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Enzymatic aminolysis in continuous flow: an
efficient strategy for the synthesis of salicylamide
derivatives
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Salicylamide derivatives with different amine substitutions demonstrate potent biological activities such as
anti-tumor, antibacterial and neuroprotective properties. In this work, a green and efficient strategy for the
synthesis of salicylamide derivatives catalyzed by Lipozyme®TL IM from Thermomyces lanuginosus in
continuous flow microreactors was developed. Enzymatic aminolysis from methyl salicylate and amines
(cyclic and linear aliphatic amines, aryl alkyl amines, tryptamines) in a continuous-flow microreactor was
used for the synthesis of salicylamide derivatives. Reaction parameters were optimized, and continuous
flow was compared with conventional batch methods using space-time yield (STY). This strategy showed
broad substrate applicability, enabling the synthesis of 34 salicylamide derivatives with ideal yields. It
provides a novel sustainable approach for precise modification of the salicylamide skeleton, offering
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Introduction

Salicylamide derivatives possess biological activities such as
anti-tumor, antibacterial and neuroprotective properties,'
which can be applied to Alzheimer's disease,* Parkinson's
disease,” depression,® viral infections,” hypertension,® and
parasitic infections.” Numerous drugs containing the salicyla-
mide structure have been widely used in clinical practice,"***
like rafoxanide (antiparasitic activity), niclosamide (STAT3
inhibitory activity), nitazoxanide (antiviral activity), and labe-
talol (antihypertensive activity) (Fig. 1). Salicylic acid serves as
a fundamental pharmacophore, conferring anti-inflammatory,
analgesic, antioxidant, and metal-chelating properties; the
introduction of amines with different structures further
demonstrates a variety of biological activities on the basis of
this activity.”® Salicylanilides synthesized by coupling with
aniline are renowned for their antibacterial, antiviral and anti-
tumor activities,'® and conjugation with tryptamine generates
N-salicyltryptamine derivatives, providing new insight for
designing multi-functional candidates for neuroinflammation
related neurodegenerative diseases.” Salicylamide derivatives
produced by the reaction with heterocyclic amines have anti-
bacterial, antioxidant, enzyme inhibitory and other activi-
ties,'®" while salicylamide derivatives with various amino acid
linkers have yielded compounds with diverse biological profiles,
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valuable compounds for drug screening and structure—activity relationship studies.

such as anticancer activity, inhibition of Pseudomonas aerugi-
nosa, and anti-human adenovirus (HAdV) effects.*®
Construction of amide bonds is the core step in the synthesis
of salicylamide derivatives, and the structure and formation
efficiency of amide bonds determine the structural diversity and
biological activities. Among the synthetic methodologies re-
ported for salicylamide derivatives, the two-step acyl chloride-
mediated route remains the widely adopted strategy in both
laboratory research and industrial production. Salicylic acid
activates via acylation with thionyl chloride to form salicylyl
chloride, which then reacts with corresponding amine
substrates through nucleophilic substitution to produce sali-
cylamide derivatives.”*** This method requires the separation
and purification of salicyloyl chloride, and the acyl chlorination
reaction must be carried out under anhydrous conditions.
Another viable route to obtain salicylamide derivatives is the
condensation of salicylic acid and amines, such as using cata-
lysts like EDCI/HOBt, EDCI/DMAP, or transition metal catalysts
(e.g, copper or palladium).>>* The treatment of the EDCI/HOBt
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Fig. 1 Structures of salicylamide derivatives.
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Fig. 2 Synthetic route of salicylamide derivatives.
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Scheme 1 Synthesis of salicylamide derivatives in the continuous flow
microreactors.

and EDCI/DMAP catalytic systems increases the purification
cost, the leaching of heavy metal ions from transition metal
catalysts into products impacts product purity and environ-
mental pollution, and the cost of palladium catalysts restricts
industrial application. The synthetic strategy of salicylamide
derivatives is shown in Fig. 2.

Biocatalysis has found widespread application in pharma-
ceuticals,® agrochemicals,*" and fine chemicals.**** An indus-
trial panel of synthetic chemists has identified biocatalysis as
one of the most promising approaches for developing sustain-
able chemical alternatives.**** While lipases are well-known for
their high efficiency in hydrolysis and esterification reactions,
several studies have confirmed their substantial potential to
catalyze amide bond formation via aminolysis or reverse

© 2026 The Author(s). Published by the Royal Society of Chemistry
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hydrolysis pathways.**** Mycelial lipases from Rhizopus arrhizus
and Penicillium cyclopium have been employed for the ami-
nolysis reaction of methyl salicylate with primary amines,
affording salicylamide derivatives in 40-60% yields.** However,
these mycelial lipases suffer from several limitations in prac-
tical application: their catalytic efficiency is relatively low,
affording moderate yields; they are directly used as catalysts in
the form of mycelia without immobilization, which may lead to
poor stability and difficulty in recycling, increasing the cost of
continuous reaction; additionally, their substrate scope is
narrow, with no catalytic activity toward secondary amines and
biogenic amines, thus limiting the synthetic scope of salicyla-
mide derivatives. After trying the above two lipases, immobi-
lized Candida Antarctica Lipase B, Lipozyme®TL IM, and
Lipura®Flex for the synthesis of salicylamide derivatives, we
found that the catalytic effect of Lipozyme®TL IM was better.
Therefore, we propose a one-step strategy for the synthesis of
salicylamide derivatives catalyzed by Lipozyme® TL IM, an
immobilized lipase derived from Thermomyces lanuginosus.
Lipozyme®TL IM has demonstrated effective application in the
amidation reaction, such as the catalyzed synthesis of trans-
ferulic acid tyramine (Barsi et al.), a process that achieved the
yield of 96% after 52 h.** Despite the application of Lip-
ozyme®TL IM in amidation reactions, there are relatively few
studies on the synthesis of salicylamide derivatives catalyzed by
Lipozyme®TL IM. Although enzymatic reactions proceed under
mild conditions, they are often associated with extended reac-
tion times (24 h or more). To address this challenge, we propose
to enhance the process using continuous-flow technology,
which has gained significant attention in recent years for its
potential in enzymatic reactions.

Continuous-flow microreactor technology acts as a core
driver of innovation across pharmaceuticals, fine chemicals,
and many other industries.**** The confined microchannels in
such reactors enhance mass and heat transfer, ensuring highly
efficient and controllable reactions.***” The improved mass/
heat transfer capabilities of flow systems not only shorten pro-
cessing times, thereby opening new avenues for the scalable
and economical application of technologies like enzyme catal-
ysis,*®** but also boost reaction selectivity and simplify down-
stream purification.>®** Herein, we try to study a method of
combining continuous flow technology and biocatalysis tech-
nology to apply to the synthesis of salicylamide derivatives. This
technology is researched from salicylate esters and various types
of amines (cyclic aliphatic amines and linear aliphatic amines,
arylalkyl amines, and tryptamines) as starting materials. Reac-
tion parameters, such as enzyme type, solvent, substrate ratio,
reaction temperature, residence time, and mixing ratio of
K,CO;/Lipozyme®TL IM were systematically examined. The
influence of reaction substrate structure and electronic effect on
reaction yield has also been analyzed and studied. A compara-
tive study was conducted on the synthesis of salicylamide
derivatives by continuous-flow and batch operations. Under the
same parameters, continuous flow microreactors and shaker
reactors were respectively used for reactions to fairly compare
and determine the yield, and their production efficiency was
quantitatively evaluated through spatio-temporal yield (STY).

RSC Adv, 2026, 16, 11744-11751 | 11745
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Table 1 The effect of reaction solvent and enzyme type on the

synthesis  of
microreactors®

salicylamide

derivatives in

continuous-flow

(0]

@ oo« (Y — R
OH

Continuous flow reactor

Enzyme

CLr O

Entry Solvent Catalysts Yield” (%)

1 Methanol None n.d.

2 Methanol Lipozyme®TL IM 81.3 £ 0.7%
3 DMSO Lipozyme®TL IM 71.6 £ 0.6%
4 Acetone Lipozyme®TL IM 47.3 £ 1.1%
5 Cyclohexane Lipozyme®TL IM 32.1 + 0.9%
6 Ethanol Lipozyme®TL IM 58.6 &+ 0.4%
7 Isopropyl alcohol Lipozyme®TL IM 68.9 £ 0.8%
8 n-Hexane Lipozyme®TL IM 19.4 + 0.7%
9 Acetonitrile Lipozyme®TL IM 43.1 + 0.5%
10 tert-Amyl alcohol Lipozyme®TL IM 80.7 £+ 0.9%
11 DMF Lipozyme®TL IM 63.9 + 0.3%
12 Methanol CAL-B 80.3 £1.3%
13 Methanol Lipura®Flex 67.1 £1.1%
14 Methanol Lipozyme®RM IM 69.3 + 0.8%

“ General experimental conditions: in the continuous flow reactors, feed
1, 5.0 mmol methyl salicylate was taken and added to solvent to prepare
10 mL of solution; feed 2, 10 mL solvent contained 10.0 mmol
cyclohexanemethylamine, 35 °C, flow rate 31.2 pL min ' residence
time 20 min, enzyme 870 mg. ” Isolated yield. Yield: 100x (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.

Finally, we conducted a study on the substrate applicability and
found that this technology has a wide range of substrate
applicability, which can catalyze salicyl esters and different
types of amines to carry out enzymatic aminolysis, and
synthesize 34 different types of salicylamide derivatives in one
step (Scheme 1). All products were isolated, purified, and
structurally characterized.

Results and discussion
Effect of reaction solvent and enzyme

Methyl salicylate and cyclohexanemethylamine were chosen as
model substrates to investigate the synthesis of salicylamide
derivatives in a continuous-flow microreactor. The reaction
solvent has different effects on the activity of the enzyme and
the reaction rate. To determine the optimal reaction medium,
we made active attempts with many solvents, such as methanol,
ethanol, isopropyl alcohol, tert-amyl alcohol, acetonitrile,
acetone, n-hexane, DMF, cyclohexane and DMSO. The experi-
mental results are shown in Table 1, methanol and tert-amyl
alcohol effectively promote the reaction, methanol was selected
as the reaction solvent due to its cost-effectiveness and ease of
recovery. In addition, methanol has a moderate polarity (log P
= —0.77), which not only ensures the solubility of the polar
substrate methyl salicylate but also maintains the hydrated
state of the enzyme-preserving the necessary water layer around
the enzyme active site to avoid enzyme inactivation. The

1746 | RSC Adv, 2026, 16, 1744-11751
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Substrate ratio (methyl salicylate: cyclohexanemethylamine )

Fig. 3 The effect of substrate ratio (methyl salicylate: cyclo-
hexanemethylamine) on the enzymatic synthesis of salicylamide
derivatives in continuous-flow microreactors.

intrinsic selectivity and activity of an enzyme, which are influ-
enced by its unique three-dimensional structure, influence the
reaction's efficiency. The yields of using Lipozyme®TL IM, CAL-
B, Lipura®Flex, and Lipozyme®RM IM were compared under
the same reaction conditions. Lipozyme® TL IM exhibited the
highest catalytic efficiency, with a yield of 81.3%, and thus was
ultimately selected as the catalyst.

Effect of substrate ratio

Achieving an optimal balance in substrate ratio is crucial for
maximizing product yield and minimizing the formation of
wasteful by-products. To maximize the conversion rate of
methyl salicylate and suppress possible side reactions, we
investigated the influence of the molar ratio of amines to methyl
salicylate on the reaction. As shown in Fig. 3, the substrate
molar ratio of methyl salicylate: cyclohexanemethylamine (2:1,
1:1,1:2,1:3,1:4,1:5)was investigated. As the ratio reached
1:2, the yield of salicylamide derivatives improved, indicating
that the slightly excessive amine effectively promoted the reac-
tion equilibrium. However, when the molar ratio was further
increased to 1:3, the yield did not continue to rise and even
a slight decline was observed. This might be due to the fact that
the high concentration of amines caused a certain degree of
substrate inhibition on Lipozyme® TL IM. Therefore, a molar
ratio of 1:2 was selected for the further study.

Effect of reaction temperature

The influence of reaction temperature on the product yield was
investigated from 30 to 60 °C. Before reaching the optimal

[ N-(cyclohexylmethyl)-2-hydroxybenzamide (3a)
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)

Fig. 4 The effect of reaction temperature on the enzymatic synthesis
of salicylamide derivatives in continuous-flow microreactors.
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Fig. 5 The effect of residence time on the synthesis of salicylamide
derivatives in continuous-flow microreactors.

temperature, the reaction rate increases stably due to the
accelerated molecular motion and the increased collision
frequency between the substrate and the enzyme. However,
after exceeding the optimal temperature, the catalytic activity of
the enzyme would decline, causing the reaction rate to drop. As
shown in Fig. 4, the maximum yield was obtained at 35 °C.

Effect of residence time

The optimal residence time typically depends on the type of
reaction, the characteristics of the enzyme, the substrate
concentration, and the reaction conditions. Here, the effect of
reaction residence time on the synthesis of salicylamide deriv-
atives in the range of 10 to 35 minutes was studied. With the
increase of time, the yield of salicylamide derivatives gradually
rises, as shown in Fig. 5. When the reaction time was 20
minutes, the reaction yield was 81.3%, which reached the
highest yield. With the increase of reaction time, the yield of the
reaction decreases gradually. Therefore, 20 minutes is chosen
as the optimal reaction time for the synthesis of salicylanilide
derivatives in continuous flow microreactors.

Effect of enzyme reusability in a continuous-flow microreactor
and a shaker reactor

Since the reuse of immobilized lipase can reduce production
costs, we evaluated the reusability of the lipase in both
a continuous-flow microreactor and a shaker reactor. After 12
catalytic cycles under identical conditions using the same
enzyme sample, the catalytic yield in the continuous-flow

3a)

| fl 2
B shaker reactor(N-(cyclohexylmethyl)-2-hydroxybenzamide 3a)

Yield(%)

1 2 3 4 5 6 7 8 9 10 11 12
Number of repeated reaction

Fig. 6 The effect of enzyme reusability in a continuous-flow micro-
reactor and a shaker reactor.
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methyl salicylate: tryptamine

Fig. 7 The effect of reaction parameters on the synthesis of N-sali-
cyltryptamine derivatives.

microreactor remained at 37.8% in the final cycle. In contrast,
the lipase lost its catalytic activity entirely after eight cycles in
the shaken flask reactor (Fig. 6).

Synthesis of N-salicyltryptamine derivatives

Tryptamine is an important natural biogenic amine that serves
as a precursor for many biologically active molecules. Its core
activity is closely associated with the presence of the indole ring
and the primary amino group. N-salicyltryptamine derivatives
have been investigated for various biological activities,
including effects on neurodegenerative diseases, antidepres-
sant properties, and antioxidant capacity. We explored the
Lipozyme® TL IM-catalyzed ammonolysis reaction from salicy-
late and tryptamine in a continuous-flow microreactor. The
results showed that the yield of N-salicyltryptamine catalyzed by
Lipozyme® TL IM was 31.2%. Given the low efficiency of Lip-
ozyme® TL IM alone in catalyzing the synthesis of N-salicyl-
tryptamine derivatives, a cooperative catalysis system was
introduced. After evaluating alternatives with similar mild basic
properties, such as sodium carbonate (Na,CO;) and sodium
bicarbonate (NaHCOj;), potassium carbonate (K,CO;z) was

——LK,CO,/Lipozyme®TL IM‘

100 5

80 4

60

Yield(%)

40 1

204

0 T T T T T 1
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K,CO,4/Lipozyme®TL IM mixed catalyst ratio

Fig. 8 K,COsz/Lipozyme®TL
salicyltryptamine.

IM mixed catalyst ratio of N-
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Table 2 Synthesis of N-salicyltryptamine derivatives 5a—t“

i K,CO/Li e®TL IM Q B
ipozym
Ry OCH; Rs NH, 273 Rs. N
+ N UL ¥ K > H
Rz OH N Ry OH

Continuous flow reactor

R, Ry Ra
5a-t

Compound Ry R, R; Ry
5a H H H H
5b H H Br H
5¢ H CH, H H
5d H H H OCH,
5e CH, H H OCH;
5f H CHj, H cl
5g H H H cl
5h H H CH, H
5i H H Cl H
5§ H H cl OCH,
5k H H Br OCH,
51 H H Br Cl
5m CH, H H cl
5n H H CH, cl
50 H H OCH, H
5p H H OCH, OCH,
5q H H OCH; cl
5r H CH, H OCH;,
58 CH, H H H
5t OCH, H H OCH,

% General experimental conditions: continuous flow reactors, 5 mmol
methyl salicylate, 5 mmol tryptamines, methanol, flow rate 20.8
uL min~?, residence time 35 min, 0.1479 g K,CO; + 0.7221 g
Lipozyme®TL IM, 40 °C.

ultimately selected to enhance the reaction efficiency. As a weak
to moderately strong base (pH = 11.6 in aqueous solution),
K,COj; can effectively activate the nucleophilicity of the amino
group (-NH,) in tryptamine to promote amide bond formation,
without deactivating Lipozyme® TL IM (which would occur with
strong bases like NaOH and KOH). Potassium carbonate
(K,CO3) generates ions in the reaction system to reduce the
bond energy of reactant molecules and the reaction activation
energy, thereby accelerating the reaction rate, shortening the
equilibrium time and facilitating amide bond synthesis. These
findings confirmed that K,CO; exhibits excellent adaptability

View Article Online
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for the present reaction system. Using the reaction of methyl
salicylate with tryptamine as a template, we explored the
optimal reaction parameters and ultimately determined the
following conditions: reaction at a molar ratio of 1:1 in meth-
anol at 40 °C for 35 min (Fig. 7), the optimal mixed catalyst ratio
was determined to be 17% K,CO;/Lipozyme® TL IM (Fig. 8). N-
Salicyltryptamine derivatives 5a-t were obtained through the
synergistic catalysis of enzymes and potassium carbonate
(K,CO3) in Table 2.

Comparison of space-time yield in continuous flow
microreactors and shaker reactors

Methyl salicylate reacting with cyclohexanemethylamine
serving as a model reaction. Space-time yield (STY) was used as
a metric to compare the efficiency of the enzymatic reaction
between the continuous-flow microreactor and the shaker
reactor. As summarized in Table 3, STY was higher in the
continuous-flow microreactor, demonstrating that this system
is more suitable for the synthesis of salicylamide derivatives.
The reaction required 16 hours to reach completion in the
conventional shaker reactor (Method B), whereas it was
accomplished in 20 minutes within the continuous-flow
microreactor (Method A).

My

STY = 72VR

where m,, is the mass of the generated product (g),T is the
residence time (h),and VR is the reactor volume (L).

The scope and limitation of the synthesis of salicylamide
derivatives catalyzed by lipozyme TL IM in continuous-flow
microreactors

As shown in Table 4, salicylate esters and amines were used for
the synthesis of salicylamide derivatives in continuous flow
microreactors and shaker reactors. Under the same reaction
conditions, different reaction times and yields were obtained.
Based on this foundation, we explored the scope and limita-
tions of the biocatalytic ammonolysis for the synthesis of sali-
cylamide derivatives. As summarized in Table 4, benzylamines
bearing electron-donating groups (4c, 72.6%) were more favor-
able for the reaction than those with electron-withdrawing

Table 3 Enzymatic synthesis of salicylamide derivatives in a continuous-flow microreactor and a shaker reactor®

o Lipozyme®TL IM Q
oo e it (L)
OH Methanol OH
Entry Method STY(gL™'h™) Yield® (%)
1 A 284.57 81.3 & 0.9%
2 B 1.12 76.5 + 1.2%

“ General experimental conditions: Method A: continuous flow reactors, feed 1, dissolve 5 mmol of methyl salicylate in 10 mL methanol; feed 2,

dissolve 10 mmol of cyclohexanemethylamine in 10 mL methanol, flow rate 31.2 pL min

~1, residence time 20 min, enzyme 870 mg, 35 °C.

Method B: shaker reactors, add 5 mmol of methyl salicylate, 10 mmol of cyclohexanemethylamine and 20 mL methanol to a 50 mL erlenmeyer
flask, Lipozyme®TL IM 870 mg, 160 rpm, 35 °C, 16 h. ? Isolated yield. Yield: 100x (actual obtained amount/calculated amount). The data are

presented as average + SD of triplicate experiments.

1748 | RSC Adv, 2026, 16, 11744-1175]

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra09739h

Open Access Article. Published on 02 March 2026. Downloaded on 4/10/2026 6:20:13 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Table 4 Comparison of the synthesis of salicylamide derivatives in continuous flow microreactors and shaker reactors®

Lipozyme®TL IM

R4NH,

o

A: 20min, 84.140.7%
B: 16h, 78.9+1.9%

o]
N
H
OH
4a

A: 20min, 90.1£1.1%
B: 16h, 87.3£0.9%

A: 20min, 81.3£0.9%
B: 16h, 76.5¢1.2%

A: 20min, 85.9:0.4%
B: 16h, 80.5+2.3%

A: 20min, 83.7+0.6%
B: 16h, 76.7+1.7%

A: 20min, 92.1£0.5%

A: 20min, 62.6£0.7%
B: 16h, 87.3+1.1%

B: 16h, 62.6£0.7%

—NH o —NH

sb sc 5d

A: 35min, 87.1£0.3%
B: 20N, 76.11.3%

A: 35min, 71.3£0.4%
B: 20h, 62.7:0.9%

A: 35min, 78.6£0.6%
B: 20h, 71.241.4%

5i 5

5h

A: 35min, 72.9:0.9%
B: 20h, 69.7+1.7%

A: 35min, 79.6£0.9%
B: 20h, 65.1£1.7%

A: 35min, 70.1£0.5%
B: 200, 67.1£2.6%

A: 35min, 83.3+1.3%
B: 20h, 80.2:2.4%

A: 35min, 69.1£0.7%

B: 20, 63.9:2.3% B: 20n, 80.72.1%

A: 35min, 79.941.2%
B: 20h, 69.1£3.5%

OCH3 5t

Metlmd A or Method B

A: 20min, 75.4£0.7%
B: 16h, 65.1£1.8%

2 o ° o
cw\(;fk,‘/\@\ c o c N
' e, O ;
H
OH cl OH OCH; ol OH
4e
b 40 "

A: 20min, 72.6+0.6%
B: 16h, 69.3:1.4%

o N ™
N~ N~ N
H H \:r,;)
HyC OH OH

OCH;

OCH;

A: 35min, 84.941.7%

NH, K1C03/L1 oz, me®TL IM R,

Mcthod A or Mclhod B Ry ; /\/[Q
OH o} o
o o o Cl: Cl
i /O el N N o N ﬂ u/\/\/\
OH OH OH OH

3n

A: 20min, 91.140.3%
B: 16h, 89.940.7%

A: 20min, 66.3£0.3%
B: 16h, 60.2+1.8%

A: 20min, 72.540.6%
B: 16h, 67.9£1.1%

H

A: 35min, 76.940.3%
B: 20h, 69.7£1.1%

A: 20min, 86.1:0.4%
B: 16h, 75.981.7%

A: 20min, 80.1£0.3%
B: 16h, 75.941.7%

]

A: 35min, 67.240.9%
B: 20h, 65.1+1.7%

A: 35min, 60.4+0.5%
B: 20h, 50.8£0.7%

A: 35min, 89.3+0.5%
B: 20h, 76.841.3%

0 N
N
H
OH
c
CHy 5m

A: 35min, 78.3+0.6%
B: 20h, 70.71.8%

o
N
H
OH
CHs
5

A: 35min, 87.1£0.6%
B: 20h, 83.242.6%

A: 35min, 68.1£0.9%
B: 20h, 65.7+1.7%

A: 35min, 77.940.9%
B: 20h, 73.9:3.1%

A: 35min, 72.8£0.9%
B: 200, 69.5+2.7%

A: 35min, 77.240.9%
B: 20h, 73.8£2.7%

% General experimental conditions: Method A: continuous flow reactors, feed 1, dissolve 5 mmol of methyl salicylate in 10 mL methanol; feed 2,

dissolve 10 mmol of amines in 10 mL methanol or 5 mmol of tryptamines in 10 mL methanol, flow rate 31.2 or 20.8 uL min ,

residence time

20 or 35 min, Lipozyme®TL IM 870 mg or 0.1479 g K,CO; + 0.7221 g Lipozyme®TL IM, 35 or 40 °C. Method B: shaker reactors, add 5 mmol of
methyl salicylate, 10 mmol of amines in 20 mL methanol to a 50 mL erlenmeyer flask or 5 mmol of methyl salicylate, 5 mmol tryptamines in
20 mL methanol to a 50 mL erlenmeyer flask, Lipozyme®TL IM 870 mg or 0.1479 g K,CO; + 0.7221 g Lipozyme®TL IM, 160 rpm, 35 or 40 °C,

16 or 20 h.

groups (4b, 62.6%). Concurrently, for cyclic aliphatic amines,
salicylate esters containing an electron-withdrawing substituent
(3b, 84.1%) yielded higher product formation compared to the
unsubstituted salicylate ester (3a, 81.3%). Salicylate esters with
3-position electron-donating substituents (5s, 87.1%) afford
higher yields in the amidation with tryptamine than their 4-
substituted analogues (5¢, 71.3%) or 5-substituted analogues
(5h, 72.9%).

Experimental section

The equipment diagram for the synthesis of salicylamide
derivatives in the continuous-flow microreactor is depicted in
Fig. 9 and 10. The experimental setup consists of a syringe
pump (Harvard Apparatus Dr 2000), two substrate injectors, a Y-
mixer, a flow reactor with 100 cm x 2 mm PFA tubing and
a product collector. Silica gel tubes were filled with 870 mg of
Lipozyme® TL IM from Thermomyces lanuginosus (reactivity 250
IUN g7') or 870 mg K,CO; + Lipozyme® TL IM and then
immersed in a constant temperature water bath at 35 °C or 40 °
C. 5 mmol of methyl salicylate derivatives were dissolved in

© 2026 The Author(s). Published by the Royal Society of Chemistry

10 mL methanol (feed 1) and 10 mmol of amines (cyclic and
linear aliphatic amines, aryl alkyl amines) were dissolved in
10 mL methanol (feed 2). Feed 1 and 2 were delivered to the Y-
mixer at a flow rate of 31.2 pL min~* with a residence time of
20 min (Fig. 9). 5 mmol of methyl salicylate derivatives were
dissolved in 10 mL methanol (feed 1), and 5 mmol of amines

R OCH,
R; OH
R, 870 mg Lipozyme TL IM
1 Feed 1
Connauo-
’ l
Y-mixer
Mixing ((.'m)) °
N XX R3. N‘R‘
( ;-—
> H
Feed 2 35°C | Rz Ry O;!
R4 NH2 20min
R4- alkylamine, H

2 benzylamine,

L2\

Phenylethylamine

[ )

Product

Fig. 9 The equipment diagram for the synthesis of salicylamide
derivatives in the continuous-flow microreactor catalyzed by Lip-
ozyme® TL IM.
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870 mg K,COg/Lipozyme TL IM

Y-mixer
Mixing

Fig. 10 The equipment diagram for the synthesis of N-salicyltrypt-
amine derivatives in the continuous-flow microreactor catalyzed by
KoCOs/Lipozyme® TL IM.

(tryptamines) were dissolved in 10 mL methanol (feed 2). Feed 1
and 2 were delivered to the Y-mixer at a flow rate of 20.8
uL min~" with a residence time of 35 min (Fig. 10). The
resulting stream was connected to a sample vial to collect the
final mixture. The main products were separated by silica gel
chromatography and were confirmed by '"H NMR, **C NMR.

Conclusion

In conclusion, this study successfully developed a green and
efficient synthetic strategy for salicylamide derivatives by inte-
grating continuous flow technology with biocatalysis. Lip-
ozyme®TL IM from Thermomyces lanuginosus was first used for
the synthesis of salicylamide derivatives in a continuous flow
microreactor. Systematic investigation and optimization of
reaction parameters (solvent, enzyme type, substrate ratio,
temperature, residence time, and K,COj/Lipozyme®TL IM
mixing ratio) provided a reliable technical basis for efficient
synthesis. Substrate structure and electronic effect studies,
using salicylate esters with different substituted groups and
diverse amines (cyclic/linear aliphatic, arylalkyl, tryptamines),
clarified their influence on the reaction. Comparative experi-
ments between continuous flow and batch operations (shaker
reactor) under the same reaction parameters were conducted.
Quantitative evaluation based on space-time yield (STY) showed
that the continuous flow technology improved the production
efficiency, shortened the reaction time and increased the yield.
Substrate scope studies verified the universality of this inte-
grated technology, which enabled the one-step enzymatic ami-
nolysis from salicylate esters and various amines to synthesize
34 distinct salicylamide derivatives. Compared with the re-
ported works, this method features mild reaction conditions
(methanol, 35 or 40 °C), shorter reaction time (20 or 35 min),
a simple post-treatment process (methanol), and readily avail-
able catalyst. Overall, this continuous flow enzymatic process
advances sustainable and green synthesis by enhancing effi-
ciency, increasing yield, and shortening reaction time, aligning
with green chemistry principles. Future work will focus on
expanding the substrate library to access more complex analogs
and extending this versatile platform to the synthesis of other
valuable amide-based compounds.
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