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Regio-and Stereoselective Additions to gem-Difluorinated Ene-Ynamides: Access to Stereodefined

The first synthesis of gem-difluorinated ene-ynamides is presented via deprotonation of trifluoromethylated Nallenamides and extrusion of fluorine. These highly reactive building blocks, owing to their dual functional groups, offer a unique entry to difluorinated dienes and to stereodefined, monofluoro-substituted dienes. Stereoselective addition to the ynamide moiety led to difluorinated dienes. A stereocontrolled domino  elimination reaction followed by an addition/elimination sequence from trifluoromethylated N-allenamides provided exclusively stereodefined monofluorinated ene-ynamides.

Allenamines offer many advantages compared to allenes because of the -donating ability of nitrogen and its trivalent nature. Although allenamines possess a great synthetic potential, they are hampered by their high sensitivity toward hydrolysis and their tendency to polymerize. By contrast, Nallenamides, which present an ideal balance between stability and reactivity, turned out to be more attractive for the synthetic community. Thus, the elegant chemistry involving allenamides illustrates the promising future of these allenamine-equivalents. 1 Because organofluorine compounds play a pivotal role in life science and agrochemistry, the selective introduction of fluorine atoms into organic molecules has become a major and fast-growing research field. 2 A notable subset consists of fluorine substituted alkenes. In particular, the gem-difluoroalkene and the monofluoroalkene motifs are attractive targets, where the former is a mimic of carbonyl compounds, [START_REF] Meanwell | Synopsis of Some Recent Tactical Application of Bioisosteres in Drug Design[END_REF] and the latter serves as a peptide and enol bond isostere. 4 For example, the pyrrolidone derivative Seletracetam exhibits no psychomimetic effects, thus offering great advantages compared to other antiepileptic drugs. [START_REF] Matagne | Profile of the New Pyrrolidone Derivative Seletracetam (Ucb 44212) in Animal Models of Epilepsy[END_REF] In vivo studies showed that difluoromethylated GABA aminotransferase inhibitor was very potent in suppressing the release of dopamine subsequent to acute cocaine or nicotine challenge. [START_REF] Juncosa | Design and Mechanism of (S)-3-Amino-4-(Difluoromethylenyl)Cyclopent-1-Ene-1-Carboxylic Acid, a Highly Potent γ-Aminobutyric Acid Aminotransferase Inactivator for the Treatment of Addiction[END_REF] The fluoroalkene replacement transformed the opioid peptide Leu-Enkephalin into an in vivo probe with sufficient plasma and microsomal stability to provide an orally active CNS-distributed peptide probe 4a (Figure 1). However, the synthesis of such alkenes in a well-defined fashion remains a great challenge. 7 Moreover, gemdifluoroalkenes offer a unique entry to valuable monofluoro trisubstituted alkenes. 8 Among the reactions involving allenamides, Corbel reported the first -deprotonation of allenamides. [START_REF] Corbel | Npropargylphosphoramides -nouveaux reactifs de synthese[END_REF] The lithiated allenamides were trapped by electrophiles, providing an entry to functionalized allenamides. Likewise, Hsung reported a one-pot deprotonation/alkylation sequence, providing a series of -substituted allenamides 10 (Scheme 1).

Scheme 1 Synthetic routes to α-substituted N-allenamides and fluorinated ene-ynes.

Among gem-difluoroalkenyl units, gem-difluoroenynes have been obtained through palladium-catalyzed copper-cross coupling reactions of terminal alkynes with gemdifluoroalkenes. 11 (Scheme1, a) A copper carbene insertion/defluorination process from trifluoromethyl ketone Ntosylhydrazones [START_REF] Zhang | Cu(I)-Catalyzed Cross-Coupling of Terminal Alkynes with Trifluoromethyl Ketone N -Tosylhydrazones: Access to 1,1-Difluoro-1,3-Enynes[END_REF] (Scheme 1, b) as well as a nickel-catalyzed defluorination of -trifluoromethylated propargyl carbonates using bis(pinacolato)-diboron (B 2 pin 2 ) 13 (Scheme 1, c) provided smooth access to difluorinated enyne derivatives. A typical way to introduce a gem-difluorinated unit into a molecule is to use Ichikawa's S N 2'-type reaction on trifluoromethylated alkenes. 14 The defluorinative alkylation protocol has been employed to install numerous complex fragments from conjugated trifluoromethylenynes through nucleophilic addition, 15 electrochemical, 16 and photocatalytic processes 17 as well as radical transformations. 18 (Scheme 1, d) Base-promoted defluorination of α-trifluoromethylated alkynyl derivatives constitute a metal-free way to obtain alkynyl difluorovinyl compounds. 19 (Scheme 1, e) The difluorovinyl pharmacophore part was also prepared via a Wittig-type reaction from carbonyl compounds (Scheme 1, f). 20 With regard to our previous work on N-allenamides [START_REF] Zheng | Copper-Catalyzed Synthesis of Terminal vs. Fluorine-Substituted N-Allenamides via Addition of Diazo Compounds to Terminal Ynamides[END_REF] and ynamides, 22 we became interested in whether trifluoromethylated N-allenamides could be employed to generate ene-ynamides.

We report herein that gem-difluorinated ene-ynamides can be obtained directly through base-induced treatment of trifluoromethylated N-allenamides. Given the polarity of the ynamides and the high electrophilicity of the -carbon of the gem-difluoroalkene moiety and by using appropriate reaction conditions, it was possible to tune the reactivity of these peculiar building blocks toward addition on the ynamide moiety and on the difluoroalkenyl part.

Trifluoromethylated N-allenamides were obtained by treatment of terminal ynamides with trifluoromethylated diazomethane according to our previously developed strategy. [START_REF] Zheng | Copper-Catalyzed Synthesis of Terminal vs. Fluorine-Substituted N-Allenamides via Addition of Diazo Compounds to Terminal Ynamides[END_REF] We initiated our base-induced study by treatment of N-allenamide 1a with NaH. The formation of the first difluorinated eneynamide 2a was observed in 57 % yield (Table 1, entry 1). At the outset, N-allenamide 1a was selected as a model substrate to perform the optimization of the formation of the corre-sponding difluorinated ene-ynamide. Modification of the solvent was detrimental for this transformation. For example, in dichloromethane there was no reaction (Table 1, entry 2), whereas the use of acetonitrile resulted in a significant erosion of the yield (Table 1, entry 3). In contrast, a more concentrated medium had a positive influence on the yield (Table 1, entry 4). However, nBuLi led to only 36% of the desired difluorinated ene-ynamide 2a (Table 1, entry 5). Although efficient, KHDMS and NaNH 2 furnished the target compound 2a in moderate yields (Table 1, entries 6 and7). Triton B, Cs 2 CO 3 and TMG (1,1,3,3-tetramethylguanidine) were not compatible for this transformation (Table 1, entries 8 to 10). Finally, it was found that tBuOK proved to be the best candidate to obtain the difluorinated ene-ynamide 2a with 85 % yield (Table 1, entry 11). Table 1. Optimisation of the reaction conditions. [a] Entry Base Solvent Time (h) Yield [%] [b] 1 [d] NaH THF 7 57 2 NaH CH 2 Cl 2 3 - [c] 3 NaH MeCN 6 41 4 NaH THF 4 68

5 [e] nBuLi THF 1 36

6 [e] KHMDS THF 1 32 7 NaNH 2 THF 6 45 8 Cs 2 CO 3 THF 20 - [c] 9 TRITON B THF 20 traces 10 TMG THF 20 - [c] 11 tBuOK CH 2 Cl 2 1 85

[a] Reaction conditions: to a solution of 1a (0.15 mmol) in solvent (3 mL), base (2 equiv) was added at 0 °C. [b] isolated yields. [c] Starting material was fully recovered. [d] reaction performed with c=0.1 M. [e] reaction performed at -78 °C.

With the optimized reaction conditions in hand, we investigated the scope for this transformation (Scheme 2). Linear alkyls (2b), cyclic alkyls (2c-e), as well as aryl derivatives (2a, 2g, 2h) on the nitrogen atom were well tolerated. Good yields could also be obtained through modification of the electronwithdrawing group on the nitrogen atom (2i-j) albeit oxazolidinone-derived trifluoromethylated N-allenamides were not suitable in this case. Even the hindered cyclic sulfonamide was compatible with the current protocol (2k). Moreover, the reaction proceeded smoothly in the presence of functionalized side chains (compounds 2l-q). In the case of compounds 2b and 2c, a competitive nucleophilic attack of the tert-butoxy moiety, leading to monofluorinated ene-ynamides, was observed. Precedents for fluorine substitution with tBuOK on difluoroalkenes have been reported by Zhou et al. [START_REF] He | Visible-Light-Promoted Redox Neutral γ,γ-Difluoroallylation of Cycloketone Oxime Ethers with Trifluoromethyl Alkenes via C-C and C-F Bond Cleavage[END_REF] This drawback could be circumvented using NaH. Fortunately, the use of the latter did not hamper the yield of the corresponding difluorinated ene-ynamides (68% and 55%) obtained. Further, regarding the reactivity, it was possible to differentiate both functional groups on the ene-ynamide adduct, although an exclusive addition on the ynamide part of the molecule was possible. Selective syn hydroacylation of the triple bond was observed providing the difluorinated diene 3 in 84 % yield (Scheme 3). 24 Although hydrochloration took place exclusively on the ynamide moiety with TiCl 4 , it was detrimental for the selectivity. [START_REF] Yabuuchi | Synthesis of α-Halo-γ-Hydroxyenamides by Titanium Tetrahalide Medi-ated Addition of Aldehydes or Ketones to Ynamides[END_REF] Indeed, in this case the syn-and anti compounds 4 and 5 were obtained with a 1/0.6 ratio. However, the ZrCl 4 -promoted hydrochlorination provided exclusively the syn addition compound 4. X-Ray analyses of 4 confirmed the structure of the mono-chlorinated diene 4 obtained (CCDC 2164358 contains the supplementary crystallographic data for the structure). 26 Scheme 3. Regio-and stereoselective addition on the ynamide moiety.

Encouraged by these outcomes and to expand the functionalization of ene-ynamides, we focused on substitution reactions on the difluoroalkene part. Alcoholates were directly added to the starting N-allenamides. Surprisingly, a mixture of Z and E monofluorinated ene-ynamides was obtained, where the substitution of the alkoxy moiety took place on the carbon  to the nitrogen atom. A good overall yield was obtained and it was easily possible to separate the two stereoisomers 6a-Z and 6a-E, delivering both Z and E configured ene-ynamides. At this point, we reasoned that a domino deprotonation-elimination of fluorine followed by an addition of the alcoholate and elimination of a second fluorine took place. Cyclic (compounds 6a-Z and 6a-E) and aromatic side chains (6b-e) were compatible in this domino reaction. The transformation was unbiased toward the presence of functional groups on the nitrogen atom (6f-Z and 6f-E). Linear (6d-Z and 6d-E) and branched alkoxy groups (6a-c, 6e-f) proved to be efficient as well (Scheme 4). In this case, phenoxides led only to degradation whereas withsilanoxides the starting material was fully recovered. Scheme 4. Regioselective substitution on the alkenyl moiety.

To design custom monofluorinated dienes, we performed addition reactions on the monofluorinated ene-ynamides. By choosing the appropriate E-configured ene-ynamides (compounds 6b-E and 6c-E) or Z-configured ene-ynamides (6b-Z and 6d-Z) it was possible to tune the functionalization of the newly stereodefined tetrasubstituted dienes formed (Scheme 5). Hydroacylation of the monofluorinated ene-ynamides led to stereodefined, shelf-stable polyfunctionnalized dienes (7-11). X-Ray analyses of 10 confirmed the structure of the tetrasubstituted diene 10 obtained and allowed assignment of the stereochemistry of alkene 6c-E (CCDC 2155397 contains the supplementary crystallographic data for the structure). 27 Gratifyingly, ZrCl 4 -promoted hydrochlorination of 6d-Z provided a unique mono-chlorinated diene 11 in 73 % yield. Scheme 5. Synthesis of monofluorinated dienes.

To investigate the role of the fluorine atoms as well as the base in this reaction more fully, a series of control experiments were performed. The addition of a fluoride ion to ene-ynamide 2a led directly to the original trifluoromethylated allene 1a. Altman et al. [START_REF] Qiao | Metal-Free Trifluoromethylation of Aromatic and Heteroaromatic Aldehydes and Ketones[END_REF] showed a similar trifluoromethylation of aromatic aldehydes and ketones via difluoroalkenes. In our case, addition of a nucleophile on the difluoroalkene moiety was demonstrated to be possible with into the ynamide.

When trifluoromethylated 1a was subjected to the addition of NaH and MeOH, N-allenamide substituted with a methoxy group 12 was exclusively isolated in this case. This interesting intermediate revealed that abstraction the hydrogen atom  to the nitrogen first to form the corresponding difluorinated ene-ynamide followed by addition of methanolate on the difluorinated moiety Further, when the methoxy-derivative 12 was with TBAF, abstraction of the proton  to the nitrogen took place, with the of a second fluorine atom forming mono fluorinated ene-ynamide 13-E and 13-Z quantitatively.

A millimole scale reaction using the model substrate 1a was performed, producing the desired difluorinated ene-ynamide 2a without erosion of the yield. Likewise, the domino reaction involving the addition of alcoholates could be performed on millimole scale, providing mono-fluorinated ene-ynamides 6c in 88 % overall yield (Scheme 6). Scheme 6. mechanistic insights.

Based on the aforementioned experimental results, a plausible reaction mechanism is proposed. The base abstracts the proton  to the nitrogen atom of the N-allenamide A, thus allowing elimination of a fluoride ion, providing difluorinated ene-ynamide B. Addition of an alcoholate to the difluorinated alkene moiety led to N-allenamide C. Elimination of a second fluoride ion resulted finally in the formation of the monofluorinated ene-ynamide substituted with an alkoxy group D (Scheme 7). Scheme 7. Proposed mechanism.

In conclusion, we demonstrated that a base-promoted  elimination of a fluorine atom from CF 3 -N-allenamides provided gem-difluorinated ene-ynamides. Stereoselective addition on the ynamide moiety led to functionalized difluorinated dienes. Additions of alcoholates to CF 3 -N-allenamides generated monofluorinated ene-ynamides through a domino  elimination followed by an addition/elimination sequence. Finally, controlled regio-and stereoselective additions to monofluorinated ene-ynamides efficiently delivered Z and E monofluorinated dienes that are challenging to obtain via classical methods.
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 1 Figure 1 Examples of fluorine-containing bioactive molecules.
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 2 Scheme 2. Scope of the synthesis of gem-difluorinated eneynamides. a Reaction was performed with NaH. b 23 % of starting material was recovered.