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clonixin and a comparison of the
two clonixin solvates†

Yunping Zhoujin,a Mingtao Zhang, b Sean Parkin, c Tonglei Li, d Faquan Yu *a

and Sihui Long *a

A new solvate of clonixin (CLX), a dimethylacetamide (DMA) solvate, has been obtained by crystal growth in

DMA. The new form was characterized by NMR, single-crystal X-ray diffraction, and PXRD. The crystal

structure is stabilized by a strong hydrogen bond between the carboxylic acid OH of CLX and the DMA

carbonyl, the strength of which is on par with those of the four solvent-free forms of CLX and the DMF

solvate. These previously known forms are based on either the acid–acid homosynthon or the acid–

pyridine heterosynthon, depending on the dihedral angle between the two aromatic rings of CLX, or the

heterodimer between CLX and DMF. The new solvate loses DMA to convert into form I of CLX, as

confirmed by differential scanning calorimetry (DSC) and powder X-ray diffraction (PXRD), similar to how

the DMF solvate does. A comparison of the two solvates was carried out and theoretical studies were

performed to shed light on the conformational difference between the two CLX molecules in the two

solvates and the packing differences between them. The insight gained on this solvatomorphic system

could aid the design of new solvates and cocrystals of CLX.
1 Introduction

Many compounds are known to exist in different solid forms, be
it polymorphs, solvates (including hydrates), or as cocrystals.1–4

Different solid, particularly crystalline, forms of a given
compound can have different properties, which have attracted
great interest from researchers.5–8 Cocrystals have been hotly
pursued in the past two decades due to controlling and
exploiting these ramications. In pharmaceutical science, coc-
rystals are of particular signicance.9–12

Solvates, regarded as one type of cocrystal by some practi-
tioners,13 have been widely studied and have well established
applications.14,15 Although solvates may have a tendency to lose
their solvent content and some organic solvents present in
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solvatomorphs of a therapeutically indicated drug substance
might increase toxicity risk, Byrn16 has provided rational reasons
for their continued study. The solvatomorph could be the
penultimate solid form of the drug substance, having been
specically chosen for recovery or purication.17,18 A solvate could
induce a preferable morphology compared with its solvent-free
counterpart.19 High quality crystals suitable for single-crystal
structure determination of the drug substance might only be
obtainable as solvates. The desolvated form of a solvate could
facilitate its dissolution.20,21 From a business perspective, solvates
can be considered as new patentable entities.22,23 For example,
Trametinib (Mekinist, a trimetinib tablet) is a MEK inhibitor
developed by GlaxoSmithKline (GSK). The formulation is a DMSO
solvate and was approved by the US FDA on May 29, 2013. This
drug can be used to treat unresectable or metastatic melanoma
with BRAF (murine sarcoma virulence tumor-causing homolog
B1 gene) V600E or V600K mutation.15

Clonixin [2-(2-methyl-3-chloroanilino)nicotinic acid, a. k. a.
CLX] (Scheme 1), is a classic non-steroidal anti-inammatory
drug (NSAID) with important applications ranging from anti-
inammatory and analgesic24,25 to platelet-inhibition26,27 and
acute migraine relief.28,29 Due to its pharmaceutical stability and
bioavailability issues, currently microemulsions30 and clonixin
lysinate are used in clinical formulations.31

Due to both conformational exibility and the presence of
multiple functional groups, i.e. carboxylic acid and pyridine,
CLX is known to exist in at least four solvent-free forms,
demonstrating both synthon polymorphism, conformational
polymorphism, and tautomeric polymorphism.32
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Structure of CLX.
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The carboxylic acid and pyridine functional groups on CLX
are good hydrogen bond formers. We envisioned it could form
hydrogen bonds with other compounds, forming solvates or
cocrystals depending on the state (liquid or solid) of the
coformer (s) involved. Solvates and cocrystals of pharmaceuti-
cals have been proven to be promising alternative formulation
approaches.9,15,33,34

The vision of forming multicomponent crystals of CLX was
rst realized by the harvest of a DMF solvate of CLX, i.e.
CLX$DMF (designated S1).35 In the solvate, a hydrogen bond is
formed between the carboxylic OH of CLX and the carbonyl O of
DMF, and the two common synthons, i.e. acid–acid
Fig. 1 Crystals and structure of two CLX solvates.35 Scale bar 0.2 mm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
homosynthon and acid–pyridine heterosynthon, are not
observed. The strength of the new hydrogen bond was found to
be on par with that of the acid–acid dimer and the acid–pyridine
catemer. Meanwhile, two cocrystals of CLX have also been
synthesized with L-proline and piroxicam as coformers.36,37

This phenomenon intrigued us: could this hydrogen bond be
robust enough to lead to other solvates with DMF analogs such
as dimethylacetamide (DMA), formamide, acetamide, propio-
namide, butyramide, etc., as they can also provide a hydrogen
bond acceptor by virtue of the amide carbonyl? To investigate,
we set out to study the crystal growth of CLX in a series of
solvents analogous to DMF.

Here we report the discovery and characterization of a new
solvate of CLX, a DMA solvate, and the comparison of the two
CLX solvates. The new form was fully characterized by NMR,
single-crystal X-ray diffraction, and PXRD, and its phase behavior
was investigated by DSC and TGA. Moreover, we also performed
theoretical calculations to provide an explanation for the rise of
the solvatomorphic system. The insight gained from the experi-
mental and theoretical investigation should provide information
pertinent to the design of more solvates and cocrystals of CLX.
RSC Adv., 2021, 11, 24836–24842 | 24837
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Table 1 Crystallographic data of two CLX solvates

S1 S2

Formula C16H18ClN3O3 C17H20ClN3O3

Formula weight 335.78 349.81
Crystal size (mm) 0.30 � 0.20 � 0.10 1.00 � 0.20 � 0.10
Crystal system Triclinic Monoclinic
Space group P�1 P21/c
a/Å 8.4310(2) 15.4376(4)
b/Å 9.1450(2) 5.92226(13)
c/Å 11.1420(2) 19.0732(6)
a/� 103.6360(8) 90
b/� 93.1390(8) 100.548(3)
g/� 107.8450(9) 90
Z, Z0 2, 1 4, 1
V/Å3 787.16(3) 1714.31(8)
Dcal/g cm�3 1.417 1.355
T/K 90.0(2) 293(2)
Abs coeff. (mm�1) 0.262 2.150
F(000) 352 736
Range (deg) 1.90–27.49 4.717–66.856
Limiting indices �10 # h # 10 �18 # h # 17

�11 # k # 11 �6 # k # 7
�14 # l # 14 �22 # l # 21

Completeness to 2q 99.9% 99.5%
Unique reections 2845 9510
R1[I > 2s(I)] 0.0402 0.0405
wR2 (all data) 0.1039 0.1155
CCDC refcode/accession code FITBIW 2079841

Fig. 2 Superposition of the two molecules in the asymmetric unit of
CLX$DMF and CLX$DMA.
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2 Experimental section
2.1 Materials

All chemicals were purchased from commercial sources: 2-
chloro-nicotinic acid, 3-chloro-2-methylaniline and p-toluene-
sulfonic acid were from Aladdin Industrial Corporation; pyri-
dine and other solvents were from Sinopharm Chemical
Reagent Co., Ltd, and were used as received.

2.2 Synthesis

CLX was synthesized according to a literature procedure
routinely applied in our laboratory and puried by column
chromatography and recrystallization.35

2.3 Crystallization

Quench cooling was initially employed for the solvate screening,
and slow evaporation was performed in order to conrm the
result and obtain quality crystals suitable for structure deter-
mination by the single-crystal X-ray diffraction.38 All crystals
were harvested directly from their mother liquor.

2.4 Characterization
1H NMR, DSC, and TGA were employed to conrm the associ-
ation of solvent with CLX. 1H NMR spectrum was recorded on
a Premium Shielded spectrometer (USA) in DMSO-d6. Thermal
analyses were performed on SII instruments DSC6220 (Japan).
Tzero pans and aluminum hermetic lids were used for
measuring, in general, a few milligrams of samples. A heating
rate of 10 �C min�1 was employed. Thermogravimetric analysis
(TGA) tests were carried out on SDT Q600 of TA Instrument
(USA) with a fewmilligrams of ground sample placed in an open
aluminum pan and a heating rate of 10 �C min�1 applied under
N2 atmosphere.

Crystallographic data for CLX$DMA were collected at 293(2)
K on a Rigaku Oxford diffractometer using a CuKa radiation (l
¼ 1.54184 Å). Cell renement and data reduction were done
using CrysAlisPro. Structure solution and renement were
carried out using the SHELXS and SHELXL programs,
respectively.

PXRD data for the solvate and desolvated sample were
collected on a Rigaku X-ray diffractometer with CuKa radiation
(40 kV, 15 mA, l ¼ 1.5406 Å) between 5.0–50.0� (2q) at ambient
temperatures.

2.5 Computational details

The molecules were optimized at the B3LYP/6-31G(d) level of
theory based on the initial crystal structures, which were
conrmed to be stable conformations (except for a dihedral
angle restriction of the CLX–DMA single hydrogen-bond struc-
ture to maintain the conformation in the crystal, but without
other geometrical constraints), and then single-point calcula-
tions at the B3LYP/DEF2TZVP level of theory were performed to
obtain more accurate energies for hydrogen bonding and p–p

interactions. Meanwhile, considering the solvating effect of
DMF or DMA, the IEFPCM solvation model was employed. The
24838 | RSC Adv., 2021, 11, 24836–24842
dispersion energy contributions to lattice energies were calcu-
lated using the GD3 program of Grimme.39 All calculations were
performed with Gaussian16 40 and conducted on a Linux
cluster. Hirshfeld surface analyses were performed with Crys-
talExplorer 17.41
3 Results and discussion
3.1 Crystal structures

A new solvate (CLX$DMA, designated S2) was obtained for CLX
(Fig. 1). S2 crystallized as colorless needles from DMA. It is
monoclinic, space group P21/c (Z ¼ 4). Crystallographic data for
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Crystal packing of S2 (for clarity, hydrogens not involved in H-
bonding are omitted).

Fig. 5 TGA thermogram of CLX$DMA.
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the new form and the DMF solvate are listed in Table 1, and the
complete CIF le is provided in the ESI.† There is one formula
unit in the asymmetric unit of S2. The crystallographically
independent molecule CLX has a near planar conformation
with a dihedral angle between the two aromatic rings of
2.60(7)�, similar to that of form IV of solvent-free CLX. In
contrast, the same molecule in CLX$DMF has a highly twisted
conformation with the corresponding dihedral angle of
66.51(5)�, similar to that of form I of CLX (68.22(5)�). A super-
position of the two molecules is provided in Fig. 2.

Although the at molecule of CLX prefers to form an acid–
acid homodimer in its solvent free forms, due to the presence of
DMA, neither the acid–acid homosynthon nor the acid–pyridine
heterosynthon is observed in the new solvated crystal structure.
Instead, the hydrogen bond is between the carboxylic OH of CLX
and the carbonyl O of DMA (Fig. 3), similar to that of CLX$DMF.
This hydrogen bond should be stronger than or at least on par
with the other two types considering the shorter bond distance
Fig. 4 DSC thermogram of CLX$DMA.

© 2021 The Author(s). Published by the Royal Society of Chemistry
of 1.74 Å and the near linear alignment of the three atoms
(173.73� for bond angle), which is close to those of CLX$DMF.
The intramolecular hydrogen bond has parameters of 1.910 Å
and 145.37�. Similar to DMF, DMA provides a strong hydrogen-
bond acceptor for interaction with CLX.
3.2 Thermal properties

DSC was conducted to investigate the thermal properties of S2.
The DSC thermogram of the solvate is shown in Fig. 4. It shows
two main thermal events: the rst with an onset temperature of
87.3 �C and heat of fusion of 59.8 J g�1 corresponds to the loss of
the solvent DMA and transformation into form I of CLX, while
the second with an onset temperature of 240.1 �C and heat of
fusion 42.1 J g�1 matches the melting of form I. The unevenness
of the DSC curve could be due to the accumulation of DMA in
the DSC pan since it is a solvent with a high boiling point. The
desolvation was also conrmed by the TGA study, as suggested
by a weight loss of �22.5% (theoretical value is 24.9%), sug-
gesting an essentially 1 : 1 ratio of CLX and DMA (Fig. 5). In
Fig. 6 Experimental PXRD patterns of CLX$DMA before and after
desolvation and form I of CLX and calculated PXRD patterns of
CLX$DMA and form I of CLX.

RSC Adv., 2021, 11, 24836–24842 | 24839
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Fig. 7 (a) The heterodimer based on R2
2(7) hydrogen bond motif of S1; (b) the heterodimer based on D2 motif of S2; (c) the hypothetical het-

erodimer based on R2
2(8) motif of S2.
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addition, the 1 : 1 ratio of DMA and CLX is also veried by a 1H
NMR study as indicated by the 1 : 1 : 1 : 1 ratio of the integers of
the CH3 (chemical shi 2.32 ppm) from CLX and the three CH3

groups (chemical shis 2.94 ppm, 2.78 ppm and 1.95 ppm)
from DMA (ESI†).

Fig. 6 shows the PXRD pattern of the solvate collected at
room temperature, along with PXRD patterns calculated from
the single-crystal structure determined at 293 K, as well as the
PXRD patterns of CLX$DMA aer desolvation and form I of CLX,
which conrm the phase transition from the solvate to form I of
CLX aer thermal treatment. As can be seen, when the solvate
was heated to 90 �C and kept at that temperature for two hours,
the resulting colorless sample showed a PXRD patternmatching
that of form I (Fig. 6).
3.3 Computational analyses

DMA differs from DMF by the addition of a methyl group. Since
both compounds act as a hydrogen-bond acceptor due to the
Fig. 8 (a) The p–p interaction between CLX and DMF in S1; and (b) the b

24840 | RSC Adv., 2021, 11, 24836–24842
presence of the amide carbonyl, one might expect the two
solvates to be similar in the solid state. Yet, they are dramati-
cally different, as evidenced by the conformational difference
between the CLX molecules as well as the overall packing in
each solvate.

In CLX$DMF, CLX takes on a twisted conformation, and it
forms a heterodimer with DMF. The dimer could be viewed as
being sustained by a strong O–H/O hydrogen bond with
parameters of 1.771 Å and 178.22� and a weak sp2C–H/O
hydrogen bond with parameters of 2.274 Å and 136.25� (Fig. 7a).
In addition, p–p interaction between the pyridine ring and
another DMF molecule underneath it is observed (Fig. 8b).

In DMA, as aforementioned, the CLX molecule is in a planar
conformation, and it also forms a dimer with DMA (Fig. 7b). Yet,
the dimer is based only on the carboxylic O–H/O]C hydrogen
bond, as the H covalently bonded to sp2C in DMF is replaced
with sp3CH3, and no p–p interaction between CLX and DMA is
observed. Why would not CLX$DMA pack in a similar fashion to
CLX$DMF?
onds involved in the p–p interaction; (c) the p–p stacking of CLX in S2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Hirshfeld surface of CLX in S2.
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First we wanted to see if conformational variation of the two
CLX molecules in the two solvates would lead to a signicant
difference in conformational energy. It turned out that the
twisted and planar conformations have similar conformational
energies as suggested by calculations based on different levels
of theory, as either DE or DG is less than 1 kcal mol�1. Thus,
conformational energy is not an issue in the molecular packing.
Then, what if the planar CLX in S2 forms a hypothetical dimer
(Fig. 7c) with DMA in a similar fashion as that of CLX and DMF?
The hydrogen bonding energy of the hypothetical dimer of CLX
and DMA is calculated to be �11.0 kcal mol�1, which is
comparable to that of CLX and DMF dimer (�11.1 kcal mol�1).
But if CLX$DMA packs similarly to CLX$DMF, the distance
between the carbonyl C of CLX and that of DMA would increase
from 3.686 Å to 4.256 Å, due to the size of CH3 in contrast to H,
which would cause a close contact between the methyl (C4 in
Fig. 8b) on N and the benzene ring (C3 in Fig. 8b). If the same
antiparallel p–p interaction in CLX$DMF existed between CLX
and DMA, the signicant steric hindrance between C4 and C3

would induce a dihedral rotation (C1–N1–C2–C3 in Fig. 8b)
which would result in the transformation of CLX from a twisted
conformation to planar. In the new dimer in CLX$DMA, the
hydrogen bond has strength of �10.4 kcal mol�1, which rivals
Fig. 10 2D fingerprint plots (left) for CLX in CLX$DMA and relative cont
contacts in the crystal.

© 2021 The Author(s). Published by the Royal Society of Chemistry
that of both CLX–DMF dimer and the hypothetical one.
Furthermore, the new planar CLX$DMA synthon induces a new
packing mode (as shown in Fig. 8c), and either the pyridine ring
or the benzene ring can stack with its neighboring synthons,
with a stabilization energy of�14.8 kcal mol�1 (�7.4 kcal mol�1

for each side), which is on par with the p–p stacking between
CLX and DMF (�14.4 kcal mol�1) in CLX$DMF. Thus, the new
packing mode in CLX$DMA is likely optimal and as stable as
that of CLX$DMF.
3.4 Hirshfeld analysis

Hirshfeld analysis was also performed for the CLX molecule in
S2 and the results are shown in Fig. 9 and 10. It is evident that
there are dominant interactions represented by the bright red
spots in Fig. 9, which are caused by the hydrogen-bond inter-
action between the H atom of the carboxylic acid and the O
atom of DMA. The hydrogen-bond interaction can also be
expressed as a sharp spike in the lower-le corner of the
ngerprint plot (Fig. 10). Other close contacts were also
apparent in their contributions to the Hirshfeld surface area. H–

p interactions can be seen as C/H contacts covering 18.9% of
the Hirshfeld surface. H/Cl contacts can also be found with
a proportion of 11.0%. p–p stacking interactions were repre-
sented by C/C contacts with a proportion of 6.8% and by C/N
contacts with a proportion of 1.4%. Hirshfeld surface analysis
provides a more complete description of the interactions of
molecules in the crystal. Taken together, the crystal structures
are stabilized by a variety of interactions.
4 Conclusions

A new solvate of CLX has been obtained by crystal growth in
DMA. The new form was fully characterized by 1H NMR, SCXRD,
and PXRD. The crystal structure of the new form is sustained on
the hydrogen bond between the carboxylic acid OH of CLX and
the DMA carbonyl O, which is similar to CLX$DMF, yet different
from the acid–acid homosynthon or the acid–pyridine hetero-
synthon in the four known solvent-free forms of CLX. Thermal
studies of CLX$DMA by DSC and TGA revealed that desolvation
ributions to the Hirshfeld surface (right) by the various intermolecular

RSC Adv., 2021, 11, 24836–24842 | 24841
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led to form I of CLX, similar to the desolvation of CLX$DMF.
The dramatic difference in the conformation of the two host
molecules in the two solvates and the packing patterns was
explained by the analysis of intermolecular interactions in the
solid state. Hirshfeld analysis further delineates the contribu-
tion of individual interactions to the overall stability of the new
solvate. Although the obtained solvates may not serve as new
formulation possibilities for CLX, as the solvents are not
generally considered safe, the information gained in this study
can be applied to potential cocrystal formation, which may
provide alternative/superior formulation for the classic NSAID
CLX. Using compounds with similar structural characteristics
as DMF, i.e., good hydrogen bond acceptors as coformers, there
is a good reason to believe cocrystals involving CLX could be
discovered, such follow-up work is underway.
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