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Abstract: A new triazolic compound, 4,5-diamino-3-methyl-4H-1,2 4-triazol-1-ium nitrate
(DAMT-HNO3), was synthesized and characterized by elemental analysis, FT-IR, *H NMR
spectroscopy and single-crystal X-ray diffraction along with its thermal behaviors
(TGA/DSC). X-ray analysis of the compound revealed a triazolium nitrate salt with a new
tautomeric form. Among the different N-H---X (X: C, N,O), the N-H---O ones formed
R?,(4), R*(8), R*(18), R%(14) and R?(4) hydrogen bond motifs. The crystal network of
DAMT-HNO:s is also stabilized by 7z— stacking interactions between triazole rings. Thermal
studies revealed that this compound has a good thermal stability and can released
considerable amount of heat in first decomposition step. In continue, thermal properties of

this compound are compared with its chloride salt analogue, DAMT-HCI. The



thermodynamic stability of DAMT-HNO3 was studied by DFT calculations and compared
with DAMT-HCI and DAMT. The ability of these compounds to interact with DNA molecule

was investigated by docking studies.

Keywords: triazole; X-ray crystal structure; docking studies; TGA; DSC; DFT

Introduction

Triazoles have been widely studied due to their broad spectrum of biological activities, which
include anti-bacterial [1], anti-neoplastic [2], anti-tubercular [3], anti-HIV [4], and anti-
phytopathogenic [5]. Some of them are applied as non-steroidal anti-estrogens [6] and drugs
for the therapy of invasive aspergillosis [7]. One of the methods used to link a carbohydrate
moiety with a potential compound is via a triazole ring using the well-known “click
chemistry” reaction [8]. Triazoles are bioisosteres of amide bonds [9]. This units are in the
structure of compounds as receptors for anion recognition [10] and proton exchange
membranes [11]. Triazole-based energetic materials are most prominent as nitrogen-rich
compounds and they are considered to be the best compromise between high energy,
performance and high stability due to nitrogen catenation and aromaticity [12]. Properties
such as high nitrogen content together with low sensitivity towards external forces like
impact and friction [13, 14] make these compounds reliable as safe energetic material.

Herein, the effect of replacing the chloride ion with nitrate on energy component of the
4,5-diamino-3-methyl-4H-1,2,4-triazol-1-ium chloride (DAMT-HCI, Scheme 1), is studied
along with the preparation, characterization and crystal structure of the new triazolium nitrate
salt, DAMT-HNOa. Also a DFT calculation was run to investigate the thermodynamic

stability of the DAMT-HCI and DAMT-HNO:s.

The expected biological properties of the triazoles make this compounds as a good
choice for biologically active compound, thus docking calculations were run to investigate
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the possibility of interaction between the DAMT, DAMT-HNO3 and DAMT-HCI compounds
with the B-DNA. The knowledge gained from docking on the B-DNA should be useful for
the development of potential probes for DNA structure and new therapeutic reagents for

tumors and other diseases [15].

Experimental

Materials and Instrumentation

All starting chemicals and solvents were reagent or analytical grade and used as received.
The DAMT-HCI ligand salt was prepared accordingly to the literature [16]. The infrared
spectrum of KBr pellets in the range 400-4000 cm™* was recorded with a FT-IR 8400-
Shimadzu spectrometer. *H NMR spectrum was recorded on a Bruker Advance DPX300
instrument; chemical shifts ¢ are given in parts per million, relative to TMS as an internal
standard. The carbon, hydrogen and nitrogen contents were determined in a Thermo Finnigan
Flash Elemental Analyzer 1112 EA. The melting point was determined with a Barnsted
Electrothermal 9200 electrically heated apparatus. TGA/DSC curves were obtained on a
STA-780 thermal system with heating rate 10 K min~" in flowing argon atmosphere (flow

rate 50 mL min!).

Preparation of DAMT.HNOs

0.50 g (3.34 mmol) of DAMT-HCI dissolved in H,O-EtOH 1:2 (15 mL) was added with
stirring to a solution of 0.57 g (3.34 mmol) of AgNO3 in H20 (20 mL). The reaction mixture
was refluxed for 6 h and then filtrated. Colorless crystals suitable for X-ray diffraction were
obtained from the solution after standing for a week. Yield: 0.41 g, 70%; m. p.: 179 °C. Anal.
Calcd for C3HgNeO3 (176.14): C, 20.46; H, 4.58; N, 47.71. Found: C, 20.66; H, 4.61; N,

48.03%. IR (KBr disk): 3318 s (vas NH2), 3216 s (vs NH2), 2984 m (v C—H), 1688 s (v C=N),



1650 m (6 NH2), 1390 s (v4 NO3), 1060 w (v2 NOs and/or v N-N) cm™'. *H NMR (250 MHz,

[De]DMSO): 6 = 2.29 (s, 3H, CHs), 5.94 (s, 3H, NHs*), 8.10 (s, 2H, NH2) ppm.

Crystal structure determination

The diffraction data from a selected single crystal was collected at room temperature on an
Agilent Gemini CCD diffractometer equipped with MoKa radiation (0.71073 A) at 105 K.
Images were collected at a 55 mm fixed crystal-detector distance, using the oscillation
method, with 1° oscillation and variable exposure time per image. Using OLEX-I1 [17] the
structures were solved with SHELXsS [18]. The refinement was performed using full-matrix
least squares on F2. All non-H atoms were anisotropically refined. All H atoms were
geometrically placed riding on their parent atoms, with isotropic displacement parameters set
at 1.2 times the Ueq of the atoms to which they are attached. The molecular graphics were
drawn with Hermes and Mercury [19]. Crystallographic data and details of the data collection
and structure refinement, and selected bond lengths and angles are listed in Tables 1 and 2,

respectively.

CCDC 1873768 for complex contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:

deposit@ccdc.cam.ac.uk.

Computational details

All structures were optimized with the Gaussian 09 software [20] and calculated for an

isolated molecule using Density Functional Theory (DFT) [21] at the B3LYP/6-31G (d,p)


mailto:deposit@ccdc.cam.ac.uk

[22] level of theory for all compounds. The X-ray structural data of DAMT-HNO3 and

DAMT-HCI [23] was used as input for the theoretical calculations.
Docking details

The pdb file of 1bna for the pure B-DNA (only containing free water molecules) used in this
research was obtained from the Protein Data Bank (pdb) [24]. The full version of Genetic
Optimisation for Ligand Docking (GOLD) 5.5 [25] was used for the docking studies. The
Hermes visualizer in the GOLD Suite was used to further prepare the compounds and the
receptors for docking. The cif file of the compounds were used for the docking studies. The
region of interest was defined on DNA backbone within 10 A of the O4, DT19 and 02, DT19
atoms on an uracil nucleotide for major and minor grooves, respectively. All free water
molecules in the structure of the proteins were deleted before docking. Default values of all
other parameters were used and the compounds were submitted to ten genetic algorithm runs
using the GOLDScore fitness function. The GOLD docking results are reported in terms of
the values of fitness, which grows with better docking interaction of the compounds [26-29].
The results of the docking presented in this work are the best binding results out of ten

favorites predicted by GOLD.

Results and Discussion

Reaction between the triazolium chloride salt (DAMT-HCI) and a EtOH/H0 solution of
silver(l) nitrate under reflux conditions provides the DAMT-HNOs. The compound is air-

stable and soluble in H,O, EtOH and DMSO.

Spectroscopic and thermal studies

In the IR spectrum of the DAMT-HNO3, the absorption bands at range of 3200-3300 cm

are due to the symmetric and asymmetric stretching vibrations of the RNH> groups on the



triazolic unit. These peaks are shifted to higher frequencies (46—87 cm™) respect to the
triazolium chloride salt [23] which can be refer to the number and/or strength of the hydrogen
bonds in the nitrate salt maybe higher than the chloride ones. Similar shifts were observed for
the 6 (NH.) vibration (31 cm™). A band at 1688 cm™! can be assigned to the vibration of the
imine bond, v (C=N)¥, which is slightly shifted (6 cm™) to higher frequency in the nitrate
salt. Presence of the strong peak at 1390 cm™!, corresponding to the nitrate ion, proves the

successful replacing of the chloride on the product.

The *H NMR spectrum of the title compound, was recorded in DMSO-ds and is
consistent with the presence of a protonated DAMT. A singlet peak at the highest magnetic
field was assigned to the hydrogen atoms of the methyl group. With decreasing magnetic
field two singlet peaks belonging to the two amino groups are observed. Among them, the
one at 5.94 ppm with integral of 3 was assigned to the protonated amine group and another at

the lowest magnetic field was assigned to the rest amine group.

The TGA/DSC diagrams of DAMT-HNO3z and DAMT-HCI were presented in Figures 1
and 2, respectively. Based on these curves, the chloride salt has a good thermal stability up to
261 °C and melts in range of 248—261°C by absorbing the 263.75 J g~! heat. Replacing the
chloride with nitrate ion, increases the thermodynamic stability of compound up to 280 °C
which is a good parameter for easily and safely casting the compound. During the first
decomposition of the nitrate salt (280—309 °C), in which the 80% of compound converts to
the gaseous compounds, considerable amount of heat is released (—1326.57 J g 1) which is in
contrast with that of the chloride salt. The first decomposition of the chloride salt (291-332

°C, 73%) is endothermic along with the absorption of the 384.69 J g * heat.

Crystal and molecular structure of DAMT-HNO3



X-ray analysis of the compound revealed a triazolium salt that crystalized in a

triclinic crystal system with P-1 space group. A mean plane through the triazolic ring
revealed that this ring is planar (r.m.s. value: 0.004 A for C1 atom). The C1-N5 bond length,
corresponding to the non-protonated amine group is in range of the double bond [30]. This
observation allowed us to conclude that a lone pair electrons of the nitrogen atom participates
in resonance. Also the planar geometry of the N3 atom can be attributed to the delocalization
of its lone pair electrons in the triazole ring. The N4 atom of amine group is protonated to
form a tetrahedral geometry which is naturalized by a nitrate ion. The nitrate ion has a planar
structure (r.m.s. value: 0.001 A for N6 atom) with bond angles in range of the
118.73—120.88°. Comparing the crystal structure of the DAMT-HNO3 with its analogue,
DAMT-HCI [23] revealed that different nitrogen atoms in these structures is protonated; in
DAMT-HNOs3 one of the amine groups (N4) is protonated while in DAMT-HCI, a nitrogen
atom of the ring (N1) accepts this proton. This observation revealed that the HDAMT?" unit of
DAMT-HNOs (Scheme 2, c) is a tautomeric isomer with similar unit in the DAMT-HCI
(Scheme 2, b). Also HDAMT" exists in two resonance forms including amine and imine

(Scheme 2, a and b) [23].

A structural comparison between structure of the DAMT-HNO3 with DAMT [31]
revealed that the converting of pure DAMT to its nitrate salt does not effect on planarity of
triazole ring (r.m.s. value: 0.004 A for C2 and N2 atoms of DAMT). Similar to
DAMT-HNOs, the C1-N5 bond length in pure DAMT is double bond and is slightly (0.022
A) longer than the nitrate salt. All bond lengths and angles in two structures are comparable.
Searching the CSD database revealed that there is an analogue of DAMT, 4H-1,2,4-triazole-
3,4,5-triamine (TTA), containing an amine group instead of methyl [32]. The triazole ring in

this molecule is planar (r.m.s. value: 0.002 A for C1) and two out of ring C—N bond lengths



(1.360(3) and 1.347(3) A) can be consider as double bond. These bonds are slightly longer

than that of the DAMT-HNOs while other bond lengths are comparable.

In the crystal network of the DAMT-HNO:s (Fig. 3), there are intermolecular N-H---C
(2.660 A), N-H---N (2.286-2.696 A) and N—H---O (2.237-2.659 A) hydrogen bonds
between adjacent units. Among them, the N—H---O hydrogen bonds participate in the
formation of R?;(4) hydrogen bond motif (two acceptors, two donors with degree of four)
[33, 34] between two nitrate and two triazolium units. Another motifs including R*:(8) (Fig.
3), R%(18), R?%(14) and R?1(4) are formed by N—H---O hydrogen bonds. In addition to the
hydrogen bonds, the crystal network is stabilized by z—z stacking interactions between
trizolium rings. The centroid—centroid distance and the perpendicular distance between the
trizolium rings is 3.640 and 3.276 A, respectively. Thus the slippage of trizolium rings was

calculated to be 1.587 A.

For comparing the thermodynamic stability of the crystal networks for DAMT,
DAMT-HCI, DAMT-HNO3 and TTA, the packing energy of these compounds were
calculated by Mercury software [19] using its CSD-materials tool [24, 35]. The packing
energy for DAMT, DAMT-HCI, DAMT-HNOs3 and TTA was calculated to —97.5, —79.4,
—172.4 and —121.3 kJ/mol, respectively. This study revealed that the packing energy of
DAMT-HNO:s is higher than the others thus the nitrate ion more stabilized the crystal
network than the chloride one. Also replacing the methyl group of DAMT with amine group
(TTA) give rises a stronger intermolecular interactions and more stabilization of the crystal

network.
Theoretical studies

For comparing the structure of the compounds in solid state with an isolated gas-phase one,
DFT calculations were performed; the optimized structure is presented in Table 3. Based on
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the X-ray data, the HDAMT" has two tautomeric forms, triazolium (Scheme 2 b) and
aminium (Scheme 2 c), thus the nitrate and chloride salts for each tautomeric isomers were
optimized to comparing the results (Table 3). Based on the calculated Gibbs free energies for
simplest reactions between DAMT with HNOs and HCI (Table 4), the aminium salt of
chloride (DAMT-HCP) and nitrate (DAMT-HNO3Y) is thermodynamically stable than their
triazolium one. For nitrate salts, the thermodynamic stability of the aminium salt is —3.83
kcal/mol higher than the triazolium salt, similar to the experimental result. Among the four
studied reactions, the calculated AG™ (298 K) value for preparation of the aminium salt of
nitrate (DAMT-HNO3Y) is negative than the others and thus this compound is
thermodynamically stable than the other products. In the optimized structures of the aminium
isomers (DAMT-HCP, DAMT-HNO3Y, Table 3), one proton of the aminium group is
attached to the anionic group. A mean plane through the triazolic ring of four optimized
structures revealed that this ring is planar (r.m.s. values: 0.001-0.018 A) as observed for solid
phase structures. In the optimized structure of the compounds, the HOMO and LUMO
orbitals are delocalized on the cationic or anionic units (Table 3). When a HOMO or LUMO
orbital is placed on one ionic portion, another ionic unit does not have any quota in same

frontier orbital.

Docking studies

For predicting and comparing the biological activities of the DAMT, DAMT-HNOs and
DAMT-HCI, interactions of these compounds with a DNA fragment were studied using the

GOLD [25] docking software.

The general features from the GOLD docking prediction (Table 5) show that all studied
structures can be considered as biologically active compounds [27-29]. Docking calculations

revealed that these compounds can place in the major and minor grooves of the DNA



molecule which make these compounds a good choice for DNA binding studies. Based on
this study, DAMT-HNOg has higher fitness values than the others. Also docking scores of the
DAMT-HCI is higher than the DAMT, showing that the nitrate and chloride salts of the
DAMT can bind to the DNA molecule better than the pure DAMT. The docking results of the
interaction between the DAMT, DAMT-HNO3z and DAMT-HCI with B-DNA (minor groove)
are shown in figures 4—6, respectively. As presented at these figures, in addition to the

cationic unit, chloride and nitrate ions interact with the DNA molecule.

Conclusion

In this work, a new triazolic salt, 4,5-diamino-3-methyl-4H-1,2 4-triazol-1-ium nitrate
(DAMT-HNO3), was synthesized and its spectral (IR, *H NMR), thermal (TGA/DSC) and
structural properties were investigated. The structural analysis revealed an ionic compound
containing protonated amine group which is new tautomeric isomer of its chloride salt
analogue, DAMT-HCI. Thermal investigation of the DAMT-HCI and DAMT-HNOs3 revealed
that replacing the chloride by nitrate ion increases the thermal stability of the compound
about +19 °C and converts it to a high energetic material. In the crystal structures of the
DAMT-HNO;, the nitrate ions along with amine units formed R?,(4), R%(8), R*(18), R?4(14)
and R?(4) hydrogen bond motifs. In addition to the hydrogen bonds, the crystal network is
further stabilized by z—= stacking interactions between triazole rings. Based on the DFT
calculations, the aminium tautomers of the chloride and nitrate salts is thermodynamically
stable than the triazolium ones. Docking studies revealed that the studied compounds can
interact with the DNA with order of DAMT-HNO3; > DAMT-HCI > DAMT, making them

promising candidates for anticancer studies.
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Table 1. Crystal data and structure refinement for DAMT-HNOs.

Empirical formula C3HsNs-NO3
Formula weight, g mol? 176.15

Crystal size, mm?® 0.28 x 0.18 x 0.18
Temperature, K 105.0

Crystal system Triclinic

Space group P-1

Unit cell dimensions

a, A 6.3125(3)

b, A 6.9572(5)

c, A 8.5889(4)

a, ° 102.314(5)

B ° 91.436(4)

7, ° 104.051(5)
Volume, A3 356.32(4)

z 2

Calculated density, g cm™3 1.642

Absorption coefficient, mm™ 1.25

F(000) 184

6 range for data collection, ° 5.3-73.7

h, k, | ranges -7<h<7,-8<k<8,-10</<10
Reflections collected / independent / Rine 5213 / 1444/ 0.025
Data / restraints / parameters 144470/ 109
Goodness-of-fit on F2 1.07

R1/wRz (1 > 20(1)) 0.0685/ 0.2044
R1/WwR: (all data) 0.0697/0.2056
Largest diff. peak / hole, e A2 0.81/-0.80

Table 2. Selected bond lengths (A) and angles (deg) for the DAMT-HNO3 with estimated standard deviations in

parentheses.

Bond lengths (A) Angles (°)

C(D-N(1) 1.332(4) C(1)-N(3)-C(2) 108.1(2)
C()-N(5) 1.319(4) C(1)-N(D)-N@2) 111.5(2)
CQ2)-N(2) 1.302(3) C(2)-N(2)-N(1) 104.8(2)
N(Q2)-N(1) 1.393(4) N(G3)-C(1)-N(1) 105.5(2)
NG)-C(1) 1351(3) NG3)-C(2)-N(2) 110.2(2)
NG)-C(2) 1.383(4) O(1)-N(6)-O(3) 118.7(2)
NG)-N@4) 1.399(3) O(2)-N(6)-O(1) 120.4(3)
O(1)-N(6) 1.243(3) O(3)- N(6)-0(2) 120.9(3)
0(2)-N(6) 1.239(4)

0(3)-N(6) 1.262(3)
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Table 3. The optimized structures, HOMO and LUMO orbitals for triazolium (DAMT-HCI*, DAMT-HNO3")

and aminium (DAMT-HCIY, DAMT-HNO3) tautomers with the calculated total energy.

Total Energy

Optimized structure LUMO HOMO (kcal/mol)
—535308.25
—535305.95
—422407.95
DAMT-HNOz*
L‘) \f'\ O
S
& My,
) “|\‘ ) i —422410.96
DAMT-HNOyY

Table 4. Calculated AG™ (298 K) for four studied reactions.

AG’ (298 K)
Precursor 1 Precursor 2 Product
Kcal/mol
DAMT + HCI —  DAMT-HCI* -4.27
DAMT + HCI —  DAMT-HCV -5.52
DAMT + HNO3 —  DAMT-HNOZ* -3.84
DAMT + HNO; —  DAMT-HNOgZY -7.67
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Table 5. The calculated fitness values for DAMT, DAMT-HNO3; and DAMT -HCI along with the doxorubicin.

B-DNAs/Maj  B-DNAs/Min

DAMT 16.24 29.22
DAMT-HNO; 25.50 36.18
DAMT-HCI 17.70 35.21
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Scheme and Figure Captions

Scheme 1. Structure of the 4,5-diamino-3-methyl-4H-1,2,4-triazol-1-ium chloride

(DAMT-HCI).

Scheme 2. The different isomeric/tautomeric and resonance forms of the triazolium unit.

Figure 1. TGA/DSC diagram of DAMT-HCI.

Figure 2. The TGA/DSC diagram of DAMT-HNO:3.

Figure 3. Packing of DAMT-HNO3, showing the hydrogen bonds.

Figure 4. Docking study results, showing the interaction between DAMT and B-DNA (minor

groove).

Figure 5. Docking study results, showing the interaction between DAMT-HNOz and B-DNA

(minor groove).

Figure 6. Docking study results, showing the interaction between DAMT-HCl and B-DNA

(minor groove).
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Figure 5.
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Figure 6.
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