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a b s t r a c t

A series of novel N-alkylated C-6-isobutyl- or -propyl pyrimidine derivatives were synthesized and their
antiproliferative effect was evaluated on a panel of tumor cell lines including leukemia cell line K562
and normal diploid human fibroblasts. N-methoxymethylated 5-methylpyrimidin-2,4-dione with di
(benzyloxy)isobutyl at C-6 (14b) showed the strongest effect on the cell growth at micromolar
concentrations. Mechanisms of action for the lipophilic compound 14b predicted in silico, pointed to
its anticancer and antimetastatic potential exerted through inhibition of DNA or RNA polymerases and
adhesion molecules. The latter mechanism has been supported in vitro for adherent tumor cell lines.

� 2014 Published by Elsevier Ltd.
Pyrimidines are integral DNA and RNA building blocks and thus
play an essential role in biological processes. As a consequence,
these compounds have considerable chemical and pharmacological
importance.1 Scaffolds containing the pyrimidine heterocycle exhi-
bit various biological effects including antiinflammatory, analgesic,
antipyretic, antiarrhythmic, antimicrobial, anticancer and antiviral
activities.2 As deoxynucleoside kinases are included in the activa-
tion of deoxynucleoside analogs with biological and therapeutic
properties, they are largely targeted for the treatment of viral
diseases and cancer.3 In particular, mitochondrial (mt) thymidine
kinase (TK-2) belongs to the family of mammalian deoxynucleo-
side kinases (dNKs) and its role is implicated in the phosphoryla-
tion of pyrimidine nucleosides required for the mitochondrial
DNA (mtDNA) whose synthesis is maintained during the whole cell
cycle.4 Besides the activation of nucleoside analogs with pharma-
cological properties, dNKs have a fundamental role in the salvage
pathway of deoxynucleotide synthesis. Extensive studies have
been carried out on the use of small side-chain 5-substituted uracil
analogs as enzyme inhibitors in cancer and viral chemotherapy by
phosphorylation with different efficacy using human and other
mammalian nucleoside kinases including thymidine kinases TK-1
and/or TK-2; viral kinases such as herpes simplex virus types 1
and 2 (HSV-1 TK and HSV-2 TK).5 Besides, C-6 fluoroalkylated
pyrimidines revealed pronounced cytostatic activities6 while thy-
mine with 6-(2,3-dihydroxypropyl) and 6-(1,3-dihydroxyisobutyl)
side-chain and its N-methylated structural analog have been devel-
oped as tracer molecules for monitoring HSV-1 TK expression by
positron emission tomography (PET).7 Moreover, it was found that
that N-1 and/or N-3-alkylated pyrimidine derivatives exert a wide
range of antiviral activity.8 Pronounced biological activities of C-5
and/or C-6 substituted pyrimidine derivatives substantiated by
previous reports in relation to their antiproliferative effects,
provide a good rationale for expanded study of the chemistry
and biological activities of this class.9 Furthermore, in chemother-
apeutical regimens pyrimidine nucleoside analogs are suitable for
combinational treatments with other cell cycle inhibitors targeting
different signaling pathways, mainly due to their DNA damaging
properties that induce the S-phase cell cycle arrest. Such approach
might enhance cytotoxicity of drugs and improve clinical response
of patients.3,10

In this study we report on the in vitro antiproliferative activity
and supposed mechanisms of biological action and toxicity of
pyrimidine derivatives substituted with acyclic side-chain at
position C-6 and alkylated with methoxymethyl (MOM) or trim-
ethylsilylethoxymethyl (SEM) group at N-1 and/or N-3 position of
pyrimidine ring. Synthesis of the key pyrimidine precursor 1a with
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6-(1,3-dibenzyloxy-2-hydroxyisobutyl) side-chain was performed
by treatment of 2,4-dimethoxy-6-methylpyrimidine with lithium
diispropylamide (LDA) in THF at �55 �C to afford the correspond-
ing lithiated precursor, which reacted in situ with 1,3-dibenzyl-
oxy-2-propanone to give 1a (Scheme 1). Deprotection of 2,4-
dimethoxy groups in 1a was accomplished using trimethylsilyl
iodide generated in situ from trimethylsilyl chloride and sodium
iodide to afford pyrimidin-2,4-dione 2a which was subsequently
submitted to N-alkylation reaction. Methoxymethylation reaction
of 2a with K2CO3 and methoxymethyl chloride in DMF afforded
N-1-MOM (3), N-3-MOM (4) and N,N-1,3-diMOM (5) 6-(1,3-diben-
zyloxy-2-hydroxyisobutyl)pyrimidine derivatives. N-1-SEM (6)
and N-3-SEM (7) regioisomers were obtained in reaction of
silylated pyrimidine derivative 2a with trimethylsilylethoxymeth-
yl chloride (SEMCl) in 1,1,1,3,3,3-hexamethyldisylazane (HMDS).
Debenzylation of N-1 regioisomers 3 and 6 with boron trichloride
gave N-1-MOM (8) and N-1-SEM (9) 6-(1,3-dihydroxy-2-hydroxyi-
sobutyl)pyrimidine derivatives, respectively. Synthesis of
N-MOM-5-methylpyrimidine derivatives 12b–14b was performed
according to the previously reported procedure starting from 6-
(1,3-dibenzyloxy-2-hydroxyisobutyl)-5-methylpyrimidine (1b).11

Reaction of C-5 unsubstituted pyrimidine derivative 1a with
methyl oxalyl chloride (MOC) gave oxalate, which was submitted
to Barton–McCombie deoxygenation using tributyltin hydride
(SnBu3H) and 2,20-azobis(isobutyronitrile) (AIBN) to give pyrimi-
dine derivative 10a containing di(benzyloxy)isobutyl side-chain
at C-6 (Scheme 2). Deprotection of dimethoxy groups in 10a was
accomplished with trimethylsilyl iodide to obtain pyrimidin-2,4-
dione 11a (Scheme 2). Methoxymethylation reaction of 11a with
MOMCl gave N-1-MOM (12a), N-3-MOM (13a) and N,N-1,3-
diMOM (14a) pyrimidine derivatives. Debenzylation of 12a and
14a was carried out using BCl3 to afford N-1-MOM (15) and
N,N-1,3-diMOM (16), respectively, with 6-(1,3-dihydroxyisobutyl)
side-chain. However, debenzylation of 14a accompanied by
intramolecular cyclization gave bicyclic compound 17 as minor
product (Scheme 2). Lithiation reaction of the 2,4-dimethoxy-6-
methylpyrimidine and its 5-methylated derivative, using LDA and
benzyloxyacetaldehyde in THF at �55 �C afforded 18a and 18b,
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Scheme 1. Reagents and conditions: (i) LDA, THF, �55 �C, 20 h; (ii) TMSCl, NaI, rt, 19 h, A
�55 �C, 4 h, Ar.
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respectively, with C-6 3-benzyloxy-2-hydroxypropyl side-chain
(Scheme 3). Reaction of 18a and 18b with in situ formed trymeth-
ylsilyl iodide gave pyrimidine 2,4-dione derivatives 19a and 19b,
respectively, and 2,4-dimethoxypyrimidine 20b with free hydroxyl
functionality in C-6 side-chain. Reaction of silylated pyrimidine
derivatives 19a and 19b with SEMCl afforded N-1-SEM pyrimidine
derivatives 21a and 21b, respectively. Subsequently, debenzylation
of 21a and 21b with BCl3 gave target N-1-SEM pyrimidine deriva-
tives 22a and 22b, respectively, with free hydroxyl groups. Meth-
oxymethylation reaction of 19b with MOMCl gave N-1-MOM
(23b) and N,N-1,3-diMOM (24b) pyrimidine derivatives. Debenzy-
lation reaction of 23b afforded N-1-MOM (25b) pyrimidine with 6-
(1,3-dihydroxypropyl) side-chain.

Among 23 compounds tested for antiproliferative activity
in vitro, five compounds 2,4-dimethoxypyrimidine 1b and 10a
and pyrimidin-2,4-diones 12b, 13b and 14b with di(benzyloxy)iso-
butyl side-chain at C-6 (Scheme 2) showed antiproliferative effects
on five selected cancer cell lines and diploid fibroblast-like WI38 or
MCR cell lines (Table 1, Table S1 in Supplementary data). Among
C-5 unsubstituted pyrimidines, only non-N-alkylated 2,4-dimeth-
oxypyrimidine 10a exhibited cytostatic activity. Furthermore, in
the series of tested pyrimidin-2,4-dione derivatives, N-alkylated
N-1-MOM (12b), N-3-MOM (13b) and N,N-1,3-diMOM (14b)
5-methylpyrimidines displayed antiproliferative effect. The
strongest concentration-dependent effect on the growth of all
tested cells at micromolar concentrations (0.1–1 lM) was exerted
by N,N-1,3-diMOM pyrimidin-2,4-dione 14b. Therefore, antiprolif-
erative test for compound 14b was performed on the apoptosis
resistant non-adherent, Philadelphia chromosome-positive chronic
myeloid leukemia (Ph+ CML) cell line K562 in comparison with
commercial kinase inhibitor nilotinib (Tasigna

�
). Tasigna

�
is used

in standard treatment of Ph+ leukemia due to increased potency,
decreased toxicity and greater cellular and tissue penetration than
imatinib (Gleevec

�
), with a similar target profile.14 Here presented

results showed higher antiproliferative effect of compound 14b on
K562 leukemia cells in comparison with Tasigna

�
(Table 2) even

though Tasigna
�

exhibited lower cytotoxicity on normal human
fibroblasts (BJ).
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Figure 1. The results of adhesion assay. Tumor cell lines HeLa, MCF-7, SW620 and
normal human fibroblast BJ were treated with 14b at 5 lM for (a) 2 h and (b) 24 h.

Table 1
The growth-inhibition effects of compounds 1b, 10a and 12b–14b on selected tumor
cell lines and normal human fibroblasts in vitro

Compd IC50
a (lM)

MCF-7 SW620 MiaPaCa-2 HepG2 HeLa WI38 MCR

1b12 4.2 3.5 6.1 2.4 3.7 3.8 NT
10a 0.3 >100 NT 0.3 3.5 NT 18.5
12b 72.6 72.1 55.9 NT 29.7 30.8 NT
13b 21.6 25.6 27.3 NT 17.0 19.4 NT
14b 0.4 0.5 0.5 NT 0.3 0.3 NT

a IC50; 50% inhibitory concentration, or compound concentration required to
inhibit tumor cell proliferation by 50%. NT, non-tested. The cell growth rate was
evaluated by performing the MTT assay.13

Table 2
The inhibition effects of compound 14b and Tasigna

�
on the growth of Ph+ CML cell

line K562 and normal human fibroblasts BJ in vitro

Compd IC50
a (lM)

K562 BJ

Tasigna
�

2.4 12.8
14b 0.6 5.3

a IC50; 50% inhibitory concentration, or compound concentration required to
inhibit tumor cell proliferation by 50%.
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Observed antiproliferative effects might be partially explained
with relation to calculated n-octanol/water partition coefficients
logP. It has been revealed that the active compounds 1b, 10a,
12b–14b, all containing di(benzyloxymethyl) unit, are generally
more lipophilic than the inactive compounds (Table S2). The
greater lipophilic character may contribute to their considerable
cellular uptake and/or interactions with cellular target(s).15

According to PASS,16 a tool for estimation of potential pharma-
cological effects and biological targets, the synthesized molecules
were predicted to have antiviral activity (Pa P0.5 in Tables S3
and S4) what is in accordance with the observed antiviral activities
of some C-6 substituted thymine and uracil derivates.8 However,
different target molecules for pyrimidin-2,4-dione (Table S3) and
2,4-dimethoxypyrimidine derivatives (Table S4) were suggested
as the most probable by PASS. Although both classes have shown
antiproliferative effects (Table 1), their modes of action at molecu-
lar level may differ according to PASS.

Inhibitions of DNA and RNA polymerases as well as cell
adhesion molecules (Pa �0.3, Pi �0.1) were indicated for
pyrimidin-2,4-diones 12b, 13b and 14b (Table S3). On the contrary,
compounds 1b and 10a with 2,4-dimethoxypyrimidine scaffold
were predicted to have membrane permeability inhibitor capacity
(Pa >0.4; Pi �0.15) and to be Hsp 27 (b1) antagonist (Pa �0.5, Pi
�0.018) (Table S4). Since the most active compound 14b was indi-
cated as cell adhesion molecule inhibitor (Pa �0.4; Pi �0.05) and
antimetastatic agent (Pa �0.5, Pi �0.03) (Table S3), this compound
was subsequently tested by use of adhesion assay (Fig. 1).

Predicted inhibition of cell adhesion might explain the strong
antiproliferative effect observed on adherent tumor cell lines
(Table 1). It has already been shown that binding of tumor cells
to extracellular matrix proteins might promote tumor invasive-
ness, that is, binding of metastatic colon cancer cells to fibrinogen
or breast cancer cells to fibronectin.17 Adhesion analysis for adher-
ent tumor cells on the fibronectin matrix confirmed that adhesion
molecules are indeed, targeted by compound 14b (Fig. 1). It was
evident that adhesion of all tested cell lines was strongly affected
by treatment with compound 14b.

Prior to treatment with compound 14b, the adhesion rates of
tested cell lines were different and the highest percentages of
adhesion were observed for normal fibroblasts BJ and MCF-7, while
Please cite this article in press as: Gazivoda Kraljević, T.; et al. Bioorg. M
the lowest percentage of adhesion was observed for the metastatic
SW620 cell line (Fig. 1). Upon 24 h treatment with compound 14b
the strongest effect was detected on SW620 cells where almost no
cells were able to adhere to the matrix, while the weakest effect,
even though significant, was perceived on normal human fibro-
blasts (Fig. 1). These differences observed in the adhesion assay
of compound 14b were also visible in the cell cycle analysis
(Table 3).

In SW620 cells with mutated tumor-suppressor gene p53,18 an
increase of cells arrested in the S and G2/M phases has been
observed upon 24 and 48 h treatment with compound 14b instead
of standard chemotherapy-induced G1 arrest which occurs in p53
functional cells.19 Indeed, in normal human fibroblasts with wild
type (wt) p53 gene treated with compound 14b the arrest of cells
occurred in G1 and ended in subG1 arrest which is indicative of
apoptosis. A similar effect has been observed in MCF-7 cells bear-
ing a wt p5320 after 48 h treatment, where higher concentrations of
compound 14b induced an increase of cells in the G1 phase. Inter-
estingly, compound 14b showed no effect on the cell cycle of leu-
kemia cell line K562 even though it strongly inhibited their growth
(Table 4). Contrary, Tasigna

�
induced a strong G1 arrest of K562

cells (at significance p < 0.05) that is in accordance with the litera-
ture data.20 Therefore, it may be assumed that compound 14b
exerts its antiproliferative effect on leukemia cells by some other
mechanism such as inhibition of DNA or RNA polymerases or
through a toxic effect on the cell membrane due to its lipophilic
properties.21

In conclusion, novel N-alkylated C-6-isobutyl or -propyl
pyrimidine derivatives were successfully synthesized. Lipophilic
2,4-dimethoxypyrimidine (1b and 10a) and N-1-MOM (12b),
N-3-MOM (13b) and N,N-1,3-diMOM (14b) pyrimidin-2,4-
dione derivatives all with di(benzyloxy)isobutyl side-chain at C-6
ed. Chem. Lett. (2014), http://dx.doi.org/10.1016/j.bmcl.2014.04.079
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Table 3
Cell cycle analysis for compound 14b on adherent tumor cell lines

Cell line/treatment Cell cycle phase (%)

subG1 G1 S G2/M subG1 G1 S G2/M subG1 G1 S G2/M

SW620 WI38 MCF-7

Controla 6.4 56.1 17.1 18.1 36.7 41.7 11.8 9.1 50.2 23.5 13.7 8.1
0.1 lMa 4.3 51.5⁄ 19.6⁄ 21.7⁄ 21.9⁄ 61.7⁄ 8.9⁄ 6.9⁄ 55.5 25.5 9.7 7.1
1 lMa 5.2 55.9 16.1 20.1 21⁄ 70.1⁄ 2.4⁄ 5.1⁄ 67.1⁄ 14.8⁄ 8.1⁄ 8.7
Controlb 5.0 57.6 21.8 14.4 27.9 53.9 8.6 8.7 73.97 13.6 6.4 10.3
0.1 lMb 6.8 49.7⁄ 25.6⁄ 15.5 38.5⁄ 48.5⁄ 6.8 5.7 50.5⁄ 23.8⁄ 11.9⁄ 9.5
1 lMb 6.7 53.1 22 15.8 47.9⁄ 45.5⁄ 3.4⁄ 3.5⁄ 78.9 11.5 4.9 3.8

a 24 h Treatment.
b 48 h Treatment. The results are shown as percentage of cells in a particular cell cycle phase (%). Statistically relevant results (p > 0.05) are denoted with an asterisk (⁄).

Table 4
Flow cytometric analysis of the cell cycle of K562 cells upon the treatments with
compound 14b

Compd 14b Cell percentage (% ± standard deviation)

subG1 G1 S G2/M

Controla 2.4 ± 0.0 49.5 ± 3.1 27.5 ± 5.1 21.7 ± 2.4
0.1 lMa 2.2 ± 0.3 48.4 ± 5.1 28.6 ± 7.1 22.2 ± 0.4
1 lMa 3.1 ± 0.0 53.0 ± 1.3 26.6 ± 5.5 18.4 ± 3.9
Controlb 4.7 ± 0.6 47.5 ± 2.2 24.0 ± 2.9 23.4 ± 1.0
0.1 lMb 3.0 ± 0.2 49.8 ± 0.6 24.1 ± 0.0 23.5 ± 0.3
1 lMb 4.2 ± 1.6 51.8 ± 1.5 25.9 ± 7.0 17.4 ± 6.5

Tasigna
�

subG1 G1 S G2/M

Controla 1.8 ± 0.3 48.4 ± 0.1 28.9 ± 0.9 21.8 ± 0.5
0.1 lMa 3.7 ± 0.2⁄ 85.0 ± 1.1⁄ 7.0 ± 1.1⁄ 4.4 ± 0.1⁄

0.5 lMa 3.3 ± 0.4⁄ 85.8 ± 2.1⁄ 5.6 ± 0.1⁄ 4.8 ± 1.3⁄

Controlb 3.0 ± 0.7 51.2 ± 2.4 21.7 ± 2.0 26.1 ± 0.1
0.1 lMb 9.2 ± 0.0⁄ 70.0 ± 1.7⁄ 16.5 ± 0.3⁄ 5.1 ± 1.2⁄

0.5 lMb 15.0 ± 3.1⁄ 64.4 ± 3.9⁄ 18.2 ± 5.0⁄ 3.9 ± 4.2⁄

a 24 h Treatment.
b 48 h Treatment. Statistically significant changes (p < 0.05) are denoted with an

asterisk (⁄).
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showed antiproliferative activity on tested tumor cell lines. Among
these compounds, pyrimidin-2,4-dione derivate 14b exerted pro-
nounced inhibitory effect (IC50 �0.4 lM) on all tested cancer cell
lines. Furthermore, this compound exhibited higher antiprolifera-
tive effect (IC50 = 0.6 lM) on leukemia cell line K562 in comparison
with commercial kinase inhibitor Tasigna

�
(IC50 = 2.4 lM) that is

used in standard treatment of Ph+ leukemia. Pyrimidin-2,4-dione
derivatives 12b–14b have been recognized as antimetastatic
agents as they may target adhesion molecules, that was supported
in vitro for compound 14b on tumor cells.
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