Duo Wei 
  
Ruqaya Buhaibeh 
  
Yves Canac 
  
Jean-Baptiste Sortais 
  
Rhenium-catalyzed reduction of carboxylic acids with hydrosilanes

Re2(CO)10 efficiently catalyzes the direct reduction of various carboxylic acids under mild conditions (r.t, irradiation 350 or 395 nm). While aliphatic carboxylic acids were readily converted to the corresponding disilylacetals with low catalyst loading (0.5 mol%) in the presence of Et3SiH (2.2 equiv.), aromatic analogues required more drastic conditions (Re2(CO)10 5 mol%, Ph2MeSiH 4.0 equiv.) to afford the corresponding aldehydes after acid treatment.

Because of their essential role as organic synthons, simple and direct methods to produce aldehydes are highly required. The reduction of carboxylic acids, which is a common transformation, is one of the classical methods for the formation of aldehydes. However, due to the higher reactivity of aldehyde products with respect to acid precursors, the direct reduction of carboxylic acids to aldehydes is generally tedious and the formation of alcohols due to excessive reduction is difficult to avoid. 1 As a main consequence, the preferred conventional route involves a two-step procedure implying complete reduction of acids to the corresponding alcohols, followed by oxidation of these to the desired aldehydes. [START_REF] Trost | Comprehensive Organic Synthesis[END_REF] An alternative method is to convert the carboxylic acids into more reactive derivatives (acyl halides, anhydrides or esters) before reducing them to aldehydes. [START_REF] Zhang | [END_REF] In this general context, organosilanes offer an unique opportunity to reduce carboxylic acid derivatives with high chemoselectivity. 4 In particular, silanes allow the direct reduction of carboxylic acids into protected aldehydes in the form of disilylacetals, the latter being then easily converted into aldehydes by acid treatment.

The first example of such transformation was reported by Nagashima et al., using ruthenium carbonyl catalysts in the presence of 1,2-bis(dimethylsilyl)benzene. 5 From iron based catalysts we have developed a selective and switchable method to form either alcohols in the presence of phenylsilane under UV irradiation, or aldehydes with TMDS (1,1,3,3tetramethyldisiloxane) under thermal activation. 6 In addition, the Brookhart group demonstrated that the borane B(C6F5)3 acts as an effective catalyst for the reduction of aliphatic and aromatic carboxylic acids to disilylacetals in the presence of bulky tertiary silanes. 7 Finally, we have recently shown that the complex Mn2(CO)10 can catalyze the reduction of various carboxylic acids into stable disilylacetals under the influence of UV light irradiation (350 nm). 8 Compared with manganese, 9 its lighter analogue, whose applications in reduction catalysis are in constant progression, [START_REF] Kallmeier | [END_REF] rhenium has been more rarely used in this field and in particular in hydrosilylation type-reactions. 11 The first rheniumcatalyzed hydrosilylation was described by Toste in 2003 using the complex [(PPh3)2Re(O)2I], 12 thus demonstrating the potential of high valent Re oxo complexes in such transformation. 13 Ison and coll. reported also a series of low valent Re(III) complexes for the hydrosylation of aldehydes, while Berke demonstrated that readily available nitrosyl Re(I) complexes could be effective for the reduction of various carbonyl precursors. Finally, it has been mentioned that mono-and dinuclear Re(I) complexes such as Re(CO)5Cl and Re2(CO)10 can behave as valuable catalysts in hydrosilylation reactions for carbonyl derivatives under photochemical activation. 14 Inspired by this work and in line with our effort to develop catalysts based on group 7 transition metals, 15 we report here after the first rhenium catalyzed reduction of carboxylic acids, being aliphatic or aromatic in nature, under either UV (350 nm) or LED's (395 nm) irradiation, and under mild conditions.

The first conditions used here are based on those recently developed in the manganese series for the reduction of carboxylic acids. And thus by selecting the complex Re2(CO)10 as pre-catalyst (5 mol%) and the tertiary silane Et3SiH (4 equiv.) as reducing agent, a full conversion of 2-naphthyl acetic acid 1a to the corresponding disilylacetal product 2a was observed after 3h of irradiation at 395 nm (LED, 45 W), at r.t. (ca. 30 °C) in toluene (Table 1, entry 1). The conditions were further optimized to decrease both the catalytic charge to 0.5 mol% (and even up to 0.2 mol%, entry 4) and the amount of Et3SiH to 2.2 equiv. (entries 5-6). After 9h of irradiation, under these conditions (Re2(CO)10 0.5 mol%, Et3SiH 2.2 equiv.)), the desired product 2a was finally obtained with high conversion and selectivity (97%, entry 6). The nature of the silane was shown to be crucial for the selectivity of the reaction (Table S1). Indeed, the use of Et2SiH2 and PhSiH3 (4 equiv., entries 1 and 3) lowered the conversion of 1a, while Ph2SiH2 reversed the selectivity in favor of the silylether 3a, obtained in 80% yield after 3 h of exposure time (entry 2). For its part, TMDS (4 equiv.) led to a full conversion of 1a but as a 55/45 mixture of adducts 2a and 3a (entry 4). Among other tertiary silanes tested (Me2PhSiH, Ph2MeSiH, Ph3SiH and, (EtO)3SiH, entries 5-9), only Me2PhSiH led to the formation of 2a with satisfying selectivity (entry 5, 91%), albeit being less efficient than Et3SiH under optimized conditions (entry 6).

Following these results, a series of control experiment was then performed (entries 7-13). In the absence of any light, under thermal conditions, or even in the presence of visible light, no conversion of 1a was detected after 9h (entries 7-9). With 0.5 mol% catalytic charge and 2.2 equiv. of Et3SiH, the higher conversion of 1a (ca. 98%) was observed when the reaction was performed under UV irradiations (350 nm) in a Rayonnet RPR100 apparatus (entry 10). Noteworthy, the use of a medium pressure UV mercury lamp (150 W) led to a 69% yield of 2a+3a after only 1 hour and with good selectivity (entry 11). Changing the Re2(CO)10 catalyst to Re(CO)5Br (1.0 mol%) does not affect the outcome of the reaction, 14 the disilylacetal 2a being formed in 95% yield under UV irradiation (350 nm) (entry 12). In the absence of any Re-based catalyst, no conversion of the 2-naphthyl acetic acid 1a could be detected (entry 13). Finally, the addition of TEMPO was shown to inhibit the reaction (entry 14 and Scheme S1, SI). 14,16 To gain some insights about the mechanism of this catalyzed reaction, kinetic monitoring was performed in the case of 2-phenyl acetic acid 1c. The latter confirmed thus the initial formation of a silyl ester intermediate prior to the final product, namely the disilylacetal 2c (see Table S2 and Fig. S3,SI). An "On-Off" experiment (see Fig. S4, S.I.) confirmed also that continuous irradiation is mandatory for the reduction to proceed. With the optimized conditions in hand, i.e. Re2(CO)10 (0.5 mol%), Et3SiH (2.2 equiv.) under irradiation (395 or 350 nm, Table 1, entries 6 and 14), the synthetic scope of this Recatalyzed reduction of carboxylic acids to disilylacetals was investigated. 17 As shown in Scheme 1, 2-naphthyl acetic acid 1a, 1-naphthyl acetic acid 1b, 2-phenyl acetic acid 1c, methyl substituted 2-phenyl acetic acids 1d-f and 2-(4methoxyphenyl) acetic acid 1h were smoothly converted in the corresponding disilyl acetal products in good yields (up to 97%), although the reaction was shown to be less effective in the case of the ortho-substituted acid 1f (ca. in 62% isolated yield). Sterically hindered acids such as 2-phenylbutanoic acid 1g could be also reduced but with lower efficiency (ca. 22 %). The reaction is tolerant to amino, fluoro and chloro groups, as demonstrated with the formation of 2i in 75% yield without any evidence of silylamine species, and of products 2j and 2k bearing fluorine and chlorine atoms formed in 92% and 98% yield, respectively. On the opposite, 2-(4-bromophenyl)acetic acid 1l inhibited the reaction, and debromination of 1l was detected (c.a. 3%). Interestingly, hetero-aromatic substituted acetic acids based on thiophene 1m and 1H-indole 1n rings were reduced affording related products 2m and 2n in 59% and 89% yield, respectively. Carboxylic acids with longer carbon chains (2o-2t) gave also the corresponding acetals in excellent yield up to 98%. Notably, dicarboxylic acid 1r led to the reduction product 2r in 99% yield. The internal C=C bond in precursors 1s and 1t was not altered while the conjugated C=C bond of cinnamic acid was fully reduced yielding the saturated product 2o. [START_REF]The reduction of crotonic (1y) and 3-methylcrotonic (1z) acids led after hydrolysis to butanal (5y) and 3-methylbutanal (5z) in 82% and 91% yield respectively, see S.I. 19. Liquid 3-phenylpropionaldehyde slowly evolved towards solid 2[END_REF] The latter was also formed by direct reduction of 3-phenylpropionic acid 1o. The scope of the reaction was successfully extended to cyclohexane-1u and cyclopentane 1v carboxylic acids. Corresponding products 2u and 2v were formed in good yield (ca. 90-91%). It is worth mentioning that acetic and formic acids were also reactive in the current reaction, producing 2w and 2x in about 90% yield. Noteworthy, a series of substrates was not tolerated under the General conditions: carboxylic acid (0.5 mmol), Et3SiH (176 µL, 1.1 mmol, 2.2 equiv.), Re2(CO)10 (1.6 mg, 0.5 mol%), r.t., toluene (1.0 mL), irradiation, 9 h; Conversion of 1 was detected by 1 H NMR of the crude mixture; and isolated yields of 2 were shown in parentheses; a UV irradiation at 350 nm (Rayonet), b irradiation at 395 nm (LED), c NMR Yield, d starting from cinnamic acid, e Re2(CO)10 (1 mol%), Et3SiH (4.4 equiv.) In the perspective of synthetic applications, a gram-scale experiment was performed from 3-phenylpropionic acid 1o (1.0 g, 6.7 mmol). After 24h reaction, 1o was fully converted into the diacetal 2o along with the silylether 3o obtained in 72% and 28% NMR yield, respectively. After acid treatment (1N aqueous HCl), 5,8 the related 3-phenylpropionaldehyde was finally isolated in 61% yield. 19 Given the efficiency of the catalytic system, the reduction of more challenging benzoic acid derivatives was then investigated. Indeed, it has been reported that iron-based catalysts 6 are not active in the reduction of aromatic acids while Mn2(CO)10 8 lead to low yields and that in the case of B(C6F5)3, a higher catalytic charge compared to aliphatic acids is required. 7a The first catalytic tests carried out under the conditions developed for the aliphatic acids did not lead to any reaction with benzoic acid 4a, even after 48h (See Table S1 in S.I.). Increasing the catalyst loading (5 mol%) and the amount of Et3SiH (4 equiv.) enabled the formation of the corresponding benzaldehyde 5a as evidenced by 1 H NMR of the crude mixture (25% conversion). In order to improve the conversion of benzoic acid 4a into benzaldehyde 5a, other silanes were then tested (Table S1). A satisfactory conversion (71%) was obtained in the presence of Ph2MeSiH (4 equiv.) after 48h under irradiation (350 nm) at r.t in Et2O. The general scope of the present reaction is presented on Scheme 2. 2-Naphthoic acid 4b afforded the corresponding aldehyde 5b in 82% isolated yield. Aromatic acids 4c-d bearing electron donating -OMe and -NMe2 groups led to the related aldehydes 5c-d in good yields. Hetero-aromatic acids based on furane, thiophene and pyrrole rings (4f-4h) and 4-cyanobenzoic acid 4e gave also the corresponding aldehydes but with moderate yields (23-58%). Low conversions were observed from acid precursors containing an electron-withdrawing group, such 4-(trifluoromethyl)benzoic acid 4i and 4-chlorobenzoic acid 4j. No conversion was detected for 5k. Scheme 2. Scope of the reduction of aromatic carboxylic acids to aldehydes a a General conditions: carboxylic acid 4 (0.5 mmol), Ph2MeSiH (200 µL, 1.0 mmol, 4.0 equiv.), Re2(CO)10 (8.2 mg, 5.0 mol%), r.t., Et2O (1.0 mL), UV irradiation (350 nm)), 48 h, then hydrolysed at r.t. with trifluoroacetic acid (99%, 0.25 mL) for 3 h. NMR-yield of 5 was detected by 1 H NMR of the crude mixture after hydrolysis, and isolated yields of 5 were shown in parentheses.

In conclusion, a variety of aliphatic and aromatic carboxylic acids were smoothly converted to the corresponding disilylacetals that could be easily converted into aldehydes by acidic treatment. Of notable achievements, compared to manganese catalyst Mn2(CO)10, the catalyst loading of the present reaction with Re2(CO)10 is lowered by a factor ten and the quantity of silanes halves. In addition, this new protocol was applied to a range of benzoic acids derivatives that are reluctant to be reduced by traditional methods.

Scheme 1 .

 1 Scheme 1. Scope of the Re-catalyzed reduction of carboxylic acids 1 to disilylacetals 2

Table 1 . Optimization of the parameters for the reduction of 2-naphthyl acetic acid 1a a

 1 General conditions: In a Schlenk tube, Re2(CO)10, toluene, the silane and 1a were added in that order. The reaction was stirred under irradiation (395 nm, 45W) at r.t.. Conversion and selectivity were detected by 1 H NMR on the crude reaction mixture. b in the dark; c visible light irradiation (30 W); d at 100 °C, no irradiation; e under UV irradiations (350 nm) in a Rayonet RPR100 apparatus; f under UV irradiation with a medium pressure lamp (150 W) g Re(CO)5Br (1 mol%) as catalyst. f in the presence of TEMPO(1 equiv.) 

	Entry Re2(CO)10	Silane	Time	Yield	Selectivity
		(mol%)	(equiv.)	(h)	2a+3a.	2a:3a	
	1	5	Et3SiH (4) 3	> 98	99	1
	2	0.5	Et3SiH (4) 3	77	95	5
	3	0.2	Et3SiH (4) 3	44	95	5
	4	0.2	Et3SiH (4) 6	84	93	7
	5	0.5	Et3SiH	6	69	97	3
			(2.2)				
	6	0.5	Et3SiH	9	97	97	3
			(2.2)				

a
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