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f 50-deoxy-5-fluorocytidine and
hydroxycinnamic acids – synthesis, anti-pancreatic
cancer activity and molecular docking studies†

Marcin Cybulski, *a Magdalena Zaremba-Czogalla, b Bartosz Trzaskowski, c

Marek Kubiszewski, d Joanna Tobiasz,a Anna Jaromin, b Piotr Krzeczyński, a

Jerzy Gubernator b and Olga Michalak *a

New amide conjugates 1–6 of hydroxycinnamic acids (HCA) and 50-deoxy-5-fluorocytidine (5-dFCR), the

prodrug of 5-fluorouracil (5-FU), were synthesized and tested in vitro against pancreatic cancer lines

(PDAC). The compounds showed slightly higher efficacy against primary BxPC-3 cells (IC50 values of 14–

45 mM) than against metastatic AsPC-1 (IC50 values of 37–133 mM), and similar to that of 5-FU for both

PDAC lines. Compound 1, which has a para-(acetyloxy)coumaroyl substituent, was found to be the most

potent (IC50 = 14 mM) with a selectivity index of approximately 7 to normal dermal fibroblasts (IC50 = 96

mM). The potential pharmacological profiles were discussed on the basis of the ADME data. Docking to

the carboxylesterase CES2 showed that the synthesized compounds have the ability to bind via

hydrogen bonding between a specific acetate group of the sugar moiety and Ser228, which belongs to

the catalytic triad that causes hydrolysis. Docking to albumin, a major transport protein in the circulatory

system, revealed a strong interaction of the conjugates at the binding site which is native to warfarin and

responsible for its transport in the body.
Introduction

Combination therapy with drugs targeting a different or similar
pathway is the gold standard in oncological treatments.1–5 In
addition to the efficient therapies with anticancer cocktails,6 the
effective combination therapy of natural plant medicines and
known anticancer drugs has been reported in a limited number
of studies. Lee et al.7 postulated the benets in postoperative
gastric cancer patients in terms of overall and disease-free
survival aer chemotherapy supported by traditional herbal
medicines. Kamran et al.8 evidenced a synergistic effect in
HCT116 colon cancer cells aer co-administration of 5-uoro-
uracil and diosmetin. However, for some types of cancer, there
echnology Research Group, Łukasiewicz
stitute, Rydygiera 8, 01-793 Warsaw,

asiewicz.gov.pl; marcin.cybulski@ichp.

8 453 056 177

y of Biotechnology, University of Wroclaw,

, Poland

Laboratory, Center of New Technologies,

arsaw, Poland

kasiewicz Research Network-Industrial

rsaw, Poland

SI) available: Tables S1 and S2: ADMET
hesis of 18, 26, 28 and 29; Fig. S1–S22
23–S28 HRMS spectra of 1–6. See DOI:

the Royal Society of Chemistry
are still limitations that need to be overcome to achieve a better
survival rate. Besides, in some clinical analyses, the combina-
tion therapies afford predictable and clinically unsignicant
benets.9 The obstacles of multidrug therapies require work on
more effective anti-cancer drugs. One of the directions is to
design and study single molecules that combine structures of
more than one anti-cancer drug or contain their haptophore
fragments.10–12 The other approach is based on the conjugation
of a known anticancer agent with a molecule that allows tar-
geted delivery to tumour cells. As a result of research, eleven
antibody-drug conjugates for cancer therapy have already been
approved by FDA.13,14 Furthermore, glufosfamide, the rst sugar
conjugate of DOX, is still under investigation to determine
whether it provides additional survival benet in patients with
metastatic pancreatic cancer aer gemcitabine-based rst-line
regimen.15

Since the 1960s, 5-uorouracil (5-FU) has been used as
a time-dependent antimetabolite in the treatment of diverse
types of malignancies.16 The effectiveness of oral 5-FU is limited
due to its low bioavailability related to poor membrane
permeability and GIT absorption.17 Therefore, continuous
intravenous infusion of 5-FU is the most effective chemothera-
peutic regimen.18 In the last four decades of the 20th century,
various clinical trials showed that oral 5-FU prodrugs could be
similarly effective to continuous infusion of 5-FU. Two orally
administered prodrugs, tegafur and capecitabine, have already
been registered. Both act through the dihydropyrimidine
RSC Adv., 2024, 14, 13129–13141 | 13129
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Fig. 1 Capecitabine metabolic pathway.37
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dehydrogenase (DPD) inhibition mechanism. Capecitabine
(brand name Xeloda) has been shown to be effective in treating
colon, colorectal, gastric, and breast cancer in monotherapy. It
may also be used with other cancer drugs, such as cisplatin,
docetaxel, oxaliplatin, irinotecan or bevacizumab against
gastric cancer, metastatic breast cancer19 or metastatic colo-
rectal cancer.20 Various capecitabine derivatives have been
designed and synthesized to date.21,22 Recently, the PCC0208037
conjugate containing the haptophoric groups of irinotecan and
capecitabine has been synthesized and evaluated in vitro.23

Biological studies conrmed its anti-tumour activity and
explored the potential molecular mechanism of action: cell
cycle arrest and DNA damage. In vivo studies showed compa-
rable anti-tumour efficacy of PCC0208037 in the xenogra
colorectal cancer model and more favourable drug-like prop-
erties, as compared to irinotecan. Another ZRX1 conjugate
acting as a prodrug of both the EGFR and the 5-FU inhibitor was
also synthesized and biologically evaluated.24 ZRX1 was
designed to release 5-dFCR from its ester and the EGFR inhib-
itor in the rst step of the metabolic pathway via hydrolysis by
carboxylesterases (CES). The conjugate had the potential to
induce a stronger growth inhibitory effect against human breast
carcinoma cells than capecitabine or a single EGFR inhibitor
and equivalent potency when compared with their
combination.

Capecitabine (oral) and 5-FU (injection) are important drugs
approved for the treatment of pancreatic cancer, either alone or
in combination with FOLFIRINOX (folinic acid, uorouracil,
irinotecan, oxaliplatin) or OFF (oxaliplatin, uorouracil, folinic
acid) chemotherapy regimens.25 Other mono- and combination
therapies, such as paclitaxel nanoparticles, everolimus, erloti-
nib, gemcitabine, irinotecan liposomal, olaparib, mitomycin,
and sunitinib, as well as gemcitabine with platinum
compounds (cisplatin, oxaliplatin), have also not demonstrated
signicant benets for pancreatic cancer treatment.26–28

Hydroxycinnamic acids have shown promising anticancer
effects by inducing apoptosis through the modulation of
intracellular reactive oxygen species (ROS).29–32 Recently, inten-
sive research on hydroxycinnamic acid derivatives has been
focused in order to nd new hybrid drugs.33,34 Our previous
results demonstrated that conjugates of indolo[2,3-b]quinoline
13130 | RSC Adv., 2024, 14, 13129–13141
antineoplastic with hydroxycinnamic acid analogues exhibit
cytotoxic activity against primary AsPC-1 and metastatic BxPC-3
pancreatic cancer cells.35 Furthermore, simple hydroxycinnamic
acid analogues, when combined with curcumin and/or carnosic
acid, exhibit synergistic activity against leukaemia cells.36 One
of the compounds in the metabolic pathway of capecitabine, to
release active 5-FU, is 50-deoxy-5-uorocytidine 5-dFCR (Fig. 1).
This compound is endogenously synthesized by hydrolysis of
the amide group in capecitabine. Due to the presence of a free
amino group in the chemical structure of 5-dFCR it was selected
as a scaffold to design new group of its conjugates with
hydroxycinnamic acids (HCA) by connection through amide-
type bond.

The two predominant carboxylesterases CES1 and CES2 play
a crucial role in the human body in the metabolism of a wide
variety of esters.38 CES2 prefers the hydrolysis of esters with
a relatively large alcohol group and a small acyl group.39 This
characteristic was used in the successful design of prodrug
compounds, in which biotransformation by CES2 is the rst
metabolic step to give an active drug, such as prasugrel, cape-
citabine, utamide, and uorescein diacetate. High CES2
activity in PDAC pancreatic ductal adenocarcinoma (e.g. BxPC-3,
AsPC-1 cell lines) may be associated with the patient's increased
sensitivity to irinotecan.40,41 Moreover, elevated tumoral CES2
was a statistically signicant predictor of poor overall survival in
an orthotopic mouse model of PDAC.42

The systematic increase in cancer incidence combined with
low survival rates in some types, including pancreatic cancer,43

encourages the search for new effective molecules. Studies of
conjugates of known chemotherapeutic drugs/or their prodrugs
are one of the promising approaches to nd compounds with an
enhanced prole of action or better targeting known cancer
pathways. As drug resistance limits the clinical utility of 5-FU,
ROSmodulation by phenolic compoundsmay be onemethod to
overcome 5-FU resistance in cancer cells due to the different
balance of ROS regulation in normal and cancer cells that affect
their apoptosis mechanism.44

This work presents the synthesis, computational studies,
and biological evaluation of new potential prodrugs 1–6 con-
taining 5-dFCR and selected hydroxycinnamic acids in their
structure (Fig. 2). The compounds were evaluated in vitro for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Chemical structures of synthetised 1–6 prodrug conjugates of 5-dFCR and HCA.
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their antiproliferative prole against pancreatic cancer cell
lines. Cytotoxicity proles were determined using the MTT
assay. For the model compounds, 6 and its peracetylated
precursor 5, the difference in their potency on two PDAC cell
lines related to the number of acetylated hydroxyl groups in
their structures was discussed.
Results and discussion
Chemistry

Caffeic acid was selected as a typical substrate from the
hydroxycinnamic acids group. The aim of the rst set of
experiments was to investigate the feasibility of synthesizing
a model conjugate from 5-dFCR and caffeic acid. It was inten-
ded to obtain the dual molecule with all-free hydroxyl groups
and connected by an amide bond. Due to the presence of
phenolic-type hydroxyl groups, which are unstable at high pH45

and also prone to oxidation, synthesis with unprotected
phenolic acids as substrates is unfavourable. The HCA protec-
tion strategy may affect the effectiveness of the next coupling
step. Therefore, it was decided to introduce various protecting
groups to the hydroxyls of caffeic acid, to obtain stable coupling
HCA substrates. Based on literature data,46 three different pro-
tecting groups, which tolerate different deprotection conditions
and stability, were selected for preliminary studies, that is,
silyl,47 acetyl48 and allyl.49 Similarly, the 5-dFCR substrate with
© 2024 The Author(s). Published by the Royal Society of Chemistry
isopropylidene or acetyl at the hydroxyl groups of the ribose ring
was used for the syntheses. At rst, di-O-protected silyl, acetyl,
and allyl caffeic acid were synthesised according to known
procedures.50–52 Many methods of converting hydroxycinnamic
acids to their corresponding amides by using classical reagents
have been described in the literature. The classic HBTU/HOBt
coupling of caffeic acid derivatives with L-serine methyl ester
was described by Monteiro et al.53 with the yields of 57–70%.
Spasova et al.54 used the EDCI/HOBt system to synthetise
a group of hydroxycinnamic acid derivatives in order to study
their antioxidant properties. A similar strategy was used by
Takao55 who obtained the suitable amides for antioxidant SAR
studies. Rajan et al.56 described the synthesis of amide
hydroxycinnamic acids derivatives in the presence of BOP with
a yield of 65–85%.

Thus, for our test reaction between caffeic acid and 50-deoxy-
5-uoro-20,30-O-isopropylidenocytidine (27) PyBOP reagent was
selected. Unfortunately, the TLC monitoring showed a compli-
cated reaction mixture. Aer workup, the unreacted 27 was
recovered with a yield of 70%. When EDCI/DMF reagent system
was used, no cytidine derivative consumption was observed on
TLC. Then, silyl-protected 3,4-di-O-tert-butyldimethylsilyl caf-
feic acid was reacted with 50-deoxy-5-uoro-20,30-O-iso-
propylidenocytidine (27) using various coupling agents: DCC,
EDCI, TBTU, COMU. Due to ambiguous TLC results, the post-
RSC Adv., 2024, 14, 13129–13141 | 13131
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Fig. 3 Synthesis of 1–6. Reagents and reaction conditions: (i) CH3OH, CH3COCl, r.t.; (ii) allyl bromide, K2CO3, acetone, r.t.; (iii) NaOH, H2O/
CH3OH; (iv) pyridine, DMAP, (CH3CO)2O; (v) SOCl2, DCM; (vi) POCl3, pyridine; (vii) 50%NaOH aq./DCM; (viii) pyridine, DCM,−20 to−5 °C then r.t;
(ix) 5 M HCl/MeOH; (x) K2CO3/chloroform.
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reaction mixtures were puried using column chromatography
to 27 as the main product.

Then, the relatively labile silyl groups were replaced with
a stable allyl ether protection. Reaction with 3,4-di-O-allyl caffeic
acid in the presence of COMU led to the activation of the
carboxylic group. However, no further progress in amide
formations was observed. In contrast, the reaction with PyBOP
resulted in a complex mixture of TLC spots from various
compounds, including a small spot from the anticipated amide
product. Therefore, we decided to test the efficiency of carboxyl
group activation through acid chlorides due to the small size of
the leaving group.

At rst, the protocol described by Quéléver et al.,57 where
acid chloride is generated in situ by POCl3, was applied to give
two reaction products: mono-28 and disubstituted 26 deriva-
tives of 50-deoxy-5-uoro-20,30-O-isopropylidenocytidine
(Fig. 3). Despite the use of various molar excesses of the amine
substrate, the reaction with POCl3 gave the disubstituted
derivative 26 as the main product. Since this observation, the
allyl-protected acid 18 was transformed into the respective
chloride 24 and conjugated with cytidine derivative 27 in the
series of test reactions. The best reaction condition, that was,
methylene chloride and 50% NaOH aqueous solvent, allowed
to obtain the compound 28 in 91% yield. Experiments to
remove allyl ethers from the completely protected derivative 28
were next carried out in the presence of tetrakis(-
triphenylphosphine)palladium49 (Pd(PPh3)4), or the DMSO-I2
and DMSO-NaI reagent systems.58–60 The attempts with Pd(0)
catalyst led to a multispots reaction mixture on TLC plates.
Reactions with iodine/iodide at room temperature showed no
progress. However, when heated to 90 °C the cleavage of
13132 | RSC Adv., 2024, 14, 13129–13141
conjugates to the O-allyl-hydroxycinnamic acid was observed.
For the reaction with tetrakis(triphenylphosphine)-palladium,
the various solvents, including methanol or DMF, as well as
different molar excesses of the catalyst were also veried. The
results showed that the decomposition products, without
a predominant compound, were detected on TLC. Reactions
with palladium(II) chloride led to black suspensions contain-
ing the unreacted substrate with a lot of small impurities and
a distinct tarry starting spot on TLC. Due to the unfavourable
results of the removal of allyl from the compound with an
isopropylidene protected sugar moiety, it was decided to
change the sequence of deprotection. The isopropylidene
removal was achieved in the single experiment by adding 5 M
HCl in methanol to the crude post-reaction mixture of 28. Aer
1 hour at ambient temperature, followed by extraction and
chromatographic purication on silica gel compound 29 was
isolated with a low yield of 23%.

We also investigated other conditions for removing the iso-
propylidene group, such as THF/1 M HCl or indium chloride in
methanol. Unfortunately, these conditions resulted in substrate
degradation without the expected product. Next, we attempted to
remove the allyl groups from 29 using either the Pd(PPh3)4/
MeOH/K2CO3 or [Pd(P(C6H5)3)4]/DCM system. However, the
main product obtained was 50-deoxy-5-uorocytidine as a result
of amide bond cleavage. Taking into consideration these results,
it was decided to obtain the new peracetylated conjugates 1–6 as
CES2 prodrugs. For this reason, the following substrates were
synthesized: 50-deoxy-20,30-di-O-acetyl-5-uorocytidine (25) andO-
acyl protected hydroxycinnamic acids 13–17, all with yields
greater than 90%. The coupling of 25 with 13–17 carried out in
methylene chloride/50% NaOH aq., which was effective for 28
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01683a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

/1
6/

20
26

 9
:5

2:
02

 P
M

. 
 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
formations, did not yield products 1–5 and caused degradation
of 13–17. Finally, compounds 1–5 were obtained according to the
procedure Shimma et al.,61 by using methylene chloride with
pyridine. Compound 5 was chosen as the model substrate for
hydrolysis studies to remove acetyl groups. Various hydrolysis
conditions were tested, including K2CO3 in methanol or 25%
NH3 aq. in methanol. The reaction progressed quickly, and
several compounds were observed on TLC with no expected
product or its traces. Only the reaction in chloroform and the
presence of anhydrous K2CO3 produced the hydrolysis product.
Aer purication on preparative TLC, we obtained conjugate 6
with a total yield of 42%. NMR analysis conrmed the structure
of 6 and showed the absence of acetyl groups in the caffeic acid
fragment of the conjugate. Compound 6, which possesses two
unbound hydroxyl groups, was tested to compare its in vitro
activity with that of its peracetylated analogue 5, and to deter-
mine the effect of the presence of CES2-sensitive ester groups on
anti-PDAC activity.
Fig. 4 Cytotoxic effects of 1–6 and capecitabine on AsPC-1 (A), BxPC-
3 cells (B), and NHDF (C) expressed as % of viability compared to the
untreated control.
In vitro anticancer activity against AsPC-1 and BxPC-3
pancreatic cancer lines and toxicity effect on normal human
NHDF cells

The cytotoxic activity of conjugates 1–6 and the reference
capecitabine (Cape) was tested using the MTT method adapted
from Mosmann.62 The compounds were dissolved in DMSO,
diluted in culture medium to appropriate concentrations, and
applied to metastatic AsPC-1 and primary BxPC-3 pancreatic
cancer cells. Aer 72 hours of incubation, compounds showed
similar moderate activity against AsPC-1 cancer cells in the IC50

range of 37–133 mM (Table 1, Fig. 4). Compound 6, with
unprotected hydroxyl groups in the caffeic acid fragment,
showed the lowest activity towards AsPC-1 cells. All tested
conjugates 1–6 exhibited signicantly better activity against
primary BxPC-3 pancreatic cancer cells compared to the meta-
static line, with IC50 values ranging from 14–45 mM. Compound
4, with a (2,4-diacetyloxy)cinnamoyl substituent, showed the
lowest activity toward BxPC-3 cells, while compound 1, with
a para-(acetyloxy)coumaroyl substituent, showed the highest
activity. It is worth emphasizing that peracetylated conjugate 5
and its simple analogue 6, with unprotected hydroxyl groups in
the caffeic acid part, exhibited similar activity against BxPC-3
cells (IC50 = 31.6 mM and 23.1 mM, respectively) and AsPC-1
Table 1 IC50 and selectivity index (SI) of 1–6 against PDAC lines measur

Compound

IC50 (mM)

AsPC-1 BxPC-3

1 57.15 � 2.06 13.60 � 2.4
2 69.26 � 4.00 26.93 � 1.6
3 37.00 � 3.20 20.18 � 2.4
4 81.47 � 3.60 45.09 � 4.2
5 90.07 � 4.53 31.59 � 0.8
6 132.60 � 5.67 23.16 � 1.2
Capecitabine (Cape) >200 >200
5-Fluorouracil (5-FU) 52.39 � 11.56 12.74 � 2.7

© 2024 The Author(s). Published by the Royal Society of Chemistry
cells (IC50 = 90.1 mM and 132.6 mM, respectively). However,
peracetylated 5 was slightly more potent against AsPC-1 than
semiacetylated conjugate 6. The initial phase of in vitro research
involves testing the compound on normal cell lines to conrm
lower toxicity to healthy cells than to cancer cells, which is
essential for identifying a potential clinical therapeutic
window.63 Therefore, we used normal human NHDF broblasts
as model cells to evaluate the in vitro toxicity of conjugates 1–6.
All tested conjugates exhibited low selectivity towards the
ed by MTT assay62

IC50 (mM) SI

NHDF AsPC-1 BxPC-3

8 96.49 � 5.79 1.69 7.10
4 98.54 � 10.46 1.42 3.66
3 60.04 � 3.17 1.62 2.98
0 116.17 � 2.71 1.43 2.58
2 121.30 � 4.32 1.35 3.83
5 163.40 � 4.33 1.23 7.06

>200 — —
3 >200 — —

RSC Adv., 2024, 14, 13129–13141 | 13133
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metastatic cell line, with a selectivity index (SI) between 1–2.
However, the compounds acted more selectively in the case of
the primary cell line BxPC-3. The caffeic acid derivative 6 and
the para-coumaric acid derivative 1 showed the highest selec-
tivity with an SI of approximately 7. The tests conducted on the
PDAC lines did not reveal any signicant differences in the
activity of compounds 5 and 6. This suggests that both
compounds may undergo enzymatic hydrolysis to form the
same active substance.
Fig. 6 Predicted binding site of CES2 and binding pose of (a) cape-
citabine (pose 1) (b) capecitabine (pose 2); (c) compound 5.
Computational studies

ADMET properties. To enhance the interpretation of ADME
and docking results, we incorporated additional hypothetical
structures 30–34 in the calculations (Fig. 5). These structures
were structurally similar to the synthesised compounds 1–6, but
with two acetyl groups located in a different part of themolecule
(compound 30), all hydroxyl groups remaining free (compound
31), and three phenolic-type hydroxyls (both free and acetylated,
compounds 32–34). The predicted ADMET properties of all
compounds studied in this work are presented in Tables S1 and
S2 in the ESI.† All compounds apart from 31 had at least one,
and in most cases two violations of the Lipinski rule of ve,64

either due to the fact that they fall outside of the desired
common limit of 500 Da that characterise systems with good
oral bioavailability or have a large number of hydrogen bond
donors/acceptors. However, these violations were minor and
currently there have been many examples of drugs or drug
candidates that violate these rules to a similar extent.65 In the
context of their potential toxicity, all compounds were predicted
to be potential blockers of the HERG K+ channel, implicated in
fatal arrhythmia,66 although the obtained values were incon-
clusive. Predictions of toxicity using ProTox-II67 revealed high
estimated values of LD50 and no potential toxicity problems,
similarly to capecitabine.

Docking studies. Molecular docking of the studied capecita-
bine to CES2 revealed two potential binding modes with crucial
Ser228 interacting via a hydrogen bond with either the hydroxyl
Fig. 5 Hypothetical structures of conjugates 30–34 used in compu-
tational studies.

13134 | RSC Adv., 2024, 14, 13129–13141
group or the amide group (Fig. 6). Compounds 1–6 were pre-
dicted to bind somewhat similarly to the rst binding mode (site
1) of capecitabine with Ser228 interacting via a hydrogen bond
with one of the acetate moieties connected to the deoxyribose
moiety. Since Ser288 is part of the catalytic triad that catalyses
the hydrolysis of ester groups, it was likely that in the case of
compounds 1–6, such hydrolysis may begin by interacting with
this amino acid residue. Interestingly, derivatives 30, 31 and 34
with acetate groups replaced by hydroxyl groups were predicted
to bind in a very similar manner, as Ser228 was able to form
hydrogen bonds also with these hydroxyl groups. However, in
some cases, this binding was predicted to be weaker, lowering
Table 2 Predicted Gibbs free energies of binding and inhibition
constants to CES2 for studied compounds

Compound

Site 1

DGa (kcal mol−1) Ki
b (mm)

1 −12.1 0.001
2 −8.8 0.334
3 −12.1 0.001
4 −9.6 0.100
5 −11.7 0.002
6 −10.3 0.030
30 −10.8 0.013
31 −7.4 4.1
32 −5.2 143.1
33 −9.4 0.135
34 −6.7 13.1
5-dFCR −7.5 5.0
Capecitabine −7.6 4.0

a DG – Gibbs free energy of binding (in kcal mol−1). b Ki – inhibition
constant at 298 K (mm).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Binding site of albumin and (a) experimental binding pose of
warfarin and, (b) predicted binding pose of compound 3.

Table 3 Predicted Gibbs free energies of binding and inhibition
constants to albumin for studied compounds

Compound

Site 1 Site 2

DGa

(kcal mol−1)
Ki

b

(mm)
DG
(kcal mol−1)

Ki
b

(mm)

1 −10.6 0.017 −9.5 0.107
2 −10.5 0.020 −7.9 1.601
3 −11.1 0.007 −7.6 2.658
4 −10.3 0.028 −8.9 0.296
5 −9.8 0.065 −9.3 0.150
6 −10.3 0.028 −8.0 1.353
30 −10.3 0.028 −8.0 1.353
31 −9.6 0.091 −7.8 1.896
32 −10.1 0.039 −7.6 2.658
33 −9.7 0.077 −8.5 0.581
34 −9.6 0.091 −7.7 2.245
5-dFCR −7.2 5.224 −8.0 1.353
Capecitabine −8.5 0.581 −8.0 1.353
Warfarin −7.8 1.995 — —

a DG – Gibbs free energy of binding (in kcal mol−1). b Ki – inhibition
constant at 298 K (mm).
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the overall Gibbs free binding energy and inhibition constants
(Table 2). Additionally, for these compounds the catalytic triad of
Ser228, Glu345 and His457 is predicted to be unable to perform
its catalytic function due to the lack of ester moiety (which may
be benecial when no catalytic activity is desired). Furthermore,
hypothetical compound 32 with ve acetate substituents seemed
to be too large to t the catalytic site of CES2, resulting in a very
weak binding to this site.

For albumin, we performed molecular docking of all studied
compounds to the two potential binding sites, as predicted in
previous work.68 In all cases except 5-dFCR this computational
approach predicts more favourable binding to site 1, which is
also the native binding site of warfarin in the crystal structure of
the warfarin-albumin complex.69 Also, our computational
protocol predicts that all compounds are bound substantially
stronger to albumin than warfarin. The lowest inhibition
constant value among all studied systems was predicted for
compound 3 with low nanomolar value (Fig. 7, Table 3).
© 2024 The Author(s). Published by the Royal Society of Chemistry
Conclusion

The new amide conjugates 1–6 of natural hydroxycinnamic acid
(ortho-,meta-, para-coumaric, 2,4-dihydroxycinnamic, caffeic) and
50-deoxy-5-uorocytidine, the intermediate metabolite of oral
capecitabine and prodrug of 5-uorouracyl (5-FU), were obtained
by evaluating different synthetic strategies. The most efficient
method leading to peracetylated conjugates was the simple direct
N-acylation of acetyl-protected 50-deoxy-5-uorocytidine with
acetylated HCA acid chlorides. In in vitro studies, compounds 1–6
showed slightly higher efficacy against primary BxPC-3 than
metastatic AsPC-1 pancreatic cancer cells with IC50 values ranging
from 14–45 mM and 37–133 mM, respectively. They were alsomore
selective in the case of the primary line, with the highest selec-
tivity against normal dermal broblasts calculated to be about 7
for the caffeic acid derivative 6 and the para-coumaric acid
derivative 1. Considering that the compounds can act as
substrates of CES2 carboxylesterase, we compared the in vitro
activity of two compounds differing in the number of acetyl
groups in the molecule, i.e. 5 and 6. As a result, both showed
similar activity against BxPC-3 cells with IC50 of 32 mMand 23 mM,
and against AsPC-1 cells with IC50 of 90 mM and 133 mM, which
may indicate the enzymatic hydrolysis of both compounds to the
same active compound. Although the conjugates violated two of
Lipinski's rules, related to molecular mass and number of
hydrogen bonds, there are many examples of drugs or drug
candidates that violate these rules to a similar extent. The toxicity
predictions using ProTox-II showed high estimated LD50 values
and no potential toxicity issues, similarly to capecitabine.
Molecular docking to CES2 shows two potential binding modes
with the critical Ser228. Compounds 1–6 were predicted to bind
rather similarly to the binding mode of capecitabine and close to
Ser228 from the catalytic triad, that catalysed the hydrolysis of
ester groups. The strongest binding based on hydrogen bonding
with acetyl group of sugar moieties was predicted for compounds
1, 3 with Ki values of 0.001 mm and 5 with Ki value of 0.002 mm.
Our computational protocol also estimated that all compounds
bound signicantly stronger to human serum albumin than
warfarin, the most widely used oral anticoagulant. In summary,
based on in vitro and in silico studies, compounds 1–6 could be
viewed as potential lead structures for further modications
aimed at enhancing 5-FU activity against pancreatic cancer.

Experimental

For monitoring of reactions Merck DC-Alufolien Kieselgel 60
F25 TLC plates were used. Column chromatography was per-
formed on Merck silica gel 60 (230–400 mesh). Melting points
were measured on a Mettler Toledo MP90 apparatus and were
uncorrected. NMR spectra were recorded on a Bruker AVANCE
III HD 500 MHz spectrometer (at 298 K) in CDCl3 and/or DMSO-
d6 using TMS as an internal standard. High-resolution mass
spectrometry (HRMS) measurements were performed using
Synapt G2-Si mass spectrometer (Waters) equipped with an ESI
source and quadrupole-Time-of-Flight mass analyzer. The mass
spectrometer operated in positive or negative ion detection
modes. The measurement was performed with a capillary
RSC Adv., 2024, 14, 13129–13141 | 13135
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voltage set to 2.7 kV and a sampling cone set to 20 V. The source
temperature was 110 °C. To ensure accurate mass measure-
ments, the data was collected in centroid mode, and the mass
was corrected during acquisition using leucine encephalin
solution as an external reference, Lock-SprayTM, (Waters Corp.,
Milford, MA, USA), which generated a reference ion at m/z
554.2615 ([M − H]−) in negative ESI mode and at m/z
556.2771 Da ([M + H]+) in positive ESI mode. The results of the
measurements were processed using the MassLynx 4.1 soware
(Waters).

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) were purchased from Sigma-Aldrich (Poznan,
Poland) and DMSO from Archem (Kamieniec Wroclawski,
Poland). Cell culture media (RPMI-1640, alpha-MEM and
DMEM), stable glutamine 100×, trypsin–EDTA, heat inactivated
fetal bovine serum premium (FBS) and antibiotic–antimycotic
100× were purchased from BioWest BioWest by CytoGen
(Zgierz, Poland). The normal human dermal broblast cell line
(NHDF) was purchased from Lonza (Lonza, Warsaw, Poland),
and the BxPC-3 cell line was purchased from the American
Tissue Culture Collection (ATCC, Manassas, VA, USA). The AsPC
lines was kindly provided by the Institute of Immunology and
Experimental Therapy (Wroclaw, Poland). The trans-hydrox-
ycinnamic acids (HCA), 50-deoxy-5-uoro-20,30-O-iso-
propylidenocytidine (27, CAS 66335-37-3), 50-deoxy-5-uoro-
20,30-di-O-acetylcytidine (25, CAS 161599-46-8), capecitabine
(154361-50-9), chemical reagents and solvents were purchased
from chemical suppliers. Acetyl protected HCA and methyl HCA
esters were synthesized according to the common respective
procedures.48,70 Acetyl protected HCA were converted to the
corresponding acid chlorides with an excess of thionyl chloride.

General procedure of synthesis of compounds 1–5

50-Deoxy-5-uoro-20,30-di-O-acetylcytidine (1 eq.) was dissolved
inmethylene chloride (4 mL) and dry pyridine (2 eq.) and cooled
to −20 °C. To the stirred solution the respective hydrox-
ycinnamoyl chloride (19–23) was added portionwise over
a period of 15 min. with the temperature kept from −10 °C to
−20 °C. The reaction was stirred 1 hour at −20 °C, then it was
allowed to reach ambient temperature in 1 hour. Aer extrac-
tion in water/methylene chloride system, the separated organic
layer was dried over anhydrous MgSO4, and the solvent was
distilled off under reduced pressure. Then crude product was
puried using ash chromatography on silica gel.

20,30-Di-O-acetyl-50-deoxy-5-uoro-N4-4-acetyloxycinnamoyl-
cytidine (1)

Compound 1 was obtained as a white solid from 4-acetyloxy-
cinnamoyl chloride 19 (0.17 g, 0.76 mM) and 50-deoxy-5-uoro-
20,30-di-O-acetylcytidine (25) (0.25 g, 0.76 mM). The crude
product (0.33 g) was puried by chromatography on a silica gel
column with chloroform/methanol 50 : 1, followed by hexanes :
ethyl acetate 1 : 2. Yield 0.11 g (28%); m.p. 79 °C (dec.).

1H NMR (500 MHz, DMSO-d6) d 11.96 (d, 1H, J = 4.9 Hz, H-7,
NH), 8.17 (d, 1H, JHF = 6.9 Hz, H-6, double bond in ucytosine
ring), 7.59 (d, 2H, J= 8.6 Hz, H-12, H-16, aromatic CA), 7.41 (d, 1H,
13136 | RSC Adv., 2024, 14, 13129–13141
J = 15.9 Hz, H-10, double bond CA), 7.16 (d, 2H, J = 8.6 Hz, H-13,
H-15, aromatic CA), 6.57 (d, 1H, J= 15.9 Hz, H-9, double bond CA),
5.80 (d, 1H, J = 4.9 Hz, H-10, CHN deoxyribose), 5.44 (dd, 1H, J1 =
5.4 Hz, J2 = 6.3 Hz, H-20, deoxyribose), 5.08 (dd, 1H, J1 = J2 =

6.1 Hz, H-30, deoxyribose), 4.07 (dq, 1H, J1 = J2 = 6.1 Hz, H-40,
deoxyribose), 2.27 (s, 3H, H-18, CH3CO CA), 2.06 (s, 3H, H-90,
deoxyribose COCH3), 2.04 (s, 3H, H-70, CH3CO deoxyribose), 1.34
(d, 3H, J = 6.3 Hz, H-50, deoxyribose CH3);

13C NMR (125 MHz,
DMSO-d6) d 169.5 (C-80, deoxyriboseC]O), 169.4 (C-60, deoxyribose
C]O), 169.1 (C-17,C]OCA), 166.6 (C-8,C]OCA), 157.0 (d, J2CF=
26.2 Hz, C-4, ucytosine ring), 151.2 (C-14, aromatic CA), 149.0 (C-
2, ucytosine ring C]O), 140.2 (d, JCF = 231.6 Hz, C-5, ucytosine
ring), 138.2 (C-10, double bond CA), 132.6 (C-11, aromatic CA),
128.7 (C-12, aromatic CA), 126.0 (d, J= 34.5 Hz, C-6, double bond),
122.4 (C-9, double bond CA), 122.4 (C-15, aromatic CA), 87.6 (C-10,
deoxyribose), 77.2 (C-40, deoxyribose), 73.2 (C-30, deoxyribose), 71.9
(C-20, deoxyribose), 20.9 (C-18, CH3CO CA), 20.3 (C-90, deoxyribose
COCH3), 20.2 (C-70, deoxyribose COCH3), 17.9 (C-50, deoxyribose
CH3); HRMS (ESI, m/z): calculated for C24H25N3O9F [M + H]+

518.1575; found 518.1577, calculated for C24H24N3O9FNa [M +Na]+

540.1394; found 540.1400.
20,30-Di-O-acetyl-50-deoxy-5-uoro-N4-2-acetyloxycinnamoyl-
cytidine (2)

Compound 2 was obtained as a white solid from 2-acetyloxy-
cinnamoyl chloride 20 (0.17 g, 0.76 mM) and 50-deoxy-5-uoro-
20,30-di-O-acetylcytidine (25) (0.25 g, 0.76 mM). The crude
product (0.43 g) was puried by chromatography on a silica gel
column with hexanes : ethyl acetate 1 : 2. Yield 0.17 g (42%);
m.p. 74 °C (dec.).

1H NMR (500 MHz, DMSO-d6) d 11.01 (bs, 1H, H-7, NH), 8.40
(bs, 1H, H-6, double bond in ucytosine ring), 7.75 (d, 1H, J =
6.9 Hz, H-16, aromatic CA), 7.61 (d, 1H, J = 15.9 Hz, H-10, double
bond), 7.49 (m, 1H, H-14, aromatic CA), 7.36 (dd, 1H, J1 = J2 =

7.5 Hz, H-15, aromatic CA), 7.24 (d, 1H, J= 8.0 Hz, H-13, aromatic
CA), 7.14 (d, 1H, J = 15.4 Hz, H-9, double bond), 5.83 (d, 1H, J =
4,1 Hz, H-10, CHN deoxyribose), 5.49 (dd, 1H, J1 = 4.2 Hz, J2 =

6.2 Hz, H-20, deoxyribose), 5.13 (dd, 1H, J1 = J2 = 6.4 Hz, H-30,
deoxyribose), 4.14 (dq, 1H, J1 = J2 = 6.4 Hz, H-40, deoxyribose),
2.37 (s, 3H, H-18, CH3CO CA), 2.06 (s, 3H, H-90, deoxyribose
COCH3), 2.06 (s, 3H, H-70, deoxyribose COCH3), 1.37 (d, 3H, J =
6,3 Hz, H-50, deoxyribose CH3);

13C NMR (125 MHz, DMSO-d6)
d 169.5 (C-80, deoxyribose C]O), 169.3 (C-60, deoxyribose C]O),
169.2 (C-17, C]O CA), 163.8 (C-8, C]O CA), 154.5 (C-4, ucyto-
sine ring), 152.3 (C-2, ucytosine ringC]O), 149.2 (C-12, aromatic
CA), 137.5 (d, C-5, ucytosine ring), 136.4 (C-10, double bond CA),
131.6 (C-6, ucytosine ring), 131.4 (C-14, aromatic CA), 128.2 (C-
16, aromatic CA), 126.8 (C-11, aromatic CA), 126.6 (C-15,
aromatic CA), 123.6 (C-13, aromatic CA), 122.9 (C-9, double
bond CA), 90.00 (C-10, deoxyribose), 77.4 (C-40, deoxyribose), 73.4
(C-30, deoxyribose), 72.7 (C-20, deoxyribose), 20.7 (C-18, CH3CO
CA), 20.3 (C-90, deoxyribose COCH3), 20.3 (C-70, deoxyribose
COCH3), 17.7 (C-50, deoxyribose CH3); HRMS (ESI,m/z): calculated
for C24H25N3O9F [M + H]+ 518.1575; found 518.1580, calculated
for C24H24N3O9FNa [M + Na]+ 540.1394; found 540.1398.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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20,30-Di-O-acetyl-50-deoxy-5-uoro-N4-3-acetyloxycinnamoyl-
cytidine (3)

Compound 3 was obtained as a white solid from 3-acetyloxy-
cinnamoyl chloride 21 (0.17 g, 0.76 mM) and 50-deoxy-5-uoro-
20,30-di-O-acetylcytidine (25) (0.25 g, 0.76 mM). The crude
product (0.33 g) was puried by chromatography on a silica gel
column with chloroform/methanol 50 : 1, followed by hexanes :
ethyl acetate 1 : 2. Yield 0.16 g (40%); m.p. 75 °C (dec.).

1H NMR (500 MHz, DMSO-d6) d 11.96 (d, 1H, J = 4,9 Hz, H-7,
NH), 8.17 (d, 1H, J = 6.9 Hz, H-6, double bond in ucytosine
ring), 7.44 (m, 1H, H-15, aromatic CA), 7.44 (m, 1H, H-12,
aromatic CA), 7.39 (d, 1H, J = 15.9 Hz, H-10, double bond
CA), 7.32 (m, 1H, H-16, aromatic CA), 7.13 (m, 1H, H-14,
aromatic CA), 6.61 (d, 1H, J = 15.9 Hz, H-9, double bond CA),
5.80 (d, 1H, J = 5.1 Hz, H-10, CHN deoxyribose), 5.44 (dd, 1H, J1
= 5.6 Hz, J2 = 6.1 Hz, H-20, deoxyribose), 5.08 (dd, 1H, J1 = J2 =
6.1 Hz, H-30, deoxyribose), 4.07 (dq, 1H, J1 = J2 = 6.1 Hz, H-40,
deoxyribose), 2.27 (s, 3H, H-18, CH3CO CA), 2.06 (s, 3H, H-90,
deoxyribose COCH3), 2.04 (s, 3H, H-70, deoxyribose COCH3),
1.35 (d, 1H, J = 6.3 Hz, H-50, deoxyribose CH3);

13C NMR (125
MHz, DMSO-d6) d 169.5 (C-80, deoxyribose C]O), 169.4 (C-60,
deoxyribose C]O), 169.2 (C-17, C]O CA), 166.4 (C-8, C]O CA),
157.0 (d, J = 26.0 Hz, C-4, ucytosine ring), 150.9 (C-13,
aromatic CA), 149.0 (C-2, ucytosine ring C]O), 140.2 (d, J =
231.6 Hz, C-5, ucytosine ring), 138.1 (C-10, double bond CA),
136.5 (C-11, aromatic CA), 130.0 (C-15, aromatic CA), 126.0 (d, J
= 34.4 Hz, C-6, ucytosine ring), 125.1 (C-12, aromatic CA),
123.4 (C-9, double bond CA), 122.8 (C-14, aromatic CA), 120.5
(C-16, aromatic CA), 87.6 (C-10, deoxyribose), 77.2 (C-40, deoxy-
ribose), 73.2 (C-30, deoxyribose), 71.9 (C-20, deoxyribose), 20.8 (C-
18, CH3CO CA), 20.3 (C-90, deoxyribose COCH3), 20.2 (C-70,
deoxyribose COCH3), 17.9 (C-50, deoxyribose CH3); HRMS (ESI,
m/z): calculated for C24H25N3O9F [M + H]+ 518.1575; found
518.1579, calculated for C24H24N3O9FNa [M + Na]+ 540.1394;
found 540.1398.
20,30-Di-O-acetyl-50-deoxy-5-uoro-N4-2,4-acetyloxycinnamoyl-
cytidine (4)

Compound 4 was obtained as a white solid from 2,4-diac-
etyloxycinnamoyl chloride 22 (0.13 g, 0.46 mM) and 50-deoxy-5-
uoro-20,30-di-O-acetylcytidine (25) (0.15 g, 0.46 mM). The crude
product (0.21 g) was puried by chromatography on a silica gel
column with hexanes : ethyl acetate : methanol 5 : 5:1. Yield
0.1 g (38%); m.p. 96 °C (dec.).

1H NMR (500 MHz, DMSO-d6) d 11.04 (bs, 1H, H-7, NH), 8.39
(bs, 1H, H-6, double bond in ucytosine ring), 7.79 (d, 1H, J =
7.6 Hz, H-16, aromatic CA), 7.59 (d, 1H, J = 15.9 Hz, H-10,
double bond CA), 7.17 (m, 1H, H-15, aromatic CA), 7.14 (m,
1H, H-13, aromatic CA), 7.11 (m, 1H, H-9, double bond CA), 5.83
(d, 1H, J = 4.0 Hz, H-10, CHN deoxyribose), 5.49 (dd, 1H, J1 =

4.5 Hz, J2 = 6.1 Hz, H-20, deoxyribose), 5.13 (dd, 1H, J1 = J2 =

6.4 Hz, H-30, deoxyribose), 4.13 (dq, 1H, J1 = J2 = 6.3 Hz, H-40,
deoxyribose), 2.37 (s, 3H, H-18, CH3CO CA), 2.28 (s, 3H, H-20,
CH3CO CA), 2.06 (s, 3H, H-90, deoxyribose COCH3), 2.06 (s,
3H, H-70, deoxyribose COCH3), 1.37 (d, 1H, J = 6.3 Hz, H-50,
deoxyribose CH3);

13C NMR (125 MHz, DMSO-d6) d 169.5 (C-80,
© 2024 The Author(s). Published by the Royal Society of Chemistry
deoxyribose C]O), 169.3 (C-60, deoxyribose C]O), 168.9 (C-17,
C]O CA), 168.8 (C-19, C]O CA), 163.9 (C-8, C]O CA), 154.5 (C-
4, ucytosine ring), 152.2 (C-2, ucytosine ring C]O), 152.1 (C-
14, aromatic CA), 149.6 (C-12, aromatic CA), 137.5 (d, C-5, u-
cytosine ring), 135.7 (C-10, double bond CA), 131.4 (C-6, ucy-
tosine ring), 129.00 (C-16, aromatic CA), 124.5 (C-11, aromatic
CA), 123.0 (C-9, double bond CA), 120.3 (C-15, aromatic CA),
117.4 (C-13, aromatic CA), 89.9 (C-10, deoxyribose), 77.4 (C-40,
deoxyribose), 73.4 (C-30, deoxyribose), 72.7 (C-20, deoxyribose),
20.8 (C-20, CH3CO CA), 20.7 (C-18, CH3CO CA), 20.3 (C-90,
deoxyribose COCH3), 20.3 (C-70, deoxyribose COCH3), 17.7 (C-50,
deoxyribose CH3); HRMS (ESI, m/z): calculated for
C26H27N3O11F [M + H]+ 576.1630; found 576.1631, calculated for
C26H26N3O11FNa [M + Na]+ 598.1449; found 598.1451.
20,30-Di-O-acetyl-50-deoxy-5-uoro-N4-3,4-
diacetyloxycinnamoyl-cytidine (5)

Compound 5 was obtained as a white solid from 3,4-diacetyloxy-
cinnamoyl chloride 23 (0.86 g, 3.04 mM) and 50-deoxy-5-uoro-
20,30-di-O-acetylcytidine (25) (1.00 g, 3.04 mM). The crude product
(1.69 g) was puried by chromatography on a silica gel column
with chloroform/methanol 50 : 1, followed by hexanes : ethyl
acetate : methanol 5 : 5 : 1. Yield 0.85 g (49%); m.p. 88 °C (dec.).

1H NMR (500 MHz, CDCl3) d 7.84 (d, 1H, J = 15.7 Hz, H-10,
double bond), 7.53 (s, 1H, H-7, NH), 7.49 (d, 1H, J = 8.5 Hz,
H-16, aromatic CA), 7.42 (d, 1H, J = 1.8 Hz, H-12, aromatic CA),
7.23 (d, 1H, J = 8.5 Hz, H-15, aromatic CA), 5.98 (d, 1H, J =
4.6 Hz, H-10, CHN deoxyribose), 5.32 (dd, J1 = J2 = 5.1 Hz, H-20,
deoxyribose), 5.01 (dd, J1 = J2 = 5.7 Hz, H-30, deoxyribose), 4.27
(dq, 1H, J1 = J2 = 6.1 Hz, H-40, deoxyribose), 2.30 (s, 3H, H-20,
CH3CO CA), 2.29 (s, 3H, H-18, CH3CO CA), 2.11 (s, 3H, H-70,
deoxyribose COCH3), 2.10 (s, 3H, H-90, deoxyribose COCH3),
1.48 (d, 3H, J = 6.4 Hz, H-50, deoxyribose CH3);

13C NMR (125
MHz, CDCl3) d 169.7 (C-80, C]O deoxyribose), 169.6 (C-60, C]O
deoxyribose), 168.0 (C-17, C]O CA), 167.9 (C-19, C]O deoxy-
ribose), 152.4 (C-2, C]O ucytosine ring), 144.0 (C-10, double
bond), 143.6 (C-14, aromatic CA), 142.4 (C-13, aromatic CA),
133.5 (C-11, aromatic CA), 126.8 (C-16, aromatic CA), 123.9 (C-
15, aromatic CA), 123.3 (C-12, aromatic CA), 88.4 (C-10, deoxy-
ribose CH), 78.2 (C-40, deoxyribose), 73.9 (C-30, deoxyribose),
73.3 (C-20, deoxyribose), 20.6 (C-18, CH3CO CA), 20.6 (C-20,
CH3CO CA), 20.5 (C-90, deoxyribose COCH3), 20.4 (C-70, deoxy-
ribose COCH3), 18.7 (C-50, deoxyribose CH3).

1H NMR (500 MHz, DMSO-d6) d 11.96 (d, 1H, J = 5.0 Hz, H-7,
NH), 8.17 (d, 1H, J = 6.9 Hz, H-6, double bond in ucytosine
ring), 7.49 (m, 1H, H-16, aromatic CA), 7.47 (m, 1H, H-12,
aromatic CA), 7.39 (d, 1H, J = 15.9 Hz, H-10, double bond CA),
7.30 (d, 1H, J = 8.3 Hz, H-15, aromatic CA), 6.68 (d, 1H, J =
15.9 Hz, H-9, double bond CA), 5.80 (d, 1H, J= 5,2 Hz, H-10, CHN
deoxyribose), 5.43 (dd, 1H, J1 = 5.3 Hz, J2 = 6.3 Hz, H-20,
deoxyribose), 5.08 (dd, 1H, J1 = J2 = 6.1 Hz, H-30, deoxyribose),
4.07 (dq, 1H, J1 = J2 = 6.1 Hz, H-40, deoxyribose), 2.28 (s, 6H, H-
18, H-20, CH3CO CA), 2.06 (s, 3H, H-90, deoxyribose COCH3), 2.04
(s, 3H, H-70, deoxyribose COCH3), 1.34 (d, 3H, J = 6.3 Hz, 3H, H-
50, deoxyribose CH3);

13C NMR (125MHz, DMSO-d6) d 169.5 (C-80,
deoxyribose C]O), 169.4 (C-60, deoxyribose C]O), 168.2 (C-19,
RSC Adv., 2024, 14, 13129–13141 | 13137
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C]OCA), 168.2 (C-17, C]OCA), 166.35 (C-8, C]OCA), 157.0 (d,
J= 26.1 Hz, C-4, ucytosine ring), 149.0 (C-2, ucytosine ring C]
O), 142.7 (C-14, aromatic CA), 142.3 (C-13, aromatic CA), 140.2 (d,
JCF = 231.6 Hz, C-5, ucytosine ring), 137.5 (C-10, double bond
CA), 133.8 (C-11, aromatic CA), 126.0 (d, J = 33.7 Hz, C-6, ucy-
tosine ring), 124.1 (C-15, aromatic CA), 123.4 (C-9, double bond
CA), 122.3 (C-12, aromatic CA), 87.6 (C-10, deoxyribose), 77.2 (C-40,
deoxyribose), 73.2 (C-30, deoxyribose), 71.9 (C-20, deoxyribose)
20.3 (C-18, CH3CO CA), 20.3 (C-20, CH3CO CA), 20.3 (C-90,
deoxyribose COCH3), 20.2 (C-70, deoxyribose COCH3), 17.9 (C-50,
deoxyribose CH3); HRMS (ESI, m/z): calculated for C26H27N3O11F
[M + H]+ 576.1630; found 576.1633, calculated for C26H26N3O11-
FNa [M + Na]+ 598.1449; found 598.1448.
20,30-Di-O-acetyl-50-deoxy-5-uoro-N4-3,4-dihydroxycinnamoyl-
cytidine (6)

To 20,30-di-O-acetyl-50-deoxy-5-uoro-N4-3,4-
diacetyloxycinnamoyl-cytidine 5 (0.15 g; 0.261 mmol) in methy-
lene chloride (6.5 mL), anhydrous potassium carbonate (0.269 g;
0.339 mmol) was added. The reaction mixture was stirred over-
night and then ltered. The precipitate was washed with meth-
ylene chloride, then ethyl acetate. Next it was dissolved in water,
acidied to pH = 5 using 0.5 M HCl aq. and extracted with ethyl
acetate (3 × 20 mL). The combined organic fractions were dried
over anhydrous MgSO4, and the solvent was distilled off under
reduced pressure The crude product (0.113 mg) was puried
using ash column chromatography on a silica gel with chloro-
form: methanol 95 : 5 to 9 : 1, then on a preparative TLC plate/
SiO2/1 mm with chloroform :methanol 95 : 5. Aer evaporation
to oil, the compound 6 was precipitated off using ethyl acetate/n-
hexane mixture to give 6 as a yellow solid. Yield 0.054 g (42%);
m.p. 116 °C (dec.); 1H NMR (500 MHz, DMSO-d6) d 10.73 (s, 1H,
H-7, NH), 9.59 (s, 1H, H-17, phenolic OH), 9.25 (s, 1H, H-18,
phenolic OH), 8.37 (d, 1H, J = 4.7 Hz, H-6, double bound in
ucytosine ring), 7.50 (d, 1H, J = 15.6 Hz, H-10, double bound),
7.03 (d, 1H, J = 1.9 Hz, H-12, aromatic CA), 6.95 (dd, 1H, J1 =

8.2 Hz, J2 = 1.7 Hz, H-16, aromatic CA), 6.84 (d, 1H, J = 15.4 Hz,
H-9, double bond), 6.78 (d, 1H, J = 8.2 Hz, H-15, aromatic CA),
5.82 (d, 1H, J= 4.2 Hz, H-10, CHN deoxyribose), 5.49 (dd, 1H, J1 =
6.2 Hz, J2 = 4.3 Hz, H-20, deoxyribose), 5.13 (dd, 1H, J1 = J2 =

6.4 Hz, H-30, deoxyribose), 4.13 (dt, J1 = J2 = 6.3 Hz, H-40,
deoxyribose) 2.06 (s, 6H, H-70, H-90, deoxyribose C(O)CH3), 1.37
(d, 3H, J = 6.3 Hz, H-50, deoxyribose CH3),

13C NMR (125 MHz,
DMSO-d6) d 169.5 (C-80, deoxyribose C]O), 169.3 (C-60, deoxyri-
bose C]O), 164.3 (C-8, C]O CA), 154.6 (C-4, ucytosine ring),
152.3 (C-2, ucytosine ring C]O), 148.6 (C-14, aromatic CA),
145.6 (C-13, aromatic CA), 144.2 (C-10, double bond), 137.3 (d, JCF
= 247.1 Hz, C-5, ucytosine ring), 131.3 (d, JCF = 36.0 Hz, C-6,
ucytosine ring), 125.8 (C-11, aromatic CA), 121.8 (C-16,
aromatic CA), 116.6 (C-9, double bond), 115.8 (C-15, aromatic
CA), 114.2 (C-12, aromatic CA), 89.9 (C-10, deoxyribose), 77.3 (C-40,
deoxyribose), 73.4 (C-30, deoxyribose), 72.7 (C-20, deoxyribose),
20.3 (C-70, deoxyribose COCH3), 20.3 (C-90, deoxyribose COCH3),
17.7 (C-50, deoxyribose CH3); HRMS (ESI, m/z): calculated for
C22H23N3O9F [M + H]+ 492.1418; found 492.1418, calculated for
C22H22N3O9FNa [M + Na]+ 514.1238; found 514.1234.
13138 | RSC Adv., 2024, 14, 13129–13141
Cell culture

In vitro cell culture procedures were performed under aseptic
conditions and cells were propagated in humidied Innova CO-
180 incubator (New Brunswick Scientic, Edison, NJ, USA)
supplied with 5% CO2 and maintained at 37 °C. Subculturing
was performed twice per week (at approximately 72 h intervals)
and cell growth was monitored with a Nikon Eclipse micro-
scope. Pancreatic cancer cell lines: BxPC-3 (from primary
tumour) and AsPC-1 (from ascites) were cultured in RPMI-1640
medium supplemented with 10% heat inactivated fetal bovine
serum (FBS), glutamine and antibiotic–antimycotic mixture.
NHDF grew in alpha-MEM supplemented with 10% FBS, 2 mM
glutamine, and antibiotic–antimycotic.

Cell viability assay (MTT)

The cytotoxicity impact of the ligands on cancer cell and healthy
control cell lines was evaluated as described earlier71–73 by per-
forming the MTT assay.62 Cells were seeded in 96-well plates (at
a density of 5 × 103 cells per well) in appropriate culture
medium and plates were incubated for 24 h. Aerwards, the
media were replaced with fresh media supplemented with
varying concentration (in the range of 125–4000 nM) of
synthesized complexes (compounds were dissolved in DMSO,
heated and sonicated at 55 °C for 15 min before dilution in
medium) or an equivalent volume of DMSO, considered as
solvent control and incubation proceeded for another 72 h.
Subsequently, the medium containing the chemicals tested was
removed and the MTT solution (50 mL per well of 10 times
diluted in medium from the solution stock 0.5 mg mL−1) was
added. Aer 3 h of incubation, the MTT solution was replaced
with DMSO (50 mL per well) to dissolve the purple formazan
crystals and developed color. Absorbance was measured at
560 nm with a reference wavelength of 670 nm on an Asys UVM
340 Microplate Reader (Cambridge, UK). The results were
expressed as a percentage of viable cells in comparison to the
control (the untreated cells, taken as 100%) implementing the
formula:

Cell viability (%) = (AT/AC) × 100

where, AT= absorbance of the treated cells, AC= absorbance of
the not treated cells.

Computational methods

In the computational part of this work, we used a similar
approach to our previous studies.74–76 Models of all studied
ligands were built starting from the structure of capecitabine
(Pubchem CID: 60953).77 LigProp 3.3 soware (Schrodinger
Inc.) was used to prepare all-atom 3D structures. Subsequently,
we evaluated all ADME properties using QikProp 4.6 soware
(Schrodinger Inc.) with default options. For the toxicity
prediction, we used ProTox-II webserver.67 In the molecular
docking part, we used Autodock Vina ver. 1.1.2 (ref. 78) with
default options and exhaustiveness level set at 18. For molecular
docking to CES2, we used the AlphaFold model of this protein.79

with the following residues set as exible: Trp145, Tyr159,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Glu227, Ser228, Thr232, Ser233, Ser235, Leu259, Phe416,
His457, Glu460, Leu461. Aer the docking we selected the
lowest-energy pose of ligand 5 and used it as a template to build
all other ligand models, which were redocked to the protein
using Autodock ver. 4.2 (ref. 80) and the local search algorithm
with 1000 repetitions. For albumin docking we used the avail-
able crystal structure of this protein (PDB: 2BXD)69 and two
potential binding sites, as predicted in previous studies.68 For
site 1 the following residues were treated as exible: Tyr150,
Lys199, Phe211, Arg222, Leu238, His242, Arg257, Leu260, while
for site 2 the exible residues were: Leu387, Asn391, Arg410,
Tyr411, Lys414, Arg485, Ser489. In both cases we used a 25 × 25
× 25 Å box centered on the corresponding binding sites.
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A. Lewińska, A. Zagórska, M. Walczak, B. Tyliszczak,
A. Grzeszczak, M. Łukaszewicz, Ł. Kaczmarek and
J. Gubernator, Bioact. Mater., 2020, 6(4), 1163.

74 O. Michalak, M. Cybulski, W. Szymanowski, A. Gornowicz,
M. Kubiszewski, K. Ostrowska, P. Krzeczyński,
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