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Abstract: Among the twenty natural proteinogenic amino acids, proline is unique as its 

secondary amine forms a tertiary amide when incorporated into biopolymers, thus 

preventing hydrogen bond formation. Despite the lack of hydrogen bonds and thanks to 

conformational restriction of flexibility linked to the pyrrolidine ring, proline is able to 

stabilize peptide secondary structures such as -turns or polyproline helices. These unique 

conformational properties have aroused a great interest in the development of proline 

analogues. Among them, proline chimeras are tools combining the proline restriction of 

flexibility together with the information brought by natural amino acids side chains. This 

review will focus on the chemical syntheses of 3-substituted proline chimeras of potential 

use for peptide syntheses and as potential use as tools for SAR studies of biologically 

active peptides and the development of secondary structure mimetics. Their influence on 

peptide structure will be briefly described. 
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1. Introduction 

Among the twenty natural amino acids, proline is unique as its secondary amine forms a tertiary 

amide when incorporated into biopolymers, thus preventing hydrogen bond formation. Regarding the 

conformational space around proline residues, if the pyrrolidine ring restricts the flexibility of  and  

peptide backbone dihedral angles, at the same time the formed tertiary amide bond is more susceptible 

to cis/trans isomerism extending the accessible conformational space around the  dihedral angle [1] 

Despite the lack of hydrogen bond donor capability, proline is able to stabilize peptide secondary 

structures such as turns [2] or helices (PPI and PPII helices) [3,4]. These unique conformational 

properties of proline have aroused a great interest leading to the development of many analogues 

(Figure 1) useful for peptide syntheses, SAR studies, design of bioactive peptides or secondary 

structures mimics [5–12]. 

Figure 1. Some proline analogues. 

 

Among these analogues, proline chimeras C [5] are tools combining proline restriction of backbone 

flexibility together with the information brought by natural amino acids side chains. Four types of 

proline chimeras can be considered depending on the position of the side chain on the pyrrolidine ring 

(Figure 2). These cyclic amino acids restrain, like proline, the -value of the peptide backbone around 

–65° while the insertion of side chains on the pyrrolidine ring concomitant with the creation of a new 

chiral centre might yield information on: (i) its conformation, (ii) the importance of the information it 

carries, (iii) the cis/trans isomerism of peptide amide bond. Among these chimeras, 3-substituted 

prolines have received careful attention regarding syntheses, structural features and biological 

applications, the subjects of this review. 
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Figure 2. Four types of proline chimeras. 

 

2. Syntheses 

The synthesis of mono-3-substituted prolines has been approached through several pathways that 

can be merged into three major routes involving direct functionalization of proline derivatives, inter- or 

intramolecular cyclization reactions (via C–C or C–N bond formation, using anionic, cationic or 

radicalar processes). Some of these approaches will be described here. 

2.1. Syntheses Starting from Proline or Proline Derivatives 

The synthesis of 3-substituted prolines through nucleophilic substitution (NS) of bromine 

intermediate (Scheme 1) was reported by Häusler and Schmidt in 1979 [13,14]: 

Scheme 1. Nucleophilic substitution (NS) of bromine intermediate. 

 

The imine intermediate was obtained by N-chlorination of proline methyl ester with tert-butyl 

hypochlorite followed by dehydrochlorination, the oxidation leading to the loss of the chirality. The 

bromination of the imine intermediate was realized with N-bromosuccinimide and substitutions were 

performed with a few nucleophiles. The substituted prolines were obtained as mixtures of cis/trans 

racemates. This approach has been extended in 2009 by Mothes, who developed an original strategy 

based on the 1,4-addition of organometallic reagents to 2,3-didehydroprolinate (Scheme 2a) [15]: 
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Scheme 2. Trans-3-substituted prolines through 1,4-addition of organometallic reagents to 

2,3-didehydroprolinate. 

 

The Michael acceptor was prepared from L-methylprolinate following Haüsler’s method [13]. 

Treatment of the iminoester with benzyl chloroformate in the presence of pyridine gave the desired  

N-protected 2,3-didehydroprolinate derivatives.  

Michael addition reactions were conducted first with Grignard reagents using 1 mol% of CuI and 

1,5 mol% of the chiral ligand (R)-Tol-BINAP leading to the desired 1,4 adduct with excellent 

diastereoselectivity (dr > 99/1), but with no enantioselectivity. The stereochemical outcome of the 

addition was determined by the analysis of ROE correlations and vicinal coupling constants of the 

deprotected substituted proline, together with molecular mechanics calculations of cis- and trans-3-

phenylproline isomers confirming the exclusively trans stereochemistry of the Michael adduct, 

obtained as a racemate. The rhodium-catalyzed 1,4-additions of phenyltrifluoroborate were also 

investigated in the presence of different Rh(I) catalysts and solvents. The reaction required the use of 

[RhOH(cod)]2 at high reaction temperatures to ensure the consumption of the starting material and 

affording 65% yield when conducted in MeOH. Again, attempts to develop a catalytic enantioselective 

reaction failed when a complex of [RhOH(cod)]2 associated with (S)-BINAP was used. The 

configuration of the Rh-catalyzed addition products was established by analogy with those from  

Cu-mediated addition. 

A similar approach, but with improved yields regarding both the synthesis of the starting material 

and the 1,4 Michael addition on the enone, has been recently reported by Huy and co-workers [16]. 
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Moreover, Huy succeeded elegantly in the synthesis of non racemic compounds (Scheme 2b) by 

introducing Evans chiral auxiliary on the dehydroproline derivative. However, the diastereoselective 

approach has only been described with vinyl Grignard reagent and it extension to other Grignard 

reagents was not demonstrated. 

More recently, the Michael addition of organocuprates on an enone derivative has been successfully 

used by Maillard et al. for the stereoselective synthesis of 3-alkyl-substituted prolines (Scheme 3) [17]: 

Scheme 3. Addition of organocuprates on an enone derivative. 

 

The starting enone was prepared in six steps from glutamic acid. The addition was performed in 

presence of TMSCl leading to the expected compounds in good yields (70%–80%) in all cases. 

Reduction of the pyrrolidine amide and TBAF deprotection of the silylated alcohol followed by Jones 

oxidation gave the desired derivatives as enantiomerically pure compounds. 3-Substituted prolines 

have been prepared as racemates by regioselective alkylation of the allylic anion of the ketene S,S-acetal 

derived from proline as reported by Moss and co-workers (Scheme 4) [18]: 

Scheme 4. Regioselective alkylation of the allylic anion of the ketene S,S-acetal. 

 

trans-Derivatives were obtained as major product after regeneration of the carboxylic acid function. 

A possible interest in this approach compared to the previous ones is the introduction of functionalized 

side chains instead of simple alkyl chains. 

4-Oxoproline has been used by several groups as starting material to access 3-substituted prolines. 

In the method developed by Holladay, the regioselective C-3 alkylation is performed on an enamine [19]. 

A separable mixture of diastereoisomers is obtained, along with some dialkylation product (Scheme 5): 

The introduction of the 9-phenylfluoren-9-yl instead of the Boc group allowed the direct 

regioselective alkylation of the ketone derivative as reported by Sharma [20]. 
Mamai et al. have reported the synthesis of optically pure trans-3-substituted prolines [21]. The 

strategy is based on the diastereoselective conjugate addition of LiCH2CN on an -unsaturated 

lactam, obtained from (S)-pyroglutamic acid (Scheme 6). 
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Scheme 5. Regioselective alkylation of 4-oxoproline derivatives. 

 

Scheme 6. Diastereoselective addition of LiCH2CN on an -unsaturated lactam. 

 

The trans-substituted pyrrolidine was obtained after reduction of the lactam giving access to both 

amino acids suitably protected for peptide synthesis. 

3-Hydroxyproline has also used as a starting material for the synthesis of 3-substituted proline 

derivatives by some authors. Kamenecka has, for example, reported the palladium coupling on an enol 

triflate derived from 3-hydroxyproline (Scheme 7) [22]: 

Scheme 7. Palladium coupling on an enol triflate derived from 3-hydroxyproline. 
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The enantioselective synthesis of 3-substituted prolines was achieved starting from 3-hydroxy-(S)-

2-proline. A variety of groups were introduced at C3 position using palladium-mediated couplings 

with the corresponding enol triflate derived from N-trityl-3-oxo-(S)-2-proline methyl ester. Cleavage 

of the trityl residue and hydrogenation provided final products with good to modest diastereoselectivity 

(cis-trans mixtures). 3-Hydroxyproline has also been functionalized through simple alkylation of the 

alcohol function by alkyliodides by Maillard et al. (Scheme 8) [17]: 

Scheme 8. Alkylation of the alcohol function of 3-Hydroxyproline derivative. 

 

The Ag2O mediated alkylation led to proline derivatives with low to good yields (3%–63%). The 

acid mediated hydrolysis of the esters afforded, with moderate to good yields, derivatives suitable for 

peptide syntheses. 

2.2. Syntheses by Intramolecular Cyclization Processes 

2.2.1. C–C Bond Formation through Anionic Processes 

Pellegrini and co-workers have reported a racemic synthesis of cis- and trans-3-substituted prolines 

functionalized by a guanidinoethyl group (Scheme 9) [23]. Addition of the carbanion on the ester, 

trapping of the enol by TMSCl followed by hydrolysis and Wittig reaction yielded the Boc-protected 

3-pyrrolidinone: 

Scheme 9. Intramolecular cyclization of a linear nitrile derivative. 

  



Molecules 2013, 18 2314 

 

 

The cis derivative is then obtained after catalytic hydrogenation of the double bond. The 

thermodynamically more stable trans derivative can be obtained by epimerisation of the -centre, after 

hydrolysis of the nitrile.  

In 1997, Karoyan [24] and Lorthiois [25] reported the amino-zinc-ene-enolate cyclization as a 

powerful approach for the synthesis of substituted prolines. This reaction was applied to the synthesis 

of 3-substituted prolines bearing all types of natural amino acids side chains (Scheme 10) [26–28]. 

Starting from the N-homoallyl--amino benzylester [29], the intramolecular carbometallation yielded 

the cyclic organozinc reagent with a cis-stereochemistry. The reaction is highly stereospecific and 

stereoselective, the absolute configuration depending on the chiral auxiliary (i.e., (S)- or  

(R)--methylbenzylamine). trans-Isomers were obtained by epimerization of the -centre, the 

condition of epimerization depending on the side chain type. 

Scheme 10. Amino-Zin-Ene-Enolate cyclization. 

 

The cyclic organozinc reagent was then reacted with electrophiles (NIS, NBS, I2, H2O) or 

transmetallated into palladium- or copper-zinc species to introduce variable functional groups. 

Noticeably, analogues of tryptophan were prepared on large scale through this strategy. 

2.2.2. C–C Bond Formation through Cationic Process 

In 1987, the synthesis of racemic proline derivatives by intramolecular cyclization of propargyl- or 

allylsilane on N-acyliminium cation was reported by Mooiver (Scheme 11) [30]: 
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Scheme 11. Intramolecular cyclization of N-acyliminium cation. 

 

The 2-aza-Cope rearrangement usually observed in this approach is avoided thanks to the allylsilane 

double bond activation. 

2.2.3. C–C Bond Formation through Radicalar Process 

Hiemstra and co-workers have reported the synthesis of 3-substituted prolines with reductive and 

non-reductive radical cyclization processes [31–33], the former one allowing further functionalization. 

Compounds are obtained as mixtures of five- and six-membered rings (Scheme 12). 

Scheme 12. Cyclization through radical processes. 

 

2.2.4. C–N Bond Formation 

2.2.4.1. From Aspartic or Glutamic Acid Derivatives 

Starting from orthogonally protected aspartic acid, North and co-workers have reported the 

synthesis of cis- and trans-3-carboxyproline derivatives (Scheme 13) [34]: 
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Scheme 13. Aspartic acid as starting material. 

 

The -proton abstraction was avoided by using the hindered base LiHMDS. The regioselective 

alkylation of the  position was performed on the dianion [35]. Oxydation of the double bond in 

reductive conditions followed by hydrogenation of the cyclic imine intermediate yielded the 

orthogonally protected amino acids. 

2.2.4.2. From Garner’s Aldehyde 

There are several contributions from Sasaki and co-workers reporting the syntheses of substituted 

prolines. Thus, the diastereoselective synthesis of cis-3-methyl-, vinyl- and phenylprolines have been 

reported (Scheme 14) [36]:  

Scheme 14. Diastereoselective 1,4-addition on a chiral oxazolidine -unsaturated ester. 

 

The key step is the highly diastereoselective 1,4-addition of dialkylcuprates on a chiral oxazolidine 

-unsaturated ester easily available from Garner’s aldehyde. The resulting linear precursor leads to 

the corresponding cis-3-substituted prolines after cyclization of the intermediate mesylate. This 

approach has been more recently extended to the synthesis of trans-derivatives after reduction of the 

ester function, followed by benzylation of the resulting alcohol, subsequent oxidative hydroboration of 

the alkene, followed by mesylation of the resulting alcohol and cyclization. The cyclic proline 
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derivative was used as starting material to prepare arginine derivatives in 12 steps starting from 

Garner’s aldehyde [37]. 

An alternative approach has been reported for the synthesis of trans-derivatives based on the 
-alkylation of a sulfone derived from serine (Scheme 15) [38]. The dianion generated with BuLi 

reacts with 2-bromoethyltriflate to allow the diastereoselective formation of the pyrrolidine cycle, 

which was subsequently alkylated by allylbromide. The thermodynamically more stable trans 

derivative was obtained with good optical purity after desulfonylation [38–40].  

Scheme 15. -alkylation of a sulfone derived from serine. 

 

2.2.4.3. Through Reductive Amination 

An elegant enantioselective organocatalytic approach has been recently reported by Han et al. 

(Scheme 16) [41]: 

Scheme 16. Asymmetric organocatalytic Michael addition of nitro esters. 

 

The key step is an asymmetric organocatalytic Michael addition of nitro esters to -unsaturated 

aldehydes. Chiral adducts are obtained with excellent yields and enantioselectivities. The 

diarylprolinol silyl ether is used as the organocatalyst. The optimal conditions reported are 10 mol% of 

the catalyst with 10 mol% of benzoic acid in toluene at 0 °C. After protection of the aldehyde function, 

reduction of the nitro group, the authors succeeded in the synthesis of the protected proline derivatives 

in a one pot procedure including acetal deprotection, imine formation followed by catalytic 

hydrogenation and Cbz protection of the amine.  
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2.3. Synthesis of 3-Substituted Prolines by Intermolecular Cyclization 

2.3.1. Through Michael-Addition/Alkylation Sequences  

3-Substituted prolines can also be prepared through the condensation of diethyl  

N-acetylaminomalonate on -unsaturated aldehydes (Scheme 17) [42–45]: 

Scheme 17. Condensation of diethyl N-acetylaminomalonate on -unsaturated aldehydes. 

 

Compounds are obtained as a mixture of N-Boc-proline diastereoisomers after three steps. The cis- 

and trans- derivatives were separated thanks to the selective saponification of the less hindered trans- 

derivative. Coupling the racemate to -methylbenzylamine has also been described to obtain optically 

pure compounds [44]. The organocatalytic asymmetric version of this reaction has been reported by 

Rios et al. using chiral pyrrolidine derivatives as catalysts [46]. The organocatalytic enantioselective 

tandem reactions proved to be highly enantioselective and occured with good yields (67%–77%) and 

excellent ee (90%–99%). 

3. Conformational Effects and Structural Applications 

3.1. Conformational Effects of 3-Substituted Prolines 

The conformational effects of these proline chimeras strongly depend on different parameters from 

the nature and the bulkiness of the side chain to the configuration of the C3 carbon (Figure 3). The 

introduction of a methyl group with a trans relationship with the carboxyl function has only minor 

effects, whereas a cis-3-methyl susbstituent stabilizes the C-endo puckering and strongly restricts the 

conformational space around the  angle, through steric interactions with the carboxamide group, 

strongly destabilizing the -turn conformation for example [47].  

Increasing the bulkiness of the trans-3-substituent (from methyl to isopropyl) gradually shifts the 

puckering equilibrium toward the C-exo form (from 50% for trans-3-methylethiomethylproline to 

70% for trans-3-isopropylproline) [48]. This C-exo puckering of trans-3-isopropylproline 

corresponds to less negative values of  and smaller values of  as compared to proline. 
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Figure 3. Schematic representation of trans and cis-3-prolinoamino acids. 

 

Regarding the effects of a 3-substituent on cis-trans isomerism of the preceding peptide bond,  

3-methyl substituents marginally affect the proportion of peptide bond cis and trans isomers  

(about 25%–30% of cis isomers in water, as observed for other peptides) [47,49]. 

The pyrrolidine cycle restricts the side chain conformational space since only two of the three 

possible 1 canonical rotamers of unconstrained amino acids are accessible to prolinoamino acids, the 

trans and a single gauche rotamer (g− or g+ for trans or cis-prolinoamino acids, respectively). 

Although the geometrical constraint due to the cyclization induces a 30° deviation of 1 from ideal 

staggered values, the conformers of prolinoamino acids fit well with the corresponding structures of 

unconstrained amino acids [48,50]. 

3.2. Structural Applications 

Despite the lack of hydrogen-bond donor ability when introduced into peptide sequences, the 

conformational restriction endows proline with a high propensity for secondary structures such as 

extended helices [4] or -turns [2]. 

3.2.1. Polyproline Helical Conformations 

Proline-rich peptide sequences can fold into helical conformations: the polyproline II (PPII) helix 

with trans amide bonds in aqueous solvents or the polyproline I (PPI) helix with cis amide bonds in 

polar organic solvents. The PPII helix is often encountered in proteins such as collagen triple helix 

where the three strands are folded into PPII conformation [51,52]. In addition, such PPII motifs play 

important roles in protein-ligand or protein-protein recognition [4,53–55]. On the contrary, the PPI 

helix is not encountered in a biological context. 

Functionalized PPII helices have been designed by using proline chimeras, such as 4-substituted 

prolines [3,56] and 3-substituted prolines [4]. In the latter case, a major difficulty is encountered 

during peptide synthesis. Indeed, the incorporation of cis- and trans-3-substituted prolines can be 

realized by using a panel of standard coupling reagents such as HBTU, HATU, DCC/DMAP, PyBrOP, 

DIC/HOBt with or without microwave activation but with only moderate yields in the case of cis 
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derivatives. Because of steric hindrance of cis-3-substituted derivatives, the solid phase synthesis of 

oligomers requires an optimization of conditions of the coupling step, which can be driven to 

completion after activation through the corresponding acyl chlorides. This was demonstrated by the 

synthesis of prolinovaline oligomers (Scheme 18): 

Scheme 18. Solid phase synthesis of oligomers. 
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Initially, the required acyl chloride of prolinovaline monomer was prepared using SOCl2 into 

refluxing dichloromethane. The product was found to be stable when stored into desiccators after 

evaporation of the solvent, but reproducibility problems were encountered by using this method. Use 

of the Ghosez reagent solved this problem [57,58]. In this case, the reaction mixture was found to be 

directly utilizable for coupling onto the resin without removal of excess reagent and side product. 

Homooligomers of prolinovaline from two to nine residues were synthesized with Ghosez reagent with 

yields ranging from 11% to 59%. By contrast, during the solid phase synthesis of a peptide 

incorporating one or more prolinovaline residues, the amine group of the prolinovaline monomer 

reacts easily with natural -amino acid using the standard HBTU coupling reagent. 

The structures of the prolinovaline oligomers were assessed using Circular Dichroism (CD, Figure 4). 

CD is a commonly used technique for rapid identification of secondary structures in proteins. It also 

allows getting insights in the folding propensity of non-natural oligomers or polyproline oligomers 

when other techniques do not. For example, PPII conformations are difficult to establish by NOE's 

NMR experiments since the extended conformation prevents the existence of spatial correlation (NOE) 

between non-adjacent residues. The existence of cis/trans interconversion equilibria also often 

hampers the interpretation of NMR spectra.  

Oligomers built from prolines adopt extended conformations in solution, i.e. PPII conformation in 

water and PPI conformation in aliphatic alcohols such as MeOH. In the case of polyproline 

conformations, characteristic CD signatures are observed: a weak maximum at 226 nm and a strong 

minimum at 206 nm in water for PPII conformation, and weak minima at 200 and 232 nm, together 

with a strong maximum at 215 nm in aliphatic alcohols for PPI conformation [59].  
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-Structure/PPII/PPI helix interconversions have been studied using non-natural proline surrogates 

substituted in various positions [60–64].  

Figure 4. CD spectra of cis-prolinovaline oligomers (from dimer to octa- or nonamer)  

(a) in H2O; (b) in MeOH; (c) Superimposition of the heptamer CD spectra recorded in 

water and MeOH. 

 

From the prolinovaline hexamer, the CD spectra do not depict to the sum of the chiral contribution 

of each monomer but indicate a defined chiral secondary structure in water. Moreover, upon increasing 

the temperature from 20 to 90 °C, the shape of the CD signal remains unchanged, indicating that the 

secondary structure adopted by the prolinovaline oligomers is stable in this temperature range. Similar 

CD spectra were recorded in MeOH, and the CD spectra of the heptamer in water and MeOH (Figure 4c) 

are almost superimposable, suggesting that the PPII conformation is locked in both solvents. This 

indicates that the substitution in position 3 of the pyrrolidine ring can be accommodated in PPII 

secondary structures in water and even in aliphatic alcohol. Prolinoamino acids appear to be valuable 

tools to build functionalized foldamers mimetics of PPII helices. 

3.2.2. -Turns 

The -turn motif, a recognition element often involved in receptor-ligand interactions [65], is a 

major subject of investigation in the development of synthetic mimics of peptide secondary structure [66–76]. 

The use of cis-3-substituted prolinoamino acids in combination with N-methyl- or cyclopropyl amino 

acids has been reported to stabilize type II’ -turns in water that retain the side-chain functionalities in 

both i+1 and i+2 positions of the turn [50,68]. These short peptides incorporate three motifs, a 

heterochiral sequence, a proline scaffold and a N-methyl group or a cyclopropylamino acid, that are 

known to exhibit strong -turn propensity (Figure 5) [1,73–75]. The prolinoamino acid allows to 

mimic the canonical staggered rotamers of the side chains in i+1 position with minimal deviation and 

its combination with N-methyl- or cyclopropylamino acids allows one to mimic the three canonical 

rotamers of the 1 angle in position i+2 of the turn. Noticeably, the N-methylation restricts the 

conformational space of the side chain in i+2 position to gauche– (1 ~ –60°) and trans (1 ~ 180°) 

orientations around the 1 angle, the gauche+ rotamer (1 ~ +60°) being destabilized by unfavorable 

interaction with the N-methyl group. Heterochiral sequences incorporating the side chains of aromatic 

hTrp and cationic Lys or Arg amino acids were prepared as secondary structure mimics of the turn 

sequences found in somatostatin [77] and tendamistat respectively (Figure 5) [78]. 
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Figure 5. Comparison of turn mimetics NMR structures with selected -turns from PDB 

structures. The turn mimetics are pseudotetrapeptides of sequence Piv-D-Xaa-L-Yaa-

NHMe with Xaa = 3-cis-prolinoleucine (A) or 3-cis-prolinohomotryptophane (B, C) and 

Yaa = NMePhe (A), NMeLys (B) or cyclopropylarginine (C). The peptidomimetics 

structures are superimposed to the following structures: A, Leu-Phe -turn of glycogen 

phosphorylase (PDB entry 3GPB); B, Trp-Lys -turn of a somatostatin analog (PDB 

1SOC); C, Trp-Arg -turn of tendamistat (PDB 1BVN). 

 

4. Conclusions 

In conclusion, 3-substituted prolines have been reported as useful tools for SAR studies. They also 

represent powerful tools to build stable functionalized secondary structure mimetics, such as turns or 

PPII helices, a primary step towards the design of more sophisticated foldamers. However, reaching 

such goals requires the development of synthetic methodologies allowing the preparation of these 

susbtituted prolines with high functional diversity. Several strategies have been reported, some of them 

allowing the multi-gram scale synthesis of these chimeras. 
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