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Abstract 
Urease, a nickel-dependent enzyme, has a powerful catalytic activity to decompose urea into ammonia via hydrolysis reac-
tion under mild condition. In the present work, urease was employed for the synthesis of two series of polyhydroquinoline 
and polyhydroacridine derivatives via one-pot condensation of the ammonia generated in situ from urea, aryl aldehydes, 
and dimedone or ethyl acetoacetate (i.e., Hantzsch-type reaction) in water under mild green condition. The valuable features 
of this enzymatic method are mild reaction conditions, short reaction times, wide substrate toleration, and high yield of 
products. The present work provides a novel enzymatic catalysis to synthesize polyhydroquinolines and polyhydroacridines 
and expands the application of urease in organic synthesis.
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Introduction

Nitrogen-containing heterocycles have attracted consider-
able attention because they pose diverse pharmacological 
and biological activities. Among various nitrogen-con-
taining heterocycles, polyhydroquinolines (PHQs) and 

polyhydroacridines (PHAs) occupied a unique position in 
medicinal chemistry due to their wide range of biologi-
cal applications. In general, PHQs and PHAs are potential 
therapeutic agents such as antitumor, cardiovascular, and 
hypertension. For example, amlodipine, felodipine, isradi-
pine, lacidipine, and nifedipine are prominent drugs in the 
treatment of cardiovascular and hypertension diseases [1–3]. 
In view of their tremendous significance, for the synthesis of 
PHQs and PHAs, a lot of catalysts have been recently used 
to produce these kinds of compounds via Hantzsch reac-
tion [4, 5]. Among the documented works, multicomponent 
reaction (MCR) [6], one-pot processes in which highly 
functionalized target molecules, merging a large majority 
of atoms in starting materials, are constructed from three 
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or more readily available reactants, is the most powerful 
method. In general, a great number of catalysts have been 
developed for one-pot four-component reactions (4CRs) 
between aryl aldehydes, dimedone, ethyl acetoacetate, and 
ammonium acetate for the synthesis of PHQs. Some of the 
developed catalysts include polyethylene glycol (PEG) [1], 
3-methyl-1-sulfonic acid imidazolium chloride ([Msim]Cl) 
[2], magnetic Fe3O4/SiO2-OSO3H [3], amine-functionalized 
graphene oxide nanosheets (AFGONs) [7], RuIII@CMC/
Fe3O4 [8], cobalt complex immobilized on SBA-15 [9], 
N-rich porous organic polymer (TrzMOP) [10], Fe/porphy-
rin complex (ILOS@Fe/TSPP) [11], sulfamic acid anchored 
on cellulose (Cell–Pr-NHSO3H) [12], Fe3O4@SiO2–PEG/
NH2 [13], PMO-ICSPrSO3H [14], N-sulfonated Bron-
sted acidic catalyst (NS-[C4(DABCO-SO3H)2]·4Cl) [15], 
Co3O4–CNTs [16], and so on. For the synthesis of PHAs, a 
variety of catalyst such as AFGONs [7], Fe3+/4 Å molecu-
lar sieve [17], Fe3O4@SiO2–PEG/NH2 [13], β-CD-mono-
SO3H [18], Fe3O4/HT-SMTU-ZnII [19], and nanocrystalline 
TiO2 [20] have been developed in the one-pot pseudo-4CRs 
between aryl aldehydes, dimedone, and ammonium acetate. 
However, despite of their own merits, most of these methods 
often suffer from one or more disadvantages such as use 
of expensive catalyst, longer reaction times, unsatisfactory 
yields, tedious operation, and incompatibility with certain 
functional groups. Therefore, there is still a great demand 
for more efficient, high-yielding, and cost-effective methods 
using new and efficient catalysts for the synthesis of PHQs 
and PHAs.

These defected issues might be addressed by use of a 
biocatalyst particularly for the enzymatic catalysis. Recently, 
enzymatic synthesis as an efficient, green, and mild catalytic 
method has flourished in organic synthesis due to its simple 
processing requirements, high catalytical performance, and 
good selectivity [21]. Urease is a binuclear Ni-containing 
hydrolase with high substrate specify for dissociation of urea 
to ammonia which in conjugation with urea can be consid-
ered as a biosource of ammonia instead of the risky odorous 
ones. In this way, F. Tamaddon et al. [22] reported the use 
of free urease as a superior biocompatible catalyst for the 
synthesis of 1,4-dihydropyridines (1,4-DHPs) and continued 

the use of the immobilized urease as a reusable catalyst for 
the synthesis of tetrahydropyrazolopyridines (THPPs) [23] 
in water. Recently, Martínez et al. [24] have reported the 
synthesis of 1,4-DHPs using immobilized urease as catalyst. 
Encouraged by this urease catalytic procedure, we envisage 
that an alternative route to synthesis of PHQs and PHAs 
employing urea as a potential surrogate for hygroscopic 
ammonium salts or risky odorous ammonia in the presence 
of urease to accelerate one-pot 4CRs under mild conditions 
is reasonable and desirable. In continuation of our previous 
research on the biocatalyst catalyzed MCRs, herein, for the 
first time, we have developed urease-catalyzed one-pot 4CRs 
for the synthesis of PHQs and PHAs in water under fully 
biocompatible conditions (Scheme 1).

Results and discussion

Initially, to optimize the reaction conditions for access to the 
desired products, the effect of the amount of catalyst and tem-
perature on the product yield was examined using the reaction 
of p-chlorobenzaldehyde, dimedone, ethyl acetoacetate, and 
urea in water as a model (Table 1). The selection of water as 
the sole solvent in this model reaction is attributed to that the 
water unlike organic solvents has no apparent negative impact 
on the configuration of the enzyme. To determine the catalytic 
role of urease, the control experiments were conducted. The 
results revealed that only trace product was observed in the 
blank experiments (Table 1, entry 1), which demonstrated that 
urease plays a crucial role in this catalytic transformation. 
The urease hydrolyzes the urea in situ to release ammonia to 
participate in the model reaction. The amount of urease was 
screened from 0 to 300U. The results showed that the highest 
yield was achieved with 200U of urease (Table 1, entry 10), 
which may be attributed to the accumulation of urease when 
its concentration reaches high. Further increasing the amount 
of urease has no significant improvement on the product yields 
(Table 1, entry 11). Thus, further enlarging the scope of the 
reaction was carried out at 200U urease loading. The reac-
tion temperature was one of the most important parameters 
in enzymatic catalysis. Thereafter, the impact of temperature 

Scheme 1   Urease-catalyzed one-pot synthesis of PHQs and PHAs
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was evaluated. The results showed that the yields went up 
from trace to 51% with increasing temperature from 40 to 
65 °C (Table 1, entries 2–5). When the temperature continues 
to rise to 70 °C, the yield decreased to 38% (Table 1, entry 6). 
This may be attributed to the partial deactivation of urease at 
a higher temperature. It was observed that the product yield 
reached its maximum at 65 °C, which was selected as the suit-
able temperature for the model reaction. The molar ratio of the 
substrates also has influence on the reaction. The molar ratio 
of aldehyde, demidone, 1,3-dicarbonyl compound, and urea is 
1:1:1:3 that affords the best result (Table 1, entry 10). There-
fore, it was concluded that the optimal condition involved 
p-chlorobenzaldehyde (1 mmol), dimedone (1 mmol), ethyl 
acetoacetate (1 mmol), urea (3 mmol), and urease (200U) in 
water at 65 °C.

Afterward, to extend the scope of substrates, various ben-
zaldehydes were treated with ethyl acetoacetate or dime-
done, urea and catalytic amount urease for the synthesis 
of PHAs and PHQs under the obtained optimal condition 
(Table 2). As can be seen from Table 2, the o-nitrobenzalde-
hyde and o-bromobenzaldehyde afforded the trace amounts 
of products even after 10 h, respectively, which illustrate 
that the structure and steric effect had a significant influence 
on the urease activity (Table 2, entries 10–11 and 22–23). 

The aldehydes bearing para- and meta-substituent on aro-
matic ring proceeded quite well with yields in the range of 
75–97%.

The possible pathway for the urease-catalyzed one-pot 
multicomponent synthesis of PHQs and PHAs is depicted in 
Scheme 2 based on the previously reported mechanism [12]. 
Aryl aldehyde is attacked by dimedone or ethyl acetoacetate 
to produce the intermediate (A) or (B), respectively, through 
Knoevenagel condensation. Dimedone or ethyl acetoacetate is 
attacked by ammonia formed in situ from urea catalyzed by ure-
ase to afford enamine (C) or (D). Michael addition of (A) to (C) 
gives the desired PHAs and (B) to (C) or (A) to (D) produces 
the desired PHQs through deprotonation and cyclodehydration.

In order to evaluate the efficiency of urease biocatalyst with 
the previously reported catalysts, we have summarized several 
results for the synthesis of PHQ and PHA in Table 3. As can 
be comprehended that the present enzymic protocol is indeed 
an equal or more profitable catalyst in terms of biocompatible 
procedure, mild condition, reaction time, catalytic efficacy, 
product yields, the use of water as a green solvent, avoiding 
the use of acidic catalysts, and basic catalysts as well as toxic 
complicated metallic catalysts.

Table 1   Optimization of the urease-catalyzed four-component reaction conditions

Reaction conditions: p-chlorobenzaldehyde (1 mmol), dimedone (1 mmol), ethyl acetoacetate (1 mmol), urea (3 mmol), catalytic amount of ure-
ase, and water (0.5 mL) in a sealed vial
a Isolated yields

Entry T (°C) Urea (mmol) Urease (U) Time (h) Yielda (%)

1 40 2 0 12 trace
2 40 2 100 12 trace
3 50 2 100 12 41
4 60 2 100 12 47
5 65 2 100 8 51
6 70 2 100 10 38
7 65 2.5 100 7 57
8 65 3 100 5 63
9 65 3 150 5 72
10 65 3 200 4.5 86
11 65 3 300 4.5 80
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Table 2   One-pot four-
component synthesis of PHAs 
and PHQs under the optimized 
conditions

Entry Aldehyde Product Time/h Yield(%)a

1

1a 2a

3.5 87

2

1b 2b

3 97

3

1c 2c

3 93

4 4 82
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Table 2   (continued)
1d 2d

5

1e 2e

3.5 85

6

1f 2f

3.5 85

7

1g 2g

3 98

8

1h 2h

3.5 90

9 3.5 92
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Table 2   (continued)
1i 2i

10

1j 2j

10 trace

11

1k 2k

10 trace

12

1l 2l

3.5 85

13

1a 3a

4.5 90

14 4 95
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Table 2   (continued)

1d 3d
17

1e 3e

4.5 86

18

1f 3f

4.5 85

1b 3b
15

1c 3c

4 95

16 4.5 82

19 4.5 87
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Table 2   (continued)
1g 3g

20

1h 3h

4.5 88

21

1i 3i

5 75

22

1j 3j

10 trace

23

1k 3k

10 trace

24

1l 3l

4.5 83

Reaction conditions: aldehyde (1 mmol), dimedone (1 mmol), dimedone or ethyl acetoacetate (1 mmol), 
urea (3 mmol), urease (200U), and water (0.5 mL) at 65 °C in a sealed vial
a Isolated yields
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Experimental

Urease (CSA: 9002-13-5) was purchased from Macklin CO., 
Ltd. Other chemicals and reagents were used as received. 1H 
NMR and 13C NMR spectra were recorded on a Bruker-300 
Avance Spectrometer with CDCl3 as solvent using TMS as an 
internal standard at 300 MHz and 75 MHz, respectively.

General procedure for the synthesis 
of polyhydroquinolines (PHQs) 
and polyhydroacridines (PHAs)

A mixture of an aldehyde (1 mmol), dimedone (1 mmol), 
dimedone or ethyl acetoacetate (1 mmol), urea (3 mmol), 
and urease (200U, 100 mg) was successively added into a 
5-ml sealed tube containing 0.5 ml deionized water. The 
mixture was gently stirred at 65 °C for appropriate times 

Scheme 2   Plausible mechanism for the synthesis of PHQs and PHAs

Table 3   Comparing catalytic 
activity of urease with 
previously reported methods in 
the selective synthesis of PHQ 
and PHQ using benzaldehyde as 
the substrate

Entry Catalyst (loading) Conditions PHQ (%) PHA (%) References

1 Urease (200U, 0.01 g) H2O, 65 °C 90 87 This work
2 AFGONs (25 mg) EtOH, reflux 90 90 [7]
3 Cell–Pr-NHSO3H (0.76 mol%) EtOH, reflux 90 90 [12]
4 Fe3O4@SiO2–PEG/NH2 (0.005 g) Solvent-free, 120 °C 99 91 [13]
5 RuIII@CMC/Fe3O4 (0.5 mol%) Solvent-free, 80 °C 92 – [8]
6 Co/SBA-15 (8 mg) Solvent-free, 100 °C 96 – [9]
7 PMO-ICSPrSO3H (3 mol%) EtOH, reflux 95 – [14]
8 Fe3+/4 Å (0.1 g) EtOH, reflux – 91 [17]
9 β-CD-mono-SO3H (2.5 mol%) H2O, 50 °C – 91 [18]
10 TiO2 NPs (10 mg) Solvent-free, 80 °C – 90 [20]
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indicated in Table 2 to the end of the reaction monitored 
by TLC (2:5, n-hexane/ethyl acetate). Upon the comple-
tion of the reaction, the mixture was extracted for several 
times with ethyl acetate, washed with brine, and dried over 
anhydrous Na2SO4. After removal of the solvent, the pure 
product was obtained by recrystallization from ethanol. 
1H and 13C NMR spectra were recorded and matched with 
reported data in the literature.

A similar reaction procedure is followed using dimedone 
(2 mmol) in place of ethyl acetoacetate for the synthesis of 
PHAs.

Conclusions

In conclusion, a simple and efficient method for the syn-
thesis of polyhydroquinolines and polyhydroacridines 
via urease-triggered multicomponent reaction of various 
aldehyde, dimedone, 1,3-dicarbonyl compounds, and urea 
is described here. Two series of polyhydroquinoline and 
polyhydroacridine derivatives were obtained in good to 
excellent yields. The high catalytic activity of the obtained 
catalyst can be attributed to the unique inherent property 
of urease. High catalytic activity, low cost, simple opera-
tion, short reaction time, mild condition, and tolerance 
of wide scope of substrates are the salient features of this 
enzymatic catalytical process.
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