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bstract

The molecular structure, vibrational frequencies and infrared intensities of the 3-(6-benzoyl-2-oxobenzo[d]oxazol-3(2H)-yl)propanoic acid were
alculated by the HF and DFT methods using 6–31G(d) basis set. The FT-infrared spectra have been measured for the title compound in the solid
tate. We obtained 11 stable conformers for the title compound, however the Conformer 1 is approximately 3.88 kcal/mol more stable than the
onformer 11. The comparison of the theoretical and experimental geometry of the title compound shows that the X-ray parameters fairly well
eproduce the geometry of the Conformer 1. The harmonic vibrations computed of this compound by the B3LYP/6–31G(d) method are in a good
greement with the observed IR spectral data. Theoretical vibrational spectra of the title compound were interpreted by means of PEDs using
EDA 4 program.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Pain is clinical status that human beings have been
oping with for centuries. Commonly used nonsteroidal anti-
nflammatory drugs on the market show the same side effects to a
ertain extent, including gastrointestinal disorders, kidney dam-
ge and hematological toxicities. Therefore, the design of new
ctive anti-inflammatory compounds has attracted the attention
f medicinal chemists. As a result, there are many heterocyclic
ompounds have been investigated for anti-inflammatory activ-

ty and they are separated from the above side effects have been
challenge for many years.

∗ Corresponding author at: Department of Chemistry, Faculty of Arts and
cience, Mersin University, 33343 Mersin, Turkey. Tel.: +90 532 7073122.
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It was previously reported that various derivatives of
-benzothiazolinone, 2-benzoxazolinone, and oxazolopyridazi-
one derivatives exhibit a variety of pharmacological effects,
ncluding analgesic and anti-inflammatory activity [1–8]. Early
tudies, 2-benzothiazolinone derivatives have been reported
o be potent analgesic and anti-inflammatory agents. For
nstance, 6-benzoyl-2-benzothiazolinone was screened for anal-
esic activity and reported as a peripheral acting by release
f an endogenous circulating opoid-like substance with a cer-
ain anti-inflammatory and antipyretic activity [9]. Among
ther 2-benzothiazolinone derivatives, tiaramide is a well-
nown analgesic and anti-inflammatory agent [2,3,9–16].
oğruer et al. reported that (2-benzoxazolinon-3-yl), (2-
enzothiazolinon-3-yl)acetamides [17] and 6-acyl derivatives

f these acetamides [18] alleviate the induced pain and sup-
ress the induced inflammation with no observed toxicity.
ased on these reports, it is very clear that 2-benzothiazolinone

tructures are very important heterocyclic cores for anal-

mailto:arslanh@mersin.edu.tr
dx.doi.org/10.1016/j.saa.2007.08.008
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esic and anti-inflammatory activity. In addition, the title
ompound, 3-(6-benzoyl-2-oxo-2,3-dihydro-2-benzothiazol-3-
l)propanoic acid, shows higher analgesic activity than aspirin
acetylsalicylic acid), and has an anti-inflammatory activity
s good as indometacin (1-(4-chlorobenzoyl)-5-methoxy-2-
ethyl-1-H-indole-3-acetic acid) [16]. The crystal structure

f 3-(6-benzoyl-2-oxobenzo[d]oxazol-3(2H)-yl)propanoic acid
as been determined by X-ray diffraction [19] however so
ar no ab initio studies have been made on the conforma-
ion and vibrational spectra of the title compound in the gas
hase.

In the present work, the ab initio studies of molecular confor-
ation and vibrational spectra of the title compound have been
ade using the basis set 6–31G(d) at the HF and DFT/B3LYP

evels. Using the ab initio force constants, harmonic vibrational
requencies, infrared intensities and theoretical band assign-
ent have been calculated to interpreted the observed infrared

pectra.

. Experimental

.1. Synthesis of
-(6-benzoyl-2-benzothiazolinon-3-yl)propanenitrile

Acrylonitrile (12.0 mmol) was added to the solution of
-acyl-2-benzothiazolinone derivative (10.0 mmol) and triethy-
amine (12.0 mmol) in 50 mL water (Scheme 1). After heating

6 h) at 50–60 ◦C while stirring, the mixture was stirred at room
emperature for further 18 h. A solid precipitate formed which
as filtered, washed with water to neutral pH, dried, and re-

rystallized from methanol (yield 86%), m.p. 376–377 K. Anal.

t
p
w
m

Fig. 1. The experimental and calculated (B3LYP/6–31G(d) level) FT-IR sp
Scheme 1. Synthetic route of the title compound.

equired for C17H12N2O2S. Calc. C, 66.22%; H, 3.92%; N,
.08%; found C, 66.05%; H, 3.95%; N, 9.08%.

.2. Synthesis of
-(6-benzoyl-2-benzothiazolinon-3-yl)propanoic acid

3-(6-acyl-2-benzothiazolinon-3-yl)propanenitrile (10.0 mmol)
as added to (50 mL) of a N,N-dimethylformamid/water/

ulphuric acid mixture (1:1:2). After stirring at room temper-
ture for 2 h, the mixture was refluxed for 4 h, after cooling to

he room temperature; it was poured into ice water (100 g). The
recipitate formed was filtered by suction filtration, washed with
ater, dried, and re-crystallized from ethanol/water (yield 81%),
.p. 456–457 K, 1H NMR (DMSO-d6) δ: 12.39 (1H, s, COOH),

ectra of 3-(6-benzoyl-2-oxobenzo[d]oxazol-3(2H)-yl)propanoic acid.
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.11 (1H, d, 2-benzothiazolinone-H(7)), 7.74 (3H, m, 2-

enzothiazolinone-H(4), benzoyl-H(3,5)), 4.22 (2H, t, N–CH2),
.68 (2H, t, CH2–CO). Anal. required for C17H13NO4S. Calc.
, 62.37%; H, 4.00%; N, 4.28%; found C, 62.20%; H, 3.98%;
, 4.20%.

9
E

Fig. 2. Eleven stable conformers of the title com
ta Part A 70 (2008) 606–614

.3. Instrumentation
Melting points were determined using an Electrothermal-
300 Digital Melting Points Apparatus (Electrothermal Inc.,
ssex, UK). The 1H NMR spectra were recorded on Bruker

pound calculated at HF/6–31G(d) level.
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Table 1
Energies of the different conformations of the title compound

Conformer HF B3LYP

E (a.u.) �E (kcal/mol) Dipole (debye) E (a.u.) �E (kcal/mol) Dipole (debye)

1 −1402.83586 0.00000 5.3797 −1409.52457 0.00000 5.3801
2 −1402.83576 0.06532 1.6513 −1409.52441 0.10090 2.0635
3 −1402.83571 0.09839 6.0643 −1409.52405 0.32731 6.8343
4 −1402.83561 0.16158 3.2814 −1409.52394 0.39809 2.7669
5 −1402.83542 0.28087 0.8458 −1409.52390 0.41792 0.5571
6 −1402.83287 1.88021 5.0760 −1409.52187 1.69497 2.8439
7 −1402.83266 2.00879 2.7728 −1409.52158 1.87381 2.6890
8 −1402.83253 2.09488 1.1694 −1409.52131 2.04832 1.0512
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9 −1402.83218 2.31081 6.8290
0 −1402.82981 3.79669 2.4450
1 −1402.82968 3.88090 7.3375

00 MHz NMR spectrometer. Chemical shifts are reported in
arts per million relative to internal standard tetramethylsilane.
icroanalyses were performed by TÜBITAK Analytical Labo-

atory (Ankara, Turkey). The room temperature attenuated total
eflection Fourier transform infrared (FT-IR ATR) spectrum
f the 3-(6-benzoyl-2-oxobenzo[d]oxazol-3(2H)-yl)propanoic
cid was recorded using Varian FTS1000 FT-IR spectrometer
ith Diamond/ZnSe prism (4000–525 cm−1; number of scans:
50; resolution: 1 cm−1) in the solid (Fig. 1).

.4. Calculations details

The conformation analysis study was performed by Spartan
6 program package [20]. All the other calculations were per-
ormed with the Gaussian 03W program package on a double
eon/3.2 GHz processor with 8 GB Ram [21]. The molecular

tructure of the title compound, in the ground state, are optimized
y using HF and B3LYP methods with the standard 6–31G(d)
asis set. The vibrational frequencies were also calculated with
hese methods. The frequency values computed at these lev-
ls contain known systematic errors [22]. Therefore, we have
sed the scaling factor values of 0.8953 and 0.9614 for HF and
3LYP, respectively [23–25]. The assignment of the calculated
ave numbers is aided by the animation option of GaussView 3.0

raphical interface for Gaussian programs, which gives a visual
resentation of the shape of the vibrational modes [26]. Further-
ore, theoretical vibrational spectra of the title compound were

nterpreted by means of PEDs using VEDA 4 program [27].

ig. 3. The crystal structure of the title compound, with displacement ellipsoids
rawn at the 50% probability level [19].
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−1409.52114 2.14972 6.0372
−1409.51965 3.08603 2.6065
−1409.51945 3.21084 6.4767

. Results and discussion

.1. Conformational stability

The title compound was submitted to a rigorous conforma-
ion analysis around the free rotation bonds. This study was
erformed by Spartan 06 program [20]. Finally, we found that
he structure of the title compound has eleven conformations.
he conformers of the title compound show in Fig. 2. For com-
arison, the total energy and the relative energies of all of the
onformer of the title compound calculated at the HF/6–31G(d)
nd B3LYP/6–31G(d) level of theory are given in Table 1. These
elative energies clearly suggested that the Conformer 1 is so
table. Also, the comparison of the theoretical and experimental
eometry of the title compound shows that the X-ray parameters
airly well reproduce the geometry of the Conformer 1 (Fig. 3).
herefore, further in this paper, we focus on this particular form
f the title compound.

.2. Molecular geometry

The optimized structure parameters of the title compound
alculated by ab initio and DFT method listed in Table 2
re in accordance with atom numbering scheme given in
ig. 3. The crystal and molecular structure of the title com-
ound have been reported previously [19]. The geometric
tructure is monoclinic, the space group P21/c, with the cell
imensions; a = 9.352(5) Å, b = 12.921(5) Å, c = 12.908(5) Å,
= 104.370(5)◦ and V = 1511.0(12) Å3. The structure param-

ters obtained by X-ray single crystal diffraction method are
iven in Table 2. Also, Table 2 compares the calculated geo-
etric parameters with the experimental data. Based on this

omparison, the bond lengths and angles calculated for the title
ompound showing good agreement with experiment. How-
ver, according to our calculations, the optimized both bond
engths and bond angles obtained by DFT method show the best
greement with the experimental values. The larges difference

etween experimental and calculated DFT/B3LYP-6–31G(d)
ond length and bond angle is 0.042 Å and 1.12◦, respectively.

The C O and C OH bond lengths obtained both X-ray sin-
le crystal diffraction method and theoretical calculation method
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Table 2
Optimized and experimental geometries of the title compound in the ground state

Bond lengths (Å) Experimental Calculated Bond angle (◦) Experimental Calculated

HF B3LYP HF B3LYP

S1 C10 1.743(4) 1.762 1.766 C10 S1 C14 91.44(16) 90.80 90.89
S1 C14 1.781(4) 1.779 1.813 C11 N1 C15 125.3(3) 125.10 125.10
O1 C7 1.226(4) 1.198 1.227 C14 N1 C15 118.5(3) 119.42 118.89
O2 C14 1.213(5) 1.189 1.211 C11 N1 C14 116.2(3) 115.47 115.91
O3 C17 1.198(5) 1.189 1.212 C2 C1 C6 120.2(3) 120.28 120.31
O4 C17 1.330(5) 1.327 1.353 C1 C2 C3 120.3(4) 120.00 120.09
N1 C11 1.384(5) 1.388 1.391 C2 C3 C4 120.8(4) 120.04 119.95
N1 C15 1.471(5) 1.456 1.462 C3 C4 C5 119.2(3) 119.97 120.01
N1 C14 1.379(5) 1.370 1.390 C4 C5 C6 120.7(3) 120.36 120.48
C1 C2 1.384(5) 1.386 1.395 C1 C6 C5 118.8(3) 119.33 119.13
C1 C6 1.394(4) 1.390 1.403 C5 C6 C7 118.3(3) 117.94 117.69
C2 C3 1.359(5) 1.384 1.395 C1 C6 C7 122.6(3) 122.62 123.04
C3 C4 1.392(5) 1.387 1.398 O1 C7 C6 119.1(3) 119.85 119.68
C4 C5 1.381(5) 1.382 1.391 C6 C7 C8 121.3(2) 120.58 120.72
C5 C6 1.393(5) 1.392 1.404 O1 C7 C8 119.5(3) 119.58 119.60
C6 C7 1.492(4) 1.500 1.500 C7 C8 C9 117.8(2) 117.56 117.15
C7 C8 1.484(5) 1.499 1.498 C7 C8 C13 123.4(3) 123.07 123.39
C8 C9 1.398(5) 1.395 1.406 C9 C8 C13 118.7(3) 119.24 119.31
C8 C13 1.400(4) 1.389 1.404 C8 C9 C10 119.6(3) 119.40 119.54
C9 C10 1.384(5) 1.372 1.384 S1 C10 C9 128.3(2) 128.04 127.93
C10 C11 1.405(4) 1.396 1.412 C9 C10 C11 120.4(3) 121.09 120.86
C11 C12 1.379(5) 1.383 1.397 S1 C10 C11 111.3(3) 110.87 111.20
C12 C13 1.376(5) 1.387 1.394 N1 C11 C12 127.6(3) 127.13 127.10
C15 C16 1.509(5) 1.526 1.532 C10 C11 C12 120.2(3) 119.98 119.93
C16 C17 1.491(5) 1.506 1.533 N1 C11 C10 112.2(3) 112.90 112.97
r 0.9966 0.9969 C11 C12 C13 119.1(3) 118.74 118.94

C8 C13 C12 121.9(3) 121.52 121.38
S1 C14 O2 125.1(3) 124.66 125.42
O2 C14 N1 126.0(3) 125.40 125.58
S1 C14 N1 108.9(2) 109.95 108.99
N1 C15 C16 112.2(3) 111.68 111.90
C15 C16 C17 111.0(3) 111.68 111.32
O3 C17 C16 124.4(4) 125.17 125.31
O4 C17 C16 112.8(3) 112.04 111.68
O3 C17 O4 122.8(4) 122.08 123.01
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functional theory to a certain extend makes the frequency
values smaller in comparison with the Hartree–Fock fre-
quency data. Reduction in the computed harmonic vibrations,
though basis set sensitive are only marginal as observed in
n this study are characteristic of a typical carboxylic group in
arboxylic acids. As expected, the hydroxyl proton in the car-
oxylic acid group is in the cis orientation. It is involved in a
eak–strong hydrogen bond with the O2 atom (O4 H40· · ·O2i;
4 H40: 0.82 Å, H40· · ·O2: 1.90 Å, O4· · ·O2: 2.723(4) Å,
4 H40· · ·O2: 176◦, i: 1 − x, 1/2 + y, 3/2 − z) (Fig. 4). This
ydrogen bond does not lead to any significant distortion of
he carboxylic group geometry in the solid form. Similar results
re observed in the theoretical calculations (Table 2).

.3. Vibrational assignments

Table 3 lists the wavenumbers of the bands observed in the
T-IR spectra of the 3-(6-benzoyl-2-oxobenzo[d]oxazol-3(2H)-
l)propanoic acid. The theoretical frequencies and infrared

ntensities calculated by HF and hybrid DFT(B3LYP) methods
f the title compound are gathered in Table 3. The last column
f Table 3 shows the detailed vibrational assignment obtained
rom the calculated potential energy distribution (PED).
r 0.9964 0.9973

Comparison of the frequencies calculated at HF and B3LYP
ith experimental values reveals the overestimation of the

alculated vibrational modes due to neglect of anharmonic-
ty in real system. Inclusion of electron correlation in density
Fig. 4. The hydrogen bond in the crystal structure of the title compound.
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Table 3
Vibrational wavenumbers obtained for the title compound at 6–31G(d) levela

Number Experimental HF B3LYP Assignments, PED (%)b

Wave number IR intensity Wave number IR intensity

Unscaled Scaledc Absolute Relative Unscaled Scaledd Absolute Relative

1 3454 4050 3626 139 25 3685 3543 56 9 νOH, 100
2 3113 3410 3053 1 0 3231 3107 4 1 νCH, R2, sym, 97
3 3098 3409 3052 6 1 3228 3103 1 0 νCH, R2, asym, 90
4 3098 3406 3049 7 1 3227 3102 8 1 νCH, R1, sym, 97
5 3098 3395 3040 11 2 3219 3095 9 1 νCH, R1, asym, 83
6 3084 3392 3037 9 2 3212 3088 8 1 νCH, R2, asym, 94
7 3084 3385 3031 44 8 3209 3085 36 6 νCH, R1, asym, 89
8 3067 3374 3021 11 2 3198 3075 11 2 νCH, R1, asym, 95
9 3053 3362 3010 0 0 3187 3064 0 0 νCH, R1, asym, 96

10 3028 3354 3003 5 1 3168 3046 3 0 νCH, C15, asym, 97
11 2981 3301 2955 10 2 3118 2998 7 1 νCH, C15 sym, C16 asym, 98
12 2981 3281 2937 2 0 3112 2992 2 0 νCH, C15 sym, C16 asym, 97
13 2939 3231 2893 6 1 3064 2946 4 1 νCH, C16 sym, 99
14 1731 2027 1815 375 67 1841 1770 251 38 νC O, O3, 85
15 1729 1959 1754 564 100 1806 1736 654 100 νC O, O2, 88
16 1642 1954 1749 548 97 1734 1667 148 23 νC O, O1, 86
17 1596 1809 1620 23 4 1658 1594 22 3 νC C, R1, 40
18 1588 1799 1611 137 24 1646 1583 142 22 νC C, R2, 42
19 1575 1781 1595 5 1 1636 1573 12 2 νC C, R1, 47 + δCCC 10
20 1557 1770 1585 52 9 1620 1557 41 6 νC C, R2, 61
21 1480 1670 1495 9 2 1538 1479 0 0 δCH, R1, 55
22 1471 1661 1487 83 15 1525 1466 52 8 νCN, 14 + δCH, 30
23 1449 1645 1473 24 4 1514 1455 22 3 δCH, sciss, C15, 80
24 1424 1617 1448 19 3 1495 1437 6 1 δCH, sciss, C16, 88
25 1416 1612 1443 25 5 1490 1433 19 3 δCH, R1, 53
26 1404 1595 1428 133 23 1460 1404 25 4 νC C, R2, 45
27 1379 1580 1415 10 2 1447 1391 64 10 δCH, wagg, C15, C16, 25
28 1366 1529 1369 155 27 1422 1367 131 20 νCN, 17 + δCH, R2, 27
29 1326 1516 1357 19 3 1393 1339 14 2 νC–O, 14 + δCOH, 15 + δCH,

C15, wagg, 29
30 1318 1474 1320 25 4 1369 1316 8 1 νC C, R1, 35 + δCH, R1, 50
31 1314 1471 1317 151 27 1366 1313 75 11 δCH, R2, 50 + δCNC, 11
32 1303 1440 1289 3 1 1350 1298 31 5 νC C, R1, 22 + δCH, R1, 11
33 1295 1425 1276 11 2 1343 1291 52 8 δCH, twist, C15, 54
34 1267 1409 1261 399 71 1317 1266 26 4 δCH, R2, 55
35 1256 1382 1237 126 22 1306 1256 18 3 δCOH, 34 + δCH, wagg, C15,

C16, 29
36 1243 1345 1204 7 1 1293 1243 506 77 νC C, 39
37 1224 1332 1193 6 1 1265 1216 68 10 δCH, wagg, C16, 28
38 1172 1309 1172 317 56 1213 1166 35 5 δCH, R1, 73
39 1163 1303 1167 22 4 1204 1157 42 6 νC C, R2, 14 + δCH, R2, 11
40 1144 1289 1154 153 27 1192 1146 1 0 δCH, R1, 77
41 1137 1279 1145 31 5 1184 1139 107 16 νC C, R2, 14 + δCH, R2, 18
42 1130 1240 1110 3 1 1178 1133 191 29 νC–O, 31 + δCOH, 17
43 1114 1227 1099 9 2 1162 1117 89 14 δCH, R2, 20
44 1081 1211 1084 4 1 1114 1071 3 0 νC C, R1, 38 + δCH, R1, 12
45 1063 1185 1061 1 0 1112 1069 4 1 δCH, rock, C16, 33
46 1041 1157 1036 13 2 1069 1028 8 1 νC–C, C15–C16, 54
47 1026 1150 1030 6 1 1060 1019 8 1 νC–C, C15–C16, 19 + δCH,

rock, C15, C16, 20
48 1018 1135 1016 0 0 1058 1017 3 1 νC C, R1, 37
49 1001 1132 1013 2 0 1021 982 18 3 νCN, 43
50 988 1116 999 9 2 1019 980 1 0 δCCC, 65 + νC C, R1, 11
51 963 1114 997 3 0 1007 969 2 0 γCH, R1, 65
52 944 1095 980 0 0 987 949 18 3 γCH, R1, 21
53 944 1091 977 3 1 983 945 31 5 γCH, R1, 23
54 911 1073 961 11 2 966 928 1 0 γCH, R1, R2, 80
55 911 1055 945 30 5 951 915 5 1 γCH, R1, R2, 75
56 886 1042 933 26 5 929 893 12 2 γCH, C9, 75
57 881 995 891 11 2 914 879 11 2 νC–C, C16–C17, 28
58 860 970 868 12 2 888 853 20 3 νC–C, C16–C17, 23
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Table 3 (Continued )

Number Experimental HF B3LYP Assignments, PED (%)b

Wave number IR intensity Wave number IR intensity

Unscaled Scaledc Absolute Relative Unscaled Scaledd Absolute Relative

59 835 966 865 1 0 872 838 3 0 γCH, R1, 96
60 793 939 841 18 3 839 807 10 2 γCH, R2, 59
61 786 895 801 20 4 811 780 15 2 γCH, R1, R2, 57
62 763 865 774 9 2 798 767 8 1 δCH, rock, C15, C16, 22
63 732 835 748 54 10 766 736 36 6 δCCC, R2, 65 + γC, 10
64 710 822 736 54 9 745 717 36 5 γCH, 10 + γC, 28
65 704 792 709 37 7 719 692 22 3 δCCC, 21 + γCH, 11
66 696 773 692 6 1 714 687 18 3 δCCC, 19
67 682 769 688 11 2 704 677 2 0 δCCC, 44 + γC, 10
68 661 745 667 20 4 685 659 106 16 δCCC, 11 + γCH, 10
69 650 734 657 37 6 682 656 10 1 γOH, 53 + γC, C17, 17
70 639 715 640 25 5 661 635 30 5 γOCO, 22 + γC, C14, 21
71 620 709 635 113 20 644 619 5 1 γOCO, 12 + γC, C14, 64
72 608 677 606 1 0 631 606 1 0 δCCC, R1, 78
73 578 660 591 1 0 610 587 2 0 δCCC, 12
74 541 618 553 70 12 571 549 67 10 δOCO, 25 + δCCC, 14
75 528 593 531 13 2 549 528 9 1 γC, C11, 64
76 – 575 515 27 5 535 515 26 4 δCNC, 15 + δCCC, 14
77 – 570 510 25 4 532 511 13 2 τOH, 29 + γC, C17, 31
78 – 556 498 34 6 512 492 25 4 νCS, 23 + δSCC, 19 + δCCC, 23
79 – 509 456 7 1 465 447 11 2 δOCC, 48 + δCCN, 18
80 – 501 449 12 2 457 439 11 2 δSCC, 31 + δOCS, 17 + δCCC,

11
81 – 483 432 4 1 446 428 3 0 τCC, 18 + γC, 13
82 – 477 427 5 1 437 420 4 1 τCC, 27 + γC, 24
83 – 458 410 0 0 422 405 1 0 τCH, 30 + τCC, 56
84 – 421 377 2 0 392 377 1 0 νCC, C6–C7, 18 + δOCC, 18
85 – 395 354 7 1 365 351 4 1 δCNC, 10
86 – 375 336 4 1 345 332 3 0 δOCS, 17 + δCNC, 16
87 – 332 297 1 0 304 292 1 0 δNCC, 14 + δCNC, 25
88 – 288 258 4 1 271 260 4 1 δCCC, 23
89 – 251 225 2 0 235 225 1 0 νCC, 16
90 – 215 192 1 0 198 191 1 0 τCC, 38 + γC, 15
91 – 199 178 0 0 187 180 0 0 τCC, 20
92 – 186 167 4 1 177 170 4 1 δOCC, 14 + δCCC, 42
93 – 177 158 2 0 164 157 1 0 δCCC, 28
94 – 141 126 0 0 131 126 0 0 τCN, 35 + γC, 12
95 – 106 95 3 1 96 92 4 1 τCN, 22 + τCC, 11 + γC, 13
96 – 96 86 2 0 85 81 0 0 τCC, 42
97 – 81 73 0 0 75 73 0 0 τCC, 29 + γC, 12
98 – 53 47 1 0 52 50 0 0 δCCC, 35 + τCC, 39
99 – 38 34 1 0 38 36 1 0 τCC, 35 + γN, 36

100 – 33 30 2 0 36 35 1 0 τCC, 53 + γN, 11
101 – 29 26 0 0 26 25 0 0 τCC, 86
102 – 22 20 0 0 18 17 0 0 δCNC, 11 + τCC, 11 + τCN, 49

a Harmonic frequencies (in cm−1) and IR intensities (km mol−1).
b ν, stretching; δ, in-plane bending; γ , out-of-plane bending; τ, torsion; sym, symmetric; asym, asymmetric; R1: C7–C8–C9–C10–C11–C12; R2:

C14–C15–C16–C17–C18–C19; PED less than 10% are not shown.

t
i
t
t
w
c
w

f
d
D

c Scaling factor = 0.8953.
d Scaling factor = 0.9614.

he DFT values using 6–31G(d). Any way not withstand-
ng the level of calculations, it is customary to scale down
he calculated harmonic frequencies in order to improve

he agreement with the experiment. Therefore, in our study,
e have used the scaling factor values of 0.8953 for cal-

ulated wave numbers for HF and 0.9614 for calculated
ave numbers for B3LYP method [23–25]. Experimental

f
i
s
D

undamentals are in better agreement with the scaled fun-
amentals which are found to have a good correlation for
FT/B3LYP (r = 0.9999) than HF method. The calculated
requencies (scaled) do not differ so much from the exper-
mental ones that the maximum difference between two
pectra is not more than 24 cm−1 (except νO–H and νC O) for
FT/B3LYP method. Also, the average absolute error of the cal-
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ulated frequencies was found less than 0.7% for DFT/B3LYP
ethod.
In order to investigate the performance and vibrational fre-

uencies for the title compound, the mean deviation, mean
bsolute deviation, average absolute error, root mean square
alue and correlation coefficient between the calculated har-
onic and observed fundamental vibrational frequencies for

ach method were also calculated and given in Table 4. The root
ean square (RMS) values were obtained in this study using the

ollowing expression [28]:

MS =
√√√√ 1

n − 1

n∑
i

(νcalc
i − ν

exp
i )

2

These results indicate that the B3LYP calculations approxi-
ate the observed fundamental frequencies much better than the
F results. The small difference between experimental and cal-

ulated vibrational modes is observed. It must be due to the fact
hat hydrogen bond vibrations present in crystal lead to strong
erturbation of the infrared frequencies (and intensities) of many
ther modes. Also, we state that the experimental results belong
o solid phase and theoretical calculations belong to gaseous
hase.

νO–H stretching vibration occurs in the region 3500–
000 cm−1. The IR band appearing at 3454 cm−1 is assigned to
O–H stretching mode of vibrations. This vibration mode calcu-
ated at 3543 and 3626 cm−1 (scaled) for DFT and HF methods,
espectively. The difference between experimental and calcu-
ated νO–H stretching mode is about 89 cm−1 (DFT/B3LYP)
nd 172 cm−1 (HF). This striking discrepancy can come from
he formation of intermolecular hydrogen bonding with O H
ecause the crystal structure of the title compound has an inter-
olecular O4 H40· · ·O2i (i: 1 − x, 1/2 + y, 3/2 − z) hydrogen

onds (Fig. 4). OH out-of-plane bending occurs between 875 and
75 cm−1. Theoretically computed value of 650 cm−1 (DFT) is
ot in good agreement for OH out-of-plane bending vibration
or the title compound. In the same way, this discrepancy is
ome from the formation of intermolecular hydrogen bonding

O4 H40· · ·O2).

The characteristic νCH stretching vibrations of heteroaro-
atic structure are expected to appear in 3000–3100 cm−1

requency ranges. The νCH stretching vibrations of the title

able 4
ean deviation, mean absolute deviation, average absolute error, correlation

oefficient and root mean square values between the calculated and observed
undamental vibrational frequencies for different scaling factor values

caling factor HF DFT/B3LYP

1.0000 0.8953 1.0000 0.9614

ean deviation 174.32 6.20 60.68 2.94
ean absolute deviation 174.32 25.91 60.68 8.00
verage absolute error 12.70 1.79 4.16 0.60
MSmol 196.18 37.20 72.61 14.00
MSover 168.23 31.90 62.27 12.00

0.9991 0.9991 0.9999 0.9999
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ompound were assigned to five bands observed at 3113,
098, 3084, 3067, and 3053 cm−1 in the infrared spectrum.
he B3LYP calculated wavenumbers of these bands very well

eproduced the experimental ones. The difference between
xperimental and calculated νCH is about 6, 3, 4, 8, and
1 cm−1.

Three more bands at 3028, 2981 and 2939 cm−1 were
bserved in the spectrum. First band is asymmetric νC–H stretch-
ng band for C15 atom, the second band is a mix band as
ymmetric and asymmetric νC–H stretching band for CH2
roups, and the last band is symmetric νC–H stretching band for
16 atom. These assignments were also supported by the liter-
ture [29,30]. The in-plane and out-of-plane bending vibrations
f C H group have also been identified for the title compound
nd they are presented in Table 3.

The identification of νC–N vibrations as a difficult task since
he mixing of vibrations is possible in this region. However,
ith the help of theoretical calculations (VEDA 4) the νC–N
ibrations are identified and assigned in this study. The infrared
ands appearing at 1471 and 1366 cm−1 were designated to νC–N
tretching vibrations.

The vibrational modes concerning the bond angle bend-
ng (HCH): scissoring, wagging, twisting and rocking are well
efined in all the calculations. As seen from Table 3, the bands
bserved at 1449 and 1424 cm−1 in FT-IR spectrum corre-
pond to scissoring deformation of C(15)H2 and C(16)H2
roup in the title compound, respectively [31,32]. The theo-
etically computed values of scissoring deformation vibration
odes show a good agreement with the experimental val-

es. The wagging, twisting and rocking vibrational modes are
istributed in a wide range [31–34]. Twisting and wagging vibra-
ional modes of the CH2 groups were assigned in the range
f 1375–1224 cm−1. The above result is in close agreement
ith the literature values [31–35]. These vibrational modes are
escribed in the tables by mean of the general symbol δCH. The
nfrared bands in this region are superposed with very intensive
ands. The rocking CH2 is assigned in the wavenumber range
f 1060–760 cm−1 and the wavenumber shift of these bands is
ue to the atom nature in which the CH2 group is bonded. The
CH2 rocking vibrational modes are intensive bands in which
an be appreciating the vibrational coupling with other vibra-
ional modes [32,33]. These bands are assigned using calculated
otential energy distribution.

The characteristic region of the benzoxazol derivatives spec-
rum is 1500–1650 cm−1 like as benzimidazole derivatives.
he vibrational frequencies and intensities for all substituted
enzoxazol derivatives in this range differ from the posi-
ion of the substituent [36]. Generally, two bands observed
n 1500–1650 cm−1 range for benzoxazol derivatives. The
bserved vibrational frequencies (1588 and 1557 cm−1) are gen-
rally intense because of the conjugation between the benzene
nd imidazole rings. Also, we obtained another vibrational fre-
uency at 1596 and 1575 cm−1 which is come from 6-benzoyl

ubstitute group. The vibrational spectra of benzoxazol deriva-
ives show a very intensive band around the 700 cm−1. This
ibrational mode is the most intensive in this region. It may
e ascribed to the out-of-plane γCH bending frequency. There-
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ore, the infrared band appearing at 700 cm−1 was designated
o out-of-plane γCH bending vibration. This result confirmed by
ullivan [37].

. Conclusion

The frequency assignment for the 3-(6-benzoyl-2-
xobenzo[d]oxazol-3(2H)-yl)propanoic acid which is a
enzoxazol derivatives have been done for the first time from
he FT-IR spectrum recorded for this compound. The conforma-
ion stability, equilibrium geometries and harmonic frequencies
f the title compound were determined and analyzed both
t HF and DFT level of theories utilizing 6–31G(d) basis
et. The difference between the observed and scaled wave
umber values of most of the fundamentals is very small. Any
iscrepancy noted between the observed and the calculated
requencies may be due to the fact that the calculations have
een actually done on a single molecule in the gaseous state
ontrary to the experimental values recorded in the presence
f intermolecular interactions. The IR spectrum of the title
ompound was interpreted in terms of the potential energy
istribution (PED) analysis.
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