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An increasing number of studies have shown that many nicotinamide derivatives exhibited extensive

biological activities, such as anti-inflammatory and antitumor activity. In this paper, a green, concise

synthesis of nicotinamide derivatives in sustainable continuous-flow microreactors catalysed by

Novozym® 435 from Candida antarctica has been developed. Application of an easily obtainable and

reusable lipase in the synthesis of nicotinamide derivatives from methyl nicotinate and amines/

benzylamines reacted for 35 min at 50 °C led to high product yields (81.6–88.5%). Environmentally

friendly tert-amyl alcohol was applied as a reaction medium. Substantially shorter reaction times as well

as a significant increase in the product yield were obtained as compared to the batch process. This

innovative approach provides a promising green, efficient and rapid synthesis strategy for pharmaceutical

synthesis and further activity research of novel nicotinamide derivatives.
Introduction

Nicotinamide is a water-soluble B complex vitamin which is
naturally present in animal offal, whole cereals and legumes.1,2

Nicotinamide derivatives have been proven to possess extensive
biological activities, such as anti-inammatory properties,3 vitro
antimicrobial and antifungal activity,4–7 insecticidal8 and
herbicidal activity.9 Along with an increasing focus on the
utilization of natural resources in organic synthesis, nicotin-
amide derivatives are gaining more and more interest.
Numerous nicotinamide derivatives with various substituents
have been applied to medicine and agrochemistry, such as AAT-
008 (EP4 receptor antagonists),10 boscalid and diufenican
(broad-spectrum fungicide),11 nicorandil (cardiovascular medi-
cines),12,13 coramine (respiratory stimulant), apatinib (anti-
cancer)14,15 (Fig. 1). These derivatives serve as crucial therapeutic
agents in medicinal chemistry, highlighting the necessity for
the advancement of new construction methods.
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Construction of amide bonds is a vital part of the synthesis
of nicotinamide derivatives. The current methods for the
synthesis of amides are remarkably ordinary but at the same
time widely regarded as expensive and tedious. Typical methods
for amide bond formation employ stoichiometric amounts of
activating reagents such as DDC (N,N′-dicyclohex-
ylcarbodiimide), EDC (1-ethyl-3-(3′-dimethylaminopropyl)-
carbodiimide hydrochloride), HATU ((1-[bis(dimethylamino)
methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexa-
uorophosphate), CDI (1,1′-carbonyldiimidazole) or BOP
(benzotriazol-1-yloxy)-tris(dimethylamino)-phosphonium
Fig. 1 Structures of nicotinamide derivatives with potential drug
activities.
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Scheme 1 Synthesis of nicotinamide derivatives in the continuous
flow microreactors.
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hexauorophosphate), which create an activated acid that may
be attacked by the nucleophilic reagent.16–19 The transition
metal including copper (Cu),20 palladium (Pd),21,22 nickel
(Ni),23,24 manganese (Mn),25 catalyzed amide bond forming
reaction of esters with amines, has been developed as an
advanced method in recent years. However, the use of the
condensation reagents and the transition metal cause a number
of problems, such as creating a considerable amount of waste
products and energy, recycling and reprocessing waste
complexly, and even may severe allergic reactions and cause
potential safety and toxicity issues of the metal and condensa-
tion reagents.16,26–31 Except for precious metals, many other
metal catalysts such as nickel and manganese(I) pincer
complexes, usually require a series of tedious operations for
preparation. Such reactions usually needed to be carried out
more than 16 h at high temperatures in the presence of toluene,
which is a carcinogenic and non-green solvent.23–25 Not
surprisingly, in 2007 the American Chemical Society Green
Chemistry Institute Pharmaceutical Roundtable (ACS GCIPR)
voted that amide formation avoiding poor atom economy
reagents as the top challenge for organic chemistry.32,33 There-
fore, the development of a concise, green, efficient and
sustainable synthetic route for the synthesis of nicotinamide
derivatives is highly desirable.

Biocatalysis, using enzymes for organic synthesis, has
emerged as a powerful tool for offering another potential solu-
tion for sustainable amide formation.34,35 Biocatalysis has
outstanding advantages over chemocatalysis, including mild
reaction conditions, high stereoselectivity and high catalytic
efficiency.36 Recently, whole-cell bioconversion has been used as
a novel and popular biocatalytic method to produce a range of
products. For instance, Escherichia coli has been utilized to
produce alkanes, alcohols, amides, carboxylic acids and chiral
drug intermediates.37–40 A range of hydrolases (lipases, ester-
ases, acylases) and the Penicillin G acylases have been widely
used in industrial production of amide compounds.18,41,42

Enzymatic reactions are generally conducted under mild
conditions (ambient temperature and barometric pressure) in
aqueous solution, usually without functional-group activation,
protection and deprotection steps.43 Although, chemo-
enzymatic reaction conditions are mild, the required reaction
times to obtain the desired yield at room temperature can be as
long as several days. As recently shown by Zheng et al., the
amidase from Pantoea sp. (Pa-Ami) is reported for biocatalytic
hydrolysis of 2-chloronicotinamide, and the product 2-chlor-
onicoinic acid was produced as high as 370mMwith a substrate
conversion of 94.2% at 40 °C in Tris–HCl buffer for 8 h.44 There
are currently limited instances of using enzymes for the
synthesis of nicotinamide derivatives. In order to explore the
synthesis reactions of enzyme-catalyzed nicotinamide deriva-
tives and improve the efficiency of traditional enzyme catalytic
reactions, we focus on continuous-ow technology.

Continuous-ow technology is showing spectacular appli-
cations in the manufacture of ne chemicals and pharmaceu-
ticals in these few decades.27 In 2007, ACS GCIPR listed several
key areas where research was required to facilitate the devel-
opment of sustainable manufacturing, and the importance of
132 | RSC Adv., 2024, 14, 131–138
continuous processing was acknowledged.45 Compared with
conventional batch reactors, fundamental advantages of
continuous-ow technology are precise temperature and resi-
dence time control, the enhancement of heat andmass transfer,
and handling of hazardous regents in a safe way.46–50 In this
work, we utilize immobilized enzymes in continuous-ow
systems, which vastly improves reusability and signicantly
reduces the reaction time while reducing solvent waste and
energy consumption for later solvent removal.51,52 The aim of
this paper is to develop a green and concise method for the
synthesis of nicotinamide derivatives from methyl nicotinates
(methyl nicotinate, methyl 6-chloronicotinate and methyl iso-
nicotinate) and several amines (isobutylamine, methylamine,
ethylamine) and benzylamines (benzylamine, 4-chlorobenzyl-
amine, 4-methoxybenzylamine) catalyzed by Novozym® 435
from Candida antarctica in continuous-ow microreactors
(Scheme 1). Reaction parameters such as reaction mediums,
temperature, substrate ratio, reaction ow rate/residence time
were examined. The inuence of reactant structure on nicotin-
amide derivatives synthesis reaction had also been studied. 18
nicotinamide derivatives were efficiently synthesized through
this method. Compared with the same reaction we performed in
the batch reactor, the reaction time was greatly shortened from
24 h to 35 min and the yield was also signicantly improved.
Results and discussion

Generally, the type of the solvent and enzyme play an important
role in enzymatic reaction. The factors affecting the conversion
of solvents are very manifold, including solubility of the
substrate, hydrophobicity, polarity, toxicity to enzymes, and
regioselectivity.53–56 Lipase is known to show high activity in
hydrophobic solvents.57,58 It is necessary to choose a solvent that
dissolves substrates effectively while maintaining sufficient
enzyme activity. The activity and stability of enzyme can be
maximized when the hydrophobicity (log P) of the solvent
ranges from 0.6 to 3.5.59

Log P is the logarithm of the concentration ratio when water
and octanol are mixed. The initial reaction rate of lipase in the
hydrophobic solvent gets faster as it has a lower log P value and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The effect of substrate ratio (methyl nicotinate : isobutylamine)
on the enzymatic synthesis of nicotinamide derivatives in continuous-
flow microreactors.
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higher polarity.57 The ammonolysis reaction of methyl nic-
otinate and isobutylamine was carried out using an immobi-
lized enzyme in the continuous ow reactors. We performed
a blank control experiment without any enzyme and found that
the reaction did not occur. Experiments were performed using
Novozym® 435 (immobilized Candida antarctica lipase B) and
Lipozyme TL IM (immobilized Thermomyces lanuginosus) in
several commonly organic solvents such as tert-amyl alcohol,
methanol, isopropanol, isobutanol, DMSO, DMF, acetonitrile,
acetone, toluene. The log P values of the solvents used in the
experiment and yields of product are shown in the Table 1. As is
apparently shown in the Table 1, tert-amyl alcohol, isopropanol
and acetonitrile show high yields in this experiment, while
methanol, acetone and toluene had low yields. Among the
solvents used, DMSO and DMF had almost no reaction even
though had the lowest log P, which might be due to the inacti-
vation of enzymes under DMSO and DMF conditions.60

However, tert-amyl alcohol is a greener solvent than acetonitrile.
Therefore, tert-amyl alcohol is selected as the optimal reaction
solvent in this experiment.

The theoretically perfect substrate molar ratio for reaction
between methyl nicotinate and isobutylamine is 1 : 1. However,
the amidation reaction is a reversible reaction. A high reaction
rate can be achieved within a short period if an excessive
number of reactants are used. In this study, six substrate ratios
of methyl nicotinate/isobutylamine (2 : 1, 1 : 1, 1 : 2, 1 : 3, 1 : 4,
1 : 6) were investigated. As shown in Fig. 2, the yield of the target
product increases gradually with the amines. The highest yield
of 86.2% was obtained when the substrate molar ratio (methyl
nicotinate : isobutylamine) was 1 : 2. The reason why the yield
Table 1 The effect of reaction media and catalyst on the enzymatic
synthesis of nicotinamide derivatives in continuous-flow
microreactorsa

Entry Solvent Catalysts Log P Yieldb (%)

1 tert-Amyl alcohol Novozym® 435 1.04 82.4 � 1.2
2 Methanol Novozym® 435 −0.76 26.5 � 0.6
3 Isopropanol Novozym® 435 −0.39 54.3 � 1.4
4 Isobutanol Novozym® 435 0.69 n.d.
5 DMSO Novozym® 435 −1.35 n.d.
6 DMF Novozym® 435 −1.0 n.d.
7 Acetonitrile Novozym® 435 −0.33 64.8 � 1.5
8 Acetone Novozym® 435 −0.16 34.5 � 0.8
9 Toluene Novozym® 435 2.5 18.6 � 1.2
10 tert-Amyl alcohol Lipozyme® TL IM 1.04 n.d.
11 tert-Amyl alcohol None 1.04 n.d.

a General experimental conditions: in the continuous ow reactors, feed
1, 10 mL solvent contained 5.0 mmol methyl nicotinate (1a); feed 2,
10 mL solvent contained 20.0 mmol isobutylamine (2a), 50 °C, ow
rate 17.8 mL min−1 residence time 35 min, enzyme 870 mg. b Isolated
yield. Yield: 100 × (actual received amount/ideal calculated amount).
The data are presented as average ± standard deviation (SD) of
triplicate experiments. n.d. means no reaction was found.

© 2024 The Author(s). Published by the Royal Society of Chemistry
decreases while the substrate ratio was increased further is that
excessive substrate concentration changed the viscosity and
polarity of the solvent, interferes with mass transfer, affects the
polarity of the enzyme, while reducing the economic effi-
ciency.53,54,57,61 Hence, the substrate ratio of 1 : 2 was chosen the
optimal ratio.

Reaction temperature has various effects on the properties of
enzymatic reactions, such as the stability and the activity of the
enzyme and the viscosity of reaction media. Therefore, the
reaction temperature of 35–60 °C was investigated. The ow
reaction was carried out in tert-amyl alcohol using Novozym®
435 as catalyst. As shown in Fig. 3, the maximum yield was
obtained when the reaction temperature was 50 °C. When the
temperature was relatively low, the reaction rate increases with
increasing temperature. However, when it exceeds 50 °C,
a further increase in temperature might result in irreversible
denaturation and inactivation of enzyme, thus resulting in
a decrease in yield.62

Besides, residence time is another crucial inuence param-
eter affecting the yield of reaction. In the continuous-ow
experiments, the residence time is controlled by adjusting the
Fig. 3 The effect of reaction temperature on the enzymatic synthesis
of nicotinamide derivatives in continuous-flow microreactors.
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Fig. 5 The effect of enzyme reusability on the enzymatic synthesis of
nicotinamide derivatives in continuous-flow microreactors.

Table 2 Enzymatic synthesis of nicotinamide derivatives in the
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ow velocity while keeping the length of the microbore tube.
The residence time was investigated from 20 to 50 min (Fig. 4).
The transformation and mass transfer were improved by
increasing the ow velocity through the same reactor length.
And a maximum yield of 86.2% was obtained at 35 min (ow
rate of 17.8 mL min−1). This result is anticipated, as for
a constant reaction temperature and velocity, a higher residence
time means more time is available for the reaction to be
completed.63 In addition, too powerful ow would denature the
enzyme.64 Therefore, 35 min was selected as the optimal resi-
dence time for the following studies.

It is very important for a reaction system with application
potentials that the biocatalyst exhibits good stability and reus-
ability. What's more, the cost can be reduced by recycling and
reusing the immobilized lipase. We tested the reusability of
Novozym® 435 in the continuous-ow reactor. The enzyme was
reused eight times, it was found that the catalytic yield of the
last catalysis could still exceed 45% (Fig. 5). These results show
a satisfactory reusability of the enzyme due to its stability. Such
decreased activity aer successive reaction cycles could be due
to the desorption of immobilized lipase during the continuous
ow. In addition, the accumulation of residual starting material
and/or products remaining in the biocatalyst microenviron-
ment might also lead to enzyme inactivation or desorption from
the support surface.65–67

Then, to explore the inuence of enzymatic reactions in
continuous-ow systems and batch systems, the enzymatic
reactions in different reactors were carried out. Space-time yield
(STY), a common parameter, is frequently used to evaluate the
productivity of different reaction system normalized to 1 liter
volume (g h−1 L−1).68 Since batch and continuous-ow system
setups have a completely different geometry, a direct compar-
ison based on conversion or yield is simply not possible.68 On
the contrary, the calculation of the STY is able to compare
between the different systems equitably. Besides, the STY is
a reasonable and important quantity for the comparability of
continuously operated ow processes.63,69,70

STY ¼ mp

T$VR
Fig. 4 The effect of residence time on the synthesis of nicotinamide
derivatives in continuous-flow microreactors.

134 | RSC Adv., 2024, 14, 131–138
where mp is the mass of the generated product (g), T is the
residence time (h), and VR is the reactor volume (L).

As shown in Table 2, the product yield obtained by the
continuous-ow micromixer is obviously better than that by the
traditional shaker reactor. In the traditional batch bioreactor
(Method B), the enzymatic reaction took about 24 hours to reach
the expected yield while the reaction in the continuous-ow
microreactor (Method A) obtained better yields in 35 min.

Aer optimizing the reaction conditions, in order to explore
the scope and limitations of the enzymatic ammonolysis reac-
tion, the reactions of methyl nicotinate derivatives (methyl
nicotinate (1a), methyl 6-chloronicotinate (1b) and methyl iso-
nicotinate (1c)) with amines (isobutylamine, methylamine,
ethylamine) and benzylamines (benzylamine, 4-chlorobenzyl-
amine, 4-methoxybenzylamine) was carried out in continuous-
ow microreactors and batch reactors. As shown in Table 3,
the corresponding compounds were synthesized parallelly in
a single experiment, which proves that the enzymatic reaction
has good scalability. We found that the yield of ammonolysis
continuous-flow microreactor or the batch reactora

Entry Method STY (g L−1 h−1) Yieldb (%)

1 A 26.13 86.2 � 1.5
2 B 0.50 67.1 � 0.8

a General experimental conditions: Method A: continuous ow reactors,
feed 1, dissolve 5 mmol of methyl nicotinate (1a) in 10 mL tert-amyl
alcohol; feed 2, dissolve 10 mmol of isobutylamine (2a) in 10 mL tert-
amyl alcohol, ow rate 17.8 mL min−1, residence time 35 min, enzyme
870 mg, 50 °C. Method B: shaker reactors, add 5 mmol of methyl
nicotinate (1a), 10 mmol of isobutylamine (2a) and 20 mL tert-amyl
alcohol to a 50 mL Erlenmeyer ask, enzyme 870 mg, 160 rpm, 50 °C,
24 h. b Isolated yield. Yield: 100 × (actually obtained amount/
calculated amount). The data are presented as average ± SD of
triplicate experiments.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The effect of substrate structure to the enzymatic synthesis of coumarin carboxamide derivatives under continuous-flow conditionsa

Entry Methyl nicotinate R2 Method Time Product Yieldb (%)

1 CH(CH3)2
A 35 min

3a
86.2 � 1.5

B 24 h 67.1 � 0.8

2
A 35 min

3b
68.5 � 0.8

B 24 h 54.2 � 0.9

3
A 35 min

3c
65.2 � 1.5

B 24 h 54.3 � 1.2

4

A 35 min

3d

71.2 � 0.8
B 24 h 62.8 � 0.9

5 H

A 35 min

3e

86.8 � 0.4
B 24 h 68.7 � 0.9

6 CH3

A 35 min
3f

83.3 � 0.9
B 24 h 75.9 � 1.2

7 CH(CH3)2

A 35 min
3g

88.5 � 0.7
B 24 h 77.4 � 1.5

8
A 35 min

3h
69.4 � 1.8

B 24 h 58.5 � 0.7

9
A 35 min

3i
65.4 � 0.5

B 24 h 55.9 � 0.8

10
A 35 min

3j
72.5 � 0.7

B 24 h 61.5 � 0.5

11 H
A 35 min

3k
81.6 � 0.7

B 24 h 67.5 � 0.7

12 CH3

A 35 min
3l

85.6 � 1.5
B 24 h 65.9 � 0.7

13 CH(CH3)2

A 35 min
3m

85.1 � 1.2
B 24 h 69.8 � 0.7

14
A 35 min

3n
75.5 � 0.7

B 24 h 57.8 � 0.5

15
A 35 min

3o
73.8 � 0.9

B 24 h 52.5 � 0.6

16
A 35 min

3p
75.4 � 1.5

B 24 h 58.6 � 0.8

17 H
A 35 min

3q
81.6 � 1.2

B 24 h 66.5 � 0.7

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 131–138 | 135
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Table 3 (Contd. )

Entry Methyl nicotinate R2 Method Time Product Yieldb (%)

18 CH3

A 35 min

3r

82.2 � 0.7
B 24 h 62.3 � 0.6

a General experimental conditions: Method A: continuous ow reactors, feed 1, dissolve 5 mmol of methyl nicotinate derivatives in 10 mL tert-amyl
alcohol; feed 2, dissolve 10 mmol of amines in 10 mL tert-amyl alcohol, ow rate 17.8 mL min−1, residence time 35 min, enzyme 870 mg, 50 °C.
Method B: shaker reactors, add 5 mmol of methyl nicotinate derivatives, 10 mmol of amines and 20 mL tert-amyl alcohol to a 50 mL
Erlenmeyer ask, enzyme 870 mg, 160 rpm, 50 °C, 24 h. b Isolated yield. Yield: 100 × (actually obtained amount/calculated amount). The data
are presented as average ± SD of triplicate experiments.
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reaction with aliphatic amine (e.g., entry 1, 86.2%) was signi-
cantly higher than which with benzylamine (e.g., entry 2,
68.5%). Meanwhile, benzylamine with an electron-donating
group (e.g., entry 4, 71.2%) were more favourable for the reac-
tion than benzylamine with an electron-withdrawing group
(e.g., entry 3, 65.2%), which conform to the reaction mechanism
of nucleophilic substitution.

To demonstrate the greener aspect of the current synthetic
method, green chemistry metrics of the compound (3a) were
calculated and evaluated. Several green metrics, including atom
economy (AE), carbon efficiency (CE), atom efficiency, reaction
mass efficiency (RME), overall efficiency (OE), process mass
intensity (PMI) and E-factor have been evaluated for the model
compound (3a), which empowers us to assess the present
synthetic method in terms of waste, carbon efficiency and
energy usage. The calculated values of the green metrics of all
the synthesized compounds are summarized in Table S1.†.
Fig. 6 The equipment diagram for the synthesis of nicotinamide
derivatives in the continuous-flow microreactor catalyzed by lipase
Novozym® 435.

136 | RSC Adv., 2024, 14, 131–138
Evaluation showed an E-factor of 23.39 kg waste/1 kg product,
reaction mass efficiency (54.20%), atom economy (84.76%),
atom efficiency (73.06%), process mass intensity (24.49), overall
efficiency (63.95%) and 100% carbon efficiency for the synthesis
of 3a. The calculated values endorse this presented method as
green and acceptable.
Experimental

The equipment diagram for the synthesis of nicotinamide
derivatives in the continuous-ow microreactor is depicted in
Fig. 6. The experimental setup is made of a syringe pump
(Harvard Apparatus Dr 2000), two substrate injectors, a Y-mixer,
a ow reactor with 100 cm × 2 mm PFA tubing and a product
collector. The silica gel tubing was lled with 870mg Novozym®
435 (the lower limit of reactivity was 9000 PLU g−1) and placed
in a thermostat water bath to maintain temperature at 50 °C. A
total of 5 mmol of methyl nicotinate derivatives were dissolved
in 10 mL tert-amyl alcohol (feed 1), and 10mmol of amines were
dissolved in 10 mL tert-amyl alcohol (feed 2). Feed 1 and 2 were
delivered to the Y-mixer at a ow rate of 17.8 mL min−1 with
a residence time of 35 min. The resulting stream was connected
to a sample vial to collect the nal mixture. The main products
were separated by silica gel chromatography and were
conrmed by 1H NMR, 13C NMR.
Conclusions

Nicotinamide derivatives have been used as antitumor drugs
and cardiovascular medicines. Herein, a continuous ow plat-
form for the synthesis of valuable nicotinamide derivatives has
been developed. 18 nicotinamide derivatives from methyl nic-
otinates (methyl nicotinate, methyl 6-chloronicotinate and
methyl isonicotinate) and several amines (isobutylamine,
methylamine, ethylamine) and benzylamines (benzylamine, 4-
chlorobenzylamine and 4-methoxybenzylamine) were
© 2024 The Author(s). Published by the Royal Society of Chemistry
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synthetized catalyzed by Novozym® 435 in continuous-ow
microreactors. The reaction parameters such as reaction
medium, effect of temperature, residence time, molar ratio of
substrates, and enzyme reusability were systematically studied.
Compared to reported works, the remarkable features of this
research include shorter reaction time (35 min), mild and green
reaction conditions (tert-amyl alcohol) and reusable and recy-
clable catalyst. The study of our work provides an important
strategy for the concise and efficient synthesis of nicotinamide
derivatives, which build a library of related compounds for
further research on novel nicotinamide pharmaceuticals and
drug intermediates screening.
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K. Vrandečíc and D. Gašo-Sokač, Molecules, 2019, 24, 1001.

6 W. Wang, X. J. Liu, G. T. Lin, J. P. Wu, G. Xu and D. Xu, Chem.
Biodiversity, 2022, 19, e202101032.

7 J. Wu, S. H. Kang, B. A. Song, D. Y. Hu, M. He, L. H. Jin and
S. Yang, Chem. Cent. J., 2012, 6, 28.
© 2024 The Author(s). Published by the Royal Society of Chemistry
8 F. Wen, Z. Hong, Z. Yu, J. Hong, Y. Qian and T. Hou, Pestic.
Biochem. Physiol., 2010, 98, 248–253.

9 Y.-c. Zhu, L.-p. Yuan, J. Cao, X.-x. Shen, D.-h. Lv, C.-c. Ni,
Z. Shen, L. Chen and Y.-b. Zhang, Nongyaoxue Xuebao,
2008, 10, 287–291.

10 Y. Okumura, T. Yamagishi, S. Nukui and K. Nakao, Bioorg.
Med. Chem. Lett., 2017, 27, 1186–1192.

11 Y. H. Ye, L. Ma, Z. C. Dai, Y. Xiao, Y. Y. Zhang, D. D. Li,
J. X. Wang and H. L. Zhu, J. Agric. Food Chem., 2014, 62,
4063–4071.

12 Nicorandil for angina, Drug Therapeut. Bull., 1995, 33, pp.
89–92.

13 Y. X. Wan, B. He, D. Y. Zhu, L. Wang, R. J. Huang, S. Y. Wang,
C. H. Wang, M. D. Zhang, L. Ma and F. B. Gao, Cardiovasc.
Drugs Ther., 2023, 37, 39–51.

14 Y. Fan, J. Zhao, Q. M. Wang, D. Z. Huang, X. Y. Li, J. H. Chen,
Y. Fang, J. C. Duan, C. C. Zhou, Y. P. Hu, H. H. Yang, Y. Hu,
J. Y. Zhou, X. Y. Lin, L. F. Wang, Z. J. Wang, Y. J. Xu, T. Zhang,
W. Shi, J. J. Zou and J. Wang, J. Thorac. Oncol., 2021, 16, 299–
309.

15 X. C. Hu, J. Zhang, B. H. Xu, Z. F. Jiang, J. Ragaz, Z. S. Tong,
Q. Y. Zhang, X. J. Wang, J. F. Feng, D. M. Pang, M. H. Fan,
J. Li, B. Y. Wang, Z. H. Wang, Q. L. Zhang, S. Sun and
C. M. Liao, Int. J. Cancer, 2014, 135, 1961–1969.

16 M. T. Sabatini, L. T. Boulton, H. F. Sneddon and
T. D. Sheppard, Nat. Catal., 2019, 2, 10–17.

17 P. W. Seavill and J. D. Wilden, Green Chem., 2020, 22, 7737–
7759.

18 M. R. Petchey and G. Grogan, Adv. Synth. Catal., 2019, 361,
3895–3914.

19 Y. L. Zheng and S. G. Newman, ACS Catal., 2019, 9, 4426–
4433.

20 F. Q. Zhao, H. J. Ai and X. F. Wu, Angew. Chem., Int. Ed., 2022,
61, e202200062.

21 F. Messa, S. Perrone, M. Capua, F. Tolomeo, L. Troisi,
V. Capriati and A. Salomone, Chem. Commun., 2018, 54,
8100–8103.

22 T. Ben Halima, J. K. Vandavasi, M. Shkoor and
S. G. Newman, ACS Catal., 2017, 7, 2176–2180.

23 T. Ben Halima, J. Masson-Makdissi and S. G. Newman,
Angew. Chem., Int. Ed., 2018, 57, 12925–12929.

24 L. Hie, N. F. Fine Nathel, X. Hong, Y. F. Yang, K. N. Houk and
N. K. Garg, Angew. Chem., Int. Ed., 2016, 55, 2810–2814.

25 Z. Q. Fu, X. H. Wang, S. Tao, Q. Q. Bu, D. H. Wei and N. Liu, J.
Org. Chem., 2021, 86, 2339–2358.

26 W. Muramatsu, T. Hattori and H. Yamamoto, Chem.
Commun., 2021, 57, 6346–6359.

27 X. Wang, Nat. Catal., 2019, 2, 98–102.
28 A. Isidro-Llobet, M. N. Kenworthy, S. Mukherjee,

M. E. Kopach and F. Roschangar, J. Org. Chem., 2019, 84,
4615–4628.

29 Y. E. Jad, A. Kumar, A. El-Faham, B. G. de la Torre and
F. Albericio, ACS Sustainable Chem. Eng., 2019, 7, 3671–3683.

30 R. A. Sheldon, Green Chem., 2007, 9, 1273–1283.
31 R. A. Sheldon, ACS Sustainable Chem. Eng., 2018, 6, 32–48.
32 D. J. C. Constable, P. J. Dunn, J. D. Hayler, G. R. Humphrey,

J. L. Leazer, R. J. Linderman, K. Lorenz, J. Manley,
RSC Adv., 2024, 14, 131–138 | 137

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra07201k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
0/

31
/2

02
5 

4:
50

:0
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
B. A. Pearlman, A. Wells, A. Zaks and T. Y. Zhang, Green
Chem., 2007, 9, 411–420.

33 M. C. Bryan, P. J. Dunn, D. Entwistle, F. Gallou, S. G. Koenig,
J. D. Hayler, M. R. Hickey, S. Hughes, M. E. Kopach,
G. Moine, P. Richardson, F. Roschangar, A. Steven and
F. J. Weiberth, Green Chem., 2018, 20, 5082–5103.

34 R. A. Sheldon and J. M. Woodley, Chem. Rev., 2018, 118, 801–
838.

35 R. A. A. Sheldon, D. Brady and M. L. L. Bode, Chem. Sci.,
2020, 11, 2587–2605.

36 E. Sahin, Mol. Catal., 2023, 539, 113037.
37 J.-C. Lin, Y. Yi, L. Zhang, R. Cang, X.-J. Ji and Z.-G. Zhang,

Mol. Catal., 2023, 550, 113576.
38 F. P. J. Schultes, M. Haarmann, D. Tischler and C. Mügge,

Mol. Catal., 2023, 538, 112979.
39 L. Kong, B. Fan and Y.-C. He, Mol. Catal., 2023, 550, 113570.
40 S. C. Zeng, J. Liu, S. Anankanbil, M. Chen, Z. Guo,

J. P. Adams, R. Snajdrova and Z. Li, ACS Catal., 2018, 8,
8856–8865.

41 B. M. Dorr and D. E. Fuerst, Curr. Opin. Chem. Biol., 2018, 43,
127–133.

42 M. Winn, S. M. Richardson, D. J. Campopiano and
J. Mickleeld, Curr. Opin. Chem. Biol., 2020, 55, 77–85.

43 P. A. Wender, S. T. Handy and D. L. Wright, Chem. Ind., 1997,
19, 765–769.

44 R. C. Zheng, J. Q. Jin, Z. M. Wu, X. L. Tang, L. Q. Jin and
Y. G. Zheng, Bioorg. Chem., 2018, 76, 81–87.
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