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δ-Valerolactamic Quaternary Amino Acid Derivatives :

Enantiodivergent Synthesis and Evidence for Stereodifferentiated β-Turn-Inducing Properties

INTRODUCTION

Peptidomimetics containing non-canonical α-amino acids are essential tools for biology and as therapeutics, as they often exhibit enhanced stability towards in vivo proteolytic processes compared to natural peptides. 2 Among non-canonical α-amino acids, the cyclic α,α-disubstituted amino acids (cDAAs) are particularly useful to induce conformational restriction in peptidic backbones and allow selective recognition by target proteins. 3 Due to their constrained dihedral angles, cDAAs proved to confer peptidic scaffolds with stabilized secondary structures, thus allowing improved mimicry of specific recognition patterns found in natural peptides and proteins, such as β-turns and α-helices. 4 For example, the 1,1'-binaphtyl-substituted α-aminoisobutyric acid I (Bin, Figure 1) 5 represents a privileged rigid scaffold to transfer chirality through helical sequences of α-amino-isobutyric acid (Aib) and glycine residues. [START_REF] De Poli | Engineering the Structure of an N-Terminal β-Turn To Maximize Screw-Sense Preference in Achiral Helical Peptide Chains[END_REF] In the same line, compounds II-VI (Figure 1) have been synthesized as potential conformational inducers for peptidic sequences. The group of González-Muñiz reported the synthesis of the chiral quaternary α,α-2oxoazepane amino acid II, and demonstrated its ability to induce a β-turn conformation in a dipeptidic structure. 7,8 Meanwhile, 3 10 helix conformations were observed in small peptidic sequences containing the azepane analogue III, 9 the unsubstituted azepane IV, [START_REF] Pellegrino | 1H-Azepine-4-Amino-4-Carboxylic Acid: A New α,α-Disubstituted Ornithine Analogue Capable of Inducing Helix Conformations in Short Ala-Aib Pentapeptides[END_REF] or the 2oxoazepane V. [START_REF] Pellegrino | 1H-Azepine-2-Oxo-5-Amino-5-Carboxylic Acid: A 3 10 Helix Inducer and an Effective Tool for Functionalized Gold Nanoparticles[END_REF] In addition, 4-aminopiperidine-4-carboxylic acid (Api) derivatives VI have been described to be valuable helical conformation inducers, allowing modulation of the helical properties through variation of the substituent on the piperidinic nitrogen atom. 12 In this context, we assumed that δ-valerolactamic derivatives of Api were relevant cyclic α,αdisubstituted amino acids to be studied as secondary structure inducers in peptidomimetics.

Indeed, introduction of the lactam function would not only allow desymmetrization of the cyclic moiety and confer chirality to such cDAA, but it would also provide new opportunities for peptide structuration through possible involvement of the lactamic C=O in hydrogen bonding. It was anticipated that each enantiomer of such chiral cDAA could induce a specific conformation in small heteropeptides, [START_REF] Jiménez | Influence of Side Chain Restriction and NH•••π Interaction on the β-Turn Folding Modes of Dipeptides Incorporating Phenylalanine Cyclohexane Derivatives[END_REF] or even control the helical screw sense of oligo-homopeptides made up of non-chiral amino acids. [START_REF] Tanaka | Chiral Centers in the Side Chains of α-Amino Acids Control the Helical Screw Sense of Peptides[END_REF] (4b). [START_REF]Extending the reaction time increased to a large extent the formation of diacid and did not improve the yield of monoacid diester (7b)[END_REF] Chemoselective reduction of acid 7b with borane-dimethylsulfide complex and subsequent oxidation of the primary alcohol so obtained with Dess-Martin periodinane led to aldehyde 8b in an unoptimized 19% overall yield.

With both N-protected aldehydes 3c and 8b in hand, we next investigated their reductive amination to access pseudo-enantiomeric lactamic cDAA precursors (Scheme 3). The reaction of 3c with benzylamine using NaBH 3 CN or NaBH(OAc) 3 in the presence of acetic acid, respectively without [START_REF] Kano | Syn-Selective Asymmetric Cross-Aldol Reactions between Aldehydes and Glyoxylic Acid Derivatives Catalyzed by an Axially Chiral Amino Sulfonamide[END_REF] or with preformation of the corresponding imine (Scheme 3, eq. 1), afforded the corresponding secondary amine 9c in good yield (70%). When extended to (R)-α-methylbenzylamine, the reductive amination was performed in 77% yield (10c).

Scheme 3. Synthesis of bis-protected (R) and (S) δ-valerolactamic cDAAs 11 and 12

The critical cyclization of the N-benzyl amino diester 9c was then studied. Heating 9c in refluxing toluene provided the 6-membered ring product 11 in moderate to good yield, without visible formation of 5-membered ring byproducts. [START_REF]The selective formation of the 6-membered ring product (11) could result from the reduced steric hindrance of the reactive t-butyl ester compared to the other t-butyl ester, and from its possible activation through an intramolecular hydrogen-bond with the NH of the pent-4-enoyl amide chain[END_REF] The limitation of the yield (54%) was found to be due to the competitive formation of amidine 11' (23%), resulting from nucleophilic attack of the secondary amine on the pent-4-enamide under these thermal conditions. [START_REF] Rouleau | New Potent Human Acetylcholinesterase Inhibitors in the Tetracyclic Triterpene Series with Inhibitory Potency on Amyloid β Aggregation[END_REF] The δ-valerolactamic structure of the cyclic product 11, produced by nucleophilic attack of the secondary amine on the less hindered β-ester, was deduced from IR and [START_REF] Jiménez | Influence of Side Chain Restriction and NH•••π Interaction on the β-Turn Folding Modes of Dipeptides Incorporating Phenylalanine Cyclohexane Derivatives[END_REF] C spectral data, and was confirmed by X-ray (Eq. 1)

t-BuO 2 C (R)
O crystallography (see Figure 2). [START_REF]Supporting Information for X-ray diffraction data of compound 11[END_REF] Interestingly, this crystalline product 11 proved to be also obtained from its precursor 9c by slow cyclization / crystallization in a mixture of diethyl ether and pentane at 4 °C. [START_REF]This compound slowly crystallized from the thick oil upon storage in the fridge, yielding white needles. 23 See Supporting Information for X-ray diffraction data of compound 14. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre[END_REF] Under these mild conditions, the competitive formation of amidine 11' was not observed and compound 11 could be obtained at a gram scale without purification of 9c in 55% overall yield from aldehyde 3c (2 steps). However, this procedure is very long (> 2 weeks) and its reproducibility is low. Conversely, all attempts to perform lactamization on compound 10c failed, possibly due to steric hindrance of the nitrogen atom. Aldehyde 8b was next subjected to the reductive amination conditions. To our delight, the amino diester so produced was found to undergo spontaneous cyclisation upon storage at low temperature (two weeks), yielding δ-valerolactam of (S)-configuration 12 with complete regioselectivity and in good yield (Scheme 3, eq. 2).

Synthesis of pseudopeptides 14 and 15

In view to access pseudopeptides containing a δ-valerolactamic cDAA moiety, the cleavage of the t-butyl ester in compounds (R)-11 and (S)-12 was next studied. Compound (R)-11 was easily deprotected at the C-terminus by TFA to afford the corresponding carboxylic acid (R)-13, which was coupled with N-Me-L-alaninamide under standard conditions (Scheme 4, eq 1a). To our delight, the resulting crystalline product (R,S)-14 could be subjected to X-ray diffraction analysis on a monocrystal obtained from recrystallization in dichloromethane (Figure 3). 23 In the following discussion, the conformation adopted by (R,S)-14 in the crystal state will be named cryst-14.

Compound 11

In order to evaluate the influence of the stereogenic center in the lactam ring on the conformation adopted by peptides, we first tried to transform the N-COCF 3 protected δ-valerolactam (S)-12 into the pseudopeptide (S,S)-15 via precursor (S)-13 (Scheme 4, eq. 2). However, despite several attempts, treatment of (S)-12 with TFA did not afford the corresponding acid and basic solvolysis failed to remove the trifluoroacetyl group, thus making the obtention of (S,S)-15 impossible from (S)-12. Alternatively, the pseudopeptide (R,R)-15, epimer of (R,S)-14, was efficiently synthesized by coupling the acid (R)-13 with N-Me-D-alaninamide (Scheme 4, eq. 1b). In the following discussion, the epimeric pseudopeptides (R,S)-14 and (R,R)-15 will be named 14 and 15

respectively. 

Conformational analysis of pseudopeptide 14

As can be seen in Figure 3, pseudopeptide 14 adopts in the solid state a folded conformation cryst- S4 in the Supporting Information). While such intermolecular hydrogen bonds could be conserved in solution in non-polar solvents, they are expected to be disrupted in polar solvents such as water or DMSO.

14
In order to evaluate the relevance of a similar β-turn conformation of pseudopeptide 14 in solution, NMR analyses and computational studies were next undertaken. A classical method to detect the presence of hydrogen bonds in peptides and pseudopeptides consists in measuring the variation of chemical shifts in 1 H NMR spectra as a function of concentration. 25 Accordingly, the 1 H NMR spectra of compound 14 were recorded at room temperature in a range of concentrations The temperature dependence of amide NH protons chemical shifts in 1 H NMR spectra is a key data reflecting the existence of hydrogen bonds in small peptides and pseudopeptides in solution. 7,[START_REF] Pellegrino | 1H-Azepine-4-Amino-4-Carboxylic Acid: A New α,α-Disubstituted Ornithine Analogue Capable of Inducing Helix Conformations in Short Ala-Aib Pentapeptides[END_REF]25 It is generally considered that Δδ/ΔT values below 2.6 ppb/K (in absolute value) are indicative of solvent-shielded NH protons participating in intramolecular H-bonds. 25 The variation of the NH proton chemical shifts with temperature was measured for compound 14 in DMSO-d 6 between 30 °C to 45 °C (Figure 6) at a concentration of 10 The relative stability of the six other conformers resulting from optimization of those previously selected was then compared to that of cryst-opt-14. The four most stable structures were found to exhibit type I β-turn characteristics and differed essentially by the orientation of the pent-4-enoyl side-chain and of the N-benzyl group. The lowest energy non-β-turn conformation found from this computational study is an inverse γ-turn exhibiting a ΔΔG 298 higher by 7.6 kJ/mol compared to the most stable conformer (see Supporting Information). Among the 5 most stable conformers found (ΔΔG 298 < 12kJ/mol) only one is a γ-turn and the Boltzmann distribution gives a 97:3 ratio between the β-turn and γ-turn conformers. The pseudopeptide 14 is therefore expected to adopt a type-I β-turn conformation at room temperature, even in a strongly polar solvent such as DMSO.

The experimental 3 J H-H and 3 J 13C-1H NMR coupling constants measured for pseudopeptide 14 in solution in DMSO-d 6 were compared to theoretical 3 J calculated for conformations cryst-14 and cryst-opt-14 (Table 2). The calculated 3 J values were obtained from torsional angles θ, using the 2 ( 3 J exp < 1 Hz) reveal that compound 14 in solution in DMSO-d 6 displays anti amide conformations, as also observed in the crystal structure. [START_REF] Dorman | Proton Coupled Carbon-13 Magnetic Resonance Spectra. Simple Amides[END_REF] The good consistency between the experimental coupling constants measured in DMSO-d 6 and the calculated values based on structures cryst-14 and crystopt-14 (Table 2) fully confirms that the type I β-turn conformation adopted in the solid state is preserved in DMSO solution.

Torsional angle (degrees) Calculated 3 J (Hz) Experimental 3 J (Hz) e for 14 Entry θ cryst-14 cryst-opt-14 cryst-14 a cryst-opt-14 An evaluation of the mean distance between the most significant protons based on NOESY NMR experiment was also performed. The distances measured on cryst-opt-14 [START_REF]The structure cryst-opt-14 was chosen instead of the cryst-14 structure considering the inaccuracy of positioning of hydrogen atoms in the X-ray diffraction analysis[END_REF] and the calculated distances based on nOe intensities for compound 14 in solution are collected in Table 3. The distances were normalized on the distance between the two protons at C-3 position in the δvalerolactam ring (H 3α and H 3β , see Figure 3) according to Jones et al. 33 The experimental values obtained from the NOESY experiment are in good agreement with the expected values based on the calculated conformer cryst-opt-14 and confirm the stability of the β-turn in DMSO-d 6 . Table 3. Comparison of the H-H distances calculated from NOESY spectrum of compound 14 in DMSO-d 6 with the corresponding distances in the most stable conformer cryst-opt-14 identified from DFT calculations These results confirm both the type I β-turn structure of pseudopeptide 14 in solution, and its stability, the conformation observed in the X-ray crystal structure being preserved in polar DMSO solutions.

a 1 H a -N-C 4 -C 7 134.1 137.0 3.3 b 3.6 b 2.9 2 H a -N-C 4 -C 3 103.1 99.7 0.5 c 0.4 c | 3 J| < 1 3 H a -N-C 4 -C 5 14.1 17.3 2.4 c 2.3 c 2.0 4 H b -N-C 8 -H d -145.8 -147.3 7.7 d 8.0 d 7.7 5 H b -N-C 7 -C 4 2.1 3.5 < 1 < 1 | 3 J| < 1 6 H b -N-C 8 -C 9 25.0 28.6 2.1 c 1.9 c 1.9 7 H b -N-C 8 -C 10 99.3 96.0 0.6 b 0.4 b | 3 J| < 1 8 H c -N-C 10 -C 8 10.2 5.2 < 1 < 1 | 3 J| < 1 a)

Entry

Conformational analysis of pseudopeptide 15

With the aim to study the influence of the stereogenic center of the lactam ring on the conformation of pseudopeptides, a conformational study of 15 (epimer of 14) was undertaken as previously done for 14. Unfortunately, despite our efforts to obtain crystals of 15, all attempts were unsuccessful in this case. Our study was therefore based on the computational conformational study and the NMR data collected from 15 (see Supporting Information). Again, the lowest energy conformer found for pseudopeptide 15 (conformer A' in Figure 8, see in Supplementary Table S6) was found to adopt a type-1 β-turn conformation. However, several inverse γ-turn conformers (7 among the 12 most stable conformers, ΔΔG 298 < 12 kJ/mol) were identified for 15. The lowest energy γ-turn conformers (conformer E' in Figure 8, see in Supplementary Table S6) exhibits a relative free energy (ΔΔG 298 ) 5.2 kJ/mol higher than that of conformer A'. The lowest energy difference with the most stable β-turn combined with the presence of several γ-turns leads to a Boltzmann distribution less in favor of the β-turn (90:10 ratio between β-turns and γ-turns) than for 14 (β-turn/γ-turn ratio of 97:3) suggesting a lower stability of the β-turn conformation for pseudopeptide 15.

Most stable β-turn conformer of 15 (A')

Most stable γ-turn conformer of 15 (E') Figure 8. 3D structures obtained from molecular mechanics and DFT conformational calculations of the most stable β-turn (A') and inverse γ-turn (E') conformers of 15 (distances in Å)

As for 14, in order to limit the intermolecular H-bond interactions, the NMR spectra of pseudopeptide 15 were recorded in DMSO-d 6 . The variation of NH proton chemical shifts with temperature Δδ/ΔT was measured between 27 °C and 50 °C (Figure 9) at the same concentration of 1.10 The conformation adopted in solution by the pseudopeptide 15 was then studied via the correlation of torsional angles of its calculated most stable conformer (conformer A', see Figure 8), the resulting calculated coupling constants (via the previously described Karplus equations) and the experimental coupling constants measured from NMR spectra (Table 4). Some of the coupling constants measured are significantly different from the calculated values for the most stable conformer identified computationally (Table 4, entries 1, 3 and 6), suggesting a lack of conformational stability of the pseudopeptide 15 compared to 14 and the coexistence of various conformers in solution, that may explain the difficulties encountered in growing crystals of 15. The distances calculated from the NOESY experimental data obtained in DMSO-d 6 were compared to the corresponding distances measured on the most stable calculated conformer of 15

-N-C 7 -C 4 3.6 < 1 | 3 J| < 1 6 H b -N-C 8 -C 9 28.3 1.9 c | 3 J| < 1 7 H b -N-C 8 -C 10 -96.3 0.4 b | 3 J| < 1 8 H c -N-C 10 -C 8 -4.4 < 1 | 3 J| < 1 9 H a -N-C 1' -C 2' 1.7 < 1 | 3 J| < 1 a)
(conformer A', Table 5). The two sets of data fit very well except for H c for which the distances with H 9 and H 8 appear shorter experimentally when compared to the values obtained from computational calculations (entries 7 and 8, Table 5). This is most likely due to the weaker stability of the β-turn in 15 compared to 14, and to a contribution of some other conformers to the NOESY intensity, such as γ-turn conformers (rotation around the C 8 -C 10 bond). These comparative results suggest a role played by the stereogenic center of the lactam in secondary structure stabilization. 

Incorporation of the (R)-δ-valerolactamic cDAA 11 into a short peptidic sequence and Ndeprotection of the lactam

In order to evidence the potential of the new β-turn inducing agent described herein in peptidomimetic chemistry, it was necessary to demonstrate their ability to be incorporated into pseudopeptidic sequences. For this purpose, our first assays aimed at transforming 14 into a representative tripeptide by sequential N-deprotection and elongation. However, the treatment of compound 14 with iodine in THF and water under the conditions reported by Fraser-Reid [START_REF] Debenham | Two New Orthogonal Amine-Protecting Groups That Can Be Cleaved under Mild or Neutral Conditions[END_REF] only led to complex mixtures. This inability of 14 to be cleanly N-deprotected is probably due to the competitive reactivity of nucleophilic sites in the alaninamide appendage, limiting the desired Oattack on the transient iodonium to form 5-iodomethyldihydrofuranone upon hydrolysis of the corresponding iminium. To circumvent this difficulty, we next considered an inversion of the coupling sequence, i.e. first coupling the δ-valerolactamic cDAA with an amino acid from its Nterminus, then performing C-elongation.

Toward this end, N-deprotection of lactam (R)-11 was first performed under the conditions reported by Fraser-Reid (I 2 , THF/H 2 O, rt), smoothly affording the free amino ester 16 in 98% yield (Scheme 5). The critical coupling reaction involving this sterically hindered amine with Fmoc-protected leucine was successfully accomplished using DMF as cosolvent. 12a Subsequent cleavage of the tert-butyl ester 17 using TFA led to the corresponding acid 18 in 68% yield. Using BOP coupling reagent and triethylamine as the base, final coupling of 18 with (L)-N-Mealaninamide in excess resulted in an inseparable mixture of residual N-Me-alaninamide and N-deprotected pseudopeptide 20 in a 3:1 ratio, the Fmoc deprotection occurring concomitantly under this coupling reaction. However, replacing triethylamine by freshly distilled 2,2,6,6tetramethylpiperidine under the same conditions allowed the coupling to proceed without any N-Fmoc deprotection and afforded the target δ-valerolactamic cDAA-containing peptide 19 in good yield and purity. N-Fmoc deprotection could be performed at the next stage using freshly distilled piperidine in methanol, to afford pseudopeptide 20 in good yield and purity. 34 When included into a pseudopeptide 14, the cDAA building block (R)-11 proved to induce a stable type I β-turn both in solid state and in solution (even in DMSO) as evidenced by X-ray diffraction, computational conformational analysis and NMR studies. Interestingly, an influence of the relative configuration of pseudopeptides containing (R)-11 on their secondary structure was observed, suggesting a significant role of the absolute configuration of the cDAA on its conformation-inducing properties. We also demonstrated that (R)-11 can be readily introduced in peptidic sequences by achieving amine then carboxylic acid deprotection and sequential coupling on both functions, allowing applications in the design of original structured peptidomimetics.

Furthermore, debenzylation of the lactam nitrogen atom gives access to cDAAs containing a free NH group in the side chain that could participate in oriented and specific non-covalent bonding with residues of surrounding peptide or protein in peptide-protein interactions. Coupling constants are given in Hertz. Abbreviations are as follows: s, singlet; d, doublet; t, triplet; q, quartet; quint, quintuplet; m, multiplet; br s, broad signal. Proton and carbon assignments were established using COSY, HSQC, HMBC and DEPT experiments. Infrared spectra were recorded on an FT spectrophotometer from neat compounds using an ATR (Attenuated Total Reflexion) module. The wavenumbers of maximum absorption peaks of IR spectroscopy are presented in cm -1 . High-resolution mass spectra were performed on a GC TOF mass spectrometer; the method used for HRMS is mentioned for each spectrum.

(3R,5S)-3-tert-Butoxycarbonylmethyl-5-ethoxy-isoxazolidine-3-carboxylic acid tert-butyl ester (2).

In the first step of an optimized version of the previously reported procedure [START_REF] Zhang | Asymmetric Synthesis of α,α-Disubstituted Amino Acids by Cycloaddition of (E)-Ketonitrones with Vinyl Ethers[END_REF] for the synthesis of ), 28.3, 33.4, 39.1, 44.5, 64.3, 65.9, 80.6, 82.5, 101.8, 115.1, 137.3, 169.2, 169.8, 192 

(2R)-2-(2-Oxo-ethyl)-2-pent-4-enoylamino-succinic acid di-tert-butyl ester (3c).

To a solution of isoxazolidine 6c (1.24 g, 3 mmol) in THF (20 mL) was added a solution of SmI 2 in THF (0.1 M, 80 mL, 3 equiv.) under argon, at room temperature, until persistence of the typical deep blue color.

When the starting material was completely converted (i.e. 5 min) aqueous solutions of saturated NaHCO 3 (1 mL) and Na 2 S 2 O 3 (10 mL) were added. The aqueous phase was extracted three times with EtOAc (3x100 mL). The combined organic phases were dried over MgSO ), 29.3, 36.2, 40.6, 48.1, 58.3, 81.5, 83.6, 115.6, 136.6, 168.8, 170.3, 171.9, 198.5 0, 27.6 (3C), 37.0, 39.6, 57.9, 60.7, 60.9, 84.2, 115.4 (q, J = 288 Hz), 156.2 (q, J = 37 Hz), 169. 9,27.5 (3C),39.4,47.4,58.5,61.3,84.9,115.2 (q,J = 288 Hz),156.3 (q,J = 38 Hz),168.5,168.7,196.8;[START_REF]The selective formation of the 6-membered ring product (11) could result from the reduced steric hindrance of the reactive t-butyl ester compared to the other t-butyl ester, and from its possible activation through an intramolecular hydrogen-bond with the NH of the pent-4-enoyl amide chain[END_REF] Reductive amination: Protocol a. To a solution of aldehyde 3c in MeOH (13 mL/mmol) were added the amine (2 equiv.), a NaBH 3 CN solution (1 M in THF, 2 equiv.) and AcOH (2.5 equiv.).

The mixture was stirred overnight at room temperature. The reaction mixture was then concentrated under vacuum and the residue was dissolved in EtOAc (30 mL/mmol). The organic phase was washed with a saturated solution of NaHCO 3 (15 mL/mmol). The aqueous phase was washed with additional EtOAc (2x15 mL/mmol). All organic phases were gathered and dried over Na 2 SO 4 and concentrated under vacuum to afford crude amine 9-10 which was purified by flash chromatography on silica gel.

Reductive amination: Protocol b. To a solution of aldehyde 3c in CH 2 Cl 2 (10 mL/mmol) were added the amine (1 equiv.) and an excess of MgSO 4 (15 equiv.). The mixture was stirred overnight at room temperature. NaBH(OAc) 3 (4 equiv.) and glacial AcOH (4 equiv.) were then successively added to the reaction mixture which was stirred for an additional 3.5 h at room temperature. The reaction mixture was then diluted with CH 2 Cl 2 (25 mL/mmol), quenched with water (5 mL/mmol) at 0°C and stirred at room temperature for 10 minutes. The aqueous layer was extracted with CH 2 Cl 2 (3x50 mL/mmol) three times and the combined organic layers were dried over MgSO 4 , filtered and concentrated under vacuum to afford crude amine 9 which was purified by flash chromatography on silica gel.

(2R)-2-(2-Benzylamino-ethyl)-2-pent-4-enoylamino-succinic acid di-tert-butyl ester (9c).

Following protocol b and starting from aldehyde 3c (65 mg, 0.18 mmol) and from benzylamine (20 µL, 0.18 mmol), purification by flash chromatography on silica gel (CH 2 Cl 2 /MeOH from 100:0 to 90:10) afforded amine 9c as a yellow oil (58 mg, 0.13 mmol, 70 % yield). R f 0.25 5, 32.9, 36.3, 40.6, 42.6, 52.0, 60.1, 81.1, 83.2, 115.6, 128.1, 128.8 (2C), 129.2 (2C), 136.7, 136.9, 169.7, 171.4, 171.9 5, 35.1, 36.4, 40.9, 42.2, 58.0, 60.4, 80.8, 82.7, 115.4, 126.5, 127.0, 128.5, 136.9, 144.9, 169.8, 171.5, 171.8; HRMS (DCI + ) m/z: [M+H] + Calcd for C 27 H 43 N 2 O 5 475.3172; Found 475.3183.

(
(2R)-2-Pent-4-enoylamino-2-[2-((1R)-1-phenyl-ethylamino)-ethyl]-succinic acid di-tert-butyl ester (10c).
(4R)-1-Benzyl-2-oxo-4-pent-4-enoylamino-piperidine-4-carboxylic acid tert-butyl ester (11).

Compound 9c (156 mg, 0.34 mmol) was refluxed in toluene (7 mL) for 17 h. After evaporation of toluene, the residue was purified by flash chromatography on silica gel (CH , 2972, 2927, 2853, 1711, 1666, 1636, 1526, 1482, 1450, 1245, 1220, 1158, 1050 cm - 1 ; 1 2, 29.4, 35.3, 40.6, 43.1, 49.8, 58.0, 82.1, 115.4, 127.6, 128.0 (2C), 128.6 (2C), 136.4, 136.9, 166.9, 170.6, 172.5; HRMS (DCI + ) m/z: [M+Na] + Calcd for C 22 H 30 N 2 NaO 4 409.2098; Found 409.2098.

(4R)- 1-Benzyl-2-but-3-enyl-4-tert-butoxycarbonylmethyl-1,4,5,6-tetrahydropyrimidine-4carboxylic acid tert-butyl ester (11').

[α] D 20 +19.0 (c 0.03, CHCl 3 ); IR (neat) ν 3170, 3037, 2974, 2920, 1729, 1618, 1572, 1378, 1234, 1134, 1101, 719, 697 cm -1 ; 1 4, 31.5, 41.6, 44.5, 56.4, 58.2, 83.0, 84.2, 118.3, 126.9 (2C), 128.8, 129.5 (2C), 132.7, 133.9, 163.9, 169.2, 170.5 39.5, 42.6, 49.7, 58.9, 83.3, 115.4 (q, J = 288 Hz) (4R)- 1-Benzyl-2-oxo-4-pent-4-enoylamino-piperidine-4-carboxylic acid (13) 3327, 2918, 2848, 1935, 1702, 1663, 1574, 1531, 1454, 1356, 1314, 1243, 1207, 1162, 1111, 1081, 1028 cm -1 ; 1 7, 29.3, 35.0, 39.3, 43.2, 50.6, 57.6, 116.0, 128.0 (3C), 128.8 (2C), 135.3, 136.4, 169.2, 173.9, 175.3 (4R)- 1-Benzyl-2-oxo-4-pent-4-enoylamino-piperidine-4-carboxylic acid (1S)- (1-methylcarbamoylethyl) amide (14). To a solution of compound (R)-13 (19 mg, 0.058 mmol) in anhydrous CH 2 Cl 2

(1.2 mL) was added BOP (38 mg, 0.09 mmol, 1.5 equiv.), TEA (23 µL, 0.16 mmol, 2.5 equiv.)

and N-1-methyl-L-alaninamide hydrochloride (12 mg, 0.09 mmol, 1.5 equiv.). The reaction mixture was stirred at room temperature until complete disappearance of the starting material (17 h). At the end of the reaction, the residue was concentrated under vacuum and purified by flash chromatography on silica gel (CH 2 Cl 2 /MeOH 95:5) to give the pseudopeptide 14 as a sticky oil which crystallize after storage at 5 °C (24 mg, 0.046 mmol, 80 % yield). R f 0.17 , 3309, 2992, 2688, 2496, 1670, 1650, 1622, 1454, 1200, 1176, 1128 cm -1 ; 1 23.4, 25.8, 26.4, 29.6, 40.9, 41.1, 44.0, 48.5, 51.0 (2C), 55.5, 59.6, 68.0, 121.0, 126.1, 128.2-129.8, 137.9, 142.7, 145.0-145.3, 159.0, 169.7, 173.7, 175.1, 176.5; minor conformer: 17.7, 22.6, 23.0, 25.9, 26.4, 31.5, 39.5, 40.9, 41.2, 43.9, 48.3, 50.8, 51.0, 55.1, 59.7, 68.3, 121.0, 126.3, 128.2-129.8, 138.0, 142.6, 145.0-145.3, 159.2, 170.4, 173.9, 175.3, 177.7; HRMS (ESI-TOF) m/z: m), 1.50-1.60 (1H, m), 1.65-1.75 (1H, m), 2.16-2.22 (1H, m), 2.32-2.39 (1H, m), 2.51 (1H, d, J = 17.3 Hz), 2.73 (3H, s), 3.18-3.30 (3H, m), 3.47 (1H, dd, J = 5.6, 9.0 Hz), 4.29 (1H, q, J = 7.2 Hz), 4.60 (2H, m), 7.26-7.33 (5H, m); [START_REF] Jiménez | Influence of Side Chain Restriction and NH•••π Interaction on the β-Turn Folding Modes of Dipeptides Incorporating Phenylalanine Cyclohexane Derivatives[END_REF] C NMR (100 MHz, CD 3 OD) δ 2 conformers, major conformer: 17.8, 22.1, 23.6, 25.8, 26.4, 30.3, 40.9, 44.0, 44.3, 50.8, 50.9, 54.2, 59.3, 128.6, 129.0 (2C), 129.8 (2C), 137.9, 170.0, 173.6, 175.2, 177.3; minor conformer: 17.7, 22.4, 23.4, 25.9, 26.4, 31.0, 40.5, 43.9, 44.5, 50.8, 50.9, 54.0, 59.3, 128.6, 129.0 (2C), 129.8 (2C), 137.9, 170.2, 173.6, 175.2, 177.3 Debenzylation protocol. In liquid NH 3 , at -78 °C, metallic sodium (20 equiv.) was dissolved to reach a deep blue solution. A solution of compound 14 or 15 in anhydrous THF (8 mL/mmol) was added dropwise. The reaction mixture was maintained at -78 °C for 15 minutes under argon and then allowed to warm up at -33 °C. A minimal amount of solid NH 4 Cl was thus added until disappearance of the blue coloration. Ammonia was gently evaporated and stirring was maintained until room temperature was reached by the medium. The reaction mixture was then concentrated under vacuum and the debenzylated product was thus purified.

(4R)-2-Oxo-4-pent-4-enoylamino-piperidine-4-carboxylic acid ((1S)-1-methylcarbamoyl-ethyl)amide (21). Following debenzylation protocol and starting from metallic sodium (22 mg, 0.96 mmol, 20 equiv.) and from a solution of compound 14 (20 mg, 0.048 mmol) 6, 26.4, 30.1, 30.4, 35.9, 38.3, 40.1, 50.7, 59.0, 116.0, 138.2, 172.7, 174.1, 175.2, 176 (4R)-2-Oxo-4-pent-4-enoylamino-piperidine-4-carboxylic acid ((1S)-1-methylcarbamoyl-ethyl)amide (22). Following debenzylation protocol and starting from metallic sodium (23 mg, 1.0 mmol, 20 equiv.) and from a solution of compound 15 (21 mg, 0.050 mmol) 26.4, 28.9, 30.3, 36.0, 38.4, 40.2, 50.9, 59.1, 116.0, 138.3, 172.0, 174.2, 175.4, 176 

Supporting Information Available:

Copies of NMR spectra of all new compounds, X-Ray diffraction data and DFT calculation data (PDF). This material is available free of charge on the ACS Publications website.

Figure 1 .

 1 Figure 1. Examples of cyclic α,α-disubstituted amino acids as secondary structure inducers in peptides

  : RNH 2 , NaBH 3 CN, AcOH, MeOH, rt; (ii): 1) RNH 2 , MgSO 4 , DCM; 2) NaBH(OAc) 3 , AcOH, rt; (iii): Toluene, 110 °C, 17 h; (iv): neat, 4 °C, > 2 weeks.

Figure 2 .

 2 Figure 2. ORTEP diagram for the crystal structure of compound 11 (50% ellipsoid contour probability level)

Scheme 4 . 15 Figure 3 .

 4153 Scheme 4. Synthesis of the epimeric pseudopeptides (R,S)-14 and (R,R)-15

  stabilized by a hydrogen bond between the NH of the C-terminal N-methyl-alaninamide (coined H c in the following discussion) and the carbonyl oxygen of the pent-4-enoyl group (interatomic distance of 2.273 Å). The dihedral angles φ and ψ for the (i+1) δ-valerolactamic cDAA and the (i+2) N-methyl-alaninamide measured from this crystallographic are close to those typically admitted to characterize type I β-turns (

14 .

 14 10 -3 M in CDCl 3 and in DMSO-d 6 (Figure4). In CDCl 3 , the chemical shifts for each NH proton in pseudopeptide 14 (coined respectively H a for the N-terminal pent-4-enoic amide, H b for the central δ-valerolactamic cDAA and H c for the C-terminal N-methylalaninamide, see Figure3) were found to decrease proportionally with dilution, suggesting their involvement in hydrogen bonds, possibly intermolecular hydrogen bonds similar to those observed in the solid state. It can be noticed that δH a is most affected by concentration variation, as the most exposed proton to solvent effects. In contrast, in DMSO-d 6 the fluctuation of the chemical shifts of the N-H protons is weak, indicating the absence of intermolecular interactions. Obviously, DMSO-d 6 is a strongly polar solvent able to dissociate intermolecular H-bonds in pseudopeptide It thus constitutes a good solvent to evaluate the stability of a β-turn conformation (driven by an intramolecular H-bond) of compound 14 in solution.

Figure 4 .

 4 Figure 4. Variation of the chemical shifts δH a , δH b and δH c with the concentration of pseudopeptide 14 in CDCl 3 (left, C in mol.L -1 ) and in DMSO-d 6 (right, C in mol.L -1 )

Figure 5 .

 5 Figure 5. Influence of the percentage of DMSO-d 6 in CDCl 3 on the chemical shift δH b and δH c in pseudopeptide 14

Figure 7 .

 7 Figure 7. Overlayed structures of cryst-14 (blue) and cryst-opt-14 (pink), RMSD = 0.026 Å.

  Karplus equation ( 3 J = A cos 2 θ + B cosθ + C).28 The A, B, and C parameters used were those described respectively by Bystrov 29 (for θ H-N-Cα-H torsional angles: A = 9.4, B = -1.1, C = 0.4) and by Schmidt 30 (for θ H-N-Cα-C' torsional angles : A = 4.41, B = -1.36, C = 0.24 and for θ H-N-Cα-Cβ torsional angles : A = 2.90, B = -0.56, C = 0.18). The experimental 3 J H-H coupling constant between H b (δ 7.75 ppm) and H d (δ 4.15 ppm) in the alaninamide residue was measured to be 7.7 Hz in DMSO-d 6 (entry 4). It is consistent with the coupling constant calculated by the Karplus formula (adapted to H-N-C α -H in peptides) for a dihedral angle of -147.3 degrees. Experimental 3 J values shown in entries 5 and 8 of Table

  Calculated coupling constants from the Karplus equation (A cos 2 θ + B cos θ + C); b) A = 4.41, B = -1.36, C = 0.24; c) A = 2.90, B = -0.56, C = 0.18; d) A = 9.4, B = -1.1, C = 0.4. e) Measured by 1 H NMR (400 MHz) in DMSO-d 6 (C = 10 -2 mol.L -1 ) at 20 °C.

Figure 9 .

 9 Figure 9. Influence of the temperature on N-H chemical shifts in DMSO-d 6

  Calculated coupling constants from the Karplus equation (A cos 2 θ + B cos θ + C); b) A= 4.41, B = -1.36, C = 0.24; c) A = 2.90, B = -0.56, C = 0.18; d) A = 9.4, B = -1.1, C = 0.4. e) Measured by 1 H NMR (400 MHz) in DMSO-d 6 (C = 10 -2 mol.L -1 ) at 20 °C.

Scheme 5 . 22 CONCLUSION

 522 Scheme 5. Incorporation of the δ-valerolactamic cDAA into a model pseudopeptide 20

  Reagents (including L-and D-alanine methylamide hydrochlorides) were purchased from commercial suppliers and used without additional purification. Dichloromethane and THF were dried on a column of activated alumina in a DRY STATION Glass Technology GTS 100 glassware. Triethylamine and DMF were dried through distillation over CaH 2 . All reactions were conducted in oven dried glassware under inert atmosphere and were monitored by TLC. Column chromatography was performed using 60 μm silica gel. Thin-layer chromatography was performed with G/UV254 plates, and the products were observed under UV light or with KMnO 4 stain. All melting points were recorded on a ThermoFisher IA9300 apparatus and are uncorrected. Optical rotation measurements were performed in a 10 cm glass cell using a digital polarimeter equipped with a Peltier thermostated cell holder. NMR (400 MHz for1 H and 100 MHz for 13 C) spectra were recorded in CDCl 3 , CD 3 OD or DMSO-d 6 . Chemical shifts are presented in parts per million with, as internal reference, Me 4 Si (δ 0.00 ppm) for 1 H NMR and CDCl 3 (δ 77.0 ppm), CD 3 OD (δ 49.1 ppm) or DMSO-d 6 (δ 39.4 ppm) for 13 C{1H} NMR.

  Following protocol a and starting from aldehyde 3c (55 mg, 0.15 mmol) and from (R)-1-phenyl-ethylamine (40 µL, 0.30 mmol), purification by flash chromatography on silica gel (CH 2 Cl 2 :MeOH 95:5) afforded amine 10c as an oil (55 mg, 0.12 mmol, 77 % yield). R f 0.35 (CH 2 Cl 2 /MeOH 95:5);1 H NMR (400 MHz, CDCl 3 ) δ 1.31 (3H, d, J = 6.5 Hz), 1.39 (9H, s), 1.40 (9H, s), 1.88 (1H, m), 2.16-2.20 (2H, m), 2.22-2.31 (2H, m), 2.32-2.47 (2H, m), 2.58 (1H, m), 2.76 and 3.48 (2H, 2d, J = 17.0 Hz), 3.73 (1H, q, J = 6.5 Hz), 4.97 (1H, d, J = 10.1 Hz),5.01 (1H, dd, J = 17.1, 1.4 Hz), 5.75 (1H, ddt, J = 17.0, 10.4, 6.2 Hz), 6.85 (1H, br s), 7.19- 7.32 (5H, m); 13 C{1H} NMR (100 MHz, CDCl 3 ) δ 24.1, 27.7 (3C), 28.1 (3C), 29.

(CH 2 20 + 2 . 2 (c 0 . 4 ,

 2202204 Cl 2 /MeOH 95:5); Mp 147.3-148.1 °C (white needles from dichloromethane); [α] D CH 2 Cl 2 ); IR (neat) ν 3380

[

  M+H] + Calcd for C 38 H 46 N 5 O 6 668.3443; Found 668.3398; m/z: [M+Na] + Calcd for C 38 H 45 N 5 NaO 6 690.3262; Found 690.3231.(4R)-4-[(2S)-2-Amino-4-methyl-pentanoylamino]-1-benzyl-2-oxo-piperidine-4-carboxylic acid (1S)-(1-methylcarbamoyl-ethyl)-amide(20). To a solution of compound 19 (69 mg, 0.105 mmol) in methanol (1 mL) was added freshly distilled piperidine (16 mg, 0.21 mmol, 2 equiv.). The reaction mixture was stirred at room temperature for 17 h. At the end of the reaction, the residue was concentrated under vacuum and purified by flash chromatography on silica gel (CH 2 Cl 2 /MeOH from 100:0 to 0:100) to give pseudopeptide 20 as a sticky oil (41 mg, 0.093 mmol, 89 %). [α] D 20 + 17.6 (c 0.43, CH 3 OH); IR (neat) ν 3327, 2918 cm -1 ; 1 H NMR (400 MHz, CD 3 OD) δ 0.94 and 0.95 (6H, 2 d, J = 5.2 Hz), 1.33 (3H, d, J = 7.2 Hz), 1.40-1.47 (1H,

Table

  

Table 1 .

 1 ).[START_REF] Rose | Turns in Peptides and Proteins[END_REF] Characteristic

	Dihedral angles	i+1		i+2	
	(in degrees)	φ i+1	ψ i+1	φ i+2	ψ i+2
	cryst-14	-53.7	-41.3	-86.2	-2.4
	Type I β-turn	-60	-30	-90	0

torsional angles in pseudopeptide cryst-14 and in typical type I β-turns Noticeably, in the crystal structure 23 of pseudopeptide 14 all the N-H bonds are nearly oriented in the same direction, conferring a high polarity to 14 and allowing intermolecular H-bonds involving H a and H b of cryst-14 (see Figure

turn conformation of pseudo tripeptide 14 resulting from an intramolecular H-bond involving H c in solution, and suggest that this conformation remains stable even in a strongly dissociating solvent such as DMSO.

  Influence of the temperature on the N-H chemical shifts in DMSO-d 6 It differs very slightly from the experimental crystal structure cryst-14: its type I β-turn arrangement is conserved, and its calculated dipole moment (15.19 Debye) confirms the high polarity of this compound. The overlayed structures of cryst-14 and cryst-opt-14 are displayed in Figure 7.

	δ H a (ppm) 8.390 8.358 8.326 8.296 -6.28 0.9998 0.9994 0.9997 δ H b (ppm) δ H c (ppm) 7.724 7.535 7.694 7.523 7.664 7.510 7.637 7.498 -5.80 -2.48 coupling constants in DMSO-d 6 for compound 14 and through computational calculations (see T = 30 °C T = 35 °C T = 40 °C T = 45 °C Δδ/ΔT (DMSO-d 6 ) in ppb/K R 2 Supporting Information for details). A search for the minimum energy conformers was performed at molecular mechanics (MMFF) level. The 200 most stable conformers identified from this conformational search were then optimized by increasing the level of theory (from MMFF to DFT) using Spartan 10. 27 Among the latter, the most stable conformers (ΔΔG 298 < 12 kJ/mol) were selected for final optimization at the B3LYP/6-31+G(d) level of theory using GAUSSIAN 09, with SMD solvent model for the description of DMSO effects to compare with NMR studies. The most stable conformer obtained from optimization of cryst-14 is coined as cryst-opt-14 in the Figure 6. Further conformational analysis was performed by measuring representative 3 J H-H and 3 J 13C-1H following discussion.

-2 

Mol.L -1 . As expected, a temperature coefficient Δδ/ΔT of -2.48 ppb/K was measured for H c while values of -6.28 ppb/K and -5.80 ppb/K were measured respectively for H a and H b . These data are in accordance with a β-

Table 2 .

 2 Comparison

of the calculated coupling constants for crystalline and optimized structures of pseudopeptide 14 with those measured in

DMSO-d 6 

a Calculated distance from NOESY a

  

					NOESY
					Intensity
	1	H 3α -H 3β	1.76	-	100
	2	H a -H 5α	2.30	2.88	5.21
	3	H a -H 3α	2.87	2.01	45.64
	4	H a -H b	2.93	2.77	6.68
	5	H b -H c	2.67	2.78	6.46
	6	H b -H 5β	2.69	2.67	8.31

Distance for cryst-opt-14 a Distances in Å.

Torsional angle (degrees) Calculated 3 J (Hz) Experimental 3 J (Hz) e

  

	Entry	θ	15 (A' conformer)	15 (A' conformer) a	15 (in DMSO-d 6 )
	1	H a -N-C 4 -C 7	-132.5	3.1 b	1.5
	2	H a -N-C 4 -C 3	-14.3	2.4 c	1.7
	3	H a -N-C 4 -C 5	103.1	0.5 c	2.4
	4	H b -N-C 8 -H d	147.1	8.0 d	7.6
	5	H b			

Table 4 .

 4 Comparison of the calculated coupling constants for pseudopeptide 15 (conformer A') with those measured by 

  Distances in Å.b Values in bold exhibit the main differences between the calculated and experimental values.

	Entry		Distance for 15 a (A' conformer)	Calculated distance from NOESY a	NOESY Intensity
	1	H 3α -H 3β	1.77	-	100
	2	H a -H 3α	2.41	2.51	12.34
	3	H b -H 8	2.93	2.70	7.86
	4	H a -H b	2.88	2.87	5.44
	5	H b -H c	2.63	2.81	6.30
	6	H b -H 9	2.47	2.49	14.10
	7	H c -H 9	3.62 b	2.90 b	5.12
	8	H c -H 8	3.37 b	2.34 b	18.61
	9	H c -H 11	2.28	2.23	24.81
	a				

Table 5 .

 5 Comparison of the H-H distances calculated from NOESY spectrum of compound 15 in DMSO-d 6 with those in the most stable β-turn conformer 15 identified from DFT calculations

  f0.48 (cyclohexane:EtOAc 70:30);[α] D CH 2 Cl 2 ); IR (neat) ν 3402,2978, 2933, 1725, 1673, 1504, 1367, 1238, 1148 cm -1 ;1 H NMR (400 MHz, CDCl 3 ) δ 1.41 (9H, s), 1.47 (9H, s), 2.25-2.30 (2H, m), 2.32-2.37 (2H, m), 2.71 (1H, d, J = 16.0 Hz), 2.81 (1H, dd, J = 16.6, 1.7 Hz), 3.47 (1H, d, J = 16.0 Hz), 3.64 (1H, dd, J = 16.6, 1.9 Hz), 4.98 (1H, dd, J = 10.2, 1.5 Hz),

	5.04 (1H, dd, J = 17.1, 1.6 Hz), 5.78 (1H, ddt, J = 17.0, 10.3, 6.4 Hz), 6.89 (1H, s), 9.63 (1H, t,
	J = 1.8 Hz); 13 C{1H} NMR (100 MHz, CDCl 3 ) δ 27.7 (3C), 28.0 (3C

4 

, filtered and concentrated under vacuum. The residue was purified by flash chromatography on silica gel (diethyl ether:petrol ether 1:1) to afford aldehyde 3c as a thick oil

(1.08 g, 2.85 mmol, 95 % yield)

. R

  To the solution of crude alcohol 7'b (obtained from 3.86 mmol of 7b) in 120 mL of CH 2 Cl 2 was added DMP(2.46 g, 5.79 mmol, 1.5 equiv.) and NaHCO 3(2.46 g, 29.29 mmol, 7.5 equiv.). The solution was stirred 2 h at 0 °C. At the end of the reaction, a saturated aqueous solution of Na 2 S 2 O 3 (250 mL) and NaHCO 3 (250 mL) were added and then extracted three times with diethyl ether. The organic layers were washed with brine (100 mL), dried over MgSO 4 and concentrated

	5, 170.5; 19 F NMR (376 MHz, (cyclohexane/EtOAc 90:10 to 0:100) to afford pure aldehyde 8b as a yellow oil (259 mg, 0.73 mmol, 19% over 2 steps starting from monoacid 7b). R f 0.50 (cyclohexane/AcOEt 80:20); [α] D 20 + 6.38 (c 0.01, CHCl 3 ); IR (neat) ν 3371, 2982, 1727, 1527, 1211, 1150, 840, 734 cm -1 ; 1 H NMR (400 MHz, CDCl 3 ) δ 1.24 (3H, t, J = 7.1 Hz), 1.49 (9H, s), 2.83 (1H, d, J = 15.2 Hz), 3.03 (1H, dd, J = 17.8, 0.9 Hz), 3.43 (1H, d, J = 15.2 Hz), 3.71 (1H, dd, J = 17.8, 1.3 Hz), 4.12 (2H, q, J = 7.1 Hz), 7.83 (1H, s), 9.62 (1H, t, J = 1.0 Hz); 13 C{1H} NMR (100 MHz, CDCl 3 ) CDCl under vacuum. The residue was purified by flash chromatography on silica gel δ 13.

3 ) δ -76.32; HRMS (ESI-TOF) m/z: [M+Na] + Calcd for C 14 H 22 F 3 NNaO 6 380.1297; Found 380.1291.

  ; HRMS (DCI + ) m/z: [M+H] + Calcd for C 26 H 41 N 2 O 5 461.3015; Found 461.3016.

  ), 2.30-2.35 (2H, m), 2.55 (1H, dtd, J = 13.9, 4.7, 2.0 Hz), 2.70 (1H, dd, J = 17.3, 1.9 Hz), 2.87 (1H, d, J = 17.3 Hz), 3.21 (2H, m), 4.55 and 4.62 (2H, 2d, J = 14.6 Hz), 4.97 (1H, ddt, J = 10.2, 1.6, 1.2 Hz),5.03 (1H, ddt, J = 17.1, 1.6, 1.6 Hz), 5.76 (1H, ddt, J = 17.1, 10.2, 6.1 Hz), 6.00 (1H, br s), 7.23-7.35 (5H, m); 13 C{1H} NMR (100 MHz, CDCl 3 ) δ 27.7 (3C), 28.

H NMR (400 MHz, CDCl 3 ) δ 1.43 (9H, s),

2.11 (1H, ddd, J = 14.0, 8.6, 6.3 Hz), 2.22-2.26 (2H, m

  ; HRMS (ESI-TOF) m/z: [M+H] + Calcd for C 26 H 39 N 2 O 4 443.2910; Found 443.2904.

	(4S)-1-Benzyl-2-oxo-4-(2,2,2-trifluoro-acetylamino)-piperidine-4-carboxylic acid tert-butyl ester
	(12). Compound 12 was obtained from aldehyde 8b (104 mg, 0.29 mmol), following protocol b
	(see reductive amination) and then after standing without solvent for 2 weeks at 4 °C. The residue
	was purified by flash chromatography on silica gel (CH 2 Cl 2 /MeOH: from 100:0 to 90:10) to afford
	pure lactam 12 as a colorless oil (89 mg, 0.22 mmol, 77 % yield). R f 0.55 (CH 2 Cl 2 /MeOH 90:10);
	[α] D	20 + 9.31 (c 0.01, CHCl 3 ); IR (neat) ν 3351, 2957, 2917, 2873, 1723, 1703, 1562, 1204, 1155,
	726, 646 cm -1 ; 1 H NMR (400 MHz, CDCl 3 ) δ 1.43 (9H, s), 2.17 (1H, dt, J = 14.1, 8.0 Hz),
	2.57 (1H, dt, J = 13.9, 4.2 Hz), 2.86 (2H, s), 3.21 (2H, dd, J = 8.0, 4.5 Hz), 4.25 and 4.80 (2H, 2d,
	J = 14.6 Hz), 7.18-7.35 (5H, m), 8.49 (1H, s); 13 C{1H} NMR (100 MHz, CDCl 3 ) δ 27.6 (3C),

  °C, and the reaction mixture was stirred until complete disappearance of the starting material(17 h). At the end of the reaction, brine (5 mL) was added to the reaction mixture and the aqueous phase was extracted three times with CH 2 Cl 2 (3x5 mL). The organic layers were dried over MgSO 4 , and after concentration under vacuum gave the acid 13 as a waxy solid (44 mg, 0.13 mmol, 98 % yield). R f 0.20 (CH 2 Cl 2 /MeOH 95:5); [α] D CHCl 3 ); IR (neat) ν

	. Compound 11
	(51 mg, 0.132 mmol) was dissolved in a 50% mixture of TFA (1.3 mL) in CH 2 Cl 2 (2.6 mL) at
	0

  ; HRMS (DCI + ) m/z: [M+H] + Calcd for C 18 H 23 N 2 O 4 331.1658; Found 331.1646.

  Hz, 48.7 ( Bn CH 2 ), 57.6 ( 4 C q ), 114.9 ( =CH2 CH 2 ), 126.8 ( Ar CH), 127.2 (2 Ar CH), 128.3 (2 Ar CH), 137.1 ( Ar C q ), 137.5 ( =CH CH), 166.3 ( 2 C q ), 171.4 ( 4-CO C q ), 172.1 ( COAla C q ), 172.8 ( CO C q ); HRMS (DCI + ) m/z:[M+H] + Calcd for C 22 H 31 N 4 O 4 415.2340; Found 415.2335; m/z: [M+Na] + Calcd for C 22 H 30 N 4 NaO 4 437.2159; Found 437.2155; m/z: [M+K] + Calcd for C 22 H 30 KN 4 O 4 453.1899; Aqueous solution of Na 2 S 2 O 3 (20 mL) was then added dropwise until complete decoloration and saturated aqueous Na 2 CO 3 (approximately 15 mL) was added until pH 9 was reached. The complete mixture was extracted once with petroleum ether (50 mL) and three times with CH 2 Cl 2 (3x50 mL). After concentration under vacuum, the residue was purified by Combiflash chromatography on silica gel (CH 2 Cl 2 /MeOH 100:0 to 92:8) to separate iodolactone (R f 0.78 in CH 2 Cl 2 /MeOH 95:5) and to afford pure compound 16 as an oil (392 mg, 1.29 mmol, 98 % yield). reaction, the residue was concentrated under vacuum and purified by flash chromatography on silica gel (CH 2 Cl 2 /MeOH from 100:0 to 0:100) to give pseudopeptide 19 as a sticky oil (69 mg, 0.103 mmol, 78 %). [α] D 20 + 10.7 (c 0.70, CH 3 OH); IR (neat) ν 3336, 2954, 1650, 1451, 1424, 740 cm -1 ; 1 H NMR (400 MHz, CD 3 OD) δ 2 conformers in a 6:4 ratio, major conformer: 0.92 (6H, t,

	Found 453.1888. J = 6.5 Hz), 1.28 (3H, m, J = 7.3 Hz), 1.44-1.59 (2H, m), 1.60-1.69 (1H, m), 2.15 (1H, m), 2.38
	(4R)-4-Amino-1-benzyl-2-oxo-piperidine-4-carboxylic acid tert-butyl ester (16). Compound 11 (1H, m), 2.54 (1H, d, J = 17.5 Hz), 2.69 (3H, s), 3.11 (1H, d, J = 17.5 Hz), 3.20 (2H, m), 4.04 (1H,
	(510 mg, 1.32 mmol) was dissolved in a mixture of 33 mL THF and of 33 mL water. Iodine m), 4.20 (1H, m), 4.21 (2H, m, J = 7.0 Hz), 4.34 (1H, dd, J = 6.7, 10.6 Hz), 4.44 (1H, dd, J = 6.7,
	(1.01 g, 4.75 mmol, 3 equiv.) was added and the mixture was stirred at room temperature during 10.6 Hz), 4.52 (1H, d, J = 14.9 Hz), 4.62 (1H, d, J = 14.9 Hz), 7.23-7.34 (7H, m), 7.38 (2H, t,
	20 -14.7 (c 0.96, CH 2 Cl 2 ); IR (neat) ν 3292, 2976, 2929, 1721, J = 7.4 Hz), 7.64 (2H, d, J = 7.4 Hz), 7.78 (2H, t, J = 7.5 Hz); minor conformer: 0.94 (3H, d, J = 6.4 Hz), 0.97 (3H, d, J = 6.4 Hz), 1.40 (3H, m, J = 7.3 Hz), 1.44-1.59 (1H, m), 1.60-1.69 (1H, m), 2.15 (2H, m), 2.56 (3H, s), 2.70 (1H, d, J = 17.7 Hz), 3.20 (1H, m), 3.35 (1H, d, J = 17.7 Hz), 3.38 (1H, m), 4.04 (1H, m), 4.15 (2H, m), 4.28 (2H, m), 4.54 (1H, d, J = 14.9 Hz), 4.62 (1H, d, J = 14.9 Hz), 7.23-7.34 (7H, m), 7.38 (2H, t, J = 7.4 Hz), 7.64 (2H, d, J = 7.4 Hz), 7.78 (2H, t, 6 h. R f 0.25 (CH 2 Cl 2 /MeOH 95:5); [α] D J = 7.5 Hz); 13 C NMR{1H} (100 MHz, CD 3 OD) δ 2 conformers, major conformer: 17.8, 22.0,
	1633, 1495, 1253, 1157 cm -1 ; 1.9 Hz), 2.87 (1H, d, J = 17.2 Hz), 3.15 (1H, dt, J = 12.2, 5.4 Hz), 3.45 (1H, ddd, J = 12.3, 9.2,
	5.1 Hz), 4.50 and 4.74 (2H, 2d, J = 14.8 Hz), 7.23-7.33 (5H, m); 13 C{1H} NMR (100 MHz,
	CDCl 3 ) δ 27.8 (3C), 32.0, 41.8, 43.2, 49.9, 56.5, 81.9, 127.3, 128.0 (2C), 128.5 (2C), 136.9, 167.7,
	H NMR (400 MHz, CDCl 3 ) δ 1.37 (3H, d, J = 7.3 Hz, Ala CH 3 ), 2.17 (1H, m, 174.5; HRMS (ESI-TOF) m/z: [M+H] + Calcd for C 17 H 25 N 2 O 3 305.1860; Found 305.1861; m/z:
	5 CH 2 ), 2.35 (1H, m, 5 CH 2 ), 2.32-2.37 (4H, m, 2',3' CH 2 ), 2.53 (1H, d, J = 17.1 Hz, 3 CH 2 ), 2.69 (3H, [M+Na] + Calcd for C 17 H 24 N 2 NaO 3 327.1679; Found 327.1677; m/z: [M+K] + Calcd for
	d, J = 4.7 Hz, NHMe CH 3 ), 3.13-3.27 (2H, m, 6 CH 2 ), 3.29 (1H, d, J = 17.9 Hz, 3 CH 2 ), 4.27 (1H, C 17 H 24 KN 2 O 3 343.1419; Found 343.1417.
	quint., J = 7.2 Hz, Ala CH), 4.45 and 4.64 (2H, 2d, J = 14.9 Hz, Bn CH 2 ), 4.95 (1H, dd, J = 10.2, (4R)-1-Benzyl-4-[(2S)-2-(9H-fluoren-9-ylmethoxycarbonylamino)-4-methyl-pentanoylamino]-2-1.4 Hz, =CH2 CH 2 ), 5.03 (1H, d, J = 17.2 Hz, =CH2 CH 2 ), 5.79 (1H, ddt, J = 17.1, 10.4, 6.2 Hz, oxo-piperidine-4-carboxylic acid tert-butyl ester (17). To a solution of Fmoc-leucine (311 mg, =CH CH), 6.94 (1H, q, J = 4.7 Hz, NHMe NH), 7.12 (1H, d, J = 7.1 Hz, Ala NH), 7.13 (1H, br s, 4 NH), 0.88 mmol, 1.2 equiv.) in anhydrous CH 2 Cl 2 (9 mL) at 0 °C, was added HOAt (150 mg, 1.1 mmol, 7.19-7.32 (5H, m, Ar CH); 13 C{1H} NMR (100 MHz, CDCl 3 ) δ 17.3 ( Ala CH 3 ), 26.2 ( NHMe CH 3 ), 1.5 equiv.), HATU (390 mg, 1.02 mmol, 1.4 equiv.) and TMP (1.5 mL, 8.8 mmol, 12 equiv.). The 29.1 ( 3' CH 2 ), 29.6 ( 5 CH 2 ), 34.9 ( 2' CH 2 ), 39.9 ( 3 CH 2 ), 42.9 ( 6 CH 2 ), 49.9 ( Bn CH 2 ), 50.0 ( Ala CH), reaction mixture was maintained at 0 °C for 3 hours. A solution of compound 16 (223 mg, 58.2 ( 4 C q ), 115.7 ( =CH2 CH 2 ), 127.5 ( Ar CH), 127.6 (2 Ar CH), 128.7 (2 Ar CH), 136.2 ( Ar C q ), 0.73 mmol) in anhydrous CH 2 Cl 2 (9 mL) was added dropwise and after anhydrous DMF (9 mL) 136.9 ( =CH CH), 168.6 ( 2 C q ), 172.4 ( 4-CO C q ), 173.0 ( COAla C q ), 174.7 ( CO C q ); 1 H NMR (400 MHz, and the reaction was carried on at room temperature for 48 h. At the end of the reaction, the

DMSO-d 6 ) δ 1.15 (3H, d, J = 7.5 Hz, Ala CH 3 ),

1.98 (1H, m, 5 

CH 2 ), 2.18 (1H, m, 5 CH 2 ), 2.22 (4H, m, 2',3' CH 2 ), 2.35 (1H, d, J = 17.1 Hz, 3 CH 2 ), 2.55 (3H, d, J = 4.6 Hz, NHMe CH 3 ), 2.92 (1H, d, J = 17.1 Hz, 3 CH 2 ), 2.99-3.08 (1H, m, 6 CH 2 ), 3.15 (1H, m, 6 CH 2 ), 4.13 (1H, quint., J = 7.3 1 H NMR (400 MHz, CDCl 3 ) δ 1.44 (9H, s), 1.69 (2H, br s), 1.78 (1H, dtd, J = 13.6, 5.1, 2.0 Hz), 2.09 (1H, ddd, J = 13.5, 9.1, 5.7 Hz), 2.41 (1H, dd, J = 17.2, residue was concentrated under vacuum and was purified by flash chromatography on silica gel (from pure CH 2 Cl 2 to CH 2 Cl 2 /MeOH 90:10) to give the dipeptide 17 as a colorless oil (345 mg, 0.54 mmol, 74 % yield). R f 0.15 (CH 2 Cl 2 /MeOH 95:5); [α] D 20 -27.2 (c 0.53, CH 2 Cl 2 ); IR (neat) ν

  ; HRMS (ESI-TOF) m/z: [M+H] + Calcd for C 23 H 35 N 5 O 4 446.2762; Found 446.2752; m/z: [M+Na] + Calcd for C 23 H 34 N 5 NaO 4 468.2581; Found 468.2568; m/z: [M+K] + Calcd for C 23 H 34 KN 5 O 4 484.2321; Found 484.2323.

  in anhydrous THF (4 mL), deprotected pseudopeptide 21 was obtained as a waxy solid(11 mg, 0.034 mmol, 71 % yield). R f 0.24 (CH 2 Cl 2 /MeOH 95:5); [α] D 20 + 6.8 (c 0.09, CH 2 Cl 2 ); IR (neat) ν 3394, 2921, 2851, 1639, 1463, 1401, 1172, 1033 cm -1 ; 1 H NMR (400 MHz, CD 3 OD) δ 1.35 (3H, d, J = 7.3 Hz), 2.04-2.10 (1H, m), 2.20-2.28 (1H, m), 2.32 (1H, d, J = 17.9 Hz), 2.35-2.40 (4H, m), 2.72 (3H, s), 3.11 (1H, dd, J = 17.5, 1.2 Hz), 3.15-3.25 (1H, m), 3.30-3.40 (1H, m), 4.30 (1H, q, J = 7.3 Hz), 4.98 (1H, dd, J = 10.2, 1.8 Hz), 5.07 (1H, dd, J = 17.2, 1.8 Hz), 5.80-5.88 (1H, m);

[START_REF] Jiménez | Influence of Side Chain Restriction and NH•••π Interaction on the β-Turn Folding Modes of Dipeptides Incorporating Phenylalanine Cyclohexane Derivatives[END_REF] 

C NMR (100 MHz, CD 3 OD) δ 17.

  .1; HRMSR(ESI-TOF) m/z: [M+H] + Calcd for C 15 H 25 N 4 O 4 325.1870; Found 325.1866; m/z: [M+Na] + Calcd for C 15 H 24 N 4 NaO 4 347.1690; Found 347.1691; m/z: [M+K] + Calcd for C 15 H 24 KN 4 O 4 363.1429; Found 363.1428.

  in anhydrous THF (4 mL), deprotected pseudopeptide 22 was obtained as a waxy solid (12 mg, 0.037 mmol, 74 % yield). R f 0.25 (CH 2 Cl 2 /MeOH 95:5); [α] D 20 -1.0 (c 0.09, MeOH); IR (neat) ν 3276, 2970, 2930, 1644, 1544, 1347, 1268, 1183, 1138, 1053 cm -1 ; 1 H NMR (400 MHz, CD 3 OD) δ 1.35 (3H, d, J = 7.2 Hz), 2.12-2.22 (1H, m), 2.25-2.40 (5H, m), 2.40 (1H, d, J = 17.2 Hz), 2.72 (3H, s), 2.89 (1H, d, J = 17.2 Hz), 3.25-3.30 (2H, m), 4.28 (1H, q, J = 7.2 Hz), 4.99 (1H, dd, J = 10.4, 1.8 Hz), 5.08 (1H, dd, J = 16.8, 1.8 Hz), 5.80-5.88 (1H, m); 13 C NMR (100 MHz, CD 3 OD) δ 17.7,

  .1 HRMS (ESI-TOF) m/z: [M+H] + Calcd for C 15 H 25 N 4 O 4 325.1870; Found 325.1858; m/z: [M+Na] + Calcd for C 15 H 24 N 4 NaO 4 347.1690; Found 347.1676; m/z: [M+K] + Calcd for C 15 H 24 KN 4 O 4 363.1429;

	Found 363.1447.
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