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Donepezil, an active pharmaceutical ingredient with several
different acceptor sites for halogen bonding has successfully
been cocrystallized with two perfluorinated halogen bond
donors. The prepared cocrystals provide insight into the halogen
bonding potential of organic molecules with increased structural
complexity.

Donepezil (dpz) is an active pharmaceutical ingredient (API)
that is usually taken in the form of its chloride salt as a drug
for relieving symptoms of Alzheimer's disease." To that end,
most patents and research on crystal engineering of dpz
systems, including the recent study by Lee and coworkers,
have been focused on chloride salts, polymorphism and
hydrogen bonded cocrystals, primarily with organic acids.’?
On the other hand, searching for “donepezil cocrystal” or
“donepezil co-crystal” resulted in only one match® in the
patent databases used.” In the CSD (Cambridge Structural
Database),® the donepezil molecule is present in 16 datasets.
Six of those correspond to different polymorphs of dpz,” one
dataset corresponds to a hydrate* and the remaining nine are
salts or salt solvates with: fumaric acid (refcode IGIWON),
mandelic acid (solvate refcode IGIWUT, hemihydrate refcode
IGIXEE),> maleic acid (refcode IGIXAA),> methanesulfonic
acid (refcode KUTQAT),® benzenesulfonic acid (refcode
KUTPUM, hydrate refcode IGOCIT),>® p-toluenesulfonic acid
(refcode KUTPOG),® and oxalic acid (trihydrate refcode
XETKEN).*?

From the point of view of crystal engineering multi-
component halogen-bonded materials,” dpz as a molecule
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presents an interesting multiacceptor target, since it contains
the following species that are potential halogen bond"’
acceptors: a) carbonyl oxygen atom,'" b) piperidinyl nitrogen
atom,'” ¢) two methoxy oxygen atoms in close proximity, such
that they can act as either separate acceptors, or as acceptors
of a bifurcated I'**(Omethoxy)> halogen bond,''* and d) two
aromatic ring systems'® (Scheme 1). Additionally, dpz in its
unprotonated form lacks strong hydrogen bond donor atoms,
so it can be expected that there will be no competition
between halogen bonds and potentially weak hydrogen
bonds, e.g., C-H:--O or C-H--'N. In our work, we selected
perfluorinated diiodobenzenes as cocrystal coformers for dpz
(Scheme 1): 1,4-diiodotetrafluorobenzene (14tfib) and
1,3-diiodotetrafluorobenzene (13tfib). Both selected isomers
are potential ditopic halogen bond donors that differ in their
ability to form halogen-bonded cocrystals."®

Cocrystal screening was performed by mechanochemical
means, by liquid-assisted grinding (LAG)'” of reaction
mixtures with 1:1 and 1:2 reactant stoichiometry (dpz:
donor). Milling was conducted in a Retsch MM200 mill using
stainless steel jars under normal laboratory conditions
(temperature ca. 25 °C, 40-60% relative humidity, see ESIf).
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Scheme 1 Molecular structure of donepezil and halogen bond donors
used in this study.
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The reactants and products were then characterized by
powder X-ray diffraction (PXRD) and differential scanning
calorimetry (DSC). In order to structurally characterize the
new products, mechanochemical experiments were followed
by solution crystallization experiments, by dissolving the
reactants in an appropriate solvent with heating, followed by
letting the obtained solution cool down and evaporate at
room temperature (see ESIT). The obtained products were
then structurally characterized by single crystal X-ray
diffraction (SCXRD).

Mechanochemical screening experiments have shown that
new products are formed by milling dpz with 13tfib or 14tfib.
Single crystals were obtained for both new products, and
structural analysis revealed that their formulas are: (dpz)
(13tfib) and (dpz)(14tfib),. The measured PXRD patterns for
the mechanochemical products were found to be in good
agreement with the patterns calculated from single crystal
data (Fig. 1), and the DSC experiments show that both
cocrystals were obtained as pure single phases (see ESIT).

Molecular and crystal structure determination based on
single crystal X-ray diffraction has revealed that I--N and
I---O halogen bonds are present in both cocrystals. As
expected, both 13tfib and 14tfib molecules act as ditopic
halogen bond donors. In the (dpz)(13tfib) cocrystal, each dpz
molecule participates in halogen bonding with 13tfib via
I'-*N and I**Ocarbonyl halogen bonds (Table 1). This results in
the formation of discrete four-membered halogen-bonded
assemblies (Fig. 2a). The two methoxy oxygen atoms of dpz
do not participate in the formation of either hydrogen or
halogen bonds - they are instead “blocked off” by the close
packing of the pendant benzyl fragment belonging to an
adjacent dpz molecule. The four-membered complexes are
connected into chains by C-H:-'F contacts (d(C29---F4) =
3.53(1) A) that are further interconnected in 3D via C-H--F
(d(C8---F1) = 3.327(9) A, d(C19A---F1) = 3.52(1) A, d(C20B---F1)
= 3.48(3) A) and C-H--C (d(C18-C6) = 3.646(9) A,
d(C20A---C24) = 3.53(2) A) contacts.

Similarly, both the piperidinyl nitrogen and carbonyl
oxygen atom participate in halogen bonding in the (dpz)
(14tfib), cocrystal (Fig. 2b). However, each dpz molecule in
this system participates in halogen bonding with three
crystallographically independent 14tfib molecules, in such a
way that the carbonyl oxygen atom functions as a bifurcated
halogen bond acceptor, participating in I-*:Ocarbonyl halogen
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Fig. 1 Comparison of experimental powder patterns obtained by LAG
with those generated from single crystal data.
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Table 1 Halogen bond lengths (d), angles () and relative shortenings (R.
S.) of D---A distances in the herein prepared cocrystals

Cocrystal DA dD--A)JA  RS.Y% 2£(C-D---A)/°

(dpz)(13tfib) I1---N1 2.833(4) 19.7 177.1(2)
12:--01 3.003(5) 14.2 174.3(2)

(dpz)(14tfib), I1---N1 2.910(8) 17.5 173.8(3)
12---01 3.250(9) 7.1 174.9(3)
13:--01 3.007(8) 14.1 177.9(4)

“RS. =1~ dDA)[reaw(D) + Feaw(A)].*

bonds with two 14tfib molecules (Table 1). All three
crystallographically independent 14tfib molecules exhibit
different supramolecular bonding. The first 14tfib molecule
is a ditopic halogen bond donor that connects two dpz
molecules via I'*:Ocarbonyl halogen bonds. In the second
crystallographically independent 14tfib molecule one iodine
atom participates in I-*Ocarbonyi halogen bonding with dpz,
while the other iodine atom is enveloped by the piperidinyl
and benzyl fragments of another dpz molecule. The third
crystallographically independent 14tfib molecule is a ditopic
halogen bond donor that connects two dpz molecules via
I---N halogen bonds. The resulting combination of halogen
bonds leads to the formation of an intricate molecular chain.
Halogen bonding parameters are listed in Table 1. In contrast
to the (dpz)(13tfib) cocrystal, in the (dpz)(14tfib), cocrystal
methoxy oxygen atoms participate in hydrogen bonding,
forming an R3(12) supramolecular motif (d(C35---02) =

b)

Fig. 2 Parts of the crystal structure in a) (dpz)(13tfib) and b) (dpz)
(14tfib),. Enantiomeric disorder is removed for clarity (the position of
two C atoms and their riding H atoms). Halogen bonds are coloured
orange.
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3.32(2) A, £(C35-H35A:--02) = 128°, d(C35---03) = 3.52(2) A,
Z(C35-H35A:--03) = 158°), and in combination with the
above-mentioned halogen bonding lead to the formation of a
2D network. Numerous C-H:-‘F interactions are present in
the network (d(C15---F2) = 3.14(2) A, d(C16---F2) = 3.14(2) A,
d(C32:--F6) = 3.40(2) A, d(C36---F4) = 3.36(1) A), and also
assist in network stacking into 3D (d(C20---F1) = 3.17(1) A).

While the halogen bond dataset obtained in this work is
statistically small, it mostly fits previous observations.
Halogen bonds with piperidinyl nitrogen atoms in these
cocrystals are mostly linear and have a large value of
donor---acceptor distance shortening (R.S.) with respect to
the sum of van der Waals radii'® that is comparable to well-
researched halogen bonds with pyridyl nitrogen atoms.’**°

Halogen bonds with carbonyl oxygen atoms are also quite
linear but have a slightly smaller value of R.S. The one
exception is the halogen bond with the bridging 14tfib
molecule (I12---O1) where this value drops down to only 7.1%,
which is comparable to weaker Br---O halogen bonds with
carbonyl oxygen atoms.>* This can be ascribed to
supramolecular packing effects in the (dpz)(14tfib), structure
coupled with acceptor strength. The carbonyl oxygen atom in
question is a simultaneous acceptor of two halogen bonds,
meaning that it can participate in halogen bonding in two
ways: by forming two bonds of relatively equal strength, or
by forming one stronger and one weaker bond. Since the
non-bridging 14tfib molecule has to fill in the space
enveloped by another dpz molecule, it is sterically
advantageous for it to form a strong halogen bond. As a
result, the oxygen atom weakens as an acceptor in the
direction of the bridging 14tfib molecule, which leads to a
sterically favorable lengthening of the halogen bond
(Fig. 3b). Furthermore, the bridging molecule participates in
two halogen bonds with oxygen atoms on two dpz molecules
and in supramolecular interactions with nearby weak
hydrogen bond donors, meaning that weakening of these
individual halogen bonds probably has less of an effect on
structural stability than if the bond with the non-bridging
molecule were weakened.

Thermal analysis experiments (see ESIT) have shown that
both prepared cocrystals have similar thermal stabilities.
Their DSC curves exhibit one, well-defined, endothermic peak
which corresponds to melting, at 113 °C for (dpz)(13tfib) and
111 °C for (dpz)(14tfib),. Their melting points are ca. 20 °C
higher than that of the pure dpz (91 °C). The similarity in
thermal degradation temperature is interesting, considering
their  different stoichiometries and supramolecular
architectures, as well as the fact that the pure halogen bond
donors, 13tfib and 14tfib, have a melting point of 23 °C and
108 °C, respectively.

To conclude, our cocrystallization experiments have
resulted in two new halogen-bonded cocrystals with the
selected API molecule. In line with our previous work, the
carbonyl oxygen atom has proven its potential as a good
halogen bond acceptor, along with the piperidinyl nitrogen
atom, even if they are present in a bulkier molecule such as

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Parts of the crystal structure of: a) (dpz)(13tfib), b) (dpz)(14tfib),
showcasing the supramolecular connectivity in a layer. c) Spacefill
view of a part of the crystal structure in (dpz)(14tfib),. Enantiomeric
disorder is removed for clarity (the position of two C atoms and their
riding H atoms). Halogen bonds are coloured orange, C-H---F contacts
are coloured green and C-H---O hydrogen bonds are coloured blue.

dpz, which contains a larger variety of functional groups that
are potential acceptor sites. Furthermore, the carbonyl oxygen
atom as both a monocentric or bifurcated halogen bond
acceptor species turned out to be competitive with the
piperidinyl nitrogen atom. In keeping with previous
comparisons of 13tfib and 14tfib cocrystals, this work reveals
similarities in halogen bond lengths and melting points of
their cocrystals,'® as well as differences in stoichiometric
compositions of cocrystals and the underlying halogen
bonding motifs. Finally, we believe that the described results
are important in the context of crystal engineering of
pharmaceutical materials and in tuning API solid state
properties. Further research into halogen bonding might
allow for the design of new families of halogen bond donors
which could then be used as appropriate coformers in future
pharmaceutical cocrystals.
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