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Introduction

Acrylic compounds have great reactivity as electrophiles 
towards nucleophiles, particularly in the preparation of 
natural and biologically active compounds [1, 2], therefore 
they are good Michael acceptors [3]. Acrylates are salts, 
esters, and conjugate bases of acrylic acid and its deriva-
tives. They are also known as propenoates. Acrylates easily 
form polymers because the double bonds are very reactive. 
These polymers play an important role in military and com-
mercial products [4]. Compounds containing alkyl acrylate 
skeletons have significant importance in material science [5]. 

Abstract The crystal structures of two compounds,ethyl-
(E)-2-(2,3-dioxo-2,3-dihydro-1H-indol-1-yl)-3-phenyl-2-
propenoate and ethyl-(Z)-2-(2,3-dioxo-2,3-dihydro-1H-
indol-1-yl)-3-phenyl-2-propenoate were determined from 
single-crystal X-ray diffraction and characterized by FT-IR, 
1HNMR and 13CNMR spectroscopy. The quantum theoreti-
cal calculations for two structures were performed by den-
sity functional theory (DFT/B3LYP/6-311+G*). From the 
optimized structure, geometric parameters were obtained 
and experimental measurements were compared with the 
calculated data. Frontier molecular orbitals, total density of 
states, molecular electrostatic potential, molecular proper-
ties, thermodynamic parameters and NBO analysis for E 
and Z isomers were investigated by theoretical calculations.

Electronic supplementary material The online version of this 
article (doi:10.1007/s10870-017-0697-8) contains supplementary 
material, which is available to authorized users.

 * Ali Ramazani 
 aliramazani@gmail.com

 * Sang Woo Joo 

1 Department of Chemistry, University of Zanjan, P.O. 
Box 45195-313, Zanjan, Iran

2 Young Researchers and Elite Club, Gorgan Branch, Islamic 
Azad University, Gorgan, Iran

3 Department of Chemistry, Abhar Branch, Islamic Azad 
University, P O Box 22, Abhar, Iran

4 Young Researchers and Elite Club, Zanjan Branch, Islamic 
Azad University, Zanjan, Iran

5 School of Mechanical Engineering, Yeungnam University, 
Gyeongsan 712-749, Republic of Korea

6 Faculty of Chemistry, University of Wrocław, 14 Joliot-Curie 
St., 50-383 Wrocław, Poland

http://orcid.org/0000-0003-3072-7924
http://crossmark.crossref.org/dialog/?doi=10.1007/s10870-017-0697-8&domain=pdf
https://doi.org/10.1007/s10870-017-0697-8


199J Chem Crystallogr (2017) 47:198–207 

1 3

In fact, acrylates are mainly used to make plastic items that 
start as powders and liquids that are mixed together to make 
a paste that can be formed into any shape and then hard-
ened. Because of their importance in industry, substituted 
acrylates have recently received a great deal of attention [6, 
7]. In this paper, we report the synthesis, characterization 
and crystal structures of ethyl-(E)-2-(2,3-dioxo-2,3-dihydro-
1H-indol-1-yl)-3-phenyl-2-propenoate and ethyl-(Z)-2-(2,3-
dioxo-2,3-dihydro-1H-indol-1-yl)-3-phenyl-2-propenoate 
(see Fig. 5). In recent years, computational chemistry has 
become an important tool for chemists and a well-accepted 
complement for experimental chemistry [8–12]. Density 
functional theory (DFT) method has become a major tool in 
the methodological arsenal of computational organic chem-
ists. In the present work, we also investigate the energetic 
and structural properties of the two structures determined 
in solid state, using DFT calculations. The optimized geom-
etry, frontier molecular orbitals (FMO), detail of quantum 
molecular descriptors, molecular electrostatic potential 
(MEP), chemical tensors, natural charge and NBO analysis 
were calculated.

Experimental

Physical Techniques and Materials

All reagents and solvents for synthesis and spectroscopic 
studies were commercially available and used as received 
without further purification. 1H NMR and 13C NMR spectra 
were measured for samples in  CDCl3 with a BRUKER DRX-
250 AVANCE spectrometer at 250 and 62.5 MHz respec-
tively, using TMS as internal standard. The infrared (IR) 
spectra were recorded on a Mattson-1000 FT spectrometer 
using KBr pellets. Melting points were measured on an Elec-
trothermal 9100 apparatus.

General Procedure for the Synthesis of E and Z Iso-
mers

A solution of triphenylphosphine (1.0 mmol, 0.262 g) and 
isatin (1.0 mmol) in dry dichloromethane (10 ml) was placed 
in a three-necked flask in an ice-water bath. Then, a solu-
tion of acetylenic esters (1.0 mmol) in dry dichlorometh-
ane (4 ml) was added dropwise and stirred for 5 min. After 
5 min, the mixture was cooled to room temperature and 
then stirred for 15 min until the reaction was completed as 
monitored by TLC (n-hexane/EtOAc; 2:1) analysis. The sol-
vent was removed under reduced pressure and the residue 
was purified by column chromatography with silica gel 60 
HF-254 using petroleum ether/EtOAc (10:2) as eluent.

The single crystals of E and Z isomers were obtained 
from slow evaporation of their dichloromethane/light 

petroleum ether (1:2) solution (20–25 °C). The single crys-
tals were filtered off, washed with a cold mixture of dichlo-
romethane/light petroleum ether (1:2) and dried at room 
temperature.

The products were characterized by spectral data (IR, 1H 
NMR and 13C NMR). The physical and spectral data for the 
products are given below:

Ethyl-(E)-2-(2,3-dioxo-2,3-dihydro-1H-in-
dol-1-yl)-3-phenyl-2-propenoate

Orange Crystals

Yield: 46%. Mp: 106–108  °C. IR (KBr): ν = 3061(CH, 
arom), 2984 (CH, alipha), 1746, 1723, 1615 (3C=O), 1469 
(C=C, alkene)  cm−1, 1H NMR  (CDCl3) δH (ppm): 1.1 (t, 3 H, 
3JHH=7.0 Hz,  CH3), 4.2 (q, 2 H, 3JHH=7.0 Hz, OCH2), 
7.1–7.7 (m, 9  H, arom), 5.3 (s, 1  H, =CH). 13C NMR 
 (CDCl3) δC (ppm): 14  (CH3), 62.2  (OCH2), 132.5 (=CH), 
111.2, 118.2, 120, 122.5, 123.2, 124.4, 125, 128.3, 129.6, 
129.8, 138.6, 141.2, 151.2 (12 C of aromatic and =C–N), 
158 (C=O of amide), 163 (C=O of ester), 182.4 (C=O of 
ketone).

Ethyl-(Z)-2-(2,3-dioxo-2,3-dihydro-1H-in-
dol-1-yl)-3-phenyl-2-propenoate

Red Crystals

Yield:54%. m.p. 168–170  °C. IR (KBr): ν = 3091 (CH, 
arom), 2923 (CH, alipha), 1746, 1746, 1615 (3C=O), 1469 
(C=C, alkene)  cm− 1, 1H NMR  (CDCl3) δH (ppm): 1.3 (t, 3 H, 
3JHH=7.0,CH3), 4.3 (q, 2 H, 3JHH=7.0 Hz,OCH2), 6.6–8 (m, 
9 H, arom), 8.1 (s, 1 H, =CH). 13CNMR (CDCl3) δC (ppm): 
14.2  (CH3), 62.3  (OCH2), 131.6 (=CH), 111.5, 118.2, 121.1, 
124.4, 125.8, 128.2, 129.2, 129.8, 131.2, 135.8, 138.7, 
142.6, 150.6 (12 C of aromatic and =C–N), 158 (C=O of 
amide), 163.00 (C=O of ester), 181.9 (C=O) of ketone).

X-Ray Crystallography

The crystallographic measurements of E and Z isomers were 
performed on a κ-geometry KUMA KM4CCD automated 
four-circle diffractometer with graphite-monochromatized 
MoKα radiation (λ = 0.71073 Å). The data for the crystals 
were collected at 100(2) K by using the Oxford-Cryosystems 
cooler. Data were corrected for Lorentz and polarization 
effects. Data collection, cell refinement, data reduction, and 
analysis were carried out with CrysAlis CCD and CrysAlis 
RED, respectively [13]. The structures were solved by direct 
methods with the SHELXS-97 program [14], and refined by 
a full-matrix least-squares technique with SHELXL-2013 
(for E isomer)and SHELXL-2014(for Z isomer) [15]. 
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Anisotropic thermal parameters were employed for non-H 
atoms. All H atoms were found in difference Fourier maps. 
In the final refinement cycles, they were repositioned in 
their calculated positions and refined using a riding model, 
with C–H=0.95–0.99 Å, and with Uiso(H) =1.2Ueq(C) for 
CH and  CH2 or 1.5Ueq(C) for  CH3. Figures were made with 
the Diamond program [16]. Details for the data collection 
and the structures refinements are given in Table 1 and the 
crystallographic information files (CIFs) deposited with The 
Cambridge Crystallographic Data Centre (http://www.ccdc.
cam.ac.uk/; deposition numbers CCDC-1410473 for E and 
1410474 for Z isomer)and provided as Electronic Supple-
mentary Material.

Computational Details

In this work, we have carried out quantum theoretical calcula-
tions and have optimized structures of the E and Z isomers 
of ethyl-2-(2,3-dioxo-2,3-dihydro-1H-indol-1-yl)-3-phenyl-
2-propenoate, using B3LYP/6-311+G* level (DFT) [17–19] 
by the Gaussian 03 W program package [20]. The electronic 
properties such as  EHOMO,  ELUMO, HOMO–LUMO energy gap 
(∆E),  EHOMO−1,  ELUMO+1, natural charges, molecular proper-
ties, dipole moment (μD) and point group were detected. The 
optimized molecular structure, HOMO and LUMO surfaces 
were visualized using the GaussView 03 program [21].We 

also studied the thermodynamic parameters of molecules 
using the B3LYP/6-311+G* level, and obtained  E0 (sum of 
the electronic and the zero-point energies), enthalpy H (sum 
of the electronic and the thermal enthalpy), Gibbs free energy 
G (sum of the electronic and the thermal free energy), entropy 
S and Cv (constant volume molar heat capacity The electronic 
structure of E and Z isomers were studied by using Natural 
Bond Orbital (NBO) analyses at the same level in order to 
understand various second-order interactions between the 
filled orbitals of one subsystem and vacant orbitals of another 
subsystem, which is a measure of the inter-molecular delocali-
zation or hyper conjugation [22, 23].

Result and Discussion

The experimental FT-IR spectra of E and Z isomers are given 
in Fig. 1 and are compared with calculated FT-IR spectra. 
Their X-ray structures are also shown.

Crystal Structures of E and Z Isomers 
of Ethyl-2-(2,3-dioxo-2,3-dihydro-1H-indol-1-yl)-3-phe-
nyl-2-propenoate

The molecules of ethyl-2-(2,3-dioxo-2,3-dihydro-1H-in-
dol-1-yl)-3-phenyl-2-propenoate present in the two crys-
tals reported here, adopt respectively E and Z geometry 

Table 1  Experimental data for 
E and Z isomers

E isomer Z isomer

CCDC No 1410473 1410474
Chemical formula C19H15NO4 C19H15NO4

Mr 321.32 321.32
Crystal system, space group Monoclinic, P21/c Monoclinic, P21/n
Temperature (K) 100 (2) 100 (2)
a, b, c (Å) 9.978 (3), 5.510 (2), 28.117 (7) 9.025 (2), 17.369 (4), 10.972 

(3)
β (°) 94.64 (3) 110.26 (3)
V (Å3) 1540.8 (8) 1613.5 (7)
Z 4 4
Radiation type Mo Kα Mo Kα
µ  (mm− 1) 0.10 0.09
Crystal size (mm) 0.43 × 0.29 × 0.12 0.38 × 0.22 × 0.14
No. of measured, independent and 

observed [I >2σ(I)] reflections
24433, 6934, 5593 18325, 6246, 4521

Rint 0.027 0.028
(sin θ/λ)max (Å−1) 0.838 0.838
R[F2 >2σ(F2)], wR(F2), S 0.053, 0.135, 1.09 0.057, 0.144, 1.05
No. of reflections 6934 6246
No. of parameters 218 218
No. of restraints 0 0
H-atom treatment H-atom parameters constrained H-atom parameters constrained
Δρmax, Δρmin (e Å−3) 0.57, −0.22 0.51, −0.25

http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/


201J Chem Crystallogr (2017) 47:198–207 

1 3

around the C=C double bond, which is reflected in the 
N(1)–C(4)–C(5)–C(6) torsion angles (Table 2). As shown in 
Fig. 1, the overall geometry of the E and Z isomers, resem-
ble those observed in related compounds, i.e. derivatives 
with 2-N-substituted ethyl 3-phenylprop-2-enoate moiety, 
reported by us previously [24–27], and deposited with the 
Cambridge Structural Database, CSD ver. 5.38 update Feb. 
2017. A total of 18 compounds were found, from which only 
10 examples1contain pure 3-C6H5ring and only two are E 
isomers [28]. However, closer inspection reveals some sig-
nificant differences. The carbonyl atom O(2) of the ester 
group is antiperiplanar to the atom C(5) in the Z isomer 
(see the O(2)–C(3)–C(4)–C(5) torsion angle in Table 2), 

while it is anticlinal in the E isomer (135.79(11)°). It is 
noteworthy that in all the structurally related compounds 
reported to date, C=O and C=C bonds were approximately 
coplanar (ap rather than sp), regardless of the N-substituent 
in 2-position and the (2E)/(2Z) isomerism. In the title com-
pound, the phenyl ring is twisted relative to the C=C bond 
to a similar extent in E and Z isomer (at about 55° and 35°, 
respectively), which is shown by the C(4)–C(5)–C(6)–C(7) 
torsion angles. Orientation of the 1 H-indole-2,3-dione moi-
ety in relation to the rest of the molecule may be defined by 
the C(19)–N(1)–C(4)–C(5) torsion angle. For comparison 
of the geometry of both isomers see Fig. 2.

As shown in Figs. 3 and 4, the packing diagrams of 
the crystals of both E and Z isomers are dominated by 
C–H⋯O contacts. In the crystal of the E isomer, close 
carbonyl⋯πcontacts are also found (Fig. 3; O⋯centroid 
distance of 2.945(2) Å, perpendicular O⋯centroid distance 
of 2.749 Å, and C=O⋯centroid angle of 142.09(7)°).These 

Fig. 1  a Experimental (top) 
and calculated (bottom) FT-IR 
spectra of E and Z isomers 
(using the B3LYP/6-311+G* 
level). b X-ray structures with 
atom-numbering scheme of E 
and Z isomers (displacement 
ellipsoids shown at the 50% 
probability level)

1 CSD refcodes for the 10 examples of 2-N-substituted ethyl 3-phe-
nylprop-2-enoates: CEMBEB, EDOSUM, FETTAA, KITNIL, KIT-
NOR, OWAGUP, OWAHAW, QIPZEW, YINGAE, OYOMIA.
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link the molecules of E isomer into ribbons along the b-axis, 
which further interact via C(10)–H(10)⋯π contacts with a 
H⋯π distance of 2.92 Å and a C–H⋯π angle of 134°. A set 
of C–H⋯O contacts and π⋯π stacking interactions present 
in the crystal of Z isomer gives rise to a three-dimensional 
network, as shown in Fig. 4.

Optimized Geometry

The optimization of the structures of the title molecules were 
performed at the B3LYP/6-311+G* level (see Fig. 5).The 
selected bond lengths and bond angles of the crystal struc-
tures and the theoretical parameters are listed in Table 2.As 
can be seen, the calculated parameters show good agreement 
with the experimental data and can be used as foundation to 
calculate the other parameters for the title compounds. The 
slight differences between the calculated and experimental 
data may result from the intermolecular interactions present 
in the crystal lattice, which are not taken into account by the 
computational methods.

Electronic Properties

Quantum chemical methods are important to obtain informa-
tion about molecular structure and electrochemical behavior. 
Frontier molecular orbitals (FMO) analyses were performed 
for the E and Z isomers using the B3LYP/6-311+G* level 
[29].FMO results such asenergy of the highest occupied 
molecular orbital  (EHOMO), energy of the lowest unoccu-
pied molecular orbital  (ELUMO) [30],  EHOMO−1,  ELUMO+1 and 
HOMO–LUMO energy gap  (Eg) for the E and Z isomersare 

Table 2  Selected interatomic distances (Å), dihedral angles (°) and 
torsion angles (°) of E and Z isomers

Parameter Isomer E Isomer Z

XRD DFT XRD DFT

Bond lengths
O(1)–C(3) 1.3391 (11) 1.343 1.3361 (14) 1.347
O(1)–C(2) 1.4543 (11) 1.451 1.4596 (15) 1.451
O(2)–C(3) 1.2113 (12) 1.208 1.2090 (15) 1.209
O(3)–C(19) 1.2061 (12) 1.200 1.2109 (15) 1.201
O(4)–C(18) 1.2124 (11) 1.204 1.2146 (14) 1.205
N(1)–C(19) 1.3901 (12) 1.403 1.3737 (15) 1.399
N(1)–C(12) 1.4137 (12) 1.414 1.4223 (14) 1.415
N(1)–C(4) 1.4179 (12) 1.418 1.4283 (14) 1.423
C(4)–C(5) 1.3419 (13) 1.346 1.3438 (16) 1.348
Dihedral angles
N(1)–C(4)–C(3) 115.10 (8) 113.87 114.55 (10) 113.26
C(5)–C(4)–N(1) 121.06 (8) 119.34 122.65 (10) 124.55
C(5)–C(6)–C(11) 119.03 (9) 119.07 122.55 (11) 125.09
C(19)–N(1)–C(4) 125.31 (8) 123.89 124.42 (10) 122.63
Torsion angles
C(19)–N(1)–C(4)–

C(5)
−47.00 (14) −59.06 −116.95 (14) −109.24

C(19)–N(1)–C(4)–
C(3)

128.79 (9) 114.99 67.82(15) 71.47

O(2)–C(3)–C(4)–
N(1)

−39.88 (14) −33.34 −8.56 (17) 5.04

O(2)–C(3)–C(4)–
C(5)

135.79 (11) 140.21 −166.67 (13) −174.26

N(1)–C(4)–C(5)–
C(6)

173.83 (9) 167.42 7.10 (19) 0.62

C(4)–C(5)–C(6)–
C(7)

−54.86 (14) −40.14 −144.86 (13) −171.51

Fig. 2  Comparison of the geometry of E (yellow) and Z (grey) iso-
mers. The common reference points are labeled atoms

Fig. 3  Intermolecular contacts (see Table S1) within a ribbon along 
the b-axis in the crystal of E isomer. Hydrogen bonds, closest π⋯π 
and  Ocarbonyl⋯π contactsare shown with dashed and blue/red dotted 
lines, respectively. H atoms not involved in C–H⋯O interactions are 
omitted for clarity. Symmetry codes: (i) − x + 1, y − 1/2, −z + 1/2; (ii) 
x, y − 1, z 
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summarized in Table 3. Also, the HOMO can act as an elec-
tron donor and the LUMO can act as the electron acceptor. A 
higher  EHOMO for the molecule indicates a higher electron-
donating ability to an appropriate acceptor molecule with a 
low-energy empty molecular orbital [31].As shown in Fig. 6 
and Table 3,  EHOMO values of compounds Z and E are − 6.69 
and − 6.52 eV, respectively. As can be seen from values of 
 EHOMO, isomer E has the higher  EHOMO rather than isomer 

Z, therefore isomer E has a higher electron-donating abil-
ity to an appropriate acceptor molecule. As seen in Fig. 6, 
charge transfer is taking place within E and Z. The graphic 
representation of HOMO and LUMO orbitals show that 
the HOMO orbital of isomer E is localized mainly on the 
isatin ring, the phenyl ring and the C=C moiety, whereas 
the LUMO orbital is focused mainly on the isatin ring. The 
HOMO→LUMO transition implies an electron density 

Fig. 4  Arrangement of the 
molecules of the Z isomer in 
the crystal lattice: C–H···O 
interactions (dashed lines) and 
π⋯π stacking (dotted lines) 
linking the molecules along the 
(a) b- and c-axis, b along the 
a-axis; see Table S2. H atoms 
not involved in C–H⋯O interac-
tions are omitted for clarity. 
Symmetry codes: (i) x − 1/2, 
−y + 3/2, z − 1/2; (iii) x − 1/2, 
−y + 3/2, z + 1/2; (v) − x + 2, 
−y + 1, −z + 2; (vi) x − 1, y, z; 
(#) − x + 3/2, y − 1/2, −z + 3/2; 
(@)x, y, z − 1
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transfer to the isatin ring. According to graphic represen-
tation of the HOMO and LUMO orbitals of isomer Z, the 
HOMO orbital of isomer Z is localized mainly on the isatin 
ring and the C=C moiety, while the LUMO orbital is focused 
mainly on the isatin ring. The HOMO→LUMO transition 
implies an electron density transfer to the isatin ring. The 
electronic structures of isomers E and Z were also studied 
using total densities of states (DOSs) [32].The DOS plot 
shows a population analysis per orbital and demonstrates 
a simple view of the character of the molecular orbitals in 
a certain energy range [33]. According to Fig. 6, the DOS 
analysis indicates calculated energy gaps (Eg) for molecule 
E and Z. A large energy gap implies high stability for the 
molecule. According to Fig. 6, the HOMO–LUMO energy 
gap  (Eg) value for Z isomer (3.79 eV) is higher than that for 
structure E (3.55 eV). Therefore Z is less reactive rather 
than E.

Several quantum molecular descriptors for E and Z iso-
mers are summarized in Table 3. I is the ionization potential 
(I= −EHOMO) and A is the electron affinity (A= −ELUMO) 
[34]. The chemical hardness (η= (I−A)/2) is an important 
property to measure the molecular stability and reactivity 
[35]. A hard molecule has a large energy gap (Eg) and a soft 
molecule has a small energy gap (Eg) [36]. The chemical 
hardness (η) value for E and Z is 1.77 and 1.89 eV, respec-
tively. Therefore Z is a hard molecule and less reactive with 
a high energy gap  (Eg = 3.79 eV and η = 1.89 eV), whereas E 
is a soft molecule and more reactive with a low energy gap 
value  (Eg = 3.55 eV and η = 1.77 eV). The electronic chemi-
cal potential [µ=−(I + A)/2] is a form of the potential energy. 
This parameter is the absorbed or released energy during a 
chemical reaction or change during a phase transition [37].

The value of μ for Z is more negative (−4.79 eV) than that 
for E (−4.74 eV). The electrophilicity (ω) measures show 
the stabilization in energy when the system acquires an addi-
tional electronic charge from the environment. The electro-
philicity index (ω = µ2/2η) contains information about both 
electron transfer (chemical potential) and stability (hardness) 
and is a better descriptor of global chemical reactivity [38].
The high values of electrophilicity index shows high capac-
ity of the molecule to accept electrons. The electrophilicity 
index for E and Z is 6.35 and 6.07 eV, respectively. E has 
the high erelectrophilicity index, therefore the E form has a 
higher capacity for accept electrons. The dipole moment (µD) 
is a good measure for the asymmetric nature of a structure 
[29]. The size of the dipole moment depends on the com-
position and dimensionality of the 3D structure. As shown 
in Table 3, two structures have high values for the dipole 
moment, which reflects that there is no symmetry in the 
structures. The dipole moment for Z(7.854 Debye) is higher 
than for E(7.577 Debye).

Molecular Electrostatic Potential (MEP)

The molecular electrostatic potential (MEP) was calcu-
lated at the B3LYP/6-311+G* level. The MEP shows 
the electronic density and is useful for mapping sites for 
electrophilic attack and nucleophilic reactions as well as 
hydrogen bonding interactions [39]. Negative areas of the 
MEP (red color) are related to electrophilic reactivity and 
positive areas (blue color) to nucleophilic reactivity. Neu-
tral regions are colored green, as shown in Fig. 7. Accord-
ing to the MEP maps presented in Fig. 7, there are two 
sites on E and Z for a possible electrophilic attack such as 

Fig. 5  The theoretical geomet-
ric structure of E and Z (opti-
mized with B3LYP/6-311+G* 
level)

Table 3  Molecular properties 
of isomers E and Z calculated 
using DFT (B3LYP/6-311+G*)

EHOMO ELUMO EHOMO−1 ELUMO+1 Eg I A µ η ω µD Point group

E −6.52 −2.97 −7.05 −2.14 3.55 6.52 2.97 4.74 1.77 6.35 7.577 C1
Z −6.69 −2.9 −6.86 −2.46 3.79 6.69 2.9 −4.79 1.89 6.07 7.854 C1
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oxygen atoms of carbonyl groups of theisatin ring (higher 
color intensity) and the negative region is mainly focused 
on these atoms, therefore they are sites for electrophilic 
attraction. As the MEPs show, most regions in the two 
structures are neutral (green color).

Thermodynamic Analysis

The thermodynamic calculations were performed using 
DFT in the gas phase and  E0 (sum of the electronic and 
the zero-point energies), enthalpy H (sum of the electronic 
and the thermal enthalpy), Gibbs free energy G (sum of the 

electronic and the thermal free energy), entropy S and Cv 
(constant volume molar heat capacity) were obtained (see 
Table 4) [40]. Thermodynamic analyses indicate that  E0, H, 
and G for E and Zare negative values whereas the calculated 
S is positive that shows two molecules to be stable in the gas 
phase. Also we found that Z is more stable than E.

NBO Analysis

Natural bond orbital (NBO) analysis is an important method 
for studying intra- and intermolecular bonding and inter-
actions between bonds [41, 42]. Electron donor orbital, 

Fig. 6  Calculated Frontier 
molecular orbitals for E and 
Z isomers (Eg: energy gap 
between LUMO and HOMO) 
and Calculated DOS plots for 
E and Z (using the B3LYP/6-
311+G*)
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acceptor orbital and the interacting stabilization energy 
resulting from the second-order micro disturbance theory 
[43] are reported in Table 5. The electron delocalization 
from filled NBOs (donors) to the empty NBOs (acceptors) 
describes a conjugative electron transfer process between 
them [44]. For each donor (i) and acceptor (j), the stabiliza-
tion energy E(2) associated with the delocalization i→j is 
estimated. The resonance energy (E(2)) detected the quantity 
of participation of electrons in the resonance between atoms 
[23]. In E, LP(1)N1 orbital participates as donor and the 
anti-bonding BD*(2)C12–C13, BD*(2)C19–O3, BD*(1)C4–C5 
and BD*(2)C4–C5 orbitals act as acceptor and their reso-
nance energies  (E(2)) is 37.00, 46.91, 3.14 and 7.50 kcal/mol, 
respectively. These values indicate large charge transfer from 

the LP(1)N1 to the anti-bonding orbital of BD*(2)C19–O3 
[LP(1)N1→BD*(2)C19–O3] and BD*(2)C12–C13 [LP(1)
N1→BD*(2)C12–C13]. Therefore there is a strong intramo-
lecular hyperconjugative interaction between the nitrogen 
lone pair [LP(1)N1] with  C19–O3 and  C12–C13 antibonding 
orbitals. The LP(1)N1 orbital participates as donor and the 
anti-bonding BD*(1)C4–C5, BD*(2)C4–C5, BD*(2)C12–C13 
and BD*(2)C19–O3 orbitals act as acceptors, and their reso-
nance energies (E(2)) are 4.37, 0.57, 35.15 and 45.61 kcal/
mol, respectively. The most important interaction energy 
related to the resonance of the molecule is electron donation 
from LP(1)N1 to the antibonding acceptor orbitals BD*(2)
C12–C13 (35.15 kcal/mol) and BD*(2)C19–O3 (45.61 kcal/
mol).

Fig. 7  Molecular electrostatic 
potential (MEP) maps for E and 
Z isomers, calculated using the 
B3LYP/6-311+G* level

Table 4  Relative 
thermochemical parameters of 
E and Z calculated using the 
B3LYP/6-311+G* level

Compound E0 (kcal/mol) G (kcal/mol) H (kcal/mol) S (cal/molK) Cv (cal/molK)

E −683138.4826 −683184.6008 −683137.8902 156.669 78.591
Z −683142.3631 −683188.7361 −683141.7708 157.523 78.335

Table 5  Significant donor–
acceptor interactions and second 
order perturbation energies of E 
and Z isomers calculated using 
the B3LYP/6-311+G* level

a E(2) means energy of hyperconjucative interactions
b Energy difference between donor and acceptor i and j NBO orbitals
c F(i, j) is the Fock matrix element between i and j NBO orbitals

Donor NBO (i) Acceptor NBO (j) E(2)a (kcal/mol) E(j)–E(i)b (a.u.) F(i, j)c (a.u.)

Isomer E
LP (1)  N1 BD*(1)  C4–C5 3.14 0.91 0.052

BD*(2)  C4–C5 7.50 0.31 0.045
BD*(2)  C12–C13 37.00 0.29 0.093
BD*(2)  C19–O3 46.91 0.28 0.107

Isomer Z
LP (1)  N1 BD*(1)  C4–C5 4.37 0.90 0.060

BD*(2)  C4–C5 0.57 0.30 0.012
BD*(2)  C12–C13 35.15 0.30 0.092
BD*(2)  C19–O3 45.61 0.29 0.106
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Conclusion

In summary, two isomers (E and Z) of ethyl-2-(2,3-dioxo-
2,3-dihydro-1H-indol-1-yl)-3-phenyl-2-propenoate were 
prepared and characterized by FT-IR, 1HNMR, 13CNMR 
and X-ray crystallography. The electronic properties and 
geometric parameters have been analyzed with DFT calcu-
lations (B3LYP/6-311+G*). The theoretical results and the 
experimental data have been found to support each other. 
The HOMO–LUMO energy gap calculated at the B3LYP/6-
311+G* level reveals the chemical activity and kinetic sta-
bility of the molecules. The NBO analysis confirms the 
hyperconjugation interaction. The thermodynamic calcula-
tions reveal that Z is more stable than E.
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