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Introduction

The widespread applications of fluorine chemistry in various fields can be attributed to the unique effects achieved by introducing one or more fluorine atoms into materials or bioactive molecules. [1] The popularity of fluorine's new applications has led chemists to diversify their synthetic methods of organofluorine compounds. [START_REF] Campbell | Selected reviews on the synthesis of fluorinated compounds: a)[END_REF] One approach involves breaking down a polyfluorinated precursor to obtain a partially defluorinated target compound of interest. [START_REF] Kiplinger | For a selection of reviews on C-F bond activation[END_REF] This "top-down" strategy is a formidable challenge, particularly due to the necessity to overcome the strength of the carbon-fluorine bond (C-F). In terms of synthetic strategy, it offers an alternative to conventional C-F bond formation protocols by using selective C-F bond functionalization of a molecule to reach new fluorinated motifs. [START_REF] Campbell | Selected reviews on the synthesis of fluorinated compounds: a)[END_REF] Of the many existing fluorinated motifs, monofluoroalkenes are of particular interest. This is particularly true in medicinal chemistry as they can potentially act as an amide bond isostere or as a mimic of enols (Scheme 1A). [START_REF] Van Steenis | For reviews on the use and synthesis of mono-fluoroalkenes[END_REF] While many approaches to monofluoroalkenes have been reported, our group has been particularly interested in their synthesis from 3,3-difluoropropenes [ 5 ] using either transition-metal-catalyzed [ 6 ] or metal-free reactions [7] (Scheme 1B). [START_REF] Hamel | For a similar approach using gem-chlorofluoropropenes[END_REF] In terms of nucleophiles, these methods allowed the introduction of aliphatic or aromatic amines, malonates and derivatives, alkyl, vinyl, alkynyl and aryl groups. Notably missing from this list are boron-based nucleophiles as organoboron compounds are not only valuable synthetic handles, [9] but also key substituents in some bioactive compounds. [10] A number of studies have already been reported on the metal-catalyzedc SN2' defluoroborylation of fluoroallyl groups using B2pin2 (Scheme 1C). [ 11 ] Recently, an electrochemical method has also been described. [12] Herein, we disclose the first metal-free defluorinative borylation of 3,3difluoropropenes using a combination of B2pin2 and fluoride source to provide β-boryl-substituted monofluoroalkenes (Scheme 1D). 

Results and Discussion

To begin our investigation on the metal-free defluorinative borylation reaction, we choose 3,3-difluoropropene 1a as a model substrate and bis(pinacolato)diboron (B2pin2) as a readily available nucleophilic source of boron. The influence of the Lewis base, neutral or charged, was assessed in a systematic manner to form in situ a sp 2 -sp 3 adduct of B2pin2, [13] already reported as a boron source in metal-free borylation of alkenes including allylic alcohols. [14] After a survey of different Lewis bases (Table 1, see Supporting Information for more details), such as alkoxides (MeOK, MeONa), amines (DBU, DMAP, etc.), and fluoride sources, the organic-based fluorides such as TBAF (1 M solution in THF) and TBAT provided the best results as judged by NMR with the exclusive formation of the (2-fluoroallyl)boronate 2a product. Because the 1 M solution of TBAF in THF allowed for more reproducible results, the optimization was further pursued with this Lewis base. Lewis base [a] NMR Yield [b] Alkoxide : (MeOK, MeONa Since the purification of (2-fluoroallyl)boronate 2a can be tedious due to the absorption of the product on silica gel, for the rest of the optimization, the defluorinative borylation reaction was followed by an oxidation step in order to generate and isolate the corresponding alcohol 3a. Selected results are shown in Table 2.The fluorinated allyl alcohol 3a could be obtained, after 24 h of reaction at 60 °C, in 42% yield over two steps with two equivalents of TBAF and B2Pin2 (Table 1, entry 1). It has been demonstrated that C-F bond-cleavage can be assisted by a silicon-based reagent. [15] We thus investigated hexamethyldisiloxane (TMS2O) and hexadimethylsilazane (HMDS) as additives, and found that the product 3a was obtained in 50% and 79% yield, respectively (Table 1, entries 2-3). After modification of the TBAF/HMDS ratio (Table 1, entries 4-6), we obtained a good 75 %yield of 3a with 1.5 equiv. of TBAF and 1.4 equiv. of HMDS (Table 1, entry 6). Pleasingly, decreasing the amount of B2Pin2 to 1.5 equivalents afforded 3a in 81% (Table 1, entry 7). However, attempt to reduce to 1.1 equivalents of B2Pin2 erodes the yield of 3a to 58% (Table 1, entry 8). To ensure the effect of the Lewis base and the additive onto the defluoroborylation process, we performed the control reactions without TBAF or HMDS (Table 1, entries 9-10). In the absence of fluoride, the desired product 2a was not observed. Whereas in the absence of HMDS, a modest yield of 56% was obtained that ascertain the effect of the silicon-based additive. Therefore, the conditions of entry 7 were used as the optimal ones. -56

[a] The reactions were performed on a 0.3 mmol scale. [b] Isolated yields of 3a.

The substrate scope was next documented with various 3,3difluoropropenes and the results are shown in Scheme 2. A bromo-substituted tetralone derivative gave a good yield of 70 % (3b) whereas with a methoxy group, a moderate yield of 49 % (3c). We next surveyed substrates derived from 3a and bearing an heteroelement in the non-aromatic cyclic core. Compound 3d with a sulfur atom led to complete degradation of the (fluoroallyl)boronates intermediate after 24 h. Decreasing the reaction time to 6 h, allowed us to isolate the desired compound 3d in a low 15% yield, although full conversion was observed. In contrast, compound 3e containing an oxygen atom gave a better isolated yield (38%) in 6 h of reaction. Interestingly, from a trisubstituted alkene, the reaction afforded the desired product 3f in moderate yield (38%) from a Z/E (40:60) mixture, while a slightly better yield of 48 % was obtained when starting from the Z olefin (Z/E > 97:3). We also examined compound 1g derived from indanone. A modest yield of 40 % was obtained in 6 h of reaction, that could be attributed to partial degradation of the allylboronate intermediate, and the low stability of the corresponding alcohol 3g even when stored under argon at -20 °C. Finally, acyclic gem-difluoropropenes are well tolerated to the reaction conditions as demonstrated with compound 3h-k isolated in moderate to good yields (46 to 74%) always as a mixture of isomers. However, disubstituted alkenes furnished the corresponding alcohols 3l and 3m in lower yields due to the formation of unidentifiable side products during the defluoroborylation step. Gem-difluoropropene substituted by an alkyl group bearing an alcohol (i.e., 1n) or perfluoroalkyl group (3o) were not reactive under the optimized conditions. Scheme 2. Scope for the defluorinative borylation of 3,3-difluoropropenes. All reactions were conducted on a 0.3 mmol scale. Yield of the isolated products are provided. [a] Reaction time was 6 h. [b] From 1f (Z/E = 40:60). [c] From 1f (Z/E > 97:3). [d] Ratio of isomers. The E and Z configuration could not be unambiguously assigned. [e] Only one isomer isolated (stereochemistry not determined).

The (2-fluoroallyl)boronates products can undergo a wide range of transformations through organoboron chemistry allowing a direct access to various valuable mono-fluoroalkene products.

To further demonstrate the scalability of the protocol, the synthesis at a larger scale was explored. First, the reaction conditions were successfully applied on 1.5 mmol scale on the allylic difluoride 1a, affording the (2-fluoroallyl)boronate 2a with a satisfactory 65% isolated yield (Scheme 3). The compound 2a was oxidized into 3a, obtained in 81% yield. Functional group exchange on the boron atom can be performed by treatment of 2a with a saturated aqueous solution of KHF2 yielding the potassium trifluoroborate salt 4a in 73% yield. [ 16 ] Finally, homologation of allylboronate 2a by a Matteson reaction led to αchloro-borane 5a, [17] that could be used for further transformation thanks to boron chemistry. A plausible mechanism is depicted in Scheme 4. Reaction of the fluoride on the bis(pinacolato)diboron generates a polarized sp 3 -sp 2 diborane adduct, which develops a nucleophilic character on the sp 2 boron atom. [ 18 ] Such adduct can then perform a diborylation reaction of the alkene 1 to produce 6. [ 19 ] This intermediate 6 could not be detected during the reaction, and probably undergoes a fast B-F elimination promoted by a fluoride anion. [20] Alternatively, a SN2' reaction pathway, as observed for organolithium compounds and lithium amides, [7] can occur leading directly to the allylboronate. Interestingly, the formation of the pinBF2 -is invariably observed at the end of the reaction, indicating that the released Lewis acid FBpin can either activate the C-F bond [ 21 ] of the allyldifluoride or trap the expulsed fluoride. [START_REF]An equilibrium between [pinB-B(F)pin]and FBpin leading to B2pin2 and pinBF2is also possible[END_REF] The role of the silylated additive is not clear yet. hypothesis is that it also act as an activating agent of the C-F bond, [15] or a trapping reagent of the water contained in the TBAF solution. Further studies are undergoing to insights into the mechanism. 

Conclusion

We have developed a metal-free defluorinative borylation of 3,3difluoropropenes to synthesize -boryl-substituted monofluoroalkenes using a B2pin2/TBAF system in combination with HMDS as a promoter. A direct oxidation of the intermediate boronates allowed the isolation of the corresponding alcohols in low to good yields (981%), depending on the structure of the starting 3,3-difluoropropenes. Useful transformations of a (2fluoroallyl)boronate were efficiently carried out, demonstrating the versatility of a single common intermediate for the synthesis of a variety of monofluoroalkenes.

Experimental Section

General procedure for the defluoroborylation/oxidation reactions: In a 2-5 mL dried microwave reaction vials, the gemdifluoropropene (1 equiv., 0.30 mmol), bis(pinacolato)diboron (1.5 equiv., 114.3 mg, 0.45 mmol), and a PTFE-coated stir bars are added, and the vial was sealed and purged three times with argon. A cold 1 M TBAF solution in THF was added in one portion (1.5 equiv., 0.45 mL), followed by hexamethyldisilazane (1.4 equiv., 0.88 L). The reaction tube was immersed in an oil bath preheated at 60 °C. After 24 h of reaction, the reaction medium was brought to room temperature under argon and then diluted with 1 mL of anhydrous THF. The reaction mixture was then added dropwise to a solution of NaOH/H2O2 (30% in water) (10 equiv.) at 0 °C and brought to room temperature under stirring upon completion determined by TLC. Then, the mixture was quenched with a saturated aq. solution of NaHCO3 and extracted twice with EtOAc. The combined organic layers were dried over Na2SO4, filtered and volatile were evaporated in vacuo. The crude product was purified on flash silica gel chromatography.
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 1 Scheme 1. Context, previous work and metal-free borylation of 3,3difluoropropenes.

  : tetrabutylammonium.[b] Estimated by1 H NMR with mesitylene as the internal standard.
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 3 Scheme 3. Transformations on (2-fluoroallyl)boronate 2a.
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 4 Scheme 4. Proposed mechanism.
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