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Introduction

Sulfur hexafluoride (SF6) is a nontoxic and inexpensive gas which possesses unique physical and chemical properties including high density and high dielectric constant. [ 1 ] Given these interesting properties, SF6 has found a plethora of applications in different fields including thermo and sound insulation, semiconductors production as well as medical imaging. [2] More importantly, SF6 is used as gaseous dielectric medium for highvoltage installations. [3] This field represents 80% of the worldwide SF6 production. Despite all these advantages SF6 is by far the most potent greenhouse gas with a global warming potential 23 900 times higher than CO2. [ 4 ] It also possesses a high atmospheric lifetime of 3200 years and its concentrations in the atmosphere which is completely anthropogenic has exceeded the symbolic 10 ppt level last year. For these reasons, the replacement of SF6 by other more friendly gases became essential. On the other hand, developing cutting-edge research programs for the activation as well as the valorization of SF6 is a long-term standing challenge. Early efforts have been devoted to the development of efficient methods for the degradation of SF6 for environmental interests and afforded the synthesis of organometallic fluoride complexes [ 5 ] or fluorosilanes. [ 6 ] More recently, the simultaneous activation and valorization of SF6 has been considered as an approach of greater interest. Indeed, using SF6 as a new fluorinating reagent has emerged as an attractive strategy as it will allow to transform a waste into highly valuable chemicals. [7] Scheme 1. State of the art for the activation of SF6 for deoxyfluorination of C-OH bond.

In this context, the development of a new versatile reagent through activation of SF6 is highly desirable. Herein, two major transformations could be designed. In the one hand, we identified that the deoxyfluorination of C-O bonds using in-situ generated SF4 as a strong deoxyfluorinating reagent could be of interest. In the other hand, pentafluorosulfanylation reaction to forge C-SF5 [8] bond is certainly one of the most interesting transformations in modern organofluorine chemistry especially when SF6 is used as starting material. [ 9 ] Indeed, molecules containing SF5 motifs possess unique properties and are used nowadays in numerous applications ranging from life to material science. [10] Regarding the state of the art for C-O bond activation, transition metal approaches demonstrated good efficiency. For instance, the group of Jamison reported the activation of SF6 under Ir-based photoredox process under blue LEDs conditions. Although the process was limited to allylic alcohols, fluorinated olefins were obtained in synthetically useful yields. [11] The group of Braun [12] reported stoichiometric studies based on the use of Platinum (0) complexes for the activation of SF6 in conjunction with electron rich phosphines yielding to new [Pt-SF3] complexes and F2PR3 by-products. [Pt-SF3] complexes were good catalysts for the deoxyfluorination of EtOH and benzophenone derivatives. Interestingly, catalytic reactions could also be conducted although with lower efficiency. Alternatively, activation of SF6 by organic molecules could be considered as a more convenient approach, mainly from economical and sustainable standpoints. Therefore, efforts have been dedicated to the activation and valorization of SF6 but examples of successful strategies remain very scarce in the literature. [START_REF] Buß | For the activation of SF6 with phosphines see[END_REF] In 2017, Rueping [14] and co-workers proposed an elegant approach for the activation as well as the valorization of SF6 in deoxyfluorination reactions employing 2,2'-bipyridyl based electron donors as effective activators of SF6 (Scheme 1). It was shown that isolated solid ion pairs efficiently afforded the deoxyfluorination of benzylic alcohol at room temperature. Benzaldehyde as well as benzoic acid turned out to be more tedious starting materials since thermal activation was necessary (90 °C). Another approach was successfully undertaken by the group of Braun [15] with the UV activation (311 nm) of SF6 using commercially available N-heterocyclic carbenes (Scheme 1). Under these conditions, the use of caesium fluoride was required to perform very fast deoxyfluorination reactions at room temperature. More recently, the group of Nagorny [16] reported that 4,4'-dimethoxybenzophenone was an active catalyst for the activation of SF6 under UV irradiation (365 nm). The deoxyfluorination of protected carbohydrates were performed in the presence of 10 equivalents of DIPEA (Scheme 1). It should be mentioned that a German patent also describes a similar activation of SF6 with limited information regarding the procedure. [START_REF]electron donors for the activation of SF6 was reported in a patent under UV light irradiation with limited information regarding the procedure please[END_REF] Thus, the development of strategies for the activation of SF6 is highly desirable especially when readily available organic activators are used under mild conditions. The use of visible light is also appealing especially when the activation of SF6 is associated with the synthesis of highly valuable fluorinated building blocks.

With respect to C-SF5 bond formation, Cl-SF5 gas has demonstrated its effectiveness in pentafluorosulfanylation reactions. [START_REF] Gilbert | alkynes and alkenes please see: a)[END_REF] However, this procedure requires the careful manipulation of hazardous gas. It is usually synthesized from gaseous SF4 under harsh reactions conditions, with temperature up to 350 °C and long reaction times up to 9 days in specific sealed reactors in the presence of other hazardous gases including chlorine monofluoride or chlorine gas. [ 19 ] Recently, several procedures for the synthesis of Cl-SF5 have been also revisited. [20] In this context, a practical method for the generation and use of Cl-SF5 could be considered as a major advance in this field of research especially if SF6 is used.

Herein, we report the synthesis of a versatile SF5-based reagent efficient for the deoxyfluorination of CO2 and the fluorinative desulfurization of CS2. [21] Moreover, we demonstrated that pentafluorosulfanylation could occur smoothly by the in-situ generation of Cl-SF5. The key to success is the two-electrons activation of SF6 with tetrakis(dimethylamino)ethylene (TDAE) [22] under blue LED irradiation.

Results and Discussion

Initial studies were dedicated to mechanistic investigations. We observed that exposing TDAE to an atmosphere of SF6 led to an immediate colour change in MeCN. In order to further investigate this phenomenon, EPR spectroscopy was undertaken. First, mixing TDAE with SF6 in MeCN as solvent in the presence of N-tert-Butyl-α-phenylnitrone (PBN) as radical trap led to the formation of two radicals. The first one corresponded to the nitroxide radical A formed upon addition of the SF5 radical on the nitrone (g=2.006, aN=14.00 G, aH=3.55 G, aF=1.15 G). A secondary radical signal with characteristic values (g=2.0042, a4N(G)=4.84, a12H(G)=3.2, a12H(G)=2.88) consistent with compound B as a stable radical cation TDAE .+ was observed (Scheme 2, (1)). [ 23 ] Complementary experiments using 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) as radical trap revealed the formation of two nitroxide radical adducts C (g = 2.006, aN= 13.70 G and aH= 14.42 G, aF= 1.63 G) and D (g = 2.0061, aN= 13.75 G and aH= 19.85 G).

Afterwards, cyclic voltammetry was investigated in order to get more insight about the reaction between TDAE and SF6. We observed the consumption of the SF6 when TDAE was added to the solvent/supporting electrolyte (SSE) media (Scheme 3, peak A versus peak B). Worth noting that an orange colour was observed in MeCN also suggesting the possible formation of the radical cation TDAE .+ resulting from a first electron transfer between TDAE and SF6. [23] As evidenced from the CV (Scheme 3, see also SI), an electron transfer from TDAE to SF6 SF6 (Ep = -2.20 V/SCE) in MeCN is thermodynamically unfavourable, nevertheless the observation may support the formation of an intermediate that we assume is able to generate SF5 radical and TDAE .+ . We assumed herein that the reduction of the SF5 radical is a key factor for the synthesis of the ion pair intermediate SF5 - TDAE 2+ F -. For this purpose, the excitation of TDAE should be a potential solution for the two-electron reduction of SF6. Indeed, as demonstrated recently by the group of Wenger [24] a very strong photoreductant could be obtained upon irradiation of TDAE under blue LED. However, the exposure of TDAE to atmospheric pressure of SF6 in MeCN under blue LED irradiation did not lead to any product formation. Interestingly, switching to pentane, a less dissociating solvent, allows the formation of the ion pair I in 50% yield (Scheme 4). Liquid and solid NMR studies were undertaken and solid NMR confirmed the formation of the SF5 anion (See SI). [25] Interestingly, when reagent I was solubilized in MeOD, MeF was observed by fluorine NMR confirming the in-situ generation of SF4 from degradation of SF5 anion. (See NMR spectra in SI). With the reagent I in hand we decided to investigate the deoxyfluorination of CO2 and the fluorinative desulfurization of CS2 to access valuable fluorinated amines building blocks (Scheme 5). [26,27] Regarding the former, the best reaction outcome was obtained amines were mixed in the presence of reagent I and DMAP (1 equiv.) in MeCN at room temperature for 15 hours under an atmosphere of CO2 (see SI for optimization of the reaction). Under these conditions, several secondary cyclic amines were smoothly converted into their carbamoyl fluoride derivatives in moderate to excellent yields (2a-e, Scheme 5). In addition, benzylic amines were also tolerated using our protocol and the desired products were obtained in good yields (2f-h, Scheme 5). Finally, our protocol was applied to the successful transformation of bioactive molecules, such as Desipramine, Maprotiline and Nortriptyline, into their corresponding carbamoyl fluoride derivatives in good yields (2i-k).

As for the synthesis of thiocarbamoyl fluorides, optimal conditions were obtained when mixing amines and reagent I with CS2 (1 equiv.) and triethylamine (1 equiv.) in DCM at room temperature for 2 hours (Scheme 5). Again, good to excellent yields were obtained for the fluorinative desulfurization of CS2 when secondary cyclic amines were used (3a-e). Benzylic amine (2f) was smoothly converted to the corresponding product 3f. Similarly, to aforementioned carbamoyl fluorides, bioactive compounds including Desipramine, Maprotiline and Nortriptyline were smoothly converted to the corresponding thiocarbamoyl fluoride derivatives. Noteworthy, the conversion of the thiocarbamoyl fluorides 3g and 3i to the corresponding trifluoromethylamines following a procedure developed by the Schoenebeck group was achieved with excellent yields (4g & 4i). [27a] After demonstrating the effectiveness of reagent I in deoxyfluorination of CO2 and fluorinative desulfurization of CS2 we further investigated its versatility. We envisioned to develop highly desirable pentafluorosulfanylation reactions. In order to tackle the challenges related to the manipulation of hazardous gas, the in-situ generation and transformation of SF5Cl would be a highly attractive alternative to existing protocols. From this perspective we envisioned to use a two-chamber reactor as a convenient way to safely employ this gas. After reacting reagent, I with two equivalents of trichloroisocyanuric acid (TCICA) in chamber 1 in MeCN (C1), we confirmed the presence of SF5Cl in hexane in chamber 2 (C2) by 19 F NMR spectroscopy (see Scheme 6). As a proof of concept, we investigated the chloropentafluorosulfanylation of alkynes and alkenes in two-chamber reactors (Table 1). First attempts were based on Dolbier's [18c] protocol, reacting Cl-SF5 with phenylacetylene 5a as model substrate in presence of a catalytic amount of triethylborane (BEt3) as a radical initiator (Table 1, entry 1-2). It should be noted that in contrast to Dolbier's protocol where the reaction was performed at -30 °C, -10 °C was the best temperature in our case. [28] Interestingly reducing the reaction time to 3 h allows a better reaction outcome (Table 1, entry 2). Surprisingly, performing the same reaction without BEt3 demonstrated the formation of the desired product albeit in lower yield (Table 1, entry 3). Up to now, the absence of radical initiator was only scarcely reported in the literature. [29,[START_REF]pentafluorosulfanylation of reagent 5a in a two-chamber system[END_REF] Again, a higher reaction outcome was obtained when the same reaction was performed for longer reaction time (Table 1, entry 4). In order to favour the condensation of Cl-SF5 in Chamber 2, we decided to increase the solvent volume to 4 ml and higher yield of 58% was obtained (Table 1, entry 5). Increasing the concentration of reagent I did not allow any improvement of the reaction outcome (Table 1, entry 6). Interestingly, it turns out that the generation of Cl-SF5 for 3 hours at -10°C before adding 5a and performing the reaction at room temperature for 30 min in presence of BEt3 allows the formation of the desired product in 55% yield (Table 1,entry 7). Finally, a very good yield of 73% was obtained with these new conditions after increasing the concentration of reagent I (Table 1, entry 8).

Scheme 5. Deoxyfluorination of CO2 and the fluorinative desulfurization of CS2 with reagent I. [a] Reactions were performed with amine 1 (0.2 mmol, 1 equiv.), Reagent I (0.6 mmol, 3 equiv.), CO2 (1 atm), DMAP (0.2 mmol, 1 equiv.) and MeCN (2 mL) unless otherwise noted. The reaction mixture was stirred at rt for 15 hours. Yields shown are those of isolated products; yields determined by 19 F NMR spectroscopy with PhOCF3 and 1-Fluoro-3-nitrobenzene as internal standards are shown in parentheses. [b] Reaction performed on 1.0 mmol of amine 1. [c] Reaction performed on 0.1 mmol of amine 1. [d] Reactions were performed with amine 1 (0.1 mmol, 1 equiv.), Reagent I (0.3 mmol, 3 equiv.), CS2 (0.1 mmol, 1 equiv.), Et3N (0.1 mmol, 1 equiv.) and DCM (2 mL) unless otherwise noted. The reaction mixture was stirred at rt for 2 hours. Yields shown are those of isolated products; yields determined by 19 F NMR spectroscopy with PhOCF3 and 1-Fluoro-3-nitrobenzene as internal standards are shown in parentheses. [e] Reaction performed on 0.2 mmol of amine 1. [f] Reactions were performed with thiocarbamoyl fluoride 3 (0.05 mmol, 1 equiv.), AgF (0.15 mmol, 3 equiv.) and MeCN (1 mL). The reaction mixture was stirred at 50°C for 4 hours. Yields determined by 19 F NMR spectroscopy with PhOCF3 as internal standard are shown in parentheses.

Table 1. Optimization of the chloro-pentafluorosulfanylation of phenylacetylene

Entry BEt3

Reagent I Hexane Time Yield [a] 1 [b] 10 mol% 0.2 mmol 1 ml 15 h 15%

2 [b] 10 mol% 0.2 mmol 1 ml 3 h 35%

3 [b] -0.2 mmol 1 ml 3 h 18%

4 [b] -0.2 mmol 1 ml 15 h 45%

5 [b] -0.2 mmol 4 ml 15 h 58% 6 [b] -0.3 mmol 4 ml 15 h 52% 7 [b] 10 mol% 0.2 mmol 4 ml 30 min 55%

8 [c] 10 mol% 0.3 mmol 4 ml 30 min 73%

[a] Yield determined by 19 F NMR using PhOCF3 as internal standard. [b] Reaction performed at -10°C for 15 h. [c] Pre-formation of SF5Cl at -10°C for 3 h, then reaction with the substrate at rt for 30 min.

With the best conditions in hand, we turned our focus on the investigation of the reaction scope using different alkynes and alkenes. Hence, we demonstrated that the chloropentafluorosulfanylation occurred smoothly under mild reaction conditions and that terminal aryl acetylene derivatives as well as internal alkynes (product 7f, Scheme 6) were tolerated. Moreover, aliphatic terminal alkynes could be transformed into the desired product in very good yield (Scheme 6, 7h). Interestingly, our process turned out to be selective toward the chloropentafluorosulfanylation of the alkyne when ethynylcyclohexene was used and product 7g was obtained in 76% yield. Herein, steric hindrance is a key factor in this transformation. Furthermore, aliphatic alkenes turned out to be effective under our protocol (Scheme 6, compounds 8a-d). Importantly, E-isomer was the only product observed with the different alkynes used our conditions. [START_REF]E-isomer was confirmed with NOESY NMR experiments[END_REF] It should be mentioned that the absence of BEt3 was detrimental to the reaction outcome demonstrating once again the robustness of protocol. [18c] 

Conclusion

We demonstrated herein that the activation of SF6 could take place using readily available organic electron donor TDAE under mild reaction conditions using blue LED as a light source. Mechanistic investigations allowed us to shed the light on the different steps of the activation process using EPR spectroscopy, cyclic voltammetry and NMR studies. The results allowed us to synthesize a new ion pair reagent which demonstrated its usefulness in the unprecedented deoxyfluorination reaction of CO2 as well as the fluorinative desulfurization of CS2 affording the synthesis of useful fluorinated amines building blocks. Moreover, we demonstrated that the in-situ generation of Cl-SF5 from reagent I could be performed smoothly. Interestingly, we developed a convenient approach for the chloropentafluorosulfanylation of alkenes and alkynes. Further developments using reagent I as well as the valorization of SF5 radical are under investigation in our laboratory. Scheme 6. Chloro-pentafluorosulfanylation of alkynes and alkenes with reagent I. [a] Yields shown are those of isolated products; yields determined by 19 F NMR spectroscopy with PhOCF3 as internal standard are shown in parentheses. TCICA: Trichloroisocyanuric acid. [b] We observed full conversion of the starting material and the dimer was observed with a ratio mono/dimer : 2/1. [c] Diastereoisomeric mixture 57:43.
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A new reagent has been designed through 2-electron activation of SF6 with commercially available TDAE under blue LED irradiation. The versatility of this new SF5-based reagent has been demonstrated for the deoxyfluorination of CO2 and the fluorinative desulfurization of CS2 affording useful fluorinated amines. Moreover, SF5Cl could be generated under mild conditions from reagent I allowing chloro-pentafluorosulfanylation of alkenes and alkynes.
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Scheme 2 .

 2 Scheme 2. EPR spectroscopy: EPR spin-trapping spectra in the presence of PBN or DMPO in MeCN at room temperature. Blue = experimental, Red = simulated.

  Scheme 3. Cyclic voltammetry of SF6 in absence (Blue) and upon addition of TDAE C = 4 mM (Black). In MeCN + n Bu4NPF6 0.1M. Scanning potential: + 0.32 → -2.50, -2.50 → + 1.80, + 1.80 → + 0.32. Scan rate 0.2 V s -1 .

Scheme 4 .

 4 Scheme 4. Synthesis of reagent I.
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