
This is a self-archived version of an original article. This version 
may differ from the original in pagination and typographic details. 

Author(s): 

Title: 

Year: 

Version:

Copyright:

Rights:

Rights url: 

Please cite the original version:

CC BY 4.0

https://creativecommons.org/licenses/by/4.0/

Intramolecular Hydrogen Bond, Hirshfeld Analysis, AIM; DFT Studies of Pyran-2,4-dione
Derivatives

© 2021 the Authors

Published version

Boraei, Ahmed T. A.; Haukka, Matti; Sarhan, Ahmed A. M.; Soliman, Saied M.;
Barakat, Assem

Boraei, A. T. A., Haukka, M., Sarhan, A. A. M., Soliman, S. M., & Barakat, A. (2021).
Intramolecular Hydrogen Bond, Hirshfeld Analysis, AIM; DFT Studies of Pyran-2,4-dione
Derivatives. Crystals, 11(8), Article 896. https://doi.org/10.3390/cryst11080896

2021



crystals

Article

Intramolecular Hydrogen Bond, Hirshfeld Analysis, AIM; DFT
Studies of Pyran-2,4-dione Derivatives

Ahmed T. A. Boraei 1,*, Matti Haukka 2 , Ahmed A. M. Sarhan 3, Saied M. Soliman 4 and Assem Barakat 5,*

����������
�������

Citation: Boraei, A.T.A.; Haukka, M.;

Sarhan, A.A.M.; Soliman, S.M.;

Barakat, A. Intramolecular Hydrogen

Bond, Hirshfeld Analysis, AIM; DFT

Studies of Pyran-2,4-dione

Derivatives. Crystals 2021, 11, 896.

https://doi.org/10.3390/cryst11080896

Academic Editors: Sławomir

Grabowski and Ana M. Garcia-Deibe

Received: 21 June 2021

Accepted: 30 July 2021

Published: 30 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Chemistry Department, Faculty of Science, Suez Canal University, Ismailia 41522, Egypt
2 Department of Chemistry, University of Jyväskylä, P.O. Box 35, FI-40014 Jyväskylä, Finland;

matti.o.haukka@jyu.fi
3 Chemistry Department, Faculty of Science, Arish University, Al-Arish 45511, Egypt; asarhan@aru.edu.eg
4 Department of Chemistry, Faculty of Science, Alexandria University, P.O. Box 426, Ibrahimia,

Alexandria 21321, Egypt; saeed.soliman@alexu.edu.eg
5 Department of Chemistry, College of Science, King Saud University, P.O. Box 2455,

Riyadh 11451, Saudi Arabia
* Correspondence: ahmed_boraei@science.suez.edu.eg (A.T.A.B.); ambarakat@ksu.edu.sa (A.B.);

Tel.: +966-11467-5901 (A.T.A.B.); +966-11467-5992 (A.B.)

Abstract: Intra and intermolecular interactions found in the developed crystals of the synthesized
py-ron-2,4-dione derivatives play crucial rules in the molecular conformations and crystal stabili-ties,
respectively. In this regard, Hirshfeld calculations were used to quantitatively analyze the differ-
ent intermolecular interactions in the crystal structures of some functionalized py-ran-2,4-dione
derivatives. The X-ray structure of pyran-2,4-dione derivative namely (3E,3′E)-3,3′-((ethane-1,2-
diylbis(azanediyl))bis(phenylmethanylylidene))bis(6-phenyl-2H-pyran-2,4(3H)-dione) was deter-
mined. It crystallized in the monoclinic crystal system and C2/c space group with unit cell parameters:
a = 14.0869(4) Å, b = 20.9041(5) Å, c = 10.1444(2) Å and β = 99.687(2)◦. Generally, the H...H, H...C,
O...H and C...C contacts are the most important interactions in the molecular packing of the stud-
ied pyran-2,4-diones. The molecular structure of these compounds is stabilized by intramolecular
O...H hydrogen bond. The nature and strength of the O...H hy-drogen bonds were analyzed using
atoms in molecules calculations. In all compounds, the O...H hydrogen bond belongs to closed-shell
interactions where the interaction energies are higher at the optimized geometry than the X-ray one
due to the shortening in the A...H distance as a con-sequence of the geometry optimization. These
compounds have polar characters with different charged regions which explored using molecular
electrostatic potential map. Their natural charges, reactivity descriptors and NMR chemical shifts
were computed, discussed and compared.

Keywords: pyran-2,4-dione; Hirshfeld analysis; AIM; DFT; intramolecular hydrogen bond

1. Introduction

Heterocyclic molecules have ester oxygen functionality for example pyranones which
are widely distributed in nature [1,2]. Medicinal chemistry and synthetic organic chemistry
have been explored these interesting building block and versatile precursor for many
divergent-targeted synthesis [3]. These active pharmacophores based on pyranones have
been exploited in many pharmacologically relevant behaviors such as antitumor [4,5],
anticonvulsants [6], HIV protease inhibitors [7], anti-microbial [8], antifungal [6] and plant
growth regulators [7,9].

Many examples have been discovered and isolated from nature incorporating these
pyranones such as Bufalin (utilized for treatment complication disordered linked with
central nervous systems and others like rheumatism, and inflammations) [10]; Pectinatone
(marine natural products possessed cytotoxic, antibacterial activities) [11]; Pentylpyran-2-
one possessed antibiotic potency [12]; Griseulin (shown mosquitocidal and nematocidal
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efficacy) [13,14]. Pyranone-based molecules have been gain of attention in the chemical
research community due to pharmacological significance and their fascinating chemical
structure in synthetic drug compounds as well as naturally occurring. In literature, recently
the synthesis of pyranone-cored compounds have been achieved via metal-catalyzed
synthetic methods [15,16], and microwave aided organic synthesis [17].

Intermolecular interactions play crucial rule in the molecular packing in the crystal
structure [18]. It was believed that, little changes in the structure of compound affect
the crystal structure significantly although the absence of clear relationship among them.
Molecules in the crystal tend to arrange themselves in order to maximize the intermolecular
interactions among them [18–21]. This molecular packing is controlled by many direc-
tional forces such as coordination interactions, hydrogen bonding, π-π stacking, C-H...π
interactions and others [22–28]. Hirshfeld topology analysis is considered very important
tool used to determine and quantify the intermolecular interactions in the crystal [29]. In
addition, atoms in molecules (AIM) theory and the related topological parameters [30–32]
are important for analyzing the nature and strength of intermolecular interactions specially
the hydrogen bonding interactions.

In the light of our interest with the pyran-2,4-dione, this work aimed to shed the light
on the molecular and supramolecular structural aspects of selected set of pyran-2,4-dione
(Figure 1) based on X-ray single crystal structure determinations and Hirshfeld calculations,
respectively. In addition, conformational analysis was performed in order to show the
most sTable Structure. Atoms in molecules (AIM) study was used to explore the nature
and strength of the intramolecular hydrogen bond occurred in the structure of the studied
pyran-2,4-dione.

Figure 1. The structure of pyran-2,4-dione 1–6 employed in this study.

2. Materials and Methods
2.1. Synthesis

The synthesis of the studied compounds were reported in our previous published
article [17]. The single crystals were grown in EtOAc: Hexane at room temperature.

2.2. X-ray Single Crystal Determination

X-ray single crystal determination details of compound 1 are provided in supplemen-
tary information.
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2.3. Computational Methods

“All DFT calculations were performed using Gaussian 09 software package [33,34]
utilizing B3LYP/6-31G(d,p) method. Natural bond orbital analyses were performed using
NBO 3.1 program as implemented in the Gaussian 09W package [35]. The self-consistent
reaction filed (SCRF) method [36,37] was used to model the solvent effects when calculated
the optimized geometries in solution. Then the NMR chemical shifts for the protons
and carbons were computed using GIAO method in the same solvent [38]. In addition,
the atoms in molecules (AIM) parameters were calculated with the aid of Multiwfn [39]
program”.

3. Results and Discussion
3.1. Crystal Structure Description of (3E,3′E)-3,3′-((ethane-1,2-
diylbis(azanediyl))bis(phenylmethanylylidene))bis(6-phenyl-2H-pyran-2,4(3H)-dione) 1

The crystallographic measurement for compound 1 was performed using was col-
lected on a Rigaku Oxford Diffraction Supernova diffractometer using Cu Kα radiation
(see supplementary information). The topology analyses were performed using Crys-
tal Explorer 17.5 program [40]. The crystallographic details are summarized in Table S1
(Supplementary data).

The X-ray structure of 1 is shown in Figure 2 while the experimental bond distances
and angles are listed in Table S2 (Supplementary data). The compound crystallized in
monoclinic crystal system and centrosymmetric C2/c space group with lattice parameters:
a = 14.0869(4) Å, b = 20.9041(5) Å, c = 10.1444(2), β = 99.687(2)◦. The molecule itself
possesses a center of symmetry located at the midpoint of the C19-C19 bond splitting the
molecule to two equal halves. The two phenyl rings bonded to C12 showed cis configuration
to one another where such sterically hindered conformation is stabilized by the strong
intramolecular N1-H1...O1 hydrogen bonding interactions with a distance of 1.820(2) Å,
resulting in a very sTable S(6) ring motif (Figure 3, upper part). The C12-N1 bond distance
is found to be 1.324(2) Å, which confirm the single bond character this bond and further
revealed the location of the proton H1 at the N1 atomic site rather than O1.

Figure 2. Structure of compound 1 with atom numbering drawn using 30% probability level for thermal ellipsoids.
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Figure 3. Hydrogen bond contacts (upper) and molecular packing (lower) via hydrogen bonding interactions for 1.

The molecular units in the crystal lattice are packed by two intermolecular hydrogen
bonding interactions shown as red dotted lines in Figure 3 (upper part). The corresponding
hydrogen bond parameters are listed in Table 1. The packed molecules via the N1-H1...O1
and C4-H4...O2 hydrogen bonding interactions with donor-acceptor distances of 2.991(2)
and 3.134(2) Å, respectively are shown in Figure 3 (lower part).

Table 1. Hydrogen bond parameters (Å and ◦) for 1.

D-H...A D-H H...A D...A D-H...A

N1-H1...O1 0.931(19) 1.820(19) 2.593(2) 138.7(17)
N1-H1...O1 1 0.931(19) 2.279(19) 2.991(2) 132.8(15)
C4-H4...O2 2 0.950 2.470 3.134(2) 127.0

Symm. Codes. 1 1 − x, 1 − y, 2 − z and 2 0.5 − x, 1.5 − y, 1 − z.

In addition, the molecules are packed by other contacts such as π-π stacking inter-
actions between the pyran-dione moiety from one molecule with another pyran-dione
and phenyl moieties from neighboring molecular units (Figure 4; upper part). The corre-
sponding shortest C...C distances are C9...C9 (3.340 Å) and C2...C8 (3.351 Å), respectively.
Another type of contacts which affect the molecular packing is the C-H...π interactions
(Table 2). The upper part of Figure 4 shows the molecular packing in the crystal structure
via these short C...C and C-H...π contacts.
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Figure 4. Other H...C and C...C contacts (upper) and molecular packing (lower) via these interact Table 1.

Table 2. Other important contacts and the corresponding interaction distances (Å) for 1.

Contact Length Symm. Code.

C9...C9 3.340 1 − x, y, 1.5 − z
C11...H14 2.855 1 − x, y, 2.5 − z

C2...C8 3.351 x, 1 − y, −1/2 + z
C5...H15 2.724 −1/2 + x, 1.5 − y, −1/2 + z

C11...H17 2.762 1/2 − x, 1.5 − y, 2 − z
H4...C16 2.886 1/2 − x, 1.5 − y, 1 − z

3.2. Analysis of Molecular Packing

Intermolecular interactions in the solid state structure play very important rule in the
crystal stability. In this regard, we employed Hirshfeld surface analysis for decomposing
the different intermolecular contacts in the crystal structure the studied systems. The
results of the quantitative analysis of all possible intermolecular interactions are shown in
Figure 5 while the complete Hirshfeld surfaces are given in Figures S1–S6 (Supplementary
data).
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Table 3. The contact percentages in the crystal structure of the studied compounds.

Contact 1 a 2 b 3 c 4 d 5 5B e 6K e

O...O 0.2 0 0.3 0.1 0 0 0.4
O...C 1.9 1.6 4.7 1.3 1.2 1.4 6.3
O...H 24.4 21.4 19.1 18.2 18.7 18.3 24.7
C...N 0.8 0 0.5 0 0.3 0.3 0
N...H 0 0.3 1.2 0.6 1 0.2 0
C...C 3.1 5.1 9.7 4.4 1 5.8 8
H...C 27.8 26.5 20.2 21 23.8 20.7 22.9
H...H 41.8 45 44.3 54.4 54 53.4 37.7

a CCDC: 2068753; b CCDC: 2026018; c CCDC: 2026015; d CCDC:2026016; e The letters B and K refer to the atom
numbering in the crystal structure with CCDC numbers 2032164 and 2034810, respectively.

Figure 5. Summary of the intermolecular interactions and their percentages in the crystal structure
of the studied compounds. For contact percentages see Table 3.

In the newly presented structure, the molecules are arranged in the crystal via H...H
(41.8%), H...C (27.8%), O...H (24.4%) and C...C (3.1%) short contacts. Presentation of the
decomposed dnorm maps and fingerprint plots for these interactions are shown in Figure 6
while list of the most important short contacts are listed in Table 4.

Figure 6. Decomposed fingerprint plots and dnorm Hirshfeld surfaces of the most abundant interac-
tions in 1.
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Table 4. The most important intermolecular contacts based on Hirshfeld calculations in the studied systems a.

1 2 3 4 5 6

Contact Distance Contact Distance Contact Distance Contact Distance Contact Distance Contact Distance

H14...C11 2.729 O2...H23C 2.190 H1...C15 2.712 H22A...C16 2.77 H17...H20C 1.986 O2J...H17K 2.598
H15...C5 2.608 O3...H2 2.145 O1...H4 2.446 H22A...C17 2.623 H17B...C7B 2.682 O2J...H18K 2.514
H17...C11 2.647 H14...C9 2.752 O2...H18 2.368 H21B...H21B 2.441 H4...C17B 2.768 O2K...H5C 2.337
O2...H4 2.390 H14...C10 2.760 O2...H2A 1.885 H16...H22A 2.44 H19D...C7 2.687 O4K...H8J 2.222
O1...H1 2.222 H20...C8 2.631 C3...C4 3.524 O2...H4 2.453 O2...H15B 2.469 O1J...H1K 2.491

O1...H19B 2.559 C5...C10 3.425 C2...C5 3.516 O2...H17 2.431 O2...H4B 2.569 O4B...H8K 2.184
C9...C9 3.340 C5...C11 3.464 C1...C6 3.524 O3...H15 2.456 O1...H20C 2.603 C6K...C8L 3.392
C2...C8 3.351 C4...C10 3.494 C2...C10 3.252 O1...H1M 2.307 H15K...H17L 2.049

C7...C7 3.490 C2...C11 3.37 O1B...H1N 2.280
C19...O3 3.086 O2B...H4 2.463

O2B...H15 2.533
C11B...C2B 3.390
C2B...C10B 3.326

a Values in red for contacts with longer distances than the VDWs radii sum.
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The shortest O...H contacts are O2...H4, O1...H1 and O1...H19B with contact distances
of 2.390, 2.222 and 2.559 Å, respectively. Interestingly, the molecular packing is also
controlled by some C-H...π interactions with interaction distances ranging from 2.647 to
2.729 Å. In addition, some π-π stacking interactions were noted with interaction distances
of 3.340 Å (C9...C9) and 3.351Å (C2...C8). These short interactions appeared as red regions
in the dnorm map with the characteristic features for the short contacts in the fingerprint
plot. In contrast, the H...H contacts contributed significantly in the crystal packing by 41.8%
from the whole fingerprint area but these interactions have larger distances than the VDWs
radii sum of two hydrogen atoms. Similarly, the O...O, C...O and C...N contacts have long
interactions distances and small contribution in the fingerprint area.

For compound 2, the molecular packing is controlled by short O...H (21.4%), H...C
(26.5%) and C...O (1.6%) contacts in addition to the slightly long C...C (5.1%) interactions
(Figure 7). The shortest contact distances are 2.145 (O3...H2), 2.631 (H20...C8), 3.086 Å
(C19...O3) and 3.425 Å (C5...C10), respectively. The latter is longer than the VDWs radii
sum of two carbon atoms. The H...H interactions contributed significantly in the molecular
packing by 45.0% from the whole fingerprint area. Other intermolecular interactions are
shown in Figure 5 such as N...H interactions are less important.

Figure 7. Decomposed fingerprint plots and dnorm Hirshfeld surfaces of the most abundant interactions in 2.

Similar to 1, the packing in compound 3 is controlled by short O...H (19.1%), H...C
(20.2%) and C...C (9.7%) contacts in addition to the common H...H contacts (44.3%) which
are found in all compounds presented in this publication (Figure 8). The H1...C15 (2.712
Å), O2...H2A (1.885 Å) and C2...C5 (3.516 Å) are the shortest. The H...H interactions are
generally long and appeared weak so have less importance in the molecular packing of
this molecule in the crystal.
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Figure 8. Decomposed fingerprint plots and dnorm Hirshfeld surfaces of the most abundant interactions in 3.

In case of compound 4, the percentages of the O...H, H...C, H...H and C...C contacts are
18.2, 21.0, 4.4 and 54.4%, respectively using Hirshfeld calculations. All appeared significant
with interaction distances shorter than the VDWs radii sum of the two atoms included
in these interactions except the H...H contacts which are slightly longer than the sum of
the VDWs radii of two hydrogen atoms (Figure 9). The shortest interaction distances
are O2...H17 (2.431 Å), H22A...C17 (2.623 Å), H16...H22A (2.44 Å) and C2...C10 (3.252 Å),
respectively.

Figure 9. Decomposed fingerprint plots and dnorm Hirshfeld surfaces of the most abundant interactions in 4.

In case of compound 5, there are two different molecules per asymmetric unit hence
the Hirshfeld surface and fingerprint plots shown in Figure 10 are presented for the two
molecular units in the crystal. The contacts in both molecules are common in both molecular
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units but showed some differences (Table 3). The H...H, H...C, O...H and C...C contacts
in the crystal of 5 (without letter B in atom label) are in the range of 53.0, 23.8, 18.7 and
1.0, respectively. The corresponding values in 5B (with letter B in atom label) are 53.4, 20.7,
18.3 and 5.8%, respectively. The interactions distances of the different short contacts are
listed in Table 4. The H...C interactions are in the range of 1.986 Å (H17...H20C) to 2.768 Å
(H4...C17B) while for O...H contacts, the interactions ranges from 2.280 Å (O1B...H1N) to
2.603 Å (O1...H20C). Two short C...C contacts were detected which are C2B...C10B (3.326 Å)
and C11B...C2B (3.390 Å) in this compound.

Figure 10. Decomposed fingerprint plots and dnorm Hirshfeld surfaces of the most abundant interac-
tions for both units in 5. 5 and 5B refer to the atom numbering of molecular units in CIF.

The X-ray structure of 6 comprised twelve molecular units as symmetric unit as shown
in the Hirshfeld dnorm maps presented in Figure 11. Details regarding all intermolecular
interactions and their percentages for the different molecular units are listed in Table 5.
The H...C, H...H and O...H as well as the C...C contacts are the major contacts in the
crystal. These contacts are common for all molecular units but differently contributed in
the molecular packing. For example the H...C contacts are the minimum (21.4%) in unit 6F
while the maximum (23.4%) in 6D. Also, the minimum O...H contacts occurred in unit 6C
(22.4%) while it is the maximum in 6I (25.2%). Decomposed fingerprint plots and dnorm
Hirshfeld surfaces of the most abundant interactions for one molecular unit are presented
in Figure 12.
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Figure 11. Hirshfeld dnorm surfaces of the twelve molecular units per asymmetric unit of 6.

Table 5. All contacts and their percentages for the twelve molecular units in the crystal structure
of 6 a.

Contact % Contact
6A 6B 6C 6D 6E 6F 6G 6H 6I 6J 6K 6L

O...O 0.4 0.7 0.6 0.5 0.8 0.6 0.4 0.7 0.6 0.5 0.4 0.3
O...C 6.7 5.9 6.7 6.8 4.7 5.9 6.5 5.8 4.7 5.8 6.3 6.7
O...H 24.1 23.5 22.4 24.0 25.1 23.7 24.6 23.5 25.2 24.0 24.7 22.9
C...C 8.1 9.9 9.7 8.4 8.8 9.4 8.0 9.7 9.0 9.5 8.0 9.8
H...C 23.5 23.3 21.8 23.8 22.2 21.4 23.3 23.6 21.8 22.1 22.9 22.5
H...H 37.2 36.7 38.8 36.5 38.4 39.0 37.2 36.7 38.7 38.1 37.7 37.8

a The letters from A to L refer to the atom numbering in the crystal structure with CCDC number 2034810.

Figure 12. Decomposed fingerprint plots and dnorm Hirshfeld surfaces of the most abundant interac-
tions for 6K.

3.3. DFT Studies

The optimized geometries of the studied molecules are shown in Figure 13 along
with their overlay with the experimental ones. Generally, there is good structure matching
between the optimized and experimental ones. Some variations between the calculated
and experimental structures could be attributed to the crystal packing effects (Tables S3–S8,
Supplementary data). Generally, good correlations between the calculated and experimen-
tal bond distances and angles (Figure 14) were obtained.
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Figure 13. The optimized geometry (left) and overlay of the optimized with experimental structures,
(right) for the studied molecules.
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Figure 14. The straight line correlations between the calculated and experimental geometric pa-
rameters. Detailed geometric parameters (bond distances and angles are listed in Tables S3–S8,
Supplementary data).

Natural charge calculations at the different atomic sites are calculated using NBO
method and the results are given in Table S9 (Supplementary data). The pyran-2,4-dione
derivatives have electronegative heterocyclic oxygen atom with natural charge ranging
from−0.524 e for compound 2 to−0.530 e for compound 6. The two carbonyl oxygen atoms
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have also negative charge ranging from −0.563 (compound 1) to −0.582 (compound 4) for
the carbonyl group at 2-position while ranging from −0.641 e (Compound 4) to −0.649
(compound 4) for the carbonyl group at 4-position. The majority of carbon atoms are also
electronegative except those attached to O or N sites. In contrast, all hydrogen atoms
are positively charged with maximum natural charges at the OH and NH protons. The
natural charges at these hydrogen sites is the maximum for the NH proton in compound 3
(0.462 e) while the least for the OH proton in compound 1 (0.494 e). Due to the presence of
differently charged regions, the studied molecules have polar nature with dipole moment
ranging from 0.1786 Debye for compound 1 to 3.4590 Debye for compound 6. Presentation
of the total electron density mapped with molecular electrostatic potential for the studied
molecules showing the positively charge regions in blue colored area while the most
negative regions have red color is shown in Figure 15.

Figure 15. The MEP, HOMO and LUMO of the studied molecules. In MEP the red and blue colors
indicate the most negative and most positive regions, respectively.
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In the same figure, the HOMO and LUMO levels for the studied pyran-2,4-dione
are presented. Both molecular orbitals (MOs) are distributed over the π-system of the
studied molecules indicating HOMO→LUMO excitaion based mainly on π-π* excitation
(Figure 15). In addition, the energies of these MOs are used to calculate the different
reactivity descriptors [41–47] such as ionization potential (I), electron affinity (A), hardness
(η), electrophilicity index (ω) and chemical potential (µ). The results listed in Table 6
indicated that 6 has the highest ionization potential, electron affinity, electronegativity and
electrophilicity index while the lowest chemical potential. In addition, compound 5 is the
hardest among the studied series.

Table 6. Reactivity descriptors for the studied systems.

Parameter 1 2 3 4 5 6

I 6.0241 5.5846 6.0755 5.8559 5.8932 6.6029
A 2.0052 1.9516 1.9606 1.7307 1.7647 2.6314
η 4.0189 3.6330 4.1149 4.1253 4.1285 3.9715
µ −4.0147 −3.7681 −4.0181 −3.7933 −3.8289 −4.6171
х 4.0147 3.7681 4.0181 3.7933 3.8289 4.6171
ω 2.0052 1.9541 1.9617 1.7440 1.7755 2.6838

3.4. NMR Spectra

The NMR chemical shifts for the protons and carbons were computed using GIAO
method and applying the solvent model. The results of the proton and carbon chemical
shifts were collected in Tables S10–S15 (Supplementary data). Correlations between the
experimental [17] and calculated results are shown in Figure 16. As clearly seen from these
correlation graphs, there are good correlations between the calculated and experimental
data where the correlation coefficients are very close to 1.

Figure 16. Cont.
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Figure 16. Cont.
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Figure 16. Correlations between the experimental and calculated chemical shifts for the studied compounds. 1–6 are
described in Figure 1.

3.5. Conformational Analysis

The presence of more than one possible conformer or tautmer is common in literature
in many organic systems [48,49]. The X-ray of the pyran-2,4-dione derivatives revealed
that their molecular structures stabilized by intramolecular O-H...O or N-H...O hydrogen
bonding interactions. In these structures there are two possible isomers for each compound
as shown in Figure 17. Energy and thermodynamic calculations of the two suggested
isomers of the studied pyran-2,4-diones were used in order to compare their relative
stabilities. The calculations revealed that form A is the most stable form and has the lowest
energy compared to B (Table S16). Also, the more negative value of the Gibbs free energy
of isomer A compared to B indicated that the former is the most stable thermodynamically.
Interestingly, the optimization of 15(B) ended to the same optimized geometry of 15(A)
which further confirm the extrastability of the pyran-2,4-dione (A) form over the pyran-2-
one isomer (B) which agree with the reported X-ray structure of these compounds [17].
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Figure 17. The suggested isomers of the studied pyran-2,4-dione.

3.6. AIM Study

Atoms in molecules theory (AIM) [19,50] is a popular approach used for describing
various inter- and intramolecular interactions efficiently. The AIM topological parameters
such as electron density ($(r)), kinetic energy density G(r), potential energy density V(r)
and total electron energy density (H(r) = V(r) + G(r),) at the bond critical point (BCP)
of interaction atoms or fragments [51–53] are important for describing the nature and
strength of interaction. Generally, the shared interactions have $(r) should be >10−1 a.u.
while closed-shell interactions have $(r) ≈ 10−2. Hence, $(r) is a measure for the degree
of covalency in the intermolecular interactions [21]. In addition, Espinosa [54] interaction
energy (Eint = 1/2 (VBCP)) is a measure of the strength of intermolecular interactions.

The molecular structures of all systems under investigation are stabilized by in-
tramolecular O...H hydrogen bond. All intramolecular O...H hydrogen bonds have $(r) less
than 0.1 a.u. which is typical for closed-shell interactions [55–57]. As shown in Table 7, the
values of electron density ($(r)) of bond critical points are in the range 0.0345–0.0492 a.u.
and 0.0228–0.0639 at the X-ray and optimized structure, respectively. The H-bonding inter-
action energies (Eint) are generally higher at the optimized geometry than the X-ray one
which is attributed to the further relaxation of the donor-hydrogen distance which of course
lead to shortening the acceptor (A)...hydrogen (H) distances. The correlation between A...H
distances and Eint gave straight lines with high correlation coefficient (R2 = 0.95–0.998)
with negative slope indicating higher Eint for shorter A...H distance (Figure 18).
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Table 7. The AIM results for the intramolecular O...H hydrogen bond in the studied compounds.

Compound $ G(r) K(r) V(r) Eint H(r) V(r)/G(r)

1 a 0.0345 0.0301 −0.0019 −0.0282 8.8605 0.0019 0.9381
0.0345 0.0301 −0.0019 −0.0282 8.8605 0.0019 0.9381

1 b 0.0527 0.0427 0.0016 −0.0443 13.8994 −0.0016 1.0374
0.0527 0.0427 0.0016 −0.0443 13.8994 −0.0016 1.0374

2 a 0.0492 0.0391 0.0008 −0.0399 12.5176 −0.0008 1.0215
2 b 0.0564 0.0454 0.0030 −0.0484 15.1860 −0.0030 1.0661
3 a 0.0420 0.0356 −0.0013 −0.0344 10.7834 0.0013 0.9642
3 b 0.0228 0.0371 −0.0003 −0.0368 11.5526 0.0003 0.9925
4 a 0.0371 0.0327 −0.0020 −0.0307 9.6382 0.0020 0.9381
4 b 0.0505 0.0409 0.0010 −0.0419 13.1582 −0.0010 1.0250
5 a 0.0361 0.0315 −0.0019 −0.0297 9.3043 0.0019 0.9408
5 b 0.0504 0.0408 0.0010 −0.0418 13.1161 −0.0010 1.0236
6 a 0.0391 0.0353 −0.0023 −0.0330 10.3558 0.0023 0.9352
6 b 0.0639 0.0499 0.0082 −0.0581 18.2446 −0.0082 1.1650

a X-ray, b Opt.

Figure 18. Inverse correlations between Eint and A...H distance.

In addition, the total energy density (H(r)) [58] and |V(r)|/G(r) ratio [59] are positive
and less than 1 for closed-shell interactions while the opposite is true for covalent interac-
tions. The results shown in Table 7 shed the light on the little covalent character for the
studied intramolecular hydrogen bonding interactions.

4. Conclusions

X-ray crystal structure of pyran-2,4-dione derivative 1 was unambiguously confirmed.
Its supramolecular structure was compared with a series of pyran-2,4-dione derivatives
using Hirshfeld calculations. Different intermolecular interactions such as H...H, H...C,
O...H and C...C contacts are of high importance in the molecular packing of the studied
pyran-2,4-dione derivatives. DFT calculation revealed that the 2,4-dione isomers are
the most stable in accord with the X-ray structure. The molecular structure of these
compounds are stabilized by intramolecular O...H hydrogen bond which belong to closed-
shell interactions according to AIM calculations where the hydrogen bonding interaction
energies are generally higher at the optimized geometry than the X-ray one. Excellent
correlations were obtained between A...H distances and Eint. At the molecular level, all
compound are polar molecules with dipole moment ranging from 0.1786 to 3.4590 Debye
for compounds 1 and 6, respectively. In addition, the calculated NMR chemical shifts
showed good correlation with the experimental data.
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