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Experimental and theoretical investigations were performed for 5-amino-3-methyl-
isoxazole-4-carboxylic acid N-(2,4,6-trimethylpyridinium)amide chlorate(VII) salt,
which belongs to the group of isoxazole derivatives, potential antibacterial or antifungal
agents. The results related to its synthesis and X-ray diffraction are presented. Quan-
tum-chemical DFT calculations were carried out for the title molecule and its analogues.
Atomic charges were calculated according to Bader’s Atoms In Molecules Theory in or-
der to find the quantum similarities of the molecules. The Polarizable Continuum Model
(SCRF/PCM) with water (� = 78.39) as a solvent was used to determine the environment
effects on molecular properties. The solid-state geometry optimization with Geodecker’s
pseudopotentials and plane-wave basis set was used to compare experimental and calcu-
lated geometrical parameters for the title compound.

Key words: isoxazole derivatives, synthesis, SCRF/PCM model, AIM, electrostatic
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The isoxazole derivatives have recently been intensively investigated [1–6].
They are interesting objects from the synthetic, as well as physicochemical, biologi-
cal and theoretical points of view. The aim of these studies was mainly searching for
new compounds with immunological activity. New isoxazole derivatives with such
properties have been proposed. The compounds containing the isoxazole moiety
exhibit various biological activity, for instance antvirial [7], antibacterial [8] or anti-
convulsant [9] as reported in the literature. In this work the synthesis, X-ray crystallo-
graphy and a theoretical study of 5-amino-3-methylisoxazole-4-carboxylic acid
N-(2,4,6-trimethylpyridinium)amide chlorate(VII) salt were performed. In addition
to the title compound, its analogues were also analysed in order to establish relations
between the structures and physicochemical properties [10] (see Figure 1). The Den-
sity Functional Theory (DFT), [11,12], was used as a tool to describe the structures of
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the investigated compounds. Compounds 1 and 2 were synthesized, while compo-
unds 3 and 4 were used as models in the theoretical study (cf. Figure 1). Compound 1

does not show defined biological activity, while compound 2 exhibits experimentally
confirmed immunological properties, i.e. it is a stimulator of PHA-induced cell proli-
feration [4]. The Polarizable Continuum Model (SCRF/PCM) was applied in order to
map solvent influence on the molecules [13,14]. The electron densities and electro-
static potentials around the molecules reflect the physical forces determining li-
gand-acceptor interactions. Atomic charges were calculated for all compounds
according to the Atoms In Molecules theory [15]. Additionally, the Wiberg bond in-
dex was taken into account [16]. The solid-state geometry optimization was perform-
ed using Goedecker’s pseudopotentials and the CPMD program [17,18] in order to
compare the experimental crystallographic structure with the calculated for 5-ami-
no-3-methylisoxazole-4-carboxylic acid N-(2,4,6-trimethylpyridinium)amide chlo-
rate(VII) salt. The paper consists of two parts. The first contains experimental data:
the synthesis and X-ray crystallography results, while the second the molecular mo-
deling study.
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Figure 1. The structures of the theoretically investigated compounds: 1and 2 were obtained experiment-
ally, while 3 and 4 are models.
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EXPERIMENTAL

The synthesis of 5-amino-3-methylisoxazole-4-carboxylic acid N-(2,4,6-trimethyl-

pyridinium)amide chlorate(VII) salt. Commercially available reagents and solvents were used without
further purification in order to synthesize the title compound. The initial reactant 5-amino-3-methyl-
4-isoxazolecarboxylic acid hydrazide was prepared according to the previously reported method [6,19].
The scheme of synthesis is presented in Figure 2. Three mmol 5-amino-3-methyl-4-isoxazolecarboxylic
acid hydrazide, 50 ml isopropanol and 3.3 mmol 2,4,6-trimethylpyrylium chlorate(VII) were placed in a
100 ml round-bottomed flask fitted with a condenser. The reaction mixture was slowly refluxed by stir-
ring for 2 hours, using a hot plate. During the course of the reaction, the mixture becomes clear. When the
reaction was complete (controlled by a TLC), the solution was evaporated under diminished pressure to
30 ml. The product was poured into hot THF and filtered off after cooling. The compound was purified by
recrystallization in ethanol. Colourless plates of crystalline product were obtained as a result. Compound
2 presented in Figure 1 was synthesized according [4].

The melting point of 1 was 225�C (the yield was 46%). The spectroscopic results were as follows: IR
(nujol) specord M–80, cm–1: 1657 C=O, 1554 C=N and 1H NMR (DMSO-d6) Tesla 80 MHz, ppm:
2.25–2.40 (3s, 9H, 3CH3); 2.50 (s, 3H, CH3 4-pyridinium); 4.28 (s, 2H, NH2); 7.4 (m, 2H, aromatic); 9.47
(s, 1H, NH); MS: m/e 360.

X-ray diffraction measurements: X-ray diffraction studies were performed at room temperature
using a CuK� radiation source (� =1.5418 Å ) and computer-controlled diffractometer KUMA KM4. A
0.15�0.15�0.25 mm crystal was measured. The structure was determined using 2246 reflections with I >
2�. The structure was solved and refined using SHELXS-97 and SHELXL-97 programs [20].

CCDC No 214306 contains the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retreving.html (or from the Cambridge Crystallo-
graphic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: +441223336033; or depo-
sit@ccdc.cam.ac.uk).

Computational methodology: Quantum-chemical calculations were carried out for all the com-
pounds presented in Figure 1. Gas-phase full geometry optimization was performed with the Gaussian 98
suite of programs [21] within the Density Functional Theory (DFT) [11,12]. The three-parameter hybrid
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Figure 2. The scheme of synthesis of 5-amino-3-methylisoxazole-4-carboxylic acid N-(2,4,6-trimethyl-
pyridinium)amide chlorate(VII) salt.
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functional (B3LYP) with 6-31G(d,p) double-zeta valence basis set with polarization functions on hydro-
gen and heavy atoms was used [22]. Harmonic vibrational frequencies were calculated in order to confirm
that the obtained geometry corresponded to the minimum on the potential energy surface (PES). Sin-
gle-point calculations with a solvent reaction field were performed using the Polarizable Continuum
Model (SCRF/PCM) proposed by Miertus and Tomasi [13,14]. Water (� =78.39) was used as the solvent
in order to describe the environmental influence on molecular properties. The electron densities and elec-
trostatic potentials around the molecules were computed in both reaction fields [23,24,25]. Atomic
charges were calculated according to Bader’s theory [15] in order to characterize the quantum similarity
of the molecules. The original Bader’s package of programs was used [26]. In order to determine bond in-
dices, the Wiberg analysis was performed [16,27]. In the next step, a solid state-geometry optimization
was performed for the title compound because the original crystallographic data were available.
Goedecker’s pseudopotentials and the PBE functional [28] were used for this purpose. A cutoff energy of
40 Ry was used for the plane-wave basis-set crystal cell. The calculations were carried out using the
CPMD computer program [17,18]. The geometrical parameters obtained experimentally were compared
with the calculated ones and are presented in Table 1.

Table 1. Comparison of selected experimental and calculated geometrical parameters of 5-amino-3-methyl-
isoxazole-4-carboxylic acid N-(2,4,6-trimethylpyridinium)amide chlorate(VII) salt.

Parameter Experimental X-ray
Calculated

Gas-phase Solid-state

Bond length (Å)

C(1)–C(2) 1.482(4) 1.4987 1.5263

C(2)–C(3) 1.427(4) 1.4411 1.4651

C(3)–C(4) 1.377(3) 1.4034 1.4209

C(4)–O(5) 1.337(3) 1.3283 1.4752

O(5)–N(6) 1.439(4) 1.4385 1.5642

N(6)–C(2) 1.290(3) 1.305 1.3308

C(4)–N(7) 1.310(4) 1.3307 1.3624

C(3)–C(10) 1.446(3) 1.4325 1.4688

C(10)–O(11) 1.225(3) 1.2321 1.2629

C(10)–N(12) 1.374(3) 1.4259 1.4543

N(12)–N(14) 1.396(2) 1.3973 1.4681

Bond angle (�)

C(1)–C(2)–C(3) 129.78 129.75 129.47

N(6)–C(2)–C(3) 112.33 112.14 113.80

C(2)–C(3)–C(4) 104.10 103.00 104.79

C(3)–C(4)–O(5) 109.37 110.06 110.87

C(4)–O(5)–N(6) 108.82 109.06 105.69

N(7)–C(4)–C(3) 132.27 130.46 131.05

N(12)–N(14)–C(15) 117.04 119.67 115.87

Torsion angle (�)

C(1)–C(2)–C(3)–C(4) –177.18 –179.65 –174.86

N(7)–C(4)–C(3)–C(2) –179.00 –179.86 –177.99

C(10)–N(12)–N(14)–C(15) 94.96 87.04 89.36
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RESULTS AND DISCUSSION

X-ray crystallography: The crystal is monoclinic with the space group P21/c.
The unit cell dimensions are: a = 15.892 (3) Å, b = 12.230(2) Å, c = 8.548(2) Å, � =
100.92(3) deg. The final values of the R indices were R1 = 0.0585 and wR2 = 0.1658.
There are four identical, related by symmetry 5-amino-3-methylisoxazole-4-car-
boxylic acid N-(2,4,6-trimethylpyridinium)amide cations as well as four chlorate(VII)
anions in the crystal unit cell. The molecular structure of the 5-amino-3-methylisoxazo-
le-4-carboxylic acid N-(2,4,6-trimethylpyridinium)amide chlorate(VII) salt is pre-
sented in Figure 3. The empirical formula of the complex is C13H17ClN4O6. Molecular

weight and cell volume are 360.76 and 1631.3(6) Å3, respectively. The isoxazole ring
is planar within the limits of experimental error. The methyl and amine groups are
co-planar with the isoxazole ring and the torsion angles C(1)–C(2)–C(3)–C(4) and
N(7)–C(4)–C(3)–C(2) are –177.18� and –179�, respectively. The pyridine plane is
forming an angle of 64.4� with the isoxazole ring. The peptide bond is not co-planar
with the isoxazole and pyridine rings. The torsion angle C(10)–N(12)–N(14)–C(15)
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Figure 3. Crystallographic structure of 5-amino-3-methylisoxazole-4-carboxylic acid N-(2,4,6-trimethyl-
pyridinium)amide chlorate(VII) salt.



is 95.0�. An intermolecular hydrogen bond exists between the N(12)–H(13) group
and an oxygen atom of the ClO4

� anion. The selected experimental geometrical pa-
rameters are presented in Table 1. The complete set of crystallographic data is avail-
able on request.

Molecular Modeling: The gas-phase and solvent reaction field calculations were
performed for isolated molecules 1–4 (see Figure 1). The title compound 1 has an io-
nic form in the solid state. The ClO4

� ions were not taken into account during the
gas-phase and solvent study because the solvation process leads to dissociation into
ionic forms, so only the cationic form of isoxazole derivative 1 seems to exist in ma-
jority of biological systems. The structural parameters calculated in the gas-phase for
molecule 1 agree quite well with X-ray crystallography data (see Table 1). The so-
lid-state full geometry optimization reproduces in general well the overall structure
of analyzed crystal. The isoxazole ring edge, especially bonds around O(5) atom are
very difficult to be correctly estimated for Goedecker’s pseudopotentials used in the
solid-state geometry optimization. The mean difference between experimental and
calculated bond lengths is 0.05 Å. The valence and dihedral angles were reproduced
very well by both approaches. The main goal in our molecular modeling study was the
explanation why compound 1 does not exhibit pronounced immunological activity. It
had been reported that similar compounds substituted by a phenyl ring exhibit immu-
nological properties [4], so it seemed interesting why the compound substituted by a
pyridine ring is immunologically inactive. In order to find the answer, advanced (for
the molecules of this size) quantum-chemical calculations were performed using the
B3LYP functional with 6-31G(d,p) double-zeta valence basis set. The experimentally
obtained compounds (1 and 2) and the two model structures (3 and 4) were analyzed
in our theoretical study. The differential maps of electron density and electrostatic po-
tential, obtained by subtracting the gas-phase from the SCRF/PCM results, reflect the
most sensitive places in acceptor-drug interactions and give insight into the electro-
nic structures of the discussed molecules. The differential maps of electron density
are presented in Figure 4. Dark grey regions represent an increase in electron density,
and light grey a decrease in electron density upon SCRF/PCM and water (� = 78.39)
as a solvent treatment. The most significant differences are visible for O(5) and N(6)
in the isoxazole ring edge, methyl and amino groups in all the compounds. The
solvent influence on electron density is different in molecules 1 and 4 from that in 2

and 3. Compounds1 and 4 exhibit a redistribution of electron density along the whole
peptide bond, while in compounds 2 and 3 the changes are mostly located on O(11)
from the carbonyl group and on the N(12)–H(13) group. An interesting fact is that the
electron density is different along the N(12)–C(14) in 2, 3 from that along the
N(12)–N(14) bonds in 1, 4. This is probably the result of the cationic form of compo-
unds 1 and 4 and may have an influence on biological properties. The differential
maps of electrostatic potential are presented in Figure 5. The maps were generated ac-
cording to the same rules as described above. Dark grey regions represent an increase
of negative, and light grey of positive electrostatic potential upon SCRF/PCM treat-
ment. The increase of positive electrostatic potential around the O(5) and N(6) atoms
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is evident. This can suggest that the isoxazole ring edge is involved in acceptor-ligand
bonding. For compounds substituted by a pyridine ring the centers of increased nega-
tive electrostatic potential are additionally visible. This can be one more possible re-
ason why compound 1 is inactive immunologically. The compound is probably able
to interact with a different acceptor. In the next step, the atomic charges were calcula-
ted according to Bader’s theory. The charges calculated using the AIM scheme are not
significantly dependent on the size of the basis set and the level of theory used for cal-
culations [29]. Table 2 contains results obtained in the gas-phase and solvent reaction
fields for selected atoms. The most significant differences resulting from the environ-
ment interactions are visible for the O(5), N(6), H(8) and O(11) atoms. It is thus
shown that the electron density distribution changes induced by the solvent occur mo-
stly on atoms having lone electron pairs but not shielded by other atoms, or atoms en-
gaged in hydrogen bonds. Contrary to our expectations, no significant differences are
visible for atom N(14) from the pyridine or C(14) from the phenyl rings. These atoms
are shielded by a methyl group or other atoms from aromatic rings. The sums of the
Wiberg bond indices for selected atoms are presented in Table 3. The most interesting
is that the sum of bond orders at the N(14) atom is not exactly three, as for organic
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Figure 4. The differential maps of electron density around the investigated molecules generated using the
DFT method with the 6-31G(d,p) basis set. Dark grey (0.002 a.u.) regions represent an increase in
the electron density and light grey (–0.002 a.u.) a decrease in the electron density upon
SCRF/PCM and water (� = 78.39) as a solvent treatment.
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compounds containing nitrogen atoms, nor four, as expected for a quarternary nitro-
gen atom. In the analyzed compounds 1 and 4 the sum of the Wiberg bond indexes is
~3.60. We can speculate that this quite strange sum of bond orders for the N(14) atom
is a further reason why compound 1 does not exhibit immunological properties. It is
much smaller than value of 3.96 for carbon analogues (compounds 2 and 3). Finally
we can conclude that the methods applied in this study are able to describe the electro-
nic structure variations between experimentally obtained isoxazole derivatives with
different aromatic substituents. The electron density shifts caused by the quaternary
nitrogen atom can be a reason why the compound 1 does not exhibit the defined im-
munological activity. The solid-state geometry optimization was used as a tool to re-
produce crystallographic data. The solid-state calculations are still in development,
but they are very promising for detailed structural research.
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Figure 5. The differential maps of electrostatic potential around the investigated molecules generated
using the DFT method with the 6-31G(d,p) basis set. Dark grey (0.02 a.u.) regions represent an
increase of negative and light grey (range from –0.03 to –0.02 a.u.) of positive electrostatic po-
tential upon SCRF/PCM and water (� = 78.39) as a solvent treatment.

1 2

3 4



Table 2. Comparison of AIM atomic charges for selected atoms calculated in gas-phase and solvent
(SCRF/PCM) reaction fields for 1–4 molecules.

Atom

Compounds

Gas-phase Solvent (water � = 78.39)

1 2 3 4 1 2 3 4

C(1) 0.077 0.077 0.078 0.075 0.068 0.066 0.070 0.065

C(2) 0.643 0.621 0.621 0.649 0.646 0.624 0.623 0.653

C(3) –0.024 –0.026 –0.025 –0.012 –0.018 –0.031 –0.026 –0.007

C(4) 1.214 1.145 1.136 1.226 1.200 1.137 1.127 1.209

O(5) –0.793 –0.805 –0.806 –0.791 –0.820 –0.820 –0.821 –0.819

N(6) –0.583 –0.607 –0.610 –0.579 –0.661 –0.666 –0.669 –0.661

N(7) –1.269 –1.261 –1.255 –1.268 –1.282 –1.270 –1.261 –1.283

H(8) 0.475 0.444 0.440 0.479 0.509 0.498 0.491 0.517

H(9) 0.505 0.509 0.508 0.505 0.517 0.512 0.510 0.509

C(10) 1.350 1.459 1.451 1.327 1.361 1.456 1.448 1.342

O(11) –1.208 –1.213 –1.220 –1.201 –1.222 –1.232 –1.243 –1.216

N(12) –0.755 –1.239 –1.219 –0.714 –0.751 –1.241 –1.217 –0.716

H(13) 0.444 0.403 0.400 0.449 0.470 0.421 0.418 0.480

N(14) or C(14) –0.910 0.383 0.354 –0.941 –0.914 0.370 0.336 –0.944

C(15) 0.455 –0.005 0.028 0.500 0.457 –0.013 –0.004 0.485

C(16) 0.083 – 0.078 – 0.074 – 0.067 –

C(17) 0.041 0.014 –0.011 0.071 0.040 0.002 –0.027 0.063

C(18) 0.040 0.004 0.011 0.055 0.040 –0.012 –0.003 0.045

C(19) 0.075 – 0.080 – 0.071 – –0.073 –

C(20) 0.042 0.009 –0.010 0.070 0.038 –0.009 –0.030 0.060

C(21) 0.482 0.015 0.007 0.540 0.481 –0.005 0.009 0.526

C(22) 0.092 – 0.075 – 0.086 – 0.074 –

C(20) 0.042 0.009 –0.010 0.070 0.038 –0.009 –0.030 0.060

C(21) 0.482 0.015 0.007 0.540 0.481 –0.005 0.009 0.526

C(22) 0.092 – 0.075 – 0.086 – 0.074 –

Table 3. Sum of Wiberg bond indices for selected atoms of the compounds 1–4.

Investigated compounds

Atoms and numbers 1 2 3 4

C(1) 3.8069 3.8135 3.8157 3.8040

C(2) 3.9944 3.9956 3.9955 3.9940

C(3) 3.9223 3.9347 3.9349 3.9235

C(4) 3.8822 3.9956 3.8842 3.8813

O(5) 2.3265 2.3069 2.3064 2.3291
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Table 3 (continuation)

N(6) 2.9212 2.9001 2.8974 2.9244

N(7) 3.0591 3.0175 3.0111 3.0676

H(8) 0.8000 0.8178 0.8193 0.7979

H(9) 0.7901 0.7918 0.7930 0.7894

C(10) 3.9002 3.8915 3.8937 3.8967

O(11) 1.9792 1.9457 1.9469 2.0014

N(12) 3.0533 3.2471 3.1933 3.0570

H(13) 0.8096 0.8261 0.8251 0.8092

N(14) or C(14) N(14) 3.6044 C(14) 3.9598 C(14) 3.9545 N(14) 3.6446

C(15) 3.9423 3.9464 3.9984 3.8677

C(16) 3.7948 – 3.8311 –

C(17) 3.9262 3.9462 3.9439 3.9218

C(18) 3.9754 3.9453 3.9993 3.9092

C(19) 3.8023 – 3.8341 –

C(20) 3.9253 3.9465 3.9439 3.9211

C(21) 3.9325 3.9240 3.9982 3.8492

C(22) 3.7911 – 3.8245 –

The numbering scheme is the same as in the crystallographic structure.
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