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Preface

What drives a scientist to edit a book on a specific scientific subject such as chiral
mechanisms in separation methods? Until December 2005, the journal Analytical
Chemistry of the American Chemical Society (Washington, DC) had an A-page
section that was dedicated to simple and clear presentations of the most recent tech-
niques or the state of the art in a particular field or topic. The “A-page” section was
prepared for a broad audience of chemists including industrial professionals, stu-
dents as well as academics looking for information outside their field of expertise.
Daniel W. Armstrong,! one of the editors of this journal and a twenty-year+ long
friend, invited me to present my view on chiral recognition mechanisms in a simple
and clear way in an “A-page” article. In 2006, the “A-page” section was maintained
as the first articles at the beginning of each first bi-monthly issue but the pagination
was no longer page distinguished from the regular research articles published by
the journal. During the time between the invitation and the submission, the A-page
section was integrated into the rest of the journal and the article appeared as (2006)
Anal Chem (78):2093-2099.

The article was well received. John Dorsey,” another very long time friend and
colleague, invited me to present it as a lecture in his Dal-Nogare Award session of
the 2008 Pittsburg Conference in New Orleans. I presented a talk focusing on the
only part of chiral mechanisms that I really know and worked on: chiral recognition
mechanism with the macrocyclic glycopeptide chiral selectors. Steffen Pauly, Senior
Editor Chemistry for the publisher Springer, heard the talk and asked me to edit a
book on the subject. It was so well paid (sigh!) that I could not refuse the offer. . .
and now, you have the book in hand.

Author invitations, article redaction time, reviewing and revising process, and
text editing took almost 2 years. The book opens with my own general view of
chiral mechanisms in separation methods. I was very fortunate in recruiting some
of the most distinguished researchers in the field. In many cases, the originators
of some of these powerful separation methods agreed to contribute and provide

! University of Texas at Arlington
2Florida State University, Tallahassee
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their unique insight. For instance, Yoshio Okamoto, the discoverer of the power-
ful carbohydrate-based chiral stationary phases (CSP), and his co-workers prepared
a chapter on mechanisms and applications of these CSPs. Cyclodextrins are another
class of very useful CSPs. Thomas Beesley, CEO of Astec Inc, recently incorporated
in the Supelco-Sigma-Aldrich group, gives his views on cyclodextrin CSPs. Daniel
Armstrong introduces the macrocyclic glycopeptide CSPs. In addition, he presents
here, with his group, a new class of potentially very powerful CSPs: the cyclofruc-
tan CSPs. In capillary electrophoresis (CE) the chiral selector must be added to
the mobile phase since there is no real chromatographic stationary phase. Bezhan
Chankvetadze of the Tbilisi State University details all possible mechanisms of chi-
ral separations in CE. The sixth chapter written by Brian He of Bristol-Myers Squibb
provides the point of view of an expert in chiral separations from the pharmaceutical
industry. Next, the macrocyclic glycopeptide CSP properties and interaction mech-
anisms are presented by Dan Armstrong, people of his group and myself. Tim Ward
of Millsaps College, Mississippi, reminds us that vancomycin, one of the macro-
cyclic glycopeptide selectors, has strong antibiotic properties and proposes, using
vancomycin as an example, and that the antibiotic and enantioselective interac-
tions are related. The ninth chapter, presented by Cristina Minguillon of University
of Barcelona, deals with countercurrent chromatography and chiral interactions in
liquid phases. Eric Peyrin of Grenoble University explains aptamers capabilities
in chiral separation and the book ends with a chapter by the Isiah Warner group
(Louisiana State University) on another new class of chiral selectors: the chiral ionic
liquids.

In drawing this preface to a close, while all authors presented their unique
point of view on chiral mechanisms in enantiomeric separations, they would like
to impress upon the readers that we are still a very long way from full understand-
ing of the enantiomer—chiral selector interactions leading to chiral separation. For
instance, solvents are used. Solvent effects are very important and yet very difficult
to predict accurately. The different author approaches should give an idea to the
reader on the complexity of the chiral separation problem.

I want to acknowledge and to thank all the authors for the hard work and amount
of effort and information that they put in their chapters. We all sincerely wish
that this book will be useful to beginners and students as well as to confirmed
practitioners in this unique separation field.

Villeurbanne, France Alain Berthod
May 20, 2010
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Abstract In 1858, Louis Pasteur, the first to accomplish the separation of two enan-
tiomers wrote: “Most natural organic products, the essential products of life, are
asymmetric and possess such asymmetry that they are not superimposable on their
image. This establishes perhaps the only well-marked line of demarcation that can
at present be drawn between the chemistry of dead matter and the chemistry of liv-
ing matter.” Enantiomers have exactly the same properties in isotropic conditions.
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They behave differently only in anisotropic conditions. Chiral—chiral interactions
are needed for enantiomeric separations. The fundamental mechanisms for chiral
separations are listed along with the commercially available chiral selectors. Two
chemometric examples are commented: one on quantitative structure enantioselec-
tivity relationship and the second one on linear solvation energy relationships. It is
shown that the solvents used in the mobile phase may play the most critical role in
the chiral mechanism.

1 Introduction

After the thalidomide tragedy (1957-1961), a strict control of the purity of enan-
tiomers used in medicine was inducted. Worldwide, governmental agencies control
all active drugs produced by the pharmaceutical industry with a special attention on
the enantiomeric purity in case of chiral drugs. With time, less and less new drugs
are introduced as racemates. Figure 1 shows the evolution of the numbers of news
drugs introduced worldwide as pure enantiomers, achiral molecules, and racemates
over the last 20 years. The steady increase of pure enantiomers is associated with the
sharp decrease of racemate introduction with only seven racemates introduced over
the 2003-2006 4-year period. This figure should be compared to the 246 pure enan-
tiomers and 131 nonchiral drugs introduced over the same period of time [1-3]. It is
interesting to note that 99% of the pure enantiomers had a natural or semi-synthetic
origin when most of the nonchiral molecules were synthetic drug substances [3].
Such concern on the interaction of enantiomers with the living world is now going
beyond the pharmaceutical industry expanding to the food and agriculture industries
and wherever animal and vegetable organisms are involved.

@ enantiomer
m achiral

0O racemate

Fig. 1 Time distribution of the number of worldwide newly approved drugs according to chirality
character (data from [1-3])
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Enantiomer separation and chiral mechanisms go together. The separation of
enantiomers is a very difficult task that cannot be achieved without a differ-
ent pure enantiomer called the selector. This is the first most important point
to understand: two enantiomers have exactly the same properties in anistropic,
asymmetric, or achiral environments. Some differences in enantiomer behavior
can occur only in isotropic or chiral environments. For reasons beyond the scope
of this chapter, nature uses single enantiomers of, e.g., amino acids and car-
bohydrates to build asymmetric living organisms which produce very different
interactions with chiral molecules. The metabolic pathway of the (R)-thalidomide
enantiomer produced the desired sedative effect when that of (S)-thalidomide
displayed dramatic teratogenic effects in pregnant women. It is because living organ-
isms are asymmetric that chiral separation and pure enantiomers gained such a high
significance.

This first chapter will present the world of chiral separation by listing and defin-
ing the terms used in the field, giving a brief historical view followed by a general
description of enantiomeric interactions and mechanisms involved in enantiosepa-
rations. Chromatographic techniques are greatly emphasized due to the background
of the author.

2 Nomenclature

2.1 Term Definitions

Absolute configuration The fully identified spatial arrangement of all stere-
ogenic centers in a chiral molecule.

Achiral molecule A molecule that does not contain any asymmetric cen-
ter. Its mirror images are superimposable upon each
other.

Asymmetric center The carbon atom bearing four substituents in a chiral

molecule. The tetrahedral sp> hybridization of carbon
with four different substituents is responsible for more
than 95% of the chirality in the living world. Figure 2
shows chiral molecules that do not contain a defined
asymmetric center.

Chiral molecule A molecule with at least one asymmetric center. Its
mirror images are not superimposable. The use of the
adjective “chiral” is extended to describing involvement
with enantiomers, e.g., chiral chromatography, chiral
separations.

Diastereoisomers: Isomers differing by the spatial arrangement of their
functional groups not being mirror image of each
other. They may contain multiple asymmetric centers.
Diastereoisomers may or may not be optically active.
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A - asymmetric center B- asymmetric line
(2R)-2-hydroxy-propanoic acid (1R)-1-chloro-(3R)-3-bromoallene

or D(-)-lactic acid

C- atropoisomerism D - steric hindrance
(R)-(+)-1,1"-bi-2-naphthol (-)-14-hexahelicenol

Fig. 2 Examples of chiral molecules with and without asymmetric center. a The sp> hybridized
carbon bearing four different substituents is by far the most common asymmetric center.
b The C=C=C allene arrangement forms a chiral axis. The 1-chloro-3-bromoallene is chiral.
¢ Atropoisomerism occurs when the free rotation around a o bond is hindered. d Steric hindrances
create a chiral plane in helicenes

Enantiomer: One member of a pair of molecules that are mir-
ror images of each other and not superimposable.
Enantiomers are optically active.

Enantiomeric excess The percent excess of an enantiomeric form over the
racemate in a mixture of a pure enantiomer and its
racemate. Symbol ee, it is also termed “optical purity,”
the specific optical rotation of an enantiomer mixture
over the specific rotation of the pure enantiomer. For
example, if the ee or optical purity of a mixture of
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two enantiomers is 40%, it contains 70% of one enan-
tiomer and 30% of the other. These percentages are seen
as 60% of the racemate nonoptically active and 40%
“excess” of an optically active enantiomer.

Enantiopure Quality of a compound that is made of a single isomer
not containing its enantiomer according to available
analytical methods.

Epimers Diastereoisomers differing in configuration at one of
the two or more asymmetric centers, e.g., sugars.
Epimers are optically active.

Meso compound A diastereoisomer with two or more asymmetric centers
and a plane of symmetry within the molecule reducing
the number of possible enantiomers. A meso compound
is not optically active.

Optical purity Measure of the enantiomeric excess determined by opti-
cal rotation measurement, see “‘enantiomeric excess’.

Racemate Synonymous of racemic mixture or racemic compound
containing exactly the same amount of both enan-
tiomers.

Racemic mixture A mixture composed of equal amount of enantiomers.
This mixture is not optically active.

Specific rotation The angular rotation [«] observed if a 1 dm length

unit tube is used with a compound present at a 1 g/mL
unit concentration. [«] is usually expressed in degree
em? gl

Stereoisomers Isomers that differ from each other only in the way
atoms are oriented in space. There are two types of

stereoisomers: enantiomers and diastereoisomers.

2.2 Molecule Nomenclature

The internationally accepted nomenclature for chiral molecule uses the Cahn—
Ingold—Prelog (CIP) rules for sp® hybridized carbons [4]. The four substituents are
sorted by increasing mass of the first atom attached to the asymmetric center. If
two atoms are identical (carbons in the case of 2-butanol, Fig. 3), the next heav-
iest atom one bond further away is considered and so on. Next, the molecule is
held by the lightest substituents (-H for 2-butanol in Fig. 3) and the way the three
other substituents are arranged in decreasing mass order define the R-enantiomer
(Fig. 3 for 2-butanol with the order OH — ethyl — methyl rotating clockwise),
R is for the latin word “rectus” right. The mirror image of (R)-2-butanol is the
S-enantiomer (S is for the latin word “sinister” or left). These rules allow for the
absolute configuration of any chiral compounds.

Historically, the first chiral separation of the enantiomers of sodium ammo-
nium tartrate by Louis Pasteur in 1858 was done separating the crystals by hand
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CHaCH,

/ W
ol

/

HO

Fig. 3 The Cahn-Ingold—Prelog rules applied to 2-butanol. The decreasing substituents mass
order is -OH > -CH3-CH,>-CH3>-H. Seeing the molecule held by the lightest — H atom, the sub-
stituent masses decrease rotating clockwise: the R-enantiomer is pictured

using tweezers and a magnifier [5]. In the nineteenth century, the optical activity
of the solutions was the only mean to recognize chiral molecules that were sorted
in d- and [-isomers for dextrorotatory or levorotatory the right and left, respec-
tively, optical rotation of the vertically polarized orange sodium light (589 nm). The
d- and /-nomenclature is no more in use today supplanted by the (+) or (-) signs
associated with the (R) and (S) CIP notation. Indeed, there is no known relation
between the absolute molecular configuration of a compound and its optical rota-
tion. In 1891, Emil Fisher devised a method of representing a three-dimensional
molecule on a page. By a lucky guess, he correctly defined the structures of D- and
L-glyceraldehyde and consequently of D- and L-tartaric acid [6]. His method was
used to name sugars and amino acids for more than 50 years. It is still accepted
today for these natural compounds only. Setting glycine apart since it is nonchiral,
it must be noted that all amino acids found in proteins are L-amino acids and also
have the S-configuration at the exception of cysteine whose —CH,-SH substituent
precedes the carboxylate-COOH in mass making L-cysteine the R-enantiomer.

3 Interaction Between Molecules

3.1 The Bases: The Three-Point Interaction Model

As already said, two enantiomers have exactly the same properties in anisotropic
environment. To separate enantiomers, interactions with an isotropic selector are
needed. The key step in enantiomer separation and chiral recognition is the forma-
tion of labile diastereoisomeric complexes between the enantiomers and the chiral
selector. The selector will be able to discriminate between the two enantiomers if
there are at least three point of interaction between the chiral selector and one or
both of the enantiomers as illustrated by Fig. 4. The left image shows that a chiral
molecule can match exactly three sites of the selector. Its mirror image on the right,
after all possible rotations, can present a maximum of two groups able to interact
with only two sites of the selector. The experimental binding constant of enantiomer
(a) will be higher than that of its mirror image (Fig. 4). This difference can be used
to separate the two enantiomers. Easson and Stedman were the first to propose in
1933 a minimum of three points of attachment to explain the different physiological
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Fig. 4 The three-point e

interaction model. K
Enantiomer (a) presents three -E \ .t -0

groups that match exactly
three sites of the selector
when its mirror image,
Enantiomer (b) can interact
with a maximum of two sites
of the selector

activities of dissymmetric drugs [7]. Dalgliesh later adapted the model to explain the
separation chiral aromatic amino acids that he obtained on paper chromatography,
the first use of a cellulose chiral stationary phase! [8].

The “three-point interaction model” was useful in the design of some of the ear-
lier chiral stationary phases (CSP). It is still used to rationalize mechanisms for
chiral discrimination. It is very important to use it correctly. Figure 5 shows a fancy

Two substituents of the
selector are not used

Two substituents of the
enantiomer are not used

Fig. 5 Incorrect use of the three-point interaction model seen in [9]. Interaction of methyl-N-
(2-naphthyl)alaninate with the chiral selector N-(3,5-dinitrobenzoyl)-(S)-leucine n-propylamide.
Switching Hydrogen 15 and Group 18 on the selector asymmetric center (*) would produce the
other enantiomeric form. Switching hydrogen 9 and methyl 10 of the leucine asymmetric center
(*) would make the (R)-leucine enantiomer. In both cases, the three interactions mentioned would
be similarly possible not allowing for any chiral discrimination
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molecular modeling that was published by prominent experts in chiral separation in
one of the best scientific journal [9]. Sorry to say, this model cannot be right since
two of the three proposed interactions occur with the same substituents of the deriva-
tized (L)-leucine chiral molecule. Switching the hydrogen atom 9 for the methyl
group 10 (Fig. 5) would produce the (R)-leucine enantiomer that could interact with
the selector through exactly the same proposed three interactions. This erroneous
figure was unfortunately used over and over as an illustration of the three-point
interaction model [10—12]. The three interactions must occur between three different
substituents of both the chiral molecule and the chiral selector (Fig. 4).

The model is not readily applicable to all cases. The simplification of considering
a point of interaction is not appropriate for all enantiomer—selector binding. Steric
fits in a cleft or cavity can correspond to more than one interaction. In the original
model, all interactions were attractive. From a stereochemical point of view, repul-
sion is considered as productive an interaction as attraction. For example, two of the
interactions can be repulsive if the third interaction is strong enough to promote the
formation of at least one of the two possible diastereoisomeric selector-ligand com-
plexes [12]. Also the three-point interaction model can be considered as a geometric
model. When the formation of the intermediate diastereoisomer complex involves
interaction with a line or a plane or other rigid structures, this interaction can be
counted for two or even three. So that this can agree with the idea of the three point
of interaction considering that a line is defined by at least two geometrical points or
a plane by at least three points [13].

3.2 Intermolecular Forces

All chiral separation methods involve an intermediate diastereoisomeric complex
formed between the enantiomers to be separated and a chiral selector. All molec-
ular interactions can play a role in the enantiomer—chiral selector-binding process.
Table 1 lists these forces along with their strength, direction, and range.

The strongest interaction is obtained with the Coulomb force. The attraction
between two electric charges of opposite signs is responsible for the high cohe-
sion of salts. The Coulomb interaction can be attractive as well as repulsive if the
two charges have the same sign. The hydrogen bond (H-bond) interaction occurs
between the positively polarized hydrogen atom of a hydroxyl (or amine) group and
the negatively polarized oxygen (or nitrogen) atom of another hydroxyl (or amine)
group. H-bonds can be very strong because the negative site can come very close to
the hydrogen atom depleted of any remaining repulsive electrons. Steric hindrances
are due to the intrinsic room needed for an atom or group of atoms. This volume can-
not be occupied by another atom or group of atoms. Steric hindrances are repulsive,
very strong on very short range.

-7 interactions are observed when m-electron molecular assemblies, mainly
aromatic rings, interact with each other. Aromatic structures are said to be
m-acceptor or mw-acid where the ring has electron-rich substituents, mainly -NO;
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Table 1 Strength, direction, and working distances of molecular interactions

Type of interaction Strength Direction Working distance
Coulomb or electric Very strong Attractive (+/-) or Medium range (1/d%)
repulsive (same charges)
Hydrogen bond Very strong Attractive Long range
Steric hindrance From weak to very  Repulsive Short range
strong
-7 interaction Strong Attractive Medium range
(donor/acceptor)
Ion—dipole Strong Attractive Short range
Dipole—dipole Intermediate Attractive Short range (1/d%)
Dipole-induced dipole Weak Attractive Very short range (1/d°)
London dispersion or ~ Very weak Attractive Very short range (1/d°)

van der Waals forces

groups. They are said to be w-donator or w-basic when the w-electron can delo-
calize such as in a naphthyl group or when electron donating substituents, such as
methyl groups, are attached to the aromatic ring. 7—m interactions involved in chi-
ral recognition mechanisms are most often attractive with a w-acceptor or w-acid
group of the enantiomer interacting with a w-donator or w-basic group of the selec-
tor or vice versa. lon—dipole, dipole—dipole, and dipole-induced dipole interactions
act with molecule having a dipole moment. The strongest ion—dipole interaction
combines the Coulomb force between the ion and the partial charge of the dipolar
molecule. It is always attractive since, by constitution, a permanent dipole structure
combines a partial positive charge with an equal partial negative charge. For the
same reason, the dipole—dipole interaction is also attractive although weaker than
the ion—dipole interaction.

The weakest interaction is that occurring between a permanent dipolar molecule
and a dipole induced by the electric field. The London forces, part of the van der
Waals interactions, are the weakest intermolecular forces. Being the weakest forces
does not mean that they have no importance and/or no significant role to play in
molecular behavior: these forces are, for example, responsible for the hydrophobic
effect that is responsible for a great part of reversed-phase liquid chromatography
(RPLC) compound separations and for entropy-driven forces causing oil to separate
from water.

4 Assessing Mechanisms

4.1 Rationale of Chiral Recognition Mechanisms

Molecular interactions are responsible for slightly different binding constants
between the transient diastereoisomeric complexes formed with the chiral selector
and the enantiomers. A full knowledge of the chiral recognition mechanism would
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allow predicting which selector will be best to separate the enantiomers of any chi-
ral compounds. The full rationale of chiral recognition is far from being in sight yet
although progress is continuous. Chiral recognition mechanisms can be studied most
effectively when the exact structure of the chiral selector is known. This is mainly
true for the smaller selectors. Most derivatized macromolecules and polymers have
little-known structures. However, even with small selectors, too often in liquid
chromatography (LC), beautiful molecular modeling studies of chiral molecule—
selector association explain a posteriori a particular enantioseparation and have no
predictive ability because they do not account for critical solvent effects.

4.2 Methods to Study Mechanisms

Information on chiral recognition mechanisms is mostly obtained by studying dif-
ferences between binding energies of enantiomers and a chiral selector. Table 2 lists
the different methods.

Table 2 Methods for investigating chiral recognition mechanisms

Spectroscopic methods
Circular dichroism and optical rotatory dispersion
NMR
X-ray crystallography
Fluorescence anisotropy

Separation methods
Liquid chromatography
Gas and supercritical fluid chromatography
Capillary electrophoresis

Computer methods
Molecular modeling
Structure properties relationships and handling data

4.2.1 Spectroscopic Methods

Spectroscopic methods can work with the chiral selector associated with the ligand
either in solid state or in solution. The chiroptical spectroscopies, circular dichroism,
and optical rotatory dispersion, represent an important means for evaluating struc-
tural properties of selector—ligand adducts [14]. NMR can specifically investigate
'H proton or '3C carbon atom positions and differentiate one from the other. X-ray
crystallography is a powerful technique to investigate the absolute configuration of
diastereoisomeric complexes but in the solid state only. Fluorescence anisotropy is a
polarization-based technique that is a measure, in solution, of the rotational motion
of a fluorescent molecule or a molecule + selector complex [15].
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4.2.2 Separation Methods

Separation methods use chiral selectors to separate the enantiomers. Multiple
selector-ligand association—dissociation steps occur between the mobile and sta-
tionary phase. In chromatography, the selector is most often attached to the
stationary phase producing a chiral stationary phase (CSP). The enantiomers are
introduced in the mobile phase that is a liquid chromatography (LC), a gas chro-
matography (GC), or a supercritical fluid chromatography (SFC). They move at
slightly different average velocities according to their binding constants with the
chiral selector. In capillary electrophoresis (CE) there is not actually a stationary
phase: the chiral selector bears a charge, is added to the electrolyte, and moves in
the electric field according to its electrophoretic mobility, differentially binding to
the two enantiomers. The dissolved chiral selector can be treated as a pseudophase.
Alternatively, the chiral analyte may be charged and the selector can be neutral.
The migration times of the enantiomers give access to their binding constants.
This book focuses on separation methods to obtain insights into chiral recognition
mechanisms.

4.2.3 Thermodynamics

Working at different temperatures allows one to perform thermodynamic stud-
ies which, in some cases, can provide information on the chiral mechanism.
Chromatographic methods give the enantiomer retention factors, k. It is relatively
easy to measure the k factors at different temperatures. The slope and intercept
of the Van’t Hoff plots (Ln k versus 1/7) contain, respectively, the enthalpy, AH,
and entropy, AS, variations of each enantiomer—selector global (chiral + achiral)
interaction.

Ink = —AH/RT + AS/R +In¢ (1)

In Eq. (1), R is a perfect gas constant, T is the absolute temperature (°C + 273 in
Kelvin) and ¢ is the column phase ratio (ratio of the stationary phase volume over
the mobile phase volume).

Comparing the selectivity values o (ratio of the two retention factors k; over
ky) for the two enantiomers gives information on the enantioselective part of the
interaction [16].

A(AG) = —RT Ina = A(AH) — TA (AS) 2)

In Eq. (2) A(AG), A(AH), and A(AS) are, respectively, the chiral part of the Gibbs
free energy change of the enantiomer—selector phase transfer, the chiral part of the
enthalpy and entropy changes occurring with the transfer [16].

The thermodynamic parameters obtained, binding constant , enthalpy, or entropy
changes, correspond to the global ligand—chiral selector association. Information
concerning the enantioselective separation mechanism can sometimes be inferred
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by changing the experimental conditions in a controlled/sequential manner. These
changes include the composition of the mobile phase, the pH, the polarity or ionic
strength, and substituting and/or derivatizing a chemical group of the analyte and/or
the selector.

A statistical thermodynamic study of CSP—enantiomer interaction demonstrated
that the possible enantioselectivity factor o was not significantly different when an
interaction dominated the two others or when the three interactions were of com-
parable strength. However, in the former case, In o should be a linear function of
1/T, with T, the absolute temperature and a departure from this Van’t Hoff behavior
would suggest that multiple retention modes compete [17].

Bi-Langmuir adsorption isotherms of enantiomeric pairs and CSPs were deter-
mined to gain information on chiral mechanisms. In the few cases fully studied, it
was found that the two isomers interacted with type I nonselective sites as well as
with type II enantioselective sites [18]. The bi-Langmuir equation is expressed as:

qibiCrs  qu,r sbu,r sCr.s
1+ b 1 + b, g, sCr,s

3

qRr,s =

in which ¢ is the amount of compound at equilibrium per unit of volume of CSP.
The subscripts R, S, I, and II refer to the R- or S-enantiomers and the type -I or type
IT adsorption sites. The constants b subscript I and b subscript II with R and S refer-
ences depend on the site adsorption energies. C is the enantiomer concentration in
the mobile phase. The gy contributions and type I b constants are identical for the
two enantiomers making two unknown parameters. There are a total of six unknown
parameters in the two gr and gs in Eq. (3): g1 and by for the nonselective type I sites
and g r and g, and by g and by s for each R- and S-enantiomers. The six parame-
ters were fully determined for several enantiomeric pairs allowing to obtain the true
enantioselectivity factor « as the ratio of the g1 by products for the two enantiomers
[19]. In all cases, it was found that the less retained enantiomer interacts with the
enantioselective type II sites [18]. For six enantiomeric pairs well separated with
enantioselectivity factors over 1.9, the relative chiral contribution to the retention
factors of the less retained enantiomers was between 25 and 77% and between 40
and 89% for the most retained enantiomers [18]. The adsorption studies demon-
strated also that heterogeneous mass transfer kinetics was the essential explanation
for the poor efficiency of protein CSPs. The adsorption results confirmed that the
kinetics of adsorption/desorption is much slower on the chiral selective sites than
on the nonselective ones [19].

4.2.4 Molecular Modeling and Statistical Analyses

Computer methods use chemical theory to establish chiral recognition mecha-
nisms. Software computes the atom coordinates and calculates the best molecular
conformation that minimizes energy between the chiral selector and the ligand.
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Beautiful models of chiral molecule—selector association are particularly useful in
crystallography and GC. In LC, they may well explain a particular enantioseparation
but often have no predictive ability because, so far, models ignored critical solvent
effects in a particular interaction.

Another computer approach is to compile a large amount of results and performs
quantitative structure retention relationships. This approach classifies experimen-
tal results associating conditions, selectors, and enantiomeric pairs successfully
separated, not giving great information on the chiral recognition mechanism [20].
However, using the database with probability rule and a statistical approach was
proved to have a very good predictive ability [21]. Section 6 of this chapter will
detail parts of the author’s personal work on associating chemometry and chiral
separations.

5 Chiral Selectors in Separation Methods

5.1 Chiral Separations

Enantiomers need an isotropic medium to show different properties. In separation
methods, there are three ways to make enantiomers and chiral selectors interact: (1)
a chiral derivatization agent can be used to react with the enantiomeric pair turning
it into a diastereoisomeric pair that can be separated by classical means; (2) a chi-
ral selector can be added to the mobile phase so that labile diastereoisomers can be
formed with the enantiomeric pair during the separation process. Again a classical
column will be able to separate the formed diastereoisomers; (3) a chiral selec-
tor can be attached to the stationary phase. Labile diastereoisomers can be formed
with the chiral stationary phase (CSP) producing different progression of the two
enantiomers within the chiral column.

All three methods are used. However, the third method has a significant advan-
tage over the two other methods: a lower than 100% enantiomeric purity of the
CSP will not produce erroneous results in chiral analyses. Indeed, a drawback of
method 1 is that the derivatization agent used to prepare the diastereoisomers of an
enantiomeric pair may be less that 100% pure. If it is only 99% pure, all optical
purity analyses done on the diastereoisomeric pair obtained will be systematically
biased by 1%. Also, the chemical reaction involved to prepare the diastereoisomers
may change the initial optical purity of the enantiomeric pair. Chiral additives to the
mobile phases must also have the highest optical purity in order to give accurate
results. When a CSP is used to separate enantiomers, e.g., 99% optical purity can
be tolerated: the two peaks corresponding to the two enantiomers will be separated
by only 99% of the maximum possible resolution factor. However the peak areas
will be correct producing accurate optical purity results. The use of CSPs is by far
the preferred method in gas and liquid chromatography chiral separations. Chiral
mobile phase additives are used in capillary electrophoresis chiral separations.
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5.2 Different Classes of Chiral Selectors

The quest for chiral selectors can be arbitrarily separated in two paths: the synthetic
route and the natural route. The synthetic route studies the chiral molecule evaluat-
ing possible interactions (Table 1) and designs a selector that will interact differently
with an enantiomeric form than with its mirror image. The natural route follows
Pasteur and uses the fact that the living world is made of countless chiral selectors
and produces pure enantiomers. Once a natural chiral selector has been selected,
it is tested with its natural chiral target(s) and with many other enantiomers. The
observation of the results allows estimating a posteriori possible chiral mechanisms.
Actually, neither of these two classes of selectors is 100% pure: the semi-
synthetic class would almost be the actual class since many synthetic selectors are
based on a natural molecule and many natural selectors are chemically modified to
enhance their initial properties. Table 3 lists most of the selectors used for the sep-
aration of enantiomers sorted according to their main origin: synthetic or natural.

Table 3 Chiral selectors and their primary interaction

Appellation Mechanism Primary interaction

Synthetic selectors?

Ligand exchange Diastereoisomeric Coulomb or ion-dipole (lone
selector/metal ion/analyte electron pair coordination)
complex

m-complex selectors Transient 3-point -7 interaction
selector/analyte association

Molecular imprinted Key and lock association Selective shape interaction with

polymers the imprint

Chiral crown ethers Inclusion complexation Ton (primary amino group)-dipole

Polymers Diastereoisomeric H-bond

selector/analyte complex

Natural selectors?

Proteins Multiple-binding sites Variable

Polysaccharides Insertion in helical structures H-bond or dipolar or steric
Cyclodextrins Inclusion complexation H-bond

Cyclofructoses Inclusion of NH; + Variable

multiple-binding sites
Macrocyclic Multiple-binding sites Variable
glycopeptides
Cinchona alkaloids Ion pairing Coulomb

4Most ligand-exchange and 7r-complex selectors have a natural amino acid core and most natural
selectors are artificially derivatized to enhance their performance.

5.2.1 Ligand Exchange Mechanism

The chiral ligand-exchange principle was established in the late 1960s [22]. The
basic mechanism involves a metal ion, most often CuZ*, that will be at the core of
a complex with the enantiomers and the chiral selectors. To insure an acceptable
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chromatographic efficiency, the complex must be kinetically labile forming and
dissociating at a high rate. The central metal ion has definite positions in its coor-
dination sphere (six for Cu’*) that can each be occupied by a lone electron pair of
organic groups (or water molecules). The chemical functional groups meeting these
requirements, a lone electron pair and lability, are the amino, carboxy, hydroxy,
amido, and thio derivatives, all bearing at least one lone electron pair on the hetero-
atom. The chiral selector is an amino acid derivative and other analogous chiral
bidentate ligands. Through its amino and carboxylic groups, it occupies two posi-
tions of the copper ion coordination sphere. Two positions are occupied by small
water molecules leaving two positions for the ligand. The enantiomer analytes must
be able to form bidentate chelates. They are a- or f-amino acids, amino alcohols,
hydroxyl acids, diamines, amino amides, and dicarboxylic acids. The two interac-
tions described are necessary but not sufficient; the third interaction, required for
chiral recognition, is provided by steric- or dipole-type interaction with the selector.
Bulky and/or rigid groups in the analyte situated close to the stereogenic center will
greatly enhance the chiral recognition as indicated by the good chromatographic
enantioselectivity of the separation [22].

5.2.2 Molecular Adjustment for Three-Point Interaction

The m-donator or m-acceptor chiral selectors were introduced in the late 1970s
[23]. Later, the (R)-N-(3,5-dinitrobenzoyl) phenyl glycine selector was specifically
designed to have -bonding capabilities [24]. The -donator character of the dini-
trobenzoyl group of the selector can interact with an added 7 -acceptor substituent of
the enantiomer. Dipole stacking, H-bond, and steric repulsion will provide the two
other necessary interactions. The interest of the concept was demonstrated when
it was shown that, making the (S) version of the phenyl glycine selector, it was
possible to observe the reversal of the elution order of the w-donator substituted
enantiomers [25]. Some rigidity in the molecule enhances chiral recognition. At the
moment, the most successful -complex selector, the Whelk-O-1, has two stere-
ogenic centers that are part of a ring and two bonds with two bulky m-electron-rich
(acid and basic) substituents.

—O,_ NO,

NO,
The synthetic (3R,4S) Whelk-O-1 selector



16 A. Berthod

5.2.3 Key and Lock Recognition with MIPs

Molecular imprinted polymers (MIP) are prepared in solvent solution with the
imprint pure enantiomer, a functional monomer (e.g., methacrylic acid), a cross-
linker (e.g., ethylene glycol dimethacrylate), and an initiator (e.g., 2,2-azobis-
(2-methylpropionitrile)). The mixture is reacted for several hours at elevated
temperature. The resultant bulk rigid polymer should be ground in a sieved pow-
der and the template enantiomer will be washed off. Knowing the way the MIP
was prepared makes it easy to understand that it will have a strong affinity for the
enantiomer that served as template. The interactions are mainly steric and shape
recognition associated with other interaction solute depending [26]. The drawback
is that MIPs are too specific. They essentially play no role in practical/commercial
enantiomeric separations. They are limited by their poor capacity and the lability of
the imprint to varying solvent conditions.

5.2.4 Host Crown Ether and Chiral Guest

Chiral crown ether selectors are derivatized forms of polyoxyethylene crown-6 [27].
This crown ether has a cavity that exactly match the size of an ionized primary amine
group, —NH3*. The host—-guest ammonium-crown ether interaction, one point of
attachment, is the driving force of the enantiomer with this class of chiral selector.
The two other necessary interactions are a steric and a hydrophobic one. They will
occur between the crown ether substituents and the host substituent. Chiral crown
ether can only discriminate chiral molecules with a primary amine group at low pH
(where the amine is protonated).

Crown ether type-cyclic oligosaccharides could soon become another class of
very efficient chiral selectors. The crown ether cavity could be used as well as
the fructose sugar on the ring. Derivatized forms of cycloinulooligosaccharides
showed excellent chiral recognition ability for primary amines and a variety of chiral
compounds (Armstrong, 2009, personal communication).

5.2.5 Synthetic Polymers

The helical polytriphenylmethyl methacrylate was the first synthetic chiral polymer
able to separate a very limited number of enantiomers [28]. Recently a fully
synthetic chiral stationary phase based on polymerized diacryloyl derivative of
trans-1,2-diaminocyclohexane [either (R, R) or (S, S)] bonded to silica gel in the
form of a very thin layer was proposed as a new LC CSP [29]. This CSP could
not resolve many enantiomeric pairs. However, when it could resolve a racemate,
it was shown that the amount that could be loaded was much larger than that on
most other CSPs. It means that the number of active sites is large. Hydrogen bonds
were found to be pivotal in the chiral recognition mechanism of this CSP. The enan-
tioselectivity was adjusted by the methanol content in the organic mobile phase.
Polysodium N-undecanoyl-L-leucyl-leucinate (poly-SULL) and —L-leucyl-valinate
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(poly-SULV) were dipeptide polymers forming micelles that were found very useful
in micellar electrokinetic chromatography with a broad range of applications [30].

5.2.6 Proteins

Proteins were very early introduced as natural chiral selector [31]. This was a highly
logical choice since such bio-macromolecules are responsible for the chiral dis-
crimination of drugs and nutrients in the living body. Proteins can discriminate a
wide spectrum of charged and neutral molecules. However, they may be difficult to
use since small changes in the experimental conditions, pH, ionic strength, added
organic solvent, may cancel the enantiorecognition. It is not possible to give a simple
mechanism since a single protein may contain several sites acting as chiral selectors.
All listed interactions may be involved.

5.2.7 Polysaccharide Selectors

Cellulose, amylase, and chitin are the most abundant optically active natural poly-
mers. They can be readily modified to carbamates or esters through reactions with
isocyanates and acid chlorides, respectively [32]. These selectors are very suc-
cessful and have broad selectivity. They associate individual chiral carbohydrate
monomers in a long-range helical secondary structure, also chiral. This associa-
tion was found to be highly effective for HPLC enantiomer separations. Since the
most popular selectors (Chiralcel® OD and Chiralpack® AD in coated forms or
Chiralpak® IA and IB in bonded forms) are cellulose and amylose derivatized
with 3,5-dimethylphenyl carbamate, a 7-donator or m-basic group, it is likely that
w7 interactions will be part of the mechanism. However, these chiral polymers
offer so many possible interacting sites that many enantiomers are discriminated
finding three different points of interaction without possibility to know exactly the
mechanism.

5.2.8 Inclusion Complexation

Cyclodextrins (CD) are small cyclic polysaccharides forming a cone-shaped cav-
ity with 6, 7, or 8 glucopyranose units for the a-, B-, or y-CD, respectively. The
interior of the cavity is rather nonpolar with ether groups; the larger and smaller
rims of the cavity are lined with polar primary and secondary hydroxyl groups,
respectively. Inclusion complexation is the driving interaction in chiral recognition
by CDs. Native CDs were proposed in the early 1980s as chiral selectors [33]. Polar
secondary interactions with the hydroxyl groups were predominant. Derivation of
these hydroxyl groups produced a wide variety of CDs with adjusted polarities and
functionalities. Derivatized CDs were able to separate a broad spectrum of enan-
tiomers [34]. For example, naphthyl-ethyl carbamate-substituted CDs associated
m—m interactions, H-bond, and inclusion complexation widening the applicability
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of the selector [35]. Since CDs are the main chiral selectors used in enantiosepara-
tions done in GC and CE, then, as a class, CDs have the broadest selectivity of any
class of selectors in existence today.

It was found that polar enantiomers could be separated with CDs in nonaqueous
polar medium (e.g., 99% acetonitrile with 1% methanol). In this situation, inclusion
complexation is unlikely, the solvent molecules occupying the CD cavity. The chiral
mechanism involves H-bonds with the spatially oriented hydroxyl groups at the rims
of the cavity and other interactions with the numerous asymmetric carbons of the
glucopyranose units [36]. Polar organic mobile phases were tried with other CSPs
and greatly extended their usefulness enhancing the role of H-bond interactions that
were screened by water molecules.

5.2.9 Macrocyclic Glycopeptide Selectors

Reading in a biological journal that macrocyclic antibiotics were inhibiting the
development of Gram-positive bacteria by blocking the cell wall development by
binding to the D-Ala—D-Ala terminal part of an essential protein, Armstrong thought
that these molecules should be wonderful chiral selectors for amino acids. He pro-
posed and patented the macrocyclic glycopeptide chiral selectors in 1994 [37]. As
expected, these selectors were the best ones in separating native amino acids, the
binding constant of the D-form being always significantly stronger thanthe L-form
[38]. The critical role of the carboxylic acid group (in the -COO™ ionized form) was
demonstrated. The methylation of this group cancels all chiral recognition [39].

It turned out that these selectors could do much more than amino acids through
their numerous active parts with many possible mechanisms. The most useful
selectors are vancomycin, ristocetin, and, especially, teicoplanin. All three have sim-
ilarities in their complex structures. They contain one or two charged sites, hydroxyl
groups, aromatic rings, polar (e.g., amido) and apolar (e.g., alkyl chain) groups that
give them the capability of interaction through all possible forces listed in Table 1
through a mechanism most often difficult to establish [40]. These three selectors
show a “complementary separation” effect when used in LC chiral selectors. If a
partial separation of a given pair of enantiomer is obtained with one glycopeptide,
good chance exists that a full baseline be obtained with one of the two other selec-
tors. From a mechanistic point of view, it means that there are subtle differences in
the stereo-binding sites between these related selectors.

5.2.10 Cinchona Alkaloids

The two Cinchona alkaloid selectors will be used to really get into a particular chiral
recognition mechanism. Quinine is a natural alkaloid extracted from the bark of the
South American Cinchona tree of the Rubiaceae family and used as an anti malaria
drug (Fig. 6). Its 8 and 9 positions are, respectively, substituted in the S and R config-
uration. By chance, quinidine is the mirror image form of quinine, also found in the
Cinchona bark with the 8R and 9S configuration. These two alkaloid enantiomers
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Quinine, 8S, 9R
Quinidine, 8R, 9S

.0—
Chiral H S ~ Si.
selector \ o—
OCH;
Silica
HO — surface

Residual
silanol

-00C DNB-valine NO,

Fig. 6 Top: the quinine and quinidine selectors. Botfom: Chiral recognition mechanism by a
quinine-based chiral stationary phase (CSP). The strongest interaction is the ionic docking attrac-
tion between charges of opposite signs. DNB-D-valine is more retained by the quinine CSP than
its L-enantiomer. DNB-L-valine is more retained by the quinidine CSP. All three interactions occur
between three different substituents of both the quinine selector and amino acid selectand. Compare
with Fig. 5. Adapted from [41]

can easily be individually separated and derivatized to prepare two useful CSPs with
opposite configurations [41].

The active quinine site responsible to the enantiomer separation can interact
through (1) an ionic interaction due to the quaternary ammonium, (2) 7—r inter-
action with the quinoline group, and (3) dipole and H-bond or steric hindrance
interaction with the carbamoyl substituent. The quinine selector can well separate
the enantiomers of N-3,5-dinitrobenzoyl (DNB) derivatized amino acids. The dock-
ing interaction is the ionic attraction between the negative carboxylate charge of the
DNB amino acid and the positive ammonium group of the CSP. Then, the DNB
m-acid group can interact with the quinoline 7 -basic group of the CSP making the
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second attractive interaction. The third interaction is a repulsive steric hindrance
between the bulky tertiobutyl substituent of the carbamate group on the CSP and
the substituent of the amino acid, e.g., phenyl group for phenylalanine, isobutyl
group for leucine, or methyl group for alanine (Fig. 6).

In the case of DNB amino acids, the relevance of the mechanism was established
by the following results: (i) Methyl esterification of the amino acid carboxylic
group cancels all chiral recognition making the docking approach impossible; (ii)
A relationship between log «, the enantioselectivity factor, and log k3, the retention
factor of the most retained enantiomer, was found depending on the amino acid
side chain size. The retention factors, k1, of the first eluting DNB amino acids were
similar [41]; (iii) The enantioselectivity factors and elution order, respectively,
obtained on the quinine and quinidine CSPs are similar and opposite for the same
enantiomeric pairs; (iv) Native amino acid enantiomers are not separated (no 7—m
interaction) [41].

It is because the chiral selector was a relatively simple molecule having naturally
its stereoisomer that the chiral recognition mechanism could be fully established in
the case of DNB-derivatized amino acid enantiomer separation. Most chiral selec-
tors are very complicated molecules making extremely difficult to predict a priori a
chiral recognition mechanism.

6 Chemometry and Chiral Mechanisms

6.1 Quantitative Structure Enantioselectivity Relationship

Chemometric methods are very useful allowing for predictions of chemical proper-
ties. Quantitative structure activity relationships (QSAR) are used in many modern
chemical softwares to give a very decent calculated value for chemical properties
such as molar volume, boiling point, acidity constant, or octanol/water partition
coefficient [42]. The molecule is seen as an association of fragments, each of which
contributing to the overall property [43].

Almost 20 years ago, I had the chance to work with a meticulous student that kept
well-documented records of all successful as well as unsuccessful chiral separations
that he was doing [35]. It is very difficult to teach students that failed experiments
contain information and that it is important to record them carefully. He tested 121
racemic compounds on the same CSP, the (S)-naphthylethyl carbamoyl-substituted
B-cyclodextrin (S-NEC-B-CD), with two mobile phases, hexane-isopropyl alcohol
(IPA) normal mobile phase and acetonitrile (ACN)-ethanol (EtOH) polar organic
mobile phase, writing down all data and saving chromatograms. The S-NEC-B-CD
CSP is unfortunately no more available today, supplanted by the more broadly effi-
cient Cyclobond®) 12000 DNP B-CD and Cyclobond®) I 2000 SP 3-CD marketed
by Supelco (Bellefonte, PA). Considering the large amount of data, we thought to
use a QSAR approach assuming that each one of the four substituents of the asym-
metric center was responsible for an identical contribution to the experimentally
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observed enantioselectivity. Equation (2) relates the experimental enantioselectivity
factor « to the chiral Gibbs energy A(AG) of the enantiomeric pair—CSP interaction:

o = exp <- MAG)) @)

RT

The quantitative structure enantioselectivity approach will consider that the overall
A(AG) energy for the interactions of the enantiomeric pair with the CSP in a par-
ticular mobile phase is the sum of four independent A(AG); contributions coming
from the four different substituents attached to the asymmetric carbon:

A(AG) = A(AG)] + A(AG)2 + A(AG)3 + A(AG)4 4)

The 121 compounds were made with only 81 different substituents arranged dif-
ferently. For example, 119 compounds had the hydrogen atom as one of the four
substituents of their asymmetric center. This observation prompted for the use of
the H atom as the energy reference substituent [35]. It must be pointed out that
more than 1.6 million different enantiomeric pairs could be made with 81 differ-
ent substituents. Using the only 121 enantioseparations, the experimental A(AG)
values were entered for all resolved enantiomeric pairs and all unsuccessful separa-
tions were also entered with a nil value for A(AG). Using a data mining software
and selecting the H atom as the energy reference with a A(AG)y = 0 cal/mol con-
tribution, it was possible to deconvolute the 484 (121 x 4) contributions to obtain the
substituents free energy contribution for enantiomeric recognition of the 81 atoms
or groups of atoms listed in Table 4.

A positive energy value in Table 4 means that the presence of the substituent in
the chiral molecule increases the chiral recognition by the S-NEC--CD CSP more
than the H atom does and vice versa.

Table 4 allows for the computation of the theoretical enantioselectivity factor for
any of the possible 1.6 million enantiomeric pairs built with four of the substituents.
However, this value is for the S-NEC--CD CSP with a hexane-IPA mobile phase
only. For example, the dinitrobenzoyl derivative of propranolol has a chiral center
bearing substituents #3 (H-), #36 (-O-CO-DNB), #77 (-CH»-O-(1-naphthyl), and
#80 (-CH2-N(#-Bu)-CO-DNB. These four substituents contribute, respectively, for
0, 146, 20, and 101 cal/mol making a A(AG) of 267 cal/mol that would produce
an enantioselectivity factor « of 1.58 [Eq. (3), with 586 cal/mol for the RT product
at 22°C or 295 K and exp(—267/586) = 1.58]. The experimental o was only 1.06.
Table 4 shows at the bottom that the four substituents do not interact fully indepen-
dently. Of course, two identical substituents make the chirality disappears, so the
A(AG) energy is necessarily nil (¢ = 0). It was found that two DNB derivatives
were detrimental for the enantioselectivity factor decreasing the A(AG) energy by
230 cal/mol (Table 4). Both the amine and alcohol group of propranolol were DNB
derivatized, so the calculated 267 cal/mol for the four substituents must be decreased
by 230 cal/mol giving a final A(AG) value of only 37 cal/mol and the corresponding
enantioselectivity factor @ = 1.065 very close to the experimental value.
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Table 4 Substituent-free energy contributions in cal/mol for enantiomeric recognition on
(S)-naphthylethyl carbamate-substituted B-cyclodextrin chiral stationary phase

R substituents Mobile phase
No. Formula Structure Hexane-IPA ACN-EtOH
1 Br -Br 27 -
2 Cl -Cl —40 -
3 H Reference substituent 0 0
4 CHO» -COOH - 7
5 CH,NO -NH-CHO — 0
6 CH3 -methyl —74 —34
7 CH3N,0 -NH-CO-NH, — 27
8 CH30 -CH,-OH —122 -
9 CH30 -O-CH3 —94 —
10 CH,0, -COO-CH3 14 -
11 C,H4NO -NH-CO-CHj3 14 7
12 CyHs -ethyl —81 -
13 C,HsO -CH;-0-CH3 —
14 C,H50 -CHOH-CH3 —115 -
15 C,HsS -CH;-S-CH3 27 =27
16 C3Hs -cyclopropyl —108 -
17 C3H50; -COO-CH;-CH3 54 -
18 C3H7 -n-propyl =81 —34
19 C3Hy -isopropyl -20 -27
20 C4Hog -n-butyl —40 —34
21 C4Hog -CH,-CH-(CH3), —47 —47
22 C4Ho -CH(CH3)CH;CHj3 . —14
23 C4Hog - t-butyl —81 -
24 CsH3N403 -NH-DNBPy . 47
25 CsHoO3 -COO-(CH)3-CH3 142 -
26 Cs5HoO» Solketal -20@ —
27 CsH;oNO -CO-NH-#-Bu 68 -
28 CsH9NO, -NH-CO-O-#-Bu 0 27
29 CsHy -n-pentyl —81 —
30 CeHs -phenyl (—®) 81 81
31 CeH50 -®-OH 68 -
32 CgH50 -0-9 54 —
34 CeHy -cyclohexyl 81 —
35 CeHi3 -n-hexyl —81 —
36 C7H3N>0¢ -O-CO-DNB 142 -
37 C7H4NO4 -COO-9-NO; 14 -
38 C7H4N305 -NH-CO-DNB 230 68
39 C7H4N3Os5 -CO-NH-DNB 263 —
40 C7H4N30¢ -O-CO-NH-DNB 182 -
41 C7HgNO -NH-CO-® 27 14
42 C7HgNO -CO-NH-® 148 -
43 C7HgNO, -NH-CO-0O-9 27 27
44 C7HgCl -CH,-9-Cl 14 -
45 C7H7; -CH3-® 0 0
46 C7H;0 -CH,-®-OH 94 27
47 C7H;0 -CH;-®-OH(meta) 27 -
48 C7H2NO -CH-NH-cyclohexyl 155 —
49 C7H;5 -(CH3)6-CH3 —54 -
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Table 4 (continued)
R substituents Mobile phase
No. Formula Structure Hexane-IPA ACN-EtOH
50 CgH{4NO -CH-N(CHj3)-cyclohexyl 148 —
51 CgH5N»Og -CH,-O-CO-DNB 94 -
52 CgHgN3Os5 -CH,-NH-CO-DNB 20 —
53 CgHgN3Os5 -N(CH3)-CO-DNB 243 —
54 CgHgN3Og -CH;-0-CO-NH-DNB 68 —
55 CgHy -1-benzocyclobutene —122@ -
56 CgHy9N -CH-NH-CH;-® 122 -
57 CgHoN -CH-N(CH3)-® 94 —
58 CgHg -CH,-CH,-® — -7
59 CgHoO -CH,-9-O-CH3 — 0
60 CoH7N -CH;-(3-indole) 27 14
61 CoH7NO -CH,-O-(7-indole) 14 —
62 CoHyg -(1-indanyl) — -
63 CoH{9NO -CH-NH-CH;-CH,-® 142 -
64 CoH{9NO -CO-N(CH3)-CH,-® 94 —
65 CoH170, -CO-0O-(CH;)7-CH3 230 -
66 CioH7 -(1-naphthyl) 108 -
67 CioHpy -(1-tetrahydronaphthyl) —-20@ -
68 CioH11 -(2-tetrahydronaphthyl) —108@ —
69 CioH;;0 -CH;-0-®-CH,-CH=CH, 20 —
70 CioH110; -CH,-0-®-0-CH,-CH=CH, 14 —
71 CioH{10; -CH;-0-®-CH;-CH,-0O-CH3 34 -
72 C11H;0, -CO-O-(1-naphthyl) 0 -
73 C11HgNO -NH-CO-(1-naphthyl) 54 34
74 C11HgNO -CO-NH-(1-naphthyl) 162 -
75 C11Ho -CH;-(1-naphthyl) — 7
76 Ci11Ho -CH»-(2-naphthyl) — -7
77 C11HyO -CH;-O-(1-naphthyl) 20 -
78 Ci2Ho -(1-acenaphthenyl) —34@ -
79 C12H13N;0,S -NH-DNS 61 —
80 Ci2H14N305 -CH;,-N(#-Bu)-CO-DNB 101 —
81 C13HoO -CH(®)-O-DNB 88 -
Synergistic and antagonistic substituent interactions
Two identical No asymmetry Cancel all values
substituents
30 and 38 & and NHCO-DNB 175 -
30 and 39 ® and CONH-DNB 175 -
38 and 66 NHCO-DNB and naphthyl 486 432
38 and 34 NHCO-DNB and cyclohexyl —142 —
Two different DNB Decrease the energy by —230 —
derivatives

Abbreviations: DNB = C¢H3N;04 = 1-(3,5-dinitrobenzene); DNBPy = CsHyN304 = 2-(3,5-
dinitropyridine); DNS = CjpH2NO,S = dansyl derivative. All phenyl rings () are para
substituted, unless otherwise indicated. @ means the asymmetric carbon is part of a ring struc-
ture. The mobile phase compositions were normal phase, hexane-isopropyl alcohol with between
10 and 30% v/v IPA; polar organic mode, acetonitrile—ethanol 50-50% v/v with 1% acetic acid.
Data taken from [35].
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From a mechanistic point of view, it is interesting to consider the energetic
contribution of a substituent when the mobile phase is changed. For many sub-
stituents the contributions in normal-phase and polar organic mode are similar,
e.g.,, —CH»-S-CH3 #15 —27 cal/mol, isobutyl #21 —47 cal/mol, phenyl
#30 +81 cal/mol, -NH-CO-naphthyl #73 454 cal/mol in normal phase, and
+34 cal/mol in polar organic mode (Table 4). For other substituents, significant
differences can be seen as for the methyl group #6 with —74 cal/mol in normal
phase and only —34 cal/mol in polar organic mode. The —NH-CO-O-® substituent
#43 has a beneficial contribution of +27 cal/mol in normal phase and a detrimental
contribution of —27 cal/mol in polar organic mode. These data definitively show the
critical role of the solvent molecules in the chiral mechanism.

The substituent interactions are also interesting to discuss. It was expected that
the presence of a -acid DNB group in the chiral molecule be very beneficial for the
chiral recognition by a r-basic naphthyl selector explaining that all DNB-containing
substituents have large positive energy values in Table 4. However it makes sense
that the presence of two DNB substituents is not beneficial for chiral recognition.
With similar 7—7 interactions occurring with two substituents of the asymmetric
center, the two enantiomers interact similarly with the -basic CSP rendering their
recognition more difficult. Conversely, the synergistic contribution observed for a -
acid and a m-basic substituents is coherent. The values of +175 cal/mol for a DNB
and phenyl group and +486 for a DNB and naphthyl group (Table 4, bottom) show
that the naphthyl group is a better -basic substituent than the simple phenyl ring.
The antagonistic (negative) contribution of the association of a DNB substituent
and a cyclohexyl non-m-basic substituent on the same asymmetric center, both sub-
stituents having independently a great positive contribution (Table 4), is likely due to
steric effects.

6.2 Linear Solvation Energy Relationships

6.2.1 The Chemometric Technique

Linear solvation energy relationships (LSER) are general relationships linking ana-
lyte retention factors or partition coefficients to numerical measures of properties
of the analyte, of the mobile phase and of the stationary phase [44]. Using LSER
an understanding of the types and relative strengths of the chemical interactions
that control retention and selectivity in chromatography is possible. The aim of
LSER studies is to understand the intermolecular processes controlling retention
and doing so will be able to quantitatively predict the experimental conditions to
achieve an acceptable separation. In chromatographic studies, a thermodynamic
parameter, i.e., the solute retention factor in the form of log k', is used. Log k'
is associated with parameters attributed to the solute, called solute descriptors,
and with the retentive or chromatographic system (mobile + stationary phases,
temperature), called system parameters. Solute descriptors are independent of the
chromatographic system. Numerous tables of solute descriptors have been published
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[45]. The chromatographic system (mobile + stationary phase, temperature) is cali-
brated using solutes with known descriptors to establish its system parameters. Once
the later are known, the retention factors of any solute whose LSER descriptors are
known can be predicted on this particular chromatographic system.

One of the more widely accepted symbolic representation of the LSER model
was proposed by Abraham as follows:

log K =c+ eE + sS+aA + bB+ vV 6)

where k’ is the solute retention factor ((tg —#o)/19). The capital letters, E, S, A, B, and
V, are the solute descriptors independent of the mobile and/or the stationary phase
used. E is the solute excess molar refraction modeling the solute polarizability due to
n- and/or m-electrons in excess of that of a comparable-sized n-alkane; S is the solute
descriptor for the dipolar character and also polarizability of the molecule; A and
B are, respectively, the H-bond solute acidity (H-donor) and basicity (H-acceptor)
descriptors; and V is the McGowan’s characteristic molecular volume calculated
using the solute structure [45].

The lowercase letters, ¢, e, s, a, b, and v, are the system parameters or constants
reflecting the difference in solute interactions between the mobile and stationary
phases. The constant ¢ is the intercept obtained in the regression calculation; it
depends on the experimental system used (nature of the organic modifier, phase
ratio) and not on the solute. The system parameter e indicates the tendency of the
mobile and stationary phases to interact with the solute through - or n-electron
pairs; the parameter s is related to dipole- or induced dipole-type interactions;
the system parameter a denotes the difference in hydrogen bond (H-bond) basic-
ity between the phases and the solute since an acidic solute (corresponding A
descriptor) will interact with a basic stationary phase; the parameter b is a mea-
sure of the difference in H-bond acidity between phases and solute; and the system
parameter v corresponds to the difference in cavity formation energy between
the mobile and stationary phases [44, 45]. A positive value for a system param-
eter indicates that the corresponding interaction increases retention; hence, it is
more favorable for the stationary phase. A negative sign on a system parame-
ter denotes more favorable interactions in the mobile phase leading to decreased
retention.

6.2.2 The LSER Theory and Chiral Separations

In the LSER theory, two enantiomers have identical sets of descriptors, which cor-
rectly indicate that enantiomers are not separated by any isotropic stationary phase.
They can, however, be separated by a CSP. This allows the relative Dolan—Snyder
approach with a reference solute to be used for this special case [46]. In chiral
separations, the reference solute will not be ethylbenzene, as recommended by
Snyder, but it will be the less retained enantiomer of the enantiomeric pair. It is
considered that one enantiomer sees a different CSP domain than the other enan-
tiomer. Both enantiomers form two different transient diastereoisomeric complexes
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with the same CSP. Thus, the enantioselectivity factor, «, will be modeled
as follows:

log kp — log k1 =log o = AeE + AsS + AaA + AbB + AvV (7)

in which k| and k, are the retention factors of the first and last eluted enantiomers
and all the A terms correspond to energy changes responsible for the observed
enantioselectivity. LSER studies in chiral separation have a heavy workload. It is
first necessary to determine the system parameters, e, s, a, b, and v, of the studied
CSP using achiral solutes. Next, the A—V descriptors of a set of enantiomers must
be evaluated using the system parameters previously obtained for classical, achiral
columns. Only after these two series of experiments are completed, the enantiomers
with known A—V descriptors can be separated by the CSP with known a—v sys-
tem parameters. The experiments will make possible the evaluation of the Aa to Av
parameters and relative Aa/a to Av/v values corresponding to the enantioselective
interactions.

6.2.3 LSER Study with Macrocyclic Glycopeptide Chiral Stationary Phases

We performed this difficult study using the Supelco Chirobiotic® CSPs based on
macrocyclic glycopeptide selectors. The system parameters, e, s, a, b, and v, of the
four different columns, namely ristocetin, vancomycin, teicoplanin, and teicoplanin
aglycon, were obtained for six different normal heptane—ethanol mobile phases and
ten different acetonitrile or methanol-water reversed mobile phases [47, 48]. The
44 achiral probe solutes contained aldehydes, ketones, amides, halogenated phe-
nols, nitro-substituted benzenes, and nitro-alkanes. About 2,400 chromatograms
were needed to obtain the 5 a—v system parameters for the 4 CSP columns and
the 16 mobile phases [47].

Thirteen different enantiomers were tentatively used to obtain a significant num-
ber of A—V chiral solute descriptors. They were selected because they were well
resolved on the four Chirobiotic® columns. The set contained eight ionic or zwit-
terionic amino acids or amino acid derivatives and five molecular solutes. The 13
enantiomers were separated on 5 well-characterized achiral columns, namely a clas-
sical polymeric C18, a diphenyl bonded column, a weak anion exchanger (Primesep
D, SiELC), a divinyl benzene bonded column, and a strong anion exchanger (SAX,
Alltech). Five different ethanol-water mobile phases were used making more than
300 chromatograms to develop and to analyze.

Unfortunately, the LSER theory was designed for molecular solutes [44, 45],
not for charged molecules. The Chirobiotic® CSPs work very often with solutes
such as organic acids or bases and, especially, amino acids involving charge—charge
interactions. The regression LSER calculations done with all enantiomers bearing a
charge returned negative descriptors. This is not possible. A negative polarizability
or H-bond acidity or basicity or a negative molecular volume, all have no chemical
or physical meaning. Only the five molecular solutes returned the significant A—V
descriptors listed in Table 5 [48].



27

Chiral Recognition Mechanisms in Enantiomers Separations

‘[817] woiy erRQ

"AJA %ST/S L ToueyIs/euelday aseyd Srqour [eWION

*(oxeds/npa-e3n-woyo zorwuqry/:dny)

QIeM1JOS DYVAS Yl Suisn paje[no[ed Xopul QANOBIJAI ANJOS U (PIOB ONAJE + AUIWE[AIAM NW O] Pim  Hd A/ 9567/, 1oyng/joueype aseyd o[IqOIAl,
‘sjutod eJep JO JoqUINU JO UOISSAIZAI Y Ul S)UWILIdAXS JO JoqUINU (¢ (IOIID PIEPUE)S UOISSAITAI (S JUIIOYJI0D UOISSAITI
iz {(ewn[oA UBAODOIA)) AIN[OS Y} JO AZIS Y} 03 PAUI] J03dLIdSIP 1A ANdISEq N[0S Ay Fupmsesw 103dLosap g AIPIOE An[os Yy 03 paje[ar 103dLdsIp 1y
‘suonoerdjur ad£)-orodip paonpur 1o -9[odip 03 poje[ar 103dLosap g ¢spuoq 9[qezirejod ysnoiy) aseyd Areuoness oy) yirm uondvIANUI 0) paje[ar 10)dLIdsap 7

191 LY0 ¥T0 01°0— 0 120 [4%0] qurojuepAy-1Ausyd-g-jAypow-¢

Ll 0C0 19°0— 9¢°0 0 0 S0 aprxojns [Ayjow [Auseyydeu-n

091 S0 120— $1°0 0 100 12°0 aprxoy[ns [An[0) [Adoxd-[Auayd-¢-[Aypowip-1‘|

29| 01°0 Tro— 11°0 0 0 11°0 ULIBWNOJ0INJOIPAYI

96'1 90°0 T0— 80°0 0 100— 120 [orwoIg

191 970 o— €20 0 S0°0— S0 JurouepAy-jAuoyd-g-[Aypow-g

XJpUI QATIORIJAI U 0 301 AV q9v YoV YAV g2V Lurue[doora) uo Ajianod[esonueuyg

(44 8500 7560 81l 61°0 0 SS'l Sy1'e aprxoy[ns [Ayouw [Audeyiydeu-no
w LEOO 7€6°0 T6£T L9°1 0 0t'0 SE6'1 aprxoy[ns [An[0) [Adoid-[Auayd-¢-[Kypowip-1‘|
€T 920°0 SP6°0 €991 650 0 611 v€0'1 ULIRWNOS0INJOIPAYI
0T ST0°0 €560 1€9°1 99 0 1 081°1 [1oeworg
(44 6%0°0 SH6°0 €or'l 671 0 651 91t urojuepAy-[Aueyd-g-[Ayrow-g
u dS o A q \%4 S q punodwo)

aseyd Areuoness [eryo apndadooL[3 orpohooroew

urue[doora) 9y uo paureIqo SIUAOYJ0d A)1And9[dsonueud (9) by Surpuodsarios oy pue sired SuRWONULRUS IR[NOJ[OW AY JO s10)d110SOp oS YHST S dqeL



28 A. Berthod

Now that the e, s, a, b, and v system parameters are known for the four
Chirobiotic® columns and the A, B, E, S, and V solute descriptors are obtained
for five enantiomeric compounds, it is possible to calculate the retention factor k' of
the five enantiomeric compounds using Eq. (5) and compare it with the experimental
two retention factors obtained for the two enantiomers on the CSP. Figure 7 illus-
trates the results: three situations were observed. (i) The retention factors predicted
by LSER corresponded to the first eluting enantiomer (e.g., dihydrofurocoumarin,
Fig. 7a); (ii) the LSER-predicted retention factors corresponded to the last eluting
enantiomer (e.g., S-methyl-5-phenyl hydantoin in the normal-phase mode, Fig. 7b);
and (iii) the LSER-predicted retention factors did not correspond to a particular
enantiomer for all mobile phase compositions (e.g., 5-methyl-5-phenyl hydantoin
in the RPLC mode and bromacil, Fig. 7c and d). From a mechanistic point of view,
it can be speculated that in case i, the chiral selector has overall attractive enan-
tioselective interactions with the second enantiomer more retained than the LSER
prediction; in case ii, the chiral selector has overall repulsive enantioselective inter-
actions with the first enantiomer less retained than the LSER prediction; and in case
iii, the chiral selector has enantioselective interactions with both enantiomers.
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Fig.7 Enantiomer retention factors obtained on the Chirobiotic® T column (teicoplanin selector)
plotted versus the organic modifier content in the mobile phase. a, ¢, and d: RPLC mode with
ethanol/pH 4 buffer mobile phases; b: normal-phase mode with ethanol/heptane mobile phases.
Diamonds and thick line: LSER calculated retention factors using system parameters [48] and
Table 5 solute descriptors; squares: experimental retention factors of the first eluting enantiomer;
triangles: experimental retention factors of the last eluting enantiomer
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The enantioselectivity factors « were obtained as the ratio k’» /k’1. From an LSER
point of view, it appears that the enantiomers were effectively seeing two different
stationary phases. The a; — vi and a> — v, system parameters correspond to these
two hypothetical stationary phases. The parameters were determined for the two
enantiomers using, respectively, the log k1 and log k' experimental results and
Eq. (6). Actually, in case (i) only the log k' were used to obtain ay — v, and in case
(ii) only the log k'; were used to obtain a; — v; system parameters. The a—v param-
eters of references [47, 48] were used as the other parameters. Next the five AxX
terms of Eq. (2) were obtained as (x» —x1)X, x being an a to v parameter and X is the
corresponding A to V solute descriptor. Since the solute A coefficients are all nil, the
AaA terms of Eq. (2) also have a zero value. Table 5 (bottom) lists the enantiose-
lective terms obtained with excellent regression coefficients (% > 0.990). It should
be noted that only five solutes were used for the LSER study in the reversed-phase
mode and, in the normal-phase mode, only one solute, 5-phenyl-5-methyl hydan-
toin, could be separated in enough different mobile phases to perform a statistically
significant LSER regression.

Before commenting on the results, it is worthwhile to point out that this LSER
study done on the enantioselectivity factors does not respect the Vitha and Carr rec-
ommendation recently set out [44]. First, the solute set is not large enough since
we had to drop the eight amino acid derivatives and all five studied solutes have the
same nil A descriptor. Second, the 10 mobile phases tested are somewhat correlated
but it is not possible to use any mobile phase composition since the separation of the
two enantiomers is required. Last, the regression is very good because it is done with
a too low data set. We still proposed this study because we followed exactly the Vitha
and Carr statement saying that one of the main reason for performing LSER analyses
is to obtain a better understanding of the system being studied [44]. It will be impor-
tant to validate our results with a larger set of both enantiomeric pairs and CSPs.

For the five enantiomers studied in the reversed-phase mode, two terms domi-
nated: the AeE and the AvV terms, the first being positive and the second being
negative (Table 5, bottom). They almost cancel each other. The AeE term encodes
interactions through polarizable n and m electrons. The e coefficient has a minor
importance in overall solute retention [47]. It has a major effect on enantioselectiv-
ity. The negative enantioselective contribution of the AvV term is likely an indica-
tion of steric repulsion. Since these two terms almost cancel each other for our five
test solutes, it means that the dipolar, AsS, and especially H-bonding, AbB, terms
will be mainly responsible for the experimentally observed enantioselectivity factor.

The last line of Table 5 shows that the normal-phase enantiorecognition mech-
anism of 5-methyl-5-phenyl hydantoin is completely different from that observed
in reversed-phase mode. Especially, the AvV term is positive meaning that steric
interactions contribute to enantiorecognition, a trend opposite to what was obtained
in reversed-phase mode. The magnitude of the AsS term for dipolar interactions is
also significant and completely different from the reversed-phase mode (Table 5,
bottom).

It is striking to find that the main conclusion obtain by the QSAR and LSER
chemometric studies presented is that the solvent used in the mobile phase have
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a critical role in the chiral recognition mechanism. Interactions between a given
chiral selector and a particular enantiomer can be completely changed by the sol-
vent molecules. H-bond interactions, critical in the polar organic mode, can be
completely screened by water molecules in the reversed-phase mode.

7 Conclusion

It is a challenge to separate the enantiomers of 3-methyl hexane when a chiral selec-
tor unable to separate the enantiomers of warfarin can be considered as useless.
Indeed, the four substituents of 3-methyl hexane are a H atom, a methyl, an ethyl,
and a propyl groups having very similar properties. They interact similarly making
the molecule shape (steric interactions) the only way to separate its enantiomers by
gas chromatography and cyclodextrin selectors [49]. The four very different sub-
stituents of warfarin varying in size and polarity make the two enantiomers easy to
recognize by almost all listed chiral selectors. The two principal points that must be
made by this introductory chapter are (1) chiral implies chiral. No enantiomer sep-
aration can be done in isotropic media. Chiral selectors and chiral stationary phases
are needed to separate enantiomers. (2) In liquid chromatography, the mobile phase
plays a critical role in any chiral interaction. The solvent molecules are too often
forgotten when making chiral recognition models.

0} O

warfarin
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Abstract Among more than one hundred commercially available CSPs, those
based on the phenylcarbamates of polysaccharides including cellulose and amy-
lose have been recognized as the most powerful for the resolution of a wide range
of racemates, and nearly 90% of chiral compounds can be resolved at the analytical
level using the polysaccharide-based CSPs. Although the qualitative understanding
of the chiral recognition mechanism of polysaccharide-based CSPs is rather diffi-
cult in contrast to the small molecule-based CSPs, several attempts have made for
comprehension of the chromatographic behavior on the polysaccharide-based CSPs.
In this chapter, after describing the development of the polysaccharide-based CSPs
with high recognition ability, special emphasis is placed on the mechanistic study
of the polysaccharide-based CSPs on the basis of spectroscopic and computational
methods.
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1 Introduction

The development of chiral stationary phases (CSPs) for high-performance liquid
chromatography (HPLC) with high recognition ability, wide applicability, and high
loading capacity has attracted a lot of attention, and the number of commercially
available CSPs has surpassed one hundred. These CSPs for HPLC have been
prepared using both chiral small molecules and polymers with chiral recognition
abilities.

In 1971, Davankov et al. achieved the first baseline separation of enantiomers
using a small molecule-based CSP consisting of L-proline [1]. Since then, a
wide range of chiral small compounds, which include amino acids, cyclodextrins,
macrocyclic glycopeptides, cinchona alkaloids, crown ethers, wt-basic or m-acidic
aromatic compounds, etc., have been used as CSPs [2—6]. On the other hand,
the polymer-based CSPs are further divided into two categories, i.e., synthetic
and natural chiral polymers [7, 8]. Typical examples of the synthetic polymers
are molecularly imprinted polymer gels, poly(meth)acrylamides, polymethacry-
lates, polymaleimides, and polyamides, and those of the natural polymers include
polysaccharide derivatives and proteins.

Figure 1 shows the distribution of the CSPs for HPLC used for the determina-
tion of enantiomeric excess (ee) that was reported in the Journal of the American
Chemical Society in 2005 (a) and 2007 (b) [2, 9]. These statistics show that
more than 90% of the ee determinations by chiral HPLC are carried out by the
polysaccharide-based CSPs.

However, the chiral recognition mechanism of the polysaccharide-based CSPs
at a molecular level has not yet been completely clarified. In contrast to the small
molecule-based CSPs, the understanding of the chiral recognition mechanism of
polymer-based CSPs is usually difficult. This is because a variety of interaction
sites with different affinities for enantiomers exist in chiral polymer chains, and the

(3) (b)

T [: Polysaccharides
Chiral Y
HPLC [I: small molecules
(192)
I Proteins

Polysaccharides Polysaccharides [_]: Others
(180) (151)

Fig. 1 Distribution of CSPs for HPLC used for the determination of enantiomeric excess reported
in Journal of the American Chemical Society in (a) 2005 and (b) 2007. The values in parentheses
represent the number of the counted papers. Reprinted by permission from the Royal Society of
Chemistry [2] and International Union of Pure and Applied Chemistry [9]
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determination of their precise structures both in the solid and in the solution states
is not easy.

In this chapter, we will describe the development and chiral recognition
mechanism of polysaccharide-based CSPs capable of the efficient separation of
enantiomers. First, the development of the polysaccharide-based CSPs with a
high-recognition ability is briefly described, and then special emphasis will be
placed on the mechanistic study of the polysaccharide-based CSPs on the basis of
spectroscopic and computational investigations.

2 Preparation and Chiral Recognition of Polysaccharide
Chiral Selectors

2.1 Polysaccharide Esters

Polysaccharides, such as cellulose 1 and amylose 2, are the most abundant nat-
ural polymer resources on the earth and are optically active (Fig. 2). Although
the native polysaccharides themselves can discriminate enantiomers and resolve
several racemic compounds by liquid chromatography [10-12], their recognition
abilities are not sufficiently adequate to be practically used as CSPs. More useful
CSPs can be obtained through modification of the polysaccharides. In 1973, the
first practical CSP derived from polysaccharides was reported by Hesse and Hagel
[13]. They found that the microcrystalline cellulose triacetate, CTA-1 (3 in Fig. 3),
which was synthesized by the heterogeneous acetylation of the native microcrys-
talline cellulose, showed a useful recognition ability during liquid chromatography.
The crystalline structure of CTA-1 is expected to maintain that of the native cel-
lulose and the chiral recognition ability seems to be derived from its crystalline
structure. Therefore, once CTA-I is dissolved in a solvent, its recognition ability is
completely changed from that of CTA-I. For example, the opposite elution order of

o) (0]
0 n
HO " Ho O
Fig. 2 Structures of cellulose COH OH
(1) and amylose (2) 1 2
OCOCH3
O
(0]
CH30CO n
Fig. 3 Structure of cellulose OCOCH,

triacetate 3 (CTA-1) 3
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Fig. 4 Synthesis and structure of cellulose benzoates 4

the enantiomers of Troger base was observed using two kinds of cellulose triacetate-
based CSPs [14]. The difference in the recognition seems to be derived from the
change in its structure.

Since the microcrystalline cellulose triacetate CTA-1 was recognized as a prac-
tical CSP in the 1970s, various kinds of cellulose esters have been prepared to
evaluate their recognition abilities as CSPs for HPLC [14—16]. Among them, the cel-
lulose benzoates (4 in Fig. 4), which are easily obtained by reacting cellulose with
the corresponding benzoyl chlorides, show high-recognition abilities when they are
coated on silica gel. The effect of the substituents on the phenyl group, which
include alkyl, halogen, trifluoromethyl, and methoxy groups, has been systemat-
ically studied [16]. The benzoate derivatives with electron-donating substituents,
such as an alkyl group, have a tendency to show a higher recognition ability than
those with electron-withdrawing substituents, such as a halogen and trifluoromethyl.
The most likely reason for this observation is that the electron density of the car-
bonyl groups of the cellulose derivatives is significantly influenced through an
inductive effect of the substituents on the phenyl groups. However, the electron-
donating methoxy group does not work to increase the recognition ability due
to the high polarity of the substituent itself. Among these cellulose benzoates,
4-methylbenzoate 4b exhibits an especially high chiral recognition ability and has
been used for the resolutions of a broad range of chiral compounds [17, 18]. In con-
trast to the cellulose derivatives 4, the amylose benzoates (5 in Fig. 5) show almost
no recognition abilities as CSPs. This may be due to the lower conformational sta-
bility of the amylose derivatives, which causes many conformational isomers to be
formed.
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Fig. 5 Structure of amylose X 5 S
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2.2 Polysaccharide Phenylcarbamates

Cellulose (1) and amylose (2) are readily converted to various phenylcarbamate
derivatives (6 and 7) by reacting them with the corresponding phenyl isocyanates
(Fig. 6) [19, 20]. The recognition abilities of these derivatives can be significantly
changed, depending on the substituents on the phenyl groups as well as the ben-
zoate derivatives. The resolution results of 10 racemates 8-17 (Fig. 7) on the
nine para-substituted phenylcarbamates of cellulose are given in Table 1, in which
the substituents on the phenyl group are arranged in the order of their increasing
electron-donating powers from left to right [20]. In addition, the retention times of
acetone and the first isomer of alcohol 16 eluted on the para-substituted CSPs are
plotted versus the Hammett parameter o of the substituents (Fig. 8).
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Fig. 6 Synthesis and structures of phenylcarbamate derivatives of cellulose 6 and amylose 7
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Table 1. Separation factors (a) on the para-substituted phenylcarbamates of cellulose

T, U, G, G, G, O 0,0, Ol
6b e 6d Ge 6f bg 6i

Racemates  6a 6h
8 ~1(-) L18 (=) 1.17(=) L16(=) 1.12(-) 117 (=) 1.19(=) 1.20(-) L13 (=)
9 ~1(-) 1.23 (+) 1L.19(+) L16(+) 1.14(+) 137 (+) L11(+) 148 (+) ~1 (+)
10 133 (+) 161 (+) 170 (+) 1.68 (+) 1.38(+) 146 (+) 1.55(+) 1.55(+) 1.34 (+)
11 1.00 1.48 (+) 1.95(+) 1.95(+) 1.64 (+) 1.22 (+) 1.59(+) 137 (+) 1.00
12 ~1 {+) 2.04 () 1.21 () 1.20(=) 117 (=) 1.65(-) 1.33(-) 130 (=) 1L.15(9)
13 1.00 1109 1.13(=9) 1.20(2) 1.14(-) ~1(+) L14(=) 112 () ~1{+)
14 1.00 1.14 (+) 113 (+) 112(+) 113 (+) 110 (+) 1.22(-) 1.16(+) ~1(+)
15 ~1 (+) 2.06 (+) 1.79(+) 1.46 (+) L33 (+)  1.24(+) L76¢+)  175(+) ~1(+)
16 ~1(+) 1.30 () 1.29(-) 1.29(9) 1.26(-) 14509 1.57(=2) 1.52(-) 1350
17 ~1(+) 1.22 (=) 1.17(=) 144 (=) =1 (=) 145(9) 212(-) 135(-) 1.00

Column: 25%0.46 cm (i.d.). Flow rate: 0.5 ml/min. Eluent: hexane—2-propanol (90:10). The signs in parentheses represent the optical
mitation of the first-eluted enantiomer

(a) (b)
18 7 7 T ' ' '
() 1o
16 H—OH
F3
14
12
t/min
10 4-CF,
°
8 I 1 1 1 1 1
-0.2 0 0.2 04 0.6 -02 0 02 04 06

Fig. 8 Plots of retention times t of (a) acetone and (b) the first enantiomer of 16 to elute on cellu-
lose phenylcarbamate derivatives against the Hammett parameter o of the substituents. Reprinted
by permission from Elsevier [20]

Compared to the non-substituted cellulose derivative 6f, the phenylcarbamates
bearing electron-withdrawing substituents, such as halogens, or electron-donating
substituents, such as alkyl groups, exhibit better chiral recognitions. These sub-
stituents appear to affect the polarity of the carbamate group via an inductive effect
and alter the interaction mode between the cellulose derivatives and the racemates.

When the electron-withdrawing groups are substituted on the phenyl groups, the
acidity of the NH proton of the carbamate groups increases. Therefore, the reten-
tion time of acetone on the CSPs with the electron-withdrawing groups is increased,
because acetone is mainly adsorbed on the derivatives through a hydrogen-bonding
interaction with the NH groups. On the contrary, as the electron-donating power of
the substituents on the phenyl group becomes more intensive, the electron density at
the carbonyl oxygen of the carbamate groups must be increased, and the racemate
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16 is more strongly adsorbed on the derivatives through hydrogen bonding with
the carbonyl groups. On the other hand, the derivatives bearing fairly polar sub-
stituents on the phenyl groups, such as the nitro (6a) or methoxy (6i) groups,
exhibit a rather low recognition ability. Because the nitro or methoxy group is
located far from a chiral glucose unit, these polar groups themselves are expected
to cause a non-enantioselective interaction with the racemates. Therefore, the intro-
ductions of bulky alkoxy groups, such as isopropoxy (6j) or isobutoxy (6k) groups,
instead of the methoxy group can improve the recognition ability by preventing the
non-enantioselective interactions at the ether oxygen atom [21].

The chiral recognition on the cellulose phenylcarbamates is also influenced by
the position of the substituents on the phenyl group. When a halogen or methyl
group is introduced at an ortho position (6m, 6n), the recognition ability signif-
icantly decreases compared to the non-substituted cellulose derivative (6f) [22].
Most cellulose phenylcarbamates with a high-recognition ability form a lyotropic
liquid crystalline phase in a highly concentrated solution [20]. This indicates that
the phenylcarbamates as the CSPs are presumably arranged in a regular fashion.
Such an ordered structure seems to be important for efficient chiral recognition on
polymer-based CSPs. However, the ortho-substituted derivatives (6m, 6n) do not
show such a liquid crystallinity. This means that the ortho-substituted derivatives
may not possess a regular higher-order structure.

For amylose phenylcarbamates 7 (Fig. 6), the introduction of chloro or methyl
groups on the phenyl groups also has a meaningful effect on their recognition abil-
ity [23-25]. In contrast to the cellulose derivatives, however, amylose derivatives
with substituents at the ortho position, such as the 5-chloro-2-methyl- (7q) and 5-
fluoro-2-methylphenylcarbamates (7r), exhibit a relatively high-recognition ability
[24, 25]. The difference in the substituent effect on their chiral recognition may be
derived from the difference in their higher order structures.

3 Structural Analysis of Phenylcarbamate Derivatives
of Cellulose and Amylose

The intimate structural analysis of the polysaccharide derivatives is mandatory in
order to clarify the chiral recognition mechanism. Figure 9 shows the stable struc-
tures of 6f and 6p, which were optimized by molecular-mechanics calculations
starting from the proposed X-ray crystal structure of 6f [26]. These derivatives have
similar left-handed 3/2-helical conformations, and the glucose residues are regularly
arranged along the helical axis. A chiral helical groove with polar carbamate groups
exists parallel to the main chain. The polar carbamate groups are preferably located
inside, and hydrophobic aromatic groups are placed outside the polymer chain
so that polar racemates may predominately interact with the carbamate residues
through hydrogen-bonding and dipole—dipole interactions. These interactions seem
to be significant for efficient chiral recognition, especially in normal-phase HPLC
using nonpolar eluents. This speculation is supported by NMR studies as described
below. Besides these polar interactions, T—m interactions between the phenyl groups
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Fig. 9 Optimized structures (a) (b)
of (a) phenylcarbamate 6f and
(b) 3,5-dimethylphenylcarbamate
6p of cellulose. Perpendicular
(top) and along (bottom)

to the helix axis. Reprinted by
permission from The

Chemical Society of

Japan [26]

of the phenylcarbamates and an aromatic group of a racemate may also play an
important role in their recognitions, because several aromatic compounds without
any polar groups can also be resolved particularly in reversed-phase mode HPLC
with polar eluents.

Meanwhile, the structures of the amylose phenylcarbamate derivatives have not
yet been determined by X-ray studies. Wang et al. investigated the structure of 7p by
solid-state NMR and pointed out that 7p forms a helical structure with less than six-
folds in the solid state [27]. Recently, we investigated the structure of 7p, which had
a low degree of polymerization and was soluble in chloroform, by the combination
technique involving 2D NMR and computer modeling [28]. Figure 10 shows the
optimized structure of 7p with a left-handed 4/3 helix as the most probable one.
Similar to the cellulose derivatives, the polar carbamate groups are located inside
the polymer chain and the aromatic groups are on the outside.

4 Chiral Recognition Mechanism

4.1 NMR Studies

NMR spectroscopy is well known to be one of the most powerful tools for the eluci-
dation of the chiral recognition mechanism on a molecular level. Most carbamate
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Fig. 10 Optimized structures

of amylose 3,5-dimethylphenylcarbamate
7p. Perpendicular (fop) and

along (bottom) to the

helix axis. Reprinted by

permission from American

Chemical Society [28]

derivatives with high-recognition abilities are soluble only in polar organic sol-
vents, such as tetrahydrofuran (THF), acetone, pyridine, dimethyl sulfoxide, etc.
In these solvents, the polysaccharide derivatives cannot have a sufficient interaction
with enantiomers for efficient recognition due to the stronger interaction between
the polysaccharide derivatives and the solvent molecules. Therefore, it is difficult to
reveal the chiral recognition mechanism on polysaccharide-based selectors by NMR
spectroscopy. In the past 15 years, however, it was found that several carbamate
derivatives, such as 4-trimethylsilylphenyl- (61) [29-31], 3,5-dichlorophenyl- (60)
[30], 5-fluoro-2-methylphenyl-(6r) [32], and cyclohexylcarbamate [33], are soluble
in chloroform and can discriminate enantiomers by NMR spectroscopy as well as
by HPLC.

Figure 11 shows the 500 MHz'H NMR spectra of rac-trans-stilbene oxide 10
with and without cellulose 4-trimethylsilylphenylcarbamate 61 in CDCI3[29-31].
The methine proton resonance of the enantiomer 10 was apparently separated into
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two sets of peaks in the presence of 61, and only the resonance of the (S,S)-isomer is
downfield shifted. The chemical shift difference (A Ad) of these two peaks increased
with a decrease in temperature and with an increase in the amount of 6l. This indi-
cates that 6l can recognize the enantiomers even in solution. Because the most
important adsorption site for chiral recognition on the phenylcarbamate deriva-
tives must be the polar carbamate groups, the oxygen atom of the oxirane ring in
10 may interact with the NH proton of the carbamate group through a hydrogen
bond. Therefore, the addition of acetone, which is a hydrogen-bonding acceptor and
attenuates the interaction between 10 and 6l by hydrogen bonding with the NH pro-
ton, causes the splitting of the methine proton resonance to disappear. Many other
racemates can be also recognized on 61 in CDCI3[30].

The cellulose derivative 6r can also discriminate the enantiomers of 18 by 'H
NMR spectroscopy [32]. Figure 12 shows the 'H NMR spectra of rac-18 in the
absence (a) and presence (b) of 6r in CDCI3. Each signal for the hydroxyl and
naphthyl (H4 and H6) protons of 18 is clearly split into two sets of peaks due to
the enantiomers. The signals for the hydroxy protons of (5)-18 are more downfield
shifted with peak broadening than that for (R)-18, while the signals for the H4 and
H6 protons of (5)-18 are upfield shifted with broadening. This means that (S)-18
has a stronger interaction with 6r. The downfield shift of the hydroxy protons is
presumably due to hydrogen bonding between the carbamate group of the cellulose
derivative and the hydroxy group of (5)-18, and the upfield shifts of the aromatic
protons may be ascribed to the w-stacking or shielding effect of an adjacent aromatic
ring of 6r. During the HPLC separation of rac-18 on 6r, the (R)-isomer is first eluted
followed by the (S)-isomer (¢ = 4.23) (Fig. 13). This HPLC elution order agrees
with the large shifts in the (S)-isomer observed in the "H NMR spectrum.
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Fig. 12 'H NMR spectra of selected region of rac-1,1’-bi-2-naphthol 18 in the absence (a) and
presence (b) of 6r in CDCIl3. Reprinted by permission from American Chemical Society [32]
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Fig. 13 Chiral separation of rac-18. CSP: cellulose 5-fluoro-2-methylphenylcarbamate 6r.
Column: 25 x 0.46 (i.d.) cm. Eluent: hexane/2-propanol (90/10). Flow rate: 1.0 ml/min. Reprinted
by permission from American Chemical Society [32]
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Fig. 14 3C NMR spectrum of rac-18 in the presence of 6r in CDCIl3. Reprinted by permission
from American Chemical Society [32]

The chiral recognition can also be observed by '>C NMR spectroscopy. Figure 14
shows the recognition of the enantiomers 18 by '*C NMR spectroscopy [32].
The resonances of the C1-C4 and C10 carbons of 18, which are located near the
hydroxy groups, are separated into enantiomers in the presence of 6r, and the car-
bon resonances of (5)-18 clearly become broader than that of (R)-18 as well as the
observation in the '"H NMR spectrum. This indicates that ring A of (S)-18 may be
favorably located in the chiral groove of 6r. Measurements of the relaxation time
also support this speculation.

In addition, the "H NMR titrations of 6r with (S)- and (R)-18 and a Job plot
of the continuous changes in the chemical shifts for the complex 6r—(S)-18 were
conducted in order to investigate the binding sites of 6r and the stoichiometry of
the complexation [32]. The Job plot denotes that the maximum complex formation
occurs at around 0.5 mol fraction of the glucose unit of 6r. This represents that each
glucose unit of 6r may have the same binding affinity to (5)-18 probably due to the
regular structure of 6r even in a solution state. During the titrations, the H2 proton
resonance of a glucose unit is dramatically upfield shifted as the concentration of
(8)-18 increases, while the other glucose proton resonances only move slightly. This
upfield shift of the H2 proton resonance implies that the H2 proton may be located
above the naphthyl ring of (5)-18.

More valuable information on the binding geometry and dynamics between
the polysaccharide derivatives and the enantiomers can be obtained from the
intermolecular nuclear Overhauser effects (NOE). Figure 15 shows the NOE spec-
troscopy (NOESY) spectra of 6r-(S)-18 (a) and 6r-(R)-18 (b) in the region related
to the methyl protons on the phenyl group of 6r and the aromatic protons of 18
[32]. Clear intermolecular NOE cross-peaks shown by the arrows could be observed
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Fig. 15 500 MHz expanded (a) 6rand (5)-18 7 9
NOESY spectra at a mixing

time of 300 ms of the

mixtures of (a) 6r and (5)-18

and (b) 6r and (R)-18 in the

region between the aromatic

protons (6r and 18) and the

methyl protons on the phenyl ~ 2 3

RS

groups of 6r in CDCI3 Gy
at 30°C. Reprinted by
permission from American 6-CHjy go o)
Chemical Society [32] A
24 f
(ppm) 8.0 7.5 7.0 65

(b) 6r and (A)-18

23 {
-CH,

6-CHg i
e

T
(ppm) 8.0 7.5 7.0 6.5

between the methyl proton of 6r and the aromatic protons H4, H6, and H7 of
(5)-18 (Fig. 15a). On the other hand, the mixture of 6r and (R)-18 exhibited no
intermolecular NOE cross-peaks (Fig. 15b), probably due to a weaker interaction.
These results indicate that (S)-18 more strongly binds or interacts with 6r than
(R)-18, and the naphthyl protons of (S)-18 are closely located to the glucose proton
of 6r within less than 5 A. These observations correspond to the results of the
HPLC and 1D NMR experiments. Based on the HPLC and NMR data combined
with the structural data for the cellulose phenylcarbamate (6f) determined by X-ray
analysis, a computational structure has been proposed for the 6r—(S)-18 complex
(Fig. 16) [32]. This calculation model shows that two hydroxy protons of (5)-18
interact with the carbonyl oxygens of the carbamate groups of 6r through hydrogen
bonding.

Recently, Wirth et al. explained the enantioselective interaction between amy-
lose 3,5-dimethylphenylcarbamate 7p and the O-tert-butyltyrosine allyl ester 19
(Fig. 17) using the intermolecular NOEs [34]. The major differences in the NOESY
cross-peaks between the D- and L-isomers are observed in the aromatic region of 19.
Compared to the D-19, the greater number and stronger intensity of the NOESY
cross-peaks were observed between the aromatic protons of L-19 and the glucose
protons of 7p including the Ha-H2, Ha-H3, Ha-HS, Hb-H2, Hb-H3, and Hb-HS5
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Fig. 16 Calculated structure of the complex 6r—(S)-18. (a) View along the helix axis and (b)
perpendicular to the helix axis. Reprinted by permission from American Chemical Society [32]
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Fig. 17 Structures of amylose 3,5-dimethylphenylcarbamate 7p and O-fert-butyltyrosine allyl
ester 19

pairs. This result indicates that the L-19 exists in closer proximity to the chiral
groove in 7p than the D-19. This structural relationship allows a stronger interaction
between the L-19 and 7p. The mechanistic study by NMR is well amenable to the
HPLC separation results.

4.2 Computational Methods

The chiral recognition mechanism of small molecule-based CSPs has been exten-
sively investigated from theoretical viewpoints, especially by Lipkowitz et al.
[35-37]. The interaction energies between the CSPs and enantiomers were cal-
culated by molecular-mechanics (MM), molecular-dynamics (MD), and quantum-
mechanical calculations, and the rational interaction models between the CSPs and
racemates have been proposed. Until now, several attempts have also been car-
ried out for the qualitative understanding of the chromatographic behavior of the
polysaccharide-based CSPs.
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The interaction energy calculations between the phenylcarbamate 6f or 3,
5-dimethylphenylcarbamate 6p of cellulose and trans-stilbene oxide 10 or benzoin
13 were performed using various force fields [26, 38]. During a chromatographic
resolution, 10 can be completely separated on both 6f and 6p (¢« = 1.46) and
(¢ = 1.68). However, their elution orders are opposite; the (R,R)-isomer is first
eluted on 6f, and the (S,5)-isomer on 6p. Meanwhile, 6p can efficiently separate 13
(o = 1.58), while 6f cannot (o« =~ 1).

The applied calculations were roughly divided into the following two methods,
which differ in these enantiomer generation methods. In one method, enantiomers
were individually generated around the carbonyl oxygen and the NH proton of
the carbamate group of 6f and 6p and rotated at 15° intervals for the x, y, and z
axes. The interaction energy calculation was performed for each carbonyl oxygen
and NH proton at the 2-, 3-, and 6-positions of the glucose units with all possible
combinations of the rotation angles of the enantiomers. The calculation results are
evaluated with the lowest interaction energy and the distribution of the interaction
energy. In another method, enantiomers with a particular orientation were randomly
generated by the Monte Carlo method on the surface of 6f and 6p, and then the
interaction energy was estimated step by step through the MM calculation between
the molecules [39]. In both calculations, the nonamers of 6f and 6p were used as
chiral selectors, and the enantiomers were generated around the middle part of their
structures in order to avoid the influence of the end groups.

Both calculation results well agreed with the chromatographic results. The aver-
aged or lowest interaction energy between 6f and (S,5)-10 was lower than that
between 6f and (R,R)-10, while an opposite enantiomer preference was found in
the 6p-10 system. In the case of 13, almost no difference in the interaction energies
with 6f was observed for the enantiomers.

The interaction energy difference between the enantiomers was clearly recog-
nized only when the enantiomers were generated in a chiral groove of 6f and 6p.
This result indicates that the polar carbamate groups of these phenylcarbamate
derivatives may be the most important chiral recognition site for polar racemates.

Figure 18 shows a graphical view of the interaction mode between 6f and
(8,5)-10, which has the lowest interaction energy obtained by the second calculation
method [26]. (S,5)-10 is interned inside 6f through hydrogen bonding between the
NH proton of the carbamate group of 6f and the ether oxygen atom of (S,5)-10. In
addition, each phenyl group of 10 may interact with the phenyl groups of 6f through
m—7 interactions. Although the actual reason for the opposite enantioselectivity of
6f and 6p toward 10 is unknown, the different arrangement of aromatic groups in 6f
and 6p is expected to be responsible for the reversed enantioselectivity.

Aboul-Enein et al. [40] and Grinberg et al. [41] also attempted molecular mod-
eling to provide some insights into the chiral recognition mechanism of cellulose
benzoate 4a and cellulose 4-methylbenzoate 4b, respectively. The molecular mod-
eling of 4b and (R)- and (S)-20 (Fig. 19) suggests that hydrogen bonding is a
primary factor for the separation, and the calculated energy values obtained from
the molecular modeling are consistent with the chromatographic results [41].
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Fig. 18 Calculated structure of the complex 6f—(S,S)-10 formed through hydrogen bondings. (a)
View along the helix axis and (b) perpendicular to the helix axis. Reprinted by permission from
The Chemical Society of Japan [26]
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4.3 Other Studies for Chiral Recognition Mechanism

The difference in the enantioselective adsorption sites among the cellulose 3,
5-dimethylphenylcarbamate 6p, amylose 3,5-dimethylphenylcarbamate 7p, and
amylose (S)-1-phenylethylcarbamate 21 (Fig. 20) was investigated by Franses et al.
using attenuated total reflection infrared (ATR-IR) spectroscopy, X-ray diffraction
(XRD), '3C cross-polarization/magic-angle spinning (CP/MAS) and MAS solid-
state NMR, and density functional theory (DFT) modeling [42]. The ATR-IR results
show that the strengths of the hydrogen bond of the carbamate groups in these poly-
mers are significantly different. Compared to 7p, 6p has a weaker intramolecular

OCONHR
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Fig. 20 Structure of amylose o’ n (:)H
3
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21



Preparation and Chiral Recognition of Polysaccharide-Based Selectors 49

hydrogen bonding mainly due to the differences in the backbones. Therefore, the
chiral groove of 6p is expected to be slightly larger than that of 7p. For 21, on
the other hand, the hydrogen-bonding interaction of the carbonyl groups becomes
stronger than 7p due to the additional interactions with the benzyl proton in the
same side chains. The XRD results suggest that the packing arrangements are dif-
ferent among the three derivatives, resulting in different nanostructures of the chiral
grooves. Based on the CP/MAS NMR, it is inferred that the conformations of the
backbone glycoside linkages are similar in 7p and 21, but different in 6p and 7p.
DFT simulations predict that the 6p and 7p side chains have a planar conformation,
while the side chain of 21 is nonplanar, and possibly has multiple conformations.
They concluded that the carbonyl, NH, and phenyl groups of these polymers are
expected to be oriented in different ways and that their carbamate groups show
quite different interaction energies in their hydrogen bonding. This may be the major
factor affecting the selectivity of the chiral analytes.

In order to clarify the role of the eluents in the chiral separation on polysaccharide
derivatives, Franses et al. systematically investigated the interaction between 7p and
various organic solvents used as eluents by the above analytical method [43-45].
The polar solvents, such as methanol, ethanol, 2-propanol, or acetonitrile, change
in the hydrogen-bonding states of the carbonyl and NH groups in 7p, and seem to
cause changes in the polymer crystallinity and side-chain mobility. On the other
hand, the polymer structure remains essentially unchanged upon absorption of the
nonpolar hexane. Wang et al. also studied the effects of the eluent on the structure
and chiral recognition of 7p by solid-state NMR [27, 46, 47]. These results indicated
that the branched alcohols, such as 2-propanol and z-butyl alcohol, caused more
twisting of the glucose units on the helical structure than the linear alcohols, such
as ethanol, 1-propanol, and 1-butanol. These structural differences in 7p may cause
a change in the recognition ability in various eluents including different types of
alcohol modifiers.

Recently, the conformational changes of 7p in the presence of polar solvents were
investigated using solid-state vibrational circular dichroism (VCD) spectroscopy by
Grinberg et al. [48]. The VCD results revealed that the conformations of 7p are
drastically changed depending on the concentration of the alcohols, such as ethanol
and 2-propanol, in the polymer film. These conformation changes seem to affect the
chiral recognition.

5 Conclusions

In this chapter, the development and chiral recognition mechanism of poly-
saccharide-based CSPs for the efficient chromatographic separation of enantiomers
have been outlined. The recognition abilities of native polysaccharides are not suffi-
cient for use as CSPs, but their abilities can be substantially improved by the proper
modifications of their structures. At present, more than 10 kinds of polysaccharide-
based CSPs are commercially available and practically used around the world as
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CSPs for liquid chromatography due to their high-recognition ability and high load-
ing capacity for a the wide range of racemates. Until now, the chiral recognition
mechanism of the polysaccharide derivatives has been clarified to some extent by
X-ray analysis, spectroscopic analysis, and computational methods. Further under-
standing of the chiral recognition mechanism on a molecular level will help with the
prediction of the separability of enantiomers and the development of more efficient
CSPs based on the polysaccharide derivatives.
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Abstract Development of chiral separations has been essential to the drug
discovery and development process. The solubility requirements for a number of
methods and/or the mobile phase requirements for application of certain detection
systems have opened up many opportunities for cyclodextrin-based CSPs for liquid
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chromatography. Even though a few chiral stationary phases cover a wide area of
enantioselectivity, they do not meet the entire needs of the industry. Cyclodextrin
phases offer some unique mechanisms and opportunities to resolve chiral sepa-
ration problems especially in the aqueous reversed-phase and non-aqueous polar
organic modes. This chapter addresses the need to understand the chiral sta-
tionary phase structure, the mechanisms at work, and the role mobile phase
composition plays in driving those mechanisms to produce enantioselectivity. In
addition, the development of certain derivatives has played an essential part in
expanding that basic role for certain chiral separations. What these derivatives
contribute in concert with the basic structure is a critical part of the understand-
ing to the effective use of these phases. During this study it was determined
that the role of steric hindrance has been vastly underestimated, both to the
extent that it has occurred and to its effectiveness for obtaining enantioselectiv-
ity. References to the entire 20-year history of the cyclodextrin phase develop-
ment and application literature up to this current date have been reviewed and
incorporated.

1 Introduction

Cyclodextrins (CD) are crystalline, homogenous toroidal structures of different
molecular size produced by the partial degradation of starch and enzymatic cou-
pling of cleaved glucose units. Three of the most widely characterized cyclodextrins
employed in chemical separations are referred to as a-cyclodextrin (six glucose
units), B-cyclodextrin (seven glucose units), and y-cyclodextrin (eight glucose
units). The ubiquitous nature of cyclodextrins comes from a long history of explor-
ing a unique property of these cyclic glucose structures referred to as inclusion
complexation. This concept refers to the ability of apolar molecules to be selec-
tivity included into the CD cavity and held there by a variety of forces. The cavity
of the cyclodextrin, formed from the glucoside oxygens and methylene groups of
the glucose units, gives it this apolar character. The rigidity of this structure has
been confirmed from X-ray crystallographic data studied in a variety of aqueous
and organic solvents. In addition, the crystallographic data help generate computer
models that when based on minimum free energy calculations provided evidence for
preferred inclusion complex formation. The hydroxyl groups of the glucose units
form the hydrophilic surface of the cyclodextrin making it water soluble. These
simple facts led to the use of cyclodextrins to solubilize hydrophobic molecules into
aqueous solutions through this simple inclusion process.

Given the physical dimensions of the formed cavities, it is easy to see the pos-
sibility for separations based on the space occupied of various molecular types and
their relative polarity. The ability of the glucoside oxygens, that make up the CD
cavity, to create dipole—dipole and London dispersion forces, combined with the
high hydrogen bonding surface gives these structures unique abilities to discriminate
structural and functional differences. A versatile method for measuring the partition
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coefficients of volatile analytes with an aqueous pseudophase of cyclodextrin using
headspace gas chromatography has been reported [1]. These simple characteristics
alone have made cyclodextrins the basis of studies for mimicking enzymes,
catalysis, molecule stabilization, chemical reactions, molecular recognition models,
and a whole host of chemical separation techniques including liquid-liquid extrac-
tion (LLE), capillary electrophoresis (CE), capillary electrochromatography (CEC),
thin layer chromatography (TLC), HPLC, supercritical fluid chromatography (SFC),
solid phase extraction (SPE), and capillary GC.

The role of cyclodextrins as chromatographic agents for chiral separations has
a history dating back to late 1970s and early 1980s when it was first demonstrated
as a separation tool constructed as a polymer or bonded to a polymer. The early
systems were very inefficient but the separation capability that was demonstrated
was indeed a dramatic demonstration of its potential. It was not until 1983 when
Armstrong bonded the first B-cyclodextrin to a silica base that the true separation
potential of these structures was realized in liquid chromatography. This was also the
beginning of the explosion of the chiral recognition capabilities of these structures.
For a 20-year review up to 2002, of bonded cyclodextrins as chiral stationary phases,
see Methods in Molecular Biology, Humana Press, a chapter authored by Mitchell
and Armstrong that covers the complete technology and literature from a historical
perspective [2].

The purpose and direction of this treatise is to more closely investigate and
understand the potential interactions of the various structural parts of these ele-
gant toroidal structures with a variety of analytes, both chiral and achiral that will
lead to better understanding of the mechanisms at work and what set of chromato-
graphic conditions are required to promote enantioselectivity. We will also indicate
the influence of linkage chemistry to the performance of the bonded cyclodextrin.
From this knowledge base, it is then possible to expand this study to demonstrate
the rationale for the variety of derivatives that have been created and how a partic-
ular derivative works to further enhance the application of cyclodextrin technology
for liquid chromatography chiral separations. Finally, from the current literature, we
will categorize published applications under the various derivative headings to fur-
ther demonstrate the potential interactive mechanisms at work under diverse mobile
phase conditions.

2 Cyclodextrin Structure

The cyclic structures formed in the fermentation process of cyclodextrin production
orient the chiral hydroxyl groups of the glucose units on the outside of the toroid
making the external surface hydrophilic and therefore the CD is water soluble. The
2- and 3-position hydroxyls form the mouth of the larger opening of the toroid
with the 2-position facing inward to the cavity and arrange in a right-handed twist,
while the 3-position hydroxyls face outward rotated in the reverse direction as seen
in Fig. 1.
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Fig.1 Structure and dimensions of the three most common cyclodextrin molecules

The restricted conformational freedom and orientation of these secondary
hydroxyls is largely responsible for the chiral recognition capabilities of these native
structures. It is these functional groups that will also be used to extend the chiral
recognition capabilities through derivatization. At the other end of this toroidal bas-
ket, the 6-position hydroxyl separated by a methyl group that has reduced chiral
ability is typically used to link the cyclodextrin to a solid surface, most often sil-
ica gel. As primary hydroxyls, they are most easily activated for derivatization or
coupling. The internal cavity, with a high electron density from the glycoside oxy-
gens, is believed to be responsible for the specific orientation of aromatic rings to
allow for appropriate hydrogen bonding of the sterically fixed hydroxyl groups and
the chiral functional group of an analyte. This latter fact was confirmed chromato-
graphically evaluating the difference in chiral recognition between a saturated ring
and an aromatic ring with the same chiral substituents. A saturated ring is included
by the weaker London dispersion forces and lacks a specific orientation. In addition,
the strength of the inclusion can further enhance the hydrogen bonding differences
as can be seen in the separation of ortho-, meta-, and para-xylene as differentiated
from ortho-, meta-, and para-cresols in Fig. 2.

Certain functional groups that are electron sharing on the aromatic ring can
further enhance selectivity as seen in Fig. 3 with the nitroanilines. The amine
function of the nitroanilines, hydrogen bonds to the surface hydroxyls, while the
nitro groups —x bond to the glycoside oxygens of the CD. This concept of inclu-
sion complexation to differentiate aromatic structures based on space filling of the
cavity combined with a hydrogen bonding group makes this a unique analytical
tool. The utility of this methodology was demonstrated for the achiral analysis of
organic acids, a class of drug discovery compounds, in which case it was difficult
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Fig. 3 Inclusion selectivity: the case of nitroanilines
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to separate all components by typical reversed-phase chromatography [3]. Speed
was also a very big factor here where the CD phase outperformed the conventional
RP phase.

3 Native Bonded Cyclodextrins

Early work, attempting to create a useful stationary phase, polymerized the
cyclodextrins utilizing epichlorohydrin. Control of the polymerization was erratic
and typically led to restricted access to the cavity, limiting inclusion complexation,
a crucial function. In Armstrong’s first successful bonding of the cyclodextrin
the primary hydroxyls were activated with sodium hydroxide at high pH. A gly-
cidoxypropylsilane was bonded to a suitable silica and the sodium-activated
cyclodextrin opened up the epoxide group resulting in a covalent ether linkage.
Other stable chemistries have been used as coupling with isocyanates but these
chemistries that added hydrogen donor and acceptor sites to the linkage arm
resulted in interference with the interaction of certain analytes with the cyclodextrin
cavity. For the purpose of this study we will concentrate on the epoxide linkage
as it offers the least interference with the analyte—cyclodextrin interactions. Early
studies also indicated that the length of the linkage was of importance to the
function of the cyclodextrin in a variety of mobile phases. In addition, early work
studying the utility of the a-, B- and y-cyclodextrin indicated that the p-CD had
the broadest applicability seemingly a condition of the unpaired glucose unit
(seven units) more than the actual cavity size. The a-CD has some degree of
flexibility and accommodates larger molecules than suggested by the actual cavity
dimensions but its chiral recognition properties are diminished when compared to
the B-cyclodextrin. The limits of utility of the a-CD were best demonstrated for
the separation of beta-substituted tryptophans and other tryptophan analogs [4].
Other unusual amino acids have also been successfully separated on the a-CD in
the reversed-phase mode as long an aromatic ring was present [5].

The development of mobile phase conditions for these phases led to a number of
interesting discoveries as to the functional areas of the cyclodextrin and the controls
necessary for chiral recognition. It is important to remember: Chiral recognition
requires the formation of a diastereomeric complex between a functional group on
or near the stereogenic center of the analyte and a chiral functional group of the
chiral stationary phase. For optimum results these forces must be balanced against
the non-chiral forces of retention. These forces can be attractive as with hydro-
gen bonding or repulsive as with steric bulk. The utility of the hydrogen bonding
groups on the surface of the CD was best evaluated with a study of the sepa-
ration and characterization of underivatized oligosaccharides [6]. Components of
oligosaccharide mixtures up to 11 glucose units long were baseline resolved on
a Cyclobond® I 2000 (CB-I, native $-CD) column down to 50 pg with simple
acetonitrile/water and ESI-MS detection. This hydrogen bonding mechanism for
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separation is quite different from the hydrophobic mechanisms used in C18 sepa-
rations leading to very different selectivity. In fact, utilizing a non-aqueous polar
organic mobile phase for this type of achiral separation, the elution order of a series
of catechins is directly linked to the number of hydroxyl groups in the molecule and
can be accomplished 10 times faster than on a standard C18 [7]. To provide enan-
tioselectivity for these types of separations, the inclusion mode must be employed
in combination with hydrogen bonding; therefore, the reversed-phase mode
is used.

In taking advantage of the inclusion complex phenomena for chiral separations,
the first mobile phase type studied was reversed phase that used simple alco-
hol/water mixtures to achieve separation of dansyl amino acids [8]. Acetonitrile
for these phases appeared too strong a solvent and caused displacement of com-
pounds easily from the cavity so methanol became the primary organic modifier.
The naphthyl group of Dansyl, a 1-dimethyl amino naphthalene-5-sulfonyl deriva-
tive of N-terminal amino acids fits nicely into the cyclodextrin cavity. This is now
considered as the first recognized step in chiral recognition process, i.e., proper fit
of the aromatic portion of the analyte into the CD cavity. If the cavity is too large
for the analyte of interest, selectivity is reduced but it is important to remember,
both the aromatic ring size and the presence of electron sharing functional groups
influence the strength of the inclusion complex. If the cavity size is too restrictive,
again selectivity is reduced. In addition, for chiral recognition of the Dansyl amino
acids to occur the carboxyl group of the amino acid needs to hydrogen bond with
the 2-position hydroxyl group of the CD. If the carboxyl group is methylated, chiral
recognition ceases. For this type of separation, simple mixtures of methanol/water
are sufficient to separate any Dansyl amino acid. In these cases, methanol controls
both the hydrogen bonding and therefore the diastereomeric complex formation and
the inclusion function with the CD stationary phase.

If we now look at warfarin, again a naphthyl group is part of the basic structure;
we will find no chiral recognition in the reversed-phase mode. Molecular modeling
indicates that the chiral hydroxyl group of the warfarin in this case is out of reach of
the van der Waals radii of the 2-position hydroxyl group of the cyclodextrin. What
then is the solution? There are actually two possible solutions. First, increase the
reach of the 2-position hydroxyl through derivatization but an easier solution was to
have the analyte interact with the surface and not be fully included. This is accom-
plished by using acetonitrile in high concentration that saturates the cyclodextrin
cavity and rejects the analyte but the analyte can hydrogen bond utilizing both the
2- and 3-position hydroxyls on the surface to satisfy the rule for multiple points
of interaction for chiral recognition to occur. This, however, would require a mini-
mum of two potential hydrogen bonding groups. Warfarin does in fact have carbonyl
functions in addition to the hydroxyl group capable of interacting with the 3-position
hydroxyl of the CD. This non-aqueous new mobile phase design has been referred to
as the polar organic mode. It uses both acetic acid and triethylamine to control the
interaction of the hydroxyl and the carbonyl function. Methanol and acetonitrile
in combination can also help control the hydrogen bonding and minimize the
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Fig. 4 Separation of warfarin
in polar organic mode

Peak 1 — 6.89 min.
Peak 2 — 7.90 min.

_J

CYCLOBOND I 2000, 250x4.6mm
100/0.3/0.2: ACN/HOAC/TEA
1.0 mL/min.

amount of acid and base that is used as well as the strength of the cavity interac-
tion. See Fig. 4 for the chiral separation of warfarin in this new mode. A recent
publication referenced HILIC, hydrophilic interaction chromatography as a possi-
ble explanation for the polar organic mode [9]. This author acknowledges there are
cases of a direct similarity to HILIC but not in all cases, and not in my experience,
the majority of cases.

From the above description, the following rules can be set, describing possible
mechanisms for potential chiral interaction in either aqueous (reversed-phase mode)
or non-aqueous (polar organic mode) mobile phase conditions applicable to all CD
phases.

Rule 1: A chiral analyte must have at least one aromatic group and it must
properly fit into the CD cavity in order to set up hydrogen bonding with the
sterically fixed chiral hydroxyl groups of the CD. Certain functional groups
on the included aromatic ring enhance this inclusion interaction: halogens,
nitrate, sulfate, phosphate, and phenols at low pH. The glucoside oxygens of
the CD cavity orient the molecule for appropriate hydrogen bonding to the
2- or 3-position hydroxyls.

Rule 2: The preferred hydrogen bonding groups: carboxyls, amides, carbonyls,
hydroxyls, and amines must be close enough to the included aromatic ring to
hydrogen bond to the 2- or 3-position hydroxyl of the CD.

Rule 3: If two or more hydrogen bonding groups are in the extended arm of the
chiral analyte, the polar organic mode is a better option than reversed phase
because of the faster kinetics of surface interaction and the anhydrous nature
of the mobile phase.
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For the native bonded cyclodextrins, two mobile phases are responsible for
driving the mechanisms for chiral recognition, the aqueous reversed-phase mode
(RP), and the non-aqueous polar organic mode (POM). From a review of the
applications literature the ratio for RP/POM uses is close to 50/50.

4 Derivatized Bonded Cyclodextrins

Over the last several years, since the introduction of bonded cyclodextrins, cer-
tain derivatives have been developed to extend the potential for chiral interaction
as shown in Fig. 5. Since the secondary hydroxyls are sterically fixed the distance
of a hydrogen bonding group to the included aromatic ring is limited to the influ-
ence of a few carbon lengths which can be further influenced by the orientation
of the aromatic ring in the cavity by virtue of attached functional groups. The

Silica Gel
R = CYCLOBOND I CB-1I
2000 SUFFIX
M DM CB-DM
(2,3-di-O-methyl)
—COCH, AC CB-AC
(acetylated)
<|3H SP or RSP/HP-RSP CB-RSP
—CH,CHCH, (S or racemic RS CB-HP-RSP
: hydroxypropy! ether)
(|7Hs RN or SN CB-RN
— CONHCH O (R or S naphthylethyl CB-SN
. O carbamate)
CHs DMP CB-DMP
—_CONH (3,5-dimethylpheny]l
carbamate)
CH,
NO, DNP CB-DNP
-5 ocF 2,6-dinitro-4-trifluoro
3 | methylphenylether
NO,

Fig. 5 Summary of derivatives of Cyclobond® I 2000
*Additional stereogenic center. The CSP’s above are products of Sigma-Aldrich Supelco,
Bellefonte, PA.
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polar organic mode extends that distance, especially using the larger y-CD cav-
ity, because of the greater number of sterically fixed hydroxyls on the surface
of the gamma toroid. It is also possible to add additional mechanisms to further
enhance the potential for chiral interaction. We will categorize these derivatives into
three groups: Group I: those derivatives enhancing steric effects; Group 2: those
derivatives extending hydrogen donor and acceptor sites; Group 3: those derivatives
creating a multimodal CD phase with the addition of wt-acidic or wt-basic structures.

4.1 Enhanced Steric Effects: Bonded 2, 3-Dimethyl
B-Cyclodextrin (CB-DM)

Methylation of the 2- and 3-position hydroxyl groups of the CD blocks the capa-
bility for chiral hydrogen bonding and offers instead the potential for weak dipole
interactions as well as enhanced steric effects. This phase has proven useful for the
separation of single ring structures with bulky side arms as demonstrated for fluox-
etine [10] as well as with fused ring structures essentially all in the reversed-phase
mode to take advantage of the restricted cavity access of the two spacially different
enantiomers. To demonstrate the effectiveness of this mechanism, a series of new
chiral fused polycycles have been reported separated by this technique [11]. In a
number of cases reported in the literature, in addition to the CB-DM as reported in
this latter publication, the CB-RSP has been shown to be a complimentary phase
for this technique. The CB-RSP, a hydroxypropylated derivative of CD, offers not
only the steric effects of derivatizing the 2-position hydroxyls of the CD that face
inward to the cavity but also add an extended more polar chiral hydroxyl group.
For a more complete description of CB-RSP series, see Sect. 4.2. In these cases,
utilizing CB-RSP, fused ring structures are separated based on steric bulk and
functional group interaction. Figure 6 demonstrates an example of this application
and comparison.

A series of new chiral furan derivatives has also been published demonstrating
the utility of both the CB-DM and CB-RSP to separate based on steric bulk in simple
methanol/water mixtures [12]. This technique of steric repulsion as a mechanism
was also demonstrated for the separation of 16 racemic dihydrofuroflavones with
a similar complementary effect for the CB-DM and CB-RSP [13]. Another exam-
ple of this useful combination of steric bulk and hydrogen bonding mechanism for
the CB-RSP can be found in the publication cited for the separation of 12 chiral
dihydrobenzofurans [14].

For the CB-DM, reversed phase is the mobile phase of choice, employing
methanol predominantly as the organic modifier in water. The choice of modifier
is dictated by the strength of the inclusion complex. It has been noted that methyl
tert-butyl ether (MTBE) greatly improves peak efficiency, reduces retention, and
enhances resolution on this phase (Fig. 7). The role of the MTBE is to further restrict
the cavity access as it associates with the surface methoxy groups through a weak
dipole interaction. It is important to note that in this case only methanol can be used
as a modifier as acetonitrile will disassociate the MTBE from the CSP.
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In addition to the CB-DM, the literature has cited the B-hydroxypropylated
cyclodextrin (in the racemic form of hydroxypropyl) (CB-RSP) as the best comple-
mentary phase for this type of mechanism where steric bulk as well as hydrogen
bonding can play a role in enantioseparation for any fused ring structure. The
third most cited phase in this area is the p-acetylated cyclodextrin (CB-AC). More
detailed description of these later two phases is given below.

4.2 Extended Hydrogen Bonding Groups: Bonded B-Acetylated
(CB-AC) and Bonded $-Hydroxypropylated Cyclodextrins:
(CB-SP), (CB-RSP), and (CB-HP-RSP)

A number of functional groups have been reacted with the sterically fixed hydrox-
yls of the CD to extend the potential for diastereometric complexation. One of the
earliest has been the acetylation of these CD hydroxyl groups. The acetyl interacts
most favorably with chiral amines, both primary and secondary and chiral hydroxyl
groups that are within three carbons of an included aromatic group. Since inclu-
sion and hydrogen bonding are the main driving forces, reversed-phase conditions
are the most favorable. For reasons of the distance between carbonyls in the 2- and
3-position, little favorable interactions have occurred in the polar organic mode.

One of the most successful derivatives in a number of separation modes has been
the B-hydroxypropylated version derived by the reaction of both chiral and racemic
propylene oxide with the native cyclodextrin. Substitution level has been a criti-
cal issue in the preparation of this derivative. Full derivatization of all 21 hydroxyl
groups of the B-CD has led to less overall selectivity in the same manner as too little.
Advanced Separation Technologies, Inc. (Astec) after much experimentation deter-
mined that a substitution level of 7 was ideal for both the bonded B-CSP for HPLC
and CEC and as an additive for CE. A suitable profile of derivatization is controlled
by temperature, rate of addition, and concentration. In studying the chiral R form of
the propylene oxide it was observed that a strong internal hydrogen bond occurred
and little selectivity resulted. The S version did show excellent selectivity but the
improvement in peak efficiency and resolution over the racemic propylene oxide
was insufficient to warrant the cost differential. As a result of these observations the
racemic mixture (CB-RSP) was chosen for economic reasons.

As in a number of HPLC phases, the type and length of linkage of these ligands to
a silica base lead to changes in overall accessibility and performance. Modifications
of these parameters to the first introduced product CB-RSP did lead to a higher
performing product the CB-HP-RSP, the HP standing for high performance, to dis-
tinguish it from the former CSP with exactly the same chiral ligand. Literature
earlier than 2005 citing the CB-RSP should reexamine the applications on the CB-
HP-RSP. As in all changes of this type there are still racemates that work better on
the original version and in this case it was the t-BOC amino acids. Inclusion com-
plexation is still the preferred mechanism requiring the reversed-phase mode. The
polar organic mode is not as effective here as it was for the bonded native p-CD.
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This may have more to do with the internal hydrogen bonding from this deriva-
tive which is more flexible than the sterically fixed hydroxyls of the native CD.
Reversed phase is the driving force with this phase with acetonitrile dominating as
the organic modifier. Buffer is often used to control the degree of ionization given
the plethora of hydrogen bonding groups and the strength of the additional chiral
hydroxyl added through derivatization. See Fig. 8 for a comparison of the CB-RSP
versus CB-HP-RSP for the separation of methadone.

In a publication demonstrating the separation of the methadone enantiomers from
the major metabolite 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP),
the CB-RSP was satisfactory but the CB-HP-RSP would have cut the analysis time
in half with little or no change in mobile phase composition [15]. An evaluation of
the CB-RSP against other CB derivatives for the separation of a series of 20 chi-
ral isochromenes again demonstrates the utility of this phase in the reversed-phase
mode, combining both steric and hydrogen bonding mechanisms [16]. This is a com-
mon theme with this type of CSP, as can be reviewed in the analysis of (+)-catechin
in fruits, wine, and cocoa products that was conducted using the CB-RSP as seen in
Fig. 9, in a reversed-phase mode [17].

Multiple chiral centers can also be resolved on this phase utilizing this combi-
nation of H-bonding and steric hindrance as seen in Fig. 10. Direct enantiomeric
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Fig. 8 Separation of
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7th edn.,], p. 14 1.0 mL/min. 1.0 mL/min.
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separation and determination of enantiomeric purity of methoxytetrahydro-
naphthalene derivatives and melatonin ligands have been reported using the CB-RSP
in the polar organic mode [18]. Mixtures of acetonitrile and methanol control selec-
tivity and retention indicating that steric bulk played a major role in this separation.
The fact that the cis conformation (more bulky) was more retained confirms that
assumption.
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Mechanism for the CB-AC involves both inclusion complexation and hydrogen
bonding to the carbonyl of the acetyl derivative. The most successful mobile phase,
therefore, is reversed-phase mode, using methanol in this case as the primary organic
modifier typically in combination with a buffer in the pH range of 4.0-6.0, as this
is the most stable pH range for the acetyl derivative. The best buffers have been
triethylamine acetate and ammonium acetate in concentrations of 0.1% w/v.

Highest selectivity among this group of similar ligands is as follows: CB-HP-
RSP>CB-RSP

The mechanism largely at work as with the CB-AC is inclusion complexation
and hydrogen bonding. From the literature, the reversed-phase composition pre-
dominantly utilized acetonitrile as the organic modifier with buffer in the pH range
3.5-7.0. If the amount of hydrogen bonding is very high, then substituting methanol
as the organic modifier is appropriate.

4.3 Multimodal Cyclodextrin Phases: Bonded R- or
S-Naphthylethyl Carbamate Derivatives (CB-RN/SN);
3,5-Dimethyl Phenylcarbamate (n-bases; CB-DMP)
and 3,5-Dinitrophenylcarbamate (n-Acid; CB-DNP)
Derivatives

Multimodal is a term that refers to CSPs that have the necessary mechanisms to
operate successfully in a variety of mobile phase types, both aqueous and non-
aqueous in a range of polarities making them very flexible CSPs. To extend this
range of polarities in applications on CD phases into typical normal phase sol-
vents for chiral separations, the derivative must have either m-acidic or m-basic
structures in order to anchor the analyte with an opposing electron donating or elec-
tron withdrawing structure in hydrocarbon solvents like hexane or heptane. Several
nt-basic structures have been developed including 3,5-dimethyl phenylcarbamate
(CB-DMP); S and R napthylethylcarbamate (CB-RN and CB-SN) and phenyl car-
bamate. The B-CD cavity proved to be the best size for this derivative although there
are a few examples when the y cavity improved resolution. These types of deriva-
tives can now allow for separations in reversed-phase, typical normal phase, and the
previously mentioned non-aqueous polar organic mode. A number of publications
have cited the utility of these phases for chiral separations and one in particular
for the separation of ruthenium complexes characterizes the difference between the
CB-RN and CB-SN for separations in the reversed-phase mode [19]. The CB-RN
demonstrated higher selectivity indicating that in addition to the mt-stacking interac-
tion provided by the aromatic group of the CSP, the special structure may change
the shape of the cavity providing again a steric contribution not afforded by the S
form.

These derivatives have demonstrated selectivity in a variety of mobile phase con-
ditions. They offer some unique capabilities, especially in typical normal phase
solvents. In a study of a variety of chiral pterocarpans, all enantiomers could be
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baseline resolved in a reversed-phase mode, utilizing the CB-RSP and CB-AC but
the CB-DMP showed the broadest selectivity in normal phase [20]. The influence
of alcohol polarity on the separation of a number of 1- and 2-naphthol analogs
was also demonstrated on the CB-DMP [21]. A detailed study was conducted of
a variety of racemates containing amines as amino acids, amino alcohols, etc.,
that were chemically derivatized with a variety of electrophilic tagging reagents
to elucidate the chiral recognition sites on a teicoplanin-bonded CSP and on
R-naphthylethylcarbamate-B-cyclodextrin [22].

Aromatic racemates derivatized with 3,5- DNB yielded better resolutions than
non-aromatic racemates in the polar organic mode. This was just the opposite of the
teicoplanin CSP indicating that wt-bonding is the primary interaction leading to res-
olution when using the polar organic mode on the CB-RN phase. Further evidence
of the utility of the m-basic phases in the polar organic mode was presented for the
HPLC enantioseparation of bicalutamide and its related compounds [23].

The m-acidic derivative has been a long sought product but the w-acid struc-
ture was the most difficult to stabilize and keep from bleeding. The use of an ether
linkage to the CD finally stabilized the product. A thorough review of a num-
ber of potential bonding chemistries and their application evaluation for this new
m-acidic phase has been published [24]. Optimization of the synthesis for the most
promising of the studied derivatives followed [25]. Both the mt-acid (CB-DNP) and
the m-base (CB-DMP) were evaluated for the resolution of N-3,5- dinitrobenzoyl
form and N-3,5- dimethyl-benzoyl form of unusual $-amino acids meant to create
the m-acid and 7-base alternate form [26]. The B-amino acids studied were sat-
urated or unsaturated alicyclic p-3-homo-amino acids and bicyclic amino acids.
The results were unexpected as the CB-DMP resolved many of the amino acids
in the reversed-phase mode while the best results for the CB-DNP were in the polar
organic mode. In addition, the CB-DNP was able to resolve all the diastereoisomers
(two chiral centers, four peaks) which has not been possible with any other CSP.
It appears that the added dimension of steric bulk in the polar ionic mode for the
n-electron-deficient CB-DNP increased stereoselectivity. The difference between
the ether linkage of the DNP as opposed to the carbamate linkage of the DMP made
this possible.

A further evaluation of the CB-DNP was reported by Gahm of Amgen using
supercritical fluid chromatography (SFC) [27]. He concluded that inclusion com-
plexation was the primary factor in retention and enantioselectivity. Better enan-
tioseparation, as well as peak shape together with the reversal of elution order,
makes CD-based CSPs unique and complimentary to the more commonly used
nt-basic amylose and cellulose columns.

The CB-DMP has the ability to operate in a typical normal phase solvent but the
majority of mobile phases found successful in the literature for this phase have been
the polar organic mode followed closely by the reversed-phase mode. The same has
been true for the CB-DNP. The number of successful enantioseparation in a typical
normal phase conditions has been reported but limited. It appears again that the
utility of steric hindrance places a very substantial and successful role for these new
derivatives.
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5 Additional Application Studies

A number of papers have been published evaluating both the native and all the
derivatized bonded cyclodextrins. A publication on the separation of 12 chiral
bicyclic or tricyclic B-lactams was typical of the outcomes [28]. Both the CB-
DMP and CB-DM resolved these structures in the reversed-phase mode in either
ACN/H,0 or MeOH/H,0. The amount of organic modifier was typically very low,
1% or less. Since this chapter preceded the introduction of the CB-DNP and the fact
these structures appear to be resolved based on size, the DNP would have been a
good choice. See Fig. 11 for a summary of the performance of the different CD-
based CSPs for this type of B-lactam separation. In a subsequent publication, the
CD-based CSPs were evaluated against the macrocyclic glycopeptides for the sepa-
ration of these same P-lactams as well as additional cyclic f-amino acids [29]. The
CB-DMP held up well in this study, again in the reversed-phase mode indicating
the mechanism of inclusion complexation and steric bulk, plays a very large role in
chiral discrimination with these phases.

Fig. 11 Separation of 12 12
chiral B-lactams on CD-CSPs.
The cyclodextrin derivative
codes are DMP:
3,5-dimethylphenyl
carbamate; DM:
2,3-di-O-methyl; RSP:
racemic hydroxypropyl; RN:
R-naphthylethyl carbamete;
SN: S-naphthylethyl
carbamate; AC: acetylated.
Ref. [28], p. 1854
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5.1 Chiral Liquid Chromatography-Tandem Mass
Spectrometric Methods

Mass spectrometric methods have been the life blood of drug discovery and the
development process. A number of publications have cited the use of current CD-
CSPs for the characterization of drug metabolism and pharmacokinetic profiles of
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stereoisomers. Both modes of operation, electrospray ionization (ESI) and atmo-
spheric pressure chemical ionization (APCI), have been used for either the polar
organic mode or the reversed-phase mode [30].

5.2 Enantiomeric Impurities in Chiral, Synthons, Catalysts,
and Auxiliaries

Chiral synthons, catalysts, and auxiliaries are used in chiral synthesis. Their enan-
tiomeric purity must be very high and known. This knowledge is critical since a 98%
pure catalyst will intrinsically synthesize 2% of the wrong enantiomer. Similarly, if
an auxiliary reagent is only 98% pure, 2% of the wrong or undesired enantiomer
will be produced lowering the enantiomeric purity of the final product. The con-
trol of impurities in chiral reagents started in 1998. Two articles were produced in
1998 [31] and 1999 [32]. In the third phase of this continuing study, 84 chiral com-
pounds used in chiral synthesis that were not assayed in the previous studies were
evaluated by a variety of chromatographic techniques [33]. Most of the assays for
these smaller compounds could easily be developed by chiral GC due to the low
volatility of these small compounds with their polar groups derivatized with non-
chiral reagents. Few compounds had to rely on HPLC and the two chiral phases
most successful for these analyses were the acetylated and dimethylated deriva-
tized CD-CSP referred as CB-AC and the CB-DM, both used in the reversed-phase
mode [33].

6 Important Operating Conditions for Cyclodextrin Phases

The flow chart shown in Fig. 12 presents a potential method development scheme for
these cyclodextrin CSPs. It has been developed over the years from a screening of
many applications and is believed to be the best statistical approach to the successful
use of these phases. The following outline addresses the key issues in developing
and optimizing a separation:

A. Polar organic mode requires:
— at least two functional groups, one on or near the stereogenic center.

B. Reversed phase requires:

— an includable group; aromatic or fused ring structure to be present.

— a hydrogen bonding group outside the inclusion group that is within three
carbons.

— an analyte with suitable solubility.
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CYCLOBOND® |, AC, DM, HP-RSP CYCLOBOND® | DMP, RN, DNP

\J
Polar Organic Mode - 2A

Reversed Phase - 1A, 1B, 3A Polar Organic Mode - 2A Reversed Phase - 1B Normal Phase - 3B

Starting Mobile Phase Compositions:

1A Reversed phase 30/70; ACN/20mM NH4OAc, pH 6.0

1B Reversed phase 30/70; ACN/20mM NH4OAc, pH 4.0
2A Polar organic mode 95/5/0.3/0.2;ACN/MeOH/HOAC/TEA
3A Reversed phase 20/80; MeOH/20mM NH4OAc, pH 4.0
3B Normal phase 30/70; EtOH/Heptane

4 Rinse EtOH

Fig. 12 Cyclobond® method development screen

C. Normal phase requires:

— a m-acidic group to anchor to the wt-base CSP or the converse.
— at least one hydrogen bonding group on or near the anchor site.
— adequate analyte solubility.

Details to this outline can be found in the 7th edition of the Cyclobond hand-
book from Supelco, Bellefonte, PA [34]. Unlike conventional chromatography, the
inclusion phenomena create some unusual reactions to certain operating conditions,
especially temperature and flow rate. This unusual behavior is most pronounced
in the reversed-phase mode and to a lesser extent in the polar organic mode. The
following table is a summary of the controlling parameters for each three mobile
phase type:

Polar organic mode Reversed-phase mode Normal phase mode
Proper choice CD Proper choice CD Mobile phase composition
Mobile phase composition pH Temperature
Flow rate Buffer
Temperature Mobile phase composition

Flow rate

Temperature
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6.1 Temperature

In the reversed-phase mode temperature has played a significant role and should be
evaluated. It has been observed that reduced temperature enhances chiral resolution
in this particular mode with only a moderate effect on retention. These tempera-
ture effects have less of an impact in the polar organic mode. The degree to which
temperature affects resolution is analyte dependent. In order to evaluate temperature
effect, determine alpha at 5, 15, and 25°C. A plot of alpha versus 1/T will be helpful
in optimizing a chiral separation. Lower temperatures have the effect of reducing
heats of friction within the column especially for the mobile phases with higher sur-
face tension as reversed phase and intensifying the strength of weak binding forces
usually associated with chiral interactions. In reversed mobile phase compositions
of 40—-60% aqueous methanol, the high viscosity negates any beneficial effect from a
lower temperature. For low temperature studies use acetonitrile as the organic modi-
fier. In addition, higher temperatures can be used to reduce tailing and improve peak
efficiency if sufficient selectivity is available. These phases are temperature stable
and have no operational upper limit but a maximum of 40°C seems to handle most
cases undoubtedly due to the weaker chiral interactions.

6.2 Flow Rate

In the RP mode this is a most valuable operating parameter. The phenomena again
relates to the relatively slow formation of the inclusion complex. Molecular model-
ing indicates that a molecule entering the cavity crosses an energy barrier before it
locks into the cavity. This energy barrier is intensified from an increase in heats of
friction generated at higher flow rates and the resulting turbulence. Lower flow rates
can result in a dramatic increase in resolution by several factors. The effect is less
dramatic with the polar organic mode where inclusion complexation is a reduced
influence and does not manifest itself at all with normal phase conditions. Higher
flow rates, under normal phase conditions, can have the effect of reducing tailing,
lowering retention, and thereby improve resolution.

7 Trouble Shooting Chiral Separations

Test performance: To avoid difficulties early in the development of a chiral separa-
tion it is best to run the column test parameters before beginning work on a project.
For cyclodextrin phases each of the phases has its own chiral standard for evalua-
tion. See the manufacturer for details. Mobile phases are typically prepared based on
volume ratios. The addition of salts is based on weight per volume. For salts com-
pensation has to be made for water content. All salts, acids, and bases are reagent
grade. Special care has to be given for the use of bases like triethylamine. Small
sealed vials stored in the refrigerator are best. Air causes color oxidation and ghost
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peaks on a chromatogram. To prepare triethylamine acetate, an aqueous solution of
triethylamine is made first and the pH adjusted with acetic acid.

Equilibration: A column is typically equilibrated with 20 column volumes of
mobile phase at 1.0 mL/min. The void volume of a 250 x 4.6 mm column is consid-
ered ~3 mL meaning that an hour is a good equilibration time. Never store CSPs in
contact with buffer present no matter the pH. Always wash the CSP with water and
then with an anhydrous organic solvent like methanol, ethanol, or acetonitrile. In
sequencing mobile phases, especially on the multimodal phases, proceed from the
storage solvent to the polar organic mode and then to the RP mode. Follow the RP
mode with water, then anhydrous ethanol (stabilized with IPA), and then proceed to
heptane/ethanol NP mobile phase. Acetonitrile can then be used to remove the hep-
tanes and the column can be stored or displaced with methanol to start the process
over.

Sample solvents/concentrations: It is best to dissolve the sample in mobile phase
until it can be determined if methanol or acetonitrile could be used as the universal
solvent. There are a limited number of cases when either methanol or acetonitrile
used to dissolve the sample may distort peak shape even if the mobile phase contains
these components. Inject minimum amount of sample until you can determine the
effect of load. Some samples are load sensitive. Typically 1-5 pL of a 5 mg/mL
sample dissolved in mobile phase is a good starting point.

Noisy or drifting baselines: These phenomena are the result of a number of opera-
tional details including lack of UV transparency of the mobile phase, a weak (aging)
UV lamp, and contaminated organic solvent or additive. Column contamination can
be eliminated by washing the CSP at 0.5 mL/min with 50/50 v/v; ACN/50 mM
ammonium acetate buffer followed by methanol. When switching mobile phases
make sure you have removed all mobile phase components from the tubing, detector
cell, and injector. This is especially true when going from reversed-phase conditions
to normal phase.

If a separation from the literature cannot be matched, the first step is to make
sure the column you are using matches the manufacturers test chromatogram used
to approve the column. It is often found that a column dries out and the efficiency of
the bed is lost and not recoverable. The manufacturers’ chromatogram library often
relies on up—to-date performance as new techniques, like the polar organic mode or
a new phase is developed. It pays to review the manufacturers’ library or contact
their technical service group when beginning a new project.

8 Conclusions

The structure of cyclodextrins and its derivatives offer unique opportunities for
chiral as well as achiral selectivity both in the aqueous reversed-phase liquid
chromatography mode and the non-aqueous polar organic mode. The uniqueness
and sensitivity of inclusion complex formation combined with a hydrogen bond-
ing mechanism with the sterically fixed chiral hydroxyl groups of the CD offers
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opportunities for selectivity not found in other chiral stationary phases. The stere-
oselectivity of the native bonded cyclodextrin and certain derivatives was enhanced
in the polar organic mode while the reversed-phase mode dominated the reported
applications on all other derivatives. The preparation of the bonded dimethyl
B-cyclodextrin that effectively blocked the formation of a stereoselective complex,
typically formed through hydrogen bonding, demonstrated clearly the powerful
influence of steric hindrance in the chiral separation process. It is apparent from
the published studies that the contribution of steric hindrance to the selectivity
mechanism has been grossly underestimated in evaluating these structures and
especially the contribution of some of the cyclodextrin derivatives like the methy-
lated and hydroxypropylated versions. The utility of the m-basic and m-acidic
derivatives to produce a multimodal phase with broad stereoselectivity capabili-
ties in a variety of mobile phases including reversed phase, normal phase, and
the polar organic mode has been outlined including the influence of the chem-
istry of attachment especially on steric hindrance with these more complicated
derivatives.
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Abstract Cyclofructans are cyclic oligosaccharides consisting of p-2,1 linked
D-fructofuranose units. Although known for more than 20 years, they were only
recently proposed as powerful chiral selectors after alkylation or aryl derivatiza-
tion. The mechanism of chiral recognition of derived cyclofructan is investigated.
A structural comparison of the 18-crown-6 ether and the cyclofructans with six
fructofuranose units (CF6) and the derivatized CF6 is made taking into account
the similarities between the internal ether macrocycles. Clear differences are seen
that offer possible explanations for the very different enantioselectivities of the three
selectors. The structural modification brought by the alkyl derivation of CF6 allows
for a remarkable enantiorecognition of all native chiral amines. Aryl-derivatized
CF6 are less selective for amines but have a broad enantiorecognition for other
classes of enantiomers. This new type of chiral selector has a high loading potential,
allowing it to purify large amounts of materials.
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1 Introduction

Cyclofructans are cyclic oligosaccharides consisting of f-2,1 linked
D-fructofuranose units (Fig. 1). As first reported by Karvamura and Uchiyama in
1989, they were produced by fermentation of inulin using an extracellular enzyme
from a strain of Bacillus circulans OKUMZ31B [1]. In 1994, Kushibe et al.
reported a different strain of B. circulans (MCI-2554), which enabled more efficient
cyclofructan production [2]. Cyclofructans with degrees of polymerization from six
to eight have been produced, and they are commonly abbreviated as CF6, CF7, and
CF8, respectively. CF6 can be crystallized from aqueous methanol solutions [3, 4]
and is available with high purity. Analytical separation methods for cyclofructans
of different degrees of polymerization have been reported [5], and high purity
CF7 (>99%) can be produced via preparative separations using methods slightly
modified from the reported analytical approaches.

There are two general types of applications of cyclofructans. First, they have
been used as bulk additives in various industrial formulations, in much the same
manner as cyclodextrins, another type of cyclic oligosaccharides, have. For example,
cyclofructans have been be used as the coating material for inkjet recording media
[6, 7] and silver halide photographic materials [8—11], as food additives [12—16], and
as excipients in pharmaceutical applications [17-21]. Second, cyclofructans have
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Fig. 1 Molecular structure
of cyclofructans. n = 1, CF6;
n=2,CF7; n=3, CF8 n=123
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been used as ion trapping reagents due to their ability to form complexes with many
metal cations [22, 23].

The first study on chiral recognition of cyclofructans was reported by Sawada
etal.in 1998 [24, 25]. They found that permethylated CF6 and CF7 were able to dis-
criminate between enantiomers of several amino acid esters in the gas phase using a
direct FAB mass spectrometric approach. The highest enantioselectivity factor, 1.38,
was observed for D,L-tryptophan isopropyl esters using permethylated CF6. There
was no follow-up on this topic nor were there any other reports on any type of “chi-
ral applications” of cyclofructans during the following 11 years. It was not until very
recently that we employed native and/or derivatized cyclofructans as chiral selectors
for the capillary electrophoresis (CE), gas chromatography (GC), high performance
liquid chromatography (HPLC), and supercritical fluid chromatography (SFC) sep-
arations of enantiomers. In this chapter, we consider the enantiomeric separations
obtained using cyclofructan-based selectors by all of the aforementioned approaches
and then examine the possible chiral recognition mechanisms for this new class of
chiral selectors with the help of computational tools.

2 Structural Characteristics of Native Cyclofructan 6

Cyclofructans are isomers of cyclodextrins of the same degree of polymerization.
However, their structures are substantially different. Cyclofructans do not have
hydrophobic cavities. Cyclodextrins are linked via a-1,4 glycosidic bonds, and
a-cyclodextrin (a-CD) is made of six glucose units (six atom ring). The hydropho-
bic macrocyclic CD ring is made by 30 atoms (24 carbon and 6 oxygen atoms). In
contrast, cyclofructans are composed of fructose units (five atom ring) linked via
B-2,1 glycosidic bonds. Cyclofructan 6 (CF6) is made of six fructose units, being
linked together by a crown ether-like ring with 18 atoms (12 carbon and 6 oxygen
atoms) in the central macrocycle (Fig. 1) [3, 4]. The distance between opposing oxy-
gens on the macrocyclic ring is 6.1 A for CF6 as compared to 8.5 A for a-CD [26].
In addition, the six glucose units in a-CD are uniformly tilted toward the molec-
ular center, whereas the six fructofuranose units in CF6 are oriented alternatively
toward (“inward” inclination) and away from (“outward” inclination) the molecular
center to minimize steric repulsion on the macrocyclic rim (Fig. 2) [27]. The alter-
nating inward/outward inclination of the fructofuranose units are more like chiral
propellers attached to the CF6 central macrocycle.

The CF6 central macrocycle is a natural 18-crown-6. However, the conformation
of macrocycle is different from that of synthetic crown ethers. When crown ethers
are complexed with potassium ion, the six -O-C-C-O- units adopt a gggggg (g stands
for gauche) conformation (Fig. 3a) [28], and are evenly distributed above and below
the crown ether mean plane. In CF6, the six oxygen atoms are all aligned toward one
side of the macrocycle due to the gtgtgt (g stands for gauche; t for trans) alternating
configuration of the six -O-C-C-O- units in the center 18-crown-6 core as shown
in Fig. 3b [4]. In addition, all 3-OH and 4-OH groups of the fructose units also
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Ocenter

Fig. 2 An example of inward- and outward-inclined fructofuranose units on two successive units
of the crown ether rim of CF6. The angle Ocenter-C2-C3 is 92.271° and 139.401° for inward- and
outward-inclined fructofuranose units, respectively. Ocenter i the average position of six oxygen
atoms on the crown ether internal rim and is colored pink. Only two fructofuranose units and part
of the crown ether rim are shown for clarity reason. Carbon atoms are colored gray, oxygen atoms
red, and Ocenter 18 pink. The suffix “(i)” and “(0)” are included in atom labels to indicate that the
atom is in the “inward”-inclined and “outward”-inclined fructofuranose units, respectively

Fig.3 Comparison of the internal ether macrocycle in CF6 with that in 18-crown-6: (a) the oxygen
atoms are in the gggggg conformation in 18-crown-6 and K* complexes. (b) The oxygen atoms
are alternatively in the gtgtgt conformation in the macrocycle in CF6. Color coding: carbon, gray;
oxygen, red. Hydrogen atoms are left out for clarity purpose

are aligned on the same side of the macrocycle, making this side “pronouncedly
hydrophilic” [27]. The other side of the macrocycle is “distinctly hydrophobic”
due to occupation of the ethylene groups in the 18-crown-6 core, the 6-methylene
groups, and the ether O5-C5-HS5 fragments [27].
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Fig. 4 Space filling model of
CF6: (a) view from the
hydrophobic side; (b) view
from the hydrophilic side.
Color coding: carbon, gray;
oxygen, red; oxygen on the
crown ether internal ether
ring, pink; hydrogen, white

Figure 4a shows the space filling model viewed from the hydrophobic side of
CF6. It is clear that the oxygen atoms are all hidden by the ethylene groups in
the 18-crown-6 core, and the inner diameter of the macrocycle is around 1.5 A
(as compared to 2.6 A in 18-crown-6 [29]). Consequently, any solute interaction
with the six oxygen atoms on the 18-crown-6 moiety from the hydrophobic side
of CF6 is not likely. On the hydrophilic side, 3-OH groups from the three inward-
inclined fructofuranose units (the O3(i) groups in Fig. 2) are hydrogen bonding
with each other and so, effectively blocking the access to the macrocycle cavity
from this side (Fig. 4b). Consequently, the 18-crown-6 core of the native CF6 in
cavity is effectively folded inside the molecule and is relatively inaccessible from
both sides.

Overall, CF6 has distinctively different hydrophilic and hydrophobic surfaces on
the two sides of the central macrocycle. It also has propeller-oriented fructofuranose
units along the rim of the macrocycle. These loci are three possible docking sites
for molecular recognition by CF6 units.

3 Chiral Recognition by Cyclofructans

3.1 Chiral Recognition by Native Cyclofructan 6 (CF6)

The native CF6 chiral stationary phase produced chiral separations of a few primary
amines and binaphthyl-type molecules using organic solvents as mobile phases (as
shown in Fig. 5). The fact that no enantiomeric separations were observed in the
reversed-phase mode indicates that effective chiral recognition at the hydrophobic
surface of CF6 is not prevalent. Previous NMR studies of metal complexation of
native and permethylated cyclofructans also reveal that the 3-OH and 4-OH groups
are responsible for cyclofructan—metal cation interactions [30-32].

In the X-ray structure of permethylated CF6 with Ba>*, the Ba’>* is posi-
tioned on the molecular rotational axis on the hydrophilic side of the molecule
[32]. Protonated primary amines could approach CF6 in a similar way. In fact, the
three O3(i) atoms form a triangular plane, which is similar to the three alternating
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Fig. 5 Two out of a few

enantiomeric separations

observed on a native CF6 1535 OH
CSP (column 25 cm, 4.6 mm -

NH,
i.d.): (a) primary amine-type

compound; (b) binaphthyl- A
type compound. Mobile -
phases: (a) heptane/ethanol/ 16 18 20 22 24 26 28  min
trifluoroacetic acid 70/30/0.1
(% vIv); (b) heptane 100%.
Flow rate 1 mL/min, UV O\\ ,_?O
detection 254 nm 0—8—CFy
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oxygen atoms in 18-crown-6. Primary amines are likely to form tripodal hydro-
gen bonding with these O3(i) atoms as they do with 18-crown-6. However, these
three oxygen atoms are much closer together (2.8 A as compared to 4.9 A in 18-
crown-6; see Fig. 6a and b) and they are hydrogen bonding with one another. As a
result, the tripodal hydrogen bonding with three O3(i) atoms in CF6 is much weaker
than that with 18-crown-6. As will be discussed in the following sections, partial
derivatization of native CF6 very likely disrupts the CF6 internal hydrogen bonding
thereby causing the remaining free hydroxyl groups to reorient to different geome-
tries. In addition, the hydroxyl groups in CF6 can also act as hydrogen bonding
donors, and enantiomeric separation of secondary and tertiary amines are com-
mon on cyclofructan-based CSPs, whereas crown ether-based CSPs separate almost
exclusively primary amines. Tripodal hydrogen bonding alone is not sufficient for
chiral recognition. After the docking of amines by the tripodal hydrogen bonding
with 3-OH groups, surrounding chiral interaction sites and/or simply chiral barriers
(i.e., C3-C4-0O4 fragments on fructofuranose units), would provide enantioselective
interactions for chiral amines.

There is a total of 18 hydroxyl groups in CF6, two-thirds of which are attached
to chiral centers and are able to provide different hydrogen bonding with chiral
analytes. In addition, some of these oxygen atoms adopt a similar geometry to
18-crown-6. As shown in Fig. 6¢ and d, the triad formed by O4(i)-O3'(0)-03"(i)
and O3(0)-06(0)-O4'(i) are more similar to 18-crown-6 than the three O3(i) atoms
are in the perspective of O-O distances among each other. Density functional theory
calculations at the 6-31 g level were employed to validate the binding of potassium
cations at these sites. Surprisingly, these two triangular planes provide stronger
K* binding than the O3(i) triangular plan does (refer to Fig. 6 caption). When a
potassium cation approaches these two sites (Fig. 6¢ and d), it is also able to have
electrostatic—dipole interaction with one oxygen atom on the crown ether skeleton
of CF6. Despite the energetically favored binding at these two sites (Fig. 6¢ and
d), there are not many chiral interaction sites/barriers above these triangular planes
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Fig. 6 Possible tripodal hydrogen bonding sites for ammonium cations: (a) alternating oxygen
atoms in 18-crown-6 (internal ether ring); (b) three alternating O3 on inward-inclined fructo-
furanose units (O3(i) atoms); (¢) O4(i), O3'(0) and O3”(i) on three neighboring fructofuranose
units; (d) O3(0), 06(0) and O4'(i) on two neighboring fructofuranose units. The distance between
those oxygen atoms are labeled on the figures in A (0.1 nm). The binding energy of potassium
cation (having similar size as ammonium cation) at these sites (calculated at B3LYP/6-31 g level)
are —364, —195, —261, and —210 kJ mol~', respectively. Color coding: carbon, gray; oxygen,
red. Hydrogen atoms are left out for clarity purpose

in native CF6 to afford chiral recognition. Derivatization could provide extra
interactions surrounding those triangular planes for chiral recognitions. One thing
to note is that, the hydroxyl groups can also reorient themselves upon interacting
with a guest molecule. This “induced-fit” by hydroxyl groups could possibly
provide even more interaction sites between cyclofructans and amine compounds.
The abundance of hydroxyl groups and suitable interaction sites may account for
the high loading capacity that is observed for cyclofructan-based CSPs as will be
discussed in Sect. 3.3.

3.2 Chiral Recognition by Derivatized Cyclofructan 6

Despite the limited success of native CF6 as a chiral selector in both HPLC and
CE, certain derivatized CF6 s show great potential as chiral selectors. During the
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discussion of structural properties of native CF6, several advantages of derivati-
zation have already been mentioned: (1) derivatization could disrupt the hydrogen
bonding between 3-OH groups (as shown in Fig. 6b) and increase their hydrogen
bonding interactions with guest molecules; (2) derivatized groups could provide
additional interaction sites surrounding effective amine binding sites, i.e., sites as
shown in Fig. 6¢ and d. In addition, the C3 symmetry of native CF6 could be broken.
Finally, addition of aromatic groups to CF6 can increase m—1 and steric interactions,
which are important for many successful chiral selectors [33-38].

3.2.1 Aliphatic-Derivatized CF6

Cyclofructan 6 derivatized with only a few aliphatic groups showed exceptional
enantioselectivity for primary amine-containing compounds [39]. Organic solvents
are the best mobile phases for these types of separations. As discussed in Sect.
3.1, hydrogen bonding is considered to be the most important primary interac-
tion for chiral recognition of amines. This type of interaction is known to be
enhanced in solvents of low dielectric constants (acetonitrile, heptane, etc.). It is
also observed experimentally that better enantioselectivity is observed in the normal
phase mode (heptane/alcohol solvents) than in the polar organic mode (acetoni-
trile/alcohol solvents) (Fig. 7). The efficiency, however, is typically better in the
polar organic mode as indicated by the sharp and symmetric peaks observed, as
compared to usually broad and fronting peaks in the normal phase mode. Overall,
faster separations and better enantiomeric resolution (due to enhanced efficiency)
are obtained in the polar organic mode (Fig. 7). In contrast, crown ether-based
CSPs operate almost exclusively in the reversed-phase mode using acidic aqueous
solvents.

(B)

6 8 0 12 14 16 18  min

Fig. 7 The polar organic mode (a) and the normal phase (b) mode separations of the chiral pri-
mary amine tetrahydronaphthylamine on a methylated CF6 CSP (column 25 cm, 4.6 mm i.d.).
Chromatographic parameters: (a) acetonitrile/methanol/acetic acid/triethylamine 60/40/0.3/0.2
(% viv), ki = 1.77, « = 1.19, N = 8,800, Rs = 2.8; (b) heptane/ethanol/trifluroacetic
acid 70/30/0.1 (% v/v), ky = 4.33, « = 1.22, N = 3,100, Rs = 2.2. Flow rate: 1 mL/min, UV
detection 254 nm
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Fig. 8 Separation of
trans-1-amino-2-indanol on a
methyl carbamate derivatized L
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CF6 CSP (column 25 cm,
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mobile phase with different

additives: (a) 0.1%

trifluroacetic acid, 1 mL/min;

(b) 0.1% triethylamine, B
1 mL/min. UV detection
254 nm
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Additives are often necessary to obtain an acceptable elution of chiral pri-
mary amines from aliphatic-derivatized CF6 in the normal phase mode. Figure 8
shows the separation of trans-1-amino-2-indanol with different additives in a hep-
tane/ethanol 70/30 (v/v) mobile phase. Without additives, the analyte was strongly
retained and did not elute in 2 h. When acidic additives were added to the mobile
phase, peaks were eluted faster and enantiomeric separation was observed. The
magnitude of the retention decrease is linked to the strength (pKa) of the acidic
additive used. For example, the first peak was eluted at 91 min when using 0.1%
acetic acid (chromatogram not shown) and at 31 min when using the same 0.1%
amount of the stronger trifluoroacetic acid (Fig. 8a). Basic additives caused an even
more dramatic decrease in retention times, yet amino-indanol enantioseparation
was still observed when 0.1% triethylamine was used (Fig. 8b). The enantiomeric
separation of a primary amine in its free form (when only basic additives are
used) implies that the prevalent hydroxyl groups in CF6 could effectively act as
hydrogen bond donors when interacting with free primary amines. In contrast,
there are no hydrogen bonding donating groups on crown ether rings and strong
acidic additives, i.e., sulfuric and perchloric acid, are required to protonate pri-
mary amines and to afford enantiomeric separation on synthetic crown ether-based
CSPs.

A combination of acidic and basic additives is used for the separation of primary
amines in the polar organic mode. Table 1 lists the chromatographic data obtained
using different combinations of acidic and basic additives. The optimized additive
composition is 0.3/0.2 (% v/v) acetic acid/triethylamine in pure methanol, which
happens to be the recommended buffer for the polar organic mobile phase separation
on cyclodextrin-based CSPs [40, 41].

Different aliphatic groups, i.e., methyl, ethyl, isopropyl, and tert-butyl groups,
have been used to derivatize CF6. Slightly different separations are observed for
these four aliphatic-derivatized CF6 CSPs due to the different bulkiness and geome-
try of the selected aliphatic groups. Overall, the isopropyl-derivatized CF6 produced
the best enantiomeric separations for primary amines.
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Table 1 The effect of acid and basic additives on the chromatographic separation of (%) trans-1-
amino-2-indanol in the polar organic mode on an isopropyl carbamate derivatized CF6 25 cmx 4.6
column

No.  Additives (in volume percentages) ky a Rs
1 Acetic acid (0.30%)/trimethylamine (0.13%) 3.36 1.29 5.3
2 Acetic acid (0.30%)/ethanolamine (0.08%) 1.97 1.14 2.6
3 Acetic acid (0.30%)/butylamine (0.14%) 2.36 1.16 2.3
4 Acetic acid (0.30%)/diethylamine (0.14%) 3.67 1.29 1.6
5 Acetic acid (0.30%)/triethylamine (0.20%) 2.85 1.31 4.0
6 Acetic acid (0.20%)/triethylamine (0.30%) 2.69 1.24 39
7 Acetic acid (0.25%)/triethylamine (0.25%) 3.24 1.27 4.4

The mobile phase is composed of 60% acetonitrile/40% methanol (v/v).
Different volume percentages of basic additives in entry 1-5 are chosen to
afford same 14 mM molar concentration of basic additives.

3.2.2 Aromatic-Derivatized CF6

Derivatization of native chiral molecules with aromatic moieties is a common strat-
egy used to enhance their chiral recognition abilities. Examples are oligo- and
polysaccharide-based selectors that lack delocalized m-electrons, e.g., (R or S)-
naphthylethyl derivatized cyclodextrins, 3,5-dimethylphenyl, along with many other
different aromatic moieties, derivatized cellulose, and amylose. The optimal deriva-
tization degree is usually different for different type of native selectors. A low
degree of derivatization, i.e., 6, was found to be the best for B-cyclodextrins because
these aromatic groups were able to effectively provide extra interactions while not
completely blocking the cyclodextrin cavity or removing all free hydroxyl groups
[36]. On the other hand, cellulose and amylose-based CSPs favor high degrees of
derivatization and even complete derivatization of all hydroxyl groups [42].

Aromatic-derivatized CF6 was thus prepared in both low and high degrees of
derivatization. Interestingly, low- and high-degree-derivatized CF6 showed dramat-
ically different chiral recognition properties. When CF6 is derivatized with three to
five aromatic groups, the general enantioselectivity for primary amines were also
observed, quite analogous to that found on aliphatic-derivatized CF6. The CF6
aromatic moieties play essentially the same role as the aforementioned aliphatic
moieties did to enhance chiral recognition for primary amine compounds. Figure 9a
and b compare the separation of trans-1-amino-2-indanol on similarly substituted
aliphatic- and aromatic-derivatized CF6 columns. Higher enantiomeric selectivity,
efficiency, and better separations were always observed on aliphatic-derivatized CF6
columns for primary amines compared to aromatic counterparts. However, in addi-
tion to primary amines, other types of racemic compounds were starting to show
enantioselectivity on the aromatic-derivatized CF6 CSPs (Fig. 9d and e).

When most of the accessible hydroxyl groups in CF6 are derivatized with aro-
matic groups, however, the general enantioselectivity for primary amines is almost
completely lost (Fig. 9c), whereas enhanced separations of a great variety of
other chiral compounds can be obtained (Fig. 9f). These observations are readily
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Fig. 9 Separation of frans-1-amino-2-indanol (left) and Troger’s base (right) on CF6 CSPs
(columns 25 cm, 4.6 mm i.d.) derivatized in three different ways: (a) and (d), low-degree
methyl carbamate derivatization; (b) and (e), low-degree 3,5-dimethylphenyl carbamate deriva-
tization; (c¢) and (f), high-degree 3,5-dimethylphenyl carbamate derivatization. Mobile phases: left,
acetonitrile/methanol/acetic acid/triethylamine 60/40/0.3/0.2 (70/30/0.3/0.2% v/v for (c)); right,
heptane/ethanol 70/30% v/v and 1 mL/min. UV detection 254 nm

explained by looking at the optimized (at HF/6-31 g level) structure of the all-
0-3,5-dimethylphenyl carbamate derivatized CF6 as shown in Fig. 10. The bulky
aromatic groups block the access to the tripodal hydrogen bonding sites (shown
in Fig. 6), canceling, and negating the chiral recognition for primary amines. On

Fig. 10 Space filling model of all-O-3,5-dimethylphenyl carbamate CF6 calculated at HF/6-31 g
level: (a) top view from the hydrophilic side of CF6; (b) side view. Color coding: carbon, gray;
hydrogen, white; oxygen, red; and nitrogen, blue
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Fig. 11 Separation of compounds belonging to different classes on aromatic-derivatized CF6
CSPs (Columns 25 cm, 4.6 mm i.d.). Aromatic derivatization groups: (a) 3,5-dichlorophenyl car-
bamate; (b) 3,5-bis(trifluoromethyl)phenyl carbamate; (c), and (d) R-naphthylethyl carbamate.
Mobile phases: (A) heptane/ethanol 80/20; (b) acetonitrile/methanol/acetic acid/triethylamine
75/25/0.3/0.2; (c) heptane/isopropanol/trifluoroacetic acid 98/2/0.1; (d) acetonitrile/methanol
40/60 with 25 mM ammonium nitrate. All mobile phases in % v/v and used at 1 mL/min flow
rate. UV detection 254 nm

the other hand, the propeller side arm along the crown ether rim of CF6 was not
only preserved but also extended in space to adopt a chiral helical geometry with
polar oxygen and nitrogen moieties aligned in the helical grooves. Similar chiral
helical groove motifs have been proposed to contribute to high enantioselectivity
observed for highly aromatic-derivatized polysaccharide-type CSPs [38, 43]. These
extended side arms are likely to play a similar role in chiral recognition for a variety
of compounds in the highly aromatic-derivatized CF6.

Ten different aromatic derivatizations of CF6 were made. Examples of the enan-
tiomeric separation of different classes of racemates are shown in Fig. 11. Most
of the observed enantiomeric separations could be obtained on several different
aromatic-derivatized CSPs [39]. In addition, the same elution order is generally
obtained for chiral compounds on R- and S-naphthylethyl carbamate derivatized
CSPs. These observations suggest that the enantiomeric selectivities of the aromatic-
functionalized CF6 CSPs are more dependent on the chirality of the base CF6 than
on the chirality of substituent groups. However, aromatic moieties play an indis-
pensable role in chiral recognitions because the separations of non-primary amine
compounds on aromatic-derivatized CF6 CSPs are generally better than those on
aliphatic-derivatized ones.

3.2.3 Sulfate-Derivatized CF6 for CE

Capillary electrophoresis (CE) is usually carried out in aqueous solutions. However,
the interactions (mainly hydrogen bonding) between native CF6 and amino com-
pounds are greatly attenuated in aqueous solvents. Minimal interactions between
native CF6 and amine compounds were observed in aqueous buffers used for CE.
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Fig. 12 Effect of MeOH addition (in volume percentages) on the capillary electrophoresis sep-
aration of p-chloroamphetamine using 5 mM sulfated cyclofructan as the chiral selector. CE
conditions: buffer, 20 mM ammonium acetate +5 mM sulfated CF6; pH, 4.7; voltage, +25 kV;
capillary length, 35 cm; capillary i.d., 50 pm. First peak is EOF marker. The unit for the time axis
(horizontal axis) is minute. Reprinted by permission of Wiley-VCH GmbH, Weinheim [44]

On the other hand, sulfated CF6 was able to bind to basic analytes via strong
electrostatic interactions in aqueous solvents at appropriate pHs [44]. This electro-
static interaction may not only facilitate initial docking of basic analytes but also
contributes to their chiral separation, along with hydrogen bonding interactions.
Figure 12 shows the enantiomeric separation of p-chloroamphetamine using sul-
fated CF6. The separation was virtually unaffected when 20% methanol was added
to the background electrolyte (BGE) (Fig. 12). This was different from what was
observed for enantiomeric separations using sulfated cyclodextrins, where methanol
in the BGE competes for the hydrophobic cavity of cyclodextrin-based selectors and
usually diminishes their enantiomeric separations [45, 46]. The fact that methanol
has minimal effects on the enantiomeric separation by sulfated CF6 is a good indi-
cation that the hydrophobic side of CF6 is not responsible for the chiral recognition
of chloroamphetamine, which is in accordance with the mechanisms deducted from
HPLC separations.

Sulfated CF6 showed excellent enantioselectivity toward primary, secondary, ter-
tiary, and quaternary amines [44]. Enantiomeric separations can be obtained in both
normal and reverse polarity modes, although the reversed polarity mode usually pro-
duced electropherograms with better peak shapes [44]. In addition, 25 native amino
acids were also separated in CE with the reversed polarity mode [44].

3.2.4 Derivatized CF6 for GC

Permethylated and partially pentylated CF6 have been used as chiral selectors for
gas chromatography (GC) [47]. The geometry of these chiral selectors was opti-
mized using Hatree—Fock theory calculations at the 6-31 g level. Computational
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Table 2 Oceneer-C2-C3 angles (as shown in Fig. 2) for each of the six fructofuranose ring in native
and derivatized CF6

Fructose PM-CF6 (X-ray with

ringindex ~ CF6(X-ray)*  CF6b Ba(SCN),)° PM-CF6¢  PT-CF6%¢
1 93.9 92.6 98.1 103.4 79.4

2 139.2 139.4 121.3 124.6 130.6

3 93.9 92.3 139.2 152.2 101.6

4 139.2 139.2 98.1 101.2 105.9

5 93.8 92.4 1213 126.1 106.9

6 139.2 138.6 139.2 159.6 117.6

4X-ray structure of CF6 (obtained from [4]);

bstructure calculated at B3LYP/cc-pVDZ level;

¢X-ray structure of permethylated CF6 when crystallized with Ba(SCN), (obtained from [32]);
dstructures calculated at HF/b-31 g level;

€all-4-0O-all-6-O-pentylated CF6.

studies showed that the high degree alkylation of CF6 changed the alternating
inward/outward arrangements on the CF6 macrocyclic rim. As shown in Fig. 2,
the Ocenter-C2-C3 angle is 92° and 139° for inward- and outward-inclined fructofu-
ranose units, respectively. After alkylation, the C3 symmetry of native CF6 is lost,
the Ocenter-C2-C3 angles becomes larger on average (Table 2), the distances among
the O3(i) atoms increase and thus the original intramolecular hydrogen bonding of
the native CF6 is disrupted, and the crown ether skeleton becomes more exposed
(Fig. 13). These structural changes after derivatization are also likely for other types
of derivatizations of CF6.

Racemic compounds separated using alkylated CF6 as the selector in GC
includes B-lactams, trifluoroacetyl derivatized amino acids, and tartaric acid
esters [47]. Hydrogen bonding is of critical importance for enantiomeric sep-
arations in GC. On permethylated CF6, a-(trifluoromethyl)benzyl alcohol was
baseline separated, whereas esters of this alcohol were less retained and no sep-
aration was observed (Table 3). Furthermore, no separation was observed for
native a-methylbenzyl alcohol, which is a weaker hydrogen bond donor than a-
(trifluoromethyl)benzyl alcohol. Likewise, enantiomers of N-acetylated amino acids
were poorly separated or not separated, whereas N-trifluoroacetylated amino acids
are very well separated [47].

3.3 Going Prep: Loading Tests on Cyclofructan-Based CSPs

The loading capability of a CSP is related to the available number of selector—
analyte interaction sites. For example, protein-based CSPs are very vulnerable to
overloading. Due to the high molecular mass of protein selectors, the number of
sites available in a protein column is very limited. Since protein selectors gener-
ally interact enantioselectively with only one analyte at a time, there is no way
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Fig. 13 Effect of fructose substitution on the ring structure and O3 spatial position. Top view
of native and alkylated CF6: (a) and (b), native CF6 optimized at B3LYP/6-31 g level; (c¢) and
(d), permethylated CF6 optimized at HF/6-31 g level; (e) and (f), all-4-0-all-6-O-pentylated CF6
optimized at HF/6-31 g level. Figures on the rightside are displaying relative positions of O3 atoms
on each fructofuranose units. The distance between neighboring oxygen atoms are labeled in A
(0.1 nm). Color coding: gray, carbon; oxygen, red; O3 oxygen atoms, purple. Hydrogen atoms are
left out for clarity purpose. Reprinted by permission of the Royal Society of Chemistry [47]

to inject large amounts of analyte. On the other hand, polymeric CSPs usually
have high loading capabilities because its repeating units can provide multiple
interaction sites for chiral recognition. Cyclofructans are oligomers. As shown in
Fig. 6, cyclofructans and derivatized cyclofructans can interact with chiral primary
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Table 3 Chromatographic data for three structurally similar compounds on permethylated-CF6
chiral GC phase at the same chromatographic conditions:

No. Compound Structure ki [
CF3
a-(Trifluoromethyl)
! benzyl alcohol OH 932 1.05
CF; O
Trifluoroacetyl )-k
2 a-(trifluoromethyl) (0] CF; 42 1.00
benzyl alcohol
CHj
3 a-Methylbenzyl OH 344 1.00

alcohol

Column 10 m, 200 pm, i.d., 0.5 pwm film thickness, isothermal separation at 130°C, He carrier gas,
FID detection. Data from [47]

amines via tripod hydrogen bonding through several interaction sites. In addition,
adducts of one CF6 with two metal cations or multiple metal chloride salts (up to
nine, see Fig. 14) were observed in ESI-MS [48]. In contrast, crown ethers can
only interact with one guest molecule at a time, and only 1:1 crown ether—metal
cation complexes were observed in ESI-MS [48]. Consequently, cyclofructan-
based CSPs are expected to have superior loading capabilities than crown
ether-based CSPs.

Loading test experiment was performed on a methylcarbamate CF6 CSP with
trans-1-amino-2-indanol in the polar organic mode. As shown in Fig. 15, 3.37 mg
of the primary amine can be baseline separated in 20 min on an analytical col-
umn (250x 4.6 mm). Furthermore, cyclofructan-type CSPs operates best in organic
solvents and supercritical fluid solvents as well, which makes the sample recov-
ery much easier than with aqueous mobile phases. These characteristics make the
cyclofructan-type CSPs viable candidates for the preparative separations of primary
amines. In addition, high loading of N-blocked amino acids were also reported on
aromatic-derivatized CF6 CSPs [39].
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Fig. 14 ESI-MS spectrum of CF6 in NaCl solution showing adduct ions of one CF6 with multiple
sodium cations (see [48] for detailed experimental conditions)
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5 10 15
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Fig. 15 Loading test of a methyl carbamate CF6 CSP 25 cm x 4.6 mm i.d. column in the
polar organic mode. (a) 13.5 pg and (b) 3.37 mg of trans-1-amino-2-indanol were injected.
Mobile phase: acetonitrile/methanol/acetic acid/triethylamine 75/25/0.3/0.2% v/v, 1 mL/min. UV

detection 254 nm

4 Conclusions

Cyclofructans are a new class of chiral selectors. Despite the fact that they are
cyclic oligosaccharides and have a crown ether core, their chiral recognition capa-
bilities and mechanisms are completely different from those of either cyclodextrins
or synthetic crown ethers. Two chiral recognition mechanisms are proposed for
cyclofructan CSPs. Tripodal hydrogen bonding between the hydroxyl groups on
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the hydrophilic side of CF6 and hydrogen bonding donor and/or acceptors in ana-
Iytes is of critical importance for enantiomeric separations of primary amine-type
compounds. On the other hand, chiral helical grooves on the side of CF6, along with
the carbamate linked aromatic substituents, can provide steric and T—m interactions
between the CSP and analytes. These interactions contribute to chiral recognition
for aromatic non-primary amine compounds separated on the aromatic-derivatized
CF6 CSPs.

While native CF6 showed only limited enantioselectivity to a few compounds,
derivatized CF6s appeared to be versatile chiral selectors and can be tuned for
the best HPLC separation of different types of compounds. Aliphatic-derivatized
cyclofructans operating in the polar organic mode provide best enantiomeric sepa-
rations for primary amines. On the other hand, extensively aromatic-derivatized CF6
were able to separate a variety of different classes of enantiomers. Cyclofructans are
the newest types of chiral selectors, and their further development and their appli-
cations in both analytical and preparative enantiomeric separations are not yet fully
explored and are expected to grow significantly in the future.
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Abstract This chapter deals with the basic theory of enantiomeric separations in
electrokinetic chromatography (EKC) in general and with the relationships between
the recognition and the separation of enantiomers in EKC, in particular. It is impor-
tant to note that the dependence between recognition and separation is not as
straightforward in EKC as it is in chromatographic separation techniques. Therefore,
a clear understanding of these dependences is very important for the explanation of
experimentally observed results, as well as for a design of new powerful separation
systems, technologies, and materials. Cyclodextrins (CDs) are mainly discussed as
chiral selectors not only because the author has a long-term experience of working
with these multifunctional macrocycles but also because CDs belong to the most
widely used chiral selectors in EKC. In addition, these materials are quite well-
characterized molecules of medium size. In addition, CDs are used for separation
of enantiomers almost in all analytical separation techniques, as well as for deter-
mination of the enantiomeric excess in nonseparation techniques such as nuclear
magnetic resonance (NMR) spectroscopy and mass spectrometry. This chapter does
not address applications of chiral EKC in chemistry, pharmaceutical and biomedical,
environmental, and food analyses.

1 Fundamentals of Enantioseparations in Electrokinetic
Chromatography

1.1 Separation Principle in Chiral CE: Electrophoretic
or Chromatographic?

The important conceptual point in chiral CE is to consider that the enantiosepa-
ration in this technique is commonly not based on the classical principle of zonal
electrophoretic separation. This principle postulates the separation as a result of
different migration velocities caused by different charge densities of analytes. The
enantiomers of a chiral compound possess the same charge densities. Therefore,
none of the potential migration forces in CE, such as the electrophoretic mobility
of the analyte, the EOF, their combination, or a transport by a nonenantioselective
carrier, is, in principle, able to differentiate between the enantiomers.

The prerequisite for enantioseparations in CE is the enantioselective interaction
of the analyte with a chiral selector. This interaction is analogous to differential
partition of analytes between different phases in chromatographic techniques. The
immiscibility of two phases as stated in the definition of chromatography accord-
ing to the IUPAC nomenclature [1] is the secondary prerequisite. It is introduced
in the definition of chromatography because the pressure as a migration force does
not make possible the different velocities of miscible phases or different veloci-
ties of the components residing in the same phase. In contrast, the electrophoretic
migration mechanism allows species residing in the same phase to migrate with
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different velocities. It must be stated that due to this reason, even the
enantioseparations performed in a monophasic physical system are based on the
selective distribution of the analyte enantiomers between at least two constituents
of the liquid phase having a different mobility, i.e., the separation principle in vast
majority of chiral CE separations can be considered as chromatographic. In other
words, most of CE enantioseparations belong actually to EKC [2, 3].

At the first glance a small number of enantioseparations based on the mobility
difference between the noncovalent analyte—chiral selector complexes in CE may
appear to be based on true electrophoretic principles. However, this is not the case
because the analyte—chiral selector interaction is a necessary prerequisite for the
formation of transient diastereomeric complexes [2-7].

Some confusion still exists regarding the classification of enantioseparations into
groups such as capillary zone electrophoresis (CZE), capillary gel electrophoresis
(CGE), capillary isoelectric focusing (CIEF), and electrokinetic chromatography
(EKC). The separation principle in CZE is mainly a distribution of the analyte
components in a free solution according to their charge density which is equal
for the enantiomers. This means that it is impossible to resolve enantiomers based
on the separation principle of CZE. The separation principle in gel electrophore-
sis is a sieving effect of the charged analyte molecules depending on their size.
Again, the enantiomers as such do not differ in their size and therefore are irre-
solvable with achiral gels. The separation principle in CIEF is based on the pKj,
difference between the analytes. The two enantiomers have exactly the same pK,.
Thus, the enantiomeric separation in all of these techniques relies basically on
enantioselective noncovalent intermolecular interactions between the analyte and a
chiral selector which may be expressed as the effective mobility difference (CZE
and CGE), stereoselective shift of the acid-base equilibrium (CIEF), etc. Thus,
most of enantioseparations in chiral CE may be unified under the term EKC. This
term was introduced by Terabe and co-workers in 1985 [8]. Micellar electrokinetic
chromatography (MEKC) represents a special mode of EKC.

1.2 Enantioseparations with Charged and Uncharged
Chiral Selectors

In earlier papers, enantioseparations of charged analytes with neutral chiral selectors
were attributed to CZE and the enantioseparations of neutral analytes with charged
chiral selectors to EKC. However, from the mechanistic point of view, there is no
principal difference whether an analyte or a chiral selector is charged. Actually, it
is the subject of convention which counterpart of chiral recognition process will be
named selectand and which one chiral selector. The reciprocal chiral recognition
strategy for a design of effective chiral selectors proposed by Pirkle and co-workers
in HPLC 1is based on this philosophy [9] and that principle certainly applies for
enantioseparations in EKC also [10].



100 B. Chankvetadze

The enantioseparation of neutral chiral analytes with charged chiral selectors,
which was considered impossible in the earlier studies on chiral CE, was suc-
cessfully performed based on the understanding of the aforementioned concept
[11,12].

1.3 Enantioselective and Nonenantioselective Phenomena
in Chiral EKC

For many years the electrophoretic mobility of analyte (iep) Was considered to be
a selective transport able to differentiate between enantiomers, while the electroos-
motic mobility (eo) Was considered to be a non-selective transport. This is not
correct for chiral EKC, although it applies without any limitation for true elec-
trophoretic separations, i.e., for the separations which are based on a different
electric charge density of the sample components [2].

The analyte-specific quantities such as the effective charge (¢) and molecular
mass (M) are used in Eq. (1) for the calculation of pep [13]:

2
el = kgM ™3 (1

This means that the jtep is an analyte-specific property. On the other hand, peo
which can be calculated according to Eq. (2)

Heo = &r€05 /N 2

depends on the dielectric constant of the medium (¢), permittivity of vacuum (g¢),
the zeta potential on the solid-liquid interface (¢), and the dynamic viscosity of
the medium (7). The terms used in Eq. (2) are system specific but none of them
is explicitly analyte specific. Therefore, p. is selective and e, is a non-selective
transport in true electrophoretic separations. Enantioseparations in CE are mostly
based on the chromatographic separation principle as mentioned above. The quan-
tities entering Eq. (1) may be different for other charged analytes but they are equal
for the enantiomers. For this reason, transport by e, iS as nonenantioselective as
transport by ugor [2, 3]

Only in those enantioseparations in which the binding constants of both enan-
tiomers with the chiral selector are equal but the electrophoretic mobility, pKj,, or the
size of transient diastereomeric associates are different, the role of the EOF and the
electrophoretic mobility will be the same as it is in classical (achiral) electrophoretic
separations [2].

Another reason for the above-mentioned misunderstanding of the role of . and
Ueo 1N enantioseparations in CE seems to be the fact that in early studies it was pos-
sible to observe an improvement of enantioseparations in CE under the conditions
when the EOF was suppressed. However, no attention was paid to the fact that the
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same apparent effect may, in principle, be observed when one suppresses the ftef
instead of pe, under appropriate conditions [2].

A principal difference between per and e is that the former is a substance-
specific transport, whereas the latter is a system-specific transport [2].

1.4 Similarities and Differences Between Enantioseparations
by Pressure-Driven Chromatography and EKC

As mentioned above, enantioseparations in EKC rely on a chromatographic sep-
aration principle. Despite this fact, there are significant differences between these
techniques. Responsible for all differences between chromatographic and elec-
trophoretic enantioseparations is the property of the electrophoretic mobility to be
selective for the analytes residing in the same physical phase [2]. Another important
point is that in chromatographic techniques, except in the case of a chiral mobile
phase additive (CMPA), the analyte is virtually immobile when associated with a
chiral selector. In EKC the analyte selector complex is commonly mobile.

Basic differences between chromatographic and electrophoretic enantiosepara-
tions can be derived by analyzing the equation proposed for the calculation of the
observed electrophoretic mobility difference Au between enantiomers [14]:

pt+ e K1 [Cl - pe 4 pe, K2 [C]
14+ K [C] 1+ K> [C]

A =py —po = 3)
where 1 and pp are the observed electrophoretic mobilities of the first and the
second migrating enantiomer, respectively. K1 and K> are the binding constants
between enantiomers 1 and 2 and the chiral selector, puf and u. are the elec-
trophoretic mobilities of the free and the complexed analyte, respectively, and [C]
is the concentration of a chiral selector.

One important point obviously seen from Eq. (3) is the crucial role of the
electrophoretic mobilities in enantioseparations in EKC. This parameter is absent
in the major chromatographic techniques except the above-mentioned mode with
CMPA. The contribution of the mobilities in chiral EKC separations may allow the
observation of the following specific effects:

1. It is feasible in chiral EKC but not in chromatographic techniques that the
selectivity of enantioseparation exceeds the thermodynamic selectivity of chiral
recognition [3].

2. It is possible in chiral EKC to revert the enantiomer migration order without
reversing the affinity pattern between the enantiomers of the analyte and a chiral
selector. This is impossible in chromatographic techniques at least in the mode
when the chiral selector is immobilized and not used as a CMPA.

3. The most striking difference between these two techniques seems to be the fact
that EKC allows, in principle, an enantioseparation even in the case when the
binding constants of both enantiomers with the chiral selector are equal [2, 3, 7].
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Below, these differences between EKC and chromatographic enantioseparations
are illustrated using examples from the literature.

As already mentioned, in chromatographic techniques the selectivity of enan-
tioseparation is entirely defined by the chiral recognition, i.e., by the difference
between the affinities of enantiomers toward the chiral selector. Therefore, the
selectivity of enantioseparations in common chromatographic techniques may
maximally approach the thermodynamic selectivity of the chiral recognition but
will never exceed it. In contrast to this, in EKC the separation selectivity may
exceed the thermodynamic selectivity of recognition. This is experimentally illus-
trated in Fig. 1 [15]. In all separations of the chlorpheniramine enantiomers
with the carboxymethylated B-CD selector shown in Fig. 1, the components
involved in chiral recognition at the molecular level are invariant. This means
that chiral recognition itself does not change significantly. However, an enor-
mous (in principle unlimited) enhancement of the separation selectivity becomes
possible in the step of transforming the chiral recognition into a chiral separa-
tion. In this particular example this was achieved by applying a counterbalanc-
ing pressure to the separation capillary in the opposite direction to the analyte
migration.

The principle of resolution (Rs) enhancement without any change in recognition
selectivity is a decrease of the observed averaged mobility term gy = %(m + u2)
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Fig. 1 Effect of increasing counterpressure on the separation of (=£)-chlorpheniramine in the
presence of 2 mg ml~! CM-B-CD (reproduced with permission from [15])
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while retaining the observed electrophoretic mobility difference (A = w1 — w2)
constant in Eq. (4) [16]:

R = LNk 4
Hav

As shown in [15] this concept may allow for the design of a separation system
in such a way that two enantiomers certainly possessing the electric charge of the
same sign will migrate toward opposite electrodes, which means that the enantiosep-
aration factor becomes infinitely large (Fig. 2) [15]. This technique certainly may
be applied for micropreparative purposes also as well as for separations of achiral
analytes not only in a binary mixture but also in multicomponent mixtures.

Another important point is that a manipulation of the mobility terms in EKC
allows not only an adjustment of the selectivity of enantioseparation but also a
reversal of the enantiomer migration order without changing the affinity pattern
of the enantiomers toward the chiral selector. This is again impossible in chro-
matographic techniques. This significant difference between chromatographic and
electrophoretic separations from the viewpoint of the enantiomer migration order
has been noted earlier [2, 3, 17-19].

Thus, taking into account that the mobility in CE is a vectorial quantity, one
can imagine that just reverting the sign of Au even without any change in the
chiral recognition will result in a reversal of the enantiomer migration order [17].
Similar to the case shown in Fig. 1, the components of a separation system immedi-
ately involved in chiral recognition are not significantly modified in the separation
depicted in Fig. 3 [17]. However, the pH of the separation buffer is changed by a
designed way to allow the detection of the analyte on the anodic or the cathodic
ends of the separation capillary, alternatively. This means a reversal of the direc-
tion of the vector Au and, consequently, a reversal of the enantiomer migration
order. The idea of the experiment shown in Fig. 3 is schematically described
in[2, 17, 19].

Fig. 2 Schematic a)@
representation of

flow-counterbalanced

separation principle in CE: T
(a) without counterbalanced b) (—B ———Ap e
flow; (b) with
counterbalanced flow;
(c) resulting mobilities — YT
(reproduced with permission c) (—B A e
from [15])
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A simplified form of Eq. (3) can be obtained when one assumes that the diastere-
omeric complexes of both enantiomers with a given chiral selector possess equal
mobilities(ic, = pnc, = pne) [14]:

C(uf — pe)(K2 — Kp)

— 5
R 17 CK + Ko + CK K ©)

This equation indicates ways of affecting the direction of Au without affecting
the affinity characteristics between a chiral analyte and a selector. In particular, from
Eq. (5) it is obvious that not only a reversal of the algebraic sign of (K, — Kj) term
but also that of (u¢— ) term may result in a change in the algebraic sign of Ay, i.e.,
reversal of the enantiomer migration order. Changing the algebraic sign of pr — ¢
may be achieved by affecting the effective mobility of the analyte or the chiral selec-
tor or both of them. The examples of the reversal of the enantiomer migration order
based on mobility adjustments have been summarized in [17, 18]. Equation (5) does
not explicitly contain separation parameters such as electric charge and concentra-
tion of the chiral selector, pH of the background electrolyte, and the direction and
magnitude of the EOF. However, all of these parameters may affect the mobility
term (g — /) in Eq. (5). Therefore, all of them may affect the enantiomer migration
order implicitly [17].



Chiral Recognition and Enantioseparation Mechanisms in Capillary EKC 105

It should be noted that it is not the intrinsic mobility of the free and complexed
analyte but the observed mobilities that determine the enantiomer migration order
in EKC. Thus, if one can manage (even using external parameters such as pressure)
the separation conditions requiring the polarity change of the high voltage supply
for a detection of the analyte, then reversal of the enantiomer migration order will
be observed [17, 19].

Another difference between enantioseparations in EKC and HPLC is the fact
that an enantioseparation is, in principle, feasible in EKC even in the case when the
binding constants of the enantiomers with the chiral selector are identical [2, 3, 7].
This conclusion can be made from Eq. (3). According to this equation, for the gen-
eration of a mobility difference between the enantiomers, e.g., an enantioseparation
in EKC, the following are required:

(a) Formation of transient diastereomeric associates between the analyte and the
chiral selector. This means that an enantioseparation is impossible in CE
without a chiral selector.

(b) The mobilities must be different for the free and the complexed analyte (uf #
WUe). If both above-mentioned prerequisites apply, then enantiomers may be
resolved with equal success using the following two alternative mechanisms:

(1) For a given overall migration time the ratio of residence times in the free and
the complexed form is not identical for both enantiomers. The time fraction in
which the enantiomers reside in the free and the complexed form is defined by
the degree of complexation (which is dependent on the binding constants and
the concentration of the chiral selector), e.g., in this case a difference in binding
constants is required. This means that the enantioseparation will be based on
the same principle as in chromatographic techniques.

(2) Alternatively, both enantiomers may + in the same time fraction in the free and
the complexed form, e.g., K1 = K> = K. Under these conditions, Eq. (3) may
be rewritten in the following form:

KI[C -
Ap =y —po = [ f(f:;‘[c]l%) (6)

From Eq. (6) it is clear that the prerequisite for the enantioseparation in this
case is the formation of the transient diastereomeric associates of both enantiomers
with different mobilities pc, and pc, : e, 7 c,. The enantioseparations based
on the mechanism described by Eq. (6) are very close to classical zonal separa-
tions (EKC mechanism is not directly involved). However, considering the ITUPAC
nomenclature, these separations may also be attributed to EKC.

Thus either the binding constant difference or the mobility difference of the cor-
responding diastereomeric complexes may result in enantioseparations in CE [2, 3,
6, 7]. Rather common is the former case (K| # K3) or the combination of both prin-
ciples, although the possibility of enantioseparations solely based on the different
mobilities of the diastereomeric associates has been unambiguously proven [7].
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Thus, there are significant differences between enantioseparations in pressure-
driven and electrically driven systems. On the one hand, these differences make the
techniques complimentary. This is an advantage. On the other hand, the rules and
dependencies observed in one technique should be applied to the other with some
care in order to avoid mistakes in the interpretations of the experimental results.

2 Modes of Enantioseparations in EKC

The most traditional mode of enantioseparations in CE is when a separation cap-
illary and both inlet and outlet vials are filled with a buffer solution containing a
chiral selector and an analyte migrates with its own electrophoretic mobility, EOF,
or their combination from the inlet vial toward the outlet vial passing a detector.
Enantioselective interactions between the analyte and a chiral selector selectively
affect the mobility of the enantiomers and this is the most common phenomenon
responsible for enantioseparations in CE. Together with this mode, some alternative
modes of CE enantioseparations have been proposed as briefly summarized below.

Thepartial filling technique has been proposed by Hjerten and co-workers [20]
and involves the filling of a separation capillary only in part with a chiral selector.
Later it has been shown that in the case when a chiral selector possesses suffi-
cient self-electrophoretic mobility in the opposite direction to the chiral analyte,
it is possible to fill the entire capillary with a chiral selector [11]. This technique
was named counter-current separation mode. In both of the above-mentioned tech-
niques, the outlet vial is free of chiral selector. The advantages of these techniques
are the following: (a) UV-absorbing chiral selectors which would produce a signif-
icant detector response may be used for chiral separations. This not only relates to
UV-absorbing chiral selectors as commonly described in the literature [21, 22] but
also allows online CE-MS coupling [23-25] and, in principle, may allow to use chi-
roptical detectors also in chiral CE. (b) Expensive and exotic chiral selectors may
be used in lower amounts in this mode. (c) Binding constants between an analyte
and a chiral selector can be calculated by variation of plug length and concentration
of a chiral selector in a plug [26, 27]. More comprehensive description of the partial
filling and counter-current migration principles is given in a review by Amini and
Westerlund [28].

Another promising mode of chiral CE separations seems to be the mobility-
counterbalanced mode [15, 29-39]. Counterbalancing of analyte electrophoretic
mobility by pressure has been applied by Culbertson and Jorgenson [29] for the
enhancement of the detection sensitivity in achiral CE. Later the same technique
was used for the separation of isotopomers of phenylalanine [30]. The potential
advantage of flow-counterbalanced capillary electrophoresis (FCCE) can be seen
from Eq. (7) [31]:

E/t
Rs = (11 —
s = (u1 M2)4@

)
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where E is the electric field strength, D is the average effective diffusion coefficient
of two analytes, and ¢ is the electrophoretic migration time. In FCCE the sam-
ple is driven forward by electromigration and then backward by pressure-induced
flow. The samples travel back and forth in the capillary until sufficient separation is
obtained [32]. In the mode of FCCE as proposed by Culbertson and Jorgenson [29],
the electric field and the pressure are applied alternatively as the driving forces.

In another mode of FCCE, the counterbalancing driving force such as pressure
may be applied to the separation chamber continuously during the entire time of sep-
aration [15]. An enormous increase of the separation factor in chiral and achiral CE
separations may be achieved using this technique as already mentioned above [15].

The difference between counter-current [11] and flow-counterbalancing CE [15]
techniques is that in the latter case a chiral selector and a chiral analyte do not
migrate in the opposite direction to each other, but the bulk flow moves with a
definite velocity in the opposite direction to the effective mobility of the analyte
zone [15].

The advantages of mobility-counterbalancing technique include the followings:
(a) Enormous, in principle unlimited, enhancement of the separation factor may
be achieved. (b) This technique allows to easily transform a discontinuous zonal
separation of a binary mixture into a continuous separation with stepwise migration
of the sample components from the inlet toward the outlet vial (Fig. 4) [15]. (c) The
technique may be used for micropreparative purposes and offers significantly higher
sample capacity compared to discontinuous separations. Other potential advantages
of mobility-counterbalancing techniques are discussed in [15].
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50 100 150 200 250 300 350
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Fig. 4 Continuous CE separation of (&)-chlorpheniramine with 3.5 mg mlI”! CM-B-CD (a) in
the absence and (b) in the presence of 689.6 Pa counterpressure (reproduced with permission
from [15])
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The mobility-counterbalancing technique is certainly not limited to binary mix-
tures and it can be easily applied in a stepwise manner for the separation of
multicomponent samples.

The pressure/vacuum, the EOF, hydrodynamic pressure (leveling of the inlet
and outlet vials), etc. may be used as a driving force for counter-mobilities in this
technique [15]. An interesting remark regarding the potential of a technique similar
to the above mentioned was made by Dovici et al. as early as 1990: “If pressure-
induced flow balances the average velocity of two closely spaced analytes, then the
resolution of the analytes becomes infinite” [32].

Microfluidic temperature gradient focusing, proposed by Ross and co-workers in
2002 and successfully applied for separation of fluorescent dyes, amino acids, DNA,
proteins, particles [33], and enantiomers [34], represents one of the modes of FCCE,
as is micellar affinity gradient focusing proposed by the same group in 2004 [35].

Ivory and co-workers developed earlier the electric field gradient focusing
(EFGF) [36-39] technology enabling effects similar to those achieved in FCCE.

Synchronous cyclic capillary electrophoresis (SCCE) was proposed by
Jorgenson’s group as a technique which allows overcoming the dispersion prob-
lems in FCCE caused by the parabolic counterflow profile [31]. High resolution
is achieved in SCCE by driving the samples in a virtually closed loop until
desired resolutions are achieved. This technique was applied for isotopic and
chiral separations. In the third cycle, the chiral compound (a-hydroxybenzyl)
methyltrimethylammonium with a selectivity as low as 1.0078 was almost base-
line separated in 3.5 h [40]. As mentioned by the authors, similar separations with
a multicycle LC system as described in [41] would also be possible but would have
taken 43 h.

The carrier mode separation, for the first time mentioned by Terabe [42], was
developed further in the 1990s. In the carrier mode, a chiral selector not only is
responsible for the enantioselectivity in the separation system but also transports
the analytes to the detector. The most important advantage of this mode is that
the analyte migrates to the detector only when associated with the chiral selec-
tor, i.e., when participating in the chiral recognition process. The uncomplexed
analyte remains immobile or in certain circumstances may possess a self-mobility
directed toward the inlet vial. Among the chiral selectors, charged ones possessing
a self-electrophoretic mobility may be used as the carriers in EKC [43—45].

Carrier mode chiral separations offer significant advantages and may become a
very useful technique for biomedical applications where structurally similar ana-
lytes, such as chiral drugs and their metabolites, must be separated and enantiosep-
arated simultaneously. Such a rather complex separation problem implies higher
enantio- and chemoselectivity requirements to a separation system (Fig. 5) [43].

Actually, there is no principal difference between carrier mode enantiosepara-
tions and the enantioseparations of weakly acidic anionic analytes in an uncoated
capillary when the analytes are detected at the cathode. In the latter case a neutral or
a cationic chiral selector (even an anionic chiral selector with a lower self-mobility
compared to the analyte) also accelerates the analyte toward the detector. The
difference between these two modes is that in the latter case the carrier ability of
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Fig. 5 Simultaneous carrier mode CE separation and enantioseparation of thalidomide and its
hydroxylated metabolites (reproduced with permission from [43])

the selector is “assisted” by the EOF which in this particular mode may represent a
“parasitic,” nonselective migration toward the detector.

Combination of chiral selectors is a well-known approach in chiral EKC [2, 3,
43, 45-56]. A chiral separation in CE may be decoupled in two basic steps: (a)
chiral recognition which occurs at the molecular level and (b) transformation
of chiral recognition to a chiral separation [2]. In order to design a dual chiral
separation system, it is useful to analyze both of the above-mentioned steps
separately. When two chiral selectors cooperate in the first (recognition) step, for
instance, when a mixed complex of one analyte and two selector molecules are
formed, a design of the dual system becomes almost impossible without involving
additional techniques and cannot be optimized according to the below-described
simplified approach [45, 47].

An additional point is that both mobility and affinity effects must be considered
and a conclusion about a favorable affinity pattern for an enhancement of a chiral
separation may be drawn depending on the effect of both chiral selectors on the
mobility of the analyte [12, 47]. Some of these points are illustrated in [48] using
the anticoagulant drug warfarin as a chiral analyte.

In selected cases the application of a dual chiral separation system allows to
observe extremely high selectivities of enantioseparations [49]. This technique also
bears a certain potential for a better understanding of the fine mechanisms of chiral
separations which are sometimes difficult to be observed in a single selector system
[50-52].

In the papers dealing with a combination of chiral selectors in CE, basically
multiple cyclodextrin (CD) systems are discussed. However, it shall be noted that
CDs may be combined with other types of chiral selectors or a combined chiral
selector system without a CD component can also be used.
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Extending the scope of combined chiral selector systems beyond CDs, one may
note that this mode has been used in CE for a rather long time [53-56]. The very
first example of combined chiral selectors in CE seems to be the report by Fanali
et al. [53] in 1989 when 15 mM L-(+)-tartaric acid buffer was used in combination
with 15 mM B-CD in order to resolve the enantiomers of chiral cobalt complexes.
CDs have also been combined with chiral surfactants such as cholic acids [54, 55]
and synthetic micelle-forming agents [56]. In recent years, several studies were pub-
lished on the combination of CDs with chiral [57, 58] and achiral [51, 59-61] crown
ethers. The latter studies [59—62] where the achiral crown ether cannot contribute
to enantioseparations independently clearly illustrate that the simplified approach
described in [12, 47] may not be universally applied to all dual chiral separation
systems in CE.

Nonaqueous enantioseparations in CE have been reported since 1994 [62].
Nonaqueous buffers offer certain advantages compared to aqueous buffers from the
viewpoints of alternative chiral recognition mechanisms involved in the separation
[63], lower electric current and Joule heat generation, higher solubility and stability
of certain analytes and chiral selectors [64—67], easier online coupling to a mass
spectrometer, etc.

Among the nonaqueous solvents, N-methylformamide (NMF), N,N-dimethyl-
formamide (DMF), dimethylacetamide (DMA), and lower alcohols represent certain
interest as separation media in nonaqueous chiral CE. The solvents such as NMF
and DMF possess advantages for online chiral CE-MS coupling because they do
not necessarily require electrolytes as conductive additives. However, these solvents
strongly inhibit inclusion complex formation and hydrogen-bonding interactions
which are often essential contributors to chiral recognition. For this reason the
concentrations of chiral selectors required for enantioseparations in these organic
solvents are relatively high and sometimes it becomes questionable whether non-
aqueous CE is really superior compared to the enantioseparation in an aqueous
buffer with the same chiral selector.

It has been considered that pure water, alcohols, and many organic solvents
require some ionizable additives which may create some problems for online cou-
pling of chiral CE with MS. However, many chiral selectors work rather effectively
in solvents such as alcohols [65-67] compared to more polar solvents (DMF, NMF,
and DMA). Valko et al. [68] reported a significant EOF in methanol, ethanol, ace-
tone, acetonitrile, and several other organic solvents without the addition of any
electrolyte.

It is obviously of interest to compare the same chiral selector in both aqueous
and nonaqueous buffers from a mechanistic point of view (enantiomer migration
order, intermolecular forces involved in complex formation and chiral recogni-
tion, structure of complexes, etc.). Enantioseparations of many chiral analytes have
already been described with the same chiral selector in aqueous and nonaque-
ous buffers [66—70]. Only very recently the enantiomer migration order of chiral
B-blocker drug propranolol was studied in both aqueous and nonaqueous buffers.
The enantiomer migration order was the same in the case of several CDs applicable
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in both aqueous and nonaqueous buffers. However, the opposite migration order was
observed with heptakis-(2,3-dimethyl-6-sulfo)- f-CD (HDMS-B-CD). The nuclear
Overhauser enhancement (NOE) experiment showed clearly that the inclusion
complex was formed between propranolol and HDMS-B-CD in aqueous buffer,
while the complex was of external type in nonaqueous buffer [71].

Microfabricated devices offer important advantages from the viewpoint of anal-
ysis time, costs, and throughput capacity. The problems with pressure-driven
microchip technologies are basically connected to the management of fluid flow
with acceptable characteristics through the miniaturized channels. In contrast, an
electrokinetically driven flow can be precisely controlled by regulating the applied
potentials at the end of each microchannel. Using electric fields to direct and con-
trol fluid flow eliminates the need for micro-moving parts such as pumps and valves
allowing for convenient integration process of complete assays. Due to the flat cross
section of the channel and the large thermal mass of the glass chip, temperature
dissipation on chips is greatly improved compared to conventional capillaries. This
allows the application of higher electric fields, which in combination with short
separation lengths enable fast separations [72, 73].

“Lab-on a chip” separations of enantiomers represent a further miniaturiza-
tion of capillary techniques and offer advantages of ultra short separation times,
high throughput, and miniaturization of instruments. High throughput is especially
required due to the rapid development in combinatorial synthetic technologies,
screening of chiral catalysts [73], etc.

Enantiomeric separations on micromachined electrophoretic devices (MED)
have been reported since 1999. In all enantioseparations performed using MED,
CDs have been used as chiral selectors [72-82] except one case [83] in which
the chiral crown ether, (-)-(18-crown-6)-tetracarboxylic acid (18C¢Ha), was used
as an effective chiral selector for resolving gemifloxacin in sodium-containing
media.

Charged chiral analytes can be analyzed with neutral native or derivatized CDs
as it is commonly done in chiral CE. However, derivatization might be required for
some analytes in order to enhance a detection sensitivity which represents a serious
challenge in separations using MED. The derivatization may turn analytes into neu-
tral compounds which can be resolved only with charged CDs or with a combination
of neutral (or charged) CDs and micelles. Another argument for using charged CDs
as chiral selectors in MED-based enantioseparations can be their commonly higher
enantiomer-resolving ability as illustrated in the studies by Belder and co-workers.
The authors performed enantioseparations in a few seconds [80, 84]. One additional
advantage of charged selectors in MED-based enantioseparations can be the directed
mobility of these chiral selectors. The practical use of this advantage has still to be
explored.

The MED technique described in [72] was applied to the analysis of hot water
extracts taken from interior and exterior samples of the Murchison meteorite. The
results were comparable to those previously obtained using GC/MS and HPLC tech-
niques. Higher racemic ratios were found in the interior versus the exterior of the
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meteorite. According to the authors this finding supports the hypothesis that there
was contamination by terrestrial L-amino acids after the meteorite fell to the earth
in 1969 [72].

Chiral CE is considered basically to be a technique suitable for analytical-
scale enantioseparations. However, this technique possesses a certain potential for
micropreparative-scale enantioseparations [15, 85-93].

In the studies by Stalcup and co-workers [87, 88] similar to [85], CE has been
used basically in order to optimize enantioseparations in classical gel electrophore-
sis and to study the optical purity of collected fractions. The group has been the
first who, by the example of the short-acting B;-adrenergic agonist terbutaline,
demonstrated that classical gel electrophoresis is indeed viable as a method for
the separation of milligram quantities of chiral compounds [87]. In another study,
the enantiomers of the chiral drug piperoxan were resolved on a micropreparative
scale using the commercially available “Mini Prep Cell” from Bio-Rad (Hercules,
CA, USA). This unit allowed under optimized conditions to resolve in a single run
0.5 mg of racemic piperoxan in the run time of 4.5-5.0 h. The electropherograms of
fractions collected from the Prep Cell run indicated that the fractions were almost
enantiomerically pure.

Lanz et al. [89] reported the enantiomeric separation of methadone by CD-based
capillary and recycling isotachophoreses. The latter technique was also applied
for micropreparative purposes using two commercially available units, the model
RR3 and MiniPhor. Both systems allowed to achieve a partial separation of R-(—)-
methadone and S-(+)-methadone being significantly enriched at the front and the
back side.

Kaniansky et al. [90] have shown that similar to [15], electrophoresis in the
capillary format may be directly applied for micropreparative purposes. Since
commercial CE equipments with multiple capillary bundles (several hundreds of
capillaries) are available, the techniques described in [15, 90] may gain more
actuality. In the latter work, the authors initially showed on a theoretical basis
that the sample capacity may be several orders higher when performing separa-
tions in the isotachophoretic mode compared to the CZE mode. The counter flow
migration principle described in [15] for the capillary format has been applied
by Glukhovskiy and Vigh [93] in the continuous free-flow electrophoretic system.
Production rates of 2.8 mg h™! were achieved for the enantiomers of terbutaline
when using heptakis-6-sulfo-B-CD as a chiral resolving agent.

Ivory’s group published very interesting examples of micropreparative enan-
tioseparations based on the FCCE principle very similar to that described in [15].
This group also developed an electrophoretic separation system shown in Fig. 6 [91,
92, 94] as an analogue of the simulated moving bed (SMB) system well known in
chromatography [95].

In all works devoted to micropreparative-scale enantioseparations using elec-
trophoretic techniques, there are still many practical problems to be solved before
these techniques become a viable alternative to other methods for obtaining
enantiomerically pure compounds.
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Fig. 6 A schematic diagram of the apparatus used for the continuous moving bed enantiomeric
separation (reproduced with permission from [92])

3 Chiral Selectors

Although CDs and their derivatives remain the most widely used chiral selectors
in CE, new chiral selectors are continuously proposed. Not all of the novel chiral
selectors become widely used due to different reasons such as availability, costs,
compatibility, and competitivity with established chiral selectors. However, some of
them are interesting for mechanistic studies.

Several randomly and selectively substituted CD derivatives have been used
as chiral selectors in CE. The suppliers of randomly substituted CD derivatives
try to provide their products in a reproducible quality and well-characterized
form. Nevertheless, the CD derivatives with a known derivatization pattern are
recommended to be used for more or less deeply going into mechanistic studies
as well as for the development of validated chiral CE assays. Derivatization of a CD
in a designed way by selective activation and protection of the hydroxyl groups on
the CD rim is a well-established procedure in carbohydrate chemistry.

The application of selectively substituted CDs in chiral CE has a relatively
long history. The first charged CD derivative used for enantioseparation by Terabe
was the single isomer 6-B-monoaminoethylamino-6-monodeoxy-3-CD [42]. Later,
Nardi et al. [96] used also two single-isomer positively charged B-CD derivatives
6-monoethylamino-6-deoxy-p-CD and 6,*6P-dimethylamino-dideoxy-B-CD for
the enantioseparation of chiral 2-hydroxy acids. This topic attracted enhanced atten-
tion after the description of the syntheses and applications of the negatively charged
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single-isomer CD sulfates by Vigh’s group [97-103]. About 10 members of this
family have been commercialized. Although useful for the enantioseparation of
chiral cationic, anionic, neutral, and zwitterionic analytes, the single-isomer CD
sulfates do not seem to be always superior from the viewpoint of chiral separation
power compared to randomly substituted analogs such as commercially available
B-CD sulfate or sulfobutyl-p-CD. However, unambiguous advantages of the single-
isomer CD sulfates are better reproducibility of separation results achieved with
this kind of chiral selector. Other advantage of these CDs is their perfect suitability
for mechanistic studies. This relates not only to the reliable thermodynamic quan-
tities obtained in binding studies or developing mathematical models but also to
well-resolved signals in 'H- and '3C-NMR spectra. The latter makes single-isomer
CD sulfates, especially well-suitable probes, for studies of structure of CD—analyte
complexes in solutions based on intermolecular nuclear Overhauser NOE in NMR
spectroscopy. One additional advantage of the CD derivatives described in [97-103],
especially of heptakis-(2,3-diacetyl-6-sulfo)- f-CD [97, 104], seems to be its oppo-
site enantiomer-binding pattern for enantiomers of many racemates compared to
other CDs [18]. This property is interesting from both a practical and a theoretical
point of view.

The syntheses and applications of novel single-isomer cationic derivatives of
CDs have also been reported [105-113]. Few members of the family of single-
isomer cationic CDs are commercially available from Cyclolab Ltd (Budapest,
Hungary). Although these derivatives are rather expensive, the minute amounts of
chiral selectors required in CE may facilitate a more extensive study of the commer-
cially available single-isomer cationic CD derivatives as chiral selectors in CE.

Together with the above-mentioned cationic and anionic CD derivatives,
few other representatives of this family such as the sodium salts of p-CD-6-
monophosphate, the sodium salts of f-CD-6-monocarboxylic acid, and mono- and
dicarboxymethyl-3-CDs were used for mechanistic studies [114].

Zwitterionic CD derivatives may represent some interest as chiral CE selectors.
Several interesting applications have been reported [115, 116]. In these CDs, the
anionic, neutral, and cationic forms may be switched by pH changes and this prop-
erty seems to be attractive. However, it remains still to be proved that these deriva-
tives may successfully cover the wide spectrum of cationic, anionic, zwitterionic,
and neutral chiral analytes resolvable with the anionic or cationic CDs available.
It seems noteworthy that zwitterionic mono-(6-3-glutamylamino-6-deoxy)-p-CD
described in [115] also represents a single-isomer chiral selector.

Neutral single-component CD derivatives are also commercially available.
Cyclolab provides several single-component methylated, ethylated, and acetylated
derivatives of a-, p-, and y-CD. Chiari et al. [117] reported the use of one addi-
tional member of neutral CD polymer family for enantioseparations of cationic
chiral analytes.

Summarizing this section it can be noted that there is no real urgent need to
introduce new chiral selectors belonging to the CD family. In contrast, despite
rather long-time studies, it seems that the binding and the chiral recognition mech-
anisms of CDs are still not well understood. Therefore, the designed synthesis of
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CD derivatives with desired properties and the study of their interaction with chi-
ral analytes using other instrumental and computational techniques in combination
with CE seem to be rather important.

Together with CDs, other chiral selectors such as non-cyclic oligosaccharides
and polysaccharides [118, 119], chiral surfactants [120-123], macrocyclic antibi-
otics [124, 125], proteins, peptides [126, 127], peptide libraries [128, 129], ligand
exchange materials [130], and synthetic macrocyclic compound [131] can be used
as chiral selectors in EKC.

4 Design and Adjustment of Enantioseparations in EKC

The rational design of a separation experiment is as complex as it is important. Once
a decision has been made to perform an enantioseparation by EKC, then the ques-
tions concerning the most suitable mode, chiral selector, and separation conditions
need to be answered. For the latter it is possible to use either more traditional single
or multivariate approaches.

4.1 Enantiomer Migration Order

Enantiomer migration order (EMO) in chiral capillary electrophoresis represents
a challenging issue. Observing a certain migration order of enantiomers might be
required for practical reasons in the case of determination of the minor enantiomeric
impurity in the presence of the major component. In addition, the determination of
EMO may provide a very useful key for a better understanding of enantioselective
intermolecular interactions. Despite the above mentioned, more than 80%, espe-
cially of earlier, publications devoted to the enantioseparations using CE do not
touch the question of EMO. The main reason for this is that there is still no detector
(polarimetric or circular dichroism) available for CE which can provide online infor-
mation regarding EMO. First, the small capillary diameter requires a very sensitive
detection system based on the energy-rich laser light sources and second, the pres-
ence of a chiral selector in the detection window commonly in more than a 100-fold
excess creates serious problems for online determination of the EMO in CE. Thus,
at least one of the enantiomers must be available in an optically pure or enriched
form in order to obtain the information regarding the EMO by spiking the sample.
In chromatographic techniques, a reversal of the enantiomer elution order may
take place only in the case when a chiral selector is exchanged with its counter-
part having the opposite stereochemical configuration. This experience established
in chromatographic techniques affected somewhat the philosophy regarding the
EMO in early days of chiral EKC. Major chiral selectors in CE, such as cyclodex-
trins (CDs) and their derivatives, macrocyclic antibiotics, and peptides, are natural
compounds available only in one stereochemical configuration. For this reason the
reversal of enantiomer migration order was commonly unexpected at the first glance
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for a given group of chiral selectors. In contrary to this assumption, multivariate
scenarios may be observed for many chiral analytes from the viewpoint of EMO as
it became obvious with the development of chiral CE. In many cases, even minor
structural or chemical modification of a chiral selector may dramatically affect its
chiral recognition properties and even revert the affinity pattern of analytes toward
it. The reversal of EMO caused by opposite recognition pattern of a given mix-
ture of enantiomers by two or more chiral selectors is discussed in this chapter later
because this topic belongs more to molecular recognition than to separation science.
These examples and their structural reasons at molecular level are summarized in
many researches [132—139] and review papers [2, 17, 18, 139-141]. Below, at first
the examples are overviewed in which a reversal of EMO is caused by the charac-
teristics that are specific only for electrophoretic separation systems and cannot be
observed in chromatographic techniques.

There are principal differences in the mechanisms determining the enantiomer
migration order in CE and the enantiomer elution order in chromatographic tech-
niques. The most distinct difference between CE and chromatographic techniques
from the viewpoint of EMO is that in chromatographic techniques, the elution order
of the enantiomers is solely determined by the affinity pattern of the enantiomers
toward the chiral selector. This is not the case in CE. In the major chromatographic
techniques with stationary chiral selectors, the more tightly bound enantiomer will
elute as the second peak. However, in CE depending on mobility effects present in
the separation system, the more strongly bound enantiomer may migrate either as
the first or the second peak.

In chromatographic techniques, there is no alternative mechanism beyond the
affinity reversal for a reversal of EMO. In contrast, CE offers various possibilities
for a designed reversal of EMO without any change in the enantiomeric affinity
pattern of the analytes toward the chiral selectors [2, 17, 18, 139-141].

The principal difference between chromatographic and electrophoretic tech-
niques is the following. The electrophoretic (electrokinetic) migration mechanism
makes it possible that the species residing in the same liquid phase migrate not only
with different velocities but also to opposite directions [2]. The chromatographic
(pressure-driven) migration mechanism does not allow different velocities for the
species residing in the same phase and, moreover, opposite migration direction.
Thus, separations can occur in electrokinetically driven systems in a monophase
and the separation factors are determined not only by affinity coefficients but also
by mobility vectors. The mobility term is responsible for basic differences between
the enantioseparations in chromatographic techniques and EKC in general [2] as
well as from the viewpoint of EMO [2, 17, 18, 139-141].

In order to achieve a separation in CE, a non-zero mobility difference (Aw)

Ap=p1—p2 #0 ®)

must be generated between the enantiomers. The mobility difference being a veloc-
ity is a vectorial quantity and its numerical value can be determined based on
Eq. (3) or its simplified version, Eq. (5).
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The analysis of Egs. (3) and (5) and the consequences related to the enantiomer
migration order are discussed below.

One important finding already noted in the first overview of this topic [17] is
that the vectorial property of Au allows the reversal of EMO just by reversing the
polarity of the high voltage supply of the CE instrument. This means that if one
can reverse the polarity of the high voltage supply and still manage to detect the
enantiomers, then they will appear in the detection window in the opposite order
compared to the original separation system (before reversing the polarity of the
power supply) (Fig. 3) [19]. A short explanation is given below. If one considers that
A as a vectorial quantity has a positive sign of direction in the original separation
system, then it must have a negative sign of direction in the separation system with
reversed polarity. This means that

if Aftoriginal = R — s > 0, then Apireverted = g — s < 0.

Thus, assuming wg > us in the original separation system, reversing voltage
polarity will lead to ug < ws. The technical realization of this mechanism is
shown in [17]. The most interesting feature is the fact that the migration order of
enantiomers can be reversed without affecting enantioselective interactions in the
separation system and by just applying an additional nonenantioselective migration
force. Such forces are many and of different nature as it has been summarized in the
earlier review article [17] and employed in many research articles published in the
recent years [19, 47, 52, 142-149]. Some of these reversals of EMO were achieved
by reversing the polarity of the high voltage supply.

As it can be seen from Eq. (5), not only the term (Kr — K) but also the term (uf —
WU¢) determines the sign of Apu, i.e., the EMO in CE. In other words, the interaction
with a stationary chiral selector always decelerates the analyte in chromatographic
techniques. Therefore, the more tightly bound enantiomer elutes as the second peak.
In contrast to this, a chiral selector may decelerate (uf > ) as well as accelerate
(muf < pc) analytes in CE. This means that the more tightly bound enantiomer may
migrate as the first as well as the second peak in CE. This has been illustrated in
the examples summarized in the review article [17] as well as in several research
papers.

Charged chiral selectors can be used for separation of enantiomers at rela-
tively low concentrations having decelerating effect on the migration of the analyte.
Alternatively, after reversing the polarity of the high voltage supply, sometimes the
same chiral selector can be used at higher concentration in the carrier mode trans-
porting the analyte to the detector. The opposite migration order of the enantiomers
will be observed as shown in [146—148].

One major difference between chromatographic and electrophoretic techniques
is that in CE the enantioseparation can in principle be solely based on the mobil-
ity differences of the transient diastereomeric associates and does not necessarily
require a difference in the equilibrium constants of the enantiomers with a chiral
selector [2, 3, 7, 17].
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In the particular case when there is no enantioselectivity present in the complex
formation step, the EMO will be determined by the values of pcr and pcs. In the
more general case, when both Kr # Ks and (tcr 7# /¢S, the enantiomer migration
order will be determined by the interplay of these factors also including the concen-
tration of the chiral selector. One relatively old example of this kind of reversal of
the EMO remained confusing for several years [150]. The sound explanation of this
observation became possible after the studies by Rizzi and Kremser [4, 86] and the
Scriba’s group [151-158].

From Eq. (5), it is clear that if both the mobility and the affinity terms act in
the same direction, i.e., KR > Ks and ucr < Mcs, and the EOF does not affect
the migration order, then the EMO is S-enantiomer before R-enantiomer. It will not
be dependent on the concentration of a chiral selector. However, if Kr > Ks and
UeR > [cS, then an enantiomeric separation may not be observed at all or may be
observed with the order R before S or the opposite, S before R. The difference in the
binding constants and the mobilities of the noncovalent diastereomeric associates
together with the concentration of the chiral selector will determine which of the
aforementioned scenarios will actually be observed.

Charged chiral selector (CCS) may allow easy reversal of the enantiomer migra-
tion order depending on the pH of the background electrolyte, the concentration of
the CCS, or the electric charge of the CCS. All these effects are based on the ability
of CCS to migrate with an electrophoretic mobility that is different from the mobility
of the bulk solution in a separation capillary. Thus, for example, the mobility of the
weakly acidic carboxymethyl-3-CD (CM-8-CD) is pH dependent and increases with
increasing pH of the background electrolyte, while the electrophoretic mobility of
strongly acidic 1,1’-binaphthyl-2,2’-diyl-hydrogen phosphate (BHP) acid does not
depend on the pH of the background electrolyte significantly. Based on the above
mentioned, in the example shown in Fig. 7, the chiral selector migrates with lower,
equal, and higher mobility compared with the chiral analyte depending on the pH
of the background electrolyte. Based on this, the chiral selector decelerates, does
not affect, or accelerates the velocity of the enantiomers of the chiral analyte. This
results in a pH-dependent reversal of the enantiomer migration order [19].

Depending on the concentration of the CCS, it may decelerate the chiral analyte
or accelerate it (usually at higher concentrations when used as a carrier). This will
also result in a reversal of the enantiomer migration order in CE as this has been
illustrated in the studies by Fanali’s group for the cationic chiral analyte propra-
nolol [159], by Mazzeo et al. for neutral analytes [44], and by our group for anionic
analytes [160].

The reversal of EMO will be observed when two CCS’ with the same affinity
toward analyte enantiomers but with opposite electric charge are used for the enan-
tioseparation of a given chiral analyte in the presence of the EOF in the separation
system [160]. This is illustrated by Fig. 8 for the neutral chiral drug thalidomide. The
origin of the reversal of EMO is that the negatively charged CM-B-CD decelerates
the preferentially bound S-(-)-thalidomide (Fig. 8a), while the positively charged
trimethylammonium salt of $-CD (TMA-B-CD) accelerates it (Fig. 8b).
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Fig. 7 Reversal of the enantiomer migration order of 1,1’-binaphthyl-2,2’-diyl-hydrogen phos-
phate (BHP) depending on the pH of the background electrolyte (reproduced from [19])
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Fig. 8 Separation of enantiomers of thalidomide with 20 mg ml~! CM-B-CD (a) and 20 mg ml™!
TMA-B-CD (b) (reproduced from [160])

The reversal of EMO is also feasible depending on the substitution degree of
CCS. The example shown in Fig. 9 can be explained in the following way. Both the
chiral analyte 1,1’-binaphthyl-2,2’-diamine (BNDA) and the chiral selector TMA-
B-CD are positively charged. TMA-B-CD with a degree of substitution of approx.
1 possesses a lower self-mobility compared with the chiral analyte and decelerates it
(Fig. 9a), while TMA-B-CD with the average degree of substitution of 3.5 possesses
a higher self-mobility compared with the chiral analyte and accelerates it (Fig. 9b).
Thus, in all of the above-mentioned examples, the affinity of the enantiomers to
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Fig. 9 Separation of S(-)
enantiomers of

1,1’-binaphthyl-2,2’-diamine
with TMA-B-CDs of average
degree of substitution 1.0 (a)

and 3.5 (b) (reproduced from S(-)
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pairs of chiral selectors was the same. The migration order reversal was based on
the opposite effect of CCS on the mobility of analytes [140, 160].

4.2 Experimental Designs

4.2.1 One-Parameter Approach

Most commonly, enantioseparations in EKC have been optimized by changing one
parameter at a time (univariate approach). The parameters optimized in chiral EKC
are the nature and concentration of a chiral selector, the ionic strength, the pH,
possible achiral additives to a separation buffer, the separation temperature, the
material, dimensions, and the inner surface of the capillary. In many research papers,
enantioseparations are studied depending on the above-listed or some other vari-
ables. Currently, these studies as well as simple screening of chiral selectors for
a wide variety of chiral analytes have become somewhat less important because a
large body of papers of this kind have already been accumulated. It seems rather
more interesting to rationalize our knowledge in chiral EKC by studying structure—
binding and structure—chiral recognition relationships in more details. For a partic-
ular separation problem, however, the adjustment of the separation by a variation
of the separation conditions will still remain necessary. To this group of prob-
lems may belong a particular drug and its metabolites, environmental pollutants and
their degradation products, important synthetic chemicals in combination with their
precursors, and possible side and/or degradation products. This chapter does not
summarize the effect of particular variables on the enantioseparation in CE because
this topic has been extensively discussed in previous publications [141, 161].
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As mentioned above, many papers concerning the effects of different variables
on chiral CE separations are published. However, only few of them represent a
systematic approach to cost- and time-effective method development based on the
univariate approach. The subject has been reviewed by Fillet et al. [162], who, in
analogy to other published works [163], also suggested a method development chart
and illustrated its suitability for achieving the enantioseparation of 48 of 50 chiral
analytes tested. These are quite useful schemes. However, one has to keep in mind
that every chart is somewhat intuitive and based on empirical knowledge, even on
the personal experience of the authors. Because the charts are a priori based on
a limited number of experiments, its predictive power may be limited. Although
widely used, the univariate approach requires a large number of independent experi-
ments because typically chiral EKC involves a large number of different parameters
that may have to be studied one after the other. This approach is experimentally
reliable and, when properly designed, it provides besides the optimization of the
separation conditions some direct or indirect information about the separation mech-
anism. However, the univariate approach is not ideal from the viewpoints of method
development with respect to time and costs (personal and equipment time, reagents,
etc.). Chemometric experimental designs may provide significant help in the fast
development of chiral CE methods.

4.2.2 Chemometric Experimental Designs

The goal of statistical design techniques is the reduction of the number of exper-
iments required for optimization and to consider the possible interdependence of
parameters. This is very important in CE because the separation variables are usually
interdependent in this technique.

Several types of designs are available, and the choice of design depends on the
number of variables and how detailed the information has to be. A full factorial
design is a good choice when the number of variables is four or less. When more
than four variables are of interest, a fractional design is applicable. With a large
number of variables, a Plackett—Burman design (PBD) [164, 165] is the preferred
choice.

A factorial design is a statistical method in which all possible factor combinations
are considered, allowing the calculation of the single effects of each factor and any
factor interactions. The number of experiments required can be calculated using the
following equation:

Nexp = " ©

where 7 is the number of factors and m is the number of levels (number of values
of each factor). The number of experiments required for factorial designs increases
quickly with an increasing number of factors to be optimized. If, for example, one
needs to optimize the concentration of the chiral selector, the ionic strength and
pH of the buffer, the applied voltage, and the amount of organic modifier in the
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background electrolyte (five parameters), each one at three levels, the number of
experiments required will be Nexp = 35 =243,

Statistical techniques such as central composite designs (CCDs) developed by
Box [166] and the PBD [164] require a smaller number of experiments and lead in
general to the same result.

The number of experiments required in CCD is

Nexp =2"+2n+1 (10)

where n is the number of factors to be optimized [167].

CCD provides data which are sufficient for the fitting of a linear polynomial
model to a set of data. Regression analysis can be used for such a model which
enables one to predict the response at levels of the variables within the factor space
not investigated in the design. The response in the case of CE can be resolution or
selectivity and factors can be the concentration of the chiral selector, the pH value,
or the ionic strength of the buffer.

Small et al. [168] achieved a rapid optimization of the chiral CE separation of
amlodipine using the CCD technique. In this study the response surface was mod-
eled for three factors by fitting a second-order polynomial in four dimensions. The
number of experiments was Nexp = 23 4+ (2 x 3) + 1 = 15 by taking the pH of the
background electrolyte, the separation temperature, and a-CD concentration as fac-
tors. The data acquired from this CCD were analyzed to model a four-dimensional
response surface. The optimum conditions predicted by CCD were used experimen-
tally and resulted in a baseline separation of the enantiomers. The experimental
results observed for P; and Ry are in excellent agreement with the predicted values.
Although the response surface is four dimensional, it can be readily visualized as a
three-dimensional graphic by presenting the response to two factors, while the third
is kept constant at its optimum value.

Wan et al. [169] reported the use of a full factorial design for the optimization
of pH and sodium dodecyl sulfate (SDS) concentration in the enantiomeric sepa-
ration of amino acids (AAs) which were derivatized with (—)-1-(9-fluorenyl)ethyl
chloroformate (FLEC). For the design, 10 experiments, including two center points,
were performed utilizing a mixture of four different FLEC-AAs [threonine (Thr),
isoleucine (Ile), valine (Val) and phenylalanine (Phe)]. The results obtained from
the optimization indicated that a high pH was necessary for the enantiomeric separa-
tion of these four FLEC-AAs and that the different AAs showed optimal resolution
at different SDS concentrations. For example, the first-eluted analyte, Thr, has a
relatively high optimal SDS concentration of about 60 mM. In contrast, for the last-
eluted analyte, Phe, the SDS concentration should be as low as possible. This result
was explained by the higher hydrophobicity of Phe compared to Thr. A buffer con-
taining an intermediate concentration of SDS, 20 mM, and with a high pH, 9.2,
was therefore selected in order to facilitate the separation of a maximum number of
FLEC-AAs. As aresult, 11 of the 19 FLEC-AAs examined were baseline separated.
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The important advantage of a full factorial design for the optimization of chi-
ral EKC separations is that it considers nonlinear changes of parameters and the
interrelation between them.

The most critical point of this technique is the selection of the low and high limits
of the designed parameters. A good knowledge of the separation system is generally
required to do this properly. In a situation where the high and low limits have been
incorrectly selected, the experiment will be misleading as to the direction in which
the optimum will be found [169]. CCD was shown to be a useful approach for opti-
mizing EKC enantioseparation conditions of a mixture of five racemic amphetamine
analogues. The same group illustrated that experimental designs offer an efficient
test for the robustness of the analytical method [170]. Several papers have described
the use of PBD [170-174] or Box—Behnken designs [175—178] for the optimization
of CE enantioseparations.

A simultaneous application of a fractional factorial design and a central com-
posite design for the optimization of the chiral EKC separation of epinephrine
enantiomers has also been reported [173, 174]. In this study a compromise between
conflicting goals, such as maximization of resolution and minimization of analysis
time, was achieved by introducing a desirability function D. Balancing these goals,
the most acceptable solution to the problem was found and the optimized method
gave a fast separation with baseline separation of the epinephrine enantiomers.

The PBD focuses on the main effect of the factors and is especially effective
when the number of variables is high. The limitation of this technique compared to
full factorial designs is that the former does not allow considering easily the inter-
dependence between the parameters. In addition, similar to all first-degree factorial
designs, the Plackett—Burman design also assumes a linearity of the estimated vari-
ables over the whole range of the experiment. In chiral EKC, however, nonlinear
dependencies are quite common.

S5 Mathematical Models of EKC Enantioseparations

Mathematical models have the advantage that in an ideal case, they not only describe
a separation as an entire process but also may allow to find out the effects which are
difficult to be turned out based either on the intuitive or on the empirical approach.
The first mathematical model proposed for an optimization of the selector concen-
tration in chiral EKC was proposed by Wren and Rowe [14, 179]. This model
is based on the same equation as an earlier developed model by Stepanova and
Stepanov [180] for the electrophoretic separation of cations.

The model described in [14, 179] allows to optimize the concentration of a chiral
selector which may result in a maximum mobility difference between the enan-
tiomers. Although the model proposed by Wren and Rowe allows optimizing only
one separation parameter, in particular the concentration of a chiral selector, among
many variables, it attracted much attention by the researchers perhaps most likely
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due to its relative simplicity. The second reason for a wide acceptance of this model
seems to be the fact that the chiral selector concentration which this model allows
to optimize represents one of the major variables in chiral CE.

Two critical points should be mentioned when applying the aforementioned
model for optimization purposes in chiral CE: (1) the maximum mobility difference
between the enantiomers does not a priori mean the maximum resolution and (2) the
model does not cover several important parameters affecting chiral CE separations.
However, this model without any doubt markedly contributed to the development
of chiral CE and good correlations between the values of the optimal chiral selec-
tor concentrations calculated based on this model and observed experimentally have
been reported [182-185].

The duoselective chiral separation model proposed by Vigh and co-workers
[186-191] in the initial form covers besides the selector—selectand interactions the
acid—base equilibrium of the analyte also and thus allows optimizing the pH of
the background electrolyte also. This is a rather advanced model compared to that
described in [14, 179]. The authors of the duoselective separation model made
interesting predictions about the reversal of EMO based on the calculations.
Although this effect in most cases may be predicted intuitively without any cum-
bersome calculations, the above-mentioned prediction proves the correctness and
the power of the model. Later the duoselective separation model was extended to
other separation parameters [182]; among them the inclusion of the effect of the
EOF seems to be the most important point. The authors of [187-191] consider the
EOF as a nonenantioselective transport in chiral CE. Although the mathematics is
elegant as well as the examples are illustrative in the papers [187-191], we con-
sider the EOF and the electrophoretic mobility of the analyte as equal transport
phenomena from the viewpoint of enantioseparations [2, 3].

Further advancement of mathematical models of chiral CE was the development
of a chiral charged resolving agent migration model (CHARM) by the same group
[190]. This model allows predicting several nontrivial phenomena. Many of these
predictions were experimentally verified mainly by the authors’ group as well as by
other research groups [190-193].

Gareil et al [194], Surapaneni et al. [195], Crommen and co-workers [196, 197],
and Desbene et al. [198] have proposed mathematical models optimizing dual chiral
separation systems. All of these models allow in principle a more or less complete
description of the separation system if one suggests that the boundary conditions are
correctly selected. However, the last is the bottleneck of any (mathematical) model
which is a product of our imagination. When developing a model, criteria must
be found allowing an estimation of the model approaching reality. A model in an
ideal case should allow predicting effects which are nontrivial and impossible to be
derived by a simple logistic or intuitive way. One of the most important requirements
to a model is to be elegant, simple, and understandable for most of the researchers
working in the field. Thus, the scientists involved in the development of models have
to consider the old wisdom: “One of the principal objects of theoretical research in
any department of knowledge is to find the point of view from which the subject
appears in its greatest simplicity” [199].
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6 Molecular Mechanisms of Selector—Selectand
Interactions in CE

As already mentioned above, the enantioseparation can be split into two pro-
cesses: chiral recognition and the transformation of a chiral recognition into a chiral
separation, i.e., the generation of enantioseparation from enantiorecognition.

A correlation between recognition and separation is simpler in pressure-driven
techniques compared to electrically driven techniques. As stated in our previous
papers [2, 3], in CE, in contrast to chromatographic techniques, a chiral separation
is possible even in the absence of a chiral recognition in the classical meaning of
this definition. On the other hand, a chiral recognition not always leads to chiral
separation in CE. Thus, enantioseparation in CE may be a result of stereoselec-
tive selector—selectand interactions and achiral selector—selectand interactions but
different mobility of the diastereomeric associates formed, or the combination of
both. Independent of which of the aforementioned three mechanisms is involved
in a particular case, selector—selectand interactions are an unavoidable part of any
chiral CE separation [200].

6.1 Determinations of Stereoselective Selector-Selectand
Binding Constants Using CE

CE offers significant advantages for the determination of stereoselective selector—
selectand binding constants in the way that the constants can be calculated under
the same or very similar to the separation conditions. This means that the binding
constants determined in CE may correlate best with separation.

The equation for the description of equilibrium in electrophoresis was introduced
by Tiselius [201]. Rundlett and Armstrong [202, 203] summarized and updated this
topic. In the review paper [204], a critical treatment of the subject is given and
together with advantages of CE for the binding studies, such as high efficiency, ease
of automation, short analysis time, small sample size, and buffer volume, limitations
of this technique and possible error sources in CE binding constant determinations
are also addressed. In order to avoid duplications with above-mentioned papers
which are advised for additional reading, some fundamental aspects of the subject
are omitted in this chapter.

One important advantage of CE which does not seem to be adequately addressed
in earlier studies is the possibility to study the binding of a given solute to multiple
hosts and vice versa, or the competitive binding of multiple guests to a single host
or even the combination of both. This potential seems especially challenging with
the increasing activity in the fields of combinatorial synthesis and high-throughput
screening.

The dependence of a solute mobility on the concentration of a selector represents
basic information for the calculation of the binding constants. Therefore, the exper-
imental data must be refined in the way that only the effect of the binding with a
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chiral selector on the mobility of analyte enantiomers are included in the final plot.
Thus, the effects of increasing viscosity of the BGE with increasing concentrations
of a chiral selector, a possible selector adsorption on the capillary wall, an increas-
ing ionic strength of the BGE, and a variation of conductivity must be eliminated
from the observed overall mobility. In addition, the equilibrium timescale must be
faster than the CE separation timescale and the concentration of the chiral selector
must be varied in a wide range in order to adequately cover binding isotherm [204].
Two additional points seem worth to be mentioned. First, as in most other tech-
niques, concentrations are used instead of activities in CE. Therefore, the binding
constants are not true thermodynamic equilibrium constants but apparent constants.
Second, almost all equations used for equilibrium constant determinations in CE
assume 1:1 stoichiometry while actually complexes with different stoichiometries
can be encountered.

Several interesting studies on the determination of stereoselective binding con-
stants using chiral CE have been published in last 2 years [7, 152]. A critical
discussion on the general aspects of this technique was published by Vespalec and
Bocek [204].

6.2 UV, NMR, and ESI-MS Studies of the Stoichiometry
of Selector-Selectand Complexes

UV-VIS spectrometry has been established for long time as the useful technique in
studies of intermolecular noncovalent interactions. Both the stoichiometry and the
equilibrium constants of selector—selectand complexes may be determined using
this technique. Although the shift of the absorbance maximum of a selectand (or
selector) is usually affected by complexation, the more direct information on the
involvement of both counterparts in the complex formation may be obtained from
the changes of the molar absorption coefficient (¢). Experimental data are commonly
treated according to the continuous variation plot (Job’s plot) [139, 141, 205, 206]
for obtaining the information on the stoichiometry of the complexes and according
to Scott’s technique for the determination of the equilibrium constants [139, 141,
207]. The advantage of UV-VIS spectrometry is the relative simplicity, availability,
and universality. The disadvantage of this technique is that it commonly does not
provide different signals for the diastereomeric complexes between the enantiomers
and a chiral selector. For this reason, either pure enantiomers are required to be
used in the experiment or the information obtained will not be enantioselective.
This fact may be one of the reasons limiting the use of UV-VIS spectrometry for the
description of selector—selectand associates related to chiral EKC [206, 208].

The most distinct advantage of NMR spectroscopy compared to UV and many
other spectrometric techniques is that the former may in principle provide two
sets of resonance signals for noncovalent diastereomeric associates between the
selector and the selectand enantiomers. Thus, the NMR spectroscopy may allow
the application of racemic samples or nonracemic mixtures of enantiomers for the
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stereoselective determination of the stoichiometry and equilibrium binding con-
stants of selector—selectand complexes. Besides the easier availability of racemic
analytes, NMR spectroscopy offers the possibility of competitive binding studies.
This means that the interaction of one of the enantiomers of an analyte with a
chiral selector may be studied in the presence of the opposite enantiomer which
approaches well the real conditions in chiral CE separations. An additional advan-
tage of NMR spectroscopy is that it provides a multiple set of data based on a single
set of experiments. UV-VIS spectrometry and most other instrumental techniques
provide a change in averaged molecular characteristics (specific molar absorbance,
shift of absorption maximum, solubility, etc.), while NMR spectroscopy provides
distinct signals for each odd atom, mainly proton and C13, involved in different
fragments and functional groups of a selectand and a selector molecule. Thus, NMR
spectroscopy may provide statistically more reliable data for the characterization of
selector—selectand complexes.

Technical aspects of stoichiometric determination of selector—selectand com-
plexes based on NMR spectroscopy have been summarized in several works [132,
134,137, 139, 141, 206, 208-215]. The most convenient way seems to be a prepara-
tion of equimolar solutions of a selector and a selectand and mixing them in the ratio
10:0; 9:1; 8:2; .. .;0:10 and the measurement of the NMR spectra of these samples.

[selector] [selector] . .
A plot of A x [selector]+[selectand ] VS. [selector]+[selectand] results in a continuous

change as illustrated by Fig. 10 [114]. The maximum of this plot indicates the
stoichiometry of the complex. Although the construction of a Job’s plot is easy, cer-
tain experience is required in order to give a correct interpretation to the observed
dependencies. Special care must be taken in order to differentiate between uniform
and multiple complex formations. The experimental data cannot be treated accord-
ing to a continuous variation plot in the latter case because the chemical shifts of
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Fig. 10 Job’s plot for (+)-DIM/B-CD complex (reproduced with permission from [114])
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the resonance signals due to complex formation, so-called complexation-induced
chemical shifts (CICS’), are not additive in this case. Additional care must be taken
when a maximum is not sharp on a continuous variation plot. This may be the indi-
cation for the formation of a very weak complex, as well as multiple complexes.
For instance, the Job’s plot shown in Fig. 10 indicates that the stoichiometry of
the complex between dimethindene (DIM) and B-CD is a simple 1:1 association.
However, the plot does not have a characteristic sharp maximum. Further studies
using ESI-MS confirmed the formation of a minor amount of the complex with 1:2
stoichiometry besides a complex of 1:1 stoichiometry (Fig. 11) [114].

Thus, as this example shows, NMR spectrometry, which is in general a very
powerful technique, may not always be applicable in studies of selector—selectand
complexes. One additional example of this kind is shown in Fig. 12 [114]. The data
shown in this figure indicate that the continuous variation plot cannot be constructed
due to multiple complexations between the DIM and the CM-f-CD. Despite this
failure, the data shown in [117] are very informative. Besides the aforementioned
multiple complex formation, these data indicate that the complexes formed have a
different stoichiometry and in addition, the chiral recognition pattern in the com-
plexes with different stoichiometry is opposite to each other. The latter seems to be
the unique and the most interesting result of this experiment.

In certain cases, ESI-MS experiments can complement data obtained using NMR
spectrometry as was mentioned above (see Fig. 11). The advantage of ESI-MS is
that this technique provides the information about the m/z ratio of the complex and
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Fig. 11 ESI-MS spectrum of (£)-DIM/B-CD mixture (reproduced with permission from [114])
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Fig. 12 H-NMR spectra of (+)-dimethindene/carboxymethyl-8-CD mixture with different molar
ratios (reproduced with permission from [114])

this way the stoichiometry from a single experiment. This is impossible using other
techniques mentioned above which require a set of experiments and therefore are
time consuming and expensive. In the ESI-MS studies, care must be taken due
to the possible formation of “false peaks” [216]. This problem can be avoided by
optimization of experimental conditions and solved by the addition of some standard
compounds [137].

Together with ESI-MS, other soft-ionization MS techniques such as matrix-
assisted laser desorption/ionization time of flight (MALDI-TOF) and fast atom
bombardment (FAB) MS may be used for the determination of the stoichiometry
of selector—selectand complexes.

6.3 NMR Spectrometric Studies of the Enantioselective
Selector-Selectand Binding Constants

Various techniques which are suitable for the determination of equilibrium con-
stants in noncovalent interactions [207, 217, 218] may also be applied to chiral
CE-related studies. The applications of fluorescence [219] and circular dichroism
spectrometry [220] have been reported. The advantage of the latter is that it is a
chiroptical technique. The applications of other techniques, such as microcalorime-
try or electron-spin resonance, although it may be very useful, have not yet been
reported in the studies related to chiral CE.
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At present, NMR spectroscopy remains the major technique used for the deter-
mination of selector—selectand binding constants related to chiral CE. Techniques
and treatment of experimental data have been described in several studies [7, 139,
141, 200]. The effect of the increasing amount of a selector on the CICS of an NMR-
active nucleus of a selectand (or vice versa) such as Iy, 13¢C, and 19F, is measured.
It is important to cover the widest available concentration range of a chiral selector.
Provided that CICS is stereoselective, a racemic or an optically impure selectand
can be used and the competitive binding constants between enantiomers and the
chiral selector may be determined.

Experimental data may be treated according to Scott’s modification [207] of the
Benesi-Hildebrand equation [221]. Technically easier and more exact may appear
other methods described especially for the treatment of NMR data [222]. The known
stoichiometry of the complex is a prerequisite for obtaining correct binding data.
Almost all techniques described in the literature are suitable for 1:1 complexes.
The formation of complexes of other stoichiometry may significantly complicate the
treatment of the data or introduce a significant source of error in the calculations.
Nonlinear curve-fitting techniques may avoid the problems of this kind.

Among NMR-binding studies performed in order to explain the results observed
in chiral CE, the example of chiral Ca?*-blocking drug verapamil (VP) seems to be
rather illustrative [214]. The migration times of the enantiomers of VP in CE were
much longer in the presence of B-CD compared to equimolar amounts of heptakis-
(2,3,6-tri-O-methyl)- -CD (TM-B-CD). However, the enantioseparation factor was
higher in the latter case and the migration order of the enantiomers was opposite to
each other in the presence of these two CDs [214]. The binding studies performed
using NMR spectroscopy clearly indicated that the enantiomers of VP possess a
higher affinity toward B-CD (K(4) = 279434 M1, K-y =207+£59) compared to
TM-B-CD (K1) = 6+ 1 M~!, Ky = 3047). The enantiomers are more enantios-
electively recognized by TM-B-CD (the enantioselectivities of the binding were 1.3
and 5.0 toward B-CD and TM-B-CD, respectively). In addition, (+)-VP possesses
a higher affinity toward B-CD, whereas (—)-VP possesses a higher affinity toward
TM-B-CD. Thus, the binding studies performed using NMR spectroscopy allowed
in this particular case to explain rather unusual effects observed in chiral CE.

Although it is suitable, NMR spectroscopy is not recommended to be used just
for screening of chiral selectors due to following reasons: (a) the NMR spectro-
scopic experiment is commonly more time consuming and expensive compared
to CE; (b) enantioselective CICS’ observed in NMR spectroscopy do not a priori
translate to an enantioseparation in CE. The possible reasons for this discrepancy
between the two techniques have been discussed earlier [139, 141].

In general, for a given pair of a chiral selector and a selectand, one may expect
a higher enantioseparation power in CE compared to the enantiorecognition ability
in NMR spectroscopy. In particular cases, however, NMR spectroscopy may pro-
vide an indication for a chiral recognition in those selector—selectand pairs which
have been considered to be unsuccessful based on the CE experiment alone. For
instance, native 3-CD has been suggested to be not a suitable chiral selector for the
enantioseparation of the cationic form of chiral cholinergic drug aminoglutethimide
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(AGT) in contrast to other two native CDs (a and y) which allowed baseline enan-
tioseparation of AGT [223]. In contrast to the CE data, NMR studies indicated the
most pronounced interactions (reflected in the strongest upfield shift of H-3 and
H-5 CD protons) between AGT and B-CD among three native CDs (Fig. 13) [137].
These data were also supported by ESI-MS studies of comparative affinity of AGT
enantiomers toward these CDs [137]. Careful optimization of the separation in CE
allowed resolving the enantiomers of AGT also with $-CD. The migration times
were longest in the presence of B-CD and in addition, the enantiomer migration
order was opposite compared to two other native CDs (Fig. 14). Thus, in this par-
ticular case, NMR and ESI-MS studies allowed to optimize the enantioseparation
in CE and to find an example of opposite affinity of the AGT enantiomers toward
native CDs.

The binding constants determined by using NMR spectroscopy as an alternative
technique can be very useful for explanation of some distinct effects observed in
CE experiments. Thus, in the recent studies by Castro-Puyana et al., the reversal of
EMO was observed for the enantiomers of some chiral antimycotic drugs depending
on the concentration of a chiral selector, hydroxypropyl-B-CD (HP--CD) (Fig. 15)
[224]. The binding constant determination performed with both CE and NMR spec-
troscopy (Table 1) together with mobility determinations performed by using CE
clearly indicated that at the lower concentration of HP--CD, the binding of enan-
tiomers with the chiral selector was a major contributor to enantiomeric separation.
At higher concentration of HP-8-CD, the mobilities of transient diastereomeric
associates (and not the affinities to the chiral selector) were a major contributor
in observed enantiomeric separation [7]. This study also indicated that the binding
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Fig. 13 The 600-MHz 'H-NMR spectra of (4)-aminoglutethimide in the presence of two
equivalents of a-CD (a), -CD (b), and y-CD (c) (reproduced with permission from [137])
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Fig. 14 Electropherograms of aminoglutethimide enantiomers [(+)/(—) = 2/1] in the presence
of (a) 10 mg ml~' a-CD (MW 973, 10.3 mM); (b) 10 mg ml~' B-CD (MW 1135, 8.8 mM); and (c)
10 mg ml™! y-CD (MW 1297, 7.7 mM) (reproduced with permission from [137])

Table 1 Averaged and apparent equilibrium constants (K,) and the electrophoretic mobilities
(uc) of transient diastereomeric associates determined using CE (reproduced with permission
from [7])

Temporary Apparent Electrophoretic
diastereomeric equilibrium constant mobility

associate ™Mb M2V s 1 x 1079
2R4S-KC/HP-B-CD 427+ 11 3.65 £ 0.09
2S4R-KC/HP-B-CD 456 +£9 3.85 £ 0.08
(+)-TC/HP-B-CD 432+ 6 3.70 £ 0.05
(-)-TC/HP-B-CD 452+ 8 3.79 £0.04

constants determined using CE and NMR spectroscopy may correlate with each
other quite well on a qualitative level.

6.4 NMR Spectroscopic Studies of Structure of Selector-Selectand
Complexes in Solution

NMR spectroscopy has been well established as one of the major techniques suit-
able for studies of noncovalent intermolecular complexes in solution [225]. The
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Fig. 15 Effect of the concentration of HP--CD on separation of enantiomers of ketoconazole (a)
and terconazole (b) (reproduced with permission from [7])

chemical shift pattern, line-shape analysis, and NOE may be used in order to obtain
information on the structure and the dynamics of the complexes. The data obtained
using NOE are easier to interpret and seem to be more direct. Several studies illus-
trate the feasibility of this technique for structural elucidation of complexes relevant
to chiral CE [132-137, 139, 141, 208, 213, 226]. It does not seem reasonable to
perform an NOE experiment in a routine way for any selector—selectand complex
because this experiment requires measurements with rather strong magnets and may
be very expensive and time consuming. However, in certain cases, NOE studies
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Fig. 16 1D-ROESY spectra of (4)-aminoglutethimide and two equivalents of §-CD (a) and y-CD
(b) (reproduced with permission from [137])

provide unique information which is impossible to obtain using any alternative
technique. One example of NOE studies related to chiral CE is shown in Fig. 16
[137]. Rather strong “NOE-like” effects observed on the external CD protons in this
experiment make it questionable whether the structure represented in Fig. 17a for
AGT/B-CD complex is the only possible structural element of this complex or if the
alternative structures are also present.
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Fig. 17 Structure of aminoglutethimide complexes with $-CD (a) and y-CD (b) derived based on
the 1D-ROESY spectra depicted in Fig. 16 (reproduced with permission from [137])

In contrast to the AGT/B-CD complex, the NOE experiment in the case of (£)-
AGT/y-CD complex supports a complex formation from the narrower primary side
of y-CD with amino group ahead (Fig. 17b). The glutarimide ring is apparently less
involved in the complex formation in this case. However, the involvement of the
methyl group in complex formation by a still unknown mechanism cannot be com-
pletely excluded. The structure of the (£)-AGT/y-CD complex depicted in Fig. 17b
was derived by saturation of the aromatic protons of AGT. The structure was also
supported by the data which were obtained when the y-CD protons were saturated
and the response was observed for the aromatic protons of AGT [137].

Thus, as illustrated above, one-dimensional rotating frame nuclear Overhauser
and exchange spectroscopy (ID-ROESY) experiments may provide a reasonable
explanation for significant qualitative and quantitative differences observed in
selector—selectand interactions related to chiral CE. This information becomes even
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more important when alternative techniques for structural elucidation fail. This
was the case with the AGT/CD complexes which formed monocrystals, but of a
twin-type, which were not suitable for X-ray crystallographic studies. Although
1D-ROESY seems to be a powerful technique for the structural investigation of non-
covalent complexes in a liquid phase, the experimental data need to be interpreted
very carefully. Thus, a detailed analysis of above-mentioned 1D-ROESY spectra
of the AGT/CD complexes may indicate that the structures shown in Fig. 17 are
just fragments of rather complex supramolecular aggregates. This seems even more
likely when considering a certain tendency of AGT to form dimers in aqueous solu-
tion which has also been confirmed from the X-ray crystallographic data in the solid
state.

A “confusing” example of 1D-ROESY studies is described in [208]. In this study,
the structure of the complex between antihistaminic drug brompheniramine (BrPh)
and B-CD and TM-B-CD was studied by 1D-ROESY experiments in solution. For
the complexes of (+)-BrPh with both CDs, unambiguous confirmation was obtained
indicating the inclusion of the 4-bromophenyl moiety of the analyte into the cavity
of the CD. In addition, in the case of the (+)-BrPh complex with B-CD, a week but
positive NOE effect was also observed for the protons of the maleate counteranion
when saturating the CD protons H-3 and H-5 located inside the cavity. This obser-
vation may indicate the simultaneous inclusion of the 4-bromophenyl moiety and
maleate counteranion into the cavity of B-CD, but this contradicts simple geomet-
ric considerations and the assumption that the stoichiometry of the complex is 1:1.
Thus, the involvement of alternative techniques may become sometimes necessary
for the unambiguous interpretation of 1D-ROESY data.

6.5 X-Ray Crystallographic Studies of the Structure
of Selector-Selectand Complexes in the Solid State

X-ray crystallography has a long history as a powerful technique for structural
investigation of CDs and their complexes in the solid state. The first experimen-
tal evidence of the inclusion complex formation ability of CDs in the solid state
was obtained by Hybl et al. in 1965 using this technique [227]. X-ray studies of CD
complexes have been summarized in several recent reviews [228, 229]. However,
studies relevant to chiral CE have been scarcely published [208]. This may be
due to the following reasons: (a) X-ray crystallography is a solid-state technique
and a separation in CE is performed in solution. Therefore, these two techniques
may not ideally correlate with each other. (b) Growing monocrystals of suitable
size containing both counterparts (a selector and a selectand) requires experience.
(c) High-quality X-ray crystallographic experiments on monocrystals is time con-
suming and rather expensive. (d) The structural generation from the experimental
data point requires powerful computer software and is not always trivial. Despite
the aforementioned, X-ray crystallography may appear sometimes very useful for
structural studies related to enantioseparations in CE.
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As mentioned above, the 1D-ROESY studies performed on the complex between
(+)-BrPh and B-CD in solution did not allow explaining the NOE effect observed on
the protons of the maleate counteranion [208]. X-ray crystallographic study per-
formed on the monocrystals obtained from a 1:1 aqueous solution of (+)-BrPh
maleate and B-CD (Fig. 18) provides a plausible explanation for the above-
mentioned contradiction. In particular, as shown in Fig. 18, (+)-BrPh forms with
B-CD, at least in the solid state, not a 1:1 complex but a complex with 1:2 stoichiom-
etry. In this complex, the (+)-BrPh molecule is sandwiched between two molecules
of B-CD. The 4-bromophenyl moiety of (+)-BrPh enters the cavity of one of the
B-CD molecules, whereas the cavity of another f-CD molecule is occupied by the
maleate counteranion. Thus, X-ray crystallography may provide useful information
on the supramolecular structure of the selector—selectand complexes and in this way
complement well ID-ROESY data. However, the aforementioned possible differ-
ences between the structure of the complexes in solution and in the solid phase must
be considered.

One additional application of X-ray crystallography in chiral CE-related studies
may be the determination of the structure of various selectors and selectands. These
data may appear very useful as thermodynamically most stable starting structures
for further optimization based on the molecular mechanics and molecular dynamics
calculations.

Fig. 18 Structure of (+)-bromophenyl maleate—3-CD complex in the solid state determined by
X-ray crystallography (reproduced with permission from [208])
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7 Molecular Modeling of Selector-Selectand Interactions
in Chiral CE

In the ideal case, molecular modeling (MM) calculations may allow to compute the
energy and structure of intermolecular complexes of biomedical, pharmaceutical,
and chemical relevance in a reasonable time and rather precisely.

In the early 1990s, several studies on the computation of selector—selectand inter-
actions in chiral CE [230-232] and other separation techniques were published
[233-235]. This relates basically to the interactions between CDs and their chiral
guests which seem to be caused by the fact that CDs are rather rigid molecules of
medium size and therefore calculations for these molecules are easier, faster, and
may be precise. In addition, many CDs are well studied by alternative techniques
for structural elucidation. Among these, X-ray crystallographic data are of highest
interest.

The major difference between the mathematical models of chiral CE and
molecular modeling studies discussed in this chapter is that the former models
describe the entire separation process and do not pay any significant attention to
the selector—selectand interactions and/or to solvent molecules. In contrast, the
molecular modeling techniques summarized in this section try to describe the
selector—selectand interactions at the molecular level and do not estimate their role
in the overall separation process.

A separation factor observed in any instrumental technique is defined by the dif-
ference between the free energy of formation of transient diastereomeric complexes
between enantiomers and a chiral selector. Therefore, the exact calculation of the
absolute energy values is not required in molecular modeling studies related to enan-
tioseparations. This simplifies the calculations. On the other hand, due to extremely
high efficiency of CE, this technique allows to observe enantioseparations even in
those selector—selectand pairs where the above-mentioned difference between the
free energy of formation of diastereomeric complexes is extremely small. The pre-
cise calculation of very small energy differences remains a challenging task even for
very sophisticated state-of-the-art energy minimization softwares. Additional care
must be taken in order to maximally approach a model to the real separation condi-
tions. Thus, for instance, the molecular modeling calculations are often performed
in vacuum without taking into account the effect of the medium. However, the aque-
ous medium commonly used in CE dramatically affects hydrophobic and hydrogen
bonding interactions. Moreover, the ionic strength of the buffer plays a decisive role
in electrostatic intermolecular interactions.

Another important point is a correct selection of the starting and the bound-
ary conditions for energy minimization. Incorrectly defined conditions may
totally confuse the calculations. For instance, when performing the molecular
modeling calculations for the complex between TM-B-CD and (+)-BrPh in a
neutral form, one may conclude that the complex formation with the alky-
lamino moiety included into the cavity of TM-B-CD would be energetically
favorable [208]. The structure with the alkylamino moiety included into the
cavity was also observed in X-ray experiment performed on the monocrystals
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Fig. 19 Structure of (+)-bromophenyl maleate—TM-B-CD complex in the solid state determined
by X-ray crystallography (reproduced with permission from [208])

obtained from the mixture of aqueous suspension of deprotonated (+)-BrPh
as a free base and TM-B-CD (Fig. 19). These results are contradictory to the
structure derived from the 1D-ROESY experiment in solution. The intermolecular
NOE effects observed in this experiment clearly indicated the inclusion of the
4-bromophenyl moiety into the cavity of TM-B-CD (Fig. 20) [208]. Taking into

Fig. 20 Structure of
(+)-bromophenyl
maleate—B-CD complex in
solution derived from
1D-ROESY experiment
(reproduced with permission
from [208])
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consideration that the (+)-BrPh maleate, e.g., the protonated form of (+)-BrPh
molecule, was applied for the 1D-ROESY studies in solutions, the force-field
calculations were performed again for interactions of a single positively charged
(+)-BrPh with TM-B-CD. The energy values obtained in this case clearly indicated
that the complex formation with the 4-bromophenyl moiety of the (+)-BrPh
molecule included into the cavity of TM-B-CD is energetically favorable, which
is in agreement with the structure observed using 1D-ROESY studies in solution
(Fig. 20) [208].

The critical remarks regarding the computation of cyclodextrin complexes and
enantioselective recognition in these complexes have been published by Dodziuk
and co-workers [236, 237]. In our opinion the most effective application of MM
calculations in studies related to chiral CE seems to be the computation of inter-
molecular forces responsible for selector—selectand binding and enantioselective
recognition based on the structure of complexes which are determined by using
alternative experimental techniques. The determination of the binding pattern and
structure of the intermolecular complexes based on energy minimization strategies
shall not be a major application of calculation methods in studies related to chiral
EKC. MM techniques under certain conditions can be used for the determination
of the tentative structure of intermolecular complexes but these data need to be
confirmed by alternative instrumental techniques.
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established mechanisms on the large variety of commercially available chiral sta-
tionary phases are rapidly described. The chapter finishes with examples taken from
actual enantiomeric separations encountered in a pharmaceutical environment.

1 Introduction

Chirality is a pervasive theme in the living world. From the building blocks of life,
such as amino acids, sugars, nucleosides, and nucleotides, to peptides, proteins,
polysaccharides, and nucleic acids, chirality represents an intrinsic property of life.
Consequently, metabolic and regulatory processes mediated by biological systems
are sensitive to stereochemistry and different responses are often observed when
comparing the activities of a pair of enantiomers [1]. The first biological difference
between enantiomers was reported by Louis Pasteur in 1858 that the dextro form
of ammonium tartrate was more rapidly destroyed by Penicillium glaucum mold
than was the levo isomer [2]. This discovery led Pasteur to eventually recognize the
essential role that stereochemistry plays in the basic mechanisms of life. After 50
years, chirality entered mainstream pharmacological research due to the first phar-
macological findings of the differential pressor effects of (—)- and (+)-epinephrine
discovered by Abderhalde and Muller in 1908 [3]. With abundant evidences accu-
mulated through extensive enantioselective pharmacokinetic and pharmacodynamic
studies over the last century, it becomes evident that enantiomers of a chiral drug
often demonstrate substantial differences in their pharmacokinetic, physiological,
toxicological, and metabolic activities. Stereochemistry became a key issue in the
development, approval, and clinical use of pharmaceuticals [4]. In 1992, US Food
and Drug Administration (FDA) issued the first guideline for the development of
stereoisomeric drugs [5], followed by other regulatory agencies worldwide [6].
In response to these regulatory requirements, control of stereochemistry quickly
became an integral part of drug development in pharmaceutical industry. To date,
many chiral drugs are only marketed as single enantiomer. In fact, the top five best-
selling prescription medicines worldwide in 2005 were all single-enantiomer drugs
with total sales topping $35 billions [7].

One of the driving forces behind these events has been the technological advances
in the chromatographic separation of stereoisomeric compounds. In the past three
decades, chiral chromatography has rapidly evolved from a scientific curiosity into a
routine practice for the separation of stereoisomers. Chromatographic technologies
such as high-performance liquid chromatography (HPLC) and super- or subcritical
fluid chromatography (SFC) that employ chiral stationary phases (CSPs) are effec-
tive and reliable tools for accessing large quantities of enantiomers and determining
stereoisomeric impurities of drug substances and drug products in pharmaceutical
industry [8]. Since the introduction of the first HPLC CSP by Pirkle in 1981, hun-
dreds of CSPs have become commercially available [9], and development of new
chiral stationary phases remains an active field in academy and industry [10-12].
When the selection of an appropriate CSP for a separation is concerned, it would
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be useful to understand how a CSP works, i.e., the mechanism governing a chiral
recognition process. The chiral recognition mechanism on different CSPs has been
the subject for numerous reviews and books, including this one [4, 13-20]. This
chapter will first retrospect the evolution of chiral recognition model and then give
an overview of chiral recognition mechanisms on some important CSPs. Finally,
from the practical application point of view, this chapter will provide some perspec-
tives on LC chiral column screening strategy and separation mode selection based
on the consideration of chiral recognition mechanisms on several classes of CSPs
that have been widely used in pharmaceutical industry.

2 Evolution of Chiral Recognition Model

2.1 Historical Development and the Three-Point Interaction Model

Understanding the chiral recognition mechanism behind stereoselectivity is
extremely important for many fields, including proteins and biomimetic recep-
tor design, drug discovery, and the development of more effective and versatile
CSPs. The widely accepted model used to describe chiral recognition process is the
three-point interaction (TPI) model or three-point rule whose origin can be traced
back to as early as the work published by Easson and Stedman in 1933 [21]. As
the pharmacological activity of a drug was concerned, they made the following
statement:

... adrug is attached to its specific receptor in the tissues in such a manner that a consider-
able proportion of the drug molecule is involved. If an asymmetric carbon atom is present,
three of the groups linked to this atom may be concerned in the process. The exact nature
of the attachment is immaterial to the main argument, but it is our view that this may be
effected either by normal valencies or by adsorptive or other forces; or it may be of a loose
type, somewhat analogous to the attachment of a glove to the hand, involving the contour
of a large part of the molecule rather than points on its surface; or, finally, a combination of
these possibilities may be involved.

In this classic paper, Easson and Stedman proposed that the enantiomers of a
drug that demonstrated different pharmacological activities were due to their differ-
ential binding to a defined three-dimensional site on a receptor surface (Fig. 1).
The receptor would distinguish between two enantiomers only if it possessed
three nonequivalent binding sites. Discrimination occurred when one enantiomer
simultaneously attached to all these sites of the receptor while the other one
could not.

Inspired by Easson and Stedman’s work, Dalgliesh established the “three-
point attachment model” in 1952 to elucidate the chromatographic separation of
D-/L-amino acids in cellulose paper chromatography [22]. The Dalgliesh’s model
was later improved by Lochmuller and Souter [23]. According to this three-point
attachment model, it is necessary to have at least three attractive interactions, or two
attractive and one repulsive (steric) interaction between the receptor and one of the
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Fig. 1 The “three-point” interaction (TPI) model used by Easson and Stedman to explain
stereochemical differences of chiral drug in pharmacological activities. I and II represent two enan-
tiomers, and III depicts diagrammatically the surface of the specific receptor in the tissues. A, B,
C, and D are the four groups linked to an asymmetric carbon of the chiral drug. The groups B, C,
and D in the drug coincide with B/, C’, and D', respectively, in the receptor (adapted from [21])

enantiomers to obtain enantioselectivity. At least one of these interactions must be
stereospecifically related to the chiral centers of the receptor and the enantiomer.

2.2 Challenging the Three-Point Interaction Model

Davankov and other researchers made substantial contributions to impart the three-
point interaction model with modern interpretation [24-26]. As pointed out by
Davankov et al., it is required (but not necessarily sufficient) for the chiral selec-
tor to recognize the enantiomers to have at least three configuration-dependent
active points, which are different in nature, on both chiral selector and enantiomer
molecules. The active points on chiral selector must be complementary to and be
able to simultaneously interact with those on enantiomer molecules. It is possible
that two of the three required interactions can be repulsive if the third one is strong
enough to promote the formation of diastereomeric associates between chiral selec-
tor and selectand [25]. Davankov et al. used the left- and right-hand model to vividly
demonstrate that with the assistance of achiral surface, two-point or even one-point
interaction is sufficient for chiral recognition. They treated these cases as expansion
of TPI model rather than contradictions to it and asserted that the model is also
applicable to CSPs based on proteins and polysaccharides. In some instances, achi-
ral elements, such as solvent molecules and sorbent surfaces, may also participate
in the chiral recognition process [24, 25].

The validity of the TPI model has been demonstrated in many stereoselective
systems. In chromatography, this model is the basis of the reciprocity princi-
ple which Pirkle and his co-workers extensively utilized in the rational design of
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CSPs [27]. In biological systems, the TPI model was first successfully applied by
Ogston to explain the enzymatic formation of ketoglutarate from achiral citrate
and decarboxylation of L-serine to glycine by enzymes [28]. Based on the same
principle, Shallenberger et al. [29] established a similar model to explain how a
sweet-taste receptor of the tongue distinguished D- and L-amino acids. In medic-
inal chemistry, the TPI model is a key element in structure—activity relationship
studies [30].

However, it was reported that the TPI model did not always hold in some
instances, and a number of alternative models were proposed to explain these obser-
vations, including two contact-point [31], extended three-point [32], four-location
[33], and multi-site “stereocenter-recognition” (SR) models [34, 35]. Several limi-
tations associated with the TPI model have been recognized by some researchers
[31-39]. One of such limitations documented by Sundaresan and Abrol is that
the chiral substrates originally used in the TPI model were enantiomers with a
single chiral center; therefore, the requirements for chiral recognition of chiral
molecules with multiple stereocenters may be different from what are specified in
the TPI model [34, 35]. Based on the topological consideration of substrate, they
proposed a general model, i.e., the SR model, to depict the enantioselective interac-
tions between protein and substrate that have multiple stereocenters in enzymatic,
neurological, and immunological systems. In this SR model, “interaction site”
(a functional group attached to the chiral center of substrate) in the TPI model
was replaced with “substrate location” (a functional group or groups) and “recep-
tor site” that consists of specific functional groups or the contour of a large part of
the receptor surface. According to the SR model, a substrate location may interact
with multiple receptor sites, or multiple substrate location may interact with a sin-
gle receptor site. The requirement for stereoselectivity to occur is that a minimum of
N+2 substrate locations, where N is the number of stereocenters, must be involved
in the interactions with receptor sites.

Another limitation recognized by Wainer et al. is that the TPI model does not
take conformational mobility of the selector and the selectand into consideration,
thus providing only a static and simplified view of chiral recognition. With this
inadequacy of the TPI model in mind, Wainer et al. formulated a dynamic view of
chiral recognition, i.e., the conformation-driven mechanism [37-39]. This model
was derived from a series of experimental observations and molecular model-
ing of chromatographic enantioseparations on polysaccharide- and protein-based
CSPs. According to this mechanism, each enantiomer of selectand interacts with
the same sites on the chiral selector, and chiral recognition results from the con-
formational adjustments required for producing optimum interactions. The whole
chiral recognition process consists of four interconnected steps that result in the
differential stabilities of the obtained diastereomeric complexes: (1) the forma-
tion of the selector—selectand intermediate complex (tethering), a step driven by
an initial attractive interaction. This step does not contribute to enantioselectivity.
(2) The positioning of the selector—selectand to optimize interactions (confor-
mational adjustments), a step allowing both selector and selectand molecules to
adjust their conformation for the third step to take place. (3) The formation of
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secondary interactions (activation of the diastereomeric complex), a step where
secondary interactions help the two molecules take relative positions which deter-
mine the stability of final complexes. (4) Expression of the molecular fit (stabilizing
and destabilizing interactions) [39]. Attractive interactions including electrostatic
(or ionic), hydrogen-bonding, dipole—dipole, inclusion complexation, and m—m
stacking interactions can stabilize the selector—selectand complex, while repul-
sive van der Waals interactions (or steric interaction) will have the opposite
effect.

2.3 The Thermodynamics of a Chiral Separation

It should be borne in mind that chiral chromatography is a dynamic process of
forming transient noncovalent diastereomeric complexes between chiral solutes and
immobilized chiral selectors. Enantioselectivity («) is a measurement of the ther-
modynamic stability (AAG) of the two diastereomeric enantiomer/chiral selector
complexes. The AAG parameter is the Gibbs free energy difference of the two
complex selector—selectand formation. It includes both an enthalpic (AAH) and an
entropic (TAAS) contributions (Eq. (1)):

AAG = AAH — TAAS = —RT In « (1

Equation (1) derives from the classical Gibbs free energy equation for any
chemical reaction:

AG = AH —TAS (2)
Tiso 1s a particular temperature at which the A AG parameter cancels:
Tiso = AAH/AAS 3)

The formation of complex results in a gain in enthalpy (binding) and a loss in
entropy (higher order). Generally, enantioseparation is an enthalpy-driven process
since the enthalpic contribution is due to attractive interactions that stabilize the
diastereomeric complex. As the complex is more structured and involves more sub-
tle interactions, the formation of complex could favor entropy change. This depends
on temperature. At low temperature, the TAAS term is lower than the AAH term.
At the Tjs, temperature, both terms cancel (Eq. (3)) and there is no enantiomeric
separation. At temperature higher than T, the entropic term exceeds the enthalpic
AAH term. Now enantioseparation becomes entropy driven, which is seen by the
reversal of the enantiomer elution order [25]. If the temperature is inappropriate, a
successful chiral recognition does not necessarily result in a chiral discrimination of
enantiomers in a chromatographic system. At temperatures below Tis,, enantioselec-
tivity decreases with increasing temperature, which is the most common situation in
practical chiral chromatography. It is the opposite at temperatures above Tjs, Where
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enantioselectivity increases with increasing temperature. Usually i, is far beyond
chromatographic operating temperatures [40]; however, such a specific temperature
can be shifted to much lower temperatures (below room temperature) by changing
mobile-phase composition [41].

3 Chiral Recognition Mechanism on Different CSPs

The evolution of the chiral recognition models reflects advances in understanding
the enantioseparation mechanisms operating on various CSPs. According to the TPI
model, it is important for chiral recognition to occur so that all interactions between
the chiral selector and the solute take place around the stereocenters of both selector
and solute, i.e., the interactions are configuration dependent. The interaction sites on
chiral selector and selectand should be complementary to each other. The Wainer’s
conformation-driven chiral recognition mechanism points out that the formation of
solute/CSP complexes is the key step in the enantioseparation and is always initiated
by a variety of attractive interactions. Depending on CSPs, these initial attractive
interactions can be quite different. For example, the driving force is chelating com-
plexation for ligand-exchange CSPs, hydrogen-bonding and m—m interactions for
Pirkle-type and polysaccharide-based CSPs, inclusion complexation interaction for
cyclodextrin-based CSPs, and ionic interaction for macrocyclic glycopeptide and
cinchona alkaloid CSPs. The detailed chiral recognition mechanism on a particu-
lar CSP is influenced by many factors, including the structure of the chiral solute,
the mobile-phase composition, and temperature. It would be really important for
understanding the chiral recognition mechanism on different CSPs to identify these
key interaction elements. This section will provide a brief summary of the chiral
recognition mechanisms on some important and commercially available CSPs under
liquid chromatography (LC) and super- or sub-critical fluid chromatography (SFC)
conditions.

3.1 Polysaccharide-Based CSPs

CSPs based on derivatized polysaccharides, i.e., tri-(phenylcarbamate) and tri-
(benzoate) derivatives of amylose and cellulose, are well known for their extremely
broad enantioselectivity and high separation efficiency [42-52]. They are the most
useful CSPs at the moment [43]. The derivatized polysaccharide selectors can be
coated [13, 43—-49] or chemically immobilized on silica gel [50, 51]. The enantiosep-
aration mechanisms on polysaccharide CSPs remain somewhat obscure at molecular
level, due in part to the complexity of their structures that are not well defined. Many
approaches involving chromatography, computation, and spectroscopy have greatly
enhanced the knowledge and understanding of their chiral recognition process.
X-ray studies revealed that triphenylcarbamate derivatives of cellulose and amylose
have left-handed 3/2 and 4/1 helical structures, respectively. The polar carbamoyl
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Fig. 2 (a) Optimized structure of cellulose triphenylcarbamate. (b) Possible interaction sites
accounted for chiral recognition on cellulose triphenylcarbamate CSPs (adapted from [13])

groups preferably locate inside of and close to the chiral centers on the D-glucose
backbone, while the hydrophobic aromatic groups locate outside of the polymer
chain (Fig. 2) [13]. The H-bonding interactions between polar moieties (such as
—OH, —NH;, —CONH;, —O—, COO—, —COOH) of chiral analytes and carbamate
groups on the polysaccharide CSPs usually are the initial attractive interactions to
facilitate the formation of a diastereomeric solute/CSP complex. They are essen-
tial for chiral discrimination since these H-bonding interactions are configuration
dependant. Other intermolecular interactions such as m— interactions between
phenyl groups on the CSP and aromatic groups of a solute, dipole—dipole interac-
tions, and steric interactions due to the helical structure of CSPs all play important
roles in the chiral recognition process. Also the side chains surrounding the heli-
cal polymer backbones can create nano-sized chiral cavities. The aromatic portion
of chiral solutes can fit into these cavities and make additional contribution to the
stability of the analyte—-CSP complex [37, 52].

The chiral recognition ability of the polysaccharide stationary phases is sig-
nificantly influenced by the substituents introduced to the phenyl group of the
carbohydrate polymer since these substituents will change the acidity of the N-H
group and the polarity of the C=0 group on the carbamate linkage. The introduc-
tion of an electron-donating methyl group or an electron-withdrawing halogen at
the meta- and/or para-position of the phenyl ring often improves the chiral recogni-
tion ability of the CSPs [45—49]. Consequently, different derivatized polysaccharide
CSPs often show complementary enantioselectivity to each other. For analytes with
ionizable functional groups, better separations are observed in their neutral form
when H-bonding interactions between the neutral chiral analytes and polysaccharide
CSPs are enhanced.
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3.2 Macrocyclic Glycopeptide CSPs

Macrocyclic glycopeptide phases based on vancomycin (V), teicoplanin (T), and
ristocetin (R) are the next most versatile class of CSPs after the polysaccharide
CSPs introduced by Armstrong et al. [53-59]. Macrocyclic glycopeptides have
been used to separate a wide variety of chiral molecules with diverse functionality,
including derivatized and underivatized amino acids, peptides, hydroxy acids, amino
esters, sulfoxides, imides, hydantoins, oxazolidinones, p-blockers, nonsteroidal
anti-inflammatory drugs, and numerous other pharmaceutical and agrochemical
compounds [53-64]. Like polysaccharides, macrocyclic glycopeptides are naturally
occurring chiral molecules that consist of a peptide aglycone backbone to which are
attached different sugar moieties (Fig. 3). The most popular polysaccharide CSPs
were mainly coated onto silica gel particles. Only recently, bonded polysaccharide
CSPs appeared on the market. The macrocyclic selectors were always chemically
bonded to silica gel. The semi-rigid basket-shaped aglycone is the most essential
part for chiral recognition, especially for the enantioseparation of chiral molecules
with ionizable functional groups, while the sugar units may be involved in the reso-
lution of the enantiomeric pairs of neutral compounds [57]. Also the sugar units are
the major linkers that graft the native chiral selectors to silica gel surface.

(a)

Teicoplanin Teicoplanin - Aglycone

Fig. 3 Structures of the macrocyclic antibiotics vancomycin, teicoplanin, ristocetin A, and
teicoplanin aglycone showing a profile view of the aglycone “basket” using (a) space-filling molec-
ular models produced through energy minimization and (b) stick figures. The colored atoms in (a)
denote the hydrophilic moieties, while the black portion designates the more hydrophobic regions.
Red represents carboxylate groups, green ammonium groups, and blue hydroxyls. Black regions
include the aromatic rings, connecting carbons, and amido linkages (adapted from [60])
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Macrocyclic glycopeptide CSPs have a wide range of functional groups and char-
acteristic shallow pocket conformation that enable them to interact with enantiomers
through all possible intermolecular interactions. Depending on solute structure and
mobile-phase conditions, ionic/electrostatic, H-bonding, and m—m interactions are
probably the most dominant interactions between the solutes and CSPs, while
dipole—dipole, hydrophobic, steric, and other interactions also play roles in the chiral
recognition process [53-56].

Under certain circumstances, it is possible for enantiomers to form inclusion
complexes with the aglycone shallow pockets of CSPs. A good example is the
chiral separation of bupivacaine on Chirobiotic® V [40]. Under reversed-phase
conditions within the temperature range of 5-45°C, the Van’t Hoff plot of bupi-
vacaine produced a positive change in both enthalpy (AH) and entropy (AS) with
the TAS entropic terms of two enantiomers several times higher than the corre-
sponding enthalpic terms. The entropy-driven selector—selectand interaction may
indicate the formation of inclusion complexes between vancomycin and bupiva-
caine enantiomers [40]. For chiral molecules with ionizable functional groups, ionic
interaction is believed to be responsible for the initial formation of analyte/CSP
diastereomeric complex. The amine and carboxylic groups which are located at the
mouth of the shallow pockets of the aglycone basket have been identified as the
major binding sites for this class of CSPs [62, 63]. Complexation studies of van-
comycin and teicoplanin with copper revealed that the chiral recognition ability of
both CSPs was significantly deteriorated for acidic compounds and underivatized
amino acids after the secondary amine on vancomycin and the primary amine on
teicoplanin were blocked by copper through complexation.

The bonding procedure that is used to attach macrocyclic glycopeptides to silica
gel can also modify the enantioselective properties of this class of chiral selectors.
For example, vancomycin is an effective chiral selector in CE for the separation
of anionic and cationic compounds [62, 64]; however, it showed much less enan-
tioselectivity toward anionic compounds containing carboxylic group in HPLC [53,
54]. A possible reason is that both carboxylic and secondary amine groups of van-
comycin aglycone remain free under CE conditions, while some of these groups
may be partially hindered or consumed during the bonding process as a CSP in
HPLC.

All three members of macrocyclic glycopeptides, V, R, and T, shown in Fig. 3
share a similar but not identical aglycone core. A distinct difference in their agly-
cone structures is that vancomycin has a carboxylic and a secondary amine groups,
teicoplanin has a carboxylic and a primary amine groups, while ristocetin has one
primary amine group but no free carboxylate group. The structural similarity and
difference of macrocyclic glycopeptide CSPs gives rise to the operating principle of
complimentary enantioseparation, which means that if only a partial enantiosepara-
tion is achieved on one CSP, then it is most likely that a baseline separation can be
obtained on one of the related CSPs [61, 65]. In general and as a rule of thumb with
pharmaceutical drugs, the vancomycin CSP does extremely well in separating basic
compounds. The teicoplanin phase has high enantioselectivity for both basic and
acidic compounds, while the ristocetin phase highly favors acidic compounds [53].
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3.3 Cyclodextrin-Based CSPs

Cyclodextrins (CDs) make up a family of nonionic, homochiral, cyclic oligosac-
charides composed of 6—12 D-(+)-glucopyranose units connected through a-1,4
linkages. The most commonly used a-, B-, y-CDs contain six, seven, and eight
glucopyranose units, respectively. CDs and their derivatives have been extensively
employed in the resolution of enantiomers [66—85]. They predominate as CSPs in
the applications of chiral GC [66] and in CE as chiral run buffer additives [67].
Covalently bonded CDs are important CSPs for HPLC [68-82] and SFC [83-85].
They have been successfully used to separate many pharmaceutical chiral com-
pounds [69, 73]. The chiral recognition ability of CDs stems from their geometric
structures and available functional groups.

B-CD is the most useful CSP in LC. Like other members of the CD family, 3-CD
has the toroidal shape of a hollow truncated cone in which seven primary hydroxyl
groups on Cg carbon are located at the smaller rim and fourteen secondary hydroxyl
groups on the greater side of the cone with seven —OH on C, carbon pointing in a
clockwise direction and the other seven —OH on C3 carbon pointing counterclock-
wise (Fig. 4). Since the interior of the cavity is relatively hydrophobic compared to
the hydrophilic hydroxyl-containing mouths, organic molecules tend to form inclu-
sion complexes with CDs by fitting the hydrophobic moiety of the molecules into
the cavity of CDs.

The hydroxyl groups, especially the secondary hydroxyl groups on the wide
mouth, allow CDs to interact with analytes via hydrogen-bonding or dipole—dipole
interactions. The existing interactions can be enhanced and new interactions can
be introduced by chemically deriving hydroxyl groups of CDs with a variety of
different groups, which in turn would alter the enantioselectivity of the bonded
phases [75-80, 82, 84]. For example, an ionic interaction site can be introduced
by incorporating a 3-methylimidazolium moiety into the structure of B-CD [84].
To promote m—m interaction, derivatized CD CSPs with aromatic substituents
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Fig. 4 The chemical structure (a) and space filling model (b) of B-cyclodextrin (carbon atoms are
in grey, oxygen atoms are in red)
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have been developed [76-78, 82]. The aromatic groups can be w-electron rich
(i.e., m-basic), such as naphthylethyl in the case of 1-(1-naphthyl)ethyl carbamoy-
lated B-CDs [76, 77] and dimethylphenyl in the case of 3,5-dimethylphenyl car-
bamoylated B-CD [82], or mt-electron deficient (i.e., w-acidic), such as dinitrophenyl
in the case of 2,6-dinitro-4-trifluoromethylphenyl ether-substituted p-cyclodextrin
[78, 79]. Furthermore, carbamate linkage can provide additional sites for H-bonding
and dipole—dipole interactions. After derivatization, steric repulsion at the mouth
of the cavity would be increased for most included guest molecules since large
number and greater size of substituents are attached to CDs. Recently, derivatized
CD CSPs that carry ionic interaction site was also synthesized by incorporating
3-methylimidazolium moiety into the structure of 3-CD [84].

Enantiomeric separations on CD-based CSPs have been achieved in reversed-
phase, polar organic-phase, and normal-phase mode; however, the chiral recognition
mechanisms under these mobile-phase conditions are quite different. The three-
point interaction model was used to explain the observed enantioseparation quite
well. In reversed-phase mode, inclusion complexation is thought to be the main
factor of the chiral recognition and separation process for both native and deriva-
tized CDs. A basic requirement for a molecule to form inclusion complex with
CDs is to have aromatic or other hydrophobic groups (such as cyclohexyl). The
strength of inclusion complex is determined by many factors including hydrophobic
effect, hydrogen bonding between the guest molecule and CDs, release of high-
energy water molecules from the CD cavity, decrease of strain energy of the CD
macrocyclic ring system upon complexation, steric effects as well as the size and
geometry of analytes relative to that of the CD cavity.

However, inclusion complexation does not necessarily lead to enantioselectiv-
ity due to the highly symmetrical geometry of the CD binding cavity [69, 73,
77, 80]. Consequently, other configuration-dependant interactions must take place
in order to achieve chiral resolution. In the example of reversed-phase enantiosepa-
ration of propranolol on native $-CD CSP, naphthyl and hydroxyl groups of d- and
l-propranolol are placed identically for optimal inclusion complex and hydrogen
bonding, respectively. The important difference accounted for chiral discrimination
originates from the hydrogen bonding between the secondary amine of propranolol
and 2- and 3-hydroxyl groups of the B-CD selector (Fig. 5). In the d-propranolol
complex, the nitrogen atom is positioned more favorably for hydrogen bonding.
This implies that the D-isomer would preferentially interact with f-CD and thus be
retained longer by the CSP. For derivatized CDs, t—m, dipolar, hydrogen-bonding
interactions, and steric hindrance are also actively involved in the chiral recognition
mechanism.

In polar organic mode, the mobile-phase system consisted mainly of an aprotic
solvent such as acetonitrile in the presence of small portions of hydrogen-bonding
modifiers (i.e., methanol, acetic acid, and triethylamine), which are used to regulate
retention and enantioselectivity. Inclusion complexes are less likely to form in polar
organic mode since the cyclodextrin cavity is occupied by acetonitrile, the dominant
component of mobile phase. Instead, the hydrogen-bonding interactions between
the analyte and the secondary hydroxyl groups at the mouth of the cyclodextrin
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(a) d-propranolol/B-CD (b) I-propranolol/B-CD

Fig. 5 Computer projection of inclusion complexes of (a) d-propranolol and (b) 1-propranolol in
B-cyclodextrin, from X-ray crystallographic data. The configurations shown represent the optimal
orientation of each isomer on the basis of the highest degree of hydrogen bonding and complex-
ation. The secondary amine moiety of analyte can potentially form hydrogen-bonds (dotted lines)
with 2- and 3-hydroxyl groups at the rim of B-cyclodextrin with bond distances of 3.3 and 2.8 A,
respectively, for d-propranolol, and 3.8 and 4.5 A, respectively, for I-propranolol (adapted from
[691)

cavity are considered to be the most important interactions responsible for chiral
recognition [73, 80]. T—m interactions (for derivatized CDs with aromatic groups),
dipole stacking, and steric factors are also relevant. Among all CD-based CSPs, the
bonded native B-CD CSP has the broadest enantioselectivity and usually requires
a minimum of two hydrogen-bonding groups (such as a hydroxyl and a secondary
amino group) for enantiomeric resolution with at least one of these groups in the
vicinity of the stereogenic center. Derivatized CD CSPs including acetylated p-CD,
1-(1-naphthyl) ethyl carbamoylated B-CD and 2,6-dinitro-4-trifluoromethylphenyl
ether-substituted p-cyclodextrin are also effective in polar organic mode.

In normal-phase mode, the apolar portion of the mobile phase (e.g., hexane or
heptane) may occupy the CD cavity and hinder the formation of inclusion com-
plexes. Consequently, chiral separation with native CDs is quite rare in this mode.
In contrast, derivatized CDs, particularly 2,6-dinitro-4-trifluoromethylphenyl ether-
substituted pB-cyclodextrin [76, 77], (R)- and (S)-1-(1-naphthyl)ethyl carbamoylated
B-CDs [78, 79], have shown good enantioselectivity under normal-phase condi-
tions. It seems that both the CD cavity and substituent moieties may be involved
in the chiral recognition process on these derivatized CD phases. The observation of
experimental data suggests that the chiral recognition mechanism in normal-phase
mode probably consists of two successive steps: (1) the solute first interacts with the
aromatic substituents and residual hydroxyl groups of the derivatized CD through
strong m—m, dipolar, or H-bonding interactions and (2) the hydrophobic portion
of the solute fits into the CD cavity [76, 77, 81]. The CD cavity can have dif-
ferent degrees of contribution to the overall enantioselectivity depending on the
structure of analytes. For (R)- and (S)-1-(1-naphthyl) ethyl carbamoylated B-CDs,
it was suggested that the bonded moieties were entirely responsible for the observed
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enantioselectivity with essentially no contribution from the CD. Indeed, reversals of
the elution order were observed on (R)- and (S)-bonded CD CSPs [77]. Apparently,
the incorporation of additional chiral centers into the CDs can be advantageous in
controlling the elution order of enantiomers.

3.4 Protein-Based CSPs

Proteins are complex biopolymers with high molecular weight and consist of L-
amino acids and sugars (in the case of glycoproteins). They play various important
roles in biological systems and display highly stereo-specific affinity to small chi-
ral molecules. This property has prompted numerous applications of proteins in
the separation of enantiomers. A few classes of proteins including albumins, gly-
coproteins, and enzymes have been chemically bonded to silica gel and evaluated
as HPLC CSPs [17]. Among them, CSPs based on bovine serum albumin (BSA)
[86], human serum albumin (HSA) [87], a-acid glycoprotein (AGP) [88], ovomu-
coid (OVM) from chicken egg whites [89], avidin (AVI) [90], cellobiohydrolase I
(CBH) [91], and pepsin [92] are commercially available. Some important physical
properties and applicability of these commercialized CSPs are given in Table 1.

Protein-based CSPs are almost exclusively used in reversed phase with aqueous
mobile phases containing a phosphate buffer. Many of these CSPs, AGP in partic-
ular, show broad enantioselectivity for a wide range of acidic, basic, and neutral
compounds including many chiral drugs [18, 93, 94]. The enantioselectivity and
retention of a chiral separation on a protein-based CSP can be affected by numer-
ous factors such as the mobile-phase pH, the nature and concentration of organic
and/or charged modifier, the ionic strength, and temperature. Under reversed-phase
conditions, a number of binding forces, i.e., ionic, hydrophobic, H-binding, t—m,
may participate in the retention and chiral recognition of solutes, depending on its
functional groups. AGP and CBH CSPs are extremely useful for the resolution of
basic compounds implying that ionic interactions occur between the protonated
amine group of the solute and some acidic residuals in the hydrophobic cavity of
the proteins. Hydrophobic, H-bonding, or other interactions help to stabilize the
analyte/protein complex and contribute to enantioselectivity. Also steric interac-
tions can be important for protein-based CSPs considering the significant number
of chiral cavities found in macromolecular proteins.

It is true that the unambiguous elucidation of chiral recognition mechanisms
on various protein-based CSPs is challenging and often difficult since precise
information about the tertiary and quaternary structures of proteins is not always
available. Multiple stereo-specific sites may be involved in chiral recognition pro-
cess. However, it is encouraging to see the progresses that have been made in this
field in recent years [17, 95—102].

In general, two enantiomers interact with a protein CSP at the same binding
site; however, a few exceptions were observed in cases where each enantiomer
bound to different sites [97-99]. To understand the origin of enantioselectivity, it
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Table 1 Physical properties of proteins and their applicability as HPLC CSPs (data from [17, 93])

Molecular  Isoelectric

Protein Column trade name mass point Applicability
o-Acid CHIRAL-AGP? ~41,000 2.7 Acids, bases, and
glycoprotein neutral
compounds
Bovine serum CHIRAL BSA? ~66,000 4.7 Acids, zwitterionic
albumin (BSA) ULTRON ES-BSAP and neutral
RESOLVOSIL BSA-7¢ compounds
Human serum CHIRAL HSA? ~65,000 4.7 Acids, zwitterionic
albumin (HSA) and neutral
compounds
Cellobiohydrolysis I CHIRAL-CBH? ~64,000 3.9 Acids, bases, and
(CBH) neutral
compounds, but
preferably bases
Ovomucoid (OVM) ULTRON ES-OVMP ~28,000 4.1 Acids, bases, and
neutral
compounds
Avidin (AVI) Bioptic AV-14 ~66,000 10.0 Acids, bases, and
neutral
compounds, but
preferably acids
Pepsin ULTRON ~34,600 <1 Bases and neutral
ES-PEPSIN® compounds

4Regis Technologies, Inc., Morton Grove, IL 60053, USA

bAgilent Technologies, Santa Clara, CA 95051, USA and Shinwa Chemical Industries Ltd., Japan
“Macherey-Nagel, Diisseldorf, Germany

dGL Sciences, Torrance, CA 90503, USA

is necessary to clarify these stereo-specific binding sites on the protein CSP. As an
example, HSA is one of the most studied proteins. HSA has two major enantios-
elective binding sites identified for drugs, i.e., warfarin—azapropazone (site I) and
indole-benzodiazepine (sites II) sites. Both sites are located at hydrophobic cav-
ities of subdomains Ila and IIla of HSA, respectively (Fig. 6). Other minor sites
were also proposed since the two major binding sites cannot satisfactorily explain
the binding of some drugs. All these different stereoselective binding sites can be
brought into operation under different mobile-phase conditions [17]. It was reported
that (S)-warfarin caused an allosteric change in binding site II after it bound to site
II. When a 40 puM concentration of (§)-warfarin was added to the mobile phase,
HSA had much higher affinity for (S)-lorazepam hemisuccinate, resulting in a much
higher enantioselectivity for (R)- and (S)-lorazepam [100].

In recent years, molecular modeling has become an increasingly important
tool to gain information on intermolecular interaction between a chiral molecule
and a CSP. A newly developed CSP based on immobilized penicillin G acylase
(PGA) was found quite successful in the separation of acidic enantiomers [102].
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Fig. 6 Schematic drawing of the HSA molecule with identified binding sites for various ligands.
Each subdomain is marked with a different color. Enantioselective binding sites I and II located
at subdomains Ila and Illa, respectively, are responsible for the chiral recognitions of many drugs
(adapted from [95])

Chromatographic data suggest that the electrostatic interactions between com-
pounds and basic residues of the enzyme might be the main binding force to form the
stereospecific analyte/protein complex. Chiral recognition process takes place when
the acid solute is attracted to the PGA hydrophobic cavity through ionic interactions
between the solute carboxylic group and a positively charged group located at the
entrance of the binding pocket of PGA. Next the solute hydrophobic moiety can be
inserted into the PGA cavity [102]. Hydrophobic and steric interactions are consid-
ered to be important for observed enantioselectivity. By doing docking study, the
binding mode of (R)- and (S)-2-(4-chlorophenyl)-2-phenoxyacetic acid inside the
PGA cavity was established as shown in Fig. 7. It is clear from the figure that the
(R)- and (S)-enantiomers have established interactions between their carboxylate
group and the protein’s cavities. However, the critical difference comes from
a specific H bond between the phenoxyl ether oxygen of the solute and the
ArgB263 side chain on protein (Fig. 7). The presence of this H bond makes the
(S)-enantiomer/PGA more stable than the (R)-one and the (S)-enantiomer will be
retained longer in chromatography. In this case, the molecular modeling result is
in excellent agreement with chromatographic data, although not a single water
molecule is shown.
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Fig. 7 Binding mode of (S)-2-(4-chlorophenyl)-2-phenoxyacetic acid (a) and (R)-2-(4-
chlorophenyl)-2-phenoxyacetic acid (b) within the cavity of PGA CSP. Hydrogen bonds between
analyte and protein are shown as dashed yellow lines (adapted from [102])

3.5 Pirkle-Type CSPs

[T-Complex CSPs, also called Pirkle-type CSPs, comprise a large collection of
phases developed from low molecular mass chiral selectors, which were designed
to contain only those interaction sites that are essential for the enantiomer differ-
entiation [19, 103]. Pirkle and his co-workers have made significant contribution
to the development and understanding of the chiral recognition mechanisms of -
complex-type CSPs [104—116]. The principle of reciprocity, a mechanistic rationale
stemmed from the TPI model, has been long advocated by Pirkle and co-workers as
the basis for the design of the chiral selectors and CSPs. It states that if a particu-
lar chiral selector has different affinities for the enantiomers of another substance,
then a single enantiomer of the substance will necessarily have different affinities
for the two enantiomeric forms of the initial selector [104]. This principle led to
the development and commercialization of a series of useful CSPs for HPLC [105].
It is the —m interaction that Pirkle-type CSPs intend to promote the most for the
resolution of enantiomers. Hence, a prominent structural feature of these phases is
the presence of m-acidic (mw-electron acceptor) [106, 107], or m-basic (m-electron
donator) [108], or both [104, 109] aromatic rings in the chiral selector. Another pre-
vailing interaction among Pirkle-type CSPs is hydrogen bonding. Amido moieties
from an amide, a carbamate, urea, or an amine group very close to the asymmetric
center of the chiral selector are the most common sites for strong hydrogen binding.
Other potential sites that may also be involved in H bonding include sulfinyl, phos-
phinyl, hydroxyl, ether oxygen, and even m-electron groups. Other interactions such
as dipole—dipole and steric interactions may also play important roles in the chiral
recognition on Pirkle-type CSPs depending on the analyte structure.

The success of the Whelk-O1®) CSP is truly an excellent example of the rational
design of CSP based on chiral recognition mechanistic considerations [104, 110].
The chiral selector of the Whelk-O1(®) CSP has a m-acidic (3,5-dinitrobenzamide)
as well as a m-basic (naphthyl) group directly on (or near) the stereogenic centers
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Fig. 8 The structure of (a) (S,5)-Whelk-O1®) and the proposed chiral recognition model between
(b) the CSP and the most retained enantiomer of amide-type planar tricarbonyl-chromium
complexes (adapted from [111])

of the chiral selector (Fig. 8). The cyclohexyl ring contains two chiral centers: one
has a dinitrobenzamide group with m-acidic properties and the other chiral center is
attached to the silica backbone and allows increasing the conformational rigidity of
selector controlling the orientation of the naphthyl group (Fig. 8a). Accordingly, the
3,5-dinitrobenzamide and naphthyl groups are perpendicular to each other and give
a cleft shape to the chiral selector (Fig. 8b). Additionally, an R1 alkyl linkage in
the cis-position of dinitrobenzamide (Fig. 8b) would hinder enantiomers to interact
with the chiral selector from the back of the cleft, thus further improving enantios-
electivity by enhancing the interactions inside the cleft between enantiomers and
the chiral selector. On the basis of chromatographic and spectroscopic evidences, it
was rationalized that the formation of diastereomeric solute/CSP complexes would
be facilitated by three major attractive interactions, i.e., a hydrogen bond between
the amide —NH of the chiral selector and the polar moiety of the analyte and
simultaneous face-to-face and face-to-edge m—m interactions. As an example, a
chiral recognition model proposed for the direct enantiomeric separation of amide-
type planar tricarbonyl-chromium complexes on (S,S) Whelk-O1 CSP is shown in
Fig. 8b. In this case, the hydrogen bond took place between the amide —N—H of
the CSP and the carbonyl oxygen of the analyte, while the face-to-face and face-to-
edge m—m interactions were provided by the aromatic portion of the analyte as it
occupies the cleft and the 3,5-dinitrobenzamide and the naphthyl groups of the CSP,
respectively [111].

3.6 Cinchona Alkaloid-Based CSPs

Quinine (QN) and quinidine (QD) are natural enantiomers belonging to the cinchona
alkaloid family, an important subgroup of naturally occurring polycyclic B-carboline
alkaloids. They are widely used as resolving agents for chiral acids via preferentially
forming diastereomeric salts with one of the enantiomers [117]. From the reciprocity
concept point of view, the logic path is that QN and QD are potential chiral selectors
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for the resolution of the enantiomers of chiral acids with complementary interac-
tion sites. Indeed, this has been the subject of many studies in the past few years,
and the QN- and QD-based CSPs demonstrated high enantioselectivity for chiral
aryl-, aryloxy-, arylthiocarboxylic acids, N-derivatized amino acids and peptides,
and many other chiral acids containing sulfonic, phosphonic, and phosphoric acid
groups [117-125]. Consequently, two weak anion-exchange HPLC CSPs (namely
Chiralpak® QN-AX and QD-AX) derived from QN and QD, respectively, were
developed and marketed by Lindner and his co-workers.

QN and QD consist of a planar quinoline and a rigid quinuclidine ring and are
different in the configuration of Cg and Co chiral centers, thus diastereomers to
each other (Fig. 9a). Interestingly, QN and QD CSPs display “pseudo-enantiomeric”
property in most cases. It means that an opposite elution order can be obtained when
the same enantiomeric pair is separated on both CSPs. This property is likely due to
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Fig. 9 Structure of (a) protonated fert-butylcarbamoylquinine CSP and (b) the proposed interac-
tion model for the 1:1 diastereomeric complex form by DNB-(S)-leucine and B-chloro-zert-butyl
carbamoyl quinine, an analogue of the chiral selector of tert-butylcarbamoylquinine CSP. The
arrows point to the binding interactions contributing to the chiral recognition (adapted from [118])
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the Cg stereogenic center of the cinchona skeleton, which is the essential binding site
for chiral recognition. Hence, the enantioselectivity is controlled by the chirality of
the Cy chiral center [117, 118]. The binding sites surrounding the Cy stereogenic
center include the basic bridge-headed nitrogen group of the quinuclidine ring
for electrostatic interaction after protonation, the carbamate group for H-bonding
and/or dipole—dipole interactions, and the m-basic quinoline ring for T—m interac-
tion. Furthermore, the bulky quinuclidine group and the large planar quinoline ring
are also available for steric interaction (attraction and/or repulsion). The long-range
electrostatic/ionic interaction between the protonated tertiary amine of the chiral
selector and the deprotonated carboxylic group of the selectand is believed to be
responsible for the initial contact between analyte and CSPs [119]. This force may
not contribute to chiral recognition; however, it would guide the solute to approach
the CSPs in an energetically appropriate orientation and induce other stereospecific
interactions such as H-bonding and/or dipole—dipole, m—m, and steric interactions
to take place [117-119].

The importance of these stereospecific interactions was clearly shown in the
enantioseparation of derivatized amino acids on quinine- and quinidine-based CSPs,
where the N-protecting group and the bulkiness of the side chain of amino acids
had significant effects on the enantioselectivity [119, 120]. The X-ray crystal
structures of selector—selectand complexes provided important insights into the
chiral recognition mechanism on cinchona alkaloid-based CSPs. As an exam-
ple, in the X-structure shown in Fig. 9b, an energetically favored diastereomeric
complex was formed by inserting DNB-(S)-leucine into the cleft of $-chloro-ferz-
butylcarbamoylquinine. The cleft configuration adopted by the chiral selector was
defined by the bulky quinuclidine and quinoline groups. In this case, several simul-
taneous interactions lead to chiral recognition and discrimination. The docking ionic
interaction between the deprotonated carboxylic group of the analyte and the proto-
nated quinuclidine of the chiral selector is critical. The hydrogen bonding between
amide moiety of the analyte and the carbamate group of the chiral selector, the
face-to-face w—m interaction between the quinoline ring and the 3,5-dinitrobenzoyl
group, and the steric interaction introduced by the side chain of the DNB-(S)-leucine
complete the TPI rule [118, 119].

3.7 Chiral Crown Ether-Based CSPs

Chiral crown ethers are synthetic macrocyclic polyethers and were first intro-
duced as CSPs for LC by Cram and co-workers in the late 1970s. In their
pioneer works, bis-(1,1’-binaphthyl)-22-crown-6 was immobilized on silica gel
[126] or polystyrene [127] to resolve a-amino acids and their derivatives. Since
then, different chiral crown ether CSPs have been developed and successfully
applied in the HPLC separation of enantiomers containing primary amine and
secondary amine groups [20, 128-139]. Both dynamically coated [128, 129] and
covalently bonded [130-132] chiral crown ether CSPs are commercially available.
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Chemically bonded CSPs based on (18-crown-6) 2,3,11,12-tetracarboxylic acid
(18C¢TA, Fig. 10) are highly effective in the resolution of natural and unnatural
a-amino acids (except for proline) [131-133], primary and secondary amino alco-
hols [134-136], B-amino acids [137], aryl a-amino ketone [138], and a-amino acid
derivatives [20, 131]. A number of pharmaceutically important compounds such
as p-blockers [134, 135], fluoroquinolone antibacterial agents [139], amphetamine,
phenylethanolamine, octopamine, and norepinephrine [132] were separated quite
well on this crown ether CSP.

Depending on the available functional groups on both analyte and chiral selec-
tor, many interactions, including complexation, H-bonding, ionic, steric, Tt—1, and
hydrophobic, may be involved in the chiral discrimination of enantiomers on chiral
crown ether CSPs. The importance of these interactions varies with mobile-phase
composition. In aqueous—organic mobile phase, it is believed that the tripodal com-
plexation of the protonated ammonium (R—NH") inside the cavity of the polyether
ring of the chiral selector mediated through three *N—HO hydrogen bonds is essen-
tial for chiral recognition [140, 141]. Consequently, enantiomers without a primary
amine group are less likely to be resolved in acidic aqueous—organic mobile phase.
Instead, polar organic mobile-phase and/or normal-phase modes are more suitable
for the resolution of enantiomers with secondary amine or other chiral compounds
with primary amine where H-bonding interaction is more important for chiral
recognition [130, 134-136].

B-Blockers have the asymmetric center R-NH-CH,—CHOH—R’ with a sec-
ondary amine. They were effectively separated on 18C¢TA crown CSP under moder-
ately acidic polar organic mobile-phase conditions with acetic acid—triethylamine—
ethanol—acetonitrile. Multiple hydrogen bonds were formed between analytes and
the crown ether selector: the protonated secondary amine moiety of the analytes
formed two hydrogen bonds with crown oxygens and the asymmetric hydroxyl
group formed an additional hydrogen bond with carboxylate side chains of 18CgTA.
Ionic interaction between the positively charged secondary ammonium and nega-
tively charged carboxylate groups also made significant contribution to the retention
and chiral recognition of f-blockers on 18C¢TA CSP [134-136]. In this instance,
the enantioseparation is an entropically controlled process. However, when the
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Fig. 10 Structure of CSP prepared from (+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid (adapted
from [132])
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secondary amine group was directly attached to the asymmetric center of amino
alcohols, the enantioseparation became an enthalpically controlled process. Steric
interactions played an important role as secondary interactions in the chiral dis-
crimination of secondary amino alcohols [136]. Overall, it seems that a minimum
of two H-bonding interaction sites around the solute chiral center is required for the
analyte to be enantioselectively separated on 18C¢TA crown CSP in nonaqueous
mobile-phase conditions.

4 Practical Considerations of Chiral Recognition Mechanism
in Pharmaceutical Analysis

4.1 Chiral Method Development in the Pharmaceutical Industry

Chiral chromatographic techniques that use chiral stationary phases (CSPs) in
columns are often the preferred approaches to access large quantities of enantiomers
and for the determination of enantiomeric impurity in drug substances and drug
products in the pharmaceutical industry. The development of new CSPs has pro-
vided a great freedom of choice. Now, a chiral separation can be achieved on many
different CSPs based on different chiral recognition mechanisms or in different sepa-
ration modes on the same CSP. For example, the B-adrenergic blockers, an important
class of chiral amino alcohol drugs, were directly resolved on a wide array of CSPs,
including phases based on tris(3,5-dimethylphenylcarbamate) cellulose in normal-
phase (NP) mode [70, 142, 143] and reversed-phase (RP) mode [70], macrocyclic
glycopeptides in polar organic mode (POM) [53-55] and SFC [144], proteins in RP
[145], B-cyclodextrins in RP [69] and POM [73], chiral crown ethers in POM [134],
and Pirkle-type chiral selectors in NP [146].

4.1.1 Selecting a Chiral Column

When selecting a chiral column for analytical use, one must take a number of factors
into consideration:

(1) In general, a suitable chiral column should give high enantioselectivity, excel-
lent peak efficiency and sensitivity, a reasonable separation window, and the
desired elution order (ideally the enantiomeric impurity elutes first). A column
with an extremely large enantioselectivity may not be practically useful for chi-
ral assays, since the second eluted enantiomer has too often a very poor peak
efficiency resulting in broad peaks with low detection sensitivity. Also an enan-
tioseparation with a short retention time for the first eluted enantiomer (i.e.,
close to the void volume) should be avoided for the purpose of quantitation of
enantiomeric impurity even though the enantioselectivity is acceptable.

(i1) Chiral column selectivity for chemical impurities and diastereoisomers may
be equally important. Often a high enantioselectivity is needed when a chiral
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compound contains more than one stereogenic center (2" rule for enantiomer
number) and the sample is available in a complex matrix [147]. In this case,
interferences with co-eluting impurities in the solute enantioseparation can
be expected. An example is given in Fig. 11a: in the enantiomeric separa-
tion of 1-(2-naphthalenethioyl)-2-propanol on a Chiralcel® OD-H column,
a chemical impurity was co-eluted with the R-enantiomer. This interfering
peak must be resolved in order to accurately determine the enantiomeric purity
and enantiomeric excess (ee) of the (5)-1-(2-naphthalenethioyl)-2-propanol
[147]. Without sacrificing the short analysis time, a separation with improved
enantioresolution and achiral selectivity was achieved on a Lux® Cellulose-
1 column, which contains the same chiral selector as OD-H column but is
prepared differently and available from a different vendor (Fig. 11b) [148].
Sometimes, an achiral impurity interfering with the chiral impurity can be
circumvented by using highly selective MS detection [149].

(iii) The chiral separation should be compatible with detection method. For exam-
ple, mass spectrometry detectors prefer a chiral separation in reversed phase or
polar organic phase instead of in normal phase. Also, MS or light-scattering
detectors allow only volatile salts as mobile-phase additives. Nonvolatile
buffers, such as phosphate and perchlorate, should be replaced with more
volatile salts such as ammonium acetate or ammonium formate.
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Fig. 11 Comparison of enantiomeric separation of 1-(2-naphthalenethioyl)-2-propanol on (a)
Chiralcel® OD-H and (b) LUX® Cellulose-1 in the normal mobile phase (20/80 iso-
propanol/heptane). The sample was extracted from a reaction mixture. Please note that a chemical
impurity co-eluted with (R)-enantiomer in (a) was well resolved in (b) (adapted from [148])
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(iv) The physical and chemical properties of chiral analytes may be an important
factor in column selection. For compounds that are poorly soluble (less than
10 pg/ml) or prone to hydrolysis in aqueous mobile phase, a chiral separation
in waterless NP or POM mobile phases is sought [147].

(v) In pharmaceutical industry, the stages of pharmaceutical development should
also be considered in chiral column selection and chiral method develop-
ment [150]. In drug discovery and process, a high-throughput chiral method
is required to accommodate huge sample volume and large numbers of novel
chemical entities. Consequently, chiral SFC separation becomes advantageous
due to its fast method development, high separation efficiency, and short anal-
ysis time [149, 151-153]. In early stage of pharmaceutical development, there
is more flexibility in selecting chiral columns and separation technologies, and
it is not unusual to adapt the method developed in drug discovery or process
department. However, when a drug candidate moves to late stages of develop-
ment, the sensitivity and the robustness of the chiral method become two major
concerns in chiral column selection. At these stages, all the chiral methods
related to the drug substance or chiral intermediates often need to be redevel-
oped. The selected chiral column must demonstrate excellent run-to-run and
batch-to-batch reproducibility, which would facilitate the method transfer to
worldwide manufacturing sites and quality control laboratories.

With the above-mentioned considerations related to chiral column selection in
mind, it is very important to have an effective screening strategy to identify the
appropriate chiral column.

As a matter of fact, selecting the proper chiral column is the most essential and
challenging part of chiral method development. Although some progresses have
been made in predicting enantioselectivity on a given CSP based on the molecular
structure of a chiral compound [154] or the molecular structure similarity between
an analyte and those already separated [155], there is still no way to foresee which
chiral column is more suitable for the resolution of the enantiomers of a given com-
pound. Indeed, the chiral recognition process is sensitive not only to the structures of
both analyte and CSPs but also to the mobile-phase conditions. Currently, a practical
approach that is widely utilized in pharmaceutical industry, particularly in drug dis-
covery, is to screen a small set of selected CSPs which have demonstrated a broad
enantioselectivity [149-153, 156—166]. The implementation of new technologies,
such as automated systems [156, 157], multiple-column parallel screening stations
[156, 157], mobile-phase gradient [152, 153, 158-161], and SFC [149, 151-153],
has significantly accelerated the process of chiral column selection and makes it
possible to develop and optimize chiral separation within a day [157].

4.1.2 The Domination of the Polysaccharide Chiral Stationary Phases

The most popular CSPs selected to be included in the reported chiral col-
umn screening schemes are four polysaccharide-based phases, including cellu-
lose tris(3,5-dimethylphenylcarbamate), cellulose tris-4-methylbenzoate, amylose
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tris(3,5-dimethylphenylcarbamate), and amylose tris(S)-a-methylbenzylcarbamate.
Under SFC conditions, the success rate for these four columns could reach as high
as or exceed 98% for SFC soluble enantiomers [153]. The success rate was close to
90% for these four columns under HPLC conditions [158, 159]. In recent years,
new commercially available chloromethylphenylcarbamated and dichlorophenyl-
carbamated polysaccharide phases, and immobilized polysaccharide phases also
demonstrated versatile applicability and complimentary enantioselectivity to the
above-mentioned polysaccharide phases [45, 47]. Considering such a high success
rate, it is not surprising that most reported chiral column screening systems are
solely based on derivatized polysaccharide CSPs. It should be noted that the suc-
cess of generic chiral screening approaches based on derivatized polysaccharide
CSPs totally relies on the broad enantioselectivity of these CSPs. The screening
can be implemented in a manner that does not require an analyst to have extensive
experience and in-depth knowledge of chiral recognition mechanisms on CSP. In
reality, the vast majority of pharmaceutical chiral compounds contain enough func-
tional groups (i.e., aromatic ring, hydroxyl, carboxyl, amine, amide, carbamate)
around their chiral center(s) that are crucial for chiral recognition. These impor-
tant functional groups enable a polysaccharide CSP to interact with analytes on
its complimentary binding sites through w—m, H-bonding, dipole—dipole, or steric
interactions. Consequently, the generic screening approaches based on derivatized
polysaccharide CSPs work well only for polysaccharide chiral column selection.

However, a question one may ask is: “Are the other types of CSPs worth of
consideration?” A recent study based on a test set of 53 chiral pharmaceutical
compounds revealed that four common polysaccharide-based CSPs demonstrated
enantioselectivity for 87% of tested analytes, while three macrocyclic glycopep-
tide antibiotic phases (i.e., vancomycin, teicoplanin, and ristocetin) showed a lower
65% success rate. However, the combined success rate for two classes of CSPs was
96% [163]. Another study based on a different sample set showed that approxi-
mately 20% of over 100 racemates were not enantioseparated on any of the studied
polysaccharide CSPs [167]. These results suggest that besides derivatized polysac-
charide CSPs, other classes of CSPs such as macrocyclic glycopeptide, Pirkle-type,
cyclodextrin, protein, or crown ether CSPs should be considered in the design of
column screening strategy. A survey of 45 chiral methods used for Bristol-Meyer
Squibb compounds in development stages reveals that polysaccharide CSPs were
chosen for about 90% of the chiral separations (40 out of 45 methods), while appli-
cations of macrocyclic glycopeptide (2 methods) and Pirkle-type (3 methods) CSPs
made up the rest 10%.

A knowledge-based chiral method development strategy can be very effective on
chiral column selection. For example, a chiral screening method was used to monitor
the enantiomeric purity of an atropisomeric drug candidate. It returned the Chiralcel
OD-RH column in reversed phase with a baseline enantioseparation of both atropi-
somers (Fig. 12a). There was a need to redevelop the chiral method as the compound
moved into development stages. Based on possible interaction sites around the chiral
asymmetric axis of the compound (a primary amine for ionic and H-bonding inter-
actions and an aromatic ring for m— interaction), Chirobiotic V2 was tested since



178 B.L. He

0.018
(a)

0.016

0.014 S R

0.012

0.010

2 Chiralcel OD-RH
<C 0.008
0.006 a=1.45;Rs=1.5
0.004
0.002
0.000
1.00 2.00 3.00 4.00 500 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 19.00 20.00 21.00
Minutes
0.035 1
(b)
0.030 { R S
0.025 {
- 0020 4
< Chirobiotic V2
0.015 {
a=1.48;Rs=2.9
0.010 {
0.005 4 M
0.000 Y

100 200 300 400 500 600 7.00 800 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00
Minutes

Fig. 12 Enantioseparation of atropisomers of a drug candidate containing a primary amine group
obtained on (a) a Chiralcel OD-RH (150 x 4.6 mm i.d.) and (b) a Chirobiotic V2 (250 x 4.6 mm
i.d.) column. Mobile phase: (a) 0.01 M Na; HPO4 (pH 7):MeCN:MeOH 55:15:30; (b) 95/5 (MeOH
with 0.2% acetic acid and 0.1% TEA)/(0.1% TEAA in H»O, pH 4.1). Note the opposite elution
order observed on the two columns (adapted from [148])

vancomycin CSPs work really well for basic compounds in polar organic mode and
the V2 CSP has enhanced enantioselectivity compared to Chirobiotic V [53]. A bet-
ter enantioseparation was obtained in high organic—aqueous mobile phase with the
undesired (R)-enantiomer eluting first as shown in Fig. 12b [148].

With challenging chiral analytes, i.e., molecule with multiple stereogenic centers,
without functional groups on the chiral center, or possessing structural features pre-
venting effective enantiorecognition by a CSP, it might be necessary to embrace
a more comprehensive chiral method development strategy. First, a wider range
of CSPs will be tested, but derivatization of targeted molecule and column cou-
pling can also be envisaged. Recently the SFC coupling of two different chiral
columns in series has been reported for the resolution of the four stereoisomers
of pharmaceutical compounds containing two chiral centers [168, 169].

4.1.3 A Studied Case: The Anticancer Brivanib Alaninate

To illustrate the complexity of chiral method development, the case of the anticancer
brivanib alaninate and its isomers is discussed [150, 166]. Several structural features
of brivanib make its enantiomeric separation extremely difficult to achieve. First,
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brivanib possesses two stereogenic centers. Besides the three unwanted stereoiso-
mers, a positional isomer may potentially be present in the drug substance of
brivanib due to moderate regioselective control during the synthesis (Fig. 13a). To
separate all five isomers of brivanib, the selected CSP must show a high enantio- and
diastereomeric selectivity, and excellent peak efficiency. Second, the chiral center on
the oxypropanyl moiety of the brivanib alaninate molecule lacks enough functional
groups available for chiral recognition. This deficiency will prevent many CSPs
from separating diastereomers. According to the TPI and SR models, a minimum
of four interaction sites are required for brivanib and its isomers to be recognized
by a CSP [34, 35]. Apparently, it is not easy for brivanib to meet this requirement.
Third, the bulky indolyloxy pyrrolotriazinyl group, which is indirectly attached to
the oxypropanyl stereogenic center via a long oxyethyl linkage, may contribute
significantly to the analyte’s retention, but not to its chiral recognition. Based on
the considerations of brivanib’s structure, three different amino derivatives were
prepared: carbobenzoxy (CBZ), phenylthiocarbamide (PTC), and aminoquinilyl
carbamide (AQC) derivatives as shown by Fig. 13b.

The comprehensive chiral HPLC method development approach designed for
brivanib alaninate enantiomers and diastereoisomers separation included [150] the
following:

A. Chiral column screening based on different chiral recognition mechanisms

a) Polysaccharide-based phases (coated and immobilized)

b) Chirobiotic phases — V/V2, T

¢) Chiral crown ether phases — Crownpak (coated) and ChiroSil (bonded)
d) Cyclodextrin phases — Cyclobond 1 2000 RSP column
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e) Amide-type phases — Sumichiral OA-4800 and OA-4900
f) Protein phases — AGP and CBH

g) Pirkle-type phases — Whelk-O1

h) Ruthenium complex phases — Ceramospher RU-1 and RU-2

B. Chiral ion-pair chromatography
C. Non-chiral derivatization
D. Two-dimensional (achiral + chiral tandem) separation

The CSPs with potential to show enantioselectivity were thoroughly investigated,
and several CSPs including Chirobiotic V2, Sumichiral 4800, ChiroSil SCA (+)
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Fig. 14 Representative direct enantiomeric separations of brivanib and its isomers on differ-
ent CSPs: (a) polysaccharide Chiralcel OD-H (coated cellulose carbamate), (b) Chiralpak IC
(3,5-dichlorophenylcarbamate of cellulose, immobilized on 5-pm silica), (¢) Chirobiotic V2
(vancomycin), (d) Cyclobond RSP (cyclodextrin), (e) ChiroSil SCA (-) (crown ether), and
(f) Sumichiral OA-4800 (Pirkle) column. Peak identification: 1, (SR); 2, (RS); 3, (RR); 4, (SS);
5, positional isomer; *, chemical impurity (adapted from [150])
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and RCA (-), Cyclobond I 2000 RSP, and derivatized polysaccharide phases gave
fairly good enantioseparations (Fig. 14). As expected, all the columns showed poor
selectivity for all five diastereomers. To enhance the isomeric interactions between
brivanib and CSPs, new interaction sites for hydrogen-bonding, n—m, dipole—dipole,
and steric interactions were introduced into brivanib structure via derivatizing the
primary amine group on alanine moiety with achiral reagents. Consequently, the
selectivity for enantiomers, diastereoisomers, and positional isomers was greatly
enhanced on derivatized polysaccharide CSPs, and simultaneous separation of five
CBZ-derivatized brivanib isomers was finally achieved on Chiralcel OJ-H in both
RP and POM modes as shown in Fig. 15 [166].
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Fig. 15 Simultaneous separations of five CBZ-derivatized brivanib alaninate isomers on a 25-cm
x 4.6-mm Chiralcel OJ-RH column in reversed phase (a) and an OJ-H column in polar organic
phase (b). Mobile phase: (a) 50:50 20 mM NH4OAc:ACN; (b) MeOH [166]. The arrows link the
enantiomeric pairs (adapted from [166])
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4.2 Chiral Separation in Different Separation Modes

There are many classes of CSPs applicable in different mobile-phase modes.
In particular, CSPs based on derivatized polysaccharides, native and derivatized
cyclodextrins, macrocyclic glycopeptides, and Pirkle-type chiral selectors operate
quite well in four separation modes, i.e., RP, polar organic phase, NP, and super- or
subcritical fluid chromatography (SFC) conditions. It is common that a chiral com-
pound can be separated on the same CSP in more than one separation mode [58,
160, 166, 170-176]. For example, Nutlin-3, a small molecule antagonist of MDM?2,
has been baseline resolved from its enantiomer in all four mobile-phase conditions
(Fig. 16) [170]. Multimodal enantioseparation on the same CSP would be greatly
beneficial for chiral method development in pharmaceutical industry.

4.2.1 The Rebirth of Supercritical Fluid Chromatography (SFC)

In recent years, due to several admired features such as fast and high-efficient
enantioseparation, short method development cycle resulting from fast column equi-
librium and simple mobile-phase compositions, and great preparative potential,
chiral SFC using the same packed columns as HPLC has gained increasing popu-
larity as the preferred technology for high-throughput chiral analysis and accessing
large quantities of pure enantiomers in drug discovery [149, 151-153]. However,
chiral SFC is much less influential in pharmaceutical development. Instead, a chi-
ral HPLC method is more commonly used for routine analysis of chiral samples
due to its robustness, transferability, and wide instrument availability. Meanwhile,
a reversed-phase or polar organic method is particularly favored for the analysis of
biological samples when mass spectrometric detection is required. Apparently, it
would be huge time and cost saving if a chiral separation could be directly trans-
ferred from SFC to HPLC or among three HPLC modes, i.e., reversed phase, polar
organic phase, and normal phase on the same chiral column. Unfortunately, such a
direct conversion is not always straightforward since the chiral recognition mecha-
nisms might be different under different mobile-phase conditions. The feasibility is
often related to the nature of CSP and solute.

4.2.2 SFC and Polysaccharide CSPs

Derivatized polysaccharide CSPs are operational, quite well, in all three HPLC
separation modes as well as under super- or sub-critical fluid conditions [153,
160, 166, 170, 176-178]. A previous study based on a collection of more than
100 pharmaceutically important compounds with diverse structures clearly showed
that polysaccharide CSPs generally had much higher success rate in resolving
enantiomers under normal-phase and SFC conditions, followed by RP and polar
organic modes (Fig. 17) [167]. This study also revealed that amylose tris(3,5-
dimethylphenylcarbamate) AD phase was more effective than the other studied
polysaccharide CSPs in polar organic mode and SFC, whereas cellulose tris(3,5-
dimethylphenylcarbamate) phase is more applicable in reversed-phase mode. This
observation is consistent with two other studies [159, 160].
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Fig. 16 Enantioseparation of a small molecule MDM2 antagonist Nutlin-3 and its enantiomer
under (a) reversed phase, (b) polar organic, (¢) normal phase, and (d) supercritical fluid
chromatography conditions. Time in min (adapted from [170])

A variety of pharmaceutical drugs or intermediates, such as B-blockers,
B-agonists, benzodiazepines, nonsteroidal anti-inflammatory drugs, and sulfoxides,
can be enantioresolved on the same polysaccharide CSP in all HPLC separation
modes and in SFC. A common structural feature of these compounds is that they
all contain at least one aromatic group and multiple hydrogen-binding sites in
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Fig. 17 Chiral screening results of a 148-enantiomer sample set on polysaccharide CSPs (AD,
amylose tris(3,5-dimethylphenylcarbamate); OD, cellulose tris(3,5-dimethylphenylcarbamate);
0OJ, cellulose tri(4-methylphenylester); AS, amylose tris[(S)-1-phenylethylcarbamate]). The graph
is derived from data listed in [167]

the proximity of their stereogenic centers. This clear dissymmetry allows a CSP
to discriminate both enantiomers through different mechanisms promoted by dif-
ferent mobile-phase conditions. For example, 2-benzylsulfinylbenzamide, which
contains an amide, a sulfinyl, and two phenyl moieties, is capable of interact-
ing with polysaccharide CSPs through hydrogen-bonding, dipole—dipole, t—, and
steric interactions. The enantioseparation of this compound in polar organic mode
was mainly mediated through hydrogen bonding. The importance of hydrogen-
bonding interaction to enantioselectivity was evidenced when the mobile phase was
changed from methanol to 2-propanol in which hydrogen-bonding interaction is
more favored than hydrophobic interaction. An enantioselectivity as high as 111
was observed in the cellulose tris(3,5-dichlorophenylcarbamate) phase. In aqueous-
alcohol mobile phase, H-bonding interaction was diminished with the increase of
aqueous content. Consequently, the enantioselectivity was decreased. On the con-
trary, H-bonding interaction was further enhanced in hydrocarbon-alcohol mobile
phase to such an extent that the second peak of 2-benzylsulfinylbenzamide was not
eluted from cellulose tris(3-bromo-5-methylphenylcarbamate) column in 24 h with
30% n-hexane in the eluent [176].

A general trend of enantioseparation among the three HPLC separation modes is
that the highest enantioselectivity was commonly observed under normal-phase con-
ditions (an example is shown in Fig. 18), while the shortest retention was obtained
in polar organic mode. This is not an absolute rule since a great number of excep-
tions have been noticed. In the case of Nutlin-3, the enantioselectivity and resolution
were much higher in reversed-phase mode than in polar organic and normal-phase
mode (Fig. 16). Another example is Naproxen, whose enantiomers were baseline
resolved on a Chiralpak AD-RH column in RP mode, while no enantioselectivity
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Fig. 18 Enantiomeric separation of a derivative of propranolol on a 25-cm x 4.6-mm cellu-
lose tris(3,S-dimethylphenylcarbamate) column in (a) normal phase with hexane—alcohol and
(b) reversed phase with aqueous NaClO4—acetonitrile mobile phase (adapted from [70])

was obtained in both NP and SFC conditions [159, 177]. These exceptional exam-
ples imply that hydrophobic and t—m interactions may contribute significantly to
enantioselectivity since both types of interactions are promoted in RP mode but
become less favorable in NP mode.

It appears from Fig. 17 that polysaccharide CSPs demonstrated comparable enan-
tioselectivity under SFC and normal-phase conditions; however, it is not necessarily
true that both technologies are interchangeable. In fact, a change from NPLC to SFC
should change not only the physical (from hydrocarbon to carbon dioxide) but also
the chemical properties of the mobile phase. Due to its high dipole moment, the
carbon dioxide molecule may be actively involved in the chiral recognition process
by participating in solute—mobile phase and stationary phase—mobile-phase interac-
tions through solvation [175, 179]. It can be expected that SFC and LC may render
unique enantioselectivity depending on the CSP and the analyte. Noticeable discrep-
ancies between NPLC and SFC for polysaccharide CSPs have been well recognized
in many studies [167, 171, 180-182].
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A thermodynamic study of the optical isomers of diltiazem and its 3-hydroxy
isomer on cellulose tris(4-chlorophenylcarbamate) CSP found that the enantiosep-
aration of frans- and cis-isomers of diltiazem was entropy controlled and under
supercritical conditions, it was enthalpy controlled. However, both enantiosepara-
tions were enthalpy controlled in normal-phase conditions. These results suggested
that different chiral recognition mechanisms were involved in LC and SFC modes.
The reason might be that the chiral active sites of the phenyl group of analytes
and the phenylcarbamate group of the CSP have different solvation states in SFC
and NPLC conditions [182]. The same conclusion was drawn from a systematic
comparison of LC and SFC based on the enantioseparations of various pharmaceu-
tical compounds on cellulose- and amylose-derived CSPs, i.e., Chiralcel OD and
Chiralpak AD, respectively [171]. Chiral compounds with polar functional groups,
such as primary or secondary hydroxyl and/or amine moieties, often exhibited
marked discrepancy in enantioseparation on both CSPs under SFC and LC condi-
tions, since the conformation of these analytes may change in the presence of carbon
dioxide [183]. Another interesting observation of this study is that under supercrit-
ical fluid conditions, the pressure of carbon dioxide had remarkable influence on
the enantioseparation of some solutes on the AD column, whereas there was slight
effect on the OD column. These results indicated that the pressurized mobile phase
may induce some changes in the helical structure of the AD CSP, which may help
to explain some discrepancies in enantioselectivity observed between SFC and LC
on AD column.

4.2.3 SFC and Cyclodextrin CSPs

As discussed in Sect. 3.3, the chiral recognition mechanisms in different HPLC
modes on CD-based CSPs vary remarkably. Consequently, derivatized m-acidic and
nt-basic CD CSPs that are applicable to all three LC modes are able to resolve
different classes of chiral compounds in reversed-phase and normal-phase modes.
Underivatized CD CSPs are mainly used in reversed-phase and polar organic modes,
but less likely in normal-phase mode. It is common for aromatic compounds with
multiple H-bonding sites to be separated on CD CSPs in both RP and POM [73, 79,
82]. In these cases, the U-shaped retention behavior is typically observed, i.e., the
analytes are more strongly retained under high aqueous content and high organic
content mobile phases. An example is presented in Fig. 19 [78].

Although native CD CSPs are not effective in normal-phase mode, they were
found quite useful in SFC. Enantioseparations of a few classes of compounds
including 2-naphthoyl amide derivatives of 2-alkylamines, tert-phosphine oxides,
a-methylene y-lactone, and oxazepam have been reported on native f-CD CSP
(Cyclobond I) with methanol as SFC mobile-phase additive [85, 172, 173].
Hydrogen bond between the secondary hydroxyl groups of CD and analytes was
believed to be the initial driving force for the formation of CD CSP—solute complex.
A two-step chiral recognition process was proposed for the observed enantiosepara-
tions: (i) the hydrophobic environment promoted the hydrogen-bonding interaction
between solute and secondary hydroxyl groups at the mouth of CD ring and (ii) an
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Fig. 19 The effect of organic content on the enantioseparation of nefopam hydrochloride on a
dinitrophenyl (DNP)-substituted B-cyclodextrin (3-CD) CSP. The buffer is composed of 0.1% (v/v)
triethylammonium acetate (TEAA) in water, pH 4.1 (adapted from [78])

inclusion complex was formed by tight fit of the aromatic moiety of solute to the
CD cavity. Unlike hydrocarbon component in normal phase, it is much easier for
carbon dioxide molecule in the CD cavity to be displaced by solute molecule due to
its smaller size [85].

Derivatized CD CSPs such as (R)- and (S)-naphthylethylcarbamoylated-f-
cyclodextrins (R-NEC-CD and S-NEC-CD) have been shown to be as effective
in SFC as in three LC modes [82]. Since both SFC and NPLC share similar chi-
ral recognition mechanisms on NEC-CD CSPs, the chiral separations obtained in
NPLC could be easily reproduced in SFC with the same elution order of enan-
tiomers. Comparable enantioselectivity was also observed for the majority of tested
compound between SFC and the other two LC modes on NEC-CD CSPs. However,
the marked enantioselectivity differences observed for cromakalim and tolperisone
in the RPLC and SFC modes suggest that the chiral separations were obtained
with completely different mechanisms in the two modes, SFC and RPLC and the
NEC-CD CSP [83].

4.2.4 Macrocyclic Glycopeptide CSPs

Because of their diverse functionality, it is not surprising to see that CSPs based on
macrocyclic glycopeptides, i.e., Chirobiotic phases, have a broad-spectrum applica-
bility in all HPLC conditions, namely normal-phase, reversed-phase, polar organic,
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and the specific polar ionic modes [54—-61]. It is possible for a chiral compound,
especially a neutral compound, to be enantioseparated in all four aforementioned
LC modes [59]. This is illustrated with the enantioseparation of 5-methyl-5-
phenylhydantoin as an example in Fig. 20. As for the other classes of CSPs, the
chiral recognition mechanisms on Chirobiotic phases are different in each sepa-
ration mode since different types of enantioselective interactions are promoted in
the presence of different mobile-phase constituents. Additionally many compounds,
particularly those possessing aromatic and polar groups, typically show the char-
acteristic U-shaped retention behavior vs. mobile-phase composition. Obviously,
enantioselective interactions are active part of the retention mechanism. The poten-
tial interactions that account for the discrimination of two enantiomers in each LC
separation mode are listed in Table 2. The specific polar ionic mode with mobile
phases usually consisting of polar organic solvents mixed with a small amount
of acid and base or volatile salts is designed to enhance the electrostatic/ionic,
hydrogen-bonding, and dipolar interactions between chiral solutes and Chirobiotic
phases. Consequently, the polar ionic mode (PIM) is recommended to be the first
choice for the enantioseparation of chiral compounds carrying ionizable functional
groups. Compared to reversed-phase and normal-phase modes, the polar organic
and ionic modes generally provide higher peak efficiency, shorter analysis time,
and better solubility for pharmaceutical compounds and thus greater preparative
potential (Fig. 20). The polar organic mode differs from the polar ionic mode
in that it only consists of polar solvents without additives and is particularly
used for neutral molecules. The organic solvents used in polar organic and ionic
modes can be methanol, ethanol, acetonitrile, or their mixtures. Protic solvents
generally give better enantioselectivity than do aprotic solvents for compounds car-
rying polar groups since hydrogen-bonding interaction is pervasive on macrocyclic
glycopeptide phases.

In recent years, the application of macrocyclic glycopeptide CSPs has been
expanded to SFC, and teicoplanin aglycone phase (Chirobiotic® TAG) was found
to be the most effective closely followed by teicoplanin CSP (Chirobiotic®) T) [144,
184]. Because of a large number of polar groups available on the Chirobiotic CSPs,
it is often required to work with considerable amount of polar additives in the mobile
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Fig. 20 Enantioseparation of 5-methyl-5-phenylhydantoin on Chirobiotic T in (a) reversed phase
(mobile phase: 20/80 MeOH/10 mM NH4OAc), (b) polar organic phase (mobile phase: MeOH)
and (c) normal phase (mobile phase: 60/40 EtOH/heptane)
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Table 2 Possible chiral interactions between glycopeptide CSP and solute (date from [189])

Separation mode Interaction Relative intensity
Polar ionic phase Ionic interaction Very strong
(dominant)
Hydrogen bonding Moderate
T—7 interaction Weak to moderate
Dipole—dipole Moderate
Steric repulsive Weak
Polar organic phase Hydrogen bonding Strong
T—7 interaction Weak to moderate
Dipole—dipole Moderate
Steric repulsive Weak
Reversed phase Hydrophobic Strong (dominant)
interaction
Ionic interaction Strong
T—T interaction Strong
Hydrogen bonding Weak
Dipole—dipole Weak
Steric repulsive Weak
Normal phase Hydrogen bonding Strong
T—T interaction Strong
Dipole—dipole Strong
Steric repulsive Weak

phase in order to elute the polar compounds. The chiral recognition mechanisms for
sulfoxides were similar under both normal-phase (hexane—alcohol) and SFC (carbon
dioxide-methanol) conditions, whereas the enantioselectivity was higher in LC than
in SFC. Like in LC conditions, ionic interaction between analytes and Chirobiotic
CSPs still played a key role in the chiral recognition mechanism of chiral com-
pounds with ionizable groups in SFC. This finding was evidenced by the fact that
acidic analytes were better resolved in basic SFC conditions [144].

4.2.5 SFC and Pirkle-Type CSPs

As discussed in Sect. 3.5, the interactions involved in the chiral recognition on
Pirkle-type CSPs are mainly attractive forces, such as w—mn, hydrogen-bonding, and
dipole—dipole interactions. Although bonded Pirkle-type CSPs have been used in
reversed phase and polar nonaqueous mobile phase, most of the applications were
found in normal-phase mode. With the introduction of SFC for the resolution of
enantiomers [185], bonded Pirkle-type CSPs were among the most studied CSPs
in the early application of chiral SFC [172, 175, 181, 186]. Comparable enantios-
electivity and the same elution order of enantiomers were usually observed for
the enantioseparations of many compounds. Accordingly, similar chiral recogni-
tion mechanisms were believed to operate in both LC and SFC conditions [186].
However, when the enantioseparations of m-acidic compounds on the m-acidic
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CSPs were concerned, drastic different enantioselectivities were obtained for some
tested analytes. An example can be the separation of N-DNB-tyrosine n-butylamide
(m-acidic) on a m-acidic Pirkle-type CSP. No enantioseparation was achieved in
SFC, while baseline separation was observed in NPLC. It is interesting that the elu-
tion order of enantiomers was reversed by changing the polar component of the
mobile phase from ethanol to chloroform [187]. This result was explained assum-
ing that the solute had several interaction sites for the same type of interactions
(two amides for dipole stacking and hydrogen-bonding interactions) and there were
no dominant interactions that could guide the formation of analyte/CSP complex
through one mechanism, regardless of the nature of the mobile phase. Regarding
the interactions in different mobile phases, ethanol favors dipole—dipole interaction,
while chloroform or methylene chloride promotes hydrogen bonding. It is reason-
able that changing the polar solvent from ethanol to chloroform actually induced
different chiral recognition mechanisms in normal-phase separations. In subcritical
carbon dioxide—ethanol mobile phase, both dipole—dipole and hydrogen-bonding
interactions might be equally important for chiral recognition. When two different
chiral recognition mechanisms competed with each other, no enantioseparation was
observed in SFC [187].

Significant discrepancies in enantioselectivity between SFC and NPLC were also
reported for B-blockers and a series of propranolol analogues [179, 183]. Better
enantioselectivity and resolution were found in SFC than in NPLC, as shown in the
example of propranolol in Fig. 21. Chromatographic and NMR results suggested
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Fig. 21 LC and SFC enantioseparations of propranolol on a derivatized tyrosine Pirkle CSP.
Mobile-phase conditions: LC, 95:5 hexane/(ethanol containing 1% n-propylamine) (v/v); SFC,
90/10 carbon dioxide/(methanol containing 1% n-propylamine) (v/v) [179]. Molecular modeling
results are presented for (a) optimized structure of (R)-propranolol without CO; and (b) optimized
structure of (R)-propranolol with CO,. The intramolecular hydrogen bonding is denoted by an
arrow (adapted from [183])
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that super- or subcritical carbon dioxide may serve as an in situ derivatizing agent
for the basic site of analyte molecule and form a transient complex with the analyte
[179]. Molecular modeling study of propranolol further revealed that carbon diox-
ide changed the conformation of propranolol molecule through hydrogen bonding
by assisting the analyte to adapt to a geometric structure that facilitated chiral dis-
crimination [183]. These results may also help to explain that verapamil was better
enantioselectively resolved on Whelk-O1 CSP in SFC than in NPLC [188].

S Summary and Outlook

It is clear that each enantioseparation is unique in the way that the CSP interacts
with both enantiomers through different chiral recognition mechanisms. The avail-
ability of a large number of different types of CSPs allows for the development of
more robust and sensitive chiral methods or the achievement of difficult enantiosep-
arations. Chromatographic approaches assisted with spectroscopic and molecular
modeling tools have been effective ways to understand the chiral recognition mech-
anisms on different CSPs. The enriched knowledge in turn will help to design more
effective and versatile CSPs, accelerate method development process, and better pre-
dict the enantioseparation of a given compound. Researchers should make full use
of chiral SFC as a fast method to identify appropriate CSPs for normal-phase LC
separations and to meet the demanding analytical and preparative needs in pharma-
ceutical industry. It must be borne in mind that it is possible that enantioselectivity
discrepancies occur between SFC and normal-phase LC depending on the CSP and
the analyte structure. Meanwhile, there is a need to develop new mechanically strong
CSPs to keep up with the fast growth of ultra-high-pressure liquid chromatography
(UHPLC) and understand the effects of ultra-high column pressure on the chiral
recognition mechanism on each CSP.
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Abstract The macrocyclic glycopeptide chiral selectors are natural molecules pro-
duced by bacterial fermentation. Purified and bonded to silica particles, they make
very useful chiral stationary phases (CSP) with a broad spectrum of applicability in
enantiomeric separation. The macrocyclic glycopeptide CSPs are multimodal, the
same column being able to work in normal phase mode with apolar mobile phase,
in reversed-phase mode, or in polar ionic mode with 100% alcoholic mobile phase
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of adjusted pH. The role of the carbohydrate units is described as well as the crit-
ical charge—charge docking interaction responsible for the amino acid enantiomer
recognition. The complimentary phenomenon is also exposed.

1 Introduction

The origin of the use of macrocyclic glycopeptide antibiotics as chiral selector is
somewhat linked to their mechanism of interaction with amino acids. Knowing
that these antibiotics inhibited the development of Gram-positive bacteria by bind-
ing to the D-Ala-D-Ala terminal group of a protein essential to cell wall building,
Armstrong thought that these multifunctional molecules were potentially powerful
chiral selectors for the D-alanine amino acid and patented his idea [1]. He found a
way to bind different macrocyclic glycopeptides to chromatographic silica particles
preserving their enantioselectivity toward amino acids and a wide variety of other
enantiomers [2]. These chiral stationary phases (CSP) are marketed today under the
trade name Chirobiotic®) by Astec, a company of the Sigma-Aldrich group [3].

The commercial macrocyclic glycopeptide CSPs were found very rugged and
able to work in different chromatographic modes: normal phase as well as reversed
phase or polar organic modes, maintaining their separation properties. With protein
and coated carbohydrate CSPs conformational changes were induced by switching
chromatographic modes reducing or eliminating enantioselectivity. With macro-
cyclic glycopeptide CSPs, changes in chromatographic modes may also induce
minor selector conformation changes, but these changes have been shown to be
reversible [4]. This property associated to the complex structure of the selectors
allows for many different selector—selectand interactions and explains their versa-
tility. If the macrocyclic glycopeptide CSPs are not able to discriminate a variety
of neutral enantiomers as large as that of the carbohydrate-based CSPs, especially
in the normal phase and supercritical fluid modes, they do have a broad applica-
bility when used in different chromatographic modes. These qualities definitively
make them needed chiral columns in any chromatographic lab working in chiral
separations [3-7].

This chapter will focus on chiral recognition mechanisms and molecular interac-
tions. The commercialized macrocyclic glycopeptides: ristocetin, R, vancomycin, V,
teicoplanin, T and its aglycon form, teicoplanin aglycon, TAG will be the main
subject of the study since a large database is available in the literature [3-7].
However, non-commercialized avoparcin, balhimycin, and the recently introduced
eremomycin macrocyclic glycopeptides [8] are also included in the study for more
information on possible mechanisms.

The most distinctive feature of this class of chiral selectors is their ionic charac-
ter. Without exception, all macrocyclic glycopeptide chiral selectors are ionizable.
All of them bear primary or secondary amines that are positively charged at neu-
tral and acidic pH values. Also, all of them but ristocetin have a carboxylic acid
bearing a negative charge at neutral and basic pH. The net charge of the chiral
selector is adjustable changing the mobile phase pH. The polar ionic mode (PIM)
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of elution uses anhydrous polar mobile phases (methanol and/or acetonitrile) con-
taining selected small amount of acids and/or bases. This allows for a fine tuning
of the charges on the chiral selector that has a significant effect on both enantiomer
retention and separation.

2 Structures of the Macrocyclic Glycopeptide Chiral Selectors

2.1 Physicochemical Properties

The physicochemical properties of the major macrocyclic glycopeptides are listed
in Table 1. The corresponding structures are given in Fig. 1. The molecular weights
range from 1196 for the artificially obtained teicoplanin aglycon (TAG) to 2066 for
ristocetin A that bears six sugar units. Ristocetin is also the only member of this
family without chlorine atom. The listed pK, values correspond to the carboxylic
and phenol groups producing negative charges and primary and secondary amine
groups producing positive charges. They were calculated imputing the structural
formulas of the macrocycles in the H++ software (Table 1, footnote 3). These pK,
are valid in pure water only. The listed values for the number of stereogenic centers
and chemical groups include the attached sugar moieties.

2.2 A Common Macrocyclic “Basket” Skeleton

All seven macrocyclic glycopeptides share the same three macrocycle structure as
evidenced in Fig. 1 using for reference the TAG structure as the simplest of the
family. Teicoplanin and its aglycon have four macrocycles, each one made by two
aromatic rings and a peptide sequence. The first macrocycle is made by Rings #1
and #2 linked by an ether bond and two amide groups (Fig. 1). The second and third
macrocycles are produced, respectively, by Rings #2 and #3, an ether bond and two
amide groups and by the two directly connected Rings #4 and #5 and two amide
groups. The fourth macrocycle is produced by Rings #6 and #7, an ether bond and
two amide groups (Fig. 1). These macrocycles form a three-dimensional structure
recalling somewhat that of a basket or half-helical twist.

The three first macrocycles with the five aromatic rings numbered from 1 to 5
in Fig. 1 form a common skeleton found in all macrocyclic glycopeptide antibi-
otics with exactly the same stereochemical arrangement often called the “aglycon
basket.” The selectors differ by the chemical groups attached to the common skele-
ton. The teicoplanin and ristocetin selectors have a fourth macrocycle made by two
more aromatic rings (numbered 6 and 7 in Fig. 1) and bearing a primary amine in
alpha-position of Ring #7. Avoparcin has also two extra aromatic rings but they are
not interlinked. These rings do not form a fourth macrocycle rigidly linked to the
three macrocycle basket. Balhimycin, eremomycin, and vancomycin have only the
five aromatic rings of the common three macrocycle basket skeleton. Also all four
selectors with three macrocycles bear a secondary amine on the peptide chain.
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2.3 Three-Dimensional Structures

The Fig. 1 structures were entered in a three-dimensional software (CS Chem3D
Ultra, Cambridge Soft, Cambridge, MA 02140, USA) providing different tools
to estimate the most probable three-dimensional spatial molecular arrangement
minimizing the molecule energy. Figure 2 shows the teicoplanin aglycon three-
dimensional molecules. The aromatic rings were numbered following Fig. 1. The
polar groups were brightly colored. The anionic carboxylate group is red colored
and bear the minus sign. The cationic primary ammonium —NH3* groups is colored
in bright green with a plus sign. All polar hydroxyl groups are yellow colored. The
less polar atoms are dark colored. Figure 2 clearly shows the basket-like molecular
arrangement of the aglycon core of teicoplanin.

Figure 3 shows a three-dimensional picture of the six macrocyclic glycopeptide
containing carbohydrate units in their molecules. The color coding used for the TAG
selector was also used for all six other selectors. The molecules were roughly ori-
ented so that they match the Fig. 1 planar structure. The anionic carboxylate group
(bright red color) was placed in the lower left side view. The primary or secondary
amine on the peptide chain (bright green color) was placed in the lower right side of
the view.

Figure 3 shows some similarities between selectors: eremomycin, balhimycin,
and vancomycin, all three have close structures. It also shows the critical impor-
tance of the associated carbohydrate units: ristocetin and teicoplanin both share a

Teicoplanin aglycon

Fig. 2 Three-dimensional representation of the Teicoplanin aglycon chiral selector. The numbers
correspond to the aromatic ring numbering shown in Fig. 1. The carboxylate anionic group is
shown in bright red. The primary ammonium positive group is shown in green. The polar hydroxyl
groups, either alcohols or phenols, are yellow colored. Less polar nitrogen atoms (amide) are in
dark blue, less polar oxygen atoms (amide) are in dark red, and chlorine atoms are in dark green
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! Teicoplanin Balhimycin

Vancomycin Ristocetin A

Avoparcin 3 3 Eremomycin

Fig. 3 Three-dimensional representation of the natural macrocyclic glycopeptides chiral selectors
whose physicochemical properties are listed in Table 1. The color code is given in Fig. 2 caption
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similar aglycon core; they have a very different three-dimensional appearance due to
the different attached sugar units. It must be noted that ristocetin is the only selector
without a free anionic carboxylate group. This group has the form of an uncharged
methyl ester (Fig. 1). Figure 3 shows a calculated possible three-dimensional selec-
tor structures in vacuum at the isoelectric point (one positive and one negative
charge except for ristocetin shown with one positive charge). This three-dimensional
spatial arrangement is certainly different when the molecules are solvated by differ-
ent mobile phases at various pHs. Mobile phase adjustments on enantioseparations
will be described. Alterations in mobile phase composition and/or pH induce con-
formational changes in the selector structure. However, these changes are mostly
reversible [3, 4, 9, 10].

Figures 2 and 3 show that macrocyclic glycopeptides are simple enough so that
their molecules can be easily modeled by small computers. They also show the
variety of possible selector—selectand interactions including all possible chemical
interactions from the strongest charge—charge (coulombic) interaction to the delicate
shape recognition interaction within the cavities of the polypeptide aglycon core of
the selectors.

3 The Selector Charge—Charge Docking Interaction

Macrocyclic glycopeptides are antibiotics produced by different bacterial strains
(Table 1) to inhibit the growth of bacterial competitors. These molecules can target
specifically the terminal D-Ala-D-Ala sequence of a protein essential to Gram-
positive cell wall building [1]. Not surprisingly, these molecules were found to be
excellent chiral selectors in discriminating between amino acid enantiomers [1, 2,
8, 11-14].

3.1 Amino Acid Enantiomer Separation

Table 2 lists a selected set of the considerable data published on the separation of
native or derivatized amino acids on macrocyclic glycopeptide CSPs [1, 2, 11-14].
The vancomycin chiral selector was found to have a lower efficacy in the sep-
aration of amino acids compared to that of the three other commercialized CSP
(Chirobiotic® T, TAG, and R) [14].

The teicoplanin CSPs are recommended for the separation native amino acid
enantiomers in reversed-phase mode [11]. It was established that the carbohydrate
units on the teicoplanin selector (Fig. 3) were hindering the enantiomer approach
making the transient selector—selectand complex more difficult to form [15]. This
mechanistic point will be studied in detail later.

The enantioselectivity and enantioresolution factors obtained on the ristocetin A
selector are lower than the corresponding ones obtained on teicoplanin and TAG
selectors. Eremomycin, a recently introduced macrocyclic glycopeptide very close
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structurally to vancomycin (Fig. 1), shows promising efficacy toward native amino
acid enantiomer separation (Table 2) [8]. The eremomycin enantioselectivity factors
of amino acids are comparable if not higher than those of teicoplanin (Table 2).

3.2 The Critical Amino Acid Carboxylic Acid Group

Table 2 shows that the derivation of the amine group of amino acids can improve
chiral recognition, e.g., the enantioselectivity factors of alanine are 1.8 and 2.7 on
teicoplanin and TAG CSPs; they become 13 and 3.6, respectively, upon derivati-
zation of the amine group forming N-benzoyl alanine (Table 2). Enantioselectivity
enhancement is very often obtained by N-derivatization of amino acids [14, 16].
Such enantiorecognition enhancement is not an absolute rule as shown by N-benzoyl
phenylalanine in Table 2. The phenylalanine enantioselectivity factors jumps from
1.5 (native form, Rs = 3.1) to 4.4 (N-benzoylated form, Rs = 11.4) on teicoplanin
CSP. It decreases from 3.7 (native form, Rs = 13.7) down to 1.5 (Rs = 2.6)
after N-benzoylation on the TAG CSP. There is a clear steric effect due to the
attached benzoyl group very beneficial for enantiorecognition on teicoplanin CSP
and detrimental when the TAG CSP is used.

The picture is completely different when the carboxylic acid group is considered.
As an absolute rule, any derivation of this group cancels the enantiomer separa-
tion of the amino acid derivatives on macrocyclic glycopeptide CSPs. This point is
illustrated by the methyl esterification of phenylalanine and tryptophan canceling
enantioselectivity on teicoplanin and TAG CSP (data not found on eremomycin).
Similarly, the two phenylalanine amide enantiomers cannot be separated on any
CSP (Table 2).

The carboxylic acid groups of amino acids have pK, values ranging from 1.8
to 2.6 (alanine: 2.3; phenylalanine: 1.8; tryptophan: 2.4) [17]. This ionizable group
is in its anionic form, —COO™, between pH 3 and 8, the practical pH range of LC
mobile phases. Since all macrocyclic glycopeptide selectors bear charged groups,
a positively charged amine group was suspected to be a critical docking point to
form the transient enantioselective complex responsible for chiral recognition of the
two amino acid enantiomers. Amino acids were used as model examples but the
critical charge—charge anchoring is responsible for the chiral separation of many
enantiomers containing a carboxylic acid [5-7].

3.3 The Essential Macrocycle Ammonium Docking Site

Vancomycin is able to form a stable complex with copper [18]. This complex
involves the secondary amine attached to the peptidic chain of the selector rigid
basket and not the very mobile or accessible primary amine of a sugar unit (Fig. 1).
Nair et al. established that all enantiorecognition capability of vancomycin disap-
peared upon copper complexation [18]. The authors concluded that the secondary
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amine linked to the vancomycin basket (Fig. 3) was essential in its cationic form for
the chiral discrimination of amino acid enantiomers [18].

Berthod et al. also tried copper complexation with teicoplanin and TAG CSPs
[19]. Similar results were obtained. Amino acid enantiomers perfectly separated
by both teicoplanin and TAG CSP could no longer be separated as soon as copper
was present in the mobile phase. The copper—teicoplanin complex is also formed
with the primary amine group on the peptidic teicoplanin basket (Figs. 1 and 3).
However, unlike the vancomycin—copper complex which was very stable [18], the
teicoplanin—copper complex was found to be reversible. Indeed, amino acid enan-
tioselectivity was mostly restored after washing the chiral column with several
column volumes of copper-free clean mobile phase [19].

The specificity of the amino acid charge—charge docking interaction must be
pointed out. Non-amino acid enantiomers could still be separated by vancomycin
and teicoplanin column in presence of copper ions clearly showing the multiple pos-
sible mechanisms of the macrocyclic glycopeptide selectors. The two enantiomers
of tryptophan ethyl ester, a carboxylic acid blocked amino acid, could be sepa-
rated on a ristocetin A chiral column in polar organic mode [16]. The separation
did not involve the secondary amine on the macrocycle but other possible multiple
interactions with the ristocetin A selector.

4 The Role of the Carbohydrate Moieties

Figure 1 selected the teicoplanin aglycon selector as the central molecular struc-
ture to clearly show the “basket” structure of the macrocyclic glycopeptide family.
All naturally produced macrocyclic antibiotics bear several carbohydrate units
whose primary role seems to be the enhancement of water solubility of the central
macrocyclic structure (Fig. 3).

4.1 Aglycon Selectors

It was already mentioned that the teicoplanin aglycon selector was superior to
teicoplanin itself in the chiral separation of amino acid enantiomers [15]. Table 2
shows this finding for three amino acids. With the same mobile phase, the resolu-
tion factor of alanine enantiomers is 2.9 on teicoplanin and 40% higher with 4.0 on
TAG. The resolution factors of phenylalanine and tryptophan on teicoplanin CSPs
are 3.1 and 2.6, respectively. They become 13.7 (+340%) and 3.6 (+40%) on the
TAG CSP. The enantioselectivity factors observed with amino acid enantiomers on
the TAG stationary phase were significantly higher than the corresponding factors
obtained on native teicoplanin [15]. The carbohydrate units clearly hurt the enan-
tiorecognition of amino acid enantiomers by macrocyclic glycopeptide selectors.
They likely interfere either with the charge—charge docking interaction, screening



214 A. Berthod et al.

the positively charged amine group and/or hindering its access, or with secondary
interactions that are necessary for the enantiomer recognition.

It was found, however, that those carbohydrate units were helpful in the enan-
tiorecognition of numerous other families of enantiomers. Dihydrofurocoumarin
enantiomers were better separated by teicoplanin than by its aglycon [20]. Figure 4
shows the difference (et — atag) between the enantioselectivity factor of the T and
TAG selectors. As seen with the Table 2 data, the carbohydrate units hurt the enan-
tioseparations of amino acids that are much better separated by aglycon selectors.
These differences in selector—selectand interactions produce negative values for the
(e — aTaG) parameter for amino acid enantiomers and positive values for, e.g.,
p-hydroxy mandelic acid or N-benzoyl phenylalanine enantiomers. For compounds
such as dihydro angelicin or coumachlor (Fig. 4), the enantioselectivity factors have
the same magnitude on the two CSPs. Most often the chiral recognition mecha-
nisms are very different involving different parts or functionalities of the T and
TAG selectors. These differences are evidenced by the changes in retention factors
and peak efficiencies and, when the information can be obtained, by the changes
in enantiomer elution order. Similar results were obtained with vancomycin and its
aglycon [21].

The carbohydrate units help the enantioseparation.
The natural selector is more efficient.
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Fig. 4 Enantioselectivity factor difference between the teicoplanin aglycon (TAG) and teicoplanin
(T) chiral stationary phase for selected compounds. All experimental conditions were identical:
25 cm x 4.6 mm columns, same mobile phases. Data from [15] and [20]
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4.2 Eremomycin Versus Vancomycin

As shown by Figs. 1 and 3, eremomycin and vancomycin are very similar molecules.
The eremomycin and vancomycin aglycon parts differ only by a chlorine atom on
Ring #1 (Fig. 1). Vancomycin has a chlorine atom on Rings #1 and #3; eremomycin
has a chlorine atom on Ring #3 only. As far as carbohydrates are concerned, van-
comycin has a hydroxyl group in alpha-position of Ring #1 [22]. This hydroxyl
group bears an eremosamine carbohydrate or 2,3,6-trideoxy-3-amino-3-methyl
arabino hexopyranose in the eremomycin structure (Fig. 1).

Eremomycin eremosaminyl aglycon was prepared by cleaving the two ere-
momycin sugars on Ring #2 but keeping its eremosamine sugar on Ring #1 (Fig. 1).
The properties of this eremosaminyl aglycon were compared to that of vancomycin
in similar conditions [23]. Amino acids were best separated by the eremosaminyl
aglycon CSP. However, the native eremomycin CSP had an enantioselectivity
toward most amino acids somewhat better than that obtained with the commer-
cialized vancomycin CSP (Chirobiotic® V). This last result was surprising since
eremomycin has the same structure as vancomycin but with one more sugar unit on
its aglycon basket (Figs. 1 and 3). The access of the amino acid enantiomers to this
central part of the molecule should be more difficult with eremomycin than with
vancomycin. Since it is not the case, it must be concluded that the eremosamine
sugar close to Ring #1 helps the amino acid chiral recognition. The positively
charged primary amine group on this sugar may play a role in the chiral recognition
mechanisms of amino acids.

5 Polar Ionic Mode

5.1 A Waterless Mobile Phase

The polar organic mode was first termed non-aqueous reversed phase (NARP) when
it was introduced in 1978 by Parris [23, 24]. NARP initially used aprotic solvents
of intermediate polarity such as dichloromethane or tetrahydrofuran and the polar
aprotic solvent acetonitrile. Studies of molecular interaction mechanisms showed
the interest of alcohol additions to adjust the elution strength and selectivity [25].
The polar and protic methanol solvent was found to affect H-bond interactions when
the polar aprotic acetonitrile solvent was more interacting through w—m interac-
tions [26]. The polar organic mode uses non-aqueous mobile phases made of 100%
organic polar solvents essentially methanol and/or acetonitrile. The polar ionic mode
is a variation of the polar organic mode in which the mobile phase acidity is adjusted.
Itis a very important mode used to separate enantiomers of ionizable molecules such
as amino acids, organic acids, and amines.
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5.2 Macrocyclic Glycopeptides Bear lonisable Groups

Since macrocyclic glycopeptides have amine, phenol, and carboxylic acid function-
alities, they bear a global charge that depends on the mobile phase pH. Figure 5
shows the total charge borne by the vancomycin selector as a function of pH. The
absolute values are indicative; they would be valid in pure water. However, Fig. 5
clearly indicates that the vancomycin chiral selector bears a positive charge in acidic
media and passing through the isoelectric point around neutral pH, it can bear up
to four negative charges in basic media. In acidic media, the positive charge is due
to the sum of two positively charged amine groups and a negatively charged car-
boxylic group that will maintain its negative charge over the whole 4—13 pH range.
At neutral pH, vancomycin has its isoelectric point (p/ = 7.2) when the two positive
charges of the amine groups are equilibrated by the negatively charged carboxylate
and a negatively ionized phenol group. As the pH value increases, the two other
phenol groups progressively ionize making the vancomycin global charge nega-
tive. Between pH 10 and 12, the two positively charged amine groups lose a proton
becoming a neutral primary —NH; group. Vancomycin bears a —4 negative charge
at pH 13 made up by a carboxylate group and three phenate groups (Fig. 5).
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Fig. 5 Total charge of vancomycin as a function of the mobile phase pH. The ionized groups
responsible for the vancomycin charge are indicated at the corresponding pH value. The red arrows
indicate the phenol pKjs, the green arrows indicate the primary amines pK,s. The carboxylic acid
group has a pK, value of 2.9 outside the showed pH range



Chiral Recognition with Macrocyclic Glycopeptides: Mechanisms and Applications 217
5.3 Utilizing Charge-Charge Interactions

The polar ionic mode is composed of an acid, most often acetic acid, and a base,
often triethylamine, added to an alcoholic mobile phase. Table 3 lists the resulting
acidity obtained mixing different proportions of acid and base. Two important points
must be taken into account: (1) the molar volume of acetic acid and triethylamine
being very different, a 1:1 v/v mixture is not neutral but acidic; (2) the solute dis-
sociation constants in methanol can be very different from those in water [27]. The
pH scale in pure methanol is 16.7 units wide, meaning that the neutral pH is 8.35.
Acetic acid is a very weak acid in pure methanol with a pK, as high as 8.6, 3.8
pH unit higher than the pK, in water (Table 3) [28]. Formic acid and ammonium
formate are two additives that can be used to adjust pH when working with a mass
spectrometer. These additives also have different pK; values in water and in 100%
methanol.

Changing the acid/base ratio in methanol allows for an adjustment of the ionic
state of the macrocyclic chiral selector (Fig. 5) and the analyte so that the best
enantioselective charge—charge interactions occur between the enantiomers and
the chiral selector. Figure 6 shows the significant enantioselectivity and resolution
changes observed in the racemic mianserin separation on Chirobiotic®) V with the
vancomycin macrocyclic selector. The 100/0.05/0.15 polar ionic mode basic compo-
sition does not allow for a useful enantioseparations of the mianserin enantiomers on
the negatively charged vancomycin selector (Fig. 6, top chromatogram). Increasing
the mobile phase acid content produces lower pHs that allow for a baseline sep-
aration of the two enantiomers (Fig. 6, bottom chromatograms). The 100/0.1/0.1
composition is the one to choose since a baseline separation is obtained in a mini-
mum of time. If a preparative mianserin separation is needed, it will be effective to
work with a lower pH producing a higher enantioselectivity factor and consequently
a higher possible column loading while maintaining baseline separation of the two
enantiomers.

6 Conclusion: Similarities and Differences

The macrocyclic glycopeptide chiral selectors are now a very important class of
CSPs that must be part of the column set of any laboratory involved in enantiomeric
separations. The variety of functionalities found in these relatively small molecules
allow for many different interactions leading to successful enantioseparations [29].
The similarities between members of this class of chiral selectors produced the
“complementary separation” property [14, 30, 31]. If a partial separation of an
enantiomeric pair is observed on a macrocyclic selector, say vancomycin, a base-
line separation may very likely be observed on a different selector, say teicoplanin.
This interesting property in method development illustrates the large number of
selector—selectand possible interactions. Such complementarities are due to the
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Fig. 6 Separation of mianserin on chirobiotic V in polar ionic mode. Column Chirobiotic® V,
25 cm x 4.6 mm i.d. Mobile phase: polar ionic mode with methanol, acetic acid and triethylamine
in indicated v/v proportions, 1 mL/min, room temperature, UV detection 254 nm

small differences in binding sites that lead to higher enantioselectivity between
macrocyclic selectors as seen in the molecular structures shown in Fig. 1.

Figure 7 shows the separation of terbutaline on the V and T CSPs with the same
mobile phase. The retention, selectivity, and resolution factors are very different for
the same solute eluted on the two CSPs. The key point of the example is the reversal
of elution order that is observed on the polarimeter trace (Fig. 7). Such reversal signs
a different selector—selectand separation mechanism with the same mobile phase at
least with one of the interactions needed for enantiorecognition [29].

The most important interaction involved with macrocyclic glycopeptide selectors
is the very strong charge—charge interaction that can be modulated playing with the
mobile phase pH in the specially developed polar ionic mode. Such charge—charge
modulation is possible in reversed-phase mode as well. A recent work showed
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Fig. 7 Separation of terbutaline on a Chirobiotic® V (top chromatogram) and a Chirobiotic®
T (bottom chromatogram) 25 cm x 4.6 mm i.d. columns. Mobile phase: polar ionic mode with
methanol/ammonium formate 15 mM 1 mL/min. Continuous trace: UV detection 254 nm. Thick
trace: polarimetry detection of the two terbutaline peaks. Data from [29].

that charge—charge interactions in RP mode could be modulated adding chaotropic
anions such as the perchlorate ClO4~ or hexafluorophosphate PFs~ anions to the
mobile phase [32]. The chiral discrimination of acid enantiomers on a teicoplanin
CSP was significantly improved by chaotropic anions.

The chemistry of the macrocyclic linkage to the silica surface was recently
improved and the Chirobiotic® V2 and T2 were proposed along with the classi-
cal V and T products. The active macrocyclic selector being the same, the newly
proposed CSPs essentially separate the same families of enantiomers, the enantios-
electivity factors can be higher. The loading capability of the second-generation
CSPs is also higher [29, 31].
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Abstract Medical studies established that vancomycin and other related macro-
cyclic antibiotics have an enhanced antimicrobial activity when they are associated
as dimers. The carbohydrate units attached to the vancomycin basket have an essen-
tial role in the dimerization reaction. Covalently synthesized dimers were found
active against vancomycin-resistant bacterial strains. A great similarity between
antibiotic potential and enantioselectivity was established. A covalent vancomycin
dimer was studied in capillary electrophoresis producing excellent chiral separa-
tion of dansyl amino acids. Balhimycin is a macrocyclic glycopeptide structurally
similar to vancomycin. The small differences are, however, responsible for drastic
differences in enantioselectivity in the same experimental conditions. Contributions
from studies examining vancomycin’s mechanism for antimicrobial activity have
substantially aided our understanding of its mechanism in chiral recognition.
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1 Introduction

Due to the increased resistance of bacteria to most of the widely used antibiotics and
the associated septicemia risk for human health [1], there is an increased urgency to
fully understand the mechanism by which antibiotics inhibit bacterial proliferation
and growth [2]. With regard to antimicrobial activity, the macrocyclic antibiotics
are interacting with the unnatural D-alanine-D-alanine dipeptide in precursors of
peptidoglycan (cell wall) of gram-positive bacteria [1]. In addition to serving as
antibiotics, the macrocyclic antibiotics have been used for resolving chiral solutes
since their introduction by Armstrong in 1994 [3]. The macrocyclic antibiotics inter-
act with chiral solutes to facilitate the separation of enantiomers; a property often
referred to as enantioselectivity [3]. As a better understanding of macrocyclic antibi-
otic activity has been achieved, the properties responsible for their antimicrobial
activity also provides additional insight into the chiral recognition process between
the macrocyclic antibiotic and chiral molecules.

Several factors have been suggested and studied to explain the mechanisms of
chiral separations. Enantioseparations are thought to be possible through mecha-
nisms that include hydrogen bonding, dipole stacking, m—m complexation, inclusion
in a hydrophobic pocket, or through an amalgamation of mechanisms [3]. It has
been shown that vancomycin, an important member of the glycopeptide macrocyclic
family, forms back-to-back dimers between antiparallel polypeptide backbones via
hydrogen bonding as shown in Fig. 1. It thus provides in solution a more con-
fined conformation and forms an aglycon pocket [4]. Also, dimerization of the
glycopeptide vancomycin can enhance enantioselectivity, increasing the capillary
electrophoresis (CE) resolution factor for dansyl valine from a resolution factor of
1.4 to a resolution factor of 3.7 [5].

Fig. 1 The back-to-back
dimer formed by aglycon
monomers | and 2. In the
aglycon molecules, carbon
atoms are colored white and
heteroatoms are colored gray.
Two acetate ligands are
shown as well and are colored
black. Large hatched circles
denote chlorine atoms.
Hydrogen bonds are shown as
dashed lines. Reprinted by
permission of the American
Chemical Society [4]
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Typically the glycopeptide antibiotics have one or more sugar substituents
attached to the macrocyclic rings. These sugar units were added by Mother Nature
to enhance the aqueous solubility of the active aglycon core of the vancomycin
molecule. It has been shown through several studies that the sugar substituent is not
necessarily required to be present for antimicrobial activity or for enantioselectivity
[4, 6]. This then poses the question about precisely what role the sugar substituent
affords in molecular recognition. With regard to antimicrobial activity and enantio-
selectivity, the importance of the attached sugar moiety has been studied to deter-
mine its role in the mechanisms of both processes. The focus of this chapter will
be on the vancomycin sugar substituents and the mechanistic role they play in the
glycopeptides’ antimicrobial activity and ability to affect chiral recognition in CE.

2 Vancomycin

2.1 Physicochemical Properties

The glycopeptide antibiotics are one of the most successful classes of chiral resolv-
ing agents used in enantioseparations. The glycopeptides discussed in this chapter
include mainly vancomycin, but also ristocetin A, teicoplanin, and balhimycin. The
glycopeptides are composed of three to four fused macrocyclic rings composing an
aglycon basket-like structure with attached pendant sugar moieties. The sugar moi-
eties attached to the aglycon basket are able to assume a variety of orientations by
rotation [7]. Contributing to their use as chiral selectors, glycopeptide antibiotics are
amphoteric (contain both acidic and basic ionizable groups), have low background
absorbance in the long UV region permitting the use of 280 nm or longer ultravio-
let detection, contain hydrophobic and hydrophilic groups resulting in solubility in
water and aqueous buffers and partial solubility in some hydroorganic solvents, and
show sufficient stability, especially as a solid [8]. The macrocyclic antibiotics are
typically soluble in water and some polar aprotic solvents but are insoluble in non-
polar solvents [3, 9]. One of the principle interactions between glycopeptides and
solutes in chiral separations is electrostatic, but many other intermolecular interac-
tions, including dipole—dipole, hydrogen bonding, steric repulsion, and hydrophobic
interaction often occur between the glycopeptides and chiral solutes [9].

Three of the most common glycopeptide antibiotics, vancomycin, ristocetin A,
and teicoplanin, were compared and modeled by Gasper et al. Fig. 2 [9]. The three
related glycopeptides show similarities in their enantioselectivity as well as dif-
ferences in the structure of their aglycon “baskets” and their various substituents.
The three glycopeptides used in this study have comparable absorbance spectra
between pH of 4 and 8 with the strongest absorption at a wavelength less than
250 nm. All of these glycopeptide antibiotics are the product of fermentation: van-
comycin by Streptomyces orientalis, ristocetin A by Nocardia lurida, teicoplanin by
Actinoplanes teichomyceticus, and balhimycin was isolated from Amycolatopsis sp.
fermentation broth [3, 10]. These antibiotics inhibit the cell wall synthesis, primarily
affecting the gram-positive bacteria [9].
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VANCOMYCIN TEICOPLANIN RISTOCETIN A

Fig.2 Structures of the macrocyclic antibiotics vancomycin, teicoplanin, and ristocetin A showing
a profile view of the aglycon “basket” using (a) space-filling molecular models produced through
energy minimization and (b) stick figures. The light gray atoms in part a denote the hydrophilic
moieties, while the black portion designates the more hydrophobic regions including the aromatic
rings, connecting carbons, and amido linkages. Reprinted by permission of the American Chemical
Society [9]

Vancomycin is the smallest molecule among the three glycopeptides with a
molecular weight of only 1449 and 18 stereogenic centers. Vancomycin is com-
posed of a disaccharide, with monosaccharides D-glucose and vancosamine, and
three macrocyclic rings. The ionizable groups on vancomycin include a secondary
amino and carboxylic acid on the aglycon portion and amino saccharide moieties
[9]. Ristocetin A has a molecular weight of 2066 with 38 stereogenic centers. It
has two monosaccharide groups and a pendant oligopolysaccharide as shown in
Fig. 2. Included in these carbohydrates are D-arabinose, D-glucose, D-rhamnose,
and D-mannose. The ionizable groups of ristocetin A include a primary amine group
on the aglycon portion, amino saccharide moieties, and an esterified carboxylic
acid group. Teicoplanin is a mixture of five related molecules, each differing by
a molecular mass of 20 due to differences in the length and substituents of the
amino saccharide’s acyl side chain. Overall, teicoplanin is considered to have a
molecular weight of approximately 1887 with four fused macrocyclic rings and
three carbohydrate groups, two of which are D-glucosamine and D-mannose and
contain 23 stereogenic centers. A unique feature of teicoplanin is a “hydrophobic
tail” (acyl side chain) which makes the antibiotic surface active inducing the forma-
tion of micelles upon aggregation. Teicoplanin’s ionizable groups include primary
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amine groups on the aglycon portion, two amino saccharides that are N-acetylated,
carboxylic acid on the aglycon, and various phenolic moieties [9].

Balhimycin is a newer glycopeptide antibiotic and is considered to be in the same
class as vancomycin. Balhimycin has an identical aglycon basket as vancomycin
and differs from vancomycin only in the sugar substituents and their location on the
fused macrocyclic rings. Balhimycin contains two carbohydrate moieties, D-glucose
and dehydrovancosamine and has a molecular weight of 1446 [10].

2.2 Mechanism of Antibiotic Activity

The glycopeptides teicoplanin and vancomycin both have been used clinically
as antibiotics and act against gram-positive bacteria by binding to the D-alanine
D-alanine terminal dipeptide of cell wall (peptidoglycan) precursors [1]. This
prevents the peptidoglycan from maturing in gram-positive bacteria, while gram-
negative bacteria remain unharmed by the activity of the antibiotic due to the outer
lipopolysaccharide membrane protecting the cell wall. The increased resistance of
gram-positive bacteria to the glycopeptide antibiotics is due to the bacteria’s produc-
tion of peptidoglycan precursors terminating in D-alanine D-lactate. This dipeptide
interacts weakly with the peptide binding areas of the antibiotics [1]. It is known that
bacterial resistance to the glycopeptide antibiotics is a result of the loss of hydrogen
bonding between the antibiotic and the peptidoglycan target during cell wall biosyn-
thesis. Subsequently, Loll et al. investigated the importance of hydrogen bonding
within vancomycin complexes by comparing crystal structures of vancomycin com-
plexes formed with ligands that mimic peptides of vancomycin-sensitive bacteria
to vancomycin-resistant bacteria [11]. The crystal structures indicate that higher
affinity ligands undergo a structural change within the vancomycin complex that
is not observed with vancomycin binding to low-affinity ligands. A comparison of
these interactions allowed for the determination of a minimum set of antibiotic—
ligand interactions necessary to give rise to high-affinity binding. It was shown
that understanding the differences in binding between vancomycin-sensitive and
vancomycin-resistant bacteria with the antibiotic provides vital information to aid in
the design of glycopeptide analogues capable of overcoming resistant bacteria [11].

Kerns et al. have examined a mechanism to overcome such resistance by adding
a hydrophobic moiety to vancomycin, specifically the vancosamine nitrogen [1].
As it turns out, the glycopeptides with attached hydrophobic substituents are more
active against vancomycin-sensitive bacteria and have activity against vancomycin-
resistant strains. These modified glycopeptides work by binding to a lipid molecule
of the bacterial cell membranes in a transglycosylation process. The glycopeptides
without the hydrophobic substituent, like vancomycin, stop cell wall synthesis by
binding primarily to an immature peptidoglycan, one that has not yet been cross-
linked in a transpeptidation process. The hydrophobic constituent, which was added
on the glucose C6 position of vancomycin, works by anchoring the glycopeptide to
membranes to increase the closeness and binding to a membrane lipid, the ligand
for transglycosylation [1].
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2.3 Dimerization’s Role in the Mechanism
of Antimicrobial Activity

Due to the extensive use of the glycopeptides as antibiotics, the mechanism for the
antimicrobial activity of this group of antibiotics has been widely studied. Though
hydrogen bonding was known as a predominant interaction in antibiotic activity,
the exact role of various groups attached to the antibiotic play was not clear. It
has been demonstrated that dimerization plays a significant role in the mechanism
of vancomycin when acting as an antibiotic agents [12, 13]. Ristocetin and bal-
himycin may also form dimers. Teicoplanin is an exception since it does not form
homodimers in aqueous solution due to its bulky interfering side chain [14].

In 1971, Nieto and Perkins first noted that vancomycin aggregated in aque-
ous solution, although the characteristics of the aggregated structure was unknown
for nearly two decades [15]. NMR was employed to determine that ristocetin
A, ristocetin pseudoaglycon, and eremomycin glycopeptides form back-to-back
homodimers held together by hydrogen bonds [12, 13], a concept later applied to
members of the vancomycin group [16]. The “back” faces are those referring to the
side of the molecule not directly involved in binding of the ligand. Dimerization
results in a hydrophobic surface being buried between the two glycopeptides [17].
Mackay et al. determined the various dimerization constants (Kgimerization) for
vancomycin and derivatives, determining vancomycin’s to be 700 M~! [14].

Early on it was recognized that the sugar substituent played a significant role
in the glycopeptides solubility. In addition, it was known that the sugar had a
role in selectively binding the D-ala D-ala precursor to bacterial cell wall. Further
investigating the selectivity role, the sugar moiety began to be linked to various
mechanistic aspects of glycopeptides as antibiotics. In 1994, Gerhard et al. noticed
a contribution to dimerization from the sugar group, noting that removing the sugar
from the molecule resulted in a decrease in the dimerization constant [18].

Dimerization was linked to antimicrobial activity in 1994 by Mackay et al., who
noted that dimerization was increased when glycopeptides were in the presence of
bacterial cell walls [14]. Although dimerization was not required for antibacterial
activity, strong dimerization resulted in higher affinity of the antibiotic for bac-
terial peptidoglycan precursors [19]. Sundram and Griffin used covalently bound
vancomycin dimers linked as depicted in Fig. 3 to further explore the relationship
between dimerization and antimicrobial activity [20]. They found that the cova-
lently bound dimers resulted in activity against vancomycin-resistant enterococci
strains. This activity against resistant strains further attested to dimerization increas-
ing binding to peptidoglycan precursors, since the antibiotic used in this particular
case was completely and irreversibly dimerized due to the covalent link between the
two glycopeptides.

Up until 1997, most of the structural studies of glycopeptide dimer formation
were accomplished using NMR. That year Loll et al. obtained the first crystal struc-
ture of vancomycin. The crystal structure was analyzed with regard to recognition
of a carboxylate by vancomycin, a study which ultimately suggested a cooperative
mechanism connecting ligand binding and dimerization [21]. Jusuf et al. attributed
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O-D-Glu-L-Vancosamine

Fig. 3 Bis(vancomycin)carboxamides. The curved line locates the linker that could be a sim-
ple hexyl chain or a dipropyl- or diethyl-disulfide chain or a dipropylamine chain. Reprinted by
permission of the American Chemical Society [20]

the cooperativity that exists between ligand binding and dimerization to an entropy-
driven process [22]. After one process (ligand binding or dimerization) sacrifices
the entropy of shifting vibrational activity in the antibiotic to lower amplitudes and
higher frequencies, that cost does not have to be paid again by the other process
because the processes of dimerization and ligand binding both cause the molecule
to have the same average structure when fluctuation amplitudes are reduced [22].
Sugar substituent enhancing dimerization paired with the cooperativity between
ligand binding and dimerization indicated a significant role of the sugar substituent
in antimicrobial activity [23]. In 1998, Golic-Gradadolnik et al. studied differences
between vancomycin aglycon and vancomycin to determine the conformational
consequences of the sugar moiety and, in turn, the effect of ligand binding. The
vancomycin aglycon has a hydroxyl group in place of the sugar group on the fourth
residue side chain as shown in Fig. 4. The study found that the vancomycin had two
families of conformations, differing in the alignment of the amide protons which
take part in the hydrogen bonding with the peptidoglycan precursors and orientation
of the aromatic rings in relationship to the backbone (both important in dimerization
and cell wall binding). The vancomycin aglycon assumed only one conformation in
solution. The two conformations for vancomycin versus one for its aglycon suggest
that the sugar substituent introduces mobility into the backbone of the molecule by
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Vancomycin
aglycone R=H
Vancomycin R=

Fig. 4 Molecular structure of vancomycin with the atom nomenclature

switching between the front and back sides of the molecule. This could help assist in
ligand binding by allowing needed conformational changes [23]. However, another
study found opposing evidence with regard to the sugar substituent’s effect on the
backbone of the glycopeptide [4]. Kaplan et al. used X-ray crystal structures of van-
comycin aglycon and compared it to several vancomycin dimer-ligand complexes.
They found that it was the aglycon that exhibited most conformational freedom.
This suggested that the sugar moiety increased ligand binding by “locking” the gly-
copeptides into conformations favorable for molecular recognition. In other words,
the sugar group limited movement to keep the molecule in a productive structural
conformation [4].

2.4 Mechanism of Chiral Separations

Since the glycopeptides were first introduced as chiral resolving agents in 1994
they have had a significant impact on the field of chiral separations. The properties
of the glycopeptides that gave rise to their success as chiral selectors have already
been discussed. Vancomycin has been the most widely used glycopeptide for chiral
resolution and has been proven especially useful as an enantioselector in capillary



Vancomycin Molecular Interactions: Antibiotic and Enantioselective Mechanisms 231

electrophoresis especially for resolving negatively charged chiral compounds [24].
No doubt its low cost has contributed to its widespread use, as it is the least expen-
sive antibiotic at a cost around $165 per gram [25]. Ristocetin A seems to be the
most effective chiral resolving agent in CE [9], although it is relatively expensive in
comparison with vancomycin at a cost around $3300 per gram (or $830 for 250 mg),
which has somewhat limited its popularity [25].

As previously mentioned, teicoplanin and ristocetin A’s aglycon “basket” con-
sists of four macrocyclic rings, while vancomycin and balhimycin have only three.
The shape and size of this basket structure contribute to the enantioselectivity of the
molecule, with the openness of the basket and degree of helical twist being the most
important features. “Openness” refers to the distance between the two ends of the
aglycon portion, with vancomycin being the most open and teicoplanin being the
most closed. The distance between the ends of the aglycon are a result of the helical
twist of the molecule, which results in a more closed structure [9].

As chiral selectors in CE, teicoplanin, ristocetin A, and vancomycin all seemed
to preferentially separate anionic, acidic, or neutral compounds, with vancomycin
consistently producing separations with the longest time for migration. The longer
migration times in CE arise primarily from vancomycin’s adsorption to the capil-
lary wall resulting in a lower EOF (electroosmotic flow) comparable to ristocetin A
and teicoplanin. This additional interaction of vancomycin with the capillary wall
often produced separations that resulted in greater band broadening. Vancomycin
adheres to the capillary wall to a greater extent than the other glycopeptides pri-
marily due to its smaller size and two amine groups which gave vancomycin a
net positive charge under the buffer conditions used in this study [9]. Thus, enan-
tiomeric resolution and migration times increase, and the effective mobility becomes
less negative as vancomycin concentration increases due vancomycin’s adsorption
onto the capillary wall and subsequent reduction in electroosmotic flow velocity.
Addition of organic modifiers also decreases EOF velocity and increases analyte
migration times. Optimal separations can be obtained by adjusting vancomycin
concentration, run buffer pH, or the type and concentration of organic modifier [24].

When using ionizable chiral resolving agents, such as the glycopeptide antibi-
otics, as noted above pH can have a considerable effect on chiral separations.
While it is well understood that the pH of the running buffer affects the charge and
migration of the chiral solutes and chiral selectors, vancomycin, ristocetin A, and
teicoplanin are limited in the choice of pH since they are stable only in solutions
between pH 4 and 9. It is widely known that for optimum chiral separations, the
electromigration of the chiral selector and chiral analytes should be opposite to one
another [26]. The best separations with vancomycin and ristocetin A were found at
a pH just below their p/ values of 7.2 and 7.5, respectively. In contrast teicoplanin’s
pl is quite dissimilar at 3.8 (some error in measuring due to a zero electrophoretic
mobility between pH 3 and 6.5) with the best separations with teicoplanin just above
its p/ value [9]. Figure 5 shows the effect of pH on the electrophoretic mobility of
these glycopeptides.

At a pH where vancomycin capillary electrophoresis separations are most effec-
tive, at or below its p/ of 7.2, vancomycin is positively charged. This indicates



232 T.J. Ward et al.

Fig. 5 Plot of the chiral
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that ionic interactions appear to play a significant role in the mechanism of enan-
tioselectivity when vancomycin is used as the chiral selector [6]. By complexing
vancomycin with Cu*?, Nair et al. showed that vancomycin’s selectivity for anionic
compounds is related to the presence of the amine group on the disaccharide side
chain and the secondary amine on the N-methyl leucine side chain located on the
aglycon basket [6]. As shown in Fig. 6, complexation of the secondary amine

Fig. 6 Structure of the
Cu-vancomycin complex.
The dotted circle shows the
copper Il ion. Reprinted by
permission of Wiley [6]
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with copper considerably decreased the chiral recognition ability of vancomycin.
Dissociation of the copper complex resulted in improved enantioselectivity, thus
indicating that the secondary amine portion of the vancomycin that was complexed
to the copper is necessary for the selective interactions with anionic molecules. The
primary amine located on the disaccharide side chain did not associate with the
copper or any other moiety under the tested conditions, indicating that the primary
amine does not appear to play a major role in chiral recognition, though it may be a
site for functional secondary interactions [6].

Much of what has been learned about the mechanism and binding interactions of
the glycopeptides as antibiotics can also be applied to understanding the mechanism
of the glycopeptides as chiral selectors. Extensive NMR studies have shown that
vancomycin forms back-to-back dimers in solution [13, 18, 19]. As previously dis-
cussed, the glycopeptide antimicrobial mechanism has been examined with respect
to the role the sugar moiety plays in this process as well as the glycopeptide’s ability
to dimerize [14, 19]. Subsequently, dimerization of vancomycin in chiral separations
was examined to determine its impact on enantioselectivity.

In 2000, Sun and Olesik demonstrated that addition of vancomycin as a chiral
selector in the CE mobile phase resulted in separation of Fmoc amino acids and
flurbiprofen and suggested that vancomycin dimerization was related to the separa-
tion of the enantiomers [27]. In 2002, Slama et al. used HPLC to study the chiral
recognition properties of vancomycin [28]. By using vancomycin as a mobile phase
additive, Slama examined its ability to separate D,L-dansyl valine on silica gel sta-
tionary phases [28]. Separations of D,L-dansylvaline with the vancomycin were used
to develop a retention model to describe the mechanism of the interaction between
the vancomycin and chiral solutes. The model considered vancomycin existing as
“free” dimers in the mobile phase and as adsorbed dimers on the stationary phase.
A model equation, fit to the experimental data, demonstrated that dimerization of
glycopeptides increased the enantioselectivity of the chiral solutes by a factor of
approximately 3.7. In addition, increasing the concentration of vancomycin in the
mobile phase further increased enantioselectivity due to the development of dimers
adsorbed onto the stationary phase. Overall, it appeared that dimerization of van-
comycin glycopeptides significantly increased the enantioselective characteristics
of the chiral selector [28].

Later in 2003, Jourdan et al. used a different chromatographic system, with
an amino stationary phase and vancomycin as the chiral resolving agent, to fur-
ther study the effects of dimerization of glycopeptides on the enantioselectivity of
D,L-dansylvaline and D,L-dansylserine [5]. The data were used to derive a basic
interaction model that considered only vancomycin dimers forming in the mobile
phase. The model effectively described the retention behavior of the chiral ana-
lytes, showing that at an eluent pH of 5.5, dimerization of glycopeptides increased
enantioselectivity of the amino acid racemate by a factor of 1.5 [5].

Dimerization enhancing enantioselectivity [5, 28] paired with the sugar sub-
stituent increasing dimerization [18] suggests that the sugar substituent plays a
significant role in enantioselectivity. To further elucidate the role of the sugar sub-
stituent in enantioseparations, Kang et al. studied vancomycin and balhimycin [29].
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This choice was based on the fact that vancomycin and balhimycin glycopeptides
have identical aglycon portions and nearly identical sugar substituents, differing
only in the position of the sugar moiety as shown in Fig. 7. Although vancomycin
and balhimycin have a high structural similarity, balhimycin has been observed to
have an enantioselectivity 2.6 times greater than vancomycin, see Fig. 8 [29].
Blocking the sugar amino group of balhimycin resulted in a drastic decrease in
enantioselectivity when compared to vancomycin which remained nearly the same,
therefore, providing evidence that the amino sugar and its site of attachment play a
major role in enantioseparations (Fig. 9). A dimerization mechanism was suggested
to account for this phenomenon since the dimerization properties of balhimycin and

(a) O H3N®
HO
H,C 1O QH
CHs o

Fig. 7 Structural similarities and differences between a, vancomycin and b, balhimycin
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Fig. 8 Electropherograms for comparison of the enantioselectivity between balhimycin and van-
comycin. 50 mM phosphate buffer pH 6.0 with 2 mM chiral selector. Left electropherograms:
vancomycin selector; right electropherograms: balhimycin selector. Dansyl-ABA = dansyl-«-
aminobutyric acid. Reprinted by permission of the American Chemical Society [29]

Fig. 9 Electropherograms
showing the change in
enantioselectivity obtained
before and after blocking of
the sugar amino groups.
Conditions: buffer, 40 mM
sodium phosphate buffer pH
6.0 with 2 mM chiral selector.
Analyte: dansyl-norleucine.
The selector is indicated on
each electropherograms.
Reprinted by permission of
the American Chemical
Society [29]
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vancomycin are related to their enantioselectivities (the dimerization constant of
vancomycin is 78 times less than that of balhimycin). The higher dimer stability
leads to a more favorable conformation for chiral recognition [29].

Berthod et al. examined the role of the sugar group and chiral recognition
using teicoplanin and teicoplanin aglycon stationary phases with HPLC [30].
Enantiomeric separations showed that the aglycon stationary phase resolved alpha-
amino acids, thus demonstrating that the sugar moiety of teicoplanin is not required
for chiral separations of most alpha-amino acid racemates. However, several non-
amino acid chiral solutes were resolved better or exclusively with the teicoplanin
stationary phase [30].

3 Covalently Bound Vancomycin Dimer

Previous work from Sundram and Griffin [20] used covalently bound vancomycin
dimers to further explore the relationship between dimerization and antimicrobial
activity and found that covalently bound dimers resulted in increased activity against
vancomycin-resistant enterococci strains. Ward and workers examined the use of
covalently bound dimers to further examine the effects of dimerization on enan-
tiomeric separation. The covalent vancomycin dimer in this study was produced by
bonding two vancomycin monomers together via their primary amine functional
group on the sugar moiety. Blocking the primary amine should not have a negative
effect on chiral separations because previous studies have shown that it is only the
secondary amine on the vancomycin molecule necessary for chiral separations [6].

Covalent vancomycin dimers were obtained from Astec (Sigma-Aldrich,
Bellefonte, PA), where the dimers were synthesized using a coupling reagent as
follows: first 1.5 g of vancomycin was dissolved in 75 mL of anhydrous DMF at
50°C in a 250 mL round-bottomed flask. The solution was cooled to room tem-
perature and 1 mL of triethylamine was added. In a separate beaker, 0.173 g of
bis-N-hydroxysuccinimidyl glutarate (coupling reagent) was dissolved in 28 mL
of DMF. The coupling reagent/DMF was added to the vancomycin/DMF solution
dropwise while stirring. The solution was then heated to 50°C and stirred for 3 h.
Afterward, the solution was again cooled to room temperature and the solvent was
evaporated to dryness with a rotovap. The residual was extracted with diethyl ether
(two times, using 20 mL each time), decanting the solvent. A volume of 50 mL
of ACN was then added to the residual and dried in a vacuum over P,O5 at 50°C
overnight. This compound was used without further purification.

By plotting electrophoretic mobility versus pH as shown in Fig. 10, the p/ of the
synthesized dimer was found to be approximately 4.9. The dimer was incorporated
into the running buffer of 0.10 M sodium phosphate buffer (pH adjusted between
4.5 and 7.0) at a concentration of | mM and amino acids prepared at 1 mg/mL in
methanol. Bonding through the primary amine group, loss of polarity, and an addi-
tional ionizable group resulted in poor solubility in aqueous solutions. This required
the addition of organic modifiers (4% methanol and 8% DMSO) to the aqueous
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buffer to adequately solubilize the vancomycin dimer into the run buffer. Voltage
was set at 10.0 kV, temperature at 22°C, detection at 230 and 250 nm, and a fused
silica capillary 50 pm i.d. x 30 cm with polarity set positive to negative was used.
Table 1 shows the results of pH on the separation of the test solute dansyl-D,
L-valine. The study examined the resolution of the test solute in the pH range of
4.5-7.0, and as shown in Table 1, the optimum resolution value was achieved at an
approximate pH of 6, with Rs decreasing to a value of 0.2 at pH 7 and decreas-
ing again at pH values below 5. It is not particularly surprising that the optimum pH
was slightly above the p/ of the chiral selector. Previous studies [31] showed that the
charge on the chiral selector as well as the analyte plays a crucial role in enantio-
selectivity with ionizable compounds. At pH below the p/ of 4.9, the carboxylic acid
moiety on the test solute begins to protonate, partially removing the negative charge
from the analyte. As pH is increased the solute begins to acquire a complete neg-
ative charge, but as the pH is raised the amine portion of the chiral selector begins
to deprotonate and lose its positive charge, resulting in a near-complete loss of
enantioselectivity at pH of 7. From previous work it has been established that elec-
trostatic interactions play a significant role in chiral recognition with vancomycin,

Table 1 Resolution of dansyl-D,L -valine versus pH obtained by CE separation with vancomycin
dimer chiral selector

pH Resolution EOF (min)? Migration time (min)®
4.5 1.1 5.93 10.58
5 1.3 5.24 8.77
6 1.5 5.6 10.08
6.5 1.2 4.63 7.03
7 0.2 3.58 5.47

4First eluting isomer
30 cm x 50 pwmi.d. fused silica capillary; voltage 10.0 kV; temperature
22°C; UV detection 250 nm.
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Table 2 Enantiomeric resolutions, migration times, and apparent mobilities of racemates using a
covalently bound vancomycin dimer as chiral resolving agent

Migration
Amino acid Rs time (min)> EOF (min)* u apparent® upor  u effective?
Dansyl valine 1.6 10.10 5.60 7.72 1393  -6.21
Dansyl serine 1.3 11.17 5.83 6.98 1338 -6.4
Dansyl methionine 1.3 12.82 5.29 6.08 14.74  -8.66
Dansyl phenylalanine 0.25  5.82 4.05 13.4 19.26  -5.86
Dansyl leucine 14 1234 4.92 6.32 15.85 -9.53
Dansyl aspartic acid 0 12.50 4.52 6.24 1726 -11.02
Suprofen 1.2 8.29 4.40 9.41 1773 -8.32

4First eluting isomer
1 is the electrophoretic mobility in mm? min~' V-!'; EOF = electroosmotic flow; 30 cm x 50 pwm
i.d. fused silica capillary; voltage 10.0 kV; temperature 22°C; UV detection 250 nm.

2

and a pH value of 6 appears to provide the optimum balance between the charge on
the solute and chiral selector, thus further studies were conducted at a pH value of 6.

Six dansylated amino acids with differing R groups were chosen as test solutes
to examine resolving ability of the covalently bound vancomycin dimer versus pre-
vious separations performed with vancomycin. As shown in Table 2, the covalently
bound vancomycin dimer separated to some degree all the solutes tested except for
dansyl aspartic acid. These amino acid solutes have differences with respect to their
polarity/hydrophobicity and size of their R group. There is not a discernable trend
among the small set of test solutes. Dansyl phenylalanine is the bulkiest of the com-
pounds and had the poorest resolution; this could be attributable to a size effect with
respect to interacting with the dimer, but more compounds of systematically varying
sizes would need to be examined to evaluate such a trend.

While the covalently bound dimer is presumed to exist solely as a dimer due
to the covalent bond between the primary amines, derivatizing through the pri-
mary amine on the sugar moiety does not appear to preclude chiral recognition.
However, the covalently bound vancomycin dimer does not appear to offer differ-
ent or significantly better enantioselectivity as compared to free vancomycin-based
separations. While it is quite clear that dimerization plays a major role in chiral sep-
aration, attempting to increase dimerization through covalent linking of vancomycin
molecules does not necessarily appear to result in increased enantioselectivity. There
are other considerations such as proximity of functional groups that can hydrogen
bond as well as interact electrostatically with vancomycin that are essential for chiral
recognition.

4 Conclusion
Contributions from studies examining vancomycin’s mechanism for antimicrobial

activity have substantially aided our understanding of its mechanism in chiral recog-
nition. While studies seem to indicate that the pendant sugar moieties do not directly
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participate in chiral recognition, their role in forming dimers in solution and confor-
mational considerations are essential for chiral recognition in CE separation. This
is not particularly surprising given that the primary mechanism is by binding to the
D-alanine D-alanine terminal dipeptide of cell wall (peptidoglycan) precursors. Still,
it is interesting that studies in the medical literature with respect to its antimicrobial
mechanism have substantially aided separation scientists in our quest to explain its
chiral recognition mechanism in separations. No doubt as future studies examine
other antibiotics, interactions, and mechanisms as clinical agents, other fields such
as separations will continue to draw from this knowledge as we explore the mecha-
nism of separation for other antibiotics and macromolecules currently used as chiral
resolving agents in CE or other techniques.

Acknowledgement We thank Erin Redman for her invaluable assistance in the preparation of this
chapter.
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Abstract Countercurrent chromatography (CCC) is a preparative separation tech-
nique that works with a liquid stationary phase. Biphasic liquid systems are needed
to perform a separation. Since a chiral selector is required to perform enan-
tiomer separations, special requirements are imposed in CCC. The chiral selector
(CS) must be located in the stationary phase since partitioning with the mobile
phase would cause losses of the valuable chiral selector in the mobile phase.
Sulfated cyclodextrins and proteins were used as polar CS located in the polar
stationary phase (reversed phase mode). Apolar CSs such as N-dodecyl-L-proline
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3,5-dimethylanilide or Whelk-O selectors, quinine and quinidine derivatives, cellu-
lose or amylose apolar derivatives were used located in the apolar stationary phase
(normal phase mode). The special CCC displacement method called pH-zone refin-
ing was found useful in the increase of the loading capacity for cellulose, quinine,
quinidine, and proline-derived selectors. Dual and multidual mode uses of CCC
could produce an increase in peak separation thereby broadening the applicability
of moderately enantioselective CSs.

1 Introduction

Countercurrent chromatography (CCC) is an effective separation technique based
on the differences in partitioning of solutes in a sample between two non-miscible
solvents or solutions which constitute the solvent system [1-4]. Therefore, the
mobile and the stationary phases in the chromatographic process are liquids. The
main advantages of CCC over conventional solid—liquid chromatography, but also
the encountered difficulties in being more broadly known and applied, are the con-
sequence of the lack of solid support. The usual way to maintain one of the liquids
stationary, while the other is passing through, requires a more sophisticated engi-
neering work than simply making a liquid phase percolate a solid. In CCC the
“column” is substituted by a device that produces a centrifugal field used to maintain
the stationary liquid phase stable. Therefore, moving parts, rotors, gears, rotating
seals, are required to handle the liquid system. This has been one of the causes of
the slow development of CCC. However, due to the advantageous characteristics of
CCC as a purification/isolation process, the number of reports on this technique,
mainly applied to natural compounds [5], has recently experienced a great increase.
The more than one hundred CCC publications per year released in the last 4 years
constitute an evidence of the interest that the technique arouses.

The liquid-liquid constitution of the chromatographic system makes CCC highly
versatile. Uncountable combinations of readily accessible solvents can be used as
solvent systems. Their composition can be finely tuned and adapted to the com-
pounds to be separated. Only some conditions have to be fulfilled. The stationary
phase has to remain stable inside the CCC instrument and emulsification has to be
avoided in the working conditions. The solvent system also has to be adapted to
the analytes. It is considered that distribution coefficients ranging between 0.5 and
2 are the most appropriate to obtain good selectivity/resolution values. In a solvent
system where the stationary phase is the more lipophilic phase, a higher distribution
coefficient will lead to long retention times and, consequently, broad peaks, while
lower distribution coefficient values will result in poor access of the analytes to the
stationary phase and poor selectivity. Although, systematic solvent system selection
protocols have been studied [6, 7], the broad choice can make this stage a major
time consuming step when developing a separation.



Enantioselective Recognition in Solution: The Case of Countercurrent Chromatography 243

As in HPLC, the chromatographic CCC system can be eluted isocratically, or
using a gradient that can be continuous [8] or stepwise [9]. Normal phase mode
(the more lipophilic phase being the mobile phase) or reversed-phase mode can be
also used [4]. The good point in CCC is that to switch from one mode to the other
does not imply a change in hardware but simply to switch the position of a valve,
switching the phase role. A displacer agent can be added to the mobile phase to
produce the selective elution of the analytes retained in the stationary phase. In this
case CCC turns into a kind of displacement chromatography. This is the principle
of the pH-zone-refining mode [10] applicable to ionisable compounds. Moreover,
multidimensional CCC, which involves the use of two CCC devices, has also been
described [11].

Additionally, the fact that there is no solid support makes several other eluting
modes possible. Among them [12], the mobile and the stationary phases can be
switched during the run to avoid a too long retention time for solutes highly retained
in the stationary phase. This is the so-called dual-mode [13]. The process can be
repeated several times (multidual mode) [14], promoting the elution of compounds
with either one or the other of the two liquid phases. The stationary phase can be
extruded after a certain time of classical elution in the elution-extrusion mode [15].
Alternatively, the two phases can be flowed through the column in a real counter
current mode (dual CCC, [16]) or in a cocurrent mode at different flow rates [17].

Even though certain CCC features, such as the relatively low efficiency when
compared to HPLC, are considered drawbacks for this technique, they can be
compensated by the characteristic selectivity and high loading capacity. Thus, the
volume ratio of active stationary phase/mobile phase in the CCC column, usually
around 80% in contrast to the less than 10% of HPLC columns, and the accessibil-
ity of this liquid stationary phase, lead to a much higher loading capacity with lower
solvent consumption for a given amount of product processed in CCC. Moreover,
problems related to adsorption of analytes on the support are avoided and the whole
amount of sample injected can be recovered. These characteristics make CCC spe-
cially suited for preparative purposes whose scalability as process technique has
already been demonstrated [18, 19].

Regarding to the separation of enantiomers, the preparative application of CCC
can be of great interest since this technique offers the possibility to produce enan-
tiomerically pure compounds at a lower cost compared to conventional liquid
chromatography. As for other enantioselective separation techniques, in CCC, a
chiral selector (CS) is needed. To produce the enantioselective environment able
to separate enantiomers, it is preferably added to the liquid stationary phase. The
chiral selector is designed to be confined in the stationary phase thanks to its sol-
ubility properties, while the racemate is partitioned between the two phases of
the biphasic solvent system. Moreover, the CS must preserve its enantioselectiv-
ity in the biphasic liquid chosen. Encountering a combination of solvent system/CS,
adapted to the analyte under study, which fulfill the specified requirements is not
an easy task. This is the main reason for the few publications released in this field
[20, 21].
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2 Nomenclature and Instrumentation

Controversies about nomenclature have accompanied CCC since the early devel-
opment of the first apparatus. The very name of the technique has been a matter
of controversy as in most cases there is absolutely no countercurrent circulation:
only one of the liquids flows, while the other is stationary. Moreover, a significant
number of reports uses the countercurrent chromatography terms when referring
to simulated moving bed (SMB), a liquid—solid continuous modality of liquid
chromatography [22, 23].

Modern CCC apparatus were developed by Ito et al. in the late 1960s [24], who
named the technique after the countercurrent partition method of Craig, based also
on partitioning between two liquid phases [25]. The CCC apparatus, which con-
stitutes just the “column” of the chromatographic system, generates a centrifugal
force capable of maintaining the liquid stationary phase inside the device. The CCC
“columns” have been classified into two categories considering the nature, constant
or not, of the gravitational field generated by the instrument [1-4].

2.1 Hydrostatic CCC Columns

These machines have only one rotating axis that generates a constant gravitational
field. The column is the adapted rotor of a centrifuge apparatus, being the rotating
axis central to this rotor. The liquid phases are contained in a series of channels
connected by ducts which are engraved in separated disks. A number of disks are
connected to each other to constitute a cartridge (the rotor of the centrifuge) (Fig. 1).
The mixture of phases takes place in the channels, while the ducts conduct the
mobile phase from one channel to the next. This type of instrument is often referred
to as centrifugal partition chromatograph (CPC) and needs rotary seals to connect
rotating with static conductions [3].

2.2 Hydrodynamic CCC Columns

The column consists in Teflon tubing wound around a cylindrical holder which is
submitted to a planetary movement obtained with two rotating axes. One or several
spools or bobbins thus constructed rotate around their own axis (axis of rotation)
and around a second axis (axis of revolution), located in the center of the centrifuge
(Fig. 2). The two rotating movements have the same angular velocity and direction,
which permits to avoid rotary seals. This motion originates inside the column a
variable gravitational field with zones where the field reverses and the two liquid
phases mix and zones of high field, where the two phases separate. The instruments
made under these principles are commonly called countercurrent chromatographs
and have been extensively described in reviews and monographs [2, 26].
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Fig.1 Hydrostatic CCC column. (a) Complete chromatographic system including a CPC column.
(b) Detail of the rotor of a CPC column. The rotor has a single vertical rotating axis. (¢) Schematic
representation of the ducts and channels engraved in the disks that constitute the rotor. (d) Image
of one of these disks

Rotation axis

. Revolution axis

Mixing zone
Rotor axis

Decantation zone

Fig. 2 Hydrodynamic CCC column. (a) Scheme of a J-type planetary motion multilayer coil. The
two rotating axis produce a synchronous planetary motion. (b) Scheme showing the mixing and
decantation zones within the coil. (¢) CCC device. A single coil and a counterweight are visible on
the rotor



246 N. Rubio and C. Minguillén

Despite the technical differences and the underlying different fluid dynamics for
the two types of systems and their consequences in the process of mixing and sep-
aration of the two liquid phases, the principle of chiral separations is the same for
the two kinds of columns: the preferential association of one of the enantiomers
of the chiral compound considered with the chiral selector (CS) involved in the
process.

3 CCC Enantioseparation

As in HPLC, the application of CCC to enantioseparation involves the use of a
chiral stationary phase. In the former, enantioseparation arises as a difference in the
affinity of the R and S enantiomers, in the liquid mobile phase, for the chiral selector
(CS) included in the solid support that is called a chiral stationary phase (CSP).
The association constants Kag and Kag govern the position of these equilibria.

KaR
R+CSP =— R-CSP

Ka
S+CSP === S-CSP (1
Ka,q £ Kas

The retention factor, &/, can be expressed as a function of the association
constants for the two equilibria, ¢ being the phase ratio.

*"=Kar - ¢; ks=Kas - ¢ )

In HPLC the selectivity factor is defined as the ratio of retention factors for two
peaks. When considering enantioseparation this is referred to as enantioselectivity
factor, a. Assuming S to be the most retained enantiomer and therefore Kag > Kag,
this factor can be expressed as

ks ¢Kag Kag
o = — = = —
HPLC k'r ¢Kag Kag

3)

According to this expression, ayprc is only dependent on the ratio of association
constants of the two isomers with the CS in given conditions. Moreover, the affinity
between the CS and R and S enantiomers is determined by the free energy changes
between the free and the complexed states, which are also related to the association
constants.

AG§ = AHg — TASs = —RT InKas
AG% = AHy — TASg = —RT In Kag

R Kag
AAG®° = —RTIn Kan = —RT InappLc
R

“
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The value of these constants depends on the nature of the CS and the enantiomers
under study, which will determine the concrete interactions established between the
two species — such as hydrogen bonding, m-stacking, or van der Waals interactions —
and also on the environment in which the association occurs, which includes the
effect of the solvation of the two species by the solvent used as a mobile phase [27].

In CCC the separation of analytes is determined by differences in distribution
between the two liquid phases. While in HPLC the phase ratio, ¢, is constant,
this is not the case in CCC. Therefore k' is not a typical reference retention
parameter in CCC as it is in HPLC. The distribution ratio, Kp, is preferred
instead. Therefore, the selectivity factor, accc, is defined as the ratio of distribu-
tion constants for each analyte. However, for a chiral compound in the presence
of a CS, two co-existing processes affect distribution of the enantiomers: the
partition equilibrium between phases and the association with the CS in the sta-
tionary phase. Assuming that the CS is confined in this later phase [20, 28]:

KD KaR
R R + CS R-CS
KD Kas
S =71 S+CS S-CS (&)
Ka,q # Kas
Mobile phase| Stationary phase

If the CS and its complexes do not partition to the mobile phase, the distribution
ratios for each enantiomer in the presence of the CS, Kpg, and Kpg, can be expressed
as:

_ [Slsp + [S — CSlsp

Kps = Kp(1 + [CS] Kag) and

[SImp ©)
Kpg — [R]sp + [R — CS]sp — Kp(1 + [CS] Kag)

[Rlmp

and considering S the most retained enantiomer, accc can be expressed as follows:

Kps _ 1+ [CS] Kag

X = 1 @)
DR + [CS] Kag

where [CS] is the concentration of chiral selector that remains free in the stationary
phase and in the presence of the enantiomers. That is, accc is not only dependent
on the ratio between association constants but also dependent on the magnitude of
these constants. The latter will determine the concentration of the CS that remains
free in the stationary phase. accc increases with this concentration up to a limit
(Fig. 3). The highest accc value attainable in given chromatographic conditions is
the ratio of CS/enantiomer association constants [20].

Although high stability of the complexes does not necessarily imply high enan-
tioselectivity, the Kags/Kag ratio is likely to be greater when binding is stronger
[29]. This principle, known in pharmacology as Pfeiffer’s rule [30], has also been
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Fig. 3 Dependence of the «ccc value on the free CS concentration. The experimental values were
obtained in the separation of DNB-(%)-Leu enantiomers (75 mg) using the same solvent system
and the three CS shown at different mM concentrations. Solvent system: MTBE-sodium phosphate
buffer 50 mM pH 6.0

observed in chromatography [31]. Nevertheless, from expression (7) it can be
inferred that the effect of the free CS concentration on selectivity will be more
significant for high Kas/Kag ratios and low association constants.

The resolution factor (Rgs) is often used in HPLC to quantify the quality of
an analytical separation. A Rs value of 1.5 indicates that two consecutive peaks
are completely resolved, while lower values imply the existence of an overlapping
region between the two eluting compounds. When considering preparative separa-
tions it is not necessary to obtain absolutely resolved peaks because peak-shaving
or recycling techniques are common practice to improve the purity of the recovered
compounds and can also be applied to CCC. However, it is clear that identifying
the main factors affecting resolution is also important. One of the broadly accepted
expressions for resolution in CCC is Eq. (8) [12], where Kp; is the distribution ratio
for the first eluting compound, N is the average peak efficiency and St is the ratio
Vs/Vc, the liquid stationary phase volume over the column volume.

Kp> — Kpi
1 — S (1 _ KD2‘;KDI>

Rs = A—I‘Sf\/ﬁ (®)

From Eq. (8) some of the factors affecting resolution can be identified. First,
technical factors, such as hydrodynamic parameters and centrifuge design, affect
the efficiency of the column (N) [32]. Unfortunately, users have a limited access to
modify these factors. Only column length, which also affects resolution [33], can be
easily modified in certain devices.

Peak resolution can be improved by increasing the volume of liquid stationary
phase retained in the column, Sf. This volume can be increased up to a maximum
value [34] by reducing the flow rate or increasing the rotation speed of the cen-
trifuge [35]. Moreover, even at constant Sg, sample resolution improves at higher
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rotation speed and lower flow rate since mixing and consequently efficiency is
enhanced [36].

Distribution of the analyte also affects efficiency. Although CCC is a technique in
which the absorption of components is considered to be reduced to a minimum, and
the solvent system should promote a fast exchange between phases, the introduction
of a CS in the system modifies the distribution of the analyte. As a consequence the
exchange of analyte between phases becomes slower inducing a lower efficiency
and peak resolution decreases [37, 38]. Therefore, to counteract low Rs the use of
highly enantioselective CSs is of interest.

4 Chiral Selectors Used in CCC Enantioseparation

Generally, the two-phase solvent systems used in CCC enantioseparations are con-
stituted by an organic solvent or mixture, the more lipophilic phase, and a strongly
polar solution, often aqueous. Enantiorecognition occurs more often in the station-
ary phase, either organic or aqueous, where the CS is retained. In this chapter we
will focus on the environment where the recognition occurs, since the enantiorecog-
nition mechanism is highly dependent on this environment. Therefore, CSs have
been categorized according to the nature of the stationary phase in which they are
retained. Most of the CSs applied to CCC came from other separation techniques
such as HPLC or capillary electrophoresis (CE). Accordingly, there is consider-
able knowledge available about recognition mechanisms acting in particular cases
and about the experimental conditions required to make these CSs applicable to
enantioseparations.

4.1 Chiral Recognition in the Polar Phase

Most of the CSs used in the aqueous phase of the CCC solvent system had been
previously used in capillary electrophoresis (CE). Like CCC, CE does not involve
a solid support and the CS-enantiomer association takes place in an aqueous or
strongly polar environment. The information obtained in CE separations has been
useful to further develop CCC methods for certain compounds and to elucidate the
recognition mechanism of the selector.

The CSs used in the polar phase have some similar structural features (Table 1).
Their structure includes polar functional groups, necessary for their solubilization
in the aqueous solution. Nevertheless, the chiral recognition occurs in a lipophilic
cavity or microenvironment which is present in a single CS molecule or origi-
nated by the complexation of two or more CS units. In these lipophilic sites, weak
hydrophobic interactions are reinforced. This contributes to the stabilization of the
CS-enantiomer complexes and allows for chiral discrimination.
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Table 1 Enantioseparation by CCC. Chiral recognition in the polar phase

Chiral selector Racemate Solvent system  Ref.
NH, Hzco._OCHs Chloroform — [39]
HsC \/‘\/OH ] al methanol —
7
(R)-2-aminobutanol o CHa phosphate
cl COOH buffer

o Ethyl acetate —  [41]
R OR methanol —
RO " triethylammon—ium
OR
0 o acetate
0 RO! buffer (TEAA)
© RO 9 & (10:1:9)
OR 0
o) ORRO OR
" — Lo ()8R, 4R)
o} (+)-3S, 49)
OR
GH (7-11) 7-DMO
S-g-CD H (10-14)
Toluene — [45]
aqueous
solution pH 4.7
cl o} cl e
3 3 DNS-(2)-Nle
) HO O/%\EGHG
vancomycin HO/ OHHSC Hd NH,
o 0
° F ‘ A ] OH 1-Butanol — [37]
Hooe-.,. -0 OJ’COOH HaCO.  /~N"N" N ethyl acetate —
Hooc’[o 0~ ""COOH N A (Bis-Tris)
o) acetate buffer
NHz pH 6.0
18C6H 4 ()-gemifloxacin
(ATPS) [50]
§ e 10% PEG and
©\)K/kc00H 5% dibasic
NH, sodium
phosphate in

(%)-kynurenine water
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The first separation of enantiomers by CCC in which the enantiomer recognition
takes place in the polar phase was reported by Oya and Snyder in 1986 [39]. The sep-
aration of several racemic bicyclo[2.2.1]hept-5-ene-2-carboxylic acids was obtained
using (R)-2-aminobutanol as CS in the aqueous phase of a chloroform—methanol—
phosphate buffer system. The authors employed one of the first CCC devices with a
low-phase mixing efficacy and, as a consequence, the separation took more than 2
days.

The outstanding results obtained for the separation of 7-desmethylmeloxifene (7-
DMO) using sulfated p—cyclodextrin (S-8-CD) with a resolution factor, Rs, greater
than 100 in CE [40] encouraged Breinholt et al. to apply CCC in an attempt to
overcome the inherent loading capacity limitation of CE. The complete separa-
tion of 7-DMO enantiomers using S-B-CD, as CS in the lower aqueous phase of
an ethyl acetate-methanol-triethylammonium acetate buffer (TEAA) solvent system
(10:1:9), was attained. The study constitutes the first successful application of mod-
ern CCC including the CS in the aqueous phase [41]. The separation was optimized
in an analytical CCC device (6.5 mL of internal volume) and was further scaled
up to a preparative CCC instrument with an internal volume of 320 mL. Baseline
separation was achieved in both cases.

The recognition mechanism is based on the formation of a cyclodextrin-
enantiomer inclusion complex, which is stabilized partially by hydrophobic and ion
pairing interactions. The increasing polarity of the solvent system was shown to sta-
bilize this complex. The influence of CS concentration in the stationary phase on
enantioselectivity has also been studied. The increase of the CS/racemate molar
ratio from 10- to 160-fold resulted in an improvement of enantioselectivity and
resolution.

Vancomycin is one of the macrocyclic antibiotics introduced by Armstrong and
co-workers as broad-application CSs for analytical separation techniques. Before
being tested in CCC, vancomycin had previously shown to be applicable in aque-
ous solution in other techniques such as CE [42], thin-layer chromatography (TLC)
[43], and in HPLC [44]. In CCC, the separation of dansyl-norleucine enantiomers
was achieved using vancomycin (140 mg/mL) as CS in a biphasic solvent system
constituted by a mixture of toluene-aqueous buffer solution at pH 4.7 [45]. The sep-
aration was first performed in a CCC device (internal volume 13 mL) and then in a
CPC device (90 mL) where the resolution of 50 mg of the racemate was achieved in
a single run. The dual eluting mode was applied to shorten run time due to the strong
retention of the second eluting enantiomer (DNS-D-Nle). In this mode mobile and
stationary phases are switched after the complete elution of the first enantiomer. As
a consequence, the second enantiomer elutes together with the CS (Fig. 4).

Some insights of the enantiomer recognition mechanism of vancomycin were
previously studied in test tubes where the partition of the product is reproduced.
These studies concluded that the recognition promoted by vancomycin is highly
dependent on the solvent mixture where the association CS-enantiomers takes place,
since slight variations in the composition of this mixture leads to a decrease or even
the suppression of the enantiorecognition of the DNS-(&£)-Nle enantiomers. The
use of an aromatic solvent, such as toluene, as a component of the solvent system
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HPCPC run

DNS-L-Nle

Fig. 4 Separation of DNS-(%)-Nleu using vancomycin as CS. Dual-mode elution was applied
to shorten run time due to the strong retention of the second eluting enantiomer. DNS L-Nleu
was eluted in ascending mode and DNS-D-Nleu was eluted in descending mode. Solvent system:
toluene—vancomycin in aqueous buffer adjusted at pH 4.7. Adapted from [45]

was found to be essential. A non-aromatic solvent used in place of toluene reduced
enantiorecognition significantly. Even more, the addition of some co-solvents such
as acetonitrile to the solvent system also produced a drop of enantioselectivity. This
observation indicates that enantiorecognition for vancomycin in solution follow dif-
ferent rules than when it is bonded to silica gel in a CSP for HPLC, since acetonitrile
is one of the best solvents when using this kind of CSPs.

An inverse relationship between enantioselectivity and temperature was observed
while enantioseparation was only detected within the pH 4.0—6.0 range for DNS-
(£)-Nle. However, in spite of the narrow range of conditions in which vancomycin
can be used as a CS in CCC, the major drawbacks for its extensive use are the high
molecular weight combined with the involvement of more than one molecule of
vancomycin in the solute—CS complex which compromises loading capacity.

One of the most recently reported CCC chiral separations where chiral recog-
nition occurs in the aqueous phase involves the separation of gemifloxacin enan-
tiomers using (+)-(18-crown-6)-tetracarboxylic acid (18CgH4) as CS [37]. This CS
has been previously used in CE to resolve the enantiomers of chiral primary amines.
The macrocyclic polyether ring in 18C¢Hy4 structure forms stable inclusion com-
plexes with protonated primary amines. This interaction is the basis of the chiral
recognition mechanism.
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Following the information obtained from CE separations, Chung et al applied
18CgH4 to CCC, using a CCC analytical device with a toroidal coil column (inter-
nal volume 7.4 mL). The baseline resolution of small amounts of gemifloxacin
was achieved in a biphasic solvent system consisting of 1-butanol — ethyl acetate
— bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane (Bis-Tris) acetate buffer.
The presence of multiple ionisable groups in the derivatized crown ether CS and
in the racemate makes pH an important factor in this separation. A pH value
around 6.0 was determined to be optimal. The influence of CS concentration on
enantioselectivity was also studied.

Bovine serum albumin (BSA) as high molecular weight CS was first used in
HPLC enantioseparations [46, 47]. Although its application domain is considerably
wide, the low loading capacity of the resulting chromatographic systems restricts
its applicability to analytical applications. Nevertheless, CCC was considered to
extend the application of BSA to preparative purposes by using aqueous biphasic
solvent systems (aqueous two-phase systems, ATPS). ATPSs consist in mixtures of
two different polymers, or a polymer and a salt, in water. Unfortunately, attempts
to separate DL-tryptophan [48] and ofloxacin [49] by counter-current distribution
resulted in poor resolutions. The high viscosity of the liquid phases, which hinders
mass transfer, and the use of a CCC device of the first generation were considered
the causes of the low efficiency observed.

In spite of these results Shinomiya et al. undertook the application of BSA to
CCC using a cross-axis hydrodynamic column equipped with a coil of 28 mL inter-
nal volume for the separation of kynurenine enantiomers [50]. The solvent system
used consisted of 10% polyethylene glycol 2000 (PEG), 5% dibasic sodium phos-
phate in water, where 6% of BSA was solubilized. A partial separation of 2.5 mg
of racemic kynurenine was reported. Besides the viscosity of the solvent mixture,
the main drawback in the use of BSA as CS is the high molecular weight of the
protein; even more when considering that it is likely that a single molecule only
contains a single recognition site for the analyte. A particularity of this separation
was the fact that BSA partitioned the mobile phase. Beside the continuous loss of
CS, this produced the elution of the enantiomer that had a higher affinity for the CS,
L-kynurenine, at a shorter time.

4.2 Chiral Recognition in the Organic Phase

Most of the CSs included in this section have been developed as CSPs used in
HPLC. In this case, the chiral recognition takes place in the apolar environment
provided by the organic phase. In contrast to what is observed in aqueous phase,
in an apolar environment polar interactions are reinforced. The relevance of these
interactions is evidenced by the reduction in enantioselectivity observed when CSPs
containing this kind of CSs are used in HPLC under reversed-phase conditions [51,
52]. To this respect, it has to be considered that the organic lipophilic phase of an
organic-aqueous biphasic solvent system contains variable amounts of solubilized
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water. This water contained in the organic phase of the solvent system may act
by screening the hydrogen bonding ability of the CS, thereby preventing H-bond
association with the analyte.

As mentioned, enantioselectivity as well as loading capacity are dependent on
the concentration of the CS in the stationary phase. In order to dissolve the CS
appropriately, the lipophilic stationary phase must have a certain degree of polar-
ity. However, solubility is attained by solvating the polar groups of the CS in the
lipophilic environment, a process that may affect interaction with analytes and there-
fore enantioselectivity [53]. In order to keep polarity of the organic phase low while
allowing the solubilization of the CS, a long hydrophobic chain is often introduced
in the structure of the selector. However, the simultaneous partition of the analytes,
organic compounds of medium/low polarity, has to be ensured. In the case of ion-
isable analytes, partition can be controlled by adjusting the pH of the mobile phase
or by introducing a suitable counter ion. In spite of these opposing arguments, a
number of successful CCC enantioseparations have been attained using diverse CSs
in the organic phase of a biphasic organic-aqueous solvent system (Table 2).

In 1982 the enantioseparation of racemic norephedrine in a 1,2-dichloroethane-
water solvent system using the highly lipophilic (R,R)-di-5-nonyl tartrate as CS
was reported [54]. This CS had been previously used in liquid-liquid partition
experiments [55]. Hexafluorophosphate was used as a chaotropic (apolar) anion to
facilitate the partition of the positively ionisable racemate.

L-Proline derivatives have profusely been used with enantioselective purposes
including synthetic or separation processes. The first application of an L-proline
derivative as CS in CCC was reported in 1984 by Takeuchi et al. [56]. N-Dodecyl-
L-proline (Cj>-Pro) was used as a ligand-exchange CS in the separation of several
racemic amino acids. The recognition mechanism studied in depth in HPLC involves
the use of a mobile aqueous phase containing Cu(Il) ions. C>-Pro provided suc-
cessful CCC separations when used in the organic phase of a butanol-aqueous
Cu(Il) containing solution solvent system. Among, the baseline separation of
(4)-isoleucine was attained.

N-Acyl-L-proline-3,5-dimethylanilide was first introduced by Pirkle et al. bonded
to silica gel as CSP for HPLC [57]. This CSP exhibits a remarkable enantioselectiv-
ity for analytes containing a m-acceptor group. The m—1 interaction was considered
one of the major interactions between CS and analytes. In 1994, Oliveros et al. used
a soluble form of this CS, N-dodecyl-L-proline-3,5-dimethylanilide, as a CS for
CPC. The complete resolution of N-(3,5-dinitrobenzoyl)-fert-butyl-(4)-valinamide
and N-(3,5-dinitrobenzoyl)-tert-butyl-(£)-leucinamide was achieved. The solvent
system was constituted by a quaternary mixture of heptane-ethyl acetate—methanol—
water in a ratio (3:1:3:1, v/v). This was the first complete resolution reported
of non-ionisable racemates by CPC. However, due to the similar polarity of the
CS and the analytes, a slight leak of the CS to the mobile phase could not be
prevented [58].

The use of acidic racemates and the modification of the solvent system
allowed Ito et al. [59] to avoid the problem. Using a mixture of hexane—ethyl
acetate—methanol-10 mM hydrochloric acid (8:2:5:5, v/v) as solvent system, the
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Table 2 Enantioseparation by CCC. Chiral recognition in the organic phase

Chiral selector Racemate Solvent system Ref.
OH O  C4Hg OH
C Hg O~ NH,
v Y07 CH, .
CHO  OH mh 1,2-Dichloroethane (54]
—water
(R,R)-di-5-nonyl tartrate (x)-norephedrine
COOI—(!) NH,
N—< ch/\E/LCOOH Butanol — Cu(II) (56]
Craas CHs aqueous solution
Cyp-Pro (+)-isoleucine
HsC CHs
CH
° O (T CHs
Q O=N N~ NFBU - Heptane —ethyl
o H o acetate —methanol —  [58]
N NO, water (3:1:3:1, v/v)
CiiHzs
n:0, valine derivative
N-dodecyl-L-proline-3,5-dimethylanilide n:1, leucine derivative
HyC
CHj CHa
9 CHs  Hexane—ethyl
Q 0N
NH N"* cooH acetate — methanol — (59]
o] 10mM hydrochloric
N NO, acid (8:2:5:5, v/v)
Ci1Hzs
. . . DNB-(+)-Leu
N-dodecyl-L-proline-3,5-dimethylanilide
HiC
;/\—CHs CH3 MTBE - sodium
& o CHs phosphate buffer
NH 0N N cooH 0.1 M (pH 6.0, 6.7)
_/<O H MTBE - [53]
R & R ammonium acetate
NOe buffer 0.1 M
R: CyqHa; or 3.5-Me;CgH; DNB-(2)-Leu
R' H or OH e (pH 6.0, 6.7)
H CHa
N
% CHs MIBK - acetone —
OaN N cooH ammonium acetate (64]
buffer 0.1 M pH 8.0
NO, (2:1:2)
(85,9R), Adamantylcarbamoyl QN-CS1
(8R,95), Adamantylcarbamoyl QD-CS2 DNB-(+)-Leu
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Table 2 (continued)

Chiral selector Racemate Solvent system Ref.

Cl

O?COOH MTBE - sodium
o CHg phosphate buffer [65]
100 mM pH 8.0
(+)-dichlorprop

. {™  MIBK - sodium
HN O/\/\ﬁ CHs  phosphate buffer ~ [38]
OH 50 mM pH 7.0

cellulose derivative (+)-pindolol

OR ' N .
0 R WN CHs MTBE - sodium
Ao oRl |, ¢ phosphate buffer [38]
o )6 50 mM pH 9.0 (v/v)
amylose derivative 3

(+)-warfarin

enantioselectivity of the above mentioned CS was tested in the separation of several
N-(3,5-dinitrobenzoyl)-(£)-amino acids. The influence of the CS concentration on
the loading capacity was considered. The separation of 1 g of racemic DNB-(#4)-
Leu was successfully achieved when using a 60 mM CS concentration in a CCC
device of 330 mL. Taking this separation as an example, some parameters related to
the mechanism of chiral separation were established [28]. These studies reveal the
influence of the amount of CS on enantioselectivity and resolution. Also the inverse
relationship between enantioselectivity and hydrophobicity of the solvent system
was observed.

A chromatographic method for the calculation of the association constants CS-
enantiomers, Kagss, assuming 1:1 complexes, was described by the same authors
[60]. Some modifications on the anilide ring of the CS had been introduced to further
elucidate the mechanism of enantiorecognition. The studies corroborate the key role
of the m—m-interaction between the m-donor group of the CS and the w-acceptor
group of the analyte in enantiorecognition.

In an attempt to improve enantioselectivity several L-proline and (4R)-
hydroxy-L-proline derivatives, structurally related to N-dodecyl-L-proline-3,5-
dimethylanilide, were synthesized. The resulting CSs were tested using a simple
binary biphasic solvent system [53]. The introduction of a second m-donor group
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on the structure of CS was found to have a beneficial effect on enantiosepara-
tion. Unfortunately the solubility in certain solvents of this CS was limited, which
restricted its application for preparative purposes. Separations in a less polar envi-
ronment (MTBE) afforded better resolution than when more polar solvents (MIBK)
were used. The pH of the aqueous buffer was adjusted to promote partition of the
racemates. However, strong effects on the separation were observed not only by
changing pH but also when modifying buffer nature (Fig. 5).

Chinchona alkaloid derivatives are another class of natural selectors used as basic
chiral skeletons for enantioselective purposes. When covalently bonded to silica
gel, as CSP for HPLC, they showed good enantioselectivity for racemic acidic
compounds acting through an anion-exchange mechanism in aqueous-alcoholic
mobile phases [61]. They were used in solution as CS in liquid-liquid extraction
experiments [62] or in CE [63]. All this applications provide valuable information
when considering the use of chinchona derivatives as CS in CCC. The mecha-
nism of enantiorecognition involves the ion pair formation between the ionized
basic nitrogen atom in the CS and carboxylic group of the analyte. Other inter-
actions, such as hydrogen bonding or m-staking, condition the discrimination of
enantiomers.

In 2002 the application of quinine and quinidine derivatives as CS in CCC was
first reported [64]. Considering the significance of the positively charged nitro-
gen atom on recognition, the CS was provided with a long hydrocarbon chain to

pH 6.0 pH 6.7
a) 200 200
160 - =5 160
120 120
80 80
40 40 -
0 . . . . . . 0 y : . . . .
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
b) 200 200
160 - 160
120 120
80 80
40 - 40
0 . . ! . . . 0 +— . . . . .
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Fig. 5 Elution profiles corresponding to the separation of 75 mg (0.23 mmol) of DNB-(+£)-Leu
using N-dodecyl-L-proline-3,5-dimethylanilide as CS (30 mM) [53]. Influence of the pH and the
nature of the buffer used as a mobile phase on enantioselectivity. (a) MTBE-sodium phosphate
buffer 0.1 M. (b) MTBE-ammonium acetate buffer 0.1 M. Vertical axis, arbitrary absorbance units;
horizontal axis, time (min)
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Fig. 6 Chemical structure of quinine (QN)- and quinidine (QD)-CSs used in ref. [64]. The struc-
tural modifications introduced on the alkaloids structure and the recognition model described for
DNB-(+)-Leu are indicated

avoid partitioning to the aqueous mobile phase even in conditions where the CS was
ionized. Also, an adamantylcarbamoyl group was introduced to enhance enantios-
electivity, since it was reported that bulky groups in the 9 position of the alkaloid
skeleton improved chiral recognition (Fig. 6). Liquid-liquid extraction tests were
performed in order to screen analytical conditions such as the influence of the sol-
vent system composition. Several acidic racemates, among them some amino acid
derivatives and some pesticides such as dichlorprop, were tested.

All experiments were performed using a CPC hydrostatic column with 10 mM
CS concentration in the upper organic layer of a ternary solvent system com-
posed of a mixture of MIBK — acetone — ammonium acetate buffer 0.1 M pH
8.0. Baseline separations of DNB-(+)-Leu and DNZ-(3+)-NPG, among others,
were achieved. After the optimization of conditions (Fig. 7), the best separations
obtained were scaled up in order to determine loading capacity for the analyte. This
resulted to be in the order of the equimolar amount than the CS involved in the
separation.

Two years later a report from the same group described a comparative
study CPC/HPLC for the separation of the herbicidal agent dichlorprop (2-
(2,4-dichlorphenoxy)propionic acid). A dimer compound derived from bis-1,4-
(dihydroquinidinyl)phtalazine (DHQD),PHAL) was used as CS [65]. This com-
pound showed an extraordinary degree of enantioselectivity toward dichlorprop
(¢ = 15.3) in HPLC when bonded to silica gel. This result made it a promising CS
candidate for CCC. A 10 mM concentration of CS in a MTBE-sodium phosphate
pH 8.0 solvent system were determined to be adequate conditions to perform the
separation in previous test-tube partition experiments and the baseline separation
of dichlorprop enantiomers was attained. The loading capacity of the system was
determined. Even when the molar ratio CS/racemate was reduced from the initial
value of 2 to equimolar 1, the baseline separation was maintained. The preparative
separation was compared to HPLC concluding that higher loading capacity with
lower solvent consumption was attained for CPC. Nevertheless, CPC gave a lower
specific productivity than HPLC in the experimental conditions used.
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Polysaccharide derived CSPs are among the most used for HPLC enantiosepara-
tion due to their broad application domain, either in normal [66] or reversed-phase
[52, 67] conditions, and their high loadability [66]. These features make them
CSPs of first choice for LC and CCC preparative purposes. The first application of
polysaccharide derivatives to CCC was reported in 2006 [38]. Cellulose and amy-
lose 3,5-dimethylphenylcarbamates, the CS contained in the well-know Chiralcel ®)
OD and Chiralpak@® AD CSPs, were used. Although solubility of these CSs lim-
its the use of coated polysaccharide-derivatives-containing CSPs in HPLC, their
macromolecular structure prevents the formation of real solutions with solvents.
Instead, these compounds swell and originate colloid solutions or suspensions of
enough stability to be used in CCC.

A partial separation of racemic pindolol was achieved with cellulose 3,5-
dimethylphenylcarbamate (7.5 mg/mL) in a MIBK-phosphate buffer pH 7.0 solvent
system. A slightly better separation was obtained for warfarin enantiomers using
amylose 3,5-dimethylphenylcarbamate (7.6 mg/mL) in a MTBE-phosphate buffer
pH 9.0. However, racemates such as propranolol, structurally close to pin-
dolol, naproxen, and DNB-(+£)-Leu, which were easily resolved in HPLC using
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Fig. 8 Elution profiles corresponding to the separation of (a) 40 mg (0.16 mmol) of pindolol
using cellulose 3,5-dimethylphenylcarbamate (7.5 mg/mL) as CS; solvent system MIBK-sodium
phosphate buffer 50 mM pH 7.0 and (b) 50 mg (0.16 mmol) of warfarin using amylose 3,5-
dimethylphenylcarbamate (7.5 mg/mL) as CS; solvent system MTBE-sodium phosphate buffer
50 mM pH 8.0. Vertical axis, arbitrary absorbance units. Horizontal axis, time (min). Adapted
from [38]

the same CSs, could not be separated (Fig. 8). Moreover, only slight enrich-
ments were observed for warfarin and pindolol enantiomers when using 3,5-
dichlorophenylcarbamate of cellulose. As the involvement of the secondary and
supramolecular structures of these CSs in enantiorecognition is generally accepted
[68, 69], the reduction in enantioselectivity observed for these materials in the CCC
conditions could be related to a decrease in the molecular order. It is worth noting
that the maximum stable concentration for the suspensions/colloidal solutions pre-
pared is below the range at which polysaccharide derivatives attain a semi-ordered
liquid-crystallinity in liquid phase [70].

In an attempt to increase the amount of the polysaccharide derived CSs loaded
in the stationary liquid phase, double derivatized materials containing dode-
canoyl chains in addition to 3,5-dimethylphenylcarbamate groups were tested [71].
Although solubility increased notably, it was observed that a high degree of dode-
canoyl chains induced a decrease in the enantioselectivity. It has been suggested
that dodecanoyl chains might interact in a non-enantioselective way with race-
mates thereby producing broader peaks and the co-elution of the enantiomers.
Nevertheless, this double modification in polysaccharides allowed a substantial
increase in loadability, notably when using pH-zone-refining conditions.

4.3 Recently Applied CSs and Solvent Systems

Among brush-type CSPs for HPLC, the Whelk-O® CSP, first designed for
naproxen enantioseparation, has shown an outstanding applicability for a broad
diversity of racemic compounds [72]. Nowadays it has become one of the CSPs of
reference included in most screening processes addressed to the search of adequate
conditions for enantioselective separation in drug discovery [73, 74]. A CS con-
taining the Whelk-O®) skeleton, and a lipophilic chain aimed to enhance solubility
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in organic phases of organic-aqueous biphasic solvent systems, was planned. The
conventional synthetic pathway leading to this compound produced the racemic
mixture of the Whelk-O®) selector analogue, (4)-(WSA), whose enantioseparation
was undertaken by CPC [75]. One of the difficulties encountered when searching
the appropriate solvent system was the high lipophilicity of the racemic mixture that
has to partition between the two phases. Additionally, an adequate CS was chosen
among several (S)-naproxen derivatives.

Unfortunately, the highly polar (S)-naproxen did not result effective as CS in
the organic-aqueous solvent systems tested. However, the diethylamide derivative
of (S)-naproxen was found useful although an acceptable compromise between pro-
moting the partition of the analyte while retaining the CS in the polar phase had

Table 3 Recently applied CSs and solvent systems in CCC separations

Chiral selector Racemate Solvent system Ref.

NO;

E O on ; ;s
gt HN Heptane — ethyl acetate — (75]
H,CO © ‘ methanol — water (9:1:9:1, v/v)
(S)-naproxen diethylamide OG

(£}-WSA
CHa
S 2 Lﬂn*CHs
A N._CH O:N # .
s N COOH  MTBE - sodium phosphate (7]
HiCO ° buffer 50 mM pH 6.0
NO,
(S)-naproxen diethylamide 0, valine
n:1, leucine
HiC CH,

CH
o CHy
ENR N NP Ethoxynonafluorobutane
[;z( o H 5 (ENFB) — 2-propanol — water [80]
N

25:35:40, v/
_qR Ho: ( v/v)
R: Cyofa1, CriHag, R:OH, NHEU

NGy

o Naproxen
QN 5CH:

HN Naproxen diethylamide  hexane — ethyl acetate —
‘ Warfarin methanol — water (1:1:1:1, v/v)

OO Troger’s base

[76]
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to be attained. Finally a solvent system composed by a mixture of hexane—ethyl
acetate—methanol—water in ratio 9:1:9:1, in which the CS was located in the more
polar aqueous lower phase, was used in the separation. The optimal CS concentra-
tion was determined to be 100 mM. At this concentration of the CS the maximum
loading capacity of the system was attained when a molar ratio CS/racemate of 6.9
was used (900 mg in a single run using a 190 mL volume CPC system). The inver-
sion of the elution order of enantiomers, compared to that observed in HPLC on a
CSP containing the same CS, was observed. This was attributed to the elution of
the more stable adsorbate CS-(R,R)WSA, instead of the usual elution of the least
adsorbed enantiomer at a shorter elution time. When the CPC separation was com-
pared to semipreparative HPLC, even though only a partial separation was attained
when using the former, the global process resulted highly advantageous to CPC from
the point of view of time and solvent consumption. The preliminary test of (R,R)-
WSA as CS in CCC afforded the partial separation of racemic naproxen, naproxen
diethylamide, warfarin, and Troger’s base when using a mixture of hexane—ethyl
acetate—methanol-water (1:1:1:1) in which the CS is located in the organic phase
[76]. Moreover, (S)-naproxen diethylamide has also been used as a CS for the sep-
aration N-(3,5-dinitrobenzoyl)-(£)-leucine enantiomers in a binary solvent system
composed by a mixture of MTBE-phosphate buffer pH 6.0. In this system, the CS
was located in the upper more lipophilic phase [77] (Table 3).

A major problem in the application of CCC to enantioseparation arises when CS
and no-ionisable analytes have similar polarities. As in the above described case,
the search of an appropriate solvent system becomes a difficult task. In order to
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Fig. 9 Elution profiles corresponding to the separation of of DNB-(£)-Leu and DNB (+£) Leu-tBu
in a fluorinated solvent system consisting in a mixture of ethoxynonafluorobutane-2 propanol-
water (25:35:40, v/v). Analogous L-proline-derived CSs have been used. Vertical axis, arbitrary
absorbance units; horizontal axis, time (min). Adapted from [80]
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overcome this problem the particular affinity properties of fluorinated solvents can
be a solution. Thus, the retention of the CS in an organic fluorinated phase can
be promoted by the introduction of a fluorinated group on its structure. To this
aim, ethoxynonafluorobutane (ENFB), a fluorinated solvent recently introduced in
chromatography as a substituent of hexane [78, 79], has been used as a compo-
nent of a biphasic solvent system. The concept has been proved for a CS analogous
to N-dodecyl-L-proline-3,5-dimethylanilide, containing a N-undecenoyl perfluori-
nated group. This CS resulted enantioselective for DNB-(%)-Leu-#-butylamide in a
solvent system constituted by ENFB—2-propanol-water (25:35:40). The fluorinated
CS was successfully retained in the organic lower phase that contains the fluorinated
solvent (Fig. 9) [80].

5 Alternative Elution Modes Applied to Enantioseparation

As stated in the introduction, one of the advantages of CCC over conventional solid-
liquid chromatography is not only the possibility to use of a great variety of solvent
systems but also the diversity of elution modes applicable, some of which are not
possible when a solid support is present. Among the diverse eluting modes possible
in CCC only pH-zone refining, dual and multidual mode have been applied up to
now to enantioseparation.

5.1 pH-Zone Refining Mode: Increasing Loading Capacity

pH-zone refining is a kind of displacement chromatography introduced by Ito et al.
in the early 1990s [81]. It promotes the separation of ionisable compounds as a func-
tion of their pK, and polarity [10]. The methodology consists in using a retainer
agent in the stationary phase to retain the sample constituents in the column at
the beginning of the experiment. The nature of the retainer agent has to be acid
or basic, depending on the nature — acid or basic, respectively — of the analytes. A
displacer agent, opposite in nature to the retainer agent — basic or acid, for acids or
basic analytes, respectively — is added to the mobile phase to promote the elution
of the sample components. The most outstanding advantage of this approach over
the classical elution mode is the increase in loading capacity produced, which is
very convenient for preparative purposes. In contrast, it is not possible to perform
repetitive injections, a common way to proceed when the preparative purification of
a particular analyte is the goal. The constitution of the stationary phase evolves dur-
ing elution and starting conditions have to be ensured before undertaking the next
run. Also advantages of this approach are the concentration at which the analytes
elute and the possibility to monitor the elution of compounds by monitoring the pH
of the eluate.
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Fig. 10 Scheme of the pH-zone-refining mechanism in enantioselective applications. (a) The
separation of acidic analytes is considered. Retainer agent: trifluoroacetic acid; displacer agent:
ammonia. The enantiomer more strongly associated to the CS is retained longer. (b) Separation of
basic analytes. Retainer agent: diethylamine; displacer agent: hydrochloric acid

When enantioseparations are considered, the CS added to the stationary phase
contributes to the preferential retention of one of the enantiomers, thereby condi-
tioning the elution order. The process occurring in the column during elution of
enantiomers in pH-zone refining conditions is schematized on Fig. 10. Generally,
improved separations are obtained when applying pH-zone refining with respect to
classical mode with ionisable enantiomers.

Ito et al. described the first application of pH-zone refining to chiral separation
using N-dodecanoyl-L-proline-3,5-dimethylanilide as CS (40 mM) in the separation
of DNB-(£)-Leu enantiomers [59]. A binary solvent system composed by a mixture
of MTBE-water has been used. Due to the acidic character of the analyte, trifluo-
roacetic acid was added as a retainer agent to the organic MTBE stationary phase
and ammonia was added to the aqueous mobile phase as a displacer agent. In the
described conditions the separation of 2 g of leucine racemate (CS/racemate molar
ratio: 1.30) in a single run was possible in a CCC device of 330 mL.

Since then pH-zone refining eluting mode has been applied to several chiral
separations (Table 4). Adamantylcarbamoyl QN-CS, solubilized at a 10 mM con-
centration in the organic phase of a MIBK-water solvent system permitted the
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Table 4 Chiral separations where pH-zone refining was applied

Solvent Retainer Displacer

Chiral selector Racemate system (mM) (mM) Ref.

N-dodecanoyl-L- DNB-(+)-Leu MTBE/water TFA NH4;OH [59]
proline-3,5- (40 mM) (20 mM)
dimethylanilide

Adamantyl DNB-(+£)-Leu MIBK/water TFA NH4OH [64]
carbamoyl (10 mM) (20 mM)
QN-CS

Cellulose (£)-pindolol MIBK/water DEA HCl [38]
3,5-dimethyl (10 mM) (5 mM)
phenylcarbamate

Cellulose (&£)-pindolol MTBE/water DEA HCI [71]
dodecanoyl (10 mM) (5 mM)
/dimethyl
phenylcarbamate

Amylose (4)-warfarin MTBE/water TFA NH4;OH [38]
3,5-dimethyl (10 mM) (2.5 mM)
phenylcarbamate

resolution of 900 mg of DNB-(£)-Leu in a 190 mL CPC device [64]. This amount
of racemate corresponds to a CS/racemate molar ratio of 0.66, which is twice the
amount of the racemate resolved using classical elution conditions. Considering
the mechanism governing the elution of enantiomers in pH-zone refining displace-
ment mode and assuming a highly enantioselective CS (high difference between
the two association constants Kag and Kag) the highest sample loading attainable
corresponds to a CS/racemate molar ratio of 0.5 in the case of racemates (Fig. 11).
However, loadability is dependent on the amount of the most retained enantiomer
contained in the sample. Therefore, this figure may be even lower in the case of
samples enriched in the less retained enantiomer.

Polysaccharide derivatives have also been used in pH-zone-refining displacement
conditions. Amylose and cellulose 3,5-dimethylphenylcarbamates and cellulose
dodecanoyl/dimethylphenycarbamate were used to resolve pindolol and warfarin
[38, 71]. Given the basic nature of pindolol, diethylamine, an organic base was
used as a retainer agent in the organic stationary phase. In these conditions an
improvement of enantioseparation over that obtained in the classical eluting mode
was obtained. This result was attributed to the retention of the analyte in its neutral
form in the stationary phase, which contributes to a proper interaction with the CS.
In classical elution mode the pH of the mobile phase is set to obtain feasible reten-
tion times for analytes. Therefore, depending on the pK, and lipophilicity of each
particular compound, a partial ionization may be produced.

When compared to HPLC, the CPC separation required a lower amount of CS
for a given amount of analyte, what was attributed to a better accessibility of the
CS in the liquid stationary phase. Moreover, the loadability of the system was
even improved when the doubly derivatized cellulose derivatives were used [71].
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Fig. 12 Elution profiles corresponding to the separation of increasing amounts of (a) pindolol
(solvent system: MIBK-water; stationary phase: 10 mM DEA and 7.5 mg/mL of cellulose 3,5-
dimethylphenylcarbamate; mobile phase: 5 mM HCI) and (b) warfarin (Solvent system: MTBE-
water, stationary phase: 10 mM TFA and 7.6 mg/mL of amylose 3,5-dimethylphenylcarbamate;
mobile phase: 2.5 mM NH4OH). Left vertical axis, arbitrary absorbance units; right vertical axis,
pH. Horizontal axis, time (min). Adapted from [38]

Amounts in the order of 200 mg of racemic pindolol were resolved in a single run
(6 mg/mL of CS) while only 80 mg were resolved using an equivalent amount of the
homogeneously derived cellulose 3,5-dimethylphenylcarbamate as CS (Fig. 12).

5.2 Dual-Mode and Multidual Mode: Increasing Resolution

Dual-mode is an eluting mode applicable to CCC because only liquid phases are
involved. It consists in switching the mobile and stationary liquid phase roles at
a certain point within the experiment. This approach permits to ensure the com-
plete elution of all components in complex mixtures comprising a broad range of
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Fig. 13 Elution profiles corresponding to the classical mode and MDM separation of: (a)
(£)-WSA (solvent system, hexane-ethyl acetate-methanol-water (9:1:9:1, v/v); CS, 100 mM (S)-
naproxen diethylamide in the upper phase). An increase in Rs is observed in MDM over classical
mode which is dependent on the RP period. (b) DNB-(+£)-Leu (solvent system: MTBE-sodium
phosphate buffer 50 mM pH 6.0; CS, 90 mM (S)-naproxen diethylamide in the lower phase). The
separation does not improve even after three complete cycles of MDM. The modification in MDM,
which consists of stopping the centrifugal rotation during NP periods, results in an improved sepa-
ration. Differences observed are the result of the partition of the CS/enantiomer complexes between
the two liquid phases in the case of (£)-WSA. Adapted from [77]

polarities. Moreover, eluting times are reduced for those sample components of
high affinity for the stationary phase. Various applications show its usefulness in
reducing analysis time and increasing the resolution factor in preparative CCC [13].
Dual-mode (DM) has also been applied to enantioseparation to promote the elution
of the second eluting enantiomer highly retained by the CS. However, it has to be
taken into account that, when applied to enantioseparations, the most retained enan-
tiomer elutes in the phase containing the CS. This was the case of vancomycin in
the separation of DNS-(£)-Nle (Fig. 4) [45].

The extension of the DM methodology by performing several phase inversion
cycles leads to what is known as multidual mode (MDM) [14]. This eluting mode
consists in performing several changes between normal and reversed-phase modes.
Therefore, if the process starts in reversed-phase mode, being the lower aqueous
phase the mobile phase, it then switches to normal phase, with the upper organic
phase acting as a mobile phase. Further switches will alternate normal phase and
reversed-phase conditions. The application of MDM CCC to enantioseparation
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permits to avoid the elution of enantiomers in the phase containing the CS. By
performing an even number of phase inversions the system returns to the starting
mobile phase conditions.

MDM CCC has been recently applied for the first time to chiral CCC [77].
S-Naproxen diethylamide was used as a CS for the separation of (+)-WSA and
DNB-(%)-Leu (Table 3). Despite the improvement in resolution produced for (4)-
WSA enantioseparation, no improvement was observed for DNB-(+)-Leu (Fig. 13).
The difference in the result obtained was explained on the basis of the differ-
ence in the enantiorecognition mechanism. As for most of CCC enantioseparations
described, enantiomer recognition in the separation of DNB-(Z£)-Leu takes place in
the stationary phase, where the CS is confined. This is not the case for (+)-WSA
[75], whose more stable adsorbate S-naproxenamide/(R,R)-WSA undergoes parti-
tion to the mobile phase during the eluting process. Nevertheless, a modification in
MDM, consisting in stopping the device rotation during the reversed-phase elution,
permits the desired improvement in resolution for the DNB-(%)-Leu separation.

5.3 Continuous Operation

The separations described up to this point, although providing higher loadability
than conventional HPLC, correspond to discontinuous chromatographic processes.
Regarding HPLC, it is widely accepted that continuous chromatography technol-
ogy, the so-called simulated moving bed (SMB), boosts productivity over traditional
batch processes. Therefore, the envisagement of a continuous CCC or CPC technol-
ogy should improve the capacity and the productivity of the technique. In this regard,
a new system was recently patented [82], which describes a continuous CPC pro-
cess with an indubitable applicability to the separation of enantiomers. This system
is characterized by the injection of the sample at an intermediate point of the “col-
umn,” followed by sequential pumping of a dense solvent phase and a light solvent
phase from opposite ends of the column. Up to now this system has been applied to
a single conventional separation by CCC [83].

6 Conclusions and Future Perspectives

Countercurrent chromatography, the separation technique using a liquid stationary
phase, has been reported to be suitable for preparative purposes due to the advan-
tages derived from the fact of being a support-free technique. When applying CCC
to chiral separations we must consider three fundamental points: the structure of
the CS, which has to be complementary to the racemate to be separated, the bipha-
sic solvent system, since enantioselectivity is highly dependent on the environment
where it occurs, and the efficiency of the instrument, because it must ensure an
effective mixing and settling of the liquid phases.
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Given the reduced efficiency of CCC, highly enantioselective CSs are desir-
able. This property is related to the complementarity CS-enantiomers. Moreover,
although CSs with broad applicability would be desirable, most of the CSs described
up to now are suitable only for a few racemic compounds. Nevertheless, a cer-
tain compromise between these two properties (high enantioselectivity and broad
applicability) should be reached when searching for new CSs.

The solvent system, and in particular the composition of the phase that con-
tains the CS, affects greatly enantiorecognition. In this context, the use of new
solvents, such as ionic liquids [84] or ordered liquid phases (lyotropic liquid crys-
tals), extended to chiral separations could provide new properties and selectivities.
Fluorinated solvents and their particular miscibility properties can also extent the
applicability of diverse chiral selecting moieties.

Finally, all these progresses should be accompanied by technical improvements
in instrumentation to optimize efficiency and phase mixing. This will contribute
to broaden the feasibility of CCC enantioseparations by using CSs of moderate
enantioselectivity.

Acknowledgments Financial support from the Ministerio de Educacién y Ciencia of Spain and
from the European Regional Development Fund (ERDF) (project number CTQ2006-03378/PPQ)
is gratefully acknowledged. N. Rubio thanks the Ministerio de Educacion y Ciencia for a doctoral
fellowship. The authors thank A. M. Pérez and Dr. M. D. Llongueras for fruitful discussions.

References

1. Mandava NB, Ito Y (eds) (1985) Countercurrent chromatography, theory and practice,
chromatographic science series, vol 44. Marcel Dekker, New York

2. Conway WD (1990) Countercurrent chromatography, apparatus, theory and applications.
VCH Publishers, New York

3. Foucault AP (ed) (1995) Centrifugal partition chromatography. Chromatographic science
series, vol 68. Marcel Dekker, New York

4. Berthod A (ed) (2002) Countercurrent chromatography, the support free liquid stationary
phase. Comprehensive analytical chemistry, vol 38. Elsevier Science, Amsterdam

5. Marston A, Hostettmann K (2006) Developments in the application of counter-current
chromatography to plant analysis. J Chromatogr A 1112:181-194

6. Friesen JB, Pauli GF (2007) Rational development of solvent system families in counter-
current chromatography. J Chromatogr A 1151:51-59

7. Dubant S, Mathews B, Higginson P, Crook R, Snowden M, Mitchell J (2008) Practical solvent
system selection for counter-current separation of pharmaceutical compounds. J Chromatogr
A 1207:190-192

8. Leitao GG, El-Adji SS, Lopes de Melo WA, Leitao SG, Brown L (2005) Separation of free
and glycosylated flavonoids from Siparuna guianensis by gradient and isocratic CCC. J Liq
Chromatogr Relat Technol 28:2041-2051

9. Jin W, Tu P-F (2005) Preparative isolation and purification of trans-3,5,4’-trihydroxystilbene-
4’-O-B-D-glucopyranoside and (+)-catechin from Rheum tanguticum Maxim. ex Balf. Using
high-speed counter-current chromatography by stepwise elution and stepwise increasing the
flow-rate of the mobile phase. J] Chromatogr A 1092:241-245

10. Ito Y, Ma Y (1996) pH-Zone-refining countercurrent chromatography. J Chromatogr A

753:1-36



Enantioselective Recognition in Solution: The Case of Countercurrent Chromatography 271

11.

12.

13.

14.

15.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Yang F, Quan J, Zhang TY, Ito Y (1998) Multidimensional counter-current chromatographic
system and its application. J] Chromatogr A 803:298-301

Berthod A, Maryutina T, Spivarov B, Shpigun O, Sutherland IA (2009) Countercurrent
chromatography in analytical chemistry. Pure Appl Chem 81:355-387

Agnely M, Thiébaut D (1997) Dual-mode high-speed counter-current chromatography:
retention, resolution and examples. J Chromatogr A 790:17-30

Delannay E, Toribio A, Boudesocque L, Nuzillard J-M, Zéches-Hanrot M, Dardennes E,
Le Dour G, Sapi J, Renault J-H (2006) Multiple dual-mode centrifugal partition chromatog-
raphy, a semi-continuous development mode for routine laboratory-scale purifications. J
Chromatogr A 1127:45-51

Berthod A, Ruiz-Angel MJ, Carda-Broch S (2003) Elution-extrusion countercurrent chro-
matography. Use of the liquid nature of the stationary phase to extend the hydrophobicity
window. Anal Chem 75:5886-5894

Lee YW, Cook CE, Ito Y (1988) Dual countercurrent chromatography. J Liq Chromatogr
Relat Technol 11:37-53

. Berthod A, Hassoun M (2006) Using the liquid nature of the stationary phase in countercurrent

chromatography IV. The cocurrent CCC method. ] Chromatogr A 1116:143-148

. Sutherland TA, Audo G, Bourton E, Couillard F, Fisher D, Garrard I, Hewitson P, Intes O

(2008) Rapid linear scale-up of a protein separation by centrifugal partition chromatography.
J Chromatogr A 1190:57-62

Sutherland IA, Hewitson P, Ignatova S (2009) Scale-up of counter-current chromatography:
demonstration of predictable isocratic and quasi-continuous operating modes from the test
tube to pilot/process scale. ] Chromatogr A 1216:8787-8792

Foucault AP (2001) Enantioseparations in counter-current chromatography and centrifugal
partition chromatography. J Chromatogr A 906:365-378

Pérez E, Minguillén C (2007) Countercurrent chromatography in the separation of enan-
tiomers. In: Subramanian G (ed) Chiral separation techniques. A practical approach, 3rd edn.
Wiley-VCH, Weinheim

Kessler LC, Seidel-Morgenstern A (2006) Theoretical study of multicomponent continuous
countercurrent chromatography based on connected 4-zone units. J Chromatogr A 1126:
323-337

Lim BG, Ching CB (1996) Preliminary design of a simulated counter-current chromato-
graphic system for the separation of praziquantel enantiomers. J Chromatogr A 734:247-258
Ito Y, Weinstein MA, Aoki I, Harada R, Kimura E, Nunogaki K (1966) The coil planet
centrifuge. Nature 212:985-987

Ito Y (2002) Foreword. In: Berthod A (ed) Countercurrent chromatography: the support-free
liquid stationary phase. Comprehensive analytical chemistry, vol 38. Elsevier, Amsterdam,
Pp XiX—XxX

Ito Y (1992) Countercurrent chromatography. In: Heftmann E (ed) Chromatography, 5th edn.
J Chromatogr Lib, vol 51A, Elsevier, Amsterdam

Maier NM, Lindner W (2006) Stereoselective chromatographic methods for drug analysis. In:
Francotte E, Lindner W (eds) Chirality in drug research. Methods and principles in medicinal
chemistry seriers, vol 33. Wiley-VCH, Weinheim

Ma Y, Ito Y (1995) Chiral separation by high speed countercurrent chromatography. Anal
Chem 67:3069-3074

Lammerhofer M, Lindner W (2000) Recent developments in liquid chromatographic enan-
tioseparation. In: Valké K (ed) Separation methods in drug synthesis and purification,
handbook of analytical separations, vol 1. Elsevier, Amsterdam

Pfeiffer CC (1956) Optical isomerism and pharmacological action, a generalization. Science
124:29-30

Liammerhofer M, Lindner W (1996) Quinine and quinidine derivatives as chiral selectors.
1. Brush type chiral stationary phases for high-performance liquid chromatography based
on cinchonan carbamates and their application as chiral anion exchangers. J] Chromatogr A
741:33-48



272 N. Rubio and C. Minguillén

32. Berthod A, Billardello B (2000) Test to evaluate countercurrent chromatographs liquid
stationary phase retention and chromatographic resolution. J Chromatogr A 902:323-335

33. Ignatova SN, Sutherland IA (2003) A fast, effective method of characterizing new phase
systems in CCC. J Liq Chromatogr Relat Technol 26:1551-1564

34. Foucault AP, Bousquet O, Le Goffic F (1992) Importance of the parameters Vm/Vc in counter-
current chromatography: tentative comparison between instrument designs. J Liq Chromatogr
15:2691-2706

35. Maryutina TA, Fedotov PS, Spivakov BY (1999) Application of countercurrent chromatogra-
phy in inorganic analysis. In: Menet JM, Thiebaut D (eds) Countercurrent chromatography,
chromatographic science series, vol 68. Marcel Dekker, New York

36. Maryutina TA, Ignatova SN, Spivakov BY, Sutherland IA (2003) The efficiency of substance
separation in countercurrent liquid chromatography. J Anal Chem 58:762-767

37. Kim E, Koo YM, Chung DS (2004) Chiral counter-current chromatography of gemifloxacin
guided by capillary electrophoresis using (+)-(18-crown-6)-tetracarboxylic acid as a chiral
selector. J Chromatogr A 1045:119-124

38. Pérez E, Santos MJ, Minguillén C (2006) Application of cellulose and amylose arylcarba-
mates as chiral selectors in counter-current chromatography. J Chromatogr A 1107:165-174

39. Oya S, Snyder JK (1986) Chiral resolution of a carboxylic acid using droplet counter-current
chromatography. J Chromatogr 370:333-338

40. Bergholdt BA, Lehmann SV (1998) High-speed separation of ormeloxifene enantiomers using
sulfated B-cyclodextrin in capillary electrophoresis. Chirality 10:699-704

41. Breinholt J, Lehmann SV, Varming AM (1999) Enantiomer separation of 7-des-methyl-
ormeloxifene using sulfated P-cyclodextrin in countercurrent chromatography. Chirality
11:768-771

42. Armstrong DW, Rundlett KL, Chen J-R (1994) Evaluation of the macrocyclic antibiotic
vancomycin as a chiral selector for capillary electrophoresis. Chirality 6:496-509

43. Armstrong DW, Zhou Y (1994) Use of a macrocyclic antibiotic as the chiral selector for
enantiomeric separations by TLC. J Liq Chromatogr 17:1695-1707

44. Armstrong DW, Tang Y, Chen S, Zhou Y, Bagwill C, Chen JR (1994) Macrocyclic antibiotics
as a new class of chiral selectors for liquid chromatography. Anal Chem 66:1473-1484

45. Duret P, Foucault A, Margraff R (2000) Vancomycin as a chiral selector in centrifugal partition
chromatography. J Liq Chromatogr Relat Technol 23:295-312

46. Stewart KK, Doherty RF (1973) Resolution of DL-triptophan by affinity chromatography on
bovine-serum-albumin-agarose columns. Proc Natl Acad Sci U S A 70:2850-2852

47. Allenmark S, Bomgren B, Borén H (1983) Direct liquid chromatographic separation of
enantiomers on immobilized protein stationary phases III. Optical resolution of a series of N-
aroyl D,L-amino acids by high performance liquid chromatography on bovine serum albumin
covalently bonded to silica. J] Chromatogr 264:63—-68

48. Ekberg B, Sellergren B, Albertsson PA (1985) Direct chiral resolution in an aqueous two-
phase system using the counter-current distribution principle. J] Chromatogr 333:211-214

49. Arai T, Kuroda H (1991) Distribution behaviour of some drug enantiomers in an aqueous
two-phase system using counter current extraction with protein. Chromatographia 32:56—-60

50. Shinomiya K, Kabasawa K, Ito Y (1998) Enantiomeric separation of commercial D,L-
kynurenine with an aqueous two-phase solvent system by cross-axis coil planet centrifuge.
J Liq Chromatogr 21:135-141

51. Pirkle WH, Welch CJ (1992) Effect of superfluous remote polar functionality on chiral
recognition. J] Chromatogr A 589:45-51

52. Perrin C, Matthijs N, Mangelings D, Granier-Loyaux C, Maftouh M, Massarta DL, Heyden
YV (2002) Screening approach for chiral separation of pharmaceuticals Part II. Reversed-
phase liquid chromatography. J Chromatogr A 966:119-134

53. Delgado B, Pérez E, Santano MC, Minguillén C (2005) Enantiomer separation by counter-
current chromatography. Optimisation and drawbacks in the use of L-proline derivatives as
chiral selectors. J Chromatogr A 1092:36-42



Enantioselective Recognition in Solution: The Case of Countercurrent Chromatography 273

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Domon B, Hostettmann K, Kovacevic K, Prelog V (1982) Separation of the enantiomers
of (%)-norephedrine by rotation locular counter-current chromatography. J Chromatogr
250:149-151

Prelog V, Stojanac Z, Kovacevic K (1982) Separation of enantiomers by partition between
liquid phases. Helv Chim Acta 65:377-384

Takeuchi T, Horikawa R, Tanimura T (1984) Complete resolution of DL-isoleucine by droplet
counter-current chromatography. J Chromatogr 284:285-288

Pirkle WH, Murray PG (1993) Chiral stationary phase design. Use of intercalative effects to
enhance enantioselectivity. J Chromatogr 641:11-19

Oliveros L, Franco P, Minguillén C, Camacho-Frias E, Foucault AP, Le Goffic F (1994)
Donor-acceptor chiral centrifugal partition chromatography: complete resolution of two pairs
of amino-acid derivatives with a chiral II donor selector. J Liq Chromatogr 17:2301-2318
Ma Y, Ito Y, Foucault A (1995) Resolution of gram quantities of racemates by high-speed
counter-current chromatography. J Chromatogr A 704:75-81

Ma Y, Ito Y, Berthod A (1999) A chromatographic method for measuring kf of enantiomer-
chiral selector complexes. J Liq Chromatogr Relat Technol 22:2945-2955

Lammerhofer M, Lindner W (1996) Quinine and quinidine derivatives as chiral selectors
1. Brush type chiral stationary phases for high-performance liquid chromatography based
on cinchonan carbamates and their application as chiral anion exchangers. J] Chromatogr A
741:33-48

Kellner KH, Blasch A, Chmiel H, Lammerhofer M, Lindner W (1997) Enantioseparation
of N-protected «-amino acid derivatives by liquid-liquid extraction technique employ-
ing stereoselective ion-pair formation with a carbamoylated quinine derivative. Chirality
9:268-273

Zarbl E, Lammerhofer M, Franco P, Petracs M, Lindner W (2001) Development of stere-
oselective nonaqueous capillary electrophoresis system for the resolution of cationic and
anphoteric analytes. Electrophoresis 22:3297-3307

Franco P, Blanc J, Oberleitner WR, Maier NM, Lindner W, Minguillén C (2002) Enantiomer
separation by countercurrent chromatography using cinchona alkaloid derivatives as chiral
selectors. Anal Chem 74:4175-4183

Gavioli E, Maier NM, Minguillon C, Lindner W (2004) Preparative enantiomer separation
of dichlorprop with a cinchona-derived chiral selector employing centrifugal partition chro-
matography and high-performance liquid chromatography: a comparative study. Anal Chem
76:5837-5848

Okamoto Y, Kaida Y (1994) Resolution by high-performance liquid chromatography using
polysaccharide carbamates and benzoates as chiral stationary phases. J Chromatogr A
666:403—419

Tachibana K, Ohnishi A (2001) Reversed-phase liquid chromatographic separation of enan-
tiomers on polysaccharide type chiral stationary phases. J Chromatogr A 906:127-154
Yashima E, Yamamoto C, Okamoto Y (1996) NMR studies of chiral discrimination relevant
to the liquid chromatographic enantioseparation by a cellulose phenylcarbamate derivative.
J Am Chem Soc 118:4036-4048

Schulz L, Seger B, Burchard W (2000) Structures of cellulose in solution. Macromol Chem
Phys 201:2008-2022

Terbojevich M, Cosani A, Focher B, Gastaldi G, Wu W, Marsano E, Conio G (1999) Solution
properties and mesophase formation of 4-phenylbenzoylcellulose. Cellulose 6:71-87

Pérez E, Minguillén C (2006) Optimisation of the derivatization in cellulose-type chiral selec-
tors for enantioseparation by centrifugal partition chromatography. J Sep Sci 29:1379-1389
Pirkle WH, Welch CJ, Lamm B (1992) Design, synthesis, and evaluation of an improved
enantioselective naproxen selector. J Org Chem 57:3854-3860

Andersson S (2006) Preparative chiral chromatography — a powerful and efficient tool in drug
discovery. In: Subramanian G (ed) Chiral separation techniques. A practical approach, 3rd
edn. Wiley-VCH, Weinheim



274 N. Rubio and C. Minguillén

74. Francotte E (2001) Enantioselective chromatography as a powerful alternative for the
preparation of drug enantiomers. J Chromatogr A 906:379-397

75. Rubio N, Minguillén C (2010) Preparative enantioseparation of (%)-N-(3,4-cis-3-decyl-
1,2,3,4-tetrahydrophenanthren-4-yl)-3,5-dinitrobenzamide by centrifugal partition chro-
matography. J Chromatogr A 1217:1183-1190

76. Rubio N, Minguillén C, in preparation

77. Rubio N, Ignatova S, Sutherland I, Minguillén C (2009) Multiple dual-mode counter-current
chromatography applied to chiral separations. J Chromatogr A 1216:8505-8511

78. Kagan M, Chlenov M, Kraml CM (2004) Normal-phase high-performance liquid chro-
matographic separations using ethoxynonafluorobutane as hexane alternative II. Liquid
chromatography-atmospheric pressure chemical ionization-mass spectrometry applications
with methanol gradients. J Chromatogr A 1033:321-331

79. Ding J, Desai M, Armstrong DW (2005) Evaluation of ethoxynonafluorobutane as a safe and
environmentally friendly solvent for chiral normal-phase LC-atmospheric pressure chemical
ionization/electrospray ionization-mass spectrometry. J Chromatogr A 1076:34-43

80. Pérez AM, Minguillén C (2010) New biphasic solvent systems containing a fluorinated
component and its use in countercurrent chromatography for the separation of enantiomers.
J Chromatogr A 1217:1094-1100

81. Weisz A, Scher AL, Shinomiya K, Fales HM, Ito Y (1994) A new preparative-scale
purification technique: pH-zone-refining countercurrent chromatography. J Am Chem Soc
116:704-708

82. Couillard F, Foucault A, Durand D (2005) Process and device for separation of the compo-
nents to a liquid load by centrifugal liquid-liquid chromatography. Patent WO2005011835

83. Van den Heuvel R, Mathews B, Dubant S, Sutherland I (2009) Continuous counter-
current extraction on an industrial sample using dual-flow counter-current chromatography.
J Chromatogr A 1216:4147-4153

84. Berthod A, Carda-Broch S (2004) Use of the ionic liquid 1-butyl-3-methylimidazolium
hexafluorophosphate in countercurrent chromatography. Anal Bioanal Chem 380:168-177



Enantioselective Properties of Nucleic Acid
Aptamer Molecular Recognition Elements

Eric Peyrin

Contents
1 Introduction . . . . . . . . . L ... e e e e e e 276
2 Enantioselective Properties of Aptamers . . . . . . . . . . . . ... ... L. 271
2.1 General Characteristics of the Binding Mechanism for Small
Molecule Target . . . . . . . . . ... oL e e 277
2.2 Enantioselectivity . . . . . . . . . . ... Lo 279
3 The Aptamer-Based Chiral Discriminationin LCandCE . . . . . . . . . . . .. 280
3.1 Main Features of the Aptamer-Based Chiral Separation . . . . . . . . . . .. 280
3.2 Role of the Separation Medium Composition on the Chiral Separation . . . . . 282
3.3 Role of the Temperature on the Chiral Separation . . . . . . . . . .. . .. 284
4 Conclusion . . . . . . .o e 286
References . . . . . . . . . . L e e e e e e 286

Abstract Target-specific chiral selectors, which are characterized by a predictable
elution order depending on the target enantiomer employed for the selection of the
chiral selector, have recently received much attention in the enantioselective analysis
field. In this context, bioaffinity-based molecular recognition tools such as nucleic
acid aptamers have notably demonstrated very attractive features for the chiral dis-
crimination of active molecules. In this chapter, the enantioselective properties of
aptamer chiral selectors and the major factors that control and modulate the liquid
chromatography and capillary electrophoresis enantiomer separation are addressed.
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1 Introduction

Various chiral selectors (CSs) have been introduced in liquid chromatography
(LC), capillary electrophoresis (CE), and capillary electrochromatography (CEC)
for the separation and quantification of enantiomers. To date, cyclodextrins, ligand-
exchange mechanism-based selectors, crown ethers, cellulose and amylose deriva-
tives, macrocyclic antibiotics, synthetic polymers, alkaloids or proteins constitute
the most widely used CSs for the chiral discrimination of active molecules [1]. The
main strategy employed to resolve a racemic compound of interest is typically based
on the rational screening of such “conventional,” commercially available CSs and/or
the use of database. This can be time consuming and, in some cases, the enan-
tiomeric separation cannot be achieved. Furthermore, the elution/migration order
of enantiomers is generally not predetermined and the optimization of the separa-
tion operating conditions may be difficult to attain. In this context, an alternative
approach, which is related to the development of CSs specifically designed against
the racemate to resolve (target-specific CSs), has gained increasing interest over
the last years. Two kinds of target-specific CSs have been reported: the molecu-
lar imprinted polymers (MIPs) and the bioaffinity systems such as antibodies and
nucleic acid aptamers. The applications and properties of MIPs in LC and CE chiral
separations have been extensively studied, and recent detailed reviews have been
published [2, 3]. Recently, the use of enantioselective antibodies in the analytical
field, including notably the LC applications of the antibody-based CSPs, has been
exhaustively reviewed by Hofstetter et al. [4].

Aptamers are single-stranded DNA or RNA oligonucleotides (from 20 to 70
bases in general) which are generally isolated by the systematic evolution of ligands
by exponential enrichment (SELEX) procedure. The SELEX process is a combina-
torial technique for the screening of very large libraries of oligonucleotides by an
iterative process of in vitro selection and amplification. The random sequence of the
oligonucleotide library is incubated with a target of interest. Oligonucleotides with
an affinity toward the target are isolated from the tremendous number of species
in the library, the unbound fraction being separated by separation techniques such
as chromatography, magnetic bead technology, and capillary electrophoresis. The
bound oligonucleotides are then isolated and amplified to obtain an enriched library
which is used for a next selection/amplification cycle. The efficiency of enrichment
of binders is governed by the stringency of the selection of each round. After around
10-15 cycles, the enriched library is cloned and sequenced. More details on the
principle of the SELEX technology can be found in the literature [5, 6].

Like antibodies, aptamers are characterized by very impressive, unsurpassed
affinity, and selectivity properties. Such remarkable feature has determined immense
potentialities in the diagnostic field and various analytical systems have been devel-
oped, notably in the field of biosensors, ELISA-type assays, flow cytometry, or
separation techniques [6, 7]. Specifically, aptamers constitute, with antibodies, the
most popular affinity reagent employed for the development of bioaffinity-based LC
and CE methodologies. However, the aptamers present many advantages over anti-
bodies. Aptamers can be regenerated within minutes via a denaturation—renaturation
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step and are, at least for DNA aptamers, relatively stable over the time. The in
vitro selection can be manipulated to obtain binding properties desirable for specific
assays. The aptamers can be produced by chemical synthesis resulting in little or no
batch-to-batch variation and reporter or functionalizing molecules can be attached
to aptamers at precise locations. Furthermore, they are produced through an in vitro
process which does not require animals.

In this chapter, we focus particularly on the enantioselective properties of
aptamers and their recent use as target-specific CSs in LC and CE. The main features
of the aptamer-based chiral separations and the influence of two essential factors,
i.e., the separation medium composition and the column/capillary temperature, on
the enantiodiscrimination were especially emphasized.

2 Enantioselective Properties of Aptamers

2.1 General Characteristics of the Binding Mechanism for Small
Molecule Target

Aptamers are characterized by a specific and complex three-dimensional shape and
contain various structural motifs that can be stems, loops, bulges, hairpins, pseu-
doknots, triplexes, or quadruplexes. Aptamers can bind to a wide variety of targets
from single molecules to whole organisms. Numerous aptamers have been selected
toward small molecules including nucleotides, nucleosides, cofactors, amino acids,
drugs, carbohydrates. The small molecule—aptamer complexes display generally
dissociation constants in the micromolar range. In rare cases, lower K4 values have
been observed, a dissociation constant as low as ~800 pM has even been reported
for the tetracycline binding to its corresponding RNA aptamer [8].

Such impressive affinity is expected to originate from the unique conformational
flexibility and adaptability features of nucleic acid aptamers. A conformational tran-
sition is classically associated with the aptamer—target complex formation, i.e., an
induced-fit binding mode [9]. In the more generally accepted binding model, the
target associates to the aptamer that exists as multiple interconverting conformers,
one of this conformer being competent for binding. The mechanism between the
aptamer and its cognate ligand is then assumed to be governed by at least two critical
steps [10]. The first target-independent step is related to the conformational change
from inactive species to the active aptamer. The second step is related to the binding
of the target to the active aptamer conformer. This is governed by slow association
and dissociation rate constants: association rate constant values as small as 10*—10°
M~! s~! have been reported for the small target binding to aptamer associated to
dissociation rate constant comprised between 10™2 and 10~% s~

From a structural point of view, the nucleic acid receptor folds upon small
molecule binding from a more or less disordered structure into a well-defined
binding pocket, encapsulating the target. Numerous studies have shown that such
structural reorganization of the functional nucleic acid, mediated by the small
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target complexation, can imply base rearrangements, sugar—phosphate backbone
distortions, structural motif reorientations, three-dimensional topology changes, and
gyration radius variations [11-13]. For example, it has been demonstrated that the
radius of gyration of the anti-argininamide DNA aptamer would decrease by nearly
20% when it is in its ligated form (Fig. 1) [12]. Such argininamide encapsulation
would be accompanied by a strong reduction of the solvent accessible surface area
upon complex formation in the order of 1000 A% [12]. Another analysis by circular
dichroism has shown that the anti-tyrosinamide DNA aptamer undergoes a DNA
B-form to A-form transition upon the target binding [13].

This induced-fit mechanism is of crucial importance as it governs the adjustment
of the recognition surface of the aptamer binding pocket with the target. So, an opti-
mal shape complementarity between the two partners is established allowing tightly
packed contacts between them. Dependent on the target nature and its functional
groups as well as the SELEX procedure used, hydrogen bonds, electrostatic inter-
actions, stacking interactions, and hydrophobic effect are the more common driving
forces which are involved in the molecule binding to the aptamer. For example, the
interaction between aromatic targets such as theophylline, flavin mononucleotide,

Fig.1 The L-argininamide
bound (a, ¢) and unbound
(b, d) forms of
anti-L-argininamide DNA
aptamer. From [12]
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Fig. 2 Molecular recognition of the aminoglycoside antibiotic tobramycin (green) by an RNA
aptamer. From [9]

or AMP and their corresponding aptamers is based on a similar mechanism which
involves stacking interactions with a planar surface into the binding pocket and addi-
tional intermolecular hydrogen bonding contacts which contribute to the selectivity
[9]. On the other hand, aminoglycosidic targets are typically recognized by their
aptamers through a combination of electrostatic and shape complementarity along
with distinct hydrogen bonds involving polar groups in the antibiotics [9]. A rep-
resentative example of resolved structure for the tobramycin target—-RNA aptamer
complex is presented in Fig. 2.

2.2 Enantioselectivity

Although the aptamers were not selected, in most cases, for a selective binding,
the efficient monitoring of the SELEX procedure has often allowed a very high
specificity exemplified by the capability of the aptamer to bind specifically the tar-
get. For example, the theophylline-binding RNA aptamer displays an affinity for
its cognate ligand 10,000 times that of caffeine, which differs from theophylline
by only a single methyl group [14]. In this context, aptamers selected against a
chiral target appear to be very frequently enantiospecific. A necessary condition
is that the target immobilization to the matrix (chromatographic support, magnetic
beads, filter, etc.) must allow an adequate exposure of the enantiomer key functional
groups to the oligonucleotide pool during the in vitro selection. If necessary, and
in order to isolate nucleic acid sequences with higher enantioselectivity, a SELEX
methodology involving a counter-selection with the non-target enantiomer can be
performed so that non-enantioselective sequences were successfully removed from
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the nucleic acid pool [15]. Usually, the in vitro selection of aptamers has been car-
ried out using an enantiopure target immobilized on a matrix. Alternatively, it has
been shown recently by Sawai and coworkers that enantiospecific aptamers can also
be isolated from a racemic mixture of targets [16]. It has been shown that, although
the selection is carried out using a racemic thalidomide derivative as target, the
selected aptamer clone shows high binding affinity for the R-form of thalidomide
but not for the S-form. This result is of crucial importance as it becomes therefore
possible to generate target-specific enantioselective CSs even using a non-resolved
racemic mixture of compounds. The various DNA and RNA aptamers isolated
against chiral compounds display commonly very important enantioselectivity. In
some cases, extreme enantioselectivity ranging from about 100 to more than 10,000
have been reported for compounds such as amino acids (histidine, tryptophan, argi-
nine), nucleosides (adenosin e), drugs (thalidomide), or oligopeptides (vasopressin)
[15-20]. From a mechanistic point of view, it is very likely that such stereoselec-
tivity originates from the unique binding mechanism of aptamers. The non-target
enantiomer is assumed to fit less adequately to the aptamer binding pocket, engag-
ing less stabilizing contacts with the aptamer and/or being submitted to significant
steric hindrance or electrostatic repulsion. This results in the lower stability of the
diastereoisomeric complex formed. In the future, experiments allowing the eluci-
dation of the three-dimensional structures of a complex between an aptamer and
a non-target enantiomer could be of great interest to understand in details the fine
enantioselective interaction balance mediating the chiral discrimination mechanism.

3 The Aptamer-Based Chiral Discrimination in LC and CE

3.1 Main Features of the Aptamer-Based Chiral Separation

Aptamers have been successfully exploited in target-specific chiral separations both
in LC (immobilized CS as chiral stationary phases, CSPs) and CE (CS added to the
background electrolyte) [21-28]. Table 2 summarizes the different aptamer-based
chiral stationary phases and the CE-based assays reported at the present time and
the related chromatographic and electrophoretic results.

Three major aspects can be emphasized. First, and as expected from the aptamer
properties evoked above, a predetermined enantioselectivity is already observed.
The target enantiomer presents more affinity for the CS than the non-target enan-
tiomer so that it is more retained on the aptameric column or migrated more slowly
in the capillary during the electrophoretic run [21-28]. High to very high separa-
tion factors are commonly observed in LC. In some cases, the «-value cannot be
even determined accurately due to the fact that the non-target enantiomer does not
interact significantly with the aptamer (Table 1). For example, D-vasopressin and
L-arginine were eluted roughly in the void volume on the anti-L-vasopressin or the
anti-D-arginine aptamer chiral stationary phases (CSPs), respectively [21, 24]. The
relatively low «-values reported to date have been obtained with the anti-tyrosine
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Table 2 Thermodynamic parameters associated with the enantiomer retention on some aptamer
CSPs

Target [ref] Aptamer CSP AH (kJ/mol)  TAS (kJ/mol) ACp (kJ/mol.K)
L-Vasopressin [21] Anti-L-vasopressin —23.4(25°C) 3.0(25°0C) -3.78
L-Tyrosinamide [22] ~ Anti-L-tyrosinamide —139.4 nd /

D-Adenosine [22] Anti-D-adenosine —71.4 nd /

L-Adenosine [22] Anti-D-adenosine —65.6 nd /

L-Histidine [25] Anti-L-histidine —69.5 nd /

nd: Not determined

aptamer column for related compounds such as tryptophan and its derivatives and
DOPA. Moreover, this is the first example of an aptamer CSP which is able to sep-
arate the enantiomers of several compounds, i.e., a class-specific aptameric CSP
[26]. The immobilization strategy of the aptamer to the chromatographic support
does not affect significantly the chiral recognition properties of the oligonucleotide
[23]. Both non-covalent (biotin—streptavidin link) and covalent (amide bond) immo-
bilization have been evaluated for the anti-adenosine aptamer and similar apparent
enantioselectivity were reported (Table 1).

Another important aspect is related to the separation efficiency. As reported
above, the induced-fit mechanism of aptamer is characterized by slow association
and dissociation rate constants. For the separation applications, this determines very
poor efficiency performances for the target enantiomer. In some chromatographic
experiments, the values of reduced plate height (%) can be as high as 100 and the
theoretical plate number (N) can be as low as 1000 in CE separation (Table 1). As
previously expected [28], it is possible that the presence of different aptamer con-
formers with distinct affinity and kinetic properties for the target enantiomer could
be responsible for a heterogeneous binding system, participating also to the low
efficiency value.

Finally, the DNA aptamer CSs appear to be of acceptable stability over the time
under usual chromatographic/electrophoretic utilization and storage (Table 1). In
contrast, the RNA aptamer CSs are rapidly degraded by RNases [24]. To overcome
this severe limitation for a practical use, the mirror image strategy can be applied,
using an L-RNA aptamer as CS. L-RNA aptamer is the mirror image of the “natural”
D-RINA aptamer. Due to the stereospecificity of the RNases, the L-RNA aptamer CS
is unsusceptible to the naturally occurring enzymes and then can be used both as
CSP or chiral additive in CE during an extended period of time (typically several
months) without degradation [24].

3.2 Role of the Separation Medium Composition
on the Chiral Separation

From the various studies performed during these last years, it appears that the bind-
ing and chiral recognition properties of aptameric CSs are highly dependent on the
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separation medium composition. First of all, the chromatographic/electrophoretic
separation can be achieved only under reversed-phase conditions as the presence
of water and mono- and/or divalent cations is a necessary condition to maintain
the active, functional conformation of the nucleic acid CS. It is well known that
cations promote folding by reducing the repulsion between nucleic acid phosphates.
Generally, millimolar Mg?* concentrations are able to stabilize tertiary structures
and it is well established that Mg?* promotes the formation of the active aptamer
from the inactive conformers [29, 30]. To note, for the particular case of the
quadruplex-based aptamers, the 3D structure is commonly stabilized by the pres-
ence of a monovalent cation (especially potassium) in the center of the tetrads. Thus,
the Mg?* concentration, in the mobile phase or the background electrolyte is of
major importance. For example, the chiral chromatographic separation of histidine
is very strongly increased when the MgCl, concentration in the mobile varied from
0to 10 mM (Fig. 3) [25]. Furthermore, it has been shown that the enantioseparation
of adenosine using an anti-adenosine aptamer CSP is completely abolished when
the column is flushed with a buffer containing 5 mM of EDTA [23]. In addition, the
variation of the ionic strength of the mobile phase or electrolyte can affect the direct
association between a cationic target compound and the aptamer. If Coulomb inter-
actions are involved in the binding process, a decrease in the equilibrium association
constant is observed with increasing salt concentration. This has been exempli-
fied with the chiral separation of vasopressin on an aptamer CSP. The increase in
the NaCl concentration from 25 to 100 mM in the mobile phase is responsible
for a reduction of the target enantiomer retention factor [21]. Moreover, from the
data, it has been deduced that a charge—charge interaction is involved in the target
binding.
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Fig. 3 Plots of retention factor k versus mobile phase MgCl, concentration for D-histidine (open
symbol) and L-histidine (filled symbol) using an anti-D-histidine L-RNA aptamer CSP. Column:
260 x 0.80 (i.d) mm; mobile phase: Hepes buffer 50 mM, NaCl 250 mM, pH: 6.5; column
temperature: 20°C; flow rate: 15 pL/min. Adapted from [25]
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Besides the nature and the concentration of salt in the separation medium, the
mobile phase or background electrolyte pH can also be an important criterion to
modulate the interaction of ionizable targets with their corresponding aptamers.
As a representative example, the histidine enantiomers are optimally separated on
an anti-histidine column at a pH of 5.5, i.e., when the target is partially under its
protonated form [25].

The addition of relative small amounts of organic modifiers in the LC mobile
phase is possible and can be accounted to alter the retention time and modify the
chiral separation of analytes. At the present time, various solvents have been used
including acetonitrile, methanol, ethanol, and 2-propanol, with proportion varying
from 0 to 10-25% in relation to the type of organic modifiers and the aptameric
CSPs employed [23, 26]. Commonly, the addition of such organic solvents is
responsible for a reduction of the retention factors of the analyzed target solutes such
as adenosine or aromatic amino acid derivatives, revealing that hydrophobic effects
are involved in the analyte interaction with the aptamer CSP. It is also possible that
a solvent-dependent change of the active aptamer conformation occurs, governing a
reduction of the binding affinity of the solute for the aptamer CSP. The enantiose-
lective properties of the aptamer CSP can be variably affected by the presence of the
organic modifiers. In some cases , the o-value is not altered with the mobile phase
solvent increasing while in other ones, a weak reduction of the apparent separation
factor is reported. Nevertheless, the addition of organic modifiers can be a good
strategy to reduce the retention time of highly retained compounds, without altering
so much the enantioselective properties of the aptamer CSP [23, 26].

3.3 Role of the Temperature on the Chiral Separation

Another essential parameter that controls and modulates the chiral separation is the
column or capillary temperature. As the temperature increases, the target enan-
tiomer binding to the aptamer is commonly very strongly diminished [22-28].
This is exemplified in Fig. 4 by the van’t Hoff plot (In £ vs 1/T) obtained for
the L-tyrosinamide enantiomer on the anti-L-tyrosinamide aptamer column. The
enthalpic term values (A H) values obtained for different target enantiomer—aptamer
CSP systems studied are presented in Table 2. These are of very great magnitude,
varying from —25 to —140 kJ/mol. Such data can be explained by the fact that
the target is encapsulated by the aptamer so that a very tight complex, involving
strong attractive interactions and/or a great number of interaction points, is formed.
In addition, for the vasopressin binding to the aptamer CSP, a large and negative
heat capacity change has been reported upon the target enantiomer binding [21]
(Table 2). This is consistent with a complex formation in which several contacts
between non-polar groups of two species are engaged. A temperature-dependent
change in the aptamer conformation or in the relative population of the conform-
ers could also be involved in the variation of the target binding to the aptamer CS
[27]. The decrease in the target enantiomer binding with temperature increasing
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Fig. 4 van’t Hoff plots In k 2
vs 1/T for D, L-tyrosinamide L-tyr
(k: retention factor) using the 11
anti-L-tyrosinamide aptamer 0- a
CSP. Temperature (7)) range:
20-32°C. Column: 14
250 x 0.76 mm; mobile =
phase: phosphate buffer = o
20 mM, KCl1 25 mM, MgCl,
1.5 mM, pH 6.0; flow rate: 20 -3 N D-tyr
pwL/min. Error bars are within
the experimental points. —4 1
Adapted from [22] 5
0.00325 0.0033 0.00335 0.0034 0.00345
1T (K™

is commonly associated with a significant reduction of the apparent selectivity
[22-28]. As can be seen in Fig. 5, the adenosine monophosphate (AMP) racemate is
very well resolved at 20°C in a partial-filling aptamer-modified micellar electroki-
netic chromatography (MEKC) mode while the enantioseparation is greatly reduced
at 40°C [28].

Another important aspect is related to the temperature effects on the separa-
tion efficiency. As reported above, the slow association—dissociation kinetics for
the complex formation is responsible for very poor efficiency performances. As
kinetics is highly dependent on the temperature, its modulation is an excellent way
to enhance the efficiency of the aptamer separation systems. It has been reported

Aptamer zone

20°C

Fig. 5 Effects of the
capillary temperature on the
adenosine monophosphate
(AMP) enantioseparation L
under aptamer-modified
MEKC conditions. Capillary: 40°C
50 pm inner diameter
PVA-coated silica capillary. Time (min)
Adapted from [28] 5 10 15 20 25
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that the column/capillary temperature increase is responsible for a strong improve-
ment of the N values both in LC and CE, through faster mass transfer kinetics
[25, 27, 28]. As a representative example (Fig. 5), the N value of the D-AMP tar-
get in an aptamer-modified MEKC mode varies from 1100 at 20°C to 21,000 at
40°C [28].

4 Conclusion

The mechanism of the target enantiomer binding to the aptamer CS is quite unusual
in the chiral discrimination field. There are some cases of conformational changes of
the selector when bound to enantiomers. For example, some proteins such as serum
albumins or antibodies are conformationally modified upon enantiomer association
[31, 32]. However, these structural changes are commonly subtle and of weak ampli-
tude. In contrast, due to the extreme flexibility and adaptability of the aptamer, the
target binding is typically associated to a larger structural transition of the nucleic
acid which governs its tight encapsulation. This induced-fit mechanism determines
the following chiral separation properties of the aptamer CSs:

— high to very high affinity and enantiospecificity

— poor to very poor efficiency performances

— extreme dependence to the presence of water and cations (especially Mg
— very strong effects of the column/capillary temperature

2+)

More globally, the strong affinity and selectivity properties of aptamers can
found very promising applications in other chiral analysis fields, such as the design
of enantioselective assays or sensors. Moreover, very recently, enantioselective
aptamer-based affinity probe CE and fluorescence polarization assays have been
successfully designed for the rapid detection of enantiomeric impurities [33-35].

References

1. Francotte ER (2001) Enantioselective chromatography as a powerful alternative for the
preparation of drug enantiomers. J Chromatogr A 906:379-397

2. Ansell RJ (2005) Molecularly imprinted polymers for the enantioseparation of chiral drugs.
Adv Drug Deliv Rev 57:1809-1835

3. Nilsson J, Spégel P, Nilsson S (2004) Molecularly imprinted polymer formats for capillary
electrochromatography. J Chromatogr B 804:3-12

4. Hofstetter H, Hofstetter O (2005) Antibodies as tailor-made chiral selectors for detection and
separation of stereoisomers. Trends Anal Chem 10:869-879

5. Ellington AD, Szostak JW (1990) In vitro selection of RNA molecules that bind specific
ligands. Nature 346:818-822

6. Jayasena SD (1999) Aptamers: an emerging class of molecules that rival antibodies in
diagnostics. Clin Chem 45:1628-1650



Enantioselective Properties of Nucleic Acid Aptamer Molecular Recognition Elements 287

10.

11.

12.

13.

14.

15.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Tombelli S, Mascini M (2009) Aptamers as molecular tools for bioanalytical methods.
Curr Opin Mol Ther 11:179-188

Miiller M, Weigand JE, Weichenrieder O et al (2006) Thermodynamic characterization of an
engineered tetracycline-binding riboswitch. Nucleic Acids Res 34:2607-2617

Hermann T, Patel DJ (2001) Adaptive recognition by nucleic acid aptamers. Science
287:820-825

Latham MP, Zimmermann GR, Pardi A (2009) NMR chemical exchange as a probe for ligand-
binding kinetics in a theophylline-binding RNA aptamer. ] Am Chem Soc 131:5052-5053
Schneider C, Siihnel J (1999) A molecular dynamics simulation of the flavin mononucleotide-
RNA aptamer complex. Biopolymers 50:287-302

Bishop GR, Ren J, Polander BC et al (2007) Energetic basis of molecular recognition in a
DNA aptamer. Biophys Chem 126:165-175

Lin PH, Yen SL, Lin MS et al (2008) Microcalorimetrics studies of the thermodynamics and
binding mechanism between L-tyrosinamide and aptamer. J Phys Chem B 112:6665-6673
Jenison RD, Gill SC, Pardi A et al (1994) High-resolution molecular discrimination by RNA.
Science 263:1425-1429

Klussmann S, Nolte A, Bald R et al (1996) Mirror-image RNA that binds D-adenosine.
Nat Biotechnol 14:1112-1115

Shoji A, Kuwahara M, Ozaki H et al (2007) Modified DNA aptamer that binds the (R)-isomer
of a thalidomide derivative with high enantioselectivity. ] Am Chem Soc 129:1456-1464

. Geiger A, Burgstaller P, von der Eltz H et al (1996) RNA aptamers that bind L-arginine

with sub-micromolar dissociation constants and high enantioselectivity. Nucleic Acids Res
24:1029-1036

. Majerfeld I, Puthenvedu D, Yarus M (2005) RNA affinity for molecular L-histidine; genetic

code origins. J Mol Evol 61:226-235

. Majerfeld I, Yarus M (2005) A diminutive and specific RNA binding site for L-tryptophan.

Nucleic Acids Res 33:5482-5493

Williams KP, Liu XH, Schumacher TN et al (1997) Bioactive and nuclease-resistant L-DNA
ligand of vasopressin. Proc Natl Acad Sci USA 94:11285-11290

Michaud E, Jourdan EA, Villet A et al (2003) A DNA aptamer as a new target-specific chiral
selector for HPLC. J Am Chem Soc 125:8672-8679

Michaud M, Jourdan E, Ravelet C et al (2004) Immobilized DNA aptamers as target-specific
chiral stationary phases for resolution of nucleoside and amino acid derivative enantiomers.
Anal Chem 76:1015-1020

Ruta J, Ravelet C, Désiré J et al (2008) Covalently bonded DNA aptamer chiral stationary
phase for the chromatographic resolution of adenosine. Anal Bioanal Chem 390:1051-1057
Brumbt A, Ravelet C, Grosset C et al (2005) Chiral stationary phase based on a biostable
L-RNA aptamer. Anal Chem 77:1993-1998

Ruta J, Grosset C, Ravelet C et al (2007) Chiral resolution of histidine using an
anti-D-histidine L-RNA aptamer microbore column. J Chromatogr B 845:186-190

Ravelet C, Boulkedid R, Ravel A et al (2005) A L-RNA aptamer chiral stationary phase for
resolution of target and related compounds. J Chromatogr A 1076:62-70

Ruta J, Ravelet C, Grosset C et al (2006) Enantiomeric separation using an L-RNA aptamer
as chiral additive in partial-filling capillary electrophoresis. Anal Chem 78:3032-3039

Ruta J, Perrier S, Ravelet C et al (2009) Aptamer-modified micellar electrokinetic chromatog-
raphy for the enantioseparation of nucleotides. Anal Chem 81:1169-1176

Brion P, Westhof E (1997) Hierarchy and dynamics of RNA folding. Annu Rev Biophys
Biomol Struct 26:113-137

Draper DE, Grilley D, Soto AM (2005) Ions and RNA folding. Annu Rev Biophys Biomol
Struct 34:221-243

Tittelbach V, Gilpin RK (1995) Species dependency of the liquid chromatographic properties
of silica-immobilized serum albumins. Anal Chem 67:44-47



288 E. Peyrin

32. Hofstetter O, Lindstrom H, Hofstetter H (2004) Effect of the mobile phase on antibody-
based enantiomer separations of amino acids in high-performance liquid chromatography.
J Chromatogr A 1049:85-95

33. Ruta J, Ravelet C, Baussanne I et al (2007) Aptamer-based enantioselective competitive
binding assay for the trace enantiomer detection. Anal Chem 79:4716-4719

34. Rutal, Ravelet C, Baussane I et al (2008) Competitive affinity capillary electrophoresis assay
based on a “hybrid” pre-incubation/on-capillary mixing format using an enantioselective
aptamer as affinity ligand. J Sep Sci 31:2239-2243

35. Ruta J, Perrier S, Ravelet C et al (2009) Noncompetitive fluorescence polarization aptamer-
based assay for small molecule detection. Anal Chem 81:7468-7473



Chiral Ionic Liquids in Chromatographic
Separation and Spectroscopic Discrimination

Min Li, David K. Bwambok, Sayo O. Fakayode and Isiah M. Warner

Contents
1 Introduction . . . . . . . . . L ... e e e e e e 290
2 Chiral Ionic Liquids (CILS) . . . . . . . . . . o o o v v v v vt 291
2.1 IntroductiontoCILs . . . . . . . . . . . . o e 291
22 Evolutionof CILs . . . . . . . . . . o v v oo 292
23 Classificationof CILs . . . . . . . . . .. . . ... 0 oo 292
3 Applications of Chiral Ionic Liquids . . . . . . . . . . . ... ... .. .... 293
3.1 CILs in Asymmetric Catalysis and Synthesis . . . . . . . . . . .. .. .. 293
3.2 CILs in Enantiomeric Chromatographic Separation . . . . . . . . . . . . .. 293
3.3 Applications of Chiral Ionic Liquids in Enantiomeric
Spectroscopic Discrimination . . . . . . . . . . ... ..o Lo 299
4 ConcludingRemarks . . . . . . . ... oo 323
References . . . . . . . . . . L Lo e 324

Abstract Chiral ionic liquids (CILs) are a subclass of ionic liquids (ILs) in which
the cation, anion, or both may be chiral. The chirality can be central, axial, or pla-
nar. CILs possess a number of unique advantageous properties which are inherited
from ionic liquids including negligible vapor pressure, wide liquidus temperature
range, high thermal stability, and high tunability. Due to their dual functionali-
ties as chiral selectors and chiral solvents simultaneously, CILs recently have been
widely used both in enantiomeric chromatographic separation and in chiral spec-
troscopic discrimination. In this chapter, the various applications of CILs in chiral
chromatographic separations such as GC, HPLC, CE, and MEKC are reviewed. The
applications of CILs in enantiomeric spectroscopic discrimination using techniques
such as NMR, fluorescence, and NIR are described. In addition, chiral recognition
and separation mechanism using the CILs as chiral selectors or chiral solvents is
also discussed.
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1 Introduction

Currently, one of the major fields of interests for further and extensive studies in
chemistry is the development of novel solvents with reduced toxicity, biodegradabil-
ity, environmentally benign capability, and high biocompatibility [1]. In this regard,
much attention has been devoted to ionic liquids (ILs) [2, 3]. ILs are compounds
entirely composed of ions and may be liquid at or close to room temperature [4,
5]. This definition that still holds today was given by Paul Walden in 1914 after
discovering the first ionic liquid, ethylammonium nitrate with a melting point of
12°C [6, 7]. An arbitrary temperature limit of 100°C has been used to distinguish
ILs from inorganic molten salts which generally have high melting points [3]. The
low melting point of ILs has been attributed to low lattice energy due to asymme-
try of the component cations and anions. This asymmetry leads to frustrated crystal
packing [8]. After being latent for sometime, research activity on room temperature
ionic liquids (RTILs) was renewed with the discovery of alkylpyridinium and 1,3-
dialkylimidazolium haloaluminate salts [9]. In 1975, the first electrochemical study
on these new liquid salts such as [ethylpyridinium bromide]-[AlCl3] was reported
[10]. The Lewis acidity of these ILs could be tuned by varying the molar ratio of the
two ionic components. However, these haloaluminate ionic liquids are extremely
sensitive to hydrolysis by atmospheric moisture and require handling strictly under
anhydrous conditions. This problem was alleviated with the discovery of imida-
zolium ILs containing tetrafluoroborate and hexafluorophosphate anions that do
not impose such special handling requirements [11, 12]. This has led to extensive
research and preparation of a large variety of ILs by choosing various combina-
tions of cations and anions (Scheme 1) [3, 13]. Such ILs are generally regarded as
non-functionalized ILs.
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Scheme 1 Representative cations and anions used in the synthesis of ILs

The greater than exponential development in the ionic liquid research has gener-
ated several research divisions. One of the new directions of ionic liquid research is
the preparation of novel functionalized ILs or task-specific ILs and the exploration
of their properties and applications such as in metal extraction (Scheme 2) [14, 15].
Among the various research areas in the field of novel functionalized ILs, the syn-
thesis and application of chiral ionic liquid s (CILs) [16] has attracted considerable
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Scheme 2 Molecular structures of task-specific IL cations used for metal extraction

interest in both organic and analytical chemistry. Other functionalized ILs of interest
include magnetic or metal containing ILs [17] and protic ILs [18]. These function-
alized ILs have found wide applications such as in catalysis [19], organic synthesis
[20], separation [21], electrochemistry [22], and energy storage [23].

2 Chiral Ionic Liquids (CILs)

2.1 Introduction to CILs

CILs are a subclass of ILs in which the cation or the anion (or both) may be chiral.
The chirality can be either central, axial, or planar. It is well established that chirality
plays an important role in chemistry. Over the last few years, research for new chiral
selectors, solvents, and materials based on CILs has become a topic of increasing
interest. A growing number of CILs have been designed, synthesized, and utilized
for potential applications in chiral discrimination and separation [24], asymmetric
catalysis and synthesis [25], as well as optical resolution of racemates [26]. Because
of their high-resolution abilities and liquidus properties, CILs can be used as either
chiral agents in regular solvent, or chiral solvents, or both simultaneously. With the
rapid development of CILs, these new chiral solvents have the potential to play an
important role in enantioselective organic chemistry, chiral separation chemistry,
and chiral materials chemistry. Thus, their role in these fields is expected to expand
tremendously.
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2.2 Evolution of CILs

CILs are a recent development as compared to achiral ILs. During the synthesis of
the N-heterocyclic carbene complexes based on imidazolium precursors, Herrmann
and coworkers [27] prepared two chiral imidazolium chloride salts as synthesis
intermediates, 1 and 2 (Scheme 3). Imidazolium salts have been widely used as
cations to prepare ILs. However, the two chiral imidazolium chloride salts were not
referred to as CILs in Herrmann’s work [27]. To our knowledge, Howarth et al. [16]
synthesized the first example of a CIL in 1997 with a chiral dialkylimidazolium
cation, 3 (Scheme 3). This homochiral and moisture stable imidazolium bromide
salt was used as the Lewis acid catalyst in the Diels—Alder reaction, affording
low enantiomeric excess (ee less than 5%) of the product. [16]. In 1999, Seddon
and coworkers reported the synthesis of CILs containing chiral anions for the
first time [28]. The CIL, 4, was prepared by an anion-exchange reaction between
1-methyl-3-butylimidazolium chloride ([BMIM][CI]) and sodium lactate (or S-2-
hydroxypropionate) in acetone (Scheme 3). This CIL was also used as the chiral
solvent in Diels—Alder reaction although no chiral induction was obtained [28]. This
may suggest that the presence of a CIL does not necessarily guarantee chiral induc-
tion or chiral recognition. Simple CILs having limited functional groups may not be
able to offer enough enantiomeric interaction sites with the reagents to induce chi-
rality transfer. The molecular structures of CILs play a fundamental role in effecting
their chiral induction or discrimination abilities. Therefore, in the later work, more
sophisticated CILs possessing multiple functional groups were designed and syn-
thesized with an aim toward fully exploiting CILs. For instance, CILs have been
designed and prepared from chiral building blocks obtained from the chiral pool
such as amino acids [29]. Amino acids naturally contain a number of functional
groups such as hydroxyl, amine, thiol, thioether, carboxylic, and amide. These func-
tional groups adjacent to the stereogenic center can offer multiple chiral interaction
sites with the reaction reagents or analytes.
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Scheme 3 Molecular structures of examples of earlier CILs

2.3 Classification of CILs

The syntheses of a variety of CILs and their applications have been extensively
studied. A number of outstanding reviews provide a summary of the synthesis and
application of different CILs [30-37]. Basically, as functionalized ILs, CILs have
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been used in enantioselective transformation reactions [38], chiral recognition [39],
gas chromatography stationary phases [40], and as chiral mobile phase additives in
CE [41]. As indicated earlier, CILs contain either a chiral cation, chiral anion, or
both ions may be chiral. Various CILs with chiral cations have been synthesized
including chiral imidazolium [42], ammonium [43], pyridinium [44], and azolinium
[45]. Representative examples of chiral anions used in the synthesis of CILs include
amino acid [46], lactic acid [47], borate [48], and camphorsulfonate [49]. CILs with
axial [50] and planar chirality [51] have also been prepared. These various versatile-
structured CILs confirmed one of the unique and highly desirable properties of ILs,
namely high tunability. Basically, ILs can be designed and tailored to specific appli-
cations simply by changing the cation, anion, or their combination. Therefore, CILs
could be referred to as chiral “designer solvents” [52]. In this chapter, after a brief
summary of the application of CILs in asymmetric synthesis and catalysis, the focus
is mainly on the various applications of CILs in enantiomeric chromatographic sep-
aration and chiral spectroscopic discrimination. Particularly, the chiral separation or
discrimination mechanisms are also discussed.

3 Applications of Chiral Ionic Liquids

3.1 CILs in Asymmetric Catalysis and Synthesis

One of the most important areas of research with CILs is their use in asymmetric
catalysis and synthesis. This chapter is focused on the applications of CILs in enan-
tiomeric chromatographic separation and spectroscopic discrimination so it is not
possible to study exhaustively the wealth of publications produced in this essential
field [53-63].

3.2 CILs in Enantiomeric Chromatographic Separation

Enantiomeric separation of chiral molecules is very important since different enan-
tiomers of a racemic drug may display very different medicinal properties [64].
For example, one enantiomer of a chiral drug may have the desired medicinal
properties, while the other enantiomer may be harmful. The three common meth-
ods for enantiomeric separation include gas chromatography (GC) [65], capillary
electrophoresis (CE) [66, 67] including micellar electrokinetic chromatography
(MEKC) [68], and high performance liquid chromatography (HPLC) [69]. In addi-
tion, fluorescence [70] and mass spectroscopy [71] are also used in the chiral
discrimination and analysis. There are various chiral selectors that can be used
for enantiomeric separation, such as cyclodextrins, polysaccharides, molecular
micelles, macrocyclic antibiotics, aptamers, proteins, and crown ethers [72-75].
However, the use of many current chiral selectors is often limited due to their low
solubility, difficult syntheses, instability at high temperature, as well as high cost. In
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addition, many currently available chiral selectors require the use of another solvent
and sometimes more than one solvent system if the analyte and the chiral selector
are not soluble in the same solvent [24]. The possibility of using CILs simultane-
ously as solvent and chiral selector may overcome this challenge. Therefore, CILs
recently have been used as chiral selectors in a number of enantiomeric separations.

3.2.1 CILs in Gas Chromatography (GC) Separation

The low vapor pressure and high thermal stability of CILs render them suitable
for enantioseparations in gas chromatography (GC). Recently, CILs have been used
as chiral stationary phases (CSPs) in GC [40]. Armstrong and coworkers carried
out enantiomeric separation of chiral alcohols and diols, chiral sulfoxides, some
chiral epoxides and acetamides using a CIL based on ephedrinium salt. Using an
ephedrinium CIL (4) as the CSP, enantiomeric separation of alcohols and diols was
achieved (Fig. 1). The presence of both enantiomeric forms of ephedrine makes it
possible to produce CSPs of opposite stereochemistry, which could reverse the enan-
tiomeric elution order of the analytes. This offers an additional advantage that may
not be easily achieved with common and widely used chiral selectors in GC such
as the cyclodextrins. However, there was a decrease in enantiomeric recognition
ability of the CSP after a week which the authors attributed to dehydration-induced

Fig. 1 GC chromatogram showing the enantiomeric separation of 2-phenethyl alcohol, 1-phenyl-
1-butanol and trans-1,2-cyclohexenediol with a fused-silica capillary column coated with (15,2R)-
(+)-N,N-dimethylephedrinium bis(trifluoromethylsulfonyl)amide (4). Adapted from [40]
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Fig. 2 The chromatograms of enantioseparation using (R)-N,N,N-trimethyl-2-aminobutanol-
bis(trifluoromethanesulfon)imidate CIL 5 as chiral selector. (a) propranolol in HPCE, 10 mmol/L
CIL 5; voltage, 16 kV, with anodic detection at 254 nm; (b) enantioseparation of 2,2’-diamino-1,1"-
binaphthalene in HPLC; eluent: HyO-CH3CN (6:4, v/v) containing 10 mmol/L of chiral selector
5, detection, 254 nm; (c¢) enantioseparation of citronella in GC on 5, split ratio: 80:1, FID. Adapted
from [76]

racemization. This suggests that there is still a need to explore other CILs for their
potential as stable CSPs in GC that are not vulnerable to such thermal racemization.

The CIL, (R)-N,N,N-trimethyl-2-aminobutanol-bis(trifluoromethanesulfon)
imide (5), was also found to be a good chiral selector for a variety of compounds in
GC (Fig. 2). For instance, this CIL afforded good resolution in the enantioseparation
of citronellal (Fig. 2C) [76].

3.2.2 CILs in Capillary Electrophoresis (CE) and Micellar Electrokinetic
Chromatography (MEKC) Separation

The conductivity of ILs offers the possibility of using them as electrolytes in CE.
Enantiomeric separation using CILs in CE is often a desirable alternative, espe-
cially when there is a trace amount of sample available and short analysis time is
required. Recently, Tran and Mejac demonstrated the separation of various pharma-
ceutical products using a CIL, S-[3-(chloro-2-hydroxypropyl) trimethylammonium]
[bis(trifluoromethylsulfonyl)imide] (S-[CHTA]*[Tf,N]7) (6), as co-electrolyte and
chiral selector in the presence of chiral additives such as sodium cholate (Fig. 3)
[41]. The chiral buffer was also capable of enantiomeric recognition of ibuprofen
(Fig. 3). It is worth noting that no resolution was achieved when additives were
not used. The authors suggest that the additives provide the three-point interaction
required for chiral recognition. This clearly suggests that there is room to explore
potential CILs that could offer chiral resolution without the need for other chiral
additives.
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30 mM sodium cholate; (1) Atenolol, (2) propranolol, (3) warfarin, (4) indoprofen, (5) ketoprofen,
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and with S-ibuprofen. Adapted from [41]

Two CILs [(ethyl and phenyl choline cations with bis (trifluoromethylsul-
fonyl)imide) anion] have been evaluated by Francois et al. as chiral selectors for
enantiomeric separation of arylpropionic acids by CE [77]. No direct enantioselec-
tivity was observed for these two CILs, except in the presence of p-cyclodextrins,
suggesting that a synergistic effect of the two selectors is responsible for increased
resolution and separation efficiency. The authors demonstrated an influence of the -
cyclodextrin on the competition between the analyte and the IL cation with respect
to B-cyclodextrin complexation. However, the presence of the phenyl group in the
IL cation appeared to be less important in enhancing the synergistic effects. This
indicates that specific ion-pairing interactions could be involved [77].

The synthesis of a new CIL [S-(—)-2-hydroxymethyl-1,1-dimethylpyrrolidinium
tetrafluoroborate] derived from L-proline alcohol have been reported by Maier et al.
[78]. This CIL was found to be an effective additive to acidic background elec-
trolytes affording the separation of a mixture of five tricyclic antidepressants using
capillary zone electrophoresis (CZE). The addition of the CIL to acidic background
electrolytes leads to suppression of the magnitude of electroosmotic flow (EOF) and
gradually reversed the direction of the EOF. Baseline separation of the five model
analytes was achieved. It was observed that the proline-derived CIL offers rela-
tively smaller anodic EOF compared to cationic surfactants that are mostly used for
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generating anodic EOF in CE. In this work, the CIL was used as the mobile phase
additive. However, the analytes separated were achiral.

The application of novel IL-type like surfactants and their polymers for chiral
separation of acidic analytes in MEKC was reported in 2006 by Rizvi and Shamsi
[79]. These were derived from the monomers and polymers of undecenoxycarbonyl-
L-leucinol bromide (L-UCLB, 6) which is an IL at room temperature, and unde-
cenoxy carbonyl-L-pyrolidinol bromide (L-UCPB 7), that forms a greasy solid with
a melting point of 30-35°C (Scheme 4). Chiral separation was suggested to be
strongly dependent on the presence of opposite charge as well as the structural com-
patibility between the chiral selector and the analyte. An example of such is shown
where an acidic analyte (rac)-«-bromophenylacetic acid could be separated using
the monomers and the polymers of both CILs at 25 mM surfactant concentration
(Fig. 4) [79].

Scheme 4 Molecular
structures of cationic CIL
monomers

- OH

It is worth noting that the cyclic nitrogen of compound 7 has four different
alkyl groups after the quaternization reaction; therefore, an additional nitrogen stere-
ogenic center and epimeric compounds could form accordingly. This phenomenon
was not mentioned in the work [79]. According to this work [79], however, this
extra stereogenic center did not significantly influence the chiral separation ability
of the CIL-modified surfactant polymer, as two acidic analytes were successfully
separated in the MEKC mode.

Yuan et al. found that the CIL, (R)-N,N,N-trimethyl-2-aminobutanol-bis (triflu-
oromethanesulfonyl) imide (5), is an excellent chiral selector that could be used
in CE for enatioseparation of various compounds (Fig. 2) [76]. For instance, this
CIL afforded the enantioseparation of propranolol which is a commonly used beta
blocker (Fig. 2A) [76].

3.2.3 CILs in Liquid Chromatography (L.C) Separation

In liquid chromatography (LC), the low vapor pressure of CILs is not a crucial
requirement. However, CILs may provide the desired selectivity and solubility for
enantiomeric separations. The possibility of replacing organic solvents by ILs in
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LUCLB (d) for enantioseparation of (4)-alpha-bromophenylacetic acid [(*)-(¢-BP-AA), 2.5
mg/mL in MeOH/H;0]. MEKC conditions: 50 mM NaH;PO4/Na;HPO4, pH 7.5, pressure
injection 50 mbar 5 s, —20 kV, 20°C, UV detection at 214 nm. Adapted from [79]

LC is limited by their rather high viscosities. In addition, the use of ILs on silica
stationary phases often produces interactions between IL cations and the anionic
silanol stationary phase, which lead to peak tailing and longer retention times. To
circumvent the aforementioned problems, CILs may be used as additives or silanol
blocking agents, affording enantiomeric separations [80].
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It was found that the CIL, (R)-N,N,N-trimethyl-2-aminobutanol-bis (trifluo-
romethanesulfonyl)imide (5), was a good chiral selector that can be used in HPLC
for enantioseparation of compounds such as alcohol, amine, and amino acids. The
presence of this CIL in the mobile phase led to the enantioseparation of 2,2’-
diamino-1,1’-binaphthalene (Fig. 2B) [76]. Clearly, these limited studies using
CILs in HPLC suggest that more CILs with multiple functional groups need to be
explored for enantioseparation of various chiral molecules in HPLC.

3.3 Applications of Chiral Ionic Liquids in Enantiomeric
Spectroscopic Discrimination

Chiral chromatographic separation techniques such as GC, HPLC, and CE provide
the real separation of enantiomers. By “real,” one means that the two enantiomers
of the racemates can actually be separated and obtained in individual contain-
ers. Particularly for chiral preparative HPLC, both the optically pure enantiomers
can be obtained after the chiral chromatographic separation. However, in spectro-
scopic techniques, there is no real separation of enantiomers. Nonetheless, chiral
spectroscopic techniques are still very important and useful resources for chiral
technology in that they can rapidly and accurately determine the enantiopurity of
chiral compounds. In addition, they can offer important information regarding the
structure—property relationship and differentiation mechanism during chiral inter-
action and recognition. Recently, CILs have been used as the chiral selectors in
spectroscopic techniques such as nuclear magnetic resonance (NMR), fluorescence,
and near infrared (NIR).

3.3.1 Chiral Discrimination Using CILs in NMR Spectroscopy

Chiroptical methods have been used previously to assess the enantiomeric purity
of a chiral compound [81]. With this method, the optical rotation of the sample is
determined by use of a polarimeter under defined conditions including temperature,
solvent, and concentration at a given wavelength of the incident plane-polarized
light. The optical purity of the sample can be obtained by comparing the rotation
of the sample with the known enantiopure sample of the same compounds. As a
general characterization technique, the optical rotation values of CILs have been
determined using a polarimeter in a number of organic solvents [29, 39, 56].

One of the most common methods employed for analysis of chiral com-
pounds is NMR spectroscopy [82, 83]. Enantiomers cannot be discriminated in
an achiral medium because the resonances of enantiotopic nuclei are isochronous.
However, diastereoisomers may be distinguished as the nuclei resonances are
anisochronous. In NMR, nuclei can be classified as isochronous or anisochronous.
Where diastereotopic protons show the same chemical shift, they are said to be
equivalent or isochronous, and where they have different chemical shifts, the pro-
tons are described as anisochronous [84]. As long as there is a large enough
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nonequivalent chemical shift to give baseline resolution of the appropriate sig-
nals, then integration gives a direct measure of diastereoisomeric composition [85].
Traditionally, three types of chiral auxiliary [86] which converts the mixtures of
enantiomers into diastereomeric mixtures are widely used, i.e., chiral lanthanide
shift reagents [87], chiral solvating agents [88], and chiral derivatizing agents [89].

Recently, CILs have been widely used as the chiral solvating agents in NMR
studies. In these applications, CILs can be dissolved in deuterated NMR solvents
and used as the chiral solvating agent. They can form diastereomeric associates in
situ with substrate enantiomers via rapidly reversible equilibriums in competition
with the bulk solvent. This method is quick and simple to perform with no prob-
lems of kinetic resolution or sample racemization which may occur when chiral
derivatizing agents are used. Considering the solvent used, nonpolar solvents such
as deuterated chloroform, benzene, and carbon tetrachloride tend to maximize the
observed anisochrony between the diastereoisomeric complexes while more polar
solvents such as deuterated acetonitrile, dimethyl sulfoxide may solvate the solute
and decrease peak splitting [85].

In most CILs, the cations are chiral. Therefore, a chiral anionic compound
would be very useful to investigate the chiral discrimination mechanism between
CILs and the chiral anionic compounds through a possible ion pairing interaction.
This makes the Mosher’s acid, «-methoxy-«-(trifluoromethyl)phenyl acetic acid, a
perfect choice as a chiral anionic probe compound. Mosher’s acid was first intro-
duced as a chiral derivatizing agent by Mosher in 1969 [90, 91]. The absence of
a-hydrogen in the carboxylic group of Mosher’s acid alleviates the problem of
racemization during the derivatization. It is now commercially available in enan-
tiopure form, either as the acid or as the acid chloride. In addition, both the 'H
NMR and the '°F NMR can be employed to investigate the diastereomeric interac-
tions since Mosher’s acid contains both hydrogen and fluorine nuclei. This section
summarizes the studies of chiral discrimination abilities of various CILs using NMR
spectroscopy. In addition, the possible enantiomeric discrimination mechanisms are
discussed.

To our knowledge, the first example of '°F NMR investigation of CILs was
reported in 2002 by Wasserscheid and co-workers [92]. The synthesis of CILs
with chiral cations derived directly from the chiral pool is described. The three-
step synthesis involving a Leuckart—Wallach reaction, alkylation with Me;SO4, and
anion-exchange readily afforded a new CIL (8) from the alkaloid ephedrine in 80%
overall yield (Scheme 5). Compound 8 has a melting point of 54°C and is stable up
to 150°C under high vacuum conditions. The quest for CILs that are liquids at room
temperature has resulted in the synthesis of CIL 9. Compound 9 is a liquid at room
temperature (melting point, —18°C) and has a high thermal stability.

The utility of these CILs for enantioselective reactions and enantiomeric sep-
arations was evaluated. The authors investigated the diastereomeric interactions
between the substrate and the CIL using '°F NMR spectroscopy. Undoubtedly,
these interactions would be essential for all kinds of chirality transfer from the CIL
onto the substrate in asymmetric induction. The diastereomeric interactions were
probed by '°F NMR spectroscopy using a racemic mixture of sodium Mosher’s salt
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as substrate and ephedrine-based CIL, 8, as the chiral selector. An example of the
19F NMR spectra is shown in Fig. 5.

The splitting of the signal related to the CF3-group of the racemic sodium
Mosher’s salt clearly demonstrates that the substrate has been dissolved in a chiral
environment. Moreover, the extent of peak splitting can be assigned to the strength
of the diastereomeric interactions. In other words, under identical experimental con-
ditions, the greater splitting indicates stronger chiral discrimination abilities of the
CILs used as chiral selectors. It is also noteworthy that the chemical shift difference
for the two diastereomeric CF3-groups largely depends on the concentration of the
CILs in the deuterated solvent. Generally, the higher the CIL concentration is, the
greater the splitting of '°F NMR signal of the CF3 becomes. Moreover, it has been
demonstrated that the addition of water to the chiral ionic liquid solution increases
the extent of signal splitting (Fig. 6).

A novel class of chiral thiazolinium-based CILs derived from amino alco-
hols was reported in 2003 by Gaumont et al. [93]. Chiral recognition abilities of
these thiazolinium-based CILs were investigated by determining the interactions
between compound 10 and racemic Mosher’s acid silver salt. The formation of
diastereomeric complexes was confirmed by °F NMR (Fig. 7). Interaction between
thiazolinium cation and Mosher’s acid anion induces a downfield shift of the flu-
orine atom signal in the '"F NMR spectrum (I ppm). Moreover, the interaction
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causes a splitting of the fluorine signal of the Mosher’s acid salt, clearly illustrating
the formation of diastereomeric complexes. It was also found that the chemical shift
distance between the two CF3 groups depends on the concentration of the CILs in
the NMR solvent. Similar to that observed for ammonium salts [92], addition of
water to the chiral thiazolinium salt enhanced the extent of signal splitting.

In 2004, Guillemin et al. reported even greater splitting up to 63 Hz in '°F NMR
and 60 Hz in 'H NMR spectroscopy using the valine-derived CILs (11 and 12) [94].
They modified the 'F NMR protocol developed by Wassercheid and coworkers [92]
by using the potassium Mosher’s salt instead of the sodium salt and recorded NMR
spectra in deuterated acetone. This protocol gives a better difference in the chemi-
cal shift difference (A§ = 10-20 Hz) for both methoxy and CF3 groups of the two
enantiomers of Mosher’s salt in 'H and '°F NMR, respectively. This result can be
explained by the tightness of the anion pair between cation (sodium or potassium)
and Mosher acid anion, which is decreased by a bulky counter cation like potas-
sium compared to sodium, leading to increased diastereomeric interactions between
CIL and Mosher’s acid anion. To confirm this, they added the crown ether 18C6 to
trap the potassium cation and obtained even stronger interactions, affording a dou-
bling of the chemical shifts difference (A6 = 20 — 30Hz) observed in both 'H
and 'F NMR spectroscopy. The increase of chiral discrimination obtained in this
work could again suggest that the ion pairing interaction between CIL cation and
the anionic Mosher’s salt plays an important role in the chiral discrimination.

Guillemin and coworkers further investigated the possible enantiomeric discrim-
ination mechanism using the new valine-based CILs. The role of the side chain
on the splitting was first investigated. The introduction of a polar group, such as a
hydroxyethyl chain (compound 11), considerably increases the chemical shift dif-
ference. Up to 54.7 and 40.4 Hz between the two enantiomers were obtained in 'H
and 'F NMR spectroscopy, respectively (Fig. 8a and b). The authors postulated
that diastereomeric interactions were favored by hydrogen bonding between the
hydroxyl group and the anionic substrate, leading to a folding up of the hydroxyl
chain toward the cation. In the control tests, the poor splitting observed with the
hydroxyoctyl chain showed that this folding up conformation was favored only for
C, or C3 hydroxyalkyl chain. To prove this folding up conformation, a few drops of
water were added to the NMR solvent, destroying the hydrogen bonding and lead-
ing to diminished chemical shift difference. This is contradictory to the previous
findings by Wasserscheid in which the addition of water was found to significantly
increase the extent of splittings of the CF3 signals [92].

In addition, a bulky substituent on the ortho position of the aromatic ring seems
to be responsible for chiral discrimination (Fig. 9). Indeed, replacement of the initial
bulky 2-fert-butyl group by a 2-methyl group considerably decreased the extent of
splitting of the CF3 signals. In the structure—interaction relationships, a polar group
on the lateral side chain and a bulky ortho substituent on the aromatic ring were
complementary and necessary to obtain high diastereomeric interactions between
the chiral cation and the anionic substrate. This might suggest that steric interactions
could provide a positive influence on chiral recognition as one point of the three-
point interaction which is needed to obtain chiral recognition.
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In another study, the presence of a second hydroxyl group in the cation structure
further improved diastereomeric interaction as shown by the bidentate imidazolium
CILs reported by Wilhelm et al. [95]. When enantiopure CIL 13 with a BF4™
counteranion was used in combination with Mosher’s salt, no signal splitting was
obtained in either the '"H NMR or the '°F NMR spectra (Scheme 6). However,
when the counteranion was changed to NTf, ™, a significant increase in the split-
ting to 12 Hz in the "H NMR and 118 Hz in the '°F NMR was observed. This result
clearly suggests that the counteranions used for CILs play an important role in chiral
discrimination as shown in the spectra (Fig. 10).

The splitting of the signal could not be improved by use of an excess of the
imidazolinium salt. However, with a change in the counteranion from BF4~ to

Me /\ Me
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Scheme 6 Molecular structures of bidentate CILs with different anions
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Fig. 10 'H NMR and '°F NMR spectra of potassium Mosher’s salt in the presence of CIL 14.
Adapted from [95]
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B[CsH3(CF3)2]4~ (14), the splitting was increased to 24 and 151 Hz in the 'H and
19F NMR spectra, respectively [95]. Although only the cation is chiral, the achi-
ral counteranion of the CILs may also significantly influence on the enantiomeric
recognition in some cases. The anions’ influence could result from either their steric
size or hydrophobicity.

The use of isomannide as a bio-renewable substrate for synthesis of novel
carbohydrate-based chiral ammonium ILs has been described by Malhotra et al.
[96]. The chiral recognition ability of these novel mono-ammonium CILs was stud-
ied by investigating the diastereomeric interaction between the CILs and racemic
Mosher’s acid silver salt. Iodide salt 15 was dissolved in deuterated acetonitrile
and the chiral recognition was probed by using '°F NMR spectroscopy (Fig. 11,
spectrum a). When the same NMR solution was mixed with 3.5 equiv of CIL
16, a remarkable increase in chemical shift difference (A§) of the CF3 signal was
observed (Fig. 11, spectrum b). This result again suggests that the achiral anion,
Tf,N~, may play an important role in chiral discrimination induced by the CILs.
The effect of anions on the diastereomeric interactions between CILs and Mosher’s
salt was further investigated. A similar 'F NMR experiments in the presence of
all other CILs with Tf,N™ as anions was conducted. The results are compared with
those of bis-ammonium CILs and summarized in Table 1. These findings prove that
both the cation and the anion have an effect on the chiral discrimination abilities of
these CILs, as indicated by differences in the magnitude of A§ values by variations
of the ions.

Malhotra and coworkers also observed that as the concentration of CIL 16
increased, the chemical shift differences (Aé values) also increased (Fig. 12). A
significant increase of 6.1 Hz in the A value was obtained upon increasing the
concentration of CIL 16 from 0 to 0.81 mol/L [96].
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Fig. 11 '°F NMR signal of CF3 of Mosher’s salt in the presence of 3.5 equiv of CIL 15 (a) and
16 (b). Adapted from [96]
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Table 1 Enhanced Ad values of CF3 signals of racemic Mosher’s acid in the presence of mono-
(3.5 equiv) and bis-ammonium (4.0 equiv) CILs — the influence of anions. Data from [96]

Mono-ammonium Bis-ammonium
Entry Anion AS (Hz) AS (Hz)
1 m 7 9
2 [Tf,N] 9 23
3 [PF¢] 8 21
4 [TFA] 5 8
5 BF4] 5 17
6 [TfO] 9 15
10
9
8 4
7 4
w67
L 5]
£ 4 K+
39 COO-
5 | $aOCHj3
11 CFy
0 T T : .
0 0.2 0.4 0.6 0.8 1

IL Conc (mol/L)

Fig. 12 Concentration effect of CIL 16 on the A§ values of CF3 signal of racemic Mosher’s salt.
Adapted from [96]

The synthesis of novel CILs with a spiro skeleton has been reported by Sasai and
coworkers [97]. The influence of N-substituents and the counteranions on their chiral
discrimination abilities was investigated. In addition, the diastereomeric interaction
between the novel spiro imidazolium-based CIL 17 and (S)-Mosher’s potassium salt
was examined. The '"H NMR spectrum of racemic spiro imidazolium salt 17 exhib-
ited two pairs of counteranion from bromide to a chiral anion. The counteranion
was changed in situ by treating racemic 17 with the potassium salt of Mosher’s acid
in the presence of 18-crown-6. The '"H NMR spectrum exhibited excellent split-
ting in each pair of doublets. These results demonstrate spiro imidazolium salts are
potentially useful in chiral molecular recognition (Fig. 13).

The examples of planar CILs, cyclophane-type imidazolium salts, were reported
by Saigo et al. [51, 98]. Its potential use in chiral recognition was demonstrated
by '"H NMR studies. Besides the Mosher’s acid salt which is widely used, enan-
tiopure camphorsulfonate was also used to investigate chiral recognition between a
racemic CIL and the enantiopure analyte. As an initial study on the chiral recog-
nition ability of the cyclophane-type ionic liquid 18, the diastereomeric interaction
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Fig. 13 (a) '"H NMR spectrum of 17 in 20% DMSO-ds-CDCls. (b) '"H NMR spectrum of 17
and potassium salt of (§)-Mosher’s acid in 20% DMSO-ds-CDCl3 in the presence of 18-crown-6.
Adapted from [97]

between the cation part of 18 and chiral anion, camphorsulfonate, was detected by
'"H NMR spectrum in CDCl3. The spectrum presented a pair of doublet signals for
the C(5)-H of imidazolium (Fig. 14a). Since the salts with achiral cations gave a
doublet for the C(5)-H, the resultant split signals were likely to be assigned to the
C(5)-H signals of both diastereomers. This assignment was confirmed with a control
experiment using an acyclic analogue, 2,4-dimethyl-1,3-dipentylimidazolium (15)-
(+)-10-camphorsulfonate, for which no splitting of the corresponding signal was
observed (Fig. 14b).

Warner et al. described the synthesis of CILs based on amino acid esters. These
CILs were derived from L- or D-alanine tert-butyl ester hydrochloride (19 and 20)
[24]. The synthesis was accomplished via an anion metathesis reaction between
commercially available L or D-alanine fert-butyl ester hydrochloride using a vari-
ety of counterions such as lithium bis(trifluoromethane) sulfonimide, silver nitrate,
silver lactate, and silver tetrafluoroborate. The CILs demonstrated enantiomeric
recognition ability as evidenced by splitting of racemic Mosher’s sodium salt signal
using 'F NMR (Fig. 15). The diastereomeric interactions lead to a shift in the '°F
NMR signal of the racemic Mosher’s sodium salt. In addition, the 'F NMR signal
of the racemic substrate was split by both enantiomeric forms of the ionic liquid
demonstrating their enantiomeric recognition
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Fig. 14 Partial '"H NMR spectra for the imidazolium C(5)-H 18 in presence of enantiopure
camphorsulfonate in CDCI3 recorded at 20°C. Adapted from [51]

A two step synthesis of new enantiopure CILs, (S)-(—)- and (R)-(+)-N-ethyl-
1-phenylethylammonium bis(trifluoromethylsulfonylimide), in high yield from the
readily available optically active (S)-(—)- and (R)-(+)-1-phenylethylamine has been
reported by Wallace et al. [99]. The CIL, 21, showed diastereomeric interactions
with racemic Mosher’s salt as demonstrated by '°F NMR spectral studies of mix-
tures of 21 and racemic Mosher’s acid as substrate. For example, for a mixture of 21
(0.70 M) with potassium Mosher’s salt (0.085 M) in CDCl3, the signal for the CF3
group of the racemic Mosher’s salt showed a splitting of 5.4 Hz. The extent of the
diastereomeric interaction of 21 with racemic Mosher’s acid increased in the pres-
ence of added water, with the chemical shift difference between the diastereomeric
CF3 signals increasing to 7.8 Hz (Fig. 16).

Wang and coworkers reported the synthesis of CILs with chiral cations from
L-proline [100]. Their potential use in chiral recognition was also demonstrated
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Fig. 16 '°F NMR spectrum
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by studying their diastereomeric interactions with racemic Mosher’s salt. When
racemic Mosher’s salt was dissolved in CILs 22 and 23, diastereomeric complexes
were formed between the N,N-dimethyl-L-proline ethyl ester and racemic Mosher’s
acid anion. Both racemic Mosher’s silver and sodium salts were used. However, no
baseline splitting of the CF3 signal was observed in '°F NMR (Fig. 17). This prob-
ably indicates lower chiral recognition abilities for this kind of CILs. The reason
for the two peaks of unequal height in Fig. 17b was unknown. It was observed that
the concentration of the CILs has a significant influence on the extent of the signal
splitting of fluorine in Mosher’s salt.
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Fig. 17 'F NMR spectra of (a) racemic Mosher’s acid silver salt in 22; (b) racemic Mosher’s
sodium salt in 23. Adapted from [100]

Tran et al. recently reported the synthesis of a series of novel CILs which
have either chiral cation, chiral anion, or both [101]. Cations are an imidazolium
group, while anions are based on a borate ion with spiral structure and chiral sub-
stituents. In addition, an interesting and novel method was used to investigate the
intramolecular chiral recognition from the chiral anions. Chiral recognition between
the cations and anions in the CIL themselves was studied. Intramolecular chiral
induction from a chiral anion to its cation through ion-pairing effects in a single CIL
was observed in the asymmetric catalytic hydrogenation reaction [62]. However,
the possible chiral interaction mechanism was not investigated in detail. To study
the intramolecular chiral recognition, CILs containing chiral anions and a racemic
1-methyl-3-(2-methyl-butyl) imidazolium cation were synthesized.

The 'H NMR spectra of CIL 24 in two different solvents (CDCl3 and CD3;CN)
and three different concentrations are shown in Fig. 18. As illustrated in the spectra,
interactions between the chiral anions and racemic cations result in the splitting of
the peaks of H6 and H6’. As observed in the previous work [96], the authors also
found that signal splittings are dependent not only on the type of solvent but also on
the concentration of the CIL. A larger splitting value was found in low polar CDCl3
than that in polar CD3CN. In addition, increasing the IL concentration from 50 (in
CDClI3) to 100 mM also leads to an increase in the splitting. This may suggest that
the ion pair formation is stronger in a solvent with lower dielectric constant (CDCl3).
The authors postulated that a stronger ion pair formation will bring the anion closer
to the cation and make their interaction stronger and, hence, produce larger splitting
values. Interestingly, relatively strong enantiomeric recognition toward the racemic
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Fig. 18 'H NMR spectra of CIL 24 in CDCl3 and CD3CN in different concentrations. Adapted
from [101]

cation (1-methyl-3-(2-methyl-butyl) imidazolium) is induced by the chiral anions;
however, the reverse is not true. In fact, the chiral cation (S5)-1-methyl-3-(2-methyl-
butyl) imidazolium did not show any appreciable chiral recognition toward racemic
anions. Also, better chiral recognition was found for relatively bulky anions. For
example, a chiral anion with a phenylmethyl group exhibits stronger chiral recogni-
tion compared to that with a phenyl group, whereas an anion with an isobutyl group
demonstrated the weakest chiral recognition under the same experimental condi-
tions. This again may suggest that the steric interaction could significantly influence
the chiral discrimination.
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Intermolecular chiral recognition using the quinine carbamate compounds as
analytes was also investigated. The results from 2D NMR studies including
1H{15 N} heteronuclear single quantum coherence (HSQC) show that these

CILs (25 and 26) exhibit intramolecular as well as
recognition (Fig. 19).

intermolecular enantiomeric

As mentioned before, high tunability is one of the major advantages of chiral
ionic liquids. Their structures and/or functionalities can be easily tailored through
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judicious selection of their component ions. Thus, taking advantage of this property
can easily afford novel chiral molecular structures and chiral materials, as well as
new insights into chiral recognition and chiral induction. In this regard, hyphenation
between combinatorial and high-throughput screening chemistry and the synthesis
and screening of CILs for specific application would be a very desirable approach
toward studying chiral interactions.

Using a combinatorial strategy, Warner et al. reported the synthesis of a parallel
library of CIL-modified silanes as potential chiral selectors in HPLC (Scheme 7)
[102]. The enantiomeric discrimination abilities of the library compounds were
screened using '°F NMR spectroscopy (Fig. 20). The screening method allows
for rapid identification of the most enantioselective members of the library and
simultaneous investigation of their chiral recognition mechanisms. The library
compounds were synthesized using standard quaternization and anion-exchange
reactions. Three major parameters such as type of chiral cations, anions, and linker
chain lengths were included and investigated during the synthesis and screening. '°F
NMR screening indicated that the structure of the chiral cation plays an important
role in determining chiral recognition abilities. The major classical types of inter-
molecular interactions including ion-pair, hydrogen bonding, m—m stacking, dipole
stacking, and steric interactions were also found to impact chiral discrimination.

Nuclear magnetic resonance (NMR) spectroscopy and chromatography are the
most widely used analytical tools for investigation of chiral recognition ability of
chiral auxiliaries, including CILs. While NMR and chromatography have been very
useful, insightful and remarkable for chiral analysis and enantiomeric discrimina-
tion, the high cost of NMR spectrometers, and low sensitivity are challenges often
encountered with the use of NMR spectroscopy for chiral analysis. In addition, chro-
matographic chiral analysis is often too slow compared to spectroscopic analysis. In
the case of gas chromatography, the coating procedure of ionic liquid on a capil-
lary column for efficient chiral separation may be a challenge and time consuming,

(Trimethoxysilyl)alkylbromide, NaBF, or KPFg
Building block 2 Building block 3

. . . H [Chiral quaternary H
Chérlilléierzsal)réglzn;ne »[ammonium-modified

silane] [bromide]

Anion-exchange
-NaBr or KBr

Quarternization

Screening
by'? FNMR Library of 27 CIL-modified silanes

| building block 1- building block 2] " [building block 3]

1. Idenfication of
best chiral selector

2. Investigation of chiral
discrimination mechanism

Scheme 7 Combinatorial approach for the synthesis and screening of CIL-modified silanes.
Adapted from [102]
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Fig. 20 'F NMR (CDCI3, 0.5 mL) spectra of potassium Mosher’s salt (0.015 mmol) with CIL-
modified silane (Pro-7-BF4, Eph-7-BF4, or Peu-7-BF4, 0.075 mmol) as chiral selector in presence
of crown ether 18C¢ (0.015 mmol). The chemical shifts are normalized for easier comparison.
Adapted from [102]

making chiral column typically expensive. Slow analysis time, poor sensitivity, and
high-cost considerably limit the practical utility and may preclude the use of NMR
and chromatography as a high throughput analytical technique for rapid, sensitive,
and accurate screening of several hundred of thousand of potential chiral molecules
of pharmaceutical interest. Thus, there is need for the development of a more rapid
analytical method for chiral analysis.

The chemical and physical properties, including the absorption and emission
spectral properties of enantiomers of a chiral molecule, are identical in a non-chiral
or isotropic environment. In contrast, enantiomers of chiral molecules have signifi-
cantly different spectral properties in a chiral (anisotropic) environment as a result
of induced diastereomeric complex formation with chiral auxiliary. Differences in
the spectral properties of enantiomers in a chiral environment therefore permit the
use of absorption and/or emission spectroscopy for effective chiral discrimination of
enantiomers. Analytical spectroscopy such as fluorescence, infrared, and ultraviolet-
visible are rapid and relatively less expensive compared to NMR spectroscopy and
may offer a high throughput chiral analysis at an affordable cost. Additionally, fluo-
rescence is highly sensitive and selective, allowing investigation of chiral molecules
at low concentrations. The low cost, coupled with rapid analysis time and high
sensitivity of fluorescence, UV-visible, near infrared, FTIR, and circular dichro-
ism spectroscopy, has lately prompted their use as possible alternative analytical
tools for chiral analysis. Recently, CILs have been used as the chiral selectors in
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spectroscopic techniques such as nuclear magnetic resonance (NMR), fluorescence,
and near infrared (NIR).

3.3.2 Chiral Discrimination Using CILs in Fluorescence Spectroscopy

Fluorescence is a spectroscopic technique which has been widely used to study
molecular interactions, particularly in biological systems [103]. It is also a useful
tool for the study of chiral interaction and discrimination. It can provide useful
information about molecular interactions with a high sensitivity. The application
of fluorescence to specifically study enantioselective interactions and chiral recog-
nition has been reported [104—113]. Most of these fluorescence studies involve the
measurements of fluorescence emission intensities, spectral shifts, and quenching
effects.

Life Time Study

Chiral recognition, enantioselectivity, and influence of room temperature CILs
(RTIL) synthesized from 1-methyl imidazole and chloromethyl menthyl ether on
excited-state photophysics of (S)-N-methyl-2-pyrrolidinemethyl 2(S)-(6-methoxy-
2-naphthyl)propionate [(S,5)-NPX-PYR] was recently investigated using a fluo-
rescence lifetime [114]. The chemical structures of the CILs and chiral analytes
used for the lifetime study are shown in Fig. 21, left. The lifetime fluorescence
decay of [(S,5)-NPX-PYR] in RTIL chiral environment is shown in Fig. 21, right.
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Fig. 21 Left: Chemical structures of: (/) (a) (-), and (b) (+)-RTIL synthesized from (=), and
(+)-chloromethyl menthyl ether, respectively. (II) (a) (S,5)-NPX-PYR, (b) (5)-(+)-6-methoxy-2-
naphthylpropionic acid [naproxen, NPX], (¢) 1-hydroxy 2-naphthoic acid, and (d) 6-methoxy-2-
naphthalene acetic acid. Right: fluorescence decay traces (Aex = 266 nm,Aey > 300 nm) of
(S,5)-NPX-PYR in (a) (-)- and (b) (+)-CILs. There is an ~10% decrease in lifetime of (S,S)-
NPX-PYR in (+)-CIL compared to that in (-)-CIL. The lifetime of (S,S)-NPX-PYR in acetonitrile
is ~3.1 ns in acetonitrile due to intramolecular electron transfer. In the CILs, the lifetime is sig-
nificantly increased and there is a difference in lifetime in the two solvents. Adapted from [114]
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Table 2 Fluorescence lifetime parameters of (S,5)-NPX-PYR and related systems. Data from
[114]

Ionic liquid selector and selectand system T (ns)
(S,5)-NPX-PYR; (+)-RTIL 10.0+0.3
(8,8)-NPX-PYR; (—)-RTIL 10.9£0.2
(8)-NPX; (+)-RTIL 10.8+0.3
(8)-NPX; (—)-RTIL 9.7+0.3
(S)-NPX; acetonitrile 7.2+ 0.2
(S,5)-NPX-PYR; acetonitrile 3.1+0.5
1-Hydroxy-2-naphthoic acid; (+)-RTIL 24+0.2
1-Hydroxy-2-naphthoic acid; (—)-RTIL 2.4 4+0.2
6-Methoxy-2-naphthalene acetic acid; (+)-RTIL 11.5£0.2
6-Methoxy-2-naphthalene acetic acid; (—)-RTIL 11.5£0.2

The lifetime of [(S,S)-NPX-PYR] dissolved in pure (+)-RTIL was 10.040.3 ns.
However, [(S,S)-NPX-PYR] had a lifetime of 10.9 = 0.2 ns in the presence of (—)-
RTIL. The difference in the fluorescence lifetime of [(S,S)-NPX-PYR] observed in
(4+)-RTIL and (—)-RTIL shows a 10% stereodifferentiation.

A similar study conducted using S-naproxen as chiral analyte also demonstrates a
10% difference in fluorescence lifetimes of S-naproxen in the presence of (+)-RTIL
and (—)-RTIL [115]. In contrast, there was no significant difference in the flu-
orescence lifetime of 1-hydroxy-2-naphthoic acid and 6-methoxy-2-naphthalene
acetic acid achiral molecules in (+)-RTIL or (—)-RTIL chiral environment. Table 2
presents the summary of the fluorescence lifetime of investigated chiral and achi-
ral molecules dissolved in pure (+)-RTIL and (—)-RTIL chiral ionic liquid. All
the investigated chiral molecules show ~10% differences in fluorescence lifetimes.
However, no significant difference in the lifetime of achiral molecules was observed
in ionic liquid, demonstrating the chiral recognition ability of RTIL. Unlike the
lifetime study performed in conventional solvents, there was no evidence of elec-
tron or charge transfer from chiral analytes in a chiral RTIL environment. The
observed enantioselectivity was reported to be primarily due to chiral solvation by
induced diastereomeric complex formation as a result of chiral solute and solvent
interaction.

Steady-State Study

Steady-state fluorescence spectroscopy has also been successfully employed for
enantiomeric discrimination of chiral molecules of pharmaceutical products includ-
ing, propranolol, naproxen, and warfarin using S-[(3-chloro-2-hydroxypropyl)
trimethylammonium] [bis((tri-fluoromethyl) sulfonyl)amide] (S-[CHTA]* [Tf,N]~,
compound 6) chiral ionic liquid [26]. Figure 20 shows the fluorescence emission
spectra of samples containing 10 wM propranolol, 10 wM naproxen, and 10 pM
warfarin dissolved in S-[CHTA]* [Tf,N]~ ionic liquid. Although each sample con-
tained a fixed 10 wM concentration of chiral analytes, the enantiomeric composition
of samples, in term of mole fraction of chiral analyte, varied from 0.0 to 1.0. The
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emission spectra of samples obtained varied with enantiomeric mole fraction of chi-
ral analyte in chiral ionic solvent. Variation in enantiomeric compositions of samples
is expected to result in the formation of different diastereomeric complexes of chi-
ral guest in chiral ionic liquid solvent. Therefore, difference in emission spectra of
samples obtained in Fig. 20 was an indication of induced diastereomeric complex
formation, showing chiral discrimination property of S-[CHTA]* [Tf,N]~.

The application of multivariate analysis involving the use of regression analysis
of emission spectra of guest—host complexes for rapid, accurate, and robust deter-
mination of enantiomeric excess (ee) of chiral analytes using chiral ionic liquid
auxiliary has also been explored. Partial-least-square (PLS), principal component
analysis (PCA), and multiple linear regressions (MLR) are the modern regression
techniques currently used to correlate changes in spectral data with known analyte
concentration [116—-122]. In a multivariate regression analysis, a regression model is
developed and carefully optimized by selecting the appropriate wavelength regions
where the spectra vary most with analyte concentration. The developed model can
then be used to subsequently predict the analyte concentration of future samples
solely from their spectral data. The accuracy of a regression model to correctly
predict the future analyte concentration is often evaluated using the absolute error,
percent relative error, or root-mean square-percent relative error. The general appli-
cations of multivariate analysis in analytical spectroscopy and detailed description
of multivariate regression modeling of spectral data of guest-host complexes for
rapid determination of enantiomeric composition of samples have been previously
reported elsewhere [123-126].

The emission spectra in Fig. 22 were subjected to PLS regression analysis and
were subsequently used to predict the enantiomeric excess (ee) of propranolol of
independent samples [127]. The summary of the actual ee and predicted ee by
regression model from the validation study performed for propranolol are shown in
Table 3. The performance of the model to accurately predict the ee of samples was
evaluated using percent relative error of prediction. Overall, the models were able
to correctly predict the ee of propranolol with low percent relative error. Similar
validation study conducted for naproxen and warfarin also demonstrate accurate
predictions of ee of naproxen and warfarin samples by the developed regression
model. In addition, using this technique, ee as low as 0.30% can be accurately
determined. Determination of sample ee using this approach is highly promising
and offers many advantages compared to the conventional method of chiral analysis.
First, the method is rapid, reducing the analysis time. Second, the technique does not
require prior separation of chiral analyte, eliminating the need of expensive chiral
column. Furthermore, the use of a polarized light typically used in chiroptical ana-
Iytical spectroscopy such as circular dichroism and polarimetry is not a requirement,
making chiral analysis less expensive.

In a related study, the use of a steady-state fluorescence spectroscopy for inves-
tigation of chiral recognition ability of amino acid-based L-alanine fert butyl
ester bis (trifluoromethane) sulfonamide (L-AlaC4NTf,) chiral ionic liquids was
recently demonstrated [24]. In this study, L-AlaC4NTf, was used as a solvent
and chiral auxiliary for enantiomeric discrimination of warfarin, naproxen, and
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Fig. 22 Emission spectra of calibration samples of varying enantiomeric composition in the pres-
ence of S-[CHTA]. a. 10 pM propranolol, Aex = 280 nm; b. 10 wM naproxen, Aex = 280 nm; c.
10 uM warfarin, Aex = 320 nm. Adapted from [127]
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Table 3 Actual and calculated enantiomeric excess (ee%) of solution of 10 wM propranolol in
S-CHTA* Tf,N~ IL. Data from [127]

R-Propranolol S-Propranolol Actual Calculated Relative
Sample mole fraction mole fraction ee%® ee% error® (%)
1 0.050 0.950 —90.0 94.19 4.66
2 0.250 0.750 —50.0 47.85 431
3 0.440 0.560 —12.0 12.77 6.42
4 0.5015 0.4985 0.3 0.32 5.88
5 0.503 0.497 0.6 0.64 7.13
6 0.510 0.490 2.0 2.14 7.09
7 0.535 0.465 7.0 6.37 8.94
8 0.725 0.275 45.0 47.95 6.56
9 0.900 0.100 80.0 75.30 5.87
10 0.985 0.015 97.0 93.18 3.94

% ee% = [(R-propranolol — S-propranolol)/(R-propranolol + S-propranolol)] x 100.
b Relative error = (actual value — calculated value) x 100.

2,2 2-trifluoroanthrylethanol (TFAE). Figure 23A1, B1, and C1 shows the fluores-
cence emission spectra of warfarin, naproxen, and TFAE enantiomers dissolved in
L-AlaC4NTf, ionic liquid, respectively. Obviously, enantiomers of chiral guests
displayed significant different emission spectral intensities in the presence of
L-AlaC4NTf; ionic liquid. However, no noticeable difference in the emission spec-
tra of enantiomers was observed in a non-chiral solvent, demonstrating chiral
discrimination ability of L-AlaC4NTf, CIL.

Multivariate analysis involving the use of mean-centered plot was also employed
to analyze the emission spectra of warfarin, naproxen, and TFAE enantiomers
dissolved in L-AlaC4NTf, CIL (Fig. 23A2,B2,C2). Interestingly, enantiomers of
a given chiral analyte show equal magnitude but opposite direction in the mean
centered plot. The observed opposite mean centered plots of enantiomers in a chi-
ral environment suggests the possible binding of enantiomers of chiral analytes
in opposite orientations with L-AlaC4NTf, CIL. This further demonstrates chiral
recognition ability of L-AlaC4NTf5;.

Warner et al. reported the first examples of magnetic chiral ionic liquids (MCILs)
derived from amino acids [128]. The MCILs simultaneously contain chiral and
magnetic properties. Steady-state fluorescence spectroscopy was used to investi-
gate the chiral recognition of fluorescent analytes in ethanol solutions using MCIL,
L-AlaOMeFeCly, as chiral selector (Fig. 24). With (R)- and (5)-2,2,2-trifluoro-1-
(9-anthryl)ethanol (TFAE) as analytes, the emission intensity difference between
(R)- and (S)-TFAE confirmed the chiral discrimination ability of L-AlaOMeFeCly.
Similarly, with L-AlaOMeFeCly as chiral selector, the chiral discrimination of
1,10-binaphthyl-2,20-diamine (BNA) and 2-(6-methoxy-2-naphthyl)propionic acid
(naproxen) were also achieved.

So far most of the enantiomeric discrimination studies using CILs as chiral selec-
tors have focused on non-fluorescent CILs and fluorescent analytes. Considering
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Fig. 24 Fluorescence
emission spectral plots of (R)-
and (S)-TFAE enantiomers
using L-AlaOMeFeCly as
chiral selector. The emission
spectra of TFAE were
collected at an excitation
wavelength of 365 nm at
room temperature. Adapted
from [128]
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that some analytes have reduced fluorescence emission, there is need for a fluores-
cent CIL that can be used for enantiomeric recognition of nonfluorescent analytes.
Fluorescent sensors have been used for chiral recognition for various nonfluores-
cent compounds by monitoring the change in fluorescence properties due to a
binding event. Therefore, the use of CILs for enantiomeric recognition of both
nonfluorescent and fluorescent analytes is a possible future research area.

3.3.3 Chiral Discrimination Using CILs in Near Infrared (NIR) Spectroscopy

The practical utility of near infrared spectroscopy (NIR) for chiral discrimination
of atenolol using S-[(3-chloro-2-hydroxypropyl) trimethylammonium] [bis((tri-
fluoromethyl)sulfonyl)amide] (S-[CHTA]* [Tf,N]~) chiral ionic liquids has been
demonstrated [129]. In addition to fast analysis time and inexpensive instrumenta-
tion, the use of NIR spectroscopy for chiral discrimination is particularly appealing.
Since almost all organic molecules and most inorganic molecules are known to have
NIR absorption of C—-H, O-H, N-H, or C=0 overtone and combination transition,
NIR spectroscopy can potentially be used as a universal technique for chiral dis-
crimination of guest-host complexes. Second, NIR spectroscopy is a noninvasive
and a nondestructive technique, with potential online chiral screening and detection
in a drug manufacturing industry.

Figure 25 shows the NIR spectra of 60 mM atenolol of varying enantiomeric
composition dissolved in pure S-[CHTA]* [TF,N]~ ionic liquid (compound 6).
As noted earlier in the fluorescence study, the NIR spectra of samples also varies
with enantiomeric composition of atenolol in a chiral environment, demonstrating
induced diastereomeric complex formations and chiral discrimination of S-[CHTA]*
[TF,N]™ for atenolol enantiomers. The summary of the predicted ee and actual ee
of atenolol in the validation study from the regression model using NIR spectra
of guest-host complexes shown in Fig. 23 is presented in Table 4. Once again, the
regression analysis of NIR spectra demonstrates accurate prediction of ee of atenolol
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Fig. 25 NIR spectra of the
pure (S)-CHTA*Tf,N~ and 0.14 A
17 solutions of atenolol with
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Table 4 Actual and calculated enantiomeric excess (ee%) of a solution of 10 mM atenolol in
(S)-CHTA*Tf,N" ionic liquid. Data from [129]

Mole fraction ee, %
Sample (R)-Atenolol (S)-Atenolol Actual Calculated  Relative error
1 0.050 0.950 —-90.00 —82.17 8.70
2 0.150 0.850 —70.00 —72.95 4.21
3 0.300 0.700 —40.00 —39.34 1.65
4 0.365 0.650 —27.00 —27.69 2.55
5 0.480 0.520 —4.00 —4.25 6.25
6 0.496 0.504 —0.80 —-0.74 7.50
7 0.503 0.497 0.60 0.58 3.33
8 0.510 0.490 2.00 2.10 5.00
9 0.800 0.200 60.00 61.86 3.10
10 0.985 0.015 97.00 101.06 4.19

samples with overall low relative error of prediction of 3.33%. Additionally, the ee
values as high as —90.0 or +97.0% or as low as 0.6% can be correctly determined
using this technique. Moreover, the method is capable of determination of atenolol
at 2.66 mg/mL concentration, demonstrating high sensitivity of the technique for
chiral analysis.

In conclusion, the use of fluorescence and NIR for rapid chiral discrimination of
diverse chiral analytes using chiral ionic liquids as chiral discriminating agents has
been demonstrated. In addition, accurate determination of enantiomeric excess of
chiral molecules by regression analysis of fluorescence or infrared spectra of guest—
host chiral ionic complexes has been explored. Fast analysis time, high sensitivity,
and accuracy of the method for ee determination make the use of fluorescence and
infrared spectroscopy appealing and a potential future analytical method of chiral
analysis.

4 Concluding Remarks

In this chapter, the application of CILs in various fields has been discussed. This is
with particular focus on the chiral chromatographic separations and spectroscopic
discrimination. Chiral recognition and separation mechanism using CILs so far have
not been thoroughly studied. This chapter discusses the enantiomeric discrimination
mechanism using CILs as chiral selectors from some preliminary results.

As a subclass of functionalized or task-specific ionic liquids, CILs generally
possess a number of unique and beneficial properties attributed to ILs including
negligible vapor pressure, high thermal stability, high electro-conductivity, wide
electrochemical window, wide liquidus range, and high tunability. In particular,
high-tunability is the most desirable property which makes the design and prepara-
tion of novel chiral solvent, chiral separation medium, and chiral materials possible.
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Indeed, the concept of “tailor-made” chiral solvents is rather new and could afford
novel molecular structures and materials, as well as new insights for chiral recog-
nition and chiral transfers. In this regard, a possible future research direction could
be hyphenation between the combinatorial and high-throughput screening approach
and the design and synthesis of novel CILs. Combinatorial chemistry, a powerful
tool in many areas such as drug discovery, materials research, and catalysis, can
also be effectively used in the area of chiral recognition to discover new selectors
and chiral separation or reaction medium using CILs. The power of combinatorial
chemistry resides in both the preparation of large numbers of compounds in short
period of time and rapid assay to identify the optimal library members. Therefore,
the enormous possibility of structure variations of CILs can be fulfilled using com-
binatorial chemistry simply by changing the structures of either cation, anion, or
both. In addition, for future design and application of CILs in chiral discrimination
and separation, it is important to understand how chiral interaction occurs. In other
words, the chiral recognition mechanism and the structure—property relationship,
and the physicochemical properties of new CILs are very important areas that need
further investigations.
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