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SUMMARY

HPLC separation of enantiomers using chiral stationary phases

During recent few years, separations of enantiomers have become one of the most important
analytical tasks. Modern separation techniques, such as the chromatographic ones, represent a very
powertful tool in this respect and nowadays they are commercially and widely used all over the
world. The importance of enantioseparation must be emphasized, not just because of drugs, food
additives, and pesticides, but also because of other compounds which affect our life. The use of
direct chromatographic enantioseparation seems to be a suitable approach not just in the analytical
but also the preparative scale. This paper is focused on the separation of enantiomers using the chiral
stationary phase as one of the ways of how to perform direct chromatographic separation.
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SOUHRN

HPLC separacia enantiomérov pouZzitim chiralnych stacionarnych faz

Za obdobie poslednych rokov sa problematika separacie enantiomérov stala jednou z najddlezitej-
Sie rieSenych analytickych tloh. Moderné separacné techniky, akymi si chromatografické, predsta-
vuju velmi G¢inny nastroj a pri separacii enantiomérov sa stali komerénymi a do zna¢nej miery vyu-
Zivanymi po celom svete. Vyznam enantioseparicie je treba zddraznit obzvlast v pripadoch ak sa
jednd o analyzu lieCiv, potravinarskych aditiv, ale aj pesticidov a inych latok s priamym dopadom
na nase zdravie. Pouzitie priamej chromatografickej enantioseparacie sa zda byt vhodnym pristu-
pom nielen v pripade analyzy takychto l14tok ale aj v pripade ich preparativneho delenia. V tomto
prispevku je pozornost upriamend na vyuzitie réznych chirdlnych staciondrnych faz pri separacii
enantiomérov, ako na jeden zo sposobov, ako je mozné uskutocnit priamu chromatograficku sepa-
riciu opticky aktivnych latok.

KTIicové slova: HPLC — chirdlna separacia — enantioméry — chirdlna stacionarna faza — opticky
aktivne zliceniny
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Molecular chirality is a fundamental phenomenon
which plays an important role in biological processes.
A wide range of biological and physical functions is
generated through precise molecular recognition because
enzymes, receptors and other natural binding sites within
biological systems interact with different enantiomers in
decisively different ways. As a result of such chiral
recognition, a drug enantiomer may differ in its pharma-
cological and/or toxicological profiles V. In many cases,
only one isomer in a chiral compound is responsible for
the desired activity, while the other isomer may exhibit
no therapeutic value and may potentially cause unsus-
pected adverse effects > 3. Because of the different bio-
logical activities of enantiomers, the preparation of high-
ly enantio-pure compounds is of utmost importance .

However, nowadays this issue influences not only the
pharmaceutical industry, but also the agrochemical, pet-
rochemical, beverage, food industries, especially food
additive producers, all of which are increasingly concer-
ned by this subject.

The increasing demand for the separation of chiral
compounds and the production of enantiomerically pure
compounds in the fields of pharmacology, chemistry,
biotechnology, chemical engineering, etc. has led to
enantioselective separation becoming one of the most
important analytical tasks ¥. In recent years, various
chromatographic and electrophoretic methods have been
employed for the separation of enantiomers 7.

Of the many known methods of chiral separation,
high-performance liquid chromatography (HPLC) with
chiral stationary phases (CSP) is a suitable approach for
enantiomeric separation in the analytical or preparative
scale for a number of different chiral compounds ®.

Chirality and biological activity

Molecules that relate to each other as an object and its
nonsuperimposable mirror image are enantiomers or chi-
rals (from the Greek word, cheiro, meaning hand); they are
like a pair of hands . There are several proofs that indica-
te the presence of chirality in our environment. Even in the
ancient kingdoms of Upper and Lower Egypt, there are
many examples of burial chamber mural paintings that
depict significant events in our modern view of chirality '©.
Additionally, out of the 1168 galaxies listed in the Carne-
gie Atlas of Galaxies, 540 are chiral when coupled with the
direction of their recession velocities '”. Numerous exam-
ples of asymmetric structures can be observed even among
the animals and plants. For example, the helical structures
of plants and animals make them asymmetric in nature.
However, chirality exists almost everywhere in the univer-
se and there is numerous evidence explaining the origin of
the homochirality of biological molecules 2.

Chiral molecules are of different nature and shape, but
they can all be classified, on the basis of symmetry ele-
ments, into three categories, i.e. exhibiting central, axial,
or planar chirality. Three-dimensional space can be occu-
pied asymmetrically about a chiral centre, a chiral axis or
a chiral plane. In addition, steric crowding in a molecule
may lead to molecular distortion and hence chirality, as
found, for example, in helicenes '* 19,

—

Generally, it is well known that enantiomers have
identical physical properties except for a plus or minus
sign of the optical rotation. This optical activity results
from the refraction of right and left circulatory polarized
light to different extents by chiral molecules. Optical
resolution of racemates (a racemate is a mixture consi-
sting of equal amounts of enantiomers) is one way to
obtain pure enantiomers.

Since the year 1848, when Luis Pasteur first reported
the separation of racemic sodium ammonium tartrate as
an example of optical resolution, a great number of
compounds have been resolved, mainly by fractional
crystallization of diastereomeric salts '¥. From Pas-
teur’s very first optical resolution of a racemate to
today’s fast chromatographic techniques there has been
a formidable accumulation of stereochemical knowled-
ge. In general, chromatographic methods are conside-
red to be the most useful techniques suitable for enan-
tiomeric resolution.

It is not uncommon for one isomer of a racemic com-
pound to produce the desired effect, while another may be
inactive or even produce undesired effects. Old examples
of a different physiological behaviour are found in the tas-
te and smell of optical antipodes. For example, it is well
known that sodium L- (+) glutamate tastes good, whereas
its mirror image, D- (-) glutamate, tastes bitter or flat ?.

Enantioseparation using CSPs

The classical methods have not been able to achieve
the status of routine laboratory practice due to certain
drawbacks. The most important drawbacks associated
with these methods are namely the degradation of one
enantiomer in the enzymatic method and limitation of
applications of the crystallization method. Nowadays,
chromatographic, electrophoretic, spectroscopic, biosen-
sing, and membrane methods are the most common tech-
niques applied in this area!® 172D,

Chromatographic methods are considered most useful
for an enantiomeric resolution for a number of reasons,
the most important being the ease of separation. It is
generally possible to find a chromatographic method that
can provide separation in a matter of minutes. All advan-
tages that chromatographic methods definitely have are
due to the flexibility and efficiency that these methods
offer. Moreover, these methods can easily be used to
determine the enantiomeric ratio of chiral compounds in
different matrices.

The theory of chiral chromatography is still rather
fundamental, because it is not always entirely clear
why, e.g., during the separation a chiral stationary
phase selectively retains more of one enantiomer than
another. A number of chiral recognition models have
been proposed and some explanations have already
been given in previous chromatographic studies. Most
of them are based on the “three-point interactions”
theory advanced by Dalgiesh in 1952 9. The three-
point interactions are frequently referred to as the
three-points rule. This approach considers chiral
recognition as it might occur between small chiral
molecules in solution ??. The three-point rule presents
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chiral recognition with at least three simultaneous
interactions, at least one of which is stereochemically
dependent, between a chiral selector and one of the
enantiomers whose configuration is to be “recogni-
zed” 2.

The most important classes of chiral selectors widely
used in chromatography include polysaccharides, cyclo-
dextrins, proteins, Pirkle-type CSPs, ligand exchangers,
crown ethers, macrocyclic antibiotics, and several other
types, which are not discussed in this paper.

The basic requirements for a suitable chiral selector
are as follows: it should be easily available, inexpensive;
it should have sufficient groups, atoms, grooves, cavities
and so on.

Polysaccharides

The polysaccharides are chiral and optically active
because of their asymmetric structures and they have
already found some perspectives in the chiral separa-
tion of chiral compounds as a suitable chiral stationary
phase ?». These polymers often possess a specific con-
formation or a higher order structure arising from chi-
rality that is essential for the chiral analysis of racemic
compounds 2. Polysaccharide polymers, such as cellu-
lose, amylose, chitosan, xylan, curdlan, dextran and
inulin, have been used for chiral separation in chroma-
tography 29. Among the various polymers of polysa-
ccharides, cellulose and amylose are the most readily
available naturally occurring forms, and they have been
found to be suitable for chiral separations. During past
two decades, a lot of derivatives of these polymers have
been synthesized 2.

Four types of derivates can be easily prepared by
modification of the free hydroxyl groups: carbamates,
esters, ethers, and nitrates. Ichida et al. 2” suggested the
following applications for the cellulose-based phase:

Triacetate: especially effective for a substrate with
a phosphorous atom as a stereogenic centre.

Tribenzoate: useful for racemates with a carbonyl
group near a stereogenic centre.

Trisphenylcarbamate: suitable for polar racemates and
sensitive to molecular geometry.

Tribenzyl: effective with protic solvents as mobile
phases.

Tricinnamate: useful for aromatic racemates and bar-
biturates (yields high retention times).

Cellulose tris (3, 5-dimethylphenylcarbamate): is
especially suitable for $-adrenergic blocking agents.

For the complete series of cellulose derivates, the
mobile phase may be aqueous or non-aqueous. In gen-
eral, suitable solvents are limited to hexane, hexane/2-
propanol (99 to 50% hexane), and methanol or ethanol or
mixtures of these with water.

A nonpolar mobile phase usually provides greater
resolution than methanol/water mixtures, but lower reso-
lution than ethanol '¥. Here are given just few examples
of using polysaccharides chiral stationary for separation
of amines ?®, amino acids >, phosphoramidate diastereo-
mers 29, chiral sulfoxides ®, benzothiadiazepin deriva-
tes 3D, and other drug enantiomers 3% 33-3%),

—

Cyclodextrins

Cyclodextrins (CDs) are chiral, toroidal-shaped mole-
cules composed of six or more D (+)-glucose residues
bonded through o-(1,4) glycosidic linkages in which all
of the glucose units are held in a C-1 (D) chair confor-
mation *). Schardinger discovered that new crystalline
carbohydrates, so-called dextrins, were formed if starch
was subjected to degradation by the microorganism
Bacillus macerans *°. Moreover, Schardinger identified
three different forms of naturally occurring CDs — a-, 8-
and y-CDs — and referred to them as Schardinger’s
sugars. They are also called cyclohexamylose (a-CD),
cycloheptamylose (B-CD), cyclooctamylose (y-CD),
cycloglucans, glucopyranose, and Schardinger dextrins.
The complex formation of CDs and their binding con-
stants have been determined and are controlled by se-
veral different factors—hydrophobic interactions, hydro-
gen bondings and van der Waals interactions 2.
Therefore, CDs and their derivatives have been widely
used in separation science since the early 1980s *!- 42,
The presence of a chiral hollow basket/cavity in these
molecules makes them suitable for chiral separation of
a wide range of chiral molecules. CDs have been used in
the form of chiral stationary phases (CSPs) and chiral
mobile phase additives (CMPAs).

In 1984, Armstrong developed a hydrolytically stable
linkage, where the spacer arm is attached to the silica gel
through a silane linkage. An epoxy silane, an organo-
halosilane or a vinyl silane may be used *.

In recent years, derivatizing the CD-bonded silica gel
has extended the useful range of the CD phases. Five
different functional pendant groups have been placed
on the CD, i.e., acetyl, 2-hydroxypropyl, naphthylethyl
carbamate, dimethylphenyl carbamate, and para- toluyl
ester. These derivatized CD columns have been used in
both the reversed and normal phase mode making them
the first successful multimodal CSPs *¥. A lot of chiral
resolutions on CD-based CSPs have been carried out
using aqueous mobile phases 49, Buffers of different
concentrations and pH values have been developed and
used for this purpose. Triethylammonium acetate
(TEAA), phosphate, citrate and acetate are among the
most commonly used buffers #4247 48 n addition,
phosphate buffers, such as sodium, potassium and
ammonium phosphate, are commonly used. The stabil-
ity constant of the complexes decreases due to the addi-
tion of organic solvents and hence the organic modifiers
are used to optimize the chiral resolution 2. The most
commonly used organic solvents are methanol and ace-
tonitrile. Acetonitrile is a stronger organic modifier
than methanol. Some other organic modifiers such as
ethanol, 2-propanol, 1-propanol, n-butanol, tetrahydro-
furan, triethylamine and dimethylformamide have also
been used for the optimization of chiral resolution on
CD-based CSPs 42, The effect of the type and con-
centration of these organic modifiers varies from one
analyte to another, and hence it is very difficult to pre-

dict the best strategy for their use as organic modifiers
21)
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Proteins

Proteins are natural polymers and are made of amino
acids — which are chiral molecules, with the exception
of glycine-through amide bonds. The complex struc-
tures of proteins, which have different types of groups,
loops and bridges, are responsible for the chiral resolu-
tion of racemic compounds. It has been known for some
time that binding to proteins involves multiple equilibria
because proteins have a number of binding sites and
some of those sites are likely to have different affinities
for the ligand 2.

However, enantioselective interactions between pro-
teins and small molecules in different biological systems
are well known. These bindings are also responsible for
different types of loops/grooves that are present in the
protein molecule. This sort of twisted three-dimensional
structure of the protein makes it enantioselective in
nature 2.

Since 1958, when the enantioselectivity of the binding
of the small ligands to bovine serum albumin (BSA) was
observed, and since 1973, when the first affinity-type
chromatographic separation of enantiomers was de-
scribed, proteins CSPs have become useful and nowa-
days they are commercially available for enantiosepara-
tiOnS 49, 5(%53).

The albumin proteins used as chiral selectors in
chromatography are bovine serum albumin (BSA),
human serum albumin (HSA), rat serum albumin (RSA)
and guinea pig serum albumin (GPSA), but BSA and
HSA have been found to be the successful chiral
selectors. However, other protein molecules have been
explored for their chiral separation capacities; they are
glycoproteins, such as al-acid glycoprotein (AGP),
ovomucoid (OVM), ovotransferin, avidin, and trypsin
(CT), and certain enzymes, such as chymotrypsin,
riboflavin, lysozyme, pepsin, amyloglucosidase, and
lactoglobulin. Additionally, cellobiohydrase-I (CBH-I),
a protein obtained from fungi, has also been used as
a chiral selector in HPLC 3?. Protein-based CSPs are
usually carried out under the reversed phase mode, i.e.,
aqueous mobile phases with buffers of differing
concentrations and pH values are frequently used 3%,

Brush types-Pirkle type

In 1960, Klemm et al. as the first published the appli-
cations of the charge transfer type of complexation to
optical resolution by HPLC”- . In 1976, Mikes et al.
3 introduced a new concept by attaching a small chiral
molecule to silica gel. In this CSP, the organic groups
of the chiral molecule remain directed away from the
silica gel, appearing in the form of a brush, and hence
this is called a brush type phase V. Later, Pirkle and co-
workers developed these types of CSP extensively, and
nowadays they are known as Pirkle-type CSPs 606169,
Pirkle made a significant breakthrough in charge trans-
fer based adsorption for optical resolution in HPLC by
using N-(3,5-dinitrobenzoyl) amino acids as CSPs for
n-7v interactions based on their work with anthryl carbi-
nol 67 If one chiral molecule is to recognize the ste-

—

reochemistry of a second one at some instant in time,
three or more simultaneous intermolecular interactions
are necessary, at least one of these being stereochemi-
cally dependent. If the three interaction sites are con-
strued as points and lie in a plane (achiral plane), that
portion of the molecule which lies outside of this
hypothetical plane confers chirality to the molecule and
impedes back side approach by the second molecule %
%, As mentioned earlier, enantioselective sorption
stems from the formation of transient diastereomeric
complexes (between the enantiomer and the CSP),
which differ in stability.

The enantiomer which is more strongly sorbed is fre-
quently the one that interacts with a greater number of
bonding sites or a fewer number of steric repulsion
sites 7%, Major interactions sites are classifiable as m-basic
or m-acidic aromatic rings, acidic sites, basic sites, steric
interaction sites, or sites for electrostatic interactions.
Lipophilic interactions are also possible in the reversed
mobile phase. In the case of brush-type CSPs, the chiral
molecule attached to the silica gel contains s electron
donors or m electron receptors, or both types of groups.
Therefore, these CSPs are classified into three groups 2Y;
m-acidic (with rt electron acceptor groups), m-basic (with
7t electron donor groups), m-acidic-basic (with  electron
acceptor and donor groups), respectively.

In general, the normal phase mode has frequently
been used for chiral resolution of racemic compounds
on Pirkle-type CSPs 7 71-7® Hexane, heptane and cy-
clohexane are the nonpolar solvents of choice on these
phases. Aliphatic alcohols may be considered as hy-
drogen donors and acceptors, and thus may interact at
many points with the aromatic amide groups of CSPs,
generating hydrogen bonds. Therefore, the addition of
aliphatic alcohols improves chiral resolution, and hen-
ce the alcohols are called organic modifiers. The most
commonly used alcohol is 2-propanol. However, meth-
anol, ethanol, 1-propanol and n-butanol have also been
used 7. There are some reports which also indicate the
use of dichloromethane and chloroform as organic
modifiers. In addition to this, acidic and basic additives
improve the chromatographic resolution. A small
amount of acetic, formic or trifluoroacetic acid impro-
ves the peak shape and enantioselectivity for acidic
and basic solutes. Sometimes there is a need to combi-
ne an acid and an organic amine (e.g. triethylamine)
for strong basic racemic compounds 2! 9.

Ligand exchangers

Chiral ligand exchange chromatography (CLEC) is
a particular form of ion exchange. CLEC was developed
by Rogozhin and Davankov in 1969. Copper (II) has
been used as the ligand metal ion in most of the applica-
tions of ligand exchange chromatography. It involves the
reversible formation of a metal complex by coordination
of substrates that can act as ligands to the metal ion; it
has a wider application than the resolution of race-
mates 79,

Ligand exchange chiral selectors involve the breaking
and formation of coordinate bonds among the metal ions
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of the complex, the ligands and the chiral molecules.
Therefore, ligand exchange chromatography is useful for
the chiral separation of molecules that contain electron-
donation atoms, such between immobilized amino acids,
a divalent cation, and the analyte enantiomers. In most
applications, aqueous solutions of metal ions or buffers
have been used as the mobile phases. The most com-
monly used buffers are ammonium acetate and phospha-
te 7777, The stability of such complexes is highly depen-
dent on the transition metal used. In general, acetonitrile
has been used as the organic modifier 8; however, some
reports deal with the use of methanol, ethanol, and tetra-
hydrofuran #8183 The concentrations of these modifiers
vary from 10% to 30 %. However, some reports have
indicated the use of these organic modifiers up to 75% 3>
89, In general, using organic modifiers optimizes the chi-
ral resolution of highly retained solutes. These types of
molecules contain amino, hydroxy, and acid groups. The
pH of the mobile phase has also been recognized as one
of the most important controlling factors in chiral reso-
lution on ligand exchange chiral phases 3. In general,
the retention of all racemates increases with an increas-
ing pH value. The selectivity of the separation was only
moderately affected by pH changes, while the efficiency
of the column showed a different trend, depending on the
relative retentions of the racemates. The buffer concent-
ration is also a very important aspect in the optimization
of chiral resolution on these CSPs ?). However, some
other metal ions, such as nickel and zinc, have also been
tested 3.

Crown ethers

The crown ethers are synthetic macrocyclic polyethers:
their name derives from both the crown-like appearance
of their molecular structures and their ability to crown
selectively with cations. The ether oxygens that are elec-
tron donors remain in the inner wall of the crown cavity,
and are surrounded by methylene groups in a collar fas-
hion 2. The ITUPAC nomenclature for these ethers is com-
plex, and hence trivial names are commonly used .

Introducing chiral moieties develops chirality in
crown ethers and, hence, the developed crown ether is
called chiral crown ether (CCE). The most important chi-
ral groups used for this purpose are binaphthyl 87 8399,
biphenanthryl °'- °2, hericene derivatives *¥, tartaric acid
derivatives *¥, carbohydrate moiety °¥, and a chiral car-
bon atom with a bulky group directly incorporated in the
crown ring *®, aromatic bicyclo derivatives, nonane deri-
vatives °”, hexahydrochrysese or tetrahydroindenoin-
den?, and 9, 9 -spiro-bifluorene groups .

Aqueous mobile phases containing organic modifiers
and acids have been used on these CSPs. The commonly
used mobile phases are aqueous, perchloric acid and
aqueous methanol containing sulfuric, trifluoroacetic or
perchloric acid separately. Compounds with a higher
hydrophobicity generally have longer retention times on
CCE-based CSPs and, therefore, organic modifiers are
used to optimize the resolution. In general, the separation
is increased by an increase in methanol and a decrease in
the acid concentrations. The other organic modifiers used

—

are ethanol, acetonitrile and THF, but methanol has been
found to be the best one 2. The application of these chi-
ral selectors is limited. However, they can be used for the
analysis of chiral molecules containing amine and amide
groups 100, lOl—lO4).

Macrocyclic antibiotics

Macrocyclic antibiotics possess several
characteristics that allow them to interact with analytes
and serve as chiral selectors (CSs). Only few chiral
selectors offer a high degree of selectivity for numerous
compounds while providing good efficiency. The
macrocyclic antibiotics are the most promising in this
respect and, in fact, they have already had an immediate
and significant impact on the field of separations since
their introduction by Daniel W. Armstrong in Pittsburgh
(1994). They have a number of stereogenic centres and
functional groups, allowing them to have multiple
interactions with chiral molecules. They typically have
molecular masses between 600 and 2200 and have
numerous functional groups. They may be acidic, basic
or neutral, and may have little or no UV-VIS
absorbance. The macrocyclic antibiotics can interact by
hydrophobic, dipole-dipole, m-m interactions, hydrogen
bonding, as well as steric repulsion > %1% One of the
more important interactions is an ionic or charge-to
charge interaction. In addition to the hydrophobic
moieties, these molecules possess hydrophilic groups
as well as a number of ionisable groups, giving them
good solubility in aqueous solution 2.

The most successful and most extensively used mac-
rocyclic antibiotic CSs have become the glycopep-
tides 219719 Ansamycin, the polypeptide thiostrepton
and the amino glycosides, fradiomycin, kanamycin and
streptomycin, also have been used as CSs 105109,

The macrocyclic glycopeptide antibiotics include avo-
parcin, ristocetin A, teicoplanin, vancomycin and their
derivatized analogs. By changing the glycopeptide anti-
biotic used, the enantioselectivity of the separations can
be significantly altered. While the glycopeptide antibio-
tics have similar structures, they often exhibit different
but complementary enantioselectivities. This suggests
that the mechanism of separation is similar though not
identical. Consequently, if only a partial separation is
obtained using one of the glycopeptides, there is an excel-
lent probability that a baseline or better separation may be
obtained with one of the other glycopeptides %7109,

The macrocyclic antibiotics can be operated in the
reversed phase, normal phase, and polar organic phase
conditions. A variety of organic modifiers (methanol,
ethanol, 2-propanol, acetonitrile, and tetrahydrofuran)
have been used to alter selectivity. Hexane in combina-
tion with acetonitrile, methanol or ethanol is the most
common composition of the mobile phase in the normal
phase chromatography. They can be used as chiral selec-
tors for the separation of amino acids, carboxylate com-
pounds '"%!12 " and also chiral sulfoxides !''¥ and many
other compounds due to their excellent chiral recognition
capabilities. Their ability to form simultaneous polar and
ionic interactions via the substituents from their multiple
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chiral centres and binding sites that are located in and
about the cavities of the glycopeptide’s basket-like struc-
ture is responsible for recognition capabilities ''> ¥,

This research was supplied by Slovak Grant Agency for
Science VEGA, Grant No. 1/2460/05 and 1/4291/07 and by the
Slovak Research and Development Agency under the contract
No. APVV-20-035205.
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