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A selection of 10 mono- and dihalopyridines have been used as
salt coformers for benzenesulfonic and p-toluenesulfonic acids.
the
bifunctional donors of both charge-assisted hydrogen and

In most cases, resultant halopyridinium cations are

halogen bonds to the sulfonate anions.

Strong intermolecular interactions like hydrogen (HBs) and
halogen bonds (XBs) determine how molecular building
units will connect in the crystal.'™ Understanding these
interactions enables the rational design of crystalline
materials, single-component as well as multi component
solids, with tailored structures and properties.*® Due to
their directionality and predictability, HBs and XBs are
among the most studied intermolecular interactions, with
applications in the crystal engineering of both organic and
metal-organic systems.""'°* Their strengths range from
weak (~10 kJ mol™) to strong (>40 kJ mol™).">'® Halogen
bonds, characterised by a localised oc-hole, are generally
more directional than hydrogen bonds and can be finely
tuned by varying the halogen atom or adjacent
substituents."””>' Despite extensive studies on systems
dominated by either HB or XB, the interplay between
them—especially in cocrystals of neutral bifunctional HB/
XB donors—remains relatively underexplored.’*** The
Cambridge Structural Database (CSD)** contains only 65
entries on multicomponent systems involving nitrogen-
based acceptors and simple HB/XB bifunctional donors e.g.
perhalogenated anilines, phenols, benzoic acids, and
N-(benzylidene)hydroxylamines, representing the majority of
studied systems featuring neutral HB/XB bifunctional
donors.>**° However, another well-established approach to
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studying systems containing bifunctional HB/XB donors
involves salts based on halogenated aromatic amines and
halogenated N-heterocycles (e.g. halopyridines).*'?® Over
the past two decades, both protonated and N-alkylated
halogenopyridines have been extensively investigated as
halogen bond donors, forming interactions with a variety
of organic and inorganic anions.'®*°™*° Similar to neutral
halogen bond donors, the strength of cationic halogen
bond donors decreases from iodo- to chloro-substituted
derivatives.*>*®*® gtilinovi¢ and co-workers have recently
performed a structural and computational study of the
potential of halopyridinium cations as halogen bond
donors.>®  They investigated iodide salts of mono-
halogenated pyridine derivatives in both protonated and
N-methylated forms and have shown that although
protonation and N-methylation of halogenopyridines
enhance the electrostatic potential (ESP) of the halogen
c-hole, this site is not always the most positive region on
the cation, especially in chloropyridinium derivatives. In
these cases, hydrogen and carbon atoms often exhibit
higher ESP values, explaining the low frequency of halogen
bonding in their crystal structures. In accord with their
findings and considerations, our analysis of the CSD on
crystal  structures containing simple 2-; 3- and
4-halopyridinium cations has shown two general trends,
firstly, that iodopyridinium cations reliably form halogen
bonds regardless of the position (about 80% frequency for
2-halopyridinium cations and 90% for
4-halopyridinium cations), while bromopyridinium and
chloropyridinium cations have similar frequencies for each
position of the halogen atom, and secondly, that 2- and
especially 4-halopyridinium cations are significantly more
frequent halogen bond donors (Table S$4).>* The Ilarger
halogen size may compensate for lower ESP, facilitating
stronger halogen bonding through reduced steric
hindrance and increased contact surface. Thus, while
halopyridinium cations are not necessarily superior to
neutral donors, iodopyridinium species in particular serve

over
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as reliable bifunctional HB/XB donors and are valuable
tools in the design of halogen- and hydrogen-bonded
supramolecular architectures.

As a step towards further exploration of both the potential
and the limitations of halogenopyridinium cations as
bifunctional HB/XB donors with larger organic anions, in this
research, we selected a series of mono- and dihalopyridines:
3-chloropyridine (3Clpy), 3-bromopyridine (3Brpy),
3-iodopyridine (3Ipy), 4-iodopyridine (4Ipy),
2,6-dichloropyridine (26diClpy), 2,6-dibromopyridine
(26diBrpy), 3,5-dichloropyridine (35diClpy),
3,5-dibromopyridine (35diBrpy), 5-bromo-2-chloropyridine
(5Br2Clpy) and 5-bromo-2-iodopyridine (5Br2Ipy) (Scheme 1)
and combined them with two highly acidic sulfonic acids,
benzenesulfonic (bsaH, pK, = -2.7) and p-toluenesulfonic
acids (ptsaH, pK, = —5.4).°° Our hypothesis was that the
combination of sulfonic acids with halopyridines would
result in the protonation of the pyridyl nitrogen atom,
allowing us to obtain salts featuring strong N-H---O
hydrogen bonds. Since these acids can be multitopic
acceptors of hydrogen or halogen bonds through their three
oxygen atoms, we expected the simultaneous presence of
X---O halogen bonding, which would depend on the
halopyridine used. Specifically, we anticipated that bromo-
and iodopyridines would form halogen bonds, while
chloropyridines would not, in accordance with previous
studies.*®*"** Additionally, we were interested in evaluating
the effect of the position of halogen atoms both in mono-
and dihalopyridines on the overall cation-anion network.

Salt screening experiments were performed by liquid-
assisted grinding (LAG) and crystallisation from solutions.
Bulk products of the 5Br2Ipy salts required for further
characterisation were also obtained by slurrying reactant
mixtures for several days in n-hexane. Mechanochemical
experiments were performed on a Retsch MM200 Shaker Mill
using stainless steel jars and stainless steel balls under
normal laboratory conditions (temperature ca. 25 °C, 40-60%
relative humidity, see the SI for details). Crystallisation
experiments were performed by dissolving a reactant mixture
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Scheme 1 Molecular structures of sulfonic acids and mono- and
dihalopyridines used in this study.
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in an appropriate solvent, with heating, followed by letting
the solvent or solvent mixture cool down and evaporate at
room temperature. The obtained products were characterised
by powder (PXRD) and single-crystal X-ray diffraction
(SCXRD), as well as by differential scanning calorimetry
(DSC). Potentiometric and UV/vis spectrophotometric
titrations of mono- and dihalopyridines with dilute
hydrochloric acid or perchloric acid were performed in order
to determine the pK, values of pyridines and to compare
their Lewis basicities with the results obtained in the solid
state (see the SI for titration details, experimental and
calculated curves, species distribution curves and UV/vis
spectra).

Out of 20 combinations, we obtained a total of 10 novel
solids by crystallisation experiments from a solution of
reactants, which were all characterised by SCXRD and found
out to be salts. Of those, eight were obtained by LAG
(Table 1). Milling 3Clpy and ptsaH, 3Brpy and ptsaH, or
35diBrpy and ptsaH under the same conditions resulted in
liquid products. Slurry experiments were used to obtain bulk
amounts of pure (bsa)(5Br2IpyH) and (ptsa)(5Br2IpyH)
products.

5Br2Ipy was found to be the only dihalopyridine which
formed salts when reacted with both acids. The solids
obtained by LAG from the systems containing 2,6- or
3,5-dihalopyridine and bsaH and ptsaH were revealed to be
either solid mixtures of the reactants or a mixture of an
unknown phase and one of the reactants. Products obtained
by milling 35diClpy and bsaH, or 35diBrpy and bsaH could
not be fully characterised since solution experiments resulted
in mixtures or amorphous phases. In order to rationalise the
results of our salt screening, we investigated the protonation
properties of the studied pyridine derivatives in aqueous
solutions. It is important to emphasise that the aqueous pK,
values have been commonly used to interpret the reactivity of
solids in the solid state that potentially involve proton
transfer or to rationalise the outcomes of salt or cocrystal
screening either mechanochemically or wvia solution
crystallisation from a variety of non-aqueous solvents.”*>®
Therefore, the measured pK, values should be interpreted as
a measure of the relative intrinsic basicity of the studied

Table 1 Comparison of results obtained mechanochemically (LAG) and
by crystallisation experiments in solution (SOL)

bsaH
LAG

ptsaH

Halopyridine SOL LAG SOL

3Clpy
3Brpy
3Ipy

4Ipy
35diClpy

35diBrpy
26diClpy
26diBrpy
5Br2Clpy -
5Br2Ipy +

I+ 4+ o+ A+ o+ +
I+ 4+ o+ o+
I+ o+
I+ 4+ o+ 4+
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Table 2 Experimentally determined pK, values for mono- and
dihalopyridines used in this study. Both potentiometric and
spectrophotometric determinations were performed in water, at an ionic
strength of 0.1 mol dm™ and at 25 °C

Halopyridine pPKa

3Clpy 3.02(1)*

3Brpy 3.17(1);" 2.91(1)°
3Ipy 3.55(1)"

41py 4.04(1)*
35diClpy 0.37(1)°
35diBrpy 0.75(1)°

“ Potentiometric value. ? Spectrophotometric value.

pyridine derivatives and should not be correlated with proton
transfer mechanisms under the used LAG conditions (where
the liquid phase has a catalytic role, can influence the
molecular diffusion, the crystallinity of the product, etc.)’*>®
and crystallisation conditions.”> We performed pH
potentiometric titrations (see the SI for experimental details)
which enabled the determination of pK, values for 3Clpy,
3Brpy, 3Ipy, and 4Ipy (Table 2). On the other hand, the
presence of 26diClpy, 26diBrpy, 35diClpy, 35diBrpy or
5Br2Clpy in the titrated solution had no evident effect on the
pH which suggested that these compounds featured rather
low basicity. Therefore, we performed spectrophotometric
titrations, which is a method suitable for the determination
of such low pK, values given that the characteristic spectra of
the protonation species differ significantly. Indeed, as excess
of acid was added to the solutions of investigated pyridines,
significant spectral changes were detected and the obtained
titration curves could be processed by assuming protonation
of the pyridine molecule. This approach enabled quantitative
characterisation of protonation properties for 35diClpy and
35diBrpy and yielded pK, values lower than 1, confirming
that the basicity of these compounds is rather low (Table 2).
Furthermore, when 26diClpy and 26diBrpy were titrated with
perchloric acid, no spectral changes occurred, even after
more than 5000 molar equivalents of acid were added. This
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strongly suggested that the protonation of the 2,6-substitued
derivatives is an extremely unfavorable process.

A comparison of the results obtained by the two methods
for 3Brpy shows that they give similar values; therefore, the
spectrophotometric values can be used in conjunction with
potentiometric ones for the purpose of establishing a trend.
It should be mentioned that the pK, value for 5Br2Ipy could
not be determined, because of too low solubility of the
compound. The results described above provide a strong
foundation for the rationalisation of the fact that salts of 2,6-
and 3,5-dihalopyridines could not be obtained. Namely, our
results strongly indicate that these pyridines simply feature
too low a basicity for proton transfer from the studied
organic acids to be thermodynamically favorable in any
medium, including in the solid state. Surprisingly, it seems
that the basicity is so low that not even hydrogen bonded
cocrystals could be formed.

Structural analysis of the obtained salts revealed that the
expected charge-assisted N-H:--O hydrogen bonds are
formed in all ten cases. Additionally, X---O halogen bonds
(X = I, Br, Cl) are present in the structure of the salts with
bromo- and iodo-substitued pyridines and in (3ClpyH)(bsa).
On the other hand, Cl---O halogen bonds have been found
in (3ClpyH)(ptsa), a trend that is in line with previous
studies affirming the chlorine atom as the weakest halogen
bond donor. Hydrogen bonds N-H:--O and all halogen
bonds and their corresponding parameters are listed in
Table 3. A characteristic typical for the 3-chloropyridinium
and 3-bromopyridinium salts is the formation of a
tetrameric cation-anion structural motif. In (3ClpyH)(ptsa),
the tetramer is formed by a combination of N-H---O and
C-H---O hydrogen bonds (Fig. 1a), and tetramers are then
connected into a 3D network by a combination of C-H---Cl,
C-H---n and additional C-H---O contacts. The tetramer
motif in (3ClpyH)(bsa), (3BrpyH)(bsa) and (3BrpyH)(ptsa) is
formed by a combination of N-H:--O and Br:--O or Cl---O
bonding (Fig. 1b-d). In these bsa salts, one oxygen atom is
a simultaneous hydrogen and halogen bond acceptor, while
in the ptsa salt the tetramer is established through two

Table 3 Geometric parameters of N-H:--O hydrogen and halogen bonds in the obtained salts

Salt d(N-H---0)/A Angle/° XA d(x---A)/A Angle/° R.S.%/%
(3ClpyH)(bsa) 2.776 171.3 Cl1---01 3.308 152.8 0.3
(3ClpyH)(ptsa) 2.750 172.6 — — — —
(3BrpyH)(bsa) 2.918 167.9 Brl---03 3.136 158.5 6.6
(3BrpyH)(ptsa) 2.598 163.9 Br1---02 3.284 163.6 2.3
(3IpyH)(bsa) 2.699 159.9 I1---03 2.973 173.1 16.0
(3IpyH)(ptsa) 2.629 162.5 I1---03 3.253 164.7 8.1
— — 02 3.464 163.5 2.1
(41pyH)(bsa) 2.684 171.6 I1---03 2.998 171.4 15.3
(41pyH)(ptsa) 2.670 175.3 I1---02 2.951 173.9 16.6
(5Br2IpyH)(bsa) 2.662 175.5 I1---03 2.835 171.8 19.9
2.871 157.3 12:--02 3.059 171.7 13.6
— — Br2---02 3.074 153.7 8.5
(5Br2IpyH)(ptsa) 2.709 176.9 I1---01 2.798 170.8 21.0

“R.S. =1 - d(D-A)/[Fvaw(D) + Fvaw(A)]; Fvaw are Alvarez's van der Waals radii.>
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Fig. 1 Halogen and hydrogen bonded tetramers in crystal structures
of: a) (3ClpyH)(ptsa), b) (3ClpyH)(bsa), c) (3BrpyH)(bsa) and d) (3BrpyH)
(ptsa).

different oxygen atoms. In (3ClpyH)(bsa) and (3BrpyH)(bsa),
these tetramers are further connected first into a chain by
bifurcated C-H:--O hydrogen bonds and then into a 3D
network by a combination of additional C-H---O and C-H--'n
hydrogen bonds, while in (3BrpyH)(ptsa) these tetrameric
units connect into a 3D network by additional C-H:--O
hydrogen bonds. The tetramer motif is also present in (3IpyH)
(ptsa), where it is formed by a combination of N-H---O and
I---O bonding, and where the iodine atom is a bifurcated
donor (Fig. 2b). The connectivity yielding the 3D network is
achieved through a combination of C-H:--O and C-H:-'I
hydrogen bonds and stacking. In (3IpyH)(bsa), N-H:--O and
I---O halogen bonds lead to the formation of an undulating
chain that is further stabilised by C-H:--O hydrogen bonds
(Fig. 2a). The chains are connected into a 3D network through
additional C-H---O hydrogen bonds. As we hypothesised, a
change in the position of the iodine substituent on the
pyridine ring leads to a significantly different network.

In (4IpyH)(bsa), chains in the crystal structure are
formed by I'--O halogen bonds in cooperation with N-H-:-O
and C-H---O hydrogen bonds that form a R3(7) motif. Two
parallel chains are then connected into a wider chain by

Fig. 2 Parts of supramolecular chains in crystal structures of: a)
(3lpyH)(bsa), b) (3lpyH)(ptsa), c) (4lpyH)(bsa), and d) (4lpyH)(ptsa).
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additional C-H:--O hydrogen bonds; these resultant chains
are connected into layers by C-H:--m contacts, and the
layers are then stacked in the 3D structure. On the other
hand, in (4IpyH)(ptsa), chains are formed by a combination
of N-H--O hydrogen and I---O halogen bonds
(Fig. 2c and d), and the ptsa anions alternate between two
orientations. The chains in (4IpyH)(ptsa) are further
connected into 2D layers by C-H--*O hydrogen bonds. As
already stated, only two salts including dihalopyridines have
been obtained, both involving 5Br2IpyH. The main
similarity between the structures of (5Br2IpyH)(ptsa) and
(5Br2IpyH)(bsa) lies in the fact that a combination of I---O
and strong N-H---O bonds leads to the formation of a
zipper-like chain (Fig. 3a). In the ptsa salt, the chains are
then connected into a 3D network by numerous C-H:--O
hydrogen bonds. In (5Br2IpyH)(bsa), two symmetrically
inequivalent bsa and 5Br2IpyH ions are present. While one
ion pair forms the aforementioned chain, the other cation
and anion are statistically disordered (see the SI for details),
also forming a chain held together by N-H:--O and C-H---O
hydrogen bonds.

This chain is linked to nearby zipper-like chains via I---O
and Br---O halogen bonds (Fig. 3b). The final 3D network is
obtained by combining all of the mentioned interactions with
additional C-H---O hydrogen bonds.

Thermal analysis results show that in most cases there is
a single, well-defined peak corresponding to the melting
point in the temperature range of 111-157 °C (Table 4). Three
trends can be identified: 1) salt melting or decomposition
temperatures are well above the melting temperatures of both
the sulfonic acid and the used halopyridine; 2) salts with bsa
have higher melting or decomposition temperatures than
corresponding ptsa salts, an exception being 5Br2IpyH salts,
where the opposite is the case; 3) exchanging a halogen atom
for another that is a stronger halogen bond donor results in
a slight increase in the melting or decomposition
temperature (the only exception is (3ClpyH)(bsa)).

O X
b)

o fo .

"RRER

Fig. 3 Parts of supramolecular chains in crystal structures of: a)
(5Br2lpyH)(ptsa) and b) (5Br2lpyH)(bsa). Disordered formula units in b)
are omitted for clarity.
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Table 4 Onset temperatures (to) of melting and decomposition
processes in salt DSC curves, and tabulated values for sulfonic acids and
halopyridines that are solids at 25 °C

Compound te/°C
(3ClpyH)(bsa) 138
(3ClpyH)(ptsa) 111
(3BrpyH)(bsa) 130
(3BrpyH)(ptsa) 110
(3IpyH)(bsa) 135
(3IpyH)(ptsa) 125
(4IpyH)(bsa) 136
(4IpyH)(ptsa) 115¢
(5Br2IpyH)(bsa) 138
(5Br2IpyH)(ptsa) 156
bsaH 51°
ptsaH 38?
3Ipy 53-56"
41py 80”
5Br2Ipy 112-113°

4 Decomposition temperature. ” Tabulated value.

Conclusions

To conclude, we have successfully synthesised ten salts of
benzenesulfonic and p-toluenesulfonic acids with a series of
mono- and dihalopyridines. In accord with previous findings
and our hypothesis, the obtained structural data allow us to
ascertain that the dominant intermolecular interactions in
these systems are charge-assisted hydrogen bonds formed
upon proton transfer from the acid to the pyridine nitrogen
atom. The next most important interactions are the X---O
halogen bonds, of which I---O are expectedly stronger
(according to the geometric parameters) than Br---O and
Cl---O halogen bonds. Monohalopyridines have been
determined to be more reliable as hydrogen bond donors.
According to our results, this is due to their higher basicity
compared to dihalopyridines, combined with the observed
lack of Cl---O halogen bonding and relative weakness of
Br--O  halogen bonding. Therefore, bromo- and
iodopyridines have been confirmed as potential bifunctional
donor molecules in systems involving strong organic acids.
With regards to bsaH and ptsaH, both acids have proven
amenable coformers for halopyridines of high enough
basicity, as the resulting bsa and ptsa ions were shown to be
polytopic hydrogen and halogen bond acceptors that could
participate in the formation of a variety of supramolecular
architectures.
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