
pubs.acs.org/crystalPublished on Web 08/05/2010r 2010 American Chemical Society

DOI: 10.1021/cg100609h

2010, Vol. 10
4023–4029

Ternary Solubility Phase Diagrams of Mandelic Acid and

N-Methylephedrine in Chiral Solvents with Different Carbon Chain Lengths

Samuel Kofi Tulashie,† Heike Lorenz,*,† Chandrakant Ramkrishna Malwade,‡ and
Andreas Seidel-Morgenstern†,‡

†Max Planck Institute for Dynamics of Complex Technical Systems, Magdeburg, Germany, and
‡Otto von Guericke University, Magdeburg, Germany

Received May 7, 2010; Revised Manuscript Received June 30, 2010

ABSTRACT: Ternary solubility phase diagrams of mandelic acid and N-methylephedrine species in chiral solvents, (S)-methyl
lactate, (S)-propyl lactate, and (S)-butyl lactate, have been determined. Solubility measurements were performed for enantiomeric
compositions ranging from 50:50 mixtures to the pure enantiomers and temperatures ranging from 0 to 35 �C for mandelic acid and
from 0 to 25 �C forN-methylephedrine, respectively. The ternary solubility phase diagrams of mandelic acid andN-methylephedrine
showed symmetric behavior. It became obvious that increasing chain length of chiral solvents, i.e. from (S)-methyl lactate to (S)-butyl
lactate, resulted in decreasing solubility. 1HNMR and Raman spectroscopy have been applied to characterize the solute-solvent
interaction in the liquid phase for mandelic acid system. Molecular modeling calculations were performed for mandelic acid to get a
deeper understanding of the solute-solvent interactions. The effect of the solvent on the shape of the solubility isotherms is discussed
by determining the relative solubility ratios (Rmol-values) just for N-methylephedrine.

Introduction

Enantioseparation is of great importance to the pharmaceu-
tical industry due to the fact that more than 50% of the active
pharmaceutical ingredients produced are chiral in nature.1,2

Many of the drugs currently used in practice are 50:50 mixtures
of enantiomers (racemates). For some therapeutics, single-en-
antiomer formulations can provide greater selectivities for their
biological targets, improved therapeutic indices, and better
pharmacokinetics than a mixture of enantiomers. Also, some-
times the presence of the biologically inactive enantiomer shows
adverse effects, therefore reducing the efficiency of the drug.3

The demand for single enantiomers is increasing more, espe-
cially after the Thalidomide tragedy, due to the stringent restric-
tions set by FDA over the use of drugs in racemate form.4

Due to identical behaviorof the enantiomers inmost chemical
and physical properties, enantiomers are difficult to separate.
Pasteur successfully separated enantiomers of sodium ammo-
nium tartrate, as they formed crystals whichweremirror images
of each other.5 However, the feature of enantiomers forming
mirror shapedcrystalswhichwasexploitedeffectivelybyPasteur
is rather limited to a few cases. New enantioseparation techni-
ques started developing after Roozeboom6 identified the three
basic racemate types based on their melting point phase dia-
grams, as conglomerate, racemic compound, and pseudorace-
mate. Among these three types of racemates, conglomerates are
far easier to resolve than racemic compounds.7 Unfortunately,
conglomerates account for only 5-10% of all chiral com-
pounds, thus racemic compounds form the majority portion
of cases.8 Single enantiomers canbeproduced eitherbymeansof
asymmetric synthesis or by separating the racemic mixtures. In
recent years, considerable progress has been achieved in the field
of enantioselective catalysis.9,10 However, it is still short of
providing economical selective reactions leading to a variety of

enantiomers. Hence, there is a high demand for more generally
applicable and cheap separation processes. The well-known
techniques employed to resolve racemic mixtures into enantio-
mers are preparative chromatography,11 crystallization via for-
mation of diastereomeric salts,12 preferential crystallization,13

and enzymatic resolutions.14 Among these separation techni-
ques, preferential crystallization is emerging as one of the meth-
odsof choice for enantioseparationdue toeconomical reasons.15

Designing such a process requires detailed information about
the solid-liquid equilibria, its temperature dependency, and the
solvent system used. For example, while working withmaterials
having a steep solubility curve, it is common to use cooling type
crystallizers, whereas, with the materials having a moderate
slope of the solubility curve, evaporative cooling, surface cool-
ing, or constant temperature evaporation is preferred.16 To
evaluate the effect of decreased and increased chain length in
the solvent molecule on the solubility of mandelic acid and
N-methylephedrine, more systematic experimental work is
required and is the focus of this study.

The present work is concerned with the determination and
analysis of the ternary solubility phase diagrams of mandelic
acid (a racemic compound-forming system) andN-methylephe-
drine (a conglomerate-forming system) in three chiral solvents:
(S)-methyl lactate, (S)-propyl lactate, and (S)-butyl lactate at
different temperatures. In previous work, the solubilities of
mandelic acid and N-methylephedrine in the chiral solvent
(S)-ethyl lactate have been reported.17,18 However, to verify
the effect of decreased and increased chain length in the solvent
molecule on the solubility of mandelic acid andN-methylephe-
drine, the chiral solvents (S)-methyl lactate, (S)-propyl lactate,
and (S)-butyl lactate were now included in the studies.

In the following, first the ternary solubility phase diagrams of
mandelic acid and N-methylephedrine as a function of tem-
perature and as a function of different chiral solvent chain
lengths will be discussed. Afterward, on example of mandelic
acid, the underlying solute-solvent interactions in solution will
be evaluated by means of Raman and 1HNMRmeasurements
and molecular modeling calculations. Further, the relative
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solubility ratios (Rmol-values) derived from the solubility
isotherms for the N-methylephedrine chiral system in all sol-
vents arediscussed in relation toenantioselectiveprocessdesign.

Experimental Section

Chemicals.Mandelicacid (enantiopureandracemic) andN-methyle-
phedrine (enantiopure) obtained from Aldrich or Merck with purities
g99% were used. The chiral solvents (S)-(-)-methyl lactate, (S)-(-)-
propyl lactate, and (S)-(-)-butyl lactate were obtained from PURAC
Netherlandswithpuritiesg97%.For the 1HNMRexperiments,metha-
nol-d4 obtained from Deutero GmbH with purityg99.8% was used.

Solubility Measurements. An isothermal measurement technique
was used to measure the solubilities of mandelic acid at the tempera-
tures 0, 5, 15, 25, and 35 �C and of N-methylephedrine at the
temperatures 0, 5, 15, and 25 �C in the chiral solvents considered for
the study. A 5 mL solute-solvent mixture with a large excess of solid
phase was prepared and placed into a 10 mL sealed glass vessel with a
magnetic stirrer. The solvent-solute mixture was then gently heated
under constant stirring of 400 rpm to achieve a homogeneous state and
then cooled down under constant stirring to the desired saturation
temperature. Afterward, liquid samples were isolated by filtration
through a glass filter (pore size 10 μm). Equilibrated crystallized
materials were analyzed with X-ray powder diffraction (XRPD), while
the clear solution obtained after filtration was analyzed with a chiral
HPLC to determine the composition as well as concentration of the
solution. The experiments lasted for 24 h to ensure equilibration.
Measurements were repeated at least two times.

(a) Liquid Phase Analysis. The liquid samples collected from the
solubility experiments were diluted with isopropanol. The concen-
tration of the solution and the enantiomeric composition were
determined with chiral HPLC:

An Agilent HP 1100 unit with a Chiracel OD-H column (Astec,
250 mm � 4.6 mm/5 μm) for mandelic acid analyses and a Eurocel
OD column (Knauer, 250 mm � 4.6 mm/5 μm) for N-methyl
ephedrine analyses was employed. The column temperature was
25 �C, and the flow rate was 1 mL/min. A UV diode array detector
was applied for peak detection at a wavelength of 254 nm. The
eluent fractions by volume (j) were as follows:

(1) Mandelic acid in chiral solvents used:j (n-hexane)=0.84,j
(isopropanol) = 0.16, and j (trifluoroacetic acid) = 0.001.

(2) N-Methylephedrine in chiral solvents used: j (n-hexane) =
0.85, j (isopropanol) = 0.15, and j (diethylamine)= 0.001.

(b) Solid Phase Analysis. These measurements were undertaken
to identify the type of species present and also to check for differing
solid state forms (solvates and/or polymorphs). The crystalline materi-
als were characterized on aPANalyticalX’Pert Pro diffractometerwith
CuKR radiation at 40mAand 40 kV. The scanned 2θ regionwas 3� to
40� with a step size of 0.017� and a counting time of 50 s per step.

Solute-Solvent Interactions in Liquid State for Mandelic

Acid. (a) 1
H NMR Measurements.

1H NMR spectra were re-
corded on a Bruker AVANCE 600 spectrometer at 600.13MHz. The
AVANCE600 is fittedwitha5mmPTXI-1H-13C/15N/2Hprobehead
with z-gradients.The samplesweremeasured inmethanol-d4deuterated
solvent as an internal lock. Spectra were recorded at T=293Kwith a
pulse width of 7.8 μs for a 90� pulse. The 1H NMR chemical shifts (δ)
were reported in parts per million downfield from TMS (internal).

The samples were prepared in NMR tubes as follows:
Test samples:
(1) (S)-mandelic acid (10 mM) þ (S)-methyl lactate (50 mM) þ

CD3OD (600 μL)
(2) (R)-mandelic acid (10 mM)þ (S)-methyl lactate (50 mM)þ

CD3OD (600 μL)

Reference sample:
(R)-mandelic acid (10 mM) þ CD3OD (600 μL)

This procedure was repeated for the other chiral solvents studied.
(b)RamanMeasurements.Raman spectra were measured using a

MultiRAM spectrometer from BRUKER Optik GmbH. The sys-
temuses a laser beamof 1064 nmoperating at 300mW.The analyses
were carried out for liquid phase samples at ambient temperature.
The samples were scanned for a period of 10 s; the resolution was

4 cm-1. Liquid phase samples of (S)- and (R)-mandelic acid in
(S )-methyl lactate, (S)-propyl lactate, and (S)-butyl lactate at a
concentration of 8 wt % were studied.

(c) Molecular Modeling. The enthalpy of formation calculations
were performed by employing the VAMPmodule inMATERIALS
STUDIO from the software package Accelrys Materials Studio
4.3,19 which uses a general purpose semiempirical quantum me-
chanics program for the study of structural optimization as a
preliminary approach to calculate the enthalpy of formation. The
VAMP module is used together with Austin model 1 (AM1), which
gives a good estimation for hydrogen bonding calculations.20,21

Results and Discussion

Ternary Solubility Phase Diagrams. Figures 1 and 2
exemplarily show the determined ternary solubility phase dia-
grams of (S)-butyl lactate and the two enantiomers of mandelic
acid and N-methylephedrine at different temperatures, respec-
tively. Both figures show the typical behavior of a racemic
compound and a conglomerate forming system, respectively.
The solubility isothermsare determinedat temperatures ranging
from 0 to 35 �C for mandelic acid and from 0 to 25 �C for
N-methylephedrine. The phase diagrams for bothmandelic acid
and N-methylephedrine show symmetric behavior in the tem-
perature range studied. The eutectic compositions of the man-
delic acid enantiomers remain unchanged, as also observed in
water and the binary melting point phase diagram at 31/69 or
69/31, respectively.13,22,23

For both mandelic acid and N-methylephedrine, solubility
increases with increase in temperature; in fact, the increment is
linear. It becameevident that the solubilityof the racemic species
exceeds that of the corresponding enantiomers in both systems.
In most cases, the solubility of solids increases with increase in
temperature, with few exceptions, where solubility is almost
independent of temperature (e.g., sodium chloride16) and
examples of retrograde solubility. The same trend applies to
the solubility of mandelic acid and N-methylephedrine in the
other solventsused; that is, the solubility increaseswith increasing

Figure 1. Ternary solubility phase diagram of mandelic acid in the
chiral solvent (S)-butyl lactate at temperatures ranging from 0 to
35 �C (BL, butyl lactate; MA, mandelic acid). The isothermal lines
have been added as a visualization aid, and only the marked points
show measured data.
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temperature within the measured temperature ranges. More-
over, varied temperature had no effect on the eutectic compo-
sition of the enantiomers in the phase diagram.

Figure 3 exemplarily depicts experimental patterns of
N-methylephedrine obtained during solubility measurements
in (S)-butyl lactate as solvent at 25 �C. N-Methylephedrine,

being a conglomerate-forming system (Figure 2), must show
identical reflexes for enantiomers, the racemic mixture, and
thus also all mixtures of them. From Figure 3, it is clear that
various enantiomeric compositions of N-methylephedrine
exactly imitate the reflexes of the references, confirming the
absence of any new phases such as solvates or a polymorph
under the conditions used.Hence, the solubilitiesmeasured all
refer to theknown solid phases in the system.The sameapplies
to the other solvents and the mandelic acid cases too.
Although for racemic mandelic acid a further metastable
modification occurs,22 in the chiral solvents used here, just
the stable modification was found. Additionally, no solvates
are formed.

Effect of Chain Length of Solvent Molecules on Solubility.

Figures 4 and 5 show the derived ternary solubility phase
diagrams of mandelic acid and N-methylephedrine in the
solvents (S)-methyl lactate, (S)-ethyl lactate, (S)-propyl lac-
tate, and (S)-butyl lactate at 25 �C, respectively. Solubilitydata
for mandelic acid and N-methylephedrine enantiomers in
(S)-ethyl lactate have been taken from our previous work.17,18

It can be seen that the solubilities of both mandelic acid and
N-methylephedrine are highest in the solvent (S)-methyl lac-
tate, while they decrease with an increase in solvent molecule
chain length from (S)-methyl lactate to (S)-butyl lactate. The
effect of solvent molecule chain length on solubility has been
discussed earlier onbyYalkowsky et al.24There, the increase in
solubility with decreasing solvent molecule chain length is
attributed to the well-known principle of solute-solvent inter-
actions: “Like dissolves like”.25

This is also true in our studies performed, which clearly
shows that enantiomers of both mandelic acid andN-methy-
lephedrine, which are polar molecules, dissolve better in the
most polar solvent, i.e. (S)-methyl lactate, among the sol-
vents studied.

Figure 2. Ternary solubility phase diagram of N-methylephedrine in
chiral solvent (S)-butyl lactateat temperatures ranging from0�Cto25 �C.
(NME,N-methylephedrine). The isothermal lines have been added as a
visualization aid, and only the marked points show measured data.

Figure 3. ExperimentalXRPDpatterns for pure enantiomers, the racemate, and different experimental compositions ofN-methylephedrine as
found with (S)-butyl lactate as solvent at 25 �C (ee, enantiomeric excess).
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Solute-Solvent Interactions in Solution forMandelic Acid.

Raman Spectra and 1HNMRMeasurements. Solute-solvent
interactions in solution investigations were confined only to
mandelic acid, since it is a compound-forming system and
should be difficult to resolve. Raman spectra and 1H NMR
measurements were carried out for enantiomers of mandelic
acid in all chiral solvents considered for the study. Exempla-
rily, Raman spectra of (R)- and (S)-mandelic acid in (S)-
methyl lactate, (S)-ethyl lactate,26 (S)-propyl lactate, and
(S)-butyl lactate at the concentration 8 wt % are shown in
Figure 6. Generally, no significant differences in the Raman
spectra of the enantiomers of mandelic acid were observed,

indicating the absence of measurable selective interactions
of the chiral molecules and the chiral solvent in the liquid
phase. The same applies to the 1H NMR results not shown
here. Thus, as already reported earlier for (S)-ethyl lactate,26

the mandelic acid enantiomers in the lactates used did not
show any considerable chiral recognition between solute
and solvent. Hence, the results obtained verify that an in-
crease or decrease in the chain length of the chiral solvent
molecule does not have any significant influence on chiral
discrimination. Compared to the solvent, the solute mande-
lic acid just exhibits two single peaks at 1587 and 3057 cm-1

in Figure 6.
Molecular Modeling Calculations. Molecular modeling

calculations were performed to more deeply understand
the effect of chain length of the chiral solvents and to
evaluate how this affects the potential for enantioselective
crystallization. Therefore, the enthalpies of formation of the
dimers have been considered, and calculations on them are
being performed. The stabilization enthalpy (ΔHform

stabilization)
is derived from the enthalpy of formation of the dimer mole-
cules (ΔHform

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

soluteþΔHform
solvent).

The ΔHform
stabilization is derived by this means of subtracting the

summation of the single molecules (ΔHform
soluteþΔHform

solvent) from
that of the dimer molecules ΔHform

dimer, because it has been
reported by Davey et al.27 that mandelic acid in all other
solvents except chloroform is strongly solvated. From the
thermodynamic point of view, the dimerwith themost negative
ΔHform

stabilization is supposed to be the most stable thermodynami-
cally. Figure 7 illustrates a schematic representation of opti-
mized molecular structures of the dimers of (a) (S)-mandelic
acid and (S)-methyl lactate with the lactate part of the mole-
cule (hydrogen interaction) and of (b) (S)-mandelic acid and
(S)-methyl lactate with the carbon chain part of the molecule
(hydrogen interaction), respectively.

The expected classical interaction is the one that would
take place at the lactate part of the molecule, i.e. CdO 3 3 3
O-H at both points. This case of interaction is the one
depicted inFigure 7a and should be stronger compared to the
CdO 3 3 3H-C and CdO 3 3 3O-H illustrated in Figure 7b.
The results are compiled in Table 1.

As can be seen in Table 1, the ΔHform
stabilization of the

(S)-mandelic acid and (S)-methyl lactate dimer with hydro-
gen bond interactions only at the lactate part of the mole-
cule is more negative (-6.3 kcal/mol) compared to that of
(S)-mandelic acid and (S)-methyl lactate with hydrogen
bond interactions also at the carbon chain part which is less
negative (-4.37 kcal/mol). This shows that interaction with
the lactate part of the molecule is preferred compared to the
carbon chain one. Therefore, the molecular modeling calcu-
lations support why no asymmetry was observed with the
different chain lengths of the lactates, since the interactions
with the carbon chain part play no role on chiral recognition.
The molecular modeling calculations have revealed that the
chain length has no influence on the chiral recognition, since
it does not offer better interactions.

Furthermore, to explainwhy the increment in chain lengthof
chiral solvents studied has resulted in lower solubilities and vice
versa, molecular modeling calculations were performed be-
tween (S)-mandelic acid and two chiral solvents, (S)-methyl
lactate and (S)-butyl lactate. Figure 8 depicts a schematic
representation of the optimized molecular structures of the
dimer of (a) (S)-mandelic acid and (S)-methyl lactate and of (b)
(S)-mandelic acid and (S)-butyl lactate, respectively.

Figure 4. Solubility isotherms of mandelic acid in (S)-methyl lac-
tate, (S)-ethyl lactate, (S)-propyl lactate, and (S)-butyl lactate at
25 �C (ML,methyl lactate; EL, ethyl lactate; PL, propyl lactate; BL,
butyl lactate). The isothermal lines have been added as a visualiza-
tion aid, and only the marked points show measured data.

Figure 5. Solubility isotherms of N-methylephedrine in (S)-methyl
lactate, (S)-ethyl lactate, (S)-propyl lactate and (S)-butyl lactate at
25 �C. The isothermal lines have been added as a visualization aid,
and only the marked points show measured data.
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Table 2 shows compilations of the enthalpies of formation of
the (S)-mandelic acid and (S)-methyl lactate dimer and also the
(S)-mandelic acid and (S)-butyl lactate dimer. There, it can be
seen that the dimer of (S)-mandelic acid and (S)-methyl lactate
has a more negative ΔH form

stabilization value (-4.37 kcal/mol)
compared to that of (S)-mandelic acid and (S)-butyl lactate,
which has a less negativeΔH form

stabilization value (-3.27 kcal/mol).
Therefore, according to thermodynamics, the (S)-mandelic acid

in (S)-methyl lactate dimer should bemore stable, compared to
the (S)-mandelic acid in (S)-butyl lactate dimer. Hence, the
probability for the (S)-mandelic acid in (S)-methyl lactatedimer
to be highly solvated is greater as compared to (S)-mandelic
acid in (S)-butyl lactate. So, the results from the molecular
modeling support why the (S)-methyl lactate dissolves themost
compared to the other lactates studied (see Figure 5).

Figure 6. Exemplary Raman spectra of (R)- and (S)-mandelic acid in (S)-methyl lactate, (S)-ethyl lactate,26 (S)-propyl lactate, and (S)-butyl
lactate at a concentration of 8 wt % (MA, mandelic acid).

Figure 7. Schematic representation of optimized molecular struc-
tures of the dimers of (a) (S)-mandelic acid and (S)-methyl lactate
with hydrogen bond interactions only at the lactate part of the
molecule and of (b) (S)-mandelic acid and (S)-methyl lactate with
carbon chain hydrogen interactions, respectively.

Figure 8. Schematic representation of optimized molecular struc-
tures of the dimers of (a) (S)-mandelic acid and (S)-methyl lactate
and of (b) (S)-mandelic acid and (S)-butyl lactate, respectively.
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Relative Solubility Ratios (rmol Values) of N-Methylephe-

drine. The role of the shape of the solubility isotherms and
their subsequent metastable solubility lines for preferential crys-
tallization experiments have comprehensively been discussed in
the literature for conglomerate systems.7,28,29For conglomerates,
the slopeof the solubility isothermsof the enantiomers andhence
the corresponding metastable solubility lines can be described
with the aid of the Rmol value, which is defined as the ratio of the
solubilityofa racemicmixture to thatof single enantiomers (both
inmole fractions).28 Theoretically, the crystallization trajectories
of a seeded preferential crystallization process are extended for
lowerRmolvalues, andahighamountof thepreferredenantiomer
can be crystallized and harvested, under the condition that no
nucleationof theundesiredcounterenantiomer takesplace.Thus,
Rmol values can effectively be implemented in designing a pre-
ferential crystallization process, as they depict the shape/slope of
the metastable solubility isotherms.

In the following are discussed derived Rmol-values for
N-methylephedrine in the different chiral solvents in relation
to ideal behavior. Table 3 contains the calculatedRmol-values
for N-methylephedrine in different chiral solvents at 25 �C.

All derived Rmol values forN-methylephedrine in all solvents
are close to 2. Hence, there is no effect of the chain length of the
chiral solvent molecules on the solubility ratio, just on the
absolute solubility values. According to the “double solubility”
rule byMeyerhoffer,30 an ideal systemalways showsRmol-values
equal to 2. However, it is important to note that this rule is
applicable only in one direction.18 If the system behaves ideally,
the Rmol-value must be equal to 2, but when the Rmol value is
equal to 2, the systemmust not necessarily be ideal. Kaemmerer
et al.18 recently reported that although N-methylephedrine in
(S)-ethyl lactate has Rmol-values close to 2, there still exists a
clear deviation from ideal behavior for this system.

Conclusions

Wedetermined the ternary solubility phase diagrams of the
compound-forming system mandelic acid and a conglomer-
ate-forming system, N-methylephedrine, in chiral solvents,
(S)-methyl lactate, (S)-propyl lactate, and (S)-butyl lactate.

The measured ternary solubility phase diagrams for both
chiral systems showed symmetric behavior. This clearly in-
dicates that the chain length of the chiral solvents investigated
in this work had no measurable enantioselective influence on
the solution thermodynamics of the chiral systems mandelic
acid and N-methylephedrine. Even though the absolute solu-
bility value differs, no effect on the solubility ratio was ob-
served. Molecular modeling calculations could support the
experimental results. However, N-methylephedrine showed
deviation from the ideal behavior, although the calculated
Rmol values for N-methylephedrine were close to 2.

Taking into consideration the requirements of crystalliza-
tion based enantioseparation processes, the effects of tem-
perature and solvent molecule chain length on the shapes of
solubility isotherms and the Rmol values were studied.
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