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Preface

The literature surveyed for this Volume updates the coverage of the World’s
peptide/protein literature to the end of 1997 and will be published 30 years to
the date of publication of the first Volume. In the last ten of those years the
annual number of total syntheses of peptides has doubled to approximately
2000 (statistics from the Institute of Protein Research Foundation, Osaka,
Japan). Dietrich Brandenburg at the 1st International Peptide Symposium, at
Kyoto Japan (‘Peptide Science-Present and Future’ ed. Y. Shimonishi, publ.
Kluwer Academic) reported that searching Medline for 1997 gave him 20,000
entries. This enormous field of activity has therefore provided my colleagues
reporting in this Volume with the unenviable task of compiling what they
believe to be the significant developments in their particular topics. Thirty years
on, in this series of Specialist Reports it is still difficult to assess whether the
Chapter headings and their sub-divisions have kept abreast with the current
vogues in the peptide literature. However, in a survey of the submissions to the
25" European Peptide Symposium (‘Peptides 1998°, eds. S. Bajusz and
F. Hudecz, publ. Akademia Kiado, Budapest), it was shown that the papers
distributed themselves amongst the topics: Structure - Activity Studies, Bioactive
Peptides (38%); Synthesis and Combinatorial Chemistry (28%); Structure Eluci-
dation and Analysis of Peptides (23%); Peptide- and Protein-Drugs, Present
Status and Perspectives (11%).

I hope readers will see that all four of these latter topics have been
adequately covered by our four Reporters (G. C. Barrett, D. T. Eimore, A.
Dutta and J.S. Davies) in the early Chapters of this Volume. Incidentally,
Barrett and Elmore have also found time to write a student text on Amino
Acids and Peptides (Cambridge University Press) during the harvesting of
material for the current Chapters. The annual review of Current Trends in
Protein Research is not included this year but will appear as coverage of 1997/
98 literature next year. However, the biennial treatment of B-Lactam Chemistry
has seen Christopher Schofield and a colleague return to the Reporters’
rostrum. The continuing interest in trying to overcome antibiotic resistance
keeps the latter subject area very buoyant in spite of the annual prognosis of
its imminent demise by the ‘super bugs’. While computer searches have eased
the burden of gathering the material for Chapters, its collation and formatting
to readable Reports is still intellectually demanding and time-consuming. I can
only offer my most sincere thanks to the current Reporters for their continuing
willingness to subject themselves to such a thankless task.

Again, the bringing together of the variety of manuscripts, and their conversion
to a readable printer’s format between these yellow covers, has been the patient

v
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task of Janet Freshwater and her crew at RSC publications. Sincere thanks to
everyone.

John S. Davies
University of Wales, Swansea
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Abbreviations

The abbreviations for amino acids and their use in the formation of derivatives
follow in general the 1983 Recommendations of the [UB-IUPAC Joint Commis-
sion, 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, 1442.

A complete listing of the single-letter codes 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 annually to include new abbreviations
in their texts. With the ever increasing diversification in structures, lists of
unusual abbreviations are periodically compiled. Some examples are listed below.

Abo 2-azabicyclo[2.2.2]octane-3-carboxylic acid
Abu a-aminobutyric acid

Ajbu 2,4-diaminobutyric acid

ACCA 4-aminocyclohexanecarboxylic acid

£Ahx 6-aminohexanoic acid

Aib a-aminioisobutyric acid

Aic 2-aminoindane-2-carboxylic acid

Aopr 2,3-diaminopropionic acid

Atc 2-aminotetralin-2-carboxylic acid

Ava S-aminopentanoic acid

Aze azetidine-2-carboxylic acid

Cha 3-cyclohexylalanine

Cpg a-cyclopentylglycine

Cpp 1-mercaptocyclohexaneacetic acid, or B-mercapto-p,f3-

cyclopentamethylenepropionic acid, or Pmp (below)
cPzACAla  cis-3-(4-pyrazinylcarbonylaminocyclohexyl)alanine

Dab 2.4-diaminobutyric acid
Dap 2,3-diaminopropionic acid
Dbf 3-(2-dibenzofuranyl)alanine
Dip 3,3-diphenylalanine

Dph a,a-diphenylglycine

Dpr 2,3-diaminopropionic acid
Gly(Ph) phenylglycine

Har homoarginine

Hib a-hydroxyisobutyric acid

Xiv



Abbreviations

Hyp
Iva
Mpt
1-Nal
2-Nal
Nap
Oic
Opt
3-Pal
Pen
Phg
Pip
Pmp
Qal
Qua
Sar
Thi
Tic

XV

trans-4-hydroxyproline

isovaline

trans-4-mercaptoproline

3-(1-naphthyl)alanine

3-(2-naphthyl)alanine

B-(1'-naphthyl)alanine
octahydroindolecarboxylic acid
O-phenyltyrosine

3-(pyridyl)alanine

penicillamine

phenylglycine

pipecolic acid
B,B-pentamethylene-fB-mercaptopropionic acid, or Cpp (above)
3-(3-quinolyl)alanine

quinoline-2-carboxamide

sarcosine

B-thienylalanine
1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid
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Amino Acids

BY GRAHAM C. BARRETT

1 Introduction

The science of amino acids described here is based mainly on the literature of
1997. Criteria used for structuring this Chapter in all preceding Volumes of this
Specialist Periodical Report have been used again for defining the papers chosen
for citation here.

Thus, advances in the chemistry of the amino acids, and biological aspects
impinging on their chemistry, have been the preoccupation for this Chapter, with
routine aspects being excluded from consideration. Even so, the year-on-year
increase in the number of papers eligible for inclusion here has continued, and
has required a certain amount of restraint and retrenchment in the layout of this
Chapter, with merging of some Sections.

Most of the papers cited here are the rewards of scanning the major Journals,
and of scanning Chemical Abstracts (Issue 10 of Volume 126, up to and including
Issue 9 of Volume 128).

2 Textbooks and Reviews

Monographs providing detailed coverage of enantioselective synthesis of f-amino
acids' and protein sequence determination® have appeared; the latter contains a
range of chapters relevant to the analysis of amino acids.® A text* that is aimed at
advanced undergraduate and postgraduate students will also assist those active in
amino acid and peptide research in chemical, biochemical, pharmaceutical and
related research areas.

The biochemistry of L-arginine, and the context of this amino acid in biology,
has been reviewed.> A survey of methods for the enantioselective synthesis of
chiral drugs® also covers amino acid synthesis protocols. The occurrence of D-
amino acids in free form (particularly D-serine and D-aspartic acid in human
brain”) and in naturally-occurring peptides® has been reviewed, and the literature
dealing with hypusine (a post-translationally modified L-lysine derivative) has
been surveyed.” Other reviews cover the biosynthesis and metabolism of those
amino acids (isoleucine, threonine, methionine and lysine) that derive from
aspartic acid in higher plants,'® the amino acid composition of bacterial and
mammalian cells,'! and the natural provenance of dihydroxyprolines.'?

Amino Acids, Peptides and Proteins, Volume 30
© The Royal Society of Chemistry, 1999
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2 Amino Acids, Peptides and Proteins
3 Naturally Occurring Amino Acids

3.1  Occurrence of Known Amino Acids — Leaving until later (Section 5.6) some
citations that were traditionally placed here (e.g., papers describing unusual
results from preparative-scale isolation of amino acids from mixtures), the non-
routine literature describes three further N¢,N®-permethyl arginines in ribonu-
cleoprotein,'® N-acetyl-L-aspartic acid and N-acetyl-L-histidine as components
of the vertebrate nervous system'* and in the eye lens of goldfish and rats,'> N-
(17-hydroxylinolenoyl)-L-glutamine, known as volicitin, in a secretion of the
caterpillars of beet armyworm that attracts predators,'® four new N-acyl 2-
methylene-B-alanine methyl esters (hurghamides A — D, from a Red Sea sponge
Hippospongia),'” and five new bengamides (e.g. 1) from the New Caledonian
sponge Jaspis carteri.'® Further information has been provided on S-methyl-L-
methionine salts, with the suggestion that this widely-distributed cellular species
(vitamin U) probably acts to diminish lipid peroxidation and monoamine oxidase
activity.'® New data on the neurotoxicity of domoic acid have been reported.?

Norvaline has been incorporated into leucine positions in recombinant human
haemoglobin expressed in Escherichia coli, probably through mis-aminoacylation
of tRNA™" (norleucine is misincorporated in similar circumstances in place of
methionine).?! The tryptophan residue in the cardioexcitatory tripeptide amide
H-Asn-Trp-Phe-NH, from Aplysia kurodai heart tissue is of the D-configuration
(the all-L tripeptide amide is much less physiologically active).??

A continuing fascination is the occurrence of common amino acids in
extraterrestrial samples, and the implications of the report®’ that small excesses of
L-amino acids have been found in the Murchison meteorite have been consid-
ered.>* The result is confirmed independently, and stable isotope analysis

MeQ o
OH H
N
M NH
HO HO (o) OCO(CH2)11CH3

(1) Bengamide G

H
Han HOZC °

-0,C
2 o

H
@

OH
NHMe

Three-dimensional features of molecules are depicted throughout this chapter as follows:
Horizontally-ranged atoms and bonds, and ring atoms, are to be understood as being in the plane of
the paper; substituent atoms and groups attached to these are to be understood to be ABOVE the
page if ranged LEFTWARDS and BELOW the page if ranged RIGHTWARDS:

R R? R R?
X means x



1: Amino Acids 3

indicates that the amino acids are not terrestrial contaminants.?® The amino acids
involved include 2-amino-2,3-dimethylpentanoic acid (¢-methylisoleucine; the ‘L-
enantiomers’ among the four possible stereoisomers exist in 7.0 and 9.1% excess,
respectively). However, other amino acids are present as racemates (aminoiso-
butyric acid, norvaline, isovaline and a-methylnorvaline). This might be inter-
preted to show that what Bada calls ‘asymmetric influences’ were at work on
organic reactions occurring in prebiotic times.

The delivery of amino acids and other extraterrestrial compounds was an
incidental feature of the catastrophe that wiped out the dinosaurs and most other
species in the Cretaceous — Tertiary era. The same result is implied in the theory
that is increasingly gaining support: the encounter of Earth with a giant
molecular cloud (which better explains the lowered oxygen levels seen in amber-
entombed contemporary air samples and lack of amino acids carrying oxygenated
functional groups).¢

3.2 New Naturally Occurring Amino Acids — The cis-fused hexahydro[3,2-
b]pyran (2) that is reminiscent of domoic acid in its neurotoxic effects is a new
dysherbaine from the Micronesian sponge Dysidea herbacea.*” One of two
palythines (3 and homologue CHMeOH in place of CH,OH), new UV-B
absorbing amino acids of the mycosporin family extracted from a reef-building
coral Stylophora pistillata,®® is the sulfate ester of one of the compounds present
in Pocillopora eydouxi.*® New mycosporin-like amino acids have been found in
the Antarctic sea urchin Sterechinus neumayeri.*® The first report of pyrazoles as
natural products (4; and its 4-methyl homologue) concerns the sponge Tedania
anhelans.>!

OH

- —N
CO,H
HN/—/>\ 2
S TCOM SQ<

Me
4) ®)

4-Methylaeruginoic acid (5) is a new cytotoxic imino acid from Streptomyces
KCTC 9303.%2 Eupenicillium shearii PF1191 produces kaitocephalin (6; informa-
tion on stereochemical features not yet available), a novel glutamate receptor
antagonist that is a potent suppressor of kainate toxicity.*® 1-Amino-3-methylcy-
clobutanecarboxylic acid has been identified in seeds of Atelia glazioviana Baillon,
though without information on its stereochemistry.**

Cycasindene (7; see also Ref. 974) and cycasthioamide (8) have been found,
together with eight known ‘non-protein amino acids’, in seeds of Cycas revoluta
Thunb.*® Fruiting bodies of Clavulinopsis helvola contain cis-DL-2-amino-
3(cis),5-hexadienoic acid.3® Root bark of Calotropis gigantea produces giganticine
(9) which functions as an insect antifeedant.’’

3.3 New Amino Acids from Hydrolysates — Dysidea herbacea contains (10),
composed of two unusual a-amino acids, and is accompanied by a closely related



4 Amino Acids, Peptides and Proteins

Cl
H
o) N COoH NH,
: COAET Qg
: N
N +
Cl CO,H HO NH; CO,~
(©) @
CO,H

CO,H

NH; H
. NVS(NVCOZH /©/<NHAC
S EtOCONH
®

©)

dioxopiperazine (CHCI, in place of CCl3),*® also found as the bis-N-methyl
homologue dysamide D (10, NMe in place of NH, >CHCH,- in place of
>C=CH-), in Dysidea fragilis.*® (-)-Phenylahistin, (11), from Aspergillus ustus, is
a prenylated dehydrohistidine derivative.*® A review*' covers the identification of
B-(methylthio)aspartic acid as a novel post-translationally modified amino acid in
ribosomal protein S12 from E. coli.

Oscillaginin B, a tetrapeptide from the freshwater toxic cyanobacterium
Oscillatoria agardhii contains the new amino acid, 3-amino-10-chloro-2-hyd-
roxydecanoic acid.** Fischerellin B [(3R,5S)-3-methyl-5(E)-pentadec-5-ene-7,9-
diynyl)pyrrolidin-2-one], a new algicide from the cyanobacterium Fischerella
muscicola, is the lactam of a 8-amino acid.*?

e Ho P
N Me N
che — cal, PhAgﬁ — o
Me N —
M g
1o e N w NH
(10) (11)

4 Chemical Synthesis and Resolution of Amino Acids

General reviews of amino acid synthesis are located in the appropriate subsec-
tions of this Chapter. More specific reviews relate to preparations of coded o-
amino acids labelled with stable isotopes (*H, C, PN, and 18O).44 Examples
throughout this Chapter describe preparations and uses of amino acids labelled
with 2H (Refs. 51, 221, 539, 543, 553, 566, 576, 584, 586, 806, 967), ''C (Refs.113,
162, 805, 839), 13C (Refs. 219, 221, 229, 442, 443, 538, 586, 781), 1°N (Refs. 228,
229, 442, 444, 547, 966), 7O (Ref. 586), '8F (Refs. 162, 260, 261, 913), S (Ref.
893), "’Se (Ref. 832) and iodine isotopes (Ref. 910). Preparations of amino-
boronic and aminophosphonic acids are likewise scattered through Section 4,
rather than grouped together as in recent previous Volumes.
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4.1 General Methods for the Synthesis of a-Amino Acids, including Enantioselective
Synthesis — 4.1.1 Amination of Alkanoic Acid Derivatives by Amines and Amine-
related Reagents. — These processes provide reliable routes to a-amino acids in
many cases. They are illustrated in their simplest form in the conversion of chiral
a-bromoacrylates into cis- and trans-1H-aziridinecarboxylates (12) through
Michael-type reactions with ammonia,** and in the synthesis of methyl aziridine-
2-carboxylate from methyl 3-(2,2,2-trimethylhydrazino)propionate bromide
through N-N-bond cleavage;*® in the reaction of dehydroascorbic acid with
cyanate to give the amino acid carbamate (13) present in Solanum tuberosum;*’
and for the rhodium(II) acetate-catalysed decomposition of diazoacetates in the
presence of compounds containing N-H groups [o-phenyl diazoacetate or
PhC(N,)P(O)(OMe), giving N-substituted phenylglycines or corresponding phos-
phonates respectively].*® 2-(N-Trifluoroacetylamino)alkanoic acids are formed
from trifluoroacetamide and a 2-bromoalkanoate in the presence of a base, using
phase-transfer catalysis.*’

Some simple nitrogen species that are suitable for the task are indicated in
these preceding examples. Azidolysis is also convenient, an interesting example
starting with a-alkenyl N-Boc oxazolidines and leading via an epoxy-bromocyclo-
carbocation (formed by reaction with NBS) to f-aminoalkanols through azido-
lysis, and completed through routine elaboration.”® Epoxidation of E-but-2-en-1-
ol with tert-BuO,H using L-(+)-di-isopropyl tartrate — titanium isopropoxide,
followed by C*H;Li-Lil opening, mesylation, and azidolysis are the main steps in
a synthesis of (2S,3S)-4,4,4-[?H;]valine,”' and mesylate displacement by azide is
also featured in a route to (2S,1'S,2'S)-2-(carboxycyclopropyl)glycine (see also
Ref 271).> The L-lysine keto-amide derivative BocNH(CH,),CH(NH,)CO-
CONHPh™ has been prepared similarly by oxirane ring-opening azidolysis, and
nucleophilic opening of the epoxide formed from 4-TBSO-C¢H4CH(OH)-
CH=CH, is the crucial step in a synthesis of (2S,3R)-B-hydroxytyrosine.’* A new
procedure for the reductive transformation of azido esters into N-Boc-amino acid
derivatives using Pd(OH),-C, EtSizH and Boc,O in ethanol has been outlined.>®
Mitsunobu azidolysis of the homochiral secondary alcohol TolS(O)CH,-
CH(OH)CH,F followed by sulfoxide cleavage through non-oxidative Pummerer
rearrangement gives 3-fluoro-D-alanine.>®

S0O,CgHz-0,p-Me;,

Ph T

CO,R? Ho HO HO COzH >:N>
2
NH
N
R%0 /& pH |
R3O N 0 07X SO,CgH3-0,p-Me,
(12) (13) (14)

(Ethoxycarbonyl)nitrene, produced through photolysis in situ of ethyl azido-
formate, reacts with B-silylated silyl ketene acetals RCH(SiMe,Ph)CH=C-
(OMe)OSiMe,Bu' to give preferentially anti-B-silylated «-N-(ethoxycarbonyl-
amino) esters.’’ Full details are available®® describing the preparation of
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N-substituted 3-alkyl-aspartic acids (Vol. 29, p. 13) through conjugate addition
of amines to fumaric acid under catalysis by B-methylaspartase.

Enantioselective electrophilic amination by di-tert-butyl azodicarboxylate
(S:R-ratios ranging from 90:10 to 95:5) of an achiral N-acyloxazolidin-2-one (cf.
Scheme 5; H in place of Ph and R), is efficiently catalysed by (14), prepared from
the bis-sulfonamide and dimethylmagnesium.” The use of this amination
reagent, applied to preparation of a-amino-f-hydroxy acids from B-hydroxyester
enolates, has been reviewed.®® Palladium(0)-catalysed allylic amination of homo-
chiral allyl acetates by simple amines, followed by oxidation, gives arylglycines
and glutamic acid derivatives.®!

Oxime ethers of 2-furyl ketones BzZION=CR'R? (R?> = 2-furyl) undergo
enantioselective alkylation with a homochiral boron complex, the furan moiety
providing the carboxy group in the final stage of a novel a-amino acid synthesis
(a route whose expense may be justified in certain circumstances).®> A more
straightforward method (see also Ref. 879) uses an O-benzyloxime (a-alkylation
using an organolithium compound leading to aa-dialkylglycines; Scheme 1).%

N/OBn NHOBN
| [ R OTPS ,
OTPS — + epimer
RO o
1 2
and (2)-isomer RO OR
(R'=R2Z=BuY j i, i
YTEEERNE
OH k
HO,C NS

|
RO R?0 OBn
Reagents: i, RLi; ii, TBAF; iii, carbonyldi-imidazole; iv, routine processing of 1,2-diol
Scheme 1

The (R)-O-(1-phenylbutyl) ether of cinnamaldoxime has provided the substrate
for alkylation using an organolithium compound in a diastereoselective synthesis
of a-amino acids.®* A proton shift induced by NEt; in the homochiral imine (15)
starts a route to PPP-trifluoro-L-alanine.®® Nitrones formed from aldoximes (e.g.
from the protected L-gulose oxime, 16 in Scheme 2) have served in a synthesis of
the N-terminal component of Nikkomycin Bz.%®

FsC CO,Et FsC CO,Et
Y base
—_— Me

N\<Me N:/\

Ph
(15) Ph

A common feature of many of the preceding examples is their dependence on a
supply of halogeno-acids and analogues, and a route to a-halogeno-amides from
ao-dicyanoepoxides by reaction with a tertiary amine hydrohalide is notable.®’
Mitsunobu condensation of Me;Si(CH,),SO,NHCO,Bu' and a chiral cyano-
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R R Protected Protected
#—O gulose gulose o

O N7

OH i, ii R2 07 K
N
R><o Rl/k/\o o
R” Yo—" ~NoH
(16)

Me NHBoc
(R!=H; RZ=p-MeOCgH,)
Reagents: i, methyl glyoxylate hemiacetal, toluene, reflux; ii, (E)-p-methoxycinnamyl alcohol;
iii, Mo(CO)g, 1% HCI-MeCN; iv, MsCl then Nal, Bu"3SnH after NH, — NHBoc
Scheme 2

hydrin provides protected o-amino nitriles that are readily converted into o-
amino acids.®®

Electrophilic amination of chiral amide cuprates [from RCH,COX (X = chiral
amide moiety) with nBuLi/CuCN] by lithium tert-butyl N-tosyloxycarbamate
illustrates further the improving prospects for carbamates as amination reagents
in amino acid synthesis.®® Benzyl carbamate serves in a route to 1-(Z-amino)-2-
arylmethyl phosphinates ZNHCHArP(O)(Ph)R through condensation with
ArCHO and dichlorophenylphosphine with acetyl chloride,”®”! and in an
equivalent route to phosphonates using an alkoxydichlorophosphine;’® phenyl o-
(Z-amgno)benzyl phosphonates ZNHCHArP(O)(OH)OPh are obtained simi-
larly.”

N-(Arene- or methanesulfonyl)aziridinecarboxylates formed as above (see also
Refs. 281, 282) can undergo PdL4-catalysed isomerization (L = ligand) as detailed
in a study of five sets of four stereoisomers.”* The expected higher stability of
chiral alkyl (2E)-4,5-cis-(2E)-products, compared with their isomers, was estab-
lished in this study. B-Erythro-substituted aspartic acids can be obtained through
stereospecific nucleophilic ring-opening of dimethyl aziridine-2,3-dicarboxy-
lates,”® and hydrogenolysis of an aziridine to give (2S,3S)-(-)-3-methylphenylala-
nine has been described (Ref. 281). tert-Butyl (2R,3R)-2-cyano-3-formylaziridine-
l-carboxylate has been obtained from the glyceraldehyde acetonide (17).”®
Further examples of ring-opening of 2H-azirin-3-amines (18; formed from N-
methylanilides using LiNPr',/DPPCI), e.g. with PhCOSH, leading to heterocyclic
o-amino acid derivatives, have been reported (cf. Vol. 29, pp. 6, 22).”’

Both syn- and anti-B-methyl-L-phenylalanines have been prepared starting
from (28S,3S)-2,3-epoxy-3-phenylpropan-1-ol, ring-opening with Me,CuCNLi,,
then mesylation and azidolysis being followed by routine functional group
development.”®

The classical Strecker and Bucherer-Bergs syntheses are also amination pro-
cesses, illustrated for the former in preparations of (R)-N-Boc-3,5-dichloro-4-
methoxyphenylglycine,” and for the latter with syntheses of ‘3-phosphonocyclo-
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Me
0 X
NH NBoc N_
o\)/y oHc ™/ ) Ph
N

NC NC
17 (18)
o)
Ph N
o
N \<Me CO,Me
(19) (20)

butyl amino acids’ (i.e. 1-amino-3-diethylphosphonocyclobutane-1-carboxylates)
from the corresponding cyclobutanone.®® (+)-2-Aminobicyclo[3.1.0Jhexane-2,6-
dicarboxylic acid (a potent and selective Group 2 mGIluR agonist) has been
prepared by cyclopropanation of cyclopentenone (19) and Bucherer-Bergs synth-
esis.®! 4-Aminocyclohexanones have been converted into N,N'-Boc-hydantoins
by the Bucherer-Bergs procedure followed by treatment with Boc,O,% also the
basis of preparations of 1-aminocycloalkanecarboxylic acids (see also Section 4.4)
and a-methyl-(4-carboxyphenyl)glycine.??

The asymmetric Strecker synthesis has been illustrated in an intramolecular
version®* for syntheses of both enantiomers of a-benzyl and a-carboxymethyl-
serine, and for an improved synthesis of ‘L-cyclopentylaspartic acid’ [(S)-1-(2a-
aminocarboxymethyl)-1-carboxycyclopentane] via the (S)-a-methylbenzylamino
nitrile (20) on a large scale.®®

The amination by pyridoxamine of an a-keto acid is a classical biogenetic route
to amino acids, a fact that has stimulated a search for a laboratory equivalent,
seen in the generation of glutamic acid using the pyridine reagent (21) covalently
bound to the cysteine residue (Cys-60) of intestinal fatty acid-binding protein
IFABP (cf. Vol. 29, p.13).%¢ The amination rate is 62 times faster than that
effected by pyridoxamine itself. Amination of a-keto-acids has also been illu-
strated for tert-leucine with an adaptation of the Leuckart reaction (Scheme 3),%’
and for syntheses of vinylglycines using a modified Mannich reaction (Scheme
4)®® and a-aryl and o-heteroarylglycines.®’

NH,
OH
IFABP—S | X
~
Me

1)

‘Multicomponent reactions’ employing amination reactions, used in o-amino
acid synthesis (the Strecker synthesis, and Ugi and amidocarbonylation routes,
amongst others covered later in this Section), have been reviewed.”®
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/COBUt +
HITI ITIH?,CI’
BulCOCO,Na Bu'CHCO,H Bu'CHCO,H
Reagents: i, NH;*HCO,/HCO,H, reflux; ii, 6M HCI, reflux
Scheme 3
RZ
1 1
R \C/B(OR)z i R _gs
I + R4COCO,H s
_C. R
R? RS RG/N CO,H
Reagent: i, RSNHR®
Scheme 4

The catalytic asymmetric aminohydroxylation of alkenes developed by Sharp-
less and co-workers (used in a synthesis of phenylisoserine;’! see Vol. 29, p. 46
and Section 4.15, Refs. 400-403) has been reviewed;”? this route provides
aminoalkanols that are readily converted into a-amino acids, as illustrated with a
synthesis of (S)-1-naphthylglycine via a homochiral 2,3-dihydroxyalkylamine.®*
Another enantioselective approach giving 3-amino-1,2-diols starts with a glycer-
aldehyde-derived a-alkoxynitrone (a relative of 16, see Scheme 2), and its
arylation with a Grignard reagent in the presence of ZnBr, and Et,AICL.%*

4.1.2 Carboxylation of Alkylamines and Imines, and Related Methods — Addition
of 2-lithiofuran or 2-lithiothiazole to a sugar nitrone is essentially a carboxylation
process as in the examples at the end of the preceding section;” this approach has
been reviewed.”® Attack of the 3-alkoxy-l-cyanopropene carbanion on a
chloroformate is another hidden example of carboxylation,”” and the classic
route is illustrated by carboxylation by CO, after lithiation of a benzylamine.
This leads to (R)-phenylglycines when (-)-sparteine is part of the reagent system
(see also Ref. 329).°® Use of (-)-sparteine — lithium carbanion pairs in
enantioselective synthesis has been reviewed.””

A further example of carboxylation via chromium carbene complexes (Vol. 28,
pp. 7, 15) employing a homochiral N-alkyloxazolidine has been published,
illustrating alkylation (22; R = H to R = allyl, etc) and photolysis in the presence
of a phenol to give the corresponding aryl ester.'®

Ph

(CO)Cr. N)_\O
DDA
R
(22)

Achiral N-(mesitylsulfonyl)imines add homochiral ao-bromovinyl-lithium
species to give o-amino acid methyl esters with better than 95% e.e., after
ozonolysis in methanol: MesN=CHR — MesNHCHRCBr=CR'R?
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MesNHCHRCO,Me.!"! The asymmetric synthesis of amines NH,CHR!R? by
nucleophilic 1,2-addition of metal reagents R*ML to imines R'CH=NR? has
been reviewed.!®? Equivalent syntheses of amino phosphonic acids include
addition of hypophosphorous acid H3PO, to an aldoxime, and mild oxidation of
the resulting aminophosphinic acid.'®® An asymmetric synthesis of a-aminopho-
sphonic esters has exploited the addition of a metal phosphite to the chiral
sulfinamide TolS(O)N=CHAr.'**

Conversion of a phthalimidoketene PhtNCR=C=0 into the corresponding
ester through addition to (R)-pantolactone generates a new chiral centre with
good e.e. favouring the L amino acid;'® this opens up a new deracemization
protocol for N-phthaloyl-DL-amino acids.

The conversion of B-amino acids into o-amino acids [B-lactams give N-
carboxylic amino acid anhydrides (Vol. 29, pp.23, 74) through NaOCI/TEMPO
oxidation] has always been recognised to be limited in scope, since it is dependent
on the supply of homochiral starting materials of known stereochemistry that are
stable to the reaction conditions, but a further application, a tert-leucine
synthesis, shows that good yields are obtainable.'%

4.1.3 Use of Chiral Auxiliaries in Amino Acid Synthesis — Under this heading,
established methods are included in which a homochiral grouping (N-acyl, ester,
or aminoacylamide, efc) is released for re-use, in principle, at the end of an o-
amino acid synthesis. Evans’ oxazolidinones fall in this category, and their
applications have been reviewed.'®” Typical examples include its use via azides,
for syntheses of the four stereoisomers of B-methyl-3-(2’-naphthyl)alanine,'°® p-
isopropylphenylalanine,'”  B-isopropyltyrosine,''® and  B-isopropyl-2’,6-
dimethyltyrosines''" in the same approach already described in numerous papers
from the Hruby group; the same method is used for the synthesis of 3-
aminocarbonylmethylprolines (as glutamine mimetics).!'?> Untypical examples
include a route to L-methionine (Scheme 5) that can be completed in less that 40
minutes, so is potentially useful for the production of a-amino acids labelled in
their carboxy group with ''C."!* A resin-tethered oxazolidinone has been used for
o-hydroxy acid synthesis.'" The indeno-oxazolidine (23) contributes efficient
diastereoselection to the Wittig rearrangement of its N-allyloxyacetyl derivative,
the resulting allylic a-hydroxy acid being converted into an amino acid through
azidolysis and ensuing manipulations."'> A route to L-proline involves allylation
of the enolate of (S)-1-benzyloxycarbonyl-2-tert-butyl-3-methyl-1,3-imidazolin-4-
one, hydroboration of the C=C bond and cyclization.!'® Double alkylation with
(Z)-3-chloro-2-chloromethylprop-1-ene gives (24) and (25) from which (-)-
baikiain and (-)-4-methyleneproline respectively were obtained in high yield.!!”

The related (4R,5S)-imidazolin-2-one may be N-acryloylated through an
improved protocol employing DABCO as base.''® Diastereoselective ring expan-
sion of an N-(N'-acylaziridin)oyl moiety linked to this homochiral imidazolin-2-
one, to give an oxazoline, is the basis of a route that provides homochiral B-
hydroxy-o-amino acids.'"’

Oppolzer’s camphorsultam continues to be used, e.g. for syntheses of enantio-
mers of amino acids bearing o- and p-carboranyl substituents in side-chains, ' of
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o) SnBuz O Lj oo o) CO,H O
J\ i }\ J\ ii }\ )k ii }\ )k
HN 0o MeS(CHz)ZN o MeS(CHz)ZN 0 MeS(CHz)ZN 0
Ph Ph Ph Ph
R R R R
Liv
MeS
+
H3sN CO,”

Reagents: i, MeS(CH,),CHBrSnBug; ii, Bu"Li, THF, —78°C; iii, COy; iv, Li, NH3
Scheme 5

L-2,3,5,6-tetrafluoro-4-(phosphonomethyl)phenylalanine and L-4-(phosphonodi-
fluoromethyl)phenylalanine, ! and L-(6,7-dimethoxy-4-coumaryl)alanine
(Scheme 6).*? In a typical application, the sultam formed from glyoxylic acid
oxime ether RON=CHCOX* (X* = sultam chiral auxiliary linked through N)
undergoes highly diastereoselective radical addition (RI/Bu;SnH/Et;B) to give D-
o-amino acids after standard functional group modifications.'**

Details have been provided for routes employing \-ephedrine;'** it is N-
acylated in high yield and enolates of the resulting amides undergo highly
diastereoselective alkylation (as described in Vol. 29, p. 22). Decagram quantities
of L-prenylglycine (needed for conversion into Seebach’s oxazolidinone) have
been prepared using Y-ephedrine glycinamide in this cost-effective route.'?® The
early Seebach methodology based on an L-proline-derived auxiliary, given the
label ‘self-regulation of chirality’, has been reviewed.'?

HN><O "
e
N-—_©° Me o
Bu‘/<N Bul/<N
NS

(23) (24) (25)
+
H3N
COy™
MeO
i 0] i, iii N
—_— k SMe
NH N N:< MeO o o
- -
SO3 SO3 SMe
Reagent: i, (MeS),C=NCH,CO,H, unspecified coupling protocol; ii, BuLi, then
4-chloromethyl-6,7-dimethoxycoumarin; iii, H3O*, then ag. LiOH, then neutralisation

Scheme 6
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4.1.4 Use of Rearrangements Generating a Carbon—Nitrogen Bond -
Rearrangement of trichloroacetimidates provides the stereochemical security
associated with an electrocyclization process, and a clear example (Scheme 7)
illustrates the preparation of o-substituted serines in good yields.'*’” A new
synthesis of (+)-myriocin illustrates the value of this rearrangement in routes to
ao-disubstituted glycines.'?® A synthesis of (+)-lactacystin (Scheme 8) starts from
D-glucose so as to generate the correct stereochemistry in the a-substituted o-
amino acid moiety'?® (routes to this compound published in 1992-1994 differ in
principle, since they all start from another amino acid).

A process used for the synthesis of a-allyl a-amino acids involves a-allylation
of a homochiral s-cyanoalkanoate R'CH(CN)CO,R? followed by Curtius re-
arrangement with preservation of the initial stereochemistry.'*

R® 1
3 i R3 i R?
R © b — Ny O R3)$<
N
4( Y HsN CO,~
HN CC|3 CC|3
Reagents: i, Lewis acid, Et,AICI; ii, hydrolysis, then CH,OH — CO,H
Scheme 7
BnO.
ClsC BnO
) NH
Diacetone HO =1 0 i
glucose > 0 -
H
o) H
Me o glucose
derivative
j I
(0] /COCC'g
N — CHzan
i CI3CCONH
- glucose
derivative
OBn
Me OH =
Reagents: i, NaH, then CI3CCN; ii, 140 °C, toluene; iii, H3O" then aq. NalOy,, then CrOz—acetone

Scheme 8

4.1.5 Other Rearrangements - [2,3]-Wittig rearrangement of a 1-vinylglycoside
(26) is the essential step in a synthesis of a B-glycosidylalanine (obtained through
amination of the intermediate hydroxyacid), useful as a C-analogue of B-D-
glucopyranosylserine.'*!

4.1.6 Amidocarbonylation and Related Processes — The scope of this approach,
reviewed recently,132 is seen in a route from an alkene RCH=CH, with acetamide
and CO to give a-(N-acetylamino)alkanoic acids RCH,CH,CH(NHAc)CO,H (R
= Cg, Cyg, Cyy); the sodium salts have commercial uses since they yield viscous
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OBn OBn
BnO o BnO o
BRO ,T} — a-hydroxy-acid —= BnO “ COMe
EmOdo\éH/cone Bno NH,

(26)

aqueous solutions.'** N-Acetylphenylalanines are formed from the aldehyde with
acetamide and CO in a reducing atmosphere (H,-DIPHOS with a cobalt
carbonyl catalyst)."** Palladium complexes catalyse the condensation of
aldehydes and amides with carbon monoxide to give N-acylamino acids in good
yields (99% for the synthesis of valine).!*

The scope of the Ugi ‘four-component condensation’ in combinatorial synth-
esis, leading to amino acid derivatives (see Vol. 29, p.7), has been extended.'*
The same chemistry (without the combinatorial context) has been used for B-
lactam synthesis,’*” and includes an intramolecular three-component version
(Scheme 9) suitable for the synthesis of 7- and 8-membered lactams.!*® A so-
called Ugi ‘five-component condensation’ uses an alkanol, an amine, an aldehyde,
an isocyanide, and CO,, COS, or CS; as oxidized carbon source, and leads to N-
protected a-amino acid amides R'O,CNR*CHR*CONHR*.'**

i RNHCO "
MeCO(CH,),CH,CO,H o

Me N
|
R
+
R'NH C=NR
via R'N:([:(CHZ)NCHZCOZH and
Me Me (CH3),CH,CO,~

Reagent: i, R'NH, + RNC/MeOH
Scheme 9

4.1.7 From Glycine Derivatives — The most familiar textbook example under this
heading concerns alkylation of diethyl acetamidomalonate, AcNHCH(CO,Et),,
although conducting this approach with simpler glycine derivatives is now more
common. It has been used for syntheses of B-(2-anthraquinolinyl)alanine,'® 4-
fluoro-3-nitrophenylalanine and its 3-fluoro-4-nitro-isomer (see also Ref. 326),'!
and DL-3-(2-furyl)-alanine.'*?

The new chiral atropisomeric oo-disubstituted glycine, o-(1,1’-binaphthyl-
methyl)-o-methylglycine and its biphenylmethyl analogue, have been prepared
from a Schiff base of glycine tert-butyl ester, 4-Cl-C¢H,4-C=NCH,CO,Bu".!#?
Corresponding synthesis of a biphenyl-based amino acid has been reported.'*
The 1,1-bis(alkylthio)methylideneglycine esters (RS),C=NCHR'R? have a long
history of service in this context, recent acylation studies revealing their further
possibilities in synthesis of a-alkyl-B-hydroxy-o-amino acids'**'%® (see also
Scheme 6). The a-aminonitrile derivative Ph,C=NCH,CN has been used for the
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synthesis of 2-amino-6-hydroxyalk-4-enoic acids,'*’ and as substrate for the
preparation of y-substituted vinyl phosphonates through Pd(0)-catalysed alkyla-
tion by CH,=CHCH(OCO,Me)P(O)(OR), (also used for preparation of carbox-
ylates in an analogous route).!** Alkylation of Ph,C=NCH,CO,Me by
fluoroalkyl bromides RCHFCH,Br gives a-amino-y-fluoroalkanoic acids,'®
while double alkylation of PhnCH=NCH,CO,Et (at the a-carbon and at nitrogen)
gives 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid derivatives when an o-
xylylene dibromide is used.!>® Enantioselective alkylation can be effected (67 —
94% e.e.) using a Cinchona alkaloid-derived quaternary ammonium salt as phase
transfer catalyst'>! or by conducting the alkylation in a homochiral reverse
micelle medium.'>

Esterification of these glycine Schiff bases to solid supports gives substrates
that can be ao-di-alkylated in the usual way,'® and mono-o-alkylated by
unactivated alkyl halides.'>*

Numerous further examples of applications of glycine Schiff base synthons
appear in this year’s literature, as they have in all preceding Volumes, and for use
in the preparation of aminodiols through addition of phenylmagnesium bromide
to (27) with total diastereoselectivity leading to either (R)- or (S)-phenylglycine
depending on the reaction conditions;'>> the same synthon has been used to
prepare (2R)-4-oxopipecolic acid from the Danishefsky diene (see also Ref. 290)
and L-vinylglycine using vinylmagnesium bromide,'*® and L- or D-trans-f-
hydroxypipecolic acid through addition to 2-furyl TBS ether.””’ The long-
established alkylation of the nickel(I) complex of an L- or D-prolyl-N-aryl-
ideneglycine Schiff base (cf. Vol. 29, p. 15) has been used for the synthesis of L-
and D-Pp-diphenylalanines,'*® (2S,4R)-4-methylglutamic acid [through Michael
addition to methyl methacrylate catalysed by the chiral phosphine (4R,5R)-
TADDOL, (28)],'*° (28,3S)-3-trifluoromethylpyroglutamic acid,'® and 3-per-
fluoroalkyl-2,3-diamino acids.'®" Careful kinetic studies have shown that a five-
minute alkylation by a substituted benzyl halide using acetone as solvent leads to
satisfactory product yield and good diastereoselectivity, so the process is there-
fore suitable for the preparation of amino acids labelled with short-lived radio-
isotopes (specifically, [-''C]-L-DOPA and [6-'8F]-L-DOPA).'6

Ph PZN
a
NR o
/>/” PhMgBr NHR >< Ph
RO RO/>/< Ph Ph
RO RO 0 oNa
(27) (28)

The homochiral Schiff base (29) is well suited to asymmetric amino acid
synthesis, alkylation using ICH,CHMeOSiMe; and standard elaboration giving
L-y-hydroxynorvaline.'®® The equivalent camphorsulfonamide Schiff base can be
alkylated with representative halides and usually gives (S)-a-amino acids [but
benzyl halides give (R)-products] and e.e.s are only moderate.'

An unusual glycine-related imine, MeC(OEt)=NCH(CO,Me),, i.e. an imidate,
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has been used in B-hydroxy-a-amino acid synthesis through its propensity to
undergo cycloaddition to aldehydes to give oxazolines.'®> An isocyanoacetic acid
derivative is at first sight the prototypical glycine imine, but although this is
oversimplifying its structure, it behaves as an imine with aldehydes to give
oxazolines (and thence to a-amino-B-hydroxyacids).'®® Methyl isocyanoacetate
forms oxazolines through reaction with ketones, but its diastereoselectivity is a
more subtle detail that has been probed to establish the control exerted that is by
transition metal catalysts and base.'®” Isocyanoacetates undergo double alkyla-
tion by a quinoxalylxylylene dibromide under solid-liquid phase-transfer cata-
lysis, to give (30),'°® a protocol applied to other 1,2-bis(bromomethyl)arenes.'®
p-Boronophenylalanine has been prepared from ethyl isocyanoacetate.

170
OH
Me N
~ ‘ NC
t
N\/COZBU \N COZE[

(29) (30)

Protected a-bromoglycine offers access to nucleophilic attack; thus, anionic
organotransition metal compounds react with o-bromoglycines to open up access
to new organometallic amino acids.'”' Related glycine derivatives behave as
nucleophilic synthons in standard amino acid syntheses, and a-acetoxyglycine
deserves to be more widely used; thus a reasonable level of deracemization
accompanies Pd(OAc),/(+)-BINAP-catalysed alkylation of its N-diphenylmethyl-
idene ester Ph,C=NCH(OAc)CO,Me by malonate anions to give B-carboxy-L-
aspartates.'’” Organozinc reagents Ar,Zn react with the protected acetoxyglycine
in an efficient a-arylglycine synthesis,!”* and a-triazolylglycines are formed from
o-amino-o-azidoglycine esters through cycloaddition of alkynes.!”* a-Hydroxy-
glycine is referred to in Refs. 88, 89. The new o-(toluene-p-sulfonyl)glycine
derivative, BocNMeCHTsCO,Et, is amenable to a-allylation, followed by reduc-
tive removal of the toluene-p-sulfonyl group (Mg/MeOH).!”> The phosphonate
BocNHCH[P(O)(OMe),]JCO,Me condenses with a homochiral aldehyde, illu-
strated for an efficient synthesis of C-galactosyl-L-serine using tetra-O-acetyl-D-
galactopyranosylacetaldehyde, and Rh[DuPHOS]-catalysed hydrogenation of the
intermediate ap-dehydroamino acid.'”®

Phase-transfer catalysed alkylation of glycine derivatives,!”” and the wider
range of alkylation, Michael addition, and aldolization of enolates,!”® have been
reviewed. Deprotonation of N-(toluene-p-sulfonylamino)alkanoates with an
excess of LDA and subsequent transmetallation with tin chloride probably
results in the formation of the chelated enolate (31), which readily undergoes
aldolization and gives trihydroxypipecolates (alias ‘azasugars’), through addition
to a protected aldotetrose followed by Mitsunobu ring closure.!”

Claisen rearrangement of glycine enolates of homochiral diols provides an
unusual example of a well-established process, leading to the cyclohexenylglycine
(32) with chiral centres located with known configuration.'®® Enolates from
Ph,C=NCH,CO>Me or Bn,NCH,CO,Bu" and LDA have also been employed in

7



16 Amino Acids, Peptides and Proteins

OBuU!
H CO,H
TsN_ O TMSO NHBoc
Sn
(31) 32)
N=C—OR
/ \
[\ RO,CN=NCO,R RO2CN o
O

YN\COR*
I OWN\COR*
o)

(33)
(34

a synthesis of a-glycosyl a-amino acids (¢f Ref. 131) through addition to an a-D-
ribohexofuranos-3-ulose. '8!

Oxazolones continue to hold their place as glycine derivatives that are amen-
able to C-alkylation (¢f Ref. 920), illustrated by reaction of 4-ethoxycarbonyl-2-
phenyl-oxazol-5(4H)-one with aryl-lead triacetates and with (E)-styryl-lead tria-
cetates, to give a-aryl- and o-vinylglycines.'8!®3 N-[cis-2-Alkoxy-1-apocam-
phanecarbonyl]oxazol-2-ones (33) undergo [4 + 2]-cycloaddition with dialkyl
azodicarboxylates to give (34) and its isomer, from which a-amino acids and o-
amino aldehydes are obtained by ring-opening and functional group manipula-
tion.'®* Oxazol-4-one N-oxides formed from homochiral cyclic ketones through
cycloaddition to nitrosoketene represent a distant relative of glycine that is a
willing partner in cycloaddition reactions, leading to cyclopentenylglycines for
example (Scheme 10).'%

SiMe3

-0

Rl N ;
Il
R
o RZX
o) (0]

Reagents: i, 1-trimethylsilylcyclopent-2-ene, BF3—Et,0; ii, ag. NaHCO3, Amberlite IRC-50;
iii, Hy, Pd-C; iv, BF3—Et,0, Dowex 50W—-X4
Scheme 10

ii-iv

H3N*
CO,~

Homochiral 2,5-diethoxy-3-isopropylpiperazine, now the favoured substrate
for the Schollkopf amino acid synthesis, amounts to another hidden form of a
glycine Schiff base. Further examples of bis(amino acid)s have been synthesized,
e.g. diaminosuberic acid and analogues [35; X = -CH=CH- or -CH(OH)-
CH(OH)-],'%¢ analogues with X = (Z)- or (E)-CR=CH-,'®" and with X =
-CH=CH-,'®® and (35; X = substituted thiophen groupings),'®* typically using di-
iodoalkanes and -arenes with Pd-Cul for alkylating the Schollkopf synthon.
(2S,9R)-2,9-Diaminododecanedioic acid has been prepared (using the higher
order bislactim ether lithium cyanocuprate for creation of the first chiral centre,



1: Amino Acids 17
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(35)

and using Evans oxazolidinone methodology to introduce the second),'®® and
similar manipulation of (S)-4-benzyloxazolidin-2-one has provided cyclopropane
bis(glycine)s (35; X = cyclopropyl).!®! Use of the Schollkopf synthon provides D-
(4a-cyanophenyl)alanine,'? and 5-, 6-, or 7-membered ring 1-aminocycloalkane-
carboxylic acids,'”® I-amino-2-hydroxycyclopent-3-enoic acid,'®* also other 1-
aminocycloalkene-1-carboxylic acids'®> through ruthenium(II)-catalysed ring-
closing metathesis with alkenes. Alkylation by a brominated 3-methyl-6-meth-
oxyindole to give the appropriate tryptophan is a key step in an enantiospecific
total synthesis of tryprostatin A,'°® and a broad range of brominated tryptophans
has been prepared in this way,!®” also 6-methoxytryptophans.'®® Face-selective
1,6-addition to 1E,3E-butadienylphosphonates opens up access to 2,3-anti-4E-2-
amino-6-phosphonohexenoic acid derivatives.'”®

L X

Reagents: i, K,CO3, RBr, TBAB, MeCN, r.t., or allylic carbonate/[Pd(PPh3)4]-dppe;
ii, BM HCI, 150 °C; iii, propylene oxide/EtOH
Scheme 11

Homochiral oxazin-2-ones, e.g. the (3R,6R)-3-methyloxazinone shown in
Scheme 11, although little used so far for analogous asymmetric syntheses, have
been shown to undergo diastereoselective alkylation to give (R)-a-substituted
alanines.”® Further uses for the related (5R)-phenyloxazin-3-one include cyclo-
additions of derived 1,3-oxazolium-4-olates to give enantiopure of-dihydroxy
acids.®®' (3R,5R)-3,5-Diphenylmorpholinone undergoes Michael addition to
methyl acrylate and its homologues, to give 3-substituted-2-phenylprolines after
processing of the adduct,?®* and N-Z-4,5-diphenyl-tetrahydro-oxazin-2-one has
been used in a synthesis of L-m-tyrosine.”>® The N-[(R)-1-phenylethyl] tetra-
hydro-oxazin-2-one (36) has been used in syntheses of a-substituted phenylgly-
cines.?*

The synthesis of methyl esters of acid-sensitive or highly-hindered o-amino
acids from 1-Boc-2-tert-butyl-4-methoxy-2,5-dihydroimidazoles (37) succeeds in
part because work-up following their alkylation calls only for mild conditions.?

Ph/['\'#f Bur/g'\j/owle

|
Me Boc

(36) (37)
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4.1.8 From ‘Dehydro-amino acid’ Derivatives — Theoretical aspects [molecular
orbital calculations providing evidence for rhodium(I)/N-alkenylamide/
phosphine complexes for homogeneous catalysis of the hydrogenation of N-
acylaminoacrylates®*®] and synthesis objectives [asymmetric hydrogenation of 1-
(formamido)alkenyl phosphonates®®’] represent interests that have been pursued
for many years; the general topic has been reviewed.?® The last-mentioned study
employs (S)-BINAP-ruthenium(I) compounds that are typical of the highly-
enantioselective catalysts on which attention is currently focussed. A new C,-
symmetric biphosphine, [2,2]PHANEPHOS, has been proposed for Rh-catalysed
hydrogenations leading to 91 — 99.6% e.e. when applied to 2-aminoacrylates,*
while the well-established Rh-DIPAMP system is favoured for synthesis of
homochiral ferrocene-bridged bis(alanine).”’® A novel chiral Rh catalyst
involving a bicyclo[3.2.0]heptane has been advocated and used in a synthesis of
D-phenylalanines with high e.e.?'' Asymmetric hydrogenation [Rh/(R,R)-
EtDuPHOS] of ay-dienamide esters R'CH=CR>CH=C(NHAc)CO,Me formed
by Suzuki cross-coupling and Horner-Emmons reactions gives the L-a-amino
acid R'"CH=CR?CH,CH(NHACc)CO,Me; for R! = TBSOCH,, R? = H, a route
to (+)-bulgecinine has been opened up via (38).2'2

0
o)
NHBoc o
PhCON
R! o
Br 2
HO R
(38) (39)

Diastereoselective  Michael addition of azomethine ylides derived from
Ph,C=NCH,CO,R (or from the corresponding Schiff base formed between
camphor and glycine tert-butyl ester) to the 4-methylene oxazolidin-5-one (39)
has been used in a synthesis of all four stereoisomers of 4-benzamidopyroglu-
tamic acid,”'? and the same intermediate leads through PPhs-catalysed cycloaddi-
tion to allenes, to 1-amino-2- and -3-carboxycyclopent-2- and -3-ene-1-carboxylic
acids, of interest as conformationally-restricted L-glutamic acid analogues.”'* A
simpler alkylation procedure, CrCls-Fe-catalysed reaction of a perfluoroalkyl
iodidzel:swith methyl a-acetamidoacrylate, gives corresponding o-aminoalkano-
ates.

4.2  Synthesis of Protein Amino Acids and other Naturally Occurring a-Amino
Acids — As an extension of the preceding Section, this concentrates on synthesis
targets that either require modification of general synthesis methods, or require
an individually tailored synthesis strategy.

The literature describing enzymic synthesis of common protein amino acids is
already substantial, and is augmented in the current literature by accounts of
production scale methods for L-cysteine (immobilized Pseudomonas M-38),2'° L-
aspartic acid (immobilized Brevibacterium flavum and E. coli using ammonium
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fumarate via L-malic acid),®!” L-lysine (Corynebacterium glutamicum),**® L-
[3-1*CJserine from ['*CJformaldehyde using L-serine hydroxymethyltransferase
and tetrahydrofolate,”'® hyperproduction of L-threonine (modified E. coli that
shows impaired threonine uptake),??® L-[3->C]- and -[3->H]phenylalanine and
leucine (Brevibacterium methylicum in '*C*H;OH - 2H,0),”?! L-tryptophan
(genetically-modified E. coli that shows elevated tryptophan synthetase ac-
tivity),?>> and a novel approach to L-B-aryl-s-alanines using red yeast cells
(Rhodotorula rubra and Rhodotorula glutinis) with ammonia and a trans-f-
arylacrylic acid.??* An aminoacylase from Bacillus thermoglucosidius converts o-
(chloracetamido)cinnamic acid into phenylpyruvic acid, which is a substrate for
phenylalanine dehydrogenase and accounts for the production of L-phenylala-
nine by this organism.?** Close relatives of the protein amino acids include S-
adenosyl-L-methionine, prepared on a large scale from methionine using an E.
coli strain.*®

a-Keto-acids are substrates for the production of D-glutamic acid, D-phenyl-
alanine, and D-tyrosine, based on a D-amino acid transferase/alanine racemase/
L-alanine dehydrogenase/formate dehydrogenase system.??® Reductive amination
of a-keto-acids catalysed by leucine or phenylalanine dehydrogenase can give L-
or D-amino acids together with L-a-hydroxy acids.?*” Homologation of ethyl (S)-
lactate and development to MeCH(OMOM)COCO,H gives a substrate that is
converted into the ['*N]-L-threonine derivative using leucine dehydrogenase, and
to the allothreonine analogue from the appropriate precursor.??® [1,2-13C,; '’NJ-
L-Serine is formed through the action of serine hydroxymethyltransferase on the
labelled glycine, and tryptophan synthase leads to the labelled L-tryptophan.??
Recombinant D- and L-threonine aldolases effect the conversion of aliphatic
aldehydes into erythro-f-hydroxy-o-amino acids, and aromatic aldehydes into
their threo-analogues (syntheses of 3-hydroxyleucine, y-benzyloxy- and y-benzyl-
oxymethylthreonines, and polyoxamic acid, are notable).?*°

Synthesis of (40), the N-terminal amino acid of Nikkomycins K, and K,, has
employed a pyruvate aldolase-catalysed condensation of 2-pyridinecarboxalde-
hyde, pyruvic acid, and CO,.%!

Uses of transaminases, and of asymmetric hydrogenation of acylamidocin-
namic acid derivatives, in commercial scale synthesis of non-natural amino acids,
have been reviewed.?*? Reviews of the production of amino acids by methanol-
utilizing bacteria®** and more general production methods,?** and of enzymic
hydroxy-L-proline production,®** have appeared, and also a review of enzymic
synthesis methods used in an Edinburgh laboratory,?*® and more general review
coverage,”” including a broad general survey of the enzymology of amino acid
production.*® Access to this largely biotechnological field, for which only
representative citations are given here, is facilitated by Chemical Abstracts,
Section 16: Fermentation and Bioindustrial Chemistry.

A synthesis of D- and L-enantiomers of threonine and also their allo-isomers is
based on an ingenious BF3-catalysed hetero-Diels-Alder reaction of acetaldehyde
with the azadiene (41) and its epimers.”*® Synthesis via DL-trans-4,5-dihydro-5-
(4-methoxyphenyl)-4-methylisoxazoline-5-carboxylic acid, involving an acylase
resolution stage, of (2S,38S,4S)-4-(4-acetoxyphenyl)-2-amino-3-methylbutan-4-



20 Amino Acids, Peptides and Proteins

P
N
= l Ph | o
— e
Y €Oz ™SO N
HO Kk TIPSO
(40) @1)

olide (42), a precursor for the unusual amino acid present in Nikkomycin B [also
Refs. 66, 824 for other syntheses of Nikkomycin constituents] has been de-
scribed.?*® Renewed interest in the synthesis of ‘MeBmt’, the N-methyl-L-
threonine derivative that is a component of cyclosporins, is justified if shorter
routes can be found that also allow analogues to be targetted; the syn-(2R)-
amino-1,3,4-butanetriol derivative (43), accessible from D-isoascorbic acid, has
been converted smoothly into the MeBmt precursor (44).24! For new syntheses by
manipulation of threonines, see Ref. 841. The protected component needed for
preparing one of the unusual amino acids in microsclerodermins has been
synthesized by incorporating a number of strategies newly introduced in this
field, namely the use of a nitrone moiety and of a 2-furyl moiety that become the
amino and carboxy group, respectively, in the synthesis target (Scheme 12).%*

Me
NH, TBOPSO
o H,C
(o) oHe NBoc
= )<
o
AcO (42) (43)

OBn

Reagents: i, (COCI),;, DMSO, then BANHOH; ii, 2-furyl-lithium/Et,AICI;
iii, separate epimers, react with TiCl3/H,0 then Boc,0; iv, RuO,, then Mel

Scheme 12
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Total synthesis as the means of determining the absolute configuration of
radiosumin, shown to be (S), has required the establishment of a synthesis of 2-
amino-3-(4-amino-2-cyclohexylidene)propanoic acid and its cyclohexene ana-
logue; the phosphonate MeON=C(CO,Me)CH,PO(OMe), was condensed with
the cyclohexanone (45) to give an intermediate from which both target amino
acids were obtained.?*’

D- and L-Proline have been prepared starting from D-glucono-1,5-lactone via
the D-erythrohexonate ester (46) through azide substitution, reductive cyclization
into the pyrrolidine, and generation of the carboxy group.>**

Kainoid synthesis is an area of vigorous exploration, in a search for appro-
priate methodology leading particularly to neuro-active analogues of these
natural proline derivatives. Papers from research groups who have already
established their interest in this field cover the introduction of substituents into
trans-4-hydroxy-L-proline, giving correctly oriented C-3- and C-4-substituted
kainoids.?** Enamine alkylation for introduction of a C-3 carboxymethyl
grouping, conversion into the 4-oxoproline, and subjecting this to Grignard
addition or Pd(0)-catalysed cross-coupling to introduce C-4-aryl substituents,
gives the useful intermediate (47), whose scope as a starting point for synthetic
manipulations has been explored in related studies.?*®

O
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(@) O
NHBoc CO,Me

[e) TsO
(45) (46)
CO,BuU! CO,Me
Me R
R | SEt
! COzR o) co,Me
N <\ CO,BUt N
Bu N N oH
47) (48) (49)

Bachi’s proline ring-construction approach [Vol. 29, p. 25; alkylation of tert-
butyl isocyanoacetate by 4-(ethylthio)-3-methylbut-2-enal catalysed by 10 mol
(CsH{NC),AuBF,/chiral bis(diphenylphosphino)ferrocene] has provided the
oxazoline (48) from which (-)-kainic acid was obtained through standard
functional group elaboration.*’ A proline ring-construction starting with Mitsu-
nobu alkylation of (S)-CH,=CH(NHTs)CH,OCH,OMe with PhSCH,CMe=CH-
CH,OH and a subsequent thiyl radical addition — cyclization — elimination
sequence has also provided (-)-kainic acid.>*® Racemic kainic acid analogues have
been obtained through Michael addition of dimethyl o-ketoglutarate to 2-
methoxy-B-nitrostyrene, taking advantage of the favourable 14:1 anti:syn mixture
of adducts from which the cis-trans target stereochemistry (49) was achieved
through reduction of the nitro group followed by cyclization.?* The route to (-)-
kainic acid via the Diels-Alder cycloadduct of a (+)-norcamphor synthon (Vol.
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21, p. 15) has been explored further,>** and a new stereocontrolled route to (-)-
kainic acid from the same research group employs concurrent retro-Diels-Alder
and intramolecular ene reactions of the optically pure ketodicyclopentadiene
shown in Scheme 13.2°! Trisubstituted pyrrolidines including kainoids are
accessible from intramolecular cycloadditions of homochiral azomethine ylides
(50).%°% [3,2]-Sigmatropic rearrangements of didehydropiperidinium ylides (51)
can give acceptable yields of disubstituted proline derivatives as ring-contraction
products although the route is seriously devalued by competing elimination.?>?
Stepwise additions of dihalogenomethyl-lithium to the homochiral boronic acid
ester (52) gave the aldehyde (53) on H,0, cleavage of the C-B bond, rather than

the expected sec-kainic acid.***
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Kainic acid analogues with the isopropenyl moiety replaced by the
CF5;C(N,)CO- group should prove valuable probes for tissue studies aimed at
mapping kainoid receptors.?®> The same objective has stimulated studies of 1,3-
cycloaddition of PhCH,N(O)=CHCO,Me to (Z)-(2-X-C¢H4)CH=CHCH,-
CO,Me for a preparation of oxa-analogues®® (for aza-analogues, see Ref.
879).

(-)-Bulgecinine has been prepared (see also Section 6.3, Ref. 859) together with
three of its isomers from the 1,3-dipolar cycloadduct (54) of N-benzyl o-
methoxycarbonyl methanamine N-oxide with the homochiral allylic alcohol (R)-
H,C=CHCH,CH(OH)CH,OSiPh,Bu".*’

TBDMSO Q

HN NH
OR co  ocC
el " L T
Bn PPh, Ph,P
(54) (55)

4.3 Synthesis of a-Alkyl-o-Amino Acids — Standard general methods leading to
these compounds are reliable, and, apart from the importance of the targets as
potential enzyme inhibitors, points of interest are mostly to be found in
difficulties in synthesis, associated with steric hindrance. The applications for the
synthesis of a-alkyl-a-amino acids, of the Schollkopf, Strecker, and Seebach
methods (see examples in Sections 4.1, 4.2) have been reviewed,?® and a review
of the general topic has appeared.?>’

The Seebach imidazolidin-4-one, as its 3,5-dimethyl derivative, has been
applied to the synthesis of ['®F]fluoro-a-methyl-L-phenylalanines,®® and 2- and
3-['®F]fluoro-o-methyl-L-tyrosines have been prepared.’®! Alkylation of DL-4-
methyl-2-phenyloxazol-5(4H)-one with 3-acetoxycyclohexene is highly stereospe-
cific when catalysed by [(°-C3HsPdCl),] in the presence of the chiral ligand (55;
8.7:1 d.e.),”®® applicable also for a synthesis of serine analogues using
PhCH=CHCH,CH(OACc), as alkylating agent. The N-(2-cyanopropionyl) deriva-
tive of the sultam introduced by Oppolzer undergoes efficient diastereoselective
alkylation with methyl bromoacetate to provide (S)-a-methyl-aspartic acid.?®> N-
2-Alkenylsultams act as dipolarophiles towards diazomethylsilanes Me;SiCHN,,
to give a-alkyl-azaprolines.?**

The direct a-alkylation of an amino acid is rarely used because of the need for
full protection, but ethyl N-Boc-N-methyl-L-phenylalaninate meets this criterion
and lithium 2,2,6,6-tetramethylpiperidide and methyl iodide at -78°C brings
about a-methylation with retention of chirality (82% e.e.).?®® Protected (R)-4-
hydroxyphenylglycine similarly gives the a-methyl analogue,?®® and so does L-
tryptophan, protected by conversion into bis-N-benzyloxycarbonyl tetrahydro-
pyrrolo[2,3-blindole-2(S)-carboxylic acid methyl ester.”®” The L-proline-derived
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Seebach oxazolidinone undergoes a-alkylation by o,0'-dibromo-m-xylene to
provide a novel ligand for a tetraprolinate dirhodium catalyst.?®®

Imines are more easily alkylated, illustrated in a new efficient synthesis of o-
difluoromethyl- and a-trifluoromethyl-ornithines (Scheme 14) in which a synthon
carrying the latent side-chain of the named amino acid reacts with a halogeno-
methylimine.?®® This alternative approach is also needed for the large-scale
preparation of a-phenyl-a-amino acids, viz. phase-transfer-catalysed a-allylation
of N-benzylidene-DL-phenylglycine, then successive resolution using an esterase
(but better results were obtained using the Ochrobactrum anthropi amidase; see
also Ref. 471), hydroboration and Mitsunobu cyclization to give (R)-a-phenyl-
proline.?”®

LICECCH,N(SiMe3),
GFaX . +
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HoNCH,C=C—C—CO,Me =—— chz
ILIHBoc C=NZ(or Boc)
MeO,C
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\ —
CF X HsN ClI

NHBoc v
—_— CO,H

N O XF,C”~ NHg*Cl

Reagents: i, —78°C — r.t.; ii, ag. HCI; iii, Hy, Pd/C—MeOH; iv, 6M HCI
Scheme 14

4.4  Synthesis of a-Amino Acids Carrying Alkyl Side-chains, and Cyclic Analo-
gues — The synthesis of close analogues of the aliphatic protein amino acids, as
well as alicyclic and saturated heterocyclic examples, is surveyed here (see also
Section 6.3); but several studies, mentioned earlier under the heading of general
methods of synthesis, also extend to non-protein amino acids.

‘Methano-amino acids’, perhaps better described as o-cyclopropylglycines and
their homologues, are of continuing interest as conformationally-constrained
analogues of familiar protein amino acids. Synthesis methodology is straightfor-
ward for (2S,1'S,2'S)-(2-carboxycyclopropyl)glycine (oxazolidinone method)*”!
and its a-methyl homologue,?’>?” and (S)-2-amino-2-methyl-4-phosphonobuta-
noic acid, following routes already applied (Vol. 29, p. 29) to the synthesis of
these targets as glutamic acid mimics, isotype-selective agonists of metatropic
glutamate receptors (see also Refs. 52, 81). (2S,3R.,4S)-4,5-Methanoproline and
the corresponding 5,6-methanopipecolic acid enantiomer have been prepared by
a novel intramolecular cyclopropanation of iminium ions, e.g. from L-pyrogluta-
minol to give the former via (56),>’* and by intramolecular insertion into C-H
bonds five atoms distant from a tertiary amine function (cf. 57).>”> 2-Fluoro-1-
aminocyclopropane-1-carboxylic acid has been prepared by cyclopropanation of
the fluoroacrylate followed by standard manipulations (ester - NH,; aryl moiety
- CO,H).>"®
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Reagents: i, base; ii, NH4CN, ag. MeOH; iii, Ho/Pd then hydronS|s
Scheme 15

1-Aminocyclobutanecarboxylic acid carrying the 2-[1,7-dicarba-closo-dodeca-
boran(12)-1-yllethyl substituent has been prepared for its potential in neutron
capture therapy, using the hydantoin general synthesis applied to the corre-
sponding cyclobutanone.?’”” Synthesis of 2-hydroxy-1-aminocycloalkanecar-
boxylic acids, designed as conformationally-restricted serine analogues, has
involved a novel intramolecular Strecker procedure (Scheme 15).>’® Further
examples of these types of conformationally-restricted analogues of common
amino acids have been prepared by exploiting the dienophilic character of 2-
phenyl-4-alkylideneoxazol-5(4H)-ones (Vol. 29, p. 18; cf also Ref. 290).>” 1-
Aminocyclohexanecarboxylic acids constructed in this way carry substituents
with known stereochemical relationships to each other, as illustrated for the
synthesis of (1R,3R,6R)-1-amino-3-hydroxy-6-phenylcyclohexane-1-carboxylic
acid and its enantiomer.?%°

Synthesis of (2S,3R)-3,3-disubstituted aziridine-2-carboxylic acids through
highly selective syn-addition of MeMgBr to enantiopure ethyl 3-phenyl 2H-
azirinecarboxylate,”®! and of dimethyl (R)-2-methylaziridine-1,2-dicarboxylate
[from the (R)-epoxide prepared from MeO,CNHCH,CMe=CH, through chlor-
operoxidase-mediated asymmetric epoxidation],?® has been reported.

trans-3-Substituted prolines have featured in a number of papers in which
novel routes are explored. Homochiral sulfone (58) condensed with 2-bromoethyl
triflate gives cis- and trans-3-allyl prolines.”®* Cyclization of a zinc enolate with a
non-activated alkene favours cis-diastereoisomers (Scheme 16), a route demon-
strated in a synthesis of proline analogues of methionine and valine [e.g. (2S,3S)-
and (28,3R)-3-(methylsulfanylmethyl)pyrrolidine-2-carboxylic acid].?®* A parallel
study building on Normant’s preceding work with zinc enolates, introducing
zinc-ene-allenes, has also been published.?®® [2 + 2]-Cycloaddition of N-benzyl-
oxycarbonylpyrrolid-2-ene to dichloroketene gives the expected dichlorocyclo-
butanone, from which 3-substituted prolines were obtained (diazomethane ring
expansion or ozonolysis of the derived enol acetate).?®® 4,5-Dehydro-L-proline
gives 4,5-disubstituted homologues through this route. C,-Symmetric pyrroli-
dine-2,5-dicarboxylates and -2,3,4,5-tetracarboxylates have been prepared
through 1,3-dipolar cycloadditions to azomethine ylides.?®”
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SO,Ph
OTHP
BocNH
(58)
ZnBr SMe
X i i ii
— COR? COR? COR?
OZnBr
NT N N N N
R? R! R! R!

RZ
Reagents: i, —90°C — r.t.; ii, lo; iii, MeSNa, DMF (R! = benzyl, with R? = ethoxy, menthyloxy,
phenylmenthyloxy, and camphorsultam; R! = (—)-a-methylbenzyl, with R? = ethoxy)
Scheme 16

3-Phenyl-4,5-benzoprolines (more correctly, cis- and trans-3-phenylindoline 2-
carboxamides) have been prepared from indoles as representatives of conforma-
tionally constrained phenylalanines, the route being easily generalized to provide
correspondingly constrained analogues of other protein amino acids.?®®

R? COR? H COR?

NRY NR?
H R3
(59) (60)

Isomeric pipecolic acids (59) and (60) have been prepared through intramole-
cular Pauson-Khand cyclization,”® and a Diels-Alder route (cf. also Ref. 290)
involving the Danishefsky diene leads from the D-glyceraldehyde-derived imine
PhCH,N=CHCH(OCH,Ph)CH,OCH,Ph to (2R)-4-oxopipecolic acid (see also
Ref. 156).*° Intramolecular addition of allylsilanes to iminium salts
CH,=N"CHRCH,OH X formed between a homochiral B-aminoalkanol and
glyoxal starts a route to 3,4-functionalized pipecolic acids.?’! A more traditional
route starting from 3-hydroxypyridine-2-carboxylic acid or quinolinic anhydride
gives corresponding substituted pipecolic acids in racemic form.>*?

Piperazine-2-carboxylic acids are reached through a lengthy route starting
from an acyclic N-Boc-o-amino imines (Scheme 17), including a pB-lactam — N-
aminocarboxylic anhydride stage (cf. Ref. 106).%%?

4.5 Models for Prebiotic Synthesis of Amino Acids — Theories of prebiotic
amino acid synthesis have been reviewed,”®* and a limited description of this
chemistry has been published.?*>

Irradiation (254 nm) of a propene — ammonia mixture in dry and aqueous
environments would have been thought to generate amino acid mixtures, based
on more than forty years of similar studies, but we are told that the four nucleic
acid bases adenine, guanine, thymidine and uracil are formed.?*® Recent examples
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BocNH BocNH——R? H _R
]R\RZ ii R i RloI%NBoc
N_ _OTBDMS IN N>/‘
(o] OH (@]
Ph>/ Ph>/\ P

Reagents: i, RIOCH,COCI, NEtg; ii, TBAF; iii, MsCI, Et3N then TFA, then Boc,0;
iv, NaOCI, TEMPO or P,05-DMSO followed by m-CPBA

Scheme 17

of the expected outcome include the formation of amino acids from CH, — NH4X
— H,O at 260-325°C to simulate undersea thermal vent conditions;?*’ some
amino acids decompose under these conditions, but it has been reasoned®®® that
the particular environment in hydrothermal vents protects amino acids and that
laboratory models are misleading, since glycine, alanine and glutamic acid have
been found in an outflow from the Okinawa Trough. Amino acids are formed
from CO — N, — H; in a magneto-plasma dynamic arc jet,299 and from CH4 — N,
— CO — H,O under spark discharge or irradiation with high energy particles.>®
The last-mentioned study, intended to simulate primitive planetary environments,
shows that high yields of amino acids, as well as uracil and imidazole, are formed
through the irradiation process, suggesting that cosmic-ray induced synthesis was
important in this context in prebiotic times.

4.6  Synthesis of o-( ®-Halogeno-alkyl)-a-Amino Acids — Alkylation of a homo-
chiral imidazolidin-4-one (¢f. Section 4.1) has formed the basis of a synthesis of
(28,3S)-4-fluorothreonine.®®! 5,5,5,5',5",5'-Hexafluoro-L-leucine has been pre-
pared starting from hexafluoroacetone, giving (CF3),CHCH,COCO,Et with
ethyl bromopyruvate, baker’s yeast reduction introducing the required homochir-
ality preceding routine aminolysis.**? (-)-4,4,4,4',4' 4'-Hexafluoro-D-valine has
been prepared from (CF3),C=CHCO,Bn through Michael addition of (R)-
PhCHMeNH, as the crucial step, incidentally correcting an earlier assignment of
configuration to the (-)-isomer obtained in this way.***

These illustrate uses of standard asymmetric synthesis methods, and the
modest diastereoselectivity sometimes achieved; in a further example, condensa-
tion of 1-bromo-2-fluoroalkenes with glycine ester imines derived from R-(+)-
camphor has given seven homologous a-fluoroalkyl-a-amino acids, (R)-(-)-2-
amino-4-fluorobutanoate being obtained in 32% e.e.®* Preparations of 3-
fluoroalanine (Ref. 56) and 3,3,3-trifluoroalanine (Ref. 65) are discussed else-
where.
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4.7  Synthesis of a-(w-Hydroxyalkyl)-o-Amino Acids — Reviews include the use
of aldonolactones in the asymmetric synthesis of hydroxyamino acids,**® and
routes to O-glycosyl-a-amino acids.>°

Familiar aldol alkylation and epoxide ring-opening alkylation processes have
been used for access to a-amino acids carrying B-hydroxyalkyl side-chains. Thus,
the essential step in a synthesis of (2S,3R)-B-hydroxyornithine involves amination
of the epoxide (61) with benzyl isocyanate.®” An alternative approach with
hydroxy groups in place from the start is offered by carbohydrate-based
synthons, as with the D-glyceraldehyde nitrone (c¢f. Scheme 2; c¢f. Ref. 94)
converted into a propargylhydroxylamine with LiC =CSiMes, thence to the
dioxolanylglycine, a protected form of a B-hydroxy-a-amino acid.>*® All stereo-
isomers of B-hydroxynorvaline have been synthesized, each using an oxazolidi-
none enantiomer (c¢f. Scheme 5; BzZIOCH, in place of Ph, CH,CH,R in place of
R; stereochemistry as appropriate to the target stereoisomer).>*

The net change L-valine — (2S,3S)-y-hydroxy-L-valine has been accomplished,
exploiting 1,2-asymmetric induction occurring in anti-Markovnikov hydrobromi-
nation of py-dehydro-L-valine.*'° Through this synthesis, identity with the amino
acid occurring naturally in leaves and stems of Kalanchoe diagremonitana was
established.

CO,Et CO,Et

HO o) —OMPM - . NH,

(61) (62) (63)

4.8 Synthesis of N-Substituted o-Amino Acids — Preparation of N-alkylamino
acids has been reviewed.*'' A standard reductive N-alkylation route has provided
N*o-(Y-alkyl)-a-amino acids (Y = RS, RNH, or HO,C);*!2 where a benzylamine
is employed for reductive amination of keto-acid derivatives, hydrogenolysis of
the resulting N-benzylamino acid is one of the standard amino acid synthesis
protocols, and where (R)-PhCHMeNHj; is used, then useful stereocontrol may be
achieved (62) — (63).3!* a-Hydrazino acids feature in a continuing study (a
preparation of a-hydrazinopropanoic acid is shown in Scheme 18).'*

BzIO. i BzIO i HO.C Me
D-glyceraldehyde — BzIOQ\/\‘NHCoph —— BzIO Me —= 2>~
NH,NH,CI
PhCOHNHN
Reagents: i, MeMgBr, CeCls; ii, successively, Boc,0O, Ho/Pd(OH),, RuCls/NalOy4, then H3O*CI~

Scheme 18

The extraordinary generation of N-propylamides of glycine and alanine from
reaction mixtures comprising glucose or ribose with propylamine has been
studied further®'® [but the essential basis of this process has already been
established (Vol. 29, p. 9].
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Interest continues in the preparation of peptides (PNAs; first reported in
1991),%'® made through condensation of (N-aminoethyl)glycines that carry N-
(pyrimidin-1-yl)alkanoyl and N-(purin-1-yl)alkanoyl or related groups. A paper
describing current work with these compounds advocates Mmt-N-protection.!’
Interactions of PNAs with nucleic acids, and some mimicking of the behaviour of
DNA by PNAs, have provided new understanding of certain properties of these
biologically-important natural products, and PNAs have been advocated for a
role as primordial genetic material.>'®

Monomers needed for this purpose have been synthesized by various means,
and a Mitsunobu approach with N-Boc-N-(2-hydroxyethyl)glycine methyl ester
as substrate has been disclosed.*"”

4.9 Synthesis of a-Amino Acids Carrying Unsaturated Aliphatic Side-Chains —
‘Dehydro-amino acids’, alias afi-unsaturated a-amino acids (see also Section 4.1
and Refs. 176, 813), are easily prepared from imines (MeS),C=NCH,CO,R
through addition to electron-deficient alkynes,**® and addition of nucleophiles to
conjugated alkynoates (e.g., phthalimide to alkyl propiolates) in the presence of
PPh; is a practical new alternative.’?! Formation of dehydroamino acids from
pyruvic acid through condensation with benzyl carbamate, then N-acylation with
bromoacetyl bromide, illustrates a classical approach.®*

Amination of y-silylated af3-unsaturated esters using ethyl N-[(4-nitrobenzene-
sulfonyl)oxy]-carbamate gives py-unsaturated o-amino acid esters, e.g.
CH,=CHCMe(CO,Me)NHCO,Et.*??

The synthesis of yd-unsaturated o-amino acids, in ways other than direct
allylation of glycines, can involve chelate — enolate Claisen rearrangement of
alkenyl esters,”** or use of unsaturated organozinc reagents with N-(phenylsulfa-
no)imines PhSN=CHCO,Me to give CH,=CHCH,CH(NHSPh)CO>Me.*?* «,p-
v,0-Unsaturated amino acids have been described (Ref. 812).

4.10 Synthesis of a-Amino Acids with Aromatic or Heteroaromatic Groupings in
Side-chains — Members of the phenylalanine family continue to attract interest
through their pharmacological importance, and standard synthesis protocols
have been used [4-fluoro-3-nitro-DL-phenylalanine from acetamidomalonate (see
also Ref. 141),3%¢ alkylation of glycine benzophenone imine Ph,C=NCH,CO,Et
by (4-pinacolylborono)benzyl bromide,**” and for preparations of N-Boc tyrosine
methyl ether carrying various 3’-substituents®?]. (N-Boc-Aminomethyl)arenes
have been elaborated into ao-, B-, and y-aryl amino acids through asymmetric
lithiation induced by (-)-sparteine (see also Refs. 95, 96), via Ar'N(Boc)CH(Sn-
Mes)Ar?.%?° Diphenylalanine derivatives AcNHCH(CO,Me)CRPh, and analo-
gues in which the two phenyl groups are linked by aliphatic chains -(CH,),,-, have
attracted interest in view of their ‘crowded’ side-chains,>*® and conformational
constraint has been designed into the general B-arylalanine structure through
radical cyclization of N-(o-iodophenyloxymethyl)-N-Boc-dehydroalanine to
produce 2,3,4,5-tetrahydro-1H-3-benzazepine-2-carboxylic acid and its benzazo-
cine and benzazonine analogues>>!' and 8- and 9-membered ring homologues.3*
Similar objectives lie behind the preparations of 1-amino-1-carboxyindane
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S-phosphonic acid and the analogous 3-amino-tetrahydrochroman-3,6-dicar-
boxylic acid®*® and isoindolinones.*** A novel approach employing the oo-
bis(propargyl)glycine (64), leading to 2-amino-2-carboxyindanes (65), required
the discovery of the optimum glycine synthon towards bis(propargyl)ation; that
turned out to be ethyl isocyanoacetate.>*

A constrained tyrosine has been prepared (three-carbon aliphatic chains join
one o-position to the B-C, and join the other o-position to the nitrogen atom) for
its potential value as a constituent of analogues of biologically-active peptides.**®

Hydantoin and oxazolone protocols have been applied to the preparation of L-
thienylalanines via microbial transamination of 2-hydroxy-3-thienylacrylic acid
with L-aspartic acid as amino group donor.**” Bucherer-Bergs synthesis of
benz[f]tryptophan from the corresponding formylmethyl Ni™-allyl benzindole is
straightforward.**® N'"-Fmoc-2-Phenyltryptophan has been prepared on a multi-
gram scale from 3-diethylaminoethyl-2-phenylindole through condensation with
ethyl nitroacetate,>* and (7-carboxyindol-3- and -4-yl)glycines have been pre-
pared through alkylation of glycine cation equivalents BZNHCH(OMe)CO,Me
and Ph,C=NCH(OACc)CO,Et.>*

R
CH2)<NHAC R—=——R NHAc
CH, ~COEt  (PPhg)RhCI R CO,Et

//

\\

(64) (65)
O e
N 3 | NH3

N OH R)\N o

R (60) " e

y-Tetrazolyl a-aminobutyric acid*' and related p-heteroaryl alanines (66) and
(67) have been prepared, the last-mentioned examples through the ‘ring-
switching’ approach starting from pyroglutamates (Vol. 28, p. 34).3*> The
preparation of B-heteroaryl alanines has been reviewed.**® Analogues of 2-
amino-3-(3-hydroxy-5-methylisoxazol-4-yl)propionic acid (a long-studied neu-
roactive agent) have been synthesised through established methods (Vol. 29, p.38;
Vol. 28, p. 33).%#

The first total synthesis of the protein cross-linking amino acids deoxypyridino-
line and hydroxypyridinoline via the 3-hydroxypyridine (68) has provided reliable
standards for the development of a diagnostic kit that can be used for monitoring
the onset of osteoporosis.**®

Stimulated by growing interest in PNAs (Section 4.8), the synthesis of N-
Fmoc-amino acids carrying a nucleobase in the side-chain has been explored,
starting with y-benzyl Boc-L-glutamate and proceeding via the protected 2-
amino-4-bromobutanoic acid.**® A similar approach provides N-Boc-4-(pyri-
midin-1-yl)-L-prolines and related y-amino acid derivatives.**” w-(Pyrimidin-4-
yl)-a-aminoalkanoic acids, including L-lathyrine, have been prepared through
condensation of amidines with alkynyl ketones derived from a-amino acids.**®
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4.11 Synthesis of a-Amino Acids Carrying Amino Groups, and Related Nitrogen
Functional Groups, in Aliphatic Side-chains — Schiff bases of ethyl glycinate
Ph,C=NCH,CO,Et are readily alkylated by imines [with ArCH=NAr —
Ph,C=NCH(CHArNHATr)CO,Et],*** and undergo oxidative dimerization [with
I, — protected threo-3-aminoaspartic acid**® to lead to members of the
aminomethylglycine family. The nickel(II) — benzophenone-L-proline Schiff base
(Section 4.1.7) derived from dehydroalanine undergoes Michael addition with
amines to give (S)-of-diamino acid derivatives (see also Ref. 405).%°!

3-{(4-Mercaptophenyl)amino}alanine and 4'-mercaptophenylalanine have
been prepared from N-trityl-L-serine (Mitsunobu condensation) and
L—phelsls};lalanine (p-chlorosulfonylation followed by Sn-HCI reduction), respec-
tively.

4.12 Synthesis of o-Amino Acids Carrying Sulfur-, Selenium-, or Tellurium-
containing Side-chains — Several new sulfur-containing amino acids have been
prepared (including examples described in Section 6.3). (2S5,4S,6S)-4-Hydroxy-5-
phenylsulfinylnorvaline has been prepared starting from N-Boc-(S)-allylglycine
through bromolactonization, sulfide formation, and routine concluding steps, as
a model for a synthesis of the unusual amino acid in ustiloxins A and B.*>

L- and D-B-(Phenylseleno)alanines have been prepared from p-lactones
derived from L- and D-serine, respectively, and used for dehydroalanine synthesis
based on oxidative elimination of the phenylseleno group.***

4.13 Synthesis of o-Amino Acids Carrying Silicon Functional Groups in Side-
chains — Three new silicon-containing DL-amino acids MeR,SiCH,C-
(NHAC)(CN)CO,Et and corresponding hydantoins have been prepared (see also
Ref. 464) through alkylation of ethyl a-(acetamido)cyanoacetate.>>>

p-Trimethylsilyl-L-phenylalanine enantiomers are available through conven-
tional synthesis and resolution (Ref. 467).

4.14 Synthesis of -Amino Acids Carrying Phosphorus Functional Groups in Side-
chains — Many of the amino acids of this category that are of current interest are
phenylalanine derivatives with phosphorus functional groups as arene substitu-
ents, and these are prepared from the parent protein amino acid and dealt with in
Section 6.3.

The phosphonium salt (S)-PhsP*CH,CH(CO, )NHCO,Me serves in efficient
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Wittig-type condensations, e.g. with (70; R = D-ribofuranosyl moiety), initiating
routes for syntheses of ribofuranosylwybutines.*>

2-Amino-5-phosphonylpentanoic acid [Ph,C=NCH,CO,Et/BSA/Pd(0)/ethyl
(3-acetoxyalk-1-enyl)phosphonate],**” phosphinothricine and other glutamic acid
analogues,35 8 and the glutamic acid analogue HO,CCH(NH;")CH,CF,-
(PO;H")*° have been prepared through standard alkylation protocols applied to
synthons derived from glycine and from other simple a-amino acids.

| 0
I
NAN N
Me

(70)

4.15 Synthesis of f-Amino Acids and Higher Homologous Amino Acids — The
surge of interest in higher homologues of the a-amino acids has clearly not
slowed down. New natural examples of the family, and new syntheses, have been
described in the recent literature

Reviews of addition of homochiral lithium amides to Michael acceptors have
appeared,®®®*®! and this approach has been used to prepare homochiral N-
propargyl- or -allyl-p-amino esters PhCHMeN(CH,R)CHR'!CHR?CO,R? 3¢
New examples of Michael acceptors are [S-(E)]- and [R-(E)]-2-[(4-methylphenyl)-
sulfinyl]-3-phenylprop-2-enoic acid 1,1-dimethylethyl ester, including Sml,-
mediated reductive elimination of the sulfur function after addition of nitrogen
nucleophiles (ammonia, piperazine).*®*> Dimethyl 2-phenylselenofumarate readily
participates in Michael addition reactions with amines, giving 3-amino-2-phenyl-
selenosuccinates in high yields with complete regio- and stereo-selectivity.>*
Ti(IV)-Catalysed Michael addition of O-benzylhydroxylamine to homochiral of3-
unsaturated N-acyl-1,3-oxazolidinones generates disappointing e.e. (up to
42%).3%° Processing of an L-arabinose-derived dioxolane (Scheme 19) gives a
vinylogue of phenylisoserine, and the isomeric §-amino  acid
PhCH(NHBz)CH(OH)CH=CHCO,H with corresponding stereochemistry was
also prepared in this study (from methyl glycidate, generation of the amino
alcohol moiety, then chain extension from the ester grouping) through a route
employing familiar methodology.>*® Further examples have been described, of
the preparation of B-amino acids via hydrazines formed between TMS-SAMP
and an o-halogeno-op-unsaturated ester (Scheme 20).>®’ Opportunities have
been established for Ugi condensations in the synthesis of - and higher amino
acids (Refs. 137, 138).

Introduction of two new chiral centres is a feature of Zn-catalysed addition of
bis-O-trimethylsilyl ketene acetals R'CH=C(OSiMes), to N-galactosylimines to
produce B-amino acids.**® This approach based on the Mannich reaction has
been carried out with Me,C=C(OMe)OSiMe; and an imine carrying a novel
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Reagents: i, TMS—-SAMP, Bu"Li, THF, =78 °C; ii, SiO,—EtOAc, then Nal-K,CO3/MeOH at reflux;
iii, Raney Ni-MeOH, then 6M HCI, followed by Dowex 50WX8-200
Scheme 20

chiral auxiliary (71), in the presence of ZnCl,, to give (S)-3-amino-3-phenyl-2,2-
dimethylpropanoic acid after acid hydrolysis.>®® The usual B-lactam synthesis
involving a ketene and an imine (Bu'O,CCH=NC¢H4-p-OMe + BnOCH=C=0;
¢f. Scheme 17) has been chosen as a route to benzyl N-Boc-isoserinates;>’® the
general topic of applications of B-lactams in syntheses of amino acids has been
reviewed.*”! Where silyl enolates (72; Michael adducts of ester equivalents with
afB-unsaturated carbonyl compounds) are used in additions to imines, then (-
alkoxycarbonyl-8-lactams are formed (Scheme 21).*’> Homochiral silyl enolates
(73) add to homochiral nitrones to give excellent e.e. (98%) in a novel (-
phenylisoserine synthesis (Scheme 22).3”> An organoselenium-induced cyclization
of an N-acryloyl-L-prolinamide (Scheme 23) may become a valuable general
asymmetric synthesis of B-amino acids (as well as to a-amino acids), but
formation of unwanted elimination by-products is difficult to control, and routes
with fewer steps are not seriously challenged at the moment.*”*
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Fluorinated imidoyl chlorides ReCCI=NR condense with lithium enolates of
aliphatic esters to give B-enamino esters,’’> and p-amino-ap-unsaturated alkanoic
acid esters are easily prepared by the little-used Blaise reaction (sonicated RCN +
BrCH,CO,Et in the presence of Zn powder and ZnO — NH,CR=CHCO,Et).*"¢
These readily undergo a-alkylation since they are substrates for Michael addi-
tions to o-methyl-, o-acetoxy-, or a-acetamido-acrylates;®’’ condensation with
maleic anhydride gives 3-carboxymethyl-4,5-dehydropyrrolid-2-ones.*’® Eschen-
moser condensation of N-[(S)-1-phenylethyl)]pyrrolidin-2-thione with ethyl
bromoalkanoate/PPhs gives the corresponding Z-f-enamino ester that gives the
(IR,2R)-a-alkylhomoproline derivative either through catalytic hydrogenation
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followed by a-alkylation of the B-unsubstituted derivative,”® or through catalytic
hydrogenation of the a-alkyl a-enamino ester.>

A rare example of microbial help in a B-amino acid synthesis is featured in the
formation of both B-proline enantiomers via (R)-(-)-(74) starting with the racemic
cyclobutanone.®®'  Amination of cinnamoylamides through epoxidation
[polyaniline-supported cobalt(II)-salen complex/O,] and anilinolysis gives anti-
phenylisoserine derivatives in a one-pot procedure,*®? also applied to a synthesis
of (-)-bestatin’®? revealing extraordinary control over the stereochemical outcome
by the p-substituent of the aromatic ring.>®*

Cyclopropanation of N-Boc-pyrrole by methyl diazoacetate in an improved
procedure, followed by ozonolysis and reductive work-up, gives the B-amino acid
aldehyde (75) as a single stereoisomer.>®> Homochiral 3-amino-2,2-dimethylcyclo-
butanecarboxylic acids have been prepared by Curtius rearrangement of the half
ester of the corresponding cyclobutanedicarboxylic acid using (PhO),P(O)N;,3%¢
similarly employed for amination of the product of cyclopropanation of tert-
butyl cinnamate using the anion of chloromethylphosphonamide to give enantio-
pure 2-amino-3-phenylcyclopropanephosphonic acid.>®” All four stereoisomers of
2-aminocyclopentanecarboxylic acid have been prepared starting from readily-
available enantiomers of 3,4-dimethoxycarbonylcyclopentanone and resolution
with (+)- or (-)-ephedrine of amination products at the end of the reaction
path.?® The synthesis of methyl (2S,3S)-3-amino-2-methyl-7-octynoate, a compo-
nent of onchidin, and the (2R,3R)-diastereoisomer, have been synthesized via the
B-lactam formed by amination of the corresponding B-hydroxy acid prepared by
the Evans route (Section 4.1.3).%°

Homologation of N-Boc- or N-Z-L-proline by diazomethane-silver benzoate
gives excellent yields,**® and the same applies to the preparation of N-Fmoc p-
amino acids®"' including their in sifu generation during a solid-phase B-peptide
synthesis.**> Homologation of a-amino acids into B-amino acids (see also Ref.
534) has been reviewed.*®* Another classical approach, the easy alkylation of
ethyl cyanoacetate followed by reduction of the cyano group, has been used for
the synthesis of a-alkyl-B-alanines (see Ref. 166).

cis-4-Hydroxypiperidine-3-carboxylic acid, prepared as the racemate by the
reduction of the readily available ketone (a literature account suggesting that
baker’s yeast reduction was highly enantio- and diastereo-specific could not be
confirmed), was used in combinatorial synthesis of bioisosteric carbohydrate
mimetics.*** Cocaine and related tropane alkaloids are not overlooked as sources
of cyclic B-amino acids, and N-Fmoc derivatives of tropanes, stripped of certain
functional groups, have been described.>*> Elaboration of the Diels-Alder adduct
of N-Boc-pyrrole with methyl 3-bromopropiolate has given similarly useful
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substrates,>*°
sponding [4 + 2]-cycloaddition to allenic esters.

3-Amino-2-hydroxyalkanoic acids are easily prepared through aldolization of
a-aminoalkanals, and since these are available from o-amino acids and their
sensitivity is now well understood, the overall process amounts to the conversion
of an a-amino acid into a homologous p-amino acid.>*® The sulfur analogues, f-
amino-o-mercaptoalkanoic acids, can be prepared best by p-methoxybenzylsulfe-
nylation of B-amino acid enolates using (2,4-dinitro-C¢H3)SSCH,(CcHy-4-OMe)
and replacing the p-methoxybenzyl protecting group as required.>*® The amino-
hydroxylation procedure introduced by Sharpless continues to offer valuable
stereochemical control, shown as applied to methyl (E)-cinnamate (Vol. 29, p. 46;
see also Ref. 91),*°" and a route to (2R,3S)-3-(N-toluene-p-sulfonylamino)-4-
cyclohexyl-2-hydroxyalkanoic acids from the corresponding of-unsaturated
esters is another simple example*®' (see Ref. 91 for a synthesis of phenylisoserine
using this procedure). The drawback, the need to cleave a sulfonamide to release
the amino acid, is less of a problem now that improved methods are available for
this step, but the corresponding process with an N-halogenocarbamate sodium
salts**? should prove more convenient. An unusual development of Sharpless
epoxides into B-amino acid derivatives via 3-amino-1,2-diols involves a chiral
allyltitanium intermediate (Scheme 24).%%3

and 4-alkylidene homologues have been prepared by the corre-
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Reagents: i, Ti(OPr)4/L-(+)-DIPT/TBHP; ii, BANHR?, Ti(OPr),;
iii, NalO4, Ho,C=CHMgBr, CICO,Et/Py; iv, Ti(OPr')4, Pr'MgCI; v, R3CHO; vi, O3
Scheme 24

Nucleophilic attack at C-2 of N-toluene-p-sulfinylaziridine 2-carboxylic esters
is a relatively rare event (C-3 attack is more usual), and is accomplished, with
ring-opening, using LiAlH,. It is highly stereoselective, oxidative manipulation of
the products giving a-methyl-B-amino acids.*** p-Lactams have been found
suitable for the preparation of 2,3-diaminoalkanoic acids, in a programme with
particular emphasis on the synthesis of analogues of taxol.**® Other ring-opening
processes are essential steps in syntheses of 4-aminopiperidine-3-carboxylic esters
(Scheme 25).*% Approaches to novel a-cyclopentyl (S)-isoserines have been
explored, featuring ring-opening of an appropriate epoxide with (R)-a-methyl-
benzylamine.**” Poly(L-leucine)-catalysed asymmetric epoxidation of trans-op-
unsaturated ketones by urea-H,O, in THF with DBU and aminolysis of the
homochiral product gives (2R,3S)-B-phenylisoserine.*®® syn-p-Amino-a-hyd-
roxyacids have been prepared through conversion of homochiral a-hydroxy-py-
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unsaturated esters into allylic carbamates using TosNCO, and their iodocycliza-
tion into trans-4,5-disubstituted oxazolidin-2-ones, followed by reductive de-
iodination.*®® The antibiotic p-amino acid oxetin (76 without protecting groups)
has been synthesized as its racemate through Paterno-Buchi cycloaddition of the
enecarbamate CH,=CHN(Bn)CO,Bu' to Bu'O,COH.*!°

(Zim N—OH (@\/i — (On NHR
N

MeSO3~
Reagents: i, [O] — nitrone; ii, [1,3]dipolar cycloaddition to alkadienoate; iii, DABCO, RNH,
Scheme 25

BUtOZC
BnNBoc
(76)

(3R,5R)-3,6-Diamino-5-hydroxyhexanoic acid, the -amino acid constituent of
(+)-negamycin, has been prepared through a route employing mandelonitrile
lyase (further details not provided in the abstract source of this information).*!!
Further details have been given of the synthesis of N-Boc-Adda from L-serine
and (S)-phenyl-lactic acid (see Vol. 29, p. 43),*!? and a new synthesis of N-Boc-
(2S,38S,8S,95)-Adda, employing Pd(0)-catalysed cross-coupling of a syn-homo-
propargylic ether to a secondary allylic amine bearing an (E)-vinyl iodide, has
been reported (see Ref. 768 for a synthesis from an g-amino aldehyde).*!?

y-Amino acids continue to be almost exclusively synonymous with statines, as
seen in a survey of the literature on amino acid synthesis. A route to these from 3-
keto-esters,*'* and other pathways from a-aminoalkanals, through aldolization
(Scheme 26),*!® through reaction with 3-methylglutaconate to give 2-substituted
statines, RCH(NBn,)CH(CO,Me)CMe=CHCO,Me,*'® and through syn-selec-
tive allyl- or vinyl-magnesium bromide addition [L-leucinal — (-)-N-Boc-statine
and (-)-N-Boc-norstatine],*!” feature new developments in synthetic metho-
dology. Other familiar examples of y-amino acids that continue to attract
synthetic interest are (R)-carnitine [see also Vol. 29, p. 48; prepared from (R)-4-
trichloromethyloxetan-2-one via ethyl (R)-3-hydroxy-4-chlorobutanoate formed
through hydrogenolytic ring-opening,*'® from R-(-)-epichlorhydrin by reaction
with CH,=CHM_gBr/CuBr and subsequent processing,*'® and from trans-croto-
nobetaine using E.coli 044 K74**°], racemic baclofen [H,N-CH,CH(4-Cl-
Ce¢H4)CH,CO,H, from the [2 + 2]-cycloadduct of dichloroketene with an
alkene],**! R-(-)-baclofen [seven-step route with Cunninghamella echinulata-
mediated generation of the (3R)-chlorophenyl-lactone (77), by Baeyer-Villiger
oxidation of a racemic precursor, as a key step],*** (-)-detoxinine [prepared in a
novel way starting from dichlorodi-isopropylsilane (Scheme 27)],*** and (S)-
vigabatrin after deprotection of CH,=CHCH(NHBoc)CH,CH,CO,Me [from
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Scheme 27

(E)-5-phenyl-2-penten-1-ol via Sharpless oxidation and oxidative conversion of
the phenyl group into CO,H].***

3-Aminocyclopentanecarboxylic acids bearing a 5-[pyrimidin- or purin-1-yla-
cetyl] grouping have been described (Ref. 347), and $-amino acid analogues have
been synthesized, in each of which the cyclopentane ring is replaced by a
glucosamine moiety carrying one of the four nucleobases.*?® Conformationally-
restricted B-hydroxy-y-amino acids have been prepared by Diels-Alder addition
to an N-acryloylcamphorsultam [¢f. Scheme 6, CH,=CHCO- in place of
(MeS),C=CHCO-; for a synthesis of (3S,2S,1S)-3-amino-2-hydroxycyclohexane-
1-carboxylic acid].**®
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Scheme 28

Simple homologation of a-amino acid esters (DIBALH then Ph;P=CHCO,R
followed by H,/Pd-C) to y-amino acid esters, and introduction of an a-substituent
through enolate alkylation, offers an attractive route to y-amino acids (which
may not be applicable if sensitive functional groups are present in the target
amino acid).**” Another standard route in which an N-Boc-L-a-amino acid is
condensed with Meldrum’s acid leads to y-lactams (Scheme 28).**® A frequently-
used homologation from the Garner aldehyde (see Section 6.3) involves conden-
sation with the bistrifluoroethyl phosphonate (CF;CH,0),P(O)CHMeCO,Me to
give y-amino of-unsaturated esters which prove to be amenable to Os-catalysed
dihydroxylation.*”® An alternative route to these substrates starts with the
addition of lithiated tert-butyl or ethyl propiolates to nitrones R'CH=N"R?0"
[- R®N(OH)CHR'C =CCO>R — R?NHCHR'CH,CH,CO,R etc].**° Horner-
Wadsworth-Emmons alkene synthesis from a-amino-B-hydroxyalkanals involves
Z-selectivity when bis(trifluoroethyl)phosphonates are used (Scheme 29).*3!

NHBoc NHBoc NHBoc
HO\/S - HO
' — |+ l
(o) (0]
MeO,C
O
(70%) (30%)
Reagents: i, (F3CCH,0),P(O)CH,CO,Me, LiCl, DBU
Scheme 29

Carbon-carbon bond forming syntheses are illustrated by radical cyclization of
bromodifluoroacetyl allylamines BrCF,CONR!CH,CH=CHR? to give 7v-
lactams.**? y- and 8-Lactam synthesis is also covered in Ref. 138.

With greater separation of amino and carboxy functions, appropriate synthetic
methodology becomes more mundane, and general syntheses do not exist. A
synthesis is individually tailored to give access to the particular target, as with 2-
[4-(2'-aminoethyl)-6-dibenzofuran-2-yl]propanoic acid (78)*** and sialyl sugar
amino acids (starting from neuraminic acid),** a conversion of unprotected D-
pentono-1,4-lactones into 5-amino-5-deoxy-D-pentonolactams by manipulating
the primary alkanol function (CH,OH — CH,Br - CH,N3; — CH,NH,),** and
aminomethylthiophen-1-carboxylic acids.**® The synthesis of conformationally-
constrained 3-amino-1-aza-2-oxobicycloalkanecarboxylic acids (e.g. 79) through
standard methods (such as the Schollkopf synthesis, Section 4.1) has been
reviewed.*’” Interesting approaches are still available to be explored, e.g.



40 Amino Acids, Peptides and Proteins
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nitration as a means of introducing the §-amino function into homochiral (E)-
crotyl silanes (Scheme 30).**® 5-(Z-Amino)-2-alkyl-4-hydroxyalkanoic acids have
been prepared through condensation of an N-Z-L-o-amino acid with 2-triflyloxy-
esters (see also Ref. 414),**° and §-amino-Py-unsaturated alkanoates, e.g.
Me,CHCH(NHMts)CH=CHCH(CH,Ph)CO,Me, have been obtained from 4-
(aziridin-2-yl)acrylates.**°

R? R2 R?
R% i OoN i ZNH
NCOZMe 2 NCOZMe \<1\/<COzMe
PhSiMe, R R
Reagents: i, NO,"BF;™; ii, functional group development
Scheme 30

a-Sulfenylation of 2-(-benzenesulfonylaminoalkyl)-1,3-oxazolines gives -
benzenesulfonylamino-o-(methylthio)alkanoic acids.*!

An erratum has been published*? relating to an account of the synthesis of 4-
[*CJ-, 5-['*C]-, and ["*N]-labelled 5-aminolaevulinic acid, currently of interest as
a substrate for porphyrin biosynthesis whose photoactivation in tumours is a
promising therapeutic approach. A simple condensation of the acid chloride of
labelled phthalimidoglycine with the zinc homoenolate of ethyl propionate
constitutes this synthesis, and a similar approach giving [2,3-13C5]-5-aminolaevu-
linic acid uses ethyl [1,2-12C,]bromoacetate.*** Potassium ['*N]phthalimide reacts
with tetrahydrofuranyl bromide to give the aminofuran derivative that yields
["*N]-labelled 5-aminolaevulinic acid through RuO, oxidation.***

These d-amino acids, and the ‘d-nucleo-amino acids’ formed by alkylation of
protected L-serinols or L-homoserinols with bromoacetates followed by Mitsu-
nobu introduction of thymidine or wuracil to give H,NCH(CH,base)-
CH,OCHRCO,H and its homologue,*** or by amination by azidolysis of &-
hydroxy B-(B’-adeninylalkylidene)alkanoic esters and thymidinyl analogues,**®
fall in the category of dipeptide mimetics which are covered in a later Chapter in
this Volume.

4.16 Resolution of DL-Amino Acids — Techniques for the separation of enantio-
meric amino acids from a racemic mixture fall into several clearly defined
categories. Classical laboratory resolution methods are illustrated by separation
by fractional crystallization of diastereoisomeric salts formed between N-piva-
loyl-DL-tert-leucine with (S)-a-methylbenzylamine for a route to (R)-tert-leucine
(Ref. 87), similarly for DL-o-methyl-(4-carboxyphenyl)glycine (Ref. 83), 2-
methylamino-3-phenylpropanoic acid (using mandelic acid; Ref. 448), and a
synthesis of all stereoisomers of 2-aminocyclopentanecarboxylic acid [(+)- and
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(-)-ephedrine, in Ref. 388]. There are cases where a D- or L-amino acid derivative
is used for the formation of diastereoisomer mixtures, and of course these
operations can be used in reverse for the resolution of DL-amino acids; examples
are separations accomplished after the acylation of oxidized Cleland’s reagent by
N-Boc-L-phenylalanine,*’ combination of (RS)-2-chloro-3-phenylpropanoic
acid with ethyl L-phenylalaninate,** and of (RS)-2-substituted o-phenylalkanoic
acids with methyl (S)-phenylglycinate,*** and the corresponding use of an L-B-
(N-trimethylammonio)alkanol bromide for efficient resolution of 2,2'-dihydroxy-
1,1"-binaphthyl.**°

A retroracemization procedure in which a DL-amino acid is condensed with a
(S)-2-[(N-alkylprolyl)amino]benzophenone in the presence of nickel(Il) nitrate
releases the (S)-enantiomer through hydrolysis (cf. Ref. 158) in 55-99% e.e.*! A
corresponding deracemization procedure employs an N-phthaloyl-DL-amino
acid and (R)-pantolactone (Ref. 105).

The fortuitous preferential crystallization of one enantiomer (initiation of
crystallization through seeding with the required enantiomer of the particular
target amino acid, or even with an enantiomer of a structurally-related com-
pound) lends itself to large-scale operation. A review has appeared,*? and recent
examples give practical details for DL-methionine hydrochloride,*>* (2RS,3SR)-
2-amino-3-chlorobutanoic acid hydrochloride,** and DL-u-amino-y-butyrolac-
tone hydrochloride.**>

The use of enzymes continues to occupy a prominent place in any list of
current resolution options, and is illustrated in the current literature for catalysis
of enantioselective hydrolysis: ethyl N-acetyl DL-3-aminobutyrate using lipase
from Candida antartica,**® rice bran lipase for a variety of N-acetyl DL-amino
acid esters,*” Aspergillus niger lipase for N-protected amino acid esters,**® long-
chain alkyl esters of non-protein amino acids using a microbial protease,*> also
used for syntheses of a Nikkomycin B constituent (Ref. 240) and (S)-4-fluoro-3-
nitrophenylalanine (Ref. 326, and resolved using subtilisin, Ref. 141), diethyl
acetamidomalonate using o-chymotrypsin to give the (+)-mono-ester (probably
the R-enantiomer).*®® o-Chymotrypsin immobilized on Aphron*®! or on porous
silica®®? is effective for the continuous-flow resolution of methyl DL-phenylalani-
nate. The resolution of N-chloroacetyl-DL-7-azatryptophan by carboxypeptidase
A,* and N-acetyl-DL-(3-trimethylsilyl)alanine using hog kidney acylase (also
used for N-acetyl-O-benzylthreonines; Ref. 841) and N-acetyl-DL-(p-trimethyl-
silyl)phenylalanine using an N-carbamoyl amino acid amidohydrolase*®* (see
also Ref. 467) have been described.

A wide variety of sulfur- and selenium-containing N-acetyl-DL-amino acids
are substrates for acylase 1 from Aspergillus oryzae*®® (a useful review covers
aminoacylase resolution of N-acetyl-DL-amino acids and corresponding use of
D-hydantoinases®®®). Acylase resolution (see also Ref. 806) of N-acetyl-B-(2-
anthraquinolinyl)alanine has been reported (Ref. 140). N-Carbamoyl-D-amino
acid amidohydrolase contained in cell-free extracts of Blastobacter sp. Al7p-4
catalyses the enantioselective hydrolysis of N-carbamoyl-DL-(p-trimethylsilyl)-
phenylalanine.*®” Hydantoins of numerous DL-arylglycines have been shown to
be substrates of D-hydantoinase from various bacteria.**® The peptide amidases
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from Citrus sinensis and Stenotrophomonas maltophilia are effective in the
resolution of N-acetyl-DL-amino acid amides*® (see also Ref. 877 for a use of
Penicillium amidase, and Ref. 815 for an application of Pseudomonas putida
amidase). A whole-cell approach exploiting the amidase content of selected
bacteria delivers (S)-amino acids with accompanying racemization (in other
words, kinetic resolution) when applied to piperidine- and piperazine-2-carbox-
amides,*’® and the amidase of Ochrobacterium anthropi (see also Ref. 270) has
been applied to racemic threo-amides to obtain 4-methylthio- and 4-methysul-
fonyl-(2S,3R)-3-phenylserines.*’! The reverse approach is illustrated in enantio-
selective N-a-phenylacetylation of amino acids using immobilized penicillin G
acylase,*’”> and acetylation by p-nitrophenyl acetate of an amino acid anion
catalysed by B-cyclodextrin,*’* formation of N-acetyl-D-3-amino-3-phenylpropa-
noic acid by processing of the racemate by cell-free extracts of Streptomyces
neyagawaensis SL-387,*"* and O-acetylation of (80) with kinetic resolution,
catalysed by immobilized Mucor miehei lipase at 60 °C, leading to D- and L-
serine after workup.*”>

Cl —N

Antibody-catalysed enantioselective hydrolysis of N-benzyloxycarbonyl-DL-
amino acid esters has been reviewed.*’®

A series of papers is appearing dealing with the production of D-amino acids,
through the destruction of the L-enantiomer in a racemate by bacterial action
(DL-methionine; e.g. Proteus vulgaris).*”’ In the case of the production of D-
lysine, the starting point was the L-enantiomer, with Comamonas testosteroni
emerging from exploration of numerous species as the favoured agent for
digestion of the racemate created by prior chemical racemization.*’® Biocatalytic
deracemization (i.e. enzyme-mediated dynamic resolution and stereoinversion of
easily racemized amino acid derivatives, such as oxazolones and thiazolones) has
been reviewed.*”’

Chromatographic and related physical techniques continue to show improving
potential when applied to preparative-scale separation of enantiomers.** Clas-
sical resolution methods associated with classical chiral stationary phases (CSPs),
e.g. cellulose for the resolution of all the protein amino acids and representative
N-dinitrophenyl derivatives,*®! polymer-supported bovine serum albumin (BSA)
as stationary phase for the resolution of N-substituted DL-amino acids,*** and
apoenzymes immobilized in a porous polymer membrane*®® for enantioselective
transport of amino acid derivatives, and a related ultrafiltration application of
BSA for the resolution of DL-tryptophan*®* have been illustrated. Novel CSPs
include (R)-phenylglycine-derivatized poly(siloxane)s [efficient separation of N-
(3,5-dinitrobenzoyl)-DL-a-amino acid amides],*®> (1—6)-2,5-anhydro-3,4-di-O-
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methyl-D-glucitol attached to silica gel for efficient resolution of bulky DL-
amino acids (tryptophan and phenylglycine),*®® and CSPs employing the ligand
exchange principle, also for use with underivatized amino acids.*®” Uses of CSPs
in analytical resolution are covered in parts of Section 7 of this Chapter.

Molecule-imprinted CSPs have been described: cellulose acetate imprinted with
Boc-L-glutamic acid shows preferential permeation by L-glutamic acid;*®
methacrylic acid — trimethylolpropane trimethacrylate copolymer imprinted with
Boc-L-phenylalanine successfully resolves Boc-DL-phenylalanine;*® poly(meth-
acrylate)s imprinted with L-phenylalanine anilide have functioned in the capillary
electrophoresis mode for resolution of amino acids.**® Polymers imprinted with
N-Boc-L-alanine, -phenylalanine, or -glutamic acid, favour passage of the D-
enantiomer of N-Boc-DL-phenylalanine, though with low efficiency, thought to
provide evidence of homogeneity of binding sites.*”! The results achieved by
chromatography over molecule-imprinted polymers, e.g. resolution of DL-amino
acids in aqueous buffers,**> have been reviewed.*** Such media, prepared by
polymerization of an achiral monomer, copper(Il) N-(4-vinylbenzyl)iminodi-
acetic acid, and an amino acid template with ethyleneglycol — dimethylmethacry-
late as crosslinking agent, then grafting on to silica gel, give good results with
DL-phenylalanine but no resolution was achieved for DL-alanine.***

Polymeric membranes bearing the tetrapeptide Asp(OChex)-Ile-Asp(OChex)-
Glu(OBzl)O-CH,- (i.e. covalently-bonded through its C-terminal carboxy group),
that have been imprinted by Boc-D- or L-tryptophan, allow L-amino acids to
permeate preferentially, under electrodialysis conditions.*”®> L-Tryptophan has
been shown to permeate a (+)-poly{2-[dimethyl(10-pinanyl)silyllnorbornadiene}
membrane more readily than its D-enantiomer,*® and a similar result has been
found for membranes made from poly(y-benzyl-L-glutamate) carrying poly(oxy-
ethylene) side-chains, the polymer adopting a right-handed o-helical conforma-
tion.*” A chiral emulsion liquid membrane [copper(II) N-decyl-L-hydroxyproline
in hexanol — decane] offers accelerated transport of D-phenylalanine from the
racemate.**®

Two-phase liquid-liquid extraction is enantioselective when a carbamoyl-
quinine is included in the phase containing an N-protected DL-a-amino acid
derivative.*”’

Speculation on mechanisms through which the L-enantiomeric amino acids
came to predominate from presumed prebiotic racemic mixtures has featured in
this Section over the years, and the mirror-symmetry breaking hypothesis®*® and
the broader range of theories™! will be familiar to regular readers. Surveys across
a range of disciplines are published in a Conference Proceedings Volume.>*?
Among the ideas with a more recent origin reviewed in the last-mentioned article,
the interaction of chiral radiation (e.g. circularly-polarized light in the ultraviolet
wavelength region) with DL-amino acids at a water-air interface of the prebiotic
oceans continues to be developed; electrochemical reduction of phenylglyoxylic
acid oxime in magnetic fields has been shown to deliver product with no e.e.;***
synchrotron grazing incidence X-ray diffraction reveals that amphiphilic DL-
amino acid monolayers on water or aqueous glycine separate into islands of
opposite chirality.*®* The role of circularly-polarized synchrotron radiation, and
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means by which a small initial enantiomer imbalance might have been amplified,
are covered in a recent review.>*>

5 Physico-chemical Studies of Amino Acids

5.1 X-Ray Crystal Analysis of Amino Acids and their Derivatives — Amino acids
that have received attention this year are: glycine — urea (1:1),°°® L-arginine
perchlorate,®®” L-arginine phosphate, deuteriated in guanidino, amino and
carboxy groups,”®® L-threonine at 12 K,>* L-proline hydrate at 100 K,>'* o-
methyl-L-proline hydrate,>'! DL-lysine oxalate and its L-form,’'> L-tyrosine
perchlorate,’'® L-phenylalanine (S)-mandelate and the D(S)-diastereoisomer of
this salt,>'* L-phenylalanine hemisulfate hydrate,’'> O-phospho-L-tyrosine,*'® L-
histidine oxalate and the corresponding racemate,'” (+)-o-methyl-4-carboxyphe-
nylglycine (assigned the S-configuration),”'® [(2'R.,4'S)-3'-benzoyl-4'-benzyl-5'-
ox0-2"-phenyloxazolidin-4'-yl)]acetic acid and its (2'S,4'R)-analogue carrying 3'-
acetyl in place of benzoyl,>'® and 5,7-dichlorokynurenic acid hydrate.>*°

X-ray data collected for amino acid and peptide derivatives have been
reviewed.*?! New data for amino acid derivatives cover hexamethyl-L-cystine,**?
L-leucinamide,”*® N-acetyl-L-isoleucinamide and its sarcosine analogue,®** N-
acetyl-L-glutamic acid,’®® N-dodecanoyl-L-serine monohydrate,’*® N-trichloro-
acetyl-DL- and L-valine and trichloroacetates of these amino acids,?’ N*-
pyruvoyl-L-methionine and its copper(Il) complex (binding of the metal ion is
established to involve the a-keto-amide moiety),>® the N-Boc-L-phenylalanine —
pyridine complex,*” methyl (R)-o-methylphenylalaninate hydrochloride,* 2-
alkoxyoxazol-5(4H)-ones,”*' symmetrical anhydrides of N-benzyloxycarbonyl
aa-dialkylglycines (of interest through revealing intramolecular interactions
between urethane NH and phenyl groups),”*> DL-phenylalanine N-carboxy-
anhydride,”* methyl N-Fmoc homo-B-(S)-leucinate,>** and (4R,5S)-3-[(2R,3S)-3-
hydroxy-2-methyl-7-octynoyl]-4-methyl-5-phenyl-1,3-oxazolidin-2-one.>**

Several of these studies reach conclusions through incorporating data from
spectroscopic techniques (e.g., Raman — IR, Ref. 529).

5.2 Nuclear Magnetic Resonance Spectrometry — The usual focus for this
section, the frontier science featuring newer instrumental methods and unusual
contexts, is illustrated by in vivo studies for non-invasive estimations of N-acetyl-
L-aspartic acid by 'H-NMR,*® and for glutamic acid and glutamine (midfield
'"H-NMR for quantitative analysis based on areas of o- and B-proton reso-
nances),>*’ and the inverse spin-echo difference estimation of the '*C-content of
3C-enriched glutamic acid.>*®

Conventional studies include kinetics of 'H->H-exchange for the a-protons of
protonated methyl glycinate in *H,0.%* Conformational outcomes from studies
employing 'H and '*C-NMR are reported for o-, - and y-methylglutamic acids
and cyclopentyl and cyclohexyl analogues,>* kainic acid in water,’*' 2-(carboxy-
cyclopropyl)glycines,**? sodium N-dodecanoyl-N-methylglycinate (a Z/E-
mixture in 2H,0),>* substituted 2,3-diaminopropenoic acid esters,”* and 1-(N-
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acylamino)adamantane-1-carboxylic acid amides.** Rotational barriers about C-
N bonds for N-a-acylamino acid N’-methylamides have been derived from '’N-
NMR spectra,®*® and 'H-'>N dipolar coupling studies have been reported for
['*NJ-tryptophan and n-['*N]-histidine.>*” Solid state studies of amino acids (**C-
NMR)**® and amides of L-amino acids have been described in several recent
papers employing '"H-NMR (L-leucinamide,549 L-alaninamidesso) and joint
NMR-X-ray analysis of L-leucinamide (Ref. 523). '*C-NMR Spectra of amides
of N-formyl-alanine, valine, and isoleucine have been reported.551 As an illustra-
tion of a halfway stage between solid-state and solution-phase NMR, 2D J-
resolved NMR spectra provide excellent results for N-protected amino acids
attached to DMF-swollen Wang resin.’>> ?’F-NMR Spectra for N-trifluoroacetyl-
amino acids in poly(y-benzyl-L-glutamate), a chiral liquid crystal medium, show
split resonances from which D:L-ratios can be calculated;*>® the equivalent
methodology in other branches of NMR [?PH-NMR of N-(C*H;CO)-derivatives
and earlier 'H-NMR applications; see also Ref. 449)] is already well-established.
B-Cyclodextrin-entrapped N-dansyl-L- or -D-leucine,>>* and the enantioselec-
tivity of D-mannitol-based crown ethers towards DL-amino acid esters® are
examples of structural studies depending on standard NMR instrumentation.

5.3 Optical Rotatory Dispersion and Circular Dichroism — Little new has emerged
in this topic area, and what there is [e.g. solvent-dependent CD of chromophore-
substituted amino acid esters (81)°°] derives from well-established principles. CD
Features are generated within achiral poly(4-carboxyphenylacetylene) when in
contact with solutions of homochiral amines and aminoalkanols,’>” and similarly
for L- or D-amino acids complexed by achiral gadolinium(III) porphyrins.>>® The
last-mentioned study also describes the extraction of the amino acid from
aqueous media into a dichloromethane solution of the ligand, and emphasises the
secure correlation observed between sign of Cotton effect and absolute configura-
tion of the amino acid.
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5.4 Mass Spectrometry — Research activity centred on underivatized amino
acids demonstrates state-of-the-art MS methodology. Time-of-flight plasma
desorption studies of L-valine and L-leucine revealing the formation of ionic
heteroclusters through gas-phase intermolecular reactions,” specifically identi-
fied to involve pairing in all four chiral combinations when pairs of amino acids
are involved (e.g. the trimer formed from amino acids A and B - A,BH' —
ABH"' + A,H").>®® Chiral discrimination energies of 0.4 — 4 kJ mol"! derived
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from these data can be exploited to allow amino acid enantiomers to be
distinguished by mass spectrometry, due to the basicity differences they exhibit
when their dimers form part of gas-phase cluster ions. Complexes of a-amino
acids with copper(I) ions survive into the gas phase.>®! Related laser desorption
MS of tryptophan has provided internal energy data,’®®> and has produced
evidence of a stable ground state zwitterion structure for arginine through
binding energy measurements on gas-phase dimers.>®

Creation has been established of metastable ions [MH — CO,H,]* from leucine
and isoleucine,”® [M + HJ" ions arising through electrospray MS of strongly
basic solutions of amino acids, and [M — HJ ions from strongly acidic solu-
tions,>® and of M + 2H]+ ions from amino acids using C?H, and (C?H;),CO as
ionization reagents in CIMS.>*® Consideration of fragment ions in the latter case
has demonstrated scrambling of protons (in other words, high proton mobility).

Nickel(I) salt — aliphatic amino acid mixtures behave similarly to corre-
sponding mixtures with copper(Il) salts, in yielding [M + Ni]" ions through
FABMS but [Ni(M —H)M]" ions through electrospray ionization.*®’

Reaction products in the gas phase from cysteine, Me,Cl* and MeOCH," are
shown by MS to include S-methylcysteine and N-methylcysteine.>®®

Electrospray ionization mass spectra of PTHs have been fully characterise
three fragmentation pathways have been established for the [M —H] ion formed
from the PTH of phenylalanine.’”°

d;569

5.5 Other Spectroscopic Studies of Amino Acids — Identification of reaction
products by routine spectrometric methods is occasionally mentioned elsewhere
in this Chapter, but this section is reserved for more unusual studies. These
include FTIR study of the effect of glycine and alanine on the water structure of
their aqueous solutions,””' FTIR estimation of self-association of N-Boc-L-a-
amino acids in CCl°"? and IR-Raman study of amino acids at 18 K over the
frequency range 400 — 3800 cm™,>”® non-ionized glycine in a low-temperature
argon matrix,”’* and corresponding vibrational spectra for o- and B-alanine,’”
[H]-doped glycine hydrochloride,’”® N-acetyl-af-dehydro-amino acid N'-methy-
lamides,*”” fullerene — amino acid reaction products (see also Ref. 598),>’® and
polarized Raman analysis of the vibrational coupling of water of hydration with
the amide-I band of N-acetylglycine,””® UV resonance Raman study of domoic
acid,®®® and Raman and '"H-NMR demonstration of the effectiveness of non-
polar side-chains in enhancement of water structure by amino acids.”®' Surface-
enhanced Raman spectra have been determined for L-phenylalanine,*®* and
similarly for GABA,® using silver-colloid solutions. An inelastic coherent
neutron scattering study augmented by IR-Raman data has been reported for N-
[?H]-L-isoleucine. >

Further development has been reported of an application of absorption
millimetre spectroscopy at 31.42 GHz (see Vol. 29, p.60) in the establishment of a
hydrophobicity scale for amino acids.*®’

Electron spin resonance (ESR) spectrometry of UV-irradiated [*HJ-, ['*C]-,
[7O]-labelled tyrosine has allowed the mapping of m-electron spin-density of the
neutral phenoxy radical in frozen alkaline solution,*®® and ESR of X-irradiated
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single crystals of hippuric acid has demonstrated decarboxylation (formation of
carbon centred radicals PN\CONHC H,) and hydrogen radical addition to the
phenyl group to give (82).%7 Identification of radicals formed in X-ray-irradiated
solid L-alanine has been reported,*®® and ESR properties of this amino acid are
also described in support of in vivo radiation dosimetry, in a paper>®® that is
representative of group of related studies described in a Conference Proceedings
volume.

H

L
CONHCH,CO,H

(82)

5.6  Other Physico-chemical Studies of Amino Acids — This Section has settled
into a number of sub-sections that are retained in the order in which they have
been presented in recent Volumes, but topic areas now deserve to be highlighted
through specific sub-headings.

5.6.1 Measurements for Amino Acid Solutions. — Continuation of major studies,
into the calorimetry of ternary aqueous systems to establish pairwise cross-
interaction coefficients for a-amino acid solutes,*® enthalpies of interaction of
some alkali-metal halides®' and ammonium methanoate®? with a-amino acids,
appear side-by-side with papers of a less substantial nature (those cited here, are
representative of a much larger literature), on solute interactions between NaCl
and KCI with glycine, DL-alanine, DL-valine, and DL-leucine in water (Vol. 29,
p. 60),°°* with D- and L-serine,”* of NaCl and NaNO; with DL-threonine**® and
with glycine and DL-methionine,”® effects of temperature and pH on the
solubilities of common L-a-amino acids,”’ the degree of self-association in water
of the remarkably water-soluble fullerene[60] — amino acid adducts (see also Refs.
578, 802, 942, 943),°%% and complex permittivity values for glycine and valine in
aqueous organic solvents.>® Differential scanning calorimetry of aqueous proline
over the temperature range -60 C to 20 C has been carried out in pursuit of an
explanation for the low temperature dependence of the high solubility of this
imino acid in water.%%

Isolated accounts have been published on hydration heat capacities for amino
acids in their zwitterionic form,®*! activity coefficients for amino acids through
vapour pressure measurements on aqueous solutions,®®? partition coefficients and
solubility data for glycine in butan-1-ol — ethanol — water mixtures®® and in
dextran — poly(ethyleneglycol) — water,*** and distribution of L-tryptophan in
aqueous di-(2-ethylhexyl)phosphoric acid — hexane (Vol. 29, p. 2; ¢f. also Ref.
628),%°% de-protonation constants for seleno-DL-cystine and seleno-DL-methio-
nine by potentiometry,’*® dissociation constants for amino acids in dioxan —
water at 298 K,%°7 apparent molar volumes of ®-amino acids in aqueous
guanidine hydrochloride,®®® partial molal volumes of solutions of a-amino acids
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in aqueous urea at different temperatures,®® and partial molal volumes and
adiabatic compressibilities of N-acetyl-DL-serinamide and the threonine ana-
logue in aqueous media.®'® Further results for hydrophobicity measurements on
amino acids in aqueous media have been obtained using a multichannel taste
sensor (Vol. 27, p. 49).°'" Amino acids complexed to metal ions, M(aa),, where
M = Co, Cr, Rh, are well salted-in to water by simple salts.®1?

The explanation for an increase in specific rotation with dielectric constant of
the solvent, noted for N-methacryloyl-L-leucine methyl ester,®'® is of continuing
interest. Chemiluminescence is generated by adding H>O, and ethidium bromide
to aqueous solutions of L-aspartic and L-glutamic acids,®'* and glycine and L-
asparagine.!®

Proline at high concentrations (greater than 4M) prevents the precipitation of
lysozyme from aqueous solutions by trichloroacetic acid (the classical protocol
for protein isolation from aqueous media).®'® Although this, and the finding that
L-histidine cleaves RNA, but not DNA,®'7 are isolated observations of a semi-
quantitative nature, they deserve to be recorded in the thorough review of amino
acid science that this Chapter attempts to offer. L-Seryl-L-histidine cleaves DNA,
but its N*(0,0-di-isopropyl)phosphoryl derivative is less effective in this
respect.®!8

5.6.2 Measurements for Solid Amino Acids. — Differential scanning calorimetry of
water-containing samples of DL-2-aminobutanoic acid and DL-norleucine have
revealed series of similar phase transitions.®!® The optical activity of crystalline L-
aspartic acid has been assessed.’?°

5.6.3 Amino Acid Adsorption and Transport Phenomena. — These topics also
relate to studies that are described elsewhere in this Chapter, of chromatographic
separations (Section 7.5, 7.6) and resolution (Section 4.16) of amino acids. A
major topic area is illustrated in a study of the mechanism of adsorption of
glutamic acid to a weakly basic ion-exchange resin,®*! of alanine to bochmite,*?
and variation with sodium chloride concentration of the uptake of leucine and
phenylalanine by a strong cation exchanger.®**

Another topic that is receiving much attention, for its in vivo role as well as for
its practical applications, is transport of amino acids through membranes:
separation of nine different amino acids on the basis of their differing electrostatic
attraction for groupings built into a nanofiltration membrane;®** a similar role
for plasticized cellulose triacetate membranes containing large amounts of a
quaternary ammonium salt (effectively a supported liquid membrane);** transfer
of tryptophan and lysine through an impregnated liquid membrane using a
strong acid,®?® and of tryptophan hydrochloride through PTFE-supported liquid
membranes containing macrocyclic carriers;**” and extraction of amino acids
using PVF-supported liquid membrane with di-(2-ethylhexyl)phosphoric acid as
carrier (¢f. Ref. 605).5%® Transport properties for amino acids through a chitosan
membrane have been reviewed,’*° and a review of amino acid transport by crown
ethers has appeared.®*

Size-exclusion chromatographic separation of amino acid mixtures has re-
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vealed unexpected behaviour for tryptophan, ascribed to adsorption equilibria
involving the stationary phase,®*' and L-thyroxine binding to human serum
albumin as column chromatographic medium has been noted.®*? Chelated metal
ion affinity chromatographic separation of amino acids and peptides using a
Sephadex G10 medium modified by successive reaction with epichlorhydrin and
copper(Il) iminodiacetate has been described, separation depending on the
differing stabilities of the copper(I) complexes of the amino acids.®** Optimised
preparative ion-exchange separation of a mixture of nine amino acids depends on
simpler principles.®**

5.6.4 Host—Guest Studies with Amino Acids — A series of supramolecular
complexes between ammonium salts of L-a-amino acids and 2,3,11,12-bis[4-(11-
aminoundecanoyl)benzo]-18-crown-6 has been described,®*> and the binding of
alkylammonium salts of acids to 18-crown-6 hosts in water — 1,2-dichloroethane
mixtures has been correlated with structure.®* Molecular orbital calculations for
relative binding free energies (i.e. enantioselectivities) for complexes of
ammonium salts of amino acids with synthetic ionophores,**” and for binding of
methyl L-alaninate and L-alanine N’-methylamide to podand ionophore hosts
and to Cs-symmetric receptors®*® have been reported.

Preferential binding of the L-enantiomer of an amino acid ester hydrochloride
by a chiral crown ether (83) prepared from (R,R)-1-phenyl-1,2-cyclohexanol
occurs with low enantioselectivity (14 — 26%),%*° as is also the case for (84), acting
as host for aromatic amino acids,** and for N-protected amino acids interacting
with chiral Cs-symmetric cage-like receptors [(S,S,S)-(+)-85] that carry conver-
gent helically-oriented amide binding sites (Vol. 29, p. 61).%*! Rather better
results are achieved with Z-DL-glutamic acid using sapphyrin derivatives [por-
phyrin-CO-X-CO-porphyrin; X = (1S,2S)-1,2-bisamidocyclohexane]** and for
underivatized amino acids with ammonium 2,3,11,12-bis[4-(10-aminodecylcarbo-
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nyl)]Jbenzo-18-crown-6°*> and B-cyclodextrin derivatives (e.g. L:D = 33:1 for
leucine).®** The 6-O-monophosphate of B-cyclodextrin shows moderate to good
enantioselectivity in favouring complex formation with the D-enantiomer when
presented with a racemic amino acid;*** thermodynamic stability constants of
amino acid — cyclodextrin complexation®® and of complexation of amino acids
with mono-[6-(1-pyridinio)-6-deoxy]-a- and vy-cyclodextrins®’ and anilino-p-
cyclodextrin analogues®® have been reported. The association of a copper(Il) B-
cyclodextrin complex with aromatic amino acids,®*’ and the enhanced fluores-
cence, with intensity in proportion to the concentration of an amino acid in the
same solution, of the copper(Il) complex of a dansyl-diethylenetriamine-modified
B-cyclodextrin,®*® have been described.

Calix[4]arene-based a-aminophosphonates exhibit remarkable selectivity as
carriers for membrane transport of the zwitterionic form of aromatic amino
acids,®! and calix[4]arene dimers (86) and amino acid derivatives form homo-
chiral capsules.®®? The binding profile of the novel host (87) for a series of amino
acid guests indicates that the two binding sites are 6.5 angstroms apart.®>

One of these hosts (84), specific for aromatic amino acids, carries a chiral
bicyclic guanidine moiety, and a remarkable opposite to this is seen in the arene
[4-{(MeO)P(O)ZCH2C6H4}2X]2' [BuyN], (X =S, O, etc.) that binds to guanidines
(especially to N- and C-amide-protected arginines), exactly analogous to the
‘arginine fork” postulated for RNA-protein recognition in the AIDS virus.%**
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Competition between N-Z-amino acids for a novel host (zinc acetate — N-
methylmesoporphyrin-II basket with a xylylene-diamide ‘handle’) favours Z-
glycine, but in CHCl; — water those guests carrying hydrophilic side-chains are
preferred.®*

5.7 Molecular Orbital Calculations for Amino Acids — The unremitting flow of
papers describing molecular orbital calculations chosen to simulate the behaviour
of an amino acid residue in a polypeptide continues with N-formyl-L-phenylala-
ninamide,®>® the N-acetyl amino acid N-methylamides of L-alanine,®”’ oo-
dialkylglycines,®® valine,%° asparagine,®®® cis- and trans-2,3-methanomethio-
nines,%' and phenylalanine analogues with crowded side-chains (Ref. 330), the
main differences from previous studies being the gas-phase or solution context of
the molecule under scrutiny. Adsorption binding energies of amino acids to
ionophores have been calculated (Refs. 637, 638).

Calculated conformational equilibria for N-acetyl alanine-, leucine-, and
glutamine-N-methylamides at the water — hexane interface have been pre-
sented,®®” and data for N-acetyl-L-prolinamide have been compared with calcula-
tions for the free imino acid.®®® The eight most stable conformers of N-
methylglycine have been identified, in parallel with similar calculations for the
NN-dimethyl analogue.®®* Conformational studies for the glycine zwitterion in
aqueous solution®®® and in the gas phase,®®® and corresponding treatment for the
L-alanine zwitterion,®®” methyl 2-acetamidoacrylate, and energy calculations for
the N-acylimine — enamide tautomers of this compound,®®® kainic acid (Ref. 541),
and 2-(carboxycyclopropyl)glycine (Ref. 542) exemplify the thermodynamics
context to which MO calculations can contribute (for a review see Ref. 669). This
context is also a feature of intramolecular proton transfer within glycine in
aqueous solution®”® and the related topic of the proton affinity of protonated
glycine,%”! conformational energies of glycine and dithioglycine,®’? free energies
of hydration of the coded amino acids in their zwitterionic form,%”* hydration
structures of N-acetyl-L-leucinamide and its glutamine analogue,®™ glutamic
acid — water interactions,®’> energetics of the conversion of L-arginine into its
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NC-hydroxy derivative,®’® absolute affinities of a-amino acids for copper(l) ions
in the gas phase,’”” and Raman vibrational frequencies for L-asparagine®’® and
for L-glutamine hydrate.”® Calculations of standard molal thermodynamic
properties of L-a-amino acids at elevated temperatures and pressures underpin a
practical purpose, illustrated with effects on lysine and arginine, which exist in
aqueous solutions at pH 7 at 25°C almost entirely as protonated species, but are
calculated to be 50% dissociated at 125°C under pressure.®®® Electron — ion
interactional potentials of amino acids have been correlated with physical proper-
ties such as hydrophobicity.®!

Solvent accessibility offered by aromatic side-chains in water-organic solvent
mixtures,®®? and similar studies of tryptophan,®®*® have been featured in recent
papers.

Amino acid radicals receiving attention include glycine in aqueous solutions in
relation to their ESR characteristics,®* tyrosine,®®> and the protonated trypto-
phyl radical cation TrpH"".®®® The energetics of hydrogen transfer between
amino acids in the presence of radicals has been considered.®’

6 Chemical Studies of Amino Acids

6.1 Racemization — Complete racemization of amino acids liberated during
protein hydrolysis occurs using 4M Ba(OH), as reagent at 110 °C for 48 h.6%®

Racemization rates for aspartic acid at 60, 80, and 100°C have been
determined, and lead to an activation energy 29.1 kcal mol™ for the process. The
stimulus for this work was the derivation of a racemization rate for ambient
12.5°C, so that age could be determined for a sample of colonial anemone
Gerardia collected alive at 630 m depth in the sea off the Bahamas.®®® The figure
was 250+ 70 y, on the basis of the D/L-ratio for aspartic acid in samples taken
from innermost and outer layers of the trunk, and, not surprisingly, was more
readily believed than a radiocarbon date 1800 y.

Such figures derived from amino acid racemization data have become less
respected; however, protein at constant temperature, and avoiding turnover
through its life cycle, should provide credible data for a living organism.
Abstracts of papers given at a Conference ‘Perspectives on Amino Acid and
Protein Geochemistry’, published in Issue 3 of Volume 15 (1998) of the journal
Amino Acids, include a large number of dating applications. A survey of
principles and applications of amino acid racemization dating includes appro-
priate warnings of sources of inaccuracy,’”® and of course, errors will be
introduced where there is uncertainty about the circumstances in which the
samples have been placed; for example, stereoinversion at the aspartic acid
residue at position 151 of aA-crystallin from human eye lens is a result of UV-B
irradiation, but no changes occur in UV-A light.®! Improved protein recovery
from fossils and animal bones, and protocols for preparation of N-alkoxycar-
bonyl derivatives of methyl and ethyl esters for GLC estimations of aspartic acid
obtained from the protein hydrolysates have been described.®*?
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6.2  General Reactions of Amino Acids

6.2.1 Thermal Stability of Amino Acids — Isolated observations on this topic have
been recorded over the years, but the greater interest in this topic, now that
amino acids have been found in samples from extraterrestrial sources and from
high temperature vents on the ocean floor, is revealing a lack of disciplined
knowledge.

Contradictory claims that simple amino acids have been sublimed unchanged
(Ref. 25), and that they self-condense through such treatment (Refs. 784, 786,
787), should be seen with a comment that the undersea vent scenario might make
it unreliable to reason from laboratory analogies (Ref. 301). Results from earlier
literature under this heading are summarised in Ref. 693.

6.2.2 Reactions at the Amino Group — Replacement of hydrogen at the amino
group by simple species (kinetics of N-chlorination by N-chlorosuccinimide®?)
continues a long-running study (Vol. 29, p. 64). A mechanistic study of N-
nitrosation of amino acids has been reported.®>

Replacement of the amino group by halogen with retention of configuration,
following the standard protocol, has been applied to D-methionine®® and &-
phthalimido-L- or D-ornithine®” for syntheses starting from homochiral amino
acids. Conversion of an a-amino acid ester into an a-isocyanoalkanoate avoiding
the use of phosgene has been described (DMAP- Boc,0),%*® and a route to tert-
butoxycarbamates from benzamides and acetamides (e.g., ACNHR — AcNBocR
— BocNHR) has been described.®”®

N-Acylation by standard procedures has provided N-(benzotriazol-1-ylcarbo-
nyl)amino acids.”® Lipases catalyse long-chain acylation of L-serine and L-lysine
derivatives,®! and aqueous thioacetic acid, acting as an oxidizing agent, catalyses
the acetylation of phenylalanine and leucine, suggesting a primordial role for this
compound.”? Acylation occurs readily in compressed monolayers containing
long-chain  thioesters of N-acetylglycine and glycine-N’-alkylamides
H,NCH,CONH(CH,);sMe.”*

Reaction of an amino acid ester with bis(4-nitrophenyl) carbonate gives
hydantoins as well as the expected NN'-carbonyl bis(amino acid ester)s.”**
Removal of the Boc group using BFj-etherate in CH,Cl, in the presence of
molecular sieves requires only room temperature conditions;’®> removal of N-
allyloxycarbonyl protection employs Pd(PPhs), — PhSiH;.”% The preparation of
N-Fmoc-amino acids and their use in peptide synthesis has been reviewed.”"’
Preparation of N-Fmoc-N-(2-hydroxy-4-methoxybenzyl)amino acids avoiding
the formation of N,0-bis(Fmoc) side-products has been described.”*®

Sulfenamides have been prepared with the purpose of generating aminyl
radicals through treatment with BusSnH/AIBN.”® N-Phosphonylation is a clean
process when a catalytic amount of 1H-tetrazole accompanies a phosphonyl
dichloride in the reagent mixture, since unwanted replacement of both chlorine
atoms in sequential reactions with an alcohol and an amino acid is avoided.”"°

N-Silylation of a Boc-amino acid using a silyl triflate in dichloromethane at
0°C has been described as ‘protection of a protecting group’, to emphasise the
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point that the acidity of the carbamate proton can frustrate synthetic operations
elsewhere in the molecule (see also Ref. 724).”!" Unexpected N-acetylation of the
N-Fmoc-group of Fmoc-L-seryl and threonyl glycosides has been noted during
standard protocols aimed at acetylation of the glucosamine moiety.”

N-(a-Picolinoyl)amino acids and peptides prepared from them, are easily
deprotected by electrochemical reduction.”'® o-Chloroethyl chloroformate in
methanol can be used to debenzylate NN-dialkyl-N-benzylamines.”'*

Schiff base formation is usually routine, and reaction of sn-1-palmitoyl- or
stearoyl-2-(9-oxo-nonanoyl)glycerophosphocholine with amino acids is worthy of
mention in the context of the unusual reagent.”'>

N-Alkylation of amino acids by carbene insertion into an N-H bond (Z,C: +
RNH, —» RNH-CHZ,) can be accompanied by B-alkylation and ammonium
ylide formation; existing knowledge on this topic has been reviewed,”'® and the
process applied to an N-protected amino acid amide has been advocated as a new
peptide synthesis approach (R'NHCHR?CONH, + EtO,CC(=N,)P(O)(OEt),/
Rh,y(OAc)s/toluene — R!'NHCHR?CONHCH[P(O)(OEt),]).”'” Preparation of
N-methylamino acids on a solid support uses the Fukuyama method [(2-
nitrobenzenesulfonylation, Mitsunobu methylation or the equivalent using Mel/
K,CO3, and removal of the sulfonyl protecting group with PASNa in DMF],”'8
also applied to 4-nitrobenzenesulfonamides but in normal solution media.”"”
Alkylation procedures have been described that are appropriate for the prepara-
tion of N-(ferrocenyl)amino acids,”?® N-[(R)-1-phenylethyl]phenylalanine and N-
(3,4,5-trihydroxyphenyl)glycine,”*' N-(homoallylic)-amino acids (from a Schiff
base using an allylindium reagent),”*> N-(arylation) using a substituted fluoro-
benzene,”** N-(2-hydroxy-4-methoxybenzylation) through reaction with the cor-
responding aldehyde, followed by NaBH, reduction, and preparation of their N-
Fmoc derivatives after O-protection using trimethylsilyl chloride (see also Ref.
711),”** N-alkylation (benzophenone Schiff base, HCHO or other alkanal,
NaBH;CN),”® N-vinylidenation (addition of Cl,C: to a benzophenone Schiff
base to generate a dichloroaziridine, then ring opening and dechlorination).”?®
Use of the Mitsunobu reaction for the N-monoalkylation of amino acid esters
after N-(2,2,5,7,8-pentamethylchroman-6-sulfonyl)ation has been demon-
strated.””” N-Methylation of an N-Boc-amino acid after NaH deprotonation can
be accomplished using methyl iodide (Ref. 767).

N*Alkylation of glycinamide using an alkyl bromide is an essential stage in
peptoid synthesis, and repetitive use of an N-alkylation — bromoacetylation
sequence has provided peptoid oligomers carrying N-acetylglucosamine resi-
dues.”® N-Benzhydrylation of methyl pyroglutamate using benzhydryl chloride
requires prior N-trimethylsilylation and triflic acid catalysis.’*

A particular form of N-alkylation of amino acids via Schiff bases is represented
in the Maillard reaction.”°

N-Oxide formation from an amino acid is a highly stereoselective process; the
unusually stable products (see also Vol. 28, p. 59) from N-benzylpipecolic acid
and its analogues have been assigned relative configuration through X-ray crystal
analysis.”>!
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6.2.3 Reactions at the Carboxy Group — Formation of methyl esters has been
reported when methanolic plant extracts (Inga punctata foliar) containing
hydroxypipecolic acids are purified over a cation exchange resin.”*
Improvements to conventional esterification procedures have eased the
preparation of tert-butyl esters (only tert-BuOH, anhydrous MgSQ,, and H,SO,
are needed, though lengthy reaction times in stoppered vessels are involved; the
procedure also converts OH groups into tert-butyl ethers).”>* Secondary alkyl
esters can be prepared from Z-L-amino acids in organic solvents using a Celite-
immobilized proteinase or lipase, but 3 — 4 days reaction times are needed to
secure yields around 70%.”** Amidation of an N-protected amino acid by an
alkylamine uses Boc,O — pyridine (Ref. 698 describes a different outcome with
Boc,O-DMAP) described in a paper that contributes further to the voluminous
preceding literature on this process (Vol. 28, p. 62).”*° Preparation of N-Z-amino
acid ortho-esters (88) has been accomplished through Cp,(Cl)Zr*-catalysed
rearrangement of 3,4-epoxyalkyl esters.”>

CO,Me
CO,Me
o — ZNH =
ZNH N o)
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O Me
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B-(Trimethylsilyl)ethoxymethyl esters can be cleaved using magnesium
bromide etherate.”>’ Pd/C-Catalysed hydrogenolysis of benzyl esters can be
accomplished while preserving 4-methoxybenzyl ethers intact, if conducted in the
presence of pyridine.”®

Reactions at the carbonyl group of an amino acid ester may be influenced
considerably by the adjacent structural features, as in the reaction of organo-
lithium reagents with methyl N-(phenylfluorenyl) pyroglutamate to give corre-
sponding ketones, ascribed to unusual stabilization of the tetrahedral
intermediate [R'CO,Me + R’Li — R'CR?*(OLi)Me].”* Regioselectivity of attack
by an aniline on N-protected aspartic and glutamic acid anhydrides is dependent
upon the solvent used.”*® Ketones can be formed on solid supports by reaction of
the Weinreb amide RCON(Me)OMe with Grignard reagents,”*' also an inter-
mediate in chain extension, via the a-aminoaldehyde (89) in a route to y-amino-
ap-unsaturated esters.”*? An unusual twist is provided by coupling of y-amino
af-unsaturated acids to a solid support for use in peptide synthesis, terminated
by ozonolysis to release peptide C-terminal aldehydes.”** Condensation of an o-
amino acid ester with CH,=C(OLi)OBu' gives a B-ketoester,”** and formation of
a-ketoamides from homologation of the carboxy group proceeds via the acyl-
cyanophosphorane intermediate RCOC(=PPh;)CN."*

a-Amino bromomethyl ketones can be prepared from N-alkoxycarbonylamino
acid esters, avoiding the use of diazomethane, through the Kowalski procedure
(iodochloromethane and LDA), and have been used in a-aminoalkyl epoxide
synthesis on a large scale.”*® a-Aminoalkyl chloromethyl ketones are claimed to
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provide the best entry to a-aminoalkyl epoxides through stereoselective reduc-
tion,”*” although 3-Boc-aminoalkane-1,2-diols provide the same product through
a modified Mitsunobu reaction.”*® Diastereoselective reduction of the chloro-
methyl ketone from Boc-L-phenylalanine using Streptomyces nodosus SC13149
gives the alkanol (90).”** Amino acid diazoketones, (S)-R'R*NCHRCOCHN,,
form ketenes on photofragmentation that may be trapped in situ with an aldimine
to yield an aminoalkyl-B-lactam.” Vinyl ketones BocNHCHR'COCH=CHR?
give aminodiol dipeptide isosteres through enantioselective reduction of the
carbonyl group followed by aminohydroxylation of the C=C bond”' and
dimerization of methyl ketones Bn,NCH(CH,Ph)COCH3; has been accomplished
by copper(II) reagents acting on the sodium enolate.”>

Ph
BOCNNCI
00 ©OH

Fmoc-L-phenylalanyl fluoride can be used for O-aminoacylation of oligonu-
cleotides after protection of phosphate groups by p-cyanoethylation.”>?

Tertiary amide enolates derived from amino acids are being used increasingly
in general synthesis because of their propensity to electrophilic attack, and the
simplest of these processes is re-protonation, illustrated to be enantioselective for
an N*(alkoxycarbonyl)pipecolic acid amide when a chiral amine is used as
proton source.”>* Cleavage of secondary amides is effected by N-nitrosation
followed by treatment with lithium hydroperoxide and reduction with sodium
sulfite.”>®> Sodamide — MeCN converts an N,N-dibenzylamino acid ester into the
cyanomethyl ketone, a useful source of enaminones Bn,NCHR'CO-
CH=CR?NH, that are accessed through addition of excess Grignard reagent
R*MgCl.7®

Reduction of the carboxy group of an amino acid to the aldehyde provides a
useful synthesis intermediate, and sets the stage for further functional group
elaboration. The DIBAL-H reagent is often used for this conversion, but better
results may be achieved in some cases (N-Boc-S,0-isopropylidene-L-serinal from
L-serine methyl ester) through lithium aluminium hydride reduction to the
primary alcohol, followed by Swern oxidation (methodology already published;
Vol. 27, p. 64).77 The use of DIBAL-H with N-Boc-B-aminonitriles gives N-Boc-
B-aminoaldehydes (e.g. 89) after the usual work-up.””® Acetals [e.g. (R)-
BocNHCHMeCH(OMe),] derived from these aldehydes can be converted into
homoallylic aminoalkanols (R)-BocNHCHMeCH(OH)CH,CH=CH,, syn:anti =
68:32) with tetra-allyltin — TFA,” while reductive allylation of amino acids with
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diallylborane gives 1,1-diallyl-2-aminoalkanols (useful as substrates for iodocycli-
zation to 3-allylpyrrolidines).”®® The N-substituent of an N-protected amino
aldehyde has a considerable effect on the stereochemical outcome of three-carbon
elongation using allylmetal reagents.”®! No such complication arises in the case of
one-carbon homologation by Sm(0)/CH,I, [[CHO — -CH(OH)CH,I].”**
Boc-a-Aminoaldehydes (e.g. 89) have been employed in azapeptide synthesis
(condensation with an acylhydrazide and reduction of the C=N bond),”®* and
feature in an unusual rearrangement to give ketones, presumed to involve either a
1,2-alkyl shift followed by a 1,2-hydrogen shift, or an equivalent process (Scheme
31).7%* Further examples of synthesis applications for a-aminoaldehydes include

R
Bn. Nﬂ)% i Bnis_~__H
| | R
Bn O\'H+ Bn OH
Ji
R R o
ar ~
Bn\i?r)%/OH o Bn\/ﬁ/< . Bn\’t‘ . Bn\w/\fo
/
Bn Bn :OH Bn Bn R

Reagent: i, SiO, or pyH*OAc™
Scheme 31

syn-aldolization to give a-aminoalkyl epoxides,’®® condensation of N-phosphonyl
derivatives with a chiral phosphonate (RO),P(O)CH,CO,R* [R* = (-)-menthyl]
leading to stereoisomer mixtures as a result of easy epimerization at the a-carbon
atom.’®® Similar condensation with a 2-ethoxy-(3-ethoxycarbonylallylidene)tri-
phenylphosphorane gives 6-Boc-amino-3-ethoxy-2,4-hexadienoates, used in a
synthesis of homochiral N-methyl-oxazolidinones (Scheme 32) through cycliza-
tion after N-methylation.”®” Aldolization with (R,E)-crotylsilanes and their S-
enantiomers, MeCH=CRlCH(SiMezPh)CHZCOZMe, leads to 7-(Boc-amino)alk-
3-enoates (Ref. 413).7%® Boc-a-Aminoaldehydes react with an allylindium reagent
to give allyl alcohols with very modest stereoselectivity.”®

o
R i R COEL MeN)ko
BocNH>w - BocNHW RWCOzEt
) OEt o)

Reagents: i, PhsP=CHC(OEt)=CHCO,Et, THF, r.t., 24 h; ii, NaH, DMF, then Mel;
iii, HySO4—Si0,/CH,Cl,
Scheme 32
Radical cyclization of N-allyl-a- and -B-aminoaldehydes using Bu;SnH/AIBN
in boiling benzene (cf. Ref. 817) leads to hydroxypyrrolidines and hydroxypiper-
idines.”””
N-Protected (S)-B-aminoalkanols, prepared from L-amino acids, have nu-
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merous uses in their own right, and conversion into corresponding bromoalkanes
and attachment through the ether linkage to 3,5-dihydroxybenzoic acid or gallic
acid followed by acylation of the amino groups after deprotection, followed by
repetition of these steps a number of times, gives highly divergent dendrimers.””!

Hypotaurine H,NCH,CH,SO,H is a special case of an amino acid with an
acid group at low oxidation level, and therefore shows the expected tendency to
disproportionate into taurine, cysteamine, and cystamine.”’?

Esters of L-proline undergo Curtius rearrangement to give isocyanates,”’> and
acylnitroso dienophiles can be generated in situ through oxidation by NalQy, of
N-protected amino acid hydroxamates (S)-Boc-NHCHMeCONHOH.””* Amino
acid amides can be developed through the carbonyl group via thioamides into
thiazolecarboxylates (91)’”° and into analogous oxazoles’’® as dipeptide surro-
gates, through standard methods.

Pri

Pri
S\ N __CO,Et
BocNH”™ “CONH, H,N /J/ 2
S

(o1)

Kinetics have been determined for copper(I) or zinc-catalysed hydrolysis of
alanyl ethyl phosphate, viewed as an analogue of an aminoacyl adenylate.””’
Catalysed enantioselective ester hydrolysis has been a long-running topic in the
amino acid field, and this year there are further results from enantioselective
hydrolysis of p-nitrophenyl N-dodecanoyl-D- or L-phenylalaninate catalysed by
L-histidine-containing surfactants (Z-L-Phe-L-His-L-Leu-OH can generate
almost 100% discrimination).”’® A new approach is the involvement of lipophilic
homochiral ligands (92) in cationic aggregates [e.g., of cetyltrimethylammonium
bromide containing a copper(Il) salt], which generates remarkably high enantio-
selectivity (11 to 35-fold).”” N-(B-Hydroxyethyl)amino acid amides are unusually
easily hydrolysed, due to participation by the hydroxy group of the N-substi-
tuent, and therefore they are easily aminolysed and are activated towards peptide
bond formation under mild conditions.”°

RY

> OR3®
n-Cy4HoNH HNI

0@ ~

Peroxyl radical attack on [1-'*CJleucine has been shown to lead to decarboxyla-
tion but also to several products in which the carboxy group is retained, notably
3-methylbutanoic acid.”®!

6.2.4 Reactions at both Amino and Carboxy Groups — Self-condensation of amino
acids in concentrated salt solutions (Vol. 28, p. 64) has been established to be a



1: Amino Acids 59

remarkably simple pathway to peptides, that may have relevance to prebiotic
synthesis. Studies of this topic by the pioneers have moved on to specific
protocols; e.g. alanine and glycine subjected to wetting-drying sequences at 80 °C
on alumina, silica, montmorillonite, or hectorite leads to dioxopiperazinediones
with the first two minerals but to longer oligopeptides with the second two.”®?
Exploration of sequence preferences (those amino acids that self-condense with
ease, or condense with other amino acids in mixtures, and those that do not) has
also featured in recent studies.”®® Other research groups are studying mechanistic
details [kinetics for the copper(Il) acetate — glycine — alanine system].”s*
Structure-reactivity relationships may emerge for this process from future studies
along these lines. Carbonyldi-imidazole accomplishes the oligomerization of L-
aspartic acid, L-glutamic acid, and O-phospho-L-serine in aqueous solution in a
most efficient manner,”® as seen for the self-condensation of glycine in an
aqueous suspension of zeolite and kaolinite, presumed to occur via
dioxopiperazine.786 Sublimation of simple amino acids alanine, valine, leucine, or
a-aminoisobutyric acid over silica at 230-250 °C under reduced pressure gives
dioxopiperazines and the surprising homologues (93) and (94).7%’

R R o
N\j/l\NH Nﬁ/‘\r\n//g;
R R _ R
4§f N\’/go #N\‘/‘\N
o R © R
(93) (94)

Solid amino acid mixtures bombarded with high energy particles, simulating
cosmic ray irradiation, accumulate peptides,’® a result that is easier to under-
stand than the claimed formation of peptides when the frequency corresponding
to the cyclotronic frequencies of amino acids matches that of an irradiating
alternating magnetic field combined with electric fields.”®’

Homochiral aziridines obtained from (R)- and (S)-norvaline through successive
LiBH, reduction, O-toluene-p-sulfonylation, and K,COj-mediated cyclization,
have been used in an epilachnene synthesis to establish the absolute stereochem-
istry of the natural azamacrolide from Epilachna varivestis.””® N-Methyl-L-serine
has been converted into (95), a tetramic acid analogue of physarobinic acid from
Physarum polycephalum.”' Several other uses of amino acids in heterocyclic
synthesis are well-established, illustrated this year for syntheses from L-prolinol
of the oxazolone (96) and its imines and sulfur analogues,””* dioxopiperazines
from differently-protected aspartic acids,”®* the morpholinone (97) from N-alkyl
N-acetylamino acids treated with trifluoroacetic anhydride and pyridine,”** and
oxidized lipid — amino acid reaction products 1-methyl-4-pentyl-1,4-dihydropyr-
idine-3,5-dicarbaldehyde, 1-(5-amino-1-carboxypentyl)pyrrole, and N-Z-1(3)-[1-
(formylmethyl)]hexyl-L-histidine.”®®> Extraordinary reaction products [98; R =
CH,OP(O)(OH)O", equal amounts of (R,R)- and (S,S)-isomers], arise from
copper(I)-mediated reactions of L-amino acids with pyridoxal 5-phosphate.”®

A standard synthesis of hydantoins appears in a solid-support version,”®’ and
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amino acid, acetyl chloride, and trimethylsilyl isothiocyanate reaction mixture
gives authentic standards for the revived peptide sequencing method in which the
C-terminal residue is converted by cleavage into a thiohydantoin.”®

Several simple protocols are available that bring about the protection of both
amino and carboxy groups of an a-amino acid in one step, though BF;-etherate
condensation must be one of the easiest practical operations of this type. It has
been used in an improved procedure for side-chain protection of serine and
threonine.””® The N-toluene-p-sulfonyl derivative of the menthol-derived amino
acid reacts with BH;-THF in nitroethane at 45°C during 1 h to give the Lewis
acid (99; Masumune’s catalyst) whose use in asymmetric aldol reactions is
illustrated in this work. 5%

An unusual incorporation of an amino acid to form a di-aza-crown ether has
been developed, using L-threoninol and di(2-chloroethyl) ether; the route was
simple to operate because the secondary alcohol function did not require
protection. !

[60]Fullerene derivatives of amino acids (Vol. 29, p. 73) have been prepared
efficiently, and their properties surveyed; these include one outstanding character-
istic, their surprisingly high water-solubility (see also Sections 5.5, 5.6.1).8°> The
spiroheterocycle (100) emerges after 20 h from a [60]fullerene — DL-valine —

Me o Me
Me
HN&
O Me
) / Ceo- 74
pri N—BH fullerene N ‘Me
Ts residue H

(99) (100)
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4,4,5,5-tetramethylimidazoline-2-thione mixture in refluxing chlorobenzene under
nitrogen.®®* The mechanism proposed seems unlikely, since it requires a carbene
intermediate (whose generation in the absence of the fullerene was not tested, but
whose presence should be readily demonstrable).

6.2.5 Reactions at the a-Carbon Atom of o- and [-Amino Acids — Nickel peroxide
oxidation of N-benzoylamino acids involves N-C* bond cleavage since
benzamide is formed in high yield.3** o-Methylation (Mel/LDA) of ethyl N-
benzylidene-B-alaninate and work-up can be achieved sufficiently rapidly to allow
production and use of ['!C]-B-aminoisobutyric acid within the short time of life
of the isotope.’®®> a-Proton — 2H-exchange through the classical N-acetylation —
cyclization — 2H,O hydrolysis sequence (see also Ref. 539) followed by acylase
resolution, gives 2S-[2-°H]kynurenine, also obtained from L-[2-’H]tyrosine,
prepared analogously, by ozonolysis.®*®

6.3  Specific Reactions of Amino Acids — Reactions of amino acid side-chains, or
reactions that involve amino and carboxy groups as well as side-chains, are
covered in this Section. The former category predominates in the literature,
reflecting the widespread use of common amino acids as starting materials for the
synthesis of other amino acids.

Saturated aliphatic side-chains offer few opportunities for structural modifica-
tions, or for the introduction of functional groups, though fenugreek seedlings
accomplish the 4-hydroxylation of L-isoleucine, requiring iron(II) salts, ascor-
bate, 2-oxoglutarate and oxygen (thus implicating a dioxygenase in the
process).” Industrial-scale conversion of proline into trans-4-hydroxy- and cis-
3-hydroxy-L-prolines by E. coli proline hydroxylase has been reviewed.3*® Kolbe
electrolysis of orthogonally-protected amino acid mixtures gives 2,5-di-amino-
adipic acid, 2,6-di-aminopimelic acid, 2,5-di-aminoadipic acid, and 2,7-di-amino-
suberic acid.?"

Unsaturated aliphatic hydrocarbon side-chains offer much scope for functional
group elaboration, illustrated for methyl (R,S)-2-(N-diphenylmethylidene)amino-
pent-4-ynoate (hydrostannation of give regioisomeric tributylvinylstannane mix-
tures,®!® nucleophilic addition of N- and C-protected serine, cysteine, and
lysine®'") and coupling of vinylboronic acids to (Z)-B-alkenamide esters via a
palladium acetate-catalysed Suzuki reaction (Scheme 33) to give o,p-v,5-unsatu-
rated amino acids®!? and a simpler version in which indoles are coupled with
ethyl a-acetamidoacrylate to give ap-dehydrotryptophans®'® and cyclopropana-
tion of this substrate with ethyl diazoacetate,®'* ring-closure of N-allyl-o-
alkenylglycines through ruthenium-catalysed olefin metathesis to give highly-

CoMe . Br coMe R CO,Me

R NHAc R NHAc — NHAc
Rl
Reagents: i, NBS/CH,Cl,, then NEtg; ii, trans-R'CH=CHB(OH),, Pd(OAc),, Na,CO3
Scheme 33
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Reagents: i, CH,=CHCOCI or CH,=CHCHjBr/base; ii, Ru(Pcys),Cl,, CH,Cl,, reflux
Scheme 34

functionalized 6-and 7-membered ring amino acids (Scheme 34),%'° analogous

intermolecular metathesis of homoallylglycine derivatives with aryl- and alkylalk-
enes using 5 mol% Cly(PCy3),Ru=CHPh to give modest yields,®!® and diaster-
eoselective cyclization to pyroglutamates of radicals derived from N-
bromoacetyl-N-benzylaminoacrylates (esterified with a chiral alkanol) by treat-
ment with AIBN-BusSnH (cf. Ref. 770).8!7 Catalysed deuteriation of 3,4-
dehydroproline and RuO, — NalO,4 oxidation gives the 3,4-labelled pyroglutamic
acid which by LiEt;H and Et;Ge®H reduction results in (2S,3S,4R,5S)-
[3,4,5->Hs]proline.®'® Pd-Catalysed reaction of dimethyl esters of N-Boc-kainic
acid with aryl halides leads to (E)-vinylic substitution products.®'® Manipulation
of the alkene moiety of N-acetylaminocyclohex-3-ene carboxylic acid gave (101)
from which exo-3-hydroxy-7-azabicyclo[2.2.1]heptane-1-carboxylic acid, a new
conformationally-constrained 4-hydroxyproline analogue, was prepared.®?

Me

Ao

[T

MeO,C I
(101)

a-( o-Halogenoalkyl)-a-amino acids also provide useful synthesis intermediates
for a wide range of applications, the routine use shown in the conversion of -
bromoarylalanines into B-hydroxy-analogues concealing a good deal of mechan-
istic interest.®*! The organozinc synthon IZn(NC)CuCH,CH(CO,R)NHBoc,
derived from p-iodo-L-alanine, is particularly valuable; for example in Pd-
catalysed conversion into (2S,6S)-4-o0x0-2,6-diaminopimelic acid or through
reaction with functionalized aryl iodides, into L-kynurenine;822 also its use with
(n*-allyl)tetracarbonyl salts to give, for example, PhSO,CH=CHCHMeCH,CH-
(CO,R)NHBoc, epoxidation and Zn-TMSCl-mediated cyclization giving 4,5-
disubstituted pipecolic acids.®?® Diastereoselective methylation of 4-oxohomo-
phenylalanine ZNHCH(CO,R)CH,COPh, formed from the same organozinc
synthon, gives the anti-isomer from which all stereoisomers of a Nikkomycin B
constituent, 2- amino 3 hydroxy-4-phenylbutanolide, were obtained by appro-
priate manipulation®** (see also Ref. 240). 5-Bromo-4-oxonorvaline gives aza-
tryptophans (102; X = N, CH, CR; ¢f. Vol. 28, p. 70) through condensation with
pyridinyl- and pyrimidinyl-formamidines,®*> and (S)-2-amino-4-bromobutanoic
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acid (formed from N-Boc-L-homoserine) has been used to construct a-amino
acids each carrying one of the four DNA bases in the side-chain.®?¢

o-( o-Hydroxyalkyl)glycines, particularly the prototype B-hydroxyalkylglycine,
L-serine, have featured in a rich variety of syntheses in recent years. However,
novel pathways are rare; one such pathway is the conversion of nitrate esters of
N,C-protected B-hydroxyalkyl-a-amino acids into alkoxy radicals on treatment
with tributyltin hydride, from which a-C-centred radicals develop through B-
scission.®?” The oxidation pathway from serine to dehydroserine has been
established (the dehydration product, dehydroalanine, was the invariable end
result of previous attempts) through a careful study of dimethyl sulfoxide —
toluene-p-sulfonyl chloride oxidation. The (E)-enol toluene-p-sulfonate was the
predominant product.®?® Enol triflates of 3,4-dehydroprolines from 4-hydroxy-
prolines are more easily prepared via N-(9-phenylfluorenyl)-4-oxoprolines.?

The B-lactone of an N-protected L-serine can be opened by soft nucleophiles,
as illustrated in a synthesis of S-prenylated L-cysteines.®*® More conventional
leaving groups, found in O-mesylates or the f-iodo-alanine derived from N-trityl
serine, or homologues derived from threonine or allothreonine, have been
employed in intermediates used for syntheses of lanthionines and related cysteine
derivatives®*! and L-selenocystine and its ["’Se]- and tellurium analogues;®*? in a
preparation of yy'-di-tert-butyl N-Fmoc-y-carboxy-L-glutamate;®** and in pre-
parations of B-pyridylalanines using 2-, 3-, and 4-bromopyridines.®** Mitsunobu
processing of a protected serine (cf. Ref. 352) is now commonplace. Cycloserine
(an isoxazolidinone formed from D-serinamide), undergoes changes in aqueous
solutions to form B-(aminoxy)-D-alanine and its cyclic dipeptide (i.e. the dioxo-
piperazine), as demonstrated by IR studies.®* Side-chain protection of serine
through strong acid-catalysed addition of isobutene has a long history of use, but
the surprising demonstration that N-Fmoc- or N-Z-serine pentafluorophenyl
esters are appropriate substrates for this reaction will be a welcome short cut,
lessening the expense of materials for peptide synthesis.®*® O-Alkylation with a
primary alkyl bromide is more difficult but has been accomplished in moderate to
good yields over 17 h at room temperature using finely-ground KOH — Aliquat
336.8%7 Glycosidation of methyl N-acyl-L-serinates by p-nitrophenyl-D-galactose
employing a glycosidase from Aspergillus oryzae has been demonstrated,®*® and a
representative example of enzymatic hydroxy-group replacement has led to (S)-
2,4-diamino[4-''C]butanoic acid after reduction of the intermediate cyanide.®*’

Another example to add to the list of syntheses starting from D-serine, in which
the hydroxymethyl side-chain becomes the carboxy group of an amino acid of the
L-configurational series, concerns (2S,3S)-B-hydroxyleucine (Scheme 35).584
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Reagents: i, LiBH, then Swern oxidation; ii, PPMgCl; iii, Pd(OH),—H, then
carbonyl di-imidazole/DMAP; iv, KF, Jones oxidation and conc. HCI
Scheme 35

The oxazolone formed by cyclization of N-acetyl-O-benzyl-L-threonine is
easily epimerized and the hydrolysed product mixture can be resolved using hog
kidney acylase I, offering an overall conversion into separate samples of N-
acetyl-O-benzyl allo-D-threonine and its L-isomer.%*!

The N,O-protected L-serine derivative (103; the Garner aldehyde) continues to
be chosen for syntheses of other a-amino acids: N-Boc-D-albizzine (104), via the
protected (R)-2,3-diaminopropanol;3** (2R ,4R)-2,4-diaminoglutaric acids via the

Boc NHBoc

N
>< j\CHO HZN\H/QNHCONH2
o o}

(103) (104)

o-aminoacrylate (105):%** (2S,3S)- and (2S,3R)-m-prenyl-p-hydroxytyrosine
present in a novel cyclic heptapeptide from Aspergillus flavipes;*** a maduro-
peptin moiety;** (2S,3S,4R)-phytosphingosine;**® penaresidin A and related
azetidine alkaloids;**” and the D-O-E segment of vancomycin.®*® For a new
synthesis of the Garner aldehyde, see Ref. 902. Conversion of the aldehyde group
into ethynyl (-CHO — -C =CH) is already well-known and is exploited in a
number of these examples, including simple elongation of this carbon chain
through Pd-catalysed coupling with aryl and vinyl halides.3* Unusual control of
the stereochemistry of propargylation of the Garner aldehyde with LiC=C-
CH,OTBS (SnCly; and HMPA favour syn- and anti-products, respectively) has
been noticed.®*® The nitrone (106; ¢f. ref 91, 311) derived from L-serine via the

O
\ BocN
EOC Boc N*—Bn H
>< CO,Me N /) H
o— >< NOBn

NHAC o o
(105) (106) (107)
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Garner aldehyde has proved useful in 2,3-diaminobutanoic acid synthesis®!
(another use for the Garner aldehyde is described in Ref. 429).

Suitably-protected cis-4-hydroxy-D-proline, elaborated into (2R,4R)-4-amino-
pyrrolidine-2,4-dicarboxylic acid through a Bucherer-Bergs synthesis, generates a
novel mGIuR6 receptor antagonist.®3 trans-3-Hydroxy-L-proline hydroxamate
has been cyclized to the B-lactam (107) through the Mitsunobu reaction,®>* as
precursor to sulfams and sulfates (SO;H and OSO;H respectively, in place of
OBn; potential B-lactamase inhibitors).

3-Hydroxyaspartic acid diastereoisomers are intermediates in the route from
tartaric acid esters to (2R,3R)- and (2R,3S)-3-hydroxyaspartic acid B-hydroxa-
mates.8>

Aspartic and glutamic acids are represented in either acyclic forms or in one of
several cyclized forms in synthesis applications: routes to 2-substituted-4-methyl-
ene-L-glutamic acids either through alkylation of the 4-methylene-L-pyrogluta-
mate anion or through methylenation after alkylation of ethyl L-
pyroglutamate;®*° conversion of tert-butyl 4-dimethylaminoalkylidene-N-Boc-
pyroglutamate into chain-extended forms (NMe, — H, Me, Et, Ph, C =CH,
CH=CH, with DIBAL-H or a Grignard reagent),%*® conversion of L-pyroglu-
tamic acid into (2S,4S)- and (2S,4R)-4-methylglutamic acid (Scheme 36);%%7

NMe;
\ Me
i Me i
CO,Me / \ CO,Me CO,Me
SN AN SEENN
Boc Boc Boc

iii
+

Me NH3

+ (2S5, 4R)-isomer
H02C>\/<CO _

2

Reagents: i, Hy, Pd—C; ii, KCN, DMF; iii, LIOH, PrOH, then HCI-AcOH and

ion-exchange neutralization
Scheme 36

extension of the carboxy group of L-pyroglutamic acid to provide aza-murica-
tacin (108 and epimer at the side-chain chiral centre), an analogue of the
hydroxybutanolide from Annona muricata;®*® a synthesis of (-)-bulgecinine (cf.
Ref. 212) from L-pyroglutaminol®*® and from L-aspartic acid via a diazoketone
[side-chain = EtO,CC(N,)COCH,] (see also Vol. 29, p. 79),%¢° and generation of
ketones including 4-oxo-L-pipecolic acid from L-aspartic acid (Scheme 37).5¢!
Introduction of alkyl groups using trialkylaluminium reagents into the 5-position
of pyroglutamic acid does not cause ring opening, so hydrogenation (Pt/C)
leading to cis-5-alkylprolines can then be accomplished with secure knowledge of

H OH

N
O
s(_7/<(CHZ)11CH3

(108)



66 Amino Acids, Peptides and Proteins

CO,Bn i
: BnO,C
i CONHBU
t
BocNH” “CONHBuU BocNH
l m
(@] MeoN
CONHBU! <——— BnO,C
CONHBuUt
N 0
Boc BocNH

Reagents: i, H,—Pd/C; ii, carbonyldi-imidazole, (BnO,CCH,CO,),Mg; iii, DMF—dimethylacetal;
iv, HCI; v, Boc,O/DIPEA
Scheme 37

the stereochemistry of the product.®®?> Adapting the carbonyl functions of L-
pyroglutamic acid (CO,H — CH,OTBDPS; >C=0 — >CH-CHO] gives a
building block for a synthesis of trans-threo-trans-threo-trans-terpyrrolidine,
needed for the preparation of potential hosts for molecular recognition studies.®%
Uses for the 3,4-dehydropyroglutaminol synthon (109) include B-amination
(though this is a reluctant process in the absence of activating substituents),®*
and conversion into (2S,3R,4S)-epoxyproline en route to (2S,3S,4R)-epiminopro-
line via the azido-alcohol.**> Addition of the imine PhCH=NTs to the enolate
derived from the ring carbonyl group of pyroglutamic acid gives the 4-(1'-
toluene-p-sulfonylamido)benzyl derivative.®® A synthesis of spiroacetals from
the Tephritid fruit-fly (particularly Bactrocera) uses aspartic acid to create the
(R)-epoxide (110) through successive brominative deamination with retention of
configuration, and borane reduction of the carboxy groups preceding epoxide
formation.®” Further examples include Hofmann rearrangement of N*-protected
asparagines to provide B-amino-L-alanine (alias 2,3-diaminopropanoic acid);*®®
the use of dimethyl (4S,5S)-1-benzyl-2-0x0-3-(9'-phenylfluoren-9’-yl)imidazolone-
4,5-dicarboxylate derived from L-aspartic acid for chemoselective ester manipula-
tion to give the y-hydroxy-o,B-diaminoalkyl functionality required for a compo-
nent of streptothricin antibiotics;*®° synthesis of (E)- and (Z)-2-amino-4-
phenylbut-3-enoic acids (alias styrylglycines) from L- and D-aspartic acids
respectively.’”°

H
° N§ HO,C KIHS /\/<?
Ph——0 z V<cozf BnO
(109) (110)

L-B-Aspartic semialdehyde has been used for access to 4-oxo-L-norvaline
through homologation with diazomethane.®”" A synthesis of the hydrochloride of
the o-semialdehyde has been reported, by ozonolysis of 3-amino-3-vinylpropa-
noic acid formed from 4-acetoxy-azetidin-2-one®’?> and the L-glutamic acid-
derived aldehyde, Boc,NCH(CO,Me)CH,CH,CHO, forms the basis for a synth-
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esis of C-glycosidic amino acid through aldolization by a glycoside di-anion.”
An analogous species, formed by ozonolysis of the Birch reduction product of L-
phenylalanine, has been condensed with 3-amino-5-oxo0-4-phenyl-2,5-dihydro-
isoxazole to give B-(isoxazolo[2,3-a]pyrimidin-4-yl)-L-alanine.?’*

L-Glutamic acid protected at both NH, and a-carboxy groups through
conversion into the oxazolidinone (111) is transformed into the azabicyclononane
derivative (112) through Claisen condensation with the lithium enolate of Z-

Glu(OBn)OMe and ensuing tandem cyclization.’”>
COH
H
Boc
N - . |
4 o BocNH COMe
(6] (0]
(111) (112)

Lysine and other o-( w-aminoalkyl)-a-amino acids in various protected forms
have proved to be effective starting materials in syntheses of unusual a-amino
acids: L-homoglutamine by oxidation of N®-Z-L-lysine;*’® (28,5S)-5-(fluoro-
methyl)ornithine from (2S,4S)-diaminoadipic acid;®”” NY-alkylation of the pro-
tected 2-(hydroxymethyl)piperazine (113) en route to piperazinic acid analogues
(114);%78 preparation of homochiral dihydroimidazoles (115) from corresponding
B-aminoglutamic acids;*”® and preparation from L-2,4-diaminobutanoic acid, of
an amino acid with an adenine-carrying side-chain.®®® The novel N®-(mono-
methoxytrityl) group has been advocated for N-protection of an aminoalkyl side-
chain, with the advantage of mild cleavage (dichloroacetic and chloroacetic acids)
and easy work-up.58!

A novel protein crosslinking site, threosidine (116), is generated through

(CH2)3P(O)(OEO2
t jg — t j/cone
(113) (114)
OH
HO HO
OH
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N
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HO,C CH,CO,H CNH co,H

(115) (116)
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condensation of N*acetyl-L-lysine with D-threose.%®2 Condensation of lysine
protected at a-NH, and carboxy groups, with malondialdehyde and 4-hydroxy-
non-2-enal (formed in vivo through oxidation of polyunsaturated fatty acids)
followed by NaBH, reduction, provides N*-propyl derivatives (¢f. Vol. 29, pp. 81,
82).58% 1-(N*-Hippuryl-lysyl)-2-hydroxy-2-pentyl-3-(N*hippuryl-lysylimino)-1,2-
dihydropyrrole is the fluorescent product formed from 4-hydroxynon-2-enal and
N*-hippuryl-lysine in phosphate buffer at neutral pH, thus identifying the site of
attack of this lipid degradation product in proteins as a lysine residue.®®* In a
related process, N*-Boc-L-arginine reacts with methylglyoxal to form the novel
fluorescent derivative, N°-(5-hydroxy-4,6-dimethylpyrimidin-2-yl)-L-ornithine,
also formed by reactions of arginine derivatives with various sugars and with
ascorbic acid, thus providing a clue to damage caused to proteins by this
compound.®®  Bis(N-Boc)-protection of the arginine side-chain guanidine
becomes more attractive as a result of the effectiveness of SnCly as deprotecting
reagent.886

A review has appeared of applications of L-cysteine as a D-amino acid
synthon;®” these applications are mostly obvious extensions of the well-known
uses of L-serine in this respect. One of the many reactions in which L-cysteine
behaves differently from serine is its ready formation of an L-thiazolidine-4-
carboxylic acid with a carbonyl compound, now shown to be facilitated by
microwave radiation.®®® Another growth area of research has developed around
sulfur-containing amino acids through the need to identify likely in vivo associates
for nitric oxide and other nitrogen oxides. Studies of cysteine in this context
include determination of the kinetics of nitrosation of L-cysteine, and related
reactions,®®® and properties of S-nitrosothiols (for a review see Ref. 890). For S-
nitroso-N-acetylcysteine and its penicillamine analogue, the apparently greater
thermal stability of the latter is ascribed to steric repression of disulfide formation
and therefore, presumably, recapture of nitric oxide.’®! The reversibility of S-
nitrosation has been demonstrated through reduction of copper(Il) species by S-
nitrosothiols.®?

[¥3S]-Labelled (S)-homocysteine and L-methionine have been prepared from O-
acetyl-(S)-homoserine through (S)-homoserine sulfhydrylase-catalysed thiol ex-
change with H,3S.8%3

Studies of cysteine chemistry leading to sulfur heterocycles cover the formation
of the a-sultam (117) and its potential in synthesis,®** uses in trapping sensitive o-
quinones (e.g. from epinephrine through mild oxidation — 118),%° photocycliza-
tion of methyl N-phthaloylcysteinate to the benzazepin-1,5-dione and other
species,®®® and oxidative consequences of attack by the superoxide radical on N-
acetylcysteine.®®’

HO
HO NHMe
HO
SO,—NTBDMS O NHMe HN
epinephrine — —_—
L L
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R

@) CO,H

(118)
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Cysteine selenotrisulfide has been prepared through the reaction of L-cysteine
with sodium selenite in acid solutions.®”® Cobalt-assisted cleavage of disulfide
bonds, e.g. conversion of N-acetyl-L-cystine to S-alkyl-, -aryl- or -acyl-mercap-
turic acids, has been established using Zn together with a trace of CoCl,, and an
organic halide.®”® One-electron oxidation potentials of a-carbon-centred radicals
of cysteine methyl ester, cystine, and related amino acids have been determined to
throw light on their redox chemistry.’® Spontaneous oxidation of methionine in
samples prepared for analysis has not been sufficiently recognized as a source of
underestimation of this amino acid; the effects on the generation of methionine
sulfoxide, of co-solutes and other factors present in physiological samples have
been intelligently established through an HPLC study of OPA-mercaptoethanol
condensation products.”®! The L-methionine side-chain provides the aldehyde
function of the D-Garner aldehyde in a synthesis from the N-Boc-amino acid,
through oxidative elimination after reduction of the carboxy function and
cyclization with Me,C(OMe),/BF5.7%2

Phenylalanine side-chain modifications (see also Section 4.10) originating in
the electrophilic substitution chemistry of benzene are illustrated in preparations
of p-(N-thioaroylamino)-L-phenylalanines,’®* of o- and p-phosphinophenyl deri-
vatives of glycine and alanine through nucleophilic phosphination of 2- and 4-
fluorophenylglycine and -alanine with PhP(R)K (R = Me, Ph).*** p-(Chlorosulfo-
nyl)ation is described in Ref. 352. L-4-(Phosphonofluoromethyl)phenylalanine
has been obtained similarly, through substitution of L-p-iodophenylalanine.®®®
Pd-Catalysed Stille cross-coupling of methyl N-Boc-4-(trimethylstannyl)-L-phe-
nylalaninate with aryl and vinyl iodides and triflates gives 4-aryl and 4-vinyl
homologues.®®

Tyrosine side-chain protection through (2-adamantyloxycarbonyl)ation of its
copper complex has been advocated.”®” (2,4-Dimethylpent-3-yloxycarbonyl)ation
of Boc-L-tyrosine gives a suitably protected intermediate for peptide synthesis
since the group is stable towards piperidine but completely cleaved by HF,?® and
O-[bis(2-cyanoethyl)thiophosphonylJation has been effected using a phosphora-
midite, catalysed by 1H-tetrazole.”®

Tyrosine is the source of 4-iodo-L-phenylalanine, through reaction with Nal
and Chloramine-T in aqueous media at pH 7, a procedure applied to give the
['*'1] and ['**IJisotopomers,”'® and the iodo-compound lies along a pathway to 4-
ethynyl-L-phenylalanine through application of the Heck reaction.’'’ De-amina-
tion and de-iodination accompanying the formation of various radicals is the fate
of this amino acid through irradiation in aqueous media.”'? ['®F]Acetyl hypo-
fluorite is the key reactant in routes to 6-[' *F]fluoro-L-m-tyrosine and its 2-['*F]-
isomer, also the 6-['*F]fluoro-B-fluoromethylene homologue.’'* Reimer-Tiemann
formylation of N-Boc-L-tyrosine and application of the Dakin reaction leads to
m-hydroxy-O-benzyl-L-tyrosine.”’* 3-Nitrotyrosine formation from the amino
acid, together with nitrous and nitric acids, with peroxonitrous acid has been
shown through "’N-CIDNP NMR to involve radical intermediates.”'>

(S,S)-Isodityrosine (119) has been prepared from methyl Boc-L-tyrosinate,
after conversion into the m-iodo analogue followed by Pd-catalysed coupling
with N-Boc-B-iodo-L-alanine.”'® Horseradish peroxidase mediates the C-O-
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coupling of dibromo- and dichloro-tyrosines to give substituted isodityrosines.®!’
Biomimetic oxidative coupling of ethyl N-acetyl-3,5-di-iodo-L-tyrosinate via the
usual aryloxydienone intermediate gives N-acetyl-L-thyroxine,”'® also obtained
from the unprotected di-iodotyrosine through reaction with epoxide (120) formed

from the corresponding benzyl alcohol by sodium bismuthate oxidation.’"
OH
o 0
I

C027 \é/
+ COy~
NH3 +NHg (@]

(119) (120)

Oxidative cleavage of the catechol moiety of the DOPA analogue (121)
prepared by Erlenmeyer and Schollkopf syntheses gave the muconate, followed
by recyclization to give stizolobinic acid in a biomimetic route.’>°

OMe
HO HO,C O O
=
HO
CO,Me
CO,™
*NH3

NHCOAr
(121)

N-Acyl-a-arylglycines owe their presence in diagnostic kits to their role as
chemiluminescence substrates, peroxidase-catalysed oxidation by hydrogen per-
oxide leading to 3-acylaminobenzo[b,d]furan-2(3H)-ones.”*'

Histidine side-chain protection that restrains interference by the imidazole
moiety in the various operations involved in peptide synthesis is accomplished by
N™-(2-adamantyloxymethyl)ation®*> or N™ and N'-allylation,”*® these groups
being increasingly used in other contexts, and in the latter case offering the
convenience of Pd-mediated cleavage. Full protection of L-histidine is mandatory
for the introduction of an a-alkyl group using species generated by silver(I)-
catalysed radical decarboxylative oxidation of an alkanoic acid in the presence of
ammonium persulfate in 10% sulfuric acid.”** During esterification of N*-acetyl-
L-histidine with diazomethane, some 1'-methylation is observed,’* but a careful
study of N™-(4-nitrophenyl)ation and H,/Pd-C cleavage does not substantiate the
claim that N*-N ™migration occurs.”?® N*-Acetylhistidine undergoes nucleophilic
addition to catecholamines through its side-chain nitrogen atoms, to give C-2
and C-6 adducts,””’ an observation that will have significance in in vivo
processes.

Tryptophan side-chain chemistry provides a rich mixture of indole substitution
processes, including intramolecular cyclization to the aliphatic moiety. Photo-
chemical versions of these processes are covered in the next Section, while Pictet-



1: Amino Acids 71

Spengler condensations continue to be predominant in the solution chemistry of
tryptophan, leading to indole alkaloids®*® and oxindole alkaloids®® (proceeding
via different tetracyclic ketone intermediates), and leading to the pentacyclic
fumitremorgin cell cycle inhibitors through a different pathway (Scheme 38).°*°
Adding pyridine to the previously-studied N-methoxycarbonyl-L-tryptophanate
— trifluoroacetic anhydride reaction mixture leads to further new products (122
and its stereoisomer) and (123) as well as a trifluoroacetylated indole deriva-
tive.”?! TFA Dimerization of tryptophan derivatives generates &;, &,'-trans-
indolines.”*?> Oxidation of tryptophan by H,O, gives the known products
oxindolylalanine > 3a-hydroxy-1,2,3,3a,8,8a-hexahydropyrrolo[2,3-bJindole-2-
carboxylic acid, > N-formylkynurenine > dioxindolylalanine > kynurenine > 5-
hydroxytryptophan (there are some surprises in the order of yields of reaction
products).”** y-Irradiation gives the same major product, with N-formylkynur-
enine and 4-, 5-, 6-, and 7-hydroxylated tryptophans.”®** Oxidation by the
dibromine radical anion or by peroxidase-catalysed processes has been studied
with particular reference to the involvement of oxygen and superoxide.”*

MeO,C

A\
N
H

(with B-isobutenyl epimer)

Reagent: i, Fmoc-L-Pro-Cl/py, then piperidine—CH,Cl,

Scheme 38
COCF,
N
MeO,C
N—CO,Me
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+ spiro-isomer

6.4 Effects of Electromagnetic Radiation on Amino Acids — Much of the current
chemistry of tyrosine and tryptophan falls into this category, but photochemical
and related consequences for an increasing range of common amino acids are
being studied.

Photodecomposition of aliphatic amino acids in water at 248 nm”*® and 266
nm®?’ is a result of two-photon excitation of water so as to generate radicals that

are the effective reagents in the process. Four dipeptides formed from valine and



72 Amino Acids, Peptides and Proteins

metlglignine undergo efficient peptide bond cleavage under irradiation at 193
nm.

Radicals are formed by irradiation of L-alanine with a 3.4 MeV/amu **Co ion
beam,”® and the radical anion MeCH-CO»" formed in this way can be detected
by its extraordinary UV absorption characteristics (Apax 350 nm, (1100 M lem
1).94% UV-Irradiated aqueous amino acids in contact with TiO, fragment into
ammonia, nitrates, and CO,, somewhat whimsically called photocatalysed miner-
alization,”! while photolysis of [Ceo]fullerenes with ethyl L-alaninate and acet-
aldehyde or iminodiacetic esters gives fulleropyrrolidines (¢f. Vol. 29, p.73);°#
methyl esters of morpholino- and piperidino-acetic acids lead to analogous
products while the free acids undergo decarboxylation to give dialkylamino-
methylfullerenes.”*® Selective destruction of L-alanine and L-aspartic acid by
ionizing radiation, reported previously, is unexpectedly prevented by glycine,
thought to be due to the reaction of the glycine a-radical with alanine to
regenerate the more stable alanine o-radical.***

A review of the extensive use of 5-aminolaevulinic acid in photodynamic therapy
of cancer has been published,’*® focussing on underlying mechanisms (the wider
literature from the medical perspective cannot be accommodated here).

Aromatic and heteroaromatic acids provide substrates for all the various
branches of photochemistry, represented by pyridinoline and deoxypyridinoline
(effects of UV, visible, X-ray and y-irradiation),’*® -homotyrosine (fluorescence
characteristics),”’ histidine [fluorescence quenching through binding to the di-
zinc(I) complex of the fluorophore (124)],°*® and phosphorescence of trypto-
phan, tyrosine, phenylalanine, proline, and histidine (the latter three amino acids
generate only about one-hundredth of the emission of tryptophan).”*’

Tryptophan studies cover generation of its neutral radical through 355 nm
laser flash photolysis in the presence of N-hydroxypyridin-2-thione;”*® photosen-
sitized oxidation in Triton X-100 micelles®>' and by singlet oxygen or electron
transfer pathways;’>* fluorescence characteristics of L-tryptophan and N*-acetyl-
L-tryptophanamide in micelles;’>> and photoexcited triplet states studied by spin-
lattice relaxation with respect to the influence of solvent and salts.”>* N-Nitroso-
L-tryptophan, S-nitrosothiols, and other nitric oxide derivatives can be analysed
by chemiluminescence spectroscopy after photolysis.”>

7 Analytical Methods

7.1 Introduction — General reviews cover amino acid analysis®*® and peptide
and protein hydrolysis.”>” Occasionally, there are papers that cover all standard
analytical methods from the point of view of one particular amino acid, and that
has arisen in the current literature for homocysteine’>*?> and tryptophan.”® In
one of these broad studies,”® data on the variation in performance of different
laboratories on homocysteine analysis have been considered.

7.2  Gas-liquid Chromatography — Results have appeared from conventional
protocols followed for mixtures: of N(O,S)-isobutyloxycarbonyl derivatives of
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amino acid methyl esters®' (including the use of N- and P-selective detectors
of N(O) pentafluorobenzil derivatives of amino acid pentafluorobenzyl esters,
and of N-ethoxycarbonylamino acid ethyl esters from hydrolysates of samples of
oil paintings.”®*

The mass spectrometer as detector is an essential feature of analyses of '>C-
enriched leucine, isoleucine, and valine mixtures, rendered suitable for GLC
through derivatization with o-phenylenediamine after conversion into a-keto-
acids using L-leucine dehydrogenase.”®® The GC-MS combination has also been
applied to estimating the ['*N]Jamino acid content of samples derivatized as their
N-trifluoroacetyl isopropyl esters,”®® for N-heptafluorobutyroyl pentafluoro-
benzyl esters of N(O)-TMS-amino acids using ['*C],[?H]-labelled amino acid
standards,”®” for dansyl- and Z-[*C, *H]-labelled amino acids,?*! for N-perfluoro-
acyl alkyl esters using CH4-CIMS, shown to generate [M+H], [M+C,Hs], and
[M+H —C3Hg] ions,”®® and for amino acid mixtures in the form of their N-
ethoxycarbonyl trifluoroethyl esters.”®® Considerable care has been taken to
develop a one-step derivatization protocol [N(O,S)]-ethoxycarbonylation and
ethyl esterification using ethyl chloroformate, applied for stable isotope analysis of
amino acids.””

Particular amino acids targeted in GC-MS analysis include S-carboxymethyl-
L-cysteine,”’! 3-chlorotyrosine aiming at attomole sensitivity for human tissue
samples,””? eight known pipecolic acids in plants,””® and non-protein amino acids
in cycad seeds (including the previously-reported species-specific cycasindene, see
also Ref. 35).774

Estimation of D:L-ratios for amino acids has been achieved through GLC over
a CSP similar to Chirasil-Val, though more sensitive, of samples derivatized as N-
pivaloyl methyl esters,””> and for trifluoroethyl esters of N- and N,O-isobutoxy-
carbonyl derivatives for separations over Chirasil-D-Val for serine and threonine
have been reported.’”®

7.3 lon-exchange Chromatography — Most amino acids analysers are now
based on HPLC instrumentation (Section 7.5), and the ninhydrin reagent
protocol is still favoured, e.g. for homocysteine;””” a new ion-exchange analyzer
based on traditional lines has been described.”’® Exploration of continuous
rotating annular chromatography technique for cation-exchange separation of
amino acid mixtures has been reported;”” another novel technique for contin-
uous monitoring of eluate containing underivatized amino acids is based on
evaporative light-scattering.
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7.4  Thin-layer Chromatography — A review’®!' covers estimation of D:L-ratios
for derivatized amino acids using TLC plates impregnated, for example,’®* with
(1R,3R,5R)-2-azabicyclo[3.3.0]octane-3-carboxylic acid.

7.5 High-performance Liquid Chromatography — Studies under this heading,
dealing with mixtures of amino acids, are grouped together, first in the category
of conventional approaches to the analysis of free amino acids and derivatized
samples, then into various categories of modified stationary phases.

Amino acids such as iodo- and di-iodotyrosine, tri-iodothyronine, and thyr-
oxine®® are well-suited to an HPLC analysis protocol that employs a UV or
fluorescence detector, and so are histidine and its 1- and 3-methyl derivatives in
muscle (analysed after OPA derivatization),”®* dityrosine in spinal fluid (Aey 285
nm, hem 410 nm)°®® and in plasma proteins and haemoglobin,”®® pyridinoline and
its deoxy-homologue,”®” and hydroxylysylpyridinoline and its lysyl analogue.”®
The Beckman Cross-Links kit for HPLC analyis of pyridinoline and its deoxy-
homologue is superior to others and HPLC is an attractive alternative to
immunoassays.”® The preceding group of analyses of protein crosslinking amino
acids is joined by desmosine (from elastin),”®® and histidinohydroxylysinonorleu-
cine (after Fmoc derivatization), a more recently discovered trifunctional collagen
crosslink.”' These are markers for osteoporosis and other afflictions, and
another amino acid of this type is N-phenylpropionylglycine, whose presence in
urine indicates the level of medium-chain acyl coenzyme A dehydrogenase
deficiency.”®® Quantitation at 412 nm has been achieved for cysteine and N-
acetylcysteine after post-column reaction with 5,5qa-dithiobis(2-nitrobenzoic
acid), a classical derivatization reagent for thiols.”

A lengthy procedure for hydroxyproline estimation employs nitrous acid
deamination of primary amino acids, extraction of N-nitrosoimino acids into
ethyl ethanoate, de-nitrosation with HBr, then derivatization with dabsyl chloride
and HPLC analysis.”®* A sensitive procedure for the HPLC analysis of L-DOPA
and its 3-O-methyl derivative in blood platelets employs electrochemical detec-
tion.”>

Unusual analytes or techniques are illustrated in estimation of S-adenosyl-L-
methionine in blood,”® microwave-induced plasma MS as detector system for
HPLC of S-(2-aminoethyl)-cysteine, cystathionine, and lanthionine,”’ and
seleno-amino acids®®® (including ICP-MS for analysis of selenocysteine, seleno-
methionine, and methylselenocysteine in yeast®®) and NS-dimethyl-L-arginine in
blood plasma.!?®

Derivatization intended to raise the sensitivity of amino acid analysis, at the
same time calling for simplified HPLC instrumentation, remains the standard
approach. N-Fmoc amino acids'®! (see also Ref. 988) are well established
fluorescent derivatives, whose use has been extended to diastereoisomer forma-
tion through treatment of enantiomer mixtures of amino acids with N-Fmoc-L-
amino acid N-carboxyanhydrides prior to HPLC analysis for determination of
their D:L-ratios.'®”> Fluoresceamine derivatives'®® are not completely out of
fashion, and benzoxadiazolyl derivatives are definitely in favour (derivatization
of homocysteine using 7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonate; other exam-
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ples are scattered throughout Section 7).!°* PTC-Amino acids give reliable
results (Ref. 11).

New proposals for sensitive fluorescent derivatives include N-(3-indolylacetyl)-
amino acids,'®> N-(acridin-9-yl)amino acids,'*® 2-(4-hydrazinocarbonylphenyl)-
4,5-diphenylimidazole-derivatized carnitines,'?®” and Schiff bases formed with 3-
(4-carboxybenzoyl)quinoline-2-carboxaldehyde. %%

OPA Derivatives formed between amino acids and an o-phthaldialdehyde —
thiol reagent cocktail (3-mercaptopropionic acid has been advocated!°®®) have
been chosen for analyses of glutamine,'®!” the NO synthase-related basic amino
acids (N ®-hydroxy-L-arginine, L-arginine, and its mono- and di-methyl deriva-
tives),!°"! N-methylated lysines,'®'? argininosuccinic acid,'®’* neurotransmitter
amino acids,'®* and amino acid mixtures in physiological samples.''> The 5-
aminolaevulinic acid — OPA derivative has been determined at trace levels
through electrochemical detection.'®’® A noticeable increase in interest in 6-
aminoquinolylamino acids (AQC-amino acids formed by the AccQ-Tag proce-
dure'®") follows from their high sensitivity (from 12 fmol for threonine to 1.8
pmol for tryptophan'?'®) based on measurements at the fluorescence maximum
395 nm (Aexe 250 nm) for derivatives separated over Cig silica using the ion-pair
elution technique. The derivatization reagent, 6-aminoquinolyl N-hydroxysucci-
nimidylcarbamate, causes no complications in the interpretation of a chromato-
gram, when a quaternary eluent system is used,'®!® and a measure of its efficiency
is shown in improved separation of 24 derivatized amino acids in 45 minutes.'°?°

An amino acid is released at each cycle of an Edman sequence determination of
a polypeptide as a 2-anilinothiazol-5(4H)-one, and instead of conversion into a
phenylthiohydantoin (PTH), its reaction with 4-aminofluorescein at one cycle,
and with aminotetramethylrhodamine at the next, generates considerably simpli-
fied interpretations of HPLC traces.'*' Non-fluorescent PTHs and dansylamino
acids have been detected by indirect time-resolved fluorescence generated by the
inclusion of europium(III) chelates to the eluent.'®?*> Determination of D:L-ratios
for PTHs has been accomplished through HPLC using mobile phases containing
various chiral selectors,'®?® while the normal PTH analysis protocol in which no
discrimination of enantiomers is intended, is employed in an improved
system,'??* and in a sensitive estimation of 1-aminocyclopropanecarboxylic acid
in plant tissues.!?>® This employs MS detection, as does an even more sensitive
protocol based on 4-(3-pyridinylmethylaminocarboxypropyl)PTHs.'%*® Diastereo-
isomer-forming derivatization has been explored using a series of p-substituted
heteroaryl isothiocyanates (125),'°%7 and using 1-fluoro-2,4-dinitrophenyl-5-L-
alaninamide (the advanced Marfey reagent)'°® and HPLC separation. In the
former case, the purpose was to find a derivatizing isothiocyanate that did not
introduce racemization, and an electron-donating p-substituent was found to be
effective. The Marfey reagent study showed that the LL-diastereoisomer is not
always eluted ahead of the LD-isomer. A chiral isothiocyanate is more effective
for the estimation of D:L-ratios and the fluorescent reagent (-)-4-(3-isothiocya-
natopyrrolidin-1-yl)-7-(N,N-dimethylaminosulfonyl)-2-oxabenzo-1,3-diazole has
been advocated.'*?’

Commercial chiral stationary phases (CSPs) of the Pirkle type have been used
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to estimate D-amino acid trace contaminants in L-amino acid samples derivatized
by 4-fluoro-7-nitro-2,1,3-benzoxadiazole.'®** Experimental CSPs include porous
graphite coated with an N-substituted L-phenylalanine,'®*! and human serum
albumin for HPLC of dansylamino acids.'®*? C,g-Silica coated with N,S-dioctyl-
D-penicillamine as a chiral ligand-exchange phase for complexing with copper(II)
ions and providing excellent resolution of amino acid enantiomers,'** and
graphite coated with an N-substituted L-proline as chiral selector has been
compared with other CSPs for ligand-exchange separation of enantiomers of
amino acids.!®®* A quinine carbamate-based chiral anion exchanger has been
explored for the resolution of DNP-amino acids.!®*® Mercaptopropylsilica gel
derivatized with a benzamide, -CHZCHZO-p-C6H4-CONR'R2, in which NR'R? is
a homochiral 3,4—diamin0pyrrolidinamide,1036 has been used as a novel CSP for
the HPLC resolution of DL-B-amino acid esters.'®” Imprinted polymers for
HPLC or CZE resolution of aromatic DL-amino acids have been reviewed,'*3?
and the broader field of enantiomer HPLC separation over homochiral polymers
has been surveyed.'%¥

Dansylamino acids can be resolved using hydroxypropyl-p-cyclodextrin as
chiral selector.!®® Systems based on cyclodextrins, for the estimation of enan-
tiomer ratios using HPLC with electrochemical detection have been reviewed, %!
and a brief but broader review'** has also appeared.

7.6  Capillary Zone Electrophoresis (CZE) and Related Analytical Methods —
Textbook support for CZE and related techniques reflects their value in separa-
tion of mixtures for analysis.'®*> The subject has been reviewed.!***

Dramatic illustrations continue to appear: the separation and identification of
a mixture of 12 amino acids and 9 carbohydrates, employing amperometric
detection after separation,'® and estimation of the glutamic acid content of a
single cell by quantifying the laser-induced fluorescence of NADH generated by
passage, after CZE separation, through a column carrying glutamate dehydro-
genase and glutamate-pyruvate transaminase. %

In appropriate cases, UV quantitation is used for CZE of underivatized amino
acids: oxidation products of tyrosine and DOPA,'*" S-adenosyl-L-homocys-
teine,'%*® and indirect means in which a salicylate or benzoate is used as a UV-
absorbing buffer additive.!%* But the usual approach is the same as for HPLC
analysis, i.e. derivatization prior to separation, and the same general emphasis on
a few derivatization protocols applies to both techniques. Thus, recent studies
have involved 6-aminoquinolinylamino acids,'®® PTHs (CZE),'®*' PTHs of 3-
and 4-hydroxyproline after clearing primary amines using OPA (MEKC),'*>
fluorescein TH of glutamic acid,'®>* OPA-chiral thiol derivatives (MEKC),'>
naphthalene-2,3-dicarbaldehyde derivatives of aspartic and glutamic acids,'%> 1-
methoxycarbonylindolizine-3,5-dicarbaldehyde derivatized amino acids,'**® 4-
aminosulfonyl-7-fluoro-2,1,3-benzoxadiazole as derivatization reagent for homo-
cysteine and other thiols (worse results were obtained using ammonium 4-
aminosulfonyl-7-ﬂuoro-2,1,3-benzoxadiazole-4-sulfonate),1057 and DNP deriva-
tives (magnesium, cadmium and zinc salt additives offer better separations).'%>®
The inclusion of a cyclodextrin in the buffer enhances the fluorescence of NDA-
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derivatized glutamic and aspartic acids and therefore increases the sensitivity of
CZE analysis of these amino acids.'®’

Fluorescein THs have been detected at 10 zmol levels (i.e. 102° mol) using
CZE.1060

The resolution of DL-amino acids on the analytical scale by CZE techniques
has been reviewed.!*®! Chiral stationary phases are applicable to CZE and the
related MEKC and MECC techniques, with AQC-DL-amino acids,'°®* dansyl-
DL-amino acids,'°®* and 7-nitro-2-oxabenzo-1,3-diazolyl-DL-amino acids,'0%*
the last-mentioned being resolved using heptakis(2,3,6-tri-O-methyl)-B-cyclodex-
trin in the buffer. Chiral separations (MEKC) employing hydroxypropyl-p-
cyclodextrins as buffer additives have been reviewed.' The alternative derivati-
zation approach, generation of diastereoisomers, has been illustrated with the use
of the OPA - chiral thiol reagent system for aspartic and glutamic acids (tetra-O-
acetyl-1-thio-B-D-glucopyranose was the best co-reagent).'%® Creation of mole-
cule-imprinted polymers for CZE resolution of enantiomers has been explored,
using L-phenylalanine anilide as print molecule, and methacrylic acid and 2-
vinylpyridine as monomers. '’

7.7 Assays for Specific Amino Acids — Colorimetric procedures based on
established principles allow estimation of hydroxyproline at trace levels,'*®® and
the use of spectrophotometric enzymic assays is also standard practice, e.g. for
GABA in plant samples'®® and glutamic acid in tissue through deamination
using glutamic dehydrogenase, followed by derivatization by formazan forma-
tion.'””° An unusual approach, using TLC with a stationary phase carrying
Agrobacterium tumefaciens harbouring lac2 fused to a gene that is regulated by
autoinduction, has been applied to the characterization of N-acyl-L-homoserine
lactones in biological samples.'%”!

The trend shown in the literature, on which this Section is based, continues
towards the development of sensors designed for the quantification of individual
amino acids in physiological samples. A chemiluminescence-generating system
centred on an immobilized D-amino acid oxidase has been described for
estimating the D-enantiomer content of samples of coded amino acids.'”’> New
technology for amino acid oxidase electrodes based on iridium-dispersed carbon
paste media allows estimations of amino acids in solutions down to 10~ M,!%73
and immobilization on an oxygen electrode of the L-amino acid oxidase present
in Vipera ammodyter venom extracts provides a novel amperometric sensor for L-
amino acids.!” Immobilized glutamate oxidase using a hydrogen peroxide
electrode permits quantitation of L-glutamic acid, L-glutamine, and GABA,'”
and more sophistication is introduced into this system when a calixarene
ammonium ionophore is incorporated.'”’® Analogous estimation of L-glutamine
requires a mixed L-glutamate oxidase — glutaminase electrode.'®””

L-Phenylalanine generates a response from an immobilized L-phenylalanine
dehydrogenase sensor in a flow injection system,'°’® also the basis of corre-
sponding macroelectrodes for L-alanine, L-serine, L-aspartic acid, and L-argi-
nine'®” and miniaturized versions of these.'’®® A carbon paste electrode carrying
tyrosinase, salicylate hydroxylase, and L-phenylalanine dehydrogenase serves for
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the assay of L-phenylalanine based on the quantitation of NADH produced.'%8!

An amperometric assay for L-glutamic acid is based on use of an immobilized
thermophilic L-glutamate dehydrogenase electrode.!%%?

The benefits of flow-injection amperometry have been exploited in a biosensor
carrying tryptophan 2-mono-oxygenase for analysis of L-tryptophan or L-
phenylalanine.'%®* The first on-line sensor for GABA employs glutamate oxidase
and catalase immobilized on a glassy carbon electrode together with bovine
serum albumin and horseradish peroxidase.!%%*
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2
Peptide Synthesis

BY DONALD T. ELMORE

1 Introduction

As in the previous Report,! new techniques are becoming less numerous, but
reviews and applications of peptide synthesis continue to increase. Some
reviews”® relate to several sections of this Report whereas others are cognate to
particular sections as follows;- Section 2.1,° Section 2.3,'° Section 2.4,'"*!2 Section
2.5,13 19 Qection 2.6,2°% Section 2.7, Section 3.1,°*>7 Section 3.4,
Section 3.5,%""7! Section 3.6,”* Section 3.7,”>7* Section 3.8,”° Section 3.97°%3 and
Section 3.10.%47®® Readers are reminded that references to symposia papers and
patent literature are not included in this Report.

2 Methods

2.1 Amino-group Protection — N-Acetyl- and N-benzoyl derivatives of amino-acid
esters can be converted into the corresponding N-Boc derivatives in two steps.®’
The substrate is first reacted with 2 equivalents of Boc,O and 0.2 equivalents of 4-
dimethyl-aminopyridine preferably in tetrahydrofuran to give the N-acyl-N-Boc
derivative. The N-Ac or N-Bz group is then removed with LiOH or N,Hj. If the
latter (4 equivalents) is used in MeOH, the two steps can be effected as a one-pot
reaction. Experiments designed to replace N-Ac by N-Z were only partially
successful. N-Boc groups can be removed using BF3-Et,O and molecular sieves in
CH,Cl, at room temperature.”® The base-labile 2-(4'-nitrophenyl-sulfonyl)ethoxy-
carbonyl (Nsc) group can be used as an alternative to Fmoc as witnessed by SPPS
of several models including the inevitable ACP(65-74).°! N-Boc- and N-4-
methoxybenzyloxy-carbonyl derivatives of amino acids can be prepared®® from
the corresponding benzotriazole derivatives (1). Improved syntheses of the Boc
and Fmoc derivatives of 4-(2’-aminoethyl)-6-dibenzo-furanpropionic acid (2)
have been described.®® This amino acid nucleates B-sheet folding in a synthetic
peptide. Difficulties experienced while using the Fmoc group have prompted
Carpino™ to seek a different reagent where deprotection is simultaneously
accompanied by a scavenging process. Appropriate location of a urethane group
relative to a Michael acceptor sufficed (Scheme 1). A sulfonyl group proved to be
satisfactory for X and experience with three candidate groups focused attention
on the 1,1-dioxobenzo[b]thiophene-2-ylmethoxycarbonyl (Bsmoc) group (3).
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Deprotection of a Bsmoc derivative (4) with piperidine is outlined in Scheme 2.
The labile intermediate (5) spontaneously rearranges to the stable product (6) in a
short time. Some Bsmoc-derivatives were noncrystalline. The use of the related
1,1-dioxonaphtho[1,2-b]thiophene-2—ylmethoxycarbonyl (Nsmoc) derivatives
avoided this slight difficulty. The 2-benzoyl-2-ethoxycarbonylvinyl group (7) (R
= OEt, R? = Ph) has been examined for amino-group protection.’® Deprotection
is achieved by reaction with NH,OH.HCIl or N,H4.HCl which produces the
hydrochloride of a peptide ester and respectively (8) or (9). Some variation of the
substituents R' and R? is possible. The 2-picolinoyl group is a potential
candidate for protection of o-amino groups’® since it can be removed by

’\O
i
@j_/ocor\u-w @ + CO, + YNH,
S s CH,

O// \\O O// \\O
4 ®)
SubS
//S\\
O O

(6)
Reagent: i, piperidine
Scheme 2
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RZ
EtO,C EtO,C
@ ® ©)

electrochemical reduction in aqueous MeOH at pH 2 without noticeable enan-
tiomerization at any stage. When using N-Alloc protection at the N-terminus and
an O-dimethylallyl ester at the C-terminus, the former can be removed by
Pd(OAc),/triphenylphosphino trisulfonate sodium salt without affecting the
latter.’” N-Alloc protection of a-amino groups gives satisfactory results in SPPS
using Pd(PPhs), in the presence of PhSiHj; as a scavenger for the allyl system.”® A
tandem N-terminal deprotection — coupling protocol was developed to avoid
formation of diketopiperazine where this was a danger. As a development of the
use of the Dde group for N-terminal protection, 2-biotinoyl- and 2-hexanoyl-
dimedone were prepared.”® The former, for example, could be attached to a resin-
bound peptide. After detachment, the peptide derivative could be purified by
affinity chromatography on an avidin-agarose column. The free peptide was then
released by elution with 5% aqueous N,Hy4. Dipeptide surrogates containing a
tetrahydropyrimidinone derived from asparagine have been prepared (Scheme 3)

Ar Ar (0]
k ; NHFmoc
NH, NH, i NH SN i NN
O (:()zBUt O (:OzBUl (6] ‘COZBul
j ii
o
H NHFmoc
NH, N
. R
o "CO,R
Reagents: i, ArCHO; ii, FmocNHCHRCOCI; iii, H3O*/tetrahydrofuran
Scheme 3

and used in SPPS.!® The heterocycle protecting the two N-atoms of Asn could
then be cleaved by mild aqueous acid hydrolysis. N-Alkylamino acids with a
substituent in the o-position of the alkyl group are accessible by reductive
alkylation of amino acids and the Boc and Fmoc derivatives of these can be
prepared using temporary trimethylsilyl protection.'°! Incorporation of a trifluoro-
methylamino acid into the C-terminal position of a peptide has been effected
using N-Teoc derivatives of a-CF3-amino acids.'®> The monomethoxytrityl group
has been used to protect the g-amino group of Lys residues in the synthesis of
complex prodrugs of anticancer compounds.'® It is cleanly removed by
Cl,CHCO,H and CICH,CO-H in presence of anisole. In the synthesis of methyl
ketones of peptides containing C-terminal Lys, amino groups were protected with
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the Z-group and only hydrogenation was satisfactory for subsequent removal of
these groups.'®

2.2  Carboxy-group Protection — t-Butyl esters of amino acids can be prepared
in a one-pot reaction using anhydrous MgSO, and a catalytic quantity of
concentrated H>SO,.'%° Hydroxyamino acids are converted into the t-butyl ether
by this method. t-Butyl 2-(trifluoroacetylamino)carboxylates, which are accessible
by the alkylation of trifluoroacetamide with t-butyl 2-bromocarboxylates, are
selectively hydrolysed to the hydrochlorides of the t-butyl esters of amino acids
under liquid-liquid phase transfer catalytic conditions using CH,Cl, or Et,0,
aqueous 20% KOH, 10% triethylbenzylammonium chloride at 25-40°C.'%
MgBr,-Et,O in CH,Cl,, which had previously been shown to cleave B-(trimethyl-
silyl)ethoxymethyl esters of carboxylic acids, has been found to function similarly
with derivatives of amino acids and peptides.'®” This mild method could be useful
especially when orthogonal protection of carboxy groups is required. 4-Hydroxy-
phenacyl esters of simple peptides release the free peptide and 4-hydroxyphenyl-
acetic acid under the influence of a photo-trigger.'®® y-2-Adamantyl glutamate
has been found suitable in peptide synthesis.'® The ester group is removed using
MeSO;H, M-CF3;SO;H/PhSMe in CF3CO,H or HF.

2.3 Side-chain Protection — O-Alkylation of Ser derivatives can be achieved
with various alkyl bromides or iodides with finely divided ground KOH and
Aliquat 337 at room temperature.''® The tris(trimethylsilyl)silyl (sisyl) group is of
potential interest for the protection of side-chain hydroxyl groups although it has
not been applied to peptide synthesis yet.'!! It is resistant to fluoride but labile to
photolysis with a medium pressure Hg lamp. The Na™ salt of Thr or the Li* salt
of Ser react with BF3.Et,O in tetrahydrofuran to give a 2,2-difluoro-1,3,2-
oxazaborolidin-5-one in which the NH, and CO,H groups are simultaneously
blocked, allowing formation of the t-butyl ether by reaction with Me,C=CH,
with BF3~H3POy as catalyst.''? H-Ser(Bu')-OH is liberated by mild hydrolysis.
The hydroxyl group of Tyr can be protected by the 2-Adoc group by Schotten-
Baumann type acylation of the Cu complex of the amino acid.''® The 2-Adoc
group is stable to mild acid treatment but detached by reaction with M-
CF;SO3H/thioanisole and HF. The 2,4-dimethylpent-3-yloxycarbonyl (Doc)
group is another new group for the protection of the Tyr hydroxy group.'' It is
stable to piperidine but completely cleaved by HF.

New protecting groups for the side chain of arginine have been reporte
They (10, 11) are based on the dibenzo[a,d]cycloheptene structure and are acid-
labile, although 10b is too labile to be useful synthetically. It is notable that Trp

egrNlie g

(10) a, R=H; b, R= OMe (11)

d.115’116



2. Peptide Synthesis 115

residues need not be protected from alkylation by carbocations if protecting
groups are removed at ~6°C.'"3

If the imidazole ring of His residues is protected by the 2,4-dinitrophenyl
group, removal of Fmoc groups by 20% piperidine in CHONMe, partially
deprotects the heterocycle.'!” The imidazole group of His can be protected by
allylation.!'® Boc-His-OMe can be converted into the N'-trityl derivative which
provides a route to the N™-allyl derivative. Alternatively, Boc-His-OMe reacts
with excess CH,=CHCH,Br to give the bis-allyl derivative as the hydrobromide.
Surprisingly, reaction of the latter with Et,NH/NaHCO; in the presence of a
catalytic amount of Pd(PPhs),; or PhSiH3/NaHCO; removed the more hindered
NT-allyl group and the resultant N'-derivative could be converted into the N°*-
Bom compound. Reaction of Boc-His(N*-Boc)-OMe with 2-adamantyloxy-
methyl chloride (2-Adom-Cl) followed by saponification afforded Boc-His(N"-
Adom)-His-OH.'"® This can be used for peptide synthesis without fear of
enantiomerization and the process is assisted by the enhanced solubility of
intermediates and products in organic solvents. The 2-Adom group is stable to
CF;CO,H, M-NaOH and 20% piperidine/CHONMe, but is easily removed by
M-CF;SOsH/thioanisole.

Novel xanthenyl groups (Xan and 2-Moxan, 12) have been used for thiol
group protection.'®® Cysteine or other thiol-containing amino acid is reacted with
xanthydrol and CF;CO,H as catalyst. Both groups are stable under conditions
used to remove Fmoc groups, but are cleaved by I, or TI(OCOCF;);. An
unexpected lability of the Acm group has been observed.'?' After solid-phase
assembly of H-Asn-Gly-Gly-Cys(Acm)-Glu(OBu")-Gln-Tyr(Bu')-Cys(Acm)-
Ser(Bu')-Asp(OBu')-resin, attempted deprotection and cleavage with various
reagents containing CF;CO,H resulted in cleavage of some Acm groups and
some alkylation of the Tyr residue ortho to the OH group. Formation of both
byproducts could be avoided by using more dilute cleavage/deprotection reagents
and by including a scavenger such as phenol.

I o I R

(12) R =H, OMe

2.4 Disulfide Bond Formation — In a comparative study of methods of forming
disulfide bonds by oxidising reduced oxytocin, the best yield was obtained using
CF3C0O,H/Me,SO (5:1)."22 Other similar comparative studies have been carried
out'?'>* and the latter paper recommends treatment of the bis-Acm peptide with
Hg(OAc), followed by treatment with H,O,. It is clear that no method for
forming disulfide bonds is universally superior to other procedures. A more
ambitious project involved the synthesis of a 32-residue peptide obtained from
amaranth seeds.'?> Of several reagents used to remove Acm groups, Hg(OAc),
was best. Cyclopsychotride, a 31-residue cyclic peptide from the tropical plant
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Psychotria longibes, containing three intrachain disulfide bonds, has been synthe-
sized using orthogonal methodology for forming the correct disulfide bonds.'?¢
Methods for forming disulfide and trisulfide bridges in peptides have been
thoroughly reinvestigated.'?” The sulfur bridges were found to be best formed by
directed methods (Scheme 4) while the peptide was still attached to the resin used
for SPPS. Peptides containing two residues of Se-(4-methoxybenzyl)seleno-
cysteine appropriately spaced in the peptide chain have been synthesized.'?®
Removal of the 4-methoxybenzyl groups with piperidine had to be carried out in
the minimum time in order to suppress B-elimination of 4-MeOC¢sH4CH,SeOH
and loss of chirality. Formation of an intramolecular diselenide bridge was
unsatisfactory except with Me,SO/CF;CO,H.

s
SH  (S)i —— 57 7X(S), +COS +HX

Scheme 4

2.5 Peptide Bond Formation — Several carbodiimides have been compared for
their efficiency in forming peptide bonds.!?!3° The use of additives such as
HOBt, HOSu and N-hydroxy-5-norbornene-2,3-dicarboximide to enhance
peptide bond formation in coupling reactions mediated by N-ethyl-N'-(3-di-
methylaminopropyl)carbo-diimide in aqueous solution has been studied.'*! Only
0.1 moles of additive is sufficient. The formation of the mesionic compound, 4-
benzyl-2-phenyl-1,3-oxazolium-5-olate (13), has been observed during the carbo-
diimide-mediated synthesis of Bz-Phe-Leu-OMe.!*? This compound can also be
obtained by tautomeric transformation of 4-benzyl-2-phenyl-5(4H)-oxazolone. A
series of N™-Bpoc amino acid pentafluorophenyl esters including several with
bulky side chains has been synthesized.'>* A series of 4-sulfotetrafluorophenyl
esters of amino acids has been described.'** They are highly reactive and
hydrophilic compounds and can be used in aqueous solution.

Urethane-protected N-carboxyanhydrides (UNCAs) are uniquely suited for the
study of enantiomerization during peptide bond formation since only the direct
abstraction of proton from the a-carbon atom is available. Such a study has been
carried out!*® and the enantiomers were separated by chiral HPLC. The influence
of the nature of tertiary amine used, the side chain structure of the UNCA and
the nature of the solvent were studied. The coupling of Cys in SPPS with the side
chain protected with Acm, Trt, Tmob or Xan using coupling agents such as BOP,
HBTU, HATU, or PyAOP gives unacceptable levels of enantiomerization
especially if a preactivation period is used.'*® By avoiding a preactivation period,
use of smaller quantities of weaker bases and change of solvent from CHONMe,
to CH,Cl,, the loss of chirality was greatly diminished.

Phosphonium derivatives of 1-hydroxy-7-azabenzotriazole (HOAt) such as
PyAOP (14) are useful for the synthesis of peptides of hindered amino acids,
difficult short sequences and cyclic peptides.'*” An advantage of phosphonium
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reagents relative to uronium salts is the absence of the detrimental side reaction
at the N-terminus which blocks further chain assembly. In the assembly of the
notorious ACP(65-74), PyYAOP/HOAt gave better yields than PyAOP alone or
with HOBt and better than PyBOP with or without HOBt. Interestingly, four
new organophosphorus coupling reagents have been described.'*® Tetramethyl-
fluoro-formamidinium is reported to be an excellent reagent for the formation of
acyl fluorides in peptide synthesis.!* 2-Chloro-1,3-dimethylimidazolidium hexa-
fluorophosphate (15) in the presence of HOAt or HODhDt is a suitable reagent
for synthesizing peptaibol peptides.'*® Alamethicin F-30 (containing 8 Aib
residues) and trichovirin 14A (containing 5 Aib residues) were synthesized using
this coupling agent.

In the Kent method of coupling peptide segments, one of which has a C-
terminal thioester group while the other has an N-terminal Cys residue, the
undesirable removal of an Acm group is suppressed when AgCl is used as an
activator of the thioester moiety.'*' It was further found that addition of an
excess of a thiol had considerable influence on the rate of coupling of two
peptides by the thioester method.'*? The highly reactive 3-nitro-4-carboxybenzyl
a-thioester is converted into the less reactive thiobenzyl ester by addition of
C¢HsCH,SH. Conversely, a weakly reactive peptide o-thioester (e.g.
-COSCH,CO,H) is converted into a more reactive ester by the addition of
Ce¢HsSH. This paper also describes the synthesis of a barnase analogue by
forming a Gly**-Cys* bond. Barnase contains a Lys residue at position 49 so it
was somewhat surprising that no attempt was made to convert Cys* in the
analogue into a thialysine residue. The related method of Kemp and Tam has
been extended by having N-terminal His in the C-terminal fragment.'*> The
imidazole ring is postulated to afford anchimeric assistance in the coupling step
(Scheme 5).

There are two reports of physical aspects of peptide bond formation. The use of
sonication in peptide synthesis has been described.'** From the rate enhancement
of peptide synthesis induced by increased pressure, the activation volume, AV¥,
can be computed. Values reported'*® are strongly negative, indicating an associa-
tion with development of charges proceeds in a rate-determining transition state.

2.6 Peptide Synthesis on Macromolecular Supports and Methods of Combinatorial
Synthesis — Most of the research activity on new methodology is focused on this
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section of the report. Some new supports and new linkers have been devised. 3-
Nitrobenzophenone oxime resin is claimed to be more stable than the isomeric
Kaiser resin and to be more reactive.'*® 4-Bromomethyl-3-nitrobenzamido-
benzylpolystyrene resin has been used to synthesize Leuprolide, an analogue of
LHRH.'*" Sepharose™ to which 1,3-diaminopropane and p-[(R,S)-0-[1-(9H-
fluorenyl-9-yl)methoxyformamido]-2,4-di-methoxybenzyl]phenoxyacetic acid had
been linked in turn was used to synthesize ACP(65-74) using Fmoc chemistry'*®
with satisfactory results. 4-Hydroxy-2-methoxybenzaldehyde was coupled to
Merrifield resin and the product was reduced with NaBH, affording a new
synthesis of SASRIN™ resin.!*’ The use of two high-loading resins has been
described.'*13! 4-Hydroxymethylbenzoic acid can be attached as a stable linker
to cellulose for peptide synthesis by the SPOT technique.'>*> Two new fluoride-
labile linkers (16,17) have been designed.'>* Peptide detachment can be achieved

\Pi_o
O OH ‘Pl oH

SiMe3 SiMe3
(16) 17)

under basic or neutral conditions. An improved allylic linker (18) has been
developed which contains a flexible portion that permits access of Pd(0) complex
during the detachment step.!>* A new support (19) for the synthesis of Arg
peptides is covalently bound to the guanidino group and consequently assembly
can proceed from either end.'*®> Detachment is best achieved with HF since other
acids tend to give some product still bearing the linker. An ingenious linker
containing a safety catch which is operated when a Boc group is removed by acid
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is depicted in Scheme 6.'°® The 4-methylsulfinylbenzyl (Msob) group, which is
rather stable to acid, has been used for side-chain protection and incorporated
into linkers (e.g. 20).'>” The acid stability of the Msob group vanishes when the
sulfoxide group is reduced so that the peptide is detached from the resin and
Msob-based protecting groups are removed. Fmoc protection can be used during
SPPS. Some new xanthene derivatives (21,22) have been used as linkers for the
SPPS of amides.'**'* New tritylamine-based linkers (23) have been developed
for the same purpose.'® Secondary amides of peptides can be prepared using 2-
methoxy-4-benzyloxypolystyrene aldehyde resin.'®' Peptide hydroxamic acids
can be prepared by assembling a peptide on 4-methylbenzhydrylamine resin
followed by reaction with NH,OBzl and then deprotection by HF.'> Aminoxy-
trityl'®® and -2-chloro-trityl'®* supports have been used for the synthesis of
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peptide hydroxamic acids. Alternatively, protected N-alkylhydroxylamines can
be attached to a resin and peptide assembly using Fmoc chemistry affords
peptide N-alkylhydroxamic acids.'®® Peptide aldehydes have been obtained by a
multipin method using a methacrylic acid/dimethylacrylamide polymer grafted
on to polyethylene pins.'®® An alternative method starts from an ap-unsaturated
d-amino acid which is the C-terminal residue in SPPS; on completion of assembly,
the peptide aldehyde is liberated by ozonolysis.!®” Two new photolabile linkers
attached to polymeric supports have been prepared!®®!® and these offer another
method of detaching products of solid-phase syntheses under mild conditions.
The generation of C-terminal thioesters is of some interest. By using a linker
containing a thiol group, SPPS generates a thioester which can be cleaved with
alcohols, amines and organometallic reagents affording esters, amides, ketones,
aldehydes and alcohols.!”® Thiolesters have been prepared by coupling
HS(CH,),CO,R after detachment from a 2-chlorotrityl resin.'”' If a hydroxy-
methyl resin is treated with disuccinimidyl carbonate an unsymmetrical carbonate
ester is formed. This will react with the free hydroxyl group in the side chain of
Ser, Thr or Tyr and a peptide can be assembled and converted into a homodetic
cyclic peptide while still attached thus avoiding an intermolecular coupling at the
point of cyclization.'”?

Cs salts of Boc amino acids react rapidly with chloromethyl polystyrene in the
presence of a catalytic amount of dibenzo-18-crown-6 in CH3CONMe, and
Fmoc amino acids can be similarly coupled to Wang resin.!”> A problem has
been encountered in the attachment of glycosylated Ser and Cys derivatives.!”
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Unacceptable levels of enantiomerization have been found with several coupling
methods and best results were obtained using 2',4’,6’-mesitylenesulfonyl-3-nitro-
1,2,4-triazolide. An amino acid attached by its carboxy group to a resin can be
reacted with 2-nitrobenzenesulfonyl chloride in presence of Pr',NEt, the product
N-methylated under Mitsunobu conditions and the protecting group removed
with PhSNa in CHONMe,. The published paper reports the introduction of an
Fmoc group and the detachment of the protected N-methyl amino acid,'” but
this procedure could be the first stage of the SPPS of a peptide with a C-terminal
N-methylamino acid. A similar method can be used to methylate particular
amino acids in peptide undergoing SPPS.!"® Six analogues of a thrombin receptor
agonist hexapeptide were synthesized in which a different amino acid was
methylated in each case. The peptides contained Arg(Pmc) and some reaction
with the side chain occurred. This was best avoided by assembling the related
peptide containing Orn and guanidinating it after assembly. The N-terminal
amino acid of a peptide attached to a resin can be alkylated by first forming a
Schiff base with an aromatic aldehyde then reacting the protected peptide with an
alkyl halide in the presence of a base to effect alkylation.'”” The peptide can be
either further extended or detached as required.

Attachment of the a-amino group of the intended N-terminal amino acid to a
support has not been widely used because of the high risk of loss of chirality in
the product. SPPS of mini-libraries, however, has been reported.178 A more
extensive and ambitious study has been made of inverse SPPS.!” Careful choice
of linker and coupling conditions together with strategic backbone protection
enabled some peptides of high optical purity to be synthesized. A new method for
evaluating conductimetric data during SPPS has been described.'®® A neural
network algorithm is used and this can predict the final yield by analysing the
conductivity signal over the first 5 min.

Azido acids, obtained by a-bromination of alkyl acids followed by reaction
with NaN3, can be converted into acid chlorides which can then be used in SPPS.
The azido group is reduced to amino by dithiothreitol.!®! Another interesting
variation of conventional SPPS involves the synthesis of B-peptides using the
Arndt-Eistert method of homologation of a peptide attached to an inert
support.'82 SPPS of peptides containing the Y[CH,NH] moiety can be compli-
cated by double alkylation especially if the pseudopeptide group is followed by
Gly when double alkylation can occur. This can be circumvented by protection of
the secondary amine with the 2 4-dimethoxybenzyl group.'®® Deprotection is
effected using M CF;SO;H/PhSMe/CF;CO,H. SPPS of peptides containing
sulfated Tyr residues can be complicated by loss of the sulfate group at the
deprotection and detachment stages. A two-stage process is now recommended in
which the peptide is detached from the support using CH;CO,H/CF;CH,OH/
CH,Cl, (1:1:3, 25°C, 45 min.) followed by 90% CF3;CO,H for removal of
protecting groups.'® In the synthesis of peptides containing 4-benzoylphenylala-
nine, some dithioketal was formed during the acidolytic detachment of product in
the presence of dithiols as scavengers.'®® This side reaction can be avoided by
using dithiothreitol as scavenger. The release of peptides that are attached to
hydrophilic supports by the Dpr(Phoc) linker can be facilitated by adding Ca**
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ions'®, thus reducing the need for high OH™ concentrations. Resin-bound
peptides can be cleaved from Kaiser oxime resin using an oxygen nucleophile
(H,O, CH3;0H, BzIOH) in the presence of 1,8-diaza-bicyclo[5,4,0Jundec-7-ene
(DBU).'® Protecting groups are retained.

Difficult solid-phase syntheses continue to attract attention. ACP(65-74) has
been prepared by SPPS at 60 °C using diisopropyl carbodiimide with no problems
arising from peptide aggregation.'®® A search was also made for an optimized
synthesis of unsulfated CCK12. More syntheses along these lines are desirable to
determine if aggregation is regularly circumvented and to ensure that enantiomer-
ization is not an alternative difficulty. A detailed study of the synthesis of H-Ala-
Arg-(Ala)g-Lys-OH has been made.'®® Aggregation interfered with removal of
Fmoc group, a problem that was alleviated by using DBU. Inefficient coupling in
the later steps was overcome by double coupling. The authors recommend using
absorbance measurements to monitor deprotection and to detect the onset of
aggregation. Similar problems were encountered in the synthesis of H-(Ala)g-Lys-
OH.'° The authors used near-infrared Fourier transform spectroscopy to
monitor the progress of reaction. Yet another ploy to detect aggregation of a
peptide chain involves the incorporation of 2,2,6,6-tetramethylpiperidine-1-oxyl-
4-amino-4-carboxylic acid in the peptide so that chain aggregation can be
detected by EPR spectroscopy.'®!

Two papers'®>!%3 describe the synthesis of N®-Fmoc-N"-(2-hydroxy-4-meth-
oxybenzyl)amino acids and their incorporation into peptides by SPPS. 4.5-
Dihydro-8-methoxy-1,4-benzoxazepin-2(3H)-one is reported to be an inter-
mediate in the coupling step.!”> Several difficult sequences were successfully
synthesized. Using the longer known bis-Fmoc-Hmb amino acids, a 34-residue
sequence from the rat bradykinin receptor fragment has been synthesized.'®*
Although reversible alkylation of the C-terminal amide bond of a protected
peptide segment with a 2-hydroxy-4-methoxybenzyl group dramatically sup-
presses enantiomerization during subsequent coupling, formation of a 4,5-
dihydro-8-methoxy-1,4-benzoxazepin-2(3H)-one during activation greatly de-
creases the rate of coupling'®® (cf. ref. 193). A new safety-catch protecting group,
6-hydroxy-5-methyl-1,3-benzoxathiolyl-, has been designed and found to be
satisfactory. Scheme 7 outlines its synthesis and use. The Fmoc group can be
removed by piperidine/CHONMe, (1:4) and the protecting group is labilized for
acidic hydrolysis by reduction of the sulfoxide group when assembly is complete
(cf. ref. 157). Despite the plethora of resins, linkers, protecting groups and
coupling methods available, not every synthetic protocol yields high yields of
pure peptides. A neat method of peptide purification has been designed.'”® A
removable handle, e.g. BocNH(CH,),SO,(CH,),OCO-, is attached to the free
amino group of the finished peptide. The Boc group is removed and replaced by a
group that is complementary (not complimentary as in the paper!) to another
group which is covalently attached to a suitable chromatographic support to
permit affinity chromato-graphy to be carried out. After purification, treatment
with base detaches the desired peptide with complete removal of the disposable
handle.

The design and synthetic methodology in preparing combinatorial libraries of



2. Peptide Synthesis 123

HN™ YCO,H FmocASp(OBU)~ N~ YCO,H
S CHO i S i S
< —< — <
OH o OH o OH
Liii
Bzl
FmocAsp(OBuY) < /‘\/H
N~ YCO,H

o)
i\

<S]©5
o OH

Reagents: i, L-H-Phe-OH, KOH, NaBH, in ag. EtOH; ii, [FmocAsp(OBut),0, Na,COs in aq. dioxan;
iii, 3-chloroperoxybenzoic acid in CH,Cl,

Scheme 7

peptides continues to attract much attention. Even small peptides present
problems of low yield.!”” As expected, coupling rates depend on the nature of
both incoming and immobilized amino acids, and some potential library
members may be absent. Increasing the amount of incoming amino acid does not
always cure the problem. In preparing a library of potential epitopes, ELISA
binding studies showed that a flexible linker is better than a rigid moiety.'*® The
diversity of libraries can be optimized using a genetic algorithm.'®® The design of
cyclic scaffolds for peptide combinatorial libraries has been described.>”® The
optimization of one-pot syntheses of peptide libraries has been studied.?®' The
peptides were identified by sequencing, MALDI-TOF spectroscopy and amino-
acid analysis. An apparatus for the SPPS of libraries of 10 mg quantities has been
designed and constructed.*

A library of peptides containing &-substituted derivatives of Orn has been
assembled.?®* A diketopiperazine with four carboxylic acid groups has been used
as a template for a peptide library.”®* A variety of C-terminal amide groups has
been used in assembling a library.?> Diversification of structure has been
achieved by synthesizing peptomers, a new term to describe peptide-peptoid
hybrids.?®® In the first reported example of double combinatorial chemistry, a
library of compounds based on two O-alkylated Tyr residues joined by a variety
of aromatic dibasic acids has been assembled.?®” Combinatorial synthesis of
peptides usually aims to produce lead compounds with specified properties. For
example, a library of resin-bound peptides related to the active site of isopenicillin
N-synthase (IPNS) has been produced to study their binding of transition
element ions.?®® A library of 1152 peptidomimetics based on the B-turn has been
tested for affinity towards HCO-Met-Leu-Phe-OH receptor.?®® A library of 64
linear and 256 cyclic pseudopeptides containing the Y[CH,NH] moiety and
related to enkephalin has been constructed.”’® It is important to stress that
combinatorial techniques are used to search for non-peptide compounds with
desirable pharmacological properties for the obvious reason that they should be
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resistant to the ubiquitous proteolytic enzymes. Since this Report is concerned
with peptide synthesis, only one example of this approach is cited here.
Antagonists of the GpllIb/IIla system are important and peptidic compounds are
mentioned in Section 3.1 under RGD peptides. Nonpeptidic antagonists have
been sought using combinatorial synthesis.>!!

This section concludes with a very brief mention of analytical methods used to
determine what combinatorial synthesis has produced. The methods can include
tagging during synthesis, sequence analysis and the use of physical methods.
Fluorescent confocal microscopy is a very sensitive and nondestructive tagging
method.?'? Laser optical encoding can also be used.?'*> Multiple fluorophores can
be used for tagging since spectral deconvolution is feasible.>'* For libraries with
restricted diversity generated by the split-mix methodology, the amino acids on a
selected single bead identified by precolumn derivatization correlate directly with
the sequence of a peptide thereby permitting rapid sequencing without the need
to undertake encoding strategies.”!> If SPPS is used in the reverse sense by
coupling the N-terminal residue to the support, the Edman method of sequencing
cannot be used and an alternative method (‘“methionine scanning’) has been
devised.?'® A small amount of Met is incorporated in each coupling step and
single beads can be treated with CNBr in aqueous CF;CO,H for 24 h to effect
cleavage at Met residues and electrospray mass spectroscopy gives a ladder of
peptides which permits determination of sequence. A photolytic mass laddering
method for characterization of oligomers on single resin beads has been
described.?!” If PAN=C=0 is used as a terminating label for ladder sequencing of
peptides, the method is complicated by the loss of label in the gas phase on the
time scale of a Fourier-transform mass spectrometry experiment. The use of N-
carboethoxyphthalimide as a labelling agent, however, is satisfactory because the
derivatives are stabilized by their cyclic structure.?'® Other physical methods can
be used to assess the results of SPPS. If Fmoc chemistry is used and the product
assessed using time of flight-secondary ion mass spectrometry, the Fmoc group
gives an ion with m/z = 165. This should be absent after deprotection.?!® This
provides a sensitive test for the presence of a truncated species. A UNIX-based
programme is available for quality control of peptide libraries using mass
spectrometrical data as input.??® A combinatorial search algorithm in combina-
tion with partial-least squares models of QSAR has been used in the synthesis of
a library of peptides aimed at production of analogues of an antibacterial
peptide.??! The result of the analysis showed that hydrophobicity and amphi-
pathicity were the most important physical features of the active molecules. A
model experiment has been used to screen a library of peptides as potential
substrates of glutathione-S-transferase with a double technique consisting of
electrospray ionization — Fourier-transform ion cyclotron resonance mass spec-
trometry.”?> Monitoring of Fmoc/SPPS by matrix-assisted laser desorption/
ionization mass spectrometry of product after detachment from beads has been
reported.??* Diffuse reflectance infrared Fourier transform spectroscopy has been
used with supports that do not contain carbonyl groups as these would interfere
with the method.?** The analysis is done without detachment of the peptide(s)
from the resin and requires only 30 sec. Finally, homonuclear and heteronuclear
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magic-angle spinning NMR spectroscopy has been used during the SPPS of a 10-
residue peptide.??* Difficulties due to peptide-chain aggregation could be resolved
by titrating the immobilized peptide with Me,SO which increased the mobility of
peptide and narrowed the NMR peaks. Some of these last few methods were used
in the SPPS of single peptides, but they could probably be applied to the assembly
of libraries.

2.7 Enzyme-mediated Synthesis and Semi-synthesis — Crosslinked crystals of
subtilisin display high catalytic synthetic activity with an enhanced stability.?*°
Proteinases have been used to synthesize esters of amino acids from ethanol,?*’
secondary alcohols®*® and glycerol.?* The last are good substrates for trypsin-
catalysed peptide synthesis. A considerable amount of work has been done on
peptide synthesis in different systems. Acetylated dipeptide amides have been
made in reversed micelles using a-chymotrypsin.?***! By careful study of the
conditions, yields of 85% were obtained. Further studies have been made of
syntheses in one-phase systems composed of water and a polar solvent.>3>?** His,
Tyr or Met could be attached to the C-terminus of the nonapeptide, microper-
oxidase-9 using trypsin in 50% aqueous CHONMe,. The effect of co-solvent on
yield and kinetics was investigated using carboxypeptidase Y.2** Highest yields
were obtained in 50% aqueous Me,SO. When corrections were applied for
enzyme denaturation and the concentration of amino component was fixed, the
mechanism appeared to be Random Bi Bi. The industrial proteinase, neutrase,
when codeposited with sorbitol on a polyamide, gave very high yield of dipeptide
derivatives in a system composed of MeCN and 4%(v/v) buffer.?>* The synthesis
of Bz-Arg-Gly-NH, using trypsin modified with carboxymethyldextran was
studied in a biphasic system containing dextran and polyethyleneglycol (PEG).>*
Good yields were obtained because the product was more soluble in the PEG
phase, whereas the enzyme was mainly in the other phase. Fundamental thermo-
dynamic aspects of synthesis in biphasic systems have been studied.”*® Mass
transfer provides the driving force for synthesis. The overall synthesis equilibrium
is characterized by an equilibrium constant that is independent of pH, phase
volume ratio and reactant partition coefficients. The catalytic activity of subtilisin
Carlsberg and a-chymotrypsin in anhydrous solvents is dramatically enhanced on
addition of dry MeOH, but EtOH or Pr"OH have no effect.??’ It was concluded
that MeOH activates the enzyme by a solvation process. When MeOH and H,O
are added together, kinetic data suggest that these act cooperatively. The use of
various anhydrous solvents in the transesterification of CF;CO-DL-Phe-
OCH,CF; by Pr"OH using subtilisin affects velocity and enantioselectivity
differently.?*® Surface-active agents complex with proteinases and the complexes
are soluble in hydrophobic and hydrophilic solvents. a-Chymotrypsin and
subtilisin in a form that is soluble in organic solvents are effective catalysts for
peptide synthesis.?**2*? k /K., Is considerably higher than for suspended forms
of the enzymes.?*® An alternative model of subtilisin in organic solvents proposes
the existence of four forms of the enzyme, native, a denatured form that is
renaturable in octane or water, a denatured form that is renatured only in water
and an irreversibly denatured form.>** A wider study of the structure and activity
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of enzymes complexed with surface-active agents in organic solvents is to be
expected. Further studies have been made of the protocol in which one or both
substrates are undissolved.?*>?** Conditions are particularly favourable if the
product precipitates. The key variable for a high yield is the ratio between
aminolysis and hydrolysis and so a high nucleophile concentration is advisable.
Optimal conditions afford an almost quantitative yield. The use of frozen
aqueous solution as a medium for peptide synthesis with proteinase catalysis
displays important differences from homogeneous systems. Di- and tri-peptide
esters without N-o-protection can be used as acyl donors in presence of o-
chymotrypsin®*® and yields can be very high. It is important, however, to note
that enzyme specificity can be modified. At room temperature with this enzyme,
amino acids with positively charged side chains are unacceptable at the P»,
position but are in frozen solution.

In contrast to chemical synthesis of peptides, it has been shown that enzymic
synthesis can be effected from the N- to the C-terminus.?*® Z-Lys-Tyr-OEt was
coupled with Arg-OPr using a-chymotrypsin and the product was coupled with
Ser-OBzl using clostripain to give Z-Lys-Tyr-Arg-Ser-OBzl; hydrogenolysis
afforded the free tetrapeptide. Subtilisin BPN’ can be used to couple nucleophiles
such as P-amino acid derivatives, peptide mimetics or amino acids bearing
protected phosphoester groups to suitable acyl donors.>*” Thus, peptide deriva-
tives with an amino alcohol or amino aldehyde at the C-terminus are easily
accessible.*®

Some aspects of proteinase specificity are relevant to peptide synthesis. Peptides
containing o-CF3 groups are absolutely resistant to chymotrypsin so presumably
cannot be synthesized using this enzyme.?* Esters of Bz-Phe-OH can be used as
acyl donors in syntheses catalysed by trypsin.?*® The products are resistant to
tryptic hydrolysis thus providing high yields. Peptides derived from L-t-leucine or
L-neopentylglycine have been obtained in syntheses catalysed by thermolysin or
chymotrypsin.>>' The use of inverse substrates of trypsin is well established. 4-
Guanidinophenyl and 4-guanidinomethylphenyl esters of aa-dialkyl amino acids
couple with amino acid 4-nitroanilides in high yield in presence of bovine trypsin
or preferably S.griseus trypsin.>>> Fragment coupling has been described using
inverse substrates.?>* For example, coupling of the 4-guanidinophenyl ester of
Boc-Phe-Gly-Gly-OH and H-Ala-Phe-Ala-Ala-Gly-OH gave yields of 83-98% of
octapeptide. This type of approach to the coupling of peptides will surely be more
fully exploited in the future.

Modified forms of proteinases have been long been used and there have been
some further examples. Acetylated trypsin gives very high yields of Bz-Arg-Leu-
NH, due to a decreased K,, and increased ke, compared to native trypsin.>>*
Methyltrypsin has been used for coupling alkyl and 4-guanidinophenyl esters as
acyl donors.?*> Thiolsubtilisin has been freed from subtilisin by affinity chroma-
tography on bacitracin-Sepharose and used to synthesis peptides from reactive
esters as acyl donors.?>® By using conditions that are favourable for both enzymic
synthesis and hydrolysis, a library of peptides results>>” and this could become an
alternative approach to combinatorial synthesis. There have been a few more
examples of the use of enzymes for introducing or removing blocking groups. 2-
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Methoxyethyl esters are easily deprotected by lipase and their use is favoured for
the synthesis of simple peptides and glycopeptides.”*® Alternatively, heptyl esters
have been used in the synthesis of phosphopeptides since their deprotection by
lipase avoids possible dephosphorylation by p-elimination.?>*?% In contrast, the
phenylacetyl group can be introduced on to the a-amino group using penicillin G
acylase in biphasic conditions.?®!

This section concludes with a miscellanecous selection of enzyme-catalysed
syntheses of peptides. Small fragments of CCK have been synthesized.?®>2%3
Enzyme-catalysed semisynthesis of analogues of calcitonin®®* and of human
insulin from porcine insulin?®® have been reported. Finally, a combination of
chemical and enzymic methods have been used for the synthesis of fluorescently
labelled N-Ras lipopeptides®®® and a phosphorylated glycopeptide fragment of
mammalian RNA polymerase 11.%%

2.8 Miscellaneous Reactions Related to Peptide Synthesis — A stercoselective
synthesis of dipeptides involves the C-alkylation of a 2-ethoxypyrazin-4-one
followed by ring-opening hydrolysis.>*®

A new synthesis of dehydrodipeptides comprises a two-step process consisting
of a rhodium(II)-catalysed reaction of a diazophosphonoacetate and a protected
amino acid amide to give an intermediate phosphonate which then undergoes a
Wadsworth-Emmons reaction with aldehydes (Scheme 8).2%° A further new
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Reagents: i, Rh("; ii, DBU, R*CHO, in CH,Cl,
Scheme 8

reaction starts with a di- or tri-peptide containing iodoalanine at the C-
terminus.?’® These can be converted into organozinc derivatives which react with
nucleophiles either under Pd catalysis or by transmetallation to Zn/Cu reagent to
give peptides containing an unnatural amino acid. The 2-iodoalanine peptides
were prepared from the corresponding Ser peptide using Me(PhO);P*T". This
sequence of reactions offers an intriguing possibility of building double combina-
torial libraries?®” by varying the amino acids used in the first step and then
reacting with a combination of nucleophiles in the second step. Coupling of
BocNHCH,CH,OH and Tos-CHRCO,Bzl via the Mitsunobu reaction using
PPh; and EtOCON=NCOOEt gives Boc-Glyy{CH,N(Tos)|CHRCO,Bzl.>’! The
last step in the splicing of two proteins is commonly either an O—N or S—N acyl
rearrangement of an ester or thioester. Kinetic measurements of rates of such
rearrangements in depsipeptides showed that the increase of pH accelerated
reaction but that the process had a low dependence on temperature and hence a
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low energy of activation.?’? The last group of papers in this section may herald a
new approach to peptide synthesis. A synthetic 33-residue peptide, which has a
coiled-coil structural motif, efficiently catalyses the coupling of shorter peptide
fragments with high sequence and diastereoselectivity.>’> A 35-residue peptide:

Ac-ELYALEK-ELGALEK-ELACLEK-ELGALEK-ELYALEK-CONH,

was found to adopt a coiled-coil structure that was pH-dependent.?’* The helical
content was maximal at pH 4.0, presumably as a result of protonation of the side
chains of the Glu residues. In this state, it catalysed its own formation from the
N-terminal heptadecapeptide and the C-terminal octadecapeptide. There was no
evidence that the two smaller peptides associated with each other in the absence
of the largest peptide. A similar situation obtained in the self-replication of a 32-
residue peptide resembling a leucine zipper sequence from the N-terminal
heptadecapeptide and the C-terminal pentapeptide fragments.?’> A further auto-
catalytic synthesis of a peptide was demonstrated in a flow reaction simulating
submarine hydrothermal vents.>”®

3 Appendix: A List of Syntheses Reported Mainly in 1997
Peptidel Protein Ref.

3.1 Natural Peptides, Proteins and Partial Sequences

Agouti protein

C-Terminal 41-residue fragment 277
B-Amyloid

SPPS of B-amyloid(1-42) 278
Angiotensin

Angiotensin analogues 279-283

Angiotensin II receptor ligands 284
Antibacterial peptides

Isotopically-labelled C-terminal fragment of zervamicin 285

Zervamicin 1B and deuterium-labelled analogues 286

H-Gly-His-Lys-OH and its antimicrobial activity 287

Synthetic rubredoxin 288

Mycobactin S and inhibition of M. tuberculosis 289

Magainin 2 analogues 290,291

Optimized synthesis of indolicidin 292

Gratisin 293
Atrial natriuretic peptide (factor), ANP, ANF, atriopeptin

10 analogues containing spacers in place of octapeptide sequences 294
Rat Tyr®-atriopeptin II 295
Bacterial proteins

Fragment and retro-fragment of S. aureus protein A 296

Bombesin
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Analogues

Analogues for labelling with Re
Bradykinin

Cyclic analogues

Antagonists

Pseudopeptide B, receptor agonists
Calcitonin

Analogues
Calcitonin gene-related peptide (CGRP)

Analogues
Cecropin A

Hybrid molecules with magainin-2 and melittin

Cecropin-melittin hybrids

Porcine cecropin
Chaperonins

M. tuberculosis chaperonin 10 and fragments
Chemotactic peptides

Analogues of For-Met-Leu-Phe
Cholecystokinin (CCK) and gastrin

Enzymic synthesis of CCK fragments

CCK4 analogues

CCKS8 analogues

Analogues of compound A71623, a CCK-A receptor

antagonist

CCK-B antagonists

CCK-B agonists
Collagen

Triple-helical analogues of collagen
Complement

EGF-like module of human complement proteinase Clr
Corticotropin releasing factor, CRH

103 analogues of ovine CRH

Antagonists with i-(i+3)Glu-Lys bridges
Cyclolinopeptides

Sulfonated analogues of cyclolinopeptide A
Destruxins

Destruxin B

Destruxin analogues
Didemnin

Acyclic analogues of didemnin B
Dolastatin

Linear precursors for cyclic analogues of dolastatin D
Elastin

Elastin-derived peptide chemoattractants
Endothelins

Endothelin receptor antagonists

188

129

297,298
299

300
301,302
303
264,304
305
306
307
308
309
310-312
262,263
313,314
315
316
317,318
319
320
321

322
323

324

325
326

327
328
329

330-332
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Factor VII

Domain resembling EGF
Factor X

Fragment (34-47) of bovine factor X and Ca®" binding
Fibronectin

PEG conjugate with peptides related to fibronectin
Follicle-stimulating hormone

Studies on human FSH
Galanin

Rat galanin analogues
Glucagon

Analogues
Glutathione

Glutathione labelled with '*C or °H
GnRH/LHRH

Analogues
Growth hormone

Spiroindoline-based growth hormone secretagogue
Growth-hormone releasing factor

C-Terminal PEGylated analogues
Guanylin and uroguanylin

Fragments of guanylin and uroguanylin
Harzianin

Harzianin HBI, a peptaibol from Trichoderma harzianum
HLA class I molecules

Dimeric hexapeptides
Hypusine (Hpu) peptides from brain

H-Cys-Thr-Gly-Hpu-His-Gly-OH
Immunoglobulin E

Related peptides with antiallergic activity
Insect peptides

Analogues of neuropeptide leucopyrokinin
Insulin

Enzymic synthesis of human insulin from porcine insulin
Integrins

Sulfonopeptide inhibitors of leukocyte adhesion

Selective o, B3 integrin antagonist library

Cyclic peptide antagonists of oy, integrin
Interleukins

Inhibitors of interleukin-8
Ton-channel proteins

Segment of rat-brain Na* channel
a-Lactalbumin

Peptides from Ca?*-binding bovine lactalbumin
Laminin

Analogues of laminin-derived peptides

333
334
335
336
337
338,339
340
341
342
343
344,345
346
347
348
349
350
265
351
352
353
354
355

356

357,358
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Fragments labelled with ''!In for tumour imaging
Macrophage migration inhibitory factor (MIF)

Syntheses of difficult C-terminal sequence

Fragments of mouse MIF
Macrophage scavenger receptor

Triple helical peptides that mimic ligand binding site
Melanotropins

Re-complexed a-MSH analogues

Analogues of «-MSH involving Phe’ and Trp’
Microcolin

Analogues of microcolins A and B
Neuropeptides

Large-scale SPPS of a cyclic tachykinin antagonist

Neurokinin analogues

A dipeptide neurokinin-1 receptor antagonist
Nucleic acid-binding peptides

Cationic peptide that destabilizes membranes, binds to DNA and

mediates DNA transfection
Fragment (226-252) of Leu zipper protein GCN4
Fragment of RecA protein that binds single-stranded DNA
Peptides modelling DNA-repair enzymes
Oostatic hormone
Natural hormone and analogues
Opioids, antinociceptive peptides and receptors
Enkephalin analogues
5-Opioid dipeptide antagonist
p-Selective dipeptide antagonists
Highly selective 6-opioid receptor ligands
A glycoenkephalinamide analogue
[D-Pro'%-dynorphin A analogues
Dynorphin A analogues
Deltorphin analogues
Deltorphin- and dermorphin-related glycopeptides
Biphalin analogues
Peptides related to dermorphin
Phospholipase
Total synthesis of human type II secretory enzyme
Plant peptides
Antitumour activity of Papaver somniferum pollen peptides
7 kDa peptide from tobacco plant
Pneumocandins
Analogues of pneumocandin B
Posterior pituitary hormones
Oxytocin analogues
Vasopressin analogues
Vasopressin trisulfide

131
359

360
361

362

363
364,365

366

367
368
369

370
371
372
373

374

375-378
379
380
381
382
383
384,385
386-390
391
392
393-396

397

398
399

400
127

401
402
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Protein kinase C
Cysteine-rich domain
Relaxin
Rat relaxin
RGD peptides
RGD-related peptides
Inhibitors of platelet aggregation and/or fibrinogen binding
Cyclopeptides
RGD-PEG analogues
Ribonuclease
S-Peptide analogues containing 4-phenylazo-Phe (Pap)
Saccaromyces cerevisiae o-mating factor
Analogues involving replacement of Trp!
Seminal peptides
Seminal plasma peptides and some analogues
Somatostatin
Analogues
Somatostatin conjugates
Sperm-egg fusion
Fragments of fertilin as inhibitors of sperm-egg fusion
Peptides related to the fusogenic region of PH-30a
Substance P
QSAR study of related peptides
Derivatives with photoactivatable labels
Analogues containing lactam and disulfide moieties
Thrombospondin
Antiproliferative activity of D-reverse fragments
Thymopentin
Analogues of thymopentin
Thymopentin with photoactivatable probes at N-terminus
Toxins, cytotoxins
Mastoparan and an analogue
(-)-Hemiasterlin, a novel cytotoxic tripeptide
Analogues of scorpion toxin, leiurotoxin I
Huwentoxin-I from Selenocosmia huwena
Crabrolin, a 13-residue peptide from hornet venom
(Vespa crabro) and analogues
Urotensin
Carp urotensin I and its fragments
Viral proteins

Peptides derived from gp120 that specifically enhance HIV-1

infectivity
HIV fragment analogues
C-Terminal half of protein from HIV p24gag
Fluorescent derivatives of HIV-1 nucleocapsid proteins
Fragments of c-jun protein

403
404

405
406
407-409
410

411
412
413

414
415

416
417

418
419
420

421

422424
425

426,427
428
429
430

431

432

433
434
435
436
437
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Zn fingers
Family of peptides based on Zn finger domains 438

3.2 Sequential Oligo- and Poly-peptides

Poly(L-2-anthraquinonylalanine) 439
Polyglutamine peptides associated with Huntington’s disease 440
Copolymer of 1-formyl-Trp and Ala 441
Poly-Glu and Poly-Asp scaffolding on bifunctional adamantane core 442
Polyoxaline-(glyco)peptide block copolymers 443
Polymers based on lysine 444446
Polymers of type (Leu-Lys-Lys-Leu), 447
Polymers of type [Leu-Glu(OMe)-Glu(OH)], 448
B-Oligopeptides 449
New polymerization method with organonickel initiators 450

3.3 Enzyme Substrates and Inhibitors

CT inhibitors 451
Peptidyl “inverse substrates’ of anisic acid as inhibitors of serine

proteinases 452,453
C-Terminal peptide aldehyde inhibitors 454,455
Py-Argininal inhibitor of serine proteinases 456
Radiosumin, a trypsin inhibitor from Plectonema radiosum 457
Thrombin inhibitors 458-474
Tripeptide methylketones as antiplasmin inhibitors 475
Inhibitors of leukocyte elastase 476
Orally active inhibitors of human elastase 477,478
Inhibitors of human calpain I 479,480
Calpain inhibitors immobilized on B-cyclodextrin 481
Analogues of bestatin 482,483
E-64 analogues as cathepsin B inhibitors 484
N-Benzoyltaurylphenylalanine, a substrate for carboxypeptidase A 485
Peptide N-oxides as carboxypeptidase A inhibitors 486
Inhibitors of Zn-proteinases 487-494
ACE inhibitors 495,496
Pepstatin analogues as pepsin inhibitors 497,498
Renin inhibitors 280,499-501
Inhibitors of HIV-1 proteinase 502-513
Substrates for assaying rhinovirus 14 3C proteinase 514
Peptidomimetic inhibitors of cytomegalovirus proteinase 515
Fluorogenic substrates of prolyl oligopeptidase 516
Prolyl endopeptidase inhibitors 517

Inhibitors of interleukin-1p converting enzyme 518
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Fluorescent peptides containing donor-acceptor pair of residues for

monitoring proteolytic action 519
Poststatin, natural peptide inhibitor of prolyl endopeptidase which

contains 3-amino-2-oxopentanoic acid 520
ras Farnesyltransferase inhibitors 521-525
Histidine-rich salivary peptides as inhibitors and substrates of

proprotein convertases 526
Peptides related to the Bowman-Birk inhibitor 527
Tripeptide inhibitor of isopenicillin N synthase 528
Dipeptide inhibitors of nitric oxide synthase 529
Tripeptide inhibitors of peptidylglycine a-amidating monooxygenase 530
Inhibitors of the EGF receptor tyrosine kinase 531
Inhibitors of CoA:protein N-myristoyltransferase 532-534
a-Amylase inhibitor from amaranth seeds 276

3.4 Conformation of Synthetic Peptides

a-Helical peptides 535-538
Helix-helix motifs in peptides 539
Synthetic pore-forming protein (69 residues) containing 4 helices 540
Dimer of a 42-residue peptide that forms a 4-helix bundle and

has esterase activity 541
43-Residue helix-loop-helix peptide 542
Helix-loop-helix peptide containing an NAD* mimic 543
Helical conformation of Ac-[Lys-(Aib),],-OBu" 544
Optical trigger for initiating protein folding 545
SPPS of artificial B-sheets 546
B-Sheets in libraries containing Gly,Ala,Val,Leu 547
B-Sheets containing peptidomimetic template 548
1-Aminocyclobutane-1-carboxylic acid as an effective helix and "-sheet

former 549
4-(2'-Aminoethyl)-6-dibenzofuranpropionic acid for inclusion in -sheet

structures 93
3-Stranded B-sheet containing N-methylamino acids 550
Conformation of peptides of 1-aminocyclononane-1-carboxylic acid 551
Extended B-sheet mimic for making large -sheets 552
Conformationally constrained peptides 553,554
Conformational studies on Pro peptides 555
Conformation consequences of i, i+3 cystine linkages 556
B-Turns in tetrapeptides of Pro and its analogues 557
Z-Tau-Pro-Phe-NHPr'; synthesis and structure 558
Boc-Val-Pro-D-Asp-Asp-Val-OMe; synthesis and structure 559
B-Turns in peptides containing ao,B-dehydroamino acids 560
Bicyclic peptides as type I/type II B-turn scaffolds 561

B-Turns in peptides containing a-substituted B-amino acids 562
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B-Turn induction by fulleroproline
Peptides constrained to type VI B-turns
Precursor for peptides containing an inverse y-turn

3.5 Glycopeptides

0O-Glycosyl amino acids
Peptide substrates of oligosaccharyltransferase

30 glycopeptides as possible substrates ofglycoamidases A and F
Glycopeptide containing N-acetylglucosamine
Glycopeptides containing a high mannose core
C-Analogue of B-D-glucopyranosylserine

C-Linked glycopeptides

CD52 glycopeptide

Synthetic RNase glycoforms
N-(D-Galacturonyl)-peptides

Supprescins A and B

Haemoglobin (67-76) glycopeptides

O-Glycopeptides corresponding to human glycophorin AN
B chain of human o2HS glycoprotein

Inhibition of tumour migration by peptide-sugar hybrid
Oligosaccharide synthesis on glycopeptides bound to solid phase
Glycosylation of peptides on PEG-based resin
Biantennary heptasaccharide-asparagine conjugate
Neo-C-glycopeptide building blocks

Pilot-scale synthesis of analgaesic glycopeptide
Glycopeptides derived from Leu enkephalin

SPPS of glycosylated fragment of the IL-8 receptor
Conjugates of linear peptides and polysaccharides of
Haemophilus influenzae

O-Linked glycopeptides

Mucin-type glycopeptides

Glycopeptides of tumour-associated MUC-1

a-Helical dimeric glycosylated peptides
RGD-containing glycopeptides

Sialyl-Lewis” polymer for ELISA

Hydrophobic derivatives of muramyl dipeptides
Ring-opening of sialyllactones with glycine esters
Lipoglycopeptide related to peptidoglycan synthesis
Peptide-sugar hybrids

3.6  Phosphopeptides and Related Compounds

SPPS of phosphoserine peptides
SPPS of phosphotyrosyl peptides

135

563
564,565
566

567,568
569
570
571
572
573
574,575
576,577
578,579
580
581
582
583
584
585
586
587
588
589
382
590
591

592
593,594
595-598
599
600
601
602
603
604
605
606

607
608
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Protected peptides of phosphotyrosine 609
SPPS of tyrosyl phosphonopeptides 610
Phosphotyrosine peptides and analogues are bound by the SH2

domain of pp60°™ 611-613
Derivatives of a fluorinated phosphotyrosine mimetic 614
Dealkylation of peptides containing O, O-dimethylphosphotyrosine 615
Phosphorylated peptide-4 nitroanilides 616
Post-assembly phosphorylation of peptides to limit formation of

phosphonates 617
Biotinylated phosphotyrosine peptides 618
Tubulin-binding segments of the t-protein 619
Phosphopeptides related to heat shock protein HSP 27 620
Histidine-phosphorylated peptides 621
Phosphorylated and phosphonylated peptides of cis or

trans 4-hydroxy-L-proline 622
Protected phosphonodipeptides 623

3.7 Immunogenic Peptides

Synthetic vaccines by polymerization of unprotected peptides 624
S-Palmitoylation of peptide antigens increases immunogenicity 625
Analogues of OVAj»,3 336 containing N'-methylhistidine 626
A calixarene with 4 peptide loops, an antibody mimic 627
Synthetic octapeptide epitopes of human ras proteins 628
Towards a synthetic vaccine against Neisseria meningitidis 629

3.8 Nucleopeptides

Fmoc-a-aminoacids carrying nucleobases in the side chain 630
New building blocks for PNA synthesis 631
New PNAs and their binding to complementary DNA 632
Chimeric molecules of PNAs and Antennapedia peptides 633
Conjugate of a PNA and an analogue of insulin-like growth factor I 634
Polyamide-based nucleic acid analogues 635
PNA with conformationally constrained cyclohexyl-derived backbone 636
Coupling of highly basic peptide to an oligonucleotide 637
Novel PNAs made by SPPS 638-640
Improvements in automated PNA synthesis 641
Conjugates of adenosine and tetra-aspartate 642
Nucleopeptide containing 10 thymine residues 643
PNAs containing nucleobase-linked f-aminoalanine 644
Solid-phase synthesis of spin-labelled PNAs 645

Wolff rearrangement of diazoketones from amino acids for forming
oligonucleopeptides 646
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a-PNA, an analogue of DNA 647
Dinucleotide-analogous tetranucleotides and their triplex formation

with complementary polynucleotides 648
Nucleopeptides of Ser, Tyr and Hser 649,650
Phosphodiester-linked peptide oligonucleotide hybrids 651
Alanyl PNA 652
A tetrapeptide PNA-biotin conjugate 653
Liquid-phase synthesis of PNA dimers 654
Peptide analogues of oligoribonucleotide 655
New types of oligonucleopeptides 656
Design and synthesis of chiral PNAs 657
Triplex formation between a PNA containing Lys and its DNA

complement 658
PNA synthesis and diagnostic applications 659
A co-oligomer of PNA and aminomethyl phosphonic acid 660
Chemoenzymic synthesis of nucleopeptides 661

3.9 Miscellaneous Peptides

Boc-Val-D-Ala-Leu-Ala-OMe, synthesis and crystal structure 662
Dehydropeptides 663
Peptides of 2,3-methanoaspartic acid 664
Pseudopeptides of 2-aminocyclopropane carboxylic acid 665
Dipeptides of 1-aminocyclopropane-1-carboxylic acid 666
Dipeptides of cis- and trans-2,3-methanophenylalanine 667
Boc-Aib-Phe-OMe, synthesis and crystal structure 668
Dipeptide analogues of Aspartame 669
Four very sweet Asp dipeptide derivatives 670
Self-assembling urea-based peptidomimetics 671
Peptides containing tropane-based amino acids 672
Peptide containing (R)-2-aminomethylalkanoic acids 673
a-Hydroxyglycine peptides 674
A porphyrin-peptide conjugate 675
Novel lipopeptides 676
Cyclic peptides as building blocks for peptide dendrimers 677
Linear peptides as precursors of cyclotetrapeptides and

cyclopentapeptides 678
An esterase sensitive hexapeptide prodrug 679
Amphipathic undecapeptide that is fusogenic 680
Trisubstituted 1,4-diazepin-3-one as a molecular scaffold for

peptide synthesis 681
Peptides bearing fluorescein moiety on g-amino group 682
Incorporation of L-(6,7-dimethoxy-4-coumaryl)alanine as a fluorescent

probe in peptides 683

Indexed motif-library containing unnatural amino acids 684
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Peptides that chelate !''In for imaging
Peptide aldehydes from the hydrolysis of thiazolidines
Haemoprotein models based on helix-haem-helix sandwich

Peptide with 2 a-helical chains that binds haem and has N-demethylase

activity
Azapeptides
Peptides of D-amino acids and gastrointestinal drug uptake
SPPS of peptide mimetics with (E)-alkene amide bond replacements
derived from alkenylaziridines
Peptides containing L-ferrocenylalanine
Building units for N-backbone cyclic peptides
Improved synthesis of statine and analogues
Orally active small peptide inhibitors of platelets
Gel-phase synthesis of the delicious peptide
3-Aminobenzyloxycarbonyl peptides and their biological properties
Synthesis of trypanothione disulfide
Stable peptides that can cross membrane barriers
Octadecyl esters of peptides containing Pro
Tc and Re complexes of pseudotripeptides
Peptide aldehydes from C-terminal thiazolidinyl peptides
Vinylogous peptides
Pseudotetrapeptides containing piperazine moiety
Peptides as carriers for cellular import of drugs
N-Benzoyltaurylproline
Synthesis of lactamodipeptide amides
Dipeptide analogues of sulpiride
“Hinge” peptide libraries in drug development
H-Gly-His-Lys-OH, an antimicrobial peptide
Triphosgene, a carbonylating agent for synthesizing azapeptides
A peptide with a crown ether moiety, a chiral receptor
CF;CO-Gly-a-MePhe-OH
Methotrexate-o-peptides
Salicyl peptides that inhibit platelet aggregation
Synthesis of a-aspartyl peptides from 5-oxazolidinone

3.10 Purification Methods

Size exclusion chromatography of large, water-insoluble peptides
using Toyopearl supports

Separation of acylated dipeptide stereoisomers by capillary
electrophoresis

Peptide identification by electrospray ionization-time of flight-mass
spectrometry

Separation of mono- and di-phosphorylated peptides by reverse-phase

HPLC

Amino Acids, Peptides and Proteins
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Analogue and Conformational Studies on
Peptides, Hormones and Other Biologically
Active Peptides

BY ANAND S. DUTTA

1 Introduction

The subject matter included this year is broadly similar to that included last
year.! Most of the publications covered in this chapter were published in 1997.
However, some of the 1996 publications (not covered last year) have been
included. This is especially so in the case of peptides (e.g. melanocortins, phage
library leads and some protein-protein interactions) not discussed last year due to
space restrictions. No work published in patents or in unrefereed form (such as
conference proceedings) has been included. Non-peptide ligands acting on the
peptide receptors have again been included in sections on biologically active
peptides. This is becoming an important aspect of peptide research because in the
past 5-10 years many non-peptide compounds have been shown to act as
antagonists of the endogenous ligand. More recently, in some cases (e.g.
angiotensin II, bradykinin and CCK), the non-peptide ligands have also been
shown to display agonist properties. As in the 1996 chapter, due to space
limitations, the structure-activity studies on non-peptide series of compounds are
not described in detail. Only the more potent compounds from each series are
highlighted to give an idea about the structural types displaying the desired
activity and pharmacokinetic profile. As last year, a small section dealing with the
advances in formulation and delivery technology has been included. In addition,
some new sections like phage library leads and protein-protein interaction
inhibitors have been included. In the first two sections below (peptide backbone
modifications and di-, tri-peptide mimetics and cyclic peptides), only examples
from those peptides are included which are not covered in the remaining sections
on the biologically active peptides. Throughout this chapter, amino acids are
denoted by their three letter codes following standard nomenclature. For the
naturally occurring L-amino acids, no stereochemistry is specified in the text.

2 Peptide Backbone Modifications and Di- and Tri-peptide Mimetics

Such changes have traditionally been introduced into peptides to improve
potency, by altering the conformational preferences and optimising side chain
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interactions, and their pharmacokinetic profile when administered in vivo. A
number of analogues of enkephalin, dynorphin(1-8), thymopentin and allatosta-
tins containing various amide bond replacements have been reported. In addition,
a number of heterocyclic ring systems have been described which can lead to
conformationally restricted peptides with increased metabolic stability. Some of
these residues, if suitably substituted, can act as di- or tri-peptide replacements.
In other cases, the non-peptide moiety acts to induce the types of conformations
(e.g. B- and y-turns and B-sheets) which a flexible peptide can attain due to the
presence of certain amino acid residues.

2.1 y|[CH,NH]-Aminomethylene Analogues — 2,4-Dimethoxybenzyl group was
reported for secondary amine protection in the synthesis of Leu-enkephalin and
dynorphin(1-8) analogues.? The protecting group was cleaved with mixtures of
trifluoroacetic acid containing phenol, thioanisole or trifluoromethanesulfonic
acids. Except Tyr-Gly-Gly-Phey[CH,NH]Leu, which was somewhat more potent
than Leu-enkephalin at the guinea pig ileum, all the other analogues
{Tyry[CH,NH]Gly-Gly-Phe-Leu, Tyr-Glyy[CH,NH]Gly-Phe-Leu and Tyr-Gly-
Glyy[CH,NH]Phe-Leu} were much less potent. Aminomethylene pseudopeptide
analogues of cockroach neuropeptides, allatostatins (inhibitors of juvenile
hormone), that have a Tyr-Xaa-Phe-Gly-Leu-NH, as a C-terminal sequence have
been reported.> In one of these neuropeptides, Asp-Arg-Leu-Tyr-Ser-Phe-Gly-
Leu-NH,, the Leu’-Tyr* peptide bond was found to be susceptible to endopepti-
dases. In order to increase resistance to degradation, W[CH,NH] peptide bond
surrogate was introduced at this position. The pseudopeptide Asp-Arg-
Leuy[CH,NH]Tyr-Ser-Phe-Gly-Leu-NH, was nearly equiactive to the parent
peptide in an in vitro juvenile hormone inhibition assay.

2.2 y|CH=CH]-Isosteres — Solid-phase synthesis protocol for the synthesis of
peptides containing (E)-alkene amide isostere linkages is reported.* In addition, a
stereocontrolled synthesis of the (E)-alkene dipeptide isostere of Trp-Val has
been reported. The stereospecific a-alkylation of the §-amino-y-mesyloxy-o,p-
unsaturated ester via the organocyanocopper-Lewis acid mediated reaction,
based on 1,3-transfer of chirality, was successfully applied for the key step in the
synthetic sequence.’

2.3  y[COCH,]-Ketomethylene Isosteres — Analogues of thymopentin (Arg'-
Lys*>-Asp’-Val*-Tyr’) (amino acid residues 32-36 of a 49 amino acid peptide
isolated from human thymus tissue) containing ketomethylene groups in place of
the various amide bonds are reported.*®® The pentapeptide thymopentin is
known for its activity as an immunomodulating agent. Most of the pentapeptides
containing a ketomethylene group between residues 1 and 2, Argy[CO-CH,]Nle-
Asp-Val-Phe, Argy[CO-CH;]Nle-Asp-Val-Phe-NH,, Argy[CO-CH;]Nle-Asp-D-
Val-Phe, and residues 3 and 4, Arg-Lys-Aspy[CO-CH,]Val-Phe, Arg-Nle-
Aspy[CO-CH,]Val-Phe, Arg-Pro-Aspy[CO-CH,]Val-Phe, Arg-Pro-Aspy[CO-
CH,]Val-Phe-NH,, Arg-MeLys-Aspy[CO-CH,]Val-Phe, Arg-Lys-Aspy[CO-
CH,]Ala-Phe and Arg-Lys-Aspy[CO-CH,]Val-Tyr, were about 2-5-fold less
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potent in the binding assay.® Similarly the analogues modified between residues 4
and 5, Arg-Lys-Asp-Valy[CO-CH,]Phe, Arg-Pro-Asp-Val(JCO-CH,]Phe, Ac-
Arg-Pro-Asp-Valy[CO-CH,]Phe, Arg-Nle-Asp-Valy[CO-CH,]Phe, Ac-Arg-Nle-
Asp-Valy[CO-CH,]|Phe, Arg-Leu-Asp-Valy[CO-CH,]|Phe, Arg-Ala-Asp-
Valy[CO-CH,]Phe, Arg-D-Lys-Asp-Valy[CO-CH,]Phe, Arg-Nle-Asp-Alay[CO-
CH,]Phe, Arg-Nle-Asp-Valy[CO-CH»]Val, Arg-MeNle-Asp-Valy[CO-CH,]Phe
and Arg-MeNle-Asp-Val[CO-CH,]Val, were less potent (up to 3-fold) than the
parent peptide in binding to CEM cells.” Reduction of one of the analogues, Arg-
Nle-Asp-Val(yCO-CH,]Phe, gave the corresponding CHOH analogue Arg-Nle-
Asp-Valy[CHOH-CH,]Phe which was about 5-fold less potent than the keto-
methylene analogue. Only a few thymopentin analogues, Arg-Lys-Aspy[CO-
CH,]Val-Phe and Arg-Lys-Aspy[CO-CH,]Val-Tyr, were more strongly bound to
CEM cells than thymopentin itself. However, the stability of the peptides in
mouse and human plasma was increased. Two of the compounds, Arg-MeNle-
Asp-Valy[CO-CH,]Phe and Arg-MeNle-Asp-Valy[CO-CH,]Val, were not de-
graded in mouse and human plasma.

The ketomethylene pseudopeptides of thymopentin were tested in vivo in the
mouse type II collagen arthritis model and the rat adjuvant arthritis model
(using assessment of inflammation and antibody production). The compounds
were also tested for immune-potentiating activity in vitro using induction of the
Ilymphocyte marker (Thy-1.2) in mouse spleen cells and stimulation of T-cell
proliferation. A number of compounds which were stable to degradation in
plasma, e.g. Arg-Nle-Asp-Valy[CO-CH,]Val, Arg-MeNle-Asp-Valy[CO-
CH,]Val, Arg-MeNle-Asp-Valy[CO-CH,]Phe and Arg-MeLys-Aspy[CO-
CH,]Val-Phe, were shown to be active in various models at a dose of 0.001-1 mg
kg™. The parent peptide Arg-Lys-Asp-Val-Tyr did not show significant activity
at these dose levels.®

A ketomethylene analogue of allatostatins, Asp-Arg-Leuy[COCH,]Phe-Ser-
Phe-Gly-Leu-NH,, was nearly equiactive to the parent peptide in an in vitro
juvenile hormone inhibition assay.”

2.4 Retro- and Retro-inverso Pseudopeptides — Peptides corresponding to the
immunodominant loop located at residues 135-158 on caspid protein VP1 of
foot-and-mouth disease virus generally elicit high levels of anti-peptide and virus
neutralising antibodies. It had been shown previously that the antigenic activity
of peptide 141-159 of VP1 of a variant of serotype A [Gly-Ser-Gly-Val-Arg-Gly-
Asp-Phe-Gly-Ser-Leu-Ala-Pro-Arg-Val-Ala-Arg-Gln-Leu-Cys] can be mimicked
by a retro-inverso (all D retro or retroenantio) peptide analogues. This retro-
inverso analogue induced greater and longer-lasting antibody titers than did the
corresponding L-peptide. A single inoculation of the retro-inverso analogue
elicits a high level of neutralising antibodies that persist longer than those
induced against the corresponding L-peptide and confer substantial protection in
guinea pigs challenged with the cognate virus.’

2.5 Rigid Di- and Tri-peptide and Turn Mimetics - In addition to the peptide
bond replacements mentioned above, a number of heterocyclic systems (e.g.
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Freidinger lactams, diketopiperazine) have been described which could be
inserted within the peptide chain to alter the conformations of the biologically
active peptides. Some of these conformationally constricting residues, if suitably
substituted, can act as di- or tri-peptide replacements. In other cases, the non-
peptide moiety acts to induce the types of conformations (e.g. B- and y-bends and
a-helical turns) which a flexible peptide can attain due to the presence of certain
amino acid residues.

Conformationally constrained phenylalanine analogue Tic (1, n = 0) has been
incorporated in many peptides in the past. More recently, syntheses of additional
conformationally constrained analogues of phenylalanine like Sic (1, n = -CH,-),
Hic (1, n = -CH,-CH>»-) and Nic (1, n = -CH,-CH,-CH>-) have been reported.]0
Stereoselective synthesis routes to Freidinger lactams (also incorporated pre-
viously in many peptides) of various ring sizes containing a spectrum of C-
terminal amino acid residues (2) are reported. Using some of these lactams,
angiotensin converting enzyme inhibitors were synthesised.!! One of the more
potent compounds was (3) which inhibited ACE with an ICsq of 8 nM. Synthetic
routes to the diazepin-3-one derivatives like (4) and (5) (R = -CH,Ph or -CH3)
have been reported.'?

H

N conH
& k @W Bs
Boc COZMe CO,H
CO,H
(1)
H R R H
Ac o Ac. o
N N
K NH K NH
NMe K NMe
A e e
o o)

Diketopiperazine derivatives have been incorporated recently as ‘skeletons’ in
various peptide and non-peptide structures. Incorporation of such structures into
the Pro-Leu-Gly-NH,-related structures like (6) and (7) (reported previously to
be more potent than Pro-Leu-Gly-NH, in several pharmacological assay systems)
led to compounds (8-10). These analogues were designed to explore the idea that
the N-terminal “C5” conformation, which was found in the crystal structure of
(6) and which was mimicked in (8) by the diketopiperazine function, was a factor
in the high potency of these two agents.'* Although compounds (8-10) had
similar pharmacological profile to compounds (6) and (7), the potency seen was
less than that seen for the starting compounds, suggesting that while the N-
terminal “C5” conformation may play a role in the potency of the y-lactam
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9) (10)

peptidomimetics of Pro-Leu-Gly, it does not appear to be the primary factor. In
the 6-hydroxydopamine-lesioned animal model of Parkinson’s disease, (9) altered
apomorphine-induced rotational behaviour in a dose-dependent manner. The
maximum effect occurred at a dose of 0.01 mg kg™' i.p. and resulted in a 52 +
14% increase in rotations compared to apomorphine administered alone.

Synthetic routes to a protected (Boc and Fmoc) dibenzofuran-based amino
acid template (11) designed to generate a f-sheet folding structure, and an Fmoc
protected phenothiazine derivative (12), suggested to be a possible surrogate for
the a-carbon backbone of five residue turns are reported.'*!>

HO,C NH,

(11) (12)

3 Cyclic Peptides

Conformationally restricted cyclic peptide analogues of biologically active pep-
tides are included in the sections dealing with individual peptides (Section 4).
Sequences of the remaining cyclic peptides, their biological activities and some of
the conformational studies using cyclic peptides are mentioned below.

In the recent past, backbone to backbone cyclic peptides have been reported
in addition to the side-chain to side-chain and N- to C-terminal cyclic peptides.
The synthetic routes to the backbone to backbone cyclic peptides require
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N“-substituted amino acid derivatives. Various methods for the synthesis of such
derivatives have been reported.'®!” In one synthetic route, preparation of a
family of amino acids that contain w-aminoalkyl groups [Boc-NH-(CH,),-
N(Fmoc)-CH(R)-COOH] and o-carboxyalkyl groups [t-BuOCO-(CH,),-
N(Fmoc)-CH(R)-COOH] linked to the a-amino moiety was achieved by alkyla-
tion of suitably monoprotected alkylenediamines, Boc-NH(CH,),NHCH,Ph
(where n = 2-6), and protected w-amino acids, Me3;COCO(CH,),NHCH,Ph
(where n = 1-5), with triflates of a-hydroxy acid esters, TFOCHRCO,CH,Ph
(where R = Me, Bzl). The alkylation proceeded with inversion of configuration
yielding optically pure products. The N*-(w-aminoalkyl)amino acids and N*-(®-
carboxyalkyl)amino acids were orthogonally protected to allow their incorpora-
tion into peptides by solid-phase synthesis methodology.'®

Synthesis of a library of 60 backbone-bicyclic substance P analogues was
prepared by the simultaneous multiple peptide synthesis method. The peptides,
containing both a lactam and a disulfide ring, were synthesised and screened for
NK; and NKj activity. The peptides were weak agonists at the tachykinin
receptors. 18

3.1 Naturally Occurring Cyclic Peptides, Synthetic Analogues and Conforma-
tional Studies — Several proline-rich peptides have been isolated from plant seeds,
roots and fruits.!®2® Cyclic nonapeptide, cyclolinopeptide B [c(Pro-Pro-Phe-Phe-
Val-Ile-Met-Leu-Ile)], was isolated from the seeds of Linum usitatissimum. It
showed potent immunosuppressive activity (inhibition of mitogen-induced re-
sponse of human peripheral blood lymphocytes, ICsy 44 ng ml~') which was
comparable with that of cyclosporin A.'” Another similar immunosuppressive
cyclic nonapeptide, cyclolinopeptide A [c(Val-Pro-Pro-Phe-Phe-Leu-Ile-Ile-Leu)],
inhibited calcium-dependent activation of T lymphocytes comparably to the
actions of cyclosporin A and FK506. The concentration required for complete
inhibition, however, was 10 times higher than that of cyclosporin A.?° Calci-
neurin, a phosphatase which plays an important role in T lymphocyte signalling,
was inhibited in vitro by cyclolinopeptide A by a mechanism dependent on the
peptidyl-prolyl cis-trans isomerase cyclophilin A but not FKBP12.

Proline-rich cyclic decapeptides, cycloleonuripeptide A [c(Gly-Pro-Pro-Pro-
Tyr-Pro-Pro-Met-Ile)], B  [c(Gly-Pro-Pro-Pro-Tyr-Pro-Pro-Met(O)-Ile)], C
[c(Gly-Pro-Pro-Pro-Tyr-Pro-Pro-Met(O)-Ile)] and D [c(Ser-Pro-Pro-Pro-Tyr-
Phe-GIn-Thr-Pro-Ile)], were isolated from the fruits of Leonurus hetero-
phyllus.*'>* Distance geometry calculations and restrained energy minimisation
data from NMR studies indicated that the backbone structures of cycloleonuri-
peptides A, B and C consist of two turns, a (BVI turn at Pro>-Pro* and a p I turn
at Pro’-Met®. X-Ray diffraction studies indicated that the decapeptide backbone
of cycloleonuripeptide D contained two B-turns, one type I B-turn at Pro-Ile and
one type III B-turn at Pro-Tyr.

Solid and solution state conformations of a cyclic heptapeptide, c(Gly-Tyr-
Gly-Gly-Pro-Phe-Pro), isolated from the roots of Stellaria yunnanensis were
studied.?> The main conformational feature of the peptide was a type II and a
type II' B-turn.
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Three-dimensional structures in DMSO-dg of two cyclic heptapeptides and
pentapeptides, segetalin D [c(Gly-Leu-Ser-Phe-Ala-Phe-Pro)], E [c(Gly-Tyr-Val-
Pro-Leu-Trp-Pro)], G [c(Gly-Val-Lys-Tyr-Ala)] and H [¢(Gly-Tyr-Arg-Phe-Ser)],
isolated from seeds of Vaccaria segatalis were elucidated by computational and
NMR methods.>*?* The backbone structure of segetalin D had a B II turn at
Pro’-Gly! and a p I turn at Phe*-Ala® and that of segetalin E a B II turn at Pro’-
Gly' and a B VI turn at Val’-Pro*. In addition, each had three intramolecular
hydrogen bonds, which constructed a classical P-bulge conformation, as sug-
gested by calculations and NMR studies. The backbone structure of segetalin G
contains one B II-like turn at Tyr*-Ala® and that of segetalin H a p II' turn at
Gly'-Tyr? and one v turn at Arg>-Phe*-Ser’® sequence.

Thionation of oestrogen-like active cyclic peptides, segetalins A and B, with
Lawesson’s reagent each provided two thiosegetalins; thiosegetalin Al [Gly'-
Y(CS-NH)-Val?, Trp’-(CS-NH)-Ala®Jsegetalin A, thiosegetalin A2 [Gly'-y/(CS-
NH)-Val?, Ala®-\s(CS-NH)-Gly-1]segetalin A, thiosegetalin B1 [Gly'-ys(CS-NH)-
Val?, Ala’-(/(CS-NH)-Trp*Jsegetalin B, and thiosegetalin B2 [Gly'-y(CS-NH)-
Val?, Trp*{(CS-NH)-Ala-1]segetalin B. Thiosegetalin A2 only showed oes-
trogen-like activity against ovariectomized rats.?® On the basis of their conforma-
tions (analysed by NMR experiments), the backbone conformation was
considered to play an important role in oestrogen-like activity for segetalins.

Anabaenopeptins C and D, two new ureido bond-containing peptides, were
isolated from the cultured cyanobacterium Oscillatoria agardhii (NIES-204). The
gross structures of anabaenopeptins C and D were elucidated by extensive 2D
NMR techniques and chemical degradation The absolute stereochemistry of
usual amino acids in anabaenopeptins C and D was determined by GC and
HPLC analyses.”’

Analogues of RA-VII (13), tuberactinomycins [14; tuberactinomycin A,
R=0OH, R'=0OH, R>=CONH_; tuberactinomycin B (viomycin), R = H, R!=OH,
R?> = CONH,; tuberactinomycin N, R = OH, R! = H, R? = CONH,;
tuberactinomycin O, R = H, R! = H, R? = CONH,] and capreomycin [15;
capreomycin IA, R' = OH, R? = -CONH,; capreomycin IB, R' = H, R? =
-CONH,; capreomycin ITA, R' = OH, R? = -CONH, (des-B-lysine); capreomycin
1B, R! = H, R? = -CONH, (des-B-lysine)] have been synthesised.?* ! In order to
increase water solubility, a number of analogues of RA-VII (R = Me) were
synthesised by incorporating basic groups in the molecule.”® Two of the
compounds [13; R = -CH,-CH,-NMe, or -CH,-CH,-N(i-Pr),] showed antitu-
mour activity against P388 leukaemia in mice. Some other analogues [13; R =
-CH,-CH,-NEt,, -CH,-CH,-N(Ph)Et or -CH,-CH,-N(CH,-Ph),] were inactive.
One of the more potent analogues [13; R = -CH,-CH,-N(i-Pr),] was also active
against colon cells in mice at a dose of 1.6-3.13 mg kg~ ! day~'. Analogues of
tuberactinomycin B (viomycin) and capreomycin were obtained by replacing the
R! and/or R? groups by various substituted aromatic groups and evaluated
against various micro-organisms [pasteurella spp., methicillin-resistant Staphylo-
coccus aureus and vancomycin-resistant enterococci].? ! Although most of the
analogues showed antibacterial activity, the overall biological profiles of various
analogues were different. Modification and replacement of the B-lysine side chain
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of capreomycin and tuberactinomycin cyclic pentapeptides also resulted in
compounds with good antibacterial potency against multidrug-resistant patho-
gens.

Tris-bridged cyclic peptides consisting of three units of piperazin-2-one deriva-
tives, a serine, a histidine and a carboxylic acid were synthesised as an active site
mimic of lipase.*> The catalytic activity of the synthetic peptides [16; a: R =
-CONH,, b: R = -COOH, ¢: R = -CH,-COOH, d: R = -CONHCH,COOH, e: R
= -CONHCH,CH,COOH, f: R = -H] for the transesterification of 4-nitrophenyl
acetate in dimethylsulfoxide was examined. Compound (16f), in which the
carboxylic acid part was replaced by methyl piperizin-2-one (bridged alanyl-
glycine), exhibited less activity than the other five compounds. Compounds (16b-
16e), which bear a carboxylic acid function, were found to accelerate the
transesterification of 4-nitrophenyl acetate.
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4 Biologically Active Peptides

4.1 Peptides Involved in Alzheimer’s Disease — Recent developments in the
pathophysiology and pharmacotherapy of Alzheimer’s disease have been re-
viewed.***¢ The brains of individuals with Alzheimer’s disease are characterised
by extracellular deposition of B-amyloid protein (Ap), intracellular neurofibrillary
tangles, and loss of neurones. In vivo, amyloids are composed of two broad
categories of constituents. The first is the disease, or process specific protein, and
the second a set of common structural components the majority of which are the
building blocks of basement membranes (e.g. heparan sulfate proteoglycan,
laminin, type IV collagen, serum amyloid P). The involvement of these compo-
nents, apolipoproteins and neurotrophin receptors in Alzheimer’s disease has
been the subject matter of a number of publications.?”>°

Molecular genetic studies of families suffering from genetic forms of early
onset Alzheimer’s disease have identified three genes and their protein products
(all integral membrane proteins) as being crucially involved in the etiology of
Alzheimer’s disease.>” One of them is B-amyloid precursor protein (the precursor
of B-amyloid), and the other two (presenilins S182 and STM2), are homologous
in amino acid sequence to one another but are unrelated to -amyloid precursor
protein. Immunofluorescence experiments have indicated that portions of the
presenilins are expressed at the cell surface.® Using mice expressing wild-type
and mutant presenilin genes, it has been shown that overexpression of mutant,
but not wild-type, presenilin 1 selectively increases brain Ap42(43) peptide.*® The
carboxy-terminal 105 amino acid fragment of the amyloid precursor protein was
shown to increase the gene expression of proinflammatory cytokines IL-1f and
IL-6 in cultured rat cortical glial cells.*® Highest levels of both IL-1(Band IL-6
transcripts were detected in the culture exposed to the carboxy terminal 105
aggregates for 4 days. This exacerbation of cytokine expression may be in part
responsible for chronic inflammation linked to slowly progressive neurodegenera-
tion characteristic to Alzheimer’s disease.

The B-amyloid peptide, which forms extracellular cerebral deposits in Alzhei-
mer’s disease, is derived from a large membrane-spanning glycoprotein referred
to as the B-amyloid precursor protein. The protein is normally cleaved within the
B-amyloid region by a putative proteinase (o-secretase) to generate large soluble
amino-terminal derivatives, and this event prevents the f-amyloid peptide forma-
tion. Studies using mice devoid of gelatinase A (generated by gene targeting)
indicated that gelatinase A does not play an essential role in the generation and
release of soluble derivatives of B-amyloid peptide under physiological condi-
tions.*! The AP peptide was shown to bind selectively to the membranes
containing gangliosides (binding affinity ranging from 10~° to 10~7 M). The
addition of ganglioside-containing vesicles to the peptide solution accelerated the
rate of fibril formation as compared with that of the peptide alone, thus
indicating that the membrane-bound form of the peptide may act as a specific
“template” (seed) that catalyses the fibrillogenesis process in vivo.** The heparin
binding domains of the amyloid precursor protein have been narrowed down to
the 316-346 and 416-447 amino acid regions.**
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The data on the role of apolipoproteins in the stimulation or inhibition of
formation of neurofibrillary tangles in the brain has been controversial.**’ For
example, some studies have indicated that accumulation of AP in neurones is
facilitated by the presence of ApoE, which may provide a suitable lipidic
environment to stabilise the hydrophobic AP. Stabilisation of A inside the
neurones above a threshold level may trigger cell death.** The death of neurones
would result in the release of A, possibly in a complex with ApoE, which over
time evolves into neuritic plaques. Other studies have indicated that apolipopro-
tein E inhibits the p amyloid fibril formation by forming a complex with
amyloid(1-42), thus eliminating free § amyloid(1-42) from the reaction mixture.
In vivo, such complexes may be removed by receptor-dependent or receptor-
independent processes.*>**® Apolipoprotein J has also been implicated in complex
formation with AP and resulting in the receptor-mediated clearance of AB(1-40)-
apolipoprotein J complex.*’

The neurotrophin receptor p75™'® has been implicated in an alternative/
additional mechanism in the pathophysiology of Alzheimer’s disease.*®>° Using
rat cortical neurones and NIH3T3 cell line engineered to stably express p75™' &,
B-amyloid peptide was shown to bind specifically to p75™'R. Furthermore, 3T3
cells expressing p75™ 'R, but not wild-type control cells lacking the receptor, were
shown to undergo apoptosis in the presence of aggregated f-amyloid. Normal
neural crest-derived melanocytes that express physiologic levels of p75NTR
undergo apoptosis in the presence of aggregated P-amyloid, but not in the
presence of control peptide synthesised in reverse.*® A fragment of p75™'® from
the carboxyl terminus of the receptor [human NTR(368-381), Ac-Ala-Thr-Leu-
Asp-Ala-Leu-Leu-Ala-Ala-Leu-Arg-Arg-Ile-GIn-NH,], and a variant form of
this peptide, [Ac-Ala-Thr-Leu-Asp-Ala-Lys-Leu-Ala-Ala-Leu-Arg-Arg-Ile-Gln-
NH,], were studied vie NMR techniques and in vitro assays for apoptotic
activity.** The wild-type peptide induced apoptosis and adopted a helical
conformation oriented parallel to the surface of lipid micelles, whereas the
variant form adopted a non-helical conformation in the presence of lipid and
showed no activity.

4.2  Antimicrobial Peptides — Work on peptide antibacterials has been re-
viewed.”! A number of naturally occurring antibacterial and antifungal peptides
[e.g. brevinins, esculentin (both isolated from skin secretions of the European
frog Rana esculenta), tracheal antimicrobial peptide, misgurin (isolated from
mudfish), protegrin (isolated from porcine leukocytes), cathelicidins and cecropin]
have been shown to display potent antibacterial (against Gram negative and
Gram positive bacteria) and antifungal properties. Most of these peptides are
polycationic in nature and some contain Cys-Cys disulfide bridges. Isolation of
new antimicrobial peptides, SAR studies on the older peptides and biological
evaluations of the isolated peptides have been reported. In general, most of these
peptides have been associated with haemolytic activity in addition to the
antibacterial and antifungal properties. Attempts have been made to synthesise
analogues of these peptides which do not display haemolytic activity in mamma-
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lian cells. In addition, enzymes like peptide deformylase have been isolated from
micro-organisms.>>

4.2.1 Antibacterial Peptides. — A novel antimicrobial peptide (misgurin) was
isolated from the leach, Misgurnus anguillicaudatus.>® The 21-amino-acid peptide
(Arg-Gln-Arg-Val-Glu-Glu-Leu-Ser-Lys-Phe-Ser-Lys-Lys-Gly-Ala-Ala-Ala-Arg-
Arg-Arg-Lys) is a strongly basic peptide (5 arginine and 4 lysine residues).
Misgurin showed a strong antimicrobial activity in vitro against a broad spectrum
of micro-organisms without significant haemolytic activity and was about 6 times
more potent than magainin 2. Scanning electron microscopy confirmed that the
peptide caused damage to the cell membrane by a pore-forming mechanism
similar to that of magainin 2. A cysteine-rich, 18-residue [B-sheet peptide
protegrin  (Arg-Gly-Gly-Arg-Leu-Cys-Tyr-Cys-Arg-Arg-Arg-Phe-Cys-Val-Cys-
Val-Gly-Arg-NH,), isolated from porcine leukocytes, showed antimicrobial
activity (MICs 0.12 to 2 pg ml~!) against a broad range of micro-organisms.>*
Immunocompetent mice inoculated with P. aeruginosa or S. aureus exhibited 93
to 100% mortality in the vehicle control group compared with 0 to 27% mortality
in animals that received a single intraperitoneal injection of protegrin-1 (0.5 mg
kg~ 1. Mice inoculated with S. aureus and dosed 0 to 60 min later with a single
intravenous injection of protegrin-1 (5 mg kg™') had a mortality of 7 to 33%,
compared to a mortality of 73 to 93% in the vehicle controls. In leukopenic mice
inoculated with vancomycin-resistant Enterococcus faecium, mortality was 87% in
the vehicle control group and 33% in animals injected with protegrin-1 (2.5 mg
kg~ !). Two novel phenylalanine-rich antimicrobial peptides, styelin A [Gly-X-
Phe-Gly-HOLys-Ala-Phe-X-Ser-Val-Ser-Asn-Phe-Ala-HOLys-hydroxyLys-His-
HOLys-Thr-Ala] and styelin B [Gly-X-Phe-Gly-Pro-Ala-Phe-His-Ser-Val-Ser-
Asn-Phe-Ala-HOLys-HOLys-His-HOLys-Thr-Ala], purified from the haemocytes
of Styela clava were effective against a panel of Gram negative and Gram positive
bacterial pathogens of humans (MICs < 1.5 pgml~").>

Molecular modelling studies of protein sequences identified two positively
charged, highly amphipathic amino acid segments in the cytoplasmic tail of the
transmembrane envelope protein of human HIV-1. These peptide sequences
(amino acids 828-856 and 768-788 of HIV-1 strain HXB2R Env) resemble
magainins and cecropins in overall secondary structural properties and high
hydrophobic moment.’® Several peptides [e.g. Arg-Val-Ile-Glu-Val-Val-GIn-Gly-
Ala-Cys-Arg-Ala-Ile-Arg-His-1le-Pro-Arg-Arg-Ile-Arg-Gln-Gly-Leu-Glu-Arg-
Ile-Leu, Asp-Leu-Trp-Glu-Thr-Leu-Arg-Arg-Gly-Gly-Arg-Trp-Ile-Leu-Ala-Ile-
Pro-Arg-Arg-lle-Arg-GIn-Gly-Leu-Glu-Leu-Thr-Leu, Arg-Ile-Ala-Gly-Tyr-Gly-
Leu-Arg-Gly-Leu-Ala-Val-Ile-Ile-Arg-Ile-Cys-Ile-Arg-Gly-Leu-Asn-Leu-Ile-Phe-
Glu-Ile-Ile-Arg,  Tyr-His-Arg-Leu-Arg-Asp-Leu-Leu-Leu-Ile-Val-Thr-Arg-Ile-
Val-Glu-Leu-Leu-Gly-Arg-Arg, Phe-Leu-Ile-Arg-Gln-Leu-Ile-Arg-Leu-Leu-Thr-
Trp-Leu-Phe-Ser-Asn-Cys-Arg-Thr-Leu-Leu-Ser-Arg-Val-Tyr and Leu-Leu-Ser-
Arg-Val-Tyr-Gln-Ile-Leu-Gln-Pro-Ile-Leu-Gln-Arg-Leu-Ser-Ala-Thr-Leu-Gln-
Arg-Ile-Arg-Glu-Val-Leu-Arg] were potent and selective antibacterial agents and
killed bacteria at 50-100-fold lower concentration than that required to lyse
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erythrocytes. Novel antimicrobial peptides were also isolated from European
bumblebee, Bombus pascuorum and rabbit leukocytes.>’>8

Several cysteine-rich B-defensin peptides have been reported previously as
broad-spectrum bactericidal agents. The human B-defensin-1 [Asp-His-Tyr-Asn-
Cys-Val-Ser-Ser-Gly-Gly-Gln-Cys-Leu-Tyr-Ser-Ala-Cys-Pro-Ile-Phe-Thr-Lys-
[le-GIn-Gly-Thr-Cys-Tyr-Arg-Gly-Lys-Glu-Lys-Cys-Cys-Lys] gene maps adja-
cent to the human o-defensin cluster and is expressed in the respiratory,
gastrointestinal and genitourinary tracts. A mouse B-defensin gene, expressed at
high levels in the mouse kidney and at lower levels in brain, heart, lung, uterus,
spleen, skeletal muscle, stomach, and small intestine, maps to mouse chromosome
8 at or near the location of the mouse a-defensin genes.*® The mouse p-defensin
sequence  [Asp-GIn-Tyr-Lys-Cys-Leu-Gln-His-Gly-Gly-Phe-Cys-Leu-Arg-Ser-
Ser-Cys-Pro-Ser-Asn-Thr-Lys-Leu-Gln-Gly-Thr-Cys-Lys-Pro-Asp-Lys-Pro-Asn-
Cys-Cys-Lys] is similar to the human peptide.

In addition to the cationic peptides mentioned above, some anionic peptides
have been reported recently as antibacterial agents. These peptides, based on the
inactive precursor proteins (or zymogens) that contain homopolymeric regions of
Asp [e.g. ovine trypsinogen activation peptide and frog (Xenopus laevis) PYL
activation peptide] at the amino terminus were synthesised and tested against
previously described surfactant-associated anionic peptide.*® Peptides like Asp-
Asp-Asp-Asp-Lys, Gly-Asp-Asp-Asp-Lys, Ala-Asp-Asp-Asp-Asp-Asp-Asp, Gly-
Ala-Asp-Asp-Asp-Asp-Asp, Ala-Ala-Asp-Asp-Asp-Asp-Asp and Gly-Asp-Asp-
Asp-Asp-Asp-Asp inhibited the growth of both Gram negative (MIC 0.08-3.0
mM) and Gram positive (MIC 0.94-2.67 mM) bacteria.

As mentioned above, most of the antimicrobial peptides have been associated
with haemolytic activity in addition to the antibacterial and antifungal properties.
Attempts have been made to synthesise analogues of these peptides which do not
display haemolytic activity in mammalian cells. Conformational studies have
provided evidence that the peptides exist in the form of amphipathic helices.
Based on this model, various SAR studies have been carried out in an attempt to
reduce cytotoxicity of these peptides.®'~* For example, peptides like Gly-Ile-Leu-
Ser-Lys-Leu-Gly-Lys-Ala-Leu-Lys-Lys-Ala-Ala-Lys-His-Ala-Ala-Lys-Ala, Gly-
Arg-Phe-Arg-Arg-Leu-Gly-Arg-Lys-Phe-Lys-Lys-Leu-Phe-Lys-Lys-Tyr-Gly,
Gly-Leu-Leu-Arg-Arg-Leu-Arg-Asp-Phe-Leu-Lys-Lys-Ile-Gly-Glu-Lys-Phe-Lys-
Lys-Ile-Gly-Tyr and Gly-Leu-Leu-Arg-Arg-Leu-Arg-Lys-Lys-Ile-Gly-Glu-Ile-
Phe-Lys-Lys-Tyr-Gly, predicted to assume a highly amphipathic a-helical con-
formation, displayed a potent antibacterial activity against selected Gram positive
and Gram negative bacteria (MICs 1-8 uM), including some antibiotic resistant
strains. However, the cytotoxic activity of the peptides, determined on several
normal and transformed cell lines, was somewhat reduced (20-50% haemolysis of
various cell types at 8-100 pM concentration). In the case of magainin analogues,
peptides like [Leu?, Arg'!, Ala®}-, [Ile, Leu'®- and [Ile°, Ala®, Leu'®, Ile!"}-
magainin-NH, were shown to adopt an a-helical conformation when bound to
phospholipid vesicles.®> However, the antibacterial and haemolytic activity of the
peptides increased with enhanced hydrophobicity. The two analogues, [Ile®,
Leuls]- and [IleG, Ala8, Leu'®, Ile”]-magainin-NHz, which were somewhat more
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potent than magainin as antibacterial agents, also showed increased haemolytic
activity. A strong correlation was found between the haemolytic effect and the
bilayer-permeabilizing activity against phosphatidylcholine-rich vesicles. The
antibacterial and haemolytic activities of several other magainin analogues like
[1e®, Arg'', Arg', Trp'®j-magainin-NH, were similar to that of magainin but
one of the more hydrophobic analogues, [Ileé, Val®, Trplz, Thr'>, Ile”]-magainin-
NH,, was more potent than magainin in both assays.®> Two novel cationic
peptide analogues of the proline-rich peptide indolicidin (Ile-Leu-Pro-Trp-Lys-
Trp-Pro-Trp-Trp-Pro-Trp-Arg-Arg), designed to increase the number of posi-
tively charged residues, CP-11 (Ile-Leu-Lys-Lys-Trp-Pro-Trp-Trp-Pro-Trp-Arg-
Arg-Lys) and CP-11C (Ile-Leu-Lys-Lys-Trp-Pro-Trp-Trp-Pro-Trp-Arg-Arg-Lys-
OMe), showed improved antibacterial and antifungal activity and a reduced
ability to lyse erythrocytes.®*

Attempts have been made to define the mechanism of the antimicrobial and
cytotoxic effects of various peptides mentioned above.®>®” For example, a
comparison of the chemotherapeutic activity of three synthetic antibacterial
peptides showed that Lys-Leu-Lys-Leu-Leu-Leu-Leu-Leu-Lys-Leu-Lys-NH, and
its D-enantiomer showed significant chemotherapeutic activity in methicillin-
resistant Staphylococcus aureus-infected mice, whereas Lys-Leu-Lys-Leu-Leu-
Leu-Lys-Leu-Lys-NH,, which showed the highest antibacterial activity among
them in vitro, was found to be inactive. The active peptides were shown to
activate human neutrophils to produce superoxide, thus indicating that preven-
tion of the infection by these peptides was not simply due to their direct
bactericidal activity but also due to augmentation of the systemic defence
mechanism mediated by neutrophils.®® Studies using some polymeric synthetic
peptides like (Lys-Leu-Ala-Lys-Leu-Ala-Lys);, (Lys-Leu-Ala-Lys-Lys-Leu-Ala),
(n = 3, 4), (Lys-Leu-Gly-Lys-Lys-Leu-Gly);, (Lys-Phe-Ala-Lys-Phe-Ala-Lys)s,
(Lys-Phe-Ala-Lys-Lys-Phe-Ala), (n = 3, 4) and (Lys-Leu-Ala-Lys-Lys-Leu-Ala);
indicated that aggregation of the peptides may be responsible for some of the
cytotoxicity of these peptides.®’

4.2.2 Antifungal Peptides. — In addition to the SAR studies on the naturally
occurring antifungal peptides like histatins, cecropin A and lipopeptides like
pneumocandins,®®7! attempts have been made to design antifungal compounds
by inhibiting one of the fungal enzymes, myristoyl-CoA-protein N-
myristoyltransferase.”>’® In comparison to histatin-5 (cationic, antifungal
peptide present in human saliva, EDsy 8 uM), two of its analogues obtained by
replacing Phe'*-His'> or His'®-His'® sequences by Ala-Ala were much less potent
against C. albicans (EDsy 67-149 uM).%87! Assessment of the candidacidal
activity of histatin-5 with the well-characterised azole-resistant strains suggested
that the mode of action of histatins against Candida is distinct from that of azole-
based antifungal agents because histatin-5 kills both azole-sensitive and azole-
resistant strains equally well. Cecropin A (a pore-forming 37-amino acid peptide)
was shown to achieve complete lethality for germinating Aspergillus spp. at 99 pg
ml ! and for germinating and non-germinating Fusarium spp. at 6 pg ml~'.% In
an attempt to reduce haemolytic activity associated with cecropin A, hybrid
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peptides of cecropin A and melittin were synthesised. One of the analogues, Lys-
Trp-Lys-Leu-Phe-Lys-Lys-Ile-Gly-Ile-Gly-Ala-Leu-Leu-Lys-Ala-Ala-Lys-Lys-
Gly-NH,, had similar antifungal activity but the haemolytic activity was
significantly reduced (0.8% at 200 pg ml~') in comparison to the parent hybrid
peptide (14.1% at 200 pg ml~'). Two other analogues, Lys-Trp-Lys-Leu-Phe-
Lys-Lys-Ile-Gly-Ile-Gly-Lys-Val-Leu-Lys-Val-Leu-Lys-Lys-Gly-NH, and Lys-
Trp-Lys-Leu-Phe-Lys-Lys-1le-Gly-Ile-Gly-Ala-Leu-Leu-Lys-Ala-Ala-Lys-Val-
Gly-NH,, were less potent in the antifungal and haemolytic assays.”

Myristoyl-CoA-protein  N-myristoyltransferase (a cytosolic monomeric
enzyme) (NMT) covalently attaches the 14-carbon saturated fatty acid myristate,
via an amide bond, to the N-terminal glycine residues of a variety of cellular
proteins. Genetic studies have shown the enzyme to be essential for the viability
of fungal pathogens which cause systemic infection in immunosuppressed
humans and hence is a target for development of fungicidal drugs. The discovery
of NMT inhibitors is based on the identification of the octapeptide substrate Gly-
Leu-Tyr-Ala-Ser-Lys-Leu-Ser-NH, derived from the N-terminal fragment of
ADP ribosylation factor 2 (a protein myristoylated by the enzyme).”” The
substitution of alanine for glycine provided a competitive inhibitor of the fungal
and human enzymes. Incorporation of Arg, Nle, His or Orn in place of the lysine
residue gave significantly weaker inhibitors. The N-terminal tetrapeptide from a
substrate-based inhibitor, Ala-Leu-Tyr-Ala-Ser-Lys-Leu-NH,, was replaced with
an w-aminoalkanoyl moiety having an optimal 11-carbon chain for inhibition
[11-aminoundecanoyl-Ser-Lys-Leu-NH, (ICso 1.2 pM)]. Compounds with
NH,(CH,)sCO-, NH,»(CH,)oCO- and NH,(CH,);;CO- groups at the N-terminal
were comparable in potency but the NH,(CH,;)sCO-analogue was inactive up to
a concentration of 100 uM. Replacement of the C-terminal Leu residue in
NH,(CH,)(CO-Ser-Lys-Leu-NH, by Gly, Ala, Val, Ile and Phe residues led to
less potent compounds. Only the cyclohexylalanine (ICso 0.36 uM) and cyclo-
hexylglycine containing compounds were 2-3-fold more potent than the parent
peptide. Removal of the carboxamide moiety in NH,(CH,);oCO-Ser-Lys-Cha-
NH, led to a metabolically stable dipeptide inhibitor NH,(CH,),;oCO-Ser-Lys-
NH-CH;,-cycloC¢Hy; (ICso 0.11). Introduction of the larger 2-cyclooctylethyl
group decreased the inhibitory activity (ICsq 0.3 uM). Partial rigidification of the
flexible aminoundecanoyl chain produced the dipeptide derivatives like 17 (C.
albicans NMT 1Cs, 0.056 uM, human NMT ICs, 14.1 uM), 18 (C. albicans NMT
ICs0 0.75 uM, human NMT ICsy 62 uM), 19 (C. albicans NMT 1Csy 0.019 pM,
human NMT ICsj 8.2 uM) and 20 (C. albicans NMT ICs; 0.38 uM, human NMT
ICs, 840 pM; about 2200-fold less potent against the human enzyme).”””
Compound 20 displayed fungistatic activity against C. albicans. Replacement of
the lysine residue gave compounds like 21 which retained significant antifungal
activity, but many other analogues containing heterocyclic lysine mimetics
exhibited much weaker activity against the fungal enzyme.”®

4.3 ACTHICRF Peptides — Some of the work has been reviewed.”” Three
regions of corticotrophin receptors (CRFR; and CRFR,) were shown to be
important for optimal binding of rat or human corticotrophin releasing factor
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and/or receptor activation by using chimeric receptor constructs of the two
human receptor subtypes, followed by generating point mutations of the
receptor.”® The first region was mapped to the junction of the third extracellular
domain and the fifth transmembrane domain; substitution of three amino acids
of CRFR; in this region (Val*®*, Tyr?®’, and Thr**®) by the corresponding
CRFR, amino acids (Asp266, Leu®®”, and Val®**®) increased the ECs, value for
corticotrophin binding by approximately 10-fold. The other two regions were
localised to the second extracellular domain of the CRFR involving amino acids
175-178 and His'® residue. Substitutions in these two regions each increased the
ECs value for r/hCRF by approximately 7- to 8-fold only in the presence of the
amino acid 266-268 mutation involving the first region, suggesting that their roles
in peptide ligand binding might be secondary. A fourth region in the third
extracellular domain, Asp>>*, was identified to be important for sauvagine but
not corticotrophin or urocortin binding; thus, the three peptide ligands not only
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interact with a different set of regions on CRFR; and CRFR, but also
differentially interact with some of the same regions. Two amino acid residues,
His'® in the third transmembrane domain and Met?’® in the fifth transmembrane
domain, were shown to be important for binding the non-peptide high-affinity
CRFR; antagonist NBI 27914. Mutations of His'*® and Met*’® to the corre-
sponding amino acids in CRFR, each decreased the binding affinity of NBI
27914 for CRFR; by 40- and 200-fold, respectively, thus indicating that the
transmembrane regions are critically important in forming the binding pocket for
the nonpeptide antagonist.”®

Non-peptide antagonists of corticotrophin-releasing factor have been re-
ported.®® The initial weak lead (22) was identified by a high throughput receptor
binding screen. Structural modifications led to orally active pyrrolo[3,4-d]pyrimi-
dine series of compounds. Compound (23) (Ki 2.7 nM at CRF; receptor)
demonstrated activity in anxiotytic and antidepressant models after intraperito-
neal and oral administration. The influence of central injection of a peptide
corticotrophin-releasing factor receptor antagonist, astressin, {¢(30-33)[D-Phe'?,
NlIe*'*¥ Glu™, Lys**|r/hCRF12-41)}, on exogenous and endogenous corticotro-
phin-releasing factor-induced gastric ileus and stimulation of bowel discharges
was investigated in conscious rats.3! The peptide reduced corticotrophin-releasing
factor- and stress-related alterations of gastrointestinal motor functions, without
an intrinsic effect in these in vivo systems when injected into the CSF at doses of
1-10 pg.
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4.4  Angiotensin II Analogues and Non-peptide Angiotensin II Receptor Ligands
Various aspects of angiotensin II research (including angiotensinogen) have
been reviewed.*>®> Hydroxyethylene analogues of angiotensin (Asp-Arg-Val-
Tyr-Ile-His-Pro-Phe) and its N- and C-terminal fragments [Arg-Val-Tyr-Ile-
His-Pro-Phe and Val-Tyr-Ile-His-Pro-Phe] were synthesised and evaluated in a
binding assay. The three analogues Aspy[CHOHCH,NH]Arg-Val-Tyr-Ile-
His-Pro-Phe,  Argy[CHOHCH,NH]Val-Tyr-Ile-His-Pro-Phe = and  Valy-
[CHOHCH,NH]Tyr-Ile-His-Pro-Phe were much less potent than the parent
peptides.®® However, the pseudopeptides were more stable than the parent
peptides in kidney homogenates. Lipidated angiotensin II agonists and antago-
nists were evaluated for their biological activities.?” N-Acetyl-Ser! angiotensin
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palmitoylated on the serine hydroxyl function was inactive. A Ser palmitoylated
analogue of an angiotensin antagonist [N-Ac-Ser!, p-D-Nal®|angiotensin was
also inactive. In contrast to the Ser palmitoylated analogues, [Sar!, Tyr(palmi-
toyl)*Jangiotensin obtained by palmitoylating [Sar'Jangiotensin on the phenolic
hydroxyl of Tyr* was comparable in potency to [Sar'Jangiotensin, and exhibited
prolonged activity. Similarly, the palmitoylated analogue of [Sar!, D-Nal®Jangio-
tensin, [Sar!, Tyr(palmitoyl)*, D-Nal®|angiotensin, retained the antagonist ac-
tivity. All the above palmitoyl derivatives were easily converted into the
nonlipidated active form by lipolysis or saponification. [Sar!, Tyr*(O-octa-
decyl)]angiotensin, an analogue to Tyr-palmitoylated [Sar']angiotensin with an
octadecyl phenyl ether in position 4, was inactive.

Conformational analysis studies using theoretical calculations and H'-NMR
spectroscopy on tripeptide model compounds indicated that the cyclic moieties of
some of the angiotensin cyclic peptide analogues reported earlier {e.g. c[Hcy>’J-
angiotensin II (pD, 8.4 in isolated rabbit aortic rings and ICsy 2.1 nM for binding
in a rat uterine membrane assay), c[Cys*’J-angiotensin II, and c[Pen*]-angio-
tensin I (ICs, values 43 and 2.6 nM, respectively)} may assume an inverse y-turn
conformation.®® On the basis of these results, the amino acid residues 3-5 in
angiotensin II were substituted with two different y-turn mimetics giving four
diastereomeric angiotensin II analogues. The analogues like (24) and (25) (some
retained binding affinity) were either inactive or much less potent than angio-
tensin II in inducing contractile responses at the rabbit aortic strips.
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As in the last few years, a number of publications have appeared on the
chemistry and biology of non-peptide antagonists of angiotensin.®*°! Structures
of some of the compounds (26-32) are shown below. Benzofuran derivatives like
(26) were weak antagonists of angiotensin (pICsy values 3.36-6.15).%° In contrast,
several other compounds like (27-29) were potent antagonists of angiotensin at the
AT, receptors and showed activity in several in vivo antihypertensive tests.5%?1-%¢
For example compound (27) (UR-7280) decreased blood pressure at a dose of 0.3
mg kg~ ! when administered orally and compound (29) (EMD90423) after oral
administration (3 mg kg~ !) to cynomolgus monkeys demonstrated good efficacy
and a long duration of action as an antihypertensive agent.

Chemical modifications and receptor mutations were shown to have significant
effects on the agonist and antagonist properties of some non-peptide compounds
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like (30-32). Compound (32, L-162,313) has been reported previously as angio-
tensin agonist. The nonpeptide ligands that differ chemically by only a single
methyl group but have agonistic (30, L-162,782) and antagonistic (31, L-162,389)
properties in vivo were characterised on the cloned angiotensin AT, receptor.
Both compounds bound with high affinity (K; = 8 and 28 nM, respectively) to the
AT, receptor expressed transiently in COS-7 cells. A series of point mutations in
the transmembrane segments of the AT receptor had only a minor effect on the
binding affinity of the nonpeptide compounds, with the exception of Ala'**Val at
the top of transmembrane segment III, which selectively impaired the binding of
(29) and (30). Substitutions in the middle of transmembrane segments III, VI, or
VII, which did not affect the binding affinity of the compounds, impaired or
eliminated the agonistic efficacy of the non-peptides but with only minor or no
effect on the angiotensin potency or efficacy.®?

4.5 Bombesin/Neuromedin Analogues — The role of bombesin/gastrin releasing
peptide in various form of cancer, especially small cell lung cancer, has been
discussed in the past. Some of the more recent work has indicated that although
many human melanoma cell lines express GRP-preferring bombesin receptor
mRNA, only one of these cell lines (A375-6) expressed functional receptors in
sufficient numbers to allow detection of bombesin binding. Growth of A375-6
cells could be neither stimulated by exogenous bombesin nor inhibited by
blocking the receptors, therefore excluding a role for bombesin/GRP in autocrine
stimulation.'®> However, in H-128 human SCLC line xenografted nude mice,
administration of a bombesin receptor antagonist [D-Tpi®, Leu'*y(CH,NH)-
Leu'*bombesin(6-14) (RC-3095) (20 pg day ' animal~' for 4 weeks) caused
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70% reduction in tumour weight and volume. The numbers of receptors both for
bombesin and epidermal growth factor were also reduced.!®® Similarly, in the
oestrogen-dependent mouse mammary tumours, the concentration of epidermal
growth factor receptors was reduced by RC-3095 (about 60%) 6 hours after
injection and returned to original levels after 24 hours. Levels of mRNA also fell
in parallel with the receptor numbers and were nearly normal after 24 hours. In
the hormone-independent mouse mammary cancers, the number of epidermal
growth factor receptors decreased progressively (undetectable after 6 hours) and
returned to normal levels after 24 hours, but mRNA levels remained lower for 48
hours.!

Recent discoveries of various bombesin/GRP receptor subtypes, (gastrin-
releasing peptide receptor, neuromedin B receptor, bombesin receptor subtype-3
and bombesin receptor subtype 4; all G-protein-coupled receptors), and the
involvement of human bombesin receptor subtype 3 (BRS-3) in obesity has
created a new interest in the field.'®> Function of this receptor has been studied
using BRS-3-deficient mice. BRS-3-deficient mice were shown to gain more
weight and the rate of weight loss was less when the food supply was restricted.

Unlike the remaining three receptors [GRP-R, NMB-R, and bb4] which bind
bombesin with dissociation constants in the nanomolar range, the BRS-3 receptor
has low affinity for bombesin (K4 > 1 uM) and its natural ligand has not yet been
identified.'®®'%” Amino acid substitutions in mouse GRP and human BRS-3
receptors have been carried out to identify the residues involved in interaction
with various ligands. Four substitutions (Arg”®*His, GIn'?'Arg, Pro'*’Ser and
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Ala®%Ser) in mouse GRP-R resulted in a significant decrease in bombesin
affinity.'”” The analogous mutations in BRS-3 (Arg'*’Gln, His***Arg, Ser’*Pro
and Ser’!°Ala) resulted in a receptor with a 100-fold increase in bombesin and
GRP affinities relative to wild-type BRS-3.

Attempts are being made to identify selective ligands of BRS-3 receptor
subtype by various techniques.'®®*'® A number of bombesin-like peptides
(agonists and antagonists) were tested for calcium mobilisation in BR-2 cells
(Balb/3T3 fibroblasts transfected with BRS-3 cDNA). Neuromedin B, litorin and
ranatensin containing a C-terminal Gly-His-Phe-Met-NH, tetrapeptide promoted
calcium mobilisation at 1 pM. In contrast, GRP, bombesin and alytesin which
have Gly-His-Leu-Met-NH, tetrapeptide at the C-terminus were active at 10 pM.
Testing of a series of NMB analogues truncated at the amino terminus and
carboxyl terminus indicated that the minimal size of NMB required for retention
of full activity was Ac-NMB(3-10) (Ac-Leu-Trp-Ala-Thr-Gly-His-Phe-Met-
NH,). Systematically replacing each residue with alanine, or changing its
chirality, demonstrated that the carboxyl-terminal residues His®, Phe’, and Met!°
of NMB are important for optimal activity.'® Two of the most potent agonist
peptides at the BRS-3 receptor were [D-Phe®-BN(6-13) propyl amide (ECs, 84
nM) and [D-Phe®-Phe'*]-BN(6-13) propyl amide (ECso 5 nM). Conversion of the
most potent BRS-3 agonist peptide, [D-Phe®-Phe!*]-BN(6-13) propyl amide, into
a more NMB-like peptide resulted in a much less potent analogue, [D-Phe®-Leu’,
Thr', Phe'*]-BN(6-13) propyl amide. A number of other analogues reported to
be agonists or antagonists of bombesin, 4-pyridylcarbonyl-[His’, D-Ala'!,
Lys(CO-CH,-CH,-Ph)!?]-BN(7-13)-OMe, [D-Phe®-BN(6-13)-OMe, [D-Phe(Fs)®,
D-Ala''-BN(6-13)-OMe, [Leu'*(CH,NH)Leu'#-BN and [desaminoPhe®, His’,
D-Ala'!, D-Pro'*{(CH,NH)Phe'*]-BN(6-14), did not show agonist or antagonist
activity up to a concentration of 10 uM.

In another study, two cell lines stably expressing transfected hBRS-3 receptors
(NCI-H1299 and Balb 3T3) were used to study the binding of various analogues
of bombesin.!” Radiolabelled NMB-R or GRP-receptor ligands like ['2°I-D-
Tyr’INMB, [*’I-Tyr*|BN, 'I-GRP, ['*’I-D-Tyr®|BN(6-13)-OMe] did not de-
monstrate increased saturable binding to these clones compared with the results
in the native non-transfected cells. One of the bombesin analogues, [D-Tyr®, p-
Ala'!, Phe'®, Nle'*|BN(6-14) and the iodinated derivative ['*°I-D-Tyr®, B-Ala'!,
Phe'?, Nle'*IBN(6-14) demonstrated no saturable binding to the non-transfected
Balb 3T3 cell lines, a low but significant level of binding to non-transfected NCI-
H1299 cells that have low levels of hBRS-3 receptors and a significant binding to
each of ten different H1299 clones and four Balb 3T3 clones that had been stably
transfected with hBRS-3 receptors. [D-Phe®, B-Ala!!, Phe!®, Nle!*|BN(6-14)
inhibited the binding of ['?°I-D-Tyr®, B-Ala'!, Phe'®, Nle!'*]BN(6-14) to hBRS
transfected NSCLC-1299 and Balb 3T3 cells (K; 4.2 and 8.9 nM, respectively).
[D-Phe®, B-Ala'l, Phe'?, Nle!*JBN(6-14) stimulated >5-fold increase in [*H]in-
ositol phosphate at concentrations below 100 nM (data not shown). A number of
other peptides [bombesin, GRP, NMB, ranatensin, litorin, alytesin, [Leu®]phyllo-
litorin, phyllolitorin, neuromedin C, NMB and [Phe'*]Jbombesin] showed no
affinity (>2 M) for the two transfected cell lines.'"



3: Studies on Peptides, Hormones and Other Biologically Active Peptides 183

Peptides inactive in the hBRS-3 receptor transfected cell lines include: [D-
Phe'’]BN, [Tyr*, D-Phe'’]BN, [D-Phe®, D-Phe'?, Leu'¥|BN, [Leu'*y(CH,NH)-
Leu|BN,  [D-Phe®,  Leu'*y(CH,NH)Phe(p-Cl)'*|BN(6-14),  [D-Phe®,
Leu'’(yCH,NH)D-Phe'¥|BN(6-14),  [3-Ph-Pr®,  His’, D-Ala'!,  D-
Pro'*y(CH,NH)Pro'¥|BN(6-14)-NH,, ~ [3-Ph-Pr’, Pro’, pB-Ala'', D-
Pro'*y((CH,NH)Phe'“|BN(6-14), [D-Phe®|BN(1-13)-NH,, [D-Phe®|BN(6-13)-
NH,, [D-Phe®|BN(6-13)-OMe, [D-Phe®|BN(6-13)-NHPr, [D-Phe®|BN(6-13)-NH-
hexyl, [D-Tyr®, D-Ala''[BN(6-13)butylamide, [D-Phe®]BN(6-13)-NHNMe,, [D-
Phe®|BN(6-13)-NHNH,, [D-Phe!, B-Leu®, des-Met’|litorin, [D-Arg!, D-Trp””,
Leu''|SP, [D-Pro*, D-Trp”*!°|SP(4-11), [D-Phe®|BN(6-14), [D-Phe®, D-Ala'!,
Leu'*BN(6-14), [Phe(p-Cl)!, D-Ala®, Leu®, Nle’]litorin and [D-Phe', Nle]litorin.

The C-terminal Leu'>-Leu'* modified analogues showed both agonist and
antagonist properties.!'” All the agonist analogues were less potent than bom-
besin (pancreatic acini binding K; 1.8 nM, amylase release ECsy 0.07 nM) both in
the receptor binding and amylase release assays. The most potent agonist
analogues were D-Phe-Gln-Trp-Ala-Val-Gly-His-Leu-fhPhe-NH, (pancreatic
acini K; 9.7 nM, amylase release ECsg 2.1 nM) and D-Phe-Gln-Trp-Ala-Val-Gly-
His-Leu-BhLeu-NH, (pancreatic acini K; 5.8 nM, amylase release ECsy 0.3 nM).
The rest of the agonist analogues, D-Phe-Gln-Trp-Ala-Val-Gly-His-Leu-Aic-
NH,, D-Phe-GIn-Trp-Ala-Val-Gly-His-Leu-Tic-NH,, D-Phe-Gln-Trp-Ala-Val-
Gly-His-Leu-D-Tic-NH,, = D-Phe-GIn-Trp-Ala-Val-Gly-His-Leu/[CH,CH,]D-
Leu-NH,, D-Phe-GIn-Trp-Ala-Val-Gly-His-Leuy[CH,CH,]Leu-NH, and D-
Phe-GIn-Trp-Ala-Val-Gly-His-Leuy[CH;]Leu-NH,, were much less potent.
Amongst the antagonist peptides, D-Phe-GIn-Trp-Ala-Val-Gly-His-Leuy[-
CH;]Leu-NH, (pancreatic acini K; 4.3 nM, amylase release Ki 7.7 nM) was the
most potent antagonist analogue in inhibiting bombesin-stimulated amylase
secretion. The rest of the antagonist analogues, D-Phe-GIn-Trp-Ala-Val-Gly-His-
Leuy[CH,NH]Leu-NH,, D-Phe-Gln-Trp-Ala-Val-Gly-His-BhLeu-D-Nle-NH,,
D-Phe-GIn-Trp-Ala-Val-Gly-His-Leu-Bh-D-Phe-NH, and D-Phe-GIn-Trp-Ala-
Val-Gly-His-Leuy[CH,O]Nle-NH, were less potent.

Non-peptide antagonists of neuromedin B were synthesised using a rational
approach. After defining the role of each amino acid side chain by alanine
scanning in the minimum active fragment which indicated that Trp®, Val'® and
Leu!® were more important for the binding affinity to the bombesin receptors, a
search within the company compound collection for various templates containing
Trp, Val/Leu types of side chains led to a moderately active lead (33) (K; 95 nM
at neuromedin B receptors and >10,000 nM at GRP receptors). Replacing the
three backbone NH groups by N-methyl groups to introduce conformational
constraint led to less potent compounds (K; values 120 to 490 nM). However,
changes at the C-terminal end led to more potent (S) a-methyl-Trp derivative (34,
PD 165929).

Analogues of bombesin(6-14) and bombesin(7-14) have been used as carriers
for cytotoxic agents like doxorubicin and 2-pyrrolinodoxorubicin to create
hybrid cytotoxic analogues. All the peptides contained a [CH,NH] peptide
bond replacement between positions 13 and 14. The K; value for one of the more
potent compounds (35) was 1.6 nM on Swiss 3T3 cells. The cytotoxic bombesin
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analogues and their corresponding cytotoxic radicals exerted similar inhibitory
effects on the in vitro growth of human pancreatic cancer, human lung cancer,
human prostate cancer and human gastric cancer cell lines that have receptors for
bombesin/GRP. In vivo experiments on nitrosamine-induced pancreatic cancers
in golden hamsters indicated that both cytotoxic bombesin analogue and
cytotoxic radical have significant antitumour activity.'!?

4.6 Bradykinin Analogues — Conformational properties of a bradykinin ana-
logue, [Thr®]bradykinin, were reported.''*!'* Bradykinin (Arg-Pro-Pro-Gly-Phe-
Ser-Pro-Phe-Arg), several metabolites like [des-Arg’|bradykinin, [HyPro’Jbrady-
kinin and partially processed N- and C-terminally extended intermediates [Leu-
Leu-Pro-Ile-Val-Gly-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg, Arg-Pro-Pro-Gly-
Phe-Ser-Pro-Phe-Arg-lle-Ala,  Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-Ile-Ala-
Pro-Ala-Ser-Thr-Leu and Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-1le-Ala-Pro-
Ala-Ser-Ile-Leu] were isolated from an extract of Rana temporaria skin.''®
Sequences of new bradykinin potentiating peptides have been disclosed.''® A
c¢DNA clone was isolated from a Bothrops jararaca venom gland cDNA library
that encodes a 256 amino acid precursor for bradykinin potentiating peptides
(ACE inhibitors) and a C-type natriuretic peptide. The seven bradykinin poten-
tiating peptides [Gln-Ser-Trp-Pro-Gly-Pro-Asn-Ile-Pro-Pro, Gln-Gly-Gly-Trp-
Pro-Arg-Pro-Gly-Pro-Glu-Ile-Pro-Pro,  Gln-Asn-Trp-Pro-His-Pro-Gln-Ile-Pro-
Pro, GIn-Gly-Arg-Ala-Pro-Gly-Pro-Pro-Ile-Pro-Pro, Gln-Gly-Arg-Ala-Pro-His-
Pro-Pro-Ile-Pro-Pro and two repeating sequences of Gln-Lys-Trp-Ala-Pro] were
present after the hydrophobic signal peptide sequence, followed by a putative
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intervening sequence and a C-type natriuretic peptide [Gly-Ala-Ala-Lys-Gly-Cys-
Phe-Gly-Leu-Lys-Leu-Asp-Arg-Ile-Gly-Thr-Met-Ser-Gly-Leu-Gly-Cys] at the C-
terminus. '

The tetrapeptide in the central portion of bradykinin and [des-Arg'®Jkallidin
was replaced by alkyl spacers of various lengths [-NH-(CH,)n-CO-, n = 5-11].
When tested as agonists at the kinin receptors, the pseudopeptides showed
significant activity only at the B, receptors.'!” In the rat isolated ileum long-
itudinal smooth muscle preparation (B; receptor), Arg-NH(CH,),,CO-Ser-Pro-
Phe-Arg and Arg-NH(CH,);;CO-Ser-Pro-Phe-Arg showed weak agonist activity,
but in the guinea pig ileum longitudinal smooth muscle preparation (B, receptor),
Arg-NH(CH,)sCO-Ser-Pro-Phe-Arg, Arg-NH(CH,);CO-Ser-Pro-Phe-Arg, Arg-
NH(CH,)¢CO-Ser-Pro-Phe-Arg and Arg-NH(CH,);;CO-Ser-Pro-Phe-Arg did
not show any agonist or antagonist activity up to a concentration of 10 pM. The
same modifications in the selective B; receptor agonist, [des-Arg'°Jkallidin, also
led to less potent compounds. Lys-Arg-NH(CH,)sCO-Ser-Pro-Phe was inactive
and three other compounds [Lys-Arg-NH(CH,),CO-Ser-Pro-Phe, Lys-Arg-
NH(CH,),(CO-Ser-Pro-Phe and Lys-Arg-NH(CH,),;CO-Ser-Pro-Phe] were
>10-fold less potent than the parent peptide in the B, receptor preparation.'!”

Non-peptide antagonist (36-39) and agonist (40) analogues of bradykinin have
been disclosed.'"®'%> A quinoline derivative (36, FR173657) displaced [*H]brady-
kinin binding to B, receptors present in guinea-pig ileum membranes with an
ICs5y of 0.56 nM and in rat uterus with an ICsy of 1.5 nM. In human lung
fibroblast (IMR-90) cells, FR173657 displaced [*H]bradykinin binding to B,
receptors (ICso of 2.9 nM, K; of 0.36 nM), but did not reduce [*H]-des-Arg'’-
kallidin binding to B receptors. In guinea-pig isolated preparations, FR173657
antagonised bradykinin-induced contractions (pA, 9.2). Compound (37) was
about 5-10-fold less potent than (37).'?2 In vivo, oral administration of (36) in
anaesthetised guinea-pigs inhibited bradykinin-induced bronchoconstriction in a
dose dependent manner (EDsy 0.075 mg kg~'), but did not inhibit histamine-
mediated bronchoconstriction even at 1 mg kg~'. Compound (36) also inhibited
carrageenin-induced paw oedema (EDsq 6.8 mg kg~ ') 2 h after the carrageenin
injection in rats.''® Plasma exudation induced by intrapleural injection of
bradykinin into male rats were significantly inhibited by oral administration of
(36) (3-30 mg kg~!, 1h before bradykinin) in a dose-dependent manner. The
inhibitory effect of 30 mg kg~' dose persisted for more than 4 hours. In another
test (carrageenin-induced-exudation), oral administration of (36) (30 mg kg™ ')
also blunted (50-77%) the plasma exudation response 1, 3, 5, and 7 h after
carrageenin, causing a significant parallel reduction (42-57%) in the volume of
exudates.!'” Compound (36) also showed activity in a number of other test
systems.'>°122 A proposed overlap between a nonpeptide bradykinin antagonist
(38) (WIN64338) and a cyclic hexapeptide bradykinin antagonist (39) indicated
that the naphthalene ring of (38) lies over the tetrahydroisoquinoline moiety of
(39). This then places one of the cyclohexyl rings near the octahydroisoquinoline
and the positively charged guanidine over the Arg’ of the cyclic peptide.'*?

The nonpeptide bradykinin receptor agonist (40) (FR190997) stimulated
phosphatidylinositol hydrolysis in Chinese hamster ovary cells permanently
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expressing the human bradykinin B, receptor at concentrations between 1 nM
and 1pM. The response of phosphatidylinositol hydrolysis was antagonised by
the B, receptor selective antagonist Hoe 140, [D-Arg, HyPro®, p-thienyl-Ala*, D-
Tic’, Oic®]-bradykinin. At 100 nM concentration, Hoel40 inhibited the brady-
kinin-stimulated and (40)-stimulated (both at 100 nM) phosphatidylinositol
hydrolysis by 60 and 63%, respectively. In competitive binding experiments
(CHO cell membranes expressing the human bradykinin receptor subtypes),
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FR190997 showed a high affinity binding to the B, receptor (ICso 5.3 nM) and no
binding affinity for the B, receptor. Intravenous administration of bradykinin or
(40) (both at 10 pug kg™ ') caused a fall in blood pressure. However, the duration
of the hypotensive response to (40) (12.4 min.) was significantly longer than the
response to bradykinin (1.9 min.)."**
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4.7  Cholecystokinin Analogues — As in previous years, peptide and non-peptide
analogues of CCK have been reported. The peptide analogues have been based
on the C-terminal tetra- and hexapeptide derivatives. Although some new
structural subtypes have been reported, the non-peptide ligands have been
primarily based on the benzodiazepine-type skeleton reported in the past. In
addition, some dual CCK/histamine antagonists have been reported. CCK-4
(Trp-Met-Asp-Phe-NH,) pseudopeptide analogues incorporating the (R) or (S)
Y[CH(CN)NH] peptide bond surrogate at the Nle*'-Asp®? or Trp**-Nle®*! bonds
have been described. Z-Trpy[(S)CH(CN)NH]NIe-Asp-Phe-NH, retained the
high CCKjp receptor affinity [ICsq CCK4 1714 nM, CCKg 14.9 nM] of Boc-
[NIe*']-CCK-4 [ICsy CCKA 4000 nM, CCKp 65 nM], and was a potent and
selective CCKp antagonist in the isolated guinea pig ileum."*® In comparison to
the (S) analogue, the corresponding (R) analogue was less potent at the CCKg
receptor (ICsqp 45.3 nM) but somewhat more potent at the CCK, receptor (ICsq
483 nM). Some of the truncated analogues, Z-Trp\[(S)CH(CN)NH]Asp-Phe-
NH,,  Z-Trpy[(R)CH(CN)NH]Asp-Phe-NH,,  Z-Trpy[(S)CH(CN)NH]Asp-
Phe(NH,)-OH and Z-Trpy[(R)CH(CN)NH]Asp-Phe(NH,)-OH, retained activity
at the CCK, receptor (ICsg 272-719 nM) but were very poor ligands at the CCKp
receptor (ICso >8630 nM). Further truncation led to much less potent analogues,
Z-TrpY[(S)CH(CN)NH]Phe-NH,, Z-Trpy[(R)CH(CN)NH]Phe-NH,, at both the
receptor subtypes. The two more potent tetrapeptide analogues, Z-
Trpy[(S)YCH(CN)NH]NIle-Asp-Phe-NH, and Z-Trpy[(R)CH(CN)NH]NIle-Asp-
Phe-NH,, inhibited the CCK-4 induced contractions in the isolated guinea pig
ileum preparation with pA, values of 8.0 and 7.1, respectively.

In contrast to Boc-CCK-4, which is 70-fold selective for the CCKp receptor,
modified lysine containing tetrapeptides possessing the general structure Boc-
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Trp-Lys[N*CO-NH-Ph(R)]-Asp-Phe-NH, (41) have been reported in the past to
be potent and selective full agonists at the CCK, receptor. Further SAR studies
involving modifications of the substituted phenylurea moiety appended off the
lysine revealed that relatively minor structural modification within the tetrapep-
tide, resulted in loss of CCK4 receptor selectivity and development of a trend
toward CCKg selectivity.127 Lysine derivatives (41, R = 2-Me, 3-Me, 4-Me, 2-
MeO, 3-MeO, 4-MeO, 2-COOMe, 3-COOMe, 4-COOMe, 2-NO,, 3-NO,, 4-NO,,
3-Ac, 4-Ac) showed varying levels of selectivity for the CCK, receptors. The
most selective agonist (R = 2-Me) (CCK ICsg 3.8 nM and CCKp ICs 1400 nM)
was about 350-fold more selective for the CCKj4 receptors. A few of the
compounds (R = 4-NO, or 4-Ac) lost selectivity and were marginally more
potent agonists at the CCKgpg receptors. These tetrapeptides, e.g. Boc-Trp-
Lys[N®*-CO-NH-(4-NO,-Ph)]-Asp-Phe-NH, and Boc-Trp-Lys[N*-CO-NH-(4-Ac-
Ph)]-Asp-Phe-NH,, were full agonists relative to CCK-8 in stimulating intracel-
lular calcium mobilisation in a cell line that expresses the, CCKgp receptor.

Constrained cyclic pseudopeptide CCKp agonists have been synthesised by
replacing the Trp residue of Boc-Trp-MeNle-Asp-Phe-NH, (K; = 0.8 nM,
CCKA/CCKp > 6000) by a-Me-D-Trp and the MeNle residue by 2-aminono-
nane-1,9-dicarboxylate or similar amino acids followed by cyclisation from the
N-terminal Trp amino group and 2-aminononane-1,9-dicarboxylate side
chain.'?® Several compounds like (42-44) demonstrated activity in both CCKp
(K; 15-62 nM) and CCK 4 (K; 271-2880 nM) receptor binding assays. The most
potent compound, (42) [(S) at the a-carbon of the aminononane derivative] had a
K; value of 15 nM for guinea pig cortex membranes (CCK/CCKg = 147) and
behaved as a potent and full agonist in a functional assay [stimulation of inositol
phosphate accumulation in CHO cells transfected with the rat CCKp receptor
(ECso = 7 nM)]. The cyclic peptide (42) also stimulated gastric acid secretion in
anaesthetised rats after intravenous injection (EDs, value 7.6 nmol/kg/h) (CCK-8
ED5y 4 nmol kg_1 h—1).128

The C-terminal octapeptide of CCK, Asp-Tyr(SOsH)-Met-Gly-Trp-Met-Asp-
Phe-NH, (Ki CCKy4 0.09 nM and CCKg 0.41 nM) has been modified to improve
selectivity for the CCK 4 receptor subtype.'* A close analogue of the octapeptide,

(e}

H
/N\)k
Boc-Trp X Asp-Phe-NH,

H
N r(x—Me(R)Trp—H—C—CO—Asp—Phe—NHz
R
(e} CO(CHyp)7

(41) (42) RB360-1 and RB360-II
H H
a-Me(R)Trp—H—C—CO—Asp»Phe—NHz a-Me(R)Trp*H—C—CO—Asp—Phe—NH2
COCH,CONH(CHa)4 CO(CH2)4sS—S(CH,),

(43) RB370 (44) RB380



3: Studies on Peptides, Hormones and Other Biologically Active Peptides 189

4-hydroxyphenylacetyl-Met-Gly-Trp-Met-Asp-MePhe-NH,, was about 20-fold
more selective than the octapeptide. Replacing the Asp residue by a D-Asp
residue led to a 100-fold more selective analogue, 4-hydroxyphenylacetyl-Met-
Gly-Trp-Met-D-Asp-MePhe-NH, [K; CCKA 0.98 nM and CCKy 84 nM]. The
MePhe residue in this peptide was important for the potency and selectivity. The
corresponding Phe analogue was similar in selectivity to CCK-8 but was much
less potent [K; CCK 4 19 nM and CCKg 150 nM]. Additional modifications like
replacement of the Met residues by Nle or Ile and the Asp residue by MeAsp or
D-MeAsp resulted in further enhancement in CCK 4 selectivity. 4-Hydroxyphe-
nylacetyl-Nle-Gly-Trp-Nle-D-Asp-MePhe-NH,, 4-hydroxyphenylacetyl-Nle-Gly-
Trp-Nle-MeAsp-Phe-NH,, 4-hydroxyphenylacetyl-Nle-Gly-Trp-Ile-MeAsp-
MePhe-NH,, 4-hydroxyphenylacetyl-Ile-Gly-Trp-Ile-MeAsp-Phe-NH, and 4-
hydroxyphenylacetyl-Nle-Gly-Trp-Nle-D-MeAsp-Phe-NH, showed high affinity
at the CCK4 receptors (K; 0.03-0.5 nM) and poor affinity at the CCKp receptors
(2000-48000-fold selectivity). Most of the analogues inhibited feeding in 24-hour
fasted rats when administered intraperitoneally. The most potent and selective
analogue, 4-hydroxyphenylacetyl-Nle-Gly-Trp-Nle-D-MeAsp-Phe-NH,  [K|
CCK,4 0.03 nM and CCKp 1600 nM] inhibited feeding in rats [EDs, values 0.06
and 0.21 pg kg~! at 30 min. and 3 hour period, respectively]. One of the less
selective compounds, 4-hydroxyphenylacetyl-Nle-Gly-Trp-Nle-MeAsp-Phe-NH,,
[K; CCK4 0.03 nM and CCKp 224 nM] was similar in potency to the more
selective analogue 4-hydroxyphenylacetyl-Nle-Gly-Trp-Nle-D-MeAsp-Phe-NH,
in rats, but when administered intranasally to dogs it was about 4-fold more
potent [EDs, values 5.0 and 20 pg kg ™", respectively].'?’

As reported in previous years, a number of benzodiazepine derivatives (45-48)
have been described as CCKp/gastrin antagonists.'**'** In addition, CCK 4
agonists based on the benzodiazepine skeleton have been reported. Compound
(45) inhibited gastric acid secretion induced by pentagastrin in anaesthetised rats
(EDso 0.06 mg kg~")."** In a pentagastrin-induced acid secretion model (Heiden-
hain pouch dogs), YF476 (46) and the corresponding NMe, analogue were
potent inhibitors of acid secretion (EDsy 0.01 mg kg~ '). When administered
orally, YF476 was about 90-fold more potent than YMO022 (reported earlier) and
displayed a long duration of action (>6 h at a dose of 100 nmol kg ~!).!*> Many
compounds like (47) were synthesised to improve aqueous solubility. The
compounds showed high affinity for the CCKp receptor (CCKg ICsg < 2.5 nM,
CCKA/CCKp > 2000), and a significant improvement in vivo half-life was
observed for a selection of compounds. Compound (47) inhibited the pentagas-
trin-induced excitation of single neurones in a slice preparation of the rat
ventromedial hypothalamic neurones with a K, <1 nM.'** In addition to the
above CCKg/gastrin receptor antagonists, benzodiazepine-based CCKA/CCKg
antagonists have also been synthesised. Compound (48) had high affinity at both
CCK4 (IC50 9.2 nM) and CCKg receptors (ICso 0.38 nM). Analogues containing
a -S-CH; or -COCHj; group in place of the tetrazole were similar in potency to
(48), whereas the -COOH analogue was about 2-fold less potent than (48) at the
CCK g receptor and about 16-fold less potent at the CCK 4 receptors.!®

Analogues of CCK, agonist (49) (GW5823) [EDsq in a functional assay 109
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nM, CCK-8 EDsy 2 nM] which demonstrated oral efficacy in a rat feeding model
have been synthesised.'*® In comparison to the indazole analogue (49), the
corresponding benzofuran, indole, benzothiophene, benzisoxazole and benzi-
sothiazole analogues did not give a full agonist response (30-80% CCK-8).
Evaluation of several analogues in an in vivo mouse gall-bladder emptying assay
revealed compound (49) to be the most potent and efficacious of all the analogues
tested. It reduced food intake to 40% of vehicle controls when given orally at a
dose of 10 pmol kg~ !

In addition to the benzodiazepine-based antagonists, some other chemically
distinct CCK antagonists (50-54) have also been reported.'>”'*! Compound (51)
(S-0509) which may be considered as a ring opened benzodiazepine structure
showed high affinity for the CCKg/gastrin receptor [ICsy values for gastrin,
CCKpg and CCK 4 receptors 1.52, 23.5 and 2813 nM, respectively]. Administra-
tion (id) of (51) led to inhibition of gastric acid secretion induced by pentagastrin
in anaesthetised rats with an EDs, value of 0.014 mg kg~ "."*® The 2-Adoc-a-Me-
D-Trp-hydroxyproline derivatives of the general formula (52) [R = O-(1-
naphthyl), -OPh(p-Cl), -OPh(p-F), -OPh(p-1), -OPh(p-NO,), -OPh(o,p-Cl,),
-OPh(o.p-F,), -OCH,Ph, and -OCH,Ph(m-Cl)] were less potent than 2-Adoc-u-
Me-D-Trp-N(CH,COOH)-CH,CH,Ph (RB210) reported earlier.'** Conforma-
tionally constrained series of CCKg/gastrin receptor ligands were synthesised by
replacing the Phe residue in compound (52) by analogues of Tic containing 6-9-
membered rings.'®!*! The 9-membered ring analogue (53) was one of the more
potent CCKp/gastrin antagonist (rat stomach pKg 9.08, mouse cortex pICs, 8.3).
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In comparison, the 6-, 7- and 8-membered ring containing analogues were poor
CCKp/gastrin receptor antagonists (rat stomach pKp values 7.6-7.9, mouse
cortex plCsg 6.63-6.75).

Further SAR studies on the previously reported dual histamine H, and gastrin
receptor antagonists were attempted to improve their low oral absorbability by
decreasing the high hydrophobicity of the parent hybrid compounds.'**** Many
such compounds containing a benzazepine, benzoxazepine, benzothiazepine or
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benzodiazepine skeleton and various linking groups like -Gly-f-Ala-y-Abu-, -y-
Abu-y-Abu- led to compounds with CCK and gastrin antagonist activity.
Compounds like (55) [ICs, values for gastrin, CCKp and CCK 4 receptors 21, 380
and 1800 nM, respectively; histamine H, pA, 7.6] showed some improvement in
oral bioavailability.
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4.8 Complement-related Peptide/Non-peptide Analogues — Peptide and non-
peptide agonists and antagonists of C3a and C5a are reported. In a human
neutrophil cDNA library, an orphan G-protein-coupled receptor (HNFAGO09)
with 37% nucleotide identity to the C5a receptor (C5a-R, CD88) was identified.
Mammalian cells stably expressing HNFAGO09 specifically bound ['*°I]-C3a and
responded to a synthetic C3a carboxyl-terminal analogue and to human C3a but
not to rC5a with a robust calcium mobilisation response.'*® Casoxin C (Tyr-Ile-
Pro-Ile-GIn-Tyr-Val-Leu-Ser-Arg) isolated from the tryptic digest of bovine k-
casein as an anti-opioid peptide in longitudinal strips of guinea pig ileum had a
contractile profile on ileal strips similar to that of human complement C3a. It
also had affinity for C3a receptors (ICso 40 pM) in a radioreceptor assay. In
comparison, the ICsy values for C3a, C3a(70-77) and another C3a agonist (Trp-
Trp-Gly-Lys-Lys-Tyr-Arg-Ala-Ser-Lys-Leu-Gly-Leu-Ala-Arg) were 0.089, 57
and ?4622 uM, respectively. Casoxin C also showed phagocyte-stimulating activ-
1ties.

Peptides synthesised with sequence homology to the C-terminal region of C5a
[C5a 65-74 (Tyr®, Phe®) Tyr®>-Ser®®-Phe®’-Lys®®-Asp®-Met”*-GIn’'-Leu’-
Gly-Arg’)] have been shown to behave as full agonists relative to the natural
factor but with much reduced potencies.'*” For example, the decapeptide C5a 65-
74 (Tyr-Ser-Phe-Lys-Asp-Met-Gln-Leu-Gly-Arg) retains 0.1% potency of CSa
(decapeptide ECs5y 9.6 uM, CSa ECsy 20 nM in inducing smooth muscle
contraction of human foetal artery). Two other peptides, Tyr-Ser-Phe-Lys-Asp-
Met-Pro-Leu-D-Ala-Arg and Tyr-Ser-Phe-Lys-Pro-Met-Pro-Leu-D-Ala-Arg,
were somewhat more potent (2-8% C5a). Based on these findings, the C-terminal
region of C5a was regarded as the biological effector region of the polypeptide.
Some of the N-terminally extended analogues of the above decapeptide, e.g. Ac-
Tyr-Ser-Phe-Lys-Pro-Met-Pro-Leu-D-Ala-Arg, Ahx-Tyr-Ser-Phe-Lys-Pro-Met-
Pro-Leu-D-Ala-Arg,  Lys-Trp-Ahx-Tyr-Ser-Phe-Lys-Pro-Met-Pro-Leu-D-Ala-
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Arg, Lys-Tyr-Ser-Phe-Lys-Pro-Met-Pro-Leu-D-Ala-Arg, Lys-Gly-Lys-Ahx-Tyr-
Ser-Phe-Lys-Pro-Met-Pro-Leu-D-Ala-Arg, Lys-Gly-Lys-Gly-Lys-Ahx-Tyr-Ser-
Phe-Lys-Pro-Met-Pro-Leu-D-Ala-Arg, Lys-Gly-Lys-Gly-Lys-Gly-Gly-Gly-Tyr-
Ser-Phe-Lys-Pro-Met-Pro-Leu-D-Ala-Arg, C5aj;7.46-AhX-Tyr-Ser-Phe-Lys-Pro-
Met-Pro-Leu-D-Ala-Arg and C5a;,_59-AhX-Tyr-Ser-Phe-Lys-Pro-Met-Pro-Leu-
D-Ala-Arg were somewhat more potent than the decapeptide (10-24% C5a) in
inducing contractile responses in the human foetal artery. All the analogues were
much less potent than C5a in the polymorphonuclear leukocytes (neutrophils) 3-
glucuronidase release assay (<2%) and in a receptor binding assay (<0.04% C5a).
Although the N-terminally C5a;;.50- (Lys-Tyr-Lys-His-Ser-Val-Val-Lys-Lys) ex-
tended analogue, C5aj;.,0-AhX-Tyr-Ser-Phe-Lys-Pro-Met-Pro-Leu-D-Ala-Arg,
was the most potent compound in each of the three assay systems (13%, 5.2% and
1.04% C5a, respectively, in the human foetal artery, B-glucuronidase release and
the receptor binding assays), the potency in the receptor binding assay was not
always related to the activities in the other assays.'*’

Non-peptide agonist and antagonists of C5a have been identified by random
screening.'**!4° A C5a receptor ligand lead (56), a hydantoin derivative incorpor-
ating an arginine and a phenylalanine residue, was identified by random screening
[**I-C5a displacement from a human neutrophil preparation]. The structural
optimisation for binding affinity resulted up to a 100-fold improvement in
binding affinity (compounds 57, 58, ICsy 0.3 uM). Replacement of the Phe
residue by cyclohexylalanine gave the most potent analogues. A number of other
compounds containing a Nal(1), Nal(2), hPhe, Trp, Val or Met side chain in
place of the Phe side chain were much less potent (ICsy values 5-30 pM).
Replacement of the Arg side chain by Lys or hArg side chain or by a -(-CH,)s-
NH-CO-NH; or -CH,Ph-4-NH, group also resulted in less potent compounds.
Both compounds (57) and (58) acted as functional agonists [stimulated myeloper-
oxidase release from neutrophils (eliciting 86-90% of the increase in myelo-
peroxidase release at 30 uM that is produced by a peptide agonist Tyr-Phe-Lys-
Ala-Cha-Gly-Leu-D-Phe-Arg at 1 uM)].'*® SAR studies on a random screening
lead identified using a C5a binding assay (human monocyte cell line U937) led to
an antagonist (59) of C5a (ICs 0.8 uM)."*® Compound (59) was also tested in a
functional assay (respiratory burst) based on the release of hydrogen peroxide
from neutrophils on activation. At a concentration of 30 uM, (59) blocked the
respiratory burst induced by 100 nM of C5a.

4.9 Endothelin Analogues — An ETpg receptor subtype has been identified in
canine spleen membranes using ETp-selective agonists endothelin-3, IRL-1620,
sarafotoxin 6c as well as ETa-selective antagonists BQ123 and related cyclic
pentapeptides. The receptor binds both ET, and ETy selective ligands.'>
Receptor binding and antagonist properties of endothelin-1 analogues, [Thr'®, v-
methylleucine!’Jendothelin-1, [Thr'8, Leu'®lendothelin-1 and [Thr'$, Cha'®Jendo-
thelin-1, were investigated using cloned human ET, and ETg receptors
expressed in CHO cells. All three analogues inhibited the binding of ['**I]endo-
thelin-1 from ET, and ETjy receptor expressing cells (Ky values 160-370 and 62-
190 pM, respectively) and were devoid of any agonist activity (stimulation of
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arachidonic acid release) in endothelin ET, receptor-expressing cells. In en-
dothelin ETy receptor-expressing cells, [Thr'®, y-methylleucine'’jendothelin-1
and [Thr'®, Cha'’lendothelin-1 did not stimulate arachidonic acid release up to a
concentration of 1 pM, but [Thr'8, Leu'”Jendothelin-1 did stimulate arachidonic
acid release (pD, value 8.9). However, the maximal release was only 40% of the
maximal release induced by endothelin-1. In another agonist assay (inositol
phosphate accumulation), both [Thr'®, vy-methylleucine!®jendothelin-1 and
[Thr'®, Cha'®jendothelin-1 had no effect on inositol phosphate accumulation up
to a concentration of 1 uM, but [Thr'®, Leu!?Jendothelin-1 stimulated accumula-
tion of inositol phosphate in a concentration dependent manner (pD, value 9.1).
However, the maximal release was only 10% of the maximal release induced by
endothelin-1. Thus [Thr'®, Leu'®jendothelin-1 was a partial agonist at the CCKp
receptor in both the assays.'”!

RES-701-1 [c(Gly-Asn-Trp-His-Gly-Thr-Ala-Pro-Asp)-Trp-Phe-Phe-Asn-Tyr-
Tyr-Trp], a cyclic 16 amino acid peptide in which the N-terminal glycine amino
group and B-carboxyl of Asp’ were linked by an amide bond, was reported
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previously as an ETpg-sclective antagonist.'>? N-Terminal cyclic peptide of RES-
701-1 was chemically combined to C-terminal peptide of various endothelin and
sarafotoxin family of peptides. Several of the hybrid peptides, RES-701-1(1-10)/
[Ala'JET-1(12-21) [c(Gly-Asn-Trp-His-Gly-Thr-Ala-Pro-Asp)Trp-Val-Tyr-Phe-
Ala-His-Leu-Asp-Ile-Ile-Trp], RES-701-1(1-10)/[Ala'*|ET-3(12-21) [c¢(Gly-Asn-
Trp-His-Gly-Thr-Ala-Pro-Asp)Trp-Val-Tyr-Tyr-Ala-His-Leu-Asp-Ile-Ile-Trp]
and RES-701-1(1-10)/[Ala'’]SRXT6b(12-21) [c(Gly-Asn-Trp-His-Gly-Thr-Ala-
Pro-Asp)Trp-Leu-Tyr-Phe-Ala-His-Gln-Asp-Val-Ile-Trp] were found to be selec-
tive ETg antagonists. The three hybrid peptides were more potent (ETg ICs
0.04-3.8 nM, ETA ICSO >100 nM) than RES-701-1 (ETB IC50 10 nM, ETA ICSO
>5000 nM). Fragments of endothelins and sarafotoxins, e.g. ET-1(12-21),
[Ser'’JET-1(12-21), ET-3(12-21) and SRXT6b(12-21), were poor antagonists of
endothelin (ETg ICsy 1000-3000 nM).!>2

Combined ETA/ETp receptor antagonists based on the C-terminal hexapeptide
of endothelin (His'®-Leu!”-Asp!'8-1le'-11e?-Trp?!), such as Ac-D-Dip'®-Leu-Asp-
Ie-Tle-Trp*' [PD 142893, ET4 ICsy = 58 nM, ETp ICso = 130 nM] and Ac-D-
Bhg'®-Leu-Asp-Ile-Ile-Trp*' [PD 145065, ET4 ICso = 4 nM, ETg ICso = 15 nM],
have been reported previously. However, these compounds are readily cleaved by
carboxypeptidases. By performing a reduced amide bond and N-methyl amino
acid scan, it was discovered that N-methylation of Ile*® resulted in a compound
(Ac-D-Bhg'®-Leu-Asp-Ile-Melle-Trp?!, PD 156252) that retained full receptor
affinity at both endothelin receptor subtypes (ETo ICsqg = 1 nM, ETg ICso 40
nM) along with enhanced proteolytic stability (t;» 538 min.) and cellular
permeability. Interestingly, N-methylation of this bond allows the cis configura-
tion to be readily accessible which greatly alters the preferred structure of the
entire molecule and may be responsible for the observed enhanced metabolic
stability.!>® Other N-Me amino acid containing analogues, Ac-N-Me-D-Dip'®-
Leu-Asp-Ile-Tle-Trp?!, Ac-D-Dip'®-MeLeu-Asp-Ile-Ile-Trp?!, Ac-D-Dip'®-Leu-
MeAsp-Ile-Tle-Trp*', Ac-D-Dip'®-Leu-Asp-Melle-Ile-Trp?!, Ac-D-Dip'®-Leu-
Asp-Ile-Melle-Trp?!, Ac-D-Dip'®-Leu-Asp-lle-Ile-MeTrp?!, were somewhat less
potent (ETA ICsps = 30 nM - 4.5 uM, ETg ICsy 80 nM - 11 pM). Similarly, the
aminomethylene analogues, Ac-D-Dip'®y[CH,NH]Leu-Asp-Ile-Ile-Trp?!, Ac-D-
Dip!'®-Leuy[CH,NH]Asp-Ile-Ile-Trp?!, Ac-D-Dip'®-Leu-Aspy[CH,NH]lle-1le-
Trp?', Ac-D-Dip'-Leu-Asp-Iley[CH,NH]Ile-Trp?!, Ac-D-Dip'®-Leu-Asp-Ile-
Tle[CH,NH]Trp*' were also less potent (ET 4 ICso = 250 nM - 2.7 uM, ETg ICs
20 nM - 1.3 pM). 133

SAR studies have continued on previously reported non-peptide antagonists of
endothelin with the aim of improving the pharmacokinetic profiles. Thiophene-
sulfonamide series of compounds yielded several potent ET, selective antago-
nists.!3* %% One of these (60, TBC11251) bound competitively to human ETA
receptors with a K; of 0.43 nM and an ICsq of 1.4 nM (ICs, for ETg = 9800 nM)
and inhibited ET-1-induced stimulation of phosphoinositide turnover [K; 0.686
nM, pA, of 8.0]. The compound has a serum half-life in the rat and the dog of 6-7
h and 60-100% oral bioavailability.'>” Another series of arylsulfonylamide
derivatives displaying ET4 selective antagonist activity included compounds like
(61) (ET A pICsg 9.3) which inhibited big endothelin-1-induced pressor response
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when administered orally. Compound (61) had a duration of action in excess of 4
hours at a dose of 2.5 mg kg~! in the conscious rat.!>!®® Examples of
sulfonamide derivatives acting as endothelin antagonists on both the ET, and
ETg receptor subtypes include compounds like (62, Ro48-5695) which display
potent binding (ICs values at ET 5 and ETp receptors 0.3 and 5 nM, respectively)
and high functional antagonistic potency in vitro. As a sodium salt, (60) showed
40-60% oral bioavailability in dogs and rats.'®""'%* In vivo, Ro 61-1790 (63)
inhibited the pressor effect of big ET-1 in pithed rats with an IDs, value of 0.05
mg kg™, Intravenous bolus dose of (63) induced a long-lasting antihypertensive
effect in deoxycorticosterone acetate salt rats. Other structurally different endo-
thelin antagonists, obtained primarily by SAR around random screening leads,
include compounds like PD156707 (64) (ICsos = 0.37 and 480 nM at ET, and
ETg receptors, respectively), (65) (ICsy 260 and 200 nM for ET5 and ETg
receptors, respectively) and (66) (ICso hET, 0.52 nM, pETg 0.85 nM).'41% The
ETA/ETg antagonist (66) was obtained by chemical modifications of ABT-627,
an ET 4 selective antagonist reported earlier.
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4.10 Growth Hormone-releasing Peptide and Non-peptide Analogues — Potent
peptides which release growth hormone in vitro and in vivo have been known for
the past ten years. Examples of such peptides include His-D-Trp-Ala-Trp-D-Phe-
Lys-NH, (GHRP-6), Ala-His-D-Nal(2)-Ala-Trp-D-Phe-Lys-NH,, D-Ala-D-
Nal(2)-Ala-Trp-D-Phe-Lys-NH, (GRP-2) and His-D-2-methyl-Trp-Ala-Trp-D-
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Phe-Lys-NH, (hexarelin). These peptides have no structural homology with
growth hormone or growth hormone-releasing hormone. Both GRP-2 and GRP-
6 act synergistically with growth hormone-releasing factor to release growth
hormone. Co-administration of GHRP-2 and GHRP-6 at maximal concentra-
tions had no further effect on growth hormone release than either one alone.
Both the peptides were able to desensitise cells to each other but not to growth
hormone-releasing factor. The effect of GHRP-2 was inhibited by peptide
antagonist, but was not affected by growth hormone-releasing factor antagonist,
[Ac-Tyr!, D-Arg’]-GRF. Thus the two peptides appear to stimulate growth
hormone release from rat pituitary cells via the same receptor and mechanism,
but different from growth hormone-releasing factor.!”®!”! One of the above
peptides, [His-D-2-methyl-Trp-Ala-Trp-D-Phe-Lys-NH,], when administered to
B-thalassemia patients was shown to raise serum growth hormone levels by both
intravenous (1 pg kg~ ') and oral (20 mg per patient) routes of administration.
Growth hormone releasing hormone (1 pg kg~ ', i.v.) did not have significant
effect on growth hormone levels.'”> Chemical modifications of a random
screening pentapeptide lead, Ala-His-D-Nal-D-Phe-Lys-NH, (ECsy 6 nM), by
replacement of the N-terminal Ala-His dipeptide by other dipeptide mimetics like
3-aminomethylbenzoic acid (ECsy 7 nM), 2-aminomethylbenzoic acid (ECsy 85
nM), 2,3-substituted thiophene (67, ECsy 27 nM), 2,4-substituted thiophene and
2,5-substituted thiophene, resulted in less potent compounds.'”
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Antagonists of growth hormone-releasing hormone were synthesised based on
the N-terminal 1-29 amino acids of the releasing hormone.!”* In comparison to
the earlier reported antagonist [Ac-Tyr', D-Arg?]hGH-RH(1-29)-NH>, many of
the new antagonists, Ibu-[D-Arg?, Phe(p-C1)>!°, Abu'>, Nle?’]hGH-RH(1-28)-
NH(CH,),-NH-C(NH)-NH,, Ph-CH,CO-[D-Arg?,  Phe(p-C1)°,  Abu'’,
Nle*’ThGH-RH(1-28)-NH(CH,)4-NH-C(NH)-NH,, Ph-CH,CO-[D-Arg?, Phe(p-
CD°, Abu®, Ala', Nle?’JhGH-RH(1-29)-NH, and Ph-CH,CO-[D-Arg?, Phe(p-
C)®, Abu®?, Ala'®, Nle’’ThGH-RH(1-29)-NH,, were more potent. The most
potent antagonist, Ph-CH,CO-[D-Arg® Phe(p-Cl)°, Abu'’, Nle?’]hGH-RH(1-
28)-NH(CH,)4-NH-C(NH)-NH,, inhibited growth hormone-releasing hormone-
induced growth hormone release (55-94% inhibition at 30 nM) in a superfused rat
pituitary assay up to a period of 2 hours. It also inhibited serum growth hormone
levels after intravenous (80 pg kg~ '), intraperitoneal (4 mg kg~ !) or intramus-
cular (2.2 mg kg~') administration but not after subcutaneous (4 mg kg~!)
administration.'”> Ph-CH,CO-[D-Arg®, Phe(p-C1)°, Abu'’, Nle*’IhGH-RH(1-
28)-NH(CH,)4-NH-C(NH)-NH, also inhibited the growth of various insulin-like
growth factors-I and/or -II dependent tumours including human lung cancers,
ostoesarcomas, prostatic and colorectal cancers in nude mice and murine
mammary tumours. Another potent antagonist, isobutyryl-[D-Arg?, Phe(p-Cl)é,
Abu'’, Nle?’]hGH-RH(1-28)Agm, inhibited the growth of Caki-I cells and was
also effective in reducing the tumour weight in nude mice bearing xenografts of
human Caki-I renal cell carcinoma.'”®

SAR studies on non-peptide growth hormone secretagogues have been re-
ported. In the spiroindane series of compounds, modification of the benzylic
position of the spiroindane resulted in increased potency and oral bioavailability.
In both structures [(68) and the corresponding compound containing Trp in place
of Phe], polar substituents (X = CO or CHOH) led to more potent compounds
than the corresponding (X = CH,) analogues when given orally. For example,
compound (68, X = CH,) gave a 4-fold increase in serum growth hormone levels
in the beagle dog model at a dose of 1 mg kg~", po, but the corresponding (X =
CO) analogue gave a similar response at a dose of 0.25 mg kg~!, po.'”’
Compounds with a readily metabolised ester into the spiroindane benzylic
position (68, X = CH-COOEt, L-163,833) resulted in short-acting compounds.
The compound was rapidly converted into the corresponding acid in vitro (rat,
dog, human plasma and liver microsomes) as well as in vivo (rat and dog) and the
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resulting acid was rapidly cleared.!”® In the benzoazepinone series of compounds,
replacement of the tetrazole group by various 5-membered ring systems [e.g.
oxadiazole (69) (ECsy 30 nM) and triazole (ECsy 90 nM)] resulted in slight
enhancement in affinity.'” In comparison to the naphthoazepinone analogue
(70) (EDsy 4 nM), the corresponding benzoazepinone analogue was much less
potent (EDs, 30 nM).'8°

(69) (70)

4.11 Integrin-related Peptide and Non-peptide Analogues — Many proteins like
fibronectin, von Willebrand factor, thrombospondin, laminin, vitronectin and
VCAM-1 are involved in cell-cell and cell-matrix interactions. A number of these
processes are known to be involved in various diseases like thrombosis, bone
disorders and cancer. Various aspects of integrin research have been described in
recent reviews.'!71% As in the previous year, most of the work has centred
around glycoprotein IIb/IITa and «,f; integrins. A region of type IV collagen,
(IV)531-543 [Gly-Glu-Phe-Tyr-Phe-Asp-Leu-Arg-Leu-Lys-Gly-Asp-Lys], has
been reported to bind o3B; integrin and promote integrin-mediated tumour cell
adhesion. An all-D enantiomeric peptide model of a1(IV)531-543 containing a D-
Tyr at the C-terminal end [Gly-D-Glu-D-Phe-D-Tyr-D-Phe-D-Asp-D-Leu-D-
Arg-D-Leu-D-Lys-Gly-D-Asp-D-Lys-D-Tyr] and the corresponding all-L ana-
logue were found to support melanoma and breast carcinoma cell adhesion,
spreading, and motility in a dose-dependent fashion. The adhesions of melanoma
and breast carcinoma cells to both type IV collagen and fibronectin were
effectively inhibited by both the peptides.'*°
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A series of cyclic peptides (based on the Leu-Asp-Val sequence of CS1) like
Cys-Trp-Leu-Asp-Val-Cys (disulfide bridge between Cys'*) inhibited o4f;-depen-
dent binding of lymphocytes to VCAM-1 and CS1 with ICsy values of 1-3
uM. 1192 The peptide also inhibited oups-dependent lymphocyte binding to the
ligands MAdCAM-1, VCAM-1 and CS-1. The cyclic peptide inhibited o4f3,-
dependent, but not asp;-dependent, binding of cells to intact fibronectin. Other
active compounds in the series included cyclic disulfide bridge containing peptides
Cys-Glu-Trp-Leu-Asp-Val-Cys, Cys-lIle-Leu-Asp-Val-Cys, Cys-Trp-Leu-Asp-
Ala-Cys and Cys-Leu-Asp-Val-Cys. Inactive cyclic peptides included Cys-Asp-
Leu-Val-Trp-Cys, Cys-Trp-Leu-Asp-Cys, c¢(Glu-Trp-Leu-Asp-Val-Asp) and
c(Glu-Trp-Leu-Asp-Val-Pro-Glu-Trp-Leu-Asp-Val) (ICsy values >1000 pM). In
addition to Leu-Asp-Val containing peptides, Lys-Leu-Asp-Ala-Pro-Thr has
been reported as a novel fibronectin ligand for activated a4 (oyf; and oyf3;7)
integrins.193 Ac-Leu-Asp-Thr-NH, (ICsg 276 uM), Ac-Leu-Asp-Val-NH, (ICs,
126 uM) and the sulfonamide derivative 71 were active in the oyf; and its
endothelial ligand (MAdCAM-1, mucosal addressin cell adhesion molecule-1)
adhesion assay.'** The sulfonamide derivative of 71 containing a Thr residue in
place of Val did not show activity in the adhesion assay at a concentration of 500
uM. Sequences (e.g. Gly-Arg-Gly-Asp-Asn-Pro) involved in asf; integrin recog-
nition have been reported.'?>!®

Various peptide and non-peptide antagonists of o3 integrin have been
reported.’®’ 2% Based on the potent and selective inhibitor for the o, B; integrin,
c(Arg-Gly-Asp-D-Phe-Val), several cyclic retro-inverso and related peptides
[c(Arg-Gly-Asp-Phe-Val), c(Arg-Gly-Asp-Phe-D-Val), c(Arg-Gly-Asp-D-Phe-
Val), c(Arg-Gly-D-Asp-Phe-Val), c(D-Arg-Gly-Asp-Phe-Val), c(D-Arg-Gly-D-
Asp-D-Phe-Val), c(D-Arg-Gly-D-Asp-Phe-D-Val), c(D-Arg-Gly-Asp-D-Phe-D-
Val), c(Arg-Gly-D-Asp-D-Phe-D-Val), c(D-Val-Phe-Asp-Gly-Arg), c¢(Val-D-Phe-
Asp-Gly-Arg), c(Val-Phe-D-Asp-Gly-Arg), c(Val-Phe-Asp-Gly-D-Arg), c(Val-D-
Phe-D-Asp-Gly-D-Arg), c(D-Val-Phe-D-Asp-Gly-D-Arg), c(D-Val-D-Phe-Asp-
Gly-D-Arg), c(D-Val-D-Phe-D-Asp-Gly-Arg) and c¢(D-Val-D-Phe-D-Asp-Gly-
D-Arg)] were tested on the isolated integrin oqy,B; and o, B3 receptors. One of the
retro-inverso peptides [c(D-Val-D-Phe-D-Asp-Gly-Arg)] and one of the inverso
[c(D-Arg-Gly-Asp-D-Phe-D-Val)] peptides inhibited vitronectin binding to a3
receptor. Only c(Arg-Gly-Asp-Phe-D-Val) and c(Arg-Gly-Asp-D-Phe-Val) inhib-
ited oympP;. All the others were inactive at a concentration of 10 uM.!%® In
comparison to the hexapeptide Gly-Arg-Gly-Asp-Ser-Pro (aypz ICso 5 uM, oyPs
ICs 0.58 uM, fibronectin ICsy 0.02 uM and IIb/IIIa ICsy 0.8 pM), an Arg-Gly-
Asp cyclic peptide derivative containing a B-turn peptidomimetic (72) was a
selective antagonist of a,B; receptor [o,f3 ICso 0.05 uM, o,Bs ICsq 0.4 puM,
fibronectin and IIb/I1la ICso >10 pM].'*°

Non-peptide antagonists of a,f; receptor have been based on the Arg-Gly-Asp
derivatives reported previously as IIb/I1la antagonists. Examples of compounds
more selective against o,f3 receptor include compounds like (73-75). The
diaminopropionic acid derivative (73) was one of the more potent and selective
compounds against a3 integrin (ICsq 1.1 nM) and poorly active against o, fs,
osp; and GPIIb/IIa integrins (>500-fold less potent).?’! Compound (74)
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(SC56631) prevents osteoclast-mediated bone particle degradation with a potency
similar to that of the disulfide bridge containing cyclic peptide Gly-Pen-Gly-Arg-
Gly-Asp-Ser-Pro-Cys-Ala.?%? Intravenous infusion (0.5 mg kg~! min™!, t;, <20
min) of the mimetic prevents the 55% loss of trabecular bone sustained by rats
within 6 weeks of oophorectomy. Compound (75) was an inhibitor of both
human osteoclast-mediated bone resorption and vitronectin-induced hepatotoxis
of human endothelial cells.?*®
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Design of newer IIb/IITa antagonists has been based primarily around the
compounds reported earlier. The main emphasis has been on the oral activity and
duration of action. This work has resulted in compounds which inhibit platelet
aggregation in animal models up to a period of 24 hours after oral administra-
tion.?**2!% For example, in L-2,3-diaminopropionic acid series of compounds,
the more potent compounds (76-78) inhibited platelet aggregation (8-24 hours) in
several animal species at a dose of 0.25-2 mg kg~ ' when given orally. Similarly,
compounds containing an ornithine or an ornithine analogue (79) were also
potent inhibitors of platelet aggregation.?!! In an ex vivo platelet aggregation
model in rhesus monkeys, (79) was orally active at 1-3 mg kg~! (45-90%
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inhibition after 5 hours). However, a similar compound [MeO-Ph-CH,-CH,-CO-
group replaced by (CH3),CH-CH,CO-] had a better therapeutic profile because it
had a small effect on bleeding time (2-3 times control) at a dose of 3 mg kg~ ".
Other IIb/I11a non-peptide antagonists include compounds like (80-86).2'22%!
XR299 (82) was a potent antiplatelet agent when dosed intravenously in a canine
model. The administration of an oral dose (1 mg kg™") of the ethyl ester of (82)
(XR300) in dogs gave 90-100% inhibition of ex vivo ADP (100 pM)-mediated
platelet aggregation which declined to approximately 70% over 6 hours. XR299
did not have significant effects against other integrins. The ICsy values against
Huvec-vitronectin, Huvec-fibronectin, Mac-1, VLA-4/VCAM-1, Mac-1/ICAM
were 200, 180, >100, >100 and 100 pM, respectively.?!® In the 3,4-dihydroiso-
quinolone series of compounds (83), alkyl substituents [R' = -CH,CHa,
-(CH»),CH;, -(CH»)3CH3, -(CH)4CH3, -(CHy)sCHj3, -(CH»);OCH,CH3,
afforded a 10-fold increase in intrinsic activity (ICso values 24-61 nM) while aryl
substituents (R! = Ph, p-CcH4COOCH; and p-C¢H4OCH3) yielded a 40-fold
improvement (ICso values 6-8 nM) compared to the unsubstituted compound. All
the compounds were less potent in the plasma-based systems probably due to the
increased interaction with plasma proteins.>'” The indazole analogue (84) (re-
ceptor binding ICsy 0.02 uM, ADP-induced platelet aggregation 1Csq 0.14 uM)
did not compete with vitronectin binding to o3 receptors up to a concentration
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of 100 uM. However, (84) or similar analogues did not display good oral
bioavailability.?'® Oral activity was observed in the dipeptide series of com-
pounds. For example, 4-(4-amidinophenoxy)-butanoyl-Asp-Val (FK633, re-
ported previously) was not active orally in rats and dogs but additional C-
terminal modifications led to compounds like (85) (ICso for ADP-induced human
platelet aggregation 30 nM) which displayed oral activity in rats (95% inhibition
of platelet aggregation up to 2 hours at a dose of 3.2 mg kg~ ') and dogs (45%
inhibition of platelet aggregation up to 3 hours at a dose of 3.2 mg kg~ and 60%
inhibition up to 6 hours at a dose of 10 mg kg~ !). Many other C-terminal
modifications [e.g. -NH-CH,CH(CHs),, -NHCH,CH,Ph(4-OCH;) and
-NHCH,CH,Ph(3,4-di-OCH3) groups] resulted in less potent compounds.>*°
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4.12 LHRH Analogues — Some aspects of LHRH work have been reviewed.?*
The primary structures of two forms of GnRH from tunicate (Chelyosoma
productum) have been determined. Both tunicate GnRH-1 [Pyr-His-Trp-Ser-Asp-
Tyr-Phe-Lys-Pro-Gly-NH,] and GnRH-2 [Pyr-His-Trp-Ser-Leu-Cys-His-Ala-
Pro-Gly-NH,, a Cys-Cys linked dimer] resulted in a doubling of the gonadal
content of oestradiol after 24 hours. A synthetic analogue of tunicate GnRH-1
containing an amide bond between the side chains of Asp> and Lys® was found to
double and triple oestradiol content after 6 and 24 hours, respectively.***

No endogenous hypothalamic follicle-stimulating hormone-releasing peptide
has yet been isolated. However, lamprey LHRH-III [Pyr-His-Trp-Ser-His-Asp-
Trp-Lys-Pro-Gly-NH;] has been reported to have a dose-related FSH- but not
LH-releasing action on incubated hemipituitaries of male rats. Lamprey LHRH-I
[Pyr-His-Tyr-Ser-Leu-Glu-Trp-Lys-Pro-Gly-NH,], on the other hand, had little
activity to release either LH or FSH. The lamprey LHRH-III also caused a
significant increase in plasma FSH when injected to rats between 10-100 pmol
dose levels.”?* Analogues of lamprey GnRH-III were evaluated as antitumour
agents. All of the analogues, [Lys’]-, [N*-Fmoc-Lys’]-, [Lys’, c(Asp®, Lys®)]-,
[c(Asp®, Lys®)]-, [Lys*, N*Fmoc-Lys®]-, [Lys*-, [N*-Ac-Lys*]-, [Glu®]-, [Phe’]-,
[Trp(N-in-For)*7, A**-Pro’J-, [D-Ala'"}-, Ac-[D-Trp', D-Ala'%-, [Asu®]-, [A**-
Pro’J-, [Trp(N-in-For)*’, (CH)Pro’l-, [(H)Pro’-GnRH-IIT and GnRH-III(1-9)-
ethylamide, were less potent than the parent peptide in cell proliferation assays
using human tumour cell lines (MCF-7, MDA-MB-231, PC3 and LNCaP).
Although on individual cell lines (e.g. MCF-7) some of the analogues, e.g. [Lys°,
c(Asp®, Lys®)]- and [c(Asp®, Lys®)]-GnRH-III, were similar in potency to the
parent peptide.??

Various other analogues of LHRH have been reported.?**>*” Betidamino acids
in which each N'-acyl/alkyl group may mimic naturally occurring amino acid side
chains or introduce novel functionalities were incorporated in acyline (Ac-
D-2-Nal-D-Phe(p-Cl)-D-3-Pal-Ser-4-Aph(Ac)-D-4Aph(Ac)-Leu-Ilys-Pro-D-Ala-
NH,). Many of the analogues, e.g. [Agl(2-naphthoyl)']acyline, [Agl(nicotin-
oyl)*Jacyline, [Agl(isonicotinoyl)*Jacyline, [Agl(formyl)*|acyline, [Agl(4-hydroxy-
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benzoyl)’Jacyline, [Agl(Ac) Jacyline, [Agl(isobytyryl)’Jacyline, [Agl(isopropyl-p-
Ala)®Jacyline, [Agl(guanidinoacetyl)®Jacyline, [Agl'®Jacyline and [Agl(formyl)'‘]-
acyline, were similar in potency to acyline in the ovulation inhibition assay.
[Agl(4-chlorobenzoyl)Jacyline, [Agl(Pca)’jacyline (Pca = 2-pyrazinecarboxylic
acid), [Agl(Apc)’Jacyline (Apc = 3-amino-4-pyrazolecarboxylic acid), [Agl(hy-
droxyacetic acid)*Jacyline, [Agl(4-(acetylamino)benzoyl)’Jacyline and [Agl(4-
(acetylamino)benzoyl)®Jacyline were less potent than acyline in the ovulation
inhibition assay. Betidamino acid containing analogues showed increased hydro-
philicity but a shorter duration of action in the castrated male rats.??

4.13 o-MSH Analogues — Melanocortin peptides [ACTH, a-, -, and y-melano-
cyte stimulating hormone (MSH), and fragments thereof] derived from propio-
melanocortin have a diverse array of biological activities. The recent cloning of a
family of five distinct melanocortin receptors through which these peptides act
has provided the tools for understanding the functions of these peptides. Early
work on melanocortin peptides focused on their roles in pigmentation, adreno-
cortical function, the immune, central and peripheral nervous systems. However,
the more recent information has opened up several lines of evidence for important
roles in the development of obesity, insulin resistance and type II diabetes.?523
Some of the work has been reviewed.??%23 Using deletion constructs, the C-
terminal Val®3-Cys'3! region of the agouti protein was found to be important for
the activity. The data indicated that Val®3, Arggs, Pro®® and Pro® were important
for inhibition of binding to melanocortin receptors 3, 4 and 5 while Val** was
also important for inhibition of MC1R >3

Most of the agonist and antagonist analogues of melanocyte stimulating
hormone have been discovered based on the o-MSH amino acid sequence
[Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH,]. o-MSH was
most potent at the hMC R (ICsy 5.9 nM), 6-8-fold less potent at the hMC;R
(ICs0 50.4 nM) and hMC4R (ICsy 38.7 nM) and about 100-fold less potent at the
hMCsR (ICsy 557 nM).2® The linear peptide [Nle*, D-Phe’]-a-MSH was a more
potent agonist than o-MSH and nearly equipotent at all the receptor subtypes
(ICsg 0.51-1.17 nM). C-Terminally modified analogues of o-MSH and y-MSH
(Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-NH,) were tested at the MC;
and MC; receptors for their binding and cAMP stimulation activities.>*® The D-
Phe’ analogues, [Nle*, D-Phe’, Phe'?Ja-MSH, [Nle*, D-Phe’, Ser!*jo-MSH and
[Nle*, D-Phe’, Leu'?|a-MSH, were more potent than o-MSH in both the test
systems. The other o-MSH analogues, [Phe'?Ja-MSH, [Asp'°Ja-MSH, [Asp'®,
Phe'’Ja-MSH, [Ala'!, Ala'*Ja-MSH, [Ala'!, Ala'*Ja-MSH, [Ala'?, Ala'*ja-MSH
and [Ala!!, Ala'?, Ala'*Ja-MSH, were much less potent at the MC, receptor
preparations. However, in the MC; receptor cAMP stimulation test, the multiple
Ala analogues, [Ala'', Ala'?Ja-MSH, [Ala'!, Ala'*]a-MSH, [Ala'?, Ala'*ja-MSH
and [Ala“, Ala'?, AlaB]oc-MSH, were similar or somewhat more potent than -
MSH. All the y-MSH analogues, [Nle®, Pro'']y-MSH, [Nle®, Ser''y-MSH, [Nle?,
Leu''ly-MSH and [Nle*]y-MSH, were much less potent.>¢

The side chain to side chain linked cyclic peptides, Ac-Nle-c[Asp-His-D-Phe-
Arg-Trp-Lys]-NH,, and Ac-Nle-c[Asp-His-D-Phe-Arg-Trp-Ala-Lys]-NH,, were
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more potent at the hMC;R and hMC4R (ICs values 0.25-0.89 nM) and 10-50-
fold less potent at the hMC;R and hMCsR (ICsy values 8.5-43.6 nM). The L-
Phe’ cyclic peptide Ac-Nle-c[Asp-His-Phe-Arg-Trp-Ala-Lys]-NH, was less
potent than the corresponding D-Phe’ analogue in all the receptor preparations
(ICso 22.4-2400 nM) but the selectivity pattern of the two analogues was
similar.>*> Both the peptides were agonists in a cAMP release assay. Ac-Nle-
c[Asp-His-D-Phe-Arg-D-Trp-Ala-Lys]-NH, was the most selective hMC;R
agonist (ICsg value 0.91 nM) and 70-150-fold less potent at the h(MC,R, hMCy4R
and hMCsR preparations (ICs, values 71.5-141 nM).2¥

Additional modifications at the D-Phe’ position in one of the above-mentioned
agonist analogues, Ac-Nle*-c[Asp-His-D-Phe’-Arg-Trp-Lys'’]-a-MSH(4-10)-
NH, (lactam ring between Asp’ and Lys'®), generated agonists and antago-
nists.>*7?* [D-Phe(p-Cl)’] and [D-Phe(p-F)’] analogues were agonists but [D-
Phe(p-1)’] and [D-Nal(2)’] analogues were potent antagonists (pA, 10.3). Ac-
Nle*-c[Asp-His-D-Nal(2)’-Arg-Trp-Lys'°]-0-MSH(4-10)-NH, was a potent an-
tagonist at the MC4R (pA, 8.3) with minimal agonist activity, a less potent
antagonist of the MC3R, and a full agonist of the MC; and MC, receptors.237
Ac-Nle*-c[Asp-His-D-Phe(p-1)’-Arg-Trp-Lys'®-o-MSH(4-10)-NH, (lactam ring
between Asp’ and Lys!®) was found to be a potent agonist at the cloned human
MCR (ECso 0.055 nM) and mouse MC;R (ECsy 0.19 nM) but had potent
antagonist activities at the human MC4R (pA, 9.7) and human MC;3R (pA, 8.3)
with significant partial agonist activities (ECsy values 0.57 and 0.68 nM,
respectively). In the disulfide series of cyclic compounds, [Cys*, D-Phe’,
Cys'%]MSH and [Cys*, D-Phe’, Cys!°“]MSH(4-13) were similar to [D-Phe’]o-
MSH at MC;, MC; and MC,; and much less potent at the MCs receptor
subtype. 23723

In addition to the larger peptides (7-13 amino acid) mentioned above, a
number of smaller tri- and tetrapeptide derivatives have also been reported as
agonists of a-MSH.?* Four peptides, based on [Nle*, D-Phe’]-0-MSH, were
discovered to only bind to the hMC; and hMC4 receptor subtypes. The tetrapep-
tide Ac-His-D-Phe-Arg-Trp-NH, possessed 0.61 uM binding affinity at the
hMC|R, 1.15 pM binding affinity at the hMC4,R (>10 uM at hMC;R and
hMC;R subtypes), and agonist activity (CAMP release) at both receptor subtypes.
The tripeptides Ac-D-Phe-Arg-Trp-NH, and Ac-D-Phe-Arg-D-Trp-NH, pos-
sessed 2.0 and 9.1 pM binding affinities, respectively, only at the hMC4R, and
both compounds effected agonist activity. The tetrapeptide Ac-His-Phe-Arg-D-
Trp-NH, possessed 6.3 uM affinity and full agonist activity at the hMC;R, while
only binding 7% at the hMC;R, 36% at the h(MCy4R, and 11% at the hMCsR at a
maximal concentration of 10 uM. A number of other tri- and tetrapeptide
derivatives, e.g. Ac-His-D-Phe-D-Arg-D-Trp-NH,, Ac-D-Phe-D-Arg-Trp-NH,,
Ac-Gly-D-Phe-Arg-D-Trp-NH,, Ac-D-Phe-D-Arg-D-Trp-NH,, Ac-D-Phe-D-
Arg-Trp-NH,, Ac-Phe-Arg-D-Trp-NH, and Ac-Phe-D-Arg-D-Trp-NH,, were
inactive up to a concentration of 10 pM in both the binding and cAMP
accumulation assays.** A number of other smaller linear and cyclic peptides like
Met-Asn-His-D-Phe-Arg-Trp-Gly, c(Met-Asn-His-D-Phe-Arg-Trp-Gly), Asn-
His-D-Phe-Arg-Trp-Gly, c(Asn-His-D-Phe-Arg-Trp-Gly), His-D-Phe-Arg-Trp-
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Gly, c(His-D-Phe-Arg-Trp-Gly) and His-D-Phe-Arg-Trp were less potent than
[Nle*, D-Phe’]-0-MSH at all the receptor subtypes. The cyclic peptides were less
potent than the corresponding linear peptides on all the receptor subtypes.>*

Some agonist and antagonist analogues have also been obtained by screening
phage libraries and by chemical modifications of ACTH.>*!'>** A 13-amino acid
peptide obtained from the phage library, Ser-Ser-lIle-Ile-Ser-His-Phe-Arg-Trp-
Gly-Leu-Cys-Asp-NH, (MS-04), bound to the MC;R receptor with an affinity of
7 nM. However, the peptide exhibited very weak agonistic activity when
compared with o-MSH and [Nle*, D-Phe’Jo-MSH in a cAMP accumulation
assay on B16F1 cells. The ICsgs for the peptide in other receptor binding assays
were 21 pM, >50 uM and >50 pM in MC3R, MC4R and MC;sR, respectively.?*!
Other peptides identified from the phage library e.g Ser-Ser-Leu-Glu-Cys-Ser-
Phe-Arg-Trp-Gly-Pro-Glu-His-NH, (MS-01) (MC,R K; 3.7 uM), Ser-Val-Thr-
Val-Pro-Phe-Arg-Trp-Tyr-Ser-Cys-Ser-NH, (MS-02) (MC,R K; 43 uM) and Ser-
Leu-Asp-Phe-Asn-Ser-Phe-Arg-Trp-Cys-Ser-Ala-Leu-NH, (MS-03) (MC,R K;
15.9 uM) were weakly binding ligands [x-MSH (MC;R K; 0.21 nM)].>*!

Antagonists obtained by the modifications of ACTH are: [Phe(p-1)"]-ACTH(4-
10) [MC3R pA, 7.4, MC4R pA, 8.4, MCsR pA, 7.9], [Ala®]-ACTH(4-10) [MCsR
PA, 6.5, MC4R pA, <6, MCsR pA, 8.7], [Pro®!°, Gly’]-ACTH(4-10) [MC4R pA,
8.6, MCsR pA, 6.5] and [D-Arg®-FACTH(4-10) [MC4R pA, 8.2, MCsR pA,
8.1.2*? [D-Ala*, GIn®, Tyr*]JACTH(4-10) did not displace ['*°I][Nle*, D-Phe’]o-
MSH bound to the MC;, MCs, MC, and MCs receptors.>*

Ac-Nle*-c[Asp-His-D-Phe-Arg-Trp-Lys'®-NH, [agonist on the rat MC;R
(ECs¢ 0.27 nM) and mouse MC4R (ECsy 0.057 nM)] was found to produce a
potent inhibition of feeding within one hour of administration.** At the highest
dose (3 nmol) food intake was significantly inhibited for up to 4 hours. Inhibition
of feeding with 3 nmol of the cyclic peptide was blocked by co-administration of
6 nmol Ac-Nle*-c[Asp-His-D-Nal(2)-Arg-Trp-Lys!]-NH, [SHU-9119, antagonist
on the rat MC3R (ICsg 4.5 nM)] and mouse MC4R (ICsq 0.36 nM). The
administration of MT-II also inhibited food intake in three other models of
hyperphagia, involving C57BL/6J-Lep®, C57BL/6J-AY, and neuropeptide Y-
injected C57BL/6J mice. In the C57BL/6J-Lep®® model, the peptide was effective
when administered intraperitoneally at a dose of 100 nM. MT-II also inhibited
normal nocturnal food intake.>** Agonist activities of B-MePhe, B-MeTrp and
1,2,3,4-tetrahydro-p-carboline (Tca) analogues of Ac-Nle*-c[Asp-His-Xaa'-Arg-
Yyy®-Lys]-NH, are reported in the frog and lizard skin assays.>*’

4.14 Neuropeptide Y (NPY) Analogues — Work on neuropeptide Y including
receptor subtypes, agonists and antagonists and NMR studies on some analogues
has been reviewed.?***7 The role of various receptor subtypes in NPY-induced
feeding, renal effects of NPY, vasoconstrictor effects and adrenocorticotrophic
hormone release has been discussed.?*¥2%! Using several selective ligands, it has
been suggested that NPY receptor involved in ACTH release may be distinct
from the feeding receptor but the profile of the NPY 5ty receptor appears to be
most similar to that of the NPYs receptor.®® In a hamster cheek pouch
microcirculation model, (87) (GW1229) did not affect basal vascular conductance
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lle-Glu-Pro-Dpr-Tyr-Arg-Leu-Arg-Tyr-NH;

l

NH,-Tyr-Arg-Leu-Arg-Tyr-Dpr-Pro-Glu-lle
(87) GW1229

but inhibited the reduction in arteriolar diameter and vascular conductance
induced by NPY and [Leu®', Pro**|neuropeptide Y (both 100 nM), and that of
neuropeptide Y(13-36) (300 nM) but had no effect on the vasoconstriction
induced by noradrenaline.”!

Several centrally truncated linear and disulfide bridge containing analogues in
which amino acid sequences of various lengths were replaced by a spacer group
(Gly-Pro-Gly) were tested for increase in blood pressure and attenuation of
cardiac vagal action. Most of the analogues, e.g. Tyr-Pro-Cys-Lys-Pro-Asp-Asn-
Gly-Pro-Gly-Leu-Arg-His-Tyr-Ile-Asn-Leu-Cys-Thr-Arg-Gln-Arg-Tyr, Tyr-Pro-
Ser-Lys-Pro-Asp-Cys-Gly-Pro-Gly-Leu-Arg-His-Tyr-Ile-Asn-Leu-Cys-Thr-Arg-
Gln-Arg-Tyr, Tyr-Pro-Cys-Lys-Pro-Asp-Asn-Pro-Gly-Gly-Pro-Gly-Leu-Arg-
His-Tyr-Ile-Asn-Leu-Cys-Thr-Arg-Gln-Arg-Tyr, Tyr-Pro-Ser-Lys-Pro-Asp-Cys-
Pro-Gly-Gly-Pro-Gly-Leu-Arg-His-Tyr-Ile-Asn-Leu-Cys-Thr-Arg-Gln-Arg-Tyr,
Tyr-Pro-Cys-Lys-Pro-Asp-Asn-Pro-Gly-Glu-Asp-Gly-Pro-Gly-Leu-Arg-His-
Tyr-Ile-Asn-Leu-Cys-Thr-Arg-Gln-Arg-Tyr and Tyr-Pro-Ser-Lys-Pro-Asp-Cys-
Pro-Gly-Glu-Asp-Gly-Pro-Gly-Leu-Arg-His-Tyr-Ile-Asn-Leu-Cys-Thr-Arg-Gln-
Arg-Tyr, showed some activity in both the in vivo models.>>

Conformationally restricted, centrally truncated [Gly®, des-amino acids 7-24]
analogues of NPY, were synthesised by forming lactam bridges (amide bonds
between y-carboxyl of Glu and g-amino of Lys residues) between residues i to i+3
or i to i+4.%>> The parent peptide, des-AA”*c(25/29)[Gly®, Glu*’, Lys*’]-NPY
was only 8-fold less potent than NPY at the Y, receptors (ICsy 2.6 nM) and
about 90-fold less potent at the Y receptors (ICsy 70 nM). Only two of the cyclic
peptides, des-AA”*c(26/29)[Gly®, Glu®, Lys*]- (K; Y; 85 nM and Y, 104 nM)
and des-AA7c(26/29)[Gly®, Glu®®, Lys?, Pro*-NPY (K; Y; 44 nM and Y,
14400 nM), were more potent at the NPY Y, receptors. Most of the other
analogues, des-AA"2*c(2529)[Gly®, Glu®, Lys®]-, des-AA">*c(26/30)[Gly°®,
Glu?®, Lys®"}-, des-AA7 2c(27/31)[Gly®, Glu?’, Lys’']-, des-AA72*c(28/32)[Gly°,
Glu®®, Lys*?]-, des-AA724c(25/28)[Gly®, Glu®®, Lys>®]-, des-AA”**c(27/30)[Gly®,
Glu?’, Lys- and des-AA™*c(28/31)[Gly®, Glu®®, Lys*']-NPY, were more
potent at the Y, receptors. The most selective Y, peptide was AA”24c(26/
30)[Gly®, Glu®, Lys**]-NPY (K; Y, 1010 nM and Y, 0.7 nM). Two cyclic
peptides, des-AA™*c(26/29)[Gly®, Glu®®, D-Tyr”’, Lys*]- and des-AA™*c(26/
29)[Gly®, Glu?®, D-11e?®, Lys*]-NPY, were nearly equipotent at both the receptor
subtypes (ICsq values 700-2320 nM).>>?

Deletion analogues of the Y -selective ligand des-AA”>*c(26/29)[Gly®, Glu®®,
Lys®, Pro**]-NPY (K; Y, 44 nM and Y, 14400 nM) were studied as Y, receptor
ligands. Many of the analogues, des-Tyr!, des-Pro?, des-Ser?, des-Lys*, des-Pro°,
des-Glyﬁ, des-AAZ S, des-AAZ7, des-AA%™, des-AA>® and des-AAZ>° were
similar in Y binding affinity to the parent peptide (K; values 13-100 nM). Four
other deletion analogues, des-Arng, des-AA'76%, N-acetyl, des-AA'"%% des-
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AAZ %2 were much less potent (Ki values 700-3720 nM). Many of the Pro**
analogues, des-AA”2*c(26/29)[Gly®, Glu®, Lys®®, Pro*]-, des-AA"*c(26/
29)[Gly®, Glu®®, Lys®, Pro*¥-, des-AA%>>724¢(26/29)[Gly®, Glu®®, Lys*’, Pro**-
and des-AA>>>724¢(26/29)[Gly®, Glu?®, Lys®’, Pro**]-NPY behaved as agonists
(inhibition of cAMP accumulation) in norepinephrine-stimulated SK-N-MC cells
(ECso values 12-55 nM). One of the more potent analogues des-AA’ 24c(26/
29)[Gly®, Glu®®, Lys®, Pro**]-NPY failed to produce significant activity in vivo in
both food intake and growth hormone secretion assays.”>>

Based on the concept of template-assembled synthetic proteins, a cyclic
template consisting of two B-turn mimetics was used to attach four C-terminal
tetrapeptide o-Arg-Gly-Arg-Tyr-NH,) units at the side chain amino groups of
the lysine residues by oxime linkages.>** The peptide (88) bound to the Y,
receptor (ICsy 67.2 nM) but showed no agonist activity (inhibition of forskolin-
stimulated cAMP in LN319 cells at 10 uM) (ICso for NPY = 2.5 nM). At
presynaptic Y, receptors modulating adrenaline release, the peptide inhibited the
response induced by NPY(13-36), a Y,-selective fragment, with a pA, value of
8.48. Non-peptide antagonist of NPY have been obtained based on a screening
lead (K; human Y receptor 2.1 uM).>>® The most potent of the trisubstituted
indoles, (89, human Y receptor K; 0.75-1.4 nM) displayed a much poorer affinity
for Y5, Y4 and Y5 receptors (K; values >10 pM). When coadministered with NPY
(230 pM, icv) into lateral ventricle, (89) blocked the increase in food consumption
elicited by NPY (EDsq 17 nM). Serum levels of (89) (LY357897) were poor after
oral and subcutaneous administration.

57 o] eV
Lys-Gly-Lys-NHCH, O

O 50 O
O CH,NH-Lys-Gly-Lys-CO '
H

(88) (89)

4.15 Neurotensin Analogues — SAR studies of peptidic and non-peptidic neuro-
tensin [Pyr-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Leu] analogues are
reviewed.?*® Biological activities of some of the neurotensin receptor ligands
described previously have been reported.>>’>*° The proposed neurotensin(8-13)
binding site to the transmembrane receptor is primarily composed of eight
residues (Phe®?, 11e3?, Trp***, Phe®®’, Tyr**°, Phe**!, Tyr**, and Tyr** in the
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human receptor; Phe®’!, 11e334, Trp339, Phe*¥, Phe’*, Phe®, Tyr347, and Tyr349
in the rat receptor) located in the third extracellular loop.”®® In the bound
conformation of neurotensin(8-13), the backbone of Arg’-Pro'®-Tyr!!-Ile!? forms
the proline type I turn, and the hydroxy group of Tyr!'! interacts with the two
guanidinium groups of Arg® and Arg’.

Non-peptide antagonists of neurotensin have been reported.?®' 2% Further
SAR studies (substituents on each aromatic ring and the linking 1,5-pentanedione
chain) on a random screening lead which displayed poor affinity (ICsq 450 nM) at
the neurotensin receptor led to compounds like (90) (ICso 302 nM) which
inhibited calcium mobilisation induced by neurotensin in HT29 cells (ICsq 2.2
uM). None of the compounds reversed the hyperthermia induced by a small
peptide neurotensin agonist.’®> Another non-peptide antagonist (91) (SR
142948A) inhibited ['*’I-Tyr’|neurotensin binding to the human high affinity
neurotensin receptor cloned from the HT29 cell line and stably expressed in CHO
cells. It also antagonised effects of neurotensin in several in vivo models including
turning behaviour, hypothermia and analgesia.?®*

CO2H OMe

Me Me

F (90) F (91) SR 142948A

4.16 Opioid (Enkephalin, f-Casomorphin, Morphiceptin, Deltorphin and Dynor-
phin) Peptides — Reviews on the 5-selective opioid peptides of amphibian skin,
nociceptin/orphanin FQ and the opioid receptor like ORLI receptor have
appeared.”®>?% In addition to the established opiate peptides, new opiate-like
peptides including the two decapeptides [Glu-Gln-Trp-Gly-Arg-Glu-Glu-Gly-
Glu-Glu and Ala-Leu-Gly-Glu-Arg-Lys-Tyr-His-Phe-GIn-NH,] were isolated
from rainbow trout pituitary and canine brain.>*’®® Stability and permeability
studies of enkephalin analogues across the blood-brain barrier and Caco-2 cells
have been carried out.?*"! The stability of [Met’]-enkephalin-Arg®-Gly’-Leu®
to guinea pig ileum or striatum membrane fraction indicated that dipeptidyl
carboxypeptidase and aminopeptidase activities were responsible for the degrada-
tion of the peptide to Tyr-Gly-Gly-Phe-Met-Arg, Tyr-Gly-Gly-Phe and Tyr. In
the presence of three peptidase inhibitors (captopril, amastatin and phosphor-
amidon), about 95% of the octapeptide remained intact.?%®> Administration of [D-
Pen**Jenkephalin [10, 60 or 100 mg kg~ ' (i.v. bolus dose)] to mice indicated that
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a small amount entered the brain and most of the peptide (>80%) was excreted by
the biliary route.””°

A number of enkephalin analogues have been reported.?’>2”> Peptidomimetic
derivatives like (92) were much less potent than Leu-enkephalin and were 2-60
times more potent at the & receptor (mouse vas deferens ICs, values 4-165 pM)
than at the p receptor (guinea pig ileum ICs, values 31-1198 uM). Analogues of
enkephalin containing a mono or a disaccharide at the C-terminus retained
significant binding affinity at the p and  receptors. The most potent and selective
glycopeptide (93) was 2.7 times more potent than Leu-enkephalin at the p
receptor and 35.4 times more potent than Leu-enkephalin at the & receptor. More
lipophilic adamantane derivatives of [D-Ala’]Leu-enkephalin, e.g. [D-Ala’]Leu-
enkephalin-OAda, [D-Ala?]Leu-enkephalin-O-CH»-Ada, [D-Ala%]Leu-enke-
phalin-O-CH,-CH,-Ada and [D-Ala*|Leu-enkephalin-NH-Ada, were moderately
potent in the binding and analgesic assays. The N-terminally modified analogues,
Ada-CO-[D-Ala’|Leu-enkephalin and Ada-OCO-[D-Ala’|Leu-enkephalin were
inactive. [D-Ala®|Leu-enkephalin-OAda showed significant dose-related analgesic
activity at 5, 10, 20 and 50 mg kg~ ' dose levels.?”*

OH
Nw
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HN N—--H Tyr-Gly-Gly-Phe-X~
/ CO-Phe-Gly-OEt HO
(92) (93) X=Leu

Based on some of the earlier publications, 2',6'-dimethyl-Tyr derivatives were
synthesised as p and & receptor ligands.?’®2® The D-Phe containing di- and
pentapeptide derivatives, 2',6'-dimethyl-Tyr-D-Phe-NH,, and 2’,6'-dimethyl-Tyr-
D-Phe-Gly-Val-Val-NH, (K; 0.53 and 2.32 nM at p and 6 receptors, respectively)
acted as antagonists in the guinea pig ileum preparation (pA, 7.2-7.3). The
corresponding D-Tyr-D-Phe analogues, 2',6'-dimethyl-D-Tyr-D-Phe-NH, and
2',6'-dimethyl-D-Tyr-D-Phe-Gly-Val-Val-NH, were weaker antagonists in the
guinea pig ileum preparation (pA, values 4.9-5.2).27® The di- and tripeptide 2',6'-
dimethyl-Tyr derivatives containing a Tic residue, Dmt-Tic [Ki8 0.022 nM; K/
K.% 150,000; & antagonism pA, 8.2; K. 5.7 nM] and Dmt-Tic-Ala [K;® 0.285 nM;
K*/K;® 20400; & antagonism pA, 8.4; K, 4.0 nM] were & selective. In each series,
replacement of Dmt residue by D-Dmt residue gave less potent analogues. N-
Methylation of the Dmt residue gave mixed results. MeTyr-Tic, D-MeDmt-Tic,
MeDmt-Tic-Ala and D-MeDmt-Tic-Ala were more potent than the corre-
sponding Dmt analogues but MeDmt-Tic was about 10-fold less potent than
Dmt-Tic.>”” Conformationally constrained B-methyl-Dmt-Tic analogues were
more selective. The most potent and selective analogue (2S,SR)-B-methyl-Dmt-
Tic showed >3500-fold selectivity for the &-receptors (ICsps 9.3 nM at the &
receptor and 35000 nM at the p receptor). The (2R,3S)- and (2R,3R)-f-methyl-
Dmt-Tic analogues were inactive at both & and p receptors (ICs values >10,000
and >80,000 nM, respectively).>’s
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Enzymic stability (brain homogenates and blood) and blood-brain permeability
of several deltorphin analogues was studied.>’**** In comparison to [D-Ala’]del-
torphin I, [Tyr-D-Ala-Phe-Asp-Val-Val-Gly-NH,], and [D-Ala?|deltorphin II,
[Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NH,], which permeated blood-brain barrier
and were stable to the enzymes present in mice brain homogenate and blood (t/,
2-10 hours), analogues containing a Ser or Gln residue in position 4 and another
D-amino acid in position 5, [D-Alaz, Ser?, D-Vals]-, [D-Alaz, Ser*, D-Alas]-, [D-
Ala%, GIn*, D-Val’- and [D-Ala®, Gln*, D-Ala’]deltorphin, were much more
stable than the parent peptide (t;» >15 hours). The N-terminally extended
analogues, Arg-Arg-[D-Ala’]-, Arg-[D-Ala’]-, Lys-Lys-[D-Ala’}-, Lys-[D-Ala’]-,
Ala-Pro-[D-Ala?]-, Pro-Pro-[D-Ala’]- and Abu-Abu-[D-Ala’|deltorphin II, were
quickly degraded to the parent peptide. In case of the proline analogues, the N-
terminal dipeptide was cleaved but in all the other analogues the N-terminal
amino acids were cleaved one at a time by an aminopeptidase.>” Antinociception
studies indicated that deltorphins I and II were the peptides with the highest
blood-brain barrier penetration rate amongst the opioid peptides.?®® These
peptides permeated blood-brain barrier 4-12 times better than typical p-opioid
receptor agonists such as DAMGO and dermorphin, though 160-220 times less
effectively than morphine and 2-3 times less than [Lys’]dermorphin, an opioid
peptide with an unusually high blood-brain barrier penetration rate.

A number of SAR studies are reported on deltorphin analogues.?8!2%* o-
Aminoisobutyric acid replacements in various positions in deltorphin-1 gave
compounds like [Aib%]-, [Aib]- and [Aib?, Aib’]deltorphin which exhibited high
d-receptor affinity (K;0 0.12-3.6 nM; K;u 4.5-15.2 pM) and selectivity (K;u/K;o
4200-8460). Replacement of the Asp* by Aib nearly lost all the selectivity. Tyr-D-
Ala-Phe-Aib-Val-Val-Gly-NH, was only 2-fold more potent at the §-receptor
(K0 0.20 nM; K;p 0.43 nM) and Tyr-D-Ala-Phe-Asp-Val-Val-Gly-OH was about
40-fold more potent at the 8-receptor (K;8 0.11 nM; K;p 4.48 nM).?®! Various X>
Gly* dual-substitution analogues like [4-thiazolylalanine®, Gly*]-, [3-benzothieny-
lalanine®, Gly*]-, [Trp>, Gly*]-, [Phe(p—Cl)3 , Gly*]-, [Tyr?®, Gly*]- and [cyclopentyl-
glycine®, Gly*-deltorphin were less potent than [Gly*deltorphin. Some other
analogues, e.g. [phenylglycine®, Gly*]-, [4-Pal’, Gly*-, [Phe(m-CF5)®, Gly*]-,
[Tyr(OMe)?, Gly*-, [Val’, Gly*]-, [Abu®, Gly*- and [Nva®, Gly*]-deltorphin,
displayed some improvement in §-selectivity (2-3-fold), but again the analogues
were less potent than [Gly*]deltorphin.”®> Conformationally restricted analogues
of deltorphin containing 2-aminotetralin-2-carboxylic acid (Ate) residue instead
of Phe (also containing Ile in place of Val residues), Tyr-D-Ala-(R)-Atc-Asp-Ile-
Ile-Gly-NH,, Tyr-D-Ala-(S)-Atc-Asp-Ile-lle-Gly-NH,, Tyr-D-Ala-(R)-Atc-Glu-
Ile-Ile-Gly-NH, and Tyr-D-Ala-(S)-Atc-Glu-Ile-Ile-Gly-NH, were nearly equipo-
tent in the mouse vas deferens assay (ICsy 0.038-0.270 nM). In the guinea pig
ileum assay, the compounds were less potent (ICsy 2162-31270 nM). The most
selective analogue Tyr-D-Ala-(R)-Atc-Glu-Ile-Ile-Gly-NH, was >200,000-fold
more potent on the vas deferens.”® A number of Thr* or Thr’ glycosylated
analogues of deltorphin [Tyr-D-Ala-Phe-Thr(B-D-Glc)-Val-Val-Gly-NH,, Tyr-
D-Ala-Phe-Asp-Val-Thr[B-D-Glc(OAc)4-Gly-NH, and Tyr-D-Ala-Phe-Asp-Val-
Thr(B-D-Glc)-Gly-NH,] were less potent than the parent peptide.?®*
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Analogues of dermorphin [Tyr-D-Ala-Phe-Gly-Tyr-Pro-Ser-NH,] have been
reported.?8>2%¢ Heptapeptide Tyr-D-Ala-Phe-Gly-Tyr-Pro-Ser-NHC3H5(i) (ICso
values at the mouse vas deferens and guinea pig ileum 27.2 and 0.31 nM,
respectively) and the corresponding benzyl amide derivative, Tyr-D-Ala-Phe-Gly-
Tyr-Pro-Ser-NHCH,CgHs (ICso values at the mouse vas deferens and guinea pig
ileum 17.4 and 0.1 nM, respectively) were nearly equipotent in vitro.*> However,
in the in vivo analgesic tests, the i-propyl analogue was about three times more
potent than dermorphin and the benzyl amide analogue was >100 times less
potent. All the other analogues containing the C-terminal i-propyl group [Tyr-D-
Ala-MePhe-Gly-Tyr-Pro-Ser-NHC;H>, Tyr-D-Ala-Phe-Sar-Tyr-Pro-Ser-
NHC;3;H;, Tyr-D-Ala-Phe-Glu(Tyr-Pro-Ser-NH,)-NHC;H;, Tyr-D-Ala-Phe-
Glu(Tyr-Pro-Ser-NHC3H;)-NH,,  Tyr-D-Ala-Phe-Gly-Tyr-Pro-Gly-NHC;H-,
Tyr-D-Ala-Phe-Gly-Tyr-Pro-Ala-NHC;H~, Tyr-D-Ala-MePhe-Gly-Tyr-Pro-
Thr-NHC3;H;, Tyr-D-Ala-Phe-Gly-Tyr-Pro-Lys-NHC3;H; and Tyr-D-Ala-
MePhe-Gly-Tyr-Pro-Arg-NHC3;H;] were less potent than dermorphin in the in
vitro and in vivo assays. Conformationally constrained analogues of dermorphin
containing a B-amino-cycloalkane or cycloalkene carboxylic acid in place of the
D-Ala residue (e.g. 94) were much less potent (K; values 1170-3390 nM at the two
receptor subtypes) than the parent peptide.?%¢

Tyr—H/ Phe-Gly-Tyr-Pro-Ser-NH;

© (94

Human pharmacology, stability, blood-brain barrier permeability and confor-
mational studies of dynorphin A(1-13) and some analogues are reported.?®”2°!
In comparison to dynorphin A(1-8) (degraded in human and rhesus monkey
plasma in <90 minutes, cleavage of N-terminal Tyr and Arg®-Arg’ peptide bond),
less than 5% of [MeTyr!, MeArg’, D-Leu®]-dynorphin A(1-8)-NHEt was de-
graded in 24 hours. The analogue was also stable in vivo and no degradation
products could be detected in any of the blood samples collected at various time
intervals up to 6 hours after the i.v. injection.?”® Levels of [MeTyr!, MeArg’, D-
Leu®]-dynorphin A(1-8)-NHEt (9 to 58 times less than the plasma levels) could be
detected in the cerebrospinal blood of rhesus monkeys after intravenous adminis-
tration between 3-180 minute intervals.?"

A number of new analogues of dynorphin have been reported.?®*>>-2%* N-
terminal mono and di-substituted (allyl, benzyl, and cyclopropylmethyl) deriva-
tives of [D-Pro'°Jdynorphin A(I-11) were studied for antagonist vs agonist activity
at k-opioid receptors.??>?** All of the N-monoalkylated derivatives exhibited
much higher affinity (K; < 0.05 nM) and selectivity [K; k/p > 200] for k-receptors
in comparison to the N,N-dialkyl [D-Pro'’jdynorphin A(1-11) analogues,
although one disubstituted analogue, N,N-diCPM[D-Pro'’/dynorphin A(I-11),
retained high affinity (K; 0.19 nM) for « receptors. The N-allyl and N-CPM
analogues were moderately potent agonists in the guinea pig ileum assay, while
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the N-benzyl derivative was a weak agonist in this assay. In vivo in the
phenylquinone abdominal stretching assay, the N-CPM analogue exhibited
potent antinociceptive activity (EDsy 1.1 pg mouse '), while N-allyl[D-Pro'%}-
dynorphin A(l-11) exhibited weak antinociceptive activity (EDs, 27 pug mouse ).
For the N,N-dialkyl derivatives the identity of the N-terminal alkyl group
affected the efficacy observed in the smooth muscle assays. The N,N-diCPM
analogue exhibited negligible agonist activity, and N,N-diallyl[D-Pro'®dynor-
phin A(1-11) showed weak antagonist activity against dynorphin A(1-13)NH; in
the GPI. In contrast, the N,N-dibenzyl compound showed appreciable opioid
agonist activity in this assay. In vivo, the N,N-diallyl analogue exhibited weak
antinociceptive activity (EDsg 26 pg/mouse).

Several cyclic lactam analogues of dynorphin A(1-13)NH, were prepared by
incorporating ¢[D-Asp’, Dap'*?], ¢[D-Asp’, Dab'**] and ¢[D-Asp', Orn'*?] resi-
dues in various parts of the dynorphin A(1-13)NH, sequence.”®* The cyclic
peptides exhibited marked differences in binding affinities for x, p, and &
receptors and in opioid activity in the guinea pig ileum. Cyclic peptides
containing an amide bond between the side chains of the amino acid residues in
positions 3 and 6, ¢[D-Asp>, Dap®]-, c[D-Asp>, Dab®]- and c[D-Asp°>, Orn®]dynor-
phin A(1-13)NH, showed very weak binding affinity at all opioid receptors (K;
values 200-2800 nM) and less than 5-fold selectivity between various receptor
subtypes. Cyclic peptides containing an amide bond between the side chains of
the amino acid residues in positions 5 and 8, c[D-Asp°, Dap®]-, c[D-Asp°, Dab®]-
and ¢[D-Asp°, Orn®]dynorphin A(1-13)NH,, were most potent at the k-receptors
(K values 8-14 nM) and least potent at the & receptors (K; values 1.9-4.1 uM) (p-
receptor K; values 62-75 nM). Thus the analogues showed only modest selectivity
(<10-fold) between x and p receptors and high selectivity between x/p and &
receptors. Cyclic peptides containing an amide bond between the side chains of
the amino acid residues in positions 6 and 9, c[D-Asp®, Dap’]-, c[D-Asp®, Dab’}-
and c[D-Asp®, Orn’]dynorphin A(1-13)NH, exhibited very poor selectivity
between the « (K; values 1.5-2.6 nM) and p (K values 3.2-4.8 nM) receptors and
only moderate selectivity between x/p and & receptors (K; values 28-180 nM).
Compared to the corresponding linear peptides, all of the cyclic peptides
exhibited decreased p receptor affinity, while k receptor affinity was retained or
improved.?**

The heptadecapeptide nociceptin (orphanin FQ) is a novel peptide isolated
from brain tissue that has an amino acid sequence [Phe-Gly-Gly-Phe-Thr-Gly-
Ala-Arg-Lys-Ser-Ala-Arg-Lys-Leu-Ala-Asp-Glu] most similar to that of the
endogenous opioid peptide dynorphin A. Since its discovery, several biological
activities including hyperalgesia, anxiolytic, diuretic and vasorelaxant properties
have been associated with this peptide.’*>° The hyperalgesia induced by
nociceptin is dose-dependent and gradually resolves over time, with tail-flick
latencies continuing to increase to values significantly above the initial baseline
values. The analgesic action of nociceptin is sensitive to opioid antagonists like
naloxone. Two fragments of nociceptin, nociceptin(1-11) and nociceptin(1-7),
increased the tail-flick latencies, consistent with the analgesic action. Again, the
analgesia was antagonised by opioid antagonist diprenorphine. It, therefore,
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appears that the hyperalgesic and analgesic effects of nociceptin are mediated by
different receptors.?*

In membranes from recombinant Chinese hamster ovary cells expressing the
opioid receptor-like ORL1 receptor (ORL1 receptor), equilibrium binding of
[*H]nociceptin is highly specific and of high affinity (K4 &~ 0.1 nM).** [Tyr'no-
ciceptin was nearly as potent as the parent peptide (K; 0.26 nM) but [des-
Phe'lnociceptin was much less potent (K; 275 nM). Removal of the C-terminal
amino acids also resulted in a substantial loss of affinity. The smallest C-terminal
active fragments consisted of nociceptin(6-17) [Gly-Ala-Arg-Lys-Ser-Ala-Arg-
Lys-Leu-Ala-Asn-Gln] (K; 20 nM, EDsy 39 nM) and nociceptin(12-17) [Arg-Lys-
Leu-Ala-Asn-Gln] (K; 49 nM, EDsy 790 nM). Other high affinity ligands for the
opiate-like receptor ORLI were identified from a combinatorial library.>®! The
most potent peptides were Ac-Arg-Tyr-Tyr-Arg-Trp-Arg-NH,, Ac-Arg-Tyr-Tyr-
Arg-Trp-Lys-NH,, Ac-Arg-Tyr-Tyr-Arg-lle-Lys-NH,, Ac-Arg-Tyr-Tyr-Lys-Trp-
Arg-NH, and Ac-Arg-Tyr-Tyr-Lys-Trp-Lys-NH,. In the mouse vas deferens
preparation, the nociceptin receptor that inhibits the electrically evoked twitches
of the vas deference was demonstrated to be distinct from the & opioid receptor,
since naloxone and Dmt-Tic (a selective 6 opioid receptor antagonist) block the &
opioid receptor but have no effect on the nociceptin receptor.’> SAR studies
indicated that the entire sequence of the peptide was not required for the activity,
since nociceptin(1-13)-NH, was as active as the parent peptide. Replacements of
the Arg®!? and Lys®!? by alanine and Phe' and Phe* by D-Phe residue in the
nociceptin(1-13)-NH, sequence leads to inactive peptides. N-Acetylation or N-
diallylation of nociceptin(1-13)-NH, significantly reduced the activity but, unlike
enkephalin analogues, the diallyl-nociceptin(1-13)-NH, was not an antagonist.

Hybrids of nociceptin and dynorphin A were compared with those of the
parent peptides for the binding and biological potencies towards the nociceptin
and dynorphin A (x-opioid) receptors.’®> Replacement of as many as eleven
residues in the C-terminus of dynorphin by the corresponding nociceptin
sequence had no significant effect on binding and biological activity towards the
k-opioid receptor (EDsq values 0.3-1 nM; EDs values > 10 pM at the nociceptin
receptor). In marked contrast, replacement of as few as six residues (Arg-Lys-
Leu-Ala-Asn-Gln) at the C-terminus of nociceptin by the corresponding dynor-
phin sequence (Leu-Lys-Trp-Asp-Asn-Gln) impairs both affinity and activity
towards the nociceptin receptor. Recombinant peptide approach led to a hybrid
Tyr-Gly-Gly-Phe-Leu-Arg-Ala-Arg-Lys-Ser-Ala-Arg-Lys-Leu-Ala-Asn-Gln
which prefers the x-opioid receptor, another hybrid Tyr-Gly-Gly-Phe-Thr-Gly-
Ala-Arg-Lys-Ser-Ala-Arg-Lys-Leu-Ala-Asn-Gln which prefers the nociceptin
receptor and a third hybrid Tyr-Gly-Gly-Phe-Leu-Gly-Ala-Arg-Lys-Ser-Ala-
Arg-Lys-Leu-Ala-Asn-Gln which does not discriminate between the two types of
receptor (K; values 2 nM and 0.8 nM at nociceptin and k-opioid receptors,
respectively).*

4.17 Somatostatin Analogues — Five receptor subtypes of somatostatin (SSTR -
SSTRs) have been cloned and characterised.>** Additional work on the character-
isation of various somatostatin receptor subtypes in different tissues and the role
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of each receptor subtype in relation to the multiple biological activities of
somatostatin has continued.**>=% Results of various clinical trials using sandos-
tatin (octreotide) have been reported.>!%-313

In addition to the older somewhat less selective compounds, some of the newer
compounds have been claimed to be more selective. For example, the lanthionine
octapeptide with C-terminal Thr-ol (95) showed high affinity for rat SSTRjs
compared to somatostatin and sandostatin (ICsy values 1.29, 1.04 and 0.86 nM,
respectively). However, it displayed about 50 times weaker binding affinity for
mSSTR,;, than sandostatin (ICsq values 13.13 and 0.28 nM, respectively) and was
inactive (ICso >1000 nM) at mouse SSTR3; and human SSTR, receptors.
Consistent with its affinity to SSTR; (believed to be linked to the inhibition of
growth hormone release), compounds (95) had much lower potency for inhibition
of growth hormone secretion than sandostatin (ICso values 48 and 0.52 nM,
respectively).>'**!> The affinity of [des-Ala', des-Gly?, des-Asn’, D-Trp®, lamp°]-
somatostatin was studied by competition experiments using the non-selective
radioligand '*I-[Leu®®, D-Trp*?, Tyr*’]-somatostatin-28 in areas of the rat brain
and pituitary known to express identified receptor subtypes. In the cerebellar
nuclei and cerebral cortex, which possess SST; receptor subtype, [des-Ala', des-
Gly?, des-Asn®, D-Trp®, Iamp’]-somatostatin exhibited a moderate affinity (ICs,
10-50 nM). In the hippocampus, immature cerebellum and pituitary which
contain SST,.s, the ICs values were >1 pM. The Tyr® analogue of [des-Ala', des-
Gly?, des-Asn®, D-Trp®, Tamp’]-somatostatin gave similar results.>'®

Antagonists of somatostatin have only been available in the last few years. 4-
NO,-Phe-¢(D-Cys-Tyr-D-Trp-Lys-Thr-Cys)-Tyr-NH, and [Ac-4-NO,-Phe-c(D-
Cys-Tyr-D-Trp-Lys-Thr-Cys)-D-Tyr-NH, (inactive at the SST; and SST, re-
ceptor subtypes and high affinity at the SSTR, and SSTRs receptor subtypes)
inhibited somatostatin-mediated inhibition of cAMP accumulation in a dose
dependent manner.*'” The more potent antagonist, [Ac-4-NO,-Phe-c(D-Cys-Tyr-
D-Trp-Lys-Thr-Cys)-D-Tyr-NHj;], displays a binding affinity (K; values 0.3, 100
and 2.5 nM on SSTR,, SSTR; and SSTR5 receptor subtypes, respectively) to
SSTR, comparable with that observed for the native hormone (K; = 0.2 nM) and
reverses somatostatin-mediated inhibition of cAMP accumulation in rat somato-
mammotroph GH4C; cells, cells transfected with the SSTR, and SSTR 5 subtypes,
as well as somatostatin-stimulated growth of yeast cells expressing the SSTR,
subtype. At a concentration of 1 puM, it shifted the dose response curve of
somatostatin by 500-fold in the cAMP accumulation assay. BIM-23056 [D-Phe-
Phe-Tyr-D-Trp-Lys-Val-Phe-D-Nal-NH,] (a linear octapeptide antagonist of
somatostatin) inhibited somatostatin-induced changes in intracellular calcium ion
concentration (pKg 8.0) and formation of inositol-1,4,5-trisphosphate in CHO-
K1 cells transfected with the human recombinant SSTR s receptor.®'8

S

Thr-ol
D-Phe\N Phe—D—Trp-Lys—Thr—H

(95)
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4.18 Tachykinin (Substance P and Neurokinins) Analogues — Work on tachykinin
receptors has been reviewed.’'” A novel human NKj receptor homologue that
binds [*H]senktide and ['*I-MePhe’]NKB, and is responsive to tachykinin
peptide agonists has been expressed.’?® Conformational properties of various
tachykinin antagonists have been investigated by NMR, computer-assisted
modelling and X-ray studies.>*!*** Additional biological studies have been
reported on the tachykinin receptor ligands reported in the past.’?*=2% More
tachykinin-like peptides have been isolated from the skin of Costa Rican
phyllomedusid frog Agalychnis callidryas [Gly-Pro-Pro-Asp-Pro-Asn-Lys-Phe-
Ile-Gly-Leu-Met-NH,,  Gly-Pro-Pro-Asp-Pro-Asp-Arg(Lys)-Tyr-Pro-Gly-Met-
NH,, Pyr-Pro-Asp-Pro-Asp-Arg-Phe-Tyr-Pro-Gly-Met-NH, and Gly-Pro-Pro-
Asp-Pro-Asn-Lys-Phe-Tyr-Pro-Val-Met-NH,] and the brain of the Madeira
cockroach [Asp-Pro-Ser-Gly-Phe-Leu-Gly-Val-Arg-NH,, Asp-Pro-Ala-Met-Gly-
Phe-GIn-Gly-Val-Arg-NH,, Asp-Pro-Ala-Ala-Gly-Phe-Phe-Gly-Met-Arg-NH,,
Val-Pro-Ala-Ser-Gly-Phe-Phe-Gly-Met-Arg-NH,, Gly-Pro-Ser-Met-Gly-
Phe-His-Gly-Met-Arg-NH,, Ala-Pro-Ser-Met-Gly-Phe-Gln-Gly-Met-Arg-NH,
and Ala-Pro-Glu-Glu-Ser-Pro-Lys-Arg-Ala-Pro-Ser-Gly-Phe-Leu-Gly-Val-Arg-
NH,],329-330

In contrast to [D-Arg!, D-Trp>"?, Leu'']Substance P which prevented colony
formation in small cell lung cancer cells in a dose-dependent fashion (ICsy 5 pM),
some other analogues [Arg-D-Trp-MePhe-D-Trp-Leu-D-Met-NH,, Arg-D-Trp-
MePhe-D-Trp-D-Leu-D-Met-NH,, D-Arg-Pro-Lys-Pro-D-Phe-Gln-D-Trp-Phe-
D-Trp-Leu-Leu-NH, and Arg-D-Phe-Gln-D-Trp-Phe-D-Trp-Leu-Gly-NH;] led
to 30-60% inhibition of the growth of H-69 small cell lung cancer cells at 25 nM.
[D-Arg', D-Trp>", Leu!'|Substance P given peritumourally at 35 pg g~ 'day !
for 7 days produced a marked inhibition of the growth of the H-69 xenograft,
which was maintained beyond the duration of the antagonist treatment.>*! A
smaller but significant effect was also seen when the compound was administered
i.p. to nude mice bearing H-69 tumours. Major metabolites of [D-Arg!, D-Phe’,
D-Trp”?, Leu!!'|Substance P following intraperitoneal administration (12 pg g~ ')
to nu/nu mice bearing the H69 small-cell lung cancer xenograft were identified as
[D-Arg', D-Phe’, D-Trp”, Leu''|Substance P acid and [D-Arg', D-Phe’, D-
Trp”?]Substance P(1-10).33?

A number of monocyclic and bicyclic peptides and dipeptide derivatives have
been reported as neurokinin receptor antagonists.>****> Monocyclic pseudopep-
tide analogues, c(Leuy(CH,NH)Leu-Gln-Trp-Phe-f-Ala), c(Leuy(CH,NH)As-
p(OBzl)-Gln-Trp-Phe-f-Ala), c(Leuy(CH,NH)Lys(Z)-GIn-Trp-Phe-$-Ala),
c(Leuy(CH,NH)Cha-Gln-Trp-Phe-B-Ala), c(Leuy(CH,NH)Nal-Gln-Trp-Phe-§3-
Ala), c(Leuy(CH,NH)Asp(NHBzl)-GIn-Trp-Phe-B-Ala), and conformationally
more rigid bicyclic peptides, c[(Met-Asp-Trp-Phe-Dap-Leu) c(2B-5)], c[(Cha-
Asp-Trp-Phe-Dap-Leu) c¢(2B-5B)], c[(Met-Dap-Trp-Phe-Asp-Leu) c(2B-5p)],
c[(Met-Asp-Trp-Phe-Dap-MeLeu) c(2B-58)] and c[(Nle-Asp-Trp-Phe-Dap-Leu)
c(2B-5P)], were evaluated in NK, receptor preparations.>** Three of the bicyclic
peptides, c[(Met-Asp-Trp-Phe-Dap-Leu) c(2B-58)], c[(Met-Dap-Trp-Phe-Asp-
Leu) c(2B-5B)Jand c[(Nle-Asp-Trp-Phe-Dap-Leu) c(23-58)], showed the highest
affinity in human isolated ileum and colon, rabbit isolated pulmonary artery and
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hamster isolated trachea preparations (pKg values 8.1-10.3). Examples of the
dipeptide derivatives acting at neurokinin receptors include compounds (96) and
(97). The Hyp-Trp derivative (96) is an NK; selective receptor antagonist (K;
hNK; receptor 2.4 nM, human NK, receptor 4200 nM) (pA, values on NK;,
NK, and NKj tissue preparation 9.0, 5.2 and 5.5, respectively) and inhibits SP-
induced bronchoconstriction in guinea pigs up to 40 minutes after i.v or aerosol
administration.*** The Nal derivative (97) showed high affinity at the NKj
receptors expressed in human IM9 (K; 1.0 nM) and U373MG (K; 2.8 nM) cells
and guinea pig lung membranes (K; 5.9 nM) but showed no affinity for the NK;
sites present in rat urinary bladder membranes up to 10 pM concentration.>*

(96) S19572
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The non-peptide antagonists of tachykinins reported this year include com-
pounds (98-101). Many of these showed various levels of selectivity and were
active in a number of in vitro and in vivo tests (oral administration).>3¢-348
Compound (98) blocked capsaicin-induced plasma extravasation in guinea pig
trachea (EDsy 0.050 mg kg~!, iv and 0.27 mg kg~ !, po).*** Compound (99),
obtained by chemical modifications to a chemical library lead using NK; and
NK, receptors, was a potent inhibitor of SP-induced bronchoconstriction in
guinea pigs (EDs 0.03-0.1 mg kg~ ', iv) and mice (EDsy 3 mg kg ', po).**® The
triazole derivative (100) was an NK; antagonist (ICsy 0.18 nM) which antago-
nised the extravasation induced by the vannilloid sensorotoxin resiniferatoxin
when administered orally (IDso 0.34 mg kg~ "). At a dose of 1 mg kg ™", the effect
lasted for about 8 hours (55% inhibition). The corresponding triazolinone
analogue gave a much longer duration of action at the same dose (66% inhibition
after 24 hours).>** In mice, oral administration of (101) (SB223412) produced

(97) MEN10930
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dose-dependent inhibition of behavioural responses induced by the NK3 receptor
selective agonist, senktide (EDsq 12.2 mg kg~ ").**’

4.19 Thyrotropin-releasing Hormone Analogues — Conformationally restricted
analogues of [GIn?-TRH are reported. Compounds (102) and (103) were active
in the antidepressive and antiamnesic models in rats after intraperitoneal admin-
istration.>*
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4.20 Vasopressin and Oxytocin Analogues — Since the discovery of multiple
vasopressin receptors, a number of selective ligands have been reported. [B-
Mercapto-p,B-pentamethylenepropionic acid!, D-Tyr(OEt)®>, Val®, Tyr’-NH,]
was shown to be a potent antidiuretic, antivasopressor and antioxytocic peptide
with pA, values of 7.69-7.94 and affinities of 1.12-11.0 nM. When radioiodinated
at Tyr’, the peptide bound to V, and V;, receptors with a dissociation constant
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of 0.22-0.75 nM.**® A C-terminally extended octapeptide analogue, phenylacetyl-
D-Tyr(Et)-Phe-Gln-Asn-Lys-Pro-Arg-Tyr-NH, was a strong V, antagonist (pA,
8.64) and a very weak V, antagonist. The iodinated phenylacetyl-D-Tyr(Et)-Phe-
Gln-Asn-Lys-Pro-Arg-Tyr-NH, derivative bound specifically to the V;, vaso-
pressin receptor with an apparent Ky value of 0.168 nM.>>!

Ligand binding characteristics of the human V3 (V) receptor have been
investigated in detail.>>? In general, most of the agonist and antagonist analogues
were less potent at the V3 (pituitary) receptors than at the V, (vascular) or V,
(renal) receptors. Arg®-vasopressin [K; values 1.73, 1.1 and 1.1 nM at V;, V, and
V5 receptors, respectively], Lys®-vasopressin [K; values 2.3, 3.3 and 2.87 nM at
Vi, V, and Vj receptors, respectively] and Arg-vasotocin [K; values 5.0, 6.2 and
10.2 nM at V4, V, and V; receptors, respectively] bind with much higher affinity
to the three receptor subtypes than oxytocin [K; values V|, V, and V; receptors
64, 167 and 1782 nM, respectively]. In comparison, many of the analogues, e.g.
phenylacetyl-D-Tyr(Et)-Phe-Val-Asn-Lys-Pro-Tyr-NH, [K; values Vi, V, and V3
receptors 2.37, 1805 and 798 nM, respectively], phenylacetyl-D-Tyr(Et)-Phe-Gln-
Asn-Lys-Pro-Arg-NH, [K; values V|, V, and Vj; receptors 0.8, 302 and 31 nM,
respectively] and phenylacetyl-D-Tyr-Phe-Val-Asn-Arg-Pro-Arg-Arg-NH, [K;
values Vi, V, and Vj; receptors 0.58, 259 and 15.9 nM, respectively], were more
selective for the V; receptor subtypes. Two of the oxytocin antagonists,
d(CH,)s[Tyr(OMe)?, Thr*, Orn®}- [K; values V;, V, and V; receptors 7.6, 5964
and 28700 nM, respectively] and d(CH,)s[Tyr(OMe)?, Thr*, Orn® /Tyr’-NH,]-
vasotocin [K; values Vi, V, and V; receptors 3.9, 929 and 10229 nM, respectively],
were the most selective ligands at the V; receptor. The most potent V,/Vj
analogue was 4-OH-phenylacetyl-D-Tyr(Me)-Phe-Gln-Asn-Arg-Pro-Arg-NH,
[K; values Vi, V, and V; receptors 0.45, 428 and 2.2 nM, respectively].352

Trisulfide analogues of vasopressin and oxytocin are reported.>>>3>* In general,
the analogues like (104-106) were either equipotent or less potent than the parent
disulfide peptides. For example, (104) was equipotent to Arg vasopressin at the
V; receptor (ICsq values 9.5 and 10 nM, respectively) and about 3-fold less potent
than the parent peptide at the V, receptor subtype (ICso values 9.5 and 3.3 nM,
respectively).>>® Two of the oxytocin analogues (105) and (106) were less potent
than the parent peptides.>*

([Zys—Tyr—Phe—GIn—Asn—([Zys—Pro—Arg—GIy—NH2 (]:ys—Tyr—I Ie-GIn—Asn—([:ys—Pro—Leu—GIy—NH2
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(104) (105)

l\]/lpa—Tyr—IIe—GIn—Asn—([:ys—Pro—Leu—GIy—NHz
S S S
(106)

A number of papers on the chemistry and biology of non-peptide vasopressin
antagonists have appeared.>*=°® Compound (107) (based on OPC-31260 re-
ported earlier) [Vi5o pK; 8.07, V, pK; 8.61 and oxytocin pK; 7.47] and the
corresponding compound containing a -NMe, group in place of the methyl group
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were slightly more potent at the V, receptors.>> Compound (108) (YMO087)
showed high affinity for Vy, receptors from rat liver and V, receptors from rat
kidney with K; values of 0.48 and 3.04 nM, respectively. YMO087 also inhibited
[*H]oxytocin binding to rat uterus plasma membranes with a K; value of 44.4
nM, and at 100 uM did not affect the binding of [PHJAVP to anterior pituitary
(Vip receptors) plasma membranes. In in vivo studies, i.v administration of
YMO087 inhibited the pressor response to exogenous AVP in pithed rats in a dose

dependent manner. >3
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5 Enzyme Inhibitors

Most of the work this year has been on inhibitors of converting enzymes,
farnesyltransferase, HIV protease, matrix metalloproteases and thrombin. Only a
limited amount of work has been published on the inhibitors of renin, elastase,
calpain and cathepsin D.

5.1 Calpain Inhibitors — Calpains (I and II) are calcium-activated neutral
proteases belonging to a family of intracellular cysteine proteases. The possible
role of calpains in the pathology of a variety of nervous system disorders
including stroke, Alzheimer’s disease, muscular dystrophy, and epilepsy has led
to a search for inhibitors for these enzymes. Dipeptide and tripeptide aldehydes
were evaluated as inhibitors of calpain 1% In the dipeptide series, Z-r-butylGly-
Leu-H and Z-Leu-Leu-H, Z-Leu-Abu-H, Z-Leu-Cha-H, Z-Leu-Nle-H, Z-Leu-
Phe-H, Z-Leu-His-H, Z-Leu-Tyr(OBzl)-H and Z-Leu-Val-H were similar in
potency to the parent peptide (ICsq values 4-15 nM). Z-Nle-Leu-H, Z-Ile-Leu-H
and Z-Val-Leu-H were somewhat less potent (ICsy values 33, 41 and 29 nM,
respectively). In the case of Z-Leu-Leu-H, the P; leucine residue could be
changed by many other hydrophobic residues. Replacement of the Z group in the
Z-Leu-Leu-H by 4-nitrobenzyloxycarbonyl, Fmoc, methoxycarbonyl and tolu-
enesulfonyl groups also resulted in compounds equipotent to the parent dipeptide
aldehyde. In the tripeptide series, Ac-Leu-Leu-Leu-H, Ac-Leu-Leu-Arg-H, Ac-
Leu-Leu-D-Leu-H, Ac-Leu-Leu-Lys(Boc)-H, Ac-Leu-Leu-Met-H, Ac-Leu-Leu-
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Nle-H and Ac-Leu-Leu-Phe-H were very similar in potency (ICsq values 12-70
nM). Replacement of the P, leucine residue in Ac-Leu-Leu-Leu-H by Ala, Phe or
Trp residues gave about a 4-fold reduction in potency. Modifications in the Pj
position did not have much effect on the potency. Ac-Leu-Leu-Leu-H, Ac-Ala-
Leu-Leu-H, Z-Ala-Leu-Leu-H, Z-Glu(O-Bu")-Leu-Leu-H, Z-Leu-Leu-Leu-H, Z-
Lys-Leu-Leu-H, Z-Phe-Leu-Leu-H, Z-Ser(But)-Leu-Leu-H, Z-Tic-Leu-Leu-H,
Z-Tyr-Leu-Leu-H and naphthyl-2-CO-Leu-Leu-Leu-H were very similar in
potency. Incorporation of non-peptidic residues at the N-terminus of some of the
dipeptide aldehydes gave less potent compounds like (109) and (110) (calpain I
ICso 30 nM, cathepsin B ICsq 60 nM).>¢%-3¢!

In addition to the aldehyde derivatives mentioned above, fluoromethyl ketone
inhibitors of human calpain I have also been reported.’*>3%> SAR studies
revealed that the nature of the N-terminal capping group has a significant effect
on the inhibitory activity of this series of compounds. Compound (111), having
a tetrahydroisoquinoline containing urea as the N-terminal capping group, was
the most potent dipeptide fluoromethyl ketone inhibitor of the series. In an
intact human cell assay, compound (111) inhibited calpain I with ICs, value of
0.2 uM.
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5.2 Caspase Inhibitors — The caspases are a family of cysteine proteases that
play regulatory roles in the cell. The inhibitors of these enzymes may be
important for the treatment of neurodegenerative diseases, ischaemic injury and
cancer. These enzymes require an Asp in P; position. The crystal structures of
caspase-1 and caspase-3 show that the active enzyme is a heterotetramer,
containing two small and two large subunits. In addition to the reversible
inhibitors like Ac-Asp-Glu-Val-Asp-H and Ac-Tyr-Val-Ala-Asp-H, irreversible
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tripeptide inhibitors like Z-Val-Ala-Asp(OMe) fluoromethyl ketone have been
reported. Up to 50 uM, Ac-Asp-Glu-Val-Asp-H, a caspase-3-preferred inhibitor,
inhibits caspase-2 activation and DNA fragmentation in vivo, but does not
prevent loss of mitochondrial function, while higher concentrations of the
inhibitor (>50 uM) inhibit both.*®* The tertiary structure and substrate binding
site of caspase-8 has been predicted.>®® Some of the work on caspases has recently
been reviewed.*®¢3% A caspase-like apoptosis-regulatory protein (CLARP) has
been identified. The protein contains two amino terminal death effector domains
fused to a carboxyl-terminal caspase-like domain. The structure and amino acid
sequence of CLARP resemble those of caspase-8, caspase-10 and DCP-2.
Expression of CLARP induced apoptosis was blocked by the viral caspase
inhibitor p35, dominant negative mutant caspase-8, and the synthetic caspase
inhibitor Z-Val-Ala-Asp(OMe)-fluoromethyl ketone.*®

5.3 Cathepsin Inhibitors — A number of quenched fluorogenic substrates with
P, variations in the series Ac-Glu-Glu(Edans)-Lys-Pro-Ile-X-Phe-Phe-Arg-Leu-
Gly-Lys(Dabcyle)-Glu-NH, [X = Cys, Cys(Me), Cys(Et), Cys(t-Bu), Cys(carbox-
ymethyl), Met, Val or Ile; Edans = 5-(2-aminoethyl) aminonaphthalene-1-sulfonic
acid; Dabcyl = 4'-dimethylaminoazobenzene-4-carboxylic acid] were reported as
substrates for human cathepsin D.*”° Using a 15-residue synthetic peptide library
and a native protein as substrates, it was found that positions P; and P’ of the
cathepsins D and E (aspartic proteases) substrates must be occupied exclusively
by hydrophobic amino acids with aromatic or aliphatic side chains. However, Val
and Ile residues are not allowed at position P;. Position P," accepts a broad range
of amino acids, including charged and polar ones. Additional requirements
concg:r{ling the substrate positions P;" and P4 were also defined by pool sequen-
cing.®’

Inhibitors of cathepsin K, a cysteine protease implicated in the process of bone
resorption, have been reported. The design process involved X-ray crystal-
lographic studies using papain and thiol protease inhibitor leupeptin (Ac-Leu-
Leu-Arg-H) which bound to the S side of the enzyme active site and another
similar aldehyde Z-Leu-Leu-Leu-H which bound in the S’ direction.>’**”* One of
the more potent inhibitors (112, R-CO- = 4-(CH;3),-NCH,-Z-Leu) inhibited
osteoclast-mediated calcemic response to human parathyroid hormone(1-34)
when co-infused (6 hours) with human parathyroid hormone(1-34) at a dose of
13mgkg 'h~ ! iv.

Cathepsin W, a novel human cysteine protease distinct from that of cathepsin
L- and B-like proteases, has been identified from the dbEST database. Northern

o]
(112) R-CO = 4-Me,NCH,-Z-Leu
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blot analysis indicated a specific expression of cathepsin W in lymphatic tissues.
Further analysis revealed predominant levels of expression in T-lymphocytes, and
more specifically in CD8” cells.>”*

5.4 Cytomegalovirus Protease Inhibitors — The human cytomegalovirus (serine
protease) is a prevalent member of the herpes virus family infecting up to 80% of
the general population. This virus is responsible for opportunistic infections in
immunocompromised individuals including organ transplant recipients and
AIDS sufferers. Crystallographic studies on human cytomegalovirus protease
have been reported in the past.>’> 77 Modifications of benzoxazinone derivatives
(reported previously as mammalian serine protease inhibitors) resulted in com-
pounds like (113) as selective inhibitors of cytomegalovirus protease (ICsq 2.4
uM; 36-47% inhibition of human leukocyte elastase and chymotrypsin at 100
(M). A number of other compounds containing a Me,N-, Boc-NH-, p-methoxy-
benzenesulfonamide, nicotinamide or dimethylglycinamide in place of the pyrro-
lidineacetamide group were slightly more potent than compound (113) against
cytomegalovirus protease (ICsq values 0.24-2.2 uM) but the compounds were less
selective.>”® In fact the Me,N- analogue was more potent against chymotrypsin
(ICsp 0.065 pM) than against cytomegalovirus protease (ICso 0.24 (M) and
human leukocyte elastase (ICsq 3.2 uM)

Py

(113)

Inhibitors of the human cytomegalovirus protease based on the amino acid
sequences of the two cleavage sites are described.’”® Earlier lead compounds
like  Ac-Ser-Tyr-Val-Lys-NH-CH(CH;)-CO-CF;,  Ac-Gly-Val-Val-Asn-NH-
CH(CH;)-CO-CF; and Ac-Val-Val-Asn-NH-CH(CHj3)-CO-CF; (ICsq values 1.8-
3.0 uM) were weak inhibitors. Further amino acid substitutions in Ac-Val-Val-
Asn-NH-CH(CH3)-CO-CF; indicated that the asparagine residue (P, position)
could be replaced by a number of other amino acids like Gln, Phe, Val, and
Asn(Me,) residues (ICsq values 2-11 uM). The P53 (Val) position could accommo-
date Abu, t-Leu, t-Bu-Ala and adamantyl residues. Replacement of the acetyl-
valine residue (P4 position) by various other groups in one of the more potent
compounds, Ac-Val-t-Leu-Asn(Me,)-NH-CH(CH3)-CO-CF3, led to compounds
with similar potency, e.g. (CH3);C-CH,-CO-t-Leu-Asn(Me,)-NH-CH(CH3;)-CO-
CF; (ICs4 1.1 (M). Using (CH3);C-CH,-CO-t-Leu-Asn(Me,)-NH-CH(CH5)-CO-
CFs3, as an example, the activated carbonyl group of the inhibitors was modified.
Several compounds inhibited the enzyme with ICsq values of 0.06-11 puM.
Compound (114) was one of the more potent and selective inhibitors. No
significant improvement in the inhibitory activity was observed by extending the
binding groups into the S’ site. Many of the above compounds showed good
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selectivity (>300-fold) against human leukocyte elastase, bovine pancreatic o-
chymotrypsin, and human liver cathepsin B.>”

5.5 Converting Enzyme [Angiotensin (ACE), Neutral Endopeptidase (NEP),
Endothelin (ECE) and Interleukin-1§ (ICE)] Inhibitors — Many peptides are
obtained from their precursors by the action of converting enzymes. For
example, angiotensin converting enzyme cleaves a dipeptide from the C-terminus
of angiotensin I to generate the pressor peptide angiotensin II. In addition, some
of the biologically active peptides (e.g. bradykinin and atrial natriuretic factor)
are degraded by the converting enzymes. Thus many physiological and patholo-
gical processes are controlled by converting enzymes. Inhibitors of angiotensin,
neutral endopeptidase, endothelin and interleukin-1 have been reported.

5.5.1. Angiotensin Converting Enzyme and Neutral Endopeptidase Inhibitors —
Inhibitors of angiotensin converting enzyme have been identified by a library
approach.>®° Libraries of angiotensin converting enzyme inhibitors involving N-
terminal reductive alkylation of -X-Pro, -X-X and -X-X-NH, [X = naturally
occurring amino acids except cysteine] dipeptides using ethyl-2-oxo0-4-
phenylbutyrate were synthesised on solid supports. Although compounds
containing Ser-Lys, Ser-Gln, Lys-Ser and GIn-Ser dipeptides were identified as
angiotensin converting enzyme inhibitors, none of the compounds were more
potent than enalapril.

Dual metalloprotease inhibitors have been obtained in the mercaptoacetyl and
carboxyalkyl series of compounds. In both series of compounds, oxazepinones
and/or thiazepinones were incorporated as conformationally restricted dipeptide
surrogates.®®!*%2 One of the thiazepinone derivatives (115) (ICso 8 and 5 nM
against NEP and ACE, respectively), at a single oral dose (30 pmol kg~' (12 mg
kg™'), decreased mean arterial pressure approximately 40 mmHg below baseline
for 10-24 hours. In comparison, fosinopril (an ACE inhibitor) averaged a 20
mmHg decrease during the same period. In a DOCA salt rat hypertension assay
(NEP inhibition model), oral administration of (115) (100 pmol kg~' day—!)
resulted in a 38 mmHg decrease in systolic blood pressure. In comparison, the
corresponding oxazepinone analogue had a short duration of action (<1 hour).
Temocaprilat (116) (active metabolite of temocapril; ethyl ester of hPhe moiety)
was excreted predominantly in bile.*?

Based on the crystal structure of thermolysin, and some modelling studies,
ortho- and meta-substituted benzofused macrocyclic lactams were synthesised as
zinc metalloprotease inhibitors.*®**%* The 1l-membered lactam (117) (S,S
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isomer) inhibited both thermolysin and neutral endopeptidase (ICso 68 and 0.9
nM, respectively) but was inactive (ICso >10000 nM) against angiotensin
converting enzyme. In the case of the 13-membered compounds, the (R,S) isomer
(118) was more potent (ICsy thermolysin 1800 nM and neutral endopeptidase 27
nM) than the (8S,S) isomer (ICsy thermolysin 41000 nM and neutral endopepti-
dase 224 nM). Oral administration of a prodrug of (118) (Ac-S- and -COOBzl) in
conscious rats (10 mg kg ~!) significantly increased (>200%) levels of exogenously
administered atrial natriuretic peptide. In comparison to the ortho derivatives, the
meta derivatives inhibited neutral endopeptidase and angiotensin converting
enzyme. For example, a 13-membered lactam derivative (119) was a potent
inhibitor of neutral endopeptidase and angiotensin converting enzyme and a poor
inhibitor of thermolysin (ICso values 8, 4 and 48000 nM, respectively). The 14-
membered (S,S) isomer (120) showed improved selectivity against neutral endo-
peptidase (ICso values, neutral endopeptidase 4 nM, angiotensin converting
enzyme 175 nM and thermolysin 34000 nM). Biological activities of a dual
metallopeptidase inhibitor, MDL 100,240, have been reportf:d.385’386
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5.5.2. Endothelin Converting Enzyme Inhibitors — SAR studies on GCS 26303
(121), reported previously as a dual inhibitor of endothelin converting enzyme
and neutral endopeptidase, were attempted to improve inhibitory activity against
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endothelin converting enzyme.*®” Replacement of the tetrazole group by triazole,
-COOH or -CH,-COOH groups and replacement of the biphenyl group by Phe,
hPhe, Nal and Trp side chains led to much less potent compounds (<20%
inhibition at 1 pM). Similarly, replacement of the (HO),PO-CH,-NH- group by
(HO),PO-CH,-CH,-, -NH-P(O) (OH)-CH,-CH,-2-naphthyl, (HO),PO-CH,-
and HS-CH,- groups abolished most of the activity (<26% inhibition at 1 pM).
Most of the compounds like (122) inhibited both neutral endopeptidase (ICsq 4.8
nM) and endothelin converting enzyme (ICsy 17 nM). Among the big ET-1
analogues, big ET-1(18-34), [Phe*']- and [Ala®']big ET-1(18-34) exhibited a
significant inhibition of ECE-1. A kinetic analysis revealed [Phe*!'|big ET-1(18-
34) to be a competitive inhibitor (K; 20.6 pM) and [Ala*']big ET-1(18-34) to be a
non-competitive inhibitor (K; = 35.6 uM). Many other analogues, big ET-1(17-
26), [Ala®"}-, [Ala®']-, [Ala?’]-, [Phe??]-, [GIn?’, Thr®, Ala®’]-, [Phe?'}-, [D-Trp*,
D-Val*?}- and [D-Val*]big ET-1(16-34), were inactive.**®
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(121) GCS 26303 (122)

5.5.3 Interleukin 1 Converting Enzyme Inhibitors — In vitro and in vivo studies of
ICE inhibitors have been reviewed.>® The substrate specificity of interleukin-18
converting enzyme was defined by using a combinatorial positional scanning
approach.**® Ac-Trp-Glu-His-Asp-aminomethylcoumarin was the best substrate.
Hydrophobic amino acids were preferred in S; (Trp > Tyr > Nle > Leu) position.
Various amino acids were tolerated in P; position, but His was favoured by
approximately threefold over Val in P, position. Based on this substrate
sequence, an aldehyde inhibitor, Ac-Trp-Glu-His-Asp-H (K; 56 nM), was
synthesised. In comparison, Ac-Tyr-Val-Ala-Asp-H was >10-fold less potent
inhibitor of the enzyme (K; 760 nM). Various other inhibitors of ICE containing
a C-terminal Asp aldehydes or Asp phenyl ketoethers and non-peptidic residues
as P,-P; replacements have been reported.*'=%* Examples of these types of
compounds include (123-125). Compound (123) inhibited IL-1p production by
>95% in a mouse model of biochemical efficacy at a single 100 mg kg~ ' dose
given by i.p. administration.*' The pyridone 6-benzyl substituent in (125) (ICsq
10 nM) could be replaced by n-butyl group with only a slight reduction in
potency (ICsy 16 nM). Other replacements like Me, Et, n-Pr, n-hexyl or Ph gave
less potent compounds (ICsy values 25-150 nM).>* Other reported inhibitors of
ICE include compounds like (126) and (127).3%4%3



228 Amino Acids, Peptides and Proteins

Iz
]

(123)

Cl
CONH
X 2
% H
Z—VaI—AIa—Asp

(126) (127)

5.6 Elastase Inhibitors — Based on some of the earlier work on N-substituted
Val-Pro-Val-trifluoromethyl ketones, orally active elastase inhibitors were identi-
fied.3%%°7 Various substituents at the N-terminal end of Val-Pro-Val-trifluoro-
methyl ketone, e.g. 4-MeOC¢Hs-, C¢Hs-CH,-O-, C4Hs-O-, cyclopentyl-O-,
isobutyl-O-, isopropyl-O-, EtO-, MeO- and C4Hs-O-CH,-, resulted in potent and
selective inhibitors of leukocyte elastase (K; 1.5-44 nM; 8-93% inhibition of
elastase-induced haemorrhage in hamsters at a dose of 10 mg kg™, po). The
most potent analogues (128) and (129) prevented elastase-induced haemorrhage
when administered intravenously (EDs, values 0.59 and 0.51 mg kg ™!, respec-
tively) or orally (EDs, values 4.9 and 2 mg kg ', respectively). The half life for
the degradation of the chloromethyl ketone inhibitor of elastase, Boc-Tyr-Leu-
Val-CH,Cl, in an aqueous solution (pH 7.4) at 37°C was found to be about 36
h.3*® The degradation products in aqueous solution were Boc-Tyr-Leu-Val-
CH,OH at pH 7.4 and Tyr-Leu-Val-CH,Cl at pH 2.0. In the rat plasma, the half-
life of Boc-Tyr-Leu-Val-CH,Cl was 42.4 min.
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5.7 Farnesyltransferase Inhibitors — Reviews on farnesyltransferase inhibitors
have appeared.>**#°!  Amino acid residues that convert the protein substrate
specificity of farnesyltransferase into that of geranylgeranyltransferase type I
have been identified. A single amino acid change at one of the three residues
[Ser'®, Tyr*®?, or Tyr*®°] of its B-subunit appear to be involved.**? Tetrapeptides
derived from the C-terminus of p21 Ras were the first reported peptidic
farnesyltransferase inhibitors, the most potent being Cys-Val-Phe-Met.**
Locally constrained analogues containing a Tic residue in place of the Phe
resulted in a more potent analogue Cys-Val-Tic-Met (ICso 10 nM). Introduction
of lipophilic chains at the N-terminal amino group [CH;-(CH,)s-CO-, CH;-
(CHz)lo-CO-, CH3-(CH2)12-CO-, CH3-(CH2)14-CO-, CH3-(CH2)16-CO- or BOC]
resulted in less potent compounds (ICsy 23-125 nM). Prodrug derivatives
containing a hSer lactone or hCys thiolactone at the C-terminal end also led to
less potent inhibitors [HS-(CH,),-CO-MeVal-Tic-hSer lactone, HS-(CH,),-CO-
MeVal-Tic-hCys lactone, HS-(CH,),-CO-MeVal-Tic-D-hCys lactone, HS-
(CH,),-CO-Val-Phe-hCys lactone and HS-(CH,),-CO-Val-Phe-D-hCys lactone]
(ICsps 350-83,000 nM) which did not show significant activity in the cell-based
assays. Replacement of the peptide bond between the Cys-Val and Val-Tic
residues by an aminomethylene group gave more potent compounds [Cys-
Y(CH,NH)Val-Tic-Met and Cysy(CH,NH)Valy(CH,NH)Tic-Met] in the in
vitro enzyme inhibitory assays but the compounds were poor inhibitors in the cell
based assays.**?

Other conformationally restricted analogues were synthesised by incorporating
N-alkyl amino acid residues or non-peptide scaffolds. In one approach the Cys
and Met residues were retained and the central two amino acid residues are
replaced by N-substituted glycines.*** Many of the compounds, e.g. Cys-Val-
N(CH,Ph)-CH,CO-Met,  Cys-Val-N(CH,-CH,Ph)-CH,CO-Met, = Cys-Val-
N[CH,-CH,Ph(3,4-OMe)]-CH,CO-Met, Cys-Val-N(C¢H,;)-CH,CO-Met, Cys-
N(CHMe,)-CH,-CO-N(CH,Ph)-CH,CO-Met, Cys-N(CHMe,)-CH,-CO-
N[CH,CH,Ph(3,4-OMe)-CH,CO-Met, Cys-N(CH,-CH,-NMe,)-CH,-CO-
N(CH,Ph)-CH,CO-Met, Cys-N(CHMe,)-CH,-CO-Phe-Met, Cys-N(CH,-CH,-
NMe,)-CH,-CO-Phe-Met and Cys-N(CH,-CHMe,)-CH,-CO-Phe-Met, inhibited
farnesyltransferase with ICs, values ranging between 0.07 and 75 uM. The most
potent compound (130) (HR-11) had an ICsy of 1.2 nM against farnesyltrans-
ferase and was >750 times less potent against geranylgeranyltransferase (ICsq of
910 nM). The methyl ester of HR-11 inhibited ras processing in v-ras transformed
NIH3T3 cells (ICsy of 10 uM).

In the search for hydrophobic scaffolds capable of orienting the cysteine and
methionine residues in appropriate positions, 1,5-naphthyl and 1,6-naphthyl
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scaffolds were investigated.*®> Compounds like (131) and (132) (ICs, 60 and 1.8
nM, respectively) and the Met methyl ester derivative of compound (132) (RPR
114334) inhibited the anchorage-independent growth of several cell lines. Acti-
vated Ha-ras and Ki-ras transformed cell lines were both inhibited in their ability
to form colonies in soft agar (ICsy values 5-10 uM). Cysteine-derived compounds
containing a diary lether framework (133, R = H, CH;3, COOMe) were less potent
inhibitors of farnesyltransferase (ICsq values 460-650 nM) than the tetrapeptide
Cys-Val-Ile-Met (ICsg 165 nM), but reduced the size and number of colonies of
Ha-ras transformed Rat1 cells by 90% at 10-30 uM concentrations.**®
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SAR studies on the random screening lead Z-His-Tyr(OBn)-Ser(OBn)-Trp-
DAla-NH, (PD083176) (ICsq of 20 nM) including the replacement of the N-
terminal Z group by acetyl, cyclohexylcarboxy, cyclobutyloxycarbonyl, Pyr or
Fmoc group (ICsq values 1.6 to >20 uM) and the histidine residue by D-His, Cys,
Ala, Phe, Orn, and Trp led to less potent peptides (ICsq values 4.7 to >20 pM).*"’
Substitution of the Tyr(OBn) by D-Tyr(OBn), D-Tyr, Tyr, Tyr(OPO3H,), Phe(p-
CH,PO;Et,), Phe, D-Phe, hPhe, Asp, Glu, Gln or Cha gave compounds with
very similar potency (ICso values 0.018-0.17 uM). Other replacements (Ala, Lys,
Cys) led to >50-fold reduction in potency. Similar to the Tyr(OBn) residue, the
Ser(OBn) was also not essential for the activity. Thr(OBn), Cys, Phe and
Cys(SBn) analogues were similar in potency to the parent hexapeptide and the
Ser, D-Ser(OBn) and Ala analogues were >50-fold less potent. Replacement of
the Trp residue by Ala, Phe or D-Trp resulted in 10, 100 and 430-fold,
respectively, reduction in potency. Replacement of the D-Ala-NH, residue by
Ala-NH, gave a 2-fold more potent analogue but the D-Ala, D-Ala-OMe, D-
Ala-NH-NH, and D-Ala-NHEt analogues were about 2-8-fold less potent.**’ By
truncating the C-terminus of Z-His-Tyr(Bzl)-Ser(Bzl)-Trp-Ala-NH,, followed by
further chemical modifications, a Z-His derivative (134) was obtained which
inhibited isolated farnesyltransferase with an ICsy value of 4 nM (18000 nM
against geranylgeranyltransferase-1), ras farnesylation in transformed cells at a
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concentration of 50 nM and colony formation of transformed cells in soft agar
with an ICsy of 180 nM.**® Compound (134) was also shown to be active in
athymic mice implanted subcutaneously with H-ras-F cells. When administered
intraperitoneally at a dose of 150 mg kg ™! day ! (once a day) for 14 consecutive
days after tumour implantation, the tumour growth was inhibited by 88% relative
to untreated controls.
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In addition to (134), several other non-peptide inhibitors of farnesyltransferase
were also shown to be active in in vivo tumour models.*”®*'! For example, when
dosed orally as a suspension in corn oil at 100 mg kg™, twice daily for 5 days a
week in nude mice growing a human colorectal tumour SW-620, Sch 54429 (135)
inhibited tumour growth by 42% after 35 days. The 3-bromo substituted pyridyl
N-oxide amide analogue (136) reduced tumour growth by 81% when adminis-
tered four times a day at 50 mg kg~ ' and 52% at 10 mg kg~ ' (half-life 40 min).
Various other classes of non-peptide inhibitors of farnesyltransferase were
obtained by using other approaches (137-139).*'>*'5 For example, (137) was
obtained by three-dimensional database searching methods followed by SAR
studies and (138) was obtained from natural sources.
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5.8 HIV Protease Inhibitors — Antibody approaches to HIV-1 have been
reviewed.*'® Several publications on antibody-related work have appeared.*'’*?
One of the murine monoclonal antibodies (F11.2.32) bound to HIV protease with
an affinity of 5 nM.**® Epitope mapping studies identified the peptide P36-P46
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(Met-Ser-Leu-Pro-Gly-Arg-Trp-Lys-Pro-Lys-Met) as the shortest fragment of
HIV-1 protease sequence capable of competing with the native enzyme in binding
to F11.2.32. Crystallographic studies on the enzyme bound to the P36-P46
peptide indicated that the antigen binding site includes several aromatic side
chains in direct contact with the peptide and the bound peptide form a type II
turn around Leu®, Pro®, Gly*® and Arg*' residues. Linear peptides derived from
the membrane proximal region of the gp41 ectodomain are effective inhibitors of
HIV type 1-mediated fusion events.*?! The parent peptide DP178 [Tyr®*-Thr-
Ser-Leu-Ile-His-Ser-Leu-Ile-Glu-Glu-Ser-Gln-Asn-Gln-Gln-Glu-Lys-Asn-Glu-
GlIn-Glu-Leu-Leu-Glu-Leu-Asp-Lys-Trp-Ala-Ser-Leu-Trp-Asn-Trp-Phe®”®] was
active in this assay but truncation of the peptide led to an inactive peptide
[Tyr5*-Thr-Ser-Leu-Ile-His-Ser-Leu-Ile-Glu-Glu-Ser-Gln-Asn-Gln-GlIn-Glu-
Lys-Asn-Glu-Gln-Glu-Leu-Leu-Glu-Leu-Asp®®]. However, the monocyclic deri-
vative of the truncated peptide [Tyr®**-Thr-Ser-Leu-Ile-His-Ser-Leu-Ile-Glu®3-
Glu-Ser-Gln-Asn-Gln-GIn-Glu®*’-Lys-Asn-Glu-GIn-Glu-Leu-Leu-Glu-Leu-
Asp], obtained by linking the two glutamic acid residue side chains [Glu®*? and
Glu®’] with a diamine NH,(CH,)s-NH,, and a bicyclic derivative [Tyr®**-Thr-
Glu®*-Leu-Ile-His-Ser-Leu-Ile-Glu®*?-Glu-Ser-Gln-Asn-Gln-GlIn-Glu®*-Lys-
Asn-Glu-Gln-Glu-Leu-Glu®®®-Glu-Leu-Asp], obtained by linking Glu®* to
Glu®? and Glu®® to Glu®®® with the same amine, were active in the infectivity
assay.**! The bicyclic peptide was nearly equipotent to the linear peptide DP178.
The P28%¢ peptide Ala-Glu-Ala-Met-Ser-Gln-Val-Thr-Asn-Thr-Ala-Thr-Ile-Met
processed from HIV-1 Pr55%¢ by HIV-1 protease was shown to be a suicide
inhibitor of the enzyme (K; 30 pM and ICsy 10 uM for the synthetic peptide
substrate, succinyl-Ser-Gln-Asn-Tyr-Pro-Ile-Val-Gln) and inhibited the proteo-
lytic cleavage of the viral precursor protein (Pr55%*¢) into functional structural
units (p178°¢ and p248€) in vitro.**> The N-Terminal truncated nonapeptide Ala-
Glu-Ala-Met-Ser-GlIn-Val-Thr-Asn was nearly as potent as the patent peptide.
Many other fragments like Ala-Glu-Ala-Met-Ser-Gln, Ala-Glu-Ala-Met-Ser-
GIn-Val, Ala-Glu-Ala-Met-Ser-GIn-Val-Thr, Val-Thr-Asn and Val-Thr-Asn-
Thr-Ala-Thr-Ile-Met were inactive. N-Terminal glyoxylyl (CHOCO-) derivatives
like CHO-CO-Pro-Ile-Val-NH, and CHO-CO-Phe-Pro-Ile-Val-NH, (K; 0.5-0.7
mM) and Fmoc-amino acids like N*-Fmoc-N®-Tos-Arg (ICsy 5 pM) have been
reported as weak inhibitors of the enzyme.*?**** Crystal structure of N*-Fmoc-
N®-Tos-Arg-NH, bound to HIV-1 protease indicated that the inhibitor binds in
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an extended conformation that results in occupancy of the S,, Sy, and S’ subsites
of the active site.

A series of compounds, based on Boc-Phey[CH,NH]Phe-Glu-Phe-NH,,
varying in the type of scissile bond replacements as well as in the Py, P;" and P’
side chains were investigated for inhibition of HIV-1 and HIV-2 protease.**’
While inhibitors containing reduced amide bond, hydroxyethylamine and statine
isosteres inhibited HIV-1 protease (K; values 0.1-1.0 nM), these compounds were
poor inhibitors of HIV-2 protease. Glutamic acid was identified to be the optimal
P, residue for both HIV-1 and HIV-2 protease. For example, Boc-
Phe(yyCH,NH]Phe-Glu-Phe-NH,, was a potent inhibitor of both the enzymes (K;
values 0.2 and 1.0 nM for HIV-1 and HIV-2 protease, respectively). Replacement
of the Glu residue by Gln, Cys, Lys, Ile, Val or Asp residue resulted in less potent
compounds against both the enzymes. Unlike the reduced amide bond containing
peptides, analogues containing y[CH,-CH,NH] and [CH(OH)CH,NH] replace-
ments, Boc-Phey[CH,-CH,NH]Phe-Glu-Phe-NH, (K; values 0.05 and 4.1 nM
for HIV-1 and HIV-2 protease, respectively) and Boc-Phef CHOH-CH,NH]Phe-
Glu-Phe-NH, (K; values 0.1 and 40 nM for HIV-1 and HIV-2 protease,
respectively), were more potent against HIV-1 protease. Using this data hydroxy-
ethylene isostere containing inhibitors equipotent against both the enzymes
were synthesised. One such compound Boc-Phey[CHOH-CH,]Phe-Glu-Phe-NH,
(K values 0.02 and 0.05 nM for HIV-1 and HIV-2 protease, respectively) was
nearly equipotent against both the enzymes.**> A series of HIV protease
inhibitors containing a (hydroxyethyl)amidosuccinoyl core (140) inhibited HIV-1
and HIV-2 protease. Several analogues of (140) containing Asn or Thr in place of
Val or a 2-quinoxaline group in place of the 2-quinolinecarbonyl group inhibited
HIV-1 replication in cell culture assays (ECso 3.7-35 nM). However, the
compounds exhibited poor bioavailability (<10%) in the rat, following oral
administration.*?® Other examples of compounds containing various isosteres
include compounds (141) and (142). The tetrazole based isostere (141) (ICso 51
M) was a weak inhibitor of the enzyme.*?” The sulfonamide isostere (142) was
an irreversible inhibitor (ICsy 6.6 nM). A number of analogues with replacements
in quinoline-2-carbonyl, N-isopropyl or N-ethyl positions were less potent (ICsq
values 10-20 nM).*?8

Examples of the more recently reported inhibitors which contain some of the
structural features present in HIV-1 protease inhibitors that have reached the
market (e.g. saquinavir, indinavir and ritonavir) include compounds like (143-
145).*%33 Compound (143) (ICsy 2 nM, CICys 100 nM) was orally bioavailable
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in dogs (13%) but had a short duration of action (t;» 30 min).*** AG1343 (144) is
a potent enzyme inhibitor (K; 2 nM) and antiviral agent (HIV-1 EDsy 14 nM)
with oral bioavailability in the range of 17-47% in rats, dogs, marmosets and
cynomolgus monkeys. An X-ray cocrystal structure of the enzyme and AG1343
complex revealed that the thiophenyl ether and phenol amide substituents
interact with the S; and S, subsites of HIV-1 protease, respectively. Palinavir
(145) is a potent inhibitor of the human HIV type 1 (K; 0.031 nM) and type 2
proteases (K; 0.134 nM).**>
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Many other non-peptide inhibitors of HIV protease have been reported.
Chemically, most of these inhibitors are based on additional SAR studies on the
earlier reported dihydropyrone, cyclic urea based and sulfamide series of com-
pounds.****°? The main purpose behind the design was to obtain compounds
with improved pharmacokinetic profile and more resistant to viral mutations.
Compounds (146-149) represent some of the examples of different structural
types. After oral administration in mice at a dose of 25 mg kg~ ', (146) (X = OH
or NH.) showed oral bioavailability between 80-96%.*** Compound (147) (PNU-
140690) showed activity against a variety of HIV type 1 laboratory strains,
clinical isolates and other variants resistant to other protease inhibitors.**® One of
the cyclic urea-based compound (148) (ICyo = 8.7 nM) provided modest bioavail-
ability in dogs at a dose of 10 mg kg~'. However, no blood levels could be
detected in rats at the same dose.**° The observed half-life for (149) was 5.6 hours
after i.v and 10 hours after oral dosing in the female Beagle dog. The
corresponding benzimidazole analogue showed similar in vitro and in vivo
profile.***
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5.9 Matrix Metalloproteinase Inhibitors — As in previous years, inhibitor design
has been based on thiol, carboxyalkyl or hydroxamate derivatives. Mercaptoacyl
derivatives were reported as inhibitors of MMP-3, MMP-8 and MMP-9. Replace-
ment of the HS-CH,-CO- group in HS-CH,-CO-Leu-Phe-NHMe (IC5o, MMP-3
2.6 uM, MMP-8 0.05 uM and MMP-9 0.09 uM) by Me-S-CH,-CO-, HS-CH,-
CH,-CO- and CH;3-CH,-CO- groups resulted in much less potent compounds.**
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Replacement of the Py’ leucine residue by Thr reduced potency. However, the Py’
Met and P,’ Trp analogues were somewhat more potent. HS-CH,-CO-Met-Trp-
NHMe was similar in potency (ICso MMP-3 0.81 uM, MMP-8 0.02 uM and
MMP-9 0.012 pM) to HS-CH,-CO-Met-Phe-NHMe and HS-CH,-CO-Leu-Trp-
NHMe analogues. When administered orally (40 mg kg~"), HS-CH,-CO-Leu-
Phe-NHMe inhibited (40%) the hind paw swelling in an in vivo adjuvant arthritic
rat model of rheumatoid arthritis.*>* Additional modifications of the mercap-
toacyl moiety in the HS-CH,-CO-Val-Phe-NHMe type of inhibitors generated
HS-CH(R)-CO-Val-Phe-NH-Me type of compounds. Like the parent Val-Phe
compound [MMP-8, MMP-3 and MMP-9 ICs, values 2.60, 0.05 and 0.09 uM,
respectively], the compounds containing a -CH,-CH,-NPhth, -(CH,);-NPhth,
-(CH»)4-NPhth, -(CH,)3;-COOMe or a -(CH,);-NH-SO,Me substituent inhibited
all the three enzymes [MMP-8, MMP-3 and MMP-9 ICs, values 0.49-0.86, 0.014-
0.125 and 0.001-0.031 uM, respectively].*>*

Using a combinatorial library of N-carboxyalkyl tripeptides [HOOC-
CH(COOH)-tripeptide-OMe], compounds like (150) [R1 = Nile, Ile, hPhe, Trp
and Gln side chains] were identified as moderately potent inhibitors of MMP-3
(stromelysin) (ICsq values 0.4-0.9 pM).*>> The design of other similar compounds
was based around compounds reported previously as MMP-3 inhibitors.*>¢ % A
combination of a biphenylethyl moiety at P, a tert-butyl group at P,’, and a
methyl group at P3’ led to orally bioavailable inhibitors of stromelysin-1 (MMP-
3) and gelatinase-A (MMP-2), but poor inhibitors of collagenase (MMP-1).
Compound (151) (R = 4-F) was one of the more potent inhibitors (K; MMP-3 10
nM and MMP-2 17 nM) and showed no activity against MMP-1 (K; >10 pM).
Other analogues containing a 3-NH,, 4-CF3;, 3-CF3, 4-Cl, 2,4, 4-Ph, 3-C1 4-F, 4-
Br, 3-F, 2-F, 4-CN, 4-SCH3;, 4-SO,CH3, 4-OCHj; or a 4-(2-imidazolyl) groups in
place of the 4-F in compound (151) were also moderately potent inhibitors of
MMP-3 and MMP-2 (K; values MMP-3 5-39 nM and MMP-2 25-280 nM).
Although some of the above compounds were 2-10-fold more potent against
MMP-3 than against MMP-2, many of the compounds (R = 4-CF3, 4-SO,CH3,
4-CHO, 4-COOH, 4-COOCH3;, 4-CONHCH; and 4-CON(CH3), were nearly
equipotent against both the enzymes. Given orally, compound (151) was active in

R

0
Me(CH) H\)J\ b ff
e
z 5\( Arg—N
i OMe
COzH i

CORH L9
Me : N\)L _Me
N
H

o) Bu
(150) (151) R = 4-F L-758,354



3: Studies on Peptides, Hormones and Other Biologically Active Peptides 237
the mouse pleural cavity assay (EDsy 11 mg kg ™!, inhibition of the degradation
of radiolabelled transferrin by human MMP-3). In other cartilage destruction
and inflammatory arthritis (adjuvant-induced or collagen-induced) models, com-
pound (151) did not show any activity up to a dose of 50 mg kg ~'.4%
Peptidomimetic carboxylate- and hydroxamate-based inhibitors containing
extended Py’ groups (C¢H;3 to Ci6Hjs3) were reported to be selective for MMP-2
inhibition.**® Phe derivative (152) was one of the most potent carboxylate
containing inhibitor [ICsos MMP-1 30 pM, MMP-2 50 nM, MMP-3 50 uM]. All
the other compounds (C¢H ;3 to C;5H3;) were poor inhibitors of all three enzymes
(ICsg values >200 nM). The corresponding hydroxamate derivative of (152)
appeared to be somewhat less selective [ICs5os MMP-1 (20% inhibition at 100
uM), MMP-2 20 nM, MMP-3 300 nM, matrilysin (MMP-7) 20 nM]. Unlike the
carboxylate series of compounds, the hydroxamate compounds containing a Phe
in P," position with C¢H;3 to C;¢Hz3 side chain in the Py’ position retained good
MMP-2 inhibitory activity (ICso values <10 nM). In the hydroxamate series
containing a t-butyl group in the P, position, (153) was one of the most potent
and selective inhibitor [[Csps MMP-1 5 uM, MMP-2 0.6 nM, MMP-3 90 nM,
matrilysin 5 uM]. In this series, several of the carboxylate analogues (C3H»; to
C,¢H33) retained significant MMP-2 inhibitory activity (ICso <100 nM).**°
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In a series of hydroxamic acid derivatives containing an isobutyl group in the
P,’ position, modifications in the P,’ position and at the a-substituent of the
hydroxamic acid moiety were attempted in an attempt to improve oral activity.
A large number of substituents in both positions gave potent inhibitors of
MMP-1 and MMP-9 (ICs, values 0.2-15 nM). The phenylglycine analogues like
(154) showed oral activity.**® Oral administration of (154) to adjuvant arthritic
rats (100 mg kg~ ' twice a day) for 20 days inhibited increases in hind foot pad
swelling on days 17 and 20. Non-peptide hydroxamate derivatives like (155)
were obtained by SAR studies around a targeted screening lead.*®! In an ex vivo
rat model and an in vivo rabbit model of stromelysin-induced cartilage degrada-
tion, compounds devoid of any substituent adjacent to the hydroxamic acid
were short acting after oral administration. In comparison, the more potent D-
valine derived inhibitor (155 GCS 27023) prevented cartilage degradation for up
to 8 hours. In the human recombinant assays, (155) was found to be active
against a variety of metalloproteases (K; values, stromelysin, 43 nM; MMP-1,
33 nM; MMP-2, 20 nM; MMP-9, 8 nM). Some of the conformationally
restricted hydroxamate derivatives were poor inhibitors of gelatinase A and
gelatinase B.*%?
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5.10 Phosphatase Inhibitors (Ser/Thr or Tyr) — Many cellular processes are
regulated by reversible phosphorylation of proteins containing Ser, Thr or Tyr
residues. Phosphorylation of these amino acids is catalysed by protein kinases,
whereas dephosphorylation is catalysed by the protein phosphatases. Various
aspects of these enzymes including endogenous protein and peptide inhibitors are
reviewed.***%6 Using crystallography studies on crystals of protein-tyrosine
phosphatase 1B bound either to a high affinity ligand [bis-(p-phosphophenyl)
methane] or phosphotyrosine, a new aryl phosphate binding site (in addition to
the active site) was identified adjacent to the active site.*®”

Protein-tyrosine phosphatase inhibitors based on a hexapeptide, Asp-Ala-Asp-
Glu-Xxx-Leu (Xxx = non-hydrolysable phosphotyrosine mimic phosphono-
methyl-Phe, difluorophosphonomethyl-Phe or O-malonyl-Tyr), have been re-
ported previously. Based on this work, cyclic peptide analogues of Asp-Ala-Asp-
Glu-Tyr(malonyl)-Leu are reported.*®® In comparison to the linear peptide, Ac-
Asp-Ala-Asp-Glu-Tyr(malonyl)-Leu-NH, (K; 13 uM), and the cyclic peptide
containing one glycine residue, c(Asp-Ala-Asp-Glu-Tyr(malonyl)-Leu-Gly) (K;
25.2 uM), the ring enlarged compound containing two glycine residues, c(Asp-
Ala-Asp-Glu-Tyr(malonyl)-Leu-Gly-Gly) (K; 2.6 uM), was more potent. The
most potent cyclic peptide, c(Asp-Ala-Asp-Glu-Tyr(malonyl)-Leu-Cys(S-CH,-
CO-) (K; 0.73 uM), was obtained by linking the Cys side chain to the N-terminal
Asp residue. Cyclic peptides containing a Tyr residue in place of the O-malonyl-
Tyr, c(Asp-Ala-Asp-Glu-Tyr-Leu-Gly-Gly) and c(Asp-Ala-Asp-Glu-Tyr-Leu-
Cys(S-CH,-CO-), were inactive (K; >800 pM).*¢8

Based on functional groups present in natural product serine/threonine protein
phosphatase inhibitors, a pharmacophore model (156) was used to synthesise a
library of compounds using glutamic acid as a template (R = Ph, R' = CH; or
Ph, R? = CHa, n-C¢Hi3 or benzyl and R* = -CH,-CH,-Ph, CH=CH-Ph or n-
CoH o). 447 With the exception of a few compounds, all lacked significant
growth inhibitory activity. Compound (156, R = Ph, R! = CH;, R? = benzyl and
R?* = -CH,-CH,-Ph) caused 50% growth inhibition at 20 uM but had no further
cytotoxicity at higher concentrations. A similar compound (156, R = Ph, R! =
CH;, R = benzyl and R? = n-CoH,,) caused 50% growth inhibition at 100 pM
and had a clear concentration-dependency.*’® Another similar compound (156, R
= Ph, R! = Ph, R? =, R*® = n-C¢H;3) had a K; of approximately 10 uM for
recombinant human Cdc25A, -B, and -C, and a K; of 0.85 uM for the PTP1B.
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5.11 Renin Inhibitors — A series of renin inhibitors containing the (2S,38S,5S)-2-
amino-1-cyclohexyl-6-methyl-3,5-heptanediol fragment as a transition state
mimic were reported.*’"*’? One of the more potent compounds (157, ICs, 0.68
nM) with a 4-hydroxypiperidine residue at the P, position lowered blood pressure
in salt-depleted, conscious marmosets after oral administration at a dose of 10
mg kg~ ! for a period of 5 hours. The 4-hydroxypiperidine group in the Phe-
MeHis derivative (157) could be replaced by a number of other groups with
retention of the renin inhibitory activity. The hydroxy group of the 4-hydroxy-
piperidine moiety could be replaced by a methoxy or an acetoxy group with slight
increase in in vitro activity but both the compounds were less potent in vivo in
marmosets. Compound (157) did not inhibit pepsin, cathepsin D and human
ACE (ICso >100 uM).471 The N-terminal P4 and P; substituents in (157) were
replaced with smaller heterocyclic groups. Four of the more potent analogues
containing an indole-2-carbonyl-, 5-F-indole-2-carbonyl-, benzimidazole-2-car-
bonyl- or isoquinolin-1-one-3-carbonyl groups at the N-terminus gave moder-
ately potent inhibitors of human plasma renin (ICsy values 13-48 nM). The
indole-2-carbonyl- analogue (158) inhibited human, cynomolgus monkey and
marmoset renin (ICsq values 42-93 nM). It was weakly active against dog renin
(ICso 3500 nM) and a very poor inhibitor of rat renin, porcine pepsin, bovine
cathepsin D and human converting enzyme (2-40% inhibition at >10 pM). In
salt-depleted, conscious marmosets, the blood pressure lowering activities of the
more potent analogues were not always parallel to their in vitro enzyme inhibitory
activity. For example, the most potent benzimidazole analogue (ICsq 13 nM) was
only weakly active in the marmosets at a dose of 10 mg kg~!, po. At the same
dose, the indole-2-carbonyl- (158, JTP-3072) and 5-F-indole-2-carbonyl- deriva-
tives caused significant reduction in blood pressure up to a period of three
hours.*’? Non-peptide inhibitors like (159) (R = -OCH,COOCHj3, -OCH,CONH,
or -OCH,SO,CHs;) inhibited human renin (ICsq values 6, 20 and 13 nM,
respectively).*”?

5.12 Thrombin Inhibitors (Serine Protease) — Many additional SAR studies
directed towards improving the pharmacokinetic profiles of the inhibitors
reported in previous years have been described. A library of substrates carrying
substitutions at P;, P, and P; positions were used to study the requirements of S,
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S, and S; sites of thrombin.*’* Thrombin catalysed hydrolysis of N-ethoxycar-
bonyl-D-Phe-Pro-a-AzaLys p-nitrophenyl ester, Z-Pro-a-AzaLys p-nitrophenyl
ester and N-o-(N,N-dimethylcarbamoyl)-a-Azalys p-nitrophenyl ester was
studied. Decarboxylation following the enzymatic hydrolysis of these peptides
gave the corresponding hydrazines which were competitive inhibitors of
thrombin.*” Several other D-Phe-Pro-Arg derivatives containing P;-argininoyl
heterocycle (benzoxazole, benzimidazole or thiazole rings) were reported.*’4”
The benzimidazole analogue (160) retained thrombin inhibitory activity (ICsq
0.092 uM) but showed much reduced potency against factor Xa (ICsy >2.5 pM),
trypsin (ICso 1.01 pM) and plasmin (ICsy >2.5 pM).*’® The corresponding
benzoxazole derivative inhibited thrombin (ICsy 0.068 uM), factor Xa (ICs 0.11
uM), trypsin (ICsy 0.0023 uM) and plasmin (ICso 1.32 pM). Replacement of the
t-butylacetyl-D-Phe-Pro by Ac-D-Phe-a-naphthyl-Ala resulted in loss of
thrombin inhibitory activity (ICsy >2.5 pM), but improvement in factor Xa (ICs,
0.029 uM), and plasmin (ICsy 0.014 uM) inhibitory activities. Thiazole com-
pounds like (161) inhibited both thrombin and trypsin.*’” Ph(CH,);CO-Pro-Arg-
thiazole was an inhibitor of thrombin (ICsg 2 pM) and trypsin (ICso 0.23 uM)
and a poor inhibitor of prolyl endopeptidase and elastase (ICsps 28 uM and
>1000 pM, respectively). The corresponding lysine derivative Ph(CH,);CO-Pro-
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Lys-thiazole inhibited prolyl endopeptidase, thrombin and trypsin (ICsos 7.8, 46
and 2.4 uM, respectively). Three other analogues, Ph(CH,);CO-Pro-Pro-thiazole,
Ph(CH,);CO-Pro-Ala-thiazole and Ph(CH,);CO-Pro-Val-thiazole, inhibited
prolyl endopeptidase (ICsps 4.4 nM, 5.0 nM and 7.7 uM, respectively) but were
inactive against elastase, thrombin and trypsin (ICso >1000 pM).
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Various boroArg derivatives have been reported.*’®*’”® One of the more potent
compounds (162) inhibited thrombin and trypsin (K; values 0.94 and 33 nM,
respectively). Replacement of the p-substituted biphenyl by the m-substituted
biphenyl derivative led to a 100-fold reduction in thrombin inhibitory potency
but a 5-fold improvement in trypsin inhibitory activity (K; values 110 and 7.4
nM, respectively). In the p-substituted biphenyl compounds (e.g. 162), additional
substituents (0-CHj, o-F, 0-NO,, 0-NH,, m-NO,, m-NH,, CF;, SO,NHEt,
SO,NH-t-Bu, SO,NH, and SO,NHCOOCH3) on one of the phenyl rings did not
lead to any significant enhancement of the thrombin inhibitory potency. Many of
the analogues lost most of the selectivity between thrombin and trypsin inhibi-
tion.*’”® Based on some the P;-ketoargininamide containing thrombin inhibitors
reported earlier (e.g. Boc-Asp-Pro-Arg-CO-NH-CH,-CH,-Ph, CVS863), P,-P4-
azapeptidomimetic derivatives have been synthesised. Most potent thrombin
inhibitor of the series was the AzPhe analogue (163) (ICso 880 nM). A number of
other analogues containing an acetyl group in place of the Boc group or AzAsp
or AzhPhe in place of AzPhe were much less potent (ICs, values 3.2-22 pM).*8°
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A combination of 3-amino-2-pyridinone skeleton, used in the case of elastase
inhibitors as a Gly-Pro amide bond replacement, and trans-cyclohexylamine used
in thrombin inhibitors, led to compounds which inhibited thrombin. Further
SAR, X-ray and modelling studies have resulted in compounds like (164) and
(165). Compound (164) (L-373890) inhibited thrombin (K; 0.5 nM) and trypsin
(K; 570 nM), but was inactive (K; > 20 uM) against plasmin tPA, activated
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protein C, plasma kallikrein and chymotrypsin. The corresponding cyclohexyl-
amine derivative was about 10-fold less potent. An intravenous infusion of L-
373890 (10 pg kg™ 'min. ™) to rats prevented occlusion in a ferric chloride model
of arterial thrombosis. Replacement of the Ph-CH,-SO,- group by 4-MePh-SO,-,
PhCO-, Ph(CH,),CO-, Ph,CH-CH,CO- and Ph-CH,-O-CO- groups gave less
potent compounds.*®! Compound (165) inhibited thrombin (ICsy 0.46 nM),
factor Xa (ICsq 446 nM) and trypsin (ICsy 10.9 nM) but not plasmin and tPA
(ICs9 >2500 nM). The corresponding des-methyl analogue was less selective (ICs
thrombin 0.50 nM, factor Xa 20.9 nM and trypsin 26.2 nM; plasmin and tPA
ICso >2500 nM).**? The des-methyl analogue demonstrated oral efficacy in a rat
arterio-venous shunt model of thrombosis with an EDs, of 2.9 mg kg~
Examples of other compounds containing P,-P; dipeptide surrogates include
(166) and (167). Compound (166) inhibited both thrombin and trypsin (ICs,
values 16.4 and 11.6 nM, respectively) but did not have much effect on factor Xa
and plasmin (ICs, values >2500 and 923 nM, respectively).*®> The tetrahydroqui-
nolyl sulfonamido derivative (167) (LR-D/009) inhibited thrombin (ICs5, = 0.018
uM), with good selectivity over plasmin (ICsy 1.04 uM) and trypsin (ICso 0.1
uM). The corresponding naphthalene sulfonamide and benzyl sulfonamide
derivatives were much less potent (thrombin ICsy 0.1 uM, plasmin ICs, 10
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D-Dicyclohexylalanine, D-diphenylalanine and 3,3-diphenylpropionic acid de-
rivatives have been used as a P; ligand in various thrombin inhibitors.*854%7
Many of the compounds were potent inhibitors of thrombin. In some cases, e.g.
(168), increased hydrophobicity led to enhanced oral absorption but this was not
always associated with increased potency in thrombosis models. The des-Boc
analogue of (168) performed well in an antithrombotic assay (1/5 occlusions at a
dose of 6 pg kg~! min~!, i.v.), while the much more lipophilic but essentially
equipotent analogue (168) performed poorly (4/6 occlusions at the same dose).*s
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A number of compounds like (169) exhibited oral bioavailability in rats and dogs,
and were efficacious in a rat FeCls-induced model of arterial thrombosis.*®”
Compound (169) showed the best overall profile of in vivo and in vitro activities
(K; thrombin 2 nM, K trypsin 353 nM). Other 3,3-disubstituted propionic acid
derivatives, e.g. 3,3-dicyclohexyl propionic acid, 3-pyridyl-3-phenyl propionic
acid and 3-(2-pyridyl)-3-phenyl propionic acid, were also potent inhibitors of
thrombin (K; 2-30 nM).
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An aminopyridyl moiety has been shown to be beneficial in the P; position.
This change, discovered from a random screening lead, was then incorporated in
compounds containing D-diphenylalanine, D-dicyclohexylalanine and 3,3-di-
phenylpropionic acid derivatives in the P; position.**®*°° A number of other
publications have appeared describing inhibitors containing various substitutions
at the N- and C-terminal ends and P3-P4 modifications obtained either by SAR
studies or by random screening.*'*7 Examples of such compounds include
(170-174). Biological studies on CVS-1123, [(CH3-CH,-CH,),-CH-CO-
Asp(OCH;)-Pro-Arg aldehyde] have been reported.*”® Compounds like (170) and
the corresponding analogues with an unprotected amino group at the N-terminus
showed selectivity [(K; 0.8-12 nM), 300-1500-fold selectivity for thrombin com-
pared with trypsin] and oral bioavailability (40-76%) in rats or dogs. The design
of compounds like (171) (R = -CHj; or -NH,) was based on a comparison of the
crystal structures of thrombin and trypsin which indicated that the specificity
pockets of the two enzymes were very similar except for the presence of Ala' in
thrombin replacing Ser'® in trypsin thus making the thrombin specificity pocket
slightly bigger and less polar.**®> Replacement of the N-Me guanidino group of
compound (172) by an ethyl guanidino group led to a much less potent
compound. In compounds like (173) (piperazide derivatives of 3-amidinophenyl-
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alanine), the benzamidine moiety of 3-amidinophenylalanine mimics the guani-
dinoalkyl side chain of the arginine residue present in most of the thrombin
inhibitors.**> Several of the analogues (173, R = -CH;, -CH,-CH,OH, -CHO,
-CO-CHj;, -CON(CHj),, -SO,-CH3, -SO,-CH,-CHj3, -SO,-CgHs, SO,-CgHy-4-
CH3;, -SO,-B-CoH7) were potent inhibitors of thrombin (K; 0.0033 to 0.3 uM)
and poor inhibitors of factor Xa and plasmin. Two of the more potent and
selective inhibitors of thrombin (173, R = -CON(CH3;), or -SO,-CH3) (K; 0.0033
and 0.0088 uM) were more than 5,000-fold less potent against factor Xa and
plasmin and about 50-fold less potent against trypsin. A number of other
thrombin inhibitors (173, R = H, Ph, -CO-n-C3H;, -CO-n-CsH;;, -CO-c-CgH 1,
-CO-Ph, -COOC,H;s, -COOPh) were either equipotent or more potent against
trypsin. The L-amidinophenylalanine derivatives were much more potent inhibi-
tors of thrombin than the corresponding D-analogues.
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5.13 Miscellaneous [p60°*"® Protein Tyrosine Kinase, Serine Proteases (Trypsin
and Chymotrypsin), Papain and Prolyl Endopeptidase] Inhibitors — The heptapep-
tide Gly-Ile-Tyr-Trp-His-His-Tyr was identified as a substrate for p60°*™ protein
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(174)

tyrosine kinase (PTK) by screening a secondary random peptide library. The
substrate was modified to obtain several pseudosubstrate-based peptide inhibi-
tors.**® Some of these peptide inhibitors [e.g. Gly-Ile-Nal(2)-Trp-His-His-D-
Nal(2), Gly-Ile-D-Nal(2)-Trp-His-His-D-Nal(2) and Gly-Ile-Nal(2)-Trp-His-His-
Nal(2)] were moderately potent inhibitors of the enzyme (ICsy values ~ 4 pM).
Some other derivatives containing a single Nal(2) residue, Gly-Ile-D-Nal(2)-Trp-
His-His-Tyr, Gly-Ile-Nal(2)-Trp-His-His-Tyr, Gly-Ile-Nal(2)-Trp-His-His, Gly-
Ile-D-Nal(2)-Trp-His-His, were less potent (ICsq values 7-26 uM). Because both
Tyr-Ile-Tyr-Gly-Ser-Phe-Lys and Gly-Ile-Tyr-Trp-His-His-Tyr are efficient and
specific substrates for p60°*™ PTK, chimeric branched peptides based on these
two sequences were synthesised. These branched peptides [Tyr-Ile-Nal(2)-Gly-
Lys(N®-Trp-His-His)-Phe-Lys,  Tyr-Ile-Tyr-Gly-Lys(N*-Trp-His-His)-Phe-Lys,
Ile-Nal(2)-Trp-Lys(N®-Ser-Phe-Lys)-His-His) and Tyr-Ile-Nal(2)-Gly-Lys(N®-
His-His)-Phe-Lys] inhibit p60°*™ PTK with improved potency (ICsq values 0.6-
3.6 uM), indicating that the enzyme-active site of p60°* PTK can accommodate
more than a linear motif. The most potent compound of the series Tyr-Ile-Nal(2)-
Gly-Lys(N®-Trp-His-His)-Phe-Lys was selective for p®* ™ protein tyrosine
kinase over other Src family protein tyrosine kinases such as Lyn and Lck
kinases.**®

Several publications have appeared on serine proteases like chymotrypsin and
trypsin.***~% Using DNA recombinant technology, the requirements at the P,
binding sites of serine proteases [bovine chymotrypsin Aa, porcine pancreatic
elastase, subtilisin Carlsberg, Streptomyces griseus proteinase A and B and
human leukocyte elastase] have been investigated.**® The most specific coded
residue for these six enzymes were Tyr, Leu/Ala, Cys, Cys, Cys and Ile,
respectively, and the worst amino acid residue in P, position were Pro, Arg, Pro,
Pro, Pro and Asp, respectively. The dominant force for interaction at the P,
position appears to be the hydrophobic interaction. A synthetic library of cyclic
peptides [Ser-Cys-X-X-Ser-X-Pro-Pro-GIn-Cys-Tyr-(Gly)s], based on an anti-
tryptic loop region of the Bowman-Birk inhibitor, led to the discovery of
chymotrypsin inhibitors like Ser-Cys-Thr-Phe-Ser-Ile-Pro-Pro-GIn-Cys-Tyr
(Gly)s, Ser-Cys-Thr-Phe-Ser-Leu-Pro-Pro-Gln-Cys-Tyr-(Gly)s, Ser-Cys-Thr-Phe-
Ser-Nle-Pro-Pro-GlIn-Cys-Tyr-(Gly)s and Ser-Cys-Thr-Tyr-Ser-Ile-Pro-Pro-Gln-
Cys-Tyr-(Gly)s (Ki values 17-20 nM).>*° Peptides containing a C-terminal arginol
residue linked, via an ester bond, to anisic acid (p-methoxy benzoic acid) (175)
were reported as inhibitors of serine proteinases.’°*%? Boc-Ile-Glu-Gly-
Argy(CH,0)-CO-C¢H4-OMe and Boc-D-Phe-Pro-Argy/(CH,0)-CO-C¢Hs-OMe
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function as potent time-dependent irreversible inactivators of factor Xa and
trypsin, respectively. Boc-D-Phe-Pro-Argy/(CH,0)-CO-C¢Hy-OMe designed to
inactivate thrombin behaves only as a competitive reversible inhibitor. Addition-
ally, Ac-Arg-Gln-Argy(CH,0)-CO-CsH4-OMe, modelled on a potent chloro-
methyl ketone inactivator of tryptase, did not inhibit tryptase.

Hepatitis A virus (cysteine protease) is the enzyme responsible for the proces-
sing of the viral polyprotein. A peptidyl monofluoromethyl ketone (176) based on
the peptide substrate of hepatitis A virus was found to be an irreversible inhibitor
of the enzyme.’** Peptidyl boronic acids (based on substrates) were investigated
as inhibitors of cysteine protease papain. None of the peptides showed any
inhibition up to a concentration of 10 mM.’

HoN NH
l\]/le
NH o N_
Me
OMe
o
o -Leu-Ala-
R)J\H Ac-Leu-Ala Ala\N CHyF
o H
(175) (176)

An orally active prolyl endopeptidase inhibitor (177, JTP-4819) has been
reported to increase neuropeptides in the brains of old rats resulting in improve-
ments in learning acquisition and memory retention. Oral administration of the
compound to healthy male volunteers in single and multiple doses (3 times a day)
of 30-120 mg kg ! did not lead to any adverse side effects.’*® Repeated treatment
of the senescence-accelerated mouse with another prolyl endopeptidase inhibitor
178 (Y-29794) (1, 10 or 20 mg kg~ ', oral) resulted in a significant reduction in the
number and density of AB-positive granular structures in the hippocampus of the
mouse.”"’

6 Phage Library Leads

Filamentous bacteriophage can display foreign peptides and proteins on the
surface of the virus particles by means of fusion to the coat proteins. The
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technology permits the construction of molecular libraries of variants that can be
searched in vitro by affinity selection and can be used also for receptor mapping
and studying the conformational properties of the peptides. Other surface
expression systems such as bacterial cell or animal virus have also been devised.
A recent publication has described the use of baker’s yeast, Saccharomyces
cerevisiae, as the displaying particle.’® The phage display technology has been
used for detecting agonist/antagonist ligands acting at various receptors, epitope
mapping, enzyme inhibitors, protein-protein interaction inhibitors, protein-
ligand interaction inhibitors, generating high affinity antibodies and organ
targeting of drugs. Some aspects of the work are described in recent
reviews. > !

6.1 Erythropoietin and Thrombopoietin Mimetics — Using a soluble form of
erythropoietin receptor extracellular domain and Cys-Cys cyclic peptide phage
libraries, a new erythropoietin receptor ligand, Gly-Gly-Cys-Arg-Ile-Gly-Pro-Ile-
Thr-Trp-Val-Cys-Gly-Gly, was identified (apparent affinity p 10 pM).>'?>5% A
mutagenesis library containing peptides of increased length led to more potent
compounds like Gly-Gly-Thr-Tyr-Ser-Cys-His-Phe-Gly-Pro-Leu-Thr-Trp-Val-Cys-
Lys-Pro-GlIn-Gly-Gly (EMP1). Some of the high affinity peptides were found to
be full agonists (ECsps 200-400 nM) in an erythropoietin responsive cell line
assay. Based on the crystal structure of a complex of erythropoietin mimetic
peptide and erythropoietin receptor extracellular domain, a dimeric form of
erythropoietin mimetic peptide containing two disulfide bridges (one in each
chain) was synthesised (179). In comparison to EMP1 (about 100,000 times less
potent than erythropoietin in stimulating erythropoiesis in vivo in mice), the
dimeric peptide (179) was about 100-fold more potent than EMP-1 in the same
assay.

l 1
Gly-Gly-Thr-Tyr-Ser-Cys-His-Phe-Gly-Pro-Leu-Thr-Trp-Val-Cys-Lys-Pro-GIn-Gly-Gly~
NH

o

[ 1
Gly-Gly-Thr-Tyr-Ser-Cys-His-Phe-Gly-Pro-Leu-Thr-Trp-Val-Cys-Lys-Pro-GIn-Gly-Gly._
N N
H

COzH
(179)

Phage library screening has also yielded thrombopoietin mimetics.’'>>'6

Several linear [Gly-Arg-Val-Arg-Asp-Gln-Ile-Met-Leu-Ser-Leu-Gly-Gly (ICs, 20
M), Leu-Ala-Ile-Glu-Gly-Pro-Thr-Leu-Arg-Gln-Trp-Leu-His-Gly-Asn-Gly-
Arg-Asp-Thr (ICsy 20 nM)] and disulfide bridge containing cyclic peptides [Gly-
Gly-Cys-Thr-Leu-Arg-Glu-Trp-Leu-His-Gly-Gly-Phe-Cys-Gly-Gly  (ICs, 200
nM) and Gly-Gly-Cys-Ala-Asp-Gly-Pro-Thr-Leu-Arg-Glu-Trp-Ile-Ser-Phe-Cys-
Gly-Gly (ICsp 60 nM)] competed with thrombopoietin binding. One of the
smallest peptides, Ile-Glu-Gly-Pro-Thr-Leu-Arg-Gln-Trp-Leu-Ala-Ala-Arg-Ala
(ICso 2 nM) (AF12505), was >1000-times less potent (ECsy 400 nM) than
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thrombopoietin (ECsq 100 pM) in a thrombopoietin responsive cell line. A
covalently linked dimer of AF12505 (180) had an ICsq of 0.5 nM and stimulated
the thrombopoietin responsive cell line Ba/F3 to proliferate with an ECs, of 100
pM, equipotent to thrombopoietin and 4000 times as potent as the monomeric
peptide AF12505. Five daily s.c. injections of AF13948 in mice (250 pg kg™ ")
increased the platelet count by 80% compared to vesicle-treated animals.

IIe-GIu-GIy-Pro—Thr-Leu-Arg-GIn-Trp-Leu-AIa-Ala—Arg-Ala\
NH

0]

Ile-Glu-Gly-Pro-Thr-Leu-Arg-GIn-Trp-Leu-Ala-Ala-Arg-Ala /\)-L
u H CO,H

(180)

6.2 Angiogenin and Interleukin Antagonists and Epidermal Growth Factor
Receptor Ligands — A peptide antagonist of human angiogenin (a tumour-
associated angiogenic factor) [Ala-Gln-Leu-Ala-Gly-Glu-Cys-Arg-Glu-Asn-Val-
Cys-Met-Gly-Ile-Glu-Gly-Arg, Cys-Cys disulfide bridge] was derived from a
phage library.’!” Disulfide-constrained cyclic peptide inhibited the neovascular-
isation that is induced by angiogenin in the chick chorioallantoic membrane
assay. The disulfide bond and Glu® were indispensable for its antiangiogenin
activity. The Val’ analogue was much less potent. The peptide blocked the
angiogenesis that is induced by the angiogenin-secreting PC3 human prostate
adenocarcinoma cells, without any direct effect on the proliferation, as well as the
adhesion of PC3 cells to angiogenin.

Three of the peptides, Arg-Leu-Val-Tyr-Trp-Gln-Pro-Tyr-Ser-Val-Gln-Arg,
Trp-Glu-Gln-Pro-Tyr-Ala-Leu-Pro-Leu-Glu  and  Arg-Glu-Tyr-Glu-Gln-Pro-
Tyr-Ala-Leu-Trp, blocked binding of IL-1a to the full length IL-1 receptor type I
with ICsq values of 45-140 pM.>'® Mutagenesis libraries were used to obtain high
affinity ligands like Phe-Glu-Trp-Thr-Pro-Gly-Tyr-Trp-Gln-Pro-Tyr-Ala-Leu-
Pro-Leu and Glu-Thr-Pro-Phe-Thr-Trp-Glu-Glu-Ser-Asn-Ala-Tyr-Tyr-Trp-Gln-
Pro-Tyr-Ala-Leu-Pro-Leu. Further modifications of the leads (directed peptide
libraries and synthesis) led to a 15 amino acid peptide, AF12198, Ac-Phe-Glu-
Trp-Thr-Pro-Gly-Trp-Tyr-Gln-J-Tyr-Ala-Leu-Pro-Leu-NH, (ICsy 0.55 nM) (J =
2-azetidine-1-carboxylic acid), with both in vitro and in vivo IL-1 antagonist
activity.”'® AF12198 selectively binds the human type I IL-1 receptor but not the
human type II receptor or the murine type I receptor. In vitro, AF12198 inhibits
IL-1-induced IL-8 production by human dermal fibroblasts (ICsq 25 nM) and IL-
I-induced ICAM-1 expression by endothelial cells (ICso 9 nM). When given as an
intravenous infusion (16 to 72 mg kg ™! hr~!) to cynomolgus monkeys, AF12198
blocks ex vivo IL-1 induction of 1L-6 and down modulates in vivo induction of
IL-6. Two major metabolites of AF12198 [Ac-Phe-Glu-Trp-Thr-Pro-Gly-Trp-
Tyr-Gln-J-Tyr and Ac-Phe-Glu-Trp-Thr-Pro-Gly] were detected in plasma.
AF12198 had an in vitro plasma t/, of 2.6 hours.
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Two phage libraries of human EGF variants in which Arg*' or Asp*® were
randomised were tested in binding and signal transduction assays.’>° Most
mutants containing a modification in position 46 (except Leu, Ile, His or Arg-
containing) behaved similarly to the wild-type in both the assays. The Arg*!
mutants were much less potent. The study has not been extended further to
generate peptide agonists/antagonists.

6.3 Enzyme Substrates and Inhibitors [Tissue-type Plasminogen Activator and
Urokinase-type Plasminogen Activator Inhibitors, Protein Tyrosine Kinase Sub-
strates and Inhibitors and Calmodulin Kinase Inhibitors] — A plasminogen activator
inhibitor 1 mutant phage display library was used to study in detail the
interaction between plasminogen activator inhibitor 1 and either thrombin or an
essential positively charged “loop” of tissue-type plasminogen activator.’*!
Sequence analysis of 16 different cDNAs, encoding PAI-1 mutants that are
hampered in the binding to thrombin-variable region 1, revealed that four
independent variants shared a mutation of the P4 residue (Glu**® — Lys), nine
independent PAI-1 variants shared a substitution of P;'(Met**” — Lys), whereas
three others shared a P, substitution (Ala**® — Asp). Kinetic analysis of
representative mutants provided evidence that the P, residue was essential for the
interaction with the variable region 1 domain, whereas the P," and P, residues
conferred thrombin specificity.

Investigation of the substrate specificity of protein tyrosine kinase p55™" using
phage libraries resulted in several leads. One of the synthetic peptides, Glu-Phe-
Asn-Val-Tyr-Ser-Met-Met-Thr, most frequently found among the selected
clones, was shown to be a good substrate of the enzyme.’*? Screening a 15-
amino-acid bacteriophage peptide library for peptide sequences that bound
pp60°°* indicated that more than 60% of the phage virions that bound to this
enzyme contained a GXXG sequence motif in which X was frequently a
hydrophobic residue (Phe, Val or Leu).’** One of the synthetic peptides [Phe-Val-
Gly-Phe-Leu-Gly-Phe-Leu-Gly] containing glycine residues was a competitive
inhibitor of pp60°°™ (K; 24 uM), whereas the corresponding analogue containing
proline residues [Phe-Val-Pro-Phe-Leu-Pro-Phe-Leu-Pro] had 100-fold decreased
affinity for the enzyme (K; 3.1 mM). Replacement of the Phe residues in the more
potent inhibitor by Tyr [Tyr-Val-Gly-Tyr-Leu-Gly-Tyr-Leu-Gly] did not lead to
a substrate for the enzyme.

Two calmodulin binding peptides, Trp-Asp-Thr-Val-Arg-Ile-Ser-Phe-Gly and
Trp-Pro-Ser-Leu-Gln-Ala-Ile-Arg-Gly, were found to bind to calmodulin in a
Ca**-dependent fashion and to differentially regulate the ability of calmodulin
kinase I and calmodulin kinase I and calmodulin phosphodiesterase.’?* The first
peptide inhibited calmodulin kinase I but not calmodulin kinase II, whereas the
second peptide inhibited calmodulin kinase II, but only partially inhibited
calmodulin kinase I at a >10-fold higher concentration. None of the peptides had
an effect on calmodulin-dependent phosphodiesterase.

6.4  Protein-Protein Interaction Inhibitors [Vinculin Binding Peptides and mdm2
Binding Peptides] — To characterise the binding domains of the focal adhesion
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protein vinculin, vinculin-binding peptides were isolated from two phage-dis-
played random peptide libraries displaying 22- and 26-residue peptides.’>
Altogether, five non-similar vinculin-binding peptides [Ser-Thr-Gly-Gly-Phe-
Asp-Asp-Val-Tyr-Asp-Trp-Ala-Arg-Gly-Val-Ser-Ser-Ala-Leu-Thr-Thr-Thr-Leu-
Val-Ala-Thr-Arg, Ser-Arg-Gly-Val-Asn-Phe-Ser-Glu-Trp-Leu-Tyr-Asp-Met-Ser-
Ala-Ala-Met-Lys-Glu-Ala-Ser-Asn-Val-Phe-Pro-Ser-Arg-Arg-Ser-Arg, Ser-Ser-
GIn-Asn-Trp-Asp-Met-Glu-Ala-Gly-Val-Glu-Asp-Leu-Thr-Ala-Ala-Met-Leu-
Gly-Leu-Leu-Ser-Thr-Ile-His-Ser-Ser-Ser-Arg, Ser-Ser-Pro-Ser-Leu-Tyr-Thr-
Gln-Phe-Leu-Val-Asn-Tyr-Glu-Ser-Ala-Ala-Thr-Arg-Ile-Gln-Asp-Leu-Leu-Ile-
Ala-Ser-Arg-Pro-Ser-Arg, Ser-Ser-Thr-Gly-Trp-Val-Asp-Leu-Leu-Gly-Ala-Leu-
Gln-Arg-Ala-Ala-Asp-Ala-Thr-Arg-Thr-Ser-1le-Pro-Pro-Ser-Leu-Gln-Asn-Ser-
Arg, and an Arg analogue of the first compound Ser-Thr-Gly-Gly-Phe-Asp-Asp-
Val-Tyr-Asp-Trp-Ala-Arg-Arg-Val-Ser-Ser-Ala-Leu-Thr-Thr-Thr-Leu-Val-Ala-
Thr-Arg ] were identified. Binding and competition studies indicated that all five
interact with the talin-binding domain of vinculin and do not disrupt the binding
of a-actinin or paxillin to vinculin. The identified peptides and talin bind to
vinculin in a comparable manner; both bind to immobilised vinculin, but neither
binds to soluble vinculin unless the C-terminus of vinculin has been deleted. An
analysis of amino acid variants of one of the peptides revealed three non-
contiguous motifs that also occur in the region of talin previously demonstrated
to bind vinculin. Amino acid substitutions within a 127-residue segment of talin
capable of binding vinculin confirmed the importance of two of the motifs and
suggested that residues critical for binding are within a 16-residue region.

Mdm?2 is an oncogene that was first isolated from a spontaneously transformed
mouse fibroblast cell line. The human homologue of the gene (hdm2) has been
shown to be over-expressed in a number of human tumours. Mdm?2 and its
human homologue bind to the tumour suppresser protein p53 and inactivate its
function as a transcription factor. The binding site for mdm?2 on p53 has been
mapped to a small region in the N-terminus of p53.72° Several amino acids
(Phe'®, Trp?® and Leu?®) which are critical for the interaction of p53 with the
transcriptional machinery were shown to be involved in binding to mdm2. The B-
strand 326-333 of human p53 is involved in the formation of p53 tetramers.
Results on mutant proteins obtained by Ala scanning showed that Phe*?®Ala,
Leu*°Ala and Ile**?Ala proteins were inactive in oligomerisation and DNA-
binding assays, while the Glu**®Ala, Tyr**’Ala, Thr**’Ala, GIn**'Ala and
Arg**3Ala proteins had similar properties to those of the wild-type protein.>?’

Using a phage display library a series of 12 to 15 amino acid peptides were
identified which interacted strongly with hdm2. The peptide sequences show
homology with the previously established mdm2 binding site on p53 (Pro-Leu-
Ser-Gln-Glu-Thr-Phe-Ser-Asp-Leu-Trp-Lys-Leu-Leu-Pro-Glu-Asn-Asn-Val). >
One of the more potent peptides was Met-Pro-Arg-Phe-Met-Asp-Tyr-Trp-Glu-
Gly-Leu-Asn (IP3). Aligning the amino acid sequences of various phages revealed
the phage consensus sequence Pro-X-Phe-X-Asp-Tyr-Trp-X-X-Leu. Truncation
studies indicated that various hexa- and heptapeptides were much less potent
(ICso values >40 uM) but the octapeptide Phe-Met-Asp-Tyr-Trp-Glu-Gly-Leu
retained significant activity as inhibitors of hdm2-p53 interaction (ICsq 2 pM).
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Further SAR studies indicated that Phe and Trp were essential for the activity.
Leucine could be replaced by Ile, Met or Val with 3-5-fold reduction in potency.

6.5 Brain and Tumour Targeting of Peptides — Sequencing of the inserts from 48
brain-localising phage from library pool I revealed three dominant amino acid
sequence motifs. Peptides containing an Ser-Arg-Leu motif represented 54% of
the clones, followed by a Cys-Glu-Asn-Trp-Trp-Gly-Asp-Val-Cys motif (29%).
Other motifs that appeared more than once included Cys-Lys-Asp-Trp-Gly-Arg-
Tle-Cys, Cys-Val-Leu-Arg-Gly-Gly-Arg-Cys and Cys-Thr-Arg-Tle-Thr-Glu-Ser-
Cys. From the library pool I phage, 25 sequences revealed only one motif, Trp-
Arg-Cys-Val-Leu-Arg-Glu-Gly-Pro-Ala-Gly-Gly-Cys-Ala-Trp-Phe-Asn-Arg-
His-Arg-Leu, which comprised 40% of the sequence.’® When tested as isolated
phage, the Cys-Leu-Ser-Ser-Arg-Leu-Asp-Ala-Cys, Cys-Asn-Ser-Arg-Leu-His-
Leu-Arg-Cys, Cys-Glu-Asn-Trp-Trp-Gly-Asp-Val-Cys and Trp-Arg-Cys-Val-
Leu-Arg-Glu-Gly-Pro-Ala-Gly-Gly-Cys-Ala-Trp-Phe-Asn-Arg-His-Arg-Leu
phage each targeted the brain several-fold more effectively than the kidney.
Synthetic peptide Cys-Leu-Ser-Ser-Arg-Leu-Asp-Ala-Cys inhibited the preferen-
tial localisation into the brain of the phage carrying the same peptide sequence
and of the Trp-Arg-Cys-Val-Leu-Arg-Glu-Gly-Pro-Ala-Gly-Gly-Cys-Ala-Trp-
Phe-Asn-Arg-His-Arg-Leu phage. Thus the two peptides, which were obtained
from different libraries in two independent experiments, seem to bind to the same
target molecule. Coupling the peptide onto the surface of red blood cells resulted
in their accumulation in the brain to a greater extent than in the kidney.
Moreover, the brain localisation of the red blood cells was inhibited by coinjec-
tion of the synthetic peptide.

Phage displaying an Arg-Gly-Asp containing cyclic nonapeptide containing
two disulfide bonds [Cys-Asp-Cys-Arg-Gly-Asp-Cys-Phe-Cys] (disulfide positions
not identified) with a high affinity for o, integrins homed to tumours when
injected intravenously into tumour-bearing nude mice.>*® A substantially higher
amount of ay-directed Arg-Gly-Asp phage than control phage was recovered
from malignant melanomas and breast carcinoma. Antibodies detected the o-
directed Arg-Gly-Asp phage in tumour blood vessels, but not in several normal
tissues. Another Arg-Gly-Asp phage, which carries a peptide selective for the
asP; integrin [Cys-Arg-Gly-Asp-Gly-Trp-Cys], did not show any preferential
accumulation into the MDA-MB-435-derived tumours. Immunostaining experi-
ments also indicated that o,Bs-directed Arg-Gly-Asp phage was accumulated
around the small blood vessels within the tumour. When o, f3;-directed Arg-Gly-
Asp phage was allowed to circulate for 24 hours prior to harvesting of the tissue
for immunostaining, about 90% of the phage had been eliminated from the
circulation. In another study, a Vy fusion phage library containing Vy domain
unassociated with Vi domain was compared with single-chain Fy fusion phage
library as a source of melanoma-specific clones. Both libraries contained the same
Vi domain from the vaccinated melanoma patient.”*!

6.6 Epitope Mapping [Human Galactin-3 Epitopes and Antigenic Epitopes of
Streptokinase] — Random epitope and peptide libraries were constructed and
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compared for their efficiencies in the mapping. The galectin-3 ¢cDNA was
randomly digested by DNase I to make random epitope libraries.**> The libraries
were screened by affinity selection using a microtitre plate coated with mono-
clonal antibodies (A1D6 and 1HI11). Direct DNA sequencing of the selected
clones defined two distinct epitope sites consisting of nine and eleven amino acid
residues. Affinity selection of random peptide libraries recovered a number of
sequences that were similar to each other but distinct from the galectin-3
sequence.

To identify the structures of immunodominant epitopes in streptokinase, 15
and 6-mer random phage libraries were used.’** Repeated panning and selection
experiments against a 15-mer peptide phage library, using a representative mAb
(A2.5) to this epitope, identified a dominant structural motif [Gly-Pro-Arg/Leu-
Trp-Leu] corresponding to amino acids 3 to 7 of native streptokinase [-Ile-Ala-
Gly*-Pro-Glu-Trp-Leu’-Leu-Asp-Arg-]. Synthetic peptide spanning the epitope
of A2.5 (Ala-Gly-Pro-Glu-Trp-Leu-Leu) specifically inhibited the binding of
[**I]streptokinase to mAb A2.5 in a concentration-dependent manner, with
about 2 uM of the peptide required to inhibit 50% of the binding of radiolabelled
streptokinase to the antibody. Even at high concentrations (312 uM), the peptide
did not inhibit the binding of six other mAbs, which were directed against
different non-overlapping epitopes of streptokinase. Similar studies of the second
epitope in streptokinase, which is immunodominant for murine but not human
antibodies, identified a consensus sequence Lys-Ser-Lys/Leu-Pro-Phe/Tyr corre-
sponding to amino acids 59-63 of streptokinase.

6.7 Ion Channel Receptor Binding Peptides — Oligomeric N-methyl-D-aspartate
receptor (NMDAR) in brain is a ligand-gated ion channel that becomes
selectively permeable to ions upon binding to ligands. To study NMDAR
structure and function, peptide modulators of NR1 (amino acids 1-561 of an
essential subunit of NMDA receptors) were searched using random peptide
bacteriophage libraries. One group of cyclic peptides with a consensus sequence
of Cys-Asp-Gly-Leu-Arg-His-Met-Trp-Phe-Cys was identified.>** Two of the
peptides, [Ser-Asp-Trp-Cys-Glu-Gly-Leu-Gln-His-Met-Trp-Phe-Cys-Ser-Ser-
Leu] and [Tyr-Pro-Asp-Cys-Asp-Gly-Leu-Arg-His-Leu-Trp-Phe-Cys-Leu-Asp-
Ile], reduced NMDA-induced channel activity in a dose dependent manner. Two
other channel receptor binding peptides, [Leu-Asn-Asp-Trp-Phe-Ile-Thr-Tyr-Ile
uMag-4.1) and Leu-Glu-Ala-Trp-Phe-Leu-GIn-Tyr-Ile, were used to study the
binding of phage particles to the receptors. Using anti-phage antibody, Mag-4.1
phage was shown to interact with human embryonic kidney cells transiently
expressing functional NMDA receptor through assembly of NR1 and NR2A
subunits.>*> The Mag-4.1 phage binding was completely inhibited in the presence
of 500 uM synthetic Mag-4.1 peptide.

6.8 NMR Studies of Phage Peptidles — An NMR approach for structure
determination of short peptides displayed on the surface of filamentous bacterio-
phage virions was demonstrated using the hexapeptide Gly-Pro-Gly-Arg-Ala-Phe
[part of the V3 loop present in the third hypervariable region of the envelope
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glycoprotein gpl20] that constitutes the principal neutralising determinant of
HIV-1. The peptide was inserted near the N-terminus of the major coat protein of
bacteriophage fd. NMR studies of the recombinant protein solubilised in
detergent micelles showed that the inserted peptide adopts a double bend S-
shaped conformation that is similar to the antibody bound structure determined
by X-ray crystallography.>*®

7 Protein-Protein Interaction Inhibitors

As with integrins (discussed above), the well known example of the involvement
of protein-protein interactions in various physiological and pathological condi-
tions, many other such interactions are involved in various diseases. One such
example (mdm?2/p53) has been mentioned above in the phage library leads
section. Some of the other examples are listed below.

7.1 Inhibitors of Fas and FAP-1 Interaction — Fas (APO-1/CD95) [a member of
the tumour necrosis factor receptor family] and its ligand have been identified as
important signal-mediators of apoptosis. FAP-1 is a protein that associates with
a negative regulatory domain (C-terminal 15 amino acids) of Fas and inhibits
Fas-induced apoptosis. The 15 amino acid fragment, Asp-Ser-Glu-Asn-Ser-Asn-
Phe-Arg-Asn-Glu-Ile-Gln-Ser-Leu-Val, and truncated fragments Arg-Asn-Glu-
Ile-GlIn-Ser-Leu-Val, Asn-Glu-Ile-GIn-Ser-Leu-Val, Glu-Ile-Gln-Ser-Leu-Val,
Ile-GIn-Ser-Leu-Val, Gln-Ser-Leu-Val and Ser-Leu-Val were nearly equipotent in
inhibiting Fas/FAP-1 binding. The minimal sequence peptide Ac-Ser-Leu-Val
induced Fas-mediated apoptosis in a colon cancer cell line DLD-1 (expressing
both Fas and FAP1 and resistant to Fas-induced apoptosis).>’

7.2 Inhibitors of Bcl2-Bax (and Other Members of this Family) Interaction —
The role of Bcl-2 and its partners in human cancers has been mentioned in recent
publications and reviews.***** The proto-oncogene bcl-2 encodes a protein that
inhibits apoptosis. It forms heterodimers with Bax, an apoptosis inducing
member of the Bcl-2 multigene family. Thus inhibition of this interaction may
release Bax leading to tumour cell death. Recent studies have demonstrated that
the BH3 region was required for the apoptosis inducing activity of Bax, whereas
BH1, BH2 and the N-terminus of Bax were dispensable.>*' Using various mutant
proteins, homodimerisation and heterodimerisation studies on Bcl2/Bax and
other family members (Bcl2/BAD) have been reported.’*>>*? Crystal structure
studies on rat Bcl-xp, a deamidated form of Bcl-X; and Bcl-x; complexed to a
Bax peptide have been reported.***>** The Bak peptide, Gly’>-Gln-Val-Gly-Arg-
Gln-Leu-Ala-Ile-Tle-Gly-Asp-Asp-Ile-Asn-Arg®’, forms an o-helix when com-
plexed to Bcl-X; and binds in a hydrophobic cleft formed by the BH1, BH2 and
BH3 regions of Bcl-X;. The amino terminal residues of the peptide interact with
several residues in the BH1 region of Bcl-X. (Va1126, Glu'?, Leu', and Phel46).
The carboxyl terminal portion of the Bak peptide interacts predominantly with
residues in the BH2 and BH3 regions (Phe’’, Arg'®, Tyr'®, and Phe'®). The
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hydrophobic side chains of the peptide (Val’, Leu’®, 1le®!, and 11e®®) point into a
hydrophobic cleft of Bcl-X; and stabilise complex formation. In addition to these
hydrophobic interactions, the charged side chains of the Bak peptide (Arg’®,
Asp®®, and Asp®®) are close to oppositely charged residues of Bel-X; (Glu'®,
Arg'®, and Arg'®, respectively).>*> A smaller fragment, Gln’”’-Leu-Ala-Ile-Ile-

Gly-Asp-Asp-Ile-Asn-Arg®’, was not active in the binding assay.

7.3 SH2 Domain Ligands — SH2 domains of various proteins ((100-amino acid
stretches of proteins that bind to other proteins containing phosphotyrosine
residues) mediate protein-protein interactions and are involved in a wide range of
intracellular signalling events. Such proteins can be divided in two categories: the
ones with intrinsic enzymatic activity and those without known catalytic
domains, which may act as adapters to couple tyrosine phosphorylated proteins
to downstream targets. SH2-containing enzymes include kinases such as Src, Lck,
phosphatases, phospholipase-C-y1, ras GTPase-activating protein, and others.
SH2-containing adapter proteins which have no known catalytic activity include,
for example, the p85 subunit of PI 3'-kinase, SHC, and GRB2/Sem5. Binding
interactions of a series of peptide ligands of the pp60°*° SH2 domain were
investigated by using thermodynamic measurements, structural determinations,
and molecular computations approaches.>*®

Various studies attempting to identify selective ligands for SH2 domain
proteins have been reported. The consensus sequence (Ile/Val)X-Tyr-XX(Leu/
Val) was found to be present in the cytoplasmic tails of several lymphocyte
receptors that interact with the second SH2 domain of SHP-1, a protein-tyrosine
phosphatase associated with inhibition of activation pathways in haematopoietic
cells. The catalytic activity of SHP-1 is regulated by its two SH2 domains;
phosphotyrosine peptides that bind to the SH2 domains activate SHP-1. A
biphosphopeptide corresponding to the cytoplasmic tail of a killer cell inhibitory
receptor  [Glu-Gln-Asp-Pro-GIn-Glu-Val-Thr-pTyr-Ala-Gln-Leu-Asn-His-Ser-
Val-Phe-Thr-GIn-Arg-Lys-Ile-Thr-Arg-Pro-Ser-Gln-Arg-Pro-Lys-Thr-Pro-Pro-
Thr-Asp-Ile-Ile-Val-pTyr-Thr-Glu-Leu-Pro-Asn-Ala] with the potential to in-
teract simultaneously with both SH2 domains of SHP-1 was the most potent
activator of SHP-1.%%’

Many synthetic phosphopeptide analogues of Ac-Val-Pro-Glu-pTyr-Ile-Asn-
GIn-NH; [Ac-Glu-pTyr-Ile-Asn-GIn-NH,, Ac-pTyr-Ile-Asn-GIn-NH,, Ac-pTyr-
I[le-Asn-NH,, Ac-Glu-pTyr-Aib-NH-NH,, Ac-pTyr-Glu-Asn-Glu-NH, and a
cyclic peptide Ac-c(Cys-pTyr-Ile-Asn-Cys)-NH,] were inhibitors of recombinant
EGF receptor and GRB2 and Lck SH2 domain interactions. The cyclic pentapep-
tide was nearly equipotent on GRB2 and Lck SH2 domains (ICs values 0.37 and
0.25 uM, respectively).>*® An N-terminal 3-aminobenzyloxycarbonyl or a 2-
aminobenzoyl group in phosphotyrosine peptides improved the inhibitory
potency.>* Examples of some N-terminally modified peptides include 2-amino-
benzoyl-Glu-pTyr-Ile-Asn-NH, (ICsq 0.022 pM) and (3-amino)Z-pTyr-Ile-Asn-
NH, (ICs0 0.065 uM). In comparison, the ICsy values for Glu-pTyr-Ile-Asn-NH,,
Ac-pTyr-Ile-Asn-NH,, pTyr-Ile-Asn-NH, and Z-pTyr-Ile-Asn-NH, were
between 8-57 uM.
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Using the three-dimensional structure of Src SH2 domain complexed to the 11-
mer phosphopeptide, Glu-Pro-Gln-pTyr-Glu-Glu-Ile-Pro-Ile-Tyr-Leu, a struc-
ture-based design approach was employed to discover peptide and non-peptide
antagonists of phosphoprotein-SH2 binding.>**->3? For Src the optimal binding
sequence was found to be phosphoTyr-Glu-Glu-Ile. Examples of more potent
compounds include (181) (ICsq 0.56 uM). Many other dipeptide derivatives, e.g.
[-N(CH3)-CH,-CH,-CH,-cyclohexyl replaced by D-hPhe, -NH-(CH,);-Ph, -NH-
(CH;),-Ph, -NH-(CH,),-Ph(p-CH3), -NH-(CH,);-Ph(p-O-CH,-COOH, -NH-
(CH,)3-Ph(m-O-CH,-COOH, -NH-(CH,);3-Ph(m-O-CH,-CONH, or -N(CHj;)-
CH,-CH,-CH,-Ph], were less potent (ICsq values 3-10 uM).

Since phosphotyrosine containing peptides can be rapidly dephosphorylated in
vivo by non-specific phosphatases, 4-phosphonodifluoromethyl- and 4-phos-
phono-phenylalanine residues were incorporated in peptides to prevent depho-
sphorylation.”® In a protein association assay (disruption of the binding of *’S-
labelled SH2-GST fusion proteins of Src and Abl to the phosphorylated
intracellular domain of the platelet derived growth factor receptor), the F,Pmp
containing peptide Glu-Pro-Gln-F,Pmp-Glu-Glu-Ile-Pro-Ile-Tyr-Leu was 10-15-
fold less potent than the parent peptide Glu-Pro-Gln-pTyr-Glu-Glu-Ile-Pro-Ile-
Tyr-Leu. The smaller peptides, Ac-F>,Pmp-Glu-Glu-Ile-Glu, Ac-F,Pmp-Glu-D-
hCys-NH,, Ac-F,Pmp-Glu-NMe-CH,-CH,-CH,-Chx, and Ac-F,Pmp-Abu-
NMe-CH,-CH,-CH,-Chx were less potent (ICsq 6-100 pM) than the corre-
sponding pTyr peptides against Src but were 3-20-fold more potent (ICs, 1.5-4
uM) than the parent peptide against Abl. In comparison to 4-phosphonodifluoro-
methyl-phenylalanine analogues, the 4-phosphono-phenylalanine containing ana-
logues Ac-Phe(POsH,)-Glu-Glu-Ile-Glu, Ac-Phe(PO3;H,)-Glu-NMe-CH,-CH,-
CH,-Chx and Ac-Phe(PO3H,)-Abu-NMe-CH,-CH,-CH,-Chx were less potent
against both Src and Abl. Replacement of the pTyr derivatives in the above
compounds by other Tyr mimics led to compounds like (182) which were about
9-15-fold less potent (ICsy 7-13 uM) than the Ac-Tyr(OPOsH,)-Glu-NMe-CH,-
CH,-CH,-Chx analogue. The crystal structure of compound (182) complexed
with Src SH2 indicated significant differences in binding between (182) and Ac-
Tyr(OPO3H,)-Glu-NMe-CH,-CH,-CH,-Chx analogue.5 St

OPO3H;, OPO3H;

(0]

0~ “OH o
(181) (182)

OH

To increase cellular permeability of the compounds, ester derivatives of the
F,Pmp peptides were prepared. The phosphonate monoesters in the 4-phos-
phonodifluoromethyl-phenylalanine series (183) and phosphonate diesters in the
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4-phosphono-phenylalanine series (184) and the corresponding Abu analogues
were taken up into the Balbc3T3 cells and readily converted into the acids within
the cells.?>?

7.4  CD4 Interaction Inhibitors — The interaction between CD4 (a glycoprotein
consisting of four Ig-like extracellular domains and expressed on the surface of
helper T cells) and major histocompatibility complex class II proteins provides a
critical coreceptor function for the activation of CD4" T cells implicated in the
pathogenesis of a number of autoimmune diseases and transplantation responses.
In addition to its binding to MHC class II on an antigen presenting cell, CD4
interacts with at least two other T cell surface molecules known to be involved in
T cell activation, the T cell receptor and CD3 complex. Evidence also exists
suggesting that CD4 is capable of functioning as a signal transduction molecule
important for the activation pathway via activity of the associated tyrosine kinase
p56°*. Human CD4 also functions as the primary cellular receptor for human
HIV by binding the HIV-1 envelope glycoprotein gpl120 with relatively high
affinity. Binding of the viral gp120 to CD4 mediates attachment and penetration
of HIV particles.

The inhibitors of CD4 and MHC class II interactions have been designed
based on the structures of various domains of CD4.>%* One of the cyclic peptides
based on the D1 domain, Phe-Cys>-Tyr-Ile-Cys-Glu-Val-Glu-Asp-Gln-Cys'!-Tyr
(Cys® to Cys'!' disulfide bridge), inhibited CD4-MHC II binding, antagonised
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CD4 function and inhibited rosette formation between CD-4 expressing COS
cells and MHC II positive B lymphocytes (ICso 25 pM). Two other peptides, Phe-
Cys*-Tyr-Lys-Gly-Pro-Ser-Lys-Cys>-Tyr and Phe-Cys*-Glu-Val-Glu-Asp-Gln-
Lys-Glu-Cys'°-Tyr, could not inhibit sCD4 interaction with MHC II. The Cys?
to Cys'! cyclic peptide also inhibited the binding of gp120 to sCD4 (ICso 20 uM)
and inhibited HIV-1 infection and syncytium formation (80% inhibition at 2
1M).3* Another peptide Phe-Cys-Ser-Ile-Gln-Phe-His-Trp-Cys-Tyr (Cys>’ dis-
ulfide bridge) was only a weak inhibitor of the gp120 and sCD4 interaction (30%
inhibition at 125 uM).

Based on the computer analysis of the surface structural features of the D4
domain, a series of linear and cyclic peptide analogues derived from the FG and
CC’ loops of CD4 were synthesised.>®> Two linear peptides, Leu-Ser-Asp-Ser-
Gly-GIn-Val-Leu-NH, (FG 347-354) and Lys-Leu-Glu-Asn-Lys-Glu-Ala-NH,
(CC’ 318-324) inhibited CD4 dependent T cell proliferation (34-41% inhibition at
100 uM). Three cyclic peptides based on the above linear peptides, Cys-Ser-Asp-
Ser-Gly-GIn-Val-Cys-NH,, Ac-Cys-Asp-Ser-Gly-GIn-Cys-NH,, and c(Pro-Leu-
Glu-Asn-Lys-Tyr) were weaker inhibitors (11-14% inhibition at 100 pM). Two
other cyclic peptides Cys-Lys-Leu-Glu-Asn-Lys-Glu-Cys-NH,, Cys-Leu-Glu-
Asn-Lys-Cys-NH, (stable in serum up to 50 hours) were somewhat more potent
inhibitors (26 and 36% inhibition, respectively). A small synthetic cyclic hepta-
peptide [Cys-Asn-Ser-Asn-Gln-Ile-Cys, disulfide bridge containing cyclic peptide]
was shown by high resolution NMR spectroscopy to closely mimic the CD4
domain 1 CC’ surface loop.>® This peptide effectively blocked stable CD4-major
histocompatibility complex class II interaction, possessed significant immunosup-
pressive activity in vitro and in vivo, and resisted proteolytic degradation (25%
degradation in human serum in 72 hours).

A CD4 surface pocket was identified as a functional epitope implicated in CD4-
MHC class II interaction and T cell activation.>>” A computer based strategy was
then used to screen non-peptide collection to identify a group of compounds as
ligands of the proposed CD4 surface pocket. Two of the examples are shown
below. These compounds (185 and 186) have been shown to block stable CD4-
MHC class II binding and exhibit significant inhibition of immune responses in
animal models of autoimmune disease and allograft transplant rejection.

Qg™ At d

(185) (186)

8 Advances in Formulation/Delivery Technology

Prodrug strategies to enhance the intestinal absorption of peptides have been
reviewed.>*® Synthesis of a novel esterase-sensitive cyclic prodrug of a hexapep-
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tide obtained by using an (acyloxy)alkoxy promoiety (see Vol. 29, page 243 for
structure) has been reported.> In a physiological buffer system, cyclic prodrug
degraded to the linear hexapeptide (t;» 206 min.). The rate of hydrolysis in
human blood was faster (t;,; 132 min.). The hydrolysis in blood was inhibited by
an inhibitor of serine-dependent esterases. The permeability of the prodrug in a
Caco-2 cell model was shown to be higher than the linear peptide.

The transepithelial transport of oligopeptides was studied by using human
intestinal Caco-2 cell monolayers.’®® The apical-to-basolateral transport me-
chanism was investigated by using bradykinin (Arg-Pro-Pro-Gly-Phe-Ser-Pro-
Phe-Arg), B-casomorphin (Tyr-Pro-Phe-Pro-Gly), ovokinin (Phe-Arg-Ala-Asp-
His-Pro-Phe-Leu), Pro-Phe-Gly-Lys and Gly-Gly-Tyr-Arg. The transport rate
was greatest for Gly-Gly-Tyr-Arg and smallest for B-casomorphin. The concen-
tration of bradykinin in the apical solution after 60 min of incubation with the
Caco-2 monolayer was unchanged, while those of ovokinin and B-casomorphin
was decreased, suggesting that these peptides were rapidly cleaved by the brush
border peptidases. Thus digestion by cellular peptidase was one of the main
factors inhibiting intact peptide flux across the epithelial cell layer. The transport
studies using bradykinin analogues [Ac-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg, Ac-
Pro-Pro-Gly-Phe-Ser-Pro-Phe, Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe, Arg-Pro-Pro-
Gly-Arg-Ser-Pro-Phe-Arg and Arg-Pro-Pro-Gly-Phe-Ser-Pro-Leu] indicated that
the number of positively charged amino acids was negatively correlated with the
flux. On the other hand, the hydrophobicity of the peptides was positively
correlated with the flux, suggesting that such peptides as bradykinin adsorbed to
the apical cell membrane surface mainly through hydrophobic interactions, by
which the peptides were efficiently internalised by the cells and transported across
the cell layer.’®® The effect of stereochemistry on the transport of Aca-linked B-
turn peptidomimetics, ¢(NH(CH,)sCO-Ala-Ala) and c(NH(CH,)sCO-Ala-D-
Ala), and the corresponding linear peptides, CH;-CH,-CO-Ala-Ala-NH-CH,-
CH,-CH; and CH;-CH,-CO-Ala-D-Ala-NH-CH,-CH,-CHj3, across a human
intestinal cell line was investigated using Caco-2 cells.>®!

Biodegradable polymeric formulations for proteins like insulin and recombi-
nant human growth hormone have been reported.>**¢* Insulin was incorporated
(5% and 10%) in polylactic acid polymers by an emulsion solvent evaporation
method. The microspheres exhibited burst release in the initial stage. After three
weeks, nearly 80% of the insulin remained undegraded in the microspheres. When
administered subcutaneously to normal rats, a decrease in serum glucose was
observed.*®? Recombinant human growth hormone was incorporated (15% w/w)
in polylactic-polyglycolic microspheres and the formulated product was adminis-
tered in juvenile rhesus monkeys. The formulations provided sustained elevated
levels of growth hormone and two other proteins (insulin-like growth factor-1
and IGF binding protein-3) induced by growth hormone. After three monthly
injections of one of the formulations, both the human growth hormone and
insulin-like growth factor levels remained elevated for 90 days.>*®

A novel biodegradable system for protein and peptide delivery has been
reported based on gelatin nanoparticles and poly(lactic-co-glycolic) micro-
spheres.>®* Gelatin nanoparticle-poly(lactic-co-glycolic acid) microsphere compo-
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sites were prepared by encapsulating protein-loaded gelatin nanoparticles in
poly(lactic-co-glycolic acid) microspheres. Protein (BSA) release experiments
indicate that this new composite system possesses sustained release characteris-
tics. In comparison to the gelatin nanoparticle-poly(lactic-co-glycolic acid) micro-
sphere composite which released the protein over an extended period of time
(66% over 18 days), the poly(lactic-co-glycolic acid) microspheres containing
protein without gelatin released the protein over a very short period of time (90%
in 3.5 days). A thermosensitive biodegradable hydrogel consisting of blocks of
poly(ethyleneoxide) and poly(L-lactic acid) has been reported for the sustained
release of proteins.’®> Aqueous solutions of these copolymers exhibit tempera-
ture-dependent reversible gel-solution transitions. The hydrogel can be loaded
with biologically active compounds in an aqueous phase at elevated temperatures
(around 45°C). On subcutaneous injection and subsequent cooling to body
temperature, the loaded copolymer forms a gel that can act as a sustained-release
matrix for drugs.

9 Other Peptides (from Insects, Molluscs etc.)

More than 100 insect neuropeptides have been identified. The amino acid
sequences of various myostimulating, myoinhibiting, diuretic and adipokinetic
peptides and enzyme inhibitors are included in a recent review.**® More recently,
two neuropeptides, schistomyotropin-1 (Gly-Ala-Ala-Pro-Ala-Ala-Gln-Phe-Ser-
Pro-Arg-Leu-NH,) and schistomyotropin-2 (Thr-Ser-Ser-Leu-Phe-Pro-His-Pro-
Arg-Leu-NH,), were isolated from the brains of the desert locust, Achistocerca
gregaria.>®” Schistomyotropin-2 was about 10-fold less potent than schistomyo-
tropin-1 in stimulating cockroach hind-gut motility. A D-amino acid containing
cardio-excitatory peptide, Asn-D-Trp-Phe-NH,, was isolated from the hearts of
Aplysia kurodai. The peptide increased the amplitude of contractions of the
perfused Aplysia heart with little effect on beating frequency.’®® The peptide also
potentiated spontaneous contractions of the anterior aorta. The synthetic peptide
containing an L-Trp in place of the D-Trp was about 1000-fold less potent.

SAR studies (myoactivity) of flatworm Phe-Met-Arg-Phe-NH; related peptides
are reported on isolated muscle fibres of the human blood fluke, Schistosoma
mansoni.>®® The peptides Tyr-Ile-Arg-Phe-NH,, Gly-Tyr-Ile-Arg-Phe-NH, and
Arg-Tyr-Ile-Arg-Phe-NH, induced muscle contraction (ECso values 4, 1 and 7
nM, respectively) more potently than Gly-Asn-Phe-Phe-Arg-Phe-NH, (ECso 500
nM). Using a series of synthetic analogues of the flatworm peptides Tyr-Ile-Arg-
Phe-NH,, Gly-Tyr-Ile-Arg-Phe-NH; and Arg-Tyr-Ile-Arg-Phe-NH,, the SAR of
the muscle Phe-Met-Arg-Phe-NH,-related peptide receptor was examined.
Nearly all of the amino acids were important for the activity. Alanine scans
resulted in analogues which were either inactive or demonstrated much reduced
potencies. Similarly, the truncated analogues Phe-Arg-Phe-NH,, Tyr-Arg-Phe-
NH,, His-Arg-Phe-NH,, Arg-Phe-NH, and Phe-NH, were inactive and Ile-Arg-
Phe-NH, and Met-Arg-Phe-NH, were less potent. One of the tetrapeptides
containing an N-terminal Trp residue, Trp-Ile-Arg-Phe-NH,, was marginally
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more potent (ECso 0.5 nM) than the starting tetrapeptides Tyr-Ile-Arg-Phe-NH,,
Gly-Tyr-Ile-Arg-Phe-NH, and Arg-Tyr-Ile-Arg-Phe-NH,.

In addition to the above studies, a number of publications on similar peptides
were published in 1996.57°°7° These studies include analogues of peptides like
Lys-Pro-Asn-Phe-Ile-Arg-Phe-NH,, Lys-Asn-Glu-Phe-Ile-Arg-Phe-NH,, Pro-
Asp-Val-Asp-His-Val-Phe-Leu-Arg-Phe-NH,, Gly-Tyr-Ile-Arg-Phe-NH,, Tyr-
Ile-Arg-Phe-NH, and Arg-Tyr-Leu-Pro-Thr (proctolin). In the case of proctolin,
agonist, partial agonist and antagonist analogues were obtained by SAR
studies.’*>73
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Cyclic, Modified and Conjugated Peptides
BY JOHN S. DAVIES

1 Introduction

Thirty volumes ago, at the commencement' of this series of Reports, this
coverage was referred to as ‘Peptides of Abnormal Structure’. However, the
continuity in the sub-divisions of this Chapter over the years implies that Nature’s
wealth of cyclic peptide structures, although varied, are not ‘abnormal’ but
follow a ‘norm’, which on average are annually written up in approximately 250
publications. In 1997, the greatest activity was seen in cyclopentapeptides and
glycopeptides, and although specialist peptide Journals are increasing their share
of publications, traditional organic and biochemical Journals represent the major
source of the research reports.

The major source of retrieval was again CA Selects> on Amino Acids, Peptides
and Proteins (up to Issue 11, June 1998). A dedicated volume® to solid phase
peptide synthesis in the Methods in Enzymology series contains authoritative
accounts of interest to the cyclohomodetic synthesis sections of this Chapter and
to the sections on glycopeptides. Again the major part of this report has been
compiled from reading original Journal articles, with a few inaccessible ones
being interpreted from their Abstracts. Conference proceedings have not been
used as a source, although the arrival of many short papers in the 24th European
Peptide Symposium,* during the writing of this Report deserves acknowledge-
ment. Of direct interest to this Chapter is the publication in this conference
proceedings of Prof. R. Hirschmann’s, Josef Rudinger Award Lecture on
peptidomimetic research.’

2 Cyclic Peptides

2.1  General Considerations — Structural elucidation of complicated naturally-
occurring cyclopeptides is now routinely carried out by the combined use of
modern physical methods on small quantities of material. With the development
of hplc techniques combined with ion-spray and tandem mass spectrometry it is
also possible to ‘zoom’ in on the details of the products and side-products derived
from cyclisation reactions. In addition to the desired cyclic peptide® formed by
BOP cyclisations, evidence has been obtained for cyclic dimeric products and
products from aspartimide rearrangement. Using HATU and HAPyU coupling
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reagents instead of BOP, the products were mainly linear tetramethylguanidinium
and dipyrrolidinylguanidinium derivatives resulting from alkylation of the amino
group by the reagents.

Cyclisation on solid phase support is now an acknowledged protocol for the
synthesis of cyclic homodetic peptides and justifies a review,” together with the
emergence of cyclic peptide libraries® with five, six and seven amino acid residues
in the ring. The synthesis of cyclopeptides as conformational restrictors has been
the subject of a mini-review,” and although the use of the disulfide bond is not
comprehensively covered in this Chapter, the current protocols in its synthesis
have undergone detailed comparisons!'® and have been the subject of review.!!

Peptide backbone cyclisation of unprotected peptides is experiencing successful
breakthroughs. Thus the cyclopeptide (1) was cleanly synthesised!? from its
unprotected linear precursor using activation by a 3-carboxy-4-nitrophenylthio-
ester. Tam’s group have further expanded their orthogonal coupling strategy as
summarised in Scheme 1 to synthesise the disulfide rich cyclopsychotride cyclo-
peptide'® and have found'# that Ag" ion-assisted lactamisation or lactonisation
can take place using thioesters in aqueous buffered solutions. The same group
have also applied'® the principles of Scheme 1 to make a whole range of cyclic
peptides suitable for dendrimer formation as in (2).

rCys-Tyr-AIa—VaI-Thr-GIy-Arg-GIy-Asp-Ser-Pro-Ser-Ser-GIyT

@

(0] (0]
S NH
HoN
SH

Reagent: i, (HOOCCH,CHy)3P, pH 7-4

Es CH,—
ES CH,—CO— L
2 ys\

/Lys—AIa—OH
—CH,—CO— Lys
S_
represents cyclic peptides

Scheme 1

—CH,—
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A number of marine cyclopeptides contain bromine atoms, but their efficient
synthesis has been hampered by low-yielding syntheses of bromo(or chloro)tryp-
tophans. A regiospecific bromination using N-bromosuccinimide has now im-
proved'® the situation.

2.2 Dioxopiperazines (Cyclic Dipeptides) — Marine-derived fungi, such as a
saltwater culture of Aspergillus niger derived from the Caribbean Hyrtios sponge,
has yielded'” an interesting unsymmetrical dioxopiperazine alkaloid, asperazine,
(3) which has cytotoxic properties. Tryprostatin (A) (4) also from a marine fungal
strain BM939 has been enantiospecifically synthesised'® for the first time. All four
stereoisomers of bis(methylthio)silvatin (5), from Gliocladium virens, have been
synthesised.!® After cyclisation using NH;/MeOH, the resulting dioxopiperazine
when treated with LDA/Me,S, gave a cis/trans mixture which could be purified
by HPLC. Demethoxyfumitremorgin C (6) from Aspergillus fumigatus BM939
has been synthesised? in 20% overall yield, while the South China Sea sponge
Dysidea fragilis has yielded®' a new multichloro-substituted dioxopiperazine,
dysamide D (7).

Asymmetric catalysis of the hydrocyanation of aldehydes by cyclo[-Phe-His]
continues to be of interest. Two enantiomers of a-methylphenylalanine have been
incorporated®* into dioxopiperazine (8). Only the dioxopiperazine with an (S)-o-
MePhe residue gave good enantiomeric excess of (R)-mandelonitrile. A sugges-
tion that the aldehyde carbonyl H-bonds to the NH of a-MePhe is given as an

(0]
PhCH, HH
i N
H N
HN " o
CH,Ph
© --H
NH
(©) ©
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explanation, and has received support® in the observation that N-methylation of
the dioxopiperazine amide NHs reduces catalytic efficiency. Methylated modifica-
tions®* of cyclo-[-Phe-His] also provide evidence to support the view that a highly
ordered supramolecular complex of dipeptide acts as catalyst. There is increasing
interest in dioxopiperazines as chiral auxiliaries. Hence (9) can be directly
subjected® to a Mannich reaction to give, on hydrolysis, an (S) B-amino acid,
and (10) was a promising auxiliary?® for an asymmetric Diels-Alder reaction
between its side chain alkene bond and a substituted diene.

(o]
(8) 9) (10)

o

R3ozc/iNfo NJ\

G COR? Q\H/N\Rl
k(:ozRl o)

(11) (12) R! = Leu-Gly-NH,

ot
(13) Rl=

¢} “CONH,

CO,R?Y

The new dioxopiperazine tetra-carboxylic acid template (11) has been em-
ployed®” to prepare libraries of small/medium size organic molecules. Dioxopiper-
azines (12) and (13) have been synthesised?® as analogues of L-Pro-Leu-Gly-NH,
to investigate changes in the modulation at the dopamine D, receptor. Both (12)
and (13) increased the affinity of the receptor for agonists and increased the % of
D, receptors in the high affinity state. The template (14) has been synthesised? in
a form suitable for solid phase protocols, and incorporated into cyclo[-Ala-Asn-
Pro-Asn-Ala-Ala-(14)] containing the NPNA motif. The trans form of (14)
tended to epimerise under basic/hydrolytic conditions. Dioxopiperazines such as
(15) have been produced®® on solid supports. The cyclisation step involved
cyclisation and simultaneous cleavage from the resin. Strategies for getting amino
acids into the brain have included®' synthesising (16). Synthesis>? of a series of N-
substituted dioxopiperazines has been effected by auto-condensation promoted
by triethylborane or triphenylsilane. Cyclic dipeptides (-Acc-X) based®® on 1-
aminocyclopropane-1-carboxylic acid (Acc) where X = Gly, Ala, Val, Leu, Phe
or Tyr showed no proliferative or antiproliferative activity on normal human
cells or HL60 leukemia cells. The anthelmintic activity®* of cyclo(-Phe-Phe) has
been published, and a stercoselective synthesis>> of (17), a potential antihyperten-
sive agent, together with its X-ray crystallographic analysis has been carried out.
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o 0 R?
-0,C !
2\ NH— R3
C’)J\ N % N~ CONHR?
N
HN\((‘\ at
0 0
(14) (15)
o)
R R S Me
HN R BocNH CO,Me
5 H
NO, 17)
(16) R =
NO,
OMe

Synthesis and conformational analysis*® of cyclo(-D-Phe-Sar), using molecular
modelling, has revealed several low energy conformers with Z-peptide bonds in
linear precursors, readily amenable to cyclisation. Strongly acidic conditions
favoured cyclisation to cyclo-(-D-Phe-Sar). Cyclic dipeptides, cyclo(H-Lys-Asp-
OH) and cyclo(H-Glu-Lys-OH) where a lactam bond exists between Lys/
Asp(Glu) side chains have been subject®’ to theoretical analysis, CD, and NMR
studies. Only one conformer was found for the Asp analogue, while the Glu
containing dipeptide existed in minor conformations as well.

2.3 Cyclotripeptides — Cyclic tripeptides remain a minority species, and head to
tail homodetic examples are rare. However, head to side-chain cyclic tripeptides
such as (18) have been synthesised>® as potential endothelin receptor antagonists.
Automated allylic cleavage procedures with Pd[P(Ph);]4 on solid phase resin gave
free side chains for cyclisation, but the D-Asp analogue was produced in the
solution phase. A 12-membered cyclic tripeptide (19) has been synthesised® in
eight steps [two sequential Horner-Wittig couplings and enantioselective hydro-
genation with Rh(MeDuphos)]. Peptidomimetic (19) was designed as a helix-
turn-helix motif of DNA-binding proteins, while the synthesis*® of the novel
cyclotrihydrazine peptide (20) opens the way to other cyclopseudo peptides.

o
N
BocNH . coMe C'Q_?Ni“ /NH
o H\/\<H / W/\N
H-Lys-Trp-Asp N Me o l\[/Ie

o)
(18) (19) (20)
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2.4 Cyclotetrapeptides — A cyclotetrapeptide core with a dipeptide side-chain
provide*' many of the novel features of cyclocinamide (A) (21) from the marine
sponge Psammocinia. Cyclocinamide A exhibited in vitro selective activity against
colon-38 tumour cells.

Diazaethylene glycol (Deg, NH»(CH,),O(CH,),OH) has been incorporated*
with the RGD integrin ligand to form cyclo(-Arg-Gly-Asp-Deg). A solution
phase approach was used and cyclisation was carried out using the BOP reagent
at the carboxyl of glycine. Moderate inhibitor activity towards fibrinogen and
fibronectin was displayed and a conformational study showed that only Asp-NH
was shielded for the solvent. Cyclic analogues typified by (22) have been
synthesised*® as type II and II' B-turn analogues of the tripeptide LY301621
which potentiates the activity of methicillin against methicillin resistant S. aureus.
Not much enhancement in biological activity was obtained by cyclisation, which
was carried out via the PyBOP reagent. Previously reported structures (7etra-
hedon Lett. 1991, 32, 2609) for three cancerostatic, all L-cyclotetrapeptides,
cyclo(Pro-Leu),, cyclo(Pro-Val), and cyclo(Pro-Phe), from tunicate, have been
questioned.** A synthetic study showed that attempts to synthesise cyclo(Pro-
Val-Pro-Tyr) gave cyclo(Pro-Val-Pro-D-Tyr) in 31% yield, and the synthesis of
all L-analogues predominately gave cyclooctapeptides. A Heck coupling between
an acrylic acid amide and 3-iodobenzylamine has been achieved*® in 2 hr on solid
phase (8 hr in solution phase), to yield the RGD analogue (23).

Br
(21)
?/ \H/Q :<Arg Gly-Asp—NH
CHZOH T(\/gj
(22) (23)

The conformation of cyclo(-y-Abu-Pro), has been shown*® by NMR, IR and
CD techniques to be highly solvent-dependent. It has a cis-trans-cis-trans amide
bond arrangement (two cis-y-Abu-Pro bonds) in all solvents, but changing the
polarity of the solvent induces an inversion of the cis and trans conformations.
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2.5 Cyclopentapeptides — A 231-reference review*’ places in context the central
role of cyclopentapeptides containing the Arg-Gly-Asp motif as selective inhibi-
tors of the o5 integrin. Many of these cyclopeptidomimetics exhibit antagonist
activity in the nanomolar range and suppress tumour induced angiogenesis.
Cyclo(Arg-Gly-Asp-D-Phe-Val) turns out to be one of the best and selective
inhibitors for o, f; integrin so a structure-activity assessment*® of 18 analogues
has been carried out. Detailed NMR studies have accompanied these studies in
order to highlight the reasons for changes in activity. Retro-inverso cyclic
analogues show both a dramatic decrease in activity and a drastic change in their
spatial structures. Yet a retro-inverso analogue of a poor antagonist cyclo(D-
Arg-Gly-Asp-Phe-Val) was found to be highly active. In the synthesis of the
analogues, Fmoc-protocol on an o-chlorotritylchloride resin was used, with Gly
always C-terminal. Cyclisation was carried out using DPPA and the solid base
(NaHCO5) method. Substitution® of unnatural lipophilic amino acids into cyclic
Arg-Gly-Asp motifs based on cyclo-(Arg-Gly-Asp-Phe-D-Xaa) and cyclo(Arg-
Gly-Asp-D-Phe-Xaa) where Xaa and D-Xaa are 2(S)-2-aminohexadecanoic acid
or N-hexadecylglycine demonstrates the possibility of developing selective inter-
action for o3 over oyp,P3 integrins. The lipid modification had no impact on the
conformation of the template structures, but the biological activity is dependent
on spatial requirements of the lipid anchor in the receptor binding pocket.
Cyclopeptide analogues, cyclo[Arg-Gly-Asp-D-Phe-Lys(or Tyr)], have also been
synthesised”® using Fmoc-protocols followed by cyclisation using water soluble
carbodiimide (EDCI). Further derivatisation of the side-chain of lysine with
diethylenetriamine pentaacetic anhydride, and the iodination of the tyrosyl
analogue gave carrier molecules capable of transporting radioisotopes (*''In and
1257 into blood platelets as prototypes for medical imaging. Three cyclic -Arg-
Gly-Asp-pentapeptides and two cyclic hexapeptide analogues have been synthe-
sised® by solid phase techniques to study the influence of substituting p-amino
acids into the cyclopeptide backbone. Changing, e.g., cyclo(Arg-Gly-Asp-Phe-
Val) to cyclo(-Arg-Gly-Asp-B-Phe-Val) gave better antagonists of the GPyp/11a
receptors. Cyclisations in the solution phase were carried out by DPPA under
high dilution, while on-resin cyclisation took place with TBTU, with the side
chain of Asp linked to the resin.

The battle against methicillin-resistant S. aureus and vancomycin-resistant
enterococci has spurred on the search for new antibiotics. Thus extensive
modification of tuberactinomycin B (viomycin) (24) and capreomycin (25),
already used as tuberculostatic agents, has been reported.’>>* Modifications at
the dehydroureido (6a) position,>® with substitutions such as 6a-(3'4’-dichloro-
phenylamino) in viomycin and 4'-cyclohexylphenylamino in capreomycin have
yielded compounds with activity against Pasteurella spp, methicillin-resistant S.
aureus and vancomycin-resistant enterococci. Benzylcarbamate substitution® at
position R in (24) gave more potent derivatives than the parent antibiotic, while
modification of the B-lysine side-chain of capreomycin (25) gave compounds™
with antibacterial potency against multidrug-resistant pathogens.

Further members of the anabaenopeptins family, E (26) and F (27) have been
characterised® from the cyanobacterium Oscillatoria agardhii (NIES-204). Oscil-
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lamide Y (28), and three stereochemical analogues, produced by the same
cyanobacterium have been synthesised>® on solid phase using a combination of
Fmoc/allyl protocols on an acid labile Wang type linker. The urea function was
incorporated using D-lysine, and cyclisations were carried out using PyBroP.
Contrary to literature reports none of the four analogues exhibited inhibition of
chymotrypsin. Nodularia spumigena AV1 has yielded” the nodulapeptins A (29)
and B (30), which are similar to the anabaenopeptins. This core cyclic structure
was also discovered®® in mozamides A (31) and B (32) from a theonellid sponge,
which bear similarities to keranamide and konbamide, although the latter lack D-
residues.

Estrogen-like activity has been associated® with cyclo(-Ala-Gly-Val-Lys-Tyr)
(segetalin G) and cyclo(-Arg-Phe-Ser-Gly-Tyr) (segetalin H) from the seeds of
Vaccaria segetalis. Their backbone structure,®® determined by distance geometry
calculation and restrained energy minimisation from NMR data, showed sege-
talin G to contain a pIl-turn at Tyr*-Ala®, and segetalin H to contain a Il turn
at Gly-Tyr with a y-turn at Arg-Phe-Ser. Thionation®' of segetalins A and B with
Lawesson’s reagent gave a number of thioamide analogues, but thiosegetalin A,
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(31) R =Me,CH
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HoN NH
RCONH, N ‘
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(Gly'Y[CSNH]Val?, Ala®y[CSNH]Gly') segetalin A was the only one to show
estrogen-like activity against ovariectomised rats.

To complement the solid state structure of cyclotheconamide A (33) already
published in 1993, an NMR study®? revealed that the conformation of residues
important for active site binding (D-Phe, h-Arg and Pro) is nearly identical in the
solution and solid states, so it appears to be pre-ordered prior to binding to a
serine protease. A total synthesis®® of cyclotheonamide B (34) uses a convergent
approach utilising precursors forming each half of the molecule around points (a)
and (b) in (34). Final cyclisation was carried out at point (a) using TBTU/HOBt/
DMAP. Release of the oxo-amide moiety was achieved via a Dess-Martin
periodinane oxidation of a hydroxyl group. Incorporation® of the a-ethylthio
group into the cyclic pentapeptide cyclo[-Val-D-Gly(SEt)-Pro-Phe-D-Ala], di-
rectly via a Kaiser resin attached to D-Ala, has provided a convenient electro-
philic centre which can be stereospecifically displaced by a range of nucleophiles.
A restrained Pro-containing analogue®® of the nodularin macrocycle cyclo[p-Ala-
2RGlu(a-OMe)-y-2S-Pro-2 R-Asp(a-OMe)-B-2S-Phe] has been synthesised both
on- and off-resin. When the a-carboxyl of Asp was linked to the Wang resin and
its B-carboxyl protected by an allyl group, the subsequent peptide assembly when
treated with PyBOP/HOBt for 7 days gave 30% yield of pure cyclic material.
Cyclisation of a linear precursor via a pentafluorophenyl ester off-resin gave a
54% yield, but the authors felt that the on-resin method offered advantages. The
cyclic endothelin receptor antagonist BQ123, cyclo(-D-Trp-D-Asp(OBz)-Pro-D-
Val-Leu) has been synthesised® in 50% yield by heating a thioester-resin linked
linear precursor in DMF or dioxan at 75°C for 24 hrs. a-Aspartyl-containing
cyclic peptides such as (35) have been formed®’ via cyclisation at the Gly carboxyl
using BOP reagent. Removal of the fluorenylmethyl group with tetra-n-butylam-
monium fluoride favoured formation of the B-aspartyl peptide, but piperidine
gave the a-form preferentially (o:f8, 9:1). Cyclic mixtures containing 4 and 256
cyclic pseudopeptide components with a single bond [CH,NH] surrogate such as
cyclo(D-Phe[CH,NH]Xxx-Arg-Gly-Asp) have been synthesised®® via an on-
resin approach featuring side chain attachment of Boc-Asp-OFm to the solid
resin. HATU provided an efficient cyclisation reagent for the pseudopeptide
libraries.

T‘sp(oFm)—GIy-Act-Arg-GIyT

—NH CO—

(35) Act = Z_g

S

2.6 Cyclohexapeptides — Higher plants such as Stellaria delavayi provide, in
their roots, sources® of cyclohexapeptides, delavayins A, [cyclo(-Gly-Ser-HOlle-
Phe-Phe-Ala)], and B, [cyclo(-Gly-Ser-Ile-Phe-Phe-Ala)] and a cycloheptapeptide
delavayin C [cyclo(-Gly-Tyr-Tyr-Tyr-Pro-Val-Pro)]. As noted in last year’s
Report, epimerisation at C-9 has been a confusing aspect of the total synthesis of
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deoxybouvardin (37) and related compounds. A full report’® of a remarkably
facile epimerisation that went undetected has appeared. Another approach,”’
based on the formation of the diaryl bridge in (36) via an intramolecular SyAr
reaction from an ortho-nitro-fluoro substituted linear precursor, also suffers from
C-9 epimerisation, but some of the correct isomer is produced. The scheme is
considered therefore to offer a formal total synthesis of deoxybouvardin (37).
Although RA-VII (38) has been evaluated clinically, one drawback is its low
water solubility. Derivative (39) of deoxybouvardin has been synthesised,”” and is
250 times more soluble in water and is more potent than (38).

o)
Me OMe
HN o
O HN
Me-- Me
OMe NH O
o o N—Me
N
Rl
’Yle Me O
N N
, NHMe
MeO,C O o
(36) OR?

(37) R'=R?=H
(38) R1=R?=Me

(39) RI=H, R2=\/\NJ\

ZT

H2N—< o

NH
NHz )\

-ozc 0 HN7 NH,

(40)

Spirocyclic analogues [40, and its cyclo[(2S,3S)cycloR,GD(2S,3S")cyclo-R]GD
analogue] of RGD cyclohexapeptides have been synthesised”” by linking Gly to
an HMPB-MBHA resin, followed by Fmoc-based assembly of the linear pre-
cursor, followed by cyclisation in solution using BOP/HOBt/DIPEA. Compound
(40) seemed more flexible than its analogue in solution and had a greater affinity
for the vitronectin o,f; receptor. An ensemble-averaging (EA) protocol to
determine the interconverting conformations in NMR-determined structures of
cyclopeptides has been described.” Averaging the NMR parameters over a set of
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conformations that exist simultaneously has shown that cyclo(Gly-Pro-Phe-Gly-
Pro-Nle) exists in solution as either a BVIII-BII/iy-fI or a BII-BI/BI-PI equili-
brium.

2.7  Cycloheptapeptides — Questions have been raised recently on the purity of
extracted samples of the axinastatins, especially the discrepancy between the
biological activity of natural and synthetic forms. With the availability of efficient
synthetic routes to axinastatin 2, [cyclo(Asn-Pro*-Phe-Val-Leu-Pro®-Val)], axi-
nastatin 3 [cyclo(Asn-Pro?-Phe-Ile-Leu-Pro®-Val)] and axinastatin 4 [cyclo(Thr-
Pro’Leu-Trp-Val-Pro®Leu)] their conformations in de-DMSO have been
studied.” In all structures Pro® is in the i+1 position of a BI turn and Pro®
occupies the i+2 position of a BVIa turn about the cis amide between residue 5
and Pro®. All three axinastatins can be characterised by six frans and one cis
amide bonds resulting in a BI/Blla turn motif similar to many cycloheptapeptides.
All three were also inactive or of low activity. Cupolamide A (41), a cytotoxic
compound (ICsp=7.5pg ml~' against P.388 murine leukemia cells) has been
isolated”® from the sponge Theonella cupola, and yunnanin A, cyclo(-Gly-Tyr-
Gly-Gly-Pro-Phe-Pro) from the roots of Stellaria yunnanensis has been studied”’
by X-ray crystallography and NMR methods. Three intramolecular H-bonds
forming a type 11, a type II'B-turn and a classical B-bulge with all trans amide
bonds was seen in solution and in the solid state. Using similar physical
methods’® segetalins D, cyclo(-Gly-Leu-Ser-Phe-Ala-Phe-Pro) and E, cyclo(-Gly-
Tyr-Val-Pro-Leu-Trp-Pro) from the seeds of Vaccaria segetalis have shown the
classical B-bulge conformation of cycloheptapeptides.

N NHCO—(: :>—OH
A

()
Ala®,
R'NH-CH-CO-Phe®-0-Trp*
S

HoN-Thr ¢~ OC-CH-NH < Thr5-Lys®
Ala”,
(42)

2.8 Cyclooctapeptides — Plants have this year sourced a wide variety of
cyclooctapeptides. Thus the roots of Stellara delavayi have yielded” stelladelins
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A-C, a cyclic undecapeptide and two cyclooctapeptides, the seeds of Annona
squamosa have given®® annosquamosin A, and roots of Stellaria dichotoma var.
lanceolata have yielded®! dichotomin H and I. The structures appear in Table 1

Table 1

Stelladin A cyclo(-Gly-Pro-Pro-Pro-Leu-Leu-Gly-Pro-Pro-Tyr-Tyr)
Stelladin B cyclo(-Gly-1le-Pro-Pro-Ala-Tyr-Asp-Leu)

Stelladin C cyclo(-Val-Pro-Tyr-Pro-Pro-Phe-Tyr-Ser)
Annosquamosin A cyclo(-Pro-Met(O)-Thr-Ala-1le-Val-Gly-Tyr)
Dichotomin H cyclo(-Ala-Pro-Thr-Phe-Tyr-Pro-Leu-Ile)

Dichotomin T cyclo(-Val-Pro-Thr-Phe-Tyr-Pro-Leu-Ile)

Cyclogossine B cyclo(-Val-Gly-Gly-Trp-Leu-Ala-Ala-1le)

The latex of Jatropha gossypifolia (Euphorbiaceae) has in addition to the
known cycloheptapeptide, cyclogossine A, yielded®? cyclogossine B (see Table 1).
Cyclooctapeptide analogues (42) of sandostatin containing a lanthionine bridge
instead of a disulfide link have been synthesised®® by cyclisation on an oxime
resin. The bridge modification gave analogues with significantly increased
receptor binding selectivity. The compounds had higher stability towards enzyme
degradation giving a 2.4 times longer half-life than sandostatin.

Amongst a series of cyclic peptide systems studied theoretically,* with
possibilities for adaptation as bioelectronic devices, was cyclo[(-D-Ala-Glu-D-
Ala-Gln),]. A wide HOMO-LUMO gap of ~5.0 eV was calculated for this
molecule. An alternating D-L sequence, as in cyclo[-D-Leu-Lys(Npa)-D-Leu-
Lys-D-Leu-Lys-D-Leu-Lys], was shown®’ to be more efficient in quenching the
fluorescence of cyclo[-D-Leu-Lys(ABz)-D-t-Leu-Glu-D-t-Leu-Glu-D-t-Leu-Glu]
than a control peptide. The formation constant of the 1:1 complex of cyclo(-Phe-
Pro), with L-Phe-OMe-HCI has been shown® to be 13.2 times that with D-Phe-
OMe-HCI. Three intermolecular H-bonds between ProCO, PheCO and the
amino group, the PheNH and the CO group were seen with L-Phe-OMe-HCI, but
only one H-bond between PheCO and the NH, group in the D-form.

2.9 Cyclononapeptides — The cyclolinopeptide A (CLA) isolated from linseed
oil in 1959 has recently been actively researched due to its distinct immunosup-
pressive activity. Linear and cyclic analogues,®” in which one or both Phe residues
at positions 8 and 9 were sulfonated, have been synthesised by solid phase
methodology and cyclisation with the BOP reagent. All analogues retained some
immunosuppressive activity. The Phe residues in CLA have also been replaced®
by D-Phe, D-Tyr-, D-Trp or L-Trp, each analogue being synthesised by solid
phase protocols. Highest biological activity was observed for the cyclic peptides
modified in position 9, with [D-Phe’]-CLA proving the best, and also showed the
best conformational correlation with CLA. A new cyclolinopeptide B, cyclo-
(-Pro-Pro-Phe-Phe-Val-Ile-Met-Leu-Ile), has been isolated® from the seeds of
Linum usitatissimum, and shows immunosuppressive activity comparable with
that of cyclosporin A. Cyclophilin B’s rotamase activity can be enhanced®® by a
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new cyclic nonapeptide, curcacycline B, cyclo(-Leu-Gly-Ser-Pro-Ile-Leu-Leu-
Gly-Ile) isolated and characterised from Jatropha curcas.

Chemical degradation, ESIMS-MS and 2D NMR methods have been used®! to
elucidate the structures of dichotomins F, cyclo(-Val-Leu-Pro-Ser-Val-Tyr-Pro-
Tyr-Phe), and G, cyclo(-Ser-Pro-Leu-Pro-Ile-Pro-Pro-Phe-Tyr), from the roots of
Stellaria dichotoma L. var. lanceolata Bge. Both showed moderate cyclooxygenase
activity. Previously characterised and synthesised cycleonuripeptides A-C have
been studied®” using a plethora of NMR and calculation techniques. The backbone
structures of A, cyclo(-Gly-Pro-Pro-Pro-Tyr-Pro-Pro-Met-Ile), B, cyclo(-Gly-Pro-
Pro-Pro-Tyr-Pro-Pro-Met(O)-Ile), and its isomer C, consist of two B-turns, a BVI
turn at Pro’-Pro* and a PI-turn at Pro’-Met®. A transannular 4 —»1 H-bond
between Tyr’NH and Pro’CO, two H-bonds between Gly'NH and Pro®CO and
between Ile’NH and Pro®CO complete the B-bulge conformational picture.

The N-terminal cyclic peptide of RES701-1, an endothelin type B receptor
antagonist, has been chemically attached to the C-terminal peptide from the
endothelin family. PyBOP/HOBt mixtures were used®” to cyclise the N-terminal
nine-residue RES-701-1 to give ultimately (43), which had a binding potency of
1C50=0.24 nM for type B receptor.

[His « Trp « Asn « Gly H‘
— Gly-Thr-Ala-Pro-Asp-Trp-Val-Tyr-Phe-Ala-His-Leu-Asp-Ile-lle-Trp-OH

(43)

2.10 Cyclodecapeptides — The new proline-rich cycloleonuripeptide D, cyclo-
(-Ser-Pro-Pro-Pro-Tyr-Phe-Gln-Thr-Pro-Ile) from the fruits of Leonurus hetero-
phyllus, has been subjected” to NMR and X-ray analysis. The backbone contains
a type I B-turn at Pro-Ile and a type III B-turn at Pro-Tyr. A transannular 4 —1
H-bond between PheNH and ProCO encompasses Pro-Pro-Tyr, in which the
Pro-Pro bond has been judged to be cis. Similarities with [Phe?,Val®] antamanide
have been noticed. A similar backbone conformation to antamanide has been
revealed®® in the crystal conformation of cyclo(-Pro'-Pro*Ile*-Phe-Val-Leu-Pro-
Pro-Tyr-Ile) and includes a 5 —1 transannular o-turn H-bond encompassing
Pro'-Pro*Ile’, and a H-bond between Phe*NH and Ile!°CO. An active synthetic
analogue of cyclolinopeptide A, having the structure cyclo(Pro-Phe-Phe-Aib-
Leu), has been examined®® by X-ray studies in the solid state and NMR spectro-
scopy in solution. All peptide bonds are trans, and the molecule is perfectly
symmetrical in both solid and solution states. Six intramolecular H-bonds and
the formation of four turns (three type I and one of type III) are found in the
topology.

A pair of L-1-pyrenylalanines (Pya) have been substituted”’ into various
positions in gramicidin S to explore the involvement of B-sheet structures with
amphiphilic character. Synthesis was carried out on solid phase with subsequent
cyclisation cleavage using a p-nitrobenzophenone oxime resin. The direct forma-
tion of gramicidin S by the dimerisation-cyclisation of pentapeptide active esters
having no ornithinyl protection, has been examined.”® Of the four linear
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precursors, H-X-Pro-Y-Orn-Leu-ONSu (where X = L or D-Phe, Y = L- or D-
Val), only H-D-Phe-Pro-Val-Orn-Leu-ONSu gave semi-gramicidin S (cyclic
monomer) and gramicidin S in yields of 15 and 38% respectively. The analogue
with a D-Phe-Pro-D-Val sequence gave exclusively the cyclic monomer. Grami-
cidin S has been chosen® as a test compound to assess the efficiency of the type I
B-turn mimetic 2-amino-3-oxohydroindolizine[8,7-bJindole-5-carboxylate
(IBTM) (44). Cyclisation of the gramicidin S analogues containing S-IBTM was
only possible in the solution phase, while solid phase mediated cyclisations
accomodated both R and S-IBTM. NMR studies clearly showed that only the R-
diastereoisomer of IBTM is a suitable mimic of a type II B-turn and only [R-
IBTM*°] gramicidin S and [R-IBTM*?, Lys>?]gramicidin S retain the biological
activity of the parent.

R /ﬁ( /I;((HO)PrO
(SLN o}
N
H
NHR? Iy<_DIIe<_Ile<_DLeu._DPhe._Hse._
(44) (45)
Val-(HO)Leu-Ala-D-(HO)Leu-GIn
TH NHW
Thr « D-Leu « Pro « Thr « D-(HO)Asn « Melle «
(46)

2.11 Cycloundecapeptides — The tropical marine cyanobacterium Lyngbya ma-
Jjuscula has yielded'® two major cytotoxic cyclopeptides which show unusual
biological synergism. Laxaphycin A has the structure (45) and B a cyclododeca-
peptide has structure (46). Laxaphycin A is closely related to the previously
discovered homothamnin A (Gerwick et al. 1992). Cyanobacterium Microcystis
aeuruginosa (NIES-88), on further investigation of its extracts, not only contains
kawaguchipeptin A (see this Report, Vol. 29, 1998, p. 284) but also produces
kawaguchipeptin B, cyclo(-Trp-Ser-Thr-Pro-Trp-Leu-Asn-Gly-Asp-Asn-Asn),
which shows antibacterial activity.'®!

A total synthesis of cyclosporin A (47) using solid phase protocols (D.H. Rich
et al., see this Report Vol. 28 1997, p. 250) has already been carried out, but in
order to synthesise a diversity of analogues, a detailed study'®* of the efficiency of
the coupling stages has proved fruitful. With the plethora of hindered N-
methylated amino acids, the molecule offers a demanding challenge. On assess-
ment a number of links proved difficult to achieve, e.g. 10/11, 9/10, 6/5 and 11/1.
The last pair, MeVal'! and MeBmt' proved very difficult, so a strategy was
devised to start with MeVal'' and proceed to residue 1, followed by cyclisation
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with Castro’s BOP reagent. Tandem mass spectrometry,'®® incorporating laser-
desorption or fast ion bombardment with time of flight ion analysis, offers
quantitative analyses of cyclosporins in biological samples. Hydrolytic condi-
tions!® for the formation of open-chain oligopeptides from cyclosporin A have
been investigated, and cyclosporin A has been regiospecifically alkylated'® at
Val® to yield derivatives devoid of immunosuppressive activity in vitro, but they
have binding affinity for cyclophilin A.

2.12 Cyclododecapeptides — The B-turn mimetic BTD has been incorporated!®
into an RGD cyclopeptide (48) which shows selective binding to the o,f;
receptor. The analogue was synthesised on a Kaiser resin (Ala residue C-
terminal), and its conformation supports the hypothesis that a y-turn is important
for specific binding to «,B; receptors. The conformational preferences'®’ of
cycloleonurinin,  cyclo(-Gly-Pro-Thr-Gln-Tyr-Pro-Pro-Tyr-Tyr-Thr-Pro-Ala-),
from the fruits Leonurus heterophyllus, has been narrowed to a uniquely
determined conformation of a BVI turn at Pro®-Pro’ and a pI turn at Pro''-Ala'2.
Two transannular 4 —1 H-bonds to construct the two B-turns, and two H-bonds
between Tyr’-NH and Pro’CO, and between Thr!°-NH and Tyr®CO to construct
y-turns together with H-bonds between Ala'?>-NH and Thr!°-OH were observed.
The two Pro residues span a cis amide conformation.

sﬁ—- CO-Ser-Gly-Val-Ala-Arg

H N
(0]

NH « Ser « Gly « Val « Asp « Gly «
(48)

Under section 2.10 of this Chapter (Ref. 98), dimerisation-cyclisation studies
on linear precursors of gramicidin S were reported. The same authors have
extended'®® their studies to the antibiotic gratisin, cyclo(-D-Phe-Pro-D-Tyr-Val-
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Orn-Leu),, and have found that in the cyclisation of six hexapeptide succinimide
esters having Val, Orn, Leu, D-Phe, Pro or D-Tyr at each C-terminus, only H-D-
Phe-Pro-D-Tyr-Val-Orn-Leu-ONSu gave semi-gratisin (cyclic monomer) and
gratisin in 31% and 8% yields respectively. In both gramicidin S and gratisin
biomimetic syntheses, having a Leu residue at the C-terminus is essential. As part
of a study'® to investigate the p-turn character of the repetitive domain of high
mol. wt. (HMW) proteins from wheat, the cyclic peptides cyclo(-Pro-Gly-Gln-
Gly-GIn-Gln-Pro-Gly-Gln-Gly-Gln-Gln) (peptide 1), cyclo(-Gly-Tyr-Tyr-Pro-
Thr-Ser-Pro-GIn-GIn-Gly-Ala) (peptide 2), cyclo(-Pro-Gly-Gln-Gly-Gln-Gln-
Gly-Tyr-Tyr-Pro-Thr-Ser-Pro-GIn-Gln) (peptide 3) have been synthesised and
have undergone conformational analysis. A type II B-turn was observed in
peptide 1 covering the Gln-Pro-Gly-Gln residues, while peptides 2 and 3 include a
BI turn at Tyr-Pro-Thr-Ser and Ser-Pro-Gln-Gln with additional BII at Gly-Ala-
Gly-Tyr (peptide 2) and Gln-GIn-Gly-Tyr (peptide 3). The Pro in Tyr-Pro-Thr-
Ser was up to 50% populated in the cis form, but other prolines were more than
90% in the trans form.

2.13 Peptides Containing Thiazole/Oxazole Rings — The sea hare Dolabella
auricularia has been a rich store of cyclopeptides and this year again has
yielded!'!® the cyclohexapeptide dolastatin I (49). Dolastatin 18 has also been
characterised'!! from the same source, and is cytotoxic (0.39 ug mL~™' in the
nonsmall cell lung cancer assay NCI-H460), but although key-worded as a cyclic
peptide it is in fact linear having structure (50). Extracts from the tunicate
Lissoclinium patella have yielded''? six known compounds plus preulithiacycla-
mide (51), while a new 4-propenoyl-2-tyrosylthiazole residue has been charac-
terised''® in oriamide (52) from the marine sponge Theonella sp. Studies aimed at
total syntheses within the thiostrepton family of antibiotics have moved on as far
as the pyridine-thiazole fragment!'* (53), and chemically modified thiazolyl
peptide antibiotic based on MDL62,879(GE2270A) were less active!'> than the
parent antibiotic.

2.14 Cyclodepsipeptides — The dominant role of the sea hare Dolabella auricu-
laria as a source of the dolastatins has been reviewed,''® and the chemistry of the
cytotoxic compounds isolated from both Dolabella and Aplysia species has been
discussed.!!” But the source is not ‘spent’, as a further dolastatin 16 (54) has been
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discovered''® which shows strong inhibition of growth against a variety of human
cancer cell lines. Massetolides A (56) - H (63), as well as the known compound
viscosin (55) have been isolated'' from cultures of two Pseudomonas spp. Both
viscosin and massetolide A exhibit in vitro antimicrobial activity against Myco-
bacterium tuberculosis and M. avium-intracellulare. Elastase and chymotrypsin
inhibitors nostopeptins A and B from the cyanobacterium Nostoc minutum have
been characterised'* as having the basic structure (64), with the same 3-amino-6-
hydroxy-2-piperidone residue as in dolastatin and micropeptins. Further micro-
peptin structures have been revealed'?! in work on the cyanobacterium Micro-
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(55) Viscosin, R!=Me, R?=H, R3=CH(Me)Et
assetolide A, = = Me, = e)Et
56) M lide A, R' = R?=Me, R3=CH(Me)E
assetolide B, = Et, = Me, = e)Et
57) M lide B, R! = Et, R2=Me, R3®=CH(Me)Ei
(58) Massetolide C, R' = Pr, R>=Me, R®= CH(Me)Et
(59) Massetolide D, R! = RZ=Me, R3=CH,CHMe,
(60) Massetolide E, R =Me, R?=H, R®=CHMe,
(61) Massetolide F, R' = Me, R2=H, R3=CH,CHMe,
(62) Massetolide G, R! = Et, R2=H, R® = CH(Me)Et
(63) Massetolide H, R = Pr, R2=H, R®=CH(Me)Et

cystis aeruginosa. Thus, micropeptins 478-A and B have been identified as
structures (65) and (66) respectively. Microcystis viridis (NIES-103), has
yielded'?? micropeptin 103 (67), which inhibits chymotrypsin and thrombin and
contains the novel N-methyl Trp residue. A new antitumour antibiotic, thiocor-
line (68), with potent cytotoxic activity, has been isolated'** from marine
Micromonospora.

In 1996 the structure of fusaricidin A was worked out, and in the same culture
broth from Bacillus polymyxa KT-8, fusaricidins B (69), C (70) and (71) have been
isolated.'?* As defined by their name, calcium dependent peptide antibiotics from
Streptomyces coelicolor A3(2) inhibit the growth of Gram positive bacteria in the
presence of Ca** ions. The four antibiotics CDA 1 (72), 2 (73), 3 (74) and 4 (75)
were identified'? in the culture medium. From Nostoc sp. GSV224, cryptophycin
46 (76) and two other analogues have been identified'?® in trace amounts.
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Once again, the natural cyclodepsipeptides have offered demanding synthetic
challenges to a number of research groups, so what follows is a distillation of
progress published in 1997. Enantiospecific total syntheses'>’ of the potent
antitumour macrolides cryptophycins 1 (77) and 8 (78) have been carried out.
The final links were made at points (a) and (b) using 2,4,6-trichlorobenzoyl
chloride and O-benzotriazol-1-yl, N,N,N'N'-bis(pentamethylene) uronium hexa-
fluorophosphate (76% yield over 2 steps). An efficient synthesis'?® of destruxin B
(79) has involved a [3+3] fragment condensation utilising final linking at points
(a) and (b) in structure (79). Boc-hydrazide was used for the C-terminal MeAla
residue to inhibit facile dioxopiperazine formation from MeVal-MeAla. Novel
esterase-sensitive cyclic prodrugs of peptides with increased protease stability
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feature lactonisation stages which convert them into novel cyclodepsipeptides.
Cyclo(-Ala-OCH,0,C-Trp-Ala-Gly-Gly-Asp) was synthesised'? by pre-substitu-
tion of the ester links between Ala and Trp. Final cyclisation between Asp and
Ala was carried out in 20% yield by BOP-CI/DMAP under high dilution
conditions. The cyclic structures proved to be 25-fold more stable than the linear
hexapeptide. On the same theme'* lactonisation using a “trimethyl lock™ insert
to produce compound (80) was achieved via BOP-Cl between Asp and Ala
residues. Didemnin A (81) has become a prime synthetic target as other members
of the family are derived from it by side chain attachment. Two approaches'’! to
(81) have been researched, one of these was the elaboration of a linear
heptadepsipeptide incorporating the first residue of the didemnin side chain, D-
MeLeu, while the second approach was carried out without the side chain
residue. Macrocyclisation was carried out between Pro-COOH and N-methy-
lated-Tyr derivative, using HATU/HOAt in 28% yield when D-MelLeu was
attached, 76% in its absence. A full range of reagents, BOP, PyBrOP, PyAOP,
and HBTU were used to construct the linear precursors. Didemnin B (82) was
obtained by coupling the side chain MeCOCO-Pro onto the amino group of (81).
As didemnin B (82) has undergone phase II clinical trials for antitumour activity,
the thrust to synthesise analogues is intense. Thus a reduced ring analogue'*? of
didemnin B, where non-essential amino acids such as Leu and Pro have been

OMe
o)
Q_<
N 0
O mé
O~_ _NH O_ _Me
o) 0 R
o ] O OH NHR
CH,CO-Trp-Ala-Gly-Gly-Asp-Ala |
Me NH
o
Me
Me Me  (g0) (81) R=H
(82) R =MeCOCO-Pro
Me Me o Et
o N\)J\ i _Me
N
: H
. 0 Me o)
HN™ “Me Et
o
o)
Me
Me
MeO N~ l\(le o] l\[/le HN
N N
o jﬁN
H
o) CH, O
Me Me /‘\
Me” “Me



4: Cyclic, Modified and Conjugated Peptides 307

replaced by a covalent linker between Ala and the isostatine residue to keep the
Tyr side chain and isostatine hydroxyl in bioactive conformation, has been
synthesised but no biological activity was reported. Acyclic analogues of
didemnin B with isostatine and ester replacements have also been synthesised.'**
Until a total synthesis of dolastatin 11 (83) was achieved'** stereogenic centres
in dolastatin-related cyclodepsipeptides were unconfirmed. The synthesis was
similar to Shiori’s convergent synthesis of the didemnins in 1989, where the final
cyclisation was at point (a) using HBTU (20-24% yield) or BOP-CI (13% yield).
However, Shiori er al.'* have moved on to expedite a synthesis of geodiamolide
A (84) from marine sponges, the final macrocyclisation occurring at point (a) in
(84) using DPPA (di-phenylphosphorazidate). Esterification between polyketide
and tripeptide units was effected under high pressure conditions. Another
synthesis of geodiamolide A has also appeared'*® in a Journal inaccessible for
reviewing. A first asymmetric total synthesis'>’ of the antitumour antibiotic
A83586C (85) has been based on a redesigned approach where the side chain was
attached as a complete unit at point (x) in (85) after the macrocyclisation had
occurred using HATU at position (y). The antiparasitic cyclo-octadepsipeptide
PF1022A (86) and analogues have been assembled'® on an oxime resin which
had been attached at the lactic acid residue. The final cyclisation took place
almost uniquely in ethyl acetate as solvent and provided an opportunity to

Me O

O
R
o HN OH
Me/]\f ~an ()
e "",_QO
(85)
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generate combinatorial libraries. Enopeptin B (87) from Streptomyces sp. RK-
1051, has an interesting multi-origin biosynthetic profile and the problem with its
synthesis has been the drawing together of three quite different fragments.
Positions (a), (b) and (c) were chosen'® as linkage points for a total synthesis
with point (a) being “zipped up” as a pentafluorophenyl ester in 68% yield. The
polyene link at (b) was effected by HATU coupling, with the final amide bond at
(c) being made using i-BuOCOCI. Scarcity in natural supply of aurilide (88) from
the sea hare Dolabella auricularia has prevented an assessment of its cytotoxicity
being made, but an enantioselective synthesis'®® in 4% overall yield has given
material whose cytotoxicity against HeLaSs cells was rated as ICsq 0.011 pg
mL~'. Macrocyclisation was achieved using BOP-Cl on the carboxyl of Val
which was then linked by the MeAla-NH (point (a)).

(86) n=1o0r2

()L
\xo

O

@ HO
Hydroxyproline analogues of the multi-drug resistance reverser, hapalosin (89)
have been synthesised'*! where the proline residue replaces MePhe. All analogues
less potent than hapalosin have either two free hydroxyl groups or two aromatic
groups. More potency is achieved by having only one free hydroxyl and an
aromatic group. Replacing'*? the depside bonds as in (90) to form a triamide also
reduced activity. Varying the side-chain (R) in destruxin E analogues (91), by
making R = CH,Ph,CH,C=CH or CH,C=CTMS, both in D and L-forms,'*?

still produces toxic effects against Galleria mellonella larvae, but the most potent
had R = CH,C(CH, equipotent with destruxin E.
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The cyclic hexadepsipeptide framework of enniatin B has been used as a
template matching the B-turn tripeptide of tendamistat.'** Progress is being made
towards the eventual synthesis of the luzopeptins, with the synthesis'®® of
dipeptide (92). The combination of the ‘““azirine/oxazolone method” for the acid
catalysed amide cyclisation in DMF has proved'*® an excellent route to (93). Of
some interest to cyclodepsipeptide synthetic “gurus” is the fact that macrocyclic
lactones can be synthesised'*’ from -hydroxyacids using di-t-butylpyrocarbo-
nate (Boc,O).
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The annual interest in ionophores has still produced a trio of publications. The
X-ray structure'*® of [D-Hyi%, L-Hyi*lmeso-valinomycin from ethanol solution,
i.e. cyclo[D-Val-D-Hyi-L-Val-L-Hyi-(D-Val-L-Hyi-D-Hyi),], turns out to be very
similar to that obtained from acetone solution in 1991 and confirms that it is
sterically incapable of forming complex ions. A less lipophilic analogue'® of
valinomycin, with each Val in the 3" and 7" position replaced by Ala shows a
crystal structure very similar to previously published isoleucinomycin. The
structural features of valinomycin and nonactin in an environment resembling
that of a membrane, such as monolayers at interfaces, have been investigated.'>
Grazing incidence X-ray diffraction at the interface revealed that the presence of
lipids induced ordered stacking of valinomycin-KCl complexes into three or four
layers, which may have a bearing on ion transport through membranes via
stacking. A simple 2-step synthetic strategy'>' has provided an entry to a large
variety of adamantane containing serine-based cyclodepsipeptides, such as (94),
which was the most efficient ion transporter in lipid bilayer membranes.
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3 Modified and Conjugated Peptides

Post-translational modifications of peptides and proteins remains a very buoyant
area of research, and the papers reviewed under this sub-section mainly belong to
peptides bearing non-peptidic conjugates. The glycopeptide antibiotics, have been
included once again, not for their interest as conjugated peptides, but because of
their highly modified structures and their current importance as ‘last-resort’
antibiotics used in the constant battle against -lactam resistance.

3.1 Phosphopeptides — Modern chemical approaches to the synthesis of phos-
phopeptides have been reviewed.'>> The ‘building block’ approach seems to be
winning the publication stakes this year. Fmoc-Tyr[(PO(OMze),]-OH, which is
commercially available has been converted'*® into its stable fluoride (Fmoc-
Tyr[PO(OMe),]-F), and used for an efficient coupling of phosphotyrosine to
adjacent sterically-hindered amino acids, Aib and Acgc, as well as for difficult
sequences in the phosphotyrosine peptide Stat 91.°°7%% The phosphate Me
groups could be cleaved on solid phase using trimethylsilyl iodide, a protocol
which has been proven'> in the presence of Arg, His, Met and Trp. Bis-(2,2,2-
trichloro)ethyl(Tc) groups as phosphate protectors have been assessed!> for both
Boc-protocols (using Boc-Tyr(PO3Tc,)OH) and Fmoc-protocols (using Fmoc-
Tyr(PO5Tc,)-OH). The phosphate protection was shown to be incompatible with
the piperidine used for Fmoc removal. The synthesis'*® of phosphoserine peptides
related to heat shock protein HSP27 was carried out using both Boc strategy (O-
phosphonoserine protected by either cyclopentyl or cyclohexyl groups) or the
Fmoc protocol [Fmoc-Ser[PO(OBzl)OH]OH]. Thiophosphotyrosine peptides can
be useful'>” as potential inhibitors of PTK, PTPase and cytosolic protein binding
blockers. The key intermediate for their synthesis, Boc-Tyr[PO(SCH,CH,CN),]-
OH, was used.

The alternative approach of ‘global phosphorylation” has been used'*® for five
phosphopeptides with the general structure Ac-Ala-Xaa(PO3;H,)-Pro-Yaa-NH-p-
nitroanilide (Xaa=Ser, Thr, Tyr; Yaa=Tyr-Lys). Global phosphorylation was on
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resin-bound peptides using dibenzyl, N,N-diisopropyl-phosphoramidate/tetrazole
followed by oxidation using t-butyl hydroperoxide. During post assembly global
phophorylation formation of H-phosphonate peptides as by-products is a
complication.'®® However, using dibenzyl N,N-diisopropylphosphoramidite for
phosphitylation, followed by immediate oxidation with anhydrous t-butylhydro-
peroxide in dry THF under argon, minimises the problem.

More stable non-hydrolysable mimetics of phosphopeptides are in demand. H-
Phosphono and methylphosphono tyrosyl peptides can be synthesised'®® on solid
phase using the amidites Et,N-P(OBu'‘), and Et,N-P(OBu')-Me respectively
followed by oxidation with m-chloroperbenzoic acid and TFA cleavage. A facile
synthesis'®! in 80-90% yield of F,Pmp derivatives (95) involves CuCl mediated
coupling of an iodophenylalanine with (diethylphosphoryl)difluoromethylcad-
mium bromide. This method could also be used for iodo-Phe containing peptides.
A new non-hydrolysable phosphotyrosine analogue (96) (Fmoc-L-F4Pmp) has
been synthesised!®> with the pK, of its side-chain determined at 6.9 (cf.
phosphotyrosine pK, 5.9). When incorporated into model peptides, the resulting
peptides gave poorer affinities than the analogues Pmp containing peptides. A
new analogue'®® of phosphoserine prepared via [4,4-difluoro-4-(dihydroxyphos-
phinyl)-2-amino]butanoic acid has been reported.

F F
o CO,H
ROCO I
@CFFP(OEDZ Fmoc. - CH,PO3H(Me)
_NH H
F F
(95) X = Fmoc or Boc (96)

Whereas phosphoesters of Ser, Thr and Tyr have been studied extensively, only
limited information is available for other phosphate modified amino acids.
Phosphohistidine derivatives'® in proteins were originally discovered in prokary-
otic organisms, but now have also been found in eukaryotic cells. Methods of
synthesis and analysis have been discussed. However, so far, phosphorylated cis
or trans-4-hydroxyprolines have not been found'® in vivo but in preparation for
that event model compounds bearing phosphorylated HOPro side chains have
been made using global phosphorylation with O,0’-t-butyl-N,N-diethylphos-
phoramidite on solid phase. NMR showed that O-phosphorylation had a
significant influence on the Gly-HOPro cis-trans isomerisation. The phosphotyro-
sine mimic, O-malonyltyrosine has been introduced!®® into cyclic peptides to
improve the proteolytic stability and restrain conformation flexibility. Improved
potency was recorded. Procedures known to harm phosphopeptide derivatives
can be replaced'®’ by milder conditions if enzymatic removal of heptyl esters at
pH 7 and 37 °C is used.

3.2 Glycopeptide Antibiotics - A review has been published'®® on structural
modification of glycopeptide antibiotics, and a more focussed account'®® of SyAr
macrocyclisation for biaryl ether formation covers synthetic aspects of relevance
to this section. The need to develop efficient methods of biaryl coupling for
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glycopeptide antibiotics has overlapped into other compounds, bearing similar
structures, that do not necessarily lie comforably in this section. For convenience,
however, we review these here as an extension of similar synthetic techniques.
After years of synthesising large ‘chunks’ of the vancomycin aglycone molecule
(97), the final linking of the jig-saw is almost complete with the synthesis'’® of
bis-dechlorovancomycin, orienticin C (98). The final stages in the synthesis
involved coupling of a pre-synthesised!”! bicyclic biaryl tetrapeptide core in-
cluding rings 4, 6, 5 and 7, with a protected N-terminal tripeptide, which included
ring 2 as an ortho-nitro fluoride derivative to enable intramolecular nucleophilic
substitution to give the final biaryl ether link. The preparation!’! of the fully
functionalised (4-6) (5-7) tetrapeptide core involved the key step of oxidative
biaryl cyclisation between 5-7 with VOF;, BF;-OFEt,, AgBF, and CF;COOH to
give the highly strained unnatural R-atropisomer, which had to be atropi-
somerised to the S-atropisomer. The macrocycle incorporating the 4-6 residues
has a profound influence on the kinetic and thermodynamic stability of the
atropisomers, stabilising the S-biaryl form (>98:2) and the bias for cis conforma-
tion of the 5-6 amide bond found in natural vancomycin. Thallium(III)-mediated
intramolecular oxidative cyclisation'’* of phenolic residues to provide the 2-4
diaryl ether link has been shown to be remarkably sensitive to transannular
effects across the 4-6 ring systems, especially the ring 6 chlorine substitution
pattern. Chlorine atoms in ring 6 appear to be essential for a successful oxidative
2-4 cyclisation. The conformational bias imparted by a coupled 5-7 ring system is
also important. Studies'”® on the fully functionalised 6-4-2 system have confirmed
earlier studies on 6-4 and 4-2 ring systems separately, that it is only the 4-2 system
that seems to undergo atropisomer isomerisation at 130 °C in ortho-dichloroben-
zene. This allows control of the natural product atropisomer stereochemistry.
Synthesis' ™ of all four atropdiastereoisomers (99)-(102) of a model 6-4-2 ring
system has been carried out by sequential cycloetherification based on the SyAr
methodology. Full details'”® have also appeared on the fully substituted 6-4 and
4-2 ring systems in vancomycin, constructed via the SyAr method. A similar
approach!’® following assembly of the peptide backbone on solid phase has been
used for the efficient synthesis of OF4949 derivatives. With the ultimate aim of
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synthesising teicoplanin (103), studies'”’ have demonstrated the remarkable
efficiency of intramolecular SyAr cycloetherification in making the precursors
(104) and (105). In conjuction with Evans’s oxidative ring coupling of rings A-B,
the authors predict a total synthesis of teicoplanin soon. To add further
clarification to the atropdiastereoselection issue during the coupling of ring 2 to
ring 4 in vancomycin, ortho-nitrofluoro groups have been placed'”® in ring 4
precursors with ring 2 carrying o-chlorophenol substitution. However, reversing
the substitution pattern in this way had insignificant effect on atropdiastereo-
selectivity. Sequential intramolecular SyAr reactions have offered!” a start to the
total synthesis of the bicyclic left part of kistamycin A and B, as summarised in

OSugar Cl
9g
o) o)
_H H +
N _NH;z
N
H H
o]
HO 0
0s OH
ugar (103)
Scheme 2, and formation of ring I in kistamycin has been modelled'® via the

synthesis of (106) using a similar approach. Ring closure of a linear tetrapeptide
bearing o-nitrofluorine ring neighbouring onto a phenolic ring has also been
effective!®! in the making of (107) which constitutes the ‘western’ part of
chloropeptins I and II.

Although the compounds themselves do not readily qualify for entry in this
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sub-section, it is convenient to report on the successful SyAr macrocyclisation to
aromatic diaryl ethers, using ruthenium m-arene complexes, in the synthesis'®> of
two natural products K13 (109) and OF4949-1 (110).

A new synthetic approach'® to the synthesis of 6-4 and 4-2 ring systems in
vancomycin utilises coupling between a phenolic tyrosyl ring and a dibromo-
triazinyl substituted aromatic ring, in the presence of CuBr-Me,S/K,CO;3 and
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pyridine in MeCN at 75 °C. The critical biphenyl ring formation between the 5-7
rings in vancomycin has been achieved'®* via the Suzuki coupling reaction, but
acknowledged to be greatly assisted by the presence also of a completed 6-4-
diaryl ether bridge in the precursor leading to (108). A mild method'® for
construction of the 5-7 link in a model compound involves treating iodo-aromatic
ring precursors with (PhsP),NiCl,/Zn/PhsP. Synthesis'®® of an epimer of a
previously synthesised model for teicoplanin, using arene ruthenium chemistry
for cyclo-diaryl formation, confirmed the formation of the epimer at the Phe unit
in early cycloamidation processes. Attempted cyclisations'®” of pre-formed biaryl
linkages in the complestatin and chloropeptin series have both met with failure,
but the SyAr macrocyclisation of a model for OF4949 synthesis has been
successfully carried out'®® on solid phase.

The first crystal structure of vancomycin has been determined'® as its acetate
complex. It confirms the asymmetric homodimer structure as seen in a recent
determination of balhimycin, and predicted previously by NMR studies. In the
longstanding debate about carboxylate recognition by vancomycin, a possible
cooperative mechanism linking ligand binding and dimerisation is offered. In
recent unpublished work, it has been shown that a semi-synthetic antibiotic,
biphenylchloroeremomycin (BCE), or LY307599 owes its activity against vanco-
mycin-resistant bacteria to its ability to dimerise and anchor to bacterial cell
membranes. It can now be shown'®® that a second semi-synthetic glycopeptide
MDL63246, produced from A40926 (related to teicoplanin), showed no evidence
of dimerisation, but does contain a membrane-anchoring C;; chain attached via
ring 4 sugar. This would make it similar to A40926. NMR studies'®! and molecular
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modelling in the presence of detergent micelles indicate that vancomycin interacts
with the membrane, despite lacking a membrane anchor. The membrane appears
to affect the conformation of vancomycin. Model cell membranes with cell wall
analogues'®? anchored via a hydrophobic decanoyl chain bind selectively to
vancomycin. Dipeptide, pentapeptide and hexapeptide analogues display en-
hanced binding at the model cell surface, while tetra- and tripeptides do not.
Capillary electrophoresis'®® has been used to establish the dissociation constant
of a synthetic dimeric vancomycin (V) (V-NHCH,-p-CcH,CH,NH-V) with a
dimeric Ac-Lys-D-Ala-Ala-OH (dimerised through a succinic acid linker at Lys
side-chain). An enhancement of ~10% in binding, relative to monomeric interac-
tion, was established. The same techniques'®* also showed that acetylation of N-
terminal vancomycin decreases its affinity for Di-Ac-Lys-D-Ala-D-Ala. The
effect of dimethylation at the N-terminus has also been studied.'®>

3.3  Glycopeptides — Interest in this sector continues to flourish and a reflection
of the importance of the subject are the number of reviews published during 1997.
Synthesis'®® of selectively deprotected building blocks in O- and N-glycopeptides
has been reviewed, and the synthesis of the peptide moieties'®’ has been high-
lighted. O-Glycosyl amino acids as building blocks for glycopeptide synthesis has
justified a 178 reference review.'*® The use of O-linked and N-linked solid supports
and methods of dendrimeric synthesis have been explored'®” in a 169-reference
compilation, while recent advances®® in the general glycopeptide synthetic area
runs to 212 references. Direct synthesis of glycosylated amino acids and Fmoc
amino acids for biomedicinally interesting glycopeptides has been reviewed,?’! and
publications on the chemical and chemoenzymatic assembly of glycopeptides have
been compiled.?** Large scale enzymic synythesis of glycopeptides,?®* and enzymic
synthesis of peptide conjugates®®* (including phosphopeptides and lipopeptides)
have been reviewed while shorter reviews on isolation and characterisation®*> and
application of glycopeptides as antigens against cancer’®® have been published.
Solid phase synthesis of glycopeptides and immunological studies involving T-cell
stimulation have been reviewed>"’ as novel applications in medicine.

3.3.1 O-Glycopeptides — The majority of papers cover the synthesis of O-
glycopeptides, usually by the building block approach, but there is one report>*

Cl

Ph
x X
) N O (0]
HOsS  HN \g%
HO
07 “NH(CH,)sNH—C—NH, N

I 3
NH O Me

Ho\ 2 OoH
HO FmocNH CO,Pfp

(111) (112)
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of the structure elucidation of aeroginosins 205A (111) and B, found as serine
protease inhibitors in cyanobacterium Oscillatoria agardhii (NIES-205).
Aeroginosin 205B differs from A in its stereochemistry at the 3-hydroxyleucine
and phenyllactic acid-2-O-sulfate.

The building block approach, where the initial carbohydrate side chain is
already attached to the protected amino acid derivative (usually Fmoc), remains
the most popular method. Introduction®® of the unit (112) into a solid phase
protocol, gives glycopeptides with free hydroxyl groups which can be glycosylated
further on-resin with perbenzoylated glycosyl trichloroacetimidates. A strategy
has also been developed®'® for introducing unique functional groups (e.g.
aldehydes or hydroxylamino groups) onto glycopeptides produced by the
building block approach by using the commercially available enzyme galactose
oxidase. A resin-bound O-glycoconjugate, assembled on a HYCRON linker, can
be removed?'! under Pd(0) catalysed cleavage off the resin to yield a glycopeptide,
which can be extended at the glycan side-chain using glycosyltransferases as
depicted in Scheme 3. Different series of glycopeptides can be prepared'? in
multiple-column solid phase synthesis, and allow the synthesis of the mucins
MUC2 and MUC3 containing oligosaccharides with core 1 (113), core 2 (114),
core 3 (115) and core 4 (116) structures, based on a Fmoc-threonine building
block similar to (112). Glucosamine donors>'"® having N-TCP, N,N-diacetyl and
N-trichloroethoxycarbonyl have been shown to give exclusively B-glycosides
when reacted with Boc-Ser(or Thr)-OBzl or Fmoc-Ser(or Thr)-OPfp.

Ac-Lys-Pro-Pro-Asn-Thr-Thr-Ser-Ala-OH

|

GIcNACB

Ac-Lys-Pro-Pro-Asn-Thr-Thr-Ser-Ala-OH

NeuNAco2 — 3Galpfl — 4GIcNAcB

Reagent: i, glycosyltransferases Scheme 3
In order to examine and improve on the silver trifluoromethane sulfonate
based glycosylation of Ser, Thr and HOPro, a detailed study®'* has revealed that
using 2,3,4,6-tetracetyl-o-D-glycopyranosyl bromide produced significant quanti-
ties of disaccharide by-products. With the sugars L-rhamnose and D-mannose
there were less by-products. Incorporation of the glycoamino acid derivatives
into linear and cyclic Arg-Gly-Asp sequences gave glycopeptides which were
equal or slightly less potent as platelet aggregation inhibitors, than the non-
glycosylated parent peptides. The Fmoc derivative (117), as its Pfp ester, together
with its Ser analogue have been specifically incorporated®'” into the model
peptides (118) - (120) in order to study conformational effects on the peptide
backbone. A note of warning about racemisation of the first assembled glycosyl-
ated residue on to a Wang resin has been expressed.>'® Linking of glycosylated
Ser and Cys derivatives through activation by symmetrical anhydride, TBTU/
DMAP, with or without HOBt, or pentafluorophenyl (Pfp) esters gave high levels
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AcO OR!?
o}
R20
AcNH
RN

FmocNH” ~CO,Me

Me

AcO OAc

OBz AcO OAc
(o]
(113) Rt =Ac, RZZAcO%/ (114) R = Bzoﬁ/ , R?= 0O
AcO BzO BzO
AcNH AcO
OBz OBz OBz
(115) Rt'=Ac, R?= Bzo’ﬁ/ (116) R = Bzo/ﬁ/ , R? :Bzo’ﬁ/
BzO BzO BzO
AcNH AcNH AcNH
(117) R'=R?=Ac
Rl R?

H-Ala-Val-Ser-Thr-Glu-Pro-Phe-Gly-Arg-NH,
(118) R = GIcNAcB, R2=H
(119) R*=H, GIcNAcp
(120) R!=R?=GIcNACB

of racemisation. The lowest % racemisation was achieved by 2,4,6-mesitylene
sulfonyl-3-nitro-1,2,4-triazolide (MSNT), with glycosylated Cys lower than its
Ser analogue. The synthesis®'” of the threonyl derivative (121), from Fmoc-Thr-
OBuU',3,4,6-tri-OAc-2-azido-2-deoxy-a-D-galactopyranosyl bromide and sialyl-
xanthogenate in 5 steps, has given entry into a sialyl-Tn-glycoundecapeptide,
which is part of the repeating unit of MUCI. The same approach?'® using solid
phase and a HYCRAM allylic linker has given a 42% overall yield of sialyl-Tn-
antigen “‘tandem repeat” of MUCI mucin. Building blocks corresponding
to  Tn[e-D-GalNAc(1 -0O)-Thr] and  sialyl-Tn[o-D-Neu5SAc(2 —6)a-D-
GalNAc(1 -»0)-Thr] epitopes have been prepared>’® from 4-methylphenyl 2-
azido-2-deoxy 1-thio-B-D-galactopyranoside using t-butylmethylsilyl groups (as
in 122), rather than acetyl groups to circumvent B-elimination problems. A
multiple antigen glycopeptide (MAG) carrying the Ty antigen has also been
synthesised??® using the Fmoc protocols as a possible approach to a synthetic
carbohydrate vaccine. A study®?' of glycan T-cell specificity has been made using
O-glycosylated and photoaffinity labelled glycopeptides synthesised by multiple
column peptide synthesis. The mouse haemoglobin decapeptide (67-76), Val-Ile-
Thr-Ala-Phe-Asn-Glu-Gly-Leu-Lys, was used as model non-imunogenic in CBA/
J mice. It was converted into an immunogen by introduction of different tumour
associated moieties, [B-D-GlcNAc-O-Ser/Thr, a-D-Gal-NAc-O-Ser/Thr (Tnan-
tigen) core 1 (T-antigen) core 2 core 3 and core 4].

Mannose and mannose disaccharides with bis-trichloroethyl phosphate on
Fmoc-Thr-OPfp have been used>*? on solid phase using side chain anchoring of
the peptide, with the C-terminal carboxyl group protected as an allyl ester.
Selective removal of this ester protection and head-to-tail cyclisation gave a high
yield of cyclic peptide templates. The restricted conformation of the cyclic
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AcO OAC
.OAc
~ Cco,Me
OAc
AcNH o o OH OTBDMS
AcO o o)
AcO TBDMSO
AcNH ACNH
Emoc-Thr-OR Fmoc-Thr-OR
(121) (122)

peptides decreased the binding at the mannose-6-phosphate receptor. Glycopep-
tide libraries can be built up??* by stereoselective glycosylation of free hydroxy
groups on resin (polyethyleneglycol based) using trichloroacetimidate glycosyl
donors. A complex phosphoglycohexapeptide has been built up*** from (123) by
utilising the very mild conditions necessary for removal of (phenylacetyloxy)ben-
zyloxycarbonyl with pencillin G acylase. Addition of Aloc-Ser[OPO(OAl),]-OH
completed the sequence.

NHAc
AcO o
AcO (e}
OAc OH
(PhAc)Z-Ser-Pro-Ser-OBu! OH
OAc ‘ 0
AcO o 5 HO
ACO AcNH
NHAC H-Ser-Ser-Gly-OH
(123) (124)

OH oH
o) OH
HO%O o
HO HO
AcNH

H-Ser-Ser-Gly-Thr-OH
(125)

Synthesis?*® of supprescins A (124) and B (125), which suppress the production
of the phytoalexin of pea, has involved, for A, condensation of 3,4,6-tri-OAc-2-
azido-2-deoxy-a-D-galactopyranosyl bromide with Z-Ser-Ser(Bzl)-Gly-OMe, in
the presence of trimethylsilyl trifluoromethansulfonate (TMSOTTY), and, for B,
treatment of Z-Ser-Ser(Bzl)-Gly-Asp(OBzl)-Thr(BzI)OMe with 2,3,4,6-tetra-
OAc-aD-galactopyranosyl-(1 —4)-3,6-di-OBz-2-azido-a-D-galactopyranosyl tri-
chloroacetimidate in the presence of TMSOTf. Highly glycosylated peptides
corresponding to human glycophorin AY have been assembled®*® on solid phase
via the building blocks Fmoc-Ser(Ac;GalN3)-OPfp and Fmoc-Thr(Ac;GalN3)-
OPfp. NMR techniques were used to characterise the final products (126) and
(127) which represent a fine achievement for the methodology.

A new prototype®”’ glycopeptidomimetic (128) compound of N-substituted
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GalNAc GalNAc GaIW\IAc
R—His—Thr—Ser—Thr—Ser—SFr—Ser—VaI—Thr—Lys—NHz
GalNAc GalNAc GalNAc

(126) R=AC " GaNAc GalNAC

(127) R = Ac-Leu-Ser-Thr-Thr-Glu-Val-Ala-Met-
GalNAc

CO,H

o~ T i
19§ Nvﬁvw%e

0 0 Me
HO o
HO
OH
(128)
RO
OH
0
o o
AcNH | p—o—f—or
o o
O  COH H
N N conm N CoH
N T T
H o
0 O  (CHy)s
RNH™ NCO,H
(129)

oligoglycine has been synthesised, and a substrate®® (129) of Mur G transferase
was synthesised from natural UDP-N-acetylmuramoyl pentapeptide.

3.3.2 N-Glycopeptides — The combination of enzymatic and chemical
methodology has been successful in (a) glycosylated peptide T (130)**° and (b) a
glycosylated asparagine carrying a complex undecasaccharide N-glycan,>*
Neu-5-Aca(2—6)GalB(1 >4)GlcNAcB(1 —»2)Mana(1 —3)[Neu-5-Aca(2—6)Galp-
(1-4)GIcNAcB(1 —»2)(Mana(1 —6)]ManB(1 >4)GlcNAcB(1— 4)GIcNAc-Asn. In
the former example, Fmoc-Asn(GIcNAc)-OH was incorporated using dimethyl-
phosphinothioic mixed anhydride without protecting the hydroxy group, in order
that the transglycosylation could be carried out using an endoglycosidase. A
vicinally glycosylated fragment of the interleukin 8 receptor has been assembled
on solid phase via the double insertion?*! of derivative (131). A benzylated
heptasaccharide conjugate’®? assembled with a terminal azide, which can be
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reduced to an amino group, has been acylated with Fmoc-Asp-OBu' using DCCI/
HOBt to give a useful building block for the synthesis of complex N-linked
glycopeptides. A similar synthetic strategy>>> has been used with a benzylated
pentasaccharide moiety for the solid phase synthesis of the glycopeptide portion
of the CD52 antigen. The last stage removal of benzyl groups was carried out by
20% Pd(OH),/C/H, in aq. ethanol. Glycosylated peptoids*** incorporating N-
acetylgluosamine in different positions, as e.g. in (132), have been synthesised to
improve the bioavailability of mimetics of the HIV-1 PR substrate sequence
Leu'®>-T1e'®.

NeuAc-Gal-GalNAc-Man
Man-GIcNAc-GIcNAc
NeuAc-Gal-GIcNAc-Man
H-Ala-Ser-Thr-Thr-Thr-Asn-Tyr-Thr-OH
(130)

NHACc OBn
BnO o
HO g © NHCO_
i

OBn  Bno NHAc
FmocNH—CH-CO,H

- %
o .
k%k@(@\w%
. N_ N7 Do N
Bu‘O YK i i i
O “CONHGIcNAC
(132)

(131)

NMR and annealing calculation studies**> on the peptidoglycan monomer

from Brevibacterium divaricatum, GlcNAc-MurNAc-Ala-D-iGln-mDap-D-Ala-
D-Ala, provide evidence for the conformational stabilising effects of the carbohy-
drate moieties. Peptide (133), a linear sequence based on A282-288 of hemaglu-
tinin,?*® adopted an open and extended Asx-turn prior to glycosylation to (134),
when it underwent a conformational change to a type I B-turn as analysed by 2D
"H NMR. Ten new ureido sugar derivatives based on dipeptide combinations of
(135) have been synthesised>*’ and analysed by NMR methods.

Ac-Orn-lle-Thr-Pro-X-Gly-Thr-Trp-Ala-NH,
(133) X =Asn
(134) X = Asn(GIcNAc),

3.3.3 Other Linked Sugars — C-Glycosidic links have been explored via the
stereoselective synthesis®*® of (135) which is a mimetic of Asn(BGlcNAc). The key
link is made via a glycosyl dianion reacting with a side-chain aldehyde. The
building block (136) has been incorporated®® into (137), by initial chemical
insertion followed by treatment with an endo-B-N-Ac-glucosoaminidase.
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Analogue (137) shows inhibitory activity towards glycoamidases and has good
enzymic resistance. Novel difluoromethylene-linked  Ser-O-glycopeptide
analogues have been prepared>*° stereoselectively using two complementary free
radical reactions, and catalytic asymmetric hydrogenation®*! of a C-glysosyl
enamide has yielded a series of carbon-linked glycopeptides. Neo-C-Glycopeptide
building blocks (138) and (139) have been developed®* to study carbohydrate-
protein interactions. While S-B-D-glucosylated cysteine has been readily
available, it is only now that the first synthesis?**® of S-a-D-glucosyl cysteine has
been recorded. Condensation of N-phthaloyl-L-Cys-OH with 2,3,4,6-tetra-OBzl-
a-glucopyranosyl trichloroimidate in the presence of BF3; brought about a
successful synthesis. Selective dimerisation®** of cysteine residue with 2,2’-
dithiopyridine does not affect sugar side-chains elsewhere on the peptide.

BnO
- o O NHBoc
BnO cOzMe ACOE&/CHZ )J\/I\
n ~
AN AcO N CO,R

NBoc, AcNH
(135) (136)
H-Tyr-I Ie—NH—?H—CO—AIa—Ser—NH2
i
MangGIcNACGIcNAC N _CoO

H
(137)

AcO OAc

O
AcO

AcO
I?I*R
(CH2)4 o
H

N
FmocNH OBn
(@]

(138) R=H o
A OAc

(139) R =AcO OAc

4

co

3.4 Lipopeptides — The increased lipophilicity accompanying the post-transla-
tional event of incorporating farnesyl and geranylgeranyl moieties on to the side
chain of cysteine often causes localisation of the resulting protein to the
membrane, and may be essential for biological activity. A review*** of methods
of chemical and biochemical synthesis of prenylated peptides is therefore timely.
Reaction of serine B-lactone with prenyl thiolate in the presence of sodium
hydride is one recent method®*® for chemical synthesis of prenylated cysteines.
Tandem mass spectrometry>*’ of geranylgeranylcysteine will aid future analysis
of samples. A combination molecule (140), designed for the development of a
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HO.
HO
OH
HO -0
HO

Tyr-Ala-Phe-Lys-Tyr-Ala-Arg-His-Ala-Asn-Val-Gly-Arg-Asn-Ala-Phe-Glu-Leu-Phe-Leu-Gly -NH NV

co
PaIO/Y\S
OPal NHPal
Pal = palmitoyl (140)

synthetic vaccine against Neisseria meningitidis contains a carbohydrate B-
epitope, a peptide T epitope and a lipopeptide adjuvant®*® and has been
assembled via Fmoc-protocols on a HMPB-MBHA, including the addition of
(Pam); Cys at a late stage. This conjugate was released from the support, and
then linked to an amino-sugar using EDC/HOBt coupling. N-Acylated serine and
threonine containing D-glucosamine derivatives have been made®* as mimics of
lipid A disaccharide, and a series>> of novel lipopeptides and lipomimetics have
shown inhibitory power in monolayer assays. B-Loop, y-loop and helical
conformations have been found®' in a series of cyclic peptides containing
steroidal nuclei as in (141), which act as rigid spacers.

(141) a: R'=R?=H; b: R'=H, R?=MeCO,; c: R = R? = MeCO,

4 Miscellaneous Structures

As discussed in the introduction to the Chapter, most of the work reviewed
conforms every year to a series of sub-sections. Yet annually a few ideas and
structures do not conform to the routine and feel more comfortable in this
miscellaneous section. Thus the 2-chlorotrityl resin has been highlighted®>? as a
better medium for solid phase synthesis incorporating Fmoc-Tyr(SO3'Na*)-OH
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blocks, for synthesising sulfonated gastrin/cholecystokinin peptides. Cyclisa-
tions*>* using TBRTU/HOBt/DIPEA or DPPA have been effective in making head
to tail links when making cyclo-Gly-Ile-Ile-Gly-bradykinin, cyclo-Lys-Lys-brady-
kinin and cyclo des-Arg-bradykinin. Tris-bridged cyclic peptides containing Ser
and His to mimic the catalytic site of lipase>** have proved that carboxylic acid
groups in position R of (142) aid catalysis. X-Ray studies®> have revealed that
the glycine residues in (143) are twisted when they are flanked between two R-
1,1"-binaphthyls, but are planar when they are between R-1,1’-binaphthyl and S-
1,1’-binaphthyl. Macrocycle (144) threaded on glycylglycyl chains [PhoCHCO-

N

N“ “NH
[e]
le)
?‘N N<>: /YO
le) HN
o O
o}
5 :i
i oYrtade
HO o
o HN\/go
(142) (143)
3 i Om g
NH HN
NH HN
SO

(144)

Gly-Gly-O(CH,);],X, X=CH,CH,, (CH>);, or S have been prepared®*® and
shuttling rates calculated from NMR studies. The redox potential of selenocystine
in unconstrained cyclic peptides such as glutaredoxin reveals*’ a preference for
Se-Se-bridges rather than mixed Se-S bridges. Solution synthesis,>>® using a
pentafluorophenyl ester to cyclise side chains at the tripeptide stage, has yielded a
potent cyclic amide linked [Sar',Lys® Glu®] angiotensin II (cyclised between Lys’
and Glu®). Cyclic constraints have been inserted®” into the ‘address’ sequence of
dynorphin A. Cyclo[D-Asp®,Dap’]Dyn A(1-13)NH,, showed both high « re-
ceptor affinity and potent agonist activity in the GPI assay, while cyclo[D-
Asp3,Dap6]Dyn A(1-13)NH, showed very weak binding at all receptors. Gen-
erally cyclised versions showed decreased p receptor affinity, while x receptor
affinity was retained or improved. Cyclic analogues of enkephalin cyclised via the
side chains of Pen have produced®®® analogue H-Tyr-[D-Pen-Gly-Phe(p-F)-Pen]-
Phe-OH with a & versus p receptor selectivity ratio of 45,000. A cyclo[N® N¢!-
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H-Tyr-Lys-Gly-Phe-Lys-NH,
O

Py
H H
(145)

carbonyl-D-Lys? Lys’Jenkephalinamide, (145) showed a preference for p over &
opioid receptors.?®!

Acyl cyano-phosphorane has been used?®? in the synthesis of the a-ketoamide
unit in the protease inhibitor eurystatin A (146). Macrocyclisation was carried
out at point (a) in (146) using DPPA. Polymer bound substrates such as (147)
cyclise rapidly?®®, e.g. at point (b) using Grubbs’ ruthenium metathesis catalyst
Cl,(Pcyclohexyls),-Ru:CHPh, when exhibiting favourable conformations. The
methodology for constructing cyclic biphenyl ethers has been discussed exten-
sively under the glycopeptide antibiotics section. It has also been shown?** that
these biaryl ethers can function as -strand mimetics and HIV protease inhibitors.
Thus inhibitory values of K;=15 nM and 900 nM were achieved for the ether
(148) and its isomer (149).

0 MeO,C O
(‘\N)J\(/CHZRl
y "N - O~ Ho
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o %ABZ
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\ (0] \ /):O
o) (o) FmocNH \—/

(146) (147) R = polymer (tritylpolystyrene)
o
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B-Lactam Chemistry
BY CHRISTOPHER J. SCHOFIELD AND MAGNUS W. WALTER

1 Introduction

Even outside specialist circles the increase in bacterial resistance against anti-
biotics, a term very often used in conjunction with penicillins, is now widely
perceived as a major threat to public health. Attempts to combat resistance by
the development of new and more active f-lactam compounds were at the centre
of academic and industrial research in this field during the period reviewed (1996-
1997). However, major new structural variants are rare and the lengthy syntheses
associated with their production (e.g. trinems) may be limiting their availability
for commercialisation. Indeed, it is noteworthy that the more recently introduced
group of carbacephems antibiotics appears not to have precipitated as much
research interest as previously introduced groups, such as carbapenems. The
discovery and development of commercially viable orally active B-lactam anti-
biotics and inhibitors of Class A and C B-lactamases remain significant challenges
for medicinal chemists. Inevitably, major new trends in organic synthesis will be
reflected in an important research area like B-lactam chemistry. Thus, solid phase
chemistry and combinatorial approaches to compound optimization are increas-
ingly being used in this area. Significant progress has been made in the elucidation
of penicillin biosynthesis. The structure of IPNS was solved and further crystal-
lographic studies have provided important insights into the molecular mechan-
isms of PB-lactam biosynthesis. Whether better understanding of fundamental
aspects of B-lactam chemistry and biology will lead to the development of new
and clinically more potent antibiotics remains to be seen.

Review articles in B-lactam chemistry are listed in a separate section in the
Appendix.

2 Biosynthesis

The techniques of modern molecular biology have already had a major influence
on biosynthetic studies on PB-lactams and on the development of new bio-
processes. They have also facilitated the production of large amounts of protein
for biophysical analyses, which have provided insights into isopenicillin N
synthase, the only B-lactam forming enzyme to be so characterized. In the near
future it seems that all the individual steps in the biosynthesis of the B-lactams
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other than penicillins or cephalosporins, e.g. the clavams and carbapenems, will
also be determined. Genome sequencing studies (see e.g. Kunst er al.'®) may
also provide clues to the extent and origins of B-lactam biosynthesis and
resistance. Elucidation of biosynthetic pathways and the structures/mechanisms
of individual enzyme should set the stage for their rational manipulation.
Objectives will not only be to produce existing B-lactams more efficiently, but
also to produce new types of B-lactam, perhaps by hybridizing elements from
the different biosynthetic pathways, e.g. to ferment clavulanic acid with a
hydroxyethyl or 6-acetamido side-chain, thus far elusive goals for synthetic
chemists.

An historical interesting analysis on the commercial improvement of Pencicil-
lium chrysogenum uses modern techniques to map penicillin titres with amplifica-
tions of the penicillin biosynthesis gene cluster.'® Evidence was presented for a
tandem array of copies, arranged in a head-to-tail manner and that amplification
is generated by unequal sister chromatid exchange. B-Lactam biosynthesis by S.
clavuligerus has been studied in microgravity with apparently deleterious effects
on antibiotic levels.

2.1 Early Stages of Penicillin and Cephalosporin Biosynthesis and ACV Synthe-
tase — (L)-a-Aminoadipic acid (1) biosynthesis in Streptomyces clavuligerus has
been the subject of study, with both the lysine e-aminotransferase® and piper-
idine-6-carboxylate dehydrogenase enzymes having been purified.* (Scheme 1).

2-oxoglutorate glutamate

. '\’l/j\ lysine-6-aminotransferase Q

H,N CO,H

N
¥
lysine-6-dehydrogenase NADY, 2H,0

piperidine-6-
carboxylate
dehydrogenase

NAD* NADH* + NH3 N

NADH/H

CO,H

HoN
(6]

CO,H

Scheme 1

Evidence has been provided that (L)-d-(a-aminoadipoyl)-(L)-cysteinyl-(D)-
valine synthetase (ACVS) is a rate-limiting enzyme for penicillin production in
Aspergillus nidulans.> ACVS from Penicillium chrysogenum has been purified to
homogeneity and characterized.® The native enzyme was apparently monomeric
with an estimated mass of 470 kDa. Kinetic parameters were reported for the
reaction and the dimer of ACV was found to give feedback inhibition. Experi-
ments using di['®O]valine as a substrate for ACVS from Cephalosporium acre-
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monium demonstrated that dipeptides can be formed without loss of label,
implying that thioester formation is not obligatory during the peptide synthetase
catalysed formation of amide bonds. The observation suggests that there may be
more than one possible mechanism for the peptide synthetases.’

2.2 Isopenicillin N Synthase (IPNS) — IPNS has been crystallised in the
presence of iron and its tripeptide substrate under anaerobic conditions.® A
comparison of EXAFS studies in solution and the crystalline phase was carried
out. Most significantly, the high-resolution structure of the IPNS-Fe-ACV
complex was solved in the presence and absence of NO (acting as a dioxygen
analogue’). Based on the structure a mechanism was proposed in which both
rings of the penicillin nucleus were formed without the assistance of acid/base
catalysis from amino acid residues (Scheme 2). Instead reactive species derived
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from the dioxygen molecule were responsible for the cleavage of cysteinyl and
valine B-(C-H) bonds and the N-H bond of the cysteinyl-valine amide link.
One interesting feature of the structure IPNS-Fe-ACV was the observation
that the valine B-(C-H) bond which must be cleaved was directed away from
the iron centre. It was proposed that rotation about the valine Ca-CB bond
occurs after formation of the monocyclic ferryl intermediate (3). Mutagenesis
studies on two conserved histidine and one aspartate residues are consistent
with crystallographic and sequence analyses indicating these residues complex
the active site iron.!%!! In the Mn-IPNS (4. nidulans) crystal structure a fourth
ligand, GIn-330, was observed to ligate the active site iron. Deletion and
substitution mutagenesis studies have demonstrated this residue is not required
for in vitro catalysis by both the A. nidulans and Streptomyces jumonjinensis
IPNS enzymes.'>!® The synthesis'**® and incubation of analogues of ACV in
which the valine residue was replaced by a labelled 2-methylcylopropylglycine
residue has been described. Interpretation of the labelling patterns in the
bicyclic products led to support for an insertion-homolysis mechanism, in
which ‘free radical character is manifested only after cleavage of the cyclopro-
pane ring’. Analogues of ACV in which the NH of the aminoadipoyl-cysteinyl
link was 1,3-transposed into the aminoadipoyl side chain were not substrates
for IPNS."

2.3  Cephalosporin Biosynthesis — Deacetoxycephalosprin  C  synthase
(DAOCS) has been shown to convert 3-ethylidene cephalosporin C (4) into
two diastereomeric alcohols (5). In contrast to previous studies with DAOCS,
but consistent with those with DAOC/DAOCS, DAOC was shown to ring
expand adipoyl-penicillanic acid (6) to the adipoyl cephalosporin (7).'® This
observation is supportive of the conversion of (6) into (7) occurring during a
commercial process for the preparation of 7-aminodeacetoxycephalosporin C,
involving the use of P. chrysogenum transformed with DAOCS. See previous

P:oUls: o0

CO,H COZH OH
4

R = D-&-(a-aminoadipoyl)

RNHI‘/S RNHI(S
N~
o N\2< o}

CO,H COzH
(6) R = adipoyl (7) R =adipoyl

2.4  Penicillin Acylases — A penicillin V amidohydrolase has been isolated from
two species of P. chrysogenum.'” The activity with penicillin G was only 1.5%
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that of penicillin V and no acyl-penicillin formation from 6-aminopenicillanic
acid (6-APA) and phenoxyacetyl or phenylacetyl coenzyme A was observed.
Thus, the enzyme differs from the phenylacetyl CoA:6-APA acyltransferase
involved in penicillin biosynthesis. The regulation of the phenylacetic acid uptake
system of A. nidulans has been studied'® and found to be strongly induced by
phenylacetic acid and less so by phenoxyacetic acid.

A detailed kinetic study on penicillin G acylase gave results characteristic of a
mechanism involving an acyl-enzyme intermediate.'® Pencillin G acylase con-
tinues to find use for the removal of phenylacetyl protecting groups,”®?! some-
times coupled with resolution.’>** Nice examples of its use can be found in
phosphopeptide and nucleopeptide synthesis.?**> The synthesis of acylated
penicillins using penicillin G acylase and methyl esters has been investigated in
various solvents.?®?” Immobilized penicillin G acylase has also been used for the
N-phenylacetylation of amino acids in biphasic systems.*®

Interest in the optimization of penicillin acylases for the cleavage of penicillin
side chains remains high, with many studies being reported.?®2”-**=3!' A penicillin
acylase has been purified from Bacillus magaterium.>

2.5 Cephalosporin Acylases/Acyltransferases and Acetylases — The gene
coding for glutaryl-7-aminocephalosporanic acid (GL-7-ACA) acylase from
Pseudomonas sp has been cloned.®® Kinetic analysis of mutants, including
those involving all the cysteines of the GL-7-ACA enzyme, have been carried
out.* A one-pot chemo-enzymatic procedure for the conversion of cephalos-
porin C (8) into Cefazolin (9) has been described.*>*® The procedure employs
D-amino acid oxidase to deaminate the side chain and hydrolysis of the
resultant glutaryl side chain by glutaryl amidase. Finally penicillin G acylase
catalyzed introduction of the side chain to give (10) and displacement of the
acetoxy group with S-mercapto-5-methylthiadiazole to give Cefazolin (9)
(Scheme 3).
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The cephalosporin C-3 deacetylesterase gene from Bacillus subtilis was cloned
into E. coli.>” A lipase from Aspergillus niger was purified and shown to hydrolyse
the 3-O-acetate of cephalosporin C and other cephalosporins, Cephalotin and
Cefotaxime.*® A recombinant acetylase from Thermoanaerobacterium has se-
quence similarity with the B. subtilus deacetylesterase and was shown to have
thermostable activity.®

2.6 Clavam Biosynthesis — Disruption of the caR regulatory gene for clavu-
lanic acid (11) and cephalosporin biosynthesis in S. clavuligerus resulted in the
loss of the ability to synthesize antibiotics. Amplification of it resulted in an
increase in antibiotic synthesis.** Labelling studies designed to identify the
primary metabolic precursors of the three carbons of the B-lactam ring of the
clavams have been carried out by two groups. They revealed that the hydrogen
at C-2 of glycerate is lost in the conversion into clavulanic acid*' and that
pyruvate is more likely than glycerate to be the direct primary metabolic
precursor of the B-lactam carbons.*? The 2-oxoglutarate dependent oxygenase
clavaminate (12) synthase (CAS), which catalyzes three steps in clavam
biosynthesis, remains the subject of interest. Spectroscopic studies indicate that
its active site iron is ligated by two histidine residues and a carboxylate ligand,
similar to IPNS and DAOC.** However, primary sequence analyses indicate
little sequence similarity between CAS and the oxygenases of penicillin and
cephalosporin biosynthesis, so its three-dimensional structure will be of interest.
Full details of the use of CAS for the preparation of 5,5 y-lactams (13) and (14)
have been described. Whilst these compounds are unlikely to display antibac-
terial or B-lactamase inhibitory activity due to their stereochemistry, one of
them (13) has proved difficult to prepare via chemical synthesis. In the future
CAS, possibly in combination with other enzymes, may prove useful for the
preparation of new y-lactam enzyme inhibitors.** Labelled clavaminic acid (12)
has been synthesized in a chemo-enzymatic manner by incubation of labelled
proclavaminic acid (15) with CAS. The resultant (12) was used to provide
evidence that the branch-point between clavulanic acid (11) biosynthesis and
that of other clavams occurs at a late stage in the biosynthetic pathways,
possibly at clavaminic acid (12) itself.*> A new synthesis of proclavaminic acid
(15) has been reported.*®

ST

COH CO,H CO,H
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.-0O NH; ; OH
_ | '
Q\l \ef o Y\/\ NH,
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2.7 Carbapenem Biosynthesis — Analysis of the biosynthetic genes for carba-
penem biosynthesis (16) has revealed surprisingly that two of them are related to
genes encoding for enzymes involved in clavulanic acid (11) biosynthesis.*” One
of them shows sequence similarity to clavaminate synthase. The other is also
related to asparagine synthetase. The position of the asparagine synthetase
related genes in both clavulanic acid and carbapenem operon suggest these
enzymes catalyse early steps in their respective biosynthetic pathways. Together
with previous work from the same group this study paves the way for the
identification and characterization of the individual enzymes catalyzing steps in
carbapenem biosynthesis.

N/

CO,H
(16)

3 B-Lactamases and Related Enzymes

The period of review has seen major advances in the study of metallo (Class B) -
lactamases, which are of increasing clinical importance. Structures were reported
for the enzymes from Bacteroides fragilis****® and B. cereus.**” Two zinc binding
sites were observed in both enzymes, but whether the binding of zinc at both sites
is required for catalysis is uncertain. In the B. fragilis enzyme, one Zn was
tetrahedrally coordinated and the other had trigonal bipyramidal coordination.
However, only a single Zn was observed in the B. cereus enzyme. It was proposed
that one or both zinc ions polarise a water molecule for attack onto the f-lactam
carbonyl. Spectroscopic studies demonstrated that the B. fragilis enzyme binds
two Zn ions and, together with mutagenesis studies, implies a role for both zinc
ions in catalysis.so However, studies on the metallo B-lactamase from Aeromonas
hydrophilia indicate only one tightly bound zinc is required for activity with zinc
binding at the second site actually inhibiting the enzyme.>! Both thiols>> and thiol
esters®>3* have been shown to be inhibitors of the Class B enzymes. In the latter
case analysis of inhibited protein was consistent with a mechanism involving
initial cleavage of the thiol ester releasing a thiol which formed a disulfide with
the active site cysteine under the aerobic assay conditions. Trifluoromethyl
ketones (17) and alcohols (18) have also been shown to be inhibitors with
competitive inhibition being observed for three of the enzymes, but irreversible
inhibition being observed (surprisingly) for the Aeromonas hydrophilia
enzyme.>° A new route for the synthesis of trifluoromethyl derivatives of amino
acids was developed in which the key step involved reaction of Ruppert’s reagent
(TMS-CF3) with oxazolid-5-ones (19) (Scheme 4).

The precise details of the mechanisms of the Class A and C (serine) f-
lactamases remain of interest and despite crystal structures remain the subject
of some controversy. The details are beyond the scope of this review but
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careful mutagenesis and kinetic studies have been carried out.’’ > The most
controversial aspect is the nature of the general base in the acylation step of
the Class A enzyme mechanism. pK, calculations indicate that Glu-166 is a
much more likely candidate than Lys-73.%° In the presence of bicarbonate the
E. cloacae P99 enzyme catalyzed hydrolysis of 6-APA (20) unexpectedly led
to 8-hydroxypenicillic acid (21).° A mechanism involving carbamate forma-
tion followed by acylation of the enzyme and rate-limiting intramolecular
cyclisation of the carbamate onto the acyl-enzyme (22) was proposed (Scheme
5).
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The structure of the E. coli TEM-1 B-lactamase complexed with the f-
lactamase inhibitory protein (BLIP) reveals that the B-hairpin loop of BLIP
inserts into the active site mimicking the binding of a penicillin nucleus.®’ The
results may lead to the design of non B-lactam B-lactamase inhibitors. A f-
lactamase encoded for in the cephamycin/clavam gene cluster of S. clavuligerus
was purified and found to bind benzylpenicillin, a result reflecting a rate-
limiting deacylation step. The in vivo role of this enzyme in a clavulanic acid
(11) producing strain is uncertain and of interest.%>

Details of the B-lactamase induction pathways are being elucidated. B-Lacta-
mase induction in E. cloacae is linked intimately to peptidoglycan recycling, and
has been investigated by careful analysis of cell wall fragments of E. coli.%® It was
concluded that the signal molecule for B-lactamase production in E. cloacae is an
anhydromuramyl-pentapeptide.

Studies by electrospray ionisation MS (ESMS) and HPLC on the inhibition of
the TEM B-lactamase by clavulanic acid (11) and analogues (23) and (24)*+%
have led to a revised mechanism in which initial acylation of Ser-70 and ring
opening of the 4-membered ring is followed by that of the 5-membered ring.
Decarboxylation and subsequent hydrolysis lead to aldehyde (25). Both aldehyde
(25) and hydrated aldehyde (26) were observed, suggesting the aldehyde protects
the ester link with Ser-70 from hydrolysis. Alternatively cross-linking with Ser-
130 can occur to give a vinyl-ether (27) (Scheme 6).

A series of tripeptides including (28) were reported to be potentiators of
methicillin against MRSA. The mode of action is unknown, but may be related
to the ability of the peptides to form B-turns.®¢

4 Penicillins and Cephalosporins

The need for a broad spectrum B-lactamase inhibitor, active against Class A and
C enzymes, continues to grow. The success of Sulbactam and Tazobactam has
rendered the penam sulfones of particular interest. 2B-Acyl derivatives (29) were
prepared via alcohol (30) and acid (31). One of these compounds (32) showed
activity (in combination with Ceftazidine) comparable to that of Tazobactam.®’
2-Acyl-derivative (33) also showed promising activity.®® 2p-Oximinomethyl (34)
and 2B-hydrazinomethyl penam sulfones are reported to show improved synergy
with Ceftazidine versus Class C B-lactamase producing organisms.®® Addition of
a (6R)-6a-hydroxybenzyl side chain as in (35) did not give the hoped for
improvement in synergy versus P. aeruginosa strains.

a-Aminosulfonopeptide (36) was prepared as an analogue of penicillin/acyl-D-
Ala-D-Ala peptides, but proved to be very unstable. Methyl ester (37) had a half-
life of < 10 min. in MeOH/water at pD 5.%° Penicillin functionalised norbornene
polymers were synthesized via metathesis polymerization using a Ru-catalyst.”
Penicillin analogues with a styryl group at the 6-position (38) were prepared from
6a-bromopenicillanic acid via a cobaloxime cross-coupling procedure.”’ Norpeni-
cillin sulfoxides (34), synthesized via hydrogenation of exomethylene penam (40),
have been shown to undergo the Morin ring expansion to give cephems (41), with
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a requirement for the B-orientation of both the methyl and sulfoxide groups in
the penicillin.”? As with other sub-families of B-lactams, penicillins are being used
in the construction of libraries, e.g. in a search for new inhibitors of elastase’”

and HIV protease.”

Penicillins can be released efficiently from Merrifield/Wang

resins using AICl;.”°
Penicillins continue to attract the attention of spectroscopists and theoreticians



5: p-Lactam Chemistry 345

Ph o

HN \5:
/\'ko ©
o H—N OH
Ph <
Ph
(28)
o)
\é‘://o QH C\)\/ O OMe
4
N *CH -
o ( 3 N \‘ CHs
CO2Na CO,Na
(29) R = COR (35)
(30) R = CH,OH
(31) R =CO,H
(32) R = COEt
(33) R = COMe
(34) R=CH=N
OMe
Ph B
- H v
CHs S RCOHN S! e
AN /N COzR N N “H
RCONH™ 57 o o
O O CH, CO,R CO,R
(36) R=H (38) (39)
(37) R =Me
RCOHN j/_r RCOHN j/::;‘
COZR
(40)

with reports on calculations on their hydrolysis,”® transition metal complexes’”~"®

and an interesting combined NMR/X-ray study on the dynamics of phenyl ring
motion in pencillin V crystals.”

Cephalosporins: 7-Aminocephalosporanic acid (7-ACA) was prepared by total
synthesis via a 7-epi-ACA derivative.® The route employed a ketene-imine
cycloaddition (Scheme 7) to make the B-lactam ring in 38% yield. Epimerisation
of (42) was achieved via reported methods. An HPLC separation system for all
four stereoisomers of 7-ACA was described and led to the conclusion that the
natural material had an e.e. of >99.95%. Practical (i.e applicable to multi-gram
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scale) synthetic routes to ent-cephalsoporins and 6S-cephalosporins starting from
6-APA have been described.®! In one approach inversion of the stereochemistry
at the penicillin C-5 and C-6 positions was achieved before ring expansion
(Scheme 8), whilst in the other stereochemistry at the C-5 position was inverted
before ring expansion and the C-7 cephem stereochemistry was inverted after
rearrangement.81

The synthetic work of Torii et al. has been a highlight of the review period. A
new route to 3-nor-cephems (43) by reaction of the dichloride (44), available in
several steps from 6-APA, with tributyltin hydride/CuCl in N-methylpyrrolidone
has been described. The reaction is proposed to proceed via enolate (45).5% The
same group also describe full details of how treatment of allene carboxylate (46)
with nucleophiles, e.g. morpholine, azide, chloride in the presence of CaCl,, leads
to 3-subsbtiuted A-3 cephems.®® In the case of chloride reaction, the formation of
the unwanted 3-phenylsulfonyl byproduct (47), formed by reaction of allene (46)
with benzenesulfinate, was eliminated by in situ oxidation of the latter to the less
nucleophilic sulfonate.3* Reaction of allenecarboxylate (46) with allylic and
benzylic halides R-X to give cephems (48) was achieved in a reductive addition/
cyclisation process employing a ‘three metal redox system’ consisting of {Al-
metal, cat. PbBr,, cat. [NiCly(bipyr)]}.¥

Ring expansion of a penicillin sulfoxide (49) into an exomethylene cepham (50)
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is a key step in the industrial preparation of Cefaclor. The process proceeds via
conversion of sulfoxide (49) to sulfenyl chloride (51) which is treated with SnCly/
MeOH to give exomethylene cepham (50). The production of a chlorinated
byproduct (52) is minimized by the use of alkene scavengers.®®

Ozonolysis of A-2 cephems (53) leads to enols (54), together with some

o ¢ ¥
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o
0 H v
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52) CO,PNB

sulfoxide (not shown).®” Treatment of one of the enols (54) with N-chlorosuccini-
mide followed by base gave oxapenem (55) and constitutes a new entry to these
compounds (Scheme 9). t-Butylhydroperoxide in the presence of catalytic cam-
phorsulfonic acid oxidises cephalosporins to their sulfoxides. In contrast to the
use of m-CPBA, a mixture of a- and B-sulfoxides is obtained.®® A facile route to
the t-butyl esters of cephalosporins employs t-butylacetate in the presence of
BF;.Et,O rather than sulfuric acid as previously used.®’

Extensive SAR studies continue on the cephalosporins in efforts to obtain
broad spectrum, preferably orally active antibiotics. Most modifications are
made at the C-7 and or C-3 positions. Description of the biological activities of
these compounds is beyond the scope of a review concentrating on chemistry.
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Only modifications involving new directions/chemistry are discussed here. Others
are listed in the Appendix.

C-7 modified compounds: Replacement of the C-6, penicillin or C-7, cephem
acetamido side-chain with a sulfonamido one to give (56a) or (56b) results in the
retention of significant activity against a range of bacteria.’® The susceptibility of
these compounds to B-lactamase mediated hydrolysis will be of interest. C-6
Penams and C-7 cephams (including those with leaving groups at the C-3’-
position) react with (cyclo)ketones under acidic conditions to form surprisingly
stable alkylideneammonio salts, e.g. (57) and (58), which are useful as intermedi-
ates.’' Phloroglucide analogues of polyketide antibiotics have been linked to both
the C-3’ and C-7 positions of cephalosporins.®? Some of the compounds, e.g. (59),
showed resistance to P-lactamases whilst still displaying interesting levels of
antibacterial activity. Given their potential as metal-chelators, these compounds
should be tested as metallo B-lactamase inhibitors.

H
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cl
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(58) z (59) COH

C-3 modified compounds: An alternative to the Stille protocol, which uses
Bus3SnH, for the reduction of 3-chloro or 3-triflate cephems to give 3-H cephems,
is to use Et3SiH in the palladium catalyzed reaction. 1.1'-bis-Diphenylphosphino-
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ferrocene or PPh; were used as palladium ligands and high yields were obtained
under optimised conditions.”®> A one-pot procedure for the preparation of 3-
(alkenyl) cephems from 3-hydroxymethylcephems via Wittig chemistry has been
described.”* Pummerer reaction of exomethylene sulfoxide (60) allows trapping
with aromatic or olefinic nucleophiles giving A>-C-3" substituted cephems (61).”
Cephem 3-triflates underwent Stille coupling to give 3-vinyl sulfoxide (62),
potential B-lactamase inhibitors. None of the compounds synthesized displayed
any B-lactamase inhibitory activity, but two compounds displayed activity versus
MRSA.*

In an investigation into the reaction of 3-chloromethylcephem (63) with

o)
I
Phth;(S PhtN s RCOHN s
O ‘ O %/ 2 O / ﬁ/
CO,CHs CO,CHs CO,R? o}
(60) (61) 62)

organotin reagents in the presence of CuCl in the presence of various additives,
Torii et al. optimised yields for the desired products (64). Exomethylene cephem
(65) and dimer (66) were isolated as byproducts under some conditions (Scheme
10).°

Several studies on cycloaddition reactions with cephalosporins have been

No cl N R N
o o o : oj;%
CO,R CO,R COR 2

CO,R

(63) (64) (65) (66)
Scheme 10

reported.”® 1% 3.(1,3-Butadienyl) cephem (67) was reacted in both [3+2] and
[4+2] cycloadditions. The [3+2] cycloadditions occurred only at the terminal
alkene and were successful with nitrile oxide and azomethine imine to give
adducts, including (68) and (69). Diels-Alder reaction with two dienophiles, (70)
and (71), gave a mixture of diene diastereomers (72) or (73).'% Cycloaddition
reaction of 3-cephem triflate (75) with silylenol ethers or silylketene acetals leads
to cyclobutanes (76) (Scheme 11), which can be fragmented by treatment with
fluoride giving a mixture of A*/A® cephem isomers, which was converted into the
Aisomers (77) solely by the known oxidation (MCPBA)/reduction (PBrs)
procedure. !

3-Vinyl-A%-cephem (78), synthesized via CuCl promoted Stille coupling, under-
went reaction with dienophiles to give tricyclic cephams (79). Dimerization of
(78) was also observed on heating. The most detailed study on cycloaddition
reactions on cephems comes from Elliott er al.®® Cephem 3-triflates (80) were
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treated with Hiinig’s base and reacted with a wide variety of alkenes and alkynes
in [2+2] cycloadditions to give (81) and with dienes, including furan, to give [4+2]
cycloadducts, such as (82) (Scheme 12). In the latter case the regiochemistry of
the products is determined by the oxidation state of the cephem sulfur (cf.
Schemes 12 and 13). Detailed mechanistic studies were carried out and the
reaction products rationalized by invoking a strained 6-cyclic allene (83) inter-
mediate.

Elastase inhibition is a known application for cephalosporins. Several groups
are exploring the effects of substitution of the cephem ring on elastase inhibitory
activity. Buynak has extended his work with 7-alkylidenecephalosporins as [-
lactamase inhibitors to show that 7-vinylidene (84) and 7-alkylidene (85) benz-
hydryl esters are elastase inhibitors.'®> Note, optimum activity was obtained as
the sulfide rather than the sulfones. Deprotonation of cephem sulfone (86) with
NaH, followed by reaction with carbon disulfide and an alkyl halide gives 2-(1,3-
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diothiolan-2-ylidene)cephems (87) or (88), which were reported to be potent
elastase inhibitors. %3

1
Rt o R o,
S R, $
R
No _— OAc N~ OAc
o )
CO2CHPh; CO,CHPh;,
(84) (85)
SR s
Q0 Q0 j
H3CO._ S H3CO._ S H3CO._ s
SR s
N~ N~ N~
o CH; o) o)
CO,Bu! CO,Bu! CO,Bu!

(86) (87) (88)



352 Amino Acids, Peptides and Proteins

The potential use of B-lactams in antibody directed prodrug therapy continues
to be investigated. N-Nitrosochloroethyl-cephem (89), prepared from cepha-
lothin, was found to be a good substrate for a Class C B-lactamase and is
designed to release a chloroethyl diazo species in the presence of an antibody -
lactamase conjugate.'®*

HOHOH

ArCH, No: 'S
NC
TIC L .0
4
o T \/\CI

OMe o]
(89)

5 Carbacephems

The first commercial carbacephem, Loracarbef (90), was introduced for the
treatment of various infections in 1992. While being a potent, orally active
antibiotic, the carbacephem motive (X = CH,) increases the chemical and hydro-
lytic stability relative to the cephem analogue Cefaloclor (91, X =S). As carbace-
phems are to-date only available by total or semi-synthesis, new approaches to
the parent ring system are of considerable interest.

RCOHN X
g
o cl
CO,H

(90) Loracarbef X = CH,
(91) Cefaloclor X =S

Overman’s halide terminated N-acyliminium ion alkyne cyclisation is a
powerful method for the construction of complex N-containing heterocycles
(Scheme 14). Its successful application to the carbacephem nucleus, in a formal
total synthesis of Loracarbef (90), has been reported!°*The crucial cyclisation
step of (92), obtained in several steps from a commercially available precursor,
was initiated by SnCl, and proceeded in 60% yield to afford vinyl chloride (93).
Ozonolysis of (93) led to carbacephem enol (94), which was converted into the
triflate and subjected to nucleophilic displacement affording loracarbef and
various analogues (Scheme 15).

Another approach to the carbacephem nucleus utilises the related N-acyl
iminium ion cyclisation (Scheme 16).'° Lewis acid-mediated cyclisation of N-
hydroxy-methylene precursor (95) proceeded in moderate to excellent yield,
depending on the nature of the substituents. Attempts to use similar
conditions for the cyclisation of N-a-hydroxy esters did — perhaps surprisingly
— not afford the desired C-2 carboxylate-substituted product. However, it was
found that electron richer, ie. more nucleophilic, cyclisation precursor (96)
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gave the ring-closed product in 50% yield. In a chiral modification of this
approach, optically active N-hydroxy-methylene precursor (95) was obtained
by enzymatic resolution involving lipase-mediated transesterification with
vinylacetate. "’
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Scheme 16

The acid-mediated conversion of furylamides into heterocycles is known as the
aza-Achmatowicz rearrangement (Scheme 17). Treatment of 3-furyl azetidinone
derivative (97) under similar conditions (Scheme 18) figures as key step in a novel
approach to the carbacephem skeleton.!’® Whereas the cyclisation proceeded in
excellent yield, conversion of the C-4 methoxy group into a cyano group required
a number of steps.

As in the case of other B-lactam antibiotics, the emergence of resistant bacterial
strains has reduced the efficacy of carbacephems in clinical use. The SAR around
C-3 has been further studied with the aim of improving in particular the activity
against such resistant strains. Aromatic and heteroaromatic thiophenols (98) as
C-2 substituents were shown to have the desired effect in vitro.'%
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6 Penems

Interest in the 6-acetamido penems, first synthesized by Woodward, waned when
it was discovered that they were insufficiently stable for clinical use. Subse-
quently, more stable penem derivatives with potent antibacterial (including
MRSA) and B-lactamase inhibiting activities have been discovered. However,
optimized or new synthetic procedures may be required in order to minimize
production costs if these penems are to be used clinically.

Torii and co-workers have described an interesting and potentially useful
method for the ring contraction of 3-substitured cephems into 2-exomethylene
penams and/or 2-methylpenems.''® Thus, treatment of cephems (99) with Al/
BiCl5/AlCI; led, in N-methyl-2-pyrrolidinone, to exomethylene penam (100) and/
or penem (101), with the product ratios depending upon the temperature, reaction
time and amount of AlCl; present. Switching the solvent to methanol led to the
apparent exclusive production of (102). Although the precise mechanism of the
conversion of (99) is unclear, it seems likely that reductive elimination to give
allene (103) is followed by subsequent Michael addition to give exomethylene
penam (100), which may undergo isomerization to (101). In MeOH, two-electron
reduction of (99) followed by rapid protonation occurs and gives (102).

Pfaendler has reported that, as for the oxapenems, 2-tert-butyl substituents
substantially increase the hydrolytic stability of the penems.!'"!!? The intramole-
cular Wittig reaction proved useless for the synthesis of these compounds.
However, Budt’s modified ‘oxalimide’ route proved to be successful. The half-life
of (104) was extended by about 10-fold relative to its 2-unsubstiuted penem
analogue. 2-Hydroxyethyl derivative (105) was also significantly more stable than
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its oxapenem analogue. The antibacterial and B-lactamase inhibitory activity of
(105) was compared with that of (104). The increased stability of the 2-susbtituted
penems allowed the synthesis of the sulfoxides (106), (107) and the corresponding
sulfones.''* As anticipated sulfur oxidation resulted in a decrease in stability. The
sulfoxides (106) and (107) also displayed reduced antibacterial activity compared
to the parent sulfide. The sulfone (109), whilst inactive in antibacterial asssays
(presumably due to its instability), was a potent inhibitor of both the E. cloacae
and E. coli TEM B-lactamases.
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Crystal structures of a series of penems have been used in an attempt to
rationalize their antibacterial activities.''* The results were consistent with an
experimental study which demonstrated that 5,6-cis-penems, including (110),
possessed potent antibacterial activity versus a range of bacteria, including
MRSA and B-lactamase producing strains.!'> The structure-activity results were
discussed in terms of the formation of a hydrolytically stable acyl-enzyme
complex with the target enzymes.

More details of the synthesis of penems of general formula (111), which are
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inhibitors of bacterial signal peptidases'!® have been reported. The synthesis
employed established methods for the preparation of 5S-penems followed by
photoisomerisation to give the desired 5 R-penems.

OR

/‘* --S
ﬂ\/)
(o]
CO,CH,CH=CH,
(111)

7 Clavams and Oxacephems

Chmielewski and co-workers continue to exploit their route to chiral clavams
using [2+2]-cycloaddition of chlorosulfonyl isocyanate to sugar-vinyl ethers'!’
and a stereochemical model rationalizing the observed stereoselectivity has been
proposed.!'® The products of the cycloaddition have been subjected to intramo-
lecular N-alkylation to give l-oxabicyclic B-lactams fused to six- or seven-
membered rings.''” See section 4 for a new entry into the oxopenem ring
system, viz. (54) to (55).%7 Clavam analogues have been used for the generation
of azomethine ylids which were successfully employed in the synthesis of
carbapenems via [1,3]-dipolar cycloaddition chemistry. This new approach by
Gallagher et al. is described in section 9. The stereoselective cycloaddition of
chlorosulfonyl isocyanate to 3-O-vinyl ethers derived from sugars has also led to
the synthesis of series of oxacephems, one of which displayed weak antibacterial
activity.'!

8 Trinems and Related Compounds

The trinems (a.k.a. the tribactams), discovered in the laboratories of Glaxo
Wellcome (Verona), have been the subject of several detailed reports, with acid
GV104326, Sanfetrinem, (112) and metabolically labile ester GV118819 (113)
being presently in clinical trials. Structure-activity studies on 8-methoxy and 4-
methoxy trinems, involving the synthesis of various isomers, indicated that (112)
was the best compound in terms of antibacterial activity and B-lactamase
stability.'?%!2! These Glaxo Wellcome compounds were prepared by total synth-
esis from acetoxy azetidinone (114) and production costs may be a factor in
compounds to be chosen for clinical use. Cyclisation of the bicyclic precursor
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(115) was achieved by N-acylation with allyl oxalyl chloride in the presence of
triethylamine followed by reflux of the resultant oxalimide in xylene with triethyl
phosphite, to give (116) (Scheme 19).'%°
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CO,CH,CH=CH,
(116)

Scheme 19

Full details for preparation of the intermediate isomeric epoxides (117) have
been reported.'?” In an alternative trinem synthesis, not requiring a chiral
cyclohexanone, and also starting from (114), a key step was the deprotonation of
epimeric (118), followed by formation of a zinc enolate complex which was
quenched with diethylmalonate and then ammonium chloride to give (119) as the

OTBS

OMe
NH
(117) (118) (119)

major (>15:1) isomer.'** Alternative trinem variants with different substituents at
the 4-position have been of particular interest with 4-alkoxy,'?!!12*1% 4.
ureido,'?® and 4-amino'?’ derivatives having been reported. Some of these show
improved in vitro activity with respect to (112). Using modified versions of this
scheme, 5- and 7-oxa-trinems with differing stereochemistries at C-8 have been
prepared.'?° The results emphasize the importance of an allylic oxygen (at C-5 or
C-7) in the 6-membered ring coupled with the S-stereochemistry at the 8-position.
Since substitution with oxygen at C-5 or C-7 increases activity the results suggest
the oxygen is not important for initial binding, but may activate the B-lactam or
stabilize the acyl-enzyme complex. Since mechanistic studies have not yet been
reported it cannot be ruled out that an elimination reaction occurs after acylation
of the target enzymes.'?® However, the significant inhibitory activity observed for
the Sa-hydroxyethyl compounds would argue against this.'*®
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Stereo-controlled syntheses of Sanfenitrem (112) and its enantiomer have also
been achieved using the ester enolate N-trimethylsilylimine approach.'” Devel-
opment of the Glaxo Wellcome compounds will probably kindle interest in other
tricyclic B-lactams. Tricyclic diazo carbapenems (120), analogues of Sanfenitrem,
have been synthesized.'*® The route involved inverse Diels-Alder reaction of
(121) with (122) to give (123). N-Alkylation with benzylbromoacetate, followed
by oxidation gave sulfone (124). Base (LHMDS) mediated cyclisation gave the
desired tricyclic ring system. The Pauson-Khand reaction has been used for the
synthesis of tricyclic B-lactams, treatment of enynes (125) with Co,(CO)g followed
by thermally or trimethylamine N-oxide mediated decomposition of the cobalt
complexes gave tricyclic p-lactams (126) (Scheme 20)."*! An aryl radical cyclisa-
tion route has also been used to prepare tricyclic f-lactams. In the cyclisation step
6-exo-cyclisation predominated, but some 7-endo cyclisation was observed
(Scheme 21).'* Acylation of methylthioimidates (127) with substituted acetyl
chlorides led to either B-lactam (128) or N-acyl products (120) depending on the
structure of the bicyclic starting material and the substituent on the acetyl
chloride.'*® Zwitterions (130) were proposed as intermediates (Scheme 22).
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Nﬁ/N
SMe
(122) (123) R =SMe

N
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N i trimethylamine N-oxide N
o R Y o

Scheme 20

9 Carbapenems

Whilst the development of new synthetic routes to the carbapenem nucleus
remains an important area of research, exploration of the structure-activity
relationship (SAR) around the C-2 substituent (see (132) in Scheme 23) is another
focus of attention. In the light of resistance against f-lactam antibiotics in general
an increase in potency and hydrolytic stability of carbapenems appears to be a
viable strategy to combat bacterial infections. Hence another area of considerable
interest concerns the study and improvement of the biological profile of
carbapenems.
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An Eschenmoser sulfide contraction reaction has been used as a key step for
the construction of the carbapenem nucleus.'** Thus, 1,3-thiazinone (131) was
directly converted into (132) in a one-pot procedure in good yields (Scheme 23).
The same authors have described a ketene dithioacetal terminated cyclisation
approach to carbapenems.'*® The intermediate acyliminium ion was generated in
situ by base-mediated elimination of mesylate (133) (Scheme 24). Transformation
into 1B-methyl-carbapenem (134) was accomplished using standard procedures.
Gallagher et al. have employed novel 1,3-dipolar cycloaddition chemistry to
access the carbapenem nucleus.!*® Thermal decarboxylation of p-lactam based
oxazolidinone (135) gave intermediate 1,3-dipole (136) which was trapped with a
variety of dipolarophiles (Scheme 25) in moderate to good yields (see also the
section on clavams).!*” Biologically more important A’-carbapenems were only
available via oxidation/elimination of C-2 selenides. Another approach to carba-
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penems employing 1,3-dipoles has been reported by Jung and Vu.'*® Intramole-
cular cycloaddition of (137) gave isoxazole (138) as a single diastereomer in 84%
yield (Scheme 26). B-Amino acid carbapenem precursors were prepared using
organo-cobalt chemistry (Scheme 27)."*° A modified Nicholas reaction gave
acetylenic acid (139) which was converted by a Curtius rearrangement into N-
BOC protected B-amino acid (140). An interesting feature of this chemistry is the
control of relative and absolute chemistry at three contiguous carbon centres. In
a formal synthesis of thienamycin a diastereoselective conjugate addition reaction
of chiral allylamide (141) to (E)-t-butyl pentane-2,4-dienoate followed by a
stereoselective aldol reaction figured as the key steps'*®. A Pd-mediated ring-
closure with subsequent hydrogenation has been used to access 1B-methyl
carbapenems (142) in good yields (Scheme 28). Pure 1B-isomer was isolated in
70% yield with the asymmetric induction being exerted by the stereogenic centre
present in the rigid bicyclic ring system.'*!

Improved syntheses of known carbapenem precursors have been reported (see
also the section on azetidinone chemistry). Thus, bis(hydroxymethyl) acetalde-
hyde (143) was used in a protecting group controlled asymmetric induction
approach to carbapenem precursor (144).'4? Two new approaches to (114) made
use of (L)-threonine as a starting material.'**'** Another synthesis of carba-
penem precursors started from isoxazolidine derivatives (145).14314% The latter
were obtained via [1,3]-dipolar cycloaddition of appropriately functionalised
nitrones and crotonates. frans-Ethyl crotonate has been used as inexpensive
starting material in a synthesis of carbapenem precursor (146).%®* Pyrrolidenes
figured as starting materials in a conceptually novel approach to simple carba-
penem analogues. The sequence involved a cyclisation of bis-acid (147).'%
Several approaches to crucial intermediate (149) for the synthesis of 13-methyl
carbapenems have been reported (Scheme 29). A number of steps were needed to
obtain (149) from gem-dimethyl precursor (148) (route A in Scheme 29).'*3
Azetidinone (149) was also obtained by ZnCl,-mediated reaction of thioenolether
(150) with (114) (route C in Scheme 29)'%°. The products can be transformed into
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common 1B-methyl carbapenem precursors. Another new route to (149) featues a
reaction of 3-acetoxy-azetidinone (114) with propionyl lactam (151) (route B in
Scheme 29).!%9-152

Dieckmann cyclisation followed by displacement of an intermediate vinylphos-
pate by thiolates gave the bicyclic 1B-methyl carbapenem products in 52-62%
overall yield (Scheme 30).'**!>* Asymmetric formylation of C-4 vinyl B-lactam
(152) using a Rh(IT)-catalyst with chiral phosphine ligands was shown to provide
intermediate (153) (Scheme 31).'%> The reaction exhibited modest to good stereo-
and regioselectivity. Interest in employing radical chemistry methodology for the
synthesis of B-lactams continues. Ishibashi et al reported a synthesis of the
methyl ester of key intermediate (149) for carbapenem synthesis involving a
moderately diastereoselective radical cyclisation (Scheme 32).'°%'” The com-
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bined effect of chiral centres in the C-3 side chain and as N-substituent led to a
3:1 ratio of diastereomers in the cyclisation step.'*®

Fluorinated azetidinone (154) was used as starting material in the synthesis of a
1B-fluoro-carbapenem.'> Carbapenems with activity against methicillin-resistant
Staphylococcus aureus (MRSA) are particularly interesting with regard to the
current problems of bacterial resistance against f-lactam antibiotics. A series of
lipophilic C-2 substituted carbapenems (e.g. 155) was evaluated for MRSA
activity and found to have potent in vitro activity.'®® Dithiocarbamate carbape-
nems (156) were prepared via literature procedures and showed interesting
potency against MRSA. The activity of some analogues was comparable to that
of vancomycin.'®! The same authors report on the activity of pyrrolidine
substituents at the C-2 position of 1B-methyl carbapenems. Several members of
this new group of carbapenem derivatives were prepared.'®*1%* On the basis of its
good biological profile and physical properties Lenapenem (157) was chosen as a
development candidate.'®® Armstrong ez al. have described an efficient synthesis
of the Lenapenem side chain starting from BOC-(L)-trans-4-hydroxyproline.'®’
The parent compound of this series is Meropenem (158) which is one of three
carbapenems approved for clinical use. More detailed SAR studies of Mero-
penem have been carried out.'®® Basicity of the side chain was found to influence
antibiotic activity against some bacterial strains. The 1B-methyl group generally
improved the stability against Gram-negative bacteria. The role of the 1B-methyl
substituent was also studied using MM calculations and 'H NMR spectro-
scopy.'®” The results suggest that this group interacts with the C-2 side chain and
imparts a relative linear conformation on the molecule. The interest in SAR
around the C-2 position has prompted the development of new chemistry.
Nucleophilic displacement of C-2 sulfone groups by various thiols has been used
in the synthesis of carbapenem analogues. The presence of MgBr.Et,O was found
to be crucial for this reaction (Scheme 33).'%® The same authors accomplished a
highly diastereoselective synthesis of (159) which can be converted into the
corresponding carbapenem using reported literature procedures.'®

Several examples for the use of organo-palladium chemistry for the introduc-
tion of modified C-2 side chains have been reported. Narukawa reported cross-
coupling of enoltriflates (160)/(161) with organoboranes in good yields (64%-
85%).17° Direct alkylation of related enoltriflate (160) with allylacetate was
achieved using a Heck reaction (Scheme 34).'”" The reaction was found to be
restricted to the use of Pd(dba), or Pd(OAc), as catalysts. Evidence for
differences in the hydrolysis mechanism of carbapenems and cephalosporin esters
has been obtained.'”> The former appear to be more stable and hydrolyse
through P-lactam ring opening whereas the latter decompose via initial A3-A>
double bond isomerisation. Variation of the C-6 substituent showed that the
hydroxyethyl group is crucial for optimal activity.'”> A new route for the
synthesis of the pyrrolidin-4-yl-thio side chain which is found in Meropenem has
been reported in which thiolactone (162) figured as key intermediate.'”*

Lee et al. have investigated the influence of different pyrrolidine side-chains on
antibiotic potency. Analogues (163) and (164) were found to exhibit the best
combination of in vivo potency and stability.'”> Another group studied the
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influence of a sulfamoylamino group in the same position.!”® Compound S-4661
(165), prepared using Mitsunobu chemistry, was reported to have the best
combination of properties.!”” The effect of heterocycles in the C-2 position on
biological activity has been investigated. Saturated compounds such as (166) and
semi-saturated ones such as (167) were prepared using standard chemistry.
Despite some potent activity the overall activity profile and the stability against
DHP-1 were found to be inferior to Meropenem.'”®!” C-2 a-(Hydroxy)benzyl-
substituted carbapenems (168) were prepared in the same laboratories and
showed a better activity/stability profile, similar to the standard Meropenem.'®°
Tetrahydrofuranyl carbapenems (169) were prepared and shown to have mod-
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erate activity against some species, whilst being completely inactive towards
MRSA.'"8! The activity of diazabicyclo-substituted (169a) has been investi-
gated.'®? Oxetane carbapenems as analogues of tetrahydrofuranyl substituted
(169) were obtained by literature methods. Their significant biological activity
was offset by their hydrolytic instability towards renal DHP.!®® The latter
property could be improved by introduction of a vinyl substituent in the C-2
position as reported by Yamada et al.'®* Remarkably, (169b) lacking the 1p-
methyl substituent was both active and stable towards hydrolysis. These findings
might show the way for an alternative to the 1B-methyl strategy for imparting
hydrolytic stability onto carbapenems.

10  Azetidinones

10.1 Synthesis of Azetidinones — Despite the wealth of previous work in this
area, efforts are still being made to improve existing syntheses or even develop
new routes to the azetidinone ring system. With respect to the latter, enantioselec-
tive approaches are particularly noteworthy. Several reports concern stereoselec-
tive versions of the Staudinger reaction. Double stereodifferentiating [2+2]
cycloadditions of chiral aminoketenes (Evans-Sjogren ketene derived from (170))
with chiral imines (171) have been studied and matched and mismatched cases
were characterized.'®® The same authors reported the synthesis of N-methylid-
ene[bis(trimethylsilyl)methylJamine (172), the first isolable and stable monomeric
methanimine for use in the Staudinger reaction.'®® Cycloaddition of (172) to
ketenes occurs in moderate to good yields. The bis(trimethylsilyl)-moiety can be
removed under mildly oxidative conditions using CAN (cerium ammonium
nitrate). Imine substituents of enolisable a-(trimethylsilyl)methyl imines and their
effects on [2+2] cycloaddition were investigated in detail.'”'®® These compounds
were then applied for the construction of the quaternary centre in 4,4-disubsti-
tuted azetidinones.'® Several reports concern the use of new chiral auxiliaries in
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the Staudinger reaction. Thus, imines (173) containing a bicyclic chiral auxiliary
derived from (+)-3-carene were shown to exhibit high diastereofacial selectivity
leading to B-lactams applicable to the synthesis of the anticancer drug taxol (see
also section on further uses of azetidinones).'”%'°! Use of chirally modified imine
(174) led exclusively to 3,4-cis products in good to excellent yields. Further
modification of the products gave access to pyrrolidinones and other heterocyclic
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products.'®>!%% The Oppolzer sultam auxiliary has been successfully used for the
diastereoselective synthesis of azetidinones. Staudinger reaction of imines with
sultam-derived ketenes proceeded in good chemical yield to give the cis-products
as single diastereomers.'®* Chiral auxiliary (175) was used for chiral Staudinger
reactions with phthalimidoketene. The diastereoselectivity was found to depend
on the diol protecting groups in (175).'%>

O
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Kfo o g/ms
Cl I\EBn
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(170) (171) 172)
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! 0 °
BOC, ,J( N_ LOR o ]\
N N DoTMs
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l\]an R R
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High trans-selectivity regardless of substituents and solvents was observed in a
new two-step Staudinger reaction proceeding via chirally modified intermediate
(176).1¢ Overall this procedure constitutes an enantioselective approach to 3-
amino-4-substituted azetidin-2-ones. The increasing importance of solid-phase
chemistry is also reflected in the field of f-lactams. Staudinger reaction of ketenes
with amino acid derived imines attached to solid phase via a photolabile linker
has been reported to proceed in generally good yields with varying degrees of
diastereoselectivity (Scheme 35).'°7 Further modification of solid-phase sup-
ported 4-arylazetidinones is possible using Suzuki and Heck-type coupling
reactions (Scheme 36).!°® Another approach to ketenes for use in the Staudinger
rection involves the photochemical rearrangement of amino acid diazoketones.
The latter are readily available by Wolff rearrangement of amino acids.'**2°° The
reaction of azadienes (177) with ketenes has been studied and shown to afford
azetidinones under kinetic reaction conditions.®' Absolute asymmetric synthesis
of azetidinones via irradiation of single crystals of substituted 2-pyridinones has
been further investigated.?*> Photochemical conversion of optically active crystals
of oxo-amides which are themselves optically inactive into chiral azetidinones has
also been reported.?®?

Enzyme-mediated methods for the synthesis of optically pure azetidinones
have been further explored. Enantiopure 3-amino-azetidinone was prepared by
kinetic enzymatic resolution with Penicillin G Acylase.?** Chiral p-lactam
precursor (178) was obtained by Baker’s yeast mediated reduction of the
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corresponding B-keto ester.?’® Serinehydroxymethyltransferase has been used for
the synthesis of P-lactam precursor (179).% Lipase-mediated resolution of
azetidinones has also been investigated.?"’
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The emergence of microwaves from obscurity to becoming a standard tool in
preparative organic synthesis is also reflected in the field of azetidinones. 3-
Amino-substituted azetidinones were obtained from tetrachlorophthaloyl-pro-
tected acid chlorides and imines in a microwave-assisted Staudinger reaction
(Scheme 37).2%® Short reaction times, high yields, and predominant formation of
the trans-isomer illustrate the potential advantage of microwave irradiation over
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conventional heating methods. Whilst these studies were carried out in a domestic
oven, no technical details were disclosed in another report about microwave-
assisted Staudinger-type synthesis of 3-chloro-azetidinones.?

The use of diketene in the Staudinger reaction has been studied in more
detail >'® This approach provides direct access to 3-acetyl-substituted azetidi-
nones (Scheme 38). Aziridine-containing imines react with diphenylketene
leading exclusively to formation of azetidinones (Scheme 39).2'! Silylketene
thioacetals derived from 2-pyridylthioesters have been shown to give azetidinones
in a Lewis-acid promoted condensation reaction with imines (Scheme 40).21
Apart from previously known Lewis acid promoters for this reaction, AlBr; and
EtAICl, were also shown to effect the condensation of 2-pyridylthioesters with
imines.?'® The reaction proceeds in good yields for a variety of substrates and
gives predominantly 3,4-trans products. Yb(TfO); as Lewis acid can be used in
catalytic amounts and permits the reaction to be carried out as a one-pot two- or
three-component condensation reaction.?'*
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Reaction of optically active enolate (180) with imines gave chiral azetidinones
with full stereocontrol at C-3.2'3 Chiral pyrrazole (181) has been employed in a
diastereoselective reaction with imines to give chiral azetidinones.?'® The same
auxiliary has been used in a diastereoselective 1,3-dipolar cycloaddition to give
isoxazoles which were further converted into azetidinones in moderate yield.?!” A
new synthesis of N-silylated imines from unsymmetrical disilylamines by treat-
ment with butyllithium has been disclosed (Scheme 41).>'8

The use of carbohydrates as chiral auxiliaries for the [2+2] cycloaddition of
chlorosulfonylisocyanate (CSI) to double bonds continues to be investigated.*'’
Using previously described chemistry a synthesis of dioxolanylclavam (182) from
tartaric acid has been achieved by [2+2] cycloaddition of CSI and carbohydrate
substituted vinylethers.??° N-Unsubstituted 4-benzyloxy- and 4-vinyloxy-azetidi-
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nones were prepared for the first time directly by reaction of readily available
vinyl or benzyl ethers and CSI (Scheme 42).2!??2 The reaction of isocyanates
and 2,3-dihydrofuran has been shown to occur under pressure.’?* Another route
to N-unsubstituted azetidinones involves reaction of imines (183) with acid
chlorides in the presence of base followed by oxidative deprotection.?**
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Several reports investigate new radical-based methodology for the synthesis of
azetidinones. Mn(OAc); has been used as promoter for radical cyclisations of
substituted enamines to azetidinones in varying yields (23-73%) and with
exclusive formation of the 3,4-trans isomer (Scheme 43).*> A similar approach
using CAN as radical initiator gave also predominantly 3,4-trans products, but
proceeded in slightly lower yields.??® The same group has disclosed a practical
route to the enamide starting material for these reactions.?*’
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Ring-expansion routes to azetidinones have been relatively little explored so
far, presumably due to the difficulties associated with the preparation and
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properties of the three-membered ring precursors of B-lactams. It has now been
shown that silver-induced ring-expansion of 2,2-disubstituted 1-methoxycyclo-
propylamines affords azetidinones in 40-95% overall yields (Scheme 44).22® The
same authors report the preparation of 2-methylene-aziridines, which can serve
as precursors to azetidinone derivatives.?”> Cobalt tetracarbonyl anion as catalyst
has been shown to effect carbonylation of aziridines to azetidinones (Scheme
45).2% The mechanism was investigated in detail and shown to involve nucleo-
philic ring-opening of the heterocycle leading to inversion. Carbonylative cou-
pling and cyclisation of 1,3-thiazines and allylphosphates has been reported to
give access to bicyclic B-lactams. The reaction proceeds stercoselectively to give
cis-products (Scheme 46). Electrochemical generation of an azetidin-2-one
derived N-acyl iminium ion followed by trapping with a known [3+2]-annulation
reagent gave 4-substituted azetidinones in good yield (Scheme 47).%!
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Dehydration of B-amino acids provides a convenient entry to azetidinones.
Phosphorus-containing derivatives (184)**2 and (185)**® have been used as
dehydrating reagents for f-amino acids. Reformatsky reaction of a-amino nitriles
has been shown to produce several products including B-lactams.>**

Theoretical investigations into the chemistry and properties of azetidinones
continue.’*~2*® Properties of carbocations derived from B-lactams and thio-p-
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lactams have been investigated both experimentally and computationally.?*® A
number of structures of azetidinones obtained by conventional methods have
been studied by X-ray single crystal analysis.?**~?* Several reports of new
azetidinones and their chemistry and properties have appeared.?*>=>>* A synthesis
of a *H and '*C labelled azetidinone has been reported.?>* 3-Methylazetidinone,
the simplest optically active B-lactam has been prepared and its optical properties
have been fully characterized for the first time.>>> Azetidinones have been shown
to be occurring as fragmentation products of electron-mass impact fragmentation
of 2-piperidones.>*®

10.2 N-Chemistry — Pd-catalysed reaction of ®-2,3-butadienyl (allene) substi-
tuted azetidinones with aryliodides afforded bicyclic ring systems (Scheme 48).>’
N-Protection of B-lactams with 4,4-dimethoxybenzhydrol has been reported to
occur in acetic acid under H,SOy catalysis.2>® N-Arylsulfonation of azetidinones
has been investigated. The yield of these reactions could be substantially
improved by using excess of arylsulfonating reagents at low temperatures.>>
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Scheme 48
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10.3 C-3, C-3' and C-4, C-4' Chemistry — Further details of the Baeyer-Villiger
oxidation of P-lactams have been reported.”®® This stereoselective reaction
constitutes one of the few examples for the preferred migration of a carbon atom
over hydrogen in an aliphatic aldehyde under Baeyer-Villiger conditions. The
same authors studied the synthesis of C-4, C-4'-bis-B-lactams (186) and their base
induced rearrangement to fused bis-y-lactams.?®! Several types of bi- and tri-
cyclic B-lactams were obtained by Dieckmann cyclisation of azetidinone precur-
sors (Scheme 49). Addition of nucleophiles to N-tosyloxyazetidinones in the 3-
position has been further studied and details for the addition of amines have been
reported. The reaction depends on the steric bulk and the basicity of the amine.
Under carefully adjusted reaction conditions predominantly 3,4-trans products
were obtained (Scheme 50).2%% Allylation of 3-oxo-azetidinone (187) was achieved
in aqueous media via an indium-mediated Barbier reaction which resulted in the
predominant formation of the 3,4-trans product.”®® An approach to Aspereno-
mycin analogues from 3-vinyl and 3-isopropenyl azetidin-2-ones has been dis-
closed.?®* Electrophilic fluorination of 3-acetyl-azetidinones has been reported to



5: p-Lactam Chemistry 373

give 3-fluoro-azetidinones with reasonable diastereomeric excess at low tempera-
ture. The reaction proceeds best with fluorosulfinimides whilst fluoropyridinium
triflates do not give any reaction products.?®> Fluorothioacetic acid was used as
starting material in another synthesis of 3-fluoro-azetidinones via enolate con-
densation with imines.?®¢
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Ring closing metathesis (RCM) has received much attention as a convenient
method for the synthesis of medium- to large-sized rings. Its application to the
synthesis of functionalised mono- and bicyclic f-lactams has been reported for
the first time using the Schrock and the Grubbs catalysts (Scheme 51).2°72%% The
related enyne metathesis of an appropriately functionalised precursor was
achieved with the latter catalyst.?®® Ozonolysis of C-4 styrylazetidinones has been
shown to proceed more smoothly in the presence of metal chlorides, such as
ZnCl,, CaCly, AICls, and TiCl,.2”® Resolution of 3-hydroxyazetidinones which
are used in the semi-synthetic preparation of taxol has been achieved via a
glycosylation reaction.?’!?”? 1,3-Dipolar cycloaddition of nitrones to (188) has
been studied (Scheme 52). The products were converted into 3-hydroxyazetidi-
nones.>”® The intermediacy of spiro-p-lactams such as (189) in the photore-
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arrangement of N-alkanoyl B-enaminones to a-amino-f,y-unsaturated amides in
a single step has been investigated.?”*

10.4 Other Chemistry — A previously reported unusual cyanide-mediated [-
lactam ring cleavage affording acyclic N,O- and N,S-acetals has been studied in
detail.?’> The trifluoroacetic acid mediated ring-opening of tricyclic azetidinones
(190) has been studied in detail and a mechanism for the formation of products
has been proposed.'?*?7® 1,2-Diazetidinones (191) were prepared and used in the
synthesis of azacarbapenems.?”’

o}
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10.5 Further Uses of Azetidinones and New Applications — TEMPO-oxidation of
C-4 quaternary substituted azetidinones has been reported to give a-amino acid
N-carboxy anhydrides (‘(UNCA’s’) in a one-pot reaction (Scheme 53).2’® The
latter were incorporated into peptides and used for the first direct synthesis of
peptidyl nucleoside antibiotics.>” Use of imine (192) for this approach gave
access to otherwise difficult to prepare (S)- and (R)-tert leucine.”®® A chiral
dirhodium(II) azetidinone-carboxylate catalyst was shown to provide high levels
of enantioselectivity in intermolecular cyclopropanation reactions of diazoace-
tates.”®! The use of norbornane-fused azetidinones as starting materials in the
synthesis of quinazoline alkaloids has been reported.?®? 3-Acetoxy-azetidinone
was used as starting point in a synthesis of 3-amino-3-vinyl-3-propionic acid
which was converted further into aspartate semialdehyde hydrochloride salt.%3
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R e e

o (192)
Scheme 53

Several reports concern the use of azetidinones for non-classical applications,
i.e. outside the antibiotic area. Inhibition of human leucocyte elastase (HLE) with
N-(2-chloromethylphenyl)-3,3-difluoroazetidinone (193) possessing a latent
methylene quinoniminium function has been further investigated.”®* Known
potent HLE inhibitor L-694,458 (194) was prepared enantioselectively by lipase
mediated resolution of an azetidinone intermediate.?®* Inhibition of cholesterol
absorption appears to become an incresingly important application for azetidi-
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nones. Cholesterol absorption inhibitor (197) was prepared via B-hydroxy acid
(196) obtained from a catalytic Mukayama-type aldol addition involving amino
acid derived catalyst (195) (Scheme 54).2%2
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More conventional methodology was used for the preparation of (198),%5¢

(199)**” and (200)®® as inhibitors of the same metabolic pathway. A Reformatsky
reaction of chirally modified bromo-acetates with imines was used for the
preparation of optically pure azetidinones. The latter were intermediates in
another synthesis of cholesterol absorption inhibitors.?®® Design and synthesis of
azetidinone inhibitor (201) of prostate specific antigen (PSA), an important serine
protease, has been reported.??® Azetidinone intermediates were used as intermedi-
ates for the synthesis of a thrombin inhibitor®®'. p-Lactams also figured as key-
intermediate in the synthesis of B-turn mimetics.>**?°* Simple azetidinone (202)
was prepared as a Phe-Gly methyl ester dipeptide analogue and shown to be a
non-time-dependent inhibitor of a-chymotrypsin, carboxypeptidase A and other
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proteases.”® A solution phase combinatorial approach to azetidinone libraries
has been reported. A 126-member library was prepared via the Ugi multi-
component-condensation reaction with the aim of discovering new protease
inhibitors. The exploration of hybrid systems of known pharmocophores con-
tinues. Fusion of the enediyne motive with PB-lactam rings has already been
described and further details of this chemistry have been disclosed.?®® Carboxy-
peptidase A is competitively inhibited by compound (203).>*7 Azetidine deriva-
tives (204)**® and (205)*° were synthesized using standard methodology and
shown to have herbicidal properties.
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Interest in the use of azetidinones in polymer preparation continues.**
Polymerization of (D)-aspartate-derived azetidinone (206) gave a chiral polymer
whose physico-chemical properties have been characterized.*°!" 30
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_.CO,But

NH

07 (206)

A very important application of azetidinones lies in the semi-synthesis of the
potent anti-cancer drug taxol. The process involves B-lactam-mediated acylation
of baccatin IIT to give the natural product taxol (Scheme 55). The former is
relatively readily available from natural sources. This route is not only of
commercial importance, but was also used as final step in another total synthesis
of the actual anticancer compound.®®®
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Scheme 55

Further progress in the treatment of ovarian and breast cancer with taxol will
rely on the exploration of its SAR using new analogues of the parent compound.
Structurally modified azetidinone precursors for the introduction of new side
chains are a valuable tool in this respect. Fluorinated analogues appear to have
received particular attention recently. Thus, second generation taxoids possessing
a trifluoromethyl-group instead of the 3'-phenyl group were prepared from
azetidinone (207) and shown to have good in-vitro activity against several
different human cancer cell lines.*** 3%° Following a similar approach 2,2-
difluoro-analogues of taxol were prepared from precursor (208). Their biological
activity was comparable and in some cases superior to the natural product.>°®
Other SAR-studies include change of the linker between the f-amino acid side
chain and the polycyclic nucleus of taxol from an ester to an amide moiety. This
was found to result in a complete loss of activity. Several other reports concern
modification of the polycyclic nucleus in which introduction of the side-chain by
azetidinone methodology figured as the final steps.

RO..  .CFq
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11 Related Systems
Thiono-monobactam derivatives (209)**” and C-4 side chain thio and dithiocar-
bamate derivatives®*® were prepared and found to have weak antibiotic proper-
ties. Preparation and properties of 2-azetidin-iminium (210) salts have been
systematically studied.>®

R R
BocHN _ _R? ];(
Me l:l N R
N |
S R? Me
(209) (210)

Azetidon-3-ones were prepared by radical-mediated cyclisation in good yields
(Scheme 56). Formation of the four-membered ring was confirmed using exten-
sive NMR-studies.'” Acylative dealkylation of N-fert-butyl azetidines (211)
followed by oxidation has been disclosed as a new entry to azetidin-3-ones.>'!
The stability of azetidin-3-one derived carbene (212) has been investigated.’'?
Properties and chemistry of 4,4-disubstitued 1,2-thiazetidin-3-one (213) have
been studied.*'**!* Unusual quinazolines were obtained by [2+2]-cycloaddition
of ketenimines with imines.*'>

O O
Cl HSnBuz
A Zim\ AIBN A ZIIL
r I
SArt SArt

CN CN
Scheme 56
HO
T o
s G
\K RN 0,S—NH
(211) (212) (213)

12 Major Structural Variants

A procedure for the preparation of 3-keto bicyclic pyrazolidinone (214), an
intermediate for the synthesis of bioactive bicyclic pyrazolidines, has been
reported®!®. A strategy for the incorporation of the construction of combinatorial
libraries of B-sultams has been described:*!” polymer bound imines, derived by
reaction of aldehydes with polymer bound amines were reacted with chlorosul-
fonyl acetates to give B-sultams bound to the solid phase. Bicyclic B-lactams (215)
and (216), first synthesized by researchers at Hoffman La Roche, are potent
inhibitors of Class C B-lactamases. A short synthesis, from trans-3-hydroxypro-
line derivative (217) of these new structural variants has been developed in which
the key step is a Mitsunobu cyclisation (Scheme 57).>!8
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13 Appendix A: Review Articles
Biosynthesis

1. Molecular regulation of penicillin biosynthesis in Aspergillus (Emericella)
nidulans.>"

2. Engineering antibiotic producers to overcome the limitations of classical
strain improvement programmes.*>°

3. Manufacture of B-lactam antibiotics by microorganisms. Application poten-
tials of gene technology in biotechnological manufacturing of novel antibio-
tics derivates.*!

4. Comparative genetics and molecular biology of p-lactam biosynthesis.>

5. Advances in the molecular genetics of B-lactam antibiotic biosynthesis.***

22

Resistance
1. Emerging antibiotic resistance.*>*
2. Mechanisms of methicillin resistance in staphylococci.*?
3. Penicillin-binding proteins. Wall peptidoglycan assembly and resistance to
penicillin: facts, doubts and hopes.326
4. Extended-spectrum B-lactamases: phenotype and detection.*?’
5. Evolution of penicillin-binding protein genes of sensitive streptococci into
resistance determinants of Streptococcus pneumoniae.**
6. B-Lactam resistance determinants in Streptococcus pneumoniae: perspectives
for new antibiotic targets.**
7. Penicillin binding proteins. Target of B-lactam antibiotics. Activity mecha-
nism of B-lactamases and their inhibitors.**
8. B-Lactamases: quantity and resistance.**'
9. Acquired carbapenemases.>
10. B-Lactamases: quality and resistance.*
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15.
16.
17.
18.
19.

20.

21.

22.
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10.

11.
12.

13.

14.

. The chemistry of trinems.
. Developments in liquid membrane separation of B-lactam antibiotics.>>*
. Penicillin and beyond: evolution, protein fold, multimodular polypeptides,
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Evolution and dissemination of B-lactamases accelerated by generations of B-
lactam antibiotics.***

The evolution of resistance to cephalosporins.**?

Molecular bases for interactions between B-lactam antibiotics and B-lacta-
mases. >

Broad-spectrum B-lactam antibiotics with B-lactamase inhibitors.>*’
Inhibitor-resistant B-lactamases.*®

Structure and evolution of B-lactamase genes from Strepromyces.>*
Complete mutagenesis of the gene encoding TEM-1 B-lactamase.*

New concepts of inhibition of penicillin sensitive enzymes.**!

The Aeromonas metallo-B-lactamases: genetics, enzymology, and contribu-
tion to drug resistance.>*?

Atomic genetics and structure-function studies of PSE-4: a model enzyme for
class A p-lactamases.**

Convergence of the B-lactamase induction and murein recycling pathways in
enterobacteria.>**

B-Lactamases and peptidoglycan recycling.**®

Chemistry and Miscellaneous Topics

. Rapid synthesis of B-lactams as intermediates for natural products via eco-

friendly reactions.**¢

. Preparations of two pivotal intermediates for the synthesis of 1-B-methyl

carbapenem antibiotics.**’

. Trinems: synthesis and antibacterial activity of a new generation of antibac-

terial B-lactams.>*®

. Stereocontrolled synthesis of 1-oxabicyclic B-lactam antibiotics via [2+2]-

cycloaddition of isocyanates to sugar vinyl ethers.**’

. From penicillin to the proliferation of B-lactams. A fifty-year history.3>
. Switching of stereochemistry using different metal enolate species for con-

struction of p-lactam skeletons.>!

352

and multiprotein complexes.>**

Strategy and tactics in combinatorial organic synthesis. applications to drug
discovery.>>

Nucleophilic addition to the a-carbon of p-lactams.>
Drug chirality: a consideration of the significance of the stereochemistry of
antimicrobial agents.*’

Use of heteroatom-containing small cyclic compounds for enzyme inhibitor
design.*®

Asymmetric Pummerer-type reactions induced by O-silylated ketene
acetals.>>

6
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15.

16.

17.
18.

19.
20.
21.
22.
23.
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Purification of microbially produced clavulanic acid by new sorption
systems.360

Asymmetric synthesis of building-blocks for peptides and peptidomimetics
by means of the p-lactam synthon method.®*

The synthesis of f-amino acids and their derivatives from f-lactams.
Syntheses of B-lactam antibiotics via ester enolate-imine condensation
routes.>®?

Four-membered ring systems.
B-Amino acids and B-lactams: synthesis and applications.
B-Lactam chemistry.>®3

Cure for a crisis?*%°

A new@zgrategic intermediate for f-lactam antibiotic synthesis. Allenecarbox-
ylates."

361h
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Appendix B: Additional articles

Penicillin Acylases

. Enzymic conversion of cephalosporin C into glutaryl 7-aminocephalos-

poranic acid. A study in different reactor configurations.>®®

. D-Amino acid oxidase from Trigonopsis variabilis: immobilization of whole

cells in natural polymeric gels for glutaryl-7-aminocephalosporanic acid
production.’®

. An engineered penicillin acylase with altered surface charge is more stable in

alkaline pH.>"°

. Synthesis of antibiotics (cephaloglycin) catalysed by penicillin G acylase:

evaluation and optimization of different synthetic approaches.>”!

Cephalosporin Acylases/Acyltransferases and Acetylases

. Synthesis of antibiotics (cephaloglycin) catalysed by penicillin G acylase:

evaluation and optimization of different synthetic approaches.’”?

. Cephalosporin modification: an extracellular glutaryl-7-ACA acylase from

Bacillus sp.3™

Clavam Biosynthesis

. A straightforward synthesis of proclavaminic acid, a biosynthetic precursor

of clavulanic acid.*®
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10.

. Synthesis of a radiolabeled new oral cephalosporin, E110
. Synthesis and antibacterial activities of novel C(7)-catechol-substituted
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B-Lactamases and related enzymes

. Synthesis of a new monobactamic acid as a potential B-lactamase inhi-

bitor.>”

Penicillins

. Synthesis of new derivative of 6-aminopenicillin.>’®
. Contributions to the development of new substitution patterns of penicillins:

synthesis of new penicillin derivatives and evaluation of their porcine
pancreatic elastase inhibitory activity.’®

. Separation of phenylacetic acid, 6-aminopenicillanic acid, and penicillin G

with electrodialysis under constant voltage.>””

. Novel synthesis of 6,6-dibromo-2'-Z-chloromethyl and 2'-Z-bromomethyl

anhydropenicillins from 6,6-dibromo 2B-(chloromethyl) and 2B-(bromo-
methyl)-2a-methyl-penam-3a-carboxylic acid via anhydropenicillin rearran-
gement.378

. Synthesis and antibacterial activity of monocyclic B-lactams related to

cephalosporin and penicillin sulfones.*”

. Synthesis and antibacterial activity of monocyclic B-lactams related to

cephalosporin and penicillin sulfones.**°

. Bioactive polymers; synthesis, characterization, release and antimicrobial

property of macromolecular prodrug of ampicillin.>%!

. Synthesis of 6-[1-[4-(benzoxazol-2-yl)thiobutyl]-1,2,3-triazole-4-yljmethylene-

penam as p-lactamase inhibitors.**>

Penicillin V benzhydryl ester sulfoxide monohydrate.>%

Cephalosporins

384
1.

cephalosporins (I).*%

. Studies on B-lactam antibiotics: synthesis and antibacterial activity of novel

C-3 alkyne-substituted cephalosporins.>®®

. Aerobic oxidation of 3-iodomethyl-A*-cephem-4-carboxylate to 3-formyl-A*-

cephem-4-carboxylate  through  3-hydroperoxymethyl-A*-cephem-4-car-
boxylate.®’

. Structure-activity relationships between linkage style at the C-3 position and

nuclear analogues of C(7)-hydroxyminoaminothiazol cephalosporins against
methicillin-resistant Staphylococcus aureus.>s®

. Structure-activity relationships of cephalosporin derivatives against methi-

cillin-resistant Staphylococcus aureus.>®

. Cycloaddition reactions of a 3-(1,3-butadienyl)cephalosporin and antibac-

terial activity of new cephem derivatives.>*°
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9.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.
20.

21.
22.

23.

Syntl;gzlsis of 3-methoxymethyl cephalosporin prodrug diastereomers
(Iv).

Synthesis of cephalosporin derivatives utilizing the cephem triflate. 2. Intro-
duction of 3-position substituents by the reaction with enamines.*>

Synthesis and antibacterial activities of novel C(3)-pyrimidine(thiol)-substi-
tuted cephalosporins.®*

Synthesis and structure-activity relationship of C-3 quaternary ammonium
cephalosporins exhibiting anti-MRSA activities.***

Synthesis and structure-activity relationship of C-3 benzoyloxymethyl cepha-
losporins exhibiting anti-MRSA activities.>*

Synthesis and biological activity of C-3 pyridinylethene-substituted cephalos-
porins.>*®

Synthesis and biological activity of quaternary (ammoniopropenyl) cephalos-
porins with hydroxylated alicyclic or aliphatic amines.*’

An efficient synthesis of 3-(E)-hydroxypropenyl cephem derivatives, key
intermediates for 3-(E)-ammoniopropenylcephalosporin antibiotics.*
Synthesis and biological activity of C-3 direct heterocyclylcarbon-substituted
novel cephalosporins.®*’

Studies on 3'-quaternary ammonium cephalosporins (IV). Synthesis and
antibacterial activity of 3'-(2-alkyl-3- aminopyrazolium) cephalosporins
related to FK037.4%°

Studies on 3'-quaternary ammonium cephalosporins — III. Synthesis and
antibacterial activity of 3'-(3-aminopyrazoilum) cephalosporins.*’!

Synthesis and structure-activity relationship of C-3 substituted triazolylthio-
methyl cephems.**?

Synthesis of 3-thiosubstituted cephalosporins.***

Synthesis of cephalosporin oligopeptides as potential proteinase inhibitors.*
Structural studies on an iron(IIl) complex containing (Z)-2-(2-aminothiazol-
4-yl)-N-(2-hydroxyethyl)-2-(hydroxyimino)acetamide, a model compound
for a cephalosporin antibiotic cefdinir.**>

Structural studies on copper(II) complex containing (Z)-2-(2-aminothiazol-4-
yl)-N-(2-hydroxyethyl)-2-(hydroxyimino)acetamide, a model compound for a
cephalosporin antibiotic cefdinir.**®

04

Trinems and Related Compounds

. Stereoselective synthesis of a key intermediate of sanfetrinem by means of a

chelated tin(IV) enolate.*"’
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