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4-Aminoindoles as 1,4-bisnucleophiles for diversity-oriented synthesis of tricyclic indoles bearing 3,4-fused seven-membered rings

A straightforward access to tricyclic indoles bearing 3,4-fused seven-membered ring has been established by using 4-aminoindoles as 1,4-bisnucleophiles in three-component reactions. 1H-Azepino[4,3,2-cd]indoles, 4,6-dihydro-1H-azepino[4,3,2-cd]indoles and 1,3,4,6-tetrahydro-5Hazepino[4,3,2-cd]indol-5-ones could thus be synthesized in one-pot in moderate to good yields. Beyond opening access to 3,4-fused tricyclic indoles, the use of easily accessible 4-aminoindoles as C,N-1,4-

bisnucleophiles also provides a new platform to be used in a diversity-oriented synthesis strategy, fully displaying its benefits of maximizing molecular complexity and reaction diversity.

Introduction

The indole ring system is likely the most ubiquitous heterocycle in nature. 1 The indole nucleus constitutes also the core unit of many therapeutic agents. 2 Therefore, the ring construction and the structural decoration of indoles have attracted much attention in the past two decades. On the other hand, seven-membered ring system can often be found in the molecular structures of natural products and drug-related compounds. 3 Organic and pharmaceutical chemists were therefore attracted by searching for efficient method for construct a seven-membered ring system. A special class of these compounds, namely tricyclic indole alkaloids bearing 3,4-fused seven-membered rings, are particularly important as these indole derivatives are characterized not only by interesting structural architectures but also sometime by unique biological activities. 4 Communesin F, 5 aurantioclavine, 6 clavicipitic acid, 7 communesin B, 8 cimitrypazepine, 9 and fargesine 10 are the representative examples. Because of their significant importance, much attention has been currently focused on the synthesis of tricyclic indole alkaloids bearing 3,4-fused seven-membered rings. Jia and Nemoto have developed some new synthetic methods, which facilitated the synthesis of such polycyclic indole alkaloids. 11 Many other research groups have also been involved in this area. 12 Despite much efforts have been paid in this area, the construction of a four-atom bridge between the C3 and C4 positions of indole is still a challenge. 1,4-Bisnucleuophiles have been often used for constructing heterocycles with a seven-membered ring, such as o-phenylenediamine, 2-aminobenzenethiol and 2-mercaptoacetamide. 13 We conjectured that 4aminoindoles should be also potential 1,4-bisnucleophiles, based on the reactivities of both the C3unsubstituted indole and of the aromatic amine, and that they could be used for the synthesis of tricyclic indoles bearing a 3,4-fused seven-membered ring. 4-Aminoindoles benefit furthermore from being either commercially available or easily synthesized by hydrogenation of 4-nitroindoles. 14 Most reactions of 4aminoindoles are based on the reactivity of the amino group, 15 however the simultaneous use of both the amino group and the C3-postion of indole ring (as a 1,4-bisnucleophile) has been rarely documented. 16 We report herein, for the first time, the synthesis of tricyclic indoles bearing 3,4-fused seven-membered ring by reaction of 4-aminoindoles. This work showed that the use of 4-aminoindoles as 1,4-bisnucleophiles not only provided a straightforward way to construct tricyclic indoles otherwise difficult to prepare, but also extended to some extent the structural diversity of indole derivatives.

Results and discussion

The three-component reaction of 4-aminoindole 1a, diethyl acetylenedicarboxylate 2a and p-tolualdehyde 3a was investigated. This reaction was selected because dialkyl acetylenedicarboxylate was known to react with an amine to form a hydroamination product, 17 which is a nucleophilic enamine, thus allowing some multicomponent reactions to be established. 18 The hydroamination product 5a arising from dialkyl acetylenedicarboxylate and 4-aminoindole, if formed, might be able to trigger further domino reactions.

Generation of the tricyclic indole derivative 5b from intermediate 5a was thus expected. However, compound 4a, a dehydrogenative product of 5b, was surprisingly isolated when Cu(OTf)2 was used as a catalyst and anhydrous ethanol as solvent at 60 °C. The influence of catalyst and the solvent was investigated further, and the results were shown in Table 1. After 6 h, compound 4a was obtained in 87% yield (Table 1, entry 1). In the absence of catalyst, 4a could not be formed (entry 2). The use of Fe(OTf)3 as a catalyst was also found to initiate the reaction, but the yield reached only 42% (entry 3). Two nonredox Lewis acids, namely Al(OTf)3 and Sc(OTf)3, were inefficient, leading to only trace amount of product (entries 4 and 5). Other Cu(II) salts were then examined in this reaction, but no reaction occurred using Cu(OAc)2 (entry 6), and most of the starting materials remained unchanged when CuCl2 and CuBr2 were used (entries 7 and 8). Performing the reaction under O2 atmosphere with an oxygen balloon did not improve the reaction yield (entry 9). However, removing molecular oxygen from the system resulted in a dramatic decrease in the reaction yield (entry 10). With respect to solvents that were screened, ethanol was clearly the most appropriate for the reaction (entries 11 to 15). Checking the influence of the amount of catalyst, temperature and reaction time, the optimal conditions were defined as 5 mol% of Cu(OTf)2, 60 °C and 6 h (entries 16 to 18). It should be noted that the reactions scaled up to multigram quantities provided uniform results. For example, the reaction of 1a (9 mmol), 2a (9 mmol) and 3a (6 mmol) in a 250 mL flask gave the desired product 4a in 86% yield (2. 07 g, entry 19). To shed light on the reaction mechanism, several control experiments were conducted, and the results are given in Scheme 1. In the presence of lower catalyst amount (2 mol% of Cu(OTf)2), heating an equimolar mixture of 1a, 2a and 3a in ethanol not only resulted in the formation of the expected product 4a but also led to the isolation of 5a (equation 1). In the absence of aldehyde, the hydroamination of 2a with 1a occurred smoothly at 40 o C. The presence of the catalyst was not necessary, as 5a could be isolated in 87% yield after 6 h without adding Cu(OTf)2, whereas in the presence of Cu(OTf)2 catalyst, the yield of 5a reached only 78% (equation 2). Compound 5a can be converted to 4a in the presence of Cu(OTf)2. This reaction proceeded very fast at 60 o C under air in the presence of Cu(OTf)2. Most of 5a was consumed after 30 minutes, and the yield of 4a reached 63% (equation 3). However, in the absence of Cu(OTf)2, only tiny amount of 4a was formed. Performing the reaction of 1a, 2a, and 3a under argon atmosphere led to an inseparable mixture of 4a and 5b in a ca. 1/4 ratio based on careful analysis using 1 H, 13 C NMR and HRMS (equation 4).

On the basis of these results, a plausible mechanism was proposed. As depicted in the reaction equation in Table 1, the initial event of the reaction should be the hydroamination of 2a with 1a, leading to the formation of the intermediate 5a. This compound behaves like a 1,6-bisnucleophile, and then can react with the aldehyde 3a under acidic conditions to give 5b. 19 Finally, the oxidative aromatization of 5b yields the final product 4a. The Cu(II) salt plays an important role in the last two steps. It should be noted that, during the reaction, an imine should also be formed by reaction between the amino group of 1a and the aldehyde group of 3a. But, the imine formation reaction being reversible, the hydroamination-triggered reaction sequence toward the formation of 4a became thus the predominant pathway in this process.

The scope of the substrates was then investigated and the results were shown in Scheme 2. Looking first at the scope of aldehydes, it was found that aldehydes 3 with different functional groups on the arene ring all worked well under the standard conditions, efficiently producing the corresponding 3,4-fused tricyclic indoles 4b-4l with yields ranging from 40% to 81%. A variety of functional groups such as tert-butyl (4c), methoxy (4d and 4l), methylthio (4e), chloro (4f), bromo (4g), ethoxycarbonyl (4h), cyano (4i), nitro (4j), and trifluoromethyl (4k), were found to tolerate the Cu(II)-promoted conditions well. The more sterically demanding o-anisaldehyde was also successfully engaged in this reaction, delivering product 4l in a fair 56% yield. The reaction with 2-naphthaldehyde proceeded also very well, providing the expected product 4m in 69% yield. Heterocyclic aromatic aldehydes such as furfural and 2-thenaldehyde were also applicable in the reaction, the heterocyclic groups could be delivered into the products 4n and 4o without any damage.

Our attempts to use aliphatic aldehydes were also successful. For example, the reaction of 3-phenylpropanal with 1a and 2a led to compound 4p in 43% yield. Cyclopropanecarboxaldehyde, despite being acid-labile, was found to be applicable in the reaction, providing the expected product 4q in 58% yield. Next, we evaluated the influence of the electronic nature of the indole ring. Different substituents, such as fluoro, chloro and methoxycarbonyl, located at the 6-position were applicable in the three-component process leading to the corresponding 3,4-fused tricyclic indoles 4r-4t in 34%-52% yields. 4-Amino-Nmethylindole is also a 1,4-bisnucleophile able to react with 2a and 3a leading to 4u. With respect to the alkyne partner, efficient reaction of dimethyl acetylenedicarboxylate with 1a and 3a confirmed the results observed in Table 1, leading to the expected product 4v in 66% yield. Methyl propiolate can also be used instead of 2a, and the reaction provided the 3,4-fused tricyclic indole derivative 4w in 53% yield.

Obviously, the present three-component reaction is compatible with a wide range of structurally distinct substrates varying in steric hindrance and electronic properties, and provides therefore an efficient and practical protocol for assembling richly decorated 3,4-fused tricyclic indoles with high efficiency.

Studying further whether substrate 2a could be substituted in the above-mentioned reaction, we found that it could be uneventfully replaced by ethyl acetopyruvate 6a. Theoretically speaking two products could be formed because the two keto-carbonyl groups in 6a are both able to condense with the amino group of 1a. However, only one product 4x, arising from the condensation of the α-carboxy ketone, was detected and isolated in the reaction (Scheme 3). It is reasonable because the adjacent ester group makes the middle keto-carbonyl more electron-deficient than the terminal ketone. We failed to use more common linear 1,3dicarbonyl compounds, such as methyl acetoacetate and acetylacetone, in the three-component reaction.

These results imply that, to build a bridge between the C3 and C4 positions starting from 1a and an aldehyde, the dual electrophilic/nucleophilic component should possess a highly active electrophilic site. This appears indispensable for initiating the reaction by condensation of this with the amino group of 1a, which is the most reactive part of the 1,4-bisnucleophile, to form the intermediate that can be further trapped by the aldehyde thus driving the whole process.

On the basis of this understanding, we tried to use 1,3-cyclohexanediones as they possess much higher reactivities than linear 1,3-dicarbonyl compounds due to the predominance of the enol forms in many conditions. 20 The reaction of dimedone 6b with 1a and 3a proceeded smoothly in the presence of catalytic amount of potassium hydroxide. And, after 6 h in 1,4-dioxane, a 2,6,7,8,9,11hexahydro-10H-benzo[6,7]azepino[4,3,2-cd]indol-10-one derivative 7a was isolated in 55% yield (Scheme 4). Benzaldehydes with either electron-donating or electron-withdrawing groups were both able to assemble with 1a and dimedone 6b. The reaction of 1a, 3a and 1,3-cyclohexadione 6c proceeded also very well, affording the desired product 7d in 53% yield. Unlike, 1,3-pentanedione and 1,3-indanedione failed to react in this three-component reaction. An electron-rich 1,4-bisnucleophile, 4-amino-1-methylindole, can also be used to react with 3a and 6b, leading to the expected product 7e in 59% yield (Scheme 4).

Intriguingly, acetone was found to be able to react with 1a and 3a in presence of Fe(OTf)3 as catalyst in 1,4-dioxane at 80 °C, leading to compound 4y in 78% yield after 6 h of reaction (Scheme 5). By using Cu(OTf)2 as a catalyst, the reaction proceeded sluggishly under the same conditions, affording 4y only in 19% yield. Cyclic ketones, such cyclopentanone, cyclohexanone, and cycloheptanone were also found to be applicable in this reaction, and the expected products 4z, 4aa and 4ac were isolated in 64%, 68% and 53% yields, respectively. Tetrahydro-4H-pyran-4-one was proven to be able to react with 1a and 3a, and the expected product 4ab, with its ether unaffected functionality, was isolated in 80% yield (Scheme 5).

Acetophenone failed to produce the corresponding product 4ad due to the extensive formation of 1,3,5triphenylbenzene. Fortunately, the expected products could be reached through a Fe(OTf)3-catalyzed twocomponent reaction of 1a and chalcone (Scheme 6). This offered thus an alternative way to access these tricyclic indoles bearing 3,4-fused seven-membered rings.

Finally, the three-component reaction of 1a and 3a with Meldrum's acid proceeded also very well in acetonitrile under catalyst-free conditions. After 3 h at 60 °C, a 1, 3,4,6-tetrahydro-5H-azepino[4,3,2cd]indol-5-one derivative 8a was obtained in 76% yield (Scheme 7). Mechanistically, the three molecules assembled through a tandem Knoevenagel/Michael addition/intramolecular amidation reaction, producing 8a as the final product while eliminating CO2 and acetone as by-products. 21 Such compounds containing this 1,3,4,6-tetrahydro-5H-azepino[4,3,2-cd]indol-5-one skeleton exhibit interesting biologically activities. 22 However, the reported methods to establish this skeleton either require delicate multistep synthesis or rely heavily on the use of a noble metal catalyst. 23 The present reaction thus offers a useful and straightforward way to access these molecules.

Conclusions

4-Aminoindoles were proved to be reactive C,N-1,4-bisnucleophiles which can easily react with appropriate electrophiles, such as aldehydes and α,β-unsaturated compounds, to form various tricyclic indoles bearing 3,4-fused seven-membered ring. This being established, the three-component reaction was employed in a diversity-oriented synthesis strategy. Novel 1H-azepino[4,3,2-cd]indoles, 4,6-dihydro-1H-azepino[4,3,2-cd]indoles and 1, 3,4,6-tetrahydro-5H-azepino[4,3,2-cd]indol-5-ones were thus synthesized in a straightforward way. This work also encourages organic chemists to explore valuable modular synthons outside of their known use, and by combination of the hitherto unreported reactivity together with an appropriate amenability to known transformations, some new reactions can be developed in a fast and efficient manner.

Experimental -General experimental methods

All reagents were purchased from commercial suppliers and used without further purification. The reactions were monitored by TLC with Haiyang GF-254 silica gel plates (Qingdao Haiyang chemical industry Co.

Ltd, Qingdao, China) using UV light or KMnO4 as visualizing agents as needed. The preparative TLC plates were made by ourselves, and the thickness is about 2 mm. Flash column chromatography was performed using 200-300 mesh silica gel at increased pressure. 1 H NMR spectra and 13 C NMR spectra were respectively recorded on Brüker AV-400 spectrometers. Chemical shifts (δ) were expressed in ppm relative to Me4Si in CDCl3 or DMSO-d6, and coupling constants (J) were reported in Hz. High-resolution mass spectra (HRMS) were obtained on Brüker Compass Data Analysis 4.0. IR spectra were recorded on a Bruker FT-IR (EQUINOX 55) using KBr pellets or neat liquid technology.

General procedure for the reaction of 4-aminoindoles, alkynes and aldehydes. The reactions were carried out in a 10 mL V-type single-neck flask equipped with oil bath and triangle magnetic stirring bar.

In the flask, 1a (0.3 mmol) was mixed under air with 2a (0.3 mmol), 3a (0.2 mmol), and Cu(OTf)2 (0.01 mmol, 5 mol%) in anhydrous ethanol (1.0 mL), and the mixture was then stirred at 60 C for 6 h. After completion of the reaction, the mixture was cooled to room temperature, and then subjected to preparative TLC by using a mixture of petroleum ether and ethyl acetate as eluent (PE/EA = 4/1v/v). Experiments for the substrate scope were all performed with an analogous procedure.

Procedure for the synthesis of 4a in 6 mmol scale. Compound 1a (9.0 mmol) was mixed with 2a (9.0 mmol), 3a (6.0 mmol), Cu(OTf)2 (0.3 mmol, 5 mol%) and ethanol (30 mL) in a 250 mL of round bottomed flask equipped with oil bath and magnetic stirring. The mixture was then stirred at 60 C for 6 h. After completion of the reaction, brine (50 mL) was added. And then, the aqueous phase was extracted by ethyl acetate (30 mL × 3). The acquired organic phase was dried by anhydrous Na2SO4. After removing the volatile components, the organic residue was subjected to silica column chromatography (eluent: petroleum ether / ethyl acetate = 4/1 (v/v)). Compound 4a was obtained in 86% yield (2.07 g).

Procedure for the synthesis of 4x. The reactions were carried out in a 10 mL V-type single-neck flask equipped with oil bath and triangle magnetic stirring bar. In the flask, 1a (0.2 mmol) was mixed with 3a (0.2 mmol), 6a (0.6 mmol), and Cu(OTf)2 (0.01 mmol, 5 mol%) in ethanol (1.0 mL), and the mixture was then stirred at 60 C for 6 h. After completion of the reaction, the mixture was cooled to room temperature, and then subjected to preparative TLC by using a mixture of petroleum ether and ethyl acetate as eluent (PE/EA = 4/1v/v). Compound 4x was obtained in 55% yield (40.9 mg).

General procedure for the reaction of 4-aminoindoles, aromatic aldehydes and 1,3cyclohexanediones. The reactions were carried out in a 10 mL single-neck V-type flask equipped with oil bath and triangle magnetic stirring bar. In the flask, 1a (0.2 mmol) was mixed with 3a (0.22 mmol), 6b

(0.22 mmol), and KOH (0.01 mmol, 5 mol%) in 1,4-dioxane (1.0 mL), and the mixture was then stirred at 60 C for 6 h. After completion of the reaction, the mixture was cooled to room temperature, and then subjected to preparative TLC by using a mixture of petroleum ether and ethyl acetate as eluent (PE/EA = 4/1v/v). Experiments for the substrate scope were all performed with an analogous procedure.

General procedure for the reaction of 4-aminoindole, p-tolualdehyde and ketones. The reactions were carried out in a single-neck 10 mL V-type flask equipped with oil bath and triangle magnetic stirring bar.

In the flask, 1a (0.3 mmol) was mixed with 3a (0.2 mmol), acetone (0.3 mmol), and Fe(OTf)3 (0.02 mmol, 10 mol%) in 1,4-dioxane (1.0 mL), and the mixture was then stirred at 80 C for 6 h. After completion of the reaction, the mixture was cooled to room temperature, and then subjected to preparative TLC by using a mixture of petroleum ether and ethyl acetate as eluent (PE/EA = 4/1v/v). Experiments for the substrate scope were all performed with an analogous procedure.

Procedure for the synthesis of 4ad. The reactions were carried out in a single-neck 10 mL V-type flask equipped with oil bath and triangle magnetic stirring bar. In a typical reaction, 1a (0.3 mmol) was mixed with chalcone (0.3 mmol), and Fe(OTf)3 (0.03 mmol, 10 mol%) in 1,4-dioxane (1.0 mL), the mixture was then stirred at 60 C for 6 h. After completion of the reaction, the mixture was cooled to room temperature, and then subjected to preparative TLC by using a mixture of petroleum ether and ethyl acetate as eluent (PE/EA = 4/1v/v). Compound 4ad was obtained in 47% yield (45.1 mg).

Procedure for the synthesis of 8a. The reactions were carried out in a single-neck 10 mL V-type flask equipped with oil bath and triangle magnetic stirring bar. In the flask, 1a (0.3 mmol) was mixed with 3a (0.3 mmol), and Meldrum's acid (0.3 mmol) in acetonitrile (1.0 mL), and the mixture was then stirred at 60

C for 3 h. After completion of the reaction, the mixture was cooled to room temperature, and then subjected to preparative TLC by using a mixture of petroleum ether and ethyl acetate as eluent (PE/EA = 4/1v/v).

Compound 8a was obtained in 76% yield (63.0 mg). Scheme 4 Three-component reactions of 4-aminoindoles, aromatic aldehydes and 1,3-cyclohexanediones.

Scheme 5 Three-component reaction of 1a, 3a and a ketone catalyzed by Fe(OTf)3.

Scheme 6

The reaction of 1a and chalcone.

Scheme 7 Three-component reaction of 1a, 3a and Meldrum's acid.

fScheme 1 Scheme 2

 12 Scheme 1 Control experiments.

Table 1

 1 Three-component reaction of indole(1a), diethyl acetylenedicarboxylate (2a) and p-tolualdehyde (3a) a

	Entry	Catalyst	Solvent	Yield (4a, %) b
	1	Cu(OTf)2	EtOH	87
	2	-	EtOH	0
	3	Fe(OTf)3	EtOH	42
	4	Al(OTf)3	EtOH	< 5
	5	Sc(OTf)3	EtOH	< 5

a Reaction conditions: 1a, 0.3 mmol; 2a, 0.3 mmol; 3a, 0.2 mmol; catalyst, 0.01 mmol; solvent, 1 mL; 60 °C; 6 h. b Isolated yield. c With an oxygen balloon. d With a nitrogen balloon. e Cu(OTf)2, 0.005 mmol.
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