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Abstract:



A series of 3'-aminospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2,5',10'-trione derivatives have been synthesized by a one-pot three-component reaction of isatin, malononitrile or ethyl cyanoacetate and phthalhydrazide catalyzed by piperidine under ultrasound irradiation. For comparison the reactions were carried out under both conventional and ultrasonic conditions. In general, improvement in rates and yields were observed when the reactions were carried out under sonication compared with classical conditions.
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1. Introduction


The challenge of achieving the ideal synthesis has been pursued aggressively since scientists began to construct molecules. Of course, there are many other factors that affect the aspects of synthesis, such as cost, starting material availability, safety, environmental concerns, and overall ease of the process, including work up and purification [1]. Traditional structure-activity relationship evaluations in medicinal chemistry typically involve the preparation of an advanced intermediate that can be analogued readily to introduce the molecular diversity necessary to prepare a collection, or library, of structurally related compounds. One strategy that potentially meets the goals of total synthesis and library production is multicomponent reaction (MCR) chemistry, in which three or more starting materials are brought together in a highly convergent approach to rapidly build up molecular structure and complexity [2,3,4,5,6,7]. According to this method, the products are formed in a single step and the diversity can be achieved simply by varying the reacting components.



The indole moiety, which is a well-known nitrogen-containing heterocycle, is a common and important feature of a variety of natural products and medicinal agents [8]. Furthermore, it has been reported that the sharing of the indole 3-carbon atom in the formation of spiroindoline derivatives highly enhances the biological activity [9,10,11]. The spirooxindole system is the core structure of many pharmacological agents and natural alkaloids [12,13,14,15,16]. Heterocycles containing bridgehead hydrazine have been studied for over a century due to their pharmacological properties and clinical applications [17,18]. Thus, more and more research briefs have been reported in the past five decades [19,20,21,22,23]. Teimouri [24] reported an one-pot three-component condensation reaction of alkyl isocyanides with dialkyl acetylenedicarboxylates in presence of phthalhydrazide to synthesize dialkyl 3-(alkylamino)-5,10-dioxo-5,10-dihydro-1H-pyrazolo[1,2-b]phthalazine-1,2-dicarboxylate derivatives. Perumal and Shanthi [25], with their interest in the synthesis of spiroindoline derivatives, have reported the synthesis of pyrazolophthalazinyl spirooxindoles via one-pot three-component reaction catalyzed by L-proline. Recently, Zhang and their partners reported the synthesis of pyrazolophthalazinyl spirooxindoles catalyzed by nickel chloride [26]. However, some of these methods possess some weaknesses such as more expensive catalyst (L-proline), longer reaction time and higher reaction temperature.



In recent years, the application of ultrasound irradiation in organic reactions has been rapidly increasing [27,28,29,30,31]. A large number of organic reactions can be carried out in a higher yield, shorter reaction time and milder conditions under sonication. On the other hand, ultrasonic reactions have been increasingly used as clean, green and environmentally benign routes for the preparation of organic compounds of synthetic and biological values, which is considered to be an important tool for green chemistry in terms of waste minimization and energy conservation [32,33,34,35,36,37,38,39]. Nevertheless, the use of ultrasound in heterocyclic system is not fully explored [40,41,42].



In order to expand the application of ultrasound in the synthesis of heterocyclic compound, herein we report on a facile one-pot, three-component synthesis of 3'-aminospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2,5',10'-trione under ultrasound irradiation (Scheme 1).


Scheme 1. Thesynthesis of 3'-aminospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2,5',10'-trione.
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2. Results and Discussion


To optimize the reaction conditions, the reaction of isatin (1b), malononitrile (2), and phthalhydrazide (3) was selected as the model reaction for the synthesis of spiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine] derivatives. Initially, in order to search for a better solvent, the ultrasonic-assisted model reaction was examined using different solvents such as ethanol, methanol, water, acetonitrile and THF, respectively. The results are summarized in Table 1. As can be seen, the reaction could be efficiently carried out in all the tested solvents, although the reaction using ethanol (Table 1, entry 2) as the solvent resulted in higher yields and shorter reaction time than those using methanol, water and acetonitrile as solvent. Thus, ethanol, which additionally is a bio-renewable product of low cost and low toxicity to human health and is relatively non-hazardous to the environment, was chosen as the solvent for all further reactions.



Table 1. Optimization of solvent effect on the model reaction a.







	
Entry

	
Solvent

	
Time (h)

	
Yield b (%)






	
1

	
Methanol

	
1.5

	
84




	
2

	
Ethanol

	
0.5

	
91




	
3

	
Water

	
2

	
68




	
4

	
Acetonitrile

	
2

	
65




	
5

	
THF

	
3

	
70








aReaction conditions: isatin (1 mmol), malononitrile (1 mmol), phthalhydrazide (0.162 g, 1 mmol) and piperidine (0.20 mmol) in solvent (15 mL) at room temperature and the ultrasonic power 250 W, irradiation frequency 25 kHz; b Yields of isolated products.










Next, we screened different bases for their ability to catalyze the three-component reaction in the same solvent (ethanol). No reaction was observed in the absence of base. The common base such as C2H5ONa, NaOH, Na2CO3 and KOH afforded the desired product, but only in moderate to fair yield (Table 2, entries 1–6). Therefore, piperidine was proved the best catalyst for such three-component reaction.



Table 2. Effect of catalyst type and concentration on model reaction a.







	
Entry

	
Catalyst

	
Concentration (mol %)

	
Time (h)

	
Yield b (%)






	
1

	
No cat.

	
0

	
>3

	
0




	
2

	
C2H5ONa

	
10

	
3

	
72




	
3

	
NaOH

	
10

	
3

	
67




	
4

	
Na2CO3

	
10

	
2

	
65




	
5

	
KOH

	
10

	
3

	
55




	
6

	
Piperidine

	
10

	
2

	
73




	
7

	
Piperidine

	
15

	
1.5

	
84




	
8

	
Piperidine

	
20

	
0.5

	
91




	
9

	
Piperidine

	
25

	
0.5

	
90




	
10

	
Piperidine

	
30

	
0.5

	
90








aReaction conditions: isatin (1 mmol), malononitrile (1 mmol), phthalhydrazide (0.162 g, 1 mmol) and base in ethanol (15 mL) and the ultrasonic power 250 W, irradiation frequency 25 kHz; b Yields of isolated products.








The effect of the concentration of catalyst on the yield of 4b in ethanol was then explored. The results showed that when the amount of piperidine was increased, an increase in the yields of 4b was clearly observed. When the concentration of piperidine (mol %) increased from 10% to 30%, the yield of product 4b increased rapidly from 73% to 91%. The best concentration of piperidine was 20%. The higher concentration of the catalyst did not remarkably increase the yield (Table 2, entries 9 and 10).



In order to further improve the yield and decrease the reaction time, we tried to increase the reaction temperature under ultrasound irradiation. The effect, however, was not remarkable (Table 3, entries 1–3). Consequently, it was indicated that there was no remarkable temperature effect on this reaction.



Table 3. Optimization for the Synthesis of 4b a.







	
Entry

	
Frequency (kHz)

	
Temperature (°C)

	
Time (h)

	
Yield b (%)






	
1

	
25

	
r.t.

	
0.5

	
91




	
2

	
25

	
40

	
0.5

	
90




	
3

	
25

	
50

	
0.5

	
88




	
4

	
40

	
r.t.

	
0.5

	
90








aReaction conditions: isatin (1 mmol), malononitrile (1 mmol), phthalhydrazide (0.162 g, 1 mmol) and piperidine (0.20 mmol) in ethanol (15 mL) and the ultrasonic power 250 W, irradiation frequency 25/40 kHz; b Yields of isolated products.








We also observed the effect of frequency of ultrasound irradiation on the reaction. When the frequency was 25 kHz, the model reaction gave the desired product 4b in 91% yield at 25 °C. Using 40 kHz did not change reaction yield a considerable amount (90% in the same time). Experiments performed at constant transmitted power but variable frequencies (25 and 40 kHz) show the same trend (Table 3, Entries 3 and 4). It is shown that there is an optimum frequency for effective synthesis of spiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine] derivatives in the frequency of 25 kHz.







With this optimum condition in hand, a series of 3'-aminospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2,5',10'-trione derivatives was synthesized in ethanol in the presence of piperidine under sonication . The results are summarized in Table 4.



Table 4. High efficiency synthesis of spiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine] derivatives a.







	
Entry

	
Product

	
X

	
R1

	
R2

	
Method A b

	
Method B c




	
Time (h)

	
Yield d (%)

	
Time (h)

	
Yield d (%)






	
1

	
4a

	
CN

	
H

	
5-CH3

	
4

	
80

	
1

	
90




	
2

	
4b

	
CN

	
H

	
H

	
4

	
76

	
0.5

	
91




	
3

	
4c

	
CN

	
H

	
5-Br

	
4

	
80

	
1

	
92




	
4

	
4d

	
CN

	
H

	
5-Cl

	
5

	
72

	
1

	
77




	
5

	
4e

	
CN

	
H

	
5-F

	
4

	
80

	
0.5

	
93




	
6

	
4f

	
CN

	
CH3

	
H

	
4

	
79

	
1

	
93




	
7

	
4g

	
CO2Et

	
H

	
5-CH3

	
8

	
70

	
1

	
82




	
8

	
4h

	
CO2Et

	
H

	
H

	
8.5

	
81

	
1.5

	
90




	
9

	
4i

	
CO2Et

	
H

	
5-Br

	
8.5

	
60

	
1.5

	
73




	
10

	
4j

	
CO2Et

	
H

	
5-Cl

	
7

	
61

	
1

	
80




	
11

	
4k

	
CO2Et

	
H

	
5-F

	
7.5

	
69

	
1

	
76




	
12

	
4l

	
CO2Et

	
CH3

	
H

	
8

	
68

	
1.5

	
84




	
13

	
4m

	
CO2Et

	
H

	
4-Cl

	
9.5

	
42

	
2

	
72




	
14

	
4n

	
CO2Et

	
H

	
6-Br

	
9

	
58

	
1.5

	
69








aReaction conditions: isatin (1 mmol), malononitrile (1 mmol), phthalhydrazide (0.162 g, 1 mmol) and piperidine (0.20 mmol) in ethanol (15 mL) and the ultrasonic power 250 W, irradiation frequency 25 kHz; b Reaction in ethanol at reflux under high stirring condition; c Reaction in ethanol at amibent condition under ultrasound irradiation; d Yields of isolated products.








The reaction was efficiently completed under ultrasound irradiation. From Table 4, we could find that the isatin bearing either electron-withdrawing or electron-donating groups perform well in this reaction. This may be attributed to the reactivity similarity of diversified substituent isatins activated by ultrasonic irradiation in ethanol. However, when ethyl cyanoacetate was used as one of three substrates, the yields of the products were a little lower than the yields of the products in which malononitrile was used and also took comparatively longer reaction time. The reason may be that the nucleophilicity of ethyl cyanoacetate is lower than that of malononitrile.



To the best of our knowledge, this new procedure provides the first example of an efficient and ultrasound-promoted approach for the synthesis of spiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine] derivatives. This method is the most simple and convenient and would be applicable for the synthesis of different types of nitrogen-containing heterocyclic compounds. The structures of all the synthesized compounds were established by IR, 1H-NMR and HRMS. The structure of 4d was further confirmed by X-ray diffraction analysis. The molecular structure of the product 4d is shown in Figure 1.


Figure 1. X-ray crystal structure of compound 4d.
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In order to verify the effect of ultrasound irradiation, all the reactions were carried out under the same conditions in absence of ultrasound irradiation (Table 4). The desired products were produced in much longer reaction time (4–9.5 h) and relatively lower yields (42–80%), while under ultrasonic irradiation the products were obtained in 0.5–2 h with the yields of 69–93% (Table 4). The method to obtain the desired products under ultrasonic irradiation offers several significant advantages including faster reaction rates, higher yields and higher purity (without any additional purification step). Thus, ultrasonic irradiation was found to have beneficial effect on the synthesis of spiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine] derivatives.





Through the experiments mentioned above, it was observed that there was a great amount of solid in this system originally because of the bad solubility of isatins and phthalhydrazide in ethanol at room temperature. As the reaction went on under sonication, nevertheless, the reactants were only partially dissolved in the reaction solvent. After 0.5 h it was observed a change in the color of the solid suspended in the reaction mixture thus indicating most probably that reaction occurred. After filtration and analysis such as 1H-NMR, it was surprising to find that the product is the desired one. Therefore, in this solid-liquid heterogeneous systems, ultrasound was found to have beneficial effect on the synthesis of spiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine] derivatives.



Localized “hot spots” generated from a violent collapse of the bubbles creates a transient high temperature and pressures, inducing molecular fragmentation, and highly reactive species are locally produced. From the Table 4, it is indicated that the obvious difference in the reaction efficiencies with or without sonication suggests again that the reaction under ultrasound condition proceeded in not the same, but in more efficient way than did the reaction under the heating conditions. The yield of the related reaction to synthesize spiro[indoline-3,1'-pyrazolo[1,2-b] phthalazine] derivatives is up to 93% under ultrasound condition at the temperature below 30 °C, whereas the yield of the reaction without sonication is only 80% at reflux temperature 80 °C, and the reaction time under sonication is reduced from 4 h to 0.5 h. The implosion of cavities reportedly established an unusual environment for reactions. The gases and vapors inside the cavity are compressed, generating intense heat that raises the temperature of the liquid immediately surrounding the cavity and creates a local hot spot to accelerate the reaction [43,44,45]. In summary, we observed the significant decrease in the reaction time in comparison with conventional methods by our experiments in present system.



According to the literature [25,26], we proposed the plausible mechanism for the formation of spirooxindole derivatives 4 (Scheme 2). Firstly, we assume that the initial step is a Knoevenagel condensation between isatin 1 and malononitrile or ethyl cyanoacetate 2 catalyzed by piperidine, resulting the intermediate 5, which suffers a Michael addition of phthalhydrazide 3 to the C=C bond of 5, followed by cyclization and isomerization to afford the target product 4.


Scheme 2. Proposed mechanism for the synthesis of spirooxindole derivatives 4.
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3. Experimental


3.1. General


All reagents were purchased from commercial sources and used without further purification. Melting points are uncorrected. IR spectra were recorded on a Varian F-1000 spectrometer in KBr with absorptions in cm−1. 1H-NMR spectra were determined on a Varian Invoa-300/400 MHz spectrometer in DMSO-d6 solution. J values are in Hz. Chemical shifts are expressed in ppm downfield from internal standard TMS. HRMS data were obtained using Bruker micrOTOF-Q instrument. Sonication was performed in a SY5200DH-T ultrasound cleaner with a frequency of 25 and 40 kHz through manual adjustment and an output power of 250 W. The reaction flask was located at the maximum energy area in the cleaner, and the surface of the reactants was placed slightly lower than the level of the water. Observation of the surface of the reaction solution during vertical adjustment of vessel depth will show the optimum position by the point at which maximum surface disturbance occurs. The addition or removal of water controlled the temperature of the water bath. The temperature of the water bath was controlled at 25–30 °C.




3.2. General Procedure under Conventional Conditions (Method A)


A 100 mL flask was charged with the isatin (1, 1 mmol), malononitrile or ethyl cyanoacetate (2, 1 mmol), phthalhydrazide (3, 0.162 g, 1 mmol) and piperidine (0.20 mmol) in ethanol (15 mL). The mixture was stirred at reflux. After the completion of the reaction (monitored by TLC), the solid that precipitated after cooling was collected by filtration. When necessary, the compounds were recrystallized from hot ethanol and DMF to afford pure products.




3.3. General Procedure Under Sonochemical Conditions (Method B)


A 100 mL flask was charged with the isatin (1, 1 mmol), malononitrile or ethyl cyanoacetate (2, 1 mmol), phthalhydrazide (3, 0.162 g, 1 mmol) and piperidine (0.20 mmol) in ethanol (15 mL). The mixture was sonicated in the water bath of an ultrasonic cleaner under atmospheric conditions at room temperature. After the completion of the reaction (monitored by TLC), the resulting precipitate was filtered and washed with ethanol to afford the pure product as solid in good to excellent yields.



3'-Amino-5-methyl-2,5',10'-trioxo-5',10'-dihydrospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2'-carbonitrile (4a). Yellow solid; m.p. 260–261 °C; IR (KBr, cm−1): 3338 (N-H), 3259 (N-H), 3192 (N-H), 2196 (CN), 1744 (C=O), 1658 (C=O), 1566 (C=C), 1497 (ArC=C); 1H-NMR (300 MHz, DMSO-d6): δ (ppm) 2.20 (s, 3H, CH3), 6.79 (d, J = 7.8 Hz, 1H, ArH), 7.09 (d, J = 7.8 Hz, 1H, ArH), 7.30 (s, 1H, ArH), 7.98–8.33 (m, 6H, ArH and NH2), 10.81 (s, 1H, NH); HRMS calculated for C20H13N5O3Na [M+Na]: 394.0911, found: 394.0912.



3'-Amino-2,5',10'-trioxo-5',10'-dihydrospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2'-carbonitrile (4b). Yellow solid; m.p. 263–265 °C (lit. [25] m.p. 269–270 °C); IR (KBr, cm−1): 3350 (N-H), 3302 (N-H), 3194 (N-H), 2208 (CN), 1755 (C=O), 1655 (C=O), 1570 (C=C), 1472 (ArC=C); 1H-NMR (300 MHz, DMSO-d6): δ (ppm) 6.91 (d, J = 7.8 Hz, 1H, ArH), 6.99 (t, J = 7.5 Hz, 1H, ArH), 7.29 (t, J = 7.8 Hz, 1H, ArH), 7.46 (d, J = 7.2 Hz, 1H, ArH), 7.97–8.34 (m, 6H, ArH and NH2), 10.92 (s, 1H, NH); HRMS calculated for C19H11N5O3Na [M+Na]: 380.0754, found: 380.0753.



3'-Amino-5-bromo-2,5',10'-trioxo-5',10'-dihydrospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2'-carbonitrile (4c). Yellow solid; m.p. 276–277 °C; IR (KBr, cm−1): 3406 (N-H), 3309 (N-H), 2970 (C-H Aliph), 2195 (CN), 1745 (C=O), 1655 (C=O), 1566 (C=C), 1475 (ArC=C); 1H-NMR (300 MHz, DMSO-d6): δ (ppm) 6.88 (d, J = 5.4 Hz, 1H, ArH), 7.48 (d, J = 4.8 Hz, 1H, ArH), 7.81–8.39 (m, 6H, ArH and NH2), 11.08 (s, 1H, NH); HRMS calculated for C19H1079BrN5O3Na [M+Na]: 457.9859, found: 457.9861.



3'-Amino-5-chloro-2,5',10'-trioxo-5',10'-dihydrospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2'-carbonitrile (4d). Yellow solid; m.p. 254–255 °C; IR (KBr, cm−1): 3354 (N-H), 3250 (N-H), 3193 (N-H), 2206 (CN), 1762 (C=O), 1657 (C=O), 1565 (C=C), 1476 (ArC=C); 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 6.88 (d, J = 8.4 Hz, 1H, ArH), 7.31 (d, J = 8.4 Hz, 1H, ArH), 7.86 (s, 1H, ArH), 7.96–8.35 (m, 6H, ArH and NH2), 11.03 (s, 1H, NH); HRMS calculated for C19H1135ClN5O3 [M+H]: 392.0544, found: 392.0542.



3'-Amino-5-fluoro-2,5',10'-trioxo-5',10'-dihydrospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2'-carbonitrile (4e). Yellow solid; m.p. 258–259 °C; IR (KBr, cm−1): 3352 (N-H), 3246 (N-H), 3192 (N-H), 2208 (CN), 1759 (C=O), 1656 (C=O), 1568 (C=C), 1485 (ArC=C); 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 6.93 (q, J = 4.0 Hz, 1H, ArH), 7.15 (t, J = 8.8 Hz, 1H, ArH), 7.50 (d, J = 7.6 Hz, 1H, ArH), 8.01–8.37 (m, 6H, ArH and NH2), 10.94 (s, 1H, NH); HRMS calculated for C19H10FN5O3Na [M+Na]: 398.0660, found: 398.0660.



3'-Amino-1-methyl-2,5',10'-trioxo-5',10'-dihydrospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2'-carbonitrile (4f). White solid; m.p. 287–289 °C (lit. [25] m.p. 282–284 °C); IR (KBr, cm−1): 3453 (N-H), 3325 (N-H), 3083 (C-H Ar), 2196 (CN), 1727 (C=O), 1658 (C=O), 1535 (C=C), 1471 (ArC=C); 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 3.25 (s, 3H, CH3), 7.10–7.15 (m, 2H, ArH), 7.42 (s, 1H, ArH), 7.54 (s, 1H, ArH), 8.01–8.40 (m, 6H, ArH and NH2); HRMS calculated for C20H13N5O3 [M]: 371.1016, found: 371.1018.



Ethyl 3'-amino-5-methyl-2,5',10'-trioxo-5',10'-dihydrospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2'-carboxylate (4g). Light yellow solid; m.p. 278–280 °C; IR (KBr, cm−1): 3439 (N-H), 3333 (N-H), 2982 (C-H Aliph), 1743 (C=O), 1663 (C=O), 1530 (C=C); 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 0.90 (t, J = 6.8 Hz, 3H, CH3), 2.17 (s, 3H, CH3), 3.87 (q, J = 6.8 Hz, 2H, CH2O), 6.72 (d, J = 7.6 Hz, 1H, ArH), 7.02 (d, J = 8.0 Hz, 1H, ArH), 7.14 (s, 1H, ArH), 7.99–8.32 (m, 6H, ArH and NH2), 10.62 (s, 1H, NH); HRMS calculated for C22H18N4O5Na [M+Na]: 441.1169, found: 441.1167.



Ethyl 3'-amino-2,5',10'-trioxo-5',10'-dihydrospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2'-carboxylate (4h). Light yellow solid; m.p. 284–285 °C (lit. [25] m.p. 284–286 °C); IR (KBr, cm−1): 3440 (N-H), 3332 (N-H), 2984 (C-H Aliph), 1745 (C=O), 1704 (C=O), 1659 (C=O); 1H-NMR (300 MHz, DMSO-d6): δ (ppm) 0.85 (t, J = 6.9 Hz, 3H, CH3), 3.84 (q, J = 6.9 Hz, 2H, CH2O), 6.80–6.89 (m, 2H, ArH), 7.20 (t, J = 7.5 Hz, 1H, ArH), 7.29 (d, J = 7.2 Hz, ArH), 7.97–8.30 (m, 6H, ArH and NH2), 10.74 (s, 1H, NH); HRMS calculated for C21H16N4O5Na [M+Na]: 427.1013, found: 427.1012.



Ethyl 3'-amino-5-bromo-2,5',10'-trioxo-5',10'-dihydrospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2'-carboxylate (4i). Grey solid; m.p. 279–281 °C; IR (KBr, cm−1): 3438 (N-H), 3331 (N-H), 2984 (C-H Aliph), 1747 (C=O), 1703 (C=O), 1658 (C=O), 1530 (C=C), 1478 (ArC=C); 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 0.92 (t, J = 6.8 Hz, 3H, CH3), 3.89 (q, J = 6.8 Hz, 2H, CH2O), 6.80 (d, J = 8.0 Hz, 1H, ArH), 7.40 (d, J = 7.6 Hz, 1H, ArH), 7.63 (s, 1H, ArH), 8.01–8.32 (m, 6H, ArH and NH2), 10.91 (s, 1H, NH); HRMS calculated for C21H1579BrN4O5Na [M+Na]: 505.0118, found: 505.0115.



Ethyl 3'-amino-5-chloro-2,5',10'-trioxo-5',10'-dihydrospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2'-carboxylate (4j). Green solid; m.p. 284–286 °C; IR (KBr, cm−1): 3442 (N-H), 3332 (N-H), 2983 (C-H Aliph), 1750 (C=O), 1705 (C=O), 1660 (C=O), 1530 (C=C), 1480 (ArC=C); 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 0.92 (t, J = 6.0 Hz, 3H, CH3), 3.89 (q, J = 6.8 Hz, 2H, CH2O), 6.84 (d, J = 8.4 Hz, 1H, ArH), 7.27 (dd, J1 = 2.0 Hz, J2 = 8.0 Hz, 1H, ArH), 7.52 (s, 1H, ArH), 7.99–8.32 (m, 6H, ArH and NH2), 10.90 (s, 1H, NH); HRMS calculated for C21H1535ClN4O5Na [M+Na]: 461.0623, found: 461.0609.



Ethyl 3'-amino-5-fluoro-2,5',10'-trioxo-5',10'-dihydrospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2'-carboxylate (4k). White solid; m.p. 294–295 °C; IR (KBr, cm−1): 3442 (N-H), 3338 (N-H), 3071 (C-H Ar), 2983 (C-H Aliph), 1749 (C=O), 1706 (C=O), 1656 (C=O), 1530 (C=C), 1488 (ArC=C); 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 0.91 (t, J = 6.8 Hz, 3H, CH3), 3.88 (q, J = 6.8 Hz, 2H, CH2O), 6.82 (q, J = 4.0 Hz, 1H, ArH), 7.02–7.07 (m, 1H, ArH), 7.33 (dd, J1 = 2.4 Hz, J2 = 8.0 Hz, 1H, ArH), 7.99–8.32 (m, 9H, ArH and NH2), 10.79 (s, 1H, NH); HRMS calculated for C21H15FN4O5Na [M+Na]: 445.0919, found: 445.0916.



Ethyl 3'-amino-1-methyl-2,5',10'-trioxo-5',10'-dihydrospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2'-carboxylate (4l). Light yellow solid; m.p. 288–289 °C; IR (KBr, cm−1): 3439 (N-H), 3318 (N-H), 3064 (C-H Ar), 2967 (C-H Aliph), 1729 (C=O), 1705 (C=O), 1668 (C=O), 1616 (ArC=C), 1532 (C=C); 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 0.83 (t, J = 7.6 Hz, 3H, CH3), 3.22 (s, 3H, CH3), 3.81 (q, J = 7.6 Hz, 2H, CH2O), 6.98 (t, J = 7.2 Hz, 1H, ArH), 7.05 (d, J = 7.6 Hz, 1H, ArH), 7.31–7.39 (m, 2H, ArH), 8.00–8.32 (m, 6H, ArH and NH2); HRMS calculated for C22H18N4O5Na [M+Na]: 441.1169, found: 441.1171.



Ethyl 3'-amino-4-chloro-2,5',10'-trioxo-5',10'-dihydrospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2'-carboxylate (4m). White solid; m.p. 292–293 °C; IR (KBr, cm−1): 3412 (N-H), 3341 (N-H), 2985 (C-H Aliph), 1753 (C=O), 1704 (C=O), 1665 (C=O), 1616 (ArC=C), 1513 (C=C); 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 0.93 (t, J = 8.0 Hz, 3H, CH3), 3.91 (q, J = 8.0 Hz, 2H, CH2O), 6.86 (d, J = 7.6 Hz, 1H, ArH), 6.92 (d, J = 8.4 Hz, 1H, ArH), 7.28 (t, J = 8.0 Hz, 1H, ArH), 8.03–8.35 (m, 6H, ArH and NH2), 11.02 (s, 1H, NH); HRMS calculated for C21H1535ClN4O5Na [M+Na]: 461.0623, found: 461.0625.



Ethyl 3'-amino-6-bromo-2,5',10'-trioxo-5',10'-dihydrospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2'-carboxylate (4n). Light yellow solid; m.p. 286–287 °C; IR (KBr, cm−1): 3447 (N-H), 3341 (N-H), 3258 (N-H), 2985 (C-H Aliph), 1751 (C=O), 1705 (C=O), 1659 (C=O), 1527 (C=C); 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 0.92 (t, J = 7.6 Hz, 3H, CH3), 3.89 (q, J = 7.6 Hz, 2H, CH2O), 6.89 (s, 1H, ArH), 7.09 (d, J = 7.6 Hz, 1H, ArH), 7.31 (d, J = 8.0 Hz, 1H, ArH), 7.99–8.31 (m, 6H, ArH and NH2), 10.90 (s, 1H, NH); HRMS calculated for C21H1579BrN4O5Na [M+Na]: 505.0118, found: 505.0118.




3.3. X-ray Crystallography [46]


Yellow crystals of compound 4d were obtained by slow evaporation from ethanol and DMF. X-ray diffractions were recorded on a Siemens P4 diffractometer. The ORTEP view of the compound with atomic numbering is shown in Figure 1. The structure was solved by using SHELXS97. The structure refinement and data reduction was carried out with SHELXL97 program(s).





4. Conclusions


In summary, we have successfully combined the advantages of ultrasound technology with multicomponent reactions to facilitate the rapid construction of 3'-aminospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2,5',10'-trione derivatives by an one-pot and three-component reaction in ethanol. In comparison with conventional and reported methods, the main advantage of ultrasound application is the significant decrease in the reaction time and all the proposed reactions allowed the preparation of products in good yield without any further complicated refinement.









Acknowledgments


We gratefully acknowledge the Natural Science Foundation of China (No. 81102376), the Major Basic Research Project of the Natural Science Foundation of the Jiangsu Higher Education Institutions (No. 10KJA150049) and the National S&T Major Special Project on Major New Drug Innovation (No. 2012ZX093101002-001-017) for support of this research.




References


	1. 
Wender, P.A.; Handy, S.T.; Wright, D.L. Towards the ideal synthesis. Chem. Ind. 1997, 19, 765–768. [Google Scholar]

	2. 
Dömling, A.; Ugi, I. Multicomponent Reactions with Isocyanides. Angew. Chem. Int. Ed. Engl. 2000, 39, 3168–3210. [Google Scholar] [CrossRef]

	3. 
Dömling, A. Recent Developments in Isocyanide Based Multicomponent Reactions in Applied Chemistry. Chem. Rev. 2006, 106, 17–89. [Google Scholar] [CrossRef]

	4. 
Zhu, J.; Bienaymé, H. Multicomponent Reactions; Wiley-VCH: Weinheim, Germany, 2005; pp. 33–75. [Google Scholar]

	5. 
Dou, G.L.; Shi, C.L.; Shi, D.Q. Highly Regioselective Synthesis Of Polysubstituted Pyrroles Through Three-Component Reaction Induced By Low-Valent Titanium Reagent. J. Comb. Chem. 2008, 10, 810–813. [Google Scholar] [CrossRef]

	6. 
Wu, H.; Lin, W.; Wan, Y.; Xin, H.Q.; Shi, D.Q.; Shi, Y.H.; Yuan, R.; Bo, R.C.; Yin, W. Silica gel-catalyzed one-pot syntheses in water and fluorescence properties studies of 5-amino-2-aryl-3H-chromeno[4,3,2-de][1,6]naphthyridine-4-carbonitriles and 5-amino-2-aryl-3H-quinolino[4,3,2-de][1,6]naphthyridine-4-carbonitriles. J. Comb. Chem. 2010, 12, 31–34. [Google Scholar]

	7. 
Li, Y.L.; Chen, H.; Shi, C.L.; Shi, D.Q.; Ji, S.J. Efficient One-Pot Synthesis of Spirooxindole Derivatives Catalyzed By L-Proline In Aqueous Medium. J. Comb. Chem. 2010, 12, 231–237. [Google Scholar]

	8. 
Sundberg, R.J. The Chemistry of Indoles; Academic press: New York, NY, USA, 1996; p. 113. [Google Scholar]

	9. 
Joshi, K.C.; Chand, P. Biologically active indole derivatives. Pharmazie 1982, 37, 1–12. [Google Scholar]

	10. 
Da-Silva, J.F.M.; Garden, S.J.; Pinto, A.C. The chemistry of isatins: A review from 1975 to 1999. J. Braz. Chem. Soc. 2001, 12, 273–324. [Google Scholar] [CrossRef]

	11. 
Abdel-Rahman, A.H.; Keshk, E.M.; Hanna, M.A.; El-Bady, S.M. Synthesis and evaluation of some new spiro indoline-based heterocycles as potentially active antimicrobial agents. Bioorg. Med. Chem. 2004, 12, 2483–2488. [Google Scholar]

	12. 
Kang, T.H.; Matsumoto, K.; Tohda, M.; Murakami, Y.; Takayama, H.; Kitajima, M. Pteropodine and isopteropodine positively modulate the function of rat muscarinic M1 and 5-HT2 receptors in Xenopus oocyte. Eur. J. Pharmacol. 2002, 444, 39–45. [Google Scholar]

	13. 
Ma, J.; Hecht, S.M. Javaniside, a novel DNA cleavage agent from Alangium javanicum having an unusual oxindole skeleton. Chem. Commun. 2004, 1190–1191. [Google Scholar]

	14. 
Usui, T.; Kondoh, M.; Cui, C.B.; Mayumi, T.; Osada, H. Tryprostatin A, a specific and novel inhibitor of microtubule assembly. Biochem. J. 1998, 333, 543–548. [Google Scholar]

	15. 
Khafagy, M.M.; El-Wahas, A.H.F.A.; Eid, F.A.; El-Agrody, A.M. Synthesis of halogen derivatives of benzo[h]chromene and benzo[a]anthracene with promising antimicrobial activities. Farmaco 2002, 57, 715–722. [Google Scholar] [CrossRef]

	16. 
Ghahremanzadeh, R.; Sayyafi, M.; Ahadi, S.; Bazgir, A. One-Pot, Pseudo four-component synthesis of a spiro[diindeno[1,2-b:2′,1′-e]pyridine-11,3′-indoline]-trione library. J. Comb. Chem. 2010, 12, 191–194. [Google Scholar] [CrossRef]

	17. 
Vaughan, W.R. The Chemistry of the Phthalazines. Chem. Rev. 1948, 43, 447–508. [Google Scholar] [CrossRef]

	18. 
Indelicato, J.M.; Pasini, C.E. The Acylating Potential of γ-Lactam Antibacterials: Base Hydrolysis of Bicyclic Pyrazolidinones. J. Med. Chem. 1988, 31, 1227–1230. [Google Scholar]

	19. 
Heine, H.W. Diaziridines. III. Reactions of some 1-alkyl- and 1,1-dialkyl-1H-diazirino[1,2-b]phthalazine-3,8-diones. J. Org. Chem. 1974, 39, 3187–3191. [Google Scholar]

	20. 
Schwesinger, R.; Prinzbach, H. Chemie des cis-Trioxa-tris-σ-homobenzoles. Eine einfche Totalsynthese des Streptamines. Angew. Chem. 1975, 87, 625–626. [Google Scholar] [CrossRef]

	21. 
Gillis, B.T.; Valentour, J.C. The syntheses of pyridazino[1,2-a] pyridazine derivatives of furan, Pyridazine and pyrrole by Diels-Alder reactions. J. Heterocycl. Chem. 1971, 8, 13–17. [Google Scholar]

	22. 
Song, J.G.; Hesse, M. Synthesis of (±)tetrahydromyricoidine. Tetrahedron 2008, 49, 6797–6799. [Google Scholar] [CrossRef]

	23. 
Csampai, A.; Körmendy, K.; Ruff, F. Chain length dependent reactivity of 2-(ω-hydroxyalkyl)-4-(ω-hydroxyalkylamino)phthalazin-1(2H)-ones in azeotropic hydrobromic acid. Tetrahedron 1991, 47, 4457–4464. [Google Scholar] [CrossRef]

	24. 
Teimouri, M.B. One-pot three-component reaction of isocyanides, Dialkyl acetylenedicarboxylates and phthalhydrazide: Synthesis of highly functionalized 1H-pyrazolo[1,2-b]phthalazine-5,10-diones. Tetrahedron 2006, 62, 10849–10853. [Google Scholar] [CrossRef]

	25. 
Shanthi, G.; Perumal, P.T. An Efficient one-pot synthesis of novel pyrazolophthalazinyl spirooxindoles. J. Chem. Sci. 2010, 122, 415–421. [Google Scholar] [CrossRef]

	26. 
Zhang, X.; Li, Y.; Zhang, Z. Nickel chloride-catalyzed one-pot three-component synthesis of pyrazolophthalalzinyl spirooxindoles. Tetrahedron 2011, 67, 7426–7430. [Google Scholar] [CrossRef]

	27. 
Zou, Y.; Wu, H.; Hu, Y.; Liu, H.; Zhao, X.; Ji, H.L.; Shi, D.Q. A novel and environment-friendly method for preparing dihydropyrano[2,3-c]pyrazoles in water under ultrasound irradiation. Ultrason. Sonochem. 2011, 18, 708–712. [Google Scholar]

	28. 
Li, J.T.; Han, J.F.; Yang, J.H.; Li, T.S. An efficient synthesis of 3,4-dihydropyrimidin-2-ones catalyzed by NH2SO3H under ultrasound irradiation. Ultrason. Sonochem. 2003, 10, 199–122. [Google Scholar]

	29. 
McNulty, J.; Steere, J.A.; Wolf, S. The Ultrasound Promoted Knoevenagel Condensation of Aromatic Aldehydes. Tetrahedron Lett. 1998, 39, 8013–8016. [Google Scholar] [CrossRef]

	30. 
Lindley, J.; Lorimer, J.P.; Mason, T.J. Enhancement of an Ullmann coupling reaction induced by ultrasound. Ultrasonics 1986, 24, 292–293. [Google Scholar] [CrossRef]

	31. 
Heymann, D.; Cataldo, F. Effects of intense ultrasound treatment of C-60 solutions. Fullerene Sci. Technol. 1999, 7, 725–732. [Google Scholar] [CrossRef]

	32. 
Wang, S.X.; Li, J.T.; Yang, W.Z.; Li, T.S. Synthesis of ethyl α-cyanocinnamates catalyzed by KF–Al2O3 under ultrasound irradiation. Ultrason. Sonochem. 2002, 9, 159–161. [Google Scholar] [CrossRef]

	33. 
Cintas, P.; Luche, J.L. Green chemistry. The sonochemical approach. Green Chem. 1999, 1, 115–125. [Google Scholar] [CrossRef]

	34. 
Mahdavinia, G.H.; Rostamizadeh, S.; Amani, A.M.; Emdadi, Z. Ultrasound-promoted greener synthesis of aryl-14-H-dibenzo[a,j]xanthenes catalyzed by NH4H2PO4/SiO2 in water. Ultrason. Sonochem. 2009, 16, 7–10. [Google Scholar]

	35. 
Cravotto, G.; Cintas, P. Power ultrasound in organic synthesis: Moving cavitational chemistry from academia to innovative and large-scale applications. Chem. Soc. Rev. 2006, 35, 180–196. [Google Scholar]

	36. 
Ji, S.J.; Shen, Z.L.; Gu, D.G.; Huang, X.Y. Ultrasound-promoted alkynylation of ethynylbenzene to ketones under solvent-free condition. Ultrason. Sonochem. 2005, 12, 161–163. [Google Scholar]

	37. 
Li, J.T.; Yin, Y.; Li, L.; Sun, M.X. A convenient and efficient protocol for the synthesis of 5-aryl-1,3-diphenylpyrazole catalyzed by hydrochloric acid under ultrasound irradiation. Ultrason. Sonochem. 2010, 17, 11–13. [Google Scholar]

	38. 
Pizzuti, L.; Martins, P.L.G.; Ribeiro, B.A.; Quina, F.H.; Pinto, E.; Flores, A.F.C.; Venzke, D.; Pereira, C.M.P. Efficient sonochemical synthesis of novel 3,5-diaryl-4,5-dihydro-1H-pyrazole-1-carboximidamides. Ultrason. Sonochem. 2010, 17, 34–37. [Google Scholar]

	39. 
Mason, T.J. Sonochemistry and the environment—Providing a “green” link between chemistry, physics and engineering. Ultrason. Sonochem. 2007, 14, 476–483. [Google Scholar] [CrossRef]

	40. 
Martings, M.A.; Pereira, C.M.; Cunico, W. Moura, S.; Rosa, F.A.; Peres, R.L.; Machado, P.; Zanatta, N.; Bonacorso, H.G. Ultrasound promoted synthesis of 5-hydroxy-5-trihalomethyl-4,5-dihydroisoxazoles and beta-enamino trihalomethyl ketones in water. Ultrason. Sonochem. 2006, 13, 364–370. [Google Scholar]

	41. 
Ji, S.J.; Wang, S.Y. An expeditious synthesis of β-indolylketones catalyzed by p-toluenesulfonic acid (PTSA) using ultrasonic irradiation. Ultrason. Sonochem. 2005, 12, 339–343. [Google Scholar]

	42. 
Shen, Z.L.; Ji, S.J.; Wang, S.Y.; Zeng, X.F. A novel base-promoted synthesis of β-indolylketones via a three-component condensation under ultrasonic irradiation. Tetrahedron 2005, 61, 10552–10558. [Google Scholar]

	43. 
Capello, C.; Fischer, U.; Hungerbühler, K. What is a green solvent? A comprehensive framework for the environmental assessment of solvents. Green Chem. 2007, 9, 927–934. [Google Scholar] [CrossRef]

	44. 
Flint, E.B.; Suslick, K.S. The temperature of cavitation. Science 1991, 253, 1397–1399. [Google Scholar]

	45. 
Leighton, T.G. The Acoustic Bubble; Academic Press: London, UK, 1994; p. 531. [Google Scholar]

	46. 
Suslick, K.S.; Doktycz, S.J.; Flint, E.B. On the Origin of Sonoluminescene and Sonochemistry. Ultrasonics 1990, 28, 280–282. [Google Scholar] [CrossRef]

	47. 
Crystallographic data for 4d have been deposited at the Cambridge Crystallographic Data Centre with the deposition number CCDC 817577. Copies of these data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44-1223-336-033; or Email: deposit@ccdc.cam.ac.uk).






	
Sample Availability: Samples of the compounds 4a–n are available from the authors.







© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
O >
N Piperidine
H

H
oo\N
. N
N X
O NH
7

—

H
o AN
N
N/ X
O  NH,
4





nav.xhtml


  molecules-17-08674


  
    		
      molecules-17-08674
    


  




  





media/file1.png
X = CO,Et; CN

O

O
3

ITIH

NH

EtOH, Piperidine

U.S. rt.

-

N—x

\ ~
l}l Vs
R





media/file2.png





media/file5.jpg





media/file6.png





media/file3.jpg
oN
<y 2

)
N Piperidine

X H. Q
on Hsy
9%¢©
o b3
.
H






media/file0.jpg
1

X =COEt CN

o

o
3

NH
NH

ELOH, Piperidine

Us. L

N—x
(3=
Y
R





