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Cp*Co(III)-Catalyzed N-Alkylation of Amines with Secondary Alcohols

The hydrogen borrowing methodology is a well-known, environmentally benign method for direct alkylation of amines and alcohols as it produces only water as side product. However, the direct alkylation of amine with secondary alcohol using first-row transition metal is very challenging. We herein report for the first time Cp*Co(III)-catalyzed direct N-alkylation of amines starting from secondary alcohols. The reaction tolerates a wide variety of functional groups, including various aryl amines and amides. Our preliminary mechanistic investigations and DFT calculations suggest that [Cp*CoI2] is an active species, that PCy3 stabilizes the high-valent hydride intermediate, and that the reaction indeed proceed through hydrogen auto-transfer processes.

Introduction

An efficient access to alkyl amines should have significant influence on pharmaceutical industry due to the presence of such moiety in large variety of drugs. 1 Direct alkylation of amines were generally achieved via amination of alkyl halides 2 and reductive amination of carbonyl compounds. 3 In recent times, new catalytic transformations was emerged for instance direct amination of aryl halides, 2b-c hydroamination 4 and alkylation of amines using alcohols as alkylating agent. 5 The latter have significant impact due to sustainability, because alcohols are readily available starting materials from a variety of industrial processes, 6 as well as from the valorization of lignocellulosic biomass. 7 The metal-catalyzed direct alkylation of primary amines by alcohols operates through the following steps: 1) catalytic dehydrogenation of alcohols into carbonyl compounds, 2) condensation with amine to form imine/iminium ion, 3) hydrogenation of ketimine into saturated amine using the borrowed hydrogen from the first step. This external hydrogen pressure free transformation is commonly known as borrowing hydrogen methodology or hydrogen autotransfer process. 5 Mostly known catalysts reported earlier for such transformations are derived from noble metals. 5,8 However, in the recent years researchers showcased that such transformations are possible using more abundant, and less toxic metals. 9

Scheme 1: Overview of cobalt-catalyzed C-N Bond formation In this regard, several first-row transition metals (Fe, Co, Ni and Mn) based catalysts anchored by privileged ligands were developed for alkylation of amines in the last few years (Scheme 1a). 10 However, most of these catalysts are only effective for the direct amination of primary alcohol (Scheme 1a). 11 Efficient catalysts for the amination of secondary alcohols based on firstrow transition metals are scarce and underdeveloped. 12 In continuation of our work on high-valent cobalt chemistry for sustainable transformations, 13 we have developed air-and moisture-stable catalysts for the challenging direct amination of secondary alcohols. This study was inspired by previous reports on the Cp*Ir(III)-catalyzed C-N bond formation directly from alcohols via the borrowing hydrogen methodology. [14][15][16][17][18][19] To our surprise, the corresponding inexpensive, air-stable Cp*Co(III) had not been explored for such a green transformation until our recent report on the dehydrogenation of secondary alcohols. 20 In this contribution, we report the first, Cp*Co-catalyzed direct amination of secondary alcohol under hydrogen pressure free conditions (Scheme 1b). This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins [a] All reactions were carried out under an argon atmosphere unless otherwise stated using 1a/2a/[Co]/L in 0.6/0.3/0.03/0.03 mmol in toluene (2 mL) at 150 °C for 24 h. [b] Isolated yield (%). [c] Reaction performed in α,α,α-trifluorotoluene. [d] Reaction performed in diglyme. [e] Reaction performed in n-dibutylether. [f] Reaction performed using 1 mL toluene in 0.3 M concentration. [g] Alcohol was used as limiting reagent (alcohol/amine ratio = 1/1.5).

We began our investigations using p-anisidine as limiting amine source and 1-phenylethanol as alcohol substrate with 10 mol% of Cp*Co(CO)I2 (A) in toluene at 150 °C for 24 h as shown in Table 1. The expected amine 3aa was isolated from the crude mixture in 37% yield (entry 1, Table 1). Various reaction parameters were tested in order to further improve the efficiency of the reaction. A change of catalyst to the iodide dimer [Cp*CoI2]2 B or to the preformed cationic complex [Cp*Co(CH3CN)3](SbF6)2 D did not improve the product formation (entries 2, 4). To our surprise, only traces of product were observed when the chloride bridged cobalt dimer was used as catalyst (entry 3). We also tested various mono-and bidentate ligands as additives (entries 5-9).

Scheme 2: Scope of Amines. Reaction conditions: All reactions were carried out under an argon atmosphere unless otherwise stated using 1/2/[Co]/L in 0.6/0.3/0.03/0.03 mmol in toluene (2 mL) at 150 °C for 24 h.

Among them, PCy3 turned out to be the best ligand with 81% isolated yield of 3aa (entry 6). Next, a system composed of the in-situ formed cationic complex along with PCy3 ligand was tested, leading to a significant reduction of the 3aa yield (entry 10). Brief screening of other solvents such as TFT (1,1,1trifluorotoluene), diglyme and n-dibutylether did not provide a satisfactory amination product yield (entries 11-13). Changing the concentration or alcohol as limiting substrate did not seem to be a viable option to improve the yield (entries 14-15). A control experiment revealed that the reaction does not proceed in the absence of the cobalt catalyst (entry 16). Finally, [Cp*CoI2]2 along with PCy3 was tested under standard conditions provided the corresponding product 3aa in 69% yield, thus proving the competency of this dimer as catalyst precursor for the amination of secondary alcohols.

With the best conditions in hand, we next turned our attention to the scope of various secondary alcohols and amines as depicted in Scheme 2. The electron rich methyl substituent at the para-position gave a 92% yield (3ba), whereas the electron poor substrates 4-F-and 4-Br-phenyl-1-ethanol provided 53% and 61% yields respectively (3ca-3da). Substituents at the metaposition follow a similar trend with reasonably good yields (3ea-3fa). thiophenyl gave moderate to good yields (3ha-3ja). To further increase the scope, various 4-substituted phenylethanols were prepared and found amenable to amination by p-anisidine under the established reaction conditions (3ka-3ma). Next, 1phenylpropanol was tested and the expected product 3na was isolated in 53% yield. However, aliphatic alcohols were not aminated under these conditions. The investigation was then further extended to a broad scope of amines (3ab-3an). Various substituents such as Me-, MeO-, NO2-are amenable, under the established reaction conditions, to afford the corresponding aminated products (3ab-3ai) in good-to-excellent yields. Even a secondary amine underwent alkylation with 1a and afforded 3aj, albeit in moderate yield. Less basic amines, protected with benzoyl and sulfonyl groups, equally worked well and afforded the corresponding alkylation products in good yields (3ak-3an). However, more basic aliphatic amine did not give any product with 1-phenylethanol, perhaps because they can strongly bind to the catalyst, thereby deactivating it.

To further increase the reaction scope, the intramolecular amination of selected secondary alcohols was also examined (Scheme 3). Various 1,5-aminoalcohols efficiently underwent the intramolecular amination with excellent isolated yields of the expected 2-aryltetrahydroquinolines (5a-5f).

To understand the reaction mechanism various experiments were conducted as shown in Scheme 4. The reductive amination of acetophenone was conducted with p-anisidine using the same reaction conditions established for amination of secondary alcohol, except for the addition of hydrogen (40 bar) as reducing agent. The amination product 3aa was isolated in 84% yield. The isolated ketimine, prepared by condensation of acetophenone and p-anisidine was exposed to a hydrogen pressure under similar conditions (Scheme 4a), leading to 3aa in 55% yield. These experimental results clearly indicate that the ketone (1a') and imine (3aa') are probable intermediate formed in situ during the reaction. The transfer hydrogenation of 3aa' with 1a-D2 under the same reaction conditions gave 3aa in 60% yield with 95% deuterium incorporation at the α-position (Scheme 4b). The amination of (S)-1-phenylethanol with panisidine provided the expected amination product in 80% yield (Scheme 4c) as a racemic mixture, as expected for the oxidation (dehydrogenation) pathway. Parallel experiments using 1a and 1a-D2 gave a kH/kD value of 1.74 ± 0.119, suggesting that the alcohol Scheme 4: Mechanistic Investigations dehydrogenation is not the rate determining step (see the SI). Finally, the intermolecular competitive experiment between a primary (1a-P) and a secondary (1a) alcohol led to the exclusive amination of the secondary alcohol, with no observed traces of the putative N-benzylated amine with with proton delivery to a spectator ligand (e.g. carbonato, 21a alkoxo or aryloxo 21b-c ) or to an external base 21d to produce a key hydride intermediate followed by the mirror processes for the imine substrate, which is produced in the meantime by the noncatalyzed condensation of the ketone intermediate with the amine. A vacant coordination site is needed on the metal center to host the hydride ligand. In the present case, the similar activities of the pre-catalysts A and B (Table 1) suggests the formation of a common active species, which may be either [Cp*CoI2] of [Cp*CoI(PCy3)] + I -. The presence of the 18-electron [Cp*CoI2(PCy3)] may also be questioned because numerous examples of Cp*CoI2(PR3) adducts are known in the literature. 22 However, the PCy3 adduct is not among them. The DFT calculations indicate favorable association of the small PMe3 to [CpCoI2] (-27.7 kcal/mol at 25°C, -22.9 kcal/mol at 150°C), but an unfavorable one for the bulkier PCy3 with the bulkier [Cp*CoI2] (+4.0 +10.4 kcal/mol 25 and 150°C, respectively). The role of PCy3 is presumably the stabilization of the hydride intermediate (vide infra). possible iodide dissociation to generate [CpCoI(PMe3)] + I -is quite costly in toluene (+52.6 and +48.5 kcal/mol at 25 and 150°C and the same process on the real Cp*/PCy3 would undoubtedly also be unfavorable (this process is very solvent-dependent, with the cost dropping to +13.2 and +12.3 kcal/mol in MeCN and H2O, respectively, at 25°C). Hence, the rest of the cycle was explored on the assumption that the alcohol activating species is the unsaturated [Cp*CoI2] monomer.

The alcohol activation (reaction 3), presumably taking place via alcohol coordination followed by deprotonation by the external base, yields the 16-electron alkoxide [CpCoI(OCHMePh)] with a cost of 14.3 kcal/mol at 150°C. The anilinium iodide product is ion-paired in toluene (dissociation to the free ions requires 35.5 kcal/mol). The alternative elimination of HI without aniline intervention would require 17.3 kcal/mol. The alkoxide complex is slightly stabilized by PMe3 coordination (reaction 4, -10.7 kcal/mol), lower than the stabilization of [CpCoI2] (-22.9 kcal/mol) because the additional π donation of the alkoxide ligand is greater than that of iodide. Therefore, the real Cp*Co/PCy3 system would undoubtedly not enjoy any stabilization by phosphine association at this stage. The next step (β-H elimination, reaction 5) is thermodynamically quite facile. The 16-electron [CpCoHI] intermediate is now greatly stabilized by PMe3 coordination (reaction 6, -26.6 kcal/mol), because the vacant metal orbital can only interact with a lone pair of the residual iodide, a weak π-donor. This stabilization is greater than for [CpCoI2], presumably for both steric and electronic reasons. Therefore, it appears possible that the real Cp*Co/PCy3 system could benefit from a slight stabilization of this intermediate by phosphine coordination. The imine formation (reaction 7) is endoergic by +11.2 kcal/mol, but the subsequent coordination and insertion into the Co-H bond is essentially neutral. The 16-electron [CpCoI(NPhCMePh)] is the highest-energy intermediate of the catalytic cycle, at 27.6 kcal/mol from the starting point. This intermediate is essentially not stabilized at all by PMe3 coordination (reaction 9, -0.7 kcal/mol), because of the strong π-donor power of the amido ligand and of steric impediments. Final protonation and product release (reaction 10) stabilize the system to yield an overall thermodynamic cost of 2.5 kcal/mol. The unsuitability of this number (the process is thermodynamically favorable) may be associated to the neglect of H-bonding (stronger homo-and hetero-interactions in the PhNHCHMePh + H2O products than in the PhCH(OH)Me + PhNH2 reactants, a neglect that may also affect the calculated energies of the other intermediates of the cycle. Taking the energy difference between highest and lowest points in the cycle (27.6 kcal/mol at 150°C) as a low limit of the energy span, a TOF of ≤ 180 h -1 can be calculated from the Eyring equation, which does not appear unreasonable considering the observed catalytic activities (table 1 and schemes 1-3) and the Cp* ligand simplification. Please do not adjust margins
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We have demonstrated the first, high-valent cobalt-catalyzed direct N-alkylation of amines with secondary alcohols. Variety amines including benzamides and sulfonamides were amenable for alkylation. Intramolecular amination of secondary alcohols led to 2-arylsubstituted tetrahydroquinoline in excellent yields. Preliminary mechanistic investigation reveals that the reaction indeed proceeds through borrowing hydrogen strategy. The DFT study further validates the action of [Cp*CoI2] and a competent species to catalyze the amination of secondary alcohols by the borrowing hydrogen methodology and points to the possible role of PCy3 as a stabilizer of the unsaturated hydride intermediate, possibly protecting this complex against unwanted decomposition. On the other hand, this phosphine additive does not favorably bind to [Cp*CoI2] (no ground state stabilization) thus maintaining a relatively small energy span for the catalytic cycle.

Figure 1 .

 1 Figure 1. Calculated ΔGtoluene,1M changes at 150°C for the reactions illustrated in Scheme 5 using the computational model (PMe3 and Cp used in place of PCy3 and Cp*).

Table 1 :

 1 Optimization studies and control experiments a

	Entry	[Co] (mol %)	L (mol %)	Yield b
	1	A (10)	-	37
	2	B (10)	-	39
	3	C (10)	-	n.d.
	4	D (10)	-	33
	5	A (10)	PPh3 (10)	64
	6	A (10)	PCy3 (10)	81
	7	A (10)	Dppe (10)	37
	8	A (10)	2-hydroxy pyridine (10)	12
	9	A (10)	8-hydroxy quinoline (10)	34
	10	A (10)	PCy3 (10) + AgOTf (10)	47
	11	A (10)	PCy3 (10)	65 c
	12	A (10)	PCy3 (10)	10 d
	13	A (10)	PCy3 (10)	65 e
	14	A (10)	PCy3 (10)	21 f
	15	A (10)	PCy3 (10)	51 g
	16	-	PCy3 (10)	n.r.
	17	B	PCy3 (10)	69
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