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ABSTRACT

The stable and metastable phase diagrams between the sinister and the rectus ibuprofen
enantiomers were established by means of thermal analysis and X-ray powder diffraction
experiments as a function of temperature. The results obtained allow proving for the first time
the existence, for the stable system, of a solid solution by mixing the ibuprofen racemate with
one of its enantiomers for low concentration of the enantiomer. Since the rectus ibuprofen is a
non-active pharmaceutical agent which can be partially bio-converted into the sinister
enantiomer, the present work offers a new approach for scalemic mixtures preparation in

order to improve the benefit/risk ratio related to ibuprofen administration.
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INTRODUCTION

Racemate ibuprofen is one of the most non-steroidal anti-inflammatory drugs used in the
pharmaceutical field [1, 2]. RS- ibuprofen crystallizes in the monoclinic P2y, lattice [3-6]
while the chiral counterpart, or enantiomer, crystallizes in the monoclinic P2 [4, 7-9]. The
ibuprofen rectus enantiomer has no therapeutic activity and is partially stocked in the adipose
tissues (~ 30% of the total ibuprofen dose) — the other part being bio-converted in the sinister
enantiomer which is the pharmaceutical active form [2, 10-16]. Such bio-conversion pathway
may contribute to the in vivo sustained ibuprofen action. In a physicochemical point of view,
previous phase diagrams between ibuprofen enantiomers were reported in the literature [4, 17,
18]. All the results agree to state that a eutectic system is formed between one enantiomer and
the racemate. But contradictory results are reported especially for the location of the eutectic
point and the eutectic melting point. Indications are given about an unstable phase
encountered near the eutectic point but the results were unexploited [17]. Moreover, on each
of the three phase diagrams [4, 17, 18], the eutectic invariant near the pure components has
never been observed and no clear explanations have been given. However, a complete
immiscibility domain in the solid state is proposed from x =0 to 0.5 and from x = 0.5 to 1. On
this statement, we decided to examine carefully the thermal behavior of the stable and
metastable phases from samples prepared from pure enantiomers and from mixtures between
one enantiomer and the racemate. On the basis of these experiments, a new stable phase

diagram is thus proposed, and the contribution of a metastable system is discussed.

MATERIALS AND METHOD

Chemicals. s- and Rs-ibuprofen were purchased from Acros Organics (99% purity). R-
ibuprofen was purchased from Santa Cruz Technology (purity higher than 98%). The
components were used as received.

Binary mixture preparations. The compounds were separately weighted, then gently mixed
by grinding in a mortar during 5 minutes at room temperature.

Thermal experiments. The DSC runs were performed at 2 K.min! under atmosphere of dry
nitrogen gas, using a differential scanning calorimeter 822e (Mettler-Toledo, Switzerland),
calibrated beforehand using high purity indium (99.9 % provided by Mettler-Toledo. Trus =
156.6 °C; AnsH = 28.45 J.g™!) and zinc (99.9 % provided by Mettler-Toledo. Trus = 409.6 °C;
AwsH = 107.50 J.g'). The samples were introduced in DSC aluminum pans at room

temperature, and then hermetically sealed.



X-ray powder diffraction experiments. X-ray data collection was performed on a home-
made diffractometer with a Rigaku RA-HF18 rotating anode generator (50 kV, 300mA).
Monochromatic Cu Kai (A = 1.5406 A) radiation was selected by means of a nickel filter. The
sample was placed inside a cryofurnace (TBT - Air Liquide) with a temperature range
between -190 and 210 °C, using liquid nitrogen. Each data scan was recorded between 4 and

30 deg. in 20, with a step size of 0.02 deg. and a counting time of 1 second per step.

RESULTS AND DISCUSSION

To apprehend the stable phase diagram, thermal analyses were carried out on scalemic
mixtures prepared from R- or S- and RS-ibuprofen. The sinister and racemate compounds have
previously been characterized thermodynamically in our group by using calorimetry
experiments [19]. With regard to the R-ibuprofen enantiomer, the results are clearly
comparable to those of the S- enantiomer.

As far as the establishment of the phase diagram is concerned, selected DSC curves are
presented in Figure 1. For mixtures containing less than 85% of enantiomer (R- or S-), two
endothermic signals were observed. The first one takes place at constant temperature and
corresponds, undoubtedly, to the crossing of a eutectic invariant, as previously reported in the
literature [4, 17, 18]. The second endothermic signal necessarily refers to the crossing of the
(liquid + Rs-ibuprofen) biphased region ending by the crossing of the liquidus curve.

The mean eutectic temperature value, obtained from the DSC experiments, is equal to 48.8 *
0.7 °C and is in close agreement with the previous reported values of 48 °C for Romero and
Rhodes [4] as well as Burger et. al [17], but disagrees with the value found by Dwivedi et al.
(i.e. 37 °C) [18].
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Figure 1. Selected DSC curves of mixtures containing RS- and S-ibuprofen as a function of
the mol fraction in R-ibuprofen (from top to bottom): 0.02, 0.09, 0.25, 0.30, 0.42 and 0.46.

For mixtures containing more than 85% of enantiomer (R- or S-), only 1 endothermic peak is
observed (cf. the two upper curves in Figure 1). The same statement is made when the
mixtures are freshly prepared from R and S enantiomers. Even after 56 days of annealing at
room temperature, no change is observed on the shape of the DSC signals. This suggests that
the so-obtained samples are stable over the time. Furthermore, the related onset temperatures
are slightly higher than those of the stable eutectic invariant for mixtures enriched in one
enantiomer. This could indicate, the presence of a partial solid solution [20] between R- and S-

ibupofen near the pure enantiomer fractions.

Unfortunately, the region of demixing could not have been detected by DSC due, certainly, to
endothermic effects too small. Consequently, the solubility curve of RS-ibuprofen, between

the two eutectic points, was examined using the Prigogine-Defay equation [21]:
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where x stands for the mol fraction in enantiomer; 7., the liquidus temperature of the
corresponding mixture. AusH and Tj.s are respectively the enthalpy and the temperature of

fusion of the racemate. R is the gas constant. The temperatures are in Kelvin.

The plot of In[4x.(1-x)] vs. (1/Tws—1/Tx) is linear (Figure 3). The melting enthalpy of the
racemic compound is deduced from the slope of the straight line: AnsH = 53.6 £ 2.7 kJ per
mol of RS-ibuprofen, i.e. 26.8 £ 1.4 kJ .mol™! on the basis of ¥2 mole of each enantiomer. This

value is in agreement with the one found from DSC experiments (25.5 *+ 0.3 kJ.mol ™).
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Figure 2. Dependence of mole fraction with the liquidus temperature using the Prigogine-
Defay model.

The linearity of the plot of In[4x.(1-x)] against (1/T%.s—1/Tx) implies the complete dissociation,
in the molten state, of the racemate, as suggested by Rastogi and Nigam for the stability study
in the liquid state of addition compounds [22]. This complete dissociation involves, as well,
an ideal state for the liquid state (i.e. no excess quantities in the liquid). This is the reason why
the solubility curve of RS-ibuprofen follows an ideal behavior, as it will be confirmed further

below.

The two extreme data points in Figure 2 correspond to the racemate melting point (x = 0.5)
and the eutectic point. Since the eutectic temperature was determined to be comprised
between 48.1 and 49.5 °C, it comes that, from that graph, the eutectic composition can be
extrapolated for both limits (dotted lines) and the mean value is equal to xe = 0.056 + 0.003

mol fraction in enantiomer.

To highlight the solid solution obtention for mixtures enriched in one enantiomer, scalemic
mixtures of R- and S-ibuprofen were freshly prepared in the solid state before thermal analysis
investigations, since ibuprofen does not spontaneously recrystallize from its molten state. The

corresponding DSC thermograms are presented in Figure 3.



Figure 3. (A) Selected DSC curves of mixtures containing R- and S-ibuprofen as a function of
the mol fraction in R-ibuprofen (from top to bottom): 0.05, 0.10, 0.15, 0.28, 0.38 and 0.50. (B)
The DSC curve obtained for 0.15 mol fraction in R-ibuprofen sample after integration by
using the STARe software (version 15.00) from Mettler-Toledo. The recrystallization events
are marked with an asterisk (*).

For composition comprised between the 2 eutectic points (i.e. for mol fractions comprised
between 0.06 and 0.94 in R-ibuprofen), one can observe an exothermic signal appearing just
after the first endothermic signal. The first signal can be attributed to the melting of the
metastable solid solution — due to partial miscibility in the solid state [20] — formed between
both enantiomers. The formation of such a solid phase has been also confirmed by X-ray
experiments performed with S- and R-ibuprofen mixture samples (Xg-ibuprofen = 0.01 and 0.37)
annealed at temperature higher than room temperature (Figure 4). Interestingly, when the
scalemic mixture is composed of an enriched fraction of one of the enantiomers (e.g. Xz-
ibuprofen = 0.01), the annealing protocol at 47 °C does not change the phase contrary to Xg-

ibuprofen = 0.37 samples which transform into RS/S physical mixtures.



Figure 4. X-ray powder diffraction patterns obtained at room temperature for S-ibuprofen
(=), and R- and s-ibuprofen mixtures after 6 days annealing (—). (A) Xg-ibuprofen = 0.01 and
Tannealing =47 OC, (B) XR-ibuprofen = 0.37 and Tannealing =40 °C.

The two different thermal behaviors confirm that the metastable domain is formed by a solid
solution with lower melting temperatures than that of the stable eutectic invariant between
0.06 and 0.94 in the chiral counterpart. As far as the second endothermic signal from the DSC
results is concerned, it corresponds to the recrystallization in the stable state of the liquid
obtained after the melting process of the solid solution (Figure 3). Upon heating, after the
recrystallization, another endothermic signal takes place. This signal is identical to the one
obtained, at the same mol fraction, from mixtures prepared from one enantiomer and the
racemate. As a result, this signal corresponds to the crossing of the liquidus curve.
Interestingly, the recrystallization phenomenon highlighted upon heating is followed by a
liquidus event (Figure 3) at the same temperature as that of the liquidus event of the stable
system (Figure 1), while no recrystallization and no second endothermic signals were noticed

for the mixtures enriched in one enantiomer.

When the samples are annealed, at room temperature, for 56 days (Figure 5), the first
endotherm is shifted to higher temperature corresponding to the eutectic one, and the
exothermic event disappear. Concerning the liquidus point, it remains unchanged. This clearly
indicates that the solid solution melts at lower temperature than the (S+RS) or (R+RS) mixtures.
This entails that the solid solution is a metastable phase compared to the mixtures between

one enantiomer and the racemate in the mol fraction range 0.06 — 0.94 in R-enantiomer.
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Figure 5. Effect of the time on the stability of the R-/S-ibuprofen mixtures. DSC curves
obtained for the freshly prepared samples (dotted line), and for the same composition sample
after 56 days annealing at room temperature (solid line). Mol fraction in R-ibuprofen: (A):
0.42; (B): 0.50.

All these findings allow us to propose the stable and metastable temperature-composition
(T-x) phase diagrams presented in Figure 6 as a function of the mol fraction in R-enantiomer.
The stable phase diagram has the same shape as the menthol dextrorotatory/levorotatory
stable diagram established by our group in 2012 [23]. However, in the case of the ibuprofen
study, the solution solid melting points (metastable phase) and the invariant points (stable
phase) are close from one to another, regardless of the mixture composition. This can be
explained by the fact that both racemate and enantiomer crystallize in the monoclinic P2,
lattice, the former being centrosymmetric. Furthermore, variation of the molecular volume
between S- and RS- ibuprofen, A(%), has been determined from crystal structure of the related
racemate [3, 5] and chiral counterpart [8, 9] in order to check if the Wallach’s rule [24, 25]
can be applied in the case of ibuprofen. Interestingly, ibuprofen verify the Wallach’s rule
between room and cold temperatures since A(%) is 1.9%, and 2.4% at 25 and -173 °C,
respectively. For that range of temperature, one can confirm that racemic crystal of ibuprofen
is denser than its chiral counterparts. Noteworthily, according to Wallach or Brock, RS-
ibuprofen belongs to group II, i.e. the group of chemical compounds presenting enantiomers
that can be resolved. The relative stability of the racemic ibuprofen over its enantiomers can
be also confirmed by determining the Pettersson value i [26, 27], or the Gibbs free energy of
the R + S = RS transformation at the melting temperature of the chiral counterpart since Ttus, s-
or R-ibuprofene < Tfus, rs-ibuprofen [27, 28]. Indeed, stable racemic compounds should present i > 1.5
and AG° << 0. From the data of the present study, the i and AG°(T#us, s- or r-ibuprofen) Values have

been calculated as follows: 9.6 (non-dimensional data) and -3.6 kJ.mol! respectively.



Notably, Li et al. have obtained the same AG°(Ttus, s- or r-ibuprofen) Value for racemic ibuprofen
[28]. Finally, to complete the stable phase diagram survey, a 48.8 °C temperature invariant is
also proposed via data analysis (Figure 6). The composition range of this invariant is

comprised between 0.03 and 0.97.

Simulation of the metastable phase diagram was performed using the LIQFIT thermodynamic
method [29], taking into consideration the thermal properties of the enantiomers. Thus, a
Roozeboom’s type III diagram has been obtained [21, 29-31], confirming the existence of a
solid solution between the two ibuprofen enantiomers. The related solidus and liquidus
temperatures decrease when approaching the equimolar composition from the pure chiral
counterpart composition (Figure 6, red curves). At a given composition on the rich-
enantiomer part of the diagram, the small difference of temperature between the solidus and
the liquidus justifies that the two beginnings of melting loops are merged when the
composition approaches the center of the diagram. This results in the existence of a
continuous solid solution that is metastable between the two eutectic points, i.e. in the 0.06 —
0.94 composition range. Over this range, the solid solution is the stable phase of the scalemic
mixtures. Interestingly, by comparing this range to the 0.03 — 0.97 range of the eutectic
invariant, one can deduce a symmetrical Ax = (.03 for the crossing regions between the stable
enantiomer/racemic physical mixture and the stable scalemic solid solution. In addition, the
Roozeboom’s type III diagram presents a single point at x = 0.5, suggesting the existence of a
pseudo-racemate which melts at 47.2 °C. This racemic solid solution might correspond to a
new polymorph different from the one discovered by Dudognon et al. which melts at 17 °C,
namely RS-ibuprofen phase II [32]. Also, the modelling gives rise to two minima (x = 0.20
and 0.80) for the metastable phase diagram. These points do not necessarily have a physical

meaning but were the only solution of the modelling from the experimental points.
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Figure 6. Stable and metastable T-x phase diagrams established between the chiral

counterparts of ibuprofen. The experimental data obtained from the DSC results

interpretations (full circles and squares) were modeled for the eutaxia (horizontal —), the

liquidus (—), and the solid solution (—).

The proposed phase diagram was comforted by X-ray diffraction powder experiments
performed as a function of temperature. Indeed, mixtures of sinister and racemate ibuprofen
(Xr-ibuprofen ~ 0.01) were studied between 22 and 52 °C. The diffraction patterns are presented

in Figure 7.
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Figure 7. X-ray powder diffraction patterns obtained for a given RS- and S-ibuprofen mixture,
Xr-ibuprofen = 1%, as a function of temperature. (A) Temperature: 22, 42, 47, and 52 °C, from
the top curve to the bottom curve, respectively. (B) Patterns for 20 scale comprises between 6
and 8 deg. Temperature: (—) 22, (----) 27, (—) 32, (---+) 37, (—) 42, (—) 47, and (—) 52 °C.



The Xg-ibuprofen = 1% sample formulated between S- and RS-ibuprofen is a physical mixture at
room temperature since one can observe on the corresponding XPRD pattern a superposition
of racemate and enantiomer signal (Figure 7A) [19]. However, before melting, the physical
mixture transits to a solid solution as expected from the thermal analysis experiments (Figures
1, 3 and 6). The latter transition takes place between 37 and 42 °C. Indeed, the peak at 6.1
deg. which belongs to the racemate ibuprofen XPRD pattern disappears in the patterns
recorded from 42 °C, presenting the solid solution XPRD signals (Figure 7B). The X-ray
diffraction experiments hence confirm the assumption if the solid solution between Xg-ibuprofen
= 0 and 0.06, as well as for the symmetric composition. Consequently, the pseudo-racemate
that has been highlighted in the present work (Trs = 47 °C) is a solid solution formed from the
stable chiral counterparts in equimolar proportions. This solid solution may correspond to the
"unstable phase near the eutectic point" proposed by Burger and co-workers [17] although it
is stable for mol fraction of enantiomer comprise between 0 to 0.06, but metastable for mol
fraction of enantiomer higher than 0.06 since the stable state is, in such a case, the physical

mixture between the racemate and one of the enantiomer.

CONCLUSIONS

The rectus/sinister ibuprofen stable phase diagram proposed here is an overlapping of a
Roozeboom’s type III solid solution curve with the racemate solubility curve, crossing at low
concentration of one of the enantiomers. The existence of the solid solution has been
demonstrated in this work for the first time and corresponds to the scalemic S+R-ibuprofen
mixtures that are stable for mol fractions in enantiomer lower than 6% and metastable for
higher values until 94%. As far as the latter range of concentrations is concerned, the stable
state is the S+RS-ibuproféene or R+ RS-ibuprofen eutectic mixtures. The kinetics of
metastability vs stability conversion has also been apprehended by annealing of the materials
at room temperature. Such data can be of interest for preparation of non-steroidal anti-
inflammatory drugs with new ratio of ibuprofen chiral counterparts with optimized
bioavailability, pharmacokinetics, metabolism, and toxicity parameters. As an example,
amphetamine can be marketed either in its racemic form (Eveko®, approved by the FDA in
2012) or as a 75:25 S:R scalemic mixture (Adderall®, approved by the FDA in 1996).

Therefore, Adderall® can be considered as a formulation with improved therapeutic effect



since differences in onset and duration of action between the S- and R-amphetamine have been
described in rats [33, 34] and a stereospecific metabolism of amphetamine has been evidenced

in human [35, 36] and rat [37-39] in vivo studies.
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