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A novel difunctional acylhydrazone has been synthesized by the reaction of 5-methylisoxazole-4-carboyl
hydrazine with benzaldehyde and characterized by X-ray crystallography and spectroscopy. The obtained
results demonstrate the crystal belongs to triclinic, space group P1. Moreover, the spectroscopic proper-
ties were evaluated through density functional theory (DFT) and time-dependent density functional the-
ory (TD DFT) calculations. The results reveal that UV-Vis absorption peaks at 194, 217.5 and 290.5 nm are
mainly attributed to (p, ®) — «*, partly (p, ®) - ©* and partly © — ©*, and predominantly mw — 7*, respec-
tively, with intraligand charge-transfer transition (ILCT) character. The fluorescence emission peak at
485.96 nm should be assigned to ILCT. In addition, the results of antibacterial activities indicate the title
compound has certain modest antibacterial activity as well as the broad-spectrum bacteriostasis, which
can be supported by the molecular electrostatic potential (MEP). Therefore, the title compound exhibits
both antibacterial activity and photoluminescent property, which has potential applications in many
fields such as material science and photodynamic therapy.
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1. Introduction

Hydrazones, which are usually prepared via the condensation of
aldehydes or ketones with hydrazines, are well known to be bio-
logically important and interest in studying this class of compound
lies in its antibacterial, antitumour and antitubercular activities
[1]. In addition, it has been used as an analytical reagent [2] and
as polymer-coating, ink, pigment [3] and fluorescent materials
[4]. Previous studies have focused on their extraordinary ability
to form complexes with metal ions and multiform in the com-
plexes, as well as exploring to develop new drugs based on their
biological properties [5]. For instance, Ainscough et al. [5] had
extensively studied the coordination chemistry of acylhydrazones
as well as the molecule of a number of copper(ll) complexes.
Similarly, Singh et al. [5] synthesized the cobalt(Il) complexes with
some acylhydrazones, which showed a fair antifungal and antibac-
terial activity against a number of fungi and bacteria. Otherwise,
photoluminescence, photoabsorption and photoemission studies
of hydrazone thin film used as hole transporting material in organ-
ic light emitting diodes (OLEDs) was reported [6].

On the other hand, isoxazole compounds have a rich history
with both pharmaceutical and agricultural applications due to
their apoptotic activity [7], plant-growth regulating activity [8]
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and antibacterial activity [9]. To the best of our knowledge, how-
ever, compounds containing both the acylhydrazone and isoxazole
functional groups have been an underdeveloped area. Furthermore,
we could not find any related studies about acylhydrazones that
analyze the relation between the structure and photic properties
or antibacterial activity by the means of quantum calculation.

In order to broaden the application of hydrazones and explore
new functional materials, the novel compound containing both
the acylhydrazone and isoxazole groups, (E)-N'-benzylidene-
5-methylisoxazole-4-carbohydrazide, was designed and prepared.
The scheme of the molecule is as followed (see Scheme 1):

We have now taken on general investigation of the synthesis,
crystal structure, absorption, luminescent and antibacterial prop-
erties of the title compound. Besides, the electronic structure,
absorption spectroscopic nature and photoluminescent mecha-
nism with molecular orbital calculations have been explored by
using quantum mechanical computational tools from density func-
tional theory (DFT), and time-dependent density functional theory
(TD DFT). The results are reported in the paper.

2. Experimental
2.1. Materials and methods

All solvents and chemicals were commercial reagents and used
without further purification. IR spectra were recorded on a Nicolet
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Scheme 1. The scheme of the molecule of the title compound.

FT-IR 170X spectrophotometer with KBr pellets in the range of
4000-400 cm~'. '"H NMR spectra were measured with a Varian
XL200 nuclear magnetic resonance spectrometer using acetone-
ds as solvent and tetramethylsilane as an internal standard.
UV-Vis spectra were recorded on a Shimaduzu UV-2401PC spec-
trometer. Fluorescence spectra were measured on a F-4500 flores-
cence spectrometer.

2.2. Synthesis of the title compound

Benzaldehyde (4.6 g, 0.02 mol) and 5-methylisoxazole-4-car-
bonyl hydrazine (2.8 g, 0.02 mol) was mixed with glacial acetic
acid (50 mL). The mixture was heated at 65 °C for 3 h, the precipi-
tate collected by filtration and washed with water, chloroform and
ethanol. The product was recrystallized from ethanol, and then
dried under reduced pressure to give the desired compound in
85% yield. Colorless, block-shaped crystals were obtained by slow
evaporation of a dimethylformamide solution. "H NMR (CD5COCDs,
200 MHz), 5 2.68 (s, 3H, —CHs), 7.2-7.8 (m, 5H, Ar—H), 8.2 (s, 1H,
—N=CH—), 8.8 (s, 1H, 3-isoxazole-H), 10.6 (s, 1H, —CO—NH—). IR
(KBr) v: 3175.6 (N—H), 1651.0 (C=0), 1593.1 (C=N). MS(ESI): m/
z229.3.

2.3. X-ray structure determination

A single colorless crystal of the title compound having approxi-
mate dimensions of 0.22 mm x 0.19 mm x 0.08 mm was mounted
on the top of a glass fiber in a random orientation. All X-ray crystal-
lographic data were collected on a Bruker SMART APEX II CCD dif-
fractometer equipped with a graphite-monochromatized Mo Ko
radiation (2 =0.71073 A) radiation using the ¢/w scan technique
at 293 K. The structures were solved by a direct method and refined
by a full-matrix least-squares procedure based on F? using the
SHELXTL program package [10]. An empirical absorption correction
was applied with the program SADABS [10]. The H atom bound to
N2 was located in a different Fourier map and refined freely with
the N—H distance restrained to 0.90 A. All other H atoms were posi-
tioned geometrically and allowed to ride on their parent atoms. The
weighted R-factor wR and goodness of fit S are based on F?, conven-
tional R-factors R are based on F, with F set to zero for negative F2.
The threshold expression of F2 > ¢(F?) is used only for calculating R-
factors (gt), etc. and is not relevant to the choice of reflections for
refinement. R-factors based on F? are statistically about twice as
large as those based on F, and R-factors based on all data will be
even larger. Crystallographic data and experimental details of the
structure determinations are listed in Table 1. CCDC Deposition
No: CCDC 755458.

2.4. Computational method

Optimized calculations of the title compound in the ground
state (Sp) were done at the DFT B3LYP/6-31G(d) level [11] within
the Gaussian 03W software package [12]. Absorption spectra
(UV-Vis) based on the above DFT-optimized structures were
obtained by the time-dependent density functional theory (TD

Table 1
Crystallographic and data collection parameters for the title compound.
Empirical formula Cy2H11N350,
Formula weight 229.24
Crystal system triclinic
Space group P1
a, b, c(A) 6.6562(6), 7.4874(9), 11.3051(11)
o By (°) 87.319 (8), 84.640 (7), 87.878 (8)
V(A% 560.04(10)
Z 2
Pealc. (g cm?) 1.359
R[F? > 20(F?)] 0.095
WR(F?) [all data] 0.302
Min., max. Ap (e A=3) —0.34, +0.53

DFT B3LYP) level [13] with the 6-311+G(d) basis set. Meanwhile,
the fluorescence spectrum of the obtained compound has been cal-
culated by TD DFT/6-311+G(d) [14], based on the optimized struc-
ture of excited-state (S;) by HF CIS/6-31+G(d) [15].

2.5. Antibacterial activities

Using suitable stains of Bacillus subtilis, Pseudomonas aeruginosa,
Escherichia coli and Staphylococcus aureus (obtained from Taizhou
hospital, Zhejiang Province), the sensitivity of microorganisms in
the title compound was detected by means of Kirby-Bauer disc
agar diffusion test. The culture medium was beef extract peptone
medium. Bacteria are active in slant medium, cultured in liquid
medium for 16 h at 37 °C and diluted with liquid medium before
use by a ratio of 1000. The compound was made up to the desired
concentration with DMF and a 6 mm diameter disc of filter paper
was immersed into this solution. The disc was put on the agar cul-
ture dish, which was then spread with the appropriate microorgan-
ism. The dish was cultured for 24-28 h at 37 °C and the diameter of
halo around the disc was measured. In parallel, tests with DMF
blank and streptomycin sulfate positive control were completed.

3. Results and discussion
3.1. Molecular and crystal structure of the title compound

The molecule of the obtained compound, C;,H;1N305, is approx-
imately planar with an r.m.s. deviation of 0.0814 A from the plane
through all the non-H atoms. The dihedral angle formed by the ben-
zene (C7—C12) and isoxazole rings (C2—C4, N1, O1) is 6.88 (16)°
(Fig. 1). The molecule displays an E conformation with respect to
the C6=N3 double bond, with a C7—C6—N3—N2 torsion angle of
—179.3(3)°. The intramolecular C3—H3---N3 and C8—HS8.--N3
hydrogen bonds generate S6 and S5 ring motifs, respectively, which
lock the molecule into planar conformation (Fig. 2). Bond lengths
and angles are unexceptional and similar to those found in related
structures [16].

In the crystal structure (Fig. 2), intermolecular N2—H2...02
hydrogen bonds form centrosymmetric dimers. These are further
linked by weak C1—H1B---N1 interactions augmented by very
weak, inversion related C1—H1A. - -Cg1 contacts to form layers par-
allel to (120) (Cg1 is the centroid of the C7---C12 phenyl ring). The
geometry of the fragment D—H-.-A for the title compound is
shown in Table 2.

The Gaussian 03W suite of programs is employed to optimize
the geometries of the title compound [12]. Geometric configura-
tion in ground state (Sp) are optimized by B3LYP method at the le-
vel of 6-31G(d). As shown in Table 3, the calculated values of bond
length and bond angle of the title compound are in good agree-
ment with the experimental data.
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Fig. 1. Molecular structure of the title compound. Displacement ellipsoids are drawn at the 30% probability level. H-atoms are depicted as spheres of arbitrary radii.
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Fig. 2. Packing diagram of the title compound. Intermolecular and intramolecular hydrogen bonds are shown as dashed lines.

Table 2
The geometry of the fragment D—H. - A for the title compound [bond length (d) in A,
bond angle (#DHA) in °].

Table 3
The optimized bond length (A) and bond angle (°) of the title compound compared
with the experimental data.

D—H.- A d(D—H) d(H---A) d(D---A) /DHA Parameters Exp. Cal. Parameters Exp. Cal.
C(3)—H(3A)--N(3) 0.93 2.39 2.893(5) 114 C(2)-0(1) 1337(4) 1329  C(6)-N(3) 1.269(5) 1.282
C(8)—H(8)---N(3) 0.93 2.61 2.877 97.4 C(2)—C(4) 1352(5) 1375  C(6)—C(7) 1.464(5) 1.450
N(2)—H(2)- - -0(2) 0.90(1) 1.98(1) 2.867(4) 170(4) C(3)—N(1) 1.288(5) 1302  C(9)—C(10) 1.374(6) 1.386
C(1)—H(1B)-- -N(1) 0.96 2.67 3.598(6) 162 C(3)—C(4) 1417(5) 1416  C(10)—C(11) 1.373(6) 1.391
C(1)—H(1B)-- C(gl)”' 0.96 3.35 4.136(7) 140 C(4)—C(5) 1473(5) 1450  C(11)—C(12) 1.373(6) 1.384
- — C(5)—0(2) 1239(4) 1226  N(1)-0(1) 1.412(4) 1387
Symmetry ches: (i) —x, -y +1, -z +1; (ii)x —1,y,z; (iii) —x+1, -y + 1, —z+ 1. Cg1 C(5)-N(2) 1.336(5) 1374 N(2)—N(3) 1.373(4) 1.328
is the centroid of the C7—C12 ring. 0(1)—C(2)—C(4) 109.7(3) 109.06 N(2)—C(5)—C(4) 121.4(3) 122.6
0(1)—C(2)—C(1) 115.1(3) 117.84 N(3)—C(6)—C(7) 121.8(3) 122.19
C(4)—C(2)—C(1) 135.3(4) 133.10 C(12)—C(7)—C(8) 117.9(4) 119.17
) ) ) N1—C(3)—C(4)  113.2(3) 112.11 C(12)—C(7)—C(6) 119.8(4) 119.17
3.2. Frontier molecular orbitals and electronic spectrum C(2)—C(4)—C(3) 103.5(3) 10324 C(8)—C(7)—C(6) 122.2(3) 121.87
C(2)—C(4)—C(5) 123.5(3) 122.11 C(3)-N(1)-0(1) 104.4(3) 10535
To investigate the electronic and luminescent properties of the C(3)-C(4)—C(5) 133.0(3) 13465 C(5}-N(2)-N3 = 1233(3) 12512
title compound, we carried out molecular orbital calculations 02)-C(5)-N(2) 1187(3) 11833 ~ C(6)-NB3)-N(2)  115.5(3) 117.83
p ’ 0(2)—C(5)—C(4) 119.9(3) 122.60 C(2)—0(1)-N(1) 109.3(3) 110.14

based on the optimized ground state geometries. Frontier orbitals
play an important role because they rule the electronic excitation
and transition character [17]. Thus, the most important ground
state frontier molecular orbitals of the title compound are listed
in Table 4. Furthermore, to further find out the properties of
absorption spectra, the UV-Vis absorption spectrum was

simulated. As shown in Fig. 3, the first absorption peak located at
198 nm (calculated) is correlated with the 194 nm peak in the
experimental UV-Vis spectrum. In terms of the molecular orbital
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Table 4

Electronic absorption data and frontier molecular orbitals obtained by TD-DFT/6-311+G(d)//DFT B3LYP 6-31G(d) method in water.

States AE (eV) / (nm) f(au). Assignment Molecular orbitals
S 4.13 299.6 0.865 HOMO — LUMO (91%) (1t — 7*) 9 o
,“ ] a‘.j U“J
oW b‘ 02 ‘).
S> 5.65 221.2 0.476 HOMO — LUMO + 2(36%) (1 — 1*) ) Ly
{ ]
Jj.”“ :)‘J v
[ P L
L . Y )
HOMO-2 > LUMO(32%) (p, T — T*) . o
" ‘Ja' “. "
s dge, o “
S3 6.32 198.0 0.419 HOMO-2 > LUMO + 1(54%) (p, © — ") ; i
sV, Gl
o f“ ‘.‘.J
4
40000 - 198 transition is reasonably m — w*, ILTC. Fortunately, a comparison
h 9912 29.9\'6 - - - - simulated data by TD DFT calculated and experimental absorption spectrum
L \ . . .
: ! ) shows the calculated results are in fairly good agreement with
At , experimental data

30000

20000

10000

Absorblance strength/a.u.
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Fig. 3. The simulated and experimental UV-Vis absorption spectra of the title
compound by TD DFT/6-311+G(d)//DFT B3LYP 6-31G(d) method in water.

analysis, it is primarily associated with the transition from Highest
Occupied Molecular Orbital for HOMO-2 to Lower Unoccupied
Molecular Orbital for LUMO +1 with configuration interaction
coefficient up to 0.54. Because of the & orbital character of the isox-
azole ring and p orbitals of O and N atoms for HOMO-2, and the 7*
antibonding orbitals character of isoxazole ring for LUMO + 1, the
transition can be ascribed to (p, ) — 7* intraligand charge-trans-
fer transition (ILCT). The second calculated absorption at 221.2 nm
can be correlated to the 217.5 nm band in the experimental UV-Vis
spectrum. It mainly arises from HOMO to LUMO + 2 with configu-
ration interaction coefficient up to 0.36 and from HOMO-2 to
LUMO with configuration interaction coefficient up to 0.32. HOMO
is predominantly the 7 orbital character of isoxazole and benzene
ring, LUMO + 2 is completely the ©* antibonding orbital character
of benzene ring, while HOMO-2 shows the 7 orbital character
(mentioned above) and LUMO is primarily the t* antibonding orbi-
tal character of benzene ring, therefore, the transition can be rea-
sonably attributed to m — ©* and (p, ) — ©* with character ILTC.
The simulated third absorption maximum at 299.6 nm can be read-
ily correlated with 290.5 nm peak in the experimental spectrum.
The transition mostly originates from HOMO to LUMO with a
maximum configuration interaction coefficient of 0.91 and this

the experimental ones.

3.3. Luminescence property and emission spectra

The luminescent property in water with the concentration of
1 x 10~* mol/L was measured at room temperature. As shown in
Fig. 4, the obtained compound exhibits strong green emission with
a peak at 485.96 nm, which is excitated at 210.0 nm.

Meanwhile, the fluorescence spectrum was also calculated by
TD-pbepbe/6-311+G(d) in water, based on the optimized structure
of excited-state (S;) by HF CIS/6-31+G(d), the results indicate that
the theoretical emission peak located at 486.7 nm is fully consis-
tent with the experimental values.

According to the TD DFT energy level and molecular orbital
analysis, S; — Sp transitions was mainly associated with the transi-
tions from the corresponding LUMO — HOMO, owing to their larg-
est configuration coefficients up to 0.99. Because the LUMO is
predominated m bonding orbital of isoxazole ring, while HOMO is
1" antibonding orbitals of benzene ring, the emission peaks located
at 485.96 nm should be assigned to ILCT.

Experimental data
Simulated data
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420 440 460 480 500 520 540 560 580 600
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Fig. 4. The simulated and experimental emission spectra of the title compound at
TD DFT/pbepbe/6-311+G(d)//HF CIS/6-31+G(d) in water.
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Table 5

Antibacterial activity of the title compound and the similar compound (diameter of antibacterial halo in mm).
Compounds B. subtilis P. aeruginosa E. coli S. aureus
The title compound?® 8.12 10.67 6.97 8.22
DMF 5.94 5.94 5.94 5.94
Streptomycin sulfate 28.00 20.70 22.00 23.50
Similar compound from the reference® [18] 6.00 6.00 9.50 8.50
Streptomycin sulfate [18] 27 26 27 30

Note: 6-8, 8-12, 12-16 and 16-20 mean the faint antibacterial activity, weak antibacterial activity, moderate antibacterial activity, strong antibacterial activity, respectively.

Diameter of antibacterial halo in mm.

2 The concentration of the compound used in the sensitive test was 7 mg mL!. Strains of streptomycin sulfate concentration was 100 units/mL.
b The concentration of the compound used to B. subtilis and S. Aureus was 1 mg mL™", to other two bacteria was 10 mg mL™".
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Fig. 5. Electrostatic potential maps of: (a) the title molecule and (b) the similar compound in Ref. [18] (red color for the negative and blue color for positive charge).

3.4. The activity data of antibacterial and molecular electrostatic
potential

Different conformations of hydrazones may show different bio-
logical activities. The antibacterial activities of the compound and
the similar compound are listed in Table 5, as estimated by the
diameter of antibacterial halo. The title compound shows weak
activity towards B. subtilis, P. aeruginosa, and S. aureus and faint
antibacterial activity for E. coli, indicating that this type of com-
pound has certain modest antibacterial activity. It is worthy noting
that the obtained compound has broad spectrum activity against
Gram-positive and Gram-negative bacteria compared to the simi-
lar compound [18].

An advantage to use of the molecular electrostatic potential
(MEP) as a representation of the electrostatic potential is that it
provides a direct visual comparison of results. The MEP plots could
show regions ranging from negative (red color)' to positive (blue
color) electrostatic potentials as an indicator of the charge distribu-
tion in a molecule, where the regions with higher negative (posi-
tive) values of V(r) are richer (more lacking) in electron density.
As a result, MEP was frequently used to point to atoms suitable
for electrophilic or nucleophilic attack [19].

The MEP maps of the title molecule and a similar compound in
reference [18] are shown in Fig. 5, and the values of the electro-
static potentials (in atomic units) are indicated in the scale (shown
in the bottom of Fig. 5). The most striking difference between the
two molecular surfaces is the potential distribution on the active
sites. The negative electrostatic potential points (red color) for
nucleophilic attack (electron donor sites) focus on the surface of

! For interpretation of color in Fig. 5, the reader is referred to the web version of
this article.

atoms O(2), N(1) and O(1) in the title compound (Fig. 5a), whereas
the negative electrostatic potential points concentrate on the two
O atoms in the similar compound (Fig. 5b). It is evident that the
former has more negative electrostatic potential points than the
latter. On the other hand, the positive (blue) electrostatic potential
sites for electrophilic attack (electron acceptor sites) on the surface
of H atoms bound to N(2) and N(3) in the desired molecule (Fig. 5a)
are found no significant difference in comparison with the corre-
sponding part in the similar compound (Fig. 5b). Consequently,
the more aggression sites of the nucleophile or nucleophilic attack
in the title compound, used to rationalize the interaction between
a biological active compound and its biomacro-molecular target
[19], maybe have some connection with the broad spectrum activ-
ity against Gram-positive and Gram-negative bacteria compared to
the similar compound.

4. Conclusions

A novel difunctional isoxazole-acylhydrazone has been
synthesized and its geometric structure, electronic structure and
spectroscopic properties were thoroughly investigated by X-ray
crystallography, spectroscopic investigation, DFT and TD DFT theo-
retical approaches. In accordance with our experiments, the TD DFT
calculations show that absorption peaks at 194, 217.5 and 290.5 nm
are mainly attributed to (p, ®) — m* partly (p, ®) — ©* and partly
n — m*, and predominantly T — 7* respectively, all of which are
with ILCT character. The title compound gives rise to strong green
fluorescence with a peak at 485.9 nm, which should be assigned
to ILCT. What’s more, the results of antibacterial activities demon-
strate the title compound has certain modest antibacterial activity
as well as the broad spectrum bacteriostasis. Meanwhile, the
molecular electrostatic potential (MEP) has been calculated to
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support its broad-spectrum antibacterial activity. Therefore, the ti-
tle compound has both the antibacterial activity and photolumines-
cent property, namely difunctionality, suggesting that it has
potential applications in many fields such as material science and
photodynamic therapy.
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