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Abstract: Peptidomimetic modifications are frequently used as attractive methods to provide more conformationally 

constrained and thus more stable and bioactive peptides. Among peptidomimetic approaches, particularly attractive are 

pseudopeptides, or peptide bond surrogates in which peptide bonds have been replaced with other chemical groups. Since 

these peptidomimetics can be constructed in a modular way from orthogonally protected monomeric building blocks, 

solid-phase Fmoc methodology, used routinely for peptide synthesis, emerged as a particularly attractive synthetic 

approach.  
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I. INTRODUCTION 

 In recent years, peptides have gained momentum as 
therapeutic agents. According to Frost and Sullivan business 
consulting firm, around 720 peptide drugs and drug 
candidates were reported in 2004, among which 5% are 
already marketed worldwide, 1% are in registration, 38% are 
in clinical trials and 56% are in advanced preclinical phases 
[1]. Peptides potential for high efficacy combined with 
minimal side effects has allowed them to be widely 
considered as lead compounds in drug development, and at 
present, peptide based therapeutics exist for a wide variety of 
human diseases including osteoporosis (Calcitonin), diabetes 
(Insulin), infertility (Gonadorelin), carcinoid tumors and 
acromegaly (Octreotide), hypothyroidism (THR-Thyrotropin 
releasing hormone) and bacterial infections (Daptomycin) 
[2]. However, despite the high potentials, there are still some 
limitations for peptides as drugs per se. Major disadvantages 
are short half-life, rapid metabolism and poor oral 
bioavailability. Nevertheless, pharmacokinetic properties of 
peptides can be improved by different types of modifications 
[2,3]. Peptidomimetic modifications or cyclization of linear 
peptides are frequently used as attractive methods to provide 
more conformationally constrained and thus more stable 
bioactive peptides [4-11]. Taking into consideration various 
peptidomimetic approaches used for the design and synthesis 
of peptide analogs with improved pharmacological 
properties pseudopeptides or peptide bond surrogates, in 
which peptide bonds have been replaced with other chemical 
groups, are especially attractive. This is mainly because such 
approaches create an amide bond surrogate with defined 
three dimensional structures similar to those of natural 
peptides, yet with significant differences in polarity, 
hydrogen bonding capability and acid-base character. Also 
important, the structural and stereochemical integrities of the 
adjacent pair of -carbon atoms in these pseudopeptides are 
unchanged. The psi-bracket ( [ ]) nomenclature, introduced 
by A. Spatola, is used for this type of modification [12]. The  
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introduction of such modifications to the peptide sequence is 
expected to completely prevent protease cleavage of amide 
bond and significantly improve the peptides metabolic 
stability. However, such modifications may also have some 
negative effects on peptides biophysical and biochemical 
properties, in particular their conformation, flexibility and 
hydrophobicity. Therefore, the choice of an amide bond 
surrogate is a compromise between positive effects on 
pharmacokinetics and bioavailability and potential negative 
effects on activity and specificity. In particular, the 
conservation of the stereochemistry of the parent peptide 
should be an important criterion in surrogate selection. The 
ability of the surrogate to mimic the steric, electronic and 
solvation properties of the amide bond is certainly the most 
important characteristic in determining the potency of 
pseudopeptide analogs.  

 From the synthetic point of view, the methods for 
assembly of peptidosulfonamides, phosphonopeptides, 
oligoureas, depsides, depsipeptides, peptoids and azapeptides 
parallel those for standard solid-phase peptide synthesis, 
although different reagents and different coupling and 
protecting strategies need to be employed. Since these 
peptidomimetics can be constructed in a modular way from 
orthogonally protected monomeric building blocks and are 
therefore suitable for potential combinatorial chemistry 
diversity, the solid-phase methodology is the method of 
choice for their synthesis. Particularly attractive is Fmoc 
solid-phase methodology since it is now a standard approach 
for the routine peptide synthesis.  

 In this review we consider Fmoc solid phase synthesis of 
peptide analogs containing the amide surrogate that tend to 
be isosteric with the natural amide. This includes synthesis 
of peptidosulfonamides, phosphonopeptides, oligoureas, 
depsides, depsipeptides, peptoids and azapeptides (Fig. 1). 
Given the importance of the peptides as lead compounds for 
drug discovery and development, it is not surprising that the 
above mentioned peptidomimetic strategies used to enhance 
peptide stability have attracted a great deal of attention in the 
last few decades [2,11].  

II. PEPTIDOSULFONAMIDE SYNTHESIS 

 The tetrahedral achiral sulfur atom bonded to the two 
oxygen atoms possesses geometry similar to the high energy 
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intermediate formed during the amide-bond hydrolysis or 
amide-bond formation [13,14]. Therefore, the peptidosulfon-
amides are at the same time stable to proteolytic hydrolysis 
and are capable of significantly altering the polarity and H-
bonding patterns of native peptide. Because of the relative 
acidic N-H in a sulfonamide moiety, it can be expected that 
H-bonds involving this amide surrogate will be stronger as 
compared to the amide analogs. These sulfonamides’ 
properties made the peptidosulfonamides attractive building 
blocks for the synthesis of peptidomimetics with enhanced 
metabolic stability and potentially potent enzyme inhibitory 
activities. Due to the intrinsic chemical instability of -
peptidosulfonamides, most of the peptidomimetics 
containing sulfonamide bond have been limited to more 
stable -peptidosulfonamides 2 (Fig. 2) [15]. However, this 
peptidomimetic approach is not without disadvantages. The 
most significant drawback of this approach is the capability 
of the sulfonamide moiety to disrupt any defined secondary 
structure of the parent peptide in solution, even if present at 
the N-terminus [16,17]. Following structural features of the 
sulfonamide moiety may contribute to this phenomenon: 

a) Sulfonamide N-H is more acidic than amide N-H 
and is therefore a better H-bond donor but a poorer 
H-bond acceptor. 

b) Presence of two sulfonamide oxygens as H-bond 
acceptors may also impair an H-bonding network, 
which holds together a secondary structure.  

c) The sulfonamide oxygens can assume varying 
positions due to less energy demanding rotation 
about sulfonamide bond. This may also prevent a 
proper alignment of the H-bonds necessary for a 
particular secondary structure.  

 Despite the disadvantages associated with the use of 
sulfonamide peptidomimetics, as shown in the literature, the 
pharmacological properties and biological activities of 
peptides may be improved by introducing the sulfonamide 
residue at a specific position within the peptide sequence 
[18,19]. Conversion of an amino acid into corresponding 
activated sulfonic acid derivatives such as sulfinyl- and 
sulfonylchlorides represent the first step in the synthesis of 
peptidosulfonamides [16,20]. Typical Synthesis of Fmoc-
protected -substituted- -aminoalkylsulfonyl chlorides 1 
include reduction of Fmoc-protected amino acid to the 
corresponding alcohol, conversion of the alcohol to sulfonic 
acid and in the final step, chlorination with thionyl chloride 
[21,22], phosgene [17,23-25], or triphosgene [18,26]. 
Another interesting approach for the synthesis of -amino-
sulfonamides requires the synthesis of sulfinylchlorides, 
followed by coupling of an amino acid or peptide via the 
amino group and subsequent oxidation using OsO4/N-
methylmorpholine-N-oxide mixture [27]. For the synthesis 
of peptidosulfonamides, especially long and complex ones, a 
solid-phase methodology is indispensable (Fig. 2). Liskamp 
et al. developed methods for solid-phase synthesis of 
peptidosulfonamides 2 that include both sulfonyl- [17,18] 
and sulfinylchloride amino acid analogs couplings [20,27-
29]. However, the sulfinylchloride method turned out to be 
inferior mainly because the yield of peptidosulfinamide 
oxidation to the corresponding peptidosulfonamide strongly 
depends on the peptidomimetic sequence and the type of 
resin used in the synthesis. Potential effect of pseudopeptide 
conformers on the peptidosulfinamide oxidation was not 
discussed.  
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Fig. (1). Schematic representation of peptidomimetics containing the amide surrogates that are isosteric with the natural peptidic amide 

bonds. 
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III. PHOSPHONOPEPTIDE SYNTHESIS 

 Phosphonopeptides containing a transition state analog of 
the hydrolysis of the amide bond represent another attractive 
approach for the preparation of proteolytically stable 
peptides [10,30,31]. In addition to increased stability, 
incorporation of a phosphonate moiety into the peptide 
sequence also provides access to additional binding 
interactions within the transition-state conformation of the 
enzyme/substrate complex [13]. This peptidomimetic 
approach is used to design very effective protease inhibitors 
[31-34]. As in the case of peptidosulfonamides, preparation 
of phosphorous amino acid analog suitable for incorporation 
into peptidic backbone represents the first step toward 
preparation of phosphonopeptide peptidomimetics.  

 Methods for obtaining -aminoalkylphosphonic acid 
analogs of amino acids in stereochemically pure form have 
been recently summarized in the literature [30,40-42]. 
Moreover, some of these analogs are also commercially 
available. Typical methods for solid-phase incorporation of 

-aminoalkylphosphonic acid into the peptide main chain 

include a modified Mitsunobu condensation, which proceeds 
with an inversion of configuration of a alcohol-bearing 
carbon [35-37] (Fig. 3). In order to apply the Mitsunobu 
coupling methodology to phosphonopeptide solid phase-
synthesis, the hydroxyl group in -hydroxy acid needs to be 
protected with the Fmoc-protecting group and aminoalkyl-
phosphonate 3 activated with 4-nitrophenethyloxycarbonyl 
(NPEOC) group. This method was successfully applied by 
Campbell et al. for the synthesis of a series of peptidyl-
phosphonates 4 as potential metalloprotease inhibitors [35]. 
The phosphonopeptides were elongated at the N-terminus 
using standard Fmoc chemistry and the final product was 
obtained after selective hydrolysis of the phosphonate 

protection group followed by cleavage from the resin.  

 Another interesting approach includes solution synthesis 
of aminophosphonate dipeptide analogs by benzotriazol-1-
yloxytris(dimethylamino)phosphonium hexafluorophosphate 
(BOP) or benzotriazol-1-yloxytris(pyrrolidino)phosphonium 
hexafluorophosphate (PyBOP) promoted reaction between 

appropriate  phosphonic  acid  monoesters and hydroxyl acid  
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Fig. (2). Solid-phase peptidosulfonamide synthesis using sulfonyl chloride methodology. 
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followed by their coupling using standard Fmoc chemistry. 
Using this synthetic strategy, Coste et al. prepared 
phosphonopeptide 6 in 32% overall yield starting from 
aminophosphonate 5 unprotected on the phosphorus moiety, 
avoiding selective deprotection of the phosphonate group in 
the final step, and therefore simplifying the synthetic 
procedure (Fig. 4) [38,39]. The findings that the acidity of 

the -proton depends on the character of C -substituent and 
that benzotriazole esters of phosphonic acid monoester, 
formed during BOP or PyBOP promoted reactions, are 
poorly reactive with amines, allowed efficient use of 5 in 
phosphonopeptide solid-phase synthesis [38]. On the other 
hand, these esters are very reactive with alcohols, especially 

1) 30% Piperidine/NMP

2) HBTU, HOBt, DIEA, NMP

Resin

Peptide NH-Fmoc

HO

O

O-Fmoc

R1

Peptide N
H

O

O-Fmoc

R1

1) 30% Piperidine/NMP

2) tris(4-chlorophenyl)phosphine, 

    DIAD, DIEA, THF

P

O

HO

MeO

H
N

R2

O

O
NO2

Peptide N
H

O

O

R1

P

O OMe

R2

NH-NPEOC

Peptide N
H

O

O

R1

P

O OMe

R2

NH Peptide NH2

1) 5% DBU/NMP
2) Fmoc-NH-AA-OH

3) HBTU, HOBt, DIEA, NMP

4) 30% Piperidine/NMP

Peptide N
H

O

O

R1

P

O OH

R2

NH Peptide NH2

O

H2N

1) 1:2:2 thiophenol:TEA:dioxane

2) TFA, scavengers

3

4  

Fig. (3). Solid-phase phosphonopeptide synthesis using modified Mitsunobu coupling procedure. 

1) Boc-NH-(CH2)2-S-S-C(CH3)2CO2H, BOP, DIEA

2) TFA

Resin

NH2

NHCO-C(CH3)2-S-S-(CH2)2-NH2

coupling: Fmoc-AA-OH or

Fmoc-HN

Ph

P
O

OH

O

OH

O
, BOP, DIEA

deprotection: 20% piperidine/DMF

Ac-Ser-Ala-Ala-HN

Ph

P
O

OH

O

Val-Val-Ahx-NH-(CH2)2-SH

O

cleavage: tris(2-carboxyethyl)phosphine (TCEP), 2% TFA/CH2Cl2
5

6  

Fig. (4). Solid-phase phosphonopeptide synthesis using aminophosphonate dipeptide building block. 



272    Mini-Reviews in Organic Chemistry, 2007, Vol. 4, No. 4 Cudic and Stawikowski 

 

in water. Quite importantly, this synthesis proceeded with 
neither formation of a P-N derivative nor epimerization.  

IV. OLIGOUREA SYNTHESIS 

 Considering a planar conformation of urea moiety, urea 
replacement of the amide linkage in native peptides 
represents conformationally more conservative type of 
peptidomimetics [43-50]. Several solid-phase synthetic 
approaches for the preparation of oligoureas employing 
different monomeric building blocks were described in the 
literature. Methods that utilize phthalimide protected 
isocyanate [51], and Boc- or Teoc-protected azido-4-
nitrophenyl carbamate [52] monomeric building blocks, 
were among the first ones reported in the literature.  

 However, none of these methods are compatible with 
Fmoc-chemistry, which is currently a standard method for 
peptide preparation. At present, N,N’-linked oligoureas are 
readily accessible by Fmoc solid-phase synthetic 
methodology with a variety of appropriate building blocks 
[53,54]. Guichard et al. developed solid-phase methodology 
based on the use of O-succinimidyl-(Fmoc-amino)ethyl-
carbamate monomers derived from selected N-Fmoc 
protected -amino acids [53]. Solid-phase synthesis of a 
series of oligoureas was performed on Rink amide resin by 
coupling O-succinimidyl carbamates with N,N-diisopropyl-
ethylamine (DIEA) in N,N-dimethylformamide (DMF). 
However, when using this synthetic methodology, the 

amount of impurities reported was significant due to 
incomplete coupling, incomplete Fmoc deprotection, and/or 
double insertion of certain monomeric building blocks. 
Significant improvement was achieved by replacing DIEA 
with N-methylmorpholine (NMM), or by performing the 
coupling without the presence of any base. Another 
interesting approach for the solid-phase synthesis of 
oligoureas, fully compatible with Fmoc-chemistry, was 
developed by Liskamp et al. (Fig. 5). In this case, the 
monomeric building blocks for oligourea solid-phase 
synthesis were prepared from N-Fmoc protected -amino 
acids [54]. This synthetic strategy includes the reduction of 
N-Fmoc protected -amino acids into the corresponding 
alcohol, then conversion into an azide by a Mitsunobu 
reaction, followed by reduction of the azide to an amine 
using catalytic hydrogenation. In the final step, obtained 
Fmoc protected monomeric amino building blocks were then 
activated by conversion to the corresponding carbamate with 
4-nitrophenyl chloroformate. The use of the Fmoc-protected 
4-nitrophenyl carbamate building blocks 7 and resins with 
acid-labile linkers allowed for the synthesis of the final 
oligourea products with C-terminal amide groups 8 or 
carboxylic acid 9, (Fig. 6). 

 Unfortunately, Fmoc solid-phase synthesis of oligourea 
peptidomimetics with C-terminal carboxylic acids also leads 
to the formation of the corresponding hydantoin byproducts 
10 [54-57] (Fig. 6). In this case, hydantoin formation arises 
as a result of an acid catalyzed intramolecular cyclization 
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Fig. (5). Solid-phase synthesis of oligourea amide peptidomimetics. 
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reaction. It has been reported that the ratio of desired 
oligourea peptidomimetic acid product and hydantoin 
byproduct is approximately 2:1 [54]. However, these two 
compounds were separable by preparative HPLC.  

 Due to the synthetic efficiency and stability of final 
products as mentioned above, Fmoc methods resulted in the 
preparation of oligourea peptidomimetics in which each urea 
repeating unit was extended by one additional carbon atom 
in comparison with the amino acid counterpart. This extra 
carbon atom may increase the lipophilicity and flexibility of 
the main chain, which could therefore make these 
peptidomimetics easier to cross the cell wall or the blood–
brain barrier. On the other hand, the hydrogen-bond forming 
urea units may also increase their water solubility and 
provide additional binding sites for interaction with their 
biological targets [43]. 

V. DEPSIPEPTIDE AND DEPSIDE SYNTHESIS 

 Replacement of the amide groups that undergo 
proteolytic hydrolysis with ester groups may also lead to 
longer acting compounds not so prone to proteolysis

 
[58-61]. 

Naturally occurring depsipeptides that contain one or more 
ester bonds in addition to the amide bonds, have been found 
in many natural organisms, such as fungi, bacteria, and 
marine organisms [62,63]. It is very well known that these 
natural products and their derivatives exhibit a diverse 
spectrum of biological activities including insecticidal, 
antiviral, antimicrobial, anti-tumor, tumor-promotive, anti-
inflammatory and immunosuppressive actions. On the other 
hand, depsides are peptide analogs entirely built up by 
hydroxyl acids mutually connected through ester bonds. A 
representative example of depsides is naturally occurring 
macrotetralide antibiotic nonactin [64]. Nonactin has been 
shown to possess activity against the P170-glycoprotein 
efflux pump associated with multiple drug resistant cancer 
cells. 

 Among many approaches described in the literature for 
depsipeptide and depside synthesis, carbodiimide/4-
dimethylaminopyridine (DMAP) coupling method developed 
by Riguera et al. showed to be the most efficient, and also 
importantly, it is fully compatible with Fmoc solid-phase 
synthetic methodology [65-67]. Carbodiimide reagents have 

Linker NH2

Amide type resin

H2N

O

N
H

N
H

H
N

R O

R1 O

H
N

N
H

Rn

N
H

O

NH2

Rn+1
n

Linker OH

Hydroxy type resin

HO

O

N
H

N
H

H
N

R O

R1 O

H
N

N
H

Rn

N
H

O

NH2

Rn+1
n

HN N

H
N

O

R1 O

H
N

N
H

Rn

N
H

O

NH2

Rn+1
nR O

+

Hydantoin byproduct

1) Deprotection

2) Coupling

3) Capping

    Cleavage form the resin

~2:1 

ratio

1) Deprotection

2) Coupling

3) Capping

    Cleavage form the resin

8 9

10

 

Fig. (6). Solid-phase synthesis of oligourea peptidomimetics on amide and hydroxy type resins. 
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been widely used in peptide synthesis because of their 
moderate activity and low cost [68]. They are used as 
coupling reagents and esterification reagents during loading 
of the first amino acid on the resin. The most commonly 
used carbodiimide reagent is 1,3-diisopropylcarbodiimide 
(DIC). By using 2:1 molar ratio of amino acid to DIC, the 
symmetrical anhydride is formed, which in turn reacts with 
the free hydroxyl group and the ester bond is formed. When 
carbodiimide is used in 1:1 molar ratio with amino acid, the 
reaction proceeds via O-acylisourea mechanism [69]. The 
reaction is catalyzed by the presence of DMAP, which 
increases the nucleophilicity of the hydroxyl group [70]. 
Using this synthetic methodology, Riguera et al. prepared 
linear precursors for depside 11 and depsipeptide 12, (Fig. 7) 

[67]. Final cyclic products were obtained after cleavage of 
linear precursors from the resin and cyclization in solution 
under high dilution conditions.  

 Cudic et al. demonstrated that cyclic depsipeptides, in 
particular cyclic lipodepsipeptides, can be synthesized 
entirely on the solid support [71]. This synthetic approach 
includes resin attachment of the first amino acid via side 
chain, use of combination of four quasi-orthogonal 
removable protecting groups, stepwise solid-phase synthesis 
of linear peptide analog, lipid tail attachment followed by 
depsipeptide bond formation and on-resin head-to-tail 
cyclization (Fig. 8). An analog of naturally occurring cyclic 
lipodepsipeptide antibiotic fusaricidin A 13 was synthesized 
using this strategy. The best results for amino acid coupling 
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via an ester bond were obtained using polyethylene glycol 
(PEG) based resins such as TentaGel S RAM and CH2Cl2 as a 
solvent [71]. The use of polar DMF, a typical solvent for 
SPPS, leads to no ester bond formation. Poor coupling yields 
were obtained on polystyrene (PS) based Rink-MBHA resins 
regardless of the solvent used. These results could be 
attributed to a better swelling of PEG based resins [72], rapid 
DIC activation  of  the  carboxylic group [73] and significant  

suppression of N-acylurea byproduct formation [74] in a 
non-polar solvent such as CH2Cl2. Another obstacle in 
depsipeptide synthesis is represented as the intramolecular 
O N acyl shift that may occur if basic conditions were to be 
used [71,75]. Reversible intramolecular O N or N O acyl 
shifts are well known side reactions that may occur during 
peptide synthesis [75]. Peptides containing Ser or Thr 
residues undergo N O acyl shift under acidic conditions, 
while exposure of corresponding depsipeptides to basic 
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conditions leads to opposite O N acyl shift. This undesired 
acyl shift can be avoided by incorporation of an amino acid 
with an acid labile N -protecting group into the peptide 
chain, or by permanently blocking peptide’s N-terminus 
prior depsipeptide’s ester bond formation [71]. 

VI. PEPTOIDS AND PEPTIDE-PEPTOID HYBRID 

SYNTHESIS 

 The oligomeric peptidomimetics such as peptoids are 
particularly interesting compounds since they provide access 
to an enormous molecular diversity by variation of the 
building blocks. Peptoids represent a class of polymers that 
are not found in nature. They differ from the peptides in the 
manner of side chain attachment and thus can be considered 
as peptide mimetics in which the side chain has been shifted 
from the chiral -carbon atom in a peptide to the achiral 
nitrogen [76]. Peptoids lack the hydrogen of the peptide 
secondary amides and thus are incapable of forming the 
same type of hydrogen bond networks that stabilize peptide 
helices and -sheets. In addition, the peptoid polymer 
backbone is achiral. However, chiral center can be 
introduced in the side chains in order to obtain preferred 
secondary structures. Among many peptoid properties, an 
improved bioavailability [77,78] and protease resistance 
[79,80] are especially attractive for peptidomimetic design.  

 Two methods for the synthesis of peptoids are described 
in the literature: monomeric (Fig. 9A) and submonomeric 
(Fig. 9B), both developed by Zuckermann et al. The 
monomeric method is analogous to the standard solid-phase 
peptide synthesis [81-83]. In general, this method includes 
activation of the N -Fmoc protected N-substituted glycine 
using standard reagents for the Fmoc solid-phase chemistry, 
followed by its coupling to the secondary amino group of the 
resin bound peptoid chain. This step is repeated until the 
desired peptoid sequence is synthesized. However, a major 
disadvantage of this method is the requirement of the 
separate synthesis of suitably protected N-substituted glycine 
monomeric building blocks. On the other hand, the 
submonomeric method represents a more practical approach 
since this method does not require the use of Fmoc protected 
N-substituted glycines. Instead, any amine (side chain 
protected, if necessary) can be used. In the submonomeric 
method, each cycle of monomeric building blocks addition 
consists of an acylation step using haloacetic acid 
(bromoacetic acid) and a nucleophilic displacement step. 

This method is particularly useful for the synthesis of 
peptoid based combinatorial libraries [84]. Protection of 
carboxyl, thiol, amino and other reactive side chain 
functionalities is required to minimize undesired side 
reactions. However, the mild reactivity of some side-chain 
moieties toward displacement or acylation may allow their 
use without protection (e.g. indole, imidazole and phenol). 

 Since the monomeric method for peptoid synthesis is in 
principle identical to the standard Fmoc solid-phase peptide 
synthesis and the methods for preparation of fully protected 
monomeric building blocks are described in the literature 
[81,82], it will not be further described in this chapter. It is 
noteworthy that coupling of monomeric units using this 
method is more difficult to perform in comparison to the 
peptides due to the secondary amine’s low reactivity if 
electron withdrawing groups are attached, and also due to the 
sterical hindrance around this atom. Therefore for these 
difficult couplings, reagents such as bromo-tri-pyrrolidino-
phosphonium hexafluorophosphate (PyBroP), PyBOP or N-
[(dimethylamino)-1H-1,2,3-triazolo[4,5-b]pyridin-1-ylmethy-
lene]-N-methylmethanaminium

 
hexafluorophosphate N-

oxide (HATU) are recommended.  

 Since the standard solid-phase peptide synthesis starts 
from the C-terminus and finishes at the N-terminus, the 
solid-phase peptoid and peptide synthesis could be 
combined, giving peptide–peptoid hybrid polymers. 
Ostergaard and Holm named these hybrids peptomers [85]. 
This approach may also be used in the conversion of 
biologically active peptide ligands, such as peptide hormones 
or protease inhibitors, into an active peptomeric version by 
ensuring that the essential amino acids comprising the lead 
motif are included in the synthesis [80]. Both peptoids and 
peptomers can be easily sequenced using modified Edman 
degradation conditions [86]. 

VII. AZAPEPTIDE SYNTHESIS 

 Azapeptides are peptide analogs in which one or more -
carbon atoms are replaced with nitrogen atoms [2,87]. It has 
been reported that the incorporation of azaaminoacid into 
peptide sequences induces turn conformations [87] and 
reduce the flexibility of the parent linear peptide due to the 
replacement of the rotatable C -CO by a more rigid urea N -
CO bond [88,89]. In addition, this modification may also 
increase the number and strength of potential H-bonds. The 
NH-group attached to N -atom is more acidic than in non-
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Fig. (9). Two methods of peptoids synthesis: monomeric (A) and submonomeric (B). 
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aza peptides, therefore favoring stronger H-bonding [90]. All 
these characteristics make azapeptides particularly attractive 
leading structures for drug design. Numerous aza-peptides 
with improved pharmacological properties compared to their 
parent peptides have been reported. Such examples are aza-
analogs of angiotensin [91], enkephalin [92], oxytocin [93], 
eledoisin [94], lubilerin [95], thyrotropin-releasing hormone 
(TRH) [96] and somastatin [97].  

 A variety of methods have been developed for azapeptide 
synthesis. However, only a few strategies have been reported 
for azapeptide solid-phase synthesis using Fmoc-chemistry. 
These methods are based on either activation of the peptide 
N-terminus or activation of the Fmoc protected hydrazine 
building blocks. Quibell et al. prepared azapeptides 14 on a 
solid-support via activation of the N-terminal amino group of 
a growing peptide chain with bis-2,4-dinitrophenyl carbonate 

in the presence of a base, followed by a reaction with Fmoc-
protected amino acid carbazates and hydrazides (Fig. 10A), 
[98]. Unfortunately, this methodology also led to the 
formation of resin-bound hydantoin byproducts 15 and 
therefore reduced azapeptides purity and yields. Hydantoin 
formation arises as a result of intramolecular nucleophilic 
attack on the activated intermediate by the secondary 
nitrogen from the preceding C-terminal peptide backbone 
chain. However, undesired hydantoin formation could be 
prevented by omission of the base from the activation 
procedure or, as shown by Johnson et al. [99], by using the 
N-2-hydroxy-4-methoxybenzyl (Hmb) reversible amide bond 
protecting group. Kessler et al. developed a method for the 
solid-phase synthesis of aza-RGD-mimetics that utilizes 
activated N-protected carbazoic acid or carbazic acid 
chloride building blocks (Fig. 10B) [100]. Treatment of 
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Fmoc-hydrazine with phosgene in toluene resulted in the 
formation of corresponding carbazoic acid 16, while Fmoc-
methylhydrazines under slightly modified reaction 
conditions yielded carbazic acid chlorides 17. RGD-
mimetics were assembled on a solid support using Fmoc-
chemistry and individually optimized reaction conditions for 
activated aza-building blocks coupling. In all prepared RGD-
mimetics, glycine was replaced with aza-building blocks and 
the effect of aza-substituents on binding to v 3- and 

IIb 3 integrins was examined. 

 A more general Fmoc-method for azapeptide solid-phase 
synthesis was described by Lubell et al. [101]. In this 
method, N’-substituted Fmoc-carbazates were activated with 
phosgene in toluene and coupled to the resin-bound peptide 
in the presence of DIEA (Fig. 10B). In the next step, the 
Fmoc protecting group was removed using standard 
deprotection protocol and the resulting free aza-amino acid 
residue was acylated with the next Fmoc-amino acid. 
However, due to low reactivity of aza-amino acid residues 
[100-102], acylation was not observed using 2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate (HBTU) coupling reagents. An efficient acylation 

was achieved using only Fmoc-amino acid chlorides, which 
are in this case generated in situ with bis-(trichloromethyl)-
carbonate (BTC) and 2,4,6-collidine. This method showed to 
be very effective for introducing aza-amino acid residues 
with aliphatic, aromatic and heteroatomic side chains.  

 Other interesting azapeptide analogs are hydrazino-
peptides (Fig. 11), which can be viewed as azaanalogs of -
peptides [103]. Due to interesting biological (proteolytic 
stability) [103] and conformational properties (induced -
turn type conformation) [104], hydrazinopeptides also 
represent an attractive peptidomimetic approach for drug 
design applications. However, despite these interesting 
properties, hydrazinopeptides have not been widely studied 
mainly because of the difficulties associated with their 
synthesis. The regioselective acylation of hydrazinoacids is 
particularly difficult without orthogonal protection of their 
two nitrogen atoms [105,106], whereas coupling of 
unprotected hydrazinoacids can give rise to diketopiperazine 
or oligomeric byproducts [107].  

 Recently, Jamart-Grégoire et al. described the first Fmoc 
solid-phase synthesis of some hydrazinopeptides [108]. Two 
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strategies were employed for the solid-phase synthesis of 
PFVh(Z)AL and PFh(Z)AVL as model hydrazinopeptides: a 
step-by-step synthesis, consisting of the coupling of N ,N -
orthogonally protected hydrazinoacid 18, (Fig. 11A) and 
semi-convergent synthesis that involved direct incorporation 
of a hydrazinodipeptide 19, (Fig. 11B). In both cases, Fmoc 
chemistry was used throughout the synthesis. N -Fmoc-N -
Z-hydrazino acids 18 and building block 19 were prepared 
over six steps starting from commercially available -amino 
acids [109]. The efficiency of every coupling and 
deprotection step was monitored by HR-MAS NMR (High-
Resolution Magic Angle Spinning) analysis. Coupling of the 
Fmoc hydrazinoacids 18 was found to be difficult and 
strongly dependent on both amino acid side chain bulkiness 
and solvent. Using standard Fmoc synthetic protocol, only 
13% yield of the final product was obtained. The low yield 
was explained by a decreased accessibility of the reactants 
due to the structuration of the growing pseudopeptide on the 
solid support [104]. However, a slight increase in the yield 
(27%) was obtained by using a solvent that has a 
destructuring effect on peptides, such as DMF/DCM/NMP 
(33/33/33 v/v/v) [110] and piperidine/DMF/NMP/toluene 
(25/25/25/25 v/v/v/v) for the deprotection of the Fmoc 
group. The effect of steric hindrance on the coupling 
reactions was demonstrated by the synthesis of less sterically 
hindered PFh(Z)AVL hydrazinopeptide in 36% yield. The 
second synthetic approach that requires coupling of 
hydrazinodipeptide building block 19 was more efficient. 
When DMF was used as a solvent, an overall 35% yield was 
obtained, whereas the use of DMF/DCM/NMP mixture led 
to 46% of the final pure product.  
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