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Abstract A facile and efficient one-pot, four-component

synthesis of polyhydroquinoline derivatives via the Han-

tzsch reaction using Nafion-H� as heterogeneous catalyst

in PEG 400–water solvent system is described herein. The

present methodology offers several advantages such as

excellent yields, simple procedure, shorter reaction times,

and milder conditions with remarkable recyclability.
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Introduction

In recent decades, multicomponent reactions (MCRs) have

gained wide applicability in the field of synthetic organic

chemistry. MCRs are one-pot processes that combine

three or more substrates simultaneously [1–5]. Such pro-

cesses are of great interest in diversity-oriented synthesis,

especially to generate compound libraries for screening

purposes.

In recent years, much attention has been directed

towards synthesis of 1,4-dihydropyridyl (1,4-DHP) com-

pounds (Fig. 1) due to a wide range of biological activities

associated with this heterocyclic nucleus [6–11]. 1,4-Di-

hydropyridyl compounds are well known as calcium

channel blockers. Cardiovascular agents such as nifedipine

[12], nicardipine [13], amlodipine [14], and other related

derivatives are 1,4-dihydropyridyl compounds, which are

effective for treatment of hypertension [15]. They have

been reported to act as vasodilators [16] and bronchodila-

tors [17], and to possess antiatherosclerotic [18], antitumor

[19], geroprotective [20], hepatoprotective [21], and anti-

diabetic [22] activities. Furthermore, current literature has

revealed that 1,4-DHPs exhibit several medicinal applica-

tions [23–26]. For these reasons, polyhydroquinolines

(PHQs) not only have attracted the attention of chemists to

synthesize these compounds but also represent an inter-

esting research challenge.

In view of the importance of polyhydroquinoline

derivatives, numerous methods have been developed for

their synthesis [27–30]. Experimentally, preparation of 1,4-

DHPs was first reported in 1882 by Hantzsch, involving

one-pot, three-component coupling of an aldehyde with

ethyl acetoacetate and ammonia in acetic acid or in re-

fluxing alcohol [31, 32]. However, these methods suffered

from drawbacks such as long reaction time, excess of

organic solvent, low yields, and harsh refluxing conditions.

Therefore, there is scope for further improvement towards

milder reaction conditions and higher yields, and progress

in this area is remarkable, including the recent use of

microwaves [33], TMSCl [34], ionic liquid [35], polymer

[36, 37], molecular I2 [38], CAN [39], Yb(OTf)3 [40],

HClO4-SiO2 [41], heteropolyacid [42], and MCM-41 [43].
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Each of the above methods for the Hantzsch reaction has its

own merits, while some of the methods are plagued by

limitations of poor yield, longer reaction time, tedious

workup, and effluent pollution. Moreover, the main dis-

advantage of almost all existing methods is that the

catalysts are destroyed in the workup procedure and cannot

be recovered or reused. Moreover, there are a relatively

limited number of reports on synthesis of polyhydroquin-

olines compared with synthesis of four-substituted 1,4-

DHPs. Therefore, the search continues for a better catalyst

and an ecofriendly approach for generating polyhydro-

quinolines in terms of operational simplicity, reusability,

economic viability, and greater selectivity.

Over the years, Nafion-H�, a superacidic perfluorinated

resin sulfonic acid, has enjoyed immense popularity as a

solid acid catalyst for a wide variety of synthetic trans-

formations [44]. The estimated Hammett (H0) value for

Nafion-H� is comparable to that of 96–100% H2SO4

(H0 = -12.0) [45]. The high catalytic activity, its selec-

tivity, recyclability, its superior chemical and thermal

stability, ease of separation from the reaction mixture, and

ecofriendly nature as compared with other available het-

erogeneous acid catalysts [46–48] place it in a unique

position as an attractive and promising heterogeneous acid

catalyst for organic synthesis. In recent years, replacement

of hazardous substances with environmentally benign sol-

vents [49, 50] has been one of the key areas of green

chemistry [51]. While use of water as a solvent is probably

the most desirable approach, this is often not possible due

to the hydrophobic nature of the reactants and sensitivity of

many catalysts to aqueous conditions. Recently, PEG and

its solutions have been introduced as interesting green

solvent systems [52–54]. These have replaced many other

‘‘neoteric solvents’’ such as ionic liquids, supercritical

carbon dioxide, and micellar systems, whose toxicological

properties, short- and long-term hazardous nature, and

biodegradability have not been established completely.

Low cost, reduced flammability and toxicity, recyclability,

completely nonhalogenated composition, easy degradabil-

ity, and miscibility with a wide variety of organic solvents

are some of the prominent features that render PEG a

benign alternative solvent in organic synthesis. Its use as a

reaction medium in organic reactions is relatively recent

[55–57]. As a part of our ongoing research program to

devise cheap synthetic methodologies using PEG 400 and

exploration of catalytic potential of Nafion-H� [58, 59],

herein we report a simple and efficient protocol for one-pot

synthesis of polyhydroquinolines using Nafion-H� as cat-

alyst coupled with aqueous PEG 400 medium (Scheme 2).

Results and discussion

First, a model reaction was carried out using 1 equivalent

each of benzaldehyde (1a), ethyl acetoacetate (2), dime-

done (3a), and ammonium acetate (4). These were stirred at

ambient temperature in ethanol. After 5 h, only 54% of the

expected product 5a was obtained. To improve the yield

and optimize the reaction conditions, the same reaction was

carried out in presence of Nafion-H� as catalyst. Surpris-

ingly, a significant improvement was observed and the

yield dramatically increased to 84% after stirring the

mixture for only 2 h. Thus, the catalytic efficiency of

Nafion-H� was definitely identified.

To increase the product yield further, we used polyeth-

ylene glycol as solvent system for the same representative

reaction scheme. The yield was better and increased to

92% after stirring the mixture for only 1.5 h. Prompted by

these promising outcomes, we further investigated the best

reaction conditions by using different ratios of the

PEG 400–water solvent system. A decrease in the amount

of PEG 400 from 100% to 60% increased the product yield

slightly from 92% to 96%. However, a further decrease in

the ratio of PEG 400 reduced the product yield, which is

attributed to loss of solubility of the reactants. Also, the

model reaction was examined in various solvents com-

monly used in organic synthetic procedures (Table 1).

Polar solvents such as ethanol and acetonitrile were much

better than nonpolar solvents such as toluene in terms of

better yields and shorter reaction times, due to the

enhanced solubility of reactants and the ability of the sol-

vent to swell Nafion-H�, which resulted in its high

catalytic activity. Nafion-H�, being nonporous, relies on

solvation of the ionic groups by an appropriate polar sol-

vent to form solvent channels and clusters. Low yields are

observed in case of nonpolar solvent due to failure of the

substrate to be able to access the catalyst [60].

The temperature of the reaction was kept at 50 �C unlike

in the reactions which used HClO4–SiO2 [41], hetero-

polyacid [42], and MCM-41 [43] as catalyst. These

reactions occurred at refluxing temperatures. It was also

observed that, on increasing the temperature, the reaction

time decreased, but we continued to use this time to

maintain the ambient conditions of the reaction.
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Fig. 1 General structure of 1,4-

dihydropyridyl (1,4-DHP)

compounds
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The scope and generality of this four-component, one-

pot synthesis of polyhydroquinoline derivatives through the

Hantzsch reaction was illustrated with different aldehydes,

and the results are summarized in Table 2. It is worthwhile

to mention that the electronically and structurally diverse

aldehydes do not show any obvious effect on this conver-

sion, because the desired products were obtained in good

to excellent yields in relatively short reaction times

(Scheme 2). However, aliphatic substrates did not undergo

any reaction under similar conditions.

Next, we investigated the reusability and recyclability of

Nafion-H� (Fig. 2) for the model reaction including

1 equiv. each of benzaldehyde (1a), ethyl acetoacetate (2),

dimedone (3a), and ammonium acetate (4) giving product

5a under the optimized conditions (Scheme 1). The cata-

lyst was removed by simple filtration after completion of

the reaction [64] and was washed with acetone and dried

overnight at 105 �C. The catalyst was reused as such for

subsequent reactions (four runs) with fresh substrates under

the same conditions. The catalyst showed excellent recy-

clability in this reaction, as the reaction times and yield

remained almost the same without loss of catalytic activity.

X-ray crystallography

Compound 5l was recrystallized from its solution in etha-

nol. The packing pattern of the compound is shown in

Fig. 3. The details of crystal data, intensity data collection,

and refinement are given in the Supplementary Material.

The DIFABS absorption correction was not applied due to

the small size of the crystals (0.2 9 0.4 9 0.2 mm3).

In conclusion, this paper describes a simple and efficient

method for synthesis of polyhydroquinoline derivatives via

improved Hantzsch condensation using Nafion-H� as

reusable catalyst in PEG 400–water solvent system. The

mildness of the conversion, experimental simplicity, com-

patibility with various functional groups, inexpensive

Table 1 Effect of different solvents on the synthesis of polyhydro-

quinolines

Entry Solvent Time/h Yield/%a

1 EtOH 2.0 84

2 MeCN 2.0 90

3 THF 2.5 78

4 Toluene 2.5 60

5 DMF 3.5 63

6 DMSO 3.0 68

7 PEG 400 1.5 92

PEG 400:H2O

8 90:10 1.8 94

9 80:20 1.8 94

10 70:30 1.6 94

11 60:40 1.5 96

12 50:50 2.0 84

13 40:60 2.0 72

Reaction conditions: benzaldehyde (1 mmol), ethyl acetoacetate

(1 mmol), dimedone (1 mmol), ammonium acetate (1 mmol); catalyst

Nafion-H� (30 mg); 5 cm3 solvent; 50 �C
a Isolated yields

Table 2 Nafion-H�-catalyzed synthesis of polyhydroquinoline

derivatives

Entry Ar R Product Time/

h

Yield/

%a
M.p./�C

1 C6H5 Me 5a 1.5 96 220–224

[42]

2 4-MeO-C6H4 Me 5b 1.5 96 260–262

[63]

3 4-Cl-C6H4 Me 5c 1.6 90 246–250

[43]

4 3-NO2-C6H4 Me 5d 1.6 88 178–180

[62]

5 Piperonyl Me 5e 1.5 94 210–212

[61]

6 3-HO-C6H4 Me 5f 1.5 92 130–134

7 C6H5 H 5g 1.5 94 242–244

[62]

8 2-Thienyl H 5h 1.6 92 230–234

[39]

9 4-NO2-C6H4 H 5i 1.7 90 204–206

[39]

10 2-HO-3-MeO-

C6H3

H 5j 1.5 92 218–222

11 2-Furanyl H 5k 1.5 94 208–210

[39]

12 1-Naphthyl H 5l 1.5 94 236–240

Reaction conditions: aromatic aldehyde (1 mmol), 1,3-cyclohexane-

dione or dimedone (1 mmol), ethyl acetoacetate (1 mmol),

ammonium acetate (1 mmol); catalyst Nafion-H� (30 mg); 5 cm3

PEG 400-water (60:40); 50 �C
a Isolated yields

Fig. 2 Reusability of the catalyst for synthesis of polyhydroquinolines
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reagents, high yields, short reaction times, and easy workup

procedure make this protocol very attractive to synthesize a

variety of these derivatives.

Experimental

All chemicals were purchased from Sigma-Aldrich and

were used without further purification. All reactions and

purity of polyhydroquinolines were monitored by thin-layer

chromatography (TLC) using aluminum plates coated with

silica gel F254 (Merck) using 30% ethyl acetate and 70%

petroleum ether as eluent. The spots were detected either

under ultraviolet (UV) light or by placing in an iodine

chamber. Melting points were determined using a Thomas

Hoover melting point apparatus. Infrared (IR) spectra were

recorded on a PerkinElmer FTIR-1710 spectrophotometer

using Nujol film. 1H and 13C nuclear magnetic resonance

(NMR) spectra were recorded on a JEOL JNM-ECX 400P

FT NMR system using tetramethylsilane (TMS) as internal

standard. Chemical shift values are recorded on the d scale,

and coupling constant values are in Hertz (Hz). Elemental

analysis was performed on a Heraeus CHN rapid analyzer.

The temperature of the reaction mixture was measured

through a noncontact infrared mini gun thermometer

(AZ minigun type, model 8868).

General procedure for synthesis of polyhydroquinolines

A 50-cm3 round-bottomed flask was charged with 1 equiv.

each of aldehydes 1a–1k (1 mmol), ethyl acetoacetate (2),

dimedone (3a) or 1,3-cyclohexanedione (3b), ammonium

acetate (4), and Nafion-H� (one bead, i.e., 30 mg) along

with 5 cm3 PEG 400–water (60:40) solvent system. The

mixture was then stirred at 50 �C until the reaction was

complete. The completion of the reaction was monitored

through TLC. After the reaction was complete, the reaction

mixture was allowed to cool to room temperature, the

catalyst Nafion-H� was removed by simple filtration, and

the product was extracted with ethyl acetate (3 9 5 cm3).

The combined organic layer was dried over anhydrous

sodium sulfate and filtered. The solvent was evaporated

under vacuo to give the crude product. After extraction

with ethyl acetate, the remaining solution of PEG 400 and

water was concentrated to recover pure PEG 400, which

was then reused for the subsequent reactions [65]. The

crude products obtained were subjected to purification via

recrystallization or through column chromatography on

silica gel (100–200 mesh size) using 25% ethyl acetate in

petroleum ether as eluent to yield polyhydroquinolines

5a–5l. The structures of all products were established on

the basis of spectral analysis (IR, 1H NMR, and 13C

NMR), elemental analysis, and melting point determina-

tion. X-ray analysis was carried out for compound 5l

(Figs. 3, 4).

Regeneration of catalyst

After filtration, the catalyst was washed successively with

acetone and deionized water and dried overnight at 105 �C.
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Fig. 3 Packing pattern of compound 5l in the triclinic crystal lattice
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The obtained catalyst had the same catalytic activity as the

fresh catalyst.

Ethyl 1,4,5,6,7,8-hexahydro-4-(3-hydroxyphenyl)-2,7,7-tri-

methyl-5-oxoquinoline-3-carboxylate (5f, C21H25NO4)

IR (Nujol): m = 3,245, 2,959, 1,600, 1,453, 1,379, 1,267,

1,149, 707 cm-1; 1H NMR (DMSO-d6, 400 MHz):

d = 0.90 (s, 3H, CH3), 1.02 (s, 3H, CH3), 1.16 (t, 3H,

J = 7.04 Hz, CH3), 2.13–2.29 (m, 4H, 2 9 CH2), 2.32 (s,

3H, CH3), 4.02 (q, 2H, J = 7.4 Hz, CH2), 4.96 (s, 1H, CH–

Ar), 5.85 (br s, 1H, NH), 6.75–6.99 (m, 4H, Ar–H), 7.81 (s,

1H, OH) ppm; 13C NMR (DMSO-d6, 100 MHz): d = 13.4,

18.4, 19.8, 27.3, 28.7, 32.3, 35.6, 50.9, 58.8, 100.4, 105.1,

112.0, 112.9, 114.9, 119.3, 128.2, 144.3, 148.5, 149.3,

167.4, 194.9 ppm.

Ethyl 1,4,5,6,7,8-hexahydro-4-(2-hydroxy-3-methoxy-

phenyl)-2-methyl-5-oxoquinoline-3-carboxylate

(5j, C20H23NO5)

IR (Nujol): m = 3,342, 2,946, 1,733, 1,693, 1,607, 1,523,

1,390, 1,078 cm-1; 1H NMR (CDCl3, 400 MHz): d = 1.21

(t, 3H, J = 7.32 Hz, CH3), 1.88–2.27 (m, 6H, 3 9 CH2),

2.47 (s, 3H, CH3), 3.85 (s, 3H, OCH3), 4.10 (q, 2H,

J = 7.3 Hz, CH2), 5.17 (s, 1H, CH–Ar), 6.14 (br s, 1H,

NH), 6.69–6.79 (m, 3H, Ar–H), 9.26 (s, 1H, OH) ppm; 13C

NMR (CDCl3, 100 MHz): d = 14.0, 19.5, 21.2, 25.4, 27.7,

29.7, 30.3, 36.2, 43.6, 55.8, 60.3, 81.2, 110.2, 120.8, 140.3,

148.7, 158.7, 169.9, 194.9 ppm.

Ethyl 1,4,5,6,7,8-hexahydro-4-(1-naphthyl)-2-methyl-5-

oxoquinoline-3-carboxylate (5l, C23H23NO3)

IR (Nujol): m = 3,292, 3,082, 2,952, 1,696, 1,609, 1,487,

1,379, 1,222 cm-1; 1H NMR (CDCl3, 400 MHz): d = 0.87

(t, 3H, J = 7.32 Hz, CH3), 1.86–2.27 (m, 6H, 3 9 CH2),

2.40 (s, 3H, CH3), 3.88 (q, 2H, J = 7.08 Hz, CH2), 5.84 (s,

1H, CH–Ar), 6.21 (br s, 1H, NH), 7.33–7.73 (m, 7H,

naphthyl) ppm; 13C NMR (CDCl3, 100 MHz): d = 14.1,

19.1, 21.0, 27.1, 31.8, 37.1, 59.8, 107.7, 114.5, 125.3,

125.4, 125.6, 126.9, 127.9, 143.2, 146.5, 150.5, 167.8,

196.4 ppm.

X-ray crystallography

X-ray diffraction data were collected using an Enraf–No-

nius CAD4 diffractometer. The structure of compound 5l

was determined by a direct method using the program

SHELXS 97 and difference Fourier calculation. The

coordinates of nonhydrogen atoms were refined aniso-

tropically using the program SHELXL 97 [66]. The

positions of hydrogen atoms were determined from dif-

ference Fourier maps and were included in the final cycles

of refinement using isotropic temperature factors of the

nonhydrogen atoms to which they were attached. The final

R-factor for observed 7,518 reflections [I C 2r(I)] was

0.1824. The atomic scattering factors used in these calcu-

lations were those of Cromer and Mann [67] for

nonhydrogen atoms and of Stewart et al. [68] for hydrogen

atoms.

Crystallographic data for the structure 5l have been

deposited with the Cambridge Crystallographic Data Cen-

tre as supplementary publication number CCDC 796332.
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