Oussema Ouerfelli 
  
Julien Simon 
  
Evelyne Chelain 
  
Julien Pytkowicz 
  
Rafâa Besbes 
  
Thierry Brigaud 
  
Enantiopure α-Trifluoromethylated Aziridine-2-carboxylic Acid (α-TfmAzy) : Synthesis and Peptide Coupling

ABSTRACT: A straightforward synthesis of enantiopure α-trifluoromethyl Aziridine-2-carboxylic acid (α-TfmAzy) is reported from a trifluoropyruvate derived enantiopure oxazolidine. A key Strecker type synthetic step and a late cyanide basic hydrolysis gave the target compounds in six steps and 41% yield. A final peptide coupling was performed to demonstrate the usefulness of this highly constrained fluorinated unnatural amino-acid.

Aziridine-2-carboxylate (Azy) containing peptides attracted much attention because of their cysteine protease inhibition properties 1,2 and their ability to perform late-stage nucleophilic opening reaction based functionalization. 3,4 Moreover, the twisted or tilted conformation of such constrained cyclic amino acid amide bond 5 allows regioselective hydrolysis of peptide and site specific functionalization of cyclic peptides. 6 The interest for fluorinated peptides is also growing significantly because of their unique biophysical and chemical properties. 7,8 Among fluorinated biomolecules, fluoroalkylated amino acids containing peptides showed improved metabolic stabilities, 9,10,11 increased local hydrophobicity [12][13][14]15 and unique conformational properties. 16,17 For several years we have been involved in the development of synthetic methods for the preparation of α-trifluoromethyl amino acids (α-TfmAAs) in enantiomerically pure form. [18][19][20][21][22] Considering the interest of aziridine-2-carboxylate (Azy), as protease inhibitor and the great value of this unnatural amino acid as conformational inducer and late-stage functionalization site, we aimed to develop an efficient and straightforward synthesis of enantiopure α-trifluoromethylated aziridine 2-carboxylic acid (α-TfmAzy) 1. Up today, only few syntheses of αtrifluoromethylated aziridine 2-carboxylic acid derivatives have been reported in the literature (Scheme 1). The first synthesis was reported by Uneyama et al. through low temperature α-lithiation of a N-tosyl protected optically pure aziridine. 23 However the acidic conditions required for the nitrogen protecting group were incompatible with the preservation of the constrained three members ring which was readi-ly opened. 24 One year later Tardella's group published a diastereoselective preparation of α-trifluoromethylated aziridine esters via the amination of 2-trifluoromethylacrylates by nosyloxycarbamates. An HPLC separation of the diastereomeric mixture was required and the removal of the ethylcarbamate protecting group was not reported. 25 More recently, Marsini et al. developed a general and highly diastereoselective Aza-Corey-Chaykovsky aziridination of Ntert-butanesulfinyl ketimino esters. Unfortunately the reaction performed on the trifluoromethylated substrate proceeded in low yield and the removal of the tert-butanesulfinyl group was not reported. 26 Finally, Onys'ko's group performed an elegant asymmetric cycloaddition between enantiopure phenethylamine derived trifluoropropionate and diazomethane to give two separable diastereomers of triazoline-5carboxylate. Subsequent thermic nitrogen abstraction and ring contraction lead to the formation of 2-trifluoromethylaziridine-2-carboxylates. 27,28 However the nitrogen protecting group has not been removed either. As a summary, despite these pioneer studies, the synthesis of a completely deprotected α-TfmAzy remains a challenge due to its easy acidic ring opening and its subsequent peptide coupling is still undescribed so far. We report herein a straightforward asymmetric synthesis of enantiopure 2-trifluoromethyl-aziridine-2carboxylic acid and its peptide coupling.

Scheme 1. Previous syntheses of -TfmAzy in the litterature

The synthesis of α-TfmAzy was first planned via the intramolecular cyclization of the enantiopure α-trifluoromethyl serine 2 (Figure 1, path A). The latter can be synthesized in few steps from the (R)-phenylglycinol derived trifluoromethyloxazolidine 3 via a Strecker-type reaction. 19 An alternative pathway consists in performing the cyclization step on the mesylated oxazolidine 4 before or after the introduction of the cyano group through a Strecker-type reaction (Figure 1, path B). Figure 1. Strategic pathways for α-TfmAzy synthesis α-trifluoromethyl serines (R)-2 and (S)-2 were synthesized from the ethyl trifluoropyruvate derived oxazolidine 3 through our previously reported procedure (Scheme 2). 19 Since it was anticipated that the protection of the nitrogen atom by a carbamoyl or a tosyl group are not suitable to avoid the Tfmaziridine ring opening in acidic conditions, 29 α-Tfm-serines were protected using a benzyl moiety. The treatment of (R)-2 and (S)-2 with benzyl bromide and potassium carbonate provided the dibenzylated α-Tfm-serines (R)-5 and (S)-5 in 58% and 57% yield respectively (Scheme 1). Each enantiomer of the dibenzylated α-Tfm-serines 5 was activated as its mesylates (R)-6 and (S)-6 in good yields and subjected to various cyclization conditions. A thermal treatment of (R)-6 or (S)-6 in basic conditions afforded the cyclized product 7 in poor yield. However the slow conversion could be impressively increased using microwave activation. Under these conditions, the target benzylated aziridines (R)-7 and (S)-7 were obtained in 78% and 79% yield respectively (Scheme 2). Scheme 2. Synthesis of benzylated TfmAzy (R)-7 and (S)-7

Facing isolation difficulties of the target fully deprotected α-TfmAzy 1 after hydrogenolysis of (R)-7 or (S)-7, we decided to generate the carboxylic acid from the cyanide group in the last steps and to take advantage of the phenylglycinol moiety as a N-protecting group. Therefore the two diastereomers of the intermediate oxazolidine 8 resulting from the reduction of 3 30 were activated as their mesylates and the intramolecular cyclization was performed in the presence of a base under microwave activation to give the bicyclic compound 9 (Scheme 3). Noteworthy, the intramolecular substitution is the only observed pathway even in the presence of a nucleophilic primary amine. Unfortunately, the subsequent Strecker-type reaction on 9 failed to provide the expected aziridinic amino nitrile and only led to decomposition products.

Scheme 3. Synthesis of the bicyclic oxazolidine 9

However the Strecker-type reaction was successfully performed on the mesylated oxazolidine 4 (Scheme 3). The reaction of 4 with TMSCN in the presence of Et 2 O.BF 3 using our previously developed conditions, 19 provided the expected amino nitriles (R,R)-10 and (R,S)-10 in good yield without loss of the mesyl group. The two diastereomers could be separated by column chromatography and were submitted separately to cyclization conditions. The aziridine rings were readily formed for each diastereomer. (R,R)-10 gave the aziridinic amino nitrile (R,S)-11 in 91% yield. In the case of (R,S)-10 a subsequent cyclization between the alcohol of the phenylglycinol moiety and the cyano group occurred to form the bicyclic morpholinone (R,R)-12 in 72% yield (Scheme 4).

Scheme 4. Synthesis of α-Tfm-aziridine 11 and bicyclic morpholinone 12

The absolute configuration of (R,R)-12 was assigned by Xray crystallography and the configurations of (R,S)-10, (R,R)-10 and (R,S)-11 were deduced from this attribution (Figure 2). To complete the synthesis, the cyano function of the aziridine (R,S)-11 was submitted to basic hydrolysis to give (R,S)-13 in good yield. Acidic hydrolysis conditions only led to the aziridine ring opening and to complex mixture of byproducts. At this point, phenylglycinol moiety was hydrogenated using palladium catalysis but all attempts to isolate the aziridine as its ammonium chloride salt only gave the opened chloride derivative in poor yield. Similarly, esterification reactions of the carboxylic acid failed due to the great sensitivity of the aziridine ring to acidic conditions.

At this point, we decided to test the feasibility of the peptide coupling. After several attempts with different peptide coupling conditions we found out BOPCl efficiently activate the carboxyl group. dipeptide (R,S,S)-14 including a tert-butyl protected alanine was obtained in good yield without any trace of epimerization or opening of the ring (Scheme 5).

Scheme 5. Synthesis of the TfmAzy dipeptide (S,S)-15

After a final palladium catalyzed hydrogenolysis of the phenylglycinol moiety, this strategy allowed us to complete the synthesis of a model α-trifluoromethyl aziridine-2carboxylic acid α-TfmAzy containing dipeptide (S,S)-15 in 5 steps from the oxazolidine 4. In order to investigate the feasibility of the incorporation of this dipeptide building block in peptides by SPPS, the N-acetylation of (S,S)-15 has been performed to give (S,S)-16 in 93% yield. Moreover the treatment of (S,S)-16 by TFA led to the removal of the tert-butyl group without any trace of aziridine ring opening (see SI). These experiments confirm the compatibility of this highly constrained fluorinated amino-acid with SPPS conditions. We are convinced that this unnatural amino-acid could be very useful for future innovative peptide applications.
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 2 Figure 2. X-ray crystallography of (R,R)-12
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