Thiochromane Formation via Visible-Light Mediated Intramolecular δ-C(sp 3 )-H Bond Arylation of Sulfonamides.
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Visible light-mediated intramolecular site-selective δ-C(sp 3 )H bond arylation of aliphatic trifluoromethanesulfonamides was developed. The reaction proceeds through a radical cascade including the generation of a sulfonamidyl radical, which triggers a 1,5-hydrogen atom transfer, affording a -C-centered radical, which finally cyclized onto a neighboring thiopolyfluoroaryl moiety to deliver a range of synthetically useful thiochromanes. The cyclization process occurs through two distinct pathways depending on the nature of the substituent X, ortho to the native C-S bond.

Site-selective C(sp [START_REF] Ping | Transition metal-catalyzed site-and regio-divergent C-H bond functionalization[END_REF] )-H functionalization remains a challenging process for synthetic organic chemists, due to the high bond energy (BDE) and thus low reactivity of the carbon-hydrogen bond. 1 Transition metal-catalyzed C(sp 2 )-H functionalization has been well-established over the last decade, 2 and recently C(sp [START_REF] Ping | Transition metal-catalyzed site-and regio-divergent C-H bond functionalization[END_REF] )-H bond activation relying on the assistance of directing groups has also emerged. [START_REF] Ping | Transition metal-catalyzed site-and regio-divergent C-H bond functionalization[END_REF] Abstraction of distal hydrogen atoms by nitrogen-centered radicals is well documented leading to translocated carbon-centered radicals. 4 The Hofmann-Löffler-Freytag (HLF) reaction is a prototype example of this approach, allowing a straightforward access to pyrrolidines via N-haloamines (Scheme 1a). 5 Several modified HLF-type reactions were recently developed by Cook, [START_REF] Groendyke | Iron-Catalyzed, Fluoroamide-Directed C-H Fluorination[END_REF] Li, [START_REF] Liu | Copper-Catalyzed Remote C(sp 3 )-H Trifluoromethylation of Carboxamides and Sulfonamides[END_REF] Studer, 8 Zhu, 9 Yu, [START_REF] Chen | Site-selective remote C(sp 3 )-H heteroarylation of amides via organic photoredox catalysis[END_REF] Wang [START_REF] Wu | Amidyl Radical Directed Remote Allylation of Unactivated sp 3 C-H Bonds by Organic Photoredox Catalysis[END_REF] and co-workers. Amidyl radicals are particularly efficient for inter-and intramolecular HAT as a results of the high BDE of the N-H bond (BDE = ~105 kcal mol -1 ), as compared to that of the C-H bond (between 90 and 104 kcal mol -1 ). 12 However, prefunctionalized precursors at the nitrogen center (N-halogens, N-O, N-S) are often essential to generate the amidyl radicals. 12a Given the high BDE of the N-H bond in amides, a direct generation of the amidyl radical through homolysis of the N-H bond long remained a difficult goal to attain. Knowles and co-workers, 13 however recently developed a photocatalytic oxidative proton-coupled electron transfer (PCET) approach for catalytic homolysis of amide N-H bonds, which was followed by a 1,5-HAT process and a Michael addition of the distal C-centered radical to produce the final δ-C(sp 3 )-H alkylation product (Scheme 1b). Simultaneously, Rovis et al. 14 reported a similar process, in which K3PO4 was used to abstract the acidic proton from the amide to form an amidyl anion, which has a relatively low oxidation potential and can be oxidized by the excited iridium catalyst to generate the key N-centered radical species (Scheme 1c). In line with these developments, Zhu 15 , Chen [START_REF] Deng | Photoredox-Mediated Remote C(sp 3 )-H Heteroarylation of N-Alkyl Sulfonamides[END_REF] and Muñiz 17 et al., also employed different hypervalent iodine reagents to activate N-H bonds in situ to afford amidyl radicals providing a series of δ-functionalization products.

Scheme 1. Radical-Mediated δ-C(sp 3 )-H Functionalization of amines and amides.

Herein, we describe a novel photoredox-mediated strategy for intramolecular δ-C(sp 3 )-H arylation of sulfonamides relying on an amidyl radical mediated 1,5-HAT, followed by the cyclization of the resulting C-centered radical onto the phenyl ring of a polyfluorothioaryl fragment (Scheme 1d). Useful thiochromanes of type 2 are thus produced from amides 1, in satisfying yields using an Ir(III) complex as a photocatalyst under mild conditions. The mechanism of the cyclization reaction was also studied through DFT calculations rationalizing the formation of the thiochromanes 2 through two distinct processes depending on the nature of the sulfonamide precursors 1.

The optimization of the process was carried out starting from sulfonamide 1a in the presence of [Ir(dF(CF3)ppy)2(dtbbpy)]PF6 as a photocatalyst and a base under visible-light irradiation. 1a and analogues are readily prepared through the addition of a suitable thiol onto the corresponding nitro-olefin, followed by the reduction of the NO2 function into the desired amine (SI). Preliminary attempts and optimized conditions are summarized in Table 1 (for the full optimization table and structures of photocatalysts, see the SI). A detailed reaction conditions optimization was done by varying solvents. Best yields of cyclized product 2a were finally obtained by using 2 mol% of the Ir(III) photocatalyst in a ternary 1:1:1 PhCl-PhCF3-H2O solvent system (Table 1, entry 1). Various amount of starting 1a was also recovered through simple column chromatography (vide infra). When the reaction was carried out in the absence of catalyst (entry 2), light (entry 3) or base (entry 4), absence or traces of 2a was observed, indicative of a photocatalyzed process involving the deprotonation of the sulfonamide. The nature of the photocatalyst was also studied, first by varying the Ir ligand. [Ir(dF(CF3)ppy)2(5,5'-dCF3bpy)]PF6 effectively led to 2a, albeit in lower yield (entry 5). The cheaper Ir(ppy)3 did not afford the desired product (entry 6), nor did organophotocatalyst [Acr-Mes]BF4 (entry 7). The base strength was finally studied and K2HPO4 proved to be the more efficient as stronger phosphate or carbonate bases led consistently to lower yields. (3 equiv.), PhCl-PhCF3-H2O (1:1:1) (1.5 mL), Kessil 34 W Blue LEDs, 42 ºC, 48 h. b 1 H NMR yield of 2a, using mesitylene as an internal standard. Isolated yield under brackets.

The scope and limitation of this δ-C(sp 3 )-H sulfonamide arylation was then established as shown in Scheme 2. With pentafluorinated substrates 1a, 1d-e or 1g, fluorine homolytic substitution led to the corresponding cyclization products 2a, 2d-e and 2g in moderate yield, along with recovered starting material. When the transferred hydrogen is located on a prochiral center as in 1d, the reaction occurred with some diastereocontrol, leading to the cis-isomer 2d, as determined by 1 H 2D NMR (SI). Interestingly, when the reaction was extended to the symmetrical tetrafluorinated precursor 1b, the cyclized product 2b was obtained as shown unambiguously by X-ray diffraction studies (XRDS, SI), suggesting a sulfur migration through a radical Truce-Smiles type C-S rearrangement (vide infra), [START_REF] For | A truce on the Smiles rearrangement: revisiting an old reaction-the Truce-Smiles rearrangement[END_REF] rather than a direct homolytic fluorine substitution. [START_REF] Bowman | Synthesis using aromatic homolytic substitution-recent advances[END_REF] Examples of radical C-S Truce-Smiles rearrangements have flourished for sulfonyl and sulfoxidyl radicals, 20 but those involving a thiyl radical are rare. [START_REF] Montevecchi | Substituent Effects on Vinyl Radical Cyclizations onto Aryl Rings[END_REF] A similar behavior was observed for 1c, which led to thiochromane 2c, the structure of which was also proven through XRDS. Accordingly, it was assumed that cyclopentyl-and cyclohexyl models 1e-h provided the desired cyclized products 2e-h. The reaction of 1b and 1f also produced a small amount of volatile 2b' and 2f' (GC-MS) lacking the aminomethyl fragment, which may explain the moderate yields in these reactions (SI). Up-scaling to 1 mmol was carried out on 1b, albeit with a slight loss in yield in 2b. Finally, the reaction was extended to trifluoroacetamide 1i, leading to the thiochromane 2i in modest isolated yield.

Scheme 2. Photocatalyzed -(Csp3-H) arylation of sulfonamide 1a-i. Fluorine homolytic substitution.

For compounds having only hydrogens in ortho position relative to sulfur, as in 1j-k, the hydrogen substitution took place with a relative efficiency as illustrated with the formation of 2j-k (Scheme 3). The structure of 2j was unambiguously assigned through XRDS (SI), suggesting here a direct homolytic aromatic substitution (HAS). [START_REF] Bowman | Synthesis using aromatic homolytic substitution-recent advances[END_REF] A similar observation was made for the synthesis of 2l from 1l, the structure of which was also assigned through XRDS (SI). In this case, it was also possible to isolate small amount of 2l' (similar to 2b' and 2f'), which became the major product after 72 h and may thus be formed from 2l under the reaction conditions (SI). Regioselectivity issues were noticed when both hydrogen and fluorine atoms were in competition as in 1n, which led to the formation of a mixture of 2na and 2nb, in which hydrogen substitution was preferred. The structure of the monofluorinated 2nb was determined through 1 H NMR and was clearly distinct from 2k prepared above. Efforts to extend the scope of the process to electron-richer thioarenes substrates met with failures. As indicated in Scheme 3, electron-rich aryl substituents, as in 1o-p effectively tends to migrate from sulfur to nitrogen as a result of a match polar effect between the electrophilic N-centered radical and the arene, the ipso attack superseding the [1,5]-HAT process. [START_REF] Shu | γ-Functionalizations of Amines through Visible-Light-Mediated, Redox-Neutral C-C Bond Cleavage[END_REF] Further oxidation of the resulting compound may then also take place as in the case of 1p, where only NTf aniline 2p was isolated. Computational studies were performed (SI), which clearly show that in 1o-p, the nitrogen radical attack at the ipso position is kinetically favored as compared to the [1,5]-HAT. In contrast, in 1a or 1m, [1,5]-HAT is slightly preferred, in line with experimental observations. Scheme 3. Photocatalyzed -(Csp3-H) arylation of sulfonamide 1j-p. Hydrogen homolytic substitution.

Additional experiments were finally carried out in order to get some mechanistic insights, through the trapping of potent radical intermediates (Scheme 4). For instance, when 1a was treated as above, but in the presence of TEMPO, no reaction occurred, indicating the generation of radical species during the course of reaction process. The reaction of sulfonamide 1a was also repeated under conditions above (Scheme 2-3), but in the presence of ethyl acrylate. 2a was isolated as a major compound, but addition product 3 could also be detected through GC-MS (Scheme 4). Above experiments indicate that a C-centered radical is generated during the process, which then cyclizes to produce heterocycles 2. Computational studies were thus performed in order to study the fate of this C-centered radical species (Figure 1). Preliminary calculations were performed on a model C-centered radical I bearing a phenylsulfide substituent. This radical can lead to cyclohexadienyl radicals IIa or IIb through respectively 6-and 5-exo cyclization modes (noted a and b). The 6-exo mode is kinetically favored, leading also to the more stable IIa. In turn, IIb generated through a 5-exo process can easily lead to a thiyl radical IIIb, [START_REF] Dénès | Thiyl Radicals in Organic Synthesis[END_REF] eventually cyclizing into the Truce-Smiles rearranged product IVb, through a more energetic pathway (Scheme 2). A second set of calculations was then performed starting from C-centered radical V, bearing a tetrafluorophenylsulfide substituent. With the fluorine substituents, the 5-exo process becomes the preferential pathway. But even if VIb is less stabilized than VIa, its rapid evolution towards the thiyl radical VIIb still occurs. A 6-exo process can then take place with the displacement of a fluorine atom. A reduction of the thiyl radical VIIb into the corresponding thiolate by the Ir(II) photocatalyst, followed by a nucleophilic aromatic substitution (SNAr) on the C-F bond may also constitute a viable alternative (vide infra). [START_REF] Crowell | The thiolate anion as a nucleophile Part XI. Effect of the size of the nucleophile[END_REF] Figure 1. Computational studies on 5-versus 6-exo cyclization of the C-centered radical species.

An interesting case is that of cyclization of 1n into the mixture of 2na and 2nb (Scheme 3). A computational study starting from model compound IX was undertaken to understand and rationalize the course of this transformation (Figure 2). In good agreement with experimental observations, these calculations indicate that the C-centered radical follows two pathways depending on the nature of the substituents ortho to C-S bond. The 6-exo-H cyclization was found to be slightly faster than the 5-exo mode, leading to the observed product A through a direct homolytic aromatic substitution (HAS). Although Xc is the more stable cyclohexadienyl intermediate, the absence of product C may be due to a higher TS barrier in this case. Again, the spiro [5,6] system Xb can evolve rapidly toward the formation of the thiyl radical XIb, the most stable species of all. The thiyl radical would then have the choice between a 6-exo-F or a 6-exo-H cyclization, the former being more favorable, leading to XIIIb the precursor of the observed product D. The cyclization of the thiyl radical leading to XIIb or the more stable XIIIb being endergonic, a thermodynamically more favored reduction of the thiyl radical XIb into the corresponding thiolate, followed by SNAr at the C-F center, as discussed above, would constitute a plausible alternative to the formation of D from XIIIb. Based on these premises and previous reports, 25 a plausible catalytic cycle may be proposed (Figure 3). First a nitrogen-centered radical species i is generated through a deprotonation-oxidation process in the presence of the Ir(III) photocatalyst in its excited state. 1,5-HAT then follows to generate the C-centered radical ii that cyclizes onto the thioaryl moiety to form either a cyclohexadienyl radical iiia or the spiro analogue iiib. The latter can fragment to form the thiyl radical ivb, which is known to be reducible by Ir(II) (E°Ir(III)/Ir(II) = -1.37 V) 26 into thiolate vb (E°RS .

/RS -= -0.22 V), which finally displaces the fluorine atom through a SNAr process to afford compounds 2a-i (Scheme 2). [START_REF] Crowell | The thiolate anion as a nucleophile Part XI. Effect of the size of the nucleophile[END_REF]25 The situation is not so clear-cut with cyclohexadienyl radical iiia. The reduction of the latter by Ir(II) would restore the Ir(III) photocatalyst, leading to a cyclohexadienyl anion, the protonation of which affording a cyclohexadiene. Although a precedent of such a pathway has been reported recently, [START_REF] Mcatee | Arene dearomatization through a catalytic N-centered radical cascade reaction[END_REF] the formation of an unstable cyclohexadienyl anion appears unlikely here. Rearomatization of iiia into 2j-m through autoxidation 28 by oxygen looks like a plausible alternative leading to a hydroperoxyl radical finally reduced by Ir(II) into hydrogen peroxide (E°HOO .

/HOO -= +1.51 V) and Ir(III). Considering the reaction setup (SI), traces of oxygen in the medium is reasonable after such a long reaction time (48 h), leading to the in situ oxidation of iiia, thus explaining both the moderate yields in 2j-m and the extensive reaction time required for these processes (Scheme 3). In summary, we disclosed here a new photocatalyzed distal arylation of alkylsulfonamides. The methodology opens an access to a range of polyfluorinated thiochromanes through a process including the generation of a sulfonamidyl radical from a simple sulfonamide, followed by a 1,5-HAT process. The  C-centered radical thus generated then cyclizes onto the neighboring thioaryl moiety through two different pathways to afford the corresponding thiochromanes. The first route involves a 6-exo cyclization of the C-centered radical onto the arene and is favored for nonfluorinated substrates, while the latter proceeds through a radical Truce-Smiles-type rearrangement [START_REF] For | A truce on the Smiles rearrangement: revisiting an old reaction-the Truce-Smiles rearrangement[END_REF] and occurs preferably with substrates having Csp2-F ortho to the native C-S bond.
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 4 Scheme 4. Photocatalyzed -(Csp3-H) arylation of sulfonamide 1a. Mechanistic experiments.
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 2 Figure 2. Computational studies on 2,4-difluorophenyl sulfide model.

Figure 3 .

 3 Figure 3. Photocatalyzed -(Csp3-H) arylation of sulfonamide 1a. Photocatalytic cycle.

Table 1 .

 1 Optimization of the photocatalyzed -(Csp3-H) arylation of sulfonamide 1a.

	entry	Deviation from standard conditions a	Yield (%) b
	1	none	54 (46)
	2	no catalyst [Ir]	0
	3	no light	0
	4	no base	trace
	5	[Ir(dF(CF3)ppy)2(5,5'-dCF3bpy)]PF6	28%
	6	Ir(ppy)3	0
	7	[Acr-Mes]BF4	0
	8	K3PO4	34
	9	K2CO3	40
	10	Cs2CO3	15%

a Standard conditions: [Ir(dF(CF3)ppy)2(dtbbpy)]PF6 (2 mol%), K2HPO4
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