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Summary
The demand for modified peptides with improved stability profiles and pharmacokinetic properties
is driving extensive research effort in this field. Many structural modifications of peptides guided by
rational design and molecular modeling have been established to develop novel synthetic approaches.
Recent advances in the synthesis of conformationally restricted building blocks and peptide bond
isosteres are discussed.
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Introduction
Peptidomimetics are compounds whose essential elements (pharmacophore) mimic a natural
peptide or protein in 3D space and which retain the ability to interact with the biological target
and produce the same biological effect. Peptidomimetics are designed to circumvent some of
the problems associated with a natural peptide: e.g. stability against proteolysis (duration of
activity) and poor bioavailability. Certain other properties, such as receptor selectivity or
potency, often can be substantially improved. Hence mimics have great potential in drug
discovery. The design process begins by developing structure-activity relationships (SAR) that
can define a minimal active sequence or major pharmacophore elements, and identify the key
residues that are responsible for the biological effect. Then structural constraints are applied
to probe the 3-D arrangement(s) of these features[1–4]. In this process, the peptide complexity
is reduced and the basic pharmacophore model is defined by its critical structural features in
3D space. This model then supports the re-assembly of the critical elements and non-peptide
variants on a modified scaffold that presents the optimized pharmacophore to the receptor. The
definition has been broadened to include any compound hit including from high throughput
screens or one-bead-one-compound libraries[5], but a narrow definition requires rational
modification of polyamide structure. Generally natural products, such as peptides, show much
greater structural diversity than synthetic drugs which often are based on nitrogen-containing
heteroaromatic scaffolds with a few or no stereogenic centers. Further, several key synthetic
technologies, such as solid-phase synthesis of non-peptide libraries, extended the range of
chemical space covered with peptidomimetics. If these tools exploit biologically relevant
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regions of chemical space (often they do not), they will present a partial-matrix-type of libraries
of reasonable size (up to 109) that can be readily screened against biological targets. Despite
of the fact that even this size is a very small fraction of total chemical space, those libraries
will represent highly diverse and biologically relevant sets of molecules for drug discovery.
Because of limited space, we will not discuss rational design and molecular modeling, but
focus on novel synthetic tools enabling the peptide to mimetic transformation. We will also
exclude de novo protein design, protein arrays and related chemistries (such as chemical protein
ligation), because these methods utilize peptides assembled on various templates to form
nonnatural architectures. Some of these methods have been thoroughly reviewed recently[6–
9].

Peptides tend to be quite comformationally flexible at kT and conformations are highly
dependent on environment. The relationship or lack thereof of conformations in solution and
the receptor-bound conformation presents a major problem in this research. In most successful
approaches to small molecule mimetics, the chemical modifications involve the restriction of
conformations performed either by the cyclization of peptides or by the incorporation of
conformationally restricted building blocks, mostly unnatural amino acids and dipeptide
surrogates[10–12]. The other tactic involves replacing a particular peptide bond with its
isostere.

Conformationally restricted β-turn dipeptide mimetics
The Hruby group has systematically studied the substitutes of side chain peptides, mainly
conformationally restricted β-substituted amino acid analogues and their use as templates for
preparation of peptidomimetics[13–19], especially external bicyclic β-turn dipeptide mimetics
(Figure 1)[18]. This type of bicyclic template restricts conformations by a combination of
structural constraints and steric interactions. Evidently, that is influenced by strereochemistry
of the scaffold, the presence of substituents, and particularly the frame size. For example, a
biologically active [3.3.0]-bicyclo-Leu-enkephalin analogue was shown by molecular
modeling to adopt a type I β-turn conformation, which is consistent with the X-ray structure
of Leu-enkephalin[20]. The relatively rigid bicyclic structure provides an excellent scaffold
for the incorporation of various side chain groups to explore the importance of side chain
topography that are often important for molecular recognition[11,13]. The β-substituted
unnatural amino acids required for the synthesis of such mimetics are β-substituted ω-
unsaturated amino acids 2 and β-substituted cysteine derivatives 3.

To place Ri+1 in as many as possible 3D regions relative to the rigid bicyclic scaffold,
compounds 2 need to have different stereochemistry at the β-carbon and the value of n should
be varied. The absolute stereochemical control of the β-substituent can be achieved by metal
chelation with use of chiral ligands[21,22], chirality transfer from available chiral sources
[23,24], or by chiral auxiliaries[25,26]. For example, optically active syn β-substituted γ,δ-
unsaturated amino acids can be synthesized via chelate-Claisen rearrangement in the presence
of chiral quinine[21,22]. On the other hand, Eschenmoser-Claisen rearrangement can be
employed for the synthesis of anti β-substituted γ,δ-unsaturated amino acids[27] and
incorporation of a C2-symmetric chiral auxiliary in the Eschenmoser-Claisen rearrangement
can provide optically active amide analogues with various β-substituents[26]. Removal of the
chiral auxiliary via iodolactonization/zinc reduction or reduction/oxidation provided the
mimetics in high enantiomeric excess. In both cases, the Claisen rearrangement is highly
diastereo- and enantio-selective due to the formation of a low energy chair-like transition state.
For compounds in which the value of n is greater than 0, an efficient approach was developed
via the direct alkylation of (R) or (S)-Ni(II)-complex {(2-(N-(N’-benzylprolyl)amino))
benzophenone}with use of various alkyl halides[25]. The method can provide δ,ε-unsaturated,
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or ε,ζ-unsaturated, or other ω-unsaturated analogues in high yields and diastereoselectivity in
2 steps from the Ni(II)-complex.

Besides their application in bicyclic β-turn dipeptide mimetics, β-substituted ω-unsaturated
amino acids can be used to make medium ring β-turn mimetics by incorporating them in the i
and i+3 positions of a β-turn and linking their chains via metathesis. This kind of mimetic is
less drug-like compared to bicyclic β-turn mimetics. However, they are resistant to enzymatic
degradation and easy to synthesize. In addition, they may be closer mimetics of a natural β-
turn with some flexibility which may be important for the effective interactions between a
mimetic and a target protein, especially in the induced fit scenario. For example, analogues of
H-Tyr-c[D-Cys-Gly-Phe-D-Cys]-OH in which the disulfide bridge is replaced with a dicarba
bridge retained high biologically activities[28].

A method for the asymmetric synthesis of compound 3 (Figure 1) with either an anti or syn
β-substituent was also developed[29]. The key intermediate of this method is a chiral aziridine
that was synthesized from an α,β-unsaturated ester employing the Sharpless asymmetric
dihydroxylation. Subsequent regio-selective ring opening with a sulfur nucleophile afforded
β-substituted cysteine derivatives in high enantioselectivity.

Other prominent groups have studied constrained peptidomimetics as reviewed recently[10,
30]. Azabicycloalkanone amino acids scaffold as dipeptide surrogates[30] have proven to be
effective to mimic type II’ β-turns. Many variations in size including 5.5-, 6.5-, 5.6-, 7.5-, 8.5
and 6.6-ring systems have been published and a variety of sites for substitution can give the
desirable structural flexibility needed in drug discovery (see Figure 2).

The list of azabicycloalkanone amino acid scaffolds has been recently extended by synthesis
of 3-amino-8-carboxylate 6-hydroxypyrrolizidin-2-one[31]. X-ray crystallographic analysis
confirmed that the dihedral angles within the pyrrolizidine ring carboxylate were consistent
with those of the central residues of a type II’ β-turn. Both enantiomers were synthesized by
five-step synthesis in 23% and 14% overall yields from 4-acetoxy diaminosuberates (5R) and
(5S). The introduction of functional groups onto the azabicycloalkane scaffold has typically
proven challenging especially for pure enantiomers. Therefore, the hydroxyl functionality in
position 6 opens the opportunity for substitutions to fine-tune scaffold geometry as well as to
increase diversity. Indolizidine-2-one and -9-one amino acids, representing 6,5 and 5,6
scaffolds, were used as β-turn scans to explore the conformational requirements for activity of
analogues of Calcitonin-gene related peptide (CGRP) antagonist, together with aza-aminoacid
scans[32]. The importance of a type II’ β-turn centered at Gly33-Pro34 of antagonist [Asp31,
Pro33, Phe35]CGRP27–37 has been illustrated by increased antagonistic potency of the aza-
Gly33 and indolizidine-2-one amino acid33–34 analogues. In addition, the improved metabolic
stability and longer duration of action qualifies those scans to be another peptidomimetic
research tool. The older reviews[33,34] related to azabicycloalkane scaffolds provide a general
overview of synthetic and conformational possibilities.

Peptide bond isosteres
Another appealing and broadly used technique lies in backbone amide replacement with amide
bond look-a-like surrogates, or isosteres. Isostere replacement modifies a backbone, and
therefore can be rarely used for the study of receptor interactions. Alternatively, peptide bond
surrogates can have protease inhibitor activity at the substrate cleavage site, and therefore offer
a fundamental strategy for understanding protease enzyme activity, especially if isosteres can
imitate the transition state of bond degradation (hydrolysis). Moreover, strategically placed
isosteres can also improve bioavailability and transport properties of native hormones.
Generally, the isosteres do not restrict global conformations, but have influence on secondary
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structure through different hydrogen bonding and length of backbone. The most common
isosteres used are depicted in Figure 3.

In addition, small heterocycles also can serve as an isostere (comprehensively reviewed in
Houben-Weyl[10]). Especially useful are those directly prepared from dipeptides such as
oxazoles, oxazolines, oxazolidines, and their thio-derivatives[35]. Modern synthetic
transformations, such as Cu-catalyzed Huisgen 1,3-dipolar additions (so called Click
chemistry) have been thoroughly studied[36]. This highly chemo and regio-selective reaction
has been used to insert 1,2,3-triazoles into peptide chains for macrocyclizations, and for
quantitative conjugation of other subunits such as carbohydrates, polymers or labeling agents.
The -NH- group in a peptide bond can be replaced by alkylated -NR- or -O- groups. N-Alkyl
peptides are important modifications which commonly occur in natural peptides. The Nα-
alkylation induces significant structural effects: the occurrence of the cis-isomer in the
secondary amide bond, steric effects, no H-bonding possibility, increased basicity, and
decreased polarity of the adjacent carbonyl group. The incorporation of Nα-alkyl (mostly
methyl) has resulted in many peptidomimetics with improved properties[10] and systematic
Nα-alkylation is a powerful approach to improve biological activity. Recently, convenient
procedures to prepare protected Nα-methylamino acids or direct alkylation on solid supports
have been described[37,38]. The optimized three-step procedure, compatible with the Fmoc-
tBu protecting scheme, involves amine activation by a 2-nitrobenzenesulfonyl group followed
by Nα-alkylation (directly by an electrophile or by the Mitsunobu reaction), and then removal
of the sulfonamide group. Nα-Alkyl peptides are not limited to non-functional methylated or
benzylated residues, but can contain functional pharmacophores. For example, a number of
cyclic α-MSH analogues were designed on the basis of the MTII NMR structure, while the
pharmacophore in arginine was mimicked via backbone Nα-alkylation with a guanidinylbutyryl
group[39]. The binding affinity and adenylate cyclase activity assays of these peptidomimetics
at human melanocortin receptors showed that three of the new α-MSH analogues act as
antagonists and exhibited high selectivity toward the human melanocortin-4 receptor[39].

Conclusions
Gigantic amounts of genomic and proteomic data creates high demand for synthesis and
screening of nature-like biopolymers and their more stable modified derivatives. The design
and synthesis of peptidomimetics are most important because of the dominant position peptide
and protein-protein interactions play in molecular recognition and signaling, especially in
living systems. The design of peptide mimetics can be viewed from several different
perspectives[3,12] and peptidomimetics can be categorized in a number of different ways
[12,40]. Examination of the vast literature would suggest that medicinal and organic chemists,
who deal with peptide mimics utilize these methods in many different ways. In any case, a
variety of methodologies and strategies have been developed and continue to be developed to
establish systematic tools for transformation of peptides into peptidomimetics or further into
small drug-like molecules. Significant industrial as well as academic resources are invested in
this effort and there is still much to learn to optimize these approaches. We envision that
peptidomimetic research will continue to be an indispensable tool of structure-activity
relationships in drug discovery for the foreseeable future.
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Figure 1.
External β-turn dipeptide mimetics
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Figure 2.
Azabicycloalkanone amino acid scaffolds.
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Figure 3.
Peptide bond isosteres.
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