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Introduction

Interaction between peptides and proteins is an essential aspect of many biological processes. The recognition process usually involves the β-turn as a common structural motif that features the peptide chain. [1][2][3] Structural studies revealed that this structure characterizes small peptides functioning as hormones, 4-6 neurotransmitters 7 or having other regulatory roles in the organism. The classic β-turn is stabilized by an intra-molecular hydrogen bond between the carbonyl oxygen of residue i and the amide hydrogen of residue i + 3, thus forming a typical structural arrangement corresponding to a ten-member ring. 1 Because this structural organization is associated with the binding process between peptide ligands and receptor targets, it becomes source of biological activity and is involved in the development of several diseases. Thus, it is not surprising that a lot of effort is put in the design and synthesis of peptidomimetics (mimicking β-turn structures) as new therapeutic agents. [8][9][10] The importance of replacing natural amino acids in peptides with non-proteinogenic counterparts, in order to obtain drug-like target molecules, has roused a substantial interest in undertaking the synthesis of new peptidomimetic structures that can exhibit therapeutic effects similar to those of natural peptides but with the advantage of metabolic stability (especially proteolitic stability). Common structural modifications that feature these new peptidomimetics usually involve the incorporation of non-natural amino acids in the peptide chain or the use of altered backbones. 11,12 Proline residues frequently occur in reverse turns and this is presumably due to their unique restricted φ angle, which is entropically favourable for turn folding. [13][14][15] In a recent paper, we reported on the synthesis of pseudo-tetrapeptides containing two L-valine units and two modified α-amino acids derived from proline and aspartic acid. The conformational analysis carried out on these unnatural peptides, pointed out the role of proline derivatives in originating βand γ-folded conformers, thus acting as a scaffold promoting compact conformations. 16 In the present paper our aim is to study more extended unnatural peptides, containing in the middle of the chain a modified (S)-proline unit as a scaffold and to investigate the presence of stable conformations associated with reverse turn formation through intra-molecular hydrogen bonds, similar to those already observed. [16][17][18] We have synthesized new non-proteinogenic peptides incorporating, besides the modified (S)-proline, three L-valine units and two additional non proteinogenic α-aminoacids such as (2R)-methyl aspartic acid and (2S)-methylornitine. These unnatural hexapeptides (1, 2a and 2b in Scheme 1) have been examined using spectroscopic techniques ( 1 H NMR and IR) and computational simulations based on molecular dynamics (MD).

(Scheme 1 here)

Experiment

The synthesis of 1, 2a and 2b was accomplished starting from the chiral synthon 3 (the mono-lactim ether shown in Scheme 2 and easily obtained from L-valine 19 ) and is described in details in the supplementary material.

(Scheme 2 here) 1 H and 13 C NMR spectra were recorded on a Gemini spectrometer at 300 MHz (in about 15 mM solutions) using CDCl 3 as solvent. Chemical shifts are reported in ppm relative to CDCl 3 while the coupling constants (J) are in Hz. IR spectra were recorded on a Nicolet FT 380 spectrophotometer.

Optical rotation values were measured at 25°C on a Perkin-Elmer 343 polarimeter. Dry THF was distilled from sodium benzophenone ketyl. Chromatographic separations were performed with silica gel 60 (230-400 mesh).

The synthesis and spectroscopic data of compounds 3 and other reaction intermediates are reported in refs 16 and 20, 21.

Computational procedure

The 3D molecular structures were built using the CORINA package. 22,23 All calculations were performed at the molecular mechanics (MM) level with the amber 8.0 program. [START_REF] Case | AMBER 8[END_REF] Simulations were carried out using the Gaff force field. [START_REF] Wang | [END_REF] The AM1-BCC method, 26,27 Antechamber 28 package, was employed to assign charges to atoms. Solvation effects were taken into account using the Generalized Born Model. 29,30 The Generalized Born Model has been shown to accurately reproduce relative free energies of different peptide conformations 31 and to identify correctly the native state of several proteins in an extensive comparison with large decoy sets. 32 Many recent studies have used molecular dynamics simulations to study small polypeptides. [33][34][35][36] Thus, dynamics were carried out with a dielectric constant ε = 4.9 to simulate the electrostatic effects of chloroform (the solvent where 1 H NMR data have been recorded). To locate the lowest energy structure, without being trapped in local minima, we first employed a preliminary quenched molecular dynamics (QMD) simulation where the molecules were heated from 0 to 600 K in 100 ps and then, a trajectory of 10 ns was carried out at constant temperature (600 K) and constant pressure (1 atm) with an integration step of 2 fs. The SHAKE 37 algorithm was used to constrain the stretching of bonds involving hydrogen atoms. The coordinates of the pseudopeptides were saved on a trajectory file every 10 ps, giving a total of 1000 conformations for further analysis. Each of the so obtained structures was energy minimized till the root mean square of the Cartesian elements of the gradient was less than 0.001 kcal mol -1 using a full conjugate gradient minimization and the GB/SA model. 38 This preliminary simulation provided the best starting structure for a new molecular dynamics at 300 K to identify intramolecular hydrogen bonds and examine the conformational space of the pseudopeptides at ambient temperature. These dynamics were carried out for 10 ns using a time step of 0.002 ps (using SHAKE algorithm to constrain the stretching of bonds involving hydrogen atoms) and writing the coordinates every 2 ps on a trajectory file. We analyzed this file with the 'ptraj' package (an AMBER module) [START_REF] Case | AMBER 8[END_REF] to obtain an estimate of the percentage of the existence of every H-bond during the whole simulation (an "active" hydrogen bond requires a distance between acceptor and donor shorter than 4 Å, and a bond angle larger than 90°). We denote this quantity as "lifetime" of a given H-bond even if this term is expressed as a percentage and does not exactly correspond to the usual definition of lifetime given in physical processes. To identify and visualize the most important conformations of the peptides, we carried out a cluster analysis. For this purpose, the MMTSB 39 toolset was used. We clustered the conformations obtained from the dynamics on the basis of structural similarity (using 'kclust' and a fixed radius clustering of 2.0 Å on Cartesian coordinate RMSD of heavy atoms and hydrogen atoms involved in hydrogen bonds). Clusters were grouped together, if possible, on the basis of the similarity of the hydrogen bond pattern. For each set of clusters the most populated structures have been selected as the representative conformations of each pseudopeptide. 1 H-NMR and IR studies. Spectroscopic 1 H-NMR and IR studies were carried out to investigate the structural features of pseudo-hexapeptides 1, 2a and 2b. The chemical shifts of the amidic protons do not exhibit concentration dependence, suggesting that these structures are not involved in intermolecular hydrogen bonds. Then, the existence of intra-molecular hydrogen-bonds was deduced from the spectroscopic data obtained in diluted solution.

The significant 1 H-NMR parameters, which are usually examined in these studies are: a) the amide proton chemical shift (δ NH ), b) the change of δ NH upon addition of 20% DMSO, c) the value of the temperature coefficient (∆δ NH /∆T). [16][17][18][19][START_REF] Belvisi | [END_REF][41][42][43][44] Concerning the latter parameter we must outline that it does not always represent a key factor to establish the formation of hydrogen bonds, particularly in the case of cross-linked peptides. [45][46][47] It can be helpful to remember that three different states can be distinguished on the basis of the above 1 H-NMR parameters when measured in diluted solution (1-2 mM in deutero chloroform): i) Amide protons involved in strong hydrogen bonds. This situation can be associated with low temperature coefficient (∆δ/∆T<2.6 ppb/T), chemical shift values > 7 ppm and small changes in the chemical shift (∆δ<0.2 ppm) upon addition of a competitive solvent such as DMSO. ii) Non hydrogen-bonded amide protons. This can occur with temperature coefficient values < 2.6 ppb/T, chemical shift values < 7 ppm and ∆δ >> 0.2 ppm upon addition of a competitive solvent. iii) Amide protons in equilibrium between hydrogen-bonded and non hydrogen-bonded states. In this case large values of temperature coefficient (∆δ/∆T) are observed.

Useful information can also be obtained from IR spectra. In diluted solution (2mM) a broad band in the range 3300-3370 cm -1 indicates the presence of an intra-molecular hydrogen bond, while a sharp band higher than 3400 cm -1 suggests a free amidic NH stretching. [23][START_REF] Case | AMBER 8[END_REF][START_REF] Wang | [END_REF][26] (Table 1 here)

The 1 H-NMR spectra assignments of the amide protons (labelled as H 1 , H 2 , H 3 , H 4 , H 5 and H 6 according to Figure 1) were decided on the basis of the signals multiplicity and by nOe experiments (see Table 1 and Figure 1).

(Figure 1 here)

The H 1 and H 2 amide protons were assigned through nOe measurements after considering that the CH 2 protons in β position to the -CO-NH 1 carbonyl group resonate as a multiplet around 1.9 ppm, while the H 4 , H 5 and H 6 protons assignment was based on the signal of the CH 2 protons in α position to the -CO-NH 4 carbonyl, which resonate as two doublettes (one in the range 2.37-2.55 ppm and the other in the range 2.97-3.17 ppm) (see Figure 1 and Table 1). In addition, in all hexapseudopeptides investigated here only the amide proton H 3 can resonate as a multiplet. The meaningful 1 H-NMR and IR data registered in diluted solution for substrates 1, 2a and 2b are collected in Table 2. Their analysis points out some interesting aspects.

(Table 2 here) We can put forward two different hypothesis concerning H 1 protons: (1) These protons do not form hydrogen bonds because their chemical shifts are <7 ppm and the signals are characterized by a non negligible high shift (from 0.4 ppm in 2b to 1.18 ppm in 1) upon addition of 20% DMSO;

(2) Alternatively, an intra-molecular H-bond forms in all substrates. The temperature coefficients (0.1, 0.7 and 2.3 ppb/T for substrates 1, 2a and 2b, respectively) are congruent with both hypothesis. Consequently, since the hypothesized hydrogen bond is exposed to the solvent and is probably a rather labile interaction, it can be easily broken when DMSO is added. In this case the low value of chemical shifts could be explained by local screen effects.

Concerning H 2 protons, we believe that they are not involved in hydrogen bonds, except in the case of substrate 1 where the high shift upon addition of 20% DMSO is rather small i.e. 0.22 ppm (in 2a and 2b these values are much more significant i.e. 0.94 and 1.05 ppm). We are prone to think that the H 3 protons in 1, despite a chemical shift value of 6.69 ppm, participates to a hydrogen bond because the δ NH values show a small change upon addition of 20% DMSO and the temperature coefficient is less than 2.6 ppb/T. Furthermore, since the chemical shift values remains almost unchanged upon addition of 20% DMSO (formation of an internal hydrogen-bond) and the temperature coefficient values are significantly higher than 2.6 ppb/T (value usually accepted [23][START_REF] Case | AMBER 8[END_REF][START_REF] Wang | [END_REF][26] ), it is plausible to hypothesize in all substrates the existence of a dynamic equilibrium between hydrogen bonded and non hydrogen bonded structures for proton H 4 (temperature coefficients are 7.7, 6.3 and 5.5 ppb/T for 1, 2a and 2b, respectively).

The spectroscopic data reported in Table 2 also indicate that protons H 5 and H 6 in the pseudopeptide 1 form intra-molecular hydrogen bonds.

The spectroscopic information registered for pseudopeptides 2a and 2b (see Table 2) suggest that protons H 3 , H 4 and H 5 are involved in hydrogen bonds. In particular, the temperature coefficient values (in the range 3.5-6.3 ppb/°C) are indicative of the existence of a dynamic equilibrium between a hydrogen-bonded and a non hydrogen-bonded conformation. H 6 protons also are characterized by chemical shift and temperature coefficient values indicating the involvement in intra-molecular hydrogen bonds. It is worth mentioning that after addition of DMSO the amide protons H 6 in 2a and H 3 , H 5 and H 6 in 2b are characterized by a low shift instead of a high shift as usually found. [22][23][START_REF] Case | AMBER 8[END_REF][START_REF] Wang | [END_REF][26] This already observed behaviour, [START_REF] Case | AMBER 8[END_REF] could be caused by a local magnetic field change due to a conformational rearrangement of the molecule upon addition of DMSO. The IR spectra of the various hexapseudopeptides are very similar. They show sharp bands in the characteristic region of free NH amide absorbance (i.e. at ν>3400 cm -1 ) and broad bands in the range 3275-3378 cm -1 indicating the presence of an intra-molecular hydrogen bond.

We are prone to infer that most probably the presence of a methyl group determining a S configuration at the C-2 carbon of the proline ring (see pseudopeptide 1) increases the propensity to form intra-molecular hydrogen bonds. In fact, in opposition to the evidence found in 2a and 2b, in 1 the amide H 2 protons also are involved in stable hydrogen bonds.

Molecular modelling and conformational analysis. A computational strategy based on a two step protocol has been employed to explore the conformational space (phase space) of pseudopeptides 1, 2a and 2b and obtain structural information to rationalize the spectroscopic data. 16,18,21 In a first step a high-temperature quenched molecular dynamics (QMD) has been carried out to identify the most populated regions of the phase space. This preliminary investigation provides the starting point for a new molecular dynamics at ambient temperature. This dynamics gives statistical estimates of the hydrogen bond lifetimes and detects the most common hydrogen bond patterns using a cluster analysis of the trajectory. Clusters can be usefully visualized by means of free energy functions which are projected as contour lines onto a two dimension space formed by the PCA1/PCA2 axes (Figure 2). These coordinates are derived from a Principal Component Analysis. 48 (Figure 2 here)

In the following we briefly describe the method used to build the diagrams of Figure 2. The free energy change associated with the passage between two different states of a system in thermodynamic equilibrium is given by ∆G = -RT ln (p 1 / p 2 ). Here R is the ideal gas constant, T is the absolute temperature, and p i (i = 1, 2) is the probability of finding the system in state i. The two dimensional space defined by the PCA1 and PCA2 axis has been divided into a grid and the free energy has been calculated for each bin of the grid on the basis of the previous equation. The whole set of G values has been shifted in such a way that that the lowest value of the free energy surface corresponds to zero. Thus, the reported ∆G values represent the transfer free energies with respect to the bin which has been set to zero. To obtain the p i values the trajectory at ambient temperature has been projected onto the PCA1/PCA2 space and p i corresponds to the number of times the trajectory "visits" a given bin. To check the effect of a different grid size on the thermodynamic properties, different grid spacing has been used to construct the same free energy surface. We have found that a more approximate description of the surfaces is obtained using smaller bin sizes since fewer points are available for each bin. However, these surfaces are all very similar: they show the same overall shape and free energy distribution. Finally, we have decided to use a 50-50 grid spacing. 3 here) Representative conformations of the three pseudopeptides, obtained from cluster analysis, are depicted in Figures 345. These conformations correspond to the most populated (most stable) structures within different sets of clusters. These sets have been obtained by grouping together the original clusters on the basis of the similarity of the hydrogen bond pattern (Computational procedure). Hydrogen bond lifetimes for each compound are collected in Table 3.

From Figure 2 we can easily recognize that peptide 1 is characterized by the most stable structure (only one conformer dominates the PCA1/PCA2 space). The H 3 -O4 hydrogen bond (lifetime 97.0%) is maintained for the entire simulation. This bond (between the carbonyl oxygen of residue i and the amide hydrogen of residue i + 3 and forming a typical ten-member ring) keeps up the tridimensional structure of the peptide in a β-turn (type I) conformation. This conformation shows a unique hydrogen bond pattern where, besides the H 3 -O4 hydrogen bond (structurally the most important), we can identify the H 5 -O4, the H 2 -O7, H 6 -O5, H 3 -O7, H 1 -O2 and H 4 -O6 hydrogen bonds (corresponding lifetimes reported in Table 3). As a matter of fact an equilibrium between two different conformations A1 and A2 can be detected in the diagram of Figure 2, even if the equilibrium is definitely shifted toward A1 (the corresponding population is 91%). In A2 the hydrogen pattern is the same as that observed in A1, but the two conformations show a different orientation of one limb of the peptide (molecular region from O4 to H 6 ). (See Figure 3) (Figure 3 here) Peptide 2a has a more flexible structure than peptide 1, which features a unique tridimensional arrangement maintained by the H 3 -O4 hydrogen bond. The conformational space of peptide 2a can be roughly divided into three regions (A, B and C), each region being characterized by different hydrogen bonds leading to rings of different size (7, 10, 12 or 14-member rings). Region A is the most populated. The main structural feature is a fourteen-member ring due to the H 4 -O1 hydrogen bond (see Figure 4). Other hydrogen bonds are H 1 -O2, H 3 -O6, H 5 -O4 and H 6 -O5. Region B is rather wide and can be divided in two sub-areas, B1 and B2. The hydrogen bonds that characterize this region are two: the 12 membered ring hydrogen bond between H 2 -O7 and the γ-turn (H 3 -O7) forming the typical 7-membered ring hydrogen bond. Other important hydrogen bonds are H 1 -O2, H 4 -O6 and H 6 -O5.The main difference between B1 and B2 is due to a change in the orientation of the terminal part of the peptide (from H 4 to H 6 ) that causes the formation in B1 of the additional hydrogen bond H 3 -O6. Region C is characterized by a β-turn motif (type II) with a ten-member ring held together by the hydrogen bond H 3 -O4. H 1 -O2 and H 6 -O5 are additional hydrogen bonds that 3 shows that H 1 -O2 and H 6 -O5 are the hydrogen bonds with the highest lifetimes (96.1 % and 82.7%, respectively) because they can be detected for the entire set of conformations of the peptide. The lifetimes of the other hydrogen bonds depend on the local conformation assumed by the peptide: for instance, the lifetimes of the H 4 -O1, the H 2 -O7 and H 3 -O4 hydrogen bonds (responsible for different peptide tridimensional structures) are 40.9%, 32.2% and 20.3%, respectively).

(Figure 4 here) Two wide basins (region A and region B) characterize the conformational space of peptide 2b. The structure corresponding to region A is determined by three important hydrogen bonds: H 2 -O6, H 3 -O6 and H 4 -O6. Additional hydrogen bonds can be detected: H 1 -O2, H 3 -O7, H 5 -O4 and H 6 -O5.

The structure that characterizes region B is similar to that found for region B in the case of peptide 12a: the hydrogen bond H 2 -O7 leads to the formation of a twelve-member ring and H 3 -O7 causes the occurrence of a γ-turn forming the typical seven-member cycle. Other hydrogen bonds are H 1 -O2, H 3 -O7, H 4 -O7, H 4 -O6, H 5 -O4 and H 6 -O5. Again, the hydrogen bond which can be detected in both conformations are the most populated (see lifetimes in Table 3).

(Figure 5 here)

The computational results can help to answer some questions not elucidated by the spectroscopic data. Our conformational analysis supports the hypothesis that in all substrates H 1 is involved in intra-molecular hydrogen bonds and that the temperature coefficients (2.3, 0.1 and 0.7 ppb/°C for 1, 2a and 2b, respectively) are in inverse ratio to the hydrogen bond stability (corresponding lifetimes are 74.8, 96.1 and 83.4%). Also, for substrate 1 our computations confirm the stability of the hydrogen bond involving H 2 (lifetime 93.4%) and H 3 . Moreover, our analysis can explain why H 3 shows a small change (0.1 ppm) of δ NH value upon addition of 20% DMSO. Since the hydrogen bond involving H 3 , which is responsible for the β-turn conformation, forms in the inner part of the peptide molecule, the added DMSO hardly can break it or significantly affect its strength. Thus, the screening effect due to the molecular environment can also explain the low chemical shift value of H 3 (6.69 ppm).

Conclusions

Spectroscopic investigation using 1 H NMR and IR techniques combined with a conformational analysis based on molecular dynamics (MD) and cluster analysis has been demonstrated to be an effective tool to elucidate pseudopeptide structures and to analyze the features of intra-molecular hydrogen bonds involving carbonyl oxygens and amide protons. 16,18,21 The MD analysis, which provides conformer populations and hydrogen bond lifetimes, is in good agreement with the 1 H NMR and IR data. The results indicate that the presence of the methyl group leading to configuration S at the C-2 carbon of the proline ring (see hexapseudopeptide1) increases the propensity to give intra-molecular hydrogen bonds. In agreement with this remark, contrary to what found for pseudopeptide 2a and 2b, in 1 the amide proton H 2 is involved in a stable hydrogen bond. Also, the conformational analysis shows that peptide 1 is characterized by the most stable structure i.e. it exists as a single conformation where the H 3 -O4 hydrogen bond (lifetime 97,0%) maintains the tridimensional structure of the peptide in a β-turn conformation. Our analysis shows that the simple substitution of one (C-2)-H of the proline with a methyl, and the consequent configuration (R or S) of the new stereogenic centre, strongly affects the conformational features of the peptide.

As a consequence different reverse turns are generated. In agreement with this observation (i.e. the presence of the methyl group on the proline ring stabilizes the peptide structure), peptide 1 (2S)methyl (S)-proline derived) exists only in a fixed β-turn conformation of type I. Peptide 2a ((S)proline derived) can be found in three different conformations and peptide 2b ((2R)-methyl (S)proline derived) has two main conformations and one of this is a γ-turn.

Thus, this study clearly shows how small changes in a peptide secondary structure can seriously affect its tri-dimensional folding.

In our opinion these results are rather important in designing new peptidomimetic structures (especially in the mimicking of γ and β-turns) capable of exhibiting therapeutic effects. In particular, we have found that that these modified (S)-proline units can be a very interesting scaffold to obtain reverse turn formation through intra-molecular hydrogen bonds. Certainly, pseudopeptide 1 is the most interesting example between those examined here: it has potential application in the field of peptidomimetic drugs, because represents a novel simulation of a β-turn where we have reduced as much as possible entropic effects. This pseudopeptide exists in a single stable conformation, but maintains a non negligible structural flexibility. Thus, upon binding a receptor a more significant structural reorganization is possible with respect to a rigid turn simulation where the hydrogen bond forming the ten-member ring is replaced by a covalent bond. This point is rather important since conformationally stable peptidomimetics pay a lower entropy cost upon binding a receptor. e-mail : andrea.bottoni@unibo.it
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Synthesis

The synthesis of the unnatural hexapeptide 1 was carried out using the masked cyclic dipeptides 4 20 , 5 19 and 7, which were synthesized starting from the chiral synthon 3. 19 The masked dipeptide 5

was coupled through the free amine group to the cyclic pseudodipeptide 4, activated as pentafluorophenol ester, to obtain intermediate 6, after alkaline hydrolysis (as previously described 16 ). The masked hexapseudopeptide 8 was then obtained from the reaction of intermediate We achieved the cyclic pseudodipeptide 7 through the hydrogenolysis of derivative 9, 21 which was obtained starting from the chiral synthon 3 (Scheme 2S). Intermediate 8 was submitted to acid hydrolysis in mild conditions. Then, we made the diamino derivative (not isolated) to react with acetyl chloride to afford the pseudo hexapeptide 1 containing two L-valine units, (2R)-methyl aspartic acid, (2S)-methylornitine and a modified (S)-proline (Scheme 1).

6
Unnatural hexapeptides 2a and 2b were obtained by employing the cyclic pseudodipeptides 10a and 10b, respectively (the latter is a diastereomer with respect to 5) and following the same procedure used to synthesize 1 (Scheme 3S). The (2S,5S)-2-(3-aminopropyl)-6-ethoxy-5-isopropyl-2-methyl-2,3,4,5-tetrahydropyrazin-3-one (7) (0.56 g, 2.2 mmol) dissolved in dry THF (5 mL) was added to a stirred solution of 6 (0.96 g, 2 mmol) in 15 mL of dry THF. After 10-15 minutes 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl morpholinium chloride (DMTMM) (0.69 g, 2.5 mmol) was added and the reaction mixture stirred at r.t. After about 24 hr, the solution was diluted with ethyl acetate, the solid phase was filtered off and the organic solution washed with 1M HCl. The organic solution was dried over Na 2 SO 0.5 M HCl (8 mL) was added to a solution of 8 (1.43 g, 2 mmol) dissolved in ethanol (12 mL) and the reaction mixture was stirred at room temperature, for about 12 hr. Then the ethanol was evaporated in vacuo, the residue extracted with CH 2 Cl 2 and the organic solution dried over CaCl 2 .

After filtration, triethylamine (0.84 mL, 6 mmol) was added to the organic solution cooled to -10°C and then acetyl chloride (0.45 mL, 6.3 mmol) was dropped under stirring. After about 15 minutes the cooling bath was removed and the reaction mixture was stirred for 2-3 hrs. The organic solvent was then evaporated under vacuum and the residue dissolved in ethyl acetate. The organic solution was washed with 2M HCl and then dried over Na 2 SO 4 . After evaporation in vacuo to dryness, the residue was submitted to purification by silica gel chromatography eluting with hexane/ethyl acetate.

The pure product was obtained as a wax in 73% overall yield. 

1-[(6-ethoxy-(5S)-isopropyl-(2R)-methyl-2,3,4,5-tetrahydro-3-oxo-pyrazin-2-yl)-(2S)isopropyl-3-aza-4-oxo-pentanoyl]-(2R)-[6-ethoxy-(5S)-isopropyl-(2R)-methyl-2,3,4,5tetrahydro-3-oxo-pyrazin-2-yl)-4-aza-5-oxo-pentanoyl]-4-methylenepyrrolidine. (12a)

It was obtained by reacting 10a with 7 in the presence of DMTMM and following the procedure described for 8. The crude reaction product was submitted to silica gel chromatography eluting with hexane/ethyl acetate and the product was recovered as an oil in 72% yield. 1 H-NMR δ : 0.85 (d,3H,J=6.9); 0.90 (d,3H,J=6.9); 1.0 (m,12H); 1.28 (t,3H,J=7. 

(12b)

It was obtained by reacting 10b with 7 in the presence of DMTMM and following the procedure described for 8. The crude reaction product was submitted to silica gel chromatography eluting with hexane/ethyl acetate and the product was recovered as an oil in 70% yield. 1 H-NMR δ : 0.87 (d,3H,J=6.9); 0.90 (d,3H,J=6.9); 1.0 (m,12H); 1.29 (m,9H); 1.39 (s,3H); 1.47 (s,1H); 5.87 (s,1H); 6.64 (m,1H); 7.30 (d,1H,J=7.7). 13 C-NMR δ : 13.9, 14.0, 16.1, 16.4, 18.1, 18.2, 18.7, 21.5, 24.3, 27.7, 28.3, 30.2, 30.3, 30.9, 37.6, 39.3, 46.0, 46.4, 52.9, 57.1, 57.8, 58.4, 59.7, 60.9, 61.0, 68.0, 108. 3, 141.0, 155.7, 157.4, 170.8, 171.5, 172.4, 173.3, 174.6. The product was not isolated in sufficiently pure form for elemental analysis and to measure the specific rotation. It was obtained starting from the intermediate 12a and following the procedure described for 1. The crude reaction product was purified by silica gel chromatography eluting with hexane/ethyl acetate.

The pure product was obtained as a wax in 75% overall yield. It was obtained starting from the intermediate 11b and following the procedure described for 1. The crude reaction product was purified by silica gel chromatography eluting with hexane/ethyl acetate.

The pure product was obtained as a wax in 73% overall yield. 
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 3 Figure 3. Representative conformations for pseudopeptide 1.

Figure 4 .PageFigure 5 .

 45 Figure 4. Representative conformations for pseudopeptide 2a

H

  

with the nucleohphile 7

 7 in the presence of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl morpholinium chloride (DMTMM) (Scheme 1S).
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 7 Scheme 1S. i) DMF/Py, 24 hr at r.t.; ii) EtOH/NaOH, 70 hr at r.t.; iii) THF, DMTMM at r.t. for 24 hr.; iv) EtOH, 0.5N HCl, 24 hr at r.t., then CH 3 COCl/Et 3 N in CH 2 Cl 2 .

  methyl-decan-1-yl)-2-(6''-acetamido-2,8-diaza-10-carboxyethyl-9''-isopropyl-7-oxo-6''-methyl-decan-1-yl)-2-methyl-4-methylenepyrrolidine. (5)

  oxo-pyrazin-2-yl)-4-aza-5-oxo-pentanoyl]-2-methyl-4-methylenepyrrolidine.
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  dioxo-6'-methyl-decan-1-yl)-2-(6''-acetamido-2,8-diaza-10-carboxyethyl-9''-isopropyl-7oxo-6''-methyl-decan-1-yl)-4-methylenepyrrolidine. (2a)
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 6 (2R,2'S,6'R,9'S,6''S,9''S)-1-(6'-acetamido-3,8-diaza-10-carboxyethyl-2',9'-diisopropyl-4,7-dioxo-6'-methyl-decan-1-yl)-2-(6''-acetamido-2,8-diaza-10-carboxyethyl-9''-isopropyl-7oxo-6''-methyl-decan-1-yl)-2-methyl-4-methylenepyrrolidine. (2b)
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Table 1 .

 1 Selected nOe data for substrates 1, 2a and 2b.

				Molecular Physics		Page 18 of 27
	A A		O 1 O 1	B B	O 1 O 1
				O 2 O 2	H 1 H 1
	O 3 O 3		1 H 1	H 2 H 2	O 2 O 2
	O 7 O 7	H 3 H 3		O 3 O 3	H 2 H 2	O 6 O 6
					H 3 H 3
		H 4 H 4	O 6 O 6		
					O 7 O 7	O 5 O 5
					H 4 H 4	H 6 H 6
		O 4 O 4	H 6 H 6		
		H 5 H 5		O 5 O 5	O 4 O 4	H 5 H 5
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Table 2 .

 2 Meaningful 1 H-NMR and IR data of substrates 1, 2a and 2b

Table 3 .

 3 Lifetimes for the various hydrogen bonds in substrates 1, 2a and 2b

		H 1 6.48 (d)	H 1 7.66	H 1 2.3	
		H 2 7.05 (s)	H 2 7.27	H 2 4.4	
	1	H 3 6.69 (m)	H 3 6.79	H 3 2.1	3429; 3375; 3285
		H 4 7.54 (d)	H 4 7.55	H 4 7.7	
		H 5 7.33 (s)	H 5 7.72	H 5 0.7	
		H 6 7.94 (d)	H 6 7.72	H 6 1.0	
		H 1 6.75 (d)	H 1 7.29	H 1 0.1	
		H 2 6.56 (s)	H 2 7.50	H 2 1.1	
	2a	H 3 7.15 (m)	H 3 7.25	H 3 3.5	3428; 3378; 3275
		H 4 7.97 (d)	H 4 8.02	H 4 6.3	
		H 5 7.91 (s)	H 5 7.93	H 5 5.1	
		H 6 8.14 (d)	H 6 7.74	H 6 2.8	
		H 1 6.80 (d)	H 1 7.20	H 1 0.7	
		H 2 6.40 (s)	H 2 7.45	H 2 0.1	
	2b	H 3 7.21 (m)	H 3 7.11	H 3 3.6	3431; 3373; 3288
		H 4 8.09 (d)	H 4 8.20	H 4 5.5	
		H 5 8.22 (s)	H 5 8.07	H 5 4.9	
		H 6 8.31 (d)	H 6 7.94	H 6 2.5	
	(a) 2 mM solution in CDCl 3 ; (b) 2 mM solution in CDCl 3 +20% DMSO; (c) 2mM solution in CHCl 3 .
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  evaporated under vacuum. The residue was submitted to purification by silica gel chromatography eluting with hexane/ethyl acetate and the pure product was recovered as an oil in 68% yield.

	1 H-NMR δ : 0.8-1.1 (m,18H); 1.3 (m,6H); 1.37 (s,3H); 1.47 (s,3H); 1.6 (s,3H); 1.4-2.1 (m,5H); 2.3
	(m,2H); 2.41 (d,1H,J=15); 2.53 (d,1H,J=15); 3.08 (d,1H,J=15); 3.15 (d,1H,J=15); 3.22 (m,2H); 4-
	4.12 (m,6H); 4.26 (d,1H,J=13.6); 4.42 (d,1H,J=13.6); 4.5 (m,1H); 5.5 (m,2H); 5.99 (s,1H); 6.13
	(s,1H); 6.55 (m,1H); 6.65 (d,1H,J=9). 13 C-NMR δ : 14.1, 16.0, 16.2, 17.7, 18.2, 18.4, 19.2, 21.2,
	24.5, 28.4, 28.6, 30.2, 30.7, 31.0, 37.6, 39.6, 45.1, 47.1, 52.8, 55.6, 58.0, 58.5, 58.6, 59.9, 61.1, 61.3,
	67.9, 108.5, 141.3, 156.2, 157.3, 170.0, 171.0, 172.6, 173.8, 174.6. [α] D -26.4 (c 0.6, CHCl 3 ). Anal. F r o Calcd. for C 37 H 61 N 7 O 7 : C,62.07; H,8.59; N,13.7. Found: C,62.27; H,8.6; N,13.65.
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	4 and

  J=8).13 C-NMR δ : 13.9, 14.0,16.1, 16.4, 18.2, 18.3, 18.4, 19.1, 20.4, 28.0, 28.6, 30.1, 30.3, 31.0, 35.3, 37.5, 39.2, 46.9, 51.1, 55.6, 56.5, 57.9, 58.5, 59.6, 59.8, 61.0, 61.2, 108.6, 142.3, 156.0, 157.5, 170.1, 171.1, 171.2, 173.4, 174.6. The product was not isolated in sufficiently pure form for elemental analysis and to measure the specific rotation.

	2);1.29 (t,3H,J=7.2);
	1.37 (s,3H); 1.47 (s,3H); 1.60 (m,2H); 2.0 (m,2H); 2.28 (m,3H); 2.36 (d,1H,J=14.4); 2.77 (m,1H);
	2.91 (m,1H); 3.0 (d,1H,J=14.4); 3.14 (m,1H); 3.24 (m,1H); 4-4.4 (m,9H); 4.72 (m,1H); 6.31
	(m,2H); 6.27 (s,1H); 6.37 (s,1H); 6.89 (m,1H); 7.31 (d,1H,

  1 H-NMR δ : 0.96 (m,18H); 1.30 (m,6H); 1.58 (s,3H); 1.74 (s,3H); 2.05 (s,3H); 2.09 (s,3H); 1.6-2.3 J=7.4); 8.14 (d,1H,J=8.4).13 C-NMR δ : 14.8, 18.9, 19.0, 19.3, 19.7, 19.9, 23.1, 23.4, 24.1, 24.9, 31.2, 32.2, 32.4, 35.0, 37.4, 40.7, 42.6, 53.0, 58.9, 59.5, 59.8, 61.1, 61.7, 62.4, 109.5, 144.3, 172.9, 173.0, 173.1, 173.2, 173.4, 173.5, 173.6, 175.9, 176.5. [α] D 6.0 (c 0.4, CH 3 OH). Anal. Calcd. for C 40 H 67 N 7 O 11 : C,58.45; H,8.22; N,11.93. Found: C,58.61; H,8.2; N,11.95.

	(m,7H); 2.55 (d,1H,J=14.8); 2.84 (m,3H); 3.09 (d,1H,J=14.8); 3.5 (m,1H); 4.03-4.45 (m,8H); 4.50
	(dd,1H,J=4.8, 8.4); 4.67 (dd,1H,J=4, 8.4); 5.03 (m,2H); 6.56 (s,1H); 6.75 (d,1H,J=8.4); 7.15
	(m,1H); 7.91 (s,1H); 7.97 (d,1H,

  J=9.2).13 C-NMR δ : 14.0,17.4, 17.5, 18.4, 19.1, 19.2, 20.9, 23.1, 23.6, 23.9, 24.2, 29.5, 30.8, 31.3, 31.8, 39.4, 42.6, 46.2, 52.6, 56.8, 57.2, 57.5, 60.2, 60.5, 60.9, 61.1, 67.4, 108.4, 141.7, 169.5, 170.2, 171.2, 171.9, 172.1, 172.4, 173.2, 174.2, 174.6. [α] D 23 (c 0.4, CHCl 3 ). Anal. Calcd. for C 41 H 69 N 7 O 11 : C,58.59; H,8.32; N,11.73. Found: C,58.65; H,8.34; N,11.71.

	1 H-NMR δ : 0.93 (m,18H); 1.25 (d,3H,J=7.2); 1.29 (t,3H,J=7.2); 1.54 (s,3H); 1.57 (s,3H); 1.74 (s,
	3H); 2.03 (s,3H); 2.08 (s,3H); 1.4-2.3 (m,6H); 2.43 (d,1H,J=15); 2.52 (d,1H,J=15); 2.72 (m,1H);
	2.87 (d,1H,J=15); 2.97 (d,1H,J=15); 3.63 (m,2H); 4-4.6 (m,9H); 5.0 (bs,2H); 6.4 (s,1H ); 6.8
	(d,1H,J=8.4); 7.21 (m,1H); 8.09 (d,1H,J=7.4); 8.22 (s,1H,); 8.31 (d,1H,
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