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Introduction

The addition of polyfluoroalkyl chains on an amino functional group can mitigate its metabolic degradation but also reduce the basicity of the nitrogen atom to circumvent potential toxicity issues and increase bioavailability. [1,2] In addition, the lipophilicity of the active ingredient can be tuned by the introduction of a fluorinated chain. [1,3] These properties participate in making, for instance, the N-trifluoroethyl motif a useful bioisostere of the peptide bond. [4,5] Thus, polyfluoroalkylamines and N-polyfluoroalkylanilines are key components for the preparation of pharmaceuticals and agrochemicals and therefore have significant industrial value. For example, the highly potent butanolide insecticide flupyradifurone (Sivanto®), approved in Europe in 2015, required 2,2-difluoroethylamine for its preparation; [6] quazepam (Doral®) is a N-trifluoroethylated benzodiazepine derivative used as a treatment for insomnia (Scheme 1a). [7] One strategy, among others, to access N-polyfluoroalkyl building-blocks or ingredients, [START_REF] Milcent | Emerging Fluorinated Motifs[END_REF] is the electrophilic N-polyfluoroalkylation of precursors containing a nitrogen atom substituted by an electron-withdrawing group (EWG), such as sulfonamides, N-sulfonyl carbamates and phthalimide, followed by cleavage of the appropriately selected EWG. However, they are generally weaker nucleophiles than their parent amine. In addition, because the presence of a fluorine atom in the alpha position relative to the electrophilic center has been shown to significantly decrease their rates, N-polyfluoroalkylation reactions are particularly difficult. [START_REF]The rate constant of the substitution reaction of the alkyl bromide by sodium thiophenolate in MeOH at 34.6 °C is reported to[END_REF] In this context, developing an efficient method for the N-polyfluoroalkylation of nitrogen derivatives bearing a sulfonyl group as EWG would be particularly attractive.

Indeed, on the one hand, sulfonamides are, as such, interesting functional groups with potential pharmaceutical and agrochemical applications. Since 2008, more than 110 drugs containing at least one sulfonamide group have been marketed. [START_REF] Kalgutkar | Metabolism, Pharmacokinetics and Toxicity of Functional Groups[END_REF] Interest in this moiety has arisen from its ability to act as a bioisostere of a carboxylate anion, [START_REF] Bell | [END_REF] a hydroxyl [12] or an α-ketoamide group. [13] On the other hand, the most commonly used methods for the N-polyfluoroalkylation of sulfonamides are the use of polyfluoroalkyl halides [14] and polyfluoroalkyl sulfonates (Scheme 1b). [15] However, some polyfluoroalkyl halides, such as 2-chloro-1,1,1-trifluorethane, are ozone-depleting reagents (ODS) regulated by the Montreal protocol [START_REF] Epa | Ozone-Depleting Substances[END_REF] while polyfluoroalkyl sulfonates, such as triflates, are generally pre-synthesized with poor atom economy and high cost. More environmentally friendly polyfluoroalcohols have been used to induce the Npolyfluoroalkylation of sulfonamides by the Mitsunobu reaction. Despite the diversity at the fluoroalkyl chain level, low yields were obtained, and the use of phosphine and azo reagents was expensive for industrial application (Scheme 1b). [START_REF] Li | Sulfonamide Compound or Salt Thereof[END_REF] Moreover, these methods have only been applied to a rather limited number of sulfonamides in agrochemical or pharmaceutical research programs.

To the best of our knowledge, there is no systematic study of the N-polyfluoroalkylation of sulfonamides to gain insight into the optimal reaction conditions and the extent of the transformation. In this context, one cannot anticipate the outcome of a planned N-polyfluoroalkylation reaction on a sulfonamide moiety using only the few benchmarks available in the current literature.

Given the limitations of the above methods for the preparation of N-polyfluoroalkylated sulfonamides, there is still a demand for an approach that would be economical, environmentally friendly, and more generally applicable to access a high structural diversity of polyfluoroalkylated sulfonamides. Therefore, we focused our attention on SO 2 F 2 -mediated Npolyfluoroalkylation methods. [18] Sulfuryl fluoride is a commodity chemical that has been used as a fumigant for over 50 years and is produced on a multi-ton scale. [19] In the last decade, it has gained interest as a reagent for organic synthesis with the development of sulfur À fluoride exchange (SuFEx) chemistry. [20] In addition, polyfluorinated alcohols have the potential to react with SO 2 F 2 in the presence of a suitable base to form a polyfluoroalkyl fluorosulfonate R F À OSO 2 F. This rather stable triflate surrogate can react with a suitable amino group in a one-pot reaction, which is highly advantageous given the limitations of polyfluoroalkyl halides and sulfonates mentioned previously. [14,15] Compared to the use of triflates that generate triflic acid, which is persistent and belongs to the newly defined PFAs, this synthesis attractively achieves traceless N-alkylation. Sulfuryl fluoridemediated fluoroalkylation methods have been applied to alkylamines or thiols, but weaker N-nucleophiles such as anilines have proven to be poor substrates under the reported conditions. [18a,21] Our group has begun to investigate SO 2 F 2mediated N-polyfluoroalkylation of challenging substrates that are highly relevant to agrochemical and pharmaceutical applications. In 2022, we reported the N-(polyfluoro)alkylation of ambident and weakly nucleophilic imino-thiazolidinones. [18c] This first example of N-polyfluoroalkylation of weakly nucleophilic nitrogen compounds paved the way for a general method for N-polyfluoroalkylation of sulfonamides and derived Nsulfonyl carbamates using sulfuryl fluoride (SO 2 F 2 ), which is presented here (Scheme 1c).

Results and Discussion

We started our investigation by evaluating the N-polyfluoroalkylation of N-sulfonyl nucleophiles using saccharin 1 a, an ambident nucleophile (N = 10.78 on the Mayr scale) [22] as model substrate. Application of the conditions that gave the highest reaction rate in our previous work on the N-polyfluoroalkylation of thiazolidinone using SO 2 F 2 (i. e., DBU as a base and DMAc as solvent) [18c] gave only trace amounts of the desired product (Table 1, entry 1).

The switch from DBU as a base to DIPEA led to a 68 % yield at 25 °C (Table 1, entry 2). Two isomers were formed in a 19 F NMR ratio of 64 : 36, assigned to N-and O-trifluoroethylation adducts 2 a and 2 b, respectively. The difference in reactivity between DBU and DIPEA in sulfuryl fluoride-mediated fluoroalkylation reactions was previously observed by Sammis et al. for thiols. [21] The use of DBU as a base was shown to lead to the formation of a symmetric bis(trifluoroethyl)sulfate intermediate that selectively reacts with thiols in the presence of other nucleophilic functional groups such as an amine, alcohol or carboxylic acid. [21] Consistent with this report, the bis(trifluoroethyl)sulfate intermediate generated with DBU also showed weak reactivity with saccharin 1 a as nucleophile. Increasing the temperature to 50 °C, while using DIPEA as the base, led to an excellent yield of 95 % and an isomer ratio of 61 : 39 (Table 1,entry 3). Toluene and acetonitrile as solvents were found to be less effective, both in terms of yield and selectivity (Table 1, entries 4 and5). Et 3 N led to a slightly Scheme 1. Bioactive ingredients containing a N-polyfluoroalkyl moiety, synthetic approaches to incorporate polyfluoroalkyl chains at the nitrogen atom of sulfonamides and alternative SO 2 F 2 -based method towards monoor bis(polyfluoroalkyl)amino compounds.

decreased trifluoroethylation yield and an unchanged isomeric ratio compared to DIPEA (Table 1,entry 6). Interestingly, the economical inorganic base K 2 CO 3 provided the desired products with an NMR yield of 86 % and a significant increase in selectivity toward N-trifluoroethylation with a ratio of 85 : 15 (Table 1, entry 7). K 3 PO 4 also gave an excellent overall NMR yield of 95 % but with a selectivity of 61 : 39 (Table 1, entry 8).

Thus, the ambivalent nucleophile saccharin 1 a showed excellent trifluoroethylation yields using inexpensive K 2 CO 3 or K 3 PO 4 as bases. However, different ratios of N-vs O-alkylation were obtained. We then applied these conditions to a model sulfonamide substrate, N-phenylbenzenesulfonamide, for which only the N-trifluoroethylation is possible. The use of K 2 CO 3 as a base gave 85 % of the desired product 2 k by 19 F NMR, while the use of K 3 PO 4 induced a reduced yield of 40 %. Therefore, K 2 CO 3 was retained as the base of choice for the N-polyfluoroalkylation of sulfonamides.

With optimized conditions for N-polyfluoroalkylation of sulfonamides in hand, we next explored the scope of the reaction (Scheme 2). First, our model substrate, saccharin, was trifluoroethylated in 73 % 19 F NMR yield (2 a) using standard conditions and was isolated as a mixture with the O-alkylation product (2 b). The polyfluoroalkylation was also extended to its imide analogue, phthalimide. Four variously fluorinated derivatives of ethanol and propanol were used to fluoroalkylate phthalimide and led to the targeted products (2 c-2 f) in good to quantitative yields. In these cases, DBU was used as the base and the reaction time could be reduced to 30 min. These results are consistent with the previously reported alkylation of phthalimide using non-fluorinated alcohols, where DBU was more efficient than DIPEA. [18b] tert-Butyl ((4nitrophenyl)sulfonyl)-carbamate could also be fluoroalkylated in good yields, up to 91 %, using the same four polyfluorinated alcohols (2 g-j). To avoid cleavage of the Boc group, the temperature was reduced to 30 °C and an additional equivalent of base was added.

Subsequently, variations of the sulfonyl part were evaluated on sulfonamide derivatives.

The model sulfonamide, N-phenylbenzenesulfonamide (2 k), was trifluoroethylated in a 69 % isolated yield. Substituted benzenesulfonyl derivatives bearing À NO 2 (2 l), À CF 3 (2 p) or À Cl (2 q) as electron-withdrawing groups (EWGs) in the para position were trifluoroethylated in good to excellent yields. Other fluorinated chains (difluoroethyl, tetrafluoropropyl and pentafluoropropyl) were also tested with 4-nitrobenzenesulfonyl derivatives and afforded moderate to good yields (2 m to 2 o). Similarly, benzenesulfonyl derivatives substituted at the 4position by electron-donating groups (EDGs) were also tested. The methoxy substitution (2 r) gave 89 % yield in 19 F NMR. Methyl substitution (2 s) provided the desired product in a similar 85 % yield. Replacement of the substituted phenyl with a heteroaromatic quinoline gave a moderate yield of 51 % (2 t). Finally, methyl (2 u) and trifluoromethyl (2 v) sulfonamides were also tolerated and led to the desired trifluoroethylated products in 62 %-64 % yields. Thus, the variation of the electron richness on the sulfur substituent gave a range of yields that could not be correlated simply with the nature of the substituent. This could be due to the fact that an EWG (respectively an EDG) would facilitate (resp. disfavor) the deprotonation of the nitrogen atom of the substrate but decrease (resp. increase) its nucleophilicity.

We then explored the amino part (R 2 ) using a phenyl or a 4nitrophenyl substituent as group R 1 . We started by studying benzene-derived EDGs on the R 2 moiety. A methoxy group at the para position gave a good trifluoroethylation yield of 74 % (2 w) and 88 % (2 x), with benzenesulfonyl and p-nitrobenzenesulfonyl groups as R 1 , respectively. The introduction of a methyl group at the para (2 y) or ortho (2 z) positions had no impact on the trifluoroethylation yield. Next, the influence of EWGs on the aniline motif N-R 2 was investigated. A methyl ester in the ortho position (2 aa) led to an excellent yield of 95 %. Substitution with a trifluoromethyl group at the para (2 ab) or meta (2 ac) positions gave yields of 77 % and 88 %, respectively. Similarly, with a cyano group in the para (2 ad, 74 % yield) or meta (2 ae, 76 % yield) positions, the desired trifluoroethyl products were obtained in good yields. Nitro substitution was also tested at the meta position and trifluorethylation occurred in good 77 % yield (2 af). In addition, halides were also well tolerated at the aniline moiety. Iodine (2 ag, 80 % yield) or bromine (2 ah, 78 % yield) at the para position on the aniline afforded the desired trifluoroethylated products in efficient yields. A chlorine atom in the meta position gave an excellent 94 % yield (2 ai). Four different fluorinated chains (2 aj-am) were introduced on the pchloroaniline-derived sulfonamide. Excellent yields were obtained with CF 3 (2 aj, 95 % yield) and CHF 2 (2 ak, 89 % yield) as R F , while a good yield of 78 % was achieved with CF 2 CF 3 (2 al). A more moderate result of 46 % yield was obtained for the tetrafluoropropyl chain (2 am). Finally, fluorine on meta (2 an) or para (2 ao) positions of the aniline part was well tolerated with yields of 96 % and 81 %, respectively, for the trifluoroethylated products. Overall, the N-polyfluoroalkylation reaction is equally efficient with electron-poor and electron-rich aniline-derived [a] All reactions were carried out on 1.36 mmol scale (C = 50 mg/mL).

Yields and ratios were determined by 19 F NMR with α,α,α-trifluorotoluene as internal standard. Yields were calculated for the mixture of isomers. Isolated yields are in parentheses.

sulfonamides. Furthermore, steric hindrance induced by ortho substitution had no impact on the reaction outcome.

To extend the scope of this method, sulfonamides derived from heterocyclic amines were also evaluated. Excellent yields were obtained for isoxazole (2 ap, 85 % yield), benzothiophenes (2 aq, 2 ar, 79 % yield for both), indole (2 as, 83 % yield), furan (2 at, 74 % yield) and pyrazole (2 au, 85 % yield), whereas pyridine (2 av, 13 % yield) was less successful. Sulfonylated aminobenzothiazole afforded a mixture of regioisomers, with the endocyclic nitrogen preferentially polyfluoroalkylated in 35 % yield (2 aw). This regioselectivity is consistent with previously reported N-alkylations of similar ambident nucleophiles. [18c] The methylamine-derived sulfonamide also gave a low yield of 32 % (2 ay). Interestingly, a bis-sulfonamide could be trifluoroethylated in a moderate yield of 41 % (2 az).

Having in hand an efficient method to synthesize Npolyfluoroalkylated sulfonamides, we investigated whether we could remove the sulfonyl group to access the corresponding N-polyfluoroalkyl anilines. Substituted anilines are widespread in medicinal chemistry but the N-(β-fluoroalkyl) aniline moiety remains underutilized, even though N-fluoroalkylanilines have shown greater metabolic stability toward P450-mediated oxidation than N-alkylanilines. [23] In addition, the introduction of a fluorinated chain can tune the lipophilicity of the drug candidate as well as the pK a of the neighboring functions. [1,3] Several methods have already been reported to access Npolyfluoroalkyl anilines. However, these methods usually require air-sensitive metal catalysts [24] or the use of expensive, [25] hazardous, [26] toxic, [27] and often not commercially available starting materials. These drawbacks explain the scarcity of polyfluoroalkylated anilines in active ingredients. Given the limitations of these methods, there is still a strong demand for a new approach with high robustness, low cost, and high tolerance to functional groups. While sulfonyl groups are notoriously difficult to remove, [28] the 4-nitrobenzenesulfonyl (nosyl, Ns) group can be cleaved via an S N Ar reaction. [29] The use of thioglycolic acid as nucleophile and potassium carbonate as a base in DMF was optimal to efficiently obtain N-polyfluoroalkyl anilines (Scheme 3).

N-Trifluoroethylated anilines with substitution on the arene ring were obtained in equally high yields, whether they were electron-enriched -derivatives of p-anisidine (3 a, 91 %), ptoluidine (3 b, quant.) or o-toluidine (3 c, 91 %)-or electrondepleted -derivatives bearing ester (3 d, 82 %), trifluoromethyl (3 e-f, up to 90 %), cyano (3 g-h, up to quant.) or nitro (3 i, quant.) groups. Similarly, halide-substituted polyfluoroalkylated anilines were obtained in good to excellent yields, up to 99 % (3 j-s). It should be noted that bromine or iodine are well tolerated and could then be used for further diversification by conventional C À C or C À N metal-catalyzed cross-coupling. This would not be possible using previously reported methods [24a,b,e,f,h] where halide is used in the metal-catalyzed Narylation of fluoroalkylamines. Interestingly, compounds 3 l-p, with four different fluorinated chains, were obtained in yields ranging from 97 % to quantitative (R F corresponding to CF 3 , CHF 2 , CF 2 CF 3 or CF 2 CHF 2 ), showing that the nature of the fluorinated chain on the aniline had no impact on the efficiency of the nosyl removal. N-Polyfluoroalkylated heterocyclic amines were also accessed in moderate to quantitative yields. N-Trifluoroethyl derivatives of 3-aminobenzothiophene (3 t) and 5aminoindole (3 u) were obtained in 83 % and quantitative yields, respectively. Furan 3 v and pyrazole 3 w were obtained in 65 % and 38 % yields, respectively. These lower yields can be attributed to the difficulties in purifying these compounds. It should be noted that a wide range of functional groups are tolerated on the (hetero)aromatic ring for this reaction.

To illustrate the usefulness of this method for obtaining various N-polyfluoroalkyl compounds, we decided to synthesize primary polyfluoroalkyl amines. To our knowledge, the main route to access polyfluoroalkylated primary amines is the amination of polyfluoroalkyl halides or sulfonates. [30] However these reactions are highly corrosive and require high temperatures and pressure systems to proceed. Polyfluoroalkylated primary amines can also be accessed by reduction of the corresponding amide [31] or imine [32] but these reactions using aluminium-based reductants have previously been reported to have safety issues. [START_REF][END_REF] Hydrogenation of nitrile, azido or nitro groups have also been developed, but also require high pressure to perform the reaction. [34] Finally, Gabriel synthesis has been presented as the safest way to access these fluorinated amines. [35] However, the reported examples are limited to fluoroalkyl nosylate and halides as electrophiles, and Scheme 3. Synthesis of N-polyfluoroalkylated anilines and amino-heterocycles via nosyl cleavage. [a] [a] Isolated yields are reported.

these reagents are respectively expensive for industrial applications or classified as ozone depleting gases (freons).

We decided to use our four N-polyfluoroalkylated phthalimides (2 c-f) obtained via the SO 2 F 2 -mediated polyfluoroalkylation process, to access the primary N-polyfluoroalkylamines via a Gabriel reaction. Cleavage of the polyfluoroalkylated phthalimides with hydrazine hydrate gave the desired four polyfluorinated primary amines (4 a-d) which were isolated as HCl salts in good to quantitative yields (Scheme 4a).

Since primary polyfluoroalkyl amines can be obtained from N-polyfluoroalkyated phthalimides, we wondered if we could access symmetrical or unsymmetrical N,Nbis(polyfluoroalkyl)amines, which are also important intermediates in the preparation of active pharmaceuticals. Basic alkylamines are often associated with toxicity problems (hERG inhibition and P-gp efflux) that can be decreased by lowering the pK a of the amine. [1,2] For example, CB2 agonist analogs [36] or androgen receptor modulators bearing an N,Nbis(trifluoroethyl)amine motif have been shown to be very potent and selective among a range of N,N-bis(alkyl)amine motifs. [37] Only a few methods for the preparation of N,Nbis(polyfluoroalkyl)amines are described in the literature, but they are mainly limited to the synthesis of symmetrical ones. First, primary polyfluoroalkylamines can be reacted with polyfluoroalkyl sulfonates or ozone-depleting polyfluoroalkyl halides under harsh conditions. [38] Other approaches for the synthesis of bis(N-polyfluoroalkyl)amines are based on a twostep process involving the formation of an amide, imide or imine functional group followed by its reduction in the presence of a hydride-based reducing agent such as LiAlH 4 . [31,39] However, these strategies face safety issues with explosions already reported during the reduction of fluorinated amides. [START_REF][END_REF] We therefore investigated whether we could perform a second polyfluoroalkylation reaction on N-polyfluoroalkylated 4-nitrophenylsulfonamides 5 a-b to afford the desired N,Nbis(polyfluoroalkyl)amines 7 a-e after denosylation. Compounds 5 a-b, obtained after Boc cleavage of N-polyfluoroalkylated Nsulfonyl carbamates 2 g-j (see Supporting Information for details), exquisitely underwent a second polyfluoroalkylation to give 6 a-e in excellent to quantitative yields. Finally, nosyl cleavage was again very efficient, providing the desired secondary amines, isolated as HCl salts, in NMR yields up to 92 % (7 a-e) (Scheme 4b). This method provided a reliable route to symmetrical and unsymmetrical N,Nbis(polyfluoroalkyl)amines in high yields under mild reaction conditions and from readily available starting materials.

Conclusion

In conclusion, we have developed a general method for the (SO 2 F 2 )-mediated N-polyfluoroalkylation of weakly nucleophilic nitrogen containing compounds, including sulfonamides, carboxylic sulfimides, N-sulfonyl carbamates and imides. This process occurs under mild and operationally simple conditions and a wide variety of functional groups are tolerated. The in situ formation of an electrophilic reactive species from fluorinated alcohols is highly advantageous since several polyfluoroalkyl halides are ozone-depleting substances (ODS). N-Polyfluoroalkylanilines as well as primary and secondary N-polyfluoroalkylamines were obtained after simple sulfonyl or phthalimide cleavage in excellent yields.

Experimental Section

The data that support the findings of this study are available in the Supporting Information of this article.
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Table 1 .

 1 Optimization of the N-trifluoroethylation of saccharin.[a] 

	Entry	Solvent	Base	T [°C]	Yield [%] [a]	Ratio 2 a : 2 b [a]
	1	DMAc	DBU	25	3	-
	2	DMAc	DIPEA	25	68	64 : 36
	3	DMAc	DIPEA	50	95	61 : 39
	4	Toluene	DIPEA	50	67	55 : 45
	5	MeCN	DIPEA	50	88	55 : 45
	6	DMAc	Et 3 N	50	83	61 : 39
	7	DMAc	K 2 CO 3	50	86 (80)	85 : 15
	8	DMAc	K 3 PO 4	50	95 (94)	61 : 39
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Scheme 2. Scope of N-polyfluoroalkylated sulfonamides.[a] [a] All reactions were carried out at a concentration of 40 mg/mL of 1. Isolated yields are reported.[b] DBU (4 eq.) was used as base, 25 °C, 30 min.[c] Reactions performed at 30 °C using 5 eq. of K 2 CO 3 .[d] 19 F NMR yield using α,α,α-trifluorotoluene as an internal standard is given in parentheses.[e] Additional trifluoroethanol (1 eq.) and K 2 CO 3 (1 eq.) were used, total reaction time: 24 h. [f] Additional trifluoroethanol (2 eq.) and K 2 CO 3 (2 eq.) were used, total reaction time: 48 h. * The asterisk highlights the position of the alkylation in the regioisomeric product 2 aw.
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