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ABSTRACT KEYWORDS
[3-(hydroxyimino)butan-2-ylidene]furan-2'-carbohydrazide (1) has been Single crystal; Hydrazone;
synthesized and characterized by IR, TH NMR, 13C NMR, UV/vis and X-ray Furan; Oxime; DFT; Energy
diffraction. In addition to the experimental studies, the optimized struc- gap

ture, vibrational parameters, chemical shifts, thermodynamic proper-

ties, ionization energy, electron affinity, electronegativity, global chem-

ical hardness and chemical softness of the molecule have been investi-

gated by using DFT with B3LYP/6.311G(d, p) and PBEPBE/6.311G(d, p) basis

sets. HOMO and LUMO energies were calculated by TD-DFT approach in

two different solvents. The experimental results of the compound have

been compared with theoretical results and it is found to show good

agreement with calculated values.

1. Introduction

Oximes and hydrazones are the two important classes of compounds owing to their wide
applications in industry, medicine, detection and determination of various metal ions [1].
Hydrazones are used as intermediates in synthesis [2], as functional groups in metal car-
bonyls [3], in organic compounds [4, 5] and in particular in hydrazone Schift base ligands
[6-9], which are among others employed in dinuclear catalysts [10]. Furthermore, hydra-
zones exhibit physiological activities in the treatment of several diseases such as tuberculosis.
This activity is attributed to the formation of stable chelate complexes with transition metals
that catalyze physiological processes [11-13]. They also act as herbicides, insecticides, nema-
tocides, rodenticides, plant growth regulators, sterilants for houseflies, among other appli-
cations [11, 12, 14]. In analytical chemistry, hydrazones find applications as multidentate lig-
ands for transition metals in colorimetric or fluorimetric determinations [15, 16]. Hydrazones
and their metal complexes show varied applications in the field such as antifungal, antibacte-
rial, antitumoral activity, antioxidative, cytotoxic studies [17-19] and its derivates are used as
fungicides and in the treatment of diseases such as tuberculosis, leprosy and mental disorders
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[20]. The coordination chemistry, biochemistry and of hydrazones have attracted increas-
ing interest due to their chelating ability and pharmacological applications [21]. Furoic acid
hydrazide and their metal complexes are of resent interest [18].

Oximes are becoming increasingly important as analytical, biochemical and antimicrobial
reagents and they have received attention due to their use as liquid crystal and dyes [22]. The
vast literature on structural studies of oxime complexes reveals some interesting features of
its coordinative behavior [23]. Diacetyl monoxime and its various derivaties are extensively
used as biologically active complexing agents and analytical regents [24]. There is interest in
the coordination chemistry of oximes as they have served as models for biological systems
such as vitamin B12 and as myocardial perfusion imaging agents [25].

Furan derivative is an important class of heterocyclic compound that possesses important
biological properties. From last few decades, a considerable amount of attention has been
focused on the synthesis of furan derivatives and screening them for different pharmacologi-
cal activities. The furan ring system is the basic skeleton of numerous compounds possessing
cardiovascular activities. An iodinated lipophilic furan derivative is widely used in the treat-
ment of ventricular and atrial fibrillation. These moieties are widely employed as antibacterial,
antiviral, anti-inflammatory, antifungal, antitumor, antihyperglycemic, analgesic, anticonvul-
sant, etc. Slight change in substitution pattern in furan nucleus causes distinguishable differ-
ence in their biological activities [26].

Schiff bases have played an important role in the development coordination chemistry and
Schiff bases ligands are well known for their wide range of application in pharmaceutical and
industrial fields [22, 27]. The coordination compounds derived from Schiff bases with tran-
sition metals have been studied with wide scope of their applications [28].

In this work, we report the experimental and the theoretical studies of single crystal struc-
ture (CoH;;N303) and also, in the following we discuss IR, NMR, UV spectra of compound
by using Density Functional Theory (DFT) calculations. The calculated results by all these
methods were compared with the experimental results.

2. Experimental

2.1. General

The electronic absorption spectra of title compound were recorded at room temperature in
methanol/acetonitrile (5/3) solution (the concentration is 107> M) on a Unicam UV2 UV-
VIS spectrometer working between 200 and 900 nm. IR spectrum was recorded on a JASCO
FT/IR-430 spectrophotometer using KBr pellets. "H NMR spectra were obtained by using a
Bruker Avance-IIT 400 MHz spectrometer in DMSO-dg, at 298 K. The elemental analysis was
recorded on Thermo Flash 2000 Elemental Analyser.

2.2. Synthesis of the title compound

The compound was synthesized as shown in Scheme 1 by the following procedure. Prepara-
tion of the ligand LH,: 2-furoic acid hydrazide (0.04 g, 0.3 mmol) was dissolved in anhydrous
ethanol (10 ml). To this solution was added dropwise diacetylmonoxime (0.03 g, 0.3 mmol)
in anhydrous ethanol (10 ml). The mixture was refluxed for 3 h and after cooling for 4 days,
white crystalline compound was separated out. Yield (50%). The formula, melting point and
(G, H, N)’s elemental analysis results have been given in Table 1.
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Scheme 1. The synthesis of the target compound.

2.3. Single crystal XRD

The data collection was performed at 296 K on a Stoe-IPDS-2 image plate detector using a
graphite monochromated Mo-K, radiation (A = 0.71073 A). Data collection and cell refine-
ment were performed using X-AREA [29] and X-RED32 [29]. The structure was solved by
direct methods using SHELXS-97 [30] and refined by a full-matrix least-square procedure
using the program SHELXL-2013 [31]. Molecular graphics were performed using ORTEP-3
[32]. All non-hydrogen atoms were easily found from the difference Fourier map and refined
anisotropically. The all hydrogen atoms were included using a riding model and refined
isotropically with CH = 0.93 A (for furan ring), CH; = 0.96 A, NH = 0.86 A and OH =
0.82 A Ui, o(H) = 1.2 Ueq (1.5 for methyl group). The H atoms of the C9 methyl group are dis-
ordered. Crystals of (1) were found approximately 0.5:0.5 ratio to be twinned. The crystal was
a non-morehedral twin crystal with two reciprocal lattice differently oriented giving rise to
double diffraction spot sets. Reflection data were measured for the two twin domains, scaled
and combined together, but overlapping reflections could not be satisfactorily measured and
were discarded, leading to a data completeness of about 76%.
Relevant crystal data and details of the structure determinations are given in Table 2.

2.4. Computational methodology

The molecular structures of the title compound in the ground state (in vacuo) were optimized
by DFT methods to include correlation corrections with the 6-311G(d, p) basis set and two
different basis functions. In DFT calculations, hybrid functionals are also used, including the
Becke’s three-parameter functional (B3) [33], which defines the exchange functional as the
linear combination of Hartree-Fock, local, and gradient-corrected exchange terms. The B3
hybrid functional was used in combination with the correlation functionals of Lee et al. [34].

Then vibrational frequencies for optimized molecular structures have been calculated.
The geometry of the title compounds, together with that of tetramethylsilane (TMS) is fully
optimized. "H NMR chemical shifts are calculated within GIAO approach [35, 36] applying
B3LYP and PBEPBE method with 6-311G(d, p) basis set. The isotropic shielding values were

Table 1. Elemental analysis results of (1).

Ligand LH, Melting point (°C) MA (g/mol) Color Calculated/Found%
CoH;N;0, 255* 209.20 White @ H N
51.67 5.30 20.09

51.89 5.25 19.27
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Table 2. Crystallographic data of (1).

Empirical formula CoHyN; 04
Molecular weight 209.21
Temperature, T (K) 296
Wavelength (A) 0.71073
Crystal system Triclinic
Crystal size (mm?) 0.020 x 0.150 x 0.280
Space group P-1

a(R) 7.1568(8)

b (R) 7.6648(9)
c(A) 9.7394(11)

o (°) 79.424(9)
B(°) 68.514(9)

y (°) 83.273(9)
Volume, V (A3) 487.96(10)
V4 2
Calculated density (Mg m—3) 1424

0 Range (°) 3.06-25.65
Index ranges h=-7-7k=-8-9,/=—-1-1
Measured reflections 5424
Independent reflections 1305
Observed reflections (/ > 20) 601
Goodness of fit on F 0.816

R, indice (/ > 20) 0.0435
WR, indice (/ > 20) 0.0700
AP iy APy € A7) —0.349,0.428

used to calculate the isotropic chemical shifts § with respect to TMS. 8;50(X) = oms(X) -
0is0(X), where 8, is isotropic chemical shift and o, is isotropic shielding.

UV-Visible spectra, electronic transitions, vertical excitation energies and oscillator
strengths were computed with the time dependent (TD) DFT method. Besides these, the low-
est unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO)
energy differences for these species were calculated with this method. All the calculations
were performed using the Gaussview molecular visualization program [37] and Gaussian 03
program on a personal computer [38].

In addition, thermodynamic properties, ionization potential, electron affinity, electronega-
tivity, global chemical hardness and chemical softness of the molecule have been investigated
by using DFT with B3LYP/6-311G(d, p) and PBEPBE/6-311G(d, p) basis sets.

3. Results and discussion

3.1. Description of the crystal structure using XRD

The asymmetric unit of the title compound (1) is shown in Fig. 1(a). The compound
(1) contains furan ring, hydrazone and oxime groups. An examination of the deviations
from the least-square planes shows that the furan ring A(O1-C1), B(C1/C5/N1/N2/C6) and
C(C6/C8/N3/03) are nearly planar with maximum deviations for the C1 [0.0024 (15) A], N1
[-0.0540 (17) A] and N3 [—0.0148 (10) A] atoms, respectively. The selected bond lengths,
dihedral and torsion angles are shown in Table 3. All bond lengths and angles are within the
normal ranges.

One of the compound’s groups, the oxime (~-C=N-OH) groups possess stronger hydrogen
bonding capabilities than alcohols, phenols and carboxylic acids. The hydrogen-bond systems
in the crystals of oximes have been analyzed and a correlation between a pattern of hydrogen
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Figure 1. (a) ORTEP drawing of the basic crystallographic unit, showing the atom-numbering scheme. Dis-
placement ellipsoids are drawn at the 30% probability level and H atoms are shown as small spheres of arbi-
trary radii. Intra-molecular hydrogen bonds are shown such as N1-H1...01and C7-H7C ...N3. (b) Gaussview
drawing of the molecular structure.

bonding and N-O bond lengths has been suggested. The configurational and/or conforma-
tional isomers of glyoxime derivatives (dioximes) have also been analyzed [39]. The torsion
angles of the oxime (O3-N3=C8-C6) and the hydrazone (C5-N1=N2-C6) units are 177.6(3)°
and 175.4(3)°. These results are in good agreement with related literature [40]. The N1-N2
bond distance of 1.383(3) A is appreciably shorter than a typical N-N single bond, such as
that found in free 2,4-dinitrophenylhydrazone, 1.405(6) A [41]; this suggests the existence of
a delocalized double bond. The N3=C8 and N2=C6 distances of 1.290(3) A and 1.296(3) A,
respectively, are typical of a double bond. The C=N and N-O distances of the free oximes
are close to those commonly found in oxime derivatives [C=N = 1.292(13) A and N-O =
1.396(3) A] [42].

The crystal structure has six intra-intermolecular hydrogen bonds (Table 4). Intramolec-
ular hydrogen bonds are shown in Fig. 1(a). Intramolecular hydrogen bonds (C-H ...N and
N-H ...O) in the molecule are formed S(5) graph set motifs (see Fig. 1(a)). As can be seen
from Fig. 2, the intermolecular hydrogen bonds are highly effective in forming the polymeric
chains. Fig. 2(a) shows that the intermolecular interactions occur between O3 atom of the
oxime group (as donor) with O2 atom of the carbonyl group (as acceptor) and C2, C3 and
C4 atoms of the furan rings (as donor) with N3, O3 atoms of the oxime groups (as accep-
tor) and O2 atom of the carbonyl group (as acceptor), respectively. C2-H2 ...N3 and O3-
H3A ...02 intermolecular hydrogen bonds linked two different molecules together resulting
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Table 3. Selected geometrical parameters of the title compound (1) with X-ray structure and DFT method.

Experimental B3LYP 6-311G(d, p) PBEPBE 6-311G(d, p)
Bond lengths (A)
N3-03 1.406(3) 1397 1.403
N1-N2 1.383(3) 1351 1348
(5-02 1222(4) 121 1223
C1-01 1.366(3) 1374 1382
C5-N1 1362(4) 1389 1399
C6-N2 1.296(3) 1289 1305
C8-N3 1.290(3) 1287 1303
a-c5 1.458(4) 1.476 1.476
C6-C8 1.476(4) 1.478 147
Bond angles (°)
N1-N2-C6 14.303) 18.4 17.8
C8-N3-03 112.3(2) mz 11
C5-N1-N2 122.6(3) 1201 1203
01-C1-C5 119.03) 19.7 19.9
N2-C6-C8 115.5(3) 15.6 115.5
C6-C8-N3 13.2(3) ns7 n5.5
02-C5-N1 124103) 124.9 1247
C1-C5-N1 12.5(3) 133 133
C1-01-C4 106.5(2) 106.9 106.7
Torsion angles (°)
01-C1-C5-02 178.4(4) 180.0 —180.0
C5-C1-01-C4 —178.4(3) —180.0 180.0
C1-C5-N1-N2 175.4(3) 180.0 180.0
C5-N1-N2-C6 —178.8(3) 180.0 —180.0
N1-N2-C6-C8 175.3(3) —180.0 180.0
N2-C6-C8-N3 —172.6(3) —180.0 —180.0
C6-C8-N3-03 177.6(3) —180.0 —180.0

in an R,*(8) hydrogen bonding motif. C4-H4...02, C3-H3...03 and O3-H3A ...02 bonds
linked three different molecules together resulting in an R,?(7) hydrogen bonding motif while
C2-H2...N3,C4-H4...02 and C3-H3 ...03 bonds linked three different molecules together
resulting in an R;*(22) hydrogen bonding motif. As a result, these intermolecular interactions
repeat each other c-direction in the crystal lattice (see Fig. 2(b)).

3.2. Theoretical studies using DFT method

3.2.1. Optimized structure

Fig. 1(b) shows the optimized structure of the single crystal. The optimized molecular geome-
tries are calculated by using B3LYP/6-311G(d, p) and PBEPBE/6-311G(d, p) methods.
Some selected geometric parameters experimentally obtained and theoretically calculated by
B3LYP/6-311G(d, p) and PBEPBE/6-311G(d, p) methods are listed in Table 3 and compared
with X-ray results. It is well known that DFT optimized geometric parameters are usually in

Table 4. Hydrogen bond interactions of the title compound (1) (A, °).

Hydrogen bond (A,°) D-H H...A D...A D-H...A
N1-H1...01 0.86 223 2.643(4) 109
C7-H7C...N3 0.96 228 2.738(4) 109
03-H3A...02' 0.82 2.00 2.809(3) 7
C2-H2...N3f 0.93 2.41 3.318(4) 164
C4-H4 ...021 0.93 242 3.170(4) 138
C3-H3...03" 0.93 2,50 3.386(4) 159

Symmetry codes: (i): x, y, —1+z; (ii): x, y, 14z; (iii): x, 14y, Z; (iv): x, 14y, 1+2z.
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Figure 2. (a) A diagram showing the 03-H3A ...02!, C2-H2...N3", C4-H4 ...02'! and C3-H3...03" inter-
molecular hydrogen bonds and rings in the title compound. (b) Showing intermolecular hydrogen bonds
of the crystal structure and rings in the unit cell. Only those H atoms involved in the hydrogen bonding
interactions are shown. [Symmetry code: (i) : x, y, =1+ z; (ii): %, ¥, 1+ Z (iii): x, 14y, Z; (iv): x, 1+ y, 1+ Z].

good agreement with experimental values and more accurate than Hartree-Fock and semi-
empirical methods, due to inclusion of electron correlation. The largest differences between
experimental and calculated bond lengths, bond angles and torsion angles are about 0.032 A
and 0.037 A, 4.1° and 3.5°, 7.4° and 7.4° for B3LYP/6-311G(d, p) and PBEPBE/6-311G(d,
p), respectively. The optimized bond lengths provided by B3LYP/6-311G(d, p) method are
the closest to the experimental values while the optimized dihedral angles provided by
PBEPBE/6-311G(d, p) method are the closest to the experimental values (see Table 3).
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3.2.2. Vibrational spectra
The experimental IR spectrum of the ligand LH, shows several bands in 4000-450 cm™!
region (Fig. 3).

The functional groups of the compound (1) have been identified from the infrared
spectrum. In the IR spectrum of compound (1), characteristic bands are observed at
1763/1663 cm™', 1662 cm ™, 1596 cm ™! assigned to the v(C=0), v(C=N) and v(C=N)
hydrazone vibrations, respectively. The stretching vibration v(OH) is higher than the stretch-
ing vibration v(NH) in literature. In this paper, because of intermolecular hydrogen bonds,
the stretching vibration v(OH) is much lower than the stretching vibration v(NH). The exper-
imental v(OH) and v(NH) stretching modes are observed at 3263 cm™! and 3384 cm™'. The
value of the stretching vibrational frequency of the oxime group is compared with the other
oxime groups in literature [43]. A strong band at 1087/1040 cm™" in the spectrum of (1) is
mainly attributed to v(N-O) vibration. The medium intensity band at 1184 cm ™ is ascribed
to v(N-N) vibration.

The other stretching, bending, twist, rocking, scissoring modes and calculated vibrational
frequencies can be seen in SI.

3.2.3. NMR spectra

The 'H NMR spectrum of the ligand showed peaks corresponding to (NH) proton at
10.54 ppm. The characteristic oxime OH proton is observed at 11.63 ppm. These chemi-
cal shifts are characteristic values for hydrazones and oximes [23]. The furan ring protons
appearat7.95,7.38 and 6.71-6.70 ppm. The CHj; protons neighboring on oxime groups (CH;-
C=NOH) and imine group (CH;-C=N-NH) appear at 2.50 and 2.15-2.09 ppm, respectively.
These data are in agreement with previously reported for similar compounds [23].

In the *C NMR spectrum of ligand, different signals, which were observed at 146.53 ppm
(-C=N-NH), 155.02 ppm (-C=NOH) and 164.37 ppm (-C=0), show asymmetrically hydra-
zone and oxime locations [23]. The signals of the C furan ring were observed at 112 ppm. The
signals of CH; were shown at 9.92 and 12.04 ppm. The detailed theoretical and experimental
BC NMR and '"H NMR spectral data are given in S2.
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Figure 3. Experimental FT-IR spectrum of the title compound.
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Table 5. The calculated absorption wavelength (1), excitation energies (E), oscillator strength (f) and frontier
orbital energies of compound (1) by TD-DFT method.

Methods A (nm) E (ev) f Enomo V) Eumo (&V) Eromo—1 (&v) Elumo 41 (ev)
Methanol —6.404 —1.896 —6.977 —0.802
B3LYP 6-311G(d, p) 300.38 41276 0.8994
266.27 4.6564 0.0006
262.40 4.7249 0.0052
Acetonitrile —6.404 —1.897 —6.977 —0.863
300.62 41242 0.9033
266.22 4.6573 0.0006
262.48 47235 0.0525
PBEPBE Methanol —5.455 —2.608 —6.106 —1.665
359.53 3.4485 0.6441
6-311G(d, p) 325.91 3.8043 0.051
32274 3.8416 0.0003
Acetonitrile —5.456 —2.608 —6.107 —1.665
359.98 3.4459 0.6488
325.98 3.8034 0.0506
322,67 3.8424 0.0003
Experimental 236
310

3.2.4. Electronic absorption spectra

The excited states were taken into account for the TD-DFT method based on the B3LYP/6-
311G(d, p) and PBEPBE/6-311G(d, p) levels including two different solvents (acetonitrile
and methanol) in order to investigate the properties of electronic absorption. The energies of
four important molecular orbitals of the title compound (1): the second highest and highest
occupied MO’s (HOMO and HOMO -1), the lowest and the second lowest unoccupied MO’s
(LUMO and LUMO +1) were calculated and are presented in Table 5.

The calculations were also performed with methanol and acetonitrile solvents in order to
investigate the effect of MO transitions. The energy gap between HOMO and LUMO is a criti-
cal parameter in determining molecular electrical transport properties [43]. The experimental
UV-Vis absorption spectrum is shown in Fig. 4. Experimentally, electronic absorption spec-
trum of the title compound in methanol/acetonitrile (5/3) solution shows two bands at 310
and 236 nm. One of the absorption bands at 310 nm is caused by the n — 7 transition and
the other band at 236 nm is due to w — 7 transition. The w — 77 transitions are expected to
occur relatively at lower wavelength, due to the consequence of the extended aromaticity of the
furan ring. Then the n — 7 transition is more significant due to the presence of lone pair of
electrons in the oxygen and nitrogen atoms in the molecular structure. Some frontier molecu-
lar orbitals are shown in Fig. 5. The energy gap of HOMO-LUMO explains the eventual charge

g
o ow

absorbance
13 IS, I )

o

%00 300 400 500 600 700 800
wavelenght (nm)

Figure 4. The experimental UV-Vis spectrum of the title compound.
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Figure 5. The atomic orbital compositions of the frontier molecular orbital for the title compound by
B3LYP/6-311G(d, p) and PBEPBE/6-311G(d, p).

transfer interaction within the optimized molecule, and this gap is found to be 4.508 eV and
2.847 eV for methanol solvent with 4.507 eV and 2.848 eV for acetonitrile solvent by using
B3LYP/6-311G(d, p) and PBEPBE/6-311G(d, p) basis sets, respectively. Besides these proper-
ties of the molecule, we have calculated ionization energy, electron affinity, electronegativity,
chemical hardness and chemical softness of the molecule with DFT. The energy HOMO is
sometimes considered as an approximation to the ionization energy while the energy LUMO
is considered as an approximation to the electron affinity. The ionization energy (I) and elec-
tron affinity (A) can be obtained as I = —Eyomo and A = —Ejymo. Electronegativity ()
can be calculated as follows: x = (I + A)/2. Chemical softness (S) is a property of molecule
that measures the extent of chemical reactivity. It is the reciprocal of hardness S = 1/27. It is
defined as the reciprocal of chemical hardness (1) and n = (I — A)/2 [44]. The ionization ener-
gies of the molecule are 6.404 and 5.455 eV for B3LYP/6-311G(d, p) and PBEPBE/6-311G(d,
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p) basis sets, respectively. The electron affinity of the molecule are 1.896 and 2.608 eV for
B3LYP/6-311G(d, p) and PBEPBE/6-311G(d, p) basis sets, respectively. The electronegativ-
ity of the molecule are 4.150 and 4.031 eV for B3LYP/6-311G(d, p) and PBEPBE/6-311G(d,
p) basis sets, respectively. The chemical hardness of the molecule are 2.254 and 1.423 eV for
B3LYP/6-311G(d, p) and PBEPBE/6-311G(d, p) basis sets, respectively. The chemical soft-
ness of the molecule are 0.222 and 0.351 eV for B3LYP/6-311G(d, p) and PBEPBE/6-311G(d,
p) basis sets, respectively.

4. Conclusion

In this study, we investigate X-ray structure, IR, UV, 'H NMR and '*C NMR spectra of the title
compound. In addition to the experimental studies, most of the properties of the molecular
structure have been calculated by using B3LYP/6-311G(d, p) and PBEPBE/6-311G(d, p) basis
sets. Single crystal structure has been compared to the optimized molecular structure. It was
noted that the experimental results belong to solid phase and theoretical calculations belong
to gaseous phase. Despite the differences observed in the geometric parameters, the general
agreement is good and the theoretical calculations support the solid state structures. However,
it can be seen from the theoretical results that the B3LYP base function is more appropriate
than the PBEPBE base function for the calculation of vibrational frequencies, chemical shift
and molecular orbital analyses.

Supplementary data

Crystallographic data for the structural analysis have been deposited with the Cambridge Crystallo-
graphic Data Centre, CCDC No 1058076. Copies of this information may be obtained free of charge
from the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: +44-1223-336033; e-mail:
deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).

Supplementary Information

Besides experimental studies, harmonic vibrational frequencies, *C and 'H NMR, electrostatic
potential map and thermodynamic parameters were calculated by using B3LYP/6-311G(d, p) and
PBEPBE/6-311G(d, p). The results of harmonic vibrational frequencies are tabulated in S1. The theo-
retical *C and 'H chemical shift values (with respect to TMS) of the title compound in DMSO solvent
are tabulated in S2. The thermodynamic parameters can be seen from S3. Electrostatic potential map
calculated by using B3LYP/6-311G(d, p) of the compound can be seen from S4.
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