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Preface

This 35th Volume in the series has not appeared within a time frame that we
would all be proud of, but it is often difficult to recover from critical delays
brought about mainly through pressure of work. However it is our sincere hope
that the hard work of our Chapter authors will form a real workhorse of a
source book, representing the relevant and important work associated with the
period up to the end of 2002. With the expansion of the literature all our
Reporters have increasingly had to approach their task with a more selective
brief than was the case in earlier volumes of the series.

In the absence of a chapter on Amino Acids in volume 34, Chapter 1 in this
Volume covers the two-year period 2001-2, and this time also we welcome back
the biennial Chapter on ‘Metal Complexes’ authored by Etelka Farkas and
Imre Sovago covering the same period. Colleagues from the Medical University
of Szeged (Botond Penke, Gabor Téth and Gyorgyi Varadi) have continued
with their wide-ranging Chapter 3 reviewing Analogue and Conformational
Studies on Peptides. The continuing involvement of Don Elmore, Weng Chan,
Avril Higton and John Davies from the UK has taken care of the other core
Chapters. Sadly due to family commitments Graham Barrett had to relinquish
the role of Joint Senior Reporter, but we are grateful to Graham for his
contributions as an author within these Reports over many years. So the
current volume has been co-ordinated by one Senior Reporter, who appreciates
very much the genuine and unstinting efforts of everyone that has brought this
Volume to fruition. This includes the RSC personnel, who have patiently
waited for manuscripts to appear and ensured that everyone’s efforts have been
transcribed to the document you are now reading.

Again to preserve good practice in presentation in peptide science, we are
grateful for the permission to reproduce John Jones’s most recent plea for
conformity of nomenclature in such a wide-ranging discipline. Over recent
volumes of these Reports we have reproduced his ‘Short Guide to Abbrevia-
tions’ published in 1999, but this time we have the opportunity of re-printing
the most recent version which appeared in J. Peptide Science 2006, 11, pp. 1-12.
During the production of this volume ‘Proceedings of the 18th American
Symposium at Boston’ in 2003 (eds. M. Chorev and T. K. Sawyer) appeared.
From the title of the book from these proceedings — Peptide Revolution:
Genomics, Proteomics and Therapeutics — comes a hint as to where our subject
might be heading.

John S. Davies
University of Wales, Swansea
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A Short Guide to Abbreviations and Their Use
in Peptide Science

Abbreviations, acronyms and symbolic representations are very much part of
the language of peptide science — in conversational communication as much as
in its literature. They are not only a convenience, either — they enable the
necessary but distracting complexities of long chemical names and technical
terms to be pushed into the background so the wood can be seen among the
trees. Many of the abbreviations in use are so much in currency that they need
no explanation. The main purpose of this editorial is to identify them and free
authors from the hitherto tiresome requirement to define them in every paper.
Those in the tables that follow — which will be updated from time to time — may
in future be used in this Journal without explanation.

All other abbreviations should be defined. Previously published usage should
be followed unless it is manifestly clumsy or inappropriate. Where it is neces-
sary to devise new abbreviations and symbols, the general principles behind
established examples should be followed. Thus, new amino-acid symbols
should be of form Abc, with due thought for possible ambiguities (Dap might
be obvious for diaminoproprionic acid, for example, but what about di-
aminopimelic acid?).

Where alternatives are indicated below, the first is preferred.

Amino Acids

Proteinogenic Amino Acids

Ala Alanine A
Arg Arginine R
Asn Asparagine N
Asp Asp artic acid D
Asx Asn or Asp

Cys Cysteine C
Gln Glutamine Q
Glu Glutamic acid E
Glx Gln or Glu

Gly Glycine G
His Histidine H

Amino Acids, Peptides and Proteins, Volume 35
© The Royal Society of Chemistry, 2006

Xiil



X1v

Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Amino Acids, Pept. Proteins, 2006, 35, xiii—xx

Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine

<< gHVRTTZRC—

Other Amino Acids

Aad
BAad
Abu
Aib
BAla
Asu
Aze
Cha
Cit
Dha
Gla
Glp
Hph

a-Aminoadipic acid

B-Aminoadipic acid

a-Aminobutyric acid

a-Aminoisobutyric acid; a-methylalanine

B-Alanine; 3-aminopropionic acid (avoid Bal)

a-Aminosuberic acid

Azetidine-2-carboxylic acid

B-cyclohexylalanine

Citrulline; 2-amino-5-ureidovaleric acid

Dehydroalanine (also AAla)

y-Carboxyglutamic acid

pyroglutamic acid; S5-oxoproline (also pGlu)

Homophenylalanine (Hse = homoserine, and so on). Caution is
necessary over the use of the use of the prefix homo in relation to a-
amino-acid names and the symbols for homo-analogues. When the
term first became current, it was applied to analogues in which a
side-chain CH, extension had been introduced. Thus homoserine
has a side-chain CH,CH,OH, homoarginine CH,CH,CH,NHC
(=NH)NH,, and so on. In such cases, the convention is that a new
three-letter symbol for the analogue is derived from the parent, by
taking H for homo and combining it with the first two characters of
the parental symbol — hence, Hse, Har and so on. Now, however,
there is a considerable literature on o-amino acids which are
analogues of a-amino acids in which a CH, group has been inserted
between the a-carbon and carboxyl group. These analogues have
also been called homo-analogues, and there are instances for
example not only of ‘homophenylalanine’, NH,CH(CH,CH,Ph)
CO,H, abbreviated Hph, but also ‘homophenylalanine’, NH,CH
(CH,Ph)CH,CO,H abbreviated Hph. Further, members of the
analogue class with CH, interpolated between the o-carbon and
the carboxyl group of the parent a-amino acid structure have been
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called both ‘a-homo’- and B-homo’. Clearly great care is essential,
and abbreviations for ‘homo’ analogues ought to be fully defined
on every occasion. The term ‘B-homo’ seems preferable for back-
bone extension (emphasizing as it does that the residue has become
a B-amino acid residue), with abbreviated symbolism as illustrated

Hyl d-Hydroxylysine

Hyp 4-Hydroxyproline

alle allo-Isoleucine; 2, 3R in the L-series

Lan Lanthionine; S-(2-amino-2-carboxyethyl)cysteine

MeAla N-Methylalanine (MeVal=N-methylvaline, and so on). This style
should not be used for a-methyl residues, for which either a
separate unique symbol (such as Aib for a-methylalanine) should
be used, or the position of the methyl group should be made explicit
as in aMeTyr for a-methyltyrosine.

Nle Norleucine; a-aminocaproic acid

Orn Ornithine; 2,5-diaminopentanoic acid

Phg Phenylglycine; 2-aminophenylacetic acid

Pip Pipecolic acid; piperidine-s-carboxylic acid

Sar Sarcosine; N-methylglycine

Sta Statine; (3.5, 45)-4-amino-3-hydroxy-6-methyl-heptanoic acid
Thi B-Thienylalanine

Tic 1,2,3,4-Tetrahydroisoquinoline-3-carboxylic acid
oThr allo-Threonine; 25, 3S in the L-series

Thz Thiazolidine-4-carboxylic acid, thiaproline

Xaa Unknown or unspecified (also Aaa)

The three-letter symbols should be used in accord with the IUPAC-IUB
conventions, which have been published in many places (e.g. European J.
Biochem. 1984; 138: 9-37), and which are (May 1999) also available with other
relevant documents at: http://www.chem.qnw.ac.uk/iubmb/iubmb.html#03

It would be superfluous to attempt to repeat all the detail which can be found
at the above address, and the ramifications are extensive, but a few remarks
focussing on common misuses and confusions may assist. The three-letter
symbol standing alone represents the unmodified intact amino acid, of the L-
configuration unless otherwise stated (but the L-configuration may be indicated
if desired for emphasis: e.g. L-Ala). The same three-letter symbol, however, also
stands for the corresponding amino acid residue. The symbols can thus be used
to represent peptides (e.g. AlaAla or Ala-Ala = alanylalanine). When nothing is
shown attached to either side of the three-letter symbol it is meant to be
understood that the amino group(always understood to be on the left) or
carboxyl group is unmodified, but this can be emphasized, so AlaAla = H-
AlaAla-OH. Note however that indicating free termini by presenting the
terminal group in full is wrong;NH»,AlaAlaCO>H implies a hydrazino group
at one end and an a-keto acid derivative at the other. Representation of a free
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terminal carboxyl group by writing H on the right is also wrong because that
implies a terminal aldehyde.

Side chains are understood to be unsubstituted if nothing is shown, but a
substituent can be indicated by use of brackets or attachment by a vertical bond
up or down. Thus an O-methylserine residue could be shown as 1, 2, or 3.

—Ser(Me)— 1
Me
| 2
—Ser—
—Ser—
| 3
Me

Note that the oxygen atom is not shown: it is contained in the three-letter
symbol — showing it, as in Ser(OMe), would imply that a peroxy group was
present. Bonds up or down should be used only for indicating side-chain
substitution. Confusions may creep in if the three-letter symbols are used
thoughtlessly in representations of cyclic peptides. Consider by way of example
the hypothetical cyclopeptide threonylalanylalanylglutamic acid. It might be
thought that this compound could be economically represented 4.

Thr—Ala
I | 4
Glu—Ala

But this is wrong because the left hand vertical bond implies an ester link
between the two side chains, and strictly speaking if the right hand vertical
bond means anything it means that the two Ala a-carbons are linked by a
CH,CH,; bridge. This objection could be circumvented by writing the structure
asin 5.

Thr—Ala 5
lu—Ala
But this is now ambiguous because the convention that the symbols are to be
read as having the amino nitrogen to the left cannot be imposed on both lines.
The direction of the peptide bond needs to be shown with an arrow pointing
from CO to N, as in 6.

Thr>Ala
£ GluealaY 6

Actually the simplest representation is on one line, as in 7.

LThr—Ala—-Ala—Glu—]
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Substituents and Protecting Groups

Ac
Acm
Adoc
Alloc
Boc
Bom
Bpoc
Btm
Bum
Bu’
Bu”
Bu’
Bz
Bzl
Cha
Clt
Dcha
Dde
Ddz
Dnp
Dpp
Et
Fmoc
For
Mbh
Mbs
Me
Mob
Mtr
Nps
OAll
OBt
OcHx
Onp
Opcp
OPfp
OSu
OTce
Otcp
Tmob
Mtt
Pac
Ph
Pht
Scm

Acetyl

Acetamidomethyl

I-Adamantyloxycarbonyl

Allyloxycarbonyl

t-Butoxycarbonyl

n-Benzyloxymethyl
2-(4-Biphenylyl)isopropoxycarbonyl
Benzylthiomethyl

n-t-Butoxymethyl

i-Butyl

n-Butyl

t-Butyl

Benzoyl

Benzyl (also Bn); Bzl(OMe)=4-methoxybenzyl and so on
Cyclohexylammonium salt

2-Chlorotrityl

Dicyclohexylammonium salt
1-(4,4-Dimethyl-2,6-dioxocyclohex- 1-ylidene)ethyl
2-(3,5-Dimethoxyphenyl)-isopropoxycarbonyl
2,4-Dinitrophenyl

Diphenylphosphinyl

Ethyl

9-Fluorenylmethoxycarbonyl

Formyl

4.4'-Dimethoxydiphenylmethyl, 4,4’-Dimethoxybenzhydryl
4-Methoxybenzenesulphonyl

Methyl

4-Methoxybenzyl
2,3,6-Trimethyl,4-methoxybenzenesulphonyl
2-Nitrophenylsulphenyl

Allyl ester

1-Benzotriazolyl ester

Cyclohexyl ester

4-Nitrophenyl ester

Pentachlorophenyl ester

Pentafluorop henyl ester

Succinimido ester

2,2,2-Trichloroethyl ester
2,4,5-Trichlorophenyl ester
2,4,5-Trimethoxybenzyl

4-Methyltrityl

Phenacyl, PhCOCH,; (care! Pac also = PhCH,CO)
Phenyl

Phthaloyl

Methoxycarbonylsulphenyl
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Pmc
Pr’
Pr”
Tfa
Tos
Troc
Trt
Xan
V4
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2,2,5,7,8-Pentamethylchroman-6-sulphonyl

i-Propyl

n-Propyl

Trifluoroacetyl

4-Toluenesulphonyl (also Ts)

2,2.2-Trichloroethoxycarbonyl

Trityl, triphenylmethyl

9-Xanthydryl

Benzyloxycarbonyl (also Cbz). Z(2Cl)=2-chlorobenzyloxycarbonyl
and so on

Amino Acid Derivatives

DKP
NCA
PTH
UNCA

Diketopiperazine
N-Carboxyanhydride
Phenylthiohydantoin
Urethane N-carboxyanhydride

Reagents and Solvents

BOP

CDI
DBU
DCCI
DCHU
DCM
DEAD
DIPCI
DIPEA
DMA
DMAP
DMF
DMS
DMSO
DPAA
EEDQ
HATU

1-Benzotriazolyloxy-tris-dimethylamino-phosphonium  hexafluoro-

phosphate

Carbonyldiimidazole

Diazabicyclo[5.4.0]-undec-7-ene

Dicyclohexylcarbodiimide (also DCC)

Dicyclohexylurea (also DCU)

Dichloromethane

Diethyl azodicarboxylate (DMAD = the dimethyl analogue)

Diisopropylcarbodiimide (also DIC)

Diisopropylethylamine (also DIEA)

Dimethylacetamide

4-Dimethylaminopyridine

Dimethylformamide

Dimethylsulphide

Dimethylsulphoxide

Diphenylphosphoryl azide

2-Ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline

This is the acronym for the ‘uronium’ coupling reagent derived

from HOAt, which was originally thought to have the structure 8,

the Hexafluorophosphate salt of the O-(7-Azabenzotriazol-lyl)-

Tetramethyl Uronium cation.
Ser

(J)TNMCZ
PFe  oNMe,

In fact this reagent has the isomeric N-oxide structure 9 in the crystalline state,
the unwieldy correct name of which does not conform logically with the
acronym, but the acronym continues in use.
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Similarly, the corresponding reagent derived from HOBt has the firmly at-
tached label HBTU (the tetrafluoroborate salt is also used: TBTU), despite the
fact that it is not actually a uronium salt.

HMP
HOAt
HOBt
HOCt
NDMBA
NMM
PAM
PEG
PtBOP

SDS
TBAF
TBTU
TEA
TFA
TFE
TFMSA
THF
WSCI

Techniques
CD
COSY
CZE
ELISA
ESI
ESR
FAB

FT
GLC
hplc

IR
MALDI
MS

Hexamethylphosphoric triamide (also HMPA, HMPTA)
1-Hydroxy-7-azabenzotriazole

1-Hydroxybenzotriazole
1-Hydroxy-4-ethoxycarbonyl-1,2,3-triazole
N,N’-Dimethylbarbituric acid

N-Methylmorpholine

Phenylacetamidomethyl resin

Polyethylene glycol
1-Benzotriazolyloxy-tris-pyrrolidinophosphonium hexafluorophos-
phate

Sodium dodecyl sulphate

Tetrabutylammonium fluoride

See remarks under HATU above

Triethylamine

Trifluoroacetic acid

Trifluoroethanol

Trifluoromethanesulphonic acid

Tetrahydrofuran

Water soluble carbodiimide: 1-ethyl-3-(3’-dimethylaminopropyl)-
carbodiimide hydrochloride (also EDC)

Circular dichroism

Correlated spectroscopy

Capillary zone electrophoresis
Enzyme-linked immunosorbent assay
Electrospray ionization

Electron spin resonance

Fast atom bombardment

Fourier transform

Gas liquid chromatography

High performance liquid chromatography
Infra red

Matrix-assisted laser desorption ionization
Mass spectrometry
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NMR Nuclear magnetic resonance

nOe Nuclear Overhauser effect

NOESY  Nuclear Overhauser enhanced spectroscopy
ORD Optical rotatory dispersion

PAGE Polyacrylamide gel electrophoresis

RIA Radioimmunoassay

ROESY Rotating frame nuclear Overhauser enhanced spectroscopy
RP Reversed phase

SPPS Solid phase peptide synthesis
TLC Thin layer chromatography
TOCSY  Total correlation spectroscopy
TOF Time of flight

uv Ultraviolet

Miscellaneous

Ab Antibody

ACE Angiotensin-converting enzyme
ACTH Adrenocorticotropic hormone
Ag Antigen

AIDS Acquired immunodeficiency syndrome
ANP Atrial natriuretic polypeptide
ATP Adenosine triphosphate

BK Bradykinin

BSA Bovine serum albumin

CCK Cholecystokinin

DNA Deoxyribonucleic acid

FSH Follicle stimulating hormone
GH Growth hormone

HIV Human immunodeficiency virus
LHRH Luteinizing hormone releasing hormone
MAP Multiple antigen peptide

NPY Neuropeptide Y

oT Oxytocin

PTH Parathyroid hormone

QSAR Quantitative structure—activity relationship
RNA Ribonucleic acid
TASP Template-assembled synthetic protein

TRH Thyrotropin releasing hormone
VIP Vasoactive intestinal peptide
VP Vasopressin

J. H. Jones
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1 Introduction

As the coverage of Amino Acids did not make it into Volume 34 of these
Reports,' this Chapter covers the years 2001 and 2002. This inevitably means
that the authors this time needed to be a little more selective in the papers
reviewed, due to space limitations. The main source of the citations was again
Chemical Abstracts (Vols 134-136), CA Selects on Amino Acids Peptides and
Proteins® and the Web of Knowledge.? No references to conference proceedings
have been included, and the patent literature has not been scanned. With the
addition of an extra author, the style of the Chapter might show minor changes,
but in order to preserve continuity for those taking ‘year on year’ surveys
within a field, the pattern of sub-headings have been retained.

2 Reviews

The main aim of this Report is to review the original refereed papers in this
subject area, so reporting on reviews covering similar areas is included in ‘title-
only’ format as a token of respect for all those that have similarly laboured
through the literature to bring us highlights from specific areas of endeavour.
Reviews cited during 2001-2002 were:-

New Strecker Synthesis-Asymmetric Synthesis and Chiral Catalysts®

Methods for the Synthesis of Unnatural Amino Acids’

Chiral Oxazinones and Pyrazinones as u-Amino Acid Templates®

Amino Acid Derivatives by Multicomponent Reactions’

Progress on the Asymmetric Synthesis of «—Amino Acids®

Comparison of different Chemoenzymatic Process Routes to Enantiomerically
Amino Acids’

Amino Acids, Peptides and Proteins, Volume 35
© The Royal Society of Chemistry, 2006
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a-Imino Esters: Versatile Substrates for the Catalytic, Asymmetric Synthesis
of o- and B-Amino Acids and Lactones"

The Asymmetric Synthesis of Unnatural o—Amino Acids as building blocks for
Complex Synthesis'!

Asymmetric Hydrogenation and other Methods for the Synthesis of Unnatural
Amino Acids"

Metabolic Engineering of Glutamate Production'

Amino Acids Production Processes'*

Biotechnological Manufacture of Lysine"®

The Threonine Story'®

The Economic Aspects of Amino Acid Production"’

Synthesis of Enantiometrically pure Pipecolic Acid Derivatives via Bio- and
Transition Metal Catalysis'®

A Journey from Unsaturated Amino Acid Synthesis to Cyclic Peptides"®

Side-chain modifications and Applications of Aliphatic Unsaturated o-Amino
Acids™

Fullerene-based Amino Acids and Peptides®"

Selenocysteine Derivatives for Chemoselective Ligations

Study on Resolution of Chiral Amino Acid Enantiomers™

Highly Diastereoselective Michael Reactions between Nucleophilic Glycine
Equivalents and [-Substituted o,-Unsaturated Acids: A General Approach to
chi-Constrained Amino Acids®*

22

3 Naturally-Occurring Amino Acids

While interest continues in the synthesis of known naturally-occurring amino
acids, it has not been a productive period in papers highlighting the existence of
amino acids from new sources.

3.1 New Naturally Occurring Amino Acids. — Amongst the new nortropane
alkaloids isolated from the fruit of Morus alba LINNE in Turkey, six new amino
acids have been characterised.”> They have been allocated pyrrolidinyl do-
decanoic and piperidinyl dodecanoic structures: (3R)-3-hydroxy-12-{(1S5,4.5)-4-
[(1-hydroxyethyl-pyrrolidin-1-yl}-dodecanoic acid-3-O-B-D-glucopyranoside; its
free acid; (3R)-3-hydroxy-12-[(1R, 4R, 5S)-4-hydroxy-5-methyl-piperidin-1-yl]-
dodecanoic acid-3-0-B-D-glucopyranoside; its free acid; (3R)-3-hydroxy-12-[(1 R,
4R, 5S5)-4-hydroxy-5-hydroxymethyl-piperidin-1-yl]-dodecanoic acid-3-O-B-D-
glucopyranoside and (3R)-3-hydroxy-12-[(1R, 4S, 5S5)-4-hydroxy-5-methyl-
piperidin-1-yl]-dodecanoic acid.

4 Chemical Synthesis and Resolution of Amino Acids

As in past years this remains the core section of the activity in the field, with
some aspects already covered by the reviews listed in sub-section 2. Some
subject matter also overlaps with material in subsequent sections of this Report.
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4.1 General Methods for the Synthesis of a-Amino Acids, including Enantiose-
lective Synthesis. — The development of benzophenone imines of glycine deriv-
atives for the synthesis of o-amino acids has been outlined.® Substituted
phenylalanines have been prepared®’ using UV photolysis of protected glycines
in the presence of di-z-butylperoxide, substituted toluenes and the photo-
sensitiser, benzophenone. After removal of the chiral auxiliary by lithium
hydroperoxide, N-acetyl-D-serine methyl ester was the final product of the
rearrangement summarised®® in Scheme 1.

Reaction of 5-oxazolidinones such as (1), with alcohols in bicarbonate
solution,” and with PLE and HLE*® has led to good yields of amino acid
derivatives. A chiral copper catalyst can catalyse®' an enantioselective Mannich
type reaction as summarised in Scheme 2. Catalysis by L-proline has enabled a
general reaction®” between ketones and PMP-protected o-imino ethyl glyoxy-
late (Scheme 3) to be made highly stereoselective. Its simplicity would make it
an attractive proposal regarding prebiotic synthesis. Either enantiomer of both
- or B-amino acids have been made available®® if this reaction includes an
aldehyde instead of a ketone.

o R
o N~z
(1)
J g r
— (i) —
N NJW S N NM
u N"/( u NHH/
< ph < ph
0 0

Scheme 2 Reagents: (i) Cu catalyst.

PMP_
N (i) s
B R Gl G-
H CO,Et CO,Et
Scheme 3 Reagents: (i) L-Pro (cat), DMSO.
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Ar i Ar i HoN Ph
~ (i) VN\/ Ph (ii) 2
CO,Et CO,Et CO,Et

Scheme 4 Reagents: (i) PhBr/Pd, t-Bu;P/K;PO, 100°C (ii) H*

o) o) R
R
Sty Cr ey =, L
S (c))o S S 0 A0 H,N" CO,H
2

Scheme 5 Reagents: (i) e.g. RX, Bu;SnH Et;B, Lewis acid (ii) 6M HCl/glacial acetic acid.

A broad-based methodology** for the synthesis of non-natural amino acids has
used catalytic enantioselective alkylation of a-imino esters and acetals with enol
silanes, allyl silanes and olefins using chiral Cu(I) phosphine complexes. With
suitable substitution (using 4-methoxybenzylidene) the pathway of Pd-cata-
lysed acrylation can be guided®> to amino acid esters as summarised in Scheme
4. A novel method, via a radical pathway for the asymmetric synthesis of a-
amino acids has been reported.*® Starting from the pantolactone (2) and using
the conditions summarised in Scheme 5, it was shown that the absolute
configuration of the stereogenic centre was dependent on the nature of the
added radical. Rhodium-catalysed conjugated addition of a-aminoacrylates,
with organotin and organobismuth reagents have yielded®” amino acids under
ambient conditions of air and water. Similar conditions have been used by the
same authors®® for the zinc-mediated conjugate addition of alkyl halides to o-
phthalimidoacrylate.

o- and B-Substituted alanine derivatives have been efficiently produced® by
a-amidoacrylation or Michael addition reactions using microwave irradiation
and catalysis by silica-supported Lewis acids. Diverse functionalities, such as
chlorides, nitriles, azides, acetates, thioacetates, thioethers and amines have
been inserted*” at varying chain lengths away from the a-centre, if amino acids
(Ala or Phe), attached to a Wang resin, and derivatised with 3,4-dichlorobenz-
aldehyde were subjected to alkylation by a-bromo-m-chloroelectrophiles. The
one-step conversion*! of azetidine-2,3-diones (3) to amino acids in the presence
of cadmium/wet methanol has been explained by chelation of the ketone and
amide groups to the metal, which allows for attack of the keto group by
methanol followed by CO extrusion. The demands of the chemical libraries
fraternity for a fast throughput of synthons, has brought the Ugi 4-component
condensation into mainstream activity, and the formation of chiral products
has now been made easier through better access** to chiral 1-amino carbohy-
drates. The reductive amination of ketones* has been adapted for the synthesis
of racemic amino acids from a-keto acids, as shown by the synthesis of
phenylglycine, and its 3-indolyl or 2-thienyl analogues.
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4.1.1 Use of Chiral Synthons in Amino Acid Synthesis. This still represents a
booming area of interest and justifies its own sub-section. The Oxford school
continues its productivity in this area as exemplified by the chiral glycine
enolate, (S)-N,N'-bis-(p-methoxybenzyl)-3-isopropylpiperazine-2,5-dione.**
This was able to discriminate between enantiomers of 2-bromopropionate
esters in forming (4), which on further manipulation resulted in the synthesis
of chiral 3-methylaspartates. A more detailed examination of the same chiral
synthesis has also been carried out.*> Diastereoselective conjugate addition of
lithium (R)-N-benzyl-N-o-methylbenzylamide to o,fB-unsaturated esters fol-
lowed by enolate hydroxylation, reduction and oxidative cleavage has been
shown*® to be a route to a-amino acids in high enantiomeric excess. (S)-o-
Amino acids in high chiral yields have been obtained*’ from (S)-N,N’-bis(p-
methoxybenzyl)-3-methylene-6-isopropylpiperazine by reaction with a range of
organocuprates.

The imine moiety of (55)-3-([2-methoxycarbonyl]ethyl)-5-phenyl-5,6-dihy-
dro-2H-1,4-oxazin-2-one has been shown®® to undergo highly diastereocon-
trolled reduction followed by Lewis-acid-mediated nucleophilic addition of
Grignard reagents to give enantiomerically pure glutamic acid analogues. The
same authors* have also shown that iminium ions derived from (S)-5-phenyl-
morpholine-2-one undergo diastereoselective Strecker reactions using copper(I)
cyanide/anhydrous hydrochloric acid, which lead eventually to D-o-amino
acids. An inexpensive chiral auxiliary, the imino lactone (5), from (1R)-(+)-
camphor on alkylation afforded®®>' good yields of monosubstituted products
at the H,,q, position, which on hydrolysis yielded D-a-amino acids. Using
camphor of the opposite configuration, or by switching the OH group of the
auxiliary from C, to Cs, gave the L-enantiomer. N-Methyl pseudoephedrine
has also been used™” as a chiral auxiliary, by mediating a dynamic resolution of
a-bromo-a-alkyl esters in nucleophilic substitution. Enantiomeric ratios of 98:
2 were achieved in the a-amino acids finally produced.

A variety of o-amino acids have been produced® diastereoselectively using
indium-mediated allylation and alkylation of the Oppolzer camphorsultam
derivative of glyoxylic oxime ether. A new chiral auxiliary (S)-N-(2-benzoyl-
phenyl)-1-(3,4-dichlorobenzyl)-D-pyrrolidine-2-carboxamide, and related hal-
ogen-containing auxiliaries as their Ni(IT) complexes have been shown>* to give
an increased chiral bias in the formation of (S)-a-amino acids, due possibly to
the halogen substitution in the N-benzyl group. A 5-step asymmetric synthesis>
of the (2R, 4R) 4-hydroxy-D-pyroglutamic acid involved the 1,3-dipolar cyclo-
addition of a chiral nitrone (from glyoxylic and protected D-ribosyl
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hydroxylamine) with the acrylamide of Oppolzer’s sultam. The scope of this
reaction®® using other analogues has also been studied experimentally and
theoretically for the formation of the (25,4S)-isomer.

By association with substrates, chiral catalysts can also be considered under
the heading ‘chiral auxiliaries’, and recently together with phase-transfer rea-
gents constitute a popular means of asymmetric synthesis. A novel substrate/
catalytic pair under phase-transfer conditions turned out’’ to be based on
complex (6) which reacted quickly with 2-amino-2’-hydroxy-1,I-binaphthyl
(NOBIN) as the phase transfer catalyst and could then be alkylated asymmet-
rically to give purifiable complexes for further processing to amino acids.

O
74
\\N\FF&H
;%/N H N H
— exo | °N
0{ Hando N\ Ph
(@]
6 ©
(6)

Stereoselective alkylation reactions of N'[(S)-1’-phenylethyl]- N-(diphenylmeth-
ylene)glycinamide using 18-crown-6 as catalyst, gave™ a series of enantioen-
riched (83:17 ratio) unnatural amino acids. Structures based on the chirality of
cinchona alkaloids have a noble track record in this area, and when polymer-
supported cinchona alkaloid salts with different spacers were used” as catalysts
in the C-alkylation of N-diphenylmethylene glycine #-butyl esters, it was found
that the best result (81% ee) came from the polymer bearing a 4-carbon spacer.
When dimeric cinchonidine- and cinchonine-derived ammonium salts incorpo-
rating a dimethylanthracenyl bridge were studied in the same type of asym-
metric alkylations, 90% ee was achieved.®® In the enantioselective synthesis®’
summarised in Scheme 6 cinchonidine is used to control the stereochemistry of
the a-carbon when side-chains are introduced using B-alkyl-9-BBN organobo-
rane reagents. In 12 examples studied 54-95% ee’s were recorded. A new class
of naphthalene-based dimeric cinchona alkaloids have been developed®* which
show excellent enantioselectivity in the alkylation of glycine derivatives and
seem good prospects for adoption by industry. Cinchonidinium salts bearing a
3,5-dialkoxybenzyl have been ShOWQ63 to be efficient catalysts for the alkylation
of N-(diphenylmethylene)glycine Pr' ester with benzyl bromide, but surprisingly
give the (S)-enantiomer when KOH is used as base and the (R)-enantiomer
when NaOH was used. A cinchonidine-based phase-transfer catalyst in the

Ph>_ Q) - (iv) Ph
—N C()gBUt > —N C(DQBUt
Y P’ Y

OAc R

Scheme 6 Reagents: (i) cinchonidine/ LiCl (ii) nBulLi (iii) R—B<) (iv) 0°C THF
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presence of KOD/D,0, provided® the means to incorporate deuterium into the
a-position of benzophenone-derived glycine imine to produce a-deuterated o-
amino acids.

4.1.2 Synthesis via Rearrangements. y-Amino acids were produced® via the
hydrogen-mediated ring-opening of (7) to the carboxy nitrile, followed by
hydrogenation of the nitrile group. N-Benzyl-4-acetylproline has been pre-
pared®® from N-(2-hydroxy-2-methyl)but-2-enyl-N-benzylamine and glyoxylic
acid via a tandem cationic aza-Cope rearrangement and Mannich reaction
under mild conditions. A TEMPO-mediated ring expansion to the a-keto-f-
lactam (8) resulted®’” in the formation of N-carboxyanhydrides which could be
hydrolysed without loss of chirality to the a-amino acid derivatives as summa-
rised in Scheme 7. N-Protected allylic amines produced from allylic alcohols via
Overman’s [3,3] sigmatropic rearrangement of trichloroacetimidates have been
converted® to N-protected amino acids by using NalO,4 with catalytic amounts
of RuCl5.3H,0 or by ozonolysis, without loss of chirality.

R1
;
o CN AN R
HO,C N o
R! 2
o} o H
@) (9) R'= CH,CH(NH,)CO,H, R? = H

(10) R'=H, R? = CH,CH(NH,)CO.H

4.1.3  Synthesis from Dehydroamino Acids and by Carbohydroamination. Sec-
ondary phosphanes have proved® to be useful ligands for the asymmetric
hydrogenation of acetamidocinnamic and itaconic acids using [rhodium (cyclo-
octa-1,5-diene),|BF, as catalyst. Enantiomeric excesses of up to 97% were
found for both the bidentate and monodentate ligands. The asymmetric
hydrogenation of dehydroaminoacid precursors was the key step’® in the
synthesis of S-(—)-acromelobic acid (9) and S-(—)-acromelobonic acid (10).
An ee of >98% was achieved at the key stage in the synthesis of (9) through the
use of (R,R)-Rh(DIPAAMP)(COD)|BF,4, while (S,S)-[Rh(Et-DuPHOS)
(COD)|BF, was used for (10) and gave >96% ee. In the hydrogenation of
(Z)-acetamido-3-arylacrylic acid methyl esters it has been discovered’' that the
introduction of N for O into the binaphthyl chiral ligands allows catalysts such

Q R . ] R ) 0
0) O>\\( (i .
N, >fN\ MeO
O @ B Jg B NHBn

Scheme 7  Reagents: (i) TEMPO (cat) | NaOCIl| CH>Cl; (ii) MeOH or MeOH|/TMSCI
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as [Rh(Hg-BINAPO)] and [Rh(Hg-BDPAB)] to give improved ee values. (25,
65)- and meso-Diaminopimelic acids have been synthesised’* by the asymmet-
ric hydrogenation (95% ee) of their dehydroamino acid precursor under
catalysis by [Rh(I))COD)-(S,S) or (R,R)-Et-DuPHOS]OTT.

No asymmetric bias, but good yields (up to 86%) have been claimed”? for the
interesting formation of PhCH(NHR)CONHR, when various iodoarenes,
primary amines and carbon monoxide were condensed together in a Pd-
catalysed one-pot double carbonylation reaction.

4.2 Synthesis of Protein Amino Acids and Other Naturally Occurring Amino
Acids. — The use of enzymes to carry out key conversions in the synthesis of
amino acids has been a useful part of the armoury for many years. During this
period, examples come from: the formation’® of L-[4-'!C]-aspartate and L-
[5-''C]-glutamate by enzymatic catalysis of ''C-hydrogen cyanide into O-
acetyl-serine and —homoserine respectively; phenylalanine ammonia lyase was
used”” to produce [1-'"*C]- and [2-'*C]-phenylalanine from corresponding cin-
namic acids, and these isotopomers converted further to [1-'*C]- and [2-'*C]-
tyrosine using L-phenylalanine hydroxylase; tyrosine phenol lyase from
Citrobacter freundii can catalyse’® conversion of 2-aza-1- and 3-aza-1-tyrosine
from 3-hydroxy- and 2-hydroxypyridine respectively and ammonium pyruvate;
four tritium-labelled isotopomers of L-phenylalanine (2-*H-, 2/,6’-’H, 3R-°H
and 3S-’H-phenylalanine) have been made’’ and converted into [2-°H]-,
[2/.6'-*H]-, [3R-’H]- and [3S-’H]-tyrosine using phenylalanine-4’-mon-
ooxygenase; reductive amination’® of pyruvate to form L-alanine using alanine
dehydrogenase from the hyperthermophilic archeon, Archaeoglobus fulgidus;
the biotransformation” of p-hydroxyphenylpyruvic acid to L-tyrosine using L-
aspartate amino transferase from E. coli.

The chemical synthesis of well known amino acids and derivatives still
commands a great deal of attention. Thus glutamic acid analogues have been
prepared® from PEG-supported intermediates using a Heck reaction as sum-
marised in Scheme 8, followed by further processing to the amino acid deriv-
atives. Starting from the same Schiff base, conjugative addition®' of Michael
acceptors, either in solution or on solid phase, in the presence of quaternary
salts from cinchona alkaloids have also given glutamic acid derivatives. Asym-
metric synthesis®® of B-substituted aspartic acid derivatives has been secured via
a catalysed [24-2] cycloaddition of ketenes and imines to form acyl-B-lactams,

Ar

COQMe CO2Me
>:N/\COZR ——>  >=N" “Cco,R o, >:N CO,R
PH Ph PH
R = PEG-resin

Scheme 8 Reagents: (i) BrCH»(C—CH,)CO>Me| Cs:CO;/ MeCN (ii) ArX |[Pd(OAc),/10%
PP/’I_;/CSgCO_g.
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which ring-open under catalysis by benzoylquinine with high enantio- and
diastereo-selectivity. Aziridines, such as (11) and cyclic sulfates based on (12)
were the basis® of the asymmetric synthesis of syn and anti forms of p-
substituted cysteines and serines, and reductive amination® of phenylpyruvic
acid over Pd/C catalyst yielded DL-phenylalanine. Oxazolidinones (13) and
(14) have been shown® to be efficient synthons on the pathway to a-amino-
aldehydes and a-amino acids respectively.

(11) (12) (13) R=Bn
(14) R=Me

The Schollkoff chiral auxiliary (15) formed the basis,*® which on conversion to
the alkyne (16), and reaction with o-iodoanilines gave a series of tryptophan
analogues (Scheme 9). Enantiopure 4-substituted prolines have been prepared®’
via intramolecular radical cyclisation of N-arylsulfonyl-N-allyl-3-bromo-L-
alanines, while a practical and convenient enzymatic® enantioselective hydrol-
ysis of DL-glycine nitriles with nitrile hydratase from Rhodococcus sp. AJ270
cells have yielded amino acids and their amides. Both solution and solid phase
versions of the Ugi multicomponent reaction® have produced a library of
arginine derivatives. Selectively protected L-DOPA derivatives were the prod-
ucts” from the hydroformylation of 3-iodo-L-tyrosine followed by Baeyer-
Villiger oxidation of the derived 3-formyl group.

Further investigations®' have optimised the oxidation conditions required to
produce (R)-glycine-d-'>’N from N-(p-methoxyphenyl methylamine)-2,2,2-
trichloroethyl carbamate to be the use of periodic acid.

N-Enriched-L-histidine (99% enrichment in each position) were the prod-
ucts” of introduction of the labels into the precursor 1-benzyl-5-hydroxy-
methylimidazole, and leucine labelled with '*C-carbon and deuterium as shown
in (17) was the product” of a multistep synthesis starting from pyroglutamic
acid derivatives. A chiral centre located®® on a N-phthaloyl protecting group
has secured control of stereochemistry in the formation of (2-*H)- and (2,3-*H)-
phenylalanine, while a chirally deuterated 3-aminopropanol derivative

EtO T™MS CO.R3
EtO. N \\\< . 2!
N 0] —N S (ii)
_ —_— >mn —_— = \ NH2
N~ OEt N= —  x1 | R?
XN
H
|

(15) (16) OEt

AN
Scheme 9  Reagents. (i) BuLi/THF/TMSwX (ii) X:-(I
\ /
NH

2
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proved”” to be key to the synthesis of L-[2,3,4,5-°H]-ornithine. Synthesis’®*” of
[2S, 3R]-[3-°H,"’N]-phenylalanine involved a key alkylation of the chiral
glycine template '*N-labelled 8-phenylmenthyl hippurate with (S)-(+)-benzyl-
a-d-mesylate, giving 92% de at the 2-position and 74% de at the 3-position.

Hs'*Cc, D D

HoN
(17)

Starting from a diprotected L-aspartic acid, (25, 4 R)-4-hydroxyornithine has
been synthesised, and from L-aspartic acid itself after esterification, azo-
hydrolysis, aminolysis and a Hofmann rearrangement, (S)-isoserine has been
synthesised.”® The partially hydrogenated aromatic ring of phenylalanine (1,4-
dihydro-L-phenylalanine), produced as a minor product in the Birch reduction
of the amino acid, has been shown®” to be a moderate competitive inhibitor of
phenylalanine ammonia lyase rather than a substrate. In an enzyme-assisted '
preparation of D-tert-leucine, it was (4)-N-acetyl-fert-leucine chloroethyl ester
that exhibited the highest rate of hydrolysis.

Amino acid anhydride hydrochlorides have been used'®! for the first time as
acylating agents in Friedel-Crafts reactions, resulting in the synthesis of L-
homophenylalanine from aspartic acid. Reduction of cystine with Fe/HCI
yielded'?® cysteine, while di- and tri-nuclear Cu(II) complexes catalysed'®
the condensation of glycine with HCHO to yield serine. A process (40g-scale)
for making enantiomerically pure (S)- and (R)-valine 7-butyl esters has been
developed'® from N-TFA-valine and 2-methylpropene, but N-Boc-4-hydroxy-
methyl-oxazolidin-2-ones from L-serine'®® undergo rearrangement and race-
misation making these unsuitable polymer-mounted auxiliaries. Homolytic free
radical alkylations via silver-catalysed oxidative decarboxylation with ammo-
nium persulfate, has been used'®® to convert L-histidine methyl ester to 2,3-
dialkylated-histidines. N-Boc-Phenylglycine r-butyl esters were the result'®’” of a
1,2 Boc-migration on treating N, N-di-Boc-benzylamines with KDA/#-BuOLi.
Iodine powder/hydrogen peroxide mixtures have furnished'®® L-thyroxine
from L-tyrosine.

Non-proteinogenic amino acids now encompass a wide range of structures
and are sometimes difficult to retrieve from the literature as they are often
referred to only by their ‘trivial’ name. However statines, due to their phar-
macological importance, are well-documented. Thus, all four 2,3 stereoisomers
2-substituted statines (18) have been synthesised.'”” Both the anti and syn forms
were obtained from precursor B-ketoesters via reduction and aldol reactions.
Both enantiomers of statine (18, R'=Bu', R>=H, R*=H, without Boc) have
been synthesised''” by exploiting an a-lithiated alkyl sulfoxide as a chiral o-
hydroxyalkyl carbanion equivalent, while another method''" utilised orthogon-
ally protected syn-2-amino-1, 3, 4-butantriol as a general syn-aminoalcohol
building block. A N-hydroxymethyl group tethered to the amino group of N-
Boc-L-leucinal has been shown''? to undergo intramolecular conjugate
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addition to an o,B-unsaturated ester formed by condensation with the aldehyde
group of the leucinal. The resulting adduct hydrolysed to (—)-statine.

R1 R2 )L S COQH
BocHN \ CO,H

OH O H
(18) (19)

Interest in the polysubstituted proline family of kainoids for their anthel-
mintic and insecticidal properties has provided interesting synthetic challenges,
since natural sources have been interrupted. Thus (—) kainic acid (19) has been
synthesised''* from chiral lithium amide bases which are able to deprotonate
N-benzyl-N-cumylanisamide enantioselectivity to yield enantiomerically en-
riched benzylic organolithiums. These spontaneously undergo dearomatising
cyclisation to yield partially saturated isoindolones, which are processed further
in nine steps to (19). A potent neuroexcitatory kainoid analogue MFPA (2-
methoxyphenyl group in position 4 in 19) has been synthesised''* with the
proline ring built using a photoinduced benzyl radical cyclisation which had
excellent stereoselectivity. Model studies''® on another photochemical ap-
proach to the kainoid ring system have been reported, as well as a formal
synthesis''® of the kainoid amino acid FPA, using a ketyl radical cyclisation as
a key step. Some reflections on the synthesis of (—)-kainic acid (19) have been
recorded in a short review.'!” Full details''® have now emerged for the synthesis
of 4-arylsulfonyl-substituted kainoid analogues starting from 4-hydroxy-L-
proline.

(S)-(+)-Carnitine (20) and analogues have been produced''® by sequential
mono-addition of organometallic reagents to the lactone of (5R, 6S5)-4-(ben-
zyloxycarbonyl)-5,6-diphenyl-2,3,5,6-tetrahydro-4H-1,4-oxazin-2-one followed
by Lewis acid-promoted stereoselective allylation of the resulting hemiacetals.
The R-(—)-carnitine has also become available'*® from the same oxazinone
template but via its reaction in a TiCly; — promoted Mukaiyama-type aldol
reaction of the ketenesilyl acetal of ethyl acetate. A key step in another
stereoselective synthesis of S-(4)-lycoperdic acid (21), was achieved'?! by the
stereoselective hydroxylation of the enolate of a bicyclic lactam using ox-
odiperoxymolybdenum(pyridine)hexamethyl phosphoric triamide as oxidising
agent.

+NH2Me
WwOH

HO_ H
00C,,
MesN\>\/COOH /\}COZ

HaN*
(20) (21) (22)
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The side-chain component of paclitaxel (taxol), (2R, 3.5)-N-benzoyl-3-phe-
nylisoserine, has been synthesised'** utilising dihydroxylation and regio-and
diastereo-selective iminocarbonate rearrangement. N, N-Dichlorinated deriva-
tives of taurine, homotaurine, GABA and leucine have been shown'** to be
more lipophilic than their parent compounds, and an asymmetric synthesis'**
of cis-a,,B-propanoleucine has used a Strecker synthesis as a key step. Another
total synthesis'® of the selective glutamate receptor agonist dysiherbaine (22)
has been reported, this time in a one-pot halogenation-ring-contraction to
prepare the bicyclic ring system with excellent stereochemical control at the C-4
centre. N-Methylhydroxyleucine and another three unusual components (23—
25) of cyclomarin A have been synthesised'?® in protected form ready for
further processing to the cyclic peptide. Amino acid (23) was derived from
diastercoselective methylation of an aspartic acid lactone, while (24) was
formed via aldol reaction with Schollkopf’s chiral glycine enolate, and (25)
was achieved by the AQN ligand-promoted Sharpless aminohydroxylation
protocol. New derivatives of L-canavanine have been produced'?’ in order to
study the effect of oxygen in the S-position, on their efficiency as nitric oxide
synthase inhibitors.

HO
OMe COZEt
CO,Me T\ Nz
HO,C~ YNHBoc NHZ N 9O

(23) (24) (25)

All eight stereoisomers of puleherrimine (26), the bitter principle from a seca
urchin ovary have been synthesized,'?® and has resulted in the re-designation of
the stereochemistry of the natural pulcherrimine as (2'S, 2R, 4S). The stereo-
selective synthesis'? of (+)-myriocin (27) from D-mannose has been briefly
reported, using an Overman rearrangement as a key step.

54-13C, BNJ- and 5-[5-'3C, '>N]-Aminolevulinic acids have been synthe-
sised'* in 4 steps from labelled glycine, and N-Boc-aziridine-2-carboxylates
treated with ''C-cyanide with no carrier added'' produced DL-24-diami-
no[4-''CJbutanoic acid, 4-''C-asparagine and 4-''C-aspartic acid. [I-''C]-y-Vinyl
y-aminobutyric acid (Vigabatrin™), a suicide inhibitor of GABA-transaminase
has been synthesised'** in order to better understand its pharmokinetics using
positron emission tomography. A 7-step synthesis'>* to (S, S)-dysibetaine (28)
from a marine sponge, established its natural stereochemistry as well as provid-
ing other isomers for testing. A first asymmetric synthesis'** has been recorded
for (25)- and (2R)-amino-3,3-dimethoxy propanoic acid through quenching of a
chiral glycine titanium enolate with trimethyl orthoformate, and (S)-a-amino-
oleic acid has been formed'* from Me (25)-2-[bis-(Boc)amino]-5-oxopen-
tanoate.
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OH OH
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4.3 Synthesis of a-Alkyl a-Amino Acids. — The chromatographically isolata-
ble diastereoisomers of 2, 2-disubstituted 2H-azirin-3-amine (29) provided'*¢
useful synthons for the synthesis of (R)- and (S)-isomers of isovaline, 2-
methylvaline, 2-cyclopentylalanine, 2-methylleucine and 2-methylphenylala-
nine, and in an extension of the work'?’ 2-methyltyrosine and 2-methylDOPA
were produced. The latter compound has also been used,'*® to create via its
catechol hydroxyls new crown ether carriers. Both enantiomers of a-methyl
serine were synthesised'* with the use of Ni(II) complexes of (S)-N(2-benzoyl-
phenyl-I-benzylpyrrolidine)-2-carboxamide, and can also be obtained'** on a
multigram scale from the Weinreb amide of 2-methyl-2-propenoic acid via a
Sharpless asymmetric di-hydroxylation. The products were also converted to
(S) and (R)-N-Boc-N, O-isopropylidene-a-methylserinals in new approaches to
the synthesis of quaternary o-methyl amino acids. (S, S)-and (R, R)-Cyclohex-
ane-1,2-diols have been used'*' as chiral auxiliaries in the asymmetric synthesis
of (S)-butylethylglycine and (S)-ethylleucine, while chiral synthons containing
metal jons gave o,a-amino acids in a ‘one-pot’ reaction.'*

Copper salen complexes have been found'*® to catalyse the asymmetric
alkylation of enolates from a variety of amino acids, and after a wide survey
of conditions it was concluded that there was a clear relationship between size
of the substrate side chain and the enantioselectivity of the process. A chiral
nitrone from L-erythrulose has been subjected'** to reaction by various
Grignard reagents, to give protected o,a-disubstituted amino acids and their
corresponding N-hydroxy derivatives. Using o,B-didehydroglutamates as start-
ing material,'* o-methyl pyroglutamates have been synthesised via o-methyl-6-
oxoperhydropyridazme-3-carboxylates with ring contraction using LIHMDS.
A range of chiral oa-alkyl-a-phenylglycine derivatives were prepared'*® by
alkylation of (3R)-phenylpyrazine, which was obtained from the arylation of
(S)-2, 5-dihydro-3,6-dimethoxy-2-isopropylpiperazine with benzene-Mn(CO);
complex. Treatment of ethyl nitroacetate with N,N-diisopropylethylarnine/
tetraalkylammonium salt followed by addition of an alkyl halide or Michael
acceptor gave the doubly C-alkylated product in good yield which gave the
corresponding amido esters on selective nitro group reduction.'*” On N-pro-
tection, a series of these C** -disubstituted amino acids were incorporated
into peptides, while in a separate publication'®® esters of Boc- and
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Z-a,0,-dialkylamino acids have been prepared via the mixed anhydride method.
Large scale syntheses'® of C*tetrasubstituted o-amino acids such as (30),
important for ring closing metathesis have been carried out using phase-
transfer catalysed alkylation of N-benzylidene-DL-alaninamide using two
amidases for the resolution of the amino acid into chirally pure forms. Another
synthesis'® of APCD (31), a selective agonist of metabotropic glutamate
receptors has appeared which is based upon an alkylidene carbene 1,5-CH
insertion reaction as a key step. A Wittig homologation of Garner’s aldehyde,
with subsequent catalytic hydrogenation gave a precursor ketone which with
lithio(trimethylsilyl)diazomethane resulted in the cyclopentene-CH insertion
product.

CH,CH=CH Bn
H2N+COZH H2N'}O\\\\COZH R., N Ph
CH, HO,C I j

(30) @1 07 0 (32

Chiral a,0-disubstituted amino acid derivatives possessing a vinyl silane syn-
thetic handle have been obtained'®! from aza-[2,3]-Wittig rearrangement pre-
cursors derived from Ala, Val, Phe and PhGly. Upon irradiation'*? with
suitable a-alkoxy carbon radical precursors plus a sensitiser, substitution
occurred onto C=N bonds of ketoxime ethers to form B-oxygenated quater-
nary o-amino acid derivatives.

Protected a-methyl-a-phenylglycine and a-methylisoleucine have been pre-
pared'> by oxidative cleavage of N-Boc-3-amino-l, 2-diols which had been
formed from 3-azido-1, 2-diols. Treatment'>* of enolates of (32) with alkyl
halides or aldehydes, gave a quaternary C at 3 with S-configuration, but with
methyl bromoacetate the R-configuration predominated. The products were
de-protected to form enantiopure a, a-dialkyl amino acids. In the chiral phase
transfer-catalysed alkylation of protected amino acids, anaerobic conditions
offer advantages'> of yield and enantioselectivity. 6-Benzyl-piperazine-2, 3, 5-
trione has been selectively alkylated'>® at the C-6 position, which is equivalent
to the C” position of phenylalanine.

4.4 Synthesis of a-Amino Acids with Alicyclic and Long Aliphatic Side Chains.
— There seems to be an increase in activity under this Section during this period,
with the 3-membered cyclopropyl ring amongst the most popular. Options for
the synthesis of a large class of chiral 2-S-alkyl-l-aminocyclopropane carboxylic
acids have been made available'>” through the synthesis of (Z)-I-benzoylamino-
2-tritylsulfanylcyclopropane carboxylic acid, formed from (—) or (+)-menthyl-
2-benzoylamino-3-tritylsulfenyl acrylates and diazomethane. (1.5, 2R)- and (1R,
25)-Allocoronamic acids (33) have been made'® using Belokon’s complex
{Ni(IT) complex of glycine-(S)-2-[N'-(N-benzylprolyl)amino] benzophenone
Schiff base ligands}, and chiral sulfate cyclopropane amino acids have been
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reported'* as products from ylide insertion on the exocyclic double bond of a
chiral 5(4H)- oxazolone from D-glyceraldehyde. There is a first report'®® of an
enzymatic (pig liver esterase) asymmetrisation of a prochiral precursor in the
form of (1S)-l-amino-2, 2-dimethylcyclopropane-l-carboxylic acid, and (2R,
1'S, 2'S)-2-(carboxycyclopropyl)glycine has been formed'®! via an extension of
Taguchi’s protocol for Simmons-Smith cyclopropanation to a chiral amino
allyl alcohol. S-Cleonin (34) from the anti-tumour cleomycin has been pre-
pared'® from R-serine via a Kulinkovich cyclopropanation of the methyl ester
of Z-serine acetonide. Of the two novel antagonists of group 2 metabotropic
glutamate receptors, synthesised'®® as (28, 1'S, 2'S, 3'R)-2-(3/-xanthenyl, me-
thyl-2'-carboxycyclopropyl)glycine and its xanthenylethyl analogue, it was the
latter which had submicromolar activity. exo-Nucleophilic addition'®* to
(bicyclo [5.1.0] octadienyl)iron (14) established the stereochemistry of the ring
and the a-stereocentre in the synthesis of cis-2-(2'-carboxycyclopropyl)glycine
(35), while the synthesis'®® of (28, 1'S, 2'S, 3’ R)-2-(2'-carboxy-3’-methylyclop-
ropyl)glycine and its epimer at C-3’ has shown the former to be a potent and
selective metabotropic group 2 receptor agonist. Cyclopropanation of dehy-
droamino acid derivatives'®® with alkyl diazoacetates, catalysed by dirhodium
tetraacetate gave cyclopropane analogues of aspartic and adipic acids. Full
details'®” have appeared for the titanium-mediated cyclopropanation of ho-
moallyl alk-2-enoates to give (Z)-vinylcyclopropanols, which can be processed
via azidation and oxidative cleavage to give alkyl 2,3-methanoamino acids such
as (36). Syn- and anti- forms of 3,4-cyclopropylarginitie have been produced'®
using diazomethane addition to Z-dehydroglutamate, 4-methyl-2,6,7-trio-
xabicyclo [2,2,2] ortho ester followed by irradiation of the resulting pyrazoline.

; NH, HO.C. ,NH
00C 2 > >
>V\ HO = co )g \/\V/N Hy
HaN* Me X\ 2 “CO,H
2
(33) (34) (35) (36)

Also generating continuing interest in this sub-section is the conformational
constraints offered by the 5-membered ring in proline, so a number of synthe-
ses of substituted prolines have been reported. A number of 3-substituted
prolines have been synthesised enantioselectively'® starting from 3-OH-(S)-2-
Pro using the enol triflate derived from N-trityl-3-oxo-(S)-2-proline methyl
ester, followed by hydrolysis/hydrogenation. A chirally stabilised azomethine
ylide!” from 5-(S)-5-phenylmorpholin-2-one and 2,2-dimethoxypropane has
been trapped diastereoselectively with singly and doubly-activated dipolar-
ophiles to give cycloadducts dismantled in one-pot to enantiomerically pure
5,5-dimethylproline derivatives. A reductive cyanation'’' of 2-pyrrolidones
with Schwartz’s reagent has also given the same disubstituted proline. Two
methods have been described for the synthesis of (25, 55)-5-¢-butylprolin. One
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involved'” converting 2(S)-I-t-butyldimethylsiloxy-2-N-(PhF)amino-5-0x0-6,
6-dimethyl heptane into its imino alcohol followed by reduction of the imine
function with >96% enantiomeric purity, while another study'”® made the
same S-substituted proline via the addition of z-butylcuprate to 2(S)-Boc-A’-
dehydroproline ethyl ester with 78:22 diastereoselectivity. Starting from
2,3-disubstituted pentenoic acid derivatives it has been shown'’* that a hy-
droboration-Swern oxidation sequence created a N-acyliminium precursor
which could be transformed into 3-phenyl-5-vinylproline in 70% yield. N-
Alkylated glycine esters' > with excess acrolein in presence of acid, followed by
treatment with Et;N have provided 4-formyl-5-vinylproline carboxylates with
good regio- and stereo-selectivity.

Trans-4-Cyclohexylproline has been obtained!’® by stereoselective alkylat-
ion of N-benzyl-pyroglutamic acid with 3-bromocyclohexene, which after
hydrogenation afforded frans-4-cyclohexylpyroglutamic acid and then proc-
essed via a thioester (Lawesson’s reagent) and Raney Ni to give the proline
derivative with 93% ee. A library of 4-alkoxyprolines has been produced'”’
using solid phase techniques, and a detailed survey'’® of the phase transfer
catalysis conditions required for the cycloaddition of imino esters derived
from alanine and glycine with alkenes to form substituted prolines has been
carried out. A number of heteroaromatic acromelic acid analogues have been
synthesised'” from (—)-o-kainic acid and (2S, 3R)-3-hydroxy-3-methylpro-
line a component of the polyoxypeptins has been synthesised'** via a Sml,-
mediated cyelisation of an iodoketone. Both syn, exo, and anti, exo-3, 4,
5-trisubstitiued-prolines can separately be prepared'®' from 2, 4, 5-pyrrolidi-
nyl carbene complexes formed from glycine ester aldimines and chiral al-
koxyalkenylcarbene complexes of chromium, oxidation producing the
former, acid hydrolysis producing the latter. The azabicycle (39) with sec-
butyllithium/TMEDA at 0°C afforded'®? the C bridgehead anion which could
be quenched with e.g. CO, to form the naturally-occurring 2, 4-methanopro-
line (38), but when conditions were changed to —78°C the hitherto unknown
3, 5-methanoproline (37) was amongst the products. The 2, 4-isomer (38) was
also synthesised'®® in five steps from allyl benzyl ether. Further bridged
analogues of proline have come in the form of (40) and (41), which were
produced'® from transformations of an azabicyclic intermediate obtained
from the asymmetric Diels-Alder reaction of a chiral oxazolone derived from
R-glyceraldehyde with Danishefsky’s diene. Cyclopenta[c]proline derivatives
(42) were formed'® from enyne amino acid derivatives in a stereocontrolled
manner using catalytic Pauson-Khand reactions. A facile synthesis'®® of
protected 3R, SR-dihydroxyhomoproline has been achieved using L-threo-
nine aldolase as an enzyme catalyst. The potent metabotropic glutamate
receptor agonist (1.5, 3R)-l-aminocyclopentane-1, 3-dicarboxylic acid (43) has
been prepared'®’ from serine via C—H insertion of an alkylidene carbene, and
a stereoselective route'®® has been used to form 3-substituted 2-amino cycl-
opentane carboxylic acid derivatives.
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Pyroglutamic acid has been the starting point for the synthesis'®® of (35, 4R)-
3.,4-dimethyl-L-pyroglutamic acid and (3S, 4R)-3,4-dimethylglutamine, with
the methyl groups being introduced via a cuprate and enolate addition. N-Ts
and N-Boc derivatives of (2, 45)-4-phenylamino-5-oxoprolines have also been
synthesised.’”® A common strategy has been devised'®' for the synthesis of
pipecolic acid derivatives (44) and (45) and involves intramolecular eneiminium
cyclisation. Analogue (45) has also been prepared'®® using the stereoselective
addition of allyltrimethylsilane with N-tosyl- and N-phenyl-iminoglyoxylates of
(R)-8-phenylmenthol. Several pipecolic acid derivatives have been synthe-
sised'”? from 2, 3-epoxy-5-hexen-l-ol, followed by regio- and stereo-selective
ring opening with allylamine, while the constrained phenylalanine analogue
(2S, 3R)-3-phenylpipecoiic acid has been obtained'®* from the Evans chiral
auxiliary (4S5)-4-benzyl-1, 3-oxazolidin-2-one. (2R, 3R)-3-Hydroxypipecolic
acid has been obtained'” from the O-protected methyl mandelate, via the
nucleophilic substitution of an azide epoxide.

R
Ph H CO,Me CO,H
O NR
H CO,H
H,N  CO,H
(42) (43) (44) R = Me
(45) R = OH

Both enantiomers of 4-oxo-pipecolic acid have been synthesized'® via 1, 3-

dipolar cycloaddition of C-ethoxycarbonyl-N-(IR)-phenylethylnitrone to but-3-
en-l-ol, and a range of different disubstituted pipecolic acid derivatives have
been made'®” via an oxidative cleavage of azabicycloalkene synthesised from an
aza Diels-Alder reaction. Trans-3,4-Piperidindicarboxylic acid derivative (46)
and a rrans-3, 4-analogue have been synthesised'*® asymmetrically in 5 steps
starting from aspartic acid z-butyl ester and Z-(S)-alanine respectively via
intermediates which on ozonolysis and reductive animation provided the cyclic
structures. Five and six-membered cyclic amino acids can be obtained'” in a
one-pot protocol by a rhodium-catalysed (Rh-DuPHOS) hydroformylation/
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cyclisation sequence. Benzocyclic a, a-dialkyl amino acids (47) have been
constructed®® via an asymmetric Strecker reaction using S-a-methylbenzyla-
mine and R-phenylglycinol as chiral auxiliaries, while the benzene ring in the
benzocycloheptene o-amino acid derivatives (48) was built up! from a Diels-
Alder reaction of a seven-membered ring diene with various dienophiles.
Rigidified bicyclic a-amino acids have also been obtained®** from appropriate
1,6-heptenynes and the reactions®® of acyclic and cyclic dehydroalanines with
1,3-dienylcobaloxime complexes have yielded functionalised carbocyclic amino
acids. Crown ether macro-rings such as (49) have been built up®®* from masked
tris(hydroxymethyl)amino methane, and shown to be capable of stacking in the
presence and in the absence of alkali metal ions.

Compounds (50) with cis- and trans-relationships between the 2,5-dihydroxy
groups have been made®® starting from Diels-Alder reactions between oxazol-
ones and dienes. Cyclohexylglycine scaffolds have been synthesised®*® and
tested for potency as matrix metalloproteinase inhibitors, and cis- and trans
forms of 4-Boc-cyclohexylglycine have been obtained®”” from amino-
hydroxylation of styrene. Rhodium-catalysed’®® hydrogenation of enamide
(51) gave (R)-4-piperidinylglycine in good yield. The cyclopentyl glutamate
analogue (52) formed®” using a [3 + 2] cycloaddition reaction of dehydroami-
no acids turned out to be a potent agonist of the mGlu5 and mGlu2 receptors.
Methyl substituted cyclohexyl-l-amino-3-hydroxy-l-carboxylic acids have been
prepared®!® from 3,5-tethered dienes of (2R)-2, 5-dihydro-2-isopropyl-3,
6-dimethylpyrazine.

COZ C@ ®©<COQ

(46) (47) n=1,20r3 (48)

ZHN_ _CO,R
NHZ | coA
? :><(;o2 ; j
N H,N” “CO,H
(49) n _1 20r3 Boc (51) (52)

A new class of cyclic amino acids based on (53) (6-oxoperhydropyridazine-3-
carboxylic acid derivative) has been created’!! by diastereoselective transfor-
mation of o, B-didehydroglutamates. An improved synthesis*'? of (—) CIP-AS
(54), an analogue of glutamic acid has been reported, which involves cycload-
dition of ethoxycarbonyl formonitrile oxide to a N-(4-methoxybenzyl)a-ct-
hoxycarbonyl nitrone. Further clarification’'? has been given of the conditions
that favour cyclopropane vis a vis cyclopentene ring formation from a Schiff
base derivative of glycine and bis-alkylating alkenes.
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The synthesis*'* of 2-cyclopentadienylglycine (55) from o-bromohippuric acid
with nickelocene, or other cyclopentadienyl complexes has provided a means of
studying its dimerisation in Diels-Alder reactions and in ferrocenylene forma-
tion. By coupling ethyl isocyanoacetate with 1,2-bis (4-bromoethylphenyl)ethane
under phase transfer conditions a macrocyclic cyclophane o-amino acid was
produced,?'® and in a Diels-Alder reaction’'® between methyl 2-acetamidoacry-
late and anthracene a highly constrained a-amino acid derivative was produced.

Fmoc-Protected lipophilic amino acids with alkyl side chains varying from
C,—C;g have 0riginated217 from the alkylation of Schiff bases obtained from 2-
hydroxypinan-3-one with Gly-OBu". (S)-2-Amino-8-oxodecanoic acid a con-
stituent of the cyclic tetrapeptides, the apicidins, has been synthesised®'® from
an iodo-ester of glutamic acid which was subjected to photolytic condensation
with ethyl vinyl ketone in the presence of tri- V-buryltin hydride. (S)-2-Amino-
oleic acid was obtained?'® from a chiral aldehyde, Bu-(2S)-2[bis(Boc-amino)]-5-
oxopentanoate, derived from glutamic acid, which underwent a Wittig reaction
with appropriate ylides.

4.5 Models for Prebiotic Synthesis of Amino Acids. — Only one publication was
found that fitted into this category, and was a report??® of low energy nitrogen
ions being implanted into carboxylic salt solutions to give hplc evidence for the
production of amino acids.

4.6 Synthesis of Halogenoalkyl a-Amino Acids. — The only member of the
halogen series with the correct stability profile is fluorine, so it commands a
monopoly of the papers. The Reformatsky reaction between Garner’s aldehyde
(from D-serine) and ethyl bromodifluoroacetate®*! followed by further process-
ing yielded L-4, 4-difluoroglutamine, and the same reaction®* after slight
modification gave L-4, 4-difluoroglutamic acid. New approaches®** for incor-
porating fluorine stereoselectively have included, alkylation of chiral glycine
Schiff bases, intramolecular cyclisation of chiral cyanohydrins and catalytic
hydrogenation of fluorinated imino esters. Chiral a-fluoroalkylated mesylates
with Boc-Gly-OH in the presence of Pd-catalyst have given®** y-fluoroalkylated
allyl esters, which after an Ireland-Claisen rearrangement gave o-fluoroalky-
lated-B,y-unsaturated amino acids. B, B-Difluoro amino acids have been
made’?*%?® via the alkylation of a hydroxypinanone glycinate from ethyl
trifluoropyruvate, or via carboxamides or substituted ureas.”?’ 5, 5, 5, 5, 5,
5'-Hexafluoroleucine has been obtained**® from addition of an organozincate
(from Z-L-serine) to hexafluoroacetone followed by a radical-mediated deox-
ygenation. (2S5, 3R)-Difluorothreonine’s synthesis was evolved®*’ from 3, 3-
difluoroacetaldehyde, an alkenyl or arylboronic acid and an amine in high yield
and ee. Hydride reduction stereocontrolled®*® by intramolecular mt-stacking of
1-naphthylsulfinyl and N-aryl groups, non-oxidative Pummerer rearrangement
and ring-closing metathesis, have given both cyclic and acyclic fluorinated o-
amino acid derivatives. Ring-closing metathesis using a ruthenium catalyst,
also formed®*' the last stage in the synthesis of 5-, 6- and 7-membered cyclic
amino esters such as (56), and used similarly in another publication.?*?
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A number of fluorinated proline analogues have been made, such as cis- and
trans-4-trifluoromethyl D-proline from serine®* involving the reaction between
Garner’s aldehyde and an ylide, followed by trifluoromethylation. From the
same authors®** comes a report that N-Boc-cis-4-trifluoromethyl (and diflu-
oromethyl)-L-proline could be made from N-Boc-4-oxo-L-proline using either
CF;SiMe; or CF,Br,/Zn respectively, and in another approach,235 the 4-oxo-
proline was again alkylated with CF;SiMes;, whose adduct was allowed to
dehydrate to a cyclic alkene which was hydrogenated stereoselectively using
Ir(cod)(py)PCy; (Crabtree’s catalyst). Fmoc-(4R) and (4S)-fluoroprolines have
been synthesised®*® from 4(R)-hydroxyproline using a Mitsunobu reaction.

4-Fluoro- and 4.4-difluoropipecolic acid have been stereoselectively synthe-
sised®’ from Z-protected 4-OH- and 4-oxopipecolates via fluorodehydroxylation
and fluorodeoxygenation. For the preparation®® of o-fluoromethyltrypto-
phans, highly electrophilic imines derived from methyl bromodifluoro- and
trifluoropyruvate were reacted with I-sulfonyl-3-methyleneindolines, and for the
synthesis® of o,a-difluoro-B-amino acids, starting from aldehydes and ethyl
bromodifluoroacetate, a Mitsunobu reaction was again the key step. Similar
products were obtained®* from the solid phase condensation of amines, alde-
hydes, benzotriazole and a Reformatsky reagent prepared in situ from ecthyl
bromodifluoroacetate, trimethylsilyl chloride and zinc. Using the recently discov-
ered electrophilic N-fluoro-cinchona alkaloid reagent, it has been proven®*' that it
will carry out a-deprotection/fluorination with enantiomeric excess up to 94% in
the synthesis of a-fluoro-N-phthaloylphenylglycinonitrile. Taking the pathway
summarised in Scheme 10, a-trifluoromethyl a-amino acids have been obtained>*
from sulfinimes and trifluoropyruvates using Grignard reagents with the source of
chirality being menthylsulfinate which can be recycled.

[e) Ph
FmocHN\/COQH )k O (
\/O\N/Boc \_/ b
67 ye S %, (58)

4.7 Synthesis of Hydroxyalkyl a-Amino Acids. — A general method*** whereby

2-benzyloxyaziridine-2-carboxylates undergo regioselective hydrogenolysis has
been shown to yield a-substituted serines. A stereoselective synthesis*** of Z-D-
Ser-OMe involved an intermediate tetrahydrooxazin-4-one generated from a
hetero Diels-Alder reaction between 2-aza-3-trimethylsilyloxy-1,3-diene and
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gaseous formaldehyde. Z- and Boc-(S)-Isoserines have been obtained** from
the appropriate (S)-malic acid monoester via an oxazolidin-2-one, and a
protected form (57) of N-methylated amino-homoserine suitable for Fmoc-
protocols has been produced.?*®

There have been a number of examples of OH groups generated in the side
chains of proteinogenic acids, thus 2S, 3R, 4S-4-hydroxyisoleucine, a potent
insulinotropic amino acid from the seeds of fenugreek, has been made®*’ by
biotransformation of ethyl, 2-methylacetoacetate to (25, 3S5)-2-methyl-3-hy-
droxybutanoate followed by an asymmetric Strecker synthesis. Protected B-
hydroxyvalines were obtained®*® from N-protected serine methyl esters via a
Grignard addition (MeMgBr) to the ester group followed by selective oxidation
of the diol formed with a hypochlorite cocktail. (25, 3.5)-3-Hydroxyleucine was
the model compound synthesised®*® to test out a stereodivergent approach
starting from a symmetrical alk-2-yne-1, 4-diol and using a Pd(0)-catalysed
process to select the stereochemistry of the o-carbon in the amino acid
produced. Four stereoisomers of 3.,4-dihydroxyglutamic acid have been
formed® as a result of a stereoselective cyanation of an N-acyliminium
intermediate derived from L- or D-tartaric acid. (2S5)-2-Hydroxymethyl-
glutamic acid (HMG), a potent agonist of metebotropic glutamate receptor
mGlu R3 has been obtained®' from S-pyroglutaminol, via a bicyclic silo-
xypyrrole. Another route to HMG?*? involved starting from D-serine, followed
by a tandem Michael addition, a ring-closure protocol, followed by a stereo-
selective alkylation reaction from the convex face of the bi-cycle. The imidazo-
lidinone (58) has been shown®® to give excellent stereocontrol and can be
considered a chiral enolate equivalent, which can undergo diastereoselective
aldol reactions which give rise to B-hydroxy-o-amino acids. Syn-(S)-p-Hydroxy
a-amino acids have also been synthesised*>* via asymmetric aldol reactions of
aldehydes with a chiral Ni(IT) BPB/glycine Schiff base complex in the presence
of NaH. A multigram scale preparation of syn-(S)-B-hydroxyleueine was
possible using this method. L-2-Amino-4, 5-dihydroxypentanoic acid has been
prepared®® from L-allylglycine and using appropriate protection it is a good
precursor for conversion to an aldehyde side chain in peptides. Enantiopure o-
hydroxy-a-amino acids were key>® to the synthesis of a number of C-15 o-
amino carboxylates and were produced as a result of the Wittig reaction of
methyl (2S5)-2-[bis(Boc-amino)]-5-oxopentanoate with o-trityloxyalkylidene
triphenylphosphoranes. A general strategy®’ has been developed to access o,
B-dihydroxy-o-amino acid via N-carboxyanhydrides produced by ring expan-
sion of 3-hydroxy-B-lactams. Enantiomerically and diastereomerically pure
2(S)-amino-6(R)-hydroxy-1, 7-heptanedioic acid dimethyl ester has been de-
rived®*® from cycloheptadiene using an acylnitroso Diels-Alder reaction as the
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key step. Anti-p-Hydroxy-a-amino acid esters were obtained®> as the major
diastereoisomer with moderate enantiomeric excess using a direct aldol reaction
of glycinate Schiff bases with aldehydes, using heterobimetallic asymmetric
complexes as catalyst.
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Two building blocks as part of the structure of the cyclic depsipeptide,
callipeltin A, have been synthesised. (2R, 3R, 4S)-3-Hydroxy-2, 4  6-tri-
methylpentanoic acid has been obtained®®® from L-valine using the Heathcock
variant of the Evans aldol reaction, while a fully protected (2R, 3R, 45)-4, 7-
diamino-2,3-dihydroxyheptanoic acid has been produced®®' by a multistage
process from D-glucose. The protease inhibitor statine, continues to be thor-
oughly researched as in the synthesis of all four 2,3-stercoisomers of 2-substi-
tuted statines.”*® The 2,3 syn- and anti-isomers were synthesised via B-ketoester
and aldol reactions. Since Mitsunobu reactions of syn-2,3-dihydroxy esters
exhibited®®® complete regioselectivity for the B-hydroxyl to give anti a-hydroxy
B-Nu ester (Nu = OBz, OTs, Nj), which could be processed to form natural
syn-statine and its anti diastereoisomer. Fmoc-(2S, 3S)-2-hydroxy-3-amino
acids have been synthesised®®* starting from 2-furaldehyde, cyanation being
catalysed by R-oxynitrilase, and final removal of the furan ring by ozonolysis.

Cyclic amino acids bearing hydroxyl groups have also been the focus of
interest. N-Boc-(2S, 5R)-5-(1’-hydroxy-I'-methylethyl)proline was chosen®®’ as
a cis-conformation inducer in Xaa-Pro amide bonds and was synthesised from
enantiopure 2, S-disubstituted pyrrolidine. With the availability of chiral 2-
amino-3-hydroxy-4-pentanoate from sugars,>*® cyclisation stages produced
both trans-3-hydroxy-L-proline and cis-3-hydroxy-D-proline. (25, 3R)-3-Hy-
droxy-3-methylproline, found in the polyoxypeptins, has been synthesised*®’
via the Sharpless regioselective opening of a cyclic sulfate by NaN3; and an
intramolecular ring closing reaction. By starting with trans-4-hydroxy-L-pro-
line and using acetic anhydride, the intermediate lactone contains an inverted
stereochemistry at C-4 so that acidic cleavage of the lactone gave cis-hydroxy-
D-proline.”®® Two independently-reported routes to 3, 4-dihydroxyprolines,
involved either a strategy®®® starting with a pentose sugar y-lactone, or a
protocol’’® based on ring-closing metathesis of unsaturated chiral allyl amines.
These allyl amines were synthesised from unsaturated epoxy alcohols or from
2,3-epoxy-3-phenylpropanol. All four conformationally constrained analogues
(59) of 3-hydroxyproline have been synthesised?’! starting from a Diels-Alder
reaction between methyl benzamidoacrylate and Danishefsky’s diene (1-meth-
oxy-1,3-butadiene) followed by an internal nucleophilic displacement of meth-
anesulfonyl group in the cyclohexane ring. Crystallisation techniques afforded
the final resolution to chiral purity.
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Ru0O,/NalO, oxidation?’? of N-Boc-4-silyloxy- and 4-acetoxyproline methyl
esters under biphasic conditions and after deprotection, have given both cis and
trans methyl, N-Boc-4-hydroxypyroglutamates. Constrained serine ana-
logues®” (1S, 2S5)-, (1R, 2R), and (1R, 2S)-1-amino-hydroxy cyclohexane
carboxylic acids were synthesised in racemic forms using the Diels-Alder
reaction of 2-benzamidoacrylate with Danishefsky’s diene, followed by reso-
lution methods. Hydroxylation of 6-substituted piperidine-2-ones has pro-
vided®™ an efficient synthesis of (25, 5R)-5-hydroxylysine and related amino
acids. Lipo-B-hydroxy amino acids and their glycoside derivatives such as (60)
have been formed?”® by selective oxidation of protected amino diols, formed
from a D-serine Schiff base. In order to clarify the configuration of the natural
B-methoxytyrosine in the cyclodepsipeptide, the papuamides all four stereoiso-
mers have been synthesised?’® via their p-hydroxy counterparts. The latter were
synthesised from Garner’s aldehyde [from (S)-serine] with 4-benzyloxyphenyl-
lithium at —78°C in presence of LiBr. Ethyl isothiocyanatoacetate and a range
of aromatic aldehydes, in the presence of triethylamine, magnesium(II) perch-
lorate and bipyridine, reacted together?’” to form B-hydroxy-o-amino acids.

4.8 Synthesis of N-Substituted o-Amino Acids. — While the N-methyl ana-
logues of most of the proteinogenic amino acids are known, their synthesis still
demands chemical rigour, so a methodology®’® based on reductive alkylation of
Schiff bases both in solution and on solid phase is welcome. Similarly, the
unified approach for the methylation of the 20 common acids through 5-
oxazolidinones has been researched,?’”” and it is concluded that the side-chains
of Ser, Thr, Tyr, Cys, Met, Trp, Asn, His and Arg needed protecting groups
during the methylation process, but these can be chosen to be compatible with
applications for peptide synthesis, A novel solid phase method for mono-
methylation has also been develop,?®® whereby amino acids supported on Wang
or Sasrin resin can be methylated with pinacol chloromethylboronic ester
followed by rearrangement of the resulting aminomethylboronate and subse-
quent cleavage. Both N-Z and N-Fmoc protected MeSer and MeThr have been
synthesised®®! via their oxazolidinones, but using 7-butyldimethylsilyl as the
transient side chain protecting group.

A series of benzylamides of N-alkylated and N-acylated cyclic and linear
amino acids have been synthesised®®* for the testing of their anticonvulsant
activity, and N-formyl-L-aspartic anhydride has been prepared®™® using
HCOOH/Ac,0/MgO. N-Acylated amino acids have been synthesised*** from
N-acylamino esters using a polymer-supported amine and scandium triflate,
and N-phthaloyl derivatives have been obtainedzgs‘ in a rapid one-pot proce-
dure involving monomethyl phthalate, BOP and Pr',Net to give an intermedi-
ate which then cyclises in aqueous sodium carbonate. A selection of N-acyl
homoserine lactone analogues have been synthesised®®® and tested for their
ability to inhibit bioluminescence, while N-acetyl L-glutamic acid was
formed®®’ efficiently using Ac,O in alkaline solution. A new reagent 2-[phe-
nyl(methyl)sulfoniolethyl-4-nitrophenylcarbonate  tetrafluoroborate®®  has
been introduced for attachment of a water soluble protecting group onto
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sulfur-containing amino acids. Scalable syntheses of Z- and Fmoc-Orn have
been noted,?®® p-Toluenesulfonamido glutaramides have been prepared®° from
Tos-Cl, Glu and amines, and a novel method®®' has been described for the
synthesis of N-sulfonyl protected amino acids. Orthogonally protected amino
acid building blocks for combinatorial N-backbone cyclic peptides have been
produced®®? for all amino acids except proline. N*~Aminoallyloxycarbonyl-
and carboxyallyl derivatives were first produced, via alkylation (alkyl halides),
reductive amination (aldehydes), and Michael addition (ao,-unsaturated car-
bonyl compound), followed by Fmoc protection of the remaining N—H bond.

3-N-Phthaloyl homophenylalanine lactone has been synthesized,*”* and so-
dium salts of valine, leucine and phenylalanine when treated®* with acid
chloride of trichlorovinylacetic acid and 3, 3, 4, 4, 4-pentachlorobutanoic gave
N-chloroacyl derivatives. N-Stearylleucine was formed*> from stearyl chloride
under Schotten-Baumann conditions and a number of 2, 6-disubstituted ben-
zoyl derivatives have been prepared®® in the series N-benzoyl-4-[(2,6-di-
chlorobenzoylamino)]-L-phenylalanine to test for VCAM/VLA-4 antagonist
activity. N-Boc- and N-benzoyl-(S)-phenylglycinals have been prepared®®’ by
the oxidation of the respective alcohols (racemisation free) with Dess-Martin
periodinane. N-(2-Boc-aminoethyl)glycine esters have been produced®”® from
Boc-aminoacetaldehyde and glycine esters, and when a H,/O, flame was blown
against an aqueous solution of urea and maleic acid, N-carbamoylaspartic acid
was generated.?””

A library of N-substituted amino acid esters have been produced” by a
novel 4-component synthesis using a polymer-bound isocyanide, and when the
N* - group is protected®' by a hydrolysable protecting group (e.g. trifluor-
oacetyl or an enamine), methyl esters could still be made using Me,SO,4 with the
tetramethylguanidinium salts of the acids. Threo-N-Benzoyl-3-phenylisoserine
has been prepared,’®® and N-arachidonyl derivatives of both O-phospho-L-
serine and O-phospho-L-tyrosine have been formed?** through firstly forming
the N-arachidonyl derivative followed by phosphorylation with cyanoethyl-
phosphate. A series of N-aryl-2, 6-dimethoxybiphenylalanine analogues
were prepared>** for inhibition studies on integrin VLA-4, using aryl halides/
NaOBu'/BINAP/Pd,dbas in toluene at 75°C. A 1,4-benzoquinone and three
1,4-naphthaquinones have been directly reacted®®” (2 equivalents) with a series
of w-amino acids to form adducts which have been subjected to electro-
chemical studies. In model studies®® for scyphostatin N-palmitoylation of
the amino group was necessary to produce (S)-N-(I-benzyl-2-hydroxyethyl)hex-
adecanamide and N-pyrazolidinyl amino acids resulted®®’ from reaction of
l-acetyl-2-phenyl-5-hydroxypyrazolidine with amino acid esters. Details have
been disclosed®® for the synthesis of N*[4-(2-(2,4-diaminoquinazolin-6-
ylethyl)]benzoyl-N°-hemiphthaloyl-L-ornithine and a 4-amino-deoxypteroyl
analogue.

4.9 Synthesis of a-Amino Acids carrying Unsaturated Aliphatic Side Chains. —
Allylic alkylations have been carried out in different modes, e.g as in Scheme 11,
where the alkylations®® with simple allylic substrates were catalysed by chiral
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quaternary ammonium salts giving ee’s of up to 61%. In a variation of this
approach, the glycine esters were added?'® as zinc enolates. Producing allylic
isomers with substitution at position 3 (3 on product in Scheme 11) is more
synthetically demanding, but has been achieved®'' by molybdenum-catalysed
asymmetric allylic alkylation using azlactones as the ‘glycine’ element. Good
stereoselectivity (anti-configured products) has been obtained*'? due to sup-
pression of n-G-1 isomerisation, if zinc enolates of TFA-protected glycine esters
were reacted in the presence of [allylPdCl]s,.
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Asymmetric addition®'? of allyltrimethylsilane to a chiral N-tosylimine (61)

derived from 8-phenylmethyl glyoxylate in the presence of various Lewis acids
has been monitored. Good diasteroselectivity was found for ZnBr,, ZnCl,,
TiCly4 and SnCly, but poor selectivity using BF;.Et,O.

Chiral (2)-a, B-didehydro amino acids have been generated®'* from a chiral
iminic cyclic glycine template with 1, 2, 3, 6-tetrahydropyrazin-2-one by con-
densation with Eschenmoser’s salt and Bredereck’s reagent. These can be
further arylated in the presence of Pd(OAc),. Enantioselective hydrolysis of
amino acid amides using an amidase has been applied®'” to a series of unsatu-
rated amino acids, which can be up-graded to multigram scale. a-Methylene-f3-
amino acid derivatives have been obtained®'® from aldehydes, sulfonamides
and o, B -unsaturated carbonyl compounds using the aza-version of the Baylis-
Hillman reaction, with DABCO as base and La(OTf); as a Lewis acid. An
asymmetric version®'” of the same reaction between N-p-toluenesulfinimines
and methyl acrylate in the presence of In(OTf); has also been successfully
developed for B-amino-o-methylene esters. The effect of base and solvents on
the formation of dehydroalanine through elimination of p-Ts from p-tos-
ylserine derivatives has been monitored.*'® N-Boc- and N-Z-a-tosyl ethylglycin-
ates have been reacted®'® with aldehydes in the presence of tributylphosphine
and a base under Wittig conditions to give the corresponding o, B-didehydro-
amino acid derivatives with high Z-selectivity and in good yields.
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A concise, scalable route to both isomers of Z-2-Boc-amino-6-hydroxyhex-4-
enoic acid, has been carried out™° starting from 2-butyne-l, 4-diol, featuring
acylase enzymes in the resolution step. Introduction of allyl groups into the side
chain without loss of chirality has been facilitated®*' via the intermediate
formation of a terminal aldehyde group in the side chain (generated from the
Weinreb amides of aspartic or glutamic acids), which was then subjected to
methyl triphenylphosphonium bromide in a Wittig reaction. Starting from L-
vinylglycine, enantiomeric purity has been preserved*** in the making of D- or
L-quaternary o-(2-stannylvinyl) amino acids. A series of reaction steps has
enabled** L-vinylglycine to be synthesised in a novel way from D-xylose. An
enolate-Claisen rearrangement of o-acyloxysilane has led** to an enantiose-
lective synthesis of compounds such as (62) possessing two consecutive chiral
centres. A vinylidene->H analogue of (—)-o-kainic acid has been synthesised>*
via an intermediate keto group substituted in the side-chain of the proline
compound, and the 4-keto group in the proline ring of kainic acid was the
starting point for transformations**® leading to (+)-o-allokainic acid. Is-
oxazolyl and pyrazolyl moieties have been added*’ via 2H-pyran-2-ones to
o, B-didehydroamino acid derivatives.

Reaction of N-butylsulfonyl, N-trimethylsilylethanesulfonyl and N-Ts a-
imino esters with bis (allyl) titanium complexes, in the presence of Ti(Opr'),
and CITi(OPr'); has given, with high regio- and stereo-selectivity, 8-sulfonimi-
doyl functionalised B-alkyl-y,8-unsaturated amino acids.>*® Dehydrophenylala-
nine cyclophanes bearing structures such as (63) have been synthesised,*** and
the influence of the length of the tethers between the amino acid residues
assessed.
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In synthetic transformations leading to dihydrofurans from amino acids inter-
mediate synthons involved the synthesis**° of allenic a-amino acid derivatives
by 1, 6-addition of the cyano-Gilman reagent, -But-CuLi-LiCN to substituted
enynoates, followed by deprotection stages, A convenient route>' has been
found to incorporate alkyne groups into the y, d-position of the side chain by
treating an aziridine, 1-[(S)-1-(2-nitrobenzensulfonyl)-aziridin-2-yl]-4-methyl-2,
6, 7-trioxabicyclo[2,2,2]-octane, with a variety of lithium acetylides. The al-
kyne-containing amino acids were further transformed to C-glycosyl amino
acids. A Heck reaction®* of (S)-Z-N-allylglycine Bu' ester with aromatic
halides has yielded a series of arylallylglycine derivatives.
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Although not strictly side—chain unsaturation, it is appropriate to record the
preparation of N-allyl amino esters®*® by either reaction of allylamine with
CI(CH,),COOEt or with ethyl acrylate, and the addition of a range of (hetero)-
aryl bromides to the alkyne function in N-propargyl alanine®** using a cross-
coupling reaction catalysed by 10% Pd/C.

4.10 Synthesis of a-Amino Acids with Aromatic or Heterocyclic Side-Chains. —
There has been a flurry of activity in incorporating fluorine into aromatic side-
chains, for use as tracers in medical imaging (PET). It has been shown™*> that
direct fluorination ('*F,) of L-a-methyltyrosine in TFA or in HF, produced
3-®F-q-methyltyrosine in up to 30% radiochemical yield. 3, 5-Difluoro- and
a-methyltyrosine could also be produced. Alkylation under phase transfer
conditions of the Oppolzer chiral sultam with fluorinated analogues of 3,
4-(OMe),-benzyl chloride, proceeded®*® diasteroselectively, to produce after
deprotection 2-, 5-, 6-fluoro- and 2,6-difluoro-DOPA. Fluorinated DL-phenyl-
alanines were synthesised®*’ from fluorinated aromatic aldehydes by a ‘one-pot’
procedure involving Erlenmeyer reactions and subsequent reduction (P/HI).
6-'"®F-Fluoro-L-DOPA has been synthesised in less than 2 hr, using chiral
catalytic transfer alkylation techniques.’*® The Erlenmeyer azlactone strategy
has also been employed®® for the synthesis of 6-fluoro-meta-tyrosine from
2-fluoro-5-hydroxybenzaldehyde, and O-(2-['®F]-fluoroethyl)-L-tyrosine was
made®® in a remote-controlled ‘no carrier added’ synthesis. 2-Fluoro- and
6-fluoro-(2S, 3R)-(3, 4-dihydroxy-phenyl)serines, were also produced®*! via
oxazolidine intermediates formed from 3, 4- (and 4, 5)dibenzyloxy-2-fluoro-
benzaldehyde respectively. Cell-free extracts from a number of bacterial strains
were found to catalyse*** the transamination of 4-fluorophenylglyoxylic acid to
4-(S)- fluorophenylglycine. Aniline derivatives have been the source®* of
halogenated-substituted phenylalanines and radio-iodination techniques for
aromatic amino acids have been reviewed.***

An efficient 5-step sequence to synthesise optically active 3-arylprolines has
been developed*’ starting from aromatic aldehydes and cinnamyl alcohol, with
L-proline derivatives as chiral auxiliaries. An aza-Claisen rearrangement with
azidoacetyl fluoride became a key stage in the synthesis. 4-cis-Phenyl-L-proline
has been synthesised®*® starting from naturally-occurring 4-trans-HO-L-Pro,
via the formation of the 4-oxo derivative which underwent a diastereoselective
Grignard reaction with PhMgBr. A novel family of chiral N-4-pyridinylproline
derivatives have been developed®’ as potential stereoselective catalysts, using
nucleophilic displacement of 4-chloropyridine by a proline imino group.

Constraining the flexibility of the aromatic side-chains of amino acids has
been actively developed in designing pharmacophores. Over this period exam-
ples come from:- the benzazepinone derivative (64) which was potent in a
VCAM/VLA-4 ELISA assay;** indane-based constraints as in (65) introduced
via a [442] cycloaddition, a dialkyne strategy**® or by starting with phenyl-
glycine;>*® the novel endo-12-aminotricyclo[6.3.2.0(2,7)]trideca-2(7), 3, 5-tri-
ene-12-exo-carboxylic acid made from cycloheptadiene;>>! o-aryl substituted
phenylalanines, naphthylalanines and tryptophan analogues synthesised*?* via
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asymmetric hydrogenation of a-enamides using Burke’s DuPHOS-based
Rh(I) catalyst, followed by Suzuki cross-coupling with boronic acid derivatives.
L-2-Naphthylalanine has also been produced®>® from 2-naphthylpyruvate and
L-glutamate catalysed by a thermostable aminotransferase. Two separate
reports®3*3% summarise different approaches to the synthesis of 1, 2, 3, 4.-
tetrahydroisoquinoline-carboxylic acid (Tic). A first synthesis**® of 6-hydro-
xyoctahydroindole-2-carboxylic acid, a key strategic element in the structure
of acruginosins 298 has been reported. The stereochemical route started with
L-tyrosine which underwent a Birch reduction followed by aminocyclisation.
Octahydroanthracene amino acids affording conformationally-constrained
lysine analogues have also been synthesised (18 steps).*’

Arylglycines, as components of a number of natural products, have found
popularity over recent years. A ‘one-pot’ novel procedure® for their synthesis
involved treatment of the side chain OH group of serine with (di-
acetoxyiodo)benzene and iodine, with the resulting radical being oxidised by
a cationic glycine equivalent which can be trapped by nucleophiles (aryl and a
number of other types). N, N’-Di-Boc-protected benzylamines have been
shown to undergo™® 1,2-Boc migration on treatment with KDA/Bu'OLi to
give N-Boc-phenylglycine Bu' esters. Mannich-type reaction of phenols with an
iminolactone from phenylglycine has given®” highly stereoselective yields of o-
arylglycines. The highly fluorescent L-3-(l-pyrenyl)alanine has been obtained*®'
by asymmetric hydrogenaton of 1-acetyl-3-pyrenemethylidene-6-methyl-
piperazine-2, 5-dione, and novel pyrazolylglycines (66) have been produced,*®
including I-hydroxypyrazoleglycine formed*®® by addition of organomagnesi-
um and lithium intermediates to diEt-N-Boc-iminomalonate. N-Protected
arylglycines have been diastereoselectively synthesised*** via TiCl, promoted
Friedel-Crafts reaction of phenols with chiral N, O-hemiacetals. o-Alkyl-a-
phenylglycines were obtained®®® by asymmetric synthesis, via phenylation/
alkylation of (2R, 3S)-N-Boc-6-0x0-2, 3-diphenylmorpholine followed by hy-
drolytic ring opening. a-Arylation in high yields has been reported®*® for the
reaction of aryl bromides with protected glycinate esters in the presence of Li or
Na hexamethyldisilazide and Pd(dba),/ligand.
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Fmoc-L-p-Azidotetrafluorophenylalanine has been prepared*®’ from ace-
tamidomalonate, followed by enzymic resolution. 4-Aminophenylalanine has
been synthesised*®® from 4-hydroxymethyl anilines via aza quinone methide
intermediates, while Boc-L-p-aminophenylalanine has been utilised*® to make
FRET cassettes. A practical ‘one-pot’ catalytic procedure®’® has been devel-
oped for both aromatic and heteroaromatic amino acids, utilising a chiral
BINAP-Cu catalyst for the addition of aromatic/heteroaromatics to N-alkoxy-
carbonyl a-iminoesters. A cross-enyne metathesis reaction has been the foun-
dation®”! of a synthetic route to many highly substituted phenylalanines. In
order to access B-hydroxyphenylalanine, a component of ustiloxin D, use has
been made®’? of the Sharpless asymmetric aminohydroxylation of substituted
cinnamic acids, using 2-trimethylsilylethyl carbamate with Os(VIII)/
(DHQD)>AQN as catalyst. Homophenylalanine derivatives have been made
using cycloaddition®” of a cyclic nitrone glycine template with styrene deriv-
atives or from L-malic acid.>’* The synthesis of (S)-a-methylphenylalanine has
featured®” in the development of better chiral catalysts for C-alkylation of
aldimine Schiff bases of alanine esters. (S)-3, 3’-Bis[(diethylamino)-methyl]-2,
2’dihydroxy-1, 1’-binaphthalene gave the best ee’s. Several o-benzylpheny-
lalanines have been prepared®’® by alkylation of ethyl isocyanoacetate with
different benzyl bromides, the products being further derivatised via the
Suzuki-Miyaura coupling reaction. The two enantiomers of o-methyl-
diphenylalanine have been resolved®’” using chiral hplc separation. New pho-
toactivatable phenylalanine analogues have been synthesised®’® via the
asymmetric synthesis of (S)-Boc-p-(propanoyl)phenylalanine from the alkylat-
ion of sultam N-(diphenylmethylene)glycinate, which was further transformed
to Boc-p-[3’-(phenylselenenyl)propanoylphenylalanine.

Recent advances in the chemistry of fullerenes (Cgy buckyballs) have in-
cluded the synthesis of fullerene-based amino acids, and the developments
(especially incorporating proline) have been reviewed.>”” A Cgo-fullerene unit
has been directly attached to the o-position of glycine via the addition®*® of
N-(diphenylmethylene)glycine esters to [60] fullerene under Bingel cyclopropa-
nation conditions (Cgo, DBU, CBry, C4HsCl). The sterically constrained 4,
5-diazafluorene amino acid (67) has been obtained®®' via the acylation of the
anion of N-benzyl 4, 5-diazafluorene-9-methylene amine, but incorporation of
this building block into peptides could only be done via the azide method due to
decarboxylation.

(28, 3R)-N-(1, I’-Dimethyl-2'-propenyl)-3-hydroxytryptophan, a constituent
of cyclomarin C, has been stereoselectively synthesised*** from L-tryptophan,
and as part of the synthesis of ergot alkaloids the intermediate N-Boc-4-bromo-
N-methyl-1-tosyl-D-tryptophan methyl ester has been synthesized.*®* The
Pmec group (2, 2, 5, 7, 8-pentamethylchroman-6-sulfonyl), usually associated
with the side chain protection of Arg residues, has been substituted into the
2-position of tryptophan.*®* L-Tryptophanol (COOH — CH,OH) and indole-
substituted analogues have been made®®® from 4(R)-iodomethyl-2-oxazolidi-
none and indolyl magnesium bromide. B-Substituted tryptophans can be
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made®®® from an enantiomerically pure 3-phenylaziridine-2-carboxylic ester
(made via Sharpless dihydroxylation) followed by ring opening with indole.

There has been quite an interest in amino acids bearing heteroaromatic side
chains such as oxazole/thiazole amino acids**’ which have been found widely in
marine organisms. The isoaxazole amino acids (68) have been prepared**® on-
resin, starting with alkynyl groups attached to tritylchloride resin, then treated
with aldoximes (RCH=NOH)/N-chlorosuccinimide. Homologues (69) of ibo-
tenic acid have been synthesised*®® with different aryl substituents at R' using
previously published strategies, and thioanalogues of ibotenic acid have also
been made*®® using regioselective lithiation and functionalisation of 3-ben-
zyloxy isothiazole. Both isomers®®' of the neuroexcitant (70) have been syn-
thesised asymmetrically. A route™~ to spiroisoxazolino-Pro (71) started with
nitrile oxides.
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Selective agonists at group II metabotropic glutamate receptors have been
found amongst stereoselectively synthesised®” (S)- and (R)-2-amino-4-(4-hy-
droxy[l, 2 S]thiadiazol-3-yl)butyric acids. A soluble polyethylene glycol-sup-
ported protecting group related to silylethylsulfonyl has been used*** to make
unsaturated compounds which could be transformed to pyridyl amino acids
using ring closing metathesis. Included is a wider study®”” of the application of
aza Diels-Alder reactions was a protocol to make anthracenylglycine deriva-
tives. A range of heterocyclic amino acid systems*® including quinoxalines,
pyrazines and 1, 2, 4-triazines have been obtained from the reaction of diamines
and amidrazones with o-amino acid vicinal tricarbonyls. N-(Iodoethyl)- and
N-(3-iodopropyl)pyrimidines and purines have shown®’ to undergo conju-
gate radical addition to chiral oxazolidinone acceptors to give purine and
pyrimidine amino acids. A (thymin-l-yl)methyl function at the a-position**® has
been inserted via 2-(N°-benzoylthymin-I-yl) methyl 1, 3-propanediol using
enzymic desymmetrization catalysed by lipase PS. Amongst a series of
nucleophiles added®”® to dehydroalanine derivatives were nitrogen hetero-
cycles. The ‘organic’ stages in the synthesis**’ of ruthenium trisbipyridyl amino
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acid (72) were achieved using chiral phase transfer catalysis of the reaction
between a bromomethylbipyridine and N-(diphenylmethylene) glycine t-butyl
ester.

Different benzocycloalkane amino acids (73) have been synthesised*’! using
(S)-a-methylbenzylamine and (R)-phenylglycerol as chiral auxiliaries, and
which highlighted significant solvent effects in the use of TMSCN. 5, 5-
Diaryl-2-amino-4-pentenoates (74) have been made*** using Oppolzer’s sultam
and a Pd-catalysed stereoselective hydrostannylation. L-2-Amino-3-(6, 7-dime-
thoxy-4-coumaryl) propionic acid, a fluorescent molecule, has been synthe-
sized,*” and an analogue, L-2-amino-3-(7-methoxy-4-coumaryl) propionic
acid,*** also a fluorogen, has been made from an oxazinone alkylated with
the fluorogenic group. A novel fluorescent amino acid has been synthesised*®®
in the form of N-Boc-3-[2-(1H-indol-3-yl)benzoxazol-5-yl]-L-alanyl methyl
ester from 3-nitro-L-tyrosine and 1H-indole-3-carboxaldehyde.

HO,C._ _NHBoc NH,
Me H2N \\\002H | COQH
eV L
— N
R (bpy). F F

(S)-2-Fmoc amino-3-(5-phenyl-8-hydroxyquinoline-2-yl) propionic acid has
been made*®® for its fluorescence and ability to act as a sensor for divalent
zinc, and 6-(2-methylaminonaphthyl)alanine (DANA) has also been synthe-
sised*®” and used to monitor protein-protein interactions. 6-Aminoquinoline
amino acids have been made*®® for antibacterial testing and N-(5-hydroxy-3/,
4’-ethylenedioxy-7-isoflavonyloxyacetyl) amino acids have also been synthe-
sized.** (S)-Acromelobinic acid (75) has been characterised through synthe-
sis. ' 6-Amino-1, 4, 6, 7-tetrahydroimidazo[4, 5, b]-pyridin-5-ones have been
prepared*!! from acetyl-4-nitrohistidine as confromationally restricted His
analogues. (1-Benzimidazolonyl) alanine (76) has been synthesised*'? as a
potential tryptophan mimetic, starting with Z-L-diaminopropanoic acid and
building up the benzylimidazolonyl ring from 2-fluoro-I-nitrobenzene. The cis
isomer of oxazolidinone (77), obtained in high purity using ZnCl,/SOCI; in the
cyclisation step, was alkylated with 1-bromobenzylbromide to provide chiral o-
(4-bromobenzyl) alanine ethyl ester.*'* (R) and (S)-o-Hydroxymethylnaphthyl
alanine has been made*'* and 3-(3-hydroxy-4-isoamyloxybutyl [and 3-(3-hy-
droxy)propyl]-4-phenyl-5-mercapto-1, 2, 4-triazoles have been added*'’ to
dehydroalanine using Ni(II) complexes to form the corresponding phenyl-
triazolylcysteines. The triazinyl unit itself has also been incorporated into
pseudopeptide structures.*'®
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4.11 Spynthesis of a-Amino Acids carrying Amino Group and related Nitrogen
Functional Groups in Aliphatic Side Chains. — This is the sub-section where
interest in diamino alkanoic acids can be accommodated. Thus glycine-derived
chiral synthons of type (78) have been the source of an enantioselective
synthesis *'7 of (1R, 4R)- and (1S, 4S)-forms of 2, 6-diaminopimelic acid,
while differentially protected meso-2, 6-diaminopimelic acid has been ob-
tained*'® from both aspartic and glutamic acids. The second chiral centre
was established by the asymmetric reduction of a pyruvate moiety with Alpine-
Borane. All four stereoisomers of N, N’-protected 2, 3-diaminobutanoic acid
have been synthesised*'? using an asymmetric Rh(I)-phosphine-catalysed hy-
drogenation of isomeric enamides. Desymmetrisation of dimethyl 3-benzyl-
aminoglutarate through enzymic ammonolysis**® has given enantiopure (R)-3,
4-diaminobutanoic acid. “C-Labelled (S, S)-2, 7-di-Boc-diamino[l, 8 '*C,]
suberic acid,**! as well as (R, R) and (S, S) isomers**> have been synthesized,
the former by inserting "*CN into 1, 6-hexandial via a thermodynamically-
controlled asymmetric Strecker synthesis using (R)-2-phenylglycinol as chiral
auxiliary. All four stereoisomers of 4-aminoglutamic acid have also been
obtained** using Ni complex-catalysed Michael-type condensation on to
dehydroalanine. (2R, 4S)-and (2R, 4R)-Diaminoglutamic acids were ob-
tained** in three steps from 6-oxo, 2, 3-diphenyl-4-morpholine carboxylate
using a radical reaction of a selenide with methyl 2-acetamidoacrylate.
Quinazolinone and pyrazolopyrimidone derivatives of cis-4-aminoproline
have been made,**® and an improved synthesis**® of protected cis and trans
3(and 4)-azido-L(and D)-prolines has been reported. The latter evolved from
carrying out Mitsunobu reactions with diphenylphosphoryl azide on hydroxy-
prolines. Homochiral building blocks of 4-azalysine (2, 6-diamino-4-aza-hex-
anoic acid) have been made*”’ by exploiting the reductive amination of
aldehydes with amines. One route started from L-serine (to form D-isomers)
and another route from L-asparagine gave orthogonally protected 4-azalysine
derivatives. An enantiomerically pure PB-lactone (4-trichloromethyl-2-oxeta-
none) has been shown*® to be a versatile synthon leading to a variety of y-
substituted o-amino acids. A synthesis**® of optically active B-nitro-o-amino
esters has provided an entry into o, B-diamino acid derivatives. The former
were produced via a copper-bisoxazoline-catalysed aza-Henry (nitroaldol)
reaction between silyl nitronates and o-imino esters. 2-Nitromethyl-ornithine
has been obtained** from ornithine, mediated by cobalt (III), and S-nitroso-L-
cysteine ethyl ester, known to be involved in trans -S-nitrosation of thiol
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proteins has been made®' by direct nitrosation of L-cysteine ethyl ester
hydrochloride with ethyl nitrite.

Reaction®* of unmodified aldehydes with N-Pmp-protected o-imino ethyl
glyoxylate in the presence of catalytic amounts of L-proline followed by addition
of EtAICN has provided enantiometrically pure P-cyanohydroxymethyl
a-amino acid derivatives. A good yield of (S)-(+)-2-amino-6-(aminoxy)-hexanoic
acid was obtained**? from (S)-(—)-6-amino-2-{[(benzyloxy)carbonylJamino}-hex-
anoic acid.

4.12 Synthesis of a-Amino Acids with Side-Chains carrying Boron Functional
Groups. — A previously published synthesis in 1993 of L-valylpyrrolidine-(2R)-
boronic acid has been significantly improved*** by developing efficient recy-
cling of chiral auxiliary (+)-pinanediol. a-Chymotrypsin has been used*** to
resolve p-boronophenylalaninol, while a conference review**® concentrated
on the concise synthesis of enantiomerically pure L-borophenylalanine from
L-tyrosine. Both '®F and ''C-labelled p-boronophenylalanine®*” and l-amino-
3-[2-[7-(6-deoxy-PB-galactopyranos-6-yl)-1, 7-dicabododecarboran(12)-1-ylJethyl
cyclobutane carboxylic acid*® have been synthesised for boron neutron cap-
ture therapy.

4.13 Synthesis of a-Amino Acids with Side Chains Carrying Silicon Functional
Groups. — Synthesis** of racemic and (R)-Me,Si(CH,R)CH,CH(NH,)CO,H,
with R=NH,, OH and SH was effected from 3, 6-diethoxy-2, 5-di-
hydropyrazine and (R)-3, 6-diethoxy-2-isopropyl-2, 5-dihydropyrazine respec-
tively. Racemic and non-racemic NH,CH(CH,EIR3;)COOH where El = Si or
Ge, have been produced*® starting also from 3, 6-diethoxy-2, 5-di-
hydropyrazine, using chiral hplc for resolution. Sodium salts of many amino
acids have been reacted**' with dichlorodimethylsilane to form a series of
complexes. Esters of three types of silylated amino acids have been prepared**
from zircona aziridines.

4.14 Synthesis of a-Amino Acids with Side Chains carrying Phosphorus Func-
tional Groups. — Electrophilic fluorinations**® of lithiated bis-lactim ethers
allowed direct access to monofluorinated phosphonate mimetics of naturally-
occurring phospho-serine and -threonine, suitable for solid phase peptide
synthesis. Facile synthesis*** and X-ray structural analysis, has been carried
out on Ar,PCH,CH(NHBoc)CO,Me, the synthesis requiring a nucleophilic
phosphination of N-(Boc)-3-iodoalanine methyl ester using potassium carbon-
ate as base. Phosphino amino acids were products**® from the reaction of
phosphine with formaldehyde and amino acids. 2S5-2-(4-Phosphonophenylme-
thyl)-3-aminopropanoic acid [D-B-2(4-phosphono)-phenylalanine] has been
made**® by the diastereoselective alkylation of a chiral enolate. Access to
4-substituted 2-amino-4-phosphonobutanoic acid was possible**” either from
conjugated addition of the lithiated bis-lactim ether from cyclo (Gly-D-Val) to
a-substituted vinyl phosphonates or electrophilic substitution on the lithiated
bis-lactim ether from cyclo(2-NH,-4-phosphonobutanoyl-D-Val). Preliminary
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results**® on the synthesis of constrained analogues of phospho-isostere of
glutamic acid (AP4) have been reported. Analogues constructed were (79) and
(80) and their synthesis started from dibromo cycloalkanes. Although stretch-
ing the heading of this sub-section the synthesis**’ of proline and pipecolic acid
phosphorus analogues such as (81) via diastereoselective carboxylation appears
to be an interesting concept.

H,N_ _CO,H
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4.15 Spynthesis of a-Amino Acids carrying Sulfur and Selenium Containing Side
Chains. — With an increasing number of proteins known to contain selenocy-
steine (Sec) and the amino acid itself a good source of dehydroamino acids, new
methods for its synthesis have been developed. So high yielding upgrades to the
synthesis*® of Fmoc-Sec(PMB) and Fmoc-Sec(Ph) have been reported. The
former was synthesised from Fmoc Ser(Ts)-allyl ester, which is treated with p-
methoxybenzylselenol, while the latter followed a similar route but using
diphenyl methyl ester for carboxyl protection. (Ac-Gly-SecOH), has been
used**! to test selenocysteine in native chemical ligation. Aromatic selenoamino
acids have been made from 4-aminophenylalanine*>* via diazotisation of the 4-
amino group and replacement with SCN (polar neutral), SeO,~ hydrophilic
anionic) or SeR(hydrophobic). Selenazolidines, cyclic analogues (82) of se-
lenocysteine have been made*? as masks for the chemically reactive groups.
One analogue (82, X = C=0) was made from selenocysteine using 1, I-
carbonyldiimidazole, the other (82, X = CHMe) using acetaldehyde as the

carbonyl donor.
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Asymmetric synthesis*** of S-alkylated cysteines has made use of the nu-
cleophilic addition of alkane thiols to dehydroalanine derivatives using Ni(II)
complexes as chiral catalysts, and 4-methoxytrityl-mercapto acids have been
trialled*> in solid phase construction of libraries of mercapto-acyl peptides.
The S-2-amino-3-(I, 2-dithiolan-4-yl) propanoic acid (83) and its dithiolic
form have been made**® using a parallel route to a previously synthesised
dihydroxyleucine starting from t-butyl(S)-Boc-pGlu. Synthesis of novel N*-
(o-thioalkyl) amino acid building units have been reported**” and N-[2-(indan-
l-yl)-3-mercaptopropionyl) amino acids have been made**® as highly potent
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inhibitors of NEP, ACE and ECE. (+)-Biotin was synthesised*® in 11 steps
(25% overall yield) from cysteine using a Lewis base-catalysed cyanosilylation
of (2R, 4R)-N-Boc-2-phenylthiazolidine-4-carbaldehyde followed by a Pd-cat-
alysed allylic amination. New routes**® from homoserine and methionine have
been successful for the synthesis of a-amino acid, B, y-thioenol ether. Suzuki
coupling reactions have been applied*' to the synthesis of several S analogues
of dehydrotryptophan e.g. benzo[b]thiophenes.

4.16 Synthesis of p-Amino Acids and Higher Homologous Amino Acids. —
Peptides based on the B-amino acid building blocks have acquired renewed
interest in the 21% century, and therefore require efficient means of synthesising
the building blocks. Thus enantioselective methanolysis*®® of cyclic meso
anhydrides mediated by cinchona alkaloids provided the monomethyl esters
required for further Curtius degradation of acyl azides, to yield N-protected
B-amino esters. Enantiopure B-amino acids were the result**® of hydrogenolysis
of B-enamino esters, and also the result*®* of the addition of 2 or 3 equivalents
of lithium (S)-N-benzyl-N-a-methylbenzamide to o, B-unsaturated ester frag-
ments followed by hydrogenolytic deprotection. Conjugated addition*®
of heteroaromatic amides to ethyl acrylate in a CsF-Si(OEt), system gave
N-substituted B-amino acid ethyl esters, while a mild 2-step synthesis of racemic
B-amino acids from Z-alkyl-A%-oxazolines has been shown*®® to take place in
high vyields. Stereoselective conjugate addition*®’ of homochiral lithium
N-benzyl N-o-methyl-4-methoxybenzylamide to o, B-unsaturated esters gave,
after mono deprotection either under oxidative or acid-promoted reaction,
B-amino acids or B-lactams.

As summarised in Scheme 12 the 1, 3-dipolar cyloaddition of nitrones with
ynolates have yielded*®® 5-isoxazolidinones which readily yield f-amino acids.
Twenty one 3-amino-3-arylpropanoic acids have been synthesised*® in a ‘one-
pot’ reaction by refluxing a substituted benzaldehyde derivative with malonic
acid and 2 eq. of ammonium acetate in ethanol. Electron-donating groups on
the benzaldehyde ring favoured the reaction, as well as solubility in the solvent
used. 3-Substituted- and 3, 3-disubstituted aziridine-2-carboxylate esters were a
source*’? of B-amino acid and quaternary B-amino acids. The aziridine inter-
mediates were sourced from the aza-Darzens reaction of a-bromoenolates with
N-sulfinyl imines, and by addition of Grignard reagents to 2H-azirine-2-
carboxylate esters. Enantioselective hydrogenation of o, B-unsaturated nitriles,
using Rh-DuPHOS as catalyst has given B amino acid precursor, but with only
48% ee.*”" Higher diastereoselectivity (91% ee) was achieved*’” in the syn-
thesis of (S)-B-aminophenylpropanoic acid by addition of lithium enolate of
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Scheme 12 Reagents: (i) 0°C 1 hr (ii) HX (iii) H>/Pd/C 60°C.
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Bu'-(4)-(R)-p-toluenesulfinylacetate to N-(benzylidene)toluene-4-sulfonam-
ides, followed by reductive cleavage, ester hydrolysis and detosylation. Cyclic
B-amino acids, (S)-homoproline and (S)-homopipecolic acid have been made*”
via the diastereoselective conjugate addition of lithium (S)-N-allyl-N*-methyl
benzamide to o, B-unsaturated esters followed by ring-closing metathesis.

There have been a few examples of conversion of a-amino- to B-amino acids.
Thus the Wolff rearrangement of a-aminodiazoketones derived from N-ur-
ethane protected o-amino acids in the presence of o-nitrophenol produced*’*
protected p-amino acids. Similarly the Arndt-Eistert homologation method*””
has been applied to protected a-amino acids using p-toluenesulfonyl chloride
for carboxyl activation, and using Boc,O as a coupling agent*’® allows for scale
up of the homologation process. The f-amino homologue of histidinol has been
synthesised*’” utilising the N-Mts group for the protection of both the
imidazole and amino nitrogens during the transformation of histidinol via its
methansulfonate ester and cyanation to its higher homologue.

Several examples of a-substitution of B-amino acids have been reported.
Conjugate radical additions*’® and Heck reactions on conjugated double-
bonded synthons have yielded a number of a-substituted diverse structures.
N-Protected a-phenylethyl amides of o-amino acids can be alkylated*” dia-
stereoselectively (up to 89% ds) in the a-position (via lithium enolates).
Following Arndt-Eistert homologation of a-amino acid esters, diastereoselec-
tive a-alkylation has been reported,*® while anti-a-methyl-p-amino acid deriv-
atives*®! have emerged from highly enantio- and diastereo-selective Mannich
reactions using a zirconium complex of (R)-6,6'-bis(pentafluoromethyl)-1, I’-bi-
2-naphthol. Asymmetric synthesis**? of a-phenyl-B-alanine was carried out via
intermolecular catalytic C—H insertion of carbenoids derived from aryldiazo-
acetates. As key compounds in a number of medicinally important compounds,
asymmetric synthesis of a-hydroxy-f-amino acids has been a source of increas-
ing interest. One synthesis*®? incorporated the Lewis acid-mediated addition of
Z-a-methoxyketene methyltrimethylsilyl acetal to chiral amines, N-alkylidene
(S or R)-o-methylbenzyl-amine, followed by demethylation, hydrogenolysis
and hydrolysis. In the formation*®* of a-hydroxy-o-methyl-B-amino acids the
key steps were a catalytic asymmetric aldol reaction, a modified Curtius
reaction to form oxazolidinones, which could be chemoselectively opened.

Ring opening of (2R, 3S)-2-benzyl-3-vinyl-1-[(R)-1-phenylethyl]-aziridine
with acetic acid yielded®® 3-acetyloxy-4-[(R)-l-phenylethylJamino-5-phenyl-
pent-l-ene which was transformed using known procedures to (2S, 3R)-3-
amino-2-hydroxy-4-phenylbutanoic acid, a key component of bestatin. As part
of the demand for aminopeptidase and HIV protease inhibitors as anti-cancer
agents, 3-amino-2-hydroxy-4-phenylbutanoates have been synthesised**® using
H-C(CN),OSiRj as a key reagent with protected a-amino aromatic aldehydes.
Epoxidation of I-tolylthio-I-nitroalkenes containing an allylic Boc-protected
amino group has yielded*®’ cis-oxazolidinones, which, can be transformed to
anti-o-hydroxy-B-amino acids. Asymmetric a-hydroxylation**® of N, N-dipro-
tected homo-B-amino acid methyl esters has afforded B-amino-a-hydroxy acids
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with full orthogonal protection using KHMDS/2-[(4-methylphenyl)sulfonyl]-3-
phenyloxaziridine for introduction of the «-OH group.

Among the fluorinated B-amino acids produced were, CF5-containing amino
acids, synthesised*® via cis-3-CF; aziridine-2-carboxylate (84), p-fluoroalkyl-p-
amino acid derivatives starting from 2-alkyl-A%-oxazolines and fluorinated
imidoyl chloride.**® Trifluoromethylated dehydro B-amino acids**' such as
(85) were the product of [a-(alkoxycarbonyl)vinyl]diisobutylaluminium with
N-acylimines of hexafluoroacetone and methyl trifluoropyruvate. (+)-4, 4,
4-Trifluoro-3-aminobutanoic acid has been made®* from a B-amino ester
derived from chiral 2-trifluoromethyl-l, 3-oxazolidine. p-Toluene sulfinimines
proved to be efficient*”® chiral amine equivalents in the high temperature
Reformatsky-type additions with BrZnCF,CO,Et which gave enantiomeric-
ally pure o, o-difluoro-p-amino acids. Using a similar set of reactions***
a, a-difluoro-B-amino acid derivatives have been made from N-z-butylsulfini-
mines. o-Substituted-p, PB-bis(trifluoromethyl)-f-amino acids have been
made®®® via a Morita-Baylis-Hillman reaction with the double-bond containing
adducts formed, either being hydrogenated or subjected to cuprate addition.
Although low yielding, a route**® to enantiopure conformationally const-
rained fluorine-containing B-amino acids has been worked out starting from
D-glucose. Glycosylated f-amino acid derivatives such as (86) have been made
via Wittig olefination of xylofuranos-5-ulose and found to be good antituber-
cular agents.*”” Homochiral p-haloaryl f-amino esters have been obtained*’®
by conjugate addition of lithium N-benzyl-N-o-methyl-4-methoxybenzyl-amide
to cinnamates.
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Quite an interest has been shown in cyclic f-amino acids e.g. f-aminocyclo-
propane carboxylic acids with the side chain functionality of asparagines,
arginine, cysteine or serine and have been synthesised*”® via an established
route involving the cyclopropanation of N-Boc-pyrrole. A photochemical [2 4
2] cycloaddition between ethylene and uracil has furnished®® cis-cyclobutane-
B-amino acid, and a chemoenzymatic approach®! has given both enantiomers
of the methyl esters of B-proline by enzymatic resolution of intermediate -
methoxycarbonyl-y-lactams using a-chymotrypsin. Facile syntheses**? of fused
furanosyl B-amino acids e.g. (87) started from protected sugar lactones, and
enantiomerically pure frans-2-aminocyclohexane acid has been obtained®”
from a ‘one-pot’ procedure from trans-cyclohexane 1, 2-dicarboxylic acid.

Aromatic p-amino acids have been prepared®® by the Radionow reaction
and used as Asp-Phg mimics in VLA-4 antagonism. Nucleophilic addition®*® of
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lithium enolates of (S)-(—)-4-benzyl-2-oxazolidinones to N-tosyl aldimines
have given B-aryl-B-amino acid derivatives with excellent diastereoselectivity.
Commencing with 4-vinylbenzyl chloride, preparation of suitably protected B-
aminophosphotyrosine has been carried out™*>°7 for the first time, while use of
an acid and aldehydes in ‘ring switching’ reactions with hydrazines have given
B-(I-aminopyrrole)-amino acid and B-(pyrazine)-amino acids respectively.

B-Amino acids have been produced®® via the opening of N-nosyl aziridine
rings with cyanide ions, followed by hydrolysis, while base-promoted®® iso-
merisation of aziridinyl ethers offer an entry into B-amino acids. All four
stereoisomers of 2-alkyl-3, 4-iminobutanoic acid (aziridine ring in B-position)
have been synthesised'” starting from aspartic acid, which underwent alkylat-
ion at the B-position, followed by reduction of the a-COOH to the alcohol,
which was then subjected to cyclisation and aziridine formation. B-Lactone
rings open up quite readily with amine nucleophiles, azides or sulfonamide
anions’'! to yield B-amino acid derivatives.

The rhodium complex of an imidazolidinone with bisphosphine ligands was
an effective catalyst’'? for hydrogenation of both (E) and (Z)-forms of 3-
acylaminoacrylates, and cyclisation of sulfamate esters using a Rh-catalysed C—
H bond oxidation/insertion to form oxathiazinones has provided®'? the path-
way to form B-amino acids such as (R)-Z-B-Ile in 81% yield. 4-Spiro-3-lactams
when treated”'* with KCN/MeOH, gave a, a-disubstituted B-amino esters, and
when trans- and cis-oxazoline-5-carboxylates were reacted”'® with thiol acetic
acid syn and anti forms of S-acetyl-N-benzoyl-3-phenylisocysteine (2’-sulfur
analogues of taxol C-13 side chain) were obtained. Methodology has been
developed’'® for the enatitioselective synthesis of differentially protected er-
ythro o, B-diamino acids from N-tosyloxylactams, made from B-keto esters and
enantioselective addition of ¢- butyldimethylsilylketone to nitrones in the
presence of isopropoxide and phenols have yielded®'” p amino acid esters.
Novel sila-substituted B-amino acids (88) have been synthesised®'® via a
nucleophilic opening of an intermediate aziridine which generated the trans
amino/carboxyl relationship. Tritium-labelled B-alanine was formed'® after
solid-phase catalytic hydrogenation of uracil with gaseous tritium to form [5, 5,
6, 6->Hs]5, 6-dihydrouracil, which was cleaved to the labelled B-alanine. An
efficient synthesis®*® of a-dehydro-p-amino esters has been achieved through
regioselective palladium(0)-catalysed reactions of primary amines with acetates
derived from Baylis-Hillman adducts.

~COy”

1
NHz*

(88) X =Me,Si or PhySi

4.17 Resolution of DL-Amino Acids. — With this having been one of the
most fundamental necessities of amino acid chemistry over the decades, its
role recently has received competition from direct methods of asymmetric
synthesis. However, while enzymatic resolution remains a staple method, new
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developments in chiral recognition for liquid chromatography continue to
flourish. In the context of enzymic techniques the following resolutions were
reported:

D- and L-forms from N-acetyltryptophan (using acylase);**' L-Phe from N-
acetyl-Phe-OFEt (using aminoacylase);>** de-racemisation of DL-amino acids
(using L-amino acid oxidase®* or D-amino acid oxidase®**) followed by
amino-borane or hydride reduction of the imino acids; all four diastercoisomers
of 4, 4, 4-trifluorovaline and 5, 5, 5-trifluoroleucine by flash chromatography of
derivatives followed by enzymic (porcine kidney acylase)’* deacetylation of N-
acetylated derivatives; resolution of N-Ac-DL-methionine (Aspergillus-derived
amino acylase);**>%’ enantiopure a-methyl-B-alanine esters by lipase-catalysed
(CAL-A and CAL-B) kinetic resolution. Chiral recognition of individual
enantiomers forms the basis of a number of chiral hplc separations as listed
in Table 1.

Chiral recognition of individual enantiomers is not restricted to CSP’s for
hplc however. Chiral recognition of D- and L-amino acids was seen>*’ in the
tandem mass spectrometry of Ni(II)-bound trimeric complexes. Some sponta-
neous chiral separation®*® of non-covalently bound clusters of amino acids
occurred using soft-sampling electrospray ionisation. Amino acids such as
hSer, 4OH-Pro, aThr and alle, underwent guest-exchange reactions when
complexed to permethylated p-cyclodextrin in the gas phase.>*' Neutral H-
bonding receptors based on a trans-benzoxanthene skeleton have shown good
stereoselective association towards carbamates of amino acids,’** and cis-
tetrahydrobenzoxanthene discriminated®® between enantiomers of Z-amino

Table 1
Chiral Stationary Phase (CSP) or complex
Racemate added to eluant Refs.
DL-amino acids Cu(IT) complexes of tetradentate 528
diaminodiamido ligands in eluant
N-DNB-Leu-deriv. Secondary and tertiary amide linked CSP’s 529
DNP-amino acids Carboxyethyl-B-cyclodextrin-coated- 530
zirconia(CSP)
DNP-amino acid methyl Silica-based CSP-derived from L-Ala and 531
esters piperidyl cyanuric chloride
Aromatic amino acids Amylose column (CSP) 532
1-Boc-amino 2, 3-diphenyl-  Polysaccharide —derived CSP 533

l-cyclopropane COOH
DL-Amino acids Diphenyl-disubstituted 1, I-binaphthyl crown 534

ether (CSP)

DL-Amino acids Chiral monolithic column (CSP) 535
Boc/Z/Fmoc aminoacid Modified commercial (S)-leucine (CSP) 536
anilides
DNP-aminoacid hexyl Macrocycle from (R, R)-1, 2-diphenyl 537
amide ethylamine and 5-allyloxyphthaloyl chloride on

silica
DL-Amino acids Pre-derivatisation by Marfey’s reagent-a review 538
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acid derivatives. Critical differences in chiral recognition of Z-DL-Asp and -
Glu by mono- and bis(trimethylammonio)-p-dextrins have been reported.***
Chiral molecular tweezers derived®* from deoxycholic acid have been shown to
form 1:1 inclusion complexes with methyl esters of D- and L-Phe and —Leu due
to H-bonding and Van der Waals interaction. Cholic acid guanidines and
carbamates have been found>® to extract enantioselectively N-acetylated
amino acids form aq. buffer into chloroform. Sixty references on enantiomeric
amino acid recognition have been compiled in a review.”*’ A series of acyclic
thiourea derivatives®*® having four H-bond donors showed a moderate enan-
tioselectivity towards N-protected amino acid carboxylate salts. (4)-(1.5)-1,
1’-Binaphthalene-2, 2’-diyl hydrogen phosphate was known>*’ to recognise
L-a-amino acids and separating them by fractional crystallisation, and X-ray
data now confirms the chiral space required for association.

Ultrafiltration through immobilised DNA membranes (channel-type) sepa-
rated D- from L-phenylalanine,® and the same amino acid featured®'
in ultrafiltration using non-ionic micelles containing cholesteryl-L-glutamate
at pH 7. Affinity ultrafiltration using bovine serum albumin as a stercoselective
ligand has been studied®> for the separation of D- and L-tryptophan. The
D-form of alanine showed>® preferential flux through a liquid membrane
supported polypropylene hollow-fibre molecule using N-3, 5-dinitrobenzoyl-L-
alanine octyl ester in toluene as a chiral selector. Enantiomeric discrimination
between D- and L-amino acids has been shown>* to occur using potential
changes of optically active membranes. An enantioselective surface-imprinted
poly(vinylbenzene)matrix using benzyldimethyl-n-tetradecyl ammonium chlo-
ride, could recognise™ the chirality of N-protected glutamic acid, and a
polypyrrole colloid on over oxidation®>® was able to show higher affinity for
L- than for D-alanine.

(RS)-2-Benzoylamino-2-benzyl-3-hydroxypropanoic acid has been re-
solved®’ both by cinchonidine as resolving agent or by preferential crystalli-
sation, while the optical purity>>® of enantioselective reactions can be improved
through recrystallisation of Fmoc-a-amino acid z-butyl esters. In a dynamic
kinetic resolution, (4S)-3-(2’-pyrrolidinyl)-3-oxo-2-methylpropanoate hydro-
chloride underwent®’ asymmetric hydrogenation in the presence of Ru[(S)-
MeO-BIPHEP, to yield anti-B-hydroxy-o-methyl ester quantitatively. Using
micellar electrokinetic chromatography,® eleven pairs of DL-amino acids
derivatised with o-phthalaldehyde and N-acylcysteine could be separated using
B-cyclodextrin. A kilogram of racemic Z-t-leucine could be resolved®®' by
continuous chromatography on cellulose-based ‘Chiralcel OD’ while 0.5 kg
Boc-t-leucine benzyl ester was resolved using ‘Chiralpak AD’. Enantiopure
(R)- and (S)-2-hydroxy-2-methyl-l-tetralone has been efficiently used®®* to
epimerise/de-racemise amino acids. A first efficient and general non-enzymatic
catalytic method>? of synthesis involved the asymmetric alcoholysis of ur-
ethane N-carboxy anhydrides such as (89) catalysed by cinchona alkaloids.
After its synthesis®®* RS-p>>-Bin (90) could be obtained in enantiomeric
forms by benzoylation, coupling with L-Phe-cyclohexamide to give diastereo-
isomeric dipeptides which could be separated by chromatography. Further
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transformation led to the pure enantiomers, which are individually chirally
stable due to axial dissymmetry.

YA,
PhAHT/(
U=
N
z’ W<
o)
(89) (90)

COLH
HoN

5 Physico-Chemical Studies of Amino Acids

5.1 X-Ray Crystal Analysis of Amino Acids and Their Derivatives. — A key-
word scan of the literature for this sub-section brought in less than the usual
harvest of papers, and the ones collected do show an overlap with discussions
elsewhere on molecular recognition in this Chapter. Two nearly isomorphous
complexes of N-acetyl-L-Phe-OMe and its amide with B-cyclodextrin (2:2) have
been analysed®® by X-ray crystallography, which found the former guest
molecule showing dynamic disorder, while the latter showed evidence of having
shifted position within the complex. No H-bonding existed between host dimer
and the guest molecules but hydrophobic interactions involving the phenyl
rings were seen’®® in both cases. A perturbation of the aromatic side chain of
the guest molecule was seen in a room temperature crystal determination of the
2:2 N-acetyl p-methoxy-L-Phe-NH?/B-cyclodextrin complex. Amongst the
many physical techniques used to study”®’ the selective recognition of amino
acids by a novel crown ether (containing pyrillium, thiopyrillium and pyridi-
nium moieties) was X-ray crystallography, which showed the conformation of
the aromatic rings to be almost planar, but allowed selective binding to a
selection of amino acids. The interaction®®® between a corrugated Langmuir
film of cholesteryl-L-glutamate and various a-amino acids at the air-aq. solu-
tion interface has been examined by grazing incidence X-ray diffraction
(GKD), and the incorporation of the ‘guest molecule’ within the host mono-
layer depended on hydrophobicity, shape and chirality of the solute molecules.
Silver complexes of Asp, Gly and Asn have also been analysed by X-ray
crystallography.”®

5.2 Nuclear Magnetic Resonance Spectroscopy. — This technique is used
widely in the general elucidation of structure, and finds itself as a major study
vehicle in only a few papers which can be included in this sub-section. Host-
guest NMR studies®”® between B-cyclodextrin and tryptophan enantiomers
have revealed that the D-Trp is more strongly bound than its L-enantiomer,
The chiral selector (18-crown-6)-tetracarboxylic acid, employed for resolution
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of amino acids also showed>”" chemical shift differences for D- and L-phenyl-
glycine and the nature of the association between chiral selector and the ‘guest
molecules’ was due to (i) 3 H-bonds in a tripod arrangement between the crown
ether and the ammonium moiety (ii) hydrophobic interaction between poly-
ether ring and Ph ring of the enantiomer and (iii) H-bonding between COOH of
the crown ether and the CO oxygen of the D-enantiomer. A three-versus-two
point attachment’’? of (R)- and (S)-amino acid methyl esters to chloro cobalt
(ITI) tetramethyl chiroporphyrin has been used to explain the large di-
astereomeric dispersions observed with this novel chiral shift reagent. NMR
spectroscopy in deuterated mesitylene solution has been used®” to study the
binding between a self-assembled cylindrical capsule and the ‘guests’, Boc-
L-Ala and Boc-B-Ala esters. The most strongly bound to the capsule was
Boc-p-Ala-OEt. A study®’* on modified p-cylodextrin,. 6 (A) deoxy 6(AH1) 4,
1, 10-tetreazacyclododecan-10-yl) B-cyclodextrin showed that it formed host-
guest complexes with a number of amino acids but only showed enantioselec-
tivity with tryptophan. The structure of liquid-crystalline phases formed from
N-acetyl-L-glutamic oligopeptide benzyl esters have been examined®’> by
NMR, the results indicating that the molecules were in an alignment as in a
nematic mesophase.

Solid state NMR has been used”’® to study Lys, Arg and His intercalated
into layered zirconium phosphates, and found the e-NH; of Lys and the o-NH,
of Arg and His interacted with P-OH of the phosphates. H-Bonding in amino
acids and peptides as a function of temperature has been monitored®’” by solid
state “H NMR.

5.3 Circular Dichroism. — CD and FT-IR have been used®’® to assess the
secondary structure of poly(L-glutamic acid) segments and the binding of «-
amino acids onto mixed monolayers. Induced CD signals have been ob-
served®” in synergistic binding of zwitterionic amino acids to lanthanide
porphyrinate crown ethers.

5.4 Mass Spectrometry. — Electrospray mass spectrometry has been applied >’
to the study of Pd(IT) complexes of amino acid-substituted calix[4]arenes. ESI-
TOF-MS was used®®! in the chiral recognition of D- and L-Tyr and —Trp by
cyclodextrins. It was found that D-isomers were more strongly bound than
were the L-forms.

5.5 Other Spectroscopic Studies on Amino Acids. — The adsorption of S-
proline vacuum-deposited on clean Cu(l 1 0) has been investigated®®* using
reflective absorption IR and low energy electron diffraction (LEED). Through-
out the adsorption, proline bonds to the Cu surface via its COO and N-H
functionalities.

5.6 Measurements on Amino Acids in Solution. — Thermodynamic properties

of a number of amino acid situations in solution have been reported and

include: dissociation constants of Gly in ethanol/water™?; stability constants
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for complexation of dioxovanadium with Glu in methanol/water’®*; mixing
enthalpies of Gly, Ala, Ser, Pro, Thr and Val with 1,3-dimethyIurea585 and with
monomethylurea®® in aq. solution; densities and sound velocities of Gly in aq.
nickel sulphate;”®” enthalpies of solution for a-aminobutyric acid in aq. alkali
metal halide solutions;*®® free energies, enthalpies and entropies of transfer of
amino acids from water into sodium sulphate;*® stability constants for com-
plex formation of Cd-amino acid-Vit B systems;*”° enthalpies of dilution of
Gly, Ala and Ser in aq. ethylene glycol solution;*”' Gibbs Free energies of Gly
zwitterions in hydro-organic solvents (DMSO, EtOH, dioxan and acetonit-
rile);*** enthalpies of aq. solutions of Cys, His, Asn, Arg, Trp and Glu in order
to determine homogeneous pair interaction coefficients;>> diffusion coefficients
of Pro, Thr and Arg in water at 25°C;>** activity coefficients of Gly, Ser and Val
in aq, sodium and potassium nitrate.>*>

Amongst other parameters reported were; solubility polytherm for Phe-
NH,4HPO4H,0 systems;*’° extraction equilibrium constants of leucine with
di(2-ethylhexyl)phosphonic acid;**” constant volume combustion energies for
Zn-L-threonate and Ca-L-threonate>*®; partial molar volumes of Gly, Ala, Val,
Leu and Phe in aq. glycerol solution;> stability constants of Cu (II)-glycine
complex in mixed solvents;*” density, viscosity, solubility and diffusivity of
N,O in aq. amino acid solutions;*®" viscosities of amino acid-urea —water
systems;®*? activity coefficients of amino acids in variable dielectric permeabil-
ity media;*®* partial molar volumes of Gly-Gly and Ser at elevated tempera-
tures and pressure®® and N-acetyl-N-methylamino acid amides in aq.
solution;*” effect of pH on the diffusion coefficient of Cu(H) ions in Gly
and B-Ala aq. Solutions;**® apparent molar volume and compressibility of
Gly in aq. vanadyl sulphate;**” dissociation functions of Gly and B-Ala in
2-propanol/water mixtures;**® apparent and partial molar heat capacities and
volumes of L-Lys and L-Arg hydrochlorides in aq. solution;*”” water activity,
pH and density of aq. amino acid solution;®'® partition coefficients of amino
acids in PEG-4000/sodium sulphate 2-phase systems.®!!

Lysine has been extracted with a combination of ion-exchange and mem-
brane ultrafiltration,®'? while N-cholyl amino acid alkyl esters were found®'* to
act as potent organogelators for aromatic solvents and cyclohexene. Special
surface and aggregation behaviour of the amphiphile N-(decyloxy-2-hydro-
xybenzylidene)glycine has been investigated,’'* and the reactivity of radical
dications of protonated amino acids in microsolutions has been investigated.®'”
The hydration of amino acids has been found®'® to depend on ion form, the
anions of neutral amino acids being the most hydrated. The spatial effect of
hydrophobic groups in amino acids on the volume phase transitions of hydro-
gels has been investigated®'” and new lysine derivatives®'® with positively
charged terminal groups could gel water below 1 wt.%. In a survey of chiral
aggregation®® acyl amino acids were found to be present as monomers in
acetonitrile, and in a molecular dynamics calculation®® of solvation properties
of non-polar amino acids, the results show that the solvation structure around
the amino acids is richer for methanol than for water. Protonation constants
and solvation of some a-amino acid methyl and ethyl esters in ethanol-water
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mixtures have been determined®®! using potentiometry, and the effect of amino
acids on the dynamics of water has been studied.®*> Hydration characteristics
of aromatic amino acids have been investigated by an isopiestic method®** and
the effect of additives (ammonium sulfate and dextrose) on the transformation
behaviour of phenylalanine has been studied using powder X-ray diffraction.®*
The properties of hydroxy-glycine in aq. solution have been explored®® and
Gly and Lys in a mixed aq. solution®® demonstrated buffering action, and
there was proton transfer from Gly to the Lys zwitterions.

Cystine, being naturally the least soluble of the amino acids, has been
subjected®”’ to a constant jonic medium of NaCl at different concentrations
to study its protonation equilibria, and solvent effects on the conformational
behaviour®®® of acetylated amino acids revealed significant differences depend-
ent on the solvent used (DMSO, D-O, hexafluoroisopropanol or CH»Cl,), as
determined by IR techniques. The pH dependence of the anisotropy factors (g)
for the essential amino acids has been assessed®®’ and it was found that g
factors at pH 1 were 2-3 times those at pH 7. The results®*® of subjecting Gly to
super- and sub-critical water conditions to simulate submarine hydrothermal
conditions showed that (Gly),, (Gly); and dioxopiperazine were found in the
reaction mixtures. Glycine also decomposed®' under high temperature and
pressure water, by decarboxylation and methylamine formation or by produc-
tion of ammonia and an organic acid.

The Stark-effect of spectral holes burnt into the long wavelength absorption
of phenylalanine in glycerol-water glass showed®? two protonation-deproto-
nation transitions. Phenylalanine and aspartic acid can be separated in aq.
solution using nanofiltration.®*®> Using glycine methyl ester, it has been
shown®* that on forming an iminium adduct with acetone the o-carbon
experienced a 7 pK unit increase in acidity, and NMR evidence showed®’
that in a-(benzotriazol-l-yl)-N-acylglycines the benzotriazole ring can mop up
protons from the ionisation of the carboxyl groups.

5.7 Measurements on Amino Acids in the Solid State. — X-Ray, cyclic volt-
ammetry and IR spectroscopic evidence concurred®® that the carboxyl group
in phthalimido acetic acid preorientates prior to photodecarboxylation by
photo induced electron transfer. The crystallisation rates of L-glutamic acid
were retarded by the addition of Val, Leu, Ile and Nle, with the effect being
larger for Val.**” Tryptophan was selected®*® for measurement of its permanent
electrical dipole in a molecular beam, using a MALDI source coupled to an
electron beam deflection setup, and the experimental value agreed with the
lowest energy conformation found by calculation. In a study of precipitating
agents®? 3, 4-dimethylbenzene sulfonic acid was highly selective for leucine,
and flavianic acid was good for arginine. A novel batch crystallizer®* has
successfully produced large crystals of aspartic acid, while growing glycine
crystals at an air-aq. solution interface®! initiated the occlusion of one a-amino
acid enantiomer from an added racemate resulting in enrichment in solution of
the other isomer. The latter spontancous separation of enantiomers has been
termed ‘chemistry in 2D’.
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IR and Inelastic Neutron Vibrational Spectroscopy have been used®** to
examine both the internal and external vibration in crystalline-alanine, and for
the first time a splitting of the NH3;" torsional band has been seen at a
temperature below 220 K. Atomic force microscopy has been applied®” to
study the blocking behaviour of step motion on the (1 0 0) face of an Asp
crystal when doped with other amino acids (Ala, Lys, Phe, Asn and Glu).
Scanning tunnel microscopy (STM) data®** on lysine adsorbed on graphite
showed that some of its CH groups were located between the hexagonal lattice
of the graphite, while the other groups rise above the surface. STM investiga-
tions have also been carried out on lipid amino acids on pyrolytic graphite,**’
and on the adsorption and assembly of L-tryptophan on to the Cu (0 0 1)
surface.®*

5.8 Amino Acid Adsorption and Transport Phenomena. — A short review®*’ has
been noted entitled, ‘Adsorption of amino acids at solid/liquid interfaces’, and
the effect of pH 