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Abstract
A supported ionic liquid  ILCF3SO3@SiO2 was synthesized and used as a highly efficient catalyst in the Paal–Knorr reaction 
for the preparation of pyrroles. The heterogeneous catalyst could be easily recovered and recycled for five times without 
noticeable loss of catalytic activity. Also a possible reaction mechanism is provided.
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Introduction

Pyrroles are important compounds commonly encountered 
in biologically relevant synthetic compounds, drugs, etc. 
[1–3]. Thus, many methods have been developed in the 
preparation of these compounds, and a renowned method is 
the Paal–Knorr reaction [3]. Generally, the reaction is typi-
cally carried out with stoichiometric amount of the Bronsted 
or lewis acids catalysts (i.e.,  H2SO4, p-toluene sulfonic acid 
and  BiCl3) [4–6] and suffers from some drawbacks such as 

low yield, harsh reaction condition and tedious workup. 
Recently, many catalytic systems, such as  UO2(NO3)·6H2O 
[7], Sc(OTf)3 [8],  Et2Zn [9],  HCOONH4 [10],  Mg3N2 [11], 
IRMOF-3 [12],  NH4OAc/AcOH [13],  MgI2 [14], nano β-
PbO [15] and other systems [16–20], have been developed 
for this conversion. However, these methods are still associ-
ated with the use of expensive, toxic and moisture-sensitive 
reagents, difficulties in separation and catalyst recovery. 
Hence, there is extremely important in developing efficient 
and green methods in the preparation pyrroles.

Ionic liquids (ILs) as environmentally benign materials 
have broad applications in the field of separation, synthetic 
chemistry, electrochemistry and catalysis [21–24]. Up to 
now, their application as catalysts in the preparation of pyr-
roles was reported [25–28]. Although good catalytic activi-
ties of these ILs, there exist some disadvantages such as 
partially ILs wasted and tedious workup. Along this line, 
a useful method to overcome these limitations is the devel-
opment of supported IL catalysts [29–31]. The homogene-
ous catalytic reactions of ILs could be transferred into the 
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heterogeneous systems, which have attractive features such 
as high catalyst efficiency, high system stability, the facilita-
tion of catalyst recovery and reusability [31].

In this study, a supported IL,  ILCF3SO3@SiO2, has been 
synthesized and exhibited good thermal and chemical stabil-
ity, which was utilized as a novel and efficient catalyst in the 
preparation of pyrroles by Paal–Knorr reaction of 1,4-dik-
etone or succinaldehyde or ethyl 2-acetyl-4-oxo-4-phenylb-
utanoate with amines (Scheme 1). As well as this, the reus-
ability of the supported IL was also studied.

Experimental

General

All chemicals were analytical grade. SEM and EDX spectra 
were recorded on a JSM-7500F apparatus. FT-IR spectra 
were recorded on a Nicolet Nexus 470 apparatus. XRD spec-
tra were recorded on a Rigaku Ultima IV apparatus. TG 

spectra were analyzed by a STA 449 apparatus. GC spec-
tra were recorded on a Shimadzu-14B apparatus. 1H and 
13C NMR spectra were measured at 500 MHz on a Bruker 
apparatus with  CDCl3 as the solvent. Elemental analysis 
was performed on a Vario EL III instrument. Melting points 
were recorded on a Büchi B-545 apparatus in open capillary 
tubes.

Synthesis of supported IL (Scheme 2)

Synthesis 1: Imidazole (13.6 g, 0.2 mol), (3-chloropropyl) 
triethoxysilane (48.2 g, 0.2 mol) and toluene (350 mL) were 
refluxed for 22 h, and then triethylamine (20.2 g, 0.2 mol) 
was added to the mixture and refluxed for another 2 h. Then, 
the slurry was filtrated and the filter was washed with tolu-
ene; the solvent was removed to afford 1.

Synthesis 2: 1 (27.2 g, 0.1 mol), silica (28 g) and toluene 
(250 mL) were refluxed for 24 h; the solvent was removed 
to give 2.

Scheme 1  Synthesis of pyrroles 
catalyzed by  ILCF3SO3@SiO2

Scheme 2  Synthesis of  ILCF3SO3@SiO2
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Synthesis 3: 2, toluene (200 mL) and 1,4-butane sultone 
(13.6 g, 0.1 mol) were stirred at 100 °C for 8 h. The resulting 
material was isolated by filtration and dried under vacuum 
at 80 °C to give white solid 3.

Synthesis 4:  CF3SO3H (15 g, 0.1 mol) was added into 3 
in toluene (200 mL) and stirred at 80 °C for 6 h. Then, the 
material was filtrated and dried under vacuum at 80 °C to 
afford 4  ILCF3SO3@SiO2.

Typical procedure in the preparation of pyrroles

A mixture of amine (0.1 mol), 1,4-diketone (0.1 mol) and 
ethanol (20 mL)  ILCF3SO3@SiO2 (0.8 g) were stirred for a 
specific time (Table 3) at room temperature. On completion 
(monitored by GC), the catalyst was recovered by filtration, 
dried and reused for the next run. The solvent was removed 
under reduced pressure to yield the desired product. The 
products were identified by 1H NMR, 13C NMR and elemen-
tal analysis, and the characterization spectra are provided in 
the supporting information.

2,5-Dimethyl-1-phenyl-1H-pyrrole (Table 3, entry 1) 
White solid; m.p. 51–53 °C (Ref. [9] 51–52 °C). 1H NMR: 
δ = 2.14 (s, 6H,  2CH3), 6.06 (s, 2H, pyrrole), 7.24–7.33 
(m, 2H, Ar–H), 7.47–7.58 (m, 3H, Ar–H) ppm; 13C NMR: 
δ = 12.9, 105.7, 127.8, 128.6, 129.1, 139.8 ppm; Anal. Calcd 
for  C12H13N: C, 84.13; H, 7.61; N, 8.14. Found: C, 84.17; 
H, 7.65; N, 8.18.

2,5-Dimethyl-1-(p-tolyl)-1H-pyrrole (Table  3, entry 
2) White solid; m.p. 59–61 °C (Ref. [11] 58–60 °C). 1H 
NMR: δ = 2.13 (s, 6H,  2CH3), 2.57 (s, 3H,  ArCH3), 6.02 (s, 
2H, pyrrole), 7.21–7.23 (m, 2H, Ar–H), 7.32–7.37 (m, 2H, 
Ar–H) ppm; 13C NMR: δ = 13.1, 21.4, 105.5, 128.0, 128.9, 
136.2, 137.6 ppm; Anal. Calcd for  C13H15N: C, 84.25; H, 
8.13; N, 7.52. Found: C, 84.28; H, 8.16; N, 7.56.

1-(4-Methoxyphenyl)-2,5-dimethyl-1H-pyrrole (Table 3, 
entry 3) White solid; m.p. 56–58 °C (Ref. [12] 55–57 °C). 
1H NMR: δ = 2.07 (s, 6H,  2CH3), 3.87 (s, 3H,  OCH3), 5.93 
(s, 2H, pyrrole), 6.96–6.99 (m, 2H, Ar–H), 7.12–7.16 (m, 
2H, Ar–H) ppm; 13C NMR: δ = 13.2, 55.3, 105.4, 114.6, 
128.7, 129.5, 132.1, 158.7 ppm; Anal. Calcd for  C13H15NO: 
C, 77.56; H, 7.48; N, 6.94; O, 7.93. Found: C, 77.58; H, 
7.51; N, 6.96; O, 7.95.

1-(4-Bromophenyl)-2,5-dimethyl-1H-pyrrole (Table 3, 
entry 4) Yellow solid; m.p. 75–76 °C (Ref. [8] 75–77 °C). 
1H NMR: δ = 2.03 (s, 6H,  2CH3), 5.92 (s, 2H, pyrrole), 
7.08–7.12 (m, 2H, Ar–H), 7.57–7.61 (m, 2H, Ar–H) ppm; 
13C NMR: δ = 12.9, 106.2, 128.1, 128.6, 129.2, 133.2, 
138.1 ppm; Anal. Calcd for  C12H12BrN: C, 57.58; H, 4.81; 
Br, 31.92; N, 5.57. Found: C, 57.62; H, 4.84; Br, 31.94; N, 
5.60.

4-(2,5-Dimethyl-1H-pyrrol-1-yl)benzoic acid (Table 3, 
entry 5) White solid; m.p. 182–183  °C (Ref. [13] 
181–184 °C). 1H NMR: δ = 2.06 (s, 6H,  2CH3), 5.96 (s, 2H, 

pyrrole), 6.62 (br, 1H, COOH), 7.29–7.34 (m, 2H, Ar–H), 
8.23–8.27 (m, 2H, Ar–H) ppm; 13C NMR: δ = 13.1, 106.3, 
127.6, 127.9, 128.3, 130.9, 143.7, 171.2 ppm; Anal. Calcd 
for  C13H13NO2: C, 72.51; H, 6.07; N, 6.48; O, 14.84. Found: 
C, 72.54; H, 6.09; N, 6.51; O, 14.87.

2,5-Dimethyl-1-(4-(trifluoromethyl)phenyl)-1H-pyrrole 
(Table 3, entry 6) Yellow solid; m.p. 55–56 °C (Ref. [15] 
55–57 °C). 1H NMR: δ = 2.11 (s, 6H,  2CH3), 6.01 (s, 2H, 
pyrrole), 7.35–7.38 (m, 2H, Ar–H), 7.74–7.78 (m, 2H, 
Ar–H) ppm; 13C NMR: δ = 12.9, 106.8, 122.1, 125.4, 126.3, 
127.5, 128.8, 142.4 ppm; Anal. Calcd for  C13H12F3N: C, 
65.24; H, 5.03; F, 23.80; N, 5.82. Found: C, 65.27; H, 5.06; 
F, 23.82; N, 5.85.

1-Benzyl-2,5-dimethyl-1H-pyrrole (Table 3, entry 7) 
White solid; m.p. 43–44 °C (Ref. [10] 43–45 °C). 1H NMR: 
δ = 2.36 (s, 6H,  2CH3), 5.14 (s, 2H,  CH2), 6.12 (s, 2H, pyr-
role),7.11–7.23 (m, 2H, Ar–H), 7.47–7.56 (m, 3H, Ar–H) 
ppm; 13C NMR: δ = 12.5, 46.8, 105.7, 125.8, 127.1, 128.2, 
128.7, 138.6 ppm; Anal. Calcd for  C13H15N: C, 84.25; H, 
8.14; N, 7.53. Found: C, 84.28; H, 8.16; N, 7.56.

2,5-Dimethyl-1-(4-methylbenzyl)-1H-pyrrole (Table 3, 
entry 8) Yellow solid; m.p. 61–62 °C; 1H NMR: δ = 2.32 
(s, 6H,  2CH3), 2.54 (s, 3H,  CH3), 5.06 (s, 2H,  CH2), 6.03 (s, 
2H, pyrrole), 6.91–6.94 (m, 2H, Ar–H), 7.18–7.23 (m, 2H, 
Ar–H) ppm; 13C NMR: δ = 12.4, 21.8, 46.7, 105.9, 126.0, 
127.2, 128.3, 126.4, 137.6 ppm; Anal. Calcd for  C14H17N: C, 
84.34; H, 8.58; N, 7.01. Found: C, 84.37; H, 8.60; N, 7.03.

1-(4-Methoxybenzyl)-2,5-dimethyl-1H-pyrrole (Table 3, 
entry 9) Yellow solid; m.p. 65–67 °C; 1H NMR: δ = 2.21 (s, 
6H,  2CH3), 3.91 (s, 3H,  OCH3), 5.03 (s, 2H,  CH2), 5.96 (s, 
2H, pyrrole), 6.88–6.91 (m, 2H, Ar–H), 7.21–7.23 (m, 2H, 
Ar–H) ppm; 13C NMR: δ = 12.2, 46.3, 55.4, 105.3, 114.3, 
126.8, 128.0, 130.6, 158.7 ppm; Anal. Calcd for  C14H17NO: 
C, 78.05; H, 7.92; N, 6.47; O, 7.40. Found: C, 78.10; H, 
7.96; N, 6.51; O, 7.43.

1-(4-Chlorobenzyl)-2,5-dimethyl-1H-pyrrole (Table 3, 
entry 10) Yellow solid; m.p. 90–92 °C; 1H NMR: δ = 2.27 

Fig. 1  FT-IR spectra of  ILCF3SO3@SiO2
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Fig. 2  SEM images of silica (a), 
 ILCF3SO3@SiO2 (b) and recy-
cled catalyst (c); EDX image of 
 ILCF3SO3@SiO2 (d)

Fig. 3  XRD pattern of  ILCF3SO3@SiO2 Fig. 4  TG curve of  ILCF3SO3@SiO2
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(s, 6H,  2CH3), 5.08 (s, 2H,  CH2), 6.03 (s, 2H, pyrrole), 
6.87–6.94 (m, 2H, Ar–H), 7.38–7.42 (m, 2H, Ar–H) ppm; 
13C NMR: δ = 12.3, 46.2, 105.7, 127.1, 127.9, 128.6, 133.9, 
136.7 ppm; Anal. Calcd for  C13H14ClN: C, 71.03; H, 6.40; 
Cl, 16.11; N, 6.36. Found: C, 71.07; H, 6.42; Cl, 16.14; N, 
6.38.

1-Butyl-2,5-dimethyl-1H-pyrrole (Table 3, entry 11) Yel-
low oil; 1H NMR: δ = 1.04 (t, 3H,  CH3), 1.46–1.53 (m, 2H, 
 CH2), 1.67–1.76 (m, 2H,  CH2), 2.39 (s, 6H,  2CH3), 3.83 (m, 
2H,  CH2), 5.94 (s, 2H, pyrrole) ppm; 13C NMR: δ = 12.4, 

13.9, 20.3, 33.3, 43.5, 104.9, 127.4 ppm; Anal. Calcd for 
 C10H17N: C, 79.36; H, 11.31; N, 9.24. Found: C, 79.41; H, 
11.33; N, 9.26.

1-Cyclopentyl-2,5-dimethyl-1H-pyrrole (Table 3, entry 
12) Yellow oil; 1H NMR: δ = 1.63–1.74 (m, 4H,  CH2CH2), 
1.81–2.17 (m, 4H,  2CH2), 2.35 (s, 6H,  2CH3), 3.77 (m, 1H, 
CH), 5.86 (m, 2H, pyrrole) ppm; 13C NMR: δ = 13.1, 24.7, 
31.6, 58.4, 105.5, 127.6 ppm; Anal. Calcd for  C11H17N: C, 
80.90; H, 10.48; N, 8.54. Found: C, 80.93; H, 10.50; N, 8.58.

1-Phenyl-1H-pyrrole (Table 3, entry 13) White solid; 
m.p. 58–59 °C (Ref. [9] 60–61 °C). 1H NMR: δ = 6.51 (t, 
2H, pyrrole), 7.24 (t, 2H, pyrrole), 7.38–7.59 (m, 5H, Ar–H) 
ppm; 13C NMR: δ = 110.2, 119.3, 120.4, 125.2, 129.3, 
140.5 ppm; Anal. Calcd for  C10H9N: C, 83.83; H, 6.31; N, 
9.75. Found: C, 83.88; H, 6.34; N, 9.78.

Ethyl 2-methyl-1,5-diphenyl-1H-pyrrole-3-carboxylate 
(Table 3, entry 14) White solid; m.p. 94–96 °C. 1H NMR: 
δ = 1.33–1.39 (t, 3H,  CH3), 2.43 (s, 2H,  CH2), 4.37 (m, 
2H,  CH2), 6.87 (s, 1H, pyrrole), 7.03–7.46 (m, 10H, Ar–H) 
ppm; 13C NMR: δ = 12.5, 14.3, 59.1, 108.9, 112.6, 126.4, 
127.5, 127.8, 128.7, 129.2, 129.5, 133.4, 134.9, 138.6, 
151.7, 165.9 ppm; Anal. Calcd for  C20H19NO2: C, 78.62; 
H, 6.23; N, 4.56; O, 10.45. Found: C, 78.66; H, 6.27; N, 
4.59; O, 10.48.

Results and discussion

Characterization of the supported IL was studied using 
FT-IR, SEM, EDX, XRD and TG analysis. The FT-IR 
spectra of the supported IL are presented in Fig. 1. The 
ILs exhibit absorptions at about 1078 and 972 cm−1, which 
correspond to the stretching vibration of Si–O–Si. Char-
acteristic peaks at the positions of about 1470, 1520 and 
1610 cm−1 correspond to C–H bending vibrations, C=C and 
C=N stretching vibrations of the imidazolium ring [32, 33]. 
The peaks at about 490, 685, 732, 767 cm−1 related to vibra-
tional modes of  CF3SO3

−, and the peaks at about 1145 and 
3500 cm−1 assigned to the Si–OH group were also observed.

The surface morphology and chemical composition of 
the supported IL were studied by SEM and EDX. Figure 2a 
shows the SEM image of silica and Fig. 2b shows the SEM 
image of the supported IL; it clearly shows IL particles 
were well defined. The chemical composition of the IL was 
investigated by EDX (Fig. 2d), which showed the presence 
of the elements in its structure. The loading amount of the 
IL on silica was confirmed by both nitrogen analysis and 
weight gain, providing the supported IL  ILCF3SO3@SiO2 
with loading ratio of 0.723 mmol/g. XRD pattern is shown 
in Fig. 3 and the IL had peak at 2θ ≈ 21.5°, which was the 
presence of the amorphous nature of  SiO2 support [33, 34].

The stability of supported IL was determined by TG 
(Fig. 4). In the curve, the small weight loss of 3.6% up to 

Table 1  Optimization of the reaction conditions

Reaction conditions: hexane-2,5-dione (0.1  mol), aniline (0.1  mol), 
catalyst  (ILCF3SO3@SiO2), solvent (20 mL), R.T
a The reaction was carried out using  SiO2 as catalyst at R.T

Entry Solvent Catalyst (g) Time (min) Isolated 
yield (%)

1 Solvent-free 0.5 60 75
2 Water 0.5 100 48
3 Ethanol 0.5 20 87
4 Methanol 0.5 20 83
5 Acetonitrile 0.5 40 75
6 Trichloromethane 0.5 40 69
7 Ethyl acetate 0.5 40 81
8 Ethanol 0 120 27
9 Ethanol 0.2 40 70
10 Ethanol 0.6 10 92
11 Ethanol 0.8 10 95
12 Ethanol 1.0 10 95
13 Ethanol 1.2 10 95
14 Ethanol 0.8 80 61a

Fig. 5  The reused reactions of hexane-2,5-dione (0.1  mol) with 
aniline (0.1  mol) and ethanol (20  mL) catalyzed by the recycled 
 ILCF3SO3@SiO2
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160 °C is related to the desorption of adsorbed water in 
silica. The drastic weight loss between 210 and 400 °C is 
attributed to the breakdown of the organic moieties. From 
the curve depicted, it can be seen that the IL is thermally 
stable below 210 °C.

Initially, the condensation of hexane-2,5-dione with ani-
line for the synthesis of 2,5-dimethyl-1-phenyl-1H-pyrrole 
was selected as a reaction model (Table 1) to test the cata-
lytic activity of supported IL. The reaction does not pro-
gress effectively in water (Table 1, entry 2). The reaction 

Table 2  Comparison of 
different catalysts for the 
condensation of hexane-2,5-
dione with aniline

Entry Catalyst Temperature (°C) Time (min) Isolated yield 
(%)

References

1 UO2(NO3)2·6H2O/ultra-
sonic irradiation

Reflux 30 94 [7]

2 IRMOF-3 R.T. 60 92 [12]
3 MgI2 70 120 93 [14]
4 Nano β-PbO R.T. 60 92 [15]
5 Silica sulfuric acid R.T. 15 90 [17]
6 [Bmim]I R.T. 180 94 [25]
7 [Bmim]HSO4 90–95 180 90 [26]
8 ILCF3SO3@SiO2 R.T. 10 95 This work

Scheme 3  Possible reaction mechanism
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in ethanol, methanol, acetonitrile, trichloromethane, ethyl 
acetate as well as solvent-free conditions resulted in 68–83% 
yield of product (Table 1, entries 1, 3–7). The results show 
that ethanol is a better solvent (Table 1, entry 3). The effect 
of the catalyst amount is also studied and the product yield 
raised up as the amount of catalyst increased to 0.8 g. How-
ever, further increasing in the amount of catalyst does not 
improve the reaction result (Table 1, entries 12 and 13), 
while decreased the amount of catalyst resulted in lowering 
the product yield and reaction rate (Table 1, entries 8–10). 
It is noteworthy that the reaction in  SiO2 catalyst led only 
very low yield of the product even at prolonged reaction 
time (Table 1, entry 14), and apparently bulk  SiO2 is not the 
highly efficient catalyst for the reaction. Therefore, a catalyst 
loading of 0.8 g  ILCF3SO3@SiO2 was considered to be suit-
able for the reaction (Table 1, entry 11).

The  ILCF3SO3@SiO2 catalyst can be easily separated and 
recovered by filtration after the reaction (Fig. 5). Results 
indicate that the isolated yield in each run is above 92% 
with no notable decline in catalytic efficiency during the 
consecutive runs. The recovered catalyst after five runs had 
no obvious change in the morphology and size (Fig. 2c). 
To show the merit of  ILCF3SO3@SiO2 in comparison with 
other reported catalysts, we compared the results of the 
condensation of hexane-2,5-dione with aniline with other 
reported in the literature (Table 2) and our catalyst showed 
milder reaction conditions and good yield compared to the 
other catalysts.

According to the literatures [4, 5] and the observations in 
our reactions, we propose a possible mechanism (Scheme 3). 
Firstly, hexane-2,5-dione is activated by  ILCF3SO3@SiO2 
to produce 1. Then, aniline attacks to hexane-2,5-dione to 
afford 2 and subsequently, an intramolecular cyclization to 
form 3 and 3 then rapidly undergoes dehydration to yield 4. 
The 5 is form into the catalyst to complete the cycle.

To demonstrate generality and efficiency of  ILCF3SO3@
SiO2, condensation of other substrates was tested (Table 3). 
Various types of amines were reacted with hexane-2,5-dione 
to give the corresponding pyrroles in good to excellent yield 
and aromatic amines with electron-withdrawing substituents 
were less reactive and longer reaction time were needed. To 

Table 3  Catalytic synthesis of pyrroles

Entry Amine Product
Time 

(min)

Isolated

yield

(%)

M.p.

(oC)

1 10 95 51–53

2 10 97 59–61

3 10 98 56–58

4 30 92 75–76

5 30 93
182–

183

6 30 89 55–57

7 10 94 43–44

8 10 96 61–62

9 10 98 65–67

10 20 93 90–92

11 5 98 Oil

12 5 99 Oil

13 10 98a 58–59

14 10 91b 94–96

Reaction conditions: hexane-2,5-dione (0.1  mol), amine (0.1  mol), 
 ILCF3SO3@SiO2 (0.8 g), ethanol (20 mL), R.T
a The reaction was carried out with aniline (0.1 mol), succinaldehyde 
(0.1 mol),  ILCF3SO3@SiO2 (0.8 g), ethanol (20 mL) at R.T
b The reaction was carried out with aniline (0.1 mol), ethyl 2-acetyl-
4-oxo-4-phenylbutanoate (0.1 mol),  ILCF3SO3@SiO2 (0.8 g), ethanol 
(20 mL) at R.T

◀
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our delight, the reaction of aliphatic amines (Table 3, entries 
11 and 12) is faster than that of aromatic amines (Table 3, 
entries 1–10). To obtain more insight into the catalytic pos-
sibilities of  ILCF3SO3@SiO2, other substrates such as suc-
cinaldehyde or ethyl 2-acetyl-4-oxo-4-phenylbutanoate were 
also studied in the reaction and good yields of the desired 
products were afforded (Table 3, entries 13 and 14).

Conclusions

In conclusion, a supported catalyst  ILCF3SO3@SiO2 was 
prepared and tested as an efficient heterogeneous catalyst in 
the preparation of pyrroles. Various amines were condensed 
with hexane-2,5-dione or succinaldehyde or ethyl 2-acetyl-
4-oxo-4-phenylbutanoate to give the corresponding products 
in good to excellent yields. The advantages of the method 
are highly efficient, easy workup, green and steady reuse.
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