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Introduction

The effects of fluorine in the design and synthesis of new bioactive compounds have been widely studied during the last two decades but still need to be explored and understood into deeper levels. [1] One example is the ability that the trifluoromethyl group has into creating a better bonding with Phe, Met, Leu and Tyr aminoacids compared to a methyl group. [2] This insight has the potential to design and increase the potency of a compound by replacing a methyl for a trifluoromethyl group. The trifluoromethyl group has emerged as an important functional group that can be found in biologically active compounds such as fluorinated quassinoid or trifluoromethylated amino acids. [3] The introduction of the trifluoromethyl group into carbocycles or heterocycles has also been of considerable interest because this moiety can importantly modify chemical and physical properties such as lipophilicity, solubility, pKa, stability, membrane permeability, and bioavailability of such compounds in diverse applications. As such, the fluorine properties of altering the physical and/or chemical characteristics of a molecule can be of interest to the organic chemist. By its electronic properties, fluorine stabilizes conformations that otherwise would not be energetically privileged. The fluorine gauche effect can be used to bring preordering of a reaction intermediate and thus boost the regio-or stereoinduction of a reaction. In this optic, the fluorine atom can be present either in the substrate or the catalyst and can lead to a dramatic improvement of the outcome of a transformation. [4] This important potential of fluorine in organic and medicinal chemistry has prompted us to pursue our investigations [5] and develop an environmentally-sound way to access enantioenriched trifluoromethyl-containing building blocks. As part of our ongoing studies aimed at developing an efficient access to oxygen and nitrogen containing fluorinated heterocycles, we recently reported the Ru-catalyzed synthesis of enantioenriched cis-3-fluorochroman-4-ols [6] and cis-3-fluoro-dihydroquinolin-4-ols derivatives [7] using asymmetric transfer hydrogenation/dynamic kinetic resolution (ATH/DKR). [START_REF] Noyori | For selected reviews on ATH/DKR see[END_REF][START_REF] Ros | For asymmetric (transfer) hydrogenation of fluorinated compounds[END_REF] We report here the ATH/DKR of α-CF3-substituted chromanones, tetralones and indanones derivatives to access the corresponding enantioenriched -CF3-substituted alcohols. Asymmetric transfer hydrogenation remains an atom-economical transformation that follows several of the green chemistry principles. [10] In this context, a key feature of our ATH/DKR process relies on the use of an easy-to-handle and air-stable complex that would operate under environmentally sound conditions. This aspect combined with the powerful gain of the creation of two controlled stereocenters, outlines the interest of the study.

Results and Discussion

With this goal in mind, we started our investigations by screening a series of catalysts in the asymmetric transfer hydrogenation of 3-(trifluoromethyl)chroman-4-one (1a) that was prepared from chromanone according to a reported procedure [11] (Table 1). The tests started by using 1 mol% of the commercially available ruthenium (II) catalysts (R,R)-RuCl(p-cymene)TsDPEN [12] (Table 1, catalyst A, entry 1) and (R,R)-TsDENEB [13] (Table 1, catalyst B, entry 2) along with the rhodium (III) complex (R,R)-C developed in our group [14] (Table 1, entry 3) in acetonitrile as solvent under mild conditions, at room temperature (25 °C) with a (1:1) mixture of formic acid and triethylamine as the hydrogen donor. Under these conditions, all catalysts gave the targeted product 2a with an excellent diastereoselectivity (99:1 dr). Pleasingly, complex C gave a full conversion after a reaction time of only 10 minutes whereas catalysts A and B led to much lower conversions under the same reaction conditions (Table 1, entries 1 and 2, respectively 20% and 18% conversions). Furthermore, besides the expected alcohol 2a, chromanone 3a resulting from detrifluoromethylation of 1a, and chromanol 4a were also identified as by-products (Table 1, entries 2 and3). Monitoring studies carried out using 1 H NMR showed that by-product 4a was formed through reduction of ketone 3a. As the Rh(III) complex C proved to be the most effective for the ATH of 1a, it was chosen for the remainder of the study. We next increased the substrate to catalyst ratio (S/C) to 200 (Table 1, entry 4). This did not affect the reaction time, however formation of by-product 4a was slightly increased. Willing to develop the reaction with a lower catalyst loading to minimize its environmental impact, we screened a series of solvents to determine one that prevented the byproducts formation. Conv [b] (Yield)(%) 2a:3a:4a [b] dr [b] ee [c] 1 1, entry 11) were tested. In all cases, a longer reaction time (60-180 minutes instead of 10 minutes) was needed to achieve complete conversion. Nevertheless, the formation of by-product 4a was completely prevented in dichloromethane, THF and 2-MeTHF. Of these three solvents, the greener 2-MeTHF was chosen for the asymmetric transfer hydrogenation. With these optimized conditions in hand, we next investigated the scope of the ATH/DKR of α-trifluoromethyl ketones with a series of α-CF3-substituted 4-chromanones, 1tetralones and 1-indanones derivatives (Table 2).

A
Table 2. Scope of the asymmetric transfer hydrogenation [a] Entry ATH product Yield [b] (%) dr [c] ee [d] (%) Variously substituted 3-CF3-chroman-4-ones 1a-1d were reduced in high yields with excellent levels of diastereo-(>99:1 dr) and enantioselectivities (>99% ee) regardless of the electrondonating or withdrawing nature of the substituent present on the phenyl ring. The chromanol derivatives 2a-2d bearing either no substituent, or a methyl, fluorine or bromine substituent were thus formed in yields ranging from 91% to 97% (Table 2, entries 1-4).

The asymmetric reduction of the sulfur analogue, 3-CF3thiochroman-4-one 1e, required a higher catalyst loading of 5 mol% to achieve full conversion, affording alcohol 2e in 56% yield with the same high levels of diastereo-and enantioselectivities (Table 2, entry 5). On the other hand, the parent 1-tetralone derivatives 1f-1j having a methoxy group or a halogen atom on the phenyl ring were converted into the corresponding alcohols 2f-2j in 90-98% yields with invariously high dr and ee values observed in all cases for the cis product (Table 2, entries 6-11).

Finally, 1-indanone derivatives were also good substrates for the Rh-catalyzed asymmetric transfer hydrogenation and compounds 1k-1n bearing a methyl group or electron-withdrawing substituents such as a bromine atom or a cyano group, led to the reduced products 2k-2n in 90-97% yields with dr values of >99:1 and enantioselectivities of >99% ee (Table 2, entries 12-15).

The absolute configuration of alcohol 2a was unambiguously assigned as (R,R) by X-ray crystallographic analysis (Figure 1). By analogy, we conjectured that the remainder of the ATH products 2 followed the same trend. The usefulness of the ATH/DKR process to access the enantioenriched secondary alcohols 2 was supported by postfunctionalizations of either the hydroxyl functional group or the benzene ring (Scheme 1). For example, compound 2d was efficiently converted into the biaryl derivative 5 through a Suzuki-Miyaura coupling by using Pd(OAc)2, cataCXium A as a ligand, K2CO3 as a base and 4-methoxyphenylboronic acid. On the other hand, O-allylation of alcohol 2a delivered the corresponding ether 6 that is suitable for further functionalization such as a crossmetathesis reaction. Moreover, the efficiency of this ATH was confirmed by a scale-up experiment and under the standard conditions, a gram-scale reduction of 1a delivered the expected alcohol 2a in 77% yield with the same high dr and ee values as those observed on small scale. 

Conclusion

In conclusion, we have described a practical and environmentally benign preparation of enantioenriched -trifluoromethyl alcohols by rhodium-catalyzed asymmetric transfer hydrogenation under mild conditions. The reaction is performed in an open flask in the green solvent 2-MeTHF at room temperature using a low catalyst loading (0.5 mol%) of a Rh(III) complex developed in our laboratory and HCO2H/Et3N (1:1) as the hydrogen source. The asymmetric reduction of various α-CF3-substituted chromanones, tetralones and indanones delivered the desired cis-alcohols in high isolated yields up to 98% and excellent diastereo-and enantioselectivities (>99:1 dr, >99% ee). The reaction can be readily transposed to the gram-scale with no detrimental effect. Furthermore, the reduced compounds can serve as useful scaffolds that can be post-functionalized on either the hydroxyl functional group or on the benzene ring bearing a halogen atom.

As far as the synthesis of enantioenriched CF3-chromanol, indanol and tetralol derivatives using ATH/DKR is concerned, and because sustainable chemical processes are required to address environmental challenges, we have developed a new, efficient and sustainable approach to access valuable fluorinated motifs that will be of interest to the synthetic community.

Experimental Section

General procedure for the ATH of compounds 1a-1n: in a round-bottom tube charged with 3-(trifluoromethyl)chroman-4-one 1a (50.0 mg, 0.23 mmol, 1.0 equiv) under air, was added 1.0 mL of Me-THF and the mixture was stirred until dissolution of the substrate. A solution of (R,R)-C

(1.34x10 -3 M in 2-MeTHF, 850 L, 0.5 mol%) was added (the solution was prepared by weighing 10.0 mg of complex and dissolving it in 10.0 mL of 2-MeTHF). The mixture was stirred for one minute before adding by syringe the formic acid/triethylamine (1:1) mixture (200 L, 6.0 equiv). The reaction mixture was stirred at 25 °C for the time needed and the solvent was evaporated under reduced pressure. The remaining oil was diluted in a petroleum ether/ethyl acetate 1:1 mixture, filtered over a short pad of silica gel and concentrated under vacuum. The diastereomeric ratio was determined by 1 H NMR analysis of the crude product. The Rh(III)-catalyzed asymmetric reduction of α-trifluoromethyl ketones through transfer hydrogenation is reported in the green solvent 2-MeTHF with HCO2H/Et3N (1:1) as the hydrogen source to access enantioenriched cis-trifluoromethyl alcohols via a dynamic kinetic resolution process. High yields, alongside excellent diastereo-and enantioselectivities were obtained for the synthesis of CF3chromanol, CF3-indanol and CF3-tetralol derivatives.

(

  Reaction conditions: 1 (0.23 mmol), (R,R)-C (0.5 mol%, 850 L of a 1.34x10 - 3 M solution in 2-MeTHF), HCO2H/Et3N (1:1) (200 L, 6 equiv.), 2-MeTHF (1.0 mL), 25 °C, 1-22 h. [b] Isolated yields. [c] Determined by 1 H NMR spectroscopy of the crude product after the ATH reaction. [d] Determined by SFC analysis with a chiral stationary phase.

Figure 1 .

 1 Figure 1. X-ray crystallographic structure of compound 2a (CCDC 2168222)

Scheme 1 .

 1 Scheme 1. Post-functionalization reactions and scale-up experiment
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 1 Optimization of the reaction conditions[a] 
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  The enantiomeric excess was determined by SFC analysis (CHIRALPAK ID, IE or IF column). Further experimental procedures and data are given in the supporting information. OAc) 2 (5 mol%) cataCXium A (11 mol%) K 2 CO 3, 4-MeOC 6 H 4 B(OH) 2 DMF, 100 °C, 16 h, 80%
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