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Abstract This article deals with a combined experimental and computational study of a 6-substituted coumarin derivative,
namely, 2-oxo-2H-chromen-6-yl 4-methoxybenzoate (I). The compound was synthetized by O-acetylation of
6-hydroxycoumarin with 4-methoxybenzoyl chloride in the presence of tetrahydrofuran as a solvent and triethylamine as a
base. The crystal structure has a P2, space group and crystallizes in the monoclinic system with dimensions of a = 3.8956 (4)
A, b=10.1366 (6) A, and c = 17.3178 (13) A . The angles between the crystal axes are a =y = 90°and 8 = 90.580 (7)°, with
a Z value of 2. The compound was structurally characterized by both spectroscopy and single-crystal X-ray diffraction (XRD).
In the latter, the structure of (I) was solved by direct methods and refined as a 2-component twin to a final R value of 0.0495
for 2966 independent reflections. The structure is stabilized by H-n and m-m stacking interactions between neighboring
aromatic rings, as well as intra- and intermolecular C—H...O hydrogen bonds that extend along the [001] direction. The
analysis of intermolecular interactions was conducted using dn.m and shape-index mappings. The results of this analysis
highlighted the same interactions as those found by XRD analysis, namely C-H...O hydrogen bonds, H-rt and n-mt stacking
interactions. As well, the two-dimensional fingerprint plots (FP) show specific close contacts between atom pairs and the
contributions from different contacts. The largest contributions to the Hirshfeld surface, 34.9% and 33.3%, come from
O-~H/H...O and H:-H contacts, respectively. In additionally, the molecular geometry of (I) was optimized using both ab
initio method namely restricted Hartree-Fock (RHF) method and density functional theory (DFT/RB3LYP) with the
6-3117"G(d, p) basis set in ground state. The outcomes of these quantum chemical calculations are consistent with the
observed structure. The only reported difference concerns the Hartree-Fock calculations where the computed torsion angle
between the coumarin ring system and the benzoate ring, C;—0s—Cg—C,, 0f -85.6° is slightly larger than the observed
value (—51.3 (8)°). Also, frequency calculations were carried out with the optimizing structures to perform vibrational
analysis, check compound stability and obtain some thermodynamic parameters. Molecular orbital calculations providing
electron-density plots of the HOMO and LUMO molecular orbitals were also performed with the frequency calculation
methods using the same basis sets. The theoretical values of the HOMO-LUMO energy gap yielding from these calculations
are 4.40 eV for (DFT/B3LYP/6-311""G(d,p)) and 9.77 eV for (RHF/6-311""G(d)) methods.

Keywords 6-substituted coumarin derivative, Spectroscopic analysis, Crystal structure, Conformational analysis,
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. Coumarin occurs naturally in plants such as cinnamon,
1. Introduction tonka bean and sweet clover. The coumarin content of these
plants or their essential oils is highly variable, and these
* Corresponding author: plants can be used in_ foo_d s_upplements without any _Iimit in
abouakoun@gmail.com (Akoun Abou) coumarin content being indicated. Its structure was isolated
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Published online at http://journal sapub.org/ajoc 1868 by W.H. Perkin, via the famous Perkin reaction, at high
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temperature, from salicylic aldehyde and an acid anhydride
(CH3CO),0 in the presence of a weak base (CH3COONa).
The process currently used by Rhodia, world leader on the
market, also uses salicylic aldehyde in the synthesis of
coumarin consuming approximately half of the annual
production of salicylic aldehyde. These coumarin derivatives
are also widely used as raw materials in the pharmaceutical,
perfume and agrochemical industries, as starting materials or
intermediates for the synthesis of various compounds with a
wide range of biological activities [1-3]. These include
antibacterial [1], antioxidant [2] and anti-inflammatory [3]
properties.

In view of their importance and as an extension of our
current research in the field of crystal structure analysis and
theoretical calculations of new coumarin derivatives [4,5],
we report here the synthesis, the spectroscopic
characterization, the single-crystal X-ray diffraction (XRD)
analysis, geometry optimization and Hirshfeld surface
analysis of the ester derivative of coumarin scaffold (1).

2. Experimental and Theoretical
Methods

2.1. Synthesis

The below reaction entails the O-acetylation of
6-hydroxycoumarin utilizing 4-methoxybenzoyl chloride as
a reactant with tetrahydrofuran serving as a solvent and
triethylamine as a base.

In this reaction, the used of HSAB theory suggests that
hard bases like triethylamine provide optimum results when
it concerns acylation of aromatic RCO™ acyl groups as hard
acids [6].

So, in the current experiment, a solution containing
4-methoxybenzoyl chloride (6.17 mmol; 0.7 mL) in dried
tetrahydrofuran (30-40 mL) was employed. Subsequently,
dried triethylamine (2.6 mL; 3 molar equivalents) and
6-hydroxycoumarin (6.17 mmol; 1 g) were added gradually
over 30 minutes. The mixture was then refluxed for 4 hours
and mixed with 40 mL of chloroform. The pH of the solution
was adjusted to 2-3 by adding diluted hydrochloric acid. The
organic layer underwent extraction, was washed with water
until it reached neutrality, then dried over magnesium sulfate
(MgS04) before removal of the solvent. The resulting crude
product was suction-filtered, washed with n-hexane, and
recrystallized from chloroform. Colorless crystals of the title
compound were obtained in a good yield: 87 %. Mp 452-454 K.

2.2. Electrospray lonization Mass Spectrum

Analysis were performed on a 3200 QTRAP spectrometer
(Applied Biosystems SCIEX) equipped with a pneumatically

assisted air pressure ionization (API) source for the ESI-MS*
experiment. The sample in solution was ionized under the
following conditions: electrospray voltage (ISV): 5500 V;
orifice voltage (OR): 20 V; nebulizing gas pressure (air):
10 psi. The mass spectrum (Figure 1) was obtained using a
quadrupole mass spectrometer.

2.3. IR Spectrum

The infrared (IR) spectrum, Figure 2, was recorded on a
Bruker IFS 66/S Fourier Transform Infrared spectrometer
(FT-IR), driven by the OPUS 6.5 software and using the
ATR (Attenuated Total Reflection) technique. The
absorption bands are expressed in wavenumber G (cm™).

2.4. NMR Spectra

'H and *C nuclear magnetic resonance (NMR) spectra
were acquired using a Bruker AMX-400 spectrometer
operating at 400 and 100 MHz, respectively. TMS was
adopted as the internal standard, with chemical shifts
recorded in & ppm and coupling constants designated in Hz.
Chloroform-d served as the solvation agent. Figures 3 and 4
depict these spectra.
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Scheme 1. Numbering of carbon atoms used in spectra analysis.

2.5. Crystal structure Analysis

Diffraction data for the title compound were collected
using a mirror monochromator and Cu Ka radiation (A =
1.54184 A) at 295 K on a Rigaku Oxford Diffraction
SuperNova Dual, Cu at zero, AtlasS2 diffractometer [7]. The
structure was solved via direct methods utilizing SIR 2014 [8]
and implemented in the WinGX [9] program suite. The
positional and anisotropic temperature parameters of the
non-hydrogen atoms, which correspond to 201
crystallographic parameters, were refined using the
SHELXL2014 program [10] through a full-matrix least
squares method. The final refinement treated the structure as
a 2-component twin with final BASF scale factors of 0.3559.
All H atoms were placed in calculated positions [C—H =
0.93 A (aromatic), 0.96 (methyl)] and refined using a riding
model approximation with U;s,(H) restricted to 1.2 (aromatic)
or 1.5 (methyl group) times U, of the respective parent atom.

Data collection, cell refinement and data reduction are by
CrysAlis PRO [7].

The general-purpose crystallographic tool PLATON [11]
was employed for the analysis and presentation of structural
results. Details of the data collection conditions, and the
parameters of the refinement process are given in Table 1.
Flack x parameter was determined using 978 quotients
[(1+)-(1)V/[(1+)+(1-)] [12] for absolute structure determination.



American Journal of Organic Chemistry 2024, 12(1): 1-19 3

CCDC-2304687 includes additional crystallographic data
for this paper, which can be obtained at no cost from the
Cambridge Crystallographic Data Centre via:

www.ccdc.cam.ac.uk/data_request/cif;

E-mail: deposit@ccdc.cam.ac.uk.

2.6. Hirshfeld Surface

Molecular Hirshfeld surfaces of 2-oxo-2H- chromen-6-yl
4-methoxybenzoate were computed with a standard (high)
surface resolution and with the three-dimensional doom
surfaces mapped over a fixed color scale from -0.117 (red) to
1.324 a.u. (blue) and shape index mapped over -1.000 to
1.000 a.u. using the program Crystal Explorer 3.1 [13].

2.7. Computational Procedures

The geometry optimization of compound (I) was
performed using density functional theory (DFT) with the
restricted RB3LYP exchange correlation functional and
the restricted Hartree-Fock (RHF) methods with the
6-3117"G(d,p) basis set in ground state. Both calculations on
(I) were performed using the starting geometries taken
from the X-ray refinement data. Frequency calculation
methods using the same basis sets were then performed with
the optimized geometries to perform vibrational analysis,
check the stability of the compounds, and obtain some
thermodynamic parameters. All calculations were computed
using the GAUSSIANQ9 software package [14].

3. Results and Discussion
3.1. Spectra Analysis

3.1.1. Interpretation of Electrospray lonization Mass
Spectrum

The mass spectrum (Figure 1) displays two peaks detected
at m/z 297 and 314 due respectively to the pseudo-molecular
ion [M+H]" and the ammonium adduct [M+NH,]", which
confirm the molecular weight of 296 g.mol™ , in accordance
with the chemical formula C;7H150s.

ESI-MS m/z 297 [M+H]"; 314 [M+NH,]".

3.1.2. Infrared Spectrum

The FT-IR spectrum of the title compound (Figure 2)
exhibits a medium band at 1741.0 cm™ that corresponds to
Uc-o (ester) and a strong absorption band at 1710.0 cm™
attributed to Uc-o (lactone). Additionally, the observed
bands at 1180.0, 1172.4, and 1189.6 cm™ can be assigned to

(C-0O, ester), (C-O, lactone) and (C-O, methoxy),
respectively. The aromatic ring displayed a medium band
Uc=c at 1586.0 cm™ while the coumarinic ring exhibited it at
1600.0 cm™.

3.1.3. 'H-NMR Spectrum

The *H NMR spectrum (Figure 3) analysis, including
chemical shifts and coupling constants, revealed a total of six
signals. Five of these signals were in the range of 6-8.5 ppm
and were due to aromatic hydrogens. The remaining three
methyl protons were observed unambiguously at 3.8 ppm.

The *H-NMR (CDCl;, 400 MHz, & ppm) data are as
follows: 3.8 (s, 3H, CH3); 6.4 (d, 1H, J = 9.6 Hz, H-3); 7.0
(d, 2H, J = 8.9 Hz, H-14 and H-16); 7.38 (m, 3H, H-5, H-7,
and H-8); 7.7 (d, 1H, J=9.6 Hz, H-4); 8.3 (d, 2H, J =8.9 Hz,
H-13 and H-17).

3.1.4. 1*C Attached-Proton-Test (APT) Spectrum

The Attached Proton Test NMR (APT NMR) is a ©*C
NMR experiment that reveals the number of protons that are
attached to individual **C carbon atoms in a molecule. So, it
provides the information on all sorts of carbons within one
experiment. Note that the peaks for CH and CHj; point up,
while the peaks for CH, and quarternary carbons including
the solvent carbon point down.

The ®¥C APT NMR spectrum of the molecule in CDCl;
(Figure 4) consists of 15 signals as expected. Eight peaks
point up suggesting the nine aromatic tertiary carbons (C-3,
C-4, C-5, C-7, C-8, C-13 and C-17, C-14 and C-16) and the
shielded primary carbon of the methyl group ( CH3),
whereas seven peaks point down indicating quaternary
carbons (C-2, C-6, C-9, C- 10, C-11, C-12, C-15).

BC (APT)-NMR (CDCl;, 100 MHz, & ppm): 55.7 (CHs),
114.2 (C-14 and C-16); 117.6 (C-3), 118.0 (C-5), 119.4
(C-12), 120.5 (C-7), 121.3 (C-10); 125.7 (C-8), 132.5 (C-13
and C-17); 142.9 (C-4), 147.2 (C-9), 151.7 (C-6), 160.76
(C-2), 164.4 (C-11), 164.9 (C-15).

3.1.5. Heteronuclear Single-Quantum Correlation (HSQC)
NMR Spectrum

The HSQC-NMR spectrum (Figures 5) consists of eight
spots exhibiting a good correlation on the one hand between
the primary carbon and protons of methyl group and on the
other hand between each tertiary carbon (C-3, C-4, C-5, C-7,
C-8, C-14 and C-16, C-13 and C-17) and the proton directly
attached by way of “Jc. scalar coupling. The spots obtained
confirm the attributions of signals in *H and **C (APT)-NMR
spectra.
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Figure 2. **C-NMR Spectrum of compound (1)
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Figures 5. Experimental HSQC spectra
3.2. Structural Description 3.2.1. Detection of Twinning
The structure of the coumarin derivative (I) is shown in Two crystal lattices are considered to be twinned if

Figure 7. they have similar orientations but a different geometry.
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Pseudo-merohedral twinning may occur in monoclinic
crystal systems if the unit-cell parameters meet any of the
following conditions: ¢ X cosf = %‘ B is close to 90°, or
a is close to ¢ [15]. In (1), the beta (B) value of 90.580(7)°
clearly suggests a pseudo-merohedral twinning. Taking
into account this molecular twinning in the refining
process, including the twinning operator (I, -k, h) with the
twinning fraction of 0.356(3), the crystallographic R; indice
(discrepancy index) decreases significantly from 0.28 to
0.0495, table 1.

3.2.2. Geometry and Conformation

The tables, 4 through 7, display the positional parameters,
interatomic distances, bond angles and torsion angles. The
analysis and interpretation of the geometrical characteristics
show that carbon-oxygen bonds, specifically d(C1-0O1) =
1.378(7) A and d(C5-O1) = 1.388(6) A, have the same
attributes as the Car-O(2) bond observed in other structures
of alkyl ethers. These bond distances were compared to
standard values [13]. Additionally, the measured distances of

d(C10-04) = 1.210(6) A and d(C10-03) = 1.361(7) A
indicate strong characteristics of the ester moiety.
Furthermore, upon inspection of the bond lengths in the
coumarin ring, it has been determined that there is a slight
asymmetry in the electronic distribution around the pyrone
ring: the C2—C3 [1.341 (9) A] bond length is shorter, while
the C1—C2 [1.439 (10) A] bond length is longer than the
expected Car—Car bond. This indicates that the electron
density is lower in the C2-C3 bond of the pyrone ring leading
to the formation of the double bond, as observed in other
coumarin derivatives [16-17].

In the crystal structure, the flat chromene ring system
(r.m.s deviation = 0.016 A), formed by the coupling of
benzene and 3,6-dihydro-2H-pyran rings, is positioned at a
dihedral angle of 51.4(2)° relative to the benzoate-benzene
ring. Additionally, the intramolecular C16—H16...03
and C9—H9...04 hydrogen bonds (Table 2.) give rise to
an S(5) and S(6) ring motifs [18] which produces a
pseudo-pentacyclic ring system illustrated in Figure 6.

Table 1. Crystal data and details of the structure determination

Theta range for data collection []

2.552 - 72.569

chemical formula C17H1205
Formula weight 296.27
Temperature [K] 295
Wavelength A [A] 1.54184
Crystal system Monoclinic
Space group P2,
Unit cell
dimensions
a[A] 3.8956 (4)
b[A] 10.1366 (6)
c[A] 17.3178 (13)
al°] 90
B[] 90.580 (7)
v [°] 20
Volume [A3] 683.81(10)
z 2
degcrl}i/rs)tt?(l)n- Needle
crystal colour Colorless
Absolute structure
-0.3(2)

parameter:

Diffractometer

SuperNova, Dual,
Cu at zero, AtlasS2

Crystal size [mm?]
Index ranges
Reflections collected
Absorption coefficient [mm™]
Theta full [7]

F(000)

Refinement method
Data/restraints/parameters
Goodness of fit
Final R indices [F? > 2.0 o(F?)]
Density calculated [g.cm™ ]
Independent reflections
Rint
R indices (all data)

ApmaXa Apmin (e A 73)

(A/O)max

Absorption correction

Absolute structure:

0.2x 0.05 x 0.05

-4<h<4;-12<k<12;-18<1<21

3634
0.894
67.684

308

Full-matrix least squares on F?
2963/1/ 201
1.058
R; =0.0495, wR;= 0.1398
1.439
2966
0.016
0.0559

0.19,-0.20

<0.001

multi-scan ;

CrysAlisPro 1.171.42.79a (Rigaku

Oxford Diffraction, 2022)
Empirical absorption correction
using spherical harmonics,
implemented in SCALE3
ABSPACK scaling algorithm.

Flack x determined using 978
quotients [(1+)-(1-))/[(1+)+(1-)],
[12].
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Figure 6. An ORTEP [9] view of the title compound with the atomic numbering scheme. Displacement ellipsoids are shown at the 50% probability level.

Dashed lines indicate hydrogen bonds

3.2.3. Supramolecular Features

In the crystal structure, intermolecular C—H...O
hydrogen bonds connect molecules into the a-axis direction
(see Figure 7). Besides, there are intermolecular short
contacts, including [02...H17A(-1+x,y,-1+z) = 2.63 A],
[02...H3(-x,-1/2+y,-z) = 2.64 A], [H12...Cl6
(2-x,1/2+y,1-z) = 2.84 A], [H12...C15 (2-x,1/2+y,1-2) =
2.84 Al and [H9...04(-1+x,y,z) = 2. 59 A ], which are closer
together than the sum of their van der Waals radii.

Adding the above interactions to the =m-m stacking
interactions between the coumarin ring system and the
C4-C9 benzene or pyrone rings led to the formation of the
supramolecular aggregation shown in Figure 8. The
distances between centroids, Cgl...Cg4 (-1+X, y, z) = 3.702
(3) and Cg2...Cg4 (1+x, y, z) = 3. 704 (3) A, where Cg1,
Cg2 and Cg4 correspond to the centroids of the pyrone,

C4-C9 benzene and coumarin rings, respectively, are less
than 3.8 A, the maximum regarded as suitable for an
effective m—m stacking interaction [19]. However, some
interactions with centroid-centroid distances slightly above
3.8 A are also retained (table 3). All these intermolecular
interactions provide stability to the assembly of the
three-dimensional crystal frameworks. The perpendicular
distances of Cg(l) on ring J and distances between Cg(l) and
perpendicular projection of Cg(J) on ring | (slippage) are
summarized in Table 3.

Table 2. Hydrogen-bond geometry (A, ©)

D—H...A D—H H..A D...A D—H...A
C9—H9...04' 0.93 2.59 3.247(7) 128
C9—H9...04 0.93 2.58 2.894(7) 100
C16—H6...03 0.93 241 2.731(6) 100

Symmetry code: (i) x+1,y, z.

Table 3. Analysis of short ring interactions (A). Cgl, Cg2, Cg3 and Cg4 are the centroids of the pyrone, C4-C9, C11-C15 and chromene rings,
respectively. The perpendicular distances of Cg(l) on ring J and distances between Cg(l) and perpendicular projection of Cg(J) on ring I (slippage) are

reported
Cq(l) Cg(J) Symmetry Cg(J) Cg(D)...Cg()) Cgl_Perp CgJ_Perp Slippage
Cgl Cg4 14X, Y, Z 3.702(3) 3.513(3) -3.500(2) 1.207
Cg2 Cg4 14X, Y, Z 3.704(3) -3.512(2) 3.526(2) 1.134
Cgl Cgl -1+, Y, Z 3.895(4) 3.495(3) -3.496(3) 1.719
Cg2 Cg2 14X, Y, Z 3.895(4) 3.530(2) -3.530(2) 1.649
Cg3 Cg3 -1+X, Y, Z 3.896(3) 3.424(2) -3.423(2) 1.860

Table 4. Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (A %)

Atom X y z Uiso*/Ueq
o1 0.6372 (13) 0.3891 (4) 0.9693 (2) 0.0602 (10)
02 0.797 (2) 0.4468 (6) 1.0864 (3) 0.0931 (19)
03 0.4552 (12) 0.4755 (4) 0.6570 (2) 0.0537 (11)
04 0.2177 (13) 0.6776 (4) 0.6650 (2) 0.0614 (11)
05 0.1544 (13) 0.5775 (4) 0.3041 (2) 0.0597 (11)
C1 0.785 (2) 0.4780 (7) 1.0198 (3) 0.0660 (17)
C2 0.902 (2) 0.6005 (7) 0.9874 (4) 0.0653 (16)
C3 0.8638 (17) 0.6289 (6) 0.9122 (3) 0.0574 (14)
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c4 0.7013 (14) 0.5355 (5) 0.8609 (3) 0.0468 (11)
c5 0.5968 (15) 0.4160 (6) 0.8911 (3) 0.0465 (11)
Ccé 0.4499 (16) 0.3188 (5) 0.8461 (3) 0.0514 (12)
c7 0.4034 (17) 0.3425 (5) 0.7681 (3) 0.0503 (12)
c8 0.4982 (15) 0.4626 (5) 0.7371 (3) 0.0451 (11)
co 0.6515 (15) 0.5582 (5) 0.7823 (3) 0.0475 (12)
C10 0.3076 (13) 0.5853 (5) 0.6259 (3) 0.0446 (10)
c11 0.2773 (13) 0.5768 (5) 0.5427 (3) 0.0386 (9)
c12 0.1151 (13) 0.6807 (4) 0.5021 (3) 0.0431 (10)
Cc13 0.0825 (15) 0.6785 (5) 0.4236 (3) 0.0474 (11)
Cl4 0.2096 (14) 05721 (5) 0.3816 (3) 0.0423 (10)
Cc15 0.3733 (14) 0.4680 (5) 0.4196 (3) 0.0434 (11)
C16 0.4032 (14) 0.4733 (5) 0.4996 (3) 0.0418 (10)
c17 0.280 (2) 0.4727 (7) 0.2572 (3) 0.0706 (17)
H2 1.007725 0.661996 1.019672 0.078*
H3 0.942242 0.709052 0.893112 0.069*
H6 0.383397 0.238969 0.867742 0.062%
H7 0.308299 0.277639 0.736454 0.060*
H9 0.721235 0.637494 0.760418 0.057*
H12 0.028667 0.752119 0.529400 0.052%
H13 -0.024701 0.748160 0.398062 0.057*
H15 0.460243 0.396863 0.392093 0.052*
H16 0.512677 0.404181 0.525162 0.0418 (10)
H17A 0.213023 0.487743 0.204448 0.106*
H17B 0.184850 0.390609 0.274540 0.106*
H17C 0.525495 0.469339 0.261180 0.106*

Table 5. Experimental and calculated bond lengths in (A ) with 6-311*"G(d,p) basis set

Bond X-Ray DFT/RB3LYP  RHF Bond X-Ray DFT/RB3LYP  RHF
01-—C5 1.388 (6) 1.365 1353 C11-Cl10  1.446 (6) 1.478 1.481
01-—C1 1.378 (7) 1.395 1350  C7—C8 1.382 (7) 1.397 1.386
03—C10  1.361(7) 1.378 1344  C9-—C8 1.378 (8) 1.383 1371
03-C8 1.402 (6) 1.392 1378  C3-C2 1.341 (9) 1.349 1.329
C5—C6 1.377 (8) 1.392 138  Cl-C2 1.439 (10) 1.459 1.469
C5—C4 1.382 (7) 1.405 1385  C10—04 1.210 () 1.205 1181
C4—C9 1.393 (7) 1.404 1394 C16—C15  1.390(7) 1.392 1.387
c4—C3 1.440 (7) 1.441 1453 Cl2-C13  1.363(7) 1.381 1372
c6—C7 1.383 (8) 1.387 1378  C13-Cl4  1.395(8) 1.404 1.397
02-C1 1.197 (7) 1.203 1179  Cl4-C15  1.394(7) 1.400 1.388

Cl1-Cl12  1.412(7) 1.405 1397  Cl4—05 1.359 (5) 1.356 1.337
Cl1-C16  1.381(7) 1.397 1384 05 C17 1.426 (8) 1.425 1.403

Table 6. Experimental and calculated bond angles (°) with 6-311**G(d,p) basis set

Bond angle X-Ray DFT/RB3LYP RHF
c5-01-C1 1222 (5) 1228 1237
C10—03-C8 120.9 (4) 1203 119.3
C6-C5-01 117.0 (5) 1176 117.5
C6-C5C4 1223 (5) 121.0 121.1
01—C5—C4 120.7 (5) 121.4 121.3
C5-C4—C9 118.4 (5) 119.2 119.1
C5—C4—C3 118.2 (5) 1173 117.2

C9—C4—C3 123.4 (5) 1235 123.7
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Bond angle X-Ray DFT/RB3LYP RHF
C5—C6—C7 118.6 (5) 119.2 119.1
C12—C11—C16 117.1 (4) 118.9 118.9
C12—C11—C10 118.9 (4) 118.0 118.3
C16—C11—C10 123.9 (5) 123.0 122.8
C6—C7—C8 120.0 (5) 119.6 120.0
C7—C8—03 115.9 (5) 116.5 118.9
C9—C7—03 122.9 (5) 122.5 120.1
C8—C9—C4 119.6 (5) 119.5 119.7
C2—C3—C4 120.1 (5) 120.7 120.3
02—C1—01 116.9 (7) 117.9 119.0
02—C1—C2 126.4 (7) 126.2 124.6
01—C1—C2 116.7 (5) 115.9 116.4
04—C10—03 122.3 (4) 123.0 122.8
04—C10—C11 125.7 (5) 125.5 124.9
03—C10—C11 112.0 (4) 1115 112.3
C3—C2—C1 122.1 (4) 121.7 121.1
C9—C8—C7 121.0 (5) 120.9 120.9
C15—C16—C11 122.8 (5) 120.9 121.0
C11—C12—C13 1215 (5) 120.7 120.7
C14—C15—C16 118.3 (5) 119.6 119.5
C13—C14—C15 120.2 (4) 120.0 119.9
C14—C13—C12 120.1 (5) 120.0 120.0
05—C14—C15 124.3 (5) 1245 124.4
05—C14—C13 115.5 (5) 115.7 115.7
C14—05—C17 118.7 (5) 119.1 120.4

Table 7. Experimental and calculated torsion angles (°)

Torsion angle X-ray DFT/RB3LYP/6-3117G(d,p) RHF/6-311""G(d,p)
C10—03—C8—C9 =51.3(8) -53.7 -85.6
C10—03—C8—C7 134.0 (6) 130.1 97.5

C9—C8—C7—C6 25(9) 0.0 0.1
03—C8—C7—Cb 177.3 (6) 176.3 176.9
C8—C7—C6—C5 ~1.1(9) 03 0.1
C7—C6—C5—C4 -0.5(9) -0.2 -0.0
C7—C6—C5—01 179.6 (6) 179.8 -179.9
C1—01—C5—C6 179.2 (6) 179.9 -179.9
C1—01—C5—C4 —0.8 (8) -0.0 0.1
C5—01—C1—02 177.6 (7) -179.7 -179.8
C5-01-Cl-C2 ~1.0 (9) 0.3 0.1
02— Cl1-C2-C3 ~177.1(8) 179.7 179.7
01—C1—C2—C3 1.4 (11) -0.3 -0.2
Cl1—C2—C3—C4 0.0 (10) 0.0 0.1
C6-—C5 C4—C9 0.8 (9) 0.2 0.1
01—C5—C4—C9 -179.3 (5) 179.8 179.8
C6—C5—C4—C3 ~177.7 (6) 179.8 179.8
01—C5—-C4—C3 2.2 (8) -0.2 -0.2
C2—C3—C4—C5 ~1.8(9) 0.2 0.1
C2—C3—C4—C9 179.8 (7) -179.8 -179.9
C7—C8—C9—C4 -2.2(9) -0.4 -0.2
03—C8—C9—C4 —176.7 (5) -176.5 -177.1

C5—C4—C9—C8 0.6 (8) 0.5 0.2
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Torsion angle X-ray DFT/RB3LYP/6-311"G(d,p) RHF/6-311"G(d,p)
C3—C4—C9—C8 179.0 (6) -1795 -179.7
C8—03—C10—04 2.4(9) 0.4 0.9
C8—03—C10—C11 —178.0 (5) -179.6 -179.1
04— C10—C11—C16 175.6 (6) 179.0 179.9
03—C10—C11—C16 -3.9(7) -1.0 0.0
04—C10—C11—C12 -3.3(8) -0.9 -0.1
03—C10—C11—C12 177.2 (5) 179.1 179.9
C16—C11—C12—C13 0.4 (8) -0.0 -0.0
C10—C11—C12—C13 179.3 (5) 179.9 -179.9
C11—C12—C13—C14 0.2 (8) -0.1 0.0
C17—05—C14—C15 —2.0(8) -0.2 0.1
C17—05—C14—C13 179.4 (6) 179.8 179.8
C12—C13—C14—05 178.0 (5) -179.9 179.9
C12—C13—C14—C15 —0.6 (8) 0.1 0.0
05—C14—C15—C16 —178.0 (6) 179.9 -179.9
C13—Cl4—C15C16 0.4 (8) -0.0 0.1
C12—C11—C16—C15 -0.5(8) 0.1 0.0
C10—C11—C16—C15 -179.4 (5) -179.8 -179.9
Cl14—C15—C16—C11 0.1(7) -0.1 -0.0

Figure 7. Part of the crystal packing of the title compound showing the
infinite 1D chain along [100]. Dashed lines indicate hydrogen bonds. H
atoms not involved in hydrogen bonding have been omitted for clarity.

mmee| o

Figure 8. A view of the crystal packing showing n—= stacking interactions
(dashed lines). The green dots are ring centroids of rings

3.3. Hirshfeld Surface Analysis

In order to provide a complete analysis of the interactions
between the molecules, compound (1) was subjected to a
Hirshfeld surface analysis generated with CrystalExplorer
3.1. The 3D dnom surface was calculated at standard (high)
surface resolution and mapped with a color scale ranging
from -0.117 (red) to 1.324 a.u. (blue). In (1), six bright red
spots were observed on the dn,m map, indicating negative
dnorm Values that reflect distances shorter than the sum of the
van der Waals radii. These red spots indicate predominant
intermolecular C—H...O hydrogen bonds and short
intermolecular contacts. Similarly, the shape index map,
plotted from -1.00 to 1.00 a.u., highlights concave regions
consisting of adjacent red and blue triangle-shaped spots that
suggest m-t stacking interactions [20]. The mapping also
displays white spots at distances equivalent to the sum of the
van der Waals radii, and blue regions that exceed the sum of
the van der Waals radii. Transparent surfaces are used to
enhance visualization of the molecule (see Figures 9a, 9b
and 9c). In addition, Figure 10 provides a decomposition of
the two-dimensional fingerprint plots (FP) to highlight
specific close contacts between atom pairs and their
respective contributions. The blue spots occurring in the
center of the surface at nearby de = di ~ 1.8 A signpost close
C...C interplanar contacts. These contacts are linked to ©—mn
stacking interactions and account for 10.4 % of the total
Hirshfeld surface area (323.79 A?), as shown in Figure 10a
and predicted by the X-ray study. The main contribution to
the Hirshfeld surface (34.9 %) is from H...O/O...H contacts
which are depicted as blue spikes on the left side with the tip
at de + di = 2.6 A, top and bottom on the left side (Figure
10b), indicates the existence of O...H contacts.
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As planned in organic compounds, the H...H contacts are
great with a 33.3% contribution to the Hirshfeld surface area.
These are positioned in the central area of the FP, with a blue
peak in the center at de = di = 1.20 A (see Figure 10c). In
addition, the C...H/H...C plot (16.0%) provides information
on intermolecular C...H contacts (Figure 10d). Also, Figures
10e and 10f show C...0/O...C and O...0O contacts in the FP
with weak contributions to the Hirshfeld surface (4.4% for
C...0/0...Cand 1.0 % for O...0).

H17A...02 H3..02 H2..01

C9-H9...04

C16...H12

Figure 9a. Hirshfeld surfaces mapped over dnorm (-0.117 to 1.324 a.u.)

Figure 9c. 2D plot showing the exact location of m—m stacking
interactions

a) b) <
de de
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Figure 10. Decomposed two-dimensional fingerprint plots for the title compound. Various close contacts and their relative contributions are indicated

3.4. Theoretical Calculations Three methods were utilized to compare crystallographic
) ) (XRD) and computed structures. The first two approaches
3.4.1. Comparison of Geometrical Parameters and are used to compare geometric parameters, while the third is

Vibrational Frequencies reserved for comparing spectra.
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3.4.1.1. Comparison of Geometrical Parameters

The first approach involved comparing the geometrical
parameters from quantum computations to those acquired
from the X-ray crystallographic study. Analyzing the
computational bond lengths and angles and aligning them
with the crystallographic outcomes displays a considerable
accordance between them, evidenced by a root-mean-square
deviation of 0. 014 A (DFT/RB3LYP) and 0.016 A (RHF)
for bond lengths, and 0.8° (DFT/RB3LYP) and 1.2° (RHF)
for bond angles (Tables 5 and 6).

Furthermore, the correlation coefficients also confirm this
trend, demonstrated by the high correlation coefficients of
0.96 and 0.93 for experimental vs calculated bond lengths
and experimental vs calculated bond angles respectively for
DFT/B3LYP calculations as well as 0.95 and 0.85 for RHF
statistic models. Also, it was observed that the calculated
torsion angles indicate planarity in the coumarin ring system,
which aligns well with the crystallographic prediction as
shown in Table 7. These theoretical calculations show that
the results of the DFT calculations match the experimental
(XRD) results better than the RHF outcomes.

Experimental vs calculated
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Figure 11. DFT/B3LYP correlation graphic between the experimental

and theoretical bond lengths in (A)
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Figure 12. RHF correlation graphic between the experimental and
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Figure 13. DFT/B3LYP correlation graphic between the experimental and
theoretical bond angles in (°)

Experimental vs Calculated

128
Experimental = 1.0786*Calculated - 9.4486

1% R2= 0.8488
é’ 124 o (©%0
5 122 a_le
c 7
S 120 @
T 18 1— < 5)
£ 116 g
g 114 P
Y @

110

110 112 114 116 118 120 122 124 126
calculated bond angles
Figure 14. RHF correlation graphic between the experimental and
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Table 8. Atom-by-atom superimposition results

DFT/RB3LYP RHF
RMSD 0.04 0.09

X-ray "
ax. D 0.09 0.14

—0— L

Figure 15. Atom-by-atom superimposition of the X-ray structure (blue) on
the calculated structure of (1), red, by (DFT/ B3LYP/6-311"*G(d,p)

Figure 16. Atom-by-atom superimposition of the X-ray structure (blue) on
the calculated structure of (1), green, by RHF/6-311**G(d,p)

The second approach is to overlay the molecule derived
from X-ray crystallography and that obtained from quantum
chemical calculations using Mercury software [21]. Table 8
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summarizes the RMSD for the overlay and the maximum
distance between two equivalent atoms (Max. D).

Table 8, Figures 15 and 16 demonstrate that both model's
calculated structures accurately match that of the XRD
structure. Nevertheless, the DFT/B3LYP model shows better
agreement than the HF model, a trend that is also observed in
the first approach.

Additionally, the examination of the torsion angles reveals
the flat conformation of the coumarin ring system, which is
consistent with the crystallographic prediction. However, a
small discrepancy is noticeable in the torsion angle within
the HF model, where the C10—03—C8—C9 dihedral angle
observed between this ring system and the benzoate ring
(-51.3 (8)°) is somewhat lower than the computed value
(-85.6°), (Table 7).

3.4.1.2. Comparison of Experimental and Computed Infrared

1800
IR_Exp = 0.9942*IR_Calc + 2.5722

1700 R2=0.9998

1600 @

1500

2

1400

experimental IR

1300
1200 @
1100

1000
1000 1100 1200 1300 1400 1500 1600 1700 1800
Calculated IR

Figure 17. Correlation graphic between the experimental and theoretical
DFT vibration frequencies (cm™)

Spectra
Table 9. Comparison of the observed and calculated stretching vibrational 1800 ]
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HF vibration frequencies (cm™)
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Figure 19. DFT Calculated vibrational spectra of compound (1)
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Figure 20. DFT Calculated vibrational spectra of compound (1)

As third approach of comparison, we have computed the
theoretical infrared spectra with frequency calculations
utilizing DFT/B3LYP and HF methods. Some vibrational
modes assigned by the Avogadro software [22] are listed in
Table 9 alongside their corresponding experimental values.
We conducted statistical models as linear regression between
experimental and theoretical scaled frequencies that yield
correlation R? values of 0.999 for DFT/B3LYP and 0.992 for
HF models (Figures 17 and 18). These R? values close to
unity demonstrate that the linear model developed here are
appropriate for accurately estimating experimental infrared
frequencies.

3.4.2. Molecular Electrostatic Potential (MEP)

The molecular electrostatic potential (MEP) is a useful
property for examining the reactivity of various compounds
and species. This property can be observed physically and
measured experimentally using diffraction methods [23-24].
Additionally, computational methods can be employed to
investigate MEP, thereby providing insight into various

0.05952

-0.05952

species' reactivity through wide-ranging electronic and
nuclear charge distribution [25].

For ease of use, potential V(r) is commonly expressed in
atomic units (a.u.), taking on the following form [26]:

Vi) = 3, |RjA—T| _ fp(r')d3r' )

I’ 7|

Where Z 4 represents the charge of nucleus A situated at R4,
p(r’) refers to the electron density function of the molecule,
and r’ is the dummy integration variable.

To identify the electrophilic and nucleophilic regions,
MEP was calculated using the DFT/RB3LYP and RHF
optimized geometries. The calculations were performed with
the 6-3117"G(d,p) basis set for both methods. The results
were then illustrated with color visualizations in Figure 14.
In this figure, the red color indicates regions with a higher
negative potential, which facilitate electrophilic attacks.
Conversely, the blue color designates areas with higher
positive potential that are conducive to nucleophilic attack.

0.0651

DFT/RB3LYP/6-311*G(d,p)

RHF/6-311"G(d,p)

Figure 21. MEP map (in atomic units) calculated using DFT/RB3LYP/6-311++G(d,p) and RHF/6-311++G(d,p)
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Figure 21 shows that compound (I) has two potential sites
for electrophilic attack. These negative regions are found
about the oxygen atoms O2 and O4 for both methods. The
maximum values for these negative regions are -0.05952
and -0.065la.u. for DFT/RB3LYP/6-311""G(d,p) and
RHF/6-311""G(d,p), respectively. Consequently, Figure 21
validates the occurrence of the intermolecular C9—H9...04
interplay observed in the crystallographic study, i.e in the
solid state.

3.4.3. HOMO-LUMO Analysis

The energy levels and distributions of the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of (1) are depicted in
Figure 22. The calculations were carried out at both
DFT/RB3LYP/6-3117"G(d,p) and RHF/6-3117G(d,p)
methods. The results indicate that the title compound
possesses 77 occupied molecular orbitals, with the
respective energy separation between LUMO and HOMO
equaling to 4.40 and 9.76 eV. The orbital gaps, ranging
from 4.40-9.76 eV, indicate that 2-oxo-2H-chromen-6-yl
4-methoxybenzoate is stable and less chemical reactive and
is also called hard molecule [27], as also evidenced by  the
absence of imaginary frequencies in the results of both
theoretical calculations. The computational results for
compound (I), i.e. optimization, HOMO and LUMO
energies are presented in Table 10 along with energy gap
(AE), ionization potential (I), electron affinity (A4), absolute
electronegativity (), absolute hardness (1) and softness (S).
All parameters added to the table 10 have been estimated by
using the following formulas utilizing the HOMO and
LUMO energies of the molecule [28].

AE = Erymo — Enomo 2
E E
x=- LUMO 42- HOMO (3)
_ Erymo —Exomo
= Ewuo —Bnowo. (4)
1
S=4 (5)
I = —Eyomo (6)
A=—Eymo (7

Table 10. The calculated chemical properties of the title compound using
DFT/RB3LYP/6-3117"G(d,p) and RHF/6-311""G(d,p) levels

DFT/ B3LYP RHF
ELumo (eV) -2.28 0.79
Eromo (eV) -6.68 -8.98
1(eV) 6.68 8.98
A (V) 2.28 -0.79
x (V) 4.48 4.09
n (eV) 2.20 4.88
S (eV?Y) 0.11 0.10
AE 4.40 9.77

E (au) -1031.44 -1025.33
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Figure 22. The distributions and energy levels of the HOMO and LUMO
orbitals computed for compound (l)

3.4.4. The Mulliken Charge Population

The Mulliken atomic charge calculation is vital in the
application of quantum chemical computations to molecular
systems, as atomic charges affect properties such as dipole
moment, molecular polarizability, and electronic structure.
The distributions for the equilibrium geometry of the title
compound calculated by the Mulliken method [29-32] are
presented in Table 11. Analysis of data from table 11
highlight that the intermolecular contacts are governed by
electrostatic interactions. Indeed, the electrostatic force
causes intermolecular contact between partially charged
atoms of opposite signs, such as the pair of atoms (02, H17A)
with charges (-0.284 e, 0.181e) for the DFT model and
(-0.370 e, 0.177¢) for the HF model, leading to the
interaction O2...H17A. The same applies to (H9, O4) with
(0.180 ¢, -0.191 e) and (0.186 e, -0.240 e), (02, H3) with
(-0.284 ¢, 0.179 e) and (-0.370 ¢, 0.225 e) and (H12, C16)
with (0.281 e, -0.519 e) and 0.248 e, -0.492 e), respectively,
generate H9...04, 02...H3 and H12...C16 interactions.

3.4.5. Non Linear Optical Properties

Nonlinear optical (NLO) effects occur when
electromagnetic fields interact with different media,
resulting in new fields that have altered phase, frequency,
amplitude, or other propagation characteristics compared to
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the incident fields [33]. Avoiding excessive jargon and
complex sentences, this definition is clear, concise, and
objective. In recent years, the potential applications of new
materials exhibiting efficient nonlinear optical (NLO)
properties have generated significant interest for their
use in modern communication technology, data storage,
telecommunications, and optical signal processing. Numerous
research papers have been published on this topic [34-38].
The current expectation is that utilizing quantum chemical
methods such as Hartree-Fock (HF) and density functional
theory (DFT) for molecular hyperpolarizabilities will
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provide supervision and hasten subsequent experimental
studies [39-40].

Thus, in this study, we calculated the dipole moments (p),
polarizabilities (<o), anisotropy of polarizabilities (<Aa>),
and first-order hyperpolarizabilities (), which indicate the
material's ability to generate second-order non-linear effects
[41]. The calculations were performed at RHF and
DFT/RB3LYP optimized geometries using the GAUSSIAN-
09W program package [14] and the 6-311*"G(d,p) basis set.
These parameters are defined as [42-43].

Table 11. Mulliken atomic charges computed
Atom DFT/RB3LYP/6-3117G(d,p) RHF/6-31G(d,p) Atom DFT/RB3LYP/6-311""G(d,p) RHF/6-31G(d,p)
o1 -0.122 -0.267 C9 0.120 0.628
02 -0.284 -0.370 H9 0.180 0.186
03 0.031 0.084 C10 -0.516 -0.516
04 -0.191 -0.240 Cc11 0.915 1.065
05 -0.146 -0.235 C12 0.047 -0.041
C1 0.212 0.366 H12 0.281 0.248
c2 -0.211 -0.334 C13 -0.500 -0.483
H2 0.214 0.256 H13 0.197 0.239
C3 0.152 0.286 C14 -0.679 -0.747
H3 0.179 0.225 C15 0.089 0.079
C4 1.825 2.029 H15 0.178 0.236
C5 -1.878 -2.105 C16 -0.519 -0.492
C6 -0.519 -0.399 H16 0.218 1.224
H6 0.218 0.268 C17 -0.387 -0.301
c7 0.351 0.351 H17A 0.181 0.177
H7 0.181 0.213 H17B 0.158 0.148
C8 -0.320 -0.926 H17C 0.157 0.147

1
p= (1 +u5 +u)

®
(a) = m 9)
1
(Aa) = (axx _ a)’)’)z + (ayy — aZZ)Z + (gzz — axx)z + 6(“9%}/ + a;%z + aJZ’z ? (10)
1
B = [(Bxxx + ,Bxyy + ,szz)z + (ﬂyyy + Byzz + ﬂyxx)z + (ﬁzzz + ﬁzxx + ,Bzyy)z]z (11)

The tensors' numerical outcomes for polarizability have been converted to electronic units (esu) and presented into tables
12, 13, and 14. The conversion rate is (o:: la.u. = 0.1482 x10 esu; p: 1a.u.= 8.6393x10 esu) [44].

Table 12.  Computation results for the dipole moment (D)
Mx Hy Hz <u >
RB3LYP/6-3117G(d,p) 7.5628 -1.0578 2.2351 7.9568
RHF/6-3117°G(d,p) 7.1744 -0.0709 3.6671 8.0576

Table 13.  All a x107>* (esu) components, <o> x107* (esu) and <Aa> x107>* (esu) values calculated using HF and DFT levels of theory

Olxx Oy Oyy Oy, oy, Oz <> <Ao>
RB3LYP/6-311"G(d,p)  56.38 -2.44 2826 049 031 1942 3469 4971
RHF/6-311"G(d,p) 4594  -142 2307 020 096 2143 3015 23.92
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Table 14. All B (a.u.) components and p x107> (esu) values calculated using HF and DFT levels of theory

B o Byyy Brzz B xyy B xxy B Bxzz Byzz By Byyz px10%
(a.u) (a.u) (a.u) (a.u) (a.u) (a.u) (a.u) (a.u) (a.u) (a.u) (esu)
RB3LYP/6-3117"G(d,p) 591.62 -7.05 -0.26 -0.28 2.27 63.08 -2.04 -2.19 2.15 -31.50 5.12
RHF/6-311"*G(d,p) 580.59 -4.18 4.83 -22.90 25.7 95.19 18.7867 -1.39 1.03 -35.63 5.06

For investigation, urea is a commonly used molecule for
evaluating NLO effects in molecular systems. It serves as a
benchmark for NLO parameters. Compound (1) exhibits
larger parameter values than urea, as shown by the values of
all parameters (<p > = 1.37D, <o> = 3.83x10* esu [45-47],
and <p >=0.1947x10"*° esu [48]).

For further information, the dipole moment of compound
(1) were calculated at 5.81 and 5.88 times grander than those
of the urea molecule for DFT/B3LYP and HF calculations,
respectively (Table 12). Additionally, the first-order
hyperpolarizabilities of the studied compound were
calculated (Table 14) and were 26.30 and 25.99 times larger
than that of the urea molecule for DFT/B3LYP and HF
calculations, respectively. Furthermore, the calculated
values for the average linear polarizability <o> are 9.06
(DFT/B3LYP) and 7.87 (HF) times higher than that of
the urea molecule, respectively, as indicated in Table 13.
This comparison demonstrates that 2-oxo-2H-chromen-6-yI
4-methoxybenzoate  exhibits ~a  high  first-order
hyperpolarizability, suggesting that it may be suitable for
NLO experience.

5. Conclusions

The molecular structure was examined in this study using
Spectrometry and X-ray crystallography. Intermolecular
interactions were also analyzed through Hirshfeld surface
analysis.

Additionally,  molecular  electrostatic ~ potential,
HOMO-LUMO analysis, Mulliken charge populations, and
nonlinear optical properties of 2-oxo-2H-chromen-6-yl
4-methoxybenzoate were investigated utilizing
DFT/RB3LYP/6-311"'G(d,p) and RHF/6-311""G(d,p)
calculations. The computed geometric parameters, including
bond length, bond angle, torsion angle, and infrared
spectrum, are compared to their corresponding experimental
data. The comparison reveals no significant differences
between the experimental and theoretical structures, except
for the experimental torsion angle, C10—03—C8—CY9,
which differs from the RHF calculated value. The MEP maps
indicate that negative potential sites reside on
electronegative atoms, and positive potential sites are found
around the hydrogen atoms. This information reveals the
areas where intra- and intermolecular interactions can occur.
Additionally, the Mulliken charges in the solid state can
confirm or refute the C9-H9...04 intermolecular hydrogen
bonds and some short interactions in the structure. Besides,
the compound's calculated average linear polarizability value

using DFT/B3LYP and HF methods shows nonlinear optical
properties for compound (1).
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