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A series of nine complexes and 109 literature examples containing
a carboxylic acid functional group and a pyridine functional group
on separate molecules follow the ApK, rule such that proton
transfer occurs at values above 3 to form a molecular salt and
none at values below 0 to form a co-crystal. In the intermediate
range, there is a predominance of molecular salt over co-crystal
formation. The complexes discussed show that calculated pK,'s
are good predictors of the outcome.

Crystal engineering is about the control of the assembly of
organic and inorganic components to a desired structure or a
desired property." Organic components can be used either in
their unimolecular state or in their bimolecular state with a
predictable combination of different molecules.> Complexes
between two or more organic compounds that remain neutral
result in a multi-component molecular complex.* This sce-
nario is often referred to as a co-crystal (or cocrystal!).” In a
binary situation, an additional scenario is for the two compo-
nents to undergo an intermolecular proton transfer, with
complimentary acid and basic functional groups.® Such com-
plexes are known as molecular salts® as they do not contain
inorganic acids or bases. The interactions between the neutral
and ionised species are often governed by a variety of inter-
molecular interactions,” and their strength can be dependent
on the covalent or electrostatic component. In summary,
hydrogen bonding interactions as seen in co-crystals have lon-
ger intermolecular distances compared to hydrogen bonds
seen in molecular salts.® The key for the crystal engineer, who
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wants to be able to predict and hence control the assembly of
his multi-component complex, is to know if in solution pro-
ton transfer will or will not take place. This depends on the
basicity and acidity of the functional groups that will partake
in the hydrogen bonding.” An easy route of obtaining a quali-
tative answer comes from looking at the difference in pK,
values of the acid and basic functional groups. There exists a
“rule of 3” that states that for values of ApK, = pK, (proton-
ated base) - pK, (acid) less than 0 a co-crystal forms (all com-
ponents in their neutral states), and for differences greater
than 3, a molecular salt forms (all components are charged,
but the overall complex is neutral of course)."’ For an inter-
mediate value, no accurate prediction can be made on the
outcome.'" These calculations are often based solely on calcu-
lated pK,'s given for species in water solutions. In this report,
we want to put these predictions to the test by preparing a
series of nine complexes that have a range of calculated ApK,'s
from less than 0 to greater than 3 and then observing the out-
come in their solid state form. The choice of molecules was
dependent on the type of functional groups, which need to be
able to display hydrogen bonding both in their neutral and
charged forms. Hence, molecules with a pyridine group and a
carboxylic acid group on the second molecule have been cho-
sen. The hydrogen bonds expected for a co-crystal and a molec-
ular salt are COO-H*Np,,, and COO ---H-N,,,", respectively.
An additional reason was that these functional groups are
often found in drug molecules, and a current avenue of
research in solid-state organic chemistry is the design of com-
plexes that have neutral or charged components, as this can
influence the bio-availability and solubility of the drug
component.'?

To simplify the study, the same molecule with the carbox-
ylic acid group is used, and the second molecule contains the
pyridine having a number of different substituents to form a
series of nine related molecules with amine, bromo, chloro,
nitro, and phenol groups. These substituents influence the
basicity of the pyridine group, as shown in Scheme 1. The mol-
ecule with the carboxylic acid group is 2-chloro-4-nitrobenzoic
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Scheme 1 The structural diagrams of the carboxylic acid and nine
pyridines used in this study, as well as the primary hydrogen bonding motif
expected for co-crystal and salt formation. The pK, values and resulting
ApKj's are given for all the complexes based on calculated values.

acid, which is also a potential anti-HIV molecule that has been
used in crystal engineering studies before."* The pK, values
were calculated using the predictor functionality in Sci-Finder,
using the programme Advanced Chemistry Development."* The
calculation of pK, values for drug discovery and formulation
has been used by various researchers**” as well as in a similar
study to that presented here for a matrix of 4-substituted
benzoic acids and 4-substituted pyridines.> Nine complexes
(1-9) are formed. Experimentally, the same crystallization pro-
cedure was used, where a stoichiometric 1:1 ratio was used
and dissolved in methanol.} Single crystal diffraction data
for all compounds was done at —100 °C.} To put the results
of the series of complexes into context, a database analysis of
109 complexes having these two functional groups was
undertaken.}

The nine different pyridines used have a range of pK,'s
from 0.79 to 6.67. The carboxylic acid used has a pK, of 2.04.
Hence, we have been able to synthesize complexes that have
a ApK, < 0 (co-crystals 1 and 2), 0 < ApK, < 3 (co-crystals 3,
4, and 6; salts 5, 7, and 8), and lastly ApK, > 3 (salt 9). This
is summarized in Scheme 1. The intermediate values too
between 0 and 3 do indeed show that either a salt or a co-
crystal can form. The most commonly seen hydrogen bond-
ing motifs are shown in Fig. 1 and have been observed in pre-
vious work with hydroxybenzoic acids and aminopyridines."®
The heterosynthon'” COO-H:-N,,, formed between a carboxylic
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acid donor and a pyridine acceptor is observed in all the co-
crystals 1-4 and 6. In 3 and 6, there is an R}(6) ring formed
between one of the amine H and phenol H, respectively. In
the molecular salt structures, proton transfer has occurred to
the pyridinium base to form a COO --*H-Np," hydrogen
bond. In addition, a hydrogen bond from the ortho amine to
the carboxylate group forms an 8-membered R3(8) ring'®
motif, where the two carboxylate O atoms act as hydrogen
bond acceptors and two hydrogen atoms (pyridium-H and
amine-H) as donors. In addition, an eight membered R3(8)
motif is observed that joins two R3(8) motifs together. This
pattern is seen in 5, 7 and 8. A possible reason for this com-
monality is the amine group ortho to the pyridinium group in
those three structures, enabling the formation of a robust
2-aminopyridinium-carboxylate heterosynthon.'® The molecu-
lar salt with 2,6-dimethylpyridine is the only one in the series
that is predicted to form a salt, and that is observed. The
hydrogen bonding here is simply a COO™---H-N,,," hydrogen
bond. There are no other hydrogen bonding functional
groups present. There are of course further intermolecular
interactions, but these are not included in the description for
the sake of brevity. By looking at the average D---A distances,
there is a greater range for the salt compounds 5, 7-9 of
2.64(8) A than for the co-crystal ones at 2.67(4) A. The
shortest D---A distance is found in 9 (2.58(2) A) with the
greatest ApK, = 4.63. There are no other trends identifiable
with regard to hydrogen bonding and ApK,, and there was no
intermediate COO-H:+*N,,/COO -+-H-N,,," hydrogen bond-
ing observed. All compounds were characterized by powder
X-ray diffraction and confirm bulk purity.

The database analysis of similar complexes was under-
taken to identify first all the structures that have a carboxylic
acid group and a pyridine, respectively, on separate mole-
cules. Additionally, no solvated complexes were taken into
consideration. A total of 109 complexes were ultimately
selected and categorized as either a co-crystal or a salt. From
calculated ApK,'s, predictions were made according to the
ApK, rule on what type of complex should be observed and
then compared to the observed result. The analysed data in a
spreadsheet are given in the ESIL{ Fig. 2 shows the results of
the calculated ApK, and the observed complex formed. In the
upper range ApK, > 3 onwards, there are 38 molecular salts and
no co-crystals. The range with ApK, < 0 shows 22 co-crystals
and no molecular salts, again as expected. In the intermediate
range between 0 and 3, there are 15 co-crystals and 34 molecular
salts. In fact, there are the same number of co-crystals with
0 < ApK, < 1.5 as there are in 1.5 < ApK, < 3. The
unpredictability can be seen especially when one looks at
what complex is formed close to the end points of the inter-
mediate range (in a range of 0.5): there are three co-crystals
and two salts within 0.07 < ApK, < 0.47 and two co-crystals
and three salts within 2.52 < ApK, < 2.93. Hence, there is no
trend of having significantly more co-crystals closer to zero
and more salts closer to 3. It must also be noted that the
molecular environment and the number and types of species
in solution can alter the outcome.>’

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 A selection of the most commonly observed hydrogen bonding interactions in complexes 1-5 and 9 together with the starting material

pyridine used.

Similar studies where a range of complexes was made
using pyridine derivatives as acceptors have been done
(Table 1). Bhogala et al. looked at di- and tricarboxylic acids
together with 4,4-bipyridines and isonicotianmide.”" The pK,
values were from known literature values, and the authors
found that the pK, range can be extended from 3 to 3.75.
Stilinovié¢ et al.®* studied co-crystals and salts of gentisic acid
(pK, = 2.82) with 20 different pyridines (spanning a range of
-0.7 < ApK, < 4.7) and obtained 22 complexes. Their pK,
values were determined experimentally in aqueous solution,
and their crystallizations were done using an ethanol-water
solution. They found that proton transfer did not occur for
ApK,'s < 2 and always occurred for ApK, > 2.5. Hence, the
range of uncertainty is 0.5 unit and could be indicative of the

A Salt Distribution

Co-crystal Distribution

Fig. 2 The 109 complexes found in the CSD, plotted as a function of
ApK, and the observed co-crystal or salt complex.

This journal is © The Royal Society of Chemistry 2015

larger range required to make accurate predictions from
calculated instead of experimentally determined pK, values.
Another study was by Childs et al®>® looking at 2-amino-
pyrimidine complexes with a variety of carboxylic acids. The
pK,'s in their study were calculated using the same program
as in our study. The authors found that in the range 0 <
ApK, < 2, eight co-crystals and seven salts were formed. It
was found that the intermediate range, where either co-crystal
or salt can form, should be delineated by a transition range,
and not fixed values like 0 or 3. The authors account for the
unpredictability of the intermediate range not only on a poor
correlation between pK, values and proton transfer but also
the molecular environment, similarly to how a pK, value can
change with a change in solvent.>* By also using theophylline
in their study, which is amphoprotic, complexes using a series
of carboxylic acids and amines showed that the ranges of
ApK, can be specific for the system under investigation.

The most related work that also clearly illustrates the com-
plexity of co-crystal versus salt observations according to the
ApK, rule is a study by Mohamed et al.®® that used a matrix
of pyridine and 4-dimethylpyridine with 5 carboxylic acids.
The pK, values were obtained from the literature in aqueous
solutions and corrected for activity effects. The complexes
with pyridine formed both co-crystals and salts and the neu-
tral COO-H"'Np,, or ionic COO -*H-Np,," variants of hydro-
gen bonds are observed, and for 4-dimethylpyridine, only
salts were formed. This is in exact agreement with the ApK,

CrystEngComm, 2015, 17, 3591-3595 | 3593
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Table 1 Studies of other carboxylic acid-pyridine complexes

Acid/pyridine pK, values ApK, range = Complexes Rule Ref.
4-Substituted benzoic acids/4-substituted pyridines Calculated from ACD Labs -2.94t0 6.1 22 cc, 11 salts -1 < ApK, <4  15¢
Di- and tricarboxylic acids/bipyridines and isonicotinamide Literature -2.95t02.90 13 cc,3salts 0 < ApK, < 3.75 21
Gentisic acid/21 pyridines Aqueous solutions -0.7 to 4.7 5cc, 16 salts 2 < ApK, < 2.5 22
29 Acids/2-aminopyrimidine Calculated from ACD Labs -1.08to 3.77 17 cc, 8 salts 0 < ApK, < 2 23
Pyridine and 4-dimethylaminopyridine/5 dicarboxylic acids Aqueous solutions 1.68to 7.78 2 cc, 7 salts 0 < ApK, < 3 25

rule as used in this study. However, for the combination of
fumaric acid with 4-dimethylaminopyridine, the molecular
salt formed with fumarate also has a neutral fumaric acid
molecule in the crystal structure. The difference in pK, is
6.68 and thus shows that the solid state complex that is
formed can violate the empirical rules being used.

In conclusion, this study, looking at a limited matrix of
one carboxylic acid with 9 pyridines, corresponds exactly with
the ApK, rule, forming co-crystals below 0 and salt above 3
and the intermediate range favourable for both. A further
study of already known complexes featuring carboxylic acids
and pyridine complexes shows that the lower and upper
limits are in perfect agreement for the functional groups.
Complexes approaching the 0 and 3 endpoints show no
favouritism to co-crystals over salts.
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