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Recently, many efforts have been made to develop N-
methyl-D-aspartic acid receptor antagonists for treat-
ing different pathological conditions such as thrombo-
embolic stroke, traumatic head injury, Huntington’s,
Parkinson’s, and Alzheimer’s diseases). However, as
side-effects limit the use of most antagonists, new
drugs are still required. In this work, we performed a
(quantitative) structure-activity relationship analysis of
17 phenyl-amidine derivatives (1a–1q), reported as N-
methyl-D-aspartic acid receptor antagonists, and used
this data to rationally design the triazolyl-amidines.

The best (quantitative) structure-activity relationship
model constructed by multiple linear regression analy-
sis presented high data fitting (R = 0.914) was able to
explain 83.6% of the biological data variance
(R2 = 0.836), presented a satisfactory internal predic-
tive ability (Q2 = 0.609) and contained the descriptors
(EHOMO, Ovality and cLogP). Our assays confirmed that
glutamate promotes an extensive cell death in avian
neurons (77%) and 2a and 2b protected the neurons
from the glutamate effect (from 77% to 27% and 45%,
respectively). The results of neurotoxicity and cytotox-
icity on Vero cells suggested the favorable profile of
2a and 2b. Also, the molecular modeling used to pre-
dict the activity, the interaction with the receptor and
the pharmacokinetic and toxicity of the triazolyl-ami-
dines pointed them as a promising class for further
exploration as N-methyl-D-aspartic acid receptor
antagonists.
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The N-methyl-D-aspartic acid (NMDA) receptors are a
group of ionotropic glutamate receptors that plays an
important role in different physiological functions, including
the neuronal development, synaptic plasticity, learning,
and memory (1). NMDA receptor is composed of multiple
protein subunits, GLUN1, GLUN2 (A–D), and GLUN3 (A–
B) in different combinations. In general, the physiological
receptor is a heteromer, containing GLUN1 subunit with
one or two GLUN2 subunits, but different compositions
may occur (2–4). Therefore, depending on the receptor
composition both the electrophysiological and pharmaco-
logical properties may vary (4).

Due to its role, the over-stimulation of NMDA receptor has
been implicated in several pathological conditions, involving
neuronal death and degeneration (e.g., thrombo-embolic
stroke, traumatic head injury, Parkinson’s, Huntington’s,
and Alzheimer’s diseases). Therefore, this pathological role
has driven the search for NMDA receptor antagonists as a
promising therapy (5–8). Currently, the use of NMDA recep-
tor antagonists for acute and chronic neuronal diseases
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therapy still present undesirable side-effects, such as
motor deficit and sedation that limit their use (9–11). Impor-
tantly, the absence of GLUN2B message in the cerebellum
suggests that a GLUN2B selective antagonist might not
adversely affect the locomotor function (4,12–14).

Ifenprodil is a selective GLUN1 ⁄ GLUN2B NMDA receptor
antagonist that presents a safer side-effect profile than
other non-selective antagonists (e.g., MK801). However, it
still presents some side-effects similar to other NMDA
receptor antagonists (e.g., Co101676, PD174494, and
Cl1041) (4,6) (Figure 1). Currently, many efforts are in pro-
gress to develop less toxic compounds for several neuro-
pathological conditions, such as those based on
styrylamidines (I), arylamidines (II), and cyclic benzamidines
(III), that were described as orally efficacious selective
GLUN1 ⁄ GLUN2B NMDA receptor antagonists (Figure 1)
(4,9,13,15–20).

Claiborne and co-workers (9) synthesized and reported the
binding affinity data (i.e., Ki) for a series of 25 phenyl-ami-
dines and for 17 of these compounds, they also reported
the functional activity data (i.e., IC50) as GLUN1 ⁄ GLUN2B
NMDA receptor antagonists with >100-fold selectivity for
GLUN1 ⁄ GLUN2B than for GLUN1 ⁄ GLUN2A. Also, many
compounds based on 1,2,3- and 1,2,4-triazoles have
been described in the literature with important biological
activities (21–23), such as antiplatelet (24), anticonvulsant
(25), and anti-inflammatory profiles (26). Therefore, the aim
of this work is to design and synthesize a new class of
triazolyl-amidines, potential NMDA receptor antagonists,
and evaluate their neuroprotective effects through gluta-
mate-induced cellular death.

Methods and Materials

Quantitative structure-activity relationship studies
and design of new triazolyl-amidines
The structure-activity relationship (SAR) and the quantita-
tive structure-activity relationship (QSAR) studies were per-
formed using as activity data the pIC50 (M) values of 17
compounds (N = 17) from the original data set (9). The 3D
structure of a hypothetical non-substituted (R1 = R2 = H)
derivative was submitted to the default systematic confor-
mational analysis, available in the SPARTAN’08 software
(Wavefunction Inc. Irvine, CA, USA), using the MMFF94
force field, and the most stable conformer was used to
assemble the 3D structures of the 17 phenyl-amidines.

All structures were submitted to a full geometry optimiza-
tion process, using the Austin Model 1 (AM1) semi-empiri-
cal Hamiltonian, and, subsequently, to a single-point
energy ab initio calculation, at the 3-21G* level, both
methods available in SPARTAN’08.

Molecular electrostatic potential (MEP) isoenergy surface
maps were generated in the range from )25.0 (deepest

red color) to +30.0 (deepest blue color) kcal ⁄ mol and
superimposed onto a molecular surface of constant elec-
tron density of 0.002 e ⁄ au3. Each point of the three
dimensional molecular surface map expresses the electro-
static interaction energy value evaluated with a probe atom
of positive unitary charge, providing an indication of the
overall molecular size and location of attractive (negative)
or repulsive (positive) electrostatic potentials shown in red
and blue, respectively.

To perform the SAR ⁄ QSAR studies, descriptors from three
general characteristics were calculated, that are, electronic,
steric, and pharmacokinetic, which could be related to the
biological response. The electronic descriptors correspond
to frontier orbitals and molecular dipole moment (l). The
steric descriptors calculated with SPARTAN’08 correspond to
molecular volume (MV), molecular surface area (MSA), and
ovality (a ratio of volume and area, measuring the overall
shape), while the pharmacokinetic descriptors, calculated
with the Osiris Property Explorer (27) online system (http://
www.organicchemistry.org/prog/peo/), correspond to the
molecular mass (MM), the octanol ⁄ water partition coeffi-
cient (cLogP), water solubility (cLogS), and the number of
hydrogen bond acceptors (HBA) and donors (HBD).

In QSAR, it is usual to split the data set in training set and
test set, then, the training set is used to generate the
QSAR model, and the test set is used for the external vali-
dation of the generated QSAR model. So, we have applied
an internal validation procedure, named leave-one-out
cross-validation (LOO-CV), using a combined genetic func-
tion approximation (GFA) algorithm and partial least-
squares (PLS) regression approach, available in the WOLF

v.6.2 software, and implemented with the Friedman’s lack-
of-fit (LOF) score, which prevent the models overfitting,
Because it penalizes additional terms when identical least-
square-error (LSE) values are observed. The equations
(models) are compared according to the statistical parame-
ters: N = number of terms (descriptors, independent vari-
ables); R = correlation coefficient; R2 = quadratic
correlation coefficient; Q = R after leave-one-out cross-vali-
dation; and Q2 = R2 after leave-one-out cross-validation.
We also applied an external validation using three amidines
described by Nguyen and co-workers (20) as the test set.

The same methodology was applied for both phenyl-ami-
dines and the designed triazolyl-amidines. The design of
the new class of triazolyl-amidines was based on strate-
gies of molecular modification currently used in medicinal
chemistry as bioisoterism, QSAR analysis and the mainte-
nance of the pharmacophoric groups.

Chemistry
General: Flash chromatography was performed in 230–400
mesh silica gel (Merck). Melting points were determined on
a Fischer-Johns apparatus, and 1H and 13C-NMR spectra
were recorded in a Varian Unity Plus (300 MHz).
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N-Benzyl-2-phenyl-2H-(1,2,3)triazole-4-carboxamidine (2a):
A DMSO (1 mL) solution of benzylamine (107 mg; 1 mmol)
was added to a DMSO (2 mL) solution of 5 (213 mg;
1.25 mmol) and CuCl (124 mg; 1.25 mmol). The mixture
was stirred under a nitrogen atmosphere, at 80 �C for
20 h. AcOEt (2 mL) and 50% aqueous NaOH (4 mL) were
added. The mixture was vigorously stirred for 30 min. The
filtered and the solid were washed with AcOEt (10 mL).
The organic layer was dried over Na2SO4, and the volatiles
were removed in vacuum. The residue was purified by
flash chromatography on silica gel (10% AcOEt in hexane
as the eluent) to give 2a as a white solid (202 mg, 73%
yield). Mp = 121–123 �C. IR (KBr, cm)1): 3280, 3033,
2919, 1658, 1595, 1553, 1497, 1455, 1322, 1227, 1153,
970, 756, 697, 667; 1H-NMR (300 MHz, DMSO-d6, d)
9.33 (m, 1H), 8.58 (s, 1H), 8.38 (ddd, J = 7.5 Hz,
J = 3.2 Hz, J = 1.2 Hz, 2H), 7.73 (ddd, J = 8.7 Hz, J =
7.5 Hz, J = 1.7 Hz, 2H), 7.60 (tt, J = 8.7 Hz, J = 1.2 Hz,
1H), 7.50–7.45 (m, 4H), 7.40–7.34 (m, 1H), 4.63 (d,
J = 6.3 Hz, 2H); 13C-NMR (75 MHz, DMSO-d6, d) 159.2
(s), 144.2 (s), 139.2 (s), 138.9 (s), 136.4 (s), 129.8 (s),
128.6 (s), 128.4 (s), 127.4 (s), 126.9 (s), 118.9 (s), 42.2 (s).

N-(5-Trifluoromethyl-2H-(1,2,4)triazol-3-ylmethyl)-benzami-
dine (2b): A suspension of 6 (152 mg; 1 mmol) in benzo-
nitrile (1 mL) was added to a benzonitrile (2 mL) solution of
CuCl (124 mg; 1.25 mmol). The mixture was stirred, under
a nitrogen atmosphere, at 80 �C for 20 h. AcOEt (2 mL)
and 50% NaOH (4 mL) were added. The mixture was vig-
orously stirred for 30 min. The organic layer was washed
consecutively with 3 M NH4OH [until negative test for Cu
(II) using 0.1 M K4Fe(CN)6], with 5% NH4Cl (until neutraliza-
tion), and then with water (15 mL). Subsequently, it was
dried over Na2SO4, and the volatiles were removed in vac-
uum. The residue was crystallized from ethyl alcohol to
give 2b as a yellow solid (191 mg, 75% yield).
Mp = 151 �C. IR (KBr, cm)1): 3346, 3203, 3061, 2920,
2851, 1645, 1578, 1530, 1510, 1466, 1447, 1216, 1181,

1145, 1034, 1008, 860, 771, 743, 697 cm)1; 1H-NMR
(300 MHz, DMSO-d6, d) 9.07 (s, 1H), 8.90 (s, 1H), 8.22 (s,
1H), 8.17–8.13 (m, 3H), 7.70–7.64 (m, 2H); 13CNMR
(75 MHz, DMSO-d6, d) 160.7 (s), 160.4 (s), 149.7 (q,
J = 37 Hz), 134.6 (s), 131.8 (s), 128.7 (s), 127.7 (s), 119.8
(q, J = 269 Hz).

Biological activity assays

Neuroprotection from glutamate excitotoxicity
An earlier work showed that incubation of avian retinal
neurons cultures with glutamate (1 mM) for 8 h promoted
an intense cell death (28) that could be prevented by pre-
vious culture treatment with 10 lM ifenprodil (29). Thus,
triazolyl-amidines 2a and 2b were tested for their neuro-
protective potential profile by pre-incubating the purified
cultures of avian retinal neurons, prepared as described
elsewhere (28), with 100 nM of the compounds solubilized
in dimethyl sulfoxide (DMSO) for 48 h in the same culture
medium. Then, we added glutamate (1 mM) to the medium
and after 8 h, the cultures were fixed and the number of
viable cells was determined by counting at least five fields
of 0.114 mm2 of each dish using a phase contrast
inverted microscope. 2a and 2b (100 nM) were also tested
without the addition of glutamate to observe their effect on
the avian culture. All experiments were made in triplicate
at least three times.

Cytotoxicity assay
Monolayers of 104 Vero cells (African green monkey kidney)
in 96-multiwell plates were treated with several concentra-
tions (50, 250, 500, and 1000 lM) of triazolyl-amidines 2a
and 2b for 72 h. The medium used was Dulbecco’s Modi-
fied Eagle Medium (DMEM) with 5% of serum fetal bovine.
Then, 50 lL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT, Sigma) solution (1 mg ⁄ mL of

A

B

Figure 1: NMDA receptor antagonists described in the literature and rational design of new triazolyl-amidines (2a–2b).
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MTT in solvent) was added to evaluate cell viability accord-
ing to procedures described elsewhere (31). The 50% cyto-
toxic concentration (CC50) was calculated by linear
regression analysis of the dose-response curves. All experi-
ments were made in triplicate at least three times. Our data
were statistically analyzed by one-way ANOVA considering
means, SEM, SD, N, mean and p value <0.05 not statisti-
cally significant.

Docking analysis
The docking complexes of phenyl-amidines (1a–1e) 1b,
1c, 1d, 1h, the aryl-amidine II and triazolyl-amidines (2a,
2b, 2e and 2f) with the NMDA receptor and the redocking
of ifenprodil were performed using AUTODOCK 4.2 program
(32). The 3D structure of the ligands was constructed
using SPARTAN’08 as previously described for calculating
the stereoeletronic properties. The electrostatic charges
were added; the structures were saved in the mol2 format
and transferred to AUTODOCK program to create the ligand
input file in the pdbqt format. The structure of the N-termi-
nal of GluN1 and GluN2B subunit of NMDA receptor (PDB
code = 3QEL) was transferred to AUTODOCK 4.2 program
and Gasteiger charges were added to create the pdbqt file
of the receptor. The cubic grid box with the dimension of
80 · 80 · 80 points and spacing of 0.375 Å was centered
in the residue Gln110 of GluN2B subunit and calculated
by Autogrid. This residue is located in the ifenprodil bind-
ing site and makes hydrogen bond with this ligand in the
crystallographic structure.

Docking studies were performed using the empirical free
energy function and the Lamarckian genetic algorithm
applying a standard protocol, and a total of 50 indepen-
dent docking runs were carried out for each ligand. Struc-
tures differing by less than 2 Å in positional root-mean-
square deviation (RMSD) were clustered together and the
selected complex for each ligand was that with the lowest
binding energy found in the cluster with the greatest num-
ber of members.

In silico ADMET screening
The four most potent phenyl-amidines and triazolyl-ami-
dines were submitted to an in silico ADMET (absorption,
distribution, metabolism, excretion, and toxicity) screening,

using the Osiris system. The Osiris druglikeness is based
on the occurrence frequency of each fragment that is
determined within the collection of traded drugs and within
the non-drug-like collection of Fluka compounds. The Osi-
ris drug score is related to topological descriptors, finger-
prints of molecular druglikeness, structural keys and other
properties, such as cLogP and molecular mass.

We also evaluated these compounds according to the
Lipinski’s modified ’rule-of-five’ for successful CNS pene-
tration using the analysis of Osiris program and molinspira-
tion program available at http://www.molinspiration.com/
cgi-bin/properties. This rule states molecular mass
£400 Da, calculated octanol ⁄ water partition coefficient
(cLogP) £5, number of hydrogen bond acceptors (HBA) £7,
and number of hydrogen bond donors (HBD) £3 (33,34).

Results and Discussion

SAR ⁄ QSAR analysis of the phenyl-amidine
derivatives and design of triazolyl-amidines
In the attempt to provide a useful guideline for the design
of more potent GluN1 ⁄ GluN2B NMDA receptor antago-
nists, we employed molecular modeling studies to a series
of 17 phenyl-amidines described by Claiborne and co-
workers (9) as a class of GluN2B-selective NMDA receptor
antagonists with the same mechanism of action than ifen-
prodil. The GluN2B binding data reported utilizes radiola-
beled amidine I (KD = 1.0 nM) as the ligand rather than
ifenprodil (KD = 94 nM) due to its superior signal-to-noise
ratio, and the functional assay (pIC50) was carried out
using the FLIPR assay (9). IC50 of the most potent com-
pound 1a was 4.1 nM, and to establish a QSAR analysis,
the activities of all phenyl-amidines were described in
pIC50 here.

The conformational analysis and the MEP maps of the
phenyl-amidines (1a–1q) revealed a similar stereoelectronic
’V’ shape with the amidine group in the middle and the
phenyl rings in both sides (Figure 2).

The four most potent compounds presented electron-
donating groups in R2 (OMe or Me), which resulted in a
negative charge concentrated in the phenyl ring. Mean-
while, most of them presented a less negative charge in

A B

Figure 2: Comparison of molecu-
lar electrostatic potential (MEP)
maps of the most stable confor-
mation structure of phenyl-ami-
dines (1a–1q) (A) and triazolyl-
amidines (2a–2g) (B). The nega-
tive and positive charge distribu-
tion is shown in red and blue,
respectively.
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R1 position (i.e., OCF3, an electron-donating group), or a
neutral charge (i.e., CF3 an electron withdrawing group;
Figure 2). Considering the importance of stereoelectronic
complementarity for the target receptor interaction, these
features probably influenced in the compounds inhibitory
profile.

In the SAR ⁄ QSAR studies, we calculated some descriptors
for these phenyl-amidines (1a–1q; Table 1). These de-
scriptors were based at least in one of three general char-
acteristics (i.e., electronic, steric, and pharmacokinetic)
that could be correlated with the derivative biological pro-
file. Therefore, we calculated electronic (HOMO and LUMO
energy and molecular dipole moment), steric (molecular
volume, the molecular surface area, and the ovality––a
ratio of volume and area), and pharmacokinetic (molecular
mass, the octanol ⁄ water partition coefficient––cLogP, the
water solubility––LogS, and the number of hydrogen bond
acceptors––HBA, and donors––HBD) descriptors (Table 1).

Interestingly, our theoretical results revealed important fea-
tures that could be related to the experimental NMDA
receptor antagonist activity. The cross-correlation matrix
showed that EHOMO, MV, MSA, ovality, and HBA groups
are the most correlated descriptors to the experimental
pIC50 values (Table 2). It is also possible to observe that
the GLUN2B binding assay (pKi) is directly correlated to
the functional assay (pIC50), which reinforced that the
antagonistic activity is due to the compounds ability of
binding to these receptor subunits.

The structural and electronic properties evaluation showed
that HOMO energy of these compounds increased with
the biological potency (pIC50), suggesting that the nucleo-
philicity may be an important feature. The most potent
compounds presented higher MV and MSA and, conse-
quently, higher ovality, which are significantly inter-corre-
lated descriptors, that is, r ‡ 0.7 (Table 2). This means that
only one of these descriptors should be selected in a
same QSAR equation to avoid model overfitting. The
higher number of HBA groups may also be important to
interact with the NMDA receptor.

We also performed a multiple linear regression (MLR) anal-
ysis to generate a QSAR model for orienting the design of
new molecules. On that purpose, we applied the system-
atic search approach (combining all descriptors in groups
of one, two, and three) for variable selection (35), and
LOO-CV as an internal validation procedure to examine
the correlation of these calculated descriptors with the
functional activity (pIC50) of the 17 phenyl-amidines (1a–
1q; Table 1). By analyzing all obtained equations, we have
selected eqn 1, as the best model, because it shows the
best set of statistical parameters, showing high data fitting
(R = 0.914). This equation is able to explain 83.6%
(R2 = 0.836) of the biological data variance, and present a
satisfactory internal predictive ability (LOO-CV R2 or
Q2 = 0.609). Moreover, this model is not overfitted,

because it does not contain highly intercorrelated (r ‡ 0.7)
descriptors, as we can see in the cross-correlation matrix
(Table 2).

It is interesting to observe that eqn 1 contains one
descriptor from each one of the three general characteris-
tics that could explain the structure-activity relationship:
electronic (EHOMO), steric (Ovality), and pharmacokinetic
(cLogP), where Ovality (steric) has the major contribution,
followed by EHOMO (electronic), and finally by cLogP (phar-
macokinetic). The potencies predicted by our model
(eqn 1) were very similar to those experimentally deter-
mined, which could be observed by the maximum (0.59),
the minimum (0.02), and the average (0.23) differences
between experimental and predicted potencies.

pIC50 ¼ 2:518þ 0:365ðcLogPÞ þ 1:620ðEHOMOÞ þ 12:178ðovalityÞ
N ¼ 17; R ¼ 0:914; R2 ¼ 0:836; Q ¼ 0:781; Q 2 ¼ 0:609

ð1Þ

Besides the internal validation procedure applied, we also
performed an external validation using a test set to confirm
the predictive capability of the QSAR model. Four amidines
described by Nguyen and co-workers (20) (3a, 3b, 3c and
3d) were selected because they present structures similar
to the phenyl-amidines used to generate the QSAR model
and were tested using the same experimental assay. Our
analysis revealed that the pIC50 predicted for the com-
pounds 3a–3d were very similar to the experimental pIC50.
Only in case of 3b, the difference between the experimen-
tal and the predicted potency was higher than those
observed in the phenyl-amidine series; however, it may be
considered an outlier. The Ki described in the literature
(20) for 3b was the highest among this group, and as the
pKi was directly correlated with the pIC50 in the phenyl-
amidines series, we expected higher experimental pIC50

for 3b. Also, comparing with the phenyl-amidines, 3b
present the same substituents (4-OCF3 and 3,5 diMe) than
1b that was described with higher activity (Table 3). Thus,
the equation was able to predict the activity of this series
(3a–3d) and was also used to predict the activity of the
triazolyl-amidines.

Two new triazolyl-amidine derivatives (2a and 2b) were
designed in this study by combining the amidine group,
that has already been tested as NMDA receptor antagonist
(9) and triazolyl groups-1,2,3-triazole (2a) and 1,2,4-triazole
(2b; Figure 1). Historically, two key features in the early
GluN2B antagonists were phenols and basic amines.
Within this series of compounds, the phenol can be prob-
lematic in metabolic clearance, whereas the basic amine
can give rise to hERG and other issues such as potent
CYP2D6 inhibition. The structures of 2a and 2b were
designed by ligand-based drug design using molecular
modification strategies as bioisosterism and SAR. The
pharmacophore of the NMDA receptor non-competitive
antagonists were conserved as: one aromatic group in

Rational Design of New Triazolyl-Amidines
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each side connected by an aliphatic chain with a hydrogen
bond donor group. In this study we evaluated the addition
of the triazole ring that is an important moiety in many bio-
active compounds. In each molecule (2a and 2b), this
group was added in one and in the other side of the ami-
dine group to test the effect. Also, the group CF3 present
in some phenyl-amidines was tested in 2b (Figure 1).

Initially, the comparison of the same descriptors calculated
for the phenyl-amidine derivatives showed compound 2a
with high number of HBA groups and HOMO energy value
similar to the most potent phenyl-amidines, while 2b pre-
sented only higher number of HBA groups than the most
potent phenyl-amidines (Tables 1 and 4).

The analysis of the electrostatic potential maps and the
structure of the best conformer of the triazolyl-amidines

(2a and 2b) revealed a stereoelectronic ’V’ shape similar
to that observed for phenyl-amidines (1a–1q). The elec-
tronic property analysis revealed electron density in the
phenyl ring of 2a. In case of 2b that do not present the
phenyl group at this position, the negative charge is
related to the CF3 group (Figure 2). The QSAR model
applied to the designed triazolyl-amidines showed a higher
activity for compound 2a compared with 2b.

Synthesis of new triazolyl-amidines
To evaluate the neuroprotective profile of the triazolyl-ami-
dines derivatives against glutamate side-effects, we syn-
thetized compounds 2a and 2b, rationally designed in this
work. The reaction of the aldehyde 3 (36) with hydroxyl-
amine cloridrate generated the 1,2,3-triazole oxime 4 (37),
which on treatment with acetic anhydride led to the

Table 2: Cross-correlation matrix of the experimental biological activities (pKi and pIC50) for the 17 phenyl-amidine compounds (1a–1q)
from the literature (9) and the calculated descriptors: EHOMO and ELUMO (HOMO and LUMO Energies, Ev), l (Molecular Dipole Moment,
Debye), MV (Molecular Volume, Å3), MSA (Molecular Surface Area, Å2), Ovality (a ratio of volume and area), MM (Molecular Mass, g ⁄ mol),
cLogP (calculated octanol ⁄ water partition coefficient), cLogS (calculated water solubility), and HBA (number of hydrogen bond acceptors,
i.e., number of N and O atoms)

pIC50 pKi EHOMO ELUMO l MV MSA Ovality MM cLogP cLogS HBA

pIC50 1.00
pKi 0.78 1.00
EHOMO 0.60 0.27 1.00
ELUMO 0.19 0.05 0.54 1.00
l 0.09 0.01 0.06 0.02 1.00
MV 0.74 0.65 0.08 )0.12 0.36 1.00
MSA 0.74 0.66 0.07 )0.13 0.32 1.00 1.00
Ovality 0.72 0.65 0.05 )0.18 0.25 0.98 0.99 1.00
MM 0.48 0.61 )0.29 )0.19 0.37 0.88 0.87 0.85 1.00
cLogP 0.15 0.60 )0.50 )0.37 0.17 0.48 0.48 0.48 0.73 1.00
cLogS )0.20 )0.66 0.40 0.17 )0.18 )0.46 )0.46 )0.45 )0.72 )0.97 1.00
HBA 0.69 0.43 0.49 0.57 0.30 0.63 0.61 0.57 0.50 )0.08 )0.04 1.00

Table 3: Comparison of the experimental biological data (pIC50) described in the literature (20) and the predicted pIC50 (M) of four ami-
dines used as test set. The theoretical descriptors used to calculate pIC50 ) EHOMO (HOMO Energy Ev), Ovality (a ratio of volume and area)
and the cLogP (calculated octanol ⁄ water partition coefficient)––were described

Compounds no. cLogP EHOMO Ovality pIC50a pIC50Calcb pIC50 ) pIC50Calc

3a 3.25 )9.08 1.49 7.31 7.14 0.17
3b 3.27 )8.72 1.52 7.41 8.10 )0.69
3c 3.03 )8.41 1.49 7.92 8.14 )0.22
3d 2.53 )8.60 1.50 8.22 7.78 0.44

aExperimental values of pIC50 (M) were described in the literature (20).
bThe predicted pIC50 values were calculated using eqn 1.

Rational Design of New Triazolyl-Amidines
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corresponding 1,2,3-triazole nitrile 5 (38). In a modified
procedure, carried out in DMSO as the solvent, the reac-
tion of 5 with benzylamine in cuprous chloride at 80 �C
(39) produced the novel 1,2,3-triazole amidine 2a in good
yield (73%; Figure 3).

The reaction of trifluoroacetic acid with aminoguanidine
bicarbonate led to the 1,2,4-triazole 6 as described in the
literature (40). The subsequent treatment of 6 with benzo-
nitrile in the presence of cuprous chloride at 80 �C pro-
duced, regioselectively, the novel 1,2,4-triazole amidine 2b
in good yield (75%; Figure 3) (39).

Neuroprotection from glutamate excitotoxicity
Previous work showed that the excitotoxicity induced by
glutamate in avian retinal neurons cultures is directly
related to the agonist glutamate binding to NMDA recep-

tors because this excitotoxicity is completely blocked by
the NMDA channel blocker MK-801 (28). To test the ability
of the triazolyl-amidines to protect neuronal cells from glu-
tamate excitotoxicity, we pre-incubated these neurons cul-
tures with the triazolyl-amidines (2a and 2b; 100 nM)
before the addition of glutamate (1 mM) as described in
materials and methods section (Figure 4).

Our assays confirmed that glutamate promotes an exten-
sive cell death (77% of total cells) after incubation for 8 h
compared with control without glutamate. Interestingly,
both compounds 2a and 2b protected the neurons from
the glutamate effect (from 77% to 27% and 45%, respec-
tively), values close to that detected for Ifenprodil, in this
assay and in the literature (Figure 4) (29,30). No significant
effect was observed when incubating these compounds
with the neuron cultures without adding glutamate sug-
gesting a safe profile. Our results suggest a better profile

Table 4: Comparison of the theoretical descriptors of the QSAR-based designed triazolyl-amidines (2a–2g). The analysis included the pre-
dicted pIC50 (M) and the calculated descriptors EHOMO (HOMO Energy Ev) MV (Molecular Volume Å3) MSA (Molecular Surface Area Å2)
Ovality (a ratio of volume and area) and the pharmacokinetic properties for a good oral for CSN drugs bioavailability that include MM
(Molecular Mass g ⁄ mol) cLogP (calculated octanol ⁄ water partition coefficient) HBA (number of hydrogen bond acceptors) HBD (number of
hydrogen bond donors) PSA (polar surface area) and RotB (number of rotatable bonds)

Compounds no. pIC50Pred
a EHOMO MV MSA Ovality

Pharmacokinetic properties

MM cLogP HBA HBD PSA RotB

2a 7.65 )8.72 293.42 319.02 1.49 277.33 3.05 5 2 50.50 4
2b 4.97 )9.47 221.81 251.72 1.42 255.20 1.38 5 3 62.72 2
2c 7.92 )8.63 293.68 320.20 1.50 277.33 3.05 5 2 52.18 3
2d 8.28 )8.61 321.02 350.03 1.53 307.36 2.95 5 2 56.63 5
2e 8.37 )8.63 320.71 347.34 1.54 307.33 2.95 5 2 59.34 5
2f 9.34 )8.54 348.40 379.27 1.58 344.38 3.86 8 2 74.42 4
2g 8.37 )7.91 272.88 295.98 1.46 263.30 2.42 5 3 62.47 2

aThe predicted pIC50 values were calculated using eqn 1.

A

B

Figure 3: (A) Synthesis route of triazolil-amidines 2a. (a) NH2OH.HCl, NaHCO3, Na2SO4, CH2Cl2, r.t., 18 h, 87%. (b) Ac2O, reflux, 2 h,
70%. (c) BnNH2, CuCl, DMSO, 80 �C, 20 h, 73%. (B) Synthesis route of triazolil-amidine 2b. (d) aminoguanidine bicarbonate, toluene,
reflux, 20 h, 91%. (e) PhCN, CuCl, 80 �C, 20 h, 75%.

Abreu et al.

192 Chem Biol Drug Des 2013; 81: 185–197



for 2a, but anyway both 2a and 2b presented some neu-
roprotective activity, which points to the promising profile
of the triazolyl-amidine series.

Cytotoxicity assays
In this study, we evaluated the cytotoxicity profile using dif-
ferent concentrations of the triazolyl-amidines on Vero cells
(Figure 5). Our experimental results showed that both mol-
ecules 2a and 2b present a safe profile with a CC50

(1402.00 and 1403.51 lM, respectively). The low cytotoxic
profile of these compounds reinforced the theoretical
results predicted herein that suggested that they might
present a safe profile as therapeutic agents.

Design of the triazolyl-amidines and docking
evaluation
To improve the overall potential of these two compounds
as neuroprotective molecules, we suggested some struc-
tural modifications based on the phenyl-amidines analysis

generating the compounds 2c–2g (Table 4). Thus, we
used the triazolyl group in each side of the molecule and
in both sides simultaneously (2f) also adding some substi-
tutions based on the most potent phenyl-amidines. The
analysis of the descriptors initially calculated for the phe-
nyl-amidine derivatives, showed that our rational design
allowed to increase values of HOMO energy, MV (volume),
and MSA (area), and to preserve the number of HBA
groups for all new compounds, except for 2f. Importantly,
the HOMO energy values ()8.63 to )7.91 eV) of these
compounds were similar to that observed for the four most
potent phenyl-amidines ()8.80 to )8.56 eV) as well as MV
(272.88–348.40 Å3 and 307.64–313.44 Å3), MSA (295.27–
379.98 Å2 and 334.85–342.25 Å2), and ovality (1.46–1.58
and 1.52–1.53), respectively (Tables 1 and 3).

To predict the biological potency (pIC50Pred) of compounds
2a–2g, we applied the QSAR eqn 1 derived from 17 phe-
nyl-amidines (1a–1q). According to our model, except for
compound 2b (pIC50Pred = 4.97 M), the calculated poten-
cies for the other triazolyl-amidines were similar to or bet-
ter than the most potent phenyl-amidines (1a–1d;
Tables 1 and 4).

The analysis of the electrostatic potential maps and the
structure of the best conformer of the triazolyl-amidines
(2c–2g) also reinforced the data revealing a stereoelectron-
ic ’V’ shape with similar charge distribution than that
observed for phenyl-amidines (1a–1q; Figure 2).

Recently, Karakas and co-workers (41) elucidated the
structure of the N-terminal of GluN1 and GluN2B subunit
of NMDA receptor from Rattus norvegicus (PDB code = 3-
QEL) complexed with ifenprodil. The protein structure was
used to perform the docking with the amidines studied
here and theoretically analyze and compare their binding
mode. Initially, the ifenprodil was redocked in the binding
site to validate the method. Our results showed the ifen-
prodil interacting in almost the same position than in the
crystallographic structure (RMSD = 0.95 Å).

We evaluated the interactions of some phenyl-amidines
(1b, 1c, 1d and 1h), the aryl-amidine II, the synthesized
triazolyl-amidines 2a and 2b, and the designed 2e and 2f
with the receptor to complement and support the QSAR
study and propose a mechanism of action for the triazolyl-
amidines. The conformation ⁄ position chosen was the one
with lower energy in the most populated cluster. The com-
parison of the dockings of triazolyl-amidines 2a, 2b, 2e,
and 2f with the NMDA receptor revealed that one of the
phenyl rings in all triazolyl-amidines was aligned and that
the triazolyl ring in 2a, 2e and 2f was also aligned. In case
of 2b, although the triazolyl is not aligned, it presents nitro-
gen atoms in positions similar to the other derivatives. The
other phenyl ring of 2a, 2e and 2f was also in similar
region. The conformation and binding mode in the active
site of NMDA receptor is similar for these triazolyl-amidines
and the amidines II and 1b (Figure 6).

Figure 5: Cytotoxicity profile (Vero cells) of triazolyl-amidines 2a
and 2b in the concentration of 50, 250, 500, and 1000 lM. The
data represent the mean ± SEM from three individual experi-
ments.

Figure 4: Neuroprotective effect of pre-incubation (48 h) of triaz-
olyl-amidines 2a and 2b and the reference compound ifenprodil
from glutamate-induced excitotoxicity.

Rational Design of New Triazolyl-Amidines
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Ifenprodil and the phenyl-amidines also conserved one of
the phenyl rings in a similar position than the triazolyl-
amidines, while the position of the other phenyl ring of
1c, 1d, 1h, and ifenprodil are slight different. Although
this, nitrogen atoms of the amidines are in similar
positions than the nitrogen of the piperidine of ifenprodil
(Figure 6).

In all triazolyl-amidines, the residues Y109, T110, F113,
S132 and I133 of GluN1 and A107, Q110 and I111 of
GluN2B were described interacting at 4 Å distant from the
receptor; these residues were also interacting in phenyl-
amidines. Hydrogen bonds with the residues Y109 of
GluN1 and Q110 of GluN2B were observed in all triazolyl-
amidines, and some of them also interacted with F113,

I133 and L135 of GluN1 and A107 and I111 of GluN2B.
The phenyl-amidines and ifenprodil also interacted with
some of these residues (Y109, F113, I133, L135, Q110
and A107), but some interactions with the GluN1 subunit
were different (S108 and S132; Table 5).

Hydrophobic interactions with the residue L135 was
observed in phenyl-amidines 1c, 1d, 1h and ifenprodil,
while triazolyl-amidines and the amidines II and 1b inter-
acted with I133 and M134. This data reveal that although
the triazolyl-amidines present similar binding mode in the
ifenprodil binding site than some phenyl-amidines, which
justifies the SAR done, they may test different residues of
the active site, and it may be important for future modifica-
tions in this series to improve the biological activity.

A B

Figure 6: Comparison of the binding mode of the NMDA receptor antagonists described in the literature (A) and the designed triazolyl-
amidines (B). Ligands are represented in different colors: II (dark green), 1b (purple), 1c (yellow), 1d (orange), 1h (light blue), ifenprodil
(white), 2a (red), 2b (blue), 2e (pink) and 2f (light green).

Table 5: Residues of GluN1 ⁄ GluN2B subunit of NMDA receptor involved in the interactions with the ifenprodil, phenyl-amidine 1b, 1c,
1d, 1h, aryl-amidine II and triazolyl-amidines 2a, 2e, and 2f and residues interacting with the ligands by hydrogen bonds

Compounds no.
Residues of GluN1 interacting
with the ligand (4 Å)

Residues of GluN2B
interacting with the ligand (4 Å)

Hydrogen
bonds in GluN1

Hydrogen bonds
in GluN2B

Ifenprodil Y109, T110, R115, S132,
I133, L135

A107, Q110, I111, F114, T174,
Y175, F176, P177, E236

S132 Q110

II A75, Y109, T110, F113,
S132, I133

P78, I82, A107, Q110, I111,
F114, M134

Y109 Q110, A107

1b Y109, G112, F113, S132, I133 P78, I82, Q110, I111, F114,
M134, P177

Y109, F113 Q110

1c A75, P106, S108, Y109, T110,
G112, F113, S132, I133,
H134, L135

P78, I82, A107, Q110, I111,
F114

– Q110, A107

1d A75, P106, S108, Y109, T110,
G112, F113, S132, I133,
H134, L135

A107, Q110, I111, F114 S108, I133,
L135

Q110, A107

1h A75, P106, S108, Y109, T110,
G112, F113, R115, I133, L135

I82, A107 Q110, I111, F114 – Q110, A107

2a Y109, T110, G112, F113,
S132, I133

P78, I82, A107, Q110, I111,
F114, M134, P177

Y109, F113 Q110

2b S108, Y109, T110, G112, F113,
S132, I133, L135

P78, A107, Q110, I111 Y109, F113 Q110, I111,
A107

2e S108, Y109, T110, G112, F113,
S132, I133, L135

P78, A107, Q110, I111,
F114, P177

Y109, F113,
I133, L135

Q110

2f Y109, T110, F113, S132, I133 P78, I82, A107, Q110, I111,
F114, M134, A135, D136,
P177

I133 Q110
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In silico ADMET screening
To analyze the overall theoretical potential of the triazolyl-
amidine series as drug candidates and to compare with
the four most potent amidines, we submitted the triazolyl-
amidines (2a–2g) to an in silico ADMET screening using
the Osiris system.

According to the Osiris property evaluation, the lipophilicity
(cLogP) of these triazolyl-amidines (2a–2g; 1.38–3.86) was
similar to that observed for the most potent phenyl-ami-
dines (1a–1d; 2.97–3.71) and pointed the compounds as
sufficiently hydrophobic for penetrating the biological
membranes (Tables 1 and 3). We noticed that the triazolyl-
amidines presented a better profile of druglikeness and
drug score than phenyl-amidines and druglikeness values
lower than ifenprodil and Co101676 and Cl1041, other
NMDA receptor antagonists (Figure 7).

Literature described that CNS drugs that penetrate blood–
brain barrier are more lipophilic, less polar, less flexible,
and with lower molecular mass and volume than other
classes of drugs. Because the compounds are considered
for oral delivery and should be able to cross the blood–
brain barrier into the CNS, they were evaluated according
to the Lipinski modified ’rule-of-five’ for successful CNS
penetration. Interestingly, our theoretical results showed all
triazolyl-amines and the four most potent phenyl-amidines
compounds as fulfilling the Lipinski modified ’rule-of-five’
for successful CNS penetration, with MM £400 Da, cLogP
£5, number of HBA £7, and number of HBD £3. In fact,
the rule states that at least three of these requirements
should be satisfied for a drug good bioavailability.

Interestingly, CNS drugs should have polar surface area
(PSA) <60–70Å2 and number of rotatable bonds (RotB) <8
such as observed for all triazolyl-amidines, except for 2f
(74.42Å), that is still lower than the upper limit for pene-
trate the brain (�90Å2; Table 4).

The Osiris toxicity evaluation showed most of the triazolyl-
amidines with a low profile for irritant, tumorigenic, muta-
genic, and reproductive effects, except for 2b and 2g
(1,2,4-triazolyl-amidines) that presented some teratogenic
risks analogously to 1d. The NMDA receptor antagonist
PD1724494 showed a high irritant risk, while the phenyl-
amidines 1b and 1c presented mutagenic risks (Figure 7).
It is important to notice that the toxicity predicted herein
does not guarantee that these compounds are completely
free of any toxic effect. However, it reinforced the promis-
ing potential of this series.

Conclusions

The overall SAR analysis of 17 phenyl-amidines (1a–1q)
described in the literature revealed structural descriptors
and electronic properties that could be related to the bio-
logical profile. Higher values of HOMO energy, molecular
volume, molecular surface area, ovality, and number of
hydrogen bond acceptor groups were apparently the most
correlated descriptors with the interaction with NMDA
receptor. The results of molecular modeling techniques
applied on the phenyl-amidine series enabled the design
of new triazolyl-amidines (2a and 2b) with neuroprotective
activity against glutamate side-effects besides low toxicity.
With the promising profile of this new triazolyl-amidines
series, in the future, other substitutents may be tested to
improve the biological activity of 2a and 2b. These data
may lead to more effective and less toxic compounds for
treating neurodegenerative disorders involving NMDA
receptors.
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Proszenyák A., Keseru G.M., Gere A., Kolok S., Gal-
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