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Abstract
We studied the catalytic activity of diethyl pyridylphosphonates in the hydrosilylation of aldehydes using HSiCl3 as a hydride source. Diethyl 2-pyridylphosphonate was found to be a good catalyst, while 2-pyridylthiophosphonate, 3- and 4-pyridylphosphonates, and phenylphosphonate showed much lower catalytic activity.  The  study  shows  that  diethyl 2-pyridylphosphonate works as a bidentate Lewis base catalyst to activate HSiCl3. A complete chemoselective hydrosilylation of benzaldehyde in the presence of acetophenone was also demonstrated. 
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Abstrak
Kami mengkaji aktiviti pemangkinan dietil piridilfosfonat di dalam hidrosililasi aldehida telah dikaji dalam makalah ini menggunakan HSiCl3 sebagai sumber hidrida. Dietil 2-piridilfosfonat didapati merupakan pemangkin yang baik sementara 2-piridiltiolfosfonat, 3- dan 4- piridilfosfonat, dan fenilfosfonat menunjukkan aktiviti pemangkinan yang lebih rendah. Kajian ini menunjukkan dietil 2-piridilfosfonat berfungsi sebagai pemangkin Lewis bes bidentat untuk mengaktifkan HSiCl3. Satu hidrosililasi kemoselektif lengkap benzaldehida dengan kewujudan asetofenon juga telah dapat ditunjukkan dalam kajian ini.
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Introduction
Lewis base-catalyzed metal-free hydrosilylation is a useful alternative to the reduction using metal hydrides and transition metal-catalyzed hydrogenation. It is often used for the chemoselective reduction of aldehydes, ketones, and imines to the corresponding alcohols and amines in the presence of various functional groups which are susceptible to other kinds of reducing agents. Many kinds of Lewis base catalysts have been developed for this reaction so far [1-8]. However, there is still a need for the development of new catalysts with improved activity and selectivity.

In order to develop a new class of Lewis base catalyst, we focused on pyridylphosphonate derivatives [9]. A variety of Lewis base catalysts carrying pyridyl or P=O groups have been developed and applied to the hydrosilylation of aldehydes, ketones, and imines [10-18]. Both functional groups are usually used in combination with other kinds of coordinating groups such as carbonyl groups in the design of Lewis base catalysts. However, the combination of pyridyl and P=O groups has been scarcely used and, to the best of our knowledge, pyridylphosphonates have not yet been studied for their catalytic activity. We have recently directed our efforts to the synthesis of 2-pyridylphosphonates and 2-pyridylphosphinates [19-20]. These compounds can be easily synthesized from low-cost starting materials, H-phosphonates and N-methoxypyridinium salts [9, 21-23] and thus can be cost-effective catalysts. In this study, we investigated the potential of diethyl 2-pyridylphosphonate and some relevant phosphonates as Lewis base catalysts in the hydrosilylation of aldehydes.

Materials and Methods
General information
Commercially available reagents were used without purification. Dry organic solvents were prepared by appropriate procedures prior to use. The other organic solvents were reagent grade and used as received. All reactions in dry solvents were carried out under argon. Analytical thin-layer chromatography (TLC) was performed on Merck TLC plates (No. 5715) precoated with silica gel 60 F254. Column chromatography on silica gel was carried out using Kanto silica gel 60N (spherical, neutral, 63–210 μm). The 1H (400 MHz) spectra were recorded on a JNM-ECS-400 spectrometer (JEOL). Diethyl 2-pyridylphosphonate 1a [23], diethyl 2-pyridylthiophosphonate 1b [24], diethyl 3-pyridylphosphonate 2 [25], and diethyl 4-pyridylphosphonate 3 [26] were synthesized according to the procedures reported in the literature.

General procedure for the hydrosilylation of aldehydes
An aldehyde (1.0 mmol) and HSiCl3 (1.2 or 2.0 mmol) were added dropwise to a solution of 1a (0.20 mmol) in dry CH2Cl2 (2.0 mL) under stirring at RT and stirring was continued for 20 hours. The mixture was then washed with a 1 M aqueous solution of HCl (10 mL). The aqueous layer was extracted with CH2Cl2 (5 × 10 mL). The organic layers were combined, dried over Na2SO4, filtered, and concentrated under reduced pressure. The residue was then purified by column chromatography on silica gel (hexane/ethyl acetate) to afford the corresponding alcohols in 27%–94% yield. Identities of the products were confirmed by comparison of 1H NMR data with those of commercial samples.

Results and Discussion
Initially, we examined the hydrosilylation of benzaldehyde using HSiCl3 and diethyl 2-pyridylphosphonate 1a as a reducing agent and a catalyst, respectively (Figure 1 and Table 1). As shown in entries 1 and 2, benzaldehyde was completely reduced in the presence of 2 equiv. of HSiCl3 and 20 mol% of 1a in CH2Cl2 at RT within 20 h and benzyl alcohol was isolated in 70% yield. The reaction was also practically completed in CHCl3, Et2O, and toluene under  the  same  conditions  (entries 3–5).  It  was  found  that  the reaction was slower in toluene than in CH2Cl2 by reducing the catalyst loading from 20 mol% to 10 mol% (entries 6, 7).  Next, we used diethyl 2-pyridylthiophosphonate 1b, diethyl 3-pyridylphosphonate 2, diethyl 4-pyridylphosphonate 3, diethyl phenylphosphonate 4, and pyridine as catalysts in place of 1a to investigate the structure–activity relationship of the catalyst (entries 8–13). The lower conversion of benzaldehyde (8%–47%) shows that these catalysts are much less effective than 1a in this reaction. These results also indicate that 1a promotes the reaction as a bidentate Lewis base catalyst which coordinates to the silicon atom of HSiCl3 with its 2-pyridyl and P=O groups. The catalyst activity of 1b is much lower (entry 8) because the coordination of the soft sulfur to the hard silicon of HSiCl3 is weaker than that of the hard oxygen of 1a [27,28]. Compounds 2 and 3 cannot work as bidentate Lewis bases due to their structural limitations. The low conversions by 4 and pyridine even with 40 mol% catalyst loading (entries 11–13) show that the pyridyl and phosphonate groups do not promote the reaction effectively when they work independently. It was also confirmed that the reaction did not proceed at all without catalyst (entry 14). Finally, the isolated yield of benzyl alcohol was improved from 70% to 80% as the amount of HSiCl3 was reduced from 2.0 equiv. to 1.2 equiv. It is because the amount of polysiloxane produced by the hydrolysis of HSiCl3 during aqueous workup was reduced and the isolation of the product became easier (entries 2 and 15).
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Figure 1.  Hydrosilylation reaction of benzaldehyde


Table 1.  Hydrosilylation of benzaldehyde
	Entry
	HSiCl3 (equiv)
	Catalyst (mol%)
	Solvent
	Time (hour)
	Conversion (%)a
	Isolated Yield (%)b

	1
	2.0
	1a (20)
	CH2Cl2
	8
	84
	–

	2
	2.0
	1a (20)
	CH2Cl2
	20
	>99
	70

	3
	2.0
	1a (20)
	CHCl3
	20
	98
	–

	4
	2.0
	1a (20)
	Et2O
	20
	99
	–

	5
	2.0
	1a (20)
	toluene
	20
	>99
	–

	6
	2.0
	1a (10)
	CH2Cl2
	20
	98
	–

	7
	2.0
	1a (10)
	toluene
	20
	52
	–

	8
	2.0
	1b (20)
	CH2Cl2
	20
	19
	–

	9
	2.0
	2 (20)
	CH2Cl2
	20
	47
	–

	10
	2.0
	3 (20)
	CH2Cl2
	20
	25
	–

	11
	2.0
	4 (40)
	CH2Cl2
	20
	30
	–

	12
	2.0
	pyridine (40)
	CH2Cl2
	20
	14
	–

	13
	2.0
	pyridine (20)
	CH2Cl2
	20
	8
	–

	14
	2.0
	–
	CH2Cl2
	20
	0
	–

	15
	1.2
	1a (20)
	CH2Cl2
	20
	>99
	80


               a Determined by 1H NMR. b Isolation was not attempted except for entries 2 and 15

The optimized conditions were then applied to several aromatic aldehydes, cinnamaldehyde, and cyclohexanecarboxaldehyde to examine the scope of substrates (Figure 2 and Table 2). As shown in entries 1–6, the aromatic aldehydes and cinnamaldehyde were completely converted into the corresponding alcohols, though some proportions of them were lost during purification procedures. The difficulty of isolation was partly due to the production of polysiloxane as described above and the reduction of the amount of HSiCl3 from 2 equiv. to 1.2 equiv. greatly improved the isolated yield of p-chlorobenzaldehyde (entries 2, 3), though it did not improve the result with 1-naphthaldehyde (entries 4, 5). Contrary to the complete conversion of aromatic and α,β-unsaturated aldehydes, the reaction of cyclohexanecarboxaldehyde was not completed under the same conditions and the isolated yield of the desired alcohol was only 27% (entry 7).
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Figure 2.  Hydrosilylation reaction of aldehydes

Table 2.  Hydrosilylation of aldehydes
	Entry
	HSiCl3 (equiv)
	R
	Conversion (%)a
	Isolated Yield (%)

	1
	2.0
	p-MeOC6H4
	>99
	50

	2
	2.0
	p-ClC6H4
	>99
	62

	3
	1.2
	p-ClC6H4
	>99
	94

	4
	2.0
	1-naphthyl
	>99
	87

	5
	1.2
	1-naphthyl
	>99
	83

	6
	2.0
	(E)-PhCH=CH
	>99
	78

	7
	2.0
	c-Hex
	62
	27


                          a Determined by 1H NMR

Next, we investigated the hydrosilylation of acetophenone using 1a as a catalyst (Figure 3 and Table 3). As expected from the result obtained with cyclohexanecarboxaldehyde, the hydrosilylation of acetophenone, which is less reactive than cyclohexanecarboxaldehyde, was very slow. Only 5% of acetophenone was converted into 1-phenylethanol under the conditions optimized for aldehydes (entry 1). The reaction was equally sluggish in CHCl3 (entry 2) and toluene (entry 3) and promoted a little further in Et2O (entry 4) and 1,4-dioxane (entry 5), though only up to 15%. The reaction did not occur when diethyl phenylphosphonate 4 was used as a catalyst in toluene (entry 6).
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Figure 3.  Hydrosilylation reaction of acetophenone


Table 3.  Hydrosilylation of acetophenone
	Entry
	Catalyst
	Solvent
	Conversion (%)A

	1
	1a
	CH2Cl2
	5

	2
	1a
	CHCl3
	4

	3
	1a
	toluene
	3

	4
	1a
	Et2O
	11

	5
	1a
	1,4-dioxane
	15

	6
	4
	toluene
	0


                                           a Determined by 1H NMR

The marked difference in the reactivity of aldehydes and acetophenone suggested the possibility of chemoselective reduction of aldehydes over ketones. Therefore, we carried out the hydrosilylation of a 1:1 mixture of benzaldehyde and acetophenone in the presence of 20 mol% of 1a (Scheme 1). As we expected, benzaldehyde was completely reduced to benzyl alcohol while acetophenone was recovered quantitatively. This result shows that 1a will be useful for the chemoselective reduction of a formyl group over a keto group [29-31].
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Scheme 1.  Chemoselective hydrosilylation of benzaldehyde in the presence of acetophenone


Conclusion
In conclusion, we have found that diethyl 2-pyridylphosphonate works as an efficient catalyst for the hydrosilylation of aldehydes using HSiCl3 as a reducing agent. A comparative study on the structure and activity of catalysts suggested that diethyl 2-pyridylphosphonate works as a bidentate Lewis base catalyst to activate HSiCl3. The hydrosilylation was found to be completely chemoselective for an aldehyde over a ketone.
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