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Preface

In the wake of enantioselective syntheses and chiral technologies, efficient analyti-

cal methods for the differentiation of enantiomers have become essential.

Earlier compendia in this area [1–5] need updating due to important recent

advances made in the realm of enantiomeric differentiation. Precise analytical

tools for the determination of enantiomeric proportions are important in many

contemporary fields associated with various aspects of chirality.

The distribution of enantioselective methods for the determination of enantio-

meric proportions utilized in 319 published articles of Tetrahedron Asymmetry

2003, i.e., polarimetry [a], gas chromatography (GC), high performance liquid

chromatography (HPLC), and nuclear magnetic resonance spectroscopy (NMR),

has been compiled previously [6].

v



These two volumes of Topics in Current Chemistry review various modern

methods and techniques of enantiomeric differentiation. Individual chapters have

been written by pioneers in the field and emerge from renowned laboratories which

have contributed significantly to recent research. In each chapter emphasis has

been given to an extended reference format including the titles of related original

work which will enable readers to appreciate and consult the important secondary

literature.

The first volume begins with an introduction to historic and fundamental aspects

of chirality followed by recommendations on how to quantify mixtures of stereo-

isomers. Enantiomeric differentiation by chiral liquid chromatography utilizing

supramolecular chiral recognition systems and various chiroptic approaches is

described. Enantiomeric differentiation by gas chromatography and capillary elec-

trophoresis concludes the first volume. The second volume begins with enantio-

meric differentiation by NMR spectroscopy and sensor devices followed by chiral

recognition phenomena in supramolecular chemistry, chromatographic studies of

stereolabile interconverting enantiomers, and anisotropy spectroscopy as a novel

extension of circular dichroism. The second volume is concluded with the self-

disproportionation of enantiomers due to nonlinear effects.

We hope that these volumes on the differentiation of enantiomers will provide

inspiration and impetus to further advances in the ever-growing area of stereochem-

istry. The editor is grateful to all the colleagues who have helped to create this

survey on modern tools for the differentiation of enantiomers.

Tübingen, Germany Volker Schurig
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Molecular Chirality: Language, History,

and Significance

Joseph Gal

Abstract In this chapter some background material concerning molecular chirality

and enantiomerism is presented. First some basic chemical-molecular aspects of

chirality are reviewed, after which certain relevant terminology whose use in the

literature has been problematic is discussed. Then an overview is provided of some

of the early discoveries that laid the foundations of the science of molecular

chirality in chemistry and biology, including the discovery of the phenomenon of

molecular chirality by L. Pasteur, the proposals for the asymmetric carbon atom by

J.H. van ‘t Hoff and J.A. Lebel, Pasteur’s discovery of biological enantioselectivity,

the discovery of enantioselectivity at biological receptors by A. Piutti, the studies of

enzymatic stereoselectivity by E. Fischer, and the work on enantioselectivity in

pharmacology by A. Cushny. Finally, the role of molecular chirality in pharmaco-

therapy and new-drug development, arguably one of the main driving forces for the

current intense interest in the phenomenon of molecular chirality, is discussed.

Keywords Biological stereoselectivity � Drugs � Enantiomerism � History of

chemistry � Language of stereochemistry �Molecular chirality �Molecular recogni-

tion � Pharmacology
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1 Introduction

In this opening chapter to the compendium, some background material concerning

molecular chirality and enantiomerism is presented. Specifically, after a brief

review of some basic aspects of these chemical phenomena, relevant terminology

whose usage has been problematic is discussed, followed by an overview of some

of the early discoveries that laid the foundations of the science of molecular

chirality in chemistry and biology. Finally, a discussion of the role of molecular

chirality in pharmacotherapy and new-drug development, arguably one of the main

driving forces for the current intense interest in the phenomenon, will be provided.

It should be emphasized here that molecular chirality is a vast domain of multidis-

ciplinary scientific knowledge and it is not possible in an introductory chapter such

as this to provide a full treatment of even just the basic aspects; it was, therefore,

necessary to make choices concerning the material to be included in the chapter

(among the many fundamental topics regretfully left out are, for example, the

analysis of molecular chirality in terms of symmetry considerations, and the

Cahn–Ingold–Prelog (CIP) system of stereochemical descriptors). To a significant

extent the resulting article reflects, of course, the bias of the author, but it is also

believed that the topics covered provide a pertinent and useful background to the

subject matter of the compendium.

Two molecules are related as stereoisomers if they have the same elemental

composition and order of connection of the atoms but differ in the arrangement of

the atoms in space. A variety of types of stereoisomers exist, and chirality is the

basis for the stereoisomerism of many molecules. Basically, molecular chirality is a

relatively simple phenomenon. Chiral was defined in one leading monograph on

stereochemistry as follows: “Not superposable. . .with its mirror image, as applied

to molecules, conformations, as well as macroscopic objects, such as crystals”

[1]. Mislow has provided the following definition: “An object is chiral. . .if and
only if it cannot be superposed on its mirror image by a proper congruence,

otherwise it is achiral” [2]. Thus, it is clear that chirality refers, in the molecular

realm, to a spatial property that renders a molecule incongruent with (i.e.,

non-superposable upon) its mirror image. We are dealing here with “geometrical

chirality,” although chirality also has other aspects [2].

A variety of structural features can produce chirality in molecules, and some

examples are shown in Fig. 1. Thus, an sp3-hybridized carbon atom carrying four

different ligands may be such an element; among the many others are suitably

substituted allenes, certain substituted biaryls with hindered rotation around the

aryl–aryl single bond, helical structures, etc. (Fig. 1).

The two nonsuperposable-mirror-image molecules corresponding to a chiral

chemical structure are the two enantiomers. “Enantiomer” has been defined as

follows [3]: “One of a pair of molecular species that are mirror images of each

other and not superposable.” Thus, the term inevitably implies a relationship

between two molecules that are chiral and related as object and mirror image.

Moreover, as seen in the definition, “enantiomer” refers to molecules and not to
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macroscopic (chiral) objects. For the latter, “enantiomorph” is recommended [4];

however, such distinction is often blurred in the literature.

Any two stereoisomeric molecules that are not mirror-image forms of

each other are related as diastereoisomers. Diastereoisomers may be chiral or

achiral. For example, (�)-ephedrine and (�)-pseudoephedrine are related as

chiral diastereoisomers, and (E)- and (Z)-2-butene as achiral diastereoisomers

(Fig. 2).

Fig. 1 Some chiral molecules. (a) The molecule has an sp3-hybridized carbon atom carrying four

different ligands. (b) A chiral allene. (c) A biaryl chiral by virtue of hindered rotation around the

aryl–aryl bond resulting from the substituents in the ortho positions. (d) Hexahelicene, whose

chirality is due to the helical conformation resulting from the steric crowding at the terminal

aromatic rings; in an attempt to convey the helical form of the molecule, bonds in bold are used to
indicate that the corresponding benzene rings are above the plane of the illustration while the

bonds in dotted lines indicate that the rings are below the plane of the illustration

Fig. 2 (�)-Ephedrine and (�)-pseudoephedrine are chiral diastereoisomers differing in configu-

ration at the carbon center carrying the methylamino group; (E)- and (Z)-2-butene are achiral

diastereoisomers

Molecular Chirality: Language, History, and Significance 3



Anslyn and Dougherty have argued in their discussion of stereochemistry [5]

that during the development of the field a number of concepts and terms evolved

that today are no longer considered useful and have been replaced by more

modern views. For example, in molecule a of Fig. 1 the carbon atom has

been traditionally referred to as a “chiral center.” “Chiral center” (or center of

chirality), “chiral axis,” and “chiral plane” are “chirality elements” frequently

used in the literature, but the concept of chirality elements is deemed by some

to be without value [6, 7]. A more modern view of structure in stereochemistry

is based on the concept of stereogenicity. An atom or grouping of atoms is a

stereogenic center (or, more generally, a stereogenic unit) if the interchange

of two ligands attached to it can result in a new stereoisomer [8]. Not all

interchanges at a stereogenic center have to produce a new stereoisomer, but if

one such exchange does result in a new stereoisomer, the unit is stereogenic. Note

that “stereogenicity” says nothing about the chirality – or lack thereof – of the

molecule, i.e., it is applicable to both chiral and achiral structures. Thus, in Fig. 1,

the carbon of the chiral molecule a is a stereogenic unit, as is C═C in the achiral

2-butene (Fig. 2). The concept of stereogenicity is highly useful in stereochemistry,

but it must be pointed out that many have not abandoned the notion and terminology

of “chirality elements” [9].

The above presentation of some of the basic aspects of the phenomena of

molecular chirality and enantiomerism is necessarily a brief and selective treat-

ment; the interested reader is referred to the many textbooks, monographs, and

articles on the subject, only of a few of which can be cited here [2, 7, 9–13].

2 Language

Stereochemistry, a complex and rich science, has a language that is also rich and

complex. The need to use accurate language in scientific discourse is obvious:

accuracy in concepts requires accuracy in language. However, it is clear that the use

of stereochemical language has been fraught with problems and inaccuracies and

even some of the simplest of terms are often misused [9, 14–18]. It therefore seems

reasonable to provide here a brief discussion of some of the troubled uses of basic

stereochemical terminology.

As discussed above, it is clear that chiral refers to a spatial property of objects,

including molecules, i.e., that nature which makes such an object or molecule non-
superposable on its mirror image. Importantly, therefore, the term does not refer to
the stereochemical composition of bulk material, i.e., compounds, substances, etc.
Thus, "chiral compound" does not tell us whether the substance is racemic, a single

enantiomer, or some other mixture of the stereoisomers. Thus, “chiral drug,” “chiral

substance,” etc., indicate that the compound in question is composed of chiral

molecules, but the stereoisomer composition is not specified by this terminology.

This point needs to be emphasized because the literature contains other, often

troubling, uses of the term [17], e.g., to indicate that a substance consists of only
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one of the two enantiomers. Such statements ignore the fact that the racemic

mixture is also composed of chiral molecules. Therefore, such usage of the term

should be avoided.

The term homochiral has also had a troubled history [19]. This term, coined by

Lord Kelvin in 1894, indicates the same sense of chirality among chiral objects,

molecules, stereogenic centers, etc., i.e., that their chirality is of the same direction

or configuration. Thus, D-alanine and D-serine are homochiral, i.e., they have the

same sense of chirality (configuration). Unfortunately, the usage of homochiral
(and homochirality) in the literature is fraught with inconsistencies and

contradictions. Above all, homochiral has often been incorrectly used as a synonym
for enantiomerically pure. Such usage should be avoided and the term should be

reserved to indicate the same sense of chirality when comparing similar or related

molecules [19].

Enantiomer is a simple term that is nevertheless often misused [20]. Moreover,

there are many terms derived from enantiomer, and several of them are extensively

misused. Enantiomeric, for example, means “of the opposite handedness,” and the

following sentence illustrates the correct usage in that meaning: “(�)-Morphine

was obtained commercially but the enantiomeric form [i.e., (+)-morphine] had to be

synthesized.” In the literature, however, enantiomeric often appears in ambiguous

or confusing usage. For example, the title of one article was “The cost benefit ratio

of enantiomeric drugs” [21]. What is the meaning of “enantiomeric” intended by

the authors of the article? Is it the comparison of the two enantiomers of chiral drugs

for cost effectiveness? (This would be the interpretation from the correct usage of

the term). However, a careful reading of the article reveals that the term was used

not to convey the comparison of the two enantiomers of chiral drugs but to compare

drugs consisting of a single chiral stereoisomer with the corresponding racemates,

a different meaning indeed.

Furthermore, enantiomeric is often misused in other connotations. A common

usage of the term seen in the literature is in the context of chromatography using

chiral stationary phases (CSPs). Thus, “enantiomeric separation,” “enantiomeric

chromatography,” etc., are often encountered [20]. But what does “enantiomeric

chromatography” mean? Based on the correct interpretation of the term, this phrase

would convey that the CSP of the opposite configuration to that first examined
was used (not a far-fetched interpretation, since some CSPs are available in both of

the mirror-image configurations, and switching from one to the other is often

practiced). However, examination of the uses of “enantiomeric chromatography”

or related phrases in the literature reveals that the intended meaning in most

such cases is “chromatography that separates the two enantiomers of a chiral

substance.” Thus, “enantiomeric chromatography” is ambiguous; the correct term

for the intended meaning is enantioselective chromatography or chromatographic
enantioseparation.

Enantiomerism and chirality are not synonymous: enantiomerism refers to the

relationship between two nonsuperposable mirror-image molecules while chirality
is the phenomenon that imparts to certain objects (or molecules) the property of

not being superposable on their mirror image. This subtle but significant

Molecular Chirality: Language, History, and Significance 5



distinction results in different applications of the terms; for example, the

stereoisomers (�)-ephedrine and (�)-pseudoephedrine – differing in the configura-

tion at one of the two stereogenic centers (Fig. 2) – have chirality, but there is no
enantiomeric relationship between the two, i.e., they are not related as

non-superposable-mirror-image molecules (they are diastereoisomers). This differ-
ence between the two terms is not always appreciated. For example, the four (!)

chiral stereoisomers of 2,3-diaminobutanoic acid have been stated to be “[t]he four

enantiomers of 2,3-diaminobutanoic acid” [22]. “Enantiomer,” however, refers to

the relationship between a chiral molecule and its nonsuperposable mirror image,

and since an object can have only one mirror image, it is incorrect to refer to a group

of more than two chiral molecules collectively as a set of enantiomers. Therefore

the example of the 2,3-diaminobutanoic acid stereoisomers is in fact a case of

confounding chirality with enantiomerism: the four molecules in question are
chiral and related as stereoisomers but the majority of the stereochemical

relationships among the four are not enantiomeric. Thus, such usage of enantiomer
contradicts the definition of enantiomerism.

Racemic mixture designates the 1:1 mixture of the two enantiomers of a chiral

substance and should not be applied to any other stereoisomeric mixture, chiral or

achiral. However, the term is in fact often applied, entirely incorrectly, to other

mixtures of stereoisomers. For example, the following mixtures, among others, have

all been erroneously described as “racemic”: (1) a mixture of diastereoisomers

produced by esterifying a racemic carboxylic acid with a single-enantiomer alcohol

(the two stereoisomers resulting from this reaction are diastereoisomers and not

enantiomers, and therefore cannot be called “racemic”); (2) mixtures of cis and trans
achiral stereoisomeric cyclic molecules; (3) a mixture of two diastereoisomeric

racemates (i.e., four stereoisomers; such a mixture of two racemates cannot be

called “racemic”); etc. [17].

Another term that needs to be addressed in the present context is molecular
asymmetry. This expression is often employed to refer to molecular chirality, but
such usage, in which “asymmetry” is equated with “chirality,” is incorrect

[9]. To put it succinctly: an asymmetric object is necessarily chiral, but a chiral

object is not necessarily asymmetric. An object or molecule is asymmetric if it has

no symmetry element other than the identity operation (E or I), i.e., belonging to the
(trivial) point group C1. Such a structure is necessarily incongruent with (i.e., not

superposable on) its mirror image, that is, chiral. However, the presence in a

structure of some symmetry, namely, one or more simple axes of symmetry (i.e.,

proper rotation axis, Cn, n > 1), does not preclude chirality. For example, the

enantiomers of trans-1,2-dimethylcyclohexane are chiral but not asymmetric since

they contain a C2 axis of symmetry. This means that 180� rotation of the molecule

around the axis results in the same molecule, superposed on the original (Fig. 3).

Fig. 3 trans-1,2-
Dimethylcyclohexane and its

C2 axis of symmetry

6 J. Gal



Thus an object or molecule may be chiral without being asymmetric, and

therefore “asymmetry” and “chirality” are not synonyms and should not be

conflated. Overall, “molecular asymmetry,” when it is employed to refer specifi-

cally to the phenomenon of molecular chirality, should in fact be replaced with

“molecular chirality” [9].

The synthesis of single-enantiomer substances is, naturally, an essential activity

in stereochemistry and its various applications, and several approaches to such

syntheses are used. Not surprisingly, a complex variety of terms have been

introduced to refer to such reactions, e.g., “enantioselective synthesis (or reaction),”

“enantiospecific synthesis,” “asymmetric synthesis,” etc. The application of such

terminology has often been rather loose, and some authors have attempted to clarify

and rationalize this language; however, the matter is indeed complicated and the

reader is referred to its discussion in the literature [15, 23, 24].

Only a few examples of problematic usage could be provided in the above

survey, but careful examination of the literature shows that the misuse of basic

stereochemical language is widespread. It is recommended that, when questions

arise concerning correct usage, the definitions and discussions of stereochemical

nomenclature and terminology be consulted, including, but not limited to, some of

the works cited above [9, 14, 15, 17, 18].

3 History

Why concern ourselves with the historical aspects of our science? Perhaps the most

succinctly stated answer to this question came from Sir Hans Krebs, Nobel Laureate

in Physiology or Medicine (1953): “Those ignorant of the historical development of

science are not likely ever to understand fully the nature of science and scientific

research.” [25]. The history of molecular chirality is particularly rich in beautiful

experiments and bold theories, and it appears worthwhile, therefore, in this intro-

duction to the compendium, to peruse some of the pages of this history.

3.1 The Discovery of Molecular Chirality

Molecular chirality was discovered in 1848 by a young French chemist, Louis

Pasteur (1822–1895) [26]. The foundations for his discovery were laid during the

first half of the nineteenth century, primarily in France, and the reader is referred to

the excellent and detailed review and discussion of the subject by Mauskopf

[27]. Hemihedrism in crystals was an essential element in the story (holohedral
crystals have the highest symmetry within their crystal class, while in hemihedral
crystals the symmetry is reduced by the appearance of certain additional facets in

only one-half the number required by the crystal system). Hemihedrism in quartz

crystals was studied by René-Just Haüy (1743–1822), a French priest and

Molecular Chirality: Language, History, and Significance 7



crystallographer, in 1801, and François Arago (1786–1853), another French physi-

cist, was the first to observe optical rotation by a substance, when he studied the

effects of quartz crystals on polarized light. French physicist and astronomer Jean-

Baptiste Biot (1774–1862) discovered in 1815 that a number of natural organic

compounds rotate polarized light in the non-crystalline state, e.g., in the liquid or

gaseous state or in solution. Among these compounds were camphor, turpentine,

sucrose, and tartaric acid (TA). (+)-TA – from tartar deposits formed by the

fermenting juice of grapes during the wine-making process – had been discovered

by Carl Wilhelm Scheele (1742–1786), a Swedish pharmacist, in 1769, and Biot

showed that the natural compound was optically active. Biot understood that optical

rotation by substances in the non-crystalline state was due to some molecular
property, but the basis of the phenomenon, molecular chirality, was discovered

later by Pasteur (Fig. 4).

After earning a doctorate in 1847 with two dissertations, one in chemistry and

one in physics, Pasteur focused his attention on questions of crystallography and

optical rotation. He was familiar with the earlier work on quartz; moreover, he

recognized that the appearance of hemihedral facets on quartz crystals rendered

them chiral, i.e., the crystal habit (external morphology) was chiral, with some

crystals displaying “right-handed” morphology while others were “left-handed,”

that is the two crystal types were enantiomorphous. This was a novel realization by

Pasteur, since earlier investigators of quartz crystals (e.g., Haüy, Biot, Herschel),

while fully familiar with the hemihedrism of quartz, had not explicitly recognized

the chiral morphology of the crystals. Pasteur’s recognition of the chirality of quartz

crystals was helpful in his discovery of molecular chirality. He understood that the

external chiral morphology of quartz crystals was due to a particular ordering of the

molecules within the crystal and not to a property of the individual molecules of
quartz [26].

In 1848 Pasteur examined the crystals of sodium ammonium tartrate (a salt of the

natural (+)-TA) and found that they were hemihedral and had a chiral habit. Pasteur

then examined the sodium ammonium salt of another, related, acid. That acid

had been obtained ca. 1819 as an unexpected side-product during the production

Fig. 4 Pasteur’s official

photograph as member of the

Académie française.
Reproduced from http://

academie-francaise.fr/

immortels/index.html,

courtesy of the Académie
française
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of (+)-TA from tartar at a chemical plant in the region of Alsace, in eastern France.

The identity of the mysterious new acid was not clear and intrigued chemists. The

eminent French chemist and physicist Louis Joseph Gay-Lussac (1778–1850)

obtained a sample for study and showed it to have the same composition as

“ordinary” (dextrorotatory) TA; he named it racemic acid, from the Latin racemus,
i.e., cluster of grapes. Another name used for the compound was paratartaric
acid (PTA). In most of its properties PTA was shown to be identical with the

natural (+)-TA, but the two substances differed in crystal morphology, solubility,

and in that PTA did not rotate polarized light [26].

Pasteur found that the sodium ammonium salt of PTA crystallized as a mechani-

cal mixture (conglomerate in today’s terminology) of two distinct crystal types that

were hemihedral and enantiomorphous. He manually separated the two crystal

types and examined their optical activity in solution separately (he was thoroughly

familiar with Biot’s work on optical rotation by natural organic compounds).

The two PTA salts showed optical rotations equal in absolute magnitude (within

experimental error) but opposite in direction. Furthermore, Pasteur found that the

dextrorotatory salt was identical in all respects with the corresponding salt of

natural (+)-TA. The free acids liberated from the two sodium ammonium salts of

PTA had enantiomorphous crystal morphology and equal optical rotations in

absolute value but opposite in direction. Pasteur concluded that PTA was the 1:1

combination of dextro- and levo-TA and that the molecules of TA are chiral, and he

proposed that the optical activity of these substances in solution was the result of the

chirality of their molecules (in this he recognized the difference between quartz and

TA: unlike the quartz molecules, the TA molecules were chiral) [26]. He even

proposed that a tetrahedral or helical arrangement of the atoms in chiral molecules

may be the basis of their chirality, proposals we now know to be correct. Pasteur’s

discovery was all the more remarkable as the chemical structure of TA (Fig. 5) was

not known at the time.

Concerning Pasteur’s term for handedness, he did not use chirality since this

term was coined, by Lord Kelvin in 1894, i.e., long after Pasteur had abandoned

studies of molecular chirality. Instead, Pasteur adapted the little-used French term

dissymétrie (dissymmetry) to the phenomenon that today we call chirality [17].

It should be mentioned here that in 1820, i.e., well before Pasteur, there was a

theoretical suggestion that some molecules may lack symmetry. It came from Sir

John Frederick William Herschel (1792–1871), an eminent English astronomer,

physicist, and chemist. He proposed that such lack of symmetry may be the

Fig. 5 (+)-, (�), and meso-
tartaric acid

Molecular Chirality: Language, History, and Significance 9



explanation for Biot’s observation (see above) that some substances are optically

active in the non-crystalline state [17]. In 1827 Herschel repeated his suggestion,

stating that such molecules “must be conceived as unsymmetrically constituted, i.e.,

as having a right and left side.” This is, no doubt, a seed of the concept of molecular

chirality. It must be recognized, however, that, insightful as it was, Herschel’s

proposal of “unsymmetrical molecules” was limited in scope and remained only a

theoretical suggestion: he did not elaborate further on the subject and did not pursue

any experimental studies on the phenomenon. It was in fact Pasteur (whether he had

been aware of Herschel’s ideas or not) who placed the concept of molecular

chirality on a solid experimental foundation in a series of studies that demanded a

great deal from him: the recognition of the fundamental problem of the sodium

ammonium tartrate/paratartrate crystals, the design and execution of crucial and

difficult experiments, exceptional powers of observation, thorough familiarity with

the literature, and superior scientific intuition. Ultimately, based on his tartrate

work, Pasteur was able to elaborate a fundamental chemical phenomenon that his

eminent predecessors, i.e., Biot, Mitscherlich, de La Provostaye, Hankel, etc., all of

whom had worked with tartrate crystals and had access to Herschel’s publications,

had failed to recognize. All in all, it is therefore not inaccurate to speak of

“Pasteur’s discovery of molecular chirality” [17].

Pasteur’s preparation of (�)-TA in 1848 produced the first known example

of the existence of both enantiomers of a chiral substance. In 1851 the isolation

of (�)-camphor from a natural source by Chautard [28] created the second example

[(+)-camphor had been known for a long time].

All in all, Pasteur’s resolution of (�)-TA is considered among the most elegant

experiments in the history of chemistry. Moreover, he made his discovery of

molecular chirality at a time when little was known about chemical structure and

atomic bonding.

3.2 The Asymmetric Carbon Atom

The next fundamental discovery in the history of molecular chirality occurred a

quarter-century later, in 1874, when the Dutch and French chemists Jacobus

Henricus van ‘t Hoff (1852–1911) [29] and Joseph Achille Lebel (1847–1930)

[30], respectively, proposed, independently and nearly simultaneously, the asym-

metric carbon atom as a basis for molecular chirality. As they explained, in such an

atom the four substituents differ, and if their arrangement around the carbon is not

planar, two non-superposable-mirror-image configurations are possible, i.e., chiral-

ity is introduced. Although the two publications differ in some respects, the

fundamental conclusions reached by the two authors concerning the “asymmetric

carbon atom” (van ‘t Hoff’s term) as a basis for molecular chirality are similar.

For example, they both referred to the “asymmetry” of an appropriately substituted

carbon atom, and both proposed that the four valences of the saturated carbon atom

were arranged in the form of a tetrahedron [29, 30].
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The discovery of the asymmetric carbon atom finally provided the explanation

for the existence of “optical isomers” and for the chiral nature of the molecules of

optically active substances, including many naturally occurring substances. Initially

the proposal received little attention from chemists but, eventually, the usefulness

of the theory in explaining the known examples of “isomers” (and in predicting new

cases) was recognized and the asymmetric atom gained influence and came to be

generally accepted. Several detailed analyses of the history of the discovery of the

asymmetric carbon atom have appeared [31, 32].

3.3 Biological Enantioselectivity

Molecular chirality has considerable importance in biology and therefore a brief

review of the essential early discoveries in this domain is of interest. The first key

observation was made by Pasteur himself in 1857. At the time, he was professor of

chemistry and dean of the Faculty of Sciences at the University of Lille, an

industrial region in northern France where agricultural and food industries had

considerable economic significance and fermentation-based manufacturing, such as

the production of ethanol from sugar beets and the production of beer, was of

particular importance. On December 21st, 1857, Pasteur presented a communica-

tion to the Académie des sciences entitled “Memoir on Alcoholic Fermentation”

which was published as a memoir in the proceedings of the Académie, the Comptes
rendus des séances de l’Académie des Sciences (Comptes rendus henceforth)

[33]. The memoir dealt with certain aspects of alcoholic fermentation, but near

the end of the communication Pasteur said the following:

Before concluding, I ask for the permission of the Academy to present results to which I

attach great importance. I have discovered a means of fermenting tartaric acid which

readily affects ordinary right tartaric acid but involves left tartaric acid very poorly or not

at all. Now, a remarkable thing, predictable from the preceding fact, is that when

paratartaric acid, formed by the combination, molecule for molecule, of the two tartaric

acids, right and left, is subjected to the same method of fermentation, it is resolved into the

right acid which is fermented and left acid which remains intact, in such a way that the best

means of obtaining left tartaric acid I know of today is to resolve PTA by fermentation.

Approximately 3 months after that brief announcement, Pasteur presented to the

Académie a communication devoted entirely to the subject of the fermentation of

(�)-TA [34, 35]. He did not identify a specific microorganism in the memoir,

although he referred to the organism as “yeast.” He also described it as resembling

the “lactic ferment,” i.e., the microorganism he had identified as responsible for

lactic fermentation. In his scientific biography of Pasteur, Duclaux suggested that

the microorganism of the tartrate fermentation may have been a species of Penicil-
lium, a fungal microorganism. In fact, in 1860 Pasteur reported in a brief note that

Penicillium glaucum, a common mold, enantioselectively metabolized PTA in a

manner very similar to the earlier fermentation: here too, (+)-TA was consumed and

(�)-TA was left behind largely untouched. The nature of the products of the
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fermentation of TA was also not addressed by Pasteur in his memoir of March,

1858, but he did mention that an earlier report in the literature identified

metacetonic acid as a product of the fermentation of calcium (+)-tartrate.

“Metacetonic acid” is an old name for propionic acid.

Pasteur’s description of the enantioselective fermentation of PTA in the memoir

of December, 1857, constitutes the first published observation of enantioselectivity

in a biological process, and his finding was a key discovery that placed the

foundation stone of the science of molecular chirality in biology.

As a result of the advances in organic chemistry during the second half of

the nineteenth century, the chemical structures of many compounds became

known, which in turn led to studies of the biological properties of many chiral

substances. Since initially only in relatively few cases were both enantiomers

available separately, at first only a small number of studies of enantioselectivity

appeared (some of the investigations compared the activity of one of the

enantiomers to that of the racemate). With time, however, the pace accelerated,

and many studies were published on the role of molecular chirality in biology. Two

general areas were addressed: (1) stereoselectivity in enzymatic reactions, as

manifested in the metabolic fate or enzyme-catalyzed specific transformations of

substances; (2) stereoselectivity in the physiological, pharmacological, or toxico-

logical effects of a variety of biologically active compounds.

Concerning stereoselectivity in enzymatic activity, while a comprehensive

review of the early work in this field would be beyond the scope of this chapter,

the extensive and pioneering work on the role of stereochemistry in enzyme action

by the eminent German chemist Emil Fischer (1852–1919) during ca. the last

2 decades of the nineteenth and early in the twentieth century should be mentioned

here. Fischer’s work in this domain has been amply chronicled [36], and only

some relevant fundamental aspects will be discussed here. Fischer began his

work on carbohydrates in 1884 and pioneered the synthesis of sugars and the

determination of their structures and stereochemical relationships. Indeed,

Fischer’s work on the synthesis of sugars qualifies him as a pioneer of “asymmetric

synthesis” [23, 36]. Fischer applied the fundamental concepts of van ‘t Hoff and

Lebel concerning the asymmetric carbon atom and its role in stereochemistry, and

his work in this regard was a powerful validation of the ideas of the two chemists.

Fischer’s work also benefited from the great advances in structural organic chemis-

try, valence theory, etc., achieved during the second half of the nineteenth century.

Fischer studied both natural and synthetic sugars, and demonstrated that the

microbial fermentation (e.g., by beer yeast) and other enzymatic reactions of sugars

displayed considerable stereoselectivity. He found both diastereoselectivity and

enantioselectivity in the action of enzymes on sugars. For example, he showed

that natural glucose, fructose, and galactose were readily fermented by yeast but

their “optical antipodes” (an inaccurate term often used in the past to refer to

enantiomeric molecules) were left unchanged. As for diastereoselectivity, he

found, for example, that crude aqueous yeast extracts (which he named “invertin”)

hydrolyzed α-methyl-D-glucoside but not its diastereoisomer (epimer) β-methyl-D-

glucoside, while a preparation obtained from almonds Fischer called “emulsin”
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hydrolyzed β-methyl-D-glucoside but not α-methyl-D-glucoside (the methyl-L-

glucosides were entirely unaffected) [37]. Fischer also realized that “fermentation”

by microorganisms is almost certainly the result of the action of enzymes within

them, and his findings on the stereoselectivity of enzyme action prompted him to

propose the famous lock-and-key model [37] to emphasize the requirement for

geometric complementarity between enzyme and substrate for the reaction to occur.

Fischer also made an important contribution to stereochemistry with his system of

drawing stereochemically explicit and convenient structures using a convention

now known as the Fischer projection [38].

Fischer was intrigued by nature’s ability to synthesize sugars in single-

enantiomer form and, as pointed out by Ramberg in his insightful analysis of

Fischer’s work on sugars, Fischer concluded that “asymmetric” chemical

constituents within cells were responsible for this asymmetric synthesis, rather

than external universal “dissymmetric forces” (e.g., sunlight or magnetism)

believed by Pasteur to be the agents ultimately responsible for the single-

enantiomer character of natural compounds [39].

Today it is generally agreed that Fischer’s work was revolutionary. His ground-

breaking achievements were recognized in 1902 with the Nobel Prize in chemistry

for “the extraordinary services he has rendered by his work on sugar and purine

syntheses.” In the award address, Professor Hj. Théel, President of the Swedish

Royal Academy of Sciences, specifically discussed the revolutionary importance of

Fischer’s work on sugars, their stereochemistry, and the nature of enzymes and their

interactions with sugars, and emphasized the overall impact of Fischer’s work on

the essential connections of chemistry and biology (http://www.nobelprize.org/

nobel_prizes/chemistry/laureates/1902/press.html).

Concerning the other major area of interest mentioned above, stereoselectivity in

physiological, pharmacological, or toxicological effects was also studied. The first

observation in this domain was made in 1886 by the Italian chemist Arnaldo Piutti

(1857–1928) (Fig. 6), when he discovered enantioselectivity in what is considered

Fig. 6 Arnaldo Piutti in the

laboratory at the age of

ca. 40–50. Photograph and

permission to reprint kindly

provided by Dr. Claudia Piutti
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today receptor-mediated biological activity [40, 41]. Receptors are macromolecules

“at the cell surface and within cells that mediate the effects of chemical messengers

and hormones and the actions of many drugs in the body” [42]. The receptor

concept was introduced at the dawn of the twentieth century, independently by

the German physician and immunologist Paul Ehrlich (1854–1915) [43] and the

British physiologist John Newport Langley (1852–1925) [44]. However, the con-

cept of receptors was not widely accepted until the 1960s. More recently, the

science of receptors has undergone an explosive growth and has assumed great

importance in many areas of the biological sciences, including neuroscience,

immunology, biochemistry, molecular biology, physiology, and pharmacology.

Indeed, today receptors constitute one on the most intensively studied areas of

biology.

Piutti completed his university education in chemistry at the University of Turin

in 1879 and in 1881 moved to Florence to work with Ugo (Hugo) Schiff, an eminent

professor of chemistry originally from Germany (he is mostly remembered today

for “Schiff’s bases” which he discovered). It was in 1886, while working in Schiff’s

laboratory, that Piutti made his discovery [40, 41], which concerned the amino acid

asparagine. In 1886 L-asparagine had already been known for 80 years. “Ordinary

asparagine,” as it was often referred to, is today’s L-asparagine (Fig. 7).
L-Asparagine (a non-essential amino acid) is thought to have been the first amino

acid identified in natural sources and was first isolated in 1806 by the renowned

French chemist and pharmacist Louis Nicolas Vauquelin (1763–1829) and his

young assistant (and later a respected chemist and pharmacist in his own right)

Pierre Jean Robiquet (1780–1840) [45]. They obtained the substance from the juice

of the asparagus plant they indicated to be Asparagus sativus. Linn. (L-asparagine is
now known to occur in the free state in many other plants as well, e.g., marshmal-

low, vetches, soybeans, and white lupino beans).

In the spring of 1885 Piutti assisted in the production on a large scale of ordinary

asparagine in a factory producing the substance in Siena, Italy [40]. From 6,500 kg of

germinated vetch, 20 kg of crude levorotatory asparagine was obtained. The mother

liquors remaining after this operation deposited, with time and natural evaporation,

a mixture of two enantiomorphous crystal types, one being L-asparagine and the

other a new species. Piutti manually separated the two types of crystals and

purified the material, obtaining in this manner 100 g of a new substance whose

crystals were enantiomorphous with the crystal habit of natural asparagine. The

optical rotation of the new substance was found to be equal in absolute magnitude

and opposite in direction to that of natural (L) asparagine. In addition, the chemical

properties and elemental composition of the new compound were the same as those

of L-asparagine. No additional details on the isolation procedure are provided [40].

Fig. 7 The asparagine

enantiomers

14 J. Gal



Even during the isolation and purification process leading to the new asparagine

Piutti noticed that the mixture of the two asparagines tasted sweet. His newly isolated

asparagine retained the sweet taste and in this differed drastically from L-asparagine,
which was without taste. Piutti stated that other known amidated acids have a

sweet taste, and, importantly, he pointed out that in other known examples of

enantiomerically related substances the taste does not differ [40].

The chemical structure of asparagine was known in its major features at the time

but not in all of its details. Specifically, the presence of the amino, carboxyl,

and carboxamide groups was known, and it was understood that the carboxyl and

carboxamide groups were separated by two saturated carbons. However, the

position of the amino group was uncertain, i.e., it was not known whether

the amino group is located α to the carboxyl group or α to the carboxamide function.

Accordingly, Piutti asked the question whether the two asparagines (i.e., the

“ordinary” form and the newly isolated compound) could be constitutional isomers,

i.e., differing insofar as the position of the amino group is concerned, namely, that

one of the two substances would have the structure HO2CCH(NH2)CH2CONH2 (an

α-amino acid) while the other would correspond to HO2CCH2CH(NH2)CONH2.

Piutti settled the question of the exact structure of asparagine with an unequivo-

cal synthesis that was imaginative and elegant for his time [46]. He showed that

asparagine is in fact an alpha-amino acid (Fig. 7) and proved that the new aspara-

gine he had isolated was the “inverse” (i.e., the mirror-image form, in molecular

terms) of L-asparagine. Today his compound is known as D-asparagine (Fig. 7).

In summary, Piutti’s discovery of a difference in the taste of D- and L-asparagine

in 1886 was a milestone first observation of enantioselectivity at what is known

today to be a biological (human) receptor (whose concept was first proposed

15 years after Piutti’s discovery). The discovery was also the first observation of

stereoselectivity of any kind in taste, the first finding of biological enantios-

electivity in an organism higher than microorganisms, the first example of

biological enantioselectivity in an effect other than enzyme action, and one of the

earliest reports of the preparation of a D-amino acid. Piutti also proved the structure

of asparagine with an elegant synthetic pathway. Overall, Piutti’s investigations on

asparagine addressed a series of challenging problems and were carried out with

originality and imagination, and the result was a key discovery in the history of

molecular chirality in biology. Today, stereoselectivity at biological receptors is

recognized as an important aspect of ligand-receptor interactions and the phenom-

enon has substantial implications and consequences for the science and associated

technologies, e.g., in new-drug development.

The first clear example of enantioselectivity in a pharmacological action proper

was the demonstration by Cushny that (�)-hyoscyamine (Fig. 8) was ca. 12–20

times more potent than the dextro enantiomer in a variety of pharmacological

effects, e.g., mydriasis in the cat, salivary secretion in the dog, and at cardiac

myoneural junctions. Interestingly, (+)-hyoscyamine was the more potent enantiomer

in CNS-excitatory effects [47]. Cushny also found that the enantiomers of epinephrine

(adrenalin) differ significantly in their ability to increase blood pressure, the

levorotatory form being 12–15 times more potent than (+)-(S)-epinephrine [48].

Molecular Chirality: Language, History, and Significance 15



Arthur Robertson Cushny (1866–1926), a Scottish pharmacologist, made important

experimental contributions to the field of enantioselectivity in pharmacology; in

1926 he reviewed the studies of enantioselective pharmacology and enzyme action

published during the previous ca. 40 years and provided a detailed and critical

discussion of enantioselectivity in biology [49] that revealed a great deal of insight

into the nature of molecular chirality and its biological implications. Cushny was a

leading figure in the discovery of the role of chirality in biology, particularly in

pharmacology.

4 Significance

The importance of molecular chirality for the chemical sciences hardly needs an

explanation. An exceedingly large number of known substances are constituted of

chiral molecules and represent an extraordinarily wide variety of chemical

structures, and a discussion of the implications of the phenomenon for various

branches of chemistry (e.g., analytical, synthetic, polymer) would be beyond the

scope of the present chapter. As mentioned above, however, molecular chirality and

enantiomerism also have considerable importance for biology, and their importance

for pharmacotherapy and new-drug development constitutes one of the main

driving forces behind the current intense interest in molecular chirality. Therefore,

a brief discussion of this topic appears warranted.

It is widely recognized today that chirality is a fundamentally important

modulator of the effects and properties of chiral substances in a variety of branches

of biology and medicine, e.g., biochemistry, physiology, pharmacology, toxicol-

ogy, clinical therapeutics, etc. Enantioselectivity has frequently been found in

enzyme action, at biological receptors, at binding proteins, etc. [50–53]. Enantios-

electivity in pharmacological effects, clinical efficacy, toxicity, metabolism, and

pharmacokinetics of chiral drugs is a commonly observed phenomenon, and ste-

reochemical factors are often of great importance in pharmacotherapy and drug

discovery [52]. Beginning in the 1980s, a recognition began to emerge concerning

the importance of stereochemistry, particularly chirality, in drug action and dispo-

sition (the somewhat provocative yet useful admonitions in this regard by Ariens

[54, 55] were catalytic). These considerations led in turn to the appreciation that in

Fig. 8 The hyoscyamine

enantiomers
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many cases the racemic form of a drug is biologically distinctly different from a

single-enantiomer form, since the former contains both enantiomers (a large per-

centage of therapeutic agents on the market were racemic [55]).

Today it is generally believed that a single-enantiomer version of a therapeutic

agent is likely to have advantages over the racemic or some other stereoisomeric

mixture. For example, the pharmacology and toxicology profiles will be clearer for

the single substance, the pharmacokinetics and the relationship between serum

concentration and biological effects will be more readily interpretable, in some

cases adverse effects or toxicity will be eliminated with the removal of the less-

favorable stereoisomer, the dosage of the single-enantiomer drug may be lower than

that of the stereoisomer mixture, reduced potential for complex drug interactions,

etc. (However, a word of caution is in order here: in a few cases it has been shown

that the racemic or some other mixture of the stereoisomers was a safer drug than a

single-enantiomer form [56]. Thus, each case should be considered on its own

merits).

The new awareness of the importance of chirality for drugs eventually resulted,

in the 1990s, in guidelines issued by drug-regulatory authorities concerning the

development of new drugs based on chiral molecules. Thus the US Food and Drug

Administration (FDA) issued their guidelines in 1991 [57], and other countries

issued such rules at around the same time. The new regulations thus introduced

require that during the development of new chiral drugs the role and implications of

molecular chirality in the pharmacological, therapeutic, and toxic effects of the

drug candidates be taken into account. The impact of this change in the approach

to chirality in new-drug development has been dramatic. For example, today

the appearance of a new racemic drug on the market is a highly unlikely event

(the significance of this change can be appreciated when we consider that a few

years before the publication of the new FDA rules ca. 30% of all marketed drugs

were racemic [55]). A justification for the introduction of a new racemic drug today

concerns those cases where the drug is stereochemically labile [58], i.e., if there is

an in vitro and/or in vivo change in stereoisomeric composition on a time scale

sufficiently fast to be relevant during the shelf-life of the drug or during the

therapeutic treatment. For example, in vivo inversion of one of the enantiomers

to the other is commonly seen in the “profens,” i.e., the 2-arylpropionic-acid-based

non-steroidal anti-inflammatory agents (NSAIDs) [59].

The question may be asked: what were the factors that prompted this change in

attitude toward the role of chirality in pharmacotherapy and new-drug develop-

ment? In retrospect, it appears that advances in two chemical disciplines played a

major role in focusing the attention on the importance of molecular chirality:

1. The considerable advances in the synthesis of single-enantiomer compounds

during the last several decades of the twentieth century [60]. These improved

methods of organic synthesis have allowed the preparation of a wide variety of

single-enantiomer drugs and other substances. Needless to say, such synthetic

methodologies are essential for the study and development of single-enantiomer

drugs.
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2. The advent, during the same period, of powerful methods for enantioselective

analysis, i.e., the detection and quantification of enantiomerically related

substances in the presence of each other, particularly via enantioselective chro-

matography (the present compendium is in fact a testimonial to these advances).

The new chromatographic analytical methods have allowed the convenient,

rapid, precise, and accurate determination of the enantiomer composition or

enantiopurity of chiral substances, even in cases of trace contamination of single

enantiomers with the opposite (enantiomeric) form. Such analytical capability is

essential in a variety of settings, e.g., in the development of synthetic methods, in

assuring stereochemical purity during pharmacological testing, in studies of the

pharmacokinetics and metabolism of chiral substances, etc. (An important

additional advantage of some of the chromatographic enantioseparations is

that in the (semi)preparative mode they may rapidly provide sufficient amounts

of the individual enantiomers for prompt initial pharmacological and toxicologi-

cal evaluation, without the need to resort to synthetic methods to obtain them,

methods which are often challenging and time-consuming.)
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1 Introduction

The enantiomeric proportion of macroscopic samples of chiral compounds requires

its own descriptive adjectives [1]. The proposed terms should generally be applicable

and suitable for two important borderline cases in enantiomeric analyses: (1) to

establish the high enantiomeric purity status of natural compounds [2] and to

determine minute amounts of enantiomeric impurities, e.g., in the evaluation of the

enantioselectivity of enzymes and chiral catalysts in enantioselective syntheses and

kinetic resolutions and (2) to determine low enantiomeric imbalances [3], e.g.,

minuscule deviations from truly racemic compositions in experiments devoted to

the amplification of enantiomeric bias under prebiotic conditions.

The historical development of expressions for the quantitation of stereoisomeric

proportions is outlined and recommendations for its contemporary use are presented.

The stereoisomers are treated separately as enantiomers and diastereomers.

2 Enantiomers

Depending on whether a mixture of enantiomers is quantified by (1) spectroscopic

or chromatographic methods, employing a nonracemic auxiliary compound, or by

(2) chiroptical methods, different definitions have been used [4–10].

2.1 Nonchiroptical Methods

2.1.1 Enantiomeric Excess ee

Enantiomeric excess, ee, has been defined as the excess of one enantiomer over the

other [1]. The expression ee was proposed in 1971 by Morrison and Mosher [5]:

ee ¼ E1 � E2ð Þ= E1 þ E2ð Þ; (1)

where E1 is the amount of the major enantiomer and E2 is the amount of the minor

enantiomer. The magnitude of the enantiomeric excess ee extends from ee ¼ 0 for

the racemic mixture to ee ¼ 1 for pure E1. The term ee is unequivocal, since it

describes the relationship between two enantiomers in a mixture, as determined by

whatever means are available [11]. Equation (1) was originally introduced by

Raban and Mislow and was referred to as enantiomeric purity [4]. The incentive

for the new definition arose from the assumption of numeric equality between

optical rotation and enantiomeric proportion in nonracemic mixtures [4, 5]. Indeed

it was stated that the value of the enantiomeric purity is identical with the value of

the optical purity [4]. This statement is valid only when ideal conditions prevail in
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the determination of optical purity (see below). Moreover, the link to the criterion

of purity in the terms enantiomeric purity and optical purity has subsequently been

considered as unfortunate as it implies that the “impurity” is the racemic composi-

tion and not the minor enantiomer [11].

In practice, ee is often quoted as a percentage [1]:

%ee ¼ E1 � E2ð Þ= E1 þ E2ð Þ � 100 ¼ %E1 �%E2: (2)

The term ee has now correctly been defined as the excess of one enantiomer over

the racemic composition in the mixture E1 + E2 [6, 12, 13]. Thus for a mixture of

the proportion E1:E2 ¼ 99:1, E1 ¼ 99% while ee ¼ 98% and for a mixture

enriched in one enantiomer, e.g., 80:20, E1 ¼ 80% but ee ¼ 60% (Fig. 1).

When the mole or mass fractions xE1 and xE2 are used, the following simplified

expressions apply because enantiomers possess the same molar mass and to due

xE1 + xE2 ¼ 1 [1]:

ee ¼ xE1 � xE2 ¼ 2xE1 � 1 ¼ 1� 2xE2 (3)

The converse relations are [1]

xE1 ¼ 1þ eeð Þ=2 and xE2 ¼ 1� eeð Þ=2: (4)

The expression enantiomeric purity was originally used as a synonym for ee

[4]. However, the use of enantiomeric purity should be avoided as it has also been

defined as mole fraction of the major enantiomer xE1 [4, 6] or simply as the

percentage of one enantiomeric in a mixture [14, 15] (cf. the following section).

20% enantiomer 280% enantiomer 1

60% pure enantiomer 1 40% racemate 1 & 2

60% enantiomeric excess ee  

Fig. 1 Visualization of the definition of enantiomeric excess for ee ¼ 60%

Terms for the Quantitation of a Mixture of Stereoisomers 23



2.1.2 Enantiomeric Composition ec and Enantiomeric Fraction EF

The enantiomeric proportion of a sample may be described as the dimensionless

mole ratio (or a mole percent of the major enantiomer) and this has been suggested

the most generally useful way to describe the composition of all types of stereoiso-

meric mixtures [1]. The use of the mole fraction of the major enantiomer E1 in a

mixture, xE1, was first suggested by Horeau (cf. footnote in [4]). It has been named

enantiomeric composition, ec [8, 16]:

ec ¼ xE1 ¼ E1= E1 þ E2ð Þ: (5)

The terms ec and ee are related as follows:

ec ¼ eeþ xE2 ¼ eeþ 1ð Þ=2: (6)

The enantiomeric composition of a sample has also been simply quoted as % E1

and % E2 [17].

More recently, the mole fraction of an enantiomer in a mixture is called

enantiomeric fraction with the symbol EF1 applying to the major enantiomer and

EF2 for the minor enantiomer [18–20]:

EF1 ¼ E1= E1 þ E2ð Þ and EF2 ¼ E2= E1 þ E2ð Þ: (7)

The magnitude of the enantiomeric ratio EF extends from 0 to 1 with the value of

0.5 for the racemic mixture.

The enantiomeric ratio EF has now become the standard descriptor for chiral

signatures of environmental samples [18]. The EF definition is superior because it

provides meaningful representation of graphical data and is more easily employed in

mathematical expressions of the fate of enantiomers in environmental compartments

and for the investigation of enantioselective degradation processes [18] (Fig. 2).

2.1.3 Enantiomeric Ratio er and erinv

The term enantiomeric ratio, er (ER or q), is defined as follows [8, 21–23]:

er ¼ E1=E2; (8)

where E1 is the major enantiomer.

The magnitude of the enantiomeric ratio er extends from er ¼ 1 for a racemic

mixture to er ¼ 1 for pure E1. Since er involves large numbers for the major

enantiomer in high preponderance, the logarithmic scale, log er, extending from

zero to infinity, has been proposed [24]. The terms er and ee are related as follows [8]:

ee ¼ er� 1ð Þ= erþ 1ð Þ (9)
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and

er ¼ 1þ eeð Þ= 1� eeð Þ: (10)

The inverse definition of the enantiomeric ratio has also been considered [21, 22]

and applied in practice [25]:

erinv ¼ E2=E1 (11)

erinv and ee are related as follows:

erinv ¼ 1� eeð Þ= 1þ eeð Þ (12)

and

ee ¼ ðerinv þ 1Þ=ðerinv � 1Þ: (13)

The magnitude of the inverse enantiomeric ratio erinv extends from er ¼ 0 for

pure E1 to erinv ¼ 1 for a racemic mixture. Note that log erinv is rendered negative.

2.1.4 Enantiomeric Ratio E and the Stereoselectivity

Factor s in Kinetic Resolutions

A source of confusion associated with the term enantiomeric ratio has been

addressed by Faber as the term is used in two different albeit related ways

[26]. The enantiomeric ratio er ¼ E1/E2 is directly related to the ratio of the

relative rate constants kE1/kE2 in the conversion of prochiral substrates or in
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Fig. 2 Graphical

representation of the various
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chromatography E1 [19].

Reprinted with permission

from [19], © Elsevier
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meso-differentiating reactions whereby the ratio kE1/kE2 is linked to the difference

in the Gibbs free energy of activation of the diastereomeric transition states

ΔΔG# ¼ ΔΔH# – TΔΔS# ¼ �RT ln er. The ratio kE1/kE2 is independent of the

conversion of the reaction because the enantioselective transformations start with

the same prochiral substrate S, i.e., S ! E1(kE1) and S ! E2(kE2). Therefore the

ratio of the product enantiomers E1 and E2 will not change during the course of

the reaction [26].

A more complicated situation arises in the realm of enzymatic kinetic resolution

obeying Michaelis–Menton kinetics when the enantiomers E1 and E2 present in a

sample are transformed at different rates to the enantiomeric products E0
1 and E0

2,

i.e., E1 ! E0
1 ðk0E1Þ and E2 ! E0

2 ðk0E2Þ. In the ideal case only E1 is transformed to

enantiopure E0
1 leaving enantiopure E2 behind after 50% conversion c. In kinetic

resolutions the rate of the reaction of E1 and E2 varies with the degree of conversion

c since the ratio of the two enantiomers does not remain constant during

the transformation. Furthermore, the enantiomeric excess of the substrates eeS
(E1 and E2) and of the products eeP (E0

1 and E0
2 ) depends on the conversion c.

Sih et al. arrived at a parameter describing the enantioselectivity of an irreversible

enzymatic kinetic resolution devoid of product and substrate inhibition which is

identical with the ratio of the rate constants ðk0E1=k0E2Þ [27]. The parameter which

remains constant during the kinetic resolution has been called the enantiomeric
ratio E which is readily accessible from eeS, eeP, and c:

E ¼ ln½ 1� cð Þ 1� eeSð Þ�=ln½ 1� cð Þ 1þ eeSð Þ� ¼ k0E1=k0E2 (14)

with

c ¼ 1� E1 þ E2ð Þ=ðE�
1 þ E�

2Þ (15)

When the product arising from the kinetic resolution is itself chiral the following

expression can also be used [27, 28]:

E ¼ ln 1� c 1þ eePð Þ½ �=ln 1� c 1� eePð Þ½ � (16)

A non-enantioselective kinetic transformation has an E value of 1 whereas an

E value above 20 is the minimum for an acceptable kinetic resolution [29]. The

enantiomeric ratio E is identical to the stereoselectivity factor s in the realm of

general kinetic resolutions of racemic mixtures defined by Kagan and Fiaud and

the same equations apply [30]. E is linked to the difference in Gibbs free activation

energy difference of the diastereomeric transition states, i.e., ΔΔG# ¼ ΔΔH# –

TΔΔS# ¼ �RT ln E. An E value of 100 corresponds to ΔΔG# of 2.7 kcal/mol at

25 �C.
Equation (14) is rendered imprecise at very low or very high conversions c and it

is preferentially used in the range of ~40–60% conversion to provide a substantial

amount of chemical yield of both the product and the remaining substrate [26].
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For low or high conversions c an equation was proposed which requires only the

knowledge of eeS and eeP, being readily accessible by enantioselective NMR and

enantioselective chromatography, whereby the conversion term c is substituted

by eeS/(eeS + eeP) [31]:

E ¼ ln eeP 1� eeSð Þ½ �= eeP þ eeSð Þ½ �= ln eeP 1þ eeSð Þ½ �= eeP þ eeSð Þ½ � (17)

or in its rearranged form [29]

E ¼ ln 1� eeSð Þ= 1þ eeS=eePðð Þ½ �=ln 1þ eeSð Þ= 1þ eeS=eePðð Þ½ � (18)

E values greater than 200 should be treated with caution since small variations

of eeP and eeS will cause large differences in the E value [26]. Reliable data for

eeP and eeS (ee > 99%) can be measured, e.g., by enantioselective gas

chromatography [32].

2.1.5 Naming of Enantiomers: Eutomers and Distomers

The definition of an enantiomer [33] as one of a pair of molecules which are mirror

images of each other and are non-superposable does not explicitly reserve specific

names for the two distinct entities of stereoisomers (Greek: εναντίoς ¼ opposite
and μερoξ ¼ part). This leads to undesired expressions in the literature such as the

“wanted enantiomer” for the major enantiomer E1 and the “wrong enantiomer” or

“enantiomeric impurity” for the minor enantiomer E2 in a mixture of high ee or er.

In pharmacology and pharmacy specific names have been introduced for a pair

of enantiomers when a given biological system displays enantioselectivity.

The more active enantiomer is termed the eutomer (Eu) and the less active

enantiomer is called the distomer (Dis). The use of the terms derived from

Greek ευ ¼ good, δυξ ¼ bad, and μερoξ ¼ part was suggested by Lehmann

et al. [34] in analogy to the designations of eutopic (well-fitting) complexes and

dystopic (ill-fitting) complexes [35]. A homologous series of enantiomeric pairs

consist of a eutomeric series and a distomeric series. For a given enantiomeric

pair the ratio of their activities is termed the eudismic ratio and its logarithm is

termed the eudismic index (E.I.) [34, 36]. A correlation between the eudismic

potency ratio and the averaged human potency of the racemate for 14 different

drugs was discovered by Pfeiffer [37]. The generalized Pfeiffer’s rule states that
in a series of chiral compounds the eudismic ratio increases with increasing

potency of the eutomer.
The definitions ee, er, and ec are derived with E1 being the major enantiomer in a

mixture, i.e., xE1 > 0.5. Unfortunately, in selected cases there is a need to cover the

entire range of 0 � xE1 � 1. Situations invoking opposite enantioselectivities are

frequently encompassed in enzymatic reactions or in pharmacokinetic and pharma-

codynamic studies of chiral drugs whereby opposite enantiomers may be favoured
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case by case. The different and opposite percentages of the enantiomers E1 and E2 are

reflected in the definitions as characteristic, and sometimes negative quantities (ee).

In the literature the total range 0 � xE1 � 1 has been treated simply as a percentage,

i.e., % E1 and % E2 [17], or by their ratio er [38]. Indeed, in cases where no

emphasis is given to one major enantiomer, i.e., each of the enantiomers may be in

preponderance at specific conditions, ee is not a useful term. The definitions EF and

er or ln er are more appropriate in this circumstance (Table 1).

2.2 Chiroptical Methods

Historically, “optically active” has often been used as synonym for “chiral” and to

describe nonracemic mixtures of enantiomers. This expression suffers from the fact

that it is linked to the determination of chiroptical properties which is gradually

being discontinued in modern methodologies to quantify enantiomeric proportions.

Moreover, enantiomerically pure samples need not be optically active at a given

concentration, temperature, wavelength, and solvent [39].

The term optical purity op (or p) is defined as the ratio of the measured specific

rotation [α] of an enantiomeric mixture, divided by the maximum specific rotation

[αmax] of one enantiomer (E1 or E2 with ee ¼ 1) [4, 39]:

op ¼ ½α�=½αmax�; (19)

where the sign of the specific rotation and its complicated CGS dimension is

ignored for convenience. In practice, op is quoted as a percentage:

% op ¼ ½α�=½αmax� � 100: (20)

The specific rotation of a mixture of enantiomers is equal to the specific rotation

of the pure enantiomer times the optical purity. These relationships are illustrated in

Table 2 for a chiral compound whose maximum specific rotation [αmax] is

arbitrarily set to 150 [6]. Knowing % op from polarimetric measurements one can

calculate % E1 and % E2 [8]:

% E1 ¼ ð100þ opÞ=2 and % E2 ¼ ð100� opÞ=2: (21)

Table 1 Comparison of the various definitions for the quantitation of a mixture of enantiomers

Enantiomeric proportion % ec (EF) % ee er log er ln er

50:50 50 0 1 0 0

51:49 51 2 1.041 0.017 0.04

99:1 99 98 99 2 4.6

99.9:0.1 99.9 99.8 999 3 6.9

99.99:0.01 99.99 99.98 9,999 4 9.2

0.01:99.99 0.01 �99.98 0.0001 �4 �9.2

28 V. Schurig



Whereas the optical purity op relates to experimental properties, i.e., the specific

rotations [α] and [αmax], the enantiomeric excess ee describes the composition of a

chiral substance without recourse to any physical measurement [4]. Traditionally, op

has been used for the quantitation of enantiomers because polarimetry had been the

only tool available until the more recent advent of spectroscopic and chromatographic

methods. However, op is related to experimental properties whose precision and

accuracy is often unsatisfactory [12, 39].

The terms “non-racemic,” “optically pure,” and “enantiomerically enriched”

imply that the racemate constitutes the impurity [14]. Both the definitions of op

and ee account for this notion. Historically, the use of op and ee was also preferred

since its numerical value is identical under ideal conditions. Thus in the absence of

self-associations of enantiomers in non-ideal solutions, the measured optical purity

op is equivalent to the value of the true enantiomeric excess ee:

op ¼ α½ �= αmax½ � � E1 � E2ð Þ= E1 þ E2ð Þ ¼ ee: (22)

However, it is important to note that the measured optical purity op of a sample

is not linearly related to the true enantiomeric excess ee when non-ideal conditions

prevail in concentrated solutions, i.e., when the enantiomers interact between

themselves. Thus, the op may markedly deviate from the true ee if the enantiomers

undergo molecular self-association to dimers and/or oligomers. The associates

formed in solution will display their individual optical rotation and, depending on

their concentration, contribute in a specific way to the overall specific rotation. The

non-equivalence between op and ee has been experimentally demonstrated for

2-ethyl-2-methylbutanedioic acid in dichloromethane by Horeau (the “Horeau

effect,” Fig. 3) [40].

The mole fractions of xE1 and xE2 of enantiomers present in a mixture can be

calculated from the measured op [8]:

xE1 ¼ ð1þ opÞ=2 (23)

and

xE2 ¼ ð1� opÞ=2: (24)

Table 2 Relationship between % enantiomeric proportion, % optical purity p, and specific

rotation [α] [6]

Enantiomeric proportion % % Optical purity [α]

100:0 100 þ150

75:25 50 þ75

50:50 0 0

75:25 50 �75

0:100 100 �150
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The prerequisite for determining op is a moderate-to-high value of the specific

rotation of the sample permitting the correct determination of small differences of

the op. Specific rotations may vary from very high values, e.g., for helicenes, to

very low values, e.g., for unfunctionalized saturated hydrocarbons. The individual

contributions of different elements of chirality (including induced chirality) in a

molecule may also lead to an accidental cancellation of the optical activity. Another

cause of apparent optical inactivity is the change of the sign of the ORD (optical

rotatory dispersion) curve at a specific wavelength.

It has been remarked that measurements of optical rotations is assumed by many

chemist to be a trivial experimental procedure because the basic instrument is

relatively simple and adaptable in undergraduate laboratories [39]. The fact is,

however, that optical rotations are not necessarily self-consistent because variations

can occur with any of the parameters often assumed to be constant, i.e., temperature,

concentration, wavelength, and solvent. In addition, parameters such as purity of the

sample and solvent must be the same for the determination of [α] and [αmax]. The

maximum specific rotation [αmax] is not always known and it requires an independent

proof of the 100% ee of the sample by a non-chiroptical method. The error due to the

instrument reading becomes dramatic for samples with very low optical rotation and

at nearly racemic compositions. The uncritical use of apparent values for [αmax] led to

pitfalls in the optical purity determination of enantioselective transformations

[7]. Thus the op of unreacted cycloolefin in the classical Brown kinetic resolution

of 3-methylcyclopentene with (+)-diisopinocampheyl borane [41] was not 65% based

on an erroneous experimental and theoretical value of [αmax] [42] but only 30%

through evidence by enantioselective GC [43]. A serious source of error in

determining op may arise from the concentration dependence of the specific rotation

[39]. Examples are malic acid in water and 2-phenylpropanol in benzene [7]. Thus the

op of hydratropaldehyde (2-phenylpropanal) obtained by hydroformylation of styrene

had to be corrected from 95 to 73% when specific rotations were re-measured under

identical conditions (solvent, concentration, temperature) [44].

% enantiomeric excess ee 
%

 o
pt
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 p
ur

ity
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p 

ee
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Fig. 3 Non-equivalence

between optical purity % op

and enantiomeric excess

% ee for 2-ethyl-2-

methylbutanedioic acid in

dichloromethane [40].

Reprinted with permission

from [40], © Elsevier

30 V. Schurig



The claim of enantiomeric bias via asymmetric synthesis in a rapidly spinning

reaction vessel by employing the chiral gravitational field on Earth [45], later

disputed on theoretical grounds [46], was solely based on minute (a few

millidegrees) optical rotations. Values for op > 97% may be questionable unless

experimental conditions are clearly stated and claims of op ¼ 100% determined by

polarimetry should be treated with the necessary caution.

The use of op has been gradually discontinued and the enantiomeric composition of

a sample should only be linked to optical puritywhen exclusively chiroptical methods

were employed. This applies, e.g., to chiroptical detectors in enantioselective liquid

chromatography [47].

3 Selected Applications of the Terms ee, er, and ec (EF)

3.1 Enantiomeric Excess ee

Enantiomeric excess ee is compatible with the law of mixing (mixing of samples of

different ee) and it is useful for calculating the corrected ee when auxiliary

compounds with ee < 1 are used in enantioselective synthesis and catalysis

[8]. When ee� refers to the maximum ee of the product with an enantiopure

auxiliary, the expected eeprod observed (in the absence of nonlinear effects) with

an auxiliary of eeaux is given by [8]

eeprod ¼ ee� � eeaux: (25)

In enantioselective chromatography the chiral selector employed is not always

available in an enantiomerically pure form. However, the magnitude of the

enantioseparation factor α ¼ k2/k1, i.e., the ratio of the retention factors of the

enantiomers, critically depends on the enantiomeric excess ee of the chiral selector.

The value of the maximum enantioseparation factor αee¼1 of a chiral selectand

which can be attained on a sometimes elusive enantiomerically pure selector with

ee ¼ 1 can be extrapolated from the enantioseparation factor α measured on an

enantiomerically impure selector as follows [48, 49]:

αee¼1 ¼ ðαþ 1Þeeþ ðα� 1Þ½ �= ðαþ 1Þee� ðα� 1Þ½ �: (26)

An equation describing the drop of α with decreasing ee of a chiral selector can

be obtained by rearranging (26) or can be derived de novo by independent

considerations [50], including a virtual tandem column approach for which the

definition of ee is mandatory [51, 52]:

αobs ¼ αee¼1 1þ eeð Þ þ 1� eeð Þ� �
= αee¼1 1� eeð Þ þ 1þ eeð Þ� �

: (27)
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Thus an enantioseparation factor of αee¼1 ¼ 100 achieved on an

enantiomerically pure selector (ee ¼ 1) drops by more than half to αobs ¼ 49.75

when the selector contains as little as 1% of an enantiomeric impurity (ee ¼ 0.98)

[50, 51, 53]! The large drop of the enantioseparation factor α of a racemic selectand

with decreasing ee of the selector is due to the definition of selectivity as the ratio

between retention factors with α resembling the term er. In order to get the same

graphic relationship between ee of catalysts and ee of product enantiomers

employed in enantioselective catalysis (Fig. 4), the definition retention excess re
has been introduced in enantioselective chromatography [50, 52] where k2 and k1
are the retention factors of the second and first eluted enantiomers, respectively:

re ¼ k2 � k1ð Þ= k1 þ k2ð Þ: (28)

The retention excess re and the enantioseparation factor α are related to each

other by the following expressions:

re ¼ ðα� 1Þ=ðαþ 1Þ or α ¼ 1þ reð Þ= 1� reð Þ: (29)

The unified linear correlation between ee of chiral catalysts in enantioselective

catalysis and ee of selector in enantioselective chromatography toward ee of major

product enantiomer and re of separated enantiomers, respectively is depicted in Fig. 4.

The term re has also been linked to an enantioselectivity scale ESS which defines
the ability of an enantiopure chiral selector to produce a retention excess re for the

enantioseparated selectands, i.e., re ¼ ESS ¼ 1 refers to 100% enantioselectivity

with α ¼ 1, whereas re ¼ ESS ¼ 0.5 refers to 50% enantioselectivity producing

α ¼ 3 and re ¼ ESS ¼ 0 refers to nil enantioselectivity with α ¼ 1 [52]. The

unified definition ESS applies both to a chiral catalyst in enantioselective catalysis

and to a chiral selector in enantioselective chromatography (Fig. 4). For example,

the major enantiomer with ee ¼ 0.5 obtained by enantioselective catalysis (kinetic

control) and the enantiomers with re ¼ 0.5 separated by enantioselective chroma-

tography (thermodynamic control) results either from enantiomerically pure

auxiliaries with ee ¼ 1 and ESS ¼ 0.5 or from enantiomerically impure auxiliaries

with ee ¼ 0.5 and ESS ¼ 1 (Fig. 4) [52].

3.2 Enantiomeric Composition ec and Enantiomeric
Fraction EF

The enantiomeric fraction EF is based on a bounded additive scale that is linear and

finite ranging from 0 to 1 and is symmetric about the equivalency value EF ¼ 0.5

for the racemic composition (Fig. 2) [54]. DeGeus et al. argue that enantiomeric

differences in a number of experimental data may either be overestimated for ER

(er or q) values larger than unity or underestimated for ER values smaller than unity

due to the nonlinear scale of the multiplicative ER definition (Fig. 2) leading to
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skewed data distributions, whereas the linearity of the EF scale (Fig. 2) causes

changes to be numerically the same both above and below the 0.5 value for the

racemic composition [19].

3.3 Enantiomeric Ratio er and erinv

For the quantitative differentiation of enantiomers by enantioselective NMR and

chromatography, the enantiomeric ratio er is directly obtained by peak integration of

non-equivalent resonances in the NMR spectra and of enantioseparated peaks in the

chromatograms. Thus cumbersome re-calculation in the ee scale is not required.

The er is compatible with Hammett or Eyring relationships [8] and is a direct measure

of the kinetic ratio kRe/kSi in enantiotopos- and enantiofacial-differentiating

enantioselective reactions [8, 11, 21]. The Gibbs free energy difference of diastereo-

meric transition states is ΔΔG# ¼ ΔΔH# � TΔΔS# ¼ �RT ln er. An er value of

99 corresponds to ΔΔG# of 2.7 kcal/mole at 25�C. Thus this rather small energy

difference already produces enantiomers in the proportion of E1:E2 ¼ 99:1. Selke

et al. prefer the definition er for the comparison of two different asymmetric

hydrogenations employing distinct catalysts by introducing the relative enantio-

selectivity factor Q [21, 22]. The following equation allows the calculation of the

expected enantiomeric ratio er2 of a de novo catalyst from Q and er1 of the first

catalyst:

er2 ¼Q � er1: (30)

The term er is the expression of choice in the realm of very high enantiomeric

ratios since very large differences between the proportions of enantiomers are not

properly represented by the ee definition close at unity. Thus, EF and er or ln er may

eventually supersede the more traditional term ee.

Fig. 4 Unified linear

dependence of ee of chiral

catalysts and ee of chiral

selector with ee of major

product enantiomer and re

of selectand enantiomers

for 50% and 100%

enantioselectivity

(ESS ¼ 0.5 and ESS ¼ 1),

respectively [52]. Reprinted

with permission from [52],

© Elsevier
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In enantioselective chromatography, the enantiomer of opposite configuration

has been used as an ideal internal standard for the quantitation of the target

enantiomer in a mixture, provided that self-recognition of enantiomers in

concentrated solutions is absent. The approach called enantiomer labeling [55]

is intriguing because enantiomers possess identical non-chiroptical properties in

an achiral environment and therefore the enantiomeric composition is not

influenced by sample manipulation (isolation, derivatization, fractionation, stor-

age), by chromatographic manipulations (dilution, partitioning, splitting, injec-

tion, detection), or by losses (thermal or catalytic decomposition and incomplete

isolation). The inverse enantiomeric ratios erinv of sample and standard are used

by the “enantiomer labeling method” when sample and standard are not

enantiomerically pure. The amount of the chiral component in a sample X after

addition of the chiral standard is obtained as follows [55]:

X ¼ mS ðAR � AS � erinvSÞð1þ erinvRÞ=ðAS � AR � erinvRÞð1þ erinvSÞ½ �; (31)

Where AR ¼ peak area of the (R)-enantiomer after addition of the standard, AS ¼
peak area of the (S)-enantiomer after addition of the standard, erinvR ¼ inverse

enantiomeric ratio (S)/(R) of the sample, erinvS ¼ inverse enantiomeric ratio (R)/(S)
of the standard, mS ¼ amount of enantiomeric standard (S) added, and X ¼ amount

of the chiral component (as sum of its enantiomers) present in the sample.

4 Recommendations for the Quantitation of a Mixture

of Enantiomers

The enantiomers present in unequal amounts in a mixture are called the major
enantiomer E1 and the minor enantiomer E2.

The enantiomeric excess ee, enantiomeric ratio er or ln er, and enantiomeric
composition ec or EF are useful terms for the quantitation of a mixture of

enantiomers. Each term has its merits under special circumstances. The enantio-

meric ratio er is the best descriptor for the result of enantioselection of enantiotopic

faces or enantiotopic atoms or groups in a prochiral substrate. Enantioselectivity is

reflected by the ratio of products since the relative rates of reaction determine the

product ratio by kinetic control [11]. The recommendation to discontinue or

prohibit the use of ee [11] is not justified.

For synthetic kinetic resolutions the stereoselectivity factor s is employed

whereas for enzymatic kinetic resolutions the enantiomeric ratio E is used which

must clearly be distinguished from the coequal term enantiomeric ratio er.

In studies on the fate of enantiomers in the environment or in biological matrices

the term enantiomeric fraction EF should be used in lieu of the enantiomeric ratio

previously expressed as the terms er and ER [54, 56] or erinv [25].
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Only % op is determined when chiroptical detectors are used in enantioselective

liquid chromatography and % ee is equivalent to % op only in the absence of self-

association of enantiomers.

For the sake of a unified terminology, the following expressions should be

avoided, i.e., enantiomeric yield and enantiomeric purity, while the term enantio-
meric composition must be correctly defined when applied, e.g., as a mole fraction

of the major enantiomer xE1.
It should be noted that the original proportions of the enantiomers in a sample

may be altered by accidental enrichment during purifications, e.g., by crystalliza-

tion or by chromatography [1, 12, 57]. Detailed information on sample preparation

and analytical procedures are required when % ee ¼ 100 (!) is claimed in

enantioselective transformations.

The use of the term homochiral for % ee ¼ 100 or, likewise, heterochiral for
racemic (% ee ¼ 0) should be discontinued [1, 58] since these terms have been

reserved for other more concise meanings [59–61]. Eliel et al. proposed to use the

expression “enantiomerically pure” (or the contraction “enantiopure”) to describe

enantiomerically homogeneous samples [62]. In accordance with common practice,

the term nonracemic rather then scalemic [14, 16] is used as synonym of

“enantiomerically enriched” and enantiopure rather than holemic [14] is used as

synonym for “enantiomerically pure”. As an alternative expression for the macro-

scopic single-enantiomeric composition the conceptual term unichiral has been

proposed by Gal [63].

Optical purity op should only be referred to when non-chiroptical methods are

not available for the quantitation of a mixture of enantiomers. The origin and

reliability of [α]max, used for the calculation of op, should always be quoted.

Clearly, the prefix optical should never be used in connection with nonchiroptical
methods (Sect. 2.1) and expressions such as optical purity determination by NMR or

optical resolution by chromatography should be avoided.

Unfortunately, little attention has been focused in the literature on the nature

and range of errors involved in the quantitation of a mixture of enantiomers. It

is interesting to scrutinize how precision and accuracy will affect the definitions

discussed herein. For example, ee is sensitive to an error in the percentage of

the enantiomers, i.e., % (E1:E2 ¼ 52 � 1:48 � 1) ! % ee ¼ 4 � 2 [9]. De

Geus et al. argue that relative standard deviations (RSD) derived from EF

(ec)-based calculations are rendered only half as large as those obtained from

er calculations [19]. Moreover, when for example a duplicate measurement is

performed and the areas (in arbitrary units) are 12.5 and 10.0 in the first run,

and 10.0 and 12.5 in the second, ERs of 12.5 and 0.80 results with the mean

value of 1.02 instead of 1.00. The EFs calculated to 61% and 39% afford the

correct mean value of 50% [19]. Applying parametric summary statistics, such

as mean and standard deviation, to EF data is more appropriate because its

additive scale provides data which are more symmetric than those obtained

using the ER scale [19, 54].
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5 Diastereomers

In analogy to the definitions for a mixture of enantiomers, the diastereomeric
excess de:

de ¼ D1 � D2=D1 þ D2 (32)

or the diastereomeric ratio dr (or q): [8]

dr ¼ D1=D2 (33)

have been used for the quantitation of a mixture of diastereomers in the case that

only two isomers D1 and D2 are involved (this applies for epimers, anomers,

and geometrical (cis,trans/E,Z/syn,anti/endo,exo)-isomers) where D1 is the major

diastereomer. Complications arise with the occurrence of stereoisomerism due to

the presence of multiple stereogenic elements. Two distinct stereogenic elements in

a molecule give rise to two diastereomers each forming a pair of enantiomers.

When the stereoisomers are chiral and nonracemic, the definitions de and dr do not,

a priori, differentiate between the proportions of the enantiomers, but treat them as

the sum, i.e., D1 ¼ E1 + E2 . Therefore, unless the proportions of all stereoisomers

are preferably given as a percentage or as mole fraction, the mixture of enantiomers

of each of the diastereomers must be quantified separately by ee or er.

Whereas dr is measured by spectroscopy or chromatography of diastereomers in

an achiral environment, dr and er can be obtained simultaneously by employing

enantioselective methods with appropriate chiral selectors.

When more than two diastereomers are involved, the term diastereoselectivity ds

has been suggested as the mole fraction of diastereomer D1 in a mixture of all

diastereomers ∑Di [64]. In analogy to ec, this term is called diastereomeric
composition dc

dc ¼ xD1 ¼ D1=ΣDi (34)

The mole fraction of the major enantiomer xE1 of a chiral diastereomer Di in a

mixture of two or more diastereomers is given by

xiE1 ¼ eci � dci: (35)

The terms for diastereomers present in a mixture are summarized as follows:[9]

ee ¼ enantiomeric excess

er ¼ enantiomeric ratio

ec ¼ enantiomeric composition

de ¼ diastereomeric excess (for ∑Di ¼ 2)

dr ¼ diastereomeric ratio (for ∑Di ¼ 2)

dc ¼ diastereomeric composition (for ∑Di ¼ 2)
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6 Recommendations for the Quantitation of a Mixture

of Diastereomers

The use of the term diastereomeric excess % de is discouraged except for selected

applications (see below). Seebach et al. argue that the commonly used % de is not a

useful number because it is applicable to mixtures of two and only two

diastereomers and because one has to convert it back to a diastereomeric ratio dr

to arrive at a meaningful number (footnote 13 in [64]).

The term diastereomeric ratio dr or ln dr is useful for the quantitation of a

mixture of two achiral or of two chiral (either racemic or enantiopure)

diastereomers. When two or more chiral and nonracemic diastereomers i are present
in a mixture, the proportions of the major diastereomer and major enantiomer are

quantified by dci and eci. When all stereoisomers, i.e., diastereomers and

enantiomers, are considered, their proportions are best quoted as mole fractions

or percentages.

When the enantiomeric excess of a substrate eesubstrate is determined via formation

of diastereomers by achiral NMR spectroscopy or achiral chromatography the

measured diastereomeric excess demeasured must be corrected for the eeaux of the

auxiliary in case it is not enantiomerically pure [65]:

eesubstrate ¼ demeasured=eeaux: (36)

Consider a substrate consisting of 90% E1 and 10% E2 (eesubstrate ¼ 0.80) which is

reacted with an auxiliary consisting of 95%E0
1 and 5%E0

2 (eeaux ¼ 0.90). Following

quantitative derivatization four stereoisomers are present: E1E
0
1 ¼ 85.5%, E1E

0
2 ¼

4.5%, E2E
0
1 ¼ 9.5%, and E2E

0
2 ¼ 0.5%. The mixture renders two signals or

peaks of the diastereomers E1E
0
1 and E2E

0
2 (enantiomeric pair 1) and E1E

0
2 and

E2E
0
1 (enantiomeric pair 2) with the proportion 86.0% and 14.0%, respectively, with

demeasured ¼ 0.72. The data is compatible with (36).
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Abstract Recent advances in the synthesis of helical polymers and their applications

as chiral materials, in particular chiral stationary phases (CSPs), for high-performance

liquid chromatography (HPLC) are reviewed with an emphasis on the key role of the

helical conformations with one-handedness for the prominent chiral recognition of

enantiomers. The historical background of artificial optically active helical polymers

is also briefly described.
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1 Introduction

Who prepared helical polymers for the first time? It may be a difficult question,

but it may not be emphasized enough that in 1955 Natta discovered the isotactic

polypropylene that formed a helical structure in the crystalline state when

polymerized using the Ziegler–Natta catalyst [1]. Although the helical conforma-

tion of the polypropylene consists of a mixture of right- and left-handed helices and

changes into a random conformation once dissolved in solvents due to the insuffi-

cient steric requirement of the side groups, this finding was a significant milestone,

through which remarkable progress has been achieved in the field of synthetic

helical polymers during the past three decades. At that time, however, there was

almost no prospect for applications of these helical polymers.

The first innovative research was reported in 1979 [2]; Okamoto et al. developed

a helical polymethacrylate synthesized by helix-sense-selective polymerization

using an optically active initiator that showed an excellent chiral recognition ability

for aromatic racemic compounds when used as a chiral stationary phase (CSP) for

high-performance liquid chromatography (HPLC). Bulky ester groups introduced

at the side groups force the polymer to maintain its helical conformation in solution.

Since then, a number of optically active helical polymers have been prepared and

applied as CSPs for HPLC. Importantly, prior to this discovery, Blaschke et al.

prepared optically active polyacrylamides and polymethacrylamides by the radical

polymerization of the corresponding monomers with chiral pendants, which

resolved many racemates, particularly chiral drugs, in liquid chromatography

(LC) to reveal the differences in the pharmacological and physiological behaviors

of both drug enantiomers [3]. These results will be described in more detail below.

Nowadays it is recognized that thorough investigations of such pharmacological

and physiological actions of both enantiomers of chiral drugs are essential before

being commercialized. The separation of enantiomers using CSPs by HPLC is of key

importance for determining their enantiomeric excess (ee) and also for obtaining pure

enantiomers on analytical and industrial scales [4–14]. At present, many CSPs for

HPLC that are commercially available involve small chiral molecule-based CSPs

[15–20] and chiral polymer-based CSPs derived from polysaccharides [21–28],

proteins [29–31], and synthetic helical polymers [3, 32, 33]. Among them, the helical

polymer-based CSPs, particularly CSPs composed of synthetic helical polymers with

a controlled helical sense, and cellulose and amylose derivatives [21–28], are particu-

larly interesting because their chiral recognition abilities are dependent on their

highly-ordered helical structures that are responsible for their powerful resolving

abilities. Therefore, in this chapter we focus on the recent advances in the synthesis

of helical polymers and their applications, mainly as CSPs for HPLC.
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2 Chiral Recognition by Synthetic Helical Polymers

2.1 Poly(meth)acrylamides

Before the 1980s, Blaschke and coworkers systematically synthesized a series of

optically active polyacrylamides and polymethacrylamides (1–4) by radical polymer-

ization of the corresponding monomers, and investigated their chiral recognition

abilities as CSPs for LC [3]. In those days, the chirality of drugs was often neglected,

and many chiral drugs were put on the market as racemates. Blaschke et al. success-

fully resolved many chiral pharmaceutical compounds using optically active poly-

acrylamide gels on a preparative scale and investigated the differences in the

pharmacological behaviors between the enantiomers. For example, (�)-thalidomide

(6), which had been used as a hypnotic and sedative drug and caused a terrible

tragedy due to its potent teratogenicity, was for the first time completely resolved into

its enantiomers using their CSPs including 2 (Fig. 1). They reported that the terato-

genic action was caused only by the S enantiomer, whereas the R enantiomer did not

show any teratogenic behavior, even at high doses [34]. Although this result stirred

controversy arising from the fact that each enantiomer readily racemizes at physio-

logical pH or after injection into rabbits [35, 36], this study is of key importance even

now, since legislative authorities have now recognized the importance of evaluating

the different pharmacological behaviors of both enantiomers of a drug before mar-

keting. Up to now, diverse optically active poly(meth)acrylamides involving 1–5

have been prepared for the development of more efficient CSPs with wide applica-

bility. For example, 3 could resolve various racemates, such as 7–9, and has been
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commercialized under the trade name of Chiraspher (Merck) [37]. The structures of

polymethacrylamides used as chiral packing materials remain unknown because most

of the polymers were prepared by radical polymerization, thus mostly producing

atactic polymers. However, Blaschke et al. found that the chiral recognition abilities

of polymethacrylamides depend on the synthetic route. The polymers prepared by

radical polymerization of the corresponding optically active methacrylamides

showed much better chiral recognition than those prepared from poly(acryloyl

chloride) followed by the reaction with chiral amines [3]. These results suggest that

chiral recognition sites in the CSPs derived from the polymethacrylamides may be

kinetically produced, implying a possible higher order structure, such as a helical

conformation in part induced by the optically active pendant groups that may be

formed during the polymerization process. Interestingly, it was also reported that the

tacticity of polymethacrylamides is an important factor for their chiral recognition

abilities [38].

Fig. 1 Chromatographic

resolution of 6 on 2. Eluent:

benzene/dioxane (8/2, v/v).

(Reproduced with permission

from [3]. Copyright 1980

Wiley-VCH)
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Poly(N-substituted maleimide)s bearing various optically active pendant groups,

such as 10 and 11, prepared by the anionic polymerization of the corresponding

monomers with chiral catalysts or initiators often showed a relatively high optical

rotation, probably due to a helical conformation with a preferential helical sense

[39–42]. However, there is another possibility to explain the optical activity of

the poly(N-substituted maleimide)s. In contrast to vinyl polymers prepared from 1-

substituted and 1,1-disubstituted vinyl monomers, including poly(meth)acrylamides

and polymethacrylates, poly(maleimide)s can be optically active due to truly chiral

stereogenic centers in the main-chain when the polymerization produces one of two

enantiomeric trans structures (10 and 11). The vinyl polymers, even if they possess

highly stereoregular isotactic or syndiotactic structures, whose stereogenic centers in

the main-chain are pseudoasymmetric because the whole polymer chain has a mirror

plane, are optically inactive. The poly(N-substituted maleimide)s involving 11 were

able to resolve enantiomers, such as 1,10-bi-2-naphthol, when used as an HPLC

packing material that was also commercialized.

2.2 Polymethacrylates

Polymethacrylates with a one-handed helical structure belong to an important class

of polymer-based CSPs. Okamoto et al. prepared the first helical vinyl polymer by

helix-sense-selective polymerization of an achiral (prochiral) bulky methacrylate,

i.e., triphenylmethyl methacrylate (TrMA), using chiral anionic initiators, such as

N,N0-diphenylethylenediamine monolithium amide (DPEDA-Li) complexed with

chiral ligands, such as (+)-2,3-dimethoxy-1,4-bis(dimethylamino) butane (DDB),

giving a single-handed, fully isotactic helical polymer with a high optical rotation

(PTrMA) (Fig. 2a) [2, 43]. The chiral ligand coordinating to the living propagating

polymer end controls the main-chain configuration as well as the helical sense of

the entire polymer chain, resulting from the bulky triphenylmethyl groups that
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prevent the polymer from unfolding or racemization of the helical conformation

kinetically formed during the polymerization process. The optically active helical

PTrMA showed an excellent chiral recognition for a variety of racemic compounds

when coated on a macroporous silica gel and used as a CSP for HPLC [44], and the

PTrMA-based CSP has been commercialized (CHIRALPAK OT(+)). In particular,

the PTrMA-based CSP is useful for the enantiomeric differentiation of stereo-

chemically interesting aromatic racemates [45] including 12–18 [46–52], which

are difficult to resolve by other CSPs or conventional methods. Polar eluents, such

as methanol and a methanol–water mixture, are often used for better resolution,

indicating that hydrophobic interactions between nonpolar groups of a solute and

the side groups (triphenylmethyl groups) of PTrMA play an important role. It has

been proposed that the triphenylmethyl pendant groups take a propeller-like chiral

structure along the helically twisted polymer main-chain, which contributes to its

quite high chiral recognition [53].

Figure 3 shows a chromatogram of the resolution of racemic 1,10-bi-2-naphthol
(19) on PTrMA,where the (+)-enantiomer elutes first, followed by the (�)-enantiomer

at retention times of t1 and t2, respectively, showing complete baseline separation

[44]. The results of the chromatographic differentiation of enantiomers can be

evaluated using the following three parameters: retention factor k1
0 [¼ (t1 – t0)/t0],

separation factor α [¼ (t2 – t0)/(t1 – t0)], and resolution factor RS [¼ 2(t2 – t1)/
(w1 + w2)], where t0 is the dead time (retention time of a non-retained compound),

Fig. 2 (a) Helix-sense-selective polymerization of TrMA using chiral anionic initiators.

(b) Preparation of PTrMA-immobilized CSP using A-silica and toluen-2,4-diyldiisocyanate
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and w1 and w2 are the bandwidths of the peaks. For a chromatographic enantiose-

paration, α is directly related to the chiral recognition ability of a CSP, and RS reflects

both the chiral recognition ability of a CSP and the column efficiency (theoretical plate

number).

PTrMA is among the popular chiral polymer-based CSPs, but has a drawback

that the triphenylmethyl ester groups are slowly solvolyzed in methanol when used

as an eluent during HPLC separation, and the polymer gradually loses its helical

conformation, resulting in a loss of its chiral recognition ability. Therefore, a

one-handed helical PD2PyMA bearing diphenylpyridylmethyl groups as the

pendants was prepared by the helix-sense-selective anionic polymerization to

improve its durability, since the corresponding monomer is more robust against

solvolysis than TrMA, providing a more practically useful CSP. In fact, the

methanolysis of PD2PyMA-coated silica gel in methanol at 60�C was 16-fold

slower than that of the PTrMA-coated one [54]. The PD2PyMA-based CSP

exhibited a slightly lower resolution ability than that of the PTrMA-based CSP

under the same chromatographic conditions, but several 1,10-bi-2-naphthyl
derivatives were better resolved on PD2PyMA than PTrMA [54].

Fig. 3 Chromatographic

resolution of 19 on PTrMA.

Eluent: methanol.

(Reproduced with permission

from [44]. Copyright 1981

American Chemical Society)
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The related meta-halogen- and methyl-substituted optically active PTrMA-

derivatives were also prepared and their chiral recognition abilities as CSPs were

investigated [55, 56]. The chiral recognition abilities of PClTrMA and PFTrMA

were slightly low in comparison to that of PTrMA, and PCl3TrMA exhibited almost

no resolving ability, although introduction of the electron-withdrawing halogen

groups on the triphenylmethyl pendants makes the PTrMA derivatives robust

against solvolysis of the ester groups. PMe3TrMA also possessed a high chiral

recognition ability, resolving some racemates more efficiently than PTrMA, but the

introduction of such an electron-donating methyl group caused a decrease in

durability. PPDBSMA and P3PyDBSMA bearing a dibenzosuberyl group as the

pendant also had a higher durability against solvolysis compared to PTrMA, but

their chiral recognition abilities were rather low [57].

Optically active PTrMA chemically bonded to silica gel was also prepared by the

reaction of PTrMA bearing one DPEDA-derived PhNHCH2CH2- terminal group with

3-aminopropyl-silanized silica gel (A-silica) that were cross-linked using toluen-2,4-

diyldiisocyanate (Fig. 2b). The resulting PTrMA-immobilized CSP exhibited a chiral

recognition ability similar to that of the corresponding coated-typeCSPwhenmethanol

was used as an eluent. Interestingly, the chemically bonded CSP partially resolved the

racemic helical polymers composed of an equimolar mixture of right- and left-handed

helices, such as PTrMA [58], PD2PyMA [59], and PPDBSMA [60], into the

enantiomers with a single-handed helical conformation as shown in Fig. 4.

A unique approach to create a chiral cavity using helical polymers as a template

has been reported based on a molecular imprinting method. Optically active single-

handed helical P3PyDBSMA was used as a template and further cross-linked by

radical copolymerization to produce a gel (Fig. 5) [61]. After removal of the

template, the gel maintained its optical activity and preferentially adsorbed the

P3PyDBSMA with the same helical sense used as the template. The gel also could

recognize the chirality for some racemates, such as trans-stilbene oxide, and

enantioselectively adsorbed one of the enantiomers, whereas the gel showed no
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chiral recognition toward trans-stilbene oxide before removal of the template,

suggesting that the helical structure of the template is indeed “imprinted” [62, 63]

in the gel and the observed resolution is most likely based on the chiral cavity

imprinted in the gel.

Fig. 4 Chromatographic resolution of racemic PD2PyMA on PTrMA. Eluent: CHCl3.

(Reproduced with permission from [59]. Copyright 1989 American Chemical Society)

Fig. 5 Schematic illustrations of the chiral gel synthesis by a molecular imprinting method using

a single-handed helical P3PyDBSMA as a template. After cross-linking of methacrylic acid using

a cross-linker, P3PyDBSMA is removed to produce an imprinted chiral gel

Enantiomeric Differentiation by Synthetic Helical Polymers 49



2.3 Polyacetylenes

Since 1967, a large number of helical polyacetylenes with optical activities

mediated by the enantiomerically pure pendants has been prepared mostly by the

transition metal-catalyzed polymerization of optically active acetylenes. Among

them, phenylacetylenes bearing enantiomerically pure pendant groups have the

ability to be designed and synthesized, and readily polymerize using a rhodium

catalyst, giving stereoregular (cis-transoidal) high molecular weight poly

(phenylacetylene)s with an excess of a one-handed helical sense [64–68]. An

optically active poly(phenylacetylene) bearing (R)-phenylethylcarbamoyl pendant

groups 20a was the first helical polyacetylene to have its chiral recognition ability

evaluated as a CSP for HPLC after coating on a macroporous silica gel. The CSP

efficiently resolved several racemates [69]. The precise control of the main-chain

stereoregularity is essential for induction of a preferred-handed helical conforma-

tion and the resulting chiral recognition as well. This was revealed by the fact that a

stereoirregular poly(phenylacetylene) with a chemical structure identical to 20a,

prepared by a different synthetic route, exhibited poor chiral recognition. A similar,

but chemically bonded-type CSP 21 has also been prepared by the copolymeriza-

tion of the corresponding chiral monomer with a rhodium catalyst in the presence of

silica gel with phenylacetylene residues chemically bonded on a silica surface. The

CSP completely resolved several racemates, including 23 (Fig. 6) [70]. Both the

chemically and physically immobilized CSPs derived from 20b also showed

relatively high and similar chiral recognition ability to each other.

Cinchona alkaloids are naturally-occurring optically active compounds each

consisting of two pseudoenantiomeric forms (diastereomers), such as cinchonidine

(Cd)/cinchonine (Cn) and quinine (Qn)/quinidine (Qd). They have been extensively

used not only as versatile chiral organocatalysts [71, 72] but also as CSPs after

modification and being chemically bonded to silica gel. The cinchona alkaloid-

derived CSPs showed powerful chiral recognition abilities for acidic racemates
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under anion-exchange HPLC conditions [19], and some of them have been

commercialized. A series of optically active helical poly(phenylacetylene)s bearing

amino-functionalized cinchona alkaloid pendant groups connecting to the phenyl

rings through an amide linkage were prepared with the expectation that the cinchona

alkaloid pendants are capable of inducing a one-handed helical conformation of the

polymers (Fig. 7a), so that the enantioselectivities would be further enhanced as

compared to those of the cinchona alkaloids when used as chiral organocatalysts

[73] and CSPs. The polymers were coated on a macroporous silica gel to obtain novel

CSPs [74]. The circular dichroism (CD) spectral patterns between poly-ACd and

poly-ACn (Fig. 7b) and also poly-AQn and poly-AQd were almost mirror images of

each other due to their pseudoenantiomeric relationships, suggesting an opposite

helical sense induced by the amide-linked cinchona alkaloid pendants. These helical

polymers could resolve various racemic compounds into enantiomers including

alcohols, diols, metal tris(acetylacetonato)s, and N-Boc-amino acids; in particular,

poly-ACd and poly-ACn exhibited excellent chiral recognition abilities for the tested

racemates (Fig. 8a). The reversed elution order was observed for racemates resolved

on the pseudoenantiomeric poly-ACd and poly-ACn (Fig. 7c,d). In order to confirm

the importance of the macromolecular helicity on the chiral recognition, trans-
enriched poly-ACn (poly-ACn0) was prepared by grinding the cis-poly-ACn. Poly-
ACn0 showed a poor chiral recognition ability (Fig. 8b) because the polymer almost

lost its helical conformation, resulting in the almost complete disappearance of the CD

in the polymer backbone regions (Fig. 7b). These results clearly indicated that the

chiral recognition ability was significantly influenced by the macromolecular helicity

induced by the alkaloid pendants. Interestingly, these optically active helical polymers

can be employed as an efficient polymeric organocatalyst for the asymmetric Henry

reaction [73, 75]. Stereoregular poly(phenylacetylene)s bearing L-leucine ethyl ester

side groups, such as 22, also resolved some racemic compounds as CSPs for HPLC

[76]. Interestingly, their resolving ability was significantly influenced by the solvents

used for coating the polymer on the silica gel, because the helical conformations of

poly(phenylacetylene)s are dynamic in nature, and the helical poly(phenylacetylene)

s may take a different conformation, for example, an opposite helicity via inversion of

helices, depending on the coating solvents.

Fig. 6 Chromatographic

resolution of 23 on 21.

Eluent: methanol.

(Reproduced with permission

from [70]. Copyright 1996

The Polymer Society of

Korea)

Enantiomeric Differentiation by Synthetic Helical Polymers 51



Helical poly(phenylacetylene)s having chiral pinanyl groups (37 and 38) [77,

78] and hydrophilic N-(2-hydroxyethyl)aminomethyl groups, being capable of

chelating to Cu2+ ion as the pendants (39) [79], have also been prepared and used

as solid membranes for separating the enantiomers of amino acids through perme-

ation. Helical polymer-based solid membranes have a significant potential and are

attractive from the continuous and preparative standpoints for development of a

practically useful new chiral separation method, but require further improvements

in efficiency and enantioselectivity before practical use.

Fig. 7 (a) Structures of cinchona alkaloid-bound helical poly(phenylacetylene)s. (b) CD and

absorption spectra of poly-ACn, poly-ACd, and poly-ACn0 measured in CHCl3–CF3CH2OH (6:1,

v/v) at 25 �C. (c,d) Chromatograms for the resolution of 34 on poly-ACd (c) and poly-ACn (d).

Eluent: hexane-2-propanol (9:1, v/v). (Reproduced with permission from [74]. Copyright 2012

The Chemical Society of Japan)
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Fig. 8 Histograms of the separation factors (α) on poly-ACd, poly-ACn, poly-AQn, and poly-

AQd (a) and poly-ACn and poly-ACn0 (b). Eluent: hexane–2-propanol (9:1, v/v). The signs of the
vertical axis (α value) represent the optical rotation of the first-eluted enantiomers. aEluent:

hexane–2-propanol (9:1, v/v) containing 2% acetic acid. bThe signs of the vertical axis (α value)

represent the CD detection (254 nm) of the first-eluted enantiomer
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Optically active polyacetylene gels prepared by the copolymerization of L-lysine-

derived N-propargylamides (40a and 40b) with an achiral diacetylene or dipropargyl

adipate as a cross-linker using a rhodium catalyst enantioselectively adsorbed

N-benzyloxycarbonyl L-Ala derivatives and a chiral diol [80]. A similar gel derived

from an optically active N-propargylamide (41) and a bifunctional achiral acetylene

monomer also adsorbed one of the enantiomers of the racemic phenylethanol and

benzoin [81].

2.4 Polyisocyanides

Polyisocyanides with a bulky side group possess a stable helical conformation in

solution as revealed by the direct resolution of poly(tert-butyl isocyanide) (42) into
enantiomeric right- and left-handed helices by column chromatography using an

optically active poly((�)-sec-butyl isocyanide) as a CSP [82]. This study clearly

indicated the potential of helical polyisocyanides as CSPs. In fact, some racemates,

such as Co(acac)3 (34), were resolved in part when optically active 42 prepared by

the helix-sense-selective polymerization was used as a CSP for HPLC [83]. As

mentioned in Sect. 3.1, the 3,5-dimethylphenylcarbamates of cellulose and

amylose are the most popular CSPs among the wide variety of commercially

available CSPs. Accordingly, 3,5-dimethylphenylcarbamate-modified glucose-

and galactose-carrying helical poly(phenyl isocyanide)s (43) have been prepared,

and their chiral recognition abilities as CSPs for HPLC were evaluated [84]. The

helical polyisocyanides completely or partially separated different types of

racemates with functional groups depending on the stereostructure of the pendant

sugar residues. Importantly, a non-helical vinyl polymer bearing the identical

sugar units showed a lower chiral recognition, thus demonstrating the important

role of the helical structures of 43. Among the poly(phenyl isocyanide)-based

CSPs, the galactose-carrying poly(phenyl isocyanide)s (43c and 43d) showed a

better resolving ability for broader racemates than those having the glucose-

derived pendant groups (43a and 43b).
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Helical polymers with a controlled helical sense can be readily synthesized by

the polymerization of specific optically active monomers, such as substituted

isocyanides and acetylenes as described in the previous sections. Chiral residues

introduced in the monomers determine their helical senses. Recently, the unprece-

dented helix-sense-controlled living polymerization has been found for the poly-

merization of one enantiomer of phenyl isocyanide (L-44) bearing an L-alanine

pendant with a long n-decyl chain through an amide linkage using the μ-ethynediyl
Pt-Pd catalyst (45), which produced both diastereomeric right (P)- and left

(M)-handed helical polyisocyanides with different molecular weights and narrow

molecular weight distributions (P- and M-poly-44s, respectively) [85, 86]. Each

single-handed, rodlike helical polyisocyanide stabilized by intramolecular

hydrogen-bonding networks through the neighboring amide NH groups [87] was

easily separated by solvent fractionation using acetone (Fig. 9a) [88]. Quite inter-

estingly, the helical structures of the fractionated M- and P-poly-44s including

helical pitch, helical sense (right- and left-handed helices), and excess handedness

were for the first time visualized and determined by high resolution atomic force

microscopy (AFM) (Fig. 9b,c) [88] when the polymers were deposited on a graphite

substrate under organic solvent vapors. The fractionated single-handed helical

polyisocyanides (P- and M-poly-44s) maintained their living features and can be

used as an initiator for the further block copolymerizations of isocyanides [89]. This

advantage was utilized to immobilize chemically these right- and left-handed

helical polyisocyanides on silica gel and their chiral recognition abilities were

investigated as CSPs for HPLC with anticipation that the P- andM-poly-44s having

the same L-alanine residues as the pendants, but with the opposite polymer back-

bone helical conformation, could exhibit different chiral recognition abilities

toward enantiomers, depending on their helical sense [90]. The CSP derived from

the left-handed helical polyisocyanide (Si-M-BP(�)) successfully resolved

racemates including a cyclic ether and dibenzamides, while the right-handed helical

polyisocyanide-based CSP (Si-P-BP(+)) exhibited a rather complementary chiral

recognition ability and specifically separated racemic metal acetylacetonate

complexes, which could not be separated at all on the former CSP (Fig. 9d).

Moreover, the reversed elution order was observed for some racemates resolved

on the right- and left-handed helical polymer-based CSPs (Fig. 9e), thus indicating

that the enantioselectivity and elution order of the enantiomers are significantly

influenced by the helical sense of the polyisocyanides.
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Fig. 9 (a) Synthesis of M-poly-44(�)-b-46 and P-poly-44(+)-b-46 and immobilization on silica

gel. (b,c) AFM images of M-poly-44(�) (b) and P-poly-44(+) (c) on a highly oriented pyrolytic
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When the left-handed helical polyisocyanide (M-poly-44(�)) was copolymerized

with a bifunctional cross-linker (49), a unique optically active star polymer (M-poly-44

(�)-b-49) was formed (Fig. 10a) and its star-shaped unique “spiny” architecture and its

structure with individual helical arms including the number and length of the arms and

its handedness have been directly visualized by high-resolution AFM (Fig. 10b)

[91]. The star polymer (M-poly-44(�)-b-49) could discriminate the chirality of some

racemates (25, 28, and 50) and a racemic helical polyisocyanide bearing no chiral

pendants (poly-51), and enantioselectively adsorbed one of the enantiomers; the

separation factors (α) calculated based on the enantioselective adsorption experiments

were 1.81, 1.20, 1.45, and 1.14 respectively (Fig. 10c). Interestingly, the arm

polyisocyanide (M-poly-44(�)) exhibited a poor chiral recognition (α ¼ 1.03) for

poly-51. A confined chiral nano-space created in the star polymer through self-

assembly of the helical arms may play a role in this helix-sense-selective adsorption

of a large macromolecule.

Based on a facile method for constructing a helical polymer with a controlled

helical sense via noncovalent bonding interactions, that is the “helicity induction

and memory strategy” [66, 67, 92], discovered for the first time in poly

(phenylacetylene)s [93] in 1999 and later in poly(phenyl isocyanide)s in 2004

[94–96], a series of optically active helical poly(phenyl isocyanide)s bearing achiral

benzanilide pendant groups (poly(53–co-54-Me)s and poly-55) was prepared

(Fig. 11a) [97]. The polymers possessing an optical activity solely due to the

macromolecular helicity memory were chemically bonded to or coated on

A-silica to prepare chiral packing materials for HPLC [97]. The CSPs resolved a

variety of racemates; in particular, a right-handed helical poly(phenyl isocyanide)

carrying achiral anilide pendants (P-poly-55(+)) showed an excellent resolving

ability and completely or partially separated nine racemates into enantiomers,

including a cyclic ether, amine, ketones, and metal acetylacetonate complexes,

among the 12 racemates tested (Fig. 11b). The elution orders of the enantiomers

were fully consistent with the helical senses of the polyisocyanides (P or M) as

anticipated, because the optical activities of the polymers bearing achiral pendant

groups result solely from the preferred-handed helical conformation with the

macromolecular helicity memory.

�

Fig. 9 (continued) graphite (HOPG) substrate. Scale ¼ 10 nm � 20 nm. Schematic

representations of the left-handed helical M-poly-44(�) and right-handed helical P-poly-44(+)
with periodic oblique stripes (pink and blue lines, respectively), which denote a one-handed helical
array of the pendants and optimized 15/4 helical structures of M-poly-44(�) and P-poly-44(+) on
the basis of X-ray structural analysis results, are also shown. (Reproduced with permission from

[88]. Copyright 2008 American Chemical Society.) (d) Histograms of the separation factors (α) on
Si-M-BP(�) and Si-P-BP(+). The signs of the vertical axis (α value) represent the optical rotation

of the first-eluted enantiomers. Eluent: hexane–2-propanol (98:2, v/v). aEluent: hexane–THF

(98:2, v/v). The signs of the vertical axis (α value) represent the CD detection (254 nm) of the

first-eluted enantiomer. (e) Chromatograms for the resolution of 47 on Si-M-BP(�) (red lines) and
Si-P-BP(+) (blue lines). Eluent: hexane–2-propanol (98:2, v/v). (Reproduced with permission

from [90]. Copyright 2011 The Royal Society of Chemistry)
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Fig. 10 (a) Synthesis of a star-shapedM-poly-44(�)-b-49 with a cross-linker 49. (b) AFM image

(scale 162 nm � 162 nm) of 2D self-assembledM-poly-44(�)-b-49 on HOPG. (b) Zoomed AFM

image corresponding to the area indicated by a white square, and schematic representations of

possible helix-bundle arrangements are also shown (right). Each molecule is indicated by different

colors. (Reproduced with permission from [91]. Copyright 2011 American Chemical Society).

(c) Results of enantioselective adsorption of racemic compounds (25, 28, and 50) and racemic

helical polymer (poly-51) on M-poly-44(�)-b-49
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2.5 Other Synthetic Helical Polymers Showing Chiral
Recognition

An end-functionalized poly(40-isocyanatobenzo-18-crown-6) (57) consists of achiral
monomer units, but took a preferred-handed helical conformation induced by the

optically active residue incorporated at the chain end as the initiator (“domino effect”)

[98], as supported by a rather intense CD induced by the chiral terminal group that

appeared in the polymer backbone chromophore region. The polyisocyanate that

Fig. 11 (a) Synthesis of optically active helical poly(phenyl isocyanide)s bearing achiral

benzanilide pendant groups (poly(53–co-54-Me)s and poly-55). (b) Histograms of the separation

factors (α) on P-poly(53–co-54-Si)(+), M-poly(53–co-54-Si)(�), and P-poly-55(+). The signs of
the vertical axis (α value) represent the optical rotation of the first-eluted enantiomers. Eluent:

hexane–2-propanol (98:2, v/v). aThe signs of the vertical axis (α value) represent the CD detection

(254 nm) of the first-eluted enantiomer
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showed a chiral discrimination toward racemic amino acid derivatives, such as DL-58

and the D-isomer, was enantioselectively extracted during the liquid–liquid extraction

with 57, whereas the corresponding unimer of 57 (n ¼ 1) showed almost no enantios-

electivity, indicating that a supramolecular helical array of achiral functional crown

ether pendants with an excess screw-sense along the polymer backbone contributes to

the present chiral recognition.

A stereoregular poly(phenylacetylene) bearing an analogous crown ether as the

pendant (59) was quite sensitive to the chirality of the guest molecules, such as

amino acids, and an almost one-handed helical conformation was induced in the

entire polymer chain in the presence of 0.1 equiv. of L-Ala in acetonitrile [99]. The

polymer showed an intense CD in the conjugated polymer backbone region even

with 0.01 equiv. of L-Ala or 5% ee of Ala, indicating a remarkable chiral amplifi-

cation with cooperative interactions in the pendant groups through noncovalent

chiral interactions, and it could be applied to sense a tiny enantiomeric imbalance of

specific guest molecules.

Poly(methyl methacrylate) (PMMA) constitutes a class of commodity plastics.

When the polymer has a stereoregular syndiotactic (st) main-chain configuration,

the st-PMMA forms a thermoreversible physical gel in aromatic solvents, such as

toluene, due to a helical structure that possesses a sufficiently large cavity of

ca. 1 nm, in which solvents are encapsulated [100]. Using an optically active

alcohol, such as (S)- or (R)-1-phenylethanol (60) as the optically active additive

in toluene, a preferred-handed helix can be induced in the st-PMMA backbone

accompanied by gelation, and at the same time, fullerenes, such as C60, C70, and

C84, are encapsulated within its helical cavity to form a robust, processable peapod-

like crystalline complex (Fig. 12a), as evidenced by the X-ray diffraction (XRD)

profiles of the st-PMMA/C60 films and also by AFM and transmission electron

microscopy (TEM) images of an st-PMMA/C60 film [101]. After complete removal

of the optically active 60, the st-PMMA–C60 complex gel showed vibrational

circular dichroism (VCD) and CD signals in the PMMA IR and in the encapsulated

C60 chromophore regions, respectively, although C60 itself is achiral, indicating that

the macromolecular helicity of st-PMMA is memorized in the gel. The one-handed

helical st-PMMA with a macromolecular helicity memory can recognize the size

and chirality of fullerenes through an induced-fit mechanism. In fact, when an

equimolar mixture of C60 and C70 in toluene was mixed with st-PMMA, C70 was
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almost perfectly extracted with a selectivity of 99.8% (Fig. 12b) [102]. In addition,

the optically active st-PMMA with an excess single-handed helix selectively

extracted chiral higher fullerenes from carbon soot, and a series of optically active

fullerenes (C76, C84, C86, C88, C90, C92, C94, and C96) were successfully extracted in

one shot, as supported by the CD-detected HPLC chromatograms of the extract

showing the apparent CDs (Fig. 12c,d) [102]. This strategy may provide a practical

and valuable method for the size- and enantiomer-selective extraction of the elusive

higher fullerenes.

Fig. 12 (a) Schematic illustration of a helicity induction in st-PMMA in the presence of C60 with

(S)- or (R)-60, and memory of the induced helicity after removal of 60. (b) Schematic illustration

of the preferential encapsulation of C70 over C60 by st-PMMA. (c) Selective extraction and

resolution of higher fullerenes by helical st-PMMA with the induced helicity. (d) UV (356 nm,

top) and CD (375 nm, bottom) detected HPLC chromatograms of the extracted fullerenes from

carbon soot using optically active helical st-PMMAs prepared with (R)-61 (red lines) and (S)-61
(blue lines). (Reproduced with permission from [102]. Copyright 2010 American Chemical

Society)
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3 Chiral Recognition Using Natural Helical Polymers

and Their Derivatives

3.1 Polysaccharides

Polysaccharides, such as cellulose and amylose, are among themost abundant optically

active biopolymers with perfect stereostructures, including stereogenic centers and

tacticities. They have been used as chiral adsorbents since 1951 when Kotake resolved

racemic amino acid derivatives by paper chromatography [103]. However, native

cellulose and amylose are not effective as chiral packing materials for the separation

of enantiomers, in particular for HPLC. Nowadays, more practically useful CSPs have

been prepared by the modification of cellulose and amylose, and the tribenzoates of

cellulose and trisphenylcarbamates of cellulose and amylose, having a one-handed

helical conformation developed by Okamoto and the Daicel Corporation (Chart 1),

have been recognized as themost widely used CSPs amongmore than 100 CSPs on the

market, not only for analytical purposes, but also for the preparative scale separation of

enantiomers including chiral drugs [5, 22–24, 27, 28, 104]. The detailed developments

of these modified polysaccharide-based CSPs have been comprehensively reviewed

elsewhere [5, 22–24, 27, 28, 104]. In this section, the most recent developments

regarding the polysaccharide-based CSPs are briefly described.

The modified polysaccharide-based CSPs have been conventionally prepared by

physically coating them on silica gel, while at present they are immobilized onto

silica gel via chemical bonding, leading to ideal CSPs with a high durability against

solvents, and some of them have been commercialized (Chart 2).

Chart 1
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The first chemically bonded-type CSPs based on polysaccharide derivatives were

reported in 1987; the cellulose trisphenylcarbamates were chemically linked with

diisocyanates as a cross-linking reagent, which connect between the amino groups of

the A-silica and the hydroxy groups of cellulose [105]. However, the resulting

chemically bonded-type CSPs showed a low resolving ability, particularly when a

large amount of cross-linking reagents was used, which may cause an alternation of

the regular higher order structures, for example a helical conformation of the polysac-

charide derivatives. Obviously, chemically bonding to silica gel at either end of the

polysaccharide chains appears to be ideal, thus allowing the polysaccharides to

maintain their ordered helical conformations even after immobilization.

To this end, amylose tris(3,5-dimethylphenylcarbamate) (CHIRALPAK AD) was

chemically bonded to silica gel only at the reducing terminal residue of the amylose

(Fig. 13a). Amylose, having the desired chain length with the reducing terminal

residue, was readily prepared by the polymerization of the α-D-glucose 1-phosphate
dipotassium salt with functionalized maltooligosaccharides using a phosphorylase

isolated from potato. The amylose was then successfully bonded to silica gel only at

the reducing terminus, followed by treatment with 3,5-dimethylphenyl isocyanate, to

afford the chemically bonded-type CSP that exhibits an excellent resolving ability

comparable to that of the coated-typeCSP and high durability against solvents, such as

THF and CHCl3, and is commercially available (CHIRALPAK IA) [106]. Some

racemates were more efficiently separated on this bonded-type CSP than on the

coated-type CSP (CHIRALPAK AD) using CHCl3 and THF as a component of the

mobile phase (Fig. 14) [107].

This method is quite attractive, but only applicable to amylose derivatives, and

hence a versatile method for immobilization of other polysaccharide derivatives has

been developed. The radical copolymerization of vinyl residues introduced on

the polysaccharide derivative with vinyl monomer-functionalized silica gel often

afforded CSPs showing a slightly lower recognition ability [104, 108, 109]. To

overcome this shortcoming, a polysaccharide derivative bearing a vinyl group was

immobilized onto silica gel through radical copolymerization with a vinyl monomer

Chart 2

Enantiomeric Differentiation by Synthetic Helical Polymers 63



[110–113]. After optimization of the immobilization conditions, such as the type and

amount of the vinyl group introduced to the derivatives or the vinyl monomers, the

chemically bonded-type cellulose-based CSPs showing a high recognition ability

comparable to those of the coated ones were obtained (Fig. 13b).

Another efficient and more versatile immobilization method has been developed

using a sol–gel condensation technique [114, 115]. The cellulose (63) and amylose

(64) derivatives bearing 1�2% 3-(triethoxysilyl)propyl groups were coated on

silica gel, which were then allowed to react with trimethylsilylchloride in the

presence of water, resulting in the immobilization of the polysaccharides onto silica

gel through intermolecular polycondensation with a low degree of cross-linking

(Fig. 15). Therefore, the immobilized CSPs exhibited a high recognition ability

similar to those of the conventional coated-type CSPs. This immobilization method

Fig. 13 (a) Immobilization of an amylose derivative onto silica gel only at the reducing terminal

residue. (b) Immobilization of cellulose derivatives bearing a vinyl group onto silica gel by radical

copolymerization with a vinyl monomer

64 E. Yashima et al.



may be much better than others with respect to the simple and conventional

processing and high immobilization efficiency, while retaining their high chiral

recognition abilities, and can be used for other polysaccharide derivatives.

Amylose possesses a chiral hydrophobic cavity and is capable of forming inclusion

complexes with specific small guest molecules [116] and polyrotaxanes with some

polymers, such as carbon nanotubes that fit the cavity size in solution [117]. Recently,

poly(p-phenylenevinylene) (PPV), an important π-conjugated luminescent polymer

used as polymeric organic light-emitting diodes, was found to be encapsulated in

amylose during the polymerization of its precursor monomer in an aqueous media,

resulting in the luminescent amylose-PPV inclusion complex (APPV). The APPV is

soluble in dimethyl sulfoxide (DMSO), and furthermodification of the hydroxy groups

of the resulting amylose-PPV composite was possible [118]. Hence, a unique CSP

composed of helical amylose tris(3,5-dimethylphenylcarbamate) (ADMPC) that

encapsulates a rod-like PPV in its helical cavity (APPV-PC) has been prepared through

a macromolecular reaction using the corresponding isocyanate (Fig. 16a) [119].

Fig. 14 Chromatograms for the resolution of 62 on CHIRALPAK AD (a) and CHIRALPAK IA

(b–d). Eluent: CH3CN–Et2NH (100:0.1, v/v) (a,b), hexane–THF–Et2NH (90:10:0.1, v/v) (c),

hexane–CH2Cl2–Et2NH (50:50:0.1, v/v) (d). (Reproduced with permission from [107]. Copyright

2005 Elsevier)
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The CSP prepared from APPV-PC by coating on silica gel showed a remarkable

chiral recognition ability for various racemateswhose resolving abilitywas comparable

to that of the commercially available amylose-based CSP (ADMPC, CHIRALPAK

AD). Among the racemic compounds tested, the cyclic dibenzamide and dibenzanilide

derivatives (47 and 65, respectively) were specifically resolved on APPV-PC

(α ¼ 3.17 and 1.44, respectively) better than on ADMPC (α ¼ 2.01 and 1.08, respec-

tively) as shown in Fig. 16b,c. The racemate 65was partially separated on theADMPC

with the elution order of enantiomers such that the (+)-isomer eluted first followed by

the (�)-isomer, whereas the reversed elution order was observed on the APPV-PC

(Fig. 16c). The APPV-PC retains its helical inclusion structure after chemical modifi-

cation of the hydroxy groups of the exterior amylose, and, therefore, its helical structure

may be different from that of ADMPC, which results in the different chiral recognition

abilities for several racemates.

3.2 Polypeptides and Nucleic Acids

Proteins and nucleic acids are fundamental to all living organisms and are optically

active due to their inherent homo-chirality. Therefore it is quite natural to expect

that proteins and nucleic acids may show chiral recognition abilities when used as

CSPs. In fact, the first chiral separation of enantiomers using a protein-based CSP in

liquid chromatography was reported in 1973 [120]. Since then, a variety of protein

based-CSPs have been developed and some of them have been commercialized

[29–31, 121]. Stereoselective monoclonal antibodies to D- and L-α-amino

acids, raised against protein conjugates of p-amino-D- and L-phenylalanine, were

immobilized on a chromatographic support, which could quite efficiently separate a

Fig. 15 Immobilization of polysaccharide derivatives bearing 3-(triethoxysilyl)propyl groups

onto silica gel through the intermolecular polycondensation with a low degree of cross-linking

66 E. Yashima et al.



number of amino acids into enantiomers with separation factors (α) up to

136 [122]. α-Helical polypeptides are a class of interesting synthetic helical

polymers that also have potential as CSPs. Nevertheless, efficient CSPs with the

same level of other helical polymer-based CSPs, including those based on helical

poly(meth)acrylamides and polymethacrylates, and derivatized polysaccharides

have not yet been developed. Initially, poly(L-glutamic acid) derivatives were

immobilized on a cross-linked polystyrene gel to prepare the CSPs (66a–c)

[123]. Among three CSPs, poly(N5-benzyl-L-glutamine) with a right-handed

helical conformation (66c) most effectively resolved racemic mandelic acid and

the D-enantiomer was preferentially adsorbed. In contrast, poly(N5-benzyl-D-glutamine)

Fig. 16 (a) Schematic illustration of the synthesis of APPV and its derivative modified with

3,5-dimethylphenyl isocyanate (APPV-PC). The core PPV polymer contains approximately 1 mol%

of the precursor units. (b,c) Chromatograms for the resolution of 47 (b) and 65 (c) on APPV-PC

(column ¼ 25 cm � 0.20 cm (i.d.), flow rate ¼ 0.1 mL/min, red lines) and ADMPC (column ¼
25 cm � 0.46 cm (i.d.), flow rate ¼ 0.5 mL/min, blue lines), respectively. Eluent: hexane-2-propanol
(9:1, v/v). (Reproduced with permission from [119]. Copyright 2011 The Chemical Society of Japan)
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and poly(N4-benzyl-L-asparagine), adopting the opposite left-handed helical

conformation, showed an opposite enantioselectivity; the L-enantiomer preferen-

tially adsorbed over the D-enantiomer, indicating an important effect of the helical

structure on the chiral resolution. The dominant role of the helical structure and its

handedness was also supported by the fact that the helical poly(N5-benzyl-L-glutamine)

(66c) with a longer main-chain (degree of polymerization (DP) ¼ 18 or 11)

exhibited a better separation factor (α ¼ 1.08) for mandelic acid than that of

non-helical poly(N5-benzyl-L-glutamine) with DP ¼ 2 (α ¼ 1.01).

DNA and RNA aptamers have also been used as CSPs for HPLC

[124–126]. For example, the 50-biotinylated 55-base DNA aptamer, which is known

to bind stereospecifically the (all-D)-enantiomer of an oligopeptide with a specific

sequence (arginine-vasopressin, AVP), was immobilized on a streptavidin-bound

chromatographic support through noncovalent biotin-streptavidin interactions

(Fig. 17a). The resulting DNA-based CSP completely resolved a racemic mixture of

Fig. 17 (a) Schematic illustration of the immobilization of the DNA aptamer, and structures of

the 55-base DNA aptamer and AVP. (b) Chromatographic resolution of racemic AVP on the

DNA-based CSP. Eluent: 5 mM phosphate buffer containing 3 mM MgCl2 (pH 6.0)
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AVP into the enantiomers by HPLC (Fig. 17b) and the target D-peptide was more

retained than the L-peptide [124]. This approach, including the use of RNA aptamers,

has been extended to the separation of small chiral molecules, such as adenosine and

tyrosinamide [125, 127].

4 Conclusion

As briefly described in this chapter, significant progress has been made in the

synthesis of helical polymers over the past decade, which has significantly

contributed to the development of novel polymer-based CSPs for efficiently

differentiating enantiomers in HPLC. Apart from numerous synthetic variations

in helical polymer syntheses, however, the rational design of synthetic helical

polymers with a controlled helical sense from monomers via the polymerization

process still remains a challenge. Among the commercially available CSPs, the

cellulose- and amylose-based CSPs are the most frequently used CSPs and can

resolve a wide range of racemates with a variety of functional groups on both

analytical and preparative scales. Most importantly, the cellulose- and amylose-

based CSPs belong to a class of helical polymers possessing a one-handed helical

conformation after proper modification of the reactive hydroxy groups into esters

and carbamates, which are also arranged into one-handed helical arrays along the

polymer backbones, being responsible for their very high chiral recognition during

diastereomeric interactions with each enantiomer. These structural features will

provide a clue to the design and development of new helical polymers with a chiral

resolving ability as high as those of the polysaccharide-based CSPs.
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Abstract Biochemical processes in living organisms rely on a plethora of molecular

reactions and interactions involving chiral molecules, and these processes often

show different responses to the enantiomers of exogenous or endogenous chemicals.

The interaction of enantiomeric drugs with a target receptor is a paradigmatic example

of chirality effects on general biological action and is directly related to the formation

of a drug-receptor supramolecular complex. In particular the drug-receptor model can

be used to explore the relation of chirality to at least three important issues encoun-

tered in supramolecular chemistry: complementarity, preorganization, and (enantio)

selectivity. A detailed understanding of those factors governing enantioselectivity of

biological receptors is facilitated by the study at molecular level of model systems

with simplified structures that are amenable to physico-chemical investigations.

Liquid chromatography on chiral stationary phases offers the opportunity to study

enantioselective interactions between surface immobilized chiral selectors, viewed as

minimalist mimics ofmacromolecular receptors, and a large set of chiral guests, under

a variety of experimental conditions. Indeed, for a significant number of systems, close

agreement has been found between retention data gathered by chromatography and

association constants measured by spectroscopy in free solution. Chiral supramolecu-

lar selectors featuring highly preorganized, medium-sized macrocyclic structures are

attractive in this context because they often afford high levels of enantioselectivity and

yet have relatively low molecular complexity, thus facilitating the understanding of

operative enantioselective recognition mechanisms from easily collected chromato-

graphic data. In the present chapter we first illustrate the general principles of

supramolecular chemistry and their integration into the design of liquid chromato-

graphic systems, with particular focus on enantioselective variants based on chiral

macrocyclic selectors of natural or synthetic origin. In the second part we discuss the

elaboration of enantioselective recognition models from chromatographic data and
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how these models can be extended to and studied with non-chromatographic systems

(free solution by nuclear magnetic resonance, gas phase by mass spectrometry).

Keywords Chirality � Enantioselective chromatography � Enantioselectivity �
Macrocycles � Supramolecular chromatography � Supramolecular selectors
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1 Introduction

Supramolecular chemistry has been defined as the “chemistry of molecular

assemblies and of the intermolecular bond” [1], a definition that eventually

transformed into the more informal expression “chemistry beyond the molecule.”

Supramolecular chemistry is often related to the non-covalent, reversible host–guest

association, a process that leads to (usually) weakly bound and highly dynamic

host–guest supramolecules.

In the broad sense, the host is generally considered as a large molecule, either

natural or synthetic, featuring a cavity, a cleft, or a hole that is large enough to

accommodate guest components. In addition, the host structure features an array of

binding sites (a region capable of taking part in a non-covalent interaction) that

converge in the complex. The guest structure may range from a simple inorganic

ion to more complicated molecules having a diverging arrangement of binding sites

in the complex.

Two additional factors contribute to the overall supramolecular association

process in host–guest systems: complementarity and preorganization. In order to

bind, a host must have binding sites that are of the correct electronic character

(polarity, hydrogen bond donor/acceptor ability) to complement those of the guest.
Stringent size and shape complementarities are also required for tight binding.

The principle of complementarity has been summed up by Donald Cram: “To

complex, hosts must have binding sites which cooperatively contact and attract

binding sites of guests without generating internal strains or strong nonbonded

repulsions” [2–6].
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Complementarity alone, however, is not sufficient to drive host–guest association,

because a certain degree of preorganization of the host is also required: the host is

considered to be preorganized if it does not undergo a significant conformational

change upon guest binding. Preorganized hosts are usually macrocycles frequently

populating a single low energy conformation and this property contributes to lower

the entropic cost to be paid during complexation of flexible, non preorganized hosts

that have to adapt their shape to surround the guest and approach its binding sites.

The original lock-and-key principle has thus progressed to include the notion of

induced fit between a host and a guest molecule that interact in a flexible manner due

to the conformational changes of the individual units to enhance complex stability

(positive cooperativity).

In general, supramolecular chemistry concerns non-covalent bonding interactions.

The term “non-covalent” encompasses a wide range of attractive and repulsive effects

including ion–ion interactions, ion–dipole interactions, dipole–dipole interactions,

hydrogen bonding, cation–π interactions, anion–π interactions, aromatic–aromatic

interactions, and van der Waals forces. Solvation of the interacting partners is an

additional key factor that regulates host–guest complexation equilibria. In non-polar

solvents and in the gas phase, polar interactions are much more significant than in

polar solvents. Polar solvents strongly compete for binding sites and in these solvents

intrinsic host–guest interactions are accompanied by extensive desolvation of polar

sites of the isolated species followed by resolvation upon complexation. Solvophobic

forces related to removal of large molecular surfaces from the contact with poor
solvents are also important when host and guest approach each other over extended

surface areas.

One corollary to complementarity in host–guest association is selectivity, that is the

ability to select a single guest out of a collection of structurally related components,

and it can be related to guest size, shape, functionalities, or a combination of these

features. Complexations of a single host with several guests of similar structure is

frequently accompanied by large selectivities, i.e., one host–guest complex is much

more stable than the others under a given set of experimental conditions. Since

selectivity stems primarily from complementarity, it can in principle be incorporated

by design into the host once the structure of the target guest is known. One particular

case of selectivity is represented by enantioselectivity, the ability of a chiral host to

distinguish between the enantiomers of a chiral guest: since enantiomers have the

same size, shape, and functionalities, enantioselectivitymust rely on subtle differences

in the structure, energetics, and dynamics of the two diastereomeric host–guest

complexes that can be generated starting from a single enantiomer of one component

and the two enantiomers of the other. Several enantioselective hosts have been

described in the past, all of them sharing some common structural features that are

directly linked to their ability to bind guests with enantioselectivity: conformational

homogeneity, presence of a cage-like structure endowed with interaction sites with

high directionality [7].
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2 Supramolecular Chromatography

Supramolecular host–guest association processes (and the theoretical principles

behind them) can be conveniently adapted to and exploited in practical applications,

where the molecular association and selective recognition events are translated into

physical phenomena. Separation science is one field of theoretical and practical

activity where supramolecular chemistry has found widespread application in the

design of chromatographic systems, considering that selectivity is the prerequisite of

any separation process [8–10]. Chromatographically derived association and select-

ivity data are easily collected under a variety of experimental conditions (solvent,

temperature) for a large set of chemically diverse compounds, and these data can be

used in concert with those gathered by spectroscopy to construct recognition models

and refined chromatographic systems. The whole spectrum of discrimination

abilities can be expressed in supramolecular chromatography, ranging from size

and shape selectivity to enantioselectivity.

The following sections will illustrate several examples of enantioselective

supramolecular systems that are relevant in the separation science scenario,

together with a discussion of selected host–guest recognition models elaborated

from experimental chromatographic and spectroscopic data and interpreted with the

aid of molecular modeling techniques.

3 Chiral Supramolecular Selectors in Liquid

Chromatography

A survey of the enantioselectivity shown by chiral supramolecular selectors in liquid

chromatographic applications clearly indicates that they can be divided into two

broad groups, according to the experimentally observed degree of enantiomer

differentiation [11–14]. Supramolecular selectors like cyclodextrins and crown

ethers afford low to medium enantiomer selectivities, that are in any case sufficient

to obtain a complete separation in most liquid chromatographic systems, but do not

reach those typically observed at receptorial level. Synthetic and naturally occurring

macrocycles described in Sect. 4 are typical examples of chiral selectors able to

distinguish guest enantiomers with receptor-like selectivities corresponding to

differences in free energy of binding equal to or larger than 1.5 kcal mol�1 at room

temperature. Receptor-like enantioselectivities are far beyond those required for

analytical or preparative chromatographic separations; nevertheless, host–guest

systems that display such large selectivities are of paramount relevance in that

they can be further investigated by spectroscopic and computational techniques for

the construction of recognition models that account for the observed discrimination,

have predictive value, and are useful for the design of new selectors with improved or

broadened recognition properties.
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3.1 Cyclodextrins

Cyclodextrins (CDs) are toroid-shaped naturally occurring cyclic oligosaccharides

originally described by Villiers in 1891 [15]. The most widely used CDs are

composed of 6, 7, or 8 D-glucopyranosidic units (see Fig. 1), respectively named

α-CD, β-CD, and γ-CD [17–19], although larger cyclodextrins containing 9–13

glucopyranosic units have been identified [20]. Cyclodextrins are derived from the

enzymatic degradation of starch by cyclodextrin glycosyltransferase, an α-amylase

found in various bacteria, such as Bacillus strains [21]. All the glucose units present
in the cyclodextrin structure are in a chair conformation, as shown by Bender and

Komiyama in 1978 [22], and are bound via α-(1,4) glycosidic linkage. Owing to the
lack of free rotation about the α-(1,4) bonds, cyclodextrins are not perfectly

cylindrical molecules but possess a three-dimensional architecture resembling a

hollow torus (see Fig. 1). The primary 6-hydroxyl groups are located on the narrow

rim of the torus, while the 2- and 3-hydroxyl secondary groups are located on the

wider rim. The non-bonding electron pairs of the glycosidic oxygens bridges are

directed towards the inner part of the torus, resulting in a high electron density area

[17]. Given the position of the hydroxyl groups on the outer surface of the molecule,

the outside is hydrophilic, while the internal cavity is relatively lipophilic and can

form inclusion complexes. The most important property of CDs, in fact, is their

ability to form host–guest complexes. In most cases, 1:1 complexes are formed,

although 2:1, 1:2, and 2:2 host–guest complexes have been reported. In water, for

example, appropriate guest molecules can easily replace the water molecules

occupying the internal cavity of the torus, in a normally enthalpy-driven host–guest

complexation [17]. The main interactions taking place between the guest and the

CD are van der Waals and hydrophobic interactions, although steric factors and

hydrogen bonding may also become important. In the case of modified CDs, where

the hydroxyl groups have been derivatized with suitable functional groups further

interactions can be observed (aromatic–aromatic interactions, ionic interactions).

The diameter of the cyclodextrin cavity is a critical parameter in the complex

formation: while the α-CD (cavity diameter between 4.7 and 5.3 Å) has limited

applicability to only the smaller molecules, the β-CD (cavity diameter between 6.0

and 6.5 Å) and γ-CD (cavity diameter between 7.5 and 8.3 Å) have sufficient space

for the incorporation of most pharmaceuticals, as well as chiral drugs (for a

comprehensive study of the complexation thermodynamics of cyclodextrins see

[23]). In particular, while the α-CD can accommodate only a single six-membered

ring, the β-CD can incorporate larger rings (such as naphthalene or biphenyl) while

the cavity of γ-CD is sufficient for the complexation of much larger molecules, such

as substituted pyrenes. Given the high costs of γ-CD, however, β-cyclodextrin is the
most used CD for applications in the pharmaceutical field, where cyclodextrins are

extensively used as drug carriers to enhance solubility, bioavailability, stability, and

reduce adverse effects [24]. Cyclodextrins, both naturally occurring and derivatized

at the hydroxyl group, are also largely used in the cosmetic, textile, and food

industries [25].
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3.1.1 Supramolecular Chromatography and the Reciprocity Principle

The reciprocity principle in host–guest association has been followed in the early

design and realization of supramolecular chromatographic devices. The reciprocity

principle simply states that if a given host can bind a specific guest with large

selectivity among a range of structurally related guests (one specific host–guest

combination is much more stable than the others), then the most tightly bound guest

can in principle be used to select the original host from a collection of molecules

with similar structures. A special case of reciprocity is encountered in systems

where a chiral molecule recognizes the enantiomers of a second chiral species: if a

single enantiomer of the species A can distinguish the enantiomers of species B,

then a single enantiomer of B will be able to distinguish the enantiomers of

A. While this principle was elaborated and experimentally proved for bimolecular

systems composed of small molecular components, recent works have

demonstrated that it can be extended to supramolecular systems as well. When

dealing with chromatographic systems in which one of the host–guest components

is immobilized on a solid support, the reciprocity principle also extends to the

position of the host or guest components: the intrinsic ability of the two species to
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Fig. 1 Native α, β, and γ cyclodextrins (i.e., Cyclobond III, I, and II, respectively)
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assemble into the supramolecular complex will be retained irrespective of their

physical state, i.e., host–guest complex will form with almost unchanged stability

and selectivity either when the host is surface-linked onto the solid support and the

guest is present in free solution, or when the host and guest positions are reversed.

An early example of supramolecular chromatography design that uses the

reciprocity principle was reported by Bianco et al. [8] and was later extended by

Bogdanski et al. [9] A C60 fullerene stationary phase Si-C60 was prepared by surface

immobilization of a fulleropyrrolidine onto silica gelmicroparticles via alkoxysilane

chemistry (Fig. 2a). The known ability of C60 to complex with calix[8]arene (but not

with calix[4]- and calix[6]-arenes) and with γ-cyclodextrin (but not with α- and
β-cyclodextrins) was confirmed by chromatography on HPLC stationary phases

packed with Si-C60. In this particular case the positions of the host (the macrocycle)

and guest (the C60 spheroid that is accommodated inside the macrocycle cavity) are

reversed compared to other supramolecular chromatographic systemswhere the host

is immobilized and the guests are in solution. To circumvent the ambiguity of the

host–guest definition, associated in some way with the structural feature of the two

partners rather than with their functioning in the particular physical device, the

alternative terms selector–selectand are commonly used in chromatography to

designate the molecular component that selects (selector, it is fixed to or

incorporated into the stationary phase) the various species present in the system

(selectands, they are dissolved in the mobile phase and are selectively retained).

These terms were originally introduced by Mikeš and Boshart in analogy to the

operator–operand terms used in cybernetics [27].

Chromatography on silica stationary phases covalently doped with fullerene

derivatives facilitates the study of supramolecular associations in organic–aqueous

media (in which the fullerenes nanostructures are insoluble) with biomolecules.

Fig. 2 (a) Synthesis of Si-C60 and Si-C70 fullerene stationary phases. (b) Schematic representation of

Si-C60/helical peptide complex as reported in [8, 26]
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This was clearly proved by the effective separation of a mixture of α-, β-, and
γ-cyclodextrins on Si-C60 under reversed phase conditions, with a clear preference

of the immobilized fullerene for the larger eight-membered cyclic oligomer, whose

cavity size nicely matches that of the C60 spheroid.

A similar approach using immobilized C60 on silica and aqueous mobile phases

in liquid chromatography has been exploited to prove size-selectivity towards

cyclodextrin congeners having from 6 to 25 glucose units. A remarkable preference

for the 8-, 9-, and 10-membered cyclodextrin over the larger and smaller guests was

demonstrated, thus confirming the original findings and showing unusually large

increase in retention on passing from 11 to 10 units, and from 7 to 8 units (Fig. 3).

Additional selectivity and recognition ability in water-rich media was detected

by immobilized C60 in Si-C60 for a series of designed peptides forming hydrophobic

cavities as simplified models of more complex biological systems (enzymes and

receptors). These peptides possess a high content of α-aminoisobutyric acid (Aib)

that stabilizes 310- and α-helical structures, and are then suitable to contain the

hydrophobic buckyball C60 (Fig. 2b) [26].

Inspection of retention and selectivity data for a set of calix[n]arenes congeners
(n ¼ 4, 6, 8) in organic solvents (toluene or dichloromethane in the presence of

0.5–2.0% of 2-propanol) confirmed the ability of Si-C60 to select cyclo-oligomeric

guests according to the macroring size, and showed a marked preferential complex-

ation with the larger calix[8]arene, in close analogy to earlier non-chromatographic

experimental findings. Variable temperature chromatography of calix[6]- and calix

[8]arenes on surface-linked fullerenes was used to extract thermodynamic data

(enthalpy and entropy changes ΔH and ΔS of complexation) for the association

Fig. 3 Separation of α, β,
and γ cyclodextrins on Si-C60

under reversed phase gradient

elution. Structures on top of

peaks are supramolecular

cyclodextrin-C60 complexes

obtained by molecular

mechanics docking process

(Amber* force field)
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process between calix[n]arenes and either immobilized C60 or C70 (the latter

prepared in analogy to Si-C60 via alkoxysilane fulleropyrrolidine) in different solvent

systems: complexation equilibria were enthalpy dominated (ΔH ¼ �7.4 and

�6.4 kcal mol�1 for calix[8]arene with C60 and C70, respectively, in dichloro-

methane) and entropy opposed. The selectivity of the smaller calix[6]arene for the

two immobilized fullerenes was solvent dependent, with C70 selected in CH2Cl2
and C60 in toluene [28]. In a related study, HPLC retention data collected on Si-C60

for a set of monotopic and ditopic aromatic tripodal receptors revealed that di-

topic receptors have a greater affinity for the immobilized C60 spheroid as a result

of extended π–π aromatic interactions. Comparison between LC retention data

(collected using acetonitrile or acetonitrile/water mixture) and NMR experiments

with free C60 (using low polarity solvents) showed that, with these particular

receptors, highly polar solvents are required for the complexation to occur

(solvophobic effect) [29].

Although the interaction takes place between chiral peptides or cyclodextrins

with defined stereochemistry and the chiral fullerene-based stationary phases (in

which the immobilized C60 derivative is chiral and racemic), the selectivities

observed in these systems are driven by size and shape alone, and the same situation

is present in the system comprising immobilized C60 and calix[n]arenes.
One of the most intriguing uses of cyclodextrins, however, has been in

enantioselective chromatographic separations, where the chiral environment present

at the hydrophobic cavity has been largely exploited for enantiomer differentiation in

liquid chromatography and in capillary electrophoresis, as elucidated in a recent

review by Scriba [14]. Since the introduction of the first CD-based CSP in 1984 by

Armstrong andDeMond [30], a wide variety of stationary phases has been described,

using both natural occurring and modified CDs. Both the architecture and the

chemistry of cyclodextrins contribute to enantiomer differentiations, as interactions

can take place either on the exterior or the interior surface of the cyclodextrin toroid.

The parameters to determine whether an inclusion complex is formed or a superficial

interaction prevails depend on the proper fit of the analyte in the cavity (shape and

size of the analyte) and the mobile phase composition which can determine the type

of interactions taking place. In reversed-phase mode inclusion complexes are neces-

sary for enantiorecognition, although the entire molecule of the analyte does not

have to fit inside the toroid cavity. Strong complex formation can, in fact, be obtained

even with a partial fit of one of the two enantiomers in the cavity. To obtain chiral

recognition in reversed-phase mode, besides the inclusion complex formation, it is

also essential that the substituents on the stereogenic center of the guest molecule be

near and interact with the secondary hydroxyl groups at the mouth of the CD cavity

[31]. Surface interactions are, on the other hand, responsible for the enantioselective

mechanism in polar organic mode and normal phase mode, as non-polar interactions

between the analyte and the CD cavity are not observed due to the lack of water in the

mobile phase. In polar organic mode, Chang et al. found that at least one polar group

(hydroxyl, amide, secondary amine, etc.) must be present in the α- or β-position with
respect to the stereogenic center of the analyte to observe H-bond formation and

enantiorecognition [32]. Finally, in normal phase mode, interactions similar to those
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described for Pirkle-CSPs prevail. Dipole interactions, π–π interactions between

aromatic groups and hydrogen bonds with the amide dipoles present in the CSPs are

the basis of the enantiorecognition mechanisms on CD-based CSPs [33].

A variety of techniques including NMR spectroscopy, mass spectrometry,

thermodynamics, and X-ray crystallography, combined with capillary electro-

phoresis and HPLC studies, have been used to characterize the complexes formed

[34, 35]. More recently, an important contribution has also been derived from

molecular modeling, where chromatographic data have been interpreted and later

predicted through theoretical studies [36–39]. Bikádi et al. predicted that the

enantiodifferentiation of phenylazetidin derivatives would be better obtained on a

permethylated β-CD CSP(PM-β-CD) than on the β-CD CSP [36], while Shi et al.

investigated the direct resolution of methyl mandelate (MMA) on a permethylated

β-CD CSP (PM-β-CD) with regards to organic modifier concentration and column

temperature [37, 38]. Through quantum mechanics PM3 simulation they were able

to predict the retention order of the enantiomers and provide an atomistic account of

how the enantiodifferentiation takes place, with the main driving forces responsible

for enantiorecognition being hydrophobic bonding interactions, dipole-dipole

interactions, charge-transfer, and weak hydrogen bonding. Although the benzene

ring of (R)-MMA was located horizontally on the wider edge of the PM-β-CD
cavity, the aromatic ring of (S)-MMAwas more deeply included in the hydrophobic

cavity, thus leading to a higher retention of the (S)-MMA enantiomer (see Fig. 4

for energy-minimized structures). Thermodynamic calculations showed that the

stabilization energy of the (R)-MMA/PM-β-CD complex is lower than that of the

(S)-MMA/PM-β-CD complex. A cellular automata model was proposed by DeSoi

et al. to predict enantiodifferentation on β-CD CSPs based on accepted chromato-

graphic bonding forces between enantiomers and β-CD CSPs [39].

Although CD-based CSPs are largely used in enantioselective HPLC and

account for about one-fourth of the direct enantiomeric separations reported in

2010–2011 [39], few significant enantiomeric differentiation in the complexation

thermodynamics of enantiomeric guests with natural cyclodextrins are reported,

probably because hydrophobic interactions and non-orienting van der Waals

interactions prevail during the inclusion complex formation. Hosts with central

chirality such as amino acids, carbohydrates, etc., are not rigorously fixed in the CD

cavity and are thus not resolved with high α values as should be expected in the case
of supramolecular chromatography. Appreciable differences in the thermodynamic

quantities are observed with only a limited number of chiral guests, such as

atropisomers of 1,10-binaphthyl-2,20-diyl hydrogen phosphate, which represent a

good model for the CD supramolecular recognition mechanism, and with modified

cyclodextrins which appear to enhance enantiomeric differentiation.
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3.2 Crown Ethers

Crown ethers are macrocyclic polyether compounds capable of selectively forming

complexes with a variety of different cationic species. They were first introduced by

Pedersen in 1967 [40, 41]. Crown ethers have been extensively used in the

complexation of metal cations and ammonium cations, as the ether oxygen atoms

present in the internal wall of the cavity are excellent electron donors [42, 43]. The

ability of a crown ether molecule to complex with a cation is dependent upon the

size of the hole formed by macrocyclic structure and, as a result, crown ethers of

different sizes exhibit significantly different specificities for the complexation of

cations. Chiral crown ethers are used in enantioselective chromatography following

the incorporation of binaphthyl [44–47] or biphenanthryl units [48–50], tartaric acid

derivatives, or carbohydrates. Aza crown ethers [51–53] and pyridine crown ethers

[54] have also been described. These CSPs are essentially limited to the separation

Fig. 4 Energy-minimized structures obtained by ONIOM calculations for the (R/S)-MMA/PM-

β-CD complexes. (a) (R)-MMA/PM-β-CD seen from the side of the PM-β-CD wall. (b) (S)-MMA/

PM-β-CD seen from the side of the PM-β-CDwall. (c) (R)-MMA/PM-β-CD seen from thewider edge

of the PM-β-CD cavity. (d) (S)-MMA/PM-β-CD seen from the wider edge of the PM-β-CD cavity.

The possible intermolecular hydrogen bonds are shown as a dotted line
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of primary amines, although, as delineated by Scriba in a recent review [14], some

exceptions have been reported. Huyn’s 2005 review of the use of crown ether-based

CSPs for HPLC [55] remains an excellent comprehensive reference. Recently, a

crown ether-based chiral stationary phase containing thioester linkage was

described by Cho et al. [56], prepared by bonding (+)-(18-crown-6)-2,3,11,

12-tetracarboxylic acid (see Fig. 5) to mercaptopropyl silica gel. The enantiomeric

recognition ability of the new CSP was found to be greater than that of the

previously reported CSP containing amide linkages [57] in the resolution of various

α-amino acids, racemic amines, and amino alcohols. The authors concluded that the

new CSP is quite stable under acidic mobile phase conditions, indicating that the

thioester linkage is useful as a tethering group. It was also shown that changing

the bonding chemistry of the crown ether to the silica surface can influence the

degree of enantioselectivity (quantitative difference) but not the elution order of the

enantiomers. The same research team also demonstrated that free carboxylic acid

functions in the crown ether structure are not necessary in the enantiorecognition

mechanism [56].

Hirose et al. prepared a series of chiral pseudo crown ether selectors, having

either a free phenolic or phenol ether group in the crown ring. After covalent

grafting to aminopropyl silica particles, the CSPs showed high enantioselectivities

for primary amines, amino alcohols, and amino acid derivatives [58–60].

The enantiorecognition mechanism involved in the differentiation of amino acid

enantiomers on chiral stationary phases containing (+)-(18-crown-6)-2,3,11,

12-tetracarboxyl acid has been extensively investigated through a variety of tech-

niques, including NMR, ESI-MS, molecular modeling, and X-ray crystallography,

and will not be further discussed in the present review.
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CSP 2 containing amido-linkages and the thioester-based CSP 3
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4 Structure, Energetics, and Dynamics of Supramolecular

Complexes Relevant to Enantioselective HPLC

on Chiral Stationary Phases

While cyclodextrins and chiral crown ethers are typical examples of supramolecular

hosts, the level of enantioselectivity they are able to generate when included in

chromatographic systems is commonly modest and does not reach that displayed by

natural receptors. In this section we describe several examples of synthetic and

natural chiral hosts that afford large selectivities, corresponding to differences in

free energy of binding for the two enantiomeric guests �ΔΔGR/S
� larger than

1.5 kcal mol�1 (the subscripts R/S, here and in the following sections, do not indicate
elution order or relative binding strengths, but simply indicate the two absolute

configurations of the guest). In some cases the same chiral hosts are shown to select

the enantiomeric guests with receptor-like selectivities not onlywhen they are linked

to a chromatographic support but also when they are in free solution or in the gas

phase, suggesting that the key factors responsible for the observed selectivities can

be largely ascribed to the host–guest interactions alone.

The occurrence of large enantiodifferentiation displayed by a chiral stationary

phase (CSP) is grounded on some requirements which are related to at least five

kind of factors:

1. Number and intensity of established selector-enantiomer interactions, both

enantioselective and unspecific.

2. Extent of structural flexibility and symmetry characterizing the geometry of the

chiral selector.

3. Purity of the chiral selector bonded to the chromatographic matrix.

4. Amount of chiral selector loaded on the chromatographic matrix.

5. Extent of unselective retention imparted by chromatographic matrix towards the

enantiomers.

Inspection of these factors reveals that they can be split into those relevant to the

peculiar structural properties of the selector operating the enantiomer differentiation

(factors summarized in entries 1 and 2), and others more properly related to the

manufacturing properties of the assembled chromatographic stationary phase,

including the choice of the matrix used to accommodate the chemically bound chiral

selector (factors from entries 3–5).

With reference to the first kind of factors, it is pertinent to stress the fundamental

role played by the concomitant presence of geometric (i.e., size and shape) and binding

sites complementarity between selector and interacting enantiomers (selectands).

Globally, the thermodynamic aspects of a host–guest interaction can be rationalized

in terms of additive energetic contributions arising from the establishment of

non-covalent forces between the species, distinguishable in (1) highly polar specific

(H-bonds) and nonspecific (dipole–dipole and ionic) interactions, strongly energetic

and long-range active, (2) dispersive forces (π–π, C–H� � �aromatic, dipole-stacking),

short-range active and commonly established between any kind ofmolecular surfaces,
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although especially facilitated by a high polarizability of the molecular frameworks

involved in the contact, and (3) solvophobic forces, at short-range and of entropic

origin, strongly active between apolar surfaces in the presence of a polar solvent,

which heavily increase their strength on increasing of its permittivity. Importantly,

many of the above interactions are multi-point (e.g., π–π, dipole-stacking) rather than
single-point interactions (e.g., H-bonds, end-to-end dipole), so that the overall process

of complexation will commonly be the result of the establishment of a network of

elemental forces, some of which strongly depend on the orientation and/or distance

between the interacting partners. Obviously the increasing number of favorable

host–guest interactions has a direct impact on the retention time of selectands, but

this is not a condition sufficient to also guarantee enantioselectivity, which instead

requires the establishment of multiple interactions (at least three, according to the

“three-point interaction model”) involving in non-equivalent ways the two

enantiomers. Typically, non-covalent interactions of the strongest type are those

largely responsible for the retention of the guests, while short-range forces are mainly

responsible for the enantiorecognition.

From the geometrical point of view, it is possible that the complementarity of

the selector towards the selectand can already pre-exist in a rigid structure

(often associated with macrocyclic frameworks) or, instead, can be established

(most frequently, slightly improved) by suitable conformational changes driven by

the progress of host–guest complexation (a mutual two-body conformational evolu-

tion commonly denoted as induced fit). Frequently, selectors endowed with rigid and
quite large structure are associated with receptor-like discriminating behavior, which

is typically characterized by really high enantioselectivities (i.e., α values greater than

15, with related ΔΔGR/S
� close to �1.6 kcal mol�1) but, by contrast, applicability

limited to the separation of a rather narrow array of chiral selectands. In contrast, a

residual flexibility of the selector structure makes much more probable the success of

the enantiorecognition for a greater variety of compound classes, although, typically

with reduced α factors. Relevant examples of CSPs manifesting receptor-like

selectivities are based on compounds S1–S11 surface bonded on silica particles,

while brush-type (or Pirkle-type) CSPs, less selective but of wider applicability, are

based on selectors like compounds S12–S15 (Chart 1) [12, 61–67]. CSPs endowed

with selectivity at receptorial level can be divided into two classes: (1) CSPs based on

chemical structures taken from the natural pool, either in their pristine or chemically

modified versions (vancomycin, norvancomycin, teicoplanin and its aglycon,

ristocetin A, avoparcin, eremomycin glycopeptide macrocyclic antibiotics, or

cyclodextrins in the α-, β-, or γ-forms) available in a single enantiomeric version

[34, 67] and (2) CSPs based on completely synthetic receptors (e.g., chiral crown

ethers, the tetramidic cyclic C2-chiral selectors S4–S7, or the bowl-like C3-chiral

selectors S10–S11) available in both enantiomeric versions [55, 62, 66]. The reasons

forwhich rigid structures can performmuchmore effective enantioseparations have an

entropic origin. When in a partially flexible selector, a framework involved in the

selective enantiorecognition is located on a portion of molecule that, to interact with

the guest, must undergo an induced fit; after complexation the host structure within the
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resulting most stable supramolecular diastereomer will have lost more freedom

degrees of internal rotational motions than its diastereomeric counterpart.

It was evaluated [68–70] that the entropy reduction related to the loss of free

rotation around a single bond typically ranges from 3 to 5 cal mol�1 K�1. On this

basis, therefore, it can be directly assessed that at room temperature the hypothetical

complete freezing of each single bond of the host will lead to an increase of the

standard free energy variation in the range 0.9–1.5 kcal mol�1, that is, a really

significant amount. Such an effect is also expected to be more pronounced in the

more stable diastereomeric complex (that in which the host suffered the greatest

induced constraint to its original flexibility), leading to partial compensation of the

differential enthalpic contribution favorable to the enantiodifferentiation. However,

due to the non-covalent nature of the supramolecular interactions, as an effect of

complexation, the true reduction of internal rotational motion must always be

expected to be incomplete, so that the entropic effect will also never reach the

limiting theoretical value.

O

OH

HO

OH
O

O
OH

HO

OH

O

O
OH

OH

HO

O

O

O

OH

OH

HO

O OH

OH

HO

O

O

OH

HO

OH

O

n

n=1a-Cyclodextrin
n=2b-Cyclodextrin
n=3g-Cyclodextrin

NH2

O

O O

N

O

N
N
H

O H
N

O

N

O

O
N

OH
H

H

HH
Cl

O

NH

HO2C
OH

OH
OH

Cl

O

OH

CH3

O

HO
OH

O

OH
H2N

O

HO

O

O O

N

O

N
HN

O

O

OH

NH2
O

N

O

O
N

O
H

H

HH
Cl

HO

O

HN

HOOC
O

HO
OH

Cl

O

OH
OH

OH

OH

O
HO

HO NH

OH

O

O

HO
OH

N
H

OH
O

H

OH
O O

N

O
N

HN
O

O

H3CO

NH2
O

N

O

O
N

HO
H

H

HH
Cl

H3CO

O

HN

H3CO2C
OCH3

H3CO
OCH3

Cl

H

O

NH

NO2

NO2

N
NO2

NO2

O

O

O

OO

O

HOOC

HOOC COOH

COOH

O

N

O

N

O
R

H H

O

N

O

N

O
R

H H

O

N

O

N

O

H H

O

N

O

N

O

H H

O

N

O

N

O
R

H H

O

N

O

N

O
R

H H

N

O

N

H

H

O

H
O

H
N

N

O

O

H
O

H
N

N

H

H

O

N

O

N

O

H H

O

N

O

N

O

H H

(CH2)10

S

S

S

O

NH

O

N H

O

N

H
O

N
H

O
N

H

O

N
H

S

S

S

O

NH

O

N H

O

N

H
O

N
H

O
N

H

O

N
H

O

O

O

S1 S2 S3

S4 S6 S7S5

S8 S10 S11S9

S12 S13 S14

NH

O
NO2

NO2

S15

Free state

Bonded to silica

S Si

R = CH3

R =

O

OH

Chart 1 Overview selectors with receptor-like selectivity

Chiral Supramolecular Selectors for Enantiomer Differentiation in Liquid. . . 87



4.1 Macrocyclic Tetramidic Synthetic Selectors

An interesting example relevant to the entropic effect just discussed is the really

different enantiorecognition ability displayed by selectors S4–S6 towards valine

derivative G1 (Chart 2) when they were employed as bonded to silica (HPLC

measurements [66], selectors S4–S5), or instead as a free molecule (NMR spectro-

scopy determination [71], selector S6).

Conformational analysis of tetramidic cyclic mini-receptor S6, performed by

ROESY experiments in free solution (also corroborated by molecular mechanics

calculations on structure S4), showed that the molecule assumes a C2-symmetrical

“large” cone conformation (resembling a roof structure endowed with a convex and

a concave surface both potentially active in establishing effective interaction with

guest molecules), with the N–H and C═O bonds of all the amidic groups in trans
disposition and defining planar frameworks lightly tilted out with respect to the

planes containing the isophthalic rings (Fig. 6).

These same amidic moieties alternately point their N–H and C═O bonds inwards

and outwards relative to the molecule. Very interestingly, at room temperature and

in solution of either deuterated-DMSO or CDCl3, thanks to suitable rotations

around the bonds connecting each of the two isophthalic rings to a couple of the

four amidic groups (i.e., Ar–C═O bonds), the roof structure of S6 undergoes a fast

flapping-wings movement, which leads to a rapid, continual, and mutual inversion

of the convex surface of the molecule to the concave one, and vice versa. This NMR

evidence, therefore, suggests scarce rigidity for free S6 in solution. According to

this picture, the enantiodifferentiation of racemic G1 measured by NMR in CDCl3
solution was quite modest, with ΔΔGR/S

� ¼ �0.2 kcal mol�1, corresponding to a

hypothetical chromatographic enantioseparation factor α of only 1.4. The same

enantiorecognition carried out by HPLC, with S4 bonded to silica as the chiral

selector, was instead performed with α ¼ 158 (i.e., ΔΔGR/S
� ¼ �3.0 kcal mol�1).

Such macroscopic discrepancy in enantioselectivity may be reasonably explained

by taking into account that receptor S4 may undergo free and fast surface-flipping

only in its free state, where the four C–Ar bonds between carbonyls and isophthalic

moieties inside the two fragments O═C–Ar–C═O of the structure retain their

rotational freedom and the above-mentioned detrimental entropy effect on α
value can certainly be operative. In contrast, in its version as bonded selector of

chromatographic CSP, the double covalent linkage of S4 to silica (Fig. 7), as well as

the possibility of its easy supramolecular interaction with the silanols groups on the

surface of the matrix, certainly reduces (perhaps completely precludes) the freedom

of flipping of the macrocycle, making the structure more rigid and therefore

strongly reducing the unfavorable entropic contribution to the values of ΔΔGR/S
�.

In agreement with experimental evidence, molecular mechanics calculations based

on a multi-conformational quasi-flexible molecular docking procedure [72, 73] indicated

that, taking into account the couple of dominant diastereomeric adducts responsible for

the enantiorecognition performed by S4 on G1 (structures S4(R,R,R,R):G1(S) hetero-
chiral and S4(R,R,R,R):G1(R) homo-chiral reported in Fig. 8), only in the most stable of
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the two (that corresponding to the transient hetero-chiral diastereomer formed by the

most retained enantiomer) does the selectand interact, via a couple of H-bonds, with

both the framework-wings at the concave face of the host but just with one half of the

selector structure (i.e., with a single wing) in the diastereomer formed by the less

retained enantiomer, again at the concave surface (see Fig. 8). Beside the rigidity factor

and the presence of functionalities strongly active in determining effective interactions

with guests (i.e., the four amide groups), other properties of selectors S4 and S6 have to

be stressed as relevant to the enantiorecognition mechanism. In fact, when the structure
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of S4 is deprived of the phenyl moieties bonded on the chiral carbon atoms, as was done

by synthesizing the new selector S5, enantioselectivity α values for a wide number of

chiral guests dramatically drop down (for the 17 different amino acid derivatives

G2–G17 in Chart 2 , showing enantioselectivities in excess of 100 on S4 while α
values were always smaller than 2 on S5), so indicating unambiguously the fundamental

role played by these aromatic frameworks in the establishment of selective interactions

in the form of dispersive forces and/or steric hindrance (i.e., forces of attractive and/or

repulsive nature, respectively).

Further experiments [74–76], performed by mass spectrometry (MS) techniques

(Fourier transform ion cyclotron resonance, FT-ICR, and collision-induced

Fig. 6 Computed structure of selector S4 (bottom of figure) and of the hypothetical transition state
allowing the fast flipping in solution

Fig. 7 Version of selector S4 bonded to silica
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dissociation, CID, methodologies) and focusing on analyzing the enantioselective

behavior of S4 in gas phase, confirmed the receptor-like ability of this tetramidic

macrocycle in differentiating with high enantioselectivity suitably modified

protonated α-amino acids (guests G18–G30, Chart 2, ΔΔGR/S
� approaching the

value of �1.8 kcal mol�1). In these cases, however, theoretical molecular docking

calculations showed that the supramolecular interactions take place on the convex

surface of the host (Fig. 9).

An important point to note is that, with both FT-ICR and CID techniques, the

enantioselectivity of receptor S4 was studied by monitoring the dissociation of

different pre-formed complexes of S4 with the chiral guests G [75]: (1) the

diastereomeric proton bound dimers [S4�H�G]+ using the FT-ICR approach and

(2) the diastereomeric proton bound trimers [(S4)2�H�G]+ using the CID approach.

Fig. 8 Calculated most stable and representative homochiral and hetero-chiral adducts formed by

selector S4 and racemic guest G1 (red and blue structures). Both the wings-frameworks of the

hetero-chiral adduct are involved in H-bonds (pointed by red arrows) with the guest, whereas just
one in the homo-chiral
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Within these complexes, S4 is expected to have lost its original flexibility and is

also expected to be rigidly held in a single conformation. Thus, the detrimental

entropic effects observed in free solution are no longer operative here, as confirmed

by the large enantioselectivity values experimentally observed.

Again, a significant improvement in enantioselectivity was observed in gas

phase experiments in response to an increased stiffness of the selector S4, whose

two isophthalic moieties were connected through an alkyl chain consisting of ten

methylene groups (selector S7) [75, 77]. By FT-ICR-MS determinations, in its

monomeric form receptor S7 allowed the achievement of the really good enantio-

resolution factor ΔΔGR/S
� ¼ �2.0 kcal mol�1 towards guestG19, which, however,

increased to �2.6 kcal mol�1 with self-assembled S7 that generates a largely

constrained supramolecular dimer S7:S7 (Fig. 9). Just this increase in stiffness,

that arises from the particular and numerically limited conformational multiplicity

of host S7, has been interpreted as the fourth “player” that, added to the classical

three “players” of Davankov’s model, may account for an enantioselectivity

approaching that typical of biological receptors [77].

Fig. 9 Computed structures of transient diastereomers formed in gas phase between selector S4

and the enantiomers of guest G26 and stiff structure of the dimer S7:S7 formed by selector S7
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4.2 Glycopeptide Antibiotics

Enantioselectivities of similar high level are also expressed by the wide class of

glycopeptide antibiotics, of which vancomycin (VA), S1, and teicoplanin (TE), S2,

are very important and representative members [67]. The really determinant feature,

common to the whole members of the class, is a heptapeptide core that extends itself

along the main axis of the structure, and whose side chains are covalently joined to

one other to form very rigid macrocycles. Looking at the cleft in its horizontal

orientation (about 13–14 Å in length), the C-terminal group is placed on the left

side, while the N-terminal to the right, with the numbering starting from the

C-terminal amino acid (Fig. 10).

The rear wall and the ceiling defining the resulting ligand-binding cavity of the

structure are just constituted by a biaryl ether framework departing from the second,

fourth, and sixth amino acidic units of the peptide chain, while the left side of the cleft

is closed by a biarylmoiety connected to the first and third amino acidic units. Thus, in

VA-type antibiotics the right side of the active cleft is open and prone to allow a quite

easy insertion of the chiral selectand to recognize. Instead, in TE-type antibiotics the

right side of the cavity is closed by an additional biaryl ether moiety, departing from

the side chains of the fifth and seventh amino acidic units of the heptapeptide core

(Fig. 10). Sugar frameworks bonded at various positions of the macrocyclic cage (i.e.,

of the aglycone fragment) complete the pristine structure of such antibiotics. As

pointed out by a really in-depth study [78], sugar frameworks are typically involved

in controlling water solubility a and tendency to self-aggregation of these kinds

of molecules, but they are not really important in modulating the enantiorecognition

of chiral species.A typical example relevant to this evidence is the enantioresolution of

N-acetylphenylglycine (N-APG, G31, Chart 2) performed by TE CSP, S2, and

teicoplanin aglycone (TAG) CSP [67], S3. Indeed, the enantioseparation factor α
obtained by TE CSP approaches the value of 64 (ΔΔGR/S

� ¼ �2.5 kcal mol�1),

while that achieved through TAGCSP amounts to 82 (ΔΔGR/S
� ¼ �2.6 kcal mol�1),

thus suggesting a virtual absence of participation of sugars in the discrimination

process. However, numerous other enantioseparations in which the presence of native

sugars caused a sensible reduction of α have been reported [78], indicating that

probably their major effect is in hindering the approach of the guests to the cavity

responsible for the enantiodifferentiation. Coherently with the example just reported,

substrates of election for good enantiorecognition performed by TE-type or VA-type

antibiotics are represented by amino acids, di- and tri-peptides, either pure or

derivatized (especially as N-acetylated derivatives, G31–G33), with D-configured

members showing larger bonding and retention. More specifically, a model of the

enantiorecognition mechanism operated by TAG towards chiral amino acids as either

independent units or incorporated into oligopeptide chains has been proposed [67]

starting with molecular modelling studies based on multi-conformational molecular

docking [72, 73] (Fig. 10). When the C-terminal group of the selectand is in the free

carboxylate form and the amino function is derivatized as amide moiety, two patterns

of interactions involved into the enantiodifferentiation may be identified: the first,

Chiral Supramolecular Selectors for Enantiomer Differentiation in Liquid. . . 93



energetically strong and non-selective, is responsible for binding and for the correct

orientation of the selectand along the recognizing cleft; the second pattern is instead

responsible for the enantioselectivity, and involves, as major partners, the N–H and

carbonyl groups belonging to the first and fourth unit of the heptapeptide core,

respectively (the N–H bond only in case of peptidic guests). The non-selective

interactions mainly consist in H-bonds established among the carboxylate group of

the guest and the three N–H bonds belonging to the fourth, fifth, and sixth amide

groups of the heptapeptide chain. Nevertheless, dispersive forces involving the aro-

matic frameworks defining the cleft also contribute to both retention and differentia-

tion of the enantiomers in a significantway. Thus, the recognition cleft (Fig. 10) can be

schematically divided into two regions having different roles in controlling guest

retention and enantioselectivity. One region, about 6 Å wide, extends from the

N-terminal group towards the interior of the structure and controls the major contri-

bution to retention. The other region extends from the central amino acid residue (4 in

figure 10) towards the C-terminal group, and controls the enantioselective properties

of the receptor. This region can recognize the stereoisomers of small amino acid

derivatives and of acylated dipeptides, exploiting the outermost left region of the

cleft to accommodate the larger guests. Coherently with the model described, the

experimental enantioresolution of N-APG performed by TAG CSP (ΔΔGR/S
� ¼

�2.6 kcal mol�1) has been simulated and reproduced by docking procedure with an

error of only 0.2 kcal mol�1 (the computed difference in free energy of binding was

ΔΔGR/S
� ¼ �2.8 kcal mol�1). The experimental findings concerning the enantiore-

solution of underivatized amino acids proline (Pro, G34) and alanine (Ala, G35)

Fig. 10 Essential structure of the recognition pocket of TAG (selector S3) and mechanism of

discrimination operated on peptides, as suggested by theoretical studies
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as well as that of the dipeptide alanyl-alanine (Ala-Ala, D,D/L,L forms G36) are also

relevant to the above-mentioned discrimination mechanism [79]. The related α and

ΔΔGR/S
� values are as follows: Pro, α ¼ 3.8, ΔΔGR/S

� ¼ �0.79 kcal mol�1; Ala,

α ¼ 3.0, ΔΔGR/S
� ¼ �0.65 kcal mol�1; Ala-Ala, α ¼ 119, ΔΔGR/S

� ¼
�2.83 kcal mol�1. By recalling that sugars have a negligible effect on the global

context of the enantiodifferentiation mechanism (i.e., by assuming for TE CSP an

associationmechanism equivalent to that of TAGCSP), it can be seen that such results

clearly match the above-mentioned enantioresolution model, with the expected strong

increase of selectivity for the Ala-Ala dipeptide in response to the additional contribu-

tion to the enantiorecognition operating in this case (but not in that of Pro orAla) by the

end left zone of the receptor pocket.

4.3 C3 Symmetric Macrocyclic Selector

Enantio- and diastereoselectivity factors of receptorial levels towards suitably

derivatized amino acids (α values of 43.0, 35.3, 24.8, and 21.0 for G37–G40,

threonine, valine, serine, and alanine derivatives, respectively) and oligopeptides

(e.g., α ¼ 21.0 for D/L-Ala-L-Pro-L-Ala, G41) were also observed with the

C3-symmetric L-tyrosyl macrocycle S10 [61–63] (Fig. 11). The large enantioselect-

ivities are certainly connected to the presence in the selector structure of several

functionalities able to establish multiple and effective hydrogen bonds (six amide

groups) in the context of a strongly rigid bowl-like pocket. However, unlike glyco-

peptide antibiotics, in this case, the recognition ability is limited to the interaction

with just one amino acidic unit of the guest, according to a quite general enantio-

differentiation mechanism that was proposed by a theoretical study, again based on

molecular docking procedure [72, 73] (selector S11 and guest G42, Fig. 11).

An interesting and peculiar aspect of receptors like S4–S7 and S10 is that they

possess a proper axis of symmetry, which is certainly involved in modulating their

retention ability. Indeed, there was in the past some disagreement about the role that

symmetry can play in influencing the enantioselectivity of CSPs. This controversy

originated from a preliminary interpretation given through statistical analysis of

enantioresolutions performed on microcrystalline cellulose triacetate CSP of chiral

guests having either C2 or C1 symmetry [80]. However, further successive

determinations of α factors, aimed at shedding light on the matter, also corroborated

by considerations relevant to the thermodynamic aspects involved by the process of

enantio-discrimination [81], have clarified that “there is nothing inherent in Cn-

symmetry which increases enantioselectivity,” while it is expected that, for entropic

reasons, the presence of a Cn proper axis of symmetry related to the structure of a

chiral host will affect the retention according to an increase of its binding energy

with the enantiomeric guests quantifiable as the amount RT � ln(n), n being the

multiplicity of the axis of symmetry. Since the same increase applies with both

enantiomers, it will not be able to affect per se the ratio between the corrected

retention times of the enantiomers (i.e., α). Nevertheless, as is stressed below, under
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proper conditions the increase of retention could also have an indirect and positive

effect on the apparent value of α.

4.4 Matrix Effects and Mixed Selectors

Beside the central and direct role played by the structural properties of the selector,

other factors can influence the enantioselectivity that can be expressed by a

chromatographic chiral stationary phase (CSP). Among these, determinants are

the matrix chosen to host the selector in bonded form and the extent of loading

and purity with which the same selector will be present in the final separation

device. Recently [82, 83] these dependences have been incorporated in a simple

mathematical formalization for the particular case of a chiral stationary phase

containing binary-selectors:

αapp ¼ k00 þ xs1 � ðKs1
R� � Cs1Þ þ xs2 � ðKs2

R� � Cs2Þ
k00 þ xs1 � ðKs1

S� � Cs1Þ þ xs2 � ðKs2
S� � Cs2Þ (1)

Fig. 11 Computed structures of the most stable and representative adducts formed between

selector S11 of C3-symmetry and racemic of guestG42 (left side). Generalization of the recognition
mechanism proposed through docking studies (right side)
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where αapp represents the enantioseparation factor directly calculable from the

experimental chromatogram, and it can only approach the true value of α (that

related to the only interaction selector–enantiomers, αtrue), k00 is the non-selective
retention factor expressed by the matrix towards both the enantiomers,Ks1

R�,Ks1
S�,K

s2
R�,

and Ks2
S� are the stability constants of complexes that enantiomers of relative

configuration R* and S* formed with selectors s1 and s2, respectively, xs1 and xs2
represent the fraction of chromatographic phase containing selector s1 or s2 which

contributes to the constitution of the whole CSP and, finally, Cs1 and Cs2 express the

loading with which selectors s1 and s2 have been bonded to the phase. The products

of type Ks1
E� . Csn are therefore amounts corresponding to the hypothetical retention

factors, k0E�sn, with which enantiomers of relative configuration E* (with E* equal

to R* or S*) would be eluted by the column containing only selector sn, without any
non-selective contribution of matrix.

Starting from (1) a direct extension to the general case of multi-selector CSPs

appears possible:

αapp ¼
k00 þ

P

i

xsi � ðKs1
R� � CsiÞ

k00 þ
P

i

xsi � ðKs1
S� � CsiÞ ¼

k00 þ
P

i

xsi � k0siR�

k00 þ
P

i

xsi � k0siS�
(2)

By considering (2), it is evident that αapp can approach αtrue if the contribution of
k00 become negligible with respect to the cumulation of both selective and

non-selective retention expressed by the selectors si bonded to the matrix.

Thus it may be concluded that the global retention of each enantiomer of relative

configuration E*, k0E� , can be expressed as a linear combination of contributions

according to

k0E� ¼ k00 þ
X

i

k0siE� (3)

Consequently, at each k0E� value it is also possible to assign a percentage

contribution coming from the matrix, %ðk00=k0E� Þ, which will be analyzed below

in order to highlight its detrimental effect on αapp.
The correctness of (1) was demonstrated by reproducing with high accuracy the

αapp values determined by enantioresolution of N-3,5-dinitrobenzoyl α-amino acids

(DNBAA) through a series of seven batches of CSPs, containing different molar

fractions of adamantyl, neopentyl derivative of quinine (selector S12), and quini-

dine (selector S13) bonded on the same kind of matrix (a mercaptopropyl-modified

silica gel) [83, 84]. Natural quinine and quinidine are diastereomers that show quasi

pseudo-enantiomeric differentiation ability towards DNBAAs, so that in the quoted

study they were used to mimic the case of non-racemic mixtures of a chiral selector

bonded to silica as the discriminating tool, with the enantiomeric composition

ranging from the pure enantiomer to the racemate. The relevant findings pointed

out that, on increasing αtrue, the αapp value drops much more rapidly as a function of

loss of enantiomeric purity of selector. This behaviur is evident by looking at the
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graph of Fig. 12a, where the percentage loss of enantioselectivity (%αred) is plotted
against the change of enantiomeric excess (e.e.) calculated by (2) for different

values of αtrue. By resorting to (2) it is also evident how the loading of chiral

selector on the CSP affects the measurable value of αapp with respect to the relevant
αtrue.

The plot in Fig. 12b clearly shows that, as a consequence of a linear reduction of

selector loading, the decrease of αapp is exponential. This is because, as the amount

of selector decreases, the retention of the enantiomers is also reduced, so that the

percentage of non-selective contribution afforded by the matrix to their retention

(i.e., the %ðk00=k0E� Þ quantity) grows quickly. Again, through (2) it is possible to

simulate in a realistic way how a progressive growth of%ðk00=k0E� Þ influences αapp.
In Fig. 12c a relevant graph is presented in which increasing %ðk00=k0E� Þ values

are plotted against the corresponding percentages of enantioresolution reduction,

%αred ¼ (αtrue � αapp)/αtrue � 100, which were calculated by (2) in the form

limited to the presence of a single selector. The trend was also analyzed as a

function of αtrue (five values in the range from 1.5 to 300). Inspection of the

graph shows that the dependence between %ðk00=k0E� Þ and %αred data is linear,

with a slope (S, in the plot of Fig. 12d) that increase quickly for αtrue varying from

1 to 25, while with a much slower progression for greater enantioselectivities,

approaching unity as the limiting value (Fig. 12d).

Fig. 12 Changes of αapp values as a function of enantiomeric excess of the chiral selector (a),

extent of selector loading (b), non-selective contribution of matrix or selector to retention (c and d)
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This means that, looking at all the factors responsible for the non-selective

retention of the enantiomers (i.e., those leading to a growth of %ðk00=k0E� Þ), either
an increase due to a greater interaction with the matrix or a reduction due to a lesser

unspecific interaction with the chiral selector, will lead to a detrimental reduction of

αapp, with maximum impact achieved for αtrue values greater than 25 (Fig. 12d).

A further important potentiality offered by (1) and its extended version (2) is the

realistic simulation of the enantioselective behavior of CSPs bearing in bonded

fashion two or more different chiral selectors (Fig. 13). Besides the considerations

of the above example involving quinine and quinidine derivatives S12 and S13, it is

interesting to consider the new cases reported in Fig. 14a–d. These chromatograms

were obtained by performing enantioseparations of some chiral species through the

use of CSPs containing either the C3-symmetric receptor S10 (CSPS10) or the brush-

type selector S14, the latter in the two enantiomeric (R,R,R) and (S,S,S) versions
(RCSPS14 and SCSPS14), as well as the mixed-selector CSPs obtained by the

sequential bonding of the two selectors in a 20:80 molar ratio (RCSPS10/S14 and
SCSPS10/S14), respectively [62, 85]. In case 1, reported in Fig. 14a, chiral selector

S14 does not show any selectivity with regard to the analyzed valine derivative,

G43, so that it acts as a non-selective retention agent. By contrast, the enantiomers

of the same selectand are effectively recognized on CSPS10, with α ¼ 35.3.

According to (1), for the resolution of chiral G43, performed through RCSPS10/

S14, an αapp value of 6.6 was assessed, against the experimental value of 7.7 (an

error of only 0.1 kcal mol�1 on ΔΔG�). In a similar but opposite way, the chiral

naphthylmethyl-phenyl-sulfoxide, G44, was effectively resolved by RCSPS14
(α ¼ 2.2) but not by CSPS10 (α ¼ 1.0, Fig. 14b). The enantioresolution performed

with RCSPS10/S14 afforded αapp ¼ 1.9, in good agreement with the value αapp ¼ 2.0
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Fig. 13 Preparation of mixed-selector CSPS10/S14 through consecutive radical thiol-ene reactions

of S10 and S14 with γ-mercaptopropyl silica gel
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assessed by (1) (an error of 0.03 kcal mol�1 on ΔΔG�). Finally, Fig. 14c, d refers to
two examples of enantiorecognition in which the used RCSPS10/S14 and

SCSPS10/S14
give rise to unprecedented cases of matching and mismatching of enantioselectivity

towards valine derivative, G45, with protected carboxyl and amino terminal end

groups. The example given in Fig. 14c presents the case of enantioselective

mismatching, in which (R)-G45 is eluted first on SCSPS14 (α ¼ 1.36), while it is

the second eluted enantiomer on CSPS10 (α ¼ 1.31). Instead, just as was predicted

from (1) (αapp ¼ 1.05), the SCSPS10/S14was unable to perform the enantioresolution

and gave an experimental enantioselectivity α ¼ 1.0. In contrast, Fig. 14d shows

the case of enantioselective matching, in which (R)-G45 is the second eluted

enantiomer on RCSPS14 (α ¼ 1.34), the same order of elution performed by

CSPS10. Thus, in this case, through the mixed RCSPS10/S14, G45 was favorably

resolved, although with a reduced retention, with a final experimental αapp ¼ 1.36

(virtually indistinguishable from that obtained through RCSPS14), which was again

correctly predicted by calculation (αapp ¼ 1.33).

Fig. 14 Enantioseparations of some chiral species (G43 in a, G44 in b, G45 in c and d) through

use of CSPs containing the C3-symmetric receptor S10 (CSPS10), the brush-type selector S14 in

both its enantiomeric (R,R,R) and (S,S,S) versions (RCSPS14 and
SCSPS14), and the mixed-selector

CSPs (RCSPS10/S14 and SCSPS10/S14). In c and d are reported the cases of mismatching and

matching of enantioselectivity, respectively, towards the valine derivative G45
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5 Concluding Remarks

In the present chapter we first presented a brief introduction on supramolecular

host–guest chemistry, with a general description of the structural features that control

and modulate the ability of a given host to interact selectively with a range of guests.

Incorporation of enantioselectivity in such systems, obtained by rational design as

well as by inspiration from naturally occurring structures leads to chiral, enantiopure

hosts that are able to bind the enantiomers of chiral guests with selectivities equalling

or exceeding those observed for natural macromolecular receptors. Immobilization of

synthetic or natural chiral macrocyclic selectors onto a chromatographic stationary

phase opens the way to the field of enantioselective supramolecular chromatography,

a particular area of investigation that combines the principles of supramolecular

chemistry with the separation ability of modern chromatography. Liquid chromato-

graphy on stationary phases containing chiral supramolecular selectors affords

enantioselectivity data for a large range of structurally diverse chiral guests, and

these data are used to corroborate and to refine recognition models elaborated from

spectroscopic investigations and computer simulations. Recognition models, in turn,

are used to design improved supramolecular selectors and to rationalize enantioselect-

ivities observed for the same hosts in different environments.

Some structural features that are responsible for high levels of enantioselectivity

shown by chiral host–guest systems are clearly identified from the analysis of several

chromatographic supramolecular systems: preorganization and conformational

homogeneity and presence of binding sites with high directionality in the host, size

and binding sites complementarity for the guest. These principles have been

demonstrated with a series of chiral tetramidic macrocyclic hosts, assembled from

isophthalic acid and C2 symmetric 1,2-diamines: these hosts afford receptor-like

enantioselectivities either towards the enantiomers of neutral amino acid derivatives

when they are immobilized on chromatographic media or towards free amino acids

and carboxy protected amino acids in the gas phase. Natural glycopeptide antibiotics

like teicoplanin and vancomycin generate extreme enantioselectivities when they

are covalently immobilized on chromatographic supports: enantiomeric guests

resembling the D-Ala-D-Ala terminus of their natural ligand are strongly retained

compared to the L-configured guests. Supramolecular associations between both

synthetic and natural chiral hosts and their guests are investigated by computer

simulations to unravel the structural determinants of affinity and selectivity.

The underlying chromatographic matrix and the enantiomeric purity of the chiral

selector are additional factors that modulate enantioselectivity in supramolecular

chromatography, with the latter aspect becoming increasingly important as selectivity

approaches receptor-like levels. Chromatographic stationary phases containing

mixed selectors with matched or mismatched selectivities are intriguing systems to

investigate theoretically and experimentally mutual effects of multiple selectors on

organized surfaces.
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Chiroptical Detectors for the Study

of Unusual Phenomena in Chiral

Chromatography

Nicolas Vanthuyne and Christian Roussel

Abstract Differentiation of enantiomers in chromatography requires specific

detectors, based on polarimetry or circular dichroism. Their use is limited to chiral

HPLC and SFC. We explain the operating principles of the different chiroptical

detectors available and stress the influence of working wavelength and mobile phase

on the output signal. Current and relevant applications of chiroptical detectors

are absolute configuration assignment, measurement of enantiomeric excesses in

complex mixtures and determination of elution order. We focus on the reversals of

enantiomeric elution order, an important subject for the understanding of the chiral

recognition mechanisms. We review the main parameters which can induce a

reversal, show the usefulness of chiroptical detectors to easily identify reversals

and emphasize the significance of the isoenantioselective temperature. The aim of

this chapter is to highlight the valuable information provided by chiroptical detectors

to study unusual behaviour in chiral HPLC and SFC, reversals of enantiomeric

elution order and exchange phenomena as dynamic chromatography and self-

disproportionation on achiral columns.

Keywords Absolute configuration assignment � Dynamic chromatography �
Electronic circular dichroism � Isoenantioselective temperature � Polarimetry �
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Abbrevations

1-PrOH Propan-1-ol

2-PrOH Propan-2-ol

AcOH Acetic acid

CD Electronic circular dichroism

CIP Cahn–Ingold–Prelog priority rule

CSP Chiral stationary phase

DEA Diethylamine

ee Enantiomeric excess

FA Formic acid

HPLC High performance liquid chromatography

k Retention factor

L Liter(s)

LED Light-emitting diode

min Minute(s)

MPLC Medium pressure liquid chromatography

nd Not determined

nm Nanometer(s)

ORD Optical rotatory dispersion

RI Refractive index

SFC Supercritical or subcritical fluid chromatography

SMB Simulated moving bed

TFA Trifluoroacetic acid

THF Tetrahydrofuran

Tiso Isoenantioselective temperature

UV Ultraviolet

α Enantioselectivity, ratio of retention factors for two enantiomers

β Phase ratio, ratio of the volume of the mobile phase and stationary

phase in the column

μg Microgram

μL Microliter
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Chiral Stationary Phases

Chiral-AGP α1-Acid glycoprotein

Chiralcel OB Cellulose tris benzoate (Daicel)

Chiralcel OD Cellulose tris(3,5-dimethylphenyl-carbamate) coated (Daicel)

Chiralcel OJ Cellulose tris(4-methylbenzoate) (Daicel)

Chiralpak AD Amylose tris(3,5-dimethylphenyl-carbamate) coated (Daicel)

Chiralpak AS Amylose tris([(S)alpha-phenethyl]-carbamate) coated

(Daicel)

Chiralpak IA Amylose tris(3,5-dimethylphenyl-carbamate) immobilised

(Daicel)

Chiralpak IB Cellulose tris(3,5-dimethylphenyl-carbamate) immobilised

(Daicel)

Chiralpak IC Cellulose tris(3,5-dichlorophenyl-carbamate) immobilised

(Daicel)

Chiralpak ID Amylose tris(3-chlorophenyl-carbamate) immobilised

(Daicel)

Lux-Cellulose-1 Cellulose tris(3,5-dimethylphenyl-carbamate) coated

(Phenomenex)

Lux-Cellulose-2 Cellulose tris(3-chloro-4-methylphenyl-carbamate) coated

(Phenomenex)

Lux-Cellulose-4 Cellulose tris(4-chloro-3-methylphenyl-carbamate) coated

(Phenomenex)

Regispack Amylose tris(3,5-dimethylphenyl-carbamate) coated (Regis

Technologies)

Ultron ES-OVM Ovomucoid protein bonded

(S,S)-Whelk-O1 (3R,4S)-4-(3,5-Dinitrobenzamido)-3-[3-(dimethylsilyloxy)

propyl]-1,2,3,4-tetrahydrophenanthrene (Regis Technologies)

1 Introduction

Chiral chromatography is a powerful tool for enantiomer differentiation, on an

analytical scale to determine the ee and on a preparative scale to obtain enantiopure

molecules [1]. This chirotechnology is extensively used in various fields, such as

drug discovery [2], agrochemicals, fragrances and functional materials. Many

chiral stationary phases, with different chiral recognition mechanisms, are now

available to separate chiral compounds [3, 4]. The understanding of the chiral

recognition mechanisms, by the development of a chiral recognition model or by

computational chemistry [5], requires knowledge of the absolute configuration of

the eluted enantiomers.

From a practical point of view the control of the elution order is convenient, on an

analytical scale, for the measurement of high ee by eluting the trace component
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before the major enantiomer [6]. Indeed, the accuracy of this measurement is crucial

to lower the limit of detection (LOD) and to validate chiral methods: interference

from the tailing of the major enantiomer should be avoided when peaks are relatively

broad, particularly on protein columns [7]. On a preparative scale, for batch

separations (not with SMB), the best purity will be attained for the first eluted

enantiomer compared to the second because of the tailing of the first eluted

enantiomer occurring with high loading. The control of elution order is so important

that original methods have been developed to reverse the enantiomeric elution

order by altering the type of reagent used in the derivatization of amino-acids on

vancomycin based CSP [8], or by using the temperature effect for enantiomeric pairs

separated by chiral HPLC under a significant enthalpy-control [9].

So fundamental and practical reasons for the monitoring of the elution order

during analysis by chiral chromatography exist. Some articles have already

highlighted the need of well reported elution orders [10], detailed unusual effects

[11] and reversals of enantiomeric elution order [12]. In this review we emphasize

the use of chiroptical detectors to detect unusual phenomena, and particularly

reversals of enantiomeric elution order. Thus we restrict our study to the field of

chiral chromatography in which chiroptical detectors, polarimeters and circular

dichroism detectors are operational: chiral HPLC and SFC (SFC in the sense of the

term defined by Guiochon [13]).

2 Principle and Applications of Chiroptical Detection

2.1 Historical Background

Bench polarimeters were first adapted for use as chromatography detectors, working

at low pressure. In 1976, Hesse and Hagel reported the first chromatogram obtained

with a polarimetric detector [14]: a Perkin Elmer 141 was used to follow the elution

of the 2-phenyl-cyclohexanone enantiomers at 436 nm on microcrystalline cellulose

triacetate. In 1980, Drake, Gould and Mason published the first use of circular

dichroism for detection in liquid chromatography on microcrystalline cellulose

triacetate for pavine and Tröger’s base [15]. These detectors were very useful in

the early years of chiral chromatography, especially in the case of partial separations

[16], occurring frequently at low pressure.

Cells improvements allowed the use of chiroptical detectors in HPLC. In different

reviews, Mannschreck [17] and then other groups [18, 19] described their main

applications and developments and prophesied their future widespread use.
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2.2 Operating Principle of Different Chiroptical Detectors

2.2.1 Use of a Bench Polarimeter or Circular Dichroism Spectrometer

Circular dichroism spectrometers, able to measure the differential absorption of left

and right circularly polarized light between 170 and 900 nm, or bench polarimeters,

able to measure the angle of rotation caused by passing polarized light through an

optically active substance at discrete wavelengths, usually the emission line of

sodium or mercury lamps (589, 578, 546, 436 and 365 nm), can be used as

chromatography detectors with suitable cells. Cell volume can be reduced to up

to 40 μL in HPLC [20].

Differentiation of enantiomers during elution is possible with such a CD spec-

trometer [21] or a bench polarimeter [22]. Polarimeters usually have several available

wavelengths and detect enantiomers even in the absence of chromophores. For

example, a partial separation, not detected with a refractometer, was reported for

heptachlor and chlordane on permethylated β-cyclodextrin [23]. CD spectrometers

can also monitor partial separations at a chosen wavelength [24], and moreover allow

the recording of CD spectra; in this case the flow has to be stopped [25].

2.2.2 Polarimetric and Circular Dichroism Detectors Dedicated

to Chromatography

The only commercially available CD detector dedicated to chromatography, namely

Jasco CD-2095, has many HPLC applications described in the literature, including

SFC applications according to the supplier. Figure 1 shows typical chromatograms

obtained with the CD-2095, by HPLC and by SFC: the sign and the area obtained

depend on the chosen wavelength and on the nature of the eluent. The sign observed

for (S)-(1) is (�) at 220 nm, (+) at 254 nm and gives no response at 300 nm (Fig. 1).

Consequently, the wavelength must be given for each CD chromatogram.

Polarimetric detectors dedicated to HPLC were developed in the late 1980s. Some

were used in the early 1990s but are no longer available, such as the Chiramonitor

fromApplied Chromatography Systems [26]. Nowadays, three polarimetric detectors

for chromatography are on the market, differing in their operating mode and technical

features: Chiralyser from IBZ Messtechnik (Germany) with an LED source and an

operating wavelength at 426 nm, ALP from PDR (USA) with a laser source at 660 nm

and OR-2090 (OR-1590 is an older model) from Jasco (Japan) with an Hg–Xe lamp,

using wavelengths in the range 350–900 nm. Accordingly, the sign given by a

Chiralyser is the sign of the eluted enantiomer at 426 nm in the eluent, the sign

given by an ALP is the sign of the eluted enantiomer at 670 nm in the eluent, but the

sign given by OR-2090 results from the addition of the optical rotation contributions

at all wavelengths between 350 and 900 nm. For OR-2090 the contributions do not

have the same weight and the main contributions come from the emission lines of the

mercury lamp (365, 405, 436, 546 and 578 nm). OR-2090 has a multiple wavelength

based operating mode, while Chiralyser and ALP are mono-wavelength based.
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For compound 3, the specific rotation is negative for the (aR) enantiomer on all

the wavelengths, so the observed peak is negative on the polarimetric trace with

OR-1590 (Fig. 2). In this case, the three commercial polarimetric detectors would

have provided a negative sign. In the case of compound 4, the ORD spectrum is

more complex and less regular, with an anomalous curve with multiple Cotton

effects (Fig. 2): the signal of the (M)-enantiomer is positive at 670 and 426 nm, but

the sum of the different contributions in the range 350–900 nm gives a weak

negative signal. The intensity and the sign given by a polarimetric detector depend

on the operating mode of the model used. For (M)-4 the three commercial

polarimeters would give different signs: positive with ALP and Chiralyser and

negative with Jasco detector.

2.2.3 Influence of the Mobile Phase

It is trivial to recall that the CD and above all ORD spectra depend on the solvent in

which they are recorded, so that the intensity and the sign obtained with a chiroptical

detector depend on the mobile phase used for chromatography. Comparisons of the

sign from chiroptical detectors with data in another solvent should be carried out with

caution and with a systematic check of the invariance of the sign.

Direct comparison with specific rotation are tempting but risky. For example,

the sign given by a DIP-181C polarimeter, using an Hg lamp, is (�) for the

(R)-enantiomer of 4-hydroxy-2-cyclopentenone in n-hexane/2-PrOH mixtures, but

the sign in chloroform at 589 nm is (+) [28]. Driffield et al. wanted to choose a

molecule with a large specific rotation to avoid sensitivity problems to prove the

efficiency of a new polarimetric detector. This anticoagulant compound, warfarin, is

0 1 2 3 4 5 6 7 8 9 10

CD 220 nm

(S)CD 254 nm

(S)
(R)

Ph

MeO2C CO2Me

(1)

Chiralpak ID
Hexane / 2-PrOH(3/7)

CD 300 nm

CD 254 nm

CD 300 nm

Chiralpak AD-H
CO2 / methanol(8/2)

(2)

Minutes

0 1 2 3 4 5 6 7 8 9 10 11 12

Ph

(R)

ba

Fig. 1 CD chromatograms for (a) HPLC separation of (1) on Chiralpak ID, n-hexane/2-PrOH
(3/7), 1 mL/min, 30�C, 4 μg injected, CD at 220, 254 and 300 nm from bottom to top and (b) SFC
separation of [6]-helicene (2) on Chiralpak AD-H, CO2/methanol (8/2), 4 mL/min, 40�C, outlet
pressure ¼ 120 bars

112 N. Vanthuyne and C. Roussel



described with a specific rotation of �148 for the (S)-enantiomer in NaOH (0.5 N)

[29], but the signal obtained at 635 nm is weak [30]. Indeed, the (S)-enantiomer has a

specific rotation of +19 in 2-PrOH [29] and we have checked that (S)-warfarin has a
low positive specific rotation at 635 nm in the eluent used (n-hexane/2-PrOH/AcOH
80/19.9/0.1). Moreover, the change in sign can lead to errors in the assignment of

absolute configurations. Liu et al. asserted a high correlation between the magnitude

and direction of the specific rotations of molecules at 675 nm and at the sodiumD line

[31], but also emphasized the influence of the mobile phase.

Unfortunately it is also possible to select a mobile phase in which there is no

specific rotation: signals with opposite signs are observed with OR-1590 for (5)

with 10% of ethanol, but these signals disappear with 40% of ethanol (Fig. 3b, c).

2.2.4 Case of Anomalous ORD

The type of ORD spectra, plain or anomalous, has little impact on the signal for the

mono-wavelength based polarimetric detector. The specific rotation of a compound

with an anomalous ORD spectrum may be zero or very low at the working wave-

length, but the specific rotation of a compound with a plain curve ORD spectrummay
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Fig. 2 ORD spectra and polarimetric traces (OR-1590) for (a) compound 3 on (S,S)-Whelk-O1,

n-hexane/ethanol (6/4), 1 mL/min, 30�C and (b) compound 4 [27] on (S,S)-Whelk-O1, ethanol,

1 mL/min, 25�C

Chiroptical Detectors for the Study of Unusual Phenomena 113



also be low. By using a multi-wavelength based polarimetric detector, a compound

with an anomalous ORD often gives a poor signal, due to the compensation of

positive and negative contributions of the specific rotation at the different

wavelengths. Compound (1) shows an example of such behaviour: we need to

increase the injected amount to 20 μg to observe a low intensity signal (Fig. 4).

(S)-(1) gives a negative sign even if its specific rotation is strongly positive at

wavelengths below 370 nm.

Optical filters can be used to select a part of the spectral domain and thus avoid

the contributions of the low wavelengths. According to the specific rotation

measured for (S)-warfarin (Table 1), this molecule is relevant to study both the

influence of the working wavelengths and of the mobile phase.

(S,S)-Whelk-O1, 30°C, 1 mL/min

Hexane / Ethanol (6/4)Hexane / Ethanol (9/1)a

UV 254 nm

polarimeter
OR-1590

(aS)(aR)

Minutes

0 2 4 6 8 10 12 14 16 18 20 22

Minutes

0 2 4 6 8 10 12 14 16 18 20 22

(aS)(aR)(aS)(aR)

Minutes

0 1 2 3 4 5 6 7 8

N
S

S

Cl (5)

Hexane / 2-PrOH (8/2) b c

Fig. 3 UV chromatograms and polarimetric traces (OR-1590) for (5) on (S,S)-Whelk-O1, 30�C,
1 mL/min, with different mobile phases: (a) n-hexane/2-PrOH (8/2); (b) n-hexane/ethanol (9/1);
(c) n-hexane/ethanol (6/4)

Chiralpak ID
Hexane / 2-PrOH (3/7)

0 1 2 3 4 5 6 7 8 9 10

(S)

(R)

Polarimeter (4 μg)

-50

0

50

330 700400 500 600

O
R

D
 

Wavelength [nm]

Polarimeter (20 μg)(1)

Fig. 4 ORD spectra, polarimetric traces (OR-1590) for (1) on Chiralpak ID, n-hexane/2-PrOH
(3/7), 1 mL/min, 30�C, for injection of 4 and 20 μg
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For instance, warfarin’s specific rotations are too low in ethanol to be detected by

mono-wavelength polarimetric detectors at analytical scale, but using a 350–900 nm

range with multi-wavelengths polarimetric detector. Warfarin is still difficult to

detect (Fig. 5), because the sign of its specific rotation changes in this range. The

use of a sharp-cut filter to select the 500–900 nm range allows observation of a signal

for (S)-warfarin by removing the highly negative contribution at low wavelengths.

Warfarin enantiomers have been separated on Chiralpak IC using different

mobile phase modifiers with n-hexane, the (R)-warfarin being eluted first in each

case. We could check that the sign of the (S)-warfarin given by the polarimetric

detector changes with the chosen wavelength and modifier in accordance with the

measured specific rotation. In ethanol its sign is (+) using the 500–900 nm range

(with filter) but (�) using the 350–900 nm range (without filter), due to the strongly

negative contribution below 400 nm. In 2-PrOH the specific rotation remains

positive at all the wavelengths, so the sign given by the polarimetric detector is

(+) in both cases. With chloroform and ethyl acetate as modifiers, the use of a sharp-

cut filter cancels the strongest contributions to the signal between 350 and 500 nm

and silences the signal. It follows that a polarimetric detector may provide a sign

Table 1 Specific rotation of (S)-warfarin reported at different wavelengths in various solvents for
a concentration of 1 g/100 mL

NaOH (0.5 N) Ethanol 2-PrOH Chloroform Ethyl acetate

589 nm �144 þ8.4 þ17 �19 þ7.3

578 nm �149 þ9.0 þ18 �20 þ7.5

546 nm �174 þ9.5 þ20 �24 þ7.1

436 nm �338 þ5.3 þ31 �52 �6.6

365 nm nd �51 þ18 �133 �110

Ethanol1 2-PrOH2 Chloroform3 Ethyl
acetate4

Without filter:

wavelengths

between 350

and 900 nm

With filter:

wavelengths

between 500

and 900 nm

No sign

Fig. 5 Polarimetric traces (OR-1590, Chiralpak IC) obtained for (S)-warfarin depending on the

mobile phase modifier and on the range of wavelengths used. (1) n-hexane/ethanol (7/3); (2) n-
hexane/2-PrOH (1/1); (3) n-hexane/ethanol/chloroform (25/5/70); (4) n-hexane/ethyl acetate (1/1)
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either positive or negative depending on the wavelengths and the eluent used.

This example also illustrates the need of a careful description of the conditions

used to assign the sign of one enantiomer.

2.2.5 Artefacts

In addition to the chiroptical properties that clearly determine the response of the

chiroptical detectors, other experimental parameters influence the signal. It is known

that temperature affects the optical activity, while a rapid change in temperature in

the laboratory may lead to a considerable drift of the baseline of the polarimetric

detector (Fig. 7c). The overall performance of chiroptical detectors is good, but users

should be aware that artefacts may appear for some molecules or in some conditions.

In 1993, Däppen et al. [32] described the major problems encountered with polari-

metric detectors. First, a signal is obtained for achiral 2-phenylethanol: this observa-

tion was explained by refractive index related effects generated by the eluted peaks.

Second, distorted peak shapes in reversed phase were reported for samples with low

ee or with small specific rotations, and nonlinear relationship between the area of the

peaks and the ee. Such behaviour is also seen in Fig. 3a for (5), where the injection

of a racemic mixture gives two peaks with equal areas in UV whereas on the

polarimetric trace, the area of the second eluted peak is noticeably smaller than the

first one. In 2008, similar observations were made and were explained by Sanchez

et al. by refractive index artefacts [33].

For all the chiroptical detectors an injection peak may be present and sometimes

quite intense, as a consequence of the difference in refractive index between the

mobile phase and the solvent containing the injected sample.

The saturation of the detector results in a reflection of the portion of the peak

beyond the saturation limit. This saturation limit depends mainly on the compound

and on the wavelength, but not on the electric signal output from the detector. This

saturation can be observed on only one peak (Fig. 6a) or on both enantiomers as for

(3) (Fig. 6b). In this latter case, injection of 4 μg of rac-(3) led to a correct

chromatogram, while injection of 10 μg led to the chromatogram displayed in

Fig. 6b. In rare cases encountered in chiral HPLC, the CD detector provides the

same sign for two enantiomers: a chromatogram with two negative peaks was

reported for both enantiomers of 2-methyl-1-tetralone, separated on Chiralpak

AD-RH with water/acetonitrile (6/4) and detected by CD at 230 nm [34]. We also

encountered this case sometimes, as for atropisomers of (6) [35], which gave two

positive peaks at 254 nm.

Artefacts can sometimes be avoided or reduced by adjusting the experimental

parameters (amount injected, choice of wavelength, eluent, sample injection

solvent) or the detector parameters (gain, cell size).
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2.2.6 Comparison of the Different Chiroptical Detectors

A direct comparison between the different chiroptical detectors for one or more

molecules is not relevant, since each detector has a different principle or operating

mode. For each detector, it is possible to find undetectable chiral molecules as well as

very useful applications, so general conclusions cannot be drawn. However, generally

speaking, a CD detector is more sensitive than most polarimetric detectors, but CD

requires a chromophore in the chiral molecule. In the literature, discussions between

polarimetric and CD detectors turn in favour of CD, considered to be more sensitive

and having the advantage of the choice of the wavelength [34, 36]. Polarimetric

detectors are nevertheless very helpful for molecules without chromophores [37] and

have been proved to be sufficiently accurate detectors, for instance to determine an ee

as high as 99.8% for mandelic acid with a detector ALP [38]. It is likely that the

performance and sensitivity of chiroptical detectors will be further improved with

recent advances in optics. Indeed, research to improve the sensibility of CD detectors

is ongoing [39]. For polarimetric detectors, it would be interesting to be able to select

the operating wavelength among several available ones displayed by the same

instrument.

2.3 Assignment of Absolute Configuration

The contribution of chiral liquid chromatography to the determination of absolute

configurations has already been reviewed [40]. We will recall the interest in the data

provided by the chiroptical detectors in this approach and the precautions to be

taken in order to not be misled.
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Fig. 6 CD chromatograms for (a) (2) on Chiralpak AD-H, CO2/methanol (6/4), 3 mL/min, 40�C,
outlet pressure ¼ 120 bars, at 240 nm, (b) (3) on (S,S)-Whelk-O1, n-hexane/ethanol (6/4), 30�C,
1 mL/min, 10 μg injected, at 347 nm, and (c) (6) on Chiralpak ID, n-hexane/ethanol (7/3), 25�C,
1 mL/min, at 254 nm
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2.3.1 From the Sign Given by a Chiroptical Detector

The correlation of the sign given by a chiroptical detector for one enantiomer with a

reference value can be used to deduce its absolute configuration. This reference

value may be found in the literature or predicted by a model or theoretical

calculations.

In 1984, Salvadori et al. deduced the absolute configuration of a series of

aryl-alkylcarbinols, binaphthol, trans-l,2-cyclohexanediol dibenzoate and

1-acenaphthenol benzoate by comparison of the sign of the CD detector and the sign

predicted by semi-empirical methods, applying helicity rules and sector rules [21].

A correlation in a series of oxazepam analogs, the alcohol being replaced by acetate

or isopropyl groups, was reported by Bertucci et al. [24], assuming that the

(S)-enantiomers of these similar structures have a positive sign with a CD detector

at 254 nm, because the isopropyl (S) analog has a positive CD at 260 nm. The safest

way is to take as a reference the CD sign of themolecule analyzed in a given solvent at

the wavelength used for analysis and verify that this sign is not changed by the eluent.

This method was used to assign the absolute configuration of the naringenin

enantiomers from the sign at 290 nm given by a CD detector [41].

A similar approach is possible with a polarimetric detector, being aware of the

meaning of the sign obtained as outlined in the previous paragraphs. Indeed, a

wrong configuration can be deduced, as in the case of Lao and Gan [42], who in

2012 studied the enantioselective degradation of warfarin in soils. They separated

warfarin on a CSP with an n-hexane/2-PrOH/TFA (92/8/0.1) mobile phase; the sign

of rotation of the resolved enantiomers was determined by an on-line ALP at

675 nm and an (S) configuration was assigned to the (�) sign. However, as we

noted in Sect. 2.2.4, and checked, the (S)-enantiomer is (+) in this mobile phase.

(S)-Warfarin is typically described with a (�) sign in the literature, in reference to

the first reported specific rotation measured in NaOH (0.5 N) [29].

One of the advantages of the polarimetric detector is the ability to work with a

very small amount of sample, less than 1 mg, and with mixtures. Thus, heterocyclic

atropisomer absolute configurations have been determined by analysing mixtures

obtained through a chemical interconversion method associated with chiroptical

detection [43].

2.3.2 From On-line Circular Dichroism Spectra

An experimental CD spectrum can be recorded with CD detectors if the flow is

stopped when a chiral molecule is in the cell. The first stopped-flow measurements

were performed by Mannschreck in 1991 [44] and this technique is still used,

particularly by Bringmann [45, 46]. With this method, the spectrum is obtained

without having to collect the pure enantiomers and therefore it can be very useful

for relatively unstable compounds. The use of electronic CD for the determination

of absolute configuration is beyond the scope of this chapter, but has been recently

reviewed by Bertucci and Tedesco [47].
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2.4 Determination of Enantiomeric Excess

2.4.1 From a Partial Separation on a Chiral Stationary Phase

In the early years of chiral chromatography, CSPs were few and not very efficient, so

overlapping peaks were often observed. Chiroptical detectors were then very useful to

exploit these poor separations. Techniques for deconvolution of overlapping peaks

have been used to determine ee from partial separations, and their accuracy was

studied [48]. Nowadays, the performances of the numerous available chiral selectors

allow baseline separation for all pairs of enantiomers if these are sufficiently stable.

Deconvolution is therefore no longer useful in analytical chromatography to measure

ee. However, the main interest remains in preparative separations [49] to collect

enantiopure fractions [50]. Upon preparative separations, peak overlap is a conse-

quence of high sample loading, and deconvolution of the chiroptical signal is a way to

increase productivity [51].

2.4.2 On an Achiral Stationary Phase

On an achiral stationary phase, enantiomers are not differentiated: while the

racemate gives no signal with chiroptical detection, an enantio-enriched sample

provides a single peak (see self-disproportionation for exceptions), whose area is

proportional to its optical purity. This method is similar to the direct use of

polarimetry to measure optical purities, with the same requirements and drawbacks

[52]. In the case of the Horeau effect [53], the optical purity is different from the ee

due to nonlinear effects. The maximum specific rotation of the targeted compound

must be known with certainty. Reference samples of known ee and a second method

of detection giving the sum of the two enantiomers are required to make a calibra-

tion, i.e. to correlate the two areas obtained and ee. The first reports concerned the

ee determination for permethrinic acid pentafluorobenzyl ester [54], epinephrine

[55], pyrethroids [56] and amino-acids [57]. This type of dual detection as UV/CD

or RI/polarimetry has limitations, especially when the chiroptical signal intensity is

weak, and for the determination of high ee [58]. The method was proven to be less

accurate than HPLC on CSP [59], but ees up to 99% have been determined for

L-hexose during reaction monitoring using RI/polarimetry detections [60]. Sensitivity

improvements of a CD detector by filter addition were used [61], but calibration and

tests to validate the method are quite long compared to the development of a new

method on a CSP. Articles with precise determination of ees on achiral columns have

been written or sponsored by the suppliers of chiroptical detectors on particular cases.

This method however does not in fact yield adequate sensitivity for pharmaceutical

enantiomeric purity determinations [34].

The dual detection method has proven its interest and its efficiency in areas where

the accuracy of the ee determination is not the main aim. For high-throughput

analysis, the use of chromatography on achiral support with a chiroptical detector

informs on the enantiopurity of the mixture components. Thus, high-throughput
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screening of enantioselective catalysts [62] and investigations in organic reaction

discovery by high-throughput experimentations [63] can be optimized. Obviously,

care should be taken regarding the risks of overlapping peaks with other chiral

components of the respective mixture such as catalysts, ligands or by-products and

nonlinear responses of the chiroptical signal, owing to aggregation of some

compounds. The same principle can be applied to the detection of conglomerates

by chromatography on achiral support [64].

2.4.3 From Complex Mixtures

By definition, achiral molecules are not sensed by chiroptical detectors and it may be

worthwhile to simplify an analysis by hiding all achiral products. Examples are

described on achiral support, with the detection by polarimetric detector of sugars in

human urine [18], and on CSPs, with the quantitation of the enantiomers of lorazepam

in human plasma by CD detectors [65]. Chiral signatures in essential oils,

i.e. polarimetric traces with peaks of the major chiral components, obtained with a

polarimetric detector on a CSP, were recently proposed to study the enantiomeric

diversity in essential oils [66].

2.5 Determination of Elution Order

The use of chiroptical detectors to determine enantiomeric elution order on CSPs

seems quite easy by direct comparison of the observed signs, but the dependence of

the signal on the experimental parameters should be kept in mind. True reversals of

elution order are observed if the different analytical conditions do not affect the sign

given by the chiroptical detector. Conversely, apparent reversals of elution order

are observed when the observed sign is reversed with the analytical conditions for a

given absolute configuration [67].

Direct comparison cannot be made for different compounds: even for analogs,

CD spectra and specific rotation may change. For instance, by monitoring the

enantiomeric elution order of fluoxetine, miconazole and analogs on Chiralcel

OD with a CD detector at 280 nm and recording their CD spectrum, Cirilli et al.

clearly explained that the apparent reversal of elution order established by on-line

CD at 280 nm for the first eluted enantiomer, (+)CD280-(S)-miconazole and

(–)CD280-(S) for analog, was only due to an inversion of the Cotton effect [68].

Using the same mobile phase, for the same compound and detector obviously,

signs can be compared directly. In practice, many different mobile phases can now be

screened with the widespread immobilised polysaccharide based CSPs and the sign

may depend on the mobile phase modifier. The chiral HPLC separation of the

enantiomers of 1-methyl-5-phenyl-5-propylbarbituric acid on Chiralpak IB moni-

tored by a Chiralyser demonstrates that the (R)-enantiomer is (+) in n-hexane/2-PrOH
(9/1) mixture but (�) in n-hexane/THF (9/1) [69]. So the effect of the mobile phases

should always be tested [70], especially when the chiroptical signal is weak [37].
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The reported examples emphasize how the deduction of the enantiomeric elution

order, solely based on the sign of the chiroptical detector, could lead to mistaken

conclusions. In case of doubt, the injection of a non-racemic mixture is required to

confirm the enantiomeric elution order [71].

3 Reversal of Enantiomeric Elution Order

Elution order is difficult to control in chiral chromatography. Reversal of elution

order can be obtained by switching the absolute configuration of the chiral selector,

but it is only possible for molecular CSPs available in their two enantiomeric forms.

The main objective of this section is to deal with unusual reversal of elution order,

i.e. unexpected, astonishing and not easily explainable reversals.

3.1 Reversal of Enantiomeric Elution Order
Due to the Chiral Stationary Phase

3.1.1 Case of Different Chiral Selector

It is obvious that different chiral selectors generate different recognition mechanisms

and there is no reason why two different chiral selectors give the same elution order.

However, study of the recent literature shows that the assignment of the absolute

configurations from elution order by chromatography is sometimes incorrect because

the authors did not compare the same CSPs, particularly in the area of asymmetric

catalysis [72]. That is why we stress on this trivial point.

Reversals of elution order have been reported on molecular CSPs: for α-amino-

esters from tyrosine based CSP to phenylglycine based CSP [73]; on cyclodextrins

[74]; on glycopeptides: for dansyl-aminoacids, L-enantiomers are eluted first on

vancomycin and teicoplanin, but second on ristocetin [75]; on polysaccharide

esters: for trans-1,2-diphenylcyclopropane from triacetyl to tribenzoyl cellulose

[22]; on polysaccharide carbamates: for naringenin from Chiralcel OD-H to

Chiralpak AD-H [41]. Reversals of elution order from Chiralcel OD-H to Chiralpak

AD-H, cellulose and amylose tris(3,5-dimethylphenyl)-carbamate, respectively,

may occur [76], but it is not a general rule.

3.1.2 Case of CSP Based on Similar Chiral Selector

This section deals with CSPs prepared from chiral selectors similar in structure but

with different packing: coating, bonding or immobilization on silica for instance.
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The quality of the silica has an impact on the performance of the column, but may

also lead to a reversal of elution order. Nebivolol, a β-blocker, has opposite enantio-
meric elution orders on Chiralpak AD and Chiralpak AD-RH, with 2-PrOH as mobile

phase [77]. These two columns are based on the same amylose carbamate, but are

coated on silica with different granulometry and hydrophobicity. According to the

supplier, in reversed phase, the same chiral selector as found in the normal phase is

coated on a hydrophobic high quality silica support. Influence of the silica has also

been recently highlighted by a reversal of elution of the diastereomers, α- and

β-thujone, on Whelk-01, depending on the characteristics of the silica used: spherical

or Kromasil [66]. We have also found a reversal of elution order for binaphthol

enantiomers on chiral columns coated with the same amylose carbamate chiral

selector, namely Regispack and Chiralpak AD-H (Fig. 7a). The polarimetric trace

shows the reversal unambiguously due to the silica characteristics, coating method of

polysaccharide or packing process.

In the case of polysaccharide derivatives, the solvent used for the coating on

silica plays a significant effect on the enantioselectivity of CSPs. Francotte showed

that the enantiomeric elution order can be reversed depending on the solvating

agent of the polymer used before its precipitation in n-hexane. For substituted

1-phenylethyl benzoates, elution orders were opposite using dichloromethane or

nitrobenzene to dissolve cellulose tris(3-methylbenzoate) before coating [78].

The way the chiral selector is associated with silica is also an important

parameter. Thus, Doyle et al. illustrated the difference between ionic and covalent

CSP by a reversal of elution order on a poor separation (α ¼ 1.03 in both cases) of

(3,5)-dinitrobenzoyl amide of 1-phenyl-2-aminopropane, on (R)-N-(3,5-dinitro-
benzoyl)-phenylglycine ionically or covalently bonded. In the ionic column, the

CSP is bound to the silica through an ion pair between the carboxylate of

phenylglycine and the protonated nitrogen of the amino-propyl-silica [79].
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Fig. 7 Polarimetric traces (OR-1590): (a) for binaphthol, with n-hexane/2-PrOH (95/5), at 40�C,
on Regispack at 2 mL/min and on Chiralpak AD-H at 3 mL/min; UV chromatograms and

polarimetric traces (OR-1590); (b) for binaphthol on Chiralpak AD-H and on Chiralpak IA,

with n-hexane/2-PrOH (95/5), at 1 mL/min and 25�C; (c) for (7) on Chiralpak AD and on

Chiralpak IA, n-hexane/2-PrOH (9/1), 1 mL/min, 25�C
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Switching from a coated chiral selector to a bonded (or immobilised) chiral

selector leads to change in chiral recognition mechanisms because the chiral selector

has to be modified to be bonded on silica. A spacer (alkyl or other) has to be

introduced on the initial chiral selector and alters its conformation, resulting in

modification of the enantioselectivity. Rigorously, it is not the same chiral selector.

Examples were given on glycopeptides CSP; dansyl aminoacids have opposite

enantiomeric elution orders on a chemically bonded vancomycin column or on a

CSP prepared by dynamic coating of a monolithic reversed-phase HPLC columnwith

a vancomycin-derivative as chiral selector [80]. For polysaccharide, immobilised

CSPs have been introduced for cellulose and amylose (3,5-dimethylphenyl)-carba-

mate. In the coated version (Chiralcel OD and Chiralpak AD), the substitution degree

of cellulose or amylose is 3, while in the immobilised version (Chiralpak IB and IA)

the substitution degree is lower than 3, because some hydroxy groups of the glucose

units are not substituted by carbamate but used for the bonding to silica. So these

chiral selectors are different, as proven by the reversal of elution order obtained for

atropisomer (7) [81] and binaphthol between Chiralpak AD and Chiralpak IA. Using

the same mobile phase, polarimetric detection shows clearly the different elution

orders (Fig. 7b, c). Opposite elution orders have also been reported between

Chiralpak IB and Chiralcel OD-H for ten barbiturates [69].

3.2 Reversal of Enantiomeric Elution Order Due
to Experimental Parameters on the Same CSP

According to the literature, almost all chromatographic experimental parameters

can induce a reversal of enantiomeric elution order. Several articles have dealt with

the influence of a parameter for the separation of a particular compound on a given

CSP. Recently, Chankvetadze has reported an impressive study with reversals of

enantiomeric elution order for Fmoc-isoleucine on Lux-Cellulose-1, depending on

the content of the polar organic modifier of the mobile phase, the temperature and,

for the first time, the acidic modifier content in the mobile phase [82]. We present in

this section the parameters that have led to the observation of reversals of enantio-

meric elution order in literature.

3.2.1 Influence of Mobile Phase Modifier

The influence of the mobile phase modifier has been shown on protein based CSP

when acetonitrile replaces an alcohol. Indeed, a change from 1-PrOH to acetonitrile

leads to reversal of elution order for enantiomers of clevedipine and of its

hydrolysed analog on a Chiral-AGP column [83]. In the same way, on Ultron

ES-OVM, a change in organic modifier from ethanol to acetonitrile causes a

reversal of elution order for the cis-(2S,4S) and cis-(2R,4R) enantiomers of the
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ketal tosylate intermediate of azalanstat [84] and for propanolol propyl ester

enantiomers [85]. For propanolol n-pentyl ester, the same enantiomeric elution

order is observed using ethanol, 2-PrOH and acetonitrile, but use of methanol

results in the opposite [85].

One example is also described on a molecular CSP, based on a dinitrobenzoyl-

tyrosine derivative, the elution order of different dinitrobenzoyl amino-esters is

reversed from the mixture n-hexane/ethanol (85/15) to n-hexane/chloroform
(35/65) [73].

All other reported reversals of enantiomeric elution order with the mobile phase

modifier concern polysaccharide based CSPs. On Chiralcel OB, 19 different alcohols

in n-hexane were tested for the separation of methyl 2-phenoxypropanoate

enantiomers, which gave the opposite elution order according to the authors; but

this case may be doubtful because the elution order was monitored by the sign from a

polarimetric detector without checking that the sign was not reversed by the change

of mobile phase [86]. On another cellulose ester, Chiralcel OJ, pyriproxyfen

enantiomers show both elution orders depending on the 14 alcohols used as modifier

in n-hexane [87, 88]. The absence of alcohol in the mobile phase may also lead to

elution order reversal, such as for trans-chlordane separated on Chiralcel OD in pure

n-hexane or with 1% of 2-PrOH in n-hexane [37]. When the mobile phase modifier is

changed from ethanol to 2-PrOH, by HPLC, the enantiomeric elution order is

reversed for binaphthol on Chiralcel OD [89], for 3-(4-fluoro)phenyl-4-benzyl-2-

morpholinone on Chiralpak AS [90], and on Chiralpak AD, for omeprazole (from 2-

PrOH or 1-PrOH to methanol or acetonitrile too in this case) [71, 91], nebivolol

(from 2-PrOH or butan-1-ol to methanol, ethanol or 1-PrOH too) [77], morpholine

derivatives [90], N-[2-hydroxy-2-pyridin-3-yl-ethyl]-2-(4-nitrophenyl)acetamide and

its amino analog [76] and linezolid [92]. In the case of “pineno” fused terpyridyl

ligands [93], ethanol, 2-PrOH, 1-PrOH and tert-butanol give the elution order

opposite to that given by 1-butanol, 1-pentanol or 1-hexanol. On home-made amylose

tris-(3,5-dimethylphenyl)-carbamate, the alcoholic modifier changes the elution order

for diniconzole, uniconazole, paclobutrazol and their analogs [70]. In normal phase

HPLC, methanol can be used in a mixture with ethanol, so on Chiralpak AD the

enantiomeric elution order for ibuprofen and mandelic acid can be reversed when the

polar alcohol modifier in isohexane, 2-PrOH, is replaced by a mixture methanol/

ethanol (2/1) [94]. By SFC, the reversal is obtained from 2-PrOH to methanol for

omeprazole (from 2-PrOH to ethanol too) [71, 95], naproxen, ibuprofen and

ketoprofen [96]. The reversals of elution order observed on Chiralpak AD can usually

be reproduced on Chiralpak IA, its immobilised version, as for omeprazole

[71]. The number of solvents usable on Chiralpak IA is much larger and increases

the probability of observing reversals, switching from 2-PrOH to THF in n-hexane, or
from 100% ethanol to 100% ethyl acetate for example [97].

Such reversals of enantiomeric elution order are illustrated in Fig. 12 for

compound (1): on Chiralpak AD-H, by HPLC, with 50% of alcoholic modifier

in n-hexane, (S)-(1) is eluted first with ethanol and second with 2-PrOH, but also

1-PrOH, butan-1-ol, butan-2-ol, tert-butanol, 3-methyl-1-butanol, 4-methyl-2-

pentanol, while, by SFC, with 25% of co-solvent (S)-(1) is eluted first with
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methanol and ethanol and second with 2-PrOH. A similar effect is observed for

binaphthol, by SFC at 40�C with 20% of alcohol: (R)-binaphthol is eluted first with
methanol and 2-PrOH and second with ethanol (Fig. 13). The steric bulk of the

alcohols has often been cited to explain these reversals [87], but from all these

examples it appears that there is no clear rule for predicting the influence of

alcohols. A majority of described reversals occur on chiralpak AD but we cannot

know whether this observation is due to a characteristic of this CSP or to its

widespread use in laboratories.

The elution order may be affected by the proportion of organic modifier in the

mobile phase. Some cases are reported in the literature: for amino acids dependent

on the acetonitrile content of the eluent on copper(II)-D-penicillamine chiral

stationary phase [98], for metoprolol analog with the 1-PrOH ratio on Chiralcel

OD [99], for methyl N-Boc α-methyl (4-bromo)-phenylalaninate on Chiralpak AD

from 20% ethanol in n-hexane to 1% ethanol [100] and on Chiralpak IA dependent

on the 2-PrOH content for naproxen [101] and for binaphthol with 3-methyl-1-

butanol [102] or with 2-PrOH (Fig. 8). In the latter case, the reversal of elution order

is monitored by a polarimetric detector. (R)-Binaphthol, which gives a positive sign
in the three mobile phases used, is eluted second with 5% of 2-PrOH and first with

30%. This type of reversal is not often observed because decreasing the ratio of

organic modifier leads to very long retention times.

3.2.2 Influence of Mobile Phase Additives

Additives are sometimes added in the mobile phase to elute basic or acidic

compounds. Acids, bases or both are mixed with the eluent in amounts ranging

from 0.01 to 1 vol.%. Use of acid additives may affect the elution order; thus it is
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Fig. 8 UV and polarimetric traces (OR-1590) for binaphthol, on Chiralpak IA, at 35�C: (a) n-
hexane/2-PrOH (95/5), at 2 mL/min; (b) n-hexane/2-PrOH (9/1), at 2 mL/min; (c) n-hexane/2-
PrOH (7/3), at 0.5 mL/min
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reversed for a metoprolol analog on Chiralcel OD when acetic acid (25 mM) is

present [103]. In a few reported cases the nature and the ratio of these additives

induce a reversal of enantiomeric elution order. On Lux-Cellulose-2 and

Lux-Cellulose-4, (R)-ropivacaine is eluted before (S)-ropivacaine when using

acetonitrile with 0.1% DEA and 0.1% formic acid (FA) as mobile phase, but the

opposite elution order is obtained when formic acid is replaced by trifluoroacetic

acid [104]. The formic acid ratio may also be an important parameter: on

Lux-Cellulose-1, D-Fmoc-isoleucine is the first enantiomer eluted in n-hexane/2-
PrOH (85/15) with 0.1% FA but the second with 0.5% FA [82]; on Lux-Cellulose-

2 and Lux-Cellulose-4, with acetonitrile and 0.1% DEA as eluent, (R)-amlodipine

eluted first with FA ratio lower than 0.02% and 0.035% respectively, but second at

higher FA concentrations [105, 106], although this behaviour is not noted for other

dihydropyridines tested. The influence of water contained in the eluent has also

been pointed out on Chiralcel OD for a metoprolol analog: going from 0.2 to 1.6 g/L

of water in n-hexane/2-PrOH (75/25) with DEA (10 mM) results in a reversal of

enantiomeric elution order [99, 103].

3.2.3 Reversal Between SFC and HPLC

The apolar solvent may also affect the elution order, as illustrated by the reversal

observed for binaphthol between SFC and HPLC techniques (Fig. 9): other experi-

mental parameters being equal (temperature, percentage of alcohol), (R)-binaphthol
is eluted first by HPLC with n-hexane and second by SFC with carbon dioxide.
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OH

OH
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CD 254 nm
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Fig. 9 UV and CD traces (CD-1595) at 254 nm for (R)-enriched solution of binaphthol, with 20%
of ethanol, at 40�C, on Chiralpak AD-H: (a) by HPLC, n-hexane/ethanol (8/2), at 1 mL/min; (b) by

SFC, CO2/ethanol (8/2), 4 mL/min, outlet pressure ¼ 120 bars
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3.2.4 Influence of the Injected Amount

On microcrystalline cellulose triacetate, two atropisomers, 3-(2-propylphenyl)-4-

methyI-4-thiazolin-2-one and its thiazolinethione analog, show reversal of elution

order when the amount of sample injected is increased from 2 to 16 mg [107], so

that the enantiomer separation is lost for a given quantity. This is the only example

described from analytical scale to preparative scale. Nowadays, this behaviour will

be difficult to detect because the loading capacity studies are usually done gradually

and stopped when the separation is lost. Compounds with such isotherms [108] are

interesting for preparative purposes by sequential injections.

3.2.5 Influence of pH

On protein bonded CSPs, OVM and Chiral-AGP, the enantioselectivity of the

separation of propanolol and its ester derivatives varies with the pH. It is possible

to reverse the elution order by changing pH in the range 3–6.9 [109, 110]. Likewise,

the enantiomeric elution order of mosapride and its main metabolite can be

controled by the mobile phase pH on Chiral-AGP: pH was varied between 4.2

and 7.4 and the reversal of elution order occurred at 6.9 [111].

3.2.6 Influence of the Temperature

In chromatography on a chiral support, enantioselectivity α is related to the difference
between the free energy of adsorption of both enantiomers, according to (1). The

retention factors for each enantiomer, kR and kS, are dependent on enthalpy and

entropy adsorptions on the chiral support, ΔHR and ΔSR for the (R)-enantiomer, as

shown in (2).

Equation 1. Relationship between thermodynamic parameters for the adsorption

process of enantiomers onto CSP and chromatographic parameters, β is the column

phase ratio.

ΔΔG ¼ �RT ln α; (1)

ln kR ¼ �ΔHR

RT
þ ΔSR

R
� ln β; (2)

Tiso ¼ ΔHR � ΔHS

ΔSR � ΔSS
: (3)

Accordingly, a temperature exists at which ΔΔG ¼ 0 (kR ¼ kS). This tempera-

ture, called isoenantioselective temperature or isoelution temperature in older articles

(Tiso, (3)) [112], was predicted by Davankov [113] and Schurig [114], and first

observed [115, 116] and then studied in gas chromatography, mainly by Schurig
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[117]. The Van’t Hoff plot, i.e. the line obtained by plotting the natural logarithm of

the retention factors against the reciprocal of temperature (in Kelvin), can be drawn

for each enantiomer, after collecting data at different temperatures (Fig. 15). The

relationship between ln k and 1/T is linear ifΔH andΔS are temperature independent,

if enantiomer retention results from a single associative mechanism [112] and if the

experimental data are very accurate. The crossing of the lines obtained for both

enantiomers should give the isoenantioselective temperature. However, if the tem-

perature range is extended, Tiso predicted by such extrapolation may be inaccurate

[118]. Moreover, linear plots seem difficult to observe in SFC [119], because ΔH is

dependent on fluid density, and thus on temperature, because the critical temperature

is crossed [120] or because of variation of the column phase ratio β [121]. If the

surface of the chiral support is not homogeneous, this approach does not give a

correct estimate of the thermodynamic parameters [122].

For each enantiomer separation it is possible to reverse the elution order beyond

Tiso. As the temperature range used for chiral chromatography is usually narrow,

between 10�C and 50�C, Tiso is often unreachable, but has been seen in some cases

by the observation of isoelution and/or reversal of elution order. The first report

in chiral chromatography by Pirkle in 1993 [123] dealt with the separation

of N-(3,5-dinitro-benzoyl)-α-phenylethylamine enantiomers on a proline based

molecular CSP: with n-hexane/2-PrOH (8-2) as mobile phase, (R)-enantiomer

was first eluted at 30�C, but was second eluted at �25�C; Tiso is 0�C in this case.

Pirkle has also shown the influence of the eluent, since Tiso is 25
�C in n-hexane/

ethanol (8/2), higher than 27�C in methanol/water (7/3) and lower than �25�C in

n-hexane/dichloromethane (1/1). In one article, extreme experimental conditions

were used in SFC, the temperature ranging between �10�C and 190�C with an

outlet pressure of 300 bars, in order to observe reversal of enantiomeric elution

order for two original molecules on Whelk-O1, with Tiso of 70�C and 150�C
[120]. On the same molecular CSP, di-(3,5-dinitrophenyl)-carbamate of trans-
1,2-cyclohexanediol and trans-1,2-cycloheptanediol have reversed elution order

in the mobile phase chloroform/methanol (99/1) between 25�C and 85�C with

Tiso around 65�C, but (S,S) enantiomer remains the first eluted in this temperature

range with 15% of acetonitrile or 25% of ethyl acetate in chloroform [108]. For

sotalol enantiomers, on an immobilized cellobiohydrolase Chiral-CBH, by increas-

ing the temperature from 5�C to 40�C the retention time of the (S)-enantiomer

rapidly decreases while the retention of the (R)-enantiomer is only slightly affected,

resulting in a reversal with Tiso around 28�C [124]. On polysaccharide based CSP,

reversals of enantiomeric elution order were reported for ketoprofen and naproxen

by SFC on Chiralpak AD between �15�C and 30�C [96]; for binaphthol on

Chiralpak IA between 10�C and 50�C [125]; for 1-(naphthylethylamino)methyl-

2-naphthol analog on Lux-Cellulose-1 with Tiso ¼ 20�C [126]; for Fmoc-isoleucine

on Lux-Cellulose-1 with Tiso ¼ 20�C [82]. The reversal of elution order for

binaphthol on Chiralpak IA with n-hexane/2-PrOH (9/1) is illustrated in Fig. 10:

at 15�C, (R)-binaphthol, which gives a positive sign with polarimetric detection, is

first eluted; Tiso is reached at 30�C; at 60�C, (R)-binaphthol is eluted second.
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3.2.7 Two-Dimensional Reversal of Enantiomeric Elution Order

The two main parameters prone to reverse an elution order on a given CSP are the

temperature and the mobile phase. We have monitored with polarimetric detection

the reversal of elution order of binaphthol enantiomers on Chiralpak IA, by varying

the temperature from 15�C to 60�C and the content of 2-PrOH in the mobile phase

from 5% to 30%. Polarimetric traces for this two-dimensional reversal of enantio-

meric elution order are depicted in Fig. 11. For n-hexane/2-PrOH (8/2) mobile

phase, (R)-binaphthol is eluted first until 40�C and second beyond 50�C. With

increasing temperature, retention times decrease, the intensity of the polarimetric

signal increasing at first because peaks are thinner, then decreasing because the

separation is gradually lost. At Tiso, around 45
�C, the signal is weak and above Tiso,

the signal starts to increase again but with opposite elution order. So Tiso can be

directly determined from the absence of polarimetric signal: 30�C with 10% of

2-PrOH, 45�C with 20% and around 52�C with 30%. Obviously, with a UV or RI

detector, a single peak is obtained for both enantiomers between 30�C and 55�C;
this range has been named “temperature-induced blind zone in chiral recognition, in

which enantioseparation could not be obtained” by Weng and co-workers [101,

102, 125]. Obviously chiroptical detection reveals this so-called “blind zone” which

does not exist anymore.

By SFC, a similar study was carried out by varying the temperature and the

alcoholic co-solvent with an (R)-enriched solution of binaphthol to highlight the

reversal of elution order and the isoenantioselective temperature. With 20% of

co-solvent, Tiso ¼ 60�C with methanol and 2-PrOH and Tiso ¼ 20�C with ethanol,

reversal of elution order is obtained at 40�C switching from methanol or 2-PrOH to

ethanol (Fig. 14, lines a, c and e).
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Chiralpak IA with hexane / 2-PrOH (9/1)
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Fig. 10 UV at 254 nm and polarimetric traces (OR-1590) for binaphthol, on Chiralpak IA,

n-hexane/2-PrOH (9/1), at 1 mL/min: (a) 15�C; (b) 30�C; (c) 60�C
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3.3 Unusual Phenomena with Mixtures of Co-solvents

Reversed enantioselectivities (ksecond eluted enantiomer/kfirst eluted enantiomer) observed

using different co-solvents or organic modifiers lead us to look at chromatographic

behaviour in the case of co-solvent mixtures. Very few studies of the influence of

co-solvent mixtures on the enantiorecognition have been published. This type of

ternary mixtures of solvents, apart from acidic and basic additives, is sometimes

described in the literature for improving the solubility of a compound in the mobile

phase or to decrease retention times. Particularly, on immobilised polysaccharide

CSPs, the addition of chloroform is often used to solubilize racemates in the mobile

phase [127–129]. The absence of alcohol in the mobile phase can prevent the

elution, so alcohol is often added, even in small amount (1–5%). In HPLC,

immiscibility of methanol in n-hexane explains the reason why the addition of

ethanol is required to obtain a unique phase.

On Chiralpak AD, reversals of elution order are observed for ibuprofen and for

mandelic acid when 2-PrOH, the organic modifier in isohexane, is replaced by

methanol/ethanol (2/1) [94]. The influence of methanol addition in n-hexane/2-
PrOH mobile phase was discussed on Chiralpak AD [91]: for timoprazole, methanol

addition increases the retention of the second enantiomer and, accordingly, enantios-

electivity, while for omeprazole the addition of more than 4% of methanol reverses

the elution order. In SFC, addition of 10% 2-PrOH in methanol co-solvent improves

the enantioselectivity of omeprazole separation from 1.74 to 2.41 [71]. Again, on

Chiralpak AD the reversal of elution order for nebivolol between ethanol and 2-PrOH

was investigated by mixing both solvents in different proportions [77]: there is no

correlation between the enantiomer retention times and the ratio of 2-PrOH in ethanol

and the reversal of elution order is sudden, with 25% of 2-PrOH (SSSR)-nebivolol
eluted first, but secondwith 20%. Addition of chloroform in n-hexane/ethanol (85/15)
mobile phase for a dinitro-benzoyl amino-ester on a dinitro-benzoyl-tyrosine CSP

reverses the elution order, but also decreases the retention times [73]. Thus, there are

several possible behaviours whenmixing several co-solvents or organic modifiers that

are illustrated in several cases in the following paragraphs with mixtures of alcohols.

If we consider two different alcohols used as organic modifiers, leading to

separation of enantiomers with identical elution order for a racemate on a given

CSP, the expected behaviour when mixing these alcohols should be a separation

with the same elution order. This is true for the chiral separation of binaphthol on

Lux-cellulose-2; going from 20% ethanol to 20% 2-PrOH by addition of 5% of

2-PrOH results in a quite linear relationship between retention and ratio of 2-PrOH

(Fig. 12a). However, unexpected behaviour can occur, leading to separation loss or

separation with reversal of elution order. Examples are provided for binaphthol on

Chiralpak AD-H by SFC (Fig. 14): at 40�C, with methanol and 2-PrOH alone,

(R)-binaphthol is first eluted, but with an equal volume mixture of both alcohols, the

separation is lost; at 50�C, a small separation exists with 100% methanol and 100%

2-PrOH, but with the mixture the opposite elution order is obtained. Improvement

of enantioselectivity is possible, as for binaphthol on Chiralpak AD-H, with 20% of
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ethanol or 2-PrOH in n-hexane: enantioselectivity is 1.28 for both with the same

elution order, but jumps to 1.70 with the mobile phase n-hexane/ethanol/2-PrOH
(8/1/1) (Fig. 13b).

If we consider two different alcohols, giving no separation for a racemate on a

given CSP, we do not expect a separation when mixing these alcohols. However,

for binaphthol on Chiralpak AD-H by SFC at 60�C (Fig. 14) there is no separation

with methanol and 2-PrOH, but enantiomers are separated with their mixture (1/1).

If we consider two different alcohols used as organic modifiers, leading to

separation of enantiomers with opposite elution order for a racemate, the prediction

on a given CSP is tricky. If enantioselectivities are reciprocal, one can assume that

the separation will be lost with the mixture, as for binaphthol by SFC at 40�C
(Fig. 14): methanol and ethanol result in the separations with similar enantioselec-

tivities and opposite elution order, and there is no separation with methanol/ethanol

(1/1). This first approximation, that the retention factor for an enantiomer using a

mixture of solvents is proportional to the retention factor for this enantiomer in each

pure solvent and molar ratio of each solvent, is not a rule. Only three articles report

b
Chiralpak AD-H

CD 254 nm and 30°C

0 5 10 15

H/E 50/50

H/I 50/50

H/E/I 50/40/10

H/E/I 50/30/20

H/E/I 50/20/30

H/E/I 50/10/40

a
Lux-Cellulose-2

Polarimeter and 25°C

5 6 10 11
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MeO2C CO2Me

(1)

OH

OH

7 8 9

H/E 80/20

α = 1.33

H/E/I 80/15/5

α = 1.40

H/E/I 80/10/10

α = 1.53

H/I 80/20 α = 1.69

H/E/I 80/5/15

α = 1.66

Fig. 12 Effects of mixtures of alcohols in n-hexane: (a) polarimetric traces (OR-1590) for

binaphthol on Lux-Cellulose-2, 1 mL/min, at 25�C; (b) CD chromatograms (CD-1595) at

254 nm for (1), at 30�C, on Chiralpak AD-H; H: n-hexane, E: ethanol, I: 2-PrOH; blue: (R)-
enantiomer first eluted; red: (S)-enantiomer first eluted
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the determination of the point of reversal of the elution order [73, 77, 91]. In each,

the reversal is sudden, i.e. only a slight change in the mobile phase composition

causes the reversal. Such behaviour is illustrated in Fig. 12b; enantioselectivities

are quite similar when (S)-1 is eluted first with 0–10% 2-PrOH, and (R)-1 is eluted

first with 20–50% 2-PrOH: the reversal is sudden between 10 and 20% 2-PrOH. In

SFC, mixing methanol and 2-PrOH leads to a dramatic effect on retention for (R)-1
and on enantioselectivity (Fig. 13a): retention time of (R)-1 jumps from 2.3 min

(2-PrOH) and 5.4 min (methanol) to 11.7 min (methanol/2-PrOH 1/1). This impres-

sive and unusual improvement in enantioseparation of (1) kindles the interest in

testing mixtures of modifiers in screening stategies.

The use of alcohol mixtures may induce linear, antagonist or synergistic effects

on enantioselectivity. Even if these effects are not yet predictable, such unusual

phenomena may be interesting for a better understanding of chiral recognition

mechanisms.

b Chiralpak AD-H
polarimeter and 25°C

10 15 20 30

a
Chiralpak AD-H

CO2 with 25% of co-solvent

0 5 10 13

Methanol

2-PrOH
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M/I 50/50
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H/E 80/20 α = 1.28

H/E/I 80/15/5 α = 1.38

H/E/I 80/10/10 α = 1.70

H/I 80/20 α = 1.28

H/E/I 80/5/15 α = 1.52

Fig. 13 Synergistic effects when mixing alcohols: (a) CD chromatograms (CD-1595) at 254 nm

for (1) with mixtures of alcohol in n-hexane, at 30�C, on Chiralpak AD-H; (b) polarimetric traces

(OR-1590) for binaphthol on Chiralpak AD-H, 1 mL/min, 25�C. H: n-hexane, M: methanol,

E: ethanol, I: 2-PrOH; blue: (R)-enantiomer first eluted; red: (S)-enantiomer first eluted
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3.4 Reversal of Enantiomeric Elution Order to Study
Enantiorecognition Mechanisms

Authors who report reversals of elution order justify their observations by the

complexity of the chiral recognition mechanisms, particularly on polysaccharide

based CSPs, such as drastic conformational changes of the chiral selector, alteration

of chiral cavities, steric effect of organic modifier and variety of binding sites.

However, the observation of a reversal of enantiomeric elution order is not suffi-

cient proof to invoke different binding sites and major modifications in the enantio-

recognition mechanism or in the geometry of the diastereomeric complexes formed

between enantiomers and CSP. Reversal of elution order should always be studied

together with temperature dependence, and the isoenantioselective temperature

should be estimated. Indeed, there are two main cases when a reversal is observed,

when plotting ln k against 1/T, assuming that ΔH and ΔS are temperature indepen-

dent and that an isoenantioselective temperature exists. If we consider (R) and (S)
enantiomers separated on the same chiral selector, using two different chro-

matographic conditions A and B, the lines ln k against 1/T (blue for the (R)-
enantiomer and red for the (S)-enantiomer) can be drawn for each chromatographic

conditions (solid lines for A and dashed lines for B). The lines for each enantiomer

cross at the isoenantioselective temperature: Tiso(A) and Tiso(B) for the different

chromatographic conditions (Fig. 15). A and B chromatographic conditions may

differ by mobile phase (nature or content of the organic modifier, pH, water amount, . . .)
or by the preparation of the chiral selector (coating, immobilisation, packing, silica, . . .).
In Fig. 15a, elution orders are the same in the two chromatographic conditions at low and

high temperature, but between 1/Tiso(A) and 1/Tiso(B), reversal of enantiomer elution

order is observed. If the isoenantioselective temperatures are in an accessible range for

a

reversal
area

ln k

T

1

Tiso(A)

1

Tiso(B)

1

(R)

(S)

b
ln k

T

1

Tiso(A)

1

Tiso(B)

1

(R)

(S)

reversal
area

reversal
area

(R)

(S)(R)

(S)

Fig. 15 Theoretical Van’t Hoff plots for enantiomers (blue for the (R)-enantiomer and red for the
(S)-enantiomer) separated on the same chiral selector, using two different chromatographic

conditions A (solid lines) and B (dashed lines): (a) reversal of elution order between isoenantio-

selective temperatures; (b) identical elution order between isoenantioselective temperatures
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chiral HPLC or SFC (0–60�C), the reversal of elution order is experimentally reachable.

We are unable, a priori, to determine whether the gap between Tiso(A) and Tiso(B) comes

from a difference in chiral recognition mechanism, but we can assert that with Tiso(A)
around ambient temperature it is quite easy to find conditions to reverse the elution order.

This was done for binaphthol on Chiralpak AD-H and IA by changing temperature,

mobile phase and column (immobilisation, supplier) in this section. The first example

of multiple reversals of elution order, Fmoc-isoleucine on Lux-Cellulose-1 [82], is

another example of the same behaviour with Tiso(A) ¼ 22�C. Modifications of the

chromatographic conditions lead to slight change in the solvation of the diastereomeric

complexes, in conformations for the chiral selector or the solute, and so to a shift of the

Tiso. In Fig. 15b, elution orders are different in the two chromatographic conditions at low

and high temperature, but between 1/Tiso(A) and 1/Tiso(B) the same elution order can be

observed. This is the case for compound (1) by HPLC on Chiralpak IA with n-hexane/2-
PrOH (9/1); (R)-enantiomer is first eluted, Tiso is extrapolated to 160

�C, and on replacing
2-PrOH by ethanol, (S)-enantiomer is first eluted and Tiso is extrapolated to 99

�C, so the
reversal is before both isoenantioselective temperatures. By SFC, on Chiralpak AD-H

with 25% of co-solvent, the (S)-enantiomer is first eluted with methanol (Tiso around

105�C) and with methanol/2-PrOH (1/1) mixture (Tiso around 420�C), while the (R)-
enantiomer is first eluted with 2-PrOH (no influence of temperature between 30�C and

55�C). In the case of compound (1) we can highlight two different chiral recognition

mechanisms with 2-PrOH and with methanol or ethanol on Chiralpak IA and AD-H.

Estimation of the isoenantioselective temperature for a racemate on a CSP has

three main points of interest. First, to optimize a chiral separation it is interesting to

know whether the working temperature is above or below isoenantioselective

temperature, because below Tiso, the higher the temperature the worse the enantios-

electivity and above Tiso, the higher the temperature the better the enantios-

electivity. Second, if Tiso is around ambient temperature, it will be quite easy to

develop a method to reverse the elution order with accurate monitoring of the

parameters. Third, the reproducibility of a chiral separation will vary from one

laboratory to another if Tiso is around ambient temperature, particularly if the

temperature is not controlled or if the CSPs are not strictly identical.

4 Chiroptical Detectors to Study Exchange Phenomena

An exchange phenomenon occurs during chromatography if analytes undergo a

reversible reaction which alters their chirality (enantiomerisation, dimerisation . . .).
Dynamic chiral chromatography allows the study of the interconversion of

stereoisomers, while self-disproportionation is a consequence of homo- and

heterodimers or oligomers formation in the mobile phase.
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4.1 Dynamic Chiral Chromatography

Observation of the enantiomerisation of analytes during chromatography depends on

the enantiomerisation rate constants. If the enantiomerisation is fast, with a barrier to

enantiomerisation lower than 85 kJ/mol at 25�C, the enantiomers cannot be isolated

and neither separated by chiral chromatography. If the enantiomerisation is slow,

with a barrier to enantiomerisation higher than 105 kJ/mol at 25�C, the enantiomers

can be baseline separated by chiral chromatography and isolated. For a barrier to

enantiomerisation between 85 and 105 kJ/mol at 25�C, i.e. half-life between 43 s and
38 h at 25�C, it is possible to reveal enantiomerisation by selecting an adequate

analysis temperature in order to obtain a half life on the order of a few minutes.

The typical chromatogram for racemate, subject to an interconversion process taking

place inside the chiral column simultaneously with the chiral separation, shows a

plateau between two peaks. Chiroptical detectors give opposite signs for the peaks

and no signal for the plateau, as illustrated in Fig. 16 for the atropisomers (8) at 10�C.
Each peakwith a chiroptical sign corresponds to enantiomerswhich have not undergone

any enantiomerisation in the column and the plateau corresponds to molecules which

have undergone one or several enantiomerisations. At lower temperature the exchange

would be slowed down and both peaks baseline separated. The plateau height increases

and enantioselectivity decreases with temperature until coalescence of the two peaks

(Fig. 16, at 35�C). The intensity of the chiroptical signal decreases with temperature

because the amount of non-interconverted enantiomers decreases.

The first examples of dynamic chiral chromatography studies were performed by

Schurig for gas chromatography [130] and by Mannschreck for liquid chromatog-

raphy [131]. Such plateau chromatograms have been reported for different

enantiomerisation mechanisms: rotation about a hindered bond for heterocyclic

atropisomers [132], ring opening/ring closure for oxazepam [133] and torsion for

helicenes [134]. The polarimetric [133, 134] and CD [135] detectors have been used

to monitor dynamic chromatograms. Chiroptical detectors are useful to develop the

analytical method to observe a suitable plateau, by varying CSP, mobile phase,

temperature and flow-rate. Polarimetric signals have been deconvoluted [134] to

estimate enantiomerisation rate constants. Indeed, the main interest of dynamic

chromatography is to determine the barrier to enantiomerisation. Since the first

estimation from the chromatogram profiles [134, 136], Trapp has developed a

unified equation and software to calculate isomerisation rate constants [137–139]

and the influence of the stationary phase on the enantiomerisation kinetic has been

proven [140, 141]. For instance, the barrier to rotation of (8) was estimated at

85.3 kJ/mol in n-hexane/ethanol (8/2) from the UV chromatogram at 10�C.
Chiral dynamic chromatography is a versatile and now widespread tool

[142–152] for studying the enantiomerisation or diastereomerisation processes in

a domain of energies which was difficult or impossible to cover with dynamic NMR

or classical thermal enantiomerisation kinetics. Thermal or catalyzed interchanges

can thus be easily detected. In the field of dynamic stereochemistry [153], dynamic

chromatography is a complementary method to dynamic NMR and classical kinetic

thermal enantiomerisation, to determine the barrier to interconversion [154].
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4.2 Self-Disproportionation

Enantiomers are eluted with the same retention times on achiral stationary phases.

It is true when pure enantiomers are injected separately at the same concentration.

Whatever the association state as homo-dimer or homo-oligomer of a pure enantio-

mer, the other enantiomer will produce exactly the same result. Chiroptical detection

will show peaks with identical area and opposite sign. If the enantiomers in a racemic

mixture behave strictly independently without the formation of associated states at a

given concentration in an elution solvent, the retention of the racemate will be

identical to those of the pure enantiomers. Interestingly, the injection of a racemic

mixture might lead to different retention compared to the individual enantiomers. The

origin of such a difference arises from the occurrence of both homo- and heterodimers

(or higher order associations) when a racemate is involved. However, as expected, the

composition of the mixture all along the elution peak of a racemate is strictly

0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10

Chiralpak IA
Hexane / ethanol (8/2) N
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Fig. 16 UV (254 nm) and CD (275 nm) chromatograms (CD-1595) for (8), n-hexane/ethanol
(8/2), 1 mL/min, on Chiralpak IA, for different temperatures
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composed of the racemic mixture without any enrichment whatever the type of

associated states. In a racemate, a pair of enantiomeric homodimers can be formed

in equal amount while heterodimers will correspond to a “meso” form. Heterodimers

and homodimers are in a diastereomeric relationship and theymaymigrate differently

on an achiral support. However, at each point of the chromatographic process the

sample will be racemic due to the same migration of enantiomeric homodimers or

to the occurrence of heterodimer composed of the two enantiomers. Chiroptical

detection will be completely silent.

On the other hand, chromatography of a non-racemic mixture on an achiral

stationary phase may lead to “self disproportionation of enantiomers” [155, 156],

i.e. the enantiomeric composition of the elution peak of the mixture is not constant.

One may find in the literature a handful of examples [157–170] which were recently

reviewed [171, 172]. In general, a single peak is observed but the enantiomeric

composition strongly varies all along the elution profile. In some extreme cases, the

elution profile is composed of two distinguishable peaks without baseline separa-

tion; one shows a large increase of the ee while the other is approaching a racemic

composition. Fractions with 99% ee were isolated from a mixture having an initial

40% ee on regular silica gel column [173]. In most of the reported cases the elution

peak was divided into several successive fractions which were submitted to

enantioselective chromatography to determine the enantiomeric excess at each

point. It is thus possible to scan the actual self-disproportionation all along the peak.

On line chiroptical detection with a polarimetric or a CD detector is another way

to scan the enantiomeric composition of the eluted peak. This method is perfectly

suitable when HPLC columns are used but one can imagine that monitoring the

output flow from MPLC is also possible. The principle is to have dual detection,

e.g. UV and polarimeter or UV and CD. The use of a dual detection associating UV

and polarimetry has been described in only one paper which dealt with the separa-

tion of binaphthol enantiomers through achiral chromatography [174]. We have

reproduced the experiments performed on Lichrospher 100 NH2 column eluted with

chloroform. Figure 17 reports the chromatograms obtained with UV at 305 nm, CD

detector at 300 nm and polarimeter for injection of 10 μL of a 2-mg/mL solution for

(R), (R)-enriched and racemic binaphthol. It is clearly shown that the front of the

peak is mostly composed of the pure (R) form while the tail is almost racemic.

A signal probably due to an artefact is obtained for racemic binaphthol with

chiroptical detections. The same behaviour is obtained with injection of 20 and

80 μL, but a single peak is observed for injection of 2 μL of the (R)-enriched
sample.

The use of dual detection associating aUVorRI detectorwith a chiroptical detector

is probably a very rapid way to spot the occurrence of self-disproportionating

enantiomers during chromatography of a non-racemic mixture on achiral support.

In case of disproportionation, the two signals will not have the same shape.

Modelling of chromatographic behaviour of non-racemic compounds under

various conditions in achiral chromatography is generally done by simulation of

elution profiles using UV detection [175–179]. Simultaneous simulation of the

polarimeter or CD signals could provide a complementary useful and tutorial

description of the phenomenon.
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Chromatography of a non-racemic mixture on achiral stationary phases is a

common post-reaction purification of most asymmetric catalysis media or resolution

media before the determination of ee with the appropriate enantioselective chroma-

tography on chiral stationary phases. It turns out that during the purification step

particular attention shall be paid to collect the whole fraction of the non-racemic

mixture in order to obtain a true evaluation of the ee. As shown above, the ratio of

enantiomers may vary along the fraction containing the non-racemic mixture and thus

different ees may be monitored for different zones of collection. Many more

examples have probably been ignored during the chromatographic purifications of

non-racemic mixtures issuing from chirotechnologies. Chiroptical detection can

provide the answer.

5 Conclusion

Polarimetric and circular dichroism detectors are unique tools to differentiate

enantiomers by chiral HPLC and SFC. However, the performances of these detectors

depend on the chiroptical properties of the analytes: appropriate wavelength or range

of wavelengths must be chosen to obtain a relevant output signal. The chiroptical sign

given by the detector may serve to assign absolute configuration only after paying

attention to the influence of the mobile phase on the sign. Reversals of enantiomeric

elution order can thus be easily followed. These help in improving the knowledge of

chiral recognition mechanisms. Many experimental parameters, such as temperature,

mobile phase composition and column packing, may induce unusual and surprising

a ee (R) = 100%

polarimeter

Lichrospher 100 NH2
chloroform
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OH

OH
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Fig. 17 UV (305 nm), CD (300 nm) and polarimetric chromatograms on Lichrospher 100 NH2

(250 � 4 mm, 5 μm) eluted with chloroform, 1 mL/min, 25�C: (a) (R)-binaphthol; (b) (R)-
enriched binaphthol; (c) racemic binaphthol
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reversals. The temperature effect is thermodynamically explained and an isoenantio-

selective temperature exists in most cases, but is often difficult to reach in the

working temperature range of chiral chromatography.

Reversals of enantiomeric elution order should not be systematically explained

by different chiral recognition mechanisms involving diverse binding sites.

Isoenantioselective temperature should be estimated to reveal a reversal due to a

variation of this isoenantioselective temperature, caused by a slight modification in

the energy of the diastereomeric complexes formed between enantiomers and the

chiral selector.

Chiroptical detectors are essential to identify enantiomers in complex mixtures

or during exchange phenomena where enantiomers and racemic peaks overlap

while other detectors like UV or RI are inefficient in these cases. In particular,

chiroptical detectors may provide very useful data for the understanding of a subject

of growing interest, the self-disproportionation of enantiomers.
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Salient Features of Enantioselective Gas

Chromatography: The Enantiomeric

Differentiation of Chiral Inhalation

Anesthetics as a Representative

Methodological Case in Point

Volker Schurig

Abstract The enantiomeric differentiation of the volatile chiral inhalation

anesthetics enflurane, isoflurane, and desflurane by analytical and preparative gas

chromatography on various modified cyclodextrins is described. Very large

enantioseparation factors α are obtained on the chiral selector octakis(3-O-
butanoyl-2,6-di-O-pentyl)-γ-cyclodextrin (Lipodex E). The gas-chromatographically

observed enantioselectivities are corroborated byNMR-spectroscopy usingLipodexE

as chiral solvating agent and by various sensor devices using Lipodex E as sensitive

chiral coating layer. The assignment of the absolute configuration of desflurane is

clarified.Methods are described for the determination of the enantiomeric distribution

of chiral inhalation anesthetics during narcosis in clinical trials. The quantitation of

enantiomers in a sample by the method of enantiomeric labeling is outlined. Reliable

thermodynamic parameters of enantioselectivity are determined by using the

retention-increment R0 approach for the enantiomeric differentiation of various chiral

halocarbon selectands on diluted cyclodextrin selectors.

Keywords Absolute configuration � Chiral inhalation anesthetics � Enantiomer

labeling � Enantioselective gas chromatography � Enantioselective sensors �
Modified cyclodextrins � Retention-increment
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1 Introduction

There are a number of contemporary reviews available on the gas-chromatographic

separation of enantiomers on chiral stationary phases (CSPs) [1–5]. In the

present account, the various aspects of the technique will be illustrated via the

gas-chromatographic analytical and preparative enantioseparation of the chiral vola-

tile inhalation anesthetics enflurane, isoflurane, and desflurane on modified

cyclodextrins.

The use of inhalation anesthetics allows patients to undergo medical treatment

without distress and pain. They have changed the operating room from a chamber of

horrors, where patients felt and noticed everything, to a place in which medical care

is provided in a tranquil atmosphere [6]. Inhaled narcotics enter the brain and

induce profound sleep, passive state, muscle relaxation, and analgesia. Anesthetics

should have a rapid onset and a rapid recovery, returning the patient from a deep

hypnotic sleep to an awakened state, i.e., to resume “street fitness” as rapidly as

possible. At the same time the anesthetics should produce few or no side effects and

exit the body essentially unchanged [6]. Diethyl ether was described by Valerius

Cordus in the sixteenth century and its anesthetic properties were adopted in the

same century by Paracelsus. In 1842, Crawford Long in Jefferson used diethyl ether

as a surgical anesthetic [6, 7], while the dentist William T.G. Morton introduced it

at Massachusetts General Hospital at Boston in 1846 [8] (Fig. 1).

The “fluorine revolution” [9] enabled the introduction of new anesthetics into

medicinal practice such as enflurane (2-chloro-1,1,2-trifluoroethyl difluoromethyl

ether ¼ 2-chloro-1-(difluoromethoxy)-1,1,2-trifluoroethane), isoflurane (1-chloro-

2,2,2-trifluoroethyl difluoromethyl ether ¼ 2-chloro-2-(difluoromethoxy)-

1,1,1-trifluoroethane), and desflurane (difluoromethyl-1,2,2,2-tetrafluoroethyl

ether ¼ 2-(difluoromethoxy)-1,1,1,2-tetrafluoroethane) (Fig. 2) [6, 7, 10]. Isoflurane

is a structural isomer of enflurane and in desflurane the chlorine of isoflurane is
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substituted by fluorine. Halothane (2-bromo-2-chloro-1,1,1-trifluoroethane) will not

be treated here. The new achiral anesthetic sevoflurane (fluoromethyl-2,2,2-trifluoro-

1-(trifluoromethyl)ethyl ether) ¼ 1,1,1,3,3,3-hexafluoro-2-(fluoromethoxy)propane)

[7] and its chiral decomposition product “compound B” (2-(fluoromethoxy)-3-

methoxy-1,1,1,3,3-pentafluoropropane) will be addressed later on in this account.

As compared to diethyl ether, reduction in toxicity and flammability, resistance

to peroxidation, reduction or absence of metabolic conversion, increase in volatil-

ity, and potency guided the design of modern haloethers for anesthesia. Yet the

unintended introduction of a stereogenic center into the molecules and its impact on

enantioselective biological action has totally been ignored from the outset.

Although chiral inhalational anesthetics have been produced and administered as

racemic mixtures up to now, in vivo and in vitro studies have suggested differences

in their pharmacological properties notably for isoflurane [11, 12]. However, these

differences appeared not as striking as to warrant actions by legislative authorities

for the use of single enantiomers. Yet the study of enantioselective effects in

Fig. 1 Panel from amonument in Boston’s Public Garden commemoratingMorton’s demonstration

of diethyl ether’s anesthetic use at Massachusetts General Hospital in 1846 (private photograph)
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pharmacokinetics and pharmacodynamics may help to unravel the still unknown

pharmacological action of inhalation anesthetics. For this purpose, apart from

enantioselective synthetic approaches [9], the development of analytical and pre-

parative gas-chromatographic methodologies for the enantiomeric differentiation

of enflurane, isoflurane, and desflurane became essential [12].

2 Analytical Gas-Chromatographic Enantioseparation

of Enflurane, Isoflurane, and Desflurane

Owing to the lack of suitable functionalities, chiral haloethers are not amenable to

gas-chromatographic enantioseparation via hydrogen-bonding CSPs [13] or bymetal-

complex containing CSPs [14]. However, with the advent of modified cyclodextrin

CSPs, inclusion-type enantioselective GC became feasible and it soon emerged as

an important tool for the enantioseparation of almost each class of chiral compounds

[2, 15, 16]. Moreover, most chiral selectands are not required to be derivatized for

effective enantiomeric differentiation on cyclodextrin-derived selectors. For gas-

chromatographic enantioseparation using alkylated and/or acylated cyclodextrin

(CD) derivatives, two different approaches have been developed. (1) In order to

combine the enantioselectivity of modified cyclodextrins with the high efficiency

encounteredwith silicone stationary phases, permethylated β-cyclodextrinwas diluted
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Fig. 2 Molecular structures of modern chiral inhalation anesthetics
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in semipolar polysiloxanes (e.g., OV-1701) and then coated on glass [17] or fused

silica capillary columns [18]. Later on, permethylated β-cyclodextrin was chemically

linked to an apolar polydimethylsiloxane backbone to improve column performance

by yielding the CSP Chirasil-Dex [19]. The polymeric CSP can be immobilized via

thermal surface bonding on the inner capillary wall and a single capillary column

coated with Chirasil-Dex can be used in open-tubular enantioselective gas chromato-

graphy (o-GC), supercritical fluid chromatography (o-SFC), liquid chromatography

(o-LC), and capillary electrochromatography (o-CEC) in a unified multi-

chromatographic approach [20]. (2) Pentylated/acylated cyclodextrins are viscous

liquids at room temperature and they can be used as undiluted CSPs coated on glass

and fused silica columns [16, 21, 22]. In order to improve column performance, the

pentylated/acylated cyclodextrinswere later also diluted in polysiloxanes, e.g., octakis

(3-O-butanoyl-2,6-di-O-pentyl)-γ-cyclodextrin (Lipodex E) in OV-1701 [23]. It has

been demonstrated that the enantioseparation factor α is concentration-dependent

when modified cyclodextrins are diluted in polysiloxanes and it is not increased after

a threshold value of dilution [24]. Thus the diluted selector approach [17] nowadays

represents the method of choice of enantioseparation by GC using modified CDs.

At the outset, isoflurane has been enantioseparated by Meinwald et al. on a 25-m

fused silica capillary column coated with hexakis(2,3,6-tri-O-pentyl)-α-cyclo-
dextrin (column A) and on a 25 m Pyrex glass capillary column coated with

octakis(6-O-methyl-2,3-di-O-pentyl)-γ-cyclodextrin (column B) at 30�C [25]

using the undiluted selector approach of König [16]. Whereas isoflurane has been

enantioseparated on both columns, halothane could be enantioseparated only on

column A and enflurane only on column B [25]. Shitangkoon et al. enantioseparated

enflurane, isoflurane, and desflurane on 30 m � 0.25 mm i.d. fused silica capillary

columns coated with 0.25 μm thick films of undiluted 2,6-di-O-pentyl-3-O-trifluoro-
acetylated α-, β-, and γ-cyclodextrins [26], a CSP comprising of synthetic mixtures

of isomers and homologues [22]. Other commercially available pentylated and

hydroxypropylated cyclodextrins (Cyclodex) were also used as CSPs [26]. In a

subsequent study emerging from an industrial laboratory engaged in the production

of fluorocarbon anesthetics, various CSPs were tested for racemic enflurane,

isoflurane, and desflurane and related synthetic analogues [27]. Octakis(2,6-di-O-
pentyl-3-O-trifluoroacetyl)-γ-cyclodextrin and octakis(3-O-butanoyl-2,6-di-O-
pentyl)-γ-cyclodextrin (Lipodex E) were compared to probe the influence of

substitution at the 3-position of the CDs, whereas hexakis(2,3,6-tri-O-pentyl)-α-
cyclodextrin and heptakis(2,3,6-tri-O-pentyl)-β-cyclodextrin were tested to assess

the role of the cavity size [27]. In few cases exceptionally high enantioseparation

factors α were observed which could be correlated with the magnitude of chemical

shift differences between 1H- and 19F-nuclei of the enantiomers in the presence of the

modified cyclodextrins used as chiral solvating agents (CSA) in NMR spectroscopy

[27]. It was therefore suggested that the simple and inexpensive NMR experiment

could be used as predictive tool for proper CSP selection in enantioselective GC of

fluoroethers employing CDs [27].

By the diluted selector approach of Schurig and Nowotny [17], octakis(3-O-
butanoyl-2,6-di-O-pentyl)-γ-cyclodextrin (Lipodex E) [28] diluted to 40 wt% in
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polysiloxane OV-1701 (5% cyanopropyl–7% phenyl-dimethylpolysiloxane) (Fig. 3,

left) enantioseparated enflurane with α ¼ 2.16 and isoflurane with α ¼ 1.36 at 24�C
(Fig. 4, left) [29]. Due to the large enantioseparation factors α observed, very fast

enantioseparations within 30 s became feasible at elevated temperatures and higher

carrier gas velocities (Fig. 4, right) [29]. For the enantiomeric analysis of enflurane

by its enantioselective clathrate inclusion in tri-o-thymotide, a 25 m �
0.25 mm (i.d.) fused silica capillary column coated with 0.25 μm Chirasil-β-Dex
[19] has been used at �1 to 7�C [30]. The simultaneous analytical enantiosepara-

tion of enflurane, isoflurane and desflurane in 2.5 min has been achieved on a

25 m � 0.25 mm (i.d.) fused silica capillary column coated with 0.5 μm octakis

(3-O-butanoyl-2,6-di-O-pentyl)-γ-cyclodextrin (Lipodex E) in polysiloxane SE-54

and on a 10 m � 0.25 mm (i.d.) fused silica capillary column coated with

immobilized Chirasil-γ-Dex (Fig. 5) [31]. In Chirasil-γ-Dex the selector octakis

(3-O-butanoyl-2,6-di-O-pentyl)-γ-cyclodextrin (Lipodex E) [28] is chemically

linked via a monooctamethylene spacer to polydimethylsiloxane at the 6-O- and/or
2-O-position of CD (Fig. 3, right) [32].

Fig. 3 Left: Octakis(3-O-butanoyl-2,6-di-O-pentyl)-γ-cyclodextrin (Lipodex E) [28] diluted in

OV-1701 [31].Right: Octakis(3-O-butanoyl-2,6-di-O-pentyl)-γ-cyclodextrin (LipodexE) chemically

linked via an octamethylene spacer to polydimethylsiloxane to yield Chirasil-γ-Dex [31, 32]
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Fig. 4 Left: Analytical gas-chromatographic enantioseparation of enflurane and isoflurane.

6 m � 0.25 mm (i.d.) fused silica capillary column coated with 0.25 μm octakis(3-O-butanoyl-
2,6-di-O-pentyl)-γ-cyclodextrin (Lipodex E) in OV-1701 (40 wt%) at 24�C and 45 cm/s

dihydrogen [29]. Right: Rapid enantioseparation of enflurane at 60�C, 54 cm/s dihydrogen and

isoflurane at 26�C, 100 cm/s dihydrogen [29]

Fig. 5 Fast simultaneous gas-chromatographic enantioseparation of enflurane, isoflurane and

desflurane. 10 m � 0.25 mm (i.d.) fused silica capillary column coated with 0.18 μm immobilized

Chirasil-γ-Dex at 28�C and 40 cm/s dihydrogen [31]
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3 Preparative Gas-Chromatographic Enantioseparation

of Enflurane, Isoflurane, and Desflurane

The state-of-the-art of enantioselective preparative GC has been reviewed [33]. This

method is restricted to thermally stable and volatile compounds. Due to the absence of

liquidmobile phases as compared to LC, the recovery of the isolated enantiomers from

the gaseous mobile phase is straightforward when aerosol and mist formation is

prevented by using specially designed collection vessels [33]. The absence of an

isolation problem of separated compound from the solvent is especially beneficial

for volatile racemates like those of chiral inhalation anesthetics. However, preparative

enantioselective GC does not match the overwhelming success of preparative

enantioselective LC [34, 35]. The preparative GC method has only been successful

for racemates exhibiting enantioseparation factors α > 1.5 [33]. Preparative

enantioselective chromatography relies on a compromise between three variables:

(1) peak resolution (governed by enantioselectivity, efficiency and retention), (2) speed

of enantioseparation, and (3) chiral column sample capacity. Any of two desired

goals may only be achieved at the expense of the third. If a large sample throughput is

required in a short time, resolution must be high. However, if resolution is insuffi-

cient, either the column load is limited or the time of enantioseparation is long [33].

Interestingly, in the early development of enantioselective GC, packed columns

containing supported CSPs were employed for a hydrogen-bonding-type CSP [36], a

metal-complexation-type CSP [37], and an inclusion-type CSP [38]. In complexation

GC, semi-preparative enantioseparations at themilligram-scale have been reported for

spiroketals (among thempheromones) [14, 39]. The preparative invertomer separation

of 1-chloro-2,2-dimethylaziridine permitted the determination of chiroptical data, the

absolute configuration, and the inversion barrier at the stereogenic nitrogen atom

[40]. Large enantioseparation factors α were observed for the saturated hydrocarbons

cis- and trans-pinane on a mixture of α-cyclodextrin and formamide impregnated on

celite [38]. The preparative enantioseparation of camphene was subsequently realized

on a packed column [41].

With the advent of alkylated/acylated CDs as versatile CSPs for analytical

enantioseparations by GC (Sect. 2), their potential for semi-preparative enantiose-

parations of flavours, fragrances, and terpenoids was recognized. Micro-preparative

enantioseparations by GC on modified cyclodextrins have been achieved on thick-

film wide-bore fused silica capillary columns [42]. The enantiomers of 2 mg of

racemic methyl jasmonate were enantioseparated within 80 min on a 1.8 m � 4 mm

(i.d.) stainless steel column packed with 5 wt% heptakis(2,6-di-O-methyl-3-O-
pentyl)-β-cyclodextrin in polysiloxane OV-1701 (1:1, w/w) coated onto

ChromosorbW-HP (100–120mesh) at 120�Cand 0.4 bar helium [43]. The analytical

and semi-preparative enantioseparation of all-anti-trans-perhydrotriphenylene on

heptakis(2,3-di-O-acetyl-6-O-tert-butyldimethylsilyl)-β-cyclodextrin has also been
described [44], demonstrating that even a rather nonvolatile racemate exhibiting a

low enantioseparation factor α was amenable to semi-preparative enantioseparation

by GC.
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As human inhalation anesthetics enflurane, isoflurane, and desflurane exhibited

unprecedented high enantioseparation factors α on octakis(3-O-butanoyl-2,6-di-O-
pentyl)-γ-cyclodextrin (Lipodex E) (Fig. 5), their preparative enantioseparation

represented an attractive target [33]. The availability of sufficient amounts of single

enantiomers of the chiral haloethers was the prerequisite for medical trials and for

the determination of chiroptical data and their absolute configurations. The absence

of suitable functionalities precluded resolution of the racemates via diastereomers.

The liquid phase chromatographic enantioseparation on CSPs is hampered by the

difficulty in separating the volatile compounds from the liquid mobile phases.

Enantioselective GC was therefore the method of choice [33]. Two approaches

were advanced. (1) Racemic isoflurane was semi-preparatively enantioseparated on

a 2 m � 10 mm (i.d.) stainless steel column containing 23.4 wt% of undiluted

octakis(2,6-di-O-pentyl-3-O-trifluoroacetyl)-γ-cyclodextrin coated on Chromosorb

W (AW, 80–100 mesh) using helium as carrier gas at 40�C [45, 46]. Employing a

sampling interface between the column end and the fraction collector, the enantio-

meric excess (ee) was detected online by an analytical enantioselective column.

This set-up allowed the calculation of ee, recovery rate, and production rate.

Racemic enflurane was enantioseparated on a 1 m � 10 mm (i.d.) stainless steel

column containing 25.0 wt% of octakis(2,6-di-O-pentyl-3-O-trifluoroacetyl)-γ-
cyclodextrin using dihydrogen as carrier gas at 40�C [46]. Up to 24 mg of the

first eluted enantiomers with ee ~ 100% could be obtained when 75 mg of the

racemate was injected whereas only 6 mg of the second eluted enantiomer with

ee ~ 100% was obtained upon injecting 20 mg of the racemate in the optimized

system. Higher production rates could only be obtained by sacrificing the enantio-

meric excess (ee) [46]. (2) Whereas the above described endeavor utilized an

undiluted CD selector, the dilution of modified CDs in semipolar polysiloxanes,

previously applied successfully in analytical enantioselective GC [17], also proved

useful for packed columns in a conventional GC apparatus (Fig. 6). Thus 30 μL
(47 mg) racemic enflurane was enantioseparated in 45 min at 26�C into the first

eluted (R)-enantiomer and at 50�C into the second eluted (S)-enantiomer on a

4 m � 7 mm (i.d.) glass column containing 95 g Lipodex E diluted in SE-54

(dimethyl-phenyl(5%)-polysiloxane) (10 wt%) and coated onto Chromosorb P

(AW, DMCS, 80–100 mesh) (20 wt%) (Fig. 7, left) [29, 47]. A chemical purity

of at least 99.9% and an enantiomeric excess (ee) of at least 99.8% were achieved

for both enflurane enantiomers. The eluates from the column were split 1:1,500

(Fig. 6) between a flame-ionization detector and a cold-trap cooled with dry ice/

acetone or liquid dinitrogen. Although the separation of the enantiomers from the

carrier gas helium is straightforward, some mist formation during collection

reduced the amount of recovered enantiomers (~12 mg each). An overloading

study is depicted in Fig. 7, right [29].

Repetitive injections allowed the collection of 250 mg each of enflurane

enantiomers of ee ¼ 99.8% daily. By using the same procedure, only 6 mg of

racemic isoflurane could be baseline enantioseparated isothermally at 26�C in

28min [29]. However, with isothermal runs, repetitive injections in close succession

and at short intervals were possible (Fig. 8) [29].
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The above-described set-up was insufficient for large scale preparative enantio-

separations of isoflurane and desflurane. Therefore an up-scaled column design was

employed [48]. A packed 1 m � 24 mm (i.d.) stainless steel column filled with

Chromosorb P (AW-DMCS, 80–100 mesh) which was coated with 20.3 wt% of

the mixture of 10.6 wt% octakis(3-O-butanoyl-2,6-di-O-pentyl)-γ-cyclodextrin
(Lipodex E) in polysiloxane SE-54, was installed in an automated Hupe & Busch

preparativeGC (built in the 1960s). It required the synthesis of 500 g CSP consisting of

10.75 g unpurified Lipodex E and 90.5 g SE-54 coated onto 400 g Chromosorb

P.UnpurifiedLipodexE contains under- andover-pentylated species and, interestingly,

the crude selector showed a higher enantioseparation factorα for isoflurane (from1.3 to

1.6 at 30�C) but reduced values for desflurane and enflurane. Here 300mg of the single

enantiomers of isoflurane were obtained daily with 130 automated repetitive injections

isothermally at room temperature (Fig. 9) [48, 49]. The very high enantiomeric excess

of both isoflurane enantiomers (ee ¼ 99.8%) was determined by analytical

enantioselective GC (Fig. 10). Desflurane could only be enantioseparated under

overlapping conditions and recycling or discharging the middle fractions [48].

Fig. 6 Instrumental set-up of enantioselective preparative GC in a conventional apparatus (Carlo-

Erba, HRGC 5300). The home-made packed 4 m � 7 mm i.d. glass column consisted of a

modified condenser of a discarded rotary evaporator [33]
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Then500mgof the first eluted enantiomer (ee ¼ 91%) and450mgof the secondeluted

enantiomer (ee only 68%) were obtained daily. This amount was drastically reduced

when higher ee values were required.

With the availability of pure enantiomers of the inhalation anesthetics with

ee ~ 99.8% (corresponding to 0.1% of enantiomeric impurity; for enantiomers of

isoflurane, cf. Fig. 9, right), various topics could be investigated: (1) in olfaction the

enantiomers of isoflurane possessed a different odor [27], (2) the absolute

configurations of (+)-isoflurane and (+)-desflurane were determined by cryoscopic

X-ray crystallography (Sect. 5), (3) biological trials showed only small differences

in the MAC values of isoflurane enantiomers in rodents [12, 50], (4) the use of

single isoflurane enantiomers as novel chiral additive to the mobile phase in GC did

not exhibit any enantiomeric differentiation for a host of tested racemates [51],

(5) single enantiomers of enflurane, isoflurane, and desflurane were used as analytes

for enantioselective sensor devices (Sect. 4), (6) single enflurane enantiomers were

employed for NMR studies with CDs used as CSAs (Sect. 10), and (7) single

isoflurane enantiomers were required for the enantiomer labelling method (Sect. 7).

Fig. 7 Left: Temperature-programmed semi-preparative gas-chromatographic enantioseparation

of enflurane. 4 m � 7 mm (i.d.) glass column filled with 95 g Chromosorb P-AW-DMCS coated

with 20.3 wt% Lipodex E in SE-54 (10 wt%). Injected amount: 30 μL, 8.4 cm/s helium. Right:
Overloading experiment (1–40 μL of racemic enflurane) at 40�C and 8.4 cm/s helium [29]
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Fig. 8 Semi-preparative gas-chromatographic enantioseparation of racemic isoflurane with repet-

itive injections of 4 μL during one run. 4 m � 7 mm (i.d.) glass column filled with 95 g

Chromosorb P-AW-DMCS (80–100 mesh) coated with 20.3 wt% Lipodex E in SE-54 (10.0 wt%)

at 26�C and 8.4 cm/s helium [29]

(+)-(S)

(-)-(R)

0 3 6 9 12 min

Fig. 9 Left: Preparative gas-chromatographic enantioseparation of isoflurane. 1 m � 24 mm (i.d.)

steel column filled with 450 g Chromosorb P-AW-DMCS (80–100 mesh) coated with 20.3 wt% of

unpurified Lipodex E in SE-54 (10.6 wt%) at 27�C and 1 bar dinitrogen [48]. Right: isolated single
enantiomers of isoflurane with ee ¼ 99.9%
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In an attempt to scale-up the discontinuous preparative GC approach by a

continuous enantioseparation of inhalation anesthetics, the simulated moving bed

(SMB) technology has been employed in enantioselective GC, adapting the previous

findings obtained in the batch-wise processes described above. Preliminary studies

included enflurane [52, 53] and isoflurane [54], which were enantioseparated on

unpurified octakis(3-O-butanoyl-2,6-di-O-pentyl)-γ-cyclodextrin (Lipodex E)

diluted in polysiloxane SE-54 and coated on Chromosorb P (AW, DMCS, 80–100

mesh). An optimized version of the enantioselective SMB unit later on consisted of

eight 80 cm � 15 mm (i.d.) stainless steel columns assembled in a home-made

SMB-GC unit (Fig. 11) operated at 35�C. Each column with an adsorption bed

volume of 140 mL contained 20% unpurified Lipodex E diluted in SE-54 and coated

on Chromosorb A (NAW, 20–30 mesh) (17 wt%). Under carefully optimized

conditions the SMB-GCpilot unit furnished a total of 20 g of each single enantiomers

of enflurane with an averaged ee of 96.6% with dinitrogen as carrier gas [55]. This

set-up represented the first gas-chromatographic SMB-GC pilot plant for preparative

enantioseparations.

In enantioselective GC-SMB, the required continuous counter-current flow of

the fluid and of the solid adsorbent (“moving bed chromatography”) is simulated by

periodically switching the different inlets and outlets in the eight-column-array

(Fig. 11). The preparative enantioseparation of enflurane by SMB and pressure

swing adsorption (PSA) was theoretically investigated by dynamic simulations [56]

Fig. 10 Proof of the very high ee of isoflurane enantiomers. 25 m � 0.25 mm (i.d.) fused silica

capillary column coated with 0.5 μm octakis(3-O-butanoyl-2,6-di-O-pentyl)-γ-cyclodextrin
(Lipodex E) in SE-54 (10 wt%) at 26�C and 1.1 bar helium (courtesy, Dr. M. Juza)
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based on model parameters reported in previous experimental investigations

[55]. A key difference between the enantioselective liquid and gas phase SMB is

the strong influence of the pressure drop on the flow rate in the latter approach and

the limited solubility of the feed in the gas phase which in turn results in limited

productivities [57].

4 Enantioselective Sensor Devices for Inhalation

Anesthetics

The gas-chromatographically obtained single enantiomers of enflurane, isoflurane,

and desflurane were used for enantioselective trials using a chiral quartz micro-

balance sensor system [58, 59]. The quartz crystal was coated with octakis(3-O-
butanoyl-2,6-di-O-pentyl)-γ-cyclodextrin (Lipodex E) diluted in polysiloxane

SE-54. A schematic representation of the thickness-shear mode resonator

(TSMR) employed is shown in Fig. 12, top.

Upon exposure of the TSMR to single enantiomers of enflurane, the sorption of

analyte molecules by the cyclodextrin coating leads to a change in the oscillatingmass

which in turn causes a shift of the operating frequency. As depicted in Fig. 12, middle,

representative experiments consisted of the alternating exposure of the coated TSMR

to sample vapour (in ppm) and dry synthetic air, respectively. In addition to the chiral

sensor, an achiral reference device coated with pure SE-54 (devoid of enantiomeric

Chiral GC-SMB Unit

1 2 3 4 5 76 8

Fig. 11 An enantioselective GC-SMB-plant. (Courtesy Prof. M. Morbidelli, ETH, Zürich)

containing eight columns. Inserted: schematic principle of SMB [55]
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differentiation) was used for the purpose of artefact adjustment including fluctuating

gas phase concentrations and analyte contaminations. The sensor responses upon the

exposure to the single enflurane enantiomers showed an unprecedented frequency

difference and the observed enantioseparation factor α agreed well with that of the

gas-chromatographic experiment. Similar results were obtained for the enantiomers of

isoflurane and desflurane [60] (cf. also Fig. 15 in [61]). The sensor experiment and the

side view : chiral analyte
molecules

top view :

electrodes (Au)

quartz plate

enantioselective

coating

(mod. γ-cyclodextrin)

(S)-(-)-enflurane racemic mixture (R)-(+)-enfluranea

b

0

-80

-160

-240

-320

Δf
 [H

z]
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Fig. 12 Top: Principle of the enantioselective TMSR sensor. Bottom: Comparison of

enantioselective TMSR sensor device (a) and enantioselective GC (b) for single enantiomers of

enflurane and its racemic mixture exposed to 50 wt% Lipodex E in SE-54. The sensor responses

upon alternate exposure to enantiomer-loaded to pure synthetic air are given in Hz, the analyte

concentration in μg/L. The GC retention times obtained with a 25 m � 0.25 mm (i.d.) capillary

column are displayed in min [58, 59]
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gas-chromatographic set-up displayed the same sign and magnitude of enantio-

selectivity (Fig. 13). As the recognition step in the case of a gas sensor involves just

one theoretical plate while GC enantioseparation arises from some thousands of

subsequent absorption-desorption-steps in single theoretical plates, the suitability of

TSMR for enantiomer discrimination was far from being obvious at the outset of the

experiments [58–60].

5 Determination of Absolute Configurations

in Enantioselective GC

The assignment of absolute configurations [62] of minute amounts of chiral

compounds is an important task in trace enantiomeric analysis. By direct evidence,
absolute configurations can be determined by enantioselective GC (free of

chiroptical evidence) via the simultaneous injection of a reference compound

with an established stereochemistry. By indirect evidence, it is tempting to correlate

the absolute configuration of the enantiomers of structurally related compounds

(congeners, homologues) with their order of elution from a given CSP in

enantioselective GC. Indeed, on L-valine diamide selectors, the derivatized L-

enantiomers of all proteinogenic α-amino acids were found to elute as the second

peak [4]. By coincidence, the same elution order was also observed for Chirasil-γ-
Dex (Lipodex E, comprised of D-glucose moieties, anchored to polydimethylsiloxane

[32], Fig. 3, right), except for proline and threonine where the L-enantiomers eluted

first [63]. In enantioselective complexation GC, a rather consistent correlation

between absolute configuration and elution order of 2-alkyl- and 2,3-dialkyl-

substituted oxiranes on metal(II)-bis(perfluoroacyl-(1R)-camphorates), was found,

leading to the formulation of a quadrant rule [14]. However, striking exceptions to

the rule were also noted for structurally related racemates. Thus, trans-(2S,3S)-
dimethyloxirane (a “hard” donor selectand) and trans-(2R,3R)-dimethylthiirane

(a “soft” donor selectand) were both eluted as the second peak on nickel(II) bis

(3-heptafluorobutanoyl-(1R)-camphorate) despite their opposite configurations,

whereas (R)-methyloxirane and (S)-methylthiirane showed the expected opposite

elution order on the same selector [64]. (S)-2-Methyl-tetrahydrofuran was eluted as

the first peak while (S)-2-ethyl-tetrahydrofuran was eluted as the second peak from

nickel(II) bis(3-heptafluorobutanoyl-(1R)-camphorate) [65]. These examples vividly

showed that predictions of absolute configuration from retention behavior for

homologues or structurally related compounds may be ambiguous. Moreover, the

temperature-dependent reversal of the elution order may obscure assignments

of absolute configurations by enantioselective chromatography as the result of

enthalpy–entropy compensation (Sect. 8) within an extended temperature-range of

operation. Thus, isopropyloxirane as compared to other alkyloxiranes exhibited

the remarkably low Tiso ¼ 64�C on nickel(II) bis(3-heptafluorobutanoyl-10-

ethylidene-(1S)-camphorate) [66]. Thus peak inversion occurs above Tiso, and a

non-consistent elution order would result between isopropyloxirane and other
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Fig. 13 Top: Analytical gas-chromatographic enantioseparation of desflurane, isoflurane and

enflurane (structures see bottom, left). 25 m � 0.25 mm (i.d.) fused silica capillary column coated

with 0.5 μmoctakis(3-O-butanoyl-2,6-di-O-pentyl)-γ-cyclodextrin (Lipodex E) in SE-54 (10wt%,)

at 26�C and 1.1 bar helium [48]. Bottom, right: Sensor responses of a quartz thickness-shear mode

resonator (TSMR) coated with Lipodex E in SE-54 (50 wt%) in Hz for μg/L amounts of single

enantiomers and its racemic mixture of desflurane, isoflurane and enflurane, depicted as an overlay

of strongly and weakly interacting enantiomers and, in between, for the racemate (the latter except

for isoflurane) [61]
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homologues alkyloxiranes with identical absolute configuration at elevated

temperatures in the GC experiment on simple thermodynamic grounds.

Some confusion existed previously in the assignment of the absolute configurations

of isoflurane vs desflurane. The twomolecules differ only by chlorine vs fluorine at the

stereogenic carbon atom (Fig. 2). The enantiomers of isoflurane and desflurane were

isolated by preparative enantioselective GC on the γ-cyclodextrin CSP Lipodex E

(Sect. 3) and the dextrorotatory enantiomers (+)-isoflurane and (+)-desflurane were

eluted before the levorotatory enantiomers (–)-isoflurane and (–)-desflurane [31]

(optical rotations refer to the sodium-D-line at 20�C). Thermodynamic considerations

using the retention-increment R0 approach (Sect. 8) supported the reasonable assump-

tion that the enantiomers of isoflurane and desflurane with the same configuration

possess the same sign of optical rotation and the same elution order on Lipodex E [31].

The assignment of absolute configuration to dextro- and levorotatory isoflurane and

desflurane was carried out by vibrational circular dichroism (VCD) spectra [67]. Thus

the recorded spectrum of (+)-isoflurane in CCl4 was compared with the theoretical

spectra calculated by ab initio methods for different conformers of (R)- and

(S)-isoflurane [68]. The theoretical VCD spectrum obtained as the sum of those for

the two lowest energy conformers with (S)-configuration was found to match well

with the experimental VCD spectrum for (+)-isoflurane. Therefore it was concluded

that (+)-isoflurane had the (S)-configuration and hence (–)-isoflurane had the

(R)-configuration [68]. However, in order to approximate better the experimental

and theoretical VCD spectra, different ratios of the two conformers were applied.

Moreover, the influence of the solvent on the VCD spectra was not considered. An

analogous study with desflurane implied that (+)-desflurane had the (R)-configuration
and hence (–)-desflurane had the (S)-configuration [69]. The surprising reversal of the
sign of optical rotation vs absolute configuration (i.e., (+)-(S)- isoflurane vs (–)-(S)-
desflurane) was also in contradiction to other consequences resulting from the assign-

ment byVCD.Thepreparative conversion of (–)-isoflurane to (+)-desflurane (likely an

SN2 process) would proceed with retention of configuration whereas the decarboxyl-

ation of a desflurane precursor would proceed with inversion of configuration;

cf. references in [31, 70] (Fig. 14, left). Interestingly, single crystals obtained under

cryogenic conditions of (+)-isoflurane and (+)-desflurane, which were previously

isolated by preparative enantioselective GC (Sect. 3) [31], allowed the assignment

of absolute configuration by anomalous X-ray crystal structural analysis at �180�C.
Dextrorotatory isoflurane and desflurane were both found to possess

(S)-configuration, thus confirming the VCD assignment (+)-(S)-isoflurane, but revis-
ing theVCD assignment of (+)-(R)-desflurane to (+)-(S)-desflurane [70]. Although the
revised X-ray assignment of (+)-(S)-desflurane was still not unambiguous due to the

small spatial differences between hydrogen and fluorine atoms and an unfavorable

Flack parameter [70], it was in agreement with the general reaction stereochemistry of

SN2 reactions proceeding with Walden inversion of configuration and decarboxy-

lations at a stereogenic center proceeding with retention of configuration [71]

(Fig. 14, right). The preliminary assignment of absolute configuration by VCD to

(+)-(R)-desflurane has later been revised to (–)-(R)-desflurane and had been explained
as arising from a wrongly labeled specimen [72, 73]. An extensive theoretical VCD
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study of isoflurane and desflurane has subsequently been advanced by Biedermann

et al. [74].

Based on the previous VCD configurative assignment of (+)-(S)-desflurane, the
decarboxylation of a desflurane precursor was described to proceedwith inversion of

configuration (Fig. 14, left, top) [75, 76] (despite some reservation; cf. footnote in

[28] in [76]) but has later been corrected as proceeding with retention of configura-

tion [77] (Fig. 14, right, top). Thus the gas-chromatographic elution order of

isoflurane and desflurane enantiomers on Lipodex E is consistent with their absolute

configurations [31, 70]. Furthermore, the magnitude of NMR shifts of protons of

isoflurane and desflurane enantiomers in the presence of Lipodex E is compatible

with their absolute configurations [70] and the frequency shifts of isoflurane and

desflurane enantiomers on a quartz sensor coated with Lipodex E are also in line with

their absolute configurations (Sect. 4) [58]. The enantiomers of isoflurane and

desflurane are identified and differentiated by their chiroptical properties, i.e., the

sign of optical rotation and circular dichroism. General methods for the assignment

of absolute configuration of dextro- and levorotatory enantiomers rely on VCD and

anomalous X-ray methodologies. The present elaboration shows that different

approaches finally contribute to the clarification of a difficult research topic and

that enantioselective chromatography plays an important role in it [62].

In the US patent 5,114,714 of May 19, 1992 it is claimed that (R)-isoflurane and
(R)-desflurane (essentially free of the (S)-enantiomers), while inducing and

maintaining anesthesia, are insufficient to cause adverse effects associated with the

(R,S)-racemates [78]. In a follow-upUSpatent 5,114,715 ofMay 19, 1992 it is claimed

that (S)-isoflurane and (S)-desflurane (essentially free of the (R)-enantiomers), while

inducing and maintaining anesthesia, are insufficient to cause adverse effects

associated with the (R,S)-racemates [79]. The two patents are identical in the wording

except for the interchanged stereochemical descriptors (R) and (S) (Fig. 15). The
“enantiomeric” patents are entirely devoid of physical characterizations and pharma-

cological data of the compounds claimed. No experimental details on the

enantioselective preparation of the (R)- vs (S)-enantiomers are given. The identifica-

tion of the enantiomers by their absolute configuration is also missing. Although

no supporting details were disclosed, the two patents imply that either the (R)- or the
(S)-enantiomers of isoflurane and desflurane do not possess adverse effects as

Fig. 14 Revised stereochemical course of chemical reactions relevant to the preparation of

enantiomeric inhalation anesthetics. Top: Decarboxylation. Bottom: SN2-substitution
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compared to the racemic composition in which (R)- and (S)-enantiomers are present.

Unfortunately, the (R)- and (S)-enantiomers were not identified by their sign of optical

rotation and the incertitude in the assignment of absolute configuration of desflurane

could only be resolved later on (see above).

6 In Vivo Studies of the Enantiomeric Distribution

of Administered Isoflurane and Desflurane in Humans

After Anesthesia

Due to the availability of enantiomeric differentiation of isoflurane by chiral GC

(Sect. 2), a small preponderance of the (+)-(S)-enantiomer over the (–)-(R)-enantio-
mer could readily be demonstrated for the first time in blood samples collected

Fig. 15 “Enantiomeric” US patents 5,114,714 [78] and 5,114,715 [79] of May 19, 1992, claiming

that (R)-isoflurane and (R)-desflurane (first patent) and (S)-isoflurane and (S)-desflurane (second

patent) while inducing and maintaining anesthesia do not cause adverse effects associated with the

(R,S)-racemates of isoflurane and desflurane
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during anesthesia with racemic isoflurane in a routine surgery via a self-experiment

(V.S. in 1997, Fig. 16) [80]. This finding was subsequently confirmed in a small

group of patients undergoing eye surgery (Fig. 17) [81]. The highest enantiomeric

bias of 51.8% (+)-(S)-isoflurane (ee ¼ 3.6%) was observed after 1 day (1,440 min).

This result initiated a comprehensive clinical study to detect differences in the

pharmacokinetics of isoflurane enantiomers in humans involving a group of

41 volunteers (of whom 25 were females) who underwent anesthesia maintained

with racemic isoflurane [82, 83].

Isoflurane enantiomers were analyzed in blood samples drawn before induction, at

onset of anesthesia, after tracheal extubation, and daily for up to eight postoperative

days by venous puncture. The following procedurewas employed [82]. Blood samples

were treated with the anticoagulant EDTA to prevent coagulation and 1 mL of the

blood plasma was placed into 2-mLGC headspace vials and stored at�18�C. Prior to
analysis, the sample vials were equilibrated for 10 min at 50�C at a preheating station

before injection. A multipurpose sampler (Gerstel®MPS) was used for the headspace

GC–MS analysis and it was combined with a cold injection system (Gerstel® CIS 3)

for cold-trapping, enrichment, and cryo-focusing of the analyte (Gerstel, Mülheim

an der Ruhr, Germany). The enantiomeric ratio of isoflurane was determined on

a 30m � 0.25mm fused silica capillary column coated with 0.28 μm (film thickness)

octakis(3-O-butanoyl-2,6-di-O-n-pentyl)-γ-cyclodextrin (Lipodex E) [28, 31] which

was diluted in poly(vinylmethylsiloxane) PS 255 (30 wt%). The enantiomers were

detected in the selected ion monitoring mode (GC–MS-SIM) with the ions 117 and

149 m/z. Thus interference of co-eluted volatiles (e.g., acetone, 2-propanol and,

occasionally, ethanol!) was excluded (Fig. 18) [82]. Upon anesthesia, approximately

Fig. 16 Deviation from the 1:1 ratio of racemic isoflurane ((S) > (R)) during anesthesia in a

single patient. 30 m � 0.25 mm (i.d.) fused-silica capillary column coated with 0.28 μm octakis

(3-O-butanoyl-2,6-di-O-n-pentyl)-γ-cyclodextrin (Lipodex E) in PS 255 (30 wt%) at 28–29�C and

1.62 bar dihydrogen [80]
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1.2 vol.% of racemic isoflurane were added to the gas mixture of N2O and O2 (70:30,

v/v) yielding blood concentrations of approximately 0.5 μmol/mL or ~0.1 g/L, which

was well amenable to FID-detection of the anesthetic.

An enrichment of (+)-(S)-isoflurane was found in all blood samples drawn after

anesthesia [82, 83] in agreementwith the former studies (Figs. 16 and 17) [80, 81]. The

highest level between 52% and 54% as opposed to 50% for the racemic form was

reached on day 2 formost of the volunteers. Blood samples drawn after several days of

anesthesia showed isoflurane concentrations below 1 nmol/mL blood (Sect. 7). It was

therefore necessary to increase sensitivity by optimizing the headspace GC/MS

method. The mass selective detector was used in the SIM mode (Fig. 18) with two

monitored ions 117 and 149 m/z (Fig. 19) [82].
In a follow-up study, patients were categorized according to body mass index,

duration of anesthesia, and pre-existing lung disease. None of these factors had any

significant influence on the shift toward accumulation of (+)-(S)-isoflurane, although
in obese patients the preponderance of the (+)-(S)-enantiomer exceeded that in

non-obese patients [83]. Quite unexpectedly, and due to the extraordinary sensitivity

of the GC set-up, isoflurane enantiomers were already present in blood samples which

were drawn pre-operatively before the actual onset of anesthesia as the result of the

omnipresence of traces of isoflurane in the operating room and/or contamination of

medical instrumentation with minute amounts of isoflurane [80, 81].

amounts of
(+)-(S)-isoflurane and
(-)-(R)-isoflurane [%]

(+)-(S)-isoflurane (-)-(R)-isoflurane
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Fig. 17 Enrichment of (+)-(S)-isoflurane (first eluted enantiomer) in blood samples taken during

and after eye surgery under narcosis with racemic isoflurane (mean of 36 measurements) [81]
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The data obtained rely on the conditions that the distribution of the enantiomers

in the headspace is not biased by the presence of enantiomeric constituents in the

liquid (e.g., chiral proteins) and that the ionization of isoflurane enantiomers is not

affected by the presence of co-eluted contaminants (e.g., acetone). Consequently,

after each of 21–30 sample measurements (corresponding to samples of three

patients), quality control experiments were performed with blank blood samples

spiked by variable amounts of racemic isoflurane which gave the expected unbiased

1:1 ratio of the enantiomers within experimental error. The controls were analyzed

in series with the patient specimens to exclude any deleterious effect (e.g., memory

effects) of the analytical method [82]. In addition, the integration parameters

(slope-test) were optimized [80, 82] which constitutes an essential requirement
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Fig. 18 Top: Total ion chromatogram (scan 40–200 m/z). Bottom: ion chromatogram by head-

space GC/MS of a blood sample obtained at onset of isoflurane anesthesia [82]
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when true 1:1 ratios of racemic mixtures, and small deviations therefrom, are

quantified with high precision [84]. The mean enantiomeric enrichment

(52.1 � 0.1%) of (+)-(S)-isoflurane observed in vivo in the clinical study on day

2 as compared with the racemic isoflurane controls (50.0 � 0.1%) was considered

to be statistically significant [82]. The observed enrichment of (+)-(S)-isoflurane is
important in view of the fact that isoflurane is subject to little (maximum 0.2%)

or no biotransformation [85]. The distribution of volatile chlorofluoroethers into

different tissues depends on uptake and arterial concentration, perfusion of the

tissue, and the partition coefficient into the different compartments (blood plasma,

interstitial fluid, fat tissue, intra- and transcellular fluid). The two enantiomers of

the vaporized racemate may have different pharmacokinetic properties during

uptake and redistribution. Enantioselective partitioning between gas and liquid

may already occur in the lung, somewhat reminiscent of the principle of

enantioselective gas chromatography! It has been concluded previously that

anesthetics act on membranes rather than on lipids whereby isoflurane was shown

to activate potassium channels (which silence the cell via hyperpolarization)

whereby the (+)-(S)-enantiomer was about twice as effective as the (–)-(R)-enan-
tiomer [86, 87].

The same methodology has been used to determine the enantiomeric ratio of

isoflurane in urine samples collected from patients undergoing anesthesia. Compar-

able to blood samples, in urine samples isoflurane enantiomers could be determined up

to 9 days after surgery [88, 89]. Yet in contrast to blood, in urine (–)-(R)-isofluranewas
enriched to a low degree (up to 51.3%) [88].

In analogy to the isoflurane study, the time-dependent distribution of desflurane

enantiomers in the blood and urine of five patients undergoing general anesthesia

(+)-(S)-isofluraneabundance

(-)-(R)-isoflurane

Time [min]

Fig. 19 Isoflurane analysis of a blood sample by GC/MS/SIM (117 and 149m/z). 30 m � 0.25mm

(i.d.) fused-silica capillary column, retention gap 1.5 m, coated with 0.28 μm octakis(3-O-
butanoyl-2,6-di-O-n-pentyl)-γ-cyclodextrin (Lipodex E) [28, 31] in PS 255 (30 wt%) at 33�C
and 60 kPa helium [82]
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with racemic desflurane was scrutinized [90]. EDTA-treated blood samples were

drawn immediately after tracheal extubation. In the following 3 days, 1-mL blood

and urine samples were collected and transferred in 2-mL GC-headspace vials. In

all blood samples, an enrichment of (+)-(S)-desflurane (up to 53.6%) was found,

whereas in urine (–)-(R)-desflurane (up to 52.9%) was abundant. For controls in

which blood and urine samples were spiked with racemic desflurane, the expected

1:1 ratio within experimental error was found. The enantiomeric enrichment in the

samples of the patients was appreciably higher than the standard deviation of the

control measurements.

As isoflurane possesses a negligible metabolic rate (<0.2%) in humans [85], it is

mostly eliminated via respiration in the course of anesthesia. Isoflurane could be

detected in breath even 23 days after surgery [88]. The percentage of isoflurane

enantiomers in human breath, although the anesthetic is administered as a racemate,

varied significantly with the time of exhalation [91, 92]. Breath samples were

collected using a 1-L-tedlar bag and were then transferred onto a freshly conditioned

thermodesorption tube filled with Tenax®. Analysis was performed by direct

thermodesorption-GC–MS (Gerstel® TDS 2) combined with the cold injection

system (Gerstel® CIS 3). Any remaining water on the adsorbent was removed by a

stream of helium at a TDS temperature of 20�C. Thermodesorption was achieved by

raising the temperature to 220�C at a rate of 60�C/min and then keeping it there for

10 min. The temperature of the CIS was held at �150�C to cryo-focus the

components efficiently and then heated to 250�C at a rate of 12�C/s. Isoflurane
enantiomers in breathwere quantified up to 19 days after surgery [91, 92]. During the

early postoperative phase, (+)-(S)-isoflurane was slightly enriched (50.5% at day 3)

whereas up to 5 days after surgery a noticeable excess of (–)-(R)-isoflurane (51.8% at

day 19) was observed [91].

In view of the existing, but low, bias of isoflurane enantiomers during human

anesthesia, and because the minimum alveolar concentrations (MACs necessary to

prevent movement in response to a painful stimulus in rats) differ only minimally for

isoflurane enantiomers [50], the use of single enantiomers of isoflurane, as insinuated

in two consecutive patents (Sect. 5) [78, 79], is clearly unwarranted. Besides,

enantioselective syntheses or preparative chromatographic enantioseparations of

excessive amounts of chiral inhalation anesthetics would appear to be unrealistic

and cumbersome. The findings also show that enantiomers do not always display

striking differences in a biological chiral environment.

7 Quantitation of Enantiomers in a Sample

by the Method of Enantiomer Labeling

The enantiomer of opposite configuration represents an ideal internal standard for

the quantitation of the target enantiomer in a mixture. This has first been established

in chiral α-amino acid analysis. Thus the amount of an L-amino acid in a sample has

been extrapolated from the change of the enantiomeric ratio after addition of a known
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amount of the oppositely configurated D-amino acid (or the DL-racemate) employed

as an internal label. This method was first conceived by Bonner [93, 94] via referring

to the use of an enantiomer marker. The approach, which was subsequently termed

enantiomer labeling [95–97], is intriguing because enantiomers possess identical

(non-chiroptical) properties in an achiral environment and therefore the enantio-

meric composition is not influenced by sample manipulation (isolation, derivatiza-

tion, fractionation, storage) or by chromatographic manipulations (dilution,

partitioning, splitting, injection, detection). Not even thermal or catalytic decompo-

sition, losses, or incomplete isolation will obscure the analytical result. Thus the

added enantiomer serves as an overall internal standard through the whole analytical

procedure. The method relies on the absence of self-recognition between

enantiomers, undergoing molecular association (e.g., dimerization), in concentrated

nonracemic mixtures (the EE-effect) [98]. However, such nonlinear effects in

enantioselective chromatography [99] constitute a rather rare phenomenon and can

probably be totally ignored in diluted systems.

The amount of a particular enantiomer (Xa) present in the sample is calculated

from the ratio of the peak areas of the (R)-enantiomer (AR) and the enantiomeric

(S)-label (AS) multiplied by the amount of the (S)-label (mS) added as the internal

standard [95]:

Xa ¼ mS � AR

AS

� �
: (1)

Substance specific calibration factors f need not be considered by the enantiomer

labeling method [95]. The method of enantiomer labeling can also be used for chiral

compounds in samples and standards possessing only incomplete enantiomeric

purities even including racemic compositions. The method only requires the precise

knowledge of the enantiomeric ratios of the sample and the standard which are

readily accessible by the same enantioselective GC method. The amount of the

chiral component in a sample after addition of the chiral standard can be obtained as

follows [95]:

Xi ¼ mS � AR �AS � CSð Þ 1þ CRð Þ
AS �AR � CRð Þ 1þ CSð Þ

� �
; (2)

where AR is the peak area of the (R)-enantiomer after addition of the standard, AS is

the peak area of the (S)-enantiomer after addition of the standard, CR is the

enantiomeric ratio (S)/(R) of the sample, CS is the enantiomeric ratio (R)/(S) of
the standard, mS is the amount of enantiomeric standard (S) added, and Xi is the

amount of the chiral component i (as sum of its enantiomers) present in the sample.

The amount of a racemate ((S)+(R)) present in a complex matrix can also be

quantitatively determined via the enantiomer labeling method when a known

amount of a single enantiomer ((S) or (R)) is added to the sample and the change

of the peak areas is determined by enantioselective GC.
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The quantitative determination of the inhalation anesthetic isoflurane in blood

samples during and after surgery has been performed by enantioselective headspace

GC–MS (Sect. 6), employing enantiopure (+)-(S)-isoflurane obtained by preparative
GC (Sect. 3, Fig. 9, right) [48] as an internal standard [80, 81]. The method of

enantiomer labeling requires two measurements on the enantioselective GC set-up

(Fig. 20).

For quantitation, (3) has been used [81]:

Pisoflurane ¼ Wstandard

Wsample

� 1
Ai;2Ak;1

Ai;1Ak;2
� 1

; (3)

where Pisoflurane is the percentage amount of each single enantiomer contained in the

blood sample prior to the addition of the enantiopure standard (+)-(S)-isoflurane,
Wstandard is the weight of the internal standard of (+)-(S)-isoflurane solution added to
the blood sample and being eluted as the first peak, Wsample is the weight of the

blood sample in the headspace vial, Ai,1 and Ai,2 are the peak areas obtained for the

first eluted enantiomer in the first measurement (before addition of the standard

solution) and the second measurement (after addition of the standard solution), and

racemic analyte
isoflurane

(+) (-)

racemic analyte 
isoflurane
(+)

(-)
+ added  internal 
standard (+)-
isoflurane

Fig. 20 Schematic chromatograms for enantiomeric labeling. Top: first analysis: enantiose-

paration of isoflurane in a sample. First and second peak: isoflurane enantiomers. Bottom: second
analysis: enantioseparation of isoflurane in a sample after addition of the enantiomerically pure

internal standard (+)-(S)-isoflurane. First peak: isoflurane enantiomer spiked with a known amount

of the pure (+)-(S)-enantiomer (in practice the shaded peak will merge with the unshaded peak

thereby enhancing the overall peak height). Second peak: non-labelled isoflurane enantiomer [81]
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Ak,1 and Ak,2 are the peak areas of the second eluted enantiomer in the first and

second measurement.

The equation compensates for all errors caused by different injection volumes in

the first and second measurement. The following procedure was used. Approxi-

mately 4 mL of blood specimens of patients undergoing eye surgery were collected

before, during, and after surgery every 12 h for 3 days and stored after addition of

citrate buffer at �20�C in vials sealed with silicon septa. A stock solution of a

concentration of 0.80 μm/g of (+)-(S)-isoflurane in Ringer’s solution was employed.

Thus 1 g standard solution contained 0.15 mg (+)-isoflurane standard (molecular

weight ¼ 184.5 g/mol). For headspace GC analysis, 1 mL blood samples were

transferred into 12-mL vials, sealed and equilibrated at 27�C for 30 min. The first

analysis was performed prior to, and the second analysis after, addition of the stock

solution containing (+)-(S)-isoflurane. Between 20 and 100 μL of the headspace

were injected. Cryo-focusing was carried out to avoid band broadening (Sect. 6).

The isoflurane enantiomers were then determined by enantioselective GC–MS

(SIM) (Sect. 6). The elimination profile of isoflurane is depicted in Fig. 21.

Isoflurane is washed out in blood samples in the range of 1,000–1 nmol/mL within

2 days after narcosis. In an independent study involving five patients undergoing

general surgery under isoflurane anesthesia and employing the enantiomer labeling

method by using (2), the isoflurane concentration decreased rapidly from

~500 nmol/mL blood sample (mean) directly after onset of anesthesia to

~0.5 nmol/mL (mean) 8 days after anesthesia (Table 1) [82].

The high volatility and the low gas–liquid partition coefficient (concentration in

the liquid vs concentration in the solvent [100]) of isoflurane may cause analytical

difficulties during the determination of its concentration in liquids. Apart from the

problematic preparation of the standards at the concentrations in the therapeutic

isoflurane via enantiomer  labelling isoflurane via internal standardization

[mmol/l]

10

1

0.1

0.01

0.001

0.0001
0 500 1000 1500 2000 2500 3000

[min]

Fig. 21 Elimination of isoflurane in blood samples determined by enantiomer labeling and

internal standardization [81]
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range (~1 mmol/L), any step in the storage and transfer of the standard which

exposes the liquid to the gas phase will introduce an error via partitioning of

enflurane from the liquid to the gas phase. Therefore the enantiomer labeling

method is the method of choice as the internal standard possesses identical

properties in complex mixtures.

The enantiomer labeling method was also compared with the common internal

standard method (Fig. 22) [81]. As internal standard the racemic anesthetic

enflurane (Fig. 2) has been selected. Isomeric enflurane possesses the same mole-

cular weight as isoflurane. The method of internal standardization (Fig. 22) requires

only a single measurement on the enantioselective GC set-up in contrast to the

enantiomer labeling method (Fig. 20).

For quantitation, (4) has been used [81]:

Pisoflurane ¼ Wstandard

Wsample

� frr � Aisoflurane

Astandard

; (4)

where Pisoflurane is the percentage amount of each single enantiomer of isoflurane

contained in the blood sample, Wstandard is the weight of the internal standard of

racemic enflurane solution added to the blood sample being eluted as two peaks, frr
is the dimensionless relative response factor determined separately, and Aisoflurane

and Aenflurane are the peak areas obtained for the two compounds.

Equation (4) can be used for the quantitation of either enantiomer of isoflurane

by either enantiomer of enflurane. The total amount of isoflurane in the blood

sample corresponds to the sum of both enantiomers. Since racemic enflurane is

resolved into two peaks, it represents a twin standard molecule, i.e., double-

checking of the analytical result is feasible in the case where the second eluted

Table 1 Isoflurane

concentration (both

enantiomers) in blood

samples of five patients [82]

Patienta
Days after anesthesia

0 1 2 3 4 5 6 7 8

1 247.8 7.5 3.5 1.6 0.7 0.6 n.q.b n.q.b 0.2

2 609.9 31.8 10.6 5.9 3.9 3.6 1.8 1.6 0.9

3 498.9 20.0 8.2 3.1 2.0 1.5 0.2 0.7 0.4

4 254.4 22.8 11.8 6.2 4.6 4.9 2.4 2.2 0.7

5 303.4 24.5 23.5 13.6 10.2 7.9 2.5 2.6 0.8
aValues are in nmol/mL blood
bNot quantified

racemic internal 
standard enflurane

(+)

racemic analyte 
isoflurane

(+) (-)

(-)
(+)

Fig. 22 Schematic

chromatograms for internal

standardization. First and

second peak: isoflurane

enantiomers; third and forth

peak: known amount of

internal standard racemic

enflurane [81]
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peak of enflurane is not unduly broadened (Fig. 22). Figure 21 shows a small

discrepancy when the two methods for the quantitation of isoflurane in blood

samples were employed [81].

8 The Retention-Increment R0 Approach and

Thermodynamic Parameters of Enantiomeric

Differentiation by GC

The gas-chromatographic enantiomeric differentiation is governed by thermodynam-

ics and requires a fast and reversible 1:1 association equilibrium of the injected

selectand enantiomers D and L and the enantiopure selector A present in the CSP.

Different stabilities of the transient diastereomeric association complexes AD and AL

are the prerequisite of gas-chromatographic enantiomeric differentiation. The true

thermodynamic enantioseparation factor αassoc is defined as the ratio of the association
constants Kassoc

D and Kassoc
L of the energetically distinct diastereomeric complexes AD

and AL according to Aþ D Ð AD ðKassoc
D Þ and Aþ L Ð AL ðKassoc

L Þ, whereby D is

arbitrarily eluted after L from the GC column [101]:

αtrue ¼ Kassoc
D

Kassoc
L

: (5)

Thus, αtrue quantifies the true enantioselectivity imparted by the enantiopure and

undiluted selector A on the selectand enantiomers D and L. As shown for the

gas-chromatographic enantioseparation of enflurane, isoflurane, and desflurane,

(5) applies to the undiluted CD selector [26]. However, in contemporary

enantioselective GC, chiral selectors (amino acid derivatives, metal complexes, or

modified cyclodextrins) are either diluted in, or chemically bonded to,

polysiloxanes used as achiral solvent matrix S. In the case of a diluted selector A

present in S, the apparent enantioseparation factor αapp is defined as the ratio of the

retention factors kD and kL of the selectand enantiomers D and L observed on the

total CSP (A in S) [101]:

αapp ¼ kD
kL

; (6)

αapp being customarily used as a practical measure of enantioselectivity. However,

when the selector A is diluted in an achiral solvent S, the retention factors kD and kL
of the enantiomers D and L are determined (1) by non-enantioselective contributions

to retention which arise from the achiral solvent S and which are identical for

the enantiomers and (2) by the different enantioselective contribution to retention

due the distinct diastereomeric molecular association of the enantiomers D and L

with the chiral selector A. Due to the presence of an achiral matrix in the total CSP,

i.e., the solvent S containing the chiral selector A, αapp is always lower than αtrue.
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In order to obtain data on the true thermodynamics of enantiomeric recognition by

(5), the achiral contributions to retention must be separated from the chiral contri-

bution to retention via the retention-increment R0 approach [102]. The method

requires the determination of retention data of the enantiomers D and L (1) on a

reference column containing only the pure solvent S and (2) on a column containing

the selector A diluted in, or chemically bonded to, the solvent S.

In the reference column, the enantiomers D and L are distributed between the

mobile gas phase and the stationary phase containing the solvent S and the general

equation of chromatography applies (k ¼ retention factor, Kc ¼ distribution con-

stant, β ¼ mobile phase over stationary phase volume ratio, tR ¼ total retention

time, t0R ¼ adjusted retention time, tM ¼ unretained-peak holdup time with t0R ¼
tR – tM; the circle above the parameters refers to the reference column):

k� ¼ t
0�
R

t�M
¼ t�R

t�M

� �
� 1 ¼ K�

c

β�
; (7)

k� being identical for the enantiomers D and L on the achiral solvent S. If a chiral

selector A, which interacts with the enantiomers, is diluted in the solvent S, enantio-

selectivity is introduced into the separation process according to the different

diastereomeric association constantsKassoc
D andKassoc

L . For each enantiomer, a distinct

retention-increment R0 is observed. It can be calculated from the retention factor k of
the enantiomer measured on the enantioselective column containing A in S:

k ¼ t
0
R

tM
¼ tR

tM

� �
� 1 ¼ Kc

β
; (8)

and the retention factor k� of the same enantiomer measured on the reference

column containing only the solvent S (7). With Kc ¼ K�
c + K�

c Kassoc � aA and

β� ¼ β, the following equation for the retention-increment R0 has been derived

(Kassoc ¼ association constant and aA ¼ activity of A in S) [66]:

R0 ¼ k

k�

� �
� 1 ¼ Kassoc � aA: (9)

The retention-increment R0 quantifies the increase of retention due to the associ-
ation of each single enantiomer D and L with A in S. Equation (9) requires that the

holdup times, t�M and tM, and the phase ratios, β� and β, of the reference column (S)

and the enantioselective column (A in S) are identical. Column dimensions as well

as the amount of solvent S in both columns must also be the same. In order to

become independent of all column parameters, relative retentions r (r ¼ k/kref ¼
tR
0/tR0ref) and r� (r� ¼ k�/k�ref ¼ tR

0�/tR0�ref), correlated to an inert reference standard,
have been used in practice [66, 102, 103]. Equation (9) can thus be rewritten as
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R0 ¼ r

r�
� �

� 1 ¼ Kassoc � aA: (10)

Thus, for the enantiomers D and L, irrespective of aA, the ratio Kassoc
D =Kassoc

L is

directly related to the ratio of the retention-increments R0
D/R

0
L which is readily

accessible from the relative retentions rD, rL, and r
�, and the true enantioselectivity

�ΔD,LΔG true in diluted selector systems is then obtained as follows:

�ΔD;LΔGtrue ¼ �ΔD;LΔHtrue þ TΔD;LΔStrue ¼ RT ln atrue

¼ RT ln
Kassoc
D

Kassoc
L

� �
¼ RT ln

R
0
D

R
0
L

� �
¼ RT ln

rD � r�

rL � r�

� �
: (11)

Equation (11) links the true enantioselectivity �ΔD,LΔGtrue (and the enthalpic

and entropic parameters ΔD,LΔHtrue and ΔD,LΔStrue via the Gibbs–Helmholtz

equation) with the individual retention-increments R0 of the enantiomers D and L.

From a thermodynamic point of view the distinction between αapp and αtrue is

mandatory. A schematic representation of the inherent differences between r� and
r underscoring the differences between RT ln αtrue and RT ln αapp is depicted in

Fig. 23 [102, 104].

It follows from (11) that the expression �ΔD,LΔG {¼} RT ln αapp, linking
enantioselectivity with the apparent enantioseparation factor being frequently

used in the literature, is inappropriate when diluted selectors A are employed in

enantioselective GC.

2

1

a

-1 0 1 2 3 4 5
tM r∞

inject air reference
column

r  =  ti / tref

a

r R
(1)

r R
(2)

r S
(1)

r S
(2)

Fig. 23 Schematic representation of the distinction between (1) the non-enantioselective contri-

bution to the relative retention of r�, and (2) the enantioselective contribution to the retention of the
enantiomers (R) and (S), ri � r�, leading to a constancy of the retention-increment ratio R0

S/R
0
R as

required by (11). tM and r� were arbitrarily set at unity, and the ratio R0
S/R

0
R was arbitrarily set 2:1

[104]

184 V. Schurig



For αapp the new (12) is obtained by substituting kD and kL in (6) via the

expression of (9):

aapp ¼ Kassoc
D aA þ 1

KL
assocaA þ 1

¼ R
0
D þ 1

R
0
L þ 1

(12)

Thus αapp approaches αtrue of (5) only when the association constants Kassoc and/or

the activity aA of A in S are high, resulting in R0 >> 1 [24], or when

non-enantioselective contributions to retention are negligible, i.e., r� ~ 0 (Fig. 23).

Moreover αtrue, and hence the true enantioselectivity �ΔD,LΔGtrue ¼ RT ln αtrue, is
independent of the activity aA (or concentration cA at high dilution) of A in S, whereas

αapp is concentration-dependent due amixed retentionmechanism [24, 101].However,

a concentration-dependence is not compatible with a true thermodynamic quantity.

The retention-incrementR0 approach has also been applied for binary selector systems,

i.e., diluted mixed CSPs containing two different chiral selectors [101].

The differentiation of apparent and true enantioselectivity in enantioseparations

was at first employed in enantioselective complexation GC employing metal

chelate CSPs [103] and was later extended to enantioselective inclusion GC

utilizing modified cyclodextrin selectors [24, 104, 105]. The distinction between

non-enantioselective and enantioselective interactions has also been adopted in

enantioselective LC [106–108].

It should be recognized that the enantioselectivity, as expressed by�ΔD,LΔGtrue,

is only determined by the ratio of the association constants of the selectand enantio-
mer and the chiral selector, RT ln(Kassoc

D
=Kassoc

L ), regardless of whether the average

associations of the selectand enantiomers D and L and the selector A, �ΔG ¼ RT

ln Kassoc, are weak, intermediate, or strong. Thus, high enantioselectivities are often

observed at quite low retention-increments R0 (due to weak molecular association)

while only low enantioselectivities may arise despite high retention-increments R0

(due to strong molecular association). Consequently, the value of a virtual enantio-

recognition factor χ ¼ �ΔD,LΔG/�ΔG is unpredictable and varies at random

[109]. The enantioselectivity is usually pronounced when the selectand/selector

interaction is impaired by steric congestion.

The Gibbs–Helmholtz parameters �ΔD,LΔH and ΔD,LΔS of the thermodynamic

enantioselectivity are readily accessible by linear van’t Hoff plots when

measurements are performed at different temperatures T according to

R ln
R0
D

R0
L

� �
¼ �ΔD;LΔG

T
¼ �ΔD;LΔH

T
þ ΔD;LΔS: (13)

According to the Gibbs–Helmholtz equation (11), the true enantioselectivity

�ΔD,LΔG is governed by an enthalpy term �ΔD,LΔH and an entropy term ΔD,LΔS,
where the latter term is linked with the temperature T. For a 1:1 association

equilibrium both quantities oppose each other in determining �ΔD,LΔG. Thus
enthalpy/entropy compensation arises due to the fact that the more tightly bonded
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complex (�ΔHD > �ΔHL) is more ordered (ΔSD < ΔSL). Since the entropy term

increases with temperature T, an isoenantioselective temperature will be reached

at the compensation temperature Tiso ¼ ΔD,LΔH/ΔD,LΔS at which ΔD,LΔG is

rendered zero (i.e., absence of enantioselectivity), since Kassoc
D ¼ Kassoc

L . Peak

coalescence (no enantioseparation) takes place at Tiso [110]. Above Tiso enantiose-
paration commences with inversed elution order. Below Tiso enantioseparation is

governed by the predominant enthalpic contribution to enantiorecognition, whereas

above Tiso it is governed by the predominant entropic contribution (ΔSD < ΔSL) to
enantiorecognition with the stronger bonded enantiomer D (�ΔHD > �ΔHL)

bizzarrely eluted as the first peak. Whereas the sign of the enantioselectivity

changes at Tiso, the association constants Kassoc
D and Kassoc

L between the selectand

enantiomers D and L and selector A steadily decrease with increasing temperature T.
The existence of an isoenantioselective temperature Tiso in enantioselective GC has

been observed independently in hydrogen-bonding equilibria [111, 112] and in

metal complexation equilibria [113, 114] whereby the intriguing peak reversal for

the enantiomers below and above Tiso was clearly evident in the

gas-chromatograms. A report of a peak reversal for the enantiomers of methyl

lactate on a modified cyclodextrin selector (Lipodex E) [115] could not be

ascertained [112] while a temperature-induced reversal of the elution order has

been observed for the enantiomers of N-trifluoroacetyl-α-amino acid ethyl esters on

the selector Chirasil-Dex [112]. Thus the derivatives of valine and leucine showed a

peak reversal on Chirasil-Dex below and above Tiso ¼ 70� and only a single peak

was observed at the coalescence temperature. For the isoleucine derivative the

isoenantioselective temperature was as low as Tiso ¼ 30� [112]. A different

enthalpy/entropy compensation approach based on the plot of ln R0 vs ΔH for the

second eluted enantiomer has also been described [105].

Enthalpy/entropy compensation must be considered for molecular modeling

studies whereby the importance of entropy changes should be taken into account.

Most gas-chromatographic enantioseparations on modified cyclodextrins are

governed by the enthalpy term of the Gibbs–Helmholtz equation. Consequently,

enantioselectivity increases by reducing the elution temperature. This will be

illustrated in the GC enantioseparation of halocarbons on CDs in the following

sections. As nonvolatile racemates usually require a high elution temperature, it is

advisable to use short columns (1–10 m � 0.25 mm i.d.). The loss of efficiency

arising from the smaller theoretical plate number N of a short column is often

overcompensated by the gain of enantioselectivity below Tiso, due to an increased

enantioseparation factor αtrue at the lower elution temperature.
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9 Determination of Thermodynamic Parameters

of the Enantioselectivity of Enflurane, Isoflurane,

and Desflurane on Diluted Lipodex E

The pronounced enantioselectivity between the haloethers enflurane, isoflurane,

and desflurane on Lipodex E diluted in SE 54 allows quantitative enantio-

separations within 2.5 min (Fig. 5) [31]. The apparent enantioseparation factor

αapp strongly increases in the order: isoflurane < desflurane < enflurane and the

observed αapp > 2.0 for enflurane can still be increased to αapp ¼ 2.7 at 0�C.
In order to get thermodynamic data on the true enantioselectivity by the

retention-increment R0 approach (Sect. 8), three columns were used. The reference

column (50 m � 0.25 mm i.d.) was coated statically with pure polysiloxane

(polydimethylsiloxane SE 54 containing 5% phenyl, and 1% vinyl, CP polarity

index 8) while the enantioselective columns (25 m � 0.25 mm i.d.) were coated

statically with ~5% and ~10 wt% Lipodex E in polysiloxane SE 54. The stationary

phase film thicknesses were 0.5 μm. The haloethers, methane (as holdup time

marker) and the reference standards (n-pentane, n-hexane, n-heptane, or

diethylether) were mixed in headspace vials and were split-injected (1:100). Highly

precise data for the true enantioselectivity �ΔDLΔGtrue were obtained [104]

irrespective of the choice of the reference standards (C5–C7, diethylether) and

the concentration of the selector in the polysiloxane (5% vs 10%), thus underlining

the validity of (11) and the need to separate rigorously achiral from chiral

contributions to retention in (10) via the concept of the retention-increment R0.
The true enantioselectivity �ΔDLΔGtrue

303 at 30�C is 2.0 (0.02) kJ/mol for

enflurane, 0.9 (0.03) kJ/mol for isoflurane and 1.55 (0.03) kJ/mol for desflurane

obtained on the column with 10% selector concentration and as mean value for all

reference standards used. Temperature-dependent data for the true enantio-

selectivity �ΔDLΔGtrue obtained at five temperatures between 0 and 60�C and

measured at both concentrations of the selector (5 wt% and 10 wt%) and four

reference standards furnished the following mean thermodynamic parameters via

the strictly linear van’t Hoff plots according to (13) [104]:

enflurane :

� ΔDLΔHtrue ¼ 7:2 0:2ð Þ kJ=mol

ΔDLΔStrue ¼ �17:2 0:6ð Þ J=mol K

Tiso ¼ 420 40ð ÞK;

isoflurane :

� ΔDLΔHtrue ¼ 4:1 0:2ð Þ kJ=mol

ΔDLΔStrue ¼ �10:6 0:5ð Þ J=mol K

Tiso ¼ 390 60ð ÞK;
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desflurane :

� ΔDLΔHtrue ¼ 9:4 0:6ð Þ kJ=mol

ΔDLΔStrue ¼ �25:7 2:1ð ÞJ=mol K

Tiso ¼ 365 40ð Þ K:

The highest enantioselectivity �ΔDLΔG was found for enflurane whereas the

largest quantities for �ΔDLΔH and ΔDLΔS were observed for desflurane. When

comparing isoflurane and desflurane, substitution of chlorine by fluorine leads to

more than a doubling of the thermodynamic quantities. The large enthalpy term for

desflurane implies that temperatures as low as possible should be employed for

enantioseparation and that �ΔDLΔG of desflurane will exceed that of enflurane

below �15�C [104]. The ratio between –ΔDLΔH and ΔDLΔS is not constant,

furnishing different values of Tiso for enflurane, isoflurane, and desflurane. The

high volatility of the haloethers precluded the experimental verification of the

existence of Tiso above 100
�C.

For 2 � 3 � 4 � 6 ¼ 144 measurements, involving the two enantiomers of

three haloethers related to four references standards at six temperatures, all ratios

of the retention-increments R0 for the two columns 1 and 2, containing different

concentrations of the selector A (~5% vs ~10%), were identical, i.e., R0
L
(2)/R0

L
(1) ¼

R0
D
(2)/R0

D
(1) ¼ aA

(2)/aA
(1) ¼ 1.64 � 0.04. According to (9) the constant factor

directly reflected the true activity ratio aA
(2)/aA

(1) of the two columns 1 and

2, their absolute values being unknown. By the known activity ratio and the

measured sets of relative retentions r(1) and r(2), the r� values of all three haloethers
expected for the reference column were graphically extrapolated (or calculated via

(14), Sect. 11) and a reasonably good agreement (0.5–18% standard deviation)

indicated that r� values can even be assessed without resorting to a reference

column [104]. The results also confirmed the validity of the retention-increment

R0 approach to distinguish enantioselective and non-enantioselective contributions

to retention in chiral GC (Fig. 23) [104].

The enantioselectivity �ΔDLΔGtrue for enflurane and Lipodex E has been

corroborated by 1H-NMR spectroscopy employing the modified cyclodextrin selec-

tor as CSA in d12-cyclohexane for enantiomeric differentiation [31, 116]. It was

observed that the proton resonance absorptions of (S)-enflurane were shifted more

downfield than those of (R)-enflurane in the presence of Lipodex E. Likewise

(S)-enflurane is eluted well after (R)-enflurane on Lipodex E in the GC experiment.

A ratio of the association constants Kassoc
S =Kassoc

R ¼ 2.25 was found as mean value

for the α- and β-proton of enflurane in d12-cyclohexane in the presence of Lipodex E
yielding �ΔSRΔG298 ¼ 2.00 kJ/mol [116]. This value compares well with the GC

data of �ΔSRΔG298 ¼ 2.08 kJ/mol in SE-54 at 25�C [104] whereby the absolute

association constants Kassoc of the GC and NMR experiments differed by a factor of

5 due to different experimental conditions of the two methods. Notwithstanding, the

result confirms the synergism between enantioselective NMR spectroscopy and

enantioselective GC.
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For an undiluted selector, thermodynamic parameters can be directly obtained

from the equation RT ln α ¼ �ΔD,LΔG (Sect. 8). Temperature-dependent

measurements in the range 35–50�C gave the following averaged enantioselectivity

data for the haloethers enantioseparated by GC on octakis(2,6-di-O-pentyl-3-O-
trifluoroacetyl)-γ-cyclodextrin [26]:

enflurane : �ΔDLΔH ¼ 4:51 kJ=mol; ΔDLΔS ¼ �10:9 J=mol K

isoflurane : �ΔDLΔH ¼ 6:09 kJ=mol; ΔDLΔS ¼ �15:7 J=mol K

desflurane : �ΔDLΔH ¼ 3:79 kJ=mol; ΔDLΔS ¼ �9:4 J=mol K:

The isoenantioselective temperatures Tiso were estimated at around 400 K

(~125�C) but could not be verified experimentally. All thermodynamic data represent

only average values owing to a range of interactions between the anesthetics and the

cyclodextrin selectors as the CSP octakis(2,6-di-O-pentyl-3-O-trifluoroacetyl)-γ-
cyclodextrin employed was comprised of a mixture of isomers and homologues [26].

10 1H-NMR NOE Difference Spectroscopy

of Enflurane and Lipodex E

Intermolecular 1H-NMR-nuclear Overhauser effect (NOE) investigations were

performed to obtain insights into the molecular complexes formed by the stronger

interacting (R)-enantiomer of enflurane and octakis(3-O-butanoyl-2,6-di-O-pentyl)-γ-
cyclodextrin (Lipodex E) [116]. A negative NOE intensity change for the H-α- and
H-β-proton signals of (R)-enflurane was detected upon irradiation of the inner protons
H-3 and H-5 of Lipodex E while no NOE intensity changes were observed upon

irradiation of the corresponding outer protons H-1, H-2, H-4, H-6A, H-6B, or either of

the diastereotopic butanoyl protons of Lipodex E (Fig. 24). Analogous results were

obtained for (S)-enflurane and Lipodex E. Thus it was concluded that both enflurane

enantiomers are clearly located inside the cyclodextrin cavity. Internal and external

contributions to enantiomeric differentiation involving cyclodextrins have been

discussed previously [5] and the total absence of molecular inclusion is manifested

by the efficient enantioseparation capability of modified linear dextrins (“acyclo-

dextrins”) [117]. The established inclusion properties of Lipodex E for haloethers

have been ascribed to internal dipole–dipole interactions and hydrogen-bonding

involving acidicH-α- andH-β-protons of enflurane [116]. Precisemolecularmodeling

studies have been elusive thus far.
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11 An Extraordinary Enantiomeric Differentiation

Between “Compound B” and Lipodex E

Enantiomeric differentiations by GC employing modified cyclodextrins are usually

characterized by low enantioselectivities [2, 16]. Yet, due to the high resolving

power of capillary GC, very low enantioseparation factors of 1.01 < α < 1.10 are

sufficient for quantitative analytical enantioseparations in a short time. However,

for an understanding of chromatographic enantioselectivity [118, 119], small values

of α are detrimental to reliable mechanistic studies of enantiorecognition [105,

120], e.g., by molecular modeling calculations involving cyclodextrins [119,

121–123]. Low enantioselectivities are also totally inappropriate for predictions

of the elution order of enantiomers on modified cyclodextrins (Sect. 5). The

correlation of the elution order and configuration of the separated enantiomers

may further be obscured by the possibility of peak reversals due to enthalpy-

entropy compensation (Sect. 8), thus requiring extended temperature-dependent

studies. High values of α > 1.5 are only rarely encountered for selectand

enantiomers in enantioselective GC employing modified cyclodextrin selectors.

Yet unexpected large enantioseparation factors α has been observed with enflurane,

Fig. 24 400 MHz 1H-NMR NOE difference spectra of 0.078 M (R)-enflurane in the presence of

0.013 M of the CSA Lipodex E in d12-cyclohexane [116]. Top: Spectrum of enflurane at 6–7 ppm

and spectrum of Lipodex E at 3.0–5.5 ppm. Bottom: Irradiation of external cyclodextrin H-1 and

H-2 (no response) and of internal cyclodextrin protons H-3 and H-5 (with response)
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isoflurane, and desflurane (Sect. 2). This observation is in line with a general trend

of favourable enantioselectivities occurring with halogenated chiral compounds

and modified cyclodextrins. Even the smallest five-atomic halocarbons

bromochlorofluoromethane and chlorofluoroiodomethane can be resolved by

enantioselective inclusion GC (Sect. 12).

Methyl 2-chloropropanoate has been enantioseparated on undiluted heptakis

(3-O-acetyl-2,6-di-O-pentyl)-β-cyclodextrin (Lipodex D) [124] with α ¼ 2.02

corresponding to �ΔS,RΔG ¼ 2.1 kJ/mol at 60�C, whereby the (S)-enantiomer is

eluted after the (R)-enantiomer, and NMR studies and molecular dynamics

calculations were carried out for this efficient enantioselective system [125,

126]. Methyl 2-chloropropanoate was also enantioseparated on octakis(3-O-
butanoyl-2,6-di-O-pentyl)-γ-cyclodextrin (Lipodex E) with α ¼ 2.27 corresponding

to�ΔS,RΔG ¼ 2.34 kJ/mol,�ΔS,RΔH ¼ 13.8 kJ/mol, and�ΔS,RΔS ¼ 33.5 J/mol K

at 70�C [127]. The enantioseparation of methyl 2-chloropropanoate on undiluted

heptakis(2,6-di-O-pentyl-3-O-trifluoroacetyl)-β-cyclodextrin at 50�C gave the fol-

lowing thermodynamic data: �ΔS,RΔG ¼ 3.01 kJ/mol, �ΔS,RΔH ¼ 13.4 kJ/mol,

�ΔS,RΔS ¼ 31.4 J/mol K, and Tiso ¼ 150�C [128]. All thermodynamic data refer

to true values since the selectors were used in the undiluted form (Sect. 8).

The enantioseparation of “compoundB” (2-(fluoromethoxy)-3-methoxy-1,1,1,3,3-

pentafluoropropane) (Fig. 25, left) on modified CDs exhibited the highest enantio-

separation factorα ever observed in enantioselectiveGC [129]. This unexpected result

implies that one enantiomer undergoes a strong molecular association, whereas

the other enantiomer does not. The very high GC enantioseparation factors α for

“compound B” on modified CDs have been found by mere chance as the target
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Fig. 25 Left: Decomposition products of sevoflurane in an alkaline environment [129]. Right:
Analytical gas-chromatographic enantioseparation of “compound B.” 10 m � 0.25 mm (i.d.)

fused silica capillary column coated with 0.25 μm heptakis(2,3-di-O-acetyl-6-O-tert-
butyldimethylsilyl)-β-cyclodextrin in PS 86 (~15% diphenyl, ~85% dimethyl-PS, 20 wt%) at

30�C and 1.25 bar dihydrogen [129]
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compound represents just a minor chiral decomposition product of the achiral new

generation anesthetic sevoflurane (1,1,1,3,3,3-hexafluoro-2-(fluoromethoxy)propane)

(Fig. 25, left) [130]. Since volatile anesthetics are recycled during anesthesia in

re-breathing units, the exhaled carbon dioxide is trappedwith soda lime. In the alkaline

environment, methanol is formed by a Cannizzaro reaction from formaldehyde which

is the result of hydrolysis of sevoflurane.Methanol is then added to the double bond of

“compound A” which is generated by hydroformic acid abstraction from sevoflurane

by soda lime (Fig. 25, left). The perfluorodiether “compound B” represents a chiral

molecule. It has been analytically enantioseparated on heptakis(2,3-di-O-acetyl-6-O-
tert-butyldimethylsilyl)-β-cyclodextrin [131] diluted in polysiloxane PS 86 (~15%

diphenyl, ~85% dimethyl-PS, 20 wt%), exhibiting the large enantioseparation factor

α ¼ 4.1 at 30�C (Fig. 25, right) [129]. The high enantioselectivity allowed the

isolation of the enantiomers of “compound B” by preparative GC (Sect. 3) and the

subsequent determination of their specific rotation by polarimetry and their absolute

configurations both by anomalous X-ray diffraction [129] and by VCD [132]. Thus in

ten repetitive runs under the conditions detailed inFig. 26 (left), a total of 275mg of the

first eluted enantiomer were collected as first fraction with ee > 99.9% and 73 mg of

the second eluted enantiomer as third fraction with ee > 99.7%, whereby the middle

fraction was not discarded but re-injected [129]. The high enantiomeric excess (ee) of

both enantiomers has been determined analytically (Fig. 26, right). ByX-ray evidence,

the levorotatory enantiomer had the (–)-(R)-configuration while the dextrorotatory

solvent
(R)-(-)

(S)-(+)

(R)-(-)
(S)-(+)

(S) (+) (R)-(-)next 
injection

first 
injection

-

Fig. 26 Left: Preparative gas-chromatographic enantioseparation of “compound B” dissolved in

diethylether. 1 m � 18 mm (i.d.) stainless steel column packed with Chromosorb P-AW-DMCS

(80–100 mesh) coated with 19.1 wt% of heptakis(2,3-di-O-acetyl-6-O-tert-butyldimethylsilyl)-β-
cyclodextrin in PS 86 (15.2 wt%) at 70�C and 1.4 bar dinitrogen. The dotted lines indicate the three
fractions collected [129]. Right: Gas-chromatographic determination of the high enantiomeric

excess (ee) of the isolated single enantiomers (conditions as in Fig. 25, right) [129]
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enantiomer had the (+)-(S)-configuration. The elution order of the enantiomers of

“compound B” on heptakis(2,3-di-O-acetyl-6-O-tert-butyldimethylsilyl)-β-cyclo-
dextrin is (S) after (R) [129]. In order to gain information on the origin of enantiomeric

differentiation, 1H- and 19F-NMR-spectroscopic studies have been performed

whereby heptakis(2,3-di-O-acetyl-6-O-tert-butyldimethylsilyl)-β-cyclodextrin has

been employed as a CSA for inducing chemical shift anisochrony of the externally

enantiotopic nuclei of racemic “compound B” in d12-cyclohexane as solvent

[133]. Experimentswith single enantiomers of “compoundB” obtained by preparative

GC revealed larger chemical shifts of the protons of the (S)-enantiomer as compared to

the (R)-enantiomer by 1H-NMR in the presence of the cyclodextrin selector in

agreement with the GC experiment where (S) is eluted later than (R) [129]. A ratio

of the association constantsKassoc
S =Kassoc

R ¼ 1.5was found asmean value for theα- and
β-proton of enflurane in d12-cyclohexane in the presence of the cyclodextrin selector
yielding�ΔSRΔG298 ¼ 1.00 kJ/mol. This value is lower than expected from the GC

experiment exhibiting α ¼ 4.1 at 30�C corresponding to �ΔSRΔG303 ¼ 3.5 kJ/mol

[129]. Also by 19F-NMR spectroscopy a large anisochrony was observed whereby

the fluorine resonances of the (S)-enantiomer were shifted more downfield than those

of the (R)-enantiomer [133]. In order to elucidate the association mechanisms of

the complexes formed in solution, intermolecular rotating-frame Overhauser effect

spectroscopy (1D- and 2D-ROESY) was performed with equimolar solutions of

racemic “compound B” and heptakis(2,3-di-O-acetyl-6-O-tert-butyldimethylsilyl)-

β-cyclodextrin in d12-cyclohexane [133]. The results implied that the CH3O-group

of “compound B” is included at the wider opening of the cyclodextrin cavity whereas

the CH2F- and CF3-groups interact with the external acetyl and silyl groups of the

cyclodextrin used as CSA [133]. Thus the important role of the functional groups on

the cyclodextrin rim and the occurrence of partial molecular inclusion in the enantio-

meric differentiation mechanism were established.

The largest enantioseparation factor of α ¼ 10.6 at 26�C ever observed in

enantioselective GC has been detected for “compound B” on octakis(3-O-
butanoyl-2,6-di-O-pentyl)-γ-cyclodextrin (Lipodex E) [28] diluted in polysiloxane

PS 255 (Fig. 27, left) [134].

The described finding was the result of mere serendipity rather than rational

design as the structural requirements for efficient enantiomeric differentiation

involving haloethers and modified cyclodextrins are currently unknown. This is

also borne out by the unexpected observation that the enantioseparation factor

drops to α ¼ 2.1 on heptakis(3-O-butanoyl-2,6-di-O-pentyl)-β-cyclodextrin and to

α ¼ 1.0 (no enantioselectivity at all!) on hexakis(3-O-butanoyl-2,6-di-O-pentyl)-α-
cyclodextrin [134]. This unusual dependence of enantioselectivity on the cavity size

of CDs in enantioselective inclusion GC warrants an explanation and it may also be

of interest to test the δ-CD congener of Lipodex E for the enantiomeric differentia-

tion of “compound B” by GC and NMR in the future. One tentative explanation for

the exclusive versatility of Lipodex E based on γ-cyclodextrin for the enantio-

separation of many racemates in general [28], and of “compound B” in particular

[134], may be associated with self-inclusion of n-pentyl groups into the cavity of the
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selector followed by competitive displacement by the selectand. A clue to this

proposal, i.e., self-inclusion of one 6-O-pentyl group into Lipodex E, has been

obtained by NMR measurements and molecular dynamics (MD) calculations

[135]. The molecular associations of single enantiomers of “compound B” obtained

by preparative GC and octakis(3-O-butanoyl-2,6-di-O-pentyl)-γ-cyclodextrin
(Lipodex E) and heptakis(3-O-butanoyl-2,6-di-O-pentyl)-β-cyclodextrin were also

studied by 19F-NMR spectroscopy in apolar d12-cyclohexane [136]. Association

constants of the interaction of the two enantiomers of “compound B” with Lipodex

E and its β-cyclodextrin analogue were determined by NMR chemical shift titration

and showed large differences in agreement with the GC results. Heteronuclear NOE

measurements proved that inclusion complex formation takes placewith “compound

B” located inside the cavity of the cyclodextrin moiety. The study could not

rationalize the striking difference in enantioselectivity between the β-CD and its

γ-CD congener observed by enantioselective GC.

A comprehensive thermodynamic study has been performed for the enantio-

meric differentiation of “compound B” by Lipodex E diluted in polysiloxane PS

255 (30 wt%) which exhibited the unexpectedly high enantioseparation factor α of

10.6 at 26�C [134]. Since the selector was diluted in the polysiloxane solvent S, the

retention-increment R0 method (Sect. 8) has been employed. The use of (9) in
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Fig. 27 Left: Analytical gas-chromatographic enantioseparation of “compound B.” 5 m �
0.25 mm (i.d.) fused silica capillary column coated with 0.28 μm octakis(3-O-butanoyl-2,6-di-O-
n-pentyl)-γ-cyclodextrin (Lipodex E) in PS 225 (30 wt%), 26�C, 1.12 bar dihydrogen [134]. Right:
Stepwise enantioselective surface plasmon resonance (SPR) signals with Lipodex E as sensor

coating on exposure to single enantiomers of “compound B” in a concentration range between

0 and 140 μg/L at 30�C [141]
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comparing the retention factors k of the enantiomers on the reference column and

the enantioselective column would require identical column dimensions and coat-

ing parameters. In order to overcome this obstacle, relative retentions r ¼ t0R/t0Rref
were used according to (10) in which the adjusted retention time t0R (¼ total

retention time tR minus unretained-peak holdup time tM) of the enantiomers was

related to an inert reference standard. For α-amino-acid selectors and metal-

complex selectors, n-alkanes have been used as reference standards as they undergo
neither hydrogen-bonding nor complexation with transition metal ions [112,

114]. However, in the case of cyclodextrin selectors, minor molecular association

with n-alkanes has been detected [24]. This is also corroborated by the observation

that chiral branched alkanes, devoid of any functionality, can be enantioseparated

on modified cyclodextrins by GC [137, 138]. A theoretical treatment of the

retention-increment R0 approach has been put forward for n-alkane reference

standards which undergo a definite, albeit negligible, interaction with modified

cyclodextrins [24]. Indeed, n-alkanes could previously not be used as reliable

reference standards in a thermodynamic study of derivatized amino acids and

modified cyclodextrins [112]. However, due to the very large retention factors k
involved for “compound B” and Lipodex E, the use of n-alkanes as references

standards was straightforward [134]. Three columns were used in the study. The

reference column (30 m � 0.25 mm i.d.) was coated statically with pure

polysiloxane PS 255 while the enantioselective columns (10 m � 0.25 mm i.d.)

were coated statically with 0.5 μm Lipodex E in polysiloxane PS 255 (5 wt% and

10 wt%). “Compound B,” methane (as holdup time marker), and the n-alkanes (the
reference standards n-pentane, n-hexane, n-heptane, and n-octane) were split-

injected together (1:100). Highly precise data for the true enantioselectivity

�ΔSRΔGtrue (the (S)-enantiomer is eluted after the (R)-enantiomer) were obtained

[134] irrespective of the choice of the reference standards (C5–C8) and the concen-

tration of the selector in the polysiloxane (5 wt% vs 10 wt%), thus underlining the

validity of (10) and the need to separate rigorously achiral from chiral contributions

to retention via the concept of the retention-increment R0 (Fig. 23). The measured

value of �ΔSRΔGtrue
303 ¼ 5.7 (0.05) kJ/mol (at 30�C) is very large and beyond the

estimated intrinsic error of molecular modeling calculations [139].

The question arose why the (S)-enantiomer of “compound B” underwent an

unprecedented high molecular interaction with the γ-cyclodextrin selector vis-à-vis
the negligible interaction of the (R)-enantiomer and why this strong bias is lost for

the corresponding α-cyclodextrin selector (see above). GC temperature-dependent

data for the true enantioselectivity �ΔSRΔGtrue obtained at 11 temperatures

between 30�C and 80�C and measured at both concentrations of the selector

(5 wt% and 10 wt%) furnished the following thermodynamic parameters via the

strictly linear van’t Hoff plots according to (13) [134]:

�ΔSRΔHtrue ¼ 20:1 0:64ð Þ kJ=mol

ΔSRΔStrue ¼ �47:4 2:0ð ÞJ=mol K

Tiso ¼ 424 30ð Þ K:
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These data represent the highest figures ever found in enantioselective GC. The

high value of Tiso (~150�C) prevented its experimental verification, i.e., peak

coalescence and inversion of the elution order [134]. All thermodynamic data

were obtained from the ratio of the retention-increments R0
S/R

0
R according to (11)

and were independent of the concentration (5 wt% and 10 wt%) of the selector A in

the polysiloxane S for both columns. Indeed, with the retention-increment R0

approach (Sect. 8) only the enantioselective contribution to retention of the selector

A is quantified and �ΔSRΔGtrue
303 does not refer to the total CSP (i.e., A in S).

Therefore only the ratio of the retention-increments R0
S/R

0
R and not the ratio of

retention factors kS/kR is appropriate to quantify the true enantioselectivity for

diluted CSPs (Fig. 23).

Enantiomers cannot be distinguished on the reference column containing the

achiral solvent matrix S. Therefore r�i is identical for the enantiomers (S) and (R) of
“compound B.” r�i need not be determined separately but can be extrapolated from

two sets of data of the relative retention, ri, for the (S)- and (R)-enantiomers at two

(arbitrary) activities ai of the CD selector A in the solvent S of the columns (1) and

(2) as a consequence of the following expression [140]:

r� ¼ rS
ð1ÞrRð2Þ � rR

ð1ÞrSð2Þ
� 	

rSð1Þ þ rRð2Þð Þ � rRð1Þ þ rSð2Þð Þ : (14)

This expression, which directly follows the theorem of intersecting lines of

Thales (Fig. 23), can be used to assess the non-enantioselective contributions to

retention when r� is not readily accessible due to the unavailability of the solvent S
to prepare a reference column (e.g., for Chirasil-type CSPs). It is enough to collect

retention data from two columns of different activities (or concentrations in dilute

systems) of the selector A in S. Thus values for r� of “compound E” on Lipodex E

were calculated using two columns coated with Lipodex E in polysiloxane PS

255 (5 wt% and 10 wt%) with four reference n-alkanes standards (C5–C8) at

11 temperatures and a satisfactory agreement between measured and extrapolated

values of r� were obtained [134]. This finding reinforced the validity of the

retention-increment R0 approach which relies on some experimental conditions,

i.e., use of traces of the selectand (10�8 g) to guarantee a true 1:1 association

equilibrium and the presence of a dilute solution of the selector A in the solvent S

(typically 0.05–0.1 molal). The method has also been adopted in enantioselective

LC in order to separate achiral and chiral contributions to retention [108].

The highly enantioselective supramolecular selectand-selectant system “com-

pound B” and Lipodex E has been selected as a versatile model system to study the

enantiomeric differentiation of enantioselective sensor devices based on quartz thick-

ness shear mode resonators (TSMR), surface acoustic wave sensors, surface plasmon

resonance (SPR) (Fig. 27, right), and reflectometric interference spectroscopy

[141]. For all enantioselective sensor devices the (S)-enantiomer of “compound B”

showed the stronger interaction with Lipodex E as was found in enantioselective

GC. Based on the distinction between enantioselective and non-enantioselective
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interactions (see above), thermodynamic association constants of the single

enantiomers of “compound B” with Lipodex E were determined by a quartz TSMR

and by surface plasmon resonance at 30�C and the observed enantioselectivity

�ΔSRΔGtrue
303 ¼ 5.7 kJ/mol (TSMR) and �ΔSRΔGtrue

303 ¼ 5.9 kJ/mol (SPR) [141]

agreed well with that determined by enantioselective GC, i.e., �ΔSRΔGtrue
303 ¼

5.7 kJ/mol [134].

12 Analytical Gas-Chromatographic Enantioseparation

of Bromochlorofluoromethane and of

Chlorofluoroiodomethane

Enflurane possesses a stereogenic center at a carbon atom which is substituted by

three different atoms (Fig. 2). When the organic ether residue in enflurane is

replaced by either bromine or iodine, the smallest penta-atomic (non-isotopically

labelled) chiral molecules, i.e., the enantiomers of bromochlorofluoromethane,

C*HFClBr, and chlorofluoroiodomethane, C*HClFI, are obtained (Fig. 28, left)

enrichedsolvent

C7

racemic

(S)-(+) (R)-(-)

0 12 24 min

solvents

enriched

(S)-(+) 

12840

(R-(-)

min

Fig. 28 Left: Enantiomers of C*HFClBr and C*HFClI. Right, top: Analytical gas-chromatographic

enantioseparation of racemic and enantiomerically enrichedC*HFClBr. 40m � 0.25mm(i.d.) fused

silica capillary column coated with 0.25 μm immobilized Chirasil-γ-Dex at �20�C and 100 kPa

dihydrogen [147]. Right, bottom: Analytical gas-chromatographic enantioseparation of enantio-

merically enriched C*HFClI. 40 m � 0.25 mm (i.d.) fused silica capillary column coated with

0.25 μm immobilized Chirasil-γ-Dex at 15�C and 100 kPa dihydrogen [145]
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(incidentally, the smallest hypothetical isotopically labelled chiral molecule is

C*1H2H3HX (X ¼ halogen) which is not considered here).

Theoretically, true enantiomers are based on the non-superposability of matter

and antimatter. Earthbound chiral D and L molecules, e.g., proteinogenic 2-amino

acids, which both possess negative charged electrons, are actually diastereomers

(quasi-enantiomers) and not true enantiomers as the charge is not mirrored. The

resulting parity violation energy difference (PVED) of the weak force between

enantiomers is often linked with the evolution of homochirality on primordial Earth

[142–144]. The penta-atomic chiral halomethanes C*HFClBr and C*HClFI

containing heavy atoms represent ideal target molecules for spectroscopic PVED

measurements [143]. However, the search for subtle differences in the ultrahigh

infrared spectra of the right- and left-handed tri(hetero)halogenomethanes requires

the availability of large amounts of single enantiomers. Preparative access to the

enantiomers of C*HFClBr and C*HClFI relies on the decarboxylation (with reten-

tion of configuration [70, 71], Fig. 14, right) of the corresponding pre-resolved tri

(hetero)halogenoacetic acids [143, 145]. However, only incomplete enantiomeric

excesses ee have been obtained thus far. Also the direct preparative GC enantiose-

paration is as yet elusive. However, following a preliminary report on the GC

enantioseparation of C*HFClBr by König [16], the quantitative analytical

enantioseparation of C*HFClBr and C*HFClI has systematically been explored

on Chirasil-γ-Dex (octakis(3-O-butanoyl-2,6-di-O-n-pentyl)-γ-cyclodextrin linked

to poly(dimethylsiloxane)) [51, 145–147]. The Chirasil-γ-Dex CSP [32] exhibits

the advantages inherent to polysiloxanes in GC, i.e., high resolution, inertness, and

susceptibility to high and low GC operating temperatures. The CSP can even be

used under cryoscopic conditions without loss of column efficiency down to�20�C
which was required for the quantitative enantioseparation of C*HFClBr (Fig. 28,

top right) whereas C*HFClI could be enantioseparated at 15�C (Fig. 28, bottom

right). The analytical tool allowed the determination of the enantiomer excess ee of

the tri(hetero)halogenomethanes obtained by decarboxylation of enantiomerically

enriched tri(hetero)halogenoacetic acids (Fig. 28, bottom right) [145]. The (+)-(S)-
and (–)-(R) configurations of C*HFClI and C*HFClBr were assigned by quantum

mechanical calculations [145, 148].

The following thermodynamic data of enantioselectivity (Sect. 8) were obtained

for the tri(hetero)halogenomethanes and Chirasil-γ-Dex [147] (D and L denote

enantiomers irrespective of the true absolute configurations):

C � HFClBr :
ΔD;LΔH ¼ �0:46 kJ=mol

ΔD;LΔS ¼ �1:37 J=mol K

Tiso ¼ 336 K;
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C � HFClI :
ΔD;LΔH ¼ �1:52 kJ=mol

ΔD;LΔS ¼ �4:57 J=mol K

Tiso ¼ 333 K:

Thus the enantioselectivity difference of the haloethers on the CSP as expressed by

thermodynamic data is threefold for the iodo compound. However, the linearity of the

plot of ΔD,LΔH vs ΔD,LΔS is indicative of a compensation effect [105] and infers an

identical inclusion mechanism. Moreover, the low isoenantioselective temperature

Tiso (~60
�C), which is due to a strong entropic contribution to enantiomeric differenti-

ation, implies that very low temperatures are beneficial to increase enantioselectivity

[147] and that cryogenic temperatures are required for any attempted preparative

enantioseparation of tri(hetero)halogenomethanes on Chirasil-γ-Dex as a prerequisite
of PVED measurements. Unfortunately, the reversal of the elution order above Tiso
[111–114] could not be verified as the retention times were too short at ambient

temperatures. The mechanistic rationalization of enantioselectivity between the

smallest chiral molecules and a modified γ-cyclodextrin with the largest molecular

cavity (α < β < γ) remains a challenge for the future.
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81. Juza M, Jakubetz H, Hettesheimer H, Schurig V (1999) Quantitative determination of

isoflurane enantiomers in blood samples during and after surgery via headspace gas

chromatography-mass spectrometry. J Chromatogr B 735:93–102
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123. Dodziuk H, Lukin O, Nowiński KS (2000) Molecular mechanics calculations of molecular

and chiral recognition by cyclodextrins. Is it reliable? The selective complexation of decalins

by β-cyclodextrin. J Mol Struct (Theochem) 503:221–230

124. König WA, Lutz S, Wenz G, van der Bey E (1988) Cyclodextrins as chiral stationary phases

in capillary gas chromatography. Part II: heptakis(3-O-acetyl-2,6-di-O-pentyl)-β-cyclo-
dextrin. J High Resolut Chromatogr 11:506–509
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Differentiation of Enantiomers by Capillary

Electrophoresis

Gerhard K. E. Scriba

Abstract Capillary electrophoresis (CE) hasmatured to one of themajor liquid phase

enantiodifferentiation techniques since the first report in 1985. This can be primarily

attributed to the flexibility as well as the various modes available including electro-

kinetic chromatography (EKC), micellar electrokinetic chromatography (MEKC),

and microemulsion electrokinetic chromatography (MEEKC). In contrast to

chromatographic techniques, the chiral selector is mobile in the background electro-

lyte. Furthermore, a large variety of chiral selectors are available that can be easily

combined in the same separation system. In addition, the migration order of the

enantiomers can be adjusted by a number of approaches. In CE enantiodifferentiations

the separation principle is comparable to chromatography while the principle of the

movement of the analytes in the capillary is based on electrophoretic phenomena. The

present chapter will focus on mechanistic aspects of CE enantioseparations including

enantiomer migration order and the current understanding of selector–selectand

structures. Selected examples of the basic enantioseparation modes EKC, MEKC,

and MEEKC will be discussed.
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graphy � Enantiodifferentiation � Enantiomer migration order � Micellar electro-

kinetic chromatography �Microemulsion electrokinetic chromatography �Mobility
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CD Cyclodextrin

Dns Dansyl

EKC Electrokinetic chromatography

EOF Electroosmotic flow
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“What can more resemble my hand or my ear, and be more equal in all points, than its
image in a mirror? And yet, I cannot put such a hand as is seen in the mirror in the
place of its original.” As stated by Immanuel Kant in 1783 in his discourse on

metaphysics [1], a chiral object and its mirror image, although looking alike, are

nevertheless incongruent. This epistemological analysis of a philosopher is also true in

nature with regard to the interaction of chiral compounds with chiral biological targets

which makes the differentiation of enantiomers a fundamental natural phenomenon.

Chiral molecules play important parts in many aspects of life sciences, medical

sciences, synthetic chemistry, food chemistry, as well as many other fields. Conse-

quently, analytical techniques capable of differentiating stereoisomers, specifically

enantiomers, are required. Chromatographic and electromigration techniques are

currently most often applied due to the fact that these techniques separate not only

enantiomers but also diastereomers and other chemically related compounds. For

analytical enantioseparations, high-performance liquid chromatography (HPLC) and

capillary electrophoresis (CE) are most often employed for non-volatile analytes

while gas chromatography (GC) is preferably applied in the case of volatile analytes.

In capillary electrophoretic separation techniques analyses are performed in narrow

bore capillaries exploiting the electrophoretic mobilities of charged molecules upon
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the application of high electric field strength. Typically, the chiral selector is added to

the background electrolyte in contrast to chromatography where the selector is bound

to the stationary phase in most cases. Thus, in CE the chiral selector represents a

so-called pseudostationary phase that may possess its own electrophoretic mobility.

Combined with the different modes of CE including electrokinetic chromatography

(EKC), micellar electrokinetic chromatography (MEKC), and, more recently,

microemulsion electrokinetic chromatography (MEEKC), a multitude of separation

scenarios can be realized contributing to the high flexibility of CE. Finally, the small

quantities of samples, chemicals, and (if any) organic solvents render CE as an

environmentally friendly and cost-effective technique.

This chapter discusses the current understanding of CE enantioseparations and will

highlight examples in EKC, MEKC, and MEEKC. Capillary electrochromatography

(CEC), which is considered a hybrid technique combining the separation principles of

CE and HPLC, will not be considered here.

1 Historical Development of CE Enantioseparations

The first publication of an (achiral) CE analysis is often considered to be the paper by

Jorgenson and Lukacs analyzing dansyl (Dns)-amino acids and other analytes in

75 μm inner diameter (id) fused-silica capillaries which was published in 1981

[2]. Approximately 4 years later the first CE enantioseparation was reported by

Gassmann et al. who separated Dns-amino acids in the presence of a copper

(II)–histidine complex as chiral selector [3]. It took until the late 1980s until further

enantioseparations by CE were reported, including the paper by Cohen et al. using

copper(II)–N,N-didecyl-L-alanine as chiral selector in a SDS micellar system in 1987

[4], or cyclodextrins (CDs) as chiral selectors in separations employing capillary

isotachophoresis reported by Smolkova-Keulemansova and coworkers in 1988/1889

[5–7] and in capillary gel electrophoresis as demonstrated by Guttman et al. in 1988

[8]. The use of CDs in EKC was systematically addressed by Fanali in 1989 [9]. In

this year several groups also reported the use of chiral micelles for analytical

enantioseparations in MEKC. Terabe’s group employed bile salt micelles for

enantioseparations of Dns-amino acids [10, 11] while Dobashi et al. demonstrated

the feasibility of N-dodecanoyl-L-valine as chiral surfactant for the separation of the

enantiomers of amino acid derivatives [12, 13]. Since then many groups have focused

on CE enantioseparations developing many chiral selectors and numerous

applications so that CE can be considered a mature and reliable technique for

analytical enantioseparations. This is also reflected in many review articles including

recent publications [14–22] as well as monographs [23, 24]. Furthermore, special

issues dedicated to enantioseparations by CE are regularly published by journals such

as Journal of Chromatography A, Electrophoresis, Journal of Separation Science,

Journal of Pharmaceutical and Biomedical Analysis, and others.
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2 Fundamentals of CE Enantioseparations

CE can be regarded as an automated version of conventional (planar) electrophoresis.

Separations are carried out in capillaries with an inner diameter (id) of 20–100 μm so

that dissipation of Joule heat is very effective, allowing the application of high voltages

up to 30 kV. The small diameters make CE a miniaturized technique requiring only

small amounts of chemicals, solvents, and samples. The capillaries are manufactured

from fused silica so that detection modes such as UV- or laser-induced fluorescence

detection are typically carried out by on-column detection but hyphenation to a

mass spectrometer is nowadays also routine. Therefore, staining techniques as in

conventional electrophoresis are not required. The output of commercial instruments

resembles a conventional chromatogram and can be integrated for quantitative

analyses. While gel electrophoresis can only be applied to large molecules, CE allows

the separation of small molecules including stereoisomers as well as the analysis of

large molecules such as proteins or DNA and even whole cells.

In electrophoresis the mobility of an analyte is determined by the electrophoretic

mobility of a particle, μep, as a function of charge, q, and size of the analyte

represented by the radius, r, for a spherical particle according to

μep ¼
q

6 π η r
; (1)

where η is the viscosity of the background electrolyte. In the case of acidic or basic
analytes, the charge is a function of the pH of the electrolyte solution. In addition,

the charged surface of the capillary results in the electroosmotic flow (EOF) as a

general mass flow. The EOF creates a plug-like flow profile as compared to the

parabolic flow profile of pressure driven chromatographic techniques rendering CE

a high resolution technique. The mobility of the EOF is described by

μEOF ¼ ε ζ

4 π η
; (2)

where ε is the permittivity of the electrolyte solution and ζ is the zeta-potential

resulting from the negatively charged capillary surface due to pH-dependent disso-

ciation of the silanol groups.

The effective mobility of a solute is the sum of both electrophoretic forces, μep
and μEOF, according to

μeff ¼ μep þ μEOF: (3)

As in chromatography, CE enantioseparations can be divided into indirect and

direct methods. In the indirect approach the analyte enantiomers are derivatized

with an enantiopure reagent to form a pair of diastereomers via covalent bonds. The

diastereomers can be subsequently separated, in principle, under achiral conditions.
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Direct methods refer to the separation of enantiomers in a chiral environment. This

requires the presence of a chiral selector that is added to the background electrolyte.

The separation is based on the formation of transient diastereomeric complexes in a

thermodynamic equilibrium. This is identical with the situation in chromatographic

techniques so that the stereospecific recognition of the analyte enantiomers by a

chiral selector represents a chromatographic phenomenon [25]. The fact that the

selector is mobile in CE compared to chromatography (a so-called “pseudo-

stationary phase”) is not a fundamental difference between the techniques. For

this reason, enantioseparations by CE are also referred to as EKC. The transport of

the analyte and/or the analyte–selector complex to the detector is achieved by

electrokinetic phenomena. Thus, enantioseparations in CE contain a chromato-

graphic and an electrophoretic component.

Many mathematical models have been proposed to describe the influence of the

main parameters of a CE separation such as the concentration of the chiral selector,

pH, EOF, nature of the background electrolyte co-ion and organic solvent additives.

Most models assume a 1:1 complexation between the enantiomers and the chiral

complexation agent although equations describing multiple complexation

equilibria have been developed [26–28]. The analyte as well as the chiral selector

may be neutral, anionic, cationic, or zwitterionic. In addition to buffer additives

(other than the chiral selector) and the nature of the capillary wall (coated or

uncoated), which may both affect the EOF, the charge of the solute and the chiral

selector determine the mechanism and direction of the migration in CE. Therefore,

the nature of the chiral additive contributes not only to the separation selectivity but

also, in the case of charged selectors, to the migration direction and magnitude.

The theoretical models may be divided into “mobility difference models” where

a separation is expressed as the difference between the effective mobilities of the

enantiomers and “selectivity models” that use the separation selectivity α expressed

as the ratio between either the effective mobilities of the enantiomers or the

complexation constants as a measure of the separation. Only a few models required

for the basic understanding of the separation mechanism will be briefly discussed.

Further models have been summarized, for example, in [15, 20, 29, 30].

The development of the initial mobility difference model is attributed to Wren

and Rowe [31] although the principal equation was derived earlier by Stepanova

and Stepanov [32]. Assuming 1:1 complexation, the formation of transient dia-

stereomeric complexes of the enantiomers R and S with a chiral selector, C, is
characterized by the complexation constants KR and KS:

Rþ C ! RC KR ¼ ½RC�
½R�½C� ; (4)

Sþ C ! SC KS ¼ ½SC�
½S�½C� :
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Generally, the effective mobility of an analyte, μeff , i.e., the apparent mobility

corrected for the mobility of the EOF, is the sum of the electrophoretic mobilities of

all different species in which the analyte may exist weighted by the mole fraction φ
of the respective species

μeff ¼
X

n

φn � μn; (5)

where n is the number of the species present under the experimental conditions.

Assuming that for a given chiral separation the enantiomers exist only in a

complexed and non-complexed form, (5) becomes for the R-enantiomer

μReff ¼ f � μf þ ð1� f ÞμRcplx; (6)

where μf is the mobility of the free enantiomer, μReff is the mobility of the

analyte–selector complex, and f is the fraction of the non-complexed species.

Considering the complexation constant, K, and the concentration of the selector,

[C], the effective mobility of the R-enantiomer may be expressed as

μReff ¼
μf þ μRcplxKR½C�

1þ KR½C� : (7)

Thus, the effective mobility of an analyte, μeff, interacting with a chiral selector

is a function of the mobility of the free analyte, μf , the (limiting) mobility of the

analyte–selector complex, μcplx, the complexation constant, K, (also referred to as

binding constant or distribution constant), and the concentration of the chiral

selector [31].

An enantioseparation is observed when the effective mobilities of the

enantiomers differ, i.e.,

Δμ ¼ μReff � μSeff ¼
μf þ μRcplxKR½C�

1þ KR½C� � μf þ μScplxKS½C�
1þ KS½C� : (8)

The chromatographic enantioselective mechanism (also referred to as the thermo-

dynamicmechanism) is the result of different affinities of the enantiomers towards the

chiral selector reflected in differences in the complexation constants, i.e., KR 6¼ KS.

The electrophoretic enantioselective mechanism is due to differences in the limiting

mobilities of the enantiomer–selector complexes, i.e., μReff 6¼ μSeff , caused, for exam-

ple, by differences in the hydrodynamic radii of the complexes due to a “better fit” of

one of the enantiomers. Both mechanisms can contribute simultaneously but the

chromatographic mechanism is typically the predominant mechanism because the

hydrodynamic radii of the two enantiomer–selector complexes do not differ
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significantly and the effective charges of the two complexes are identical. In the case of

equal complex mobilities (μRcplx ¼ μScplx ¼ μcplx) (8) may be rewritten as [25]

Δμ ¼ ½C�ðμf � μcplxÞðKR � KSÞ
1þ ½C�ðKR þ KSÞ þ KRKS½C�2

: (9)

However, it has been clearly shown, that enantioseparations in CE are possible,

even in the case of equal complexation constants, i.e., by the electrophoretic enantio-

selective mechanism based solely on mobility differences of the transient diastereo-

meric complexes [33]. In the case of equal complexation constants (KR ¼ KS ¼ K)
(8) can be transformed to [25]

Δμ ¼ K½C� ðμRcplx � μScplxÞ
1þ K½C� : (10)

This separation mechanism is not possible in the case of immobilized selectors

such as in chromatography. Examples for CE enantioseparations with essentially

equal binding constants of the enantiomers based on different limiting mobilities of

the complexes have been described [33–35].

Although frequently applied to investigating migration phenomena, the model of

Wren and Rowe has the disadvantage that it does not account for the protonation

equilibrium of the analyte in its free and complexed form. The latter may lead to

different charge densities of the complexes at a given pHof the background electrolyte

based on a complexation-induced pKa shift resulting in different limitingmobilities of

the diastereomeric selector–enantiomer complexes [36]. Analyte protonation equilib-

riumwas included by Vigh and coworkers in a series of papers [37–39]. For example,

for a weakly acidic compound the effective mobility, μeff , of an enantiomer can be

expressed as [37]

μReff ¼
μ0� þ μ0RCD�KRCD� ½C�

1þ KRCD� ½C� þ ½H3O
þ�

Ka
ð1þ KHRCD½C�Þ

; (11)

whereμ0� is the mobility of the fully deprotonated free analyte,μ0RCD� is the mobility

of the complex between the fully deprotonated species and the chiral selector, Ka is

the dissociation constant of the analyte, KRCD- and KHRCD are the complexation

constants of the dissociated and non-dissociated species, [H3O
+] is the hydronium

ion concentration of the buffer, and [C] is the concentration of the chiral selector.

Assuming identical dissociation constants of the analyte enantiomers the following

selectivity model is obtained to characterize the enantioseparation:

α ¼ μReff
μSeff

¼
1þ μ0

RCD�
μ0�

KRCD� ½C�
1þ μ0

SCD�
μ0�

KSCD� ½C�
� 1þ KSCD� ½C� þ ½H3O

þ�
Ka

1þ KHSCD½C�ð Þ
1þ KRCD� ½C� þ ½H3O

þ�
Ka

1þ KHRCD½C�ð Þ
: (12)
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Subsequently, the so-called “chiral charged resolving agent migration model”

(CHARM) for the permanently charged chiral selectors was developed including

the mobility of the chiral selector [40]. The effective mobility of the R enantiomer is

given by

μReff ¼
μf þ μRCDKRCD CD½ � þ K½H3O

þ� μHR þ μHRCDKHRCD CD½ �ð Þ
1þ KRCD CD½ � þ K½H3O

þ� 1þ KHRCD CD½ �ð Þ : (13)

Again the selectivity ratio of the effectivemobilities of the enantiomerswas applied

to characterize an enantioseparation. Depending on the dissociation behavior of the

analytes, themodelwas subdivided into forms for non-electrolytes, strong electrolytes,

and weak electrolytes. Themigration order of the enantiomers depends on theK and μ
values. The model was eventually extended, introducing a binding selectivity term, a

size selectivity term representing the mobility ratio of the transient diastereomeric

complexes, and parameter for the effect of the complexation on the analyte mobility

[41].

Dubsky et al. have developed a theoretical model based on the model by Wren

and Rowe to rationalize the often observed superior enantioselectivity of randomly

substituted chiral selectors compared to single isomer selectors [42, 43]. The

randomly substituted CD was treated as a mixture of a (large) number of defined

chiral selectors with different substitution patterns. In this system the effective

mobility can be described by an equation formally identical to the equation used for

a single selector system, i.e.,

μeffi ¼ μf þ μoveri Kover
i ctotcs

1þ Kover
i ctotcs

; (14)

where μf is the mobility of the free analyte, ctotcs is the total concentration of the

mixture of chiral selectors, i.e., the CDs with different substitution patterns. Kover
i ,

and μoveri are the overall (apparent) complexation constants and the overall (appar-

ent) limiting mobilities of the complexes, respectively. Kover
i is defined by

Kover
i ¼

X

q

χqKq
i ; (15)

where χq is the molar fraction of the qth CD substitution isomer in the mixture and

Kq
i the individual apparent complexation constants of the analyte with the qth CD

isomer. Thus, the overall complexation constant of a multiple isomer CD system is

the weighted sum of all individual constants with the mol fractions of the individual

CDs as the weights. μoveri is described by

μoveri ¼

P

q
χqKq

i μ
q
i

Kover
i

: (16)
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Equation 16 illustrates that the overall limiting mobility of an enantiomer

interacting with a mixture of selector isomers is no longer an independent physico-

chemical (electrophoretic) property but depends on the distribution of the enantiomer

between chiral and achiral environments represented by the complexation constant,

Kover
i . Thus, μoveri becomes an apparent parameter influenced by the chromatographic

as well as electrophoretic mechanisms so that the overall limiting mobilities of two

enantiomers, μover1 and μover2 , may substantially differ even in the case of equal

individual mobilities for every qth CD in the isomer mixture, i.e., μq1 ¼ μq2. Therefore,
even if enantiomers are separated solely on the chromatographic basis using one or

another single isomer CD of the mixture an additional electrophoretic separation

mechanism may appear if the two CDs are combined. This is even more likely

when a mixture of many individual CD isomers is used as is the case in randomly

substituted CDs. The theory has been experimentally proven for the enantioseparation

of lorazepam using heptakis(6-O-sulfo)-β-CD as a single isomer selector and ran-

domly sulfated β-CD as a mixture of multiple isomers [43]. The difference between

the effectivemobilities of the enantiomers as shown in Fig. 1 increases with increasing

concentrations of randomly sulfated β-CDwhile remaining almost constant in the case

of the single isomer CD. The enantioselectivity of the selectors expressed as the ratio

of the binding constants,Kover
i , is similar for both selectors (1.29 vs 1.32 for the single

isomer CD and the multiple isomer CD, respectively) despite the fact that heptakis

(6-O-sulfo)-β-CD forms stronger complexes compared to randomly sulfated

β-CD. However, there is a large difference between the apparent limiting mobilities,

μoveri , for the enantiomers in the case of the multiple isomer CE while the values

are practically identical in the case of heptakis(6-O-sulfo)-β-CD (Fig. 1). Thus, the

enantioseparation with the single isomer CD is largely governed by the (thermo-

dynamic) enantioselectivity of the selector, the electrophoretic enantioselectivemech-

anism (complex mobility) significantly affecting the (increased) enantioseparation

observed for the multiple isomer selector represented by randomly sulfated β-CD.
As described in this section, significant differences exist between enantio-

separations in pressure-driven chromatographic systems and systems based on electro-

phoretic phenomena, although the general enantioselective recognition mechanism

(i.e., the complexation of the analyte enantiomers by a chiral selector) is the same in

both techniques. One striking example is the above-mentioned fact that enantio-

separations are possible even if there is no stereoselective recognition of the

enantiomers by the selector which can be attributed to the fact that the diastereomeric

selector–selectand complexes are mobile andmay differ in their respectivemobilities.

3 Enantiomer Migration Order

3.1 Techniques for Enantiomer Migration Order Reversal

One of the most striking features of CE is the fact that the enantiomer migration

order may be adjusted relatively easily by variation of the experimental conditions.
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For the determination of the enantiomeric excess (ee) the minor enantiomer has to

be determined in the presence of a large amount of the other enantiomer. Based on

the requirements by the regulatory authorities the excess of one enantiomer may be

1,000-fold. As peak tailing and peak fronting can be observed in CE it may be

feasible to determine the minor enantiomer in front of a tailing peak of the main

component or after a large fronting peak. Most chiral selectors used in CE are

available only in one stereoisomeric form so that reversal of the enantiomer

migration order often cannot be achieved by switching to the other enantiomer of

the selector. Therefore, other phenomena must be exploited in such cases.

Considering the mobility difference models mentioned above, reversal of the

enantiomer migration order is observed when the algebraic sign of the difference of

the effective mobilities of enantiomers 1 and 2, Δ μ ¼ μeff1 � μeff2 , or the terms

(K1 � K2) or ( μf � μcplx ) is reversed [44]. In a selectivity model [e.g., (12)],

opposite migration order is observed when α ¼ μeff1=μeff2 > 0 or < 0. Because

the chromatographic principle reflected in the complexation of the solutes as well as

the electrophoretic principles affect the effective mobilities of the enantiomers, the

following mechanisms can affect the enantiomer migration order [44, 45]:

1. The strength of the complexation of the enantiomers by the selector.

2. The direction and magnitude of the EOF.

3. The direction and magnitude of the mobility of the free analyte.

1st enantiomer

[x 10-3 L/g]

2nd enantiomer

[x 10-9 m2V-1s-1]

28.1 ± 1.8 36.1 ± 2.3

– 25.0 ± 0.8 – 25.5 ± 0.7)over(cs
i

over
iK

1st enantiomer

[x 10-3 L/g]

2nd enantiomer

[x 10-9 m2V-1s-1]

7.1 ± 1.1 9.4 ± 0.2

– 7.9 ± 0.9 – 22.8 ± 0.3
)over(cs

i

over
iK

μ

heptakis(6-O-sulfo)- -CDβ sulfated -CDβ

μ

Fig. 1 Effective mobility of the enantiomers of lorazepam using heptakis(6-O-sulfo)-β-CD (left)
and randomly sulfated β-CD (right) as chiral selectors in a 50 mM tris-tricine buffer, pH 8.11,

using an applied voltage of 15 kV. The complexation constants and complex mobilities obtained

from curve fitting according to (11) are also presented. (Reproduced with permission of Wiley

from [42] © 2010)
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4. The direction and magnitude of the mobility of the chiral selector.

5. The direction and magnitude of the mobility of the diastereomeric

selector–enantiomer complexes.

Combinations may apply. Various scenarios are also possible due to the fact that

detection in CE can be performed at the cathodic end (normal polarity of the applied

voltage) as well as the anodic end of the capillary (reversed polarity of the applied

voltage) so that cathodic as well as anodic mobility can be exploited. Different

techniques have been utilized in order to reverse the migration order of enantiomers

based on the general phenomena listed above. They are schematically summarized

in Fig. 2 considering certain combinations of experimental conditions. However,

other combinations than the depicted ones may also apply leading to comparable

effects so that the current discussion of mechanisms leading to opposite enantiomer

migration order cannot be comprehensive.

The first mechanism is the most obvious. Two chiral selectors possess opposite

complexation selectivity toward the enantiomers of an analyte, i.e., enantiomer 1 is

bound more strongly than enantiomer 2 by one selector but more weakly than

enantiomer 2 by the other selector. If the overall migration direction is not altered

by the exchange of the selector this will result in opposite enantiomer migration

order. In the case of a positively charged analyte that is detected at the cathode the

more weakly complexed analyte migrates first (Fig. 2a). In contrast, analyzing a

negatively charged solute with an electrophoretic mobility towards the anode that is

carried to the detector at the cathodic end of the capillary (Fig. 2b), the more

strongly complexed stereoisomer will migrate first because the more weakly

complexed enantiomer possesses a relatively higher mobility towards the anode.

Examples of opposite chiral recognition include separations applying the

enantiomers of a selector such as in the case of the synthetic polymeric micelles

possessing either L- or D-valine as head group [46], in a ligand exchange system

when switching the chiral chelator D-penicillamine to L-penicillamine [47], chiral

surfactants based on β-L-glucose or β-D-glucose [48], or using the enantiomers of a

chiral crown ether as selector [49]. Different complexation selectivities have also

been observed for CDs as a group of chiral selectors available in only one configu-

ration. In this case different complexes were formed depending on the size of the

CD cavity, the CD derivative, the substitution pattern, or the position of the

substituents (see also discussion on complex structures below) as summarized in

[44, 45]. Recent examples include [50–57]. Opposite enantiomer migration order of

analytes has also been found in the presence of CD derivatives with identical

substituents but different substitution patterns [58, 59]. Furthermore, opposite

stereoselective recognition of enantiomers by CDs has been observed depending

on the charge of the analyte. Thus, one enantiomer is preferentially complexed in

the charged form while the other enantiomer is complexed more strongly when the

analyte is uncharged. This behavior has been reported for amphoteric compounds

such as amino acid derivatives [36] or small peptides [35, 60, 61] (see also

Sect. 3.2). Interestingly, the stereoselective recognition can also be affected by

the nature of the background electrolyte. Thus, opposite migration order has been
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Fig. 2 Schematic representation of migration modes in capillary electrophoresis enantioseparations.

The octagon represents the analyte with a possible charge indicated where appropriate. The basket
represents the chiral selector. A charged selector is indicated by the additionalminus sign. The arrows
represent the electrophoretic mobility of analyte and selector, respectively. The net mobility in the

different scenarios is always directed towards the detector
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observed for propranolol using sulfated cyclodextrins as selectors in aqueous and

non-aqueous electrolyte solutions [62–64] as shown for propranolol in the presence

of heptakis(2,3-di-O-methyl-6-O-sulfo)-β-CD (Fig. 3) as a consequence of different

complexes between analyte and the CD in an aqueous buffer and a methanolic

electrolyte (see also Sect. 4.1). Finally, reversal of the migration order in case of

different selector structures has been found in other modes such as MEKC using

sugar-based surfactants [48] (Fig. 4) or in ligand-exchange CE using different

chelating agents [65, 66].

The EOF is a non-stereoselective force affecting all components of a given

separation system in the same way. Many methods are available to increase,

decrease, eliminate, or reverse the direction of the EOF by modification of the

capillary wall. Elimination or reversal of the EOF can result in opposite migration

order under otherwise identical experimental conditions. The enantioselectivity of

the chiral selector towards the analyte remains unchanged under both experimental

set-ups. For example, opposite migration order of the enantiomers of an anionic

compound using an uncharged selector can be observed comparing the situation at a

low velocity of the EOF (Fig. 2c) to the situation at a high EOF (Fig. 2b). This has

been illustrated for 1,10-binaphthyl-2,20-diyl hydrogen phosphate using β-CD as

chiral selector in a fused-silica capillary (Fig. 5) [67]. At a low pH the EOF is

essentially suppressed so that the negatively charged analytes migrate towards the

anode applying reversed polarity of the voltage. Consequently, the more weakly

complexed (R)-(�)-enantiomer is detected first due to a higher overall mobility.

Increasing the pH of the background electrolyte to pH 6.5 results in a significant

increase in the EOF so that the analytes are now detected at the cathode (normal

polarity of the voltage). Because the more strongly bound (S)-(+)-enantiomer

displayed an overall lower mobility towards the anode it is now detected first at

the cathodic end of the capillary. Opposite migration order can also be observed

when comparing bare fused-silica capillaries with a cathodic EOF with capillaries

Fig. 3 Enantioseparation of propranolol using heptakis(2,3-di-O-methyl-6-O-sulfo)-β-CD as

chiral selector in (a) 100 mM phosphoric acid adjusted to pH 3 by the addition of triethanolamine

and (b) 10 mM ammonium formate/0.75 M formic acid in methanol. Other experimental

conditions: 40/48.5 cm, 50 μm id fused-silica capillary, 15�C, 25 kV, UV detection at 230 nm.

(Reproduced with permission of Wiley from [62] © 2010)
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Fig. 4 Enantioseparation of Dns-amino acids (D/L ration 1:3) in MEKC using (top) sodium

n-dodecyl 1-thio-β-D-glucopyranoside 6-hydrogen sulfate (6β-GlcD) and (bottom) sodium n-dodecyl
1-thio-β-L-fucopyranoside 3-hydrogen sulfate (3β-FucL) as chiral selector. Experimental conditions:

56/64.5 cm, 50 μm id fused-silica capillary, 50 mM phosphate buffer, pH 6.5, containing 30 mM of

the surfactant, 25�C, 20 kV, UV detection at 215 nm. Peak assignment: (1) Dns-Val, (2) Dns-Leu,
(3) Dns-Met, (4) Dns-Phe, (5) Dns-Trp. (Reproduced with permission of Wiley from [48] © 2008)
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Fig. 5 Enantioseparation of 1,10-binaphthyl-2,20-diyl hydrogen phosphate (S/R ratio 2:1) using

2.5 mg/mL β-CD as chiral selector in 50 mM phosphate buffer (a) pH 3.0 and negative polarity of

the applied voltage (�400 V/cm), and (b) pH 6.5 and normal polarity of the applied voltage

(+400 V/cm). Experimental conditions: 50/60 cm, 50 μm id fused-silica capillary, 20�C, UV
detection at 210 nm. (Reproduced with permission of Elsevier from [67] © 1996)
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coated with positively charged compounds, resulting in an anodic EOF. Examples

can be found in [68–70].

Analyte mobility may also be exploited for a reversal of the enantiomermigration

order if the analyte can be analyzed as anionic and cationic species. In a fused-silica

capillary the direction of the EOF and the mobility of a cationic analyte are both

towards the cathode while they are in the opposite direction in the case of an anionic

analyte. If the stereoselective recognition of the selector towards the analyte

enantiomers remains unchanged whether the cation or the anion is complexed,

reversal of the migration order will result. Thus, at a given pH of the background

electrolyte the more strongly complexed enantiomer migrates second when

analyzing the cationic form due to a lower effective mobility (Fig. 2a). In contrast,

when analyzed as anionic species at a higher pH the more weakly complexed

enantiomer exhibits a higher mobility towards the anode so that the more strongly

complexed analyte is carried faster to the cathode by the EOF (Fig. 2b) resulting in

oppositemigration order compared to the analysis of the cationic form of the analyte.

Examples can be found in [36, 71, 72].

Exploiting the mobility of the chiral selector for a reversal of the enantiomer

migration order can be performed in two ways, using either permanently charged

chiral selectors or selectors that can exist in either a charged or an uncharged form

depending on the pH of the background electrolyte and exhibit identical chiral

recognition towards the analyte enantiomers independent of the charge of the

selector. A general advantage of charged selectors is the fact that uncharged

analytes may also be separated. The situation of a permanently charged selector

will be discussed first. For example, using a negatively charged complexation agent

(possessing an electrophoretic anodic mobility) for the enantioseparation of a

cationic compound, the more weakly complexed enantiomer will be detected first

at the cathodic end of the capillary at a low selector concentration (Fig. 2d). At a

high concentration the carrier ability of the charged selector can be exploited

detecting the analyte at the anode. Thus, upon reversal of the polarity of the applied

voltage the more strongly complexed analyte will be transported faster to the

detector at the anodic end of the capillary resulting in a reversal of the enantiomer

migration order (Fig. 2e). The same scenario would result with the combination of

an uncharged analyte and a negatively charged selector. At low selector

concentrations the more weakly complexed enantiomer is detected first at the

cathode if a sufficiently high EOF exists (Fig. 2f), while under reversed polarity

of the applied voltage exploiting the carrier ability of the selector the more strongly

bound enantiomer will be detected first at the anodic end of the capillary (Fig. 2g).

An example is the simultaneous separation of isomers and enantiomers of the

dipeptide α/β-Asp-PheOMe in a pH 5.25 background electrolyte in the presence

of carboxymethyl-β-CD (Fig. 6) [73]. At pH 5.25 the peptides are essentially

uncharged while the CD is negatively charged. In addition, the inner wall of the

capillary was coated with polyacrylamide in order to eliminate the EOF when using

the CD as a carrier. Thus, at the low CD concentration the migration order is

obtained as shown in Fig. 6a. The migration order of each enantiomeric pair is

opposite at high concentrations of carboxymethyl-β-CD under reversed polarity of
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the applied voltage (Fig. 6b). Other examples can be found in [74–78] including the

use of positively charged selectors [79, 80]. In the case of selectors possessing

functional groups such as carboxylic acids or amines which are charged as a

function of the pH of the background electrolyte, the selectors may be used as

either neutral complexation agent without a self-mobility or as a charged compound

with an electrophoretic self-mobility. If the chiral recognition towards the

enantiomers does not change with the charge of the chiral selector, opposite

migration order will be observed when detecting the enantiomers at the anode

(reversed polarity of the voltage) as compared to the detection at the cathode

(normal polarity of the voltage). The combinations are schematically illustrated

for a positively charged analyte in Fig. 2a (uncharged form of the selector) and

Fig. 2e (charged form of the selector). Examples of enantioseparations based on this

principle or migration order reversal have been described in [81, 82].

Another technique applies a combination of chiral selectors. In this mode the

selectors have to possess opposite chiral recognition towards the analyte

enantiomers [83] or different mobilities in case the chiral recognition is the same

but occurs with a different magnitude [84]. In the first case the migration order is a

function of the CD used at a higher concentration in the binary mixture. This

H2N

H
N COOCH3

COOH

O

H2N COOH

N
H

O

COOCH3

a-Asp-PheOMe b-Asp-PheOMe

a b

Fig. 6 Separation of enantiomers of the α/β-isomers of Asp-PheOMe under (a) normal polarity of

the applied voltage (detection at the cathode) and (b) exploiting the carrier ability of the selector

under reversed polarity of the applied voltage (detection at the anode). Experimental conditions:

(a) 40/47 cm, 50 μm id fused-silica capillary, 50 mM sodium phosphate buffer, pH 5.25, 15 mg/mL

carboxymethyl-β-CD, +20 kV, 20�C, UV detection at 215 nm and (b) 40/47 cm, 50 μm id

polyacrylamide-coated capillary, 50 mM sodium phosphate buffer, pH 5.25, 60 mg/mL

carboxymethyl-β-CD, �20 kV, 20�C, UV detection at 215 nm. (Reproduced with permission of

Elsevier from [73] © 1998)
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mechanism is essentially the same as using the individual selector alone as

discussed above as first option of a reversal of the enantiomer migration order. In

the second scenario typically a charged and an uncharged selector are combined.

The migration order of the enantiomers in the absence of the uncharged selector

results from the analyte complexation by the charged complexation agent

depending on whether the analyte itself is charged or uncharged and whether

detection is subsequently carried out at the anodic or the cathodic end of the

capillary. For example, when using a negatively charged selector for the separation

of a neutral analyte detecting at the cathode, the more weakly complexed enantio-

mer will migrate first because it is carried to the detector by the EOF while the

analyte–selector complex migrates towards the anode (Fig. 2f). Adding an

uncharged selector with the same chiral recognition but stronger analyte complex-

ation compared to the charged selector competition between the selectors for the

analyte enantiomers results in a lower overall binding of the more strongly

complexed enantiomer by the negatively charged selector. As a consequence, the

complex between the neutral selector and the more strongly bound enantiomer is

carried to the detector at the cathode by the EOF faster than the more weakly bound

enantiomer (Fig. 2h) and reversal of the enantiomer migration order results. This

has been shown for the separation of the enantiomers (R,R)- and (S,S)-hydroxy-
benzoin (the compound also exists as a mesoform) (Fig. 7) [85]. In a fused-silica

capillary using a phosphate buffer, pH 9.0, as background electrolyte, the (S,S)-
configured enantiomer migrates before the (R,R)-enantiomer in the presence of

sulfated β-CD as chiral selector. Upon addition of increasing amounts of neutral

β-CD co-migration is first observed followed by enantioseparation with reversed

migration order, i.e., (R,R)-hydroxybenzoin before (S,S)-hydroxybenzoin. Interest-
ingly the migration order of the enantiomers of the related substances benzoin or

benzoin methyl ether is not affected by the addition of β-CD (Fig. 7). Another

example of enantiomer migration order reversal of a neutral analyte as a function of

a binary selector system is reported in [84]. A similar observation has also been

made for protonated analytes in combination with negatively charged sulfated

β-CD under reversed polarity of the applied voltage and detection at the anodic

end of the capillary [86, 87] as schematically illustrated in Fig. 2i. In this set-up the

more strongly complexed enantiomer is detected first when only working with the

negatively charged selector. Adding an uncharged selector, with the same chiral

recognition but stronger analyte complexation compared to the charged selector

competition between the selectors for the analyte enantiomers, results in a lower

overall binding of the more strongly complexed enantiomer by the negatively

charged selector. As a consequence, the more weakly bound enantiomer is less

retarded by the uncharged selector increasing its binding by the charged selector so

that it now reaches the detector at the anode first. The combination of a CD with a

polymeric chiral surfactant can also result in the reversal of the migration order of

enantiomers [88].

It has also been shown that achiral additives in a system containing a chiral

selector can affect the enantiomer migration order. Thus, it has been observed that

addition of an achiral surfactant above the critical micelle concentration reversed the
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migration order of the enantiomers of amino acids in chiral ligand exchange [89] or

in the presence of vancomycin as chiral selector [90]. The effects may be explained

by a change of the electrophoretic mobility of the selector upon interaction with the

micelles or by a preferred partitioning of the more weakly complexed enantiomer

into the micelles which will migrate with the micelles in the opposite direction

compared to the situation in the absence of themicelles. Furthermore, the same effect

has been observed in anMEKC system containing γ-CD upon addition of 2-propanol

[91]. A switch of the enantioselectivity of the complexation in the presence of

organic solvents may be considered as the underlying mechanism.

Finally, complex mobility may be the reason for a reversal of the enantiomer

migration order. This mechanism applies when the phenomenon is observed as a

function of the concentration of the chiral selector or the pH of the background

electrolyte. Of course, themobility of the selector–selectand complex is also exploited

in several cases above, especially in the case of charged chiral selectors in combination

with the application of opposite polarity of the applied voltage. However, the

present case refers to the situation when reversal of the migration order is observed

without altering the polarity of the voltage but just upon increasing the selector

OCH3

O

OH

O

OH

OH

Hydroxybenzoin ( 1)

Benzoin (2)

Benzoin methyl ether (3)

a

b

c

Fig. 7 Enantiomer migration order of benzoin derivatives in the presence of 3.5% (w/v) sulfated

β-CD as a function of the addition of β-CD: (A) no addition, (B) 0.3 mM β-CD, and (C) 0.9 mM

β-CD. Experimental conditions: 50/57 cm, 50 μm id fused-silica capillary, 50 mM borate buffer,

pH 9.0, 25�C, 20 kV, UV detection at 214 nm. Peak assignment: (1) hydroxybenzoin, (2) benzoin,
(3) benzoin methyl ether. (Reproduced with permission of Elsevier from [85] © 2004)
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concentration. Moreover, the phenomenon has also been observed for uncharged

selectors. In the present scenario the reversal is due to an increasing influence of the

enantiomer–selector complex mobilities compared to the mobility of the free analyte.

As can be concluded from (8), the enantiomer migration order will not depend on

the concentration of a chiral selector if both, the enantioselective affinity and the

limiting mobilities of the diastereomeric complexes act in the same direction. Thus,

assuming a protonated analyte and a neutral selector, the (S)-enantiomer will be

detected before the (R)-enantiomer independent of the selector concentration if KR >

KS and μRcplx < μScplx and, in addition, the EOF does not affect the migration order.

However, if μRcplx > μScplx and KR > KS, the enantiomer migration order may be either

S > R or R > S depending on the magnitude of the differences of the binding

constants and the mobilities of the complexes. Generally speaking, at low selector

concentration a relatively low molar fraction of the analyte is complexed. Conse-

quently, the migration order of the enantiomers is determined by their magnitude of

complexation by the selector so that themore strongly complexed enantiomermigrates

second because it is retarded relative to the more weakly bound enantiomer. At high

selector concentrations both enantiomers are bound to a significant extent so that the

migration order is determined by the mobilities of the transient diastereomeric

complexes. In many cases the diastereomeric complexes possess equal mobilities so

that deterioration of the enantioseparation is observed at high selector concentrations.

However, in the casewhere themobilities of the transient diastereomeric differ and the

complex of the more strongly bound enantiomer has the higher mobility, reversal of

the migration order will be observed. The mechanism was described first by Schmitt

and Engelhardt in 1993 for Dns-Phe as analyte and hydroxypropyl-β-CD as selector

[92]. Recent publications on this topic include [34, 93–97]. A recent example is

illustrated in Fig. 8 for the separation of the enantiomers of ketoconazole in a

phosphate buffer, pH 3.0, using hydroxypropyl-β-CD as chiral selector [34]. Upon

increasing the CD concentration, co-migration of the peaks and subsequent reversed

enantiomer migration order were observed. The behavior could be rationalized based

on the apparent complexation constants, K, and the limiting mobilities of the

analyte–CD complexes, μcplx , also compiled in Fig. 8. Ketoconazole is a weak base

so that the compound is protonated at pH 3 and migrates towards the cathode.

At low CD concentrations the more weakly complexed (2R,4S)-enantiomer

migrates first. However, the tighter complex between hydroxypropyl-β-CD
and the (2S,4R)-enantiomer possesses the higher electrophoretic mobility of

3.85 � 0.08 � 10�9 m2 V�1 s�1 compared to the complex of the (2R,4S)-enantiomer

(3.65 � 0.09 � 10�9 m2 V�1 s�1). Thus, when increasing the CD concentration the

molar fraction of complexed analyte also increases so that the mobilities of the

complexes become more and more dominant. In the present case complex mobility

and stereoselectivity of the CD counteract each other. As a consequence, co-migration

of the enantiomers results at first and, subsequently, an enantioseparation but with

opposite migration order of the enantiomers as compared to low selector

concentrations. At high CD concentrations the complex mobilities determine the

migration order of the enantiomers so that the (2S,4R)-enantiomer is nowdetectedfirst.
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The higher mobility of the complex of the more strongly bound enantiomer may

be explained by an increased charged density resulting from a smaller size of the

complex formed between the selector and the more tightly bound enantiomer as

compared to the more weakly complexed enantiomer. Another phenomenon trans-

lating into a higher charge density of the stronger complex is the complexation-

induced pKa shift. A reversal of the enantiomer migration order was observed when

increasing the pH of the background electrolyte in a rather narrow pH range for

Dns-amino acids [36, 98] and small peptides [35, 60, 61, 80, 82, 99–101] in the

range of pH ¼ pKa � 2 using neutral or charged CD derivatives as chiral selectors.
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2R,4S 427 ± 11 3.65 ± 0.09

2S,4R 456 ± 9 3.85 ± 0.08

Fig. 8 Migration order of the enantiomers of ketoconazole as a function of the concentration of

hydroxypropyl-β-CD as chiral selector as well as complexation constants and mobilities of the

analyte–CD complexes. Experimental conditions: 56/64.5 cm, 50 μm id fused-silica capillary,

100 mM sodium phosphate buffer, pH 3.0, 15�C, 30 kV, UV detection at 200 nm.

(Electropherograms reproduced with permission of Wiley from [34] © 2009)
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This phenomenon was attributed to a change of the pKa value of the analyte upon

complexation by the selector. If the pKa is shifted towards higher values, the

complex of the more strongly bound enantiomer has a higher overall charge

compared to the complex of the more weakly bound enantiomer. The increasing

contribution of the complex mobilities counteracts the enantioselectivity of the

chiral selector represented by the complexation constants leading to a reversal of

the enantiomer migration order at high concentrations of the selector. A recent

example is the analysis of the LL- and DD-stereoisomers of the dipeptides Ala-Phe

and Asp-PheOMe using β-CD as chiral selector [102]. At pH 2.2 the LL-enantiomers

migrated before the DD-stereoisomers while reversed migration order was observed

at pH 3.8 (Fig. 9). Complexation constants of the protonated form, K+, and the

neutral (zwitterionic) species of the peptide enantiomers, Kn, the mobilities of the

Fig. 9 pH-dependent reversal of the migration order of the enantiomers of Ala-Phe and

Asp-PheOMe using β-CD as chiral selector as well as mobilities, binding constants and pKa values

of the free analytes and the respective complexes. Experimental conditions: 50/57 cm, 50 mm id

fused-silica capillary, 50 mM sodium phosphate buffer containing 2 M urea, 20�C, 25 kV, UV

detection at 214 nm. (Electropherograms reproduced with permission ofWiley from [102]© 2010)
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free analyte, μH2Aþ , and the enantiomer–selector complexes, μCD�H2Aþ , as well as

the pKa values of the complexes pKa/cplx can analyzed in order to rationalize the

observed migration behavior. At pH 2,2 (about 1 unit below the pKa value of the

peptides), the peptides are essentially positively charged and the migration behavior

is governed by the complexation constants, K+, i.e., the selectivity of β-CD towards

the protonated species. Thus, the LL-enantiomers migrate before the DD-stereo-

isomers. After an initial improvement of the resolution upon increasing the CD

concentration, the separation deteriorated because of the increasing influence of

the complex mobilities μCD�H2Aþ which are essentially equal. Furthermore, an

enantioselective complexation-induced pKa shift was found, with the higher shift

of the more strongly complexed DD-enantiomers. This results in a shift of the

equilibrium in favor of the protonated form of the complex at pH values close to

the pKa of the analytes. Consequently, the mobility of the complex becomes greater

than the mobility of the free analyte at this specific pH value. Because the com-

plexation constants of the neutral peptide, Kn, are essentially equal the enantiomer

migration order is dominated by complex mobility. Thus, the enantiomer displaying

the higher complex mobility migrates first. In the present case this applies to the DD-

enantiomers, i.e., reversal of the enantiomer migration order is observed. Moreover,

the resolution increases at higher CD concentrations because the friction of the

complexed analyte is also increased. Similar pH-dependent reversal of the enantio-

mer migration order was also observed in the case of Dns-amino acids [36, 98] and

other small peptides [35, 61, 80, 82, 99].

Enantiomer migration order reversal as a function of the selector concentration

has also recently been described in chiral ligand exchange CE with the Cu(II)-D-

quinic acid system as selector for the enantioseparation of tartaric acid in a pH 5.0

background electrolyte [103]. Keeping the concentration of Cu(II) constant at

10 mM, reversal of the enantiomer migration order was observed upon increasing

the concentration of D-quinic acid from 10 to 120 mM. The same effect was

observed when keeping the D-quinic acid concentration constant at 15 mM and

increasing the concentration of Cu(II) from 1 to 10 mM. Subsequent spectroscopic

studies proved the assumption that D-quinate acts as a bidentate ligand coordinated

through the carboxylate oxygen and the C-1 hydroxyl group so that the formation of

1:1, 1:2 and 1:3 Cu(II)–D-quinate complexes is possible depending on the concen-

tration ratio [104]. Furthermore, it was concluded from circular dichroism spectra

that the 1:1 Cu(II)–D-quinate complex had a coordination selectivity for D-tartrate

while the 1:2 Cu(II)–D-quinate complex displayed selectivity for L-tartrate. Thus,

complexes with different stoichiometries and selectivities are formed depending on

the Cu(II) D-quinic acid ratio leading to opposite enantiomer migration order.

Therefore, this scenario resembles more the first situation discussed in this section

where enantiomer migration order reversal is due to different selectors with

different stereoselectivities rather than a reversal based on different mobilities of

the selector–selectand complexes.
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3.2 Theoretical Model of Enantiomer Migration Order
Reversal

The dependence of the enantiomer migration order on selector concentration and

pH of the background electrolyte appeared especially intriguing and has been the

subject for theoretical models in order to rationalize and predict reversal of the

enantiomer migration. A mathematical approach developed for a weak base and a

neutral chiral selector considered the protonation equilibria of the free base and

the analyte–selector complex as well as the complexation equilibria between the

protonated and neutral species of the analyte with the selector [105, 106].

The effective mobility of an analyte, μeff , can be described as

μeff ¼
μHBþ þ μHBþC � Kþ � ½C�

1þ Kþ � ½C� � 1

1þ 10
pH� pKaþlog

1þKþ�½C�
1þKn �½C�

� � ; (17)

expressing μeff as a function the selector concentration, [C], the pH of the

background electrolyte, the pKa value of the analyte, the binding constants of

the protonated and neutral species, K+ and Kn, and the mobilities of the protonated

free species and the corresponding complex, μHBþ and μHBþC , respectively.

The separation selectivity, S, is expressed as

S¼μeff1
μeff2

¼ðμHBþ þμHBþCD1 �Kþ1 � ½CD�Þ � ð10pKa � ð1þKþ2 � ½CD�Þþ10pH � ð1þKn2 � ½CD�ÞÞ
ðμHBþ þμHBþCD2 �Kþ2 � ½CD�Þ � ð10pKa � ð1þKþ1 � ½CD�Þþ10pH � ð1þKn1 � ½CD�ÞÞ :

(18)

According to (18) a separation results from μeff1 6¼ μeff2 which is achieved when

the enantiomers differ in the binding constants of the protonated species

(K+1 6¼ K+2), the neutral species (Kn1 6¼ Kn2), and/or the mobilities of the two

enantiomer–selector complexes (μHBþC1 6¼ μHBþC2).

Buffer pH and CD concentration are experimental variables. In a typical experi-

ment one of them is set at a constant value so that (17) can be simplified. At a constant

CD concentration μeff transforms to μeff=CD:

μeff=CD ¼ μþ=CD

1þ 10ðpH�pKa=CDÞ ; (19)

where μþ=CD is the effective mobility of the fully protonated analyte and pKa/CD is

the pKa value, both at the fixed CD concentration. μþ=CD is described by
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μþ=CD ¼ μHBþ þ μHBþCD � Kþ � ½CD�
1þ Kþ � ½CD� ; (20)

and pKa/CD by

pKa=CD ¼ pKa þ log
1þ Kþ � ½CD�
1þ Kn � ½CD� : (21)

In the absence of a selector, μf is expressed by

μf ¼
μHBþ

1þ 10ðpH�pKaÞ : (22)

At an infinitely high CD concentration the complex mobility can be described by

μc ¼
μHBþCD

1þ 10ðpH�pKa=cÞ ; (23)

where pKa/c is the pKa value of the diastereomeric analyte–CD complex and a

function of the pKa of the free analyte and the complexation constants K+ and Kn

according to

pKa=c ¼ pKa þ log
Kþ
Kn

; (24)

where pKa/c is the limiting value of pKa/CD for [CD] ! 1 according to (21) and is

referred to as the complexation-induced pKa shift. At constant pH (17) can be

simplified to (7). K is the apparent complexation constant defined by

K ¼ Kþ þ Kn � 10ðpH�pKaÞ

1þ 10ðpH�pKaÞ ; (25)

where K+, Kn, μHBþ, and μHBþCD are pH-independent parameters while K, μf, and μc
are pH-dependent parameters.

A systematic classification of enantiomer migration order as a function of

selector concentration [CD] and buffer pH specifically considering the pKa of the

analyte can be constructed as a 3D plot of the selectivity S possessing four corner

points with low/high [CD] and low/high pH (Fig. 10) [105]. In each corner point the

selectivity can be described as a function of the complexation equilibria between

the charged and electroneutral species of the basic analyte and the selector as well

as the mobility of the free analyte and the limiting mobility of the analyte–selector

complexes. Depending on the conditions, only one or several of these factors will

affect the selectivity. Therefore, at constant pH or selector concentration the

selectivity (and with it the enantiomer migration order) parallel to the edges of

the surface plot can be concluded. Knowing the selectivity in the corner points one
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can deduce whether a selectivity change, i.e., reversal of the enantiomer migration

order, occurs along the plot upon changing either pH or [CD].

In the mathematical treatment “low” and “high” pH with regard to analyte pKa

are defined as pH ! �1 and pH ! þ1, respectively, meaning that the analyte is

essentially fully protonated at “low” pH while it is basically completely

deprotonated, i.e., neutral, at “high” pH. [CD] is defined between 0 (low) and

þ1 (high). At infinite [CD] essentially only the analyte–CD complexes exist.

At [CD] ¼ 0 enantioseparation is not possible, so that for mathematical treatment

an infinitesimal CD concentration is assumed where selectivity S is derived from

the first derivative δS/δ[CD] at [CD] ¼ 0. For δS/δ[CD] < 0 S becomes < 1, for

δS/δ[CD] ¼ 0 S becomes equal to 1, and for δS/δ[CD] > 0 S becomes > 1.

At the vertex 1 with pH ! �1 and infinitesimal [CD] (pH low, [CD] low)

basically only the non-complexed fully protonated analyte is present so that

δS

δ½CD� ¼
μHBþ � ð�Kþ1 þ Kþ2Þ þ μHBþCD1 � Kþ1 � μHBþCD2 � Kþ2

μHBþ
: (26)

Therefore, complex mobilities and binding constants of the protonated analytes

determine selectivity S and enantiomer migration order.

At the corner point 2 at pH ! �1 and [CD] ! þ1 (pH low, [CD] high)

essentially only the protonated analyte–CD complex exists, so that S is solely a

function of the complex mobilities according to

S ¼ μHBþCD1

μHBþCD2
: (27)

[CD]

pH

pH low, [CD] high
HB·CD+

equation 27

pH low, [CD] low
HB+, HB·CD+

equation 26

pH high, [CD] high
B·CD, HB·CD+

equation 29

pH high, [CD] low
B, HB+, B·CD, HB·CD+

equation 28

Fig. 10 Schematic representation of a 3D contour plot illustrating the low/high pH and low/high

selector concentration conditions at the corner points. (Adapted with permission of Elsevier from

[20] © 2011)
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At the vertex 3 at pH ! þ1 and infinitesimal [CD] (pH high, [CD] low) the

analyte exists mainly in the neutral free form so that

δS

δ½CD� ¼
μHBþ � ð�Kn1 þ Kn2Þ þ μHBþCD1 � Kþ1 � μHBþCD2 � Kþ2

μHBþ
: (28)

Here, S depends on the ratio of the affinity constants of the protonated analyte,

K+1/K+2, relative to the ratio of binding constants of the neutral species, Kn1/Kn2, as

well as on the dimensions of the affinity constants K+ relative to Kn.

Finally, at the corner point 4 with pH ! þ1 and [CD] ! þ1 (pH high, [CD]

high) the neutral, fully complexed species predominates resulting in

S ¼ μHBþCD1

μHBþCD2
� Kþ1 � Kn2

Kþ2 � Kn1
: (29)

The coexisting protonated and neutral forms of the analytes are essentially

complexed so that the selectivity is a function of complex mobilities as well as

the binding constants of the protonated and neutral species.

Depending on the complexation constants and the complex mobilities, 15 different

scenarios were classified mathematically with regard to the selectivity at the 4 corner

points as summarized in Table 1 [106]. The model identifies four basic mechanisms

leading to the inversion of the enantiomer migration order of a weak base in the

presence of a neutral chiral selector, three in a pH-dependent manner and one as a

function of the selector concentration. Further mechanisms for a reversal of the

enantiomer migration order such as the use of selectors with opposite stereoselective

recognition of the analyte enantiomers are not described by the model and were not

considered.

A pH-dependent reversal of the enantiomer migration order is described by

parallels between the corner points 1 and 3 (low [CD]) or 2 and 4 (high [CD]) of

the selectivity plot (Fig. 10). It may be observed due to (1) inversion of the complex

mobilities caused by an enantioselective pKa shift, (2) inversion of the ratio of the

mobilities of the analyte–selector complex and the free analyte due to a significant

complexation-induced pKa shift to a higher value, and (3) opposite chiral recognition

of the protonated and the effectively electroneutral forms of the analyte by the chiral

selector.

Mechanism 1 refers to the effects between the second and fourth corner points at

high selector concentration. Comparing (27) and (29) it is clear that themigration order

is affected by the ratio of the complexation constants K+1Kn2/K+2Kn1. Because the

ratio K+/Kn affects the protonation equilibrium of the complex [(24)] this relationship

can be expressed as the difference of the pKa values of the diastereomeric analyte

enantiomer–CD complexes by 10pKa=c1�pKa=c2. Thus, the higher the ratio K+/Kn, i.e.,

the more preferred the protonated form is complexed compared to the neutral species,

the higher the resulting pKa shift. Because only the protonated species contributes

to the effective mobilities, the enantiomer with the higher complexation-induced pKa
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shift exhibits the higher pH-dependent mobility in the pH range close to the pKa value

of the analyte. An enantioselective pKa shift can also result in a reversal of the

enantiomer migration order at low selector concentration. This is observed when

the difference between the complexation constants is rather small compared to the

complex mobilities. A pH-dependent change in the ratio K+/Kn is always associated

with an enantioselective pKa shift. Therefore, at low pH the affinity constants may

dominate the migration order while at high pH complex mobilities will determine the

order so that a reversal may be observed.

In contrast, mechanism 2, i.e., reversal of the enantiomer migration order due to a

significant pKa shift, will only be observed at low selector concentrations. The pKa

shift may be stereoselective but this must not necessarily be the case. The situation is

described between the first [(26)] and third corner point [(28)] in the selectivity plot

(Fig. 10). In this scenario the complexation constants dominate the enantiomer

migration order and the conditions have to be fulfilled by both enantiomers. The

ratio of the electrophoretic mobilities of the free species, μf , and the complex, μc ,

Table 1 Systematic classification of the separation selectivity with regard to the enantiomer

migration order as derived from (26) to (29) in the area around the four corner points of the

selectivity plot as defined by the extremes of pH and [CD]a

Case

Selectivity Enantiomer migration order reversal

Low pH High pH pH-dependent [CD]-dependent

High

[CD]

(27)

Low

[CD]

(26)

High

[CD]

(29)

Low

[CD]

(28)

High [CD]

(27–29)

Low [CD]

(26–28)

Low pH

(26–27)

High pH

(28–29)

I S ¼ 1 S ¼ 1 S < 1 S < 1 – – – –

II S < 1 S ¼ 1 S � 1 – – – –

III S > 1 – + – –

IV S < 1 S � 1 – – – –

V S > 1 – + – +

VI S > 1 S � 1 – – – +

VII S > 1 – + – –

VIII S < 1 S � 1 S � 1 S � 1 – – – –

IX S > 1 – + – +

X S > 1 S � 1 + – – +

XI S > 1 + + – –

XII S > 1 S � 1 S � 1 – + + –

XIII S > 1 – – + +

XIV S > 1 S � 1 + + + +

XV S > 1 + – + –
aA pH-dependent and selector-dependent reversal of the enantiomer migration order under the

appropriate conditions is indicated by “+”. For example, in the case of IX, selectivities at low

pH/low [CD] and low pH/high [CD] show the same ratio compared to 1 so that no selector-

dependent migration order reversal is observed as indicated by “�” in the (26–27) transition

column on the right hand side of the table. In contrast, selectivities at low [CD]/low pH and low

[CD]/high pH have opposite ratios which results in a pH-dependent enantiomer migration order

reversal indicated by “+” in the (26–28) transition column.

(Adapted with permission of The American Chemical Society from [106] © 2010)
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can be reversed. At low pH, all species are essentially fully charged so that

the pH-dependent mobilities μf and μc can be approximately described by the

pH-independent parameters μHBþ and μHBþCD, with μHBþ > μHBþCD due to the larger

hydrodynamic radius of the complex. Upon increasing the buffer pH, μf and μc
described by (22) and (23) are also affected by the respective protonation equilibria

pKa and pKa/c. At low pH the ratio μc=μf can be described by μHBþCD=μHBþ while at

high pH it is described by μHBþCDKþ=μHBþKn: Subsequently, reversal of the

migration order will be observed when K+/Kn exceeds μHBþ=μHBþCD . At low pH

when μf is higher compared to μc the enantiomer exhibiting the higher complexation

constant migrates last while at a sufficiently high pH the more strongly complexed

enantiomer migrates first when μc exceeds μf .
Probably themost obviousmechanism resulting in a pH-dependent reversal of the

enantiomer migration order is mechanism 3 which is based on opposite

stereoselective recognition of the analyte enantiomers as protonated and neutral

species by a selector. This will lead to an inversion of the enantiomermigration order

at low selector concentrations. In addition, opposite stereoselective recognition of

the charged and uncharged forms will also result in differences in the K+/Kn ratios of

the enantiomers which will translate into enantioselective complexation-induced

pKa shifts (mechanism 1). Therefore a pH-dependent reversal of EMO will most

likely also be observed at high selector concentrations as a function of both

mechanisms. The pH-dependent reversal of the enantiomer migration order at low

selector concentrations in the (27 ! 29) transition column can be caused by all three

mechanisms in cases VII, IX, XI, and XII, while only mechanism 2 leads to the

migration order reversal in cases III, V, and XIV.

Selector concentration-dependent reversal of the enantiomer migration order can

be observed at low and high pH, i.e., along the parallels to the corner points 1 and

2 (low pH) or 3 and 4 (high pH) of the selectivity plot (Fig. 10). Typically, themobility

of the free analyte, μf , exceeds the mobility of the complex, μc, due to its smaller size

resulting in a higher charge density. Thus, for μc < μf and μc1 < μc2 the migration

order is reversedwhen the affinity constant ratioK2/K1 exceeds ðμf � μc1Þ=ðμf � μc2Þ.
Thus, inversion can be observed when the complex of the more strongly bound

enantiomer also exhibits the higher complex mobility. The respective enantiomer

will migrate last at low selector concentrationswhen themigration order is determined

by the complexation constants but first at high selector concentrations when complex

mobilities dominate. Thismechanism can occur at high and low pH.At high pHwhere

μc < μf selector concentration-dependent reversal of the enantiomer migration order

can also be observed when the more strongly complexed enantiomer possesses the

lower complex mobility. In this case the ratio K1/K2 exceeds ðμc2 � μfÞ=ðμc1 � μfÞ.
The mechanism described for μc < μf applies to all cases of selector-dependent

reversal of the enantiomer migration order at low pH as indicated in (26) and (27),

and the transition column in Table 1, and at high pH in the (28–29) column in cases

VI, X, and XIII. The situation described forμc < μf causes reversed migration order

at high pH for cases V and XIV. In case IX both mechanisms can apply.

As an example of the pH dependent reversal of the enantiomer migration order

illustrating the model, the enantioseparations of the LL- and DD-enantiomers of
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Ala-Tyr and Asp-PheOMe using 2,6-dimethyl-β-CD as chiral selector were selected

[105]. While Ala-Tyr displayed a pH-dependent inversion of the migration order of

the enantiomers, Asp-PheOMe did not (Fig. 11a). At pH 2.2, the LL-enantiomer of

Ala-Tyr migrated first with the enantioseparations deteriorating at higher

concentrations. At pH 3.0, no separations were observed, while at pH 3.8, selectivity

initially increased with increasing CD concentrations, quickly reaching a plateau. At

pH 3.8 D-Ala-D-Tyr migrated before L-Ala-L-Tyr. The experimentally determined

pH-independent parameters, μHBþ , μHBþCD, K+, and Kn, as well as pKa and pKa/c, are

summarized in Table 2 and were used to calculate the selectivity curves shown in

Fig. 11b. At pH 2.2 and 3.0 the curves also predicted a selector concentration-

dependent reversal of the migration order that was not experimentally observed,

probably due to the low resolution counteracted by diffusion phenomena. The

separation behavior of Ala-Tyr could be rationalized based on these data. D-Ala-D-

Tyr is complexed more strongly by the CD than the LL-enantiomer over the entire pH

range. K+ values are about ninefold higher than the Kn values, resulting in a pKa shift

of almost one unit (Table 2). Therefore, a reversal of the mobility ratio of the

peptide–CD complex and the free analyte results when increasing the buffer pH in

the vicinity of the pKa of the peptide. At low selector concentrations, the more

strongly complexed DD-enantiomer migrates more slowly than L-Ala-L-Tyr at

pH 2.2 when the protonated form dominates and first when the pH is raised to

pH 3.8. The deteriorating effect of increased selector concentrations at pH 2.2 is

caused by the increasing influence ofμHBþCD, which differs only slightly between the

enantiomers if at all. At pH 3.0, no separation is observed as the mobilities of the free

from and the analyte–CD complexes differ only slightly.

A pH-dependent reversal of the enantiomer migration order was not observed for

Asp-PheOMe in the presence of 2,6-dimethyl-β-CD, as can easily be rationalized

from the pH-independent complexation constants and mobilities listed in Table 2;

the separation selectivity is shown in Fig. 11b. Only a minor non-enantioselective

pKa shift and essentially identical μHBþ�CD values were found for the enantiomers.

The migration behavior of the Asp-PheOMe enantiomers can be rationalized using

the complexation and mobility data. D-Asp-D-PheOMe is complexed more strongly

than the LL-enantiomer in both, the protonated as well as the zwitterionic species.

As μHBþCD and pKa values of both enantiomers are identical, the pH-dependent

complex mobilities, μc, of both enantiomers are essentially equal in the pH range

close to the pKa of the analyte. Moreover, the mobility of the free analyte always

exceeds μc due to the minor pKa shift. Thus, the LL-enantiomer always migrates in

front of the DD-isomer independent of the buffer pH. Due to the slightly weaker

interaction of the zwitterionic form with the CD, the ratio of the mobilities of free

and complexed analytes decreases upon increasing the buffer pH, resulting in a

deteriorated separation selectivity at higher pH values.

The theoretical model has also been used to analyze the effect of pH on complex

formation between β-CD and the migration order of the enantiomers of the

dipeptides Ala-Phe, Ala-Tyr, and Asp-PheOMe [102].

Gas and coworkers recently developed the software Simul 5 Complex that allows

the simulation of analyte separation by CE including the effects of complexation
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Fig. 11 (a) Electropherograms of the separation of the LL- and DD-enantiomers of Ala-Tyr and

Asp-PheOMe using 2,6-dimethyl-β-CD as chiral selector. Experimental conditions: 40/50.2 cm,

50 μm id fused-silica capillary, 20�C, 25 kV, UV detection at 214 nm, pH 2.2: 60 mM sodium

phosphate buffer, pH 3.0: 40 mM sodium phosphate buffer, pH 3.8: 30 mM sodium aspartate

buffer. (b) Selectivity plots as a function of the CD concentration at pH 2.2 (green), 3.0 (red), and
3.8 (blue). The symbols represent the experimentally determined values, sh indicates a shoulder.

(Adapted with permission of The American Chemical Society from [105] © 2009)
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equilibria [107–109]. The program is based on separation selectivity analogous to

(18) and can handle neutral and charged analytes as well as selectors. It also

considers electromigration dispersion caused by the complexation. One of the

examples used for the verification of the software was the above-mentioned

enantioseparation of the LL- and DD-enantiomers of Ala-Tyr using 2,6-dimethyl-β-
CD as chiral selector. The 3D plot of the selectivity as a function of the pH of the

background electrolyte and CD concentration as well as the calculated

electropherograms at pH 1.91 and 4.51 are shown in Fig. 12 [109]. They are in

excellent agreement with the experimental data shown in Fig. 11. At low pH

(pH 1.91 in the simulation and pH 2.2 in the experiments described in [105]) the

enantiomers can be separated at low CD concentrations and the separation

deteriorates when increasing the selector concentration. At high pH (pH 3.8 in the

experiments vs pH 4.51 in the simulations) only partial separation of the enantiomers

was observed. The simulations revealed electromigration dispersion as one of the

main reasons for the poor enantioseparation at these pH values.

The simulation also demonstrated an interesting fact. At pH values higher than the

pKa of the analyte, the effective mobilities of the enantiomers increase with increasing

selector concentrations because the complexation constants of the neutral forms are

smaller compared to the charged species (Table 2). As themole fraction of the charged

complexed forms increase with increasing selector concentrations, the effective

mobilities also increase. Therefore it was concluded that a pH value must exist

where the effective mobilities of the enantiomers are independent of the CD concen-

tration. As can be concluded from Fig. 12a, this pH value is between 3 and 4; the exact

values were 3.393 for the LL-enantiomer and 3.405 for L-Ala-L-Tyr [109].

4 Chiral Selectors and Selector-Analyte Complex

Structures

Many structurally diverse chiral compounds have been investigated as chiral selectors

in CE including CDs, macrocyclic glycopeptide antibiotics, proteins, crown ethers,

chiral ligand-exchangers, chiral ionic liquids, and chiral surfactants derived from

Table 2 Apparent mobilities and equilibrium constants describing the complexation of

the LL- and DD-enantiomers of the Ala-Tyr and Asp-PheOMe by 2,6-dimethyl-β-CD as chiral

selector

Parameter

Ala-Tyr Asp-PheOMe

DD LL DD LL

μHBþ (10�9 m2 s�1 V�1) 15.88 � 0.07 15.66 � 0.08

μHB�CDþ (10�9 m2 s�1 V�1) 6.68 � 0.06 6.55 � 0.06 5.89 � 0.09 5.84 � 0.10

K+ (L/mol) 165 � 7 139 � 6 141 � 6 116 � 5

Kn (L/mol) 18.5 � 1.5 15.0 � 1.5 114 � 7 94 � 6

pKa 3.12 � 0.01 2.99 � 0.01

pKa=c 4.07 � 0.03 4.08 � 0.03 3.08 � 0.02 3.08 � 0.02

Data reproduced with permission of The American Chemical Society from [105] © 2009
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steroids, amino acids, tartaric acid, or glycosides [23, 24, 110]. Depending on the

chiral selector and the analyte enantiomers, formation of the diastereomeric

selector–selectand complexes is driven by several types of interactions including

ionic interactions, ion-dipole or dipole-dipole interactions, hydrogen bonds, van der

Waals interactions, or π–π interactions. Ionic interactions are strong and may be

primarily involved in the “initial” contact because of their long range nature. However,

they may not be stereoselective because both enantiomers are able to establish such

interactions in contrast to short range interactions such as hydrogen bonds or π–π
interactions. For an enantioseparation at least one interaction between selector and the

analyte enantiomers has to be stereoselective. Finally, selector–selectand interactions

Fig. 12 Modeling of the enantioseparation of Ala-Tyr using 2,6-dimethyl-β-CD as chiral selector

by Simul 5 Complex. (a) 3D contour plot of the separation selectivity as a function of the pH of the

background electrolyte and the concentration of the chiral selector and (b) calculated

electropherograms at pH 1.91 and pH 4.51 at CD concentrations of 1.44 and 50 mM. The black
solid line represents D-Ala-D-Tyr while the red dashed line represents L-Ala-L-Tyr. (Adapted with

permission of Wiley from [109] © 2012)
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may be attractive or repulsive and at least one attractive interaction must exist in order

to allow the formation of one of the two possible diastereomeric complexes. The

following partwill briefly highlight themost frequently applied chiral selectors and the

current understanding of their chiral recognition mechanisms. A comprehensive

summary of the chiral recognition mechanisms of chiral selectors can be found in

[111–114].

Besides structure-separation studies, varying either the structure of the analytes or

the selectors, spectroscopic techniques including UV spectroscopy, fluorimetry,

Fourier transformation and attenuated total reflectance IR spectroscopy, NMR

spectroscopy as well as circular dichroism and vibrational circular dichroism (VCD)

spectroscopy have been employed. Especially NMR techniques, including nuclear

Overhauser effect (NOE) and rotating-frame Overhauser enhancement spectroscopy

(ROESY), have the advantage of allowing conclusions about the spatial proximity of

atoms or substitutents [115–119]. The structure of the selectand–selector complex in

the solid state can be obtained by X-ray crystallography while molecular modeling is

very useful for the illustration of selector–selectand complexes [120]. Finally,

chemoinformatic methods have also been applied [121].

4.1 Cyclodextrins

CDs are by far the most often applied chiral selectors in CE as documented in many

reviews [122–129]. This is due to their UV-transparency as well as enantio-

differentiation ability towards compounds with a broad structural variety and

commercial availability. Numerous separation scenarios can be realized.

CDs are cyclic oligosaccharides composed of α(1 ! 4) linked D-glucose

molecules. The most important CDs are α-CD, β-CD, and γ-CD consisting of

6, 7, and 8 glucose units, respectively, which form a hollow torus with a lipophilic

cavity and a hydrophilic outside. The wider rim is formed by the secondary 2- and

3-hydroxyl groups of the glucose molecules while the primary 6-hydroxyl groups

form the primary rim. The top (secondary rim) and bottom (primary rim) diameters

of the cavities of the CDs are approximately 5.3 and 4.7 Å in the case of α-CD, 6.5
and 6.0 Å for β-CD, and 8.3 and 7.5 Å for γ-CD [130]. The hydroxyl groups can be

derivatized yielding a large variety of CD derivatives containing uncharged or

charged substituents (Table 3). Native CDs and CD derivatives have been used

for enantioseparations in EKC employing aqueous and non-aqueous background

electrolytes as well as in MEKC and MEEKC.

Numerous techniques including thermodynamics, mass spectrometry, X-ray

crystallography, molecular modeling, and especially NMR spectroscopy [115–117]

have contributed to the current understanding of the structures of CD–analyte

complexes. The 1:1 complexes are generally assumed but complexes with other

stoichiometry such as 2:1, 2:2, or higher order equilibria also exist. Complexation

often involves inclusion of lipophilic parts of the analytes into theCDcavity displacing

solvent molecules (in most cases water) from the cavity [130]. Hydrophobic and van

der Waals interactions are believed to be primarily involved but hydrogen bonding
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with the glucose hydroxyl groups and steric factors also contribute. In the case of CD

derivatives, interactions with the substituents also have to be considered, such as ionic

interactions for CDs containing charged substituents. The increased strength of the

complexation based on ionic interactions between oppositely charged analytes and

CDs often allows the use of very low selector concentrations. Depending on the

analyte, the inclusion into the cavity can occur from the narrow primary side or

the wider secondary side. For example, opposite enantiomer migration order of the

enantiomers of ephedrine was observed using β-CD as compared to α-CD and the

negatively charged heptakis(2,3-di-O-acetyl-6-O-sulfo)-β-CD as chiral selectors in an

Table 3 Examples of commercially available CDs
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Derivative Substituents

Native CDs

α-CD H

β-CD H

γ-CD H

Neutral CDs

Methyl-α-CD CH3, randomly substituted

Methyl-β-CD CH3, randomly substituted

Heptakis-2,6-dimethyl-β-CD CH3 in positions 2 and 6

Heptakis-2,3,6-trimethyl-β-CD CH3 in positions 2, 3 and 6

Hydroxypropyl-α-CD CH2–CH2–CH2–OH, randomly substituted

Hydroxypropyl-β-CD CH2–CH2–CH2–OH, randomly substituted

Hydroxypropyl-γ-CD CH2–CH2–CH2–OH, randomly substituted

Negatively charged CDs

Carboxymethyl-β-CD CH2–COONa, randomly substituted

Sulfated α-CD SO3Na, randomly substituted

Sulfated β-CD SO3Na, randomly substituted

Sulfated γ-CD SO3Na, randomly substituted

Sulfobutyl-β-CD CH2–CH2–CH2–CH2–SO3Na, randomly substituted

Heptakis-6-sulfo-β-CD SO3Na in position 6

Heptakis-(2,3-diacetyl-6-sulfo)-β-CD CH3CO in positions 2 and 3, SO3Na in position 6

Heptakis-(2,3-methyl-6-sulfo)-β-CD CH3 in positions 2 and 3, SO3Na in position 6

Positively charged CDs

2-Hydroxy-3-trimethylammoniopropyl-

β-CD
CH2–CH(OH)–CH2–N(CH3)3Cl, randomly substituted

6-Monodeoxy-6-monoamino-β-CD NH2 instead of one 6-OH group
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acidic background electrolyte (Fig. 13) [52]. As derived from subsequent NMR

studies, the aromatic ring of ephedrine was included only partially into the cavity of

α-CD from the secondary wider opening (Fig. 13a), while it penetrated β-CD more

deeply also from the secondary side (Fig. 13b). In contrast, the compound entered

heptakis(2,3-di-O-acetyl-6-O-sulfo)-β-CD from the narrower, primary side (Fig. 13c).

Thus, the enantiomer migration order cannot be established from the structures of the

complexes and, furthermore, small differences such as the depth of inclusion may

result in opposite migration order as shown for α-CD and β-CD. The negatively

charged derivative heptakis(2,3-di-O-acetyl-6-O-sulfo)-β-CD led to the same migra-

tion order as compared to α-CD under otherwise identical experimental conditions,

i.e., a migration order opposite to the order observed for the underivatized native

analogue β-CD. However, the structure of the analyte–CD complex was entirely

different from the native CDs because the aromaticmoietywas inserted into the cavity

from the narrower primary side. Similar observationsweremade for the related analyte

norephedrine [53]. Another example for the formation of inclusion complexes either

via thewider or the narrower opening is the interaction between propranolol and β-CD
or heptakis(6-O-sulfo)-β-CD where inclusion of the naphthyl ring occurs from the

secondary side in the case of β-CD and from the narrow primary side in the case of

heptakis(6-O-sulfo)-β-CD [131]. Furthermore, different moieties of a molecule may
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Fig. 13 Separation of the enantiomers of ephedrine in 200 mM sodium phosphate buffer, pH 2.5,

as background electrolyte (top) and schematic structures of the cyclodextrin–ephedrine complexes

as derived from ROESY measurements (bottom). The arrows indicate the NOE observed upon

irradiation of the respective protons. (a) α-CD, (b) β-CD, and (c) heptakis(2,3-di-O-acetyl-6-O-
sulfo)-β-CD. (Reproduced with permission of Wiley from [52] © 2011)
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interactwith different CDs as shown for the combination of clenbuterol with β-CD and

heptakis(2,3-di-O-acetyl)-β-CD, respectively [132]. The phenyl ring of the drug enters
β-CD through the wider opening while the tert-butyl moiety of the compound is

included in the cavity of heptakis(2,3-di-O-acetyl)-β-CD, also from the wider side.

Opposite enantiomermigration order was observed. Different complex structures and,

consequently, different migration order were also found for ketoprofen and 2,3,6-

trimethyl derivatives of α-CD, β-CD, and γ-CD [54].

It has also been demonstrated that inclusion complexation is not a prerequisite for

CD-mediated enantioseparations. Thus, effective resolution of the enantiomers

propranolol [62] and bupivacaine [64] in the presence of heptakis(2,3-di-O-acetyl-
6-O-sulfo)-β-CD as chiral selector were noted in CE experiments while no apparent

interaction with the cavity of the CDs could be observed by NMR in the respective

studies. Similar results were found for talinolol and heptakis(2,3-di-O-methyl-6-O-
sulfo)-β-CD in aqueous background electrolytes as well as heptakis(2,3-di-O-acetyl-
6-O-sulfo)-β-CD in non-aqueous electrolyte solutions [56]. Moreover, the structure

of the complex can depend on the nature of the background electrolyte as

demonstrated for propranolol and sulfated β-CD derivatives in aqueous and

non-aqueous buffers [62]. Thus, inclusion of the aliphatic side chain of propranolol

into the cavity of heptakis(2,3-di-O-acetyl-6-O-sulfo)-β-CD from the wider opening

occurred in a non-aqueous background electrolyte while only an external complex

was formed between propranolol and the CD in aqueous buffers. In the case of

heptakis(2,3-di-O-methyl-6-O-sulfo)-β-CD, the opposite behavior was observed,

i.e., an inclusion complex in aqueous electrolyte solutions and an external complex

in a methanol-based background electrolyte. Moreover, the naphthyl moiety was

enclosed via the narrower rim into the cavity of heptakis(2,3-di-O-methyl-6-O-
sulfo)-β-CD. In the case of heptakis(2,3-di-O-methyl-6-O-sulfo)-β-CD, opposite
enantiomer migration order was observed in aqueous and non-aqueous background

electrolytes which could be rationalized based on the complex structures under the

respective conditions. Only a few studies also reported spectroscopic proof of

structural differences between the diastereomeric complexes. Enantioselective

peak splitting due to non-equivalence of the complexation-induced chemical shifts

for the propranolol enantiomers in the presence of heptakis(2,3-di-O-acetyl-6-O-
sulfo)-β-CD was observed in aqueous as well as non-aqueous solutions, clearly

indicating different complex geometries in the case of the aqueous solutions where

an inclusion complex is apparently not formed [63]. With regard to the inclusion

complex formed in non-aqueous electrolytes, (S)-propranolol apparently formed a

tighter complex as the side chain of the molecule was inserted deeper into the CD

cavity compared to the (R)-enantiomer. The data obtained fromNMRmeasurements

were supported by amolecular modeling study [64]. A higher interaction energywas

calculated for the complex between heptakis-(2,3-di-O-acetyl-6-O-sulfo)-β-CD and

(S)-propranolol than for the respective complex with (R)-propranolol, indicating the
formation of a stronger complex in the case of the (S)-enantiomer. The modeling

structures of the complexes are shown in Fig. 14. In accordance with the NMR data

[63], the side chain of the (S)-enantiomer deeply penetrates the CD cavity through

the wider secondary side. An electrostatic interaction appears to exist between the
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extended side chain and the sulfate groups located at the primary rim of the CD. In

the case of the (R)-enantiomer, the side chain enters the cavity less deeply.

Stereoselective complexation of the dipeptides Ala-Phe and Ala-Tyr by β-CD and

sulfated derivatives was also derived from NMR studies [133, 134].

Finally, buffer additives can also affect the structure of the analyte–CD complex.

Thus, it was shown by NMR measurements and molecular modeling that the

enantiomers of the dipeptide Ala-Tyr in the protonated state penetrated deeper into

the cavity of β-CD in the presence of urea compared to in the absence of urea

[133]. This resulted in higher peak resolution in β-CD-mediated CE enantio-

separations in the presence of urea in the background electrolyte. Another example

is the complex between β-CD and naproxen when adding 1,2-dibromoethane

[135]. In the presence of 1,2-dibromoethane naproxen enters the CD cavity from

the wider secondary side while inclusion from the narrower primary side of β-CD
occurs in the absence of 1,2-dibromoethane.

Summarizing, substantial structural differences between the analyte–CD

complexes as derived fromNMR spectroscopy or molecular modeling can rationalize

the migration behavior observed in CE experiments. However, minor differences in

complex structure (such as depth of insertion into the cavity) may also affect the

chiral recognition of selectors towards analyte enantiomers which is translated into

opposite enantiomer migration order in CE. In other cases entirely different types of

Fig. 14 Structures of the complexes of (S)-propranolol (a) and (R)-propranolol (b) with heptakis

(2,3-di-O-acetyl-6-O-sulfo)-β-CD. Top: Schematic structures as derived from ROESY

experiments. The arrows indicate the NOE observed upon irradiation of the respective protons.

Bottom: Molecular modeling structure of the complexes. The atoms of propranolol are shown in

black, the carbon, hydrogen, oxygen, and sulfur atoms are colored in green, black, red, and yellow,
respectively. (Top structures reproduced with permission of Wiley from [63] © 2011; bottom

structures reproduced with permission of Elsevier from [64] © 2012)
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complexes had no apparent effect on the migration behavior. Therefore, significant

differences in the enantiomer–CD complex structures do not appear to be a pre-

requisite in order to observe reversed enantiomer migration order in CE.

4.2 Macrocyclic Antibiotics

Macrocyclic glycopeptides are also calledmacrocyclic antibiotics due to theirmedical

applications. The most important representatives used as chiral selectors in CE are

vancomycin, ristocetin, teicoplanin, and the teicoplanin aglycone. The common

structural feature of this class of compounds is a heptapeptide as a set of

interconnected macrocylces each composed of two aromatic rings and a peptide

sequence. Vancomycin contains three macrocycles while teicoplanin and ristocetin

A are composed of four. Themacrocycles form a three-dimensional, C-shaped basket-

like structure with the carbohydrate moieties positioned at the surface. Due to the

presence of ionizable groups, such as a carboxylic acid group or amino groups, a large

number of interactions between analyte molecules and the glycopeptides antibiotics

are possible, including hydrogen bonds, π–π, dipole–dipole, and ionic interactions

depending on the experimental conditions [136]. The detailed recognition mechanism

on a molecular basis has not been studied in detail yet. Mechanisms deduced from

structure-separation studies using various classes of analytes were examined. How-

ever, detailed NMR studies or X-ray crystallographic studies with respect to chiral

separations have not been published to date except for vancomycin and small ligands

such as D-lactic acid, N-acetyl-Ala or N-acetyl Gly [137], or vancomycin with the

tripeptide ligand Nα,Nω-diacetyl-L-Lys-D-Ala-D-Ala [138] as shown in Fig. 15,

as well as the glycopeptide balhimycin and D-Ala-D-Ala [139]. A molecular docking

has been performed for macrocyclic antibiotic selectors and chiral xanthone analytes

[140]. The application ofmacrocyclic glycopeptides as chiral selectors in CE has been

summarized [11, 141, 142].

4.3 Crown Ethers

Chiral crown ethers form complexes with protonated primary amines so that their use

is essentially limited to this group of analytes, although some exceptions have been

reported. In CE only (+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid [(+)-18C6H4]

has been employed as summarized in [143, 144]. Complex formation is due to hydrogen

bonds between the protonated amino group and oxygen atoms of the crown ether.

For chiral recognition (+)-18C6H4 adopts an asymmetric C1-type conformation

exhibiting a bowl-like shape with the N–H and Cα-H protons of the amino acid

interacting with the oxygen atoms of the ring system as well as the carboxylate

groups [145]. This asymmetric C1-type shape is assumed to result from a conforma-

tional sequence of successive rotations in the macrocycle which appear to be promoted

by protons. The diastereomeric complexes between the analyte enantiomers and
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(+)-18C6H4 displayed differences. For example, as demonstrated for phenylglycine,

the more strongly complexed D-enantiomer exhibited a more favorable complex geom-

etry and an additional hydrogen bond compared to themoreweakly bound L-enantiomer

as derived from NMR and molecular modeling (Fig. 16) [146]. A slightly different
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structure of themoreweakly bound L-phenylglycine featuring two hydrogen bondswith

ring oxygen atoms and one with a carboxylic acid group has also been derived

[147]. Further examples of differences in the structures of complexes between

(+)-18C6H4 and amino acid enantiomers have been reported [148–150].

4.4 Ligand Exchange

Chiral ligand exchange was the first principle applied in CE for analyte enantio-

separations [3]. This technique is based on the formation of ternary chelate

complexes between ligands and a central metal atom. Amino acid derivatives are

most frequently employed as chelating agents although D-quinic acid, D-gluconic

acid, D-saccharic acid, or L-threonic acid have also been used as complexation agents

[151]. The metal ions include divalent metal ions such as Cu2+, Zn2+, or Ni2+.

Enantioseparation by ligand exchange is restricted to analytes with two or three

electron-donating groups such as amino acids, hydroxy acids, amino alcohols, or

diols. In addition, borate can serve as central ion in a CE ligand exchange system in

combination with diols as ligands for the separation of the enantiomers dihydroxy

analytes [152]. Applications of ligand exchange for CE enantioseparations have

been summarized, for example, in [151–154].

Ligand exchange is based on the reversible coordination of a chiral analyte into

the sphere of a metal ion which is complexed with an enantiopure chelator, resulting

in a selectand–metal ion–selector complex. The resulting diastereomeric chelates

possess different thermodynamic formation ratios or stabilities. It is assumed that

ternary complexes with a 1:1:1 stoichiometry are formed, although complexes with

other stoichiometries such as 1:2:1 have also been reported for the system D-quinic

acid–Cu(II)-tartrate depending on the configuration of the tartrate analyte

[104]. Moreover, it should be kept in mind that the ligand exchange process does

not necessarily has to be ascribed to the ligand in the Me–(ligand)2 complex but can

also occur by exchange with water molecules that complete for the coordination

sphere of the metal ion, i.e., the Me–ligand–(H2O)2 complex [155, 156]. In addition,

the ternary complex between selector, central ion, and analyte is uncharged and

therefore does not possess an electrophoretic mobility in CE in contrast to the

binary complex [Me–analyte]+ [156]. Consequently, the different stabilities of the

diastereomeric complexes result in a different distribution of charged species (free

analyte and binary complexes) of the enantiomers. It has also been demonstrated that

the ionization status of the analyte ligand may affect the stability of the diastereo-

meric mixed complexes. Thus, different stereoselectivities of complex formation

have been observed whether the analyte enantiomers are charged or uncharged [157,

158]. The structures of the diastereomeric ternary complexes L-Pro–Cu(II)–L/D-Thr

are shown in Fig. 17 as an example [159].
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4.5 Chiral Surfactants

Chiral micelles are formed from monomeric chiral surfactants in aqueous solution

at concentrations above the critical micelle concentration. Furthermore, polymeric

micelles (molecular micelles) have been developed [46, 160] in order to overcome

the disadvantages of “classical” micelles such as the dynamic equilibrium between

the surfactant monomers in the aqueous phase and the micelles. Polymeric micelles

are obtained by polymerization of suitably functionalized surfactants via the hydro-

phobic tails. Chiral surfactants with a large structural variety are available including

bile acid derivatives or surfactants derived from amino acids or carbohydrates

(Fig. 18a). Molecular micelles are based on surfactants derived from amino acids

or dipeptides (Fig. 18b). Reviews on the application of chiral micelles in enantio-

separations can be found, for example, in [161, 162].

The chiral recognition process for chiral micelles has been less frequently

addressed, probably due to the complex and dynamic structure of micelles that are

difficult to assess by spectroscopic techniques. Compared to the (R)-enantiomer, the

(S)-enantiomer of 1,10-binaphthyl-2,20-diyl hydrogen phosphate (BNDHP) appeared
to interact more strongly with micelles formed by sodium cholate as derived from

NMR experiments in accordance with the elution order in MEKC [163]. The

naphthyl moieties are inserted into the micelle, leading to a discrimination of the

analyte enantiomers.

Fig. 17 Molecular modeling structure of the ternary L-proline–Cu(II)–threonine complex

containing (a) L-threonine and (b) D-threonine. (Reproduced with permission of Elsevier from

[159] © 2010)
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Dipeptide-based surfactants seem to adopt a folded conformation in aqueous

solutions, creating a chiral pocket into which analytes can be accommodated. In

the case of BNDHP, the N-terminal amino acid of the dipeptide head group appears

to be the primary site of chiral recognition in monomeric [164] as well as polymeric

surfactants [165, 166]. As a consequence, the configuration of the amino acid also

affected the elution order of the BNDHP enantiomers. In the case of an L-configured

amino acid (R)-BNDHP was complexed more strongly and eluted faster in MEKC

experiments [167].When the configuration of the “inner” amino acid was changed to

the D-configuration the elution order was reversed with the (S)-enantiomer of

BNDHP eluting first. The stereochemistry of the C-terminal amino acid did not

affect the enantiomer elution order of BNDHP. It did, however, influence the

magnitude of the chiral resolution. Tröger’s base and propranolol bind to the chiral

pocket of the molecular micelle in a mode comparable to BNDHP while Dns-amino

acids appeared to interact primarily with the C-terminal amino acid of poly(N-
undecanoyl-L-leucine-L-valine) [166].Molecular micelles obtained from surfactants

containing a single amino acid as polar head group also created a chiral pocket which

was able to adopt BNDHP [168].

4.6 Miscellaneous Selectors

Apart from the more often applied chiral selectors discussed above, many types of

complex forming agents have been evaluated as chiral selectors in CE [14–16, 20,

23, 110]. However, in most cases only proof of concept, i.e., the application to

enantioseparations, has been reported and only mechanistic studies for a few further

groups of selectors were performed.
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While being the most successful chiral selectors in HPLC, polysaccharide have

not been frequently used as chiral selectors in CE, although successful applications

have been reported such as [169–174]. Based on the fact that CE enantioseparations

using native amylose as chiral selector deteriorated upon increasing the capillary

temperature from 25�C to 60�C in the case of analytes with a molecular size smaller

than 0.78 nm while chiral separations of larger analytes was not affected by

temperature, it has been concluded that the chiral recognition of amylose possesses

a helical and an ahelical component [175]. Addition of iodine, which is known to be

included in the helices of polysaccharides, led to the same observation. Thus, small

molecules appear to be stereoselectively included into helical groves of amylose

while the stereoselective complexation of larger molecules appears to occur via

other interactions.

Cyclofructans (CFs) are cyclic oligosaccharides composed of β(2 ! 1) linked

D-fructofuranose units. Derivatives containing 6 (CF6) or 7 (CF7) fructose units

have been employed in separation sciences to date. These CFs possess a disk-type

structure, the inner core having the structure of a crown ether. In the case of CF6 the

fructose units are arranged in a spiral array around the 18-crown-6 core with

alternating “inward” and “outward” orientation [176] so that three of the OH groups

in position 3 of the fructofuranose moieties point towards the inner core blocking its

access due to hydrogen bonding [177]. As a consequence, only poor or no enantio-

separations have been observed using native CF6 in CE [178] due to the limited

interaction possibilities with analytes. In contrast, sulfated CF6 proved to be an

effective chiral selector in CE enantioseparations [178].

The stereoselective interaction of proteins with chiral compounds is a well-

known phenomenon in nature. Consequently, proteins have been used as chiral

selectors in separation sciences including CE [179, 180]. However, the fact that

proteins tend to adsorb to the capillary inner surface somewhat limits their

applications as chiral selectors in CE, often necessitating special measures such

as coating of the capillary wall. Due to the complexity of the protein selectors a

number of molecular interactions including hydrogen bonds, π–π, dipole, and ionic
interactions contribute to the complexation of the analyte enantiomers.

Chiral ionic liquids have been recently introduced as chiral selectors in CE. Ionic

liquids are salts that are liquid at or close to room temperature. Either the cation or the

anion or both may be chiral [181]. Due to their high aqueous solubility chiral ionic

liquids have been used as chiral background electrolyte or chiral selector in CE

[182, 183] including MEKC [184] and ligand exchange [185, 186]. Ionic and

ion-pair interactions between analyte and selector predominate in the case of these

selectors. Enantiomeric differentiation by chiral ionic liquids has been demonstrated

by spectroscopic techniques [187, 188] but the structures of the complexes formed

between ionic liquids and the analyte enantiomers are currently unknown.

Aptamers are single stranded RNA or DNA oligonucleotides which are obtained

by the iterative process of systematic evolution of ligands by exponential enrichment

(SELEX) [189] which act as target-specific chiral selectors binding one enantiomer

with high enantioselectivity. Aptamers possess a complex three-dimensional shape
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containing structural motifs including stems, loops, bulges, hairpins, triplexes, or

quadruplexes, and can bind a large variety of target compounds with an affinity,

specificity, and selectivity comparable to antibodies. Complexation of the target

molecules occurs via an adaptive conformational change of the aptamer in a

so-called induced-fit process which results in a tight aptamer–solute complex with

maximal complementarity between the aptamer and the preferred enantiomer

[190–192]. The other enantiomer forms less stabilizing contacts yielding a lower

binding affinity. Depending on the structure and functional groups of the target

molecules, hydrogen bonding, electrostatic interactions, stacking interactions, or

hydrophobic interactions contribute to this process. According to a molecular

modeling study, the aptamer folds from a relatively disordered structure into a

defined binding pocket encapsulating the target molecule [193]. For a summary of

the use of aptamers in separation sciences see [194].

5 Modes of CE Enantioseparation: Selected Examples

As stated above, in CE enantioseparations the chiral selector is added to the back-

ground electrolyte performing as a mobile, pseudostationary phase. As in chromato-

graphy, chiral recognition is due to stereoselective interactions between the analyte

enantiomers and the chiral selector while transport to the detector is achieved by

electrokinetic phenomena. Differences in the formation equilibria of the diastereo-

meric complexes between the chiral selector and the analyte enantiomers and/or

differences in the mobilities of the diastereomeric complexes result in enantio-

separations (see Sect. 2). Combined with the different modes of CE, many separation

scenarios can be envisioned. CE has been applied to the determination of the

enantiomers including the enantiomeric composition of compounds in chemical,

pharmaceutical, forensic, or environmental analysis, as well as bioanalysis. Many

assays displayed enantioselectivity and chemoselectivity allowing the simultaneous

analysis of chiral as well as achiral impurities in drug substances. Themost frequently

employed CE enantioseparation modes, i.e., EKC, MEKC, and MEEKC, will be

briefly addressed.

5.1 Electrokinetic Chromatography

The EKC mode is the most often applied technique for CE enantioseparations as

documented by numerous publications, many reviews [14–22] or monographs

[23, 24]. The term EKC describes a system with a chiral selector in a background

electrolyte without the presence of a further pseudostationary phase such as micelles

or amicroemulsion. It is often (incorrectly) also referred to as chiral CE. The selector

may be charged, thus exhibiting an electrophoretic self-mobility allowing the

enantioseparation of neutral analytes, or uncharged so that it is transported with

the EOF. This enables many separation scenarios, some of which are schematically

shown in Fig. 2. Many structurally diverse compounds have been utilized as chiral
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selectors in CE including CDs, macrocyclic glycopeptide antibiotics, proteins,

crown ethers, chiral ligand-exchangers, chiral ionic liquids, aptamers as well as

chiral surfactants derived from steroids, amino acids, tartaric acid or glycosides [14,

16, 23, 24, 110]. When evaluating a specific chiral selector, the compound is

typically investigated with regard to its enantioseparation ability towards a certain

class of analytes. Conversely, the identification of the most suitable selector for a

given class of analytes from a large library of potential selectors may also be applied

by screening the entire library with subsequent deconvolution as described for cyclic

peptides [195, 196]. The identification of selectors via combinatorial strategies has

also been applied to the development of aptamer selectors [197].

Although some selectors appear to be limited to a certain group of analytes,

for example chiral crown ethers for the enantioseparation of primary amines, there

is no general rule for the application of certain selectors. Thus the choice of a specific

selector currently depends on the experience and/or preferences of the analyst. Due

to the large variety of derivatives as well as commercial availability, CDs are by far

the most often applied chiral selectors in CE [110, 122–129]. Consequently, general

strategies for screening approaches utilizing CDs have been published in order to

find generalized starting conditions without excessive testing of a large number of

CDs. Many analysts prefer negatively charged CDs as they can be used for charged

and uncharged compounds [198–200]. At low pH, basic analytes are protonated and

migrate to the cathode while the negatively charged CDs migrate to the anode.

Neutral compounds interacting with the negatively charged CDs are transported to

the anode and can be detected upon reversing the polarity of the applied voltage.

Most acidic analytes are protonated at low pH and behave as neutral compounds.

Strategies for dual CD systems have also been published [201, 202]. In these

systems, both chiral selectors may cooperate in a synergistic manner or counteract

each other. An improvement in separation selectivity compared to the use of a single

selector is observedwhen both selectors display opposite affinity towards the analyte

enantiomers. Alternatively, increased selectivity also occurs if one CD accelerates

the analyte while the other either decelerates it or has no effect on the analyte

mobility [203]. Analogous effects may be achieved if one of the selectors is

immobilized on the inner wall of the capillary [204, 205].

As discussed above, opposite enantiomer migration order may be observed when

switching from one CD to another. Moreover, pure single isomers of CD derivatives

are not necessarily required for successful enantioseparations. In fact, many

enantioseparations have been achieved using randomly substituted derivatives

[43]. However, randomly substituted CDs are a mixture of isomers differing in

their degree of substitution, i.e., the number and position of the substituents. There-

fore, randomly substituted CDs from various suppliers may differ in this respect and

differences may even be observed from batch to batch for a given CD from the same

supplier. Literature examples clearly demonstrate that the source of the CD and the

degree of substitution may affect the enantioseparation of one compound while this

may have no effect for another analyte [206–208]. In addition, it cannot be predicted

whether a higher or lower degree of substitution of a given CD results in a better

enantioseparation.
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Most CE enantioseparations were achieved in aqueous background electrolytes.

However, it has been shown that nonaqueous conditions employing organic solvents

for electrolyte preparation may be a valuable alternative. Organic solvents possess

advantages in terms of higher dissolution of lipophilic analytes, increased stability of

water-sensitive analytes, and shift of analyte pKa or analyte–selector complexation

equilibria, among others [209]. Consequently, many successful CE enantio-

separations in nonaqueous background electrolytes have been reported [210].

The fact that the chiral selector is dissolved in the background electrolyte is often

considered an advantage in terms of the ease of changing the experimental

conditions, including the type of the chiral selector. However, this may become a

disadvantage when CE is hyphenated with a mass spectrometer. Most selectors are

not volatile and contaminate the ion source of the mass spectrometer when entering

it. Two strategies have been implemented in order to prevent the entrance of the

selector into the ion source [211–213]. The first called the counter migration

technique exploits the self-mobility of a chiral selector migrating in the opposite

direction of the mass spectrometer. The capillary is initially filled with the back-

ground electrolyte containing the chiral selector. Upon application of the separation

voltage the analytes migrate towards the mass spectrometer while the selector

migrates in the opposite direction. Interaction between analyte and selector results

in the enantioseparation. This method is limited to charged chiral selectors. The

second approach is the partial filling technique. In this case, only part of the

capillary is filled with the background electrolyte containing the selector while

the remainder contains a selector-free electrolyte. The experimental conditions

have to be chosen in such a way that the analytes migrating through the zone

containing the chiral selector have to exhibit a higher velocity towards the mass

spectrometer compared to the selector zone so that the analytes reach the mass

spectrometer before the selector can enter the ion source. Careful control of the

EOF is required. Successful enantioseparations with mass spectrometric detection

have been reported applying both approaches [211–213]. It has also been shown

that background electrolytes with low concentrations of the chiral selector may be

used in CE hyphenated to mass spectrometry without significant loss of sensitivity

despite the entrance of the selector into the ion source [214].

A well-known phenomenon in CE is the fact that the peak area in CE depends on

the migration velocity of the compounds and, subsequently, the area ratio of the

enantiomers of a racemic compound differs from 1:1. This may be compensated by

using the corrected peak area by dividing the peak area by the analyte migration

time. It has also been shown that complexation of the enantiomers by a chiral

selector may result in different detector responses for the individual enantiomers.

As demonstrated for the hypnotic drug zopiclone, the drug–β-CD complex displays

higher fluorescence intensity as compared to the non-complexed drug [215]. Con-

sequently, in a CE enantioseparation using laser-induced fluorescence detection the

more strongly complexed second migrating enantiomer of zopiclone possessed a

significantly larger peak area than the faster migrating first enantiomer. This was

explained by the fact that the slower migrating enantiomer passes the detector with

a higher molar fraction in the complexed form compared to the faster migrating
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enantiomer. Although different detector response of enantiomers does not appear to

be a common phenomenon, especially when using UV detection, it should be kept

in mind that analyte complexation may alter the spectroscopic properties of the

compounds and, consequently, affect analyte quantitation.

The aim of any method development for an analytical separation is to obtain an

assay allowing the separation of the analytes in a short period of time. Apart from

the physicochemical characteristics of the analytes, experimental factors such as

type and concentration of the chiral selector, type, pH, and concentration of the

background electrolyte, as well as additives such as organic solvents or surfactants,

applied voltage, or capillary temperature, and capillary rinsing procedures affect

enantioseparations in CE. All these factors have to be optimized and properly

validated. The univariate approach, i.e., optimizing one variable at a time while

keeping all other variables constant, results in a large number of experiments.

Typically, this approach only leads to a local optimum of the conditions. Therefore,

chemometric methods have been increasingly used in order to find the global

optimal conditions of the experimental variables [216–219]. In such approaches,

the variables which significantly affect a separation are first identified by an

experimental design and subsequently optimized using another type of design.

Testing of the robustness of the analytical method can also be addressed by

chemometrics. General practical considerations for obtaining a robust CE method

can be found in [220].

An example illustrating the stereoselectivity and chemoselectivity of CE is the

separation of the etomidate exhibiting (R)-configuration from its (S)-enantiomer as

well as the related substances metomidate and etomidate acid (Fig. 19) [221]. All

analytes could be detected at the cathodic end of the capillary using a 100 mM

phosphate buffer, pH 2.1, as background electrolyte (Fig. 19a). The enantiomers of

etomidate and metomidate could be separated using 30 mg/mL β-CD while the

enantiomers of the acid comigrated under these conditions (Fig. 19b). Addition of

30 mg/mL α-CD only resulted in poor separation of the enantiomers of etomidate

(Fig. 19c). However, α-CD also led to an increased resolution between metomidate

and etomidate. Exploiting the carrier ability of sulfated β-CD and reversing the

polarity of the applied voltage, i.e., detecting the analytes at the anodic end of the

capillary, resulted in the separation of all enantiomers with large resolution values,

RS, at a concentration of 20 mg/mL of the CD (Fig. 19d). However, when

overloading the system by injecting high concentrations of etomidate in order to

achieve the required sensitivity for the detection of the impurities at the 0.1% level,

peak splitting and peak distortion were observed. Finally, the combination of

30 mg/mL α-CD and 4.6 mg/mL sulfated β-CD allowed the determination of all

potential impurities of the drug in the presence of a large excess of etomidate

(Fig. 19e). The system allows the separation of all enantiomers (Fig. 19f) but the

peak of the (S)-enantiomer of metomidate is “covered” by the peak of etomidate

when high concentrations of the drug are injected (Fig. 19e). In the present case this

was considered insignificant as (S)-metomidate is a very unlikely impurity of

etomidate. In the dual CD system the enantioselectivity is achieved by sulfated
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β-CD while α-CD contributes to the chemoselectivity of the system by assisting the

separation of etomidate and metomidate. The CE assay was subsequently validated

and applied to the simultaneous analysis of etomidate with regard to the stereo-

chemical purity as well as related substances. Concentrations of the impurities as

low as 0.01% could be detected with the CE method [221].
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Fig. 19 Simultaneous separation of the enantiomers of etomidate, metomidate, and etomidate

acid (a) in the absence of a chiral selector and in the presence of (b) β-CD, (c) α-CD, (d) sulfated
β-CD and (e, f) a combination of α-CD and sulfated β-CD. Experimental conditions: 50.2/40 cm,

50 μm id fused-silica capillary, 100 mM sodium phosphate buffer, pH 2.1, 20�C, 20 kV. Peak

assignment: (1) etomidate, (2) (S)-etomidate, (3) (R)-metomidate, (3a) (S)-metomidate, (4) (R)
etomidate acid, (4a) (S)-etomidate acid. Sample concentration in (e): 5.4 mg/mL etomidate

containing approximately 40–80 μg/mL of the related substances. (Adapted with permission of

Wiley from [221] © 2006)
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5.2 Micellar Electrokinetic Chromatography

MEKC has been introduced as a method allowing the analysis of uncharged

compounds [10–13] but the technique is equally suitable for charged analytes.

MEKC enantioseparations can be carried out using two basic systems. The first

mode employs a chiral surfactant used in concentrations above the critical micelle

concentration. These surfactants comprise bile salts or charged or neutral compounds

derived from glucopyranosides or N-acylamino acids surfactants [222]. Mixed

micelles composed of chiral and achiral surfactants have also been used. The separa-

tion mechanism using chiral micelles is based on the stereoselective interaction of the

analyte enantiomers with the selector upon partitioning between the aqueous and the

micellar phases.

A further development is the introduction of polymeric surfactants (polymeric

micelles) by the groups of Warner [46] and Dobashi [160]. These are obtained by

polymerization of the hydrocarbon chain ofN-acyl amino acids orN-alkyloxycarbonyl
derivatives of amino acids or dipeptides. The polymeric micelles overcome the

limitations caused by the dynamic nature of conventional micelles and instability

upon addition of higher concentrations of organic solvents. Furthermore, lower Joule

heating is observed for polymeric micelles as compared to micelles formed from

monomeric surfactants. Limitations of the polymeric micelles may be the presence of

impurities originating from the polymerization process or slow mass transfer kinetics

in the case of a high polydispersity of the polymers. Comparison of the separation

selectivity of amino acid-based chiral surfactants and their polymeric analogs revealed

a significant influence of steric effects as well as the orientation and charge of the

headgroup [223–225].

In the second approach achiral micelles are combined with a chiral selector. A

frequently employed combination is the use of SDS as surfactant combined with

cyclodextrins. Also termed CD-modified MEKC, this system is based on several

equilibria, i.e., the partitioning of the analyte between the (achiral) micelles and the

aqueous phase as well as the stereoselective complexation of the enantiomers by the

selector. Furthermore, distribution of the CD–analyte complexes into the micelles

may be considered as well as the binding of the enantiomers by CDs associated with

the micelles. The latter may differ from the complexation between CD and analyte

in the aqueous phase. Furthermore, it has been shown by CE, spectroscopic

techniques and molecular modeling that the hydrocarbon chain of SDS can be

incorporated into the cavity of CDs, thereby modulating the binding affinity

towards the analyte molecules [226–228]. Although not yet experimentally proven,

the incorporation of surfactants other than SDS into the cavity of CDs can be

expected. Conversely, CDs may affect the micellization of surfactants [226, 227],

emphasizing the importance of a profound understanding of the interactions

between surfactants and CDs in order to design proper separation systems.

Both modes, i.e., MEKC using chiral micelles and CD-modified MEKC, have

been successfully applied to the enantioseparations of many basic, acidic, or neutral

compounds [222]. An interesting characteristic of the polymeric micelles is their
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compatibility with MS detection [211, 229]. MEKC employing monomeric chiral

surfactants or achiral surfactants combined with CDs is not suitable for this

purpose. Major concerns are signal suppression, poor volatility, interactions

between surfactant and analytes, as well as the production of interfering back-

ground ions. The use of polymeric micelles has several advantages. First, as they do

not possess a critical micelle concentration they may be used at relatively low

concentrations in the background electrolyte, minimizing the deteriorating effects

on the MS detection. Second, as the molecular organization of polymeric micelles

is not affected by organic solvents, a high content of organic solvent may be used in

the background electrolyte. Third, they do not interfere in the low molecular mass

range due to their high molecular mass. Finally, their low surface activity provides a

stable electrospray and consequently less suppression of the analyte signal. MEKC

enantioseparations with MS detection using polymeric micelles has been reported

for a number of structurally diverse analytes [230–232]. A recent illustrative

example of MEKC-MS is the stereoselective analysis of warfarin and its metabolite

hydroxywarfarin in serum samples [233]. The simultaneous separation of the drug

and five hydroxylated metabolites upon optimization of the background electrolyte

is shown in Fig. 20a. Except for 8-hydroxywarfarin, all enantiomers could be

separated in the presence of 25 mM poly(sodium N-undecenoyl-L-leucyl-L-
valinate) in an ammonium acetate buffer containing 15 vol.% methanol. Tandem

mass spectrometry allowed limits of detection between 0.5 and 3 ng/mL depending

on the analyte. The assay allowed the stereoselective analysis of plasma samples

from patients (Fig. 20b) and the sensitive determination of metabolites that were

apparently not detected in previous studies, illustrating the fact that MEKC-

electrospray ionization-tandem mass spectrometry employing polymeric micelles

is well suited to the bioanalysis with MS detection. Moreover, differences between

the stereoselective metabolism of subjects possessing a mutant of the cytochrome

enzyme CYP2C9 could be identified (Fig. 20b) [233].

5.3 Microemulsion Electrokinetic Chromatography

MEEKC was introduced in 1991 [234] and can be regarded as analogous to MEKC

using microemulsion droplets as pseudostationary phase as compared to micelles in

MEKC. The microemulsion is formed by a water immiscible organic liquid stabilized

by a surfactant and a co-surfactant. The droplets of the microemulsion are typically

charged due to the use of a negatively charged surfactant so that they migrate towards

the anode. There has been much debate about both techniques with regard to

enhanced stability, solubilization capacity, or higher mass transfer efficiency of

the microemulsion vs the micelles. However, the literature published to date suggests

that the answer regarding the superior separation mode may be analyte dependent,

especially in the light of solvent-modifiedMEKC. Recent work on the achiral separa-

tion of steroids comparingMEEKC andMEKCwith the addition of 1-butanol yielded

comparable results with regard to separation performance [235].
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For MEEKC enantioseparations, two general approaches have been realized.

The first employs chiral components forming the microemulsion. For example,

N-dodecoxycarbonyl-L-valine was used as chiral surfactant [236–238], chiral

alkanols such as (2R)-pentanol or (2R)-hexanol as chiral co-surfactants [239], or

Fig. 20 MEKC-MS analysis of warfarin and its hydroxylated metabolites. (a) Analysis of

standards showing the total ion chromatogram (TIC), the mass trace m/z 307 representing warfarin

and the mass trace m/z 323 of the hydroxy metabolites. (b) Tandem MS extracted ion

chromatograms of plasma samples. Patient sample 5 represents a subject with polymorphism of

cytochrome CYP2C9. Experimental conditions: 118 cm, 50 μm id fused-silica capillary, 25 mM

poly(sodium N-undecenoyl-L-leucyl-L-valinate) in 25 mM ammonium acetate, pH 5.0, containing

15 vol.% methanol, 30 kV. Spray chamber parameters: nebulizer pressure: 4 psi, drying gas temp.:

200�C, drying gas flow: 6 L/min, capillary voltage: �3,000 V, fragmentor voltage: 91 V.

(Reproduced with permission of Elsevier from [233] © 2013)
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chiral oil phases such as dibutyl L-tartrate [240, 241]. Combinations of two

[242–244] or three [245] chiral components have also been employed. Interest-

ingly, effective separations of the enantiomers of β-blockers have also been

obtained using a neutral microemulsion composed of Tween 20 and dibutyl

L-tartrate in a sodium tetraborate buffer [246]. The mechanism of the enantiose-

parations using a chiral oil droplet is based on the partitioning equilibria of the

analyte enantiomers between the aqueous phase and the chiral oil phase.

The second approach uses an achiral microemulsion in combination with a

chiral selector such as a CD. In this case the microemulsion is composed of a water-

immiscible organic solvent such as n-hexane, n-heptane, or ethyl acetate, a surfactant
such as SDS, and a co-surfactant such as 1-butanol or 1-octanol. As chiral selectors,

neutral [247] as well as negatively charged CD derivatives [248–251] have been

employed. In these systems two equilibria have to be considered – the partitioning

of the analyte between the aqueous phase and the lipid phase as well as the stereo-

specific complexation of the enantiomers by the CDs. The partitioning of the dia-

stereomeric enantiomer–CD complexes may, in principle, also take place. It has been

shown by NMR and molecular modeling that SDS used for the preparation of the

microemulsion can also form complexes with CDs, modulating the interaction

between the selector and analyte enantiomers [228].

In this context it is interesting to note that the way of preparation of the

microemulsion, specifically the time of the addition of the chiral selector, may affect

the performance of the separation system. Thus, a MEEKC method allowing the

simultaneous separation of the enantiomers of amphetamine, i.e., dexamphetamine

and levoamphetamine, as well as related substances was developed using a

microemulsion composed of 1.5 wt% SDS, 0.5 wt% ethyl acetate, 3.5 wt% 1-butanol,

2.5 wt% 2-propanol, and 92 wt% 50 mM sodium phosphate buffer, pH 3.0, containing

5.5 wt% sulfated β-CD [251]. Superior separation of the amphetamine enantiomers and

the related substances phenylacetoneE-oxime and (1S,2S)-(+)-norpseudoephedrinewas
observedwhen sulfated β-CDwas added to the phosphate buffer prior to the preparation

of the microemulsion by sonication (Fig. 21a) as compared to addition of the chiral

selector after preparation of the microemulsion (Fig. 21b). At present, the origin of the

phenomenon is not clear. It may be speculated that it is due either to inclusion of SDS or

other components of themicroemulsion into the cavity of the CDor to association of the

CD with the microemulsion droplets during the preparation. In any case, such effects

have to be consideredwhen developingmethods for routine analysis. For recent reviews

on MEEKC, including the use for enantioseparations, see, for example, [252, 253].

6 Concluding Remarks

Within the 30 years since its introduction CE has developed into a mature technique

for the analysis of a large variety of analytes. Theoretical knowledge and under-

standing of the underlying mechanisms of CE separations has been compiled.

Due to the different separation mechanisms, HPLC and CE are complimentary

techniques where each has its own advantages and disadvantages so that the user
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may have to choose between both techniques for a certain separation problem.

CE offers many modes, chiral selectors, and migration options, making it a highly

flexible and versatile technique. However, this flexibility may also be the reason

why CE is often considered a less robust technique compared to HPLC. Conse-

quently, CE is less accepted for routine analysis and sometimes referred to as an

“academic” technique. This may be due to the fact that most analytical chemists are

trained in chromatography and not in CE, so that the basic understanding of CE may

not be as widespread as of chromatography. For example, the fused-silica capillary

surface is often considered inert which does not apply. The ionization state of

silanol groups on the surface generates the EOF. Therefore, understanding of the

influencing factors and the EOF, which includes all rinsing steps and, consequently,

properly controlling the EOF is the key to a successful method. In fact, it has been

shown that properly validated CE methods perform as well as HPLC methods with

regard to precision and robustness.

Another often mentioned fact is the relatively low UV-detection sensitivity of

CE compared to HPLC because detection is performed on column which results

in a low optical path length. Besides using specific capillaries with extended optical

path lengths (bubble cells or Z-cells), detection modes other than UV may be

employed such as laser-induced fluorescence or mass spectrometric detection.

Moreover, on-column sample stacking techniques based on electrophoretic pheno-

mena have been developed, resulting in an up to 1,000-fold increase in sensitivity as

summarized, for example, in [254–257].
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Fig. 21 Effect of the preparation of the microemulsion background electrolyte on analyte

separation. (a) Addition of sulfated β-CD prior to the phosphate buffer preparation of the

microemulsion by sonication and (b) addition of sulfated β-CD after preparation of the

microemulsion. Experimental conditions: 50.2/40 cm, 50 μm id fused-silica capillary, 20�C,
�14 kV, UV detection at 200 nm; background electrolyte: 1.5 wt% SDS, 0.5 wt% ethyl acetate,

3.5 wt% 1-butanol, 2.5 wt% 2-propanol, and 92 wt% 50 mM sodium phosphate buffer, pH 3.0,

containing 5.5 wt% sulfated β-CD. Peak assignment: (IS) internal standard, (1) dexamphetamine,

(2) levoamphetamine, (3) phenylacetone Z-oxime, (4) phenylacetone E-oxime, (5) (1S,2S)-(+)-
norpseudoephedrine, (6) (1R,2S)-(�)-norephedrine, (7) phenylacetone. (Reproduced with permis-

sion of Wiley from [251] © 2010)
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CE methods have been included in the documentation submitted to regulatory

authorities such as the US Food and Drug Administration (FDA) or the European

Medicines Agency (EMA). Furthermore, CE has been implemented in the draft

guidance for industry of the FDA [258, 259] as well as in monographs of the United

States Pharmacopeia (USP) and the European Pharmacopoeia (Ph. Eur.)

[259, 260]. Within the pharmaceutical industry CE has seen an increase in recent

years, especially in the biotechnological sector. Thismay be primarily due to the use of

well defined commercial kits for specific applications such as CE-gel electrophoresis

or capillary isoelectric focusing for biomolecules [260]. In the author’s opinion, CE is

also an excellent technique for small molecule analysis, especially for enantiose-

parations if such methods are properly validated. This has been shown in some of

the examples discussed above where the simultaneous analysis of the stereochemical

purity of a drug and of its related substances has been demonstrated, for example in

[208, 221, 251], as well as the implementation of CE enantioseparation methods in

international pharmacopeias. Further acceptance of CE, especially for routine analy-

sis, will require trained laboratory staff with a profound understanding of the tech-

nique. CE is not just “like HPLC in capillaries” but a technique based on different

phenomena compared to chromatography.
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246. Hu SQ, Lü WJ, Ma YH, Dong LJ, Chen XG (2013) Chiral separation of β-blockers by

MEEKC using neutral microemulsion: analysis of separation mechanism and further eluci-

dation of resolution equation. Electrophoresis 34:260–268

247. Chu BL, Guo BY, Wang Z, Lin JM (2008) Enantioseparation of esbiothrin by cyclodextrin-

modified microemulsion and micellar electrokinetic chromatography. J Sep Sci 31:

3911–3920

248. Bitar Y, Holzgrabe U (2007) Enantioseparation of chiral tropa alkaloids by means of

cyclodextrin-modified microemulsion electrokinetic chromatography. Electrophoresis 28:

2693–2700

249. Borst C,HolzgrabeU (2008) Enantioseparation of dopa and related compounds by cyclodextrin-

modified microemulsion electrokinetic chromatography. J Chromatogr A 1204:191–196

274 G.K.E. Scriba



250. Borst C, Holzgrabe U (2010) Comparison of chiral electrophoretic separation methods for

phenylethylamines and application on impurity analysis. J Pharm Biomed Anal 53:

1201–1209

251. Wongwan S, Scriba GKE (2010) Impurity profiling of dexamphetamine sulfate by

cyclodextrin-modified microemulsion electrokinetic chromatography. Electrophoresis 31:

3006–3011

252. Yu L, Chu K, Ye H, Liu X, Yu L, Xu X, Chen G (2012) Recent advances in microemulsion

electrokinetic chromatography. Trends Anal Chem 34:140–151

253. Ryan R, Altria K, McEvoy E, Donegan S, Power J (2013) A review of developments in the

methodology and application of microemulsion electrokinetic chromatography. Electro-

phoresis 34:159–177

254. Wen Y, Li J, Ma J, Chen L (2012) Recent advances in enrichment techniques for trace

analysis in capillary electrophoresis. Electrophoresis 33:2933–2952

255. Mala Z, Gebauer P, Bocek P (2011) Contemporary sample stacking in analytical electro-

phoresis. Electrophoresis 32:116–126

256. Mikus P,Marakova K (2010) Chiral capillary electrophoresis with on-line sample preparation.

Curr Pharm Anal 6:76–100

257. Garcia-Ruiz C, Marina ML (2006) Sensitive chiral analysis by capillary electrophoresis.

Electrophoresis 27:195–212

258. Guidance for Industry, Analytical Procedures and Methods Validation, Chemistry

Manufacturing and Controls Documentation, Draft Guidance, FDA (2000) http://www.fda.

gov/downloads/Drugs/. . ./Guidances/ucm122858.pdf

259. Muijselaar PG (2008) Overview of current regulatory guidance. In: Ahuja S, Jimidar MI (eds)

Capillary electrophoresis methods for pharmaceutical analysis, Separation science and tech-

nology. Academic, London, pp 145–169

260. Sänger-van de Griend CE (2012) Revival of capillary electrophoresis techniques in the

pharmaceutical industry. LC GC N Am 30:954–971

Differentiation of Enantiomers by Capillary Electrophoresis 275

http://www.fda.gov/downloads/Drugs/%E2%80%A6/Guidances/ucm122858.pdf
http://www.fda.gov/downloads/Drugs/%E2%80%A6/Guidances/ucm122858.pdf
http://www.fda.gov/downloads/Drugs/%E2%80%A6/Guidances/ucm122858.pdf


Index

A

Absolute configuration, 117, 153, 168

assignment, 107

1-Acenaphthenol benzoate, 118

Acetylenes, optically active, 50

Adenosine, 69

Amlodipine, 126

Amphetamine, 260

Amylose, 62

Amylose tris(3,5-dimethylphenylcarbamate)

(ADMPC), 63, 65

Amylose-PPV inclusion complex (APPV), 65

Aptamers, 251

Arginine-vasopressin, 68

Aryl-alkylcarbinols, 118

Asparagine, 14

Asymmetric carbon atom, 10

Asymmetry, 10

Aza crown ethers, 83

Azalanstat, 124

B

Barbiturates, 123

Benzoin, 226

Biaryl, 3

Binaphthol, 118, 122, 125

Binaphthyldiyl hydrogen phosphate

(BNDHP), 249

Biotin-streptavidin, 68

β-Blockers, 260
Buckyball, 80

Bupivacaine, 244

C

Cahn–Ingold–Prelog (CIP), 2

Calcium (+)-tartrate, 12

Calix[n]arenes, 79

Camphor, 8

Capillary electrophoresis (CE), 209

Capillary isotachophoresis, 211

Cellulose, 62

Cellulose tris(3-methylbenzoate), 122

Chiral dynamic chromatography, 107, 137

Chiral inhalation anesthetics, 153

Chirality, 2, 4, 5, 73

Chiral recognition, 41

Chiral selectors, 209, 239

Chiral stationary phases (CSPs), 5, 41, 96

Chlordane, 111

Cinchona alkaloids, 50

Cinchonidine, 50

Circular dichroism (CD), 51, 111

Clenbuterol, 244

Complementarity, 74

Copper(II)–N,N-didecyl-L-alanine, 211
Crown ethers, 83, 246

Cushny, A.R., 15

Cyclodextrins, 77, 156, 211, 241

modified, 153

Cyclofructans (CFs), 251

Cyclohexanediol dibenzoate, 118

D

Desflurane, 153, 156

Dexamphetamine, 260

Diaminobutanoic acid, 6

Diastereoisomers, 3, 6

Diastereomeric composition, 36

Diastereomeric excess, 21, 36, 37

Diastereomeric ratio, 21, 36, 37

Diastereomers, 36

Diisopinocampheyl borane, 30

277



Dimethoxy-1,4-bis(dimethylamino) butane

(DDB), 45

Dimethylcyclohexane, 6

Diniconzole, 124

Dinitrobenzoyl amino-esters (DNBAA), 97, 124

N,N0-Diphenylethylenediamine monolithium

amide (DPEDA-Li), 45

Distomeric series, 27

Distomers, 27

DNA, 68, 251

Dns-amino acids, 211

N-Dodecanoyl-L-valine, 211
Drugs, 1

Dynamic chiral chromatography, 107, 137

E

Ehrlich, P., 14

Electrokinetic chromatography (EKC),

209, 252

Electronic circular dichroism, 107

Enantiodifferentiation, 209

Enantiomeric composition, 21, 24, 35

Enantiomeric elution order, reversal 107

Enantiomeric excess, 21, 22, 31

Enantiomeric fraction, 21, 24, 32

Enantiomeric ratio, 21, 24, 33

Enantiomerism, 1, 2, 5

Enantiomer labeling, 178

Enantiomer markers, 178

Enantiomers, 5

labeling, 153

migration order, 209, 217

proportion, 21

Enantioselective chromatography, 73, 153

Enantioselective sensors, 153

Enantioselectivity, 73

biological, 11

scale, 32

Enantioseparation, 41

Enflurane, 153, 156

Enthalpy/entropy compensation, 185

Enzymes, 13

Ephedrine, 3, 6, 242

Epinephrine, 15

Etomidate, 255

Eudismic index, 27

Eudismic ratio, 27

Eutomeric series, 27

Eutomers, 27

Exchange phenomena, chiroptical

detectors, 136

F

Fischer, E., 12

Fluorine revolution, 154

Fullerenes, 60, 61, 79–81

G

Glycopeptide antibiotics, 93, 245

H

Haloethers, 155

Halothane, 154

Helical macromolecules, synthetic, 41

Helix, 41

Hemihedrism, 7

Heptachlor, 111

Heptakis(2,3-di-O-acetyl-6-O-sulfo)-β-CD, 242
Heptakis(2,3-di-O-methyl-6-O-sulfo)-β-CD, 220
Hexahelicene, 3

Hexakis(2,3,6-tri-O-pentyl)-α-cyclodextrin,
157

High-performance liquid chromatography

(HPLC), 42, 110, 210

History of chemistry, 1

Homochirality, 5, 35

Hyoscyamine, 15

I

Ibuprofen, 131

Induced fit, 75

Inhalation anesthetics, 153

enantioselective sensor devices, 166

Invertin, 12

Ionic liquids, 251

Isoenantioselective temperature, 107, 186

Isoflurane, 153, 156

Isopropyloxirane, 168

K

Ketoconazole, 228

Ketoprofen, 124, 128, 244

L

Lebel, J.A., 10

Levoamphetamine, 259, 260

Ligand exchange, 248

Limit of detection (LOD), 110

Lock-and-key model, 13, 75

278 Index



M

Macrocycles, 73

Macrocyclic antibiotics, 93, 245

Malic acid, 30

Maltooligosaccharides, 63

Matrix effects, 96

Metacetonic acid, 12

Metal(II)-bis(perfluoroacyl-(1R)-

camphorates), 168

3-Methylcyclopentene, 30

α-Methyl-D-glucoside, 12

Methyl mandelate (MMA), 82

Methyl N-Boc α-methyl (4-bromo)-

phenylalaninate, 125

Methyl 2-phenoxypropanoate, 124

1-Methyl-5-phenyl-5-propylbarbituric acid, 120,

Metomidate, 255

Metoprolol, 126

Micellar electrokinetic chromatography

(MEKC), 209, 257

Micelles, 211, 219, 226, 249

Miconazole, 120

Microemulsion electrokinetic chromatography

(MEEKC), 209, 258

Mobile phase modifier, 123

Mobility model, 209

Molecular asymmetry, 6

Molecular chirality, 1, 6

Molecular recognition, 1

Morpholines, 124

N

Naphthylmethyl-phenyl-sulfoxide, 99

Naproxen, 125

Nebivolol, 122, 124, 131

Newport Langley, J., 14

Nickel(II) bis(3-heptafluorobutanoyl-(1R)-
camphorate), 168

Nonsteroidal anti-inflammatory agents

(NSAIDs), 17

Norephedrine, 261

Norpseudoephedrine, 259

Nuclear Overhauser effect (NOE), 189, 241

Nucleic acids, 66

O

Octakis(3-O-butanoyl-2,6-di-O-
pentyl)-γ-cyclodextrin (Lipodex E),

153, 157

Omeprazole, 131

Optical antipodes, 12

Optical purity, 28, 35

Oxazepam analogs, 118

P

Paclobutrazol, 124

Paratartaric acid (PTA), 9

Pasteur, L., 8, 11

PD2PyMA, 47

Penicillamine, 219

Pharmacology, 1

Phenylacetylenes, 50

Phenylazetidins, 82

2-Phenyl-cyclohexanone, 110

Phenyl isocyanide, 55

2-Phenylpropanol, 30

Piutti, A., 13

Polarimetry, 107

Polyacetylenes, 50

Polyacrylamides, 43

Poly(40-isocyanatobenzo-18-crown-6), 59
Polyisocyanides, 54

Poly(L-glutamic acid), 67

Poly(maleimide)s, 45

Polymethacrylamides, 43

Polymethacrylates, 45

Poly(methyl methacrylate) (PMMA), 60

Poly(N5-benzyl-D/L-glutamine), 67

Poly(N-substituted maleimide)s, 45

Poly(phenylacetylene)s, 50, 60

Poly(phenyl isocyanide)s, 54

Polypeptides, 66

Poly( p-phenylenevinylene) (PPV), 65
Polyrotaxanes, 65

Polysaccharides, 62

Poly(sodium N-undecanoyl- L-leucyl- L-

valinate), 250

Poly(tert-butyl isocyanide), 54
Profens, 17

Propanolol propyl ester, 124

Propionic acid, 12

Propranolol, 221, 243–245, 250

3-(2-Propylphenyl)-4-methyI-4-thiazolin-

2-one, 127

Proteins, 66

Pseudo crown ether selectors, 84

Pseudoephedrine, 3, 6

PTrMA, 45

Pyridine crown ethers, 83

Pyriproxyfen, 124

Q

Quinine, 50, 97

R

Racemic acid, 9

Racemic mixture, 6

Index 279



Receptors, 14

Reciprocity principle, 78

Retention excess, 21, 32

Retention-increment, 153

Ristocetin, 246

RNA, 68, 251

Ropivacaine, 126

Rotating-frame Overhauser enhancement

spectroscopy (ROESY), 241

S

Schiff’s bases, 14

Selectors, C3 symmetric macrocyclic, 95

macrocyclic tetramidic, 88

receptor-like selectivity, 87

Selector–selectand complex, 209

Self-disproportionation, 107, 138

Sevoflurane, 155

Stereochemistry, language, 1

Stereogenicity, 4

Stereoisomers, 5

terminology, 5, 21

Stereoselectivity, biological, 1

Stereoselectivity factor, 21, 25

Sucrose, 8

Supercritical fluid chromatography (SFC), 157

Supramolecular chromatography, 73, 76

Supramolecular selectors, 73

chiral, LC, 75

Surfactants, 249

Systematic evolution of ligands by exponential

enrichment (SELEX), 251

T

Talinolol, 244

Tartaric acid, 8, 11, 83, 230, 240, 253

Teicoplanin, 93, 246

Thalidomide, 43

Thiazolinethione, 127

Triphenylmethyl methacrylate (TrMA), 45

Turpentine, 8

Tyrosinamide, 69

U

Uniconazole, 124

V

Vancomycin, 86, 93, 121, 123, 226, 246

van’t Hoff, J.H., 10

Vibrational circular dichroism (VCD), 241

280 Index


	Preface
	Contents
	Molecular Chirality: Language, History, and Significance
	1 Introduction
	2 Language
	3 History
	3.1 The Discovery of Molecular Chirality
	3.2 The Asymmetric Carbon Atom
	3.3 Biological Enantioselectivity

	4 Significance
	References

	Terms for the Quantitation of a Mixture of Stereoisomers
	1 Introduction
	2 Enantiomers
	2.1 Nonchiroptical Methods
	2.1.1 Enantiomeric Excess ee
	2.1.2 Enantiomeric Composition ec and Enantiomeric Fraction EF
	2.1.3 Enantiomeric Ratio er and erinv
	2.1.4 Enantiomeric Ratio E and the Stereoselectivity Factor s in Kinetic Resolutions
	2.1.5 Naming of Enantiomers: Eutomers and Distomers

	2.2 Chiroptical Methods

	3 Selected Applications of the Terms ee, er, and ec (EF)
	3.1 Enantiomeric Excess ee
	3.2 Enantiomeric Composition ec and Enantiomeric Fraction EF
	3.3 Enantiomeric Ratio er and erinv

	4 Recommendations for the Quantitation of a Mixture of Enantiomers
	5 Diastereomers
	6 Recommendations for the Quantitation of a Mixture of Diastereomers
	References

	Enantiomeric Differentiation by Synthetic Helical Polymers
	1 Introduction
	2 Chiral Recognition by Synthetic Helical Polymers
	2.1 Poly(meth)acrylamides
	2.2 Polymethacrylates
	2.3 Polyacetylenes
	2.4 Polyisocyanides
	2.5 Other Synthetic Helical Polymers Showing Chiral Recognition

	3 Chiral Recognition Using Natural Helical Polymers and Their Derivatives
	3.1 Polysaccharides
	3.2 Polypeptides and Nucleic Acids

	4 Conclusion
	References

	Chiral Supramolecular Selectors for Enantiomer Differentiation in Liquid Chromatography
	1 Introduction
	2 Supramolecular Chromatography
	3 Chiral Supramolecular Selectors in Liquid Chromatography
	3.1 Cyclodextrins
	3.1.1 Supramolecular Chromatography and the Reciprocity Principle

	3.2 Crown Ethers

	4 Structure, Energetics, and Dynamics of Supramolecular Complexes Relevant to Enantioselective HPLC on Chiral Stationary Phases
	4.1 Macrocyclic Tetramidic Synthetic Selectors
	4.2 Glycopeptide Antibiotics
	4.3 C3 Symmetric Macrocyclic Selector
	4.4 Matrix Effects and Mixed Selectors

	5 Concluding Remarks
	References

	Chiroptical Detectors for the Study of Unusual Phenomena in Chiral Chromatography
	1 Introduction
	2 Principle and Applications of Chiroptical Detection
	2.1 Historical Background
	2.2 Operating Principle of Different Chiroptical Detectors
	2.2.1 Use of a Bench Polarimeter or Circular Dichroism Spectrometer
	2.2.2 Polarimetric and Circular Dichroism Detectors Dedicated to Chromatography
	2.2.3 Influence of the Mobile Phase
	2.2.4 Case of Anomalous ORD
	2.2.5 Artefacts
	2.2.6 Comparison of the Different Chiroptical Detectors

	2.3 Assignment of Absolute Configuration
	2.3.1 From the Sign Given by a Chiroptical Detector
	2.3.2 From On-line Circular Dichroism Spectra

	2.4 Determination of Enantiomeric Excess
	2.4.1 From a Partial Separation on a Chiral Stationary Phase
	2.4.2 On an Achiral Stationary Phase
	2.4.3 From Complex Mixtures

	2.5 Determination of Elution Order

	3 Reversal of Enantiomeric Elution Order
	3.1 Reversal of Enantiomeric Elution Order Due to the Chiral Stationary Phase
	3.1.1 Case of Different Chiral Selector
	3.1.2 Case of CSP Based on Similar Chiral Selector

	3.2 Reversal of Enantiomeric Elution Order Due to Experimental Parameters on the Same CSP
	3.2.1 Influence of Mobile Phase Modifier
	3.2.2 Influence of Mobile Phase Additives
	3.2.3 Reversal Between SFC and HPLC
	3.2.4 Influence of the Injected Amount
	3.2.5 Influence of pH
	3.2.6 Influence of the Temperature
	3.2.7 Two-Dimensional Reversal of Enantiomeric Elution Order

	3.3 Unusual Phenomena with Mixtures of Co-solvents
	3.4 Reversal of Enantiomeric Elution Order to Study Enantiorecognition Mechanisms

	4 Chiroptical Detectors to Study Exchange Phenomena
	4.1 Dynamic Chiral Chromatography
	4.2 Self-Disproportionation

	5 Conclusion
	References

	Salient Features of Enantioselective Gas Chromatography: The Enantiomeric Differentiation of Chiral Inhalation Anesthetics as ...
	1 Introduction
	2 Analytical Gas-Chromatographic Enantioseparation of Enflurane, Isoflurane, and Desflurane
	3 Preparative Gas-Chromatographic Enantioseparation of Enflurane, Isoflurane, and Desflurane
	4 Enantioselective Sensor Devices for Inhalation Anesthetics
	5 Determination of Absolute Configurations in Enantioselective GC
	6 In Vivo Studies of the Enantiomeric Distribution of Administered Isoflurane and Desflurane in Humans After Anesthesia
	7 Quantitation of Enantiomers in a Sample by the Method of Enantiomer Labeling
	8 The Retention-Increment R Approach and Thermodynamic Parameters of Enantiomeric Differentiation by GC
	9 Determination of Thermodynamic Parameters of the Enantioselectivity of Enflurane, Isoflurane, and Desflurane on Diluted Lipo...
	10 1H-NMR NOE Difference Spectroscopy of Enflurane and Lipodex E
	11 An Extraordinary Enantiomeric Differentiation Between ``Compound B´´ and Lipodex E
	12 Analytical Gas-Chromatographic Enantioseparation of Bromochlorofluoromethane and of Chlorofluoroiodomethane
	References

	Differentiation of Enantiomers by Capillary Electrophoresis
	1 Historical Development of CE Enantioseparations
	2 Fundamentals of CE Enantioseparations
	3 Enantiomer Migration Order
	3.1 Techniques for Enantiomer Migration Order Reversal
	3.2 Theoretical Model of Enantiomer Migration Order Reversal

	4 Chiral Selectors and Selector-Analyte Complex Structures
	4.1 Cyclodextrins
	4.2 Macrocyclic Antibiotics
	4.3 Crown Ethers
	4.4 Ligand Exchange
	4.5 Chiral Surfactants
	4.6 Miscellaneous Selectors

	5 Modes of CE Enantioseparation: Selected Examples
	5.1 Electrokinetic Chromatography
	5.2 Micellar Electrokinetic Chromatography
	5.3 Microemulsion Electrokinetic Chromatography

	6 Concluding Remarks
	References

	Index

