M.M.Raj, and T.S.Vivekanandam, 
Indian J.  Chem., Sect.A: Inorg.Bioinorg.Phys.Theor.Anal.Chem., 1993,32A, 332. 
E.R.Stadtman, Annu. Rev. Biochem., 1993,62,797. 
N.Suzuki, S.Iwanaga, K.Shibata, N.Kanamori, Y.Ohmiya, M.Hasegawa, 
T.Nomoto, and B.Yoda, Chem.Express, 1993,8,455. 
A.Casaschi, G.Desimoni, G.Faita, A.Gamba Invernizzi, and P.Grunanger, Gazz. 
Chim.Ital., 1993, 123, 137. 
S.Clark, M.N.Quigley, and J.Tezak, J.Chem.Ed., 1993,70, 593. 
V.A.Basiuk, Origins Life Evol.Biosphere, 1992,22, 333. 
V.A.Basiuk and T.Yu.Gromovoy, React.Kinet.Catal.Lett., 1993,50,297. 
S.Saetia, K.R.Lied1, A.H.Eder, and B.M.Rode, Origins L$e Evol.Biosphere, 1993, 
23, 167. 
M.G.Schwendinger and B.M.Rode, Origins Life Evol.Biosphere, 1992,22,349. 
H.Honda, M.Maezawa, E.Imai, and K.Matsuno, Origins Life Evol.Biosphere, 1993, 
23, 177. 
K.Burger, M.Rudolph, E.Windeisen, A.Worku, and S.Fehn, Monatsh.Chem., 1993, 
124, 453.(Dioxopiperazine formation); K.Burger, H.Neuhauser, and A.Worku, 
Z.Naturforsch., B: Chem.Sci., 1993,48, 107. 
L.K.Mohler and A.W.Czarnik, J.Am.Chem.Soc., 1993,115,7037. 
J.M.Lerestif, J.P.Bazureau, and J.Hamelin, Tetrahedron Lett., 1993,34,4639. 
M.Kasawe, H.Miyamae, M.Narita, and T.Kurihara, Tetrahedron k t t . ,  1993, 34, 
859. 
B.Balasundaram, M.Venugopa1, and P.T.Peruma1, Tetrahedron Lett., 1993,34,4269. 
B.K.Hwang, Q.M.Gu, and C.J.Sih, J.Am.Chem.Soc., 1993,115,7912. 



1 : Amino Acids 93 

V.Farnsworth and K.Steinberg, Anal.Biochem., 1993,215,200. 
G.Cipens, V. A .Slavinskaya, D.Sile, E. Kh.Korchagova, M.Yu.Karkevich, and 
V.D.Grigor'eva, Khim.Geterotsikl.Soedin., 1992,68 1. 
J. M. Ames, in Biochem.Food Proteins, Ed.B. J.F.Hudson, Elsevier, London, 1992, 
p.99. 
P.R.Srnith, H.H.Somani, P.J.Thornalley, J.Benn, and P.H.Sonksen, Clin.Sci,, 1993, 
84, 87. 
Y .H.Lee, C.H. Lee, J.H.Lee, and W.S.Choi, Bull.Korean Chem.Soc., 1993,14,4 1 5. 
H.Vorbrueggen and R.B.Woodward, Tetrahedron, 1993,49,1625. 
M.L.Lewis, C.J.Rowe, N.Sewald, J.D.Sutherland, E.J.Wilson, and M.C.Wright, 
Bioorg. Med. Chem.Lett., 1993,3, 1 193. 
E.C.Roos, M.C.Lopez, M.A.Brook, H.Hiemstra, W.N.Speckamp, B.Kaptein, 
J.Kamphuis, and H.E.Schoemaker, J.Org.Chem., 1993,58,3259. 
R.S.Coleman and A. J.Carpenter, J.Org.Chem., 1993,58,4452. 
J.Cooper, P.T.Gallagher, and D.W.Knight, J.Chem.Soc., Perkin Trans. 1, 1993, 
1313. 
J.E.Baldwin9', R.A.Field, C.C.Lawrence, K.D.Merritt, and C.J.Schofield, Tetrahe- 
dron Lett., 1993,34,7489. 
M.A.Blaskovich and G.A.Lajoie, Tetrahedron Lett., 1993, 34, 3837; J.Am.- 
ChemSoc., 1993,115,5021. 
S.V.Pansare, L.D.Arnold, and J.C.Vederas, Org.Synth., 1992,70, 10. 
M.C.Pirrung and D.S.Nunn, Bioorg.Med.Chem.L.ett., 1992,2,1489. 
F.Fulop and K.Pihlaja, Tetrahedron, 1993,49,6701. 
E.Branquet, P.Durand, L.Vo-Quang, and F.Le Goffic, Synth.Commun., 1993, 23, 
153. 
M.Pilkington and J.D.Wallis, J.Chem.Soc., Chem.Commun., 1993, 1851. 
T.P. Burkholder, B. L-Tireu, E.L.Giroux, and G.A.Flynn, Bioorg.Med.Chem.htt., 
1992,2,579. 
R. B.Herbert, B.Wilkinson, G.J.Ellames, and E.K.Kunec, J.Chem.Soc., Chem. 
Commun., 1993,205. 
P.M.Jordan, K.-M.Cheung, R.P.Sharma, and M.J.Warren, Tetrahedron Lett., 1993, 
34, 1177. 
C.Higuchi, I.Kitada, M.Ajioka, and T.Yamaguchi, Jpn.Kokai Tokkyo Koko, JP 
05,155,897 (Chem.Abs., 1993,119,139783). 
K.Burger, M.Rudolph, and S.Fehn, Angew.Chem.Znt.Ed., 1993,105,285. 
T.Fukuyama, G.Liu, S.D.Linton, S.-C.Lin, and H.Nishino, Tetrahedron LRtt., 1993, 
34,2577. 
J.F.Chollet, L.Miginiac, J.Rudelle, and J.L.Bonnemain, Synth. Commun., 1993, 23, 
2101. 
M.T.Molina, C.Del Valle, A.M.Escribano, J.Ezquerra, and C.Pedrega1, Tetrahedron, 
1993,49,3801. 
S.Hanessian and B.Vanasse, Canad.J.Chem., 1993,71, 1401. 
H.H.Ibrahim and W .D.Lubell, J.Org.Chem., 1993,58,6438. 
S.C.Bergmeier, A. A.Cobas, and H.Rapoport, J. Org.Chem., 1993,58,2369. 
M.M.Paz and F.J.Sardina, J.Org. Chem., 1993,58,6990. 
A.M.Castano and A.M.Echavarren, Tetrahedron Lett., 1993,34,436 1. 
J.Ezquerra, A. Rubio, C.Pedrega1, G.Sanz, J.H.Rodriguez, and J .L.Garcia Ruano, 
Tetrahedron Lett., 1993,34,4989. 
C.M.Moody and D.W.Young, Tetrahedron Lett., 1993,34,4667. 



Amino Acids, Peptides, and Proteins 

A.El Marini, M.L.Roumestant, P.Viallefont, D.Razafindramboa, M.Bonato, and 
M.Follet, Synthesis, 1992, 1104. 
S.K.Nishimoto, J.Zhao, and C.Dass, AnaLBiochem., 1993,216, 159. 
R.J .Bergeron, M .X.B .Xia, and O.Phanstie1, J. Org. Chem., 1993,58, 6804. 
W.M.Kazmierski, Tetrahedron Lett., 1993,34,4493. 
M.S.Egbertson, C.F.Homnick, and G.D.Hartman, Synth. Commun., 1993,23,703. 
A.Crivici and G.Lajoie, Synth. Commun., 1993,23,49. 
C.Supuran, M.D.Banciu, and A.T.Balaban, Rev. Roum.Chim., 1993,38, 199. 
S.L.Mecklenburg, B.M.Peek, J.R.Schoonover, D.G.McCafferty, C.G.Wal1, B.W .Er- 
ickson, and T. J.Meyer, J.  Am. Chem.Soc., 1993,115,5479. 
L.J.Ignarro, J.M.Fukoto, J.M.Griscavage, N.E.Rogers, and R.E.Byms, Proc.Na- 
tl.Acad.Sci. U.S.A., 1993,90, 8 103. 
K.Kikuchi, T.Nagano, H.Hayakara, Y.Hirata, and M.Hirobe, J.Biol.Chem., 1993, 
268,23 106. 
J.A.Bauer and H.L.Fung, Life Sci., 1994,54, PL1. 
M.S.Bernatowicz and G.R.Matsueda, Synth.Commun., 1993,23,657. 
L.A.Carpino, H.Shroff, S.A.Triolo, E.M.E.Mansour, H.Wenschuh, and F.Albericio, 
Tetrahedron Lett., 1993,34,7829. 
G.Corso, M.Esposito, M.Gallo, A.Dello Russo, and M.Antonio, Bio1.Mas.s Spec- 
from., 1993, 22, 698. 
C.Ohsumi, T.Hayashi, and K.Sano, Phytochemistry, 1993,33, 107. 
E.Hilhorst, T.B. R.A.Chen, and U.K.Pandit, J.Chem.Soc., Chem.Commun., 1993, 
881. 
T.C.Owen and J.K.Leone, J.  Org.Chem., 1993,58,6985. 
J.Okumura, Biosci., Biotechnol., Biochem., 1993,57, 341. 
A.Gilman and D.M.Spero, Tetrahedron Lett., 1993,34, 1751. 
P.Narijappan, K.Ramalingam, H.I.Mosberg, and R.W.Woodard, Synthesis, 1993, 
421. 
P.Bishop, C.Jones, and J.Chmielewski, Tetrahedron Lett., 1993,34,4469. 
G.E.Stokker, W.F.Hoffmann, and C.F.Homnich, J.Org.Chem., 1993,58,50 15. 
J.Y.L.Chung, D.Zhao, D.L.Hughes and E.J.J.Grabowski, Tetrahedron, 1993, 49, 
5767. 
G.Li, D.Pate1, and V.J.Hruby, Tetrahedron Lett., 1993,34, 5393. 
A.McKillop, L.McLaren, R.J.Watson, R.J.K.Taylor, and N.Lewis, Tetrahedron 
Lett., 1993, 34, 5519. 
N.Kiba, H.Suzuki, and M.Furusawa, Talanta, 1993,40,995. 
T.A.Newcomer, A.M.Palmer, P.A.Rosenberg, and E.Aizenman, J.Neurochem., 
1993,61,911. 
D.A.Evans and T.Bach, Angew.Chem.Int.Ed., 1993,32, 1326. 
E.R.Goldberg and L.A.Cohen, Bioorg.Chem., 1993,21,41. 
M .Somei and Y .Fukui, Heterocycles, 1993,36, 1859. 
M. Bruncko, D.Crich, and R.Samy, Heterocycles, 1993,36, 1735. 
T.Sagawa, H.Ishida, K.Urabe, K.Yoshinaga, and K.Ohkubo, J.Chem.Soc., Perkin 
Trans.11, 1993, 1. 
O.Hayaishi, Protein.Sci., 1993,2,472. 
H.P.Schuchrnann and C.von Sonntag, 2-Naturforsch., B: Chem.Sci., 1993,48,761. 
R.Langlois, H.ALi, and J.E.Van Lier, J.Chim.Phys. Phys.-Chim.Biol., 1993,90,985. 
A.V.Vorobey, E.A.Chemitsky, S.V.Konev, A.P.Krivitsky, S.V.Pinchuk, and 
N.A.Shukanova, Biofizika, 1992,37,848. 



I: Amino Acids 95 

T.Koshiba, K.Yamauchi, H.Matsuyama, M.Miyakado, I.Sori, and M.Sato, Tetra- 
hedron Let?., 1993,34, 7603. 
S.K.Basu, M.Srinivasan, and K.Chuttani, Indian J.Exp.Biol., 1993,31,837. 
A. A. Rehms and P. R.Callis, Chem. Phys.Lett., 1993,208,276. 
E.Silva, Quim.Nova, 1993,16,301. 
P.M.Euland, H.Refsum, S.P.Stabler, M.R.Malinow, A-Andersson, and R.H.Allen, 
Clin.Chem., 1993,39, 1764. 
T.Yajima, Bunseki, 1993,72 (Chem.Abs., 1993,119,4149. 
B.Chang, D.Liang, H.Yan, and J-Zhuo, Fenxi Huaxue, 1993, 21, 1220 (Chem.Abs., 
1993, 120,491 12). 
J.L.Dwyer, in "Protein Biotechnology", Ed. F.Franks, Humana, Totowa, NJ, 1993, 
p.49. 
K.-L.Woo and D.-K.Chang, J.Chromatogr., 1993,638,97. 
Z.-H.Huang, J. Wang, D.A.Gage, J.T.Watson, C.C.Sweeley, and P.Husek, J.Chro- 
matogr., 1993,635,271. 
H.Kataoka, K.Nagao, and M.Makita, Biomed.Chromatogr., 1993,7,296. 
H.Kataoka, K.Nakai, and M.Makita, Biomed-Appl., 1993,615, 136. 
K.C.Hal1, M.A.Else, and M.B.Jackson, Plant Growth Regul., 1993,13,225. 
N.Domergue, M.Pugniere, and A.Previero, Anal.Biochem., 1993,214,420. 
K.Sato, K.Watabe, T.Ihara, and T.Hobo, Chirality, 1993,5,246. 
L.Zhou, X.Lou, Y.Liu, Q.Wang, and D.Zhu, Chin.J.Chem., 1992, 10, 430 
(Chem.Abs., 1993,119,23853). 
C.Zhai, D.Cai, and Z.Ouyang, Sepu, 1993,11,347 (Chem.Abs., 1994,120,49252). 
M.Matsumoto, T.Furumoto, C.H.Zhang, L.Zou, Y .Ioue, T.Shinka, and 
I.Matsumoto, Nippon Zyo Masu Supekutoru Gakkai Koenshu, 1993, 18, 165 
(Chem.Abs., 1994,120,72816). 
Ye.V.Degterev, V.F.Panfilov, A.P.Tarasov, B.V.Tyaglov, and V.G.Churbanov, 
Khim. Farm.Zh., 1992,26,12 1. 
E.Forgaes, Biochem.Mol.Int., 1993,30, 1. 
B.Das and S.Sawant, J.Planar Chromatogr. Mod. T.L.C., 1993,6,294. 
M.T.Belay and C.F.Poole, J. Planar Chromatogr, Mod. T. L. C., 1993,6,43. 
A.Pyka, J.Planar Chromatogr, Mod. T.L.C., 1993,6,282. 
J.W .Le Fevre, J.  Chromatogr., 1993,653,293. 
L.Lepri, V.Coas, P.G.Desideri, and D.Santianni, Chromatographia, 1993, 36, 297 
(Chem.Abs., 1993,119, 130673). 
D.Liang and B.Chang, Sepu, 1993,140, 182 (Chem.Abs., 1993,119,66834). 
R.L.Hagan, J.Liq.Chromatogr., 1993,16,270 1. 
A.Martelli, M. Arlorio, and M.L.Touru, Riv.Sci. Aliment., 1993,22, 26 1. 
Y.Yoshimura, K.Ohnishi, M.Hamamura, T.Oda, and T.Sohda, J.Chromatogr., 
Biomed.Appl., 1993,613,43. 
K.Suyama and F.Nakamura, Connect.Tissue, 1992,24, 125. 
G.Georgi, C.Pietsch, and G.Sawatzki, J.Chromatogr., Biomed.Appl., 1993,613, 35. 
M.Y.Khokhar and J.N.Miller, Anal. Proc., 1993,30,93. 
M.Suiko, P.H.P.Fernando, T.Nakamura, T.Ohshima, M.C.Liu, and S.Nakatsu, 
Kenkyu Hokoku-Miyazaki Daigaku Nogakubu, 1992,39, 141 (Chem.Abs., 1993, 119, 
112579). 
H.M.H.van Eijk, D.R.Rooyakkers, and N.E.P.Deutz, J. Chromatogr., Biomed.Appl., 
1993,620, 143. 
A.Dossena, G.Galaverna, R.Corradini, and R.Marchelli, J.Chromatogr., 1993, 653, 
229. 



Amino Acids, Peptides, and Proteins 

G.Wu, J.Chromatogr., 1993,641, 168. 
M.Ikeda, K.Sorimachi, K.Akimoto, and Y.Yasumura, J.Chromatogr., Biomed.Appl., 
1993,621, 133. 
R.Accini, L.Belingheri, A.Giglioni, G.Micelli, M.Quaranta, J.Wei, and C.Lucareli, 
Gazz.Ital.Chim.Clin., 1992,17,27 (Chem.Abs., 1993, 119, 1 12582). 
D.Ornevich and T.C.Vary, J.Chromatogr., Biomed.Appl., 1993,613, 137. 
R.W.Welch, I.Acworth, and M.Levine, AnaLBiochem., 1993,210, 199. 
P.E.Cornwel1, S.L.Morgan, and W.H.Vaughn, J.Chromatogr., Biomed.Appl., 1993, 
617, 136. 
M.J.Treuheit and T.L.Kirley, AnaLBiochem., 1993,212, 138. 
M.Hariharan, S.Naga, and T.Van Noord, J.Chromatogr., Biomed-Appl., 1993, 621, 
15. 
1.Molnar-Per1 and M.Khalifa, Chromatographia, 1993,36,43. 
P.W.D.Scislowski, I.Harris, K.Pickard, D.S.Brown, and V.Buchan, J.Chromatogr., 
1993,619,299. 
R.F.Burgoyne, BiolTechnology, 1993,11, 1302,1304. 
R.W.Blacher and J.H.Wieser, Tech.Protein Chem I V  1993, p.47. 
C.Yiu, W.Huan, and C.,Sun, Xuexiao Huaxue Xuebao, 1993, 14, 328 (Chem.Abs., 
1993,119, 155153). 
K.Imai, S.Uzuf, K.Nakashima, and S.Akiyama, Biomed.Chromatogr., 1993,7,56. 
T.A.Egorova, S.V.Eremin, B.I.Mitsner, E.N.Zvonkova, and V.I.Shvets, Biotekhno- 
logia, 1993, 32. 
P.G.Simonson and D.J.Pietrzyk, J.Chromatogr., 1993,640,379. 
R.L.Boni, J.T.Simpson, D.B.Naritsin, K.Saito, and S.P.Markey, Biol.Mass Spec- 
trom., 1994,23, 27. 
S.A.Cohen and D.P.Michaud, Anal.Biochem., 1993,211,279. 
T.Toyooka, H.P.Chokshi, R.S.Givens, R.G.Carlson, S.M.Lunte, and T.Kuwana, 
Biomed.Chromatogr., 1993,7, 208. 
M.Kai, E.Kojima, Y.Ohkura, and M.Iwasaki, J.Chromatogr., 1993,653,235. 
J.E.Hale, D.E. Beidler, and R.A. Jue, Anal. Biochem., 1994, 216, 6 1 . 
A.Andersson, A.Isaksson, L.Brattstroem, and B.Hultberg, Clin.Chem., 1993, 39, 
1590. 
Z.Zhu, Fenxi Ceshi Xuebao, 1993,12,60 (Chem.Abs., 1994,120,49245). 
K.Sakoda, Y.Ota, H.Senoo, and S.Takagi, KuromatoguraJi, 1992, 13, 377 
(Chem.Abs., 1994,120,44814). 
T.Yamada, M.Shimamura, T.Miyazawa, and S.Kuwata, Chem-Express, 1993, 8, 
293. 
T.Miyazawa, Y .Shindo, T.Yamada, and S.Kuwata, Anal. Lett., 1993,26,457. 
T.Nagasawa, J.R.Ling, and R.Onodera, J.Chromatogr., 1993,653,336. 
R.Bhushan and S.Joshi, Biomed.J.Chromatogr., 1993,7,235. 
V.Grazioli, E.Casari, M.Murone, and P.A.Bonini, J.Chromatogr., Biomed.Appl., 
1993,613, 59. 
K.Valko, M.P.Hamedani, T.L.Ascah, and W .A.Gibbons, J. Pharm.Biomed. Anal., 
1993, 11, 361; M.P.Hamedani, K.Valko, X.Qi, K.J.Welham, and W.A.Gibbons, 
J. Chromatogr., 1993,619, 191. 
R.Vieira and M.Aldegunde, J. Entomol., 1993,28, 16. 
M.M.Kram1 and F.Di Cosmo, Phytochem.Anal., 1993,4,103. 
P.Tompe, A.N.Halbauer, and L.Ladanyi, Anal.Chirn.Acta, 1993, 273, 391 
(Chem.Abs., 1993,119,34464). 
A.P.Mihalkin and V.N.Vlasov, Kolloidn.Zh., 1993,55, 100. 



l: Amino Acids 

H.Iimka and T.Jajima, Biol.Pharm.Bull., 1993, 16, 103. 
J.Y .Zhao, K.C.Waldron, D.Y .Chen, and N.J.Dovichi, in Ref. 12, p.239. 
K.Otsuka and S.Terabe, Chromatogr.Sci Ser., 1993, 64 (Capillary Electrophoresis 
Technology), 61 7. 
K.C.Chan, G.M.Janini, G.M.Muschik, and H.J.Issaq, J.  Chromatogr., 1993,653,93. 
Y.Esaka, Y.Yamaguchi, K.Kano, and M.Goto, J.Chromatogr., 1993,652,225. 
M.Castagnola, D.B.Rosetti, L.Cassiano, R.Rabino, G.Nocca, and B.Giardina, 
J.Chromatogr., 1993,638,327. 
M. Lin, N. Wu, G.E.Barker, P.Sun, C. W .Huie, and R. A.Hartwick, J. Liq. Chroma- 
togr., 1993, 16, 3667. 
N.W.Smith, J.Chromatogr., 1993,652,259. 
D.A.M.Zaia, W.J.Barreto, N.J.Santos, and A.S.Endo, Anal.Chim.Acta, 1993, 277, 
89. 
T.Coskun, I.Ozalp, A.Tokatli, and U.Wende1, Turk.J. Med.Sci., 1993, 17, 
31(Chem.Abs., 1993,119,112550). 
S.Sheng, J.J.Kraft, and S.Schuster, Anal. Biochem., 1993,211,242. 
C.W.Kemp and J.Shiloach, Am.Biotechnol.Lab., 1993,11, 12. 
M.Yamauchi, H.Fujimori, M.Yoshioka, and H.Pan-Hou, Chem.Express, 1993, 8, 
685. 
K.Sugawara, S.Tanaka, and M.Taga, Bioelectrochem.Bioenerg., 1993,31,229. 
G.Palleschi, G.Volpe, D.Compagnone, M.G.Lavagnini, D.Moscone, and A.Amine, 
Anal.Lett., 1993,26, 1301. 
N.Kiba, Y.Oyama, and M.Furusawa, Talanta, 1993,40,657. 
S.Girotti, E.Ferri, S.Ghini, R.Budini, G.Carrea, R.Bovara, S.Piazzi, R.Merighi, and 
A.Roda, Talanta, 1993,40,425. 
F.Preuschoff, U.Spohn, E.Weber, K.Unverhau, and K.-H.Mohr, Anal.Chim.Acta, 
1993,280,185. 
H.Li, H.He, and O.S.Wolfbeis, Biosens.Bioelectron., 1992,7,725. 
M.Montague, H.Durliat, and M.Contat, Anal.Chim.Acta, 1993,278,25. 
E.Tarniya, Y.Sugiura, T.Takeuchi, M.Suzuki, I.Karube, and A.Akiyarna, Sens.Ac- 
tuators, B, 1993, 10, 179. 
A.A.Suleiman, R.L.Villarta, and G.G.Guilbault, Bull.Electrochem., 1992,8, 189. 
B.O.Palsson, B.Q.Shen, M.E.Meyerhoff, and M.Trojanowicz, Analyst, 1993, 118, 
1361. 
P.Chen, B.He, J.Li, and S.Lin, Fenxis Huaxue, 1993,21, 1 135 (Chem.Abs., 1994,120, 
26623). 
J. F.Fernandez-Lopez, E-Latres, X. Remesar, and M .Alemany, J. Biochem. Biophys.- 
Methob, 1993,26,291. 
D.Darmann. D.D'Amore, and M.W.Hayrnond, J.Chromatogr., Biomed. Appl., 1993, 
620.33. 



2 
Peptide Synthesis 

BY DON T. ELMORE 

1 Introduction 

The format of this report is unchanged from its predecessor. There have 
been fewer reviews in total covering chemical synthesis including solid-phase 
peptide synthesis (SPPS) and the generation of peptide libraries1-', enzyme- 
catalysed peptide ~ ~ n t h e s i s ' ~ - ~ ~ ,  peptide hormones ".l4, peptide mime tic^'*-'^, 
and a miscellany of more specialized topi~s20-26. In contrast to reviews, however, 
the number of research papers is greater than in previous reports. 

2 Methods 

2.1 Amino-group Protection 
-N-Z-N-methylamino acids can be prepared by hydrogenolysis of the 

oxazolidin-5-ones (1) with Et3SiH in the presence of C F ~ C O ~ H ~ ~ .  Z(N02) groups 
can be removed with Zn dust in tetrahydrofuran/0.35 M phosphate buffer (pH 6 ,  
1:2 or 1:3 v/v) at room temperature with stirring28. Hydrogenolytic removal of Z 
groups can be troublesome if carried out in MeOH. Mono- and di-methylation 
can occur as a result of oxidation of MeOH to HCHO with traces of adventitious 
O2 followed by reductive methy1ation2'. This side reaction can be avoided by 
rigorous exclusion of oxygen or by addition of 5% H20 or i-PrOH. N-a-Fmoc 
groups can be replaced by N-a-Z groups using KF/Et3N in the presence of N-Z- 
5-norbornene-2,3-di~arboximide~~ (2). It is proposed that the Fmoc group is 
removed by F- ion and that the liberated amine then reacts with (2). N-Fmoc 
groups can also be replaced by Boc groups using potassium in CHONMe* 
followed by Et3N then (~-Buoco)~o~'. A one-pot method for removing Fmoc 
groups and coupling the liberated amine has been described32. Bu4NF is used 
with the novel variation of adding a thiol such as BzlSH in CHONMe2 to react 
with the liberated dibenzofulvene. Reaction is complete in 1-2 min and the next 
amino acid derivative can be coupled in situ. One would like to be reassured that 
the excess of thiol does not interfere with the coupling step. Two methods of 
preparing N-Boc amino acids have been described33134. "N-BOC amino acids can 
be prepared from 14~-amino acids of the opposite chirality using 15~13~oc2  as 
the isotopic source3'. N-Boc groups on amide or carbamate N atoms are quite 
selectively removed by Mg(C104)2 in MeCN; Boc groups on amino N atoms are 
~naffected~~.  a-N-Boc groups are rapidly and quantitatively removed with 
Me3SiC1/PhOH in C H ~ C ~ ~ ~ ' .  Removal of benzyl protecting groups and detach- 
ment of a peptide from a resin are respectively at least 105 and 6000 times slower 
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than removal of Boc groups. It is postulated that the formation of complexes 
between PhOH and both Me3SiC1 and the a-N-Boc derivative (Scheme 1) is 
followed by interaction between the complexes followed by a two-stage liberation 
of the amino derivative. A modified Boc group (3) has been described38 but has 
not been deployed in peptide synthesis. Acidic deprotection is slower than the 
removal of Boc groups but can be accelerated by addition of ca2+  ions. A new 
reagent, N-Boc-(4-cyanopheny1)oxaziridine (4), permits electrophilic amination 
so that reaction with amino acid esters affords Boc-hydrazino esters39. a-N-Alloc 
groups can be removed by Pd catalysis using nitrogen or sulfur n u ~ l e o ~ h i l e s ~ ~ .  If 
Et2NH is the nucleophile, good yields are obtained provided an adequate excess 
is used. This is particularly important with N-Alloc derivatives of secondary 
amines in order to avoid the formation of N-ally1 secondary amines. Protection 
of amino groups as Adpoc derivatives has not been widely used, but this may 
change following the development of reagents such as 0.1M HC1/CF3CH20H/ 
CHC13 (1:9: 1) and 50% HC02H/CF3CH20H/CHC13 (1:9:1) which can selectively 
remove Adpoc groups without affecting Boc groups or damaging Trp residues4l. 
The l-Adoc group has been known for a long time, but use of the isomeric 
2-Adoc group has only recently been reported42. Just as Zadamantyl esters are 
more stable than the l-adamantyl isomers, so the 2-Adoc group is more resistant 
than the l-Adoc group to acidolysis. It has been used in the synthesis of two 
fragments of a growth-inhibitory factor that resembles metallothionein. The 
synthesis of NN-bis-l-Adoc amino acids has been described43 but awaits deploy- 
ment in peptide synthesis. 

The yellow N-3-(3,6-dioxo-2,4,5-trimethylcyclohexa-1,4-diene)-3,3-di- 
methylpropionyl group (5) (abbreviated to Q) is most unusual4. Although 
coupling reactions effected by DCCI are accompanied by extensive racemization, 
this does not happen if unsymmetrical anhydrides formed from isobutyl chloro- 
formate in the presence of N-methylpiperidine are used. The N-Q group is 
indefinitely stable in CF3C02H and stable for up to 4 h in 20% piperidine in 
CHONMe2. The latter observation was somewhat unexpected, since quinones are 
normally readily attacked by nucleophiles. The observed stability is attributed to 
the presence of substituents in the quinone ring. The Q group can be removed by 
hydrogenolysis but more interestingly by Na2S204 in aqueous ether. A protecting 
group has been designed for the purification of peptides by affinity chromate- 
 graph^^^. The [2-[(2-nitrophenyl)dithio]-1-phenylethoxy]carbonyl (NpSSPeoc) 
group (6) is electrophilic and derivatives can be immobilized on a thiol-containing 
support by an exchange reaction. The amino group of Asp or Glu can be 
protected using CCl3CH20COC1. After formation of the oxazolidone and 
reaction with SOCl2 followed by coupling with an amino acid ester, the peptide 
derivative can be liberated by Zn}AcOH/H20 (Scheme 2 1 ~ ~ .  Another new 
protecting group (Dcm) generated from 5,5-dimethyl-2-(dimethylamino- 
methy1ene)cyclohexane-1,3-dione (7) (Scheme 3) is designed to preclude racemiz- 
ation via the oxazolone mechanism and none was detected following solution- 
coupling or SPPS using i-PrN = C = N~-P~/HoB~~' .  Unfortunately the Dcrn 
derivatives of Pro and Sar were too unstable for peptide synthesis. The Dcm 
group can be removed using N2H4 or secondary amines in polar solvents. Leu- 
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HOPh 

Me3COCONHR + PhOH - M~~COCONHR + Me3Si------0Ph - Me3SiCI + PhOH 
I I I Cl H 

Me HOPh 

I n, ni Me-C-0 C-NR 
I=) 1 1  I 

H-C-H 0 H =b,,,, 
1 - Me3C' + Me3SiOCONHR 

Me3SiOPh + Me2C=CH2 + PhOH + RNH3CI 

Reagent: i, Me3SiCVPhOH 

Scheme l 
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iii 1 
(CH2), CONHR 

I 
'NH3CHC02- A 

Reagents: i, CCI3CH20COCI, base; ii, (CH20),, TosOH; 
iii, SOCI2; iv, RNH2; v, Zn, AcOH/H20 (1:2) 

Scheme 2 
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enkephalin and CCK8 were synthesized using the Dcm protecting group. Two 
methods for the synthesis of 3-nitro-2-pyridinesulfenyl chloride (NpysC1) have 
been worked It is only moderately stable in solution and slowly forms the 
disulfide. The same byproduct is formed in the preparation of Npys amino acids, 
although its removal is straightforward. Finally, N-diphenylphosphinyltyrosine 
can be used in dipeptide synthesis without protection of the hydroxyl group using 
Ph2POCl as the coupling agent4', but care was required to optimize the amount 
of Ph2POCl to avoid side reactions involving the hydroxyl group when a 
tetrapeptide ester was coupled. 

2.2 Carboxyl-group Protection 
A simple synthesis of t-butyl esters of 2-amino acids involves reaction with 

t-BuBr in the presence of BzlEt3NC1 and K2CO3 in AcNMe2 at 55°C for 24 h50. 
Preparation of the m-protected derivatives of Asp and Glu requires initial 
blocking of the a-carboxyl group by temporary formation of an oxazolid-5-one 
ring. The previously reported 2-(l-adamanty1)-isopropyl esters (Adp) have been 
used in peptide synthesis5', and the Adp esters are more sensitive than t-Bu esters 
to acidolysis. Possibly more interesting is the report of the synthesis of 2- 
phenylisopropyl esters from the intermediate 2-phenylisopropyl trichloroaceti- 
midate (Scheme 4)52. Depro tection with 2% CF3C02H/CH2C12 does not affect 
0-t-Bu or Boc groups. p-Nitrobenzyl esters, like Z(N02) derivatives, can be 
deprotected with Zn dust in tetrahydrofuran/phosphate buffer (pH 6)28. Phenacyl 
esters are cleaved by Bu4NF hydrate (3 equivalents) in the presence of BzlSH at 
room temperature in 75 s53. m-Benzyl and o-4-nitrobenzyl esters are stable under 
these conditions. Phenylhydrazide protecting groups can be removed readily with 
horseradish peroxidase or laccase (Coriolus hirsius) at pH 7 in presence of 1 mM 
H202 and aerial 0 2  without affecting Met and Trp The 2-methoxy-5- 
nitrophenyl ester of Gly is photolysed by a laser pulse at 308 or 337 nm within 
3ps55. Although this observation has not yet been applied to peptide synthesis, it 
is included here as a tempting morsel of information. 

2.3 Side-chain Protection 
The 2-(4-acetyl-2-nitropheny1)-ethyl group (Ampe) has been recom- 

mended56 for protecting the side chain of Asp. One synthesis (Scheme 5) involves 
an oxoborole complex in the protection of the a-carboxyl group during esterifica- 
tion. Deprotection is effected with O.1M Bu4NF. The trimethylsilyl ester (Tmse) 
group is an alternative orthogonal protecting group for Asp and its use was 
demonstrated in the synthesis of a cyclic peptide in which ring closure was 
effected between the D-C02H group of the C-terminal Asp and the N-terminal 
amino group while the peptide was still attached to the resid7. E-N-Alloc-Lys- 
OH and its a-N-Fmoc derivative can be prepared on a large scale in a one-pot 
reactions8. If the Dnp group is used to protect the imidazole group of His, it is 
not stable during the aminolysis of E-N-Fmoc from Lys; some dinitrophenylation 
of deprotected Lys side chains can occurs9. Protection of the &-amino group of 
Lys during SPPS with the 1-(4,4-dimethyl-2,6-dioxocyclohex-l-ylidene)ethyl 
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(7) 

Scheme 3 

Me NH Me 
i I // -. I 

CCI,CN + PhCMe20H - Ph-C-0-C, - RCOOY-Ph + CCI&ONH2 
I 

Me CC13 Me 

Reagents: i, NaH; ii, RC02H in CH2CI2/C6Hl2 

Scheme 4 

H02C c-- -l% Boc- Asp(0Ampe)-OAmpe 

(Ampe-OH) 

Reagents: i, H-Asp-OH, Et$, tetrahydrofuran; ii, Ampe-OH; 
iii, Boc-Asp-OH, DCCI, DMAP, CH2CI2; iv, LiOH, Me2C0, H20 

Scheme 5 
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group (Dde) permitted its selective removal with 1.5% N2H4 in CHONMe2 and 
elaboration of an E-N-peptidyl chain prior to formation of a cyclic peptide, all 
while still attached to the resin6'. The synthesis and use of a-N-Fmoc-E-N- 
(6-nitroveratryl)oxycarbonyl-lysine in SPPS has been described6'. A method for 
the selective protection by Boc of the U-amino group in methyl 2,3-diamino- 
propionate has been reported62. The synthesis of a-N-Boc and a-N-Fmoc 
derivatives of Arg, Asp, Cys, Glu, His, Lys, Ser, Thr and Tyr with either 0-ally1 
or Alloc side-chain protection has been described6). These protecting groups can 
then be selectively removed using Bu3SnH with PdC12(PPh3)2 catalyst. Carpino's 
group has designed and used the 2,2,4,6,7-pentamethyldihydrobenzofuran-5- 
sulfonyl group (Pbf) as an alternative to the Pmc group for protecting the side 
chain of ~ r ~ ~ ~ .  The Pbf group is more rapidly removed than Pmc in CF3C02H/ 
H20 (955 ) .  This could be useful, for example, in SPPS using Fmoc chemistry, 
especially in view of the report that removal of Pmc or Mtr groups from Arg 
residues in peptides containing Ser and/or Thr protected by 0-t-Bu groups can be 
complicated by concomitant 0-sulfation of the latter residues6'. In addition, 
alkylation of Trp residues is diminished if Pbf rather than Pmc is used to protect 
~ r ~ ~ ~ .  It is recommended that a combination of Boc protection of Trp and Pbf 
protection of Arg should be used and deprotection can be effected with a variety 
of acidolytic reagents and cation scavengers are not essential. 

Surprisingly, in the SPPS of nafarelin, which contains Glu, His, Trp, Ser, 
Tyr and Arg, it is claimed that only His and Ser must have side-chain 
protection67. Novel silicon-based groups, Me2RSiCH2CH2-, (R = Me, Ph), have 
been used to protect the hydroxyl group of ~ ~ r ~ ~ .  Both groups are more stable 
than t-Bu and resistant to tertiary amines, HOBt, R3P and other nucieophiles. 
They are readily removed by CF3C02H in 5-20 rnin and cation scavengers are not 
necessary. Attempted removal of Acm groups from Cys residues in peptides with 
a high Ser/Thr content was found to be accompanied by some transfer of Acm to 
the latter re~ idues~~.  Addition of glycerol as scavenger is recommended. The 
Tmob group has been used for protecting the side chain in o-S02NH2 analogues 
of peptides of Asn and ~ l n ~ ' .  Thiol groups can be protected using the 
chromophoric reagent, [(C&17)~e(C0)3]+BFL, in aqueous solution7'. This lipo- 
philic group is removed by HBF4/CHC13 and the reagent is recoverable. 

2.4 General Deprotection 
Detailed comparison of the relative merits of 55% CF3C02H/CH2C12 and 

100% CF3C02H for Boc removal during SPPS has been carried The first 
reagent gave purer products and it was shown that when incorporation of the 
second residue was low, this was due to insufficient swelling of the resin during 
Boc group removal. Acidolytic deprotection and cleavage of peptides containing 
acid-labile Tyr(S0)H) residues have been studied following S P P S ~ ~ .  Reagents 
containing 90% CF3C02H with scavengers such as m-cresol and Zmethylindole 
at 4°C were recommended. Formation of aminosuccinimide and isoAsp residues 
from peptides containing Asp can be suppressed by a stepwise deprotection using 
reductive acidolysis with SiCb/CF3C02H of D-Tmob groups on Asp re~idues'~. 
Lys and Tyr were protected by the Msz and Dpp groups respectively. Removal of 
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the latter was achieved with F ion subsequent to the first stage of deprotection. 
Problems with CF3C02H/PhSMe for side-chain deprotection induced another 
team to examine the use of 1M HBF4 at 4OC for 90 min.75. This proved 
satisfactory especially since it was desired to retain protection for thiol groups. 
The latter were protected with t-BuCONHCH2- (Tacm) which is stable to HBF4. 
Disulfide bond formation was effected by reaction of the Tacm-peptide with 
MeSiCl3 in presence of PhSOPh/PhSMe. 

2.5 Peptide Bond Formation 
Although NN-bis-Boc amino acids cannot cyclize and undergo racemi- 

zation via an oxazolone intermediate, the usual routes to peptides involving e.g. 
carbodiimides or acid anhydrides are inconveniently slow so that cc-hydrogen 
exchange might have time to promote the alternative mechanism of racemization, 
especially since a second electron-attracting substituent on nitrogen labilizes the 
a-hydrogen atom. Bis-Boc amino acid fluorides, as briefly reported by Savrda 
and Wakselman last year and now further explored by Carpino's react 
sufficiently rapidly with negligible racemization. Fmoc-Aib-F is a useful reagent 
for introducing adjacent residues of Aib during S P P S ~ ~ .  Another problem has 
been reported in the attempted azide coupling of His derivatives with an 
unprotected imidazole ring7'. The intermediate acyl azide underwent the Curtius 
rearrangement and the resulting isocyanate cyclized to give a dihydroimidazo 
[l ,5-clpyrimidine-5-one (8). Tos-N-Me-Aib-N3 and the unsymmetrical anhydride, 
Tos-N-Me-Aib-OCOCMe3 have been crystallized and their stuctures have been 
determined7'. 

The effect of solvent on racemization in couplings mediated by a carbo- 
diimide has been further studieds0. Boc-Gly-L-Ala-OH was coupled to L-Leu- 
PAM-resin with or without HOBt in a range of solvents using i-PrN = C = Ni-Pr. 
After deprotection with 50% CF3C02H/CF3S03H (9:1), the yield and degree of 
racemization were quantified by reversed-phase HPLC. Addition of HOBt always 
improved yield and diminished racemization. Results in CHONMe2 were good, 
but protic solvents such as CF3CH20H and CF3C02H were much less satis- 
factory, although admixture with CH2C12 improved matters. Contrary to recent 
studies with BOP, a mixture of N-methylpyrrolidone and MeSOMe gave poor 
yields in carbodiirnide-mediated peptide couplings. Benoiton has highlighted a 
further problem when carbodiimides are used to couple Boc amino acidss1. When 
Boc-Xaa-OH was coupled with phenols in CH2C12, up to 25% of the product 
consisted of Boc-Xaa-Xaa-OAr. This side reaction was attributed to the for- 
mation of a 2-alkoxy-5(4)-oxazolone (Scheme 6) followed by fragmentation to 
the N-carboxyanhydride and then ring-opening in the presence of an alcohol 
giving the amino ester. The latter reacts with the 0-acylisourea formed from the 
bulk of the Boc-Xaa-OH. This side reaction can be suppressed by the addition of 
l equivalent of N-methyhorpholine in syntheses effected by DCCI. No sooner is 
a cure apparently found for a problem and somebody rocks the boat. The 
addition of HOBt to minimize racemization in the coupling of Z-Pro-D-Leu-OH 
with 2,3-benzo- 10-aza- 1,4,7,13-tetraoxacyclopentadeca-2 (9) with DCCI 
actually promotes racemizationS2. 
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The disproportionation of unsyrnmetrical anhydrides derived from N- 
protected amino acids and chloroformates is one possible explanation for 
occasional low yields. Anhydrides derived from Boc, Z and Fmoc amino acids 
and ethyl chloro-formate were kept for 24h and then analysed by H P L C ~ ~ .  
Symmetrical anhydrides were formed with derivatives of Leu and Phe but not 
with Val or Ile. Polar solvents favoured disproportionation whereas anhydrides 
derived from bulky chloroformates were more stable. This work was extendedg4 
in a study of the generation of aryl esters of N-protected amino acids by reaction 
of the appropriate phenol with an unsymmetrical anhydride. The synthesis is 
catalysed by tertiary amines. The unsymmetrical anhydrides derived from N- 
alkoxycarbonylamino acids and isopropenyl chloroformate slowly form the 
corresponding 2-alkoxy-4-alkyl-5(4H)-oxazolone (10) with concomitant produc- 
tion of CO2 and M ~ C O M ~ ~ ' .  A polar solvent favours this process. Some 
symmetrical anhydride is usually formed as well. The oxazolones (10) had 
previously been shown to undergo aminolysis without racemization. N-Carboxy- 
anhydrides have been recommended for coupling in S P P S ~ ~ ,  since reaction rates 
and extent of racemization are comparable to those observed with BOP and 
HBTU. Good yields of peptides containing adjacent Aib residues are obtained 
using the N-Fmoc carboxyanhydride derived from ~ i b ~ ~ .  N-Carboxyanhydrides 
have been used to synthesize peptide prodrugs from C-4-B-aminoalkylcarba- 
penemsag. 

3-Dimethylphosphinothioyl-2(3H)-oxazolone (l l) ,  which is synthesized by 
the interaction of 2(3H)-oxazolone and Me2P(:S)Cl in the presence of Et3N in 
benzene at room temperatureg9, approximates in reactivity to (Ph0)2P(:O)N3 and 
(Me0)2P(:S)N3 but is free from side reactions associated with the azide group. 
No racemization was detected during the coupling of Z-Glu-Val-OH with H-Val- 
OMe in CHONMe2 at 0°C and the slight racemization detected at room 
temperature could be suppressed by addition of HOBt. Good results are also 
claimed for ( P ~ O ) ~ P ( : O ) O P ~ ~ ~ ~ .  

A study of the extent of racemization during aminolysis of reactive esters 
of N-alkoxycarbonylamino acids by amino acid anions in aqueous solution 
revealed that good results could be obtained by using Na2C03 as base with 50% 
excess of amino acid anion9'. In most cases, the degree of racemization was 
0.7%. An improved method of minimizing racemization involves the use of 1- 
hydroxy-7-azabenzotriazole (12; HOAt) as an additive during coupling reactions 
in place of  HOB^^*. The improved performance observed with HOAt is attributed 
to the presence of the weakly basic pyridine ring. The combined use of 2- 
trifluoroacetylthiopyridine and HOBt gives good yields of peptides with very 
little racemizationg3. The reaction of 1-hydroxy-6-(trifluoromethyl)benzotriazole 
with oxalyl chloride or phthaloyl chloride generates the benzotriazolyl oxalate 
and phthalate which are claimed to be excellent reagents for peptide couplingg4. 
Similarly, 6-nitro-1-D-naphthalene-sulfonyloxybenzotriazole gives good results 
with no detectable racemization on adding one amino acidg5. Unfortunately, 
almost total racemization occurred during fragment coupling. A new saccharin 
derivative prepared by the interaction of the 3-chloro compound with pyridine-2- 
thiol gave moderate yields of protected dipeptides but no data were reported 
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Reagents: i. R' = c=NFI2; ii, H'; iii, ~~0t- i  

Scheme 6 

(8; R = Z, Boc or Z- Gly) (9) 

(13; R = pyrrolidino 
or piperidino) 
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about possible ra~emization~~. Blake's method of peptide bond formation invol- 
ving reaction of a thiolester with AgN03 in the presence of N-hydroxysuccini- 
mide and N-methylmorpholine has been applied to fragment condensation in 
which each fragment contained a protected Cys residue destined to be contri- 
butors to a disulfide bond97. The 4-MeBzl protecting groups were removed with 
HF in presence of cation scavengers then the disulfide bond was formed by 
oxidation with K3Fe(CN)6. Diphenylphosphinoyl chloride can be used for both 
amino group protection and peptide bond formation49. A comparative assess- 
mentg8 of a new reagent, pentafluorophenyl diphenylphosphinate, and several 
other reagents revealed that it was very good for forming cyclic peptides but was 
not satisfactory with Fmoc derivatives. Two other new reagents based on 1- 
hydroxy-7-azabenzotriazole (13) are also very good for synthesizing cyclic 
peptides99. The one-pot peptide synthesis involving Se-phenyl carboselenoates as 
key intermediates has been extended to include the use of unesterified amino 
acids or peptides as n u ~ l e o ~ h i l e s ~ ~ ~ .  Kemp's thiol capture method of forming a 
peptide bond with a Cys residue as the carboxy component has been tested in the 
synthesis of 39- and 25-residue peptideslO'. This work demonstrates that the 
methodology allows fragment coupling to be achieved in high yield. Moreover, in 
the particular sequence synthesized, an Asp 13-C02H group situated two residues 
before the key Cys residue is suitably stereochemically situated relative to the the 
transition state of the 0,N-acyl transfer reaction to provide intramolecular 
general base catalysis in addition to the entropic activation due to the dibenzo- 
furan template. Another method of intramolecular peptide bond formation has 
been devisedlo2 (Scheme 7) and uses tetrahydrophthalazine as the rigid template. 
Although a protected tripeptide is the most ambitious essay to date, further 
improvements and more enterprising goals are to be expected, perhaps by fine 
tuning of the template structure as Kemp has demonstrated. Hexafluoroacetone 
can be used simultaneously as a protecting and activating agent for peptide bond 
formationlo3. The reactive intermediate is a 2,2-bis-(trifluoromethyl)oxazolid-5- 
one. The method of generating a peptide derivative by photolysis of chromium 
aminocarbene complexes in the presence of amino acid esters has been extended 
to elongate peptides including those attached to a resin in S P P S ' ~ ~ .  A novel 
method of introducing a primary amide group at the C-terminus of a peptide uses 
N H ~ C H ~ N H ~ ' ~ ~ .  Reactive esters or acyl chlorides react with NH2CH2NH2 in 
dioxan in the presence of Et3N. The reagent slowly releases NH3 and by avoiding 
concentrated aqueous NH3 protects against racemization. 

2.6 Disulfide Bond Formation 
Disulfide bonds are formed from S-protected or unprotected cysteine by 

the action of MeSOMe/CF3C02H (1:9)lo6. The method was tested by synthe- 
sizing oxytocin and human calcitonin gene-related peptide. Alternatively, treat- 
ment of Cys(Acm) residues with CF3S03Ag followed by MeSOMe in aqueous 
HC1 can be usedlo7. N-Halosuccinimides convert cysteine, Cys(Acm), Cys 
(MeOBzl) or Cys(MeBz1) into ~ ~ s t i n e ' ~ * .  N-Iodosuccinimide is the mildest 
reagent and it can be used to generate cyclic disulfides while the open-chain 
peptides are still attached to the resin. Vasopressin, oxytocin, hGRH and apamin 
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were successfully synthesized. Dimethyl(methylthio)sulfonium tetrafluoroborate 
removes several types of thiol protecting groups from cysteine with concurrent 
disulfide f o r m a t i ~ n ' ~ ~ .  It was found that the linear -Cys(SSMe)- peptide was 
sometimes formed, but this can be reduced and the resulting dithiol oxidized with 
K3Fe(CN)6. 2-Quinolylmethyl thioethers, which can be prepared by the interac- 
tion of 2-chloromethylquinoline with thiols in the presence of base, are depro- 
tected and converted into disulfides by treatment with FeC13 or CuC12 in aqueous 
CHONMe2 or E~oH"'. Several cases of the synthesis of cyclopeptides containing 
one or two disulfide bonds have been reported. One example illustrates the use of 
orthogonal protecting groups to synthesize a peptide (Scheme 8) with a high 
affinity for ~ a ~ +  ions"'. If disulfide formation involves the thiol group of 
penicillamine, the latter need not be protected' 12. Note that the amide group in 
the ring can have either Z or E configurations. When analogues of reduced 
endothelin containing two Pen and two Cys residues were aerially oxidized, the 
nature of the major product depended on the locations of the Pen residues113. 
Oxidation of reduced pen191 ' , N ~ ~ ~ ] E T -  l or [pen3#15, N ~ ~ ~ ] E T -  1 gave mainly 
unsymmetrical disulfides which had the correct 1-1 5, 3- 1 1 pairing. In contrast, 
reduced [ ~ e n ' ~ ' ~ , ~ l e ~ ] ~ T - l  afforded the unnatural 1 -l  l, 3-1 5 isomer because of 
the sterically unfavoured formation of the Pen symmetrical disulfide. The parallel 
and antiparallel bis-cystine peptides (14,15) have been synthesized using Fm and 
Acm groups to protect pairs of thiol groups followed by stepwise deprotection 
and oxidation' 14. (The original paper should be consulted for details of the neat 
method of producing the isomeric protected heptapeptides). The synthesis of 
a-conotoxin S1 (16) involves the formation of a cyclic peptide containing two 
disulfide bondsH5. Although random oxidation of the linear tetrathiol gave a 
moderate yield of the desired product, correct pairing was ensured by protecting 
cys2 and cys7 with Tmob and cys3 and cys13 with Acm and generating the 
disulfide moieties in a stepwise fashion. The disulfide groups could also be 
generated while the peptide was still attached to the resin after SPPS and this may 
well be a general method of choice. The most ambitious project116 involved the 
total synthesis of human insulin using three orthogonal groups, Trt, Acm and 
t-Bu, to protect thiol groups during the generation of the three disulfide groups. 
[ ~ ~ s ( t - ~ u ) ~ . l l ,  C ~ S ( A C ~ ) ' ,  ~ ~ s ( T r t ) ~ ~ ~ - c h a i n ( l - 2 1 )  and [cys(~cm)', cys(~r t ) '?  
B-chain (1-30) were constructed. Removal of the Trt groups allowed the for- 
mation of the first disulfide bond by the thialysis method. Next, the Acm groups 
were removed and the second disulfide bond was formed by the action of 12. Then 
the product was treated with MeSiC13in PhSOPh in order to form the last 
disulfide bond. The same team synthesized conotoxin M1 and an unnatural 
parallel dimer of hANP, both with two disulfide bonds. Finally, a peptide 
containing a diselenide group has been made by oxidation with I2 or MeSOMe/ 
CF3C02H of a pentapeptide containing a selenocysteine residue1 17. 

2.7 Solid Phase Peptide Synthesis 
Several new supports for SPPS have been d e s ~ r i b e d l ' ~ - ~ ~ ~ .  Cotton is 

making a good showing1209121, but perhaps the most intriguing support is bovine 
serum albumin'23. A new synthesis of the PAL handle (17) involves reductive 
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iii 

Reagents: i, ZNHCHR'CO~H, BOP, DIEA, CH2C12, 30 min; 
ii, F~OCNHCHR~COCI, DIEA, CH2CI2; 
iii, 40% aq. HNMeflHF (1 :2 vh),  1 h; 
iv, 1 .S% AcOHTTHF 

Scheme 7 

Ac-Cys(Fm)-Pro-D-Val-Cys(Acm)-NH, 

Ac- Cys-Pro-D-Val-Cys(Acrn) - NH, 

A C - C ~ S - P ~ O - D - V ~ ~ - C ~ S ( A C ~ ) - N H ~  
iiJ 

Ac- Cys-Pro-D-Val-Cys-NH, 

I l 
Ac- Cys-Pro-D-Val-Cys-NH, 

Reagents: i, piperidine/CHONMe2 (1 :l); ii, 12/80% CH3C02H in H20 

Scheme 8 
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amination of the corresponding 4-aldehyde with tritylamine as an ammonia 
equivalent124. The HMPB linker (18) has been designed'25 for Fmoc chemistry 
and the benzyl ester bond between the synthetic peptide and the linker is about 
30-fold more acid labile than the Sheppard linker. This enables peptide deriva- 
tives to be detached from the support with side-chain protecting groups intact 
ready for fragment coupling in solution. A linker has been designed specifically to 
permit detachment of the peptide under neutral  condition^'^^. The peptide is 
attached to an N-hydroxymethyl group and when the synthesis has been 
completed, the azide group is reduced to the amine with Bu3P and ring closure 
and peptide detachment ensues. The yields are good but not excellent and one 
wonders if the liberated HCHO leads to unwanted byproducts. A new safety 
catch l inke~- '~~ ,  ~~-~hen~lox~carbon~l-~-2,3-diamino~ro~ionic acid, which is 
stable under neutral and acidic conditions, but undergoes activation at pH 10 
leading to cyclization and release of the peptide acid or amide (Scheme g), has 
been described. Other new linkers (19; R = polystyrene, R' = Fmoc or NHBoc; 
see page 121) have been designed12* for the construction of peptide amides (R'= 
Fmoc) and peptide hydrazides (R'= NHBoc), the latter being intended for 
fragment coupling by the azide route. Linkers containing Si have been widely 
studied and a new one is reported129 to provide peptide amides, particularly when 
Trp is C-terminal and prone to alkylation by carbocations (Scheme 10). A more 
specific linker contains cysteamine attached to the support through a disulfide 

When cleaved reductively, the C-terminal cysteamine residue reacts 
through the thiol group to an activated protein carrier to form an immunogenic 
conjugate. A Co(II1) ammine complex (20, see page 121) has been developed for 
attachment to polystyrene and use in SPPS. The product is detached reductively 
using e.g. dithiothreitol131. 

Although Boc and Fmoc share the top position for a-amino group 
protection in SPPS, the report that the rate of removal of the a-Z(4-MeO) group 
by CH3S03H in CH2C12 is accelerated by the addition of m - c r e ~ o l ' ~ ~  introduces 
another competitor, especially since pancreastatin and magainin I were success- 
fully made by this route. An economical double-coupling procedure, in which 
reaction with a symmetrical anhydride, followed by a second coupling using the 
HOBt ester procedure, has been reco~nrnended'~~. For esterification of Chydro- 
xymethylpolystyrene resin with Fmoc amino acids, the use of i-Pr-N = C = N-i-Pr 
in presence of pyridine in CH2C12/CHONMe2 (9:l) or reaction with preformed 
Fmoc aminoacyl fluoride are reported to give high yields with negligible 
ra~emization'~~. An attempt has been made to predict quantitatively difficulties 
due to aggregation of peptide chains during SPPS"'. 87 peptides were made and 
the volume of the resin was determined after each coupling step leading to the 
evaluation of an aggregation parameter, < P, > for each of the 20 coded amino 
acids. Coupling difficulties, if they occur, begin at the 5th residue and 6-9 
C-terminal residues dominantly influence the character of the whole sequence. 
The table of < P, > values will be useful to incorporate into an algorithm to 
determine coupling procedures and times of reaction for use in SPPS hardware. 
Another has donned the hair shirt and synthesized a model antibody 
molecule which was extremely hydrophobic and had 70% D-structure. Coupling 
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Reagents: i, pH 10; ii, OH-; iii, NH3 

Scheme 9 
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Reagent: i, CF3C02H 

Scheme 10 

Reagents: i ,  CF3COOH then piperidine 

Scheme 11 
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difficulties were experienced throughout the whole synthesis, and there was little 
to choose between results when single, double or triple coupling stages were used. 
Fortunately, a new approach for overcoming the construction of difficult 
sequences has been proposed137. It was argued that the introduction of a suitable 
removable substituent on appropriate peptide bond nitrogen atoms would 
prevent the latter from acting as donors in hydrogen bond formation thus 
precluding the adoption of a secondary structure. An N-benzyl group seemed an 
obvious choice, but steric hindrance could interfere with the coupling of the next 
residue. Fortunately, it was found that an ortho-hydroxyl group in the benzene 
ring facilitated acylation by providing the initial site of acylation; intramolecular 
base-catalysed 0 -, N acyl transfer completed the N-acylation step. One refine- 
ment remained; by incorporating a methoxy group in the benzene ring, the benzyl 
protecting group was rendered more sensitive to acidolysis. The required amino 
acid derivative (21) then undergoes the steps outlined in Scheme I l. By using the 
Ala derivative corresponding to (21) at position 7, the notorious ACP(65-74) 
sequence was assembled without difficulty. 

The bromophenol blue method of monitoring coupling was used in a 
manual apparatus for the synthesis, using Fmoclt-Bu protection, of two peptides 
containing > 40 re~ idues '~~ .  Coupling efficiency could be increased by raising the 
temperature in an ultrasonic bath. The tendency for Ala-rich peptides to form 
D-sheets during SPPS on a polyacrylamide gel using Fmoc protection has been 
monitored by Fourier transform Raman spectroscopy during deprotection with 
piperidine139. Deprotection was essentially complete until the number of Ala 
residues was a multiple of 6 when 113 of the chains did not react. The Fmoc 
group favoured D-sheet formation whereas Boc groups had no influence on the 
conformation of the pendant peptide. The well-known reactivity of mono esters 
of catechol, which stems from anchimeric assistance by the free hydroxyl group, 
has never been fully exploited and a recent paper140 may change that. If a peptide 
is assembled on an oxime resin, then detached by interaction with the 2- 
phenacyloxyphenyl ester of an amino acid, the unreactive peptide ester can be 
converted into the much more reactive 2-hydroxyphenyl ester by removal of the 
phenacyl group using Zn in aqueous CH3C02H. So far the method has been used 
to make sequential polypeptides, but could have a more important future in 
fragment coupling. Peptides with a C-terminal thioacid group, which are useful 
for fragment coupling and perhaps for enzyme-catalysed syntheses, can be 
prepared by treatment at room temperature of a peptide-oxime resin with 
M e 3 S i s S i ~ e 3 / ~ u 4 ~ + F -  followed by N ~ H s o ~ ~ ~ ~ .  There is a new method for 
synthesizing peptides containing N-methylamino acids by carrying out the N- 
methylation during SPPS '~~ .  With the introduction of more powerful coupling 
agents, it remains to be seen if this method will be preferred to the conventional 
synthesis from previously methylated amino acids. For the preparation of cyclic 
disulfide peptide amides, assembly of the open-chain derivative with Acm 
protection can be performed on an oxime resin. The Acm groups can be removed 
and oxidation effected, then the peptide can be detached as the amide using 
ammonium acetate'43. Homodetic cyclic peptides can also be synthesized by 
effecting the cyclization step on the resin provided that the peptide contains an 
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amino acid such as Asp or Glu so that the peptide can be attached to the resin 
through the side-chain carboxyl 

A number of papers describe the synthesis of peptide derivatives using 
solid-phase methodology. For example, by siting a Lys-Lys near the C-terminus, 
three identical chains can be constructed simultaneously, one on the a-amino 
group and two on the &-amino groups145. A triple helical collagen model was 
produced by this method. 0-Palmitoyl peptides are important in regulatory 
processes so their synthesis is of interest. There is a choice between using 
0-palmitoyl Ser/Thr in SPPS or 0-acylating the assembled peptides while still on 
the support146. Peptides containing Gla residues can be prepared using Boc- 
Gla (o~Hx)~-oH as starting material147. Manual SPPS has been employed to 
synthesize a peptide which was phosphorylated on the resin148. An aminocarbo- 
xyphosphinic acid has been successfully incorporated into a peptide without 
protection of the P-OH Removal of Fmoc groups by morpholine 
during the SPPS of 0-glycopeptides is slow, incomplete and accompanied by 
byproducts150. Piperidine/CHONMe2 gives better results. After assembly of a 
peptide by SPPS and liberation of the a-amino group, the latter can be converted 
into the isocyanate by reaction with bis-(2,4-dinitropheny1)-carbonate and N- 
methylmorpholine. The isocyanate is allowed to react with an Fmoc amino acid 
hydrazide to give an a ~ a ~ e ~ t i d e ' ~ ' .  Coy's method for preparing Q[CH2NH] 
pseudopeptides by SPPS has been improved152. Reexamination of the use of the 
PAL linker for SPPS failed to detect a recently reported side reaction and it is 
concluded that the authors' methodology is soundlS3. 

There are several papers dealing with peptide detachment from supports. 
After assembly of thyrnosin a1 on MBHA resin, the product was detached and 
deprotected with Me3SiBr/PhSMe/CF3C02H starting at - 10°C and rising to 
room temperature154. Purity was reported to be 99%. Peptides spanning the 
whole sequence of uteroglobin monomer were synthesized using the 4-hydroxy- 
methyl-3-nitrobenzoyl linker and detached photolytically155. This last step caused 
Met to be oxidized to the sulfoxide. Schemes for the controlled stepwise release of 
peptides from a support have been d e v i ~ e d ' ~ ~ - ' ~ *  and part of one process is 
portrayed (Scheme 11). An automated ally1 cleavage scheme on a continuous- 
flow synthesizer has been developed159 for the preparation of head-to-tail cyclic 
peptides, branched peptides and multiple antigenic peptides. An insoluble Pd 
catalyst cannot be used and, after overcoming several problems, it was eventually 
found that Pd(PPh3)4 in CHC13 containing 5% CH3C02H and 2.5% N-methyl- 
morpholine was satisfactory. Peptides assembled on Pepsyn KB resin can be 
released as amides by NH3 in tetrahydrofuran16'. NH3 in MeOH gave products 
that were contaminated by methyl esters. When peptides containing 5-amino- 
pentanoic acid were detached from supports with HF in the presence of anisole, a 
Friedel-Crafts type of reaction occurred with the latter giving peptidyl- 
N H ( C H ~ ) ~ C O C ~ H ~ O M ~ ' ~ ~ .  Peptides made by SPPS involving U-N-Fmoc pro- 
tection and t-Bu groups on side chains can be sequenced by the Edman 
procedure162. The peptides are detached by the CF3C02H used in the first cycle 
and subsequently embedded in a membrane. Results are satisfactory with 
peptides containing 20 residues. Sequencing has been accompanied by electro- 
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spray mass ~ ~ e c t r o r n e t r y ' ~ ~ ~ ' ~ ~ .  Some home-made hardware has been describ- 
ed 164- 166 , one of which has a computer-controlled robot arm that delivers solvents 
and reagents to reaction vessels. There has been a further application of Blake's 
method of fragment coupling in the assembly of a 90-residue DNA-binding 
protein167. 

The remaining papers cited in this s e c t i ~ n ' ~ ~ - ' ~ ~  are concerned with 
multiple syntheses. Some papers d e ~ c r i b e ' ~ ~ - ' ~ ~  the assembly of relatively small 
libraries. Others describe libraries containing millions of peptides. Very small 
scale syntheses, often employing a single bead of resin support, are virtually 
obligatory. A few points deserve special mention. Assembly of a library can be 
achieved in a stepwise manner. In a search for peptides that inhibit trypsin17', a 
library of hexapeptides was first assembled. The most active was then incorpo- 
rated into a library of dodecapeptides. Two groups have developed methods for 
indexing peptides chemically by tagging the bead with an 01i~onucleotide~~~ or 
with a carbonate e~ter"~,  part of which can be detached photolytically and 
identified by electron-capture gas chromatography. The final referencelgO in this 
section describes a Pascal programme to convert linear amino-acid sequences into 
multiple small overlapping peptides, software which will be useful to those 
wishing to make candidate epitopic peptides with economy of effort. 

2.8 Enzyme-mediated Synthesis and Semisynthesis 
There is little to report on supports for immobilizing proteinases. Trypsin 

can be attached to polystyrene by first coupling the enzyme to azobis(4-cyano- 
valeric acid), then irradiating to generate free radicals in the presence of 
styrenelgl. a-Chymotrypsin, thermolysin and papain have been covalently attach- 
ed to polyethylene glycol and used in the synthesis of enkephalinslg2. U-Chymo- 
trypsin has been immobilized on a variety of insoluble supports and all were 
found to afford fairly good yields in peptide synthesislg3. 

Considerably more effort has been deployed in studying the use of organic 
solvents for enzyme-catalysed synthesis. The crystal structure of Carlsberg 
subtilisin in anhydrous MeCN is almost identical to that in water. The catalytic 
triad is intact and only four water molecules are displaced by M ~ c N ' ~ ~ .  Another 
group propose that subtilisin and alcalase retain their conformation in EtOH but 
without definitive crystallographic proof'85. SeveraI papers are devoted to the 
use of alcalase in ~ - B U O H ' ~ ~ - ' * ~ .  DL-Amino acids as their esters can be 
resolvedlg6, peptides with C-terminal amide groups are accessible using NH4C1 
as the source of amide nitrogenlg7, but there is no stereospecificity at the S,' site 
in The synthesis of H-Gly-Phe-OH from Boc-Gly-OH and H- 
Phe-OMe using papain has been optimizedlgO but some nonenzymic hydrolysis 
of the latter occurs. Papain was also used to synthesize H-GIy-Gly-Phe-NH2 and 
enzyme activity was enhanced by incorporating polyols in the medium191. 
2-Dipeptides can be esterified in 98% v/v EtOH using papain192. A suspension 
of thermolysin in hexane in presence of Na2S04. 10H20 catalyses the synthesis of 
N-protected di- and tri-peptide amides in good yield193. Carlsberg subtilisin 
somewhat surprisingly gives modest yields of dipeptide amide when H-L-Phe- 
OEt and an amino acid amide are the substrates in solvents where the second 
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substrate is only slightly soluble194. Indeed, solvent is unnecessary with the 
amino acid amide dispersed in H-Phe-OEt. Further, when both substrates were 
solid, reaction still occurred provided that the substrates formed a eutectic 
mixture or a small quantity of an organic adjuvant was added to disperse the 
substrates. Again, using Carlsberg subtilisin to catalyse reaction between Ac-Ser- 
OEt or Ac-Phe-OEt and n-PrOH, enantioselectivity is displayed towards the 
L-substrate in most solvents especially CH2C12, CHC13, MePh, C6H6 and 
HCONMe2, but this is reversed in C5HSN, t-AmOH, t-BuOH and ~-BuNH~~".  
A thermodynamic model was derived which correctly predicted substrate 
specificity as a function of solvent/water partition coefficient of substrates and 
the substrate specificity of enzyme-catalysed hydrolysis of the esters in water. 
The use of 'H20/H20 as solvent helped to demonstrate that ACV-synthetase 
from Cephalosporium acremonium and Streptomyces clavuligerus catalyses both 
the synthesis of H-L-S-(a-aminoadipoy1)-L-Cys-D-Val-OH and the epimerization 
of the Val residue196. Thus, use of [2-2~]-valine as one of the substrates afforded 
the tripeptide with essentially complete loss of 2~ from the a-position of the 
incorporated Val. In contrast, synthesis of the tripeptide from unlabelled amino 
acids in (1:l) 2 ~ 2 0 / ~ 2 0  resulted in a product which was partially labelled with 
one 2~ atom in the Val residue. Finally, in connection with choice of solvent, the 
synthesis of Z-Phe-Phe-NH2 from Z-Phe-OEt and H-Phe-NH2 in the presence of 
lipase proceeded in C H O N M ~ ~ ~ ~ ~ .  Optimal yields were obtained in 50% 
CHONMe2 at 10°C. 

There is little to report concerning the choice of protecting group in the 
acylating substrate. N-Malyl-L-Tyr-OEt has been synthesized in large quantities 
using aminopeptidase from Staphylococcus chrorn~~enes '~~.  This water-soluble 
substrate was the? used to synthesize two peptide derivatives using a-chymo- 
trypsin as catalyst: This could be a useful method for making water-soluble 
substrates for assaying enzymes such as pepsin, chyrnotrypsin and collagenase 
which have a marked predilection for substrates containing hydrophobic amino 
acids. This property usually precludes the use of substrate concentrations high 
enough to achieve V,,. A variety of protecting groups (X = For, Ac, Boc, 
Fmoc, Mal, Phac, Alloc and Z) were used in the synthesis of X-Phe-Leu-NH2 
catalysed by chymotrypsin in MeCN or E ~ O A C ' ~ ~ .  Excellent yields could be 
obtained and there was a good correlation between log(hydrophobicity), ovality, 
dipole moment and the global reaction rate. Highest velocities were found with 
less hydrophobic groups (Ac, For, Mal), ovality values close to unity and high 
dipole moments. 

A substantial number of kinetically orientated studies have been described. 
In the hydrolysis of Ac-Tyr-OEt by a-chymotrypsin in CH2C12, no reaction 
occurred unless NH4HC03 was present200. Complete reaction was then attained. 
One possible explanation proposed that the salt prevents bound water from being 
stripped from the enzyme in its native conformation. Several other salts and 
HCONH2 were much less effective. This observation could be important in 
peptide syntheses catalysed by proteinases. In other kinetic studies with a- 
chymotrypsin, the high stereospecificity displayed towards Ala at the S,' site in 
some polar solvents diminished as the water content was decreased2''. Although 
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aqueous 1,Cbutanediol is a satisfactory medium, the velocity decreased as the 
water content decreased, mainly due to an exponential increase in K ~ ~ ~ ~ .  Finally, 
the kinetics of reactions catalysed by immobilized a-chymotrypsin have been 
studied in detail taking into account the influence of intraparticular diffusion203. 
When trypsin was immobilized on porous glass, only 10% of the enzyme was 
active and amidase activity was affected more than esterase activity204. QSAR 
methodology has been applied to the chemoselectivity of chemically modified 
a-chymotrypsin205. Peptide synthesis has been studied at low temperatures 
including in frozen solutions. Using unprotected amino acids as amino com- 
ponents in reactions catalysed by a-chymotrypsin, higher yields were obtained 
when the medium was frozen2067207 and it was proposed that freezing results in a 
higher concentration in a liquid phase which is in equilibrium with solid phase. 
The use of temperatures in the range -22°C to -35°C was found to suppress 
hydrolytic side reactions208. Kyotorphin was synthesized from H-Tyr-OEt and 
H-Arg-OH in > 80% yield in frozen solution209. 

The thermodynamics of the synthesis of Boc-Phe-Gly-NHC6H4X from 
Boc-Phe-OH and substituted Gly anilides in the presence of a-chymotrypsin were 
investigated2". The overall equilibrium constant is a function of three com- 
ponents, K@,,, for synthesis from the electrically neutral forms of the substrates, 
K,,, for the equilibrium between neutral and ionized forms of substrates and K,, 
for the precipitated and soluble forms of the product. It is concluded that the last 
component provides the driving force for the overall reaction. This conclusion is 
strongly supported by a linear relationship between yield of product and the 
square root of its solubility. Stepanov's have derived equations for 
predicting the yield of product in pepsin-catalysed, thermodynamically controlled 
synthesis. This group have also that these reactions are complicated 
by the coprecipitation of pepsin and product so that the reaction can stop before 
thermodynamic equilibrium is attained. In contrast to the loss of enzyme activity 
by coprecipitation with product, an important and simple method of boosting 
enzyme activity in an organic solvent has been reported214. When solutions of 
various proteinases are freeze-dried in the presence of lyoprotectants such as 
Ac-Phe-NH2, sorbitol or polyethylene glycol, the enzyme activity in organic 
solvent is 10-20 times that observed in the absence of ligand, although the activity 
of treated and untreated samples of otherwise identical enzyme were the same in 
aqueous solution. It is proposed that the added ligand or lyoprotectant alleviates 
reversible denaturation. Oxazol-5-onts serve as acyl donor substrates with a- 
~ h ~ m o t r ~ ~ s i n ~ ' ~ .  Since the amino component can be a peptide and peptidyl 
oxazolones are stereospecifically coupled, this could be a useful method for 
fragment coupling. 

The next seven papers cited are chosen to reflect the range of enzymes used 
in peptides synthesis. Several genetically engineered subtilisin BPN' mutants have 
been examined for resistance to solvent denaturation216. The Met222Phe mutant 
has particularly favourable properties. A specific Glu endopeptidase from 
Bacillus lichenformis has been used in the kinetically controlled synthesis of 
Glu-X peptide bonds217. Specificity for the S,' site is low except that X must not 
be Pro. This amino acid, however, is well catered for by a Pro-specific dipeptidyl- 
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carboxypeptidase from Streptomyces sp. Boc-Pro-Pro-OH and H-Pro-Pro-OH 
were coupled to give the tetraproline derivative2'*. The coupling of Z-Phe-OH 
and H-Met-OMe using the acid proteinase from Cynara cardunculus L. has been 
studied in biphasic systems219. ~ h r o m b i n ~ ~ '  and Pseudomonas aeruginosa 
e l a ~ t a s e ~ ~ '  have been used to synthesize dipeptide derivatives. Glycopeptides 
containing Asn(tri-0-acetyl-D-GlcNAc) in the S2 or S3 (but not S1) positions can 
be prepared using subtilisin BPN' to form a peptide bond with an amino acid or 
peptide amide222. Both a- and S-glycosides of Ser derivatives can be similarly 
coupled using mutants of subtilisin BPN'. The carbohydrate substituents of the 
last reaction can be lengthened using, for example, UDP-Gal and galactosyl 
transferase. The way now seems open for the synthesis of quite complex glyco- 
peptides. An alternative method for synthesizing 0-B-glycosyl derivatives of Ser 
used the 4-nitrophenylglycoside and either the D-galactosidase of E. coli or 
Aspergillus oryzae or the S-glucosidase from almonds223. 

Attention is now focused on particular target molecules. There are more 
proposals for the synthesis of ' ~ s ~ a r t a m e ' ~ ~ ~ ~ ~ ~ .  Papain can catalyse the 
coupling of 2-Gly-OMe and a-hydroxy- or a-keto-amines to form peptide 
derivatives227. Unsyrnmetrical cystine peptides can be obtained by coupling 
amino acid esters to N,N'-(BOC)~-cystine using immobilized papain in E ~ o A c ~ ~ ~ .  
Papain also provides a route to dehydropeptides229. Thus, Z-AGlu(0Me)-OMe 
and H-Leu-NHR can be coupled in moderate yield. With the same substrata, 
however, a-chymotrypsin affords the isopeptide. Carboxypeptidase Y has been 
used to effect the conversion of calcitonin-Leu into human ~alcitonin~~'. A more 
unusual method of preparing peptide arnides involves coupling a-substituted 
derivatives of 2-nitrobenzylamine and a peptide using carboxypeptidase Y then 
photolysing the product231. The photolysis product is a 2-acylnitrosobenzene 
which can be trapped by NaHS03. Excellent yields are claimed. In a new 
synthesis of a-MSH, a protected N-terminal octapeptide and a protected C- 
terminal pentapeptide were assembled on a 6nitrophenone oxime resin then 
detached and deprotected with HF. The octapeptide had Arg at the C-terminus 
so trypsin was used to effect the final An analogue of human insulin 
with glutaminamide at the C-terminus of the B chain was synthesized from 
porcine insulin under trypsin catalysis233. A combination of genetic engineering 
and enzyme-catalysed synthesis was used in a novel route to substance P*". An 
artificial substance P precursor was produced as a D-galactosidase (1-459) fusion 
protein containing nine copies of the decapeptide sequence: RLRRPKPQQF. 
This accumulated in E. coli as insoluble inclusion bodies which were easily 
isolated. The decapeptide sequences were detached by a-chymotrypsin, a process 
facilitated by the Arg residues at S]' and S3' which kinetically favour chymo- 
trypsin cleavage. By incorporating H-Phe-Gly-OMe into the digest, transpepti- 
dation occurred leading to a dodecapeptide. This was incubated with papain and 
H-Leu-Met-NH2 giving RLRRPKPQQFFGLM-m2. Finally, hydrolysis with 
trypsin removed the N-terminal tripep tide giving substance P. 

There is very little to report on the use of enzymes to remove protecting 
groups used in peptide synthesis. 2-(N-Morpho1ino)-ethyl esters can be hydro- 
lysed with lipase N at pH 7.0 and 3 7 " ~ ~ ~ ' .  Finally, there is a report on the use of 
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penicillin G acylase for removing N-phenylacetyl groups and the use of lipase M 
for hydrolysing heptyl esters236. 

2.9 MisceUaneous Reactions Related to Peptide Synthesis 
The side chains of Asp and Asn continue to enliven peptide synthesis. The 

kinetics and mechanism of formation of a succinimide ring from an Asn residue 
in the peptide: Ac-Gly-Asn-Gly-Gly-NH2 over the pH range 5.5-10.4 at 37°C 
have been determined237. A multistep process (Scheme 12) is proposed. When a 
similar peptide of Asn was incubated in 0.1M phosphate buffer at pH 7.4 and 
60°C, a mixture of the Asp and isoAsp peptides was formed238. The related 
peptide containing Smethylasparagine also deamidated but additionally under- 
went main-chain cleavage. During attempts to prepare cyclic peptides by coupling 
the D-C02H group of an Asp residue and the &-amino group of a Lys residue 
using either PyBOP or HBTU, the amide group of a C-terminal residue of Asp- 
NH2, if present, was converted into - c N ~ ~ ~ ~  Attempted coupling of pyroglutamic 
acid to a derivative of Gln-Pro or Asn-Pro gave rise to the diketopiperazine 
derived from Glp-Gln or ~ l ~ - ~ s n ~ ~ * .  Construction of the Glp-Gln (or Asn)-Pro- 
sequence is possible by coupling Glp-Gln(or Asn)-OH with a Pro derivative. Thr 
residues in peptides can be converted into alloThr without affecting the chirality 
at the a-carbon atom241. Treatment of Z-Xaa-Thr-OMe with EtOCON-S- 
0 2 ~ + E t 3  (Burgess reagent) causes cyclization to the cis-oxazoline with inversion 
at the D-carbon atom. Mild acid treatment then reopens the ring to give an 
0-acylamine which then undergoes an 0 -+ N acyl shift on adjustment of the pH 
to 9.5 with K2CO3. Peptides containing free thiol groups tend to oxidize to 
disulfides on storage. Complete restoration of the reduced peptide can be 
achieved with NaBH4 in pH 8-10 buffer during 30-60 min242. Excess NaBH4 is 
destroyed by acidifying to pH 4. Ser and Thr residues in peptides can be 
converted into a-acetoxyglycine residues by P ~ ( o A c ) ~ ~ ~ ~ .  The a-acetoxyglycine 
residues can then be treated with a tertiary amine, if desired, giving dehydro- 
glycine residues. 

3 Selected Examples of Peptide Syntheses 

We are well past the point where entry in this section demands the synthesis 
of a protein of record length. The examples cited here have been chosen simply 
because they interested the Reporter and it is hoped that they will evoke a similar 
reaction in the reader. Charybdotoxin, a 37-residue peptide in the venom of the 
Israeli Leiurus quinquestriatus scorpion, has been assembled on PAM resin with 
Boc/Bzl protection244. The synthesis was somewhat complicated because of the 
need to make four disulfide bonds. Acm groups were not completely stable to HF 
and removal by Hg(I1) was not complete or totally free from side reactions. The 
disulfide bonds were generated in aqueous solution in the presence of a mixture 
of oxidized and reduced glutathione. The enzyme Barnase has been constructed 
from four fragments which were made by S P P S ~ ~ ~ .  Fragment condensation was 
effected by the Blake method from C-terminal Gly thioesters. ~l~~~ and ~ l a ' ~  



2: Pep tide Synthesis 121 

(1 9; R = polystyrene, 
R' = Fmoc or NHBoc) 

& - C O - I I e - N H C H 2 - P  

cis (en),Co-NH2 
I 

XHNCH XHNCH \ ,NHCH2Y \C,NHCH2Y 

i 
0 bl 

XHNCH / 
\ 

0 

Scheme l2 



122 Amino Acids, Peptides, and Proteins 

were isotopically labelled with 13c. Insulin analogues containing $[CH2NH] 
pseudopeptide bonds in the C-terminal region of the B chain have been 
synthesized246. Cyclic peptides containing 29 amino acid residues and a disulfide 
bond have been synthesized that mimic the active sites and catalytic activities of 
a-chymotrypsin and trypsin247. The peptides have been given the trivial class 
name of pepzymes. Inhibitors of the native enzymes, BzlS02C1, DFP, SBTI, 
BPTI and human al-antitrypsin, but not TPCK, inhibit these model enzymes. 
There is obvious scope here for the synthesis of other pepzymes with specificities 
made to order. a-hANF and h-big endothelin have been made by SPPS using 
Fmoc protection and coupling by the symmetrical anhydride procedure248. Acm 
protection of thiol groups was preferred to S-Trt or S-t-Bu despite its sensitivity 
to the use of PhSMe as a carbocation scavenger. The synthesis of the 60-residue 
homeo domain of the Drosophila gene regulatory protein ~ n t e n n a ~ e d i a ~ ~ '  is 
notable because assembly was effected in separate stages. Ten small fragments 
(4-10 residues) were made. These were assembled to give medium-sized fragments 
(17-20 residues) on an oxime resin. Final assembly was carried out in solution. A 
14-residue peptide, GGHGYSPTSPSYGK, has been designed to contain a 
Cu(I1)-binding domain (residues 1-3), a DNA-binding domain (residues 5-12) 
and a charged residue (K) to confer water CD and NMR data 
indicated that the DNA-binding domain contains two D-turns resulting in the two 
Tyr residues assuming a parallel orientation poised for intercalation into DNA. It 
was shown that the peptide effects oxidative cleavage of DNA after addition of 
sodium ascorbate and/or H202. Finally, a synthetic peptide containing 134 
residues corresponding to the N-terminal half of the HIV- l nucleoprotein, p24, 
has been assembled by SPPS~". Somewhat surprisingly, the side chains of Arg 
and His were protected by tosyl groups. Nevertheless, it was claimed that 100 mg 
of peptide with a purity of > 90% can be obtained in a month. 

4 Appendix: A List of Syntheses Reported in 1993 

The syntheses are listed under the name of the peptidelprotein to which 
they relate, but no arrangement is attempted under the subheading. In some 
cases, closely related peptides are listed together. 

PeptidelProtein Ref. 

4.1 Natural Peptides, Proteins and Partial Sequences 
Adenylate cyclase activating polypeptide SPPS of 27 and 38 

Residue peptides 252 
Adrenergic peptides 

0,- and 02-adrenergic pentapeptides 253 
Adrenodoxin 

Fragment of adrenodoxin precursor 254 
Amyloid protein (chromosome 20) 

Peptides corresponding to normal and mutated alleles of gene 
probably linked to Creutzfeld-Jakob disease 
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Fragments of amyloid precursor protein 256 
Angiotensin 

Sarilesin and sarmesin analogues 257 
[sari , ~ i s ( l  -Me16- and [sar ' ,~ is(3-~e)~-an~iotensin  I1 258 
Analogues of angiotensin IV 259 

Antibacterial peptides 
Tachyplesin I analogues 260 
Octapeptide derivatives of teicoplanin-A2 26 1 
Gramicidin A analogue 262 
Gramicidin S 263 
Model of lantibiotic biosynthesis 264 
Pro- and Pre-peptides of lantibiotics 265 

Antifreeze proteins 
Analogues of Ala-rich U-helical antifreeze protein 266 

Atrial natriuretic peptide (factor),ANP,ANF,atriopeptin h-ANF and 
2 analogues 267 
Porcine brain natriuretic peptide 268 
Se analogues of a-rat ANP 269 

Apolipoprotein 
Apolipoprotein B- 100 peptide and analogues 270 
5 fragments of Tyr-apolipoprotein B 27 1 

Bacteriorhodopsin 
5 fragments which model transmembrane segments 272 

Bombesin 
Analogues 273,274 

Caerins 
Caerin 1.1 275 

Calcitonin 
Fragment (1- 16) of salmon calcitonin 276 
Analogues of human peptide 277 
Analogue of fragment made by SPPS using 4-dimensional 
orthogonal protection scheme 278 

Calcitonin gene-related peptide,CGRP 
C-Terminally truncated fragments of h-CGRP 279 

Channel proteins 
Transmembrane segment M2 of nicotinic cholinergic receptor 
channel 280 

Chemotactic peptides 
A chemotactic peptide containing APhe 28 1 
Conformationally restricted analogues of FMLP 282 
HCO-Met-Pro-PheOMe 283 
HCO-Met-Leu-D-(uMe)Phe-OMe 284 
HCO-Hmb-Leu-Phe-OMe 285 
CHO-Met-Leu-Phe-2',3'-deoxy-3'-thiacytidine, a new anti-HIV drug 286 

Cholecystokinin (CCK) and gastrin 
Analogues of C-terminal sequence 287-294 
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Tritiated CCK8 analogue for photolabelling receptors 
Analogue of hCCK (20-58) 
CCK A receptor agonists 
CCK A and CCK B antagonists 
hCCK(26-33) and analogues of hCCK33 

Collagen 
Propeptide fragments of al(1)-collagen 
15~-labelled fragment analogues 
(Pro-Hyp-Gly)lo with modified 5th triad 

Complement 
Analogues of complement C3a 

Corticotropin 
ACTH-like sequence of human IgGl 
Biotinylated derivative of ACTH(1-17) 

Corticotropin-releasing factor 
Fragment analogues with antagonistic properties 
Analogues containing single D-amino acid residue 

Cytochrome c 
Horse heart cytochrome c (1-66) 

Destruxins 
D-Lac-6-destruxin E 

Dopamine receptor modulator 
Analogues of Pro-Leu-Gly-NH2 

Endo thelin 
SPPS of end0 thelin- l 
300 hexapeptide endothelin ligands 
Simple solution synthesis of tripeptide antagonist 
64 stereoisomers of hexapeptide antagonist 
C-Terminal peptide antagonists 
Antagonists involving changes to residues 18 and 19 

Epidermal growth factor 
12 peptides based on autophosphorylation site 
6 analogues with substitutions at 13, 15, 37,41 

Factor X 
Fragment (34-86) which resembles EGF 

Fibrillarin/nucleolin 
2 sequences based on methylation sites 

Fibronectin 
Inhibition of metastasis by RGDS-carboxymethylchitin conjugate 
Analogues of RGDS sequence 

Fibrinogen 
Peptide mimetics of the RGDF sequence 
Peptides mostly of the RGD type 
Fibrinogen receptor antagonists 

Gastrin releasing peptide 
Analogues 
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Gla-peptides 
Sequences from protein C 

Glucagon 
Antagonists 

Glutathione 
Analogue containing [S02NH] pseudopeptide bond 
25 Analogues as potential ligands for affinity chromatography 
of glutathione S-transferase 
Se analogue 
Phytochelatins, H-[y-Glu-Cys],-Gly-OH (n = 4,5) 

GnRH/LHRH 
New analogues 
New antagonists 
New agonists 

Growth factors 
Retro-inverso analogue of plasma factor 

Growth hormone 
Analogue of hGH(6-13) 

Growth hormone releasing factor, somatocrinin 
Analogue of bovine peptide 
Tritiated analogue of human peptide 
Fragment (1-10) 

High MW kininogen 
58-residue fragment that binds factor XI 

Inhibin (seminal plasma) 
Fragment of a subunit (1-26) 
Reduced and oxidized forms of human protein 

Insect hormones 
PDVDHFLRF-NH2 from Locusta migratoria 
Analogues of leucomyosuppressin 
Pseudopeptide analogues of achetakinin family 

Insulin 
Analogues involving A 14 position 
Analogues involving B 12 position 
Insulin receptor autophosphorylation domains 

Kallikrein 
Segments that bind to high MW kininogen 

Melanostatin 
Analogues with antiamnesic properties 

Metallothioneins 
Mouse metallothionein I (30-61) 
Mouse metallothionein I (1-29) 

Myoglobin 
Fragments corresponding to G- and H-helices 
Fragment (57-96) of sperm whale myoglobin 
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Myosin kinase 
Calmodulin-binding domain of myosin kinase (M5) 

Neuropeptides 
Requirements for NPY receptors 
Analogues of NPY 370,37 1 
Analogues of PYY(22-36) 
Chimeric peptide comprising galanin(1-13)-NPY(25-26) 
Analogues of neurotensin C-terminal pentapeptide 
Pseudopeptide analogues of neurotensin 
Pseudopeptide antagonists of neurokinins 
Dimeric neurokinin B analogues 
Tetrapeptide tachykinin antagonists 
Cyclic hexapeptide NK-2 antagonists 

Opioids, antinociceptive peptides and receptors 
Morphiceptin analogues 
6-Opioid agonist conjugate with Bcyclodextrin 
Enkephalin-PEG conjugate 
Enkephalin analogues containing N,M-ethylene bridges 
Enkephalin alkylamides 
Glycoconjugates of Met-enkephalin 
N-(Leu-ENK)yl-6-amido-6-deoxycyclomaltoheptaose 
Analogues of 6-opioid peptides 
Pseudopeptide 6opioid antagonists 
Dynorphin analogues 
Dynorphin derivatives for affinity labelling 
Analogues of dermorphin and deltorphin 
Analogues of deltorphin I1 
Analogues of deltorphin C 
SPPS of deltorphin 
Dynorphin B and 2 analogues 
Canavanine-containing analogue of kyotorphin 
Historphin and a phosphonic analogue 

Parathyroid hormone 
Human PTH(1-34) 
Analogues of PTH(7-34) 

Pheromones 
Tripeptide mimics of mud-crab pumping pheromone 

Phospholamban 
Synthesis of c a 2  + -ATPase regulatory protein 

Plastocyanin 
Peptide based on plastocyanin metal-binding centre 

Posterior pituitary hormones 
Parallel dimer of deamino-oxytocin 
Oxytocin antagonists 
Analogues of C-terminus of oxytocin with D-turns 
Vasopressin analogues 
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Ri bonuclease 
Fragments (61-74) and (65-72) of RNase A 

Scyliorhinin 
7 analogues modified in positions 3,6,7,8 

Secretin 
Synthesis of human secretin 

Selectins 
5 selectin peptides inhibiting neutrophil adhesion 

Somatostatin 
Orally active analogue 
Linear peptides used to make cyclic analogues 

Splenopentin 
Human and bovine peptides 

Substance P 
Various antagonists 
Analogue of SP(6-11); a potent agonist 
18 analogues made by multipin method 
5 12 stereoisomers made by multipin method 
Analogues containing dehydrophenylalanine 
Analogues containing [CH2-CH2] surrogate peptide bond 

Systemin 
Synthesis of complete peptide and several fragments 

T'hymopen tin 
Four monothiothymopentin analogues 

Thymosin 
Fragment (31-43) of thymosin B4 
Synthesis of thymosin D4 by fragment coupling 

Thyroliberin (TRH) 
Analogues 

Toxins 
Heptapeptide toxin from Microcystis aeruginosa 
Synthesis of corrected structure of kaliotoxin 
P05, Leiurotoxin-I like scorpion toxin 
Fragment of a neurotoxic prion protein 
Analogues of spider and wasp toxins 
o-Agatoxin IVA from venom of funnel-web spider 
Putative hinge region of tetanus toxin 
Pardaxin (33 residues) and 10 fragments 
Analogues of conantokin G (Conus geographus) 
p-Conotoxin GIIIB 
&-Toxin (S. aureus) and analogues 

Tuftsin 
tuft sin  tuft sin analogues 
Adenovirus fragments as tuftsin inhibitors 
Thiotuftsin analogues using thiobenzimidazolones 
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Vasoactive intestinal peptide (VIP) 
Cyclic disulfide analogues 453 

Viral proteins 
HIV-1 proteinase analogue with type 11' D-turn mimic 454 
HIV- 1 proteinase analogue lacking facility to H-bond to substrates 
at ~ l ~ ~ ~ - ~ l e ~ ~  455 
N-Terminal half of the HIV- l nucleoprotein 25 1 
Fragment of Vpu protein of HIV-1 virus 456 
Fragment (828-848) of HIV envelope glycoprotein 457 
Fragments of hepatitis C viral proteins (core and NS3) 458 
Analogues of peptide T 459,460 
Tetrapeptide inhibitors of Herpes simplex virus type 1 ribonucleotide 
reductase 46 1 
Epitopic hexapeptides of potato virus Y 462 
Nucleopeptide fragment from B.subti1i.s phage $29 463 

Vitronectin 
Synthetic fragments 464 

4.2 Sequential Oligo- and Poly-peptides 
New route to sequential polypeptides 140 
Uniform polyaspartic acids 465 
Peptides of a,a-substituted Gly 466 
Homooligopeptides of (a-Me)Phe (n 5) 467 
H-(Asn-Pro-Asn-Ala),-OH and Gly-substituted analogues 468 
Penicillin-polylysine conjugate 469 
Basic amphiphilic polypeptides 470 
Random copolypeptides 47 1 
Polymers of Lys and other amino acids 472 
Polypeptides of Arg and Lys that inhibit binding of von Willebrand factor 
and platelet membrane 473 
Random high MW polypeptides containing Pro 474 

4.3 Enzyme Substrates and Inhibitors 
Peptide Cnitroanilides as proteinase substrates 475,476 
N-Hydroxymethylation of peptide bond to stabilise peptides against 
a-ch ymotrypsin 477 
Competitive inhibitor of chymotrypsin containing 7-aaztryptophan 478 
Mapping S' subsites of trypsin and chymotrypsin 479 
Substrates of subtilisins 480 
Thrombin inhibitors 48 1-487 
Heptapeptide inhibitor of platelet aggregation 488 
Hirudin (54-65) 489 
Conjugate of thrombin inhibitor and hirudin fragment 490 
Linker for trivalent thrombin inhibitor 49 1 
Peptides of 4-aminomethylcyclohexane-C02H as inhibitors of plasmin and 
kailikrein 492 
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Protein C fragment inhibits activated protein C 493 
Factor VIIa and factor VIIa-tissue factor substrates 494 
Peptidyl vicinal tricarbonyl monohydrates as inhibitors of serine proteinases 495 
100 elastase substrates and 19 inhibitors 496 
N-3-(2-Fury1)acryloyltripeptide substrates 497 
Substrate for mesentericopeptidase 498 
Prohormone sequences containing KR or RR doublets 499 
Inhibitors for processing proteinases 500 
Hexapeptide derivative as proteinase K inhibitor 50 1 
Lysinal peptides as inhibitors of Achromobacter proteinase I 502 
Inhibitors of neutral endopeptidase and ACE 503 
ACE inhibitors conjugated to dextran 504 
Enkephalin chloromethylketone, a poor inhibitor of endopeptidase 22.19 505 
Inhibitors of matrix metalloproteinases 506 
Tripeptide inhibitors of ACE 507,508 
Inhibitors of endothelin-converting enzyme 509,510 
Inhibitor of neurotensin/neuromedin N degrading enzyme 51 1 
Peptide-cellulose matrix for isolation of chyrnosin 512 
Fluorogenic substrates for pepsin 513 
Renin inhibitors 514-521 
HIV-1 proteinase inhibitors 522-538 
Substrates for herpes simplex virus type 1 proteinase 539 
Substrates of pp60c-"c cellular Tyr kinase 540,541 
(-)-Actinonin and (-)-epi-actinonin 542 
Latent inhibitors of carboxypeptidase A 543 
Papain inhibitor 544 
Cathepsin B inhibitors 545,546 
N-Peptidyl-0-acylhydroxamates, thiol proteinase inhibitors 547 
Peptide a-ketoesters as thiol proteinase inhibitors 548 
Inhibitor of interleukin-10 converting enzyme 549 
15 tripeptide analogues of leupeptin 550 
Janus compounds: dual inhibitors of proteinases 55 1 
'H-labelled substrate of oligosaccharyltransferase 552 
Dipeptidyl hydroxamic acids as urease inhibitors 553 
Protein kinase C substrate 554,555 
Protein kinase C inhibitors 556,557 
Putative autophosphorylation sit of Tyr-specific protein kinase 558 
Inhibitors of mesodiaminopimelate-adding enzyme 559 
Substrate analogues of trypanothione reduct ase 560 
Substrate for farnesyltransferase 56 1 
Inhibitory fragments of ribonucleotide reductase 562 

4.4 Conformation of Synthetic Peptides 
D-Shee t stabilizing pentapeptide sequences 
Synthetic antiparallel D-sheet peptides 
D-Sheet structure of fragments of E.coli ribosomal protein L7/L12 
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Oligopeptides that form D sheets and self assemble to form stable 
macroscopic membrane 
AC-Y(EAAAK)~A-NH~ and analogues 
RGD-containing heptapeptides forming D-turns 
13-turn 11' formation in Boc-Phe-AAbu-NHMe 
D-turns in peptides containing Aib and Dap or Dab 
Metal-binding peptides containing reverse turns 
Bicyclic D-turn mimetic 
3 dipeptides containing aazproline 
Boc-D-Glu-Ala-Gly-Lys-Ala-Leu-OMe; 310 helical structure 
Peptides containing 2 APhe residues; 310 helical structure 
Heptapeptides forming 3 10 or a-helices 
a-Helical peptide becomes D-strand on oxidation 
Peptides of APhe with 310 conformation 
Stability of a-helical structure 
Eicosapeptides containing hydrophobic segment (5-14) 
1 8-residue Leu-rich peptide that self-associates 
Assembly of TASP molecules 
19-residue peptide forms 3-helix bundle with R U ~ C ~ ~ ~ ~ -  
17-residue peptide exists as 2-state helix/coil 
A cyclic octapeptide containing 2 helical turns 
Helical peptides containing fluorophore and heavy atom 
Ac-YEQAAEQQEAAQEA-NH2, its interaction with spermine 
53-residue peptide with 4 a-helical domains 
Oligopeptides containing Leu, D-Leu and N-MeLeu 
H-Arg-Val-Gly-Arg-Val-Gly-OH; conformational studies 
Cis-trans isomerism of Ac-Gly-Pro-OMe 
Structure of H-Ala-Phe-Gly-OH and H-Phe-Ala-Gly-OH 
B-Sheet-stabilising potential of 20 coded amino acids 

4.5 Glycopeptides 
General convergent synthesis of glycopeptides 
Glycopeptide sequences from blood-clotting factor IX 
Synthesis of a glycosylated hexapeptide 
Fully-protected C-terminal glycopeptides 
Chitobiosyl N-glycopeptide derivatives 
Chemoenzymatic synthesis of 0-glycopeptides 
0-Mannosylated glycopeptides 
0-Glycopeptides of glucosarnine and neolactosamine 
S-Glycosylated cyclopeptides 
0-SiMe3 protecting groups in glycopeptide synthesis 
Synthesis of glycos ylated Tyr derivatives 
Nephritogenic glycopeptide from rat glomerular basement membrane 
Glycotetrapeptide core of bacterial glycopeptidolipid 
Glycosylated derivatives of helper-T-cell stimulating peptides from 
hen's-egg lysozyrne 
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Muramyl dipeptide and related compounds 
C-Glycopeptides 

4.6 Phosphopeptides and Related Compounds 
Peptides containing 0-phosphothreonine 
Peptides containing 0-phosphotyrosine 
Nonapep tide substrate for protein Tyr phosphatase 
Peptides containing 3'-phosphonotyrosine 
Phosphorylated tripeptides containing -Glu-Ser-Ala- 
SPPS of phosphopeptides 
Peptides of 0-phosphorothioyl-serine and -threonine 
Peptides containing phosphonomethyl-Phe derivatives 
Peptides containing phosphono(difluoromethy1)-Phe 
Peptides containing the methylphosphinamide group 
Phosphonodipeptides 
Cyclic phosphopeptides 

4.7 Irnmunogenic Peptides 
Immunodominant epitope of gp41 protein of HIV-1 630 
Hepatitis B surface antigens 63 1 
Hepatitis C nucleocapsid antigenic peptides 632 
Peptides that bind to gp 120 monoclonal antibodies 633 
Epitopic peptide of chicken riboflavin carrier protein 634 
Epitope of the nicotinic acetylcholine receptor from adjuvanttcarrier 
sytem for enhancing peptide irnrnunogenicity 635 
Analogues of peptide from major histocompatibilty complex class I antigen 636 
Synthetic phospholipase A2 fragment reacts with neutralizing antibody 637 
D-Analogues of hexapeptide fragment of histone H3 638 
E.coli lipopeptides from outer membrane 639 
Fragments of nicotinic acetylcholine receptor from Torpedo electric tissue 640 

4.8 Miscellaneous Peptides 
Oxalopeptides as synthetic intermediates 
Pseudopeptides containing sulfinamide or sulfonamide group 
Peptides containing tetrazole ring as a cis-amide surrogate 
AAla peptides prepared from Ser(0Ac) peptides 
Dipeptides containing AAbu 
Enantiomers and geometrical isomers of H-ATrp-Phe-OH 
Dehydropeptides from N-carboxy-a-dehydroamino acid anhydrides 
Dehydropeptides containg a D-lactam ring 
Synthesis of dehydrodipeptides 
Tyr(Bz1)-Asp{OBzl)-Phe-Phe-Ser(Bz1)-D-A1 and its cyclization 
Peptides containing C1CH2CH2N(NO)CO- moiety 
Peptides containing trifluoromethyl amino acids 
Peptides containing carborane system 
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Lanthionine peptides made by SPPS 655 
Amphiphilic antibacterial peptides 656 
Peptide containing U-aminoglycine 657 
Peptide containing 3-aminopiperidine-3-carboxylic acid 658 
Library of 256 N-protected dipeptides 659 
Sweet aminomalonyl dipeptide esters 660 
Fullerine-containing peptide 66 1 
Synthetic metallopeptides that cleave DNA 250,662 
U-Amino-D-ketoesters as intermediates for synthesizing peptide mimetics 663 
Reductive acylation of a-keto azides for synthesizing peptide mimetics 664 
Peptides containing 1 -acylated-2-hydroxymethylpyrroles 665 
2-Bromoamides as synthons for pseudopeptides 666 
Peptides containing 2 ~ -  or 3 ~ - ~ e u  667 
Peptides containing bisimidazole ligands 668 
Metal-binding peptide containing aminodiacetic acid 669 
His-containing peptides as ligands for Cu and Zn 670 
Antitumour properties of anthraquinone bisubstituted by Gly-Gly-His 67 1 
Antiviral activity of Gly(Ada) tripeptide 672 
Micelle-forming peptide 673 
Alkylamides of 2-Val-Val-OH 674 
Oligonucleopeptides 463,675-678 
Peptide esters of N-hydroxymethyl-5-fluorouracil 679 
Trp peptides that bind guanine 680 
DNA-binding peptide dimer 68 1 
Peptide-based nucleic acid surrogates 682,683 
S-Palmitoyl peptides of cysteine 684 
Lipopeptides 685,686 
Peptide-bridged porphyrin-quinone derivatives 687 
Peptide derivatives of protohaemin IX 688 
Peptides of 13-Ala and 4-aminobutyric acid 689 
Peptides of N-hydroxy-l-aminocyclohexane-C02H 690 
Thiazole-con taining peptides 69 1 
SPPS of peptides linked to PEG 692 
Peptides of 2,2,6,6-tetramethylpiperidine N-oxyl-4- amino-4-carboxylic 
acid 693 
An antifungal dipeptide and its stereochemistry 694 

5 Purification Methods 
Immobilized metal ion affinity chromatography of peptides 695 
Capillary electrophoresis of hydrophilic peptides 696 
Dynamics of peptides in reverse-phase HPLC 697 
HPLC-MS of synthetic peptide libraries 698 
HPLC of 1 18 heptamers from myohaemerythrin 699 
Affinity chromatography of biotinylated 61-residue metal-binding peptide 700 
Reversible biotinylating reagent for affinity chromatography of synthetic 
peptides 70 1 
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Optical purity of Boc-aminoaldehydes 702 
Affinity chromatography of peptides on porous graphitised carbon 703 
Gly-L-Phe(N02)-OMe chiral resolution agent in HPLC 704 
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3 
Analogue and Conformational Studies on 
Peptide Hormones and Other Biologically 
Active Peptides 

BY CHRlSTlNE M. BLADON 

1 Introduction 

Material for this chapter, as in previous years, was obtained by scanning 
the major organic and bioorganic journals and Chem. Abs. Selects: Amino Acids, 
Peptides, and Proteins (up to issue 9, May 2nd 1994). Two changes have been 
made to the format of the chapter this year. Statine and the hydroxyethylene-type 
of isostere are now discussed under a separate heading (5.2) in section 5 rather 
than as part of the reviews on renin and HIV-1 protease inhibitors while 
conformational studies on peptidomimetics are now distributed over the entire 
chapter rather than being concentrated in a single section (formerly section 7). 
This latter change is the culmination of a gradual trend which has been occurring 
over recent years. Many publications on peptidomimetics are now multi-faceted 
with synthetic, conformational (NMR, X-ray) and, more recently, molecular 
modelling, studies being combined in a single article. It has become more 
appropriate therefore to discuss various aspects of a particular compound or 
series of compounds together rather than separately. 

For those readers interested in numbers, approximately 60% of the papers 
in this Chapter originate from academic institutions, 30% from industrial 
organisations with the remaining 10% being joint academic/industrial publica- 
tions. 

2 Peptide-backbone Modifications 

The use of peptidomimetics in drug design and development continues 
to be of intense interest and a number of reviews on this subject were 
published in 1993.'-l0 Topics covered included the general strategies involved 
in peptidomimetic design, computer-assisted design, and the synthetic applica- 
tion of these techniques. Useful data on the conformational consequences of 
introducing a peptidomimetic group into a sequence has been obtained from 
a detailed analysis of the solution and solid state structures of model 
dipeptides RCO-Xaawaa-NHR' ($ = arnide bond surrogate, R, R' = 

various alkyl)." The Spatola group continues to accumulate data on back- 
bone-modified cyclic pentapeptides with general structure cycle[-Gly-Pro\lrGly- 
D-Phe-Pro-]. This year the group reported the solution conformation of the 
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\lr[CH2NH] analogue12 and the crystal structures of the \lr[CH2S] and 
$[CH2SO] analogues. l3 

2.1 \lr[CSNHj-Thioamide Analogues 
A novel thioacylating agent (1) has been developed which shows promise 

for the introduction of \lr[CSNH] linkages into peptides.14 Arninolysis of (1) with 
amino acids or peptides (resin bound or in solution) gave good yields of thiodi- 
and tri-peptides. However low yields, eg 15% of thiothymopentin Arg- 
Lys$[CSNH]Asp-Val-Tyr, were obtained from solid phase syntheses when the 
isostere was introduced into longer peptide sequences. The authors suggested that 
steric factors may be hindering the reaction between the thioacylating reagent 
and the growing resin-bound peptide. A conformational study of Ac- 
\lr[CSNH]Pro\lr[CSNH]Gly-NHMe has been carried out.'' The reverse turn back- 
bone conformation, stabilised by a 10-membered 14-4 hydrogen bond adopted 
by this compound in the solid state was also found to be the dominant structure 
in DMSO-d6 solution. 

2.2 \lrmCO]-Retro-inverso Analogues 
Three papers were published on the retro-inverso modifications this year. 

One was a review,16 one described the synthesis of H-Gly-His\lrwCO]Lys- 
 OH,'^ an analogue of the growth factor glycyl-L-histidyl-L-lysine, and in the 
third, the pharmacological properties of a tritiated derivative of the CCK-B 
agonist Boc-Tyr(S03Na)-gNle-mGly-Trp-(NMe)Nle-Asp-Phe-NH2 were report- 
ed.'* The growth factor analogue," prepared by coupling Boc-Gly-gHis(Bom)-H 
with either TFA-NH(CH2)4CH(C02Ph)C02H or Bo~NH-(CH~)~-rneldrurn's 
acid, was found to be highly resistant to degradation by peptidases. 

2.3 \lr[CH2NHj-Amino Methylene Analogues 
Reductive amination of a Boc-amino aldehyde by the resin-bound peptide 

in the presence of NaBH3CN continues to be a popular method for the 
introduction of a \lr[CH2NH] linkage. This technique was used in the synthesis of 
a series of C-terminal neurotensin hexapeptideslg in which each amide bond was 
systematically replaced with the reduced amide isostere, in the preparation of 
insulin analogues with a \lr[CH2NH] moiety in the COOH-terminal B chain 
domain,20 in the synthesis of the somatostatin analogue cycle[-Phe\lr(CH2N)Pro- 
~ h e - ~ - ~ r p - ~ ~ s - ~ h r - ] , ~ '  and in the development of 8 - 0 ~ i o i d ~ ~  and gastrin- 
releasing peptide ( G R P ) ~ ~  antagonists. The results of biological assays on the 
neurotensin hexapeptide (and also on a pentapeptide series vide infra), insulin, 
and somatostatin analogues were on the whole disappointing. More promising 
data was obtained on the opioid and GRP series. The analogues 4'-(hydroxy)-3- 
phenylpropanoyl]-His-Trp-Ala-Val-D-Ala-His-D-Pro\lr[CH2NH]Phe-NH2 and 
l-naphthoyl-His-Trp-Ala-Val-D-Ala-His-D-Pro\lr[CHNH]Phe-NH2 were found 
to be particularly potent GRP antagonists while H-Tyr-Tic\lr[CH2NH]Phe-Phe- 
OH displayed subnanomolar 8-opioid receptor affinity. This latter compound 
was shown to have unprecedented 8 specificity (Kip/Ki" 10,500), was highly 
stable against enzymatic degradation, and showed no p or K antagonist proper- 
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ties. Improvements to the in situ solid phase reductive amination procedure have 
been reported.24 Solution phase reductive amination was used to generate the 
$[CH2NH] bond in a series of neurotensin C-terminal pentapeptides25 (vide 
supra), in a series of CCK-4 peptides,26 and in cycle[-Gly-Pro\lr[CH2NH]Gly-D- 
 he-pro-].l2 The latter compound is one member of the cyclic pseudopentapep- 
tides studied by the Spatola group - see comments at the beginning of this 
section. Two compounds in the CCK series, Boc-Trp-Lys(R)\lr[CH2NH]Asp-Phe- 
NH2 (R = 4-hydroxycinnamoyl, 2-tolylaminocarbonyl), showed high binding 
affinity and functional efficacy at CCK-A receptors. 

2.4 $[CH = m- and $[CH2CH2]- Ethylenic and Carba Analogues 
Introduction, with high diastereoselectivity, of the alkyl group into the C-2 

centre of E-alkene dipeptide isosteres was central to two of the synthetic routes 
published this year. The 2-(R)-chirality in BocMeLeu\lr[E,CH = CHILeu-OH was 
achieved via a stereoselective [2,3] Wittig rearrangement (Scheme while 
stereocontrol at the corresponding centre in a protected Ser$[E,CH = CHIVal 
isostere was effected, in part, by the use of bulky alkyl groups in the organocya- 
nocuprate reagent (Scheme 2).** A third approach to the synthesis of optically 
pure [E,CH = CH] dipeptide mimetics involved anti&' addition of chiral (E)- 
crotylsilanes to the formaldehyde equivalent S-trioxane (Scheme 3).29 This 
reaction resulted in the simultaneous introduction of a trans double bond and 
both amino acid side chains with high levels of diastereo- and enantio-selection. 
The isosteric units were subsequently incorporated into tetrapeptides. 

Substance P analogues, [ G ~ ~ ~ J I ( C H ~ C H ~ ) X ~ ~ ' ~ S P  (Xaa = Gly, D-Leu, L- 
~ e u ) , ~ '  with a carba bond between residues 9 and 10 and analogues of Boc-CCK- 
4, (Boc-Trp-Met-Asp-Phe-m), in which each peptide bond was replaced by a 
trans-olefin bond31 have been prepared for biological studies. The synthesis of 
both series of compounds involved incorporating racemic dipeptide mimetics into 
the sequence and, in the case of the substance P analogues, separating the 
resulting diastereoisomers by HPLC. Attempts to separate the diastereoisomeric 
pairs in the CCK-4 series failed and the biological studies were carried out largely 
on mixtures. The bis-phenylalanine mimetic (2)' a component of the substance P 
endopeptidase inhibitor H-Arg-Pro-Lys-Pro-Gln-Gln-PheJI[E,CH = CH]- 
G~~(Bz)~-Gly-Leu-Met-N&, was prepared32 via Julia olefination reaction of 
sulfone BocNHCH(CH2Ph)CH2S02Ph with aldehyde (PhCH2)2CH(CHO)- 
CH20TBDMS. 

2.5 Phosphono-peptides 
The design of novel phosphorous-based transition-state analogues of 

amide bond hydrolysis as well as new approaches to the synthesis of more well- 
known mimetics both feature in this year's crop of papers. The methyl- 
phosphinamide isostere falls into the first category and the key step in the 
synthesis of compounds containing this moiety was the coupling of a methyl- 
phosphinic chloride with an amino acid or peptide protected at the C-tenninus 
(Scheme 4).33 Phosphinic and phosphonic peptides continue to be synthetic 
targets and activity in this area has included the use of solid phase techniques [to 



3: Analogue and Conformational Studies on Peptides 

R' 

C02Me 
C02Me 

~ e , s i ~ h  

R',FI2 = various alkyl groups 

SbCIS 

H 0  
i, ii 

1 
H02C&c02H - 4 O M e  

R' R' 0 

Reagents: i, Jones oxidation; ii, aq. H+ 

L-valine methylester 

Scheme 3 

DCC, HOB1 

5 H20H Ph 
H2N Ac- Ser-Ala-Ala-N H 4- CO-Val-Val-~Ahx-Cys-OH 

l/ \ 
Ph Ph 0 OH 

Ap,o~2 (4)a; R = R' = CH2Ph. R2 = various substituents 
ZNH 

;'OR' 
b; R = (CH2)$JH2 (n = S S ) ,  R' = R2 = Ph 



162 Amino Acids, Peptides, and Proteins 

? i, ii FI iii, iv I I 
0 

PhthN-P-OEt H2NVr-OH - CBZNH 
I ~ T ' c I  
Me Me Me 

Reagents: i, GNHCI; ii, propylene oxide; iii CBz-CI; iv, (COC1)2, DMF(cat). 

Scheme 4 

0 
OH I l,0R3 

Reagents: i, 'xOR3 ; ii, deprotection 

e.g. R' = &Me, R2 = p FC6H4, 
R3 = Et. XY = Phth 

Scheme 5 



3: Analogue and Conformational Studies on Peptides 163 

give, for example, compound (3)1 ,~~  the synthesis of N-protected phosphonate 
diesters (4a,4b),35*36 and a new procedure for the preparation of phosphonopep- 
tides bearing a free hydroxyl group (Scheme 5).37 Synthesis of phosphonic 
analogues of h i s t ~ r ~ h i n , ~ ~  of dipeptides,39 and of y-glutamyl tripeptides and 
depsipeptides4' have also been reported. 

Analysis of the FAB mass spectra of several phosphonopeptides has 
provided some uesful fragmentation data?l 

2.6 $[S02NH] Analogues 
The peptides discussed in section 2.5 above containing the methylpho- 

sphinamide isostere were prepared by Liskamp and co-workers and this group 
have also synthesised analogous compounds with the sulfinamide and sulfona- 
mide moieties (Scheme 6)?2 Both the phosphorous and sulfur containing peptides 
are analogues of the ~ l ~ ~ ~ ~ - ~ r o - ~ l ~ ~ ~ ~  sequence in HIV gp120. Interest in the 
enzymes which control the y-glutamyl cycle prompted the synthesis of the 
glutathione disulfide analogue [G~~-$(SO~NH)C~S-G~~]~.~~ 

2.7 Miscellaneous Modifications 
Herranz and co-workers have developed an easy method for the synthesis 

of $[CH(CN)NH]-pseudopeptides which is suitable for both solution44 and solid 
phase strategies.45 The procedure, which involves a modified Strecker synthesis to 
introduce the cyanomethyleneamino moiety, was applied to the preparation of 
neurotensin pseudohexapeptides H-Arg-Arg-Pro-Tyr-$[CH(CN)NH]Ile-Leu-OH 
and H-Arg-Arg-Pro-Tyr-Ile$[CH(CN)NH]Leu-OH (Scheme 7). Azapeptides 
Ser-Glu-Val-azaLys-Met-Asp-Ala-Glu-Phe-Arg and Ser-Glu-Val-Lys-azaMet- 
Asp-Ala-Glu-Phe-Arg, required for a project associated with Alzheimer's disease, 
were prepared using the Fmoc-tert-butyl-polyamide technique.46 The aza unit in 
these peptides was constructed by reaction of resin-bound N-terminal amino 
groups, activated as isocyanates, with the dipeptide synthons Fmoc-Val- 
NHNH(CH2)4NH-Boc and F~OC-L~~(BOC)-NHNH(CH~)~SM~. Solid phase 
techniques were also used to prepare the thiomethylene-containing neurokinin 
antagonists P-Ala-Leu$[CH2S]Nle-Ser-Phe-Val and Ava-Phe$[CH2S]Phe-Abo- 
~ e u - ~ r ~ . ~ '  Coupling on the resin to form the thioether bond involved nucleo- 
philic substitution of the N-terminal bromide BrCH("Bu or CH2Ph)CO-peptide- 
resin with thiols F~OCNHCH(~BU or CH2Ph)-CH2SH. 

Progress has also been reported on the synthesis and application of 
heterocyclic dipeptide mimetics. In a versatile route to the azoles (Scheme 8)48149 
the key intermediate (5) could be treated with either Lawesson's reagent to yield 
the thiazole (6, X = S), condensed with amine acetates to give the imidazole (6, X 
= N), or dehydrated to form the oxazoledipeptide mimetic (6, X = 0). Insertion 
of the mole rnimetics (R' = 3-indolyl, = phenyl) at positions 718 of m o 6 , ~ -  
~ r ~ ' . ~ , ~ h e '  ' ] s P ~ ~  l yielded analogues which were more potent wtagonists than 
the parent h e ~ a ~ e ~ t i d e s . ~ ~  Minor modifications to the procedure described last 
year for the synthesis of tetrazole dipeptide mimetics were necessary to obtain 
good yields of the bulky analogue Z-T~~(~"Z)$[CN~]M~-OB~~." Substitution of 
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OMe - Dess-Martin OMe 
Me Me Me 

(7) (+ diastereoisomer 
with R - OH substituent) 

Reagents: i, MeI; ii, Horner-Emmons 

Scheme 9 
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oxidation 

Scheme 10 



3: Analogue and Conformational Studies on Peptides 167 

this cis amide bond mimetic for the Trp-(NMe)Nle moiety in the CCK-B receptor 
ligand Gly-Trp-(NMe)Nle-Asp-Phe-N& caused a loss of activity.52 

A rigid conformationally defined peptidomimetic of the trans-prolylarnide 
bond has been prepared for studies with peptidyl prolyl isomerases ( P P I ~ s ~ s ) . ~ ~  
The mimetic (7) which possesses a trans-substituted alkene in place of the proline 
peptide bond was synthesised in 6 steps and 20% overall yield from methyl 
cyclopentanone-2-carboxylate (Scheme 9). Elaboration of this compound gave 
the Leu-Pro-Tyr tripeptidomimetic (8) which was found to be a potent inhibitor 
of PPIase activity of FKBP (Ki of 8.6pM). Following their recent success in the 
synthesis of conformationally restricted renin inhibitors Martin et a1 have applied 
similar techniques to the design of collagenase  inhibitor^.'^ A 1,2,3,-trisubstituted 
cyclopropane dipeptide mimetic (9) similar to that used to great effect at the 
N-terminal/P3 position of renin inhibitors, was prepared and coupled to tyrosine 
N-methyl amide, to yield, after removal of protecting groups, the conformation- 
ally restricted pseudopeptide (10, Scheme 10). This compound was found to be an 
inhibitor of collagenase (IC50"50pM) although it was less potent than the flexible 
analogue (l l ,  ICSo" l PM). 

Other applications of recently developed synthetic processes include the 
preparation of a series of peptidyl tricarbonyl compounds with general structure 

several a-hydroxy ketomethylene dipeptide isosteres ( 1 3 ) , ~ ~  and N-termin- 
ally modified dermorphin and deltorphin-C analogues (compounds 14 and 15 
respectively).57 Several of the tricarbonyl compounds were found to be moder- 
ately potent inhibitors of serine proteases while the a-hydroxy dipeptide isosteres 
may find applications in the design of inhibitors for the renin-angiotensin system. 
Carbonylation of an enol triflate with a-amino acid esters has generated another 
series of dipeptide isosteres (Scheme 1 

Lewis acid catalysed ring opening of a serine-derived N-Boc-aziridine with 
isoamyl alcohol yielded the ether-based dipeptide unit (16, Scheme 12).59 
Although the paper reported the preparation of several other N-Boc-aziridines 
the versatility of this route has yet to be asertained as no examples of the ring 
opening step were given apart from that leading to (16). 

Three different approaches have been used to prepare peptides with N- 
alkylated residues. Preparation of P-methyl substituted derivatives of LHRH 
agonists ~ - L ~ U ~ , P ~ O % E ~ ] L H R H  (leuprolide), [D-T~~~,P~O~N)IE~]LHRH (de- 
slorelin) and [ D - ~ - N ~ ~ ~ ] L H R H  (nafarelin) used standard methods of solid phase 
techniques.60761 Most of the analogues were less potent agonists than the parent 
peptides but several, for example (PJNle)phe2-leuprolide, (N~e)His~-deslorelin, 
and (NM~)A~~'-nafarelin, were antagonists. Substitutions of ( ~ ~ e ) - l - ~ a l ~ ,  
( N ~ e ) ~ e r ~ ,  or ( N M ~ ) T ~ ~ ~  in leuprolide rendered the 3-4 peptide bond in these 
compounds completely stable to chymotrypsin. Standard solution techniques 
were used to incorporate a (NMe)Leu residue into the (n - 3) position of a series 
of oligoleucines with an alternating D,L-pattern of amino acids.62 NMR data 
indicated that these N-meth ylated oligoleucines formed flawed  helices in 
chloroform rather than the expected double-stranded helices of the type f ~ 8 ~ - ~  or 
f lp7.2. The second method involved C-alkylation of sarcosine residues in cyclic 
tetrapeptides (Scheme 1 3 1 ~ ~  while in the third method N-alkylation of the ~ l a ~  
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BocNH -0Me Me02CAN ' 1 CO-Phe-Gly-NH2 
H 

R 0 

(1 3) R = side chain of Thr, Leu, 
Phe, Cha, Ala, Tyr 

R = side chain of Phe, Tyr, Trp, Ile, Pro 

Scheme l l 
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OBn no"" i, ii 

iii L i vBo :NHc i ,  BocNH C02H BocNH 
BocN 

+ by product from C-2 attack 

Reagents: i ,  BU'OCOCI, NEt3; ii, NaBH,; iii, Ph3P, DEAD; 
iv, HOCH2CH2CH(CH3),, BF3.Et20 or Zr1(0Tf)~ 

Scheme l 2  

Xaa, Yaa = Leu, Sar; Vat, Sar; R = D, CH3, CH2Ph, CH20H, CH2CH =CH2 
D-Ala, MeLeu 

Reagents: i, LDA/THF/LiBr/DMPU; ii, alkyl halide or CH20 

Scheme l 3  

0 NCH3 (1 7)a; R = H 
b; R = CH~CH~NR 'R~ ,  

R' = R' = CH,, C2H5, p i ,  Bn, -(CH,),-, - (CH~)~-  
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residue of the potent antitumor cyclic hexapeptide (17a) under phase-transfer 
conditions was found to give good yields of the [N-dialkylaminoethyl-ala2]- 
derivatives (1 7b).64 

The general paper by Marraud et all1 at the beginning of this section in 
which the conformational effects of amide bond modifications were discussed 
included some X-ray diffraction data on N-amino and N-hydroxy analogues of 
BU'CO-P~O-G~~-NH'P~ and ButCO-Pro-Gly-NHMe. A more extensive analysis 
of both the solid-state and solution-based conformations of these compounds has 
been carried out and reported in a separate paper.65 This group have also 
investigated the conformational perturbations induced by an AzaPro residue by 
examining the crystal structures of Z - ~ z a ~ r o - N H ' P ~ ,  z - A ~ ~ P ~ o - L - A ~ ~ - N H ' P ~ ,  
and ~ o c - ~ - ~ l a - ~ z a ~ r o - ~ H ' P r . ~ ~  Work by the Spatola group on backbone- 
modified cyclic pentapeptides continues (see comments at the beginning of this 
section) and X-ray diffraction data on two further members of the series, the 
sulfide cycle[-Gly-Pro\Ir(CH2S)Gly-D-Phe-Pro-] and the sulfoxide cycle[-Gly- 
Pro+(CH2SO]Gly-D-Phe-Pro-] have been ~ollected. '~ Variable temperature IR 
and 'H NMR spectroscopic techniques were used to assess the folding behaviour 
of several two- and three-residue depsipeptides.67 Extrapolation from their data 
led the authors to predict that for tripeptides in a nonpolar environment a p-turn 
(fixed by a 10-membered ring amide-to-ester hydrogen bond) was generally 
enthalpically preferred over an isolated a-helical turn (13-membered ring amide- 
to-amide hydrogen bond). 

Finally, the potential use of the peptoids (N-substituted oligoglycines) (18) 
in the development of pharmaceuticals has been noted.68 

2.8 a,a-Dialkylated Glycine Analogues 
The conformational preferences of peptides containing symmetrically a,a- 

disubstituted glycines such as Aib and those of compounds with other a- 
methylated amino acids, eg (aMe)Val, (aMe)Leu, (aMe)Phe, and Iva, have been 
discussed in several review  article^.^'-^* The implications of these structural 
preferences in the design and construction of synthetic protein mimics has also 
been re~iewed.'~ Structural data reported in the 1993 literature on other, similar, 
a,a-disubstituted glycine containing peptides is briefly outlined in Table 1. 

A conformational study of the 20-residue peptaibols, saturnisporins SA I1 
and SA IV, (19a,b) has been carried out on material isolated from natural 
sources.g0 NMR data indicated that these molecules adopted largely a-helical 
structures in methanol although there was some evidence of a bend, stabilised by 
two 310 hydrogen bonds, in the Aib'o-~alls  region. Acyclic peptide Boc- 
Cys(SBz1)-Val-Aib-Ala-Leu-Cys(SBz1)-NHMe was found to prefer a 310-helical 
conformation in CDC13 whereas a P-hairpin structure was favoured in DMSO- 
d6.91 By linking the two cysteine residues via a disulfide bond to form (20) the p- 
hairpin type of structure could be observed in chloroform solution. Theoretical 
methods have been used to obtain free energy profiles for the a- to 310-helical 
transitions of A C - ( A ~ ~ ) ~ ~ - N H M ~  in various solvents.92 

In a series of corticotropin releasing factor antagonists with Na- and Ca- 
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Table 1 Conformational studies on peptides containing a,a-dialkylamino acid 
residues 

Pep t ide Type of Structure Reference 

Boc-(Ala-Aib),-OMe (n = 4,6,8) crystal, solution 
Boc-D-Phe-(Aib)4-Gly-L-Leu-(Aib)2-OMe crystal 
Ac-(Aib)*-Nap-(Aib)2-Phe-(Aib)*NHMe solution 
Dnp-D- and L-Val-Aib-Gly-L-Leu-pNA crystal 
Boc-Val-Aib-X-Aib-Ala-Aib-Y-OMe crystal 

(X,Y = Phe,Leu; Leu,Phe; Leu,Leu) 
Z-L-Dap@BrBz)-Aib-Aib-NHMe crystal 
Z-L-Dab@BrBz)-Aib-Aib-NHMe crystal 
Na-acylated-L-Pro-Ac.c-Gly-NH2 (n = 3,5,6) crystal 
Z-(Aib-Hib),-Aib-OMe (n = 1,2) crystal, solution 
Boc-L-Ala-Hib-L-Ala-OMe crystal, solution 

(aMe)Phe], (n = 1-5) ( iZ2An 
Z-L-Pro-D-(aMe)Phe-OH crystal 
Z-L-(aMe)Phe-L-Ala-L-Ala-OMe crystal 
pCN-C6H4-NH-CO-L-Asp-L-(aMe)Phe-OMe crystal 
HCO-L-Met-L-Leu-D-(aMe)Phe-OMe crystal 
p~rBz-~-(a~e)~he-(Aib)2-D-(aMe)Phe-AibOtBu crystal 
Z-[D-(aMe)Val],-NH'Pr (n = 2,3) crystal, solution 
Boc-D- and L-Iva-L-Pro-OBzl crystal 
Boc-Val-(S)-(aMe)Ser-OMe crystal 

methylated alanine and leucines, one compound, [ ~ - ~ h e ' ~ , ~ l e ~ ' ~ ~ ~ , ( a ~ e ) e u ~ ~ ]  
CRF12-41 was found to be more potent and longer acting than the parent non- 
methylated analogue in two in vivo assays.93 Structure-activity studies have also 
been reported on analogues of the chemoattractant HCO-Met-Leu-Phe-OH 
containing a Cu-methylated residue at position 2.94 

A new route is being explored for the synthesis of peptides containing 
symmetrically disubstituted re~idues.~' In this approach the key step involves 
formation of an a,a-dichloroglycyl moiety which can, in turn, react with 
nucleophiles in a double elimination-addition reaction (Scheme 14). Synthesis of 
Aib-rich peptides using solid-phase techniques has also been investigated.96 The 
best results, in terms of yield and quality of crude peptide was obtained using 
Fmoc-Aib-F for the introduction of the Aib residues. Solution phase methods 
were used to prepare the a,a-diphenylglycyl dipeptides Z-Dph-Xaa-OMe and Z- 
Xaa-Dph-OMe (Xaa = Ala, Leu, Val, Ile, Chiral a u ~ i l l a r ~ ~ ~  and enzymic 
resolution techniques99 both continue to be employed in the synthesis of optically 
pure, asymmetrically a,a-disubstituted amino acids. 

3 Conformationally Restricted Cyclic and Bridged Analogues 

Residue substitutions to well established lactam or disulfide bridged 
analogues such as the cyclic somatostatin agonist cycle[-Pro-Phe-D-Trp-Lys-Thr- 
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(1 9)a; SA I1 Xaa = Ala 
b; S A N  Xaa = Aib 
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BzN + i Y c 0 2 ~ e  :S snw, B,N %LyCo2Me 
" O R  H o ~  

Scheme l 4  



3: Analogue and Conformational Studies on Peptides 173 

Phe-] and the &selective opioid ligand H-Tyr-D-Pen-Gly-Phe-D-Pen-OH 
(DPDPE) are largely covered in section 6. This section concentrates on reporting 
the synthesis, biological properties, and conformational analysis of new cyclic 
analogues of the peptide hormones. 

3.1 Rings and Bridges formed via Amide Bonds 
The design and synthesis of analogues with multiple lactam bonds has been 

a feature of a number of papers this year. The bicyclic LHRH analogues (21)''' 
and (22)"' were prepared by different groups who used as their lead com- 
pounds the monocyclic antagonists ~ c - ~ ~ - ~ r o ~ - ~ - ~ ~ ~ h e ~ - ~ - ~ r p ' - c ~ c l o ( ~ s ~ ~ -  
T ~ ~ ~ - D - ~ - N ~ ~ ~ - L ~ ~ ~ - A ~ ~ ~ - P ~ O ~ - D ~ ~ ~ ~ - N H ~  and A ~ - D - ~ C I P ~ ~ ~ - D - ~ C ~ P ~ ~ ~ - D -  
~ r p ~ - ~ e r ~ - c ~ c l o ( ~ l u ~ - ~ - ~ r ~ ~ - ~ e u ~ - ~ ~ s ~ ) - ~ r 0 ~ - ~ - ~ 1 a ~ ~ - ~ ~ ~  respectively. Al- 
though a direct comparison cannot be made between the two bicyclic compounds 
the overall impression given by the biological and structural data on these two 
molecules was that a bridge between the side chains of residues 5 and 8 was fully 
compatible with receptor geometry whereas an N- to C-terminal link was not. 
Two groups have reported results of receptor binding studies with conform- 
ationally constrained analogues of neuropeptide Y (NPY). Introduction of a 
y - ~ l u " ~ - ~ - ~ p r 2 7  lactam bridge into the truncated Y2-ligand ~ ~ S - A A ~ '  
2 4 [ ~ l y 6 ] ~ ~ ~ ' 0 2  and a y - ~ @ x y s 3 0  bridge into [ E A ~ X ~ - ~ ~ ] N P Y ' ~ ~  gave com- 
pounds which exhibited higher selectivity for the Y2 receptor subtype than the 
linear parents. Further cross-linking between residues 28 and 32 resulted in a Y2- 
selective ligand (23) devoid of Y1 affinity. Introducing an (i-i + 3) lactam bridge 
into linear glucagon antagonists gave cyclic analogues ( d e s ~ i s ' ) [ G ~ ~ s ~ ~ ]  
glucagon arnide and ( d e s ~ i s ~ ) [ ~ l u ~ , ~ ~ s ~ ~ , ~ s ~ ~ ~ ] ~ l u c a ~ o n  arnide which showed 
biphasic binding curves.104 The authors speculated that as these cyclic com- 
pounds appeared to differentiate between GRl and GR2 receptor sites they may 
provide lead structures for the design of site-selective ligands. 

The design of the Y2-selective ligand (23) and also that of the cyclic 
octapeptidelo5 Ac-D-Glu-Ser-Ala-Ala-Abu-Ala-Ala-Lys-NH2 was partly the 
result of molecular modelling experiments. These experiments predicted that the 
Lys,Glu lactam bridge in (23) and the D-Glu,Lys linkage in the octapeptide 
would constrain, respectively, one- and two- turns of an a-helical confonktion. 
CD spectroscopic data on the synthetic octapeptide indicated that, as predicted, a 
fixed structure with high a-helicity even in a buffer containing 6M guanidine 
hydrochloride. 

Solution conformations of several cyclic endothelin and NK-2 antagonists 
have been reported. NMR data on the two endothelin antagonists cycle(-D-Glu- 
~ - ~ l a - ~ - a l l o - ~ l e - ~ - ~ e u - ~ - ~ r p - ) ~ ~ ~  and cycle(-D-~rp-~-Cys(S0~-~a+)-Pro-D- 
~al -~eu- ) lo7  indicated that both these molecules adopted backbone conform- 
ations in solution comprising of a type I1 $-turn and an inverse y-turn. Each of 
the three NK-2 antagonists cycle(-Gln-Trp-Phe-Gly-Leu-D- and L-Met-) and the 
bridged analogue (24) were found to exist in solution as multiple conformations 
in fast exchange on the NMR times~ale. '~~ However, backbone conformations 
for these three hexapeptides were proposed on the basis of molecular dynamics 
simulations. 
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Two of the NK-2 antagonists [cycle(-Gln-Trp-Phe-Gly-Leu-Met-) and 
(24)] also cropped up in a SAR study of cyclic peptides derived from the C- 
terminal hexapeptide sequence of substance P . ' ~ ~  The synthesis and biological 
properties of a series of hexapeptides based on the cyclic peptide T analogue 
cyclo(-~hr-~hr-~sn-~yr-~hr-~sp-)' '' and of a cyclic octapeptide cycle(-Tyr-Ser- 
~ l n - ~ a l - L e u - ~ h e - ~ ~ s - ~ l ~ - ) " '  corresponding to TNF-or-(59-66) have also been 
described. 

3.2 Bridges formed by Disulfide Bonds 
NMR data on the disulfide bridged peptides (25) indicated that a cis-amide 

bond was preferred in compounds with (R,R) stereochemistry while trans- 
geometry predominated in the diastereoisomeric ( ~ , ~ ) - ~ e ~ t i d e s . '  12-' l4 

Structure-activity studies have been carried out on disulfide-containing 
cyclic analogues of angiotensin 11,"~ bradykinin antagonists,l l6 dynorphin A,' l 7  

endothelin,ll8 and vasoactive intestinal peptide.119 Several of the angiotensin I1 
analogues, for example, [ S ~ ~ ' , C ~ S - ' , M ~ ~ ~ ] A N G  I1 and the antiparallel dimer of 
[ S ~ ~ ' , C ~ S ~ ~ ~ ] A N G  11, and the cyclic bradykinin antagonists D-Arg-Arg-Cyx-  
Gly-Cys-Ser-D-Tic-Oic-Arg and D-Arg-Arg-Cys-Pro-Gly-Phe-Cys-D-Tic-Oic- 
Arg bound with high affinity to their receptors. Retention of high activity by the 
dimeric angiotensin I1 analogue was rather unexpected. However conformational 
studies suggested that the side chains of the ~~r~ residue of one monomer and 
those of the   is^ and phe8 residues of the other monomer unit could together 
present a conformation analogous to the three-dimensional arrangement of these 
critical side chains in a cyclic monomer. The dynorphin A analogues were 
conformationally constrained in the putative "address" segment of the peptide 
and several of these compounds exhibited unexpected apparent selectivities for 
the K and p opioid receptors of the central vs peripheral nervous system. These 
findings led the authors to propose, somewhat tentatively, that different subtypes 
of the K and p opioid receptors may exist in brain and peripheral tissues. 

3.3 Miscellaneous Bridges and PTurn Mimetics 
The growing interest in p-turn mimetics was reflected this year by the 

publication of a Tetrahedron "symposium-in-print" on the topic of peptide 
secondary structure mime tic^.'^^ This issue of Tetrahedron included not only 
contributions on p-turn mimetics but also articles on strategies to stabilise p- 
strand conformations and template assisted approaches to the synthesis of helix 
bundles. The area of &turn mimetics was also separately reviewed.1219122 

A series of five papers by R.L. Johnson and co-workers on Pro-Leu-Gly- 
NH2, a tripeptide which modulates dopamine receptor activity, has described the 
use of complex and rigid structures to investigate the hypothesis that the 
biologically active conformation of this peptide is a type I1 fbturn. Some of the 
tripeptide analogues incorporated different sized lactam rings (26) to vary the $2 

angle of a  turn'^^ while others (27, 28) used ~ ~ i r o l a c t a m l ~ ~ * ' ~ ~  and bicyclic 
thiazolidine l a ~ t a r n ' ~ ~  constraints to restrict the conformational freedom of the 
peptide backbone. The study culminated in the preparation of the highly rigid 
spiro bicyclic peptidomimetic This compound was found to enhance the 
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(25) R = CFBCO or Boc 
R', R" = H, C02Me, or C02Me, H 
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binding of a dopamine receptor agonist to dopamine receptors by 40% at ~ o - ~ M  
(cf 26% increase with Pro-Leu-Gly-NH2). A similar type of design approach by 
other workers has resulted in the synthesis of several turn-inducing dipeptide 
mimetics including the 7-membered ring lactam-based building block ( 3 0 ) , ' ~ ~  the 
bicyclic y-lactam ( 3 1 ) , ' ~ ~  the spiro-compound (32),130 and the bicyclic mimetics 
(33,13' 34,132 35,133 and 36134). 

A benzodiazepine scaffold (37)13' and the large ring frameworks (38)'36 
have been identified as structures which can reproduce both the geometrical 
constraints of a 4- 1 p-turn as well as maintain the positions of the four side 
chains in their correct three-dimensional orientations. Encouraging biological 
results were obtained with the cyclic "decapeptide" (39)137 which incorporates the 
benzodiazepine to mimic one of the two $-turns of gramicidin S [(Leu-D-Phe- 
Pro-Val-Orn)2]. This analogue retained about 50% of the activity of gramicidin S 
in antibacterial assays. Macrocyclic-based enkephalin analogues (40) were pre- 
pared but the results of the biological assays on these compounds was rather less 
promising.'36 Only the 14-membered ring analogue (40, X = NH-C(CH3)2- 
CH = CH-CH2) demonstrated any, albeit minimal, binding activity at the 
preceptor. Pharmacological data on the related l l -membered ring 25 p-turn 
mimetics (41) of enkephalin indicated that one of the diastereoisomers exhibited 
significant in vivo analgesic activity despite relatively weak in vitro binding 
activity.138 Some evidence for a p-turn structure in the bioactive conformation of 
hypertrehalosemic hormone (an insect neurohormone) has been obtained.139 
Analogue (42) with the l l-membered ring bis-lactam mimetic was found to 
exhibit limited hyperglycemic activity while isomers with extended conformations 
showed no activity. 

The only conformationally constrained mimetic of a y-turn reported this 
year is the retro-amide C7 compound (43, X = Boc, R = C H ~ P ~ ) . ' ~ '  This 
compound was elaborated to give, for example, an analogue (43, X = Ac- 
(NMe)Arg, R = H) of a linear peptide fibrinogen receptor antagonist. 

An area which to some extent overlaps with p-turn mimetics is the design 
of compounds which will in effect constrain the side chain of a particular amino 
acid residue into a specific orientation. NMR studies established that in the 
substituted oxazepine (44) the 7-membered ring was in a chair conformation with 
the phthalimide moiety and the phenyl ring pseudo-equatorial, consistent with 
the gauche (-) c~nformation.'~' Another example was the use of a benzazepinone 
in the dermorphin analogue (45)'42 to fix the Phe side chain into the trans- 
conformation. 

Several other papers describe the synthesis and/or use of conformationally 
restricted dipeptide units. The N,N ethylene-bridged Phe-Met and Phe-Leu 
dipeptides (46, X = H) were prepared and used as the C-terminal residues of 
enkephalin analogues (46, X = H-T~~-D-AI~-GI~-)'~~-~~~ while the protected 
derivative of (2R,35')-3-amino-2-piperidineacetic acid (47) has been prepared but 
not yet incorporated into peptide sequences.'46 Preliminary pharmacological tests 
on the enkephalin analogues indicated that these compounds had some affinity 
for the opiate receptors. The cyclic analogue (48) of Gly-Phg/Phg-Gly could be 
obtained via an intramolecular amidoalkylation reaction of MocNHCH(0Me) 
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(49) R = H,CH3,COR' (R' = various alkyl, alkoxy) (50) R' = CHMe,, Me 
= CH2Ph, Me 
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CONHCH(Ph)C02Me (where Moc is methoxycarbonyl).147 The corresponding 
reaction with MocNHCH(Ph)CONHCH(OMe)C02Me gave a mixture of pro- 
ducts. 

The rationale behind the design of the partially cyclic tachykinin antago- 
nists (49) was to elaborate the D-Trp-Phe dipeptide with substitutents which 
could increase affinity and stability.148 Cycle(-Abo-Asp-) and N-methylbenzyl- 
amine emerged as the best substituents for, respectively, the N- and C-termini of 
the D-Trp-Phe dipeptide. The pseudotetrapeptides were obtained by coupling the 
H-D-Trp-Phe-NMe-Bzl segment to the side chain carboxyl on the Abo-Asp ring 
and then acylating the resulting compound to introduce the various substitutents 
onto the indole nitrogen. One water-soluble compound [49, R = CO(CH2)2 
C02H] showed high analgesic potency in several in vivo assays both after 
intravenous or oral administration. 

The synthesis and conformational studies of several cyclodepsipeptides 
have been reported. NMR data on the nine-membered ring peptide lactones 
( 5 0 ) ' ~ ~  and X-ray analysis of the 10-membered ring compounds (51)150 indicated 
that both types of molecules adopted cis-cis-trans backbone conformation in 
which the lactone junction was trans. The cyclic phosphopeptides (52) were 
designed as models for an intramolecular phosphodiester cross-link in a 
protein.151 These compounds were obtained by treating the linear peptides Boc- 
Ser(or Thr)-Gly-Ser(or Thr)-NHMe with a phosphitylating agent (4-chlorobenzyl 
dichlorophosphinite), oxidising the intermediate phosphite triester and then 
removing the 4-chlorobenzyl group by hydrogenolysis. Finally, two spacer units 
have been designed to induce other structural motifs in peptides. Phenoxathiin 
derivatives in (53) allowed two parallel peptide chains to adopt a conformation 
which resembles that found in a P-sheet.15* In the cyclic peptide (54) the 2,7- 
disubstituted naphthalene moiety was used to span the intrachain distance 
between the two ends of a Q-loop sequence from interleukin-la and to maintain 
this loop in a conformation which mimicked that found in the protein.153 

4 Dehydroamino Acid Analogues 

Articles published in 1993 describing the conformational properties of 
dehydropeptides are summarised in Table 2. The experimental studies indicated 
that APhe strongly induces a p-turn structure in small peptides. In longer peptides 
containing several APhe residues the overlapping of consecutive p-turns results in 
a 310-helical conformation. The conformational preferences of peptides con- 
taining an AAbu residue are not as clearly defined as those with APhe and ALeu 
residues. Two groups reported structures for the Boc-Phe-AAbu-NHMe; one 
group found that this peptide adopted a p-turn conformation in the solid state16* 
while the second group reported extended conformations for this peptide in 
CDC13 and DMSO-d6 so l~ t ions . '~~  

The usefulness of N-carboxy-U-dehydroamino acid anhydrides (ANCA) in 
the synthesis of dehydropeptides has been further explored. Experiments to 
optirnise the conditions for coupling ANCA with both amine and carboxyl 
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Table 2 Conformational studies on peptides containing dehydro amino acid 
residues 

Pep tide Type of study Result of study Ref. 

Ac- APhe-Ala-APhe-NHMe 
Ac- APhe-Val-APhe-NI-IMe 
Ac- APhe-Gly-APhe-Ala-OMe 
Boc-Ala-APhe-Gg-APhe-Ala-OMe 
HCO-Met-Leu-A Phe-Phe-OMe 

BOC-X-AZ- and A E ~ b u - N H M ~  
(X = Phe,Ala,Val) 

Boc-Phe-AAbu-NHMe 
A C - ~ r o - b ' x a a - ~ ~ ~ e  

(X = Phe,Val,Leu,Abu) 

Crystal structure 3 lo-Helical conformation 
Crystal structure 3 lo-Helical conformation 
Solution 3 lo-Helical conformation 

structure for compounds n = 2-4 
Crystal and Incipient 310-helical 

solution structures conformation 

Solution 3 lo-Helical structures 
structures 

Crystal structure "Open-turn" 
conformation 

Crystal and p-Turn conformation 
solution structures 

Solution Extended conformations 
structures 

Crystal structure P-Turn conformation 
CD studies Preference for p-turn 

conformations in apolar 
solvents, unordered 
structures in water 

Molecular 3 lo-Helix conformation 
mechanics study preferred in solid state 

components led to the preparation of several dehydrotetrapeptides165 and 
ultimately to the synthesis of Fragment A of berninamycin A . ' ~ ~  Papain has been 
found to catalyse the coupling of CBz-AGlu(0Me)-OMe with a-amino acid 
amides (H-AA-NHR, AA = neutral aliphatic or aromatic amino acid) to give 
reasonable yields (ca 50%) of CBZ-AG~U(OM~)-AA-NHR.'~~ Similar reactions 
with a-chymotrypsin A gave CBz-AGlu(AA-NHR)-OMe. Another method used 
to prepare dehydrodi- and tri-peptides involved perrhenate-catalysed decompo- 
sition of 2-azidocarboxylates and 2-(2-azidoacy1)amino acid esters with N- 
phthaloyl-protected amino acid ~ h l o r i d e s . ' ~ ~ * ' ~ ~  Dehydroalanine-containing 
peptides were obtained by elimination of water from serine residues in a two-step 
procedure: acetylation and elimination of AcOH. The elimination reaction was 
effected by DBU or DBN in THF in the presence of large amounts of L ~ C ~ O ~ . ' ~ ~  

A brief report last year on the synthesis of l-azabicyclo[3.1 .O]hex-2-ylidene 
dehydroamino acid derivatives ( 5 9 ,  models for the azinomycin antitumor 
antibiotics, has now been followed by a full paper giving detailed experimental 
protocols for the formation of these compounds from D-arabinose and L- 
serine.171 A key step in the synthesis of these compounds was the introduction of 
the pyrrolidine ring. This was accomplished by formation of the N-C8 bond via 
an intramolecular Michael addition-elimination reaction sequence between the 
aziridine nitrogen and the P-bromo-deh ydroamino acid ester (Scheme 1 5). 
Bromination of dehydroamino acids has been the subject of a separate compre- 
hensive s t ~ d y . " ~  Dehydroamino acid derivativeslsynthons have been coupled to 
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MPMO--. - MPMOS-. 

NmrnTr 
MPMO MPMO 

0 
MPMO-.. 

MPMO 

(55) Z - isomers 
also prepared 

Reagents: i, trichloroacetic acid; ii, NEt3 

Scheme l5 
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3-amino-l,4-diphenylazetidin-2-one to give peptides (56) featuring a P-lactam 
moiety173 and, in a cycloaddition reaction, to benzonitrilium N-phenylimide to 
give peptides (57) bearing a heterocyclic side chain.174 

Other papers relevant to this section describe the synthesis and pharma- 
cological properties of N-benzoyl-a,P-dehydrodipeptides (58),175 the reaction of 
Ac-APhe-L-Pro-OR (R = H, Me) with Ca(I1) and Ni(1I) ions,176 and the 
catalytic deuteration and tritiation of dehydroproline9-buserelin.177 

5 Enzyme Inhibitors 

The growing interest in the synthesis of inhibitors, particularly for the 
aspartic protease HIV-l, has prompted some changes to the organisation of this 
section. ACE inhibitors are dealt with as in previous years. A new section (5.2) is 
included which summarises, in tabular form, the new synthetic routes to statine, 
its analogues, and hydroxyethylene and dihydroxyethylene dipeptide isosteres. 
Sections 5.3 on renin inhibitors and 5.4 on HIV-I inhibitors concentrate on the 
design, synthesis, and biological activity of compounds based on the P4 to P i  
sequences of angiotensinogen and gaglgag-p01 HIV polyproteins respectively. 

5.1 Angiotensin Converting Enzyme (ACE) Inhibitors 
The synthesis of enalapril maleate has been briefly reviewed.178 A series of 

pseudopeptides (59) has been prepared containing 1,2-cyclomethylenedi- 
carboxylic acids as the carboxyl terminal portion instead of the acylproline 
moiety common to many ACE  inhibitor^.'^^ The most potent of the series was 
(59, n = 1, X = CONHOH, R = CH3) with an IC50 value of 7.0nM compared 
with the value of 3.0nM for captopril. Furthermore this compound was shown to 
be a highly selective and competitive ACE inhibitor. A rigid tricyclic dipeptide 
mimetic (60, R = H), designed to closely resemble the anti-orientation of the 
carboxy terminal His-Leu portion of angiotensin I, was synthesised.1s0 Further 
elaboration of this mimetic gave [60, R = (S)-CH(C02H)CH2CH2Ph], a sub- 
nanomolar inhibitor of ACE while the mercaptoacetyl derivative (60, R = 

COCH2SH) was found to be an inhibitor of both ACE and neutral endopeptidase 
24.1 1 (NEP), a related metalloprotease, at low nanomolar con~entrations.'~~ The 
13-membered ring thiol (61), designed as a dual ACE/NEP inhibitor, showed the 
desired in vitro profile with an ACE IC50 of 12nM and an NEP ICso of 18nM.lg2 
This compound was also active after intravenous or oral administration, but the 
duration of action was less than lh. The N-cyanoacetyl dipeptide (62, X = NH), 
reported last year to be a mechanism-based inhibitor of ACE, was also found to 
inactivate NEP."~ The ketomethylene analogue (62, X = CH2) only inactivated 
NEP. 

Analogues of the cyclic peptide K-13 (63), a compound isolated from 
Micromonospora halophytica, have been prepared and tested for ACE inhibitory 
activity.lg4 BzCH2CH(CO2H)-L-Ala-L-Tyr-OH was identified as the most potent 
ACE inhibitor = 7 . 9 ~ 1 0 - ~ ~ m o l / ~ )  from the screening of several di- and tri- 
pep tide^.'^^ Useful applications of known compounds include the linkage of tri-, 
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CHAr 
I I 

PhCONH-C- CONH--. 

B ~ N H  -X\OH 

0 

(58) R', R2 = H or various alkoxy substituents 

X = various amino acids (including p-amino acids) 

(59) n = 0, 1 
X = C02H, CONHOH, CH2SH 
R = various alkyl substituents 

analogues: R, R' = H or Me, R2 = H or AC 
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penta-, and nona-peptide ACE inhibitors to dextran polymers for therapeutic 
purposes186 and the synthesis of tritium-labelled-RAC-X-65 (64).lg7 

Models to predict the potency of molecules designed as ACE inhibitors 
have been developed using 3D-QSAR data on known inhibitors.188A89 

5.2 Statine and Hydroxyethylene-type Dipeptide Isosteres 
As indicated in the preamble this is a new section and consists entirely of a 

table. Table 3 summarises the synthetic routes to statine, its isomers and 
hydroxyethylene dipeptide isosteres and replaces the more detailed coverage 
given to these topics in previous years. The synthesis of dihydroxyethylene 
isosteres is referred to in the table purely for completeness and the preparation of 
these compounds is discussed in more detail in sections 5.3 and 5.4. 

5.3 Renin Inhibitors 
Last year two orally active and structurally very similar renin inhibitors 

were reported, PD 134672 (65) and A-72517 (66). Byproducts obtained by the 
Parke-Davis group during decomposition studies with their inhibitor were found 
to be more water soluble than the original material.206 The new compounds were 
identified as 0-acyl analogues and were probably the result of N- to 0-acyl 
transfer reactions (Scheme 16). A similar type of reaction was noted by the 
Abbott group in a detailed account of the work which led to the discovery of 
A-725 1 7.207*208 Small quantities of the Abbott inhibitor were initially prepared 
using the D,L-form of the P-sulfonamidopropionic acid, the P3 component. After 
coupling the racemic P3 component to the P2-Pl' moiety the resulting diastereo- 
isomers were separated by chromatography. A method of preparing optically 
pure P-sulfonamidopropionic acid has since been developed.209 This route 
(Scheme 17) involves an enzyme resolution step and is suitable for the preparation 
of bulk quantities of the acid. The Abbott group have also synthesised a series of 
inhibitors (67) containing a 2,3-disubstituted cyclopropanecarboxamide at the P3 
position.210 A similar synthetic strategy to that used for the original synthesis of 
A-72517 was employed to prepare these compounds, i.e. the racemic cyclo- 
propanecarboxylic acids were coupled to the P2-Plf components. In an interesting 
series of compounds by the Parke-Davis group the side chains of the P3 residue 
were transferred and thereby directly attached to the ligand in the P1 position.211 
The binding affinities of the tethered compounds (68c) lay between those of the 
parent P3 phenylalanine derivative (68a, ICSo = 0.2nM) and the P3 glycine 
analogue (68b, ICS0= 82nM). Several new syntheses have been devised of the 
dihydroxyethylene PI-PIf dipeptide component in the various Parke-Davis and 
Abbott inhibitors mentioned above (Scheme 18, see also Table 3).205 Each of the 
syntheses started from cheap readily available materials. The most intriguing 
route started from chlorobenzene. In this route the hydroxylactone (69) was 
obtained from chlorobenzene in three steps: microbial oxidation using Pseudo- 
monas putida 39-D, protection of the resulting cis-cyclohexadiendiol as the 
acetonide, and finally ozonolysis. A further series of reactions converted the 
hydroxylactone into the N,N-dimethylhydrazone (70), the intermediate common 
to each of the three routes. 
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O-acyl analogues 

hydroxyoxazolidi ne 
intermediate 

Scheme 16 
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Table 3 New synthetic routes to statine and related compounds 

Compound 

P- Hydroxy- y-amino acids 
Statlne 
[(3S,4S)-4-amino-3-hydroxy-6- 
methylheptanoic acid] 

Statine isomer with (3R,4S) stereochemistry 

Valine analogue[(3S,4S)-4-amino-3-hydroxy- 
5-methylhexanoic acid] 

AHPPA [(3S,4S)-4-amino-3-hydroxy- 
5-phenylpentanoic acid] 

a-Hydroxy-gamin0 acids (norstatines) 
(2S,3 R)-3-Amino-2-hydroxy-4- 

phenylbutanoic acid 
(2S,3S)-Isomer 

Various isomers 

Hydroxyethylene 
BocCha$[CH(OH)CH2]Ala-OH 

BocPhe$[CH(OH)CH2]Xaa-OH 
(Xaa = Gly, Ala, Phe) 

BocPheJI[CH(OH)CH2]Xaa (Xaa = Ala, 
Pro) 

Boc TrpJI[CH(OH)CH2jValOBu' 

Comments on Synthesis Note 

- Stereoselective a 
functionalisation of 2- 
oxazolone - use of chiral 
auxiliary; route also gave 
2,2-dichloro and 52-difluoro 
analogues 

- Tetramic acid route - b 
involves lipase-catalysed 
kinetic resolution step 

- D-Glucosamine starting c 
material; chiral 
oxazolidinone as key 
intermediate 

- Stereoselective aldol route: 
use of iron acetal complex 
as chiral auxillary 

- Stereoselective route a 
via tetramic acids 

- See statine comments b,c 
- Chiral aziridine starting b 

material 

- See AHPPA comments d 
- Ketomethylene analogue 
- Stereoselective synthesis 

from trans-PhCH2CH = 
CHC02But 

- Use of papain to catalyse 
coupling of Z-Gly-OMe to 
amino group of bestatin-type 
isosteres - method applicable 
to acylation of a-keto-arnines 

Dihydroxyethylene 
See 5.3 (renin inhibitors) 
See 5.3 (renin inhibitors) and 5.4 (HIV-l inhibitors) 

- Stereocontrolled synthesis e,f 
(kilogram route) 

- Isolated in lactonised form f,g 
(ring opened with amines) 

- Stereoselective synthesis f 

- Nonselective route to y- 
lactone precursors - all 
diastereoisomers obtained 

- Route also gave access to h 
other Trp-Val isosteres e.g. 
BocTrp-CH = C(Pr')-C02H 

Notes: (a) isolated as N-BoclOMe ester derivative; (b) isolated as N-Boc derivative; (c) no details 
of final steps given (conversion of known intermediate to statine/AHPPA); (d) isolated as 
N-ZIOMe ester derivative; (e) 0-Tcboc form; (f)  (2R,4S,SS)-isomer; (g) (2S,4S,SS)-isomer; 
(h) (2R/S,4S,SS)-isomer. 
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A ; Subtilisin A J f' ir 

n 
Reagents: i, Na2S03; ii, H2, Raney Ni; iii, PCI,; iv, MeN NH 

U 

Scheme l7 
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H-.JR 
R'S 

(67) R = Ph, cyclohexyl 
R' = various alkvl 

(68)a; R = CH2Ph, R' = H 
b; R = H, R'= H 
c; R = H, R' = phenyl, l -naphthyl 

X = L-3-(4-thiaiolyl)alanine, 
His, Nle, Leu 
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O D-isoascorbic acid 
(this route reported last year) 

Ho I 
OH 

H 

O x 0  

1ph3p< 

Me2N, 

H " ~ r (  H m N~T@ L C~H,,CH~U Me2NNH H 

O x 0  O x 0  G O x 0  

l vii,iii t (70) 
H " f & (  H 7-G BocNH 

O x 0  O x 0  

l Me2C(OMe)Z-acetone, H+ 

chlorobenzene 

I Sharpless oxidation 

& 
divinylcarbinol 

Reagents: i, H,, Pd-C; ii, Swern oxidation; iii, Me2NNH2; iv, H2, Raney Ni; v, HCI; vi, Boc20; 
vii, 03; viii, Microbial oxidation; ix, Me2CH(OMe)Tacetone, H+ 

Scheme l 8  
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asymmetric hydrogenation 
with cationic rhodium (I)- 

75% C02H 

BocN H 
BocNH 

Scheme 19 
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(73) R = various amino, sulfonyl 
and heterocyclic groups/derivatives 
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The other dihydroxyethylene dipeptide isostere referenced in Table 3 was 
compound (71).~" This compound, prepared from cyclohexylalaninal via itera- 
tive homologation (Dondoni reaction), was used as the PI-PI' component in a 
series of renin inhibitors. The most promising member of that series (compound 
72) inhibited human renin with ICSo=0.38nM, did not affect other human 
aspartic proteases, and decreased mean arterial blood pressure in sodium- 
depleted rhesus A short and efficient large scale synthesis of the 
amino piperidinylsuccinic acid N-terminal moiety of inhibitors such as (72) has 
also been developed (Scheme 1 9).213 

A sulfone derivative was found to be the best substituent for the N-terminal 
position of a homostatine series of inhibitors (73, R = EtS02CH2, 
ICSo = 0 . 5 n ~ ) . ~ ' ~  The effect of incorporating activated ketone based groups into 
the PI-PI' site has been investigated. The results of biological studies indicated 
that the trifluoromethylketones (74), U-keto esters (75), and a-diketones (76) were 
equipotent or more active than the corresponding  alcohol^.^'^ 

Five inhibitors containing the Phe-His-Sta-~Ahx sequence,216 an inhibitor 
(77) with a p-amino-a,a-difluoroketone f ~ n c t i o n a l i t ~ ~ "  and transition-state 
mimetics (78) with C-terminal furan and thiophene moieties2'' have been 
prepared. 

A group from Merck has continued to develop macrocyclic inhibitors and 
have synthesised the cysteine-containing compound (79).2'9 This compound was 
a subnanomolar inhibitor (ICS0=O.35nM) and showed good oral activity and 
duration of action. 

Finally, a better understanding of the interaction between the inhibitor and 
active site may result from studies using molecular modelling techniques to 
analyse X-ray crystallographic data on inhibitor-enzyme complexes220 and in 
interpreting structure-activity data on a series of P2-Pi inhibitors with different 
PI-PI' components.221 

5.4 HIV-1 Protease Inhibitors 
The majority of the articles in this section this year relate to the continuing 

efforts by researchers, largely based in the pharmaceutical industry, to improve 
the pharmacokinetic properties of a few lead compounds. 

One inhibitor undergoing clinical evaluation is Ro 3 1-8959 (80) and several 
groups have reported the results of studies associated with this compound. A 
group at Merck found that replacing the asparagine P2 residue of (80) with 
3-tetrahydrofuranylg~ine222*223 or a cyclic sulfolane moiety224 and/or the P3 
quinolinoyl ligand with pyrazine derivatives225 resulted in an improvement in 
enzymic inhibitory as well as antiviral potencies. Of particular interest is 
compound (81) with (2S,3'R)-tetrahydrofuranylglycine at P2 and a pyrazine 
derivative at P3. This compound is one of the most potent inhibitors to date of 
HIV-1 (ICSo value 0.07nM) and HIV-2 (ICSo value 0.18nM) proteases. In (82) 
both the P2 asparagine and P3 quinoline moieties of Ro 31-8959 have been 
replaced by a sulfolane ligand and this analogue is an inhibitor of comparable in 
vitro antiviral potency to the parent compound (80) but of reduced molecular 

A practical route to obtaining multigram quantities of (2R,3R)- 



3: Analogue and Conformational Studies on Peptides 



Amino Acids, Peptides, and Proteins 

(+)cis -alcohol 84% from starting 
esters 

A+O pyridine l 
,OAc 

Lipase PS-800 

(2R ,3R) (2s ,3S ) 

Scheme 20 

Note: normal reaction conditions for preparation of azidoalcohol 
are reflux starting materials in 2-propanol for 12 h 

Reagents: i, HP, Pd-C; ii, N -(quin01inylcarbonyl)-L-asparagine, BOP 

Scheme 21 
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hydroxyisopropyltetrahydrothiophene, the precursor to the P2 ligand of (82) has 
been developed (Scheme 20).226 Another finding by the Merck group was that 
removing the amide carbonyl between the P2 and P3 residues resulted in a 
compound which exhibited an improvement in antiviral potency over Ro 
3 1-8959 whilst retaining comparable enzyme inhibitory potency. In an interesting 
synthesis of the P1-PI' hydroxyethylamide dipeptide component of Ro 31-8959 
(Scheme 21) the azido oxirane and decahydroisoquinoline were adsorbed together 
on silica gel and after 16hrs the mixture was added to a silica column and eluted 
with an appropriate solvent to give a 72% yield of the azido 
Comparison of the NMR structure of Ro 3 1-8959 and the crystal structure of the 
inhibitor bound to HIV-l protease indicated that, apart from the expected 
flexibility of part of the backbone, the conformational features obtained in 
solution were largely conserved on binding to the enzyme.228 

The biological activity of two further compounds (84, R = Ph, ' ~ r )  has 
been compared with that of Ro 3 1-8959.229 Although both these compounds were 
equipotent to Ro 31-8959 as enzyme inhibitors they were significantly less potent 
as antiviral agents. The most potent compound of a series of inhibitors (85) based 
on the hydroxyethylurea PI-PI' isostere was structurally not unrelated to Ro 31- 
8959.230 A quinoline moiety was found to be the preferred P3 ligand while at the 
C-terminus a t-butyl group was identified as optimal. This compound (85, R' = 

Qua, lX2 = i ~ u ,  = tBu; ICso value 6nM) is currently being developed for 
clinical trials. 

Modifications to the N and C-termini of U-75,875 (86) led to a compound 
(871~~'  which was a more effective antiviral agent than the parent inhibitor whilst 
a pro-drug (88) was obtained by replacing the histidine at P2 in the related 
hydroxyethylene inhibitor with a phosphothreonine moiety.232 Results of syn- 
thetic tailoring to N andtor C-termini of U-81,749E (89) have also been 
described.233 

Studies with the P2-P2' inhibitor (90, R = Ph) included replacing the P2 
t-butyl ligand with tetrahydrofuranlpyran moieties223 and the synthesis of an 
analogue (91, R = C6Hll) with an N-terminal ketone group rather than the 
~ a r b a r n a t e . ~ ~ ~  Alternative methods to those described last year for the prepara- 
tion of the hydroxyethylene Phe-Pro mimetic (92)235 and JG-365 ( 9 3 1 ~ ~ ~  have 
been developed. A difluorostatone inhibitor (94) with a Ki/ICSo of l n ~ ~ ~ ~  and an 
enolic inhibitor (95) with a Ki,, of 0 . 4 8 ~ ~ ~ ~ ~  have also been prepared. 

A full account of the structure-activity studies which led to the discovery of 
the C2-symmetric inhibitor A-77003 (96) has been published.239 Although A- 
77003 gave a good balance of activity and solubility in in vitro studies this 
compound showed no oral bioavailability in the rat. However clinical investiga- 
tions of intravenous A-77003 for HIV infection are currently underway. Synth- 
eses of the diamino diol(97) and diamino alcohol (98) core units of C2-symmetric 
and pseudo-C2-symmetric inhibitors have been reported by a number of groups. 
The diamino alcohol moiety could be obtained from D-(+)-arabit~l,~~' a 
dihydroxyacetone241 or 4-hydroxypyrrolidin-2-one242 derivative while either 
D - ( + ) - m a n n i t ~ l ~ ~ ~ ' ~ ~ ~  or (-)-2,3-0-iso~ro~~lidene-~-threitol~~~ acted as starting 
materials for the synthesis of the diamino diol unit. ~ h o s ~ h o r o u s ~ ~ -  and 
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(97) diamino diol (98) diamino alcohol 
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intermediate used in synthesis 
of Phey[CH(OH)CH2]Phe isostere 

(Ph0)2P(0)N3 
(Curlius-type 
rearrangement) 
then PhCH20H 

TBSO 

Ph+CO,H 

BocNH 

BocNH 

Reagents: i, LDA, PhSeSePh; ii, MCPBA; iii, H,, 10% Pd-C; iv LiOH, TBDMSCI, imidazole 

Scheme 22 

i, ii - MCPBA 

ZNH ZNH 
OH Major product 

(from 
bemawhflel m!-[ aIumina 

Reagents: i, Swern oxidation; ii, KH, MePPh,Br 

Scheme 23 
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~ul fur~~~-conta in in~  pseudo-C2-symmetric core units have also been prepared 
[compounds (99a) and (100) respectively]. The phosphinic acid-based derivative 
(R,R)-(99b) was found to be a potent inhibitor of HIV-1 protease (ICSo value 
0.5nM) but the bis-(CBz-valiny1)-sulfide, sulfoxide, and sulfone compounds were 
all inactive in in vitro assays. Also inactive in in vitro assays were the diamino 
alcohols ( 1 0 1 ) , ~ ~ ~  compounds based on the C-terminus of the hydroxethylamide 
inhibitor Ro 3 1-8959 (80). 

Groups from Merck and Abbott have both designed and synthesised novel 
dipeptide mimetics which are in effect hybrids of the hydroxyethylene- and 
symmetry-based core units. Both compounds [(102) from ~ e r c k ~ ~ ~  and (103) 
from ~ b b o t t ~ ~ ~ }  were orthogonally protected at the two amino groups and both 
synthetic procedures (Schemes 22 and 23) possessed the necessary flexibility to 
allow the introduction of a range of ligands at the PI/P1' positions. A series of 
glycopeptide mimetics based on the Phe\lr[CH(OH)CH2]Phe isostere have been 
prepared.249 The most potent inhibitor of this series (104, EDS0=0.17nM) was 
shown to block the spread of HIV-l in T-lymphoid cells. 

Optimisation of side chains at the P2 and P3 positions of pseudo- 
symmetrical inhibitor (105a, ICso = 1.6pM) gave a compound (105b) which was 
less peptidic in character and slightly more potent as an antiviral agent 
(ICS0 = 0.4pM) but which was rather insoluble in a range of solvents.250 

Glaxo researchers have reported results on the design, synthesis, and 
structure-activity studies of a series of penicillin-derived inhibitors. A crystal 
structure of the lead compound (106, R = Et), a C2-symmetric inhibitor, 
complexed to HIV-1 revealed that the interaction between the inhibitor and the 
catalytic aspartates of the active site was rather poor.251 Modification to this lead 
compound to improve the interaction with the binding site included varying the 
P2/P;, P3/Pi and linker and replacing one of the penicillin units 
with, inter alia, statine-based i s o ~ t e r e s . ~ ~ ~ ~ ~ ~ '  The "monomeric" compound (107) 
showed similar levels of inhibitory and antiviral activity to the original dimeric 
lead compound (106, R = CH2Ph) [ICS0"5nM, Ki"O. lnM, EDS0"5pM]. 

Incorporation of a y-turn mimetic into the P2 to P1' positions of the 
substrate hexapeptide Ala-Asn-Tyr-Pro-Val-Val-NH2 (K, in millimolar range) 
resulted in a constrained inhibitor (108a) with significantly improved binding 
affinity to HIV-1 protease (Ki = 1 4 7 p ~ ) . ~ ~ ~  Furthermore, reduction of the amide 
bond in the C7 mimetic of (108a) gave an inhibitor (108b) with a Ki in the high 
nanomolar range (Ki = 430nM). Other substrate analogues prepared and reported 
to be inhibitors of HIV-1 protease include the phosphonamidate-containing 
compounds257 ~ o c - ~ s n - ~ h e ~ ~ ~ ~ - ~ r o - ~ l e - ~ ~ ~ ~ u  and Boc-Asn-D-Phe* 
[P(OM~)O-N]P~O-I~~-NH'BU and the tripeptidyl epoxide (109).~'~ N- and C- 
terminal peptides of varying lengths corresponding to the dimerisation interface 
of HIV-1 protease were found to be weak inhibitors of the enzyme.259 Finally, 
design of new inhibitor candidates by using theoretical approaches have been the 
subject of several a r t i ~ l e s . ~ * - ~ ~ ~  
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5.5 Inhibitors of Other Proteases 

5.5.1 Serine Protease Inhibitors. - Appropriately substituted cyclic peptides and 
enol lactone systems continue to be developed as mechanism-based inactivators 
of some serine proteases. Last year the cyclopeptides (1 10) with a phenylalanine 
residue at P1 and chloro or bromo leaving groups (X = Cl, Br) were reported to 
be suicide substrates for a-chyrnotrypsin. Derivatives with lysine or arginine at P1 
and benzylic sulfoniurn leaving groups [X = + S(CH3)2, + S(CH3)C6H5] have 
since been prepared and found to be selective inhibitors of bovine trypsin and 
human urokinase (ki,,,,/KI values in range 1 0 ~ - 1 0 ~ ~ - ' s - ' ) . ~ ~ ~  Inhibition studies 
with the enol lactone valine mimics indicated that the U-alkyl-substituted 
derivatives (111) were much better inhibitors of human neutrophil elastase 
(HNE) (ka/Ki values ranging from 14,500 to 37,500~-'S-') than the P-alkyl- 
substituted analogues (1 12).265 

Dual inhibitors of serine proteases have been prepared by attaching known 
peptide-based inhibitors to the carboxy termini of a central terephthalic acid 
moiety.266 Potent inhibition of both HNE (Ki value of 15.9nM) and human 
cathepsin G (Ki value of 2.2pM) was effected with compound (1 13) containing 
both Val-Pro-Val and Val-Pro-Phe tripeptide sequences. Replacing the P3-P2 
components of a tripeptidyl trifluoromethyl ketone inhibitor of human leukocyte 
elastase (HLE) with a conformationally restricted lactam moiety gave compounds 
such as (1 14).267 This bicyclic lactam derivative, although less potent than the 
original tripeptide inhibitor, exhibited good in vitro and in vivo inhibition of HLE. 

The loss of inhibitory activity observed when prolineboronic acid-con- 
taining dipeptides are exposed to aqueous media has been explained in terms of 
cyclisation to give the boron analogue of a diketopiperazine (Scheme 24).268 
Proof of the equilibrium between the active and inactive compounds was 
obtained by using 'H NMR to follow the course of the reaction and by isolating 
the cyclic material and establishing its structure. 

Other articles on serine proteases are listed in Table 4. 

5.5.2 Cysteine Protease Inhibitors. - Several series of di- and tri-peptidyl deriva- 
ives have been prepared and tested for inhibitory activity against a range of 
cysteine proteases. These studies are briefly summarised in Table 5. 

In the epoxysuccinyl series (1 17) the best inhibitor in terms of cathepsin B 
selectivity was (1 17, R = NH'BU, R' = OH) (93-fold preference over papain).279 
Two factors appeared to be important for cathepsin B selectivity; a derivatised 
carboxylic acid group on the epoxide ring combined with a free C-terminal 
carboxylate on the dipeptidyl portion of the inhibitor. Selectivity for cathepsin B 
over trypsin-like serine proteinases was acheived in the leupeptin (Ac-Leu-Leu- 
Arg-H) series by incorporating a lysinal group at the C-terminus of the tripeptide 
or by altering the side chains at the P2 and P3 positions in the argininal 
compounds.282 Ac-Leu-Val-Lys-H and Ac-Phe-Val-Arg-H were both 100-1000 
times more potent inhibitors of cathepsin B values of 4nM and 39nM 
respectively) than of the serine proteases (trypsin, kallikrein, thrombin, and 
plasmin). 
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X = leaving group 
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Table 4 Serine protease inhibitors not discussed in the text 

Enzyme Reference 

Trypsin 
- Synthesis of semi-synthetic "backbone" variants of BPTI 

Kallikrein 
- Structure-activity studies on phenylalanine anilide (1 15) 

Elastase 
- QSAR study of porcine pancreatic elastase (PPE) substrates 27 1 

(Suc-X-Y-Ala-pNA) and inhibitors (CF3CO-X-Y-Ala-pNA) (X,Y = various 
amino acids) 

- Crystallographic and NMR investigation of cyclic thiolic compound (1 16) 272 

Thrombin 
- SAR study on a series of di- and tri-peptide aldehydes based on 273 

Boc-D-Phe-Pro-Arg-H 
- SAR study on a series of dipeptide arginine aldehydes based on 274 

desamino-Phe-Pro- Arg-H 
- Synthesis and inhibition studies of D-P~~-P~O-NHCH[(CH~)~NHR] CR' 275 

(OH)C02Me[R = R' = H; R = H, R' = OMe; R = C(NH2)=NH, R' = H] 
- Synthesis and inhibition study of Z-D-Phe-Pro-methoxypropylboroglycine 276 
- Solution conformation of D-Phe-Pro-containing peptides 277 
- Crystal structure of thrombincyclotheonamide A complex 278 

Table 5 Di- and tri-peptidyl cysteine protease inhibitors 

Compound Enzymes inhibited Reference 

*Epoxysuccinyl dipeptides 
Peptidyl diazomethanes 
N-Haloacetyl amino acid amides 
*Leupeptin (Ac-Leu-Leu-Arg-H) analogues 

Azapeptide halomethanes 
Dipeptidyl and tripeptidyl a-keto esters, 

a-keto amides, and a-keto acids 
N-Peptidyl-0-acyl hydroxamates 

Papain, cathepsin B 279 
Papain, cathepsin B 280 
Papain, cathepsin B 28 1 
Cathepsin B, trypsin-like serine 282 

proteinases 
Cathepsin B, calpain 283,284 
Cathepsin B, calpain, and, to 285 

varying degrees, papain 
Cathepsins S, L, B and to a much 286 

lesser degree trypsin-like serine 
proteases 

* further details in text 

The cyclopropenone-containing compounds (1 18) were designed as papain 
inhibitors by combining in a single molecule, a cyclopropenone reactive site and 
an enzyme recognition site.287 Of the two structures, only the 1's-isomer (1 18, R 
= OH, R' = H) was found to be a potent inhibitor of papain = 0.054pM); 
the R-epimer was, by comparison, practically inactive (ICS0 = 32pM). Work 
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active inactive 

Scheme 24 

(1 18) R,R1 = OH, H; H, OH 
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carried out by several groups has led to the conclusion that interleukin-lp 
converting enzyme is probably a cysteine protease.288'289 

5.5.3 Metalloprotease Inhibitors. - Useful data on the requirements for potent 
inhibition of the matrix metalloproteases has emerged from structure-activity 
studies on N-carboxyalkyl dipeptides (1 1 9 ) ~ ~ '  and p-mercapto carboxylic acid 
derivatives ( l 2 0 ) . ~ ~ ~  Nanomolar inhibition of collagenase was obtained by 
compounds in the latter series which featured S,S or R,R stereochemistry at the 
PI1 and thiol bearing centres, an ester or small amide substituent at the PI 
position and an aromatic L-amino acid at the P2' position. One of the most 
significant findings in the N-carboxyalkyl dipeptide series was that compounds 
with a P-phenylethyl group at the PI1 position were particularly potent inhibitors 
of stromelysin. One particular compound [l 19, R' = CH3, = CH2CH2Ph, R3 
= CH2CH(CH3)2, R4 = Ph] was relatively selective for rabbit stromelysin with a 
Ki = 6.5nM and the authors suggested that this inhibitor may prove useful in 
elucidating the role of the enzyme in cartilage degradation. 

A multipeptidase inhibitor of the major neurotensinlneuromedin N (NT/ 
NN) degrading enzymes has been developed.292 Based on the C-terminal 
sequence common to NT and NN this compound (121) was a nanomolar in vitro 
inhibitor of three metalloendopeptidases and of leucine aminopeptidase (ICS07s 
from 30 to 60nM). A range of pharmacological assays confirmed the protecting 
effects of the inhibitor on the metabolism of the two neuropeptides in vitro. An 
orally active neutral endopeptidase (NEP) inhibitor (122) has been synthesised 
which slows down the degradation of atrial natriuretic factor in vitro and 
produces a lowering of blood pressure in DOCA-salt hypertensive rats.293 In vitro 
NEP inhibition was exhibited by the gem-cyclopentyl and gem-cyclohexyl sub- 
stituted thiols ( 1 2 3 ) . ~ ~ ~  These compounds, designed as hybrids of the thiorphan 
and candoxatrilat type of inhibitor, were prepared by a route employing for- 
mation of strained 2,2-spiro-P-lactones from P-hydroxy acids using triilic an- 
hydride followed by 0-alkyl cleavage with potassium thioacetate. Other studies 
on NEP included a structure-activity investigation with thiol inhibitors (124, 125) 
bearing a variety of s~bsti tutents~~'  and the synthesis of isosteric analogues of 
thioqhan HSCH2CH(CH2Ph)$CH2C02H ($ = COCH2, CH2NH, CSNH, 
E,CH = C H ] . ~ ~ ~  

It is not yet clear whether endothelin converting enzyme (ECE), the enzyme 
which liberates endothelin from the prohormone big endothelin, is a metallo- 
protease or an aspartic protease. Compounds which have been evaluated for in 
vitro inhibition of ECE include several analogues of phosphoramidon, a metallo- 
protease inhibitor:979298 N-terminal cysteine di- and trLpeptidesY8 and several 
series of statine- and dihydroxyethylene-based inhibitors.299 Nanomolar inhibi- 
tion of ECE was exhibited by several of the statine and dihydroxyethylene 
compounds while ICS0 values of - l-1OpM were obtained for some of the 
phosphoramidon analogues. 

Finally, several SchifT base derivatives, (RCH = NNHCS-L-Phe-OMe; R = 

2-pyridyl, l-0x0-2-pyridyl, l-0x0-2-quinolyl) of U-N-thiocarbazoyl-L-phenyl- 
alanine methyl ester were found to be competitive inhibitors of t h e r m ~ l ~ s i n . ~ ~  
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(1 19) R ' -R~ = various alkyl, aryl groups (1 20) R'X = RO, RNH, piperazinyl 
RCOCHRNH (R = H or alkyl) 
R2 = ArCH2, (3-indolyl) CH2, 
(PhCH20) CHMe 
R3 = H, Me 

Ile-Leu-OH 

NH-OH 

(1 22) CGS 251 55 

(1 25) R'-R4 = various alkyl, aryl groups 
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6 Side Chain Interactions Studied by Residue Substitution or Deletion and 
Similar Modifications 

6.1 Peptides with 'Opioid Characteristics' 
The solution structures of several &selective opioid peptides has been 

examined using NMR techniques andlor energy calculations. The cyclic portion 
of H-Tyr-D-Pen-Gly-Phe-D-Pen-OH (DPDPE) was well-defined in both DMSO 
and water with a y-turn at the ~ l ~ '  residue and torsion angles close to those of an 
a-helix for the backbone of the phe4 residue.3017302 Low energy conformations 
obtained from independent energy calculations were in good agreement with the 
NMR data and one conformation in particular was very similar to the proposed 
receptor bound conformation of DPDPE. Solution structures of (S,S)- and 
(s ,R)-PM~P~~~-DPDPE resembled those of DPDPE whereas the conformations 
adopted by analogues with an R-configuration at the C" atom of residue 4 were 
somewhat different. This observation was in line with the high biological 
potencies displayed by the former three compounds but not by the latter two. The 
orientation of the phenyl ring of phe4 was identified as being the crucial difference 
between the low energy conformations of other high and low affinity analogues of 
DPDPE.~'~ 

Two groups have investigated the conformation of deltorphin A (H-Tyr-D- 
Met-Phe-His-Leu-Met-Asp-NH2) in DMSO-d6 solution. A quantitative NMR 
analysis pointed to the' existence of a conformational equilibrium between 
extended and folded structures.304 while a possible bioactive conformation for the 
N-terminal tripeptide moiety was identified from a combination of NMR data 
and energy calculations.305 Molecular dynamics simulations of the three naturally 
occurring deltorphins (deltorphins A, B, and C) have been carried 
(Deltorphin B and C = H-Tyr-D-Ala-Phe-Xaa-Val-Val-Gly-NH2, Xaa = Glu for 
deltorphin B and Asp for deltorphin C). 

Structure-activity studies on the &selective ligands have emphasised that 
the conformational requirements at the opioid receptors are very exacting. 
Deltorphin C analogues containing the conformationally restricted bicyclic 
amino acids 2-aminoindan-2-carboxylic acid (Aic) and 2-aminotetralin-2-car- 
boxylic acid (Atc) at position 3 exhibited higher &-affinities than the natural 
peptide.307 One of the compounds [(R or S)~tc~]deltorphin C was also four-fold 
more selective for S-receptors than deltorphin C. At the other extreme [NMe- 
phe3]deltorphin c307 and [ ~ ~ S G ~ ~ ~ ] B U B U  [ ~ y r - D - s e r ( ~ ' ~ u ) - ~ h e - ~ e u -  
T ~ ~ ( O ' B U ) ] , ~ ~ ~  for example, were practically inactive. Incorporation of a disulfide 
bridge into deltorphin C did not affect its high affinity for the 6receptor but this 
analogue, H-Tyr-D-Cys-Phe-Asp-Cys-Val-Gly-NH2, showed low Breceptor 
selectivity as a result of a large increase in its affinity for p-receptors.309 An 
interesting observation emerged from a study with the somatostatin-derived 
opioid peptide D-Tca-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (Tca = cyclic 
tryptophan analogue). This compound proved to be a weak 6- and p-agonist in 
receptor binding assays but in antinociceptive assays it was as potent as 
DPDPE.~" 

A comprehensive mass spectral analysis of DPDPE has been reported.31' 
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Conformational andtor biological data on several p-selective peptides has 
been analysed. The bioactive conformation of morphiceptin (Tyr-Pro-Phe-Pro- 
NH2) at the preceptor was estimated as a result of studying the solution 
structures of a family of analogues with different biological potencies.312 The 
main charateristics of this model are a requirement of a cis amide bond linking 
residues 1 and 2 and trans conformations (xl 180) for the Tyr and Phe side 
chains. NMR results and theoretical calculations on two other p-selective 
opioids, Tyr-D-Ala-Gly-(NMe)Phe-Gly-01 and Tyr-D-Ala-Gly-(NMe)Phe- 
Met(0)-01, pointed towards folded low energy conformations313 characterised by 
a type I1 p-turn around ~ l ~ ~ - ( ~ ~ e ) ~ h e ~ .  Analysis of receptor binding data on 
dermorphin (H-Tyr-D-Ala-Phe-Gly-Tyr-Pro-Ser-Nfi) and several analogues 
revealed that the interaction with brain preceptors may be more complex than a 
"simple reversible bimolecular equilibrium".314 The ring portion of a cyclic 
dermorphin tetrapeptide H-Tyr-Ly-sp-NH2 was found to adopt a well- 
defined conformation in DMSO-d6 but the exocyclic ~ ~ r '  and phe3 side chains 
were more flexible.315 No biological data was reported for this compound. 

Two conformationally constrained analogues of dynorphin A have been 
Both compounds, [cis- and t r a n s - ~ ~ ~ ~ ~ - ~ ] ~ ~ n  AI-,3-NH2 were 

selective for K-receptors. This selectivity was largely due to a significant decrease 
in affinity for the preceptor (Ki ~ / p / t i =  1/13/210 and 1/21/103 for the cis and 
trans compounds respectively). Substitution of ~ ~ r '  in dynorphin AI-, 1-NH2 with 
Ac-Tyr, D-Tyr, Phe- or pBrPhe also led to analogues that were quite potent at 
the K-opioid r e ~ e ~ t o r . ~ ' ~  Dynorphin A derivatives containing a 9(3-nitro-2- 
pyridinesulfeny1)cysteine residue at  position 8 were found to be highly potent and 
specific to K receptors and bound through disulfide bond formation.318 Analysis 
of NMR data on dynorphin A bound to dodecylphosphocholine micelles 
indicated that the ~l~~ to kgg residues adopted an U-helical conformation.319 
The synthesis of, and limited biological data on, several dynorphin B analogues 
has been reported.320*321 

A number of opioid peptides have been coupled, via their C-termini, to 
oligosaccharides. ~ e u - ~ n k e ~ h a l i n ) ~ ~  and D P D P E ~ ~ ~  were conjugated to P-cyclo- 
dextrins while ~ e t - e n k e ~ h a l i n ~ ~ ~  was linked to various D-glycopyranose 
moieties. Dimeric enkephalin structures have also been prepared.325 

6.2 Cholecystokinin Analogues 
A group from Organon Laboratories has published a useful overview .of 

the approaches adopted by themselves and other workers in the development of 
peptidomimetics with CCK-A agonist This work used CCK-8 as a 
lead compound. Other structure-activity studies on CCK fragments are summa- 
rised in Table 6. Several articles of a more miscellaneous nature are also included 
in the Table. 

A series of papers by Horwell's group at Parke-Davis UK has reported the 
results of systematically modifying various components of the CCK-B dipeptoid 
antagonist CI-988 (126). In addition to detailing the structure-activity studies 
which led to the development of ~1-988~~'-"* the group has also investigated the 
biological consequences of introducing a dehydro residue,343 a conformational 



210 Amino Acids, Peptides, and Proteins 

Table 6 Studies on CCK fragments 

Structure-activity studies 

CCK fragment Compounds synthesised and evaluated Reference 

CCK2 (32-33) - ArS02-Asp-NH(CH2)2R; Ar,R = various aryl groups 
CCK4 (30-33) - Series of tetrapeptides Boc-Trp-Xaa-Asp-Yaa; Xaa, 

Yaa = natural and unnatural residues 
CCK, (27-33) - Analogues of Boc-Tyr(S03H)-Nle-Gly-(L- or D)-Trp- 

Nle -A~p-o(cH~)~Ph  with CH2CH2 linkage in place 
of ester bond at C-terminus 

- Analogues of BocTyr(S03H)-Nle-Gly-(L- or D)-Trp- 
N ~ ~ - A S ~ - N H ( C H ~ ) ~ P ~  with various groups replacing 
C-terminal phenethyl moiety 

- Analogues of H02C(CH2)2CO-Tyr(S03H)-Met-Gly- 
Trp-Met-A~p-NH(cH2)~Ph 

- Analogues of Boc-CCK7 with Met and Phe residues 
replaced by neopentylglycine and 2,4,6-trimethylphenyl- 
alanine respectively (synthesis only, no biological data) 

CCK8 (26-33) - CCK8 with N-terminal modifications and substitutions at 
~ 1 ~ 2 9  

- [ P ~ ~ ( ~ - c H ~ s o ~ N ~ ) ~ ~ , N ~ ~ ~ ~ , ~ '  , ~ a l ~ 2 ~ ~ ~ ~ 6 - 3 ~  
CCK-33 - [ ~ h e ( p - ~ ~ ~ s ~ ~ ~ a ) ~ ~ , N l e ' ~ ~ ~ ~ ~ ' , ~ a l  Y c c K - ~ ~  

Miscellaneous Studies 

- CD study of CCK-peptides of varying length (CCK26-33 up to CCK19-33) 335 
- Synthesis of CCK-58 analogues 336 
- Synthesis and application to receptor studies of [ 3 ~ ] ~ z ~ z - ~ r n  337 

(COCH2CH3)-CCK26-33 
- Solution conformation of 338 
- N-terminal lipophilic derivatives of 339 

~ o n s t r a i n t , ~ ~ ~ " ~ ~  or a stereochemical modification3477348 into dipeptoids related 
to(126). Inverting the configuration of the mMe tryptophan and/or substituted 
phenethylamine groups in (126) caused a significant decrease in CCK-B binding 
affinity but had little effect on CCK-A receptor binding affinity.347 The combined 
effect of inverting both chiral centres in (127a) (ICSOCCK-B = 0.15nM; 
ICSoCCK-A = 25.5nM), a less selective CCK-B ligand than (126), was a 
compound (127b) (ICSOCCK-B = 260nM; ICSoCCK-A = 2.8nM) that was 
selective for the CCK-A r e ~ e ~ t o r . ~ ~ '  Other examples of "reversed" receptor 
selectivity in pairs of compounds which differed only in the stereochemistry of the 
chiral centres included the diastereoisomers (127c and 127d)~~ '  with a (lR,2R)- 
trans-2-methylcyclohexyl group at the N-terminus and the enantiomers ( 1 2 8 ) ~ ~ ~  
containing a a$-dehydrotryptophan residue. Combining the strategies of stereo- 
chemical inversions of the tryptophan and substituted phenethylamine centres 
with an N-terminal (1S,2S)-trans-2-methylcyclohexyl group resulted in a ligand 
(127e, ICSOCCK-A = 3.9nM; ICSoCCK-B = 4 . h ~ ) ~ ~ ~  which had mixed, 
nanomolar affinity for both CCK-A and CCK-B receptor subtypes. Racemic 
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a,a-disubstituted tryptophan derivatives such as [129, R = OH, R' = (CH2),Ph; 
R = H, R' = (CH2)4NHCONH(oC1Phe] were found to be CCK-A selective.349 

A tritiated derivative of a compound closely related to (127a) has also been 
prepared350 and decomposition studies on (126) and several analogues have been 
carried 

Macrocyclic analogues (130) of CI-988 have been prepared by a group at 
the USA laboratories of ~ a r k e - ~ a v i s . ~ ~ ~  Although molecular modelling studies 
indicated that the 11 to 14-membered ring analogues (130, n = 2-5) overlapped 
the X-ray structure of CI-988 at a number of key points none of these four 
macrocycles showed any affinity for the CCK-B receptor. 

Roques' group has investigated the structure-activity relationships of 
compound (1 3 1) and derivatives.353 Most of the compounds synthesised and 
evaluated proved to be selective for the CCK-B receptor and the most potent 
(Ki = 6. lnM, Ki CCK-A/Ki CCK-B = 174) analogue had an (R)-configuration at 
the cl-carbon atom and a p-chloro substitutent on the benzene ring. 

6.3 Angiotensin Analogues 
Replacement of pro7 with its four- or six-membered ring homologues 

azetidine (Aze) or pipecolic acid (Pip) in [ s~~ ' ]ANG I1 (agonist), [ s ~ ~ ' , I ~ ~ ~ ] A N G  
I1 (Sarilesin, type I antagonist), and [ s ~ ~ ' , T ~ ~ ( o M ~ ) ~ ] A N G  I1 (Sarmesin, type 11 
antagonist) resulted in analogues which retained high activity, whereas similar 
modifications to ANG I1 (Asp-Arg-Val-Tyr-Ile-His-Pro-Phe) resulted in substan- 
tially lower levels of activity.354 Further analysis of the biological data on the 
antagonist (Sarilesin, Sarmesin) analogues indicated that Pip rather than Aze at 
position 7 gave higher levels of type I antagonist activity while the reverse 
substitution pattern gave higher levels of type I1 antagonist activity. The authors 
concluded that subtle changes in the ring properties of the secondary amino 
group at position 7 (Aza = planar, Pro = envelope, Pip = boatlchair) influenced 
the conformations necessary for receptor recognition and expression of agonist 
or antagonist activity. The conformational and biological consequences of 
introducing a methyl group into the imidazole ring of  is^ in [s~~']ANG I1 was 
also examined.355 The chemical shifts in the NMR spectrum of the His C2 and C4 
protons and the Sar N-methyl protons in the major isomer of [ ~ a r ' , ~ i s  
( ~ - M ~ ) ~ ] A N G  I1 were found to be markedly different from those in [sarl,FIis 
(T-M~)~]ANG I1 and [Sarl]ANG 11. This suggested that methylation of the 
K-nitrogen of the imidazole ring had a greater perturbation effect on the overall 
conformation of the molecule than methylation of the cr-nitrogen. This pertur- 
bation effect was mirrored by the biological activities of the two analogues; 
[ s ~ ~ ' , H ~ s ( ~ - M ~ ) ~ ] A N G  I1 maintained significant levels of biological activity 
whereas [ S ~ ~ ' , H ~ S ( X - M ~ ) ~ ] A N G  I1 was essentially devoid of biological activity. 

6.4 Oxytocin and Vasopressin Analogues 
Structure-activity studies on oxytocin and vasopressin continue. Residues 3 

to 8 of the uterotonic antagonist [ ~ m ~ ' , ~ - ~ r ~ ~ , ~ r ~ ~ ] o x ~ t o c i n  (pA2 = 7.77) were 
systematically replaced by the corresponding D-amino acids.356 A surprise 
finding was that replacement of cys6 with D-Cys led to an analogue (pA2 = 8.29) 
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O C O N H ~ C O N H ~ ~ ~  

CH3 NHCO /\/C02H 

(126) CI-988 

(1 27)a; 2-adamantyl R S 
b; 2- adamantyi S R  
c; (1 R, 2R )-trans -2-methylcyclohexyl R S 
d; (1 R, 2R )-tram -2-methylcyclohexyl S R 
e; (1 S, 2 s  )-trans-2-rnethylcyclohexyl R S 
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which was more than three times as potent as the parent antagonist. Other 
modifications to the ring portion of the molecule gave compounds which were 
weaker antagonists than the parent peptides or were inactive. Substitutions in the 
tail sequence were well tolerated and the D - P ~ O ~  and D - A ~ ~ '  analogues were 
equipotent to the parent antagonist. Several series of arginine-vasopressin 
analogues have been prepared with modifications at, in particular, position 2.357- 
360 One compound, [~-~he(2,4,6-tri~e)~,D-~ar~]vaso~ressin, was reported to be 
a potent in vitro and in vivo uterotonic inhibitor (pA2 values equal to 8.1. and 7.5 
respectively) while another, [~~~',~hi~,~al~]ar~inine-vaso~ressin, showed selec- 
tivity in antiuterotonic, antipressor, and anti-antidiuretic effects. 

Two sulfydryl-reactive probes for receptor studies, deamino[Dab(@-N- 
maleoyl-~-alanine)4]arginine-vasopressin and deamino[Lys(NE-N-maleoyl-P- 
alanine)8]vasopressin,36' and a parallel dimer of dearn ino-~x~toc in~~~ have also 
been prepared. Rather disappointingly neither of the maleoyl peptides formed 
covalent bonds to the sulfydryl groups in or close to the hormone binding site of 
the V2 receptor. The deamino-oxytocin dimer showed approximately 0.1 % to 2% 
of the activity of the monomer as well as prolonged action. 

Kinetic and thermodynamic data on the interconversion between the cis 
and trans conformations of oxytocin and arginine vasopressin have been obtained 
from NMR experiments.363 The rate of rotation about the cys6-Pro7 imide bond 
was found to be significantly faster in methanolic than in aqueous solution for 
both compounds. These results were consistent with the proposed interconversion 
mechanism which involves a less polar, twisted cys6-Pro7, imide bond in the 
transition state. The solution conformations of oxytocin (protonated and un- 
protonated forms)364 and triglycyl-lysylvasopressin365 have been studied by 
NMR spectroscopy . 

6.5 Luteinising Hormone-releasing Hormone (LHRH) Analogues 
Several Numethyl analogues of LHRH have been prepared and these are 

discussed in section 2.7. Formylating or acetylating the free amino groups of the 
A2pr and Albu moieties of [AC-D-~-N~~',D-~C~P~~~,D-~-P~~~,D-L~~(A~~~ or 
A~~u)~ ,D-A~~ '@JLHRH gave compounds which produced 100% inhibition of 
ovulation in cycling rats in doses of 0.75-1 .5pg/rat.366 The most potent analogue 
of a series of antagonists with histidine at position 8 was Ac-D-Qal-D-pC1Phe-D- 
3-~al-Ser-cPzACAla-D-Lys(~ic)-~eu-His-Pro-D-Ala-NH~. This compound 
showed 33% antiovulatory activity (AOA) at 0.25pg and neglible levels of 
histamine release at an EDSo of 3 0 8 p ~ ~ m l . ~ ~ ~  Antiovulatory activity data on [Ac- 
D - ~ a a '  , D - ~ C ~ P ~ ~ ~ , D - ~ - P ~ ~ ~ , C P ~ A C A ~ ~ ~ , D - L ~ ~ ( P ~ ~ ) ~ , ~ ~ ~ , D - ~ ' L H  F a a  
= 0-phenyltyrosine (Opt), 3-(2-dibenzofurany1)alanine (Dbf)] indicated that the 
compound with the more rigid Ac-D-Dbf in position 1 was twice as potent as the 
analogue with the less rigid Ac-D-Opt substitutent in this position (82% and 38% 
AOA respectively at 0.5pg).368 The parent compound p a a  = 3-(2-naphthyl) 
alanine (2-Nal)] was more potent than both analogues with 9O0/0 AOA activity at 
0.5pg. 

Energy calculations on LHRH and a series of analogues found that the 
most rigid part of the molecule was the central tetrapeptide ~ ~ r ~ - ~ l ~ ~ - ~ e u ~ - ~ r ~ ~  
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and that the antagonists differed from the agonists in the common geometrical 
shape of their fragments 5-8.369y370 In a multigram solid phase synthesis of the 
LHRH agonist nafarelin (pGlu-His-Trp-Ser-Tyr-D-Nal-Leu-Arg-Pro-Gly-NH2) 
using Na-Boc protected amino acids and minimal side chain protection the 
quality of the crude product was significantly improved by using temporary 
protection for the serine residue.371 Solution and solid phase methods of 
preparing [D-TI-~~ILHRH using urethane-protected or-amino and N-carboxy- 
anhydrides have been and several antagonists, [AC-D-N~I'D- 
p ~ l ~ h e 2 . ~ - ~ a 1 3 , ~ - ~ a l ( N R ) 6 , ~ y s ( i ~ r ) 8 , ~ - ~ l a 1 ~ ~ ~ ~  (R = Me, CH2Ph, nBu, 
'Pr) with an N-alkylated pyridylalanine residue at position 6 have been prepared 
using solid phase techniques.373 

6.6 Tachykinin Analogues 
Multiple synthesis techniques have been used to prepare large numbers of 

substance P analogues. A set of naturally occurring substance P analogues, eight 
N-terminal truncated analogues, several structural variants, and 512 stereo- 
isomers with all possible combinations of L- and D-amino acids at 9 of the 11 
positions (except ~l~~ and   et") were prepared using multipin methods.377e77 A 
single D-amino acid replacement set of substance P was prepared on cotton 

Results of receptor binding experiments with the analogues largely 
confirmed previous findings. Briefly, a significant reduction in binding affinity to 
NK-l receptors was observed in compounds with D-amino acid substitutents in 
the C-terminal residues (Gln6-~eu'') whereas reasonable levels of activity were 
retained upon either loss of or chirality changes to the N-terminal residues ( ~ r ~ l -  
Gln5) of substance P. 

A investigating the effect of replacing   et" in [ ~ r n ~ ] ~ ~ , j - ~ l  
with dialkyl esters of glutamic or aspartic acid is complementary to similar work 
reported last year on the hexapeptide analogues containing secondary and 
tertiary amides of glutamic acid at position l l. The nature of the alkyl groups in 
[ O ~ ~ , G ~ U / A ~ ~ ( O R ) - O R ' ] S P ~ ~ ~  (132) was found to be a determining factor for 
activity. For example compounds, (132, R = R' = 'BU, Bz), with bulky lipophilic 
C-termini were potent antagonists in NK-l receptor while the bis-methyl 
glutaminyl analogue was a weak agonist. Each of these compounds showed weak 
antagonist activity in NK-2 and NK-3 receptor subtypes. 

Conformational analysis of several C-terminal hexapeptide analogues of 
substance P have been carried out. NMR data on p~lu~- he- he-pro-~eu- 
  et' ' -NH~ (NK-l ligand) and the D - P ~ O ~  analogue (NK-2 ligand) indicated that 
both compounds, but in particular the latter, tended towards folded conform- 
ations in CDC13 whereas in TFE/H20 (70:30) the structures were largely un- 
ordered.382 The main isomer of the NK-3 ligand ( p ~ l u 6 , ( ~ ~ e ) ~ h e 8 , ~ i b 9 ] ~ ~ 6 - l  l 

detected from a study in DMSO-d6/water (90: 10) contained a cis Phe-(NMe)Phe 
peptide bond and a type V1 p-turn spanning residues 6-9 followed by a helical 
segment extending to the  terminus.^^^ Substance P methyl ester (NK-1 selective 
agonist) was found to exist as a conformational equlibrium between unordered 
and helical structures in TFE/H20 with high TFE content.384 The helical region 
in the more ordered structures existed between pro4 and ~ 1 ~ ' .  In each of these 
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studies the authors discussed the conformation(s) adopted by the peptides in the 
light of their (known) biological activities. 

Structure-activity studies on scyliorhinin I modified in positions 3, 6,7, and 
8 concluded that phe6 was essential for biological activity in the GP1 test and that 
replacing ~~r~ with Phe or D-pFPhe gave compounds with significantly enhanced 

The most potent member of the series was [ ~ b u ~ ] ~ c ~ l  (26 times more 
active than Scyl) and the CD spectrum of this compound (in 75% aqueous TFE 
or 15mM SDS) indicated the presence of a significant degree of ordered structure. 

The synthesis of fluoresceinyl-neurokinin-A as a probe for NK-2 recep- 
tors,386 the preparation of dimeric neurokinin B analogues for studies with NK-1 
r e ~ e ~ t o r , " ~  and an investigation into the degradation of substance have also 
been described. Peptides with tachykinin-like activity have been isolated from the 
brain of the dogfish Scyliorhinus c a n i ~ u l a ~ ~ ~  and from the ventral nerve cords of 
the echiuroid worm Urechis u n i c i n c t ~ s . ~ ~ ~  The structure of a macrocyclic hepta- 
peptide lactone, isolated from Streptomyces violaceoniger and identified as a 
tachykinin antagonist from a screening program, has been 

Three groups have reported progress on the development of low molecular 
weight peptide tachykinin antagonists. Molecular modelling techniques aided the 
design of the structural rnimetics ( 1 3 3 ) ~ ~ ~  of the lead compound Ac-Thr-D- 
Trp(CH0)-Phe-NMeBzl. The development of this lead tripeptide was reported 
last year. In the branched tripeptides (133a, 133b) modelling studies indicated 
that the indole nucleus and the two benzene rings in the Phe-(NMe)Phe structure 
adopted the same spatial relationship as in the lead compound. The new 
compounds were found to potently inhibit 3~-substance P binding to guinea pig 
lung membranes in the ~ O - ~ M  range (cf ICSO of lead compound = 5 . 8 ~ 1 0 - ~ ~ ) .  
Furthermore, in the lysine series, dipeptides having either nothing or a simple 
acyl group at the &-amino group also exhibited potent activity [activity of (133c) 
was 91% of (133b)I. A deletion-optimisation strategy based on the heptapeptide 
lead structure PhCO-Ala-Ala-D-Trp-Phe-D-Pro-Pro-Nle-NH2 led to potent and 
selective neurokinin NK-2 antagonists (134, pKB = 9.3) and (1 35, pKB = 7.9) of 
substantially reduced molecular size.393 In the third approach a weak inhibitor 
(136, R = NHEt, R' = H; IC50 = 3.8pM) of substance P binding to human NK-l 
receptor was optirnised to give [136, R = NHAc, R' = 3,5-(cF3)2; ICSo= 
1 . 6 n M 1 . ~ ~ ~  The lead compound in this study was identified from screening the 
Merck sample collection. 

6.7 Somatostatin Analogues 
Several modifications have been made to the potent somatostatin hexa- 

peptide cyclo[-~ro6-~he7-~-~r~-~ys9-~hr10-~he11-] (137) with the aim of reduc- 
ing the confonnational flexibility of the molecule. The modifications included 
replacing pro6 with conformationally constrained mimetics (l- and 2-arninocyclo- 
pentane carboxylic acid),395 replacing the phell-pro6 segment with the retro- 
inverso g~he11-mAla6 moiety395 or the cyclo-cystine unit,396 and introducing 
methylated residues into the sequence.397 Conformational and biological data on 
the various analogues have provided further evidence to support the proposed 
model for the receptor-bound conformation of the somatostatin hexapeptide. For 
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(1 33)a; R = COThrNH,, n = 1 
b; R = NHThrAc, n = 4 

PhJ$C0- H Ala-D-Tr p N  Me 

c; R = NH2.HCI, n = 4 

(139)a; R = OCH2Ph; X,Y = 0,NH; NH, 0; n = 4-6 
b; R = H; X,Y = 0,NH; NH, 0; n = 5,6 
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example, the importance for bioactivity of a cis amide bond at the bridging 
region was strengthened by results with compounds featuring conformational 
constraints in this segment. Of the constrained compounds only the cyclo-cystine 
analogue (1 38) and the retro-inverso analogue cycle[-S-mAla-Phe-D-Trp-Lys- 
Thr-gPhe-] containing an S-mAla component showed both high potency in 
biological assays and were found to adopt a cis (1 1-6) amide bond in conform- 
ational studies. The view that trans conformations for the side chain groups of 
D-T$ and  he" in (137) are important for receptor binding was strengthened 
by the finding that the corresponding p-methylated derivatives, which are 
constrained to prefer the trans rotamers, retained binding potency. 

Full details of the design, synthesis, and biological properties of the non- 
peptide peptidomimetics (139) of somatostatin have been reported.398 These 
compounds bind to the somatostatin receptor in a dose-dependent manner with 
affinity in the FM range. The fact that the glucose scaffold of these molecules 
cannot participate in hydrogen bonding confirms the importance of the side chain 
functionality rather than the peptide backbone in somatostatin receptor binding 
and activation. 

Glycated analogues of the Sandoz somatostatin drug octreotide have been 
prepared.399 

6.8 Bradykinin Analogues 
NMR conformational analysis of several bradykinin analogues has been 

carried out. The very active antagonists [ D - A ~ ~ ~ , H ~ ~ ~ , T ~ ~ ~ , D - c ~ ~ ~ , c ~ ~ ~ ] - B K  
and [ D - A ~ ~ ~ , H ~ ~ ~ , D - c ~ ~ ~ , c ~ ~ ~ ] - B K  were found to adopt turn-like structures 
between residues 2 and 5 in methanollwater (80/20).~~' However no turn-like 
structure was detected in the NMR spectra of the less potent antagonist [D- 
A ~ ~ ~ , H ~ ~ ~ , c ~ ~ ~ ~ ~ ] - B K .  In a similar study, by the same group, on a bradykinin 
agonist-antagonist pair (the agonist ~ - ~ r ~ ~ - ~ r ~ ~ - ~ r o ~ - ~ ~ ~ ~ - ~ l ~ ~ - ~ h i ~ - ~ e r ~ -  
p r o 7 - ~ h i ~ - A r ~ ~  and the corresponding antagonist with a D-Phe in position 7), a 
type I p-turn was found between residues 6 and 9 in the agonist, and some 
possibly indication of a turn-like structure between residues 2 and 5 was detected 
in the antagonist.401 No evidence of a p-turn in the C-terminal region of the 
antagonist was detected. Somewhat in contrast to these findings a third study 
investigating the structure of C-terminal fragments ~ e r ~ - D - ~ a a ~ - ~ i c ~ - ~ r ~ ~  B a a  
= Phe, Tic, Hyp(trans-propyl)] of three further bradykinin antagonists reported 
that each of the tetrapeptides adopted a p-turn as the primary conformation in 
water.402 Thus there appears to be two schools of thought. One hypothesis is that 
a turn-like structure between residues 2 and 5 could be important for antagonist 
activity while the second view held is that bradykinin antagonists adopt a C- 
terminal $-turn conformation when bound to the receptor. 

6.9 Miscellaneous Examples 
This year coverage of peptides coming under the heading "miscellaneous 

examples" is dealt with in the form of a table (Table 7). Systematic substitutions, 
particularly with D-amino acids and multiple synthesis techniques have now been 
applied to a number of peptides. In endothelin, for example, a D-amino acid scan 
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Table 7 Miscellaneous examples 

l. Structure-activity studies Reference 

Corticotropin-releasing factor 
- Single-point D-amino acid substitution of oCRF 
Endothelin 
- Substitution of Asp18 and Ile19 of endothelin-I 
- Single and multiple D-amino acid replacements in C-terminal 

hexapeptide ligand ~ c - ~ - ~ h e ' ~ - ~ r n - ~ s ~ - ~ l e - ~ l e - ~ r p ~ ~ - ~ ~  
- Systematic replacement of each residue of ~ c - ~ - ~ h e ' ~ - ~ r n - ~ s p - ~ l e -  

I ~ ~ - T ~ ~ ~ ' - O H  with 50 amino acid substitutes 
- Studies centred around position 16 of ~ c - ~ - ~ h e ~ ~ - ~ e u - ~ s ~ - ~ l e - ~ l e - ~ r p ~ ~ - ~ ~  
Gastrin 
- Lipophilic derivatives of tetragastrin 
Neuropeptide Y 
- Single point D-amino acid substitutions 
- Amino acid replacements in segment 27 to 32 of [1-4-~Ahx-25-36]NPY 
Neurotensin 
- N-and C-terminal deletions and Ala scan 
- W R C O - L ~ ~ ~ - P ~ O - T ~ ~ - I ~ ~ - L ~ U ~ ~  (R = lipophilic group) 
- Di-, tri-, and tetra-peptides fragments of C-terminal (9-1 3) sequence 
Thyrotropin-releasing hormone 
- Heteroaromatic replacements for N-terminal pGlu 
Tuftsin 
- [Hp3]-Tuftsin and 0-glucosylated derivatives 

2. Conformational studies 

Bombesin 
- CD studies with C-terminal (7-14) fragment 417 
Growth hormone-releasing factor 
- CD and 2D NMR analysis of ~ e u ~ ~ h ~ ~ ~ ( 1 - 3 2 ) ~ ~ ~  and its deamidation 418 

products 
Melanostatin 
- ' 3 ~ , 1 5 ~ - ~ ~ ~ ~ ~  NMR analysis of the isotopically enriched tripeptide 419 
Muramyl dipeptide 
- NMR and molecular dynamics study of carbocyclic analogues 420,42 1 
Neuropeptide Y 
- CD studies of w - a ~ y l - N P Y ~ ~ - ~ ~  422 
Parathyroid hormone 
- Simulated annealing analysis of fragment (1-34) 423 

3. Miscellaneous Studies 

Synthesis of 
- Biotinylated derivatives of [B-A~~',L~S'~]-ACTH~-~~W~CH~)~-W~ for 424 

receptor studies 
- Tritiated derivative of a growth hormone-releasing peptide 425 
- Lipophilic and fluorescent derivatives of muramyl dipeptide 426 
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of the C-terminal hexapeptides revealed that D-stereochemistry at position 16 
afforded a large increase in binding affinity and antagonist activity at both ETA 
and ETB receptors. SAR studies centered around the  he he'^ position have led 
to the potent functional ETA/ETB antagonists ~ c - ~ - ~ i ~ ~ ~ - ~ a a - ~ s ~ - ~ l e - ~ l e - ~ ~  
(Xaa = Leu, Glu). 
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4 
Cyclic, Modified and Conjugated Peptides 

BY JOHN S. DAVIES 

1 Introduction 

This year's 'mission statement' on the coverage in this Chapter, is really a 
repeat of the last three years of reporting under this heading. The Chapter has 
become an annual sanctuary for about 200 papers, mostly on naturally occurring 
cyclic and modified peptides, not taken care of in Chapter 3. The latter however 
is still the place to access cyclic analogues of biologically active domains and 
peptidomimetic analogues. However an expanding theme in this Chapter is the 
coverage of phosphorylated, glycosylated and lipophilic peptides. 

The availability of CA selects1 on Amino Acids, Peptides and Proteins (up 
to Issue 12, 1994 have been covered) was again the core source of the 1993 
references, but many of the mainstream Journals were also scanned manually. 
The patent literature was not covered, neither have publications emanating from 
conferences, the latter being left to await their appearance in refereed Journals. 
About three quarters of the papers represented work carried out in academia. 

Many of the naturally-occurring peptides highlighted in this Chapter often 
become templates in peptidomimetic design. The complex stages involved and 
current perspectives on progress towards commercial pharmacophores have been 
reviewed24, and have also been the subject of a Tetrahedron Symposium in 
print5. Within the latter the hierarchical approach to peptidomimetic design has 
been highlighted6. The marine environment is proving to be a rich source of 
bioactive peptides, as reflected in a review of bioactive sponge peptides7, and in a 
review8 on marine metabolites in general it is stated that cyclic hepta- and 
octapeptides constitute the largest group of metabolites from Lissoclinum tuni- 
cates. 

2 Cyclic Peptides 

2.1 General Considerations 
The key step to an efficient synthesis of a cyclic peptide is the final step of 

ring closure. The newly developed HOAt (1) has recently been introduced as an 
improved substitute for HOBt and the prowessg of two of its derivatives (2) and 
(3) in the cyclisation of the linear GnRH-derived decapeptide, H-Nal-D-Cpa-D- 
Pal-Gln-Tyr-D-Arg-Leu-Arg-Pro-Lys(Ac)-OH has been monitored. Both re- 
agents gave 100% cyclisation in 30 min, when compared to TBTU, TOPPipU 
and DPPA which gave yields of 60, 10 and 12% respectively. Development and 
optirnisation of the on-resin method of cyclisation continues. Head to tail 
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cyclisation, after initial anchoring of Glu or Asp side chains to p-alkoxybenzyl or 
tris(a1koxy)benzylamide supports, using allyl group protection for the a-carboxyl 
group has been examined1' for a number of options for the synthesis of cyclo- 
( - ~ l a ~ - ~ l a ~ - ~ r ~ ~ - ~ - ~ h e ~ - ~ r o ~ - ~ 1 ~ ~ - ~ s ~ ~ - ~ s n ~ - ~ ~ r ~ - ~ l u ~ ~ )  Starting the syn- 
thesis either with Glu",  AS^^, Asns or Glu6 attached to the resin, all strategies 
gave the desired cyclic product, but the Asn8 strategy gave the highest yield 
(71%) and the Glu" option gave the greatest number of by-products. BOP and 
PyBOP were used in the cyclisation step. Problems associated with the removal of 
the allyl group using an insoluble palladium catalyst have been overcome in the 
development of protocol for continuous flow systems". The allyl ester also 
showed improvement over a phenacyl ester in the four-dimensional orthogonal 
protection scheme12 used in the head to tail cyclisation leading to the calcitonin 
analogue (4) using the oxime resin method for cyclisation. The oxime resin has 
also been the anchor for an on-resin assembly of a disulfide bond as demon- 
strated18 for the salmon calcitonin (1-10) fragment in Scheme 1. 

Most of the structures derived for the molecules reviewed annually in this 
Chapter rely heavily on 'state of the art', high field NMR, X-ray and mass 
spectrometric technology. Allied to these in conformational work are molecular 
dynamics simulations. A mini review14 has appeared on the methodologies which 
has assisted the simulation work, and molecular dynamics simulations have been 
carried out15 to determine the flexibility of a series of analogues derived from the 
epitope loop in the snake toxin, erabutoxin. 

2.2 Naturally Occurring Dioxopiperazines (Cyclic Dipeptides) 
The only report seen under this category was the characteri~ation~~ of three 

novel polychlorinated cyclodipeptides designated dysamide A, B and C and a 
known compound 2,3-dihydrodysamide C from the sponge Dysidea. Lack of 
access to the Chinese journal concerned precluded a report of their structures. 

2.3 Other Dioxopiperazines 
Interest in cycle[-(S)-His-(S)-Phe-] as an asymmetric catalyst has been 

reviewed1' in the general context of asymmetric cyanohydrin synthesis, while the 
more detailed mechanistic studies18719 continue within the same group. Variable 
pH NMR studies18 and molecular mechanics calculations indicate that the 
interaction between the dioxopiperazine and HCN is covalent rather than ionic. 
This, together with e~idence'~ from the catalytic oxidation of benzaldehyde to 
benzoic acid, suggests the catalytic action is best explained by intermediate (5). 
An improved synthesis2' of cycle[-(S)-His-(S)-Phe-) has been reported using the 
protected His precursor, 2-Phe-His(Bz1)-OMe. Catalytic transfer hydrogenation 
removed the Z group to give spontaneous cyclisation to the dioxopiperazine 
which was followed by hydrogenolysis of the imidazolyl-benzyl protection. 

Quantitative yields of dioxopiperazine (6) have been obtained2' by reacting 
the corresponding N-substituted alanine precursor with di-t-butyl dicarbonate in 
the presence of triethylamine and dimethylaminopyridine (DMAP). Variation in 
the substituent R on the D-Trp residue in cyclic dipeptide analogues (7) has been 
shown" to modulate water solubility and transport properties of these tachykinin 
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. . 

(2) R = -C+- ( -Na)  2 HAPYU 

I 
OR (3) R = -C' f N 3 )  TAPipU 

2 

I I 
Fmoc-Lys-Lys-P he-His-Asp-OH 

I I 
QcHio:o CH20CH2Ph 

Cl (4) 

Acm Bzl Bzl Bzl Acm 
I I I I I 

Z-Cys-Ser-Asn-Leu-Ser-Thr-Cys-Val Leu-0-N p O2 

Bzl 
l 

Bzl Bzl 
I I I Polymer 
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l I I 
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Reagents: i, IdDMF; ii, H-GI~-OBU' 

Scheme l 

(7) Abo = 2-azabicyclo[2,2,2] octane-3(S )-carboxylic acid (8) 
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antagonists, with R = COCH2CH2COOH showing prolonged reaction time in 
the mouse hot plate test. Previous reports on dioxopiperazines containing a spiro 
atom shared with a cyclopentane ring have now been supplemented23 by the 
synthesis of a series (8) based on the cyclobutane ring. However their inhibition 
qualities in the chick embryotoxicity screening test was generally lower than their 
cyclopentane analogues. Cis and trans forms of the dioxopiperazine based on the 
condensation of the fluorescent chromophore, P-(l'-naphthy1)-L-Ala and the 
heavy atom perturber p-bromo-L-Phe have been synthesised24 to study spin- 
forbidden excitation transfer and heavy-atom induced intersystem crossing. 
Subtle factors arising from the intervening cyclodipeptide have been introduced 
to explain some of the effects. The dioxopiperazine ring has also been used25 as a 
bridging unit between porphyrin units as shown in (9). Both the D,L- and L,L- 
forms of the dioxopiperazine were synthesised, and the 'H NMR, UV and CD 
spectra showed that the porphyrins in the L,L-molecule interacted more strongly 
than those in the D,L-isomer. The tendency for a resin-bound peptide linker 
derivative to cyclise to a dioxopiperazine, has been developed26 for release of 
peptide molecules from polymer beads, while the dioxopiperazine (10) has been 
identified27 as an unwanted side reaction during the synthesis of thyroliberin 
(Glp-His-Pro-NH2). Formation of the dioxopiperazine (11) has also been 
shown28 to be the cause of spontaneous degradation of 8-opioid antagonists, 
H-Tyr-Tic-Phe-OH and H-Tyr-Tic-Phe-Phe-NH2 in DMSO solution (Tic = 
tetrahydroisoquinoline-3-carboxylic acid). 

Reversed phase HPLC capacity factors, roughly correlated with hydro- 
phobic parameters such as partition coefficients in octanol-water, have been 
measured2' for a series of diastereoisomeric dioxopiperazines. For a pair of 
diastereoisomers of cycle(-L-X-L-Phe-) and cycle(-L-X-D-Phe-), kL' was found 
to be larger than kbL, while in the case of cycle(-D-Ala-L-Trp-) and cyclo (-L- 
Ala-L-Trp), kLL is smaller than kDL especially in highly aqueous solutions. 

2.4 Cyclotripeptides and Cyclotetrapeptides 
There appear to be no reports on work on cyclotripeptides reported in 

1993. 
However there was activity on cyclotetrapeptides, which included the 

discoveryM of cycle(-Pro-Tyr-Pro-Val-) a strong inhibitor of mushroom tyrosi- 
nase (ICSO = 1.5 mM), in the bacterium Lactobacillus helveticus. Cycle(-Pro-Ala- 
D-Phe-Leu) has been modelled (Quanta-Charmm) and synthesised3' in order to 
investigate complexing properties with Boc-amino acids. Total correlation spec- 
troscopy and nOe spectra showed that the molecule existed as one dominant 
conformer 1, and three minor ones 2a, 2b and 2c in the ratio of 92:6: 1: 1, but this 
ratio could be changed to 48:40:6:6 on complexing with Boc-hydroxyamino acids. 
This suggested that the minor conformers bound more strongly with the amino 
acid derivatives and a possible complex between 2a and Boc-D-Ser is depicted in 
(12). Synthesis was achieved by producing Boc-Pro-Ala-D-Phe-Leu-NHNH2 via 
a Kaiser oxime gel, and then treating it with NaNO2/HCl for 2 days under high 
dilution conditions. In a continuation of the success achieved with a specific 
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(14) Asterin, R' = Et, R = H (c.f. cyclochlorotine R' = CH20H) 
(1 5) Astin A, R' = CH20H, R2 = H, acyl-Pro bond cis 
(16) Astin B, R' = Et, R2 = OH, acyl-Pro bond cis 
(1 7) Astin C, R' = Et, R* = H 
(1 8) Astin D, R' = Et, R2 = H acyl-Pro bond cis Dichloroproline replaced by 

(19) Astin E, R' = Et, R* = OH acyl-Pro bond cis 
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C-alkylation reaction in cyclosporin A, the Seebach group have in~est i~ated '~  the 
use of lithium enolates to generate insertion positions in sarcosine residues in the 
cyclic tetrapeptides cycle(-Leu-Sar-Sar-Gly-), cycle(-Val-Sar-Sar-Gly) and cyclo 
(-MeLeu-Gly-D-Ala-Sar-). Multiple deprotonation with LDA in THF/LiBr/ 
DMPU and addition of highly reactive electrophiles (CF3C02D, MeI, CH20, 
CH2 = CHCH2Br, PhCH2Br) produced cyclic tetrapeptides with diastereo- 
selectively introduced substituents. The sarcosine enolates were only produced 
adjacent to another N-methyl amino acid. Pentafluorophenyl esters of linear 
precursors were used to synthesise the original cyclic sarcosine peptides. 

Solution phase synthesis33, using cyclisation with DCC under high dilution 
has provided crystals of cycle(-P-Ala-L-Pro-P-Ala-L-Val) for an X-ray determi- 
nation. All peptide bonds were found to be trans, but the conformation derived 
from NMR data and from molecular dynamics simulations is quite different to 
the solid state, reminiscent of cycle(-P-Ala-L-Pro-P-Ala-L-Pro-), in that it 
contains two y i  turns around Pro and Val. Problems with the lability of the epoxy 
ketone moiety in the synthesis of chlamydocin (13) have been overcome in a new 
stereospecific synthesis34 via free radical homologation from a 2-amino- 
5-iodopentanoic acid containing cyclic tetrapeptide intermediate using a chirally 
pure form of the epoxyenone CH2=CHCO-CH=O=CH-SiMe3. Specific 
fragmentation patterns and a reduction phenomenon have been discussed3' in the 
FAB mass spectra of chlamydocin analogues. 

Molecular modelling using a GENMOL programme36 has been used to 
predict the best cyclisation precursor for small peptides. Cyclo-(-Phe4-) was used 
as a model with Boc groups as substituents on the main-chain nitrogen atoms. 
Cyclisation 'yield' increased if there is a preferred conformation having terminal 
functions close together as induced by the Boc substituents. Molecular mechanics 
calculations (CHARMM programme), and other physical methods applied to the 
diastereoisomers cyclo(L-P~o-)~, cyclo(L-Pro-D-pr~)~ and cycle[-(L-Pro)2-(D- 

revealed37 that most of the cisltrans transitions are hindered by energy 
barriers > 30 kcal/mol. In cyclo(L-Pro-D-pr~)~ four cisltrans isomerisations 
could be identified as ctct+cttt+ tttt-+ tctt-+tctc. 

2.5 Cyclopentapeptides 
The plant Aster tataricus (Compositae) has proved to be a rich source of 

cyclopentapeptides. Asterin (14), an analogue of cyclochlorotine has been 
identified38 and shown to have hepatotoxic activities. Another research group 
have also found antitumour activity in the astins A, B and C which they have 
identified39 as the compounds (1 5)-(17). Detailed NMR analysis confirmed that 
the acyl-substituted prolyl bond had the cis conformation. In the structures 
deduced4* for astins D (18) and E (19) the dichloroproline ring has been replaced 
by a A~-chloroproline residue, with the other parts of the cyclic backbone 
remaining the same. 

The naturally-occurring cyclopentapeptide endothelin A receptor antago- 
nists have been subjected to further structure-activity investigations. Cycle(-D- 
T~~-D-c~s(soo(-,~)N~+)-P~o-D-v~~-L~u) has been shown4' to be a potent 
antagonist. Its synthesis was carried out according to Scheme 2 (page 244), and 
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conformational analysis confirmed a type I1 p-turn involving the residues D-Val- 
Leu-D-Trp-D-Cys(S03-Na+) and a y-turn centred around D-Val-Pro-D- 
C ~ S ( S O ~ - N ~ +  ). Similar types of conformational profile with P- and y-turns have 
been identified42 in the solution conformation of the selective endothelin antago- 
nists BE18257B, cyclo(D-Glu-Ala-D-aIle-L-Leu-D-Trp-), and BQ123, cycle(-D- 
Asp-Pro-D-Val-Leu-D-Trp). The proposition has been made that these antago- 
nists derive their activity from their ability to mimic the C-terminus of the 
endothelins. In the synthesis43 of the endothelin antagonist cycle(-D-Trp(CH0)- 
D - C ~ S ( S O ~ - N ~ + ) - P ~ O - T ~ ~ - L ~ U - )  where Thg is D-2-thienylglycine, the solubility 
of Fmoc-cysteic acid in DMF has been enhanced by using its tetrabutylammo- 
nium salt. In the series of cyclic analogues (20)-(25) prepared, four were 
synthesised via the azide method for cyclisation while the other two were obtained 
by EDC or DCC/HOBt couplings. All the analogues inhibited [ ' 2 5 ~ ] - ~ ~ - 1  
binding to receptor ETA ca. 1000-fold more potently than to ETB. 

The role of proline in defining p-turn conformations has been studied44 
using 20 NMR and restrained molecular dynamics simulations on cyclopenta- 
and cyclohexapeptides containing L- and D-prolyl residues. The cis conform- 
ations of cycle(-Pro-Ala-Ala-Pro-Ala-Ala-), cycle(-Arg-Gly-Asp-Phe-Pro-Gly-), 
cycle(-Arg-Gly-Asp-Phe-Pro-Ala-), cycle(-Pro-Ala-Ala-Ala-Ala-) and cyclo 
(-Pro-Ala-Pro-Ala-Ala) form uncommon bVI turns similar to those found in 
proteins. This work bears particular relevance to the challenge of incorporating 
the -kg-Gly-Asp-bioactive domain into a constraint that would mimic its 
conformation in the natural glycoprotein. The potent fibrinogen receptor 
antagonist45 Ac-Pen-Arg-Gly-Asp-Cys-OH represents the many current attempts 
at constraining the RGD domain. Even with this constraint, NMR studies and 
molecular modelling indicate the molecule exchanges between a number of 
conformers which comprise type 11' or type V p-turns. The Arg-Gly-Asp-portion 
is flexible due to amide-plane rotations of the Arg-Gly and Gly-Asp peptide 
bonds. Substitution of Pen for another analogue containing Cys at that position 
has given the molecule better conformational rigidity. 

Biosynthetic studies46 based on 13c and 2~-labelled, serine, alanine and 
2,3-diaminopropionic acid, fed to Streptomyces capreolus A250, have shown that 
the 2,3-diaminopropionate (Dap) moiety of the antibiotic capreomycin is derived 
from serine via the dehydroalanyl pathway. Since the 2,3-diaminopropionic acid 
can also be incorporated it is presumed that the pathway involves a prepeptide 
assembly modification of serine. 

2.6 Cyclohexapeptides 
Since cyclisation is often the limiting step in the synthesis of cyclic peptides, 

comparison of the various coupling reagents contributes useful information. The 
merits of diphenylphosphoryl azide (DPPA), TBTU/HOBt and HBTU/HOBt/ 
DIEA in the key cyclisation step for a series of cyclic peptides can be seen from 
the results summarised in Table 14'. Cyclisation by TBTU proved the best and 
took place so rapidly that no kinetic studies could be performed. Using the HOAt 
derivative (3) it has been possible to cycliseg the all L-form of H-Val-Arg- 
Lys(Ac)-Ala-Val-Tyr-OH in 55% yield. 
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Table 1 Cyclicisation of cyclohexapeptides 

Cyclic Product Method Time % yield 

cycle[-Tyr(Bz1)-Asp(OBz1)-Phe-Phe-Ser(~u~)- TBTU/HOBt 
D-Ala-] DPPA/NaHC03 

cycle[-Asp(0~u')-Phe- he-Ser(~u')-D-Ala-] TBTU/HOBt 
DPPA/NaHC03 

cycle[-Tyr-Asp(OBut)-Phe-Phe-Ser(But)-D- TBTU/HOBt 
DPPA/NaHC03 

cycle[-Tyr(~z1)-Asp(O~z1)-Phe- he-~hr(~u)- TBTU/HOBt 
D-Ala] HBTU 

cycle[-~yr-Asp(OBut)- he- he-~hr(~u~)-D- DPPA 

2 hr 100 
17.50hr 100 
20 mins 100 

1 day 50 
20 min 100 

lday 100 
4 hr 74 
4 hr 60 

25 hr 100 

All amino acid components of the antifungal echinocandins (26) have been 
stereospecifically synthesised48 and incorporated into a linear precursor via a 
novel coupling method (Scheme 3). The final link at 'a' in the cycle was achieved 
in 39% yield using diphenylphosphorylazide. In contrast to other cyclic peptide 
analogues, up to this time cyclohexapeptides containing the Arg-Gly-Asp domain 
have not been seen to interact strongly with fibrinogen receptors. However the 
situation has changed with the design and synthesis49 of cycle(-Phe-Asp-Gly-Arg- 
Gly-Phe-) (27), cycle(-D-Ser-Asp-Gly-Arg-Gly-Phe-) (28), and cycle(-D-Ser-Asp- 
Gly-Arg-D-Phe-) (29). In the ELISA GPIIb/IIIa-fibrinogen receptor assay, (29) 
with its two D-amino acids bound to the receptor with an IC50 value of 0.016 lM, 
with all three completely displacing fibrinogen. DPPA was used in the final 
cyclisation step in each case, but in (29) there seemed to be a post cyclisation 
tendency for aspartimide formation catalysed by piperidine, when the side-chain 
9-fluorenyl methyl ester was removed. DPPA was also the reagent of choiceS0 in 
the cyclisation of a series of peptide T analogues. In all the examples chosen the 
cyclic forms showed higher biological activity than their linear counterparts. 
Cycle(-Thr-Hse-Asn-Tyr-Thr-Asp-) showed the highest affinity to the CD4 
receptor of monocytes, and was highly resistant to degradation by plasma or 
brain enzymes. 

The potent cyclic peptide analogue cyclo(~ro6-~he7-~-~rps-~ys9-~hr10- 
 he") of somatostatin, has been subjected to further attempts to reduce its 
conformational flexibility. Through the synthesis5' of an a - ~ e ~ a l "  analogue, 
constraint was built into the main chain, but the resultant flat conformation led 
to loss of binding affinity. Analogues with P-methyl substituents in the side- 
chain, e.g. P-MeTrp at position 8 and another analogue with P-MePhe at 
position l l ,  did not lose their high binding potency. The structural role of the 
~ h e ' l - ~ r o ~  bridging region has also been investigateds2 through the synthesis of 
the retro-inverso r n ~ l a ~ - ~ ~ h e ' '  analogue and five analogues with Zaminocyclo- 
pentane carboxylic acids (2-Ac5c) and l-aminocyclopentane carboxylic acid 
(l-Ac5c) as proline mimetics. In these analogues the pII'-turn characteristics are 
maintained but the 'bridging region's' conformation was changed. Only a trans 
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amide was seen for Phe1l-Pro6 in the (R)-mAla retro-inverso analogue, and the 
five Acsc analogues, while it showed cis-trans isomerisation in the (S)-mAla 
form. Only the latter showed high binding affinity. Confirmation of the 
significance of the Phel1-Pro6 bond to activity has also been obtaineds3 from the 
low receptor affinity of cycle(-Phe$[CH2NjPro-Phe-D-Trp-Lys-Thr-). For the 
latter, NMR studies confirmed the presence of a P-turn, and a &turn over the 
reduced peptide moiety. Constraining the ~ h e " - P r o ~  to cis geometry has also 
been attemptedM by replacement of this dipeptide moiety with a cystine unit. 
Both (-Cys-Phe-D-Trp-Lys-Thr-Cys), and cycle(-Cys-Tyr-D-Trp-Lys-Val-Cys-) 
retained the activity of the parent somatostatin analogue, thus supporting the 
evidence for the need for a cis ~ h e ' l - ~ r o ~  bond. Solution phase cyclisation using 
the azide method on a linear hydrazide precursors released from oxime solid 
phase gel was the method chosens5 to synthesise cycle[-Pro-Gly-Glu(OBz1)-Pro- 
Phe-Leu-1. NMR techniques used on a CDC13 solution of the cyclic peptide 
revealed the presence of three conformers, two dominant (Ia and Ib) that 
exchanged chemically with each other and a third Ic (4%) that exchanged 
exclusively with Ib. The cyclic peptide was designed to show chiral discrimination 
in its interaction with amino acid derivatives. Only Ia interacted strongly with 
Boc- and Fmoc-amino acids in CDC13, the interaction being localised at the Phe- 
Leu domain of the cyclic peptide via their NH groups. Differences in interaction 
between the D- and L-enantiomers of Boc-Trp and Fmoc-Trp were also observed 
and explained in terms of a 3-point docking relationship discriminating between 
the enantiomers. The minor conformational isomer present has been showns6 to 
possess an unusual cis Phe peptide bond while both the Pro bonds were trans. 

The potent antitumour cyclohexapeptide RA-V11 (30) now undergoing 
clinical trials, and its congener deoxybouvardin (31) have been synthesised5' 
using the key Ullmann reaction in Scheme 4 as the starting point. For (30) the 
diphenyl ether unit was then coupled to Boc-D-Ala-Ala-MeTyr(Me)-Ala-OH and 
the final macrocyclisation carried out with DPPA. The desmethyl analogue (32) 
was synthesised to study the conformational features at the ring junctions, and it 
is concluded that the tetrapeptide housed within the 18-membered ring induces 
the 14-membered cycloisodityrosine to adopt a disfavoured cis secondary or 
tertiary amide. In contrast to previous views the present work suggests a reversal 
in the previously accepted functional roles of the rings, and it is now believed that 
it is the tetrapeptide ring that potentiates the activity and alters the conformation 
of the cycloisodityrosine. When substituents were varieds8 in the ~~r~ and ~~r~ 
rings, the changes were only effective within the ~ y r ~  ring. Thus (33) with no 
substituent at the position was nearly as active as RA-V11 (30). Effect of 
substituents at residue 2 have been exploreds9 via the formation of (34) by 
thioacetylation of a serine precursor. The thiol analogue showed antitumour 
properties, but was less toxic. Amide nitrogen in position 2 has been alkylated6' 
under phase-transfer conditions to form derivatives such as (35) with improved 
solubilities. RA-XI1 (36) isolated from Rubia cordifolia appears6' to undergo a 
fast exchange process in the presence of rat 80s ribosomes. Line broadening in 
the NMR spectra during binding correlate with conformational change (cisltrans 
at the N-methylated amide bond between Na2-~yr3).  
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l iii 
n 

1 2  
Cycle(-D-Trp(CH0)-D-Cys-Pro-D-Val-Le-) 

Reagents: i, HFIanisole; ii, EDCIHOBt; iii, 12/80% HOAc; iv. HC03H 

Scheme 2 

(26) echinocandin C(R' = OH) and D(R' = H) 
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R 

[ '7 l R2 R + I I I 
H3N-CH-COO- Trns-NH-CH-COOTms R'CONHCH-CONH-CHCOOH 

Reagents: i, l -Tms-imidazole; ii, R ' C O N H C H ( R ~ ) C O S P ~ ~ ~ ~ ~ ~  

Scheme 3 

i 
L 

OMe 
I 

&JJJ(Boc)M~ 
OMe 

Reagent: i ,  MeCu in collidine at 130°C 

Scheme 4 

(30) RA VD, R = H, R' = OMe, R* = H, R3 = Me, R4 = OMe 
(31) deoxybouvardin, R = H, R' = OMe, R2 = H, R3 = Me, R4 = OH 
(32) ~ ~ ~ - d e s m e t h ~ l  RA VII, R = H, R' = OMe, FI2 = H, R3 = H, = OMe 
(33) R = H, R' = OMe, R2 = H, R3 = Me, = H 
(34) [C~S~J -RA  VII, R = SH, R' =OMe, R2 = H, R3 = Me, R4 = OMe 
(35) R = H, R' = OMe, R2 = e.g. CH2CH2NMe2, R3 = Me, R4 = OMe 
(36) R = H, R' = OH, FI2 = H, R3 = Me, R4 = 0 -glucoside 
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Contained in a mini-review62 of conformational mobility in cyclic oligopep- 
tides is a specific nOe constrained distance geometry conformational search of the 
isomeric cycle(-Pro-Arg-Gly-Asp-Gly-D-Pro-) and cycle(-Pro-Arg-Gly-Asp-D- 
Pro-Gly-). A narrowly defined backbone conformation was proposed for one but 
the other's conformation remained ambiguous, possibly due to a physical 
difference in internal mobility. 'H and 13c NMR studies63 on cycle(-Pro-Pro- 
G ~ Y - ) ~  in CDC13 and d6DMS0 has revealed that in the former solvent there is 
conformational homogeneity with a single cis Pro-Pro bond. The Gly-Pro-Pro- 
Gly segment in the P-bend has a trans Pro-Pro bond. In d6DMS0 there is 
conformational heterogeneity with two main conformers in the ratio 80:20, the 
major one having two cis peptide bonds, at Gly-Pro and Pro-Pro, while the minor 
component has a single Pro-Pro cis bond included in the P-bend. Neurokinin-2 
(NK-2) antagonisitic cyclic peptides cyclo(G1n-Trp-Phe-Gly-Leu-X) where X is 
varied between Met, and D-Met and the bridged analogue (37) have been 
studied@ using NMR techniques. The two Met analogues were known to be 
active in the hamster trachea assay, but (37) was inactive as agonist and 
antagonist. From the NMR results and restrained molecular dynamics simula- 
tion~, the active peptides showed a y'-turn at Phe and PI' or PI1 turns with Gly 
and Leu at the corners. The competing stereochemical effects of a disulfide ring as 
in (38) against the Aib residue only in a linear analogue Boc-Cys(Bz1)-Val-Aib- 
Ala-Leu-Cys(Bz1)-NHMe have been analysed6'. A single Aib residue without the 
ring appears to stabilise a helix in polar solvent, while the disulfide bridge locks 
the peptide in a P-hairpin conformation. MeAib and NMeaAc5c highly hindered 
residues in the Xaa position of cyclo(-~aa-~he-~-~rp-~ys(~oc)-~hr(~ut)-~he-) 
seem to cause66 a special strain on the Xaa-Phe bond, sufficient for the homodetic 
peptide to cleave at this bond when treated with TFA to remove the protecting 
groups. Line broadening is a feature also seen in the NMR spectra and believed 
to be due to this diminished amide character of the Xaa-Phe link. If the 
cyclohexapeptide backbone is still too troublesome a skeleton, why not consider 
moving to the cyclopentanoperhydrophenanthrene (steroid) skeleton which has 
been modelled as a peptidomimetic67 cyclohexapeptide ring and used successfully 
for attachment of RGD side-chains! 

2.7 Cycloheptapeptides and Cyclooctapeptides 
The cycloheptapeptide seems to be a favourite backbone of the marine 

sponges. Table 2 summarises the diversity of structures isolated and charac- 
terised. Hymenamides A and B show6* the presence of a type IIp-turn in their 
conformation and are similar to evolidine. In the analogues hymenamides C-E 
one proline participates in a cis Xaa-Pro bond6' and in the two novel nairaia- 
mides A and the Ile-Pro amides are cis. It is also reported73 that the 
nairaiamides could well be the same as the axinastatins. 

X-ray structural studies74 on two crystalline forms of the antibiotic ternatin 
cyclo(-~OH-D-Leu-D-Ile-MeAla-MeLeu-Leu-Mea-D-MeAla) (39) have re- 
lieved the frustration of a decade of study of its conformational structure. The 
current work was assisted by a new direct method phasing algorithm, called 
minimum principle, as well as the availability of two crystalline forms, one with 
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Table 2 Cycloheptapeptides isolated and characterised 

Cycloheptapeptide Name Source Ref. 

hymenamide A 
' B 

C 
' D 

E 
phakellistatin 1 
phakellistatin 2 
axinastatin 4 
nairaiamide A 

nairaiamide B 

Hymeniacidon Sponge 
b L  

Phakellia costata 
Phakellia carteri 
Axinella cf.carteri 
Lissoclinum bistratum 

Lissoclinum bistratum 

minimum principle, as well as the availability of two crystalline forms, one with 
2 mols of peptide to one of dioxane, the other 2 mols of peptide to one of water. 
The conformation of (39) is characterised by (i) a cis peptide bond between 
MeAla3 and M e ~ e u ~ ,  (ii) a type I1 P-bend involving residues ~ e u ' - ~ e A l a ~ - ~ -  
M e A l a 7 - ~ 0 ~ - ~ - ~ e u 1  and (iii) a third intramolecular H-bond, between the 
hydroxyl group of DOH-D-Leu and the ~ - 1 l e ~  CO. In the on-resin synthesis75 of 
cyclic peptide amide (42), summarised in Scheme 5, the orthogonal protecting 
group used on the a-COOH group of the aspartyl residue was trimethyl- 
silylethyl(TMSE) (as in 40) which was deblocked by the fluoride anion of Bu4NF. 
A cycloheptapeptide bearing a disulfide bridge has been synthesised76. The 
peptide, Boc-Cys-Val-Pro-Pro-Phe-Phe-Cys-Ome was able to complex ca2+ ,  and 
the structure of the complex in acetonitrile showed two transannular H-bonds 
giving two ring structures of the Clo and CI4 type. In one peptide unit the Pro- 
Pro bond is cis while all the others are trans. 

Calcium complexes of cycle(-Ala-Leu-Pr~-Gly-)~ have also been deter- 
mined77 by X-ray crystallographic techniques. In both the crystalline forms 
analysed, the cyclic octapeptide has 2-fold symmetry in the form of a slightly 
elongated bowl, and may be described as incomplete encapsulation, very similar 
to antanamide complexes. Complexation takes place without large conforma- 
tional change in the peptide, with the interior substantially hydrophilic and the 
external surface of the bowl largely hydrophobic. NMR and molecular dynamics 
simulations have been applied78 to synthesised hymenistatin 1, cycle(-Pro-Pro- 
Tyr-Val-Pro-Leu-Ile-Ile-), originally isolated from the Hymeniacidon sponge. 
The dominant conformation contains a PVIa turn about 1 1 e ' - ~ ~ r ~  and includes a 
pro1-pro2 cis peptide, with a PI or PI1 turn around va14-11e7 depending on 
whether the solvent is CHC13 or DMSO respectively. The linear precursor was 
synthesised using the BocIMerrifield strategy on a resin and cyclised in the 
solution phase between pro2 and ~~r~ using the azide method, or between ~ e u ~  
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~ m o c - ~ l u ( ~ ~ u ~ ) - ~ e r ( ~ u ' ) - ~ h r ( ~ u ' ) - ~ r g ( ~ m c ) - ~ r o - ~ e t - p - ~ ~ -  Rink 
OR Resin 

(40) R = TMSE 2 (41) R = H 
ii, iii Glu-Ser-Thr-Arg-Pro-Met-Asp-NH2 

Reagents: i, Bu4N+F-; ii, piperidine; iii, BOP 

Scheme 5 
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and Ile7 using EDC/HOBt. Solution phase synthesis79 and cyclisation using a 
pentafluorophenyl ester was the strategy used for the synthesis of cycle(-Tyr-Ser- 
Gln-Val-Leu-Phe-Lys-Gly-) which corresponds to the binding domain of human 
tumour necrosis factor, TNF-a-(59-66). When tested for induction of interleukin- 
l(1L-l) production at low concentrations, the IL-1 levels induced were similar to 
that of recombinan t TNF-a thus suggesting that the fragment TNF-a-(59-66) 
may represent certain binding domains which elicit IL-1 production. Two kinds 
of C2-symmetry conformations have been elucidateda0 for cycle(-Phe-Pro-Gly- 
Pro)* in CDC13 solution. One form is an all trans conformation and the other 
with amide bonds in cis-trans-trans-trans combinations. However when either 
CS+ ions or D- or L-forms of H-Phe-OMe.HC1 were added the resulting 
complexes reverted to a single all trans conformation of the peptide backbone. A 
comparison has also been made with cycle[-(Phe-Pr~)~-(Gly-Pro)~], synthesised 
via a DCC/HONSu activation step in the formation of the ring. The 1 3 ~ - ~ ~ ~  

spectra of complexes of both cyclooctapeptides, with D-H-PheOMe.HC1 and 
L-H-PheOMe.HC1 displayed separate resonances for each carbon atom in the 
Phe esters. The ability of cycle(-Phe-Pro-Gl~-Pro-)~ to distinguish between the D 
and L-enantiomer is superior to cycle[-(Phe-Pr~)~-(Gly-Pro)~]. A benzodiazepine 
p-turn mimetic has been incorporatedg1 as a 4-residue mimic into the model 
compound (43). The macrocyclisation step was carried out using azide coupling 
and the NMR study showed the backbone conformation to be similar to the all 
peptide analogue. 

2.8 Cyclodecapeptides 
The benzodiazepine p-turn mimetic discussed in the last sub-section has 

also been introduceda2 into the gramicidin S sequence to give (44), and on taking 
into account that it is lysine based (rather than ornithine) its biological activity 
confirms that the p-turn mimetic is a satisfactory insert to make. The biosynthesis 
of gramicidin S (45) involves linking a Leu residue to the GS synthetase as the 
first step, followed by formation of a pentapeptide which then cyclodimerises. To 
mimic such a strategy using an unprotected ornithyl side-chain, pentapeptide 
active esters based on N-h ydroxysuccinimide have been synthesiseda3. Amongst 
the five pentapeptide hydroxysuccinimide esters carrying, Val, Om, Leu, D-Phe 
or Pro as C-terminal only the 'natural' sequence H-D-Phe-Pro-Val-Orn-Leu- 
ONSu gave semi GS(cyc1ic monomer) and GS(cyc1ic dimer) in yields of 15 and 
38% respectively. The result therefore confirms the existence of 'sequence' 
features that promote cyclisation. These features also seem to affecta4 the 
cyclisation yields when a series of omithinyl protected pentapeptides (4650) 
were cyclised to GS derivatives as recorded in Table 3, using water soluble 
carbodiimide and HOBt coupling agents. The CD spectrum of (46) was signifi- 
cantly different from pentapeptides (47)-(SO), so it may have secondary structure 
less disposed for monomer formation. In order to clarify an earlier report in the 
1960's that higher acylated analogues of the ornithinyl groups in GS were 
biologically active, while the lower analogues n 7 were inactive, a new series of 
acylated derivatives [Orn(COCnH2n+1)2*z]~~ have been synthesisedg5 with 
n = 0-1 1 , l  3,15 and 17. However when assayed for antimicrobial activity these 
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Table 3 Cyclodimerisation of pentapeptides to gramiciidin S (GS) derivatives 

new acylated analogues were all inactive. It is suggested that the 1960 samples 
were contaminated with unmodified GS. 

~ s s e m b l ~ ~ ~  of the linear precursor on a resin containing an acid labile 
linker [4-(4-hydroxymethyl-3-methoxyphenoxy)butanoyl-] using Fmoc chemistry, 
released (1 % TFA) sufficient protected linear precursor to yield in turn the cyclic 
peptides:- 

Cyclisation was carried out using the BOP reagent. The same acid labile 
linker approach was utiliseda7 for the synthesis of decapeptide precursors for a 
cyclisation to give the following cyclodecapeptides based on the sequences 
surrounding ~~r~~~ the autophosphorylation site of pp60c-Src, the retroviral 
protein tyrosine kinase. The cyclodecapeptides synthesised for testing as inhibi- 
tors represented the D-Phe-Pro in different environments:-cycle(-D-Phe-Pro-Asn- 
Glu-Tyr-Ala- Ala-Arg-Gln-Gly-) 

These showed marked differences in Ki, K, and V,,,, values so the 
position of the D-Phe-Pro can markedly affect recognition and rate of phosphor- 
ylation. Two cyclic decapeptides (51) and (52), with sequences related to the virus 
glycoprotein V3 domain sequences of the MN and IIIB variants of HIV-l have 
been synthesiseda8, using Fmoc chemistry followed by cyclisation with DPPA. 
2D NMR and distance geometry modelling techniques indicated that the highly 
conserved Gly-Pro-Gly-Arg- of the loop tip was in a conventional p-turn less 
than 50% of the time. Immune responses elicited in rabbits immunised with (51) 
and (52) showed antipeptide responses could be achieved, but the lack of a strong 
preference for a p-turn in the peptides may explain poor reproducibility of the 
neutralising antibody response. Astute orthogonal protection of side-chain 
cysteine thiols have led to the synthesisg9 of parallel (53) and antiparallel (54) 
dimers. The ensemble of conformations were different in each case, (53) giving a 
mainly folded conformation while (54) gave an extended structure. 
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(51) X' = His, X2 = Ile, MN Serotype L697, 250 
(52) X1 = Gln, x2 = Arg, 111 B Serotype L700, 064 
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2.9 Higher Cyclic Peptides 
This section is again this year dominated with work on the immuno- 

suppressant cyclosporin A (55). The serendipitous modificationg0 of one sarco- 
sine residue (sar3) in cyclosporin A by firstly converting the molecule to its 
hexalithio derivative using LDA, and then reacting the Li-enolate unit with 
electrophiles, gives rise to R,/Si selectivity of 7:l in some cases at position 3. 
Useful labelled derivatives can be obtained as well as [ ~ e ~ l a ~ ] - c ~ c l o s ~ o r i n  A, 
which was also synthesised conventionally for comparison. [ D - C ~ S ~ ] - C ~ C ~ O -  
sporin A has been madeg' by first acetylating [ ~ - ~ e r ~ ] - c ~ c l o s ~ o r i n  A to a 
diacetate, followed by treatment with Lawesson's reagent which converted amide 
bonds in the 4 and 7 positions to thioamides. After chromatographic separation, 
hydrolysis of the diacetates, treatment with tosyl chloride followed by acid, 
[ ~ - ~ ~ s ~ ] - c ~ c l o s ~ o r i n  was obtained via intramolecular sulfur transfer. When 
cyclosporin A is bound to its receptor cyclophilin the backbone of the cyclo- 
sporin is turned inside out and all elements of secondary structure in the unbound 
state are absent. To avoid structural alterations which might interfere with 
binding, a p-turn constraint (56) has been insertedg2 to replace ~ l a ~ - D - ~ l a '  
which is not involved in binding with cyclophilin. The affinity of the more 
constrained analogue for cyclophilin was shown to be 3 X that of cyclosporin 
itself. usingg3 molecular modelling packages INSIGHT I1 on a Silicon Graphics 
workstation and SYBYL on an Evans and Sutherland machine, it is claimed, 
with a certain degree of caution, that the conformation of some cyclosporin A 
fragments in the cyclophilin-bound form, pre-exist in the free crystalline form 
and in aqueous solution. Solvent influences on the conformation have also been 
studied by F T - I R ~ ~ ,  and from partition coefficient determinations and molecular 
dynamics simulationsg5. In apolar solvents cyclosporin is internally H-bonded, 
while the H-bonding groups are exposed in polar solvents. 

Two additional orthogonal strategies utilising the ally1 ester and 1-(4,4- 
dimethyl-2,6-dicyclohex-l-y1idine)ethyl (Dde) for the Lys residue were requiredg6 
for an on-resin cyclisation synthesis of (57). Linear development of the peptide 
chain was effected using Fmoc/But chemistry. This approach can conveniently 
incorporate a cyclic region into a peptide at any point. On-resin synthesis of 
disulfide bridges has also been showng7 with the synthesis of a bicyclic trideca- 
peptide a-conotoxin S1 (58) on tris(a1koxy)benzylamide PAL resin using the 
Fmoc for N-protection. Side chain protection of Cys was carried out via suitable 
combinations of S-2,4,6-trimethoxybenzyl(Tmob) and Acm. The strategy worked 
best if the smaller disulfide loop was closed before the larger loop. Using three 
orthogonal thio-protecting groups, Trt, Acm and BU', the three disulfide bonds of 
human insulin have been efficiently constructedg8 by stepwise disulfide formation. 
In an attempt to produce antagonists to the anaphylatoxic peptide C3a, a potent 
inflammatory mediator, 26 cyclic disulfide bridged C3a analogues have been 
synthesised in a multiple peptide synthetic approachg9 using Acm and Trt for Cys 
side-chain protection, and I2 for ring closure. Some of the cyclic peptides showed 
C3a antagonist properties. Cyclisation via the -S-S-bond has been possible'* 
from Cys(Acm) using MeSiC13/Ph2S0 over a period of only 10 mins, and this 
approach has found application in constraining the RGDSPASS sequence, to 
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give constrained molecules still recognised by the fibrinogen receptor. Cyclic 
peptides (59)-(61) are examples of peptides showing inhibition of platelet aggre- 
gation using this RGD domain. 

2.10 Peptides Containing Thiazole Type Rings 
The conformation of patellamide A (62) from the ascidian Lissoclinum 

patella has undergonelO' X-ray crystallographic analysis. The shape of the 
molecule has been found to be a rectangular saddle-shaped form wrapped around 
water and methanol solvents, and similar to the related ascidiacyclamide. The 
biosynthesis of the thiopeptide antibiotic thiostrepton has been investigatedlo2 in 
cultures of Streptomyces azures and S.laurentii, and the origins of all components 
have been established. Serine was incorporated intact into the thiazoline and 
thiazole rings as well as into the dehydroalanine, alanine and tetrahydropyridine 
moieties. The quinaldic acid residue seems to arise from (S)-tryptophan and a 
methyl group donated from methionine, a process which occurs prior to 
incorporation into the peptide chain. A similar studyio3 of the modified peptide 
antibiotic nosiheptide in Streptomyces actuosus, confirmed that the dehydro- 
alanine and butyrine moieties were formed by anti-elimination of water from Ser 
and Thr, while cysteine proved to be the source of the thiazole rings with loss of 
the pro-3R hydrogens in the oxidation step. Again the indolic acid was derived 
from tryptophan. 

2.11 Cyclodepsipeptides 
This year again, this sub-section takes the Chapter prize for the greatest 

number of novel structures elucidated from nature's rich sources. Again the most 
modern technology in high field NMR and mass spectrometry have contributed 
greatly to the detective work. 

Streptomyces violaceoniger has been found to be a source of a novel 
tachykinin antagonist WS9326A (63)'". The spectroscopic evidence which 
helped to clinch the structure was carried out on the triacetyl derivative. 
WS9326A inhibits the binding of [3~]-substance P to a guinea pig lung membrane 
preparation with an ICSo value of 3.6 X ~ o - ~ M .  The blue-green algae Microcystis 
aeruginosa, the most deleterious of freshwater bloom, yet again proved a rich 
source of depsipeptides. Microcystilide A (64), has been shownlo5 to be similar to 
dolastatin 13 a peptide found in Dolabella auricularia. Micropeptins A and B 
from the same algae have also been shownio6 to be related to dolastatin 13 and 
given the structures (65) and (66). Both cyclodepsipeptides are potent inhibitors 
of plasmin and trypsin, at the ICso values of 0.026/0.071 pg/mL level, but did not 
inhibit thrombin, chyrnotrypsin and elastase. Further toxic fractions from these 
toxic cyanobacteria have yielded107 another four depsipeptide moieties aerugino- 
peptins 95A (67), 95B (68), 228A (69) and 228B (70). Again the resemblance to 
dolastatin 13 can readily be seen in the structures. 

The siderophore alterobactin A from an open ocean bacterium Altero- 
monas luteoviolacea has been foundlog to have structure (71) and is capable of 
forming a 1: 1 complex with ~ e ~ +  ions. The sacoglassan mollusk Elysia rufescens 
and its food source a green alga, Bryopsis has been reportedlW to be a source of 
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kahalalide F whose structure has been elucidated by high field NMR technology 
as (72). Majusculamide C (73) a metabolite of the blue-green alga Lyngbya 
majuscula has been isolated1 l0 from the sponge Ptilocaulis trachys. Structure (73) 
contains a novel p-amino acid, 2-methyl-3-aminopentanoic acid (MAP) which 
was characterised as being in the 2S, 3R form in the cyclic depsipeptide. 

The beauveriolides I (74) and I1 (79, metabolites of the entomopathogenic 
fungi Beauveria Sp. have been known since 1978 but the detailed structures have 
only now been refined1 " using more modern techniques. The host selective toxin 
phomalide has been shown112 to have structure (76) when isolated from the 
phytopathogenic fungus Phoma lingam. 

Some of the complicated depsipeptide structures continually offer great 
synthetic challenges, especially as the formation of a depside bond demands 
higher activation than its amide counterpart, and the field of H 0  group protec- 
tion has not been so enriched in options as its NH2 counterpart in peptide 
synthesis. Such a synthetic challenge has been described113 for the synthesis of the 
potent antitumour antibiotic (-)-sandramyein (77), whose structure has a two- 
fold axis of symmetry. The synthetic strategy involved a late stage introduction of 
the quinolyl moiety, so that simple analogues could be made accessible. The final 
macrocyclisation step was achieved in 90% yield via the secondary amide site 
using DPPA/10 eq NaHC03 over 48 hrs. The depside links were made using 
DCCIDMAP, and the comment is made that increasing amounts of DMAP was 
found to suppress epimerisation. The latter needs explanation. Dolastatin D (78) 
from the sea hare Dolobella auricularia has been identified114 as a cyclic depsipep- 
tide while dolastatin C is an acyclic depsipeptide. The synthesis of both report the 
development of novel usage of t-butyldimethylsilyl derivatives for the hydroxy 
components. These silyl derivatives could be readily deprotected by fluoride ion. 
Scheme 6 summarises the stepwise construction of dolastatin D. The final cyclisa- 
tion results confirmed BOP/NaHC03 as the most efficient reagent. The depside 
link in aureobasidin A (79) was made1 l5 using DCC/4-pyrrolidino pyridine, while 
the macrocyclisation step was best achieved by coupling between Pro and aIle 
using bromotrispyrrolidinophosphonium hexafluorophosphate (PyBroP) under 
high dilution. Key stages in the synthesis116 of [D-~ac~ldestruxin E (80) involved 
coupling of Boc-Ile-MeVal-MeAla-p-AlaOMe with (R)-MeCH(0H)CO-Pro- 
OBU' to make the depside link, followed by cyclisation with either DEPC 
(21% yield) or DPPA/HOBt/DMAP (30% yield). A stereoselective synthesis"' 
of the polyketide-derived unit (C&) has provided the key link in the syn- 
thesis"* of jaspamide (81) and geodiamolide-D (82) by linking the unit to H-Ala- 
Me(BrTrp)-NH-CH[PhOTBS]CH2C02Et and H-Gly-Me[3-I-Tyr(TBS)]- 
AlaOMe, respectively. Final formation of the depside link required drastic 
conditions (DCCIDMAP under reflux in chloroform) giving a cyclisation yield of 
7% for geodiamolide and 22% for jaspamide. Virginiamycin S1 (VS1) analogues 
such as (83) and [ A ~ ~ ~ , G ~ ~ T - v s ~  have been prepared11g by partial synthesis from 
the 1-4 sequence prepared from degradation of the native antibiotic. The MePhe 
epimerised during the synthesis so diastereoisomers had to be separated on 
preparative TLC. 

It is claimedl2' that the cyclisation of PhCH2CO-D-Ser-Pro-Pro-ONp and 
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(67) X = Thr, Y = Tyr, (68) X = Thr, Y = tetrahydrotyrosine 
(69) X = -, Y = Tyr, (70) X = -, Y = tetrahydrotyrosine 

MeTyr(Me j N H  Ala-Map 

0 

M ~ V ~ ~ - - G ~ ~ - O C - C H - N - G ~ ~ - O C ~ M ~  I 

Me Me 

CH2Ph CH2CHMe2 
I l 

Leu 
(74) R = Me 
(75) R = Pr (76) 



4: Cyclic, Modijied and Conjugated Peptides 

lPh - ii, iii ~ c o N ~ c o o ~ p h  

H 0  COOBn BocNH COO COOBn TBDMSO COOBn 

N-V/ 

~ 0 N ~ o o ' ~ O O B n  0 
ii, vii 

1, 
BocNH - ly""" ~ 0 N ~ O O ' ~ O O B n  

Reagents: i, Boc-Val, DCC, DMAP; 
ii, TFA; iii, TBDMS-(S)-PhLac, DEPC(diethylphosphorocyanidate); iv, NaH/Mel; 
v, HF/H20; vi, Boc-(2R, 3R )-3-amino-2-methylbutanoic acid; 

vii, Z-lle, DEPC; viii, H,/Pd/C; 
ix, BOP-CI/Et3N 13% yield, HOSuIDCC 41 % yield, 

DPPA/R3N 47% yield, BOP/NaHC03 66% yield 

Scheme 6 
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or,- Me (81) X' = Ala, X' = Me(BrTrp), x3 = 

Me Me 

OTBS 
(82) X' = Gly, X2 = Me[3-I-Tyr(TBS)], x3 = Ala 

Xxx = Ala, Asp, Asn and Lys 

(85) R' = CHMe2, Me; = CH2Ph, Me 
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PhCH2CO-D-Ser-Pro-D-Pro-ONp using DBU to form compounds (84) repre- 
sents the smallest cyclodepsipeptide models synthesised using such a strategy. X- 
ray analyses of (84) showed that both rings adopted a cis-cis-trans conformation 
with the lactone junction trurzs. Another 'small' cyclodepsipeptide ring12', was 
formed by incorporation of a retroisomeric sequence into the ergot peptide 
sequence. The 'normal' ergot peptide sequence cyclises via the aza-cyclol 
intermediate but in the retroisomeric form this is not stable and collapses to (85), 
which has a cis-cis-trans conformation. The asymmetric synthesis of the non- 
peptidic C(28)-C(47) subunit of the azinothricin antibiotic A83586C has been 
reported'22. 

An unusual formation of thermostable gels occurs'23 when cyclodepsi- 
peptides c y c l o ( ~ - ~ ' - ~ ~ ~ 2 ~ ~ 2 ~ ~ ) ,  with X = X' = Leu, n = 1 and X = X' = Val, 
n = 2 are added to the solvents CH2C12, MeCN Et20, EtOAc or acetone. As little 
as 10 mg can gelate up to 1 g of solvent. The effect is dependent on having the 
side chains of Leu and Val present. Low energy tandem mass spectrometry of 
valinomycin has been studied124. Different ionisation conditions do not seem to 
affect the M + H ions, but the M + Na ions are affected by the ionisation methods 
chosen. FAB-Mass ~ ~ e c t r o m e t r ~ ' ~ ~  has identified novel cyclic depsipeptides 
involving Ser and Thr residues during the production of elcatonin. 

2.12 Cyclic Peptides Containing '0 ther' Non-protein Ring Components 
The highly enantioselective, C3-symmetry host molecule (86) has been 

synthesised'26 in a more direct manner than previously published. Key to the 
strategy was the formation of (88a), and the final macrolactamisation step was 
achieved via pentafluorophenyl ester activation in the presence of i-Pr2NEt. 
Binding e~~er iments '~ '  have shown that analogue (87) is capable of binding 
tightly and selectively a variety of donor/acceptor substrates. Both Boc-amino 
acids or M ~ O ~ C - V ~ ~ - O B U '  bind enantioselectively with a preference for the 
L-form. Binding with carbohydrates is not such a clear-cut system. Increasing the 
flexibility of the synthetic receptor as in model (88)128 resulted in a decrease in 
binding of the otherwise selectively-bound 'guests'. 

Templates such as (89) with incorporated turn-inducing mimics have been 
synthesised'29 in the solution phase using DCC/HOBt coupling methods. The 
final cyclisation between Gly and Lys was achieved using bis(pheny1oxy)- 
phosphoryl azide (Ph0)2PON3. Macrocyclic analogues such as (90) of the potent 
and selective CCK-B antagonist CI-988 have been prepared and evaluated130. It 
is worth noting the results in Table 4 of the macrocyclisation at point (a) in (90), 
using DPPA/NaHC03 at high dilution. 

The lantibiotics, characterised by the presence of monosulfide anaIogues of 
cystine in their structure, have been studied in terms of their structure, synthesis 
and biosynthesis. NMR, followed by distance geometry and restrained molecuIar 
mechanics calculations on duramycins B (91) and C (92) unambiguously assigned 
the three thioether bridges and a lysinoalanine ring. The overall conformation is 
seen as U-shaped, and this clamplike conformation is stabilised by the thioether 
bridges and P-strands at the termini. Duramycins (B) and (C) differ mainly in the 
relative mobilities of the A, C and D rings. A direct  clis is at ion'^^ on a Kaiser 
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Table 4 Macrocyclisation at point (a) to form the peptide (90) 
-P - P P - - PP - p p 

Structure Monomer (90) yields % Dimer % 

oxime resin has yielded an orthogonally protected lanthionine amino acid unit as 
depicted in Scheme 7. The biosynthesis of the lantibiotics have been 'modelled"33 
via the synthesis of H-Ala-DAla-pro-Gly-Cys(SBut)-Ala-OBzl which sponta- 
neously cyclised in a biomimetic fashion to (2S,6R)-lanthionine (93). 

A total synthesis134 of cyclotheonamide A, a potent inhibitor of thrombin 
and plasmin, has been designed to allow efficient synthesis of analogues. The ring 
closure at point (a) from a protected linear precursor as a pentafluorophenyl ester 
was carried out in 52% yield. The formation of the a-ketoamide was from a 
precursor a-hydroxy amide via a Dess-Martin oxidation. A total synthesis of (94) 
is also de~cribed'~' in a paper whose main emphasis is on understanding the 
molecular basis of inhibition of human a-thrombin by (94). In the synthetic part 
cyclisation was achieved at position (c) using BOP-Cl/DMAP for coupling of the 
linear precursor, which had been synthesised by a convergent [2+ 31 fragment- 
condensation. In the main work in the paper X-ray studies revealed details of the 
'molecular recognition' of cyclotheonamide within the active site of U-thrombin. 
Formation of a H-bonded 2-strand anti-parallel P-sheet with ~ e ? ' ~ - ~ l ~ ' ' ~  and 
the a-keto amide of cyclotheonamide serving as a transition state analogue are 
primarily responsible for the binding. 

Four water soluble cyclic peptides, the lyciumins A-D(95)-(98), have been 
discoveredi36 in the root bark of Lycium chinense Mill, used as an oriental crude 
drug, as an antifebrile, tonic and an antihypertensive. The structures contain the 
novel C-N linkage between the N of Trp and the C, of Gly. A 2,7-disubstituted 
naphthalene spacer unit has been inserted13' to constrain residues present in the 
exposed R loop of interleukin la, and provide the mimetic (99) whose conforma- 
tion has been shown to mimic sequence 41-48 in interleukin-la. Activation of the 
C-terminal Ala residue in the linear precursor with DPPA gave (99) in 42% yield. 
Tentative structures (100) and (101) have been ascribed'38 to alkaloids from the 
flowers of Sphaeranthus indicus, and it has been reported139 that there is 
significant assemblage of water in crystals of cycle(-D-Val-MeArg-GlyAsp-m- 
NHCH2C6H4CO-). 

3 Modified and Conjugated Peptides 

As in last year's Report, this section, which is expanding annually, 
concentrates on peptides which usually have non-peptidic conjugates attached to 
their side chains. 
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(91) x2 = Arg, x3 = Gln, x6 = Ala linked to Lyslg as lysinoalanine 
x7 = Phe, X'' = Leu, = Phe, x13 = Val. 

(92) x2 = Ala, x3 = Asn, x6 = Ala, x7 = Tyr, X'' = Leu, = Trp 

Reagent: i, 10 mol. eq. AcOH 

Scheme 7 
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(95) Lycium A, X' = Tyr, x2 = Ser 
(96) Lyciurn B, X' = Trp, x2 = Ser 
(97) Lycium C, X' = Tyr, x2 = Ser 
(98) Lycium D, X' = Tyr, x2 = Ile 
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3.1 Phosphopeptides 
The two general methods for introducing the phosphate group into the 

side-chains of Tyr, Ser and Thr, (i) the building block approach and (ii) post- 
assembly approach, seem to still have their supporters. For the Frnocl~u' solid 
phase strategies140 the use of -Tyr-pO(OCH2CH2SiMe3)2], formed from i-Pr2N- 
P(O-CH2CH2SiMe3)2 is useful, as it can form -Tyr(P03H2)-during the last stage 
treatment of the protected peptides with TFA. Reactions summarised in 
Scheme 8 have provided141 good yields of phosphoserine and phosphothreonine 
synthons which are compatible with a number of peptide synthetic strategies. 
Introduction of (CH2 = CH-CH20)2P(0)-CH2CH2Br into the Schollkopf bi- 
slactim ether method for synthesising chiral amino acid derivatives has given 
gram quantities of Fmoc-Abu-[PO(OCH2CH = CH2)2]-OH for use in solid phase 
synthesis142. The ester released in the synthesis was hydrolysed by chymotrypsin 
to give D and L forms of the derivative. In a re-e~amination'~~ of the use of Boc- 
Tyr(P03Bzl)2-OH in solid phase synthesis, it was discovered that one of the 
benzyl groups was completely removed even after two consecutive cycles of Boc- 
deprotection by 50%/TFA/CH2C12. However the other benzyl group seems to 
remain intact throughout a synthesis of 35 cycles. So the loss of one benzyl does 
not preclude the synthesis of pure phosphopeptides. Another efficient use of the 
same phosphate protecting group as Bo~-Thr[P0(0Bzl)~]-OH, was reported144 in 
its use in the making of H-Cys-Ile-Val-Arg-Lys-Arg-Thr(P)-Leu-Arg-Arg-Leu- 
Leu-OH, Cys[EGFRPP(649-659)l. A slightly different phosphate protection using 
Boc-Thr(P03Ph2)-OH, has been developed145 for the synthesis of phospho- 
peptides involved in ca2+ binding. The phosphate protection is removed by Pt- 
mediated hydrogenolysis and in the series of three peptides synthesised - 
H-Thr(P)-Glu-Glu-NHMe.TFA, H-Thr(P)-Thr(P)-Glu-Glu-NHMe.TFA and 
H-Thr(P)-Thr(P)-Thr(P)-Glu-Glu-NHMe.TFA - only the latter with three phos- 
phate residues was able to bind to calcium phosphate. Fmo~-Tyr[P0(0Me)~]-OH 
has been utilised146 in a continuous flow solid phase synthesis of the O-phospho- 
tyrosine analogue of human angiotensin 11. The methylphosphate groups were 
removed at the same time as cleavage of the peptide from the solid support using 
1M trimethylsilyl bromidelthioanisole in TFA. The product itself had the same 
potency as native angiotensin 11. The Fmoc technique was also used147 to study 
whether phosphorylation had any effect on cell binding of an RGD-containing 
hexapeptide H-Pro-Arg-Gly-Asp-Thr(0-phosphory1)-Tyr- Phosphorylated 
peptide inhibited binding of R1 cells to bone sialoprotein 10 times less efficiently 
than its non-phosphorylated peptide. 

Single serine and threonine residues required for phosphorylations were 
left unprotected in the small scale manual multiple peptide synthesis14* of 5 
monophosphorylated isomers of H-Ala-Ser-Thr-Thr-Val-Ser-Lys-Thr-Glu-OH 
from the C-terminal region of rhodopsin. Post assembly introduction of the 
phosphate group was made by phosphitylation/oxidation according to published 
procedures. Phosphitylation of free serine and threonine on peptides assembled 
on solid phase has been carried out149 with (4-C1C6H4CH20)2PN(CHMe2)2 as 
demonstrated for H-Leu-Ser-Asp-Gln-G1u-Lys-Arg-Lys-Gln-Ile-Ser(R)-Val-Arg- 
Gly-Leu-OH. Ser(R) in this case comprises the regulatory site (ser14) of phos- 
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phorylase b. The phosphitylated peptide could then be converted to the 
phosphorothioyl Ser [R= P(S)(OH)2] by treatment with phenylacetyl sulfide, or 
to the phosphopeptide with Ser (R = P03H2) using peracid. ~ ~ n t h e s i s ' ~ ~  of 
phosphorylated tripeptides representing poisoned acetylcholinesterase have been 
carried out by post assembly phosphitylation with Pr2NP(OMe)2 followed by 
oxidation with m-chloroperbenzoic acid to give tripeptides such as 2-Glu(0Me)- 
Ser[P(0)(OMe)2]-AlaOEt. Conversion to the Ser[P(S)(OMe)] analogue was 
achieved by P4S10. 

Although there is evidence for the presence of a phosphodiester linkage 
between Ser and Thr in Azobacter vinelandii flavodoxin, it has not been widely 
studied. The challenge to synthesise'51 such a bridge has been successful with the 
formation of bridged phosphopeptide (102). The linear precursor was synthesised 
via the mixed anhydride procedure and then phosphitylised by 4-Cl-C6H4- 
CH20PC12, oxidised by m-chloroperoxybenzoic acid to (103) before hydro- 
genolysis to (102). Synthetic phosphopeptide models have been used152 to study 
cooperativity during multiple phosphorylations catalysed by rhodopsin kinase. 
Dodecapeptides containing notionally  er^^^ from rhodopsin's C-terminus se- 
quence were phosphitylated with di-t-butyl-N,N-diethylphosphoramidite and 
oxidised by m-chloroperoxybenzoic acid. The phosphopeptides had a greater 
affinity for the kinase compared with their non-phosphorylated analogues. Useful 
synthons as stable analogues of 0-phosphotyrosine have been prepared153 with 
Fmoc protection (104) and inserted into hexapeptides such as H-Gly- 
Pmp(XP03H2)-Val-Pro-Met-Leu-OH, important in mitogenic cellular signal 
transduction. Low m.w. linear and cyclic phosphopeptides have been studiedls4 
by FAB and tandem MS to verify position of phosphate group. Low abundance 
fragment ions can yield unequivocal information about the positions of the 
phosphate moieties. 

3.2 Glycopeptide Antibiotics 
A glance at the structure (105) re-iterates once again the synthetic 

challenges associated with a total synthesis of vancomycin. Once again, reports 
have appeared on the construction of vital parts, but the total synthesis still 
appears elusive. Derivatives (106) have been made1'* via DCC-mediated con- 
densation reactions to test the relative potencies of antibiotics that act stoichio- 
metrically vs catalytically against a common target. The derivatives bind to 
Na,N"-diacetyl-Lys-D-Ala-D-Ala which demonstrated substrate turnover and 
specificity. The 12-membered cyclic fragment (107) has been synthesised156 from 
its linear tripeptide precursor by an efficient oxidative biaryl coupling at position 
(a) with VOF3 in 64% yield, but the unnatural biphenyl rotamer was obtained, so 
it had to be atropisomerised to the natural unit by overcoming a 21 kcal mol*' 
rotational barrier. The C,-stereochemistry of the arylglycine residue in (107) is 
pivotal1s7 to determining the atropdiastereoselection as it seems to interact with 
the neighbouring ortho-substituent in the aromatic ring. 

Displacement of bromine on a benzoquinone by phenoxide (see later for 
K- 13) has also been extended15' to 2,6-dibromobenzoquinone for the synthesis of 
the C, D and E ring segments (108) of vancomycin. Mild and suitable for chiral 
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Reagents: i, Cl ~ ( 0 ) ( 0 R ~ ) ~ / ~ ~ r i d i n e ;  ii, MgE3r2/Et20 where R3 = Ph or CH2CCI3 

Scheme 8 

(1 04) X = CHF or CH(0H) 
p -(phosphonomethyl) Phe (Pmp) 
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C O ~ M ~  

Reagent: i, K2CO$DMF 

Scheme 9 

Reagents: i, KFIDMF at 90°C; ii, sodium dithionite 
R = (S)-CHp(NHBoc)C02Bn 

Scheme 10 
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amino acid groups is the verdictlS9 on a facile SNAr approach to rings C, D and 
E suitable for ristocetin, vancomycin and other antibiotics. The essentials are 
summarised in Scheme 9. Using model compounds to represent the parent 
skeletons of the C,D and D,E diphenyl ether rings, linear precursors have been 
~ ~ c l i s e d ~ ~  using the Ullmann reaction of MeCu at 130°C. Closure of ring D,E 
was faster than C,D and gave a higher yield. 'H NMR spectroscopy has 
provided'6' evidence of dimers existing in aq. solutions of eremomycin, A82846B, 
vancomycin and eremomycin-\lr. The sugar functionalities are believed to 
contribute to the dimerisation in addition to their increasing aqueous solubility, 
and the C1 in ring 2 may act as a stabilising influence. 

A new route to the isodityrosine fragment has provided162 a key inter- 
mediate in the making of K-13. Scheme 10 summarises the key features, which 
relies on displacement of a bromoquinone by a phenolate. 

3.3 Glycopeptides 
In last year's Report under this category, it was expedient to categorise the 

published work into sub-sections, under the sub-headings, 0-glycopeptides, N- 
glycopeptides and C-glycopeptides. The first two remain by far the most 
productive sections, but the last category this year has to encompass a greater 
variety of conjugates, so 'miscellaneous' is a more accurate sub-title to use. 
Glycopeptide synthesis remains a major interest and challenge and has generated 
two on the subject. Enzymic syntheses165 of both N- and 0-linked 
glycopeptides have been explored, and it has been shown that subtilisin enzymes 
can accommodate as substrates both N-and 0-glycopegtide fragments for 
coupling to other peptide fragments, i.e. peptide bond formation is catalysed by 
the enzyme. It has also been shown'66 that P-D-galactosidase can take on board a 
protected serine dipeptide ester attached to galactose and catalyse the addition of 
a second galactosyl unit, i.e. carbohydrate links can be enzymatically formed. 

3.3.1 0-Glycopeptides. - The combination of Fmoc N-protection, and penta- 
fluorophenylester(Pfp) activation of 0-glycosylated amino acid residues have 
worked satisfactorily in the building block approach to glycopeptide synthesis 
on the solid phase. Hence the need for a number of these derivatives as the 
building units, as exemplified by tyrosine  derivative^'^^ such as (log), formed by 
silver triflate-promoted reactions with glycosyl bromides. Variations in the 
structures included Fmoc-Tyr(Ac4P-DG1c)-OPfp, Fmoc-Tyr-(Ac4aD-Glc(1 44)- 
Ac3$-D-G1c)-OPfp, and Fmoc-Tyr(Bz4-a-D-Glc(+)-Bz3a-D-G1c)-OPfp. The in- 
corporation of the unit (110) has in a similar way led'" to 0-mannosylated 
threonine tripeptides. During the synthesis'69 of 0-mannosylated hexapeptides, 
the use of building blocks such as (110) was compared with assembling the 
hexapeptides first without protection of side chain OH groups followed by 
glycosylation of the completed peptide using mannosyl bromide and silver 
triflate. The building block method gave a 12.5% overall yield while the latter 
post-assembly approach gave 5% overall yield. Cyclised hexapeptides from 
blood clotting factor IX have been synthesised'70 by incorporating building 
blocks Fmoc-Ser($-D-G1c)-OPfp or Fmoc-Ser(a-D-Xyl(1-3)-a-D-Xyl(1-3)-P-D- 
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G1c)-OPfp into -Cys(Acm)-Glu-Ser(0R)-Asn-Pro-Cys(Acm)- and further con- 
version to a cyclic disulfide analogue using TFA/T1(OCOCF3)3. Fear of P- 
elimination of the side-chain O-glycoside during treatment of Fmoc derivatives 
with piperidine has led to a move towards the weaker base morpholine. 
However, as part of the synthesis171 of a fragment (1 11) of the HIV envelope 
glycoprotein gp120, it was found that cleavage of the Fmoc group in the later 
residues added was very slow with morpholine and produced several by- 
products. When repeated using 20% piperidine all was well'. By using the Kaiser 
nitrobenzophenone-oxime resin the final C-terminal residue in a peptide can be 
inserted172 as a glycosylated serine as shown in Scheme 11. 

Quite complex glycopeptides from the carbohydrate-protein linkage of 
most mammalian proteoglycans have been synthesised173 by condensing a tetra- 
saccharide trichloroacetirnidate with a protected L-serylglycine, followed by 
peptide chain elongation. The 0-glycopeptide link in (1 12), where X' can be Ser 
or Thr and X = Ala or Val, was formed'74 via reaction with thioether (1 13). The 
resulting 0-GlcNAc, after exchanging of CC13CH2-OCO-with the acetyl group, 
could be elongated further by enzymic galactosylation using P-1,4-galactosylation 
transferase. [~-~la~,~et~]-~nke~halin has been linked175 through its C-terminal 
carboxyl group to the 6-OH group of D-glycopyranose moieties, by first coupling 
Boc-Phe-Met-OH to the sugar by active ester or DCC coupling, and then 
building up the peptide chain. Most derivates were full agonists in GP1 (p- 
receptor) and MVD (greceptors) tests. ~~-(~-acet~l-6-0-stearo~l-u- 
D-muramoy1)-L-Ala-isoGln (1 14) (R = H) when synthesised176 by a published 
procedure, and compared to commercial material was found to be the benzyl 
ether (R=CH2Ph). Hydrogenation with H2/Pd/C for 52 hrs yielded (114) 
R = H. Acid- and base-labile 0-glycopeptides carrying the key structural 
element of the tumour associated TN-antigen (GalNAc a+Ser/Thr) have been 
formed177 through deprotection of their heptyl esters with lipase M. Similarly 
hydrophilic 2-(N-morpho1ino)ethyl esters of peptides and glycopeptides are 
hydrolysed178 by lipases in waterlacetone at pH 7. Cleavage of the U-bond 
between mannose (or galactose) and serine (or threonine) in the presence of 
U-mannosidase and U-galactosidase has been studied17' using model glyco- 
peptides. 

It is reportedlgO that glycosylation of the hexapeptide Ac-Phe-Phe-D- Trp- 
Lys-Thr(R)-Phe-NH2 (R = H) to its derivative (R = uGalNHAc) dramatically 
alters the ensemble average conformations, according to ROESY NMR experi- 
ments on both molecules, and by comparison with a cyclic analogue, which has a 
similar conformation to the glycosylated form. a- or p-0-D-Glucosylated forms 
of the hydroxy proline analogue [ ~ - ~ ~ ~ T - t u f t s i n  have been formed1 by reacting 
the Boc(Glcu+ P)Hyp-OH with H-Arg(N02)-OBzl via the mixed anhydride 
procedure, the N-terminal derivative having been formed via the trichloroacetimi- 
date procedure. The dipeptide derivative was further acylated with Z-Thr-Lys(Z)- 
OH. After deprotection, the capacity of the analogues to evoke release of 
interleukin I from mouse peritonea1 macrophages, and to stimulate cytokinine 
release was measured. [ ( ~ l c p ) ~ ~ ~ ~ ] - t u f t s i n  was amongst the most potent at 
5 X ~ o - ~ M ,  but all analogues showed tuftsin-like activity. 
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3.3.2 N-Glycopeptides. - Again the Fmoc/OPfp option has become popular in 
this field, as exemplified182 by the formation of glycosylated Fmoc-asparagine- 
pentafluorophenyl esters, by conversion initially to the side-chain acid chloride 
N-Fmoc-Asp(C1)-OPfp, which then acylated per-0-acetylated glycosylamines. 
The application of the building block containing a maltose moiety has been 
demonstrated for the synthesis of the glycosylated ~ - ~ l a ' - ~ e ~ t i d e  T amide 
analogue (1 15). Silyl protection of the carbohydrate moiety, e.g. as per-0- 
(trimethylylsily1ated)- l -amino- l -deoxy-D-glucitol, followed by selective re- 
actionlg3 with FmocAsp(C1)-OPfp is also an option which was used to modify 
the ~ - ~ l a ' - ~ e ~ t i d e  T amide. Frnoc-Derivatives such as (116), where 
R = CH~P~,BU' ,  R' = OAc, NHAc and R2 = Ac, p-D-2-deoxy-2-acetamido-3,4,6- 
tri-0-acetyl glucopyranosyl have been obtainedlg4 by reaction of glycosyl azides 
with Fmoc-Asp-OR in the presence of Et3P. Optimised procedures185 have been 
developed for the acylation of a p-glycosylamine with a partially protected 
peptide. The amine was derived from any reducing sugar using the Kochetkov 
reaction, and then joined to the side-chain of N-protected aspartyl peptides 
using HBTU as the best reagent for the purpose. The N-glycopeptide link has 
been usedlg6 for grafting Leu-enkephalin on to unmodified cyclodextrin as in 
(1 17). The link was made by reaction of Fmoc-[Leul-enkephalin with 6-amino-6- 
deoxy cyclomaltoheptaose in the presence of DCC/HOBt. NMR studies showed 
that the free and 'grafted' peptide exhibit similar conformations. A comprehen- 
sive CD, molecular dynamics and NMR analysisIg7 of eight linear N-glyco- 
peptides has confirmed the X-ray analysis which showed a nearly trans 
orientation of the CH and H hydrogens of the l-N-acetyl- and l-N-(P- 
aspartoyl)-2-acetamido-2-deoxy-~-D-glucopyranosylamine. In general the CD 
results confirmed that N-glycosylation has a significant effect on the conforma- 
tion of the peptide resulting in a decrease in type I p-turn content and an 
increase in type I1 p-turn to about 20%. 

3.3.3 Miscellaneous Glycopeptides. - The biological importance of naturally 
occurring glycopeptides has stimulated the interest in modified structures for 
pharmaceutical purposes. Already known for its higher stability, the S-glycosyl 
peptide link has now been incorporated'88 via intermediate (1 18) into cycle[-D- 
Pro-Phe-Ala-Cys(P-D-galactopyranosyl)-Ph. Boc-derivative (1 18) was 
synthesised by treating Boc-Cys-OH with acetobromogalactose in the presence of 
sodium hydride. Once inserted into the linear precursor H-Phe-D-Pro-Phe-Ala- 
Cys(P-D-galactopyranosy1)-Phe-OH, the final cyclisation was achieved using 
DPPA/NaHC03. Compared with cyclo(D-Pro-Phe-Ala-Ser-Phe-Phe) the S- 
glycosylated analogue gave the same $-turn characteristics, so it should be 
possible to design glycopeptides without affecting the conformation of the parent 
non-glycosylated pharmacophore. A series of glycopeptide mimetics based on the 
hydroxyethylene Phe-Phe isostere have been synthesised189 as inhibitors of HIV- 1 
protease. Compound (1 19) proved to be the most potent (EDSO = 0.17 nM). 

Disaccharide glycosyl isothiocyanates, useful - for glycopeptide synthesis, 
have been madelm via the corresponding glycosylamines, and a route to pseudo- 
glycopeptides'gl via lithiated anions derived from N-substituted (diethylp-keto- 
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phosphono)-U-amino acid derivatives and sugar aldehydes gives rise to structures 
such as (120). 

3.4 Lipopeptides 
Lipidic amino acids attached to a polylysine system to enhance lipophilicity 

and membrane binding effects has been shownlg2 to be an excellent means of 
enhancing antigenicity. In the combined adjuvant and carrier system (121) 
different spacer-(lipidic amino acid), systems, e.g. (121) n = 9, 13, R = NH2, Ala- 
OH, Pro-OH have been synthesised using the Boc procedure in the solid phase. 
To keep up with the synthetic approaches to post-translational, glycosylation, 
phosphorylation or sulfation successful attempts have been rnadelg3 to synthesise 
0-palmitoylated peptide (122) by either palmitoylation of the resin-bound 
peptide or incorporation of Fmoc-Thr(palmitoy1)-OH using the solid phase 
strategy. The latter approach was hampered by an 0 - N  shift during Fmoc 
removal and the bulkiness of the palmitoyl side-chain reduced the coupling 
efficiency of F ~ ~ ~ - A ~ ~ ( o B ~ ~ ) - o H .  Pneumocandin B,I (123) can be selectively 
oxidised/reduced at the homotyrosine residuelg4, but removal of the phenolic 
hydroxyl gave a > 140-fold loss of activity in 1,3-Fglucan synthetase inhibition 
and loss of antifungal activity. Even inversion of the C-4 homotyrosine hydroxyl 
causes a 70-fold decrease in potency. In order to elucidate the stereochemistry of 
protein farnesylation, deuterium-labelled farnesylated peptides (1 24) R = H, 
R' = D; R = D, R' = H have been reportedlg5. Clear differences in the signals of 
the two pro-chiral hydrogens of C-l are seen in the 500 MHz NMR spectra. 
Fluorescence microscopy and FACS analysis have been used to analyselg6 
fluorescence at the surface of cells after incubation with a fluorescein-labelled 
lipopeptide. Thus using tripalmitoyl-S-glycerylcysteinyl (Pam3Cys) peptides con- 
taining spin labels or fluorescent markers it could be shown that sequestering of 
the fatty acid chains of the lipopeptide within the membrane is an early step in 
the interaction. 

3.5 Oligonucleotide Peptide Conjugate 
A synthesis has been reported197 of a conjugate containing a KDEL signal 

sequence, which is known to be the C-terminal sequence of proteins retained in 
the endoplasmic reticulum after being newly biosynthesised. Steps in the synthetic 
sequence for producing the conjugate are summarised in Scheme 12. 
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5 
Current Trends in  Protein Research 

1 Introduction 

The field of protein research is now so great that it is impossible to cover all 
of the literature appearing in 1993 on this subject. The approach has been to pick 
some of the highlights appearing in this year. Some areas have been covered that 
were not addressed in the Amino acids, Peptides and Proteins Vol. 25. Since this 
is only the second year that proteins have been included in recent specialist 
reports the earlier references for many of the topics discussed below cannot be 
included. 

2 Water and Proteins 

Proteins have water inside them and around the outside. Protein crystals 
prepared for X-ray crystallography typically contain 50% water, and this 
accounts for their fragile nature. In fact X-ray diffraction of crystals was the first 
method to reveal the exact position of the water molecules within the protein as 
revealed by peaks of electron density. Neutron scattering studies showed the 
water hydrogen positions and the earlier X-ray diffraction studies, the water 
oxygen positions. It was observed that between one half and two ordered water 
molecules were found per residue in protein crystal structures. This is equivalent 
to about 200 water molecules for a typical protein. A careful study of buried 
water (not contacting bulk solvent) was made in seven homologous structures of 
serine proteasesl. The buried waters form hydrogen bonds with the protein and 
appear to be an integral part of it. This was also observed by ~ o s s i a k o f f ~ ~ ~  in 
neutron scattering studies of trypsin. The buried waters seem to be highly 
conserved whereas the water on the surface of the protein is not so conserved. It 
appears that deep grooves in the protein surface are formed by proteinlwater 
interactions. A study by Kuhn et has looked at 56 high resolution crystal 
structures and concludes that ordered water is three times more likely to be in 
surface grooves of the protein, than elsewhere on the surface. The most accurate 
complete pictures of hydration in protein crystals come fromovery high resolution 
studies such as that described in 1993 for Crambin at 0.83A resolution5. Pitt et 

have reported updated software called AQUARIUS2 to predict probabilities 
for various possible first shell hydration'sites. The prediction is based on the 
empiqcal analysis of water sites in 16 crystal structures with a resolution of 
,< 1.7A. By analysis of protein crystal structures polar amino acid side chains are 
found to interact more with water molecules than non polar amino acid side 
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chains. This means that ordered water molecules generally make hydrogen bonds 
with polar atoms of the protein. Two recent papers have analysed the distribution 
of solvent molecules around polar7 residues and apolar residues8. 

Many critics have said that protein' structure observed in the crystalline 
state is not the same as in solution. Clearly the crystal traps one conformation of 
the protein, but now that a complete structural elucidation is possible by NMR, 
comparisons can be made. This has convinced the sceptics that solution structure 
by NMR is, by and large, the same as that observed by X-ray methods. Ideally to 
monitor the dynamic structure of an enzyme it is better if the structure can be 
compared by both methods. NMR is limited to solving structures of -20,000 
daltons, however for larger proteins once the structure has been determined by 
X-ray methods this can be used to help interpret the NMR spectra. Comparisons 
of this type have been made with a mutant protein structure of the enzyme 
phosphoglycerate kinase9. 

The position of bound water for several proteins has previously been 
located by NMR techniques. Bovine pancreatic trypsin inhibitor contains four 
internal water molecules which have been detected by X-ray crystallography and 
NMR in so l~ t ion '~ .  In 1993 this was also examined by studying FK506 binding 
protein11. In all cases the water structure was in the same positions as that found 
by X-ray methods. It has also been possible to look at the surface water in some 
proteins by NMR". These waters appear to be in rapid exchange with bulk water 
and have resonance times below 500 pico seconds. 

In addition to X-ray and NMR methods the problem has also been tackled 
by studying theoretical methods13. In 1993 Brunne et al. made a comparison of 
experimental residence times of water molecules solvating the bovine pancreatic 
trypsin inhibitor with theoretical model  calculation^^^. They find that their 
simulation agrees well with the experiment and that the average residence times 
for surface waters are less than 100 pico seconds. The average simulated residence 
times of water molecules near backbone and side chains of the protein are 39 pico 
seconds and 24 pico seconds respectively. Residence times near charged side 
chain atoms are shorter than those for other polar and non-polar atoms. These 
residence times are what one might estimate from diffusion. 

Another molecular dynamics simulation of water around a protein was 
published by Komeji et all5. They examined the problem by analysing a 
trajectory of molecular dynamics simulation of the Trp holorepressor protein. 
The calculated self diffusion coefficient indicated that the solvent within 10A of 
the protein had lower mobility. Examination of the solvent diffusion of different 
atoms around different kinds of residues showed no general trend. They found 
that the solvent mobility was not affected by the kind of atoms or residue 
solvated. Distribution ana!ysis around the proteins revealed two peaks of water 
oxygea: a sharp one at 2.8A around polar and charged atoms and a broad one at 
-3.4A around apolar atoms. The former was stabilised by water-protein 
hydrogen bonds and the latter was stabilised by water-water hydrogen bonds 
suggesting the existence of a hydrophobic shell. An analysis of protein atom- 
water radial distribution functions confirmed these shell structures around polar 
or charged atoms and apolar ones. Steinbach and ~ r o o k s ' ~  have used molecular 
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dynamics to study protein hydration in myoglobin. The results suggest that the 
protein is fully hydrated by about 350 water molecules which is consistent with 
experiments results. 

Clearly both internal and surface water is important for maintaining 
protein structure. This issue has to be addressed when using enzymes in 
biotransformation reactions. Chemists like to carry out reactions in organic 
solvents. Proteins stable in some solvents such as the lipase enzymes will only be 
stable if some water is still present in the reaction mixture. The layer of surface 
water is clearly important to maintain the structure of the protein and internal 
water is important to compensate for poor steric fit of side chains and of 
substrates of binding sites. An interesting study reported in 1993 by the group of 
~ l i b a n o v ' ~  reported the crystal structure of the protein subtilisin in pure 
acetonitrile. The protein crystals were crosslinked with glutaraldehyde. The 
subtilisin structure was barely altered by the change in solvent, and a similar 
number of preferred hydration sites were occupied by water. About half of them 
were in the same place as in the crystal structure analysed in aqueous solvents. It 
is important to address the role of water in protein structure and activity, during 
modelling studies and the analysis of the catalytic mechanisms. A review 
discussing water in proteins'8 appeared in the new journal "Structure" launched 
in 1993. 

The contribution of water to the folding and stability of proteins is 
discussed in a later section. 

3 Protein Folds 

The increasing number of protein structures now available in the Brook- 
haven data bank from both X-ray and NMR analysis reinforces the idea that 
proteins can be classified into distinctive folds. The two main secondary struc- 
tures in proteins are the a helix and P pleated sheet. This allows proteins to be 
divided into four main classes: 1) mainly a, 2) mainly P, 3) alternating alp, and 
4) a + p. Two papers published in 1993 demonstrated the now well accepted idea 
that the structure of a protein is better conserved than its amino acid 
sequence'9120. As proteins evolve, amino acid residues mutate and if these occur 
in the core of the protein they can cause shifts in secondary structure orientation 
in order to optimise residue packing. There can also be insertions and deletions in 
the sequence which occur mainly in loops connecting secondary  structure^^'*^^. 
Benner and Cohen have produced empirical and structural models for insertions 
and deletions in the divergent evolution of proteins. The probability of a gap 
(deletion) was found to increase with evolutionary distance. The method of 
dynamic programming algorithms has been developed to make multiple 
structural alignments of proteins23y24. Several other approaches have been used to 
compare proteins25-27. These include the use of Monte Carlo based simulated 
annealing by Godzik et to better optimise overlap between global contact 
maps. Artyrniuk et and Grindley et have developed a method of 
compensation called POSSUM, where the secondary structure elements form the 
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nodes of a graph, whilst the edges represent distances and angles between 
secondary structures. Other approaches to this problem were published in 1993 
from Bachar et al.30, Orengo and ~ a ~ l o r ~ '  and Luo et A relatively successful 
method has been used for alignment and searching for common protein folds 
using a data base of structural templates33. 

The structures in the Brookhaven data bank have been clustered into 
groups by Holm et and Orengo et ~ 1 ~ ~ .  The latter group have applied their 
method (SSAP) to the June 1993 release of the database and found - 100 fold 
families. Figure 1 shows the major fold groups observed in the four classes 
mentioned earlier. The a + P class is most diverse, having many complex folds 
which cannot easily be clustered into groups36. A recent paper by ~ h o t h i a ~ ~  
suggests that the upper limit for the number of protein folds would be 1,000. A 
recent review by Prof. T. ~lunde11~' discusses current protein fold comparison, 
classifications and recognition algorithms. 

4 New Protein Folds 

A group of peptides called trefoil peptides are found in the gastrointestinal 
tract. They stabilise the mucus layer and may effect healing of peptic ulcers, 
inflammatory bowel disease and other diseases of the intestine. The first three 
dimensional structure of a member of this family was described by Gajhede et 
al.39 in 1993. This was of the porcine pancreatic spasmolytic polypeptide (PSP) 
which contains two trefoil domains. The domains comprise 39 amino acid 
residues, including six cysteine residues which form disulfide bridges. The trefoil 
domain is compact and is composed of a central short anti-parallel P sheet with 
one short helix above and one below. The two domains are related by two-fold 
symmetry and each domain contains a cleft which could accommodate a 
polysaccharide chain. The primary structure of PSP showing the disulfide bridges 
is shown in Figure 2. The compact structure of the trefoil peptide explains its 
resistance to degradation by proteolytic enzymes and its survival in the gastric 
tract. The trefoil fold represents a new motif, distinct from the folds found in all 
other known protein structures. 

In 1993 several unusual protein structures have been described. Often 
large proteins are folded into several domains but some have recently been 
reported to have unusual shapes. The pancreatic ribonuclease inhibitor resembles 
a horseshoe. The inner side is a seventeen stranded parallel P sheet and the outer 
side a sixteen a helical structure4*. This protein has leucine amino acid rich 
repeats in the sequence and is shown in Figure 3. These leucine rich repeats are 
found in a number of proteins involved in protein-protein interactions. The 
ribonuclease inhibitor is the first protein 3D structure solved with these repeats. 
The inhibitor inhibits ribonucleases and is thought to regulate RNA turnover 
and might have a function in the inhibition of angiogenesis. The ribonuclease 
inhibitor has 30 cysteine residues which in the active protein are all free. They 
however all form disulfide bonds in the absence of reducing agent and the 
inhibitor is inactivated. 
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Figure 2. Primary structure of porcine pancreatic spasmolytic polypeptide, PSP, showing 
the two characteristic trefoil domains (reproduced with permission from reference 
39). 

The pectate lyases4l have been found to have an unusual structure in the 
form of a parallel P helix motif. These are secreted enzymes which digest the 
buried pectate component in plant cell walls. The protein chain coils into a right 
handed super helix. In each turn of the P helix there are three strands of P sheet. 
Each strand hydrogen bonds to the equivalent strands in neighbouring turns to 
produce three parallel P sheets. Two of these sheets pack into a P-sandwich of 
distinct architecture. The side chain atoms form linear stacks that include 
asparagine ladders, serine stacks, aliphatic stacks, and ringed residue stacks. 
Figure 4a shows a schematic diagram of the pectate lyase PelC. Figure 4b shows 
the asparagine ladder of PelC. The side chains are orientated so that the 
maximum number of hydrogen bonds are formed. With exception of the first and 
last asparagine of the ladder, each asparagine forms five hydrogen bonds. The 
asparagine ladder and stack of serine residues are important to stabilise P turns of 
this unusual type. 
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Figure 3. The structure of the porcine ribonuclease inhibitor [modified from reference 40 
using MOLSCRIPT (Kraulis, reference 40a)l. 

5 Protein Folding and Protein Stability 

How a protein folds into its three dimensional structure has received much 
attention in the last few years. Earlier studies and many described below 
concentrate on monitoring folding pathways in vitro. It is clear that these 
pathways are often not those followed in vivo where one finds pre-existing 
proteins called chaperones which assist correct folding. Some of these hydrolyse 
ATP and act by minimising the formation of misfolded structures. Discussion of 
the molecular chaperones was covered last year. Several reviews and collected 
articles have appeared in 1993 on this topic4*"'. A detailed account of the folding 
of the small protein barnase in the presence of chaperone has been reported by 
Gray and ~ e r s h t ~ ~ .  

Several techniques have improved our understanding of folding pathways. 
NMR techniques now allow the determination of the three dimensional structure 
of proteins but they also allow us to look at the structure denatured states of 
proteins and intermediates in the folding pathways. NMR data has recently been 
reported for the urea-unfolded forms of bacteriophage 434 repressor47p48 and FK 
506 binding protein49. These experiments have used two different methods. The 
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(b) The asparagine ladder in pectate lyase Pel C. The Ca chain is in grey and all 
side chain atoms including hydrogens are in black (reproduced with permission 

first involved a complete assignment of the spectrum of the native state using "N 
labelled protein. At 7M urea the unfolded protein spectrum was obtained and at 
4.2M urea the native and the unfolded protein were present in equal quantities. 
Using the spectrum at 4.2M urea the amide I5N and 'H assignments of the native 
protein were transferred to the unfolded form by exchange of heteronuclear 
longitudinal two-spin order in a 2D difference ["N, 'H] correlation spectroscopy 
(COSY) experiment. In the second step using the 7M urea spectrum the sequence- 
specific assignments of the arnide '% and 'H resonances were extended to the 
complete 'H spin systems of the individual amino acids. The work on FK 506 
binding protein was carried out using a direct assignment approach with the 
protein labelled uniformly with "N and 13c in 6.3M urea where it is fully 
denatured. The structure and dynamics of the acid-denatured molten globule 
state of a lactalbumin has been studied by 2D NMR~'. Structural determination 
in denatured proteins will intrinsically be limited by conformational poly- 
morphism. 

Another approach to this problem has been to carry out NMR studies with 
polypeptide fragments from folded proteins with or without addition of structure 
inducing solvents. This has been used by Waltho et al.5' with secondary structure 
formation by peptides corresponding to the G and H helices of myoglobin, and 
by Sancho et al.52 with an N-terminal fragment of the protein barnase. 
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Many proteins have stable partially folded states which are referred to as 
'molten globules'. The structural energies of a lactalbumin, cytochrome c, 
apomyoglobin and the Tq lysozyme are reviewed as a basis to analyse the high 
stability of certain molten globule states and the low probability of other 
potential folding  intermediate^^^. Spectroscopic methods such as absorbance, 
fluorescence and circular dichroism can be used to detect events that happen in 
the first few minutes of protein folding5457. Khorazanizadeh et al.56 used a 
unique tryptophan residue engineered into ubiquitin as a fluorescent probe for 
equilibrium and kinetic folding studies. Some proteins have a unique tryptophan 
residue as the case studied with the all P sheet protein interleukin 1P5'. 

Two papers in 1993 report studies of protein denaturation using computer 
s i m u l a t i ~ n s ~ ~ ~ ~ ~ .  Camacho and ~ h i r u m a l a i ~ ~  use Monte-Carlo simulations for 
their studies which result in the proposed three distinct stages of folding which 
are random collapse, parallel folding pathways and the existence of a late 
transition state. Daggett and ~ e v i t t ~ '  describe the unfolding transition of bovine 
pancreatic trypsin inhibitor from the native to molten globule states. 

Hydrogen exchange rates have been used to study protein folding. This 
method takes advantage of the high pH dependence of exchange and the very 
slow exchange of some NHS in native proteins. The slowest exchanging amides in 
native bovine pancreatic trypsin inhibitor are proposed to form the folding core 
of the protein61. A study relating to the rate of hydrogen exchange of amide 
protons in barnase and a more stable mutant containing a disulfide bond suggest 
that the relationship between hydrogen exchange behaviour in the native state 
and folding pathways is not a straightforward one62. 

Far W circular dichroism has recently been used in a stopped flow system 
to study folding  kinetic^^^‘^^. This has been used as probe for studying secondary 
structure in proteins, especially for a helical structures which show a strong 
maximum dichroism at 222 nm. Significant amounts of secondary structure is 
formed very rapidly in the first 2-4 milliseconds of the experiments which is much 
faster that the formation of the native site. Mann and ~ a t t h e w s ~ ~  use this 
technique to study the structure and stability of an early folding intermediate of 
Escherichia coli Trp aporepressor. 

A novel method using electrospray ionisation mass spectrometry in combi- 
nation with hydrogen exchange labelling has been used to study the folding of 
hen lysozyme66. It has been found by Buck et al.67 that a partially folded state of 
hen lysozyrne can be obtained in trifluoroethanol which is a good mimic of the 
major transient intermediate in the folding pathway of this protein. A recent 
review of the kinetics and equilibrium folding intermediates of apomyoglobin has 
been published by Barrick and ~aldwin~' .  

Small angle scattering, experiments (SAXS) can be used to monitor 
transitions between the folded and denatured states of proteins. Several groups 
have used this approach in the last two years. Sosnick et al.69 have used SAXS 
and Fourier transform infrared spectroscopy to study denatured ribonuclease. 
Kataoka et al." have used SAXS to analyse the denatured states of cytochrome 
c. This study examined the salt-mediated conversion of the moderately expanded 
acid denatured form of cytochrome c to a molten globule. Flanagan et al." have 
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monitored the changes in radius of gyration ensuing from single point mutations 
in a polypeptide. The results supported earlier ideas from ~ h o r t l e ~ ~  on a mutant 
form of Staphylococcus nuclease which suggested that apparent changes in the 
stability of a protein in response to a mutation more accurately reflected changes 
in the free energy difference between denatured and folded states. Mutations 
could affect the energies of the folded state, the denatured state or both. A paper 
by Calmettes et has attempted to make a representation of the scattering of 
denatured phosphoglycerate kinase in 4M guanidinium chloride. They use a 
statistical model of the denatured protein which is represented by a 'string of 
beads'. The model has good agreement with experimental data and has the 
potential to accommodate atomic information. 

Calorimetry is being used to study mutational effects of protein energies. 
Free energies are much easier to rationalise than entropies, enthalpies and heat 
capacities. There is little or no correlation between enthalpy and free energy 
changes for processes involving proteins. This was evident from the studies of 
Kimura et who monitored the effect of thermal unfolding of ribonuclease 
(RNase) H1 from Escherichia coli resulting from the replacement of various 
residues with the corresponding residues from RNase H of the thermophilic 
bacteria, Thermus thermophilus. Similar results were obtained by Varadarajan et 

using isothermal titration calorimetry to look at heat capacity changes for 
the protein-peptide interactions in the ribonuclease S system. Tanaka et have 
studied the thermal unfolding of Staphylococcal nuclease and several mutants of 
this enzyme by differential scanning calorimetry. A triple mutant enzyme caused 
slight stabilisation amounting to 0.3 kcal mol-' but a huge decrease in enthalpy of 
5 1 kcal mol-' and in entropy of 16 1 kcal mol-l. 

An interesting study of Liang et has been reported where the genetic 
fusion of subunits of a dimer protein (gene V) substantially enhanced its stability 
and rate of folding. Herning et al.78 have made a detailed study of the role of 
proline residues in human lysozyme stability combining scanning calorimetry 
with X-ray studies of mutants. Differential scanning calorimetry has been used to 
study the thermal unfolding of mutant forms of T4 lysozyme79. This study 
resulted in a difficulty in accounting for the changes in thermodynamics produced 
by a single amino acid mutation in the protein studied. 

The last two or three years have provided papers which show that 
hydrogen bonds play a large part in protein stabilityg0981. Privalov and Makha- 
tadzeg2-g3 examined the contribution of hydration to protein folding thermody- 
namics by looking at the entropy and Gibbs energy of hydration. Berndt et al.84 
have genetically modified bovine pancreatic trypsin inhibitor to eliminate one of 
the four internally bound water molecules. This lead to a small decrease in 
stability and in the free energy of unfolding. 

Studies of the importance of hydrophobicity to protein stability were 
discussed briefly in Vol. 25 of this series. The contribution of the hydrophobic 
effect is discussed in an article by paceg5. Spolar et aLg6 have liquid hydrocarbon 
and amide transfer data to estimate contributions to thermodynamic functions of 
protein folding from the removal of non-polar and polar surface water. The 
consequences of hydrophobic replacements in the case of T4 lysozyme have 
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recently been studied by Eriksson et al.87 Kim et al. have reported stability 
changes and new hydrophobic surfaces by cervice forming mutations of bovine 
pancreatic trypsin inhibitorg8. Apart from the cervices the mutants caused few 
changes observable by X-ray crystallography but all were destabilising. 

Some of the experiments above have been carried out with genetically 
engineered proteins. Clearly the ability to introduce amino acid changes which do 
not alter the structure and can act as reporter groups offers a lot of potential. The 
specific addition of tryptophan residues can be used as reporter groups to 
monitor fluorescent changes whereas chemical activity of cysteine residues can 
also be used. This latter approach has been studied using the enzyme phospho- 
glycerate kinaseg9 to characterise intermediates in the folding pathway. Martens- 
son and ~onsson~ '  have used the introduction of genetically engineered cysteines 
into the protein carbonic anhydrase I1 to analyse the solvent exposure of different 
regions of the folding intermediate of this protein. Disulfide bonds in proteins can 
be used as a probe to monitor protein folding. This approach has been reviewed 
by creightong1 who has carried out much of this work. In 1993 he published a 
paper using mutants of bovine trypsin inhibitor to analyse the role that different 
disulfide bridges play on the folding of this protein92. A detailed study of the 
folding pathway of the small protein barnase has been carried out by Clarke and 
~ e r s h t ~ ~ .  They have used structurally non-essential disulfide bonds to probe 
protein folding. In this case disulfide bond formation is not required for protein 
folding and so one can perform a kinetic analysis of the disulfide and corre- 
sponding dithiol proteins. When the engineered disulfide bond is located in a 
region of the protein that folds early in the kinetic pathway, it results in the 
stabilisation of the kinetic intermediate. Whereas if it is located in a region that 
does not fold until the end of the folding reaction, it stabilises the protein late in 
the reaction. 

Double mutant cycles can be used to detect the interaction between two 
amino acid residues during protein folding94. The method consists of localising 
two residues which are interacting in the folded protein and mutating them both 
independently and simultaneously. The differences in free energy of unfolding are 
measured with respect to the wild type protein. This method has been used for 
more complicated interactions involving several residues9'. This has revealed the 
existence of cooperative interactions in certain regions of the kinetic intermediate 
of a protein. Application of physical organic chemistry has been used to study the 
effect that point mutations could have on the folding pathway of a protein96. This 
used the Hamrnon postulate that states that if two consecutive states in a reaction 
are close in their energy content then interconversion requires a small reorganis- 
ation of the structure. The results emphasise the importance of engineering smaIl 
conservative mutations that will not destabilise the structure of the protein. A 
detailed analysis of the folding reaction of barnase studied by protein engineering 
and quenched-flow NMR methods results in very similar pictures for the 
structure of the folding intermediates of this protein97. 

These many protein folding studies indicate that the kinetic intermediate of 
the protein is a weakened hydrophobic core probably with some trapped water 
molecules. It appears that the majority of the secondary structure of the protein is 
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present. Some small subdomains and long loops are unfolded and many tertiary 
interactions are broken. It is still unclear how the kinetic intermediates are similar 
to 'molten globules'. A review of the 'molten globule' state has been recently 
written by Haynie and ~reire". Kinetic intermediates show cooperativity in the 
regions of the protein that are still folded and for many regions the population of 
the intermediate is quite homogeneous, whereas 'molten globules' show little 
cooperativity and many non-native conformations exist. 

It is clear that despite all these studies we are only beginning to understand 
protein folding and protein stability. 

6 New Protein Structures 

6.1 Elongation Factors 
The year 1993 has given us information on two elongation factor proteins 

both crystallised from thermophilic sources. The first is the elongation factor EF- 
Tu from Thermus aquaticus99. This is a GTP binding protein that is crucial for 
protein biosynthesis. In the GTP form of the protein it binds tightly to aminoacyl 
tRNA which interacts with the ribosome. During this interaction GTP is 
hydrolysed and EF-Tu-GDP is released. The crystal structure pf the Tu com- 
plexed to the GTP analogue GDPNP has been determined to 2.5A resolution and 
when compared to the earlier published structure of the enzyme from Escherichia 
coli EF-TU-GDP'" shows large conformational changes. This shows that 
proteins are dynamic structures and emphasises the importance of determining 
their structures with different ligands bound. The large conformational change 
that occurs (a rotation of 90.8" of domain 1 relative to domains 2 and 3) exposes 
the tRNA binding site. The strvcture of the EF-Tu from Thermus thermophilus 
has also been described to 1.45A resolution and in this case complexed with the 
analogue G ~ ~ N H ~ ~ O ' .  This structure also shows major changes to the Escherichia 
coli EF-Tu-GDP structure. The hole between domains 1 and 3 found in the 
inactive EF-Tu-GDP complex disappears. The changes observ~d between the two 
structures leads to differences in atomic position of up to 42A. The structure of 
EF-Tu-GppNHp is shown in Figure 5. 

6.2 ProteiwNucleic Acid Complexes 
Several important structures have been reported in 1993 where a protein is 

complexed with a nucleic acid fragment which contains its specific binding side. 

6.2.1 Transcription Factors. - The first of these is the oestrogen receptor 
complexed with its DNA binding domain'029103. The oestrogen receptor regulates 
gene expression by binding to DNA response elements associated with their 
target genes. The receptor protein has two domains, (see Trends in Protein 
Research, Vol. 25). These are made of a strongly conserved DNA binding 
domain containing two zinc binding motifs and an N-terminal hormone binding 
domain. The protein acts as a dimer with each monomer recognising a six base 
pair half site on the DNA. The protein makes base specific contacts with the 
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Figure 5. The conformation of EF-Tu when complexed with GppNHp. Domain 1 is at the 
top, domain 2 on the left and domain 3 at the bottom. The helices and the P 
strands are labelled with capital and small letters respectively. The subscripts 
denote the domain to which the $ strands belong (reproduced with permission 
from reference 99). 

DNA, consisting of a network of hydrogen bonds to the base pairs and to 
ordered water molecules that are in turn hydrogen bonded to base pairs. The two 
papers show how the oestrogen receptor domain recognises its own half sequence 
rather than that of the related glucocorticoid receptor which differs by only two 
base pairs. 

Another transcription factor DNA-binding domain structure is described 
for the GATA-l factor which is involved with the generation of the erythroid 
lineage. This structure has been solved by NMR techniquesIw. The protein 
fragment of GATA-1 in this study consists of a single zinc binding site and a C- 
terminal tail, which constitutes the minimal requirement for specific binding. The 
zinc is co-ordinated by four cysteines. This is a class IV zinc-dependent binding 
protein and this is the first tertiary structural data for a molecule of this class. The 
protein core is composed of two irregular antiparallel p sheets and an a helix with 
a long loop leading into the extended C-terminal tail. The DNA oligonucleotide 
is B form with the central eight base pairs which make up the target site making 
contact with the protein. The loop and connecting two sheets of the protein 
interact with the major groove of the DNA and the C-terminal tail wraps around 
in the minor groove. There is some structural similarity with the core of the 
GATA-l binding protein and the N-terminal zinc module of the glucocorticoid 
receptor, however the mode of DNA binding is very different. This demonstrates 
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the subtle changes that can alter the specificity of molecular recognition between 
proteins and DNA. 

The eukaryotic transcription factor HNF-3y has been CO-crystallised with 
its DNA binding region'05. HNF or hepatocyte nuclear factor protein was first 
identified as an activator of liver specific gene expression in the rat. The monomer 
structure of HNF forms a compact a/P structure consisting of three a helices 
and three p sheets. The molecule binds to B-DNA through both the DNA 
backbone and direct water-mediated major and minor groove base contacts. In 
the N-terminal half, three helices form a compact structure that presents the third 
helix to the major groove. The remainder of the protein includes twisted, 
antiparallel p-structure and random coil that interacts with the minor groove. 
The helical region is similar to the 'helix-turn-helix' proteins. The factor is also 
structurally similar to the unrelated DNA-packaging histone H5 globular 
domain, and N-terminal DNA binding protein BirA, the Escherichia coli 
repressor of the biotin operon. The structure of HNF-3y DNA complex is shown 
in Figure 6 .  

Another fascinating structure is that of the GCN4, basic region leucine 
zipper/DNA, ATF/CREB-site complex106. The gene regulating protein GCN4 
binds to a seven base pair consensus DNA sequence from which it induces amino 
acid biosynthesis in yeast. The C-terminal half of the basic region leucine zipper 
motif of GCN4 forms a parallel coiled-coil of a helices with a core of 
interdigitating hydrophobic amino acid residues. The N-terminal basic region 
forms a continuation of each C-terminal a helix accommodated in the major 
groove of its half site on opposite sides of the DNA double helix. This structure is 
compared to a similar complex structure described for GCN4 bound to AP-l site 
with a DNA sequence ATGACTCAT"~. The ATFICREB site in the latest 
complex is ATGACGTCAT. The protein structure is similar in both complexes 

Figure 6. Structure of the HNF-3y Transcription factor-DNA complex. The DNA is 
drawn as a stick figure (reproduced with permission from reference 105). 
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Figure 7. A schematic view of the Max protein homodimer and its interaction with DNA 
(reproduced with permission from reference 108). 

and to that described for the unbound protein. The DNA conformation however 
differs between the two complexes. The DNA with the additional G-C base pair 
is bent symmetrically by 20° at the major groove toward the leucine zipper. The 
flexibility of the DNA allows the same protein contact to occur in both protein/ 
DNA complexes. 

An important Max protein has been CO-crystallised with its DNA 
complex108. This is required for malignant transformation by Myc oncoprotein. 
The HLH transcription factors are important in regulating metabolism, cell 
differentiation and development in many eukaryotic cells. Two amphipathic 
helices are responsible for dimerisation of the protein while a conserved b region 
is required for binding DNA by HLH dimers. The DNA binding domain of Max 
(b/HLH/2) forms a symmetric homodimer and is shown in Figure 7. Each 
monomer consists of two a-helical segments separated by a loop. The N terminal 
helix includes the basic and first helix whereas the second helix comprises the 
second helix of HLH and the leucine zipper. The two basic regions extend from 
the four-helix bundle and enter the major groove of DNA similar to that 
observed in the yeast transcriptional activator GCN4. The two zipper regions are 
also similar to GCN4. The B DNA duplex in the crystal structure is straight. 

The Trp repressor from Escherichia coli and its operator half site structure 
have been solved by X-ray  method^'^^*"^. This protein represses the transcrip- 
tion of genes related to tryptophan biosynthesis by binding to a promoter region 
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on the DNA. L-tryptophan is required as a CO-repressor. This system has been 
known for many years and a knowledge of the protein DNA interaction is 
important to understand how this type of repressor carries out its role of 
controlling gene expression. The repressor protein is a stable twofold symme- 
trical protein with each subunit containing a helix turn helix DNA binding motif 
and these interact with successive major grooves of the DNA. A previously 
solved trp repressor DNA complex contains one repressor dimer bound to a 
DNA duplex containing two operator 'half .site' sequences. An alternative DNA 
duplex was found to bind two repressor dimers per DNA duplex with high 
cooperativity. The biological significance of the two modes of binding is 
uncertain. In the new structure each repressor binds to the central half-site of the 
DNA duplex and to a half-site formed at the junction of the DNA duplexes. The 
binding of the different complexes are shown in Figure 8 parts (i) and (ii). The 
tandem binding in the latest study might explain the binding of repressor to the 
imperfect palindromic repeats found at eight base pair intervals in the natural 
trp operator sequences. 

6.2.2 TATA-box Binding Polypeptide. - Two papers describe the very interesting 
TATA-box binding polypeptide complexed with the TATA box DNA. The 
importance of this structure is for initiation of gene transcription by RNA 
polymerase. The first X-ray structure reports the complex of binding polypeptide 
from A. thaliana with the TATA box element of the adenovirus major late 
promoter111. The protein is a 10 stranded antiparallel P sheet which folds into a 
saddle like structure with four a helices on its upper surface. The complex shows 
that the protein undergoes a modest conformational change on DNA binding 
allowing it to follow the minor groove of the distorted DNA duplex. The 
conformation of the DNA is grossly distorted. Binding of the protein to DNA 
has provided clues to the mechanism of the first step in transcription. The second 
structure is that of the yeast polypeptide with the TATA box of CYCl 
promoter"2. This structure shows very similar features to the first complex 
described above. 

6.2.3 H I V  Reverse Transcriptase Complex. - The structure of reverse transcrip- 
tase from HIV has been solved CO-crystallised with a DNA template primer/Fab 
complex'13. Information on the binding of this protein to DNA is important for 
the design of inhibitors of the enzyme. In retroviruses such as HIV, reverse 
transcriptase is the enzyme required to copy the single-stranded viral RNA into 
duplex DNA for integration into host cell chromosomes. The general structure of 
the HIV-l reverse transcriptase enzyme is similar to that previously reported for 
the reverse transcriptase-nevirapine complex114. However the folding of the four 
individual polymerase subdomains, named finger, palm, thumb and connection, 
is similar in p66 and p51 (see Trends in Protein Research, Vol. 25) but the spatial 
arrangements of the subdomains is very different. The DNA template primer is A 
form near the polymerase active site and B form near the RNase H site. The 
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TGTACT~AGTTAAC+~AGTAC T AGCGTACT AGTACGCT 
SATGA TCAA?TTGA TCATFT TCGC'ATGAOTCA?GCGA T 

Figure 8. (i) Schematic of the structure of the trpR complex (ITRO). The 19-mer DNA 
duplex sequence, and the repressor duplex with the two symmetrical reading 
heads, are represented as block slivers. The filled and open dyad symbols represent 
repressor dimer and tandem two fold axes, respectively (reproduced with 
permission from references 109,110). (ii) The two repressor molecules bound to 
the central site viewed down the tandem dyad axis. 
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3'-hydroxyl of the primer terminus is close to the catalytically essential three 
aspartic acid residues of the p66 palm and is in a position for nucleophilic attack 
on the a phosphate of an incoming nucleoside triphosphate. The a helix of the 
p66 thumb makes contact with the sugar-phosphate backbone of the primer 
strand. The adjacent anti-parallel helix a1 makes contact with the sugar- 
phosphate backbone of the template strand. It is hoped that AIDS therapies will 
be enhanced by a fuller understanding of drug inhibition and resistance resulting 
from these studies. 

6.2.4 Restriction Enzymes. - The type I1 restriction endonuclease EcoRV has 
been studied bound to its cognate and non-cognate DNA fragments115. Two type 
I1 restriction endonucleases that cleave double-stranded DNA at defined regions 
have been studied in detail. These are EcoRV and EcoRI which are both active as 
dimers and catalyse a similar reaction. The EcoRI appears to have little sequence 
or structural homology to EcoRV. The structure of the EcoRV monomer and the 
dimer complexed with DNA is shown in Figure 9. In the EcoRV endonuclease 
cognate DNA complex the enzyme has the same structure as the free protein. 
This appears to be the same also in the non-cognate DNA complex. Each protein 
monomer is made up from a small domain that is involved in dimerisation linked 
in a flexible fashion to a large domain that carries all the residues for DNA 
binding and recognition. The orientation of the two domains of the protein is 
different in the free enzyme from that found in the protein/DNA complexes. In 
the cognate DNA complex there is a kink of 50" at the centre TA (recognition 
sequence GATATC) with a compression of the major groove. The contacts 
between the protein and the DNA are by two short loops. This does not resemble 
any other known DNA-recognition motifs. One of these loops is disordered in 
the free enzyme and non-cognate complex. An arrangement of two aspartic acid 
residues close to the reactive phosphodiester group probably provides ligands to 
the essential cofactor magnesium. This arrangement, together with a lysine and a 
p strand are also seen in the otherwise unrelated EcoRI endonuclease. This 
demonstrates that even functionally related enzymes can carry out a similar 
reaction with a completely different protein motif except for the conservation 
described above. 

6.2.5 Klenow Fragment. - The Klenow fragment from Escherichia coli DNA 
polymerase has been crystallised with its DNA fragment116. The Klenow 
fragment is the C terminal portion of the polymerase enzyme which has the 
polymerase activity and the 3'-5' exonuclease activity. The Klenow fragment 
when complexed oto DNA has an area which becomes more ordered and a 
movement of 12 A in this region produces a cleft where the DNA is bound. The 
contacts between the protein and duplex DNA are made exclusively through 
protein interactions with the DNA phosphate. This complex has produced new 
ideas regarding the mechanism of the polymerase enzyme. It suggests that the 
primer strand approaches the polymerase active site from the direction of the 
exonuclease domain and that duplex DNA product might bend to enter the 
polymerase site. 
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Figure 9. Ribbon diagrams showing the monomeric structure of a) EcoRV and b) the dimer 
with bound DNA (viewed down the axis of the DNA). Q and R mark the location 
of the two loops involved in DNA recognition (reproduced with permission from 
reference 1 15). 

6.2.6 Methyltransferase. - DNA methyltransferase structure has been elucidated 
by Cheng et al1I7. This enzyme catalyses the transfer of a methyl group from 
S-adenosyl-L-methionine to adenine or cytosine residues of DNA. The function 
of this methylation in prokaryotic systems is in the restriction-modification 
system to recognise foreign DNA. In eukaryotic cells its role is thought to be in 
gene regulation. The enzyme has a large and a small domain separated by a hinge 
region as shown in Figure 10. The cofactor binds to the large domain close to the 
DNA binding cleft and has a structure different to that in the metJ repressor but 
similar to a NAD-binding motif. It is postulated that a loop with a Cys residue 
crucial for activity moves closer to the cofactor when DNA is bound. To verify 
this we must wait for the structure determination of the enzyme complexed with 
DNA. 

6.3 Receptor Protein Complex 
An important structure has been reported by Banner et a1.,118*119 where the 

tumour necrosis factor-$ (TNFB) has been cocrystallised with a 55KD receptor 
(SSR), soluble fragment complex. TNF-P is one of the two factors secreted by the 
lymphocytes that can mediate inflammatory responses and induce necrosis of 
tumours. The receptor part of this complex is made up of a striking cysteine 
repeat motif, arranged end to end with little overlap. This very elongated protein 
has disulfide bonds arranged like rings on a slightly twisted ladder. Three SSR 
molecules are found with one TNF-$ trimer, with each of the receptors 
interacting with two subunits of the ligand trimer. The receptor molecule binds to 
the bottom of the ligand trimer in a shallow groove. The three receptor molecules 
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small domain 

Figure 10. Ribbon showing the domain organisation of H. haemolytinrs DNA methyltrans- 
ferase (reproduced with permission from reference 117). 

in the complex do not appear to interact with each other. Although the overall 
structure of the ligand does not change on receptor binding, two significant 
changes do occur on surface loops. These studies illustrate the unusual way 
proteins can be made to form elongated structures using disulfide bonds and the 
subtle yet specific interaction of TNF-P with such a structure that can in turn 
mediate changes in the cytoplasmic region of the receptor involved in signal 
transduction. 

6.4 Visual Protein 
~ecoverin'~' is a calcium binding protein that mediates the activation of 

retinal rod guanylate cyclase, which in turn decreases the photosensitivity of 
cGMP phosphodiesterase and switches cGMP gated channels to high affinity. 
This cascade restores the dark state following visual excitation. Recoverin 
belongs to a family of proteins which include calmodulin, troponin C and visinin 
from retinal cones. The protein has a myristoyl moiety covalently attached to the 
N-terminus. Calcium and myristoylation are believed to regulate in a coordinated 
manner where calcium induces myristoylated but not unmyristoylated recoverin 
to bind to lipid bilayer membranes. Recoverin folds compactly into two domains 
separated by a narrow cleft, each domain contains a 29 residue helix-loophelix 
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motif. Recoverin has an additional helix at the C and N termini when compared 
to calmodulin. The calcium coordination is extremely similar in the two struc- 
tures. 

6.5 Muscle Proteins 

6.5.1 Calmodulin. - The complex of calmodulin with a peptide complex has been 
reported12'. This study suggests that the role of calcium is to organise and 
stabilise domain structure and so restrict the available conformational states of 
the protein to those most favourable to target recognition and activation. A 
number of mutant proteins of calmodulin have been constructed by genetic 
engineering which have deletions in the central helix. A structural study has been 
carried out on one of these mutants'22 (DES-Glu84). Comparisons of the mutant 
structure to the native calmodulin supports the idea that the central helix 
functions as a flexible tether as shown in Figure 11. In this way the calmodulin 
can regulate in a calcium dependent manner the activities of numerous cellular 

Figure 11. Diagrams showing the relative positions of lobe 1,2; linker; and lobe 3,4 of 
calmodulin. The hatched portion of the surface represents !he hydrophobic 
patch which is on the opposite side and approximately 20A from the two 
calcium-binding loops on the other surface. a) The crystal structure of the native 
calmodulin. The central linker region of the central helix is represented by a rod. 
b) The crystal structure of the des-Glu 84 calmodulin. The axis of approximate 
twofold rotation relating lobe 1,2 and lobe 3,4 is indicated. The central helix is 
bent by 9 5 O  (reproduced with permission from reference 122). 
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Figure 12. Ribbon diagram showing the myosin S1 heavy chain. Residue numbering from 
the regulatory light chain begins at 2001 and for the essential light chain at 3001 
(reproduced with permission from reference 125). 

enzymes. The mutant enzyme is still able to activate skeletal muscle myosin light 
chain kinase, NAD kinase and calcineurin (protein phosphatase). 

6.5.2 Myosin. - Vital information has recently been obtained by the elucidation 
of the structure of the muscle protein, myosin subfragment 1 by Rayment et 

123,124 . Myosin subfragment-l (Sl) forms the crossbridges between the myosin 
thick filament and actin thin filaments. These filaments slide over one anothef 
during muscle contraction. A new crystal form of S1 which diffracted to 2.8 A 
resolution was obtained after reductive methylation of most of Sl's 102 lysine 
residues. The methylated S1 remains active as an actin-stimulated ATPase. The 
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Active site - cleft c!osure 

C Transient intermediate 

Figure 13. Schematic representation of the sequential changes in the actin cleft and the 
ATP-binding pocket of the whale-shaped myosin head as a plausible framework 
for progression of the contractile cycle. Protomers of F-actin are shown as 
spheres. The narrow cleft that splits the 5OkDa segment of the myosin heavy- 
chain sequence into two domains is represented as a horizontal gap perpendi- 
cular to the filament axis. This representation of the nucleotide-bound state and 
the associated conformational changes relative to the X-ray structure of myosin 
is conceptual in nature (reprinted with permission from reference 124. 0 1993 
American Association for the Advancement of Science). 

S1 molecule is a highly asymmetrical molecule as shown in Figure 12. The 
nucleotide binding pocket is located at the end of a seven-stranded mostly parallel 
p sheet. The topology of the GXXGXGX nucleotide binding motif is the same as 
that found in Ras protein and adenylate kinase. The X-ray structure of myosin 
S1 has been fitted into electron microscopy reconstructions of native ATP-free 
(rigor) complexes where actin is saturated with attached myosin heads. The 
schematic representation of the sequential changes in the actin cleft and the 
ATP-binding pocket of the 'whale-shaped' myosin head, as proposed by 
Rayment et is shown in Figure 13. The discussion of the structure of 
myosin S1 and its function as a molecular motor has been the subject of an article 
in Current Opinion in Structural ~ i o l o g ~ l * ~ .  This work has significantly increased 
our understanding of actin-myosin interactions in muscle contraction. 
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6.5.3 Actin/Gelsolin. - The crystal structure of the actin/gelsolin segment l 
complex has been reported by McLaughlin et Gelsolin is a member of a 
family of proteins that regulate actin filament organisation through their ability 
to fragment them. On calcium activation, gelsolin randomly severs an F-actin 
filament and remains tightly bound to the newly created (+) end. Certain 
polyphosphoinositides can dissociate this gelsolin cap and thus allow filament 
growth. The structure of actin remains virtually unchanged on binding to 
segment 1. 

6.5.4 Other Actin Complexes. - Actin is also found in non-muscle cells where the 
assembly and disassembly of actin to filamentous actin (F-actin) is believed to be 
a key feature of cell structure and mobility. Several actin binding proteins are 
known including DNase, profilin and thymosin P4. The structure of the actin/ 
profilin structure has been reported by Schutt et Profilin is thought to have 
a role in the assembly of actin filaments. Although profilin and actin form a 1:l 
complex, in solution crystals of the complex show a tendency to assemble further 
into filamentous-like structures. 

6.6 Kinases 
Several kinase structures have been reported in 1993. These enzymes 

catalyse the transfer of a phosphate from a nucleotide (typically ATP) to another 
substrate. The catalysis which is usually rapid follows a direct, in line transfer 
mechanism and requires the binding of both MgATP and a substrate. In several 
kinases substrate binding is accompanied by significant structural changes in the 
protein. The structure of two forms of the c-AMP-dependent protein kinase 
(cAPK) have been reported recently. The first structure is the structure of the 
enzyme complexed with a peptide inhibitor128. This represents an open conforma- 
tion of the enzyme. The N-terminal of the pig enzyme has a rnyristylate moiety 
which has allowed the previously unresolved N-terminal region of the protein to 
be seen. On addition of MgATP the ternary complex is formed which results in a 
closed form of the enzyme. The major difference between the open and closed 
conformation is the rotation by 15" of a small lobe relative to the large lobe 
which results in the opening up of the active site cleft. Crystal structures of the 
catalytic domain of recombinant mouse cAPK as either binary or ternary 
complexes both adopt a closed conformation'". The crystal structure at 1.6 A 
resolution of the thermophilic phosphoglycerate kinase enzyme was reported 
from the bacterium Bacillus stear~thermo~hilus '~~. There are now 5 structures 
available for this kinase enzyme and all of them represent the 'open' form of the 
enzyme. If the B. stearothermophilus structure is superimposed on the structure of 
the enzyme from horse or yeast the main difference is that the domains are 4.2" 
closer together. This still makes the substrate binding sites for ADP and 3- 
phosphoglycerate which have been determined crystallographically too far away 
from each other for phosphoryl transfer. The structure of the B. stearothermo- 
philus phosphoglycerate kinase and bound ADP is shown in Figure 14. The 
structure of glycerol kinase has been reported by Hurley et al.l3' complexed with 
phosphocarrier protein 111~'". The phosphoenolypyruvate glycose phospho- 
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Figure 14. Ribbon diagram showing the structure of B. stearothermophilus phospho- 
glycerate kinase (PGK). The nucleotide substrate atoms are shown in 'ball-and- 
stick' representation. 

transferase system (PTS) catalyses the transport and phosphorylation of a 
number of simple sugars. 111~" is a PTS protein specific for the uptake and 
phosphorylation of simple sugars. Glycerol kinase (GK) has two large domains 
with a deep narrow cleft between them. Glycerol binds at the bottom of the cleft 
and ATP above it. The only structural change of GK on ADP binding is the 
rotation of a specific arginine residue to interact with the pyrophosphate moiety 
of ADP. The first eleven residues of one molecule of 111~" bind to a GK 
monorner in extended conformation. This binding site is more than 30 from the 
catalytic site of GK, ruling out a direct short range effect. It is concluded that 
111~" might destabilise one or more of the conformations of GK in the reaction 
pathway. 

6.7 Proteases 
Human immunodeficiency virus (HIV) protease has been the subject of 

many studies since it is essential to the viral life cycle and is responsible for 
catalysing the production of individual structural proteins and enzymes from 
polyprotein precursors. It is for this reason that inhibitors of this enzyme have 
received considerable interest in the treatment of AIDS. The different types of 
HIV have different proteases and some inhibitors are active against both types 
whilst others are specific for the protease from HIV-l and vice versa. In 1993 
Tong et described the crystal structure of HIV-2 protease in a complex with 
a reduced amide inhibitor which is also active against HIV-1 protease. Figure 15 
shows the hydrogen bonding interactions between the inhibitor and the HIV-2 
protease dimer. Another complex between HIV-2 protease and two transition 



Amino Acids, Peptides, and Proteins 

108 1 Asp 
29 

I 

: 2.9 

4-i;i-- 
N 

o----- NH Arg 8 
Asp 3.1 
129 I 

Figure 15. The hydrogen bonding interactions between the BI-LA-398 inhibitor and the 
HIV-2 protease dimer (reproduced with permission from reference 132). 

state analog inhibitors has been described'33. A comparison of the complex with 
HIV-1 protease has allowed an explanation of the 30 fold smaller, Ki observed 
for this latter protease. 

The structures of human cathepsin D in its native and inhibited form have 
been described by Baldwin et Cathepsin D is an aspartic lysosomal protease 
thought to have an important role in protein catabolism, antigen processing, 
degenerative disease and breast cancer progression. Two features distinguish 
cathepsin from other members of the pepsin family. These are that cathepsin D is 
found as a two chain form in the mature protein and second it contains a 
phosphorylated, N-linked oligosaccharide that targets the protein into lysosomes 
via mannose-6-phosphate receptors. Correlations can be made between the Ki 
values observed with cathepsin D for pepstatin and those slightly higher for 
rhizopuspepsin-pepstatin complex. The substrate binding cleft in cathepsin D is 
wider than in human renin. This information will help determine the best 
strategies for fine tuning the specificity of cathepsin D inhibitors. Metcalf and 
~ u s e k ' ~ '  have shown the schematic representation of cathepsin D and pepstatin 
A represented in Figure 16. 

The structure of a glutamic acid specific protease136 has been determined 
which uses a novel histidine triad in substrate binding. This is classed as a small 
bacterial serine protease which has a high specificity for cleavage next to glutamic 
acid residues. The structure is similar to Streptomyces griseus protease A and B 
and broadly similar to other serine proteases. Binding of the peptide analogue 
Boc-Ala-Ala-Pro-Glu-p-nitroanilide to the enzyme shows the substrate carboxy- 
late to be bound to the histidine side chain and two serines. A mechanism for 
charge compensation involving a novel histidine triad as shown in Figure 17. 
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Figure 16. Schematic representation of cathepsin D hydrogen bond interactions (dashed 
lines) with pepstatin A (reproduced from reference 135 by permission of Oxford 
University Press). 
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Figure 17. a) Ribbon diagram of the second j3 barrel of glutamic acid specific protease, with 
residues of the histidine triad, substrate and active site serine labelled. Solvent 
molecules (WI-4) which might be involved in linking the microdipole of the 
C-terminal helix to the histidine triad are also shown. b) Schematic representa- 
tion of the histidine triad charge relay system (reproduced with permission from 
reference 136). 
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The structure of an alkaline protease has been described from Pseudomonas 
a e r ~ ~ i n o s a ' ~ ~ .  This is a secreted zinc-dependent protease thought to be involved 
in virulence. The N-terminal domain of the protein contains the zinc ion and is 
the proteolytic domain and includes the active site consensus sequence HEXXH- 
XUGUXH (X is an arbitrary residue, U is a bulky hydrophobic residue, H 
histidine, E, Glutamic Acid, G, Glycine). This has also been observed with other 
proteases in this group including astacin (see Amino Acids, Peptides and Proteins, 
Vol. 25). The terminal domain contains the repeat motif GGXGXDXUX (as 
above, D, aspartic acid) required for binding of calcium ions. The calcium 
binding motif is thought to be important in secretion of the protein and in its 
folding. The C terminal domain is a P sandwich containing 21 P strands and eight 
calcium ions. 

The structure of adamalysin 11, a zinc endopeptidase from the snake 
venom of the eastern diamondback rattlesnake, Crotalus adamanteus has been 
reported by Gomis-Riith et all3'. This is the first structure of a snake venom 
metalloproteinase. Adamalysin I1 is a 24 kD enzyme which has a shallow active 
site cleft separating the main calcium binding domain from an irregularly folded 
subdomain. The zinc binding motif is identical to that in astacin. The zinc ion is 
co-ordinated by 3 histidines and a water molecule acting as a catalytic base in a 
near tetrahedral co-ordination. It is suggested that the snake venom metallopro- 
teinase, adamalysin, the astacins, the matrix metalloproteinases/mammalian 
collagenases and also the large bacterial proteases be grouped into a superfamily 
with distinct differences from the thermolysin family. 

6.8 Lipases 
Two further papers on lipases have appeared in 1993. A more general 

discussion on lipase and related enzymes was covered in Trends in Protein 
Research, Amino Acids, Peptides and Proteins, Volume 25. The first paper 
describes the structure of the lipase from Candida rugosa13'. This is a single 
domain molecule with an alp hydrolase fold. It is similar in overall structural 
features to the Geotrichum candidum lipase. The loops near the catalytic site 
however have a conformation that differs between the two lipases. The 'flap' 
regjon that covers the catalytic site in the Geotrichum candidum lipase move up to 
25A to produce a large depression exposing the active site Ser 109 and a 
hydrophobic surface around it. Another large difference is in a loop which 
extends towards the centre of the protein in Candida rugosa lipase whereas in 
Geotrichum candidum lipase this loop extends in the opposite direction and 
partially occludes the active site. The Candida rugosa lipase is thought to 
represent the active 'open' form of the enzyme. The second new lipase structure is 
that of human pancreatic lipase CO-crystallised with a small proteic activator, CO- 

lipase which is required to anchor the lipase at the lipid-water interface in the 
presence of bile salts. When a complex is formed between the lipase and 
procolipase in the absence of micelles, a helix forms a 'closed' lid over the 
catalytic triad of the lipase. The addition of micelles causes the helix to unwind 
and the lid to have an 'open' conf~rmat ion '~~.  These conformational changes 
alter the environment of the catalytic triad, allowing the active site serine to 
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become totally accessible to the solvent. A putative phosphatidylcholine molecule 
has been modelled into the active site. 

6.9 P-Lactamases 
p-lactamases catalyse the hydrolysis of P lactam rings, reducing antibiotics 

such as penicillins and cephalosporins to inactive acids. The enzymes work via a 
serine bound acyl intermediate The best studied enzymes are class A P lactamases 
or penicillinases141.'42. Lobkovsky et have studied the structure of cephalo- 
sporinase from Enterobacter cloacae. The P lactam binding site lies between the 
two domains of the protein and is generally more open than in class A P- 
lactamases. The class C cephalosporinase and class A penicillinase are shown in 
Figure 18. The 4 residues implicated in P lactam binding coincide (Ser 64, Lys 67, 
Lys 315 and Tyr 150 in class C). In cephalosporinase there is no equivalent of 
Glu 166 thought to be responsible for hydrolytic deacylation of the acyl 
intermediate in the penicillinases. Clavulanic acid resistance of cephalosporinases 
results from a difference in position of an arginine residue that is thought to bind 
clavulanic acid in class A enzymes. 

CLASS C CLASS A 
CEPHALOSPORINASE PENlClLLlNASE 

Figure 18. Cartoon diagrams showing a) the class C cephalosporinase and b) the class A 
penicillinase of Bacillus lichenifurnis (reproduced with permission from reference 
143). 

6.10 Other Enzymes 
The structure of the enzyme dialkylglycine decarboxylase (DGD) has been 

determined144 because of its unusual ability to catalyse rapidly both decarboxyl- 
ation and transamination. This enzyme is a pyridoxal-5-phosphate enzyme. The 
enzyme forms a tetramer which is made up of a dimer of dimers. Each DGD 
monomer is made up of two domains and an N-terminal segment. The active site 
is located at the monomer-monomer interface. Both the reactions appear to be 
catalysed by a single active site. 

The structure of lipoxygenase has been determined from ~ o ~ a b e a n ' ~ ~ .  This 
is a non-haem iron containing dioxygenase that acts on arachidonic acid, using 
molecular oxygen to form hydroperoxides. The reaction leads to the formation of 
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leukotrienes and lipoxins which are compounds important for the regulation of 
cellular response in inflammation and immunity. It is a two domain protein with 
an N-terminal domain that is an eight stranded antiparallel P-barrel with a jelly- 
roll topology and larger C terminal domain that is a helical bundle. The iron 
binding site is located in the larger domain and is co-ordinated to four ligands (3 
histidines, C-terminal COO-) in a distorted octahedron with two adjacent 
unoccupied positions. A similar co-ordination is seen in iron superoxide dis- 
mutase. 

The structure of the aldehyde reductase from pig has been determined from 
two crystal forms'46. The enzyme is a major member of a family of NADPH 
dependent oxidoreductases that catalyse the reduction of a wide range of 
aldehydes to their corresponding alcohols. The enzyme is a barrel structure. At 
the N terminus two short antiparallel P-strands connected by a tight turn close off 
the bottom of the barrel. The enzyme is related to aldose reductase which 
catalyses the reduction of carbonyl groups to alcohols. This latter enzyme has 
been linked to a number of diabetic disorders. The aldose reductase from human 
has been crystallised with an inhibitor zopolrestat (3,4-dihydro-4-0x0-3-([5- 
(trifluoromethyl)-2-benzothiazolyl]methyl-l-phthalazineacetic acid)'47. In the 
complex the inhibitor almost fills the pocket at the C terminal end of the barrel. 
Specific residues important for inhibitor recognition are two tryptophans, a 
phenylalanine and a leucine residue. Comparison of the ternary zopolrestat 
complex with the holoenzyme reveals a hinged flap motion which acts to close the 
active site pocket upon inhibitor binding. The structure of aldose reductase with 
the zopolrestat and NADPH bound is shown in Figure 19. 

The structure of a protein, DsbA which is required for disulfide bond 
formation of proteins in Escherichia coli has been determined by Martin et 
The fold of this protein is divided into two domains one of which is very similar 

Figure 19. Diagram of aldose reductase viewed along the axis of the $ barrel. The inhibitor 
zopolrestat and the cofactor NADPH are shown as stick models. The inhibitor 
lies in the active site pocket at the C-terminal end of the barrel (reproduced with 
permission from reference 147). 
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to that found in thioredoxin. The protein contains a sequence of four residues 
(-Cys-Pro-His-Cys) similar to that found in the active site of the thioredoxin 
super-family of oxidoreductases. Although the structures are similar there is only 
a 1 1 % sequence homology. 

6.1 1 Enzymes Acting on Carbohydrates 
The structure of several enzymes acting on carbohydrates have recently 

been solved. 

6.1 l .l Endocellulase. - One of these is the endocellulase ~ 2 ' ~ ' .  The enzyme has 
two domains; the C-terminal domain controls enzyme binding to insoluble 
cellulose while the N terminal domain carries out the catalysis. The structure 
described is that of the catalytic domain. The active site residues include three 
tryptophans and several polar amino acids which are found in other protein 
carbohydrate binding sites. The structure consists of eight 0-strands and eight 
major and two minor U helices that form an unusual u/P barrel structure. 

6.1 1.2 Endochitinase. -,The structure of endochitinase has been determined from 
barleyIs0. This enzyme is used by the plant to protect itself from fungal attack by 
hydrolysing the chitin polymer internally and releasing polysaccharides. The 
protein is made up of 10 a helices and has 3 disulfide bonds. An elongated cleft 
runs the length of the molecule and is thought to be the substrate binding and 
catalytic centre. 

6.11.3 Endoglucanase. - The catalytic core of the endoglucanase V enzyme (EGV) 
structure has been reported by Davies et all5'. This protein contains a six- 
stranded P-barrel in which the strands are both parallel and anti-parallel as 
shown in Figure 20. This fold has only previously been observed in barwin, a 
plant defence protein. The overall folds of the cellulose structure reported so far 
are different although their catalytic sites are similar. This suggests that these 
enzymes have arisen by convergent evolution. The active site of EGV is similar in 
shape to that of both hen white lysozyme and T4 lysozyme. For lysozyme the 
reaction proceeds with retention of the configuration around C ,  while for EGV it 
proceeds with inversion. In lysozyme the water acting as a nucleophile is able to 
attack only after the product has departed. The EGV-cellobiose complex, 
however, shows a bound water in a position suitable for nucleophilic attack 
without the need for release of product. 

6.11.4Glucanase. - The $-Glucanase enzyme ~tructure'~' has been determined 
from hybrid protein constructed from two Bacillus species to improve the 
thermostability of the protein. The structure shows no similarity with any of the 
well known cellulases, lysozymes or amylases. The enzyme comprises a sandwich 
of two antiparallel seven stranded P-sheets organised as a jelly roll P barrel 
topology. The active site is located on the concave face and the convex face has a 
calcium ion and disulfide bridge. One side of the active site is lined with acid 
residues and the other with aromatic residues. A glutamic acid residue, modified 
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Figure 20. Diagram showing the overall topology of the endoglucanase V molecule. The 
flexible loop region only seen in substrate-inhibitor complexes is shown dashed. 
The catalytic aspartic acid residues and the tyrosine, lying at the floor of the 
binding site, are shown in ball and stick representation (reproduced with 
permission from reference 15 1). 

when the inhibitor (314) expoxybutyl p-D-cellobioside is bound, is thought to be 
responsible for nucleophilic attack on the substrate. 

6.11.JGlucose Oxidase. - The cryst$l structure of glucose oxidase from 
Aspergillus niger has been solved to 2.3A res~ lu t ion '~~ .  This enzyme catalyses the 
oxidation of P-D-glucose by molecular oxygen to gluconic acid and hydrogen 
peroxide via 6-gluconolactone. The reaction can be divided into the oxidation of 
the substrate and the corresponding reduction of the enzyme. The glucose 
oxidase enzyme has two bound FAD molecules on each dimer. The enzyme 
shows a similarity with other FAD binding enzymes (glutathione reductase, p- 
hydroxybenzoate hydroxylase and cholesterol oxidase). A 20 residue lid covers 
the entrance to the active site. The first domain of the protein binds the FAD and 
the second the substrate. The second domain has a deep pocket where the 
substrate binds with the flavin ring of the FAD at the bottom and to one side. 

6.11.6 Lectins. - S-Lac lectins bind lactose and are thought to be involved in 
modulating cell-cell and cell-matrix interactions. The structure of the S-Lac lectin 
L- 14-11 human/lactose complex has been determinedlS4. The protein is composed 
of all p sheets. The P sheet fold is very similar to that found in plant lectins 
concanavalin A and pea lectin with which the S-Lac shows no significant 
sequence homology. The binding of the lactose moiety is seen in detail as shown 
in Figure 21. All of the residues interacting with the carbohydrate are conserved 
in all S-Lac lectins. 

The lectin from pea has been crystallised with a trimannoside complex'5s. 
Unlike concanavalin A, pea lectin requires an a-1,6-linked fucose moiety for high 
affinity binding. The crystal structure only provides ordered density for a single 
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Figure 21. Ribbon diagram of the human L-14-11 lactose complex. The lactose moiety in 
each monomer is shown in stick representation. The p-strands of the five and six 
stranded P sheets are labelled F1 to F5 and S1 to S6a/S6b respectively 
(reproduced with permission from reference 154). 

Figure 22. The pea lectin saccharide binding site. The filled bonds are for the protein, open 
bonds for the mannose residue. The sugar oxygen atoms are labelled and the 
hydrogen bonds are dashed lines (reproduced with permission from reference 
155). 

mannose residue in each of the saccharide binding pockets. That the trisaccharide 
binds through a single, terminal mannose suggests a direct role for fucose binding 
in high affinity oligosaccharide complexes.' The terminal mannose residue forms 
six hydrogen bonds with the protein. A comparison of the lectin with and without 
saccharide bound indicates that a loop is displaced towards the carbohydrate 
binding site, maxi.mising two of the maximum six hydrogen bonds formed with 
the ligand as shown in Figure 22. 

6.11.7 Aldolase. - The structure of class I1 aldolase has been described by Dreyer 
et This is the zinc containing L-fuculose-l-phosphate aldolase (FuA) that 
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reversibly cleaves L-fuculose- l-phosphate to dihydroxyacetone phosphate and 
L-lactaldehyde. The interesting result here is that the structure of this aldolase 
bears no resemblance to the structure of the more commonly studied TIM-barrel- 
containing class I Schiff base aldolases. The enzyme is a homotetramer in which 
each subunit is a central nine stranded anti-parallel P sheet with two parallel 
helices on one side and three parallel helices on the other. The zinc ion, which 
acts as an electron sink for the activation of the bound sugar molecule, is bound 
by five ligands from four side chains giving a distorted tetrahedral co-ordination 
sphere (as shown in Figure 23). Three of the ligands are the NE atoms of 
histidines and the others the 0 ~ 1  and 0.52 atoms of a glutamic acid residue. 

Figure 23. The environment of the zinc ion in the active site of fuculose-l-phosphate 
aldolase. Zinc co-ordinates to the NE-atoms of histidines 92, 94 and 155 and to 
the 0~1 and 0 ~ 2  atoms of glutamic acid 73 (reproduced with permission from 
reference 156). 

6.12 Parasitic Enzymes 
The structure of enzymes from parasites such as Trypanosoma brucei are of 

considerable interest since detailed comparison of their structures with the 
equivalent human enzyme can be used as a target for drug design. The structure 
of glyceraldehyde phosphate dehydrogenase (GADPH) has been determined 
from the Trypanosome sleeping sickness parasite157. The largest differences 
observed between the T. brucei glycosomal GAPDH and the human enzyme 
mainly involve residues on the surface of the protein where two unique insertions 
are found in the parasitic enzyme. Amino acid differences occur in the NAD- 
binding region along the entire length of the cofactor. Appropriate modifications 
of the adenine ring might provide opportunities for the design of selective 
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inhibitors. The parasitic enzyme structure was solved by using Laue diffraction 
methods and comparison with the human GAPDH. 

Another enzyme from the trypanosome has been studied by the group of 
~ i e r e n ~ a ' ~ ~ .  This is the glycolytic enzyme triosephosphate (TIM) isomerase 
which forms the well studied TIM barrel. The enzyme had been previously solved 
in another space group in 1991'59. The new structure shows the nature of a shift 
in conformation of a loop which moves from an 'open' to 'closed' substrate 
bound state. Differences in the states between TIM from chicken and trypano- 
some have raised the question as to how much the crystalline conditions affect the 
ligand binding properties and conformation. These studies will help to determine 
whether differences between TIM from trypanosomes and chicken can be used 
for drug design purposes or not. The TIM structure has also recently been 
reported from Escherichia c o ~ i ' ~ ~ .  A related study has used an artificially 
constructed monomeric TIM enzyrnel6' to study the normal dimeric enzyme. The 
study reveals that dimerisation is important for positioning the catalytic residues 
properly. 

A variant surface glycoprotein (VSG) structure has been determined from 
the trypanosome'62. This is an important protein since evasion of the immune 
response is accomplished by switching to expression of one or more antigenically 
distinct VSGs. Structural differences between this protein and other VSG 
structures are made to understand their antigenic variation. It is concluded that 
this is achieved mainly by sequence variation and not gross structural determina- 
tion. The core of the VSG is comprised of two antiparallel a helices with other 
elements of secondary structure mounted on this scaffold, as shown in Figure 24. 

6.13 Immunoglobulins 
Determining the structure of an intact immunoglobulin molecule has been 

difficult due to the flexibility of the Fc unit resulting in disordered crystals. By 
deleting the hinge region of a human immunoglobin G1 the group of Et- 
r n ~ n d s o n ' ~ ~  have been able to obtain the structure of this protein to 3.2A 
resolution. The absence of the hinge stops the immunoglobulins function to fix 
complement but it is able to show binding affinity for the Fc receptor of human 
monocytes and for the protein A of Staphylococcus aureus. This immunoglobulin 
differs from the usual structures of Fab and Fc fragments. One of the differences 
is the angle adopted by the 'elbow' joint in the Fab. The active site between VL 
and VH is a large irregular cavity and is continuous with a tunnel that extends 
into the solvent space between the V and C domain pairs. The presence of a large 
cavity is unusual amongst known Fabs and such a tunnel has not been seen 
elsewhere. 

The crystal structure has been reported of the Fab fragment TE33 
complexed with the 15 residue cholera toxin peptide'64. The peptide binds to the 
antibody as shown in Figure 25. A P turn formed in the peptide fits into a pocket 
lined with aromatic residues. This is a feature of other peptide antibody 
complexes. Another Fab complex has been solved recently. This is Fab-digoxin 
complex165. Digoxin inhibits the ~ a + ,  K+ - ATPase and is used to treat 
congestive heart failure. It is toxic and anti-digoxin antibodies are used both to 
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monitor serum levels of the drug and treat digoxin intoxication. Digoxin which is 
a cardenolide type steroid with an a,gunsaturated lactone ring attached at C17 
and three p (l-4)-D-glycoside linked digitoxases attached at 0 3 .  The molecule 
binds to the Fab combining site with its long axis approximately parallel to the 
pseudo twofold axis relating the VL and VH domains. The lactone ring is buried 
and the digitoxases are exposed to solvent. There are no H-bonds or salt links 
formed between the digitoxin and the Fab which is unusual. Here the specificity is 
clearly the result of only non-polar interactions. Only small changes are observed 
between the structure of the complexed and uncomplexed antibody. 

A detailed study has been carried out on the analysis of the free and bound 
conformations of the anti-haemoglobin antibody and its heptapeptide 
complex166. A previous had looked at the structures of Fab in its free 
form and in two crystal forms in complex with peptide. This produced structural 
evidence for an induced fit as a mechanism for antibody-antigen recognition. The 

Figure 24. Ribbon drawings of a) ILTat 1.24 and b) MITat 1.2 variant surface glyco- 
proteins from Trypanosoma brucei. Solid regions represent structural differences 
between the two molecules (reproduced with permission from reference 162). 
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Figure 25. Overall view of the crystal structure of the Fab part of the monoclonal antibody 
T22 in complex with the 15 residue cholera toxin peptide 3 (CTP3) (reproduced 
with permission from reference 164). 

H3 loop of the variable region of the Fab heavy chain has two different well 
defined conformations. One for the unIigated Fab and one for all the crystal 
forms of the Fab fomplex. The hydrogen bonding pattern is different and 
differences up to 4A for some of the main-chain atoms are discovered. The 
peptide has an extended conformation followed by a type l p turn. 

Another important Fab/peptide antigen complex is that formed between 
the HIV neutralising antibody 50.1 and the V3 loop peptide antigen168. The 
principle neutralising determinant of HIV- 1 is located in the third hypervariable 
region (V3) of the envelope glycoprotein. This study has furthered our under- 
standing of the nature of HIV-1 neutralisation. Some residues of the peptide in 
the complex have an extended structure and others form a type I1 $-turn. Peptide 
binding primarily involves hydrophobic interactions. A salt bridge between a 
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lysine residue of the peptide and two asparagine residues on the Fab also have a 
role in antigen recognition. 

The anti-HPr antibody Je142, Fab (Mouse)/histidine containing phospho- 
carrier protein HPr complex has been used to evaluate mutagenesis, for epitope 
mapping'69. The epitope determined by X-ray structural analysis is similar to 
that predicted by site-directed mutagenesis experiments. The structures of an 
anti-progesterose Fab and its complex with progesterone'70 have been determined 
to  investigate the structural basis of steroid binding. The relatively flat surface of 
the steroid rings are inserted into a narrow hydrophobic binding slot with 
specificity enforced by hydrogen bond interactions. A specific tryptophan residue 
from the Fab heavy chain shows two different conformations representing an 
'open' and 'closed' form of the antibody combining site. This residue is thought 
to cover the hydrophobic binding site in aqueous conditions which then opens to 
allow binding of the hydrophobic ligand. 

Some antibodies bind metal chelate haptens and they have an interest for 
medical imaging and therapy. An X-ray study has been carried out with two Fab/ 
hapten complexes with different metals in the chelate17'. The binding of metal-L- 
benzyl-EDTA-haptens with a murine monoclonal antibody where the metal is 
varied show a high specificity for an indium chelate with affinity decreasing by as 
much as 104 for other metals. In the indium complex a histidine residue from the 
H3 loop of the heavy chain provides a seventh co-ordination of the indium atom 
chelated with the EDTA group. The histidine co-ordination is not observed in an 
iron complex. 

A study of anti-lysozyme antibody D1 1.15 Fv/lysozyme complex has been 
carried to understand why a monoclonal antibody raised against hen-white 
lysozyme also binds to several other avian lysozymes with different affinities. 

Structures of chimaeric mouse/human antibodies have been reported173. 
Mouse antibodies are easily produced by hybridoma technology. Their use in 
humans is restricted since the non-antigenic binding regions are sufficiently 
'foreign' to raise an immune response. A large amount of work is now being 
carried out to make chimaeric antibodies to try to overcome this problem. 

6.14 Chaperonepeptide Complex 
The structure of a PapD chaperoneJpeptide complex from Escherichia coli 

has been determined by Kuehn et PapD is a periplasmic chaperone which 
is involved in the assembly of the proteins that form the P pilus in Escherichia 
coli. PapD binds each of the pilus subunit types as they are translocated across 
the cytoplasmic membrane and escorts them in native-like conformations 
through the periplasm to outer membrane assembly sites. The structure of PapD 
is similar to that of an immunoglobulin fold. The peptide that is complexed with 
PapD binds in an extended conformation with its C terminus anchored to the 
protein. Significant hydrophobic interactions of the peptide are made with PapD 
with the alternating hydrophilic residues pointing away from the protein. The 
structure of the two domains of PapD are similar in the peptide complex to those 
of native PapD however the angle between them is more acute due to a 13* hinge 
bending motion. 
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7 Protein Engineering 

Work in this area has continued to be carried out at an ever expanding 
rate. Knowing the structure of a protein is only a start. Site-directed mutagenesis 
has to be carried out to study its mechanism and its properties. Only several 
aspects of engineering that have been reported in 1993 will be covered here. 

7.1 Antibody Engineering 
The first is the topic of human antibody engineering. As explained in the 

previous section if antibodies are to be used in human therapy they will be 
engineered to avoid any unnecessary immune response. The framework of the 
antibody variable regions is a P sheet framework connected by loops (comple- 
mentarity - determining loops - CDRs) that are responsible for interacting with 
the antigen. Five of the six loops adopt a limited number of conformations. The 
antibody framework residues affecting the conformation of the CDRs was 
discussed in papers by Foote and and Saul and ~ o l j a k ' ~ ~ .  Despite 
many crystal structures, some of which are discussed in the previous section, the 
'mechanisms of antigen binding are only starting to be understood. A review 
published in 1 9 9 3 ' ~ ~  by Mariuzza and Poljak discusses the current view of 
antigen-antibody binding. 

Earlier work has been carried out to design antibodies for human therapy. 
Chimaeric antibodies have been made between rodent variable domains linked to 
human constant domains but these are still immunogenic. Another route has 
been to transplant CDRs from a non human antibody onto a human framework. 
These antibodies are 90% human and are less irnmun~~enic"~. 

7.1.1 Phage Antibodies. - Phage antibodies are now used to harness the power of 
engineering these human antibody variable region genes in Escherichia coli. This 
was first described by McCafferty et al. in 1990"~. In this technique antibody V 
genes are cloned into the capsid genes of filamentous bacteriophages and 
displayed as functional proteins on the surface of the phage particles. The phage 
genome is a single copy of single stranded DNA and selections based on the 
functional properties of the antibody result in the selection of the gene encoding 
those properties. Phage can be selected by any method partitioning binders from 
non-binders. A recent technique has employed antigen coated onto plastic'g0. 
This report describes the isolation of highly specific antibodies to thyroglobulin, 
tumor necrosis factor, carcino embryonic antigen, epithelia1 mucin, CD4 and IgG 
anti-idiotype from an unimmunised human V gene repetoire. 

Dimeric and bispecific antibodies have been recently reported. The group 
of Greg Winter have described small bispecific anti body fragments called 
~iabodies"'. Several single antibody domains and subdomains have been 
described with binding affinity. A 61 residue peptide called a rninibody has been 
describedlg2 which is a derivative of the variable region of the heavy domain of 
the antibody. This chelates metals by virtue of histidine residues in CDRs 1 and 2 
(CDR 3 is lacking). A complementarity-determining region synthetic peptide has 
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been described that acts as a mini-antibody and neutralises human HIV-I virus in 
vitrolg3 

The phage display technique used for antibodies has also been used for 
protein engineering of peptides and protein domains. Luzzago et al.lg4 have 
reported the epitope mapping of human H ferritin using a phage library of 
cysteine-constrained peptides. Felici et al.lS5 have attempted to map a mono- 
clonal antibody to Bordeteilla pertussis toxin however no clear consensus 
sequence could be identified from the selected phage. With no three dimensional 
structure of the toxin it was difficult to determine which residues comprised the 
epitope. McLafferty et a1.1g6 have used bacteriophage to display disulfide- 
constrained micro-proteins. This method has also been used for investigation of 
receptor-ligand interactionlg7. This reports the selection of phage that bound the 
S-protein of ribonuclease (20 amino acids cleaved from N-terminal end of 
ribonuclease) using an unconstrained hexapeptide library. The selected peptide 
did not resemble the S-peptide of ribonuclease which is the first 15 residues that 
can bind to S1 and restore its function yet competed effectively for binding. 

Kay et a1.lS8 have used a phage library to display random 38 amino acid 
peptides as a source of novel targets with affinity to selected lengths. When 
constructing complete libraries the display of longer 38 amino acid peptides 
reduces the number of independent clones required for complete coverage of 
hexapeptide sequences. 

Recently a number of whole proteins have been displayed on phage. This 
includes trypsin in a study by Corey et allg9. In this study the potential of 
studying protein-protein interactions was realised by the CO-purification of 
another protein, ecotin (serine protease inhibitor) with the trypsin molecules 
displayed on the phage. Pannekoek et al.lgO have demonstrated the expression of 
a functional human plasminogen activator inhibitor 1 (PAI-1) on phages. A 
library of mutant PAI-I molecules were then constructed using error-prone PCR 
mutagenesis. 

A novel technique has been introduced to combine peptide and protein 
domain display to examine protease substrate ~ ~ e c i f i c i t ~ ' ~ ~ .  This phage tech- 
nology has also been used for vaccine development. Willis et showed that 
phage displaying different sequences from a protein of the malarial parasite fused 
to gVIII were strongly immunogenic in mice. Minenkowa et a1.1g3 have used a 
peptide from HIV-1 gag protein, p17 as a fusion to gVIII and raised antibodies in 
rabbits that react with the p17 protein. 

It appears that displaying the peptides and proteins on the phage in these 
experiments does not affect their activity. This technique is proving to be 
invaluable for protein engineering. It should be possible to display active enzymes 
and modify substrate specificity by these techniques in the future. 

8 Summary 

An attempt has been made to cover some of the current trends in protein 
research reported in 1993. Topics such as the importance of water in protein 
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structure and function have been discussed. Several new protein folds have been 
discovered and a classification of protein structures can be made into those that 
are mainly a, mainly P, alternating alp and U +  P classes. We are beginning to 
understand how proteins fold and what stabilises their structures. 1993 has 
brought a wealth of new protein structures and we can now have a greater insight 
into the principles of molecular recognition which govern all biological processes. 
Advances in genetic manipulation techniques should help in understanding 
recognition processes, enzyme catalysis and the design of new and novel protein 
structures. 
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6 
P-Lactam Chemistry 

BY CHRISTOPHER J. SCHOFIELD and NICHOLAS J. WESTWOOD 

1 Introduction 

This review attempts to cover the p-lactam literature likely to be of interest to 
chemists published in 1992 and 1993. The continued high level of interest in the 
chemistry and biochemistry of the p-lactams is indicated by the large number of 
publications relevant to this review. Many of these relate to structure activity 
relationships of antibacterial p-lactams and are listed in the Appendix. A growing 
number of reports reflect the development of p-lactams for new therapeutic uses 
and these are reviewed in Section 10. The deletion of the word antibiotic from the 
title of this review reflects the growing interest in these new applications, as well 
as the use of p-lactams as synthetic intermediates. The format and section 
headings used by our predecessors have been generally retained. 

As an antibiotic family the p-lactams have proved remarkably resilient and 
are possibly the most successful therapeutic agents of the 2oth century. Several 
reviews have highlighted the threat that microbial resistance presents to the 
continued use of p-lactams and other antibiotics. How long the predominance of 
p-lactams in the antibiotic market will extend into the next century is likely to 
depend upon the ingenuity of medicinal chemists and biochemists in meeting the 
challenge of resistance. 

Three books on p-lactams have been published. 'The Organic Chemistry of 
p-Lactams' (Ed. G. I. Georg) is concerned with the synthesis of p-lactams and 
their use as precursors for a and p-amino acids and natural products.' The 
emphasis is on modern p-lactam chemistry and it is an excellent text for anyone 
interested in the synthesis of p-lactams. Chapters on protecting groups in 
p-lactam chemistry, the introduction and transformation of functional groups in 
p-lactam chemistry, strategies for the synthesis of bicyclic p-lactams, the p-lactam 
synthon method, novel methods for the construction of p-lactams and the 
stereocontrolled ketene-imine cyclisation are included. 'The Chemistry of 
p-Lactams' (Ed. M. I. Page) is a more general text and contains recent reviews 
concerning the mode of action and resistance to the p-lactam antibiotics.* It 
includes chapters on the biosynthesis of p-lactams, chemical structure activity 
relationships, biological structure activity relationships, the mechanism of reac- 
tions of p-lactams, mode of action of p-lactam antibiotics, the mechanism of 
action and inhibition of p-lactamases, the carbacephems, non p-lactam mimics of 
p-lactam antibiotics and classical p-lactams. The proceedings of the '50 Years of 
Penicillin Application' conference, held in honour of Prof. E. P. Abraham, have 
also been published in book f ~ r m a t . ~  

Some general reviews on antibacterial resistance have been published and 
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will be of interest to p-lactam  chemist^.^-^ Other reviews have concentrated on the 
resistance threat to the p-lactam antibiotics. ''-l6. A review draws attention to the 
threat posed by metal10 P-lactamases (to which there are currently no effective 
inhibitors) to p-lactam antibiotics.17 Nine reviews on the molecular biology of 
p-lactam biosynthesis have been p~blished18-26 and on several of the enzymes 
involved in the penicillin/cephalosporin and clavulanic acid biosynthetic path- 

Review articles have also been published on the use of NMR spectro- 
scopy in the study of the metabolism of p-la~tams,~' the synthesis of non-classical 
~-1actams:~ the triba~tams:~ the use of computational chemistry to provide 
insights into p-lactam antibiotics and their r e ~ e ~ t o r s , ~ ~  dual action and pro-drug 
p-lac tarn^,^' strategies for the design of new P-lac tarn^:^ the synthesis and 
biological activity of fluorinated penicillins and other ~ - l a c t a m s , ~ ~  historical 
perspectives,38 penicillin and cephalosporin a ~ ~ l a s e s , ~ ~  the use of penicillin 
acylase in organic synthesis? the industrial transformations of penicillins and 
cephalosporins~l and ~ e f ~ r o z i l . ~ ~  Other reviews are referred to in the specific 
sections below. 

2 New Natural Products 

The structure of valclavam has been revised from (1) to (2) on the basis of 
NMR and mass spectrometric studies.43 Three herbicidal peptide antibiotics (3a, 
3b, 3c) related to tabtoxin (4) have been isolated from a fermentation broth. (3a) 
was active on minimal media, but its activity was reversed by the addition of 
glutamine, indicating that like tabtoxin (4) its mode of action is via inhibition of 
glutamine ~ ~ n t h e t a s e . ~ ~  

3 Biosynthesis 

3.1 Penicillin and Cephalosporin Biosynthesis 
The unravelling of the molecular biology of the penicillin and cephalo- 

sporin biosynthesis pathway continues, with particular recent emphasis on the 
factors regulating the flux through the pathway, including studies on the effects of 
the carbon and nitrogen s o ~ r c e s . ~ ~ - ~ ~  A detailed discussion of these studies is 
beyond the scope of this review and the reader is referred to the reviews in the 
area. A pulsed field electrophoresis study has allowed mapping of the penicillin 
gene cluster of Aspergillus nidulans to chromosome VI.~' Nine chemical mutants 
of Penicillium chrysogenum which demonstrated reduced levels of penicillin 
production have been generated and ~haracterised.~' 

3.1.1 ACV (5) Biosynthesis. - Two reviews on ACV synthetase have been 
published.51952 Studies on the effect of dissolved oxygen on the production of 
ACV synthetase in Streptomyces c l a ~ u l i ~ e r u s ~ ~  and on the regulation of its 
activity by carbon sources and their metabolites have been publi~hed.'~ A 
theoretical analysis suggests that ACV synthetase is the rate limiting enzyme in 
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penicillin and cephalosporin b i o ~ ~ n t h e s i s . ~ ~ ~ ~ ~  An interesting study on the 
subcellular compartmentation of the early stages of penicillin biosynthesis in P. 
chrysogenum, using [14c]-labelled amino acids, has resulted in the proposal that 
ACV synthetase is located in or on the surface of the vacuolar membrane and 
that its substrates are drawn from within the v a c ~ o l e . ~ ~  Improved procedures for 
the purification of ACV synthetase from Cephalosporium acremonium and S. 
c l a ~ u l i ~ e r u s ~ ~ - ~ ~  and conditions for the in vitro stabilisation of ACV synthetase 
isolated from S. clavuligerus have been de~cribed.~' The availability of in vitro 
ACV synthetase activity has enabled preliminary characterisation and mechan- 
istic studies to be initiated. ACV synthetases from both C. acremonium and S. 
clavuligerus have been shown to contain phosphopantothenic acid, substantiating 
its characterisation as a member of the multienzyme peptide synthetase 

Incubation of [2-2~]-valine with purified ACV synthetase from C. 
acremonium and S. clavuligerus produced ACV (5) with complete loss of 
deuterium from the valinyl C2-position and incubations with fully protiated 
valine in deuterium oxide produced ACV (5) with significant incorporation of 
deuterium at the valinyl C2 position (Scheme These experiments were 
interpreted as confirming that ACV synthetase catalyses both the formation of 
the peptide bonds of ACV (5) and the epimerisation of the valinyl residue. 
Studies on the exchange of the valine oxygen during ACV (5) biosynthesis, using 
[18~]-valine have revealed that in vitro the exchange of a single valine carboxylate 
oxygen occurs, indicating that formation of a valinyl acyl enzyme intermediate is 
not freely reversible (Scheme 

S. clavuligerus has been shown to contain an NADPH disulfide reductase 
with a broad substrate specificity, related to thioredoxin, which catalyses the 
reduction of ACV disulfide to its thiol form (5).65 An in vitro coupled enzyme 
system for the production of penicillins from ACV disulfide using the disulfide 
reductase and isopenicillin N synthase (IPNS) was described. The gene for the 
disulfide reductase has been cloned.66 

The gene encoding for lysine 6-arninotransferase which is involved in the 
biosynthesis of L-cl-aminoadipic acid has been shown to be located in the cluster 
of cephamycin biosynthesis genes in Nocardia lactamd~rans .~~ Hybridisation 
experiments, using both cephamycin producing and non producing strains, 
suggested that this gene is a 'genuine' $-lactarn biosynthetic gene.67 

3.1.2 Isopenicillin N Synthase. - High level expression in E. coli of the genes for 
various IPNS isozyrnes has been achieved68p69 and studies on the factors affecting 
the transcription of the IPNS genes from A. n i d ~ l a n s ~ ~  and S. c l a v ~ l i ~ e r u r ~ ~  have 
been reported. Expression of the IPNS gene is apparently regulated by (at least) 
two independent mechanisms, one mediating carbon regulation and one 
mediating pH regulation." The results of a broad screening effort to examine the 
potential of IPNS for the synthesis of new penicillins from substrate analogues 
has been described.73 The results complement previous substrate analogue 
studies. It was found that conversion of the D-valinyl residue of ACV (5) to an 
aromatic amino acid or to a residue containing strongly electron withdrawing 
groups resulted in the production of inhibitors. A full report, including a 
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mechanistic interpretation, has appeared on the conversion by IPNS of an ACV 
(5) analogue (6) containing a difluorohomocysteinyl residue in place of cysteine, 
to a thiocarboxcylic acid (71 .~~  The availability of recombinant IPNS has 
encouraged biophysical studies by several groups. A variety of spectroscopic 
techniques including X-ray N M R , ~ ~  ~ o s s b a u e r , ~ ~  and spin echo 
spectroscopy79 have. been utilised to study the active site of IPNS. These studies 
are all consistent with the ligation of the ferrous iron of IPNS by two or three 
histidine residues. NMR studies77 indicate that an aspartyl residue is located in 
close proximity to the active site iron. X-ray a b s ~ r ~ t i o n ~ ~ . " ~  and other studies78 
indicate that the thiol of the substrate ligates to the active site iron, as has been 
previously proposed.74 

3.1.3 Cephalosporin Biosynthesis. - The cloning and expression of the acetyl 
CoA:deacetylcephalosporin C (DAC) acetyl transferase gene which encodes for 
the final enzyme involved in cephalosporin C (8) biosynthesis has been 
reported.80-82 The genes for the cephalosporin 7ol-hydroxylase83 (from S. lividans) 
and cephalosporin acetyl esterases (from C. acremoniumg4 and Bacillus sub t i l~ s~~)  
have also been cloned and expressed. The results of an ambitious experiment in 
which the production of cephalosporins in P. chrysogenum was engineered have 
been de~cr ibed .~~  Thus, P. chrysogenum was transformed with DNA containing a 
hybrid DAOC synthase gene and a hybrid isopenicillin N epimerase gene. The 
transformed P. chrysogenum was shown to produce DAOC (9) along with 
penicillin V. The latter was produced at lower levels than that observed for the 
untransformed P. chrysogenum, which (in common with other fungi) does not 
produce cephalosporins. The genes encoding for isopenicillin N epimerase and 
DAOC synthase from N. lactamdurans have been sequenced and expressed in S. 
livid an^.^^ Several mechanistic studies have been carried out on DAOCIDAC 
synthase from C. acremonium, which has been expressed in E. ~ o l i . ~ ~ ~ ~ ~  DAC (10) 
itself has been shown to be a substrate for the enzyme being converted to the 
aldehyde (ll), which is highly unstable and undergoes rapid hydrolysis to the 
cephalosporinate (lz).'' This is of interest because (12) has been previously 
isolated from fermentation broths of a C. acremonium mutant, believed to be 
blocked at the DAC acetyl transferase step. Furthermore it suggests that the 
evolutionary significance of the acetyl transferase may have been to preserve the 
cephem nucleus by modification of DAC (10) by acetylation, since cephalosporin 
C (8) is not a substrate for DAOCIDAC synthase. Incubation of a mixture of 
DAOC (9) and 13-*HJ-DAOC (13) with DAOC/DAC synthase led to the 
observation that the former was preferentially processed by the enzyme, 
consistent with a mechanistic proposals in which cleavage of the C-H bond of the 
exocyclic methyl group is an irreversible e ~ e n t . ~ '  The conversion of the unnatural 
substrate, exomethylene cephalosporin C (14), by DAOCPAC synthase has 
been studied using [4-2~]-exomethylenecephalosporin C (15).92993 Incubation of 
(15) led to the isolation of DAC (10), the aldehyde (11) and the epoxide (16). 
Reincubation of isolated (16) with DAOCIDAC synthase led to the production 
of an aldehyde analogous to (12), but derived by ring opening of (11) with NH3. 
Further evidence implied that DAC (10) was not an intermediate in this 
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1 8 0  was incorporated into the products (10) and (l@, from both 
1 8 0 2  and ~ ~ ' ~ 0 ,  although the level of incorporation into the epoxide (16) from 
1 8 0 2  was higher than that observed for DAC (10) ."~~~ 

3.1.4 Acyl Coenzyme A: Isopenicillin N Amidohydrolase Acyltransferase ( A  T)  . - 
Several studies have confirmed that a single gene product is responsible for the 
conversion of isopenicillin N to penicillin G. The enzyme is a,ghetereodimeric 
and the intact gene product does not display activity.96397 A study has investigated 
the requirement for interaction in the production of the subunits of  AT.^^ 
Another study which characterised the post-translationally modified protein 
using electrospray ionisation mass spectrometry provided evidence that the 
partial irreversible acylation of the U-subunit occurs in vivo by acylation with 
exogenously added substituted acetic acids.99 It was also demonstrated that 
incubation of the enzyme with appropriate acyl coenzyme A derivatives led to 
reversible (by the addition of 6-aminopenicillanic acid) acylation of the P-subunit 
only.99 Expression in P. chrysogenum of a mutant AT lacking a putative targeting 
sequence for microbody proteins led to the observation that whilst the mutant 
enzyme was active in vitro, the transformed P. chrysogenum did not produce 
penicillins. The mutant enzyme was also found to be located in vacuoles and the 
cytoplasm, rather than in microbodies as normally ob~erved.'~' The isolation of 
acylcoenzyme A synthases (ACS) from P. chrysogenum and A. nidulans has been 
reported.lO' The ACS from the former is apparently an a2 homodimer and was 
shown to catalyse the synthesis of acyl coenzyme A derivatives of a number of 
acids (C2 to C8 and some aromatic acids) including some of commercial 
importance. The ACSs could be coupled to AT from P. chrysogenum to produce 
acylated penicillins from carboxylic acids and 6-aminopenicillanic acid. 

3.1.5 Penicillin Acylases. - Interest in the optimisation of conditions for the 
deacylation of fermented penicillins remains high, but full coverage is beyond the 
scope of this review and the reader is referred to the reviews in the area. This 
interest has, however, stimulated studies on the postranslational processing 
pathway and on the mechanism of penicillin acylases. The a and P-subunits of the 
E. coli acylase have been expressed separately and shown to be inactive, whereas 
activity was obtained when the genes for the two subunits were put into an E. coli 
host on separate plasmids. lo2 The processing pathway has also been probed using 
site directed mutagenesis on E. coli'03 and Kluyvera ~ i t r o ~ h i l i a ' ~ ~  acylases, which 
have also been used to investigate a putative penicillin binding site on the 
a c y l a ~ e . ' ~ ~ ~ ' ~ ~  The use of penicillin acylases has been described for the resolution 
of racemic mixtures by the hydrolysis of N-phen ylacetyl derivatives of $-amino 
acids, l'' N-phenylacetylated l-aminoethylphosphonic and l -aminoethylphos- 
phonous acids,''* N-phenylacetylated y-aminobutyric acid derivatives,lo9 phenyl- 
acetate esters of secondary  alcohol^^'^ and of methyl esters of phenylacetate 
derivatives in the preparation of compounds useful. as penicillin side chains."' 
Penicillin acylase has also been used for the deprotection of N-phenylacetyl-L- 
Asp-L-Phe-OMe, in an aspartame and for the N-acylation of C7- 
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aminocephalosporins1133115 and amino acids.'16 In the latter case it was reported 
that L-amino acids with non branched side chains were the best substrates. 

3.1.6 Cephalosporin Acylases. - The route for the preparation of 7-amino- 
cephalosporanic acid from cephalosporin C (8) by oxidation with a D-amino acid 
oxidase, followed by decarboxylation and deacylation of the resultant glutaryl-7- 
aminocephalosporanic acid (GL-7-ACA) continues to receive attention. A kinetic 
study on the overall process has been reported117 and D-amino acid oxidases 
from several sources have been charac te r i~ed .~ '~ - '~~  The GL-7-ACA acylases 
from Bacillus l a t e r ~ s ~ o r o u s ~ ~ ~  and Pseudomonas  strain^'^^-'^^ have been cloned 
and expressed in E. coli. One of the Pseudomonas cephalosporin C acylases, 
which was cloned and expressed in E. coli, reportedly catalyses the removal of the 
D-a-aminoadipoyl side chain from cephalosporin C (8).'24 

3.2 Clavam Biosynthesis 
The past two years have seen significant advances in the understanding of 

the clavam biosynthetic pathway (Scheme 2). Two isozymes of clavaminic acid 
synthase (CAS), a key enzyme in clavam biosynthesis, from S. clavuligerus have 
now been and one of them expressed in E. c01i.l~~ Hybridisation and 
mapping studies have shown that the gene clusters for the clavulanic acid (17) 
and cephamycin biosynthesis pathways in three Streptomyces species are chromo- 
somally adjacent. Thus, in Streptomyces spp. there appears to be a 'super cluster' 
of genes involved in the biosynthesis and protection of P-lactam ant ibi0t i~s . l~~ 
Substrate analogue studies on CAS have led to the proposal that it has an 
unprecedented trifunctional role in the biosynthesis of a secondary metabolite. 
Thus, incubation of the amino substrate (18) with CAS led to the production of 
the alkene (19), as the major product, together with a low yield of proclavaminic 
acid (20).12' However, incubation of the guanidino compound (21) with CAS led 
to the production of alcohol (22) in an efficient fashion. Partly on the basis of 
these observations it was proposed that an amidino hydrolase catalyses the 
hydrolysis of guanidino alcohol (22) to proclavaminic acid (20). The conversion 
of (21) to (22) was shown to occur with retention of configuration at the C3 
position of the side chain using stereospecifically labelled substrates (23).'29*130 
The oxygen of the hydroxyl group of (22) was shown to be derived in part from 
O2 and in part from ~ 2 0 . l ~ ~  The ability of CAS to accommodate substrate 
analogues was further demonstrated by the conversion of the y-lactam analogue 
(24) of proclavaminic acid (20) to the y-lactam analogues (25) and (26) of 
dihydroclavaminic acid (27) and clavaminic acid (28) respectively.'31 A diaster- 
eoselective synthesis of the dihydroclavaminic acid analogue (25) by bicylisation 
of aldehyde (29), was also rePorted.l3l CAS has been shown to catalyse the 
hydroxylation of N-acetyl arginine to give (30) and the hydroxylation and 
desaturation of N-acetyl ornithine to give alkene (31) and alcohol (32).'32 The 
former transformation is useful as an assay for CAS. Evidence that supported the 
supposition that (21) was indeed an intermediate in clavulanic acid (17) biosynth- 
esis came with the observation that arginine is a later intermediate than ornithine 
in the pathway.'33 Furthermore, (21) was subsequently isolated along with (33) 
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from S. c l a ~ u l i ~ e r u s . ' ~ ~ ~ ' ~ ~  The processes by which arginine is converted to (33) 
and by which clavaminic acid (28) is converted to clavulanic acid (17) remain to 
be elucidated in the clavulanic acid (17) pathway. Biosynthetic studies on other 
clavams have now been initiated and these have resulted in the revision of the 
structure of valclavam from (1) to (2).43 A degradation product (34) of valclavam 
(2) was found to be identical to the antibiotic Tii1718B, which had previously 
been assigned another, structure (35)43 Evidence is beginning to accumulate that 
the early stages of the pathway are common to the biosynthesis of all clavams. 
Labelling studies demonstrated that the biosynthesis of clavam-2-carboxylic acid 
(36)'36 and valclavam (2)'37p'38 both proceed via proclavaminic acid (20). 
Furthermore, both CAS and proclavaminic acid amidino hydrolase have been 
isolated from S. antibioti~us,'~~ which produces valclavam (2). An outline 
biosynthetic pathway to all clavams has been proposed (Scheme 2).139 

3.3 Carbapenem Biosynthesis 
N-(p-Ketocaproy1)homoserine lactone (37) has been shown to act as a 

'molecular control' signal for the expression of genes controlling carbapenem 
b i~s~n thes i s . '~~ . '~ '  A number of the analogues were capable of restoring carba- 
penem biosynthesis to mutants lacking the ability to biosynthesise (37).'42 Some 
of the genes involved in thienamycin biosynthesis have been c10ned.l~~ 

3.4 Tabtoxin Biosynthesis 
Investigations into the biosynthesis of tabtoxin p-lactam (4), the agent 

which causes wildfire disease in tobacco plants, using blocked mutants of 
Pseudornonas syringae, led to the isolation of the amino acid ( x ) . ' ~ ~  (38) was 
shown to be produced by tabtoxin (4) producing strains but not by toxin deficient 
strains and was therefore proposed as a putative intermediate in the biosynthesis 
of tabtoxin (4). The stereochemistry of (38) was established by subsequent 
synthesis, in which the key step was SH2' coupling of allylic stannane (39) to 
protected biodoalanine to give (40).'" A summary, which includes some pre- 
viously unpublished work, on tabtoxin (4) biosynthesis has been 
Three studies on the molecular biology of tabtoxin (4) biosynthesis have been 
reported147-'49 and should pave the way for the detailed elucidation of the 
biosynthetic pathway. In particular it will be of interest to examine the mechanism 
of the formation of the P-lactam ring, since IPNS remains the only p-lactam 
forming enzyme to be characterised. Resistance to tabtoxin (4) is mediated by an 
acyItransferase which acylates tabtoxin (4). 'The gene for the acyltransferase has 
been introduced into tobacco cells, and the resultant transgenic plants shown to 
be resistant to tabtoxin treatment and to bacterial attack by P. syringae.lH) 

4 Penicillins and Cephalosporins 

(2,3)-a-Methylenepenams (41) have been synthesised [via DBU mediated 
cyclisation of bromide (42) to cyclopropane (43)l. In contrast to the (2,3)-P- 
methylenepenams (U), (41) was shown to be biologically active, consistent with 
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proposals that the open conformation of penicillins is the active form."' The 
absolute stereochemsitry at C3 of (41) is opposite to that found in the naturally 
occurring penicillins and modelling suggests that the carboxyl group of (41) 
occupies a similar position to the carboxyl group in the cephalosporins. The 
spectrum of biological activity of (41) was consistent with this proposal.151 
Reaction of thiazoline (45) (derived from valine) with chromium-alkoxycarbene 
complexes (46) under photolytic conditions provides a route to penams (47).152 
6-Allenylpenicillins have been prepared by stereospecific addition of acetylide 
anions to 6-oxopenams (48) to give propargylic alcohols (49).lS3 SN2' displace- 
ment of the subsequently formed triflates (50) with cuprates and copper (I) 
halides proceeded efficiently to give haloallenes (51) and (52). Metal halogen 
exchange of (51) and (52) followed by subsequent protonation or acylation can 
be stereoselectively achieved.153 Penicillin and cephalosporin amides can be 
readily synthesised by reaction between their 2-pyridyl thiolester derivatives and 
a suitable ~ - s i l ~ l a m i n e . ' ~ ~  Reaction of 6-diazopenicillanates (53) with ozone 
gives 6-oxopenicillanates (48).lS5 Dimethyldioxirane is a useful reagent for the 
diastereoselective oxidation of penicillanates and penams not containing a C6' 
acylamino functionality. Generally the least hindered sulfoxide is formed.156 
Penams such as (54), (55), (56) and (57) have been synthesised by dirhodium 
tetraacetate mediated cyclisation of the corresponding diazo azetidin-2-ones (58), 
(59) and (60). In the case of (54) the rearranged vinyl thioether (61) was also 
is01ated.l~~ Allenes of type (62) (derived from penicillins) have been elegantly 
exploited in the synthesis of bicylic p-lactams. The first synthesis of C6- 
unsubstituted exomethylene penam (63) has been reported15* utilising reductive 
cyclisation (BiC13/Zn) of allene (64). (63) was also converted to the thioether (65). 
Michael additions (promoted by copper (I) chloride) of vinyl tin reagent (66) to 
the allene (67) provided a short route to vinyl cephems (@).ls9 Addition of 
lithium chloride to allene (69), prepared from triflate (70) by triethylarnine 
treatment, resulted in cyclisation to give cephem (71). External nucleophiles can 
also be introduced as exemplified by reaction of (72) with lithium bromide and 
sodium l-methyl-2-mercaptotetrazolate to give (73).16' Furthermore, the 1,4- 
conjugate addition of organocuprates to allene (72) followed by cyclisation leads 
to cephalosporins with carbon substituents at c3.161 The study of a potentially 
biomimetic process for DAOCIDAC synthase has demonstrated the conversion 
of thiol(74) to cephams (75) and (76), by metals [Fe(III) and Mn(III)] capable of 
performing a single electron ~ x i d a t i o n . * ~ ~ * ' ~ ~  The addition of lithium chloride to 
the M ~ ( O A C ) ~  oxidation mixture gave the further oxidised products (77), (78) 
and (79).163 [2 + 21 Reaction of 2-methylthio-3,6-dihydropyrimidines (80) with 
aryloxyketenes gave the l-aza-d2-cephems (81),lH Similarly, reaction of thiazines 
(82) with phenoxyketene gave the cephams (83).165 Full details of the approach to 
C3-substituted cephems using the addition-elimination reaction of organocup- 
rates to 3-trifloxycephems (84) have now appeared.166 Organocuprates derived 
from Grignard reagents and a copper(1) bromide dimethylsulfide complex were 
the most effective and did not cause d2 /  double bond i~ornerisation.'~~ C3- 
Fluorosulfonyloxycephems (85) are cost effective alternatives to triflates for the 
organocuprate addition-elimination rea~ t i0ns . l~~  C2-Exo-methylenecephems (86) 
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can be synthesised by treatment of diene (87) with sodium benzenesulfinate, 
followed by reaction with DBU or ethyldiisopropylamine.l~ The corresponding 
sulfoxides (88) or sulfones (89) can be synthesised by Mannich reaction of (90) 
and (91) respectively with dimethyl (methy1ene)imonium ~ a 1 t s . l ~ ~  Reaction of 
dibromide (92) with triethylamine or pyridine gave a mixture of C2-bromocephem 
(93) and cephem (94).170 Attempts at nucleophilic displacement of the bromide of 
(93) led to quantitative recovery of the sulfone (94). Synthesis of the desired C2 
substituted sulfones was achieved by reaction of dibromide (95) with nucleophiles 
(ROH, RC02K) to give (96), followed by meta-chloroperbenzoic acid oxidation 
to the sulfone. 

The cephalosporin triflate (97) reacts with acetylenes and alkenes in the 
presence of ethyldiisopropylamine to give 2,3-fused cyclobutenes, e.g. reaction of 
(97) with methyl propargylate gave a mixture of (98) and (99) and reaction with 
hept- l -ene gave (100). l7' Reaction of cephalosporin C3* phosphorous ylide (101) 
with keto-aldehydes (OHC-COR') led to mixtures of the olefins of type (102) and 
tricyclic alcohols (103). The formation of (103) probably occurs via the aldol 
product (104). '~~ In an attempt to develop an intramolecular method for the 
replacement of the sulfur of cephems with a carbon to afford carbacephems, it 
was envisaged that oxime (105) may undergo radical rearrangement to give the 
oxime (106), via (107).'~~ In fact, oxime (105) readily undergoes base catalysed 
(pH 10 phosphate buffer) rearrangement to (log), presumably via (109). (108) 
was converted to (110) using sodium hydroxide in CH3CN:pH10 buffer 4:l. 
Tosylhydrazone (111) undergoes a similar rearrangement to give heterocycle 
(112).'~~ Reaction of Cr-halocephem (113) with samarium diiodide provides an 
excellent route to C3-exomethylencephams (114) with the natural C4 configur- 
ation. 174 The R-sulfoxides of cephems (115) can be produced diastereoselectively 
by oxidation of cephems with monochlorourethane.175 Mixed anhydrides of 
carboxylic and sulfonic acids are useful reagents for the acylation of the C7- 
amino group of cephalosporins.176 The problem of isomerisation of the cephem 
alkene position from to during acylation of the C3. alcohol can be avoided 
by carrying out the reaction without protecting the C4 carboxyl 

5 Clavulanic Acid, Oxapenams and Oxapenems 

Efforts to develop an efficient synthesis of clavam derivatives via a route in 
which the key step is the [2+2] cycloaddition of isocyanates to glycals have 
~0nt inued. l~~ Thus, a-D-galactopyranose derivative (116) was subjected to glyco- 
lytic cleavage to give dialdehyde (119, which was transformed, by standard 
methodology, into (118). Fluoride induced cyclisation of (118) gave the clavam 
(119).'~~ Using related methodology the ester (120) was prepared.180 Attempts at 
fluoride induced cyclisation, however, met with failure. Treatment of (120) with 
tert -butylammonium fluoride, led to the production of (121) and fragment (122), 
presumably both formed following deprotonation at C3, whereas reaction of 
(120) with CsF led to the production of enarnine (123), possibly via the desired 
clavam (124), which is believed to be unstable under the reaction conditons, 
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undergoing facile $-elimination.lgO The synthesis and biological activity of C2- 
tert-butyloxapenemcarboxylic acids, which are much more stable than antici- 
pated, have been described.lgl The synthesis of both enantiomers of the C6- 
hydroxymethylene oxapenems has been reported.lg2 The known intermediate 
(125) was converted to chloride (126) in 12 steps. Treatment with KO'BU effected 
cyclisation to the desired oxapenem (127) (34%), which was deprotected to give 
(128). The enantiomer (129) of (128) was synthesised via closely related 
methodology.182 Surprisingly, both enantiomers were more active as inhibitors of 
P-lactamase from Staphylococus aureus than clavulanic acid (17). Several C6- 
substituted oxapenems have been subsequently reported,1839184 including the 
C6-methylene oxapenems (130) and (131). These compounds were however 
unstable with respect to hydrolysis.183 Oxa- and carba-penams (132) undergo an 
abnormal Pd catalysed reductive cleavage between C6 and C, to give formamides 
(133). l 

The full details of a practical (i.e. multikilo scale) and optirnised (chroma- 
tography of intermediates is not required) eight step synthesis of penems from 
azetidin-2-one (134), via the crystalline silver salt (135) have been published 
(Scheme 3). lg6 The efficient synthesis of C2-halogenomethyl penems (136) has 
been achieved by treatment of mesylate (137) with the appropriate calcium 
halogenide in ~ ~ s 0 . l ~ ~  The method was not applicable to the synthesis of 
C2-fluoromethyl penems. A synthesis of Ritipenem (138) from glycolic acid and 
azetidin-Zone (139) has been described.lg8 The key steps were the reaction of the 
potassium salt (140) with (139) to give (141) followed by 'one pot' acylation of 
the azetidin-Zone nitrogen and carbonyl-carbonyl coupling to give (142). Sub- 
sequent deprotection of the silyl and ester protecting groups, the latter using 
enzymatic hydrolysis, gave the penem (138) (Scheme 4).188 The first synthesis of 
C6-spirocyclic penems has been reported.lg9 Treatment of E-furylmethylene 
penem (143) with diazomethane gave a mixture of pyrozolines (144) and (145). 
Thermolysis of the major diastereomer (145) gave the desired spirocycle (146). 
Similarly, treatment of 2-furylmethylene penem (147) gave pyrazoline (148), but 
the adduct (149), arising from additional reaction of diazomethane with the 
endo-alkene was also isolated. Thermolysis of the mixture of (148) and (149) gave 
(150) and (151). The esters (M),  (150) and (151) were deprotected to give the 
corresponding sodium salts, which all showed reduced activity compared with 
heterocyclic substituted C6-methylene penems. The parent penem (152) was also 
reacted with diazomethane to give pyrazolines (153). Thermolysis of the major 
(but not the minor) diastereomer gave the fused cyclopropane (154).18' Studies 
aimed at the synthesis of a penem isothiazolinone (155), whilst unsucessful, have 
resulted in the synthesis of the first penem antibiotic containing a S-N bond at 
c2.19' Thus, treatment of thioxopenam (156) with Hunig's base and hydroxyl- 
amine-0-sulfonic acid led to the formation of the sulfeneamide (157), which 
failed to undergo cyclisation to the desired isothiazolinone. The deprotected 
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sulfeneamide (158) was also prepared by treatment of (159) with hydroxylamine- 
0-sulfonic acid. (158) was reacted with acetone in the presence of catalytic PPTS 
to give the sulfenimine (MO), which was deprotected to give the unstable crude 
sodium salt (161).'~~ The synthesis of (162) and (163), which are intermediates for 
the synthesis of penems, from C6-aminopenicillanic acid has been reported.'g' A 
concise synthesis of C6-hydroxyethylthiaclavulanic acid (164) from the penem 
nucleus (165) has been reported.'92 Oxidation of (165) with Mn02 gave aldehyde 
(166), which was converted to the epoxide diastereomers (167) by treatment with 
diazomethane. 'One pot' rearrangement and deprotection (40% unoptimised) 
was achieved using Pd/C/H2/NaHC03 to give the sodium salt of (164). Alkyl- 
phosphonous acid diesters MeP(OR)2 have been reported to be superior (higher 
yields and shorter reaction times) reagents to the classically used phosphites for 
the ring closure of thioesters or thiocarbonates to give penems.'93 

7 Carbapenems, Carbapenams, Carbacephems and Related Systems 

7.1 Carbapenems and Carbapenams 
A new approach to the carbapenams utilises the Lewis acid (TiC14) 

mediated intramolecular cyclisation of the p-lactam nitrogen of (168) onto a keto 
group, followed by dehydration to give (169).'~~ Reaction of iminoketone (170) 
with benzyloxyacetylchloride in the presence of triethylamine gave exclusively the 
cis-$-lactarns (171). Cyclisation of the latter with lithium hexamethyldisilylazide 
gave either the cis- (172) or trans-(173) carbapenams, depending upon the 
reaction conditons, which may be further utilised in the synthesis of carba- 
penems.195 A new route involving photochemical ring contraction of pyrazolidi- 
nones to give $-lactarns has been developed e.g. ring contraction of (174) 
(prepared from S-valerolactone) gave the cis-p-lactam (175).'96-198 The carba- 
penem precursor (176) was prepared via an extension of this methodology. 
Synthesis of (176) and related compounds which are also intermediates for the 
synthesis of 1 p-methylcarbapenems continues to attract attention. (176) has been 
synthesied by a new route in which the key step was a [2+2] reaction of 
CIS02NC0 with (177) (prepared from 3R-hydroxybutyric acid) to give (178) 
(after ~ -de~ ro t ec t i on ) . ' ~~  Benzylic cleavage, followed by oxidation to ketone 
(179), Baeyer-Villiger reaction (MCPBA in AcOH) and protecting group manipu- 
lation gave (176). Reaction of the Reformatsky reagent from bromide (180) with 
(176) gave (181), which was treated sequentially with Zn(BH4)2 then NaI04/cat. 
Os04 to give the desired carbapenem intermediate (182) in a stereocontrolled 
manner.200 Regioselective ring opening of aziridines (183) or (184) with AlMe3 
gave alcohols (185) and (186) respectively. (185) and (186) were both converted to 
azetidin-Zone (187), a l Pmethylcarbapenem precursor.201 The l a-methyl ana- 
logue (188) of PS-5 has been synthesised.202 In an analogous route to that 
previously reported for the synthesis of PS-5, methyl pyroglutamate was used as 
the starting material for the synthesis of the carbapenem (189).~'~ A route to 
carbapenems employing a radical cyclisation to form the five membered ring has 
been explored.204 Treatment of azetidin-2-ones (190) and (191) with tributyltin 
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hydride and catalytic AIBN led to the carbapenams (192) and (193) respectively. 
The attempted conversion of (192) or (193) into the desired carbapenams (194) or 
(195) respectively was unsuccessful. Exchange of the isopropylidene protecting 
groups of (190) for silyl protection gave (196), which underwent radical 
cyclisation and further manipulation (desilylation, followed by a two stage 
oxidation process) to give the carbapenem (194).~'~ 

The highly selective reduction of C3-acetyl azetidin-Zones (197) to the 
carbapenem precursor (198) has been carried out using N-benzylaminoethoxy- 
borane in the presence of boron trifluoride etherate.205 

Several methods for the conversion of the C3 vinyl group of azetidin-2-one 
(199) into a hydroxyethyl side chain with a view to preparing intermediates for 
the synthesis of thienamycin have been investigated.206 Oxymercuration followed 
by demercuration was found to be low yielding so an elaborate route employing 
epoxidation, regioselective ring opening with bromide followed by tributyltin- 
hydride reduction was employed. p-Nitrobenzyl esters of l P-methylcarbapenems 
can be efficiently hydrolysed (relative to catalytic hydrogenation) by treatment 
with zinc dust in THFJphosphate buffer.207 

7.2 Carbacephems 
Spearheaded by efforts directed towards an efficient synthesis of Loracarbef 

(200), interest in the carbacephems appears to be rising. Full details of early 
approaches proceeding via racemic (201) and the use of penicillin acylase to effect 
enantioselective acylation of (201) or acid (202) to give (203) and (204) respec- 
tively have been reported.208 New routes to (200) have also been developed, 
several of which involve the use of penicillins as starting materials. The major 
challenge is the asymmetric construction of a requisite cis-azetidin-Zone inter- 
mediate. Thus, acetoxyazetidin-2-one (205), readily available from penicillin V, 
was converted to the sulfonyl derivative (206) by treatment with sodium 
phenylsulfinate. N-Silylation of (206) to give (207), followed by deprotonation 
with "BuLi and highly selective P-alkylation with a variety of electrophiles gave 
(208), which was subsequently desilylated to give (209).~'~ Removal of the sulfone 
group gave predominantly the desired cis-azetidin-2-one (210). (21 1) was oxidised 
using KMn04 to give (212) which was converted to ( ~ o o ) . ~ ~ ~  The C4-ally1 
azetidin-2-one (213) was alkylated with tert-butyl bromoacetate (using Triton B) 
to give (214). Epoxidation of (214) followed by cyclisation using LiN(TMS)* gave 
(215), which was converted to the cephem (216) via the iodide (217) (Ph3P, 12, 
pyridine then DBU).*~' The synthesis of (218) from sodium erythorbate (219) has 
been reported.211 Conversion of (219) to the unstable epoxy aldehyde (220) 
followed by condensation with tert-butyl glycinate under anhydrous conditions 
gave imine (221). [2 + 21 reaction of (221) with phthalimidoacetyl chloride and 
triethylamine gave (222), which was deoxygenated to give (223). Hydrogenation 
of (223) gave (224) which was converted to Loracarbef (200). A drawback in the 
latter stages of this methodology is that the phthalimido group was not suitable 
for the requisite Dieckman cyclisation and had to be exchanged.21' An alternative 
strategy for the synthesis of carbacephems employed aldol reaction of the anion 
of (225) with succinic acid semialdehyde methyl ester to give racemic (226) as a 
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single d i a ~ t e r e o m e r . ~ ~ ~  (226) was then reacted with diethylaminomalonate or tert- 
butylaminodiethylphosphonoacetate to give (227) and (228) respectively. Sub- 
sequent cyclisation gave the P-lactams (229) and (230) with the desired cis- 
stereochemistry. Ring closure reactions of (229) and (230)' in an attempt to 
prepare carbacephems (231) and (232), proved unsuccessful. The P-hydroxy 
amino acid derivative (233) was prepared in an analogous manner and converted 
to (234). Ozonolysis and treatment with base effected cyclisation, and cleavage of 
the side chain protection gave the carbacephem ester (235). A remarkable three 
reaction 'one pot' protocol was employed in the synthesis of a carbacephem 
precursor.2139214 Optimally, reaction of ketone (236) with trityl azide, N,N- 
diisopropylethylamine and trimethylsilylazide effected not only the anticipated 
diazo transfer but also reduction of the N-0 bond and introduction of an azido 
group at C3 to give (237) in 79% yield. An SN2' reaction (Scheme 5) was 
proposed in order to rationalise the latter two transformations. 

The synthesis of 1,2-disubstituted carbacephems has been reported.21s 
Acetonide (238) was prepared by [2+2] reaction of (239) and azidoacetyl 
chloride. Subsequent manipulation gave the bicylic intermediate (240), which was 
converted to (241). Reaction of (241) with the azaenolate derived from acetoni- 
trile gave exclusive ring opening of the urethane activated 6lactam ring to give 
(242), which underwent in situ Wittig reaction to give the desired carbacephem 
(243).21 

The preparation of 4-hydroxy-2-0x0 carbacepham (244) with a C7-acyla- 
mido side chain has been reported using silica gel induced cyclisation of (245).216 
Improved synthetic routes to intermediates such as (245) have been developed. 
Thus, treatment of oxime (246) derived from ketone (247)' with Tic13 in acetone/ 
aq.NaOAc at pH5 effected both hydrolysis of the oxime functionality and 
reduction of the N-hydroxy P-lactam to give (248), which was cyclised using silica 
gel.217 ~ ' ~ ~ - ~ a r b a c e ~ h e m s  have been synthesised via treatment of the 4,4- 
diphenylthioazetidin-2-one (249) with Bu3SnH and catalytic AIBN to give (250) 
in excellent yield.218 Subsequent oxidation and thermal elimination gave (251) 
which was deprotected to give the desired carbacephem (252). The syntheis of C3- 
phosphonocarbacephems (253) has been described.219 The key step involved an 
Arbusov reaction of the bromide (254). The first synthesis of a C,-methoxycarba- 
cephem (255) has been reported.220 Thus, (256) and.(257) were synthesised by 
alkylation of lactam enolate (258) with ethyl iodide or acetaldehyde respectively 
(in the case of (257) diastereomerically pure material was obtained by oxidation 
followed by reduction with L-Selectride). Conversion of (256) and (257) to (259) 
and (260) using precedented methodology, foliowed by diazo transfer and 
rhodium carbenoid cyclisation gave (261) and (262) respectively. (261) was 
converted to the desired PS-5 analogue (255).220 

Emphasis is given to new methods for the synthesis of azetidin-Zones. 
Further examples of existing methodologies are briefly described. 
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8.1 Reactions in which One Bond is Formed 

8.1. l l ,2- Bond Forming Reactions. - N-[[(Chlorosulfin y1)ox ylmeth ylenel-N- 
methylmethanaminium] chloride has been introduced for the cyclisation of 
p-amino acids to azetidin-2-ones via intermediate (263).221 The asymmetric aldol 
reaction of chiral imines with silyl ketene acetals mediated by boron reagent (264) 
or its enantiomer afforded p-amino esters with high diastereoselectivity. The 
esters were cyclised (PhMgBr) to cis-azetidin-2-0nes.~~~'~~~ Acidic clay montmor- 
illonite has been found to catalyse the addition of silyl ketene acetals to imines to 
give p-amino esters.225 Further examples of the cyclisation of p-amino acids using 
P P ~ ~ - ( P ~ S ) ~  have been reported,225-228 as has the cyclisation of p-amino acids 
using l-methyl-2-chloro-pyridinium i ~ d i d e . ~ ~ " ~ ~ '  (265) was converted to (266) by 
refluxing in The addition of Sn[N(TMS)2]2 to p-amino esters (267) 
resulted in high yields of (268) provided substituents at C3 and on nitrogen were 
not sterically demanding.233 Azoacetates (269) formed by the reaction of the 
appropriate hydrazone with lead tetraacetate, were cyclised to (270) using a range 
of bases in acetone or an alcohol. When an alcohol was used as solvent, (271) was 
also isolated from the reaction mixture [formed by a rearrangement following 
deacetylation of (26911 and was subsequently cyclised to give the 1,2-diazetidin-3- 
one (272) in moderate yield.234 The use of dicyclohexylcarbodiimide ( D C C ) ~ ~ ~ - * ~ '  
and Grignard for p-lactam ring closure reactions has continued. 
Treatment of isoxazolidine (273) with tert-butyl lithium gave a mixture of (274) 
and (275). (274) was converted to (275) by treatment with methyl magnesium 
iodide.238 Hydrogenolytic cleavage of C2 ester substituted nitrones followed by 
ethyl magnesium bromide induced cyclisation gave azetidin-2-0nes.~~~ $-Amino 
ester (276), prepared by diastereoselective alkylation of enolate (277) and nitrile 
reduction, was converted to (278) using methyl magnesium bromide.240724' (279) 
was prepared (following protecting group manipulation) by tert-butyl magnesium 
chloride induced cyclisation of the homotyrosine derivative ( 2 8 0 ) . ~ ~ ~  Attempts to 
cyclise (281) to give (282) using a variety of Grignard reagents failed due to the 
fragmentation of the thiazolidine ring. The use of triisobutylaluminium enabled a 
30% yield of (282) to be attained.243 LDA has also been used to promote 
$-amino ester ~ ~ c l i s a t i o n s . ~ ~ ~  

8.1.2 3,4-Bond Forming Reactions. - Photocyclisation reactions of acrylylureas 
(283) bearing two chiral (l-phenylethy1)amino groups gave a diastereomeric 
mixture of (284) (major) and (285) .245 Photocyclisation of chiral crystals of 
achiral N,N-diisopropylarylglyoxylamide (286)246 and achiral monothiomide 
( 2 ~ 7 ) ~ ~ '  gave azetidin-2-ones (288) ( > 90% e.e.) and (289) (40% e.e.) respectively. 
SO2 extrusion from (290) gave a mixture of (291) and (292).248 Continuing studies 
into the rhodium (11) catalysed cyclisation of udiazo amides (293) have 
demonstrated that for a series of ligands in the Rh2L4 catalyst, acetate ligands 
give the highest ratio of 8-(294) to y-lactam (295)."' Enantioselective CH bond 
insertions using substrate (296) and chiral ligands gave predominantly $-lactarns 
with moderate e.e. provided substituent R in (296) was a strong electron 
withdrawing group (otherwise y-lactam formation dominated).249 Treatment of 
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a-haloacetamides (297) with chlorodifluoromethane and base gave 4,ddifluoro- 
azetidin-2-ones (298) via (299).250 

8.1.3 1,4-Bond Forming Reactions. - Dibromide (300) was cyclised in optimum 
yield with potassium carbonate in acetone at re flu^.^" Analogous conversion of 
(301) to the tosylate (302) and treatment with base gave azetidin-Zone (303). This 
two step process gave higher yields than the standard Mitsunobu or mesylationl 
potassium carbonate in acetone  condition^.^'^ Mitsunobu methodology has been 
successfully used by several gro~ps.253-255 Silicon induced Pummerer-type 
reaction of sulfoxide (304) in the presence of (305) and Zn12 gave predominantly 
(306). Oxidation of (306) to (307) followed by Zn12 catalysed reaction with (308) 
gave (309) in high yield.256 Treatment of (310) and (311) with Me1 and silver 
perchlorate followed by cyclisation with potassium carbonate gave (312) and 
(313) respectively.257 Stereoselective azide mediated ring expansion of cyclo- 
propanone (314) in the presence of 15-crown-5 gave (315) via (316) in high 
yield.258 

8.1.4 2,3-Bond Forming Reactions. - No new examples of this class of reaction 
were found. 

8.2 Reactions in which Two Bonds are Formed 

8.2.1 (3 + l] Additions 
Palladium catalysed carbonylation of vinyl aziridine (317) in the presence 

of excess PPh3 gave (318) in moderate yield. The stereoselectivity reportedly 
results from isomerisation of initially formed (319) to (320) which may be 
stabilised by internal coordination between the nitrogen of the sulfonamide and 
palladium.259 Reaction of haloacetanilides (XCH2 CONHAr) with diethyl mal- 
onate anion gave (321) in moderate yield.260 

8.2.2 [2 + 21 Additions 

8.2.2.1 1,2 and 3,4-Bond Formation. - A multistep route to (322), an inter- 
mediate in the synthesis of Taxol, starting from reaction of acid chloride (323) 
with the appropriate imine, has been developed.261 The reaction of ketenes with 
imines derived from 2-oxoalkanoic esters gave predominantly cis-azetidin-Zone 
(324). Decarboxylation of (324) gave (325).262 Reaction of diketene with a chiral 
Schiff base was promoted by imidazole to give a diastereomeric mixture of trans 
azetidin-Zones (197) and (326) in a 2:l ratio in 90% yield. The predominance of 
trans-azetidin-2-ones was rationalised by imidazole mediated epimerisation of the 
initially formed cis-azetidin-2-0nes.*~~ 

Microwave-induced organic reaction enhancement chemistry techniques 
have been applied to the synthesis of enantiopure C3-hydroxyazetidin-2- 
ones,2649265 as well as Cyvinyl aze t id in-2-0nes .~~~~~ The application of chiral 
imines to the Staudinger [2+2] reaction has continued with Schiff bases derived 
from threonine esters,267 galactose,268 N-Boc amino aldehydes,2697270 methyl (R) 
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or (S)- mandelate27' and glyoxalate esters.2723273 The use of Schiff bases derived 
from optically active 2-amino-l-aryl-propane-l,3-diols has been reported for the 
chiral synthesis of azetidin-2-0nes.~~~ A method for the removal of this chiral 
auxillary from (327) has been developed using Jones oxidation to give (328) 
followed by treatment with wet Si02 or catalytic sodium methoxide in methanol/ 
THF to give (329).274 The use of chiral acid chloride (330) enabled (331) to be 
synthesised.273 

Reaction of diazepine (332) with the ketene generated from (323) gave 
(333). A review of the chemistry carried out on these derivatives has been 
reported.275 Imine (334) (n = 4,s) [which exists predominantly as trimeric species 
(335)l reacted with phthaloylglycyl chloride, BF3.Et20 and pyridine to give 
azetidin-Zones (336).276 The ketene (337) derived from (338) reacted with several 
imines to give (339) in > 99% diastereomeric excess. Resolution of (338) followed 
by analogous reactions were carried out to give chiral material.277 Saturated cis- 
and trans-3,l- (340) and 1,3-benzoxazines (341) reacted with chloroacetyl chlor- 
ides to give the corresponding azetidin-2-ones.278 Palladium catalysed carbonyl- 
ation of ally1 diethyl phosphate in the presence of imines, triphenylphosphine and 
Hunig's base under CO pressure gave predominantly cis-(342) if the imine 
functionality was conjugated with a carbonyl group or trans-(343) if not.279 

A series of spiro fused fl-lactam oxadiazolines (344) have been prepared 
from imine (345). Their thermodynamic stabilities with regards to decomposition 
to C4-ylidenes (346) were investigated 2803281 Several other reactions of (346) were 
e ~ ~ l o r e d . ~ ~ ~ * ~ ~ ~  A C omparison of the chemistry of (344) with P-lactam thiadi- 
azoline and triazoline systems (347) has been reported.284 Schiff base (348) 
reacted with in situ generated chloroketene to yield trans-azetidin-Zone (349).285 
In situ generation of (350) from (351) and N-benzoylalanine followed by reaction 
with (352) and triethylamine gave (353) in good yield.286 Addition of triethyl- 
amine to a solution of acetoxyacetyl chloride and imine (354) gave predominantly 
racemic cis-(355). In the initial absence of triethylamine trans-(356) was formed 
via acyliminium salt (357). (357) was trapped with isopropanol to give crystalline 
(358).287 Reaction of imines with silyl ketene acetals in the presence of KF/18- 
crown-6 under microwave irradiation gave a mixture of trans-(major) and cis- 
azetidin-2-0nes.~~~ Two computational studies on the Staudinger reaction have 
been published.289*290 

(359) has been developed as a chiral imine for stereocontrolled synthesis of 
azetidin-Zones using the ester-enolate imine Reaction of titanium 
enolates of C3-sulfenyl esters with (359) gave trans-azetidin-Zone (360) in good 
yield. (359) reacted with zinc enolate (361) to give predominantly cis-(362), the 
reversal in diastereoselectivity being attributed to the different coordination 
characteristics of the enolate metals.226 Analogous reaction of (359) with titan- 
ium, lithium and zinc enolates of tert-butyl-U-alkyl acetates231 and titanium 
enolates of u-haloa~etates~~~ have also been carried out to give C3,dialkyl 
substituted and C3-haloazetidin-2-ones respectively. In contrast, lithium enolates 
of tert-butyl chloroacetate were found to react with (359) to give aziridine 
(2R,3S) (363) exclusively, while the zinc enolate gave aziridine (2S,3R) (364) 
exclusively.2g' 



366 Amino Acids, Peptides, and Proteins 

0 
OMe Ar 

(344) X = 0 (345) 

~ 2 5 : ~ ~  0 

(347) x = NR or s 

(346) kxAr \ 0 

(350) 
HO"' (352) 

(348) R = $-N=CHA~ M ~ , ~ = c H o s ~ ~  
(349) R =  \ -N cl 

A c t  
O H 

(351) 

Ph kNa OMe gxtr";i" NHCOAr (354) (355) R = OAc, R' OMe = H 



6: p-Lactarn Chemistry 367 

Detailed studies on the use of zinc mediated ester enolate-imine reactions 
have been carried out including their use for the enantioselective synthesis of 
C3-aminoazetidin-2-ones using either chiral esters292 or chiral imines.292-294 Use 
of bis-silyl protected glycine esters (365) have enabled the free C3-aminoazetidin- 
2-ones to be obtained.2939294 Reaction of titanium enolates of 2-pyridyl thioester 
wit h (366) gave predominantly (367).2951296 

Chiral ester (368) was converted to (369) in high yield and enantiomeric 
excess. (369) was converted to norstatine and several of its analogues.297 Lithium 
enolates derived from esters containing Oppolzers chiral auxiliary gave cis 
azetidin-2-ones with high e.e.298 Treatment of (370) with an amine and reaction 
of the resulting imine with lithium ester enolates gave trans-(371).~~~ A computa- 
tional study on the reaction of a-hydroxyl ester lithium enolates with imines has 
indicated that the energetically more stable Z-enolate reacts with the imine 
through a boat like transition state.300 

8.2.2.2 1,4- and 2,3-Bond Formation. - The reaction of trichloroacetyl iso- 
cyanate with pyranoid and furanoid glycals proceeds in both cases to give a 
mixture of [2 + 21 and [4 + 21 ~ ~ c l o a d d u c t s . ~ ~ ~  P-Lactam formation occurs in both 
cases exclusively anti to the C3 carbon substituent. Reaction of racemic allene 
(372) with chlorosulfonyl isocyanate gave after deprotection (373) and (374) in a 
7:l ratio. Partial resolution of allene (375) followed by conversion to optically 
active (372) enabled the synthesis of optically active (373) with enantiomeric 
excess in the region of 50%.~" (376), prepared from the corresponding enamine 
and acylisocyanate (ArCONCO), was converted to a pyrimidinone by treatment 
with ammonium acetate in acetic acid or methanol.303 Ab initio studies on the 
alkene-isocyanate cycloaddition reaction indicated that a concerted suprafacial 
mechanism is favoured.304 

8.3 Chemistry of Azetidin-2-ones 

8.3.1 NI Chemistry. - Deprotection of N-hydroxyazetidin-2-ones using 
M ~ ( O A C ) ~ / C U ( O A ~ ) ~  has been reported.305 Electrodic cleavage of the N-S bond 
in N-tosylazetidinones gave N-unsubstituted derivatives in high yield.306 Anom- 
alous behaviour on attempted cerium (IV) ammonium nitrate (CAN) deprotec- 
tion of (377) gave a range of products depending on the work up procedure. 
When R = H in (377), stable spirocycle quinone aminal (378) was isolated.307 
(379) gave the expected N-unsubstituted azetidin-Zone on treatment with CAN, 
whereas the diastereomer (380) gave (381) (X = pthalimido).308 

8.3.2 C2 and C21 Chemistry. - Treatment of (382) with PzSs gave ~383) .~ '~  The 
Wittig reaction of azetidin-Zones with stabilised ylides has been 

8.3.3 C3 and C38 Chemistry. - Attempts to cleave (384) to oxoazetidin-Zone 
(385) by ozonolysis proved unsuccessful. (385) was synthesised from (386) in 
three steps including a Baeyer-Villiger rearrangement of (387) followed by 
treatment with NH3 in methanol.311 Reduction of (387) gave a mixture of 
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diastereomers (388) and (389) in an 8: 1 ratio.312 A detailed study on the addition 
of 0-,  S- and N-nucleophiles to the exocyclic double bond of (390) has been 
reported. The products from N-nucleophile addition were found to be unstable, 
in particular addition of hydrazines gave the spiroazetidin-Zone (391) which 
rearranged to (392). The exocyclic double bond of (390) can also participate in 
cyclopropanation and Diels-Alder  reaction^.^" 

Kinetic resolution of racemic (393) by treatment with a homochiral lithium 
amide base gave (394) and (395) after quenching with T M S C ~ . ~ ~ ~  C3 Alkylation 
of (396) followed by ester formation and N-deprotection gave (397) in high 
yields. (2S,3R)-C3-Alkyl-L-aspartic acids were prepared from (397).'15 (398) 
reacted with a variety of olefins under photolytic conditions to give (399) with 
retention of configuration at Reduction of (399) using Bu3SnH gave 
(400).'16 (401) was shown to undergo a stereoselective sulfilimine rearrangement 
on treatment with o-(mesitylenesulfonyl)hydroxylamine and P(0Et)' followed by 
sodium bicarbonate and PhCH20COC1 to give (402) in 79% yield as part of a ten 
step synthesis of (-)-tabtoxin (4).317 Peterson olefination of (403) using LDA and 
cyclohexanone followed by epoxidation with MCPBA gave (404) which re- 
arranged on treatment with BF3.Et20 to give y-lactam ( ~ 5 ) . ~ ' ~  (406) reacts with 
HBF4.Et20 to give (407) which can be converted in low yield to (408), a precursor 
of (+) thienamycin and (l)-P-hydroxy aspartic acid derivatives.319 Dehydration 
of (408) gave a mixture of (409) and (410). Analogously (411) was converted to 
(412) and subsequently to a mixture of (409) and (410).~'~ The conversion of 
(413) to (414) in 80% yield using this methodology has also been reported.'" In 
an extension of existing (415) was converted to (416) using a 
range of nucleophiles in good yield and diastereoselectivity.32'~ 

8.3.4 Cq and C4 Chemistry. - Several reports on C4 functionalisation of C4- 
acetoxy-azetidin-2-ones, assumed to occur via the reactive acylimine ( 4 1 7 ) , ~ ~ ~  
have been reported.322-326 Trapping of (417) with a variety of 
s ~ l f ~ r ~ ~ ~ ~ ~ ~ ~  and nucleophiles has been reported. P ~ ( O A C ) ~  
catalysed reaction of (418) with (419) gave predominantly (420).'~~ Asymmetric 
alkylation of (417) using tin enolate (421) (R' =H) gave (422).324 Diastereoselect- 
ive C4 alkylation of (423) and (424) using (421) (R=Et, R' =H) gave pre- 
dominantly (425) and (426) respectively.325 Copper (I) salts of carboxylates, 
thiocarboxylates and copper (I) enolates were found to displace the C4-sulfur 
substituent of (427) with retention of configuration.327 

(428) reacted with a series of silylated N-, 0-,  S- and P-nucleophiles in the 
presence of a catalytic amount of Zn12 to give C4-heterofunction substituted 
azetidin-2-0nes.'~~ Analogous reactions of (428) with 0-silylated ketene acetals 
and silyl enol  ether^,^^^ as well as with tributyltin alkoxides with catalytic 
TMSOT~"~ have been reported. 

Anodic oxidation of (429) in the presence of alcohols (R'OH) gave (430) in 
good yield.33' Treatment of (431) with Os04 and NaI04 gave (432), a cephalos- 
porin intermediate.332 Hydrogenation (R3 = OR) and hydroboration (R3 = H) of 
(433) occurred with poor selectivity.333 

Osmylation of (434) in the presence of dihydroquinidine p-chlorobenzoate, 
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K3F(CN)6 and K2CO3 in water:'BuOH 1:l followed by treatment with 
(MeO)2CMe2 and p-TSA gave a mixture of (435) and (436) in high e.e.334 Barton 
decarboxylation of thiopyrimidylhydroxamate (437) followed by trapping of the 
radical with a Michael acceptor gave (438) which was converted to carbapenem 
precursor (439).335 Treatment of (440) with Bu3SnH led to a mixture of bicycle 
(441) and the monocycle (442) in 19 and 56% yield respectively.336 

8.3.5 Ring Opening and Rearrangement Reactions of Azetidin-2-ones. - (443) was 
hydrolysed to (444) on heating with aqueous T F A . ~ ~ ~  (445) was converted to 
alkenamides (446) as a mixture of stereoisomers via palladium catalysed cross- 
coupling with aryl iodides338 or ~r~anomercur ia l s .~~~ Interestingly, (447) reacted 
with PhI to give (448) as an 82:18 E:Z mixture, reportedly formed as a result of 
palladium migration."' Opening of (449) with trimethylsulfoxonium ylide and 
(450) with a sulfone ylide gave ylide (451) or sulfone (452) respectively.3* Reaction 
of (453) with Boc-L-alanine-N-hydroxysuccinimide ester resulted in formation of 
lactone (454) which was further converted to a peptidyl difluoro ketone inhibitor 
of  ICE.^^' Cleavage of (455) with Me3SiCl in MeOH gave ( 4 ~ 6 ) . ~ ~ ~  

Sodium borohydride reduction of (457), prepared by reaction of the 
appropriate p-lactam imine with ozone, provided a stereoselective method of 
preparing vinyl ethers via decomposition of SnC12.2H20 mediated C3-C4 
bond cleavage of (459) followed by a cationic rearrangement gave ( 4 6 0 ) ~ ~ ~ ~  N-C2 
cleavage of N-unsubstituted azetidin-Zones by a pyrazolylborate zinc hydroxide 
complex has been reported.345 Methanolysis of (461) gave predominantly (462), 
which was converted to an U-alkyl-U-amino acid via (463).346 

Amination of (464) in liquid ammonia followed by ring expansion gave 
(465), a precursor to a series of  alkaloid^.^^^*^^* Thermal rearrangement of (466) 
gave y-lactam (467).349 Treatment of (468) with excess sodium methoxide in 
refluxing methanol gave bicycle (469) via lactone (470).~~' Rearrangement of trans- 
(471) and cis-(472) to the y-lactams (473) and (474) respectively was carried out 
using TMSCl in refluxing M ~ o H . ~ ~ '  P-Lactam derivatives of l-benzoazepines 
(475), synthesised by alkene-isocyanate methodology3'* have been ring opened 
using TMSCN to give P-cyanoamides (476) which were cyclised to iminopyrrolidi- 
nones (477) using ~ 1 ~ 1 3 . ~ ~ ~  A one pot conversion of (475) to (477) also proved 
possible.353 

8.4 Further Uses of Azetidin-2-ones 
With the increased interest in the synthesis of taxol analogues, a number of 

examples in which modified taxol side chains have been introduced using ring 
opening of activated azetidin-2-ones have been Analogous 
methodology has been used in the preparation of a brevifoliol analogue.364 

9 Major Structural Variants 

Phosphonimidates (478) were synthesised and shown to be time dependent 
inactivators of a class C J3-lactamase. Evidence was obtained supporting for- 
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(466a) R' = Ph, R2 = R3 = Me (467a) R' = Ph, R2 = R3 = Me 
(466b) R' = H, R2 = Ph, R3 = Me (467b) R' = H. R* = Ph, = Me 
(466~)  R' = Et, R2 = Ph, R3 = H (467~)  R' = Et, R2 = Ph, R3 = H 
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mation of a 1:l covalent enzyme-inhibitor complex in which the prolyl residue of 
(478) was expelled by an enzyme bound nucleophile (probably the active site 
~ e r i n e ) . ~ ~ ~  DCC cyclisation of (479) gave the N-(hydroxydioxocyc1obuteny1)-p- 
lactam (480) in low yield (24%). (480) exhibited no useful antibacterial 
The l -aminocyclopropane- l -carboxylic acid containing p-lactam (481) was 
prepared from (482) using Mitsunobu methodology. This route was not 
successful for the synthesis of more functionalised ~- lac tams .*~~  

A new synthesis of azetidin-2,4-diones has been reported.366 (483) was 
synthesised from the corresponding imine and acid chloride. Reaction of (483) 
with N-bromo succinimide gave (484) in high yield.366 Reaction of (485) with 
phenyl isocyanate gave (486).367 Azetidine (487), prepared in several steps from 
diethyl-L-tartrate, was converted by Pd(OH)2 mediated debenzylation and Swern 
oxidation to azetidin-3-one ( 4 8 ~ ) , ~ ~ ~  a precursor to polyoximic acid.369 

Several tetracyclic carbapenems have been synthesised using related 
methodology and were shown to exhibit significant antibacterial activity.370 In 
one case, reaction of azetidin-Zone (489) with (490) (using lithium hexamethyl- 
d i ~ i l ~ l a z i d e ~ ~ l  or TMS triflate/Et3N) gave (491) which was subsequently manipu- 
lated using standard carbapenem methodology to the tetracycle (492) via (493).370 
Synthesis of the antibacterially active and highly reactive (v,, P-lactam carbonyl 
= 1770 cm") l, l-dicyanocephem (494) has been described.372 Reaction of 
acetoxyazetidin-2-one (495) with malononitrile derivative (496) gave trans-(497). 
Ozonolysis of (497) followed by N-acylation gave (498) which underwent ring 
closure on treatment with triethylphosphite to give (499). Epimerisation of (499) 
at C7 and conversion to (494) was achieved using precedented procedures.372 

A synthetic route to several isocephem analogues (all derivatives tested 
showed no useful antibacterial activity) has been developed.373 The key step was 
reaction of enolate (500) with carbon d i s ~ l f i d e . ~ ~ ~  A range of isocephems (501) 
with intercalated double bonds between the cephem ring and a leaving group 
have also been synthesised.374 

Isopenam (502) and isocephems (503) and (504) displayed antibacterial 
The key step in the synthesis of the isocephems (503) and (504) was 

the Pummerer rearrangement of sulfoxides (505) and (506) respectively. (504) 
displayed potent carcinostatic The synthesis of Zisocephems (507) 
and 2-oxa-isocephem (508) has been reported.376 Anhydro-Zazacephams (509) 
were synthesised by intramolecular cyclisation (DCC) of sulfonamides (510), 
readily prepared from penicillins.377 

Interest in activated y-lactam analogues of B-lactams ~ o n t i n ~ e s . ~ ~ ~ * ~ ~ ~ * ~ ~ ~  
The first synthesis of thienamycin-like y-lactam analogues was achieved by the 
diastereoselective coupling of tin enolate (421) (R = CHMe2) with y-lactam (511) 
to give (512). (512) was converted to the P-keto ester (513) by treatment first with 
imidazole followed by a decarboxylative Claisen-type reaction. Desilylation of 
(513) followed by diazotisation and rhodium catalysed ring closure gave the 
bicycle (5 14). Subsequent manipulation gave the desired analogues (515). None 
of these analogues were active as anti bacterial^.^^^'^^^ An analysis of the activa- 
tion energies required for the methanolysis of various p- and y-lactams suggested 
that y-lactams bearing electron donating groups at  CZ, such as (516) or (517), 
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may be more reactive as acylating agents, than those bearing C2-electron 
withdrawing groups (which were previously supposed to increase activity).380 
(516) ( R ~  = Et) was synthesised as a mixture of diastereomers in racernic form, by 
a route in which the key step was cyclisation of (518) using lithium hexamethyl- 
disilylazide to give (519). Subsequent manipulation of (519) gave a mixture of 
cis-(520) and trans-(521) diastereomers, which displayed weak antibacterial 
activity.380 2-cyclopenten-l-ones (522) and (523) were designed and synthesised as 
potential alkylating inhibitors of penicillin binding proteins.381 None were active 
and the lack of activity was attributed to the inability of (522) and (523) to form 
stabilising hydrogen bonds with the enzymes.381 A ring switching reaction was 
used for the synthesis of some y-lactam analogues of the penams and penems.382 
Based on the knowledge that C6-acylamino penicillins undergo decomposition by 
attack of the carbonyl oxygen on the p-lactam to give imidazoline derivatives 
(524) via oxazolidines (525), C6-methylenecarboxy penicillins (526) were reacted 
with trimethylsilyliodide to give y-lactams (527). In an extension of this 
methodology, the penem (528) was treated with zinc in THF/l M KH2P04 which 
effected deprotection and ring expansion to give y-lactam (529). None of the 
subsequently deprotected y-lactams were active as anti bacterial^.^^^ 

The bicyclic thiazoline carbapenem analogues (530), (531) and (532) were 
synthesised and shown to be devoid of antibacterial or p-lactamase inhibitory 
activity.383 Elaboration of thiazolidinone (533) using the Woodward-Wittig route 
led to (530) and (531). The acetamido side chain was introduced by first 
converting (533) to bicycle (534) (anisaldehyde dimethyl acetal, boron trifluoride 
etherate). (534) was subsequently subjected to azide transfer using LDA and 
tosylazide followed by quenching with acetic acid to give (535). (535) was 
converted to (532) in several steps.383 

E-(536)- or 2-(537)-Alkylidene-p-sultams were synthesised in a stereo- 
chemically defined manner from C4-hydroxyalkylated-p-sultams (538) via sulfo- 
nation of the hydroxy group and eliminati~n.~'~ Peterson reaction of C4- 
silylated-fbsultams (539) gave mixtures of E- and 2-alkylidene ~ - s u l t a m s . ~ ~ ~  
Reaction of the P-sultam anion with aromatic nitriles gave the enamino-p-sultam 
(540).~~' N-Acylation of (540) gave sultams of type (%l), some of which were 
weak inhibitors of P-la~tamases.~~' None of the sultams prepared displayed 
antibacterial 

C3-Isopropylidene, (542) and (543), and C3-isopropyl, (544) and (545), 
substituted N-protected azetidin-2-ones are the first examples of monocyclic 
p-lactams with neutral substituents to show in vitro antibacterial 
Treatment of (546) with benzylamine and a Pd(I1) catalyst gave a mixture of 
(547) and (548). Refluxing this mixture in THF gave a complex mixture from 
which unchanged (548) and y-lactam (549) were isolated.387 

10 Mechanistic Studies, Mode of Action, Degradation and New Applications 

The scope of this section encompasses structural studies, molecular model- 
ling, degradative studies, some enzymatic studies, general mechanistic studies and 
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new applications of P-lactams. Only structure activity, kinetic and mutagenesis 
studies, which have provided new mechanistic insights relevant to p-lactam 
chemistry, are covered. 

Previous I3c cross polarisation magic angle spinning (CPIMAS) NMR 
studies on frozen solutions of penicillins have been extended to a very detailed 
examination of the temperature dependent changes in the structure of the 
potassium salt of penicillin V (550).~~* Using a combination of variable tempera- 
ture (180-390K) CP/MAS NMR analysis and X-ray crystallographic analyses (at 
293 and 373K) it was shown that (550) not only displays localised dynamic 
properties but also undergoes a phase transition at 356K. X-ray studies on 
penicillin V benzyl ester s u l f o ~ i d e , ~ ~ ~  a ~ ~ , - m e t h o x ~ c e ~ h e r n , ~ ~ ~  a C6-hydroxy- 
ethylpenem 391 and a further study on potassium penicillin have also been 
reported. 

Theoretical calculations on cleavage of p-lactam rings are becoming a 
popular practise for molecular modellers, but the validity of some of the 
calculations using MIND013 and MNDO have been called into question.393 The 
AM1 method is apparently the most suitable for studying p-lactam cleavage. 
MNDO-PM3 calculations have been used to model nucleophilic attack on 
p-lactams. Results have indicated that penams and especially cephems are 
sensitive for two major reasons: a lower energy of formation of the tetrahedral 
intermediates and lower energy barriers to reach the final products (relative to 
amide hydrolysis).394 Other calculations predict breakdown of the tetrahedral 
intermediates is unlikely to be rate limiting.395 MNDO-PM3 calculations have 
also been used to compare (and predict) the reactivity of b2- and ~ ~ c e ~ h e m s . ~ ~ ~  
The results predict that the latter will be more reactive to nucleophilic attack. 
Whilst not encompassing $-lactarn measurements, a study reporting measure- 
ments of the core ionisation energies of three strained lactams and their 
comparison with model lactams and arnides is of intere~t.~" The effect of ring 
strain on the pyramidality of the lactam nitrogen was examined for six tricyclic 
p-lactams using MOPAC with AM1 and PM3 calculation methods and based on 
comparisons with crystallographic data. Novel tricylic carbacephem and carba- 
penem nuclei were proposed as transition state analogies for peptide bond 
hydrolysis.398 Calculations have predicted that the reaction of C3-aza-p-lactams 
with nucleophiles (including active site serine hydroxyls) will result in the 
formation of hydrolytically stable car barn ate^.^^^ The structures of the products 
resulting from cycloaddition reactions of cephems were studied using n.0.e 
experiments and force field calculations.400 

Studies of the degradation pathways of penems,401 7-(oxyiminoacy1)- 
cephalosporins402 and Loracarbef (200)~'~ have been carried out. Kinetic studies 
on penem degradation have also been reported.404 The polymerisation of 
cephalosporins with neutral side chains in aqueous solution proceeds via ring 
opening of the B-lactam with an amine derived from hydrolysis of the $-lactarn 
ring of another cepahalosporin. For cephalosporins with a C7-amino group, 
polymerisation occurs in basic solution both via the mechanism described above 
and by attack of the p-lactam with the C7-amino group. In acidic solution only 
the former process was observed.405 The rate of polymerisation of cephalo- 
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sporins bearing various C3 and C7 substituents was examined and found to be 
proportional to the electron withdrawing power of the C7 A study on 
the complexation of penicillin V with cobalt (11) in methanolic solution led to 
the isolation of two complexes with molar ratios of l :  l and 2: 1 .407 An EPR 
study on the reaction of penicillins with hydrogen peroxide indicated the 
production of an aminoxyl radical.40g It was suggested that the formation of 
aminoxyl radicals may occur during the in vivo destruction of penicillins by 
hydrogen peroxide?08 

A study of the chelating properties of several derivatised catechols, which 
were models for the side chains of known P-lactam antibiotics, indicated that the 
most potent antibiotics are those bearing catechols with the highest iron chelating 
ability and the lowest pK, 

A study of keto-enol tautomerisation of C4-ketocephems has shown 
enolisation confers hydrolytic stability and solubility, without necessarily de- 
stroying inhibitory activity of human leukocyte e l a ~ t a s e . ~ ' ~ ~ ~ ~ ~  

The base catalysed hydrolysis of the penem BRL 42715 (551) a potent 
serine p-lactamase inhibitor, resulted in a novel rearrangement to give (552), 
presumably via (553).412 (552) was also shown to be produced upon incubation of 
(551) with a p-lactamase and although it was not proven that the enzyme 
inhibitor complex involved a dihydrothiazepeine, by analogy with studies on the 
inhibition of p-lactamases by 6p-halogenopenicillanic acids,413 this would seem 
likely.412 The p-lactamase catalysed hydrolysis of Sch 34343 (554) gives the 
penemoic acid (555), which is further hydrolysed to (55Q414 Surprisingly, the 
conversion of (555) to (556) was shown to be catalytic and P-lactamase 
mediated.414 Utilising X-ray crystallographic data, reassessment of the mech- 
anism of p-lactamase inhibition by clavulanic acid (17) (page 337) has been 
carried out and a key role for the Arg-244 of the p-lactamase in the inhibition 
process has been proposed.415 

The applications of P-lactams for uses other than as antibacterials or 
p-lactamase inhibitors has been pioneered by their use as human leukocyte 
elastase (HLE) A number of structure activity relationships on 
cephalosporins,416 ~ e ~ h e m s , ~ ' ~  a~et id inones ,4 '*~~~ penems,"l and penams4227423 
have been reported. The synthesis of HLE inhibitors has prompted a study of the 
functionalisation of the dihydrothiazine ring of the cephems at the C2 and C4 
positions.424 

Sulfenamides (557) and (558) have been shown to be HLE inhibitors425 and 
details have now been reported on the synthesis and biological testing of the 
novel bicyclic p-lactams (559), (560) and (561) and the sulfenamides (562) and 

The synthesis of all the analogues was achieved from monocyclic 
azetidin-2-0nes.~~~ Reaction of enamine (564) with hydrogen sulfide and trifluoro- 
acetic acid gave the ene thiol(565) which was cyclised using N-chlorosuccinirnide 
and ethyldiisopropylamine to give the sulfenamide (566) (plus 5% of the isomeric 
alkene). Alkene isomerisation of (566) (hv, CC14) followed by desilylation gave 
(559). Hydrolysis of (564) (R = allyl) followed by diazo transfer and rhodium (11) 
carbenoid insertion gave bicycle (567), which was converted by ester hydrolysis, 
decarboxylation and Wittig reaction to (560). Cyclisation (DCC) of thiol (568) 
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gave the thiolactone (569), which after Wittig reaction and desilylation gave 
(561).~~' 

Studies on the mechanism of inhibition of HLE by two 7u-methoxycephem 
inhibitors (570) and (571) have demonstrated that following serine acylation, the 
C3.-leaving group was re lea~ed.4~~ The proposed intermediate (572) may then 
either be hydrolysed or undergo further modification, proabably via Michael 
addition of a histidine imidazole onto the C3.-methylene position. Support for 
this mechanism was provided by an electrospray ionisation mass spectrometric 
(ESI MS) investigation on the inhibition of porcine pancreatic elastase (PPE) by 
(571) and (573).427 In the case of (573), mass shifts (compared to uninhibited 
PPE) which indicated the loss of HCl from (573) were also ~bserved."~ An ESI 
MS study on the inhibition of HLE by azetidin-2-one (574) indicated that HLE 
does not catalyse the elimination of p-nitrophenylsulfinate as previously sug- 
gested and consequently it is not necessary to follow a 'double hit' mechanism 
(i.e. covalent cross linking of the active site serine and another residue) to form a 
stable acyl enzyme complex.428 The products resulting from both nonenzymatic 
and HLE mediated cleavage of the p-lactam of cephem sulfone inhibitors of HLE 
have been It appears that the enzymatic process(es) lead to 
expulsion of a C-3' leaving group (if present) whereas methanolysis does not. 

Several p-lactams, including monobactams, C6-aminopenicillanic acid and 
C7-aminocephalosporanic acid were recognised as bearing structural similarities 
to y-aminobutyric acid (GABA) and to substrates and inhibitors of GABA 
tran~ferase.~~'  Examples of these classes of p-lactams were found to be com- 
petitive inhibitors of GABA transferase and this observation has led to the 
proposal that GABA is bound at the active site of the enzyme with its amino and 
carboxylate groups in a syn ~rienta t ion.~~ '  

Three penicillin derivatives have been synthesised and tested as inhibitors 
of the interaction of the HIV envelope protein gp 120 with the cellular receptor 
C D ~ . ~ ~ ~  NO inhibition was observed. Screening for inhibitors of HIV protease led 
to the identification of a crude sample of the penicillin dimer (575) as having 
inhibitory Purification of (575) demonstrated that it was not the active 
component but that the Crsymmetric diester (576) was a potent inhibitor.433 
Subsequently, detailed SAR studies have been carried and the binding 
modes of a number of active compounds investigated by NMR, crystallography 
and molecular modelling.4379438 

The synthesis of several types of cephalosporin prodrugs (577) (all with the 
antitumour agent attached to the cephalosporin at the C-3' methylene) that are 
intended to be activated by antibody directed p-lactamases has been reported by 
several In several cases the unmasking of the active drug from the 
prodrug by p-lactamase was demonstrated and preliminary results indicate that 
this approach is a promising line of 
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Appendix 

Penicillins and Cephalosporins 
Synthesis and structure-activity relationships of cephalosporins with C-3' 
catechol- containing r e s i d u e ~ . ~ ~  
Synthesis and antibacterial activity of new ureido-P-lactam derivatives 
having dialkyloxyphosphoryl-2-0x0-imidazolidinyl moieties.444 
Stereoselective synthesis of BRL 56173, a bicyclic acrylic penicillin highly 
stable to p - lac tamase~ .~~~ 
(6R)-6-(Substituted methyl) penicillanic acid sulfones: new potent P-lacta- 
mase  inhibitor^.^^ 
Transformation of 7-(4-hydroxyphenylacetamido)cephalosporanic acid 
into a new cephalosporin a n t i b i o t i ~ . ~ ~  
Enzymatic dimerisation of penicillin x . ~ '  
Incorporation of pyrrole residues into penicillin structures by azomethine 
bridge f o r m a t i ~ n . ~ ~  
Synthesis and antibacterial activity of some C-3-lactonyl substituted cepha- 
l o ~ ~ o r i n s . ~ ~ ~  
Synthesis and biological activity of C-3' ortho-dihydroxyphthalimido 
cephalosporins.451 
Structure-activity relationship study on cephalosporins with mechanism- 
based-de~cr i~ to rs .~~~  
Synthesis and biological activity of 3-(dioxopiperaziny1carboxamido)-pyr- 
idinium-methylcephalosporins!53 
Synthesis and biological activity of 3-(diaminotriazinyl) and 3-(amino- 
thiazoly1)-pyridiniummethyl cephalosporins.454 
Studies on cephalosporin antibiotics. VI. Synthesis, antibacterial activity 
and oral efficacy in mice of new 7P-[(Z)-2-(2-aminothiaz01-4-y1)-2-(hydro- 
xyimino)acetamido]-3-(substituted alkylthio)cephalosporins!55 
Selective oxidation of penicillin G with hydrogen peroxide and with 
enzymatically generated peroxyoctanoic acid.456 
Syntheis and biological activity of 3-(N-substituted pyridinium-4-thio- 
methyl)-7u-formamidocephalosporins.457 
Probing the binding site of the penicillin side-chain based on the Tipper- 
Strominger hypothesis.458 
Synthesis of 7-amino-3-vinyl-3-cephem-4-carboxylic acid.459 
Synthesis and antibacterial activity of benzoylaminoacyl penicillins and 
related compounds with and without acylated catechol s u b s t i t ~ e n t s . ~  
Lipidic Peptides: V: Penicillin and cephalosporin acid conjugates with 
increased lipophilic character.461 
Synthesis and activity of potent 3-(isoxazolidin-5-y1)-and 3-(isoxazolidi- 
nium-5-yl) cephalosporins.462 
Penicillin and cephalosporin conjugates with lipidic amino acids and 
0 1 i ~ o m e r s . ~ ~ ~  
Synthesis and structure-activity relationships of a new series of cephalos- 
porins E 1040 and related compounds.464 
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Cephalosporins having a heterocyclic catechol in the Cj  side chain. 11. 
Improvement of pharmacokinetic profile.465 
Synthesis and structure-activity relationships of new cephalosporins with 
amino-imidazoles at C7: Effect of the pKa of the C7 aminoimidazole on 
antibacterial spectrum and P-lactamase s tability.466 
Synthesis of cephalosporins having a heterocyclic group at the C3 posi- 
t i ~ n . ~ ~ ~  
Synthesis of bulky p-lactams for inhibition of cell surface P-lactamase 

Synthesis and antibacterial activities of new 3-phenoxymethylcephalo- 
 orin ins.^^^ 
Synthesis of geometrical isomers of 3-(3-acetoxy-and 3-carbamoyloxy-l- 
propenyl) cephalosporins and their structure-activity relationships.470 
Orally active cephalosporins. I. Synthesis and structure-activity relation- 
ships of 7P-[2-(R)-amino-2-phenylacetamido]-3-(1 H- l ,2,3-triazol-4-yl) 
alkylthiomethyl-3-cephem-4-carboxylic acid and related compounds.47' 
Orally active Cephalosporins. 11. Synthesis and structure-activity relation- 
ships of new 7~-[(Z)-2-(2-aminothiazol-4-yl)-2-hydroxyiminoacetamido] 
cephalosporins with 1,2,3-triazole in C3 side chain.472 
Orally active cephalosporins. 111. Synthesis and structure-activity relation- 
ships of new 3-heterocyclicthiomethylthio-7~-[(Z)-2-(2-aminothiazol-4-yl)- 
2-hydroxyiminoacetamido]-3-cephem-4-carboxylic acids.473 
Synthesis and biological evaluation of some halo-and trifluoromethyl- 
substituted phenylcephalosporins and phenyldeacetoxycephalosporins.474 
The electrochemical oxidation of penicillins on gold electrodes.475 
Synthesis and activity of 3-(isoxazolin-5-y1)-and 3-(isoxazol-4-yl) cephalo- 
 orin ins.^^^ 
Synthesis and biological properties of 3-[(Z)-2-(1,2,3-thiadiazoly1)ethenyll- 
substituted cephalosporins and related compounds: New oral cephalo- 
 orin ins.^^^ 
Iodine-125-radiolabelled amoxycillin for penicillin binding proteins.478 
Synthetic p-lactam antibiotics. VI. Antibacterial activity of some 7P-[-(2- 
aminothiazol-4-yl)-2-(methoxyimino)acetamido]-3-(pyrollidinium)methyl- 
~ e ~ h a l o s ~ o r i n s . ~ ~ ~  
New penem compounds with 5'-substituted pyrrolidinylthio group as a C-2 
side chain: Comparison of their biological properties with those of 
carbapenem compounds.480 
Inclusion complex of a new orally active cephalosporin ME1207 with 
~-cyclodextrin.48' 
Synthesis and antibacterial properties of halo-containing l-phenylcyclo- 
pentyl- l -penicillins and -l -cephalosporins .482 

Studies on condensed-heterocyclic azolium cephalosporins. 111. Synthesis 
and antibacterial activity of 7~-[2-(2-amino-5-substituted-thiazo1-4-y1)- 
2(Z)-alkoxyimino-acetamido]-3-(condensed-heterocyclic azo1iurn)methyl-3- 
cephem-4-carboxylates.483 
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S-1108, a new oral cephem antibiotic. Stability against P-lactamases and 
affinity for penicillin binding proteins.484 
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