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Abstract The direct molecular structure implementations
of the gage-including atomic orbital (GIAO), individual
gages for atoms in molecules (IGAIM) and continuous set
of gage transformations (CSGT) methods for calculating
nuclear magnetic shielding tensors at both the Hartree-Fock
(HF) and density functional (B3LYP) levels of theory with
6-31G(d), 6-311G(d), 6-31+4G(d,p), 6-311++4G(d,p), and
6-311+4-G(df,pd) basis sets are presented. Dependence on
the 'H and '*C NMR chemical shifts on the choice of
method and basis set have been investigated. Also, these
chemical shifts of 2-aryl-1,3,4-oxadiazoles Sa—g have been
performed related to dihedral angles (C4—C3-C2-0) of two
conformers. The optimized molecular geometries and 'H
and '3C chemical shift values of 2-aryl-1,3,4-oxadiazoles
S5a—g in the ground state have been obtained. The linear
correlation coefficients of '>*C NMR chemical shifts for
these molecules were given. The new nuclear magnetic
shielding tensors of tetramethylsilane (TMS) were calcu-
lated. The data of 2-aryl-1,3,4-oxadiazole derivatives
display significant molecular structure and NMR analysis.
Also, these provide the basis for future design of efficient
materials having the 1,3,4-oxadiazole core.
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Introduction

1,3,4-Oxadiazoles are very interesting in medicinal chem-
istry. Besides, derivatives of 1,3,4-oxadiazoles have been
reported to exhibit diverse biological activities. It is fre-
quently used in pharmaceutical industry [1-6]. Various
oxadiazole-containing molecular structures were synthe-
sized [7-13]. Furthermore, the 1,3,4-oxadiazole ring which
is a new NLO motifs among the heterocyclic compounds
were used as a m-bridge on the ground. Its reduced
aromaticity may offer better prospects for mn-electron
delocalization across the D—A links [13]. However, typical
electron-transporting materials usually contain a n-electron
deficient heterocyclic moiety, such as oxadiazoles, tria-
zoles, triazines, etc., which can effectively improve the
electron affinity [14].

Experimental measurements and theoretical calculations
on NMR chemical shift become one of the key factors in
the molecular structure correlations design. Theoretical
determination of NMR chemical shift is quite useful both
for understanding the relationship between the molecular
structure and electronic properties of molecules. It also
provides a guideline to experimentalists for the design and
synthesis of organic materials [6].

The aim of the present work is to describe and charac-
terize the relation between the molecular structure and
chemical shifts correlations of 2-aryl-1,3,4-oxadiazoles
Sa—g. A number of papers have recently appeared in the
literature concerning the calculation of NMR chemical
shift (c.s.) by quantum-chemistry methods [15-20]. These
papers indicate that geometry optimization is a crucial
factor in an accurate determination of computed NMR
chemical shift. Moreover, it is known that the density
functional theory (DFT) (B3LYP) method adequately takes
into account electron-correlation contributions, which are
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Table 1 The isotropic magnetic shielding constants (in ppm) of TMS for C and H calculated at different GIAO, IGAIM, and CSGT models with

basis sets
Method/Basis set Model/Atom
GIAO/C GIAO/H IGAIM/C IGAIM/H CSGT/C CSGT/H

HF/6-31G(d) 199.9921 32.5968 196.8818 29.5524 196.882 29.5524
HF/6-311G(d) 194.5082 32.5787 187.0183 30.2072 187.0181 30.2072
HF/6-31++G(d,p) 201.8013 31.9909 202.1226 29.7036 202.1220 29.7035
HF/6-311++4G(d,p) 194.8635 32.2149 192.4228 30.8871 192.4221 30.8871
HF/6-311+4G(df,pd) 204.1442 30.0990 193.1035 31.0533 193.0832 31.0517
B3LYP/6-31G(d) 189.7026 32.1836 188.582 29.1962 188.5822 29.1661
B3LYP/6-311G(d) 184.2796 32.2899 177.0139 29.9581 177.0137 29.9581
B3LYP/6-314+4G(d,p) 192.6804 31.6697 194.6020 29.4698 194.6015 29.4698
B3LYP/6-311+4G(d,p) 184.1020 31.9713 182.3632 30.7281 182.3624 30.7281
B3LYP/6-3114++G(df,pd) 193.0479 29.6572 182.7257 30.8366 182.7023 30.8348
BLYP/6-311++G(df,pd) 179.0075 31.6690 177.3744 30.6158 177.3508 30.6140

Chemical shift values are calculated using the following equation dcsx = GvsTMs — OIMsx
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Fig. 1 The schematic illustration of 2-aryl-1,3,4-oxadiazole deriva-
tives (5a-g). ¢ = C4-C3-C2-O

especially important in systems containing extensive
electron conjugation and/or electron lone pairs. However,
as molecular size increases, computing-time also increases.
To optimize computing-time the DFT level was used. It
was proposed that the single-point calculation of magnetic
shielding by DFT methods was combined with a fast and
reliable geometry-optimization procedure at the molecular
mechanics level [19].

The gage-including atomic orbital (GIAO) [21-24],
individual gages for atoms in molecules (IGAIM) [25] and
continuous set of gage transformations (CSGT) [25-28]
methods are three of the most common approaches for
calculating nuclear magnetic shielding tensors. GIAO has
been shown to provide results that are often more accurate
than those calculated with other approaches, at the same
basis set size [29]. In most cases, in order to take into
account correlation effects, post-Hartree-Fock calculations
of organic molecules have been performed using (i) Mgl-
ler-Plesset perturbation methods, which are very time
consuming and hence applicable only to small molecular
systems, and (ii) density functional theory (DFT) methods,
which usually provide significant results at a relatively low
computational cost [30]. In this regard, DFT methods in
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which the electron-correlation contributions are not negli-
gible have been preferred in the study of large organic
molecules [31], metal complexes [32], organometallic
compounds [33]. For these cases GIAO 13C c.s. calcula-
tions [29] were used.

2-Aryl-1,3,4-oxadiazoles 5a—g were synthesized and
characterized by "H NMR, '>C NMR, IR, and elemental
analysis [6]. And also, theoretical analysis of vibrational
spectra and scaling-factor of these molecules were studied
in our previous work [34]. To the best of our knowledge,
the theoretical calculations of chemical shifts and the
effects on chemical shifts of different NMR methods and
basis sets for 2-aryl-1,3,4-oxadiazoles Sa—g have not been
investigated yet. In this study, GIAO, IGAIM, and CSGT
'H and "C NMR chemical shifts of the title compounds
in the ground state have been calculated by using the
Hartree-Fock (HF) and DFT (B3LYP) methods with
6-31G(d), 6-311G(d), 6-314+-+4+G(d,p), 6-3114++G(d,p), and
6-311+4-G(df,pd) basis sets. These results were compared
with the experimental 'H and '>C NMR chemical shifts
(CDCl3). A comparison of the experimental and theoretical
spectra can be very useful in making correct assignments
and understanding the basic chemical shift-molecular
structure relationship. And so, these calculations are valu-
able for providing insight into molecular structure analysis.

Computational details

The molecular structures of the title compounds (Sa—-g) in
the ground state (in vacuo) are optimized HF and B3LYP
methods with 6-31G(d), 6-311G(d), 6-314++G(d,p),
6-3114++4+G(d,p), and 6-311++G(df,pd) basis sets. The
geometry of tetramethylsilane (TMS) is fully optimized. 'H
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and '>C NMR chemical shifts for TMS and the title com-
pounds (S5a—g) are calculated with GIAO, IGAIM, and
CSGT approaches [21-28]. First, these approaches were
applied to the B3LYP and HF methods [29, 35] with
6-31G(d), 6-311G(d), 6-314++G(d,p), 6-3114++G(d,p),
and 6-3114++G(df,pd) [36-38] basis sets for dihedral
angles at 180.0 (C4-C3-C2-0O) and 0.0 (C4-C3-C2-N)
degrees. Second, conformational analysis formation was
performed by B3LYP/6-31G(d) level; it was carried out by
changing the torsional angle (dihedral angle, ¢, C-C-C-O).
For each conformer, the torsional angle was held fixed
while all other geometric parameters were optimized. And
so, two conformers were obtained at dihedral angles: —135
and —90°. These conformers for the chemical shift calcu-
lations of the title compounds (Sa—g) were used. Besides,
the calculations of 'H and '*C NMR chemical shifts
using GIAO and CSGT approaches with the BLYP/6-
3114++G(df,pd) level for Sa—e were done. The theoretical
NMR 'H and 'C chemical shift values were obtained by
subtracting isotropic magnetic shielding (IMS) values
which are calculated with GIAO, IGAIM, and CSGT from
the IMS values of TMS [29, 35, 39]. For instance, the
average 'C IMS of TMS are taken into account for the
calculation of '3C c.s. of any X carbon atom, and so c.s. can
be calculated using the following equation dcsx = Opus.
TMS-O1Msx- The 'H and '3C IMS values of TMS were given
in Table 1. And these values were used for the calculation
of c.s. All the calculations are performed by using Gauss-
View molecular visualization program [40] and Gaussian
98 program package [41].

Results and discussion

The atomic numbering with the geometric structure of the
title compounds (5a—g) are shown in Fig. 1.

The dihedral angles between the five-membered 1,3,4-
oxadiazole ring and the aryl ring are 0.0 or 180.0°. There-
fore, the molecular structures of 5a—e molecules are planar
(Cs-symmetry) and are displayed in Fig. 1. The other
molecular structures of 5f,g which are non-planar (adopted
C,-symmetry) are demonstrated in Fig. 1. Since these
molecular structures of 5f,g include methyl group bounded
to the aryl ring. The different meta and para substitutents
(-Br, —Cl, and —-Methyl) dependent on the aromatic ring are
defined by molecular structure and chemical shifts corre-
lations. Also, the orientation of the substitutents with
respect to the aryl ring is determined by the torsion angles
C-C—C-Br [180.0°] and C-C-C—C1 [180.0°] and C-C-C-
CHj; [different from 180.0°] [34]. Besides, two conformers
with C;-symmetry of Sa—g which have dihedral angles
(¢ = C4-C3-C2-0) have been obtained to be —135.0 and
—90.0° using B3LYP/6-31G(d) level.

In previous work, nuclear magnetic shielding values of
TMS were calculated with GIAO and CSGT approach
applying B3LYP/6-3114+G(2d,p) and HF/6-31G(d) levels
[29]. For '*C and 'H chemical shift values, the values of
TMS display significant. The convergence of the GIAO
and CSGT methods with HF/6-31G(d) and B3LYP/6-
3114-G(2d,p) levels for absolute shielding constants were
demonstrated [29]. The shielding constant of GIAO and
CSGT with HF/6-31G(d) and B3LYP/6-3114+G(2d,p)
levels for C were calculated to be 195.1 and 188.5, and
190.8 and 188.6 ppm, respectively [29]. Besides, nuclear
magnetic shielding values of TMS were obtained from
GIAO model applying B3LYP method with 6-31G(d),
6-31+G(d), 6-31+G(d,p), 6-31++G(d,p) basis sets and
HF method with 6-31G+(d) basis set [42, 43]. These cal-
culations are not sufficient in our study. Since obtained
nuclear magnetic shielding values of TMS using the dif-
ferent NMR models and basis sets are different from
each other. So, the calculation of new TMS values for C
and H are beneficial to compare with experimental
chemical shifts. The nuclear magnetic shielding values of
TMS are calculated using GIAO, IGAIM, and CSGT
approaches applying B3LYP and HF methods with
6-31G(d), 6-311G(d), 6-314+-4G (d,p), and 6-311++G(d,p)
basis sets. These TMS values are depicted in Table 1, and
these are used in calculations of chemical shifts. Initially,
nuclear magnetic shielding calculations have been based on
optimized molecular structures which are dihedral angles at
180.0 (C4-C3-C2-0) and 0.0 (C4-C3-C2-N) degrees
by using B3LYP method with 6-31G(d), 6-311G(d),
6-31++G(d), and 6-311++4G(d,p). Then, GIAO, IGAIM,
and CSGT 'C and 'H c.s. calculations of the title com-
pounds (5a—g) have been carried out using B3LYP and HF
method with these basis sets. The '>C and "H chemical
shift values (with respect to TMS) were compared to the
experimental 13C and 'H chemical shift values [6]. These
results are shown in Tables 2—8. The IGAIM °C and 'H
c.s. calculations of the title compounds (Sa—g) are identical
to the CSGT ones. Therefore, the results of IGAIM were
not given. According to performed calculations for Sa-g,
we have found ~176.0 to ~20.0 ppm and ~9.0 to
~1.0 ppm for '*C and 'H the chemical shift values (with
respect to TMS). The experimental results were observed
tobe ~165.0to ~21.0 ppm and ~8.50 to ~2.0 ppm [6],
and so the accuracy ensures reliable interpretation of
spectroscopic parameters. As can be seen from Fig. I,
molecular structure of the title compounds (Sa—g) includes
Br, Cl, and methyl bounded to aromatic rings. The elec-
tronegative properties of Br, Cl, etc. atoms are well known,
and the resonance at 8.11-7.48 ppm was assigned to the
aromatic ring-H atom [6] for Sa. This c.s. calculated at
~9.0 to ~4.8 ppm for all calculations. Besides, in 1,3,4
oxadiazole ring C bounded H chemical shift were observed
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B3LYP/6-311++G(df,pd)
CSGT

GIAO

B3LYP/6-311++G(d,p)
CSGT

GIAO

B3LYP/6-311G(d) B3LYP/6-31++G(d,p)
CSGT GIAO CSGT

GIAO

CSGT

B3LYP/6-31G(d)

GIAO

NMR [6]
(CDCls)

Table 7 continued

Atom

@ Springer

2.1393
1.6806
2.1457

0.4072
0.0088
0.4126

2.0364
1.5715
2.0433

2.6061
2.2331
2.6116

1.8234
1.3534
1.8226

2.6217
2.1774
2.621

1.6527
1.1495
1.6531

2.6123
2.2108
2.6126

1.4608
0.9747
1.4611

2.4847
2.0023
2.485

2.43 (s)

H(CH3)

243 (5)

H(CH,)

243 (5)

H(CH,)

to be 8.50-8.42 ppm [6]. This chemical shift has been
obtained to be 8.51-8.33 ppm for all calculations. The other
aromatic-H (5b—g) was observed to be 8.24-7.34 ppm for
5b, 7.98-7.50 ppm for Sc, 8.05-7.44 ppm for 5d, 8.03-
7.50 ppm for Se, 7.90-7.31 ppm for 5f, 7.99-7.18 ppm for
5g [6]. These chemical shifts for Sa—g have been calculated
to be ~9.2 to ~4.3 ppm with regard to the different mod-
els and basis sets. The data are shown in Tables 2-8.
Furthermore, *C chemical shift values (with respect to TMS)
of 1,3,4 oxadiazole ring have been calculated to be
~176.0 ppm (CSGT-HF/6-314++G(d,p)) to ~144.0 ppm
(GIAO-B3LYP/6-31G(d)) for 5a, 5f, and 5 g ~175.0 ppm
(CSGT-HF/6-31++G(d,p)) to ~ 144.0 ppm (GIAO-B3LYP/
6-31G(d)) for Sb, 5S¢, Se ~175.0 ppm (CSGT-HF/
6-31++G(d,p)) to ~145.0 ppm (GIAO-B3LYP/6-31G(d))
for 5d, 5e. These shifts were observed to be 164.79 and
152.67 ppm for Sa, 163.53 and 152.87 ppm for Sb, 164.11
and 152.74 ppm for Se¢, 163.17 and 152.84 ppm for 5d,
164.01 and 152.73 ppm for Se, 164.90 and 152.56 ppm for 5f,
and 164.89 and 152.37 ppm for 5 g [6]. These shifts are
convenient because of the same chemical environment.
According to two conformers, the chemical shift of C1 atom
increase while the chemical shift of the C2 generally does not
changes. These results are tabulated in Tables 9—12. In *C
substituent effects in mono substituted benzenes were studied
by Ewing [44]. The chemical shift values of ipso C substituted
meta Cl, Br, and methyl group substituents in the benzene ring
were observed to be 122.6, 134.9, and 137.8 ppm. In ortho C,
these shifts were found to be 131.5, 128.7, and 128.4 ppm.
Besides, the chemical shift values of the meta and para C have
been calculated to be 130.0, 129.5, 129.2 ppm (meta C) and
126.0, 126.5,and 125.5 ppm (para C) [44]. According to these
results, the inductive effect on the ipso and orto C are
appeared. Explicitly, effects of these substituents on the title
compounds (Sa—g) are displayed. The chemical shift values of
aromatic-C atom (ipso C) bounded Br and Cl atoms, and
methyl group obtained with respect to the different models and
basis sets supports to the results of Ewing (in Tables 2—12).
Besides, these results demonstrated variation of chemical shift
with respect to the electronegativity. That is, the effect of an
electronegative group or atom on the chemical shift also
depends on its distance from the proton. In aromatic ring, the
aromatic C—Cl and —Br are separated from each other by one
bond, and their chemical shifts are further downfield than
~130.0 ppm for aromatic C.

The chemical shifts for ortho-protons and carbons
changes related to the two conformers. While the chemical
shifts of ortho-protons decrease with the different dihedral
angles (—135.0 and —90.0°), the chemical shifts of ortho-
carbons increase with the different dihedral angles (—135.0
and —90.0°). This situation can be clearly seen in Tables 2
and 3. In addition to this, the dihedral angle with —90.0°
more increase for ortho-protons than the —135.0°.
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CSGT

B3LYP/6-311++G(df,pd)

GIAO

B3LYP/6-3114+4+G(d,p)
CSGT

GIAO

B3LYP/6-311G(d) B3LYP/6-31++G(d,p)
CSGT GIAO CSGT

GIAO

CSGT

B3LYP/6-31G(d)

GIAO

NMR [6]
(CDCl3)

Table 8 continued

Atom

@ Springer

1.5481
2.1651
2.1651

—0.1588

1.4384
2.0597
2.0597

2.0071
2.5847
2.5847

1.3043
1.9058
1.6659

2.0785
2.4657
2.3819

1.0327
1.6757
1.6758

2.054

0.9515
1.4974
1.3299

1.9448
2.5107
2.3411

243 (s)

H(CH,3)

0.4013
0.4013

2.6266
2.6266

2.43 (s)

H(CH,3)

243 (5)

H(CHj3)

Similarly, the dihedral angle with —90.0° more decrease
for ortho-carbons than the —135.0°. As a result, the mag-
nitudes of the chemical shifts of Sa—g are dependent on
dihedral angles in different conformers. The electron-cor-
relation effects are well known to influence '*C chemical
shifts deeply in cases. In relation to this, the choice of
basis sets is also a critical point in any computational study
on spectroscopic properties. Therefore, the '*C and 'H
chemical shift values of Sa—g were calculated using HF,
B3LYP, and BLYP methods with 6-3114+4G(df,pd) basis
set. These results are given in Tables 2-8. Calculated with
GIAO model, "*C chemical shift values of 5a—g are bigger
than the other calculations. But, 'H chemical shift values of
Sa—g are lower than the others. The results of CSGT model
with HF/6-3114+(df,pd) level for '*C and "H chemical
shifts are similar to the HF/6-3114-+-(d,p) level. The results
of CSGT model obtained with BLYP and B3LYP/6-
3114+(df,pd) levels for 3C and 'H chemical shifts are
roughly similar to the HF/6-311+4++(d,p) levels. In this
sense, due to the deficient of electron correlation, we
expected that the results obtained at HF method with larger
basis sets (6-3114+-+G(3df,3pd), etc.) are bigger than DFT
methods with the same basis sets.

To make comparison with experimental results, we
present linear correlation coefficients (RZ) for linear
regression analysis of theoretical and experimental '*C
isotropic chemical shifts. These values are given in
Table 13. The linear correlation coefficients of BLYP/6-
311+4G(df,pd) level of theory with GIAO and CSGT
methods have been found to be 0.89903 and 0.90224 for
5a, 0.68276 and 0.63057 for 5b, 0.62452 and 0.56665 for
Sc, 0.90604 and 0.84959 for 5d, and 0.93029 and 0.89324
for Se. These results are approximately the same number
of B3LYP/6-311++4G(df,pd) method. As one can easily
see from linear correlation coefficients in Table 13, the
experimental shifts are in better agreement with the CSGT-
HF/6-314++4+G(d,p) for 5a, GIAO-HF/6-311+4+G(df,pd) for
5b, 5d, and 5f, CSGT-HF/6-31G(d) for 5¢, CSGT-B3LYP/
6-31G(d) for Se, and GIAO-B3LYP/6-31G(d) for 5g. As
can be seen from Tables 2—-12, there is a good agreement
between the experimental and theoretical 'H chemical shift
results for the title compounds (5a-g).

Conclusions

In this study, to test the different theoretical approaches
GIAO and CSGT at both HF and DFT level of theory with
different basis sets reported. The computed at dihedral
angles in different conformers and experimental chemical
shifts of the title compounds (5a—g) have been compared.
With respect to the different conformers, the changes of
chemical shifts of ortho-protons and carbons for Sa—g are
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Table 9 Theoretical and experimental '>C and 'H isotropic chemical shifts in different dihedral angles (with respect to TMS, all values in ppm)
for 2-Phenyl-1,3,4-oxadiazole (5a)

Atom NMR [6] HF/6-31G(d) HF/6-31G(d) B3LYP/6-31G(d) B3LYP/6-31G(d)
(CDCL) GIAO CSGT GIAO CSGT GIAO CSGT GIAO CSGT
5a (¢ = —135.0°) 5a (¢ = —90.0°) 5a (¢ = —135.0°) 5a (¢ = —90.0°)
C2 164.79 168.0781 173.6794 167.593 172.4389 160.0464 165.6756 159.4408 164.5983
Cl 152.67 154.895 162.4672 154.8819 162.4165 145.6814 153.2451 145.2829 152.8187
C8 132.03 129.4981 131.3621 131.1238 133.0152 121.9493 123.9295 124.2337 126.3107
C4 132.03 132.3101 134.2165 131.1464 133.0375 124.5159 126.686 124.2558 126.3315
Cc7 129.13 126.3508 127.9423 126.4359 128.0063 121.5626 122.8231 121.1595 122.4463
Cs 129.13 126.864 128.4579 126.4338 128.0034 122.0099 123.3351 121.1554 122.4418
Co6 127.10 131.9155 133.1761 131.1569 132.6042 124.0359 125.4353 123.6781 125.2554
C3 123.43 124.5414 125.0521 125.9082 125.9565 120.2314 121.0837 121.2899 121.9892
H(CI) 8.42 (s) 8.3937 4.4289 8.3902 4.4537 7.8547 4.3261 7.848 4.3382
H(C8) 8.11-8.05 (m) 7.9814 4.9697 7.6834 4.7494 7.4878 47116 7.2303 4.524
H(C4) 8.11-8.05 (m) 8.3116 5.2143 7.6831 4.7497 7.7763 4.9445 7.2301 4.5242
H(C7) 7.59-7.48 (m) 7.6926 4.9845 7.6874 5.0099 7.3605 4.7924 7.3599 4.811
H(C5) 7.59-7.48 (m) 7.7164 5.0276 7.6873 5.0096 7.3873 4.8302 7.3596 4.8107
H(C6) 7.59-7.48 (m) 7.8628 5.1406 7.8704 5.1714 7.42 4.8473 7.4586 4.9071

Table 10 Theoretical and experimental '*C and 'H isotropic chemical shifts in different dihedral angles (with respect to TMS, all values in ppm)

2-(3-Bromophenyl)-1,3,4-oxadiazole (5b) and 2-(4-Bromophenyl)-1,3,4-oxadiazole (5¢)

Atom NMR [6] HF/6-31G(d) HF/6-31G(d) B3LYP/6-31G(d) B3LYP/6-31G(d)
(€DCL) GIAO CSGT GIAO CSGT GIAO CSGT GIAO CSGT
5b 5b (¢ = —135.0° 5b (¢ = —90.0°) 5b (¢ = —135.0% 5b (¢ = —90.0°)

2 163.53 166.905 172.4448 1663916 1711682 158.9724 1645948  158.1827  163.404

Cl 152.87 1552024 162.6348  155.111 162.5191 1459395 1533637 1454644  152.8896

c4 135.01 135.7245  137.1175 1349738 1362962  127.6199  129.5858  127.6791  129.5893

C6 130.73 135.7663 1365983  135.176 136.1858  127.654 129.0017  127.425 128.9736

C7 129.96 127.199 128.6633  127.2404 1287106  122.602 123.7139 1222164 1233743

C8 125.63 128.7991 1307754 130.6227  132.617 1203247  122.566 1227262 125.1231

C3 125.25 125.8654  126.1089  127.273 127.0451 1217272 122.573 123.0196  123.3943

Cs 123.14 1352474 1357194 1347153 1352097 1364025  136.32 1354251  135.4865

H(Cl)  8.50 (s) 8.4181 4.3676 8.4134 4.3899 7.8676 42614 7.8544 4.2702

H(C4)  8.24-8.23 (m) 8.3115 4.4357 7.6961 3.9695 7.6924 4.1876 7.1492 3.7637

H(C8)  8.04-8.01 (m) 7.8893 4.698 7.6036 4.4856 7.3016 4.3685 7.0565 4.1882

H(CT)  7.72-7.67 (m) 7.6416 4.69 7.6359 4.714 7.2465 4.4562 7.2418 4.4746

H(C4)  7.44-7.34 (m) 7.8777 4.3398 7.894 43752 7.3261 4.0621 7.3754 4.1266

Atom NMR [6] HF/6-31G(d) HF/6-31G(d) B3LYP/6-31G(d) B3LYP/6-31G(d)
(€DCls) GIAO CSGT GIAO CSGT GIAO CSGT GIAO CSGT
5¢ 5¢ (¢ = —135.0° 5¢ (¢ = —90.0°) 5¢ (¢ = —135.0°) 5¢ (¢ = —90.0°)

2 164.11 167.1837 1727431 1665659  171.3644  159.1812 1647814 1584852  163.5701

Cl 152.74 155.1391  162.5811 1551387  162.5704  145.8579 1532975 1455489  153.0011

C7 131.83 1305708  131.6601  130.6117  131.7139  125.376 1265911 1250116  126.2488

cs 131.83 131.0753 1321853 130.6091  131.711 125.8411  127.1124  125.0068  126.2445

c4 128.51 132.8688  134.64 131.9246  133.6539 1253771  127.3983 1253089  127.2192

C8 128.51 130.0166  131.725 131.9041  133.6335  122.7311 124.562 1252895  127.201

C3 126.82 1243396 124.8304  125.6976 1257253  119.0119  120.0282  120.0543  120.9216

@ Springer
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Table 10 continued
Atom NMR [6] HF/6-31G(d) HF/6-31G(d) B3LYP/6-31G(d) B3LYP/6-31G(d)
CDCl
¢ ) GIAO CSGT GIAO CSGT GIAO CSGT GIAO CSGT
5¢ 5¢ (¢ = —135.0°) 5¢ (¢ = —90.0°) 5¢ (¢ = —135.0°) 5¢ (¢ = —90.0°)
Cc6 122.35 141.2563 141.4676 140.4186 140.7798 139.2775 139.5634 138.8066 139.2039
H(C1) 8.47 (s) 8.4133 4.365 8.4123 4.3936 7.855 4.2569 7.8568 4.2788
H(C8) 7.98-7.87 (m) 7.9121 4.651 7.6216 4.4374 7.3633 4.3563 7.1054 4.1727
H(C4) 7.98-7.87 (m) 8.2465 4.8987 7.6213 4.4378 7.6577 4.5937 7.1053 4.173
H(C7) 7.70-7.50 (m) 7.7219 4.1982 7.7144 4.2191 7.2816 4.0121 7.2764 4.0296
H(C5) 7.70-7.50 (m) 7.7444 4.2407 7.7143 4.2189 7.3033 4.0498 7.2762 4.0293

Table 11 Theoretical and experimental '*C and 'H isotropic chemical shifts in different dihedral angles (with respect to TMS, all values in ppm)
for for 2-(3-Chlorophenyl)-1,3,4-oxadiazole (5d) and 2-(4-Chlorophenyl)-1,3,4-oxadiazole (Se)

Atom NMR [6] HF/6-31G(d) HF/6-31G(d) B3LYP/6-31G(d) B3LYP/6-31G(d)
(€DCly) GIAO CSGT GIAO CSGT GIAO CSGT GIAO CSGT
5d 5d (¢ = —135.0° 5d (¢ = —90.0°) 5d (¢ = —135.0°) 5d (¢ = —90.0°)

2 163.17 166.9283  172.47 1663689  171.1414  159.0143  164.593 158.2089  163.3466

Cl1 152.84 155.1987  162.6505  155.0954  162.5138  145.938 1533866 1454749  152.8971

cs 135.28 137.4049  134.9999  136.8948  134.5377  137.5515  134.8615  136.6283  134.0073

c4 132.09 132.7896  134.4994  131.9999  133.6279  124.9547  127.1235  124.9682  127.0855
c6 130.52 132.6327 1337872 132.0526 1333773 1248039 1263654 1245857  126.3366

C7 127.11 1273274 128.9603 1273665  129.0032 1225611 123.8706  122.1491 123516

Cs 125.20 128.0545  130.1214  129.9074  131.9885  119.8467  122.1545 1222879  124.7386

C3 125.07 125.9634 1263185  127.3403  127.2408  121.694 1224223 122.9526 1234415

H(Cl)  8.50(s) 8.4119 43728 8.4076 4.3945 7.8641 4.268 7.8514 4.2766

H(C4)  8.05-7.95 (m) 8.2184 4.4084 7.5968 3.9354 7.61 4.1149 7.0564 3.6824

H(C8)  7.86-7.78 (m) 7.8463 4.7086 7.5596 4.497 7.2764 4.3979 7.0302 42192

H(C5)  7.58-7.44 (m) 7771 4.3042 7.7886 4.3416 7.2455 3.9809 7.2923 4.048

H(C7)  7.58-7.44 (m) 7.6474 4.7254 7.6416 4.7504 7.2702 4.5015 7.2647 4.5205

Atom NMR [6] HF/6-31G(d) HF/6-31G(d) B3LYP/6-31G(d) B3LYP/6-31G(d)
(€DClLy) GIAO CSGT GIAO CSGT GIAO CSGT GIAO CSGT
Se 5e (¢ = —135.0° 5e (¢ = —90.0°) 5e (¢ = —135.0° 5e (¢ = —90.0°)

2 164.01 167.1601 172.7231 166.5732 171.3802 159.1383 164.7432 158.4731 163.5814

Cl 152.73 155.1045 162.5646 155.1393 162.5788 145.8413 153.2958 145.5567 153.0086

c6 138.36 142.8277 140.2041 142.0707 139.5954 140.0208 137.649 139.6284 137.3629

c7 129.55 127.498 128.8868 127.5323 128.9327 122.5777 123.975 122.2096 123.6227

Cs 129.55 127.9849 129.3869 127.5299 128.9297 123.0335 124.4746 122.2046 123.618

Cs 128.38 130.2683 132.1465 132.1333 134.0367 122.7821 124.7664 125.3269 127.4041

c4 128.38 133.1432 135.0841 132.1519 134.0553 125.4453 127.6251 125.3446 127.4205

C3 121.92 123.577 124.1624 124.9083 125.0324 118.5959 119.6284 119.6178 120.4994

H(C1) 8.49 (s) 8.4034 4.3659 8.4047 4.3967 7.8514 4.2597 7.8546 4283

H(CS) 8.03 (d) 7.9255 4.6969 7.633 4.4819 7.3865 4.4103 7.1289 42257

H(C4) 8.03 (d) 8.2604 4.9444 7.6326 4.4822 7.6819 4.6471 7.1286 4.226

H(C7) 7.50 (d) 7.6134 4.1624 7.6073 4.1843 7.1862 3.9333 7.181 3.951

H(C5) 7.50 (d) 7.6361 4.2058 7.6073 4.1842 7.2087 3.9724 7.1808 3.9509
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Table 12 Theoretical and experimental 3Cand 'H isotropic chemical shifts in different dihedral angles (with respect to TMS, all values in ppm)
for for 2-m-Tolyl-1,3,4-oxadiazole (5f) and 2-p-Tolyl-1,3,4-oxadiazole (5g)

Atom NMR [6] HF/6-31G(d) HF/6-31G(d) B3LYP/6-31G(d) B3LYP/6-31G(d)
(€DCls) GIAO CSGT GIAO CSGT GIAO CSGT GIAO CSGT
sf 5 (¢ = —135.0° 5f (¢ = —90.0°) 5¢ (p = —135.0° 5¢ (¢ = —90.0°)

2 164.90 1682079  173.8119  167.7256 1725908  160.1884  165.786 159.5498  164.7563

Cl1 152.56 1547995 1623972 1547977 1623501 1455566  153.1354  145.1872  152.7408

Cs 139.02 136.584 1362119 136.0825  135.6928  132.44 132.1003 1314615  131.0764

c4 132.80 1322024 1351457 1311538 134.0879 1252627 1285048  125.0313  128.2805

c6 129.01 1322248 1342496 1314103 133.6007  125.0032 1272036 1245286  126.9056

C7 127.61 127.0125  128.831 127.0885 1289094  121.6396  123.118 1212317 122.7443

Cs 124.21 1265798 1289164  128.1699  130.5566 1194852 1219705  121.7211  124.3428

C3 12333 1249078 1254131 1263729 1264061  120.114 1209033 1212881  121.829

C(CH;)  21.32 20.4733 20.8739 20.4502 20.8351 21.932 22.3843 21.9072 223184

H(C1) 8.46 (s) 8.377 4.4275 8.3757 4.4527 7.8333 4.3215 7.8312 4.3356

H(C8) 7.90-7.80 (m) 77737 4.8402 7.4747 46174 7.2891 4.5939 7.033 4.4028

H(C4) 7.90-7.80 (m) 8.0782 5.0433 7.4339 4.5642 7.5607 4.7934 6.9938 4.3554

H(C6) 7.43-7.31 (m) 7.7299 5.0765 7.7399 5.1068 7.2894 4.7748 7.322 4.8321

H(C7) 7.43-7.31 (m) 7.6538 5.0181 7.6479 5.0414 7.3032 4.8024 7.2913 4.818

H(CHy) 243 (5) 2.6556 1.6137 2.6474 1.6089 2.5632 1.5523 2.5653 1.5541

H(CH;) 243 (s) 2.2429 1.1309 2.1323 1.0445 2.0411 1.0325 1.9393 0.9431

H(CHy) 243 (5) 2.4605 1.4049 2.4961 1.4458 2.3247 1.3218 2.3651 1.6694

Atom NMR [6] HF/6-31G(d) HF/6-31G(d) B3LYP/6-31G(d) B3LYP/6-31G(d)
(CDCL) GIAO CSGT GIAO CSGT GIAO CSGT GIAO CSGT
5g 5g (¢ = —135.0°) 5g (¢ = —90.0°) 5g (¢ = —135.0°) 5g (¢ = —90.0°)

2 164.89 168.1493  173.8016  167.7001  172.6022  160.0208  165.7281  159.5632  164.7821

Cl 152.37 1547149 1623126  154.8974 1624618 1454918  153.0768 1453007  152.8725

c6 142.58 1422831  141.6081 1413248  140.8711  134.8776  134.6207 1343461  134.2977

C7 129.81 1265825  129.287 126.6008  129.0864  122.6679  125.0829  122.042 1243121

Cs 129.81 127.0158  129.316 1265915 129.0614  122.8041  124.8966  122.042 124.2791

Cs 127.03 132.1846  132.0185  131.7633  133.7245  122.0041 1239539  124.295 126.4169

c4 127.03 1329203  135.0308  131.7401  133.7107 1245609 1269252 1242746  126.4046

c3 120.70 121.493 1223305 122.682 123.0731  117.7835  118.9689  118.6046  119.6567

C(CH;)  21.65 20.7109 21.0669 20.7418 21.1417 22.1729 22,5135 222212 22.6147

H(C1) 8.44 (s) 8.3671 4.4206 8.3782 4.4619 7.8283 4.3195 7.8385 4.3507

H(CS) 7.99-7.83 (m) 7.9034 4.9411 7.6211 4.7416 7.3807 4.6571 7.1406 4.4909

H(C4) 7.99-7.83 (m) 8.2652 5.2323 7.6223 4.7436 7.7098 4.942 7.1422 4.4932

H(C7) 7.34-7.18 (m) 7.454 4.8156 7.4913 4.8851 7.1415 4.6351 7.172 4.6896

H(C5) 7.34-7.18 (m) 7.5695 4.9501 7.4947 4.8885 7.2358 4.7487 7.1746 4.6923

H(CH;) 243 (s) 2.1904 1.1015 2.3677 1.2963 1.9786 0.9936 2.189 1.2041

H(CH;) 243 (s) 2.6254 1.5932 2.6202 1.6069 2.5316 1.5286 2.5335 1.5548

H(CH;) 243 (5) 2.5392 1.4792 2.3794 1.3088 2.3977 1.3942 2.2034 1.2174

explicitly displayed. The comparison of the GIAO and
CSGT methods shows that the latter are more sensitive to
the quality of the basis set employed. In other words,
convergence of calculated chemical shifts is faster with the
CSGT method. In particular, calculations by HF method
with 6-31G(d), 6-31++G(d,p), and 6-311+4G(df,pd)

basis sets provide quite good results for Sa—d and 5f. While
the linear correlation coefficients of GIAO and CSGT
models for the molecules (Sb—d) which aromatic ring is
bounded at meta or para positions of different electroneg-
ative atoms (Cl and Br) are different, the molecules (5a,
Se—g) are roughly similar. Although the B3LYP level of
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Table 13 Linear correlation coefficients (R?) of linear regression analysis of theoretical and experimental 3¢ isotropic chemical shifts for 2-

aryl-1,3,4-oxadiazole derivatives (5a—g)

Molecules Basis sets HF B3LYP
GIAO CSGT GIAO CSGT
1B3e 1Be 1Be 13
Sa 6-31G(d) 0.95407 0.9553 0.95404 0.95875
6-311G(d) 0.95154 0.93501 0.94585 0.9333
6-314++G(d,p) 0.95851 0.96343 0.95366 0.9578
6-3114++G(d,p) 0.95199 0.94816 0.94413 0.94249
6-3114+4-G(df,pd) 0.88217 0.87642 0.90183 0.89361
Sb 6-31G(d) 0.8131 0.83943 0.69455 0.76742
6-311G(d) 0.81299 0.76539 0.68441 0.62318
6-314++4+G(d,p) 0.82782 0.8519 0.71672 0.74789
6-3114++G(d,p) 0.80753 0.80456 0.68087 0.66638
6-3114++4G(df,pd) 0.89429 0.8791 0.70145 0.6965
Sc 6-31G(d) 0.77289 0.82153 0.67231 0.7463
6-311G(d) 0.77058 0.70485 0.65104 0.58198
6-31++4G(d,p) 0.77232 0.8167 0.69691 0.71685
6-3114+4+G(d,p) 0.76514 0.74555 0.65701 0.62773
6-3114++4G(df,pd) 0.77387 0.74585 0.67177 0.61972
5d 6-31G(d) 0.84235 0.90353 0.66914 0.79589
6-311G(d) 0.82452 0.77423 0.64858 0.5869
6-314++G(d,p) 0.8125 0.8697 0.60203 0.72361
6-311+4G(d,p) 0.81282 0.79775 0.6609 0.61413
6-3114+4-G(df,pd) 0.98889 0.97774 0.93126 0.88292
Se 6-31G(d) 0.9802 0.98749 0.95483 0.99186
6-311G(d) 0.97543 0.942 0.94044 0.90085
6-314+4+G(d,p) 0.96913 0.98642 0.95094 0.97213
6-3114++G(d,p) 0.97274 0.95831 0.94735 0.92314
6-3114++G(df,pd) 0.97401 0.95593 0.9477 0.91557
5f 6-31G(d) 0.96852 0.96987 0.9636 0.96749
6-311G(d) 0.96606 0.95978 0.96044 0.95298
6-31++4G(d,p) 0.96598 0.9688 0.95802 0.96476
6-3114+4+G(d,p) 0.96581 0.9617 0.95998 0.95516
6-3114+4-G(df,pd) 0.99793 0.99727 0.99659 0.99534
S5g 6-31G(d) 0.99669 0.99413 0.99925 0.99636
6-311G(d) 0.99685 0.99609 0.99853 0.99829
6-314++G(d,p) 0.99645 0.99619 0.99863 0.99833
6-311+4G(d,p) 0.99666 0.99646 0.99892 0.99869
6-3114+4-G(df,pd) 0.99653 0.99813 0.99897 0.99813

theory includes the effects of electron correlation, the
B3LYP is not quite as accurate as HF for '*C chemical
shifts. In these state, geometric parameters and chemical
shifts for diverse molecular structure analysis change with
respect to the different theoretical approaches. However,
the NMR spectrum is used in chemical analysis to deter-
mine the structures of complicated organic molecules.
The '*C chemical shifts calculations of the title com-
pounds (5a—g) are directly related to linear correlation
coefficients (Rz) of GIAO and CSGT calculations. Linear

@ Springer

correlation coefficients (R2) of the larger molecules 5f and
Sg have been obtained as better than the others (Sa—e).
Further variation in meta and para positions of the aro-
matic-substituent groups and the m-conjugation network
containing the oxadiazole ring in the core structure is
necessary for reaching a concrete inference.
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