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Abstract In this article, we describe the complete 'H and
13C NMR signal assignments of four 1,2.4-oxadiazoles
possessing light-emitting liquid crystal properties. These
results were obtained by using one- and two-dimensional
NMR techniques as well as GIAO (PCM) calculations at
B3LYP/6-3114+4G(d,p) level for compounds 1 and 2a—d.
The computed values are in good agreement with the ones
obtained experimentally. In addition, some previously
unexplained thermotropic features of compounds 2a-d
could be clarified with the help of the geometry optimi-
zation calculations carried out by us.

Keywords Liquid crystals - 1,2,4-Oxadiazole -
Spectroscopy - Chemical shift calculations

Introduction

Luminescent organic compounds have been attracting
continuous attention for the last two decades due to their
exciting applications in a large number of electron-optical
devices [1-5]. Currently, the use of such substances as
organic light-emitting diodes (OLEDs) has been the focus
of academic as well as industrial research groups, because
OLEDs have certain advantages over liquid crystal display
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(LCD) technology [1, 6—8]. Among organic compounds,
highly n-conjugated molecules containing electron-defi-
cient heterocyclic rings have shown specific advantages
due to their abilities in transporting electrons [1, 7-16].

The foregoing observations for such compounds are
particularly noteworthy, and we have already devoted
efforts in synthesizing and characterizing thermally stable
luminescent liquid crystals possessing 1,2,3-triazole [17],
2,1,3-benzothiadiazole [18], isoxazole [19], and 1,2,4- or
1,3,4-oxadiazole moiety in their molecular frameworks
[20-23].

In general, the structure assignments of these valuable
compounds have been made by simply analyzing the
infrared and NMR spectral data. Although the signal
assignments in the NMR spectra seem reasonable, they are
based mostly on the guesswork and sometimes utilizing
similar data available in the literature but without confir-
mation by other spectral techniques.

In practice, the calculations involving nuclear magnetic
shielding are quite useful for signal assignments because
when they are compared with the shielding of the reference
compound, their chemical shifts can be predicted [24-26]. In
fact, while employing either the ab initio or DFT calculations
incorporated with GIAO, which furnish the chemical shift
values much better and are closer to the experimental values.
[27]. This kind of approach was successfully applied for
1,2-oxathianes [28], aziridines [29], calix[4]arenes [30], and
heterocyclic compounds [31]. In general, chemical shift
calculations of these latter systems are more difficult to
achieve because of the presence of hetero-aromaticity and
tautomerisms, which are complicated to describe computa-
tionally. Therefore, methods based upon the density function
theory (DFT) are more desirable since DFT approach
includes electronic correlation as well as relativistic effects
[31]. Besides this, DFT method also needs relatively lower
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computational demand in comparison with the MP2
approach [31].

Our literature search revealed that no effort has been
made to make the correct assignments of the proton and
carbon signals for the luminescent substances containing
1,2,4- and 1,3,4-oxadiazole moieties. As we recently
detected the unusual properties of a series of highly bire-
fringent 1,2,4-oxadiazole-based blue fluorescent liquid
crystals 2a—d, we decided to reexamine the '"H and "*C
NMR signal assignments of four just-cited compounds to
make the unambiguous assignments. In order to achieve
this goal, additional complementary NMR techniques (not
used earlier) and chemical shift calculations using DFT—
GIAO approach have been performed. These NMR tech-
niques are: distortionless enhancement by polarization
transfer (DEPT), correlation spectroscopy (COSY), heter-
onuclear multiple bond connectivity (HMBC), heteronu-
clear multiple quantum coherence (HMQC), and nuclear
Overhauser effect spectroscopy (NOESY) methods which
in conjunction with computational calculations provided us
with the correct assignments of all the protons as well as
carbons’ nuclei for the above mentioned compounds

(Fig. 1).
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Fig. 1 Compounds analyzed in this study
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Experimental

Compounds 1 and 2a—d have been synthesized as described
earlier by our research group [21].

The NMR spectra of all compounds were obtained on a
Varian Unity Plus (7.04 T) spectrometer operating at 300
and 75.4 MHz for 'H and "*C nuclei, respectively. Com-
pounds 2a-d have been dissolved in CDCl;, and the
residual solvent signal at 6 7.26 ppm has been used as an
internal chemical shift reference for the protons. 'H NMR
spectra were obtained using 16 transients, acquisition time
3.7 s, and pulse width of 8 ps (45° pulse), whereas B3¢
NMR spectra were measured using 1800 transients,
acquisition time 1.0 s, and pulse width of 4 ps (30° pulse).
Bidimensional spectra were acquired without spinning the
samples.

Molecular orbital calculations have been carried out
using Gaussian 03 program [32]. In our calculations, we
have used a propyloxy chain instead of decyloxy group
attached at the phenyl ring to diminish the computational
time demand. The geometry optimization for compound 1
has been achieved by employing HF/6-31G(d) method for
H, C, O, and N atoms and SDD basis set including SDD
pseudo-potential for iodine atom. Chemical shift calcula-
tions of compound 1 have been carried out at B3LYP level
by using 6-3114++4G(d,p) for C,H,O, and N atoms, and
SDD for iodine atom. For geometry optimization of com-
pounds 2a-d, the HF/6-31G(d) has been employed. The
chemical shift calculations for compounds 2a—d have been
carried out at B3BLYP/6-311-++G(d,p) level of theory using
TMS B3LYP/6-3114++G(d,p) GIAO as reference. In both
cases, the solvent effects have been considered employing
polarizable continuum model (PCM).

Results and discussion
"H and "’C nuclear magnetic resonance assignments

First, we decided to analyze compound 1 because this is the
key intermediate for obtaining substances 2a—d. The signal
assignments of this compound would help in general
although it does not exhibit either mesomorphism or
luminescence. Initially, we examined the '"H NMR spec-
trum of 1 in CDCl; which showed three signals at ¢ 7.00,
7.91, and 8.07 ppm, respectively. Here, the former and the
latter signals appeared as doublets (J = 9.0 Hz, AA'BB’
system). The first signal is due to H-3' and H-3", and the
second belongs to H-2' and H-2". COSY NMR technique
supported this observation. Surprisingly, the signal at ¢
7.91 ppm integrated for four protons and appeared as a
singlet. Since, we already established the chemical shifts of
H-2/, H-2", H-3/, and H3", the singlet at 6 7.91 ppm, (4H)
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Fig. 2 a Aromatic region of 'H (a)
NMR spectrum of compound 1

in CDCl;. b Aromatic region of

"H NMR spectrum of compound

1 in benzene-dg

must be due to the other phenyl ring containing the iodine
atom.

When the spectrum of 1 was obtained in benzene-d, the
singlet at 6 7.91 ppm separated into two doublets (AA’'BB’
system, J = 8.6 Hz)—one at 6 7.33 ppm and the other at &
7.56 ppm, respectively. This phenomenon is certainly due
to anisotropic effect of the solvent. These signals are due to
H-7" and H-7", and H-8' and H-8" nuclei, respectively. This
way, the complete assignment of all "H NMR signals has
been made for compound 1 (Fig. 2).

When the iodine atom was substituted with p-alkyloxy-
phenylethynyl group (2a), there was a little change in ring
“A”.The protons of rings “B” and “C” appeared as two sets
of doublets of doublets (dd, AA'BB’ system). For ring “B”,
there were two doublets—one at 6 7.65 ppm, representing
H-8 and H-8” nuclei, and the other signal at 6 8.20 ppm
belonging to H-7" and H-7” nuclei, respectively. The protons
of ring “C” appeared at 6 6.8 ppm (d, 2H, H-14, and H-16")
and the other at § 7.5 ppm (d, 2H, H-13’, and H-17'). The
spectrum of HMQC correlated the carbon signals which
appeared at their appropriate positions (Fig. 3).

HMBC experiment confirmed the position of C-4’ at ¢
161.5 ppm, and the other quaternary carbon C-15" at ¢
159.7 ppm (see Table 1). Similarly, the same experiment

]
tppad.

i ippal

Fig. 3 Expansion of HMQC spectrum of compound 2a

(b)

correlated H-8' with C-10' (at 6 87.3 ppm) and H-17" with
C-11’ (at 6 93.2 ppm), respectively. Thus, the identity of all
the signals have been accounted for.

Next, we turned our attention on compound 2b, where
the alkoxy group attached on ring “C” was replaced with
N-alkylpiperazine ring. For the N-N'-disubstituted pipera-
zine ring, we had three sets of protons between 6 2.50 and
3.40 ppm—one at 6 2.48 ppm (m, 2H) and the others at
2.71 ppm (dd, 4H) and at 6 3.36 ppm (dd, 4H). Here, we
faced the challenge for recognizing their appropriate
positions. The first one at § 2.48 ppm was easy to attribute
because the COSY spectrum clearly indicated that this
methylene group had coupling with the other —-CH,— pro-
tons linked to it. Therefore, this CH, is attached to the N-2
atom of the piperazine ring.

The two sets of methylene protons of the piperazine ring
needed more thorough study for their correct attribution.
Since we already had established the correct location of
H-14" and H-16' at 6 6.87 ppm, it was possible to see that
both these protons produced the nuclear Overhauser effect
on the methylene protons linked with N-1, when the signal
at 0 6.87 ppm was irradiated; this was also supported by
NOESY spectrum. Therefore, the other four protons of the
CH, group of the piperazine ring are at é 3.36 ppm
(Fig. 4).

When the hydrogen atom at 14’ in 2¢ was replaced with
a nitro group, there was no change in the chemical shift of
the protons of rings “A” and “B”. As expected, the major
change occurred in ring “C” protons. The H-13' signal
moved downfield and appeared at § 8.01 ppm as a singlet;
the H-16" signal also shifted downfield by 0.16 Hz and
presented a clear doublet at § 7.04 ppm (J = 9.0 Hz); the
H-17' had a similar behavior but was superimposed with
the doublet of H-8" and H-8”, which was not separable in
the '"H NMR spectrum. However, the HMQC bidimen-
sional examination clearly indicated that H-17' is attached
to carbon atoms C-17’, whereas C-8 and C-8” are con-
nected to H-8' and H-8”, respectively. Thus, we have been
able to establish the identities of all the hydrogen and
carbon atoms of the entire molecule (Fig. 5).
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Table 1 Experimental and calculated values of 'H and '>C chemical shifts for compounds 1-2

'H or 13C location

Compound 1 (CDCl3)

Compound 1 (C¢Dg)

op-J(Hz) (Exp.) 0y (Calc.)  Jc (Exp.) Oc (Calc.)  oy-J(Hz) (Exp.)  Jy (Calc.)  oOc (Exp.)  dc¢ (Calc.)
3 - - 168.8 170.2 - - - -
5 - - 174.7 174.4 - - - -
1 - - 118.8 123.4 - - - -
212" 8.07 (d, 9.0) 8.38 129.1 133.2 8.38 8.34 - -
373" 6.99 (d, 9.0) 6.94 114.7 116.5 6.91 6.84 - -
4 - - 161.6 166.6 - - - -
6 - - 123.8 129.0 - - - -
717" 7.91 (s) 8.21 129.4 132.6 7.46 8.15 - -
8'/8" 7.91 (s) 7.13 138.4 139.9 7.33 7.03 - -
9 - - 100.0 151.6 - - - -
CH; 0.89 (¢, 6.6) 0.86 14.1 8.9 0.95 0.85 - -
[OCH,] 4.03 (1, 6.6) 3.52 68.1 68.8 3.58 3.46 - -
[CH,] 1.0-2.0 - 22.0-32.0 - 1.0-2.0 - - -
R? 0.9895 0.9498* 0.9937 -
SD 0.49 15.31* 0.37 -
'H or '*C location ~ Compound 2a (CDCl;) Compound 2b (CDCl5)

ou-J(Hz) (Exp.) oy (Calc.)  dc (Exp.) oc ou-J(Hz) (Exp.) oy (Calc.)  dc (Exp.) dc (Calc.)

(Calc.)

- - 168.7 176.7 - - 168.7 170.4

- - 174.9 188.4 - - 174.9 175.4
1 - - 119.0 127.7 - - 119.0 123.1
212" 8.09 (d, 8.7) 8.75 129.1 136.6 8.08 (d, 8.7) 8.39 129.0 133.7
373" 7.00 (d, 8.7) 7.76 114.7 122.1 6.99 (d, 8.7) 7.08 114.7 116.6
4 - - 161.5 170.9 - - 161.5 166.1
6 - - 123.2 127.9 - - 123.0 127.9
717" 8.20 (d, 8.7) 8.58 128.0 133.8 8.15 (d, 8.7) 8.45 127.9 131.8
8'/8" 7.65 (d, 8.7) 7.89 131.9 136.6 7.63 (d, 8.7) 7.81 131.8 135.5
9 - - 128.2 132.8 - - 128.4 132.8
10/ - - 87.3 93.3 - - 87.3 93.1
17 - - 93.2 100.3 - - 93.7 100.3
12/ - - 114.3 120.1 - - 112.5 117.3
13/ - - - - - - - -
14 - - - - - - - -
15/ - - 159.7 168.3 - - 150.9 161.0
16/ 6.80 (d, 8.7) 7.73 114.6 121.7 6.87 (d, 8.7) 7.10 115.0 123.3
17 7.50 (d, 8.7) 7.99 133.2 140.7 7.44 (d, 8.7) 7.63 132.9 137.2
CH; 0.88 (¢, 6.6) 1.13 14.1 15.2 0.88 (1, 7.2) 0.76 14.1 6.8
[OCH,] 3.97/4.02 (¢, 6.6)  4.14/4.15 68.1 79.2 4.01 (1, 6.6) 3.62 68.1 68.4
[CH,] 1.0-2.0 - 22-32 - 1.0-2.0 - 22.0-32.0 -
[NCH,] - - - - 248 (dd, 8.1,7.8)  2.77 58.7 53.3
CH,-N(1) - - - - 3.36 (dd, 4.8, 5.1)  2.77 47.6 52.1
CH,-N(2) - - - - 248 (dd, 4.8,5.1) 2.50 52.8 51.8
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Table 1 continued
'H or 13C location Compound 2¢ (CDCl3) Compound 2d (CDCl;)

ou-J(Hz) (Exp.) op (Calc.)  Oc (Exp.) ¢ (Cale.)  ox-J(Hz) (Exp.) oy (Calc.) ¢ (Exp.) dc (Calc.)
3 - - 168.7 170.4 - - 168.8 170.3
5 - - 174.6 175.3 - - 174.9 175.8
1 - - 118.9 123.3 - - 119.1 123.9
272" 8.08 (d, 8.7) 8.40 129.0 133.6 8.10 (d, 8.7) 8.43 129.1 133.5
373" 6.99 (d, 8.7) 7.06 114.7 116.6 7.01 (d, 8.7) 7.04 114.8 116.5
4 - - 161.6 166.3 - - 161.6 166.3
6 - - 123.9 128.8 - - 123.5 128.2
717" 8.18 (d, 8.4) 8.48 128.0 131.8 8.20 (d, 8.7) 8.49 128.1 131.5
8'/8" 7.65 (d, 8.4) 7.86 132.0 135.9 7.71 (d, 8.7) 7.87 132.1 135.7
9 - - 127.0 131.5 - - 128.1 132.4
10/ - - 88.9 94.7 - - 88.2 93.3
11 - - 90.1 96.4 - - 93.7 100.3
12/ - - 119.6 116.6 - - 117.3 120.0
13 8.01 (s) 8.21 128.8 136.4 7.55 (d, 8.7) 7.59 128.8 132.1
14 - - 138.3 144.0 7.71 (d, 8.7) 8.00 126.9 130.2
15 - - 152.6 157.5 - - 134.5 137.8
16/ 7.04 (d, 9.0) 6.93 114.4 115.5 - - 128.3 132.9
17 7.65 (d, 9.0) 7.90 137.0 143.5 8.01 (s) 8.24 131.7 138.0
18 - - - - 7.12 (d, 2.4) 7.48 106.6 113.4
19 - - - - - - 158.2 163.4
20/ - - - - 7.18 (dd, 8.7,2.4) 7.22 119.9 115.5
21 - - - - 7.71 (d, 8.7) 7.99 129.4 134.7
CH; 0.88 (1, 6.9) 0.81 14.1 114 0.89 (1, 6.9) 0.90 14.1 9.4
[OCH,] 4.01/4.11 (¢, 6.6) 3.37/3.56  68.1/69.9 68.5/68.8  4.03/4.09 (1, 6.6) 3.54/3.69 68.2 68.9
[CH,] 1.0-2.0 - 22.0-32.0 - 1.0-2.0 - 22.0-32.0 -

 The R? value would reach 0.9987 if we do not consider contribution of C-9’ in the correlation graph

Fig. 4 a COSY spectrum of
compound 2b. b NOESY

spectrum of compound 2b

Finally, we directed our attention on compound 2d
which possesses two phenyl rings (A and B) and a naphthyl
ring (C and D). The naphthalene ring caused slight changes

(a)

) tpr

(b)

2

[ 5

Fl1 (ppm)

Il 3 T

of the proton and carbon chemical shifts in the ring “B”
where H-8', H-8”, and H-7’, H-7” did show downfield shifts
of 9.0, and 18.0 Hz, respectively. This change might be
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Fig. 5 HMQC spectrum of compound 2¢

explained considering that the naphthalene ring withdraws
electrons a little more than that of the phenyl ring. The
acetylenic carbon atoms (C-11’ and C-10') also registered
lower field shifts of 37.5 and 67.5 Hz in relation with the
alkoxylphenyl ring of compound 2a.

Afterwards, we dedicated our efforts to correctly attri-
bute protons 13/, 14/, 17’, 18, 20/, and 21’; and all the 10
carbon nuclei of the naphthyl ring. Both 13’ and 17’ protons
correlated with C-11" as confirmed by HMBC spectrum.
COSY spectrum showed that the signal at 6 7.55 ppm is
coupling with another proton at 6 7.71 ppm, while the
proton at 6 8.01 ppm did not present any coupling with
another proton. Therefore, the signals at ¢ 7.55 and
8.01 ppm have been assigned to H-13’ and H-17’, respec-
tively, while the signal at 6 7.71 ppm is attributed to H-14
(Fig. 6).

In HMQC, the proton at é 8.01 ppm correlated with
carbon at 6 131.7 ppm. Thus, the identity of this carbon has
been established as C-17'. Similarly, the proton at ¢
7.55 ppm correlated with carbon at é 128.8 ppm, indicat-
ing clearly that this carbon is C-13’. The assignment of
H-14' became complicated due to its superposition with
other protons at § 7.71 ppm. Both H-13’ and H-17' signals

Fig. 6 a Expanded COSY
spectrum of compound 2d.
b Expanded HMBC spectrum of
compound 2d i

(a)
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Fig. 7 HMBC spectrum of compound 2d depicting the aromatic
region

in HMBC spectrum presented coupling with carbon C-15
at 6 134.5 ppm, thus confirming the attribution of this
carbon at 7.71 ppm. The H-17" showed HMBC correlation
with the C-21" nucleus at ¢ 129.4 ppm. HMQC experiment
also verified the location of H-21" at 6 7.71 ppm. Since this
proton at 6 7.71 ppm in HMBC spectrum showed coupling
with carbon at 6 158.2 ppm, then this carbon must be C-19’
(Fig. 7).

COSY spectrum clearly indicated coupling of H-21" at §
7.71 ppm with H-20' at § 7.18 ppm (Fig. 6). The only
hydrogen atom left at 6 7.12 ppm can, therefore, be
assigned as H-18'. Since we confirmed the attribution of
H-18" and H-20/, it was easy to locate the carbon signals of
C-18" and C-20" at 6 106.6 and 119.9 ppm, respectively,
using HMQC spectrum.

This experiment also defined and confirmed the
assignment of C-16" at § 128.3 ppm. Since, C-20" and
C-16’ have been verified, the remaining signal at o
126.9 ppm should then be C-14'. HMBC spectrum also
located the identity of C-21’ at 6 129.4 ppm. The carbon
signal at 0 117.3 ppm can now be assigned as C-12'.

(b)
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Table 1 shows the assignments of all 'H and '>*C NMR
signals of compounds 1, 2a—d.

Geometry optimization

Initially, geometry optimization of compound 1 was carried
out using HF/6-31G(d) level of theory employing SDD
(including SDD pseudo-potential) for iodine atom because
it provides suitable basis set for calculations of molecules
containing iodine atom [33]. Since the appearance of 'H
NMR spectrum of compound 1 exhibited solvent depen-
dence, these calculations have been done with solvent
incorporation. In compound 1, both aromatic rings attached
at C-3 and C-5 of the 1,2,4-oxadiazole moiety are co-planar
with it. The values of computed bond lengths, bond angles,
and dihedral angles are close with the ones described in
the literature for 1,2,4-oxadiazole-containing compounds
[34-36]. The calculated results with solvent incorporation
(either CDClj or C¢Dg) are almost the same. Next, we tried
to optimize the structures of compounds 2a-d. The aro-
matic rings attached to the heterocyclic ring are coplanar in
all compounds. This seems reasonable and provides the
effective conjugation which is responsible for blue fluo-
rescence (Fig. 8). The phenyl ring C in compound 2b
linked to N-1 of piperazine moiety is disposed equatorially,
but the former has rotated to stabilize the conformation.
The torsion angle C(14")-C(15")-N(1)-C(18'), according to
the calculation, turns out to be —62.77°. The distance
between H(14') and C(18') is 2.27 A which is close to the
sum of Van der Wall radii (2.40 10\) between these two
atoms. In this way, this part of the molecule, i.e., the rings
C and piperazine remain free of any interactions [27].

The nitro group adjacent to the alkoxy function in 2¢ did
not remain coplanar with ring C, and the oxygen atoms of
the former substituent rotated by 36.32° to avoid any
interaction with alkoxy moiety. In other words, the nitro
group is out-of the-plane of ring C.

Furthermore, this result is useful to explain the differ-
ence between the thermal behavior of compounds 2a and

2c¢. According with our earlier publications, the melting
point of compound 2a is 105 °C, while 2¢ is 86 °C [22].
With both optimized structures in our hands, we can
assume that the melting point decrease in 2¢ is due to the
non-coplanar arrangement between ring C and the —-NO2
group. The presence of such group in this position dimin-
ishes the intermolecular =-stacking of the conjugated
moiety thus lowering the melting point.

NMR chemical shift calculations

NMR chemical shift calculations for compound 1 have
been carried out by employing DFT B3LYP level theory
using SDD (considering SDD pseudo-potential) for I and 6-
31144G(d,p) for other atoms including solvent effects.
Although all the 'H signals obtained by computation are in
good agreement with the experimental values, (Table 1)
the calculations failed to reproduce the anisotropic effect of
the solvent for the aromatic region.

Another interesting point which should be mentioned is
that the signals of H-7' and H-7" as well as H-2' and H-2"
appeared as two doublet pairs in the experimental spectra.
On observing the molecular structure of 1, it is reasonable
to rationalize that these protons are in different chemical
environments and, therefore, they should have different
resonance frequencies. Indeed, our calculations have indi-
cated about this, although their values differ slightly (by
about 0.10 ppm only), showing their closeness with the
experimental values; therefore, it is difficult to observe
them as separate signals in the spectrum. The other pos-
sibility is that the observed experimental signal is the sum
of the contributions from other conformers present in
solution. In order to clarify this point, we have performed
the potential energy surface scans followed by the NMR
shielding calculations of each rotamer separately. We have
started the analysis by fixing the heterocyclic and the aryl
rings as coplanar. First, the iodobenzene ring was rotated
by an increment of 30° each time and optimized until
it reached 180° using HF/6-31G(d) method. The same

Fig. 8 Optimized structures of 3 ¢ + 4 5
4 * 2 ]
compounds 2a-d at HF/6- 9 9 9%y N 4 U BN A L L > a
31G(d) level .0 o e bd P& 2 S _a o4 2a Sg o
} 3 oa se0a oe PO 7309 9900 “3?’9;
® w9 2 . e yL Iy
" + " "
(a) (b)
+ & 4 ‘JJ L] ;
? 9%% . d b . B - J Wy
2 a . o o I »
29%9%, 5 he0ae ve 2a Al J.ao 209 29
‘ 0e 2a ‘ ee asa 29 99 4
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(c) (d)
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Fig. 9 Conformational analyses of torsion angles (N4-C3-C1-C2/,
N4-C5-C6'-C7") calculated using HF/6-31G(d) method

procedure has been carried out for the alkoxyphenyl ring.
The conformers of compound 1 along with their relative
energies are shown in Fig. 9.

In our conformational analysis of molecule 1, we found
the lowest energy at points 0 and 180° between the oxa-
diazole and the other aromatic rings. Any deviation of
these rings from coplanarity increases the total energy of
the molecule and also causes an upfield shift of the
aforementioned protons. Thus, it is obvious that when
the heterocyclic and iodobenzene rings are coplanar, the

Table 2 Calculated 'H chemical shifts for conformers of compound 1

conjugation between them becomes more effective leading
to a lower-field shifts of H-7" and H-7", respectively. The
same occurs with shifts of H-2" and H-2” when 4-propyl-
oxyphenyl ring is rotated. This view is supported by
observing the decrease in bond lengths between Cs—Cg and
C—C;. Any divergence of the coplanarity of the phenyl
rings linked to C3 and C5 of the heterocyclic ring increases
the just-mentioned bond lengths, and also causes the
higher-field proton shifts.

The NMR chemical shift calculations for each con-
former separately have been done at B3LYP/6-
3114++4G(d,p) and SDD levels including solvent effects.
The computed results of 'H chemical shifts for 7' and 7" as
well as 2’ and 2" protons are summarized in Table 2.

On observing the values from Table 2, it is easy to see
that the mean calculated chemical shifts for 7 and 7" as
well as for 2/ and 2" are closer to the experimental values
either in chloroform-d; or benzene-d¢ when the aromatic
and heteroaromatic rings are coplanar. The calculations
further show that the chemical shifts of H-7" and H-7" are
slightly different, but the difference is too small to be
observed in the 300 MHz NMR spectra.

The '*C computed absorptions are in good agreement
with the experimental values with the exception of C-9’
where the calculated value is o 150.1 ppm, and the
experimental value is 0 100.00 ppm. This carbon is exactly
the one which is bonded to the iodine atom. Since this atom

Dihedral plane N4-C5-C6'-C7”

Angle (°) Chloroform-ds Benzene-dg
07 (ppm) 07" (ppm) Mean (ppm) 07" (ppm) 37" (ppm) Mean (ppm)
0 8.171 8.250 8.211 8.098 8.193 8.146
30 7.920 8.058 7.989 7.836 7.999 7918
60 7.389 7.618 7.504 7.283 7.523 7.403
90 7.264 7.265 7.265 7.148 7.149 7.149
120 7.566 7.426 7.496 7.469 7.320 7.395
150 8.016 7.943 7.980 7.948 7.860 7.904
180 8.250 8.171 8.211 8.193 8.098 8.146
Dihedral plane N4—C3-C1'-N2
Angle (°) Chloroform Benzene
02" (ppm) 02" (ppm) Mean (ppm) 02 (ppm) 62" (ppm) Mean (ppm)
0 8.319 8.444 8.382 8.275 8.402 8.339
30 8.092 8.048 8.070 8.038 7.989 8.014
60 7.688 7.514 7.601 7.607 7.431 7.519
90 7.480 7.397 7.439 7.388 7.291 7.340
120 7.538 7.714 7.626 7471 7.619 7.545
150 8.063 8.148 8.106 8.025 8.078 8.052
180 8.308 8.427 8.368 8.281 8.366 8.324
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Fig. 10 a Correlation graph of experimental and computed 'H chemical shifts for compounds 2a—d. b Correlation graph of experimental and

computed chemical '*C shifts for compounds 2a—d

is voluminous, it is possible that this method is unable to
simulate the chemical environment and therefore presents
the higher nuclear magnetic shielding for this carbon.
Our results of the DFT-GIAO-PCM calculations for
compounds 2a—d are summarized in Table 1. In order to
evaluate the calculations’ accuracy, we performed the cor-
relation analysis using the experimental data (Table 1). The
correlation graphs presented a linear behavior between the
experimental '"H NMR chemical shifts with the ones pre-
dicted theoretically (Fig. 9). It is known that the chemical
shifts of protons are more sensitive to solvent, conforma-
tions, and physico-chemical parameters [24-31]. It is well
documented that GIAO calculations employed for predicting
proton signals are, in general, less accurate compared to
other nuclei. In this study, we obtained good results in pre-
dicting the "H chemical shifts of compounds 2a—d. The
computed values for shielding of alkyl and aryl protons are in
good agreement with the ones obtained experimentally,
where the correlation coefficient (R?) plot is 0.99446
(Table 1). However, the '>C NMR chemical shifts have been
predicted more accurately than those obtained for protons
(Fig. 10). Since the carbon atoms are located more inter-
nally, it is reasonable to assume that they are less sensitive to
solvent effects than protons, hence this discrepancy. The
accuracy between the predicted and experimental data has
been evaluated by correlation analysis which presented lin-
ear behavior including the R? value of 0.99639 (Table 1).

Conclusion

In summary, we have accomplished the complete 'H and
3C NMR signal assignments for four 1,2,4-oxadiazoles
containing light-emitting liquid crystals. The attributions of
the signals have been made by using one- and two-
dimensional NMR techniques. Later, we have performed
DFT-GIAO (PCM) calculations employing B3LYP/6-
311++4G(d,p) level of theory for compounds 2a—d. The

computed shifts were compared with the ones previously
assigned using correlation analysis. The predicted values
were quite close with the ones obtained experimentally. It
is evident from observing the correlation graphs which
presented a linear behavior with high R values for both 'H
and "°C nuclei. Therefore, these calculations also support
the signal assignments found experimentally. Finally, the
optimized geometry of compounds 2a—d furnished some
structural features which allowed us to clarify some liquid
crystal behaviors observed in our earlier studies.
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