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Purine nucleoside ester is one of the derivatives of purine nucleoside, which has antiviral and anticancer

activities. In this work, a continuous flow synthesis of purine nucleoside esters catalyzed by lipase TL IM

from Thermomyces lanuginosus was successfully achieved. Various parameters including solvent,

reaction temperature, reaction time/flow rate and substrate ratio were investigated. The best yields were

obtained with a continuous flow microreactor for 35 min at 50 °C with the substrate ratio of 1:5

(nucleosides to vinyl esters) in the solvent of tert-amyl alcohol. 12 products were efficiently synthesized
with yields of 78-93%. Here we reported for the first time the use of lipase TL IM from Thermomyces
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lanuginosus in the synthesis of purine nucleoside esters. The significant advantages of this methodology

are a green solvent and mild conditions, a simple work-up procedure and the highly reusable biocatalyst.
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1. Introduction

Infections of emerging and reemerging viruses largely and
globally affect human health. Therefore, the search for new
effective drugs against various viruses with a wide spectrum of
activity remains an urgent task.

Purine nucleosides represent an important structural motif
in life sciences molecules with remarkable biological properties
such as anticancer and antiviral activities.”> Some of them have
been used in clinical therapy, such as vidarabine (antiviral
agent), acyclovir (antiviral drug) and cladribine (anticancer
drug).*® Purine nucleosides showed a relatively low perme-
ability and poor uptake into cells.*® In order to overcome these
limitations, it is a common strategy to convert one or more of
the hydroxyl (OH) units in purine nucleosides to the corre-
sponding ester groups to prepare purine nucleoside prodrugs
for better performance.®*® Valganciclovir, the monoester
derivative of ganciclovir, has better efficacy and bioavailability
as an antiviral alternative."*® Purines are mainly involved in
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This research provides a new technique for rapid synthesis of anticancer and antiviral nucleoside drugs
and is helpful for further screening of drug activity.

metabolic processes, not only used as plant growth regulators,
but also have good activity against plant viruses. Purine nucle-
oside esters can be used as intermediates to synthesize poten-
tial drugs that are involved in cell metabolism.” ™ The 5'-O-
esters of adenosine exhibited antiviral activities against TMV
and PVY.” These purine nucleosides have three hydroxyl
groups, which makes regional selective acylation more difficult,
whereas traditional chemical synthesis requires harsh reaction
conditions and complex reaction steps.*** Accordingly, we
hope to develop a highly regioselective method for the synthesis
of purine nucleoside esters.

Enzymes as novel natural catalysts have led to a new concept
for industrial processes, where biotransformations have
substituted a range of traditional synthetic steps generating
“greener” routes for the production of pharmaceuticals. Enzy-
matic approaches are more highly efficient and specific than
traditional chemical processes.”*?* Many works had been re-
ported on the biocatalysis of purine nucleoside esters. The
lipase from C. antarctica was used to catalyze 5’-O-acylated
adenosines by V. Gotor et al.”” In this work, the target prod-
ucts were obtained in DMSO for 18-24 h. Zhao et al. reported
that regioselective acylation of cytarabine catalyzed by Pseudo-
monas fluorescens whole-cells was obtained after 144 h.*®
Regioselective undecylenoylation of adenosine catalyzed by
Candida antarctica lipase B needed 23 h.*® These works are of
great significance for the biocatalysis of purine nucleoside
esters. As we can see, biocatalytic method of purine nucleoside
esters sometimes required long reaction times or toxic solvents.
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So whether a more efficient and green method to synthesize
purine nucleoside esters can be found has caught our attention.
Continuous flow technology, as one of the top 10 sustainable
development technologies for the future, has gradually matured
in its industrial applications. From the perspective of green
chemistry, continuous flow technology has been proved to be
beneficial for process optimization, offering new synthesis
routes, enhancing reaction selectivity, reducing downstream
processing costs, and improving process safety.***' The
encounter of continuous flow technology and biocatalysis has
endowed green catalytic synthesis with greater sustainable
value. Enzymatic technique integrates with continuous-flow
technology, which enhances the reaction process, decrease
reaction times and increase the productivity.**** Could the
integration of enzymatic method and continuous-flow tech-
nology effectively promote the synthesis of purine nucleoside
esters? In our previous studies, some works about continuous-
flow enzymatic methods were reported.>*>* The objective of
this research was to find an efficient and green continuous-flow
enzymatic method of purine nucleoside esters (Scheme 1).

2. Results and discussion

2.1. Effect of reaction media

Firstly, we explored the enzymatic synthesis of purine nucleo-
side esters in continuous flow reactors. Taking the reaction of
adenosine and vinyl laurate as a model reaction, the reaction
conditions were discussed. Both the catalytic activity of enzyme
and the reaction rate are affected by the reaction medium. In
order to find the best reaction medium, we had tried many
solvents such as tert-amyl alcohol, methanol, ethanol, isopropyl
alcohol, cyclohexane, n-hexane, acetonitrile and DMSO. After
experiments, we found that the reaction effects of tert-amyl
alcohol, isopropyl alcohol, acetonitrile and DMSO were better,
among which tert-amyl alcohol had the best reaction result
(Table 1). Purine nucleosides did not dissolve in these solvents,
such as n-hexane, cyclohexane, methanol and ethanol. Enzymes
also had the problem of clumping in the above solvents. These
factors resulted in the yields of 0. Therefore, we synthesized
purine nucleoside esters catalyzed by lipase TL IM in tert-amyl
alcohol.

lipase

Ry R4

N N N N,

‘t\ [t\

LAy Ly
/~0 /~0

+ 207 R,
Continuous flow reactor
HO -y —OH HO =0~y
HO HO o
1 2 3
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3
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Scheme 1 Synthesis and design of purine nucleoside esters catalyzed
by lipase TL IM in continuous-flow microreactors.
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Table 1 Effect of reaction solvent on the synthesis of purine nucle-
oside esters in continuous-flow microreactors®

Entry Solvent Catalysts LogP Yield” (%)
1 tert-Amyl alcohol None 1.04 n.d.
2 tert-Amyl alcohol Lipase TL IM 1.04 68.4 + 0.9
3 DMSO Lipase TL IM -1.3 49.7 £ 14
4 Acetonitrile Lipase TL IM —0.33 47.1 + 1.7
5 Isopropyl alcohol Lipase TL IM 0.28 21.7 £ 1.1
6 n-Hexane Lipase TL IM 3.94 n.d.
7 Cyclohexane Lipase TL IM 3.44 n.d.
8 Methanol Lipase TL IM —0.76 n.d.
9 Ethanol Lipase TL IM —0.24 n.d.

% Reaction conditions: continuous-flow reactor, feed 1, 10 mL solvent
contained 5.0 mmol adenosine (1a); feed 2, 10 mL solvent contained
35.0 mmol vinyl laurate (2b), enzyme 0.870 g (catalyst reactivity: 250
IUN-g™ "), flow rate 15.6 pL min ', residence time 40 min, 50 °C.
b Isolated yield. Yield: 100 x (actual received quantity/ideal calculated
quantity). The data are presented as average + SD of triplicate experiments.

2.2. Effect of substrate ratio

In the enzymatic reaction, the substrate ratio has a great
influence on the catalytic efficiency of the enzyme and the
product yields. In this study, the concentration of adenosine
was determined, and subsequently, the concentration of vinyl
laurate was systematically adjusted to yield a range of substrate
ratios (adenosine: vinyl laurate) spanning from 1:1 to 1:9. It
could be seen from Fig. 1 that as the ratio of vinyl laurate
increased, the yield of the target product gradually increased.
The maximum yield of 76.4% was obtained when the molar
ratio (adenosine: vinyl laurate) was 1:5. However, when the
molar ratio continued to increase, the yield of the product had
even slightly decreased. Since the glycosyl of adenosine has
multiple hydroxyl groups, as the substrate ratio continued to
increase, more by-products would be produced. Therefore, in
the further condition exploration, we chose adenosine: vinyl
laurate = 1:5 as the optimal substrate ratio.

2.3. Effect of reaction temperature

Enzyme activity has an optimal temperature. Temperature that
is too high or too low would reduce enzyme activity; in addition,
temperature that is too high can also cause enzyme inactivation

® Adenosine laurate ester (3b)

100
_. 8
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)
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> 20

0 millm i

1:1 1:3 1:5 1.7 19

substrate ratio (adenosine : vinyl laurate)

Fig.1 The influence of substrate ratio (adenosine: vinyl laurate) on the
synthesis of adenosine laurate ester catalyzed by lipase TL IM in
continuous-flow microreactors.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The influence of reaction temperature on the synthesis of
adenosine laurate ester catalyzed by lipase TL IM in continuous-flow
microreactors.

or even denaturation. At the same time, with the increase of
temperature, the viscosity of the system decreases, the diffusion
rate increases, and the rate of chemical reaction will also
accelerate. Using lipase TL IM as catalyst, flow reaction was
carried out in tert-amyl alcohol at reaction temperatures of 35 °©
C to 55 °C for 40 min. As shown in the Fig. 2, when the reaction
temperature was 50 °C, the best yield was obtained.

2.4. Effect of residence time

Residence time is an important parameter in microfluidic reac-
tion. The catalysis of the enzyme on the reaction requires a suffi-
ciently long contact time with the substrate, but too long a time
may result in the formation of by-products. The effect of residence
time on enzymatic synthesis of purine nucleoside esters was
studied by increasing the residence time from 20 min to 50 min.
As we can see from Fig. 3, the yield was the highest after 35 min; as
the reaction time continued to increase, the content of main
products gradually reduced. We guessed that the resulting by-
products might be 3’-O-esters of purine nucleosides, 2'-O-esters
of purine nucleosides and 2,3',5-O-esters of purine nucleosides.
The increase of time leaded to the generation of by-products.

2.5. The effect of enzyme reusability on the reaction

Because enzymes can be recycled to reduce production costs,
enzyme reusability is an important aspect of enzyme reactions.
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Fig. 3 The influence of residence time on the synthesis of adenosine
laurate ester catalyzed by lipase TL IM in continuous-flow
microreactors.
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Fig. 4 The influence of number of repeated reaction on the synthesis
of adenosine laurate ester catalyzed by lipase TL IM in continuous-flow
microreactors.

Under optimal reaction conditions, we investigated the yield of
adenosine laurate ester (3b) over 10 reaction cycles to determine
the repeatability of lipase TL IM. As shown in Fig. 4, with the
increase of the number of cycles, the catalytic activity of lipase
TL IM gradually decreased, and the yield of the product was still
49.5% at the last cycle. This shows that lipase TL IM has good
repeatability.

2.6. The effect of substrate structure on the reaction

Firstly, we studied the effect of receptor structure on the
synthesis of purine nucleoside esters (Fig. 5). Choosing aden-
osine as the donor, we found that the longer the carboxyl chain
of vinyl ester, the higher the yield of the target product. The
yield from adenosine to vinyl palmitate (79.2%) was almost
equal to vinyl laurate (78.4%). Meanwhile, the yield of adeno-
sine to vinyl acetate with the shortest chain length was only
64%. Then, using vinyl laurate as acceptor, we continued to
study the effect of different substituents on purine nucleosides
(Fig. 6). We found that under the same reaction conditions, the
yield of adenosine was the lowest (78.4%). This is due to the
presence of a primary amino group on the adenosine, which
leads to the formation of some additional by-products. The
reaction yield of 6-chlorpurine riboside with vinyl laurate was
the highest (93.7%), and almost no byproducts were produced.

® Adenosine ester

100
s 80
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o 40
0
vinyl vinyl Vinyl Divinyl
acetate laurate palmitate Adipate

different kinds of vinyl esters

Fig. 5 The effect of different kinds of vinyl esters on the synthesis of
adenosine laurate ester catalyzed by lipase TL IM in continuous-flow
microreactors.
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Fig. 6 The effect of different kinds of purine nucleosides on the
synthesis of adenosine laurate ester catalyzed by lipase TL IM in
continuous-flow microreactors.

2.7. Comparing the synthesis of purine nucleoside esters
from purine nucleosides and vinyl esters in a continuous-flow
reaction and a batch reaction

To investigate the effect of enzymatic reactions in different
reactors, we optimized the conditions of enzymatic reactions in
a continuous-flow reaction and a batch reaction (Table 2). In the
batch reaction (method A), it took about 26 h to obtain the
desired yields. However, in the continuous-flow reaction
(method B), better yields can be obtained in 35 minutes. Space
time yield (STY) is a common index to evaluate the production
effect of different reactors. Therefore, the reaction of adenosine
with vinyl laurate was used as a model reaction to calculate STY
(g L' h™") to evaluate the productivity of two reactors. It was
found that STY of the continuous-flow reactor was higher. The
results showed that the continuous-flow reactor was more
beneficial to improve the efficiency of enzymatic synthesis of
purine nucleoside esters.

STY =myp, x T x V™!
STY(Method A) = 1.125 gL' h!
STY(Method B) = 62.06 g L™' h™!

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

2.8. The toxicologically evaluation

We got the toxicological data of purine nucleosides from the
Chemical Toxicity Database and the Toxnet. Adenosine might
cause the consequences of arrhythmia, headache, bronchiolar
constriction and rapid heartbeat. In addition, adenosine might
cause drug-induced liver damage. Inosine might cause stomach
upset and diarrhoea. The oral LDs, of adenosine in the rat was
greater than 20 mg kg~ ". The dose of inosine's oral LDs, test in
the rat was greater than 10 mg kg~ '. The intraperitoneal LDs, of
6-chloropurine riboside in the rat was greater than 800 mg kg™ .

We used the analysis function of the QSAR Toolbox to
predict the toxicity of the impurities. The structures of 3'-O-
esters of purine nucleosides and 2'-O-esters of purine nucleo-

sides were similar to puromycin (hepatotoxicity) and
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puromycin aminonucleoside (renal toxicity). 2/,3’,5’-O-esters of
purine nucleosides were similar to auranofin (renal toxicity).
The dose of puromycin's intraperitoneal LDs, test in the mouse
was 500 mg kg~ '. The dose of puromycin aminonucleoside's
intraperitoneal DNA inhibition test in the mouse was 83 mg
kg~ '. The dose of auranofin's oral LDs, test in the rat was
265 mg kg .

2.9. The nitrosamine risk assessment

We conducted a nitrosamine risk assessment from two aspects.

The risk assessment of process materials was the first step.
No sodium nitrite or other nitrite reagents were used in the
whole reaction process. The preparation process of purine
nucleosides, vinyl esters and tert-amyl alcohol did not use
amine compounds and nitroso compounds. The risk of nitro-
samine impurity contamination was low.

The second step was the risk assessment of the reaction
process. tert-Amyl alcohol was a neutral solvent. No nitroso
compounds were used in this reaction, only purine nucleosides
were used. And it was not a strong acidic reaction. It was
assumed that nitrosamine impurities were formed by the
reactions of purine nucleosides and very small amount of
nitroso in the water under the acidic condition. The content of
nitrosamine impurities would be very low and it could be
considered to test the finished product for further confirmation.

3. Materials and methods

3.1. Materials

All chemicals in this study were obtained from commercial
sources and did not require further purification. Lipase TL IM
form Thermomyces lanuginosus was purchased from Novo Nor-
disk. Adenosine was purchased from Macklin (Shanghai,
China), inosine was purchased from Accela (Shanghai, China),
6-chloropurine nucleoside was purchased from Aladdin
(Shanghai, China). Vinyl acetate was purchased from SCRC
(Shanghai, China), vinyl laurate from Aladdin (Shanghai,
China), vinyl palmitate and divinyl adipate from TCI (Tokyo,
Japan). Harvard Instrument PHD 2000 syringe pump was
purchased from Harvard University (Holliston, MA, USA). The
flow reactor and Y-mixer were purchased from Beijing Haigui
Medical Engineering Design Co., Ltd. (Beijing China). A 400
MHz NMR spectrometer (Billerica, MA, USA) were also used in
this study.

3.2. Experimental setup and experiment conditions

The apparatus configuration used for the synthesis of purine
nucleoside esters in a continuous flow microreactor is shown in
Fig. 7. The experimental Apparatus consisted of five main
components: a syringe pump (Harvard Apparatus Dr. 2000),
substrate injectors, a Y-mixer, a flow reactor, and a product
collector. Preparation: the flow reactor with an inner diameter
of 2 mm was first filled with 0.870 g lipase TL IM, particle size
0.3-1.0 mm, reactivity 250 IUN g !, and then immersed in
a constant temperature water bath at 50 °C. Work began:
5.0 mmol purine riboside dissolved in 10 mL ¢ert-amyl alcohol

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Batch and continuous-flow synthesis of purine nucleoside esters catalyzed by lipase TL IM

R4
NN

Ry
N XN
|)i\
L N}

lipase
* /\OJ\R2 g
o / ] o
HO'QW,/OH continuous-flow microreactor ;o "':/O\H/Rz
HO HO o
1 2 3

Entry R, R, Method” Time ield® (%)

1 NH, CH, A 26 h 59.1 + 0.7(3a)
B 35 min 64.0 + 1.1(3a)

2 NH, CyHys A 26 h 64.5 + 0.6(3b)
B 35 min 78.4 + 0.9(3b)

3 NH, CysHay A 26 h 63.1 + 0.4(3c)
B 35 min 79.2 £ 1.6(3¢)

4 NH, (CH,),COOCH=CH, A 26 h 60.6 + 0.5(3d)
B 35 min 74.7 £ 0.7(3d)

5 OH CH, A 26 h 58.3 + 0.9(3e)
B 35 min 67.5 + 0.6(3¢)

6 OH Ci1Ha, A 26 h 77.4 £ 0.7(3f)
B 35 min 86.1 + 1.2(3f)

7 OH CysHay A 26 h 78.6 + 1.3(3g)
B 35 min 88.7 + 0.9(3g)

8 OH (CH,),COOCH=CH, A 26 h 73.2 + 0.7(3h)
B 35 min 77.3 + 1.4(3h)

9 cl CH, A 26 h 61.7 + 0.7(3i)
B 35 min 71.4 + 0.8(3i)

10 cl CyHys A 26 h 85.3 + 1.3(3j)
B 35 min 93.7 + 0.9(3j)

11 cl CysHay A 26 h 84.6 + 0.8(3k)
B 35 min 92.9 + 1.1(3k)

12 cl (CH,),COOCH=CH, A 26 h 72.3 + 0.8(31)
B 35 min 80.5 + 1.6(31)

% Method A: batch reactor, 5.0 mmol purine nucleoside (1) and 25.0 mmol vinyl esters (2) added to 20 mL ¢er-amyl alcohol in a 50 mL erlenmeyer
flask, 0.870 g lipase TL IM M (catalyst reactivity: 250 IUN g~ '), 26 h, 50 °C. Method B: continuous-flow reactor, feed 1, 10 mL tert-amyl alcohol
contained 5.0 mmol purine nucleoside (1); feed 2, 10 mL tert-amyl alcohol contained 25.0 mmol vinyl esters (2), lipase TL IM 0.870 g (catalyst
reactivity: 250 TUN g~ '), flow rate 18.3 uL min~", residence time 35 min, 50 °C. ? Isolated yield. Yield: 100 x (actual received quantity/ideal
calculated quantity). The data are presented as average + SD of triplicate experiments.

in feed 1 and 25.0 mmol vinyl esters dissolved in 10 mL tert-
amyl alcohol in feed 2. The two solutions were intersected in
a Y-type mixer, and the mixed flow was passed through the flow

Pump A
NS N\> Feed 1
Q N Continuous-flow microreactor
NN NN T B
/~0
HO
HO
X L
NN
aa O
NN

HO o

Product

Fig. 7 Equipment for the enzymatic synthesis of purine nucleoside
esters in continuous-flow microreactors.

© 2024 The Author(s). Published by the Royal Society of Chemistry

reactor at the flow rate of 18.3 uL min " with a residence time of
35 min. Finally, the reaction solution was collected and dried by
evaporation. The products were separated by silica gel chro-
matography (eluent: dichloromethane/methanol from 30/1 to
24/1). The main products were determined by '"H NMR and *C
NMR.

3.3. Analytical methods

3.3.1. Thin-layer chromatography (TLC). TLC analysis with
dichloromethane/methanol 10/1 (v/v) as the eluent. The results
were detected by UV irradiation at 254 nm.

3.3.2. Nuclear magnetic resonance (NMR). The product
obtained by column chromatography separation and purifica-
tion was subjected to "H NMR and "*C NMR structure confir-
mation on NMR spectrometer.

3.3.2.1 (5-(6-Amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl acetate (3a). White solid,

RSC Adv, 2024, 14,10953-10961 | 10957
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"H NMR (400 MHz, DMSO-d,) 6 8.32 (s, 1H), 8.16 (d,J = 3.6 Hz,
1H), 7.33 (s, 2H), 5.93 (s, 1H), 5.61 (s, 1H), 5.43-5.35 (m, 1H),
4.69 (s, 1H), 4.18 (d, J = 80.4 Hz, 4H), 2.01 (s, 3H); "*C NMR (101
MHz, DMSO) 6 170.68, 156.54, 153.14, 149.80, 140.20, 119.60,
88.19, 81.94, 73.29, 70.75, 64.37, 21.05.

3.3.2.2 (5-(6-Amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl dodecanoate (3b). White
solid, "H NMR (400 MHz, DMSO-d) 6 8.30 (s, 1H), 8.14 (s, 1H),
7.30 (s, 2H), 5.90 (d, J = 4.9 Hz, 1H), 5.59 (d, ] = 5.6 Hz, 1H), 5.38
(d, J = 5.4 Hz, 1H), 4.66 (q, /] = 5.2 Hz, 1H), 4.33 (dd, J = 11.9,
3.7 Hz, 1H), 4.29-4.23 (m, 1H), 4.19 (dd, J = 11.9, 6.1 Hz, 1H),
4.11-4.03 (m, 1H), 2.32-2.24 (m, 2H), 1.51-1.43 (m, 2H), 1.21 (d,
J = 5.8 Hz, 16H), 0.85 (t, /] = 6.7 Hz, 3H); ">*C NMR (101 MHz,
DMSO) 6 173.26, 156.54, 153.11, 149.93, 140.14, 119.59, 88.22,
81.92, 73.34, 70.70, 64.14, 33.77, 31.75, 29.43, 29.31, 29.16,
29.11, 28.84, 24.83, 22.56, 14.43.

3.3.2.3 (5-(6-Amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl palmitate (3c). White solid,
'H NMR (400 MHz, DMSO-dg) 6 8.31 (s, 1H), 8.14 (s, 1H), 7.33 (s,
2H), 5.91 (d,J = 4.8 Hz, 1H), 5.59 (d, J = 5.8 Hz, 1H), 5.38 (d, /] =
5.5 Hz, 1H), 4.66 (q, ] = 5.2 Hz, 1H), 4.37-4.14 (m, 3H), 4.07 (q, ]
= 5.2, 4.8 Hz, 1H), 2.28 (t, J = 7.4 Hz, 2H), 1.47 (p, ] = 6.7 Hz,
2H), 1.29-1.15 (m, 24H), 0.85 (t, ] = 6.6 Hz, 3H); '*C NMR (101
MHz, DMSO) 6 173.22, 156.54, 153.07, 149.77, 140.13, 119.62,
88.23, 81.91, 73.35, 70.73, 64.18, 33.77, 31.77, 29.52, 29.49,
29.44, 29.34, 29.19, 29.15, 28.87, 24.84, 22.57, 14.42.

3.3.2.4 (5-(6-Amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl ~ vinyl  adipate  (3d).
Yellowish solid, "H NMR (400 MHz, DMSO-d¢) 6 8.32 (s, 1H),
8.16 (s, 1H), 7.32 (s, 2H), 7.21 (t, ] = 10.2 Hz, 1H), 5.92 (m, 1H),
4.89 (s, 1H), 4.67 (s, 2H), 4.38-4.31 (m, 1H), 4.29 (s, 1H), 4.22 (s,
1H), 4.07 (s, 1H), 2.86 (s, 1H), 2.42 (s, 1H), 2.28 (s, 3H), 2.17 (s,
1H), 1.16 (d, J = 49.4 Hz, 4H); C NMR (101 MHz, DMSO)
6173.68, 170.75, 156.53, 153.10, 149.78, 141.65, 140.17, 119.60,
98.35, 88.28, 81.93, 73.39, 70.74, 64.24, 34.09, 33.46, 24.46,
24.22.

3.3.2.5 (3,4-Dihydroxy-5-(6-hydroxy-9H-purin-9-yl)
tetrahydrofuran-2-yl)methyl acetate (3e). White solid, "H NMR
(400 MHz, DMSO-dg) 6 12.43 (s, 1H), 8.29 (s, 1H), 8.09 (s, 1H),
5.91 (d,J = 5.0 Hz, 1H), 5.65 (s, 1H), 4.58 (t, ] = 5.1 Hz, 1H), 4.31
(dd,j=11.9, 3.6 Hz, 1H), 4.19 (dq,/ = 11.8, 6.0, 5.5 Hz, 2H), 4.10
(dt,J = 5.8, 3.9 Hz, 1H), 3.17 (s, 1H), 2.02 (s, 3H); *C NMR (101
MHz, DMSO-dg) 6 170.70, 157.06, 148.70, 146.43, 139.34, 124.95,
88.15, 82.17, 73.75, 70.70, 64.30, 21.05.

3.3.2.6 (3,4-Dihydroxy-5-(6-hydroxy-9H-purin-9-yl)
tetrahydrofuran-2-yl)methyl dodecanoate (3f). White solid, 'H
NMR (400 MHz, DMSO-d) 6 12.42 (s, 1H), 8.27 (s, 1H), 8.07 (s,
1H), 5.89 (d, J = 4.9 Hz, 1H), 5.63 (d, J = 5.8 Hz, 1H), 5.43-5.38
(m, 1H), 4.55 (q,J = 4.3 Hz, 1H), 4.31 (dd, J = 12.0, 3.7 Hz, 1H),
4.19 (q, J = 6.1 Hz, 2H), 4.09 (q, ] = 4.8 Hz, 1H), 2.29 (t, ] =
7.4 Hz, 2H), 1.48 (p, ] = 6.9 Hz, 2H), 1.30-1.18 (m, 16H), 0.85 (s,
2H), 0.84 (d, J = 13.4 Hz, 1H). >*C NMR (101 MHz, DMSO)
6 173.23, 157.02, 148.66, 146.37, 139.23, 124.97, 88.17, 82.12,
73.83, 70.67, 64.12, 33.78, 31.76, 29.45, 29.34, 29.18, 29.15,
28.86, 24.86, 22.57, 14.42.

3.3.2.7 (3,4-Dihydroxy-5-(6-hydroxy-9H-purin-9-yl)
tetrahydrofuran-2-yl)methyl palmitate (3g). White solid. "H NMR
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(400 MHz, DMSO-d¢) 6 8.26 (s, 1H), 8.06 (s, 1H), 5.88 (d, ] =
4.9 Hz, 1H), 5.65-5.60 (m, 1H), 5.40 (s, 1H), 4.54 (t, ] = 5.0 Hz,
1H), 4.30 (dd, J = 11.9, 3.7 Hz, 1H), 4.23-4.14 (m, 2H), 4.12-4.04
(m, 1H), 2.50 (t,] = 2.0 Hz, 1H), 2.29 (t,] = 7.3 Hz, 2H), 1.47 (q, ]
= 7.1 Hz, 2H), 1.35-1.18 (m, 24H), 0.84 (t, ] = 6.7 Hz, 3H). *C
NMR (101 MHz, chloroform-d) 6 172.78, 156.58, 148.22, 145.93,
138.79, 124.53, 87.74, 81.68, 73.39, 70.23, 63.69, 33.34, 31.33,
29.08, 29.05, 29.01, 28.91, 28.75, 28.72, 28.60, 28.44, 24.42,
22.13, 13.97.

3.3.2.8 (3,4-Dihydroxy-5-(6-hydroxy-9H-purin-9-yl)
tetrahydrofuran-2-yl)methyl vinyl adipate (3h). White solid, 'H
NMR (400 MHz, DMSO-d;) 6 12.42 (s, 1H), 8.28 (s, 1H), 8.09 (s,
1H), 7.20 (dd, J = 14.0, 6.3 Hz, 1H), 5.91 (d, ] = 4.8 Hz, 1H), 5.84-
5.14 (m, 1H), 4.89 (d, J = 1.6 Hz, 1H), 4.85 (d, J = 1.6 Hz, 1H),
4.66-4.54 (m, 2H), 4.32 (dd, J = 11.9, 3.7 Hz, 1H), 4.25-4.16 (m,
2H), 4.11 (dt, J = 5.8, 4.0 Hz, 1H), 2.46-2.38 (m, 2H), 2.38-2.30
(m, 2H), 1.55 (tt,] = 7.2, 3.7 Hz, 4H); "*C NMR (101 MHz, DMSO-
de) 6 173.03, 170.69, 157.07, 148.68, 146.41, 141.65, 139.30,
124.96, 98.47, 88.19, 82.14, 73.79, 70.68, 64.20, 33.35, 33.09,
24.11, 23.86.

3.3.2.9 (5-(6-Chloro-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl acetate (3i). White solid, "H
NMR (400 MHz, DMSO-d,) 6 8.87 (s, 1H), 8.81 (s, 1H), 6.07 (d, ] =
4.6 Hz, 1H), 5.71 (d,J = 5.7 Hz, 1H), 5.48 (d, ] = 5.5 Hz, 1H), 4.71
(q,J = 5.1 Hz, 1H), 4.38-4.12 (m, 4H), 2.01 (s, 3H); **C NMR (101
MHz, DMSO) 6 170.68, 152.24, 151.95, 149.88, 146.49, 131.92,
88.99, 82.35, 73.54, 70.62, 64.17, 21.02.

3.3.2.10 (5-(6-Chloro-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl dodecanoate (3j). White
solid, "H NMR (400 MHz, DMSO-d) 6 8.86 (s, 1H), 8.80 (s, 1H),
6.07 (d, J = 4.5 Hz, 1H), 5.69 (d, J = 5.4 Hz, 1H), 5.45 (d, ] =
5.6 Hz, 1H), 4.71 (q, J = 5.0 Hz, 1H), 4.32 (qd, J = 11.5, 11.1,
4.7 Hz, 2H), 4.26-4.20 (m, 1H), 4.16 (q, J = 4.9 Hz, 1H), 2.25 (td,J
= 7.4, 2.4 Hz, 2H), 1.44 (p, ] = 6.8 Hz, 2H), 1.30-1.15 (m, 16H),
0.81 (t, J = 6.7 Hz, 3H); ">*C NMR (101 MHz, DMSO) 6 173.12,
152.16, 151.93, 149.90, 146.46, 131.94, 89.07, 82.30, 73.62,
70.58, 63.90, 33.76, 31.75, 29.44, 29.33, 29.17, 29.13, 28.86,
24.82, 22.55, 14.31.

3.3.2.11 (5-(6-Chloro-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl palmitate (3k). White solid,
'H NMR (400 MHz, DMSO-d,) 6 8.87 (s, 1H), 8.82 (s, 1H), 6.06 (d,
J=4.5Hz, 1H), 5.68 (d, J = 5.4 Hz, 1H), 5.44 (d, ] = 5.6 Hz, 1H),
4.71 (q, J = 5.0 Hz, 1H), 4.38-4.19 (m, 3H), 4.14 (td, J = 5.6,
3.6 Hz, 1H), 3.33 (d,/ = 1.8 Hz, 4H), 2.25 (td, J = 7.4, 2.8 Hz, 2H),
1.44 (p,J = 7.1 Hz, 2H), 1.22 (d, J = 3.5 Hz, 13H), 1.17 (s, 7H),
0.89-0.81 (m, 3H); ">C NMR (101 MHz, DMSO) 6 173.19, 152.24,
151.98, 149.88, 146.55, 131.94, 89.03, 82.32, 73.55, 70.56, 63.89,
33.76, 31.76, 29.51, 29.49, 29.45, 29.41, 29.30, 29.17, 29.09,
28.82, 24.83, 22.56, 14.40.

3.3.2.12 (5-(6-Chloro-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl vinyl adipate (31). Yellow
solid, "H NMR (400 MHz, DMSO-d,) 6 8.81 (d, J = 22.4 Hz, 2H),
7.16 (dd, J = 14.0, 6.3 Hz, 1H), 6.08 (d, J = 4.4 Hz, 1H), 5.71 (d, ]
= 5.5 Hz, 1H), 5.47 (d, J = 5.6 Hz, 1H), 4.82 (dd, J = 14.0, 1.6 Hz,
1H), 4.73 (q,J = 5.0 Hz, 1H), 4.58 (dd, J = 6.4, 1.6 Hz, 1H), 4.32
(dtd,J=29.1,12.0, 4.7 Hz, 3H), 4.18 (td, ] = 5.4, 3.5 Hz, 1H), 2.39
(t,J = 6.4 Hz, 2H), 2.31 (t, ] = 5.3 Hz, 2H), 1.58-1.48 (m, 4H); **C
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NMR (101 MHz, DMSO) 6 172.96, 170.57, 152.13, 151.89, 149.90,
146.36, 141.55, 131.92, 98.24, 89.07, 82.29, 73.64, 70.60, 64.01,
33.35, 33.08, 24.08, 23.82.

4. Conclusions

Purine nucleosides represent an important structural motif in
life science molecules with remarkable biological properties.
One of the derivatives of this compound is purine nucleoside
ester, which has many potential effects such as anticancer and
antiviral activities. Some of them have been used in clinical
therapy as antiviral and anticancer drugs. In this work, the
continuous flow synthesis of purine nucleoside esters catalyzed
by lipase TL IM from Thermomyces lanuginosus was successfully
achieved. Various parameters including solvent, reaction
temperature, reaction time/flow rate and substrate ratio were
investigated. The best yields of purine nucleoside esters (78-
93%) were obtained for 35 min with the substrate ratio of 1:5
(nucleosides to vinyl esters) at 50 °C in the solvent of tert-amyl
alcohol. 3 purine nucleosides (adenosine, inosine, 6-chlor-
opurine) and 4 vinyl esters (vinyl acetate, vinyl laurate, vinyl
palmitate, divinyl adipate) were used to synthesize 12 purine
nucleoside esters. Here we reported for the first-time the use of
lipase TL IM from Thermomyces lanuginosus in the synthesis of
purine nucleoside esters. The significant advantages of this
methodology are green solvent (tert-amyl alcohol) and mild
conditions (50 °C), easy handling of the highly reusable bio-
catalyst and environmental-friendly processes. The encounter
of continuous flow technology and enzymatic technique has
endowed green catalytic synthesis with greater sustainable
value, enhanced the reaction process, decreased reaction times
and increased the productivity. This research provides a new
technique for rapid synthesis of anti-cancer and antiviral
nucleoside drugs and is helpful for further screening of drug
activity. With this approach, more nucleoside esters can be
efficiently synthesized.

Author contributions

S.-Y. Z., G.-N. F. and L.-H. D.: subject selection, experimental
design, drafted and revised the manuscript; S.-Y. Z., G.-N. F., Z.-
K. S.: background research and experimental optimization; S.-Y.
Z., Z-K. S., A-Y. Z., H-]. X. and H. L.: collecting data; B.-L.
Y., M.-M. X,, Z-X. R,, G.-N. F., B.-L. P,, T.-Y. Z. and X.-P. L.:
analyze the data and revise the manuscript. All authors read and
approved the final manuscript.

Conflicts of interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This research was funded by the Natural Science Foundation of
Zhejiang  Province grant number (ZCLTGN24B0201,

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

LGN20C200020 and KYYHX- 20211096), the Key Research &
Development Projects of Zhejiang Province grant number
(2020C03090), the Zhejiang Provincial Key Discipline of
Chemistry Biology, the National Science and Technology
Support Project (2015BAD14B0305), the National Natural
Science Foundation of China (21306172), and the Science and
Technology Research Program of Zhejiang Province grant
number (2014C32094), and the APC was funded by the Natural
Science Foundation of Zhejiang University of Technology grant
number (116004029).

References

1 P. Wu, D. Wan, G. Xu, G. Wang, H. Ma, T. Wang, Y. Gao, J. Qi,
X. Chen, J. Zhu, et al., An Unusual Protector- protégé Strategy
for the Biosynthesis of Purine Nucleoside Antibiotics, Cell
Chem. Biol., 2017, 24(2), 171-181.

2 Z. Zhang, K. Li, Z. Zheng and Y. Liu, Cordycepin inhibits
colon cancer proliferation by suppressing MYC expression,
BMC Pharmacol. Toxicol., 2022, 23(1), 12.

3 ]J. Lindstroem, A. Hellden, J. Lycke, A. Grahn and M. Studahl,
An unexpectedly high occurrence of aciclovir-induced
neuropsychiatric symptoms in patients treated for
herpesvirus CNS infection: a prospective observational
study, J. Antimicrob. Chemother., 2019, 74(12), 3565-3572.

4 Z. Wang, R. Zang, Z. Niu, W. Wang, X. Wang and Y. Tang,
Synthesis and antiviral effect of phosphamide modified
vidarabine for treating HSV 1 infections, Bioorg. Med.
Chem. Lett., 2021, 52, 128405.

5 G. Goyal, J. P. Abeykoon, M. Hu, J. R. Young, M. V. Shah,
N. Bennani, C. Nora, G. Timothy, C. C. Hook, A. Pardanani,
D. ]J. Inwards, et al., Single-agent cladribine as an effective
front-line therapy for adults with Langerhans cell
histiocytosis, Am. J. Hematol., 2021, 96(5), E146-E150.

6 T. Fukuuchi, M. Kobayashi, N. Yamaoka and K. Kaneko,
Evaluation of cellular purine transport and metabolism in
the Caco-2 cell using comprehensive high-performance
liquid chromatography method for analysis of purines,
Nucleosides, Nucleotides Nucleic Acids, 2016, 35(10-12), 663—
669.

7 H. Schwenzer, E. De Zan, M. Elshani, R. van Stiphout,
M. Kudsy, J. Morris, V. Ferrari, I. H. Um, J. Chettle,
F. Kazmi, L. Campo, A. Easton, S. Nijman, M. Serpi,
S. Symeonides, R. Plummer, D. J. Harrison, G. Bond and
S. P. Blagden, The novel nucleoside analog ProTide NUC-
7738 overcomes cancer resistance mechanisms in vitro and
in a first-in-human phase I clinical trial, Clin. Cancer Res.,
2021, 27(23), 6500-6513.

8 A. Kropotov, V. Kulikova, L. Solovjeva, A. Yakimov,
K. Nerinovski, M. Svetlova, J. Sudnitsyna, A. Plusnina,
M. Antipova, M. Khodorkovskiy, M. E. Migaud,
S. Gambaryan, M. Ziegler and A. Nikiforov, Purine
nucleoside phosphorylase controls nicotinamide riboside
metabolism in mammalian cells, J. Biol Chem., 2022,
298(12), 102615.

RSC Adv, 2024, 14, 10953-10961 | 10959


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra00097h

Open Access Article. Published on 04 April 2024. Downloaded on 3/30/2026 6:39:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

9 L. Fujun, M. Hans and A. Tom, Prodrugs of nucleoside
analogues for improved oral absorption and tissue
targeting, J. Pharm. Sci., 2007, 97(3), 1109-1134.

10 B. Escobar, J. Fernando, M. Fernandez, D. Margarita,
C. Giordani, F. Castelli and M. G. Sarpietro, Anomalous
interaction of tri-acyl ester derivatives of uridine
nucleoside with a L-alpha-dimyristoylphosphatidylcholine
biomembrane model: a differential scanning calorimetry
study, J. Pharm. Pharmacol., 2019, 71(3), 329-337.

11 J. O. Straub, Combined environmental risk assessment for
the antiviral ~ pharmaceuticals  ganciclovir = and
valganciclovir in Europe, Environ. Toxicol. Chem., 2017,
36(8), 2205-2216.

12 X. Zhou, S. Wang, Y. Zhu, Y. Pan, L. Zhang and Z. Yang,
Overcoming the delivery barrier of oligonucleotide drugs
and enhancing nucleoside drug efficiency: The use of
nucleolipids, Med. Res. Rev., 2020, 40(4), 1178-1199.

13 C.]. Gordon, E. P. Tchesnokov, R. F. Schinazi and M. Gotte,
Molnupiravir promotes SARS-CoV-2 mutagenesis via the
RNA template, J. Biol. Chem., 2021, 297(1), 100770.

14 B. Chen, S.-S. Hu, W.-B. Rui, H.-M. An, X.-H. Zhali,
Xi-H. Wang, J.-Q. Lu, K. Shao and P.-]J. Zhou, Population
Pharmacokinetics and Bayesian Estimation of the Area
Under the Concentration-Time Curve for Ganciclovir in
Adult Chinese Renal Allograft Recipients After
Valganciclovir Administration, J. Clin. Pharmacol., 2021,
61(3), 328-338.

15 G. M. Reddy, R. V. Prasada, K. Satyanarayana, V. Ravindra
and G. Venkateshwarlu, Alternative Synthesis of
Valganciclovir Hydrochloride, Synth. Commun., 2013, 43(3),
425-430.

16 M. Segarra-Newnham and M. I. Salazar, Valganciclovir:
a new oral alternative for cytomegalovirus retinitis in
human immunodeficiency virus-seropositive individuals,
Pharmacotherapy, 2002, 22(9), 1124-1128.

17 B. Kumar and M. Arun, Roman. Regioselective 02',03'-
Deacetylation of Peracetylated Ribonucleosides by Using
Tetra-n-butylammonium Fluoride, Eur. J. Org Chem., 2014,
2014(17), 3551-3555.

18 O. Scudiero, E. Nigro, M. L. Monaco, G. Oliviero and
R. Polito, New synthetic AICAR derivatives with enhanced
AMPK and ACC activation, J. Enzyme Inhib. Med. Chem.,
2016, 31(5), 748-753.

19 G. Oliviero, et al., A solid-phase approach to the synthesis of
N-1-alkyl analogues of cyclic inosine-diphosphate-ribose
(cIDPR), Tetrahedron, 2010, 66, 1931-1936.

20 J. Lv, J. Zou, Y. Nong, ]J. Song, T. Shen, H. Cai, C. Mou,
W. Lyu, Z. Jin and Y. Robin Chi, Catalytic Regioselective
Acylation of Unprotected Nucleosides for Quick Access to
COVID and Other Nucleoside Prodrugs, ACS Catal., 2023,
13, 9567-9576.

21 B. Joe, D. P. Gordon, J. E. Harvey and R. A. Keyzers, Kinase-
Inhibitory Nucleoside Derivatives from the Pacific Bryozoan
Nelliella nelliiformis, J. Nat. Prod., 2020, 83(2), 547-551.

22 M. Ali, M. Rousta, M. Shekouhy, D. Khalili, M. Samadi and
A. Khalafi-Nezhad, Nanostructured Mesoporous Zinc-
Incorporated Copper Oxide (NMZI-CuO): An Efficient and

10960 | RSC Adv, 2024, 14, 10953-10961

View Article Online

Paper

Reusable Nanocatalyst for the Synthesis of Esters through
a C-H Functionalization, Asian J. Org. Chem., 2019, 8(3),
356-368.

23 H. Zheng, Q. Xiao, F. Mao, A. Wang, L. Mu, Q. Wang,
P. Zhang and X. Pei, Programing a cyanide-free
transformation of aldehydes to nitriles and one-pot
synthesis of amides through tandem chemo-enzymatic
cascades, RSC Adv., 2022, 12, 17873.

24 H. Li, F. Qin, L. Huang, W. Jia, M. Zhang, X. Li and Z. Shu,
Enzymatic synthesis of 2-phenethyl acetate in water
catalyzed by an immobilized acyltransferase from
Mycobacterium smegmatis, RSC Adv., 2022, 12, 2310.

25 H. Shangguan, S. Zhang, X. Li, Z. Qi, J. Shi, Q. Deng and
F. Huanga, Synthesis of lutein esters using a novel
biocatalyst of Candida antarctica lipase B covalently
immobilized on functionalized graphitic carbon nitride
nanosheets, RSC Adv., 2020, 10, 8949.

26 Z.Li, Y.Fang,]. Yang, H. Chen, B. Yang and Y. Wang, A green
and efficient two-step enzymatic esterification-hydrolysis
method for enrichment of ¢9,t11-CLA isomer based on
a three-liquid-phase system, RSC Adv., 2023, 13, 26690.

27 F. Moris and V. Gotor, A Useful and Versatile Procedure for
the Acylation of Nucleosides through an Enzymatic
Reaction, J. Org. Chem., 1993, 58, 653-660.

28 M. Yang, H. Wu, Y. Lian, X. Li, Y. Ren, F. Lai and G. Zhao,
Using ionic liquids in whole-cell biocatalysis for the
nucleoside acylation, Microb. Cell Factories, 2014, 13, 143.

29 W.-L. Gao, N. Li and M.-H. Zong, Highly regioselective
synthesis of undecylenic acid esters of purine nucleosides
catalyzed by Candida antarctica lipase B, Biotechnol. Lett.,
2011, 33, 2233-2240.

30 R. W. Toh, M. Patrzalek, T. Nienaltowski, J. Piatkowski,
A. Kajetanowicz, J. Wu and K. Grela, Olefin Metathesis in
Continuous Flow Reactor Employing Polar Ruthenium
Catalyst and Soluble Metal Scavenger for Instant
Purification of Products of Pharmaceutical Interest, ACS
Sustainable Chem. Eng., 2021, 9(48), 16450-16458.

31 C.-T. Zhang, R. Zhu, a Z. Wang, B. Ma, A. Zajac, M. Smiglak,
C.-N. Xia, S. L. Castle and W.-L. Wang, Continuous flow
synthesis of diaryl ketones by coupling of aryl Grignard
reagents with acyl chlorides under mild conditions in the
ecofriendly solvent 2-methyltetrahydrofuran, RSC Adv.,
2019, 9, 2199.

32 Y. Zhang, P. Bai, M. Zhang, L. Wei, X. Zhang and H. Yang,
Pickering Droplet-Derived Silica Microreactors with
a Biomimetic Aqueous Environment for Continuous-Flow
Enzymatic Reactions, ACS Sustain. Chem. Eng., 2022, 10(1),
662-670.

33 K. Chen, W. Han, X. Hu, Y. Liu, Y. Hu, S. Zhao, N. Zhu,
Z. Fang and K. Guo, Microreactor-based chemo-enzymatic
ROP-ROMP platform for continuous flow synthesis of
bottlebrush polymers, Chem. Eng. J., 2022, 437(Part_1),
135284.

34 L. Vobecka, L. Ticha, A. Atanasova, Z. Slouka, P. Hasal and
M. Pribyl, Enzyme synthesis of cephalexin in continuous-
flow microfluidic device in ATPS environment, Chem. Eng.
J., 2020, 396, 125236.

© 2024 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/d4ra00097h

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 04 April 2024. Downloaded on 3/30/2026 6:39:00 PM.

(cc)

Paper

35 Q. Chen, Y. Wang and G. Luo, Recycling of Cofactors in
Crude Enzyme Hydrogels as Coimmobilized
Heterogeneous Biocatalysts for ContinuousFlow
Asymmetric Reduction of Ketones, ChemSusChem, 2023,
16(3), €202201654.

36 L. Du, J. Shen, Z. Dong, N. Zhou, B. Cheng, Z. Oua and
X. Luo, Enzymatic synthesis of nucleoside analogues from
uridines and vinyl esters in a continuous-flow
microreactor, RSC Adv., 2018, 8, 12614.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

37 L. Dy, L. Zheng, Y. Pan, Z. Sheng, S. Zhang, H. Lin, A. Zhang,
H. Xie and X. Luo, Highly Efficient Synthesis of
Cinnamamides from  Methyl Cinnamates and
Phenylethylamines Catalyzed by Lipozyme® TL IM under
Continuous-Flow Microreactors, Catalysts, 2022, 12, 1265.

38 R. Jiang, Y. Pan, L. Du, L. Zheng, Z. Sheng, S. Zhang, H. Lin,
A. Zhang, H. Xie and X. Luo, Microfluidics Biocatalysis
System Applied for the Synthesis of N-Substituted
Benzimidazole Derivatives by Aza-Michael Addition,
Catalysts, 2022, 12, 1658.

RSC Adv, 2024, 14,10953-10961 | 10961


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra00097h

	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h

	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h

	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h
	Continuous flow biocatalysis: synthesis of purine nucleoside esters catalyzed by lipase TL IM from Thermomyces lanuginosusElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra00097h


