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ABSTRACT

Chirality plays a major rolein biological processes, and the enantiomers of a bioactive molecule
often possess different biological effects. For example, all pharmacological activity may reside
in one enantiomer of a molecule, or enantiomers may have identical qualitative and quantitative
pharmacological activity. In some cases, enantiomers may have qualitatively similar
pharmacological activity, but different quantitative potencies. Snce drugs that are produced by
chemical synthesis are usually a mixture of enantiomers, there is a need to quantify the level of
the isomeric impurity in the active pharmaceutical ingredient. Accurate assessment of the
enantiomeric purity of substances is critical because isomeric impurities may have unwanted
toxicological, pharmacological, or other effects. Such impurities may be carried through a
synthesis and preferentially react at one or more steps and yield an undesirable level of another
impurity. The determination of a trace enantiomeric impurity in a sample of a single enantiomer
drug substance in the presence of a range of other structurally related impurities and a large
excess of the major enantiomer remains challenging. The development of chiral resolution
methods is considered an urgent need in pharmaceutical, agricultural, and other chemical
industries. Perhaps most essential is the development of new chiral drugs, which are necessary
because of the different physiological properties of enantiomers. Various approaches to chiral
resolution have been devel oped and used, but the direct resolution by liquid chromatography on
chiral stationary phases has proven to be one of the most effective, practical, and economical.
This volume deals with the art of chiral resolution by liquid chromatography, focusing on high-
performance liquid chromatography (HPLC), sub and supercritical fluid chromatography
(SFC), capillary eectrochromatography (CEC), and thin-layer chromatography (TLC). These
methods are examined as they are used in analysis and development of drugs, pharmaceuticals,
xenobiotics, and other chiral molecules.
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INTRODUCTION

Stereochemical analysis has become an increasinglyrtant problem in the pharmaceutical field,
since numerous pharmacologically active agentslaral and their two enantiomeric forms usually
exhibit different physiological properties. Numesaxamples exist where the two enantiomeric forms
manifest different pharmacological actions, potesicbiodistribution and disposition kinetics, or
host toxicities. For instance, most of flocking activity ofp-blockers such as propranolol and
metoprolol is attributed to the (S)-enantiomerBdrthermore, stereoselective differences have also
been observed in the metabolism and pharmacolgneficthe two enantiomers of the above
mentioned compounds. Traditional methods for detenm the enantiomeric composition of chiral
compounds, such as optical rotation measuremédraational recrystallization of diastereomeric salt
are usually difficult, insensitive, inaccurate, adithited in applicability. Hence modern
chromatography, because of its reproducibility,ueacy, selectivity, sensitivity, and speed, has
become the technique of choice for the analysshahtiomers. Since most of the recent developments
and applications in enantiomeric resolution hawnlgerformed using liquid chromatography because
of its wider applicability, particularly in the pimaceutical field. There are three different apphea
under which chromatographic resolution of enantisroan be achieved[2].

1. The first approach involves the precolumn convar®b the enantiomers to diastereomers by
reaction with a chiral derivatizing agent. The l#sy diastereomers are then resolved on an achiral
stationary phase using an achiral mobile phase.

2. The second approach involves the direct resolufe@nantiomers on an achiral stationary phase
using a mobile phase that contains a chiral comyone

3. The third approach, which recently has receivedemtgdeal of research and development,
involves the direct resolution of enantiomers usielgctive chiral stationary phases.

In these methods, the chemistry, applicability, dmaitations of the three different liquid
chromatographic techniques for the resolution @ingéomers are examined. Particular emphasis are
given to the chromatographic approach, in whichatisitationary phases are utilized, since this area
has recently enjoyed numerous interesting develofsfizd.

M ethod

1. Indirect liquid chromatographic resolution of emtiomers via precolumn formation of
diastereomeric derivatives Unlike enantiomers, whose physical properties agentical,
diastereomers may have very different properties) as solubility and polarity that permit thenbé&
easily resolved by ordinary chromatographic medrtserefore, by converting enantiomers to
diastereomers via chemical reactions with chirativdézing reagents, their chromatographic
separation can be easily achieved. Oftentimesntis difficult task in this chromatographic apptoac
involves the selection of a suitable chiral reagatiter than the development of a chromatographic
procedure for separating the derivatized diastegennindeed, there are several factors involved in
selecting a chiral reagent that can affect the iegdplity, accuracy, and resolvability of the
chromatographic procedure[4].
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1. The chiral reagent should be stable and easy fmmer commercially available in a state of
high optical purity. This is important since theyoee of optical purity of the chiral reagent hatirect
influence on the accuracy and the maximum detextgtiical purity of the enantiomeric solutes [5].

2. The reaction should be mild, so that no racemizaifdhe chiral center of the solutes and reagent
occurs.

3. The derivatization must be quantitative and corepléDtherwise, determination of the
enantiomeric purity could be inaccurate, sincerdfaetion of enantiomers with a chiral substrate can
occur at different rates [6].

4. The chiral solute should contain only one functigmaup for derivatization.

5. To enhance the detectability of the derivatives,dhiral derivatizing reagent should contain a
chromophore or fluorophore.

6. Furthermore, since the chromatographic resolvgbiif the derivatized diastereomers is
dependent on the degree of difference in varioopgsties possessed by them, such as polarity,
energies of adsorption, the accessibility of varipalar substituents, and molecular structureA7].
derivatizing reagent that can maximize the abofferedhces should be selected, indeed, it has been
demonstrated that the chromatographic resolutigre&tly enhanced by the following factors: (a) The
conformational ridigity of the groups attachedhe thiral center of the derivatizing reagent, (bg¢ T
short distance between the two chiral centerseofdthivatized diastereomers, and (c) The large size
differential in the groups attached to the chiealgent [8].

7.

Applications: Recently reported chiral derivatizing reagents gl chromatographic applications
for the analysis of enatiomeric drugs are listed Tiable 1. Various chiral reagents like
isothiocyanate, isocyanate, acylchloride, and amthydderivatives were used to derivatize p-
adrenergic blocking drugs containing an aminol fa¢dunctional group, while several chiral
amines were used to derivatize nonsterodial alatietory drugs containing a 2-aryl propionic
acid functional group.

Table 1: Chiral derivatizing agents and their applications

Chiral Reagents Functional Separation Mode Application
group Reacted
To
2,3,4,6-tetradd-acetyl-3D-glucopyranosyl isothiocynate|  Amine Rever se phase Catecholamins, 3-blockers.
S(-)-1-phenylethyl isocynate Amine Reverse phase Propranolol, Oxprenolol
(+)and(-)e-methyl-1-naphthaleneacetic acid Amine Normal phase DOPA,Amino acids,Ornithrine

Several of the reagents listed exhibited remarkgdaterality in resolving enantiomers having similar
functional groups. The use of 2,3,4,6-tetra-O-dgefy-glucopyranosyl isothiocyanate and the
ortho,ortho derivatives @R, R) tartaric acid anhydrides brought about the enamti@nesolution of a
wide range of amino alcohols [9]. Neverthelesstatiderivatization of compounds of other classes
still have to be investigated on a case by casms.bHsis and the unavailability of several chiral
derivatizing reagents listed with high optical puseverely limit the use of this chromatographic
approach for the analysis of enantiomers[10].

2.Chromatographic resolution of enantiomers usingpial mobile phase:This chromatographic

approach, which requires no tedious precolumn dezation of the sample and no specialized chiral
stationary phase, involves the use of mobile phaeataining novel chiral additives to resolve
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enantiomers. Based on the type of chiral additeesl the mechanism under which the
enantioselectivity is achieved, this approach carclassified into three classes: Ligand exchange
chromatography, Chiral ion-pair chromatography, a@dromatography using mobile phases
containing macromolecular aggregates[11].

a. Ligand Exchange Chromatographyrhe two general approaches in which ligand exahang
chromatography is performed are illustrated in fégu The first approach, pioneeredgvankov

for the resolution of amino acid enantiomers, engdostationary phases consisting of amino acid
ligands bonded to polymeric resins on which Cur(iétal ions were subsequently loaded [12].

p8H17
H R PhCH,

C:10H21
Figure 1. Chemical structure of legand exchangers

These polymeric sorbents, although having exhibieedarkable enantioselectivity for amino acids,
were not stable to pressure and hence not apglitatiPLC. Consequently, a series of chiral ligands
was bonded to silica gels; under either normakwensed phase mode, this resulted in very efficient
enantiomeric separation of amino acids and amiitbdssivatives. To date, most of the applications
using this approach have been centered on thei@mant analysis of amino acids, and no
enantiomeric drug analysis has been reported [13].

Table2: Chiral sdector and Metal ion for Ligand Exchange Chromatography

Chiral Selector Metal lon | Stationary Phase Solute Enantiomers
L- proline Cu~? Silica gel Thyroid harmone;Methyl DOPA,
L- proline Cu* Cie a-Hydroxy acids
(R,R)-+-tartaric acid mono-n-octylamingg ~ €u Cie Ethanol amine

The second approach, termed dynamic ligand exchamgenatography was pioneered in 1979 by
Karger , Hare andGil-Av for the resolution of amino acid enantiomers[IT#jey showed that by
adding chiral metal complexing agents to the matiilases, very efficient separation of amino acid
enantiomers and their derivatives can be achiesied) @onventional achiral stationary phases such as
reversed phase or ion exchange packings. The mechahthe resolution is based on the difference in
the stabilities and therefore the equilibrium coricgions as well as the difference in the partitig

or adsorption behaviors of the two diastereomeritary complexes formed by the solute enantiomers
and the chiral metal ligand[15]. Various dynamiatd exchange chromatographic resolutions of non
amino acid compounds are illustrated in Table Zhtiuld be noted that in most cases, the metal
complexing agent consists of a certain opticallg@-amino acid or derivative and Cu (Il). Cop{gr
was the most frequently used transition metal,gisybbecause of its strong chelating ability[16].

b. Chiral ion pair chromatography lon pair chromatography is a technique in whiah réstention
of ionized compounds is regulated by the additiba counter ion into the mobile phase. If the
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counter ion is chiral, stereoselective separatiam loe achieved. The mechanism of the chiral
separation is based on the difference in partiigmr adsorption behaviors of the diastereomeric
ion pairs formed by the enantiomeric solutes arel dhiral counter ion. Usually the binding
forces consist of electrostatic and hydrogen bandind mobile phases of low polarity are
normally used to allow a satisfactory degree of pair formation. The stereoselectivity of the
separation is dependent on the structure of thenteouon. The enantioselectivity of the
separation is high when the counter ion containgibg groups having a rigid ring system with
bulky groups in the vicinity of the chiral centef[l Recent applications using this

chromatographic technique are summarized in Table 3
Table 3: Chiral lon pair chromatography Chiral selector and M obile phase.

Chiral sdlector Enantiomer solute M obile phase Stationary phase
Quinine Tropic acid, Atropic acid, Naproxane Diatdanethane: Pentanol Diol
Camphorsulfonate| [3-Blocker Dichloro methane: Peitan Diol
Tartaric acid ester Ephidrine (Dichloromethane: Phenyl

Pentanol)+Phosphate buffer|

c. Chromatography using mobile phases containimgacromolecular aggregatesNatural
macromolecules such as proteins and cyclodextr@ve fbeen known to exhibit stereoselective
binding with low molecular weight molecules [18Joi&Sequently, when macromolecules are used
as mobile phase additives, stereoselective sepasatian sometime be achieved. In general, the
retention of the enantiomeric solutes as well asstiectivity of the separations is regulated gy th
concentration of the macromolecules. An increasthéconcentration of the macromolecules
usually decreases the retention of the solutegiibgncing their partitioning to the mobile phase)
and increases the selectivity of the separatior}. [TBe various stereoselective separations
utilizing macromolecular additives reported in tiberature are summarized in Table 4.

Table 4: Chromatography separation using mobile phases containing macr omolecular aggregates

M obile phase additives Stationary phase Enantiomer solute
Human serum albumin & Carboxylic acid
a-Cyclodextriin Gs Mephenytoin
3-Cyclodextriin Gs Norgestrel
y-Cyclodextriin Gs Mandelic acid

3. Chromatographic resolution of enantiomers usinghiral stationary phase This
chromatographic approach, have several advantagestize first two approaches. The use of
chiral stationary phases not only permits the dsmexpensive ordinary mobile phases but also
obviates the need to derivatize the solutes wittakcheagents (which may be impure, may be
unavailable, or may exhibit different reaction satgith the enantiomers). The various chiral
stationary phases reported can be classified as:

a. Pirkle type chiral stationary phases.

b. Cyclodextrin bonded stationary phases.

c. Protein bonded stationary phases.

d. Chiral polymer stationary phases.

a. Pirkle type chiral stationary phase#\ series of chiral stationary phases capableepfigting a
large range of enantiomers was designedPiokle and coworkers based on a three-point chiral
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recognization model proposed Dylgliesli. According to the model, at least three simultaiseo
interactions between the chiral stationary phasktla@ enantiomeric solute are required for chiral
resolution.

Achiral Spacer Chiral molicule Types of Interactions

Dipole-Dipole

Pi-Pi Interaction

Hydrogen bonding

- Steric hindrance
Figure2: General structureof variousbonded Pirkletype ationary phases

Furthermore, at least one of these interactiorisgcdive or repulsive, must be stereochemically
controlled. The two general forms of these statiprm@nases, which differ by whether they are
ionically or covalently bonded to the silica backbpare illustrated in Figure 2. These stationary
phases contain a number of possible sites foraatens[20]:

1. n-m bond donor-acceptor interaction from the 3,5 ditienzoyl ring.

2. Hydrogen bonding from the amide hydrogen and caibox

3. Dipole formed at the amide linkage.

4. Possible Van der Waals attractiverr interaction or steric repulsion (due to the retti
bulkiness of the group between tRgroup).

These sites provide a number of ways for the chatationary phase to interact with the
enantiomeric solute. These enantiomeric solutdsideca wide range of molecules[21]. A wide
variety of Pirkle type stationary phases are nomrmercially available (Table 5). They can be
classified as eithex-electron acceptor at -electron donor stationary phases. In generaltthe
electron acceptor stationary phases are used tlvees-electron donors such as aromatic
alcohols, aromatic amines, aromatic sulfoxidesanyoins, succinimides, and lactams[22], while
then-electron donor stationary phases are employeésitlve amines, alcohols, amino acids, and
amino alcohols that have been derivatized withiedectron acceptor such as 3,5 dinitrobenzoyl
chloride [23].
Table5: Chromatography separation using Pirkle Type Chiral Stationary Phases

Pirkle Type Chiral Sationary Phases
(R)-N-DNB(Dinitrobenzoy)-phenylglycine(lonic)
(R)-N-DNB-phenylglycine(Covalent)
(S)-N-DNB-phenylglycine(Covalent)
(S)-N-DNB-leucine(lonic)

(R)-N-DNB- leucine (Covalent)

(S)-N-DNB- leucine (Covalent)
(R)-(1-phenyl)ethylurea

(R)-naphthylalanine
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The main advantage of the Pirkle type chiral statig phases is their broad applicability in
resolving a wide range of compounds. Furthermatatively high chromatographic efficiency
and enantiomeric selectivity have been routinelgeobed in applications using these stationary
phases. The major disadvantage of these chirabrsaay phases is that enantiomers containing
polar groups such as amino or carboxy functionsllyshave to be derivatized in order to obtain
satisfactory enantiomeric resolution. Some of thets¢ionary phases are not compatible with
agueous mobile phases and thus are of limited msthe analysis of drugs in biological
fluids[24].

b. Cyclodextrin Bonded Stationary Phase€hiral cyclodcxtrins are cyclic oligosaccharides
consisting of six or mor®-(+)-glycopyranose units. They have the shape of Bwdluncated
cone with the larger end ringed with the secondiggroxyl groups and the smaller end rimmed
with primary hydroxyl groups (Figure 3a, 3b). Tiheerior of the cavity, which contains glycosidic
oxygen bridges, is, therefore, relatively hydropbfib]. The smallest cyclodextrin homologs,

, B- andy-cyclodextrins, which consist of six, seven, angheiglucose units respectively, are
commercially available. Although various cyclodexistationary phases have been synthesized
by either cross-linking cyclodextrin polymers oreahically attaching cyclodextrins to silica via
different bonding processes[26], only the cyclodexbonded stationary phases developed by
Armstrong and coworkers are commercially available, Thea&ostary phases, synthesized by
chemically linking cyclodextrin to silica via a hititically stable and non-nitrogen-containing
linkage, have found widespread applications in lv@sg various optical, geometrical and
structural isomers as well as other routine comgsun

0
H O 4 © R
HO HQ
Q O on HO o
OH HO
OH HO 0
0
OH HO
OH oH OH
o OH HO
O oH o
0
OH
0O OH

Fig3a. Cyclodextrin derivatives ( a derivatives contains 6 glutamine units, p derivatives contains 7 glutamine
units, y derivatives contains 8 glutamine units)

2 3
0.38 nm | | ?H (|3H
L o4onm i T
o
CH,OH

6
Figure3b: The chemical structures of Cyclodextrin and their derivatives (for a: 0.49nm, for p: 0.62nm, for
v: 0.79nm)
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The basic property of cyclodextrins allows to a Bumus chemical separations is their ability to
include selectively, in solution, a variety of gue®lecules in their cavities. The formation of the
inclusion complex may be caused by either a hydsbjgheffect (due to favorable dipole-dipole
interaction between the cyclodextrin and the gweskecule), hydrogen bonding (between the
cyclodextrin's hydroxyl groups and the guest mdiEcuhe release of high energy water or
organic modifier during complex formation, and antxination of these factors [27]. The basis for
chiral recognition by cyclodextrins can be ratioredl by Dalgliesh's three-point interaction
concept [28]. The three points of interaction ceh®f a dipole-dipole interaction with the
cyclodextrin's cavity and two other interactionghathe cyclodextrin's rim. The two interactions
with the rim can be attractive hydrogen bondingsrepulsive steric interactions. Various
enantiomeric separations of pharmaceuticals usiydodextrin bonded stationary phases are
summarized in Table 6. Most of these separations @ehieved using aqueous mobile phases and
the [3-cyclodextrin bonded stationary phase, arftbuiitthe need to do precolumn derivatization of the

drugs.
Table6: Chromatography separation using Cyclodextrin Bonded Stationary Phases

Stationary Phase Applications
3-Cyclodextriin Propranolol, Metoprolo
Acetylated [3-Cyclodextriin Norgestrel

c. Protein bonded stationary phas@&he ability of proteins stereoselectivily to birmvi molecular
weight enantiomers has been observed in variougipmrug equilibria studies. This remarkable
ability of proteins originates from their complekrée-dimensional structures, which contain
various functional groups capable of manifestidfgint types of interactions. This feature wasluse
by two different research groups in designing tbieiral stationary phases. One type of proteinroalu
was developed b&llenmark by covalently bonding bovine serum albumin teaityel. Another type of
protein bonded stationary phase was synthesizétbbyanssonusing ionic bonding and then cross-
linking a-acid glycoprotein to silica gel. Both Bgof stationary phases have demonstrated unusual
ability to resolve enantiomers [29]. The variousargiomeric separations using the two chiral
stationary phases are summarized in Table 7. Beigh both of these two stationary phases are now
commercially available, to date the a-acid glyctgnobonded stationary phase appears to offer erwid
range of application to molecules of pharmacoldgitarest. As in the case of cyclodextrin bonded
stationary phases, many separations performed tisesg two stationary phases were achieved
without the need to derivatization enantiomerict&s. Furthermore, these columns allow the use of
aqueous mobile phases, which are preferred fosdruiological fluids. Also, this approach has the
advantages of optimizing the solute retentions el &s the enantioselectivity by adjusting such
separation parameters as ionic strength, pH, anplao reagents [30].

Table7: Chromatography separation using Protein bonded stationary phase

Protein Bonded Stationary Phase
Bovine serum albumin
3 acid-glycoprotein
a- acid-glycoprotein

d. Chiral Polymer Stationary PhasesThe chiral recognition ability of optically actiy@lymers
such as cellulose, cellulose derivatives, and poigas has been known for some time.
However, until recently, most enantiomeric separaiusing chiral polymers were performed
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using planar or low pressure column chromatograptayt of the reason may be caused by the
difficulty in preparing cross-linked polymers hagirsufficient mechanical strength, minimal
swelling in various solvents, and appropriate de high pressure liquid chromatography.
Figure 4 represents Chemical immobilization pathsmMay cyclodextrins on silica gel

| o
—— §i—O0—H CH, i \
o) + ol — i O—Si ——(CHy,);—0—¢ CH,
2 H
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— Si—0—H CH,
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§ O— Si ——(C H)j;
CH,

Figure 4: Chemical immobilization pathwaysfor Cyclodextrin on silica gel
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?
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Consequently, simple alternative approaches fopagsreg chiral polymer stationary phases,
which involve either physically coating or covalgntoonding the chiral polymers to a
macroporous support, have been developed. Indeedroporous silica coated with poly
(triphenylmethyl methacrylate) and cellulose dearxes or covalently bonded with
polyacrylamideshave demonstrated remarkable ability in resolviagous enantiomers. Recent
enantiomeric separations using various chiral pelygtationary phases are summarized in Table
8. It should be noted that the coated polymer payskiusually exhibited different selectivity
from their analogous packings prepared by crodsnignpure polymers. In the case of coated
polymer stationary phases, only mobile phases stingiof non-solvents of the chiral polymer
can be used to prevent its leaching. There are@arsies concerning the mechanism for chiral
recognition by chiral polymers [31]. Neverthelegsappears that chiral recognition does not
result from the direct interactions between thewviddial optically active residue of the chiral
polymers and the enantiomers but rather from tr@dusion of the enantiomers into the
asymmetric cavities of the three-dimensional polymeetwork, Since several chiral polymeric
stationary phases are now commercially availabienarous applications using this type of
stationary phase will undoubtedly appear in the hgare[32].

Table8: Chromatography separation using chiral Polymer Stationary Phase

Stationary phase Applications
Cellulose carbamate polymer Mephobarbital,Ethotoine
Poly(acrylamide) polymer Chlothalidone
Poly(methacrylamide) polymer Thalidomide
Microcrystalline cellulose triacetatg Benzothiodipmes
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Future trends: The discussed method approache for chiral resolitave been proven to be one
of the most effective, practical, and economicalthud for separation of enantiomers. The
methods are useful for separation of different &oarer as well as enantiommer and non
enantiomer. These methods are are used in anagdigievelopment of protein based drugs,
chiral molecules, xenobiotics, and other pharmacaist

Recent developments

Recent advances in enantiomer separations foundapylary electrophoresis (CE), using
proteins as chiral selectors, affinity capillarye@lrophoresis (ACE) with free solutions and
capillary electrochromatography (CEC) with proteimmobilized capillaries. The new separation
principle, recent advances in this field found WiGE. In ACE, various enantiomer separations
reported using either plasma proteins or egg winies. On the contrary, only a limited number
of enantiomer separations have been successflligvad in CEC. For further investigations,
such as efficiency, durability and reproducibildf capillaries will be necessary for the use of
routine analyses. The study of enantioselectiveg-¢ptotein binding is important in
pharmaceutical developments. Some applicationsudial) high-performance CE/frontal
analysis (HPCE/FA), UPLC are introduced for reatelopment in enantiomeric analysis.

CONCLUSON

It is clear that the range of liquid chromatograpiechniques for enantiomeric analysis is now very
broad. This is because no single liquid chromapgcatechnique can provide superior and universal
chiral separation of all classes of compounds. &prently, chiral liquid chromatographic separation
is not trivial, since it is still difficult to dede which technique would work for an unfamiliarrahi
compound. Undoubtedly, further advances in the Idpw@ent of more universal chiral liquid
chromatographic techniques and in the understarafirgiral recognition mechanisms are needed
before chiral liquid chromatography can be consdieoutine.
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