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PAAL–KNORR PYRROLE SYNTHESIS IN WATER

Dilek Akbaşlar, Onur Demirkol, and Sultan Giray
Department of Chemistry, Art and Science Faculty, Çukurova University, 
Adana, Turkey.

GRAPHICAL ABSTRACT

Abstract Water was a suitable medium for Paal–Knorr pyrrole cyclocondensation. Hexa-
2,5-dione was reacted with several aliphatic and aromatic primary amines, affording 
N-substituted 2,5-dimethyl pyrrole derivatives in good to excellent yields. An efficient, green 
method using water either as environmentally friendly solvent or catalyst was presented.

Keywords Green chemistry; hexa-2,5-dione; Paal–Knorr; pyrrole; water

INTRODUCTION

Green chemistry has become a crucial research area with the increasing  interest 
in developing environmentally friendly reaction conditions, in particular, atom-eco-
nomic catalytic processes or reactions without using any catalysts and organic sol-
vents.[1] The use of water as solvent in organic reactions has attracted the attention of 
researchers because of the economic and environmental benefits of water, such as low 
cost and the lack of flammability, explosive, mutagenic, and carcinogenic properties. 
In addition, some unique properties, including high cohesive energy, large surface ten-
sion, high polarity, and high specific heat capacity, have led to use of water in many 
organic reactions instead of conventional organic solvents.[2,3]

Pyrrole and its derivatives are the heterocyclic compounds that are not only 
found in the structures of several drugs and natural compounds such as haem, chlo-
rophyll, and B12 vitamin but also show some important pharmacological properties 
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such as antibacterial, antiviral, and antitumor activities. Because of these properties, 
the synthesis of pyrrole derivatives has an important role in heterocyclic chemistry 
and there is increasing interest in the synthesis of this kind of compounds.

There are several methods for the synthesis of many pyrrole derivatives. 
Generally, these methods are based on the cyclocondensation reactions. Classical 
methods for their preparation include Knorr, Hantzsch, and Paal–Knorr condensa-
tion reactions. In the Paal–Knorr reaction, 1,4-dicarbonyl compounds are converted 
to pyrroles in the presence of ammonia or primary amines. Recently, many catalysts 
have been used for this conversion such as montmorillonite KSF,[4] microwave irradia-
tion,[5] Bi(NO3)3 

. 5H2O,[6] Sc(OTf)3,[7] and layered zirconium phosphate and zirconium 
sulfophenyl phosphonate.[8] Some other methods for synthesis of pyrroles include con-
jugate addition reactions,[9] annulations reactions,[10,11] multicomponent reactions,[12] 
and aza-Wittig reactions.[13] However, several of these methods suffer from certain 
drawbacks such as prolonged reactions times, use of volatile or hazardous organic 
solvents, tedious workup conditions, use of extra energy source, and toxic metals.[4,5]

In continuation of our efforts toward the development of greener methodolo-
gies,[14] we report herein a simple, clean, and environmentally friendly process for the 
synthesis of N-substituted pyrrole derivatives by reaction of various aliphatic and 
aromatic amines with hexa-2,5-dione for the first time in water (Scheme 1).

RESULTS AND DISCUSSION

At the onset of this work, we have investigated the optimum conditions for the 
synthesis of 1-benzyl-2,5-dimethyl-1H-pyrrole as a model compound for conducting 
the reactions in water at different temperatures. At room temperature, the condensa-
tion reaction between benzyl amine (10 mmol) and hexa-2,5-dione (10 mmol) in 5 mL 
water in 15 min resulted in poor yields (45%). When further prolonging the reaction 
time to 3 h, no remarkable change was observed in yield. At 50 oC, the same reac-
tion required 3 h of reaction time for excellent yields (95%). When the reaction took 
place at the boiling point of water, the product was also obtained in excellent yields 
(96%) but in a short time (15 min). Moreover, we also studied influence of the amount 
of water used on the reaction yields. We found that the yield was not dramatically 
affected by adding different amounts of water (5, 10, and 15 mL). Five mL of water 
was enough; an excessive amount of it did not increase the yield remarkably.

Having the established the reaction conditions, various aliphatic and aromatic 
amines were reacted with hexa-2,5-dione to investigate the reaction field, and the results 
are displayed in Table 1. In all cases, the Paal–Knorr reaction proceeded smoothly and 
gave the corresponding N-substituted 2,5-dimethyl pyrroles in good to excellent yields.

Scheme 1. Synthesis of N-substituted-2,5-dimethyl pyrrole in water.
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 PAAL–KNORR PYRROLE SYNTHESIS IN WATER  1325

Table 1. Synthesis of N-substituted 2,5-dimethyl pyrroles in water

Entry Amine (1b–23b) Product (1a–23a) Yield (%)

1 96

2 95

3 98

4 94a

5 96a

6 97b

7 96

8 75

(Continued)
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1326 D. AKBAŞLAR, O. DEMIRKOL, AND S. GIRAY

Table 1. Continued

Entry Amine (1b–23b) Product (1a–23a) Yield (%)

9 n.o.

10 90

11 88

12 96

13 85

14 95

(Continued)
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 PAAL–KNORR PYRROLE SYNTHESIS IN WATER  1327

Table 1. Continued

Entry Amine (1b–23b) Product (1a–23a) Yield (%)

15 75a

16 76a

17 78a

18 n.o.

19 n.o.

20 98

21 n.o.

(Continued)
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Table 1. Continued

Entry Amine (1b–23b) Product (1a–23a) Yield (%)

22 n.o

23 81

Note: Reaction conditions: amine (10 mmol), 2,5-hexadione (10 mmol), 5 mL water, 15 min, 100 oC.
aAmine (5 mmol), 2,5-hexadione (10 mmol), 5 mL water, 15 min, 100 oC.
bAmine (3.3 mmol), 2,5-hexadione (10 mmol), 5 mL water, 15 min, 100 oC.
n.o., not observed.

It is well known that the reactivity of aliphatic amine is more nucleophilic or 
more basic compared with that of aromatic amines.[15] Thus, it is obviously seen that 
aliphatic amines give greater yields than aromatic amines in water medium at 100 oC. 
Furthermore, the electronic effect of substituent on the aromatic rings of aryl amines in 
the Paal–Knorr condensation was not clear. The presence of either an electron-donating 
or an electron-withdrawing group in the aromatic ring prompted the reaction, with quan-
titative conversions being achieved after 15 min (Table 1, entries 8, 10, 11, 15, and 16).

It is important to note that the less nucleophilic aromatic amines and the ones 
less soluble in water were not coupled with hexan-2,5-dione in this condition (Table 1, 
entries 9, 18–21). Both prolonged reaction time and increase in amount of water could 
not further improve their reactivity.

With these results in hand, we subjected di- or tri-amino substrates to this meth-
odology. Two or three equivalents of hexan-2,5-dione were required to have a com-
plete conversion of di- or tri-amines. Bipyrrole or tripyrrole compounds were obtained 
in good to excellent yields (Table 1, entries 4–6, 15–17). Also, aliphatic diamines gave 
products in greater yields than those of aromatic diamines (Table 1, entries 4, 5, 15, 16).

The role of water was further explored for Paal–Knorr condensation by per-
forming the reactions of benzylamine and aniline with hexa-2,5-dione as model reac-
tions in various organic solvents at reflux temperatures (Tables 2 and 3).

After extensive screening, we found that the yields of both 2,5-dimethyl-
1-phenyl-1H-pyrrole and 1-benzyl-2,5-dimethyl-1H-pyrrole, respectively, in different 
organic solvents were approximately the same as the ones obtained in water. Also, the 
corresponding products were obtained in only poor yields (25%, 30%) in the absence 
of solvent. Water is more preferable than the other solvents because it not only is an 
environmentally friendly and easily available solvent but also presents a simple prod-
uct isolation procedure.
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 PAAL–KNORR PYRROLE SYNTHESIS IN WATER  1329

At room temperature, because of the absence of the solute-water H-bonding, the 
water keeps the three-dimensional H–bonding network with increasing temperature. 
The H–bonds break down, the orientational preference of water molecules decrease, 
and then organic reactions take place in hot water. Water at the boiling point creates 
an ideal medium for the Paal–Knorr reaction proceeding in less acidic or neutral con-
dition. A plausible mechanism is shown in Scheme 2.

To prove the benefit of our methodology, we collected in Table 4 results of 2,5-dimeth-
ylpyrrole synthesis under different conditions. As indicated in Table 4, this compound was 
synthesized in organic solvents in the presence of various catalysts or under solvent-free 
conditions using microwave irradiation with catalysts. In addition to having the general 
advantages attributed to green chemistry, our present method is better or comparable with 
others in terms of yields, reaction time, and environmental friendliness.

Table 2. Synthesis of 2,5-dimethyl-1-phenyl-1H-pyrrole in different solvents

Entry Solvent
Temperature 

(oC)
Yield (%) 

for 7a

1 Water 100 96
2 Methanol 65 95
3 Ethanol 78 93
4 Acetone 56 85
5 Chloroform 62 75
6 Ethyl acetate 77 90
7 THF 66 89
8 DCM 40 90
9 Toluene 110 87

10 Hexane 69 75
11 None 25 25

Note: Reaction conditions: Aniline (10 mmol), 2,5-hexzadione  (10 mmol), 
solvent (5 mL), 15 min.

Table 3. Synthesis of 1-benzyl-2,5-dimethyl-1H-pyrrole in different solvents

Entry Solvent
Temperature 

(oC)
Yield (%) 

for 12a

1 Water 100 96
2 Methanol 65 95
3 Ethanol 78 94
4 Acetone 56 90
5 Chloroform 62 81
6 Ethyl acetate 77 96
7 THF 66 94
8 DCM 40 93
9 Toluene 110 91

10 Hexane 69 80
11 None 25 30

Note: Reaction conditions: Benzylamine (10 mmol), 2,5-hexzadione (10 mmol), 
solvent (5 mL), 15 min.
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1330 D. AKBAŞLAR, O. DEMIRKOL, AND S. GIRAY

Table 4. Comparison of some other methods with the present procedure for the synthesis of 2,5-dimethyl-
1-phenyl-1H-pyrrole

Entry Catalyst/solvent T (oC) Time Yield (%) Ref.

1 I2/THF 25 9 h 89 4
2 Montmorillonite,KSF/CH2Cl2 25 10 h 95 4
3 Fe3-montmorillonite/CH2Cl2 25 3 h 96 16
4 Sc(OTf)3/solvent-free 30 25 min 96 7
5 Sc(OTf)3/CH2Cl2 30 25 min 77 7
6 Cu(OTf)2/solvent-free 30 25 min 78 7
7 CuCl2/solvent-free 30 25 min 34 7
8 α-Zr(KPO4)2/solvent-free 60 24 h 56 8
9 α-Zr(CH3PO3)1.2(O3PC6H4SO3H)

0.8/solvent-free
60 2 h 88 8

10 ZnCl4/solvent-free 40 7 min 98 17
11 p-TSA/CH3CN 80 1 h 83 18
12 Cationic exchange resin/H2O 130 5 h 85 18
13 [MIMBS]3PW12O40/CH3CN 80 2 h 93 18
14 γ-Fe2O3@SiO2-Sb(III)-IL/H2O 100 40 min 95 19
15 NiCl2/H2O 100 2 h 62 19
16 ZnBr2/H2O 100 80 min 48 19
17 [Bmim]I ionic liquid 25 3 h 96 20
18 UO2(NO3)2

 . 6H2O/MeOH/. 25 35 min 96 21
19 Microwave/I2 60 5 min 98 22
20 Bi(NO)3

 . 5H2O/CH2Cl2 25 10 h 96 6
21 Ps/GaCl3/CH3CN reflux 20 min 92 23
22 BiCl3/SiO2/hexane 25 12 h 98 24
23 Bi(NO3)3

 . 5H2O/Microwave 90 5 min 100 25
24 Noncatalyst/H2O 100 15min 96 Table 3

Scheme 2. Plausible mechanism for Paal–Knorr pyrrole cyclocondensation in water.
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CONCLUSIONS

In summary, considering the requirement of  green chemistry, water was suc-
cessfully used as solvent in place of  organic solvents for the Paal–Knorr reaction. 
N-Substituted 2,5-dimethyl pyrrole compounds were synthesized in the conden-
sation reaction of  hexan-2,5-dione with various aliphatic and aromatic primary 
amines at the boiling point of  water without using any catalysts or organic solvents. 
The poor solubility of  products in water facilitated the isolation protocol based on 
extraction, filtration, or crystallization. In most cases, the crude products are pure 
and do not need any further purifications. The pyrrole compounds were obtained 
in good to excellent yields (75–98%) via the properties of  water and they were char-
acterized by melting point, Fourier transform–infrared (FT-IR), 1H NMR, and 
13CNMR techniques.

EXPERIMENTAL

IR spectra were recorded on a Perkin-Elmer 55148 spectrometer. 1H and 13C 
NMR spectra were recorded on a Bruker 300-MHz Ultrashield spectrometer and 
a Bruker Avance III 400-MHz spectrometer, and shifts are given in parts per mil-
lion (ppm) downfield from tetramethylsilane (TMS) as an internal standard. Melting 
points were determined using an Electrothermal 9100 instrument.

General Experimental Procedure (1a–23a) 

A round-bottom flask equipped with a magnetic stirrer was charged with pri-
mary aliphatic, aromatic amines (10 mmol), hexa-2,5-dione (10 mmol), and distilled 
water (5 mL). This suspension was refluxed at 100 oC for 15 min. The reaction was 
monitored by thin-layer chromatography (TLC) (4:1 n-hexane/ethylacetate). After 
the reaction mixture was cooled to room temperature, the product was filtered and 
washed with water. It was recrystallized from methanol. The resulting product was 
identified using FT-IR and NMR spectroscopy.

2,5-Dimethyl-1-propyl-1H-pyrrole (1a) (1a, C9H15N) 

Yellow oil; yield 1.32 g (96 %); υmax (KBr) 3100, 2965, 2932, 2875, 1519, 1348; δH 

(300 MHz, CDCl3; Me4Si) 5.85 (s, 2H), 3.77 (t, J = 7.8 Hz, 2H), 2.31 (s, 6H), 1.78–1.68 
(m, 2H), 1.03 (t, J = 7.5 Hz, 3H); δC (75 MHz, CDCl3; Me4Si) 127.44, 105.00, 45.30, 
24.30, 12.57, 11.44. Found: C, 78.47; H, 11.09; N, 10.44. Calcd. for C9H15N: C, 78.77; 
H, 11.02; N, 10.21%.
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SUPPLEMENTAL MATERIAL

Supplemental data for this article can be accessed on the publisher’s website.
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Fluids, Austria, 2010; (b) şirin, Ö.; Giray, E. S. Proceedings of 12th European Meeting 
on Supercritical Fluids, Austria, 2010; (c) Koldaş, S.; Giray, E. S. Proceedings of 12th 
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