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Chloé Batisse, Armen Panossian, Gilles Hanquet* and Frédéric R. Leroux* A new methodology to access enantiopure α,α-difluoromethyl alcohols is hereby being described. The strategy relies on the use of an enantiopure aryl α,α-difluoromethyl sulfoxide employed as chiral and removable auxiliary for the stereoselective difluoromethylation of carbonyl derivatives. The obtained α,αdifluoro-β-hydroxysulfoxides displayed unprecedented diastereomeric ratios.

Whether it be in the field of pharmaceutical, agrochemical, polymer or electronics research, fluorine plays an increasingly important role in our daily lives. 1 This is illustrated by more than 200 pharmaceuticals and 155 agrochemicals currently commercialised containing at least one fluorine atom. 2 The current interest for this element can be explained by the fact that the presence of fluorine atoms or fluorinated groups in bioactive molecules can deeply modify their physical, chemical and biological properties. 3 Several methods describing the introduction of fluorinated moieties have therefore been reported in the literature so far. 4 However, the synthesis of highly enantioenriched fluorinated molecules remains a huge challenge for organic chemists. In contrast to enantioselective fluorination or trifluoromethylation, the stereoselective introduction of a difluoromethyl group is in its infancy. 5 Yet, compared to the other currently used fluorinated moieties, the more recent -CHF2 group provides additional advantages 6 making it a lipophilic bioisostere of hydroxyl, thiol and amine groups. 3 Recently, Lippard and his co-workers underlined that, besides altering the metabolic stability and acidity of a molecule, the -CHF2 moiety can be considered as a good hydrogen bond donor influencing intramolecular interactions and conformational preference. 7 As far as enantioenriched α,α-difluoromethyl alcohols are concerned, their synthesis has not been widely explored yet. They can be accessed through bio-or organometallic-catalysed reduction of the corresponding α,α-difluoro ketones, 8 through pallado-catalysed reductive coupling 9 or even by using enantioselective difluoromethylation involving naked CHF2 - anion surrogates in presence of different chiral quaternary ammonium salts, 5 among others. 10 Even though such methods sometimes give access to high enantioselectivities, their major drawback lies in their usually high substrate-dependence. Inspired by these results and by the need for overcoming this impactful substrate dependence, the use of a chiral equivalent of the difluoromethyl anion was considered to synthesise such α,α-difluoromethyl alcohols. Due to our interest in the chemistry of sulfoxides and their versatile properties, 11 an enantiopure aryl α,α-difluoromethyl sulfoxide was proposed as a chiral reagent for the stereoselective difluoromethylation of carbonyl derivatives, leading to diastereo-and enantiopure α,α-difluoro-β-hydroxysulfoxides. This scaffold would afford, upon removal of the chiral auxiliary, highly enantioenriched α,α-difluoromethyl alcohols (Figure 1). Interestingly, the corresponding strategy starting from racemic α,αdifluoromethyl phenyl sulfoxide had already been validated by Hu, Prakash et al. 12 α,α-Difluoro-β-hydroxy sulfoxides were obtained in their case with excellent yields but limited diastereoselectivity (49:51 to 67:33 d.r.), as observed in the case of non-fluorinated β-hydroxysulfoxides, 13 and the strategy had not been extended to the use of enantiopure sulfoxides. Our group thus had to address both issues to ensure an efficient access to a series of highly enantioenriched α,αdifluoromethyl alcohols. To the best of our knowledge, only one method has been reported to synthesise enantiopure aryl α,α-difluoromethyl sulfoxides. Yagupolskii and his co-workers indeed prepared optically active α,α-difluoromethyl sulfoxide 3b with 98% e.e.. 14 However, due to the tedious multi-step sequence required which also showed low reproducibility and to ensure atom economy and time saving, it was decided to investigate for another efficient pathway to synthesise such enantiopure aryl α,α-difluoromethyl sulfoxides. A three-step process to access racemic sulfoxides 3a and 3b was first optimised to start addressing these issues (Scheme 1). Racemic sulfoxides are usually obtained through oxidation of the corresponding sulfides with, for instance, Selectfluor®, 15 or usually m-CPBA at low temperature. 16 It was decided, in our strategy, to use periodic acid in presence of a catalytic amount of iron trichloride at room temperature. This method, developed by Kim et al. on non-fluorinated compounds, 17 is a good alternative to other oxidants since it prevents the overoxidation into the corresponding sulfone. A combination of H2O2/TFA 18 could also lead to the expected sulfinyl acetates with good yields and without side products. Decarboxylation of acetate 2b was optimised under both thermal and microwave conditions. It allowed us to access the corresponding racemic α,α-difluoromethyl sulfoxides 3a and 3b under mild conditions. On the basis of existing methods by which enantiopure nonfluorinated sulfoxides are synthesised, 19 several attempts including enantioselective sulfoxidations or Reformatsky-type reactions were performed for the purpose of accessing enantiopure aryl α,αdifluoromethyl sulfoxides. These trials unfortunately turned out fruitless. However, as N-sulfinyloxazolidinones are known to be efficient chiral sulfinyl transfer reagents, 20 a Reformatsky-type reaction using ethyl bromodifluoroacetate and enantiopure sulfinyl oxazolidinone (R,R)-6 was carried out and allowed us to obtain the desired enantioenriched sulfinyl acetate (S)-2a with very satisfactory yield and enantioselectivity (resp. 77%, up to 97% e.e., Scheme 2). Enantioenriched α,α-difluoromethyl sulfoxide (S)-3a was then obtained through decarboxylation under microwave conditions without racemisation of the sulfoxide. It is noteworthy that a 90% e.e. batch of compound (S)-3a could be enriched up to 97% e.e. by crystallisation from Et2O allowing us to confirm its predicted configuration (see ESI for crystallographic structure).

Having the desired α,α-difluoromethyl sulfoxide in hand under racemic or highly enantioenriched forms, we first adapted Hu and Prakash's procedure 15 as starting point to determine the best conditions in terms of conversion and diastereoselectivity for the synthesis of α,α-difluoro-β-hydroxysulfoxides. Starting with racemic sulfoxide 3a and using two equivalents of t-BuOK, hydroxysulfoxide 7a was obtained with poor d.r. in either THF or DMF (resp. 40:60 and 53:47 d.r., Procedure A, Entries 1 and 2, Table 1). We could observe, by 19 F NMR, that the minor diastereomer switches to the major one by using THF as solvent instead of DMF. Another base was then employed for the generation of the (toluenesulfinyl)difluoromethyl anion, namely Schwesinger's base (P4t-Bu). This base has indeed already been successfully used to deprotonate fluoroform or difluoromethyl phenyl sulfide prior to addition onto electrophiles, without collapse of the fluoroalkyl anion into the corresponding fluorocarbenoid, usually observed upon use of alkaline or alkaline earth metal bases. 21 Moreover, using P4t-Bu would have additional advantages. In contrast to Li, K or Mg cations, the non-coordinating [P4t-Bu/H] + counterion would, on the one hand, render the difluoro(p-toluenesulfinyl)methyl anion more reactive, leading to an earlier transition state for the attack onto the carbonyl carbon. Accordingly, the latter would have a rather planar sp 2 -like geometry in the T.S., versus a more sp 3 -like tetrahedral geometry in the case of a late T.S., with the carbon substituents being more remote from the incoming nucleophile and exerting a less pronounced steric hindrance. Consequently, when using the superbase, one would expect a more efficient relay of the chiral information from the sulfoxide to the newly created stereocentre, and thus a possibly higher stereoselectivity of the reaction. Actually, such a positive effect of a phosphazene superbase on stereoselectivity was demonstrated by Solladié-Cavallo et al. in the reaction of related methyl sulfones with aldehydes. 22 On the other hand, one would expect, in the case of Li, K or Mg cations, a pre-coordination of the carbonyl electrophile to the cation, leading to a cyclic 6membered T.S., thus establishing a preferred orientation of the electrophile with regard to the O-coordinated 23 sulfoxide anion.

With the non-coordinating [P4t-Bu/H] + ion, such a pre-association is not possible, and a different relative orientation of the dipoles of the nucleophile and of the carbonyl electrophile, hence a different stereoselectivity, could be expected. When P4t-Bu was introduced in the reaction mixture as a commercially available solution in hexane, the experiment carried out in THF as solvent afforded a promising d.r. of 84:16 (Procedure B, Entry 3, Table 1). Moreover, and to our delight, hydroxysulfoxide 7a was obtained with excellent selectivity (up to 99:1 d.r.) with 2 equiv. of P4t-Bu in hexane, when both sulfoxide and electrophile were solubilised in DMF (Procedure B, Entry 4, Table 1). However, subsequent tests in DMF afforded variable d.r. (between 55:45 and 99:1), presumably due to the formation of aggregates in the reaction mixture. In order to circumvent the solubility issues of commercial P4t-Bu in DMF, the superbase was solubilised in freshly distilled THF and added to the reagents dissolved in freshly distilled THF (Procedure C, Entry 5, Table 1). Reproducible diastereomeric ratios could be obtained in this way (99:1 d.r., Entry 5, Table 1). Conditions of Entry 5 were therefore chosen for further experiments. a Diastereomeric ratios were determined by 19 F NMR and confirmed by reversedphase HPLC -b Procedure A: potassium tert-butoxide was solubilised in the solvent of the reaction -c Procedure B: P4t-Bu was used as a commercially available solution in hexane -d Procedure C: P4t-Bu was added as a solution in freshly distilled THF. See ESI for more information.

A 19 F NMR monitoring of the reaction performed under such conditions (Entry 5, Table 1) showed an increasing d.r. over time (See ESI for additional information). We ascribe this outcome to a kinetic resolution, where one diastereoisomer of the intermediate alcoholate would preferably undergo an additional deprotonation by the superbase, with subsequent formal elimination of HF and formation of the corresponding mono fluorinated α-fluoro-β-ketosulfoxide, observed on NMR spectra of the crude mixtures (Scheme 3, see ESI for more details). It should be highlighted that such results were not observed in the case of LiHMDS or t-BuOK as bases, 15 which would concord with the insufficient basicity of the latter with regard to P4t-Bu for C-deprotonation of the carbinol.

A screening on different aromatic, heteroaromatic and aliphatic aldehydes and ketones was then performed using the optimised conditions (Figure 2). Interestingly, diastereoselectivities ranking from 69:31 to 99:1 were obtained for some compounds (7a, 7d-f, 7g, 7j and 7m). Although the crude 19 F NMR spectra showed good d.r., they also revealed the presence of the corresponding α-fluoroβ-ketosulfoxides 8, thus confirming that the obtention of better d.r. is related to the formation of these side products. Concerning the reactions of ketones as electrophiles, diastereoselectivities were low (7b and 7l, resp. 56:44 and 60:40 d.r.). This might be explained by the fact that the generated α,α-difluoro-β-hydroxysulfoxides cannot be deprotonated in α position, supporting our proposed mechanism. Moreover, the moderate yields associated to the good diastereoselectivities often further corroborate this assumption. The use of enantiopure α,α-difluoromethyl sulfoxide (S)-3a (97% e.e.) and benzaldehyde allowed us to obtain compound (SS)-7a with excellent selectivities (97:3 d.r., 97% e.e. of the major diastereomer, 43% yield, Scheme 4). It was finally possible to obtain α,α-difluoro-β-hydroxysulfone 9a by oxidising sulfoxide (SS)-7a with m-CPBA. According to the conditions described by Hu and co-workers, 10 highly enantioenriched difluoromethylated alcohols can be obtained with retention of configuration through desulfonylation of these α,α-difluoro-β-hydroxysulfones using magnesium metal in an acetate buffer (Scheme 4). 24 In conclusion, a new efficient stereoselective pathway to highly enantioenriched (97% e.e.) α,α-difluoromethyl sulfoxides by using N-sulfinyloxazolidinones has been developed. These sulfoxides can be employed as chiral difluoromethanide equivalents to synthesise highly enantioenriched α,α-difluoromethyl alcohols. We observed that the phosphazene superbase has a strong impact on the diastereomeric ratios of the α,α-difluoro-β-hydroxysulfoxides (up to 99:1 d.r.) formed through the condensation of the sulfoxide difluoromethyl anion onto different aldehydes. Further experiments are currently in progress to unravel the causes of such unprecedented diastereoselectivities. Alternately, using two equivalents of potassium tert-butoxide also provides the desired product, albeit with lower diastereoselectivity, but as a mixture of separable diastereomers, thereby allowing to overcome the expensive cost of the nevertheless recyclable phosphazene superbase. 
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 1 Figure 1. Methodology to access to α,α-difluoromethyl alcohols by means of an enantiopure α,α-difluoromethyl sulfoxide
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 1 Scheme 1. Synthesis of racemic α,α-difluoromethyl sulfoxides 3a and 3b
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 3 Scheme 3. Proposed mechanism to explain the good diastereoselectivities
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 2 Figure 2. Screening of different electrophiles
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 4 Scheme 4. Synthesis of β-hydroxysulfoxide (SS)-7a from enantiopure (S)difluoromethyl p-tolyl sulfoxide (S)-3a, oxidation and and stereo-retentive desulfonylation
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 1 Survey of reaction conditions

									O		
	R	SH	+	Br	O F F	O	NaH DMF 40 °C, 20-21 h	R	S F F	O		MeCN, 25 °C H5IO6, FeCl3 cat.,
								1a R = Me, 78% 1b R = Cl, 94%		50 h to 4 days
						O					O	O
						S	CHF2	LiCl, H2O,			S	O
				R		DMSO, 110 °C, 24 h or MW, NMP, 100 °C, 15 min	R	F F
					3a R = Me, 89%				2a R = Me, 95%
					3b R = Cl, 100%				2b R = Cl, 94%
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