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Abstract: Co-crystallization of gallic acid with pyridines and their polyaromatic analogue, quinoline,
ortho-substituted by various proton-donating groups able to form hydrogen bonds, produced the
only reported co-crystal of gallic acid with an ortho-substituted pyridine, 2-hydroxypyridine, as its
preferred pyridone-2 tautomer, and four new crystalline products of gallic acid. These co-crystals,
or gallate salts depending on the choice of the pyridine-containing compound, as predicted by the
pKa rule, were identified by X-ray diffraction to feature the popular acid–pyridine heterosynthon
found in most of the two-component systems of gallic acid that lack ortho-substituents in the pyridine-
containing compound. This single-point heterosynthon is, however, modified by one or two proton-
donating ortho-substituents, which sometimes may transform into the proton acceptors in an adopted
tautomer or zwitterion, to produce its two- or other multi-point variants, including a very rare four-
point heterosynthon. The hydrogen bonds they form with the gallic acid species in the appropriate
co-crystals/salts strongly favors the formation of the acid–pyridine heterosynthon over the acid–acid
homosynthon. In the competitive conditions of multi-component systems, such a modification might
be used to reduce supramolecular-synthon-based polymorphism to produce new pharmaceuticals
and other crystalline materials with designed properties.

Keywords: co-crystals; crystal engineering; heterosynthon; hydrogen bond; gallic acid; multi-point
heterosynthon; pyridine; supramolecular synthon; X-ray diffraction

1. Introduction

Crystal engineering, the design of molecular solids [1], exploits supramolecular struc-
tures self-assembled [2] by intermolecular interactions [3–7], such as hydrogen bonds [8–11],
to produce crystalline materials of various topologies and applications [12–18]. Among
others [19], carboxylic acids that are both donors and acceptors of hydrogen bonds [19] form
several stable supramolecular associates (or synthons [7]) with complementary functional
groups, including pyridyl- [20], amino- [21] and hydroxyl [22] groups, providing control
over the crystal packing, and thereby the properties, of such materials [23].

Trihydroxybenzoic (gallic) acid, a component of metal–organic framework com-
pounds (MOFs) found in historical iron–gall inks [24], is a naturally occurring [25,26]
antioxidant, antiviral, and antitumor agent [27–35]. It is also a popular co-former in
pharmaceutical co-crystals and salts [32,36] used to improve the solubility [37–39] and
the bioactivity [38,40,41] of drug compounds through the formation of stable hydrogen-
bonded associates [42,43]. Most of these two-component systems [44,45], as well as those of
3,5-dihydroxybenzoic acid [22,46], a close analog of gallic acid [22], and of other functional-
ized benzoic acids [47–49] are formed by the well-known supramolecular [7] acid–pyridine
heterosynthon, either neutral or ionic [47,50,51] (Scheme 1, left). The latter is further stabi-
lized by a pyridine compound containing proton-donating groups in the ortho-positions to
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produce a two- or multi-point heterosynthon (Scheme 1, right), depending on the number
of hydrogen bonds between the two species [10,22,52]. As is the motivation behind the
synthon concept [7], the knowledge of possible variations of this heterosynthon often
enabled predicting the crystal packing even in the presence of other functional groups able
to form competitive hydrogen bonds [10,22,50,52].
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Scheme 1. Single- (left), two- (center), and four- (right) point heterosynthons formed by gallic acid
and pyridine and its derivatives with proton-donating groups R in the ortho-position.

Co-crystallization of a carboxylic acid with a pyridine compound may produce either
a co-crystal [53] built by neutral components or a salt featuring the proton transfer from
acid to base [54,55], both useful in the pharmaceutical industry [56–58]. Although such two-
component systems are widely studied in supramolecular chemistry [59], only a few reports
exist on those formed by gallic acid, including co-crystals [41,60–63] and salts [60,63–66],
and none of them contain an ortho-substituted pyridine except for 2-hydroxypyridine [63].
In an appropriate co-crystal, the latter exists as the preferred tautomer [67,68], pyridone-2
(Scheme S1 of supplemantary), that forms with gallic acid the typical two-point heterosyn-
thon (Scheme 1, center) [63].

Following this recent study [63], we attempted to co-crystallize gallic acid (Scheme 2)
with 2-hydroxypyridine (2-OH-Py) and other pyridines ortho-functionalized by proton-
donating groups, such as commercially available 2,6-diaminopyridine (2,6-NH2-Py) and
2,6-dimethylhydroxypyridine (2,6-CH2OH-Py), as well as quinoline-2-carboxylic acid
(2-COOH-quinoline), with an extended polyaromatic system to induce stacking interac-
tions between the two components, another type of intermolecular interactions for creating
tunable crystalline materials, including organic co-crystals and polymorphs [69–71]. Their
co-crystallization with gallic acid in methanol or, alternatively, acetonitrile, produced the
previously reported co-crystal of pyridone-2 [63], which was obtained under similar crys-
tallization conditions in methanol or by liquid-assisted grinding, and four new crystalline
products of gallic acid, including a new solvatomorph of this co-crystal. Different functional
groups able to form competitive hydrogen bonds in the ortho-position(s) of the pyridine ring
in these heterocyclic compounds and a methylene bridge in 2,6-CH2OH-Py for additional
flexibility enable modulation of the crystal environment of gallic acid to probe its effect on
the formation of the above heterosynthon (Scheme 1) by X-ray diffraction analysis of the
co-crystals or salts obtained as a function of the ortho-substituted pyridine.
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2. Materials and Methods

Synthesis. All synthetic procedures were carried out in air. Gallic acid (GA), 2-hydroxypy-
ridine (2-OH-Py), 2,6-diaminopyridine (2,6-NH2-Py), 2,6-dimethylhydroxypyridine (2,6-
CH2OH-Py), quinoline-2-carboxylic acid (2-COOH-quinoline), and solvents were pur-
chased from commercial sources and used without any further purification. Carbon,
nitrogen, and hydrogen contents were measured with a Carlo Erba microanalyzer, model
1106 (Carlo Erba Instruments, Egelsbach, Germany).

[HGA][2-O-PyH] (1) + [HGA][2-O-PyH][CH3CN]2 (2): In a 1.6 mL glass vial, gallic
acid (0.0034 g; 0.02 mmol) and 2-hydroxypyridine (0.0021 g; 0.02 mmol) were dissolved
in acetonitrile (0.6 mL). After six days of slow evaporation at room temperature in the
tightly closed vial, colorless plate-like crystals of 1 were collected from the bottom of the
vial. Yield: 30 mg (55%). Anal. Calc. for C12H11NO6 (%): C, 54.34; H, 4.18; N, 5.28. Found
(%): C, 54.37; H, 4.33; N, 5.58. Three weeks later, colorless needles of 2 were collected from
the walls of the vial. Yield: 9 mg (16%). Anal. Calc. for C16H17N3O6 (%): C, 55.33; H, 4.93;
N, 12.10. Found (%): C, 55.35; H, 4.52; N, 11.85.

[HGA][2-COO-quinolineH] (3): In a 1.6 mL glass vial, gallic acid (0.0017 g; 0.01 mmol)
and quinoline-2-carboxylic acid (0.0018 g; 0.01 mmol) were dissolved in methanol (0.6 mL).
After ten days of slow evaporation at room temperature in a tightly closed vial, yellow needle-
like crystals of 3 were collected from the walls of the vial. Yield: 0.0033 mg (94%). Anal. Calc.
for C17H13NO7 (%): C, 59.48; H, 3.82; N, 4.08. Found (%): C, 59.67; H, 4.02; N, 4.38.

[GA][2,6-NH2-PyH][CH3CN]0.416 (4): In a 1.6 mL glass vial, 2,6-diaminopyridine
(0.0022 g; 0.02 mmol) was dissolved in hot acetonitrile (0.6 mL). The pale-green solution
was decanted from undissolved dark-green pyridine and added to gallic acid (0.0034 g;
0.02 mmol). After six days of slow evaporation at room temperature in the tightly closed
vial, large colorless prismatic crystals of 4 were collected. Yield: X 0.0014 (25%). Anal. Calc.
for C12.83H14.25N3.42O5 (%): C, 53.42; H, 4.38; N, 14.38. Found (%): C, 51.52; H, 4.66; N, 15.55.

[GA][2,6-CH2OH-PyH] (5): In a 1.6 mL glass vial, gallic acid (0.0034 g; 0.02 mmol) and
2,6-dimethylhydroxypyridine (0.0029 g; 0.02 mmol) were dissolved in acetonitrile (0.6 mL).
After three weeks of slow evaporation at room temperature in a tightly closed vial, colorless
plate-like crystals were collected from the bottom of the vial. Yield: 0.0020 mg (32%). Anal.
Calc. for C14H15NO7 (%): C, 54.37; H, 4.89; N, 4.53. Found (%): C, 56.37; H, 5.71; N, 6.83.

X-ray crystallography. Single crystals of 1–5 suitable for X-ray diffraction analysis
were obtained in the above crystallization conditions. X-ray diffraction data for 1, 2, 4,
and 5 were collected at 120 K with a Bruker APEXII DUO CCD diffractometer (Bruker
AXS, Madison, USA); those for 3 were collected at 100 K with a Bruker D8 Quest CMOS
diffractometer, both using the graphite monochromated Mo-Kα radiation (λ = 0.71073 Å,ω-
scans). Using Olex2 [72], the structures were solved with the ShelXT [73] structure solution
program using Intrinsic Phasing and refined with the XL refinement package [74] using
Least Squares minimization against F2 in anisotropic approximation for non-hydrogen
atoms. Hydrogen atoms of NH and OH groups were found in the difference Fourier
synthesis while the positions of other hydrogen atoms were calculated, and they all were
refined in the isotropic approximation within the riding model. The ‘head-to-tail’ disor-
der of the solvate acetonitrile molecule in 4 was modeled using DFIX, EADP, and SADI
instructions. Crystal data and structure refinement parameters are given in Table 1. CCDC
2151555–2151559 contain the supplementary crystallographic data for of 1–5.
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Table 1. Crystal data and structure refinement parameters for 1–5.

Parameter 1 2 3 4 5

Formula unit C12H11NO6 C16H17N3O6 C17H13NO7 C12.83H14.25N3.42O5 C14H15NO7
Formula weight 265.22 347.32 343.28 296.36 309.27
Temperature, K 120 120 100 120 120
Crystal system Monoclinic Triclinic Monoclinic Triclinic Monoclinic

Space group P21/c P-1 P21/c P-1 P21/n
Z 4 2 4 4 4

a, Å 13.003(4) 7.4243(9) 8.6047(3) 8.7264(17) 7.2058(12)
b, Å 15.819(5) 7.9649(10) 24.5784(7) 11.645(2) 24.941(4)
c, Å 13.037(5) 14.5075(18) 9.6157(4) 14.032(3) 7.7817(13)
α, ◦ 90 103.247(3) 90 84.710(4) 90
β, ◦ 155.854(6) 102.030(3) 135.550(2) 76.573(4) 111.937(3)
γ, ◦ 90 90.662(3) 90 74.909(4) 90

V, Å3 1096.8(6) 815.13(18) 1424.11(9) 1338.3(4) 1297.3(4)
Dcalc (g cm−3) 1.606 1.415 1.601 1.471 1.583

Linear absorption, µ (cm−1) 1.31 1.10 1.27 1.15 1.29
F(000) 552 364 712 621 648

2Θmax, ◦ 52 54 54 52 54
Reflections
measured 10,262 8783 11,930 13,215 12,477

Independent
reflections 2153 3551 3071 5262 2750

Observed reflections [I > 2σ(I)] 1187 2546 2328 2597 1877
Parameters 174 228 226 398 199

R1 0.0565 0.0488 0.0463 0.0683 0.0465
wR2 0.1490 0.1207 0.1127 0.2101 0.1069
GOF 0.970 1.048 1.022 1.038 0.905

∆ρmax/∆ρmin (e Å−3) 0.263/−0.411 0.296/−0.343 0.324/−0.288 0.627/−0.531 0.235/−0.291

3. Results and Discussion

The appropriate ortho-substituted pyridines, 2-hydroxypyridine (2-OH-Py), 2,6-diamino-
pyridine (2,6-NH2-Py), and 2,6-dimethylhydroxypyridine (2,6-CH2OH-Py), and their pol-
yaromatic analogue, quinoline-2-carboxylic acid (2-COOH-quinoline), were each dis-
solved together with gallic acid in a 1:1 ratio in a suitable solvent, acetonitrile, or methanol
commonly used for evaporative crystallization [75], among others, to produce the re-
ported co-crystal of gallic acid and pyridone-2 [63]. The resulting solutions were kept in
tightly closed glass vials at room temperature for up to four weeks, and the vials were
visually inspected every 2–3 days to follow the formation of crystalline products. Their
subsequent X-ray diffraction analysis identified, in addition to the previously reported
co-crystal 1 of pyridone-2 [63], four new two-component systems based on gallic acid, the
co-crystals 2 ([HGA][2-O-PyH][CH3CN]2) and 3 ([HGA][2-COO-quinolineH]) and the
salts 4 ([GA][2,6-NH2-PyH][CH3CN]0.416) and 5 ([GA][2,6-CH2OH-PyH]).

The first two were collected from the same vial at different time periods of the co-
crystallization of gallic acid with 2-OH-Py, which resulted in colorless plate-like crystals
of 1 on the bottom of the vial and, after some time in the mother liquor, in colorless
needle-like crystals of 2 on its walls. Both co-crystals, the previously reported 1 [63] and
its new solvatomorph 2 with two molecules of lattice acetonitrile, contain 2-OH-Py as
pyridone-2 and gallic acid in a 1:1 ratio (Figure 1, top). The two species are connected
by O-H . . . O and N-H . . . O hydrogen bonds (O . . . O 2.563(8) and 2.6062(19) Å, OHO
162.39(15) and 168.73(9)◦; N . . . O 2.941(8) and 2.798(2) Å, NHO 154.7(2) and 175.82(9)◦)
to produce the expected two-point acid–pyridine heterosynthon [47] (Scheme 1, center).
An additional O-H . . . O hydrogen bond between one hydroxyl group of gallic acid
and the oxygen atom of pyridone-2 (O . . . O 2.640(3) and 2.6772(18) Å, OHO 163.2(4)
and 168.58(9)◦ in 1 and 2, respectively) assembles them into a heterotetramer (Figure 1,
bottom). In 2, the latter is decorated by four solvate acetonitrile molecules (Figure 1, bottom
right) via O-H . . . N hydrogen bonds with the other two hydroxyl groups of gallic acid
(O . . . N 2.810(2) and 2.876(2) Å, NHO 146(10) and 170(9)◦). In the previously reported
co-crystal 1 [63], such heterotetramers form a zigzag-like 3D-framework (Figure 1, bottom
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left) by O-H . . . O hydrogen bonds between the acid molecules (O . . . O 2.763(5)–2.89(1) Å,
OHO 130.20(16)–143.06(17)◦). In 2, however, they are hold together by parallel-displaced
stacking interactions between the aromatic fragments of pyridone-2 and gallic acid with
the inter-centroid and shift distances of 3.6319(9) and 1.518(2) Å, respectively, and the angle
of 4.30(6)◦.
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Figure 1. General views of 1 (top left) and 2 (top right) and fragments of the crystal packing in
1 (bottom left) and 2 (bottom right), illustrating the formation of hydrogen-bonded heterotetramers.
Hereinafter, non-hydrogen atoms are shown as thermal ellipsoids (p = 50%) and dashed lines stand
for hydrogen bonds.

The third co-crystal, 3, was obtained when an equimolar mixture of gallic acid and
2-COOH-quinoline was stored under similar conditions in methanol, as the use of acetoni-
trile led to the formation of an amorphous powder. The resulting yellow needle-like crystals
of the composition [HGA][2-COO-quinolineH] with the molecule of gallic acid and the
quinoline zwitterion (Figure 2, top), as identified by X-ray diffraction, feature the same
two-point heterosynthon formed by N-H . . . O and O-H . . . O hydrogen bonds (O . . . O
2.6601(18) Å, OHO 172.95(17)◦; N . . . O 2.739(2) Å, NHO 160.73(17)◦). The hydroxyl groups
of gallic acid bind it to the four neighboring species of 2-COO-quinolineH and gallic acid
by using their carboxylate and hydroxyl groups (O . . . O 2.604(4)–2.9914(19) Å, OHO
144.01(15)–158.29(10)◦) to produce hydrogen-bonded double layers that run parallel to the
diagonal of the crystallographic plane ac (Figure 2, bottom); those are additionally stabilized
by parallel-displaced stacking interactions between the molecules of gallic acid and the
quinoline zwitterions with inter-centroid and shift distances of 3.8027(10) and 1.803(2) Å
and an angle of 1.63(4)◦. The layers are held together by similar stacking interactions with
the inter-centroid and shift distances of 3.3893(8) and 0.880(2) Å and an angle of 1.63(4)◦.
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Figure 2. General view of 3 (top) and a fragment of its crystal packing (bottom), illustrating the
formation of hydrogen-bonded double layers.

In contrast, the co-crystallization of gallic acid with the pyridines 2,6-NH2-Py and 2,6-
CH2OH-Py ortho-functionalized by two proton-donating groups resulted, after one or three
weeks in acetonitrile, in the salts 4 ([GA][2,6-NH2-PyH][CH3CN]0.416) and 5 ([GA][2,6-
CH2OH-PyH]). Despite spending less time in a mother liquor, the former was obtained
as a crystallosolvate with two symmetry-independent formula units of the salt and a
disordered molecule of acetonitrile partially occupying an appropriate position in the unit
cell. In both cases (Figure 3, top), the gallate anions and the pyridinium cations are held
together by N-H . . . O and O-H . . . O hydrogen bonds (N . . . O 2.766(4)–3.034(2) Å, NHO
124.28(11)–177.6(2)◦; O . . . O 2.642(2)–2.737(2) Å, OHO 152.41(8)–166.83(10)◦) to produce
a rare [76,77] four-point (Figure 3, top left) or a typical [48,50] two-point (Figure S1 of
Supplementary Materials) acid–pyridine heterosynthon in 4 and a less common [78,79]
three-point heterosynthon in 5. In the latter salt, an unfavorable geometry of the hydrogen
bond N-H . . . O (Figure 3, top left) is, apparently, induced by the methylene bridges in the
ortho-substituents of 2,6-CH2OH-PyH that make the aromatic fragments of the counterions
occupy almost parallel planes inclined at an angle of 1.23(9)◦. In all the above crystalline
products, this angle does not exceed 4.5◦.
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Figure 3. General views of 4 (top left) and 5 (top right) with second symmetry-independent species of
4 and a disordered molecule of acetonitrile omitted for clarity and fragments of the crystal packing in
4 (bottom left) and 5 (bottom right) illustrating the formation of hydrogen-bonded interpenetrating
network and double layers, respectively. For the general view of the second symmetry-independent
formula unit of 4, see Figure S1 of Supplementary Materials.

In the crystal of the salt 5, such an arrangement of the two species in the acid–pyridine
heterosynthon results in the formation of double layers (Figure 3, bottom right) via hy-
drogen bonds O-H . . . O between the two hydroxyl groups and the carboxyl group of the
gallate anions (O . . . O 2.6637(18)–2.667(2) Å, OHO 147.58(11)–159.48(12)◦), and between
the third hydroxyl group of the gallate anion and one of the hydroxyl groups of the cation
(O . . . O 2.7577(18) Å, OHO 140.09(9)◦). These hydrogen-bonded double layers are addi-
tionally stabilized by parallel-displaced stacking interactions between the gallate anions
and cations (Figure 3, bottom right), with inter-centroid and shift distances of 3.4999(15)
and 1.023(4) Å and an angle of 1.23(9)◦. The layers are held together by similar stacking
interactions, with inter-centroid and shift distances of 3.7510(14) and 1.819(4) Å and an
angle of 1.23(9)◦.

In the crystal of the salt 4, the four-point heterosynthon (Figure 3, top left) forms
heterotetramers similar to those found in the co-crystals 1 and 2 (Scheme 1, center) via
hydrogen bonds N-H . . . O (N . . . O 3.052(5) Å, NHO 151.6(2)◦) between the amino group
of the pyridinium cation and the hydroxyl group of the gallate anion. These heterotetramers
are packed into infinite columns that run perpendicular to the diagonal of the crystallo-
graphic plane bc (Figure S2 of Supplementary Materials) by parallel-displaced stacking
interactions featuring inter-centroid and shift distances of 3.598(2) Å and 1.054(6) Å and an
angle of 4.69(13)◦. The two-point heterosynthons do not interact with each other (Figure S2
of Supplementary Materials). However, as the two symmetry-independent formula units of
the salt 4 are perpendicular (the angle between their mean planes is 89.94(5)◦), the two types
of heterosynthons are connected by multiple O-H . . . O (O . . . O 2.091(5)–2.583(3) Å, OHO
153.2(2)–164.21(17)◦) and N-H . . . O (N . . . O 2.984(5)–3.023(5) Å, NHO 139.0(3)–154.3(3)◦)
hydrogen bonds to produce an interpenetrating hydrogen-bonding network (Figure 3,
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bottom left). In its voids reside solvate acetonitrile molecules that are disordered in a
‘head-to-tail’ mode, thus forming hydrogen bonds either with the pyridinium cation (N . . .
N 2.830(12) Å, NHN 156.1(5)◦) or the gallate anion (O . . . N 3.156(19) Å, OHN 167.8(4)◦).

In all the above crystalline products of gallic acid, the latter forms the well-known [50]
acid–pyridine heterosynthon (Scheme 1, left) modified by proton-donating functional
groups close to the heterosynthon-producing nitrogen atom of the pyridine fragment
to produce its two-, three-, and four-point variants (Scheme 1, right). The first two are
often found [47,78,79] between a carboxylic acid and a pyridine with one or two ortho-
substituents. In rare cases [76,77], the four-point heterosynthon is observed when both
the components are located in the same plane as close as possible to the axial symmetry,
which is adopted by one symmetry-independent formula unit of the salt 4. In this salt, the
competition between the two identical proton-donating groups in the ortho-positions of
the pyridine fragment that cannot simultaneously fulfil all of their potential by one-to-one
hydrogen bonding [80] to the carboxylate group allows for the formation of an asymmetric
two-point heterosynthon by the horizontal shift of the gallate anion in the plane occupied
by the two components.

The resulting differences in the crystalline environment of the molecule of gallic acid or
the gallate anion can be nicely visualized by Hirshfeld surfaces [81] and quantified by their
two-dimensional (2D) fingerprint plots [82]. In the co-crystals 1–3 with the same two-point
heterosynthon, the bright red spots on the Hirshfeld surfaces of the molecule of gallic
acid (Figure 4, left) correspond to O . . . H contacts with the neighboring acid molecules
and those with the pyridine-2 molecules and the zwitterions of quinoline-2-carboxylic
acid. They appear on the appropriate 2D fingerprint plots (Figure 4, right) as the most
populated forceps-like areas, accounting for 44.7, 39.8, and 44.6% of the Hirshfeld surface
in 1, 2, and 3, respectively (Table 2). The other types of major contributors are H . . . H (25.2,
24.5, and 24.3%), C . . . H (15.9, 11.7, and 8.5%), and C . . . O (7.6, 6.4, and 7.3%) contacts.
In the co-crystal 3, they are supplemented by C . . . C contacts (12.4% vs. 2.1 and 4.9%
in 1 and 2), which appear as flat white areas on the Hirshfeld surface of the molecule of
gallic acid (Figure 4, left) approached by an extended aromatic system of the zwitterions
of quinoline-2-carboxylic acid. A significantly larger contribution of N . . . H contacts in
the new solvatomorph 2 of the reported co-crystal 1 (8.7% vs. 0.6 and 0.7% in 1 and 3,
respectively) arises from the presence of lattice acetonitrile molecules. The contribution
of other types of interactions formed by the molecule of gallic acid in the three co-crystals
(Table 2) is below 3.1%.

Table 2. Contributions (%) of various interactions into the Hirshfeld surface of the gallic acid molecule
in the co-crystals 1, 2, and 3.

Contacts 1 2 3 Average

O . . . H 44.7 39.8 44.6 43.0
N . . . H 0.6 8.7 0.7 3.3
C . . . H 15.9 11.7 8.5 12.0
H . . . H 25.2 24.5 24.3 24.7
C . . . C 2.1 4.9 12.4 6.5
O . . . O 3.1 0.6 0.6 1.4
C . . . N 0.4 2.6 1.6 1.5
C . . . O 7.6 6.4 7.3 7.1
N . . . O 0.6 0.7 0.0 0.4
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Figure 4. Hirshfeld surfaces (left) of the gallic acid molecule in the co-crystals 1 (top), 2 (center), and
3 (bottom) and their 2D fingerprint plots (right) as generated by Crystal Explorer [83]. Hereinafter,
on the Hirshfeld surfaces (left), the red, white, and blue color recognizes the interatomic contacts
as shorter than, equal to, or longer than the van der Waals interatomic distances, respectively. On
fingerprint plots (right), higher and lower concentrations of points corresponding to (di, de) pairs are
shown by green and blue areas, respectively; interactions with a total contribution of less than 3% are
not designated.
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Scheme 3. Co-crystals of gallic acid and pyridine-containing compounds and their RefCodes [41,60,62,85];
XUMHUL, RUWHAT, RUWGUM, TUZFAX, and LEFPUJ also contain solvate molecules of water
and methanol, respectively.

The obtained co-crystals 1–3 featuring the two-point acid–pyridine heterosynthon
(Scheme 1, center) are in a stark contrast to other reported (ordered) co-crystals of gallic
acid and pyridine-containing compounds available in the Cambridge Structural Database
(CCDC Version 2021.2.0) (Cambridge, UK), which all lack the ortho-substituents in the pyri-
dine fragment (Scheme 3) [41,60,62] and thereby produce the single-point acid–pyridine
heterosynthon (Scheme 1, left) or other, competing synthons. An acid–acid homosynthon,
which is often formed by carboxylic acids in the presence of pyridines [84], assembles the
molecules of gallic acid in its co-crystals with 4-hydroxypyridine (RefCode XUMHUL [63])
as its 4-pyridone tautomer, nicotinic and isonicotinic acids (RUWHAT and RUWGUM [61]),
and quinoline-8-amine (AYIWEM) (Figures S3–S5 of Supplementary Materials). As a result,
the crystal environment of gallic acid (Figure S6 of Supplementary Materials) is significantly
different from those in 1–3, as hinted, e.g., by a very small contribution of the N . . . H
contacts into its Hirshfeld surface (Table S1 of Supplementary Materials). In RUWHAT
and RUWGUM [61], the occurrence of a single-point acid–pyridine heterosynthon be-
tween the zwitterions of nicotinic and isonicotinic acids (Figure S4 of Supplementary
Materials) could be related to its higher strength (N . . . O 2.575(5) and 2.6232(18) Å, NHO
172.6(3) and 174.04(10)◦) as compared to an average gallic acid–pyridine heterosynthon
(Tables S2 and S3 of Supplementary Materials).

With all the other pyridine-containing compounds (Scheme 3), gallic acid forms the
expected single-point acid–pyridine heterosynthon that has various packing motifs in the
co-crystals depending on structural features of the heterocyclic component and/or the pres-
ence of lattice solvents. Thus, meta- and para-substitution of the two pyridine fragments in
the co-crystals TUZFAX [60] and TUZFEB [60] (the former, as a hydrate) leads to the for-
mation of heterotetramers or zig-zag chains by joining such heterosynthons via hydrogen
bonds with one of the hydroxyl groups of gallic acid (Figure S7 of Supplementary Materi-
als). A hydrogen bond of the other with the third nitrogen atom in the pyridine-containing
compound assembles them into layers, with the phenyl ring of gallic acid being either
coplanar to one of the pyridine fragments (and, therefore, involved in parallel-displaced
stacking interactions) or almost perpendicular to both. Such an arrangement of the two
components results in different contributions of intermolecular interactions into the Hirsh-
feld surface of the molecule of gallic acid, such as a dramatic decrease in the contribution of
the C . . . C contacts from 9.7% in TUZFAX to 0.8% in TUZFEB (Table S1). In the co-crystal
with 1,2-bis(pyridin-4-yl)diazene (LEFPUJ [85]), its two symmetry-independent species are
hydrogen-bonded either to two molecules of gallic acid in the same way as in TUZFAX and



Crystals 2022, 12, 497 11 of 19

TUZFEB or to only one such molecule and lattice methanol, thereby producing layers with
alternating chains made of the two components (Figure S8 of Supplementary Materials). In
these layers, their aromatic fragments are perpendicular, which significantly reduces the
contribution of the C . . . C contacts (0.4% vs. 4.9% on average). In contrast, their parallel
arrangement in the co-crystal of gallic acid with 4-cyanopyridine (LALVED [41]) that al-
lows them to form parallel-displaced stacking interactions (Figure S9 of Supplementary
Materials) increases the corresponding value up to 8.0%.

A switch from the single-point acid–pyridine heterosynthon in these co-crystals to its
two-point variant in 1–3 causes a weakening of the O-H . . . N/N-H . . . O hydrogen bond
(Tables S2 and S4 of Supplementary Materials) by the competitive hydrogen bond with
an ortho-substituent in the pyridine fragment. A proton-accepting group (C=O or COO−)
appearing in this position of the pyridine-containing compound adopting a tautomeric (1
and 2) or a zwitterionic form (3) triggers an increase (decrease) in the contribution of the
O . . . H (N . . . H) contacts (Table 2 and Table S1 of Supplementary Materials).

In the crystals of the salts 4 and 5 with the two- to four-point heterosynthons, the
contribution of the O . . . H contacts of the gallate anion (Table 3) featured as bright red
spots on its Hirshfeld surfaces (Figure 5) is even higher than in the obtained co-crystals
1–3 (47.0 vs. 43.0% on average); the same is also true for the H . . . H and C . . . H contacts
(27.4 vs. 24.7% and 17.2 vs. 12.0% on average). The formation of the four-point and
two-point heterosynthons by two symmetry-independent gallate anions of the salt 4 causes
differences in their crystal environment, such as higher contributions of H . . . O contacts
(46.7 and 44.6%) or C . . . C contacts (4.9 and 3.3%) resulting from parallel-displaced stacking
interactions formed by the four-point heterosynthon. In the salt 5, the more efficient (as
judged by geometric parameters) stacking interactions, which appear as flat white areas on
the Hirshfeld surface and as the bright green cluster in the center of the corresponding 2D
fingerprint plot, have a significantly larger contribution of 8.4% that makes it only second
to the co-crystal 3 (12.4%) with an extended aromatic zwitterion of quinoline-2-carboxylic
acid. The contribution of other types of interactions formed by the gallate anion in the salts
4 and 5 (Table 2) is below 3.1%.

Mirroring the co-crystals 1–3, the salts 4 and 5 feature the multi-point heterosynthons
(Scheme 1, center and right) instead of the single-point heterosynthon (Scheme 1, left)
found in all the (ordered) gallate salts of pyridine-containing compounds [60,63–65,86]
available in the Cambridge Structural Database (CCDC Version 2021.2.0) (Scheme 4),
including the one of 3-hydroxypyridine (RefCode XUMKAU [63]). This difference, however,
has only a minor effect on the contributions of interactions formed by the gallate anion
(Figure S11 of Supplementary Materials). For the most important types of contacts in
these salts (O . . . H, H . . . H, and C . . . H), the corresponding average values (47.7, 25.7,
and 12.6%, respectively) are the same as in 4 and 5 within 1% (Table 3 and Table S5 of
Supplementary Materials). Some ‘local’ differences arise due to distinctive features of the
pyridine-containing compounds, such as an extended aromatic system or an additional
neutral pyridine fragment.

Table 3. Contributions (%) of various interactions into the Hirshfeld surface of the gallate anion in 4
and 5.

Contacts 4 * 5 Average

O . . . H 46.7 (44.6) 49.6 47.0
N . . . H 0.7 (0.2) 0.5 0.5
C . . . H 14.9 (18.2) 10.0 17.2
H . . . H 28.6 (30.1) 24.6 27.4
C . . . C 4.9 (3.3) 8.4 5.4
O . . . O 1.5 (1.3) 2.6 2.0
C . . . N 1.5 (0.8) 1.6 1.3
C . . . O 0.7 (1.0) 2.5 1.4
N . . . O 0.6 (0.3) 0.2 0.4

* The values for the second symmetry-independent gallate anion are given in parentheses.
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Scheme 4. Salts of gallic acid and pyridine-containing compounds and their RefCodes [60,63–66,86].
X-ray diffraction data for LODHIX and LODHOD are collected from the same salt at 100 K and at
room temperature, respectively; LODHIX, LODHOD, EHUGOE, and DUTJEI also contain lattice
water molecules.
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In the salt of 4-phenylpyridine (TICZIQ [86]), the gallate anions are assembled into
corrugated layers by hydrogen bonds between their carboxylate and hydroxyl groups
(Figure S12 of Supplementary Materials), with a resulting increase in the contribution of O
. . . H contacts by 7% from an average value of 47.7% (Table S5 of Supplementary Materials).
As their aromatic fragments are not involved in stacking interactions within or between
these layers, the C . . . C contacts have a zero contribution into the Hirshfeld surface of
the gallate anion as compared to other salts (Table S5 of Supplementary Materials). In
TUZDUP [60], the presence of a neutral pyridine fragment in addition to its protonated
analogue in the appropriate cation is, apparently, behind the highest contribution of the
N . . . H contacts (3.1%) among the gallate salts adopting an average value of 0.8%.

Comparison of these salts and the above co-crystals of gallic acid reveals a larger
contribution of the O . . . H contacts in the former (47.7 vs. 39.3% on average) and of
the N . . . H contacts in the latter (0.8 vs. 7.3% on average), which nicely agrees with the
location of the hydrogen atom in the heterosynthon on the pyridine species or on the acid
molecule. The charge-assisted [87,88] N-H . . . O hydrogen bond between the ions and O-H
. . . N hydrogen bond between the molecules, as judged by their geometric parameters
(Tables S2 and S3 of Supplementary Materials), might explain [89,90] the occurrence of
the acid–pyridine heterosynthon in all the salts but only in half of the co-crystals found
in Cambridge Structural Database. A large difference in the above contributions in the
co-crystal TUZFEB and the salt TUZDUP (30.7 vs. 44.2% and 9.8 vs. 3.1%) of structurally
similar pyridine-containing compounds additionally arises from the hydrogen bonds
between the gallate anions that are lacking in the former (Figure S13 of Supplementary
Materials), and from the NMe moiety that is lacking in the later to produce O-H . . . N
hydrogen bonds with the molecules of gallic acid (Figure S7 of Supplementary Materials).
A resulting coplanar arrangement of the two components in TUZDUP in contrast to their
perpendicular arrangement in TUZFEB causes a significant increase in the contribution of
the C . . . C contacts (6.2 vs. 0.8%, respectively).

The co-crystals and salts of gallic acid and the above pyridine-containing compounds
feature the common acid–pyridine heterosynthon, either neutral or ionic [47,50,51] (if any;
Tables S2 and S3 of Supplementary Materials), modified by the ortho-substituents in 1–5 to
adopt its various multi-point variants. While one such substituent can form another hydro-
gen bond with the carboxylic group to produce a two-point heterosynthon, the competition
between the two identical proton-donating groups allows for the formation of the two- to
four-point heterosynthons, with a proportional weakening of the O-H . . . N/N-H . . . O
hydrogen bond (Tables S2 and S3 of Supplementary Materials). These additional hydrogen
bonds, however, make the acid–pyridine heterosynthon preferred over the competing
acid–acid homosynthon [48], which is found in almost half of the co-crystals of gallic
acid and pyridine-containing compounds with no ortho-substituents. In the salts, the
acid–acid homosynthon does not appear, owing to the carboxylate group lacking the
proton-donating ability.

Depending on the choice of the pyridine-containing compound, the neutral or ionic nature
of the resulting two-component system of gallic acid mostly follows the pKa rule [55,91–94]
stating that a salt is formed if ∆pKa > 3 and a co-crystal, if ∆pKa < −1 (Table S6 of Sup-
plementary Materials). The exceptions are the salt of 4,4′-ethylenedipyridin (DUTJEI),
which is obtained with lattice water molecules [65] to affect the pKa values of the com-
ponents [95], and of isoniazid (LODHIX and LODHOD), which is a superposition of a
salt and a co-crystal not attained at the highest accessed temperature [64], as well as the
previously reported co-crystal 1 [63] and its new solvatomorph 2. In these co-crystals, the
appropriate hydroxylpyridine adopts its keto-form (Scheme S1 of Supplementary Mate-
rials) preferred in the crystal state [67,68], thereby precluding the proton transfer to the
nitrogen atom and the formation of a predicted salt. In the case of the salt 4 and a few
reported co-crystals (XUMHUL, YAHTUY, AYIWEM, TUZFAX, and TUZFEB) and salts
(TICZIQ, TUZDUP, and EHUGOE), the ∆pKa value for the two components is between −1
and 3 (Table S6 of Supplementary Materials), which is the gray zone for the prediction of
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the proton transfer [55,64,86,92–94,96], so the formation of the salt and of the co-crystal is
equally plausible.

4. Conclusions

Co-crystallization of gallic acid with ortho-substituted pyridines (2-hydroxypyridine,
2,6-diaminopyridine, 2,6-dimethylhydroxypyridine) and their polyaromatic analogue,
quinoline-2-carboxylic acid, produced five crystalline products, including a previously
reported co-crystal 1 with pyridone-2 [63]. The latter was, to the best of our knowledge, the
only known product of gallic acid and an ortho-functionalized pyridine. The formation of
the co-crystals or the salts depending on the choice of the pyridine-containing compound
follows the pKa rule, the exceptions being the co-crystals 1 and 2, owing to the preference
of 2-hydroxypyridine to exist in the crystal state as pyridone-2 [67,68].

While most of the other two-component systems of gallic acid feature the popular
single-point heterosynthon (Scheme 1, left), the use of a pyridine compound with one or two
ortho-substituents that are able to form competitive hydrogen bonds successfully modifies
this heterosynthon to produce its various multi-point variants (Scheme 1, center and right).
Of them, the two- and three-point heterosynthons are often obtained for carboxylic acids,
and the salt 4 of 2,6-diaminopyridine is the rare example of a four-point heterosynthon,
which resulted from the competition of two identical proton-donating substituents for the
formation of hydrogen bonds with the carboxylate group. A methylene bridge between
these groups and the pyridine fragment in 2,6-dimethylhydroxypyridine prevents the two
components from being in the same plane, thereby leading to their vertical shift in a more
common three-point heterosynthon [78].

In a multi-point heterosynthon, the O-H . . . N/N-H . . . O hydrogen bond between
the two components is weakened as compared to the single-point heterosynthon (judg-
ing by the interatomic distances O . . . N and the deviation of the angle NHO from the
linearity) by the competing hydrogen bonds with the ortho-substituents of the pyridine
fragment, as in similar systems of carboxylic acids and amino-substituted pyrimidines
and imidazoles [90,97,98]. Such substituents, however, strongly favor the formation of the
acid–pyridine heterosynthon over the acid–acid homosynthon also typical of carboxylic
acids [84,99]. This might be used to reduce the supramolecular-synthon-based polymor-
phism [99,100] of a pharmaceutical [101–104] or to modify its physicochemical properties,
such as to increase the solubility [105] and the dissolution rate of the pyridine-containing
drug compound in an appropriate co-crystal/salt to improve its bioavailability [106,107].
On the other hand, the contributions of the intermolecular interactions formed by the
molecule of gallic acid or the gallate anion that feature the single-point acid–pyridine
heterosynthon are only slightly affected by the ortho-substituents in the pyridine-containing
compound. Differences arise from its other structural features, such as the presence of an
extended aromatic system, another neutral pyridine fragment, its preference to exist as a
zwitterion or another tautomer, or from the presence of lattice solvents.

Co-crystallization of gallic acid with pyridines or their heterocyclic analogues ortho-
substituted by functional groups able to form hydrogen bonds allows exploration of
preferential occurrences of supramolecular synthons in the competitive conditions of such
two-component systems and guiding of them towards the formation of various multi-point
acid–pyridine heterosynthons—including those rarely observed before—to produce new
pharmaceutical [17] and other crystalline materials with the designed properties.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst12040497/s1, Figure S1: General view of the second symmetry-
independent formula unit of the salt 4. Hereinafter, non-hydrogen atoms are shown as thermal
ellipsoids (p = 50%) and dashed lines stand for hydrogen bonds; Figure S2: Fragments of the crystal
packing in the salt 4 that are produced by the two-point (top) and the four-point (bottom) acid–
pyridine heterosynthons; Figure S3: A fragment of the crystal packing in the co-crystal XUMHUL
illustrating the formation of a centrosymmetric homosynthon from the molecules of gallic acid;
Figure S4: Fragments of the crystal packing in the co-crystals RUWGUM (top) and RUWHAT (bot-

https://www.mdpi.com/article/10.3390/cryst12040497/s1
https://www.mdpi.com/article/10.3390/cryst12040497/s1
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tom), illustrating the formation of hydrogen-bonded chains from the zwitterions of isonicotinic
or nicotinic acid; Figure S5: A fragment of the crystal packing in the salt AYIWEM, illustrating
the formation of hydrogen-bonded dimers from the molecules of gallic acid; Figure S6: Hirshfeld
surfaces (left) of the molecule of gallic acid and their 2D fingerprint plots (right), as generated by
Crystal Explorer [1], in other co-crystals of gallic acid and pyridine-containing compounds from
CSD identified by their RefCodes; Figure S7: Fragments of the crystal packing in the co-crystals
TUZFAX (top) and TUZFEB (bottom), illustrating the formation of hydrogen-bonded layers from
the molecules of gallic acid and of an appropriate pyridine-containing compound; Figure S8: A frag-
ment of the crystal packing in the co-crystal LEFPUJ, illustrating the formation of hydrogen-bonded
layers with alternating chains of the molecules of gallic acid and of 1,2-bis(pyridin-4-yl)diazene;
Figure S9: A fragment of the crystal packing in the co-crystal LALVED, illustrating the formation of
hydrogen-bonded chains from the molecules of gallic acid and 4-cyanopyridine; Figure S10: Hirshfeld
surface (left) of the second symmetry-independent gallate anion in the salt 4 and its 2D fingerprint
plot (right); Figure S11: Hirshfeld surfaces (left) of the gallate anion and their 2D fingerprint plots
(right) in other salts of gallic acid and pyridine-containing compounds from CSD identified by their
RefCodes. X-ray diffraction data for LODHIX and LODHOD are collected from the same salt at
100 K and at room temperature, respectively; Figure S12: A fragment of the crystal packing in the salt
TICZIQ, illustrating the formation of hydrogen-bonded corrugated layers from the gallate anions;
Figure S13: A fragment of the crystal packing in the co-crystal TUZDUP, illustrating the formation
of hydrogen-bonded layers; Scheme S1: Keto–enol equilibrium of 2-OH-Py favoring its keto-form,
pyridone-2; Table S1: Contributions (%) of various interactions into the Hirshfeld surface of the
molecule of gallic acid in other co-crystals of gallic acid identified by their RefCodes in CSD; Table S2:
The parameters of the hydrogen bond O-H . . . N in the heterosynthon acid–pyridine in the co-crystals
of gallic acid identified by their RefCodes in CSD; Table S3: The parameters of the hydrogen bond
N-H . . . O in the heterosynthon acid–pyridine in the gallate salts identified by their RefCodes in
CSD; Table S4: The parameters of the hydrogen bond N-H . . . O in the heterosynthon acid–pyridine
in the co-crystals 1, 2, and 3 and in the salts 4 and 5 together with the appropriate average values;
Table S5: Contributions (%) of various interactions into the Hirshfeld surface of the gallate anion in
other gallate salts identified by their RefCodes in CSD; Table S6: ∆pKa values for 1–5 and for other
two-component systems based on gallic acid identified by their RefCodes in CSD.
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