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ABSTRACT

Reaction of 6-formylvisnagin (1) with cyanoacetic acid in dry pyridine afforded the novel (2E)-3-(4-
methoxy-5-o0xo-5H-furo[3,2-g]chromen-6-yl)acrylonitrile (2, MOFCA). The chemical structure of the pre-
pared compound was determined by the elemental analysis and spectral data. The individual emulation
characteristics of compound (2, MOFCA), were accomplished by DFT, and TD-DFT/B3LYP, at 6-311 ++ G
(d, p). The computational results detect the most stable structure of MOFCA, depending on the positions
of the methoxy (O-CH3) group, within change in dihedral angle. FT-IR spectroscopy was applied for the
vibrational spectral analysis. Using frontier molecular orbital (FMO) analysis, various spectroscopic and
quantum chemical parameters are discussed. The absorption energies, oscillator strength, and electronic
transitions of compound (2, MOFCA), have been derived at TD-DFT/CAM-B3LYP/6-311++G (d,p) compu-
tations utilizing a PCM and measured in different polar and non-polar solvents experimentally in UV-Vis
spectra. The output of the computation shows accurate agreement between theoretical spectra and prac-
tical spectra for the title compound. NLO analysis was computed at the identical plane of theory which
are, «; Aa, and first-order B, the hyper-Rayleigh scattering (Burs) and the depolarization ratio (DR), were
shown promising optical properties. The plots of natural bonding orbital (NBO), thermochemical parame-
ters and the molecular electrostatic potential surfaces (MEPS) have been computed. All the computations

in the gas phase have been completed.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Fruits and seeds of Ammi visnaga L. represent the main source
of the naturally occurring furochromones (khellin and visnagin)
[1], and used for treating angina [2], psoriasis and vitiligo [3], kid-
ney stones and as a spasmolytic agent [4]. They are broadly used
as drugs for anti-inflammatory, analgesic [5,6], anticancer [7,8], an-
ticonvulsant [9], antitubercular [10] and antimicrobial agent [11].
DFT-theoretical calculations have been studied geometrical op-
timized of some furo[3,2-g]chromenes[12,13]. Electronic spectra,
molecular docking, computational, solvatochromic, photosensitiv-
ity, photoelectrical, photovoltaic, and photodiode studies were car-
ried on a range of furo[3,2-g]chromenes [14-19]. Appropriately, it
is suitable to synthesize the novel (2E)-3-(4-methoxy-5-oxo-5H-
furo[3,2-g]chromen-6-yl) acrylonitrile (2, MOFCA),and study the
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biological intrigue from the of view computational investigation
[20]. The studied compound (2, MOFCA) is expected to have dis-
tinct biological properties that require exploration of its electronic
structure in addition to its electronic and optical spectra. The
present structure is classified as an organic semiconductor of small
molecule, specified as a w-conjugated nanostructure structure, and
has a delocalization of electrons as well as large extinction coef-
ficient and good light gain. Accordingly, these types of materials
have considerable attracting electrical and optical characteristics
and appropriate for optoelectronic device applications [21].
Density functional theory-based computational study plays a
vital role in identifying the new drug candidates and calculating
the electronic structure of molecular systems. The accuracy and
checking the experimental values of molecular geometry, vibra-
tional frequencies, atomic charges, dipole moment, thermodynam-
ically properties, etc. has been a favorite by DFT method [22-34].
According to our knowledge, there is no published work on the
experimentally and computational vibrational spectroscopic (UV-
Vis spectra) of the prepared compound (2, MOFCA).Therefore, the
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present work interpret various results characteristics of MOFCA by
offering the DFT/B3LYP/6-311++G(d, p) calculations of the molecu-
lar electrostatic potential, electronic absorption, and molecular vi-
brations analysis. The thermal analysis is also provided as well
as the absorption coefficient analysis for the energy gap deter-
mination of MOFCA. Also, attempts to provide a comprehensive
study of the UV-Vis spectra experimentally for the synthesized
compound was calculated at CAM-B3LYP/6-3114++G (d,p)by us-
ing Time-dependent density functional theory (TD-DFT).The nat-
ural bond orbital analysis (NBO) is described the charge trans-
fer of the electron density in the studied compound. In addition,
the present work displays the spectroscopic and thermodynamic
properties, the electronic structure of the prepared compound (2,
MOFCA).Based on theoretical chemistry; it has become possible
to anticipate many physical and chemical properties of organic
molecules. The thermo-chemical parameters, vibration harmonic
frequencies, spectrum of FT-IR of compound (2, MOFCA) in the
solid phase were recorded. Moreover, the electronic dipole mo-
ment (u), first-order hyperpolarizability (8), hyper-Rayleigh scat-
tering (Bugs), and the depolarization ratio (DR), are parameters in
non-linear optical (NLO), were calculated on the same level of the-
ory. The spectrophotometric measurements explaining optical con-
stants of the designed compound (2, MOFCA) are investigated, in a
broad area of spectra.

2. Experimental

2.1. (2E)-3-(4-methoxy-5-oxo-5H-furo[3,2-g]chromen-6-yl)
acrylonitrile(2, MOFCA)

A mixture of 4-methoxy-5-o0xo-5H-furo[3,2-g]chromene-6-
carboxaldehyde (1)(0.49 g, 2 mmol) and cyanoacetic acid (0.17 g,
2 mmol) in dry pyridine (10 mL) was stirred at room temperature
for 1h. The reaction mixture was poured onto crushed ice (~ 20 g)
and neutralized with conc. HCl. The yellow solid so obtained was
filtered and crystallized from ethanol to give compound 2 asyellow
crystals, yield (0.41 g, 77%), m.p. 239-240 °C. IR (KBr, cm~!): IR
(KBr, cm~1):3112 (CHyjefinic)» 3082 (CHarom.), 2963, 2942 (CHaliph,)v
2218 (C==N), 1643 (C=0y-pyrone), 1601 (C=C).'H-NMR (400 MHz,
DMSO-dg, 8): 3.98 (s, 3H, OCH3), 6.81 (d, 1H, J =15.2 Hz, H-«
olefinic)» 7-08 (d, 1H, J = 2.4 Hz, H-3¢2,), 719 (s, 3H, H-9), 7.33
(d, 1H, J =15.2 Hz, H-B gjefinic)» 791 (d, 1H, J =2.4 Hz, H-2g,ran)s
8.40 (s, 1H, H-7).13C-NMR (75 MHz, DMSO-dg, 8): 59.8 (OMe),
92.2 (C-agjefinic), 94-8 (C-9), 106.9 (C-3yan), 112.8 (C-4a), 114.1
(C-3a), 1164 (C==N), 118.0 (C-6), 146.6 (C-2fyan), 148.8 (C-7),
151.0 (C-Bolefinic)» 154.5 (C-4), 159.2 (C-7a), 163.4 (C-9a), 176.8 (C-5
as C=0). Mass spectrum, m/z (I;%): 267 (M*, 65), 215 (48), 191
(24), 175 (17), 147 (44), 118 (100), 91 (59), 77 (42), 64 (18). Anal.
Calcd for Cy5sHgNO4 (267.24): C, 67.42; H, 3.39; N, 5.24%. Found: C,
67.19; H, 3.33; N, 5.11%.

2.2. Apparatus

A digital Stuart SMP3 apparatus was used for melting points de-
termination. FTIR Nicolet IS10 spectrophotometer (cm~1!) was ap-
plied for measuring the Infrared spectra, using KBr disks. Mercury-
300BB apparatus was used for measuring the 'H NMR (300 MHz)
and 13C NMR (100 MHz) spectra, using DMSO-dg as a solvent and
TMS (8) as the internal standard. GC-2010 Shimadzu Gas chro-
matography instrument mass spectrometer (70 eV) was used for
measuring the mass spectra. Elemental microanalyses were per-
formed at Perkin-Elmer 2400II at the Chemical War Department,
Ministry of Defense, and Egypt. The purity of the synthesized com-
pounds was checked by thin layer chromatography and elemental
microanalysis.
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A Perkin Elmer lambda 4B spectrophotometer were used to
measure the electronic absorption spectra using 1.0 cm fused
quartz cells, and over the range of 200-900 nm. Spectral analysis
of transmittance and reflectance is performed in the wavelength
range of 200-750 nm.

2.3. Solvents

Merck, AR- grade were obtained the solvents, which Polar
(methanol and butanol) and non-polar (dioxane and toluene), and
were used without further purification.

2.4. Computational details

Intel (R) Core (TM) i7 computer were used for the Khon-
Sham’s (DFT) calculations by the Gaussian-09 program package
without any constraint on the geometry [35]. The geometry of the
molecules studied in this is optimized by DFT/B3LYP method using
a 6-311++G (d, p) basis set [36-38]. The FMO analysis and quan-
tum chemical study has been performed using Gauss View 5.0.9
[39] or chem. craft 1.6 [40]| software packages. Also, the following
equations [41-43] were calculated the total static dipole moment
(u), (Aa), and (B), values.

12
o= (13 + 5+ 1)
(o) = 1/3(otax + 0tyy + z7),
2 2 2,5\ 1/2 (1)
Aa = ((axx —otyy)” + (otyy — 0tz2)” + (0tzz — Qlxx) /2) )

(B) = (B2+ B2+ 1),

:Bx + ,Bxxx + ,Bxyy + ,BXZZs
By + By + By + Byzz. (2)
Bz + Brzz + Bz + ,Byyz,

The hyper-Rayleigh scattering (Burs) and depolarization ratio
(DR) [44] are parameters for the second-order NLO; which calcu-
lated as:

B(HRy) =/ B2zzz + B2zxx (3)

_ PPzz
T B2zxx

The deviation in the amounts of Byrs and DR can be recognized
by structural index [45]. Using the predicted energies of HOMO
and LUMO, global reactivity descriptors were calculated as follows:
x= (I+ A)/2 (electronegativity), n = (I-A)/2 (chemical hardness),
S= 1/2n (global softness), @ =u?/2n (electrophilicity) where I and
A were ionization potential and electron affinity, and I = —Exomo
and A =—Ejymo, respectively [46,47]. Absorption energies (A in
nm), Oscillator strength (f), and Transitions of the compound (2,
MOFCA) has been calculated at TD-CAM-B3LYP/6-311++G (d, p)
level of theory [48,49].

Where

DR (4)

3. Results and discussion
3.1. Chemistry

The novel (2E)-3-(4-methoxy-5-oxo-5H-furo[3,2-g]chromen-6-
ylacrylonitrile(2) was prepared by reacting6-formylvisnagin (1)
with cyano acetic acid in dry pyridine (Scheme 1) [20]. Forma-
tion of compound (2, MOFCA) may proceed through condensation
of the aldehyde functional group with the active methylene group
giving intermediate A, which underwent decarboxylation under the
reaction conditions. The IR spectrum of compound (2, MOFCA)
(Fig. 1) showed distinctive absorption bands at 2218 (C=N) and
1643 cm~1(C=0y _pyrone). The'H-NMR spectrum of compound (2,
MOFCA) (Fig. 2) revealed two characteristic doublets (J= 15.2 Hz)



S.A. Halim and M.A. Ibrahim

Journal of Molecular Structure 1223 (2021) 129316

OMe O
OMe O
COOH Gare CN
CHO pyridine / AN
/ * l/ 77% | COOH
CN b 0 o
o 0
A
1
l -CO,
OMe O
. _CN
0 (o
2
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Fig. 1. Experimental and Calculated IR spectra of compound (2, MOFCA) at B3LYP/6-311++G (d,p).
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Fig. 2. The 'H NMR spectrum of compound (2, MOFCA).

assignable to the vinyl protons at § 6.81 and 7.33 ppm, the high
coupling constant indicates trans configuration around the double
bond. Also, the doublet signals (J] = 2.4 Hz) attribute able to H-
3furan and H-2g,.,, were observed at§ 7.08 and 7.91 ppm, respec-
tively. Characteristic singlet signals appeared at 6 719 and 8.40
which assignable to H-9 and H-7, respectively. The 13C NMR spec-

trum of compound (2, MOFCA) (Fig. 3) agrees well with the pro-
posed structure and recorded fifteen signals corresponding to the
number of carbon atoms present in the synthesized compound
2. These signals were explained as follows; 59.8 (0-Me), 92.2 (C-
Uolefinic)» 948 (C-9), 106.9 (C-3fyran), 112.8 (C-4a), 1141 (C-3a),
116.4 (C==N), 118.0 (C-6), 146.6 (C-2ya,), 148.8 (C-7), 151.0 (C-
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Fig. 3. The 3C NMR spectrum of compound (2, MOFCA).
100 118 Table 1
The optimized calculations of (2E)-3-(4-methoxy-5-oxo-5H-furo[3,2-g]
2 chromen-6-yl) acrylonitrile (MOFCA) at the B3LYP/6-311++G (d,p).
@
o
g 267 Parameters MOFCA
g 91 Total Energy (Er), (a. u.) -932.8363
a 215 Zero Point Vibrational Energy(kcal/mol) 127.330
o 7 147 0.85808
'% Rotational constant(GHz) 0.17846
T 191 0.15005
© 64 175 Total Entropy (cal/mol. K) 129.912
) [ Translational 41.810
L Lo JL | I 1 Rotational 33.238
| i e e i e gt e ]l o i i o S e i ) it Vibrational 54.864
50 80 110 140 170 200 230 260 290 m/z Energy of highest occupied molecular orbital (Eyomo) (eV) -6.556
. Energy of lowest unoccupied molecular orbital (Ejymo) (V)  -2.536
Fig. 4. The mass spectrum of compound (2, MOFCA). Energy gap(Es) (V) 4.020
Enomo-1(eV) -7.273
Erumo+1(eV) -2.148
Bolefinic)» 154.5 (C-4), 159.2 (C-7a), 163.4 (C-9a), 176.8 (C-5as C=Q). Energy gap(Eg) (eV) 5124
The mass spectrum of compound (2, MOFCA) (Fig. 4) revealed its Enomo-2(eV) -7.460
molecular ion peak at m/z 267 and supports the identity of the Erumo+2(eV) -1.285
structure. The mass fragmentation patterns of compound 2 are de- Energy gap(E;) (eV) 6.175
icted in Scheme 2 Dipole moment, (1) 7.8870
pic : 1(eV) 6.55602
' AeV) 2.53586
3.2. Electronic structures X(eV) 4.54594
V(ev-1) -4.54594
3.2.1. Computational stability of MOFCA '57((9“/’)1) églggg
. . oqe ev™ ..
At the optimized geometry for the stability of compound o (eV) 5 14048

MOFCA, four different conformers (1-4) are expected, depending
on the positions of the methoxy (0-CHs3) group, whether it is di-
rected away from or toward the ring, which was chosen to inves-
tigate the possible conformers of the MOFCA molecule, within the
change in dihedral angle using the Gaussian program. The compu-
tational results detect the most stable conformer of the MOFCA,
as the conformer (4) has minimum energy, as shown in Fig. 5.
Both forms of the molecule are in the same plane. However, Ta-
bles and Figures were prepared only for the most stable conformer
(4). The theoretical geometric structures with atoms the number-
ing of compound (2, MOFCA) are shown in (Fig. 5). The differ-
ence in energy of 0.0002 a.u.; (0.00544 eV); (0.1254 kcal); for con-
former (3), which less stable than conformer (4), by change in
D.A = 122.51%nd so on; it’s also more stable by 0.0123 a.u.; (0.335
eV); (7.7116 kcal); than conformer (2), as well than conformer (1),
by 0.0671 a.u.; (1.825 eV); (42.0690 kcal).

3.2.2. Geometry, ground states and global properties of MOFCA
The novel compound (2, MOFCA) has been studied to determine
various structural and chemical parameters using density func-

tional theory DFT/B3LYB at 6-311++G (d,p) basis set (Fig. 6), and
having C1 point group symmetry as predicted by DFT investigation.
The frontier molecular orbital’s (FMO) of synthesized compound
(2, MOFCA)is presented in Fig. 7,the electronic parameters and the
global reactivity descriptors statistics are given in Table 1.The in-
vestigation of Table 1, and Figs. 6 and 7 clarifies the following:
The C-C bond lengths in a typical aromatic six-member ring
(Ca. 1.39A) is indicator for comparison with C-C and C=C, com-
puted bond lengths which larger and shorter significantly. Alright,
the central bond in butadiene (1.463A) [50], which found to be
similar to the C-C bond lengths for compound (2, MOFCA) (1.449-
1.479A), while the C=C bond lengths (1.387-1.390A) did not dif-
fer highly from the C=C bond length in ethylene [51]. The con-
siderably large O-C bond lengths and shorten C=0 bond length
were suggested in these conclusions. The small difference between
calculated and observed bond lengths indicated the power of the
method used in the calculation. No considerable change in the cal-
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Scheme 2. The mass fragmentation patterns of compound (2,MOFCA).

culated bond angles of the compound on comparing with the ex-
perimental values (Fig. 6). The small difference between calculated
and observed angles may be attributed to that the calculations
were carried out in the gas phase and observed in the solid state.
Also, compound (2, MOFCA) is planner, as reflected from their di-
hedral angles except for the methoxy group and ethylene group,
which are out from the planarity (Fig. 6). The ionization energy,
the electron affinity, the HOMO-LUMO gap, and the dipole mo-
ment, are the most important parameters which were evaluated
in Table 1 and Fig. 7.

The Frontier molecular orbital analysis (FMOs) collected by
HOMO and LUMO forms, and they are a role during molecu-
lar interactions between atomic orbitals. FMOs have indicator for
the optical properties, electronic properties and reactivity of the
molecule under investigation. In our case, FMO analyses were
accomplished to omen the electronic properties of MOFCA at
DFT/B3LYP/6-311++G(d,p),from the results of FMOs analysis they
are hold four molecular orbital pairs, their gap energies, and are
given in Table 1. The lower energy gap is 4.020 eV in MOFCA,
when the electron transfer from HOMO-orbital — LUMO-orbital
while the highest energy gap value 6.175 eV is spotted in MOFCA
at HOMO-2— LUMO+2. From Fig. 7, it is clear those HOMOs in
MOFCA are over the molecule. Other with, LUMOs are centered
through all atoms and slightly on the acrylonitrile group.

The global descriptor study suggests the compound (2, MOFCA)
is good electrophiles as the value of global electrophilicity, (w)
is less. The synthesized molecule has greater kinetic stability and
electron-donating capability, (), with chemically hard (n).

3.3. Non-linear Optical Properties (NLO)

The total static dipole moment (1), mean polarizability (<e>),
anisotropy of the polarizability (Aa), mean first-order hyperpolar-
izability (<B>), depolarization ratio (DR), and Hyper-Rayleigh scat-
tering (Bugs) were listed in Table 2 by using B3LYP [ 6-311 ++ G
(d, p). The NLO for compound (2, MOFCA) has no practical values,
so urea was chosen as a reference [52]. The size of the molecular
polarization (<8>) is one of the main factors in the NLO system;
also the lowest value of 8, DR, and the highest value of Bygs for
the studied compound confirm short bond length which confirms
their higher selectivity. Consequently, the process of converting so-
lar energy is an important intermediary for NLO application for
compound (2, MOFCA) [53]. A comparison of the obtained results
for all factors with those published for the similar structures are
listed in Table 3. The values of the obtained parameters for MOFCA
are close to the values obtained for the similar structures, taking
into account the computational error percent, which confirms the
accuracy of the obtained results [54-56].
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Fig. 7. HOMO, LUMO and Molecular surfaces ESP, 3D-MEP and TED of compound (2, MOFCA) at B3LYP/6-311++G (d,p).

3.4. Molecular electrostatic potential calculation

The molecular electrostatic potential (MEP) is associated with
electrophilic and nucleophilic of the electronic density and care-
ful the sites for the hydrogen-bonding interactions [57]. The charge
distributions defining how molecules interact with each other and
useful for visualizing the variable. Also, the electronic density has
been related to the dipole moments, electrical negativity, and the
chemical reactivity of molecules. Fig. 7 and Fig. S1 offers the op-
timized molecular structure studied for 3D-MEP and ESP of the
MOFCA by using DFT/B3LYP/6-311++G (d,p).

The atomic sites O and N display the distribution of the lone-
pair of electron in the negative region were represented in red,
furthermore the positive sites is around the hydrogen and carbon
atoms (blue) [58,59].

3.5. Natural bond orbital (NBO) analysis

The natural bond orbital method (NBO) [60] used to investi-
gate the reactive sites of the prepared compound (2, MOFCA), the
molecular electrostatic potential (MEP) was computed. The donor-
acceptor interactions were used to evaluate the second-order Fock
matrix [61]. For each donor (i) and acceptor (j), the stabilization
energy E (2) associated with the delocalization i — j was estimated
as:

E® = AE; = qi(F(ij)Z/ej &), ®)

Where g; is the donor orbital occupancy, ¢;, and ¢; are diag-
onal elements and (ij) is the off-diagonal NBO Fock matrix ele-
ment. The delocalization trend of electrons is related to the higher
E@ value, and thus stronger interaction at donor to acceptor or-
bital's. The selected NBO of the optimized structures are listed
in Table 4. Higher values of the stabilization energies for 7 C3-
C4 — RY*N20, wC12- H29 — RY*H28, 7C15-N20 — RY*H28, 7 C3-
C4 — RY*C12, 7C3-C4 — m*C13-C14, wC1-019 — RY*N20, and
7 C1-019 — m*C12-H29, interactions are achieved in geometry of
compound (2, MOFCA). The large stabilization effects are due to
the strong lone pair-anti-bonding orbital interactions between the
two ends of the formed H-bond. These results indicate that; the
compound (2, MOFCA) structure has a stronger H-bond with the
methoxy group. Hence, the structure becomes stronger stabiliza-
tion of MOFCA.

3.6. Natural charges and natural population analysis

The natural electronic configuration of active sites for MOFCA at
the B3LYP/6-311++G (d,p), presented in Table 5, which also, con-
tains the natural charge, natural population, natural population of
the total electrons on the sub-shells. The more positive atoms of
electricity tended to accept an electron. Whilst the most negative
center atoms were the 016, 017, 018, 019, and N20 atoms, head to
suggest a private electron from the static electricity of the MOFCA
molecule. Furthermore, there are 138 electrons in MOFCA are co-
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Table 2

Total static dipole moment (u), mean polar-
izability (<a>), anisotropy of the polarizability
(Aa), and mean first-order hyperpolarizability
(<B>), for MOFCA at the B3LYP/6-311++G (d,p).

Property (MOFCA)
tx, D -7.1930
iy, D -2.8571
Uz, D 15171

w, Debye 2 7.8870
axyx, a.u. -145.3630
axy, a.u. -15.8144
Qyy,a.u. -108.3690
07z, U -115.8166
ayz, a.l. 41551
axz, a.U. 2.5534
<a> x 107%%esu 36.813
Aa x 10~%%esu 44.650
Bxxx,a.u. -509.0839
Bxxy, a.u. -42.8278
Bxyy, a.u. -7.6781
Byyy, a.u. 5.7606
Bxxz, a.u. 6.1788
Bxyz, a.u. 1.2666
Byyz, a.u. 12.1241
Bxzz, a.u. -4.0787
Byzz, a.u. 2.6035
Bzzz, a.u. 1.9100
<B> x 10-3%su’ 3.5861
DR 0.44

Bhrs 55.21

b Urea equal (1.3197D, 0.1947esu) results are
taken from references [52].

ordinated in sub-shells as a total Lewis and a total non-Lewis in
natural population analysis.

3.7. Vibrational calculation characteristics

The calculated and experimental vibrations found repulsion be-
tween them, because of the calculations are done in a gas state. A
comparison of the calculated vibration frequencies at DFT/B3LYP/6-
311 ++ G (d, p) with those for the experimental values and related
assignments from FT-IR spectra from MOFCA are illustrated in
Fig. 1, and Table 6. As a result, the un-scaled calculated frequency
was obtained. To improve the calculated values in agreement with
the experimental values, a spectral uniform scaling factor was used
to offset the systematic errors caused by basis set incomplete-
ness, neglect of electron correlation, and vibrationalan harmonicas.
Hence, the vibrational frequencies calculated at B3LYP/6- 311++G
(d,p) level are scaled by 0.9613. After scaled with the scaling fac-
tor, the deviation from the experiments is less than 10 cm~—! with
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Table 4
The significant E? values (kcal/mol) for the optimized structure MOFCA of
the selected interactions in the NBO analysis at the B3LYP/6-311++G (d,p).

Charge transfer E?92(kcal/mol)  NBO Population
7 C3-C4 — RY*C12 5790.05 7 C2-C3 1.96936
7 C2-C3 — RY*H29 249.92 n(C3-C4 1.97181
7 C3-C4—»m*C13-C14 5497.46 mC13-C14 1.81156
7C1-019 — RY*C1 14.93 7 C12- H29 1.97923
7C1-019 — RY*019 31.75 RY*C12 0.00577
7C1-019 — RY*N20 3749.69 RY*H29 0.00029
7C1-019 — RY*H28 350.77 RY*019 0.00363
7C1-019 -»m*C13- C14 205.55 RY*N20 1.99074
0C1-019 -»m*C9-018 105.49 mC1-019 1.95524
7C1-019 — 7*C12-H29 3670.76 7 C15-N20 1.99878
7C1-019 — 0*C15-N20 28.78 CR C1 1.99976
0(C3-C4 — RY*O19 50.10 CR 017 1.99976
7 (C3-C4 — RY*N20 9077.49 LP 019 1.97256
7 (C3-C4 — RY*H29 253.76

7 C3-C4 ->m*(C9-018 130.95

7 C3-C4 -»m*C12- H29 1953.12

7 C3-C4 -»m*C15-N20 1630.37

wC12- H29 — RY*C2 1655

mwC12- H29 — RY*H28 9629.08
mwC15-N20 — RY*C1 3595.48
7 C15-N20 — RY*H28 7206.74
mwC15-N20 -»m*C15-N20  280.18
CR C1— RY*C12 187.51

CR C1— RY*H29 68.64
CR C1-7m*C13-C14 476.29
CR C1-»m*C15-N20 1758.02
CR 017— RY*C9 89.95

CR 017— RY*H29 126.98
CR 017—-m*C15-N20 368.10
LP 019— RY*H28 158.08
LP 019— RY*C9 165.21

3E() means energy of hyperconjugative interactions (stabilization energy).
LP(y is a valence lone pair orbital (n) on atom.

a few exceptions. The assignment can be implemented on a wide
scale as follows:

The region 3000-3100 cm~!appeared the aromatic expansion
vibrations (C-H) [62], and the computed vibration of the C-H aro-
matic is at 3170 cm~! (un-scaled value) and 3047 cm~! (scaled
value) and experimentally observed at 3082 cm~!. While, exper-
imentally for the C-H symmetric aliphatic stretching vibration in
CH3 at 2963, 2942 cm™!, and calculated at 2997, 2920 cm~! (un-
scaled value), and 2881, 2807 cm™!, (scaled value) respectively, for
compound (2, MOFCA).

The experimental C-H twisting vibration was observed at 3112
cm~!, which agreed with the computed vibration at 3240 cm™!
(un-scaled value) and at 3115 cm~! (scaled value). Generally, the
observed C=0 vibrations were in the range of 1790-1810 cm~1[63],
and found experimentally at 1643cm~!, while theoretically at

Table 3

A comparative analysis of MOFCA with similar type of compounds.
Parameters (MOFCA) Ref.[54] Ref.[55] Ref.[56]
Energy of highest occupied molecular orbital (EHOMO) -6.556 -4.89 -6.4355 -6.087
Energy of lowest unoccupied molecular orbital (ELUMO)  -2.536 -1.496 -2.3147 -1.824
Energy Gap,(Eg) 4.020 3.393 4.1208 4.263
Dipole moment, (j1) 7.8870 6.5231 7.2563 7.8521
I (eV) 6.55602 4.89 6.4355 6.087
A(eV) 2.53586 1.496 2.3147 1.824
X(eV) 4.54594 3.193 4.3751 3.955
V(eV-1) -4.54594  -3.193 -4.3751 -3.955
n(ev) 2.01008 1.6965 2.0604 2.1315
S(ev-1) 0.24875 0.29472 0.24267 0.23458
w (eV) 5.14048 3.004789  4.645093  3.669253
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Table 5
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Natural charge, natural population analysis for MOFCA at the B3LYP/6-311++G (d,p).

Atom No.  Natural Charge  Natural Population Natural electronic Configuration
Core Valence  Rydberg  Total

016 -0.58513 1.999 6.5722 0.01311  8.585  [core]25(1.69)2p(4.88)3p(0.01)
017 -0.55921 1.999 6.5370 0.02246  8.559  [core]25(1.59)2p(4.95)3p(0.01)
018 -0.46882 1.999 6.4511 0.01805  8.469  [core]2S(1.57)2p(4.88)3p(0.01)
019 -0.46847 1.999 6.4534 0.01535  8.468  [core]2S(1.60)2p(4.86)3p(0.01)
N20 -0.31608 1.999 5.2957 0.02075  7.316  [core]2S5(1.59)2p(3.71)3d(0.01)
Core 39.98257 (99.956% of 40)

Valence Lewis 94.84059 (96.776% of 98)

Total Lewis 134.82316 (97.698% of 138)

Valence non-Lewis
Rydberg non-Lewis
Total non-Lewis

2.88897 (2.093% of 138)
0.28787 (0.209% of 138)
3.17684 (2.302% of 138)

Table 6

Experimental and computational calculated vibrational wavenumbers (harmonic frequency (cm~1)), (scaled
and un-scaled values), IR intensities and assignments for MOFCA at the B3LYP/6-311++G (d,p).

No.  Exp. Wave number IR Intensity Assignments References
un-scaled scaled Rel. Abs.
1 3112 3240 3115 55.58 2157 U C-H oefin [62]
2 3082 3170 3047 21.84 12.84 v C-Hyomatic [62]
3 2963,2942  2997,2920 2881,2807  26.22 1672 U C-H Jiiphatic [62]
4 1643 1740 1673 119.62 87.35 v C=0 ,.pyrone [63]
5 2218 2250 2189 21.47 45.26 v (=N [63]
6 1601 1650 1605 10725 5216 B C=C (n ring) [63]
v Twisting (Stretching); v,(Symmetric stretching); vs(Asymmetric stretching); B (In plane bending).

Table 7
Thermodynamic properties at different temperatures for MOFCA at the
B3LYP/6-311++G (d,p).

S°m(calmol-'K-')  C°pm(calmol~'K~')  Hep(kcalmol-!) T (K)
120.10 50.80 116.14 200
132.96 60.74 118.93 250
145.23 69.93 122.20 300
156.95 78.31 12591 350
168.18 85.87 130.01 400
178.92 92.64 134.48 450
189.21 98.66 139.27 500
199.06 104.00 144.33 550
208.49 108.75 149.66 600

1740cm~!, (un-scaled value) and at 1673cm~!, (scaled value) for
compound (2, MOFCA).

The vibration of C=C is generally detected in the range 1480-
1630 cm~! [63], and experimentally, recorded at 1601 cm!,
these agreement with computed vibration at1650 cm~!, (un-scaled
value) and at 1605cm~?, (scaled value). Also; the calculated asym-
metric vibration of C==N is showed at 2250 cm~!, (un-scaled
value) and at 2189 cm~! (scaled value), which agreement with ex-
perimental results at 2218 cm~!.

3.8. Electronic UV-spectra

The influence of the solvent on the electronic spectra of com-
pound (2, MOFCA) for the calculated and experimental results is
shown in Fig. 8a and b, respectively. Fig. 9 (a-c) show the charge
density maps of the occupied and vacant MO's. The spectrum con-
tains seven bands of non-polar solvents (dioxane, and toluene),
which were observed at 500 nm and 450 nm and 435 nm and
375, 325, 280, and 255, respectively. The range of spectrum bands
for the excited and the ground states have the same values when
incident increasing the polarity of the solvent to (butanol and

methanol), also; the Intensity of the bands increases with polar
solvents, so all the band’s shifts to (77-7*) and (n-77*).A concourse
between theoretical and experimental results is creating from the
electron excitation of the ten MO molecular orbital's @591 -
©71 '@qp, for MOFCA. Table S1 and Fig. 9 (a-c) give the first (n-
%) band in non-polar solvents (dioxane, and toluene), observed
at (450, 450 nm), and theoretically at (500, 500 nm), through a
configuration of @gg-70"1¢71-74, 77, 80-86, 91, 99- Other sides, in po-
lar solvents (butanol and methanol), at (411, 411 nm), band, where
the computed bands at 460 and 460 nm, respectively. The elec-
tronic transformation indicated the features of the electron density
are from the nature of the molecular orbital. Fig. 9 (a-c) apparent
the delocalization of the electron density and the charge transfer
characteristic. The absorption bands in the visible region are typi-
cal transitions of n-7* and 7 - 7*.

3.9. The optical band gap of the presented structures

The main experimental optical parameter of the presented
structures is the energy gap, Eg which can be obtained for the di-
rect type transition by using the Eq. 6 [64]:

(¢E)* = A(E - Ey) (6)

Where E is the incident photon energy and A is a constant. As
observed from the Fig. S2, that the best fit of the most feasible
transition supports the direct band transition. The values of Eg for
every structure that resulting from [(«E)? vs(E)] plots can be ex-
tracted from the extrapolation of linear parts of the curve for each
case to (whv)? = 0 as shown in the Fig. S2. The obtained Eg value
of compound (2, MOFCA) is 2.92 eV.

3.10. Thermodynamic properties

The Zero-Point Vibrational Energies (ZPVE), and the en-
tropy, SVib (T), are thermal parameters which calculated by
using B3LYP/6-311++G (d,p). To calculate the accurate value
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Fig. 8a. Electronic absorption spectra of compound (2, MOFCA), (a) theoretical in gas phase, (b) theoretical in dioxane, (c) theoretical in methanol (d) experimental in

dioxane, (e) experimental in methanol.

of ZPVE of compound (2, MOFCA) by adding the scale fac-
tors value which equal 0.9804 at B3LYP/6-311++G (d,p) basis
set. So; the accurate value of ZPVE of compound (2, MOFCA)
is 129.875 x 0.9804 = 127.330 kcal.mol~!, and total entropy
is 132.509 x 0.9804 = 129.912 cal/mol. k, are also listed in
Table 1.

Vibrational analysis and standard statistical thermodynam-
ics functions, rule of, heat capacity (C%m), entropy (S°m), and
enthalpy(H,), for compound (2, MOFCA), were acquired at the
B3LYP/6-311++G (d, p)level and are presented in Table 7. The in-
tensities of the molecular vibration increase with the increasing
temperature from 200.00 to 600.00 K, which ensues increasing in
the standard heat capacities, entropies, and enthalpies. The corre-
lations between these thermodynamic properties and temperatures
T are given in Fig. S3. The correlation equations are as follows:

Cp m = 25.51733 + 0.14446T — 2.74133 x 107*T%; (R? = 0.99294),
(7)

SO =78.3281 + 0.2206T + 1.74849 x 107°T2; (R2 = 0.99876),
(8)

H® =97.48244 — 0.08433T + 1.30194 x 10~%T%; (R2 = 0.99531).
9)

These equations will be helpful for further studies for com-
pound (2, MOFCA), [65,66].
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Fig. 8b. Electronic absorption spectra of compound (2, MOFCA), (a) theoretical in gas phase, (b) theoretical in toluene, (c) theoretical in butanol (d) experimental in toluene,
(e) experimental in butanol.
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Fig. 9. (a-c). Electron density contours of compound (2, MOFCA).

4. Conclusion

A novel (2E)-3-(4-methoxy-5-o0xo-5H-furo[3,2-g]chromen-6-yl)
acrylonitrile (2, MOFCA) was obtained from reaction of 6-
formylvisnagin and cyano acetic acid. The electronic geometrical
structure of the studied compound (2, MOFCA) were investigated
theoretically by using the DFT method at B3LYP/6-311++G (d, p),
and TD-DFT at CAM/B3LYP/6-311++G (d, p) level theory. The UV-
Vis analysis in MOFCA gave red and blue shifts of the absorp-
tion bands and revealed the occurrence of maximum excitations
for (n-7* and m-7*) transitions. While the experimental FT-IR
spectra well copied by the DFT calculations. Synthesized molecule
MOFCA is a chemically hard compound with greater kinetic sta-
bility and electron-donating capability as confirmed from global
reactivity descriptors calculation and energy of FMO. The synthe-
sized molecule has excellent uses in the technology-related appli-
cations, from NLO analysis which compared with urea molecule.
The ESP and MEP maps show the charge distributions defining how
molecules interact with each other and useful for visualizing the
variable. As well; the electronic density has been connected to the
dipole moments, electrical negativity, and the chemical reactivity
of molecules. Furthermore, the thermodynamic parameters of the
compound increase with the increasing temperature from 200.00
to 600.00 K.
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