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In this paper, the molecular geometry, vibrational frequencies and chemical shifts of (6-Methoxy-2-oxo-2H-chromen-4-
yl)methyl pyrrolidine-1-carbodithioate in the ground state have been calculated using the Hartree-Fock and density functional
methods with the 6-311+-+G(d,p) basis set. To investigate the nonlinear optical properties of the title compound, the polariz-
ability and the first hyperpolarizability were calculated. The conformational properties of the molecule have been determined by

analyzing molecular energy properties. Using the time dependent density functional theory, electronic absorption spectra have
been calculated. Frontier molecular orbitals, natural bond orbitals, natural atomic charges and thermodynamical parameters

were also investigated by using the density functional theory calculations.
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1. Inroduction

Coumarins are wide spread in nature, like
flavonoids, which are also extensively represented
in plants, and whose beneficial properties have only
recently gained recognition [1]. They are struc-
turally closely related to chromenes and show var-
ious biological activities [2-6]. Some coumarin
derivatives, due to their outstanding optical prop-
erties, have also found a place and subsequent use
in laser dyes, non-linear optical chromophores, flu-
orescent whiteners, fluorescent probes and solar
energy collectors [7-10]. Because of its unique
medicinal properties, structural variability, low cost
and low toxicity, the coumarin scaffold has been
broadly used in the design and development of
a number of pharmaceutically important com-
pounds [11]. Depending on the nature as well as
pattern of the substitution, coumarins may display
a variety of pharmacological, biochemical and ther-
apeutic properties [12, 13].
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By means of increasing development of compu-
tational chemistry in the past decade, the research
of theoretical modeling of drug design, functional
material design, etc., has become much more ma-
ture than ever. Many important chemical and phys-
ical properties of biological and chemical systems
can be predicted from the first principles by vari-
ous computational techniques [14]. In recent years,
density functional theory (DFT) has been a shoot-
ing star in theoretical modeling. The development
of better and better exchange-correlation function-
als made it possible to calculate many molecu-
lar properties with comparable accuracies to tra-
ditional correlated ab-initio methods, at more fa-
vorable computational costs [15]. Literature survey
revealed that the DFT has a great accuracy in re-
producing the experimental values of geometry, vi-
brational frequency, electronic absorption spectra,
etc. [16, 17].

In the previous publication, the X-ray crys-
tallography and IR spectra of (6-Methoxy-2-
o0xo0-2H-chromen-4-yl)-methyl pyrrolidine-1-
carbodithioate were studied [18]. In spite of its
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importance, mentioned above, no theoretical calcu-
lation concerning (6-Methoxy-2-0xo0-2H-chromen-
4-yl)-methyl pyrrolidine-1-carbodithioate  has
been published yet. The aim of this study is to
investigate the spectral and structural properties
of the coumarin compound, (6-Methoxy-2-
0x0-2H-chromen-4-yl)-methyl pyrrolidine-1-
carbodithioate, using the Hartree-Fock (HF) and
density functional theory (DFT) calculations. In
this work, the molecular structure, vibrational
spectra and assignments, 'H- and 'C NMR
spectra, electronic absorption spectra, frontier
molecular orbitals (FMO), natural bond orbitals
(NBO), natural atomic charges, nonlinear optical
properties and thermodynamical parameters of
(6-Methoxy-2-oxo-2H-chromen-4-yl)-methyl

pyrrolidine-1-carbodithioate were investigated.
These calculations are valuable for providing
insight into molecular properties of coumarins.

2. Theoretical methods

The molecular geometry was taken directly
from the X-ray diffraction experimental result
without any constraints. The HF and DFT cal-
culations of the compound have been done us-
ing the Gaussian 09W software [19]. The vibra-
tional frequencies were calculated at the HF and
DFT/B3LYP levels for the optimized structures and
the predicted frequencies were scaled by 0.96 for
DFT/B3LYP and 0.89 for HF. Vibrational band
assignments were made using the Gauss-View 5
software [20]. Besides, the thermodynamic func-
tions of the title compound at different tempera-
tures were calculated on the basis of vibrational
analysis, using B3LYP/6-311++G(d,p) level. To
identify the conformational flexibility, two selected
degrees of torsional freedom, T(S1-C18-N6-C19)
and T(S1-C17-C14-C15), were changed from
—180° to +-180° in steps of 10°, and the molecular
energy profiles were obtained at the DFT/B3LYP
level. The 'H- and '3C-NMR chemical shifts were
calculated using the Gauge-Independent Atomic
Orbital (GIAO) approach [21] applying B3LYP
and HF methods with 6-3114++G(d,p) basis set.
The geometry of the compound, together with that
of tetramethylsilane (TMS), was fully optimized.

The obtained 'H- and *C-NMR chemical shifts
were derived from the equation 6 = X — X, where
d is the chemical shift, X is the absolute shield-
ing and X is the absolute shielding of the stan-
dard (TMS) [22]. The solvent effect on the theoret-
ical 'H- and 3C-NMR parameters was included
using the the integral equation formalism polaris-
able continuum model (IEF-PCM) [23] provided
by Gaussian 09W. Ethanol and dimethylsulfoxide
(DMSO) were used as solvents. The linear polar-
izability and first hyperpolarizability properties of
the title compound were predicted by molecular
polarizabilities basing on theoretical calculations.
In addition, NBO and FMOs were performed at the
B3LYP/6-3114+4G(d,p) level.

3. Results and discussion
3.1.

The atomic numbering scheme for the title crys-
tal [18] and the theoretical geometric structure of
the title compound are shown in Fig. 1. The crys-
tal structure of the title compound is triclinic and
space group is P-1. The crystal structure param-
eters are a = 6.7223 (2) A, b = 8.0369 (2) A,
c = 154101 (5) A, o = 75.320 (2)°, B = 88.482
(1)°,y = 78.842 (1)° and V = 789.93 (4) A® [18].

The optimized bond lengths, bond angles and
torsion angles of the title compound have been
obtained using the HF and DFT/B3LYP methods
with the 6-3114-+G(d,p) basis set. Theoretical and
experimental geometric parameters are listed in
Table 1. When the X-ray structure of the title com-
pound is compared with its optimized counterparts
(Fig. 2), slight conformational discrepancies are
observed between them. The title crystal is not pla-
nar. The dihedral angle between the 2H-chromene
(04/C8—C16) ring and pyrrolidine (N6/C18-C22)
ring is 75.24 (16)° for X-ray [18], whereas the
dihedral angle has been calculated as 67.65° for
B3LYP and 70.00° for HF. The orientation of the
both the rings is defined by the torsion angles
C22-N6-C18-S1 (178.00°), N6-C18-S1-C17
(-170.98°), C18-S1-C17-C14 (103.72°) and
S1-C17-C14-C15 (-99.35°) which have been
calculated as 178.48°, —176.56°, 105.99° and
—104.04° for B3LYP, and 178.56°, —174.45°,

Optimized geometries
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98.78° and —107.40° for HF, respectively. In the
title compound, the bond lengths and angles are
within normal ranges and they are comparable
with those of related compounds [24-26].
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Fig. 1. (a) The experimental geometric structure of the
title compound [18], (b) DFT optimized struc-
ture of the title compound, (c) HF optimized
structure of the title compound.

It is well known that DFT-optimized bond
lengths are usually longer and more accurate than
HF due to the inclusion of electron correlation [27].
On the other hand, according to calculated results,
the HF method correlates better for the bond dis-
tance compared with the DFT/B3LYP method (Ta-
ble 1). The maximum difference of bond lengths
between the experimental and the predicted values
has been found at C20-C21 bond with the differ-
ence being 0.061 A for B3LYP method, and with
a value 0.053 A for HF method. The root mean
square error (RMSE) is obtained as 0.018 A for
HF and 0.021 A for B3LYP, indicating that the
bond lengths predicted by the HF method show a
good correlation with the experimental values. For
bond angles, the opposite trend was observed. As
can be seen from Table 1, both the biggest differ-
ence and the RMSE for the bond angles calculated
by the B3LYP method are smaller than those pre-
dicted by HF. A global comparing of the structures
obtained by the theoretical calculations has been
done by superimposing the molecular skeleton with
that obtained from X-ray diffraction [28], giving a
RMSE of 0.247 A for B3LYP and 0.324 A for HF
method (Fig. 2). As a result, the B3LYP calculation

well reproduces the the 3-D geometry of the title
compound.

Fig. 2. Superimposition of the calculated HF (top)
and DFT (bottom) and experimental struc-
tures of (6-Methoxy-2-oxo-2H-chromen-4-yl)-
methyl pyrrolidine-1-carbodithioate.

3.2

In order to define the preferential position of
pyrrolidine and chrome rings, a preliminary search
of low energy structures was performed using
B3LYP/6-3114++G(d,p) computations as a func-
tion of the selected degrees of torsional free-
dom T(S1-C18-N6-C19) and T(S1-C17-C14-
C15). The respective values of the selected de-
grees of torsional freedom, T(S1-C18-N6-C19)
and T(S1-C17-C14-C15), are —0.81° and —99.34°
in X-ray structure [18], whereas the corresponding
values in DFT optimized geometry are —1.35° and
—104.04°. Molecular energy profiles with respect to
rotations about the selected torsion angles are pre-
sented in Fig. 3.

Conformational analysis
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Table 1. Selected molecular structure parameters.

Calculated 6-311++G(d,p)

Parameters Experimental [18]
B3LYP HF
Bond lengths [A]
S1-C18 1.787 (2) 1.815 1.785
S1-C17 1.813 (2) 1.839 1.823
S2-C18 1.666 (2) 1.669 1.669
03-C8 1.358 (3) 1.364 1.347
03-C7 1.403 (3) 1.421 1.398
04-Cl16 1.364 (3) 1.390 1.344
04-Cl11 1.375 (3) 1.365 1.353
05-Cl16 1.199 (3) 1.204 1.180
N6-C18 1.313 (3) 1.341 1.320
N6-C19 1.465 (3) 1.479 1.472
N6-C22 1.480 (3) 1.478 1.472
C8-C9 1.386 (3) 1.388 1.374
C8-C13 1.391 (3) 1.406 1.399
C9-C10 1.395 (3) 1.411 1.405
C10-C11 1.395 (3) 1.400 1.377
C10-C14 1.445 (3) 1.411 1.405
Cl11-C12 1.385 (3) 1.396 1.390
C12-C13 1.361 (3) 1.380 1.369
C14-C15 1.341 (3) 1.355 1.332
C14-C17 1.502 (3) 1.504 1.507
C15-Cl16 1.446 (4) 1.455 1.466
C19-C20 1.507 (4) 1.532 1.526
C20-C21 1.474 (5) 1.535 1.527
C21-C22 1.505 (5) 1.531 1.525
Max. difference?® 0.061 0.053
RMSE 0.021 0.018
Bond angles [°]

C18-S1-C17 102.70 (11) 103.03 105.31
C8-03-C7 118.4 (2) 118.57 119.95
C16-04-Cl11 121.98 (18) 122.35 123.06
C18-N6-C19 126.0 (2) 126.05 126.07
C18-N6-C22 123.3 (2) 122.29 122.30
C19-N6-C22 110.6 (2) 111.64 111.61
03-C8-C9 124.1 (2) 124.75 124.86
03-C8-Cl13 115.9 (2) 115.39 115.54
C9-C8-C13 119.9 (2) 119.85 119.59
C8-C9-C10 120.1 (2) 120.49 120.54
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Table 1. (Continuation) Selected molecular structure parameters.

Calculated 6-311+4G(d,p)

Parameters Experimental [18]
B3LYP HF
C11-C10-C9 118.4 (2) 118.48 118.70
C11-C10-C14 117.6 (2) 117.46 117.19
C9-C10-C14 123.99 (19) 124.04 124.09
04-C11-C12 116.88 (19) 116.76 116.65
04-C11-C10 121.7 (2) 122.19 122.29
C12-C11-C10 121.4 (2) 121.03 121.04
C13-C12-Cl11 119.3 (2) 119.76 119.71
C12-C13-C8 120.9 (2) 120.35 120.38
C15-C14-C10 119.0 (2) 119.10 118.80
C15-C14-C17 121.1 (2) 119.94 120.25
C10-C14-C17 119.93 (19) 120.94 120.92
C14-C15-C16 123.0 (2) 122.99 122.28
05-C16-04 116.9 (2) 117.99 119.15
05-C16-C15 126.6 (3) 126.11 124.49
04-C16-C15 116.5 (2) 115.88 116.35
C14-C17-S1 110.94 (16) 112.80 113.25
N6-C18-S2 124.10 (18) 123.67 123.54
N6-C18-S1 111.67 (17) 111.57 112.58
S2-C18-S1 124.21 (15) 124.75 123.86
N6-C19-C20 104.6 (2) 103.67 103.58
C21-C20-C19 105.7 (3) 103.34 103.21
C20-C21-C22 105.6 (3) 103.57 103.41
N6-C22-C21 103.7 (2) 103.75 103.61
Max. Difference? 2.36 2.61
RMSE 0.831 1.168
Torsion angles [°]
C22-N6-C18-S1 178.00 178.48 178.56
N6-C18-S1-C17 —170.98 -176.56 -174.45
C18-S1-C17-C14 103.72 105.99 98.78
S1-C17-C14-C15 -99.35 -104.04 -107.40

aMaximum differences between the bond lengths and angles com-
puted using theoretical methods and those obtained from X-ray

diffraction

As can be seen from the Fig. 3, the low en-
ergy domains for T(S1-C18-N6-C19) are located
at 0° and 180°, while they are located at —100°
and 120° for T(S1-C17-C14-C15). Energy differ-
ence between the most favorable and unfavorable
conformers, which arises from rotational potential
barrier calculated with respect to the two selected

torsion angles, is 0.036 Hartree for T(S1-C18-N6—
C19) and 0.14 Hartree for T(S1-C17-C14-C15),
when both selected degrees of torsional freedom
are considered. It must be remarked that the se-
lected torsion angles in the crystal structure of the
title compound are close to the value in the global
energy minimum.
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Fig. 3. Potential energy profile using the DFT/B3LYP
method for the internal rotation around the C18—
N6 and C17-C14 bonds.

3.3. Vibrational analysis

In this study, harmonic vibrational frequencies
were calculated using the DFT/B3LYP and HF
methods with the 6-3114-+G(d,p) basis set. Us-
ing the Gauss-View molecular visualisation pro-
gram, the vibrational band assignments were made.
In order to facilitate assignment of the observed
peaks, the vibrational frequencies have been an-
alyzed and the calculation for the title com-
pound have been compared with the experimen-
tal results. The vibrational frequencies in the re-
gion 4000 cm~! to 600 cm~! are given in Ta-
ble 2. The IR spectra contain some character-
istic bands of the stretching vibrations of the
C-H, C-H,, C-H3, C=0, C-O, C-N, C=S and
C-S groups.

3.3.1. C-H vibrations

C-H is known as characteristic vibrational
frequency. In the literature, the in-plane and
out-of-plane bending vibrational frequencies
are obtained within their characteristic region.
The aromatic compounds commonly exhibit C-H
stretching vibrations in the region of 3150 cm™!
to 2900 cm™! [29, 30] which is the characteristic
region for the ready identification of C-H stretch-
ing vibrations in plane. In this region the bands
are not appreciably affected by the nature of the
substituents. In our present work, C—H aromatic
stretching are of medium intensity and in the
expected region, lie within the range of 3089 cm™!
to 3078 cm~! by B3LYP and 3019 cm™' to
2998 cm~! by HF. Also C-H in-plane and out-
of-plane bending vibrations were observed in the
range of 1300 cm ™! to 1000 cm~! and 900 cm™! to
675 cm~! [31], respectively. In the title compound,
C-H aromatic rocking bands have been found at
1348 cm™!, 1184 cm~! and 1092 cm~! by B3LYP
and at 1344 cm™!, 1205 cm™! and 1076 cm~! by
HF method. Besides, C—H aromatic wagging bands
are only out-of-plane bending vibrations which is
observed at 871 cm™!, 816 cm~! and 728 cm~! by
B3LYP and 887 cm™!, 832 cm™! and 731 cm™!
by HF. Rahman et al. [32] has found the wagging
type vibrations of the C—H bonds at 820 cm~! and
794 cm~! theoretically, which correlates nicely
with an experimental peak at 800 cm~!.

3.3.2. Methyl group vibrations

The title molecule possesses one C—H3 group.
The C—H methyl group stretching vibrations are
highly localized and generally observed in the
range of 3000 cm~ ! to 2900 cm~! [31, 33]. In
7-Methoxy-4-methylcoumarin, the bands observed
at 3001 cm™!, 2964 cm™!, 2951 cm™! in FT-IR
spectrum and the bands observed at 3000 cm™!
and 2951 cm~! in Raman spectrum were assigned
to CHj3 asymmetric stretching vibrations [34].
The CHj3; symmetric stretching vibrations were
observed at 2902 cm~!' and 2855 cm™! in the
FT-IR spectrum [34]. In this study, the peaks cal-
culated at 3011 cm~! and 2938 cm~! for B3LYP
and 2924 cm~! and 2866 cm ! for HF are assigned
to asymmetric stretching of the methyl group.
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The symmetric one is calculated at 2883 cm™!

and 2813 cm~! for B3LYP and HF levels, re-
spectively. CH3 scissoring vibration is also iden-
tified at 1460 cm~! for B3LYP, while wagging
vibrations are identified at 1444 cm~!, 1184 cm™!,
1158 cm™! and 1120 cm™! and 1450 cm™!,
1205 cm™', 1181 cm™! and 1045 cm™! for B3LYP
and HF, respectivly. The calculated wavenumbers
of CHj group vibrations show the good correlation
with the data presented in the literature [35-37].

3.3.3. Methylene vibrations

The asymmetric CH» stretching vibrations are
generally observed above 3000 cm~!, while the
symmetric stretch appears between 3000 cm~! and
2900 cm~! [38]. The CH, asymmetric stretching
vibration was calculated at 2985 cm™~! for B3LYP
and at 2889 cm~! for HF, while the symmetric
stretching vibrations were predicted at 2926 cm™!
and 2924 cm~! for B3LYP and at 2887 cm™!
and 2883 cm~! for HF. Similar vibrational modes
were also observed for free pyrrolidine [39] or
cyclopentene [40] and other pyrrolidine deriva-
tives [41]. The CH; two wagging and two twist-
ing out-of-plane deformation vibrations were cal-
culated at 1319 cm™! and 1184 cm™! for B3LYP
and at 1335 cm™! and 1205 cm™! for HF and
at 1158 cm™' and 1128 cm™! for B3LYP and
at 1181 cm~! for HF, respectively. The band at
910 cm~! was assigned to CH» rocking in-plane
deformation vibration [42]. In the present work, the
same vibrations were calculated at 900 cm~! by
B3LYP and at 935 cm~! by HF.

3.3.4. C=0 and C-O vibrations

Coumarin derivative compounds have two char-
acteristic absorption bands arising from C=0O and
C-O stretching vibrations. The C=0 stretching
frequency appears strongly in the IR spectrum
in the range of 1600 cm™' to 1850 cm™' be-
cause of the large change in dipole moment. The
carbonyl group vibrations give rise to character-
istic bands in vibration spectra and the charac-
teristic frequency used to study a wide range
of compounds. The intensity of these bands can
increase owing to conjugation or formation of
hydrogen bonds [43]. Moghaddam et al. [44]

assigned C=O stretching absorption in the region
of 1744 cm™! to 1717 cm~! for 3-benzyl-2H-
pyrano3,2-chromene-2,5(6H)-dione. In 4-hydroxy-
1-thiocoumarin, the C=0 stretching was found
to be present at 1701 cm~' [43]. In the present
study, chromene (C=O0) bond stretching vibration
was observed at 1708 cm™! experimentally [18],
while it has been calculated at 1722 cm~' for
B3LYP and at 1767 cm™! for HF. The experimental
C-O stretching bands were observed at 1036 cm™!
and 1279 cm™', and were calculated at 900 cm ™!
to 1214 cm™! for B3LYP and at 935 cm™! to
1233 cm™! for HF. These values are in good agree-
ment with the similar compounds [45, 46].

3.3.5. C-N vibrations

The calculation of C-N stretching frequency
is a rather hard job since there are problems in
identifying these frequencies from other vibra-
tions [47]. Silverstein et al. [31] identified the C-N
stretching absorption in the region of 1382 cm™!
to 1266 cm™! for aromatic amines. Tecklenburg
et al. [48] located the C—N symmetric stretch
in the region of 1120 cm™! to 1150 cm™!. The
C-N stretchings were also found to be present at
1248 cm™! and 1199 cm™! by Pajazk et al. [49]. In
this study, the C-N stretching vibrations were cal-
culated at 1389 cm™!, 1128 cm~! and 835 cm™!
by B3LYP and at 1389 cm~!, 1181 cm™! and
843 cm~! by HF.

3.3.6.

The aromatic stretching vibrations are very
prominent, as they involve double C=C bond in
conjugation with the ring. The ring C=C and
C—C stretching vibrations are expected within the
region of 1620 cm ™! to 1390 cm~! [50]. The C=C
stretching vibrations of the title compound with
very strong intensity are predicted at 1594 cm™!,
1581 cm™!, 1536 cm ™! and 1460 cm ™! for B3LYP
level and at 1604 cm ™!, 1566 cm™! and 1475 cm™!
for HF level. These olefinic C=C stretching vibra-
tions are also in good agreement with the exper-
imental (at 1590 cm™!, 1558 cm™!, 1544 cm™!
and 1482 cm™!) and theoretical (1588 cm™!,
1583 cm~!, 1541 cm™! and 1508 cm™!) val-
ues [51]. The stretching vibrational bands for

C-C vibrations
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C-C bond were calculated at 1348 cm~! and
1319 cm~! for B3LYP and at 1344 cm™! and
1335 cm~! for HF.

3.3.7. C=S and C-S vibrations

According to Silverstein et al. [52], the spec-
tra of the compounds in which C=S group is at-
tached to an N atom show absorption bands in the
broad region of 1563 cm~! to 700 cm~!. In ni-
trogen containing thiocarbonyl compounds, the as-
signment of the C=S stretching frequency has been
controversial [53-55]. Mani et al. [56] have re-
ported an absorption band in phenylisothiocynate
near 988 cm~!. The absorption bands in the region
of 1180 cm™! to 1150 cm™"! have been assigned to
the C=S stretching vibrations in thiohydroxamic
acids [57]. In this study, the C=S stretching vi-
bration, calculated at 974 cm~! for B3LYP and
at 972 cm~! for HF. The C-S group is less polar
than carbonyl links and has a considerably weaker
band. In consequence, the bond is not intense, and
it falls at lower frequencies [58]. Tanak et al. [59]
assigned this mode at 680 cm~' and 497 cm™!
in FT-IR spectrum. The C-S stretching mode was
observed at 672 cm™! for trifluoperazine [60]. In
our title molecule the C-S stretching is observed
at 660 cm~! in FT-IR spectrum [18]. This band is
found to be 666 cm~! and 801 cm~! for HF, and
674 cm~! and 792 cm™! for B3LYP.

3.4. Proton and carbon-13 NMR chemical
shift analyses

GIAO 'H and '3C chemical shift values were
calculated using B3LYP and HF methods with
the 6-3114+4G(d,p) basis set in gas phase and
the calculated results are given in Table 3. To in-
vestigate the solvent effect on the chemical shift
values of the compound, based on B3LYP and
HF method and IEF-PCM model, two solvents
(e = 46.7, DMSO; ¢ = 24.55, ethanol) were se-
lected and the calculated values were also listed
in Table 3. Relative chemical shifts were esti-
mated by using the TMS shielding calculated in
advance at the same theoretical level as the refer-
ence. Calculated 'H isotropic chemical shielding
for TMS at the HF(gas), B3LYP(gas), HF(ethanol),
B3LYP(ethanol), HF(DMSO) and B3LYP(DMSO)

are 32.44 ppm, 31.97 ppm, 32.43 ppm, 31.96 ppm,
32.43 ppm and 31.96 ppm, respectively. Also, cal-
culated '3C isotropic chemical shielding for TMS
at the HF (gas), B3LYP (gas), HF (ethanol), B3LYP
(ethanol), HF (DMSO) and B3LYP (DMSO)
are 196.11 ppm, 184.06 ppm, 196.58 ppm,
184.54 ppm, 196.59 ppm and 184.66 ppm,
respectively.

We have calculated 'H chemical shift values
(with respect to TMS) of 1.89 ppm to 7.37 ppm
at the B3LYP (gas) and 1.73 ppm to 7.81 ppm at
HF (gas) level. Besides, they were calculated to
be 2.00 ppm to 7.48 ppm at the B3LYP (ethanol),
1.71 ppm to 7.80 ppm at the HF (ethanol),
2.00 ppm to 7.49 ppm at the B3LYP (DMSO) and
1.71 ppm to 7.80 ppm at the HF (DMSO). In (S)-2-
Oxopyrrolidin-1-yl Butanamide [61], CH, protons
of the pyrrolidine ring are observed in the region
of 2.47 ppm to 4.50 ppm. In our study, CH, pro-
tons of the pyrrolidine ring are found in the region
of 1.89 ppm to 4.30 ppm at all the B3LYP levels
and 1.73 ppm to 3.88 ppm at all the HF levels.
In the 3-(1-((methoxycarbonyl)oxy)imino)ethyl)-
2H-chromen-2-one, the chemical schift values of
chromene ring protons were observed at 7.28 ppm
to 8.08 ppm experimentally, and at 7.05 ppm
to 791 ppm for the HF/6-3114++G(d,p) level
and 7.26 ppm to 8.41 ppm for the B3LYP/6-
3114++G(d,p) level [62]. In the present work, the
chromene ring protons have been calculated at
6.80 ppm to 7.87 ppm for B3LYP and at 6.73 ppm
to 7.81 ppm for HF levels in gas and solution phase.

The '3C NMR chemical shift values (with
respect to TMS) have been calculated to be
28.69 ppm to 205.44 ppm for B3LYP (gas),
24.57 ppm to 226.88 ppm for HF (gas), 29.23 ppm
to 206.75 ppm for B3LYP (ethanol), 25.04 ppm
to 227.35 ppm for HF (ethanol), 29.35 ppm to
206.97 ppm for B3LYP (DMSO) and 25.05 ppm
to 227.36 ppm for HF (DMSO). The chromene
ring carbons give peaks at 100 ppm to 200 ppm
for all methods. These peaks have been ob-
served at 113 ppm to 177 ppm in 7-Acetoxy-4-
(bromomethyl)coumarin [63]. As seen from Ta-
ble 3, 'H and '3C NMR spectra were a little af-
fected by the change in polarity of the solvent.
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Table 2. Comparison of the experimental and calculated vibrational frequencies [cm™!].

Scaled frequencies with 6-311++G(d,p)

Assignments® Experimental [18]
B3LYP HF
v (C—H) ring - 3089 3019
v (C—H) ring - 3083 3015
v (C—H) ring - 3078 2998
v (C—Hj3) as - 3011 2924
v (C—H;) as - 2985 2889
v (C—Hy) s - 2926 2887
v (C—Hj3) as - 2938 2866
v(C—Hy) s - 2924 2883
v (C—Hj) s - 2883 2813
v (C=0) 1708 1722 1767
v (C=0C) - 1594 1604
v (C=C) ring - 1581 1566
v (C=C) ring - 1536 1475
v (C=C) + a(C—H3) - 1460 -
w (C—H;3) - 1444 1450
v (C—=N) - 1389 1389
v (C—C) + v (C—H) ring - 1348 1344
v (C—C)+ w (C—Hy) - 1319 1335
v (C—H) ring - 1246 1251
v (C—O0) ring 4+ v (C—0O) methoxy 1279 1214 1233
v (C—H) ring + w(C—H;) + w (C—Hj3) - 1184 1205
5 (C—H;) + w (C—Hj3) - 1158 1181
v (C—N)+ & (C—H,) - 1128 1181
w (C—H;3) - 1120 1045
v (C—H) ring - 1109 1045
v (C—H) ring + v(C—O0) ring - 1092 1076
v (C—0) methoxy 1036 1024 1045
v (C=S) - 974 972
v (C—0) ring + v (C—Hy) - 900 935
w (C—H) ring - 871 887
v (C—-N) 842 835 843
w (C—H) ring - 816 832
v (C-S)+ B (C—Hy) - 792 801
w (C—H) ring - 728 731
v (C=S) 660 674 666

4. v — stretching; § — twisting; vy — rocking; w, wagging; «, scissoring; 3, bending; s, symmetric; as —
asymmetric
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'H and '3C chemical shift results of the title com-
pound in gas phase are generally closer to the sol-
vent phase. The calculated 'H and '3C chemical
shift values of the title compound are in a good
agreement with those of related chromene and
pyrrolidine derivatives [64, 65].

Table 3. Theoretical and experimental 'H and '3C
isotropic chemical shifts (with respect to TMS
values in ppm) for the title compound.

Gas Ethanol DMSO

Atom

B3LYP HF B3LYP HF B3LYP HF

H7A
H7B
H7C
H9
H12
H13
H15
HI7A
H17B
HI9A
HI19B
H20A
H20B
H21A
H21B
H22A
H22B
C7
C8
9
C10
Cll1
C12
C13
Cl4
C15
Cl16
C17
C18
C19
C20
C21
C22

375 3.67 392 3.65
414 404 424 403
3.69 3.64 388 3.62
6.71 7.03 7.06 7.00
737 781 748 7.80
730 7795 748 7.3
6.80 673 6.77 6.73
4.00 403 433 399
550 524 546 523
340 3.08 347 3.06
376 346 382 344
198 187 211 1.85
207 194 213 193
1.89 1.73 200 1.71
195 192 208 191
375 339 377 338 377 338
430 388 424 388 4.18 3.87
56.76 50.26 57.92 50.70 58.08 50.73
163.38 159.94 164.94 160.39 165.10 160.41
106.50 109.31 109.16 109.62 109.44 109.74
126.16 122.12 126.87 122.58 127.00 122.60
158.96 151.76 158.40 152.26 158.49 152.25
124.72 127.27 124.96 127.81 125.04 127.77
127.92 130.96 129.74 131.39 129.90 131.43
159.64 164.12 164.81 164.28 165.16 164.50
122.61 119.57 120.63 120.23 120.64 120.11
163.72 164.98 167.21 165.29 167.44 165.41
4295 3334 43.17 33.80 4329 33.82
205.44 226.88 206.75 227.35 206.97 227.36
53.29 47.80 55.25 4820 5544 48.26
30.86 2630 31.46 26.776 31.59 26.78
28.69 2457 29.23 25.04 29.35 25.05
60.29 53.03 62.20 53.45 62.38 53.50

393  3.63
424 403
3.89 3.65
7.07  7.02
749  7.80
749 7.4
6.77 6.72
435 4.01
545 523
347 3.06
3.82 345
212 1.86
213 193
200 1.71
208 191

3.5. Natural bond orbital analysis

NBO analysis provides an efficient method for
studying intra and intermolecular hydrogen bond-
ing and interaction among bonds, and provides a
convenient basis for investigating charge transfer
or conjugative interaction in molecular systems.
The energy of hyperconjugative interactions or the
stabilization energy gives the interaction between
donor groups and acceptor ones [66, 67]. More in-
tensive interactions between electron donors and
electron acceptors depend on larger E() value, i.e.,
the more donating tendency from electron donors
to electron acceptors the greater the extent of con-
jugation of the whole system [68]. For each donor
NBO (i) and acceptor NBO (j), the stabilization
energy E(?) is estimated by the following equa-
tion [69, 70]:

E® =, (1

8]*8,'

where q; is the donor orbital occupancy, ¢;, €; are
diagonal elements (orbital energies) and Fj; is the
off-diagonal NBO Fock matrix element. In order to
investigate the intramolecular interaction, the sta-
bilization energies of the title compound were per-
formed using the second-order perturbation the-
ory. The results of second-order perturbation the-
ory analysis of the Fock Matrix at B3LYP/6-
3114++G(d,p) level of theory are collected in Ta-
ble 4. For the table, the stabilization energies larger
than 13 kJ/mol have been chosen.

The NBO analysis has revealed that the in-
tramolecular interactions which are formed by the
orbital overlap between bonding (C-S), (C-0),
(C-N), (C-C) and (C-H) anti-bonding orbital, re-
sult in intramolecular charge transfer causing sta-
bilization of the compound. These interactions are
observed as an increase in electron density (ED) in
(C-S), (C-C) and (C-O) anti-bonding orbitals that
weakens the respective bonds. The electron density
of the five conjugated single bonds of pyrrolidine
ring (~1.98 e) clearly demonstrates strong delocal-
ization. Additionally, the ED of conjugated bond of
2H-chromene ring (~1.91 e) clearly shows strong
delocalization inside the compound [59].
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In the studied compound, strong in-
tramolecular hyperconjugative interactions of
m-electrons with the greater energy contributions
from C8-C9 — CI10-Cl1 (73.94 KklJ/mol),
C12-C13  (69.93 kJ/mol); C10-Cl11 —
C8-C9 (74.48 kJ/mol), C12-C13 (71.68 kJ/mol);
Cl4-C15 (4221 KkJmol); Cl12-C13 —
C8-C9 (80.67 kJ/mol), C10-C11 (75.53 kJ/mol);
Cl14-C15 — 05-C16 (91.54 kJ/mol), C10-C11
(43.76 kJ/mol) are observed for the chromene
part of the compound. The hyperconjugative
interactions of the 0 — ¢* and o0 — 7* tran-
sitions occur also from various bonds in the
compound, such as the hyperconjugative in-
teraction of the o(C22-H22B) distribute to
0*(C22-H22B); (C15-H15); (C10-C14);
(C14-C17) and (C22-H22A) leading to stabiliza-
tion of 33.27 kJ/mol, 46.94 kJ/mol, 61.61 kJ/mol,
118.16 kJ/mol and 269.02 kJ/mol, respectively.
This enhanced bond further conjugate with anti-
bonding orbital of 7t* (C14—C15), which results in
strong delocalization of 52.54 kJ/mol.

There is a very weak intramolecular C-H...S
hydrogen bond exposed in the NBO analysis re-
sults shown in Table 4 caused by the interactions
between the sulfur lone-pair LP(2) S2 and the anti-
bonding orbital ¢*(C17-H17B). The lone pair of
N6 donates its electrons to the 7t-type antibond-
ing orbital for (S2—-C18). This interaction gives
the strongest stabilization to the system of the ti-
tle compound by 357.01 kJ/mol. In addition, the
7" (C8-C9) NBO conjugates with respective bonds
of " (C10-C11) and ©* (C12-C13) resulting in
an enormous stabilization of 532.95 kJ/mol and
830.56 kJ/mol, respectively.

3.6. Atomic charge analysis

In order to investigate the electron population
of each atom of the title compound, the natural
population analysis (NPA) atomic charges of the
compound were calculated using the DFT/B3LYP
method with the 6-311+4G(d,p) basis set. The ob-
tained results are given in Table 5. NPA charge plot
has been shown in Fig. 4. The NPA analysis shows
that the carbon atoms attached to hydrogen atoms
are negative, whereas the carbon atoms (C8, C11,

C16) adjacent to the oxygen atoms of the chromene
ring are positively charged. The oxygen atoms of
chromene fragment and N6 atom of pyrrolidine
ring have more negative atomic charges whereas
all the hydrogen atoms have positive charges. The
maximum positive atomic charge is obtained for
C16 atom of carbonyl group when compared with
all other atoms. This is due to the attachment of
maximum negatively charged O5 atom.

Fig. 4. Natural atomic charges of (6-Methoxy-2-
oxo-2H-chromen-4-yl)-methyl  pyrrolidine-1-
carbodithioate.

3.7. Electronic absorption spectra and
frontier molecular orbital analysis

The electronic absorption spectra of the ti-
tle compound were computed using the TD-DFT
method in the gas phase and the DMSO solvent
(Fig. 5). The solvent effect was calculated us-
ing IEF-PCM method. For TD-DFT calculations,
a theoretical absorption band was calculated at
242.43 nm (3.62 eV) with oscillator strength being
0.104. The other absorption peak was calculated at
231.21 nm (5.36 eV) with oscillator strength be-
ing 0.114. In addition to the calculations in gas
phase, TD-DFT calculations of the title compound
in DMSO solvent were performed at 352.01 nm
(3.52 eV) with oscillator strength being 0.127 and
at 233.41 nm (5.31 eV) with oscillator strength
being 0.208. According to the investigations on
the frontier molecular orbital (FMO) energy lev-
els of the title compound, we can find that the
corresponding electronic transfers happened be-
tween the HOMO-1 and LUMO, HOMO-3 and
LUMO+1 orbitals, respectively.
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Table 4. Selected second-order perturbation energies E(?) associated with i — j delocalization in gas phase.

Donor orbital (i) Type ED/e  Acceptor orbital (j) Type ED/e E® [kJ/mol]* EG)-E(i) [a.u.]P F(@i,j) [au.]°

S1-C17 o 196731 Cl14—-C15 mx  0.16017 13.08 0.78 0.046
S1-C18 o 1.97456 N6—-C22 ox 0.03367 23.28 0.95 0.065
S2—-C18 o 1.98622 S2—-C18 ox 0.02661 19.18 0.22 0.033
S52—-C18 7 1.98142 N6—-C19 ox 0.03696 20.06 1.02 0.063
05-C16 . 1.97927 C14—-C15 mx  0.16017 14.25 0.56 0.040
N6—-C19 o 1.98300 S2—-C18 mx  0.02661 15.92 1.02 0.056
N6—-C22 o 1.98037 S1-C18 ox 0.11776 15.29 0.87 0.052
N6—-C22 o 1.98037 C10—-C14 ox 0.03343 18.01 1.43 0.070
N6-—-C22 o 1.98037 C14—-C15 mx  0.16017 14.71 0.91 0.052
N6—-C22 o 1.98037 C14-C17 ox 0.02814 31.35 1.60 0.098
N6—-C22 o 1.98037 CI15—-H15 ox 0.01325 16.17 1.32 0.064
N6—-C22 o 1.98037 C22—-H22A ox 0.02002 98.68 5.65 0.326

C7—-H9 o 1.99099 03-C8 ox 0.02948 14.50 0.89 0.050

C8—-C9 o 1.97744 C9-C10 ox 0.02110 14.96 1.26 0.060

C8—-C9 m  1.70329 C10—-C11 i+ 0.42279 73.94 0.31 0.069

Cc8—-C9 7 1.70329 C12—-C13 mx  0.29806 69.93 0.31 0.064
C8—-C13 o 1.97225 03-C7 ox 0.00895 13.04 0.99 0.050
C8—C13 o 1.97225 C8—-C9 ox 0.02751 17.09 1.27 0.064

C9—H9 o 1.97491 C8—-C13 ox 0.02300 16.55 1.09 0.059

C9—H9 o 1.97491 C10-Cl11 ox 0.03420 16.80 1.09 0.059
C9—-C10 o 1.96573 03-C8 ox 0.02948 17.89 1.05 0.060
C9-C10 o 1.96573 04—-Cl11 ox 0.03285 15.88 1.04 0.056
C9—-C10 o 196573 C8—-C9 ox 0.02751 14.25 1.26 0.059
C9-C10 o 1.96573 C10—-Cl11 ox 0.03420 15.88 1.25 0.061
C9-C10 o 1.96573 C10-Cl14 ox 0.03343 13.00 1.40 0.059
C10-C11 o 1.97068 C9—-C10 ox 0.02110 15.00 1.25 0.060
C10-Cl11 o 1.97068 Cl11-C12 ox 0.02153 18.09 1.25 0.066
C10-C11 m 1.61973 C8—-C9 mx  0.36558 74.48 0.29 0.064
Cl10-C11 . 1.61973 C12—-C13 mx  0.29806 71.68 0.30 0.066
C10-C11 . 1.61973 C14—-C15 mx  0.16017 42.21 0.45 0.064
C10-C14 o 1.96855 C9-C10 ox 0.02110 15.29 1.22 0.060
Cl1-C12 o 1.97260 C10-Cl11 ox 0.03420 18.93 1.26 0.068
CI2—-H12 o 1.97720 C8—-C13 ox 0.02300 14.67 1.07 0.055
C12—-H12 o 1.97720 C10-Cl11 ox 0.03420 17.84 1.08 0.061
C12-Cl13 o 1.97210 03-C8 ox 0.02948 13.50 1.07 0.052
C12-Cl13 o 1.97210 04—-Cl11 ox 0.03285 15.34 1.06 0.056
C12—-C13 . 1.71752 C8—-C9 x  0.36558 80.67 0.28 0.067
C12—-C13 . 1.71752 C10—-C11 k. 0.42279 75.53 0.31 0.069
C13—-H13 o 197744 C8—-C9 ox 0.02751 17.93 1.09 0.061
CI13—-H13 o 197744 Cl11-CI12 ox 0.02153 13.91 1.06 0.053
C14-CI5 o 1.97636 C9—-C10 ox 0.02110 13.33 1.29 0.057
C14-CI5 7 1.80442 S1-C17 ox 0.02626 20.27 0.42 0.042
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Table 4. (Continuation) Selected second-order perturbation energies E® associated with i — j delocalization in
gas phase.

Donor orbital (i) Type ED/e  Acceptor orbital (j) Type ED/e E® [kJ/mol]* E()-EG) [a.u.]® F(i,j) [a.u.]

C14—-C15  1.80442 05-C16 7+ 0.28744 91.54 0.30 0.074
C14-CI5 1.80442 C10-Cl11 7+ 0.42279 43.76 0.32 0.055
CI5—H15 o 1.97420 04-C16 ox 0.12395 17.72 0.84 0.055
CI5—H15 o 1.97420 C10-C14 o+ 0.03343 19.52 1.23 0.068
C15-Cl6 o 1.98160 C14—CI5 ox 0.01954 12.54 1.32 0.056
C15-Cl6 o 1.98160 C14-C17 ox 0.02814 14.33 1.56 0.066
C17-H17B o 1.97909 C10-C14 ox 0.03343 14.96 1.23 0.059
C19-C20 o 1.97909 N6—C18 ox 0.05998 15.04 1.09 0.057
C21-C22 o 1.98228 N6—C18 ox 0.05998 14.08 1.09 0.055
C21-C22 o 1.98228 C10-C14 ox 0.03343 20.64 1.33 0.073
C21-C22 o 1.98228 C14—CI5 mx  0.16017 25.53 0.81 0.065
C21-C22 o 1.98228 C14-C17 ox 0.02814 41.00 1.49 0.108
C21-C22 o 198228 C22—H22A ox 0.02002 100.57 5.55 0.326
C22—H22A o 1.98004 C10-C14 ox 0.03343 18.93 1.22 0.067
C22—H22A o 198004 C14-C17 ox 0.02814 38.58 1.39 0.101
C22—H22A o 198004 C15—-H15 ox 0.01325 14.79 1.12 0.056
C22—-H22A o 1.98004 C21-H21A ox 0.01457 21.69 0.94 0.063
C22—-H22A o 1.98004 C21-C22 ox 0.01296 15.46 2.76 0.090
C22—H22A o 1.98004 C22—-H22A ox 0.02002 66.54 5.44 0.263
C22—H22A o 1.98004 C22—H22B ox 0.02002 51.99 2.82 0.168
C22—-H22B o 198156 C10-C14 ox 0.03343 61.61 1.21 0.120
C22—-H22B o 198156 C14—-CI15 7+ 0.16017 52.54 0.70 0.087
C22—-H22B o 198156 C14-C17 ox 0.02814 118.16 1.38 0.177
C22—-H22B o 1.98156 C15—H15 ox 0.01325 46.94 1.11 0.100
C22—-H22B o 1.98156 C22—-H22A ox 0.02002 269.02 5.44 0.528
C22—-H22B o 1.98156 C22—H22B ox 0.01560 33.27 2.82 0.134
S1 LP(1) 1.97272 S2—-C18 mx  0.02661 28.34 0.93 0.071
S1 LP(2) 1.81217 S2—-C18 ox 0.50942 126.61 0.18 0.072
S2 LP(1) 1.97823 S1-C18 ox 0.11776 19.35 0.86 0.058
S2 LP(1) 1.97823 N6—C18 ox 0.05998 13.83 1.18 0.056
S2 LP(2) 1.82347 S1-C18 ox 0.11776 69.05 0.35 0.068
S2 LP(2) 1.82347 N6—-C18 ox 0.05998 46.73 0.67 0.080
S2 LP(2) 1.82347 C17—H17B ox 0.03283 16.63 0.61 0.046
03 LP(1) 1.96313 C8—-C9 ox 0.02751 29.05 1.11 0.079
03 LP(2) 1.84590 C7-H7A ox 0.01902 23.36 0.69 0.057
03 LP(2) 1.84590 C7-H7C ox 0.01908 23.53 0.69 0.058
(OX] LP(2) 1.84590 C8—-C9 mx  0.36558 125.23 0.34 0.095
04 LP(1) 1.96311 C10—-Cl11 ox 0.03420 26.54 1.09 0.074
04 LP(1) 1.96311 C15-C16 ox 0.05477 18.76 1.00 0.060

04 LP(2) 1.74309 05-C16 mx  0.28744 146.13 0.35 0.100
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Table 4. (Continuation) Selected second-order perturbation energies E(2) associated with i — j delocalization in

E® [kJ/mol]* E()-E() [a.u.]® F(i,j) [a.u.]¢

gas phase.

Donor orbital (i) Type ED/e  Acceptor orbital (j) Type ED/e
04 LP(2) 1.74309 C10-C11
05 LP(2) 1.83314 04-C16
05 LP(2) 1.83314 C15—-C16
N6 LP(1) 1.61189 S2—-C18
N6 LP(1) 1.61189 C19—HI19A
N6 LP(1) 1.61189 C19—-H19B

04—-C16 ox 0.12395 04-C11

05-Cl16 s« 0.28744 C14—-CI15
C8—C9 e 0.36558 C10-C11

C8—-C9 e 0.36558 C12—-Cl13
C10-Cl11 i« 0.42279 Cl14—-C15
C10-C11 mx  0.42279 Cl14—-C17
C10-C11 mx  0.42279 C22—H22A
Cl14—-Cl15 mx  0.16017 C10—-C14
Cl14—-C15 e« 0.16017 Cl14-C17
C14—-CI15 e« 0.16017 C15—H15
C14—-CI15 7w 0.16017 C22—-H22A

mx  0.42279 113.65 0.37 0.094
ox 0.12395 156.33 0.57 0.131
ox 0.05477 66.75 0.70 0.097
ox 0.50942 357.01 0.19 0.118
ox 0.02121 23.61 0.65 0.060
ox 0.01621 13.54 0.67 0.046
ox 0.03285 114.19 0.02 0.080
mx 0.16017 31.39 0.17 0.067
mx 0.42279 532.95 0.02 0.077
o 0.29806 830.56 0.01 0.082
mx  0.16017 135.68 0.14 0.113
ox 0.02814 14.08 0.83 0.099
ox 0.02002 18.68 4.89 0.280
ox 0.03343 24.28 0.52 0.158
o+ 0.02814 36.65 0.69 0.226
ox 0.01325 14.42 0.41 0.114
ox* 0.02002 60.61 4.74 0.780

ag2) energy of hyper conjugative interactions

Energy difference between donor and acceptor i and j NBO orbitals

°Fj; is the Fock matrix element between i and j NBO orbitals

The FMO plays an important role in the elec-
tric and optical properties, as well as in UV-Vis
spectra and chemical reactions [71, 72]. Fig. 6
shows the distributions and energy levels of the
HOMO-1, HOMO, LUMO and LUMO+1 orbitals
calculated at the B3LYP/6-311+4+G(d,p) level for
the title molecule. As can be seen from Fig. 6, both
for the HOMO and HOMO-1, the electrons are de-
localized on the sulfur atoms of the pyrrolidine-1-
carbodithioate. For the LUMO and LUMO-1, the
electrons are mainly delocalized on the 2-oxo-2H-
chromen ring, C14-C17 bond and S1 atom. The
value of the energy separation between the HOMO
and LUMO is 1.42 eV. Considering the chemi-
cal hardness, small HOMO-LUMO gap (AEy_1.)
means a soft molecule and large AEy_; means a
hard molecule. One can also relate the stability of
the molecule to hardness, which means that the
molecule with the least AEg_1. is more reactive
and less stable [73]. The 1 and S can be calcu-
lated using the HOMO and LUMO energy values

for a molecule as follows: N = (ELumo— Enomo )/2
and S = 1/2n [60], where Erymo and Egomo
are LUMO and HOMO energies, respectively.
The calculated values of 11 and S for the title com-
pound are 0.71 eV and 0.70 eV~!, respectively.

3.8. Molecular electrostatic potential

Molecular electrostatic potential (MEP) map-
ping is very useful for understanding the sites
for electrophilic attack and nucleophilic reactions
as well as hydrogen bonding interactions [74].
Red-electron rich or partially negative charge
regions of MEP are related to electrophilic reac-
tivity and the blue-electron deficient or partially
positive charge regions of MEP are related to
nucleophilic reactivity shown in Fig. 7. The MEP
clearly indicates that the electron rich centres
were found around the O3, O5 and S2 atoms. The
negative V(r) values are —0.023 a.u. for O3 atom,
—0.103 a.u. for O5 and -0.035 a.u. for S2 atom.
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Table 5. Natural atomic charges (e) of (6-Methoxy-2-
oxo0-2H-chromen-4-yl)-methyl pyrrolidine-1-
carbodithioate.

B3LYP Atom B3LYP Atom B3LYP

C10 -0.11967 C18 -0.05156
Cl1 0.32460 C19 -0.17943
C12 -0.19651 HI19A 0.20289
H12 0.22618 H19B 0.21295
C13 -0.21046 C20 -0.38867
H13 0.22257 H20A 0.19988
C14 0.03099 H20B 0.21342
C15 -0.28039 C21 -0.39439
H15 0.23948 H21A 0.20043
H7C 0.16919 C16 0.75023 H21B 0.21463
C8 0.31283 C17 -0.53537 C22 -0.16780
C9 -0.25921 H17A 0.22481 H22A 0.20388
H9 0.21104 HI7B 0.26817 H22B 0.22427

Atom

S1 0.24719
S2  -0.16350
03 -0.54097
04 -0.51251
05 -0.56201
N6 -0.49501
C7 -0.20596
H7A 0.16955
H7B 0.19436
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Fig. 5. Theoretical UV-Vis spectra of (6-Methoxy-
2-0x0-2H-chromen-4-yl)-methyl pyrrolidine-1-
carbodithioate. gas (top) and DSMO (bottom).

Thus, it could be predicted that an electrophile
would preferentially attack the title molecule at
05 atom. On the other hand, a maximum positive
region is localized on the methyl nearby with a
value of +0.069 a.u. indicating a possible site for

A‘O
9

LUMO (-5.99 ¢V)

Iy
9.3
: °
e
9
HOMO (-7.41 eV)

HOMO-1 (-7.52 ¢V)

Fig. 6. Molecular orbital surfaces and energy lev-

els of (6-Methoxy-2-oxo-2H-chromen-4-yl)-
methyl pyrrolidine-1-carbodithioate.

Fig. 7. The total electron density mapped with electro-
static potential of the title compound.

nucleophilic attack. So, the MEP surfaces clearly
indicate that positive potential sites are around
methylene and methyl hydrogen atoms. These
sites give information that the compound
can have metallic bonding and intermolecular
interactions [73].
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3.9. Non-linear optical properties

Nonlinear optics (NLO) is at the forefront
of current research because of its importance in
providing the key functions of frequency shifting,
optical switching, optical modulation, optical logic,
and optical memory for emerging technologies in
areas such as telecommunications, signal process-
ing, and optical interconnections [75, 76].

The dipole moment (u), polarizability (o)
and first hyperpolarizbility ((3) values of the ti-
tle molecule were computed at the B3LYP/6-
3114++G(d,p) level using the Gaussian 09W pro-
gram package. Calculations of the polar properties
(oc and B) from the Gaussian output have been ex-
plained in detail previously [77], and DFT has been
used extensively as an effective method to investi-
gate organic NLO materials [78, 79].

The calculated values of u, & and 3 are 9.007
Debye, 38.299 A% and 4.868 esu for the title
compound. Urea is used as one of the proto-
typical molecules in the study of NLO proper-
ties of molecular systems. Therefore, it has been
used frequently as a threshold value for com-
parative purposes [78]. The values of « and {3
of the title compound are greater than those of
urea (the oo and P of urea are 5.042 A3 and
0.78 x 1073% esu obtained using the B3LYP/6-
3114++G(d,p) method) [22]. Theoretically, the {3
value of the title compound is of 6.24 times mag-
nitude of urea. When we compare it with the
similar compounds in the literature, the calcu-
lated value of 3 of the title compound is smaller
than those of 9-methoxy-2H-furo3,2-gchromen-
2-one (p = 52983 x 1073° esu calculated
with B3LYP/6-311++4+G(d,p) method) [80] and
6-phenylazo-3-(p-tolyl)-2H-chromen-2-one (3 =
34.528 x 107" esu calculated with B3LYP/6-
311++G(d,p) method) [81]. According to the
magnitude of 3, the title coumarin compound may
be a potential applicant in the development of NLO
materials.

3.10. Thermodynamic properties

The standard thermodynamic functions: en-
tropy (S)), heat capacity (Cg,m) and enthalpy

(HY) were obtained on the basis of B3LYP/6-
3114++G(d,p) vibrational analysis and statistical
thermodynamics and listed in Table 6. The Table
shows that the S9, Cgm and HY, increase at any
temperature from 200.00 K to 600.00 K, because
the intensities of the molecular vibration increase
with the increasing temperature.

The correlations equations between these ther-
modynamic properties and temperatures T are as
follows:

Cp = —11.97047 +1.36407 T — 6.32498 x 10T
(R* =0.99978) )

S0 =1290.75334 4+ 1.33432T —2.92022 x 10772
(R =1) 3)

H® = —6.01208 +0.08769 T +4.33528 x 10472
(R? = 0.99995) (4)

These equations will be helpful for the further
studies of the title compound [82, 83].

Table 6. Thermodynamic properties at different temper-
atures at B3LYP/6-3114++G(d,p) level.

T HY Chm SY
[K] [kJ-mol~'] [J-mol~"-K~!] [J-mol~!1.K~1]
200  29.30 237.84 545.94
250 42.84 287.79 606.22
300 58.89 338.28 664.70
350 7745 387.27 721.80
400  98.39 433.17 777.68
450 121.55 475.18 832.15
500 146.67 513.09 885.07
550 173.63 547.07 936.40
600 202.18 577.55 986.06

4. Conclusions

In this study, we have calculated the geometric
parameters, vibrational frequencies and chemical
shifts  of  (6-Methoxy-2-oxo-2H-chromen-4-
yl)-methyl  pyrrolidine-1-carbodithioate  using
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the DFT/B3LYP and HF methods in conjunction
with the 6-311+4G(d,p) basis set. The compar-
isons between the calculated results and the X-ray
experimental data show that HF method is better
than B3LYP method in evaluating bond lengths.
However, the B3LYP method seems to be more ap-
propriate than HF method for predicting the bond
angles and 3D geometry of the title compound.
The vibrational frequencies are exactly assigned
to its molecular structure with the aid of the
theoretical calculations at B3LYP/6-311++-G(d,p)
and HF/6-3114-+G(d,p) levels, in which the exper-
imental and theoretical results support each other.
Furthermore, the calculated electronic absorption
wavelengths and 'H and '3C NMR chemical shift
values of the title compound in gas phase and
solvent media can be built into the database for
other chromen and pyrrolidine derivatives. It will
be helpful for the design and synthesis of new
materials. The stabilization energies were ob-
tained from the second-order perturbation theory.
The NBO analysis revealed that the 7t* — 7
interactions give the strongest stabilization to the
system. The correlations between the statistical
thermodynamic properties (enthalpy, entropy, heat
capacity) and temperature were also obtained. The
calculated first order hyperpolarizability of the title
compound was 6.24 times greater than that of urea.
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