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A B S T R A C T

The 1H-1,2,3-triazole-originated derivatives of willardiine were obtained by: (i) construction of the 1H-1,2,3-
triazole ring in 1,3-dipolar cycloaddition of the uracil-derived azides and the carboxylate-bearing alkynes or α-
acylphosphorus ylide, or (ii) N-alkylation of the uracil derivative with the 1H-1,2,3-triazole-4-carboxylate-de-
rived mesylate. The latter method offered: (i) reproducible results, (ii) a significant reduction of amounts of
auxiliary materials, (iii) reduction in wastes and (iv) reduction in a number of manual operations required for
obtaining the reaction product. Compound 6a exhibited significant binding affinity to hHS1S2I ligand-binding
domain of GluR2 receptor (EC50=2.90 µM) and decreased viability of human astrocytoma MOG-G-CCM cells in
higher extent than known AMPA antagonist GYKI 52466.

1. Introduction

Willardiine (Fig. 1) belongs to the class of nucleoamino acids [1]. It
was isolated from Acacia willardiana or Mimosa asperata in 1961 [2].
Since its agonistic activity at AMPA glutamate receptors was discovered
[3], willardiine and its derivatives became useful tools for elucidating
the molecular mode of action of glutamate ionotropic receptors. While
5-halowillardiines 1 preserved the agonistic activity of willardiine [4],
the N3-modified derivatives 2 and 3 (Fig. 1) acted as selective antago-
nists of the ionotropic glutamate AMPA receptors (compounds 2a [5])
or kainate receptors (compounds 2b or 3 [6]). Antagonists of glutamate
ionotropic receptors were postulated to be useful in the therapy of
neurodegenerative diseases, such as Alzheimer’s disease [7], owing to
the role of these receptors in activity of mammalian brains, i.e. in
learning processes and in memory formation.

The concept of bioisosterism has been extensively exploited in the
drug design and development process. According to the definition of
Friedman, “[bioisosteres are structural moieties] which fit the broadest
definition of isosteres and have the same type of biological activity” [8].
The bioisostere concept has been employed to increase potency or se-
lectivity of the native drug (or drug-candidate), to improve ADME
properties (adsorption, distribution, metabolism or excretion), or an-
nihilate toxicity of the parent compound. The 1H-1,2,3-triazole scaffold

has met the criteria of the Friedman definition with a broad range of the
structural motifs. It acted as bioisostere of an amide bond, ester bond,
double bond, pyrophosphate unit [9], carboxylic group, or a hetero-
aromatic ring [10]. Further, ability of the 1,4- or 1,5-disubstituted 1H-
1,2,3-triazole ring to bind proteins via hydrogen bonds was reported
[11]. In general, the sp2-nitrogen atom(s) of the 1H-1,2,3-triazole ring
served as the H-bond acceptor(s), while the tertiary carbon atom acted
as the H-bond donor (Fig. 2a). When C-substituted with the carbox-
amide function as the H-bond donor (Fig. 2b), the 1H-1,2,3-triazole ring
strongly interacted with guanine [12]. The 1H-1,2,3-triazole-derived
carboxamides were approved as drugs (carboxyamidotriazole [13],
rufinamide [14]) or reported as drug candidates (1,2,3-triazole-riba-
virin [15], 1,2,3-triazole-bredinin [15], or 1,2,3-triazole-TSAO [16]).

Considering both the H-bond-mediated interactions of willardiine(s)
with the receptor proteins [17] and the H-bonding potential of the 1H-
1,2,3-triazole ring, we envisaged compounds 4–7 (Fig. 3) as potential
bioisosteres of willardiine or the wiilardiine-derived glutamate receptor
modulators. The C-carboxylate- or C-carboxamide-substituted 1H-1,2,3-
triazole moiety was designed as a surrogate of the willardiine amino
acid function [18] (compounds 4 and 5) or the heteroaromatic function
of the willardiine derivative 2c or 3 (compounds 6 and 7).
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2. Results and discussion

2.1. Synthesis

The preparation of the 1H-1,2,3-triazole-bearing uracils as pre-
cursors of the target compounds 4–7 was crucial in our project. Two
approaches were considered (Scheme 1): (i) reaction of the N1- or N3-
protected uracil with the 1H-1,2,3-triazole-alkylating agent; or (ii) 1,3-
dipolar cycloaddition of the azido-uracil to the carboxylate dipolar-
ophile, such as ethyl propiolate or ethyl acetylenedicarboxylate or
phosphorous α-acyl ylide. We decided to examine the former approach
because literature data on employing of (2-haloethyl)- [19] or (2-to-
syloxyethyl)-1,2,3-triazoles [20] as alkylating agents have been ex-
tremely limited. Further, the reported alkylations gave satisfactory
yields solely when conducted under a microwave irradiation conditions
[19a], or in the absence of a base [20a]. The latter requirement resulted
from considerable proclivity of (2-haloethyl)- or (2-tosyloxyethyl)-2H-

1,2,3-triazoles to elimination reaction leading to the corresponding
vinyl-1,2,3-triazoles.

The alkylation approach was developed for the synthesis of com-
pounds 4 and 5 (Scheme 2) because the literature data revealed low
yield of 1-(2-azidoethyl)uracil [21], a potential substrate in the cy-
cloaddition approach. Thus, the K2CO3-mediated alkylation of 3-(pi-
valoyloxymethyl)uracil 8 [22] with 1H-1,2,3-triazole-bearing mesylate
9 [23] afforded 1,3-disubstituted uracil 10 in 77% yield. Next, treat-
ment of 10 with aqueous LiOH, followed by acidification of the reaction
mixture with hydrochloric acid gave the target acid 4 in 69% yield. On
the other hand, two-step one-pot treatment of compound 10 with am-
monium hydroxide at elevated temperature followed by hydrolysis of
the crude reaction products with LiOH gave amide 5 in 69% yield.

The synthesis of compound 15a via the cycloaddition approach is
shown in Scheme 3. The starting azide 12 was obtained by azidoethy-
lation of compound 11a [24]. N1-deprotection of azide 12 followed by
cycloaddition of the resulting product 13 with ethyl propiolate was the
most effective synthetic variant (74% two-step yield from azide 12).
The reversed reaction sequence via compound 14a gave product 15a in
51% two-step yield owing to non selective formation of 1,2,3-triazoles
14a and 14b from azide 12.

The alkylation approach to compounds 14a is shown in Scheme 4.
The K2CO3-mediated reaction of compound 11a with mesylate 9 pro-
duced compound 14a in 75% yield. From the preparative point of view,
the most satisfactory protocol for preparation of compound 15a (60%
total yield) was developed from 1-Boc-uracil 11b [25] and mesylate 9.
The two-step one-pot process involved the N3-alkylation of compound
11b with mesylate 9 under the previously used conditions followed by
treatment of the crude post-alkylation mixture with trifluoroacetic acid.

1,5-Disubstituted-1H-1,2,3-triazole 15b (Scheme 5) was synthesized
in a two-step process employing the 1,3-dipolar cycloaddition of azide
12 to ethyl 2-oxo-3-(triphenylphosphoranylidene) propanoate [26,27],
followed by trifluoroacetic acid-mediated N1-deprotection of compound
14b. The overall yield of compound 15b was 53%. The preparation of
the intermediate 14b (64% yield) was the yield-limiting step of this
process.

Diester 15c was obtained from ethyl acetylenedicarboxylate and
azide 12 or 13 (Scheme 6). Both synthetic routes were similarly effi-
cient and gave compound 15c in the overall yields exciding 70% [28].

Next, having the synthesis of compounds 15a-c optimized, we
converted them to the corresponding acids 16a-c or amides 17a-b
(Scheme 7, Table 1), precursors of the target compounds 6 or 7, re-
spectively. Thus, carboxylic acids 16a-c were synthesized in yields
exceeding 90% by the LiOH-mediated hydrolysis of esters 15a-c
(Table 1, entries 1–3), followed by treatment of the reaction mixture
with acidic ion exchange resin. On the other hand, amides 17a and 17b
were obtained from ammonolysis of esters 15a or 15c at elevated
temperature, respectively.

The thus obtained acids 16a-c and amides 17a,b were subjected to
the NaH-promoted reaction with (S)-tert-butyl-(2-oxooxetan-3-yl)car-
bamate [29], followed by treatment of the crude reaction mixture with
diluted hydrochloric acid (Scheme 8). The type of the acid used in the
latter step was crucial in this process. Hydrochloric acid was used less
frequently than trifluoroacetic acid in the literature syntheses of will-
ardiine derivatives [30]. However in our project, hydrochloric acid was
more efficient than trifluoroacetic acid and gave pure compound 6a in
the 20% yield (Table 2, entry 2 vs entry 1, respectively). According to
the procedure employing hydrochloric acid for the acidification of the
post-coupling mixture, products 7a,b were obtained in 20% yields
(Table 2, entries 4 and 5). Yields of compounds 6a and 7a,b are not
surprising. Based on the published syntheses of the willardiine deriva-
tives, we believed that efficiency of the reaction between the pyr-
imidine derivative 16 (or 17) and aminolactone was the yield-limiting
step. Low stability of the aminolactone under the basic conditions was
postulated in the literature as the main reason for the limited reactivity
of this compound [31]. Probably for this reason, the reaction between

Fig. 1. Willardiine and its uracil C5- and/or N3-modified derivatives of med-
icinal interest.

Fig. 2. The reported H-bonding properties of: a) the 1,4- or 1,5-disubstituted
1H-1,2,3-triazole ring, b) the 1-substituted 1H-1,2,3-triazole-4-carboxamide
moiety.

Fig. 3. Target compounds in the current project.
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the tri-substituted 1H-1,2,3-triazole derivative 16b and aminolactone
did not afford the expected product. Substrate 16b was recovered from
the reaction mixture in 78% yield (Table 2, entry 3).

2.2. Structure elucidation

NMR spectroscopy was employed to distinguish compounds 15a
and 15b. These compounds were identified and fully characterized by
[1H]-coupled 13C NMR spectroscopy, 1H–13C HMBC spectroscopy and
1H–13C HMQC spectroscopy. In the [1H]-coupled 13C NMR spectrum of
compound 15a, the signal assigned to the 1,2,3-triazole H-bonded-C(5)
carbon nucleus appeared as a doublet of triplets at 129.66 ppm, owing
to couplings of H(5)↔C(5) (1JH(5)-C(5) = 198.8 Hz) and H(1a)↔C(5)

Scheme 1. Synthetic approach to the 1H-1,2,3-triazole-precursors of the target compounds 4–7.

Scheme 2. Synthesis of compounds 4 and 5. Reagents and conditions. (a)
K2CO3, DMF, 50 °C, 2 days. (b) (1) LiOH, H2O, THF, room temperature, 1 day;
(2) 2% aqueous HCl. (c) (1) NH4OH, THF, 50 °C, 1 day; (2) LiOH, H2O, THF,
room temperature, 1 day; (3) 2% aqueous HCl.

Scheme 3. Cycloaddition approach to compound 15a. Reagents and conditions. (a) NaH, NaI, DMF, 60–65 °C, 2 days. (b) conc. HCl, MeOH, 24 h. (c) MeOH, room
temperature, 3 days. (d) Hexane-AcOEt (1:1, v/v), room temperature, 3 days. (e) CF3CO2H, room temperature, 3 days.

Scheme 4. Alkylation approach to compounds 14a and 15a. Reagents and
conditions. (a) NaH, DMF, room temperature, 1 day. (b) CF3CO2H, CH2Cl2,
room temperature, 2 h.

Scheme 5. Cycloaddition approach to compound 15b. Reagents and condi-
tions. (a) Toluene, 110 °C, 2 days. (b) CF3CO2H, room temperature, 3 days.
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(3JH(1a)-C(5) = 2.5 Hz) (Fig. 4a, green arrows). The H(5)↔C(5) inter-
action was confirmed from the 1H–13C HMQC spectrum [32]. The H
(1a)↔C(5) interaction was also observed in the 1H–13C HMBC spectrum
(Fig. 4a, blue arrow). In the 13C NMR [1H]-coupled spectrum of isomer
15b, the resonance due to the 1,2,3-triazole H-bonded-C(4) carbon
nucleus appeared as a doublet at 137.45 ppm owing to the H(4)↔C(4)
coupling (1JH(4)-C(4) = 196.25 Hz) (Fig. 4b, green arrow). The H
(4)↔C(4) interaction was also present in the 1H–13C HMBC spectrum
(Fig. 4b, blue arrow). In contrast to the literature data [33,34],

interactions between the carbonyl group-bonded 1,2,3-triazole carbon
nucleus and the adjacent protons could also be observed in the [1H]-
coupled 13C NMR spectra of isomers 15a and 15b (Fig. 4a and 4b, re-
spectively), owing to the well-separated signals. The C(4) carbon nuclei
in isomer 15a was represented by a doublet at 138.68 ppm owing to the
H(5)↔C(4) coupling (3JH(5)-C(4) = 10.0 Hz) in the 13C NMR [1H]-cou-
pled spectrum (Fig. 4a, green arrow). The H(5)↔C(4) interaction was
strongly manifested in the 1H–13C HMBC spectrum (Fig. 4a, blue
arrow). The C(5) carbon nuclei in isomer 15b was represented by a
broad doublet at 128.49 ppm in the 13C NMR [1H]-coupled spectrum.
The H(4)↔C(5) coupling (3JH(4)-C(5) = 13.8 Hz) (Fig. 4b, green arrow)
in isomer 15b was accompanied by the H(1a)↔C(5) coupling (Fig. 4b,
green arrow). The H(1a)↔C(5) coupling was relatively weak (3JH(1a)-
C(5) < 2Hz) and manifested by a broadening of the doublet due to the
C(5) carbon nuclei. The H(1a)↔C(5) interaction was ultimately con-
firmed from the 1H–13C HMBC spectrum (Fig. 4b, blue arrow).

2.3. Receptor-binding assays

The affinity of compounds 4–7 and 15–17 to hHS1S2I ligand-
binding domain of GluR2 receptor was determined using reported in
vitro assay (Table 3) [35,36]. Binding experiments were performed with
DL-α-[5-methyl-3H]-AMPA (final concentration 10 nM, 10.6 Ci/mmol).

L-Glutamic acid (EC50= 1.66 µM) and willardiine (EC50= 3.22 µM)
were tested as binding positive controls. Among the examined com-
pounds, derivative 6a showed significant binding activity with
EC50= 2.90 µM (Supporting Information, Table 1). The obtained re-
sults revealed importance of both the amino acid moiety and the car-
boxyl group in the 1H-1,2,3-triazole ring in effective binding to the
examined receptor. Amides 7a and 7b at concentration of 100 µM
showed 99.8% and 94.1%, respectively, of remaining DL-α-[5-
methyl-3H]-AMPA bound to hHS1S2I compared to 3.3% for 6a. It
should be noted that this test indicated only binding affinity. Additional
experiments are required in order to determine agonistic or antag-
onistic mode of action of compound 6a.

2.4. Docking studies

In order to rationalize our findings on the binding assays, molecular
modeling study was performed by docking compound 6a (Fig. 5),
willardiine and AMPA in the binding domain of hGluR2 receptor
(hGluR2-S1S2/L-glutamate crystal structure, PBD entry 3r7x [38]) [39].
The ranking of these compounds obtained from the in vitro radioligand-
displacement assays (Section 2.3) was reflected by the predicted free-
energies of binding (ΔGbind): 6a (−9.2 kcal/mol)<willardiine
(−8.5 kcal/mol)<AMPA (−6.5 kcal/mol) [40]. The proposed mode
of the 6a-hGluR2-S1S2 binding involved anchoring of the 6a amino
acid residue by Pro89 (Table 4, entry 2), Thr91 (Table 4, entries 3 and
4) and Arg96 (Table 4, entries 5 and 6), i.e. the well established protein
residues anchoring L-glutamate [38], AMPA [41] as well as willardiine
[42] and its derivatives [43] in the GluR2 binding domain. Unlike the
willardiine-derived GluR2 antagonists UBP277 [43] and UBP282 [43],
the side chain carboxyl group of compound 6a was expected to interact

Scheme 6. Cycloaddition approach to compound 15c. Reagents and conditions.
(a) Hexane-AcOEt (1:1, v/v), room temperature, 3 days. (b) MeOH, room
temperature, 3 days. (c) CF3CO2H, room temperature, 3 days.

Scheme 7. Synthesis of compounds 16 and 17. Reagents and conditions. (a) (1)
LiOH, H2O, THF, room temperature, 40min (15a) or 1 day (15b) or 2 h (15c);
(2) Dowex 50WX2, room temperature, 1 h. (b) NH4OH, MeOH, 65 °C, 1 day.

Table 1
Yields of compounds 16 and 17.

Entry 15, R1, R2 16 or 17, R3, R4, yield

1 a, H, CO2Et 16a, H, CO2H, 98%
2 b, CO2Et, H 16b, CO2H, H, 91%
3 c, CO2Et, CO2Et 16c, CO2H, CO2H, 95%
4 a, H, CO2Et 17a, H, C(O)NH2, 96%
5 b, CO2Et, H 17b, C(O)NH2, H, 57%

Scheme 8. Synthesis of compounds 6 and 7. Reagents and conditions. (a) NaH,
DMF, room temperature, 1 day. (b) CF3CO2H, H2O, room temperature, 1 day.
(c) 2% HClaq, room temperature, 1 day.

Table 2
Yields of compounds 6 and 7.

Entry R, R1 16 or 17 6 or 7, yield

1 H, CO2H 16a 6a, 16%a

2 H, CO2H 16a 6a, 20%b

3 CO2H, CO2H 16b 6b, —c

4 H, C(O)NH2 17a 7a, 20%
5 C(O)NH2,H 17b 7b, 20%

a TFA-mediated removal of the Boc protection.
b HCl-mediated removal of the Boc protection.
c 16b recovered in 78% yield.
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with Met196-NH via the H-bond of the 2.6 Å distance (Table 4, entry
12). The H-bonds between the 1,2,3-triazole sp2-nitrogen atoms and the
side chain hydroxyls form Thr174 and Tyr61 were expected to play a

Fig. 4. (a) 13C NMR, [1H]-coupled 13C NMR and 1H–13C HMBC spectra of compound 15a (in DMSO-d6). (b). 13C NMR, [1H]-coupled 13C NMR and 1H–13C HMBC
spectra of compound 15b (in DMSO-d6). The 1H–13C couplings denoted as green. The 1H–13C HMBC interaction denoted in blue.

Table 3
Binding of the newly synthesized compounds to hHS1S2I binding domain of
GluR2 receptor. Results are shown as percent of remaining DL-α-[5-methyl-3H]-
AMPA bound to hHS1S2I [37].

Compound Concentration EC50 [µM]

100 µM 10 µM

L-glutamic acid 0.9 9.3 1.66
Willardiine 6.9 40.5 3.22

4 109 nd nd
5 108 nd nd
6a 3.3 26.9 2.90
7a 100 nd nd
7b 94 nd nd
15a 108 nd nd
15b 102 nd nd
16a 135 nd nd
16b 100 nd nd
16c 94 nd nd
17a 99 nd nd
17b 118 nd nd

nd=not determined.

Fig. 5. Proposed mode of the 6a-GluR2-hS1S2 binding. Colours: C (ligand)= green, C (protein residue)= light blue, N= dark blue, O= red, S= yellow, H-
bond=gray.

Table 4
Proposed mode of the 6a-GluR2-hS1S2 binding and distances of potential li-
gand-protein H-bonds (≤3.3 Å).

Entry Protein residue Atomic group of 6a Distance (Å)a

1 Glu193)Oε2 (N2)H 2.2
2 (Pro89)C]O (N2)H 2.7
3 (Thr91)Oγ1 (N2)H 2.2
4 (Thr91)NH (C1)O11 2.8
5 (Arg96)Nη1H (C1)O11 2.3
6 (Arg96)Nη2H (C1)O12 1.9
7 (Ser142)NH (C1)O12 2.0
8 (Ser142)OγH (C1)O12 2.1
9 (Leu138)NH (C7)O 2.1
10 (Thr174)Oγ1H (N13) 2.3
11 (Tyr61)OηH (N14) 2.1
12 (Met196)NH (C17)O171 2.6

a From the docking experiment.
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role at the location of compound 6a in the protein binding domain
(Table 4, entries 10 and 11).

2.5. Anticancer activity assays

Antagonists of glutamate ionotropic receptors have recently been
suggested as potent anticancer therapy targets owing to their ability to
decrease proliferation and migration of tumors derived from the central
nervous system or some peripheral tissues [44]. To the best of our
knowledge, an effect of willardiine-derived antagonists on such tumors
have not been reported. On the other hand, 5-fluorowillardiine – the
AMPA agonist – was reported to increase proliferation, migration and
invasion of pancreatic cancer cells in vitro [45]. In the light of these
sparse data, the evaluation of anticancer properties of compounds 4–7
and 15–17 were performed with the use of the selected CNS cancer cell
lines expressing GluR1 and GluR2 AMPA subunits at different protein
levels [46]: (i) SK-N-AS – human neuroblastoma (lack of AMPA GluR1
and GluR2 subunits), (ii) U251MG – human glioblastoma (AMPA GluR2
subunit), (iii) MOG-G-CCM – human brain astrocytoma (AMPA GluR1
subunit). Additionally, the all newly obtained compounds were tested
against (iv) human normal lung fibroblast cells MRC-5 pd30 [47].
Willardiine (AMPA agonist) and GYKI 52,466 [48] (AMPA antagonist)
were used as the reference compounds in assays with MOG-G-CCM
cells, SK-N-AS cells and MRC-5 pd30 cells. Treatment of SK-N-AS cells
with compound 6a at 100 μM concentration resulted in decrease in cell
viability (84% live cells was determined, Table 4 in Supporting in-
formation). The same effect (86% viable cells determined) required
200 μM concentration of GYKI 52466. Compound 16c showed low cy-
totoxicity toward U251MG cells that was concentration-dependent (in
the range of 10–500 μM) but time of exposure-independent (Table 5 in
Supporting information). Compounds 6a and 7b demonstrated slightly
better cytotoxic effect against MOG-G-CCM cells than GYKI 52,466
(Table 4 in Supporting information). After exposure to compound 6a or
7b at 100 μM cncentration, 79% or 76% viable cells was determined,
respectively. To gain reduction of cell viability to 83% viable cells,
200 μM concentration of GYKI 52,466 was required. While GYKI 52,466
was cytotoxic to MRC-5 pd30 cells at 200 μM concentration (67% of
viable cells was determined), compounds 15b and 16c were non-cy-
totoxic for these cells at 200 μM concentration (Table 4 in Supporting
information). The remaining compounds were comparatively or less
cytotoxic for MRC-5 pd30 cells.

3. Conclusions

In summary, utility of 1H-1,2,3-triazole-4-carboxylate-derived me-
sylate (compound 9) as the building block in the synthesis of 1,2,3-
trazole derivatives has been revealed. The presented approach was
base-tolerant, efficient and offered: (a) reproducible results, (b) a sig-
nificant reduction of amounts of the used auxiliary materials, (c) re-
duction in wastes and (d) reduction in a number of manual operations
required for obtaining the reaction product. The biological evaluation
of newly synthesized compounds revealed that compound 6a: (i) ex-
hibited significant binding affinity to hHS1S2I binding domain of GluR2
receptor, comparable to affinity of L-Glutamic acid or willardiine, and
(ii) reduced the viability of human brain astrocytoma cells MOG-G-CCM
more effectively than AMPA antagonist GYKI 52466. To the best of our
knowledge, willardiines were not considered as anticancer agents to
date.

4. Materials and methods

Pre-coated Merck silica gel 60 F254 plates were used for thin-layer
chromatography (TLC, 0.2 mm); spots were detected under UV light
(254 nm) or by the use of ninhydrin [49] as the visualizing agent. Silica
gel (200–400 mesh, Merck) was used for column chromatography.
Optical rotations were measured on Anton Paar MCP-150 polarimeter;

α values are given in deg·cm3·g−1·dm−1, concentration c in g/(100mL).
High Resolution Mass Spectra (Electrospray Ionisation, ESI) were per-
formed on a Mariner® spectrometer. The NMR spectra were measured
on a Varian VNMRS spectrometer (1H NMR at 500MHz and 13C NMR at
125MHz). 1H and 13C chemical shifts (δ) were reported in parts per
million (ppm) relative to the solvent signals: CDCl3, δH (residual
CHCl3) 7.26 ppm, δC 77.16 ppm; DMSO-d6, δH (residual DMSO)
2.50 ppm, δC 39.52 ppm. The 3-trimethylsilyl-2,2,3,3-tetra-
deuteropropionic acid (TSP; sodium salt) was used as an internal
standard in water/deuterochloric acid soluble samples. The NMR sig-
nals were quoted as ‘s’ (singlet), ‘d’ (doublet), ‘t’ (triplet), ‘m’ (multi-
plet), ‘br s’ (broad singlet), ‘dd’ (doublet of doublets) and ‘ddd’ (doublet
of doublets of doublets). Coupling constants J were reported in Hertz.
The 1H–13C HMBC (Heteronuclear Multiple Bond Correlation) spectra
were measured on a Varian VNMRS spectrometer. Anhydrous MgSO4

was employed as a drying agent. Volatiles were distilled off under re-
duced pressure on a rotating evaporator. Solvents and ammonium hy-
droxide (25 wt%) were purchased from Avantor Performance Materials
Poland S.A., Gliwice. N,N-Dimethylformamide (DMF) and tetra-
hydrofuran (THF) were dried in accordance with the literature proce-
dures [50]. Dimethyl sulphoxide (DMSO), Molecular Biology grade,
used as a solvent for all stocks of the chemical agents, was obtained
from Roth. GYKI 52,466 was obtained from Tocris. DL-α-[5-me-
thyl-3H]-AMPA (55,4 Ci/mmol) was purchased from Perkin Elmer.
Human glioblastoma U251MG cell line was from Cell Lines Service,
Germany. Cells were cultivated at 37 °C with 5% CO2 in Dulbecco's
Modified Eagle Medium (DMEM; Gibco, New York, USA) supplemented
with GlutaMAX-1, 10% heat inactivated fetal bovine serum (FBS; Gibco,
New York, USA) and antibiotics, 1% penicilin and 1% streptomycin
(Gibco, New York, USA). The cell viability of U251MG cells after ex-
posure on the newly synthesized compounds were tested by MTS assay.
MOG-G-CCM – human brain astrocytoma, SK-N-AS – human neuro-
blastoma, MRC-5 pd30 – human lung fibroblast (normal) were pur-
chased from ECACC General Cell Collection. MOG-G-CCM, SK-N-AS and
MRC-5 cells were cultured in Ham’s F10: DMEM (1:1), DMEM with 1%
Non Essential Amino Acids (NEAA) and in EMEM (EBSS) medium
(Lonza), respectively. All media were supplemented with 10% fetal
bovine serum (EuroClone), 2 mM L-glutamine and antibiotics (100 U/
ml penicillin, 100 µg/mL streptomycin) and grown in 75 cm2 cell cul-
ture flasks (Sarstedt), in a humidified atmosphere of CO2/air (5/95%)
at 37 °C. The cell viability of MOG-G-CCM, SK-N-AS and MRC-5 cells
after exposure on the newly synthesized compounds were tested by
MTT assay.

4.1. 1-(2-(2,4-Dioxo-3,4-dihydropyrimidin-1(2H)-yl)ethyl)-1H-1,2,3-
triazole-4-carboxylic acid 4

Lithium hydroxide (16mg, 0.40mmol) was added to a mixture of
compound 10 (120mg, 0.29mmol), THF (3mL) and water (3mL). The
mixture was stirred at room temperature for 1 day and 2% aqueous HCl
(0.7mL) was added. Volatiles were distilled off under reduced pressure.
Crystallization of the residue from a mixture of ethanol and water
(10:1, v/v) gave compound 4 as a white solid (52mg, 69%, mp
160–175 °C dec). 1H NMR (DMSO-d6, 500MHz): δ = 11.26 (br s, 1H),
8.69 (s, 1H), 7.30 (d, 3J=7.0 Hz, 1H), 5.46 (d, 3J=7.0 Hz, 1H),
4.69–4.66 (m, 2H), 4.17–4.14 (m, 2H). 13C NMR (DMSO-d6, 125MHz):
δ = 163.64, 161.73, 150.85, 145.20, 140.11, 129.43, 101.14, 48.17,
47.50. HRMS (ESI): m/z [M+H]+ calcd for C9H10N5O4: 252.0727;
found 252.0729.

4.2. 1-(2-(2,4-Dioxo-3,4-dihydropyrimidin-1(2H)-yl)ethyl)-1H-1,2,3-
triazole-4-carboxamide 5

Ammonium hydroxide (2mL) was added to a mixture of compound
10 (232mg, 0.59mmol) and ethanol (3mL). The mixture was stirred at
50 °C for 1 day in a sealed tube and volatiles were distilled off under
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reduced pressure. THF (3mL), water (3mL) and lithium hydroxide
(17mg, 0.40mmol) were added to the residue. The mixture was stirred
at room temperature for 1 day and 2% aqueous HCl (0.9mL) was
added. Volatiles were distilled off under reduced pressure.
Crystallization of the residue from a mixture of ethanol and water (5:1,
v/v) gave compound 5 as a white solid (102mg, 69%, mp 219–225 °C
dec). 1H NMR (DMSO-d6, 500MHz): δ = 11.25 (br s, 1H), 8.53 (s, 1H),
7.82 (br s, 1H), 7.43 (br s, 1H), 7.27 (d, 3J=8.0 Hz, 1H), 5.45 (d,
3J=8.0 Hz, 1H), 4.69–4.67 (m, 2H), 4.13–4.11 (m, 2H). 13C NMR
(DMSO-d6, 125MHz): δ = 163.60, 161.45, 150.83, 145.18, 143.02,
127.15, 101.11, 48.09, 47.54. HRMS (ESI): m/z [M+H]+ calcd for
C9H11N6O3: 251.0887; found 252.0885.

4.3. (S)-1-(2-(3-(2-Amino-2-carboxyethyl)-2,6-dioxo-2,3-
dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-4-carboxylic acid 6a

4.3.1. Method A
A mixture of compound 16a (200mg, 0.80mmol), anhydrous DMF

(5mL) and sodium hydride (60% suspension in mineral oil, 63mg,
1.58mmol) was stirred at room temperature for 1 day under argon at-
mosphere. (S)-tert-butyl-(2-oxooxetan-3-yl)carbamate (179mg,
0.96mmol) was added and the mixture was stirred at room temperature
for 1 day under argon atmosphere. Volatiles were distilled off under
reduced pressure and a mixture of water (2mL), ethanol (2mL) and
hydrochloric acid (2%, 2mL) was added to the residue. The mixture
was stirred at room temperature for 1 day and volatiles were distilled
off under reduced pressure. Water (5mL) and ion exchange resin
(Dowex 50WX-8-200, 10 g) were added to the residue. The mixture was
shaken for 40min and applied on a top of a chromatographic column
containing ion exchange resin (Dowex 50WX-8-200, 10 g). The column
was eluted with water, a water–ethanol mixture (1:1 v/v), a water-
tetrahydrofuran mixture (1:1 v/v) and 2M aqueous solution of pyr-
idine. Ninhydrin-positive fractions were collected and volatiles were
distilled off under reduced pressure. The residue was dissolved in a
water-ethanol mixture (1:10, v/v, 7mL) and diethyl ether (3mL) was
added to the solution. The white solid thus precipitated was filtered off
and dried on air to give compound 6a (50mg, 20%). [α] = −3.7 (c
0.22, 6M HCl aq). 1H NMR (DCl/H2O, 500MHz): δ= 8.95 (s, 1H), 7.69
(d, 3J=8.0 Hz, 1H), 5.88 (d, 3J 8.0 Hz, 1H), 4.94–4.91 (m, 2H),
4.64–4.58 (m, 1H), 4.52 (dd, 2J=15.0 Hz, 3J=5.0 Hz, 1H), 4.50–4.40
(m, 2H), 4.40 (dd, 2J=15.0, 3J=10.0 Hz, 1H). 13C NMR (DCl/H2O,
125MHz): δ = 170.23, 166.91, 162.00, 154.62, 147.72, 139.38,
133.14, 103.79, 54.20, 52.08, 51.27, 43.21. HRMS (ESI): m/z
[M+H]+ calcd for C12H15N6O6: 339.1048; found 339.1046.

4.3.2. Method B
A mixture of compound 16a (183mg, 0.73mmol), anhydrous DMF

(5mL) and sodium hydride (60% suspension in mineral oil, 61mg,
1.53mmol) was stirred at room temperature for 1 day under argon at-
mosphere. (S)-tert-butyl-(2-oxooxetan-3-yl)carbamate (150mg,
0.80mmol) was added and the mixture was stirred at room temperature
for 1 day under argon atmosphere. Volatiles were distilled off under
reduced pressure and trifluoroacetic acid (5mL), water (1mL) were
added to the residue. The mixture was stirred at room temperature for
1 day and volatiles were distilled off under reduced pressure. Water
(5mL) and ion exchange resin (Dowex 50WX-8-200, 10 g) were added
to the residue. The mixture was shaken for 40min and applied on a top
of a chromatographic column containing ion exchange resin (Dowex
50WX-8-200, 10 g). The column was eluted with water, a water-ethanol
mixture (1:1 v/v), a water-tetrahydrofuran mixture (1:1 v/v) and 2M
aqueous solution of pyridine. Ninhydrin-positive fractions were col-
lected and volatiles were distilled off under reduced pressure. The re-
sidue was dissolved in a water–ethanol mixture (1:10, v/v, 7mL) and
diethyl ether (3mL) was added to the solution. The off-white solid thus
precipitated was filtered off and dried on air to give compound 6a
(38mg, 16%).

4.4. (S)-2-amino-3-(3-(2-(4-carbamoyl-1H-1,2,3-triazol-1-yl)ethyl)-2,4-
dioxo-3,4-dihydropyrimidin-1(2H)-yl)propanoic acid 7a

A mixture of compound 17a (166mg, 0.72mmol), anhydrous DMF
(5mL) and sodium hydride (60% suspension in mineral oil, 30mg,
0.75mmol) was stirred at room temperature for 1 day under argon at-
mosphere. (S)-tert-butyl-(2-oxooxetan-3-yl)carbamate (143mg,
0.76mmol) was added and the mixture was stirred at room temperature
for 1 day under argon atmosphere. Volatiles were distilled off under
reduced pressure and a mixture of water (2mL), ethanol (2mL) and
hydrochloric acid (2%, 2mL) was added to the residue. The mixture
was stirred at room temperature for 1 day and volatiles were distilled
off under reduced pressure. Water (5mL) and ion exchange resin
(Dowex 50WX-8-200, 10 g) were added to the residue. The mixture was
shaken for 1 h and applied on a top of a chromatographic column
containing a ion exchange resin (Dowex 50WX-8-200, 10 g). The
column was eluted with water, a water-ethanol mixture (1:1 v/v), a
water-tetrahydrofuran mixture (1:1 v/v) and 2M aqueous solution of
pyridine. Ninhydrin-positive fractions were collected and volatiles were
distilled off under reduced pressure. The residue was dissolved in a
water–ethanol mixture (1:10, v/v, 10mL) and diethyl ether (5mL) was
added to the solution. The white solid thus precipitated was filtered off
and dried on air to give compound 7a (49mg, 20%). [α] = −5.0 (c
0.46, 6M HCl aq). 1H NMR (DCl/H2O, 500MHz): δ= 8.32 (s, 1H), 7.41
(d, 3J=8.0 Hz, 1H), 5.64 (d, 3J=8.0 Hz, 1H), 5.00–4.45 (5H),
4.27–4.23 (m, 1H), 4.21–4.08 (m, 1H). 13C NMR (DCl/H2O, 125MHz):
δ = 169.68, 164.65, 164.01, 152.57, 145.29, 141.65, 127.90, 101.28,
52.53, 49.25, 48.08, 41.07. HRMS (ESI): m/z [M+H]+ calcd for
C12H16N7O5: 338.1207; found 338.1203.

4.5. (S)-2-amino-3-(3-(2-(5-carbamoyl-1H-1,2,3-triazol-1-yl)ethyl)-2,4-
dioxo-3,4-dihydropyrimidin-1(2H)-yl)propanoic acid 7b

A mixture of compound 17b (98mg, 0.39mmol), anhydrous DMF
(9mL) and sodium hydride (60% suspension in mineral oil, 17mg,
0.39mmol) was stirred at room temperature for 1 day under argon at-
mosphere. (S)-tert-butyl-(2-oxooxetan-3-yl)carbamate (88mg,
0.47mmol) was added and the mixture was stirred at room temperature
for 1 day under argon atmosphere. Volatiles were distilled off under
reduced pressure and a mixture of water (2mL), ethanol (2mL) and
hydrochloric acid (2%, 2mL) was added to the residue. The mixture
was stirred at room temperature for 1 day and volatiles were distilled
off under reduced pressure. Water (5mL) and ion exchange resin
(Dowex 50WX-8-200, 10 g) were added to the residue. The mixture was
shaken for 1 h and applied on a top of chromatographic column con-
taining a ion exchange resin (Dowex 50WX-8-200, 10 g). The column
was eluted with water, a water-ethanol mixture (1:1 v/v), a water-tet-
rahydrofuran mixture (1:1 v/v) and 2M aqueous solution of pyridine.
Ninhydrin-positive fractions were collected and volatiles were distilled
off under reduced pressure. The residue was dissolved in the water–-
ethanol mixture (1:10, v/v, 10mL) and diethyl ether (5mL) was added
to the solution. The white solid thus precipitated was filtered off and
dried on air to give compound 7b (49mg, 20%). [α] = −8.3 (c 0.22,
2% HCl aq). 1H NMR (DCl/H2O, 500MHz): δ = 8.01 (s, 1H), 7.42 (d,
3J=8.0 Hz, 1H), 5.59 (d, 3J=8.0 Hz, 1H), 4.99–4.94 (m, 1H), 4.88
(ddd, 2J=14.0 Hz, 3J=6.5 Hz, 3J=3.5 Hz, 1H), 4.70–4.55 (m, 1H),
4.34 (dd, 2J=15.0 Hz, 3J=4.5 Hz, 1H), 4.30–4.21 (m, 2H), 4.16 (dd,
2J=15.0 Hz, 3J=5.5 Hz, 1H). 13C NMR (DCl/H2O, 125MHz): δ =
169.31, 164.60, 160.76, 152.63, 145.08, 135.05, 130.99, 101.31,
52.56, 48.78, 47.30, 41.14. HRMS (ESI): m/z [M+H]+ calcd for
C12H16N7O5: 338.1207; found 338.1204.

4.6. Ethyl 1-(2-(2,4-dioxo-3-((pivaloyloxy)methyl)-3,4-dihydropyrimidin-
1(2H)-yl)ethyl)-1H-1,2,3-triazole-4-carboxylate 10

Anhydrous K2CO3 (420mg, 3.04mmol) and compound 9 (170mg,
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0.74mmol) were added to a solution of compound 8 (140mg,
0.62mmol) in anhydrous DMF (5mL). The mixture was stirred at 50 °C
for 2 days and filtered through a Celite pad. The pad was washed with
DMF (5mL) and volatiles were distilled off from the filtrate under re-
duced pressure. Column chromatography of the residue (chloroform-
methanol, 100:1 followed by 95:5, v/v) gave compound 10 as a white
solid (230mg, 77%, mp 153–155 °C). 1H NMR (CDCl3, 500MHz): δ =
8.04 (s, 1H), 6.82 (d, 3J=8.0 Hz, 1H), 5.93 (s, 2H), 5.60 (d,
3J=8.0 Hz, 1H), 4.77–4.74 (m, 2H), 4.41 (q, 3J=7.5 Hz, 2H),
4.37–4.33 (m, 2H), 1.40 (t, 3J=7.5 Hz, 3H), 1.20 (s, 9H). 13C NMR
(CDCl3, 125MHz): δ = 177.62, 161.46, 160.33, 150.01, 143.12,
140.86, 128.68, 102.43, 64.72, 61.73, 49.87, 48.45, 39.02, 27.14,
14.41. HRMS (ESI): m/z [M+H]+ calcd for C17H24N5O6: 394.1721;
found 394.1721.

4.7. 3-(2-Azidoethyl)-1-(tetrahydrofuran-2-yl)pyrimidine-2,4(1H,3H)-
dione 12

A mixture of 11a (1.2 g, 6.07mmol), anhydrous DMF (25mL) and
sodium hydride (60% suspension in mineral oil, 288mg, 7.28mmol)
was stirred at room temperature for 30min under argon atmosphere.
Next, 2-azidoethyl methanesulfonate [51] (2.7 g, 16.27mmol) and so-
dium iodide (2.7 g, 18.01mmol) were added. The mixture was stirred at
60–65 °C for 2 days and filtered through a Celite pad. Volatiles were
distilled off from the filtrate under reduced pressure. Column chroma-
tography of the residue (hexane–ethyl acetate, 1:5, v/v) gave com-
pound 12 as a yellowish oil. Yields of compound 12 varied from 55 to
85%. 1H NMR (CDCl3, 500MHz): δ = 7.33 (d, 3J=8.0 Hz, 1H), 5.99
(dd, 3J=6.5 Hz, 3J=3.0 Hz, 1H), 5.75 (d, 3J=8.0 Hz, 1H), 4.20–4.15
(m, 3H), 3.99 (ddd, 2J=14.5 Hz, 3J=8.0 Hz, 3J=1.5 Hz, 1H), 3.53
(ddd, 3J=8.0 Hz, 3J=6.0 Hz, 3J=1.5 Hz, 2H), 2.45–2.34 (m, 1H),
2.10–1.95 (m, 2H), 1.95–1.80 (m, 1H). 13C NMR (CDCl3, 125MHz): δ
= 162.81, 151.00, 137.60, 101.17, 88.22, 70.36, 48.49, 39.60, 33.19,
23.97. HRMS (ESI): m/z [M+H]+ calcd for C10H14N5O3: 252.1091;
found 252.1089.

4.8. 3-(2-Azidoethyl)-pyrimidine-2,4(1H,3H)-dione 13

Compound 12 (0.250 g, 0.996mmol) was dissolved in MeOH
(4.0 mL) and conc. HCl was added (1.1mL). The mixture was stirred at
70 °C for 24 h in a glass pressure tube. Volatiles were distilled off under
reduced pressure. The resulting yellow oil was treated with EtOH at
−20 °C. The precipitate was filtered off under reduced pressure, wa-
shed with cold EtOH and dried on air to give compound 13 as a light
yellow solid (0.151 g, 84%, mp 85–87 °C). 1H NMR (CDCl3, 500MHz): δ
= 9.51 (bs, 1H), 7.19 (dd, 3J=7.6 Hz, 3J=5.7 Hz, 1H), 5.79 (dd,
3J=7.6 Hz, 4J=1.6 Hz, 1H), 4.18 (t, 3J=6.1 Hz, 2H), 3.56 (t,
3J=6.1 Hz, 2H). 13C NMR (CDCl3, 125MHz): δ = 163.13, 153.18,
138.91, 102.25, 48.52, 39.36. HRMS (ESI): m/z [M+H]+ calcd for
C6H8N5O2: 182.0673; found 182.0672.

4.9. Ethyl 1-(2-(2,6-dioxo-3-(tetrahydrofuran-2-yl)-2,3-dihydropyrimidin-
1(6H)-yl)ethyl)-1H-1,2,3-triazole-4-carboxylate 14a and ethyl 1-(2-(2,6-
dioxo-3-(tetrahydrofuran-2-yl)-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-
1,2,3-triazole-5-carboxylate 14b

A mixture of compound 12 (487mg, 1.94mmol), hexane (3mL),
ethyl acetate (3mL) and ethyl propiolate (1.76 g, 17.90mmol, 1.7 mL)
was stirred at room temperature for 3 days and volatiles were distilled
off under reduced pressure. Column chromatography of the residue
(hexane–ethyl acetate, 1:3 followed by 1:5, v/v) gave compound 14a as
a white solid (485mg, 68%, mp 124–126 °C) and compound 14b as a
colorless oil which solidified on standing (121mg, 8%, mp 45–47 °C).
Compound 14a. 1H NMR (CDCl3, 500MHz): δ = 8.15 (s, 1H), 7.30 (d,
3J=8.5 Hz, 1H), 5.85 (dd, 3J=6.5, 3J=3.0 Hz, 1H), 5.69 (d,
3J=8.5 Hz, 1H), 4.70 (dd, 3J=6.0 Hz, 3J=6.0 Hz, 2H), 4.41–4.39

(m, 2H), 4.38 (q, 3J=7.0 Hz, 2H), 4.18–4.14 (m, 1H), 3.98–3.93 (m,
1H), 2.36–2.28 (m, 1H), 2.06–1.80 (m, 3H), 1.38 (t, 3J=7.0 Hz, 3H).
13C NMR (CDCl3, 125MHz): δ = 162.52, 160.74, 150.59, 140.49,
137.82, 128.10, 100.84, 88.54, 70.44, 61.31, 47.90, 40.04, 33.14,
23.85, 14.41. HRMS (ESI): m/z [M+H]+ calcd for C15H20N5O5:
350.1459; found 350.1461. Compound 14b. 1H NMR (CDCl3,
500MHz): δ = 8.06 (s, 1H), 7.25 (d, 3J=8.5 Hz, 1H), 5.80 (dd,
3J=6.0 Hz, 3J=3.0 Hz, 1H), 5.63 (d, 3J=8.5 Hz, 1H), 5.07–4.94 (m,
2H), 4.44–4.36 (m, 4H), 4.17–4.13 (m, 1H), 3.97–3.92 (m, 1H),
2.31–2.24 (m, 1H), 2.05–1.83 (m, 3H), 1.38 (t, 3J=7.0 Hz, 3H). 13C
NMR (CDCl3, 125MHz): δ = 162.66, 158.81, 150.71, 138.04, 137.82,
137.22, 128.50, 100.96, 88.57, 70.42, 61.97, 48.23, 39.81, 33.61,
23.65, 14.35. HRMS (ESI): m/z [M+H]+ calcd for C15H20N5O5:
350.1459; found 350.1456.

4.10. Ethyl 1-(2-(2,6-dioxo-3-(tetrahydrofuran-2-yl)-2,3-
dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-4-carboxylate 14a

A mixture of compound 11a (104mg, 0.57mmol), anhydrous DMF
(2mL) and sodium hydride (60% suspension in mineral oil, 23mg,
0.57mmol) was stirred at room temperature for 30min under argon
atmosphere and compound 9 (173mg, 0.66mmol) was added. The
mixture was stirred at room temperature for 1 day and volatiles were
distilled off under reduced pressure. Column chromatography of the
residue (hexane–ethyl acetate, 1:5, v/v) gave compound 14a (150mg,
75%, mp 124–126 °C). The 1H NMR spectra were identical with those
measured for compound 14a obtained in Section 4.9.

4.11. Ethyl 1-(2-(2,6-dioxo-3-(tetrahydrofuran-2-yl)-2,3-
dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-5-carboxylate 14b

A mixture of compound 12 (1.17 g, 4.66mmol), toluene (33mL)
and 2-(ethoxycarbonyl)-2-oxoethylidenetriphenylphosphorane (2.17 g,
5.59mmol) was stirred at 120 °C for 2 days and volatiles were distilled
off under reduced pressure. Column chromatography of the residue
(hexane-ethyl acetate, 1:1 followed by 1:3, v/v) gave compound 16 as a
colorless oil which solidified on standing (1.04 g, 64%, mp 45–47 °C).
The 1H NMR spectra were identical with those measured for compound
16 obtained in Section 4.9.

4.12. Diethyl 1-(2-(2,6-dioxo-3-(tetrahydrofuran-2-yl)-2,3-
dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-4,5-dicarboxylate 14c

A mixture of compound 12 (666mg, 2.65mmol), hexane (4mL),
ethyl acetate (4mL) and diethyl acetylenedicarboxylate (1.13 g,
6.62mmol, 1.06mL) was stirred at room temperature for 3 days. The
precipitated white solid was filtered off, washed with hexane (30mL)
and dried on air. Crystallization (hexane–ethyl acetate, 3:1, v/v) gave
compound 14c as a white solid (1.0 g, 90%, mp 93–96 °C). 1H NMR
(CDCl3, 500MHz): δ= 7.27 (d, 3J=8.5 Hz, 1H), 5.79 (dd, 3J=6.5 Hz,
3J=3.0 Hz, 1H), 5.65 (d, 3J=8.5 Hz, 1H), 4.95–2.83 (m, 2H),
4.45–4.37 (m, 6H), 4.17–4.11 (m, 1H), 3.93 (dd, 2J=15.0 Hz,
3J=8.0 Hz, 1H), 2.30–2.22 (m, 1H), 2.02–1.84 (m, 3H), 1.39 (t,
3J=6.5 Hz, 3H), 1.37 (t, 3J=6.5 Hz, 3H). 13C NMR (CDCl3, 125MHz):
δ = 162.61, 160.31, 158.56, 150.65, 140.57, 137.65, 130.18, 100.75,
88.39, 70.71, 62.98, 61.87, 48.42, 39.80, 33.11, 23.80, 14.28, 14.01.
HRMS (ESI): m/z [M+H]+ calcd for C18H24N5O7: 422.1670; found
422.1668.

4.13. Ethyl 1-(2-(2,6-dioxo-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-
1,2,3-triazole-4-carboxylate 15a

4.13.1. From compound 11b
A mixture of compound 11b (777mg, 3.66mmol), anhydrous DMF

(7mL) and sodium hydride (60% suspension in mineral oil, 154mg,
3.85mmol) was stirred at room temperature for 30min under argon

E. Mironiuk-Puchalska et al. Bioorganic Chemistry 83 (2019) 500–510

507



atmosphere and compound 9 (1.06 g, 4.06mmol) was added. The
mixture was kept at room temperature for 1 day and volatiles were
distilled off under reduced pressure. The residue was dissolved in
chloroform (10mL) and trifluoroacetic acid (0.5mL) was added. The
mixture was stirred at room temperature for 2 h and volatiles were
distilled off under reduced pressure. Column chromatography of the
residue (chloroform–methanol, 95:5, v/v) gave compound 15a as a
white solid (770mg, 60%, mp 182–186 °C).

4.13.2. From compound 13
Compound 13 (59mg, 0.32mmol) was dissolved in MeOH (2.0 mL)

and ethyl propiolate (0.29 g, 2.96mmol, 0.30mL) was added. The
mixture was stirred at room temperature for 3 days and volatiles were
distilled off under reduced pressure. The solid residue was washed with
hexanes and crystallized from ethyl acetate to give compound 15a
(80mg, 88%, mp 182–186 °C).

4.13.3. From compound 14a
A mixture of 14a (463mg, 1.32mmol) and trifluoroacetic acid

(7mL) was stirred at room temperature for 3 days and volatiles were
distilled off under reduced pressure. Column chromatography of the
residue (chloroform–methanol, 95:5, v/v) gave compound 15a as a
white solid (276mg, 75%, mp 182–186 °C).1H NMR (DMSO-d6,
500MHz, HMBC): δ= 11.10 (br s, 1H; H-1′), 8.79 (s, 1H; H-5), 7.41 (d,
3J=7.5 Hz, 1H; H-5′), 5.53 (d, 3J=7.5 Hz, 1H; H-6′), 4.66–4.62 (m,
2H; H-1a), 4.28 (q, 3J=7.5 Hz, 2H; O-CH2CH3), 4.22–4.18 (m, 2H; H-
1b), 1.30 (t, 3J=7.5 Hz, 3H; O-CH2CH3). 13C NMR (DMSO-d6,
125MHz): δ = 162.89 (C-4′), 160.34 (COCH2CH3), 151.28 (C-2′),
140.95 (C-6′), 138.68 (C-4), 129.66 (C-5), 99.57 (C-5′), 60.47
(COCH2CH3), 47.52 (C-1a), 39.42 (C-1b), 14.17 (COCH2CH3). HRMS
(ESI): m/z [M+H]+ calcd for C11H14N5O4: 280.1040; found 280.1039.

4.14. Ethyl 1-(2-(2,6-dioxo-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-
1,2,3-triazole-5-carboxylate 15b

A mixture of compound 14b (1.00 g, 2.86mmol) and trifluoroacetic
acid (15mL) was stirred at room temperature for 3 days and volatiles
were distilled off under reduced pressure. Column chromatography of
the residue (chloroform-methanol, 95:5, v/v) gave compound 15b as a
white solid (670mg, 84%, mp 154–158 °C). 1H NMR (DMSO-d6,
500MHz, HMBC): δ = 11.07–11.06 (m, 1H; H-1′), 8.19 (s, 1H; H-4),
7.37 (dd, 3J=8.0 Hz, 3J=6.0 Hz, 1H; H-6′), 5.47 (dd, 3J=8.0 Hz,
4J=1.5 Hz, 1H; H-5′), 4.92–4.88 (m, 2H; H-1a), 4.32 (q, 3J=7.0 Hz,
2H; O-CH2CH3), 4.25–4.23 (m, 2H; H-1b), 1.31 (t, 3J=7.0 Hz, 3H; O-
CH2CH3). 13C NMR (DMSO-d6, 125MHz): δ = 162.89 (C-4′), 158.08
(COCH2CH3), 151.28 (C-2′), 140.89 (C-6′), 137.45 (C-4), 128.49 (C-5),
99.50 (C-5′), 61.61 (COCH2CH3), 47.71 (C-1a), 38.88 (C-1b), 13.96
(COCH2CH3). HRMS (ESI): m/z [M+H]+ calcd for C11H14N5O4:
280.1040; found 280.1038.

4.15. Diethyl 1-(2-(2,6-dioxo-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-
1,2,3-triazole-4,5-dicarboxylate 15c

4.15.1. From compound 13
Compound 13 (60mg, 0.33mmol) was dissolved in MeOH (2.0 mL)

and diethyl acetylenedicarboxylate (0.14 g, 0.82mmol, 0.13mL) was
added. The mixture was stirred at room temperature for 3 days and
volatiles were distilled off under reduced pressure. The solid residue
was washed with hexanes and crystallized from ethyl acetate-hexanes
(1:1, v/v) to give compound 15c as a white solid (104mg, 90%, mp
120–122 °C).

4.15.2. From compound 14c
A mixture of compound 14c (616mg, 1.46mmol) and tri-

fluoroacetic acid (6mL) was stirred at room temperature for 3 days.
Volatiles was distilled off under reduced pressure. Column

chromatography of the residue (chloroform–methanol, 100:1, v/v) gave
compound 15c as a white solid (412mg, 80%, mp 120–122 °C).1H NMR
(DMSO-d6, 500MHz): δ = 11.13 (d, 3J=5.5 Hz, 1H), 7.42 (dd,
3J=7.5 Hz, 3J=5.5 Hz, 1H), 5.53 (dd, 3J=7.5 Hz, 4J=1.5 Hz, 1H),
4.82–4.80 (m, 2H), 4.34 (q, 3J=7.0 Hz, 2H), 4.31 (q, 3J=7.0 Hz, 2H),
4.24–4.21 (m, 2H), 1.30 (t, 3J=7.0 Hz, 3H), 1.29 (t, 3J=7.0 Hz, 3H).
13C NMR (DMSO-d6, 125MHz): δ = 162.89, 159.86, 157.85, 151.32,
141.01, 139.19, 130.27, 99.55, 62.73, 61.45, 48.04, 39.95, 13.92,
13.62. HRMS (ESI): m/z [M+H]+ calcd for C14H18N5O6: 352.1252;
found 352.1254.

4.16. 1-(2-(2,6-Dioxo-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-
triazole-4-carboxylic acid 16a

A mixture of compound 15a (590mg, 2.10mmol), tetrahydrofuran
(22mL), water (22mL) and lithium hydroxide (130mg, 5.25mmol)
was stirred at room temperature for 40min and ion exchange resin
(Dowex 50WX2-200 mesh, 3.3 g) was added. The mixture was shaken
for 1 h. The resin was filtered off and washed with water (2×10mL).
Volatiles were distilled off from the collected filtrates under reduced
pressure. Lyophilization of the residue gave compound 16a as a white
solid (520mg, 98%, mp 185–190 °C dec). 1H NMR (DMSO-d6,
500MHz): δ = 13.01 (br s, 1H), 11.10 (d, 3J=4.5 Hz, 1H), 8.67 (s,
1H), 7.41 (dd, 3J=7.5 Hz, 3J=4.5 Hz, 1H), 5.53 (d, 3J=7.5 Hz, 1H),
4.65–4.63 (m, 2H), 4.21–4.19 (m, 2H). 13C NMR (DMSO-d6, 125MHz):
δ = 162.93, 161.77, 151.30, 140.98, 139.58, 129.49, 99.61, 47.44,
39.47. HRMS (ESI): m/z [M+H]+ calcd for C9H10N5O4: 252.0727;
found 252.0728.

4.17. 1-(2-(2,6-Dioxo-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-
triazole-4,5-dicarboxylic acid 16b

A mixture of compound 15b (568mg, 1.62mmol), tetrahydrofuran
(19mL), water (19mL) and lithium hydroxide (115 g, 4.83mmol) was
stirred at room temperature for 1 day and an ion exchange resin was
added (Dowex 50WX2-200 mesh, 3.0 g). The mixture was shaken at
room temperature for 1 h. The resin was filtered and washed with water
(2×10mL). Volatiles were distilled off from the collected filtrates
under reduced pressure. Lyophilization of the residue gave compound
16b as a white solid (434mg, 91%, mp 175–185 °C). 1H NMR (DMSO-
d6, 500MHz): δ = 11.02 (d, 3J=5.5 Hz, 1H), 7.37 (dd, 3J=7.5 Hz,
3J=5.5 Hz, 1H), 5.48 (dd, 3J=8.0 Hz, 4J=1.5 Hz, 1H,), 4.92–2.90
(m, 2H), 4.24–4.21 (m, 2H). 13C NMR (DMSO-d6, 125MHz): δ =
162.92, 161.44, 159.23, 151.31, 140.76, 140.28, 132.55, 99.54, 47.73,
39.94. HRMS (ESI): m/z [M−H]¯ calcd for C10H8N5O6: 294.0469; found
294.0481.

4.18. 1-(2-(2,6-Dioxo-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-
triazole-5-carboxylic acid 16c

A mixture of compound (15c 418mg, 1.50mmol), tetrahydrofuran
(17mL), water (17mL) and lithium hydroxide (71mg, 2.96mmol) was
stirred at room temperature for 2 h and ion exchange resin (Dowex
50WX2-200 mesh, 1.84 g) was added. The mixture was shaken for 1 h.
The resin was filtered and washed with water (2× 10mL). Volatiles
were distilled off from the collected filtrates under reduced pressure.
Lyophilization of the residue gave compound 16c as a white solid
(530mg, 93%, mp 195–205 °C, dec). 1H NMR (DMSO-d6, 500MHz): δ
= 11.03 (d, 3J=5.0 Hz, 1H), 8.10 (s, 1H), 7.37 (dd, 3J=7.5 Hz,
3J=5.0 Hz, 1H), 5.47 (dd, 3J=7.5 Hz, 4J=1.5 Hz, 1H), 4.89–4.87
(m, 2H), 4.26–4.24 (m, 2H). 13C NMR (DMSO-d6, 125MHz): δ =
162.88, 159.46, 151. 28, 140.83, 137.44, 129.31, 99.50, 47.44, 38.90.
HRMS (ESI): m/z [M+H]+ calcd for C9H10N5O4: 252.0727; found
252.0728.
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4.19. 1-(2-(2,6-Dioxo-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-
triazole-4-carboxamide 17a

A mixture of compound 15a (222mg, 0.795mmol), methanol
(10mL) and ammonium hydroxide (5mL) was stirred in a sealed tube
at 65 °C for 1 day. The white solid was precipitated. The solid was fil-
tered off and washed with methanol. Crystallization of the solid from a
mixture of methanol and water (5:1, v/v) gave compound 17a as white
solid (190mg, 96%, mp 264–275 °C dec). 1H NMR (DMSO-d6,
500MHz): δ= 11.01 (br s, 1H), 8.50 (s, 1H), 7.78 (br s, 1H), 7.41–7.42
(m, 2H), 5.53 (d, 3 J=7.5 Hz, 1H), 4.64–4.62 (m, 2H), 4.21–4.19 (m,
2H). 13C NMR (DMSO-d6, 125MHz): δ = 162.93, 161.60, 151.32,
142.78, 140.97, 127.09, 99.63, 47.37, 39.49. HRMS (ESI):m/z [M+H]
+ calcd for C9H11N6O3: 251.0887; found 251.0885.

4.20. 1-(2-(2,6-Dioxo-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-
triazole-5-carboxamide 17b

A mixture of compound 15c (219mg, 0.75mmol), ethanol (4mL)
and ammonium hydroxide (5mL) was stirred in a sealed tube at 65 °C
for 1 day. Volatiles were distilled off from the filtrate under reduced
pressure. Column chromatography of the residue (chlor-
oform–methanol, 9:1 followed by 4:1, v/v) gave compound 17b as a
white solid (107mg, 57%, mp 245–267 °C, dec). 1H NMR (DMSO-d6,
500MHz): δ= 11.01 (br s, 1H), 8.15 (s, 1H), 8.12 (br s, 1H), 7.74 (br s,
1H), 7.36 (d, 3J=7.5 Hz, 1H), 5.45 (d, 3J=7.5 Hz, 1H), 4.90–4.88 (m,
2H), 4.23–4.21 (m, 2H). 13C NMR (DMSO-d6, 125MHz): δ = 162.89
159.05, 151.27, 140.75, 134.41, 130.71, 99.50, 47.15, 39.14. HRMS
(ESI): m/z [M+H]+ calcd for C9H11N6O3: 251.0887; found 251.0885.

4.21. DL-α-[5-methyl-3H]-AMPA binding assays [35,34]

Purified hGluR2 binding domain (hHS1S2I obtained according to
Chen, G. Q.; Sun, Y.; Jin, R.; Gouaux, E. Protein Science 1998, 7, 2623)
(1mg/mL) was dialyzed against binding buffer (30mM Tris-HCl pH
7.2, 10% glycerol, 100mM KSCN, 2.5mM CaCl2) at 4 °C for 48 h. For
DL-α-[5-methyl-3H]-AMPA saturation experiments, hHS1S2I (0.5 µg/
mL) was incubated in a total volume of 500 µL of the binding buffer
with DL-α-[5-methyl-3H]-AMPA (10.6 Ci/mmol, 10 nM) on ice for 1 h.
The protein solution was quickly filtrated under reduced pressure
through wet GSWP 02,500 membranes (Merck Millipore). The mem-
branes were washed with cold binding buffer (3x2 mL), transferred into
scintillation vials, scintillation liquid was added (6mL) and the radio-
activity was counted. The experimental data were analyzed by non-
linear curve fitting (GraphPad Prism).

4.22. Docking of compound 6a, willardiine and AMPA in the binding S1S2
domain of hGluR2 receptor

The experimental crystal structure of hGluR2 LBD (PDB entry 3r7x
[38]) was used in docking computation. Docking calculations were
performed using AutoDock Vina software with PyMol autodock plugin
as graphic user interface. The crystal structure was prepared according
to the protein preparation procedure recommended by software crea-
tors. The ligands were prepared according to the ligand preparation
procedure recommended by software creators. Default input para-
meters were used in all computations. The best-docked structure was
chosen using binding energy score given by AutoDock Vina. All com-
putations were performed on an Intel® Core™ i7-4702MQ 3.2 GHz
processor running Fedora 28 Workstation Linux distribution [52].

Acknowledgements

This work was financed by National Science Center, Poland, Project
No 2015/17/B/ST5/00547. The contribution of Piotr Grześkowiak was
realized within Project No POWR.03.02.00-00-1007/16-00 (POWER

2014-2020). This work was financially supported by Warsaw University
of Technology.

Conflict of interest

The authors have declared no conflict of interest.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bioorg.2018.10.061.

References

[1] S. Hunt, The Non-Protein Amino Acids In Chemistry and Biochemistry of the Amino
Acids, Chapman and Hall Ltd, London, 1985.

[2] R. Gmelin, Acta Chem. Scand. 15 (1961) 1188.
[3] R.H. Evans, A.W. Jones, J.C. Watkins, J. Physiol. (London) 308 (1980) 71P.
[4] R. Dingledine, K. Borges, D. Bowie, S.F. Traynelis, Pharmacol. Rev. 51 (1999) 7.
[5] J.C.A. More, H.M. Troop, N.P. Dolman, D.E. Jane, Br. J. Pharmacol. 138 (2003)

1093.
[6] (a) A.M. Larsen, L. Bunch, ACS Chem. Neurosci. 2 (2011) 60;

(b) N.A.A. Baky, Int. J. Life Sci. Pharma Res. 2 (2012) L-32.
[7] J. Wallach, T. Colestock, A. Adejare, Receptor targets In Alzheimer’s disease drug

discovery, first ed., Academic Press, 2016, pp. 83–107.
[8] N. Brown, Bioisosterism in medicinal chemistry In Bioisosteres in medicinal

chemistry, in: Nathan Brown (Ed.), Wiley-VCH Verlag GmbH & Co. KGaA, first ed.,
Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA, 2012, pp. 3–14.

[9] L. Chen, D.J. Wilson, Y. Xu, C.C. Aldrich, K. Felczak, Y.Y. Sham, K.W. Pankiewicz, J.
Med. Chem. 53 (2010) 4768.

[10] E. Bonandi, M.S. Christodoulou, G. Fumagalli, D. Perdicchia, G. Rastelli,
D. Passarella, Drug Discov. Today 22 (2017) 1572.

[11] A. Massarotti, S. Aprile, V. Mercalli, E. Del Grosso, G. Grosa, G. Sorba, G.C. Tron,
ChemMedChem 9 (2014) 2497.

[12] N. Paul, V.C. Nashine, G. Hoops, P. Zhang, J. Zhou, D.E. Bergstrom, V.J. Davisson,
Chem. Biol. 10 (2003) 815.

[13] C. Corrado, e120, J. Leuk. 5 (2018), https://doi.org/10.4172/2329-6917.1000e12.
[14] J.W. Wheless, B. Vazquez, Epilepsy Curr. 10 (2010) 1.
[15] G.R. Revankar, V.C. Solan, R.K. Robins, J.T. Witkowski, Nucleic Acids Symp. Ser. 9

(1981) 65.
[16] R. Alvarez, S. Velázquez, A. San-Félix, S. Aquaro, E. De Clercq, C.-F. Pemo,

A. Karlsson, J. Balzarini, M.J. Camarasa, J. Med. Chem. 37 (1994) 4185.
[17] A.H. Ahmed, M.D. Thompson, M.K. Fenwick, B. Romero, A.P. Loh, D.E. Jane,

H. Sondermann, R.E. Oswald, Biochemistry 48 (2009) 3894.
[18] C.B.M. Poulie, L. Bunch, For nonclassical bioisosteres of α-amino acids derived from

heterocycles, ChemMedChem 8 (2013) 205.
[19] (a) G. Caliendo, F. Fiorino, E. Perissutti, B. Severino, D. Scolaro, S. Gessi,

E. Cattabriga, P.A. Borea, V. Santagada, Eur. J. Pharm. Sci. 16 (2002) 15;
(b) K. Miwa, T. Hitaka, T. Imada, S. Sasaki, M. Yoshimatsu, M. Kusaka, A. Tanaka,
D. Nakata, S. Furuya, S. Endo, K. Hamamura, T. Kitazaki, J. Med. Chem. 54 (2011)
4998.

[20] (a) C.-H. Wu, J.-S. Song, K.-H. Chang, J.-J. Jan, C.-T. Chen, M.-C. Chou, K.-C. Yeh,
Y.-C. Wong, C.-T. Tseng, S.-H. Wu, C.-F. Yeh, C.-Y. Huang, M.-H. Wang, A.A. Sadani,
C.-P. Chang, C.-Y. Cheng, L.K. Tsou, K.-S. Shia, J. Med. Chem. 58 (2015) 2315;
(b) J. Andres, K.E. Borbas, Inorg. Chem. 54 (2015) 8174;
(c) D. Kovacs, X. Lu, L.S. Mészáros, M. Ott, J. Andres, K.E. Borbas, J. Am. Chem.
Soc. 139 (2017) 5756.

[21] X. Liu, R.B.P. Elmes, K.A. Jolliffe, Aust. J. Chem. 70 (2017) 201.
[22] For the preparation of compound 8, see Supporting Information.
[23] For preparation of compound 9, see Supporting Information.
[24] H. Nomura, Y. Yoshioka, I. Minami, Chem. Pharm. Bull. 27 (1979) 899.
[25] S. Jaime-Figueroa, A. Zamilpa, A. Guzmán, D.J. Morgans Jr., Synth. Commun. 31

(2001) 3739.
[26] Y. Choe, L.S. Brinen, M.S. Price, J.C. Engel, M. Lange, C. Grisostomi, S.G. Weston,

P.V. Pallai, H. Cheng, L.W. Hardy, D.S. Hartsough, M. McMakin, R.F. Tilton,
C.M. Baldino, C.S. Craik, Bioorg. Med. Chem. 13 (2005) 2141.

[27] Owing to easy access to α-acylphosphorus ylides, this method still seems much
cheaper than the ruthenium-catalyzed 1,3-dipolar cycloaddition azides to alkynes.
For examples of the ruthenium-catalyzed 1,3-dipolar cycloaddition reaction, see (a)
A. Sadiq, N. Sewald, J. Amino Acids, 2013, Article ID 252813, doi:10.1155/2013/
252813; (b) T.-H. Wang, F.-L. Wu, G.-R. Chiang, S.-T. He, Y.-H. Lo, J. Organomet.
Chem. 2014, 774, 57; (c) Y.-H. Lo, T.-H. Wang, C.-Y. Lee, Y.-H. Feng,
Organometallics 31 (2012) 6887.

[28] The alkylation approach employing reaction of compound 11a or 11b with diethyl
1-(2-iodoethyl]-1H-1,2,3-triazole-4,5-dicarboxylate gave the corresponding tria-
zoles 14c and 15c, respectively, in yields lower than 10%. Diethyl 1-vinyl-1H-1,2,3-
triazole-4,5-dicarboxylate resulting from dehydrohalogenation of diethyl 1-(2-io-
doethyl)-1H-1,2,3-triazole-4,5-dicarboxylate was the main product in both reac-
tions.

[29] L.D. Arnold, T.H. Kalander, J.C. Vederas, J. Am. Chem. Soc. 107 (1985) 7105.
[30] N.P. Dolman, J.C.A. More, A. Alt, J.L. Knauss, O.T. Pentikäinen, C.R. Glasser,

E. Mironiuk-Puchalska et al. Bioorganic Chemistry 83 (2019) 500–510

509

https://doi.org/10.1016/j.bioorg.2018.10.061
https://doi.org/10.1016/j.bioorg.2018.10.061
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0005
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0005
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0010
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0015
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0020
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0025
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0025
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0030
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0035
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0040
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0040
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0045
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0045
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0045
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0050
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0050
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0055
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0055
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0060
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0060
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0065
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0065
https://doi.org/10.4172/2329-6917.1000e12
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0075
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0080
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0080
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0085
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0085
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0090
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0090
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0095
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0095
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0100
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0100
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0105
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0105
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0105
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0110
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0110
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0110
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0115
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0120
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0120
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0125
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0140
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0145
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0145
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0150
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0150
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0150
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0165
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0170


D. Bleakman, M.L. Mayer, G.L. Collingridge, D.E. Jane, J. Med. Chem. 50 (2007)
1558.

[31] (a) L.D. Arnold, J.C.G. Drover, J.C. Vederas, J. Am. Chem. Soc. 109 (1987) 4649;
(b) L.D. Arnold, R.G. May, J.C. Vederas, J. Am. Chem. Soc. 110 (1988) 2237.

[32] For the 1H-13C HMQC NMR spectrum of compound 15a see Supporting Information.
[33] X. Creary, A. Anderson, C. Brophy, F. Crowell, Z. Funk, J. Org. Chem. 77 (2012)

8756.
[34] (a) G. Caliendo, F. Fiorino, E. Perissutti, B. Severino, D. Scolaro, S. Gessi,

E. Cattabriga, P.A. Borea, V. Santagada, Eur. J. Pharm. Sci. 16 (2002) 15;
(b) K. Miwa, T. Hitaka, T. Imada, S. Sasaki, M. Yoshimatsu, M. Kusaka, A. Tanaka,
D. Nakata, S. Furuya, S. Endo, K. Hamamura, T. Kitazaki, J. Med. Chem. 54 (2011)
4998.

[35] G.Q. Chen, Y. Sun, R. Jin, E. Gouaux, Protein Sci. 7 (1998) 2623.
[36] Ligand-binding domain of GluR2 receptor was obtained by overproduction in pET

system.
[37] For plots generated by GraphPad Prism for determination of the EC50 value in the

ligand-GluR2-hHS1S2I binding study, Supporting Information (Figure 1).
[38] Kallen, J. Crystal Structure Analysis of a Quinazolinedione sulfonamide bound to

human GluR2: A Novel Class of Competitive AMPA Receptor Antagonists with Oral
Activity. DOI: 10.2210/pdb3R7X/pdb.

[39] The relevant pdb files of the docked structures were provided as supporting files.
[40] For proposed mode of the willardiine-GluR2-hS1S2 binding or the AMPA-GluR2-

hS1S2 binding and distances of potential ligand-protein hydrogen bonds in com-
plexes of the GluR2-hS1S2 protein with willardiine, AMPA or L-glutamate, see
Supporting information (Tables 1-3).

[41] N. Armstrong, E. Gouaux, Neuron 28 (2000) 165.
[42] Lima, J.X. Neto, U.L. Fulco, E.L. Albuquerque, G. Corso, E.M. Bezerra,

E.W. Caetano, R.F. da Costa, V.N. Freire, Phys. Chem. Chem. Phys. 17 (2015)
13092.

[43] M.K. Fenwick, B. Romero, A.P. Loh, D.E. Jane, H. Sondermann, R.E. Oswald,
Biochemistry 48 (2009) 3894.

[44] M.P.C. Ribeiro, J.B.A. Custódio, A.E. Santos, Cancer Chemother. Pharmacol. 79
(2017) 219.

[45] C.W. Michalski, A. Herner, D. Sauliunaite, M. Erkan, T. De Oliveira, I. Abiatari,
I. Esposito, H. Friess, J. Kleeff, Pancreas 37 (2008) 485.

[46] For immunodetection of GluR1 and GluR2 subunits of AMPA receptor in cell ly-
sates, see Supporting Information (Figures 2 and 3).

[47] For results, see Supporting Information (Tables 4 and 5).
[48] W. Rzeski, L. Turski, C. Ikonomidou, Proc. Natl. Acad. Sci. U.S.A. 98 (2001) 6372.
[49] B. Fried, J. Sherma, Thin-Layer Chromatography, Revised and ExpandedThin-Layer

Chromatography, Revised and Expanded, Marcel Dekker, Inc. Published, fourth ed.,
Marcel Dekker, Inc., 1999.

[50] W.L.F. Armarego, C.L.L. Chai, Purification of Laboratory Chemicals (Sixth Edition),
Copyright © Elsevier Inc., 2009.

[51] C. Hounsou, J.-F. Margathe, N. Oueslati, A. Belhocine, E. Dupuis, C. Thomas,
A. Mann, B. Ilien, D. Rognan, E. Trinquet, M. Hibert, J.-P. Pin, D. Bonnet,
T. Durroux, ACS Chem. Biol. 10 (2015) 466.

[52] (a) O. Trott, A.J. Olson, J. Comput. Chem. 31 (2010) 455;
(b) D. Seeliger, B.L. de Groot, J. Comput.-Aided Mol. Des. 24 (2010) 417.

E. Mironiuk-Puchalska et al. Bioorganic Chemistry 83 (2019) 500–510

510

http://refhub.elsevier.com/S0045-2068(18)30719-3/h0170
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0170
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0175
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0180
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0190
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0190
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0195
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0195
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0200
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0200
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0200
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0205
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0235
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0240
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0240
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0240
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0245
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0245
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0250
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0250
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0255
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0255
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0270
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0275
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0275
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0275
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0280
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0280
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0285
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0285
http://refhub.elsevier.com/S0045-2068(18)30719-3/h0285
http://refhub.elsevier.com/S0045-2068(18)30719-3/h9000
http://refhub.elsevier.com/S0045-2068(18)30719-3/h9005

	Potential bioisosteres of β-uracilalanines derived from 1H-1,2,3-triazole-C-carboxylic acids
	Introduction
	Results and discussion
	Synthesis
	Structure elucidation
	Receptor-binding assays
	Docking studies
	Anticancer activity assays

	Conclusions
	Materials and methods
	1-(2-(2,4-Dioxo-3,4-dihydropyrimidin-1(2H)-yl)ethyl)-1H-1,2,3-triazole-4-carboxylic acid 4
	1-(2-(2,4-Dioxo-3,4-dihydropyrimidin-1(2H)-yl)ethyl)-1H-1,2,3-triazole-4-carboxamide 5
	(S)-1-(2-(3-(2-Amino-2-carboxyethyl)-2,6-dioxo-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-4-carboxylic acid 6a
	Method A
	Method B

	(S)-2-amino-3-(3-(2-(4-carbamoyl-1H-1,2,3-triazol-1-yl)ethyl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)propanoic acid 7a
	(S)-2-amino-3-(3-(2-(5-carbamoyl-1H-1,2,3-triazol-1-yl)ethyl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)propanoic acid 7b
	Ethyl 1-(2-(2,4-dioxo-3-((pivaloyloxy)methyl)-3,4-dihydropyrimidin-1(2H)-yl)ethyl)-1H-1,2,3-triazole-4-carboxylate 10
	3-(2-Azidoethyl)-1-(tetrahydrofuran-2-yl)pyrimidine-2,4(1H,3H)-dione 12
	3-(2-Azidoethyl)-pyrimidine-2,4(1H,3H)-dione 13
	Ethyl 1-(2-(2,6-dioxo-3-(tetrahydrofuran-2-yl)-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-4-carboxylate 14a and ethyl 1-(2-(2,6-dioxo-3-(tetrahydrofuran-2-yl)-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-5-carboxylate 14b
	Ethyl 1-(2-(2,6-dioxo-3-(tetrahydrofuran-2-yl)-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-4-carboxylate 14a
	Ethyl 1-(2-(2,6-dioxo-3-(tetrahydrofuran-2-yl)-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-5-carboxylate 14b
	Diethyl 1-(2-(2,6-dioxo-3-(tetrahydrofuran-2-yl)-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-4,5-dicarboxylate 14c
	Ethyl 1-(2-(2,6-dioxo-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-4-carboxylate 15a
	From compound 11b
	From compound 13
	From compound 14a

	Ethyl 1-(2-(2,6-dioxo-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-5-carboxylate 15b
	Diethyl 1-(2-(2,6-dioxo-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-4,5-dicarboxylate 15c
	From compound 13
	From compound 14c

	1-(2-(2,6-Dioxo-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-4-carboxylic acid 16a
	1-(2-(2,6-Dioxo-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-4,5-dicarboxylic acid 16b
	1-(2-(2,6-Dioxo-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-5-carboxylic acid 16c
	1-(2-(2,6-Dioxo-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-4-carboxamide 17a
	1-(2-(2,6-Dioxo-2,3-dihydropyrimidin-1(6H)-yl)ethyl)-1H-1,2,3-triazole-5-carboxamide 17b
	DL-α-[5-methyl-3H]-AMPA binding assays [35,34]
	Docking of compound 6a, willardiine and AMPA in the binding S1S2 domain of hGluR2 receptor

	Acknowledgements
	Conflict of interest
	Supplementary material
	References




