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THE CRYSTAL STRUCTURE, SPECTRAL, AND DENSITY 
FUNCTIONAL THEORY STUDIES OF
[3-(3-BROMOPHENYL)-cis-4,5-DIHYDROISOXAZOLE-
4,5-DIYL]bis(METHYLENE)DIACETATE

Y. S. Kara,* A. Eşme, and S. G. Sagdinc UDC 548.0;539.143.43

The crystal structure of [3-(3-bromophenyl)-cis-4,5-dihydroisoxazole-4,5-diyl]bis(methylene)diacetate (BDBD) was 
determined using X-ray diffraction data. Hirschfeld surface and fi ngerprint plots were used to locate and analyze the 
molecular surface. The optimized molecular structures, frontier molecular orbitals, quantum chemical parameters, 
and NMR chemical shifts of the investigated compound were calculated with DFT at the B3LYP/6-311G(d,p) level 
of theory. The experimental NMR of the studied compound was measured in deuterochloroform (CDCl3) solvent, 
employing tetramethylsilane as an internal standard. It was established that the experimental and simulated 1H and 
13C NMR spectra were in good agreement. Vibrational spectrum analysis was carried out by FT-IR spectroscopy 
in the range 400–4000 cm–1 for the title molecule. The vibrational frequencies of the investigated compound were 
calculated with DFT at the B3LYP/6-311G(d,p) level of the theory. The wavenumbers received complete vibrational 
assignments based on their potential energy distribution. The experimental and simulated FT-IR spectra were in 
good agreement.

Keywords: X-ray crystal structure, Hirschfeld surface analysis, density functional theory, isoxazole, nuclear magnetic 
resonance, Fourier-transform infrared spectroscopy. 

Introduction. Isoxazole and its derivatives have a long history of application in pharmaceuticals and natural 
bioactive products. In particular, 4,5-dihydroisoxazoles show antimicrobial, antifungal, estrogen receptor β, antiarthritic, 
anti-infl ammatory, analgesic, antibacterial, and anthelmintic effects [1–5]. The most useful method to prepare a 
4,5-dihydroisoxazole compound involves the 1,3-dipolar cycloaddition reaction with nitrile oxides and olefi ns. In our 
previous study, we synthesized 11 novel [3-(substituted phenyl)-cis-4,5-dihydroisoxazole-4,5-diyl]bis(methylene) 
diacetates and characterized them by FT-IR, 1H NMR (nuclear magnetic resonance), 13C NMR methods as well as by 
elemental analysis [6]. However, we did not conduct any detailed theoretical or spectroscopic analysis of any derivatives 
of [3-(substituted phenyl)-cis-4,5-dihydroisoxazole-4,5-diyl]bis(methylene)diacetate. Therefore, in this study, we describe 
the molecular structure of [3-(3-bromophenyl)-cis-4,5-dihydroisoxazole-4,5-diyl]bis(methylene)diacetate (BDBD), which 
is the m-bromo substituted derivative synthesized in our previous study [6]. We present the analysis of its X-ray crystal 
structure, optimized molecular structure, Hirschfeld surface, frontier molecular orbital, quantum chemical parameters, 
NMR spectra, and vibrational frequency.

Experiment and Calculations. Materials and physical measurements. Recently, we synthesized a BDBD compound 
[6]. The 1H NMR and 13C NMR chemical shifts of the investigated compound were recorded in deuterochloroform (CDCl3) 
solutions, employing tetramethylsilane (TMS) as an internal standard. These spectra were recorded on a Bruker DPX-400 
(400 MHz) high-performance digital FT-NMR spectrometer. The FT-IR spectrum of the studied molecule was recorded on 
a Bruker Alpha II ATR (attenuated total refl ection) spectrometer in the range 400–4000 cm–1. 

X-ray crystallographic study. The single-crystal X-ray intensity data for BDBD, [C15H16BrNO5], were measured 
on a Bruker D8 VENTURE diffractometer equipped with a PROTON 100 detector. Data were collected with a multilayer 
monochromator and a MoKα sealed tube (λ = 0.71073 Å) at 100(0) K using a Bruker Kryofl ex II cooling attachment. 
Data were corrected for adsorption effects using the multi-scan method (SADABS) [7]. The structure was solved through 
the direct method using the SHELXS-1997 program [8] of SHELXTL software [9]. Molecular drawings were generated 
through PLATON [10] and ORTEP [11] and built using OLEX2. ver.1.2-dev [12]. 
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Calculation methods. DFT was calculated using the Gaussian 09 Rev. A 11.4 package [13] and visualized using the 
Gauss View Rev. 5.0.9 software [14]. The X-ray parameter structure of BDBD (CCDC: 1976365) was used as the initial 
guess for geometry optimization. The molecular structure of the studied compound in the ground state (in the gaseous phase) 
was optimized with Becke's 3-parameter exchange–correlation functional using the Lee–Yang–Parr correlation functional 
(B3LYP) in the 6-311G(d,p) basis set [15, 16]. After the geometry optimization, the quantum chemical parameters were 
calculated with the same method. In the Gaussian 09 Rev. A 11.4 package program, the integral equation formalism for the 
polarizable continuum model (IEF-PCM) was used to perform the calculation in chloroform [17]. The detailed assignments 
of vibrational modes were based on the percentage potential energy distributions (PEDs) using the VEDA4 program [18].

Results and Discussion. X-Ray and optimized molecular structure analysis. A suitable clear-light-white needle-
like single crystal of the BDBD compound, with dimensions 0.050 × 0.100 × 0.800 mm, was grown by slow evaporation 
of the ethanol solution at room temperature. X-ray diffraction analysis revealed that the title compound crystallized in a 
triclinic system. The data-collection conditions and the parameters of the refi nement process are listed in Table 1.

The atomic numbering and optimized structure of the BDBD compound obtained by the density functional theory 
(DFT) at the B3LYP/6-311G(d,p) level are presented in Fig. 1. The studied compound consisted of three groups, an isoxazole 
ring, a phenyl ring, and acetate chains, which are not coplanar. Further details on the crystal data, collection, and refi nements 
can be found in the supporting information in CCDC 1976365.

The geometric parameters for BDBD calculated by the DFT method at the B3LYP/6-311G(d,p) level are compared 
with the X-ray experimental parameters (Table 2). The bond lengths of the investigated molecular skeleton approximately 
coincide with the typical bond lengths (C–C, 1.54 Å; C–O, 1.43 Å; C=O, 1.21 Å; C=N, 1.25 Å; N–O, 1.40 Å) [19]. The 
C=O and C=N bonds are characteristic double bonds, so C=X (where X denotes O or N atoms) bonds are shorter than the 
single C–X bond length that results in resonance and electron delocalization between the bonds [14, 15]. The C12=O14 
[1.206(2) Å] and C2=O5 bonds [1.192(2) Å] are typically C=O bonds, whereas C2=O5 has a slightly shorter bond length 
than C12=O14 due to steric and electronic effects (Table 2). The Br1–C9 bond distance [1.901(17) Å experimentally and 
1.919 Å for B3LYP/6-311G(d,p) in the gaseous phase] is the longest in the studied molecule. However, the C2=O5 bond 
distance [1.192(2) Å experimentally and 1.202 Å for B3LYP/6-311G(d,p) in the gaseous phase] is the shortest, which 
indicates the localization of the electron density in this part of the molecule.

As seen in Table 2, the bond distance of C6=N1 was 1.285 (2) Å both experimentally and theoretically. In a 
previously report [20], the N–O bond length was 1.401 Å experimentally and 1.400 Å theoretically. As can be seen in 
Table 2, the bond length of N1–O2 is 1.418(18) Å experimentally and 1.390 Å theoretically in the gaseous phase. The N–O 
bond length in the studied compound was consistent with that found in the literature. The observed C–C bond lengths in the 
phenyl rings were in the range 1.380–1.401 Å, which is consistent with the previous studies involving phenyl rings [21].

The experimental and theoretical values of different bond angles showed very strong correlations with each other. 
The X-ray values of the bond angles for C10–C9–Br1, N1–C6–C7, O4–C12–O3, and O5–C2-C1 were 119.39 (13)o, 
121.01 (15)o, 122.97 (16)o, and 124.92 (16)o, respectively. The theoretical values of these bond angles were observed at 
119.08o, 121.65o, 123.42o, and 125.77o in the gaseous phase, respectively.

The theoretical values of all dihedral angles showed good correlation with the experimental ones (Table 2). The 
experimental and calculated values of the dihedral angles for the phenyl ring are close to 0. Similarly, the experimental 
and theoretical values of the torsion angle for Br1–C9–C10–C14 for the gaseous phase are –178.92 (13)o and 179.99o, 
respectively. This shows that the substituent Br is planar with the phenyl ring. The small difference between the calculated 
and experimental geometrical parameters can be explained by the conduction of the experiment in the solid state, whereas 
the theoretical values were obtained in the chloroform and gaseous phase.

Hirschfeld surface analysis. The nature of the intermolecular interactions and their quantitative contributions in the 
BDBD crystal were analyzed with the Hirschfeld surfaces (dnorm, shape index and curvedness) using Crystal Explorer 3.1 
[22, 23]. 

The associated 2-dimensional (2D) fi ngerprint plots (FPs) of BDBD with its donor (di) and acceptor (de) regions 
were realized and plotted in Fig. 2a. The normalized contact distance dnorm is a parameter that includes the di and de 
distances, representing the distance from the Hirschfeld surface to the nearest nucleus inside and outside the surface, 
respectively. The strong C=O···H interactions are visualized as light-red clouds between the respective donor and acceptor 
atoms on the Hirschfeld surface, which shows negative potentials around the O atoms.

The most important hydrogen bonds of BDBD are the H···H/H···H with a relative contribution of 38.0%. The 
relative contributions for O···H/H···O, C···H/H···C, Br···H/H···Br, and N···H/H···N bonds were 27.8, 10.8, 10.3 and 3.7%, 
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Fig. 1. a) The ORTEP diagram of BDBD compound. Displacements ellipsoids are shown 
at a 50% probability level; b) optimized structure obtained using B3LYP/6-311G(d,p) 
of BDBD

respectively. The H···H bonds appear as the largest region of the FP plot, with a high concentration in the middle region 
at di = de ≅ 1.3 Å (Fig. 2e). The C···H/H···C interactions appear as the bottom-right (di > de) and top-left (di < de) regions 
of the FP plot and are highly concentrated at the edges, having almost the same values of di + de ≅ 3.1 Å (Fig. 2f).
Figure 2g shows that two pairs of symmetrical long spikes are present at di + de ≅ 2.4 Å for the O···H/H···O interactions in
the FPs.

Frontier molecular orbitals and quantum chemical parameters. The energies and distributions of the frontier 
molecular orbital (FMO) theory are very useful indicators of reactivity. HOMO and LUMO act as the donor and electron 
acceptor in the FMO theory, respectively, and are helpful for calculating the electric and optical parameters [24]. The 3D 
plots of HOMO and LUMO for BDBD obtained using the B3LYP/6-311G(d,p) method are shown in Fig. 3. As seen from 
Fig. 3, both HOMO and LUMO were mostly localized on the benzene and isoxazole rings. In addition, the HOMO orbital 
is localized in the Br atom. 

The Gauss–Sum 2.2 program [25] was used to calculate the density of states (DOS) diagrams, which were drawn 
by plotting the molecular orbital data. Figure 3 shows the DOS diagram of the BDBD compound in the gaseous phase. The 
DOS plot gives the number of states per energy interval for both the virtual and occupied energy levels. The lines at the 
starting end of the energy axis of the plot, from –20 to –5 eV, are named occupied orbitals and those from –5 to 0 eV are 
named virtual orbitals.

The total energy of the BDBD compound was calculated as very close values in the gaseous and chloroform phases 
(–97593.249 versus –97593.546 eV). The EHOMO and ELUMO of the BDBD compound in the gaseous and chloroform phases 
are used to calculate the quantum chemical parameters, as shown in Table 3. The energies of HOMO are calculated as –6.563 
and –6.614 eV in the gaseous and chloroform phases, respectively. The LUMO energies in the gaseous and chloroform phases 
are also calculated as –1.802 and –1.847 eV, respectively. The energy gap (ΔEHOMO–LUMO) between the HOMO and LUMO 
orbitals is a critical parameter in determining and understanding the molecular transport properties [26]. The energy gap for 
the BDBD compound was calculated as 4.761 and 4.767 eV in the gaseous and chloroform phases, respectively. 

The ionization potential (I) and electron affi nity (A) are related to the energies of the molecule HOMO and LUMO 
orbitals, respectively [27], with the following relationships: I = –EHOMO, A = –ELUMO. The electronegativity (χ) and 
chemical potential (μ) are calculated using the relationships [28, 29]: χ = –μ = (I + A)/2. The value of the chemical potential 
(μ) is –4.183 eV in the gaseous phase and –4.231 eV in the chloroform phase. Hardness is not observed physically, but this 
concept is used in chemistry and physics. In addition, soft molecules are large and highly polarized, whereas hard molecules 
are relatively small and much less polarized. Hardness (η) is equal to η = (I – A)/2 [28]. The softness (σ) of the investigated 
molecule is the inverse value of the hardness: σ = 1/η [29]. In addition, hardness, softness, and electronegativity (χ) values 
are very close for the gaseous and chloroform phases. All these values are given in Table 3.

NMR spectra. The BDBD compound was characterized using 1H and 13C NMR spectra. NMR spectra of the 
studied compound were measured in CDCl3 solvent. Additionally, the NMR chemical shifts of the investigated series were 
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TABLE 1. Crystal Data, Collection, and Refi nement Details

Empirical formula C15H16BrNO5

Formula weight 370.20

Temperature (K) 100(0)

Wavelength (Å) 0.71073

Crystal system Triclinic

Space group P-1

a, Å 5.6744(3)

b, Å 10.6569(6)

c, Å 14.1753(8)

α, deg 109.264(3)

β, deg 90.670(3)

γ, deg 104.941(3)

Volume, Å3 777.44(8)

Z 2

Density (calculated), g/cm3 1.581

Absorption coeffi cient, mm–1 2.666

F(000) 376

Crystal size, mm 0.050 × 0.100 × 0.800

Crystal color clear light white

θ  range, degree 3–27.62

h –7 ≤ h ≤ 7

k –13 ≤ k ≤ 13

l –18 ≤ l ≤ 18

Refl ection collected 25857

Independent refl ections 3603 [R(int) = 0.0391]

Data/restraints/parameters 3603/0/201

Absorption correction multiscan

Tmax/Tmin 0.8780–0.2240

Refi nement method Full-matrix least squares on F2

Final R indices [I > 2σ(I)] R1 = 0.0253, wR2 = 0.0598

R indices (all data) R1 = 0.0327, wR2 = 0.0631

Goodness-of-fi t on F2 1.054

Largest diff. peak and hole, e/Å3 0.404 and –0.278

CCDC deposit number 1976365

calculated with the GIAO method and the B3LYP functional 6-311G(d,p) basis set in the gaseous phase and chloroform 
solvent against the TMS standard. The experimental and theoretical NMR (1H and 13C NMR) chemical shifts of the BDBD 
compound are presented in Table 4 as values relative to TMS. 
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Fig. 2. Hirschfeld surface with (a) dnorm, (b) shape index, (c) curvedness, and 2D 
fi ngerprint plots (d) full, (e) H···H, (f) C···H/H···C, (g) O···H/H···O, (h) Br···H/H···Br, 
and (i) N···H/H···N contacts contributing to the Hirschfeld surface area of BDBD.

Fig. 3. The 3D orbital pictures of the HOMO, LUMO, and DOS diagrams calculated at 
the B3LYP/6-311G(d,p) level in the gaseous phase for the BDBD molecule.
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The 1H NMR spectrum of the BDBD compound shows four types of hydrogen atoms (protons): aromatic, methyl 
(–CH3), methylene (–CH2), and methine (–CH). In the experimental 1H NMR spectrum of the BDBD compound, aromatic 
protons appeared in the range 7.30–7.91 ppm. Their theoretical values were calculated to be between 7.32 and 8.32 ppm 
(Table 4). Methyl groups (–CH3) appeared at 2.14 (H6, H7, and H8) and 2.04 (H1, H3, and H16) ppm in the experimental 

TABLE 3. Total Energy, EHOMO, ELUMO, ΔEHOMO-LUMO Values, Ionization Potential (I), Electron Affi nity (A), 
Electronegativity (χ), Hardness (η), Softness (σ), and Chemical Potential (μ) of BDBD

Parameter Gas phase Chloroform phase

Total energy, eV –97593.249 –97593.546

EHOMO, eV –6.563 –6.614

ELUMO, eV –1.802 –1.847

ΔEHOMO–LUMO, eV 4.761 4.767

I, eV 6.563 6.614

A, eV 1.802 1.847

χ, eV 4.183 4.231

η, eV 2.381 2.384

σ, eV–1 0.420 0.419

μ, eV –4.183 –4.231

TABLE 4. 1H  and 13C Chemical Shifts (ppm) (with respect to TMS) for the BDBD Compound

H Experiment GIAO C Experiment GIAO

H14 7.91 8.32 C12 170.56 174.86

H12 7.67 7.87 C2 170.44 171.99

H13 7.57 7.37 C6 156.73 160.01

H2 7.30 7.32 C9 133.49 146.80

H5 4.86 5.72 C10 130.52 137.10

H15 4.64 4.58 C7 130.22 135.41

H10 4.45 4.40 C14 129.96 133.43

H4 4.34 3.78 C8 125.55 133.38

H9 4.17 3.63 C15 123.08 129.59

H11 3.95 3.39 C4 81.37 86.74

H7 2.14 2.20 C3 61.32 62.34

H6 2.14 2.05 C11 59.26 62.00

H8 2.14 1.96 C5 47.79 51.07

H3 2.04 1.95 C13 20.80 20.54

H16 2.04 1.67 C1 20.71 20.39

H1 2.04 1.65

Correlation 
coeffi cient 

R2 = 0.9892

Correlation 
coeffi cient 

R2 = 0.9983
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1H NMR spectrum. In the theoretical spectrum, these signals were calculated at 2.20 (H7), 2.05 (H6), 1.96 (H8), 1.95 (H3), 
1.67 (H16), and 1.65 (H1) ppm, respectively. 

The 1H NMR spectrum of the studied molecule has two separate peaks of methylene (–CH2) groups in each of the 
diacetate chains. Experimentally, in the 1H NMR spectrum of the studied compound, methylene protons appeared in the 
C5-linked acetate chain of the isoxazole ring at 4.17 and 4.45 ppm (3.63 and 4.40 ppm theoretically), while the other 
methylene protons were observed at 4.34 ppm (3.78 ppm theoretically) and 4.86 (5.72 ppm theoretically). They were 
reported at 4.48 and 4.79 ppm in the 1H NMR spectrum for 10-benzoyloxy-8,9-epoxy-6-methoxymethyl isobutyrate, which 
is derived from acetate [30].

The chemical shift of the –C5H11 proton (methine proton) occurred at 3.95 ppm in the experimental 1H NMR 
spectrum and 3.39 ppm in the predicted 1H NMR spectrum. The experimental and theoretical chemical shift values of 
the other methine proton (–C4H15) were 4.58 and 4.64 ppm, respectively. The correlation between the experimental and 
calculated 1H NMR chemical shifts was satisfactory (R2 = 0.9892). 

In the 13C NMR spectrum of the BDBD compound, nine peaks other than aromatic carbons were observed, which 
was in agreement with the molecular structure. These were two carbonyl carbons (C=O), an azomethine carbon (C=N), two 
methyl carbons (–CH3), two methylene carbons (–CH2), two methine carbons (–CH), and six aromatic carbons. Carbons 
C2 and C12 of carbonyl (C=O) were observed at 170.56 and 170.44 ppm (calculated as 171.99 and 174.86 ppm). The signal 
of an azomethine (C=N) was observed at 156.73 ppm (calculated as 160.01 ppm), which agrees with the value reported in 
an earlier study of 156.90 ppm for 5-(nitromethyl)-3-phenyl-4,5-dihydroisoxazole [31].

The aromatic carbon signals were between 123.08 and 133.49 ppm in the experimental 13C NMR spectrum 
(129.59–146.80 ppm calculated values). The resonances in the experimental 13C NMR spectrum at 81.37 and 47.79 ppm 
correspond to methine carbons (C4 and C5), respectively (with theoretical chemical shift values of 86.74 and 51.07 ppm). 
In the 13C NMR spectrum, methylene carbon (–CH2) resonances were found experimentally at 59.26 and 61.32 ppm and 
calculated at 62.00 and 62.34 ppm, respectively. In the experimental 13C NMR spectrum of the studied compound, methyl 
(–CH3) carbons appeared at 20.80 (calculated as 20.54 ppm) and 20.71 ppm (calculated as 20.39 ppm). The correlation 
coeffi cients for the dependences of the calculated chemical shifts on the experimental values were larger than 0.99 (see 
Table 4; R2= 0.9983), indicating excellent correlation. 

Vibrational frequencies. Some characteristic FT-IR assignments of BDBD determined by the DFT/B3LYP/6-
311G(d,p) method, along with the potential energy distribution (PED) contributions, are shown in Table 5 in comparison 

Fig. 4. The experimental (1) and calculated (2) FT-IR spectra in the range of 4000–400 cm–1 
of BDBD.
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with the experimental results. The frequencies obtained from the B3LYP calculation were scaled by a factor of 0.967, 
which is a typical correction factor for the B3LYP frequencies [32]. The measured and calculated FT-IR spectra in the range 
4000–400 cm–1 of BDBD are presented in Fig. 4. 

C–H vibrations of the phenyl ring. The C–H vibrations of the phenyl ring appeared at higher frequencies than the 
C–H vibrations of the isoxazole ring. In the aromatic ring, the C–H stretching vibrations appear in the range 3100–3000 cm–1 

[33]. The FT-IR bands at 3452, 3096, and 3082 cm–1 assigned to the ν(C–H) stretching vibrations of the phenyl ring. These 
peaks were calculated at 3111, 3101, and 3087 cm–1 for the B3LYP level of theory with 99, 86, and 91% contributions to 
the PED, respectively. The C–H in-plane bending vibrations and the C–H out-of-plane bending vibrations normally appear 
in the 1100–1500 and 750–1000 cm–1 frequency region, respectively [34].

The C–H in-plane bending vibration modes [ρ(HCC)ph], which contributed to 17–69% of PED, were calculated in 
the range 1058–1457 cm–1 for the B3LYP level. The ρ(HCC)ph vibration modes (ν21, ν35, ν37, ν38, ν44, and ν48) were 
observed at 1474 and 1153 cm–1 in the FT-IR spectrum, experimentally. The C–H out-of-plane bending vibration modes 
[τ(HCCC)ph] of the phenyl ring were responsible for the peaks at 908, and 764 cm–1 in the FT-IR spectrum. The τ(HCCC)
ph vibration modes were assigned at 907, 892, and 778 cm–1 with 71, 58, and 66% contributions to PED, respectively.

Methyl (–CH3) and methylene (–CH2) groups modes. The asymmetric and symmetric stretching vibrations of the 
methyl (–CH3) group are expected in the range 2900–3050 cm–1 [35]. The wavenumbers of asymmetric stretching vibra-
tions are generally higher than symmetric ones. Asymmetric stretching vibrations [νas(C13H3) and νas(C1H3)] for the 
presence of methyl groups were observed in the FT-IR spectrum at 3069 and 3061 cm–1 experimentally; theoretically, quite 
pure modes were found at 3057, 3010 cm–1 and 3055, 3011 cm–1, contributing to >94% of PED. Meanwhile, symmetric 
stretching vibrations [νs(C13H3) and νs(C1H3)] in the presence of methyl groups were observed at 2937 cm–1 in the FT-
IR spectrum with theoretical values of 2951 and 2950 cm–1 in the B3LYP/6-311G(d,p) level of the theory with almost 
~100% contribution to PED. The σ(C1H3) and σ(C13H3) bending vibrations of the methyl groups should appear between 
1410 and 1550 cm–1 [36]. The σ(C1H3)/ρ(C1H3) and σ(C13H3)/ρ(C13H3) bending vibrations of the methyl groups were 
observed at 1420/1348 cm–1 for BDBD, while the DFT/B3LYP/6-311G(d,p) calculation gives the σ(C1H3)/ρ(C1H3) and 
σ(C13H3)/ρ(C13H3) bending vibrations at 1428, 1424/1350 cm–1 (77% PEDs) and 1427, 1422/1352 cm–1 (~78% PED). 
The out-of-plane τ(HCCO1) and τ(HCCO3) bending vibration modes (ν50 and ν51) of the methyl group were computed at 
1030 and 1027 cm–1 with 45% and 31% contributions to PED, respectively.

The asymmetric ννas(CH2) stretching vibration was generally observed in the range 2900–3000 cm–1, while the 
νs(CH2) symmetric stretching vibrations appeared between 2800 and 2900 cm–1 [37].  The shoulder located at 3040 cm–1 in 
the FT-IR spectrum of BDBD was assigned to the νas(C11H2) and νas(C3H2) asymmetric stretching modes of the methylene 
(CH2) groups, and the intense band at 2962 cm–1 in the FT-IR spectrum should be due to the νs(C11H2) and νs(C3H2) 
symmetric stretching modes. The νas(C11H2), νas(C3H2) and νs(C11H2), νs(C3H2) were computed at 3041, 3033 and 2987, 
2972 cm–1 (mode v6, v7 and v11, v12) with 82, 83 and 90, 99% PEDs, respectively. For BDBD, the bending peaks of 
σ(C3H2) and σ(C11H2) were 1454 and 1435 cm–1, while the DFT calculation gives the bending vibrations σ(C3H2) and 
σ(C11H2) as 1446 and 1442 cm–1, respectively.

C=O and C-O vibrations. The C=O carbonyl band appears to be very sensitive to various factors such as the 
physical state, electronic effects by substituents, and ring strains [38, 39]. The C=O carbonyl vibrational bands had a 
somewhat decreased infl uence due to substitutions of methyl groups. The title compound showed sharp intense absorption 
bands at 1745 and 1730 cm–1 due to the carbonyl ν(C2=O5) and ν(C12=O4) groups of the acetate chains. The theoretical 
values were 1762 and 1743 cm–1 (DFT/B3LYP) with 87% contribution to PED. These modes are 16 and 17, which belong 
to the C=O stretching vibrations of both acetate chains. The τ(O4CO3C) and τ(O5CO1C)/σ(O4CC) and σ(O5CC) out-of-
plane/in-plane bending vibration bands of the acetate chains were observed at 602 and 552/453 cm–1 in the FT-IR spectrum 
and appeared at 589 and 578/454 cm–1 in the theoretical spectrum for the B3LYP/6-311G(d,p) level of theory. According to 
the calculated PED distributions using the B3LYP/6-311G(d,p) level of theory, the participation of the C=O modes in these 
vibrations was 51 and 59/11% and 17%.

The theoretical values of the ν(O2C)iso/ν(O3C) and ν(O1C) stretching vibrations for the isoxazole ring/acetate 
chains were calculated at 872, 801 cm–1/1205, 1018, and 952 cm–1 and at 1196, 1027, and 952 cm–1 using the B3LYP/6-
311G(d,p) level of the theory with PED contributions of 20, 27/22, 31, and 14% as well as 2, 31, and 11%, respectively. The 
ν(O2C)iso/ν(O3C) and ν(O1C) stretching vibrations on the isoxazole ring/acetate chains appeared at 878 and 791/1211 and 
1013 cm–1 as well as 1184 cm–1 experimentally, respectively. The σ(HCO2)iso, σ(HCO1), and σ(HCO3) in-plane bending 
modes (ν34, ν34, ν39, ν40) were assigned the frequencies 1330–1246 (10–46%) cm–1 on the isoxazole ring and acetate 
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chains. The corresponding σ(HCO2)iso, σ(HCO1), and σ(HCO3) in-plane bending modes were observed at 1321 and
1252 cm–1 in the FT-IR spectrum.

C–C, C=N, and N–O vibrations. The stretching vibrations of ν(C–C) in the phenyl ring and of ν(C=N) in the 
isoxazole ring were recorded at 1430–1650 cm-1 and 1580–1675 cm–1, respectively [40, 41]. The experimental and 
computed values of these bands were at 1570, 1541, and 1577 (46%), 1541 (48%) /1591, and 1586 (60%) cm–1 at the 
B3LYP/6-311G(d,p) level of the theory in the FT-IR spectrum for BDBD, respectively. According to [42], the C-C stretching 
band in the aromatic ring and the C=N stretching band in the isoxazole moiety were at 1592 and 1586 cm–1, respectively. The 
N–O stretching vibration modes were assigned at 910.4 cm–1 experimentally and between 912.6–923.2 cm–1 theoretically, 
while these appeared at 977 cm–1 for 6-31G+(d,p) [43], at 949 cm–1 for 6-31G (d,p), and at 948 cm–1 for 6-311+G(d,p) 
[42], with basis sets in isoxazole moiety. The computed peaks at 925 and 913 cm–1 accounted for 43 and 22% of PEDs in 
the B3LYP/6-311G(d,p) level of the theory due to the ν(O2N)iso stretching modes of BDBD.

The experimental absorption peaks at 987 and 640 cm–1 (977 and 643 cm–1 for the B3LYP/6-311G(d,p) level of 
the theory) in the FT-IR spectrum were assigned to the β(CCC)ph in-plane bending modes of the phenyl ring for BDBD. 
The corresponding out-of-plane bending modes τ(CCCC)ph were observed at 1321 and 1252 cm–1 in the FT-IR spectrum. 
The σ(CO2N)iso and σ(CCN)iso in-plane bending modes (ν67 and ν76) were assigned the frequencies 721 and 480 cm–1 in 
the FT-IR spectrum/731 (17%) and 483 (10%) cm–1 using the B3LYP/6-311G(d,p) level on the isoxazole ring, respectively.

Conclusions. The crystal structure of the BDBD compound was determined using single crystal X-ray diffraction 
analysis, which is reported here for the fi rst time. The BDBD compound exists in triclinic crystal packing with space 
group P-1 in the solid state. Hirschfeld surface analysis and FPs were applied to confi rm the existence of strong C=O···H 
interactions in the crystal. Analysis of the calculated geometry parameters using the DFT/B3LYP method with the 6-311G(d,p) 
basis set and comparison with single crystal XRD data are very helpful in determining the unambiguous locations of 
atoms as well as the most stable geometry. The EHOMO and ELUMO values for the BDBD molecule were –6.563 eV and 
–1.802 eV, respectively, whereas the energy gap (ΔE) was 4.761 eV for the gaseous phase. The theoretical 1H and 13C NMR 
spectra were found to be compatible with the experimental ones. FT-IR spectrum characterization was performed both 
experimentally and theoretically.
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