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Apremilast is a poorly soluble active pharmaceutical ingredient. It is prone to form multicomponent
crystals and crystallizes in very similar molecular arrangements. We have crystallized apremilast with
derivatives of halogen benzoic acid. Such compounds are known to moderate crystallization processes to
different polymorphs of paracetamol. Surprisingly, apremilast structure packing was able to accommodate
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the o- and m-halogen benzoic acid derivatives in the same structure type as for known structures. On the
other hand, crystallization with p-halogen benzoic acid derivatives leads to a cocrystal form with a rare
molecular arrangement, which is likely less stable, and hence not preferred in the structures with smaller

DOI: 10.1039/d5ce00770d
co-formers. The new forms were characterized by Single Crystal and Powder X-Ray Diffraction, and their
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Introduction

Non-covalent interactions are significant in functional material
formation."* These interactions allow for cocrystal creation
and crystal engineering of the desired physicochemical
characteristics of active pharmaceutical ingredients (APIs).?
Properties, such as stability, hygroscopicity, and solubility, can
be altered without changing the molecular structure of the
APL*

A hydrogen bond network is typically the primary force
driving the formation of crystalline multicomponent forms.”
However, in some cases, other interactions, such as halogen
bonds and n-= interactions, play a more dominant role.

Apremilast (APR) (Fig. 1) is an oral drug that inhibits
PDE4 activity. Out of many known forms, form B, which is a
thermodynamically stable anhydrous form, is used in the
drug formulation.®” In 2014, it was approved by the US Food
and Drug administration for the treatment of psoriasis and
PsA and in 2015 by the European Commission.® APR is used
to treat adult patients with moderate to severe plaque
psoriasis who have contraindications or are intolerant to
other systemic therapies.’ According to the Biopharmaceutical
Classification System (BCS), APR belongs to the class IV type
of drug (drugs with low solubility and low permeability)."
Poor solubility is a significant issue for orally administered
drugs. Multicomponent forms of APR showed high intrinsic

“ Department of Solid-State Chemistry, University of Chemistry and Technology,
Technicka 5, 166 28 Prague 6 — Dejvice, Czech Republic. E-mail: cejkaj@vscht.cz
b Department of Physical Analytical Chemistry, National Research Tomsk
Polytechnic University, Lenina Avenue, 30, 634050, Tomsk, Russia

This journal is © The Royal Society of Chemistry 2025

stability was studied and compared by Differential Scanning Calorimetry and Thermogravimetric Analysis.

dissolution rates compared to those of form B.'"'> Thermal

analysis of multicomponent forms has shown varying results
from 107 °C (APR solvate with dichloromethane) to 189 °C
(APR cocrystal with salicylic acid).""™">'7 The melting points
of some cocrystals (e.g. APR with nicotinamide,"® cinnamic
acid,™ caffeine’® and 4-hydroxybenzoic acid'®) and solvates
(e.¢. APR with dichloromethane, ethyl acetate, pyridine)'®
were lower than the APR melting point (158 °C),"” in contrast
to APR solvates (e.g. APR with toluene'®) and cocrystals (e.g.
APR with phthalic acid,"* and salicylic acid'*) with slightly
higher melting points. While APR form B crystallizes in a
monoclinic P2; space group, the structures of the
multicomponent forms share the same structure type, held
together by n-m interactions, in the tetragonal P4,2,2 space
group. The APR cocrystal with cinnamic acid crystallizes in
the orthorhombic P2,2,2, space group."*™*

Halogen derivatives of benzoic acid have drawn our
attention because of their ability to selectively control the
paracetamol polymorphism. The sole presence of dissolved
halogen benzoic acids in the mother liquor led to
spontaneous crystallization of paracetamol form II instead of
form 1.'° The halogen substitution of the benzoic ring has an
impact on molecular packing in cocrystals.?*>* The midplane
distance of the acridine framework increases with the
halogen substituent size.** The substituent position affects
the type, strength, and number of intermolecular bonds in
acridine cocrystals with halogen benzoic acid (HBA), and
hence it affects the stability and melting temperature of the
products.*®

We investigated the impact of halogen benzoic acid
derivatives on the crystal packing of the APR forms. A series
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Fig. 1 Molecular structure of apremilast.

of benzoic acid derivatives was inspected, as variable
effectivity of paracetamol form II crystallization depending
on various derivatives was reported. We expected
crystallization of new forms, as well as the possibility of
incorporation of halogen benzoic acid derivatives into the
APR structure. Our further research aimed to examine APR
solid forms with five similar coformers and to explore how
the position of substituents in the coformer affects the
structural and physicochemical properties of the resulting
solid forms.

Experimental

Five halogen derivatives of benzoic acid (2-chlorobenzoic acid,
3-chlorobenzoic acid, 4-chlorobenzoic acid, 3-bromobenzoic
acid and 4-bromobenozoic acid) were chosen to find new forms
of APR, preferably new polymorphs. To our surprise, the
benzoic acid derivatives not only failed to induce crystallization
of new polymorphs, but also were prone to enter the structure
of APR, thus creating a distinctive series of cocrystals.

Materials

Commercially available compounds were used without further
purification. The solvents were analytical and chromatographic
grade purity, apremilast (form B) was provided by the
pharmaceutical company Zentiva; 2-chlorobenzoic acid, 98%,
3-chlorobenzoic acid, 99+%, 4-chlorobenzoic acid, 99%, and
4-bromobenzoic acid, 97%, were obtained from Acros Organics
Ltd., Belgium; 3-bromobenzoic acid, 99%, was obtained from
ThermoFisher Scientific Co. Ltd., Brno, Czech Republic.
Distilled water was used for experiments.

Cocrystal synthesis and single crystal preparation

Slow solvent evaporation from a solution of APR and a
coformer was used for the synthesis of the cocrystals.
Various solvents were used: ethanol, methanol, acetone and
methyl ethyl ketone (MEK). The solvents were selected
based on the solubility of the raw materials and the
application of solvents in the pharmaceutical industry. The
results of the cocrystal growth experiments are summarized
in Table 1. Suitable samples for further studies were
crystallized from solutions of APR and coformers dissolved
in MEK in a 2:1 ratio. In the case of APR:4-BrBA, the
solution was heated up at 40 °C for 3 hours. After 4-5 days,
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Table 1 Results of cocrystal preparation by different methods

Molar ratio

Coformer 1:1 2:1 1:1 2:1 1:1 2:1 1:1 2:1
2-CIBA X X v v v v v v
3-CIBA X X v v X X v v
4-CIBA X X v v X X v v
3-BrBA X X X X v v v v
4-BrBA X X v v X X v v
Solvent Methanol Ethanol Acetone MEK

v - new solid forms obtained, X — mixture of APR and coformers.

transparent crystals of the APR cocrystal with 4-BrBA were
obtained for further study.

APR:2-CIBA

150 mg (0.3254 mmol) of APR and 25.5 mg (0.01629 mmol)
of 2-chlorobenzoic acid were dissolved in methyl ethyl ketone
(MEK) (5 ml). Bipyramidal white crystals were harvested
under ambient conditions after 2-3 days. Mp - 177 °C.

APR:3-CIBA

150 mg (0.3254 mmol) of APR and 25.5 mg (0.01629 mmol)
of 3-chlorobenzoic acid were dissolved in MEK (5 ml).
Bipyramidal yellow crystals were harvested under ambient
conditions after 2-3 days. Mp - 170 °C.

APR:4-CIBA

150 mg (0.3254 mmol) of APR and 25.5 mg (0.01629 mmol)
of 4-chlorobenzoic acid were dissolved in MEK (5 ml).
Bipyramidal yellow crystals were harvested under ambient
conditions after 3-4 days. Mp - 147 °C.

APR:3-BrBA

150 mg (0.3254 mmol) of APR and 32.7 mg (0.0163 mol) of
3-bromobenzoic acid were dissolved in MEK (5 ml).
Bipyramidal white crystals were harvested under ambient
conditions after 3-4 days. Mp - 163 °C.

APR:4-BrBA

150 mg (0.3254 mmol) of APR and 32.7 mg (0.0163 mol) of
2-chlorobenzoic acid were dissolved in MEK (5 ml) and mixed
for 3 hours at 40 °C. After 4-5 days, yellow bipyramidal
crystals were obtained along with needle-shaped crystals of
APR and 4-BrBA.

The obtained products were rinsed with MEK for further
analyses.

Single crystal X-ray diffraction

X-ray diffraction patterns of suitable single crystals were
collected on a Bruker D8 VENTURE system equipped with a
charge-integrating pixel array detector Photon II 7 multilayer
monochromator and a CuKa Incoatec microfocus sealed tube
(% = 1.54178 A) using combined ¢ and  scans at 180 K. Data

This journal is © The Royal Society of Chemistry 2025
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reduction and absorption correction by a multi-scan method
were performed using Bruker software program - Apex4.>’
Structures were solved by SHELXT?® and refined using
Crystals software.”” The coformer molecule was disordered
over two-fold axes with 50% partial occupancy in the crystal
structures of APR with 2-CIBA, 3-CIBA and 4-CIBA. Non-
hydrogen atoms were refined anisotropically. Hydrogen
atoms were located in the difference Fourier map and refined
as riding; in APR:3-CIBA, the hydrogen atoms were refined as
fixed. The hydrogen atoms attached to heteroatoms were
placed geometrically, and their coordinates were refined with
soft restraints on distance and Ujg,. The crystallographic data
for all structures have been deposited at the Cambridge
Crystallographic Data Center (CCDC 2477189-2477193).

Powder X-ray diffraction (PXRD)

X-ray powder diffraction data were collected at room
temperature using an X'Pert® Powder #-0 diffractometer with
the Bragg-Brentano parafocusing geometry using CuKo
radiation (2 = 1.5418 A, U = 40 kv, I = 30 mA) (Malvern
Panalytical, Malvern, UK). An ultrafast detector PIXCEL was
employed to collect XRD data over the angular range from 5
to 50° (26) with a step size of 0.039° 26, and a counting time
of 0.706 s per step. Data evaluations were performed in the
software package HighScore Plus 3.0.>*

DSC

Differential scanning calorimetry (DSC) was performed on a
DSC 131 (Setaram, France). Samples of APR:2-CIBA, APR:3-
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CIBA, APR:4-CIBA, and APR:3-BrBA were placed in aluminum
pans with a lid for DSC. The temperature range was 5-250 °C
at 10 °C min~". The melting points were established from
peak onsets, without normalizing by the heating rate.

TGA

Thermogravimetric analysis was performed using a TGA5500
TA Instruments thermal analyzer. The sample of APR:4-CIBA
was heated at 10 °C min™" in a temperature range of 20-206
°C in aluminium oxide crucibles.

Results and discussion

Five new cocrystals of apremilast are reported. New
polymorphs were not found. All crystal structures of the new
forms were determined by single-crystal X-ray diffraction
(SCXRD), and the theoretical powder X-ray diffraction (PXRD)
patterns were similar to the experimental PXRD patterns of
the bulk products. Physicochemical properties were evaluated
by DSC and TGA.

Crystal structures of bipyramidal cocrystals of APR with
2-CIBA (2:1), 3-CIBA (2:1), 4-CIBA (2:1), 3-BrBA (2:1), and
4-BrBA (2:1) were solved by SCXRD, for parameters see Table
S1 in the SI. Cocrystals of APR with 2-CIBA, 3-CIBA, and
3-BrBA crystallized in the tetragonal space group P4,2,2,
while cocrystals of APR with 4-CIBA and 4-BrBA have grown
in the orthorhombic space group P2,2,2;. (Fig. 2). APR was
reported crystallizing with coformers in tetragonal P4,2,2,
and the coformers were approximately in the same
position.">*®'” Only one non-isostructural APR cocrystal was

APR:2-CIBA

APR:3-BrBA

APR:3-CIBA

APR:4-BrBA

Fig. 2 Molecular packing of APR cocrystal structures along the c axis (coformers highlighted in red).

This journal is © The Royal Society of Chemistry 2025
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reported in orthorhombic P2,2,2;.** We expected the
refinement in lower symmetry instead of P4,2,2 to eliminate
the coformer disorder. Structure solutions in P4, P12;1 and P1
did not resolve the disorder. Hence, the structure model was
refined in P4,2,2. The solution in lower symmetry was, however,
helpful to set up suitable models of the coformer disorder.

The para-position of a halogen substituent in 4-CIBA and
4-BrBA altered the packing, and hence the volume and unit
cell parameters as well (Table S1). It is likely that the size
(length) of the molecule couldn't be accommodated by the
surrounding APR molecules.

Void space analysis

To evaluate various coformer steric demands, the void space
analysis was performed using the Platon software® using the

Table 2 Analysis of coformer accessible voids

Structure Va, A® WiV, % Packing index, % Vin

APR:2-CIBA 211 16.9 60.8 2-CIBA
APR:3-CIBA 216 17.2 60.6 3-CIBA
APR:4-CIBA 224 17.6 59.1 4-CIBA
APR:3-BrBA 212 16.9 60.1 3-BrBA
APR:4-BrBA 231 18.0 58.3 4-BrBA
APR:CA"? 241 18.5 58.1 CA

Vy — volume of the void in the unit cell, V4/V - fraction of void
volume per volume of the unit cell (%), packing Index and Vi, -
coformer in the void, CA - cinnamic acid.
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CALC VOIDS option with the solvent and coformer removed
from the model. The volume of the void in the unit cell and
packing index®® for each cocrystal structure are presented in
Table 2. The volume occupied by cinnamic acid in the APR
cocrystal (APR:CA)" is even larger than the volumes occupied
by para-halogen benzoic acids in APR:4-CIBA and APR:4-BrBA
crystal structures. The APR:CA structure supports our theory
that the coformer size determines the resulting cocrystal
form.

Intermolecular interactions

APR molecules and coformer molecules interact with each
other by weak intermolecular forces like hydrogen bonds, n-n
interactions or van der Waals forces. Hydrogen bond network
data presented in Table S2 were calculated using PLATON.>®
Coformer and APR molecules are held together by the
hydrogen bond formed between the carboxyl group of the
coformer and the ethoxy group in the APR molecule (Fig. 3).
In the APR cocrystals with 4-BrBA and 4-CIBA, there is a
three-centered hydrogen bond, where the H atom on the
carboxyl group of coformers is hydrogen-bonded to both
oxygen atoms in the ethoxy and methoxy groups in APR
(Fig. 3(e and c)). Similar three-centered hydrogen bond
interactions between the coformer and the APR molecule can
be observed in the APR:CA™ structure (Fig. S1). The
formation of the three-center bond between the coformer
and APR is likely triggered by the distance and orientation of

Fig. 3 D---A distances in the structure of a: APR:2-CIBA; b: APR:3-CIBA; c: APR:4-CIBA; d: APR:3-BrBA; e: APR:4-BrBA.

7716 | CrystEngComm, 2025, 27, 7713-7720
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Fig. 4 Halogen bonds in the structure of a: APR:4-CIBA; b: APR:4-BrBA.
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Table 3 The values of the nearest perpendicular distances of the coformer benzene ring on the plane of the APR phthalimide ring involved in the n-n

interactions

Cocrystal APR:2-CIBA APR:3-CIBA APR:4-CIBA APR:3-BrBA APR:4-BrBA
d(n-n), A 3.421/3.444 3.357/3.335 3.407/3.301 3.394/3.313 3.411/3.316
<(n-m), ° 1.68/1.83 5.02/6.10 5.02/7.47 5.14/6.70 5.46/7.84

the coformer, which depends on the position of the halogen
substituent in the aromatic ring relative to the carboxyl
group.

Besides hydrogen bonds, two cocrystals (APR:4-CIBA and
APR:4-BrBA) form a halogen bond between the halogen atom
in the coformer and the oxygen atom in the sulfonyl group of
the APR molecule. APR:4-CIBA: d(O---Cl) = 3.0659(15) A;
APR:4-BrBA: d(O---Br) = 3.100(2) A (Fig. 4).

APR-coformer-APR is bound by the n-n stacking, which is
a distinct feature of the crystal structures of APR with various
coformers, where the coformer molecules are almost parallel
to the phthalimide ring in the APR molecule (Fig. S2). The
shortest perpendicular distances of the coformer benzene
ring to the plane of the phthalimide ring involved in the n-n
interactions are presented in Table 3. In the series
APR:3-CIBA - APR:3-BrBA and APR:4-CIBA - APR:4-BrBA, the
interplanar angle increases due to the increasing steric
demands of the coformer molecule.

Powder X-ray diffraction

PXRD was used to verify that the material obtained
corresponds to the calculated pattern to assure purity and
stability. The formation of cocrystals was confirmed by PXRD
analysis by comparing the diffraction pattern of the
cocrystals with the corresponding starting materials. All
synthesized cocrystals differ with respect to APR and
coformers, indicating the likely formation of a new crystalline
phase. The PXRD patterns of the cocrystal products APR:2-
CIBA, APR:3-CIBA, and APR:3-BrBA are so similar to each
other due to similar values of unit cell parameters (Fig. 5).
PXRD patterns of APR:4-CIBA and APR:4-BrBA (see SI Fig. S3)

This journal is © The Royal Society of Chemistry 2025

are distinct from the previous ones despite similar unit cell
parameters, because the structure and symmetry are
different. All PXRD patterns along with theoretical patterns at
180 K are presented in the SI (Fig. S3).

DSC

Fig. 6 shows the DSC thermograms of APR and four new
multicomponent crystals. The melting points (data were not
normalized to account for the temperature rate) are
presented in Table 4. The thermal analysis of APR:4-BrBA was
not carried out due to the small quantity and low purity of
the product.

On the DSC profile of APR:4-CIBA, there is a wide peak
with two shoulders (Fig. S4d). The process is gently starting

M/MMMMZC[BA

APR:3-CIBA

MM
APR:4-CIBA

10 20 30 40 50
["2Theta] (Copper(Cu))

Relative Intensity

Fig. 5 PXRD patterns for the solid phases of APR with halogen
derivatives of benzoic acids.
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APR:2-CIBA Y
APR:3-BrBA V
APR:4-CIBA

2 o o 80 100 120 1h0 160 180 20

APR:3-CIBA

Heat Flow (W/g)

Temperature °C

Fig. 6 DSC profiles of APR cocrystals.

Table 4 The melting point of starting material and cocrystals

Compound tm [°C] Cocrystal APR:X-BA, t,,, [°C]
APR 1567 —
2-CIBA 1422 177
3-CIBA 1583 170
4-CIBA 243%* 147
3-BrBA 158% 163
100 4
98 4
. 96
2\‘1
2 e
92
904
5‘0 160 150 260

T(C)
Fig. 7 TGA profile of the APR:4-CIBA cocrystal.

at approximately 118 °C. The peak maximum is at 147 °C.
The TGA profile (Fig. 7) shows two degradation stages. At the
first step at 100 °C, a mass loss of 0.02% of the original mass
of 5.307 mg corresponds to residual solvent. The PXRD
pattern of the product was analyzed after heating the
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material for 5 minutes at temperatures of 110 °C, 120 °C, 130
°C and 140 °C to investigate the changes occurring in the
crystal structure. The analysis showed (Fig. S5) that the
crystalline structure appeared intact, although the mass loss
of the material is approx. 1.7% in each step (Fig. 7). At the
second stage, the mass loss is about 3.6% at a temperature
of about 175 °C, which probably indicates the process
of decomposition of 4-CIBA. According to the DTA thermal
stability study of 4-CIBA, the initial endothermic
decomposition is caused by the dehydroxylation of the
substance.*'

The values of the melting points indicate that the thermal
stability decreased in the order APR:2-CIBA > APR:3-CIBA >
APR:4-CIBA. Such behavior corresponds to the stability
estimations based on the packing index and hydrogen bond
network comparison. Similar behavior was observed in the
series of APR with o-xylene (182 °C),"* m-xylene (166 °C)"?
and p-xylene (151 °C),"® with the distance of the
substituent in the aromatic ring. In contrast, there is a
slight increase in the melting point with a decrease in
the radius and electronegativity of the halogen substituent
in the aromatic ring in the series of cocrystals with
halogen derivatives of benzene (fluorobenzene (155 °C),**
chlorobenzene (161 °C),"* bromobenzene (163 °C),"* and
iodobenzene (162 °C)"?). Meanwhile, in the series of APR:3-
CIBA (170 °C) and APR:3-BrBA (163 °C), the melting point
decreases slightly.

Crystal structure similarity

CrystalCMP rev.11*® was applied to compare crystal
structures of APR with halogen substituted benzoic acids.
This method is based on a distance-displacement and angle-
displacement comparison of molecules in a molecular
cluster, where only larger molecules in the crystal structure
are compared, which is the APR molecules, excluding
coformers. The similarity parameter (P,) in the similarity
matrix (Table 5) has a low value close to zero, which
demonstrates the high similarity of structures between all
five structures. Surprisingly, the dendrogram (Fig. S6 in the
SI) revealed the high similarity of the new P4,2,2 and P2,2,2,
APR cocrystal structures. The dendrogram of all known APR
cocrystal structures demonstrates high similarity of the
structures as shown in Fig. S7 in the SI. The similarity
matrices for all published APR cocrystal structures are
presented in SI2.

Table 5 Similarity matrix of the crystal structures of APR with halogen derivatives of benzoic acid

APR:2-CIBA APR:3-CIBA APR:4-CIBA APR:3-BrBA APR:4-BrBA
0 1 2 3 4

0: APR:2-CIBA 0.0000 0.1119 0.4091 0.0962 0.5440

1: APR:3-CIBA 0.1119 0.0000 0.3900 0.0702 0.5041

2: APR:4-CIBA 0.4091 0.3900 0.0000 0.4162 0.1003

3: APR:3-BrBA 0.0962 0.0702 0.4162 0.0000 0.4977

4: APR:4-BrBA 0.5440 0.5041 0.1003 0.4977 0.0000

7718 | CrystEngComm, 2025, 27, 7713-7720
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Conclusion

Five new solid forms of apremilast cocrystals with halogen
derivates of benzoic acid were prepared and fully
characterized. Smaller coformers were adopted within the
most abundant tetragonal form P4,2,2. Although the
apremilast structure was able to accommodate all coformers,
para-halogenated benzoic acid derivatives were too large
resulting in structure symmetry decrease. Two cocrystal
forms were prepared and characterized in the orthorhombic
P2,2,2,. Based on the crystal packing and melting point data,
the tetragonal forms exhibited greater stability. Interestingly,
no cocrystal disorder was observed in the less stable forms.
The higher symmetry of the coformer may also have
contributed to this behavior. Surprisingly, the high range of
melting points of the coformers had no impact on the
melting points of the cocrystals. In addition, higher stability
of the tetragonal packing was demonstrated in comparison
with the orthorhombic forms. The crystallization of novel
apremilast polymorphs was not observed in the presence of
benzoic acid derivatives.
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