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Enantiopure 5-CF 3 -Proline: Synthesis, Incorporation in Peptides and Tuning of the Peptide Bond Geometry

Placeholder

The straightforward synthesis of enantiopure 5-(R)-and 5-(S)-trifluoromethylproline is reported. The key steps are a Ruppert-Prakash reagent addition on L-pyroglutamic esters followed by an elimination reaction and a selective reduction. The solution phase and solid phase incorporation of this unprotected enantiopure fluorinated amino acid in a short peptide chain was demonstrated. Compared to proline, the CF 3 group provides a decrease of the trans to cis amide bond isomerization energy and an increase of the cis conformer population.

It is now widely recognized that the incorporation of fluorine atoms is a successful strategy for the discovery of new bioactive compounds. 1 Fluorinated peptides are very promising compounds because of their specific chemical and biophysical properties. 2 The incorporation of fluorinated amino acids provides a modulation of the peptides metabolic stability 3 and hydrophobicity. 4 Moreover, the 19 F atom can be a useful probe for 19 F NMR analysis in biological media. 5 For all these reasons the synthesis of non natural fluorinated amino acids is a field of research in full expansion. 6 Because of their cyclic structure, substituted prolines and proline analogues are playing a crucial role in the peptide backbone conformation and biological properties by the control of the trans/cis isomerization of the peptidyl-prolyl amide bond. 7 Several substituted analogues of proline incorporating a trifluoromethyl group in position 2, 3 and 4 have been reported in the literature. [START_REF] Kubyshkin | Comparative effects of trifluoromethyl-and methyl-group substitutions in proline[END_REF] However in order to control the trans/cis isomerization, the incorporation of a trifluoromethyl group in position 5 is clearly the most strategic position. In scheme 1 are presented several strategies reported in the literature for the synthesis of racemic cis-5-CF 3 -proline. [START_REF] Kondratov | eaction of βalkoxyvinyl polyfluoroalkyl ketones with ethyl isocyanoacetate and its use for the synthesis of new polyfluoroalkyl pyrroles and pyrrolidines[END_REF][START_REF] Beatty | Photochemical Perfluoroalkylation with Pyridine N-Oxides: Mechanistic Insights and Performance on a Kilogram Scale[END_REF][START_REF] Hys | A Convenient Entry into Advanced Fluorinated Building Blocks Including all Isomeric 2-(Trifluoromethyl)prolines[END_REF][START_REF] Ortial | Synthesis of cis-5-trifluoromethylproline from l-glutamic acid[END_REF] Although we already reported the syntheses of enantiopure cis-and trans-5-CF 3 -prolines, these syntheses were long and requiring several tedious diastereomers separations. [START_REF] Lubin | Synthesis of enantiopure trans-2,5-disubstituted trifluoromethylpyrrolidines and (2S,5R)-5-trifluoromethylproline[END_REF] We present herein a straightforward synthesis of enantiopure 5-CF 3 -proline, a methodological study of its unreported incorporation in a peptide chain in solution or by SPPS (Solid Phase Peptide Synthesis) as well as thermodynamic study of the trans/cis isomerization of the amide bond. Scheme 1. Previous syntheses of racemic and enantiopure

5-CF 3 -proline in the literature

The synthesis of 5-(R)-and 5-(S)-CF 3 -proline was planned via a short multistep procedure involving the addition of the Ruppert-Prakash reagent (CF 3 SiMe 3 ) on a properly protected pyroglutamic acid followed by an elimination reaction and a selective reduction (Scheme 2). In order to obtain enantiopure proline derivatives, the challenge was to avoid the isomerization of the intermediate trifluoromethylated imine leading to a complete racemization of the C 2 center (Scheme 1). 12 Scheme 2. Strategic pathway for the synthesis of enantiopure 5-(R) and 5-(S)-CF 3 -proline

The Ruppert-Prakash reagent addition on amide functional group, except Weinreb amides, is known to be a difficult reaction. [START_REF] Liu | Trifluoromethyltrimethylsilane: Nucleophilic Trifluoromethylation and Beyond[END_REF] However cyclic imides have been reported to be electrophilic enough to react with trifluoromethyltrimethylsilane under fluoride catalysis to give the corresponding aminoacetal. 15 Therefore we hypothesized that the amide function of a pyroglutamic ester bearing a Boc electron withdrawing protecting group would undergo a trifluoromethylation reaction. The N-Boc protected pyroglutamic methyl and benzyl esters 1 and 2 were prepared as starting material according to literature procedures (Scheme 3). [START_REF] Prause | Flexible and Modular Syntheses of Enantiopure 5-cis-Substituted Prolinamines from l-Pyroglutamic Acid[END_REF][START_REF] Aggarwal | A Concise Asymmetric Route to the Bridged Bicyclic Tropane Alkaloid Ferruginine Using Enyne Ring-Closing Metathesis[END_REF] 

Scheme 3. Synthesis of the pyroglutamic acid derivative starting materials

As expected the trifluoromethylation reaction of the N-Boc amides 1 and 2 by CF 3 SiMe 3 promoted by cesium fluoride proceeded in good yields to provide the fluorinated silylated aminoacetal 3 and 4 as a 79:21 and 74:26 diastereomeric mixture respectively (Scheme 4). It should be noticed that the choice of cesium fluoride was crucial in order to obtain the Osilylated aminoacetal as the final product. When TBAF was used as the reaction promoter, the non silylated trifluoromethylated hemiaminal was only obtained in low yield. As the separation of each diastereomer of 3 and 4 was not needed for the elimination reaction, the next steps were performed on the diastereomeric mixtures. The removal of the Boc protecting group and the elimination reaction providing the expected imines occurred at the same step by treatment of the diastereomeric mixtures of 3 and 4 with TFA. After neutralization of the TFA ammonium salts, the imine 5 was obtained in 86% yield and the imine 6 was obtained in 66% yield in enantiopure form. In contrast to what has been observed by Meffre et al. [START_REF] Ortial | Synthesis of cis-5-trifluoromethylproline from l-glutamic acid[END_REF] for carboxylic acids in these conditions no epimerization reaction of the C 2 chiral center occurred through a C 5 to C 2 imine/imine equilibrium for the esters (Scheme 1). The imines 5 and 6 were then hydrogenated under Pd/C catalysis to provide the corresponding enantiopure 5-(R)-CF 3proline methyl ester (R)-7 and 5-(R)-CF 3 -proline (R)-8 in 50% and 96% yields respectively (Scheme 4). The hydrogenation reaction was completely diastereoselective occurring on the less hindered face of the imine and provided the cis isomers. The enantiomeric purity of (R)-7 and (R)-8 was confirmed by analytical chiral HPLC (see the Supporting Information). In order to obtain the trans isomer the hydride reduction of the imine 6 has been investigated. The best results were obtained with NaBH 3 CN giving the trans 5-CF 3 -proline benzyl ester (S)-9 in 30% isolated yield and the cis 5-CF 3 -proline benzyl ester (R)-9 in 45% yield after column chromatography. Finally the debenzylation of (S)-9 and R)-9 by palladium catalyzed hydrogenolysis provided the trans 5-CF 3 -proline (S)-8 and the cis 5-CF 3 -proline (R)-8 in 96% yield (Scheme 4).

Scheme 4. Synthesis of enantiopure 5-(R)-and 5-(S)-CF 3proline

In order to investigate the incorporation of the 5-CF 3 -proline in peptides in solution or by SPPS, a preliminary methodological study of the peptide coupling reactions at its N-and Cterminal positions was undertaken. According to our previous experience on the peptide coupling of -CF 3 -amino acids 4c,18 and fluoroalkylated pseudoprolines 19 the coupling at the Nterminal position is likely to be very difficult because of the strong electron withdrawing effect of the fluorine atoms. Indeed typical protocols using HOBt/EDCI, HATU/DIPEA or IBCF/NMM reagents failed to achieve the N-coupling reaction with Boc-Ala-OH while the activation of the Fmoc-protected amino acids as their acid chlorides were successful. 18 Therefore, the N-coupling reaction on (R)-8 could be achieved in very good yield to give the dipeptide 10 provided that the most electrophilic Fmoc protected valine amino acid chloride was used (Scheme 5). It is remarkable to note that it is not necessary to protect the carboxylic acid functional group of the fluorinated amino acid for the peptide coupling reaction at its N-terminal position. As a result it saves one protecting group removal step to perform the following coupling at the Cterminal position. The dipeptide 10 was then submitted to a coupling reaction with H 2 N-Ala-OtBu to afford the corre-sponding tripeptide 11 in 56% yield (Scheme 5). This class of tripeptide building block has been properly orthogonally protected to be used in SPPS for longer peptides synthesis. It should be noticed that the peptide coupling reaction at the Nterminal position of the trans isomer (S)-9 with Fmoc-Val-Cl failed and then it was not possible to incorporate the trans 5-CF 3 -proline (S)-8 in a peptide chain. Despite the deactivation of its amino group, we decided to investigate the ability of the free amino acid 5-(R)-CF 3 -proline (R)-8 to be directly incorporated in a peptide chain by SPPS. The unprotected 5-CF 3proline (R)-8 was successfully submitted to the peptide coupling reaction with a valine loaded on a Wang resin under classical SPPS conditions (HATU/DIPEA). As we already observed in solution phase, the weakly nucleophilic amino group of the fluorinated amino acid did not require any protecting group and the reaction proceeded in a good yield. More interestingly the most difficult coupling reaction at the Nterminal position of the 5-CF 3 -proline could also be achieved on the resin by using the amino acid chloride Fmoc-Phe-Cl prepared in advance. This is one of the very rare examples of peptide coupling of an amino acid chloride by SPPS. [START_REF] Falb | In situ generation of Fmoc-amino acid chlorides using bis-(trichloromethyl)carbonate and its utilization for difficult couplings in solid-phase peptide synthesis[END_REF] After removal of the Fmoc protecting group and removal from the resin the tripeptide 12 have been obtained in 82% yield (Scheme 5).

Scheme 5. Incorporation of 5-(R)-CF 3 -proline in a peptide chain

Prolines bearing a sterically demanding substituent at the δ position are very interesting tools for the control of the trans to cis amide bond isomerization (Figure 1). Since the pioneer investigations of Lubell et al [START_REF] Beausoleil | Steric Effects on the Amide Isomer Equilibrium of Prolyl Peptides. Synthesis and Conformational Analysis of N-Acetyl-5-tert-butylproline N′-Methylamides[END_REF] the synthesis of δ-substituted prolines and proline surrogates have been designed for the control of the trans/cis peptide bond conformation. In the fluorinated series we developed the synthesis of CF 3pseudoprolines 19 and CF 2 H-pseudoprolines [START_REF] Malquin | CF2H as a hydrogen bond donor group for the fine tuning of peptide bond geometry with difluoromethylated pseudoprolines[END_REF] from serine and fluorinated aldehydes as stable proline surrogates (Figure 1). Our main observations with these compounds were the increased cis amide bond content and an unexpected decrease of the trans to cis amide bond isomerization energy [START_REF] Malquin | CF2H as a hydrogen bond donor group for the fine tuning of peptide bond geometry with difluoromethylated pseudoprolines[END_REF]23 We report herein the thermodynamic study of the N-acetyl-5-CF 3 -proline methylamide 13 which is considered as a tripeptide model (Table 1). As already observed both in the non-fluorinated [START_REF] Braga | Conformational preferences of N-acetyl-N′-methylprolineamide in different media: a 1 H NMR and theoretical investigation[END_REF] and in the fluorinated CF 3 -and CF 2 H-pseudoproline series, [START_REF] Malquin | CF2H as a hydrogen bond donor group for the fine tuning of peptide bond geometry with difluoromethylated pseudoprolines[END_REF]23 the cis/trans amide bond ratio can be affected by an intramolecular H-bond between the C-terminal amide NH and the carbonyl of the N-terminal acetyl group. To evaluate the impact of this H-bond on the conformational behavior, we have also considered the proline methyl ester 14. The cis/trans ratio of the N-acetyl-CF 3 -proline amide 13 and the N-acetyl-CF 3 -proline methyl ester 14 was determined by 1 H and 19 F NMR integration. For that purpose, we first assigned each conformer by comparing the 13 C chemical shifts of the cis and the trans isomers according to Lubell et al. [START_REF] Beausoleil | Steric Effects on the Amide Isomer Equilibrium of Prolyl Peptides. Synthesis and Conformational Analysis of N-Acetyl-5-tert-butylproline N′-Methylamides[END_REF] The δ carbon for the trans isomer appears downfield relative to that of the cis isomer. By comparison with literature data of their non fluorinated analogues Ac-Pro-NHMe and Ac-Pro-OMe, we observed an increased ratio (ca 11%) of the cis conformer for the 5-CF 3 -proline derivatives 13 and 14 (Table 1). 24,4b In D 2 O an increase of the cis amide bond ratio of the methylamide 13 could be explained by the breaking of the intramolecular Hbond stabilizing the trans amide bond conformation. The increased trans amide conformation for the methyl ester 14 could be explained by a stronger polar n → π* interaction between the oxygen atom lone pair of the acetate and the carbonyl of the methylester. The energy barriers for the cis-trans bond isomerization of 13 and 14 has been studied by 1 H NMR analysis in water. The coalescence temperatures were determined to estimate the rotational barriers for the cis-trans isomerization. The results are reported in the Table 1 and compared with those reported for proline. It should be noticed that the values of the cis/trans ratio and energy barriers for 14 are consistent with those reported in the racemic series. 4b Interestingly, as observed with fluorinated pseudoprolines, 23a the energy barriers for trans to cis amide bond isomerization of CF 3 -proline derivatives 13 and 14 is ca 2.9 kcal.mol -1 lower than for the corresponding proline analogues.

In conclusion we report a straightforward synthesis of enantiopure 5-(R)-and 5-(S)-trifluoromethylproline in four steps from commercially available pyroglutamic acid. Despite the low nucleophilicity of the amino group due to the electron withdrawing trifluoromethyl group, we demonstrated that the 5-(R)-trifluoromethylproline could be incorporated in a peptide chain in both solution phase and SPPS. Because of the decrease of the trans to cis amide bond isomerization, these 5trifluoromethylprolines will constitute powerful tools for the tuning of the peptide bonds geometry and then the conformation of peptides.

ASSOCIATED CONTENT Supporting Information

The Supporting Information is available free of charge on the ACS Publications website. Details of the experimental procedures, analytical data of all new compounds, NMR spectra copies, determination of the rotational barriers for cis-trans isomerization (PDF).

Figure 1

 1 Figure 1 Peptidyl bond isomerization of CF 3 -Pro, CF 3 -Pro and CF 2 H-Pro

  [START_REF] Siebler | Importance of dipole moments and ambient polarity for the conformation of Xaa-Pro moietiesa combined experimental and theoretical study[END_REF] 

Table 1 . Thermodynamic properties of 13 and 14 com- pared to their non-fluorinated proline analogues deter- mined by NMR in D 2 O.

 1 

		AcProNHMe	13	AcProOMe 4b	14
	cis/trans a	24:76 24	35:65	17:83	28:72 c
	ΔG ‡ trans-cis b	20.40 21	17.48	21.03	18.22 c
	ΔG ‡ cis-trans b	19.83	17.07	20.08	17.58 c
	ΔG °trans-cis b	0.57	0.41	0.95	0.64

a Populations (%). b All energies are given in kcal.mol -1 . c these values are consistent with ref 4b in the racemic series
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