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The present work illustrates the condensation of substituted 

salicylaldehyde and malononitrile catalyzed by lipase under 

microwave irradiation. The reaction obtains two different 

products by a delicate control of the substrate molar ratio 

and reaction time. This protocol has the advantages of high 10 

yield, short reaction time and environmental friendliness. 

 In the past few years, enzymes have attracted much attention 

for their abilities to catalyze chemical reactions fully different to 

the physiological ones which is termed catalytic promiscuity [1-

5]. The progress in the field of promiscuous reactions has 15 

provided a new green synthetic protocol for organic synthesis [6-

8]. However, one of the major drawbacks in this field is the low 

reaction rate mainly due to the unnatural substrates, which may 

limit its industrial application seriously. Therefore, it is necessary 

to find a suitable method to accelerate the reaction. 20 

 It’s known that the current tools of enzyme engineering can 

increase the catalytic performance of lipase, such as 

immobilization, medium engineering and chemical modification 

[9-16]. As an efficient and environmentally benign technique, 

microwave irradiation can also accelerate many reactions in 25 

several minutes which typically required hours or days under 

conventional heating [17]. More attractively, microwave 

irradiation has been successfully introduced into the enzymatic 

reactions in the past decade, and can enhance the enzyme activity 

and selectivity greatly [18-21]. However, no research has been 30 

reported so far on the application of microwave irradiation in 

enzyme-catalyzed promiscuous reaction. 

 Our recent interest has been focused on the development of 

new enzyme promiscuous applications in the synthesis of 

heterocyclic compounds using lipase as catalyst. 2-35 

Iminochromene appears as a ubiquitous structural motif in many 

heterocyclic compounds. Synthetic analogues were developed 

over the years, some of them displaying extensive bioactivities, 

such as antifungal and antimicrobial activity [22-23]. Herein, we 

report an efficient condensation of substituted salicylaldehyde 40 

and malononitrile to synthesize 3 and 4 catalyzed by lipase under 

microwave irradiation for the first time (Scheme 1). A 

comparison between conventional heating and microwave 

irradiation is conducted and the effect of the reaction conditions 

on the condensation has also been investigated. 45 

 Scheme 1 Lipase-catalyzed condensation of substituted 
salicylaldehyde and malononitrile under microwave irradiation 

 In order to find the most efficient biocatalyst, five enzymes 

from different resources (CALB, PPL, CSL, BSL2 and 50 

APE1547) were screened for the condensation of substituted 

salicylaldehyde and malononitrile. Initially, the condensation of 

salicylaldehyde 1a and malononitrile 2 was selected as the model 

reaction in this study. As shown in Table 1, after 1 h of 

incubation in 60 oC, the moderate yields of 3a (38.1-58.3%) 55 

could be achieved when enzymes were selected as catalyst. The 

highest yield (58.3%) was achieved by using CSL as catalyst 

under conventional heating.  

 To improve the catalytic performance of enzyme, microwave 

irradiation was adopted on the enzymatic condensation. 60 

Compared with conventional heating, the reaction time was 

dramatically shortened to 2 min with the high yields (68.5-

91.3%) when the reaction was preceded under microwave 

irradiation at 60 oC. These results demonstrate that microwave 

irradiation is an efficient method to improve the catalytic 65 

performance of lipase. Among of the selected enzymes, BSL2 

exhibited the highest catalytic performance under microwave 

irradiation instead of CSL under the conventional heating. The 

possible explanation may be that BSL2 could be changed to be a 

more active conformation under microwave irradiation than CSL.  70 

 Furthermore, the denatured BSL2 (denatured by heating) or 

BSA (Entry 6-7) was used as catalyst in this reaction and the 

result was similar to the control (Entry 9). To confirm the role of 

active center of BSL2 in this reaction, a serine protease inhibitor 

(Phenylmethanesulfonyl fluoride, PMSF) was used to inactivate 75 

the lipase. The yield of 3a for the inactivated BSL2 (inactivated 

by PMSF) was similar to that resulted from using BSL2 in this 

reaction (Entry 8). It’s well known that the irreversible inhibitor 

(PMSF) inactivates enzyme by binding specifically to the active 

site serine residue in a serine protease and the heat-induced 80 

denaturation results from a conformational change of the protein. 

Thus, this reaction might be catalyzed by another site/s of the 

enzyme structure, instead of the catalytic triad in the active center 

of lipase, and a proper active conformation of lipase should be 
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necessary for this reaction which was suggested by the results 

obtained above. These results were similar to the report by 

Izquierdo et al [13]. 

Table 1 Effect of enzyme sources and microwave irradiation for the 

synthesis of 3a 5 

Entry Enzyme 
Yield (%) Yield (%) 

Conventional 

heating a 

Microwave 

irradiation b 

1 
Candida antarctica lipase B 

(CALB) 
38.1±2.10 71.3±1.36 

2 
Porcine pancreas lipase 

(PPL) 
49.6±0.95 80.5±0.89 

3 
Lipase from Candida sp. 

99-125 (CSL) 
58.3±1.37 83.9±1.85 

4 
Aeropyrum pernix esterase 

(APE1547) 
45.9±1.61 68.5±1.42 

5 
Bacillus subtilis lipase 

(BSL2) 
51.3±1.35 91.3±1.38 

6 
Bovine serum albumin 

(BSA) 
18.2±1.86 28.4±1.96 

7 BSL2, denatured c 19.5±2.43 28.0±1.55 

8 BSL2, inactivated d  45.1±1.89 81.3±1.29 
9 No enzyme 17.6±1.28 28.8±1.05 

a Reaction condition: salicylaldehyde (1 mmol), malononitrile (2 mmol), 

ethanol (2 mL), enzyme (30 mg), under conventional heating (60 oC, 1 h).  

b Reaction condition: salicylaldehyde (1 mmol), malononitrile (2 mmol), 

ethanol (2 mL), BSL2 (30 mg), under microwave irradiation (60 oC, 

2min). 10 

c BSL2 was denatured by heating it to 100 oC for 24 h in ethanol. 

d BSL2 was inactivated by a serine protease inhibitor (PMSF). 

 To evaluate the effect of temperature on this reaction, the 

reaction was investigated at a temperature range from 35 °C to 75 

°C under microwave irradiation. It could be found from Fig.1 that 15 

the yield increased as the reaction temperature increased from 

35°C to 60°C, and was not further improved by increasing the 

temperature (60°C ~ 75°C). Compared to other reported lipase 

catalytic promiscuous reactions under conventional heating [26-

28], no obvious denaturation of BSL2 was found at higher 20 

temperature. It should be attributed to the short reaction time 

which may help to avoid the heat-induced destruction of enzyme 

under microwave irradiation. 

30 40 50 60 70 80

30

40

50

60

70

80

90

100

Temperature (
o
C)

Y
ie

ld
 o

f 
3
a
  
(%

)

 
Fig. 1 Effect of temperature for the synthesis of 3a. Reaction condition: 25 

salicylaldehyde (1 mmol), malononitrile (2 mmol), ethanol (2 mL), BSL2 

(30 mg), microwave irradiation (2 min).  

 In order to indicate the importance of the reaction media, 

several organic solvents were screened and the results were listed 

in Table 2. Our results demonstrated that the solvent had a 30 

significant effect on the yields of compound 3a. The 

condensation of salicylaldehyde and malononitrile was faster in 

protic/polar solvents than in nonprotic/nonpolar solvents 

presumably. The possible explanation might be that protic/polar 

solvent can enhance the stabilization of charged intermediates 35 

and more-facile proton-transfer reactions [29]. Meanwhile, protic 

solvent has the excellent microwave-absorbing ability to convert 

electromagnetic radiation into heat [30]. Therefore, ethanol was 

selected as the optimal reaction solvent in this work. 

Table 2 Effect of solvent for the synthesis of 3a 40 

Entry Solvent Yield 

1 Acetonitrile 71.5±0.91 

2 N,N-dimethyl-Formamide 79.6±1.12 

3 Toluene 39.8±0.88 
4 Tetrahydrofuran 43.6±1.59 

5 Methanol 86.2±1.29 

6 Ethanol 91.3±1.38 
7 Water 76.3±2.54 

Reaction condition: salicylaldehyde (1 mmol), malononitrile (2 mmol), 

solvent (2 mL), BSL2 (30 mg), under microwave irradiation (60 oC, 

2min).  

 To extend the generality and applicability of this method, the 

condensation of substituted salicylaldehyde and malononitrile 45 

was investigated. ‡ The results are summarized in Table 3. It 

could be found that this methodology can be applied well when 

salicylaldehyde with electron-donating groups (methyl, methoxy 

or hydroxyl group) or electron-withdrawing group (fluoro or 

chloro group) were employed. However, it must take more 50 

reaction time to obtain product 3e when salicylaldehyde with a 

strong electron-withdrawing group (nitro group) was employed as 

the substrate. This could be explained that the strong electron-

withdrawing group (nitro group) lessens the nucleophilicity and 

deactivates the substrate. The structures and purities of all the 55 

products were characterized and identified by NMR experiments. 
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Table 3 Effect of the substituted group of salicylaldehyde for the 

synthesis of 3 

Entry Salicylaldehyde Product Time (min) Yield (%) 

1 

1a      

3a 2 91.3±1.38 

2 

1b     

OH

CHO

OCH3  

3b 2 94.4±1.28 

3 

     1c    

3c 2 90.8±1.32 

4 

1d      

3d 2 93.5±0.74 

5 

      1e     

3e 5 90.4±0.88 

6 

    1f       

3f 2 93.8±1.27 

7 

      1g      

3g 5 94.2±1.13 

Reaction condition: substituted salicylaldehyde (1 mmol), malononitrile 

(2 mmol), ethanol (2 mL), BSL2 (30 mg), under microwave irradiation 

(60 oC). 5 

 In this work, we found a interesting phenomenon that the 

product 3 would be further reacted to produce compound 4 when 

the reaction time prolonged to 10 min and the substrate molar 

ratio (1 / 2) was adjusted from 1:2 to 1:3 under microwave 

irradiation (Table 4). And no other product was observed by 10 

further increasing the substrate molar ratio. Meanwhile, 

considering the low reactivity of the substrate 1e, we prolonged 

the reaction time to 30 min under microwave irradiation. 

However, only 3e could be obtained instead of 4e which was 

confirmed by the spectra of NMR (data not shown). It should be 15 

due to the passivating action of nitro group in the compound 3e 

which makes a decrease in the reactivity and prevents the further 

reaction. 

Table 4 Effect of the substituted group of salicylaldehyde for the 

synthesis of 4 a 20 

Entry Salicylaldehyde Product Time (min) Yield (%) 

1 

1a      

4a 10 95.2±1.22 

2 

1b     

OH

CHO

OCH3  

4b 10 96.2±0.82 

3 

    1c   

4c 10 94.2±0.91 

4 

1d         

4d 10 94.9±1.35 

5 

    1e    

4e 30 
Not 

obtained b 

6 

 1f       

4e 10 92.2±1.08 

7 

 1g      

4f 10 93.8±1.15 

a Reaction condition: salicylaldehyde (1 mmol), malononitrile (3 mmol), 

ethanol (2 mL), enzyme (30 mg), under microwave irradiation (60 oC). 

b 4e was not obtained, and the product 3e (91.1%) was the only product. 

 Kinetic constant in a promiscuous reaction is a key to study the 

mechanism of the enzymatic reaction [31-33]. Apparent kinetic 25 

parameters of the multi-component domino reaction can be used 

to represent the behaviours of substrates and lipase in general. In 

this study, we kept the concentration of malononitrile (2) at a low 

constant (0.05M), and salicylaldehyde (1a) was selected three 

concentrations (0.1M, 0.5M, 1.0M) to determine the initial rate 30 

and k
app 

cat /K
app 

M  (Table 5). It could be found that the value of k
app 

cat /K
app 

M

was decreased with increasing the concentration of 

salicylaldehyde. These results indicated that salicylaldehyde 

might be reacted with malononitrile which binds to the oxyanion 

hole in the lipase firstly. The catalytic proficiency ((k
app 

cat /K
app 

M )/knon 35 

was much lower than 108 which demonstrated that the substrates 

in this reaction was not the native substrates of lipase [34]. 

  

Table 5 Kinetic constant for the condensation of salicylaldehyde (1a) and 

malononitrile (2) catalyzed by lipase 40 

Concentration (2) 0.1M 0.5M 1.0M 

k
app 

cat /K
app 

M (s-1M-1) 0.44 0.30 0.21 

knon (s
-1M-1) 4.7×10-3 4.7×10-3 4.7×10-3 

(k
app 

cat /K
app 

M )/knon 93.6 63.8 44.7 

 

  

 According to the previous reports [32-36], lipase can catalyze 

the Michael addition and Knoevenagel condensation in the 

domino reactions. Thus, a plausible mechanism of this reaction 45 

was proposed in Scheme 2. Product 3 could be obtained by a 

Knoevenagel condensation (Step 1), Michael addition (Step 2), 

intramolecular cyclization (step 3) and isomerization (step 4). To 

confirm the effect of lipase in the step 5, we conducted an 

experiment using compound 3a and malononitrile as the 50 
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substrate. Compared with the reaction catalyzed by lipase, the 

reaction rate was dramatically decreased without lipase or 

catalyzed by the denatured BSL2 (denatured by heating), while 

the inactivated BSL2 (inactivated by PMSF) demonstrated 

similar activity to BSL2 in this step (data not shown). These 5 

results indicated that lipase with active conformation actually 

works in the step 5. Subsequently, the intramolecular cyclization 

(step 6) and isomerization (step 7) were occurred automatically to 

produce compound 4.  

10 

 

Scheme 2 Plausible mechanism of Lipase-catalyzed synthesis of 3 and 4 

Conclusions 

 In conclusion, we have reported a facile and efficient method 

for the condensation of substituted salicylaldehyde and 15 

malononitrile catalyzed by lipase under microwave irradiation. 

Compared with the reported literatures [37-39], this method is a 

more convenient and efficient method to obtain the two products 

3 and 4 only by changing the reaction time and substrate molar 

ratio, and the reaction time was dramatically shortened from 20 

hours or days to minutes. Thus, this reaction presents several 

advantages including short reaction time, atom economy, 

environmental friendliness and simple experimental procedure. 

This work also extends the application of microwave irradiation 

to improve the activity of lipase in the study of catalytic 25 

promiscuity. It's known that immobilization is a powerful tool to 

avoid the enzyme aggregation in organic solvent and recover and 

reuse of the enzyme with high remnant activity [11-13]. Further 

study of the immobilization enzyme on the lipase-catalyzed 

condensation of substituted salicylaldehyde and malononitrile is 30 

now in progress in our laboratory. 
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† Electronic Supplementary Information (ESI) available: [details of any 

supplementary information available should be included here]. See 50 
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‡ A typical enzymatic synthesis of product 3 or 4: Lipase (30 mg, protein 

content) was added to a 25 mL round-bottom flask containing substituted 

salicylaldehyde (1 mmol), malononitrile (2 mmol or 3 mmol) and ethanol 

(2 mL). The suspension was maintained at 60 oC for a suitable time under 55 

conventional heating or microwave irradiation. The reaction system was 

then cooled to room temperature and the solid was filtered and washed 

with ethanol and water to give products 3 or 4 with high purity. The yield 

was calculated by dividing the final amount of product 3 or 4 by the 

initial amount of substituted salicylaldehyde. The experiments were 60 

performed triplicate, and all data were obtained based on the average 

values. The structures and purities of all products were characterized by 

NMR experiments. 
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