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An alternative mode to activate alcohols: application to the synthesis of N-heteroarene derivatives

The activation of readily available but poorly reactive alcohols can be carried out solely in the presence of the tert-butoxide (KO t Bu) / dimethylformamide (DMF) couple. This system allows the direct use of primary alcohols as alkylating agents to functionalize the C(sp 3 )-H bond of methyl azaarenes, in the absence of traditionally used transition metal-based catalysts. Various alkylated N-heteroarenes such as pyridine, quinoline, pyrazine or quinoxaline derivatives have been obtained by this method, which is supposed to proceed via the initial formation of an alkyl formate intermediate, as shown by experimental and theoretical mechanistic studies.

Introduction

Alcohols are easy to handle and are widely available substrates. Moreover, their direct use to access bulk and fine chemicals is meeting increasing interest in line with the criteria of sustainable development. Indeed, as alcohols can be obtained from biomass and in particular from lignocellulose, they constitute an alternative and sustainable carbon source compared to fossil resources. 1 However, alcohols are quite unreactive because the hydroxide is difficult to substitute, especially by nucleophiles. 2a Common ways to transform it into a better leaving group are protonation or pre-functionalization into sulfonates or halides. However, this can incur several drawbacks, such as the deactivation of the nucleophile partner or the generation of additional waste. 2 Herein, we present a new approach to make alcohols more reactive without pre-functionalization and in the absence of transition metal-based catalysts. This alternative activation way has been applied to the direct use of primary alcohols as alkylating agents to functionalise the C(sp 3 )-H bond of methyl azaarenes. The method has thus provided valuable access to various types of N-heteroarenes (such as pyridine, quinoline, pyrazine or quinoxaline derivatives), which are prevalent motifs in pharmaceuticals and agrochemicals, as building blocks for the synthesis of natural products and even in materials. 3 The C(sp 3 )-H alkylation of methyl azaarenes has so far been performed either via the protonation of secondary alcohols (with a limited scope) or in the presence of very strong bases (BuLi, LDA, KDA, LiHMDS) associated to prefunctionalized electrophiles such as esters (with palladium catalysts) or halogenated alkyls. [4] The use of the latter, often prepared from the corresponding alcohols, can lead to toxicity problems as many alkyl halides are mutagenic, 2a,4 and generates halides salts as by-products. A recently-described more environmentally friendly alternative involves the direct use of typically less toxic alcohols as alkylating reagents. Based on an increased alcohol reactivity and known as a borrowing-hydrogen process, it was successfully applied for the C(sp 3 )-H alkylation of methyl azaarenes. The activation step corresponds to a hydrogen abstraction of an alcohol and its oxidation to a more reactive aldehyde, catalysed by a transition metal complex. Under basic conditions, an aldehyde and methyl azaarene leads to the formation of an alkene and, via hydrogenation by an in situ formed transient metal hydride species, to the C-alkylation product. 2 After an initial breakthrough in this field, reported by Kempe et al. which described the alkylation of methyl azaarene with primary alcohols in the presence of a well-defined iridium-complex catalyst, [START_REF] Blank | Catalytic Alkylation of Methyl-N-Heteroaromatics with Alcohols[END_REF] the principle was applied in the presence of various transition metal-based catalysts (Scheme 1 A).

Scheme 1. Activation of alcohols and application to the C(sp 3 )-H alkylation of methyl azaarenes.

Other systems were described with iridium, 6 ruthenium, [START_REF] Feng | Ligand-Free RuCl3-Catalyzed Alkylation of Methylazaarenes with Alcohols[END_REF] , ruthenium/indium, 8 iron, [START_REF] Kabadwal | Iron-catalysed alkylation of 2-methyl and 4-methyl azaarenes with alcohols via C-H bond activation[END_REF] platinum supported nanoclusters, 10 nickel 11 or cobalt based catalysts. [START_REF] Mishra | Cobaltcatalyzed alkylation of methyl-substituted N-heteroarenes with primary alcohols: direct access to functionalized Nheteroaromatics[END_REF] In almost all of these methods, the borrowing-hydrogen process allowed the C(sp 3 )-H alkylation of methyl azaarenes in the presence of KO t Bu as base, in solvents such as 1,4-dioxane, toluene, xylene, mesitylene, tetrahydrofuran or diglyme (temperatures range: 110 to 170 °C)(Scheme 1 A).

We report herein that by exchanging these solvents with DMF we were able to activate alcohols avoiding the use of transition metal catalysts, and thus to perform the C(sp 3 )-H alkylation of methyl azaarenes (Scheme 1 B). The absence of transition metals is a decisive advantage as it avoids the leaching of toxic transition metal impurities, which even at very low rate must be removed from the final target in the case of drug synthesis. A mechanism, describing the activation mode of alcohols by the KO t Bu/DMF couple is proposed.

Results and discussion

To start our investigations, we chose 2-methylpyridine 1a with benzylic alcohol 2a as the template substrates. 2-methylpyridine is a very good marker to test the efficiency of our system as it has often shown low reactivity for the alkylation with alcohols performed in the presence of transition metal based catalysts (borrowing-hydrogen process -Scheme 1). [START_REF] Blank | Catalytic Alkylation of Methyl-N-Heteroaromatics with Alcohols[END_REF][6][START_REF] Feng | Ligand-Free RuCl3-Catalyzed Alkylation of Methylazaarenes with Alcohols[END_REF][START_REF] Nakamura | Alkylation of the Methyl Group of 2-Methylquinolines and Similar Methyl-N-Heteroaromatics with a Ru/In Dual Catalyst[END_REF][START_REF] Kabadwal | Iron-catalysed alkylation of 2-methyl and 4-methyl azaarenes with alcohols via C-H bond activation[END_REF][START_REF] Chaudhari | Alkylation of 2-methylquinoline with alcohols under additive-free conditions by Al2O3-supported Pt catalyst[END_REF][11][START_REF] Mishra | Cobaltcatalyzed alkylation of methyl-substituted N-heteroarenes with primary alcohols: direct access to functionalized Nheteroaromatics[END_REF] We first reacted 1a with 2a in DMF (1 mL) for 24 h at 140 °C in the presence of 1 equivalent of KO t Bu. Due to the absence of reactivity, we increased the loading of the base up to 4 equivalents and observed the selective formation of the expected C-alkylation product 3aa in 52% yield (Table 123), traces of the corresponding stilbene derivative being sometimes detected. Using other bases such as NaOH, CsOH, Cs2CO3 or K3PO4 failed to furnish 3aa (Table 1, entries 4-7) and this was also observed when replacing DMF with non-polar or polar solvents, including 1,4dioxane, toluene, N-methyl-2-pyrrolidone, chlorobenzene, N,Ndimethylacetamide, acetonitrile, 1,2-dimethoxyethane or dimethyl sulfoxide (Table 1,entry 8).

Table 1. C(sp 3 )-H alkylation of 2-methylpyridine 1a with benzylic alcohol 2a, in the presence of KO t Bu/DMF: reaction conditions. [a] Entry Base (equiv.) Yield of 3aa (%) [b] Entry Base (equiv.) Yield of 3aa (%) [b] 1 KOtBu 1 0 8 KOtBu 4 0 [c] 2 [d] 5 CsOH 4 0 12 KOtBu 4 76 [e] (70) [f] 6 Cs2CO3 4 0 13 KOtBu 4 78 [d,e,g] 7 K3PO4 4 0 14 KOtBu 0 0

[a] Reactions performed under argon with 0.5 mmol of 1a and 1 mmol of 2a, in 1 mL of solvent. b) Yield of 3a determined by 1 H NMR spectroscopy as well as GC-MS with 4-iodoanisole as internal standard. [c] Solvents tested: 1,4dioxane, toluene, N-methyl-2-pyrrolidone, chlorobenzene, N,Ndimethylacetamide, acetonitrile, 1,2-dimethoxyethane, DMSO. [d] 1a/2a ratio = 0.5/2. [e] Reaction performed at 150 °C. [f] Isolated yield. [g] Reaction performed with resublimed KOtBu purchased form Alfa Aesar (99.994%).

With other alkali alkoxides such as LiO t Bu no reactivity was observed and with NaO t Bu the C-alkylation product 3aa was obtained in only 25 % yield (table 1, entries 9, 10). While lowering the 1a/2a ratio was moderately beneficial, increasing the reaction temperature by 10 °C afforded 3aa in 76 % yield (Table 1, entries 11, 12). We also obtained a very good yield of the C-alkylation product using resublimed KO t Bu (purchased from Alfa Aesar -99.994%), thus ruling out the possibility of a reaction catalyzed by undesirable metallic contaminants (table 1, entry 13). To date this procedure is the most efficient synthetic pathway to access 3aa directly from benzyl alcohol. With the optimised conditions in hand (entry 12), we next explored the scope of the method (Table 2).

Table 2. C(sp 3 )-H alkylation of methyl-substituted N-hetaroarenes with alcohols: scope of the method. [a], [b] [a] Reaction conditions: 0.5 mmol of methyl-substituted N-hetaroarene, 2 mmol of benzylic alcohol, 2 mmol of KO t Bu in 1mL of DMF, under argon. [b] Isolated yield. NMR yields, in bracket, are calculated with 4-iodoanisole as internal standard. [c] Standard conditions, 5 mmol scale. [d] Reaction performed with 1.6 mL of DMF, in 14 mL of toluene, 5 mmol scale.

From the benzylic alcohol 2a and 1a (pKa = 34) or 4-methylpyridine 1c (pKa = 32.2), the corresponding C-alkylation products 3aa and 3ca were obtained in good yield under standard conditions while from 3methylpyridine for which the methyl protons are less acidic (pKa = 37.7), only traces of the product were observed (Table 2). [START_REF] Joule | For the pKa of pyridine derivatives see[END_REF] A fair yield of 3ba was observed from 2-benzylpyridine 1b, but good to excellent yields were obtained from 1a and 1c with other alcohols such as 1-naphthalenemethanol, 4-pyridinemethanol or (4-isopropylphenyl)methanol (Table 2, 3ab, 3cc to 3cd). These results differ in an interesting way from transition metal catalyzed borrowing-hydrogen processes, which are usually not very efficient for the C-alkylation of 2-and 4-methylpyridine. [START_REF] Blank | Catalytic Alkylation of Methyl-N-Heteroaromatics with Alcohols[END_REF][6][START_REF] Feng | Ligand-Free RuCl3-Catalyzed Alkylation of Methylazaarenes with Alcohols[END_REF][START_REF] Nakamura | Alkylation of the Methyl Group of 2-Methylquinolines and Similar Methyl-N-Heteroaromatics with a Ru/In Dual Catalyst[END_REF][START_REF] Kabadwal | Iron-catalysed alkylation of 2-methyl and 4-methyl azaarenes with alcohols via C-H bond activation[END_REF][START_REF] Chaudhari | Alkylation of 2-methylquinoline with alcohols under additive-free conditions by Al2O3-supported Pt catalyst[END_REF][11][START_REF] Mishra | Cobaltcatalyzed alkylation of methyl-substituted N-heteroarenes with primary alcohols: direct access to functionalized Nheteroaromatics[END_REF] We then studied the reaction from 2-methylquinoline 1d (pKa of 25 for the methyl proton), the deprotonation of which should be easier than from 2methylpyridine. 14 The procedure, tested with various alcohols including 2a, 1-naphthalenemethanol, 2-or 4-pyridinemethanol, (4iso-propylphenyl)methanol, 2-methyl-or 2-methoxybenzyl alcohols, efficiently led to the expected products (3da to 3dg). 2-Furanemethanol, 2-thiophenemethanol, cyclohexylmethanol, pentanol, hexanol and 4-phenylbutanol also underwent alkylation of 2-methylquinoline to give the desired products (3dh to 3dm), and the method was also applicable to benzylic alcohol with substituted 6methoxy-2-methylquinoline and 2,6-dimethylquinoline (3ea to 3fa). 4-Methylquinoline (pKa of 25 for the methyl proton) 14 also proved to be a suitable substrate for the reaction (products 3ga, 3gc, 3gh) and from the 2-methylpyrazine or 2-methylquinoxaline, good yields of the alkylation products were obtained with benzylic, cyclohexylmethanol and 4-methylbenzylic alcohols (3ha, 3hj, 3ia, 3ij, 3in). Note that the reaction also proved to be suitable for scale-up experimentation (5 mmol), delivering the product 3da in an excellent yield (Table 2).

We then turned our attention to the reaction mechanism and chose 2-methyl quinoline 1d as a model for the study. We first attempted its reaction with 2a, in the presence of one equivalent of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO), a common radical scavenger, and observed the formation of the alkylation product 3da with a good yield (86 %) (Scheme 2; Eq. 1). [START_REF] Drapeau | Transition-Metal-Free α-Arylation of Enolizable Aryl Ketones and Mechanistic Evidence for a Radical Process[END_REF] Consequently, we assumed that the reaction did not involve a radical pathway. In our proposed mechanism, the deprotonated form of the methyl azaarene (1'x) reacts with an alkyl formate 5y, thus leading via a fourcentered intermediate to the expected alkylation product 3xy, while releasing potassium formate. The latter probably evolves to carbon monoxide and water (Scheme 3). 16 5y Would result from the reaction of DMF with the alcoholate 2'y, the methyl N-heteroarene being deprotonated by KO t Bu or the in situ generated potassium dimethyl amide. [START_REF] Azizi | Radical condensation between benzylic alcohols and acetamides to form 3arylpropanamides[END_REF] The formation of the alkyl formate 5y was sometimes observed but in small amounts (< 10 mol% for 5b), starting for example from 1-naphthalenemethanol 2b (Scheme 2, Eq. 2). In another control experiment, we also verified that the benzyl formate 5a was indeed capable of reacting with 2-methyl quinoline 1d or 2,6dimethylquinoline 1f to give, almost quantitatively, the corresponding alkylation products (Scheme 2, Eq. 3). Note that we have also envisioned a reaction route involving the intermediate formation of an aldehyde from the alcohol 2y and its reaction with a methyl N-heteroarene. However, when we tested this possibility (from 1d and benzaldehyde) under standard conditions, no reaction was observed (Scheme 2, Eq. 4). In another test, using toluene as the solvent, we reacted the 2-methylquinoline 1d with the benzylic alcohol 2a, adding various amounts of DMF. While in toluene alone, no reactivity was observed, the addition of one and two equivalents of DMF led to the formation of the expected product 3da in respectively 28 % and 88% yield (Scheme 2, Eq. 5). These results are compatible with our hypothesis suggesting that the DMF acts as a reagent in the formation of an alkyl formate 5y from the corresponding alcoholate (Scheme 3). Scheme 3. Proposed mechanism for the C-alkylation of methyl pyridines and derivatives with alcohols, promoted by the KO t Bu /DMF system.

In order to assess these hypotheses, a modelling study by DFT was performed at the (M06-2X/6-311+G (d,p)) level of theory, the influence of the solvent was taken into account using the polarizable continuum model (PCM) (see Figure 1 and the Supporting Information). Based on the 2-methyl pyridine 1a and the benzylic alcohol 2a the simulations indicate that the reaction between the in situ generated alcoholate 2'a and DMF can lead to the formation of a "complexed" intermediate 5'a with a quite low activation barrier (Ea = 16.04 kcal mol -1 ). The latter could then release the potassium dimethyl amide KNMe2 to yield the corresponding benzyl formate 5a. This reaction is not thermodynamically favourable but the benzyl formate can be engaged with the deprotonated 2-methyl pyridine 1'a in the next step, which without a doubt, represents the driving force of the overall reaction. The kinetics of this step is not easy (activation energy of 46.98 kcal mol -1 ) but is in accordance with the experimental data (heating and reaction time). The deprotonation of 1a can easily take place with the in situ generated KNMe2 (TS = 10.49 kcal mol -1 ). Nevertheless, the intervention of KO t Bu is also possible and probably more favourable. Indeed, even if the corresponding deprotonation transition state increased (16.77 vs 10.49 kcal mol -1 ), compound 1'a is found in this case to be higher in energy, which brings it closer to the TS of the final stage (24.83 vs 46.98 kcal mol -1 ), rendering the kinetics significantly more favourable. A modelling approach was also performed from the 2-methyl quinoline 1d (see supporting information). If the deprotonation step seems to be slightly more favourable than for 1a (9.25 vs 10.49 kcal mol -1 ) the addition of the benzyl formate 5a remains difficult as in the case of 1'a (activation energy of 49.47 kcal mol -1 ) justifying the use of an adapted temperature and reaction time. From this comparison, can expect quite similar behavior for 1a and 1d. This is in accordance with the results (Table 2) and is a feature of our system compared to the transition metal catalyzed borrowinghydrogen process, for which the C-alkylation of 2-and 4-methyl pyridine is generally much less effective than with other methyl Nheteroarenes, such as 2-methyl quinoline.

Conclusions

In summary, we have disclosed a very simple new way to make alcohols more reactive, thus avoiding drawbacks linked to their activation by protonation or prefunctionalization. This was possible with potassium tert-butoxide (KO t Bu) associated with dimethylformamide (DMF), which allowed alcohols to act as alkylating reagents with methyl azaarenes. Various pyridine, quinoline, pyrazine or quinoxaline derivatives, which are key molecules in pharmaceuticals, agrochemicals or in materials, have thus been synthesized. Compared to the borrowing hydrogen process, the modern way to perform this transformation, our system is very simple as it avoids the use of transition metal based catalysts. As our method allows the C-alkylation of methyl pyridines, it also differs in an interesting way from the borrowing-hydrogen route which is not very efficient with such substrates. The same base (KOtBu) is used in both the borrowing-hydrogen processes and in our system, allowing DMF to formally replace the transition metal catalyst. Its crucial role was rationalized by experimental and computational studies and a mechanism involving the activation of the alcohol as an alkyl formate intermediate is proposed.

From a general point of view, this new procedure represents a welcome alternative in the field of alcohol activation and efforts to expand its utility for example towards olefination reactions, alongside mechanistic studies, are in progress and will be reported in due course.

Scheme 2 .

 2 Scheme 2. Control experiments for preliminary mechanistic studies.

Figure 1 .

 1 Figure 1. Gibbs energies levels (G) for all steps of the reaction starting from the alcoholate. M06-2X/6-311++G(d,p) level of theory, in DMF, is used. G values are given in Kcal.mol -1 . Modelling based on 2-methyl pyridine 1a and the benzylic alcohol 2a (represented) and on 2-methyl quinoline 1d with 2a (see SI).
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