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Cobalt(II) salts combined with NaBHEt3 and eventually a base catalyse efficiently and selectively the reduction of esters to aldehydes or alcohols through hydrosilylation by using phenylsilane. Catalyst characterisations by XRD, XPS, TEM and STEM analyses indicate the materials were partially crystalline with the presence of cobalt nanoparticles. Control experiments suggested low valent Co(0) was the active catalytic species involved.

Introduction

Alcohols and aldehydes are important bulk and fine chemicals in organic chemistry. For the production of alcohols, the reduction of carboxylic acid derivatives is one of the main synthetic pathways. 1 Besides the use of stoichiometric amounts of hydride salts, the reduction of esters can be performed by hydrogenation using heterogeneous catalysts under harsh conditions. 1a,b By comparison, the use of homogeneous catalysts allows more active and selective hydrogenation reactions by operating in milder conditions. Whereas significant achievements were reported using noble metals like ruthenium, 2 the hydrogenation of esters using homogeneous catalysts based on abundant metals, i.e. iron 3 and manganese, 4 has been actively studied for several years. At the meantime, homogeneous cobalt catalysts 1-4 were developed for analogous hydrogenation reactions of esters (Scheme 1). 5 By extension, several cobalt pre-catalysts associated with a ligand were heterogenised to lead to active catalysts for hydrogenation of alkenes and imines. 6 Interestingly, some of these last reactions were also catalysed under hydrogen by a combination of simple cobalt salts and lithium aluminium hydrides. 7 By comparison to hydrogen, the use of hydrosilanes as reductants is an area of growing interest for the mild and selective reduction of ester derivatives by using catalysts based on transition metals like Ti, 8a-b Rh, 8e Zn, 8d,g,i Mo, 8f,h V, 8h or on Lewis acids. 8c Indeed, hydrosilylation, 9 which operates without any high pressure equipment and high temperature, is an interesting alternative to hydrogenation. Whereas some iron 10 and manganese 11 catalysts were effectively applied to the hydrosilylation of carboxylic acid derivatives, the use of a cobalt catalyst has, to the best of our knowledge, not been reported yet for such a reaction. Regarding the reduction of esters to aldehydes, a selective hydrosilylation reaction can be complementary to the hydroformylation of olefins 12 and the oxidation of primary alcohols. 13 Although the reduction of esters to aldehydes is possible by using diisobutylaluminium hydride or lithium tritertbutoxyaluminium hydride, these reagents are not used regularly on a large scale because of their sensitivity and capricious reputation. 14 Hence, though examples are scarce, 15, 16d the hydrosilylation of esters to aldehydes is a versatile reaction when chemoselectivity issues are encountered.

Scheme 1 Cobalt-catalysed reduction of esters through hydrogenation or hydrosilylation reactions. Indeed, by using transition metal or Lewis acid catalysts, it enables the formation of silyl acetals, 9,15,16d which can be converted to aldehydes upon hydrolysis. Following our ongoing interest in iridium catalysed hydrosilylations of carbon-carbon and carbon-heteroatom insaturations, 16 we turned our attention on cobalt catalysed reactions. We report herein novel highly selective hydrosilylations of esters to aldehydes or alcohols through the use of simple Co(II) catalysts which do not require any costly and air sensitive ligands (Scheme 1).

Results and discussion

Initially, ethylphenylacetate 5a was chosen as model substrate to test and optimise the different possible catalysts. A screening of cobalt salts determined Co(OAc)2 and CoCl2 were the best Co metal sources to combine with NaBHEt3 for the hydrosilylation of ester 5a to aldehyde 6a or alcohol 7a (see Tables S1 andS4). Regarding the selective reduction of ester 5a to aldehyde 6a using Co(OAc)2 as pre-catalyst (cat. A), the hydrosilylation was more selective at 40°C or below (Table 1, entries 1-3). The use of only 5 mol% NaBHEt3 resulted in a decrease of the yield (entry 4) and so did the addition of 50 mol% of H2O (entry 5). The product selectivity proved to be in favour of alcohol 7a while adding 10 mol% of KOtBu (entry 6). The use of 2 equivalents of phenysilane proved to be critical in order to form 6a exclusively (entries 2, 7-8). A decrease to 1 mol% of Co(OAc)2 loading resulted in a loss of selectivity (entry 9), and a mercury trapping experiment resulted in a decrease of yield and selectivity, some alcohol 7a being observed (entry 10). This highlighted that nanoparticles may contribute to the hydrosilylation reaction.

Regarding the selective reduction of ester 5a to alcohol 7a using CoCl2 as pre-catalyst (cat. B), the reaction required the addition of 50 mol% of water to operate completely (Table 2, entries 1-3). Full conversion and selectivity were obtained at 60°C while using 2 equivalents of phenysilane (entries 3, 4-6). Furthermore, the use of 10 mol% of KOtBu and 10 mol% of NaBHEt3 proved to be critical for running the hydrosilylation, a change for lower loadings or other additives led to lower conversions and selectivities (Table 2, entries 7-8 and see the Supporting Information Table S5). The catalysis was also perfectly proceeding with 1 mol% of CoCl2 (entry 9), and a mercury trapping experiment resulted only in a slight decrease of selectivity, some aldehyde 6a being obtained (entry 10). For both pathways, screening of other ether solvents confirmed DME and 1,4-dioxane were respectively the best for the synthesis of aldehyde 6a and alcohol 7a (see the Supporting Information Tables S2,S6). At the exception of hexylsilane, replacement of phenylsilane by other silane reagents did not allow any reaction along both hydrosilylation conditions (see Tables S3,S7). Finally, full-conversions were also obtained for reactions at a 3 mmol scale of ester 5a (Tables S1,S4). The scope of both hydrosilylation reactions was studied for a series of aromatic and aliphatic esters 5a-t under the optimised conditions determined above (Scheme 2). The reaction products, i.e. aldehydes 6a-t and alcohols 7a-t, were all selectively formed using cat. A or cat. B and directly recovered from the resulting crude silyl acetal products through purification by flash chromatography on silica gel. Hydrosilylations implying esters 5b,d,f,h,I and cat. A required lower reaction temperatures in order to be fully selective. 2-phenylacetate esters 5a-d substituted by ethyl, methyl, isopropyl or benzyl groups all led respectively to aldehyde 6a and alcohol 7a in high yields. Hydrosilylation of ethyl and benzyl benzoate 5e,f could be also performed readily to afford products 6e and 7e in good to high yields. The reduction of related ortho-and para-substituted ethyl benzoate 5g-j proceeded selectively to the desired aldehydes and alcohols in good to high yields independently of the substitution pattern of the reagent. However, if para-methoxy ester 5k was readily converted to alcohol 7k, aldehyde 6k was not formed. Furthermore, ortho substitution by a methoxy group led to complete unreactive substrate 5l, which may strongly chelates the catalysts. By comparison, hydrosilylation of sterically hindered 2-phenylacetate 5m,n proceeded smoothly to the corresponding aldehydes 6m,n and alcohols 7m,n. Surprisingly, the reduction of thiophene-based ester 5o led to alcohol 7o in high yield for both pathways (cat. A and cat. B). Finally, linear and cyclic aliphatic esters 5p-t were reduced selectively to the corresponding aldehydes and alcohols in good to high yields, with the exception of ester 5r whose reaction with cat. A did not lead to aldehyde 6r.

Characterisations of the catalysts and mechanistic considerations

The cobalt catalysts were studied by TEM and STEM EDS. The catalyst A resulting from the reaction of Co(OAc)2 with NaBHEt3 and phenylsilane showed piles of various sizes and thicknesses (Figure 1a). Some were thinner and clearly showed packed nanoparticles (Figure 1b). At HRTEM (ie >400kx), nanoparticles appeared crystalline as plans and diffraction patterns were observed (Figures 1c,1d, and S1) but their indexation was not obvious as the diffraction data were of average quality. EDX analysis showed the piles were composed of Co and Fe with the presence of Ti traces and Cu from the grid holding the sample (Figure S2). The dispersion of the nanoparticules was studied by STEM EDS elemental mapping without quantification and sizing (Figures 1e-f, S3).

Figure 1 TEM and STEM EDS images of cat. A (a-f) and cat. B (g-l). 1g) Electronic picture of the elemental mapping area by STEM EDS; the green area was scanned. 1h) Elemental mapping area for Co (K-alpha ray @6.925keV) by STEM-EDS.

The nanoparticles observed as dark piles on the electronic picture were predominantly appearing as green piles of Co on the mapping. The catalyst B resulting from the reaction of CoCl2 with KOtBu, NaBHEt3, water and phenylsilane was also analysed by TEM in spite of focus problems related to the presence of charges and of the detrimental effect of the beam impact which converted crystalline piles into amorphous ones. At low magnification, piles of various sizes and thicknesses were noticed with small stripes or nanoparticles or combining both (Figures 1i,1j). Some needles arranged crosswise were also observed in the piles but they were not always crystalline according the lack of diffraction patterns. At HRTEM, nanoparticles appeared crystalline (Figures 1k,1l) and the observed diffraction patterns could be indexed for Co(OH)2 (Figures 1g,1h, 1j, S4-S6). However, sample was not stable enough to allow any STEM-EDS analysis as nanoparticles were rapidly becoming amorphous or even melting upon effect of the 200kV beam (Figures S7). EDX analysis showed the piles were composed of Co, Fe, Si, K and Cl with the presence of Ti traces and Cu from the grid holding the sample (Figure S8). The presence of Fe in catalysts A and B was also confirmed by X-ray fluorescence (Figure S18) and originated from the Fe residues in the commercial cobalt salts used. The claimed purities of the latter were reagent grade for the Co(OAc)2 and 99+% for the CoCl2. It was worth to note similar reaction outcomes were obtained for both catalytic reactions while using cobalt salts of higher purities, i.e. >99.99% (Tables S1 andS4). TEM analyses of catalysts A and B prepared without silane were also performed (Figures S9-S17). Piles of various sizes and thicknesses were also observed with various kinds of crystals (needles, sheets…). If nanoparticles appeared crystalline at HRTEM, indexations of the diffraction patterns were not obvious (Figures S9-S11 and S12-S16). Moreover, catalyst B sample was rapidly becoming amorphous or even melting upon effect of the 200kV beam (Figure S17).

The catalysts A and B were further characterised by their X-ray diffraction (XRD) patterns using reflexion and transmission modes (Figure 2 and Figures S19-S22). The latter allowed working in anhydrous and oxygen free conditions with a better resolution. We first analysed the catalyst A resulting from the reaction of Co(OAc)2 with NaBHEt3 and phenylsilane (Figures 2a,2c). Most of the diffraction patterns were ascribed to NaOAc without any evidence for the presence of CoO, Co3O4 and low valent Co(0) species. The catalyst B resulting from the reaction of CoCl2 with KOtBu, NaBHEt3, water and phenylsilane was also analysed (Figure 2b and2c). Most of the observed diffractions were fitted with the XRD patterns of KCl and Co(OH)2 in accordance with the TEM results. Minor peaks were attributed to remaining CoCl2 and there was no evidence for the presence of CoO, Co3O4 and Co(0) species.

The catalysts A and B prepared without phenylsilane led to similar diffraction patterns (Figures S23,S24). Additional analyses by Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) confirmed respectively the presence of hydroxide groups for catalyst B and of OAc function for catalyst A (Figures S25,S26).

X-ray photoelectron spectroscopy (XPS) analyses were then performed in order to determine the chemical composition at the surface of the catalysts. Two types of samples were studied for each catalyst, i.e. cat. A and cat. B, the first being prepared in the presence of silane and second without. Following the catalysts characterisations asserting the presence of Co(II) and Co(0) species, we underwent some control experiments (Scheme 3). Regarding the reduction of ester 5a to aldehyde 6a using Co(OAc)2 as pre-catalyst (cat. A), we noticed the reaction required the addition of the reducing agent NaBHEt3 to operate and thus confirmed low valent Co(0) was most likely the active species involved (Scheme 3, equation 1). Furthermore, considering the reduction of ester 5a to alcohol 7a using CoCl2 as pre-catalyst (cat. B) and relying on the results obtained by X-ray diffraction and DRIFTS analyses, we confirmed the reaction were effectively run within the optimised conditions by using Co(OH)2 instead of CoCl2 (Scheme 3, equation 2). Whereas in that case KOtBu additive could be skipped, we demonstrated ester 5a was not reduced without addition of NaBHEt3 and therefore confirmed low valent Co(0) was likely to be the involved active species (Scheme 3, equation 2). Indeed, as the single uses of KOtBu, Co(OH)2 or Co(OAc)2 were not catalysing the reactions (Scheme 3, Table S5, entry 5), any base catalysed hydrosilylation 17 could be excluded. Furthermore, if in the past the single use of NaBHEt3 was shown to catalyse several hydrosilylation reactions, 18 this hydride here directly reduced the Co(II) salts to lead to low valent Co(0) as active species. The critical role of the latter was confirmed by the two following control experiments using simply NaBHEt3 as a catalyst without any cobalt salt and base. Within the reaction conditions used for the reduction of ester 5a to aldehyde 6a, the selectivity was reversed in favour of alcohol 7a (Table S1, entries 2, 4, 10).

Scheme 3 Control experiments regarding the catalytic active species. Moreover, while applying the conditions used for the reduction of ester 5a to alcohol 7a, the latter was prepared in a much lower yield (39% in 5 hours) as compared to quantitative Co catalysed reactions (Tables S4, entries 3, 5, 10). If cat. B activation required a base like many earth-abundant metal catalysts, 19 we observed the reaction selectivity and yield were dependent of the type of base (Scheme 3 -equation 2, table 2 -entry 7 and table S5). Moreover, in the case of cat. A, the high reaction selectivity towards the aldehyde 6a was lost using a catalytic amount of base, alcohol 7a being obtained (Table 1, entry 6). Hence, considering our previous report on the selective hydrosilylation of esters to aldehydes using a homogeneous Ir(III) metallacycle catalyst, 16d we can hypothesize the trapping of reactive silane intermediates is the key parameter controlling the hydrosilylation of esters towards aldehydes. Herein, such reaction selectivity was only observed applying Co(OAc)2 and Co(acac)2 (Tables S1 andS4) and underlined a possible role of the organic acetate or acac anion in this process.

Finally, we investigated the recycling of catalysts A and B (Tables S8 andS9). If any new cycle required obviously the further addition of the co-reactant phenyl silane (2 eq.), we noticed in each case the use of a subsequent catalytic amount (10 mol%) of NaBHEt3 was necessary at the beginning of any cycle in order to allow the catalytic reactions to proceed. Along the cycles, it was worth to note catalyst A was no longer selective for aldehyde 6a as around 23% of alcohol 7a was formed as respected to 6a starting from the second run. However, catalyst B was successfully reused up to 4 cycles without significant loss of selectivity.

Conclusions

To summarise, we have developed novel and original cobalt catalysts for the selective hydrosilylation of esters to aldehydes or alcohols while using simple Co(II) salts without any costly and air sensitive ligands. Catalyst characterisations indicate the materials were partially crystalline with the presence of nanoparticles. Though Co(II) was the main oxidation state observed in the prepared catalysts, some Co(0) was also present. Control experiments confirmed low valent Co(0) was the active species involved. At that stage, further investigations are needed before addressing the accurate role of the base additive and of the acetate anion on the reaction selectivities and mechanisms. Further studies of such catalysts and their reactivity will be reported in due time.

Experimental

General procedure for the catalytic reactions.

-Reactions implying Co(OAc)2 precursor, e.g. cat. A: Co(OAc)2.4H2O (3.8 mg, 5 mol%, 0.015 mmol) was introduced into a Schlenk tube and dried under vacuum during 15 minutes. Under nitrogen, dry DME (2 mL) was transferred and the resulting solution was stirred at 60 °C. After 15 minutes, NaBHEt3 (30 µL, 1M in toluene, 10 mol%, 0.03 mmol) was added. After 5 minutes of additional stirring, PhSiH3 (74 µL, 2 eq., 0.6 mmol) was added followed by the ester (0.3 mmol, 1 eq.). The reaction mixture was then heated at 25 °C under stirring during 15 hours. Reactions proceeded also on a 3 mmol scale of ester.

-Reactions implying CoCl2 precursor, e.g. cat. B:

In a glovebox, CoCl2 (1.95 mg, 5 mol%, 0.015 mmol), KOtBu (3.36 mg, 10 mol%, 0.03 mmol) were introduced into a Schlenk tube. Under nitrogen, dry dioxane (2 mL) was transferred and the resulting mixture was heated at 60°C. After 15 minutes, NaBHEt3 (30 µL, 1M in toluene, 10 mol%, 0.03 mmol) and water (2.7 µL, 50 mol%, 0.15 mmol) were added. After 5 additional minutes of stirring, PhSiH3 (74 µL, 2 eq., 0.6 mmol) was added followed by the ester (0.30 mmol, 1 eq.). The reaction mixture was then heated at 60°C under stirring during 15 hours. Reactions proceeded also on a 3 mmol scale of ester.

To monitor the progress of the reactions, aliquots (0.1 mL) were taken at defined times, filtered through Celite with a CH2Cl2 wash (3 mL), and analysed by GC. At the end of each reaction, the crude product was filtered through Celite with a CH2Cl2 wash (3 mL) then purified by flash chromatography or preparative TLC. Volatile aldehyde products were isolated as 2,4-dinitrophenylhydrazone adducts as follows. After reaction, the resulting crude mixture was dried over MgSO4 and diluted with ethanol (1 mL). The resulting solution was treated with 0.5 mL of Brady's reagent [solution of 2,4dinitrophenylhydrazine (0.3 g), H2O (1.5 mL), ethanol (5 mL) and H2SO4 conc. (1 mL)] for 30 min with vigorous stirring. The resulting orange precipitate was isolated by filtration through filter paper, washed and triturated with ethanol (10 mL) and finally dried under vacuum.

  19 a) Determined by GC. b) Reaction with 5 mol% NaBHEt3 instead of 10 mol%. c) 1 mol% Co(OAc)2, 2 mol% NaBHEt3. d) Hg(0) (1 drop).

  Scheme 2 Scopes of the reactions catalysed by cat. A and cat. B. Isolated yields. [a] Isolated as the 2,4dinitrophenylhydrazone adduct. [b] at 0°C. [c] at -20°C.

Figure 2

 2 Figure 2 X-ray diffraction patterns of cat. A (a) and cat. B (b) using transmission mode. c) reference diffraction patterns.

Figure 3

 3 Figure 3 XPS of cat. A (a) and cat. B (b) with or without phenylsilane. Regarding the catalyst A based on Co(OAc)2, the full scan spectrum revealed the core levels of the elements O, Co, Na, C and Si (Figures S27, S28). An unexpected presence of Cl was also detected as it was an impurity of the Co(OAc)2 (Figure S29). At the exception of B element, similar core levels were observed for the catalyst A sample prepared without silane. The cobalt 2p spectrum showed the core level signals of Co(II) with Co 2p3/2 at 781 eV and some low valent Co(0) was only detected for the catalyst A sample prepared without silane (Figure 3 right). Furthermore, the full scan spectrum of the catalyst B based on CoCl2 revealed the core levels of the elements O, Co, Na, B, Cl, C, K and Si (Figures S30, S31). Similar core levels were observed for the catalyst B sample prepared without silane. The cobalt 2p spectrum showed the core level signals of Co(II) with Co 2p3/2 at 781 eV and some low valent Co(0) was only detected for the catalyst B sample prepared without silane (Figure 3 left).

Table 1

 1 Optimisation of the catalytic conditions for the reduction of ester 5a to aldehyde 6a (cat. A).

	Entry T	Silane	Additive	Yield	Selectivity (%) a
		(°C	(eq.)	(mol%)	(%) a	6a / 7a
	1 2	) 60 2 40 2	--	100 100	75 100	25 -
	3 4 b	25 2 40 2	--	74 93	100 100	--
	5	40 2	H2O (50) 75	100	-
	6	40 2	KOtBu	100	27	73
	7 8 9 c 10 d	40 1.5 40 1 40 2 40 2	-(10) --Hg	78 61 100 78	93 89 89 81	7 11 11

Table 2

 2 Optimisation of the catalytic conditions for the reduction of ester 5a to alcohol 7a (cat. B).

	Entry T	Silane	H2O	Yield	Selectivity
		(°C)	(eq.)	(mol%)	(%) a	(%) a
	1 2	60 2 60 2	0 20	0 95	6a / 7a --	-100
	3	60 2	50	100	-	100
	4	60 1	50	41	-	100
	5	60 1.5	50	74	-	100
	6 7 b 8 c 9 d 10 e	25 2 60 2 60 2 60 2	50 50 50 50	100 0 81 100	6 ---	94 -100 100
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