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Introduction

Found in agrochemicals, pharmaceuticals and materials, [1] organothiocyanates are playing a pivotal role in chemistry. [2] In addition, they are often used as key intermediates for the synthesis of complex molecules. [START_REF] Guy | The Chemistry of Cyanates and their Thio Derivatives[END_REF] Two main approaches are usually employed to access these compounds of interest, relying either on the cyanation of sulfur-containing molecules [4] or the direct thiocyanation of derivatives. [5] In the latter case, a new trend has emerged over the last years with the design of electrophilic sources (Figure 1). [6] Aiming at developing 1) a bench-stable reagent with 2) a short, robust and efficient synthesis, which 3) might potentially act as a chiral source of SCN, we imagine a new class of electrophilic reagents to further explore the chemical space of thiocyanating molecules. Inspired by the recent advances made in the use of 2,10-camphorsultam based on reagents for the asymmetric fluorination, [7a-c] trifluoromethylthiolation [7d] and difluoromethylthiolation, [7e] we envisioned the preparation of enantiopure N-thiocyanato-2,10-camphorsultam. This will constitute the first chiral SCNcontaining reagent. Herein, the synthesis of an original family of thiocyanating reagents was achieved and the potential of these (chiral) electrophilic reagents was evaluated with different nucleophiles. 

Results and Discussion

At the beginning of the study, the optically pure N-thiocyanato-2,10-camphorsultam 3a was straightforwardly synthetized in a two-steps process/no purification starting from the commercially available (1R)-(+)-2,10-camphorsultam, tBuOH and NaCl being the main waste of the synthesis (Scheme 1). First, the chlorinated reagent 2a was prepared in the presence of tBuOCl in 98% yield. [8] Then, 2a was treated with the inexpensive NaSCN at 0 °C to afford the expected reagent 3a in 73% yield. [9] The reagent 3a is bench stable, can be stored at room temperature under argon for at least three months. This inexpensive, efficient and easy-to-handle synthesis was then applied to the preparation of N-thiocyanato-(1S)-(-)-2,10-camphorsultam 3b and its dichlorinated analog 3c starting from the naturally occurring (1S)-(-)-2,10-camphorsultam 1b and the chlorinated derivative 1c. Worth to mention that for the synthesis of 3c, slightly modified reaction conditions were used, AgSCN being needed for the thiocyanation step. The structure of the compound 3c was ascertained by single crystal X-ray diffraction analysis (CCDC 2107860, Figure 2). Scheme 1. Synthesis of a new class of electrophilic thiocyanating reagents 3a-c. Isolated yields were provided. See supporting information for more details. [a] 10 mmol scale of 1a. [b] 1 mmol of 1b. [c] Reaction carried out on 2.35 mmol scale of 2c. [d] Using AgSCN (1.5 equiv.), CH2Cl2, 25 °C, Ar, 8h. 3c was obtained with 7% of 1c. ND: Not Determined. Quant. = quantitative. With the reagent 3a in hand, we first studied the electrophilic thiocyanation reaction of electron-rich (hetero)arenes (Scheme 2). In the presence of CF3SO3H in dichloromethane, the selective para thiocyanation [4c] of the aniline 4a was achieved and the expected acetylated product was isolated in 52% yield over two steps. [10] Interestingly, using 3c as the SCN source, a similar result was obtained (58% vs 52%). The regioselective thiocyanation reaction on the phenol 4b, the propofol 4c, a potent anesthetic, as well as anisole derivatives 4d-4e went smoothly. Hence, the corresponding products 5b-5e were isolated in good to high yields (up to 75%). Using slightly modified reaction conditions, the selective thiocyanation of benzothiophene 4f and thiophene 4g was possible, offering an access to the SCNcontaining heterocyclic compounds of interest.

Scheme 2. Thiocyanation of electron-rich (hetero)arenes. Reaction conditions: 4 (0.2 mmol, 1.0 equiv.), 3a (1.5 equiv.), CF3SO3H (1.0 equiv.), CH2Cl2 (0.2 M), 25 °C, air, 16 h. [a] 5a was obtained after thiocyanation then acylation reactions. [b] 3c was used instead of 3a. [c] The product was isolated with inseparable impurities. [d] 3a (1.5 equiv.), MeCN (0.2 M), 60 °C.

To further showcase the electrophilic potential of the source 3a, the difunctionalization of alkenes [11] was investigated (Scheme 3). First, in the presence of TMSCl under air at room temperature and using MeOH as the solvent, the concomitant formation of a C(sp 3 ) OMe and C(sp 3 ) SCN [START_REF] Angus | For selected examples of difunctionalization of alkenes with the SCN moiety, see: a)[END_REF] on the styrene 6a was successfully achieved and the reaction showed a good regioselectivity (93:7 ratio of 7a:8a) in favor of the Markovnikov product 7a as confirmed by 2D NMR. [13] Pleasingly, a similar regioselectivity was obtained using 3c, albeit 7a was isolated in a lower yield. Styrene derivatives with an electrondonating group (6b-6c) as well as halogens (6d-6f) at the para position were functionalized in good to high yields with a high regioselectivity (up to 94:6). meta-Substituted derivatives (6g and 6h) were also tested and the expected products were isolated in 73% yield and 40% yield, respectively with a good regioselectivity. The 2-bromostyrene 6i was also a suitable substrate in this transformation. Pleasingly, the methodology was successfully applied to α-methylstyrene 6j, affording 7j in 90% yield.

[12e], [14] 4-Phenylbut-1-ene 6k afforded the corresponding compounds 7k/8k in 46% yield and a lower regioselectivity (78:22). In addition, the difunctionalization of a disubstituted alkene (cyclohexene 6l) was smoothly conducted to provide 7l in 68% yield. Finally, the thiocyanation reaction was also possible on the vinylphthalimide 6m and the ethyl vinyl ether 6n. Then, these chiral electrophilic sources were used for the asymmetric thiocyanation [START_REF] Qiu | For selective examples of enantioselective thiocyanation reaction[END_REF] of the N-Boc-3phenyloxindole 9. First, using a catalytic amount of K2CO3 at room temperature, the expected C3thiocyanated product was isolated in 83% yield as a racemic mixture. Switching K2CO3 for Cs2CO3, the compound 10 was isolated in a lower yield. Then several parameters were studied to favor the formation of the enantioenriched product 10. When the reaction was carried out at lower temperatures (Table 1, entries 3 and 4), no induction was observed. Similar results were obtained by replacing Et2O with THF or MeCN (Table 1, entries 5 and 6). We then studied the reaction using the other enantiomer of the source (3b) instead of 3a (Table 1, entry 7) but no improvement was observed. At that stage, we reasoned that using the more sterically hindered thiocyanating reagent 3c will be beneficial to promote an enantioinduction (Table 1, entries 7 and 8). Hence, the reaction was carried out in Et2O at -30 °C or -40 °C, but unfortunately the racemic product was only obtained. [a] Reaction conditions: 9 (0.1 mmol, 1.0 equiv.), 3 (1.1 equiv.), K2CO3 (10 mol%), solvent (1.0 mL), T (°C) under argon for time (h). Isolated yields were provided. [b] Cs2CO3 was used instead of K2CO3.

Conclusion

In summary, original and optically pure electrophilic thiocyanating reagents 3a-b and a more sterically hindered reagent 3c were designed and straightforwardly synthesized in a two-steps protocol from readily available starting materials. The SCN-containing sources turned out to be bench stable, not light sensitive as well as air and moisture tolerant. 3a was even prepared in 87% yield on 10 mmol scale. It was then successfully applied for the electrophilic thiocyanation of electron-rich (hetero)arenes and for the difunctionalization of alkenes with the concomitant formation of C(sp 3 )-SCN and C(sp 3 ) -OMe bonds in good yields and with excellent regioselectivity. Taking benefit from these chiral reagents, preliminary tests were conducted for the asymmetric C3-thiocyanation reaction of the N-Boc-3phenyloxindole, although so far no enantioenriched product was obtained. With this newly-designed class of electrophilic and robust reagents, the construction of C(sp 2 )-SCN and C(sp 3 )-SCN bonds was efficiently achieved. We strongly believe that these chiral reagents will have an interesting potential to access enantioenriched thiocyanated molecules.

Experimental section

All reactions were carried out using oven-dried glassware and magnetic stirring under argon unless otherwise stated. Reaction temperatures are reported as the temperature of the bath surrounding the vessel. Analytical thin layer chromatography was performed on silica gel aluminum plates with F-254 indicator and visualized by UV light (254 nm) and/or chemical staining with a KMnO4 solution or a phosphomolybdic acid solution. Flash column chromatography was performed using 0.040 -0.063 nm silica gel or a puriFlash® 5.020 flash purification system or Merck PTLC on silica gel 60 F254, 2 mm. 1H NMR spectra were recorded on a Bruker DXP 300 MHz spectrometer at 300. In an oven dried round-bottom flask, covered with aluminum foil under argon was added (1R)-(+)-2,10camphorsultam 1a (2.15 g, 10 mmol, 1 equiv.) in anhydrous methanol (25 mL, 0.4 M), then the freshly prepared tBuOCl (1.7 mL, 15 mmol, 1.5 equiv.) was added to the solution and the reaction mixture was stirred for 45 min at room temperature under argon. Solvents were evaporated and the mixture was filtered through a pad of Celite® to afford quantitively 2a, which was directly engaged in the next step.

In an oven dried round-bottom flask (250 mL) covered with aluminum foil under argon was solubilized 2a (2.35 g, 1 equiv.) in MeCN (100 mL, 0.1 M). The solution was cooled to 0 °C. Then, NaSCN (1.22 g, 15 mmol, 1.5 equiv.) was added in one portion. The reaction mixture was stirred under argon and dark and monitored by TLC. After complete conversion (30 min), the mixture was filtered through a pad of Celite® to obtain the pure product 3a.

Procedure for the synthesis of N-thiocyanato-( 1R)-(+)-2,10-Camphorsultam 3b.

In an oven dried round-bottom flask, covered with aluminum foil under argon was added (1S)-(-)-2,10camphorsultam 1b (215.3 mg, 1 mmol, 1 equiv.) in anhydrous methanol (5 mL, 0.4 M), then the freshly prepared tBuOCl (170 µL, 1.5 mmol, 1.5 equiv.) was added to the solution and the reaction mixture was stirred for 45 min at room temperature under argon. Solvents were evaporated to afford 2b and the product was directly engaged in the next step without further purification. 2b was obtained after filtration through a pad of Celite® and was engaged directly in the next step without further purification.

In an oven dried round-bottom flask (250 mL) covered with aluminum foil under argon was added 2b (0.2 mmol, 1 equiv.) in MeCN (0.1 M). The solution was cooled to 0 °C. Then, NaSCN (122.6 mg, 1.50 mmol, 1.5 equiv.) was added in one portion. The reaction mixture was stirred under argon and dark and monitored by TLC. After complete conversion (30 min), the mixture was filtered through a pad of Celite® to obtain the desired product 3b.

Procedure for the synthesis of (7,7)-Dichloro-N-Chloro-(1S)-(-)-2,10-Camphorsultam 3c.

In an oven dried round-bottom flask, covered with aluminum foil under argon was added (1S)-(-)-7,7dichloro-2,10-camphorsultam 1c (667.9 mg, 2.35 mmol, 1 equiv.) in anhydrous methanol (6 mL, 0.4 M), then the freshly prepared tBuOCl (400 µL, 3.53 mmol, 1.5 equiv.) was added to the solution and the reaction mixture was stirred for 45 min at room temperature under argon. Solvents were evaporated under vacuum and 2c was obtained after filtration through a pad of Celite®.

In an oven dried round-bottom flask (250 mL) covered with aluminum foil under argon was added 2c (748.0 mg, 2.35 mmol, 1 equiv.) added CH2Cl2 (24 mL, 0.1 M). Then, AgSCN (586.0 mg, 3.53 mmol, 1.5 equiv.) was added in one portion. The reaction mixture was stirred at 25 °C under argon and dark and monitored by TLC. After complete conversion (8 h), the reaction mixture was filtered through a pad of Celite® to obtain the desired product 3c.

General procedure for thiocyanation reaction on electron-rich (hetero)arenes 4.

In an oven dried tube under argon were solubilized 3a (81.7 mg, 0.3 mmol, 1.5 equiv.) and the solid 4 (0.2 mmol, 1 equiv.) in dichloromethane (1 mL, 0.2 M). CF3SO3H (18 µL, 0.2 mmol, 1 equiv.) was added dropwise to the mixture. In case 4 was an oil, it was added after the solvent. Then, the reaction mixture was stirred for 16 h at 25 °C under air. Solvents were evaporated under vacuum. The crude mixture was purified by chromatography on silica gel to afford the desired product. Note that in case of 5a, an acetylation step was required, [5] following the procedure below: in an oven dried tube under argon, 5a (0.2 mmol, 1 equiv.) was dissolved in dichloromethane (0.5 mL). Then triethylamine (30 µL, 0.22 mmol, 1.1 equiv.) was added to the solution. The reaction mixture was cooled down to 0 °C. AcCl (14 µL, 0.2 mmol, 1 equiv.) was added dropwise. The reaction mixture was warmed to 25 °C and stirred for 16 h. The aqueous phase was extracted with dichloromethane (3 × 5 mL) then the organic phase was washed with NaHCO3 (3 × 2 mL), dried over Na2SO4 and concentrated under vacuum.

General procedure for the difunctionalization of alkenes 6.

In an oven dried tube under argon, 3a (65.4 mg, 0.24 mmol, 1.2 equiv.) was dissolved in MeOH (1 mL, 0.2 M). TMSCl (25 µL, 0.2 mmol, 1 equiv.) was added to the solution. Alkene 6 (0.2 mmol, 1 equiv.) was added before the solvent if it is a solid, after the solvent if it is a liquid. The mixture was performed at 25 °C for 16 h. The volatile reagents were evaporated under reduced pressure. The product was purified by silica gel chromatography or Puriflash to afford the desired compound.

Figure 1 .

 1 Figure 1. Overview of electrophilic thiocyanating reagents and this work.

Figure 2 .

 2 Figure 2. X-Ray structure of (1S)-(-)-N-thiocyanato-2,10-camphorsultam 3c (CCDC 2107860).
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 1 MHz, 13C NMR spectra at 75.5 MHz and 19F NMR spectra at 282.4 MHz Chemical shifts (δ) are quoted in ppm relative to CDCl3 (1H). Coupling constants (J) are quoted in Hz. The following abbreviations were used to show the multiplicities: s: singlet, d: doublet, t: triplet, hept: heptuplet, m: multiplet. The residual solvent signals were used as references (CDCl3: δH = 7.26 ppm, δC = 77.00 ppm or relative to external CFCl3, δF = 0 ppm). High-resolution mass spectrometry (HRMS) was carried out on an electrospray ionization mass spectrometer with a micro-TOF analyzer. IR spectra were recorded on a PerkinElmer Spectrum 100, the wave numbers ( ) of recorded IR-signals (ATR) are quoted in cm 1. Optical rotations were recorded on a PerkinElmer Polarimeter 341 at 20 °C in chloroform. Melting points were reported for new compounds, recorded on a Heizbank System Köfler WME and were uncorrected. HPLC were performed on a ThermoFisher UHPLC system Ultimate RSLC with a PDA detector with columns with chiral stationary phase from Daicel (250 mm x 4.6 mm, 5 µm particle size) at 20 °C.Procedure for the synthesis of N-thiocyanato-(1R)-(+)-2,10-Camphorsultam 3a.

Table 1 .

 1 Optimization studies of C3 thiocyanation of N-Boc-3-phenyloxindole.[a] 

	Entry [a]	3	solvent	T (°C)	time (h)	Yield (%)	ee (%)
	1	3a	Et2O	25	16	83	0
	2 [b]	3a	Et2O	25	16	42	0
	3	3a	Et2O	-20	16	41	0
	4	3a	Et2O	-30	28	45	0
	5	3a	THF	-30	28	9	0
	6	3a	MeCN	-30	28	21	0
	7	3b	Et2O	-30	64	43	0
	8	3c	Et2O	-30	36	61	0
	9	3c	Et2O	-40	16	51	0
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