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Abstract: A study of the solid-state intermolecular interactions of twenty-nine benzopyrans substi-
tuted with polyhaloalkyl groups was carried out by quantum chemical calculations using the Mer-
cury and WinGX computer programs. Molecular structures were obtained from crystallographic
information files (CIF) of the CCDC database. C-H—O, C-H—X, C-X—O and C-X—X type contacts,
characterized as unconventional hydrogen bonds, were identified and calculated. The criteria used
for distances and angles were d(D— A) <R(D) + R(A) +0.50 and d(H—A) < R(H) + R(A)—0.12°, where
D-H—A >100.0°. D is the donor atom, A is the acceptor atom, R is the Van der Waals radius and d
is the interatomic distance. In addition, Etter’s notation was used to describe sets of hydrogen bonds
in organic crystals, detailing the intermolecular contacts and periodic arrangements of the crystal
packing. It was corroborated that certain positions of halogen atoms and their interactions play an
important role in stabilizing the crystal lattice.

Keywords: crystal structure; intermolecular interaction; hydrogen bonding; computational
chemistry; halogen bonds; chromones

1. Introduction

The molecular study of chromones and their derivatives has garnered significant in-
terest in recent years [1,2], particularly structures that incorporate perhaloalkyl groups as
-CF3, -CF2(Cl, -CF2CEF3, -CCI2H [3-5] and halogen atoms (-F, -Br, -Cl, -I) in the benzopy-
rone ring [6]. In this sense, the introduction of halogen atoms has been shown to enhance
biological properties as lipophilicity [7] that played a great role in the fields of anticancer,
antibacterial, and antiviral drug discovery [8]. Moreover, the halogen atoms generate in-
teresting crystalline packing as halogen bonding interactions, classified as weak to me-
dium-strength non-covalent forces that work synergistically with hydrogen bonds, im-
parting molecules with notable pharmacokinetic properties and making them attractive
for the development of new materials [9]. In addition to halogen bonds, non-classical hy-
drogen bonds and other interactions, such as m—m stacking and C-H—m interactions,
play a crucial role in describing and controlling the crystal structure [9,10].

This study focuses on 29 polyhaloalkyl-substituted benzopyran compounds, with
crystallographic data obtained from the Cambridge Crystallographic Data Center
(CCDC). Molecular stacking analysis and Hirshfeld surface calculations were performed
using Mercury, PLATON, and Crystal Explorer software, with compound 8 selected as a
representative example for discussing the geometric and energetic parameters.
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2. Materials and Methods

A random search of articles was performed using keywords such as “haloalkylchro-
mones” and “chromones” to obtain a crystallographic codes of crystal structures featuring
the heterocycle benzopyran chromone, which is composed of an aromatic ring fused to a
4-pyran ring. Subsequently, CIF files were downloaded from the Cambridge Crystallo-
graphic Data Center (CCDC). A total of 29 molecules were processed with the programs
Mercury 2022.3.0, PLATON for Windows (v1.17.53 of WinGX) and Crystal Explorer 3.1,
in order to elaborate molecular plots, calculate geometrical parameters and generate
Hirshfeld surfaces, respectively. For hydrogen bonds, the following criteria were used:
d(D—A) <R(D) + R(A) + 0.50 A and d(H—A) <R(H) + R(A)—0.12 A, with an angle D-H—
A >100.0°. D is the donor atom, A the acceptor, R the van der Waals radius and d the
interatomic distance. In the representation of short contacts, those smaller than the sum
of the Van der Waals radii + 0.3 A were considered. Etter’s notation R5(r) was used to
describe hydrogen bond sets in organic crystals, where R represents the ring, r the number
of atoms in the ring, a the acceptor atoms and d the donors. Hirshfeld surfaces include the
descriptors durm (normalized contact distance), curvedness index and shape index, which pro-
vide information about the chemical behavior of the molecule. The duorn surface highlights
intermolecular interactions: red areas indicate short contacts, white areas common con-
tacts, and blue areas long contacts. The 2D fingerprint plots depict de/di interactions in
the range of 0.8 to 2.6 A, including reciprocal contacts. The 3D durm surfaces are mapped
over a fixed color scale of -0.243 au (red)—0.824 au (blue) A, shape index in the color range
of -1.0 au (concave) 1.0 au (convex) A, and curvedness index in the range of 14-4.0 au
(flat)—0.4 au (singular) A. The surface properties above mentioned (dworm, shape and curv-
edness index) were used to identify planar stacking. Intermolecular interaction energies
were calculated using monomeric wave functions at the HF/3-21G level, obtaining accu-
rate values of electrostatic, polarization, and repulsion energies for molecules separated
by no more than 3.8 A within the cluster.

3. Results and Discussion
3.1. Crystalline Structure, Supramolecular Features and Intermolecular Interactions

Chromones are a group of heterocyclic compounds, generally named as chromen-4-
one. Various syntheses have incorporated halogen atoms into the phenyl ring of the chro-
mone, which generates interesting interactions. Using the hydrogen and halogen bonding
interactions (A°, °) and their energies (kJ/mol) a 3D scatter plot (Figure 1) was generated
to visualize the relationship between the distances R (X axis), the total energy ETOT (Y
axis), and the index of each point (Z axis, used as a placeholder in the absence of angle
data). The color of the dots indicates the ETOT values, with warm colors representing
higher energies and cool colors for lower energies. The generated 3D scatter plot allows
to discuss the relationship between the geometrical parameters (bond distances and an-
gles) and the interaction energies (especially the total energy, ETOT) in the hydrogen-
halogen interactions observed in the compounds 1-29. As seen in the graph, as the dis-
tance R increases, the total energy ETOT tends to increase towards less negative values
(closer to zero), indicating a decrease in the stability of intermolecular interactions. In this
sense, stronger and more stabilizing interactions tend to occur at shorter distances, while
weaker interactions, such as halogen-halogen interactions, occur at longer distances.
Shorter interactions, with R values around 2.4-2.6 A, show more negative ETOT energies
(values between —17 and -30 kJ/mol), indicating that these interactions are significantly
stabilizing. This suggests that the studied hydrogen and halogen bonds are well posi-
tioned geometrically in the crystal packing to optimize the stabilization of the supramo-
lecular network in the crystal structures of the studied chromone heterocycles. Further-
more, as R exceeds 3 A, ETOT values approach zero or even exhibit positive values, indi-
cating that interactions at these distances are much weaker and less stabilizing. This can
be attributed to halogen-halogen interactions, which are generally less energetically
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favorable compared to hydrogen bonds. Some extremely negative values (such as those
found in compound 25, with ETOT = -129,216.2 kJ/mol) reflect outliers in the energy cal-
culations that are not representative of typical intermolecular bond energies. Likewise,
with respect to Variability in Total Energy Values (ETOT) the energies vary from approx-
imately =30 kJ/mol to values close to 0 kJ/mol, suggesting a diversity of interaction types.
Interactions with more negative values (e.g., =17.5 kJ/mol in Compound 1) tend to corre-
late with shorter distances, reinforcing the idea that shorter bonds are more energetically
favorable. Regarding the effect of distances and angles on energy, it is observed that an-
gles closer to 180° (as in the case of some hydrogen bonds with angles of 169°) tend to be
associated with stronger interactions and more negative ETOT values. This type of linear
geometry optimizes orbital overlap and strengthens the intermolecular interaction. In con-
trast, interactions with smaller angles tend to be weaker, as suggested by the case of some
halogen-halogen interactions in the analyzed compounds.
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Figure 1. 3D Scatter Plot: R vs ETOTAL with color coding for 1-29 compounds.

On the other hand, energy data broken down into electrostatic (Eelec), polarization
(Epol), dispersive (Edis) and repulsive (Erep) energies indicate that dispersive and elec-
trostatic energies are the main contributors to stabilization. Repulsive interactions, alt-
hough present, tend to be less significant at optimal binding distances, while polarization
energies tend to be lower. Dispersive contributions, especially, play a crucial role in halo-
gen-halogen interactions, while hydrogen interactions show higher contributions from
electrostatic energy due to the higher polarity of these bonds.

Figure 2 shows geometric parameters of t-m interactions kind staking of the 1, 3-16,
20-23, 25 and 26 compounds. The distances between the centroids of the chromone rings
vary between approximately 3300 and 4100 A. This indicates that the rings are not per-
fectly aligned and have considerable displacement, which is typical of m-m offset/slipped
interactions. The shortest distances are present in compounds such as 3 and 5, while the
longest distances are observed in compounds 9 and 10. This suggests that compounds
with longer distances could have interactions -1t weaker. Likewise, the vertical displace-
ments are close to the distances between the centroids, which indicates that the interaction
n-1 is not perfectly stacked, but rather displaced (slipped). The values of vertical distance
from the ring centroid (R1V and R2V) indicate a parallel displacement pattern, typical of
m-1 interactions in many aromatic compounds. In some compounds such as 10 and 26,
the vertical distance values show little variation (e.g., 3.445 and 3.474 A), which could im-
ply relatively good alignment, but with possible weaker interactions than in compounds
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with smaller distances. Moreover, compounds with larger angles and distances, such as
compound 9, show weaker -7t interactions, which could affect the stability of structures
in biological systems or materials. Likewise, small angles as in compound 3 (a =1°, § =
4.5°, v =5.7°) suggest a near-perfect overlap of the rings, which favors an interaction -7t
stabilizing.
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Figure 2. Geometric parameters that involving m-t interactions (A°, °) between heterocycles of chro-
mone ring of 1, 3-16, 20-23, 25 and 26 compounds.

To synthesize the information presented, compound 8, whose molecular structure is
shown in Figure 1, is taken as a representative example. The complete crystallographic
information can be found in CCDC under number 1007014.

In the crystal, the molecules that are united through hydrogen bonds C—H - Oy
C—H - F, they form supramolecular arrays from of rings arrays R3(8) and Rj(10), in
this last one we can observe that an equal hydrogen atom connects through hydrogen
bonds an oxygen atom and a fluorine atom, forming a 10-membered ring, see Figure 3.
The energies that contribute most to the spontaneous nature of these interactions are dis-
persive and electrostatic with values between -11 and -15.9 kJ/mol.

Figure 3. Hydrogen bonding interaction C—H -+ O and C—H - F (light blue dashed line) of the 8
compound.

It can also be observed m--1t (stacking) interactions between the pyran and phenyl
ring planes such that an offset/slipped conformation is generated where the angles meet
the following 0°= a < f =y; C; — C4 = Cglperp = C4J_perp. The molecule also exhibits
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C—O -+ minteractions depicted in Figure 4 that trace molecular planes perpendicular to
each other. Both interactions act cooperatively to stabilize the crystal lattice.

Figure 4. 11t stacking and C—O - 7 interactions (green dashed plot) showing intercentroid inter-
action and O - Cgl distance of the 8 compound.

3.2. Hirshfeld Surface Analyses

The main intermolecular interactions of the crystal were quantified using Hirshfeld
surface analyses. Figure 5 shows the d.m surface, it presents a frontal view and a 180°
rotation around the x-axis (horizontal of surfaces) where the red colored regions evidence
close hydrogen bridge type contacts C—H - O and C—H - F indicated by arrows num-
bered 1 and 2 respectively.

1

2

Figure 5. View of Hirshfeld surfaces in two orientations for compound 8. (1) C—H - O; (2) C—H
-F of the 8 compound.

The shape index and curvedness properties are illustrated in Figure 6. These proper-
ties help to identify and visualize planar stacking arrangements. The alternating red and
blue bowtie-shaped triangles observed on the surfaces generated with the shape index
property are evidence of 7t---7t stacking arrangements in the crystal lattice. The red colored
triangles are concave regions associating ring atoms located above, giving rise to mm
stacking interactions, while the blue colored triangles are convex regions indicating aro-
matic ring atoms of the molecule within the surface. Similarly, the -7 interactions are
evident as relatively broad flat regions of green color, bounded by blue contours of the
surfaces resulting from the curvature index or curvedness.
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Figure 6. Hirshfeld surfaces evaluated with the shape index and curvature (curvedness) of the 8
compound.

Figure 7 shows the 2D decomposition graph (fingerprint). The intermolecular con-
tacts are marked with numbers on the surface. The pair of sharp peaks with number 1
corresponds to the shorter O -+ H interactions associated with C—H --- O hydrogen bonds,
number 2 shows the presence of F—H contacts of the C—H - F type. The green colored
region with number 4 in the center of the surface indicates the presence of C -+ C contact,
evidencing the 71t stacking between the phenyl rings of the chromone core, these results
correlate with those observed in the shape index and curvature (curvedness) described
above.
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Figure 7. 2D fingerprint plot of the close contacts with the greatest contribution as (1) O - H, (2) F
+H (B3)H +H and (4) C - C of the 8 compound.

The relative contributions of the intermolecular contacts on the Hirshfeld surface for
the set of compounds to which compound 8 belongs are shown in Figure 8. It is observed
that they share a main contribution (15-40%) corresponding to the F -+ H interaction [11],
due to the high proportion of terminal fluorine atoms in all the molecules, which suggests
a clear preference of interaction between hydrogen atoms with fluorine atoms [12-15]. The
second relative contribution (12-32%) is that generated by O - H contact, which associates
the classical hydrogen bond C—O - H. It is inferred that the presence of the carbonyl
group in compound 8 favors this type of intermolecular contacts due to the nature of the
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aldehyde group. The other contacts of minor contribution also help to stabilize the crystal
lattice and correspond to weak C -+ F, O -- O, O - F, F - F contacts.
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Figure 8. Relative contributions of the main intermolecular contacts on the Hirshfeld surface for the
set of compounds.

4. Conclusions

The studied molecules present halogen type bonds that border a distance of 3.00-4.00
A°. Also, T+t stacking interactions between the centroids of the rings and C—X -+ 7 inter-
actions that participate in the stabilization of the crystal and preference in the crystalline
packing are observed. In the hydrogen and halogen bonds it was observed that the elec-
trostatic and dispersive energies have higher values compared to the polarization energies
and the total energy, which suggests that the formation of this type of bonds is mainly
due to the first two energies mentioned above.

Specifically compound 8 presented non-classical hydrogen bond intermolecular in-
teractions forming supramolecular arrangements of R3(8) and R3(10) ring sets. m--7t
stacking and C—O -1t interactions were also present in the molecular structure. Hirshfeld
surface analyses corroborated the presence of all these interactions, d«r surface indicates
the C—O -+ H bonds occurring in pyran ring and aldehyde group, contributing 32% to
the surface. The C—H - F and C—H -- H bonds contributed 15%. The surface shape index
showed the presence of stacking 7 bonds in the form of alternating red and blue trian-
gles in the pyran and phenyl rings.

The presence of these interactions gives reason for the potential biological activity
and its incidence in the processes of self-assembly in small molecules as well as in large
biological systems, which generates stability in the crystalline structure, allowing them to
be the object of study for the elaboration of drugs and new materials.
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