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Peptides holding a phosphonic acid: Easily recyclable organocatalysts for enantioselective C-C bond creation
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A novel bifunctional organocatalysts library was developed as efficient tool for the stereoselective Michael addition of aldehydes with several aromatic nitroalkenes. Therefore, a phosphonic acid was used for the very first time as activating moiety in the field of organocatalysis. H-R-Pro-S-Pro-R-pAla 1 -OMe was identified as the most effective one with up to 95:5 d.r. and 93:7 e.r over 12 GABA precursors examples. This catalyst was easily recycled and reused over 10 cycles without any significant loss of selectivity.

INTRODUCTION

By miming enzymes through H-bonding, hydrophobic effects and in-solvent organization, peptides are great candidates for asymmetric synthesis purpose, acting as multiactivating molecules. Combinatorial screening proved to be useful for the identification of efficient peptides for the catalysis of stereoselective C-X and C-C bonds creation. [START_REF] Copeland | [END_REF] Therefore, Wennemers introduced the tripeptide H-Pro-Pro-Asp-NH 2 for aldolisation and then H-R-Pro-Pro-Glu-NH 2 for Michael addition with great selectivities, both through enamine and acid activation. Herein we propose to replace the carboxylic acid by a phosphonic acid. Although P(V) is widely used, mainly on a BINOL structure, 3 creating a constrained 7-membered ring, here comes the first example of phosphonic acid activation in the field of organocatalysis. 4 

RESULTS AND DISCUSSION

Catalysts library

A library of 16 peptides was synthesized. The amino acid holding the phosphonate was developed starting from serine (Figure 1). To reach the phosphonoalanine, a Mitsunobu reaction was performed, leading to a -lactone. The cycle was readily opened through a nucleophilic addition of trimethylphosphite. After Boc-deprotection, the amino acid was obtained with a global yield of 27 % over 4 steps. For longer side chains, a Hadsworth-Emmons-Horner reaction was performed between tetraethylmethylenebisphosphonate and Garner's aldehyde (m=0) or analogues (m=1 or 2). After reduction of the resulting double bond, the oxazolidine was hydrolyzed in presence of methanol and para-toluene sulfonic acid. An oxidation, performed with TEMPO and BAIB, generating only organic by-products, was the key step for purification of the amino acid, through either organic and aqueous washings. The targeted phosphonylated 3 amino acids were obtained over 10 steps with a global yield of 62 %, 24 % and 41 % for 2, 3 and 4-carbons side chain length, respectively, with no need of purification steps. For both pathways, amino acids were derivatized with Mosher's acids and no scalemization was observed.

Peptides were then obtained through classical coupling methods. Silylation followed by a hydrolysis allowed the phosphonic acid release and the concomitant terminal proline Bocdeprotection.

Michael addition

The catalytic potential of these 16 peptides, pre-adjusted at pH = 6.6 and 11.5, was evaluated on Michael addition between propanal and trans--nitrostyrene (Figure 3 -R 1 =Me, R 2 =Ph). A polar solvent was crucial for a great solubility. The catalyst was efficient with as low as 1 mol%.

Lowering this loading reduced the selectivities. Among these catalysts, the tripeptide with onecarbon side chain length and a RSR configuration H-R-Pro-S-Pro-R-pAla-OMe gave the bests results (d.r. 91:9 e.r. 93:7). A longer side-chain (2 < n < 4) conducted to a poorer selectivity. Indeed, more flexibility implied less face discrimination. Optimal conditions were applied on 12 examples of GABA derivatives with up to d.r. 95:5 and e.r. 93:7 (figure 2).

The phosphonopeptide was easily separated from the product by aqueous extraction. After organic washing and lyophilization, it was reused over 10 cycles with an average recycling rate of 85 %. The -nitroaldehyde was always obtained quantitatively and no significant loss of selectivity was observed.

CONCLUSION

To conclude, enamine activation and phosphonic acid catalysis have been combined for the first time on a peptide structure. These molecules were applied on the synthesis of -nitroaldehydes with up to d.r. 95:5 and e.r. 93:7. Compared to existing peptides catalysts, the presence of a phosphonic acid had a significant impact on both the selectivities and process. First, the geometry of this moiety differs from carboxylic acid, leading to opposite products. 5 Second, the presence of two acidities (pKa = 2.5/7.5 vs. 4) made this catalyst adjustable, with no need of external base, which facilitated the recycling. These two parameters, geometry and acidity, could be modulated by playing with nature of the P(V) moiety. 
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 12 Figure 1 Synthetic pathways to phosphonopeptides with 1 or more carbon side-chain length