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Abstract: The paucity of multi-component compounds containing the non-steroidal anti-inflammatory
drug (NSAID) S-(+)-ibuprofen (S-IBU) in combination with other drugs prompted the present study,
which describes 1:1 salts of this active pharmaceutical ingredient (API) with the two most widely
used antifibrinolytic APIs, namely 6-aminohexanoic acid (aminocaproic acid, ACA) and tranexamic
acid (TXA), which are zwitterions in the solid state. Since NSAIDs are known to cause adverse
side effects such as gastrointestinal ulceration, the presence of ACA and TXA in the salts with S-(+)-
ibuprofen might counter these effects via their ability to prevent excessive bleeding. The salts were
prepared by both the liquid-assisted grinding method and co-precipitation and were characterized
by X-ray powder diffraction and single-crystal X-ray diffraction, thermal analysis, Fourier transform
infrared spectroscopy, and solubility measurements. The X-ray analyses revealed a high degree of
isostructurality, both at the level of their respective asymmetric units and in their extended crystal
structures, with charge-assisted hydrogen bonds of the type N-H*---O~ and O-H*---O~ featuring
prominently. The thermal analysis indicated that both salts had significantly higher thermal stability
than S-(+)-ibuprofen. Solubility measurements in a simulated biological medium showed insignifi-
cant changes in the solubility of S-(+)-ibuprofen when tested in the form of the salts (S-IBU) ™ (ACA)*
and (S-IBU) ™ (TXA)*.

Keywords: S-(+)-ibuprofen; dexibuprofen; antifibrinolytics; aminocaproic acid; tranexamic acid; salt
formation; X-ray diffraction; thermal analysis; spectroscopy; solubility

1. Introduction

The crystal engineering of multi-component solids containing active pharmaceutical
ingredients (APIs), manifested as crystalline drug solvates, cocrystals, ionic cocrystals,
molecular salts, eutectic mixtures, inclusion complexes, fixed-dose formulations composed
of two or more APIs, and amorphous combinations, has burgeoned in recent years owing
to the potential or proven utility of such new compounds in the medicinal context. The
authors of a recent editorial in the present journal [1], announcing the first volume of the
Special Issue on this subject, affirmed that research on such multi-component solids is a
‘hot’ topic, and they duly listed several therapeutically effective cocrystals that have been
approved by leading international regulatory agencies and subsequently commercialized.

In this report, we highlight the preparation and physicochemical characterization of
two new multi-component compounds containing the eutomer of the non-steroidal anti-
inflammatory drug (NSAID) ibuprofen (2-(4-isobutylphenyl)propanoic acid, Figure 1a),
which has potent antipyretic, analgesic, and anti-inflammatory properties and is used
in the treatment of pain, acute inflammation, and fever [2,3]. A survey of the literature
revealed numerous reports on multi-component compounds containing both racemic
ibuprofen and the eutomer S-(+)-ibuprofen (also known as dexibuprofen), the latter being
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the more therapeutically active enantiomer than the R-(-)-enantiomer, displaying 160-fold
higher activity as an inhibitor of prostaglandins, which are associated with fever and
inflammation [2].
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Figure 1. The chemical structures of the APIs S-(+)-ibuprofen (a), e-aminocaproic acid (b), and
tranexamic acid (c).

Furthermore, although the administration of racemic ibuprofen results in the inactive
R-(-)-enantiomer being metabolized to the S-(+)-enantiomer, the extent of this process varies
amongst patients, leading to anomalies in patient dose—effect responses [2,3]. Thus, given
the potent activity and ‘cleaner’ metabolism of S-(+)-ibuprofen, as well as its somewhat
reduced level of undesirable gastric side effects compared with the R-(-)-enantiomer [4],
there are significant advantages in employing this solid form of ibuprofen as the principal
API in multi-component systems. A summary of such previously reported systems follows,
with an emphasis on pharmaceutically relevant crystalline phases, a topic that has recently
been comprehensively reviewed [5].

Despite the very poor aqueous solubility of S-(+)-ibuprofen (<0.1 mg/mL at 25 °C) [6],
relatively few cocrystals containing this API have been fully characterized and exploited
for solubility improvement. In an early study [7], cocrystal formation via liquid-assisted
grinding (LAG) with the well-known water-soluble coformer nicotinamide was established
by powder X-ray diffraction (PXRD), the authors noting an increase in the melting point
of the product effected by co-crystallization. Subsequently, the X-ray structure determi-
nation of the cocrystal was determined using synchrotron radiation [8]. A more recent
pharmaceutically relevant report referred to cocrystals formed between S-(+)-ibuprofen
and each of the coformers benzamide and picolinamide [9], but no reference to a resulting
property enhancement was evident. The authors of a recent detailed study of cocrys-
tal formation between chiral compounds [10] reported a rare example of a ‘drug—-drug’
cocrystal containing S-(+)-ibuprofen and the novel chiral antiepileptic agent levetiracetam
((S)-2-(2-oxopyrrolidin-1-yl)butanamide).

Salts containing the S-ibuprofenate ion and counter cations have also been developed
for improved performance in the delivery of APIs. Such salts generally display improved
solubility profiles relative to untreated APIs. Recently reported X-ray structures of represen-
tative salts appearing in the Cambridge Structural Database (CSD) [11] include piperazinedi-
ium bis(S-(+)-ibuprofenate) (refcode FAGKADO1) and (S)-1-phenylethylammonium (S)-
ibuprofen (VAKVEKO01). A more detailed summary of known cocrystals and salts derived
using S-(+)-ibuprofen as an API can be found in a recent paper [12].

Still more relevant in the context of the study reported in the present paper are binary
products obtained by the reaction of APIs with zwitterions as coformers [13]. From the X-ray
structure of the crystalline product containing S-(+)-ibuprofen and the amino acid proline,
determined from powder diffraction data, the API was evidently in its neutral state [14],
whereas in the salt formed with arginine [12], the single crystal X-ray structure indicated
that the API was deprotonated. The clinical properties of the latter product (ibuprofen
arginate), including its advantage of rapid-onset pain relief, have been reviewed [15].

Given the paucity of reported multi-component ‘drug-drug’ combinations containing
S-(+)-ibuprofen, the aim of the present study was the synthesis and physicochemical character-
ization of products obtained by the reaction of S-(+)-ibuprofen with both e-aminocaproic acid
(6-aminohexanoic acid) and tranexamic acid (trans-4-(aminomethyl)cyclohexanecarboxylic
acid) (Figure 1b,c). These APIs are zwitterionic in the solid state [11]. One novel aspect of
this study is that these coformers are two of the most widely used antifibrinolytic drugs,
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being highly effective in reducing or preventing blood loss (potentially including gastric
and intestinal bleeding) by arresting the breakdown of blood clots (fibrinolysis) via their
reversible binding to plasminogen. Detailed accounts of their mechanisms of action have
appeared in recent reviews [16-18].

A CSD search for multi-component structures containing the API e-aminocaproic
revealed only those of the dihydrogen phosphate salt (refcode JIZHEF) and the hydrated
tetraphenylborate salt (CSD refcode QEGFIR). However, X-ray structures of salts and co-
crystals obtained by the reaction of the API tranexamic acid with a series of carboxylic acid
coformers have recently been reported [19], two of which are rare examples of ‘drug—drug’
salts containing the salicylate and 2,5-dihydroxybenzoate anions, each in association with
the TXA cation, whose terminal groups are NHz* and COOH.

Given that the administration of S-(+)-ibuprofen is known to cause some level of gastric
side effects such as ulceration, bleeding, and the perforation of the stomach lining [4], the
presence in the same multi-component crystal of both an NSAID and these antifibrinolytic
agents in the new salts reported here could conceivably reduce such undesirable effects.
Each of the two new products reported here is a 1:1 salt containing deprotonated S-(+)-
ibuprofen and the respective protonated antifibrinolytic agent. These compounds can thus
be considered as potential fixed-dose ‘drug-drug’ combinations, with the ability to treat in-
flammation, fever, and analgesia, with a simultaneous reduction in gastrointestinal damage.
The salts were prepared by liquid-assisted grinding (LAG) and co-precipitation methods
and were subsequently analyzed by X-ray powder diffraction (PXRD), thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC), Fourier transform infrared (FT-IR)
spectroscopy, single-crystal X-ray diffraction (SCXRD), and solubility measurements in a
simulated biologically relevant medium. An interesting feature of the crystal structures of
the salts, namely isostructurality, was revealed by SCXRD. The following abbreviations are
used henceforth for naming the APIs: S-(+)-ibuprofen (S-IBU), e-aminocaproic acid (ACA),
and tranexamic acid (TXA).

2. Materials and Methods
2.1. Materials

S-IBU, ACA, and TXA were purchased from Sigma-Aldrich (Cape Town, South Africa)
and were used without further purification. Common solvents employed in liquid-assisted
grinding and co-precipitation experiments (methanol, ethanol, isopropanol, and acetoni-
trile) were purchased from Thermo Fisher Scientific (Johannesburg, South Africa) and were
of analytical grade.

2.2. Synthesis via Liquid-Assisted Grinding and Co-Precipitation

To assess the affinity of S-IBU for reaction with the zwitterionic coformers ACA and
TXA, physical mixtures containing S-IBU (5 mg, 0.024 mmol) and the molar equivalent
of each of the coformers ACA and TXA were subjected to liquid-assisted grinding (LAG)
for 15-20 min. with the continual addition of several microliters of the selected solvent.
Solvents were added in 20 pL aliquots every minute on average. With coformer ACA,
the total volumes added (in puL) were 620 (MeOH), 580 (EtOH), and 680 (MeCN). With
coformer TXA, the corresponding volumes were 680, 740, and 660 pL. Single crystals of
the products were isolated by co-precipitation, which involved the dissolution of S-IBU
and each of ACA and TXA in equimolar amounts via a common solvent in separate vials
using a hot-plate and magnetic stirring at a temperature approximately 10 °C lower than
the boiling point of the solvent. This was followed by mixing each coformer solution with a
solution of S-IBU, and the resulting solutions were stirred at the same constant temperature
for ~1 h and finally filtered into clean vials using 0.45 pm nylon filters. The crystals of the
products were collected after several days.
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2.3. X-ray Powder Diffraction

The PXRD patterns of the products obtained by LAG were recorded on a Bruker D2
Phaser desktop powder diffractometer (Billerica, MA, USA) and compared with those of
the starting components to determine whether new phases had been generated. CuKey
radiation (A = 1.5406 A) was employed, with generator settings of 30 kV, 10 mA. To minimize
the preferred orientation, the samples were gently ground, placed on a rotating silicon
zero-background sample holder, and scanned (range 5-40° 26, step size 0.0164°).

2.4. TH-NMR Spectroscopy

To determine the stoichiometries of the two salts of S-IBU, their proton NMR spectra
were recorded in deuterated N,N’-dimethylsulfoxide (DMSO-d) on a Bruker Ultrashield
400 Plus Spectrometer (Billerica, MA, USA).

2.5. Single-Crystal X-ray Diffraction (SCXRD)

Intensity data for the S-IBU-ACA and S-IBU-TXA crystals were collected on a Bruker
Kappa APEX II DUO single-crystal X-ray diffractometer and a Bruker D8 Venture diffrac-
tometer, respectively, with MoK radiation (A = 0.71073 A) and with both crystals cooled
to 100(2) K. Details of their structure solutions and refinements and the relevant software
employed are fully listed in the respective Crystallographic Information Files (CIFs). In
particular, the determination of the precise nature of these compounds was confirmed
by (inter alia) the careful location of hydrogen atoms to indicate unequivocally whether
they were salts or cocrystals. Non-hydrogen atoms were refined anisotropically, and the
H atoms, after location on Fourier maps, were included in idealized positions in a riding
model with isotropic thermal displacement parameters.

2.6. Thermal Analysis

The thermal stability of the products was investigated by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) using a TA-Q500 (New Castle, DE, USA)
instrument and a TA Discovery DSC 25 instrument (New Castle, DE, USA), respectively,
with a common heating rate of 10 K/min. The purge gas was dry nitrogen flowing at
60 mL/min in each case. Samples (mass range 0.7-2.0 mg) were placed in an alumina
crucible for TGA and in crimped platinum pans for DSC analysis.

2.7. Fourier Transform Infrared (FT-IR) Spectroscopy

Spectra in the range 4000-400 cm~! were recorded on a PerkinElmer Spectrum Two
instrument (32 accumulations, spectral resolution 4 cm~!). The instrument was fitted with
an attenuated total reflectance (ATR) attachment (Waltham, MA, USA).

2.8. Solubility Measurements

The medium for solubility measurements was FaSSIF (fasted-state simulated intestinal
fluid) purchased from Biorelevant.com Ltd. (London, UK). It was prepared from FaS-
SIF/FeSSIF /FaSSGF powder, which was dissolved in phosphate buffers with pH values of
2.0 and 6.5. The solutions were used within 24 h after preparation. The composition of the
FaSSIF was 105.7 mM sodium chloride, 28.7 mM sodium phosphate, and 10.5 mM sodium
hydroxide. The equilibrium solubility was determined by adding an excess amount of S-
(+)-ibuprofen, ACA, and TXA to 1 cm? of FassiF in a polytop vial. The solution was stirred
at 25 £ 0.5 °C and 500 rpm. After 72 h, the solution was filtered through a 0.45 um nylon
filter. Each solution was diluted to be within the detection limits of the high-performance
liquid chromatography (HPLC) system using MilliQ H,O. An Agilent 1220 Infinity LC
system was employed for the assays. The HPLC equipment included a binary pump
with a sample degasser, autosampler, temperature-controlled column oven, and UV /VIS
variable-wavelength detector. Data were collected and analyzed using Agilent Chem-
Station. Chromatographic separation was achieved on an Agilent Poroshell 120 EC-C;g
(4.6 mm x 50 mm) with a 2.7 pm particle size column in gradient elution mode. Fifty
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millimolar phosphate buffer (pH 7.5) and methanol were used as the mobile phase at a flow
rate of 0.8 mL/min. The injection volume was 10.0 pL, and the eluents were monitored at
220 nm with the UV detector. The total chromatographic run period was 15.0 min. A calibra-
tion curve and the gradient elution program employed are included in the Supplementary
Materials (Figure S1 and Table S1).

3. Results and Discussion
3.1. Synthesis and Characterization of the Products by XRD Methods and 'H-NMR Spectroscopy

Following the LAG experiments described in Section 2.2, the co-ground products were
investigated by PXRD. Figure 2 shows that with S-IBU and ACA as the starting materials,
the same new crystalline phase was consistently obtained with the three different solvents
for LAG, and that this common PXRD pattern differed very significantly from those of the
starting components.
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Figure 2. PXRD patterns of the starting components S-IBU and ACA, and those of the products
obtained by liquid-assisted grinding using three solvents.

Analogous and consistent results were observed when S-IBU and TXA underwent
LAG with the same solvents (Figure 52, Supplementary Materials). However, it was also
observed that the new common crystalline phase produced in these experiments displayed
major PXRD peaks in similar angular positions to those shown for the products in Figure 2.
It was therefore evident that despite the different chemical structures of ACA and TXA,
their products with S-IBU displayed some level of crystal isostructurality.

Single crystals of the two products obtained by the co-precipitation method were
subsequently used for SCXRD and thermal analyses. The 'H-NMR spectra of solutions
of these crystals in DMSO-dg were recorded, and that for the salt with ACA indicated 1:1
stoichiometry. For the salt with TXA, however, stoichiometric variability was observed
due to solubility issues, but the same 1:1 stoichiometry was rationalized from XRD and
thermal analysis data (see below). SCXRD analyses indicated that the products were salts
containing the S-(+)-ibuprofenate anion (C;3H;70,)~ and the respective ACA and TXA
counter cations, their terminal groups being NH3;* and COOH, as observed for the salicylate
and 2,5-dihydroxybenzoate salts with TXA [19]. The systematic names for these new salts
were, accordingly, 6-ammonio-n-hexanoic acid (25)-2-(4-isobutylphenyl)propionate and
(4-carboxycyclohexyl)methylammonium (25)-2-(4-isobutylphenyl)propanoate, and their
relevant crystallographic parameters are presented below.

Crystal data for (S-IBU)™(ACA)*, (C13H170;)™ (CcH14NOy)* (M = 337.45 g/mol):
monoclinic; space group P21 (no. 4); a = 15.0079(7) A; b = 6.7425(3) A; ¢ = 19.2543(10) A;
B =97.017(2)°; V = 1933.76(16) A% Z = 4; T = 1002) K; w(MoKx) = 0.080 mm~;
Deae =1.159 g/ cm®; 34,494 reflections measured (4.8° < 20 < 54.3°); 8562 unique
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(Rint = 0.0657, Rgigma = 0.0706), which were used in all calculations. The final R; was
0.0639 (I > 20(I)), and the final wR, was 0.1341 (all data).

Crystal data for (S-IBU)™(TXA)", (C13H170;2)™ (CsH1sNOy)* (M = 363.48 g/mol):
monoclinic; space group P2; (no. 4); a = 15.623(5) A; b = 6.687(2) A; ¢ = 20.571(6) A;
B =99.867(12)°; V = 2117.3(11) A%, Z = 4; T = 1002) K; w(MoK«) = 0.078 mm~7;
Dec=1140g/ cm?; 41,905 reflections measured (4.0° < 20 < 51.8°); 8052 unique
(Rint = 0.0694, Rsjgma = 0.0524), which were used in all calculations. The final R; was
0.0878 (I > 20(I)), and the final wR, was 0.2074 (all data).

As indicated in the recent article on salts and cocrystals containing TXA [19], given
that TXA exists as a zwitterion in the solid state, predicting the outcome of its attempted
co-crystallization with coformers is not straightforward. Nonetheless, applying the usual
criterion involving ApKa (defined as pKa (base)-pKa (acid)), with pKa (base) = 10.2 for the
amino group of TXA, and pKa (acid) being that of the respective coformer, the authors of
the published study observed that all ApKa values exceeded 4, indicating a preference for
salt formation. In the present case, with ACA and TXA having pKa (base) values of 10.8
and 10.2, respectively, and S-IBU having a pKa (acid) value of 4.4, analogous treatment
yielded ApKa values exceeding 6, which was again consistent with salt formation.

Given that the salts crystallized in the same space group with very similar unit cell
dimensions, both the common 1:1 stoichiometry and the prediction of some level of isostruc-
turality between them from their PXRD patterns were vindicated. These features are evident
from Figure 3, in which the two unit cells and their respective asymmetric units (ASUs)
are shown from the same viewpoint. In each unit cell, the two crystallographically distinct
S-IBU anion—counterion pairs are labelled AA and BB, with each ASU featuring a large
cyclic hydrogen-bonded motif. Salt formation resulted from the deprotonation of the car-
boxylic acid group of the S-IBU molecule, with both cations having terminal ammonium
and carboxylic acid groups. It was also evident that the isostructural arrangements of the
ASUs (Figure 3) were favored by the conformations adopted by the cations, resulting in
their very similar intramolecular N®)...(terminal)O lengths in the ACA (7.75 and 7.83 A)
and TXA (7.37 and 7.38 A) cations, and hence their consequent engagement in the same
set of charge-assisted N-H™®...O(=) and O-H®*)...O(=) hydrogen bonds [20] linking anions
and cations.

a
Figure 3. The ASUs of the salts (S-IBU) ™~ (ACA)™* (left) and (S-IBU) (TXA)* (right).

For these unique charge-assisted N-H™®)..-O(~) and O-H®...O(") hydrogen bonds, the
salient parameters are shown in Table 1.
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Table 1. Charge-assisted H-bond parameters for ions in the ASUs of the salts.

SALT N---O/A N-H.--O/° 0---0/A O-H---0/°
2.764(4) 164 2.565(4) 172
(S-IBU) (ACA)*
2.857(4) 159 2.611(4) 177
2.756(6) 160 2.622(6) 178
(S-IBU) ™ (TXA)*
2.847(7) 151 2.576(6) 175

The extent of overlap in the ASUs of the two salts is evident from the stereoscopic
view in Figure 4.

i

Figure 4. Stereoscopic view of the overlap in the ASUs of the salts with ACA (red) and TXA (green).

The N-H groups and O atoms in the cyclic motifs of both crystal ASUs (Figure 3) are
donors and acceptors, respectively, in charge-assisted H-bonding with symmetry-related
ring motifs, resulting in the formation of dense networks of H-bonds that stabilize these
crystalline phases. The close isostructurality of the extended structures of the two salts is
evident in the packing diagram (Figure 5).

Figure 5. The [010] projection of the crystal packing in (S-IBU) ™ (ACA)* (a) and (S-IBU) ™ (TXA)* (b).
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The experimental PXRD pattern for (S-IBU)™ (ACA)* and that calculated from the
refined SCXRD data are shown in Figure 6. The correlation was reasonable, allowing
for small differences in peak angular displacements due to the significantly different
temperatures at which the two patterns were recorded (viz., 294 K and 100 K, respectively).
Due to the large temperature difference of 194 K, the apparently significant differences in the
two PXRD profiles at around 21 and 23° 26 were attributed to small shifts caused by crystal
anisotropy that seemed to ‘split’ each peak at these angular positions, producing ‘doublet’
peaks in the calculated PXRD pattern. Similar results were obtained for (S-IBU) ™ (TXA)*
(Figure S4).
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Figure 6. Experimental and calculated PXRD patterns for (S-IBU)~ (ACA)*.

3.2. Fourier Transform Infrared (FT-IR) Spectroscopy

The FT-IR spectra of S-(+)-ibuprofen, the coformer ACA, and the resulting product
shown in Figure 7 were consistent with the crystallographic findings for (S-IBU) ™ (ACA)*.

Product

] 1716 1500
: — — — T /'
=8 — TN T 1301 wala a'SAT aYammYa)
£ AcA ) ORI~ . Ve W " 1 [Ww W h( Vﬂ\ / ?‘(‘
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c |
£ iﬂ | ﬂ
/. '
= 1535—>"  ¥—~1387
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3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm™)

Figure 7. FTIR spectra of S-(+)-ibuprofen, ACA, and the product of their reaction.

While the carbonyl bond in pure S-(+)-ibuprofen was evident from the strong absorp-
tion at 1699 cm™~ !, there was no carbonyl absorption band in the spectrum of pure ACA,
since it is zwitterionic. Instead, this coformer displayed the expected strong asymmetric
and symmetric carboxylate stretching bands at v,s = 1535 cm ™! and vs = 1387 cm™ !, re-
spectively. In the spectrum of the product, however, a carbonyl stretching band appeared at

1716 cm~ !, accompanied by strong carboxylate stretching bands with vs = 1500 cm ™~ ! and
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vs = 1391 cm™ !, respectively, which differed significantly from those displayed by pure
ACA. These results indicated that the band with v(C=0) = 1716 cm~ ! in the spectrum of
the product was due to the presence of a -COOH group in the coformer ACA, resulting
from proton transfer from S-(+)-ibuprofen, which instead occurred in the product as the de-
protonated S-(+)-ibuprofenate anion. Similar FTIR results from the analysis of the spectra of
S-(+)-ibuprofen, TXA, and their corresponding product led to an analogous interpretation,
indicating that this product is also a salt (Figure S5, Supplementary Materials).

3.3. Thermal Analysis

Figures S6 and S7 (Supplementary Materials) show the DSC and TGA curves for
the two new salts, (S-IBU) ™ (ACA)* and (S-IBU) ™~ (TXA)*, which displayed relatively un-
complicated behaviors on heating, namely melting and subsequent decomposition. Sharp
fusion endotherms in the DSC curves occurred at Tpeq = 134 °C (melting range 128-138 °C)
for (S-IBU)~ (ACA)* and Tpeak = 181 °C (melting range 174-183 °C, with decomposition)
for (S-IBU)~ (TXA)*. It was noted, however, that for the latter salt, a mass loss of ~54%
occurred between 135 and ~210 °C, corresponding to the calculated mass percentage (theo-
retical value: 56%) for (S-IBU) ™ (TXA)* with 1:1 stoichiometry. The remaining TXA was
a high-melting-point solid with an m.p. of ~300 °C [21]. The crystal structure of pure S-
(+)-ibuprofen (CSD refcode JEKNOC12) is composed of hydrogen-bonded carboxylic acid
dimers with no H-bonds between them, and consequently this API has a relatively low melt-
ing point, namely 49-53 °C [22]. The increased thermal stability associated with the salts of
S-(+)-ibuprofen reported here could therefore be attributed to the extensive networks of
charge-assisted hydrogen bonds that featured in their crystal structures described above.

3.4. Solubility Measurements in FaSSIF

To establish whether the alternative solid forms of S-IBU prepared in this study
displayed any solubility advantages, the equilibrium solubilities of pure S-IBU; the two new
salts (S-IBU) ™ (ACA)" and (S-IBU) (TXA)*; and that of a known cocrystal, S-IBU-benzamide [9]
(re-synthesised and characterized in our laboratory for comparative purposes), were measured
in FaSSIF (fasted-state simulated intestinal fluid) according to the procedure described
in Section 2.8. A table listing the equilibrium concentrations of these four species at two
pH values (2.0 and 6.5), as well as their solubility values in mg/mL, is presented in the
Supplementary Material (Table S3). From this table, we noted that the relative solubilities
of the four species did not differ significantly at a given pH.

4. Conclusions

As described in the Introduction, the literature on the solid state of the API S-(+)-
ibuprofen (S-IBU) features a range of multi-component systems that contain this drug.
However, given that S-IBU is a very effective non-steroidal anti-inflammatory drug, su-
perior in many respects to the racemic form of ibuprofen, ‘drug—drug’ salts or cocrystals
containing S-IBU are nevertheless rare. The salts described in the present study therefore
represent new crystalline ‘drug-drug’ products that were based on exploiting the phar-
macological properties of both S-IBU (for the relief of inflammation, pain, and fever) and
the antifibrinolytics ACA and TXA (namely, arresting blood flow, which might result from
the adverse ulcerative effects of S-IBU). Another novel feature of this study is the fact that
the ‘coformers” ACA and TXA selected for the ‘drug-drug’ synthesis study with S-IBU
are zwitterions, ionic species that are seldom employed in this capacity. Accurate X-ray
structures of the salts (S-IBU)"(ACA)* and (S-IBU) ™ (TXA)* were determined, and the
strong hydrogen bonding interactions that stabilize them contribute to their superior ther-
mal stability relative to untreated S-IBU. However, the assessment of the pharmacological
effects of these salts has yet to be conducted in order to determine whether the notion of
their potential pharmaceutical advantages expressed in this report may be verified.
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/cryst13081222 /s1, Figure S1: HPLC calibration curve,
Figure S52: PXRD patterns of the starting components S-IBU and TXA, and those of the products
obtained by liquid-assisted grinding, Figure S3: 'H-NMR spectrum of (S-IBU)~(ACA)*, Figure S4:
Experimental and calculated PXRD patterns for (S-IBU) ™ (TXA)* and for (S-IBU) ™ (ACA)*, Figure
S5: FTIR spectra of S-(+)-ibuprofen, TXA, and their product, Figure S6: DSC and TGA curves for
(S-IBU)~(ACA)*, Figure S7: DSC and TGA curves for S-IBU) ™ (TXA)*, Table S1: HPLC gradient
elution program, Table S2: Analysis of the 'H-NMR spectrum of (S-IBU)~(ACA)*, Table S3: Solubility
data for four solid forms of S-(+)-ibuprofen.
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