Enzo Nobile 
  
Jean-Pierre Hébert 
  
Thomas Castanheiro 
  
Alain Ledoux 
  
Tatiana Besset 
email: tatiana.besset@insa-rouen.fr
  
Cost-efficient, Multigram Scalable Synthesis of Shelf-Stable Electrophilic (Phenylsulfonyl)difluoromethylating Reagents

Keywords: Synthetic methods, Difluoromethylation, Library

An easy-to-handle protocol for the synthesis of an efficient electrophilic (phenylsulfonyl)difluoromethylating reagent, namely the S- ([phenylsulfonyl]difluoromethyl)dibenzothiophenium salt I, is depicted. The latter was synthesized on approximately 40 g scale in a three-steps/one-purification sequence from commercially available or easy-to-synthesize starting materials with an estimated global prize of about 10.6 €/g. The bench-stable reagent I was found to be air-and moisture-tolerant. By changing the counter-anion, a small library of electrophilic sources (reagents I-III) is now available for the (phenylsulfonyl)difluoromethylation reaction.

Differential scanning calorimetry (DSC) measurements have been also carried out on the different salts (I-III) along with a key intermediate to ensure a safe process. Electrophilic reagents; Fluorine;

INTRODUCTION

Organofluorine chemistry is a well-established research area in organic synthesis. Indeed, due to its remarkable properties, the incorporation of a fluorine atom or a fluorinated moiety onto a molecule will modulate its physico-chemical properties (lipophilicity, metabolic stability, among others) and may have a deep impact on its bioactivity. 1 Since the middle of the 20 th century, fluorinated molecules have found widespread applications in pharmaceutical and agrochemical industries along with materials science. 2 In particular, the number of fluorine-containing drugs steadily increased over the years. 3 In this context, the development of efficient and original transformations for the selective incorporation of a fluorine atom and a fluorinated residue is nowadays highly demanded and still represents a challenging synthetic task. [START_REF] Kirk | Fluorination in Medicinal Chemistry: Methods, Strategies, and Recent Developments[END_REF] Recently, whereas a particular attention has been paid to the design of methodologies for the difluoromethylation of a variety of compounds considering the unique properties of the HCF2 residue, the FGCF2 groups remains underexplored. 5 Among them, the PhSO2CF2 group, which can be found in the structure of an analog of Fluconazole, [START_REF] Eto | New Antifungal 1, 2, 4-Triazoles with Difluoro(substituted sulfonyl)methyl Moiety[END_REF] has emerged as an interesting fluorinated residue as it can be readily converted into the difluoromethyl (HCF2), the difluoromethylene (-CF2-) and the difluoromethylidene (=CF2) moieties. [START_REF] Prakash | Selective fluoroalkylations with fluorinated sulfones, sulfoxides, and sulfides[END_REF] Among the different approaches to synthesize PhSO2CF2containing molecules, transformations involving the use of nucleophilic sources or radical processes have been generally developed. [START_REF] Prakash | Selective fluoroalkylations with fluorinated sulfones, sulfoxides, and sulfides[END_REF] In contrast, electrophilic sources used to be restricted to the reagents of Hu 8a-c and Shibata. 8d Indeed, an hypervalent iodine reagent was synthesized by the group of Hu and successfully applied for the functionalization of thiol derivatives and in copper-catalyzed allylic and vinylic (phenylsulfonyl)difluoromethylation reactions. 8a-c Moreover, thanks to the sulfonium-based phenylsulfonyldifluoromethyl electrophilic source designed by the group of Shibata, the functionalization of -ketoesters, -diketones and dicyanoalkylidenes was achieved. Aiming at developing a versatile tool towards the synthesis of PhSO2CF2-containing molecules, our group reported in 2021 a new bench-stable, air-and moisture-tolerant electrophilic source of PhSO2CF2 group. [START_REF] Nobile | C-H Electrophilic (phenylsulfonyl)difluoromethylation of (hetero)arenes with a newly designed reagent[END_REF] Worth mentioning that the synthesis of the S-([phenylsulfonyl]difluoromethyl)dibenzothiophenium I was achieved thanks to a metal-free protocol, which did not require ozone-depleting reagents. Its application as an electrophilic source considerably broadens the toolbox to access PhSO2CF2-containing derivatives including the construction of either C(sp 2 )-or C(sp 3 )-CF2SO2Ph bond. Moreover, anilines, phenols, (hetero)arenes, -ketoesters and a dicyanoalkylidene were also used as nucleophiles and in case of thiophenols, the synthesis of highly valuable PhSO2CF2S-containing compounds was possible. [START_REF] Nobile | C-H Electrophilic (phenylsulfonyl)difluoromethylation of (hetero)arenes with a newly designed reagent[END_REF] Considering that the reagent I could be used to provide original PhSO2CF2-containing active pharmaceutical ingredients and various molecules of interest for agrochemicals and materials science, the process for its scale-up synthesis (more than 40 gram-scale) was studied and will be depicted. Moreover, the synthesis of two analogs of the reagent I (namely, sources II and III), will be reported along with differential scanning calorimetry (DSC) measurements to show the stability of these synthesized reagents and one key intermediate. Finally, the total cost for the multigram synthesis of the reagent I will be discussed.

RESULTS AND DISCUSSION

The preparation of the reagent I started with the synthesis of the sulfane 2 (Scheme 1). This latter was obtained after the (phenylsulfonyl)difluoromethylation of the disulfide 1 with PhSO2CF2H under basic conditions. Then, the compound 2 was selectively oxidized by mCPBA to afford the sulfoxide 3, which was directly treated without any purification with triflic anhydride to provide the desired dibenzothiophenium salt I. Two analogs of the electrophilic reagent I were then easily obtained by changing the counter anion from -OTf (I) to -BF4 (reagent II) and -PF6 (reagent III).

Each step of the synthesis will be carefully described.

Scheme 1. Preparation of the reagent I and its analogs II and III Synthesis of the ((difluoromethyl)sulfanyl)benzene 2. Both 1 and PhSO2CF2H being rather expensive chemicals (> 2500 €/g for 1), [START_REF]Price was obtained from Aurora Fine Chemicals[END_REF] we decided to perform their synthesis following a foursteps procedure for 1 and a two-steps sequence for PhSO2CF2H to minimize the global cost of the large-scale synthesis of I (see Supporting Information for more details). These two starting materials have been easily obtained on a multigram scale and have been used without any purification step. The disulfide 1 and PhSO2CF2H were simply mixed together (Scheme 2) in anhydrous DMF at room temperature (21 °C). Then, a solution of tBuOK in anhydrous DMF was added to furnish the desired sulfane 2. This latter was smoothly synthesized from 1.4 g to 33.8 g (Table 1), although the yield decreased by increasing the scale of the reaction. When the reaction was carried out on 80 g of 1 (Table 1, entry 3), the reaction was followed by 19 F NMR and it appeared that after 2 hours, no remaining starting material was detected. The desired product 2 had to be purified from an unknown by-product, which had a deleterious impact on the next oxidation step. Note that this purification step was the only one needed for the whole synthesis of I.

Moreover, whatever the scale of the reaction, the reaction mixture remained homogenous and mechanical stirring was not required. 

Scheme 2. Synthesis of

Synthesis of 2-([(phenylsulfonyl)difluoromethyl]sulfinyl)-1,1'-biphenyl (sulfoxide 3).

The selective oxidation of 2 with mCPBA afforded the sulfoxide 3 at 21°C (Scheme 3). After a careful addition of the oxidant into a solution of 2 in dichloromethane at 0 °C, the reaction mixture was stirred at 21 °C for 24 h allowing full conversion of 2 into the product 3 (Scheme 3). Pleasingly, the synthesis of 3 has been smoothly scaled up from 1 g (90% yield) to more than 35 g (quantitative yield, Table 2), showcasing the robustness of the transformation. Moreover, the practicability of the reaction was further demonstrated since the reaction mixture remained homogenous during the reaction (even on 35 gram scale) and no mechanical stirring was required. To get a better overview of this oxidation step, which would be of high interest for potential industrial applications, a monitoring of the conversion of 2 was achieved. Interestingly, upon these reaction conditions, 2 was selectively converted into the compound 3 as a single product in an efficient manner (Figure 1) and reached 94% conversion after 8.5 h and 99% after 23 h (Table 3). It is noteworthy to mention that the desired compound 3 was directly engaged in the next step without any further purification even after 8.5 h of reaction as only traces of 2 remained (about 6%). Considering the large scale of which this oxidation step was conducted, the stability of the sulfoxide 3 was evaluated by differential scanning calorimetry (DSC). The DSC studies showed a melting point for 3 around 69 °C. The DSC profile of 3 offered a high decomposition energy (846.7 J/g) with a peak very distant from the melting point. The decomposition temperature is about 163 °C (Figure 2), which is far from the reaction temperature used in the oxidation step. was magnetically stirred for only 20 minutes and the solvent was then completely removed to obtain a brown oil (Figure 3a). The later was dissolved in a minimum of dichloromethane and diethyl ether was carefully added until all the oil turned out to an off-white solid (Figure 3b). The solvent was removed with a syringe (Figure 3c) and the resulting product was dried under vacuum to afford I as a pale-yellow powder without any further purification step (Figure 3d). The DSC Analysis. 11 As these electrophilic sources (I, II and III) are planned to be used on a large scale, their stability is a key parameter to be taken in consideration. Therefore, the thermal stability of these three final products was also analyzed by DSC analysis (Figures 4 to 6). The compounds I, II and III show an exothermic decomposition phenomenon close to the melting temperature, i.e.

around 123 °C for I, 159 °C for II and 184 °C for III. In the case of I, there is clearly a succession of decomposition reactions (about 4) with a cumulative energy of 442.6 J/g (Figure 4). The thermal decomposition of II occurs in two stages: a first complex peak with an energy of 208 J/g and a second peak at 233 °C with an energy of 139.1 J/g (Figure 5). Finally, the decomposition of III is characterized by a single exothermic peak with an energy of 218.5 J/g (Figure 6). In all cases, these analyses show that the decomposition of this family of products occurs at temperatures well above those used for their synthesis and for the reactions for which these reagents have been developed. Financial Estimation for the Synthesis of I. The cost of production of 42.9 g of product I was finally estimated. To do so, due to the high commercial prices of 1 and PhSO2CF2H, we considered the cost of their synthesis in our laboratory. The solvents used for the reactions, the extractions or the purification step as well as silica have been considered (see details in Table 5). Note that the cost related to the manpower was not taken in consideration. Production of 1 g of I is fairly reasonable (only 10.63 €) and the synthesis of almost 43 grams of I cost about 456 €. 

CONCLUSION

The synthesis of I has been performed on a about 43 gram-scale in a three steps/one purification procedure with a 38% global yield, without the use of metal or ozone-depleting reagents and in a reasonable price. Note that the reagent I was obtained in 46% overall yield on a 48 mmol scale.

The compound I was found to be air-and moisture tolerant. DSC analyses performed on each final products and the key intermediate sulfoxide 3 showed a good stability of the compounds, making us confident for their synthesis/use on a large scale. Due to the technical limitations of our laboratory, the synthesis of the source I has been carried out on 216 mmol scale but we do believe that the synthesis can be achieved on an even industrial scale. Thus, the easy and practical access to these reagents will ensure their applications in a large variety of transformations and we hope that they will be of high interest for the scientific community.

EXPERIMENTAL SECTION

2-([(Phenylsulfonyl

)difluoromethyl]sulfanyl)-1,1'-biphenyl 2. In an oven-dried 2 L roundbottom flask equipped with a magnetic stir bar and purged with argon was added bis([1,1'biphenyl]-2-yl)disulfide 1 (80.03 g, 216 mmol, 1.0 equiv.), DMF (250 mL) and ((difluoromethyl)sulfonyl)benzene (41.51 g, 216 mmol, 1.0 equiv.). A solution of tBuOK (36.36 g, 324 mmol, 1.5 equiv.) in DMF (250 mL) was then added to the reaction mixture, which was stirred at 21 °C for 2 h. The resulting mixture was then quenched with ice-cold water (1 L) and extracted with Et2O (3 × 1 L). The combined organic layers were washed with a saturated NH4Cl aqueous solution (1 L), water (4 × 1 L), dried with MgSO4 and filtered. The solvent was removed under reduced pressure to get a yellow solid. The residue was purified by silica gel flash column chromatography (height 24 cm, width 8 cm) by dry loading and eluting with petroleum ether/dichloromethane (from 100:0 to 30:70). 2 was obtained as a pale yellow amorphous solid (33.84 g, 42%). 140.1, 138.2, 135.3, 132.2, 131.2, 130.9, 130.7, 129.7, 129.2, 128.1 (t, J = 326.2 Hz), 128.1, 127.8, 127.4, 122.0 (t, J = 1.5 Hz). IR (neat, cm -1 ) : 3059, 2962, 1446, 1347, 1345, 1260, 1170, 1090, 1068, 902, 750. HRMS (ESI + ) calcd for C19H18NO2F2S2 m/z 394.0747 [M+NH4] + , Found 394.0743 ( = -1.0 ppm).

2-([(Phenylsulfonyl

)difluoromethyl]sulfinyl)-1,1'-biphenyl 3. In an oven-dried 1 L roundbottom flask equipped with a magnetic stir bar and purged with argon was charged with 2-([(phenylsulfonyl)difluoromethyl]sulfanyl)-1,1'-biphenyl 2 (33.84 g, 89.9 mmol, 1.0 equiv.) and CH2Cl2 (300 mL). The resulting mixture was cooled to 0 °C and mCPBA (74% purity) (23.90 g, 102.5 mmol, 1.14 equiv.) was added portionwise. The suspension was allowed to warm up to 21 °C and was stirred for 24 h. A saturated Na2SO3 aqueous solution (600 mL) was added to quench the reaction and the resulting solution was then extracted with CH2Cl2 (3 × 600 mL). The combined organic layers were dried over MgSO4 and the solvent was removed under reduced pressure. The crude sulfoxide 3 (35.28 g, quant.) was used without purification for the next step. 6, 143.5, 136.8, 136.0, 134.4, 133.2, 132.5, 130.9, 130.6, 129.5, 128.4, 128.4, 128.3, 127.0, 123.5 (dd, J = 354.8, 347.3 Hz). IR and CH2Cl2 (200 mL). The resulting mixture was cooled to 0 °C and Tf2O (15.20 mL, 89.9 mmol, 1.0 equiv.) was added dropwise. The mixture was allowed to warm up to 21 °C and was stirred for 20 min. The solvent was removed under reduced pressure and the resulting brown oil was dissolved in a minimum of CH2Cl2 (ca. 100 mL). Then, Et2O (ca. 400 mL) was carefully added until all the brown oil has turned to an off-white solid. The solvent was removed with a syringe or by filtration through a sintered glass funnel and fresh cold Et2O was added to wash the solid and removed using the same technique. The resulting product was dried under vacuum to afford I as a pale-yellow solid (42.90 g, 91% 9, 138.3, 136.4, 131.6, 131.3, 131.3, 130.6, 129.3, 126.1 (t, J = 360.1 Hz), 124.9, 121.8, 120.5 (q, J = 320.9 Hz). IR (neat, cm 

Dibenzo[b,d]-5-[(phenylsulfonyl)difluoromethyl]-5H-thiophen-5-ium tetrafluoroborate II.

Dibenzo [b,d]-5-[(phenylsulfonyl)difluoromethyl]-5H-thiophen-5-ium triflate I (1.0 g, 1.9 mmol, 1.0 equiv.) was dissolved in CH2Cl2 (50 mL). The resulting mixture was washed with a saturated NaBF4 aqueous solution (5 × 50 mL). Then, the organic phase was dried over MgSO4 and the solvent was removed under reduced pressure to afford II as a yellow solid (861 mg, 98% 6, 137.5, 132.9, 132.3, 132.2, 131.9, 130.5, 126.8 (t, J = 357.1 Hz), 126.1, 123.6. IR (neat, cm -1 ) : 3095, 1449, 1361, 1190, 1137, 1060, 764, 717. HRMS (ESI + ) calcd for C19H13O2F2S2 m/z 375.0325 [M-BF4] + , Found 375.0335 ( = 2.7 ppm).

Dibenzo [b,d]-5-[(phenylsulfonyl)difluoromethyl]-5H-thiophen-5-ium hexafluorophosphate III. Dibenzo [b,d]-5-[(phenylsulfonyl)difluoromethyl]-5H-thiophen-5-ium triflate I (1.0 g, 1.9 mmol, 1.0 equiv.) was dissolved in CH2Cl2 (50 mL). The resulting mixture was washed with a saturated KPF6 aqueous solution (3 × 50 mL). Then, the organic phase was dried over Na2SO4 and the solvent was removed under reduced pressure to afford III as a yellow solid (898 mg, 90% 3, 139.7, 137.6, 133.0, 132.3, 132.2, 132.0, 130.5, 126.9 (t, J = 358.6 Hz), 126.2, 123.7. IR (neat, cm -1 ) : 1449, 1374, 1179, 1120, 762, 717. HRMS (ESI + ) calcd for C19H13O2F2S2 m/z 375.0325 [M-PF6] + , Found 375.0322 ( = -0.8 ppm).
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 43 Scheme 4. Synthesis of I.
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 45 Figure 4. DSC analysis of the product I.
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 6 Figure 6. DSC analysis of the product III.

  mp: 78 -80 °C. Rf (in petroleum ether/dichloromethane = 70:30): 0.35. 1 H NMR (300.1 MHz, CDCl3) δ 7.76 -7.66 (m, 3H), 7.61 -7.53 (m, 1H), 7.43 -7.33 (m, 3H), 7.31 -7.21 (m, 5H), 7.21 -7.13 (m, 2H). 19 F NMR (282.4 MHz, CDCl3) δ -78.3 (s). 13 C NMR (75.5 MHz, CDCl3) δ 148.5,

  mp: 92 -94 °C. Rf (in petroleum ether/dichloromethane = 70:30): 0.19. 1 H NMR (300.1 MHz, CDCl3) δ 8.20 -8.12 (m, 1H), 7.95 -7.88 (m, 2H), 7.80 -7.71 (m, 1H), 7.69 -7.51 (m, 4H), 7.45 -7.37 (m, 4H), 7.35 -7.27 (m, 2H). 19 F NMR (282.4 MHz, CDCl3) δ -97.5 (d, J = 203.3 Hz, 1F), -113.2 (d, J = 203.3 Hz, 1F). 13 C NMR (75.5 MHz, CDCl3) δ 143.

(

  neat, cm -1 ) :1452, 1354, 1120, 1088, 755, 699. HRMS (ESI + ) calcd for C19H15O3F2S2 m/z 393.0431 [M+H] + , Found 393.0435 ( = 1.0 ppm).Dibenzo[b,d]-5-[(phenylsulfonyl)difluoromethyl]-5H-thiophen-5-ium triflate I.In an ovendried 1L round-bottom flask equipped with a magnetic stir bar and purged with argon was charged with 2-([(phenylsulfonyl)difluoromethyl]sulfinyl)-1,1'-biphenyl 3 (35.28 g, 89.9 mmol, 1.0 equiv.)

  

2 Table 1 .

 21 Multigram Synthesis of 2

	Entry	1	PhSO2CF2H	tBuOK	DMF	2	Isolated yield
	1	1.85 g	0.99 g	0.84 g	10 mL	1.40 g	74%
	2	18.00 g	9.34 g	8.20 g	150 mL	9.81 g	54%
	3 a	80.03 g	41.51 g	36.36 g	500 mL	33.84 g	42%
	a 2 h instead of 16 h.					

Scheme 3. Synthesis of 3Table 2 .

 2 Multigram Synthesis of 3

	Figure 1. Conversion of 2 into the compound 3.		
	Entry	2	mCPBA	CH2Cl2	3	Isolated yield
	1 a	1.09 g	0.77 g	20 mL	1.03 g	90%
	2 b	9.81 g	6.93 g	100 mL	10.24 g	99%
	3 b	33.84 g	23.90 g	300 mL	35.28 g	99%

Table 3 .

 3 Conversion of 2 vs time. a

	Entry	Time	Conversion	Entry	Time	Conversion
	1	30 min	45%	4	4 h	86%
	2	1 h	62%	5	8.5 h	94%
	3	2 h	73%	6	23 h	99%
	a Reaction performed on 1.33 mmol scale. Conversions determined by 19 F NMR.	

Table 4 .

 4 Multigram Synthesis of I. Finally, from the reagent I, two new PhSO2CF2-containing sources (II and III) were easily obtained on a one-gram scale in excellent yields (98% and 90%, respectively) by switching the counter anion after washing I with either a saturated aqueous solution of sodium tetrafluoroborate or a saturated aqueous solution of sodium hexafluorophosphate (Scheme 5).

	Entry	3	Tf2O	CH2Cl2	I	Isolated yield
	1	1.02 g	0.44 mL	20 mL	1.03 g	76%
	2	10.20 g	4.40 mL	80 mL	11.96 g	87%
	3	35.28 g	15.20 mL	200 mL	42.90 g	91%

Scheme 5. Synthesis of II and III.

Table 5 .

 5 Financial Estimation for the Synthesis of I.

	Reagent	Chemicals Cost a	Quantity	Cost (€)
	Disulfide 1 b	1.53 €/1 g	80.03 g	122.44
	PhSO2CF2H b	4.57 €/1 g	41.51 g	189.7
	tBuOK	130.0 €/500 g	36.36 g	9.45
	mCPBA	235.2 €/500 g	23.9 g	11.24
	Tf2O	106.14 €/250 g	26.0 g	11.04
	DMF	57.93 €/1 L	500 mL	28.96
	Et2O			
	Extraction	13.74 €/2.5 L	3.0 L	16.49
	Purification		600 mL	3.29
	Petroleum ether	10.25 €/5 L	11.4 L	23.37
	CH2Cl2			
	Reaction Purification	13.0 €/2.5 L	500 mL 4.3 L	2.60 22.36
	Extraction		1.8 L	9.36
	Silica	12.02 €/1 kg	493 g	5.92
	a Prices negotiated with chemical suppliers.	Total per 42.9 g	456.22 €
			Total per 1 g	10.63 €

b 

See details in the Supporting Information.

  MHz, (CD3)2CO) δ 8.71 -8.64 (m, 2H), 8.63 -8.56 (m, 2H), 8.23 -8.08 (m, 5H), 8.03 -7.87 (m, 4H). 19 F NMR (282.4 MHz, (CD3)2CO) δ -82.1 (s, 2F), -150.1 (s, 1F), -150.1 (s, 3F). 13 C NMR (75.5 MHz, (CD3)2CO) δ 143.2, 139.

). mp: 171 -173 °C. 1 H NMR (300.1

  ). mp: 165 -167 °C. 1 H NMR (300.1 MHz, (CD3)2CO) δ 8.71 -8.64 (m, 2H), 8.62 -8.55 (m, 2H), 8.24 -8.08 (m, 5H), 8.04 -7.88 (m, 4H). 19 F NMR (282.4 MHz, (CD3)2CO) δ -70.2 (s, 3F), -72.7 (s, 3F), -82.1 (s, 2F). 13 C NMR (75.5 MHz, (CD3)2CO) δ 143.

H,19 F and 13 C NMR spectra of each compound, synthesis, characterization and financial estimation for the compounds 1 and PhSO2CF2H and the crystallographic data of I (PDF)
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