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ABSTRACT: The synthesis and application of enantiopure short-chain mandelic acid esters as chiral task-specific solvents
were investigated for the determination of hetereochiral interactions between chiral solutes and chiral solvents. Because of
specific chiral interactions between themandelic acid enantiomers as solutes and theS-configured solvents for this chiral system,
asymmetric behavior was elucidated. Differences for (R)- and (S)-mandelic acid were determined with respect to solution
thermodynamics and crystallization kinetics for the chiral solvents (S)-mandelic acid n-propyl ester [(S)-n-propyl mandelate]
and (S)-mandelic acid isopropyl ester [(S)-isopropyl mandelate]. These differences were explained via evaluation of enantio-
specific interactions applying molecular modeling methods.

1. Introduction

Within the pharmaceutical industry, the chemical synthesis
of chiral substances provides usually only racemates with
50:50 mixtures of the enantiomers.1 On the other hand, most
of the chiral drugs are produced in the form of single
enantiomers; often only one of the enantiomers shows the
desired properties. Hence, enantioseparation is an important
task in pharmaceutical development.2 Moreover, on the basis
of the benefits of single enantiomers and the size of the chiral
market, production of enantiopure substances via separation
processes such as crystallization has become very profitable.3

Additionally, the resolution of enantiomers is directly related
to the specific properties of the substance. Chiral systems are
divided into (a) racemic compound-forming systems
(90-95% of all cases), (b) conglomerates (5-10%), and so-
called (c) pseudoracemates (rare) (Figure 1).3

These classes of substance possess different properties,
which need to be considered within crystallization processes.
Related to the final separation process is the important choice
of an adequate solvent for the crystallization process, which
directly influences the final yield, the crystal morphology, the
appearance of solvates or polymorphic varieties, and the
purity of the product.4,5 Furthermore, the metastable zone
width (MSZW) is also related to the choice of the solvent and
therefore a very important key parameter for crystallization
processes.6 In classical achiral solvents, no differences are
found between the two enantiomers.

However, for chiral solvents, these substances are expected
to be able to create selective interactions with a chiral solute,
which facilitates a differentiation between the two single
enantiomers.7,8 This discrimination can provide selective ki-
netic or solution thermodynamic effects, which might be
useful for the separation of enantiomers. These dynamic
interactions between solvent molecules and the related solutes

are the background for almost any process within the solu-
tion, including solubilization.9 Typical relations are ion-
dipole, dipole-dipole, dipole-induced dipole, instantaneous
dipole-induced dipole, hydrogen bond,10 electron pair do-
nor-electron pair acceptor, and solvophobic interactions.11

Because of their unique physical and chemical properties,
these interactions lead to specific properties and therefore also
different macroscopic effects, e.g., differences in solubility,
activity coefficients, etc. This includes the mentioned interac-
tions between the solvent molecules and the solute as well as
other solvent molecules or solutes, e.g., additives or liquid
crystals.12,13 Additionally, sterical effects from the molecules,
irrespective of their chemical composition and structures, also
might induce secondary interdependencies, for example, var-
iations to a less stable conformation.14 This influence on
chemical structures becomes particularly important in the
case of chiral systems, which includes the differentiation by
formation of diastereomeric adducts.15 From this effect, an
asymmetry in the corresponding enantiomeric system and
therefore an advantage in the resolution of chiral substances
could exist. A literature search has shown a lack of systematic
and clear experimental work with regard to the application of
chiral solvents for enantioseparation. Mainly differences in
thermodynamicswere found, e.g., solubility. Yamamoto et al.
reported pure enantiomer solubilities for a chiral cobalt salt in
(2R,3R)-(þ)-diethyl tartrate and described measurable differ-
ences between them.16 Amaya provided a theoretical frame-
work to account for the differences in solubility between D-
and L-optical isomers in a chiral solvent, however without any
experimental evidence.17 Further, Bosnich and Watts18 and
Mizumachi19 reported that the solubilities of the pair of
enantiomers of cis-[Co(en)2Cl2]ClO4 in (-)-2,3-butanediol
and tri-R-diimine ruthenium(II) complexes, respectively, were
different.Recently, Tulashie et al. observed thatmandelic acid
in (S)-ethyl lactate and (2R,3R)-diethyl tartrate showed a
behavior comparable with that of normal achiral solvents.20

In contrast to these thermodynamic effects, deviations were
found in kinetic effects, e.g., metastable zone width.21 For
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example, because of thedifferent rates of nucleation, D-isopropyl
tartrate and (-)-(R)-pinene were successfully separated via
chiral solvents.22 For crystallization-related investigations,
the influence of additives with similar structural identities
was also discussed, e.g., L- or D-lysine for the separation of
DL-glutamic acid and L-cysteine for DL-asparagine.23,24 The
usage of task-specific substances was also shown to influence
nucleation, growth, and dissolution.13,25,26

In comparison, distinct similarities in the structure between
the solvent and solute seem tobehelpful for the creation of the
desired effect. In this work, the usage of chiral task-specific
solvents for the resolution of the compound-forming system
mandelic acid was investigated. Particular attention was paid
to the choice of a suitable chiral task-specific solvent. Because
structural similarities could enhance the chances of asym-
metric behavior, several esters of (S)-mandelic acid were
synthesized, characterized, and tested.

2. Experimental Section

2.1. Materials. Racemic mandelic acid, (S)-(þ)-mandelic acid,
(R)-(-)-mandelic acid, concentrated sulfuric acid, ethanol, and
sodium chloride were purchased from Merck; n-propanol, diethyl
ether, (S)-(þ)-methyl mandelate, potassium carbonate, and sodium
sulfate were from Sigma-Aldrich, and 2-propanol was from VWR.
The NMR solvent CDCl3 was obtained from Deutero. Deionized
water was used throughout the studies. All substances were used
without any further purification.

2.2. Synthesis of the Chiral Task-Specific Solvents. The synthesis
of the mandelic acid esters (mandelates) was adopted from
Basavaiah et al.27 and slighty modified (Scheme 1). (S)-Mandelic acid
(50 g, 0.329 mol) was dissolved in an excess of the corresponding
alcohol (see Table 1); 25 drops of concentrated sulfuric acid was
added, and the mixture was refluxed for 3-4 h. Afterward, the
remaining alcohol was removed under reduced pressure. The result-
ing crude ester was taken into 275 mL of diethyl ether, washed with
aqueous K2CO3, followed by saturated aqueous NaCl, and finally
dried over Na2SO4. After removal of the diethyl ether, the crude
ester was distilled under high vacuum for purification. The yield of
the esters was 60-65%. The purity, determined via DSC andNMR
(1H NMR and 13C NMR), was g99%. The chiral task-specific
solvents were freshly prepared before further usage.

2.3. Solvent Characterization. The determination of the melting
temperatures and enthalpies of the mandelic acid esters synthesized
was executed with the DSC131 differential scanning calorimeter
from Setaram. An external chiller was used to facilitate the mea-
surements of the low melting temperatures of the mandelic acid
esters. Heating scans were performed at a rate of 1 K/min with
helium as the purge gas. A sample contained 10-17 mg of the
corresponding mandelic acid derivatives. An exemplary result is
given in Figure 2 for (S)-isopropyl mandelate.

A Perkin-Elmer polarimeter (model 341) was used for the deter-
mination of the optical rotation angles at 20 �C with 10 cm cuvettes
at a wavelength of 589 nm. The measurements were taken at 20 �C
for (S)-ethyl mandelate and (S)-n-propylmandelate and at 50 �C for
(S)-isopropyl mandelate, because of its high melting point. 1H (400
MHz) and 13C (100 MHz) NMR spectra were recorded in CDCl3
solutions on a Bruker DPX 400 spectrometer at 25 �C. Chemical
shifts were referenced to TMS. Boiling points were determined with
a B-540 melting point instrument from B€uchi with a heating rate of
5 K/min between 150 and 300 �C.

2.4. Solubility Measurements. 2.4.1. Isothermal Method

[mandelic acid in (S)-isopropyl mandelate]. Solubility measurements
for mandelic acid in (S)-isopropyl mandelate were performed at
50 �C by applying a classical isothermal method. A known compo-
sition of mandelic acid enantiomers in (S)-isopropyl mandelate was
prepared (leaving an excess of the solid phase), placed into a
thermostated apparatus, and magnetically stirred at a constant

Figure 1. Melting point phase diagrams of crystalline chiral substances: (a) racemic compound, (b) conglomerate, and (c) pseudoracemate
(continuous row of mixed crystals) (1, with maximum; 2, ideal; and 3, with minimum); E, eutectic; l., liquid.

Table 1. Amounts of Solvent for the Synthesis of Mandelatesa

alkyl residue alcohol volume (mL)

ethyl (Et) ethanol 475
n-propyl (n-Pr) n-propanol 625
isopropyl (i-Pr) 2-propanol 625
n-butyl (n-Bu)b n-butanol 750

aNMR data. (S)-Mandelic acid methyl ester [(S)-methyl mandelate]:
1H NMR (400 MHz, CDCl3) δ 2.9-3.65 (s, 1H), 3.76 (s, 3H), 5.18 (s,
1H), 7.26-7.41 (m, 5H); 13C NMR (100 MHz, CDCl3) δ 174.1, 138.2,
128.6, 128.5, 126.6, 72.9, 53.1. (S)-Mandelic acid ethyl ester [(S)-ethyl
mandelate]: 1H NMR (400MHz, CDCl3) δ 1.15-1.24 (m, 3H), 3.9-4.3
(m, 3H), 5.16 (t, 3H), 7.23-7.36 (m, 5H); 13CNMR(100MHz,CDCl3) δ
173.4, 138.3, 128.3, 128.1, 126.3, 72.7, 61.8, 13.7. (S)-Mandelic acid n-
propyl ester [(S)-n-propylmandelate]: 1HNMR(400MHz,CDCl3)δ 0.8
(t, 3H), 1.59 (p, 2H), 4.11 (m, 2H), 5.17 (s, 1H), 7.25-7.51 (m, 5H); 13C
NMR (100 MHz, CDCl3) δ 173.6, 138.4, 128.4, 128.2, 126.4, 72.8, 67.5,
21.7, 10.0. (S)-Mandelic acid isopropyl ester [(S)-isopropyl mandelate]:
1H NMR (400MHz, CDCl3) δ 1.13 (d, 3H), 1.30 (d, 3H), 5.06-5.12 (p,
1H), 5.14 (s, 1H), 7.33-7.44 (m, 5H); 13C NMR (100 MHz, CDCl3) δ
173.2, 138.6, 128.5, 128.3, 126.4, 72.9, 70.2, 21.7, 21.4. (S)-Mandelic acid
n-butyl ester [(S)-n-butyl mandelate]: 1H NMR (400 MHz, CDCl3) δ
0.84-0.88 (t, 3H), 1.2-1.28 (q, 2H), 1.51-58 (m, 2H), 4.09-4.2 (m, 2H),
5.17 (s, 1H), 7.28-7.48 (m, 5H); 13C NMR (100 MHz, CDCl3) δ 173.7,
138.4, 128.4, 128.2, 126.4, 72.8, 65.8, 30.3, 18.7, 13.4. bBecause of
problems with regard to the removal of small impurities, this solvent
was not used for further investigations.

Scheme 1. Synthesis of Mandelic Acid Ester (mandelate)



242 Crystal Growth & Design, Vol. 11, No. 1, 2011 Tulashie et al.

temperature (within (0.01 K) until equilibrium was reached. Sub-
sequently, the liquid and solid phases were separated and analyzed.
The saturated solution was filtered for analysis with a glass filter
(pore size of 10 μm). Samples of 1-3 mL were withdrawn from the
filtrate for an evaluation of concentration. Hereby, the concentra-
tions were determined by means of a refractometer (Mettler-
Toledo). This was done by correlating the measured refractive
indices with a calibration curve to evaluate the concentrations.
Solubility values were obtained for (S)-mandelic acid, (R)-mandelic
acid, and racemic mandelic acid.

2.4.2. Polythermal Method [mandelic acid in (S)-n-propyl man-

delate]. Because only small quantities of the chiral solvent, (S)-n-
propyl mandelate, were available for the experiments, the Crystal16
equipment from Avantium Research and Technology was em-
ployed for the solubility measurements. Crystal16 is a multiple-
reactor system that can hold 16 (4 � 4) standard HPLC glass vials
(11.5 mm diameter, flat bottomed, 1.8 mL volume). Herein, a
polythermal method was applied by charging the reactor blocks
with a supersaturated solution with known concentrations of (R)-
and (S)-mandelic acid in (S)-n-propyl mandelate. The setup was
heated until the solids introduced into the solvent were completely
dissolved (heating rate of 0.5K/min) and then cooled to recrystallize
all samples at -10 �C (cooling rate of-0.5 K/min). With a heating
rate of 0.04 K/min, the final solubilities were determined via
turbidity sensors. Afterward, the evaluated saturation temperatures
were plotted as a function of the corresponding concentration
generating the final solubility curve.

2.5.Metastable ZoneWidth (MSZW)Measurements.Data of the
so-called metastable zone width (MSZW) with regard to primary
nucleation were determined for (R)- and (S)-mandelic acid in (S)-n-
propylmandelate. The experiments and the analysis were conducted
using the polythermal method as described by Nyvlt et al.28

Saturated solutions of ∼20 g were used. The solutions were sub-
jected to a heating and cooling program related to the saturation
temperature (Tsat) of the system. The initial concentrations were
adjusted on the basis of the results of the solubility data. Solutions
were prepared and placed into a batch crystallizer with a volume of
60 mL. Nucleation and dissolution were observed by means of an
inline-turbidity sensor (QR-System, BASF AG, Ludwigshafen,
Germany) and a Pt-100 temperature sensor. The MSZW for
primary nucleation can be expressed as the maximum possible
subcooling (ΔTmax), according to eq 1.

ΔTmax ¼ Tsat -Tnucleation ð1Þ
where Tsat is the saturation temperature (K) and Tnucleation the
nucleation temperature (K).

The quantity of ΔTmax was measured at different cooling rates.
Finally, the values were extrapolated to a theoretical cooling rate of
zero to obtain Tnucleation for a given solution composition. The
obtained ΔTmax data are valid for the experimental setup used and
depend on, for example, the reactor size and geometry, the stirrer

type, and the speed. In the case of the other chiral task-specific
solvent, (S)-isopropyl mandelate, solutions were very viscous, and
therefore, a determination of Tnucleation could not be realized.

2.6. Solid Phase Analysis. The solid phases of all samples were
studied by X-ray powder diffraction (XRPD), using a PANalytical
�XPert Pro diffractometer (PANalytical GmbH) with Cu KR radia-
tion. The samples were measured on Si background-free sample
holders and scanned between diffraction angle of 3� and 40� with a
step size of 0.017� and a counting time of 50 s per step. These
measurements were performed to identify the type of solid species
present in equilibrium and also to check for differing solid state
forms (solvates and/or polymorphs).

2.7. Molecular Modeling. Molecular modeling studies were con-
ducted to gain a deeper understanding of the solute-solvent inter-
actions between the mandelic acid and the mandelate molecules.
The calculations of the enthalpies of formation were performed on
the basis of single-point energy calculations of solute-solvent
dimers (where the dimer comprises the solute and solvent structures
joined by hydrogen bonds) by employing the VAMP model in
Materials Studio (Accelrys Materials Studio 4.3). The single-point
energy calculation involves the computation of the wave function and
charge density, and consequently the energy for a givenmolecule with a
well-specified geometric structure.29 The VAMPmodel uses semiempi-
rical calculations that are based on this single-point energy calculation.

The enthalpy of formation (ΔHform) was obtained by first
performing a geometry and structure optimization of the single
molecule setting the charge on each molecule to zero. Afterward, a
dimer was created between the optimized solute and the solvent
molecules, and the dimer with the more negative enthalpy of
formation was selected as the optimized dimer. The geometry and
structure optimization was conducted with the VAMP model
together with Austin model 1 (AM1), and also the Neglect of
Diatomic Differential Overlap (NDDO). The VAMP model was
used together with AM1, which gives a good estimation for hydro-
gen bonding calculations. AM1 was designed to eliminate the
problems from MNDO (modified neglect of differential overlap)
caused by the tendency to overestimate repulsion between atoms
separated by the sum of their van derWaals radii.30 TheNDDO is a
basic approximation for neglecting less important integrals. When
the VAMP model from the Materials Studio interface is used, then
AM1 is the default NDDO Hamiltonian.31

From the obtained optimized structure, the heat of formation
was essentially calculated using the same procedure explained
above. The stability of a dimer was given by the heat of formation
(ΔHform

dimer), where the most stable dimer possesses the most negative
value for ΔHform

dimer and vice versa. More information with regard to
the approach used is given in refs 32 and 33 and the Accelrys
software manual.34

3. Results and Discussion

3.1. Characterization of the Chiral Task-Specific Solvents.

To ensure a small selection of chiral task-specific solvents, a
variety of mandelic acid esters were synthesized via an
esterification reaction and subsequently used. The chemical
and physical characteristics of the chiral solvents prepared
are summarized inTable2.Asexpected, the size andstructureof
the aliphatic rest of the ester were found to have a direct
influence on the melting temperature. The same effect was
also reported by Yalkowsky et al. for the physicochemical
and crystalline properties of alkyl p-aminobenzoates.35 The
melting point indicates the lowest usable temperature of the
chiral solvent. On the other hand, the high boiling tempera-
tures facilitate applicability even at higher temperatures,
although for crystallization-based investigations mostly lower
temperatures are used (Mandelic acid decomposition occurs
at elevated temperatures36,37). To quantify the asymmetric
effects, two chiral task-specific solvents with a low melting
point [(S)-n-propyl mandelate] and a higher melting point
[(S)-n-isopropyl mandelate] were chosen for all further stud-
ies. These chiral solvents, chemically bonded on a cyclodextrin

Figure 2. Differential scanning calorimetry result for (S)-isopropyl
mandelate.
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stationary phase, were also used successfully for the chro-
matographic resolution of mandelic acid derivatives.38

3.2. Differences in Solution Thermodynamics. The forma-
tion of diastereomeric adducts should cause direct changes of
the thermodynamic parameters. Differences in the solubili-
ties of the two enantiomers with the chiral solvent can be
easily found. The more stable adducts will possess higher
solubilities. Furthermore, the magnitude of the correspond-
ing changes is a good indicator of the estimation of the
stability of both diastereomeric adducts.

The results obtained from the solubility measurements of
(S)-mandelic acid and (R)-mandelic acid in (S)-n-propyl
mandelate are shown in Figure 3. It can be determined that
the solubility of the (R)-mandelic acid is higher compared to
that of the (S)-mandelic acid. This shows clearly that a
pronounced asymmetric behavior is present with a difference
in solubility of∼2 wt%. These measurable differences in the
solubilities of the (S)- and (R)-mandelic acid enantiomers
indicate that there are enantioselective interactions of the
chiral molecules with the chiral solvent and chiral recogni-
tion in the liquid phase.

A similar solubility difference for the enantiomers was found
for the higher-melting solvent (S)-isopropyl mandelate at
50 �C (Table 3) with a solubility difference of ∼3.4 wt %.
Again, in the chiral S-configurated solvents, (R)-mandelic
acid was more soluble than the S-enantiomer. As in chiral
solvents, the solubility of racemic mandelic acid significantly
exceeded the solubility of the enantiomers.

The results for the chiral task-specific solvents (S)-isopro-
pyl mandelate and (S)-n-propyl mandelate clearly show that
a small, but significant, asymmetric effect is generated during
the contact with the enantiomers of mandelic acid. On the
basis of these results, the diastereomeric adduct between the
solute (R)-mandelic acid and the (S)-mandelate seems to be
more stable as the counterpart (S)-mandelic acid and (S)-
mandelate.

To ensure the existence of the same mandelic acid solid
phases during the solubility experiments, XRPD patterns
were measured for the corresponding solid phases. Figure 4
shows selected results for (S)-isopropyl mandelate as the
solvent. Reference patterns of the chiral species are included
to compare the results. In all cases, the reflexes of the racemic
compound and/or the mandelic acid enantiomer are clearly
distinguishable; e.g., the reflex at 6.0� is typical for the
enantiomer, and the reflexes at 10.8� and 33.2� are typical
for the racemic compound. From the results of the crystal
lattice analysis via XRPD, no additional or new phases were
identified other than the racemic compound and the enan-

tiomers. Thus, as expected, postulated adducts between the
chiral solvent and the mandelic acid species are limited to the
liquid phase.

3.3. Differences in Crystallization Kinetics. Enantioselec-
tive interactions between a chiral solute and a chiral solvent
in solution should also influence crystallization kinetics, in
particular nucleation rates. The respective characteristic
values, the metastable zone widths, were found indeed to
be different for both enantiomers. Figure 5 depicts the
determined metastable zone width with respect to primary
nucleation for (R)- and (S)-mandelic acid in (S)-n-propyl
mandelate at 50 �C. It can clearly be seen that the MSZW
increases with increasing cooling rate, which is consistent
with the behavior in achiral solvents. The asymmetry effect
continues with differences in the maximal possible under-
cooling. (S)-Mandelic acid is nucleated before (R)-mandelic
acid. For racemic mandelic acid, it became evident that there
exists a particular kinetic inhibition for crystallization
from (S)-n-propyl mandelate. No nucleation was observed
in the range of measurements (the lowest temperature being
20 �C).

The same type of inhibition effect was noticed in the case
of themandelic acid-(S)-ethyl lactate system, but in contrast
here, only one of the enantiomers did not nucleate while the
racemic mandelic acid did crystallize first.21

In the presence of a chiral selective additive, the well-
known “rule of reversal” is applied.26,39-41 It means the
additive is stereoselectively adsorbed at the surface of growing

Table 2. Chemical and Physical Properties of the Chiral Task-Specific Solvents

name
alkyl residue

(-)
molecular formula

(-)
molecular
weight

melting pointb

(�C)
melting enthalpy

(J/g)
boiling point

(�C)
rotation angle

(deg)

(S)-methyl mandelate CH3 C9H10O3 166.2 55.0c 80.8 263.8 not determined
(S)-ethyl mandelate C2H5 C10H12O3 180.2 28.5 86.7 ∼272d -46.5
(S)-n-propyl mandelatea n-C3H7 C11H14O3 194.2 20.5 68.0 214.6 -60.9
(S)-isopropyl mandelate i-C3H7 C11H14O3 194.2 43.3 105.3 223.6 -60.8

aViscosity of (S)-n-propyl mandelate: 99.2 mPa/s at 24 �C. bThe onset temperature from the DSC experiment was used for the determination of the
melting temperature. cBecause of impurities within the commercially available (S)-methyl mandelate, the peak temperature was used for this solvent.
dThe high viscosity of this solvent decreases the accuracy of the measurement.

Figure 3. Solubility of (S)-mandelic acid and (R)-mandelic acid in
(S)-n-propyl mandelate as a function of temperature (polythermal
method). MA, mandelic acid.

Table 3. Mandelic Acid Solubilities in (S)-Isopropyl Mandelate at 50 �C (isothermal method, average of two experiments)

solvent (S)-mandelic acid (wt %) (R)-mandelic acid (wt %) racemic mandelic acid (wt %)

(S)-isopropyl mandelate 18.4 21.8 36.0
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crystals of the enantiomer of the same absolute configuration,
resulting in a strong reduction in their growth rate and
hence allowing for preferential crystallization of the opposite
enantiomer. In our studies, obviously the rule of reversal is not
obeyed because theS-configured chiral solvent inhibits nuclea-
tion of theR-enantiomer of mandelic acid. This unusual effect
was also reported recently by Medina et al. for the enantiose-
lective crystallization in the presence of chiral polymeric
microspheres.42 However, the obtained nucleation behavior
correlates with the presence of more stable (R)-mandelic
acid-(S)-n-propyl mandelate adducts in the solution phase.
Because of the strong solvent-(R)-mandelic acid inter-
actions, nucleation of (R)-mandelic acid is inhibited com-
pared to (S)-mandelic acid being less strongly solvated.

3.4. Molecular Modeling of Interactions between Mandelic

Acid and the Propyl Mandelates.We determined whether the
origin of the observed asymmetric behavior obtained can be
explained or better understood on a molecular level. There-
fore, diastereomeric adducts of the solute mandelic acid and
the chiral solvents were postulated (Figure 6). Hydrogen
bonds were formed between the carbonyl function of the
mandelate and the hydroxyl group of the mandelic acid
enantiomer and between the hydroxyl group of the mande-
late and the carbonyl function of the mandelic acid enantio-

mer. This behavior was adopted from the crystal structure of
mandelic acid and related (racemic) mandelates, which
showed a similar behavior.43-46 The stabilization enthalpies
(ΔHform

stabilization) were derived from the enthalpy of formation
of the dimer molecules (ΔHform

dimer) minus the enthalpy of
formation of the single molecules of the solute (ΔHform

solute)
and the solvent (ΔHform

solvent). Davey et al. reported that
mandelic acid in all solvents except chloroform in solution
is strongly solvated.5 Therefore, the ΔHform

stabilization values
were derived by subtraction of the summation of the single
molecules (ΔHform

solute þ ΔHform
solvent) from that of the dimer

(ΔHform
dimer). Noteworthy is the fact that other hydrogen

bond-forming solvents (water, alcohol, etc.) need to be
removed strictly from the enantiopure solvents to prevent
the destruction of the diastereomeric solvent-solute ad-
ducts, causing a weakening or even a loss of the asymmetric
effect.

The molecular modeling results are summarized in Table 4.
They support the determined solubility and MSZW values
given above. The diastereomeric adducts of (R)-mandelic
acidwith (S)-n-propylmandelate and (R)-mandelic acidwith
(S)-isopropyl mandelate are characterized by ΔHform

stabilization

Figure 4. XRPDpatterns for pure enantiomers and the racemate ofmandelic acid, and from solubility experiments in (S)-isopropylmandelate
at 50 �C.

Figure 5. Metastable zonewidthwith respect to primary nucleation
for the mandelic acid species in (S)-n-propyl mandelate at 50 �C
(Tsat). The boxed numbers represent the extrapolated results for a
hypothetical cooling rate of 0 K/h.

Figure 6. Schematic representation of the optimized molecular
structures of (a) (S)-mandelic acid and (S)-n-propyl mandelate
and (b) (R)-mandelic acid and (S)-n-propyl mandelate, connected
via hydrogen bonds.
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values of -5.47 and -5.87 kcal/mol, respectively, slightly
more negative than for the counter enantiomer, (S)-mandelic
acid in (S)-n-propyl mandelate and (S)-isopropyl mandelate
(-2.78 and -3.97 kcal/mol, respectively). More negative
heats of formation result in a more thermodynamically
stable dimer connected with higher solubilities and a lower
probability of nucleation for the corresponding mandelic
acid enantiomer. The more strongly solvated, the more
energy is required for desolvation as the first step for forma-
tion of mandelic acid nuclei.

Moreover, the comparison of the mandelic acid solubili-
ties in (S)-isopropyl and (S)-n-propyl mandelate is in agree-
ment with the molecular modeling results. The stabilization
enthalpies are more negative for the isopropyl mandelate-
mandelic acid dimers than for the n-propyl mandelate-
mandelic acid dimers, proof of the higher solubilities of
mandelic acid in isopropyl mandelate.

4. Conclusion

In this work, chiral task-specific solvents and their inter-
dependencies with the chiral solutes were investigated and
discussed. Different mandelic acid esters were used as chiral
task-specific solvents. They have an asymmetric effect on the
thermodynamic and kinetic properties of the enantiomers of
mandelic acid. The results show the general effect of dissim-
ilarity, but only moderate changes were found. Further, via
molecular modeling, the origin of these effects was postulated
as the formation of a diastereomeric adduct in solution, formed
by one solvent and one solute molecule, which are connected
via hydrogenbonds. In agreementwith the experimental results,
a more stable adduct of (S)-mandelate and (R)-mandelic acid
compared to (S)-mandelate and (S)-mandelic acid was found.

With regard to a resolution process, the yield of the less
soluble (S)-mandelic acid might be increased by exploitation
of the wide MSZW of the more soluble (R)-mandelic acid. It
should be possible to crystallize (S)-mandelic acid under
conditions where (R)-mandelic acid is already supersaturated
but still in the metastable zone. Planned further studies will be
devoted todetermining thewhole asymmetric ternary (solubility)
phase diagram and should together with additional kinetic
investigations clarify the observed effects in more detail.
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