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ABSTRACT: A first-generation ruthenium-indenylidene olefin metathesis complex catalyzes the 1,2-hydrosilylation reaction to access dihydroquinoline derivatives with high regioselectivity under mild conditions. The ruthenium-indenylidene complex was shown to have excellent catalytic efficiency when the challenging Ph2SiH2 hydride donor is used. The reaction is efficient at 0.25-1 mol% catalyst loadings with a wide range of quinoline derivatives and N-heterocycles. A mechanism for this transformation is proposed based on stoichiometric reactions.
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Introduction 
Olefin metathesis is considered a highly efficient C−C bond-forming reaction in modern organic chemistry,1 with key applications in materials science2 and chemical biology.3 Its importance was recognized by the 2005 Nobel Prize in chemistry to Grubbs, Schrock, and Chauvin.4 Grubbs-type ruthenium-complex-catalyzed non-metathetical reactions have led to the parallel development of new synthetic strategies.5 Ruthenium alkylidenes such as Grubbs- and Hoveyda-type complexes, which are widely used for olefin metathesis, have been shown to function as pre-catalysts in several types of fundamental organic transformations.6-8 However, first generation indenylidene (Ind) complexes, which are particularly facile to prepare, are commonly used as synthons for the preparation of second-, third-generation metathesis precatalysts9 and related congeners.10 They have rarely been reported as catalysts in non-metathesis reactions. This type of catalyst has proven slower to initiate and therefore more stable in the longer term than other olefin metathesis catalysts.8 As previous reports had extensively examined the catalytic activity of the benzylidene precursors in different types of reactions,5-8 we became interested in the influence of olefin metathesis catalysts bearing an indenylidene moiety, which also exhibit overall catalytic activity equal to or even slightly higher than that of their benzylidene counterparts (Figure 1).10c, 11 
	The dearomatization of N-heteroarenes affords dihydroquinolines (DHQs), which are important building blocks for a variety of agrochemical and pharmaceutical molecules, find applications in materials science and synthetic chemistry.12 The dearomatization of (hetero)aromatics is considered to be a kinetically unfavorable process, because it requires highly efficient catalytic systems to overcome high resonance stabilization energies.13
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 Figure 1. Selected ruthenium complexes deployed in this study.

	Recently, the dearomatization of quinolines, via the use of excess borane14 and silane15, has attracted attention. During this process, harsh reaction conditions are avoided and N-sila or -bora functionalized molecules can be used as key intermediates for further functionalization.16 Despite these recent significant advances in quinoline hydroboration and hydrosilylation, the latter methods are still far from general. 
	Up to now, a very limited number of examples exist for the 1,2-regioselective hydrosilylation of N-heteroarenes compared to the widely reported 1,4-hydrosilylation reactions.17,18 Early hydrosilylation reactions were catalyzed by Mg,19,20 or Ca21 species, which either led to poor selectivity, or were quite limited in scope. Subsequently, the Chang22 and Nikonov groups23,24 (Scheme 1) developed the 1,2-hydrosilylative dearomatization of N-heteroaromatics to afford N-silyl 1,2-DHQ derivatives using Ir and Zn catalysts, respectively. However, some of these methods are limited to the use of a single and excess silane as reducing agent or require high catalyst loadings to achieve moderate to high yields, even going so far as to require several days of reaction time. Furthermore, the Gunanathan group achieved regioselective dearomatization of N-heteroarenes using [Ru(p-cymene)(PCy3)Cl2] as catalyst (Scheme 1).18a We acknowledge that the results of this work largely make up for the deficiencies of the previous studies, however, none of the aforementioned catalytic systems overcome the difficulty of using bulky silanes, such as Ph2SiH2, as hydrogen donors, until now.

Scheme 1. Catalytic Regioselective Hydrosilylation of N-Heteroarenes 
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	While this manuscript was being assembled, Petit and co-workers reported hydrido-cobalt complexes catalyzed hydrosilylation reaction requiring high temperature and long reaction time.25 With the exception of these previous studies, simple synthetic methods are needed, especially considering the importance of the 1,2-dihydroquinoline derivatives.26
	Inspired by the reports mentioned above and by our previous experience in ruthenium catalysis, we present here a simple and versatile method for the regioselective 1,2-hydrosilylation using a commercially available ruthenium-indenylidene olefin metathesis catalyst as a hydrosilylation catalyst. Figure 1 presents the structures and acronyms of the complexes used in this study.
Results and Discussion
	Initially, the ruthenium-catalyzed 1,2-hydrosilylation of quinoline (1a) with diethylsilane (Et2SiH2) was examined under anaerobic conditions (Table 1 and SI, Table S1). A preliminary screening revealed that commercially available olefin metathesis catalyst M2 (0.25 mol%) allowed the reaction of quinoline and Et2SiH2 to proceed to the desired product in more than 99% yield, with excellent regioselectivity at room temperature (Table 1, entry 1). By comparison to the recently reported protocol that requires 2 mol% of [Ru(PCy3)Cl2(p-cymene)]18a and heating at 60 ℃ for 18h, the present system, involving first-generation ruthenium-indenylidene catalyst M2 not only greatly shortens the reaction time under milder conditions, but also reduces the amount of catalyst by approximately a factor of 10, which represents an important step forward in this hydrosilylation reaction. Subsequently, the activity of a family of metathesis catalysts was examined based on the initial reaction conditions. The results show that the catalytic efficiency of the indenylidene-bearing pre-catalyst precursor M1 (PPh3) is significantly lower than that displayed by M2 (PCy3) and M3 ( iBu-Phoban) (Table 1, entry 2 vs 1 and 3). It appears that more electron-donating supporting ligands facilitate the transformation.27 In this particular case, the first generation indenylidene complex M2 led to higher yield than reactions using the second-, and third- generation of metathesis pre-catalysts (M4 and M5), indicating that the nature of the leaving group in these ruthenium catalysts has a profound influence on catalyst activity/stability (Table 1, entry 1 vs 4-5), observations not entirely surprising in light of the mechanistic work already performed on olefin metathesis.1,9 The reaction using M6 or Caz-1 as the catalysts led to trace and moderate conversions, respectively (Table 1, entries 6-7). For comparison, results obtained with the Grubbs catalysts are also included. The first-generation Grubbs ruthenium catalyst exhibited an exclusive regioselectivity and resulted in higher conversion than when using the second-generation Grubbs ruthenium catalyst (Table 1, entries 8-9). It is worth noting that the indenylidene catalyst M2 showed slightly higher catalytic efficiency than first-generation Grubbs catalyst within 2h in this case, as monitored by 1H NMR (Table 1, entries 10-11). The former complex (M2) is particularly attractive due to its facile preparation and relatively low cost.11 
Table 1. Optimization of the Reaction Conditions for Different Silanesa


	Entry                                   
	Cat.
	[Si]
	T (℃)
	Time
	Yield (%)b

	1
	M2
	Et2SiH2
	rt
	6
	>99

	2
	M1
	Et2SiH2
	rt
	6
	29

	3
	M3
	Et2SiH2
	rt
	6
	81

	4
	M4
	Et2SiH2
	rt
	6
	51

	5
	M5
	Et2SiH2
	rt
	6
	94

	6
	M6
	Et2SiH2
	rt
	6
	trace

	7
	Caz-1
	Et2SiH2
	rt
	6
	47

	8
	G-I
	Et2SiH2
	rt
	6
	>99

	9
	G-II
	Et2SiH2
	rt
	6
	40

	10
	M2
	Et2SiH2
	rt
	2
	98

	11
	G-I
	Et2SiH2
	rt
	2
	95

	12c
	M2
	Ph2SiH2
	60
	18
	93

	13c,d
	M2
	PhSiH3
	60
	18
	99

	14c
	M2
	Et3SiH
	60
	18
	-

	15c
	M2
	Ph3SiH
	60
	18
	-


a Reaction conditions: 1a (0.2 mmol, 1 eq.), 2 (0.3 mmol, 1.5 eq.), Ru catalyst (0.25 mol%), 0.1 ml CDCl3, under Ar. b NMR yields (Cyclohexane as internal standard). c 1 mol% of M2. d 1.2 eq. of 2.
	Encouraged by the above results, the use of Ph2SiH2, as a challenging hydrogen source,18a,22,24 was examined in combination with M2 in the reduction reaction. In addition, diphenylsilane is the optimal candidate because of its low price and stable intermediates.17d The hypothesis here was that larger silanes might lead to higher product selectivity in the hydrosilylation reaction. We were then delighted to see that 1.5 eq. of the bulky Ph2SiH2 reacted with quinoline in the presence of M2 at 60 ℃, affording 93% of 1,2-dihydroquinoline as the sole regio isomer (Table 1, entry 12). This reagent was examined to probe the limitation of the system in terms of silane stereo-electronic properties. This is the first case where such a bulky silane has been successfully used in the 1,2-hydrosilylation, extending the scope beyond limitations of existing catalytic systems. As we expected, the olefin metathesis catalyst was competent in the 1,2-hydrosilylation using PhSiH3 as hydride donor, giving the corresponding 1-(phenylsilyl)-1,2-dihydroquinoline in 99% NMR yield (Table 1, entry 13). Unfortunately, M2 is inactive when employing tertiary silanes at 60 ℃ (Table 1, entries 14-15). Here it appears a limit has been reached in terms of steric bulk of the H-delivery agent.

Scheme 2. 1,2-Selective Hydrosilylation of Quinoline Derivativesa


a Reaction conditions: 1 (0.2 mmol, 1 eq.), 2 (0.3 mmol, 1.5 eq.), M2 (0.25 mol%), 0.1 ml CDCl3 or C6D6, 6h, under Ar. The yield was calculated by 1H NMR analysis using cyclohexane as an internal standard. b M2 (1 mol%), 60℃, neat, 18h, under Ar. c 2 (0.24 mmol, 1.2 eq.), M2 (1 mol%), 60℃, neat, 18h. d 0.5 mmol of 1.
	The scope of quinoline derivatives reacting with different silanes by employing M2 was explored under the optimal conditions. In general, almost all examined substrates led from high to excellent yields. Among these examples, the reaction can be achieved with complete conversion when using 0.25 mol% of M2 with Et2SiH2 as the hydride donor in a reaction time of 6 hours (Scheme 2, 3a-3h). Quantitative yields of 3a-c were obtained when increasing the amount of substrate to 0.5 mmol. Compared to current reported catalysts18a,19-20,22-24, M2 exhibited higher efficiency in the 1,2-hydrosilylation. Notably, when a quinoline derivative substituted with a strongly electron-donating group (-OMe) was used, an 83% yield of 3e was obtained after 6 hours, while prolonging the time to 18 hours achieved complete conversion, indicating advantageous catalyst lifetime properties. The reaction is sensitive to electronic effects induced by substituents on the quinoline framework. By comparison, unsubstituted quinolines led to higher yields than quinoline derivatives with electron donating or electron withdrawing groups (Scheme 2, 3i vs 3j-3m). The yield is dramatically eroded when 6-methoxyquinoline was reacted with diphenylsilane, leading to a 35% yield of 1,2-hydrosilylation product. The halogen-substituted quinolines were well tolerated under these reaction conditions, which led to product 3m in 71% yield. Moreover, various quinolines provided high regioselectivity with Ph2SiH2 at 1 mol% catalyst loading. In addition, quinoline derivatives were also subjected to regioselective 1,2-hydrosilylation with primary silane, which provided 87-99% yields under the optimized reaction conditions (Scheme 2, 3n-3p).

Scheme 3. 1,2-Selective Hydrosilylation of N-heterocyclesa


a Reaction conditions: 1 (0.2 mmol, 1 eq.), 2 (0.3 mmol, 1.5 eq.), M2 (0.25 mol%), C6D6 (0.1 mL), 6h, under Ar. The yield was calculated by 1H NMR analysis using cyclohexane as an internal standard. b M2 (1 mol%), 18h. c 2 (0.24 mmol, 1.2 eq.), M2 (1 mol%). d 2 (0.4 mmol, 2 eq.). e 0.5 mmol of 1.
	Encouraged by this initial success, various N-heteroarenes were subjected to the catalytic 1,2-hydrosilylation with silanes in the presence of M2 (Scheme 3). Isoquinolines reacted with primary and secondary silanes to quantitatively and selectively give products 4a-4d, respectively. It is worth mentioning that, the double-addition product 4c was formed instead of the mono-adduct when we employed PhSiH3 as the hydride donor, in a subsequent hydrosilylation of the initial product (1,2-dihydroisoquinoline)SiH2Ph.21 Here the silane selection issue is clearly key in addressing the observed product selectivity. In addition, quinoxaline and quinazoline reacting with Et2SiH2 lead to 82%-99% yield of double-hydrosilylation products 4e-4f under the optimal conditions, respectively. Unexpectedly, when the hydrosilylation reaction was performed using 1,5-naphthyridine as starting material, a single 1,2-hydrosilylation product 4g was obtained in complete conversion. We targeted the double-hydrosilylation product by prolonging the reaction time or increasing the catalyst loading, but the single N-sila functionalized compound 4g remained the main obtained product after 48h. Replacing Et2SiH2 by Ph2SiH2 or PhSiH3 provided 4h-4i in only 46-71% yields at 60℃ and requires longer reaction times. 2-Methyl-benzimidazole and benzothiazole can also undergo hydrosilylation, leading to 41-90% conversion of 4j and 4k. Dearomative hydrosilylation of pyrazine resulted in the corresponding 1,2,3,4-tetrahydropyrazine product 4l in a 50% yield. Likewise, the hydrosilylation of pyridine and 3-chloro pyridine was sluggish under the present conditions, resulting in 19-42% yields after 36h (4n and 4m).
	 We next turned our attention to the reaction mechanism (Scheme 4). Based on previous reports and experimental results, 6a, 18, 20 we performed a reaction using equal amounts of quinoline and M2, observing no reactivity (Scheme 4, a). When M2 is reacted with 5 equiv. of Et2SiH2 in the absence of quinoline, hydride complexes 5–7 are the dominant ruthenium species, formed after a brief induction period by dissociation of free PCy3 and ligand exchange monitored in situ. When reducing the amount of silane to 1 equiv., traces of dihydroruthenium complex 6 were still observed. This result suggests that 6 may be an intermediate or active species involved in the catalytic cycle (Scheme 4, b; SI, Scheme S1). Analysis of the stoichiometric reactions by 31P NMR spectroscopy confirms that phosphine dissociation is an important step in the reaction sequence.10b To possibly simplify the reaction system, we employed the less active PPh3-bearing M1 instead of M2. To our surprise, under very simple conditions the η5-indenyl-bearing ruthenium complex 8 was observed as the main compound when the reaction was perform with complex M1 and 1 equiv. of Et2SiH2, displaying the characteristic two doublet signals at δ 50.57 ppm (d, J = 45.3 Hz) and 43.23 ppm (d, J = 45.1 Hz) in the 31P NMR spectrum (Scheme 4, c; SI, Scheme S2).9b However, catalyst 8 proved inactive for the hydrosilylation reaction involving Et2SiH2 under standard conditions. This result could explain why only 29% of the quinoline was hydrosilylated when M1 was used as catalyst, as mentioned above. Here productive catalysis competes with catalyst deactivation yet this outcome could prove beneficial as it offers a simple synthetic route to 8. Finally, we examined how the reaction proceeded using our model reaction when mediated by M2. In addition to the hydrosilylation product, compound 7 was the main entity detected, supporting the fact that it may be the catalyst resting state (Scheme 4, d; SI, Scheme S3). The commercially available complexes [Ru(PPh3)3H2(CO)] and [Ru(PCy3)2ClH(CO)] were employed in the hydrosilylation reaction, and high yields were obtained after 18 hours, using the current conditions, which again suggests the ruthenium hydride intermediate I may be the active species in this reaction (Scheme 4, e and f).

Scheme 4. Stoichiometric Experiments and Possible Mechanism


	To place these stoichiometric/monitoring experiments in the context of a catalytic cycle, the active species I is generated by dissociation of PCy3 and ligand exchange in the presence of silane. According to the experimental results, we propose that a ruthenium dihydride species participates in the cycle as an active intermediate. Quinoline 1a coordinates to ruthenium species I, leading to intermediate III via hydrogen transfer. Intermediate IV undergoes release of hydrosilylation product 3a via σ‑bond metathesis involving a second Et2SiH2 (Scheme 4, B). 
	To demonstrate the efficiency of this methodology, we performed a gram-scale experiment using quinoline 1a that provided the 1,2-hydrosilylation product 3a in quantitative yield (Scheme 5a). Synthetic applications involving N-silylhydroquinoline and their derivatives were further examined (Scheme 5b). Isolated N-benzoyl derivative 9 was successfully obtained using an in situ generated 3a and 3i under mild conditions, resulting in high isolated yield. Furthermore, reaction of 2-(diethylsilyl)-1,2-dihydroisoquinoline formed in situ with 4-toluenesulfonyl azide (TsN3) 10 resulted in an 86% yield of the desired product 11. This method exhibiting significantly higher efficiency than the previously reported work.17d

Scheme 5. Gram-scale Reaction and Synthetic Applications



	In conclusion, we report a highly regioselective 1,2-hydrosilylation protocol using metathesis active ruthenium complexes as catalysts. The first-generation indenylidene-type catalyst clearly acts as pre-catalyst in a non-metathesis reaction and this with slightly higher efficiency than Grubbs-type congeners. This protocol allows for the efficient dearomatization of a broad scope of substituted quinolines and other N-heteroarenes with a catalyst loading as low as 0.25 mol%, in short reaction time and under mild conditions. This method is not only applicable to primary silanes as hydrogen donors, but also results in good to excellent yields with challenging bulkier secondary silanes. Furthermore, we propose a possible mechanism based on a series of stoichiometric experiments which include the monitoring of ruthenium species involved in the catalytic cycle. 
EXPERIMENTAL SECTION
General Information. All manipulations were carried out under argon, in vials. Solvents and reagents were used as received without any further purification or distillation. All catalysts, silanes, quinoline and their derivatives were purchased from Umicore, Strem, Sigma, TCI or Fluorochem. 1H NMR and 13C NMR were recorded in CDCl3 or C6D6 at room temperature on Bruker spectrometer (300 MHz or 400 MHz). Chemical shifts (ppm) are referenced to the residual solvent peak. Coupling constants (J) are given in Hertz. Abbreviations used in the designation of the signals: s = singlet, br s = broad singlet, d = doublet, br d = broad doublet, dd = doublet of doublets, ddd = doublet of doublets of doublets, m = multiplet, td = triplet of doublets, tt = triplet of triplets, q = quadruplet, qt = quadruplet of triplets, hept = heptet.
General optimization procedure for 1,2-hydrosilylation of quinoline react with Et2SiH2. A 4-mL screwcap vial equipped with a septum cap and a stirring bar was charged with quinoline (0.2 mmol, 1 eq.), diethylsilane (0.3 mmol, 1.5 eq.), and M2 (0.25 mol% in 100 µl CDCl3 or C6D6) in the glovebox. The reaction vial was taken out from the glovebox and stirred at room temperature while being protected from light for 6 hours. Afterwards, the reaction was taken inside the glove box, where the internal standard cyclohexane (0.2 mmol) was added via syringe. Then 100 µl CDCl3 or C6D6 was added into the reaction mixture and stirred for 1 minute. The mixture solution was transferred to a NMR tube and used for NMR analyses. All experimental procedures were conducted inside a glovebox.18a
General optimization procedure for 1,2-hydrosilylation of quinoline react with different silanes. A 4-mL screwcap vial equipped with a septum cap and a stirring bar was charged with quinoline (0.2 mmol, 1 eq.), Ph2SiH2 (0.3 mmol, 1.5 eq.) or PhSiH3 (0.24 mmol, 1.2 eq.), and M2 (1 mol% in 100 µl CDCl3 or C6D6) in the glovebox. The reaction vial was taken out from the glovebox and stirred at 60℃ while protected from light for a given time. The subsequent experimental procedure follows the one above.18a
General procedure to the synthesis of compound 9. The 1,2-hydrosilylation product 3a was prepared according to the optimal condition. Then benzoyl chloride (0.6 mmol, 1.2 equiv) with a catalytic amount of I2 (0.05 mmol, 10 mol%) was slowly added into the above reaction mixture at 0℃.  The mixture was allowed to react at room temperature for 6 h and was then quenched by adding Na2SO3 (0.075 mmol, 0.15 equiv.). Subsequently, this quenched crude solution was dried via evaporation under reduced pressure, and purified by column chromatography on silica gel (ethyl acetate/hexane = 1/4) to give the corresponding phenyl(quinolin-1(2H)-yl)methanone 9.22
General procedure to the synthesis of compound 11. A 4-mL screwcap vial equipped with a septum cap and a stirring bar was charged with quinoline (0.5 mmol, 1 eq.), Et2SiH2 (0.75 mmol, 1.5 eq.) and M2 (0.25 mol% in 100 µl C6D6) in the glovebox. The reaction vial was taken out from the glovebox and stirred at room temperature while being protected from light for 6 hours. Then to the crude solution was added tosyl azide at room temperature inside the glovebox and a NMR spectrum recorded after 2 h. The resulting mixtures were quenched by MeOH addition, silica filter, and wash with DCM. The resulting crude mixture was purified by column chromatography (ethyl acetate/hexane = 1/4) to give the corresponding 4-methyl-N-(quinolin-2(1H)-ylidene)benzenesulfonamide 11.17d
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