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SYNTHESIS, CHARACTERIZATION, CRYSTAL
STRUCTURE, AND DFT STUDY OF 4-BROMO-2-
(4,6-DICHLORO-PHENYLIMINO)-PHENOL

A. Soltani'**, R. Mashkoor?, A. D. Khalaji’,
S. G. Raz%, S. H. Ghoran*, M. Dusek®,
K. Fejfarova®, and Y. Kanani’

The experimental crystal structure of a Schiff base compound 4-bromo-2-(4,6-dichloro-phenylimino)-
phenol 1 is determined by single crystal X-ray diffraction and also characterized by FT-IR and 'H NMR
spectroscopy. The electronic structure in the gas phase is studied by density functional theory (DFT)
calculations.The theoretical results have good agreement with the data obtained from the crystallographic
analysis. In addition, theoretical configurations which refer to the title compound are relaxed and studied in
terms of the combined analysis of HOMO-LUMO energy gap, total density of states (DOS), partial density
of state (PDOS), overlap population density of state (OPDOS), molecular electrostatic potential (MEP),
NMR spectra, and harmonic vibrational frequencies.
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INTRODUCTION

Schiff bases (-CH=N-) are a class of structures which show different biological activities, including antitumor,
antimicrobial, antifungal, and herbicidal properties. They are also applied for the preparation of a broad range of industrial
compounds having a biological activity through reactions such as ring closure, cycloaddition, and replacement reactions.
Other applications, e.g. the use as ligands in metal complexes, catalysis, dyes, and pigments, have also been reported [1-12].
In this work, the structure of 4-bromo-2-(4,6-dichloro-phenylimino)-phenol Schiff base was studied using '"H NMR and
FT-IR spectroscopic techniques. Its crystal structure was determined by single crystal X-ray diffraction. In addition, HOMO,
LUMO, and NBO analysis were used to elucidate the information regarding charge transfer within the molecule. The
optimized geometries, electronegativity (%), electronic chemical potential (p), global softness (S), global hardness (1), and

electrophilicity index (@) [13, 14] were calculated.
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EXPERIMENTAL

Materials and methods. All reagents and solvents for the synthesis and spectroscopic studies were commercially
available and used without further purification. The "H NMR spectra were measured by a BRUKER DRX-500 AVANCE
spectrometer at 500 MHz, and all chemical shifts are reported in d units downfield from TMS. The IR spectrum was recorded
on a JASCO 680 plus FT-IR spectrophotometer as a KBr pellet.

Synthesis of 4-bromo-2-(2,5-dichloro-phenylimino)-phenol (1). The compounds of 5-bromo salicylaldehyde
(0.168 g) and 2,4-dicholoroaniline (0.201 g) were dissolved in methanol (10 mL) and then refluxed at 45 °C for 45 min to
give a precipitate in a clear solution (Fig. 1). Then the precipitate was stirred, filtered off, and washed with methanol (5 mL).
Suitable crystals for the X-ray diffraction analysis were formed by slow evaporation of the solvent after 24 h at room
temperature.

Crystallographic data collection and refinement. A single crystal of the dimensions 0.47x0.07x0.03 mm was
chosen for the X-ray diffraction study. Crystallographic measurements were made at 120 K with a four-circle Oxford
Diffraction Gemini CCD diffractometer with mirror-collimated Cuk, radiation (A = 1.5418 A) and an Atlas CCD detector.
The crystal structures were solved by direct methods with the SIR2002 program [15] and refined with the Jana2006 program
package [16] by the full-matrix least-squares technique on F°. The molecular structure plots were prepared by ORTEP III
[17]. Hydrogen atoms were mostly discernible in different Fourier maps and could be refined to reasonable geometry.
According to common practice, they were nevertheless kept in ideal positions during the refinement. The isotropic atomic
displacement parameters of hydrogen atoms were evaluated at 1.2U. of the parent atom. We found that compound 1
crystallized in an orthorhombic crystal system, space group P2,2,2, with a=4.3701(2) A, b=12.9255(7) A,
¢=22.3779(13) A, and ¥ = 1264.03(12) A*. Selected bond lengths and angles of 1 are listed in Table 1.

Computational methods. In this study, all computations were performed via the Gaussian 98 package [18] at the
density functional theory (DFT) level using the hybrid B3LYP exchange functional. All molecular geometries are optimized
using the standard 6-311++G** basis set at the B3LYP and HF levels [19-21]. Vibrational frequencies, natural bond orbital
(NBO), and nuclear magnetic resonance (NMR) within GIAO were calculated with the B3LYP method and the 6-311++G**

standard basis set [22-24]. Quantum molecular descriptors [22, 24] for this complex were determined as follows:
xX=—H, )
n=0-A4)2, @)

where p is the electronic chemical potential defined as the negative value of the electronegativity.

In addition, the global softness S of the equilibrium state of an electronic system at a temperature 7 is defined as

S=1/2n. (3)
Recently, Parr and co-workers [25, 26] have introduced the electrophilicity index () as

o = p*2n. 4

O,

OH Cl cl . /@ClH cl
45 min N
O oy e S
Br CHO H,N
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Fig. 1. Chemical structure of 4-bromo-2-(2,4-dichloro-phenylimino)-phenol 1.
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TABLE 1. Comparison of Selected Bond Lengths (A) and Bond Angles (deg) for Compound 1 as Determined from the
X-ray Structure Analysis and DFT Calculations

Bond lengths Bond angles
Parameter Parameter
Exp. B3LYP HF Exp. B3LYP HF
Br1-C12 1.91(5) 1.91 1.90 C9-0O1-H1 109.00(5) 109.11 110.68
CI1-NI1 2.91(4) 2.99 2.96(8) Cl1-N1-C1 67.5(2) 66.01 65.43
01-C9 1.34(6) 1.35 1.34 Cl1-N1-C7 168.8(3) 167.32 167.17
O1-H1 0.82(7) 0.97 0.95 C1-N1-C7 123.0(4) 119.38 119.05
NI-C1 1.41(7) 1.40 1.40 N1-C1-C2 117.9(4) 119.82 120.08
N1-C7 1.27(6) 1.28 1.25 N1-C1-Cé6 125.3(5) 122.72 122.11
C1-C2 1.40(7) 1.41 1.39 C2-C1-C6 116.8(5) 117.32 117.71
C1-C6 1.41(6) 1.41 1.39 C1-C2-C3 122.8(4) 121.65 121.36
C2-C3 1.39(7) 1.39 1.38 C2-C3-C4 117.6(4) 119.08 119.38
C3-C4 1.39(16) 1.38 1.37 C2-C3-H3 121.20 120.14 120.01
C4-C5 1.38(7) 1.39 1.38 C4-C3-H3 121.20 120.77 120.60
C5-C6 1.44(7) 1.39 1.38 C3-C4-C5 121.8(5) 121.05 120.74
C7-C8 1.43(6) 1.46 1.48 N1-C7-C8 121.8(4) 125.28 125.56
C8-C9 1.36(7) 1.42 1.40 N1-C7-H7 119.08 120.98 120.90
C8-C13 1.40(7) 1.41 1.39 Br1-C12-C11 119.6(4) 119.81 120.12
C9-C10 1.37(7) 1.40 1.39 Br1-C12-C13 119.6(4) 119.90 120.04
C10-C11 1.99(6) 1.39 1.38 C9-C10-C11 121.0(5) 121.34 121.20
C11-C12 1.99(6) 1.39 1.38 01-C9-C8 121.6(5) 121.45 121.06
C12-C13 1.99(6) 1.39 1.38 01-C9-C10 119.1(4) 119.04 119.45

It was proposed as a measurement of the electrophilic power of a molecule. The electronic chemical potential ()
can beapproximated as
p=—I+A4)/2, 5)
where I (—Eyomo) is the ionization potential and 4 (—ELymo) is the electron affinity of the molecule. Eyopmo are the energies of
the highest occupied molecular orbital, plus the first given value of the valance band, Ejyyo are the energies of the lowest
unoccupied molecular orbital. Thus, hard molecules have a large HOMO-LUMO gap and soft molecules have a small one.
The frontier molecular orbitals (FMO) play an important role in the electrical and optical properties, as well as in UV-Vis
spectra and chemical reactions. The operational definition of the hardness (n) was obtained using a finite difference
approximation to the second derivative in Eq. (2), where / and A are the ionization potential and the electron affinity of the
system, respectively.
High p values and low n values characterize it as a good electrophone species. The maximum electronic charge

AN, of the electrophone system is given by Eq. (6) as
A]\/vmax = _M/T] . (6)

RESULTS AND DISCUSSION

"H NMR spectra. First of all, we report the theoretical and experimental values for the '"H NMR spectrum of
compound 1. The '"H NMR spectrum of 1 was recorded using CDCls. The O—H and N—H protons are observed as singlets at
12.97 ppm and 8.54 ppm, respectively. The aromatic protons are observed between 6.94-7.52 ppm. The 'H NMR chemical
shifts of 1 were computed within the GIAO approach at the B3LYP/6-311++G** level. The signals in the range
5.79-7.68 ppm are assigned to H,—Hs atoms, which is in good agreement with the experimental value. Our results
demonstrate that the total numbers of protons are in agreement with the experimental values.
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FT-IR spectra. In the FT-IR spectrum of 1, vibration bands with the wavenumbers of 3430 cm™ (v O-H),
3079 cm™ (v C—H aromatic), 2626 cm™' (L H-C=N-), 1618 cm™' (v C=N), and 1468 cm ', 1579 cm™' (v C=C aromatic) were
observed. The harmonic vibrational frequencies of 1 were calculated at the B3LYP/6-311++G** level. The predated bonds at
3175 cm_l, 3204 cm_l, 3210 cm_l, 3227 cm"l, 3228 cm"l, and 3240 cm™' are assigned to aromatic ring C—H stretching
vibrations. The C=C stretching vibrations in aromatic rings are observed at 1460 cm™, 1540 cm™', and 1599 cm™'. In the
calculated spectrum, for C=N a very strong bond is revealed at 1624 cm™' and for O—H stretching vibrations a wide bond is
observed at 3490 cm™' at the B3LYP/6-311++G** level. In the theoretical spectrum, the bond observed at 1118 cm™' is
attributed to the C—Br stretching and benzene ring C—H rocking vibrations [27], while in the experimental spectrum the C—Br
bond is observed at 811 cm™' [28]. The C—Cl vibration is experimentally observed at 790 cm™ and theoretically calculated by
DFT/B3LYP at 769 cm™. Sudha et al. reported that the C—CI stretching bond was observed at 919 cm™ [29]. The theoretical
and experimental calculations performed are very close to each other.

Crystal structure. An ORTEP view of 1, including the atom-numbering scheme, is presented in Fig. 2. The
N(1)-C(7) bond length is in agreement with the double bond for the imine group, while the N(1)-C(1) bond length is in
agreement with single bonds of the amine groups. The molecule is almost planar, with a maximum deviation of 0.112(1) A
for Brl from the least-squares plane through all the non-H atoms. The molecular conformation of 1 obtained from HF and
DFT calculations shows agood agreement with the X-ray results (Table 1). The computed structural parameters of 1 are listed
in Table 1. The slight differences between the computational and experimental parameters can be attributed to the fact that
the HF and DFT methods were carried out with isolated molecules in the gas phase whereas the X-ray parameters were based
on molecules in the solid state.

The computed total energies, dipole moment, and relative stability of 4-bromo-2-(4,6-dichloro-phenylimino)-phenol
were studied. The relaxed bond lengths and angles of 1 calculated using Becke 3—Lee—Yang—Parr (B3LYP) and HF methods
and the standard 6-311++G** basis set are calculated. The atom numbering scheme for the title molecule is given in Fig. 2.
The average N1-C1 distance is about 1.40 A and 1.40 A computed via B3LYP and HF methods, respectively, while the
N1-C1 distance for the experimental data is approximately 1.41 A. The N1-C7 distance is 1.28 A and 1.25 A from the
B3LYP and HF methods, respectively. For the experimental result, the N1-C7 bond length is almost 1.27 A. Therefore, our
computations indicate a slight deviation when they are compared with the experimental results. The calculated bond angle
N1-C7-H7 = 119.08° (X-ray data) while this angle is 120.98° and 120.90°, according to the B3LYP and HF calculations
respectively. The C4-C5-Br12 bond angle found by Karabacak et al. in 2-amino-5-bromobenzoic acid is 119.0° [30]. As can
be observed in Table 1, the Br1-C12—C13 bond angle is 119.6° (experimental data), indicating excellent agreement with the
theoretical data.

HOMO-LUMO analysis. The HOMO and LUMO are the main orbitals taking part in chemical stability [31]. The
HOMO represents the ability to donate the electron, and the LUMO acts as an electron acceptor. The HOMO and LUMO
energies were computed at the B3LYP and HF levels. Electronic transition absorption corresponds to the transition from the
ground to the first excited state and is mainly described by electron excitation from HOMO to LUMO. The HOMO is

Fig. 2. Displacement ellipsoids of 1 with atomic numbering and the packing of the four molecules of 1 in the unit cell.
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localized over the oxygen, bromine, and chlorine atoms, while the LUMO is localized over the C—C and C—N bonds and
slightly on oxygen and chlorine atoms (Fig. 3). Both B3LYP and HF methods are applied to consider the HOMO and LUMO
of the BDP compound. The notable difference occurred in Eyopmo obtained by the HF method (—8.45 eV) in comparison with
Erumo that is approximately equal to each other with a value of 1.59 eV. DOS, PDOS, and OPDOS of this structure were
calculated. The electronic structure of this compound is calculated by the DOS spectrum. OPDOS is the most important
application of the DOS spectrum, indicating MO compositions and their contributions to the chemical bonding. OPDOS
indicates the bonding, antibonding, and nonbonding properties of the reaction of the two orbitals, atoms, or groups. Also,

o LUMO+1 (-0.93 ¢V)

7%,

LUMO+2 (-0.51 eV)

HOMO-3 (-7.58 ¢V) LUMO+3 (-0.31 eV)
Fig. 3. HOMO and LUMO of compound 1.
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OPDOS represents a bonding interaction with a positive value (owing to the positive overlap population), the zero value
shows nonbonding interactions, and a negative value corresponds to an antibonding interaction (owing to the negative
overlap population).

The energy gaps are 3.83 eV (B3LYP) and 10.35 eV (HF) at both levels, which is an important stability for the
molecule [32-34]. The pp value of this compound is reported of about 1.77 D (B3LYP) and 2.04 D (HF). The total energy is
quite different for the two applied basis sets: —4122.27 a.u. (B3LYP) and —4115.10 a.u. (HF). The data of NBO and Mulliken
charge analyzes for the 1 molecule were calculated. As shown in Table 2, the Mulliken population charges (MPA) for O and
N atoms of the 1 molecule are about —0.642 a.u. and —0.580 a.u. (B3LYP) and —0.633 a.u. and —0.542 a.u. (HF). The NBO
charge for O and N atoms of the 1 molecule are about —0.678 a.u. and —0.510 a.u. (B3LYP) and about —0.671 a.u.
and —0.497 a.u. (HF). Moreover, the charge distribution can be explicated by molecular electrostatic potential (MEP)
calculations. The hydrogen atoms of the molecule are relatively positive charged, as indicated by blue colors and a low
intensity, while the oxygen atom of the molecule is negatively charged, as shown by the red color and a high intensity [35].
The chlorine and bromine atoms with the light green color upon them reveal that the point charge of the atoms is relatively
zero.

Quantum molecular descriptors. Resistance towards deformation in the presence of an electric field is defined as
the global hardness. The global hardness decreaseswith growing reactivity and increases with growing stability of the
compound. The global hardness (1) of 1.92 eV calculated at the B3LYP level for the 1 molecule is significantly decreased as
compared to the value of 5.04 eV obtained by the HF method. The chemical potential (i) of —4.19 eV calculated at the

TABLE 2. Comparison of Selected Natural Charges for Compound 1

B3LYP HF
Property
MPA NBO MPA NBO
Cl1-C2 0.304/-0.105 0.121/-0.032 0.280/-0.097 0.118/-0.038
C2-C3 —0.105/-0.146 —0.032/-0.255 —0.097/-0.150 —0.038/-0.251
C3-C4 —0.146/-0.058 —0.255/-0.041 —0.150/~0.054 —0.251/-0.046
C4-Cs —0.058/-0.142 —0.041/-0.242 —0.054/-0.143 —0.046/-0.240
C5-Co6 —0.142/-0.149 —0.242/-0.231 —0.143/-0.143 —0.240/-0.231
C6—C7 —0.149/0.304 —0.231/0.121 —0.143/0.280 —0.231/0.118
C7-C8 0.107/0.079 0.135/-0.189 0.102/0.094 0.141/-0.184
C8-C9 0.079/0.322 —0.189/0.389 0.094/0.307 —0.184/0.381
C9-C10 0.322/-0.162 0.389/-0.275 0.307/-0.157 0.381/-0.270
C10-Cl11 —0.162/-0.144 —0.275/-0.206 —0.157/-0.146 —0.270/~0.207
Cl1-C12 —0.144/0.075 —0.206/-0.144 —0.146/0.084 —0.207/-0.146
C12-C13 0.075/-0.222 —0.144/-0.200 —0.084/-0.230 —0.146/-0.201
C13-C8 —-0.222/0.079 —0.200/-0.189 —0.230/0.094 -0.201/-0.184
C2-Cll1 —0.105/0.017 —0.032/0.023 —0.097/0.016 —0.038/0.026
C4-CI2 —0.058/~0.004 —0.041/0.011 —0.054/-0.003 —0.046/0.015
C9-01 0.322/-0.642 0.389/-0.678 0.307/-0.633 0.381/-0.671
C7-N1 0.107/-0.580 0.135/-0.510 0.102/-0.542 0.141/-0.497
C12-Brl 0.075/-0.130 —0.144/0.056 0.084/-0.133 —0.146/0.060
C7-H1 0.107/0.148 0.135/0.202 0.102/0.142 0.141/0.194
C13-H2 —-0.222/0.157 —-0.200/0.252 —0.230/0.154 -0.201/0.249
O1-H3 —0.642/0.455 —0.678/0.521 —0.633/0.445 —0.671/0.517
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B3LYP level is slightly larger than —3.45 eV obtained by the HF method. The electrophilicity index is a measurement of the
electrophilic power of a molecule. It determines the ligand energy lowering and contains information on the structural
stability, reactivity, and toxicity of chemical species [35]. The electrophilicity index found for 1 was 4.57 eV at the B3LYP
level and 1.18 eV found by the HF method. Our computational results reveal that the molecular reactivity is different in both
methods.

CONCLUSIONS

In summary, compound 1 was synthesized and its crystal and molecular structures were determined. The compound
was characterized by FT-IR and 'H NMR spectroscopy. The DFT-predicted relaxed geometry and vibrational spectra were
analyzed through comparing with the experimental values and indicate good agreement. The bond lengths and bond angles of
the compound calculated by the B3LYP method in the gas phase were in a good agreement with the reported X-ray crystal
data. The electronic properties and geometric parameters were analyzed at the B3LYP and HF levels of theory.
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