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Notations
Notation

Unit

Quantity

𝑚𝑔
[ ]
𝑚𝑙
𝑚𝑔
[ ]
𝑚𝑙
𝑚𝑔
[ ]
𝑚𝑙

concentration of the organic solvent in the
autoclave
concentration of the diastereomeric salt in
the autoclave

𝑒𝑒

[%]

enantiomeric excess

𝑑𝑒

[%]

diastereomeric excess

𝑑𝑒𝑟

[%]

𝐴𝑅

[𝑚𝐴 ⋅ 𝑚𝑖𝑛]

𝐴𝑠

[𝑚𝐴 ⋅ 𝑚𝑖𝑛]

𝑌𝑟

[%]

raffinate yield

𝑚𝑟

[𝑚𝑔]

mass of the raffinate

𝑚𝑏

[𝑚𝑔]

mass of the resolving agent base

𝑀𝑅

[-]

molar ratio between the resolving agent
base and the acid

𝑚𝑎

[𝑚𝑔]

mass of the acid weighed into the reactor

𝑆𝑟

[%]

selectivity in the raffinate

𝑚𝑅

[𝑚𝑔]

𝑚𝑟𝑎𝑐

[𝑚𝑔]

mass of the enantiopure material used to
prepare a scalemic sample
mass of the racemate used to prepare a
scalemic sample

𝑐𝑠
𝑐𝑠𝑎𝑙𝑡
𝑐𝑎𝑐𝑖𝑑

concentration of the acid in the autoclave

diastereomeric excess of the raffinate
samples
electrophoretic peak area of the R
enantiomer
electrophoretic peak area of the S
enantiomer

𝑋𝑅
𝛥𝐻𝑅𝑓
𝑅
𝑇𝑅𝑓

mole fraction of the major enantiomer
𝐽
]
𝑚𝑜𝑙
𝐽
[
]
𝑚𝑜𝑙 ⋅ 𝐾
[

heat of fusion of the major enantiomer
universal gas constant
melting temperature of the major
enantiomer

[𝐾 ]
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Notation

Unit

Quantity

𝑇𝑓

[𝐾 ]

melting temperature of the samples

𝐽
]
𝑚𝑜𝑙

heat of fusion of the racemate

[𝐾 ]

melting temperature of the racemate

𝛥𝐻𝑟𝑎𝑐𝑓
𝑇𝑟𝑎𝑐𝑓

[
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Introduction
As a topic of my PhD thesis, I chose enantiomeric enrichment of non-racemic mixtures using a
precipitation method applying high-pressure carbon dioxide. The behavior of enantiomeric
mixtures in separation processes is greatly varied and makes their handling an especially
challenging and exciting contemporary research topic. [1, 2] Recrystallization-based
enantiomeric enrichment at ambient pressure is well established. However, the application of
gas antisolvent fractionation for this purpose – the precipitation technique used in the current
thesis – combines supercritical fluids and enantiomeric enrichment in a way that was not
previously studied, and has the potential to be greatly useful in resolution experiments carried
out by our research group.
Supercritical carbon dioxide is a modern alternative to organic solvents, owing to its tunable
properties and non-hazardous nature. Its application might enable the synthesis of products with
unique properties, and its large-scale industrial applications have also been developed. [3] Highpressure techniques, however, significantly raise production costs, which might only be
compensated by highly valuable products. Optically active or enantiomerically pure products
are good candidates for products with sufficient added value to make supercritical fluid
extraction, antisolvent precipitation processes or reactions done in a supercritical medium
economically feasible.
As model compounds, I chose mandelic acid and chlorinated mandelic acids in order to
investigate the enantiomeric enrichment process of chemically related compounds. Detailed
investigations were conducted to study how the enantiomeric (diastereomeric) purity of the
starting materials affected product purity. I selected gas antisolvent fractionation to precipitate
a certain (adjustable) fraction of the dissolved components, via a rapid and large oversaturation
of the organic solution by carbon dioxide addition. To understand the reasons behind the limits
of the enantiomeric enrichment observed in each model system, I decided to compare the
enantiomeric enrichment diagrams to the melting point diagrams. Chiral melting phase
diagrams of the chemicals were recorded at ambient pressure. Also, high-pressure melting
measurements were carried out to further investigate the connection between enantiomeric
enrichment rates and the atmospheric melting phase diagrams. Additionally, the applicability
of the Schröder–van Laar and Prigogine–Defay equations – two simple and popular methods
for predicting the melting behavior of chiral compounds – was investigated, based on highpressure differential scanning calorimetric and view-cell melting experiments. I summarize
these major steps of the conducted research work in the later chapters of the theses.
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1. Literature summary
1.1.

Chirality, chiral separation processes

1.1.1. Definition, nomenclature and significance of chiral compounds
By the simplest definition, chiral compounds are molecules that have mirror image isomers that
cannot be transformed into each other via rotation, i.e. they do not bear an internal plane or axis
of symmetry. The most commonly known example of this asymmetry is central chirality. In
this case, the asymmetric center could be, for example, a carbon atom with four different
ligands. However, molecules with asymmetrically substituted heteroatoms are also known,
furthermore, chirality may also be helical, axial or planar. The mirror image forms are called
enantiomers. The equimolar mixture of the two enantiomers of a compound is called a racemate.
A non-racemate – an uneven mixture of the two enantiomers – is also called a scalemic mixture.
Chirality (also called optical isomerism) belongs to a class of isomerism called
stereoisomerism. Stereoisomers are molecules that can be described with the same molecular
formula and the same constitution (order of atoms in the molecule). However, they differ in the
sterical location of their (functional) groups. Stereoisomers that cannot be classified as
enantiomers (because they are not mirror image forms of each other) are called diastereomers.
While diastereomers (for example, the cis and trans isomers of a molecule) show different
physical and chemical properties (such as melting point, boiling point, solubility in a certain
solvent, etc.) enantiomers behave identically in a non-chiral environment. [4]
Cahn, Ingold and Prelog devised an unequivocal system for the description of the isomeric
relations in a molecule. Its application is shown in Figure 1. In the case of an asymmetric
carbon, ligands are arranged in descending order of the atomic number of the atoms at the same
distance from the stereocenter. Imagining a projection of the molecule where the fourth ligand
points away from the viewer, the order of the other three shows the configuration. If their
numbers increase clockwise, the molecule is the (R) isomer, otherwise it is the (S) isomer. This
method does not describe the optical property of the molecule, hence it could be beneficial to
designate molecules both with the stereodescriptors based on the C.I.P. convention and also
those based on the direction of their optical rotatory power.
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Figure 1 – Application of the C.I.P. convention shown on a simple chiral molecule, 2-phenylbutane-2-amine. On the left hand
side, the (S)-enantiomer of the molecule is shown. On the right, the (R)-enantiomer is depicted.

Chiral compounds are well-known for the often significantly different biological effects of their
enantiomers. The nature and severity of these differences are wide-ranging. Perhaps the most
infamous example of this phenomenon is thalidomide, the active ingredient of Contergan. [5]
It was first tested as a sedative, and showed very low acute toxicity. It was later used as a
treatment against morning sickness for pregnant women, and was available without prescription
in several countries outside the USA. As animal tests on the teratogenic effects of the drug were
not carried out, its side effect, resulting in the birth of several thousands of infants with
underdeveloped limbs, remained unknown. The admission of the beneficial enantiomer of the
chiral drug does not prevent this occurrence because the drug undergoes quick racemization in
the body. [6] Although the admission of thalidomide is prohibited if there is a chance of
conception, the molecule proved to be effective in the treatment of leprosy and certain types of
cancer. [7] Currently, chiral drugs can only be produced as single enantiomers unless the
antipode proves completely harmless (or even beneficial) to the human body. [8] Although the
Thalidomide incident was (and still is) able to raise awareness about the significance of chiral
compounds and the difference between their enantiomers, many other, less severe examples can
be found. Carvone is a well-known example, the (+) enantiomer of which is responsible for the
odor of caraway, while the antipode smells like spearmint. Other natural sources of
enantiomeric molecules are well summarized in the article of Finefield et.al. [9] Several
secondary metabolites of living organisms serving protection, attraction of pollinating insects
etc. are chiral, often enantiomeric molecules. Without being exhaustive, monoterpenes
(including the aforementioned carvone) are often found as aroma components of plants.
Flavonoids, often believed to help pollination in plants due to their intensive colors, are also
often enantiomeric. The different sensory perceptions of enantiomers might affect other areas
of life as well. The gas chromatographic analysis of some red wines showed that the two
enantiomers of ethyl-2-methybutanoate can result in very different tastes. [10] While the (R)
isomer gave a pleasant, fruity flavor, the (S) molecule had a distinct, solvent-like smell.
The examples given above illustrate the importance of producing chemical compounds in their
enantiomerically pure forms.
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By extension, the determination of the enantiomeric composition of a chiral product is also
essential. Several methods have been developed for distinguishing the enantiomers of a given
compound. Probably the simplest is measuring the optical rotation exhibited by a solution of
the enantiomeric mixture of the compound. This value gives reliable information about the
chiral composition, but it is only applicable for isolated compounds. This problem can be
avoided by using various chemical analytical techniques resulting in the separation of the
enantiomers, which can be detected selectively afterwards. Chromatographic methods and, for
example, capillary electrophoresis (also used in the currently presented work) provide the
opportunity of chiral analysis. [11] These chiral separations are a special subset of the many
areas to which chromatography can be applied. Chromatographic enantioseparation can be
carried out directly or indirectly. An example of direct methods is separating enantiomeric
mixtures on a chromatographic column having a chiral stationary phase [12]. Another
possibility is to use an eluent capable of chiral discrimination in liquid chromatography. In
contrast, indirect methods use no chiral selector in the process itself, but transform one or both
enantiomers so that the products can be separated using an achiral separation method. [13]
There are several variants of chiral selectors. They can be immobilized as part of the stationary
phase [14] of chromatography columns, or they can be added to the eluent or buffer used in
capillary electrophoresis. In order to be effective, chiral selectors must form complexes of
different stabilities with the two enantiomers, such that one enantiomer spends more time in
complex form than the other. In chiral capillary electrophoresis, the migration speed of a species
is determined by its mass-to-charge ratio. [15] Enantiomers have the same molecular mass, and
can exhibit the same charges. Using a selective complexing agent will cause one enantiomer to
spend more time as part of a larger species than the other one, resulting in differing mass-tocharge ratios for the two mirror image forms.
Cyclodextrins were applied in the current work when analyzing enantiomeric mixtures via
capillary electrophoresis. In addition to being inexpensive and versatile, cyclodextrins also
remain undetected when using a UV spectrophotometer. Cyclodextrins are non-reducing
oligosaccharides built up from glucopyranose units. α-, β-, and γ-cyclodextrins contain 6, 7 and
8 oligomers, respectively, and are widely used in the stationary phases of chromatographic
columns. [16] The rings arrange themselves in the shape of a hollow truncated cone with an
apolar interior and hydrophilic surface. Due to their cavity being open on both ends, they are
capable of accommodating molecules of certain shapes, sizes and polarity. As an appropriate
sterical fitting is a prerequisite for the formation of a stable complex, pairs of enantiomers often
12

form complexes of very different stability. The free hydroxyl groups of cyclodextrin rings can
be substituted with other functional ligands so that an appropriate stericity is achieved for the
target molecule to be separated.
Having chosen a method capable of determining the exact quantity of enantiomers (or some
quantity proportional to it) the composition of a mixture can be characterized by the so-called
enantiomeric excess.
𝑒𝑒 = |

𝑄𝑅 − 𝑄𝑆
|
𝑄𝑅 + 𝑄𝑠

Its value is – as shown – always positive, hence it is necessary to give the major enantiomer. In
the formula above, 𝑄 stands for some general quantity of the optical isomers specified by the
indices. As they only differ in terms of configuration – and not in molecular weight, for example
– this quantity can be expressed as molar amounts, mass, or concentration in the same solution.
Being proportional to concentration, chromatographic peak areas can also be substituted.
1.1.2. Methods of chiral separation, resolution by fractionated crystallization
As enantiomerically pure compounds are often much more valuable than their racemic
counterparts, the industrial demand for such materials could be the driving force for the
development of numerous separation methods.
Most chiral separation processes apply a chiral selector to make enantiomers separable using
physico-chemical methods. The simplest and most straightforward separation method is
fractionated crystallization. While it has a relatively high organic solvent consumption, its
determining factors are well known. Crystallization-based enantioseparation also has a wide
range of application due to the relatively inexpensive and versatile equipment needed. In case
of volatile racemates, sublimation can be an option [17], but another enantiopure compound
might be needed to form a non-volatile diastereomer with a specified portion (usually half) of
the original compound. As for chromatographic separation methods, two basic approaches are
known. The enantiomers can be separated directly, using a chiral selector in either the stationary
phase or the eluent [18], or they can be derivatized to form a diastereomeric mixture. In this
latter, indirect case, a cheaper, more versatile achiral stationary phase can be used. These same
two principles apply to membrane separation methods as well: chiral discrimination can be
achieved directly by the membrane, or indirectly by separating a derivatized diastereomeric
mixture [19]. Another interesting procedure described in the literature involves the adsorption
of enantiomeric molecules on ferromagnetic nanoparticles. After the partial sorption of the
13

target molecule, the particles were separated from the original solvent by applying a magnetic
field. [20]
Although many innovative, novel ways of discriminating enantiomers have emerged since
Pasteur carried out the first enantioseparation, fractionated crystallization is still one of the most
popular methods because of its simplicity and relatively low cost. Crystallization can be carried
out from melt, but it is more commonly carried out starting from a solution. In most cases,
controlled cooling can be used to form the desired crystalline phase, but in certain cases (such
as screening experiments described later), evaporation of the solvent might also be an option.
Chiral compounds can be divided into three groups based on the (secondary) interactions among
their molecules. [4] If the interactions between two molecules of the same configuration
(homochiral interactions) are stronger than those between the different antipodes, the chemical
is called a conglomerate forming compound. If heterochiral interactions dominate, the chemical
is called a racemic compound. There is a third, rarely encountered group defined as solid
solutions, the members of which are characterized by the approximately similar strength of
heterochiral and homochiral interactions. The consequences of these molecular interactions can
be easily seen in the binary melting point phase diagrams (Figure 2). Conglomerate forming
compounds show one minimum in the melting points: the racemate melts at the lowest
temperature. Racemic compounds show two melting eutectics. These are located symmetrically
around the racemic composition. The melting points of solid solutions do not depend on the
enantiomeric composition.

Figure 2 – General melting phase diagrams of chiral compounds. a) Melting diagram of a conglomerate forming chemical
b) Melting diagram of a racemic compound c) Melting diagram of a solid solution.

The racemates of conglomerate forming compounds can be separated without the addition of a
chiral resolving agent. [4] Usually, the solubility of the pure enantiomers of such compounds is
lower than that of the racemate. A metastable (oversaturated), low enantiomeric purity or even
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racemic solution of the compound is prepared by slow cooling. It must then be seeded with
some crystals of a pure enantiomer. (The major enantiomer in the solution if not starting from
a racemic composition.) High-purity crystals can be obtained by careful crystallization. The
crystals have to be separated before the antipode begins nucleating. The main disadvantage of
the preferential crystallization process is the extreme caution required. Filtering and seeding
have to be carried out at appropriate times and with the crystals of the correct enantiomer in
order to obtain the expected product. If two reactor vessels are used simultaneously and seeded
symmetrically, the mother liquors remaining after crystallization can be combined to form a
racemate solution. The process can then be repeated, or additional racemate starting material
might be dissolved and the cooled solution seeded with the other enantiomer. This latter method
is called the butterfly technique. A continuous version of the latter process also exists, [21] in
which the solution of the racemate is fed into the crystallizer and precipitation occurs upon
periodic seeding. The liquor remaining after the separation of the crystallized product is
recycled by dissolving racemic crystals in it, after which the cycle is repeated. Although it is
obvious that conglomerates are favorable in enantioseparation, they comprise only around 20%
of known chiral molecules. However, some racemic compounds can become conglomerate
forming if derivatized. Salt-type products are known to show this phenomenon more often.
In contrast to conglomerates, the racemates of racemic compounds can only be separated by
using another chiral chemical, a so-called resolving agent. This latter, enantiomerically pure
compound may interact with the racemate to form salts, covalent diastereomers or even
complexes. The species formed by the two enantiomers of the racemate and the enantiopure
resolving agent are in diastereomeric relation. Thus, their physical-chemical properties will
differ from each other and from those of the racemate as well. Since solubility is included
among these properties, fractionated crystallization is a straightforward option for separation.
However, there are many aspects to consider.
The resolving agent has to be chosen carefully. Although the long-term experience of the
researcher can play a decisive role in achieving good separation in a relatively short time, there
are some rules of thumb that can be followed. [2] The most general principle is to use a molecule
that shows structural similarity to the racemate. This does not necessarily mean that the
resolving agent has to be closely related to the racemate in terms of constitution. Similar
molecular size and shape can promote the interactions (for example those between aromatic
rings) responsible for chiral recognition. The ability of a resolving agent to differentiate the two
enantiomers of a racemate can also be estimated by evaluating the melting behavior of the two
15

(more and less stable) diastereomers. A difference in the melting points in excess of 20 °C
typically indicates that an efficient separation is possible. While investigating several chiral
resolution systems, an interesting finding was reported by Pálovics and her colleagues. [22]
Diastereomeric resolutions were carried out under optimized circumstances. The enantiomeric
excess values of the target compounds liberated from the precipitates were compared to the
melting eutectic compositions of the racemates and the resolving agents. The liberated product
showed enantiomeric excess very close to the melting eutectic composition of the acid or the
base forming the diastereomeric salt, depending on which one was higher. When an
experimental approach is applied, it might be beneficial to perform several small-scale
experiments in parallel using different resolving agents. During these experiments, a large
number of different combinations of resolving agents and solvents are tested, typically using
water or alcohols as solvents. Time saving was also the intention behind the invention of Dutchresolution. In this technique, multiple resolving agents are used at once. They are usually
structurally related and one of them composes the majority of the mixture. [23] Initially it was
used to screen resolving agents from a solution containing the racemate and more than one
potential candidates. The most stable (least soluble) salt was expected to crystallize first, or in
the largest quantity. Instead of the emergence of one resolving agent, an unexpected synergistic
effect was observed resulting in high enantiomeric excess values. In scaled-up processes, where
the recycling of resolving agents is an important economical factor, the process is less beneficial
due to the increased complexity of separating the resolving agents from the product, but in
laboratory experiments, it can result in better enantiomeric recognition.
The molar ratio between the racemate and the resolving agent is also a cardinal question. In
case of adding a molar equivalent of resolving agent to the racemate, separation must occur
based on the different solubility or stability of the two diastereomers. Applying the resolving
agent in half molar equivalent quantity often results in a higher enantiomeric purity. In this case,
the diastereomeric mixture is separated from an unreacted enantiomeric mixture (this is
sometimes referred to as Marckwald’s method [24]) by fractionated crystallization. Pope and
Peachy improved upon this process by adding a half molar equivalent of an achiral acid or base
to the mixture. Achiral acids were used in case of basic racemates and vice versa. The addition
of the achiral auxiliary aided in keeping the unreacted portion of racemate dissolved in the
mother liquor.
After choosing a resolving agent and a solvent suitable for the chiral separation of the target
compound, the quantity of the solvent, crystallization temperature (and, potentially,
16

temperature changes), crystallization time and other factors influencing the outcome must be
optimized for a larger scale operation. In addition to the enantiomeric excess of the products,
their yields are also an important consideration. Hence, a combined indicator, resolvability [25]
(sometimes referred to as selectivity) was defined as the product of the yield and the
enantiomeric excess in the crystalline product.
𝑆 = 𝑌 ⋅ 𝑒𝑒
Resolvability values can be predicted based on thermodynamic considerations including the
solubility and the dissociation properties of the associates that are expected to form in solutions.
[25] A maximum possible resolvability value can be calculated based on melting experiments.
After forming a diastereomeric salt in an organic solvent, and evaporating the latter, the melting
phase diagram can be recorded. If a eutectic composition is found, it can be used to calculate
the theoretical maximum selectivity, the values of which can then be used to select resolving
agents for more detailed investigations. When also considering the mother liquor, the so-called
F resolvability parameter can be used. It is the sum of the resolvability parameters calculated
for the crystalline fraction and for the mother liquor.
1.1.3. Enantiomeric enrichment of non-racemic mixtures, self-disproportionation of
enantiomers
As has been mentioned previously, chiral separation processes rarely provide enantiomerically
pure compounds in a single step. Thus, there is a clear need to develop further purification
methods that can provide access to high-purity products. Most methods capable of enantiomeric
separations are viable for enantiomeric enrichment as well. Techniques based on distributing
the components of a mixture between phases, followed by phase separation, usually make use
of the principles described below. However, as the main topic of this thesis is connected to
crystallization, this alternative will be given greater attention in this chapter.
The connection between homo- and heterochiral interactions and the melting phase equilibrium,
along with the classification of chiral compounds based on these, were discussed in chapter
1.1.2. In the case of recrystallization-based purification, the solid-phase behavior of the
compounds – influencing the shape of the melting phase diagrams – also has a decisive role,
regardless of whether crystallization is carried out from melt or from a solution [1], provided
that thermodynamic control determines the composition of the products. Enantiomeric
enrichment of conglomerate forming compounds is perhaps the most facile, as discussed before,
their enantiomers can be obtained in high purity with relative ease. When crystallizing the target
17

material from its melt, it is obvious that the melting point directly influences the achievable
purity. In conglomerate forming compounds, pure enantiomers have the highest melting
temperature, with the antipode considered a contaminant causing a depression in the melting
temperature. This results in the enantiomerically pure compound crystallizing first, affording a
crystalline product enriched in the major enantiomer. When crystallizing racemic compounds
from a melt, the composition of the products is strongly influenced by the relative values of the
composition (i.e. enantiomeric purity) of the starting material and the eutectic composition.
Starting from a mixture having lower than eutectic ee, the melt will be enriched in the major
enantiomer while a less pure crystalline product is obtained. When cooling the melt of an
enantiomeric mixture in which the purity exceeds the eutectic composition, the behavior is more
favorable: the major enantiomer accumulates in the crystalline phase leaving behind a melt
closer to racemic composition. This residual melt can be separated from the crystals by filtering
or centrifugation. Unfortunately, these separation methods make the application of this simple
crystallization technique beneficial in the case of larger scale processes only. Crystallization
from solvents is a more viable alternative in smaller (laboratory) scales. The theoretical basis
for this process is formed by the fact that the solubility of enantiomeric mixtures in a certain
solvent correlates with the melting phase equilibrium: the lower the melting point, the higher
the solubility. The underlying principle is that both melting and dissolving a crystalline phase
means breaking up the interactions keeping it together. The ternary phase (solubility diagram)
of a general conglomerate in a hypothetical solvent is shown in Figure 3, according to the great
summary of Kellog and Leeman. [24] The diagram corresponds to constant pressure and
temperature. The white triangular area at the bottom marks the presence of two solid phases
(those of the two enantiomers) and the liquid phase of the mother liquor. When dissolving an
enantiomeric mixture having a composition of ‘A’, adding the solvent in a quantity to reach
point ‘B’, enantiomeric enrichment can performed. After cooling said mixture to the
temperature at which the ternary diagram can be applied, the solute in the liquid phase will be
of racemic composition (‘C’) and a more or less enriched crystalline phase ‘D’ will form. By
increasing the amount of the organic solvent to reach ‘E’, the pure enantiomer can be
crystallized, while the composition of the mother liquor will change according to the component
balance, into point ‘F’. By applying the lever rule, one can see that the amount of enantiopure
compound crystallized is smaller.
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Figure 3 – Ternary solubility phase diagram of a conglomerate in a hypothetical solvent.

Since racemates have the highest solubility (under given circumstances), a combination of
parameters can theoretically be chosen so that the excess quantity of the major enantiomer is
crystallized while the remaining amount of the racemate stays dissolved.
While these crystallization methods cannot be applied to purification of chiral compounds
forming solid solutions (owing to their approximately even homo- and heterochiral
interactions), they could be used to purify racemic compounds. Just as in the – simpler – case
of conglomerate forming compounds, the solubility of enantiomeric mixtures correlates with
the melting point phase diagram. Since racemic compounds show two melting eutectic
temperatures – local minima – on their phase diagrams, it is reasonable to expect that these
eutectic mixtures will have the highest solubility. An example for their ternary solubility
diagrams is presented in Figure 4. [24] Crystallization after dissolving an enantiomeric mixture
of the composition ‘A’ can have different outcomes according to the quantity of the solvent. If
a solution of a concentration characterized by the point ‘B’ is cooled to the temperature
corresponding to the ternary diagram, and equilibrium is reached, a crystalline phase of ‘C’ is
formed leaving a eutectic mixture of enantiomers in solution. As, in the example, ‘A’ was
chosen to be slightly below the eutectic composition of the compound, the enantiomeric excess
in ‘C’ is lower than in ‘A’. When starting from a more dilute solution shown with the overall
concentration of ‘E’, the same equilibrium crystallization will result in the racemate ‘F’
crystallizing in a small quantity and an enantiomeric mixture still dissolved in the mother liquor
with composition ‘G’. But, when crystallization starts from a solution with composition ‘B'’,
corresponding to an enantiomeric mixture with composition ‘A'’ (i.e. having a higher than
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eutectic enantiomeric excess), the crystalline product has a composition of ‘C'’, thus being
enriched in the major enantiomer.

Figure 4 – Ternary solubility phase diagram of a racemic compound in a hypothetical solvent.

The behavior of racemic compounds is very similar both when (re)crystallizing them from their
solutions (for example by cooling) and when recrystallizing them from a melt. Depending on
which ‘side’ of the eutectic the crystallization starts, the major enantiomer will be accumulated
either in the mother liquor or the crystalline product. Racemic compounds having unfavorable
eutectic compositions, or a wide range of racemic behavior can also be derivatized, with the
aim of obtaining a product that is either conglomerate forming or at least one that has a
significantly lower eutectic composition. [26]
If an enantiomeric mixture of an acid or a base is present in a solution in salt form, partially
liberating the target compound can also result in a change of composition. Typically, a stronger
acid or base is used. If the material to be liberated behaves as a conglomerate, the amount of
strong (mineral) acid or base should correspond to that of the excess of the major enantiomer
(having the worst solubility). For racemic compounds, it should be equivalent to the racemic
portion of the material.
Similarly to resolutions starting from racemates, enantiomeric enrichment processes have to be
evaluated numerically. A characterizing number very similar to selectivity as defined in chapter
1.1.2, the efficiency of enantiomeric enrichment abbreviated as EEE [11] can be defined as
follows:
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𝐸𝐸𝐸 =

𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑒𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑡
⋅
𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑒𝑒𝑖𝑛𝑖𝑡𝑖𝑎𝑙

In the above formula, the quantity of the crystalline product is taken into account by the mass
ratio of the product (𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ) and the starting material (𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ) in the experiment, while
enhancement of the optical purity is taken into account by the ratio of the enantiomeric excess
values.
A scalemic mixture (non-racemate) can already be considered a chiral environment in which
the enantiomers of the same molecule may behave differently, even without the addition of
further chiral species. Soloshonok and his colleagues named the phenomenon ‘selfdisproportionation of enantiomers’, or SDE. [27] Although, as discussed before, its main utility
is in the purification of conglomerate forming compounds, it might lead to unexpected
analytical results. In this terminology, scalemic mixtures of racemic compounds are considered
as combinations of coexisting phases of the racemic portion and the pure enantiomer, rather
than just a blend of the two enantiomers. The authors mark this point as the reason for the nonlinear behavior of enantiomeric mixtures. [28] Theoretically, this phenomenon could lead to
the complete separability of the racemate from the pure enantiomer in gravitational, phase
transition or chromatographic processes without the use of a chiral stationary phase or eluent.
Sublimation results of relatively volatile carboxylic acids showed chiral discrimination, and
were also strongly influenced by the eutectic composition of the compounds [23] A correlation
between the melting temperature and the volatility of the studied materials was established.
Sublimation proved to be a viable method for the enantiomeric enrichment of α-hydroxy-acids,
amino acids etc. SDE has also been observed in achiral liquid chromatography of compounds
capable of building strong H-interactions. [29] Instead of a single peak, two (overlapping) peaks
might be observed, similarly to the mixture of two chemically different materials. This is likely
caused by the high number of theoretical plates of an HPLC column, which enables this method
to take better advantage of the phenomenon, often resulting in products of very high
enantiomeric purity.
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1.2.

The properties and applications of supercritical carbon dioxide

In the past few decades the search for alternative, more efficient and/or environmentally benign
techniques has been very intensive as a result of stricter environmental regulations and the
necessity to implement processes with a lower environmental impact. The use of supercritical
carbon dioxide – despite being a greenhouse gas – provides serious advantages. In the future, it
might be possible to improve industrial ecology by recovering carbon dioxide from waste gases.
This improvement would be advantageous both economically and environmentally.
Supercritical state is achieved when the so-called critical pressure and critical temperature of a
compound are surpassed. This is illustrated for a general pure component’s phase diagram,
schematically pictured in Figure 5, also including the critical values of carbon dioxide.

Figure 5 – Schematic presentation of the P-T phase diagram of a pure chemical substance. The critical parameters of carbon
dioxide are marked on the axes.

For many materials, these values cannot be experimentally determined, only estimated because
of thermal instability. At pressures and temperatures higher than (and very close to) the critical
values, physical-chemical properties show continuous, although not linear, dependencies of the
aforementioned parameters, offering the possibility of altering them to match the purposes of
the process they are used in. Supercritical fluids show physical-chemical attributes (e.g. density,
diffusivity, solvent power, viscosity) between those of liquids and gases. The application of
carbon dioxide in industrial processes and research projects is popular because of its relatively
low critical pressure and temperature values, which make the handling of thermally unstable
chemicals possible. [30] It is a non-polar solvent with moderate dissolving power, often capable
of replacing volatile organic solvents in chemical processes thus reducing their direct
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environmental risk. Perhaps the most well-known industrial application of supercritical carbondioxide is supercritical fluid extraction. This process involves flowing high-pressure carbon
dioxide through a packed bed of the solid material. Separation can be carried out by
depressurizing the mixture in a separator. By varying extraction conditions or operating
multiple separators at once at different parameters, multiple fractions of extract can be
collected. This is especially beneficial in the case of plant extracts where different groups of
active agents might be separated. There is another substantial benefit: carbon dioxide, being
gaseous under ambient pressure, can be separated from the product without significant effort.
Also, as it is tasteless, odorless and non-toxic in low quantities, its traces in the products are
widely acceptable in contrast to conventional solvents. These latter points also mean that carbon
dioxide as a solvent can be recovered with high purity and recycled.
Besides being applied as an industrial extraction solvent, supercritical carbon dioxide – an
alternative solvent usable without any restriction – provides many other promising
enhancements in the processes of the chemical industry. Intensive research has been carried out
on both organo- and biocatalytic reactions. [31, 32] By exploiting the higher diffusivity rate
achievable in supercritical carbon dioxide, a higher reaction rate might be expected compared
to reactions conducted in conventional solvents. However, most compounds are only
moderately soluble in carbon dioxide, which might hinder reactions. Supercritical carbon
dioxide has also been applied as a plasticizing agent in molten polymer processing. For
example, in extrusion, where shear forces might be responsible for the local overheating and
degradation of the blended components, the addition of high-pressure carbon dioxide can result
in a reduction of the glass transition temperature. [33] Thus, thermolabile compounds can be
blended into the polymer matrix at a lower temperature. Another application of carbon dioxide
in the polymer industry might be foaming. The replacement of traditional foaming agents like
heptane would not only be environmentally friendlier but also solve the problem of the product
being contaminated by the traces of these volatile organic compounds. [33]
Supercritical carbon dioxide can be applied in crystallization processes, several of which have
potential industrial applications. The main advantage of these processes is that they often afford
highly crystalline products of controlled morphology, even very narrow particle size
distribution. [34, 35] However, these micronization methods can also be divided into groups
based on the role of carbon dioxide.
In the recrystallization process called crystallization from supercritical solutions (CSS), carbon
dioxide acts as a solvent. The process is an excellent demonstration of the variable properties
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of supercritical fluids aiding their applications. Oversaturation can be achieved by changing the
temperature or pressure of the system. Although the process appears to be simple, handling the
large amount of carbon dioxide needed to form a solution even at high pressures creates serious
difficulties. Additional disadvantages include batch-only operation, expenses of the highpressure apparatus and its complementary systems (tempering, for example), along with the
safety risks posed by a large high-pressure vessel. As a result, CSS is only viable in case of
small batches of highly valuable, sensitive or hazardous materials.
Another process where carbon dioxide acts as a solvent is rapid expansion of a supercritical
solution (RESS). [36] The high-pressure solution is depressurized through a nozzle. Carbon
dioxide loses its dissolving power at low pressure, hence a particulate material forms with a
very narrow size distribution. Although the process is advantageous because it does not
necessitate the presence of an organic co-solvent, using only carbon dioxide results in the
greatest disadvantage of RESS: since carbon dioxide only has moderate dissolving power at
best, rather large equipment is needed relative to the mass of the products. Similarly to the CSS
process described before, RESS is not expected to find large-scale industrial applications, its
potential is probably limited to micronizing small amounts of target compounds having a very
high added value.
Supercritical carbon dioxide can also be utilized in the micronization of compounds having a
low solubility. Conventional solutions of these materials can be oversaturated by contacting
with the high-pressure fluid (gas, liquid, sub- or supercritical depending on the process and
chosen parameters). The organic solvent is preferably chosen to mix with supercritical carbon
dioxide at the desired pressures, temperatures and composition. The difference among the
variants of these antisolvent processes is in the way the starting solution and the antisolvent are
brought into contact with each other. Besides being an antisolvent, carbon dioxide can be
viewed as a solute in these cases. Antisolvent methods can be applied to produce micronized
products [37], or composites with special properties [38, 39], or combined with (pressurized)
plant extraction techniques [40–43].
The simplest of all antisolvent processes is gas antisolvent precipitation (GAS or GASP), a
batch process sometimes also termed gas antisolvent recrystallization (GASR) if the aim is just
to micronize a compound by recrystallization. [44] Batch operation is one of the most
significant drawbacks of the technique, however, this operational mode makes it suitable for
laboratory scale investigations, because of the relatively simple apparatus needed. It is also
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suitable to illustrate the basic operation of antisolvent methods. A schematic depicting its main
procedural steps is shown in Figure 6.

Figure 6 – A schematic depiction of the main steps of the GAS process. a) The compound to be precipitated is dissolved in an
organic solvent and filled into the high-pressure vessel. b) Carbon dioxide is introduced, resulting in the organic solvent
swelling and losing dissolving power. c) Pressurization is continued until a homogenous solvent mixture is reached.
Crystallization is completed during this equilibration phase. d) The organic solvent and any dissolved compounds are
extracted using pure carbon dioxide. e) A dry, micronized product can be collected after depressurization.

The organic solvent is filled into the high-pressure vessel (a), which is then filled with carbon
dioxide (b). At first, carbon dioxide is gaseous, hence the name of this method. As the pressure
increases, the antisolvent starts to mix with the organic solution – most often a polar solvent –
resulting in a decrease in the polarity of the solvent mixture accompanied by a change in molar
volume. These factors together result in the dissolving power of the system being sharply
reduced, which is followed by a relatively rapid formation of a solid phase. Pressurization
continues to a point where a biphasic suspension is achieved (c) in the autoclave, consisting of
the solid product and the mixture of the original solvent and carbon dioxide. Pure carbon
dioxide is used to extract the organic solvent (d) – and any dissolved compounds – yielding a
completely dry, powdery product after depressurization (e). Antisolvent precipitation methods
might also be used as separation methods. In this case, process parameters – i.e. pressure,
temperature and the amount of organic solvent relative to carbon dioxide – must be carefully
selected in order to retain some dissolving power after saturating the mixture with the
antisolvent. By keeping a portion of the initial material dissolved, fractions of different
compositions can be gathered. An unequal distribution of specific components can be achieved
between the solid product (raffinate) and the extract. Although being a strictly batch process
hinders the adoption of this method in industrial-scale applications, it can be used in preliminary
experimental optimization of the process parameters before transferring a specific
crystallization or separation task to a scaled-up variant.
A semi-continuous variant of the above described process is called supercritical antisolvent
precipitation (SAS). [37] In this case, carbon dioxide flows continuously through a precipitation
vessel, the pressure and temperature of which are set to desired values (using, for example, a
back pressure regulator). The compounds to be precipitated are injected into this chamber
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through a nozzle. Oversaturation occurs as a result of carbon dioxide dissolving into the liquid
droplets of the jet forming after the nozzle. The droplets swell up to a point where the solute
precipitates. The solvent is chosen to mix with carbon dioxide and is extracted by the continuous
flow. The particulate phase is collected in the precipitation vessel, using a filter to prevent it
from being washed out.
The so-called solvent enhanced dispersion in supercritical fluids (SEDS) [45] and aerosol
solvent extraction systems (ASES) [39, 46] processes also make use of high-pressure carbon
dioxide as an antisolvent. In SEDS the nozzles used to inject carbon dioxide and the organic
solvent into the precipitation vessel are placed coaxially. This arrangement makes carbon
dioxide not only a solute and antisolvent, but its flow also acts as a spray enhancer. In the ASES
method, the precipitation vessel is tempered and pressurized with supercritical carbon dioxide
beforehand.
Particles from gas saturated solutions (PGSS) is a very useful technique to produce pulverized
composites in the micrometer particle size range. [47] In this case, the melt (or a dispersion) of
the components to be micronized is mixed with high-pressure carbon dioxide. As melting of
the starting materials is often carried out during pressurization with carbon dioxide (or other
gases), it is essential to know the dependence of the melting temperature on the pressure of the
gas. One major advantage of the technique is the melting point depression caused by CO 2 (see
1.2.1). Pressure is then reduced through a nozzle into a spray chamber. The Joule-Thomson
effect and the volumetric expansion (and evaporation) of carbon dioxide cool down the mixture
so that the solid products can form. Particles are then separated from the gas stream in multiple
cyclones, filters, and eventually, electrostatic filters for the finest fractions. If using an organic
solvent as a viscosity reduction agent or using PGSS to spray a solution, operational parameters
of the expansion chamber have to be chosen so that both carbon dioxide and the organic solvent
are in gaseous phase.
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1.2.1. Melting point measurements under carbon dioxide pressure
Although the measurement of melting temperatures under high carbon dioxide pressure
obviously means the investigation of phase equilibria, the diversity of such methods makes it
reasonable to dedicate a chapter to this area. In most cases, melting experiments are carried out
to fully explore the phase behavior of binary systems consisting of carbon dioxide and another
compound.
High-pressure transitiometry belongs to the category of calorimetric measurement methods.
[48] In this case, the high pressure differential calorimeter is extended with a computerregulated gas supply system. Besides temperature, pressure and, of course, heat effects, the
volume of gas used to maintain the desired pressure can also be tracked. This way, dissolution
and sorption effects during thermal events can also be detected.
Visual methods can be carried out in less complicated equipment. They necessitate an apparatus
having pressure resistant windows, such as the view cell discussed in chapter 2.4. There are
two major approaches. During the so-called first melting point method [49], the appearance of
the first liquid droplet marks melting of the sample. Usually, observation is aided by a camera.
The sample is placed in the apparatus (e.g. a static cell). It is then accurately tempered (for
example immersed in an air bath [49]) and slowly pressurized. Measurements can be carried
out by slowly raising the temperature or elevating the pressure. (If working with a soluble gas,
the latter will eventually result in melting.) Detection methods also vary. In a study on
biodegradable polymers, the sample formed an obstacle between a light source and a detector
at the opposite sides of a view cell. [50] As the melt of the polymer could flow to the bottom of
the vessel, a change in the brightness could be detected, marking the melting point. The relative
simplicity of the method can be shown on the work of Dohrn et al. [51] While others designed
more complicated sample holders, they chose a horizontally placed, uncapped vial. The
placement of the material within the vial was also found important: some separated particles
are beneficial for the sensitive determination of melting. Although they mention very low
heating rates, or very slow pressure elevation as key features of accurate measurements,
degradation effects and color changes are mentioned due to the prolonged exposition of the
investigated compounds to heat. Other experiments used capillaries as sample holders. [52] In
some cases, it might be beneficial to melt and freeze the sample under high-pressure [53] before
the actual melting point measurement. This strategy promotes the incorporation of carbon
dioxide into the solid matrix.
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The first freezing point method is carried out the opposite way. Studied compounds are melted
before pressurization of the equilibrium cell. [54] In the study of González-Arias et.al.,
solidification was observed using a high-resolution camera, along with recording the pressure
and temperature of the isochoric cooling process.
Another interesting variant of the first freezing point method also involves melting the solute
under ambient temperature and slowly cooling it under isochoric conditions at high pressure.
[55] However, this method uses an autoclave with no windows. Instead, pressure and
temperature are monitored carefully. On the formation of the solid phase, a sudden pressure
increase can be observed, followed by further decrease after the complete freezing of the
sample.
Several gases have already been found to influence the melting behavior of solid materials.
Nitrogen pressure was found to slightly elevate the melting temperature of multiple fatty acids
and ibuprofen in the ranges of about 0.1 to 14 MPa. [56] At over 100 MPa pressures,
naphthalene was also found to show a melting point increase. [57] The melting properties of
N2O are an excellent example of the effects of pressurizing gases, albeit at much higher
pressures than were applied in the experiments described in this work. [58] Under helium
pressure, the melting temperature rose, while using nitrogen, it started to decrease first. The
tendency only changed over approx. 10 MPa. The authors clearly attribute this phenomenon to
the substantially higher solubility of nitrogen in the liquid phase compared to that of helium.
Multiple studies have concluded that the gas dissolving in the forming liquid causes the
decrease in melting temperature. [48, 58, 59] As long as the melting point-decreasing effect of
the presence of the soluble gas overcomes the effect of mechanical pressure, a depression can
be observed.
The effect of a high pressure carbon dioxide atmosphere on the melting behavior has been given
considerable attention in the literature. Melting point depression caused by pressurized carbon
dioxide is advantageous when it acts as a plasticizing agent in the polymer industry, as well as
in spraying and micronization, including PGSS processes. Hence, it can be of key importance
to know the phase equilibrium properties of target compounds. The reduction in melting point
(or glass transition temperature) can be extremely useful in the case of thermally unstable active
agents and easily degradable polymers. However, the lower melting point can cause additional
risks when it comes to the structural integrity of membranes or pipelines (especially those made
from plastics) used under high pressure. In case of polycaprolactone and poly(butylene
succinate), a roughly 15-20 °C decrease in the melting points was observed around 8 to 11 MPa.
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At higher pressures, melting temperatures remained constant. [50] The melting behavior of fatty
acids (stearic, palmitic, myristic and lauric acids) under carbon dioxide pressure was also
studied experimentally. [60] Stearic and palmitic acids exhibited the lowest melting points at
roughly 15 MPa, 10-12 °C lower than the values at ambient pressure. Myristic acid showed a
slightly higher melting point depression (13 °C) but it occurred at a lower pressure, at 10 MPa.
From these measurement results, it appears that a longer aliphatic chain might be associated
with a lower melting point depression at a given pressure. Raising the pressure towards 50 MPa
caused the melting points of the investigated compounds to raise again. Another study on fatty
acids emphasizes that a double heating cycle was used in order to ensure the incorporation of
carbon dioxide into the solid matrix. After melting and re-freezing the studied compound, a
slower heating experiment was performed to actually study the melting phenomenon. [53] The
difference in the measurement methods suggests that there is no perfect agreement in the
mechanism behind the phenomenon. Ionic liquids are also well known to show lower melting
points under carbon dioxide pressure. Several examples (anion-cation pairs) have been studied
under gaseous, liquid and supercritical carbon dioxide atmospheres. A broad range of melting
point depression values were observed. [61] The most extreme example described in the cited
paper was that of tetrabutylammonium tetrafluoroborate. The melting point of the compound
measured under ambient pressure (156 °C) and that measured under 15 MPa differed by almost
120 °C.
While fatty acids have already been mentioned, the literature coverage on the melting point
depression of carboxylic acids having a low molecular weight is scarce, although benzoic acid
is sometimes used as reference for testing the experimental setup. Only one article was found
on high pressure melting experiments carried out on chiral molecules, using ibuprofen as a
model compound. [49] However, only the racemic and the enantiomerically pure forms of the
molecule were studied and no information was gathered on how the enantiomeric composition
might influence the melting point, or if a eutectic melting phenomenon can be observed. The
intention behind the study was to gather information on the complete phase equilibrium of said
materials. This information could probably be used in micronization processes, targeting
formulations of this well-known API. The apparatus and the measurement method (first melting
point method) were verified by measuring the melting behavior of benzoic acid. Between 0.10
and 22.7 MPa the authors experienced 24 °C of melting point depression, which was in good
accordance with previous measurements [62, 63]. Racemic ibuprofen showed a melting point
depression of approximately 28 °C, and the melting temperature stabilized when the pressure
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was elevated beyond 10 MPa. The extent of melting point depression in enantiomeric ibuprofen
was very similar, however, the pressure range in which it was observed in was much wider.
1.2.2. Chiral resolution in supercritical carbon dioxide
Processes involving supercritical carbon dioxide can only be considered economical once the
product has a high enough added value to cover the costs of high pressure unit operations. As
professors Simándi and Fogassy recognized, producing enantiomerically pure compounds
might have this advantage. [64] By using supercritical carbon dioxide to partially or fully
replace organic solvents, enantiomeric separations could be carried out in more environmentally
benign ways, compared to, for example, preparative scale liquid chromatography. Also, the
tunable properties of supercritical solvents offer a significant advantage as processes can be
finely adapted to match different resolution systems.
First, supercritical carbon dioxide extraction was shown to provide higher resolution efficiency
compared to traditional resolution techniques for various racemates. [64] The acidic racemates,
along with a half molar equivalent quantity of resolving agent were subjected to supercritical
carbon dioxide extraction in the presence of a porous support. Enantiomeric mixtures of the
unreacted acids were separated from the diastereomeric mixtures that were collected as the
residue. Also, supercritical fluid extraction proved to be capable of enhancing the enantiomeric
purity of scalemic mixtures. [65] The relatively small-scale plant used in the studies mentioned
above was also used to dynamically determine the solubility of the compounds to be extracted.
The efficiency of supercritical fluid extraction was demonstrated on various compounds such
as ibuprofen, the trans and cis forms of chrysanthemic acid and permethric acid, combined with
five different resolving agents including (R)-1-phenylethanamine and (S)-2-benzylaminobuthanol. [66] The racemates have significance in the pharmaceutical and agrochemical
industries. Supercritical fluid extraction proved to be more efficient than atmospheric methods
described for the same resolution systems, mainly due to the almost complete insolubility of
the diastereomeric salts in carbon dioxide. The effect of extraction parameters (pressure and
temperature) were also studied showing that the density of carbon dioxide had a direct influence
on the enantiomeric excess of the products. In another study on cyclopropancarboxylic acids,
operational parameters were also altered in the range of 10 to 20 MPa and between temperatures
of 33 and 47 °C. [67] Diastereomeric molecular complexes also proved to be resolvable using
the technique. In this case, the purification of an enantiomeric mixture using an achiral reagent
was also investigated. [68] As these examples demonstrate, supercritical fluid extraction was
shown to be a very effective method of chiral separation and has been adapted to many
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resolution systems, studying the effect of various operational parameters. [69–76] Furthermore,
it can be carried out in a simple laboratory autoclave, avoiding the drawbacks of working with
a larger apparatus. Another research group also dealt with this very specific application of
supercritical fluid extraction. Bauza and his colleagues investigated the possibility of
performing supercritical fluid extraction with in situ derivatization of the racemates. [77–80]
The solid product is then filled into the autoclave. The technique does not necessarily include
the addition of a porous support.
Our research group developed another experimental technique, the so-called in situ procedure.
In this case, the reactants (i.e. the racemate and the resolving agent) are measured into the
autoclave without the use of an organic solvent. Especially in case of solid reactants (e.g. cischrysanthemic acid and 2-benzylaminobuthanol), one can assume that the reaction does not
proceed under atmospheric conditions. Reactants must be then contacted with supercritical
carbon dioxide for a typically extended period of time in the mixed batch reactor.
Diastereomeric salt formation occurs under carbon dioxide pressure. Afterwards, similarly to
the techniques described in the previous paragraph, extraction is carried out. (The process can
thus be considered a one-pot formation of the diastereomeric salts and their separation from the
unreacted portion of the racemate.) The greatest advantage of this technique is that organic
solvents are completely replaced by the supercritical fluid, resulting in a lower environmental
impact. However, the greatest disadvantage also stems from the avoidance of the organic
solvent. Reaction times are often longer because of the heterogeneous reactions carried out in
the presence of supercritical carbon dioxide. The method proved to be feasible and efficient
both in case of the resolution of ibuprofen with (R)-1-phenylethanamine [81] and cischrysanthemic and cis-permethric acids using the resolving agent (S)-2-benzylaminobuthanol
[82].
Antisolvent processes have been discussed in chapter 1.2 and have been shown to have a large
variety depending on the operating mode and the method of contacting carbon dioxide with the
organic solution. Multiple variants have already been investigated as separation methods
following chiral resolutions. As the aim of such processes is not only to produce a fine
particulate product, but also to separate different fractions, operational parameters have to be
chosen carefully. In the first study on the topic, the semi-continuous SEDS process was
investigated as the separation method. [45] Although pressure and temperature were changed
in a wide range, the volumetric flowrate of the organic solvent and carbon dioxide streams were
kept constant. The resolution efficiency of ephedrine with mandelic acid showed a correlation
31

to the density of carbon dioxide. However, in my opinion the mass (or molar) ratio between the
organic solvent and carbon dioxide could also have been evaluated. In a remarkable result, after
only one recrystallization step of the formed diastereomeric mixture, ephedrine was determined
to have over 99% ee. The chiral resolution of mandelic acid with (R)-1-phenylethanamine was
described by a Spanish research group using a batch-type variation of antisolvent fractionation
techniques. [83] The procedure described in the article differs from that involved in our practice.
The organic solutions of the acid and the resolving agent were injected into an autoclave filled
with supercritical carbon dioxide. Approaches involving the injection of reactants into the highpressure vessel both consecutively as well as a pre-mixed solution were investigated. After
equilibration, extraction with pure supercritical carbon dioxide was carried out. Cis-permethric
acid was resolved with (R)-1-phenylethanamine using both the batch-type gas antisolvent
precipitation (fractionation) technique and the semi-continuous supercritical antisolvent
precipitation technique. [84] During the GAS experiments, pressure affected the diastereomeric
purity of the crystalline products very sharply, which was explained by the different salts
formed in the system being stable at different pressures. As semi-continuous supercritical
antisolvent precipitation was more productive owing to the larger equipment, the process was
transferred to use that method. The optimal parameters determined in the batch process could
be applied without significant alterations. Besides being able to produce larger quantities in an
apparatus that models a possible industrial process, this finding also meant that the significantly
cheaper GAS experiments can be used in initial investigations. Ibuprofen was also resolved
using both the GAS and SAS techniques. [85] Also, diastereomeric enrichment was successful
both by means of repeated resolution, applying the resolving agent (R)-1-phenylethanamine in
half molar equivalent quantity to scalemic mixtures of ibuprofen and by the (simulated)
recrystallization of the diastereomeric mixtures.
In this work, only results of diastereomeric resolutions and recrystallization-based enantiomeric
and diastereomeric enrichment processes are discussed. However, using carbon dioxide as a
solvent is often beneficial in kinetic resolutions as well. The acylation of 3-hydroxy esters using
an immobilized lipase enzyme led to over 99% enantiomeric purity. [86] Enzymatic resolution
of 1,3-propanediacetate was only possible in supercritical carbon dioxide. The transformation
of the applied enzyme as a result of contacting with supercritical carbon dioxide explained the
change in resolution capability. [87] It also has been shown that the tunable properties of scCO2
can be made use of, as both pressure and temperature were shown to have an effect on the
studied reaction. [88–91] 1-phenylethanol is a very popular model compound for experiments
32

targeting kinetic resolution, including dynamic kinetic resolution. [92–98] Continuously
operated apparatuses were also developed, among other examples, by our research group. [99]
The process involved the supercritical carbon dioxide extraction of the racemate (trans-1,2cyclohexanediol) from a column before mixing it with the substrate (vinyl-acetate). The mixture
then passed through a packed bed reactor. The long term activity of the enzyme was observed.
Kinetic resolution of organic compounds containing sulphur, selenium and tellurium was also
feasible using the popular Candida antarctica lipase-B enzyme. [100] The benefits of such
separation capabilities are enhanced by the use of supercritical carbon dioxide, making them
green solvent systems.
1.3.

A brief introduction of the studied compounds

1.3.1. Mandelic acid and its chlorinated derivatives
Mandelic acid and three of its chlorine-substituted derivatives were chosen as model molecules
for investigating enantiomeric enrichment via GASF. Mandelic acid itself, and all of its chlorovariants are white, crystalline materials. Their chemical formulas are shown in Figure 7.

Figure 7 – The structural formulas of mandelic acid (a), 2-chloromandelic acid (b), 3-chloromandelic acid (c) and 4chloromandelic acid (d)

While the racemates and enantiomers of mandelic acid, 3-chloromandelic acid and 4chloromandelic acid and the racemic form of 2-chloromandelic acid are either powdery or
consist of relatively fine crystals, enantiopure (R)-2-chloromandelic acid was shipped in the
form of larger flakes. This fact probably has no significance regarding present work, given that
all compounds were dissolved before crystallizations. The compounds possess a pleasant,
almond-like odor.
These compounds can be synthesized starting from the corresponding benzaldehyde derivative,
in a reaction with excess hydrogen cyanide. Obviously, the safety considerations regarding the
use of this hazardous chemical cannot be neglected. The cyanohydrin is dried, and after its
acidic hydrolysis, the mandelic acid derivatives can be obtained. The simplified scheme of the
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reaction is shown in Figure 8. If an enantiomerically pure compound is needed, enzymatic
catalysis can be used in the cyanohydrin-forming step, resulting in a single enantiomer.

Figure 8 – A simplified reaction scheme of the formation of mandelic acid and its chlorinated derivatives. R denotes
hydrogen in case of mandelic acid, and chlorine in ortho, meta or para position in case of the substituted variants.

The enantiomeric form of the mentioned mandelic acid derivatives can be produced by the
bioconversion of the racemate. Pseudomonas aeruginosa can be used to convert (S)-4chloromandelic acid selectively into an achiral keto-acid. After separation, a 98.8% ee (R)-acid
can be obtained, but only with a maximum of 50% yield. [101] This problem can be overcome
by a one-pot technique using the previously mentioned Pseudomonas aeruginosa bacteria
together with the yeast species Saccharomyces cerevisiae. [102] While the bacteria consumes
the (S)-enantiomer of the acid and turns it into the keto-acid, the yeast can be used to synthesize
the (R)-acid from the keto-acid. A very similar approach was described for the production of
enantiomerically pure (R)-mandelic acid using a strain of Pseudomonas polycolor as a microbe
to oxidize the (S)-acid selectively and a strain of Micrococcus freudenreichii for the
enantioselective reduction of the formed keto-acid. [103]
Mandelic acid is a well-known molecule in terms of optical resolution. It has been suggested to
serve as a model molecule in higher chemical education by incorporating its resolution with
enantiomerically pure ephedrine in organic laboratory practices. [104] It can also be resolved
using cinchonine. [105] The effect of different solvents was also tested, and the nature of the
crystallization medium was found significant. The resolution process showed very different
outcomes when carried out in water, a water-ethanol mixture or ethyl-acetate. The solvent could
even influence which enantiomer of mandelic acid precipitated in the diastereomeric salt.
Solvate formation was also observed, both during experiments carried out in a solvent
containing a large amount of water and in ethyl acetate. The highest optical purity and
resolvability was obtained with water-saturated ethyl acetate. Another study suggests that some
amino acids, their combinations (using the Dutch resolution technique) or the addition of and
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appropriate achiral species to the system can also be effective in the resolution of mandelic
acid. [106] Besides highlighting 1-phenylethanamine (or α-methylbenzylamine) as a very
effective resolving agent for mandelic acid, the article of Ebbers et.al mentions several other
chemicals as potential or already used alternatives. [107] 2-benzylamino-butanol, brucine,
quinine, quinidine, ephedrine, 2-aminobutanol, and even amphetamine and adrenaline are
mentioned as previously used resolving agents for the compound, along with several other
amino acids which were tested [108]. In the latter study, phenylalanine emerged as the best
candidate for the resolution of mandelic acid.
4-chloromandelic acid can be used to obtain enantiomerically pure alanine, which may mean
that said amino acid could be used as a resolving agent for the molecule. 4-chloromandelic acid
has also been resolved using (R)-1-phenylethanamine, using one molar equivalent of the
enantiopure base. An almost enantiomerically pure product could be obtained after two
recrystallizations and liberation of the acid from its salt. The three constitutional isomers of
chloromandelic acid provide a spectacular example of the importance of the structural similarity
and the influence of the molecular shapes of the racemate and the resolving agent. The aromatic,
enantiopure compound (R)-1-phenylethanamine has also been described to be capable of
differentiating between the enantiomers of 3-chloromandelic acid. However, the popular
resolving agent failed to differentiate between the antipodes of 2-chloromandelic acid. As the
authors explain, the chlorine atom is too close to the carboxyl group, possibly preventing its
deprotonation. [109] The inability to obtain a well-defined crystalline phase from 2chloromandelic acid was attributed to the different lengths of the molecules of the racemate and
the resolving agent. This example also shows that molecular shape and the interactions between
the molecules (e.g. the hydrogen bond structure) of the racemate and the resolving agent
strongly influence the relative stability of the diastereomeric salts and thus the outcome of the
resolution. [110] In order to improve the resolving agent, a benzyl group was introduced and
the resulting (R)-N-benzyl-1-phenylethanamine was able to crystallize with the orthochlorinated mandelic acid derivative. The best enantiomeric purity (98%) was achieved from
butyl-acetate, while the higher yield in 2-propanol caused a higher resolution efficiency in that
solvent. In this latter case the enantiomeric excess was 91%, which is also a remarkable result
in one step. The same chemical was used in the resolution of 4-chloromandelic acid by the same
authors. In this later article the low water-solubility and hence easy recoverability of the
resolving agent is mentioned as a substantial advantage compared to 1-phenylethanamine.
Methanol and ethanol were identified as the solvents offering the highest ee in a single
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resolution step. The application of both resulted in over 90% ee, however, absolute ethanol
afforded the highest resolution efficiency, 78.7%. [111] 2- and 3-chloromandelic acid could be
resolved with high enantioselectivity using an indirect HPLC method with β-cyclodextrine as
the chiral selector. [18]
Mandelic acid and its chlorinated derivatives can be used as resolving agents themselves. The
non-substituted acid can be used to resolve 1-cyclohexylethanamine, although the 2-methoxyand 2-methylacetic acids were proven to be more efficient resolving agents. [112] It has also
been demonstrated to be able to resolve ephedrine [45] – a chemical earlier described as a
resolving agent for mandelic acid, hence the reversed resolution phenomenon is not surprising.
Enantiomerically pure mandelic acid is a precursor in the synthesis of Cyclandelate [113]
(3,5,5-tetramethylcyclohexyl mandelate), tested in the treatment of senility symptoms. [114]
Mandelic acid was also used against adult acne and in alleviating the symptoms of aging skin.
[115] It was also applied as a disinfecting agent during certain hospital procedures. [116] The
synthesis of homatropine also utilizes mandelic acid as a precursor. [117] Deuterated mandelic
acid has also been used as a chiral additive during the hydrogen NMR measurements of some
chiral compounds. [118] 3- and 4-chloromandelic acids were used in the synthesis of arylketones. The palladium-catalyzed acylation – claimed to lead to the precursors of drugs,
pesticides and other fine chemical products – had fewer reaction steps compared to previous
alternatives. [119] 2-chloromandelic acid is used as an intermediate in the synthesis of
clopidrogel. [120]
1.3.2. 1-phenylethanamine
The chiral, aromatic monoamine is a colorless, relatively viscous liquid. It has a moderate, yet
highly unpleasant odor. Its molecular formula is shown in Figure 9.

Figure 9 – The molecular formula of 1-phenylethanamine

When coming into contact with carbon dioxide (even the CO 2 content of air), it quickly forms
a carbamate-type self-derivative salt. [121] This latter substance – shown in Figure 10 – is a
white solid that often contaminates the containers of 1-phenylethanamine.

36

Figure 10 – The formula of the self-derivative salt of 1-phenylethanamine and carbon dioxide.

Its formation is thus inconvenient when weighing the starting materials of a reaction, but it has
a greater significance in the case of in situ resolution reactions in supercritical carbon dioxide:
the formation of the carbamate salt appeared to be kinetically preferred to the reaction of 1phenylethanamine with the racemic acid. However, the diastereomeric salts eventually proved
to be more stable in thermodynamic terms. It was also suggested that such carbamate type salts
might be intermediates in diastereomeric salt formation in supercritical carbon dioxide. Higher
reaction rates were experienced when using the previously prepared carbamate salt instead of
the original resolving agent. [122]
The racemic form of 1-phenylethanamine can be produced from acetophenone. [123] Catalytic
hydroamination is carried out under 24 to 34 MPa of hydrogen pressure at 150 °C adding fivefold excess of ammonia. Alternatively, it can be carried out by directly contacting the starting
material with ammonia, or by adding ammonia dissolved in ethanol using Raney-Ni as a
catalyst. Ammonia can also be dissolved in methanol, using a platinum catalyst. A similar
procedure was described using a Ru-organic catalyst and aluminum-triflate. [124] 1phenylethanamine is also a popular example in studies of syntheses of primary amines, such as
the PtMoOX/TiO2 catalyzed reduction of acetophenone. [125] Another, solvent-free reductive
path uses NaBH3CN as a reductive agent and a ZrCL4/ nano Fe3O4 catalyst system. [126] This
reaction was carried out at a milder 75-85 °C temperature.
Single enantiomers of 1-phenylethanamine can be produced via a variety of methods. (S)-1phenylethanamine can be produced in the Hoffman reaction of (+)-2-phenylpropionic acid
[127], while the R antipode has been synthesized from (Z)-phenylethanone-oxime, by oxidizing
it to (R)-1-phenylethanamine of 97% purity [128].
Besides being resolved with mandelic acid, acidic resolving agents formed from 1phenylethanamine itself can be used in the separation its enantiomers. The structural similarity
between the original amine and the acids is readily apparent. The resolving agents were
prepared using a diethyl ester of dicarboxylic acids forming amide-type compounds, followed
by liberation of the second carboxyl group. [129] Diastereomeric resolution of the monoamine
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with enantiomerically pure mandelic acid might result in the formation diastereomeric salts
with different crystal structures. The phenomenon depends on the molar ratio of the acid and
the amine. [130] It was also kinetically resolved with capric acid using Candida Antarctica
lipase B as a catalyst [131] by hydrolyzing the formed (R)-amide.
Enantiomerically pure forms of 1-phenylethanamine are popular synthetic resolving agents in
current practice. [132] It has been mentioned as a resolving agent in the production of
enantiomeric norbornene derivatives. Crystallization and multiple recrystallization steps of the
diastereomeric salts from carbon tetrachloride resulted in almost enantiomerically pure
products. [133] α-hydroxy-[(o-chlorophenyl)methyl]-phosphinic acid (showing central
chirality in the vicinity of the phosphor) was resolved by diastereomeric salt formation. [134]
While not succeeding through the formation of diastereomeric salts, the covalent diastereomers
formed between the (R)-amine and the methyl-ester of 1,4-benzodioxane-2-carboxylic acid
showed excellent separation. Both diastereomers could be recovered at over 90% de values.
The (S,R)-amide was crystallized, while the mother liquor and the remaining other diastereomer
were purified by liquid chromatography on a silica stationary phase. [135] The monoamine
itself, as well as its derivatives have been used in the development of stationary phases for chiral
chromatography. [136] In a more recent study, the amine was used to functionalize
poly(diphenylacetylene). Afterwards, the polymer formed a structure with selective helical
chirality when exposed to heat. Untreated and annealed versions were tested after depositing
them onto the surface of silica particles, with both versions showing stereoselectivity. However,
the effect of the helical chirality of the polymer itself overcame the effect of the central chirality
of the amide-type functional group formed from 1-phenylethanamine. Hence, retention times
of certain analytes were reversed. [14]
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2. Materials and methods
2.1.

Materials

Carbon dioxide used in the experiments had a purity of over 99.5% and was used freshly
distilled in every case. For crystallization experiments, it was provided by Linde Gas Hungary
Ltd, while for melting experiments it was supplied by Air-Liquide.
Enantiopure (R)-2-chloromandelic acid (CAS 52950-18-2), racemic 3-chloromandelic acid
(CAS 16273-37-3; purity > 97%), racemic 4-chloromandelic acid (CAS 7138-34-3) and (R)-4chloromandelic acid (CAS 32189-36-9) (purities over 98%) were purchased from TCI Co. Ltd.
Racemic 2-chloromandelic acid (CAS 10421-85-9; purity > 98%) and enantiopure (R)-3chloromandelic acid (CAS 61008-98-8; purity > 97%) were purchased from Sigma–Aldrich
Co. LLC. Both enantiomers of 1‐phenylethylamine (CAS 3886–69‐9 for R and 2627–86‐3 for
S enantiomer, >99%) were purchased from Merck.
Methanol, ethanol (>99%) and n-hexane were purchased from Molar Chemicals Ltd.
Acetonitrile (purity >99%) used as a co-solvent was purchased from Reanal Private Ltd.
2.2.

General description of gas antisolvent fractionation experiments

GAS antisolvent precipitation experiments were carried out in a laboratory scale high pressure
reactor depicted in Figure 11. It was manufactured by the Faculty of Applied Chemical Science
at Miskolc University. The autoclave has an approximate volume of 36 ml depending on the
fittings and accessories. Generally, gas antisolvent fractionation experiments begin with
tempering the reactor and adding a homogeneous solution of the compounds to be precipitated
and fractionated in an organic solvent. The type and quantity of the organic solvent depend on
the experiment (i.e. on the starting materials and the chosen operational parameters).
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Figure 11 – A non-proportional, schematic depiction of the laboratory autoclave used in the GASF experiments. 1. Teledyne
ISCO 260D syringe pump; 2. Inlet valve; 3. An inlet tube leading towards the bottom of the reactor vessel; 4. Magnetic
stirrer; 5. Magnetic motor (without heating); 6. Heating jacket with circulating water; 7. Pressure gauge and transducer;
8. Thermocouple; 9. Filter; 10. Outlet valve; 11. Solvent trap

After assembling the reactor (i.e. mounting the top of the reactor and all of the valves and
transducers) it is pressurized using the Teledyne ISCO 260D pump (1.). The pump has a
syringe-like cylinder that can be filled with liquid carbon dioxide through the CO 2 supply
system of the laboratory, mainly consisting of carbon dioxide cylinders and a high pressure
pump not depicted in Figure 11. The cylinder of the ISCO 260D pump is tempered using a
thermostat circulating water so that the carbon dioxide inside is always in liquid state. The pump
can actuate the piston inside its cylinder to either operate at constant pressure, or to deliver a
constant volumetric flow rate. In the experiments discussed in this work, the pump was always
operated in constant pressure mode. The reactor is pressurized with carbon dioxide through a
regulating valve (2.). Carbon dioxide passes through a tube towards the bottom of the reactor
(3.), ensuring thorough mixing during pressurization and extraction. The mixture was stirred by
a magnetic stirrer (4.) moved by a magnetic motor (5.). Although many magnetic stirrers are
capable of heating, the reactor was instead tempered using a jacket with water circulating
through it (6.). Stirring was started when the operational pressure specified by the experiment
was reached. Operational parameters in the reactor were recorded by a computer data logging
system, though Figure 11 only depicts the pressure (7.) and temperature (8.) transducers. After
some equilibration time, the extraction of the dissolved components and the organic solvent
was carried out using pure carbon dioxide. By opening the outlet regulating valve (10.)
carefully, pressure in the reactor was dropped to slightly under the value set on the syringe
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pump, avoiding contamination of the piping between the pump and the reactor when the inlet
valve (2.) was opened. Solid particles were kept from being washed out of the reactor during
the extraction phase by a sintered metallic filter (9.) having a pore diameter of 0.5 µm or 2.0 µm
depending on the experiment. The flowrate of CO 2 was regulated by the outlet valve (10.). A
solvent trap (11.) was used to recover the extracted compounds. This could be omitted in a
larger scale equipment, in favor of a simple separator based on pressure reduction. The outlet
valve and the pipe connecting it to the solvent trap were rinsed using 5 ml of the solvent utilized
in the trap. After disassembling the reactor, the crystalline product was collected from the high
pressure vessel in solid form. In order to improve recovery, solid residue was collected from
the vessel using a small amount of organic solvent. The resulting solution, as well as the solution
collected from the solvent trap (containing the extract) were evaporated using a rotational
vacuum distiller.
Multiple types of experiments were carried out in the laboratory autoclave, the recipes of which
are given in Table 1. Preliminary measurements for the enantiomeric enrichment of chlorinated
mandelic acids are omitted here but discussed in chapter 3.2.1. While the acidic compound was
always the enantiomeric mixture to be purified, a base was not always introduced to the
reactions. Experiments with a molar ratio (𝑀𝑅) of 0.5 were aimed at the resolution of a racemic
acid. An equimolar ratio of the acid and the resolving agent base was used for the simulated
recrystallization of a diastereomeric mixture. No resolving agent (base) was used in
experiments involving the recrystallization of scalemic mixtures of the acids.
Table 1 –Recipes of the GASF experiments conducted in the laboratory scale autoclave

Acid
MA
MA
4ClMA
2ClMA
3ClMA
4ClMA

𝑚𝑎 [𝑚𝑔 ]

𝑚𝑏 [𝑚𝑔]

𝑀𝑅

Solvent

𝑚𝑔
𝑐𝑠 [ ]
𝑚𝑙

P
[MPa]

T [°C]

100

39,8

0.5

MeOH

33-99

12-20

35-55

100

79,6

1.0

MeOH

99

12

35

PhEA

100

64.9

1

MeOH

66 or 99

16

40

–

100

–

–

AcN

4.37

16

40

–

100

–

–

AcN

10.92

16

40

–

100

–

–

AcN

10.92

16

40

Base
(R)PhEA
PhEA
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2.3.

Phase equilibrium measurements using a high-pressure view cell

A Pickel’s cell (New Ways of Analytics GmbH.) was used for these experiments, a schematic
depiction of which is shown in Figure 12. The drawing shows the configuration used in high
pressure melting experiments. The high pressure vessel has two sapphire windows, so the
sample inside the cell can be illuminated and observed visually. The rear wall of the cylindrical
cell is sealed by a piston allowing adjustments to the cell volume, thus pressure can be varied
(or kept constant) independently from other operational parameters. The apparatus is a versatile
tool for visually observing processes (such as crystallizations or spray nozzle jets) or measuring
equilibria in a high pressure environment.

Figure 12 – A schematic, cross sectional depiction of the view cell used in the experiments. 1. Pickel module; 2. Valve
regulating the rate of pressurization; 3. Sample placed in glass sample holder in front of the movable piston of the
apparatus; 4. Pressure gauge; 5. Temperature regulator; 6. Temperature transducer

Phase equilibrium measurements targeting a vapor-liquid equilibrium can be carried out in two
different ways. In this equipment, the static method can be used: a sample is filled into the cell
and heated to the desired temperature after which carbon dioxide is introduced from the ISCO
260 D syringe pump mentioned before. As described in chapter 2.2, this allows the
determination of the amount of carbon dioxide filled in. The cell is set to minimal volume. Since
the piston is moved by a hydro-pneumatic system, the minimal volume depends on the amount
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of working fluid. Pressurization is continued until a single, homogenous phase is visible, at
which point the cell is completely sealed. Stirring is running continuously. After thermal
equilibrium establishes (typically within a few minutes), cloud point measurements can be
started. The piston of the cell is moved backwards. Pressure inside the cell decreases as the
volume increases, eventually resulting in the mixture becoming cloudy and opalescent. This
marks the point of phase separation. Pressure, temperature and cell volume at the cloud point
are recorded. Three consecutive measurements are usually carried out for a given temperature.
After three measurements, the temperature is changed to another value within the temperature
range of the planned resolution experiments. Once measurements have been conducted at all
desired temperatures carbon dioxide is filled in again in order to change the composition of the
mixture. During the planning of antisolvent experiments, static measurements of the solubility
of the acid were carried out. These were intended to determine a combination of process
parameters under which the unreacted acid and the organic solvent remain dissolved.
There is another static measurement method that can be carried out in the view cell. In this case,
a mixture of known composition is filled into the cell. Pressure and temperature are set to
desired values. Parameters have to be chosen so that the mixture forms two phases. After
equilibration, samples are taken from both the upper phase and the lower phase and their
compositions are determined.
Plenty of information and experience can be gathered when observing a process visually, even
without the intention of recording phase equilibrium data. During my work, I used such
observations to closely examine the crystallization of (R)-1-phenylethanmmonium mandelate
salts. The antisolvent fractionation experiment carried out at 12 MPa; 55 °C with a solvent
concentration of 99 mg/ml resulted in wet crystals. This implied that in addition to the
precipitate, two other phases were present in the reactor, hindering the extraction.
Melting point measurements were also performed in a Pickel’s cell. They were carried out at
the Ruhr-University Bochum, under the supervision of Dr. Sabine Kareth. During the
measurements, approximately 100 mg of crystalline material was placed in a glass sample
holder, which was then loaded into the view cell. The sample was stacked up against the wall
of the sample holder facing the sapphire window of the cell. It was always filled so that some
separate particles would also be observable, in the hopes of obtaining a more accurate
determination of the first melting point. The apparatus was closed and set to minimal volume.
It was heated to 75 °C for scalemic mixtures of 3- and 4-chloromandelic acids, 65 °C for 2chloromandelic

acid

and

100 °C

for

the
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diastereomeric

salt

mixtures

of

1-

phenylethanammonium-4-chloromandelate. Video recording was started and the equipment
was pressurized with carbon dioxide using a high pressure pump. Pressure was elevated slowly
in order to maintain a constant temperature and to avoid dislodging the crystalline particles
from the sample holder. After reaching operational pressure, temperature was slowly increased
by manually adjusting the set point of the temperature regulator. Measurement accuracy was
1 °C for temperature and 0.01 MPa for pressure. Measurements of 3-chloromandelic acid, 2chloromandelic acid and 1-phenylethanammonium-4-chloromandelate were carried out with
heating based on visual observation. When no change was observed in the cell, the temperature
was changed. The process resulted in an average heating rate of 1 °C/min. Later, 4chloromandelic acid samples were measured with a more even heating rate, raising the set point
by 1 °C every 2 to 3 minutes. Control measurements were also carried out on every substance
with a significantly slower heating, only changing the temperature in the view cell by 1 °C
every 10 minutes. The difference between using a larger amount of material placed in a sample
holder and filling a relatively small amount into a 1 mm capillary was also investigated with 4chloromandelic acid.
Carbon dioxide expands as the temperature rises, this was compensated by slowly moving the
piston of the view cell backwards in order to keep pressure constant. Melting was observed
visually as well as recorded. Temperature values were noted at the beginning of the melting
process, on observing the first droplet of liquid or the first small change in the sample volume.
A second value was recorded when a larger change in the sample volume was noticed, and
finally the temperature needed to completely melt the sample was noted. Afterwards, the cell
was depressurized and cooled to ambient temperature.
The capillary method used for 4-chloromandelic acid was not suitable for estimating the
eutectic melting temperature since at that point, only a small fraction of the sample melts. Such
a small amount of liquid is hard to detect using methods based on visual observation.
2.4.

Atmospheric reference experiments

Atmospheric reference experiments were also carried out. In the case of the diastereomeric
system 1-phenylethanammonium 4-chloromandelate, their purpose was comparison to a
literature reference. [137] For the recrystallization of the scalemic mixtures of 2-, 3- and 4chloromandelic acid, atmospheric antisolvent experiments using hexane as the precipitative
agent were performed, in order to investigate whether a similar process without the application
of high pressure would also result in the self-disproportionation of enantiomers.
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Experiments on 1-phenylethanammonium 4-chloromandelate were performed by combining
scalemic mixtures of the acid with a molar equivalent of (R)-1-phenylethanamine. The samples
were then dissolved in methanol at 60 °C. At room temperature, the amount of crystalline
samples was not sufficient for analysis. The sealed test tubes were thus cooled to 0 °C over the
course of multiple days. Due to the relatively small amount of crystalline material, the mother
liquor was decanted, the crystals were rinsed with cold ethanol and left to dry overnight under
ambient conditions.
Atmospheric experiments on the chlorinated mandelic acids were conducted to investigate
whether precipitation using an antisolvent is possible at ambient pressure. Nearly saturated
acetonitrile solutions of the racemic acids were filled into glass flasks and tempered at 40 °C.
Then, while maintaining a constant temperature n-hexane was slowly added until precipitation
of the acid was visually observable. Only 4-chloromandelic acid showed precipitation. Thus,
recrystallization of a 40% ee enantiomeric mixture enriched in the (R)-enantiomer was carried
out. The crystalline product was filtered and washed with 5 ml of n-hexane. The solvent from
the mother liquor was evaporated.
2.5.

Chiral capillary electrophoretic measurements

Samples obtained from the GAS and atmospherical experiments, as well as starting materials
were analyzed on an Agilent 7100 capillary electrophoresis system fitted with a 50 cm long
polyimide-covered uncoated silica capillary. Experiments were performed in a pH 9, 50 mM
borate buffer. Peaks were detected using a DAD detector, with a detection wavelength of
200 nm and a reference wavelength of 320 nm. Measurements were carried out at 25 °C with
20 kV voltage applied to the column. To achieve chiral separation, 10 mM of an aminosubstituted β-cyclodextrin, 6-Monodeoxy-6-monoamino-beta-cyclodextrin hydrochloride
(product of Cyclolab Ltd) was used as a chiral selector.
Capillary electrophoresis measurements were carried out by the colleagues of CycloLab Ltd.
with the purpose of determining the composition of the chiral compounds in the samples
obtained from antisolvent fractionation experiments and of confirming the enantiomeric
purities of several samples taken from melting point measurements.
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2.6.

Atmospheric DSC measurements

These measurements were conducted at the Budapest University of Technology and
Economics, on a TA Instruments 2920 Modulated DSC system. Different temperature programs
were applied for the diastereomeric salt discussed in chapter 3.1 and the enantiomeric mixtures
of chapter 3.2.
In the case of diastereomeric salts of 4-chloromandelic acid and 1-phenylethanamine,
approximately 3 mg of each prepared sample was filled into an aluminum crucible. A heating
rate of 5 °C/min up to 220 °C was applied. The salt of mandelic acid and 1-phenylethanamine
was measured using the same program.
In the measurements of unreacted acids, a roughly 3 mg sample was filled into the aluminum
pan and sealed. Heating was performed with a rate of 5 °C/min up to 50 °C, then with a rate of
2 °C/min up to 150 °C. The TA Instruments DSC used for these experiments had no option for
cooling during the measurements. Between them, however, returning to ambient temperature
was aided by placing an aluminum vessel filled with refrigerated water on top of the furnace.
Measurements at Ruhr-University Bochum, relating to the high pressure melting experiments,
were conducted in a Setaram C80 Calvet Calorimeter differential scanning calorimeter. The
same method was used for all three chloromandelic acids. Samples were filled into 30 µl pans,
which were then sealed. The heating program started at 30 °C, maintained for 5 minutes,
followed by a ramp of 5 °C/min up to 50 °C. After 1 minute, another ramp of 2 °C/min was
used to determine the melting points of the acids. Cooling was performed at a -10 °C/min rate
with the fan of the equipment switched on.
For the diastereomeric salt 1-phenylethanammonium-4-chloromandelate, an initial temperature
of 30 °C was maintained for 5 minutes. Then, the sample was heated with a rate of 5 °C/min up
to 100 °C. After 1 minute equilibration time, a ramp of 2 °C/min was applied up to 220 °C. The
cooling step was identical to that described in case of the acids.
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2.7.

High pressure DSC measurements

The equipment used was a Setaram C80 Calvet Calorimeter coupled with a Red Lion syringe
pump. A schematic drawing of the equipment is shown in Figure 13.

Figure 13 – A scheme of the high pressure calorimetric system. 1. Carbon dioxide cylinder; 2. Red Lion syringe pump;
3. Setaram C80 Calvet calorimeter; 4. Insulation; 5. Calorimetric sensor; 6. Static high pressure cell filled with the sample;
7. Empty static high pressure cell (reference); 8. Thermocouples arranged in rings around the cells; 9. Fan; 10. Computer
for control and evaluation

At the beginning, the pump (2.) was filled with carbon dioxide from a gas cylinder (1.). Known
masses of the powdered samples (roughly 50-100 mg) were filled into a stainless steel sample
holder (6.) which, together with an empty reference (7.), was placed in the calorimeter (3.).
Several types of measurement cells are commercially available for the calorimeter. In our
measurements, static pressure sample holders were used. These are relatively simple,
cylindrical vessels with a pressure resistance of up to 100 MPa. They are also insulated (4.)
from the environment. Due to the relatively long sample holder cells, a large number of
thermocouples (8.) are arranged circularly around them. Using only the carbon dioxide pressure
from the cylinder, the cells were rinsed three times by applying approximately 4 MPa pressure
then draining the gas. Afterwards, the pump was separated from the cylinder. Refilling of the
pump, separation from the cylinder and from the cells, as well as pressurization of the sample
are controlled by the user via a touchscreen interface. Capsules were filled with supercritical
carbon dioxide to the desired pressure at ambient temperature using the syringe pump, capable
of keeping constant pressure throughout the whole measurement process. As measurements
took a very long time (up to 3 days), leakage had to be avoided. (It also could have influenced
the results because of the Joule–Thompson effect.) Fortunately, the accuracy of the volume
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indication of the pump was 0.001 cm3. After the volume value settling, the measurement
program could be started on the calorimeter (3.).
The melting behavior of all three acids was studied using the same temperature program. After
a 3 hour long stationary phase at 30 °C, heating began with a rate of 0.1 °C/min up to 150 °C.
It was maintained for 20 minutes, then a cooling phase was started with the fan of the equipment
switched on. After reaching 30 °C the fan was switched off.
The method was modified for the diastereomeric salt of 1-phenylethanamine and 4chloromandelic acid to shorten measurement time. After the initial constant temperature step at
30 °C, the sample was heated at a rate of 0.2 °C/min up to 80 °C. Then, a stationary zone was
applied to ensure that the more rapid heating in the beginning would not disturb the next, slower
and more precise phase. Heating was then carried out with a rate of 0.1 °C/min up to 220 °C.
After a short, 20 minute stationary phase, cooling started with a rate of 0.1 °C, with the fan on,
down to 30 °C where the fan was turned off.
2.8.

Powder X-ray diffraction measurements

Powder X-ray diffraction investigations were done on a PANalytical X’pert Pro diffractometer
equipped with an X’celerator detector. The wavelength of the X-ray was 1.5408 Å (Cu Kα)
with 40 kV and 30 mA applied to the X-ray tube. A total scanning time of 10 minutes was
applied for all samples examined.
2.9.

Calculation methods

Antisolvent processes are usually very sensitive to process parameters. Besides pressure and
temperature, the amount of organic solvent can have a decisive effect on the product
composition. As two very similar laboratory autoclaves were used in all experiments, the
concentration of the organic solvent (𝑐𝑠 ) can be given in mg/ml. The volume of the reactor was
approximated as 36 ml.
𝑚𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑚𝑠𝑜𝑙𝑣𝑒𝑛𝑡
=
(1)
𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟
36𝑚𝑙
The concentration of the diastereomeric salt for the reactor volume can also be defined.
𝑐𝑠 =

𝑚𝑠𝑎𝑙𝑡
𝑚𝑠𝑎𝑙𝑡
=
(2)
𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟 36𝑚𝑙
The composition of the samples was characterized by their diastereomeric or enantiomeric
𝑐𝑠𝑎𝑙𝑡 =

composition and their quantity. The extract samples in half molar equivalent resolution
experiments and the products of scalemic mixture recrystallization measurements can be
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described by the enantiomeric excess. Raffinates of the experiments on diastereomeric salts can
be characterized by the diastereomeric excess values.
𝐴𝑅 − 𝐴 𝑠
𝑒𝑒 = |
|
(3)
𝐴𝑟 + 𝐴 𝑠
𝐴 𝑅 − 𝐴𝑠
𝑑𝑒𝑟 = 𝑒𝑒𝑎𝑐𝑖𝑑 = |
|
(4)
𝐴 𝑅 + 𝐴𝑠
The investigated salts dissociate under the conditions of the capillary electrophoresis
measurements, thus the acid and the base are detected separately. Therefore, the diastereomeric
excess (de) value of the products equals the enantiomeric excess of the acid found in the sample.
In Eq. (3) and (4), A denotes the peak areas of the enantiomers, while indices R and S correspond
to the enantiomers. The peak area of 1-phenylethanamine is not used in the calculation.
In diastereomeric salt crystallization experiments, raffinate yields (Yr) were calculated using
Eq. (5).
𝑚𝑟
(5)
𝑚𝑏 + 𝑀𝑅 ⋅ 𝑚𝑎
MR stands for the molar ratio between the base (resolving agent) and the acid, m denotes mass,
𝑌𝑟 =

indices r, b and a stand for ‘raffinate’, ‘base’ and ‘acid’ respectively. In the denominator of the
equation, the maximal mass of the raffinate is calculated assuming a 100% conversion of the
salt-forming reaction. Thus, during the calculation of the theoretical maximum of the raffinate
mass, the diastereomeric salts are both assumed insoluble in the carbon dioxide-organic solvent
mixture while the acid remaining free is assumed to be completely extracted. Obviously, neither
of these assumptions can be true otherwise no extract could have been obtained during the
recrystallization experiments (MR=1). But this equation gives a standardized and readily
comparable reference for both half molar equivalent resolution experiments and further
purification studies. It must be noted, however, that the two types of experiments cannot be
compared based on their yields calculated using Eq. (5).
By multiplying the two quantities defined above, we can define the selectivity (Sr; Eq. (6)), a
value characterizing the resolution efficiency, applicable to experiments starting from a
racemate. [25]
𝑆𝑟 = 𝑌𝑟 ⋅ 𝑑𝑒𝑟

(6)

A similar value used for further purification experiments is the efficiency of diastereomeric
enrichment (EDE; Eq. (7)). In the denominator, dei denotes the diastereomeric excess of the
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initial sample before recrystallization. The definition of this value is very similar to that used
by Fogassy et.al. [11]
𝑑𝑒𝑟
(7)
𝑑𝑒𝑖
Samples of specific enantiomeric purities for DSC measurements, and to be used as starting
𝐸𝐷𝐸 = 𝑌𝑟 ⋅

materials in the recrystallization experiments, were prepared based on the following equation.
𝑚𝑅
(8)
𝑚𝑅 + 𝑚𝑟𝑎𝑐
As enantiomeric mixtures were prepared by mixing the racemate and the pure enantiomer
𝑒𝑒 =

physically, the enantiomeric excess value (𝑒𝑒) was calculated using the mass of the pure
enantiomer (𝑚𝑅 ) and that of the racemate (𝑚𝑟𝑎𝑐 ) in the samples. The diastereomeric excess of
1-phenyletanammonium-4-chloromandelate was considered to be equal to the enantiomeric
excess of the acid used for the salt formation. The calculated ee and de values were confirmed
by chiral capillary electrophoretic measurements in several cases. The racemates and the
enantiopure compounds were also tested.
2.10. Prediction of the melting point phase diagrams
Atmospheric differential scanning calorimetry (DSC) was used to confirm the previously
known phase diagrams of the compounds, many of which are also available in the literature. At
ambient pressure, the Schröder–van Laar (8) and Prigogine–Defay equations (9) are commonly
applied to model the melting phase behavior of enantiomeric (or diastereomeric)
mixtures. [138] However, the application of these relatively simple equations to predict the
melting point of a mixture of a given composition under high pressure has not been
demonstrated previously.
𝛥𝐻𝑅𝑓

1
1
− )
(8)
𝑅
𝑇𝑅 𝑓 𝑇𝑓
𝛥𝐻𝑟𝑎𝑐𝑓
1
1
𝑙𝑛4𝑋𝑅 (1 − 𝑋𝑅 ) =
⋅(
− )
(9)
𝑅
𝑇𝑟𝑎𝑐 𝑓 𝑇𝑓
𝑋𝑅 denotes the mole fraction of the major enantiomer, 𝛥𝐻𝑅𝑓 and 𝛥𝐻𝑟𝑎𝑐𝑓 denote the fusion
𝑙𝑛𝑋𝑅 =

⋅(

enthalpies of the pure enantiomer and the racemate, respectively. 𝑅 is the universal gas constant,
𝑇𝑅𝑓 and 𝑇𝑟𝑎𝑐𝑓 are the melting temperatures of the pure enantiomer and the racemate,
respectively. After reorganizing the equations, the predicted melting temperature 𝑇𝑓 can be
calculated. Melting point measurements (and predictions) are particularly interesting under
supercritical carbon dioxide pressure because the depression in the melting point has been
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shown to be caused by the high pressure fluid dissolving in the solid material. I aimed to
investigate whether the Schröder–van Laar and Prigogine–Defay equations are able to describe
the melting behavior of enantiomeric and diastereomeric mixtures under carbon dioxide
pressure. In case of the unreacted acids, the Prigogine–Defay equation was used to predict the
liquidus curve at compositions between the racemate and the eutectic composition. Past the
melting eutectic, the Schröder–van Laar equation was used. For the diastereomeric salts 1phenylethanammonium-4-chloromandelate and 1-phenylethanammonium-mandelate, only the
latter equation was used.
My main interest when using these equations was determining the eutectic composition.
However, when a literature reference was not available, the construction and verification of the
phase diagram also proved to be a challenging exercise. In these cases, the calculated curves
were compared to measurement results at various compositions. The correspondence between
the measured and predicted values could be improved by using a solver (in Microsoft Excel).
Assuming that the melting temperature of the racemate and the enantiomer could be measured
without significant error, the fusion enthalpies were the variables to be modified, using a least
squares method to obtain a reasonable fit. Furthermore, the eutectic melting temperature was
specified as a boundary condition for the solver as the average of the eutectic melting
temperatures recorded from the experiments. Solver results were examined and unrealistic
results were rejected.
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3. Results and discussion
The goal of my research was to carry out detailed investigations on the possibilities of
producing enantiomerically pure compounds using gas antisolvent fractionation. The procedure
itself is a batch operation, but it is ideal for small scale studies related to antisolvent processes.
Although the resolution of racemates has already been described in details, the enantiomeric
enrichment of scalemic mixtures using the aforementioned antisolvent process has not been
previously investigated. During the research project I worked with diastereomeric resolution
systems, carrying out enantiomeric enrichment by recrystallizing the diastereomeric salts of
mandelic acid and 4-chloromandelic acid with the same resolving agent, enantiomerically pure
1-phenylethanamine. I also investigated whether the recrystallization of enantiomeric mixtures
– without the addition of a resolving agent – would lead to a change in sample composition. In
this case, chlorinated mandelic acids were chosen as model molecules. Based on my findings,
I focused my attention on more fundamental investigations, namely, the effect of high carbon
dioxide pressure on the melting behavior of the studied compounds.
3.1.

Diastereomeric salt–based resolution systems

Diastereomeric resolution systems are well known in the separation of racemates, this
application having been studied by, among others, our research group. The GASF-based optical
resolution method is a rapid and efficient way for the production of optically active compounds.
In several previous experiments, we also had the chance to observe its micronizing capabilities
in SEM images, showing either needle-like or flat crystals in the micrometer size range.
During my experiments with diastereomeric salts, my primary aim was to investigate how the
diastereomeric composition of the starting materials affects the composition of the crystalline
product (i.e. the raffinate) of the antisolvent fractionation. Purification results were compared
to the melting point phase equilibrium of the same materials in order to gain insight into the
background of the separation process.
3.1.1. The mandelic acid–1-phenylethanamine resolution system
The resolution system consisting of mandelic acid and 1-phenylethanamine is well known, and
is therefore an ideal choice for studying new techniques. The reaction scheme of the resolution
of racemic mandelic acid with (R)-1-phenylethanamine is shown in Figure 14. The aim of the
research was not only to apply the GASF technique to the resolution of racemic mandelic acid,
but also to investigate whether (and to what extent) the recrystallization of the obtained
diastereomeric mixture can enhance the diastereomeric (enantiomeric) purity. Thus, in Figure
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14 the GASF recrystallization of the diastereomeric salt formed from the starting material is
also shown in light gray.

Figure 14 – The reaction between (R)-1-phenylethanamine and mandelic acid. The formation of (R)-1phenylethanammonium-(R)-mandelate is preferred.

Initially, I did not intend to carry out resolution of racemic mandelic acid, because it has already
been described by Martín and Cocero [83]. Experiments attempting to repeat those conducted
by the Spanish research group were carried out in the high pressure reactor described in chapter
2.2. In these experiments, the organic solvent was a mixture of ethyl acetate and dimethyl
sulfoxide. Although several attempts were made, even with altered pressure and temperature in
the reactor, to obtain a dry-looking product, the extraction of the organic solvent could not be
carried out effectively. Experiments conducted by our group were unsuccessful due to
differences in the equipment used in the two laboratories. Namely, the autoclave described in
the cited article has its filter attached at the bottom, allowing the complete removal of organic
solvent residues, even if both an expanded organic solvent and a fluid phase are present above
the precipitate. Our autoclave has the filter attached to the top which makes it necessary to form
a homogenous, single fluid phase over the precipitate in order to extract the organic solvent.
Thus, experiments were conducted using a different solvent (methanol). In order to study the
possibility of purifying the diastereomeric mixtures of the (R)-1-phenylethanammoniummandelate salt, a suitable standardized combination of operational parameters had to be found.
Ideally, these parameters would result in the highest possible diastereomeric excess in the
raffinate or the highest possible selectivity. The possible range of operational parameters was
determined based on the limitations of the equipment available in the laboratory and our earlier
experience with antisolvent fractionation processes. To find the best combination of parameters
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within a given range, a full factorial experimental design is a simple tool with a low number of
experiments. This method generally yields a mathematical approximation of the dependence of
the target variable on the operational parameters.
The parameters we sought to optimize were pressure (p; 12–20 MPa), temperature (T;
35–55 °C) and organic solvent concentration (cs; 33–99 mg/ml) provided by the experimental
equipment. A 23 full factorial experimental design was carried out to describe the parametric
effects and choose an appropriate combination of them for the further purification of the
diastereomeric salts (Table 2).
Table 2 – A list of the half-molar equivalent resolution experiments carried out during the parametric optimization.
Experiments marked with * resulted in a wet raffinate and no chiral discrimination.

𝑝[𝑀𝑃𝑎]

𝑇[°𝐶 ]

𝑌𝑟 [%]

𝑐𝑠 [mg/ml]

𝑑𝑒𝑟 [%]

𝑆𝑟

3

Original 2 experimental design
16

45

66

79.2

60.0

0.48

16

45

66

75.8

58.2

0.44

16

45

66

79.0

59.6

0.47

12

35

33

95.0

42.0

0.40

12

35

99

82.7

62.4

0.52

*12

55

33

119.4

11.2

0.13

*12

55

99

109.7

0.4

0.004

20

35

33

93.9

48.0

0.45

20

35

99

71.4

66.8

0.48

20

55

33

100.7

48.0

0.48

20

55

99

48.7

64.2

0.31

Additional experiments
12

37

99

57.9

63.2

0.37

12

40

99

57.9

57.4

0.33

*12

45

99

117.0

0.2

0.002

Three repetitions were performed in the center point (at 16 MPa, 45 °C and 66 mg/ml methanol
concentration). In optical resolution processes it is primarily the crystalline product that is
collected and purified, thus we mainly focused on the properties (i.e. yield, diastereomeric
purity and selectivity) of the raffinate. Results were evaluated using Statistica version 13.0. At
12 MPa and 55 °C (at both solvent concentrations), the crystalline product was visibly wet after
the standardized washing step and showed no chiral discrimination. To determine the highest
temperature that can be used at 12 MPa, three additional experiments were carried out at
12 MPa and 99 mg/ml methanol concentration (Table 2).
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The der values obtained at 12 MPa and 99 mg/ml methanol concentration are plotted against
the temperature in Figure 15. Between 35 °C and 40 °C, a slight decrease can be observed in
the der, while at 45 °C and 55 °C the raffinate showed no diastereomeric excess, implying that
the regressed functions cannot be applied above 40 °C. At higher temperatures the raffinate also
seemed to contain some of the initial solvent.

Figure 15 – The effect of temperature on the diastereomeric excess at 12 MPa and 99 mg/ml solvent concentration

This is likely the effect of the fluid phase over the precipitate being non-homogeneous. If there
are three phases, the extraction cannot be carried out effectively. The methanol–CO2 binary
mixture has a critical pressure estimated in the range 9.5 to 11 MPa at the temperature range of
the current study. [139, 140] The critical pressure of a mixture at a given temperature is the
maximum of the upper miscibility pressure limits regardless of the composition. Furthermore,
phase equilibrium calculations were performed with AspenPlus to estimate the miscibility
pressures of the methanol–CO2 mixtures of the GASF experiments. These were carried out
using the Peng–Robinson equation of state with the default binary interaction parameter
(𝑘𝑀𝑒𝑂𝐻,𝐶𝑂2 = 0.023) from the software’s database. Neither the literature data, nor the vapor–
liquid equilibria calculations (see below) suggested an inhomogeneous fluid phase at 12 MPa
in the 35–55 °C temperature range.
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Figure 16 – Comparison of the parameters of GASF experiments and phase equilibrium curves. Solid lines represent the
formation of a homogenous liquid phase at the given molar fractions of carbon dioxide. Maroon circles represent the
parameters of GASF measurements.

In Figure 16, solid lines represent the phase equilibrium curves obtained at the specified molar
fractions of carbon dioxide, corresponding to the formation of a homogenous high pressure
binary mixture of methanol and carbon dioxide. The carbon dioxide molar fraction of 0.92
corresponds to the GASF measurement at 12 MPa, 55 °C and 33 mg/ml methanol
concentration. x=0.81 represents the composition of the solvent mixture of the precipitation
experiment at 12 MPa, 45 °C and 99 mg/ml methanol concentration, while x=0.83 corresponds
to the experiment at 12 MPa, 55 °C and 99 mg/ml. Maroon circles mark the pressures and
temperatures the GASF experiments were carried out at. These are clearly above the predicted
pressure values needed to form a homogenous solvent mixture, which also suggests that the
critical pressure of the actual mixtures (containing mandelic acid and 1-phenylethanamine) had
been elevated.
In order to verify the assumption that the fluid phase is not homogeneous, the experiment at
12 MPa; 55 °C and 33 mg/ml methanol concentration was repeated in the high-pressure view
cell. The progress of the experiment is shown in Figure 17.
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a)

b)

c)

d)

Figure 17 –Observation of the crystallization of mandelic acid with half molar equivalent of (R)-1-phenylethanamine.
a) Ambient pressure, 55 °C; b) Approximately 3 MPa pressure, 55 °C; c) 6 MPa pressure, 55 °C temperature d) The
presence of both the crystalline phase and the organic solvent are visible at 12 MPa and 55 °C.

The mixture was filled into the tempered view cell (a)). The next image (b)) shows liquid carbon
dioxide flowing into the high-pressure vessel. Photo c) shows the signs of the carbon dioxide–
rich phase and the organic solvent mixing: the level of the bottom phase lowered. The picture
was taken at roughly 6 MPa. In the last photo (d)), the formation of the solid particles is clearly
visible while a liquid-fluid phase boundary is also observed. The presence of the liquid phase
adequately explains the wet product obtained in the GASF experiments at 12 MPa and 55°C.
The observed phenomenon was also apparent during the statistical analysis, as the measurement
points at 12 MPa and 55 °C showed a critical (irregular) behavior. The response function
contains a discontinuity. The continuous part which contains the remaining points and the
additional experiments in Table 2 is to be described using a regression method, as the
advantageous properties of usual designs are not applicable
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Figure 18 –The diastereomeric excess of the raffinates plotted against the organic solvent concentration and pressure at
40 °C

The surface fitted to the diastereomeric excess of the raffinates (der) is shown in Figure 18.
The fitted surface suggests that an increase in pressure results a slight increase in the
diastereomeric excess of the crystalline product, while the organic solvent concentration has an
optimum value between 90 and 99 mg/ml.
The experiment resulting in the highest raffinate de (66%) was conducted at 20 MPa, 35 °C and
99 mg/ml of methanol concentration, but a slightly higher selectivity (0.52) was achieved at
12 MPa, 35 °C and 99 mg/ml despite the lower diastereomeric excess (62%), due to the higher
yield (83%). According to the SEM images presented in the supplement, the raffinate obtained
at 12 MPa, 35 °C and 99 mg/ml methanol concentration contained sheet-like crystals with
widths ranging from 2 µm to 25 µm and lengths between approximately 20 µm and 140 µm.
Although the number of steps required to reach complete diastereomeric purity is the lowest
when using parameters resulting in the highest purity, from a technological point of view it
could be beneficial to apply milder conditions because of the reduced risks involved at lower
pressures, as well as the lower CO2 consumption.
A comparison between similar experiments carried out by Martín and Cocero [83] and the
results presented in this paper can also be made. Although the raffinate yields of our
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experiments (48-95%) are lower compared to those mentioned in the cited paper (90-148%
according to the calculation method described in this thesis), the higher der values (42-67% in
the experiments carried out using methanol, compared to a maximum of 35% in the cited paper)
result in the selectivity values often exceeding those published in the cited study: the maximum
selectivity value achieved in our experiments was 0.52, whereas a maximum of 0.40 could be
reached starting from the organic solvent mixture used by Martín and Cocero. Besides the more
efficient and selective extraction step, methanol is more convenient to use than the mixture of
ethyl acetate and DMSO.
3.1.1.1.Enhancing the enantiomeric purity of solid products by recrystallization
In most applications, chiral molecules are used either as a racemate (when none of the antipodes
are harmful nor inhibit the effect of the beneficial one) or in an enantiomerically pure form. Gas
antisolvent fractionation has already been demonstrated to be an efficient way of separating
enantiomers, however, less information is available regarding the possibility of enhancing the
enantiomeric purity of non-racemic mixtures using this technique. The aim of the research work
was to conduct experiments throughout the whole process of producing optically pure
compounds, starting with separating the enantiomers of racemic mandelic acid and ending with
discussing a new method of producing its enantiopure form applying GASF as the separation
method. This involved performing chiral resolution of mandelic acid using the resolving agent
(R)-1-phenylethanamine in half molar equivalent quantity, then studying the possibility of
further purification applying the resolving agent in molar equivalent quantity. Starting from
non-racemic mandelic acid, the latter approach simulates the recrystallization of diastereomeric
salts obtained from an initial resolution (Figure 19).
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Figure 19 – The recrystallization-based purification if the (R)-1-phenylethanammonium (R)-mandelate salt

Results of recrystallization by GASF method were investigated in detail at 12 MPa, 35 °C, and
99 mg/ml methanol concentration, using salts of different initial diastereomeric excess values.
In this chapter, focusing on the possibility of obtaining diastereomerically pure salts, the results
of crystallizing salts enriched in the (R)-mandelic acid are presented. The purification results
are shown in Figure 20. The dashed curve is not the result of a mathematical fitting, it is merely
a guide for the eye. The diagram contains a diagonal line, where final de equals initial de.
Circles mark the crystallizations carried out with one molar equivalent of (R)-1phenylethanamine, while the triangular marker shows the composition of the raffinate obtained
with half molar equivalent of the resolving agent. Five repetitions were carried out with an
initial diastereomeric excess of 0. The margin of error represents the standard deviation of these
measurements.
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Figure 20 – Diastereomeric enrichment (initial de – raffinate de) diagram of the 1-phenylethylammonium-mandelate salts.
a) Further purification results by GASF; b) Best resolution result using half molar equivalent (R)-1-phenylethylamine

Figure 20 confirms the known fact that applying half molar equivalent of the resolving agent
to the racemate results in a higher purity product than adding one equivalent. The diagram also
demonstrates that the more stable (R)-phenylethanammonium-(R)-mandelate salt can be
purified using GASF as a method of recrystallization. The diagram has a practical application
as well. By constructing steps from the initial composition towards the desired one, it is possible
to estimate the number of recrystallization steps required. In an actual process aimed at the
production of a diastereomerically pure compound, the least possible number of operational
steps should be taken. The steps constructed in the diagram of Figure 20 (dotted line) show a
purification process initiated by a resolution step using half molar equivalent of the resolving
agent. This affords a larger initial change in diastereomeric excess compared to the racemate.
After resolving (RS)-mandelic acid with half molar quantity of (R)-1-phenyletanamine, a total
of four (re)crystallization steps would be needed to reach a diastereomeric purity of over 99%.
After liberation, the acid obtained from this product could be enantiomerically pure.
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The efficiency of diastereomeric enrichment (EDE; Eq. (7)) describes the further purification
both in terms of yield and purification rate: the higher the better. Figure 21 shows a minimum
between 20 and 80% initial de. At de0=20%, the ratio of the diastereomeric excesses is large,
while at 80% the high yield is what causes the high EDE values. The high yield can be explained
by the larger amount of the more stable (less soluble) salt in the initial mixture.

Figure 21 – The efficiency of diastereomeric enrichment in case of recrystallizing the more stable (R)-1phenylethylammonium-(R)-mandelate salt

3.1.1.2.Comparison of recrystallization results and the melting phase diagram of 1phenylethanammonium-(R)-mandelate
During this work, my intention was not only to investigate whether a pure diastereomer (and
thus a pure enantiomer) of a chiral acid can be produced by recrystallization but also to
investigate some of the phenomena influencing such operations. Simulated recrystallization
experiments were thus conducted on the entire interval from the less stable (more soluble) salt
to the more stable (less soluble) salt. The melting phase diagram of the 1phenylethanammonium salt of mandelic acid has already been published. [107] Data obtained
from the literature and those measured in the current study are compared in Table 3.
Table 3 – Comparison of the measured melting temperatures and fusion enthalpies of the diastereomerically pure 1phenylethanammonium-mandelate salts to those obtained from the literature [107].

Literature data [107]
Salt

𝑇𝑓 [°𝐶 ]

𝐽
𝛥𝐻𝑓 [
]
𝑚𝑜𝑙

(R)-PhEA-(R)-MA salt
(R)-PhEA-(S)-MA salt

177
109

48900
30300

Data from measurement

𝑇𝑓 [°𝐶 ]
177
110

𝛥𝐻𝑓 [

𝐽
]
𝑚𝑜𝑙

47700
23400

The melting phase diagrams are shown in the upper diagram of Figure 22. Although a
significant difference can be observed in the fusion enthalpies of the less stable (R)-162

phenylethanammonium-(S)-mandelate salt, the calculated diagram does not seem to largely
differ from the one found in the literature.

Figure 22 – Comparison of the melting phase diagram to final de vs. initial de diagram obtained in the purification
experiments a) Simulated recrystallization experiments at 16 MPa, 99 mg/ml methanol concentration and 35 °C A)
Melting phase diagram calculated based on measurements attempting to confirm the published melting properties of the
diastereopure salts B) Melting phase diagram calculated based on literature data [107]; C) Melting points of the
diastereomerically pure salts measured in the DSC

In the lower diagram of Figure 22 the diastereomeric excess values of the raffinates of simulated
recrystallization experiments are shown. The margin of error shown at 60% initial
diastereomeric excess of the (RS)-salt shows the standard deviation of three repetitions. It serves
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to illustrate that this separation process can provide excellent repeatability. The dashed line is
not a fitted function, it only serves the purpose of guiding the eye. The measurement points are
always located above the diagonal line of the diagram. Using (R)-1-phenylethanamine, the
crystalline product can be enriched in the R enantiomer of mandelic acid starting from any
diastereomeric excess (except for the pure diastereomers, of course). The system does not
clearly show the aforementioned correlation between the melting phase diagram and the
purification curve. However, a decrease in the enhancement of diastereomeric purity can be
observed in the region of the melting eutectic composition. As the salts of 1-phenylethanamine
and mandelic acid exist in multiple polymorphs the appearance of these could possibly explain
the reduced correlation, which suggests that the composition of the crystalline product might
be thermodynamically influenced. This finding would be very counterintuitive. In antisolvent
fractionation processes, the formation of the crystalline phase occurs rapidly as a result of high
oversaturation. The very short time needed for the precipitation would theoretically favor the
dominance of kinetic control.
Figure 23 shows a comparison of the diffractograms of the diastereomeric salt samples obtained
in the initial resolution step, the raffinate samples from the further purification experiments and
the references obtained from the Cambridge Structural Database [141], using the computer
program Mercury [142]. They are powder diffractograms of the more stable [143, 144] and less
stable [145, 146] diastereomeric salts, calculated from the atomic positions obtained via single
crystal investigations.
While the characteristic lines at low 2Θ angles (corresponding to more distant crystal lattices)
of the samples obtained from this study match those of the literature references quite closely,
additional peaks appear at higher 2Θ angles. As the capillary electrophoresis measurements
showed no detectable contaminant in the samples, these diffraction lines can be assumed to
belong to polymorphs of the 1-phenylethanaminium-mandelate salts that are present in
detectable but very low amounts in the samples. However, the diffraction patterns indicate that
the crystal structure and the nature of the half-molar equivalent resolution raffinates and the
crystalline products of the further purification experiments are very similar.
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Figure 23 – Comparison of the powder XRD patterns of the products and literature references. a) Pattern of the more stable
(R)-1-phenylethylaminium-(R)-mandelate [143, 144] b) The diffraction pattern of a raffinate from a resolution using half
molar equivalent of (R)-phenylethylamine (de=64%) c) The raffinate of a further purification experiment (de=92%) d) The
pattern of the less stable (S)-phenylethylaminium-(R)-mandelate salt [145, 146]

3.1.2. The 4-chloromandelic acid–1-phenylethanamine resolution system
Before examining the purification of a diastereomeric mixture in detail, it is necessary to
investigate the resolution, in this case the optical resolution of racemic 4-chloromandelic acid.
However, the effects of the operational parameters on the separation using half molar equivalent
of the resolving agent are not the subject of this work. During the preparation of my MSc thesis,
my topic was the investigation of the aforementioned process [147]. None of the chosen
parameters (i.e. pressure, temperature or methanol concentration) had a significant influence on
the selectivity of the resolution, so I decided to consider the parameters affording the highest
diastereomeric excess in the raffinate as quasi-optimal. These were 16 MPa, 40 °C and
99 mg/ml organic solvent concentration, and were applied in the experiments investigating the
enhancement of diastereomeric excess via recrystallization. The maximal diastereomeric excess
achieved in one step was 72%.
Similarly to the case of mandelic acid, additional recrystallization steps by gas antisolvent
fractionation can be carried out to study the possibility of obtaining a diastereomerically pure
salt. The operational parameters determined during the parametric optimization of the
resolution of 4-chloromandelic acid (i.e. 16 MPa; 40 °C and 99 mg/ml methanol concentration)
were applied. The scheme of the operation is shown in Figure 24. Again, recrystallization was
simulated by carrying out the GASF experiments on equimolar mixtures of the scalemic acid
and the resolving agent dissolved in methanol.
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Figure 24 – The reaction scheme of the recrystallization of (R)-1-phenylethanammonium-4-chloromandelate

The results of the simulated recrystallization experiments are shown in Figure 25 along with
various reference data sets.

Figure 25 – Purification of the scalemic mixtures of 4-chloromandelic acid by the fractionated crystallization of its (R)-1phenylethanammonium salt a) MR=1 experiments; b) Recrystallization experiments; c) Atmospheric reference experiments;
d) Literature reference [137]; e) MR=0.5 resolution experiment

Maroon circles (a) show the results obtained with one molar equivalent of resolving agent.
Comparing these to the triangles of the same color, marking actual GASF recrystallization
experiments we can observe a very similar tendency. In the latter case, a raffinate of an
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experiment with MR=1 was not taken out of the reactor, but dissolved again. It was subjected
to the same procedure three times consecutively with samples being taken for analyses in
between. The recrystallization results – at least in terms of diastereomeric excess – seem to be
reproducible by fractionating a molar equivalent mixture of the acid and the resolving agent.
The roughly 5% difference between the raffinate of the recrystallization of a diastereomeric salt
of 43% de and the value showed by the dashed line can be a result of multiple factors like the
error in the determination of the diastereomeric excess values of the starting material or the
sample taken from the reactor, an error in the amount of organic solvent used to dissolve the
crystalline product, or some crystals remaining solid in the dead spaces of the autoclave. In
addition, the amount of raffinate to be recrystallized decreased with each consecutive GASF
process. Thus, the dashed line, as in case of Figure 20, is just a guide for the eye.
Two data sets of atmospheric experiments are also included. Atmospheric reference
experiments were carried out in our laboratory, the results of which are shown as maroon
squares (c). Similarly to the antisolvent experiments, recrystallization was simulated by reacting
scalemic 4-chloromandelic acid and (R)-1-phenylethanamine in equimolar quantity. The orange
diamonds (d) represent data from a literature reference, where a much larger quantity of the salt
was prepared and purified. [137] The solid line among the datapoints indicates that they
originate from actual recrystallizations. We can observe, that gas antisolvent fractionation
produced lower diastereomeric purity compared to atmospheric experiments. Using the step
drawing method discussed before, we can estimate, that, after the first resolution step with
MR=0.5 (orange triangle, e), approximately 5 recrystallization steps are needed to reach a
practically diastereomerically pure raffinate. This is one more step than what would be needed
under atmospheric conditions.
However, in addition to diastereomeric excess, yields are also important. Optimally, further
purification would result in a large increase of de with maximal yield. The efficiency of
diastereomeric enrichment (EDE, Figure 26) is defined as the ratio of the enantiomeric purities
of the product and the starting material multiplied by the yield. (Eq. (6.)). In Figure 26, markers
are used in a manner similar to Figure 25. MR=1 GASF experiments (a) are marked by maroon
circles while maroon squares (b) show the results of atmospheric reference experiments carried
out in our laboratory. The atmospheric and GAS fractionation methods have similar
efficiencies. Orange diamonds (c) show the results from the literature reference. [137] It is not
very surprising that our own atmospheric experiments are inferior to both other data sets in light
of the relatively low recovery in test tube–scale experiments. On the other hand, it is
67

encouraging to note that the GASF experiments and the larger scale experiments described in
the literature show very similar EDE values.

Figure 26 – Efficiency of diastereomeric enrichment (EDE) plotted against the initial de; a ) GAS experiments on further
purification; b) Atmospheric further purification experiments; c) Recrystallization experiments from the literature [137]

The explanation for the similar EDE values could be the fact that GASF yields slightly exceed
the published atmospheric yields and significantly exceed those of our own atmospheric
references (Figure 27). The upward trend of the yield with increasing initial diastereomeric
excess is due to the increasing proportion of the less soluble salt in the solutions, with the overall
salt concentration being constant as a function of initial de.
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Figure 27 – The mass ratio between the raffinate and the starting material (i. e. the raffinate yield; Y) plotted against the
initial de a) GAS experiments on further purification; b) Atmospheric further purification experiments c) Recrystallisation
experiments from the literature [137]

3.1.2.1.Comparison between the purification results and the melting point phase
equilibrium
of
the
diastereomeric
salt
1-phenylethanammonium-4chloromandelate
The diastereomeric purities of the crystalline products from further purification experiments
together with the melting point phase diagram of the diastereomeric salts are presented in
Figure 28. For a better comparison with respect to the eutectic composition and the rate of
further purification, a similar scale was applied to both plots. The melting point phase behavior
of the diastereomeric salts has been modelled using the Schröder – van Laar equation (Figure
28, A). [138] The melting temperatures and fusion enthalpies of the two diastereomerically pure
salts were determined and compared to published values. Melting points were also measured at
various diastereomeric compositions to confirm the predictive curve. As the liquid curve
calculated with the Schröder–van Laar equation ran below the measured points, I decided to fit
it to the points using an Excel solver. Only the fusion enthalpies of the two diastereomeric salts
were changed, while the eutectic melting temperature (the average of the measured values,
Figure 28, B) was kept constant. The least squares method was used to achieve the best possible
fitting to the melting points (Figure 28, B). The measured and fitted values are shown in Table
4. Samples were prepared by the vacuum evaporation of methanol from the solution of the
diastereomeric salt. The evaporation residue was used in the DSC measurements. It is possible
that the material used in the DSC measurement contained some uncrystallized material. This
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amount of salt, although it does not contribute to the integral area of the melting peak, is
included in the sample mass, which is used to calculate the specific fusion enthalpy.
Table 4 – The measured and fitted melting properties of the two 1-phenylethanammonium-4-chloromandelate salts.

Measured

SR-salt
RR-salt

Modified

𝑇𝑓 [°𝐶 ]

𝐽
𝛥𝐻𝑓 [
]
𝑚𝑜𝑙

143,07
200.62

43950
26896

𝛥𝐻𝑓 [

𝐽
]
𝑚𝑜𝑙

61734
23053

Two series of GASF experiments were carried out in the full range from the diastereomerically
pure and more soluble (S)-1-phenylethanammonium-(R)-4-chloromandelate to the less soluble
(R)-1-phenylethanammonium-(R)-4-chloromandelate salt. The measurement series differed in
the amount of organic solvent used to prepare the initial solutions. This was done in order to
investigate the effect that changing an operational parameter has on the purification curve. (The
experiments were performed to study the recrystallization-based diastereomeric enrichment of
the (R)-phenylethanammonium salts of the scalemic mixtures of 4-chloromandelic acid.
However, the S enantiomer of the acid could only be purchased at a very high price, while (S)1-phenylethanamine was available. Hence, applying Marckwald’s rule, the salt of the (R)-amine
and (S)-acid was substituted with that of the (S)-amine and the (R)-acid in the study.)
The results of the DSC melting point measurements and the prediction of the melting phase
equilibrium shows a eutectic composition at approx. 80% diastereomeric excess of the SR-salt.
Observing the results of the GASF purification experiments (Figure 28, a and b) a limiting
composition is visible. Although the dashed curves are only drawn to guide the eye, their
intersections with the diagonal reference line are confirmed by the closest measurement points.
The limiting composition was found at approx. 80% de of the more soluble salt. This result is
counterintuitive in view of the correlation between the melting point phase diagram and the
purification curve described in the literature. [1] According to the referred article, said
correlation was only clearly observable in the case of thermodynamically controlled resolution
systems, in which the crystallizations were carried out slowly.
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Figure 28 – Melting point phase diagram and final de vs. initial de diagram of the further purification experiments
a) Further purification experiments by GASF at 99 mg/ml methanol concentration b) GASF experiments at 66 mg/ml
methanol concentration; A) Melting point curve calculated using the Schröder–van Laar equation; B) Melting points
registered as the onset of the first thermal event on the DCS curves, interpreted as eutectic melting; C) Melting temperatures
determined by the main melting peaks on the DSC curves

By contrast, antisolvent processes – like gas antisolvent fractionation – generate very large
oversaturation in a relatively short amount of time. (The total duration of a GASF experiment
was approx. 3–4 hours, including cleaning the reactor, precipitation took place on the order of
minutes, followed by one hour of equilibration.) This would suggest that kinetic factors have a
decisive role in the determination of product composition. Figure 28, however, implies that the
diastereomeric excess of the raffinates is dominantly influenced by thermodynamic effects.
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Comparing the datasets measured at 99 mg/ml and at 66 mg/ml methanol concentration, we can
observe that, as previously mentioned, the limiting composition does not change significantly.
The curves are very similar in terms of shape, but deviate slightly from each other. The smaller
changes in the diastereomeric excess observed at 66 mg/ml would make more recrystallization
steps necessary than at 99 mg/ml.
In order to gain a better insight into the effects and phenomena determining chiral separation in
high pressure experiments, the melting phase diagram of the studied salt under pressure was
recorded. High pressure DSC measurements could not be evaluated properly in this case, as
multiple thermal events could be observed during the 3 days long runs, however, view cell
experiments could be conducted. The results of these are shown in Figure 29. In the diagram,
the solid maroon line (A) represents the predicted atmospheric melting phase equilibrium
diagram (the liquidus curve). Orange markers show the melting behavior during view cell
experiments. Triangular markers (C and E) show temperatures at which the beginning of
melting was observed. Circles (D and F) mark the end of the melting process, where the initially
white, powderous samples were completely transformed into liquid. Diamonds (B) represent
the measured melting temperatures inferred from the onset temperatures of atmospheric DSC
peaks.

Figure 29 – Melting behavior of 1-phenylethanammonium 4-chlormandelate A) Predicted liquidus curve at ambient pressure
B) Melting points measured in the atmospheric DSC equipment C) Temperature at the beginning of melting at 16 MPa;
D) Temperature at the end of melting at 16 MPa; E) Temperature at the beginning of melting at 20 MPa; F) Temperature

at the end of melting at 20 MPa
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While empty markers show results obtained at 16 MPa carbon dioxide pressure, solid ones
represent a measurement series at 20 MPa. The dashed, faint orange line is not a result of
predictive calculation, nor mathematical fitting, it is just a guide for the eye. However, initial
melting temperatures (Figure 29 C and E) do not show any clearly discernible tendency as a
function of composition. Final melting temperatures (Figure 29 D and F) correlate quite well
with the atmospheric melting point curve [148], showing a similar eutectic behavior and a
eutectic composition. It can also be likely that the data points could be approximated using the
Schröder–van Laar equation. However, without having properly measured input data, the
equation can only be fitted to measured points. I intentionally avoided this step because of the
relatively small number of measurement points and the larger inaccuracies stemming from the
visual measurement method. Furthermore, the visual signs of decomposition – the initially
white compounds turning brown – were most prominently observable in these measurements
(compared to the measurements of the unreacted acids described in later chapters).
Powder X-ray diffraction phase analysis was performed on the crystalline samples. The
diffractograms of both diastereomeric salts and three raffinate samples are depicted in Figure
30. While b), c) and d) are actual powder samples from this study, a) and e) are calculated
powder XRD patterns of (R)-1-phenylethanaminium (S)-4-chloromandelate [149, 150] and (R)1-phenylethylaminium (R)-4-chloromandelate [151, 152], generated from single crystal atomic
coordinates of VIQPUH [149, 150] and WIPBIH [151, 152], respectively, retrieved from
Cambridge Structural Database (CSD) [141] using the Mercury program [142].
Comparing the diffraction profiles of the obtained crystalline products, as can be expected, the
higher de salts (Figure 30 b) and d)) show similar diffraction patterns to those of diastereomeric
salts formed from the enantiomers they are enriched in (i.e. a) and e), respectively). The sample
c), which is close to the salt formed from a racemic acid, appears to be a mixture of the two
diastereomers. It is interesting, however, that this sample mainly shows the lines corresponding
the more stable RR salt, although it contains (S)-1-phenylehtanammonium-(R)-4chloromandelate in excess. Regardless, it can be concluded that precipitation under high
pressure does not change the crystal structure of the diastereomeric salts.
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Figure 30 – Comparison of powder XRD diffractograms and the database references a) (S)-1-phenylethanammonium-(R)-4chloromandelate [149, 150] b) Raffinate of de=90% enriched in (S)-1-phenylethanammonium-(R)-4-chloromandelate
c) Raffinate of de=10% enriched in (S)-1-phenylethanammonium-(R)-4-chloromandelate d) Raffinate of de=89% enriched in
(R)-1-phenylethanammonium-(R)-4-chloromandelate e) (R)-1-phenylethanmmonium-(R)-4-chloromandelate [151, 152]

3.2.

Enantiomeric enrichment by the recrystallization of scalemic mixtures

It is known that non-racemic mixtures of enantiomers can be separated into fractions showing
different enantiomeric compositions, even when using achiral separation processes. As was
already

mentioned

before,

this

phenomenon

is

called

self-disproportionation

of

enantiomers. [27] As it was possible to enhance the diastereomeric purity of non-pure
diastereomeric mixtures by gas antisolvent fractionation, the question arose if the same could
be done with scalemic mixtures. 2- 3- and 4-chloromandelic acids were chosen as the model
molecules for this study.
3.2.1. Preliminary experiments
In my previous work in the research group, I acquired some experience in the antisolvent
precipitation of diastereomeric salts, however, working with unreacted acids presented a new
challenge. First, the appropriate organic solvent had to be chosen. Miscibility with carbon
dioxide did not turn out to be a major problem, due to the relatively high solubility of the acids
in the chosen solvents. I tested the solubility of the model compounds in multiple alcohols
(methanol, ethanol, 2-propanol), as well as in acetone, ethyl acetate, dimethyl sulphoxide and
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acetonitrile. First, atmospheric dissolution experiments of 2- and 4-chloromandelic acid were
carried out in order to determine their approximate solubility in the organic solvents.
Measurements were done by simply adding small amounts (100 µl at a time) of the solvents to
small samples of the acids, then placing the mixture in an ultrasonic bath to aid mixing and
dissolution. Although this method does not provide the most accurate solubility results, the
obtained solutions approximate the saturation concentration while being dilute enough to form
stable solutions. The final amount of solvents in the samples was determined by weighing,
taking into account evaporation from the vials. Concentrations are given in Table 5.
Table 5 – Solubility of the two chosen mandelic acid derivatives in various solvents in mg/ml units

Ethyl-acetate
2-Propanol
Acetone
Ethanol
Methanol
Acetonitrile
Dimethyl sulphoxide

2-Chloromandelic acid
96
390
520
520
560
560
330

3-Chloromandelic acid
–
–
–
350
–
200
–

4-Chloromandelic acid
270
460
535
340
660
220
260

Gas antisolvent fractionation experiments were then carried out on the racemates of 2chloromandelic acid and 4-chloromandelic acid at 16 MPa and 40 °C with the solutions of
Table 5 containing 100 mg of starting material. Without having one of the enantiomers in excess
compared to the antipode, the system remains symmetric, and thus no enantiomeric separation
is expected. However, achieving enantiomeric enrichment was not the aim of these preliminary
experiments. I only intended to determine which solvent would be the most appropriate for
further studies. The goal was to achieve precipitation of roughly half of the starting material.
Experimental results are shown in Figure 31 and Figure 32.

Figure 31 – Recrystallization results of racemic 2-chloromandelic acid in various organic solvents A) Raffinate; B) Extract
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In Figure 31 the gas antisolvent recrystallization results of 2-chloromandelic acid are shown.
Raffinate yields (A) were calculated as the ratio of the mass of the raffinate and the initial mass
of the acid. Extracts (B) were evaluated similarly. The sum of the two values (thus the height
of the bars) represents the material recovery in percentage. It can be observed that the yields do
not sharply correspond to the solubility values. In case of 2-chloromandelic acid, only
acetonitrile (AcN) provides a yield in the expected range. The extremely high extract yield in
dimethyl sulphoxide, along with the over 100% compound recovery is certainly curious. The
explanation, however, is very simple: with a boiling point of almost 190 °C, DMSO is not a
volatile solvent. Even though extracts were processed by a rotational vacuum evaporator, some
of the original solvent might have remained in experiments with DMSO, contributing excess
weight to the extracts in these experiments.

Figure 32 – Recrystallization yields of racemic 4-chloromandelic acid in various solvents using the GASF technique
A) Raffinate; B) Extract

In Figure 32 the GASF yields of the experiments with 4-chloromandelic acid are presented.
Operational parameters (16 MPa and 40 °C, almost saturated solution of 100 mg of acid) and
the colors used in the diagram are identical to those in case of 2-chloromandelic acid. In this
case, almost all of the solvents showed raffinate yields in the acceptable 40-60% range.
Acetonitrile and ethanol were chosen for further experiments. Acetonitrile provided the closest
to 50% yield in case of 2-chloromandelic acid. Ethanol, while being the environmentally
friendliest of all of the solvents, provided acceptable yield (approx. 30%) in case of 2chloromandelic acid, while 57% of 4-chloromandelic acid could be crystallized. Such
experiments were not carried out for 3-chloromandelic acid, in the hopes that it would behave
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similarly to the two other studied molecules. Its solubility was tested in acetonitrile and ethanol
showing almost identical values as 4-chloromandelic acid.
3.2.2. Comparison of the melting behavior and the purification results of the unreacted
chlorinated mandelic acids
Melting point phase equilibria diagrams of 2-chloromandelic acid and 3-chloromandelic acid
have already been reported in the literature.[138, 153] DSC measurements were carried out to
confirm the data obtained from the references. However, the experimental phase equilibrium
diagram of 4-chloromandelic acid was not available in the public literature, only the melting
points and fusion enthalpies of the single enantiomers and of the racemate were published.[154,
155] Experimental and literature data of atmospheric melting temperatures and fusion
enthalpies are summarized in Table 6. Our own experimental values were used for the
modelling of melting point phase equilibrium curves shown in the upper sections of Figure 33,
Figure 34 and Figure 35. The phase diagrams calculated for 2- and 3-chloromandelic acid based
on our measurements are in good agreement with those obtained from the literature.
The calculated eutectic composition of the enantiomeric mixture of 4-chloromandelic acid is in
good agreement with the measured points, while the fitting to the measured points of the liquid
curve is less accurate. Furthermore, the eutectic melting point temperature could not be
accurately predicted by the model. A possible reason is that the melting point of the racemate
and that of the pure enantiomer are very close, which is quite an unusual behavior of racemic
compounds.
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Table 6 – Melting temperatures and fusion enthalpies of racemic and enantiomeric chloromandelic acids under atmospheric
conditions

Literature data

Measured data

Compound

𝑇𝑓 [°𝐶 ]

𝐽
𝛥𝐻𝑓 [
]
𝑚𝑜𝑙

(RS)-2-Chloromandelic acid
(R)-2-Chloromandelic acid

90 [138]
119 [138]

23137 [138]
24947 [138]

89
120

21588
24033

(RS)-3-Chloromandelic acid
(R)-3-Chloromandelic acid

117 [153]
106 [153]

27980 [153]
26240 [153]

114
105

24609
23251

120 [155]; 121
[154]
120 [155]; 121
[154]

16200 [155];
27200 [154]
27100 [155];
23000 [154]

120

25749

120

21345

(RS)-4-Chloromandelic acid
(R)-4-Chloromandelic acid

𝑇𝑓 [°𝐶 ]

𝛥𝐻𝑓 [

𝐽
]
𝑚𝑜𝑙

Based on the preliminary experiments already described, 16 MPa pressure, 40 °C temperature,
and acetonitrile concentrations of 4.37 mg/ml for 2-chloromandelic acid and 10.92 mg/ml for
3- and 4-chloromandelic acid were selected. Nearly saturated solutions of the organic acids in
the organic solvent were used in the detailed investigation of enantiomeric enrichment. After
the addition of the carbon dioxide antisolvent and the extraction phase, a solid raffinate was
recovered. The raffinate yield varied around 50%.
The results of the gas antisolvent fractionation experiments are shown in the lower sections of
Figure 33, Figure 34 and Figure 35. The dashed lines are drawn only to guide the eye. Nonideal behavior is observed in all three diagrams, with two of the cases showing an intersection
of the enantiomeric excess curves of raffinates (precipitated solids), extracts and the ee=ee0
line. This is called the limiting composition, and is similar to azeotropic compositions of binary
liquid–vapor equilibrium curves. However, it must be noted that the enantiomeric excesses
plotted in these diagrams are not compositions of phases in equilibrium, but initial and product
enantiomeric excess values. Starting from a non-racemic mixture of any of the three acids, a
crystalline raffinate and an extract (represented in Figure 33, Figure 34 and Figure 35. as a
maroon and b orange, respectively) can be produced, having different enantiomeric purities
both from each other and from the starting material, if the initial ee is not equal to the limiting
composition. This suggests that self-disproportionation of enantiomers occurs under the
circumstances of the fluid-solid phase transition during GASF. The limiting compositions of 3and 4-chloromandelic acid show strong correlations with the atmospheric melting eutectic
compositions of the enantiomeric mixtures (compare upper and lower diagrams in Figure 34
and Figure 35.). At enantiomeric purities lower than the limiting ee, the extract is optically
enriched while the composition of the raffinate shifts towards more racemic. At initial ee-s
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exceeding the enantiomeric purity of the eutectic point, it is the crystalline raffinate that is
enriched in the major (in this case R) enantiomer.
The behavior observed at the two sides of the limiting composition is very similar to that
observed in slow, atmospheric experiments conducted on thermodynamically controlled
systems. [1] This behavior suggests that the compositions of the separated products are
dominated by an equilibrium. This result is counterintuitive because under the circumstances
of GAS fractionation, a high oversaturation occurs in a very short time, thus the domination of
kinetic effects is expected.
Atmospheric precipitation experiments were also carried out using hexane as an antisolvent.
Hexane was chosen because it has the closest polarity and solvent power to those of
supercritical carbon dioxide. No precipitation was observed after the addition of over 100 ml
of hexane to the almost saturated acetonitrile solutions (1 mL in case of 3- and 4-chloromandelic
acid; 0.4 ml in case of 2-chloromandelic acid) of racemic 2- and 3-chloromandelic acid.
Although 4-chlormandelic acid did precipitate, no enantiomeric enrichment was observed.
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Figure 33 – Melting point phase equilibrium diagram (upper) and ee0 – ee1 diagram (lower) of 2-chloromandelic acid
A) Phase equilibrium curve modelled based on measured data; B) Phase equilibrium curve from literature reference [138];
C) Results of DSC measurements on the racemate and the enantiomerically pure acid; a) Crystalline raffinates; b) Extracts
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Figure 34 – Melting point phase equilibrium diagram (upper) and ee0 – ee1 diagram (lower) of 3-chloromandelic acid
A) Phase equilibrium curve modelled based on measured data; B) Phase equilibrium curve from literature reference [153];
C) DSC measurement data on the racemate and the pure enantiomer; a) Crystalline raffinates; b) Extracts

81

Figure 35 – Melting point phase equilibrium diagram (upper) and ee0 – ee1 diagram (lower) of 4-chloromandelic acid
A) Phase equilibrium curve modelled based on measured data; B) Eutectic melting points; C) Melting points; a) Crystalline
raffinates; b) Extracts
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As with 1-phenylethanammonium 4-chloromandelate, high pressure chiral melting phase
diagrams were recorded. As measurements were carried out approximately one and a half years
later than those presented in Table 6, atmospheric differential scanning calorimetry (DSC) was
used again to confirm the previously known phase diagrams of the compounds. These
measurements, along with the high pressure melting measurements, were done at RuhrUniversity Bochum under the co-supervision of Dr. Sabine Kareth. At ambient pressure, the
Schröder–van Laar and Prigogine–Defay equations are commonly used to model the melting
phase behavior of enantiomeric (or diastereomeric mixtures). [138] However, the application
of these relatively simple equations to melting point predictions of mixtures with arbitrary
compositions under high pressure has not been described. As high pressure DSC measurements
could be successfully carried out on the unreacted acids (unlike the diastereomeric salt), my
goal was to investigate whether the Schröder–van Laar and Prigogine–Defay equations are able
to describe the melting behavior of enantiomeric and diastereomeric mixtures under carbon
dioxide pressure.
The atmospheric melting points of the racemic and enantiomerically pure acids are presented
in Table 7, together with their melting points measured at 16 MPa in order to show the melting
point decreasing effect of supercritical carbon dioxide. The melting points of 3- and 4chloromandelic acid at their predicted eutectic compositions are also given in this table. The
DSC curves of (RS)-3-chloromandelic acid showed two consecutive endothermic peaks with a
smaller exothermic peak. This phenomenon could not be explained fully, but it could be a sign
of polymorphism, not shown under atmospheric conditions. In the evaluation of these curves,
the fusion enthalpy was considered as the integral of the entire temperature interval.
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Table 7 – Melting data collected on the racemic and enantiopure acids and at their supposed eutectic composition. 𝑇𝑓
denotes the melting temperature at the given pressure while 𝛥𝐻𝑓 marks the fusion enthalpy.
*The fusion enthalpy was calculated as the integral value of the two sharp melting peaks and the exothermic peak between
them.

Ambient pressure

16 MPa

𝑇𝑓 [°𝐶]

𝐽
𝛥𝐻𝑓 [
]
𝑚𝑜𝑙

𝑇𝑓 [°𝐶]

(RS)-2-chloromandelic acid

91

24602.4

72

19909.0

(R)-2-chloromandelic acid

122

25046.8

107

20677.4

(RS)-3-chloromandelic acid

116

26135.7

107

20946.8*

(R)-3-chloromandelic acid

106

24774.6

94

21195.1

3-chloromandelic acid (73% ee)

–

–

87

–

(RS)-4-chloromandelic acid

122

27254.2

111

22937.3

(R)-4-chloromandelic acid

122

21046.0

106

19627.2

4-chloromandelic acid (67% ee)

–

–

96

–

𝛥𝐻𝑓 [

𝐽
]
𝑚𝑜𝑙

Figure 36 shows the melting behavior of 2-chloromandelic acid. Predicted curves are shown as
a solid line (A atmospheric pressure), and a dashed line (B 16 MPa). Solid markers (G and H)
show the results of view cell experiments at 20 MPa while empty ones (E and F) depict data at
16 MPa, with triangles and circles marking the beginning and end of melting, respectively.
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Figure 36 – Melting behavior of 2-chloromandelic acid at 16 at 20 MPa A) Predicted liquidus curve at ambient pressure;
B) Predicted liquidus curve at 16 MPa; C) Melting points measured with atmospheric DSC; D) Melting points measured with
high pressure DSC at 16 MPa E) Temperature at be beginning of melting at 16 MPa; F) Temperature at the end of melting at
16 MPa; G) Temperature at the beginning of melting at 20 MPa; H) Temperature at the end of melting at 20 MPa

In Figure 37, the atmospheric melting phase diagram of 3-chloromandelic acid is compared to
that recorded at 16 MPa. The solid line (Figure 37 A) shows the prediction under atmospheric
pressure based on the values of Table 7. The dashed line (B) is the result of the same prediction
using data gathered at 16 MPa in the high pressure DSC. Triangular markers (E) show the
beginning of melting during view cell experiments conducted at 16 MPa while circles (F) mark
the completion of melting in the same measurements. Diamond markers show the melting point
data collected during DSC measurements for the racemates and enantiomeric compounds, both
under ambient pressure and under carbon dioxide pressure. One experiment is not marked in
the diagram because its measurement method strongly differed from that of all other data points.
As in the case of 2-chloromandelic acid, the data obtained in the view cell only loosely follows
the tendency of the predicted liquidus curve under high pressure, therefore a control experiment
was carried out. A 40% ee scalemic mixture of the acid was pressurized to 16 MPa and heated
to only 1 °C above its predicted melting temperature. The cell was then at 88 °C. The aim was
to decide whether the acid would transform into a liquid. Melting happened slowly, over the
course of approx. 30 minutes, which – besides confirming the applicability of the predicted
curve – gives an explanation for the large deviation.
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Figure 37 – The atmospheric melting phase diagram of 3-chloromandelic acid compared to that recorded at 16 MPa.
A) Predicted liquidus curve at ambient pressure; B) Predicted liquid curve at 16 MPa; C) Melting points measured with
atmospheric DSC ; D) Melting points measured with high pressure DSC at 16 MPa; E) Starting of the melting in view cell
experiments at 16 MPa; F) End of the melting in view cell experiments at 16 MPa

Figure 38 gives and overview of the melting properties of 4-chloromandelic acid. Markers are
used similarly to Figure 36.

Figure 38 – Melting behavior of 4-chloromandelic acid at ambient pressure and at 16 MPa. A) Calculated melting point
curve at ambient pressure; B) Calculated melting point curve at 16 MPa; C) Melting points measured with atmospheric
DSC; D) Melting points measured with high pressure DSC at 16 MPa; E) Beginning of melting observed in the view cell at
16 MPa; F) End of melting observed in the view cell at 16 MPa; G) Beginning of melting observed in the view cell at
20 MPa; H) End of melting observed in the view cell at 20 MPa
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Triangular markers correspond to the temperature at the observation of the first liquid droplet.
These points approximate the eutectic melting temperature of the mixtures and they are close
to the eutectic (minimal) melting temperature predicted by the calculated phase diagrams. In
my opinion, measurement inaccuracy due to relatively rapid heating could explain the positive
deviation from predicted values. In order to prove the accuracy of the eutectic melting
temperatures, high pressure DSC measurements have been carried out at the predicted eutectic
compositions of 3-chloromandelic acid and 4-chloromandelic acid at 16 MPa. The results of
these measurements are given in Table 7, but also shown in Figure 37 and Figure 38. The fact
that only one melting peak could be observed suggests that the mixtures showed a eutectic
behavior. The melting temperatures also match the predicted values at the corresponding
pressures. Observing the final melting temperatures at 16 MPa (circular markers), one can
conclude that their tendencies follow the corresponding predicted melting point curve, showing
minima at the predicted eutectic compositions. These findings show that using the Schröder–
van Laar and Prigogine–Defay equations to describe the melting phase diagrams of chiral
compounds is appropriate.
The similarities in the eutectic melting behavior observed at ambient pressure and under highpressure carbon dioxide explain the applicability of the findings of Faigl et. al. [1] to antisolvent
precipitation experiments. [148, 157]
Although our primary aim was not to record and discuss solid–liquid–gas equilibrium diagrams
of these systems, we observed a depression in the melting points of our chosen model
compounds. The results in Table 7 imply that the acids undergo a considerable melting point
depression of 10–20 °C. (A comparable melting point depression can be observed in Figure 29
for 1-phenylethanammonium-4-chloromandelate.) Also, a considerable decrease in the fusion
enthalpies of the studied compounds was observed. This is possibly the result of carbon dioxide
becoming adsorbed at the surface of the solid particles. Seeing how they are fine powders, they
are very likely to have considerably large specific surface areas. During the melting process,
with the liquid phase mainly forming on the surface of the particles, carbon dioxide can be
continuously adsorbed and dissolved in the melt. The heat effect of this phenomenon coincides
with the melting peak on the DSC curves. [48]
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3.2.3. Solid state confirmation of the racemic nature of 2-chloromandelic acid
2-Chloromandelic acid has already been produced in the form of a metastable
conglomerate. [158] Its racemic polymorph also shows a melting eutectic composition of
approx. 5% ee. For these reasons, and the fact that the melting temperature of enantiomeric 2chloromandelic acid is significantly higher than that of the racemate, it was necessary to decide
whether the compounds behaved like a conglomerate or a racemic compound in the GASF
experiments. The diffraction patterns of racemic and enantiopure 2-chloromandelic acid
(GUMXAO02 [158, 159] and GASCEK [160, 161] respectively) were obtained from the
Cambridge Structural Database [141], using the computer program Mercury [142]. Their
patterns, shown in Figure 39 a and f, are powder patterns calculated from single crystal
structures, while b, c, d and e are the diffraction patterns of the raw materials and products
recorded in our study. As the diffraction patterns of b and c are very similar (based on the peak
positions and relative intensities), we can conclude that the sample obtained by GAS
fractionation (i.e. Figure 39 c) and the commercially available pure enantiomer of 2chloromandelic have very similar crystal structures. The characteristic peak positions in these
two diffraction patterns are very similar to those in pattern a), suggesting the same crystalline
structure as the literature reference.
Figure 39 d, e and f also show very similar diffraction patterns, implying that the crystal
structure of the racemate does not change under the conditions of the GAS fractionation, and
that this crystal structure corresponds to the reference found in the Cambridge Structural
Database.
We also observed that the diffraction pattern – thus the crystal structure – of the racemate
obtained by GAS fractionation (Figure 39 c) differs from those of the pure enantiomer (a) and
the enantiomerically enriched GAS raffinate (c), suggesting that 2-chloromandelic acid behaves
as a racemic compound under the circumstances of GAS fractionation.
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Figure 39 – Comparison of the diffraction patterns of various 2-chloromandelic acid samples and literature references.
a) Calculated diffraction pattern of the enantiopure form of 2-chloromandelic acid b) Enantiopure, commercially available
(R)-2-chloromandelic acid c) (R)-enriched 2-chloromandelic acid, 30% ee d) Racemate recrystallized using GAS
fractionation e) Commercially available racemate f) Calculated diffraction pattern of the racemate of 2-chloromandelic acid
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4. Summary
Diastereomeric resolution was and continues to be a widely applied separation method for
enantiomers. Supercritical carbon dioxide has already found applications in the antisolvent
precipitation–based resolution of racemates. However, detailed investigations on enantiomeric
enrichment of non-racemates using antisolvent methods have not yet been carried out. Gas
antisolvent fractionation was chosen as a separation method, while mandelic acid was chosen
as a model molecule to study the possibility of diastereomeric enrichment. 1-Phenylethanamine
was chosen as a resolving agent. Resolution of racemic mandelic acid has already been
published before. Our experiments failed to reproduce results published by another research
group, involving the resolution of racemic mandelic acid. Although this was possibly due to
different experimental setups, a new organic solvent, methanol, was chosen. Before the
recrystallization-based further purification of diastereomeric mixtures could be studied, a
suitable parameter combination had to be determined. This was done via resolution of the
racemate. The 23 design of experiments (12–20 MPa, 35–55 °C and 33–99 mg/ml methanol
concentration) showed a sudden change in the behavior of the system. Because of this, the DOE
could not be evaluated. Operational parameters applied in the enrichment experiments were
chosen based on de values. The highest de in the raffinate was 62.4%. 12 MPa; 35°C and
99 mg/ml methanol concentration were used in the diastereomeric enrichment experiments.
These were carried out by starting from salts of various diastereomeric compositions, in the
whole interval between the less stable (more soluble) (R)-phenylethanammonium-(S)mandelate salt to the more stable (R)-phenylethanammonium-(R)-mandelate. The diagram of
raffinate de versus initial de can be used to determine the number of recrystallization steps
needed to obtain a practically diastereomerically pure compound. After the initial resolution
step, four recrystallizations would be needed to approach total diastereomeric purity. Also, the
atmospheric melting diagram of the salt was constructed and compared to the results. Although
the purification curve drawn on the raffinate data points do not cross the diagonal of the
diagram, it can be observed that the extent of purification is lower in the region of the melting
eutectic composition.
Afterwards, another model compound, 4-chloromandelic acid was studied in detail using both
enantiomers of 1-phenylethanamine. As the (S)-amine was available in our laboratory,
Marckwald’s rule was applied and the less stable salt was formed from the (R)-enantiomer of
the acid with this optical isomer of the base. (The diastereomeric mixtures of the less stable
diastereomer could then be studied by reacting the enantiomeric mixtures of (R)-490

chloromandelic acid with the enantiomerically pure (S)-amine. According to the Marckwaldrule, these salts would behave identically to those formed from the antipodes of both the acid
and the base.) Experiments were conducted at 16 MPa pressure, 40 °C temperature and
99 mg/ml methanol concentration. These parameters were again chosen to match those
affording the highest de in the resolution of the racemate using half molar equivalent of the
base. Purification results showed that a diastereomerically pure (R)-1-phenylethanammonium(R)-4-chloromandelate salt can be produced in five recrystallization steps. Although the
atmospheric literature reference reported higher diastereomeric excesses, higher yields in the
raffinates make gas antisolvent fractionation afford very similar efficiency of diastereomeric
enrichment values. Furthermore, recrystallization results were compared to the atmospheric
melting diagram of the salt. The limiting composition found in the purification graph at roughly
80% de of the more soluble salt was very close to the atmospheric melting eutectic composition.
It was almost unaffected by changing the concentration of organic solvent to 66 mg/ml in the
vessel. Naturally, the course of the purification curve changed, a larger amount of organic
solvent in the reactor resulted in higher purity (but lower yields) in the raffinate.
The phenomenon of SDE (self-disproportionation of enantiomers) could also be exploited –
and was described in gas antisolvent fractionation for the first time – for the enrichment of the
major enantiomer of a scalemic mixture (non-racemate). Three chlorinated mandelic acid
derivatives (those containing the substituent in ortho, meta and para positions) were
investigated. Saturated acetonitrile solutions of the compounds were contacted with
supercritical carbon dioxide at 16 MPa and 40 °C. Approximately 50% of the material was
recovered in the raffinates, although the complete recovery percentage in these experiments
was lower than those in the diastereomeric salt–related ones. In all three cases, changes in the
enantiomeric composition of the products were observed compared to the starting materials.
Limiting compositions were also observed in two cases. These intersections of product
composition trends with the diagonal of the purification diagrams correlated with the melting
eutectic compositions on the atmospheric melting phase diagrams.
The very strong similarity in the limiting compositions of the recrystallization-based
purification results and the atmospheric melting eutectic compositions was counterintuitive. In
previously published atmospheric examples of the phenomenon, it arose in systems where
crystallization was carried out slowly and thermodynamic effects were responsible for the
determination of product composition. Gas antisolvent fractionation, on the other hand, is
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characterized by achieving a high oversaturation in a relatively short time. The resulting fast
precipitation would generally suggest that kinetic factors have dominant effects.
Although the aforementioned experimental investigation was detailed, there was no clear
explanation on the behavior of chiral compounds under high pressure conditions. Hence,
melting point experiments have been carried out under supercritical carbon dioxide pressure.
Investigations were conducted to decide whether the Schröder–van Laar and Prigogine–Defay
equations were applicable for high pressure systems involving another component besides those
melting. The melting points and fusion enthalpies of racemates and pure enantiomers – the
input parameters of said equations – of the three chlorinated mandelic acids were thus
determined by high pressure differential scanning calorimetry. The predicted curves are
approximately parallel to those calculated based on atmospheric results. Their course was
confirmed by melting experiments carried out at various ee values of the acids in a view cell.
The aforementioned predictive calculations appropriately describe the melting behavior of all
three chlorinated mandelic acids studied. Besides using the obtained data to calculate and
confirm the liquid curve of the model compounds, melting point depression was also
demonstrated. Although there is a great deal of knowledge on the melting behavior of
compounds under carbon dioxide pressure, crystalline, low molecular weight acids have not
been often studied. A 10–20 °C melting point depression was observed. By further studying the
phenomenon demonstrated for the first time, in the future it might be possible to carry out
resolvability calculations before high pressure experiments, or to predict the possibility of
enantiomeric enrichment via antisolvent methods. A future research plan could also target the
determination of such melting phase diagrams under high pressure, however, instead of using
pure carbon dioxide to influence the melting behavior, organic solvents could be added in order
to more accurately mimic the circumstances of antisolvent precipitation.
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Összefoglalás
A diasztereomerek képzésén alapuló rezolválás a mai napig széles körben használt eljárás
optikailag aktív vegyületek és tiszta enantiomerek előállítására. A szuperkritikus szén-dioxidot
már több rezolválási rendszerben alkalmazták az elválasztások során kicsapószerként. A nemracém enantiomerkeverékek antiszolvens módszerekkel történő enantiomer-dúsítását még nem
vizsgálták részletesen. Munkám során a gáz antiszolvens frakcionálás technikát választottam
mint elválasztó műveletet, míg az enantiomerek diaszteromer sóik átkristályosításával való
továbbtisztításának tanulmányozására modellvegyületként a mandulasavat. Rezolváló
ágensként enantiomertiszta 1-feniletánamint használtam. Noha a racém mandulasav széndioxid kicsapószert alkalmazó módszerrel történő rezolválását már leírták az irodalomban, az
említett kísérleteket nem sikerült reprodukálnom. Ennek oka valószínűleg a két
kísérletsorozatban használt berendezések eltérő felépítése, azonban a kiindulási oldószer
metanolra cserélésével sikerült kristályos, látszólag száraz terméket létrehozni. Az új oldószer
használata miatt azonban a diasztereomer só átkristályosítása előtt a racém anyag rezolválásával
kerestem egy, a továbbtisztítás során használható paraméterkombinációt. Az elvégzett 23
kísérleti terv (12-20 MPa, 35-55 °C és 33-99 mg/ml metanol koncentáció tartományban) során
a rendszer egy, a paraméterek függvényében bekövetkező hirtelen változást mutatott. 12 MPa
nyomáson és 40 °C fölötti hőmérsékleten a kristályosítás terméke a kiindulási oldószert nagy
mennyiségben tartalmazta. Ezért a kísérletek kísérlettervként történő kiértékelése meghiúsult.
A diasztereomer sók átkristályosítását célzó kísérletek műveleti paramétereit tehát a
rezolválások

során

kapott

diasztereomertisztaságok

alapján

választottam

meg.

A

raffinátumokban meghatározott legmagasabb diasztereomertisztaság 62.4% volt. Az
átkristályosítási kísérleteket 12 MPa nyomáson, 35°C hőmérsékleten és 99 mg/ml metanol
koncentráció mellett végeztem. Az oldhatóbb (R)-1-fentiletánammónium-(S)-mandelát és a
rosszabbul oldódó

(R)-1-feniletánammónium-(R)-mandelát

között

számos különböző

kiindulási diasztereomertisztaság mellett végeztem el az átkristályosítási kísérleteket. A kapott
raffinátum-tisztaságokat a kiindulási összetételek függvényében ábrázoltam. A diagram
segítségével meghatározható egy tetszőleges tisztaságú termék előállításához szükséges
átkristályosítási lépések száma. Az első, fél mólekvivalens rezolváló ágenst alkalmazó
kristályosítás után a diasztereomer só további négyszeri átkristályosításával juthatunk
diasztereomertiszta termékhez. A só atmoszferikus olvadási fázisdiagramját is felvettem, és
összehasonlítottam a továbbtisztítás során kapott eredményekkel. Noha az átkristályosítás során
nyert adatpontok nem lépik át a diagram átlóját, az olvadási eutektikus összetétel környezetében
lényegesen kisebb mértékű a só összetételének megváltozása.
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Ezután, egy másik modellvegyület, a 4-klórmandulasav 1-feniletánammónium sójának
átkristályosítását vizsgáltam. Mivel laboratóriumunkban rendelkezésre állt az amin mindkét
enantiomere, míg a savból csak az R izomer, a Marckwald-szabály értelmében az S-aminból és
R-savból képzett só használatával vizsgáltam a kevésbé stabil só viselkedését. (Az S amin
használatával lehetőségem nyílt az instabilabb só viselkedését az R sav enantiomerkeverékeiből
képzett sóval vizsgálni. A Marckwald-szabály alapján az S aminból és R savból képzett só
viselkedése megegyezik a vegyületek antipódjaiból képzett sóéval.) A kísérleteket 16 MPa
nyomáson, 40 °C hőmérsékleten és 99 mg/ml metanol koncentráció mellett végeztem. Ezen
paraméterek

kiválasztásakor

az

előbbiekben

leírtakhoz

hasonlóan

a

legmagasabb

diasztereomertisztaságot eredményező fél mólekvivalens rezolváló ágenst alkalmazó kísérlet
beállításait vettem alapul. A felvett továbbtisztítási görbe alapján 4 átkristályosítási lépésben
juthatunk diasztereomertiszta termékhez. Noha az irodalomban leírt atmoszferikus kísérletek
nagyobb diasztereomertisztaságról számolnak be, a nagynyomású kísérletek során elérhető
nagyobb termelések miatt a két módszerrel hasonló EDE értékek érhetők el. Az átkristályosítási
eredményeket összehasonlítottam a diasztereomer só atmoszferikus körülmények között
rögzített olvadási fázisdiagramjával. Az átkristályosítási kísérletek során talált limitáló
összetétel erősen korrelált a só olvadási eutektikus összetételével. Noha a továbbtisztítási görbe
lefutása megváltozott, a limitáló összetételt a metanol koncentrációjának 99 mg/ml-re történő
módosítása sem tolta el jelentősen.
Gáz antiszolvens frakcionálás esetén elsőként mutattam be az SDE (self-disproportionation of
enantiomers) jelenségét királis vegyületek nem-racém enantiomerkeverékeinek továbbtisztítása
során. Modellvegyületként 3 (orto, meta és para helyzetben) klórozott mandulasav származékot
választottam. Ezek közel telített acetonitriles oldatát helyeztem 16 MPa szén-dioxid nyomás
alá 40 °C hőmérsékleten. A kiindulási savak kb. 50%-át nyertem vissza raffinátumként, noha a
kísérletek anyagvisszanyerése jelentősen elmaradt a diasztereomer sókkal végzett mérések
esetén tapasztaltaktól. Mind a három modellvegyület esetén megfigyelhető volt a termékek
enantiomertisztaságának a kiindulási anyagokétól való eltérése. A három modellvegyület közül
két esetben egyértelműen megfigyelhető volt a továbbtisztulást limitáló összetétel. Ezekben az
esetekben ezen összetétel és az atmoszferikus körülmények között felvett olvadásponti
fázisdiagramon

található

eutektikus

összetétel

közötti

korreláció

is

egyértelműen

megfigyelhető volt.
A továbbtisztítási diagramokon jelentkező limitáló összetételek és az atmoszferikus
olvadásponti diagramokról leolvasható eutektikus összetételek közötti szoros egyezés némileg
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meglepő eredmény. Az előzőleg ismert, atmoszferikus esetekben, ahol a jelenséget tapasztalták,
a kristályosodás lassan játszódott le, a termékek összetételét döntően termodinamikai hatások
befolyásolták. Ezzel szemben, a jelen munkában alkalmazott gáz antiszolvens frakcionálás
során rövid idő alatt jön létre nagyfokú túltelítettség. Az ennek hatására bekövetkező gyors
kristályképződés miatt feltételezhetnénk, hogy a kinetikus hatások szerepe megnő.
A kapott eredmények mélyebb megértése érdekében olvadási méréseket végeztem a királis
modellvegyületeken nagynyomású szén-dioxid jelenlétében. Vizsgáltam a Scröder – van Laar
és Prigogine – Defay egyenletek alkalmazhatóságát a nagynyomású olvadási fázisegyensúlyok
esetén, mely során a megolvadó komponensek mellett egy harmadik is jelen van. A racém
elegyek és az enantiomertiszta klórmandulasavak olvadáspontjait és olvadáshőit – melyek az
említett egyenletek bemenő adatai – nagynyomású differenciális pásztázó kaloriméterrel
határoztam meg. A számított görbék lefutása az atmoszferikus nyomáson érvényes
diagramokhoz hasonló. A görbék helyességét több, különböző enantiomertisztaság mellett
végrehajtott méréssel ellenőriztem, melyeket látóüveges cellában végeztem. A számított görbe
megfelelően leírta mind a három klórozott mandulasavszármazék viselkedését. Az anyagok
likvidusz görbéjének felvételén és igazolásán túl méréseim demonstrálták a szén-dioxid
nyomás alatti olvadáspont-csökkenés jelenségét is. A jelenségről viszonylag sok adat áll
rendelkezésre, kristályos, kis molekulatömegű szerves savakat azonban csak viszonylag
kevésszer tanulmányoztak. Munkám során körülbelül 10-20 °C olvadáspont-csökkenést
figyeltem meg. További vizsgálatok után a nagynyomású rezolválási kísérletek előtt lehetővé
válna a szelektivitás előzetes jóslása. Egy érdekes, jövőbeni kutatás témája lehet a
nagynyomású szén-dioxid mellett jelenlévő szerves oldószer hatásának vizsgálata az olvadási
viselkedésre. Ezzel még közelebb lehetne kerülni a mérések során az antiszolvens
frakcionálások során uralkodó körülményekhez.
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Abstract
A novel, green possibility of the further purification of the diastereomeric salt of
4‐chloromandelic acid and 1‐phenylethane‐1‐amine was developed. Gas
antisolvent method using supercritical carbon dioxide was applied for the first
time to precipitate the diastereomeric salts with increased purity followed by
the supercritical fluid extraction of the dissolved diastereomers. The RR‐salt
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can be purified to >99%, while fractionation‐based purification of the SR‐salt
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suggests that despite the fast precipitation, the diastereomeric excess of the solid
product is not kinetically determined. The efficiency of the diastereomeric
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is limited to ~80%. The limiting initial diastereomeric excess correlates strongly
with the atmospheric melting eutectic composition of the same salts, which

enrichment is in the same range as that of the atmospheric reference
experiments; however, technological advantages provided by the antisolvent
precipitation method such as fast processing and dry product obtained suggest
that this novel procedure is a promising alternative to the atmospheric
methods.
KEYWORDS
diastereomeric salt, enantiomeric enrichment, eutectic behavior, melting point, supercritical carbon
dioxide

1 | INTRODUCTION
The high demand for enantiopure compounds in the
pharmaceutical, agrochemical, etc., industries makes it
necessary to evaluate and improve both traditional and
innovative methods of optical resolution and further purification of nonracemic mixtures. It has been shown that
some methods involving high pressure (or supercritical)
carbon dioxide, known as an environmentally benign
and GRAS (generally recognized as safe) solvent, can be
very effective in enantiomeric separations.1-3 Supercritical
techniques are typically well controllable, taking the
advantages of fast diffusion, low viscosity, and the
controllable density of the solvent. Meanwhile, due to
the high pressure required (>7.3 MPa), investment costs
610
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are rather large and the safety issues must be addressed.
One of the carbon dioxide‐employing methods is gas
antisolvent (GAS) fractionation (Figure 1).4,5 GAS
fractionation is performed in a high‐pressure vessel. A
nearly saturated solution of the material to be precipitated
(the diastereomeric salts in this case) is filled into the
autoclave (Figure 1a).
The added carbon dioxide is dissolved in the organic
solvent. The polarity, thus the solvent power of the
forming solvent mixture is significantly lower than that
of the organic solvent, resulting in large oversaturation
and fast precipitation (Figure 1b). By optimizing the
operating conditions, partial precipitation can be
achieved. The undesired, more soluble fraction and the
organic solvent is extracted using carbon dioxide
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FIGURE 1 A schematic depiction of the
GAS process. A, The organic solution is
filled into the autoclave. B, Supercritical
carbon dioxide is added, solvent power is
reduced, precipitation occurs. C, Extraction
is carried out using supercritical carbon
dioxide. D, After depressurization the
formed crystals are collected

(Figure 1c). After depressurization the solid dry product is collected (Figure 1d). GAS and related methods
have been widely demonstrated to be capable of producing fine powders with controlled particle size, varied morphology, and low remaining organic solvent
residues.6-9
The first detailed study of the GAS technique for the
purification of diastereomeric salts is presented in this
article on the example of 1‐phenylethanaminium – 4‐
chloromandelate diastereomeric salt. 4‐Chloromandelic
acid is a chiral intermediate for agrochemical products
and can be used to introduce the chiral center in APIs
and pesticides or it can be a resolving agent itself.10,11
Among some other ways to produce its optically active
form, it was resolved by diastereomeric salt formation
using (R)‐1‐phenylethane‐1‐amine by He et al.12 The
melting points of the diastereomeric salts were also
presented in the cited article; however, we got slightly
different results.
There have been multiple studies on the behavior of
enantiomeric mixtures during separation processes. The
intermolecular interactions between the enantiomers
can influence the outcome of enantiomeric enrichment
processes like sublimation, kinetic resolution, and even
achiral phase high‐performance liquid chromatography
(HPLC).13-15 Fogassy and colleagues found that the
optical purity of the enantiomers obtained in several
diastereomeric resolutions via slow atmospheric crystallization shows good correlation with the melting eutectic
composition (ee) of the resolving agent or the racemic
compound, depending on which one is higher.16 It is also
known that the recrystallization‐based purification of
nonracemic enantiomeric mixtures is often limited at
the same composition as the melting point eutectic of
the compound.17
Besides presenting gas antisolvent fractionation as a
novel diastereomeric enrichment technique, we aim to
investigate whether the atmospheric melting point phase
diagram and the high‐pressure purification results might
be correlated.

2 | MATERIALS AND METHODS
2.1 | Materials
Carbon dioxide (>99.9%) used in the experiments was
purchased from Linde Gas Hungary and was used freshly
distilled. Racemic 4‐chloromandelic acid (CAS 7138–34‐3)
and (R)‐4‐chloromandelic acid (CAS 32189–36‐9) (purities
over 98%) were purchased from TCI, while both enantiomers of 1‐phenylethylamine (CAS 3886–69‐9 for R and
2627–86‐3 for S enantiomer, >99%) were purchased from
Merck. Methanol (>99%) was bought from Molar
Chemicals.

2.2 | Gas antisolvent fractionation as a
further purification method
4‐Chloromandelic acid of the desired enantiomeric excess
was prepared by dissolving the mixture of the racemic
compound and the pure (R)‐enantiomer in methanol,
then evaporating the solvent. The enantiomeric mixture
was dried under atmospheric conditions overnight.
Calculated enantiomeric excess was confirmed by chiral
capillary electrophoresis.
One hundred mg of the prepared nonracemic acid and
64.8 mg of the desired enantiomer of the amine (in molar
equivalent quantity) were mixed in a vial, and 4.5 ml of
methanol was added. The homogenous solution was then
filled into the tempered laboratory autoclave as shown in
Figure 2. The autoclave was pressurized with supercritical
CO2, using a Teledyne ISCO 260D syringe pump with a
known quantity of CO2 to set a CO2:methanol mass ratio
of 7.5. The mixture was stirred at 16 MPa, 40 °C for an
hour, followed by washing the autoclave with supercritical CO2, equivalent to three times its volume to extract
the dissolved components and the organic solvent. A
methanol‐filled trap was used to collect the extracted
compounds. Upon opening the autoclave, a white, visibly
crystalline material could be collected as the raffinate.
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FIGURE 2 Schematic depiction of the laboratory autoclave used
in the experiments. 1. ISCO 260D syringe pump. 2. Control valve.
3. Inlet tubing for better mixing. 4. Magnetic stirrer. 5. Magnetic
motor. 6. Jacket. 7. Manometer and pressure transducer.
8. Thermocouple. 9. Filter. 10. Control valve. 11. Solvent trap

As a comparison, recrystallization experiments were
also carried out. In the first step, racemic 4‐chloromandelic acid was resolved with a molar equivalent amount
of (R)‐1‐phenylethylamine with the GAS method described above. After depressurizing the equipment, the
raffinate was not collected, only a sample was taken for
analytical purposes. Afterwards, the raffinate was again
dissolved in the same amount of methanol used before
and the GAS process was repeated. Three consecutive
crystallization steps were carried out.

2.3 | Atmospheric experiments of further
purification
Two hundred mg of the enantiomeric mixture of the
acid was measured in a test tube together with a molar
equivalent quantity of enantiopure amine. The mixture
was dissolved in 3.2 ml of methanol at 60 °C then gradually cooled to 0 °C. The mother liquor was decanted
and the crystals were rinsed with 0.5 ml of cold ethanol.
Afterwards, the crystalline material was left to dry
overnight.
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buffer. Peaks were detected using a DAD detector, with
a detection wavelength of 200 nm and a reference wavelength of 320 nm. Measurements were carried out at
25 °C with 20 kV voltage applied to the column. To
achieve chiral separation, 10 mM of Monoamino‐BCD
(product of CycloLab) was used as a chiral selector. Since
the diastereomeric salt dissociates under the circumstances of the measurements, the term enantiomeric
excess is suitable to describe the composition of the
mandelic acid derivative in the salt.
Melting points of the diastereomeric salts were measured using a TA Instruments 2920 Modulated DSC equipment. Approximately 3 mg of each prepared raffinate
sample was filled into an aluminum crucible. A heating
rate of 5 °C/min up to 220 °C was applied.
Raffinate samples from the GAS experiments were also
examined using powder X‐ray diffraction. The measurements were carried out using a PANalytical X0 pert Pro
(ϴ/ϴ) diffractometer measuring from 4 to 46 2ϴ degrees
with a complete scan time of 10 min. Samples were
examined at a wavelength of 1.5408 Å (Cu Kα) and with
40 kV and 30 mA applied to the X‐ray tube.

3 | R ESULTS A ND DISCUSSION
3.1 | Further purification experiments
and melting point phase equilibrium
The diastereomeric purities of the crystalline products of
the further purification experiments together with the
melting point phase diagram of the diastereomeric salts
(Figure 3) are presented in Figure 4. For a better comparison with respect to the eutectic composition and the rate
of further purification, a similar scale was applied to both
plots. The melting point phase behavior of the diastereomeric salts has been modeled using the Schröder–van
Laar Equation18 taking into account the remeasured melting points and enthalpies, 143.1 °C; 26.7 kJ/mol and
200.6 °C; 44.0 kJ/mol of the (S,R)‐ and (R,R)‐ diastereomeric salts, respectively.
The results of the DSC melting point measurements,
modeling, and the results of the GAS further purification
experiments all suggest a very similar eutectic composition at ~80% purity of the SR‐salt. Upon comparing the

2.4 | Analytical methods
Collected samples and starting materials were analyzed
by capillary electrophoresis in order to determine the
enantiomeric (diastereomeric) composition of the samples. An Agilent 7100 equipment fitted with a 50 cm long
polyimide‐covered uncoated silica capillary was used.
Experiments were performed in a pH 9, 50 mM borate

FIGURE 3 The more stable (RR) (on the left side) and the less
stable (SR) (on the right side) diastereomeric salt
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efficiency of diastereomeric enrichment (EDE, presented
in Figure 5), might be defined analogously to the efficiency of enantiomeric enrichment (the efficiency of
enantiomeric enrichment [EEE] is defined as the ratio of
the enantiomeric purities of the product and the starting
material multiplied by the yield19). The atmospheric and
the GAS fractionation methods have similar efficiencies
(Figure 5).
Meanwhile, GAS yields slightly exceed the published
atmospheric yields and highly overcome the yields of
our own atmospheric references (Figure 6). The increasing trend of the yield with increasing initial diastereomeric excess is due to the higher proportion of the less
soluble salt in the solution having the same overall
concentration.

FIGURE 4

Melting point phase diagram and final de vs. initial
de diagram of the further purification experiments. a, Further
purification experiments by GAS fractionation. b, Actual
recrystallization of GAS raffinate. c, Further purification
experiments at atmospheric conditions. d, Actual recrystallization
results obtained from literature.12 A, Measured eutectic melting
points. B, Measured melting points.
C, Modeled melting point curve

results of the further purification experiments and the
actual consecutive GAS precipitations (presented in
Figure 4a, circle, and b, triangle, respectively), it is clear
that, regarding the diastereomeric excess, further purification experiments starting from a prepared mixture of
enantiomers sufficiently represent the recrystallization
results. However, it is also visible, that de values obtained
by GAS precipitation fall back compared to the atmospheric experiments found in the literature or carried
out in our laboratory (Figure 4c, square, and d, diamond,
respectively).
Comparing the results of consecutive GAS precipitations and the atmospheric reference obtained from the literature (Figure 4b, triangle, and d, diamond), one can
assume that one more GAS precipitation step would be
needed to obtain the same diastereomeric purity.
However, not only the diastereomeric excess is important but yields as well. The optimal further purification
results in a large increase of de with maximal yield. The

FIGURE 5

Efficiency of diastereomeric enrichment (EDE)
plotted against the initial de. A, GAS experiments on further
purification. B, Atmospheric further purification experiments.
C, Recrystallization experiments from the literature12

FIGURE 6 The mass ratio between the raffinate and the starting
material (i.e., the raffinate yield; Y) plotted against the initial de.
A, GAS experiments on further purification. B, Atmospheric further
purification experiments. C, Recrystallization experiments from the
literature12
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FIGURE 7 Comparison of XRD diffractograms. A, Less stable
(S)‐acid – (R)‐amine salt.20,21 B, Raffinate of de = 90%, enriched in
(R)‐acid – (S)‐amine salt. C, Raffinate of de = 10%, enriched in (R)‐
acid – (S)‐amine salt. D, Raffinate of de = 89%, enriched in (R)‐acid –
(R)‐amine salt. E, More stable (R)‐acid – (R)‐amine salt22,23

3.2 | Solid‐state confirmation of the
purification process by XRD
Powder X‐ray diffraction (XRD) phase analysis was performed on the crystalline samples. The diffractograms of
both of the diastereomeric salts and three of the raffinate
samples are depicted in Figure 7. While (B–D) are actual
powder samples from this study, (A,E) are calculated powder XRD patterns of ((R)‐1‐phenylethanaminium (S)‐4‐
chloromandelate)20,21 and ((R)‐1‐phenylethylaminium
(R)‐4‐chloromandelate),22,23 generated from single crystal
atomic coordinates of VIQPUH20,21 and WIPBIH,22,23
respectively, retrieved from Cambridge Structural Database (CSD)24 by the Mercury program.25
Comparing the diffraction profiles of the obtained crystalline products, as expected, the higher de salts (Figure 7B,D)
show similar diffraction patterns to those of diastereomeric
salts formed from the enantiomers they are enriched in
(i.e., a, and e, respectively). The sample (c), which is close
to the salt formed from a racemic acid, appears to be a
mixture of the two diastereomers. It can also be concluded
that the precipitation under high pressure does not change
the crystal structure of the diastereomeric salts.

4 | CONCLUSION
In this case study we investigated the possibility of the
further
purification
of
4‐chloromandelic
acid
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enantiomers by the recrystallization of their (R)‐1‐
phenylethanaminium salts. The gas antisolvent fractionation is a fast, reliable, and efficient way to increase the
diastereomeric purity of the salts. The binary melting
point phase diagram and the de1 – de0 diagram show a
eutectic point at the same de value. It is a slightly counterintuitive result, because the very quick precipitation
occurring under the circumstances of GAS fractionation,
in contrast with the slow traditional crystallization controlled by a cooling program, suggest that kinetic effects
should be dominant.
GAS can be an alternative to traditional resolution
and enantiomeric further purification methods. The efficiency of diastereomeric enrichment values, hence the
efficiency of the further purification, are very similar,
which in the case of the GAS experiments could probably
even be improved by some parameter optimization and
upscaling. This, and some other advantages of the
antisolvent techniques—practically solvent‐free products,
the possibility of controlling the particle size and its distribution, the usage of less organic solvents—suggest that
they could be efficient tools in producing enantiopure
compounds.
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a b s t r a c t
Gas antisolvent precipitation is a particle formation technique, when typically pressurized carbon dioxide
is added to an organic solution resulting in immediate and high oversaturation and precipitation of fine
particles. Provided that a reasonable share of the originally dissolved material remains dissolved in the
carbon dioxide – organic mixed solvent, these components can be extracted during the washing phase.
This method is called gas antisolvent fractionation. Gas antisolvent fractionation has been applied for
the first time to enantiomeric enrichment of non-racemic mixtures, and demonstrated on the example
of chlorinated mandelic acid derivatives. Due to self-disproportionation of enantiomers, the precipitated
solid and the extracted fractions have different enantiomeric excesses if gas antisolvent fractionation is
carried out on a non-racemic mixture. However, there is a limit in the enantiomeric excess (ee) that can
be achieved correlating strongly with the atmospheric melting eutectic behavior of the compounds. Thus,
if initial enantiomeric mixtures have a higher than eutectic ee, a >99% ee can be reached in the crystalline
product. The strong correlation between the high-pressure experiments and the atmospheric melting
eutectic behavior suggest that despite the very large oversaturation during the antisolvent precipitation,
the composition of the products (i.e., the crystalline and the extracted phases) is thermodynamically
determined. Technological advantages such as short operational time, or the possibility of controlling
the crystal morphology suggest that the development of an efficient technique of enantiomeric purification is possible based on gas antisolvent fractionation.
Ó 2017 Elsevier Ltd. All rights reserved.

1. Introduction
The need for the production of enantiopure compounds in the
pharmaceutical industry, manufacturing of agrochemicals and in
the food industry is the driving force for the development of new
methods of enantiomeric enrichment.
Enantiomeric enrichment of non-racemic mixtures can be carried out without the addition of any chiral selector. When the ee
values of the separated products differ from each other and that
of the starting material, we talk about self-disproportionation of
enantiomers.1,2 This phenomenon has been observed in separation
techniques such as sublimation3 or high-performance liquid chromatography (HPLC) with achiral moving and stationary phases.4
⇑ Corresponding author.
E-mail address: sz-edit@mail.bme.hu (E. Székely).
https://doi.org/10.1016/j.tetasy.2017.09.005
0957-4166/Ó 2017 Elsevier Ltd. All rights reserved.

Among the techniques aimed at the enhancement of the enantiomeric purity of non-racemic mixtures, recrystallization is a very
simple way to improve the enantiomeric purity of the target compound. Self-disproportionation of enantiomers can also be
observed under these circumstances. In the case of racemic compounds, the atmospheric recrystallization-based enantiomeric
enrichment process is limited by the eutectic behavior of dissolution, which is close to the eutectic composition observable in the
melting point phase diagrams. The crystalline phase formed in a
solution of a lower than eutectic enantiomeric purity (i.e.,
ee0 < eeeu) typically has lower enantiomeric purity than the initial
ee, while the mother liquor contains the enantiomerically enriched
material. Starting from over the eutectic composition (ee0 > eeeu)
the opposite happens. Conglomerate forming compounds do not
exhibit such boundaries. The strong correlation of the limiting ee
value in enantiomeric enrichment with the eutectic ee of the
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binary melting point phase diagram was described by Faigl et al.
through several recrystallization processes. The authors explain
their results as the consequence of thermodynamic control during
the recrystallization experiments.5
Traditional recrystallization processes are often slow, and use
large amounts of organic solvents. Gas antisolvent precipitation
and supercritical antisolvent precipitation both using supercritical
carbon dioxide as an antisolvent have been widely studied and
applied techniques to recrystallize various compounds. Antisolvent
processes are not only fast and eco-friendly (reducing the amount
of organic solvent needed), but also offer the possibility to produce
fine powders with narrow particle size distribution in the micrometer main particle diameter range. The morphology (i.e., the crystal
habit) can also be influenced by the operational parameters, however, this advantage can only be exploited in a scaled-up equipment. Besides the advantages, safety issues and higher
investment costs regarding the high pressure unit operations have
to be taken into consideration.6–9 Gas antisolvent fractionation is a
combination of the gas antisolvent precipitation and separation of
the impurities by the following supercritical fluid extraction, it is
also referred to in the literature as supercritical antisolvent extraction,10–12 supercritical antisolvent fractionation13 etc. Gas antisolvent and supercritical antisolvent precipitation have already been
used as separation methods in chiral resolutions carried out by
diastereomeric salt formation.14,15 This technique is now presented
for the first time for enantiomeric enrichment based on self-disproportionation of enantiomers.
During the gas antisolvent fractionation process (Fig. 1), the aim
is to achieve partial precipitation of a compound dissolved in an
organic solvent. First, a nearly saturated solution of the starting
material needs to be prepared, and filled into a suitable high pressure vessel (Fig. 1a). Carbon dioxide is then introduced and is dissolved by the organic solvent. Thus, because of the expansion and
polarity drop of the solvent, its solvent power is sharply reduced,
resulting in (partial) precipitation of polar components (Fig. 1b).
By choosing appropriate operational parameters (i.e., pressure,
temperature and organic solvent concentration), a homogenous
fluid phase can be achieved over the precipitate. The dissolved portion of the starting material together with the organic solvent can
be extracted using pure carbon dioxide (Fig. 1c). After depressurization of the equipment, the crystalline product can be recovered
(Fig. 1d).

Figure 1. Stepwise depiction of the gas antisolvent fractionation process. (a) The
compounds to be precipitated (and separated) are filled into the autoclave as a
solution. (b) Carbon dioxide is introduced, resulting in a polarity change and
precipitation. (c) The dissolved components are extracted using pure supercritical
carbon dioxide and can be collected in a solvent trap (not pictured). (d) The
crystalline product can be recovered after depressurization.

We aimed to develop a method to enhance the enantiomeric purity of non-racemic mixtures of chlorinated mandelic acid derivatives (Fig. 2) based on their recrystallization by gas antisolvent
fractionation. Mandelic acid derivatives are often used as resolving
agents or intermediates in the pharmaceutical or agrochemical
industries to introduce stereoselectivity stereogenic centers in the
molecules.16–20 We also investigated the possible correlation
between the limits of enantiomeric enrichment observable in the
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Figure 2. The studied mandelic acid derivatives 2-chloromandelic acid 1, 3chloromandelic acid 2, 4-chloromandelic acid 3.

products’ ee – initial ee diagrams and the atmospheric melting point
phase diagrams in order to gain further understanding in the mechanism of the chiral discrimination.
2. Results and discussion
Melting point phase equilibria diagrams of 1 and 2 have already
been reported in the literature.21,22 DSC measurements were carried out to confirm the data obtained from the references. The
experimental phase equilibria diagram of 4-chloromandelic acid
was however not available in the literature, and only the melting
points and fusion enthalpies of the single enantiomers and of the
racemate have been published.23,24 Experimental and literature
data of atmospheric melting temperatures and fusion enthalpies
are summarized in Table 1. Our own experimental values were
used for the modelling of the melting point phase equilibrium
curves pictured in the upper sections of Figs. 3–5.
To model the phase equilibrium behavior of the acids, the Prigogin–Defay Eq. (1) was used at ee values lower than the eutectic
ee and the Schröder–van-Laar Eq. (2) was used at ee values higher
than the eutectic ee of the corresponding acid.22

ln½4  X R  ð1  X R Þ ¼

ln X R ¼



2  DHrac
1
1


T rac T
R

ð1Þ



DH R
1 1


TR T
R

ð2Þ

where XR denotes the molar fraction of the (R)-enantiomer. DHrac
and DHR stand for the fusion enthalpy of the racemic and the enantiopure compounds respectively. T denotes the melting point in K.
Trac and TR represent the melting points of the racemic and the
enantiopure (R) compound respectively, in K units. R is the universal gas constant. Although the calculations were carried out using
the molar fractions of the enantiopure acid, the obtained models
were plotted against the enantiomeric excess, in order to achieve
a similar scaling with the ee0–ee1 diagrams.
In the cases of 1 and 2, the phase diagrams calculated based on
our measurements are in good agreement with those obtained
from the literature. In case of 1, the measured points were also
Table 1
Melting temperature and fusion enthalpy data of racemic and enantiopure 1, 2, and 3.
Indices rac and R refer to racemic and enantiopure, respectively.
Compound

1

2

3

Measured data
Trac [K]
TR [K]
DHrac [J/mol]
DHR [J/mol]

362
393
21,588
24,033

387
378
24,609
23,251

393
393
25,749
21,345

39021
37921
27,98021
26,24021

39324; 39423
39324; 39423
16,20024; 27,20023
27,10024; 23,00023

Data obtained from the literature
Trac [K]
36322
TR [K]
39222
DHrac [J/mol]
23,13722
DHR [J/mol]
24,94722
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dioxide ratio. Typical effects of the operational parameters can be
found in the literature.27 Based on the preliminary experiments,
16 MPa pressure 40 °C temperature, a carbon dioxide to acetonitrile mass ratio of approx. 80 in case of 2 and 3 and 200 in case
of 1 were selected. Near saturation solutions of the organic acids
in the organic solvent were used in the detailed investigation of
the enantiomeric enrichment. After adding the carbon dioxide
antisolvent and the extraction phase a solid precipitate was recovered, called raffinate. The average raffinate yield was set by selecting the above conditions in all three cases approximately to 50%.
Yields were calculated as recovered mass over the total mass of
the starting material.
The results of the gas antisolvent fractionation experiments are
shown in the lower sections of Figs. 3–5. The dashed lines drawn are
only to guide the eye. In all three diagrams non-ideal behavior is
observed, showing an intersection of the enantiomeric excess
curves of raffinates (precipitated solids), extracts and the ee = ee0
line. We call these intersections limiting composition, being analogous to azeotropic compositions of binary liquid–vapor equilibrium
curves. However, it must be noted, that the enantiomeric excesses
plotted in these diagrams are not compositions of phases in

Figure 3. Melting point phase equilibrium diagram (upper) and ee0–ee1 diagram
(lower) of 1 (2-chloromandelic acid). (A) Phase equilibrium curve modelled based
on measured data. (B) Phase equilibrium curve from literature Ref. 22. (C) Eutectic
melting points.22 (D) Melting points.22 (a) Crystalline raffinates. (b) Extracts.

published in a tabular form, making it possible to present them in
Fig. 3.22 Although the reference cited for 2 only contains the measurement points as a diagram, the model was in excellent agreement with the measured eutectic melting points and melting
points.21 The calculation of the eutectic composition of the enantiomeric mixture of 3 is in good accordance with the measured
points, but there is only a fairly good fitting to the measured points
of the liquid curve. Furthermore, the eutectic melting point temperature could not be accurately predicted by the model. A possible reason is that the melting point of the racemate and that of
the pure enantiomer are very close being a quite unusual behavior
of racemic compounds.
It is known that 1 can be produced in a conglomerate form
either by using additives or by applying freeze drying as a crystallization method.25,26 Therefore the crystal structures of the used 2chloromandelic acid (both the racemate and the pure enantiomer)
and the products of the gas antisolvent recrystallization were
investigated using powder X-ray diffraction. Observing the comparison of the diffractograms in the Supplementary data, we concluded that among the circumstances of the gas antisolvent
fractionation process, 1 behaves as a racemic compound.
In order to develop a suitable method for the fast and efficient
precipitation of a certain ratio of the dissolved enantiomeric mixture, the solubility of the studied compounds should be tested as
a function of pressure, temperature and organic solvent to carbon

Figure 4. Melting point phase equilibrium diagram (upper) and ee0–ee1 diagram
(lower) of 2 (3-chloromandelic acid). (A) Phase equilibrium curve modelled based
on measured data. (B) Phase equilibrium curve from literature Ref. 21.
(a) Crystalline raffinates. (b) Extracts.
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short time that could promote the domination of kinetic effects.
However, recently analogous observations were found for crystallization habits in supercritical antisolvent systems.28
Atmospheric experiments were also carried out using hexane
as an antisolvent, a solvent with the closest polarity and solvent
power to those of supercritical carbon dioxide. In the cases of 1
and 2, no precipitation was observed after the addition of over
100 mL of hexane to the almost saturated acetonitrile solutions
(1 mL in case of 2 and 3; 0.4 mL in case of 1) of the racemic materials. Although 3 (4-chloromandelic acid) precipitated, no enantiomeric enrichment was observed.
3. Conclusion
Gas antisolvent fractionation using supercritical carbon dioxide
is an efficient novel method for enantiomeric enrichment. The
composition limiting the enantiomeric purification of the nonracemic mixtures of the 2-, or 3- or 4-chloromandelic acids correlates strongly to the relevant atmospheric melting eutectic enantiomeric composition. Despite the very large oversaturation in a
very short time being an inherent condition at gas antisolvent fractionation, the composition of the phases obtained during the gas
antisolvent fractionation is determined by an equilibrium. Atmospheric antisolvent precipitations in contrast only resulted in a
crystalline product in one case and failed to enhance the enantiomeric purity of the non-racemic mixture.
4. Experimental
4.1. Materials

Figure 5. Melting point phase equilibrium diagram (upper) and ee0–ee1 diagram
(lower) of 3 (4-chloromandelic acid). (A) Phase equilibrium curve modelled based
on measured data. (B) Eutectic melting points. (C) Melting points. (a) Crystalline
raffinates. (b) Extracts.

equilibrium, but initial and product enantiomeric excess values.
From a non-racemic mixture of any of the three acids, a crystalline
raffinate and an extract [represented in Figs. 3–5 as a) square and b)
dot, respectively] can be produced with different enantiomeric
purities from each other and from the starting material as well if
the initial ee is not equal to the limiting composition. This indicates
the occurrence of self-disproportionation of enantiomers under the
circumstances of the fluid–solid phase transition occurring during
gas antisolvent fractionation. The limiting compositions show
strong correlations to the atmospheric melting eutectic compositions of the enantiomeric mixtures (compare upper and lower diagrams in Figs. 3–5). At enantiomeric purities lower than the limiting
ee, the extract is enantiomerically enriched while the composition
of the raffinate gets closer to racemic. At initial ee-s exceeding the
enantiomeric purity of the eutectic point it is the crystalline raffinate being enriched in the pure [in this case (R)] enantiomer.
The behavior observed at the two sides of the limiting composition is very similar to that observed in the case of slow, atmospherical experiments conducted on thermodynamically
controlled systems.5 This behavior suggests that the compositions
of the separated products are dominated by an equilibrium. This
result is counter-intuitive because under the circumstances of
gas antisolvent fractionation, a high oversaturation occurs in a very

Carbon dioxide (purity > 99.9%) used in the experiments was
purchased from Linde Gas Hungary Co. Cltd. and used after distillation. Enantiopure (R)-2-chloromandelic acid (CAS 52950-18-2),
racemic 3-chloromandelic acid (CAS 16273-37-3; purity > 97%),
racemic 4-chloromandelic acid (CAS 7138-34-3) and (R)-4-chloromandelic acid (CAS 32189-36-9) (purities over 98%) were purchased from TCI Co. Ltd. Racemic 2-chloromandelic acid (CAS
10421-85-9; purity > 98%) and enantiopure (R)-3-chloromandelic
acid (CAS 61008-98-8; purity > 97%) were purchased from
Sigma–Aldrich Co. LLC. Acetonitrile (purity > 99%) used as a co-solvent was bought from Reanal Private Ltd. Methanol used in the solvent traps and n-hexane used in the atmospheric experiments
were purchased from Molar Chemicals Ltd (purities > 99%).
4.2. Gas antisolvent fractionation as a method of enantiomeric
enrichment
The experimental procedure was very similar for all three mandelic acid derivatives. The desired enantiomeric mixtures of the
acids were prepared by physically mixing the pure enantiomer
and the racemic form. The mixture was then dissolved in acetonitrile at room temperature to create an almost saturated solution. In
the case of 2-chloromandelic acid, the concentration of the solution was 500 mg/mL, while in the cases of 3- and 4-chloromandelic
acids it was 200 mg/mL.
A solution containing approx. 100 mg of the acid investigated
was added to a 37 mL laboratory autoclave that was described in
a previous communication.29 The autoclave was kept at 40 °C and
pressurized with a known amount of supercritical carbon dioxide
using a Teledyne ISCO 260D syringe pump to 16 MPa. After 1 h of
stirring, an extraction step was carried out with carbon dioxide at
16 MPa and 40 °C (100 mL). The total amount of carbon dioxide
used in this step was equivalent to 3 times the volume of the
laboratory autoclave. Solid particles were held in the reactor using
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a filter and the dissolved, extracted amount of acid was collected in
a methanol trap. The trap is not needed in a scaled-up equipment,
as in a larger scale a separator based on pressure reduction is sufficient. After switching off the stirring, the reactor was depressurized.
The white crystalline product in the reactor was collected, then its
residue was dissolved, collected and dried. The extract was collected by evaporating the solvent from the trap after rinsing the
outlet valve and tubing of the reactor with methanol.
4.3. Atmospheric precipitation
As a reference, atmospheric precipitation experiments were also
carried out. Almost saturated acetonitrile solutions of approx.
200 mg of the racemic acids were filled in glass flasks and tempered
at 40 °C. Then, maintaining constant temperature n-hexane was
slowly added until precipitation of the acid was visually observable.
Only 4-chloromandelic acid showed precipitation. Thus, recrystallization of a 40% ee 4-chloromandelic acid (R)-enriched enantiomeric mixture was carried out using 100 mL of n-hexane. The
crystalline product was filtered and washed with 5 mL of n-hexane.
The solvent from the mother liquor was evaporated.
4.4. Capillary electrophoresis
Samples obtained from the gas antisolvent and atmospherical
experiments, as well as starting materials were analyzed on an Agilent 7100 capillary electrophoresis equipment fitted with a 50 cm
long polyimide-covered uncoated silica capillary. Experiments were
performed in a pH 9, 50 mM borate buffer. Peaks were detected
using a DAD detector, with a detection wavelength of 200 nm and
a reference wavelength of 320 nm. Measurements were carried
out at 25 °C with 20 kV voltage applied to the column. To achieve
chiral separation, 10 mM of an amino-substituted b-cyclodextrin
named 6-Monodeoxy-6-monoamino-beta-cyclodextrin hydrochloride (product of Cyclolab Ltd) was used as chiral selector.
4.5. Melting point measurements
The melting point phase diagrams of the acids were recorded
using a TA Instruments 2920 Modulated DSC equipment. Roughly
3 mg sample was filled in an aluminum crucible and sealed. Heating was performed with a rate of 5 °C/min up to 50 °C, then with a
rate of 2 °C/min up to 150 °C.
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Abstract
Micronization processes involving supercritical carbon dioxide are rapid methods to produce fine particles. They also might offer the
possibility of using less organic solvent than conventional crystallization methods leading to an environmentally friendlier processing.
The separation capabilities of such processes are now demonstrated on the diastereomeric resolution of mandelic acid using
(R)-1-phenylethanamine as a resolving agent, utilizing the batch type gas antisolvent fractionation as the separation method. A detailed
study was conducted on the effects of the operational parameters pressure (12-20 MPa), temperature (35-55 °C) and co-solvent
concentration (33-99 mg/ml). At 12 MPa, 35 °C and 99 mg/ml methanol concentration, a selectivity of 0.52 and a diastereomeric
excess of 62% was reached. The same operational parameters were applied during the investigation of the recrystallization-based
further purification of the diastereomeric salts, applying the resolving agent in molar equivalent quantity to a non-racemic mixture
of mandelic acid. It has been found that the more stable (R)-1-phenylethylammonium-(R)-mandelate salt can be purified to de>98%
through four additional recrystallization steps following the initial, half-molar equivalent resolution step.
Keywords
supercritical carbon dioxide, optical resolution, enantiomer, chiral, recrystallization

1 Introduction
Separation techniques involved in almost every chemical
manufacturing process are often solvent- and energy-intensive. For example, traditional crystallization (or recrystallization) processes often use large amounts of organic
solvents, while having the product contaminated by traces
of the mother liquor is still a problem to be addressed these
days. The use of supercritical carbon dioxide in separation
processes such as extraction can result in products of very
high purity. However, the higher cost and safety requirements of such unit operations make their use typically
only reasonable in case of products with a higher added
value. [1] Similarly, antisolvent processes carried out using
supercritical carbon dioxide are not yet widely applied in
the industry, but they are intensively researched crystallization methods offering solvent-free, highly crystalline
products in the (maximum) micrometer particle size range
or even micronized composites having special properties.
[2–5] The possibility to decrease the amount of the organic
solvents used makes them environmentally friendly.

In the batch type gas antisolvent precipitation process a
nearly saturated solution of the target compound is filled
into an autoclave (Fig. 1 a) and pressurized with supercritical carbon dioxide. The organic solvent is chosen to
be polar enough to dissolve the material to be precipitated
but also to be able to form a homogenous phase mixture
with supercritical carbon dioxide. During the formation of
the above-mentioned mixture, the polarity of the solvent
drops significantly thus the solubility of polar components
is sharply decreased too. These effects allow the dissolved
material to form solid (mostly highly crystalline) particles (Fig. 1 b). However, the organic solvent is still present
in the high-pressure precipitation vessel, so an extractive
washing step has to be applied using pure supercritical
carbon dioxide (Fig. 1 c). After depressurization a visibly
dry, powderous product can be collected (Fig. 1 d) having
an excellent purity. Antisolvent processes (mostly scaled
up variants like the semi-continuous supercritical antisolvent precipitation) allow controlling the main particle size
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d)

Fig. 1 A stepwise, schematic explanation of the gas antisolvent
fractionation process a) The organic solution of the compound to be
precipitated is filled into the high-pressure vessel. b) Supercritical
carbon dioxide is added, precipitation happens due to the polarity
change of the solvent mixture. c) The undesired components and the
organic solvent are extracted using pure supercritical carbon dioxide.

and achieving a very narrow particle size distribution. [2]
Operational parameters (i.e. pressure (p [MPa]), temperature (T [°C]) and organic solvent concentration (cs [mg/
ml]) can be set to keep a certain fraction of a multi-component starting mixture dissolved in the organic solvent-carbon dioxide mixture and to be later extracted by the carbon dioxide stream. The general effects of the mentioned
parameters on the solubility of other compounds in supercritical carbon dioxide are available in the literature. [6]
When besides precipitation it is also important to
achieve selective separation, the technique is called gas
antisolvent fractionation (GASF) (but other names can
also be found in the literature like for example gas antisolvent extraction [7–9] etc.) and can be used as a simultaneous fractionation and micronization method.
Chiral compounds, the enantiomers of which often
exhibit very different biological effects, are extensively
used in various sectors of the chemical industry. The
production of enantiomerically pure chemicals is still
an intensively researched area. There are only very few
methods yielding enantiopure compounds in one single
step (e.g. highly selective asymmetric syntheses), thus
it is necessary to find new ways of producing optically
active compounds and to purify the non-racemic mixtures obtained in for example moderately stereoselective
syntheses. A traditional yet still often applied method of
enantiomeric separation is diastereomeric resolution. In
case of chiral carboxylic acids and bases an appropriate resolving agent of the opposite chemical character is
added and the forming diastereomeric salts can be separated by crystallization. It is well known that the application of half molar equivalent of resolving agent is the most
efficient way to resolve racemates, while the recrystallization of the forming diastereomers is a straightforward
procedure of diastereomeric further purification. [10, 11]
It was discovered that the maximum optical purity that

can be reached in a single resolution step correlates to the
melting point eutectic composition of the racemate or the
resolving agent, depending on which one is higher. [12] A
limit corresponding to the melting point eutectic composition was also found in the recrystallization-based further purification of enantiomeric mixtures under atmospheric conditions. [11]
Certain types of supercritical carbon dioxide-involving processes for optical resolution have already been
published. Supercritical carbon dioxide can be used as an
extraction solvent [13–16], a reaction medium [17] or an
antisolvent [18–20] as well. 98% or higher enantiomeric
excess values were achieved in certain cases only. [20–22]
However, there is only limited information available on
the applicability of antisolvent processes for the further
purification by the antisolvent recrystallization of diastereomeric mixtures. [20, 23]
Mandelic acid is often used as a model molecule in
investigations targeting chiral separation. [24–28] It is a
frequently applied resolving agent itself. The diastereomeric salt of mandelic acid and (R)-1-phenylethanamine
has already been the subject of resolution experiments
with gas antisolvent precipitation from a dimethyl-sulphoxide – ethyl-acetate mixture, by half-equivalent, equivalent methods as well and by in situ salt formation too.
In a system very similar to that presented above, Martín
and Cocero achieved selectivity values ranging between
0.21 and 0.46 while the highest de achieved was 52%. The
results of Martín and Cocero were recalculated based on
the total mass and component balance equations to match
our calculation methods. In the cited paper effects of operational parameters were slightly addressed, and no further
purification was performed. [19]
Our aim is to show the effects of the operational
parameters (i.e. pressure (p [MPa]), temperature (T [°C])
and organic solvent concentration (cs [mg/ml]) in depth
on the optical resolution of mandelic acid with (R)-1phenylethanamine carried out using GASF as a separation
method. Furthermore, the possibility of the further purification of the diastereomeric mixture is presented as well
without liberating the acid from the diastereomeric salt,
only by recrystallizing the latter.
2 Materials and Methods
2.1 Materials
Racemic mandelic acid (CAS 90-64-2; purity >99%) and
both enantiopure (R)-(–)-mandelic acid (CAS 611-71-2;
purity >99%) and (S)-mandelic acid (CAS 17199-29-0;
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purity >99%) were purchased from Sigma-Aldrich. (R)-1Phenylethanamine (CAS 3886-69-9, purity >99%) was
purchased from Merck. Carbon dioxide (purity >99.9%)
used as an antisolvent was bought from Linde Gas
Hungary and was used freshly distilled in our experiments. Methanol used both as an organic solvent to dissolve initial samples and as a trapping solvent was bought
from Merck (purity >99.9%). Ethyl-acetate (purity
>99.5%) was purchased from Merck, while dimethyl-sulphoxide (purity >99.9%) was obtained from Molar
Chemicals.
2.2 General description of the GASF experiments
GASF experiments were carried out in a laboratory scale
(37 ml) autoclave (Fig. 2). First, 100 mg of the enantiomeric mixture of mandelic acid was measured into a
glass vial. This was either racemic, or a scalemic mixture of a desired ee, produced by mixing racemic and
enantiomeric mandelic acid physically. Then enantiomerically pure (R)-1-phenylethanamine was added. Half
molar equivalent of the (R)-amine (39.8 mg) was used in
the experiments aiming the investigation of the influence
of the operational parameters and a molar equivalent of
the enantiopure amine (79.6 mg) was used in the further
purification studies. Then, the mixture was dissolved in
methanol and the homogenous solution was filled into the
tempered laboratory autoclave. The quantity of methanol used was determined by mass in order to calculate
its concentration in the autoclave. After assembling the
high-pressure reactor it was filled with supercritical carbon dioxide to reach the desired pressure. The tempered
syringe pump used to pressurize the reactor allowed us to
determine the quantity of CO2 filled into the high pressure
vessel. Pressurization was followed by 1-hour-long stirring and equilibration. Afterwards the reactor was washed
with pure carbon dioxide, using a total volume of CO2
corresponding to approx. 3 times the volume of the reactor. In this step both the organic solvent and the dissolved
components (mandelic acid and/or salt) were extracted
and collected in a solvent trap. Solid particles were kept
from being dragged out by a filter. After depressurization, a visibly crystalline, white material was collected
from the reactor, which is referred to as the raffinate. The
extract was collected by evaporation of the solvent from
the trap. Starting materials and products were analyzed
using chiral capillary electrophoresis, powder X-ray diffraction and scanning electron microscopy.

1. 2.

8.

7.

10.
9.

3. 4.
5.

6. 11.

Fig. 2 A non-proportional, schematic depiction of the laboratory
autoclave. 1. Teledyne ISCO 260D syringe pump; 2. Regulator valve
of carbon dioxide inlet; 3. Tubing towards the bottom of the reactor
serving a more thorough mixing; 4. Magnetic stirrer; 5. Magnetic
motor; 6. Thermosetting jacket operating with water; 7. Pressure
transducer and digital manometer; 8. Thermocouple; 9. Metallic filter
(2 μm pore diameter); 10. Regulator valve of the outlet stream;
11. Solvent trap filled with methanol

2.3 Capillary electrophoresis measurements
Chiral capillary electrophoresis measurements were carried out to determine the diastereomeric (enantiomeric)
composition of the products. The composition of initial
enantiomeric mixtures of the further purification experiments was also confirmed. Measurements were carried
out on an Agilent 7100 electropherometer fitted with a
50 cm long polyimide-covered uncoated silica capillary
and a DAD detector, at 25 °C and with 20 kV applied to the
column. pH 9 was ensured using a 50 mM borate buffer.
Peaks were detected at 200 nm and a reference wavelength
of 320 nm was used. The chiral selector added to the buffer was 6-monodeoxy-6-monoamino-beta-cyclodextrin
hydrochloride, a product of Cyclolab Ltd.
2.4 Powder X-ray diffraction and scanning electron
microscopy
Powder X-ray diffraction investigations were done on a
PANalytical X'pert Pro diffractometer. It is equipped with
an X'celerator detector. The wavelength of the X-ray was
1.5408 Å (Cu Kα) and 40 kV and 30 mA were applied
to the X-ray tube. Scanning was performed between the
2Θ angles of 4 and 46°, with a total scanning time of
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10 minutes. The results of the powder X-ray diffraction
measurements are discussed in the supplement.
Scanning electron microscopy investigations were carried out on a JEOL JSM 5500-LV electron microscope,
using a secondary electron detector, and applying 20 kV
accelerating voltage, in order to estimate the range of the
particle size. Sample images can be found in the supplement. In order to make the surface of the samples conductive, an approximately 10 nm thick Au-Pd coating was
applied.
2.5 Evaluation and calculation methods
Crystalline (i.e. raffinate) samples were characterized by
their diastereomeric composition and their quantity. The
diastereomeric purity can be described with Eq. (1).
der = eeacid =

AR − As 				
AR + As

(1)

The salts of mandelic acid and 1-phenylethanamine dissociate under the conditions of the capillary electrophoresis measurements, thus the acid and the base are detected
separately. Therefore the diastereomeric excess (de) value
of the products equals the average enantiomeric excess
of the acid found in the sample. In Eq. (1) A denotes the
peak areas of the enantiomers, while indices R and S stand
for the enantiomers of mandelic acid. The peak area of
1-phenylethanamine is not used in the calculation.
Raffinate yields (Yr ) were calculated using Eq. (2).
Yr =

				
mr
(2)
mb + MR ⋅ ma

MR stands for the molar ratio between the base (resolving
agent) and the acid, m denotes mass, while indices r, b and
a stand for “raffinate”, “base” and “acid” respectively. In
the denominator of the equation the maximal mass of the
raffinate is calculated assuming a 100% conversion of the
salt-forming reaction. Thus, during the calculation of the
theoretical maximum of the raffinate mass, the diastereomeric salts are both assumed insoluble in the carbon dioxide-organic solvent mixture while the acid remaining free
is assumed to be completely extracted. Obviously neither
of these assumptions can be true (e.g. the <100% yields of
further purification experiments) but this equation gives
a standardized and well comparable reference in case of
both half molar equivalent resolution experiments and further purification studies. It must be noted however, that the
two types of experiments cannot be compared based on
their yields calculated using Eq. (2).

By multiplying the two quantities defined above we get
the selectivity (Sr ; Eq. (3)), a value characterizing the resolution efficiency, applicable in case of experiments starting from a racemate.
S r = Yr ⋅ der 					 (3)
A similar value used in case of further purification
experiments is the efficiency of diastereomeric enrichment (EDE; Eq. (4)). In the denominator dei denotes
the diastereomeric excess of the initial sample before
recrystallization.
de 					
EDE = Yr ⋅ r
(4)
dei
3 Results and Discussion
The aim of our research work was to conduct experiments
throughout the whole chiral resolution process, starting
with racemic mandelic acid and ending with discussing
a new method of producing its enantiopure form applying
GASF as the separation method. This involves performing chiral resolution of mandelic acid using the resolving
agent (R)-1-phenylethanamine in half molar equivalent
quantity, then studying the possibility of further purification applying the resolving agent in molar equivalent
quantity (Fig. 3). Starting from non-racemic mandelic
acid, the latter simulates the recrystallization of diastereomeric salts obtained from an initial resolution.
Sadly we could not reproduce the results of Martín and
Cocero [19] because of some differences in the equipments used in the two laboratories. Namely, the autoclave
described in the cited article has its filter attached at the
bottom, allowing to drive out the residue of the organic
solvent even if there are an expanded organic solvent and a
fluid phase as well above the precipitate. Our autoclave has
the filter attached to the top which makes it necessary to
form a homogenous, single fluid phase over the precipitate
in order to extract the organic solvent. Thus, experiments
were conducted using a different solvent (methanol).
3.1 Resolution of racemic mandelic acid
Parametric optimization was carried out in the ranges of
pressure (p; 12-20 MPa), temperature (T; 35-55 °C) and
organic solvent concentration (cs ; 33-99 mg/ml) provided
by the experimental equipment. A 23 full factorial experimental design was carried out to describe the parametric
effects and choose an appropriate combination of them for
the further purification of the diastereomeric salts (Table 1).
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Fig. 3 The reaction scheme of the resolution carried out with half molar
equivalent resolving agent and that of the later recrystallization of the
diastereomeric salt
Table 1 A list of the half-molar equivalent resolution experiments
carried out during the parametric optimization. *The experiment
resulted in a wet raffinate and no chiral discrimination.
p
[MPa]

T
[°C]

cs
[mg/ml]

Yr
[%]

der
[%]

Sr
[−]

Original 23 experimental design
16

45

66

79.2

60.0

0.48

16

45

66

75.8

58.2

0.44

16

45

66

79.0

59.6

0.47

12

35

33

95.0

42.0

0.40

12

35

99

82.7

62.4

0.52

*12

55

33

119.4

11.2

0.13

*12

55

99

109.7

0.4

0.004

20

35

33

93.9

48.0

0.45

20

35

99

71.4

66.8

0.48

20

55

33

100.7

48.0

0.48

20

55

99

48.7

64.2

0.31

Additional experiments
12

37

99

57.9

63.2

0.37

12

40

99

57.9

57.4

0.33

*12

45

99

117.0

0.2

0.002

Three repetitions were performed in the centrum (at
16 MPa, 45 °C and 66 mg/ml methanol concentration).
In optical resolution processes it is mostly the crystalline
product that is collected and purified, so we also focused
on the properties of the raffinate (i.e. yield, diastereomeric
purity and selectivity). Results were evaluated using the
software Statistica (version 13.0).
At 12 MPa and 55 °C (at both solvent concentrations),
the crystalline product was visibly wet after the standardized washing step and showed no chiral discrimination.
To determine the highest temperature that can be used at

12 MPa, three additional experiments were carried out at
12 MPa and 99 mg/ml methanol concentration (Table 1).
The der values obtained at 12 MPa and 99 mg/ml methanol concentration are plotted against the temperature in
Fig. 4. Between 35 °C and 40 °C, a slight decrease can
be observed in the der, while at 45 °C and 55 °C the raffinate showed no diastereomeric excess, implying a limit
in the application of the functions obtained with regression above 40 °C. At higher temperatures the raffinate also
seemed to contain some of the initial solvent.
This is likely to be the effect of the fluid phase over the
precipitate being non-homogeneous. The reason is supposedly the increased critical pressure of the multicomponent mixture compared to the methanol – CO2 binary mixture having a critical pressure estimated in the range 9.5
to 11 MPa at the temperature range of the current study.
[29, 30] If there are three phases, the extraction cannot be
carried out effectively.
The statistical evaluation also confirmed our suspicion
as the measurement points at 12 MPa and 55 °C showed
a critical (irregular) behavior. The response function contains discontinuity. The continuous part which contains
the remaining points and the additional experiments in
Table 1 is to be described using a regression method, as
the advantageous properties of usual designs are not applicable. The detailed description of the regression method is
presented in the supplement.
The surface fitted to the diastereomeric excess of the
raffinates (der ) is shown in Fig. 5.
The fitted surface suggests that an increase in pressure
results a slight increase in the diastereomeric excess of the
crystalline product, while the organic solvent concentration has an optimum value between 90 and 99 mg/ml.
The experiment resulting in the highest raffinate de
(66%) was conducted at 20 MPa, 35 °C and 99 mg/ml of
methanol concentration, but a slightly higher selectivity
(0.52) was achieved at 12 MPa, 35 °C and 99 mg/ml despite
the lower diastereomeric excess (62%) due to the higher
yield (83%). According to the SEM images presented in the
supplement, the raffinate obtained at 12 MPa, 35 °C and
99 mg/ml methanol concentration contained sheet-like crystals with widths ranging from 2 µm to 25 µm and lengths
between approximately 20 µm and 140 µm. Although the
further purification of the diastereomeric salt could be best
observable using the parameters resulting in the highest
purity, from a technological point of view it could be beneficial to apply milder conditions because of the lower risk
of high pressure and the lower CO2 consumption.
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Fig. 4 The effect of temperature on the diastereomeric excess at 12 MPa
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The purification results are presented in Fig. 6. Five repetitions were carried out with an initial diastereomeric excess
of 0. The margin of error represents the standard deviation
of these measurements. The dashed curve is not the result
of a mathematical fitting, it is just a guide for the eye.
The diagram demonstrates that the more stable
(R)-phenylethylammonium-(R)-mandelate salt can be purified using GASF as a method of recrystallization. The diagram can be used in a similar way to equilibrium curves in
distillation: by constructing steps from the initial composition towards the aimed one, it is possible to estimate the
number of recrystallization processes needed. However, it
is important to notice that in this case, the compositions of
initial materials and actual products are shown in the diagram and not the compositions of phases in equilibrium.
The steps constructed in the diagram of Fig. 6 (dotted line)
show a purification process initiated by a resolution step
using half molar equivalent of the resolving agent.
The efficiency of diastereomeric enrichment (EDE;
Eq. (4)) describes the further purification both in terms of
yield and purification rate: the higher, the better. Fig. 7 shows
a minimum between 20 and 80% initial de. At de0=20%, the
ratio of the diastereomeric excesses is large, while at 80%
the high yield is what causes the high EDE values. The high
yield can be explained by the larger amount of the more
stable (less soluble) salt in the initial mixture.
100

Fig. 5 The diastereomeric excess of the raffinates plotted against the
organic solvent concentration and pressure at 40 °C

80
60
40
20
de1 [%]

A comparison can be made with the experiments of
Martín and Cocero [19] to the results presented in this
paper. Although the raffinate yields of our experiments
fall back compared to those mentioned in the cited paper,
the higher der values are responsible for the often higher
selectivity results. Besides the more efficient and selective
extraction step, methanol is more convenient to use than
the mixture of ethyl-acetate and DMSO.

0
-20
-40
-60
-80

3.2 Purification of the obtained diastereomeric
mixtures
As it is not possible to achieve an enantiopure product in
a single resolution step, purification of the obtained diastereomeric salts is necessary. Results of recrystallization by the GASF method were investigated in detail at
12 MPa, 35 °C, and 99 mg/ml methanol concentration
and salts of different initial diastereomeric excess values.

-100

-100

RS-salt

-80
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100
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B

Fig. 6 Diastereomeric enrichment (initial de – raffinate de) diagram of
the 1-phenylethylammonium-mandelate salts. A) Further purification
results by GASF; B) Best resolution result using half molar equivalent
of (R)-1-phenylethylamine

et al.
136|Kőrösi
Period. Polytech. Chem. Eng., 63(1), pp. 130–137, 2019

4 Conclusions
Gas antisolvent fractionation is demonstrated to be an
effective method of both chiral resolution and recrystallization-based enrichment of diastereomeric mixtures. The
effects of the operational parameters (pressure, temperature, organic solvent concentration) have been studied
using the mandelic acid (R)-1-phenylethanamine system.
Using half molar equivalent of the resolving agent, dissolved mandelic acid was separated from the diastereomeric salt of low solubility, resulting in a selectivity value
of approx. 0.52 (at 12 MPa, 35 °C and 99 mg/ml methanol concentration). Recrystallization-based diastereomeric enrichment was carried out. In this case, separation
is based on the different solubility of the diastereomeric
salts. The recorded product de – initial de diagram allows
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ABSTRACT

Keywords:
Eutectic
Enantiomer
Melting point depression
Fusion enthalpy
Schröder–van Laar. equation

Chiral molecules pose great research potential related to their wide applications in various industries due to the
different biological effects of enantiomers. Chiral temperature-composition (melting) phase diagrams are widely
available for atmospheric pressure, and those are frequently applied to predict the maximal efficiency of enantioseparation. However, self-disproportionation of enantiomers has already been observed in gas antisolvent
fractionation as well. Here, we present the first chiral temperature-composition phase diagrams under carbon
dioxide pressure. Chiral temperature-composition phase diagrams of 2-, 3- and 4-chloromandelic acids were
determined experimentally. High pressure differential scanning calorimetry and the visual first and last melting
point method were used simultaneously to determine the temperature-composition phase diagrams of the
compounds. Results were compared to the atmospheric phase diagrams. At 16 and 20 MPa pressures modest
melting point depressions of 10−18 °C were observed for any enantiomeric compositions, while the eutectic
composition remained practically unaffected. The Schröder–van Laar and Prigogine–Defay equations, widely
accepted for the prediction of atmospheric temperature-composition phase diagrams of enantiomeric mixtures,
were proved to be applicable also in the presence of a soluble pressurized gas.
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1. Introduction

(invariant solidus line) and the second corresponds to the end of the
dissolution process (liquidus curve). Under atmospheric conditions,
thermodynamically controlled systems of racemic compounds showed a
limit in the enantiomeric enrichment via recrystallization [8]. A typical
example for the outcome of such a process is depicted in the lower part
of Fig. 1. This diagram shows the composition of the crystalline products as a function of the initial composition (or enantiomeric excess).
The composition at which the aforementioned limitation – the intersection of the curve and the diagonal of the diagram – was observed,
was very similar to the melting eutectic compositions observable on the
chiral temperature-composition phase diagrams of the same materials.
Depending on the initial purity being lower or higher than the limiting
composition, either the mother liquor or the crystalline product gets
enriched in the major enantiomer.
At ambient pressure, the Schröder–van Laar (Eq. (1)) and Prigogine–Defay Eq. (2) equations are commonly used to model the melting
phase behavior of enantiomeric mixtures [11]. However, the application of these relatively simple equations to predict the melting point of
a mixture of a given composition under high-pressure has not been
demonstrated before.

Chiral compounds and the possibility of producing enantiomeric
molecules in their pure forms are hot topics of research since Pasteur
carried out the first enantioseparation. The mirror-image forms of chiral
molecules often bear different biological and pharmacological effects.
These range from just different sense-perceptions [1] all the way to
severe side-effects in medicines [2]. Enantiopure molecules have found
a large market in the chemical, food, fragrance and pharmaceutical
industries and thus are able to maintain their strong potential in research as well. Many ways are known to produce enantiopure compounds from stereoselective syntheses to chromatographic separations.
A scalemic mixture contains the two mirror image isomers of a
molecule (i.e. the enantiomers) in a non-equal quantity. When working
with scalemic mixtures we must think about the phenomenon of selfdisproportionation of enantiomers (SDE), which might be advantageous
or disadvantageous for the certain process [3–7]. Fractionated crystallization of scalemic mixtures or diastereomers is still a simple and
popular option, often based on the SDE phenomenon. Interactions
among the molecules (and thus the melting behavior of the compounds)
can significantly influence or determine the outcome. An earlier work
of Faigl et al [8]. provides an excellent summary of such effects. When
interactions between the same enantiomers of a molecule are stronger
than those between the different antipodes, the substance is called a
conglomerate forming compound. In this case, there is only one
minimum in the temperature-composition phase diagram of the compounds, at the racemic composition. Repeated recrystallizations of a
non-racemate theoretically results in an enantiopure compound. Induced crystallization based chiral resolution is also viable for conglomerates i.e. the butterfly crystallization technique [9]. Racemic
compounds behave differently. Their stronger heterochiral interactions
result in two minima – melting eutectics – in the phase diagrams, placed
symmetrically to the racemic composition (Fig. 1). In such a case, differential scanning calorimetric measurements show a single sharp endotherm signal – the melting – only for 5 compositions, namely the
racemate, the pure enantiomers and the two eutectic compositions. A
scalemic mixture of any other composition shows upon heating two
melting peaks if no solid solution is formed in the solid state between
the enantiomer and the pseudo-racemate [8,10]. The first endothermic
transformation corresponds to the eutectic melting temperature

lnXR =

HRf
1
Runiversal TR f

ln 4XR (1

XR ) =

Hracf

1
Tf

1
Runiversal Trac f

(1)

1
Tf

(2)

XR denotes the mole fraction of the major enantiomer, HRf and Hracf ,
both in J/mol units stand for the fusion enthalpies of the pure enantiomer and the racemate, respectively. Runiversal is the universal gas
constant, TRf and Tracf in K are the melting temperatures of the pure
enantiomer and the racemate, respectively. After reorganizing the
equations, the predicted melting temperature Tf in K can be calculated.
Eq. (2) is used to describe the melting behavior between XR = 0.5 and
the eutectic composition. Eq. (1) is applicable beyond the eutectic
composition towards the pure enantiomer. The melting eutectic itself
can be obtained as the intersection of the two. Melting point measurements (and prediction) are particularly interesting under supercritical carbon dioxide pressure because the depression in the melting
point has been associated with the high-pressure fluid dissolving in the
solid material or its melt [12–14]. We aimed to investigate whether the
Schröder–van Laar and Prigogine–Defay equations are able to describe
the melting behavior of enantiomeric mixtures under carbon dioxide
pressure.
There is a rare, third type of chiral compounds, enantiomers of
which form solid solutions. In such a case purification by just recrystallizing is not possible due to the very similar strength of homochiral and heterochiral interactions [8].
Supercritical carbon dioxide – a nowadays popular alternative solvent – has already been utilized in enantiomer separation. Using it as an
extraction solvent, a precipitative agent in antisolvent experiments and
applying supercritical carbon dioxide as a reaction medium all provided
remarkably high selectivity, often higher than conventional crystallization methods [15–20]. Enzymatic kinetic resolutions have also been
described [21–23]. The possibility of enhancing the enantiomeric
purity of chlorinated mandelic acids by recrystallization via gas

Fig. 1. Temperature-composition phase diagram and purification curve of a
racemic compound [8]. The phase diagram is symmetrical to the racemic
composition.

Fig. 2. The investigated chlorinated mandelic acid derivatives. a) (R)-2-chloromandelic acid; b) (R)-3-chloromandelic acid; c) (R)-4-chloromandelic acid.
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antisolvent fractionation was recently studied in details in our research
group [24,25]. Scalemic mixtures investigated in the current study
showed a very similar phenomenon to the one discussed above, having
a limiting composition correlating to the atmospheric melting eutectic
of the respective compound [24]. The intention of gaining a more indepth insight into the phenomena determining the enantiomeric enrichment turned our attention to measuring the melting properties of 2-,
3- and 4-chloromandelic acid (Fig. 2 a, b, c respectively) under carbon
dioxide pressure.
Soluble high-pressure gases (or supercritical fluids) like carbon dioxide are well known to reduce the melting (or glass transition) temperatures of plastics, ionic liquids and lipids, or even crystalline compounds [14,26–30]. In such cases, the depression in the melting point
caused by the high-pressure fluid dissolving in the solid matrix or its
melt overcomes the melting point increasing effect of the higher hydrostatic pressure [31]. Beyond a boundary, further pressure increase
may elevate the melting temperature – in case of compounds with a
right-leaning freezing curve, and when the effect of hydrostatic or
mechanic pressure is greater [14,32,33]. Various methods have been
developed from high-pressure transitiometry [14] through detecting
sudden changes in the pressure of an isochoric system on heating to
recognize the absorption of the gas upon melting [34] to the most
versatile visual methods [26,27,35,36]. There are two main approaches. In the first freezing point method either a homogenous
mixture or a mixture consisting of two phases (a liquid and a fluid
phase) is produced. Then it is gradually cooled until the formation of
the solid phase. [36] The first melting point method works the opposite
way [35]. A two phase system consisting of a solid and fluid phase is
gradually heated: the formation of the first liquid droplet marks the
melting point.
We aimed to gather specific information on the behavior of chiral
systems, in order to explore the differences caused by carbon dioxide
pressure in the binary temperature-composition phase diagrams of the
chosen chiral compounds. We compared the atmospheric and highpressure phase diagrams with special respect to the melting temperatures and the melting eutectic compositions of the chosen racemic
compounds. Furthermore, the applicability of the Schröder–van Laar
and Prigogine–Defay equations was examined in systems containing
high-pressure carbon dioxide. This knowledge could promote the use of
easily accessible atmospheric phase diagrams for the prediction of the
behavior of a specific resolution system in supercritical CO2-involving
separation processes.

ee =

CR CS
mR
=
CR + CS
mR + mrac

(3)

In the definition CR and CS denote the molar amounts or concentrations of the (R) or (S) enantiomers of one compound. As enantiomeric mixtures were prepared by mixing the racemate and the
pure enantiomer physically, the enantiomeric excess value (ee ) was
calculated using the mass of the pure enantiomer (mR ) and that of the
racemate (mrac ) in the samples.
2.2.2. Atmospheric DSC measurements
Atmospheric differential scanning calorimetry (DSC) was applied to
confirm the previously known phase diagrams of the compounds, many
of which are also available in the literature [11,24,37–39].
Measurements were conducted in a Setaram DSC I 31 EVO differential scanning calorimeter. Samples were filled into 30 μl aluminum
pans, which were then sealed. Measurements were carried out in a nitrogen atmosphere. The same temperature profile was used in case of
all three chloromandelic acids. The heating program started at 30 °C,
maintained for 5 min, followed by a ramp of 5 °C/min up to 50 °C. After
1 min, another ramp of 2 °C/min was used to determine the melting
points of the acids. Cooling was performed at a 10 °C/min rate with the
fan of the equipment switched on. Measurements of the pure enantiomers and the racemates were carried out.
Calibration results and raw measurement data of the heating phases
that were used in the evaluation are presented in the Supplement in
tabular form.
2.2.3. High pressure DSC measurements
The equipment used was a Setaram C80 Calvet Calorimeter coupled
with a high-pressure panel PMHP 1000-V2 equipped with a highpressure syringe pump.
Exactly known masses of the powderous samples (roughly
50−100 mg) were filled into a stainless steel sample holder which,
together with an empty reference, was placed in the calorimeter. Both
capsules were filled with supercritical carbon dioxide to the desired
pressure at room temperature using the syringe pump. The pump is also
used to keep constant pressure throughout the whole measurement
process.
The melting behavior of all of the three acids was studied using the
same temperature program. After a 3 h long stationary phase at 30 °C,
heating began with a rate of 0.1 °C/min. The highest temperature
achieved was 150 °C. It was maintained for 20 min, then a cooling phase
was started with the fan of the equipment switched on. After reaching

2. Experimental
2.1. Materials
Enantiopure (R)-2-chloromandelic acid (CAS 52950-18-2), racemic
3-chloromandelic acid (CAS 16273-37-3; purity > 97%), racemic 4chloromandelic acid (CAS 7138-34-3) and (R)-4-chloromandelic acid
(CAS 32189-36-9) (purities over 98%) were bought from TCI Co. Ltd.
Racemic 2-chloromandelic acid (CAS 10421-85-9; purity > 98%) and
enantiopure (R)-3-chloromandelic acid (CAS 61008-98-8; purity >
97%) were ordered from Sigma–Aldrich Co. LLC.
Carbon dioxide used in the experiments was purchased from Air
Liquide and had a purity ≥ 99.9 Vol%. Nitrogen used in the atmospheric DSC measurements was also purchased from Air Liquide with a
purity exceeding 99.5 Vol%. Nitrogen and argon used in the high
pressure experiments were purchased from Linde Gas Hungary and had
a purity over 99.996 Vol%.
2.2. Methods

Fig. 3. A schematic, cross sectional depiction of the view-cell used in the experiments. 1. High-pressure pump; 2. Valve regulating the rate of pressurization; 3. Sample placed in a glass sample holder in front of the movable piston of
the apparatus; 4. Pressure gauge; 5. Temperature regulator; 6. Temperature
transducer.

2.2.1. Calculation of the enantiomeric excess of the samples
Enantiomeric purity of the acid samples was calculated as showed in
Eq. (3).
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30 °C the fan was switched off.
The Supplement contains information about the calibration of the
equipment as well as the raw data of the heating phases of the scans.
Only the data obtained during these phases were evaluated.

Table 1
Melting data collected on the racemic and enantiopure acids and at their supposed eutectic composition. Tf denotes the melting temperature at the given
pressure while Hf marks the fusion enthalpy.
*In case of (RS)-3-mandelic
acid, two consecutive endothermic peaks were found on the DSC curves with a
smaller exothermic bump in between. This phenomenon could not be explained
fully, but it could be a sign of polymorphism, not shown in our experiments
under atmospheric conditions. In the evaluation of these curves, the fusion
enthalpy was considered as the integral on the whole temperature interval.
However, at 16 MPa, this phenomenon had only a very small influence on the
results presented below.

2.2.4. View cell investigation of the melting behavior
A high-pressure view cell (Pickel’s cell, New Ways of Analytics
GmbH.) was used in the experiments, a schematic depiction of which is
shown in Fig. 3. The high pressure vessel has two sapphire windows, so
the sample inside the cell can be illuminated and observed visually. The
cylindrical apparatus is sealed by a piston on one end. By moving this
piston, the volume of the cell can be increased or decreased. Pressure
can be then altered without changing the amount of material, its
composition or temperature in the view cell. Of course, maintaining
constant pressure under changing circumstances is also possible.
During the measurements, approximately 100 mg of crystalline
material was placed in a glass sample holder, which was then put into
the view cell. The sample was stacked up near the wall of the sample
holder that was facing the sapphire window of the view cell. It was
always filled so that some very thin regions would also be observable
hoping a more accurate determination of the first melting point. The
apparatus was closed and set to minimal volume. It was heated to 75 °C
in case of scalemic mixtures of 3- and 4-chloromandelic acids and 65 °C
in case of 2-chloromandelic acid. Video recording was started, then the
equipment was pressurized with carbon dioxide using a high pressure
pump. Pressure was elevated slowly in order to maintain constant
temperature and to avoid dragging particles from the sample holder.
After reaching operational pressure, temperature was slowly increased
by manually adjusting the setpoint of the temperature regulator. The
accuracy of temperature measurement was 1 °C while that of pressure
measurement was 0.01 MPa. Measurements of 3-chloromandelic acid
and 2-chloromandelic acid were carried out with heating based on visual observation. When no change was observed in the cell, temperature was changed. The process resulted in an average heating rate of
approximately 1 °C/min. Later, 4-chloromandelic acid samples were
measured with a more even heating rate, raising the setpoint by 1 °C
every 2−3 min.
With the raising temperature, the expansion of carbon dioxide was
compensated by slowly moving the piston of the view cell backwards,
keeping pressure constant. Melting was both observed visually and recorded. Temperature values were noted at the beginning of the melting
process, on observing the first droplet of liquid or the first small change
in the sample volume. Then, the temperature needed to melt the sample
completely was also noted. Afterwards the cell was depressurized and
cooled to ambient temperature.
The capillary method was also tested. It means filling a small
amount of sample into a glass tube of 1 mm diameter. In the melting of
scalemic mixtures of chiral compounds – at compositions other than the
eutectic – two thermal events can be observed. The first one, i.e. the
eutectic melting, only transforms a small fraction of the sample into a
liquid phase. Unfortunately, this could not be observed in the capillaries, not even in the magnified pictures of the camera recordings.

Ambient pressure

Tf [°C]

Hf

16 MPa CO2
kJ
mol

Tf [°C]

Hf

kJ
mol

(RS)-2-chloromandelic acid
(R)-2-chloromandelic acid

91.1
122.1

24.6024
25.0468

72.3
106.7

19.9090
20.6774

(RS)-3-chloromandelic acid
(R)-3-chloromandelic acid

115.6
106.5

26.1357
24.7746

106.5
93.8

20.9468*
21.1951

(RS)-4-chloromandelic acid
(R)-4-chloromandelic acid

121.6
121.5

27.2542
21.0460

110.6
106.1

22.9373
19.6272

Fig. 4. The atmospheric temperature-composition phase diagram of 3-chloromandelic acid compared to that recorded at 16 MPa. Triangles mark the beginning of the melting while circles mark the complete conversion into a liquid
under 16 MPa carbon dioxide pressure in the view cell.

compositions between the racemates and the enantiomerically pure
materials.
In Fig. 4. the atmospherical temperature-composition phase diagram of 3-chloromandelic acid is compared to that recorded at 16 MPa.
The solid line (Fig. 4. Atm.) shows the prediction using the Eqs. (1) and
(2) under atmospherical pressure. The dashed line is the result of the
same prediction using data gathered at 16 MPa with the high-pressure
DSC. Triangular markers show the beginning of melting observed in the
view cell at 16 MPa while circles mark the completion of the dissolution
process of the solid phase in the melt in the same measurements. In all
of the following figures (i.e. Fig. 4.–Fig. 7.) diamonds represent the
measured melting temperatures in DSC measurements.
Also, measurements were carried out on racemic 3-chloromandelic
acid in the presence of acetonitrile. The amount of the organic solvent
was matched to that in the antisolvent experiments described in our
earlier work [24], carbon dioxide was applied in 80-fold excess. The
final melting temperature of racemic 3-chloromandelic acid at 16 MPa

3. Results
Atmospheric melting points of the racemic and enantiomerically
pure acids are compared to their melting points measured at 16 MPa in
Table1. Melting points were determined using the onset values of the
DSC signals. Each case showed notable melting point depression in
supercritical carbon dioxide. Fusion enthalpy values are also included.
They – together with the melting points – were used in the predictive
calculation of the melting point curves both at ambient pressure and at
16 MPa.
Measurement results are presented in diagrams (Figs. 4–6). Taking
advantage of the symmetry of the temperature-composition phase
diagrams (pictured in Fig. 1.), measurements were carried out at
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30 min. This lets us suppose, that the loose fitting of the measurement
points to the predicted curve is the result of a too high heating rate and
visual observation itself. The control measurement point is shown in
Fig. 5. as a square (Cont.–16 MPa).
Fig. 6. gives and overview of the melting properties of 4-chloromandelic acid. Markers are used identically to Fig. 5.
4. Discussion
Our primary aim was not to record and discuss solid-liquid-gas
equilibrium diagrams of these systems. However, we experienced a
depression in the melting points of our chosen model compounds. The
results in Table 1 imply that the acids undergo a modest 10−20 °C
melting point depression at 16 MPa carbon dioxide pressure. Melting
point depression data is available in the literature for some other small
molecule organic acids as well, showing a similar phenomenon in a
supercritical fluid environment. The melting point of racemic ibuprofen
was decreased by 28 °C at 10 MPa but showed no further decrease
[30,40]. Benzoic acid showed a melting point depression of 25 °C
around 20 MPa but only a smaller decrease was observable on the
further elevation of pressure [41]. The melting point of Naproxen was
only reduced by 13 °C at 30 MPa [42]. Melting point decreasing effects
of gas pressure are usually associated with the capability of the gas
dissolving in the melt of the heavier component [43–45]. Also, a considerable decrease in the fusion enthalpies of the currently studied
compounds was observed. If the dissolution of carbon dioxide in the
forming melt is an exothermal process, this phenomenon can be explained with the heat effects of melting and said dissolution overlapping.
Based on the values shown in Table 1 the theoretical temperaturecomposition phase diagrams of the acids were plotted. In the Figs. 4, 5
and 6 the liquidus curve calculated at 16 MPa (dashed lines) can be
compared to the end of the dissolution processes (of the solid in the
melt) observed at various compositions in the view cell. Triangular
measurement points mark the temperature at the observation of the
first liquid droplet. These points approximate the eutectic melting
temperature of the mixtures. They are also close to the eutectic
(minimal) melting temperature predicted by the calculated temperature-composition phase diagrams. In our opinion, measurement inaccuracy due to the relatively fast heating and visual observation could
explain the positive deviation from the predicted values. In order to
prove the accuracy of the eutectic melting temperatures, high-pressure
DSC measurements have been carried out at the predicted eutectic
compositions of 3-chloromandelic acid and 4-chloromandelic acid at
16 MPa. In both cases only one melting peak was observed: it suggests
that the mixtures showed a eutectic behavior (see Figs. 4. and 6.) at the
predicted compositions. Also, the melting temperatures match the
predicted values at the same pressures. Observing the final melting
temperatures at 16 MPa (circular markers), one can conclude, that their
tendencies follow the respective predicted melting liquidus curve,
showing minima at the predicted eutectic compositions. These findings
show that using the Schröder–van Laar and Prigogine–Defay equations
to describe the melting phase diagrams of chiral compounds is appropriate, also for melting under CO2 pressure.
The similarities in the eutectic melting behavior observed at ambient pressure and under high-pressure carbon dioxide explain the applicability of the findings of Faigl et al. [8] in the case of antisolvent
precipitation experiments [24,25].

Fig. 5. Melting behavior of 2-chloromandelic acid at 16 at 20 MPa.

Fig. 6. Melting behavior of 4-chloromandelic acid at ambient pressure, 16 MPa
and 20 MPa. In three repetitions, the last melting point of the racemate at
20 MPa pressure showed a standard deviation of 0.6 °C.

in the presence of acetonitrile was measured to be 97 °C showing a
further 8 °C depression compared to the value obtained in pure CO2. As
DSC measurements at ambient pressure were carried out in a nitrogen
atmosphere, it seemed beneficial to conduct a control experiment with
this inert gas as well. This measurement was performed at 16 MPa, very
similarly to the view-cell experiments with carbon dioxide as the
pressurizing medium. The sample, racemic 3-chloromandelic acid
melted in a narrow temperature range, starting at 107 and ending at
108 °C. The downward change in the melting temperature suggests that
– similarly to carbon dioxide – nitrogen is able to dissolve in the melt of
our model molecule. Argon was also tested to investigate the effect of
the pressure of a third inert gas on the melting behavior of racemic 3chloromandelic acid. With the same experimental procedure, almost
the same result was obtained: the sample melted between 105 and
108 °C.
Fig. 5. shows the melting behavior of 2-chloromandelic acid. Predicted curves are shown as a solid line (atmospheric pressure), and a
dashed line (16 MPa). Filled markers show the results of view cell experiments at 20 MPa while empty ones depict data at 16 MPa. Triangles
mark the beginning and circles the end of the melting. As the fitting of
the measurement points to the predicted curves was not satisfactory in
this case, a control experiment was also carried out in the view cell. A
sample of 40% ee was heated 1 °C above its predicted melting point (to
88 °C) at 16 MPa. The acid melted slowly, but completely in roughly

5. Conclusion
Simplified, binary phase diagrams of the chiral compounds 2-, 3and 4- chloromandelic acid have been recorded under carbon dioxide
pressure. Results were compared to the atmospheric melting characteristics. A high-pressure DSC was used to determine the melting
temperatures and the fusion enthalpies of the racemic mixtures and
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enantiopure compounds. Visual observation of the melting phenomena
was used to confirm the temperature-composition curves predicted by
the Schröder–van Laar and Prigogine–Defay equations. The mentioned
formulas have been proved to be applicable at high pressure for the first
time. At high pressure, the melting temperatures and fusion enthalpies
measured in the presence of carbon dioxide are used in the equations.
At 16 MPa, all compounds showed 10 to almost 20 °C melting point
depression, while maintaining a very similar eutectic composition
compared to the atmospheric diagrams. This fact also explains the
limits of the purification of enantiomers by gas antisolvent recrystallization found and published earlier. It also justified the application of atmospheric temperature-composition phase diagrams of
chiral substances in the planning of antisolvent fractionation experiments targeting enantiomeric enrichment with respect to the limiting
composition and the expectable extent of purification.
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