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ABSTRACT: Chiral resolution by crystallization is a highly scalable
and economically viable technique crucial for the pharmaceutical
industry. While the use of multicomponent crystals, such as salts and
cocrystals, has been extensively explored for separating racemates,
precisely controlling the solid form selection in systems with multiple
possible interactions remains a significant challenge. This study
investigates the mechanochemical and crystallization products
resulting from various enantiomeric combinations of the chiral active
pharmaceutical ingredient baclofen and mandelic acid. We reveal that
combining enantiopure mandelic acid with racemic baclofen leads to
chiral resolution through the formation of diastereomeric cocrystals.
Conversely, combining racemic mandelic acid with baclofen produces
solid solution hybrid salt−cocrystals, highlighting the diverse
outcomes of specific enantiomeric pairings. The stability of multicomponent formations was complementarily studied by employing
density functional theory to calculate the lattice energy of each form. These findings uniquely showcase how stereochemistry
fundamentally governs both solid form selection and specific chiral recognition pathways at the molecular level, providing crucial
insights into the rational design of advanced chiral separation strategies.

1. INTRODUCTION
Single-enantiomer drugs are in high demand due to their
superior therapeutic efficacy and extended patentability.1,2

Regulatory agencies such as the U.S. Food and Drug
Administration (FDA) and the European Medicines Agency
(EMA) increasingly favor the registration of enantiomerically
pure forms.3,4 Although enantiomers of active pharmaceutical
ingredients (APIs) possess identical molecular formulas and
exhibit identical physical properties in achiral environments,
their behavior in chiral environments�such as those in
biological systems�can differ markedly.5 As a result, the
development of the methods to achieve enantiopure
compounds has become essential in pharmaceutical manu-
facturing.

A number of chiral resolution methods have been developed,
such as asymmetric synthesis, chiral chromatography,
adsorption, and membrane separations. Among various
resolution techniques,6 crystallization-based methods are
particularly attractive due to their operational simplicity, cost
effectiveness, and scalability.7,8 However, a major challenge
arises as most chiral compounds crystallize as racemic
compounds9 (consisting of equal amounts of the two

enantiomers in the same crystal lattice), which makes their
separation by conventional crystallization difficult.

Salts and cocrystals are the most commonly employed
multicomponent solid forms in chiral resolution by crystal-
lization.10,11 A well-known classical technique is Pasteur’s
resolution,12 which involves forming diastereomeric salts by
combining a racemic mixture with a chiral resolving agent.
Each enantiomer interacts differently with the resolving agent,
yielding diastereomeric salt crystals with distinct physical
properties that allow for separation. More recently, cocrystals
have gained interest in pharmaceutical solid-state chemistry for
their ability to modulate API properties without altering
chemical structures.13 Analogous to salts, cocrystals can also be
used for chiral resolution: enantiomers interact differently with
a chiral coformer, resulting in diastereomeric or enantiospecific
cocrystals that can be separated by crystallization.14
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The primary distinction between salts and cocrystals lies in
the nature of the intermolecular interactions in the crystal.15

Salts are defined by ionic bonding interactions, whereas
cocrystals involve hydrogen bonding, π−π stacking, or other
noncovalent interactions. A hybrid form, known as a salt−
cocrystal also exists, with the solid form containing two or
more components with nonzero total charges and one or more
neutral coformers.15

The chirality of the coformer plays a critical role in
determining the outcome of the multicomponent crystalliza-
tion,16−19 as summarized in Figure 1. When a selected
coformer creates a multicomponent crystal with an API,
various outcomes are possible including racemic, diastereo-
meric, enantiospecific, or conglomerate multicomponent
crystals. For instance, an enantiopure coformer may form
enantiospecific cocrystals20−25 (with only one enantiomer of
the API) or diastereomeric cocrystals26−35 (with both
enantiomers). These structures often enable resolution via
simple crystallization, as the two forms have different
solubilities. In contrast, when a racemic coformer or achiral
compound is used, the desired outcome is a conglomer-
ate,18,36−45 which allows for simultaneous resolution of both
the API and the coformer (if a racemic compound is used)
through the use of preferential crystallization. However, if a
racemic compound forms,46−49 separation becomes impossible
because the enantiomers remain within the same crystal lattice.

In our previous work,32 we proposed a chiral resolution
method for racemic baclofen (Bac), an API which treats spinal
cord injury and spasticity, via the formation of diastereomeric
cocrystals with enantiopure mandelic acid (Man). R-Bac is
retrieved from solution by cocrystallization with S-Man. Here,
we present a complete study of the stereochemical recognition
of the chiral−chiral system of Bac and Man, demonstrating
how chiral configurations govern the formation of diverse
multicomponent crystals. Also, density functional theory was
utilized to calculate the lattice energy of the system to
emphasize the thermodynamic formation of the multi-
component solid.

2. EXPERIMENTAL SECTION
2.1. Starting Materials. RS-Bac (≥98.0%), RS-Man (>99.0%), R-

Man (>99.0%), and S-Man (>98.0%) were purchased from Tokyo

Chemical Industry Co. (TCI). Acetic acid (Glacial, 99.8%) was
purchased from Merck. Ultrapure water type I (18.2 MΩ) was
obtained from PURELAB Classic (ELGA). R-Bac (94.5% enantio-
meric excess) was resolved from RS-Bac using a method adapted from
our previous work.32 The details are given in Supporting Information.
2.2. Grinding Experiment. Liquid-assisted grinding (LAG) was

performed to screen multicomponent formation of combinations with
different chiral configurations of Bac and Man using a RETSCH
Mixer Mill (MM200) in a 2 mL plastic tube with 3 7 mm stainless
steel-balls. A 150 mg mixture of Bac and Man was prepared before
grinding with 10 μL of methanol for 1.5 h with a frequency of 25 Hz.
Five different experiments were tested, with each having a unique
chiral combination. All of the enantiomeric combinations between
two chiral compounds are shown in eq 1−5. Equations 1 and 2 are
enantiopure−enantiopure interactions, which refer to the combina-
tion of enantiopure components of the two compounds. Equations
3−5 are tested to explore the potential of enantiospecific or
diastereomeric cocrystal chiral resolution of either Bac (3) or Man
(4), and the potential to find a conglomerate cocrystal (5). The two
sides of each equation show stereoisomers that have identical stability.
Therefore, grinding only one of the two identical combinations from
eqs 1−4 was sufficient. After grinding, the samples were dried under
ambient conditions for 24 h and then were characterized by powder
X-ray diffraction (XRPD) on a Bruker D8 Advance powder X-ray
diffractometer equipped with a Cu Kα X-ray source (λ = 1.5406 Å)
operating at 40 kV and 30 mA. The data were collected within 2θ
values from 6° to 35° at a scan rate of 12° min−1. The XRPD patterns
of the samples were compared to the reactants.

+ = +R R S SBac Man Bac Man (1)

+ = +R S S RBac Man Bac Man (2)

+ = +RS R RS SBac Man Bac Man (3)

+ = +R RS S RSBac Man Man Man (4)

+RS RSBac Man (5)

2.3. Thermal Analysis. Thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) were performed to investigate
the thermal behavior of the powder samples. TGA measurement was
performed using a Thermal Plus Evo2 (TG 8121, Rigaku) under a
nitrogen (N2) atmosphere at the flow rate of 200 cm3 min−1. Powder
samples of 5 to 10 mg were prepared in aluminum pan heating from
30 to 250 °C with the ramping rate of 10 °C min−1 to measure the
decomposition temperature. DSC was performed with a DSC8500
instrument (PerkinElmer). Powder samples of 5 to 10 mg were placed

Figure 1. Potential outcomes when combining a racemic API (RSAPI) with an achiral (A), enantiopure (RC), or racemic (RSC) coformer with green
and red showing favorable or nonfavorable chiral resolution processes, respectively.
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in an aluminum pan and cover. Samples were heated from 30 to 160
°C or to the decomposition temperature at a 5 °C min−1 heating rate.
2.4. Crystal Structure Determination. 1:2 R-Bac:RS-Man and

1:2 RS-Bac:RS-Man crystals were obtained from evaporative
crystallization of solutions of R-Bac + RS-Man and RS-Bac + RS-
Man combinations in water. Bac and Man were added in amounts
close to their solubilities, and the solvents were then evaporated under
ambient conditions until crystallization occurred. Details on
crystallization conditions of each crystal are provided in Supporting
Information. Single crystals were harvested from the solutions for the
structure determination. Diffraction data were collected on a MAR345
image plate using MoKα radiation generated by an Incoatec IμS
microfocus source (Montel Mirrors). Data reduction was carried out
using the CrysAlisPRO software package.50 The resolution and
refinement by full-matrix least-squares were carried out using
respectively SHELXT51 and SHELX-2018/3.52 Non-hydrogen
atoms were refined anisotropically; H atoms were added in calculated
positions and allowed to ride on the parent atoms, with isotropic
displacement factors set to 1.2 equiv of the parent atoms (Uiso(H) =
1.5Ueq(C) for methyl to OH hydrogens). For the structures showing
disorder, the disorder presents itself as R/S disorder where both
enantiomers are superposed onto each other, while maintaining the
same hydrogen bond interactions. Isotropic and rigid bond restraints
were set up for all atoms of the minor part, and the minor component
was geometrically refined to be similar to the main component and
occupancies were freely refined.
2.5. Density Functional Theory (DFT) Calculation. All first-

principles calculations were conducted using the Vienna Ab initio
Simulation Package53,54 (VASP). Spin-polarized density functional
theory (DFT) calculations employed the Perdew−Burke−Ernzerhof55

(PBE) generalized gradient approximation (GGA) exchange−
correlation functional with many-body dispersion56,57 (MBD)
corrections, PBE−MBD, in conjunction with the projector augmented
wave58 (PAW) method. The plane-wave cutoff energy of 520 eV, the
energy convergence threshold of 10−5 eV, and the force convergence
threshold of 0.02 eV Å−1 were applied. Gaussian smearing with a
width of 0.05 eV was utilized. The Brillouin zone sampling was
performed using a 3 × 3 × 3 Monkhorst−Pack k-point mesh.

The calculation of Helmholtz free energy F(T) was performed in
order to include temperature effects at 300 K

= +F T E F T( ) ( )total vib (6)

where Etotal is the total energy, Fvib(T) is the vibrational free energy,
and T is the temperature. The calculation of Helmholtz free energy of
molecular crystals and isolated molecules was performed using the
CrystalThermo and HarmonicThermo utility within the Atomic
Simulation Environment59 (ASE) thermochemistry package, respec-
tively. To obtain vibrational frequencies, numerical calculations were
conducted via finite-difference methods with atomic displacements of
0.005 Å.60,61 The lattice free energy (ΔFlatt) of a cocrystal,
representing thermodynamic stability, is defined as

=F F x F n( )/
i

i ilatt crystal mol,
(7)

where Fcrystal is the free energy of the molecular crystal, Fmol,i is free
energy of isolated molecule i forming the molecular crystal, xi is the
number of isolated molecule i in unit cell, n is the total number of
molecules in the unit cell.

3. RESULT AND DISCUSSION
3.1. Multicomponent Products from Different Chiral

Combinations of Bac and Man. Each unique chiral
combination of Bac and Man results in a distinct multi-
component solid form. This is consistent with previous
findings16−19 that stereochemistry plays a critical role in
solid-state assembly. The different stereochemical pairings
between Bac and Man significantly influenced the outcome of
the mechanochemical multicomponent products, as shown in

Figure 2. XRPD patterns obtained from grinding 1:1
stoichiometric ratio R-Bac + R-Man (1) and R-Bac + S-Man

(2) systems were distinct from each other and from those of
the starting materials, confirming the formation of new
crystalline phases. Also, the pattern of 1:1 RS-Bac + R-Man
(3) was a mixture of the prior two combinations (1) and (2),
indicating that racemic Bac dissociates to form diastereomeric
cocrystals with R-Man (R-Bac:R-Man + S-Bac:R-Man). These
results were aligned with our previously published results32

that enantiopure Man can resolve racemic Bac by forming
diastereomeric cocrystals. The XRPD patterns of both 1:1 R-
Bac + RS-Man (4) and 1:1 RS-Bac + RS-Man (5) show a
mixture of the crystalline phase and residual Bac, indicating an
incomplete transformation at a 1:1 stoichiometric ratio (Figure
S1). This suggests that the reaction needs more Man to
completely transform to the new phase. Therefore, the
grinding experiments were repeated with a 1:2 stoichiometric
ratio of Bac/Man for systems 4 (4′) and 5 (5′). Interestingly,
both 4′ and 5′ produced complete conversion with the
resulting powders showing nearly identical XRPD patterns
(Figure 2), suggesting formation of a structurally similar phase
that did not correspond to any of the known diastereomeric
cocrystals of Bac-Man. The combination 5′ may represent
either a mixture of two mirror-equivalent forms of 4′ (a
conglomerate of the racemic cocrystal), which would be
beneficial for chiral resolution, or a single racemic−racemic
cocrystal structurally identical to 4′, which would hamper
resolution. Further structural analysis allowed characterization
of these forms, especially 5′.
3.2. Crystal Structure Analysis. To truly confirm the new

crystalline phases from combinations 4′ and 5′, their crystal
structures were examined by using SC-XRD analysis of crystals
harvested from those combinations. The crystallographic
details of each structure are summarized in Table 1. The
crystal structures of 4′ and 5′ exhibited highly similar unit cell
parameters, explaining their comparable XRPD patterns. The
asymmetric units of both crystal structures, shown in Figure 3
contain three species: protonated Bac (Bac+), deprotonated
Man (Man−), and neutral Man, consistent with the definition
of a salt-cocrystal15 with a 1:2 molar ratio between Bac and
Man.

Both 4′ and 5′ have near identical packing arrangements and
can be superposed easily (Figure 4). With structure 4′ as the

Figure 2. XRPD patterns of different chiral combinations between
Bac and Man with 1:1 stoichiometric ratio of R-Bac:R-Man (1), R-
Bac:S-Man (2), and RS-Bac:S-Man (3) and 1:2 stoichiometric ratio of
R-Bac:RS-Man (4′) and RS-Bac:RS-Man (5′).
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reference point, 5′ can be seen as a solid solution where the
enantiopure R-Bac in 4′ is substituted by a racemic mixture of
R- and S-Bac on the same crystallographic position. As can be
seen in Figure 4, the enantiopure Bac in 4′ always superposes
with one of the disordered R/S-Bac molecules of 5′. This also
implies the observed pseudoinversion center in structure 4′,
while containing only enantiopure R-Bac.

The structural comparison between hybrid salt−cocrystals
4′ and 5′ and a cocrystal of R-Bac:S-Man, 2 reveals differences
in both the stoichiometry and the nature of intermolecular
interactions. In the crystal structure of 2 (CSD refcode:
BAWNUM), the R-Bac molecule exists in its zwitterionic form
and S-Man remains in its neutral form. The packing in the
structure is created mainly by hydrogen bonding between
acid−base heterosynthons and by layer stacking through the
halogen-π interaction of the chlorine of Bac and the phenyl
ring of Man. The ΔpKa between Bac and Man is approximately
0.5 (pKa values: Bac = 3.87;62 Man = 3.4163), placing the
system near the intermediate zone where both salt, cocrystal,
or hybrid formation are possible. Notably, hybrid salt−
cocrystals were observed to form depending on the chiral

configuration of the components, implying that chirality may
play a role in controlling the assembly and molecular
recognition within the solid-state structure.

Crystallization with the 1 combination resulted in an oil
droplet, potentially due to compound decomposition, thus
preventing structural determination of this form.
3.3. Thermal Analysis. Thermal behavior of each

multicomponent crystal (both cocrystal and salt−cocrystal)
were evaluated using TGA and DSC, as summarized in Table
2. All crystal forms except 1 melted at their decomposition
temperature of around 130 °C showing the first stage of weight
loss up to 170 °C. The 1:1 cocrystal and the 1:2 hybrid salt−
cocrystal exhibited 5% and 4% weight loss (see Supporting
Information), likely due to surface water or the dehydration
reaction of baclofen to form 4-(4-chlorophenyl)-2-pyrroli-
done.64 1 has the lowest melting temperature and 2 has the
highest decomposition temperature among the others. Since a
higher melting and decomposition temperature often suggests
greater stability, 2 could be the most stable multicomponent
crystal form. However, the direct comparison should account
for differences in overall composition.
3.4. DFT Calculation. In this section, we performed DFT

calculations to theoretically validate the thermodynamic
stability of cocrystals, confirming that RS-Bac spontaneously
resolves into individual enantiomers when crystallizing with R-
or S-Man, while RS-Man combines with RS-Bac without
enantiomeric separation. All DFT calculations employ the
PBE−MBD functional because it offers both computational
cost-effectiveness and comparable accuracy to the computa-
tionally demanding PBE0−MBD functional, which serves as
the benchmark standard for molecular crystal systems.60,65,66

The calculated energies are shown in Table S1.
The lattice free energies (ΔFlatt) show that 5′ exhibits the

most favorable value at −34.383 kcal mol−1, followed closely
by 4′ at −34.291 kcal mol−1, with only a minimal difference
between them. This extremely small free energy difference
indicates that RS-Man shows analogous interaction and similar
thermodynamic stability when forming cocrystals with either
RS-Bac or R-Bac alone, explaining why RS-Man does not
promote enantiomeric resolution during cocrystallization since
there is no thermodynamic preference driving chiral
discrimination.

Table 1. Crystallographic Data of Hybrid Salt−Cocrystals

crystal data 1:2 R-Bac:RS-Man (4′) 1:2 RS-Bac:RS-Man (5′)
CSD number 2454488 2454489
species 2R-Bac+:R-Man−:S-

Man−:R-Man:S-Man
R-Bac+:S-Bac+:R-Man−:S-

Man−:R-Man:S-Man
formula C10H13ClNO2, C8H7O3,

C8H8O3

C10H13ClNO2, C8H7O3,
C8H8O3

temperature
(K)

297 297

crystal system triclinic triclinic
space group P1 P1̅
a (Å) 9.1623(8) 9.2060(11)
b (Å) 10.3191(10) 10.2479(15)
c (Å) 15.2403(19) 15.310(2)
α (deg) 74.231(10) 74.528(13)
β (deg) 83.910(9) 84.985(11)
γ (deg) 68.507(9) 67.951(12)
volume (Å3) 1290.23 1290.1
Z 2 2
R1 (I ≥ 2σ(I)) 0.0437 0.0660
wR2 (all data) 0.1120 0.1759

Figure 3. Unit cell of hybrid salt−cocrystals (a) 4′ and (b) 5′.
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Notably, the 2 system with enantiopure S-Man displays a
less favorable ΔFlatt of −33.023 kcal mol−1, which is 1.384 kcal
mol−1 higher than that of the racemic RS-Man systems. This
reduced thermodynamic favorability suggests that while
enantiopure S-Man and R-Bac combinations are viable, they
are not as energetically preferred as the RS-Man systems. The
computational findings align with the experimental results,
indicating that RS-Bac undergoes enantiomeric resolution
exclusively when crystallized with S-Man.

4. CONCLUSIONS
This work demonstrates that chiral resolution of both
components simultaneously cannot be achieved in the system
of racemic Bac and racemic Man, despite the fact that a specific
chiral combination (e.g., enantiopure Man with racemic Bac)
successfully forms diastereomeric cocrystals that allow for
resolution by solubility differences. Moreover, the study also
reveals that not only the chemical identity but also the
stoichiometry and chiral configuration of the components play
critical roles in determining the type of multicomponent
formation. When enantiopure Man is used, a 1:1 cocrystal with
Bac is formed. However, the presence of racemic Man results
in the formation of a hybrid salt−cocrystal with a different
stoichiometric ratio (1:2 Bac to Man). Lattice energy
calculations using DFT support these observations, showing
that the hybrid salt−cocrystal formed from racemates of both
components is the most thermodynamically stable phase.
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Figure 4. Overlay of structure 4′ and 5′, the enantiopure Bac in 4′ (magenta) superposes with one of the disordered parts of 5′ (top left vs bottom
right). The (pseudo)-inversion center is indicated with an orange dot.

Table 2. Thermal Data of Cocrystals and Salt−Cocrystals
Obtained From DSC and TGA

multicomponent crystal
decomposition

temperature (°C)
melting temperature

(°C)

R-Bac:R-Man (1) cocrystal 117 89
R-Bac:S-Man (2) cocrystal 131 melting followed by

decomposition
1:2 R-Bac:RS-Man (4′)

hybrid salt−cocrystal
126 melting followed by

decomposition
1:2 RS-Bac:RS-Man (5′)

hybrid salt−cocrystal
129 melting followed by

decomposition
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