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[bookmark: _Hlk94142521]ABSTRACT: Fluorinated motifs are frequently encountered in drugs and agrochemicals. It has emerged as a powerful tool to incorporate fluorine-containing motif in drug candidates for lead optimization in pharmaceutical research and development. Among those, the construction of molecules that features trifluoromethyl (CF3-) group on a stereogenic carbon has accumulated broad research efforts. Unlike its well-explored, biologically active methyl counterpart, asymmetric construction of -trifluoromethylated alcohols bearing adjacent stereocenters still remain elusive. Through retrosynthetic analysis, we posited that followed by sequential reduction of carbonyl, the initial construction of chiral -trifluoromethylated ketones could render the desired product in a facile, one-pot fashion. Herein, we developed the first example of nickel-catalyzed asymmtric reductive cross-coupling trifluoroalkylation of acyl chlorides for enantioselective synthesis of diverse -trifluoromethylated ketones. The one-pot reduction of these -trifluoromethylated ketones furnished corresponding alcohols bearing -CF3-substituted stereogenic with excellent diastereoselectivity and complete enantioselecitive retention. High yields/enantioselectivity, mild conditions and good functional group compatibility are shown in the system. Utilities of the method is also illustrated by applying asymmetric, late-stage trifluoroalkylation of biologically active complex molecules, revealing tremendous potential for development of CF3-containing chiral drugs.

■ INTRODUCTION
Drug chirality has emerged as a major theme in drug design, discovery and development in the past several decades.1 Chirality is an inherent character of biological systems, and various endogenous biologically active molecules, including DNA, enzymes, plasma proteins, polysaccharides, receptors and ion channels, are all chiral and normally comprised of D-carbohydrates or L-amino acids.2 Since the intermolecular interactions between chiral biologic molecule and enantiomers of a racemate differ significantly in the strengths and orientations, the enantiomers of a chiral drug therefore can lead to obvious differentiation in activities such as efficacy, pharmacokinetics, or even toxicity. In virtue of the unique fluorine effects on biologically activities of drug-like molecules brought by the incorporation of fluorine(s) into parent compounds, the “fluorine scan” of various fluorine-containing derivatives has gathered enormous research efforts from both industry and academia and come forward as a powerful strategy for lead optimization in drug research and development.3 In contrast to well-studied fluorinated or fluoroalkylated arenes in pharmaceutical research, the utility of optically active fluorine-containing alkanes is still less explored due to lack of efficient methods for asymmetric construction of these class of compounds.4 Most commonly, methods to access chiral aliphatic fluorides were focused on fluorinating hydrocarbons (C-F bond formation) and in the case of the most important fluorinated moiety-trilfluoromethyl (CF3-) group, introduction of such functionality especially with concurrent construction of CF3-substituted stereogenic carbon, usually requires the usage of oxidative/corrosive electrophilic trifluoromethyl source (Togni, Umemoto reagents, etc.).5 A general, highly efficient strategy for accessing enantioenriched alkanes bearing chiral CF3-subsituted carbon center is still undeveloped, which has inevitably hampered the “diversity-oriented” synthesis of fluorine-containing chiral drugs.6
Optically active -methyl alcohols bearing adjacent stereocenters have long been known as a key structural element, which could be widely found in a diverse variety of biologically active natural products and drugs (Figure 1A).7 Consequently, extensive efforts have been devoted to developing efficient methods for asymmetric synthesis of such alcohols. These synthetic endeavors have made significant advances and could be catagorized into: 1) asymmetric aldol condensation by enantioselective addition to aldehydes using either chiral auxiliary-modified or chiral ketone-derived organometallic reagent;8 2) chiral auxiliary-controlled asymmetric alkylation followed by CBS reduction (Figure 1B).9 Intuitively, we are intrigued by the possibility that drastic changes in physiological and biological properties could be brought by replacing methyl group (CH3-) with its bio-isostere, trifluoromethyl group (CF3-) in these drug-like derivatives. Noteworthily, there was serious shortage of general method established for enantioselective synthesis of -trifluoromethyl alcohols featuring adjacent stereocenters so far.
[bookmark: _Hlk98146488]Considering more sterically hindered trifluoromethyl group could control the diastereoselective reduction of chiral -trifluoromethyl ketone effectively, we posited that -trifluoromethyl alcohols bearing continuous stereocenters could be expediently made by asymmetric construction of chiral ketones followed by instant reduction of hydride (Figure 1C). However, due to acidic -hydrogen atom, the possible keto-enol tautomerization may render such trifluoromethyl ketones usually in racemic or poorly enantioselective form via traditional electrophilic or radical trifluoromethylations (Figure 1D).10 Same reason may also be the culprit of the incompetence in constructing -trifluoromethylated alcohols enantioselectively using known strategies for the synthesis of -methylated analogs (Figure 1B). To conquer the unsolved problems on 





Figure 1. Asymmetric synthesis of enantioenriched secondary alcohols bearing -(trifluoro)methyl stereocenters.


[bookmark: _Hlk94195795]racemization, we sought inspiration from the strategical disconnection of C-C bond to result in a reductive cross-coupling of acyl chloride and trifluoroalkyl halide under neutral conditions, enabling the asymmetric construction of -trifluoromethyl ketones for further stereoselective assembly of highly substituted -trifluoromethyl alcohols (Figure 1C). Very recently, Wang group reported an impressive work on ScIII-catalyzed homologation to achieve enantioselective synthesis of α-trifluoromethyl cycloheptanones by employing 2,2,2-trifluorodiazoethane as the CF3 source, which could be transformed into the cyclic trifluoromethyl alcohols accordingly.11
[bookmark: _Hlk94197311][bookmark: _Hlk94197366][bookmark: _Hlk94197599]To address the issues and challenges on enantioselective synthesis of CF3-containing ketones and alcohols, herein, we describe the work of nickel-catalyzed asymmtric reductive cross-coupling trifluoroalkylation of acyl chlorides for diverse synthesis of enantioenriched -trifluoromethylated ketones. The sequential reduction of these -trifluoromethylated ketones produced -trifluoromethyl alcohols featuring adjacent stereocenters by a simple and efficient one-pot process. Both transformations demonstrated excellent stereochemical control, mild conditions and good functional group compatibility, enabling efficient late-stage asymmetric trifluoroalkylation of biologically active complex molecules. Given optically active -methyl alcohols bearing adjacent stereocenters have served as a key structural element in various biologically active molecules, this novel method offers efficient pathway to readily access its CF3-containing chiral drug-like analogues.

■ RESULTS AND DISCUSSION
  Optimization of reaction conditions. Directed by our hypothesis-driven design to construct enantioenriched -trifluoromethyl alcohols in a two-step approach, we first sought to establish a reliable reductive cross-coupling methodology for synthesis of chiral trifluoromethyl ketones. Our initial studies commenced with 2-naphthoyl chloride (1a) as the pilot substrate, racemic trifluoromethylated 

Table 1. Nickel-catalyzed asymmetric reductive trifluoroalkylation of acyl chlorides: optimization of conditions.


aYield was determined by 19F NMR spectroscopy using PhCF3 as an internal standard; numbers in parentheses were yields of isolated products. bThe ee values were determined by HPLC on a chiral stationary phase.
alkyl bromide (2a) as the trifluoroalkylating agent and Mn as the reductant in the presence of a catalytic amount of NiCl2·DME (10 mol%) in THF at 30 °C (Table 1). While the reaction proceeded smoothly in 66% yield with bidentate bioxazoline L1 used as the ligand, unfortunately, the desired trifluoromethyl ketone (3) was obtained in racemic form. Given the key role of chiral ligands played in enantioselective control and catalytic reactivity of chemical transformations, we next carried out a careful screening of diverse oxazoline-based chiral ligands. Although pyridine-oxazoline L2 and tridentate Py-Box L3 exhibited very poor ligand-acceleration and enantioselective control, to our delight, the employment of bioxazoline L4 and L7 as the ligand could remarkably improve both the yield and enantioselectivity of this transformation. To further improve the enantioselectivity of this reaction, various substituents installed on the chiral carbons of five-membered cycle bridged bioxazoline ligand were next investigated. However, isopropyl, tertbutyl and benzyl-derived ligands L5, L6 and L8 afforded only relatively lower enantioselectivities, and phenyl-derived bioxazoline L7 was still the optimal choice. Luckily, increasing the steric hindrance on the bridging carbon by linkage of - naphthylmethyl groups onto bioxazoline skeleton could further improve the enantioselectivity to 83% ee. Considering the spatial structure tuning of the ligand could enhance the rigidity for favorable enantioselective control, four-stereocentered bioxazoline L10 and L11 were next designed and synthesized. Notably, the use of newly developed phenanthrene methyl bioxazoline L11 as the chiral ligand in this reductive cross-coupling reaction furnished the enantioenriched trifluoromethyl ketone (3) in 96% ee, albeit with a moderate yield of 45%.
With bioxazoline L11 designated as the optimal ligand, other parameters including nickel salts and solvents were then screened in detail. Different sorts of nickel sources afforded almost the same enantioselectivities and similar yields, and NiCl2·DME was still the best choice (Table 1, entries 1-5, for more details, see Table S1 in the SI). While the inspection of solvent effect indicated that polar solvents like DMF, DMAc and CH3CN gave very low yield or even none of the product, as expected, ethers furnished still the best enantioselectivity with very different yield (entries 6-8, for more details, see Table S2 in the SI). Interestingly, 1,4-dioxane stood out as the best solvent with an excellent isolated yield of 90% and 95% of ee (entry 7).

[bookmark: _GoBack][bookmark: _Hlk98096718]  Asymmetric reductive cross-coupling trifluoroalkylation of acyl chloride. With the optimized reaction conditions established for this nickel-catalyzed reductive trifluoroalkylation, we next started to test the substrate tolerance of this transformation (Figure 2). Firstly, a series of aryl acyl chlorides were well compatible with this catalytic system for asymmetric cross-coupling with trifluoroalkyl bromides. Besides fused ring-derivatives like naphthyl acyl chloride, benzoyl chloride was also smoothly trifluoroalkylated to afford the desired chiral ketone (4) with 95% ee in 88% yield. The substituent effect on the phenyl rings was next examined, which indicated that both electron-donating groups such as methyl (5), n-propyl (6), t-butyl (7) and methoxy (9 & 14), and electron-withdrawing groups like fluoro (10) and ester (11) could be well tolerated in this reductive coupling system. It should be mentioned that while the meta- and para-substituent on the phenyl rings of aryl acyl chlorides furnished excellent enantioselectivities (94-97% ees) and high yields (5 & 13), othro-methylated benzoyl chloride afforded the corresponding chiral ketone (12) in moderate yield with variable ees between 52-70%. Indeed, the drop of ee value of trifluoroalkylated ketone (12) could also indicate that the process of racemization did exist in the reaction system or in the work-up process. Meanwhile, 3,5-disubstituented phenyl acyl chloride also behave well under this asymmetric catalytic system, giving the corresponding trifluoromethylated ketones in excellent yields and ees (85% yield and 96% ee for 15, 91% yield and 95% ee for 16). Moreover, the aryl acyl chlorides installed with heteroarenes such as furan (17) and thiophene (18) reacted efficiently in this transformation, affording the desired products in good yields and 92-95% ees. Of note is that some non-commercial acyl chlorides, which could be prepared in situ by the corresponding acids with (COCl)2, also worked well for this asymmetric reductive cross-coupling reaction with high yields and enatioselectivies (17, 18). However, some heterocycles, such as 2-thiophenecarbonyl chloride, 3-thiophenecarbonyl chloride, 2-furoyl chloride and 3-furoyl chloride show very low reactivity in the system.
Next, we moved on to explore the scope of trifluoroalkylating reagents. To our delight, almost all readily available trifluoroalkyl bromides as shown in Fig. 2 could be alkylated smoothly under the standard conditions, affording the desired chiral trifluoroalkylated ketones (22-36) in excellent enantioselectivities.


Figure 2. Nickel-catalyzed asymmetric reductive trifluoroalkylation of acyl chlorides. Isolated yields were given. aNiCl2·DME (20 mol%), L11 (24 mol%). bThe experiment was repeated twice. cThe acyl chloride was prepared by the corresponding acid with (COCl)2 in situ.
To our satisfactory, trifluoroalkyl bromide containing simple alkyl chains without any heteroatoms could be well tolerated in this catalytic system, including the simplest methyl (22), six or eleven membered long-chain alkyl (23 and 24), and cyclohexylmethyl (25) groups. Notably, trifluoroalkyl bromide installed with a terminal chloro or tosylate group on the alkyl chain were also nicely tolerated with high yields and excellent 96-97% ees (26 and 27), offering great potential for further derivation to various chiral trifluoromethyl-containing compounds. Moreover, both electron-donating group such as methoxy and electron-withdrawing group such as chloro on the aryl rings (28 and 29) were well compatible with this asymmetric transformation in good yields with 92-95% ees. Not only simple arene, but also heterocyclic arene derived trifluoroalkyl bromides (31, 32, 33) furnished the desired products in moderate to good yields (55-73%) with excellent enantioselectivities (90-95% ees). Inspired by all exciting results, we next set out to late-stage asymmetric modification of various biologically active molecules, like Naproxen (37), (S)-Ibuprofen (38), Gemfibrozil (39), Isoxepac (40), Febuxostat (41) and Vitamin E (42). To our satisfactory, moderate to good yields and excellent enantioselectivities were afforded in all cases, showcasing the great potential of this method for efficient construction of chiral trifluoromethylated derivatives of drugs or drug candidates.



Figure 3. Asymmetric synthesis of -trifluoromethyl alcohols featuring adjacent stereocenters. Isolated yields were given. aNiCl2·DME (20 mol%), L11 (24 mol%). bThe acyl chloride was prepared by the corresponding acid with (COCl)2 in situ. c > 20/1 dr for adjent stereocenters in all cases. dde = diastereomeric excess.

Asymmetric synthesis of -trifluoromethyl alcohols featuring adjacent stereocenters. With the solid establishment of asymmetric reductive trifluoroalkylation to make enantioenriched CF3-containing ketones and following our design, we next sought to develop a convenient approach for facile construction of -trifluoromethyl alcohols bearing continuous stereocenters. As expected, reduction of the crude chiral ketones by NaBH4 could smoothly furnish the desired alcohols (43-80) in high yields and enantioselectivities with exclusive diastreoselective control (>20:1 in all cases), which combining the construction of chiral -trifluoromethylated ketones, culminates in a two-step, one pot approach to rapid production of chiral -trifluoromethyl alcohols. As shown in Fig. 3, all chiral trifluoroalkyl ketones generated in situ through the asymmetric reductive cross-coupling could be expediently reduced to the corresponding chiral alcohols with complete enantioselective retention in moderate to good yields. Amazingly, the asymmetric coupling of ortho-methyl benzoyl chloride and trifluoroalkyl bromide, which resulted in a greatly reduced ee in Figure 3, afforded the desired secondary alcohols with 94% ee (52). This result also provided evidence that the racemization of trifluoromethyl ketone took place during the work-up process even under mild conditions, emphasizing the neutral conditions of reductive cross-coupling would be an indispensable element for inducing stereochemistry control in these transformations. 
■ CONCLUSIONS
 In summary, we have developed a general and efficient nickel-catalyzed reductive cross-coupling trifluoroalkylation of acyl chlorides for diverse synthesis of chiral -trifluoromethylated ketones, which could be directly transformed into -trifluoromethyl alcohols featuring adjacent stereocenters with simple reduction in a one-pot fashion. This protocol exhibits high catalytic reactivity and enantioselectivity, mild conditions and good functional group compatibility, enabling efficient late-stage asymmetric trifluoroalkylation of biologically active complex molecules. This transformation has thus offered a powerful solution for accessing the CF3-containing chiral analogues to biofunctional -methyl alcohols, which is fundamental in “diversity-oriented” synthesis of fluorine-containing chiral pharmaceuticals. Further expansion of the scope of this reaction and its application to synthesis of biologically active complex molecules are still ongoing in our laboratory.
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