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The reduction of epoxides is a powerful tool to access anti-Markovnikov alcohols, but reported methods are poorly compatible with strongly electronically deactivated substrates. Here, we describe a general method for the linear-selective reduction of styryl oxides incorporating strong electron-withdrawing groups. The method remains compatible with more traditional epoxide motifs, such as aliphatic and electron-rich styrene oxides. Other (hetero)cycles such as oxetanes, tetrahydrofurans, aziridines and cyclopropanes can also be reductively opened. This user-friendly reaction relies on the combination of a Brønsted acid catalyst and hexafluoroisopropanol as a solvent and thus, in contrast to existing epoxide reduction methods, does not require anhydrous reagents or an inert atmosphere. The generated primary alcohols can be conveniently functionalized in situ by a dehydrative Friedel-Crafts arylation without pre-activation.

 Notwithstanding their undeniable utility and wide scope, these methods suffer either from regioselectivity issues or from functional group tolerance. To circumvent those issues, the direct hydration of alkenes has been described, 5 featuring, for instance, triple relay catalysis, 6 visible-light-mediated protocols, 7 and metal-oxo enzymes. 8 However, these methods are mostly limited to terminal styrene oxides.

 Although the overall reaction scope of these methods was broad, neither were reported to be compatible with highly deactivated styrene oxides bearing a electron-withdrawing group stronger than a trifluoromethyl 18 nor to reduce (hetero)cycles beyond epoxides. Lambert's method operates under mild conditions (ambient temperature and pressure), but regiocontrol is incomplete in the case of aliphatic epoxides. Recently, an elegant and mild Scheme 1. Approaches toward the synthesis of primary aliphatic alcohols.

 However, this method only provided moderate yields (41-51%) for deactivated styrene oxides, while aliphatic epoxides exclusively led to Markovnikov alcohols. In summary, while several protocols have been developed, each with their own

advantages and limitations, a general and user-friendly method for epoxide reduction is still missing.

In hexafluoroisopropanol (HFIP), a solvent known for its Hbond donating ability, 20 the strength of catalytic Brønsted acids is drastically increased, rendering electronically deactivated substrates more reactive. 21 We recently reported an efficient, practical, and broadly applicable Friedel-Crafts arylation of epoxides, including highly deactivated styrene oxides, using catalytic triflic acid (TfOH) in HFIP. [START_REF] Zhang | Unlocking the Friedel-Crafts Arylation of Primary Aliphatic Alcohols and Epoxides Driven by Hexafluoroisopropanol[END_REF][START_REF] Li | J. Friedel-Crafts Alkylation of Arenes with Epoxides Promoted by Fluorinated Alcohols or Water[END_REF] The formed alcohols could undergo a second arylation to access diaryl-and triarylalkanes without pre-activation, [START_REF] Li | Electrochemically Enabled, Nickel-Catalyzed Dehydroxylative Cross-Coupling of Alcohols with Aryl Halides[END_REF] although this is less efficient when two different nucleophiles were employed. Herein, we demonstrate that this simple catalytic system can be applied to the reduction of epoxides, including electronically deactivated substrates, to rapidly afford the corresponding anti-Markovnikov alcohols at room temperature (Scheme 1C). This practical transformation exhibits broad functional group tolerance, notably towards strong electron-withdrawing groups, and can also be applied to the reductive ring-opening of other (hetero)cycles, such as oxetanes, cyclopropanes and aziridines. Moreover, by coupling epoxide reduction to Friedel-Crafts reactions in the same pot, this work overcomes existing limitations in the dehydrodiarylation of epoxides.

Our optimization studies started with para-nitrostyrene oxide 1a as a model substrate using TfOH as a catalyst (5 mol%) in HFIP (0.2 M) as a solvent (Table 1, see also the Supporting Information for full details). Triethylsilane (Et3SiH) was initially chosen as a hydrogen donor due to its compatibility with HFIP in hydrosilylation reactions [START_REF] Zhan | Chemoselective Hydrosilylation of the α,β-Site Double Bond in α,β-and α,β,γ,δ-Unsaturated Ketones Catalyzed by Macrosteric Borane Promoted by Hexafluoro-2propanol[END_REF] and, more generally, in acidic media. 26 Using an excess of Et3SiH (2 equiv), the target product 2a was obtained in 86% yield within 30 minutes at ambient temperature (entry 1). Other hydrogen donors such as H2 and pinacol borane (HBPin) were tested but did not generate 2a (entries 2 and 3). The catalyst loading could be reduced to 1 mol% or even 0.1 mol% without any drop in yields (entries 4 and 5). However, at 0.1 mol% loading, a prolonged reaction time (2 h) was required to fully convert the silyl-protected intermediate into 2a. Increasing the concentration proved to be detrimental to the yields (entries 6 and 7). The combination of 1 mol% TfOH and 1.5 equiv. of Et3SiH was optimal in terms of efficacy (91%) and reaction time (30 min) (entry 8). Of note, the reaction was accomplished on a larger scale (7.5 mmol) to deliver 2a in 88% yield (1.1 g). [START_REF]Of note, regarding reactions on large scale, HFIP can be simply recovered by distillation, offsetting[END_REF] Common solvents (CH2Cl2, MeNO2 and toluene) and O-methyl hexafluoroisopropanol (HFIPMe) were also examined but did not provide 2a in synthetically useful yields (entries 9-12), highlighting the critical role of HFIP in this reaction. Lastly, a control experiment was performed in the absence of TfOH and no product was observed (entry 13). With optimized conditions in hand, we explored the scope of the reaction using a large variety of epoxides (Scheme 2). Monosubstituted styrene oxides were smoothly converted into the target primary aliphatic alcohols in high yields (up to 91%).

In particular, the reaction was compatible with highly electronically deactivated styrene oxides containing perfluoro, trifluoromethyl, cyano, amide, ester, and ketone groups. In the latter case, a product resulting from the reduction of the ketone in the alkane was nonetheless observed in 20% yield. The transformation was also extended to aliphatic epoxides to provide the anti-Markovnikov alcohols in good yields (51-91%). In a limited number of cases (2s and 2t), some amounts of Markovnikov alcohols were detected. On the other hand, one limitation of our method concerns the reactivity of glycidyl ether derivatives, whose reduction led mainly to the branched alcohol (2u). This might be explained by the coordination of the promoter system to both oxygen functionalities, favoring the direct addition of the silane to the epoxide at the less sterically hindered position. The reaction was also compatible with 1,1disubstituted epoxides (aryl-alkyl and alkyl-alkyl substituents) to exclusively afford primary alcohols in yields up to 92% (2v-2ai). The methodology was successfully applied to derivatives of bioactive molecules such as pentoxifylline (2ah, 65%) and rotenone (2ai, 57%). 1,2-Disubstituted and 1,1,2-trisubstitued epoxides were amenable to this process to provide the corresponding secondary alcohols in 55-85% yields (2aj-2an).

During those investigations, we noticed, the formation of a side product resulting from a 1,2-Me shift, which was directly correlated to the substitution pattern of the styrene oxide. This type of rearrangement could be suppressed with less electrondeficient 1-phenylpropylene oxide (2am) as well Scheme 2. Scope of the reaction.

a TfOH (20 mol%) and Et3SiH (3 equiv). b Yield determined by 1 H NMR using mesitylene as an external standard. as with trisubstituted epoxides (2an). Moving beyond epoxides, the method served as a rare metal-free protocol for the reduction of related but underdeveloped aryl-substituted (hetero)cycles such as oxetanes (2q), 19,28 tetrahydrofurans (5), 19,29 aziridines (7), [START_REF] Chandrasekhar | Reductive Opening of Aziridines with Polymethylhydrosiloxane[END_REF] and cyclopropanes (9), 31 generating the corresponding ring-opening products in high yields (80-98%). Since primary alcohols were successfully produced with our strategy and based on our previous work on the Friedel-Crafts arylation of primary aliphatic alcohols, [START_REF] Zhang | Unlocking the Friedel-Crafts Arylation of Primary Aliphatic Alcohols and Epoxides Driven by Hexafluoroisopropanol[END_REF] we next examined a one pot method for the reductive ring-opening arylation of epoxides (Scheme 3). Due to the importance of the 1,1,2-triarylethane and 1,2-diarylalkane motifs in life sciences, [START_REF] Tolstoy | Iridium-Catalyzed Asymmetric Hydrogenation Yielding Chiral Diarylmethines with Weakly Coordinating or Noncoordinating Substituents[END_REF] the reactivity of 1,1-disubstituted epoxides was initially studied using p-xylene as an arene nucleophile for the second step. First, the reaction was conducted under the conditions designed for the reductive ring-opening. After the reaction was completed, 10 mol% TfOH and 5 equivalents of p-xylene were added to the reaction mixture, which was typically heated to 80 °C for 48 h. The target products were thus obtained in 59 to 94% yields (10a-10f) via a phenonium ion intermediate. The formation of regioisomers was observed as the nucleophile can attack at either the internal (major product) or the terminal position (minor product) of the phenonium ion intermediate. The major advantage of this reaction sequence is that it overcomes the limitations encountered with our previous work on the dehydrodiarylation of epoxides, where yields were modest, or even low in the case of aliphatic epoxides, when two different nucleophiles were used. The reaction was also found to be compatible with mono-substituted styryl oxides, giving access to the corresponding products 11a-11c in good yields (50-73%). Lastly, we demonstrated that an intramolecular Friedel-Crafts alkylation could be accomplished following the reduction of epoxide 12, affording tetrahydronaphthalene 13 in 62% yield.

We then investigated the mechanism of this transformation (Scheme 4). Based on the reactivity of epoxides with Brønsted acids, 33 we hypothesized that deactivated styrene oxide 1a is first protonated by TfOH, whose acidity is augmented through its coordination to HFIP. This increase in acidity promotes the Meinwald rearrangement of the epoxide to the corresponding aldehyde 14. This aldehyde would be further reduced by the silane to access silyl ether 15, which would be deprotected in situ to deliver phenylethanol 2a under our acidic reaction conditions. A series of experiments was carried out to evaluate this proposal (Scheme 5B). In the absence of triethylsilane, aldehyde 14 was obtained as sole product in 81% yield (Eq. 1). When subjected to our standard conditions, 14 yielded the target alcohol 2a (Eq. 2). Of note, the reduction step did not work without TfOH, showing its importance for each step. The reaction in the presence of deuterated triethylsilane (Et3SiD) furnished the corresponding product [D]-2a, which is consistent with aldehyde 14 being a crucial intermediate (Eq. 3). Lowering the loading of TfOH to 0.1 mol% allowed us to observe the formation of silyl ether 15 in a 1:1 mixture with 2a after 30 min before it fully converted into 2a after 2 h (Eq. 4). The reaction was also performed with other representative epoxides (electron-rich styrene oxide, 1,1-disubstituted epoxide and mono-substituted alkyl epoxide) in the presence of Et3SiD to evaluate whether the substitution pattern has an influence on the reaction pathway (Scheme 5.C). In the case of 1q and 1ae, the reaction led to similar results as 1a (Eq. 5 and Eq.6), which is consistent with a Meinwald rearrangement. On the other hand, in the case of electron-rich styrene oxide (1o), deuteration was observed at the benzylic position ([D]-2o), suggesting that the stabilized carbocation intermediate underwent a direct reduction. In parallel, we conducted a similar experiment with oxetane 3, tetrahydrofuran 4 and Scheme 3. One pot sequential reductive ring-opening of epoxides/Friedel-Crafts arylation reaction a Yield determined by 1 H NMR using mesitylene as an external standard.

Scheme 4. Mechanistic investigations aziridine 6. In the case of 4 and 6, we observed deuteration exclusively at the benzylic position, in the same vein as with 1o.

In turn, a mixture of several products was obtained with 3, making it difficult to identify a clear mechanism. Lastly, to determine whether the Meinwald rearrangement occurred through a concerted mechanism or a carbocation, we compared the reactivity of diasteromeric derivatives of (+)-isopulegol (Eq. 10 and Eq. 11). In both cases, 3,6-dimethyloctahydrobenzofuran 17, resulting from the cyclization of the reaction intermediate, was obtained with a similar dr, consistent with the formation of a carbocation during the first step of the Meinwald rearrangement.

In conclusion, we have developed a practical strategy to selectively access anti-Markovnikov alcohols via a reductive ring-opening of epoxides. The mechanistic studies suggest an isomerization/hydrosilylation process promoted by the association of TfOH/HFIP in the presence of triethylsilane. This transformation occurs under mild conditions and exhibits a broad substrate scope, including aryl epoxides containing strong electron-withdrawing groups and derivatives of bioactive molecules. In addition, the reaction was extended to oxetane, tetrahydrofuran, aziridine and cyclopropane as electrophiles.

Finally, a one-pot epoxide reduction/dehydroarylation sequence was disclosed, leading to the rapid preparation of complex arylated products.

Table 1 .

 1 Optimization of reaction conditions for the formation of phenylethanol 2a.

	Entry Variation from standard conditions a	Yield (%)
	1	none	86
	2	H2 (20 bar) instead of Et3SiH	-
	3	HBPin instead of Et3SiH	-
	4	1 mol% of TfOH instead of 5 mol%	83

a Reactions performed in a sealed tube. b 2 h reaction time. c 7.5 mmol scale.
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