Downloaded via UNIV DEGLI STUDI DI URBINO on October 24, 2025 at 13:53:09 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

CRYSTAL
GROWTH
&DESIGN

This article is licensed under CC-BY 4.0 @ @

pubs.acs.org/crystal

Supramolecular Analysis of Six Novel Multicomponent Compounds
of Substituted Salicylic Acids with Pyridine-Based Coformers

Published as part of the Crystal Growth & Design special issue “Multi-Component Pharmaceutical Solids”.

Emmanuele Parisi,* Riccardo Montis,* and Luca Catalano™

Cite This: Cryst. Growth Des. 2025, 25, 7618-7627

I: I Read Online

ACCESS |

[l Metrics & More ’

Article Recommendations

Q Supporting Information

ABSTRACT: Crystallization of salicylic acid derivatives in the
presence of either pyridine or 2-aminopyridine produced six novel
crystal structures, covering most of the key components of the
typical organic crystal form landscape. The six structures, which
comprise salts, ionic cocrystals, solvates, and polymorphs, have
been structurally compared and the influence of intermolecular
interactions and molecular shape have been examined to identify
any possible influence on the crystal packing and the energy

frameworks of the different crystal forms.

B INTRODUCTION

Despite being often considered an old-fashioned concept,
Crystal Chemistry, first introduced by Goldshmidt in 1926,
posed the foundation of modern crystal engineering," defining
the rules that govern the intrinsic relationship between the
chemical composition and the crystal structure of a given
substance. In some respects, crystal chemistry and crystal
engineering can indeed be regarded as two facets of the same
medal. While the objective of crystal chemistry is to identify the
relationships between the chemical composition and the crystal
structures, crystal engineering uses this information to design
new crystalline materials. According to the original idea behind
Crystal Chemistry, a crystal can essentially be regarded as
governed by the properties of its building blocks, such as the size,
and the polarizability, and the knowledge of these parameters
can be used to understand crystal structures. Although these
observations were essentially obtained for inorganic com-
pounds, the same principle can be applied to organic systems.”
In this respect, Bragg in 1921, some years before the
development of crystal chemistry, identified a close relationship
between the unit cell parameters and the molecular size of
naphthalene and anthracene.” Goldschmidt’s work on crystal
chemistry probably represents the earliest, if not the very first,
example of a structural systematic study in crystallography. In
the field of crystal engineering, such a systematic approach
represents an important strategy to gain information on the
factors determining or influencing crystal structures."”' The
main objective of crystal engineers is to design crystalline
materials with specific properties.'' "> This obviously involves a
complete control of the crystallization process, including the
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ability of predicting the formation of specific molecular
arrangements in the solid state.'®'” However, this aspiration is
constantly challenged by the observation that even small
changes in the molecular structures might produce unpredict-
able self-assemblies in the solid state.””'>'®'? This might even
be more challenging when multicomponent systems are taken
into account. Organic multicomponent crystals have gained
much interest for their potential application in the pharmaceut-
ical and nutraceutical fields.”*™>* This has led to extensive
research focused on exploring the supramolecular landscape
determined by the formation of stable multicomponent adducts,
with a specific focus on the structure and intermolecular
interactions responsible for the association of the different
components.”> >

Several studies have focused on the crystallization between
electron-rich pyridine-N and benzoic acid derivatives.”>*~** In
most of them, the results suggest that substituted groups can
dramatically influence the crystal form landscape, promoting
either competition or cooperativity among the set of
intermolecular interactions available and driving the formation
of specific supramolecular assemblies. Furthermore, they can
also affect the relative acidity and basicity of the carboxylic and
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pyridine functions, producing either salts or cocrystals. In the
case of salicylic acid derivatives with pyridines, salt formation is
often observed due to the presence of an intramolecular
hydrogen bond assisted by resonance between the OH group in
position 2 and carboxylic C O, which stabilizes the carboxylate
anion, increasing their acidity.*’

Previous studies investigated the crystallization of a family of
substituted salicylic acid derivatives in the presence of 4-
aminopyridine.”” Although the results showed significant
structural variability, the system produced only salts due to the
significant pK, difference between the acids and the bases. In this
study, we chose to investigate the crystallization of similar
salicylic acid derivatives in the presence of a less basic coformer.
We therefore targeted multicomponent systems based on
pyridine derivatives and benzoic acid derivatives. Specifically,
we analyzed the crystal structures of adducts of monosubstituted
salicylic acid (SA) derivatives, such as S-iodosalycilic acid
(51SA), S-chlorosalycilic acid (SCISA), S-bromosalycilic acid
(5BrSA), and 3-nitrosalycilic acid (3NO,SA) with pyridine
(Py) and 2-aminopyridine (2APy) (see Figure 1).

COOH
HOJ@\ N N._ _NH,
D J
R2 R1 = =

Ry:Cl, Br,I,H Py

R,: H, NO,

2APy

Figure 1. Molecular sketches of the salicylic acid derivatives and
coformers.

The aim is to examine how the salicylic OH group and various
substituents on the benzene ring influence the pyridine—
carboxyl interaction. We therefore report the crystallization and
the structural characterization of six novel adducts which involve
solvates, salts, and ionic cocrystals (see Table 1) together with a
complete analysis of their intermolecular interaction strength
using CrystalExplorer software (v. 25.3a).*

B EXPERIMENTAL SECTION

Sample Preparation. The SA derivatives (SISA, SCISA, SBrSA,
and 3NO,SA) with a range of purity of 96—99%, were purchased from
Acros Organics. Py and 2APy, with a purity of 99%, were purchased
from Sigma-Aldrich. All of the reagents were used without further
manipulation.

Single-Crystal X-ray Data Collection and Structure Determi-
nation. Intensity data were recorded on a Nonius KappaCCD
diffractometer situated at the window of a Bruker-Nonius FR591
rotating anode generator equipped with a molybdenum target (4 Mo—
Ka = 0.71073 A) and driven by COLLECT,"" DirAx,** and DENZO
softwares.*’ Structures were determined using the direct method
procedure in SHELXT and refined by full-matrix least-squares on F>
using SHELXL2016.** Data were corrected for absorption effects by
means of comparison of equivalent reflections using the program
SADABS.** Non-hydrogen atoms were refined anisotropically, while
non-carboxyl or hydroxyl hydrogen atoms, although easily located in
difference maps, were fixed in idealized positions with their displace-
ment parameters riding on the values of their parent atoms. Carboxyl
and hydroxyl hydrogens, also located in difference maps, were either
included in the refinement with isotropic Uy, values or fixed in idealized
positions, according to the general data quality for the structure. Full
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details of the crystal structure data for all new compounds are provided
in Table 1.

Crystallization Procedure. Crystals suitable for single-crystal X-
ray diffraction were obtained by slow evaporation from saturated
solutions. The crystallization conditions are reported in Table 2.

Hydrogen Bond Statistics. The hydrogen bond statistics was
performed with Mercury 2024.3.1 by comparing the hydrogen-bonding
interactions of the six crystal structures with the CSD 5.46 database.
The statistical comparison was performed using the following settings:
the hydrogen atom had to be present, the acceptor and donor atom
types were unrestricted, and the D—H A angle was required to be
>120°. The histograms obtained for each crystal structure are reported
in the Supporting Information (Figures S1—S6).

Computational Methods. The intermolecular interaction ener-
gies were calculated with the CrystalExplorer 25.3a program package
using the CE-B3LYP model and the 6-31G(d,p) basis set for molecules
containing atoms from H to Kr and using the DGDZVP basis set for
species containing heavier atoms.*® The total interaction energies are
portioned into Coulomb, dispersion, exchange, polarization, and
repulsion.*’

B RESULTS AND DISCUSSION

Supramolecular Features and Interaction Energy
Landscape. A summary of the crystal data of the six novel
compounds is given in Table 1. All of the structures
predominantly crystallize with Z" = 1, with the only exception
being phase 4, which crystallizes with two independent ion pairs
(4APy*SISA™) in the asymmetric unit. Crystal structures 2 and
6 are both ionic cocrystals with an asymmetric unit comprising a
Py*"SA™ ion pair interacting with a neutral SA moiety. Structures
1, 3, and 4 represent organic salts formed by proton transfer
from the SA derivative to the 2APy base. In particular, structures
3 and 4 are polymorphic. As expected for ionic compounds, all of
these structures feature strong ionic interactions between the
Py" and SA™ ions. The only structure that does not show ionic
interactions is 5, which crystallizes as a solvate, with an
asymmetric unit consisting of neutral SBrSA and Py in a 1:1
stoichiometric ratio.

According to the ApK, rule, when the difference in the pK,
values of the acid and the base is greater than 3, proton transfer
from the salicylic acid derivative to Py/2APy is expected. Table
S1 shows the reported pK, values for all of the coformers. On the
basis of these, salt formation was observed for ApK, greater than
4, while solvates or ionic cocrystals formed when the values were
in the range 2.5—3.2."%*" These results are consistent with
previous evidence, which has shown that when 0 < ApK, < 4, the
crystallization is less predictable and can lead to the formation of
salts, cocrystals, or ionic cocrystals, while for ApK, values greater
than 4, the product is typically a salt.”>"’

In the case of the neutral structure S, the primary
intermolecular interaction consists of a COOH N hydrogen
bond between the carboxylic function and the aromatic
nitrogen, leading to an anti-configuration. On the contrary, in
the case of the ionic structures, the electrostatic component
supports a hydrogen bond similar in topology but significantly
stronger, leading to a syn-configuration (Figure 2).

As shown in Figure 3, when Py' interacts in the syn-
configuration, the carboxylate group is always involved in a
hydrogen-bonding interaction with the neutral SA derivative (2
and 6) along the b direction in 2 and along the b + ¢ direction in
6. Differently, in solvate 5, where the Py interacts in the anti-
configuration, the carboxylic oxygen interacts through a
hydrogen-bonding interaction with another Py of the underlying
layer. The carboxylic oxygens of the SA derivative molecules are
always almost coplanar with the aromatic ring due to the
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Table 2. Summary of the Crystallization Conditions for 1—-6

CCDC

component 1 component 2 solvent numbers

14 SISA 2APy methanol 2429637
2 SCISA Py pyridine 2429654
3 SCISA 2APy methanol/water 1:1 2429655
4 SCISA 2APy pyridine 2429656
S SBrSA Py pyridine 2429657
6 3NO,SA Py pyridine 2429658

“Crystallization from pyridine produced the same unit cell.

formation of an intramolecular interaction with the hydroxyl
group in ortho with torsion angle (7,) values from —4.7 to 6.2°
(Table 3), in accordance with previous studies.”

The ionic character of the SA™ derivatives is confirmed by
experimental distances between C1 and the two oxygen atoms
that fall in the range between 1.22 and 1.30 A for carboxylic
acids. Differently, for the solvate S, there is an inversion of the
bond lengths because in this crystal structure, the carboxylic
oxygen O1 is not anionic and retains the hydrogen atom. The
distance between N—H"* ~O is comparable for all of the crystal
structures (see Table 4).

By looking at the hydrogen-bonding interaction in the crystal
structures containing Py, as shown in Figure 4, the shorter
distance between the donor atom and the acceptor atom can be
related to the formation of ring motifs R}(14), R3(10), and
R3(11). For compound 5, the shortest distance can be accounted
to the formation of the smallest ring among them.

In the crystal packing of § (Figure S), the Py and SA moieties
are arranged in layers, adopting a herringbone motif (with an
angle between the two of 53.3(3)°), with an interlayer distance
of 3.916(3) A.

The crystal packings of the two ionic cocrystals 2 and 6 differ
for both the orientation of the molecules and the supramolecular
interaction patterns, as shown in Figure 6. In addition to the
formation of the different supramolecular features described
above, the presence of chlorine in 2 contributes to the formation
of halogen interaction patterns that are absent in 6. These
interactions break the planar arrangement of the molecules in
layers observed for 6 (Figure 6¢,6d) by producing herringbone
motifs through the formation of dimeric halogen interactions
(Figure 6b). In both of the ionic crystal structures, the hydroxyl
group of the neutral SA derivative is involved in hydrogen-
bonding interactions with the carboxylate of SA™ with distances
of 2.54 A (Table 2). In the crystal structure 6, the nitro group is
also involved in the C—H O interaction with the aromatic rings
by assisting the formation of planar layers (2.550(4) and
2.510(5) A).

On the other hand, the COO-NHCNH, R3(8) supra-
molecular synthon (Figure 7) represents the robust feature in

the crystal structures of 2APy* and the SA™ derivatives. The
adducts 1, 3, and 4 differ only for iodine/chlorine in position 5 of
SA. The amino group of 2APy" is coplanar with the aromatic
ring and is always involved in strong hydrogen-bonding
interactions with carboxylate. Indeed, the distance between
the donor N—H and acceptor oxygen is short (Table 2).

The packing of the molecules in 1 is very similar to that in
structure S, in which SA™ and Py" are piled up along the b axis in
the ABAB theme (Figure 8a). Dimers of SA™ and Py* are
arranged face-to-edge, and they are held by a weak hydrogen-
bonding interaction between the iodine and hydroxyl groups of
SA™ (3.224(3) A, Figure 8b).

The last two crystal structures 3 and 4 are polymorphs of the
SCISA derivative. The crystal packing of 3 (Figure 9a) can be
described similarly to 1, but in this case, the molecules are
stacked along the b axis by forming columns of SA™ and columns
of Py". The different columns are thus held not only by the
supramolecular synthons described above but also around the
2,-screw axis, where the chlorine atoms interact with each other
through the formation of halogen bonds with a distance of
3.527(1) A (Figure 10a). Differently, in the crystal packing of
the polymorphic form 4, the molecules are arranged in an
orthogonal column (Figure 9b) composed by the SA™-Py”* pair.

In this case, chlorine is not involved in any halogen-bonding
interaction but it interacts in a weak C—H Cl interaction in a
bifurcated way with C—H of the Py* aromatic ring (2.898(3)
and 2.866(2) A), as shown in Figure 10b.

Therefore, the interaction energy landscape of the analyzed
compounds is dominated by four interactions: SA™-Py”, SA-Py",
SA-SA”, and SA-Py". The total interaction energies are reported
in Figure 11 and Table 5. Due to the ionic character of the six
adducts, the SA™-Py" interaction is always present with total
energy values between —454.6 and —363.7 kJ/mol, and the
interaction energies are affected by the different crystal packing
motifs in each crystal structure. This interaction is about four
times greater than that between SA-SA™ and about six times
greater than that between SA-Py*. As shown in Figure 11a, the
adducts with Py* (2 and 6) show the lower value to the total
energy of the electrostatic contribution, which can be related to
two different reasons: in 2, Py* and the SA™ are not coplanar, as
shown in Figure 2, promoting the formation of strong ring
motifs; on the other hand, in the ionic cocrystal 6, the presence
of the nitro group has an electron-withdrawing effect on the
negative charge of SA”, making it less available to the
electrostatic interaction. Differently, for the other compounds,
the formation of strong SA™ 2Apy*/Py" hydrogen bonds, as
shown in Figure 7, makes the electrostatic interaction between
SA™ and Py" more efficient and stronger.

In addition to the SA™-Py" interaction, ionic cocrystals 2 and
6 show a slight contribution of a charge-assisted hydrogen-
bonding interaction between neutral SA and the two ionic

syn

Figure 2. Supramolecular descriptors for the SA/SA™ derivatives (S left and 2 right) and Py/Py" as the representative. Anti- and syn-configurations
were used for Py/Py*. | represents the torsion angle of the 2-hydroxycarboxylate group in the SA/SA™ derivatives.

https://doi.org/10.1021/acs.cgd.5c00807
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Figure 3. Hydrogen-bonding interactions of Py/Py* with SA/SA™ derivatives.

Table 3. Supramolecular Descriptors As Shown in Figure 2

C1-01 (A) C1-02 (A) 0302 (A)
1 1.246(5) 1.268(5) 2.515(4)
2 1.259(3) 1272(4) 2.603(3)
3 1.252(3) 1.284(3) 2.528(2)
4 1.244(3) 1.284(4) 2.546(3)
5 1.293(8) 1.236(9) 2.601(7)
6 1.252(5) 1.273(4) 2.604(3)

03-H--02 (A) 7,(°) Py/Py" config.
1.771(4) —4.6(6)
1.780(4) —1.6(4) syn
1.784(3) -14(3)
1.800(5) 6.2(4)
1.796(3) —4.7(4) anti
1.721(4) 2.1(5) syn

Table 4. Hydrogen Bond Donor—Acceptor Distances and
Angles

distance distance angle D—H angle mean
D-A (4) mean (A) ) )
NH*--~O 1 2.70 2.76 175.96 173.32
2 2.63 2.74 165.94 173.17
3 2.69 2.76 173.54 173.32
4 2.67 2.76 174.72 173.32
6 2.68 2.74 172.02 173.17
NH---O 1 2.86 2.88 177.93 173.40
3 2.80 2.88 171.53 173.40
4 2.82 2.88 159.51 173.40
OH:--"0O 2 2.54 2.60 176.98 172.46
6 2.54 2.60 174.25 172.46

“The mean values are calculated among the crystal structure hits
found.

forms. The difference in the total energy value of the SA-Py"
interaction between 2 and 6 is directly related to the hydrogen
bond strength of the interaction. In 6, the N—H* O hydrogen-
bonding distance (1.617(3) A) is much shorter than that in 2
(1.747(3) A), resulting in roughly twice the magnitude of the
total energy (—64.3 kJ/mol in 6 vs —32.7 kJ/mol in 2). By

looking at the crystal packing of 6 (Figure 6d), the higher
contribution of the electrostatic interaction could be related to
the formation of planar ribbons, which bring closer the
molecules in the plane.

For structure 2, the total energy of the SA-Py" and SA-SA™
interactions arises from a balance, in which strong repulsive
forces are countered by enhanced electronic and polarization
components. As regards the charge-assisted hydrogen-bonding
SA-SA™ interaction, also in this case, the total energy is strongly
influenced by the distances of OH-O™ (—126.9 kJ/mol in 2 and
—100.0 kJ/mol in 6) with a shorter hydrogen-bonding distance
in the ionic cocrystal 2 (1.536(3) A) than that found in
compound 6 (1.703(3) A).

B CONCLUSIONS

This study systematically explored the supramolecular and
structural chemistry of six novel crystal forms derived from
salicylic acid derivatives and pyridine-based coformers Py/
2APy. The isolation of different solid forms within the crystal
landscape, such as salts, ionic cocrystals, and solvates (or
cocrystals), reflects the importance of substituent groups in
determining the relative acidity and basicity of the chemical
species involved in the formation of these multicomponent solid
forms. In previously reported salts of salicylic acid and 4-

2 5
b b
X
@ Y=
- ° g
I
o I REQ) )~ Pog
.‘\9\ o ‘,.\:)/\ -— ’\’\'
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Figure 4. Ring motifs of compounds 2, §, and 6.
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Figure 6. Ionic cocrystal packing and intermolecular interactions. (a) Crystal packing of 2 viewed along the c¢ axis, (b) H bond and halogen bond

patterns, (c) crystal packing of 6, and (d) H bond in the layer of 6.

1 3

Figure 7. Supramolecular synthons in 1, 3, and 4.

aminopyridine, the high basicity of 4-aminopyridine (pK, =
9.17) led exclusively to salt formation (ApK, > 4). In contrast, in
the systems investigated here, the choice of less basic Py and
2APy (pK, = 5.25 and 6.85, respectively), combined with subtle
differences in the acidity of the salicylic acid derivatives, makes
the crystallization outcomes less predictable. As a result, a variety
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of chemical species and, consequently, solid forms, can be
obtained.

From a structural point of view, the results confirm the
versatility of salicylic acid derivatives in forming different solid-
state assemblies through strong charge-assisted hydrogen-
bonding interactions and ionic interactions between N—H" of
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Figure 10. Supramolecular features of (a) 3 and (b) 4.

the pyridine-based coformers and COO™ of the SA derivatives.
The analysis of the crystal packing highlights the role of the
substituents on the SA ring in modulating the nature and
strength of the intermolecular interactions, particularly through
their influence on electrostatics, hydrogen-bonding geometry,
and halogen-bonding potential. The hierarchy of the supra-
molecular interaction in the analyzed crystal structure drives to
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similar self-assembly moieties, especially those involving
carboxylate and Py*/2APy* donors, serving as dominant
structure-directing motifs.

Energy framework analysis confirms that the strongest and
most consistent interaction across all structures is the SA™-Py*
interaction, which contributes significantly to the lattice
stabilization. The variation in total interaction energies and
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Figure 11. Contribution of Coulomb, dispersion, polarization, exchange, and repulsion interactions to the total energies of the (a) SA™-Py*, (b) SA-

Py*, (c) SA-SA™, and (d) SA-Py interactions.

Table S. Interaction Energy Contributions of the Six Novel Adducts

Coulomb (kJ/mol) dispersion (kJ/mol) exchange (kJ/mol)

1 —424.1 -8.8 -56.2
2 —352.1 —6.1 —-49

3 —413.9 -9.3 —70.4
4 —424.5 —9.6 —96.2
6 —411.0 -8.1 —90.7
2 —6.6 —-19.4 —16.0
6 —55.3 =37 =37
2 —135.3 =59 —102.2
6 —94.5 —6.6 =50.5
S —58.3 -7.8 —46.1

polarization (kJ/mol) repulsion (kJ/mol) tot. energy (kJ/mol)
SA™-Py*
—66.5 110.8 —454.6
—44.6 100.5 —363.7
—64.2 143.7 —431.7
—68.4 194.0 —432.5
—63.2 180.9 —418.2
SA-Py*
-17.6 29.6 =327
-9.4 7.2 —64.3
SA-SA™
—46.4 196.1 —-126.9
—32.6 98.9 —100.0
SA-Py
—-13.0 87.6 =511

hydrogen-bonding distances across different crystal forms
demonstrates how crystal packing and molecular geometry
influence the energetics of crystal formation. Overall, this
investigation deepens the understanding of structure—property
relationships in organic salts and ionic cocrystals, emphasizing
the predictive power of crystal engineering principles based on
supramolecular synthons. The results offer valuable insights for
the rational design of multicomponent crystals with potential

applications in pharmaceutical and nutraceutical development,
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where differences in the solid state influence bioavailability,
stability, and manufacturability.
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