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Catalytic Fluorination/Aldolization Organo-and Copper-Multi-Catalyzed Pseudo Four-Component Access to gem-Difluorohydrins

A new efficient multi-catalytic pseudo four-component strategy combining an aldehyde, a β-keto-acid and two equivalents of a fluorinating agent has been designed. Thanks to the combined effects of a secondary amine as organocatalyst

Introduction

The eco-compatible construction of original molecular scaffolds occupying unexplored space of the chemical map is crucial if chemists want to continue developing medical treatments with increased efficiency. In this context, the rapid and selective insertion of gem-difluorinated elements into innovative structures is of great expectation in order to obtain potential drugs with optimized biological profiles. In addition to the well-studied CF and CF 3 groups, insertion of the gem-difluoro unit has been shown to be highly beneficial in drug design, [START_REF] Blackburn | For the importance of CF 2 group on drug design see for examples: a)[END_REF] thanks to the intrinsic properties of the fluorine atom known notably to modulate lipophilicity, acidity, or conformational properties. [2] As a result, the introduction of the CF 2 group was shown to confer improved bioactivity to numerous drug scaffolds.

One of the most common approaches of accessing gem-difluorinated molecules with adjacent functional groups such as alcohols or amines, other than the bis-fluorination of 1,3-dicarbonyl compounds, [3] relies on the use of gem-difluorinated pronucleophiles (Scheme 1 a). [4] Indeed, by taking advantage of the electronic properties conferred by the presence of the CF 2 substituent, nucleophilic additions of various difluorinated pronucleophiles to imines, aldehydes or ketones were performed. [5] Quite surprisingly, excluding the nucleophilic aldolization of electronically biased aldehydes containing a perfluoroalkyl chain, [6] the alternative direct aldolization to gem-difluorinated aldehydes is to the best of our knowledge unprecedented. This lack of literature development is due to the high volatility of the required fluorinated aldehydes. Because of this particular physical property, the direct access to the original alternative building blocks proposed in Scheme 1 b would require the identification of a one-pot process that allows the in situ formation of the required gem-difluoro aldehyde, potentially by enamine activation, [START_REF] Fadeyi | For bis-fluorination of aldehydes via enamine activation see: a)[END_REF] combined with a chemo-compatible decarboxylative aldolization, resulting in the otherwise difficult C-C bond formation.

Herein, we report our findings on the development of a onepot organo-and copper-catalyzed pseudo four-component combination of a fluorine source, aliphatic aldehydes and ketoacids. [8] This eco-compatible strategy allows the rapid and easy formation of original gem-difluorinated β-aldols featuring great potential to serve as valuable building blocks for medicinal chemistry.

Results and Discussion

In order to develop the designed multi-component reaction, we focused our attention on the use of different secondary amines to promote the bis-fluorination of aliphatic aldehydes in the most reliable manner by an enamine type organocatalytic activation. [START_REF] Fadeyi | For bis-fluorination of aldehydes via enamine activation see: a)[END_REF] A copper-catalyzed decarboxylative aldolization using keto-acids was selected to trap in-situ the generated gemdifluoro aldehydes due to the high reactivity and compatibility of this aldolization system generating only one molecule of CO 2 as waste. [9,[START_REF] Saadi | catalytic decarboxylative aldolizations: Using organocatalysis[END_REF] We first focused our attention on the use of inexpensive pyrrolidine cat1 or (D,L)-proline cat2 to catalyze the bis-fluorination of isovaleraldehyde 1a. These two molecules were described in the literature to promote the bis-fluorination of aldehydes albeit using protic solvents or very high catalyst loading. [START_REF] Fadeyi | For bis-fluorination of aldehydes via enamine activation see: a)[END_REF] Unfortunately, the use of a protic solvent (iPrOH) was detrimental for the sequence providing 4a only in trace amount (Table 1, entries 1 and 2). Turning to the use of a non-protic solvent optimal for the aldolization such as MTBE (tert-butylmethyl ether) considerably limited the formation of the bisfluorinated aldehyde to lower than 20 % (Table 1, entries 3-4). These disappointing results led us turn out our attention to the use of racemic diphenyl-prolinol silyl ether cat3 previously used for the selective bis-fluorination of aldehydes. [7c] Table 1. Optimization of the multi-catalyzed bis-fluorination/aldolization.

Entry cat

Solvent 2 Result (Equiv.) It is important to note that the use of the racemic catalyst is of utmost importance for the formation of the bis-fluorinated aldehyde. Indeed, if the enantiopure catalyst is used, the formation of an enantioenriched configurationally stable enough mono-fluorinated aldehyde precludes the subsequent enamine formation with the same enantiomer of the catalyst, thus avoiding the bis-fluorination. [11] Fortunately, using this catalyst, the multi-component reaction did provide access to the expected product 4a. However, using un-optimized conditions (entries 5-6), notably with 2.5 or 1.9 equiv. of NFSI (N-fluorobenzenesulfonamide), formation of the side products 5 or 6 of close polarity with 4a did not allow the isolation of the expected product in its pure form. However, using the exact combination between 1 equiv. of aldehyde and 2 equiv. of the fluorine source simplified the purification, gratifyingly providing the clean 4a in 74 % isolated yield ( Entry 7).

With these optimized conditions in hand, the multi-catalyzed synthesis of variously substituted gem-difluorinated compounds was undertaken (Scheme 2). As a general trend, structurally diverse gem-difluorinated adducts can be prepared from aldehydes possessing branched or linear alkyl chains (4a, 4di), aromatic subsitutent (4b) or terminal alkene (4c). The ketoacid 3a can be replaced successfully with other pro-nucleophiles containing different aromatic substituents such as 4-F (4e), 2,4,6-Me (4f ) or 4-OMe (4g) as well as aliphatic ketones (4h and 4i). In all cases, the reaction is chemically efficient (major formation of 4), albeit the differences in yields observed between the different products (from 31 to 74 % yield) arise from the difficulty at separating the desired product from the minor impurities in some cases. Despite this limited drawback, the process allows the rapid preparation of a wide array of structurally interesting gem-difluorinated compounds.

Scheme 2. Scope of the multi-catalyzed bis-fluorination/aldolization.

Confirming the structure of the multi-component reaction product, X-ray analysis of a co-crystal obtained from a mixture of mono-fluorinated product 6 and bis-fluorinated product 4a obtained under un-optimized conditions gave a better appreciation of the conformation of the gem-difluorinated adduct. (Scheme 3 a). [12] The crystal structure reveals that one of the fluorine atoms is placed in an anti-orientation to the alcohol (175°), whereas the other adopted a gauche conformation with the alcohol (63°). [13] Finally, in order to maximize the complexity generated in a single pot, an attempt was performed to promote a fluoro bidirectional decarboxylative aldolization (Scheme 3 b). [8,10a] This bi-directional approach requires the formation of an excess of bis-fluorinated aldehyde to efficiently promote the subsequent C-C bond-forming reaction. Although this sequence implies the formation of 6 new bonds (4 C-F and two C-C), the complex Scheme 3. X-ray analysis of 4a and bi-directional aldolization.

β,β′-keto-diol 8 could be formed through multi-catalysis. However, this reaction also highlights the limits of the fluorination since the bis-fluorination product 8 was obtained together with the known mono-fluorination 9. This selectivity implies that the minor amount of mono-fluorinated aldehyde formed upon the first part of the sequence reacts faster than the bis-fluorinated aldehyde in the subsequent bi-directional aldolization.

Conclusions

In conclusion, we have developed a new multi-catalyzed onepot synthesis of original gem-difluorohydrins. This sequence involves the organocatalyzed generation of volatile bis-fluorinated aldehydes combined with a chemo-compatible selective copper-catalyzed decarboxylative aldolization. This simple pseudo four-component sequence, occurring with widely available catalysts and starting materials, provides a rapid route to interesting bis-fluorinated building blocks. Given the potential of such molecules for biological studies, future work should focus on the development of an enantioselective version of this transformation, [START_REF] Saadi | catalytic decarboxylative aldolizations: Using organocatalysis[END_REF] or on the kinetic resolution of the obtained adducts. [14] 
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