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been reported. Herein, we report the first discovery that pepsin from pig gastric mucosa can catalyze 

2-methylazaarenes benzylic sp3 C-H functionalization in organic media, and yields up to 87% were 

achieved. The effects of the organic solvent, enzyme loading, temperature, the molar ratio of substrates 

and the time to enzymatic addition were evaluated in detail. This research provided a novel case study for 

multi-functional enzymes. 

RESULTS AND DISCUSSION 

In our initial study, the reaction between 2-methylquinoline and N-phenylmaleimide was used as a model 

reaction, and a preliminary enzyme screen was performed (Table 1) to find out the most efficient catalyst 

for the addition of 2-methylazaarenes benzylic sp3 C-H to electron-deficient olefins; nine kinds of 

enzymes were examined. As shown in Table 1, the best yield of 54% was achieved using pepsin (from 

pig gastric mucosa) (Table 1, entry 1). In addition, the other tested enzymes also showed different degrees 

of catalytic activity, however, no better yield was obtained (Table 1, entries 2~9). Therefore, pepsin was 

the optimal catalyst and was progressed to the next stage of the investigation. 

 

Table 1. Enzyme screening for the benzylic sp3 C-H functionalizationa 

 
Entry Enzyme Yield (%)b 

1 pepsin 54 
2 α-chymotrypsin 45 
3 Amano lipase 38 
4 Amano lipase from Aspergillus niger 31 
5 lipase from porcine pancreas 48 
6 lipase from Candida rugosa 44 
7 pancreatin 49 
8 pectinase 13 
9 ayltransferase 12 

a Reaction conditions: Ia (0.5 mmol), IIa (0.75 mmol), catalyst (20 mg) in DMSO (2 mL) at 60 °C for 48 
h. b Isolated yields. 
 
Having established the optimal catalyst, a solvent screen was also performed to find the optimal solvent 

for this biotransformation. As shown in Table 2, the reaction in DMSO still gave the best of yield, while 

the yield of 36% was obtained in THF (Table 2, entry 2). The other tested solvents gave lower yields, 
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which sometimes resulted in no product (Table 2, entries 3~8). No clear correlation between solvent 

polarity and the enzyme activity was observed. Above of all, DMSO was chosen as the optimum solvent 

for the enzymatic addition reaction. Besides, it was experimentally verified that pepsin has an almost 

complete disruption of the catalytic activity via the inactivation experiment (Table 2, entry 10), which 

compared with the blank experiment (Table 2, entry 9). The control experiments clearly indicated that 

pepsin has a specific effect on the reaction. 

 

Table 2. Addition of benzylic sp3 C-H to electron-deficient olefins catalyzed by pepsina 

 
Entry Solvent Yield (%)b 

1 DMSO 54 
2 THF 36 

3 MeOH n.d.b 
4 EtOH 19 
5 MeCN 21 
6 acetone 11 
7 CH2Cl2d n.d.c 
8 CCl4 n.d.c 
9 DMSO (no enzyme) 12 

10e DMSO (pepsin inhibited with urea) 15 
a Reaction conditions: Ia (0.5 mmol), IIa (0.75 mmol), pepsin (20 mg) in solvent (2 mL) at 60 °C for 48 h. 
b Isolated yields. c n.d.: Not detected. d Under reflux. e Pre-treated with 8 mol/L urea solution at 100 °C 
for 24 h. 
 
To further optimize the experimental conditions, we examined the effects of the water content, enzyme 

loading, temperature, the molar ratio of substrates and the time to the maximum yield of the reaction 

(Supporting Information: Figures S1-S4, Table S1). As a consequence, a complete lack of water, 60 °C, 

1:1.4 (2-methylazaarene/electron-deficient olefin) and an enzyme concentration of 10 mg/mL were 

chosen as the optimal conditions. 

With these optimized conditions in hand, the reaction scope was subsequently explored. As summarized 

in Table 3, the addition of 2-methylazaarenes with olefins could be extended to a variety of substrates. 

2-Methylquinolines with functional groups, such as the methyl, chloro and nitro groups, were compatible 

with the reaction conditions, and gave the corresponding products in moderate to good yields (Table 3, 
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IIIb~IIIe). We also evaluated the applicability of these conditions to other methyl-N-heterocycles. Under 

the standard conditions, 1-methylisoquinoline and 2-methylbenzimidazole both reacted to give 73% and 

37% isolated yields, respectively (Table 3, IIIf, IIIg). With 2-methylpyridine and 2,6-dimethylpyridine, a 

longer reaction time was required, allowing the isolation of the product in yields of 18% and 12% (Table 

3, IIIh, IIIi).  

 

Table 3. Addition of benzylic sp3 C-H to electron-deficient olefins catalyzed by pepsina 
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a Reaction conditions: 2-methylazaarene (1 mmol), electron-deficient olefin (1.4 mmol), pepsin (20 mg) 
in DMSO (2 mL) at 60 °C for 60 h. b At 60 °C for 72 h. 
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