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Lysine-based 2:1-[α/aza]-pseudopeptide series used as additives in polymeric membranes for CO 2 capture: synthesis, structural studies, and application

The current study presents for the first time the synthesis of a new 2:1-[α/aza]-pseudopeptide series possessing charged amino acid (i.e., lysine) and aims at studying the influences of chirality, backbone length, and nature of the lysine side chains on the conformation of the 2:1-[α/aza]-oligomers in solution using NMR, FTIR spectroscopy and molecular dynamic calculations. The spectroscopic results emphasized the conservation of the β-turn conformation adopted by the trimers regardless of the chirality which demonstrated a noticeable effect on the conformation of homochiral hexamer compared with the hetero-analogue. The molecular dynamic calculations predicted that the chirality and the side chain of the lysine residues caused a little distortion from the classical β-turn conformation in case of short trimer sequences, while the chirality and the backbone length exerted more distortion on the β-turn adopted by the longer hexamer sequences. The large disturbance in hexamers from classical β-turn was attributed to increasing the flexibility and the possibility of molecules to adopt more energetically favorable conformation stabilized by non-classical β-turn intramolecular hydrogen bonds. Thus, alternating Dand L-lysine amino acids in the 2:1-[α/aza]-hexamer decreases the high steric hindrance between the lysine side chains, as in the homo analogue, and the distortion is less recognized. Finally, short sequences of aza-pseudopeptides containing lysine residues improve CO2 separation when used as additives in Pebax ® 1074 membranes. The best membrane performances were obtained with a pseudopeptidic dimer as additive, with an increase in both ideal selectivity αCO2/N2 (from 42.8 to 47.6) and CO2 permeability (from 132 to 148 Barrer) compared to the virgin Pebax ® 1074 membrane.

Introduction

Pseudopeptides are modified peptides containing non-proteinogenic or modified amino acid building blocks or modified peptide bonds. [START_REF] Avan | Peptidomimetics via modifications of amino acids and peptide bonds[END_REF] Chemists used the approach of introducing chemical changes in the peptide backbone or side chains in order to improve the physical and chemical properties of the parent peptides, predicting their promising potentials as candidates for medicinal, environmental and industrial applications. [START_REF] Cardillo | Aziridines and Oxazolines: Valuable Intermediates in the Synthesis of Unusual Amino Acids[END_REF][START_REF] Perdih | Current Organic Chemistry: Recent Advances in the Synthesis of Unnatural α-Amino Acids[END_REF][START_REF] Azam | Introduction of Non-natural Amino Acids Into T-Cell Epitopes to Mitigate Peptide-Specific T-Cell Responses[END_REF][START_REF] Cardillo | Unusual amino acids: synthesis and introduction into naturally occurring peptides and biologically active analogues Mini reviews in medicinal chemistry[END_REF][START_REF] Dahal | Peptides and peptidomimetics as therapeutic agents for Covid-19[END_REF] Among the modifications in the peptide backbone are those occurring on the amide bond leaving the side chains without any changes. 7 Peptide backbones can be modified in various ways either by extending the peptide chain by one more atom (s) or by changing at least one peptide bond with an isosteric or isoelectronic surrogate, depsipeptide, ketomethylene isoester, [START_REF] Vara Prasad | Addition of Allylic Metals to α-Aminoaldehydes. Application to the Synthesis of Statine, Ketomethylene and Hydroxyethylene Dipeptide Isosteres[END_REF] azapeptide, [START_REF] Vara Prasad | Addition of Allylic Metals to α-Aminoaldehydes. Application to the Synthesis of Statine, Ketomethylene and Hydroxyethylene Dipeptide Isosteres[END_REF]9 retro-inverso, [START_REF] Magrath | Cysteine protease inhibition by azapeptide esters[END_REF][START_REF] Chorev | A dozen years of retro-inverso peptidomimetics[END_REF] aminoxy acid, [START_REF] Thévenet | Pseudopeptide fragments and local structures induced by an α-aminoxy acid in a dipeptide[END_REF][START_REF] Yang | Novel Turns and Helices in Peptides of Chiral α-Aminoxy[END_REF] hydrazino acid, [START_REF] Aubry | Crystal structure analysis of a β-turn mimic in hydrazino peptides[END_REF][START_REF] Cheguillaume | Submonomer Solution Synthesis of Hydrazinoazapeptoids[END_REF] and β-amino acid [START_REF] Müller | Synthesis of Fmoc-β-Homoamino Acids by Ultrasound-Promoted Wolff Rearrangement Synthesis[END_REF] . Interestingly, Gellmann investigated the ability of some pseudopeptides to self-organize in solution to give stable, reproducible secondary structures that mimic protein secondary structures such as helices, sheets or turns, also known as "Foldamers". The term "Foldamer", as proposed by Gellmann, refers to unnatural polymers or oligomers that have strong tendency to self-organize into a predictable well defined compact structure in solution. [START_REF] Gellman | [END_REF] For several decades, our laboratory has demonstrated the design, synthesis, and conformational study of pseudopeptide oligomers 18- 20 . Specifically, we have been focused on pseudopeptidic bis-nitrogen compounds such as hydrazinopeptides [START_REF] Lecoq | The couple Pro/AzaPro : A means of β-turn formation control synthesis and conformation of two AzaPro-containing dipeptides[END_REF][START_REF] Bouillon | Synthesis of Nα-Z, Nβ-Fmoc or Boc protected α-hydrazinoacids and study of the coupling reaction in solution of Nα-Z-α-hydrazinoesters[END_REF][START_REF] Bouillon | Solid-phase synthesis of hydrazinopeptides in Boc and Fmoc strategies monitored by HR-MAS NMR[END_REF] and N-aminopeptides 24- 26 . More recently, we have extended the interests on the synthesis and conformational study of azapeptides [START_REF] Ibrahim | Cyclohexamer [-(d-Phe-azaPhe-Ala)2-]: good candidate to formulate supramolecular organogels[END_REF][START_REF] Ibrahim | Impact of Cα-Chirality on Supramolecular Self-Assembly in Cyclo-2:1-[α/aza]-Hexamers (d/l-Phe-azaPhe-Ala)2[END_REF][START_REF] Brosse | Original and efficient method for the preparation of N-aminoamide pseudodipeptides in high optical purity[END_REF][29][START_REF] Zhou | Synthesis and Structural Characterization of 2:1 [α/Aza]-oligomers[END_REF][START_REF] Abbas | Original and efficient synthesis of 2:1-[a/aza]-oligomer precursors[END_REF] in which the αcarbon(s) of one or more of the amino acid residues is/are replaced with one nitrogen atom 9,[START_REF] Marraud | Crystal structures of peptides and modified peptides[END_REF][START_REF] Gante | Peptidomimetics-Tailored Enzyme Inhibitors[END_REF][START_REF] Gante | Synthesis and properties of the first all-aza analogue of a biologically active peptide Journal of peptide science : an official publication of the[END_REF][START_REF] Cheng | Azapeptides -A History of Synthetic Milestones and Key Examples Current medicinal chemistry[END_REF] . Azapeptides have been studied since the early sixties and actively developed by Gante 9 and by Dutta and Morley [START_REF] Dutta | Polypeptides. Part XIII. Preparation of α-aza-amino-acid (carbazic acid) derivatives and intermediates for the preparation of α-aza-peptides[END_REF] . Synthesis of azapeptides has been particularly investigated by Gante 9,[START_REF] Gante | Peptidomimetics-Tailored Enzyme Inhibitors[END_REF][START_REF] Gante | Synthesis and properties of the first all-aza analogue of a biologically active peptide Journal of peptide science : an official publication of the[END_REF] and our group [START_REF] Ibrahim | Cyclohexamer [-(d-Phe-azaPhe-Ala)2-]: good candidate to formulate supramolecular organogels[END_REF][START_REF] Ibrahim | Impact of Cα-Chirality on Supramolecular Self-Assembly in Cyclo-2:1-[α/aza]-Hexamers (d/l-Phe-azaPhe-Ala)2[END_REF][29][START_REF] Zhou | Synthesis and Structural Characterization of 2:1 [α/Aza]-oligomers[END_REF][START_REF] Abbas | Original and efficient synthesis of 2:1-[a/aza]-oligomer precursors[END_REF][START_REF] Benatalah | Evidence for a beta-turn in an azadipeptide sequence. Synthesis and crystal structure of ButCO-Pro-AzaAla[END_REF] in liquid-phase peptide synthesis, and by Gray et al. [START_REF] Gray | Incorporation of azaglutamine residues into peptides synthesised by the ultra-high load solid (gel)-phase technique[END_REF] in solid-phase. Interestingly, several studies demonstrate that the insertion of an aza-residue into a peptide backbone has intense effects not only on the geometrical structure, but also on its physical and chemical properties. Among the impact of such chemical modification on the conformation, we can mention that: (i) the CO-N amide bonds are elongated by 0.03 Å 39 while the N-N α and N α -CO bonds are shortened by 0.06 Å compared to N-C α and C α -CO in the natural peptide; (ii) the N-N α -CO angle is larger by about 4 -5° than the N-C α -CO bond angle; (iii) the substituted nitrogen atom N α adopts chiral property with a pyramidal nature of sp 3 type; [START_REF] André | Aza-peptides. II. X-ray structures of aza-alanine and azaasparagine-containing peptides The journal of peptide research[END_REF]39 (iv) the flexibility is reduced in the formed azapeptides compared with the parent one due to the replacement of the rotatable C α -C(O) bond by a more rigid urea N α -C(O) structure; and (v) an electronic repulsion of the lone pairs of the two adjacent nitrogens restricts motion of the dihedral angle (ϕ) [START_REF] Reynolds | Theoretical Study of the Structure and Rotational Flexibility of Diacylhydrazines: Implications for the Structure of Nonsteroidal Ecdysone Agonists and Azapeptides[END_REF][START_REF] Lee | NBO approach to evaluate origin of rotational barrier of diformylhydrazine[END_REF] . Thus, based on these data, the conformational restrictions in the azapeptides which bend the peptide backbone at the aza-amino acid residue away from a linear geometry, could be predicted. [START_REF] Proulx | Azapeptides and their therapeutic potential Future medicinal chemistry[END_REF] Several spectroscopic, [START_REF] Lecoq | The couple Pro/AzaPro : A means of β-turn formation control synthesis and conformation of two AzaPro-containing dipeptides[END_REF][START_REF] Lee | Role of azaamino acid residue in beta-turn formation and stability in designed peptide The journal of peptide research[END_REF][START_REF] André | Azapeptides. III. Experimental structural analysis of aza-alanine and azaasparagine-containing peptides The journal of peptide research[END_REF][START_REF] Zouikri | Azaproline as a beta-turn-inducer residue opposed to proline The journal of peptide research[END_REF][START_REF] Lee | The β-turn preferential solution conformation of a tetrapeptide containing an azaamino acid residue[END_REF] crystallographic, [START_REF] André | Aza-peptides. II. X-ray structures of aza-alanine and azaasparagine-containing peptides The journal of peptide research[END_REF][START_REF] Lecoq | The couple Pro/AzaPro : A means of β-turn formation control synthesis and conformation of two AzaPro-containing dipeptides[END_REF][START_REF] Benatalah | Evidence for a beta-turn in an azadipeptide sequence. Synthesis and crystal structure of ButCO-Pro-AzaAla[END_REF][START_REF] Didierjean | X-ray structures of aza-proline-containing peptides The journal of peptide research[END_REF][START_REF] Lecoq | Crystal state conformation of three azapeptides containing the Azaproline residue, a β-turn regulator[END_REF] and computational [START_REF] Lee | NBO approach to evaluate origin of rotational barrier of diformylhydrazine[END_REF][START_REF] Lee | Role of azaamino acid residue in beta-turn formation and stability in designed peptide The journal of peptide research[END_REF][START_REF] Thormann | Conformational properties of azapeptides[END_REF][START_REF] Lee | The energetically favorable cis peptide bond for the azaglycinecontaining peptide: For-AzGly-NH2 model Physical Chemistry Chemical Physics[END_REF][START_REF] Zhang | Impact of Azaproline on Amide Cis-Trans Isomerism: Conformational Analyses and NMR Studies of Model Peptides Including TRH Analogues[END_REF][START_REF] Lee | A theoretical study of conformational properties of N-methyl azapeptide derivatives[END_REF] studies demonstrate the ability of azapeptides to induce β-turn conformations of type I, type II, and type VI when aza-residue occupying the position (i + 1) or (i + 2) in the peptide sequence, stabilized by intramolecular hydrogen bonds. [START_REF] André | Aza-peptides. II. X-ray structures of aza-alanine and azaasparagine-containing peptides The journal of peptide research[END_REF][START_REF] Vanderesse | Structural Comparison of Homologous Reduced Peptide, Reduced Azapeptide, Iminoazapeptide, and Methyleneoxypeptide Analogues[END_REF][START_REF] Lecoq | The couple Pro/AzaPro : A means of β-turn formation control synthesis and conformation of two AzaPro-containing dipeptides[END_REF][START_REF] Lee | Role of azaamino acid residue in beta-turn formation and stability in designed peptide The journal of peptide research[END_REF][START_REF] Lee | The β-turn preferential solution conformation of a tetrapeptide containing an azaamino acid residue[END_REF][START_REF] Thormann | Conformational properties of azapeptides[END_REF][START_REF] Lee | A theoretical study of conformational properties of N-methyl azapeptide derivatives[END_REF] Previous studies [START_REF] Zhou | Synthesis and Structural Characterization of 2:1 [α/Aza]-oligomers[END_REF][START_REF] Abbas | Original and efficient synthesis of 2:1-[a/aza]-oligomer precursors[END_REF] have proved, using FTIR, NMR spectroscopy techniques as well as molecular dynamic calculations, the propensity of the azapeptides (7a, 7b, 8a, and 8b, Scheme 1) to adopt β-turn conformations stabilized by intramolecular hydrogen bonds in both solution and solid states. However, not much studies are reported concerning the effect of introducing charged amino acid in azapeptides sequences on their conformations. Consequently, we decided to focus our attention to the synthesis and studies of new 2:1-[α/aza]-oligomers containing charged amino acid moieties such as lysine. Indeed, we suggested that the incorporation of basic amino acid(s) (lysine) with a nitrogen atom N ε H in its/their side chain(s) may: i) produce oligomers with good selectivity in gases separation, especially (N2/CO2) by membrane technology, and ii) increase the hydrophilicity of the final oligomers which may support the formation of hydrogels with promising potential applications.

In this context, the current work focus on the synthesis of new series of 2:1-[α/aza]-oligomers possessing lysine residues in solution state. Then, the conformational studies of some synthesized oligomers (7c, 7d, 8c and 8d, Scheme 1) were elucidated in solution state using spectroscopic techniques (NMR and FTIR) and molecular dynamic calculations (Amber 12). In addition, the work extended to test a selection of these azapeptide oligomers as new pseudopeptide-based additives for gas separation membranes for CO2 capture. The study focused on the influence of the azapeptide oligomer length and of the nature of the side group of the amino acids (with or without protected or non-protected lysine residues) on the gas permeation properties of Pebax ® 1074 membranes containing the new bio-inspired additives.

EXPERIMENTAL SECTION

General: Unless otherwise stated, all chemicals and reagents were purchased from commercial suppliers (Sigma-Aldrich, Fluka, Merck or Alfa-Aesar). Dry CH2Cl2 was obtained by distillation over P2O5 under an argon atmosphere, MeOH was purchased in anhydrous form, and other reagent-grade solvents were used without further purification as received. Reactions were monitored by thin-layer chromatography (TLC) using aluminum-backed silica gel plates. TLC spots were viewed under UV light or/and by heating the plate after treatment with a staining solution of phosphomolybdic acid. Flash chromatography was carried out on silica gel 60 (0.04 -0.063 μm Mesh ASTM). All yields were calculated from pure isolated products. Electron spray ionization mass spectra (ESI-MS) were recorded with a Bruker MicroTof-Q HR spectrometer in the "Service commun de Spectrométrie de Masse", Faculté des Sciences et Technologies, Vandoeuvre-lès-Nancy, France. All melting points (mp) were uncorrected.

NMR spectroscopy: 1D ( 1 H and 13 C) and 2D (ROESY) NMR spectra were recorded using a Bruker NMR spectrometer (300 MHz) in CDCl3, CD3CN and DMSO-d6 as solvents at room temperature with chemical shifts of 7.26, 1.94 and 2.50 ppm, respectively. The chemical shifts were reported in ppm (δ) relative to tetramethylsilane (TMS) served as an internal standard (δ = 0 ppm) for 1 H NMR, while CDCl3 (δ = 77.16 ppm), CD3CN (δ = 1.32 & 118.26 ppm) and DMSO-d6 (δ = 39.5 ppm), were used as internal standards for [START_REF] Yang | Novel Turns and Helices in Peptides of Chiral α-Aminoxy[END_REF] C NMR. Multiplicities are reported as follows: s = singlet, d = doublet, q = quartet, m = multiplet, br = broad, arom = aromatic.

Fourier Transform Infrared Spectroscopy: FTIR spectra for all products in CDCl3 were recorded with Bruker Tensor 27 over 128 scans and referenced to the residual solvent resonances. In addition, attenuated total reflectance (ATR-FTIR) measurements have been performed on solids for some products. All the spectra were recorded on Bruker Tensor 27 spectrometer equipped with a trough plate comprising of a germanium single crystal where the samples were loaded over it. Spectra were acquired in the 4000 -400 cm -1 range with a resolution of 4.0 cm -1 over 128 scans, taken into consideration the background subtraction from each spectrum to correct for atmospheric interference.

Molecular Dynamic Calculations (AMBER 12):

Calculations on molecules (7c, 7d, 8c, and 8d) were carried out according to the protocol: 0.5µs with 2fs steps molecular dynamics simulations were calculated in explicit solvent (chloroform; CHCl3 box) without any ROE constraints under constant pressure periodic boundary conditions, pressure relaxation time of 0.5 µs, and constant
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Please do not adjust margins temperature 300 K, using the package of molecular dynamics simulation programs AMBER 12. The starting molecules were constructed using MarvinSkectch (ChemAxon), Antechamber and Xleap modules from AMBER programs suite. Molecular simulation was done with Sander program with general AMBER force field (GAFF) and included amino acid parameters (ff99SB). Ptraj module of AMBER 12 programs suite was employed for the analysis of the 2ns trajectory sampled with 25,000 calculated structures. [START_REF] Case | The Amber biomolecular simulation programs[END_REF][START_REF] Pearlman | AMBER, a package of computer programs for applying molecular mechanics, normal mode analysis, molecular dynamics and free energy calculations to simulate the structural and energetic properties of molecules Computer[END_REF] Synthesis of N-tert-butyloxycarbonylaminophtalimide (2): Phthalic anhydride (1.0 equiv) and tertbutylcarbazate (1.0 equiv) were dissolved in toluene in a monocol with a Dean-Stark. The suspension is refluxed for 12 h. The mixture was cooled and the N-tertbutyloxycarbonylaminophtalimide 2 precipitated. The solid was filtered off and recrystallized with EtOAc. 

Synthesis of N-benzyl-N-tert-butyloxycarbonylaminophtalimide (3):

To a solution of N-tert-butyloxycarbonylaminophtalimide 2 (1.0 equiv), PPh3 (1.5 equiv) and benzyl alcohol (3.0 equiv) in dry THF, DEAD (1.5 equiv) was added in one portion under N2 and stirring at 0-5 °C. The resulting solution was stirred overnight (monitored by TLC until completion) and concentrated under vacuum. The residue was triturated in EtOAc, placed in a refrigerator and most of the triphenylphosphine oxide was precipitated which then removed by filtration. The filtrate was evaporated, and the residue was purified by column chromatography on silica gel.

Characterization data:

N-benzyl-N-tertbutyloxycarbonylaminophtalimide (3) was obtained as white solid (yield 90%) after flash chromatography (0.04 -0.063 μm) using (15% ethyl acetate : 85% petroleum ether) as eluent; m.p. 107 -109 °C; 

Synthesis of N-alkylaminophtalimide (4):

To a solution of N-alkyl-Ntert-butyloxycarbonylaminophtalimide 3 (1.0 equiv) in CH2Cl2, trifluoroacetic acid (10.0 equiv, 8.0% in CH2Cl2) was added at 0° C. The mixture was stirred overnight (monitored by TLC). The solution was concentrated under vacuum, and then the residue was dissolved in CH2Cl2, neutralized with a saturated solution of NaHCO3 (pH = 7) and extracted three times with CH2Cl2. The combined organic layers were dried over MgSO4 and evaporated under vacuum giving a yellow solid which was immediately used without further purification.

Characterization data: N-alkylaminophtalimide (4) was obtained as a pure yellow solid (quantitative 100%) without purification; m.p. 109 -110 °C; 

Synthesis of Pht-azaPhe-Ala-OMe (5a):

To a mixture of N-alkylaminophtalimide (4) (1.0 equiv) and DIPEA (2.2 equiv) in dry CH2Cl2, phosgene 20% in toluene (1.5 equiv) was added. After 15 min stirring, the toluene solvent and excess of phosgene gas were removed by rotary evaporator under ventilated hood. The white acid chloride residue was re-dissolved in dry CH2Cl2, then solution of alanine methyl ester hydrochloride (1.0 equiv) and DIPEA (1.5 equiv) in dry CH2Cl2 was added in one portion. The reaction mixture was stirred for 1 h at RT. The solvent was evaporated to dryness, diluted with CH2Cl2, washed with aqueous HCl (1N), aqueous NaHCO3 (1N) and brine, dried over MgSO4 and evaporated. Compound 5a was obtained in pure form after precipitation in cold diethyl ether.

Characterization data: Pht-azaPhe-Ala-OMe (5a) was obtained as a pure white solid (yield 92%) after trituration with cold diethyl ether; m.p. 158 -161 °C; 

Synthesis of Pht-azaPhe-Lys(z)-OMe (5b):

To a mixture of N-alkylaminophtalimide (4) (1.0 equiv) and DIPEA (2.2 equiv) in dry CH2Cl2, phosgene 20% in toluene (1.5 equiv) was added. After 15 min stirring, the toluene solvent and excess of phosgene gas were removed by rotary evaporator under ventilated hood. The white acid chloride residue was further re-dissolved in dry CH2Cl2, then solution of lysine(Z) methyl ester hydrochloride (1.0 equiv) and DIPEA (1.5 equiv) in dry CH2Cl2 was added in one portion. The reaction mixture was stirred for 1 h at RT. The solvent was evaporated to dryness, diluted with CH2Cl2, washed with aqueous HCl (1N), aqueous NaHCO3 (1N) 
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Synthesis of Boc-azaPhe-Ala-OMe (6a):

To a solution of Phth-azaPhe-Ala-OCH3 (5a) (1.0 equiv) in THF, pyrrolidine (3.0 equiv) was added at RT. The mixture was stirred at RT until completion (4 h, monitored by TLC). The solvent and the excess of amine were removed under vacuum giving foam residue. The obtained residue was dissolved in THF, then Boc2O (1.5 equiv) and a catalytic amount of DMAP (0.15 equiv) were added. The mixture was stirred at RT until completion (12 h, monitored by TLC). The solvent was removed under vacuum, the residue was dissolved in THF and a freshly prepared solution of methylamine (1.5 equiv, 2M in MeOH) was added at RT. The mixture was stirred at RT until completion (12 h, monitored by TLC), the solvent and the excess of amine were removed under vacuum and the residue was purified by column chromatography on silica gel.

Characterization data: Boc-azaPhe-Ala-OMe (6a) was obtained as a pure white solid (yield 89%) after flash chromatography (0.04 -0.063 μm) using (30% ethyl acetate : 70% petroleum ether) as eluent; m.p. 90 -91 °C; 

Synthesis of Boc-azaPhe-Lys(z)-OMe (6b):

To a solution of Phth-azaPhe-Lys(z)-OCH3 (5b) (1.0 equiv) in THF, pyrrolidine (3.0 equiv) was added at RT. The mixture was stirred at RT until completion (5 h, monitored by TLC). The solvent and the excess of amine were removed under vacuum giving foam residue. The obtained residue was dissolved in THF, then Boc2O (1.5 equiv) and a catalytic amount of DMAP (0.15 equiv) were added. The mixture was stirred at RT until completion (12 h, monitored by TLC). The solvent was removed under vacuum, the residue was re-dissolved in THF and a freshly prepared solution of methylamine (1.5 equiv, 2M in MeOH) was added at RT. After a night and by TLC monitoring, the solvent and the excess of amine were removed under vacuum and the residue was purified by column chromatography on silica gel. The volume of the THF during the second step (addition of Boc2O) is twice the volume used for the first and third steps (pyrrolidine or methyl amine) to inhibit the reactivity of the N ε H of lysine in concentrated condition.

Characterization data: Boc-azaPhe-Lys(z)-OMe (6b) was obtained as an oily sticky product (yield 85%) after flash chromatography (0.04 -0.063 μm) using (45% ethyl acetate : 55% petroleum ether) as eluent; 

General protocol for the synthesis of 2:1-[α/aza]-trimers:

Boc deprotection: To a stirred solution of Boc protected compound (6) (1.0 equiv) in CH2Cl2, ethyl acetate (3.0 M HCl) was added at 0 °C. The resulting solution was stirred until completion (1-2 h, monitored by TLC) and concentrated under vacuum. The excess hydrochloride acid was co-evaporated with CH2Cl2 (4 times). The residue was used in coupling reaction without further purification.

Acid fluoride preparation: To a stirred solution of Boc-D-or L-AA-OH (1.5 equiv, AA = Phe, Lys(z), D-Phe, or D-Lys(z)) in dry CH2Cl2 and pyridine (1.5 equiv) kept under a N2 atmosphere, cyanuric fluoride (3.0 equiv) was added dropwise at -20 °C. The solution was stirred at -10°C during 4 h and a precipitate or emulsion formed, and its amount gradually increased. Then, crushed ice was added along with an additional cold CH2Cl2. The organic layer was separated, and the aqueous layer extracted with cold CH2Cl2. The combined organic layers were washed with ice-cold water and dried over MgSO4, and the solvent was removed with a rotary evaporator at room temperature to yield the acyl fluoride product which was directly used in the coupling reaction.

Coupling reaction: Boc-D-or L-AA-F (1.5 equiv, AA = Phe, or Lys(z)) in CH2Cl2 was added dropwise to a stirred solution of HCl, H-azaPhe-AA-

Please do not adjust margins

Please do not adjust margins

OMe (1.0 equiv, AA = Ala, or Lys(z)) in CH2Cl2 and NaHCO3 (2.0 equiv), pH = 7 -8. The mixture was stirred at RT overnight monitoring by TLC. Then, the organic layer (CH2Cl2) was washed twice with HCl (1N), NaHCO3 (1N) and saturated NaCl, and then was dried over MgSO4 and the solvent was removed under vacuum and the residue was purified by column chromatography on silica gel.

Characterization data for 2:1-[α/aza]-trimers:

Boc-Phe-azaPhe-Ala-OMe (7a) was obtained as a white solid (yield 74%) after flash chromatography (0.04 -0.063 μm) using (50% ethyl acetate : 50% petroleum ether) as eluent; m.p. 149 -150 °C; 

General protocol for the synthesis of 2:1-[α/aza]-oligomer:

Homo and heterochiral 2:1-[α/aza]-hexamers (8) were obtained by classical peptidic coupling based on the monomeric building blocks of 2:1-[α/aza]-trimers (7).

Boc deprotection: To a stirred solution of Boc protected compound (7, 1.0 equiv) in CH2Cl2, ethyl acetate (2M HCl) was added at 0 °C. The resulting solution was stirred until completion monitored by TLC (2-4 h) and concentrated under vacuum. The excess of hydrochloric acid was co-evaporated with CH2Cl2 (4 times). The residue was used in coupling reaction without further purification.

Methyl ester deprotection: To a stirred solution of methyl ester protected compound (7, 1.0 equiv) in CH3CN, an aqueous solution of NaOH 1N (2.0 equiv) was added at 0 °C. The resulting solution was stirred until completion monitored by TLC (4-10 h), then aqueous HCl (2N) was added under vigorously stirring (pH = 2). The aqueous layer was extracted twice with CH2Cl2, then the combined organic layers were dried over MgSO4 and evaporated. The residue was used in coupling reaction without further purification.

Coupling reaction: To a stirred solution of the Boc-deprotected trimer (amine partner, 1.0 equiv) in CH2Cl2 were successively added at RT; DIPEA (2.2 equiv), deprotected methyl ester trimer (acid partner, 1.1 equiv) and HOBt (1.2 equiv). After a night to 24 h, the mixture was diluted with aqueous HCl (1N) under vigorously stirring (pH = 2). The organic layer was washed with water, aqueous NaHCO3 (0.5N), brine, dried over MgSO4 and evaporated. The residue was purified by column chromatography on silica gel.

It should be mentioned that the better yields of hexamers containing lysine residues (8c and 8d) were obtained upon carrying the coupling reaction in CH3CN with HBTU/DIPEA.

Characterization data for 2:1-[α/aza]-hexamers:

Boc-(Phe-azaPhe-Ala)2-OMe (8a) was obtained as a white solid (yield 87%) after flash chromatography (0.04 -0.063 μm) using (60% ethyl acetate : 40% petroleum ether) as eluent; m.p. 132 -133 °C; 

Synthesis of 6b', 7c' and 8c' molecules by deprotection of Z-group from the corresponding protected analogues:

To a stirred solution of an appropriate protected side chain(s) azapeptide (200 mg) in methanol (5.0 mL), 10% Pd/C (20 mg / each Z-group) was added. The resulting reaction mixture was stirred under stream of H2 gas at room temperature. After completion of the hydrogenolysis (4 -12 h), the mixture was filtered through a celite bed and washed with methanol. The combined filtrates were evaporated and then the residue was dried well under vacuum before verification by 1 H NMR in DMSO-d6. The deprotection was considered to be successfully achieved if the signals belong to the CH2 and the aromatic protons of Z-group have been disappeared in the 1 H NMR spectrum.

Membrane preparation: For membrane casting, the Pebax ® 1074 polymer and pseudopeptide additives were dissolved in n-butanol during 2 h at 80 °C to obtain a total concentration of 2.5 w/v%. Different series of membranes were prepared using the same weight percentage (4.0 wt%) for each pseudopeptide in the different membranes. After filtering on glass fibers, the solutions were cast on a PTFE mold. After butanol evaporation in a thermal oven at 40 °C, the membranes were easily taken off the mold and were then dried under vacuum at 60 °C for 12 h. Their thicknesses were measured with an Elcometer TM micrometer after calibration in the thickness range of interest (measurement error: ± 1 µm). The average thickness for the different membranes was ca. 80 µm with a maximum thickness difference between two membrane points of 5 µm.

Gas permeation experiments:

The gas permeation properties were determined by the "time-lag" method using an experimental procedure described in our former work on other bio-based pseudopeptide for CO2 capture membranes. [START_REF] Solimando | Pseudopeptide bioconjugate additives for CO2 separation membranes[END_REF] The gas permeation properties were determined for CO2 and N2 pure gases (high purity gases purchased from Messer company) at 35°C and 2 bar. The gas permeation experiments were repeated five times for each membrane and each tested gas to assess the reproducibility from the corresponding experimental errors.

The gas permeability was calculated from the steady-state membrane flux Jst estimated from the steady-state slope of the gas permeation curve (describing the pressure increase with time at the membrane downstream side) and the membrane thickness ! according to equation (1). In this equation, the downstream side pressure was neglected as usual for "time-lag" experiments because it was much lower than the upstream side pressure of 2 bar:

# = ! !" × # ∆% = ! !" × # % %&!"'()* (1)
The membrane ideal selectivity was estimated as the ratio of the permeability for pure CO2 and N2 according to equation (2): Please do not adjust margins
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The gas diffusion coefficient D was calculated from the "time-lag" q given by the intercept of the steady-state asymptote of the gas permeation curve on the time axis by equation (3).

& =

#² -.

(

) 3 
Gas permeability is the product of gas diffusion and sorption coefficients according to the solution-diffusion model expressed by equation (4), describing gas permeation in the dense (non-porous) membranes used in this work [START_REF] Wijmans | The solution-diffusion model: a review[END_REF] :

# = & ' ( (4) 
Consequently, the gas sorption coefficient (S) was then calculated as the ratio of the permeability (P) to the diffusion coefficient (D).

Results and discussion

Various homo and hetero 2:1-[α/aza]-oligomers i.e., six trimers (7a -7f) and four hexamers (8a -8d) were synthesized in good yields after purification by silica column chromatography. The general stepwise strategy used to design a new series of 2:1-[α/aza]-oligomers is mainly based on the protocol discussed and reported in previous studies, depicted Scheme 1. [START_REF] Zhou | Synthesis and Structural Characterization of 2:1 [α/Aza]-oligomers[END_REF][START_REF] Abbas | Original and efficient synthesis of 2:1-[a/aza]-oligomer precursors[END_REF] NMR and FTIR spectroscopic studies of 2:1-[α/aza]-trimers:

1 H NMR studies of compounds (7c) and (7d) were carried out at dilute concentration in CDCl3 (3.0 mmol L -1 , 300 K) to avoid intermolecular interactions. The spectra showed well resolved signals and the CH2 protons of the azaPhe moiety are non-equivalent magnetically, (Supporting Information, Figures S1 andS2). In addition, 2D NMR (ROESY) experiments for compound (7c) revealed the presence of a moderate correlation between the protons of C α H (Lys1) and the NH (azaPhe), as well as a weak correlation between the protons of NH (azaPhe) and NH (Lys2), (Supporting Information, Figure S3)

The same ROE correlations were observed for compound (7d) (Supporting Information, Figure S4) with also moderate and weak correlations between C α H (D-Lys1) and the NH (azaPhe) protons, and between the NH (azaPhe) and NH (Lys2) protons, respectively. These results indicate that the molecules (7c) and (7d) may induce βII-and βII'-turn conformations in solution, respectively, Figure 1. [START_REF] Zhou | Synthesis and Structural Characterization of 2:1 [α/Aza]-oligomers[END_REF][START_REF] Thormann | Conformational properties of azapeptides[END_REF][START_REF] Lee | The β-turn scaffold of tripeptide containing an azaphenylalanine residue[END_REF] To strengthen the presence of secondary structures, intramolecular hydrogen bonds were investigated by studying the effect of solvent composition by NMR technique. Scheme 1. General stepwise strategy for the synthesis of new series of 2:1-[α/aza]-oligomers based lysine amino acid residue. [START_REF] Zhou | Synthesis and Structural Characterization of 2:1 [α/Aza]-oligomers[END_REF][START_REF] Abbas | Original and efficient synthesis of 2:1-[a/aza]-oligomer precursors[END_REF] The method measures the sensitivity of the NH protons through their chemical shift variations as a function of the [CDCl3/DMSO-d6] ratio. [START_REF] André | Azapeptides. III. Experimental structural analysis of aza-alanine and azaasparagine-containing peptides The journal of peptide research[END_REF] The results (Figures 2a,b) demonstrated that most of the NH protons of (7c) and (7d) were sensitive to solvent variation, while the NH (Lys2) are weakly perturbed. These results suggest that the NH (Lys2) might be involved in intramolecular hydrogen bonds, in contrast to The existence of certain conformation and intramolecular hydrogen bonds within the compounds (7c) and (7d) were further identified using infrared spectroscopy (FT-IR) in dilute condition (3.0 mmol L -1 , CDCl3), focusing on the two characteristic NH and CO stretching regions. For compound (7c), the NH region reveals the presence of free NH band around 3449 cm -1 that was assigned to the free amide proton (Lys1), N ε H (Lys1 + Lys2) and hydrazino NH (azaPhe), in addition to a very broad band with a maximum at 3378 cm -1 assigned to the bound Lys2 amide NH proton, (Figure 3a). The NH stretching region of compound (7d) shows the presence of two characteristic bands centered at 3449 cm -1 corresponding to the free NH (Lys1), N ε H (D-Lys1 + Lys2) and NH (azaPhe), and at 3375 cm -1 (very broad), assigned to the bound NH (Lys2). Moreover, in Figure 3b, there is an additional band at 3302 cm -1 which which might be assigned to N ε H proton of the lysine involved in a weak intramolecular hydrogen bond. These results for both compounds are agreed with the NMR solvent composition study. Regarding the CO vibration region, the two spectra are very similar with broadening and overlapping of the CO groups which was solved by the help of the 2 nd derivative deconvolution method, (Figures 3c,d). The assignment of the CO groups of (7c) and (7d) were based on their small precursors and previously studied oligomers belong to the same series. [START_REF] Zhou | Synthesis and Structural Characterization of 2:1 [α/Aza]-oligomers[END_REF][START_REF] Abbas | Original and efficient synthesis of 2:1-[a/aza]-oligomer precursors[END_REF] Subsequently, seven bands could be assigned (Supporting Information, Table S1), particularly the band at 1652 cm -1 which was assigned to the CO of the Boc group involved in a hydrogen bond.

Accordingly, the NH (Lys4) in both compounds (7c) and (7d) was assumed to be involved in intramolecular hydrogen bonds with the CO (Boc) which stabilizes a pseudocycle of 10 atoms , typical of a β-turn conformation (Figure 1), while the other CO groups are in free states in dilute solution, as noticed from their higher frequencies. [START_REF] Zhou | Synthesis and Structural Characterization of 2:1 [α/Aza]-oligomers[END_REF][START_REF] Abbas | Original and efficient synthesis of 2:1-[a/aza]-oligomer precursors[END_REF] 

Molecular dynamic calculations of 2:1-[α/aza]-trimers:

To investigate the major conformation(s), as well as the possible intramolecular hydrogen bonds in the 2:1-[α/aza]-oligomers (trimers and hexamers), molecular dynamic calculations for the four molecules (7c, 7d, 8c and 8d) were carried out using AMBER software package, according to the protocol described in experimental section. For each molecule, a 2ns trajectory of 25000 structures was calculated using AMBER software package. Analysis of the trajectory assess the possible existence of hydrogen bond and values of the torsion angles. It has been reported that the secondary structure of azapeptides is based on the structural backbone elements which composed of the hydrazine and an urea constituent, in which the two parts are described by the torsion angles ϕ and ψ, respectively, (Supporting Information, Figure S6). [START_REF] Thormann | Conformational properties of azapeptides[END_REF] The statistical analysis of the dihedral angles for each trajectory suggests that Boc-Lys(Z)-azaPhe-Lys(Z)-OMe (7c) adopts distorted βIV-turn conformation between the three residues, however Boc-D-Lys(Z)-azaPhe-Lys(Z)-OMe (7d) deviated largely from the βI'-turn conformation as noticed specifically from the values ϕ1 = 128.4° and ψ1 = -64.94°, (Supporting Information, Table S2). The deviation in the dihedral angles [(7c) < (7d)] may be explained, first by the flexibility of the compounds' structures which mainly associated with the presence of additional interactions, causing disturbance in the torsional angles. These results are consistent with the FT-IR spectra which showed only one broad band for (7c) and two bands for (7d).

In this context, the possible existence of intramolecular hydrogen bonds within the molecules (7c), (7d), 8c), and (8d) was predicted using molecular dynamics calculations by applying the most favorable parameters for hydrogen bond formation (bond angle < 120° and the hydrogen bond atoms distance > 3.2 Å). [START_REF] Thormann | Conformational properties of azapeptides[END_REF][START_REF] Dannenberg | An Introduction to Hydrogen Bonding By George A. Jeffrey[END_REF] In compound (7c), the calculations predicted the possible presence of two hydrogen bonds: (i) between CO (Boc) and the NH (azaPhe) of and (ii) between CO (azaPhe) and the N ε H (Lys2) of 2.96 Å closing a pseudocycle of 10 atoms, with occurrences of 36% and 35%, respectively, Table S3 (Supporting Information) and Figure 4.

Regarding compound (7d), the calculations indicated the possible existence of three hydrogen bonds: the first and second hydrogen bonds (i & ii) exist between the CO(Z) (Lys3) and both the NH (azaPhe2) of 2.89 Å, and the NH (Lys1) of 2.91 Å, forming pseudocycles of 13 and 16 atoms, with occurrences of 40% and 26%, respectively. The third hydrogen bond (iii) exists with less occurrence of 22% between CO (Boc) and the N ε H (Lys1) of 2.98 Å closing a pseudocycle of 10 atoms, Table S3 (Supporting Information) and Figure 5.

Based on molecular dynamic calculations, the disturbance from the classical βIV-turn in (7c) can be attributed to the involvement of the N ε H (Lys2) side chain residue in intramolecular hydrogen bonds with either CO (azaPhe), or CO (Lys1), 

NMR and FTIR spectroscopic studies of 2:1-[α/aza]-hexamers:

1 H NMR studies for compounds (8c) and (8d) were carried out in CDCl3 (4.0 mmol L -1 , 300 K). The 1 H spectrum of (8d) showed well resolved signals compared to the spectrum of (8c) (Supporting Information, Figures S7 -S10). The conformations favored by (8c) and (8d) in solution were investigated using 2D NMR (ROESY) experiments. Unfortunately, not too many ROE correlations for compound (8c) were observed (Supporting Information, Figure S11). Thus, it can be explained by the high steric hindrance between the four lysine side chains with the same S-configuration in (8c), allowing the molecule to be more flexible and hence adopting more energetically stable conformations. Only the presence of weak correlation between NH (azaPhe5) and C α H (Lys6), and a moderate correlation between the NH (azaPhe5) and NH (Lys6) protons suggested that the C-terminal amino acid residues of compound 8c might be folded in β-turn conformation, Figure 6a. [START_REF] Zhou | Synthesis and Structural Characterization of 2:1 [α/Aza]-oligomers[END_REF][START_REF] Thormann | Conformational properties of azapeptides[END_REF][START_REF] Lee | The β-turn scaffold of tripeptide containing an azaphenylalanine residue[END_REF] Concerning the solvent composition experiment by NMR technique, increasing the [DMSO-d6/CDCl3] mixture ratio showed that the NH1 (Lys1; 8c) or (D-Lys1; 8d) and all the N e H protons of the lysine side chains (NH7 -NH10; except NH10 of 8d) for both compounds were very sensitive to the solvent variations (Supporting Information, Figure S13). Accordingly, these protons are supposed to be free and not involved in intramolecular hydrogen. [START_REF] André | Azapeptides. III. Experimental structural analysis of aza-alanine and azaasparagine-containing peptides The journal of peptide research[END_REF] In contrast, the NH protons of the NH3 (Lys3) and NH6 (Lys6) of both compounds (8c) and (8d) were not sensitive to the solvent variations (Figure 7). These findings suggested that these protons may be involved in strong intramolecular hydrogen bonds. Please do not adjust margins Please do not adjust margins 20% DMSO-d6, and more affected at higher DMSO-d6 concentrations. These observations give indication that these NH protons are probably involved in weak intramolecular hydrogen bonds (Figure 7a). [START_REF] André | Azapeptides. III. Experimental structural analysis of aza-alanine and azaasparagine-containing peptides The journal of peptide research[END_REF] Concerning compound (8d), we observe (Figure 7b) that the chemical shifts of the NH2 (azaPhe2) and NH5 (azaPhe5) protons are not affected small percentage of DMSO-d6, but are down-shielded by higher DMSO-d6 proportion, which indicates that these protons may be engaged in weak intramolecular hydrogen bonds (Figure 7b). In contrast, the substantial change of the chemical shift of the NH4 (D-Lys4) upon gradual addition of DMSO-d6 confirms that this proton is free and not involved in intramolecular hydrogen bonds (Supporting Information, Figure S13). Interestingly, NH10 (Lys6) proton revealed weak dependency on %DMSO-d6 till 5%, then its chemical shift acquired high values with increasing %DMSO-d6, supposing the possibility of this proton to form a weak intramolecular hydrogen bond.

Similar to trimers, the IR spectra were recorded for hexamers (8c) and (8d) in dilute condition (3.0 mmol L -1 , CDCl3). Both compounds (8c and 8d) showed similar NH stretching regions as their trimers (7c and 7d), respectively. The NH stretching region of both compounds demonstrates a band in the free NH region which assigned to the free NH protons. In addition, there was a very broad band in the bound NH region around 3345 cm -1 for both molecules, attributed to the bound amide NH protons of Lys3 and Lys6 (Figures 8a,b). Interestingly, there is an additional broad band in the far NH stretching region (3235 -3280 cm -1 ) in (8c) and (3180 -3230 cm -1 ) in (8d) which were supposed to other intramolecular hydrogen bonds. Finally, one can notice that the bound NH bands in (8d) are more broadening with lower frequencies than those of the (8c), reflecting the presence of more number and stronger intramolecular hydrogen bonds in molecule (8d) than in (8c), (Figure 8a,b). These results are consistent with the solvent composition studies by NMR technique.

Regarding the CO stretching domain, the two spectra are very similar to the trimer analogs. But they showed broadening and overlapping of the CO bands that caused an obstacle to assign all the bands even with the help of the 2 nd derivative deconvolution method. By comparing the CO spectra of the trimers and the corresponding hexamers (Figures 8c,d), both molecules exhibit new broad bands at (1635 -1645 cm -1 ) and (1630 -1645 cm -1 ) for (8c) and (8d) respectively, which are characteristic of the presence of β-turn. These observations are consistent with the NMR studies, particularly for compound (8d). Based on the spectroscopic results, the NH3 (Lys3) and NH6 (Lys6) in compound (8d) are suggested to be involved in intramolecular hydrogen bonds with the CO (Boc) and CO (Lys3), respectively, stabilizing the two β-turns observed by the 2D ROESY in its two terminals, forming two pseudocycles of 10 atoms.
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Please do not adjust margins Please do not adjust margins Based on the average values of the torsion angles on the calculated trajectories for the two oligomers (8c) and (8d) and comparing with the theoretical values (Supporting Information, Table S4), the results suggested that: (a) Boc-[Lys(Z)-azaPhe-Lys(Z)]2-OMe (8c) exists in equilibrium between several distorted β-turn conformations. Residues [1 & 2] show non-classical βV-turn conformation. on the other hand, residues [3 & 4] and [4 & 5] deviate from the classical βIV-turn conformation. Unexpectedly, residues [2 / 3] demonstrate distorted βII'-or βV'-turn since the β'-turn types were only reported for molecules possessing D-amino acids. [START_REF] Cheng | Effect of lysine side chain length on intra-helical glutamate--lysine ion pairing interactions[END_REF] Accordingly, these results highlight that changing the chirality of the amino acid residues positioned at R1 and R4 from L-Lys in (8c) to D-Lys in (8d) promote the presence of more hydrogen bond interactions and then reduces the flexibility of the molecule (8d), which by consequence adopts a more defined conformation in solution compared to compound (8c). This behavior of lysine side chain was previously reported stating the ability of the lysine residues to be involved in hydrogen bonds with residues elsewhere in the structure or with solvent molecules. [START_REF] Cheng | Effect of lysine side chain length on intra-helical glutamate--lysine ion pairing interactions[END_REF] These results are consistent with the 2D NMR studies in solution as molecule (8c) shows weak correlations between the nuclei. Indeed, the molecule is highly flexible and exists in various conformations. In contrast, the strong correlation in the 2D spectrum of (8d) reflects that the R chirality of ca carbons induces, for this molecule, defined β-turns, as confirmed by molecular dynamic calculations.

Additional analysis of the (8c) and (8d) trajectories assess how the non-classical β-turn hydrogen bonds disturb the conformations adopted by the two molecules. The calculations for both molecules predicted several intramolecular hydrogen bonds as summarized in Table S5 (Supporting Information). These results are consistent with NMR results which supposed that the NH protons of residues 4 and 5 are involved in weak hydrogen bonds in the case of (8c). Similarly, the NH protons of residues 2 and 5 in compound (8d) may be engaged in weak intramolecular hydrogen. In addition, the observed broad bands in the FTIR spectra for both molecules were assigned to NH involved in several hydrogen bonds as confirmed by molecular dynamic calculations. Please do not adjust margins Please do not adjust margins Moreover, by applying the most favorable parameters for hydrogen bond formation, [START_REF] Thormann | Conformational properties of azapeptides[END_REF][START_REF] Dannenberg | An Introduction to Hydrogen Bonding By George A. Jeffrey[END_REF] the calculations gave an idea related to the average percentages for the predicted intramolecular hydrogen bonds in both molecules, (Supporting Information, Tables S6 andS7). Examples for a number of selected frames with more than one hydrogen bond representing molecules 8c and 8d are shown in Figures 9 and10, respectively.
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Application as additives in polymeric membranes for CO2 capture

In this work, we have investigated the application of our sazapeptides as bio-based additives in an original non- medical application, the CO2 membrane separation. If antibacterial peptides have been reported for a long time to limit biofouling for water treatment membranes, recent promising works have shown the high potential of peptides and polypeptides for increasing water permeability of dialysis, water purification and nanofiltration membranes. [START_REF] Bolisetty | Amyloid-carbon hybrid membranes for universal water purification[END_REF][START_REF] He | Functionalized polymeric membrane with aquaporin using click chemistry for water purification application[END_REF][START_REF] Lee | Facilitated Water Transport through Graphene Oxide Membranes Functionalized with Aquaporin-Mimicking Peptides Advanced Materials[END_REF][START_REF] Sutisna | Self-Assembled Membranes with Featherlike and Lamellar Morphologies Containing α-Helical Polypeptides Macromolecules[END_REF][START_REF] Schöttner | Amine-Containing Block Copolymers for the Bottom-Up Preparation of Functional Porous Membranes Macromolecules[END_REF][START_REF] Li | Modification of a polyethersulfone membrane with a block copolymer brush of poly(2methacryloyloxyethyl phosphorylcholine-co-glycidyl methacrylate) and a branched polypeptide chain of Arg-Glu-Asp-Val RSC Advances[END_REF] However, the use of peptides or pseudopeptides for CO2 separation membranes has remained an almost unexplored field so far. In 2016, we have reported the first work on pseudopeptide additives and their corresponding bioconjugates with a CO2-philic polymeric part for greatly improving CO2 permeability through CO2

Please do not adjust margins Please do not adjust margins separation membranes. [START_REF] Solimando | Pseudopeptide bioconjugate additives for CO2 separation membranes[END_REF] In 2019, Prasad et al. have used sericin polypeptide (i.e. a waste product of the silk industry) as additive in chitosan membranes for CO2 separations. [START_REF] Prasad | Enhanced CO2 separation membrane prepared from waste by-product of silk fibroin[END_REF] At high temperatures (80 -100 °C), one of these polypeptide-based membranes had CO2/N2 separation performances above the 2008 Robeson upper-bound. Furthermore, amino acids have also been used in bio-based ionic liquids (ILs) or poly(ionic liquid)s (PILs) for CO2 absorption processes. [67][START_REF] Sistla | CO2 absorption studies in amino acidanion based ionic liquids[END_REF][START_REF] Raja Shahrom | Amino acid based poly(ionic liquid) materials for CO2 capture: Effect of anion[END_REF] These former works have shown that the ILs or PILs derived from amino acids containing an amine side group (e.g., lysine or arginine) were performing better than the non-functional ILs or PILs. The strong interactions of CO2 with the free amine groups were responsible for better CO2 absorption performances. The presence of free amine groups is also responsible for the very high performance of several facilitated transport membranes for CO2 separations. [START_REF] Tong | Facilitated transport membranes for CO2 separation and capture Separation[END_REF][START_REF] Rafiq | Role of Facilitated Transport Membranes and Composite Membranes for Efficient CO2 Capture -A Review ChemBioEng Reviews[END_REF] The seven aza-pseudopeptide oligomers (6b), (6b'), (7a), (7c), (7c'), (8c), and (8c') (scheme 1 and Table 1) were tested as additives in Pebax ® 1074 membrane, already known for its good performance for CO2 capture [START_REF] Solimando | Pseudopeptide bioconjugate additives for CO2 separation membranes[END_REF][START_REF] Bondar | Gas transport properties of poly(ether-b-amide) segmented block copolymers[END_REF][START_REF] Barbi | SAXS and the Gas Transport in Polyether-block-polyamide Copolymer Membranes[END_REF] (Supporting Information, Figure S14). These pseudopeptide oligomers differed in their length (from dimer to hexamer oligomers) and the type of their side group. In a first series of protected pseudopeptide oligomers, the side chain amine group of the lysine residue was protected with a carboxybenzyl (Z) group. In a second series of deprotected pseudopeptide oligomers, this amine side group was deprotected. For comparison, a pseudopeptide trimer without lysine residue was also tested to assess the influence of this charged amino acid on the gas permeation properties. The results of the membrane permeation properties for CO2 and N2 pure gases are reported in Table S8 (Supporting Information). Table 1. Description of the aza-pseudopeptide oligomers tested as additives in Pebax ® 1074 membrane for CO2 capture.

Figure 11 shows the ideal selectivity αCO2/N2 as a function of CO2 permeability (Robeson plot) for the different membranes at 2 bar and 35 °C, which are typical conditions for CO2 capture. The protected pseudopeptide trimer with lysine residues and the deprotected pseudopeptide trimer had better CO2 permeability compared to the corresponding trimer without lysine residue, showing the positive effect of the lysine for CO2 permeation.

For both series of pseudopeptide oligomers, both the ideal selectivity and the CO2 permeability decrease when the pseudopeptide oligomer length increases from dimer to hexamer, and this effect was reinforced for the deprotected pseudopeptide oligomers (Figure 11). The deprotection of the pseudopeptide oligomer leads to free amine side group for the lysine residue(s), resulting in a systematic improvement of the CO2 permeability. It is well known that free amines have strong ability to interact with CO2 and the incorporation of amine-based additives in polymer membranes usually improves CO2 permeability. [START_REF] Raja Shahrom | Amino acid based poly(ionic liquid) materials for CO2 capture: Effect of anion[END_REF][START_REF] Robeson | The upper bound revisited[END_REF][START_REF] Chen | Aminecontaining polymer/zeolite Y composite membranes for CO2/N2 separation[END_REF][START_REF] Nasir | Fabrication, Characterization and Performance Study of N-methyl-diethanolamine (MDEA)-Polyethersulfone (PES) Amine Polymeric Membrane for CO2/CH4 Separation[END_REF][START_REF] Chen | Membrane materials targeting carbon capture and utilization Advanced Membranes[END_REF][START_REF] Shen | UiO-66polyether block amide mixed matrix membranes for CO2 separation[END_REF] In this work, the extent of this improvement increases when the pseudopeptide oligomer length decreases. Therefore, the best membrane properties were obtained for the deprotected pseudopeptide dimer, overcoming the usual selectivity/permeability trade-off [START_REF] Liu | High-Performance Polymers for Membrane CO2/N2 Separation Chemistry[END_REF][START_REF] Liu | Recent progress in the design of advanced PEO-containing membranes for CO2 removal Progress in[END_REF][START_REF] Daynes | The process of diffusion through a rubber membrane[END_REF] with an increase in both ideal selectivity αCO2/N2 (from 42.8 to 47.6) and CO2 permeability (from 132 to 148 Barrer) compared to the virgin Pebax ® 1074 membrane. The CO2 sorption coefficients obtained for the membranes with the different protected pseudopeptide additives were very close to each other and also to that of the virgin Pebax ® 1074 membrane, meaning that the protected pseudopeptide additives did not have any significant effect on the sorption step during CO2 permeation (Figure 12). However, as expected, the deprotected pseudopeptide additives led to higher CO2 sorption coefficients and the best sorption improvement was obtained for the deprotected hexamer, i.e. the longest pseudopeptide oligomer containing four deprotected lysine residues. The four corresponding free amine side groups strongly interacted with the CO2 molecules and increased CO2 sorption by 30%. This result is in good agreement with former works ILs and PILs based on amino acids, having shown the good interactions of CO2 molecules with free amine side groups of lysine or arginine amino acids. [67][START_REF] Sistla | CO2 absorption studies in amino acidanion based ionic liquids[END_REF][START_REF] Raja Shahrom | Amino acid based poly(ionic liquid) materials for CO2 capture: Effect of anion[END_REF] The different protected pseudopeptide additives induce a very low reduction in the CO2 diffusion coefficient partially due to the presence of the bulky carboxybenzyl (Z) protecting group slightly limiting the diffusion of CO2 molecules (Figure 12). However, the CO2 diffusion coefficient was decreased by 23% and 30% for the deprotected trimer and hexamer additives, respectively, compared to that obtained with the virgin Pebax ® 1074 membrane. On the other hand, the CO2 diffusion coefficient slightly increased (+13%) for the deprotected dimer additive. Therefore, the deprotected pseudopeptide length has a strong effect on the CO2 diffusion coefficient, the longest additives hindering CO2 diffusion. It has been shown in the first part of this work that increasing the length of the pseudopeptide oligomers favors their structuration by involving more and more β-turn conformations when going from dimer to trimer and hexamer. It has also been shown that N e H might be involved in hydrogen bonds. For the series of deprotected pseudopeptide additives, the best CO2 diffusion coefficient was obtained for the less structured pseudopeptide oligomer (dimer).

To conclude about the gas permeation results, the deprotected pseudopeptide trimer and hexamer additives improve CO2 sorption, the best improvement being obtained for the hexamer additive containing four lysine residues and four free amine side groups. The deprotected pseudopeptide dimer additive did not have any significant effect on CO2 sorption compared to that of the virgin Pebax ® 1074 membrane. However, the strong structuration of the long deprotected additives induces a strong decrease of the CO2 diffusion coefficient, finally resulting in a decrease in CO2 permeability. Nevertheless, the low structuration of the deprotected dimer additive led to higher CO2 diffusion coefficient (+13%), finally resulting in higher membrane CO2 permeability (+12%) and better ideal selectivity αCO2/N2 (+11%).

Conclusions

The study overviewed the synthesis and conformational studies of a new series of 2:1-[α/aza]-oligomers (trimers and hexamers) incorporating lysine amino acid residue. The influence of the N ε H on the conformation of these oligomers were established using NMR, FTIR and molecular dynamic calculations, at least in the protected oligomers. The spectroscopy techniques emphasized the adoption of the β-turn conformations regardless the chirality and side chain of lysine particularly in small sequence, while the chirality and chain length exerted their role in β-turn deviation. On the other hand, molecular dynamic simulations predicted the impact of the supplementary N ε H of the lysine residue and of the chain length on the backbone torsion angles, highlighting the presence of intramolecular hydrogen bonds with the amide groups of the azapeptide backbone, causing distortion from the classical β-turn particularly in longer sequences (hexamers > trimers). In addition, increasing the chain length (hexamer) and the high steric hindrance caused by the four lysine residues (8c > 8d) led to increasing the flexibility of the hexamers to fold into more energetically stable conformation stabilized by non-classical β-turn hydrogen bonds. Furthermore, the study investigated the synthesized short azapeptide based lysine moiety with free amine side chain (deprotected dimer) exerted a good improvement in CO2 separation upon using them as additive in Pebax ® matrix membrane. 
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Figure 1 .

 1 Figure 1. ROE correlations of βII-and βII'-turn conformations in 7c (left) and 7d (right), respectively; (300 MHz, 3.0 mmol L -1 , CDCl3, 300 K).

  Please do not adjust marginsPlease do not adjust margins all the other free NH protons (i.e., NH (Lys1 or D-Lys1), NH (azaPhe2), and N ε H of lysine side chains) (Supporting Information, Figures S5).

Figure 2 .

 2 Figure 2. Chemical shift-variations (δ) of HN protons for: (a) 7c, and (b) 7d as a function of % [CDCl3/DMSO-d6] mixtures.

Figure 3 .

 3 Figure 3. FTIR spectra belong to the NH stretching region (up spectra), and CO stretching region (bottom spectra) for :(a, c) 7c, and (b, d) 7d (3.0 mmol L -1 , CDCl3).
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Figure 4 .

 4 Figure 4. Selected frames for (7c) obtained by molecular dynamic simulations, illustrating different intramolecular hydrogen bonds (green dots); type i (left), type ii (middle), and types i & ii together (right). The H atoms, except those of the NH groups, have been omitted for clarity.

Figure 4 .

 4 Similarly, we observed a large deviation from the classical βI'-turn conformation particularly in the torsion angles (ϕ1, ψ1= 128.40°, -64.24°) for (7d), related to the Please do not adjust margins Please do not adjust margins

Figure 5 .

 5 Figure 5. Selected frames for (8c) obtained by molecular dynamic simulations, illustrating different intramolecular hydrogen bonds (green dots); type i (left), type iii (middle), types i, ii & iii (right). The H atoms, except those of the NH groups, have been omitted for clarity.

Figure 6 .

 6 Figure 6. ROE correlations of β-turn conformations in: (a) 8c, and (b) 8d (300 MHz, 4.0 mmol L -1 , CDCl3, 300 K).
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Figure 7 .

 7 Figure 7. Chemical shift-variations (δ) of NH protons for: (a) 8c, and (b) 8d as a function of % [CDCl3/DMSO-d6] mixtures.

Figure 8 .

 8 Figure 8. FTIR spectra belong to the NH (up spectra), and CO (bottom spectra) stretching regions for: (a & c) 8c, and (b & d) 8d (3.0 mmol L -1 , CDCl3).Based on the average values of the torsion angles on the calculated trajectories for the two oligomers (8c) and (8d) and comparing with the theoretical values (Supporting Information, TableS4), the results suggested that: (a) Boc-[Lys(Z)-azaPhe-Lys(Z)]2-OMe (8c) exists in equilibrium between several distorted β-turn conformations. Residues[1 & 2] show non-classical βV-turn conformation. on the other hand, residues[3 & 4] and[4 & 5] deviate from the classical βIV-turn conformation. Unexpectedly, residues [2 / 3] demonstrate distorted βII'-or βV'-turn since the β'-turn types were only reported for molecules possessing D-amino acids.[START_REF] Cheng | Effect of lysine side chain length on intra-helical glutamate--lysine ion pairing interactions[END_REF] (b) Boc-[D-Lys(Z)-azaPhe-Lys(Z)]2-OMe (8d) adopts mainly two consecutive distorted turns: βII'-turn between residues[2 & 3], and βI'-turn between residues[4 & 5]. (c) The deviation from the theoretical torsion angles values may be related to the involvement of the amide groups of the main backbone in non-classical β-turn intramolecular hydrogen bonds with either the amide groups of the main backbone and/or with the amide groups of the lysine side chains. These intramolecular hydrogen bonds affected the backbone dihedral angles leading to a deviation from the classical β-turn in natural peptides.Accordingly, these results highlight that changing the chirality of the amino acid residues positioned at R1 and R4 from L-Lys in (8c) to

  Figure 8. FTIR spectra belong to the NH (up spectra), and CO (bottom spectra) stretching regions for: (a & c) 8c, and (b & d) 8d (3.0 mmol L -1 , CDCl3).Based on the average values of the torsion angles on the calculated trajectories for the two oligomers (8c) and (8d) and comparing with the theoretical values (Supporting Information, TableS4), the results suggested that: (a) Boc-[Lys(Z)-azaPhe-Lys(Z)]2-OMe (8c) exists in equilibrium between several distorted β-turn conformations. Residues[1 & 2] show non-classical βV-turn conformation. on the other hand, residues[3 & 4] and[4 & 5] deviate from the classical βIV-turn conformation. Unexpectedly, residues [2 / 3] demonstrate distorted βII'-or βV'-turn since the β'-turn types were only reported for molecules possessing D-amino acids.[START_REF] Cheng | Effect of lysine side chain length on intra-helical glutamate--lysine ion pairing interactions[END_REF] (b) Boc-[D-Lys(Z)-azaPhe-Lys(Z)]2-OMe (8d) adopts mainly two consecutive distorted turns: βII'-turn between residues[2 & 3], and βI'-turn between residues[4 & 5]. (c) The deviation from the theoretical torsion angles values may be related to the involvement of the amide groups of the main backbone in non-classical β-turn intramolecular hydrogen bonds with either the amide groups of the main backbone and/or with the amide groups of the lysine side chains. These intramolecular hydrogen bonds affected the backbone dihedral angles leading to a deviation from the classical β-turn in natural peptides.Accordingly, these results highlight that changing the chirality of the amino acid residues positioned at R1 and R4 from L-Lys in (8c) to

  Briefly, in compound (8c), the calculations indicated the possibility of 4 different hydrogen bonds between: (i) CO (azaPhe2) and NH (Lys4) closing a pseudocycle of 7 atoms occurring at 90% of the modelled frames; (ii) CO (Lys1) and N ε H (Lys4) closing a pseudocycle of 16 atoms with an occurrence of 64.9%; (iii) CO (Boc) and NH (azaPhe2) closing a pseudocycle of 7 atoms with an occurrence of 48.9%; and (iv) CO (azaPhe2) and NH (azaPhe5) closing a pseudocycle of 10 atoms with an occurrence of 32.9%. The calculations for compound (8d) predicted the possibility of 6 different hydrogen bonds. The hydrogen bonds are: (i) CO (D-Lys1) and NH (azaPhe5) closing a pseudocycle of 13 atoms occurring at 59.1% of the modelled frames, (ii) CO(Z) (Lys6) and NH (D-Lys1) closing a pseudoring of 25 atoms with occurrence of 58.7%; (iii) CO (azaPhe2) and NH (D-Lys4) closing a pseudocycle of 7 atoms with occurrence of 38.9%; iv) (COi) Boc and NHi+2 (azaPhe2) closing a pseudocycle of 7 atoms with occurrence of 29.5%; (v) CO(Z) (D-Lys4) and N ε H (D-Lys1) closing a pseudocycle of 23 atoms with occurrence of 26.9%; and (vi) CO (azaPhe5) and N ε H (Lys3) closing a pseudocycle of 12 atoms with occurrence of 23.0%.
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Figure 9 .

 9 Figure 9. Selected frames for molecule (8c) obtained by molecular dynamic simulations, illustrating different intramolecular hydrogen bonds (green dots). The H atoms, except those of the NH groups, and the phenyl groups have been omitted for clarity.

Figure 10 .

 10 Figure 10. Selected frames for molecule (8d) obtained by molecular dynamic simulations, illustrating different intramolecular hydrogen bonds (green dots). The H atoms, except those of the NH groups, and the phenyl groups have been omitted for clarity.

Figure 11 .

 11 Figure 11. Ideal selectivity aCO2/N2 as function of CO2 permeability (Robeson plot) for different Pebax ® 1074 membranes with protected and deprotected pseudopeptide additives at 2 bar and 35 °C.

  6b', 7b' and 8b' were obtained from the corresponding protected analogues by catalytic hydrogenolysis (See Experimental Section).
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Figure 12 .

 12 Figure 12. CO2 sorption (a) and diffusion (b) coefficients for different Pebax ® 1074 membranes with protected and deprotected pseudopeptide additives at 2 bar and 35 °C.
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Figure S5 . 2 Figure S6 .
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 S10 Figure S10. The 1 H spectrum of 8d (4.0 mmol L -1 , CD 3 CN, 300 K).
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 S11 Figure S11. The 2D ROESY spectrum illustrating the β-turn conformation in 8c; (300 MHz, 4.0 mmol L -1 , CDCl 3 , 300 K).
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 S12 Figure S12. The 2D ROESY spectrum illustrating the correlations of β-turn conformation in 8d, (300 MHz, 4.0 mmol L -1 , CDCl 3 , 300 K).
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 S13 Figure S13. Chemical shift-variations (δ) of NH protons for: 8c (up); and 8d (bottom) as a function of % [CDCl 3 /DMSO-d 6 ] mixtures.
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 S14 Figure S14. (a) Evaporation of butanol during membrane casting on a PTFE mold, and(b) example of a prepared membrane containing 4.0 wt% of the deprotected trimer (7c') pseudopeptide as additive in Pebax ® 1074 polymer before gases separation test.

  

  

  (NH); 1647 cm -1 , 1677 cm -1 , 1736 cm -1 , 1751 cm -1 (C=O).

	1 H NMR (300 MHz, CDCl3, 8.0 mmol L -1 ) δH 1.38 and
	1.40 (d, 3H, CH3), 3.72 (s, 3H, COOCH3), 4.53 (m, 1H, C α H), 4.86-4.97
	(m, 2H, CH2), 5.31 and 5.37 (d, 1H, NH), 7.23-7.42 (m, 5H, H arom Ph),
	7.75-7.85 (m, 4H, H arom Phth). 13 C NMR (75 MHz, CDCl3, 10.0 mmol
	L -1 ) δc 19.60 (CH3), 50.19 (C α H), 53.14 (COOCH3), 53.62 (NCH2),
	124.62 (CH arom Phth), 128.89 (CH arom Ph), 129.20 (CH arom Ph),
	129.80 (C arom Phth), 135.33 (C arom Ph), 135.51 (CH arom Phth),
	156.15 (O=C-NH), 165.84 (O=C-Phth), 174.32 (COOCH3). IR (ATR) ῦmax
	= 3353 cm -1 HRMS (ESI) for [C20H19N3O5]: calculated [M+Na+MeOH] + (m/z)
	436.1479; found, 436.1457.

1 H NMR (300 MHz, CDCl3, 8

  

	.0 mmol L -1 ) δH 1.42-1.47 (m,
	12H, CH3 and C(CH3)3), 3.76 (s, 3H, COOCH3), 4.50-4.60 (m, 1H, C α H),
	4.85 (br s, 2H, NCH2), 5.91 and 5.94 (d, 1H, NH), 5.97 (br s, 1H,
	NHBoc), 7.26-7.37 (m, 5H, H arom Ph). 13 C NMR (75 MHz, CDCl3, 10.0
	mmol L -1 ) δc 19.70 (CH3), 28.75 (C(CH3)3), 49.84 (C α H), 51.25 (NCH2),
	52.99 (COOCH3), 83.04 (C(CH3)3), 128.53 (CH arom Ph), 129.45 (CH
	arom Ph), 129.59 (CH arom Ph), 136.73 (C arom Ph), 154.90 (COOt-
	Bu), 157.61 (O=C-NH), 174.75 (COOCH3). IR (ATR) ῦmax = 3207 cm -1 ,
	3415 cm -1 (NH); 1647 cm -1 , 1723 cm -1 , 1732 cm -1 (C=O). HRMS (ESI)
	for [C17H25N3O5]: calculated [M+H] + (m/z) 352.1872; found, 352.1878.

  H2), 32.41 (C β H2), 40.70 (C ε H2), 41.32 (C ε H2), 51.91 (NCH2), 52.92 (OCH3), 53.76 (C α H), 54.02 (C α H), 67.33 (OCH2), 67.43 (OCH2), 81.27 (C(CH3)3), 128.40 (CH arom Ph), 128.75 (CH arom Ph), 128.85 (CH arom Ph), 129.19 (CH arom Ph), 129.30 (CH arom Ph), 129.35 (CH arom Ph), 137.20 (C arom Ph), 156.69 (COOt-Bu), 157.29 (O=C-

	37 (s, 9H, C(CH3)), 1.23-	
	1.87 (m, 6H, ( C β H2, C g H2, C δ H2)), 2.71-2.79 and 2.93-3.00 (m, 2H, CH2),	
	3.18-3.23 (m, 2H, C ε H2), 3.68 (s, 3H, COOCH3), 4.11-4.14 (m, 1H, C α H),	
	4.37-4.44 (m, 1H, C α H), 4.55 and 4.68 (br, 2H, NCH2), 4.75 (br s, 1H,	
	NHBoc), 5.02 (s, 2H, CH2(Z)), 5.24-5.31 (br m, 1H, NHZ), 6.08 and 6.10 1 H NMR (br d, 1H, NH), 7.10-7.33 (m, 15H, H arom Ph), 7.78 (br s, 1H, NH). 13 C	Boc-D-Lys(z)-azaPhe-Lys(z)-OMe (7d) was obtained as a white foam
	(300 MHz, CDCl3, 10.0 mmol L -1 ) δH 1.37-1.43 (m, 12H, CH3 and NMR (75 MHz, CDCl3, 10.0 mmol L -1 ) δ 23.37 (C γ H2), 28.90 (C(CH3)),	(yield 69%) after flash chromatography (0.04 -0.063 μm) using (60%
	C(CH3)3), 2.88-2.95 and 3.01-3.08 (m, 2H, CH2), 3.71 (s, 3H, COOCH3), 29.51 (C δ H2), 31.70 (C β H2), 37.81 (CH2Ph), 41.01 (C ε H2), 52.07 (NCH2),	dichloromethane : 38.5% ethyl acetate : 1.5% methanol) as eluent;
	4.03 (m, 1H, CH), 4.28 (br s, 1H, NHBoc), 4.43-4.51 (m, 1H, CH), 4.90-52.78 (OCH3), 54.18 (C α H), 56.18 (C α H), 67.13 (OCH2), 81.09 (C(CH3)3),	1 H NMR (300 MHz, CDCl3, 8.0 mmol L -1 ) δH 1.41 (s, 9H, C(CH3)), 1.42-
	4.95 (br m, 2H, NCH2), 6.2 (br s, 1H, NH), 7.06-7.30 (m, 10H, H arom 128.15 (CH arom Ph), 128.30 (CH arom Ph), 128.69 (CH arom Ph),	1.87 (m, 12H, 2*( C β H2, C g H2, C δ H2)), 3.06-3.11 (m, 2H, C ε H2), 3.16-
	4.99 (s, 2H, CH2(Z)), 5.00 (s, 2H, CH2(Z)), 5.06 (br, 1H, NHBoc), 5.24 4.47 (m, 1H, C α H), 4.78 (br s, 1H, NHZ), 4.36 and 4.86 (m, 2H, NCH2), 3.14 (m, 2H, C ε H2), 3.62 (s, 3H, COOCH3), 3.73 (br m, 1H, C α H), 4.45-1.78 (m, 12H, 2*( C β H2, C g H2, C δ H2)), 2.98-3.04 (m, 2H, C ε H2), 3.07-129.17 (CH arom Ph), 129.52 (CH arom Ph), 129.73 (CH arom Ph), Ph), 7.73 (br s, 1H, NH). 31 (s, 9H, C(CH3)), 1.32-136.11 (C arom Ph), 137.36 (C arom Ph), 156.95 (COOt-Bu), 157.22 (O=C-CH2Ph), 157.85 (O=C-NH), 171.10 (O=C-NH), 174.04 (COOCH3).	(O=C-CH2Ph), 157.45 (O=C-NH), 171.20 (O=C-NH), 173.87 (COOCH3). 137.07 (C arom Ph), 137.35 (C arom Ph), 156.46 (COOt-Bu), 157.19 129.57 (CH arom Ph), 129.93 (CH arom Ph), 136.55 (C arom Ph), 128.90 (CH arom Ph), 129.18 (CH arom Ph), 129.36 (CH arom Ph), 3.20 (m, 2H, C ε H2), 3.68 (s, 3H, COOCH3), 3.80 (m, 1H, C α H), 4.41-4.44 (OCH3), 53.75 (C α H), 55.91 (C α H), 67.28 (OCH2), 81.61(C(CH3)3), 128.01 (CH arom Ph), 128.28 (CH arom Ph), 128.74 (CH arom Ph), (m, 1H, C 80
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C NMR (75 MHz, CDCl3) δc 18.71 (CH3),

28

.88 (C(CH3)3),

37

.83 (CH2), 50.11 (C α H),

52

.01 (NCH2),

52

.86 (COOCH3), 56.0 (C α H), 81.55 (C(CH3)3), 128.05 (CH arom Ph), 128.25 (CH arom Ph), 129.15 (CH arom Ph), 129.42 (CH arom Ph), 129.63 (CH arom Ph), 129.85 (CH arom Ph), 136.45 (C arom Ph), 137.10 (C arom Ph), 156.43 (COOt-Bu), 157.57 (O=C-NH), 171.08 (O=C-NH), 174.88 (COOCH3). IR (CDCl3) ῦmax = 3370 cm -1 , 3440 cm -1 (NH); 1656 cm -1 , 1673 cm -1 , 1705 cm -1 , 1723 cm -1 , 1743 cm -1 (C=O). HRMS (ESI) for [C26H34N4O6]: calculated [M+Na] + (m/z) 521.2376; found, 521.2344. Boc-D-Phe-azaPhe-Ala-OMe (7b) was obtained as a white solid (yield 70%) after flash chromatography (0.04 -0.063 μm) using (50% ethyl acetate : 50% petroleum ether) as eluent; m.p. 72 -73 °C; 1 H NMR (300 MHz, CDCl3, 8.0 mmol L -1 ) δH 1.39-1.41 (m, 12H, CH3 and C(CH3)3), 2.82-2.89 and 3.09-3.16 (m, 2H, CH2), 3.71 (s, 3H, COOCH3), 4.09-4.16 (m, 1H, C α H), 4.42-4.49 (br m, 1H, C α H), 4.67 ( br s, 2H, NCH2), 4.79 (br d, 1H, NHBoc), 6.04 (br s, 1H, NH), 7.12-7.35 (m, 10H, H arom Ph), 7.52 (br s, 1H, NH). 13 C NMR (75 MHz, CDCl3, 10.0 mmol L -1 ) δc 18.57 (CH3), 28.88 (C(CH3)3), 37.90 (CH2), 50.03 (C α H), 51.86 (NCH2), 52.85 (COOCH3), 56.27 (C α H), 81.96 (C(CH3)3), 128.16 (CH arom Ph), 128.35 (CH arom Ph), 129.23 (CH arom Ph), 129.56 (CH arom Ph), 129.75 (CH arom Ph), 129.82 (CH arom Ph), 136.30 (C arom Ph), 137.18 (C arom Ph), 156.69 (COOt-Bu), 157.54 (O=C-NH), 170.90 (O=C-NH), 174.67 (COOCH3).

IR (CDCl3) ῦmax = 3372 cm -1 , 3439 cm -1 (NH), 1657 cm -1 , 1674 cm -1 , 1705 cm -1 , 1721 cm -1 , 1741 cm -1 (C=O).

HRMS (ESI) for [C26H34N4O6]: calculated [M+Na]

+ (m/z) 521.2376; found, 521.2389.

Boc-Lys(z)-azaPhe-Lys(z)-OMe (7c)

was obtained as a white foam (yield 72%) after flash chromatography (0.04 -0.063 μm) using (60% dichloromethane : 38.5% ethyl acetate : 1.5% methanol) as eluent; 1 H NMR (300 MHz, CDCl3, 8.0 mmol L -1 ) δH 1.(br s, 1H, NHZ), 5.91 (br s, 1H, NH), 7.17-7.26 (m, 15H, H arom Ph), 7.75 (br s, 1H, NH). 13 C NMR (75 MHz, CDCl3, 10.0 mmol L -1 ) δ 22.79 (C γ H2), 22.93 (C γ H2), 29.01 (C(CH3)), 29.51(C δ H2), 29.98 (C δ H2), 31.23 (C β CH2Ph), 157.68 (O=C-NH), 172.20 (O=C-NH), 174.06 (COOCH3). IR (CDCl3) ῦmax = 3378 cm -1 , 3449 cm -1 (NH), 1652 cm -1 , 1677 cm -1 , 1701 cm -1 , 1717 cm -1 , 1735 cm -1 , 1748 cm -1 (C=O). HRMS (ESI) for [C42H56N6O10]: calculated [M+Na] + (m/z) 827;3956 found, 827.3978; calculated [M+K] + (m/z) 843.3695 found, 843.3715. α H), 4.48 and 5.00 (m, 2H, NCH2), 4.82 br s, 1H, NHZ), 5.05 (s, 2H, CH2(Z)), 5.08 (s, 2H, CH2(Z)), 5.24 (br, 1H, NHBoc), 5.43 (br s, 1H, NHZ), 6.15 and 6.16 (br d, 1H, NH), 7.26-7.34 (m, 15H, H arom Ph), 7.83 (br s, 1H, NH). 13 C NMR (75 MHz, CDCl3, 10.0 mmol L -1 ) δ 22.51 (C γ H2), 23.13 (C γ H2), 28.99 (C(CH3)), 29.43 (C δ H2), 30.21 (C δ H2), 30.92 (C β H2), 31.71 (C β H2), 40.27 (C ε H2), 40.91 (C ε H2), 51.96 (NCH2), 52.82 (OCH3), 54.18 (C α H), 55.36 (C α H), 67.09 (OCH2), 67.48 (OCH2), 81.81(C(CH3)3), 128.35 (CH arom Ph), 128.65 (CH arom Ph), 128.83 (CH arom Ph), 128.91 (CH arom Ph), 129.15 (CH arom Ph), 129.23 (CH arom Ph), 129.59 (CH arom Ph), 137.10 (C arom Ph), 137.39 (C arom Ph), 137.55 (C arom Ph), 157.25 (COOt-Bu), 157.41 (O=C-CH2Ph), 157.63 (O=C-CH2Ph), 157.97 (O=C-NH), 171.82 (O=C-NH), 174.28 (COOCH3). IR (CDCl3) ῦmax = 3302 cm -1 , 3375 cm -1 , 3449 cm -1 (NH), 1652 cm -1 , 1675 cm -1 , 1702 cm -1 , 1718 cm -1 , 1734 cm -1 , 1749 cm -1 (C=O). HRMS (ESI) for [C42H56N6O10]: calculated [M+Na] + (m/z) 827.3956 found, 827.3986; calculated [M+K] + (m/z) 843.3695 found, 843.3714.

Boc-Phe-azaPhe-Lys(z)-OMe (7e) was obtained as a white foam (yield 65%) after flash chromatography (0.04 -0.063 μm) using (70% dichloromethane : 29% ethyl acetate : 1.0% methanol) as eluent; 1 H NMR (300 MHz, CDCl3, 10.0 mmol L -1 ) δH 1.38 (s, 9H, C(CH3)), 1.48-1.85 (m, 6H, ( C β H2, C g H2, C δ H2)), 2.74-2.80 and 2.94-3.01 (m, 2H, CH2), 3.18-3.26 (m, 2H, C ε H2), 3.69 (s, 3H, COOCH3), 3.97 (m, 1H, C α H), 4.02 (br s, 1H, NHBoc), 4.48-4.54 (m, 1H, C α H), 5.02 and 5.03 (br d, 2H, NCH2), 5.08 (s, 2H, CH2(Z)), 5.40 (br s, 1H, NHZ), 5.97 and 5.99 (br d, 1H, NH), 6.97-7.34 (m, 15H, H arom Ph), 7.58 (br s, 1H, NH). 13 C NMR (75 MHz, CDCl3, 10.0 mmol L -1 ) δ 22.89 (C γ H2), 28.96 (C(CH3)), 29.49 (C δ H2), 32.33 (C β H2), 37.61 (CH2Ph), 41.23 (C ε H2), 52.12 (NCH2), 52.IR (CDCl3) ῦmax = 3374 cm -1 , 3444 cm -1 (NH), 1653 cm -1 , 1674 cm -1 , 1706 cm -1 , 1721 cm -1 , 1744 cm -1 (C=O). HRMS (ESI) for [C37H47N5O8]: ARTICLE Journal Name 6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins calculated [M+Na] + (m/z) 712.3322 found, 712.3339; calculated [M+K] + (m/z) 728.3062 found, 728.3042. Boc-D-Phe-azaPhe-Lys(z)-OMe (7f) was obtained as a white foam (yield 62%) after flash chromatography (0.04-0.063 μm) using (70% dichloromethane : 29% ethyl acetate : 1.0% methanol) as eluent; 1 H NMR (300 MHz, CDCl3, 10.0 mmol L -1 ) δH 1.IR (CDCl3) ῦmax = 3376 cm -1 , 3444 cm -1 (NH), 1652 cm -1 , 1673 cm -1 , 1707 cm -1 , 1720 cm -1 , 1744 cm -1 (C=O). HRMS (ESI) for [C37H47N5O8]: calculated [M+Na] + (m/z) 712.3322 found, 712.3327; calculated [M+K] + (m/z) 728.3062 found, 728.3028.
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 S8 Membrane permeation properties for CO 2 and N 2 pure gases at 35 °C and 2 bar…………… 7 Figure S1a. The

Table S2 .

 S2 Mean values of the dihedral angles of molecules (7c) and (7d) calculated from 25.000 structures issued of the molecular dynamic simulations versus the classical values of β-turns in natural peptides

Table S3 .

 S3 The possible intramolecular hydrogen bonds predicted from 25.000 structures in

			Φ1	Ψ1	Φ2	Ψ2	Φ3	Ψ3
		Molecule 7c	-29.70°26.37°-89.07°47.89°-138.60°125.56°M		
		olecule 7d	128.40			
			°-64.94°91.81°38.83°-146.91°125.82°β	
		IV-turn	-61°10°-53°17°--	--
		βI'-turn	60°30°90°0°--	--
	(7c) and (7d) issued of the molecular dynamic simulations
	Molecule Bond Ref.	Residue		Residue	Distance (Å) N-----O	Angle ( °) H-bond (%)
		i	CO (i)		HN (i + 2)	2.86	139.5	36
	7c					
		ii	CO (i + 2)		HN ε (i + 3)	2.96	159.04	35
		i	CO(Z) (i + 3) HN (i + 2)	2.89	162.01	40
	7d	ii	CO(Z) (i + 3) HN (i + 1)	2.91	158.44	26
		iii	CO (i)		HN ε (i + 1)	2.98	159.42	22

Table S5 .

 S5 Mean values of the bond distances and bond angles for the predicted intramolecular hydrogen bonds calculated from 25.000 structures in (8c) and (8d) obtained by the molecular dynamic simulations

Table S6 .

 S6 Average percentages of the expected intramolecular hydrogen bonds in (8c) obtained by the molecular dynamic simulations

		Intramolecular H-bonds in compounds (8c) and (8d)		
	Molecule	Bond Ref.	Residue	Residue	Distance (Å) N-----O	Angle (	°)	H-bond (%)
		i	CO (i+2)	NH (i + 4)	2.78	146.35	90.8
	8c	ii iii	CO (i + 1) CO (i)	N ε H (i + 4) NH (i + 2)	2.91 2.89	157.18 140.85	64.9 48.9
		iv	CO (i+2)	NH (i + 5)	3.02	147.36	32.9
		i	CO (i + 1)	NH (i + 5)	2.97	149.60	59.1
		ii	CO(z) (i + 6) NH (i + 1)	2.90	156.03	58.7
	8d	iii	CO (i + 2)	NH (i + 4)	2.94	137.64	38.8
		iv	CO (i)	NH (i + 2)	2.84	143.62	29.5
		v	CO(z) (i + 4) N ε H (i + 1)	2.95	159.04	26.9
		vi	CO (i + 5)	N ε H (i + 3)	2.94	155.21	23.0
	Molecule	Bond Ref.	No. of frames	Frames (%)	Bond Ref.	No. of frames	Frames (%)
		(i + ii)	15115	60.5	(i + ii + iii)	7368	29.5
		(i + iii)	11154	44.6	(i + iii + iv)	3607	14.4
	8c	(i + iv) (ii + iii)	6952 7892	27.8 31.8	(i + ii + iv) (ii + iii + iv)	4282 2560	17.3 10.2
		(ii + iv)	4921	19.7	(i + ii + iii + iv)	2259	9.0
		(iii + iv)	4215	16.9				

Table S7 .

 S7 Average percentages of the expected intramolecular hydrogen bonds in (8d) obtained by the molecular dynamic simulations

	Molecule Bond Ref.	No. of frames	Frames (%)	Bond Ref.	No. of frames	Frames (%)
		(i + ii)	8941	35.8	(iv + v)	2614	10.5
		(i + iii)	3069	12.3	(iv + vi)	1775	7.1
		(i + iv)	5439	21.8	(v + vi)	1997	8.0
		(i + v)	4378	17.5	(i + ii + iii)	1862	7.5
		(i + vi)	2306	9.2	(i + iii + iv)	1142	4.5
	8d	(ii + iii) (ii + iv)	4257 4753	17.0 19.0	(i + ii + iv) (ii + iii + iv)	2972 1405	11.9 5.6
		(ii + v)	4363	17.4	(iv + v +vi)	766	3.0
		(ii + vi)	4219	16.9	(i + ii + iii + iv)	650	2.6
		(iii + iv)	2871	11.5	(ii + iii + iv + v)	582	2.3
		(iii + v)	2314	9.2	(i + iv + v + vi)	473	1.9
		(iii + vi)	2277	9.1	(i + ii + iii + vi + v)	402	1.6

Table S8 .

 S8 Membrane permeation properties for CO 2 and N 2 pure gases at 35 °C and 2 bar

	oligomer Pseudopeptide	(Barrer) P (CO 2 )	(Barrer) P (N 2 )	(cm 2 /s) D (CO 2 ) x 10 6	(cm 2 /s) D (N 2 ) x 10 7	S (CO

2 ) x 10 2 (cm 3 (STP).cm -3 .cmHg - 1 ) S (N 2 ) x 10 4 (cm 3 (STP).cm -3 .cmHg -1 )

  

	Pebax 1074		132.67 ± 0.52	3.10 ± 0.17	1.19 ± 0.02	3.76 ± 0.40	1.12 ± 0.02	8.31 ± 1.10
	Trimer without Lys	7a	116.00 ± 0.17 2.58 ± 0.05	1.10 ± 0.04	4.11 ± 0.52	1.09 ± 0.05	6.39 ± 0.91
	Protected hexamer	8c	115.28 ± 0.24	3.00 ± 0.00	1.03 ± 0.02	3.96 ± 0.34	1.16 ± 0.06	7.58 ± 0.55
	Protected trimer	7c	119.23 ± 0.15	2.66 ± 0.29	1.13 ± 0.01	2.41 ± 0.18	1.05 ± 0.01	10.39 ± 0.68
	Protected dimer	6b	122.48 ± 1.39	2.60 ± 0.00	1.05 ± 0.05	3.09 ± 0.50	1.16 ± 0.05	8.57 ± 1.31
	Deprotected hexamer	8c'*	123.85 ± 0.31	3.35 ± 0.35	0.85 ± 0.02	6.16 ± 0.93	1.47 ± 0.04	5.59 ± 1.41
	Deprotected trimer	7c'*	133.20 ± 0.14	3.06 ± 0.06	0.92 ± 0.01	5.40 ± 0.38	1.46 ± 0.02	5.71 ± 0.33
	Deprotected dimer	6b'*	147.65 ± 0.13	3.10 ± 0.00	1.35 ± 0.03	3.68 ± 0.13	1.10 ± 0.02	8.42 ± 0.24
	*Deprotected azapeptides							

6b', 7b' and 8b' have

  obtained from the corresponding protected analogues by catalytic hydrogenolysis (See

Experimental Section).
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	8.0	7.5			7.0	6.5	6.0	5.5		5.0			4.5	4.0		3.5	3.0	2.5		2.0			1.5			1.0
													[ppm]																		

  The 1 H spectrum of 8c (4.0 mmol L -1 , CD 3 CN, 300 K).
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