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ABSTRACT: CF 3 -containing molecules are frequently encountered in many best-selling pharmaceutical drugs. Consequently, a large number of methods has been developed for introducing a CF 3 group into organic compounds. However, innovative protocols enabling direct access to alkyl-CF 3 moieties are still sought after. In this context, we report a visible-light induced formal trifluoropropanation of various alkyl and aryl halide derivatives using the 2-Bromo-3,3,3-trifluoro-1-propene (BTP) as readily available building block. Our strategy relies on the use of a catalytic system merging a catalytic amount of supersilane and NaBH 4 as additional reductant. These mild reaction conditions are compatible with a large range of functional groups. Finally, double deuterium incorporation was obtained upon replacement of NaBH 4 with NaBD 4 under these catalytic conditions, leading to the formation of hitherto unknown α,α-d 2 -CF 3 compounds.

Fluorine-containing derivatives have found many applications in various fields, ranging from medicines to materials science. 1,[START_REF] Cardoso | Fluorinated Polymers as Smart Materials for Advanced Biomedical Applications[END_REF] The ever-growing interest for these compounds is mainly due to their unique properties. Indeed, incorporation of fluorine atoms into molecules can drastically influence their initial properties, enhancing, for instance, lipophilicity, acidity, bioavailability or metabolic stability. 1 Additionally, many fluorinated groups have been shown to act as bioisosteres, mimicking various organic functionalities. [START_REF] Hagmann | The Many Roles for Fluorine in Medicinal Chemistry[END_REF] In this context, the trifluoromethyl (CF 3 ) group is particularly appealing, as it will provide most of the above-mentioned features, 1,3 resulting in its prevalence in pharmaceutical drugs. Indeed, a large number of best-selling medicines contains a CF 3 group, mainly at an aromatic position or to a lesser extend at an aliphatic position, such as Afoxolaner or Elexacaftor (Figure 1A). [START_REF]For a poster describing the Top 200 small molecule drugs 2021[END_REF] Consequently, over the last years, methods for introducing CF 3 groups have been intensively explored. 5 Within this framework, radical approaches, especially photomediated strategies, are attractive for accessing alkyl-CF 3 molecules. [START_REF] Xiao | Radical trifluoromethylation[END_REF] For instance, recent innovative photocatalytic strategies have been developed in which various alkyl radicals are trapped by copper-CF 3 intermediates providing a fast access to alkyl-CF 3 compounds (path a, Figure 1B). 7 Another two main retrosynthetic strategies can be considered for the construction of molecules bearing an alkyl-CF 3 group using photomediated approaches: the trifluoromethylation of unsaturated compounds (path b, Figure 1B) and the radical functionalization of CF 3 -alkene derivatives (path c, Figure 1B). Whereas the trifluoromethylation approach has been widely applied, 7,8 the radical functionalization of CF 3 -alkene derivatives has been largely neglected, remaining almost a blank area. Indeed, under photocatalytic conditions, this strategy will essentially lead to the formation of the corresponding gem-difluoro compounds (Figure 1C), 9 and will rarely afford access to the expected alkyl-CF 3 products. 10 This result is mainly due to the formation of the α-CF 3 carbanion intermediate during the reaction that will quickly evolve towards the gem-difluoro compound via β-fluoride elimination (Figure 1C). In this context, we envisaged to develop a novel strategy for accessing alkyl-CF 3 molecules via a formal trifluoropropanation (Figure 1D). For this purpose, we considered to use halides 1 as starting materials, and the 2-bromo-3,3,3-trifluoro-1-propene (BTP; 2) as inexpensive, easy to handle and readily available CF 3 -alkene building block. Indeed, we envisaged exploiting halogen atom transfers (XAT) in two key reaction steps: triggering the formation of carbon radicals from halides and reducing intermediates 4, providing the expected compound 3 (Figure 1D). Based on this hypothesis, we believe that the transformation would take place following the reaction design depicted in Figure 1E. Initially, the single electron oxidation of the silane species (SiH), achieved by the photoexcited photocatalyst (4-CzIPN), would generate the corresponding silicon-centered radical (Si•). 11,[START_REF]Hydrofluoromethylation of Alkenes with Fluoroiodomethane and Beyond[END_REF] Then, XAT between this silyl radical and halide 1 would enable the formation of the carbon radical (R•). [START_REF] Juliá | Applications of Halogen-Atom Transfer (XAT) for the Generation of Carbon Radicals in Synthetic Photochemistry and Photocatalysis[END_REF] The subsequent addition of this carbon radical onto BTP (2) would lead to the intermediate I that would then react with the silane by hydrogen atom transfer (HAT). This step would provide the compound 4 and return the silyl radical, which could both react together by XAT leading to the radical intermediate II. Finally, the HAT between II and the silane would afford the product 3 (Figure 1E). [START_REF]Compounds 3 might be obtained by radical hydrofunctionalization using the 3,3,3-Trifluoropropene. However, this gaseous chemical is more difficult to handle in comparison[END_REF] Although the efficiency of the reaction design is conditioned to the use of a stoichiometric amount of silane, the employment of an additional reductant, such as NaBH 4 , should allow the development of the reaction using a catalytic amount of silane. 15 Herein, we describe preliminary results demonstrating that the formal trifluoropropanation of halide derivatives can give access, under blue light irradiation, to a large variety of alkyl-CF 3 compounds using either stoichiometric or catalytic amounts of silane derivatives (Figure 1E). For illustrating our mechanistic hypothesis, initial investigations have been performed using the (2-iodoethyl)benzene (1a-I) and the 2-bromo-3,3,3-trifluoro-1-propene (BTP; 2) as model substrates (Table 1). After the optimization, best reaction conditions were found when a catalytic amount of supersilane ((TMS) 3 SiH, 10 mol%) was used in combination with 4 equiv. of NaBH 4 in acetonitrile under blue LED irradiation (Table 1, entry 1). These conditions allowed the formation of the expected product 3a as a sole product in good 85% NMR yield, and in 64% isolated yield. Importantly, only very few reports in the literature described the use of XAT promotors in catalytic amount. 15,16 With a lower amount of NaBH 4 (2 equiv.) or with the use of a softer reducing agent NaBH 3 CN (2 equiv.), the reaction afforded mainly the compound 4a (Y= Br), along with the product 3a in low yields (Table 1, entries 2-3). While the reaction in presence of 2 equiv. of supersilane led to the formation of both compounds 3a and 4a, the reaction was completely selective towards the formation of product 3a using 3 equiv. of supersilane (Table 1, entries 4-5). However, with these reaction conditions, a small amount of the supersilane reacted with the BTP leading to the formation of the compound 5 (Table 1, entry 5). Other silanes did not provide 3a (see SI). Unfortunately, when (2-bromoethyl)benzene (1a-Br) was used as starting material instead of 1a-I, 3a was obtained in low yields along with a large amount of compound 5 (Table 1,entry 6). This result highly suggests that the silyl radical reacts faster with the BTP through radical addition than with bromides through XAT. However, we were pleased to find that the use of 2 equiv. of NaI lifted this limitation, affording 3a in good yield (Table 1,entry 7). Based on this finding, we then considered the possibility of extending the Finkelstein conditions to the chlorinated (1a-Cl) and tosylated (1a-OTs) counterparts (Table 1, entries 8-9). While the transformation was found to be completely ineffective using 1a-Cl, pleasingly, the substrate 1a-OTs enabled the formation of 3a in a moderate 41% yield. Control experiments demonstrated that all the components of the reaction were required for providing either the molecule 3a or 4a in good yields (Table 1, entries 10-13). [START_REF]Hydrofluoromethylation of Alkenes with Fluoroiodomethane and Beyond[END_REF] Interestingly, under 'traditional' radical conditions, 50 °C in presence of the radical initiator (BzO) 2 , the reaction proceeded, however less efficiently, delivering both 3a and 4a in low yields (Table 1, entry 14). Finally, we were pleased to see that the reaction can be easily undertaken on a 10 mmol semi-preparative scale using 1a-Br under Finkelstein reaction conditions, affording the compound 3a in a 48% isolated yield ( 

Entry

Deviations Yields [b] 3a 4a 5

1 none 85(64) [c] / / (TMS) 3 SiH (2 equiv.) [d] 81 19 / 5 (TMS) 3 SiH (3 equiv.) [d] 73 / 20 6 1a-Br, (TMS) 3 SiH (3 equiv.) [d] 17 [c] trace trace a Reaction conditions: 1a (0.6 mmol), 2 (0.3 mmol) in MeCN (1 mL). With the optimized conditions in hands, we started to explore the scope of the formal trifluoropropanation of halides (Scheme 1). It should be mentioned that for the scope explora-tion both reaction conditions described in the Table 1 (entries 1 and 5) were employed. Indeed, the use of NaBH 4 is not compatible with several functional groups, such as aldehydes, ketones, or alkenes. 17 Consequently, for those examples, the conditions using stoichiometric amounts of supersilane were used preferentially ( The reactions conditions described in table 1, entry 5 were used.

f Reaction time: 48 h.

The reaction was shown to be effective with a wide range of primary alkyl bromides and iodides (1a-1j), leading to the formation of the corresponding compounds 3a-3j in moderate to excellent yields. The presence of other unsaturated moieties, such as alkynes, alkenes or (hetero)aromatics did not alter the reaction outcome. In addition, ester, silyl, phosphite or other fluoride groups were well tolerated. Thereafter, the reaction was explored using secondary alkyl halides. In this context, all the substrates (1k-1q) tested gave rise to the corresponding products 3k-3q in good to good yields, including various amides, ethers as well as a spirocyclic compound. It is important to mention that during the scope exploration, some alkyl halides, such as benzyl derivatives activated alkyl iodides, and tertiary iodides were found be poorly reactive, affording less than 10% of expected compounds 3 (Scheme 1).

While the poor reactivity of benzyl derivatives might result from the low stability of benzyl iodides (formed during the insitu Finkelstein reaction), the low conversion observed using activated iodides likely results in the polarity mismatch due to the addition of electrophilic radicals onto the electron-poor acceptor BTP. Additionally, with the (2-iodo-2methylpropyl)benzene, the reaction led exclusively to the formation of the corresponding styrene derivative. Pleasingly, the reaction was successfully employed with more challenging substrates, such as aryl iodides. Indeed, XAT rates are slower with aromatic halides than with alkyl counterparts, resulting in a more difficult activation of the C aryl -X bonds compared to alkyl compounds. Even though the optimized reaction conditions afforded the compounds 3r-3x in moderate yields starting from the corresponding aryl iodides, no significant impact of the electronic nature of the substituents was observed. It should be mentioned that the reaction with aryl iodides could constitute a promising alternative to the well-established trifluoromethylation of styrenes (Figure 1B, path b), when the latter are not commercially available or too sophisticated. Finally, we explored the possibility of achieving the late-stage trifluoropropanation of natural and bioactive compounds (Scheme 1). In this context, we could demonstrate that our reaction was effective to provide the targeted molecules 3y-3ae in good to high yields, starting from Ibuprofen, Prozac, ribofuranose, citronellol, proline and lithocholic acid derivatives. Overall, the reaction displayed a high functional group tolerance, allowing the use of compounds 1 bearing functional groups such as alkynes, phosphites, ketals, esters, alkenes, heterocycles, amines, ketones, amides, halides or silyls.

Recently, the development of effective transformations allowing the selective incorporation of deuterium atoms into organic molecules has gained tremendous interest. [START_REF] For | Radical Deuteration[END_REF] Deuterated molecules represent many appealing features, specifically in the pharmaceutical field, as they often have better absorption, distribution, metabolism, and excretion (ADME) characteristics than non-deuterated counterparts do. [START_REF] For | Radical Deuteration[END_REF] In this context, we became aware that our strategy might present a significant breakthrough for accessing molecules having two deuterium atoms at the α-position of a CF 3 group. Indeed, to the best of our knowledge, no reported protocol enables the synthesis of such hitherto unknown compounds. For this purpose, we considered taking advantage of the silane/NaBH 4 -catalyzed formal trifluoropropanation, for carrying out the corresponding deuteration by using commercially available NaBD 4 . Indeed, in view of our design plan, the synergistic use of silane and NaBD 4 should offer access to the deuterated compounds 3-d 2 .

Pleasingly, the deuteration reactions were found to be highly effective, giving the expected compounds in similar yields as in the scope exploration and with excellent double deuterium incorporations of over 88% (Scheme 2). It should be noted that the reaction worked also nicely under Finkelstein conditions (product 3d-d 2 ), and that 3h-d 2 could be obtained with a higher deuterium incorporation using (TMS) 3 SiBr 19 instead of (TMS) 3 SiH, albeit in lower yield. Scheme 2. Scope of the deuteration a a Reaction conditions: (1 mmol), 2 (0.5 mmol), (TMS)3SiH (0.05 mmol), NaBD4 (2 mmol) in MeCN (1.7 mL). Isolated yields are given.

b With 2 equiv. of NaI. c The reaction was performed using (TMS)3SiBr instead of (TMS)3SiH. Finally, we turned our attention to the elucidation of the reaction mechanism. In this context, the control experiments previously carried out (Table 1) and the reactions allowing the formation of compounds 3-d 2 (Scheme 3) gave us precious information for validating parts of the mechanistic proposal and ruling out some potential alternative mechanistic routes. Indeed, from the experiments described in the entries 5 & 11 (Table 1), we can clearly assume that XAT events are involved for both the formation of the carbon radical and the final defunctionalization under catalytic and stoichiometric reaction conditions. Indeed, for the catalytic conditions, if the defunctionalization step (X  H) occurred through an S N 2 process, 3a would be obtained as the major product, but it formed only in very low yield (Table 1, entry 11). Further-more, this result highlights the fact that only the silane is playing a role in the defunctionalization step (Figure 1E). Additionally to these initial observations, the deuteration reactions showcase that the silane acts as the hydrogen donating agent during the two HAT events, whereas NaBH 4 serves to regenerate the silane (Figure 1E). This fact was further corroborated when NaBD 4 was used in the absence of silane. Only the mono-deuterated compound 4a-d 1 was obtained in a poor NMR yield of 10%. To gain further insights into the operating mechanism, deuterium labeling and radical trapping experiments were also conducted (Scheme 3). First, the formal trifluoropropanation of 1a-I was repeated in MeCN-d 3 . In this case, the product 3a was obtained in 83% yield without any deuterium incorporation. This result corroborates that only the silane acts as hydrogen source in the reaction. Furthermore, the reaction was also conducted in the presence of the radical scavenger N-cyclohexyl -2-(((2,2,6,6-tetramethylpiperidin-1yl)oxy)methyl)acrylamide (CHANT). [START_REF] Williams | New Approach to the Detection of Short-Lived Radical Intermediates[END_REF] In those conditions, the reaction led to the formation of both 3a and 4a, albeit in poor yields. Additionally, products stemming from the radical addition on CHANT were observed by mass spectrometry, in agreement with the formation of the radical intermediates I and II generated after both XAT steps (Figure 1E). Overall, these various experimental results tend to attest that our initial mechanistic proposal shown in Figure 1E is most likely the operating mechanism.

Scheme 3. Mechanistic investigations a

Reaction conditions: 1a (1 mmol), 2 (0.5 mmol), (0.05 mmol), NaBH4 (2 mmol) in MeCN (1.7 mL).
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F NMR yield are given.

In summary, we have established an original and efficient photo-mediated protocol for accessing highly desirable CF 3alkyl molecules using various halides in combination with the readily available and easy-to-handle BTP as fluorine source.

During this study, we could establish an efficient a silane catalytic system by the synergetic use of NaBH 4 under visible light irradiation, which showed good functional group compatibility as evidenced in several late-stage functionalizations. Furthermore, the catalytic system provided the possibility of performing selective and effective deuteration reactions, allowing for the first time the synthesis of α,α-d 2 -CF 3 compounds. Finally, mechanistic investigations tend to prove that only the silane is implicated in both XAT steps, and that NaBH 4 just ensures the back formation of the silane during the reaction. Further work along this line to access various new fluorine-containing molecules is in progress.

Figure 1 .

 1 Figure 1. A) Examples of best-selling drugs bearing alkyl-CF 3 groups. B) Retrosynthetic strategies for the construction of alkyl-CF 3 groups. C) Literature precedents for path c. D) Our strategy for the formal trifluoropropanation. E) Design plan.
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Table 1 . Optimization of the formal trifluoropropanation reaction a

 1 Table 1, entry 15).

Table 1

 1 

		, entry 5). First, we started to in-
	vestigate the formal trifluoropropanation with various aliphatic
	compounds	(Scheme	1).

c With 2 equiv. of NaI. d On a 10 mmol scale.
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