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Abstract: We report the first synthesis of 2-alkenylquinolines from 2-allylquinolines and -unsaturated aldehydes. The reaction proceeds in a highly regioselective and enantioselective way and shows a broad tolerance of functionalities both in the aromatic ring of the enal and on the quinoline. 
Nitrogen containing heterocycles are scaffold structures present in several natural products, agrochemicals and pharmacologically active compounds, from which arises the need of developing enantioselective synthesis and functionalization of these scaffolds.[1] Quinolines are chemically valuable compounds[2] and, in particular, 2-alkenylquinolines are widely represented in natural products and successfully employed as pharmaceutical products by virtue of their therapeutic properties. To name but a few examples the alkaloid Chimanine B1 1 active against leishmaniasis and the blockbuster antiasthma drug Montelukast 2 2 (Figure 1).


Figure 1. Examples of biologically active 2-alkenylquinolines.
In recent years several organocatalytic methodologies for the -functionalization of azaarenes are reported (Figure 2). They require highly activated electron-deficient heteroaromatic rings[3]  and in some recent cases the azaarene is activated by a metal Lewis acid.[4] Other papers involve the presence of an activating EWG on the alkyl chain such as Melchiorre and co-workers disclosed the activation of 2- and 4-methylpyridines bearing a nitroaryl substituents[5] and our previously reported Michael addition of alkylpyridine derivatives bearing an EWG on the alkyl chain with enals.[6] Moreover, we developed an alkylbenzoxazoles Michael addition to electrophiles (MBH and enals) by synergistic catalysis.[7] Jørgensen group described the -addition of methylquinolines to enals in a synergistic fashion, combining a secondary amine catalysis and indium acetate catalysis.[8] Based on those precedents we were interested in the activation of the -position of alkyl-quinolines. Two different strategies have been done for the activation of the -position. The most common relies in the conversion of the -position in an electrophile, a good example of this strategy is the formation of allyl palladium complex which could be attacked by a nucleophile to functionalize the -position. Another strategy could be the activation of the gamma position converting it in a nucleophile, through the formation of an allyl anion, this can be easily done by a vinylogous strategy. The only example of enantioselective -functionalization of alkyl-azaarenes is the aldol reaction reported by Jiang that requires highly reactive carbonyl electrophiles activated by strong EWG.[9]


Figure 2. Previous works and this work.
Interested in the regio- and enantioselective -functionalization of alkyl-azaarenes, we envisioned that allylquinolines could act as pronucleophiles, after treatment with a base, and promote the addition to an electrophile in the -position. Therefore, we started to study the reaction between 2-allylquinoline and 4-nitrocinnamaldehyde. As with the α-addition a synergistic activation with a metal Lewis acid was needed, we started testing the reaction with the diphenylprolinol catalyst to activate the enal and In(OAc)3 to activate the quinoline and, to our delight, the final product 5a was obtained with 93% yield and full conversion. When Pd(OAc)2 was used as Lewis acid, the regioisomer of the starting allylquinoline was obtained, due to the -hydride elimination by the palladium adduct. When the reaction was tested without the presence of any metal, we discovered that it is not necessary for the activation of the nucleophile, but was only slightly increasing the rate of the reaction, while the presence of the base was necessary for the activation. Therefore, after optimization, the best reaction conditions were found to be: 2-allylquinoline 3 (2 equiv), ,-unsaturated aldehyde 4 (1 equiv), TMS-protected diphenyl prolinol 6 as chiral organocatalyst, 2,6-lutidine (1 equiv) as the base in dichloroethane (DCE) at 50 °C. With these optimized reaction conditions (Scheme 1), the product 5a, derived from 4-nitrocinnamaldehyde (EWG), was obtained in quantitative yields with 96% enantioselectivity (ee). We then explored the scope of the reaction regarding the substituents in the aromatic ring of the enal. With EDG on the aromatic ring of the enal, the reaction gave quantitative yields in the case of p-methoxy substituent 5b and 62% and 61% yield with p-methyl 5c and p-dimethylamino substituent 5d, and in all cases excellent ee were observed. When cinnamaldehyde and halogens in para position of the enal were used, the final products 5e-h were obtained with yields ranging from 54% to 67% and excellent enantioselectivities (95-99%), while, with a bulky Br in the ortho-position, 5j was obtained in 71% yield and 99% ee. Quantitative yields and ee were observed when an EDG or EWG was present in the ortho- position of the enal (5i,k). The reaction was successfully expanded to a heteroaromatic (2-furyl) substituted enal that gave 5l in 62% yield and 89% ee.

 
Scheme 1. Scope of the reaction of 2-allylquinoline 3a with -unsaturated aldehydes 4a-l. The reactions were performed on a 0.1 mmol scale. The regioselectivity was determined by 1H NMR analysis of the crude reaction mixture. The ee was determined by chiral HPLC. The yields are of the isolate products.
Next, the reaction of 2-allylquinolines bearing different substituents has been studied (Scheme 2). We were pleased to find that the reaction proceeds with EDG and halogens in different positions, therefore making the reported reaction independent from the presence of an activating electron withdrawing group on the quinoline ring. Quinolines with a methoxy group in 6 position, gave the final products 5m and 5n in high yields with full control of the enantioselectivity. A halogen in 6 position gave the products 5o and 5p with 60% and 70% yield respectively with excellent ee. With methyl in 6 position the product 5q was obtained with high yields and selectivities. This methyl substituted quinoline was also tested with two other enals: with 3-Br substituted enals excellent yields and ee were maintained (5r), making the reaction robust irrespective of the possible substitution in the different position of the enals, while with 4-CF3, lower yields (62%) were observed for 5s, but still maintaining high ee. The products 5t, with a methyl in 8 position, and 5u, with a methyl in 4 position, were isolated in high yields (72% and 83% respectively) and 98% ee. To make the reaction leading to product 5t possible, In(OAc)3 was added to the reaction mixture with the scope of acting as metal Lewis acid to increase the acidity of the -carbon of the quinoline, working in a synergistic fashion with the secondary amine catalyst.[10] It has to be noted that, in all the examples, the final products were obtained with a complete control of the stereochemistry of the double bond, being only the E product observed by the NMR of the crude. The absolute configuration of product 5o (from the reaction with the R-enantiomer of the organocatalyst) was assigned by X-ray crystallography[11] (see ESI) and the other structures were assigned by analogy. 

 
Scheme 2. Scope of the reaction of 2-allylquinoline 3b-f with -unsaturated aldehydes 4a,b,m,n. The reactions were performed on a 0.1 mmol scale. For entry 5t In(OAc)3 was added. The regioselectivity was determined by 1H NMR analysis of the crude reaction mixture. The ee was determined by chiral HPLC. The yields are of the isolate products.
In Scheme 3 is reported the proposed reaction mechanism. The -position of the 2-allylquinoline 3 is deprotonated by an organic base with the formation of the vinylogous intermediate I. At the same time the secondary amine organocatalyst 6 reacts with the enal 4, forming the iminium intermediate II. The nucleophilic intermediate I attacks the electrophilic -position of the intermediate II, with the formation of the Michael addition intermediate III. Then the catalyst 6 reenters in the catalytic cycle, releasing the final product 5. The bulky group of the organocatalyst efficiently shields one face of the iminium ion intermediate, therefore the nucleophilic attack happens on the opposite face, rendering the excellent enantioselectivities observed in this reaction.

 
Scheme 3. Proposed reaction mechanism.
A control experiment was run to prove the need of the allylic starting material 3 and the formation of the intermediate I, as shown in Scheme 4. When 2-alkenyl quinoline 7 was tested in the optimized reaction conditions, no conversion was observed in the 1H NMR of the crude reaction.


Scheme 4. Control experiment.
To highlight the potential of the reported reaction, several useful transformations of the final products 5 have been devised as reported in Scheme 5. The reduction of 5e with NaBH4 provided the product 8 in 92% yield and 98% ee, while the oxidation of 5e with NaClO2 and KH2PO4 gave the product 9 in quantitative yields. 5e was also subjected to a Wittig reaction with ,-unsaturated ketone 10 and the compound 11 was obtained in 79% yield and 99% ee. Moreover, the bromo-substituted quinoline 5p was reacted in a Suzuki coupling with (4-methoxyphenyl)boronic acid 12 and the coupling product 13 was obtained in 99% yield, maintaining the high ee of the starting material 5p. In addition, 5e was subjected to an exploratory synergistic catalytic activation, with In(OAc)3 and an N-heterocyclic carbene 14 to render 15 in 26% yield. Indium acetate acts as a metal Lewis acid, coordinating with the nitrogen of the quinoline and activating the double bond, while the carbene activates the aldehyde, promoting the cyclization.[10]

 
Scheme 5. Late stage derivatizations. The reactions were performed on a 0.1 mmol scale. The ee was determined by chiral HPLC. The yields are of the isolate products.
In summary, we have reported the first regio- and enantioselective organocatalytic -allylic alkylation of 2-allylquinolines. The reaction shows a broad tolerance of functionalities both in the aromatic ring of the enal and on the quinoline, and the products are obtained with complete control of regioselectivity and of the double bond E configuration and with excellent enantioselectivities and yields.
Experimental Section
In a closed vial were added the organic catalyst 2-(diphenyl((trimethylsilyl)oxy)methyl)pyrrolidine (20 mol%), the α,β-unsaturated aldehyde (0.1 mmol, 1 equiv), 2,6-lutidine (1 equiv) and dichloroethane (2 ml) and stirred at 50 oC. 2-allylquinoline (2 equiv) dissolved in 0.8 ml of dichloroethane, was slowly added with a syringe pump at 0.1 µl per minutes. The reaction mixture was stirred at 50 oC for 24-48 h, monitored by 1H NMR. (For entry 5t In(OAc)3 was added after the end of the slow addition). The crude was purified by flash column chromatography (n-hexane/EtOAc) to obtain the desired product.
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