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1. Introduction

Peptide science began in 1902 when Fisher and Hofmeizer proposed independently that proteins were long
chains of o-amino acids linked to each other through amide bonds between the carboxyl and amino groups.! The
significance of peptides in all life processes became apparent in the 1950's. In particular, du Vigneaud's isolation,
characterisation and synthesis of the peptide hormones oxytocin and vasopressin, and Sanger's elucidation of the

uence of bovine insulin, are understandably considered major milestones in peptide history, and these
N,
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cyclo{Cys-Tyr-Phe-Gin-Asn-Cys-Proj-Arg-Giy-NH, vasopressin

| S ——— |
Gly-lie-Val-Glu-Gin-Cys-Cyg-Ala-Ser-Val-Cys-Ser-Leu-Tyr-Gin-Leu-Glu-Asn-Tyr-Cys-Asn
Phe-Val-Asn—Gln—His-Leu-Cys-Gly-Ser-His-Leu-Val—Glu-Ala-Leu-Tyr-Leu-Val-Cys—Glh

bovine insulin Laiu- Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Ala

Figure i. The primary structure of oxytocin, vasopressin, and bovine insulin

It rapidly emerged that the conformation (sccondary and tertiary structures) of a peptide was as crucial as its
sequence (primary structure) for biological activity. Now conformation is regarded as the critical issue in the
design of more selective and/or more potent peptides as enzyme inhibitors, and agonists or antagonists at
receptors.

Since the 1960s, advances in electronic theory and the understanding of chemical structure have allowed
amachandran Scharaoa and othere to ectahlich the raelationchin hetwaan tha tarcinnal anolac d (mhi) wr (nai) and
ANCLLILIUNWLLGLENAL CALRy U\rllvlubu UL VLA WA T VW WOIlRULLOAL LAWY L Wi LNV YY Wl VAW AW A DAV ull&l\fﬂ w \l.)lll}, \V \tlal} AliNG

o (omega) (Figure 2) of the individual amino acid residues and the secondary structures of peptides? i.e. helices,

sheets, turns etc. An equally important area, though much less explored, is that of the three-dimensional structure
of the side chain moieties which can be characterised by the torsional angles x !, x2, etc. (Figure 2), the so-called

chi space.
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Figure 2. Definition of the dihedral angles ¢, y, @ and y of a peptide

The % angles in conjunction with the backbone angles define the position of side-chain functional groups in
space and thus must be regarded as of key importance in understanding the mode of action of peptides.3 Although
pioneering studies have provided some insight into how the control of ) space might be fruitful in the

development of peptide ligands, a full understanding of ¥ space and how to manipulate it is still some way from

proteinogenic o-amino acids with well-defined complementary y-characteristics are clearly of considerable
importance. Synthesis of non-proteinogenic o-amino acids has been a popular area of endeavour in recent years
and there are many examples of conformationally restricted amino acids in the chemical literature. In most cases,

however, scant attention has been paid to the conformational profile of such molecules, and in particular their role
in ¢-space has more often than not been overlooked.
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In this review we delineate the current level of understanding of the conformational properties of unnatural
amino acids, in order to stimulate more modeling studies, analysis and rational design of conformationally
constrained analogues of o-amino acids. The current relationship between structure and conformational constraint
will be depicted by presenting known -constrained, synthetic analogues of aromatic proteinogenic amino acids,
and by discussing the nature of the constraint. A critical summary of the synthetic approaches to the analogues

will also be included in order that the reader may identify the most practical route to each analogue. The potential

provided by a fuller understanding of these amino acids and future rational design of related amino acids will be
nndarlinad in tha carand nart Af the raview hu tha nracantatinn Af ttwn avamnlac Af +ha sica ~AF AnmFArnti~malle
ULIUTLIIITU BT UIC SCLULIU pdit UL UIv IOVILW Uy Uit pitstlitatiVil 01 iwo CXallipicd O1 uic use 01 Comormauonaiy
mnivctratmad A nmmima iAo 1 lialasianl ammeaas
COMnstrainea ¢-aiiiino aCids iil 4 oiG1GgiCal Coniext.

(With respect to coverage, we have chosen to focus on analogues of the aromatic proteinogenic amino acids
Phe, Tyr, Trp and His, because aromatic groups on a peptidic ligand often play a central role in the interaction
with the receptor. In fact, the elimination of such groups often leads to an inversion of action (agonist/antagonist)
or to reduced affinity.# Derivatives with unnatural substitution(s) on the aromatic ring have been excluded as
have didehydro- and N-alkylated derivatives.)

2. Synthesis and Conformational Analysis of y-Constrained Aromatic o-Amino Acids

2.1. Background

In the proteinogenic oi-amino acids, the side chain torsional angle x! can assume three low energy staggered
conformations: gauche-(-), trans, and gauche-(+) as illustrated by the Newman projections of the (5)- and (R)-
amino acids (Figures 3 and 4). [Note that the gauche-(-) conformations, for example, of the (5)- and (R)-

enantiomers of the amino acids are quite different with respect to the orientation of the aryl group.] Although the
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Figure 3. The staggered conformations of aromatic (§)-amino acids and the values of the xl angles
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Figure 4. The staggered conformations of aromatic (R)-amino acids and the values of the xi angles
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In the anaiogues of Phe, Tyr, Trp and His described beiow, these rotations, and consequently the position of
the aromatic group, are hindered or limited through structural modification. It is inevitable that, in some cases,
the torsional angles ¢, y, and possibly  are also altered relative to the natural amino acid as a consequence of the

structural change.

We have divided the constrained analogues into three classes. B-Substituted and o, 3-substituted amino acids

will be presented first. This will be followed by a discussion of cyclic amino acids and finally the "imino acids"

in which the nitrogen is part of a ring will be reviewed (Fioure 5)
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Figure 5. Classification of constrained ai-amino acids
2.2. Constraint of Aromatic Amino Acids by Substitution
‘x,ﬂ (II‘]I IY‘C"]‘Y I‘(\"lLll“I"‘ unu‘nﬂllpc l\f‘ a8 armianimn '/II‘;I']L‘ D o T‘Ir T"“ unr‘ 1C 1M Wy 1 0 R= ‘II']"[\"D"\ 2 Q l’\nun
YY\ VYI1il 111 GLAJ ASAVISILFRNASY § ullul\lau\rﬂ WR Lidw QLLLLILIVY QWMDY L LIvw, & 14 1 ll.l CLIIuL 1110 111 Yviiivii A P ll‘yul\ls\zll 1LY Uil
PRV IR B S v rvvmmblass]l e salaniaer] e LAl d e, nnnlaciionn fon oledals Leowéle 4l PRI B o T S
Supstiiutca Uy d HICLIY1 O PLHCIHY1L g10up, Lutioweu vy 1dIVZUCS 111 WIICLL DULLL UIC W dlld P POUSILIVLD d
substituted. The torsional angle x! of the substituted amino acids is restricted in these analogues by van der

Waals interactions.

2.2.1. -Substitution
i) B-Methyl Amino Acids
In constrast to a-substitution, which has little effect on 3{1 (Figure 61), the introduction of a meth

ances the population of one vl rotamer (Figu

preIerrea to the g(luCI’IE \ ) and gaucne \‘I") CO rmations. The same aﬁaiYSlS for each of the four SIETE0ISOIMErS

of 1-3 has lead to the predictions summarised in Table 1. NMR studies of peptides containing 1 and 3 have
confirmed the predicted preferences.3

H
N HO\{;\ N
~ l Me ™ ‘ Me I Me
e N N\
HoN  COoH HN® CO.H H.N® COzH

B-MePhe 1 B-MeTyr 2 B-MeTrp 3
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gauche-(+) frans gauche-(-)
(1 = +60°) (x1 = 180°) (1 = ~60°)

stereoisomers preferred
of 1-3 conformation
(25,39) gauche-{-)
(28.3R) trans
(2R,3R) gauche-(+)
(2R,39) trans

Table 1. Preferred conformations of 1-3 for each of their stereoisomers

Of the routes available to stereochemically pure samples of B-substituted amino acids 1-3,3 their asymmetric
synthesis via Evans' methodology is the most general.® Thus, the four stereoisomers of 4a have been isolated

after separation by crystallisation of the diastereomeric pairs obtained from the coupling of 3-(1)-phenylbutyric

with either (S)- or (R)-4-phenyl-2-oxazolidinone. Steregselective bromination of 4a occurred in >99% d.e.
o~ i & A £A11 A hy an Q1) ida A 1 H H 1 H 1
to give 5a and was followed by an SN2 azide displacement to give 6a. Removal of the chiral auxiliary (which

can be recycled), and reduction of the azido group afforded the four individual optically pure isomers of 1 in 24-
25% overall yield from 3-(+)-phenylbutyric acid on a multigram scale (>2g).7 Similar methodology has been
applied to the stereoisomers 4b,8 and 4¢9 to afford 2 and 3 in >95% d.e. and 27-53% overall yield (for more

details and recent improvements of this methodology see reference 3).
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4c: Ar = 3-(methyl)indolyl
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The preferred conformations of B-diphenylalanine (Dip) 7 and 3-phenyltryptophan 8 may be predicted using
arguments similar to those used for the -methylated amino acids 1-3 (see Table 1).

H
//'\I //‘\| N— N
YOS W
N\
H,N COzH H 2N/\C OgH
Dip7 B-PhTrp 8

Racemic Dip 7 may be prepared in various ways,!9 and two enantioselective syntheses of 7 have been
developed.!!-12 The most attractive is based on Evans' methodology and commences with the coupling of 3,3-
diphenylpropionic acid with (4R,55)- and (45,5R)-4-methyl-S-phenyl-2-oxazolidinones to give the

arvlnvazalidinaoneg Ga and Oh recnectively A ftar deanratanatinn reantinn with tricyl azida ramaval af tha ~hieal
ALY IUAAQLUVIIUITIVLIVG 74 Al J7 TVDpvLwil Vvl CALVL UL LUV HIA UL, TLALIULL WL L1 Y 1 daZiuy, 1viiiuval Ul LHv Lililadl
asiwiliaes P, Ry | $ia— oF 4l T ogmessszs DY £ N TN ] 70N £ ey TN e oiman ame Ao S L MM o a4 s A £NT
dUxilidry dna 1cauctiion Ol e dZ14u gioup, \n)-\—)-U1p dild (D )-{+)~21p WEIC proauced in »7v% €.€. dind ouU7
overall yield from diphenylpropionic acid.!!
(=T 0 ~ O @) —~
P P
Ph NN Ph N NN
)\( \L/
Me Me 4
Ph Ph
9a 9b

(28,35)-p-Phenyltryptophan 8 has been synthesised in 27% overall yield from the indole derivative 10,
which is commercially available or can be prepared from ( $)-Trp.!3 Addition of a higher order cuprate to the
dehydro-derivative 11 gave 12 in >95% d.e., which upon treatment with trifluoroacetic acid opened to the Trp

system 13. Subsequent desulfonylation and hydrolysis afforded (25,35)-8. [An analogous set of reactions has
. 2 13y
. |

= S _ e
ArO,SN | H ArOgsN\ﬁH ArQZSM\/\H ArQQSN\f;\
H — W HTY N o "R
N~ - N P
MeO,C” MeO,C
? CO.Me CO,Me MeO,C BoMe MeO,CHN” ~CO,Me
10 11 12 13

iii)  Miscellaneous B-Substitutions

Further rigidification of B-substituted systems has been achieved by tying the B-substituent to the aromatic

nly vl limited as it is for 1

aroup. Thus in 9-fluorenvlglycine (Flg) 14 and {-indanylelycine (Ing) 15, n
BIVUP.  1US L J o AN o/ J ot N o7 M



and 7 (Figure 7), but the orientation of the aromatic group (and thus 7‘-) is also controlled bv the additional
cvuelonentana rino
\VJ VAV'J\.»A.A;MLA\( lJle
() (O
Y >
\VY\' \9\/
H.N /I\C OzH H,N AC O,H
Fig 14 Ing 15
nlecular modelline of Ac-Flo-NH9 and Ac-Ine-NHn with fived anolec dh = —60° wr = _20° tn qimnlate a R-
AVAVIVG LA lll\luv‘jx‘l& A 4iAw A xe 4 YALRy Gl LA 1116 LNRA Ly VHILLL LIAGG ulxs;uu V I [SA V) W O JiilIUIAdLlL o ’.l
turn, indicated that the preferred conformations for stereoisomers of Flg and Ing differ from the other rotamers by
0.6-3.3 kcal/mol (Table 2). 14
1‘
H ()
>
-H CO- -HN c - co-

gauche(-) trans gauche-(+)

Figure 7. Thc staggered rotamers of (S)-Ing 15

amino acid rotamer AE (kcal/mol)

gauche(-), trans 3.3
(25)-Ac-Flg-NH2 gauche(+), gauche(-)

trans, gauche(+) 2.2
gaiche(-) 0.0
(25,35)-Ac-Ing-NH?2 irans 20
gauche(+) 0.6
U gauche(-) 2.2
LLO, 20 - AL-LIE~INTT /) trans 10
i gauche(+) B 0.0

Table 2. Difference in energies of the rotamers of stereoisomers of Flg 14 and Ing 15

Diastereoselective alkylation of the sultam-derivative 16 leads to enantiomerically pure samples of 14 and 15.

o
(This route has also been used to synthesise Dip 7. 12) Alkylation of 16 with 9-bromofluorene and 1-

bromoindane occurred in >95% d.e. to give 17a and b respectively. Acidic hydrolysis of 17a,b gave the N-(a-

g
group, enantiomerically pure (25,35)-Ing and (25,3R)-Ing were obtained in 31-36% overall yield from 16.1°
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2.2.2. o,B-Disubstitution

Simultaneous - and B-substitution of Phe and Trp is likely to restrict the range of the torsional angle ¥ ! of the

resultine amino acids. Unfortunatelv no conformational analvsis of ¢ .B-dimethvinhenvlalanine 19 and o B-
ivSuiulLg YA ALS J RV MULALVLALRUTLGL Gaada JOES VL Uy TRV J I T Y AR QLT RS QU Wy

dimethyltryptophan 20 is available and since the interactions in the three possible staggered conformations of 19

and 20 are very similar, it is not possibie a priori to draw conciusions about their preferred conformation.

©\/Me F@\/Me
J(Me NS/ J{Me
HoN" "CO.H HaN" COpH

2T

o,B-(Me),-Phe 19 o B-(Me),-Trp 20

The synthesis of the four stereoisomers of o,B-dimethylphenylalanine 19 has been achieved by
diastereoselective alkylation of the imidazolidinones 21a and b. Deprotonation of 21a and b followed by reaction

with 1-phenylethyl bromide afforded mixtures of diastereomers, which were separated by crystallisation.

P s s -~y

The (25,38)-isomer of o, {3-dimethyitryptophan 20 has been prepared from the Trp derivative 22 by treatment
of 23 with dilithium dimethylcyanocuprate and quenching with iodomethane, which gave a single diastereomer
24. Opening of 24 with trifluoroacetic acid and subsequent hydrolysis of 25 gave (25,35)-20 in 63% overall

yield from 22.13

ArO2SN H ArOQSN\/LWH ArOQSN\/k‘.H ArO,SN_
" H HT S
MeO,C \) MeO c’N\\/) MeO C"N\g"l‘w!te M ‘i\f;e
e
2 OzMe o2 CO,Me 2 CO,Me MeO,CHN™ ‘co,Me

22 23 24 25



2.3 Cyclic Amino Acids

Cyclic derivatives of the proteinogenic aromatic amino acids fall into two categories: those in which the
torsional angle ! is restricted by tethering C¢y to the aromatic ring (usually to an ortho carbon) - these will be
discussed first, and those in which xi is restricted by tethering Cg to CB. In contrast to Section 2.2, in which
1 values were limited by van der Waals interactions, the x! values of the amino acids discussed in this section

are mainly limited by covalent constraint; indeed, many of the amino acids described towards the end of the

etraiin Derivaiives
The torsion angles ! and 2 are limited in the tetralin derivatives 2-aminotetralin-2-carboxylic acid (Atc) 2617

and 2-amino-6-hydroxytetralin-2-carboxylic acid (Hat) 27.18

Only one of the gauche rotamers is accessible to each enantiomer as illustrated for (S)-Atc (Figure 8). Molecular
modeling of (R)- and (S)-Hat suggests that the energy difference between the accessible gauche and trans
conformations is negligible (0.1 and 0.3 kcal/mol respectively).!8

commerciaily availabie 2-
60 and 64% overall yield respectively. Resolutions of the racemates has been accomplished by chromatographic
separation of diastercomeric mixtures of tripeptides followed by hydrolysis. This procedure produced (R)- and
($)-Atc in 41 and 36% yield from (£)-Atc 26, and (R)- and (S)-Hat in 32 and 34% yield from (£)-Hat 27. 19

2.3.2. Indan derivatives
As with the tetralin derivatives, only two conformations are accessible to the indan derivatives 28-30: one

gauche rotamer and the trans rotamer (Figure 9).
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H,N” "CO,H H,N" "CO,H H,N" "CO,H

Aic 28 Hai 29 30

Molecular modeiling for Hai 29 showed that the energy difference between the two rotamers was only 0.2
kcal/mol. 18

gauche-(—) trans

Figure 9. The staggered rotamers of (§)-Aic 28

2-Aminoindan-2-carboxvlic acid (Aic) 28.17 2-amino-5-hvdroxvindan-2-carboxvlic acid (Hai) 2918 and 2-

y (Aic) 28,'7 2-amino-5-hydroxyindan-2-carboxylic acid (Hai) 2918 and 2

amino-2-carboxy-cyclopent[blindole 3020 have been synthesised via spirchydantoin derivatives of 2-indanone,
a

(#)-30 in 60, 60 and 36% overall yield respectively.
2.3.3. Further Tryptophan Derivatives

The tricyclic amino acids 31 and 32 differ from the amino acids described thus far in this section in that their
a-carbon is tethered not to an ortho position of the aromatic ring, but to a more remote carbon. They are thus

structurally unusual and arc constrained in a manner quite different to other analogues reported to date.
Unfortunately, conformational analysis of these has not been reported.

H AR
XN j ,1
P PNH
H,EN,XCOQH HZNN CO,H

31 32

4-Amino-1,3,4,5-tetrahydrobenz{cd]indole-4-carboxylic acid 31 was prepared via a Strecker reaction from
ketone 34, which was obtained in 5 steps and 26% overall yield from indole-3-carboxaldehyde 33. The o.-
aminonitrile product of the Strecker 35 reaction was converted to the a-amidoamine, which was hydrolysed to
give the desired amino acid 31 in 84% yield.2! The key intermediate 36 in the synthesis of the eight-membered
ring Trp analogue 32 was prepared in 9 steps and 11% overall yield from 4-bromoindole. Cyclisation of 36

using the Heck reaction afforded a 2:1 mixture of the endo-cyclised product 37 and the exo-cyclised products 38
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and 39. The compound of interest, 37, was isolated in 30% yield,

ester derivative of 32 in 90% vield after crystallisation 22
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L
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PN VAN VAN /N
CbzHN CO,Me CbzHN CO,Me CbzHN CO,Me  (cpzHN COzMe
36 37 38 39

2.3.4. An Attractive Series of Cq-Cp Tethered Amino Acids

Although amino acids 40-2 represent an attractive series of constrained analogues of Phe, their conformational
properties have not been studied in detail.

/\ A

HN"COH  HN7 COH  H,N’ COH

40 41 42
T4 Oy hla hoassratrars tm memadine that tha civ maambhacad cinag AN o ol ta adanmt Alhaie amnfacmantinme Thie
it 1> pUbblUlC, HOWCEVEL, LU PICUICL UidL LT SIA-LHICIIIUCITU LR FU 15 LIRCLY WU du\)pl Clidil COlILULILIALIULLS, 111U,

access the trany and one gauche conformation. The five-membered ring amino acid 41 should differ significantly
from 40 in conformational flexibility and it is difficult to predict its preferred conformation(s). In constrast

cyclobutane derivative 42 is almost rigid and presumably constrained in an eclipsed conformation with xl close
to 120°.

H Ph
-HN< <I> .CO- -HN §<’I>(C O-

Ph H
H H
i N
W

gauche-(-) gauche-{+)
Figure 10. The staggered rotamers of (S)-cis-40
All four stereoisomers of 40 are available. The asymmetric Diels—Alder reaction of chira
cyanocinnamates 43 and 44 with I,3-butadiene in the presence of TiCl4 provides cycloadducts (
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596 S.E.

he ester and hydrogenation, the saturated
cyanocarboxylic acids (25,3R)-46 and (2R,35)-46 were transformed into the acyl azides, which were converted
to the carbamates (25,3R)-47 and (2R,35)-47 by means of the Curtius rearrangement; hydrolysis then gave
enantiomerically pure cis-isomers (25,3R)-40 and (2R,35)-40 in 48 and 44% overall yield from 43 and 44
respectively. The trans-diastereomers have also been prepared from 46. The cyano group was successively
transformed into an amido group and then to an isocyanate using the Hofmann rearrangement to give (2R,3R)-48
and (25,35)-48. Finally hydrolysis gave (2R,3R)-40 and (25,35)-40 in 43 and 39% overall yield from 43 and

44 respectively.23

Ph_H
| P Ph PN Ph
NC” \=O0 I ] .
¥ (Lo — Ul
NH CN CN
43 (28.3R)-45 (25.3R)-46
PnTH
| A~_Ph A~-Ph
N C/\’ﬁo —i ﬂ L — L ~N
O' O ~N%CN N N
) 4/\ CO.X* CO,H
a4 ﬁ ° (2R,35)45 (2R,35)-46
Ph LPh «Ph
e —— OO —— X
~NHCO.Me T COH +CO,Me
C CN
a7 46 48

Racemic trans-1-amino-2-phenylcyclopentane- 1-carboxylic acid 4124 has been made in 21% overall yield
from the appropriate ketone via the spirohydantoin. Racemic trans-1-amino-2-phenylcyclobutane-1-carboxylic
acid 42 has been prepared by selective hydrolysis of the ester group trans to the phenyl moiety of 49. A Curtius

degradation of the carboxylic acid group thus formed followed by hydrolysis of the remaining methyl ester

afforded amino acid 42 in 94% overall yield.2
>
>
MeOQ,C° CO,Me
49
2.3.5. Conformationally Rigid Amino Acids

There are two categories of conformationally rigid amino acids: those in which ¢! is fixed whilst x2 is

unrestricted and those in which both 1 and 2 are fixed.
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The amino acids 50-53 are constrained in an eclipsed conformation. The torsional angle ! is fixed and equal

id
to 0, +120 and —120° depending on the stereoisomer, whilst x2 1s unrestricted.

H
//’\l HO%\i N~ /=N
K)\v % < >/l \v : N%
H,N” CO,H HoN” "COuH HN™ COH  HN' CO,H
V-Phe 50 V-Tyr 51 V-Trp 52 V-His 53

The chemistry and incorporation into peptides of 1-amino-2-cyclopropanecarboxylic acids have been reviewed
by Stammer in 199026 and by Daunis e al. in 1993.27 The most general route to amino acids 2,3-
methanophenylalanine (V-Phe) 50,28 2,3-methanotyrosine (V-Tyr) 51,29 2,3-methanotryptophan (V-Trp) 5230
and 2.3-methanohistidine (V-His) 5331 involves cyclopropanation of 2-aryl-4-benzylideneoxazolones 54, which

are formed by 1,3-dipolar cycloaddition of diazomethane, followed by therm ysis of the intermediate pyrazoline.

” hn ~wrnalameamnmationms ararko mandarataly wwall anmAd cnilhcamiia nt ~lharmaian 1 trnmcfarmaatimme meoers i~ tlan
\L)-o=. LU \,yblUP Pd 1dlivil WUILRDS llivudcialcly will aild buUDCL‘uCUl Lllcllllbdl lldllblUlllldLlUllb PlUVlUC 11C
amino acids in low to moderate overall yieid from 54 (8-38%)

Ar H H. _Ar
\!r \!r
N 0] N O
)\_ /~ \ /
/-0 )‘
Ph Ph
(2)-54 (E)-54
o Ve AN ~4 1 Y m\ Eﬂ 1 . __ _ e am e el ~a Lo
beveral asymme[rlc symneses 01 {4 )-dv dnU LLC) dU nave DCCH I't:p() Iec y Al’l dpproacl tldt as
received considerable attention was based on selective cyclopropanation of n-racemic chiral substrate e.g. O

benzamidocinnamates 55, diketopiperazine 56 or o,p-unsaturated lactone 57. Cyclopropanation of 55 gave a
mixture of pyrazolines in a 60:40 diastereomeric ratio, which provided the enantiomers (Z)-(25,35)-(-)-50 and
(Z2)-(2R,3R)-(+)-50 respectively in 27 and 18% overall yield from 55 and 3 steps, after separation by column
chromatography, photolysis and hydrolysis.32 Cyclopropanation of 56 occurred with better diastereoselectivity
(5:95); the minor diastereomer was removed after crystallisation to afford (+)-(Z)-50 after hvdrolvsis (in 47%

overall yield from 56 in 3 steps).32 The most successful route was the cyc!gpropanatico. of 57 s it gave a
single diastereomer; moreover this opened up the pathway to (E)-(25,3R)-(+)-50 (9 steps, 21% yxeld from
e AR K!
3 /) s

N
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and equal to 0, +120 or —120° depending upon the stereoisomer under consideration, whilst x2 is unrestricted.

B\ Ph -L B\ _.Ph
LL\IZNH2 Ll\ér(‘:ozH NNHZ ﬂ\FCOZH

CO.H NH, co NH,
58 59 60 61

2-Amino-3-phenylnorbornane-2-carboxylic acids (or methanocyclohexanologues) 58-61 have been prepared
using, as the key step, a Diels—Alder reaction between cyclopentadiene and one of the dienophiles ethyl o-
nitrocinnamate34 (E)-methyl o-cyanocinnamate33 and (Z)- or (E)-2-phenyl-4-benzylidene-5(4H)-oxazolones
62.36 Focussing on the Diels-Alder reaction between cyclopentadiene and (Z)-62 and (E)-62, the product

mixtures of endo- and exo-spiroxazolones were hydrolysed and the amino acids were separated via an

iodolactonisation procedure. Hydrogenolysis of the carbon-carbon double bond and subxequcm hydrolysis of the
benzamido group gave the amino acids 58 and 59 in 17 and 26% from (Z)-62 and amino acids 60 and 61 in 39

oL o)
rn (ndl]
313y Maothann. and thanntatralin Darivativec
111} iviCuliaiyv GIIU E/LIEAIIULULE CAXELE A/VE AV T VO
Tha atvinne nntde 2 nmd A ava tha mact rigid analagiiae af Dha avar cynthacicad Tha yahiag nFul ara _AN Ar
111C dlllU dLiud UJ dliu U= adlu Uiv (HUSL 1151\.1 aucuusut.o Ul L1 Uyl Dylllll\;blbbu. 11U vailuwd vl k aiv T Ul
1ono 1A 2 : 7 Nno
-180° and ¥~ is —60°.

63 64a 64b

210, nverall viald via the Strecker method and in 619% averall vield via the Bucherer metho rom the

_— 1l /U \JYVYNvidll J AW iNa ¥ LA LIIW W ika wWwianwa AAAVLAAN WA LRAENAE RBR WA U N A Cvad J AN ANS 288 VAAN A LAV iAwANFA  aranivaans LS A vE
mcrmmnding batana Intaractinglyu the twa mathade gave averhicivaly ctaranienmar &2 37 The eunthecic nf 2-

COITCSPOINAIE KCIONE. HICITSiigly the twU HICUIUUS Zgave CALIUSIVEL SICICUISUILTICT U, 10 SYHUSIS Ul &

L PR,

amino-1,2,3,4-tetrahydro-1,4-ethanonaphihaler

PR, F £ A

e-2-carboxylic acid 64 has been achieved similarly. Again the

:1»

yields via the Bucherer route were superior but this time a nearly equal mixture of isomeric hydantoins was
obtained from the appropriate ketone. Separation of the two hydantoins by fractional crystallisation or column

chromatography followed by hydrolysis gave 64a and 64b in 54 and 27% overall yield respectively.38
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2.4. Constrained "Imino Acids"”
T tha "1tmina onide" tha niteacan ~AF tha ameioma Fiom el oo | P, e o T . .
In the "imino acids”, the nitrogen of the amino functional group is part of a rmg 1ns may have serious

consequences for the conformation of the peptide, peptidomimetic etc into which the amino acid is incorporated,
since the nitrogen is consequently unable to act as a hydrogen bond donor unless it is located in a terminal

position of the larger molecule. Nevertheless, as will be seen in Section 3, this type of amino acid has proven
very useful in biological studies. In this section, amino acids which are tethered from the nitrogen to Cp will be

presented first, followed by amino acids which are tethered between the nitrogen and the aromatic ring.

2.4.1. Aryl-Proline Derivatives

Rotational freedom in the Phe and Tyr analogues 65-68 is severely limited for y ! but unrestricted about x2.

0 OH
~ =

Sycot Sy~coum Lcon Sy ~coa
H H H
65 66 as-Hpp 67 trans-Hpp 68

a ! he gauche rotamers is physically not accessible (Figure
1 1Y Fuartharmaore maleciilar madelineg af (98 ARY_KT 7C AMAR indicated that the frane canfarmatinn wag
11 Je £ GIWMVLLIIVLIG, LUIVIVLWIAL LivuL VL L, JIN JTU T All Akt g JIN JTUU HIIUILALLU Wldl LIV L ey LULILULILLIALLULE W ad

of slightly different reaction conditions, saponification and decarboxylation of 70a and 70b afforded the ethyl
ester 71a and the carboxylic acid 71b respectively. The cis- and trans-isomers of 71a were separated by
selective saponification of the ester of the trans-isomer.39 N-Deacetylation and O-demethylation of 71b provided

cis-Hpp 67 and trans-Hpp 68 which were N-Boc protected and separated by preparative reverse-phase
HPLC.!8.40

R R
R / /
=/ — _..—i CX\_ COEt — — N
o N7 “CO,Et N~ CO.R'
Ac Ac
69a: R=Ph 70a: R=Ph 71a: R=Ph, R'=Et
69b: R=p-MeOCgH, 70b: R=p-MeOCgH, 71b: R=p-MeOCgH,, R'=H
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resuiting diastereomers were separated by column chromatography and then hydrolysed to give (2R,35)-66 and
(28,3R)-66 in 30 to 40% yield. A diastereoselective synthesis of (25,3R)-66 has also been reported, the key
step being a 1,4-conjugate addition of cuprate or Grignard reagent to the readily available (S)-pyroglutamic acid
derivative 72.4! This addition proceeded in >98% d.e. and good yield. Compound (2S,3R)-66 was
subsequently obtained from 73 in three steps and 16% yield. This synthetic strategy should also be applicable to
the synthesis of (2R,35)-66 starting with commercially available (R)-pyroglutamic acid.

o
o
E

Ph
=N =
Y Y
Boc 0OSiPh,Bu Boc OSiPh,Bu
72 73

2.4.2. Pipecolic Acid Derivatives

4.
The bicyclic nature of 74-78 means that both ¢ 1 and xz are greatly limited.

Vany
7\
R‘

~ AN ] /‘—‘.N
| P | P HN_ HN__\
T L L T

N7~ ~CO,H N”~CO,H N“~CO,H N~ ~COH

H = H <

Tic 74 Hic 75 : R'=OH, R%=H Tec77 Spi 78

mHtc 76 : R'=H, RRB=0OH

For the (S)-amino acids (Figure 12), the gauche-(-) and the gauche-(+) conformations are both available with
the trans rotamer being eliminated,!®

2\

Lo (lJJ
S gy W
gauche-i=) gauche{+)

Figure 12. The staggered rotamers of (5)-Tic 74

1,2,3,4-Tetrahydroisoquinoline-3-carboxylic acid (Tic) 74,42 1,2,3,4-tetrahydro-7-hydroxyisoquinoline-3-
carboxylic acid (Htc) 75,43 1,2,3,4-tetrahydro-6-hydroxyisoquinoline-3-carboxylic acid (m-Htc) 76,44 3-
carboxy-1,2,3 4-tetrahydro-2-carboline (Tcc) 7745 and spinacine (Spi) 7846 have all been synthesised using the

reaction?” or modifications thereof, i

ler

—-
‘fD
o

<

y cyclocondensation of the amino acids Phe, Tyr, m-

no
o BN
Tyr, Trp and His respectively with formaldehyde in the presence of concentrated hydrochloric acid. In general



[P PZ, 7o nl

these reactions proceed in good yields (70-97% yield) except in the case of tyrosine, when polymerisation occurs.
This can be avoided by performing the reaction under weakly acidic conditions,*# or by starting from tyrosine
derivatives in which the positions ortho to the phenolic OH are blocked by halogen atoms.43

(£)-Tic 74 may also be prepared efficiently in one pot via base catalysed cyclisation of 1,2-
bis(halomethyl)benzenes with diethyl acetamidomalonate followed by hydrolysis and decarboxylation in 65-70%

v1¢ld,48 This method may be performed on a large scale and is safer than the Pictet-Spengler approach as it
avnide the nossible formation of extremelv carcinooenic di-fchlaraomethyl) ather (hy ranctinn of hvderachlare anid
QYVINS LUC PUSOIUVLY LVALIIAUVILL Vi VAl WIvl Y VALVAMVEVILILV WIS VIHIUVIVILLIIWIILY 1) Vit (UY 1Caluivull Ul uyuluiigulic acliu
VS N (P = 10 SRS IPAY
WLl IULHAIUCIIYUC )

Enantiomerically pure amino acids 74-78 may be obtained using enantiomerically pure amino acids in the
Pictet-Spengler reaction. Partial racemisation3 occurs during the course of the reaction and fractional
crystallisation is necessary to obtain the desired amino acids in good e.e. (90-99%).49-50

2.4.3. o-, B- and o,B-Substitutions on Tic
Of the Tic derivatives 79-81, conformational studies have only been performed on 81. Interestingly, the
anurho (L) confarmation ic nreferred nver the gaurho (2 ronfarmatinn hy 12 8§ Loal/mal for (9R 2C.1 and hy
EUMLIIL \T ) “YWwiliiviiiiauivii 1o tll\nl\all\tu WV YWl Lilw Suuulbb 7/ wwviniuvininavvi v 1.0 DALV VL \&IVLWJJ 7o s Al v
Z Lanlfrmmnl Fae (MOR 2RPY_ 21 in Ar (MalAa_Tir NHMa 186 Thire it ammence that lara tha ~ognlicatinm and ciibetitne ~m
J RUAIZ1EIUL LTUL (ZI\,JI\ )04 1L AUTUUVIC ) /= L IUTINTLIVIC 11us It appals ulatl licl LT CyLilddulull aliu subvbstituuulil
constraints are additive, producing moiecuies which are essentiaily iocked into one conformation
) » ®
i \ Ph > Me
Me Me
N™ "CO.H N CO.H N™ "CO.H
H 2 H
a-MeTic 79 B-PhTic 80 ,B-(Me),-Tic 81
______ IS T T T T B, DI PR S B ulnc 1.,,.; > SV X x.f""r':.:\ OS] L bane oxrmdh —~
KdLCIIllL -Heiyi-1,£,9,4- teirar ly Ulqu QHIC- 0~ d _yllL dLl(.l Ul. VICLIC) 7277 % Hdd DCCIH SYHLHCSIdCU 1]

63% yieid from (x)-o-methylphenylalanine by the Piciel—bpengler reaction. An asymmetric synthesis of 79 has
been achieved and is based on the diastereoselective alkylation in 97% e.e. of a commercially available bislactim
ether with a dibromoxylene followed by spontaneous cyclisation upon heating. Hydrolysis of the intermediate
afforded (R)-79 in good yield.>?
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cis-isomers in 35-48 and 13-18% overall yield from their rcspeclivc Dip parents.

The stereoisomers of a,-dimethyi-Tic 81 have heen synthesised in 71-84% yield from the four stereoisomers

of o,3-dimethylphenylalanine 19 using the Pictet-Spengler reaction. 16
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he 7-, 8- and 9-membered rings anaiogues of Tic, 2,3,4,5-tetrahydro- 1 H-3-benzazepine-2- -carboxylic acid
(Sic) 82, 1,2,3,4,5,6-hexahydro-3-benzazocine-2-carboxylic acid (Hic) 83, and 2,3 4,5,6,7-hexahydro-1H-3-
benzazonine-2-carboxylic acid (Nic) 84, have been prepared by two routes from substrates 85a-c¢, which were
obtained in 42, 32 and 27% yield from commercially available 2-iodobenzy! alcohol.
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An intramolecular Heck reaction gave the 7-, 8- and 9-endo-cyclised products 86a-c in 55, 73 and 86% yield
respectively’4 whereas a radical cyclisation approach gave 87a-c in 73, 71 and 52% yield.55 Hydrogenation of
the double bond of 86 and removal of the protecting groups in 87 afforded Sic, Hic and Nic. Thus the two
routes are complementary and provide Sic, Hic and Nic in 9-12 steps and 14-30% overall yield.

=\ ==\
W, Boc N/,
N N__CO,Me
n - | Tr —_— n /
SNScoMe T SN COMe
[sIeiH] ~]s]e}
87a-c 85a-c 86a-c
2.4.5. Medium-sized Ring Derivatives of Trp

The tricyclic Trp derivatives 88 and 89 present two distinct modes of tethering the indole unit of Trp to the
amino acid nitrogen. In both instances xl will be limited by the cyclic structure, but the greatest difference will
be in %2 values. Unfortunately their conformational analyses have not been reported to date.

N [~
( ) 88 ( \ 89
\!;Ji e O,H OH

A synthetic route which could provide the eight-membered ring compound 88 on a larger scale than the initial
photochemical cyclisation routes36 has been reported.37 It is based on the thermal lactamisation of intermediate
91, which was obtained in two steps from 4-(carboethoxymethyl)indole 90. A chemoselective reduction of the
amide group in 92 atforded the ethyl ester of 88 in 15% overall yield from 90. Saponification would provide
88.
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The seven-membered ring derivative 94 has been unexpectedly obtained by photocyclisation of N-chloroacetyl
tryptophan 93 (no yield given).56 Selective reduction of the amide group as for 92, should provide access to 89.

2.5. Summary of Molecular Mechanics Calculations of x1 and x2

The results of the molecular modeling available for the amino acids described in the ¢ previous sections are

3. Appiications in Medicinal Chemistry

3.1. General
Structure-activity investigations have shown that a relatively short sequence of four to eight amino acids is
usually responsible for the biological activity of peptides. Moreover, the side chain groups of the constituent

amino acids are generally responsible for the interactions with the receptor that lead to binding and/or

activation.4-6! Hence the aim in conformational d >sign is often the construction of a suitable scaffold to carry the

. . . c 4
relevant functional groups in a suitable spatial arrangement. The concept of topographical design of peptide
H A A manely tan vanes oo he, UV LT 1. 00 Te o

hgands was introauced neany ten ye-axs ago Oy v. ruuuy Rl |

i invoives creatir\g a particular three dimensional

side chain conformers using the
amino acids of the type described in the previous sections. It is important to realise that the orientation of a side
chain relative to the peptide backbone varies dramatically from one conformation to another. For example, in the
gauche-(+) conformation of the (S)-, proteinogenic aromatic amino acids, the aromatic group is located
below/above the peptide backbone, in the trans conformation the aromatic ring points toward the C-terminus, and
in the gauche-(~) conformation, it points toward the N-terminus of the peptide chain.

[N
W



604 S. E. Gibson et al. / Tetrahedron 55 (1999) 585-615
amino acid label rotamer 1 ) %2 (® AE ref
(kcal/mol)ab
Atc (5)-26 trans -180 +25 (=) 17
gauche(+) -60 =25 (-)
(R)-26 trans +180 =25 (=) 17
gauche(-) +60 +25 (=)
Hat (5)-27 trans ~168 +20 0.3 18
gauche(-) =71 =20 0.0
(R)-27 trans +168 =20 0.1 18
gauche(+) +71 +20 0.0
Aic 28 trans —160 +20 (=) 58
gauche(-) -80 =20 (=)
Hai 29 trans -134 +9 0.0 18
gauche(-) -97 -13 0.2
cis-Hpp (25,3R)-67 trans —i51 +64 0.0 18
gauche(—) -91 +68 2.0
trans-Hpp (25,35)-68 trans +165 +99 1.8 18
gauche(+) +88 -66 0.0
TicC (R)-74 gauche(-) -59 +34 ) 59
Htc ($)-75 gauche(-) -36 +41 0.0 18
gauche(+) +30 -39 0.3
Tce (8)-77  gauche(-) —47 +18 (=) 60
gauche(+) +48 -20 (-)
a,pB- (2R,35)-81 gauche(+) +55 (=) 0.0 16
(Me)pTicd gauche(-) 71 =) 13.5
(2R,3R)-81 gauche(+) +52 ] 0.0 i6
gauche(—) —-64 (=) 5.0

a) AE: calculated energy difference between the entry and the global minimum of the compound: b) (-): AE not
calculated; ©) data from an X-ray analysis of p-Bz-L-Pro-D-Tic-NHMe; d) study of Ac-(2,3-Me2)Tic-NHMe.

Table 3. Experimental values of the torsional angles xi and %< in low energy conformations of constrained amino acids calculated

by molecular modelling
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Increasing attention is now being given to the incorporation of conformationally restricted amino acids Phe,
Tyr and Trp (and more rareiy His) into peptides and their analogues, not only in order to examine the
conformational requirements of the side chain for bioactivity, but also in the hope of obtaining more selective and
potent ligands. For example, the properties and use of the four stereoisomers of B-alkylated derivatives of Phe
and Trp have been studied extensively.3 For a given peptide, incorporation of each stereoisomer results in the
same backbone conformation, but produces different topographies of the peptides thus leading to significant
differences in potency and selectivity.
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3
b
2
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significant impact, namely, the development of selective opioid ligands, and the identification of potent Ras
farnesyl transferase inhibitors. [NB. In this section, the absolute configuration of the o-carbon is designated

with the prefix D- for (R)-amino acids, and no prefix for the (S)-amino acids.]

3.2. Development of Selective Opioid Ligands

3.2.1. Opioid Receptors

Opioid receptors are distributed widely throughout the brain and the peripheral tissues of all animals.®3 Potent
nannicte frr tha Amintd rarantnre havue the natantial tA attaniiata asnta and ~rhranis nain twharaae natant nmtaonnicte
GBUIIIDLD UL v Ul_IJ.UlU lyb\,t_}l\llo 3R AR § LW il\l\.\zllllul LU atlviiudaily avute dalbiu Giliuliie lJa.lll YYLHIVILCAD lJUlblll. dlllasulllblb

The existence of at least three major opioid receptor classes p, & and K, is now well established. The
endogeneous mammalian opioid ligands, enkephalins, endorphins and dynorphins, are not particularly selective
towards the different receptor classes, but dermorphins and deltorphins, isolated from frog skin secretions, are Li-
and 3-selective respectively. An important goal in this area of research has been to develop highly selective and

potent ligands to help elucidate the functions of opioid receptors and their subtypes.

N

3.2.2 3-Opioid Receptor Antagonists
An imnartant featiire of dermaornhine and deltarnhine 1¢ their coommon AMoterminne trinentide comnence "Tyur-TNo
a1 llllt}\]l LAlIl Iwdiliiw vl \J\allll\llt}llllla el u\tl\.\lltllllllﬂ A0 LAAWLL VW AJRRILAINER LY AL RAIRIEMAO U ltl\.rtll.lu\.t 3\4\1“\/!1\4\.{ AJL s

Xaa-Phe". Interestingly, structure-activity studies of this common fragment suggested that it plays a pivotal role
in opioid sefectivity. For example, in 1992, Schilier and co-workers reported that the simpie peptide 95, which is
a l-selective agonist, becomes a b-selective antagonist when D-Phe is replaced with Phe in position 2 (peptide
96).54 Furthermore, the activity profile and stability of peptide 96 was dramatically improved by successively
using Tic in position 2 (peptides 97 and 98),54 having a free carboxylic acid group (peptides 99 and 100),54
and by introducing a reduced peptide bond [CH2NH] between Tic and Phe (pseudopeptides 101 and 102).65

Tyr-D-Phe-Phe-Phe-NH, 95 Tyr-Tic-Phe-Phe-OH (TIPP) 99
Tyr-Phe-Phe-Phe-NH, 86 Tyr-Tic-Phe-OH (TIP) 100
yrHC-Png-rnesinmg 97  Tyr-Ticy{CHyNH]Phe-Phe-OH (TIPPy]) 101

Tyr-Tic-Phe-NH, 98 TyrTicy{CHyNH|Phe-OH (TIP[y]) 102

The di- and tripeptides antagonists 103-6, reported in 1994 by Temussi and co-workers, proved to be even
more O-selective than TIP(P), (99 and 100), but were less potent.66 This disadvantage was remedied by

()]
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112-115) to give more hydrophobic and further restricted analogues of 103-6.5% These peptides surpassed the
d-selectivity of all opioid ligands known to date, in particular peptide 107 (KiWK;d = 150,800). Peptides 112-4
are considerably more selective and of similar potency to the benchmark non-peptide 8-antagonist naltrindole
11670 in the mouse vas deferens assay. Interestingly, as seen in the original peptide 95, a change of chirality

from L- to D-Tic2 in peptides 97, 98, 104, 105, 108 and 110 reversed the opioid activity from §-antagonist
to p-agonist.

Tyr-Tic-OH 103 Dmt-Tic-Ala-NH, 110
pr 1_;0!: IHZOH } 34 cyclo-(Dmt-Tic) 111

yr-Tic-Ala- 5  NN-(Me),-Dmt-Tic-OH 112
Tyr-Tic-Ala-NH, 106 n/n.(Me)o-Dmt-Tic-N Ho 113
DrTioQR 197 NN-(Me),Dmi-TicAlaOH - 114
W ICINTg 1O N,N-{Me)s-bmt-TIC-Ala-NHp 115

Dmt-Tic-Ala-OH 109

Conformational analysis of 99-102, 104, 106, 108 and 111 (based on

and X-rav data). revealed that their low enerov conformations are consgistent with the cstructure of the hiohly
and X-ray data), reveaied that their low energy contormatt ons are consistent with the structure of the hignly
mmtamt i1t mam calantiva naninid antagnnict naltrindala 114 7122 Wamaa thaie racmanticn himanticsrm cmnfmeiatinme ans
PULC 1L UUL LIUILI-DUICTLLLIVL Ulelu QALILAZULLDL AU iliuuuvIc 119 11C1ICC LT lePCLLlVC vivacLllvo CUILLLULL LU <

probably very similar. Unlike the aromatic ring of Tic, the aromatic side chains of residues 3 and/or 4 are not
required for 8-selectivity; they only provide additional binding energy due to their lipophilic character.”3 This
leaves Tyrl-T104 and Dmt!-Tic2 responsible for antagonism at the §-opioid receptor: in other words they are the
recognition site ("message domain") of the peptides. In vivo results obtained for 99, 100, 107 and 109 are very
encouraging and these peptides may be used as templates for the construction of still more active 8-opioid
antagonists.’4
Vo T &k
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3.2.3. 8-Opioid Receptor Agonists

The cyclic enkephalin analogue DPDPE 117 is a highly selective lead for §-opioid receptor agonists. Its
further constrained analogue, JOM-13 118, has higher affinity for the 8-opioid receptor, but is slightly less 8-

selective (KiM/Kid = 60 and 204 respectively). Thus although the conformational flexibility of the backbone of
117 ic rancidarahly radieced an moving o 118 the mahility of tha cida_chaine of tha Turl and Phal recidiiec ic
LAT 1D bUllDlUbLaUl_‘r AN ST LI AN N ) lllUVllls iU RAU, LG lllUUlllly UL LU DIULTuUiIIAlld Ul uiv .lyl alfyu 11w IWSIUUWD, 10
JURS T IR TSI S T SR R S e T S for bioactivity. the exocyclic [ AN RS Y SUU |
Sull mgn. 10 elucidale lllClI LUlllUlHldUUlldl quUIICHICIlLS TOr DIOACUVILY, UIC EXOCYCIHIC 1YT* TCSIUUC wadd icplaccu

T

with cis-Hpp, trans-Hpp, Htc, Hat, Hai and o-MeTyr (peptides 119),18:40 and the Phe3 residue was replaced

with the four stereoisomers of B-MePhe (peptides 120).75 The incorporation of cis-Hpp! in 119 and (2R,3R)-
B-McPhe3 in 120 resulted in agonists with significantly higher §-selectivity (Kiu/KiO = 300 and 2100
respectively) and d-affinity than 117 and 118. From these results and molecular mechanics calculations,

Mosberg and co-workers proposed a model for the bioactive conformation of 118 in which the side-chain



conformation of residue 1 was described by %! = 180 ° anc
3byyl =-60°.18
Tyr-cycio-[D-Pen-Gly-Phe-D-Pen]OH (DPDPE) 117

Tyr-cyclo—{D Cys-Phe«D Pen]OH (JOM-13) 118
Xaa-cyclo-[D-Cys-Phe-D-PenjOH 119
Tyr-cyclo-[D-Cys-Xaa-D-Pen]OH 120

3.2.4. u-Opioid Receptor Antagonists

Starting from a somatostatin-derived cyclic peptide CTP 121, Hruby and co-workers have reached the most
potent and selective p-opioid receptor antagonists to date by replacing inter alia D-Phe! with D-Tic (peptides
122-4).77

D-Phe-cycio-{Cys-Tyr-D-Trp-Lys-Thr-Pen]-Thr-NHz (CTP) 121
D-Tic-cycio-{Cys-Tyr-D-Trp-Lys-Thr-Pen]-Thr-NH, (TCTP) 122
D-Tic- cyclo-[Cys-Tyr-D-Om-Thr-Pen]-Thr-NH, (TCTOP) 123
D-Tic-cyclo-[Cys-Tyr-D-Trp-Arg-Thr-Pen]- Thr-NH, (TCTAP) 124
Gly-D-Tic-cyclo-{Cys-Tyr-D-Trp-Om-Thr-Pen]-Thr-NH, 125
D-Phe-cycio-[Cys-D-Tic-D-Trp-Om-Thr-Pen]-Thr-NH, 126

NMR studies on these peptides have shown that when D-Tic is terminal it adopts the common gauche-(+)
conformation, which orientates the aromatic ring away from the rest of the molecule, but places it on the same

face as the other important parts of the pharmacophore, When D-Tic is internal (peptides 125 and 126),77 a

| S | by

dramatic loss of affinity and selectivity is observed. NMR studies of these peptides demonstrated that the

thhoa mamtida camaninad tamalhiae con S 1 MRS SRS R P B oY
uic popudc remainea uuunaugcu OuUt uldt tic inicrnal -

ic residue now adopis the r

gauche-{—) conformation as 1,2-pseudoequatorial repulsion destabilises the gauche-(+) conformation (Figure

Figure 13. Two possible conformers of D-Tic in a peptide

3.3. Inhibition of Ras Farnesyl Transferase

3.3.1. A potential new class of anticancer drugs

Ras proteins undergo several post-translational modifications before reaching their site of action in the cell

membrane. The first and most important modification is the S-farnesylation of a cysteine residue found in the
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Ser). This modification is catalysed by the enzyme farnesyl transferase (FTase) using farnesylpyrophosphate as a
co-substrate. Genetic studies have shown that inhibition of Ras S-farnesylation blocks the Ras-induced cell
transformation. As a result, inhibitors of farnesyl transferase might slow the growth of cancers in which

oncogenic Ras proteins are involved; they thus represent a family of potential antitumour agents.

3.3.2. Development of Ras Farnesyl Transferase Inhibitors

Several types of FTase inhibitors have been reported, among them the Ras terminal tetrapeptides CA1A2X
mantinnad ahnave whirs are notent camnetitive inhihitore of FTace 11 vitrn In nartirnlar Cve_Val_Dha_Mat
HUIVHUUVIIVA AUV VL, VWALIVEL Qi pPULVLUL VVLLIPVLIW Y Y UIIVILVLIY UL 11 Q0% o/ Vier /. 11 paitivdial, wyd~™ v.al~r HuU-iviut

FTase inhibition
1Cgq (NM)
Cys-Val-Phe-Met (CVFM) 37 127
Lys-Cys-Val-Phe-Met (KCVFM) 1000 128
Lys-Cys-Vai-D-Tic-Met 20 129
Lys-Cys-(N-Me)Val-D-Tic-Met 5 130
Cys-Val-Aic-Met 2900 131
Cys-Val-(A-Phe)-Met 160 132
Cys-Val-Tic-Met 1 133
In 1995, the inhibitory activity of the peptide KCVIFM 128 was dramatically increased by the replacement of

n oo

[ B T _ FTN M L S a3 A 70 A o1
1€ ana oy /v-ivic val-12-11C (pepudes 14Y an e

Val-Phe with Val-D- 130)./~ An interesting study followed that
demonstrated that when the aromatic ring of the Phe residue in 127 is held perpendicular to the backbone of the
tetrapeptide with Aic (peptide 131), the inhibitory potency decreases by 100 fold. In constrast, when the aromatic
ring is held parallel to the backbone using didehydrophenylalanine (peptide 132), the inhibitor is only slightly
less potent than CVFM. A further breakthrough was made by substituting Phe with Tic to give the potent peptide
133.80 Subsequent amide bond modifications in 133 led to the more potent and selective inhibitors 134-6,

which also demonstrated enhanced activity in cell-based and isolated enzyme assays compared to the parent

peptide 127.80
FTase inhibition
|C5° (nM)
Cys-y[CH,NH]-Val-Tic-Met 0.60 134
Cys-Val-y[CH,NH]-Tic-Met 0.37 135
e e E LS R Vol - TALD AL Tin RAAS n 78 128
Cys-y{CHNR}-Val-y{CHNH]-Tic-Met v.i3 [

Molecular modeling of KCVFM analogues 129 and 130 indicated that an extended conformation is prefered
over a "turn-like" backbone structure.143 NMR studies and molecular modeling would provide some interesting

indications about the preferred conformation of Tic, gauche-(+) or gauche-(-), in peptides 133-6.
3.4. Other Examples of Uses in Biological Studies
Constrained analogues of Phe, Tyr, Trp and His have been incorporated into various peptides. Their

incorporation into lead peptides has led to more potent and more selective receptor antagonists of bradykinin

converting
4
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¢ and §-selective opioid receptor agonist deltorphin analogues reported to date.86 Although the use
of His analogues is quite rare, one example is its use in the analysis of position 4 of deltorphin A (Spi).88
Constrained analogues of Phe (Tic, Dip, Flg, Ing) have been incorporated into positions 7 or 8 of substance P
and used to probe the binding pocket S7 and Sg of tachykinin NK-1 receptor,!4:89 whilst Tic has been used in a
search for new analogues of human growth hormone-releasing hormone.90 Finally, the constrained Phe
analogues, Tic, Sic, Hic and Hic have recently been incorporated into a CCKB/gastrin receptor antagonist to

probe the

effect of constraining the aromatic group of Phe in a six-, seven-, eight- and nine-membered ring
resnectivelv. Interestinelv. whilst the Tic. Sic and Hic containine comnoundes were relatively inactive th ic
l\/oy\av\.l'vl] . All\vAvubxxle 3 YV EMAAOV ViIIW 1AW,y WiW AlAW A iaw \-VLILMLAILIA& UUAAA[JUHII\JQ YY Wi AUA“&AV\(]J Allu\.\.xvu, (8 ¥\ IR 3 57

y e

containing ligand displayed essentially identical biological characteristics as the parent Phe-containing ligand 9!
4. Summary and Outlook

Topographical changes alone can greatly affect the potency and selectivity of peptidic ligands. Though this

approach to ligand design is in its infancy, significant progress has been made and some very impressive peptide-
based ligands have been discovered.

Conformationally constrained amino acids arc important tools for the exploration of ¥ space. There is
niirrantly o yariaty af canctrainad amalagnes af Pha Tyr Tem and Hic nyanilahla frarm rantac hacad asthar An
Lullclllly d Vdailtly Ul Culibilailivud dllaivgucs Ul 1uc, 1yl, 11 dllUu 1115 davaliduilc 11Ul TUULLS vdadosou Lilliel il

classical reactions combined with resolution procedures or on contemporary stereoselective methodology. These

. . .- 1 o P 1 . £t o 1 4. 1 1
amino acids provide some degree of control over the orientation of the aromatic side-chains by restricting ¥ *
and/or y<. There is, however, a need for a deeper understanding of the conformational properties of many of

these amino acids, and for the design, synthesis and conformational analysis of novel amino acids with well-
defined ! and ¥2 angles.

Given the importance of peptides in biological systems. it is predicted that constrained analogues of the

proteinogenic amino acids will become increasingly important tools in structure-activity studies, and in the

[ P |

. Al dacign of mhamaana 1 mpdriate
1duDIIal UTS1EIL UL pildaiiiactudital prouucts.
References
1. Peptides, Synthesis, Structures and Applications, Ed. Guute, B. Academic Press, London, 1995.
2. a) Molecular Conformation and Biological Interactions, Eds. Balaram, P.; Ramascshan, S. Indian Academy of Science,

Bangalore, 1991; b) Ramachandran, G. N.; Sasisckharan, V. Adv. Protein Chem. 1968, 23, 283; c) Scherega, H. A.
Chem. Rev. 1971, 71, 195; d) Bloom, S. M.; Fasmna, G. D.; DeLoze, C.; Bloot, E. R. J. Am. Chem. Soc. 1961, 84,
458.

3. Hruby, V.J.; Li, G.; Haskell-Luevano, C.; Shenderovich, M. Biopoly. 1997, 43, 219.

- N

4. Marshail, G. R. Curr. Opin. Struct. Biof. 1992, 2, 904.



610

n

O 0 )

=

12.
13.
4.

W
—_

(8]
[3S]

33.

ENET

ax

a} Kataoka, Y.; Seto, Y.; Yamamoto, M.; Yamada, T.; Kuwata, S.; Watanabe, H. Bull. Chem. Soc. Jpn. 1976, 49, 1081;
b) Asano, Y.; Yamada, A.; Kato, Y.; Yamaguchi, K.; Hibino, Y.; Hirai. K.; Kondo, K. J. Org. Chem. 1990, 55. 5567:
¢) Spondlin, C.; Tamm, C. Heterocycles 1989, 28, 453.

a) Evans, D. A.; Britton, T. C,; Ellman, J. A;; Dorow, R. L. J. Am. Chem. Soc. 1990, 112, 4011; b) Evans, D. A.:
Ellman, I. A. J. Am. Chem. Soc. 1989, 111, 1063.

Li, G.; Patel, D.; Hruby, V. J. J. Chem. Soc., Perkin Trans. | 1994, 3057.

Nicolas, E.; Russell, K. C.; Knollenberg, J.; Hruby, V. I. J. Org. Chem. 1993, 58, 7565.

BQ[an_, L.W. Wegngr, K.; Qian, X.; H"be, V. 1. Tetrahedron 1994, 50, 2391
a) Mustafa, A; Sallam, M. M. M. J. Org. Chem. 1961, 26, 1782; b) Filler, R.; Rao, Y. S. J. Org. Chem. 1961, 26,

1685; c) Cheng, L.; Goodwin, C. A.; Schully, M. F.; Kakkar, V. V.; Claeson, G. J. Med. Chem. 1992, 35, 3364,
Chen, H. G.; Beylin, V. G.; Marlatt, M,; Leja, B.; Goel, O. P. Tetrahedron Lett. 1992, 33, 3293.

Josien, H.; Martin, A.; Chassaing, G. Tetrahedron Lett. 1991, 32, 6547.

Bruncko, M.; Crich, D. J. Org. Chem. 1994, 59, 4239,

Josien, H.; Lavielle, S.; Brunissen, A,; Saffroy, M.; Torrens, Y.; Beaujouan, J.-C.; Glowinski, J.; Chassaing, G.
J. Med. Chem. 1994, 37, 1586.

Josien, H.; Chassaing, G. Tetrahedron: Asymmerry 1992, 3, 1351.

Kazmierski, W. M.; Urbanczyk-Lipkowska, Z.; Hruby, V. J. J. Org. Chem. 1991, 59, 1789.

Mosberg, H. I.; Lomize, A. L.; Wang, C.; Kroona, H.; Heyl, D. L.; Sobzyk-Kojiro, K.; Ma, W.; Moussigian, C.;
Porreca, F. J. Med. Chem. 1994, 37, 4371.

a) Obrecht, D.; Spiegler, C.; Schonholzer, P.; Miiller, K. Helv. Chim. Acta 1992, 75, 1666; b) Obrecht, D.; Lehman,
C.; Ruffieux, R.; Schénholzer, P.; Miiller, K. Helv. Chim. Acta 1995, 78, 1567.

Franceschetti, L.; Garzon-Aburbeh, A.; Mahmoud, M. R.; Natalini, B.; Pelliciari, R. Tetrahedron Lernt. 1993, 34, 3185,
Somei, M.: Aoki, N.: Nakagawa, K. Heterocycles 1994, 38, 1479.

Horwell, D. C.; Nichols, P. D.; Ratcliffe, G. S.; Roberts, EJ. Org. Chem. 1994 59, 418
nbiviala A vanmon . e - PR ey |- TA
Ca{lvmla, C., AvcuuLa, A., Paua, Pv'{.. P\:lcguua. J I‘v{ .Il OI CII € 1994, 59, 77 4.

Burckhalter, I.LH.; Schmied, G. J. Pharm. Sci. 1966, 55, 443.

Burger, A.; Coyne, W.E. J. Org. Chem. 1964, 29, 3079.

Stammer, C. H. Tetrahedron 1990, 46, 2231.

Alami, A.; Calmes, M.; Daunis, J.; Jacquier, R. Bull. Soc. Chim. Fr. 1993, 130, 5.

Arenal, I.; Bernabé, M.; Fernandez-Alvarez, E.; Penades, S. Synthesis 1985, 773.

Mapelli, C.; Turocy, G.: Switzer, F. L.; Stammer, C. H. J. Org. Chem. 1989, 54, 145.

Donati, D.; Garzon-Aburbch, A.; Natalini, B.; Marchioro, C.; Pellicari, R. Terrahedron 1996, 52, 9901.
Pages, R. A.; Burger, A.; J. Med. Chem. 1966, 9, 766.

Alparaz (- Fernandez. M. D de Frutoe M. P -
icaraz, ., rernar 19 ¢ rrulos, M

.

a)A dez, M. D.; de Frutos, M. P.; Marco, J. L.; Bernabé, M. Teirahedron 1994, 50, 12443,
inrnanrdns ™ . d. o AA D AA Ty LoarmandnTs Yrrarn e . Armnlk i R o L T 4 +2 1TMNON D7)

b) Fernandez, M. D.; de Fruios, M. P.; Marco, J. L.; Fernandcz-Alvarcz, E.; Bernabé, M. Teirahedron Leit. 1989, 30,

a) Williams, R. M.; Fegley, G. J. J. Org. Chem. 1993, 58, 6933; b) Williams, R. M.; Fegley, G. J. J. Am. Chem. Soc.
1991, //3, 8796.



43,
44,
45.

£
on

47.

48.

L
S

w
s

52.
53.
54.

55.
56.

w
o]

59.

&
—
A
(@)

by
—

Avenoza, A.; Cativiela. C.; Mayoral, J. A.; Roy, M. A. Tetrahedron 1989, 45, 3923.

a) Cativiela, C.; Mayoral, J. A.; Avenoza, A.; Gonzalez, M.; Roy, M. A. Synthesis 1990, 1114: b) Cativiela, C.;
Diaz-de Villegas, M. D.; Mayoral. J. A.; Avenoza, A.; Peregrina, I. M. Tetrahedron 1993, 49, 677.

Layton, W. J.; Smith. S. L.; Crooks, P. A.; Deeks, T.; Waigh, R. D. J. Chem. Soc., Perkin Trans. 1 1994, 1283.
Grunewald, G. L.; Kuttab, 8. H.; Pleiss, M. A.; Mangold, I. B. J. Med. Chem. 1980, 23, 754.

a) Chung, J. Y. L; Wasicak, J. T.; Arnold, W. A.; May, C. S.; Nadzan, A. M.; Holladay, M. W. J. Org. Chem, 1990

55, 270; b) Sarges, R.; Tretter, J. R. J. Org. Chem. 1974, 39, 1710,

Mosber, Med. Chem. , 33,

o
iva 18,

H.

o

HJ Med
Herdeis, C.; Hubmannand, H. P.; Lotter, H. Tetrahedron: Asymmetry 1994, 5, 351.

a) Archer, S.; J. Org. Chem. 1951, /16, 430: b) Julian, P. L.; Karpel, W. I.; Magnani, A.; Meyer, E. W. J. Am.

Chem. Soc. 1948, 70, 180.

Verschueren, K.; Toth, G.; Tourwe, D.; Lelb, M.; Van Binst. G.; Hruby, V. Synthesis 1992, 458, and references therein.
Ornstein, P. L.; Arnold, M. B.; Augenstein, N. K.; Paschal, J. W. J. Org. Chem. 1991, 56, 4388.

In acidic conditions: a) Tilstra, L.; Sattler, M. C.; Cherry, W. R.; Barkley, M. D. J. Am. Chem. Soc. 1990, 112,
9176; b) Bobiu, J. M.; Willis, J. P. J. Org. Chem. 1980, 45, 1978; ¢) Le Men, I.; Fran, C. Bull. Soc. Chim. Fr.
1959, 1866. In basic conditions: Lippke, K. P.; Schunack, W. G.; Wenning, W.; Muller, W. E.; J. Med. Chem. 1983,

£ 40Q
O, =57.

s

[3®]

2\

AT AR L C Ll QF
UCi IVIAID SANCTICL-S5dICTIC

LS

cl-Alverdi, L. M.; Rioseras, M. J.; del Rosario Rico-Ferreira, M.; Bermejo-

Gonziiez, F. Bull. Chem. Soc. jpn. 1993, 66, 191; b) Guzman, F.; Cain, M.; Larscheid, P.; Hagen, T.; Cook, 1. M,;
Schweri, M.; Skolnick, P.; Paul, S. M. J. Med. Chem. 1984, 27, 564; c¢) Ackermann, D. A.; Skraup, S. Hoppe-Seyler's
Z. Physiol. Chem. 1949, 284, 129.

a) Pictet, A.; Spengler, T. Ber. Dtsch. Chem. Ges. 1911, 44, 2030; b) Whaley, W. M.; Govindachari, T. R. Org.

React. 1951. 6, 151.

Kammermeier, B.O.T.; Lerch, U.; Sommer, C. Svathesis 1992, 1157 and references therein.

Shinkai, H.: Toi, K.: Kumashiro, I.; Seto, Y.; Fukuma, M.; Dan, K.; Toyoshima, S. J. Med. Chem, 1988, 3/, 2093,
Hayashi, K.; Ozaki, Y.; Nunami, K.-1; Yoneda, N. Chenm. Pharm. B
Skiles, J. W.; Suh, J. T.; Williams, B. E.; Menard, P. R.; Barton, J. N.; Loev, B.; Jones, H.; Neiss, E. S.; Schwah,
A.; Mann, W. S.; Khandwalia, A.; Wolif, P. S.; Weinryb, 1. J. Med. Chem. 1986, 29, 784.

Schéllkopf, U.; Hinrichs, R.; Lonsky, R. Angew. Chem., Int. Ed. Engl. 1987, 26, 143.

Chen, H. G.; Goel, O. P. Synth. Commun. 1995, 25, 49.

Gibson (née Thomas), S.E.; Guillo, N.; Middleton, R.J; Thuilliez, A.; Tozer, M.J. J. Chem. Soc., Perkin Trans. |
1997, 447.

Gibson (née Thomas), S.E.; Guillo, N.; Tozer, M.J. Chem. Commun. 1997, 637.

Mascal, M.; Moody, C. I. J. Chem. Soc., Chem. Commun. 1988, 587.

Chung, I. Y. L; Wasicak, I. T.; Nadzan, A. M. Synth. Commun. 1992 22, 1039
Schiller, P. W.; Weltrowska, G.. Nguyen, T. M.-D.; Wilkes, B. C.; Chung, N. N.; Lemieux, C. J. Med. Chem. 1992,

Valle, G.; Kazmierski, W. M.; Crisma, M.; Bonora, G. M.; Toniolo, C.; Hruby, V. J. Int. J. Pept. Prot.Res. 1992,
40, 222.



612 S. E. Gibson et al. / Tetrahedron 5

ton
-~
~
O
o
)
N
20
T"
N
"~
N

mliaa~ar WA T o Tilasen T Catslan sl | o S oD -1 AL T T a4 —~r o . - ~ s o
OiucCh, W. J.; 118, L., Saludf, ivi. L. rIonCZex, r. K., parkiey, M. D. J. Am. Chem. Soc. 1990, 112, 9182
6i. Hirschman, R. H. Angew. Chem., int. Ed. Engi. 1991, 30, 1278, and references therein.

62. Hruby, V. J.; Al-Obeidi, F.; Kazmierski, W. Biochem. J. 1990, 268, 249.
63. Lazarus, L. H,; Bryant, S. D.; Salvadori, S.; Attila, M.; Jones, L. S. Trends Neurosci. 1996, 19, 31, and references
therein.

64. Schiller, P. W.; Nguyen, T. M.-D.; Weltrowska, G.; Wilkes, B. C.; Marsden, B.J.; Lemieux, C.; Chung, N. N. Proc.
Natl. Acad. Sci. U.S.A. 1992, 89, 11871.

65. Schiller, P. W.; Weltrowska, G.; Nguyen, T. M.-D.; Wilkes, B.C.; Chung, N.N.; Lemieux, C. J. Med. Chem. 1993

v

66. Temussi, P. A.; Salvadori, S.; Amodeo, P.; Guerrini, R.; Tomatis, R.; Lazarus, L. H.; Picone, D.: Tancredi. T.
Biochem. Biophys. Res. Commun. 1994, 198, 933,

67. Salvadori, S.; Attila, M.; Balboni, G.; Bianchi, C.; Bryant, S. D.; Crenscenzi, O.; Guerrini, R.; Picone, D.; Tancredi,
T.; Temussi, P. A.; Lazarus, L. H. Mol. Med., 1995, I, 678.

68. Balboni, G.; Guerrini, R.; Salvadori, S.; Tomatis, R.; Bryant, S. D.; Bianchi, C.; Attila, M.; Lazarus, L. H. Biol.
Chem. 1997, 378, 19.

69. Salvadori, S.; Balboni, G.; Guerrini, R.; Tomatis, R.; Bianchi, C.. Bryant, S. D.; Cooper, P. S.; Lazarus, L. H. J.
Med. Chem. 1997, 40, 3100.

70 a) Portoghese, P. S.; Sultana, M.; Nagase, H.; Takemori, A. E. J. Med. Chem. 1988, 3/, 283; b) Bryant, S.D.;
Calundar: © @ Cammas DC . T nrnrce T O TesssAde Dhevsann) Ca 100Q 10 AN
DAY AULTE, Ty \/\I\lt]\:l, LERYS Py L.adlfalUd, u.hk. FrEru £ s e oL, ot 17’0, 17, “+L

71. a) Bryant, S. D.; Balboni, G.; Guerrini, R.; Salvadori, S.; Tomatis, R.; Lazarus, L. H. Biol. Chem. 1997, 378, 107;

b) Amodeo, P.; Balboni, G.; Crescenzi, O.; Guerrini, R.; Picone, D.; Salvadori, S.; Tancredi, T.; Temussi, P. A.
FEBS Lett. 1995, 377, 363.

72. Wilkes, B. C.; Schiller, P. W. Biopoly. 1995, 37, 391.

73. Mosberg, H. I.; Omnaas, I. R.; Sobczyk-Kojiro, K.; Dua, R.; Ho, J. C; Ma, W.; Bush, P.; Mousigian, C.; Lomize, A.
Lett. Pept. Sci. 1994, 69.

74. a) Capasso, A.; Guerrini, R.; Balboni, G.; Sorrentino, L.; Temussi, P.; Lazarus, L.. H. ; Bryant, S. D.; S. Salvadori,
Life Sci. 1996, 59, 93: b) Fundytus, M. E.; Schiller, P. W.; Shapiro, M.; Weltrowska, G.. Coderre, T. J. Eur. J.

Dlartssar n o ] 1008 224 1058

rnarinalo. 1779, £00U, 1vJ.

~4

wn

Mosberg, H. I.: Omnaas, J. R.; Lomize, A.; Heyl, D. L.; Nordan, i.; Mousigian, C.; Davis, P.; Porreca, F. /. Med.

Chem. 1994, 37, 4384,

76. a) Toth, G.; Russell, K. C.; Landis, G.; Kramer, T. H.; Fang, L.; Knapp, R.: Davis, P.; Burks, T. F.; Yamamura,
H. I; Hruby, V.J. J. Med. Chem. 1992, 35, 2384: b) Hruby, V. J.; Toth, G.; Gehrig, C. A; Kao L.-F.; Knapp, R.;
Lui, G. K.; Yamamura, H. I.; Kramer, T. H.; Davis, P.; Burks, T. F. J. Med. Chem. 1991, 34, 1823.

77. a) Kazmierski, W. M.; Hruby, V. J. Tetrahedron 1988, 44, 697; b) Kazmicrski, W.; Wire, W. S.; Lui, G. K.; Knapp,
R. J.. Shook, J. E.; Burks, T. F.; Yamamura, H. L.; Hruby, V.J. J. Med. Chem. 1988, 3/, 2170.

78. Kazmierski, W. M.; Yamamura, H. L.; Hruby, V. J. J. Am. Chem. Soc. 1991, 113, 2275.

79. Clerc, F.-F.; Guitton, J.-D.; Fromage, N.; Lelievre, Y.; Duchesne, M.; Tocqué, B.; James-Surcouf, E.; Commercon,

A« Doercinnt T Dl snns 2
AL, DTLHUdIL, J. DIUOH S, (VIEW.



o0
=

81.

82.

83.

84.

85.
86.

o0
3

89.
90.

91.

S. E. Gibson et al. / Tetrahedron 55 (1999) 585615
T aftharic I Wlhas T Vita {31 N Cha V IT. Dhida B ©-Duial T V. Datal M AL, QAL 3. 7 T. 7.1
LEIWEIIS, AL Aaifig, 1., VIile, U. v, uid, I. . bhnide, K. 5. rdiél, v. V.) raiCi, M. VL, dcnmiail, K. J.; €ler.

H. N.; Andahazy, M. L.; Carboni, J. M.; Gullo-Brown, J. L.; Lee, F. Y. F.: Ricca, C.; Rose, W. C.; Yan, N.;
Barbacid, M.; Hunt, J. T.; Meyers, C. A.; Seizinger, B. R.; Zahler, R.; Manne, V. J. Med. Chem. 1996, 39, 224.

a) Hock, F. I.; Wirth, K.; Albus, U; Linz, W.; Gerhards, H. J.; Wiemer, G.; Breipohl, G.; Kénig, W.; Knolle. J.;
Schélkens, B. A. Br. J. Pharmacol 1991, 102, 769; b) Thurieau, C.; Félétou, M.; Canet, E.; Faucheére. J. L. Bioorg.
Med. Chem. Lert. 1994, 4, 781.

Coly, W. L.; He, J. X.; DePue, P. L.; Waite, L. A.; Leonard, D. M.; Sefler, A. M.; Kaltenbronn, J. S.; Haleen, S.
I; Walker, D. M.; Flynn, M. A.: Welch, K. M.; Reynolds, E. E.; Doherty, A. M. J. Med. Chem. 1995, 38, 2809.

ruenfeld, N.; Babiarz, I. E.; Ackerman, M. H.; Friedmann, R. C.;

therein.

a) Deadman, J. J.; Elgendy, S.; Goodwin, C. A.; Green, D.; Baban, J. A.; Patel, G.; Skodalakes, E.; Chino, N.;
Claeson, G.; Kakkar, V. V.; Scully, M. F. J. Med. Chem. 1995, 38, 1511; b) Shuman, R. T.; Rothenberger, R. B.;
Campell, C. S.; Smith, G. F.; Gifford-Moore, D. S.; Gesellchen, P. D. J. Med. Chem. 1993, 36, 314.

Hsieh, K.-H.; LaHann, T. R.; Speth, R. C. J. Med. Chem. 1989, 32, 898.

Téth, G.; Darua. Z.: Péter, A.; Fiilop, F.; Tourwé, D.; Jaspers, H.; Verheyden, P.; Bicskey, Z.; Téth, Z.; Borsodi, A.

J. Med. Chem. 1997, 40, 990.

Salvadori, S.; Guerrini, R. ; Forlani, V.; Bryant, S, D.; Aula, M.; Lazarus, L. H. Amino Acids 1994, 7, 291.
Sagan, S.; Josien, H.; Karoyan, P.; Brunissen, A.; Chassaing, G.; Lavielle, S. Bioorg. Med. Chem. 1996, 4, 2167.
Toth, K.; Kovacs, M.; Zarandi, M.; Halmos, G.; Groot, K.; Nagy, A.; Kele, Z.; Schally, A.V. J. Pepride Res.
1998, 57, 134.

Gibson (née Thomas), S.E.; Guillo, N.; Kalindjian, $.B.; Tozer, M.J. Bioorg. Med. Chem. Lert. 1997, 7, 1289.



614 S. E. Gibson et al. / Tetrahedron 55 (1999) 585-615

Biographical sketch

Susan E. Gibson Nathalie Guillo

Matthew J. Tozer



L
Co
7
N
—
n
[@))

otirdiad atiseal QAo v oo U R P, SRS
60, studied Natural Sciences at Cambridge University before undertaking

doctorai research work with Professor Stephen Davies at Oxford University. A Research Feliowship awarded by
the Royal Society enabled her to study with Professor Albert Eschenmoser at the ETH Ziirich, after which she
returned to the UK to take up a Lectureship at the University of Warwick in 1985. In 1990 she moved to
Imperial College, London and in late 1998 she will take up the Daniell Chair of Chemistry at King's College
London. Sue Gibson's research interests include the synthesis and reactivity of transition metal complexes both in
solution and polymer-bound, and applications of transition metal chemistry in organic synthesis, cspecially amino

acid synthesis.

Aiad FAe ars D * ot Txrascaber Qlaa b Tonmonmmsnl
UllIvu 11Ul Ul Dot al DAIEgsivil VILVOIDSILY. D1IC LHCU 110 VCLl [RO 0 ¥ lpcn 14l
College, London to study for her Ph.D. under the guidance of Sue Gibson. Her research there included the

Syn[hCSlb of the novel amino acids Si¢, Hic and Nic, and their mcorporanon nto LLnBlgasmn receptor

antagonists. Nathalie Guillo is currently carrying out post-doctoral research with Professor Leo Paquette at the
University of Ohio under the auspices of a Glaxo Fellowship.

Matt Tozer, born in 1965, studied undergraduate Chemistry at Imperial College. Postgraduate research at the
same institution, under the guidance of Professor William Motherwell, introduced him to the areas of radical
chemistry and fluorination methods, interests which he developed in his post-doctoral work with Professor Athel

LA



