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Abstract
Using X-ray single crystal diffraction, the crystal structures of biologically active benzoxazole derivatives were deter-
mined. DFT calculation was performed with standard 6-31G*(d), 6-31G** and 6-31+G* basis set to analyze the molecu-
lar geometry and compare with experimentally obtained X-ray crystal data of compounds.
The calculated HOMO-LUMO energy gap in compound 2 (2-(2-hydroxynaphtalen-1-yl)-4-methyl-7-isopropyl-1,3-ben-
zoxazol-5-ol) is 3.80 eV and this small gap value indicates that compound 2 is chemically more reactive compared 
to compounds 1 (4-methyl-2-phenyl-7-isopropyl-1,3-benzoxazol-5-ol) and 3 (2-(4-chlorophenyl)-4-methyl-7-isopro-
pyl-1,3-benzoxazol-5-ol). The crystal structures are stabilized by both intra- and intermolecular hydrogen bonds in 
which an intermolecular O–H⋅⋅⋅N hydrogen bond generates N3 and O7 chain motif in compounds 1, 2, and 3, respec-
tively. The calculated bond lengths and bond angles of all three compounds are remarkably close to the experimental 
values obtained by X-ray single crystal diffraction.
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1. Introduction
Benzoxazoles are compounds with a wide range of 

biological activities and represent a very important struc-
tural motif in medicinal chemistry. Benzoxazole ring can 
be found in natural and synthetic compounds used as 
pharmaceuticals.1 Caboxamycin (Figure 1a) is a new anti-
biotic of the benzoxazole family produced by the deep-sea 
strain Streptomyces sp. NTK 937.2 Figure 1b presents the 
synthetic compound with a two times better Pseudomonas 
aeruginosa inhibitory activity than ampicillin and strepto-
mycin.3 Benzoxazoles have anti-inflammatory,4 antimi-
crobial,5–7 and antitumor6–10 activities.

Figure 1. Structure of Caboxamycin (a) and (b) a synthetic deriva-
tive of benzoxazole.

Benzoxazoles have a certain structural similarity 
with nucleic bases such as adenine and guanine, and they 
interact with biopolymers in living organisms.2 The mole-
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cule is planar with conjugated sextets of π electrons in the 
cyclic system.11 They have aromatic properties and are 
quite stable. Benzoxazoles are sensitive to hydrolysis which 
leads to ring-opening. Depending on substituents, differ-
ent conditions of media and pH values lead to hydroly-
sis.11–14 While unsubstituted benzoxazole is resistant to 
hydrolysis in alkaline medium, rapid hydrolysis occurs in 
acidic medium, probably due to nucleophilic attack 
(Scheme 1).11 Hydrolysis can be seen in vivo, as Bray et al. 
(1952) have shown in experiments on rabbits. They evalu-
ated the metabolism of benzoxazole, 2-methylbenzoxaz-
ole, and 2-phenylbenzoxazole and found that the stability 
of the ring depends on substituents. Benzoxazole and 
2-methylbenzoxazole mainly hydrolyzed in organisms 
while the ring in 2-phenylbenzoxazole is stable and mainly 
metabolized by hydroxylation of phenyl group at the posi-
tion 2’.12 

Scheme 1. Hydrolysis of benzoxazole ring in acidic conditions.

Hydrolysis of drugs containing benzoxazole rings 
can have pharmaceutical importance. It can result in the 
formation of active compounds that can be directly deliv-
ered to the site of interest.13 The stability and reactivity of 
benzoxazoles are crucial for their medicinal applications. 
Density functional theory (DFT) is a very common com-
putational method used to solve Schrödinger and Dirac 
equations.15

In our previous paper,16 a library of thymoqui-
none-derived benzoxazoles has been synthesized and their 
antiproliferative activities were reported. The starting 
compound for synthesis was thymoquinone that reacted 
with sodium azide to obtain aminothymoquinone (ATQ). 
ATQ reacted with aromatic aldehydes to obtain benzoxaz-
oles. Out of the 10 novel compounds prepared,16 in this 
paper, the structures of three compounds: 1 (4-me-
thyl-2-phenyl-7-isopropyl-1,3-benzoxazole-5-ol), 2 
(2-(2-hydroxynaphtalen-1-yl)-4-methyl-7-isopro-
pyl-1,3-benzoxazole-5-ol), and 3 (2-(4-chlorophe-
nyl)-4-methyl-isopropyl-1,3-benzoxazole-5-ol) are in the 
focus. Synthetic details, analytical and spectroscopic data 
of compounds can be found in our previous paper.16 

The simultaneous approach of X-ray crystallography 
and DFT calculation is used. This approach takes advan-
tage of the great interpretive power of theoretical studies 
and the precision of the experimental method. We report 
the crystal structure of benzoxazole derivatives, as well as 
results of theoretical studies using the DFT(B3LYP) meth-
od and standards 6-31G*(d), 6-31G** and 6-31+G* basis 
set. The aim of the present work was to describe and char-
acterize the molecular structure and some electronic struc-

ture properties of the biologically active benzoxazole deriv-
atives by using two approaches: experimental, using X-ray 
crystallography, and theoretical, using DFT calculation. 
Finally, the results of the two approaches are compared.

2. Experimental 
2. 1. Crystallographic Data Collection 

X-ray diffraction data for all compounds was collect-
ed on an Oxford Diffraction SuperNova diffractometer 
with Cu microfocus X-ray source with mirror optics and 
an Atlas detector. The structures were solved by direct 
methods implemented in SHELXT17 and refined by a 
full-matrix least-squares procedure based on F2 using 
SHELXL18 within the Olex2 program pack.19 All non-hy-
drogen atoms were refined anisotropically. The hydrogen 
atoms were placed at calculated positions and treated us-
ing appropriate riding models. The programs Platon and 
Mercury were used for data analysis and figure prepara-
tion.20,21 The crystal structures have been submitted to the 
CCDC and have been allocated the deposition numbers 
1586630, 1985495, 1985496.

2. 2. Computational Details
The molecular structures of compounds 1, 2 and 3 

were subjected to quantum chemical density functional 
calculation using the Becke-3Lee-Yang-Parr (B3LYP) hy-
brid functional with the standards 6-31G*(d), 6-31G** 
and 6-31+G* basis set. The computations were performed 
using Spartan 14. The structures are minima on potential 
energy surface. The calculated values were compared with 
the obtained experimental results.

3. Results and Discussion
The crystal data and structure refinement of com-

pounds 1, 2 and 3 are given in Table 1 and shown in Figure 
2. The selected geometric parameters of the same com-
pounds are given in Table 2. The structural parameters 
were calculated and are presented in Table 3. The crystal 
structure of compound 1 (4-methyl-2-phenyl-7-isopro-
pyl-1,3-benzoxazole-5-ol) has been determined by X-ray 
diffraction in our previous paper.16 Previous crystallo-
graphic results for this compound are used in this paper 
for comparison with the DFT results.

The calculated bond lengths and bond angles of 1, 2 
and 3 are remarkably close to the experimental values ob-
tained by X-ray crystal diffraction.

3. 1. Geometrical Parameters Analysis
Bond lengths of compounds 1, 2 and 3 are in the 

normal range.22 The experimentally obtained value of av-
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erage mean bond distances were of C–C = 1.425 Å, C–O 
=1.373 Å, C–N = 1.353 Å, for compound 1,16 C–C = 1.424 
Å, C–O =1.366Å, C–N = 1.348 Å, for compound 2 and 
C–C = 1.424 Å, C–O =1.373Å, C–N = 1.355 Å, for com-
pound 3 respectively, shown in Table 3. The bond distanc-
es of C2=N3 are 1.302 Å, 1.307 Å and 1.303 Å for com-
pounds 1, 2 and 3, respectively. They are comparable with 
the reported double bond lengths.23 The theoretically ob-
tained value of average mean bond distances were of C–C 
= 1.433 Å, C–O =1.373 Å, C–N = 1.347 Å, for compound 
1, C–C = 1.433 Å, C–O =1.366 Å, C–N = 1.353 Å, for com-
pound 2 and C–C = 1.432 Å, C–O =1.376 Å, C–N = 1.346 
Å, for compound 3, respectively (Table 3). Experimentally 
obtained bond distances of C2=N3 show 1.302 Å (cal. 
1.302 Å), 1.307 Å (cal. 1.318 Å) and 1.303 Å (cal. 1.301 Å), 
for compounds 1, 2 and 3, respectively. In addition to that, 
all three compounds display the electron delocalization 
over the atoms of O1–C2–N3. In all three compounds, the 

sum of bond angles around the C2 atom of the benzoxaz-
ole ring (O1–C2–N3, O1–C2–C14, and N3–C2–C14 = 
359.99° (cal. 360.01°) for compound 1, 359.98° (cal. 
359.99°) for compound 2 and 359.98° (cal. 360.00°) for 
compound 3) indicates sp2 hybridization and the bond an-

c)b)a)

Figure 2. Crystal structures of compounds 1 (a),16 2 (b), and 3 (c) with heteroatom labelling. Thermal ellipsoids are drawn at 50% probability level.

Figure 3. Hydrogen bond network in the crystal structure of 2. The 
hydroxyl group in position 5 forms intermolecular hydrogen bonds 
(green) with the O15 oxygen on the naphthyl group (O5–H5···O15’) 
which in turn forms an intramolecular hydrogen bond (blue) with 
the neighboring benzoxazole N3 nitrogen atom (O15–H15⋅⋅⋅N3). 
Thermal ellipsoids are drawn at 50% probability level and non-rele-
vant hydrogen atoms are omitted.

Figure 4. Hydrogen bond network in the crystal structures of com-
pounds 1 (top) and 3 (bottom). The hydroxyl group in position 5 
forms intermolecular hydrogen bonds (green) with the benzoxazole 
N3 nitrogen (O5’–H5’⋅⋅⋅N3). Thermal ellipsoids are drawn at 50% 
probability level and non-relevant hydrogen atoms are omitted.
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gle of C2–N3–O1, C9–C8–C7, and C8–C9–C4 deviates 
from 120° due to the presence of substituents.

3. 2.  Intra- and Intermolecular Interactions 
and Crystal Packing Analysis
The crystal structures of compounds 1, 2 and 3 are 

stabilized via intramolecular O–H⋅⋅⋅N hydrogen bond and 
intermolecular O–H⋅⋅⋅N, O–H⋅⋅⋅O, and O–H⋅⋅⋅N hydro-
gen bonds (Table 2). The crystal structure of compound 2 
is stabilized by intramolecular O15–H15⋅⋅⋅N3 hydrogen 
bond, in which the hydroxylic O15 acts as a donor and 
makes a hydrogen bond with imine N3 with the bond 
length of 2.477 Å (Figure 3). 

The crystal packing is stabilized by one intramolecu-
lar O15–H15⋅⋅⋅N3 hydrogen bond with the bond distances 
of 2.477 Å (cal. 2.640 Å), whereas in compounds 1, 2 and 
3, three intermolecular hydrogen bonds contribute to 
crystal packing such as O5–H5⋅⋅⋅N3 with the bond dis-
tances of 2.811 Å (2.850 Å), O15–H15⋅⋅⋅O15 2.711 Å (cal. 
2.900 Å) and O5–H5⋅⋅⋅N3 2.800 Å (2.850 Å), respectively. 
Atom N3 acts as a hydrogen bond acceptor for O–H⋅⋅⋅N 
[O5–H5⋅⋅⋅N3] contacts (Figure 4).

Crystal data and structure refinement summary of 
compounds 2 and 3 are given in Table 1.

The same data for compound 1 are presented in our 
previous paper.16

Table 2. Selected distances and angles

Com- Cpd (D–H···A) type d(D–H) (Å) d(D···A) (Å) d(H···A) (Å) φ(D–H···A) (°)
pound    Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc.

1 (O5–H5···N3) inter 0.84 0.90 2.8105 2.8500 1.97 1.90 175 172.9
2 (O5–H5···O15) inter 0.84 0.90 2.7108 2.9000 1.88 2.00 168 166.5
2 (O15–H15···N3) intra 0.84 0.90 2.4772 2.6400 1.72 1.74 149 147.0
3 (O5–H5···N3) inter 0.84 0.90 2.8004 2.8500 1.97 1.87 170 174.0

Table 3. Bond lengths [A] and angles [deg] of compounds 1, 2 and 3

Bond length and angles Compound 1 Compound 2 Compound 3
 Exp. Cal. Exp. Cal. Exp. Cal.
 6-31G(d) 6-31G** 6-31+G* 6-31G(d) 6-31G** 6-31+G* 6-31G(d) 6-31G** 6-31+G*

O(1)-C(2) 1.364   1.3701.3711.369 1.363   1.3651.3621.363 1.367   1.3701.3681.371
O(5)-C(5) 1.368   1.3711.3721.371 1.361   1.3691.3701.368 1.366   1.3691.3671.369
C(9)-N(3) 1.403   1.3951.3941.396 1.388   1.3871.3881.389 1.406   1.4001.4021.404
C(2)-N(3) 1.302   1.3021.3031.301 1.307   1.3081.3071.309 1.303   1.3011.3021.304
C(2)-C(14) 1.461   1.4601.4611.360 1.458   1.4541.4551.457 1.457   1.4561.4571.459
O(5)-C(5)-C(4) 116.53 115.90115.92115.95 116.44 115.80115.83115.82 116.44 120.01119.98119.97
C(8)-C(9)-N(3) 108.29 108.89108.90108.91 107.76 107.95107.96107.97 108.22 108.80108.81108.83
C(4)-C(9)-N(3) 130.16 129.63129.65129.67 129.42 130.09130.10130.08 130.42 129.90129.94129.97
N(3)-C(2)-O(1) 114.97 114.89114.90114.91 113.79 113.53113.55113.53 114.83 114.87114.89114.92
N(3)-C(2)-C(14) 127.83 127.51127.53127.55 123.26 124.73124.74124.76 128.55 127.73127.98127.97
O(1)-C(2)-C(14) 117.19 117.60117.61117.59 122.93 121.99122.00122.02 116.60 117.56117.98117.97

Table 1. Crystal data and structure refinement summary of com-
pounds 2 and 3

Compound 2 3

Empirical formula C21H19NO3 C17H16ClNO2
Mw 333.37 301.76
T, K 150(2) 150(2)
Crystal system monoclinic monoclinic
Space group P 21/n P 21/n
a, Å 6.7961(2) 8.3718(2)
b, Å 15.9766(4) 16.2112(1a)
c, Å 15.7268(4) 11.7098(1a)
α, deg. 90 90
β, deg. 97.488(2) 110.472(2)
γ, deg. 90 90
V, Å3 1693.03(8) 1488.85(6)
Z 4 4
Dcalc, g/cm3 1.308 1.346
µ, mm–1 0.705 2.300
F(000) 704 632
Crystal size, mm 0.60×0.10×0.10 0.20×0.20×0.20
Color colorless yellow
Data collected / unique 5939 / 3190 5382 / 5382
Rint/Rsigma 0.0359 / 0.0452 0.0195 / 0.0249
Restraints / parameters 0 / 231 0 / 194
S 1.059 1.043
R1, wR2 [I > 2σ(I)] 0.0595 / 0.1431 0.0371 / 0.1010
R1, wR2 (all data)  0.0690 / 0.1558 0.0404 / 0.1047
Larg. diff. peak/hole (e·Å–3) 0.35 / –0.58 0.28 / –0.33
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3. 3. Molecular Orbital Analysis
The HOMO-LUMO energy gap of a molecule will 

play a crucial role in deciding its bioactive properties and is 
a very important parameter for quantum chemistry. The 
HOMO energy distinguishes the capacity of electron donor, 
whereas LUMO energy characterizes the capacity of elec-
tron acceptor, and the gap distinguishes the chemical stabil-
ity.24biologically active methylxanthines were investigated. 
All calculations were performed at B3LYP/6-31G* level of 
theory. The electronic chemical potential, highest occupied 

molecular orbital (HOMO The HOMO-LUMO energy gap 
for the compounds 1, 2 and 3 was calculated by 6-31G*(d) 
basis set and the values are 4.27 eV for compound 1, 3.80 eV 
for compound 2 and 4.15 eV for compound 3. The energies 
of HOMO and LUMO and the HOMO-LUMO energy gap 
are given in Table 4. The HOMO-LUMO orbital scheme of 
compounds 1, 2 and 3 are shown in Figure 5 (positive phas-
es are red and the negatives ones are blue). The value of the 
HOMO and LUMO energy gap in compound 2 is the small-
est, indicating that the molecule is more stable compared to 

Table 4. Calculated HOMO and LUMO energy values in compounds 1, 2 and 3

Parameters     Compound
  1   2   3
 6-31G*(d); 6-31G**; 6-31+G* 6-31G*(d); 6-31G**; 6-31+G* 6-31G*(d);  6-31G**; 6-31+G*

EHOMO (eV) –5.61 –5.61 –5.62 –5.40 –5.42 –5.44 –5.71  –5.73 –5.74
ELUMO (eV) –1.33 –1.34 –1.35 –1.61 –1.62 –1.63 –1.55 –1.57  –1.58
Energy gap (∆)   4.28   4.27   4.27   3.79   3.80   3.81   4.16   4.16    4.16
  

Figure 5. Atomic orbitals of HOMO to LUMO transition of the compounds 1, 2 and 3

1

2

3
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compounds 3 and 1. The lower value of the HOMO and LU-
MO energy gap explains the eventual charge transfer inter-
action taking place within the molecules.25 The HOMO to 
LUMO transition indirectly explains the descriptor of elec-
tron donor and acceptor in order to understand their inter-
acting ability with their target molecules. Compound 2, 
which is the most chemically reactive, showed the lowest 
antitumor activity in our previous study.16

4. Conclusions
We presented the structural details of benzoxazole 

compounds, 1 (C17H17NO2), 2 (C21H19NO3) and 3 
(C17H16ClNO2), by using single crystal X-ray diffraction da-
ta. DFT calculation was performed with a standards 
6-31G*(d), 6-31G** and 6-31+G* basis set to analyze the 
molecular geometry and compare with experimentally avail-
able X-ray crystal data of investigated compounds. The cal-
culated HOMO-LUMO energy gap in compound 2 for basis 
set 6-31G*(d) is 3.79, for 6-31G** is 3.8, and 6-31+G* is 3.8. 
This small gap value indicates that compound 2 is chemically 
more reactive compared to compounds 1 and 3. Chemical 
reactivity values, such as chemical hardness, chemical poten-
tial electronegativity and electrophilicity index and HO-
MO-LUMO energy gap obtained theoretically, can be used 
to understand the biological activity of the title compound. 
Further, the crystal structure is stabilized by both intra- and 
intermolecular hydrogen bonds in which intermolecular N–
H⋅⋅⋅O hydrogen bond generates N3 and O7 chain motif in 
compounds 1, 2 and 3, respectively. The calculated bond 
lengths and bond angles of 1, 2 and 3 show good agreement 
to the experimental values obtained by X-ray crystal diffrac-
tion. The values obtained theoretically show some correla-
tions with previous results of biological activity testing.
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Povzetek
Z rentgensko difrakcijo na monokristalih smo določili kristalne strukture biološko aktivnih derivatov benzoksazola. Z 
DFT izračuni, pri katerih smo uporabili standardne bazne sete 6-31G*(d), 6-31G** in 6-31+G*, smo analizirali molekul-
sko geometrijo in primerjali rezultate računskih modelov z eksperimentalno določenimi kristalnimi strukturami spojin.
Izračunana HOMO-LUMO energijska vrzel v spojini 2 (2-(2-hidroksinaftalen-1-il)-4-metil-7-izopropil-1,3-benzoksa-
zol-5-ol) je 3,80 eV, kar je najmanj med preučevanimi spojinami in nakazuje na večjo kemijsko reaktivnost spojine 
v primerjavi s spojinama 1 (4-metil-2-fenil-7-izopropil-1,3-benzoksazol-5-ol) in 3 (2-(4-klorofenil)-4-metil-7-izopro-
pil-1,3-benzoksazol-5-ol). Kristalne strukture so stabilizirane z intra- in intermolekularnimi vodikovimi vezmi, pri če-
mer se v vseh strukturah spojin 1, 2 in 3 pojavi verižni strukturni motiv O–H⋅⋅⋅N vodikovih vezi. Računski modeli dolžin 
in kotov kemijskih vezi se izjemno dobro skladajo z eksperimentalno določenimi vrednostmi eksperimenta rentgenske 
difrakcije na monokristalih.
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