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Summary. Over the years biomedical research has been constantly ori-
ented towards the development of new therapeutics based on bioactive
peptides and their analogues. In particular, the generation of compounds
having structures and functions similar to bioactive peptides, named ““pep-
tidomimetics”, raised much interest among organic and medicinal chem-
ists due to the possibility by using such compounds to improve both
potency and stability of peptidic lead compounds. In the context of this
research area, unnatural amino acids are of great interest in drug discovery,
and their use as new building blocks for the development of peptidomi-
metics with high diversity level and possessing high-ordered structures is
of special interest. In particular, medicinal chemistry has taken advantage
of the use of amino acid homologues and of cyclic and polycyclic tem-
plates to introduce elements of diversity for the generation of new mole-
cules as drug candidates. Bicyclic amino acids have been developed as
reverse turn mimetics and dipeptide isosteres, and the constraint imposed
by their structures has been reported as a tool for controlling the confor-
mational preferences of modified peptides. Moreover, synthetic efforts
have been driven to the generation of diverse structures based on the
modulation of ring size and scaffold decoration by suitable functional
groups. Herein is reported an overview of different classes of bicyclic
amino acids, taking into account the strategies to achieve structurally
diverse templates, and some implications in medicinal chemistry are also
disclosed.
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Introduction

The development of new drugs based on peptides and
proteins is of fundamental importance in biomedical re-
search. An area of significant importance which provides
new dimensions to the field of molecular diversity and
drug discovery is the area of peptidomimetics, which is
characterized by introducing both structural and function-
al specific modifications to lead peptides, and maintaining

the features responsible for biological activity (Giannis
and Kolter, 1993; Gante, 1994). As a part of this research
area, unnatural amino acids are of valuable interest in
drug discovery, and their use as new building blocks for
the development of peptidomimetics carrying high diver-
sity level and the capability to generate high-ordered
structures is a key tool in medicinal chemistry. f-Amino
acids gathered interest in the so-called ‘““peptidomimetic
approach”, where a peptide lead is processed into a new
non-peptidic molecule in a hierarchical approach, and in
general amino acid homologues have been used for the
generation of new molecules as drug candidates taking
into account the additional elements of diversity. Specifi-
cally, the extra methylenic unit between the amino and
carboxyl terminus in f-amino acids results in an increase
of the molecular diversity in terms of number of stereo-
isomers, and of functional group variety. Synthetic chem-
ists have come up to many synthetic approaches to the
creation of B-amino acids, giving a great variety of com-
pounds as a tool for medicinal chemistry (Cole, 1994;
Sewald, 1996; Abdel-Magid et al., 1999; Juaristi and
Lopez-Ruiz, 1999), and selected B-amino acids proved to
be of great interest in the field of foldamers, as the corre-
sponding B-peptides showed excellent capabilities to gen-
erate stable secondary structures such as B-turns, B-sheets
and o-helices (Iverson, 1997; Seebach and Matthews,
1997; Gellman, 1998). Also, y- and 6-amino acids gath-
ered the same interest, as the investigation of the folding
properties of y- (Hanessian et al., 1998; Hintermann et al.,
1998) and 6-peptides (Szabo et al., 1998) proved their
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capability to generate stable secondary structures. As well
as homologation, the panel of new molecular systems for
peptidomimetic chemistry includes o-amino acids carry-
ing modified side-chains, and rigid cyclic compounds as
amino acid and dipeptide isosteres with added conforma-
tional restriction, which are of primary interest as they
influence the conformational preferences of peptide leads.
Specifically, a high number of papers reported the synthe-
sis of cyclic compounds from o- to g-amino acids, and
some reviews also reported on recent achievements of
polycyclic templates. This review will focus on recent
synthetic approaches covering the years from 2000 to
present, and relevant applications in medicinal chemistry
of bicyclic amino acids, taking into account the structural
diversity imposed by the bicyclic scaffolds.

Bicyclic a-amino acids

The synthesis and application of fused bicyclic a-amino
acids have received much attention in recent years. Many
of these amino acids are carriers of pharmacological ac-
tivities, and they have been used as building blocks for the
synthesis of conformationally constrained peptides. Start-
ing from proline, the unique secondary naturally protei-
nogenic amino acid, many synthetic efforts have been
concentrated upon the creation of heterocyclic species
carrier of chemical diversity. Also, different ring-sizes
have been taken into account, as well as the exploration
of more complex structural variants among the class of
a-amino acids. The most relevant examples of bicyclic
a-amino acids can be divided into three groups according
to their structural features, as synthetic methods have been
developed for the preparation of bicyclic proline ana-
logues, o,a-disubstituted bicyclic a-amino acids, and bi-
cyclic homoproline or pipecolic-based a-amino acids.

Bicyclic proline analogues

Proline confers conformational restrictions to peptides,
which can induce the formation of - and vy-turns, thus
its replacement with analogues can provide additional in-
sight about receptor recognition and affinity. Thus, much
effort has been devoted towards the exploration of struc-
tural variants carriers of higher conformational constraint
and chemical diversity. The sub-group concerning bicy-
clic proline analogues is very rich in chemical diversity,
and several papers reported the synthesis of bicyclic com-
pounds varying the structural asset around the five-mem-
bered ring of proline. In particular, synthetic approaches
have been reported for the construction of bicycles having
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ring junctions at different positions of the proline ring, as
shown in Fig. 1.

Numerous examples account for the 3/y-ring junction at
the proline nucleus, and bicycles varying in the ring-size
and the nature of the second cycle have been reported. 3,4-
Methanoproline (3-aza-bicyclo[3.1.0]hexane-2-carboxylic
acid), has been found to be a potent inhibitor of the proline
metabolism, and several syntheses of racemic and enantio-
merically pure 3,4-methanoproline have been developed.
Also, numerous synthetic analogs of 3.4-methanoproline
have attracted considerable attention as pharmaceutically
relevant compounds and conformationally constrained
scaffolds for peptide chemistry (Fig. 2).

Brackmann et al. (2006) recently reported on a syn-
thetic strategy towards the development of orthogonally
Fmoc/Boc-protected enantiopure 3,4-(aminomethano)-
proline with the aim of providing a new interesting scaf-
fold for peptide chemistry, able to work both as an -, or
y-amino acid, depending on the protecting group strategy.
The synthetic path (Fig. 3) started from Gardner’s alde-
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hyde 1, readily obtainable from serine in 4 to 5 steps,
which was converted into protected N-allylvinylglycinol
3, and successively allowed to cyclize by means of ring
closing metathesis using Grubbs’catalyst. Finally, titani-
um-mediated aminocyclopropanation of the resulting pro-
tected 3,4-dehydro-prolinol 4 provided the corresponding
protected 3,4-(aminomethano)prolinol 5 as a substrate
for further manipulations to achieve the bicyclic o-/vy-
diamino acids of general formula 6, orthogonally pro-
tected with Fmoc- and Boc-groups in the two possible
ways.

The catalytic Pauson-Khand reaction was applied for
the stereoselective synthesis of a racemic cyclopenta[c]-
proline derivative 10 (Jiang and Xu, 2002). The strategy
consisted in the synthesis of 1,6-enyne amino ester 9 by
the reaction of alkenylboronic acid 7 with propargylamine
8 and glyoxylic acid, followed by Co,(CO)g-catalyzed
Pauson-Khand reaction to access the corresponding bicy-
clic system 10 (Fig. 4).
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A similar cyclopentaproline-based bicyclic system 15
has been reported by Koep et al. (2003) which was pre-
pared by an asymmetric synthesis starting from cyclic
bis(allylsulfoximine)titanium complexes of general for-
mula 11 and N-t-butylsulfonyl imino ethyl ester 12.
Regio- and diastereoselective amino alkylation of 11 with
12 gave the intermediate adduct 13 that was N-methylated
with Me;OBF,, followed by migratory cyclization of the
resulting salt 14, to give access to both protected bicy-
clo[3.3.0]- and bicyclo[5.3.0]amino acid structures of
general formula 15 (Fig. 5).

Jeannotte and Lubell (2004) reported a method for the
synthesis of fused pyrroloprolines 19 through the aldol
condensation of a 4-oxoproline derivative 17 with several
Boc-a-amino aldehydes followed by acid catalyzed cycli-
zation (Fig. 6). An additional, but less successful method
required allylation of the oxoproline, followed by Wacker
oxidation to give the corresponding 1,4-dione, which was
converted to mixture of pyrrolopyrrole and pyrroloproline
in varying amounts (figure not shown). Also, selective
deprotection of pyrrole nitrogen and subsequent alkyl-
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ation was explored so as to expand the chemical diversity
of the new amino acid structure.

The preparation of 3,4-fused tetrahydropyran and tetra-
hydrofuran prolines has been achieved from ketone 20
through alkylation with prenyl or methallyl bromide of
the preformed enamine 21 with pyrrolidine, followed by
stereoselective reduction of the keto group of 23 and final
Lewis acid mediated cyclization of 25 to give the title
bicyclic structure 26 (Fig. 7) (Liu et al., 2004). Interest-
ingly, the authors reported a marked stereoselectivity of
the reduction with NaBH(OAc); when it was carried out
on the molecule having the free COOH, due to the coor-
dination of the borohydride species, thus leading to an
asymmetric attack to the keto group.

The well-known 2,4-methanoproline (or 2-aza-bicy-
clo[2.1.1]hexane-1-carboxylic acid) can be accounted as
an example of ring junction at o- and y-carbon of proline,
and several syntheses to achieve this interesting natural
product have been reported over the years. Recently, ana-
logues of 2,4-methanoproline have been achieved from an
intramolecular ring closure of the four-membered-ring
amino acid 31 (Fig. 8). Specifically, 3-(benzyloxymethyl)-
cyclobutanone 29 was converted in the corresponding di-
astereomeric mixture of hydantoins by reaction with KCN
and ammonium carbonate, which were separated by frac-
tional crystallization to give 30, and successively hydro-
lyzed to the 3-(bromomethyl)cyclobutanyl amino acid 31
as the precursor for the bicyclic 2,4-methanoproline 32
(Rammeloo and Stevens, 2002).
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The same authors also reported an improved synthesis
of 3-(chloromethyl)cyclobutanone 33, and an additional
method to give N-alkylated analogues 35 from imine 34
through HCN addition, followed by conversion of the ni-
trile group to COOH by HBr, and final cyclization in aque-
ous NaOH to give racemic bicyclic 37 (Fig. 9) (Rammeloo
et al., 2002).

A similar strategy was applied for the synthesis of 2,4-
methanoproline homologues (Grygorenko et al., 2006).
Specifically, 3-(chloromethyl)cycloalkanones 38, 40 and
42 were converted to the corresponding imines and sub-
jected to tandem cyanide addition — intramolecular cycli-
zation to achieve the resultant homologues 39, 41 and 43
after Pd-catalyzed hydrogenolysis, as shown in Fig. 10.

As an effort to synthesize the putative aeruginosin
EI461 peptide, which is of interest as a naturally occurring
protease inhibitor, Valls et al. (2001) reported a new bicy-
clic prolines 46—49 with a cyclohexanone ring fused at the
v- and d-carbons, which was prepared starting from tyro-
sine. Specifically, the dihydroanisole 45 resulting from
Birch reduction of O-methyl-tyrosine 44 with lithium in
ammonia and ethanol, was treated with 3N HCI to give
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the corresponding bicyclic cis-fused compounds 46 and
47, which were successively benzylated to the 1:1 mixture
of 48 and 49 (Fig. 11).

The structural diversity of bicyclic prolines by ring
junction at o- and d-carbons gives access to molecular
structures with the bridgehead nitrogen atom (7-aza-bicy-
clo[2.2.1]heptane-1-carboxylic acid). Bunuel et al. (2001)
described the application of asymmetric Diels-Alder cy-
cloaddition of Danishefsky’s diene with a chiral oxa-
zolone 50 derived from protected (R)-glyceraldehyde
to give the cyclohexane intermediate 51, which upon
cyclization gave the corresponding 7-aza-bicyclo[2.2.1]-
heptane-based proline analogue 53 (Fig. 12). The inter-
mediate oxazolone 50 could be obtained easily from re-
action of benzoyl-glycine with protected glyceraldehyde,
which was successively reacted with the diene to provide
the spiranic system 51. Subsequent elaboration of the keto
group afforded the corresponding mesylate 52, which up-
on treatment with either NaH or ~-BuOK gave the title
bicyclic a-amino acid 53.

Also, the authors reported interesting manipulations of
the dioxolane ring of 54, i.e., diol oxidation to either
aldehyde or carboxylic acid moiety, to provide after sub-
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sequent elaborations the B-alkyl or o/fB-dicarboxylic acid
species 55 and 56 as norleucine and aspartic acid isos-
teres, respectively (Fig. 13).

The same research group recently reported the functio-
nalization of the y-carbon of the 7-aza-bicyclo[2.2.1]hep-
tane system so as to provide chemical diversity at the
B-substituent of the amino acid, which has been reported
to induce stable type-I B-turn conformations in mini-
mal model peptides (Gil et al., 2005). Specifically, the
achievement of the aldehyde coming from the diol moiety
oxidation gave access to the insertion of a hydroxymethyl
group, which after transformation to a better leaving
group was treated with a variety of nucleophiles. Particu-
larly interesting is the introduction of the azido group in
57, which was successively converted in a pool of addi-
tional functional groups, namely amino-, nitro-, carba-
mate-, and triazolyl-substituted compounds 58, 59, 60,
and 61, respectively, useful for expanding the chemical
diversity (Fig. 14).

As regarding to fused /d-bicyclic proline analogues,
a recent paper reported a multigram synthesis of enan-
tiopure 2-aza-bicyclo[2.2.1]heptane-3-carboxylic acid 66,
which is of interest in peptide chemistry and in the design
of chiral ligands used in asymmetric catalysis (Tararov
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et al., 2002). The asymmetric synthesis was achieved via
stereoselective hetero Diels-Alder cycloaddition of cyclo-
pentadiene with imine 62 deriving from ethyl glyoxylate

COOE,
)\ @ @’ i. Hp, Pd/C
PH Ph ii. HCI

and (R)-phenylethylamine, followed by hydrogenolysis of
the double bond of 63 and of the phenylethyl group of 64,
to give 65 without using any chromatographic purification
and in an overall yield of about 40% (Fig. 15).

Finally, bicyclic tertiary o-amino acids (or 1-aza-bi-
cyclo[2.2.1]heptane-2-carboxylic acid and 1-aza-bicy-

k c ooa;ld clo[2.2.1]heptane-7-carboxylic acid) have been conceived
62 63 by tethering the nitrogen atom with the B-carbon, thus
resulting in constrained structures with interesting proper-
COOEt Ho PA/C COOR ties as neuronal nicotinic receptor ligands (Strachan et al.,
@N(@ Ph 2 @ 2006). The synthetic procedure for 73 and 77 consisted in
o II-I alkylation of glycine-derived imine 70 or nitroacetate 67
c HCl I:.GS: E= Et with pyran electrophiles, followed by acid-mediated open-
G6:R= ing and subsequent cyclization in ammonium hydroxyde
Fig. 15 to give the desired bicyclic compounds 73 and 77 as
COOEt O,N.__COOEt
TiCl
Et00C” > ‘ gl/j
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racemates (Fig. 16). In the case of nitroacetate as precur-
sor, the corresponding adduct 68 was converted to 72 by
reduction with hydrogen and Raney Ni.

Pipecolic-based bicyclic a-amino acids

The pipecolic nucleus has attracted the attention of organ-
ic and peptide chemists in analogy with proline, as it
proved to act as a valuable structural member of important
bioactive compounds, and also it has been demonstrated
to play a key role in the conformational preferences of
peptides containing such structure. Thus, the synthesis of
functionalized analogues of pipecolic acid is ever active,
and also structures bearing the six-membered ring nucleus
have been also reported. Czombos et al. (2000) reported a
complete strategic approach toward the synthesis of tri-
cyclic a-amino acids having both the cyclopropane and
pipecolic acid structures embedded in the proposed mole-
cules (Fig. 17). These compounds were reported as con-
strained phenylalanine analogues, expecially relating to tet-
rahydroisoquinoline-based amino acids. The synthesis of
81 consisted in the cyclopropanation via dimethylsulf-
oxonium methylide of N- and O-protected 1,2-dihydro-
isoquinoline derivative 80, which in turn was achieved
via the Wittig reaction of the phosphorus ylide 78 with
N-alkoxycarbonyloxamates 79, and subsequent ring clo-
sure to achieve 81 (Fig. 17).
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Pipecolic-based bicyclic a-amino acids having a hexa-
hydro-cyclopenta[c]pyridine structure 86 were reported as
a result of selective allylation of protected imino ester
with bis(allylsulfoximine)titanium complexes, followed
by propargylation of the nitrogen atom of 82 to give
the corresponding enynes 83. Successively, the resulting
v,0-unsaturated-o-amino esters were converted to the cor-
responding cobalt complexes 84, and subjected to diaster-
eoselective Pauson-Khand cycloaddition to give the sul-
fonimidoyl-free bicyclic amino acids 85 (Fig. 18) (Glinter
and Gais, 2003).

Also, a similar bicyclic system 90 was developed re-
cently in a combinatorial approach, using fluorus mixture
synthesis towards the preparation of 4-(alkylidene)cyclo-
pentenones having the pipecolic nucleus within the het-
erobicyclic structure (Manku and Curran, 2005). Specifi-
cally, Curran and Manku described the development of a
library of 4-alkylidene cyclopentenones by conversion of
a mixture of different o-amino acids differently tagged
with fluorus benzyl carbamates to the corresponding pro-
pargyl esters 87, which were successively subjected to an
ester-enolate Claisen rearrangement to give a mixture of
allenic amino esters 88 (Fig. 19). The subsequent alkynyl
allenes 89 were obtained by reaction with propargyl bro-
mide, and reacted under formal Pauson Khand [2 + 2 + 1]
cycloaddition with CO and catalytic [Rh(CO),Cl], to give
the final 4-alkylidene cyclopentenones 90, which were
finally separated by fluorus HPLC and amine deprotected.

Saturated cis- and trans-fused bicyclic a-amino acids as
conformationally restricted analogues of pipecolic acids
were described by Hattori and Grossman (2003) as a re-
sult of double Michael reaction of a tethered diacid and
p-anisyl ethynyl ketone, followed by cyclization via manip-
ulation of the cyano group and oxidation of the p-anisyl
group. Also, the substitution level was modulated by
decyanation or decarboethoxylation of the intermediates.
As an example, double Michael reaction of tethered di-
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acid 91 gave the substituted cyclohexane 92, followed by
hydrogenation over Pd/C to achieve the perhydroisoqui-
nolinic system 93. The corresponding bicyclic a-amino
acid 94 was successively obtained by amine protection
with Troc group and subsequent oxidation of the anisyl
moiety to the COOH group (Fig. 20).

Casabona and Cativiela (2006) reported the synthesis
of a constrained bicyclic pipecolic analogue 101 starting
from cheap and readily available compounds. Reduction
of the aromatic ring of methyl 4-hydroxybenzoate 95 pro-
vided the corresponding cyclohexanone 96, which was
subjected to the Bucherer-Bergs reaction with ammonium
carbonate and KCN to give the spiranic hydantoin 97,
successively converted to the a-amino acid 98 by hydro-
lysis with NaOH (Fig. 21). Notably, hydantoin formation
under the reported conditions gave predominantly the cis
stereoisomer 98 as a consequence of steric hyndrance of
the carbomethoxy group at position 4 of the cyclohexane
ring. In order to access the bicyclic system, the carboxylic

A. Trabocchi et al.
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groups were esterified, to allow the intramolecular amide
bond formation by heating at high temperatures for few
minutes to give 99. Finally, the best method for the che-
moselective reduction of the amidic carbonyl group in the
presence of the methyl ester was achieved by N-benzyla-
tion followed by treatment with diphenylsilane as reduc-
ing agent and RhH(CO)(PPh;); as catalyst. Final acidic
hydrolysis provided the title bicyclic amino acid 101.

Among interesting applications of pipecolic-based bi-
cyclic amino acids, Dyatkin et al. (2004) reported on aza-
bicyclic amino acid sulfonamides 102 as o4f;/04fB; in-
tegrin antagonists (Fig. 22). The authors demonstrated
the suitability of the aza-bicyclo[2.2.2]octane scaffold by
conformational analysis of the targets containing a select-
ed ligand of this class of bicyclic structures.

Also, the same authors successively reported further
data on the same topic investigating the effect of the func-
tional group at the nitrogen atom of the bicyclic structure
over biological activity, thus resulting in low nanomolar
inhibitors having such atom functionalized as an amido
group (Dyatkin et al., 2005).
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a,a-Disubstituted bicyclic a-amino acids

Amino acids in this class are based on the structure of
compound LY354740 110 (Fig. 23), a highly potent and
selective agonist of metabotropic glutamate (mGlu) recep-
tors 2 and 3. Due to the pharmacological interest of this
compound, further modifications of the original structure
have been carried out by researchers of Eli Lilly & C.
(Dominguez et al., 2005). The synthesis started from
methylation of the enolate of 103, followed by conversion
of the keto group to the a-carbon bearing the amino and
carboxylic groups of 105 via hydantoin formation. The
C,4-methyl-substitued variants 109 could also be obtained
via 106, which by formation of unsaturated 107 gave rise
to 108 having the C, stereocenter with inverted configu-
ration relatively to 109.

Compounds 113 and 114, envisioned as conforma-
tionally constrained homologues of glutamic acid, were
obtained by Conti et al. (2003) via 1,3-dipolar cyclo-
addition of ethoxycarbonylformonitrile oxide 112 to the

Et0OC

R >ti:>\booa

Boc
N. EtO0C
D T on g ™
COOEt cl

EtOOC
112

>iI:>/cooa

Fig.24

mixture of stereoisomeric protected 1-amino-cyclopent-3-
enecarboxylic acid 111 (Fig. 24). The fully deprotected
derivatives of 113 and 114 were tested towards glutamate
receptor subtypes, indicating compound 114 as a potent
antagonist at the NMDA receptor, whereas compound 113
did not show any biological activity towards any iono-
tropic glutamate receptors.

Finally, conformationally constrained o,o-disubstituted
a-amino acids 117 and 118, having two aryl moieties
embedded in the scaffold were obtained from regiose-
lective Diels-Alder reactions of 2-acetamidoacrylates 115
and 9-substituted anthracenes 116 (Yang and Doweyko,
2005). The use of nitrobenzene under termal and of DMF
under microwave conditions resulted in improved yields
and enhanced meta-regioselectivity (Fig. 25).

Our contribution to the sub-class of bicyclic a-amino
acids has been focused on the synthesis of 6,8-dioxa-3-

solvent
NHAc 135-165 °C

48-72h
COOMe

AcHN COOMe

ortho
117

CHNiiCOOMe

meta
118

Fig.25
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azabicyclo[3.2.1]octane-based a-amino acids. Depending
on the choice of building blocks from the chiral pool, it
was achieved the preparation of bicyclic proline ana-
logues having the carboxylic function at position 4 or 2 of
the scaffold. Specifically, by reacting serine and glycer-
aldehyde derivatives 119 and 120, respectively, it was ob-
tained the 4-carboxy-6,8-dioxa-3-azabicyclo[3.2.1]octane
acid 125 in five steps, as shown in Fig. 26 (Trabocchi et al.,
2003). Coupling of isopropylidene-glycerol triflate 120 with
O-TBDMS-serinol 119 afforded the adduct 121, which,
after Fmoc protection and oxidation to the intermediate
aldehyde 123, was treated with neat TFA to afford the title
scaffold 124 having the free hydroxymethyl group. Final
Jones’ oxidation gave the bicyclic a-amino acid 125.

We prepared also the parent isomer 131, having the
carboxylic function at position 2 by reaction of glycinal
128 protected as dimethylacetal and the ascorbic acid

Tf,0
3 steps
L-Ascorbic acid HO... Py
COOMe
126
N\ MeO \
Q 0 OMe o o
HzN/Y Meo)j
TfOu... OMe HN
COOMe 126 COOMe
DIPEA
127 129
Fmoc-Cl >< /o
2,6-lutidine MeO TFA FmOC—N>\O,__:)
Fmoc™ HOOC

Fig. 27

derivative 126, according to Fig. 27 (Lalli et al., 2000).
Subsequent N-Fmoc protection and acid cyclization in
neat TFA gave directly the bicyclic compound 131 as free
acid, as a consequence of assisted conversion of the inter-
mediate carboxylate to the corresponding carboxylic acid.
The two amino acids, as well as showing differences in
the substitution pattern, allowed to have in hands the car-
boxylic function both in exo and endo configuration with
respect to the bicyclic scaffold, thus enabling further ap-
plications as constrained isosteres of secondary amino
acids in peptidomimetic chemistry.

Bicyclic 3-amino acids

As regarding to f-amino acids possessing a bicyclic scaf-
fold, relevant examples can be grouped mainly into [x.y.0]
and [x.y.1] sub-classes.

Bicyclo[x.y.0]scaffolds

Recently, the ring-rearrangement methatesis (RRM)
has been proposed to obtain bicyclic o- and B-amino
acids starting from norbornene and oxabornene systems
(Maechling et al., 2006). According to Fig. 28, the synthet-
ic procedure consisted in amine protection of 132 and 135
via tosylation, followed by alkylation with either propargyl
or allyl bromide, followed by RRM of the intermediates
133 and 136. The reactions to give [4.3.0]-bicyclic o- and
B-amino acids proceeded in fair yield, with the exception
of 137, which required higher catalyst load and ethylene
pressure. Also, the authors reported the achievement of cy-
clic peptide sulfonamides by changing the type of catalyst,
thus allowing an entry to this class of molecules.

A cispentacin-derived bicyclic B-amino acid was incor-
porated into the GnRH (gonadotropin releasing hormone)
sequence as a turn inducer (Fig. 29) (Langer et al., 2002).
The authors reported the synthesis of the amino acid and
the conformational analysis by NMR and computational

L]?/COOB COOEt _

o W

~Negg ToH COOEt
133 134
H
= --ll//
COOEt COOEt
NH NoH %
2 ~N-1s TsH COOEt
135 136 137

Fig. 28
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methods of the GnRH analogue 139 containing such bi-
cyclic scaffold, suggesting the presence of a B-turn con-
formation similar to the native bioactive peptide hormone.
Moreover, the modified peptide 139 showed a biological
activity as an agonist with respect to the human GnRH
receptor, with comparable potency as the natural peptidic
hormone. Of particular interest is the reduction of the
carbonyl group of resin-bound 138 to hydroxylic function
on solid-phase with complete stereoselectivity, followed
by cleavage from the resin to achieve the final GnRH
analogue 139 (Fig. 29).

Bicyclo[x.y.1 ]scaffolds

Huet et al. reported a new synthetic method for the prep-
aration of scaffolds having a 2-aza-bicyclo[2.1.1]hexane
structure (Lescop et al., 2001), which consisted in the cy-
clization with NaH of 2-bromo-1-phenylselenylcyclobu-
tane derivative 140. Further manipulations of the bicyclic
diamine 141, whose key step consisted in the conversion of
the primary amino group to a hydroxy function, allowed to
achieve the B-isomer of 2,4-methanoproline 145 (Fig. 30).

More recently, Basso et al. (2005) described the syn-
thesis of 7-oxabicyclo[2.2.1]-based B-amino acids, which

i. TFA
ii. TsCI, NEt,
SePh NHBoc N-BOC i, TsCI, NaH
\E( NaH  geph \A/\ iv. KOAc, HMPA
NHBoc NHBoc
141
_Ts i. 32% HBr/ACOH
BugSnH,ABN N ii. Cbz-Cl, NaOH
OAc
143
i. Jones H
4&/\ ii. H2, Pd/C 4&/
COOH
145

Fig. 30
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CO,H
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i.tol., A
CO,Bn ii. p-OMe- BnO CO.Bn
Bra 2 CONg iii- Zn, TiCl NaH, BnBr
MeOZ
0}
i. TFA Q
7 Bn i, NaOH C/l 7 Bn
N NH
| Moz I
BnOOC HOOC
150 151
Fig. 31

were used as turn mimetics and as chiral auxiliary for an
intramolecular Ugi four-component synthesis of o-amino
acids. The preparation of the bicyclic amino acid 151
started from the amine-mediated asymmetrization of meso
anhydride 146, followed by Curtius rearrangement of the
corresponding acyl azide 148, epimerization of the vicinal
C-H stereocenter, and subsequent N-benzylation and
deprotection of 149 (Fig. 31).

Carbocyclic structure 155, having the amino and car-
boxylic group oriented in endo and exo positions, respec-
tively, was applied for the synthesis of VLA-4 integrin
antagonists by coupling the amino group to N-arylsulfonyl
proline residues (Chang et al., 2007). The synthesis of the
bicyclic template 155 was achieved by Diels-Alder cyclo-
addition of methyl (E)-3-nitroacrylate 152 with cyclopen-
tadiene to provide the corresponding adducts 153 and 154
in 6:1 ratio. Subsequent double bond hydrogenation
afforded the bicyclic amino acid 155, which was further
elaborated to give the selective VLA-4 receptor antagonist
156 with an ICsy =54 nM (Fig. 32).

COOMe MeOOC
J/ O,N
O o
NO, COOMe
152 153 154
. MeOOC
i. Hp, PtO, MeOOC i. EDC, HOBt, NMM
ii. HCO,NH,, Pd/C ii. NaOH
NH NH
2 cl N
155 S0, O
156
cl

Fig. 32
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The 7-azabicyclo[2.2.1]heptane-3-carboxylic acid skel-
eton has been reported for the construction of B-amino
acids oligomers taking into advantage of the cis/trans
isomerism of the non-planar amide bonds (Otani et al.,
2006). Synthesis of the endo-bicyclic f-amino acid 160
consisted in bromination of methyl propargylate 157, fol-
lowed by cycloaddition with Boc-pyrrole and subsequent
hydrogenation of 159 to obtain the title scaffold (Fig. 33).
The racemic resolution was achieved by repeated recrys-
tallizations of the derivatives resulting by reaction of the
COOH group of 160 with Oppolzer’s camphorsultam as
chiral auxiliary.

Alcaide and Séez (2005) reported a convenient regio-
and stereoselective route to fused tricyclic B-lactams,
which were obtained by intramolecular nitrone-alkene cy-
cloaddition reactions of 2-azetidinones carrying both the
formyl and alkenyl groups. The polycyclic scaffolds were
further elaborated to achieve polyfunctional compounds
such as carbacepham derivatives and different types of
bicyclic B-amino acids (Fig. 34).

H H
RO =0 \
MeNHOH R, N-o
N MeOOC
61 HN
162
MeNHOH
o /
\ RO \O Na,CO3
N N
o] \/\\ o
163 164
OR
- H N/
MeOOC 0
HN
165

Fig. 34
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According to the general class of 6,8-dioxa-3-aza-bicy-
clo[3.2.1]octanes, entries to the class of B-amino acids
consisted in the synthesis of bicyclic scaffolds as depicted
in Fig. 36 (Danieli et al., 2005), which where obtained from
coupling of sugar derivatives and f-amino alcohols deriv-
ing from ring-opening of glycidyl derivatives (Fig. 35).
Two synthetic approaches for the preparation of the useful
intermediates 166, 167 where followed, consisting in the
reaction of B-amino alcohol 171, obtained from ring open-
ing of glycydyl derivatives, with protected glyceraldehyde
derivatives 168—170, or in the ring opening of TBDMS-
protected glycidol 174 with dioxolane-methanamine 172,
173, obtained from glyceraldehyde derivatives.

OH
H Fmoc OH
N._*.__OTBDMS i
N OTBDMS
R Fmoc-O-Su \)\/
o & Na;COgH0 ~R
o i
175:R=H 177:R=H
176: R = CH,OBn 178: R = CH,0OBn
F\moc e}
(COCl),-DMSO N\)J\/OTBDMS TEA
_ DIPEA _ Sﬁ \R cat MeOH
0179:R=H
180: R = CH,0OBn
CH,OH COOH
Fmoc—N O @ __Jones _ Fmoc—Ndo\o
\A)\R Q)\R
181:R=H 183: R=H

182: R = CH,OBn 184: R = CH,0Bn

Fig. 36
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Subsequent amine protection, oxidation to ketone 179,
and cyclization in TFA afforded the bicyclic template 181,
which upon Jones oxidation resulted in the correspond-
ing bicyclic B-amino acid 183. Also, using tetroses as a
source for the sugar-based component, additional chemi-
cal diversity was introduced at position 7 to access com-
pound 184.

Bicyclic y-amino acids

Bicyclo[x.y.0]scaffolds

The bicyclic pyrrolizidinone skeleton of 185 and 186
(Fig. 37) was obtained by 1,3-dipolar cycloaddition of the
cyclic nitrone 188 and acrylamide 189 (Cordero et al.,
2005). Two main products were obtained as racemic mix-
tures (190 and 191) and, after separation, they underwent
the same synthetic route, here depicted for (4-)-190 only.
The reductive cleavage/cyclization step was then fol-
lowed by alcohol group transformation into the target
v-amino acid 185.

The synthesis of enantiopure compound 185 was
achieved by separation of diastereoisomeric intermediates
obtained from (+)-187 and containing (1R)-1-phenyleth-
ylamine as chiral auxiliary (Fig. 38).

These compounds were then coupled with natural o-
amino acids to synthesize a model sequence that was used
for conformational studies: NMR experiments revealed
that 185a, 185b and (+)-186 were effective VI B-turn
mimetics. Different nitrones and acrylamides can be used,
such as compounds 192-194 (Salvati et al., 2005) as start-
ing materials, affording orthogonally protected and fur-
ther substituted amino acids 195 and 196 (Fig. 39).

Bicyclic y-amino acids already conjugated to sugar
moiety were synthesized starting from the natural iridoid

aucubin (Mouries et al., 2003). The two glycosylated hy-
droxyl-compounds 198 and 199 were prepared by chiral
pool synthesis in eight steps (Fig. 40).

Compound 197, that already contains the amino group,
was the key intermediate for the obtainment of both cy-
clopenta[c]pyran and cyclopenta[c]furan derivatives 198
and 199, respectively. The introduction of the carboxylic
group to give the former was achieved by formyl insertion
on the double bond by means of Vilsmeier reaction fol-
lowed by carbonyl oxidation, whereas 199 was obtained
by oxidation of the dihydropyran double bond to a iodo-
lactol, followed by first a rearrangement in alkaline me-
dium and then the carbonyl oxidation. Finally, the two
deprotection steps afforded the title compounds. The
asymmetric synthesis of y-amino acids from allyltitanium
sulfoximines has been reported more recently (Kohler
et al., 2007). This strategy was developed mainly to afford
acyclic compounds, but an example of a bicyclic structure
was also described (Fig. 41).

The titanation of the lithiated allylic sulfoximine, de-
rived from 200 treated with n-BuLi, furnished the corre-
sponding allyltitanium complex that reacted with furan-2-
carbaldehyde, affording the homoallylic alcohol interme-
diate 201 (Fig. 41). The conversion of the latter into
v-amino acid 203 required a stereoselective insertion of
the amino group on the double bond that was obtained by
an intramolecular carbamate amination (202). Transforma-
tion of the intermediate 202 into the title bicyclic y-amino
acid 203 involved the oxidation of the furan ring and the
substitution of the sulfoximine group by a carboxy group.

Bicyclo[x.y.1]scaffolds

This class is mainly represented by 6,8-dioxa-3-aza-bicy-
clo[3.2.1]octane-7-carboxylic acids 204 named Bicycles

| MeOSC L CO,CH3 CO.CH3
H2N . 7\]@ _Tev.a H2NOC’<\'L/\> + HQNOC"'
) o oN
0 S e
189 188 (+/-)-190 (+-)-191
‘ Ha,, Pd(OH)./C ‘ ‘
1) MsCl
CO,CH; 2 NaN; CO,CHjg CO,CH3
HN 3) Ni-Raney
o N HO'" N HZN"' N
o} o} o
(+/-)-185 (+/-)-187 (+-)-186

Fig. 37
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from Tartaric acid and Amino acid (BTAa, Fig. 42)
(Trabocchi et al., 2006), easily synthetizable from the
condensation of a-amino aldehyde derivatives 206 with

9 1) n-BuLi, CITi(OiPr)3
@\/S"'Ph 2) furan-2-carbaldehyde
\

NMe
200 201
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Fig. 42

tartaric acid 207 or sugar derivatives in a stereoselective
fashion (Trabocchi et al., 2003).

As an example, the synthesis of the L-phenylalanine
derivative 213 is reported (Fig. 43).

Phenylalanine-derived alcohol 208 is coupled with L-
tartaric acid monoester derivative 209 to give the corre-
sponding amide 210, that was oxidized at the primary al-
cohol group and cyclized in refluxing toluene to give 212.
Further manipulations of 212 afforded the Fmoc-amino
acid 213. The so obtained y-amino acids proved to be
compatible with solid phase synthesis techniques (Danieli
et al., 2005) and could be incorporated in different peptide
sequences, also as oligomers (Machetti et al., 2000). In
particular, when the carbon atom bearing the carboxy group
has an endo configuration, the compound can act as a di-
peptide isostere reverse turn mimetic, mimicking the i+
1 — i+ 2 portion of a common B-turn (Fig. 44).

This was demonstrated by the introduction of a 7-endo
BTAa in a cyclic Bowman Birk inhibitor (BBI) peptide
(Scarpi et al., 2001), where the scaffold was able to main-
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tain the existing turn as Ile-Pro mimetic. Further confor-
mational studies, performed on linear peptides containing
leucine-derived BTAa (Trabocchi et al., 2002), confirmed
the reverse turn inducing properties of these bicyclic y-
amino acids.

Bicyclic 8-amino acids

Many of the bicyclic 8-amino acids have been designed as
dipeptide mimetic replacements of the i+ 1 and i+ 2
residues in B-turn systems. For this reason, attempts to
correctly positioning the amino- and carboxyl-termini of
the dipeptidomimetic unit resulted in an obligatory &-ami-
no acid, often incorporating an amide bond in the bicyclic
backbone (Fig. 45).

Since the ring size can be varied by simple carbon
atoms chain elongation by using the same synthetic strat-
egy, herein the systematic classification of this class of
compounds was based on their heterocyclic scaffolds.
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Azabicycloalkanes

Most syntheses focused on proline-based bicyclic &-
aminoacids, that can be divided into numerous azabicy-
clo[x.3.0]alkane subclasses (see Fig. 46 for few examples).

In most cases the key step of the synthesis is the lactam
ring formation that can be obtained by different ap-
proaches: the radical addition to an olefinic double bond
(Fig. 47; Belvisi et al., 2004); alkylation of malonate eno-
late (Fig. 48A; Wang et al., 2002; Belvisi et al., 2004); ring
closing metathesis (Fig. 48B; Belvisi et al., 2004); intramo-
lecular alkylation followed by amidation and Hoffman re-
arrangement (Fig. 48C; Belvisi et al., 2004); aldol conden-
sation (Bravin et al., 2004). Further functional groups at the
a-position could be inserted on the final scaffold by alkyl-
ation under basic conditions (Manzoni et al., 2006).

Due to the chosen synthetic route, unsaturated bicyclic
d-amino acids are often obtained and then transformed
into the saturated ones by stereoselective hydrogenation
(Zhang et al., 2002). However, the unsaturated scaffold
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can also act as a peptidomimetic (Millet et al., 2002) be-
cause of the presence of a double bond that increases the
rigidity of the bicyclic structure.

Additional rigidity and diverse physical properties were
obtained with the synthesis of bicyclic 2-pyridone struc-
ture 221 (Dragovich et al., 2002) that was obtained start-
ing from 2-hydroxy-6-methylnicotinonitrile (220, Fig. 49).
Key steps of the synthesis involved the osmium-catalyzed
asymmetric dihydroxylation of an olefinic intermediate
and its intramolecular cyclization.

Alternative routes for saturated azabicycloalkanes are
represented by Eschenmoser condensation of N-benzyl
thiolactam 222 (Fig. 50) and bromoester 223, followed
by hydrogenation and intramolecular cyclization. Final al-
kaline hydrolysis afforded the free amino acid 224 (Davies
et al., 2003).
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The fused ring system can also be obtained starting
from intermediate 227 that can be synthesized either
via the Claisen self-condensation of y-methyl o-#-butyl
N-PhF-L-glutamate (225, Fig. 51; Polyak and Lubell,
2001; Ramana Rao et al., 2007) or via Michael addition
of N-diphenylmethyleneglycine #-butyl ester on an acyclic
y-vinyl ketone (226; Mandal et al., 2005). The B-keto
ester 227a and the 5-oxo diaminoazelate 227b underwent
few reaction steps to afford the desired N-Boc-protected
2-amino ester 228.

Ring closing metathesis, that was already successfully
used for azabicyclo[5.3.0]alkanes (Belvisi et al., 2004),
was further employed as key step for the synthesis of
[4.3.0] (Hanessian et al., 2003), [6.3.0] (Duggan et al.,
2005) and [7.3.0] analogous systems (Harris et al., 2003).
Detailed conformational analysis by NMR, IR and molec-
ular modelling techniques (Belvisi et al., 2000a), as well
as applications in RGD-based cyclopeptides as a,f3-
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integrin ligands (Belvisi et al., 2000b; Belvisi et al., 2006)
proved these compounds to act as reverse turn mimetics.
A methodology based on click chemistry has also been
developed to conjugate this class of scaffolds with fluores-
cent groups or biotin (Arosio et al., 2006). Furthermore,
the introduction of azabicyclo[X.Y.0]alkanes into peptide
sequences by solid phase synthesis on HMBA resin re-
sulted in the achievement of two new agonists to the opioid
receptor-like (ORP1) receptor (Halab et al., 2002).

Diazabicycloalkanes

Reported examples of amino acids belonging to this class
possess a bridgehead nitrogen atom in the bicyclic back-
bone that can be assembled either by building one ring at
a time or by forming both rings in the same synthetic step.
In the first case, for example, o,o-dialkylated amino acid
229 (Fig. 52) was oxidized by ozonolysis to the corre-
sponding aldehyde, whose cyclic hydrazone derivative
was then reduced to the tetrahydropyridazinone 230. Sub-
sequent treatment of 230 with formaldehyde and an ex-
cess of ethyl acrylate afforded amino ester 231 by means
of a 1,3-dipolar cycloaddition (Gardiner and Abell, 2003).

A different approach involved the synthesis of a dipep-
tide moiety and its cyclization. The proline derivative 232
(Fig. 53) was coupled with L-phenylalanine to obtain the
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dipeptide 233, which underwent a constant-current elec-
trochemical oxidation, followed by cyclization to diazabi-
cycle 234 through nucleophilic attack on the N-acylimi-
nium ion intermediate generated by Lewis acid action
(Sun et al., 2006).

Analogously, the vinyl substituted proline 235 (Fig. 54)
was coupled with L-phenylalanine and the vinyl substitu-
ent of 236 was transformed into a formyl group by ozo-
nolysis reaction and treatment with dimethyl sulfide, then
the intramolecular imino cyclization lead to a 6-mem-
bered ring hemiaminal that was converted into the amino
ester 237 by reduction with hydrogen and Pd on barium
sulfate (Tong et al., 2000).

Dipeptides containing bicyclic a-amino acids were also
used as starting material for the synthesis of diazabicyclic
d-amino acids (Maison et al., 2004). The synthesis starts
from azabicycloalkenes 238 (Fig. 55), that are bis(hydroxy-
lated) and N-coupled with suitable natural o-amino acids.
The key step is the oxidative cleavage of the resulting
dipeptide 239 to give the diazabicyclic d-amino acid 240
that can be further functionalized with few additional steps.

The alternative synthetic route, i.e., both rings forma-
tion in the same synthetic step, was carried out start-
ing from linear dipeptides. By heating 241 (Fig. 56) in
acidic medium and in the presence of sodium acetate

HO
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( NJS/NHCbz
n R2
1

J Ph
T
T -

COR4 COR
238 239
Cbz.
—_— z N )
- . N " n=0,1
RZ\\‘ =Y,
O COsR;
240
Fig. 55
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(Haberhauer and Rominger, 2003), amino acid 242 was
obtained, whose structure is formed by an imidazole ring
condensed to either a 5- or a 6-membered cycloalkane.

Rhodium-catalyzed cyclohydrocarbonylation on 243
(Fig. 57) afforded the amino acid 244 in one stereoselec-
tive step (Chiou et al., 2007). The reaction mechanism
involved the regioselective hydroformylation of the dou-
ble bond followed by the first cyclization to yield a cyclic
hemiamidal. After conversion of the latter into the cor-
responding N-acyliminium ion, the second cyclization
through an intramolecular nucleophile addition took place
to give the bicyclic compound.

Oxazabicycloalkanes

Oxazolopiperidin-2-ones were synthesized as rigidified
mimetics of the Ala-Pro dipeptide (Estiarte et al., 2000).
The synthesis started from Cbz-(S)-glutamic acid (Fig. 58),
and afforded aldehyde 245 in three steps, which succes-
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sively was condensed with Ser-OMe hydrochloride in a
“one pot”’ process to give a mixture of diastereoisomers
246a and 246b. Complete stereocontrol of the reaction
outcome was obtained by operating at room temperature
(246a unique product).

Deprotection and hydrolysis steps afforded the final
d-amino acid that was inserted in a model peptide, prov-
ing that the new peptidomimetic adopted a stable type-II'
B-turn conformation in water. Oxazolo moiety is also
present in bicyclic lactam scaffolds derived from the con-
densation of 3-aza-1,5-ketoacids and amino alcohols
(Bencsik et al., 2003). The ketoacid 247 (Fig. 59) was
obtained starting from glycine ethyl ester hydrochloride
and a suitable a-bromoketone, followed by Cbz-protec-
tion and ester hydrolysis. By heating 247 and racemic
serinol 248 in the presence of catalytic camphor sulfonic
acid in refluxing toluene under Dean-Stark conditions,
bicyclic condensation took place affording the corre-
sponding serinol derivative as a racemic single diastereo-
isomer. Subsequent TEMPO-catalyzed oxidation pro-
duced the target N-Cbz amino acid 249 containing the
oxazolo[3,2-a]pyrazin-5-one core structure.

Two more examples of oxazabicycloalkanes were syn-
thesized in analogy with synthetic routes reported for dia-
zabicycloalkane scaffolds, i.e., by rhodium-catalyzed cy-
clohydrocarbonylation (Fig. 60; Chiou et al., 2007) and by
electrochemical oxidation (Fig. 61; Sun et al., 2006),
using suitably functionalized starting materials.
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Thiazabicycloalkanes

Most structures belonging to this class contain the thia-
zolo moiety usually built from cysteine as oxazolo rings
derived from serine. For example, esterification of N-CBz-
glycine (Fig. 62) with phenylpropenol followed by a high-
ly diastereoselective Claisen rearrangement generated a
racemic mixture of B-vinyl phenylalanines 255. Oxidative
cleavage of the double bond and coupling with L-cysteine
methyl ester gave a cyclic mono acid, which cyclized with
DCC/HOBt to bicyclic 256 (Qiu et al., 2001), having
the trans relative stereochemistry of N-Cbz and phenyl
groups.

Enantiopure amino acids homologous to 255 were ob-
tained from a glycine equivalent in a Ni(II) complex with
(8)-BPB [(S5)-1-benzyl-pyrrolidine-2-carboxylic acid (2-
benzoyl-phenyl)-amide] (Gu et al., 2002). Compound 257
underwent the oxidative cleavage and the coupling with
L-cysteine but in this case the bicyclic scaffold 258 was
directly formed under the reaction conditions in a stereo-
selective way (Fig. 63). Analogous chemical strategy af-
forded substituted thiazolopiperidones (Gu et al., 2003)
and, with slight modifications, could be applied to solid
phase synthesis (Gu et al., 2004).
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Finally, the general methodology developed by Chiou
etal. (2007), afforded [1,3]thiazinan-4-one- and [1,3]thiaze-
pan-4-one-based bicyclic amino acids 260 by rhodium-
catalyzed cyclohydrocarbonylation of 259 (Fig. 64).

Miscellaneous

Spirocyclic amino acids

Extensive molecular modelling calculations with high-
level ab initio methods were carried out on spiro-f-lactam
systems, suggesting that these compounds combine the
structural features required for inducing a B-turn motif
(Alonso et al., 2001). The key step of the synthesis
(Fig. 65) was a Staudinger reaction of a cyclic ketene
(262), obtained from Cbz-proline, with a glycine-derived
imine. Compound 263 was obtained as a consequence of
cis stereoselectivity of the process.

Conformational analysis via NMR experiments dem-
onstrated the scaffold to stabilize a B-turn conformation
with a geometry close to ideal type-II B-turn. A more
recent synthesis allows to obtain spirocyclic-p-lactams
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by stereoselective dearomatizing cyclization of the eno-
lates of N-nicotinoyl glycine derivatives (Arnott et al.,
2006). Precursor 264 (Fig. 66) was obtained by acylating
N-protected glycine ¢-butyl ester with nicotinoyl chloride.
The ester was treated with KHMDS to form the enolate
that cyclized onto the pyridine ring, resulting in the cor-
responding dihydropyridine that was in situ protected as
carbomethoxy carbamate 265. Hydrogenation and CAN-
mediated deprotection afforded spiro-B-lactam 266. Inter-
estingly, enantiopure o-methyl-p-methoxybenzyl used as
N-protecting group for glycine precursor was able to in-
duce a stereoselective dearomatizing cyclization, and the
final product 266 could be obtained with up to 88% ee.
Spiro-y-lactams found a recent application in medicinal
chemistry (Bittermann et al., 2004). The neurotensin C-
terminal hexapeptide, NT(8-13), was found to adopt a
B-strand-like conformation while bound to the NT1 recep-
tor. Therefore, the original peptide sequence Arg-Arg-
Pro-Tyr-Ile-Leu was modified by the substitution of Pro-
Tyr with of a spirocyclic dipeptide mimetic. Natural pro-
line was transformed into the a-allylproline methyl ester
and, subsequently, Boc-protected and saponified to afford
building block 267 (Fig. 67). Treatment of the terminal
alkene with ozone, followed by reductive work-up proce-
dure, gave intermediate 268 that was reductively coupled
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with suitably protected L-tyrosine to give the spiro-com-
pound 269. Peptide 270 was finally synthesized by Boc
chemistry on a PAM resin, following standard HATU
coupling and TFA deprotection protocols.

The lactam-bridged neurotensin analog 270 was in vitro
evaluated for its ability to compete with [*H]neurotensin
(Kp=1.3nM) in binding NT1 receptor and a very high
binding affinity was found (K; =12 nM).

Carbohydrate-derived amino acids

The conformational rigidity of the pyran and furan rings
makes carbohydrate-derived amino acids interesting build-
ing blocks in the introduction of specific secondary struc-
tures in peptides. For example, compound 273 (Fig. 68)
was incorporated into the cyclic peptide containing the
RGD loop sequence by SPPS using Fmoc chemistry (Peri
et al., 2000). Reduction of the azide to amine group and the
coupling with the desired amino acid was realized in one
pot in the presence of BusP and carboxylic acid activating
agents.

Allyl compound 271, deriving from allylation of 2,3,5-
tri-O-benzyl-D-arabinofuranose, underwent iodocycliza-
tion to 272 as diastereomeric mixture, easily separated
by chromatography. This step, crucial for the formation
of bicyclic scaffolds, consisted in the intermediate iodo-
nium ion opening by attack of the y-benzyloxy group and
formation of cyclic iodoether with simultaneous debenzy-
lation. The final azido acid 273 was obtained by reaction
with BuyNNj3, followed by selective deprotection steps
and primary alcohol Jones oxidation. Analogous synthetic
strategy was used to obtain the spirocyclic azido acid 276
(Fig. 69).

Recently, a set of bicyclic furano-oxetane scaffolds was
proposed as constrained d- or g-amino acids (van Well
et al., 2003). The synthetic strategy is based upon CO-
insertion of fully protected B-D-ribofuranoside 277, fol-



Structural diversity of bicyclic amino acids 21

OBn
s\\_l
Qs
BnO'™ N
274
- BusNNg HOLC —Ng
ii. AcoO o 2
iii. MeONa 'S
iv. Jones BnO"
BnO
276

Fig. 69

lowed by conversion of primary alcohol function at C-1 to
azide to generate the d-amino acid precursor 279 (Fig. 70).
After a few protection/deprotection steps and aldol con-
densation with formaldehyde, the oxetane forming cycli-
zation step produced 283, that was finally converted into
the corresponding N-Boc protected 6- (285) and e-amino
acid (286) by few more manipulations. Inversion of func-
tional groups to obtain the isomeric 6-amino acid 287 was
accomplished by protection of alcohol function at C-1 of
278 as TBDPS ether (280), followed by the synthetic
steps for the formation of bicyclic intermediate 284 simi-
larly for the preparation of 283. Conversion of the hydrox-
yl function at C-5 to Boc protected amino group pro-
ceeded via azide formation.

More bicyclic amino acids

The methodology proposed by Clayden and co-workers
(Arnott et al., 2006) for the synthesis of spirocyclic amino
acid 266 could also afford bicyclic /¢-amino acids (290,
Fig. 71). Precursor 288 was obtained by acylating N-pro-
tected glycine #-butyl ester with isonicotinoyl chloride.
The subsequent steps proceeded similarly as discussed
above.

Only few papers reported e-amino acids based on bicy-
clic[3.3.0]octane skeleton, though their bicyclic structure
has interesting features because of the rigid ring junction
as well as the conformationally flexible end terminations
(Yeo et al., 2006). The most interesting application of this
bicyclic system in peptide chemistry was bis-guanidi-
nium-bicyclo[3.3.0]octane that was used to induce o-helix
secondary structure in oligopeptides (Hackling et al., 2003).
Synthesis starting from enyne 291 (Fig. 72) could be very
practical since the catalytic Pauson-Khand reaction is well
optimized to afford the bicyclic intermediate 292 in more
than 100 g at a batch (Yeo et al., 2006). Chemical manip-
ulations of 292 gave all the four stereoisomers of the
target bicyclic g-amino acid (only 293 was herein re-
ported), and included hydrogenation of double bond over
Pd/C, protection of the carbonyl group and monodecar-
boxylation. Introduction of the o-methyl group by quench-
ing the carbanion generated by LDA base with Mel fol-
lowed by carbonyl deprotection and reduction, afforded
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the alcohol intermediate that was then transformed into
final compound 293 by Mitsunobu reaction carried out in
the presence of phthalimide, followed by NH,NH, treat-
ment. Chromatographic separation of the four diastereoi-
somers was carried out before the Mitsunobu reaction step.

The so obtained bicyclic e-amino acid was also inserted
into a linear peptide proving its compatibility with SPPS
techniques.

Conclusions

Research oriented in the design, synthesis and applications
of bicyclic amino acids from 2000 to present demonstrated
a constant interest towards constrained structures capable
to function as peptidomimetics with high rigidity and
chemical diversity. The variety of bicyclic compounds
proved a vivid interest towards the application of modern
synthetic methodologies to build complex and unusual tem-
plates, and also detailed conformational analysis of select-
ed scaffolds in model or bioactive peptides indicated the
role of this bicyclic structures in limiting the conformation-
al access of peptidic fragments. In particular, relevant ap-
plications as reverse turn nucleators were reported, expe-
cially regarding the class of o- and §-amino acids as proline
mimetics and dipeptide isosteres, respectively. Finally,
some examples of the application of selected bicyclic ami-

no acids in medicinal chemistry confirmed the interest to-
wards complex and polyfunctional templates in the pepti-
domimetic approach, which further indicates this area of
synthetic chemistry as an important tool for the generation
of drug candidates from bioactive peptides.
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