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Chromatography: an Essential
and Versatile Tool for the
Analytical and Preparative
Separation of Enantiomers

Eric R. Francotte*

Abstract. Chromatography on chiral stationary phases and electrophoresis in the
presence of chiral selectors have become essential tools for the determination of
enantiomeric purity in connection with synthesis and with biological studies of chiral
molecules. Moreover, the chromatographic resolution of racemates on a preparative
scale compels increasing recognition as alternative to ‘preparing’ pure enantiomers.
The state-of-the-art of enantioselective chromatography in the analytical and prepara-
tive field is reviewed with particular emphasis on the achievements carried out in

Switzerland.

1. Introduction

Although the principle of molecular
chirality was established by van’t Hoffand
LeBel over a century ago, awareness of
how this characteristic affects the biolog-
ical activity of molecules is much more
recent. Likewise, systematic investigation
of the biological activity (including phar-
macology and toxicology) of the individ-
ual enantiomers only recently became the
rule for all new racemic drugs and agro-
chemicals. In this context, there has been
a rapid development of enantioselective
synthetic methodologies, which have now
reached a high degree of diversity and
complexity. This new trend produced a
rapid increase in the demand for stereose-
lective separation techniques and analyti-
cal assays for precise determination of the
enantiomeric purity of chiral compounds.
For along time, physical methods, such as
optical rotation or nuclear magnetic reso-
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nance (NMR) in the presence of chiral
solvating agents, were the standard tech-
niques; however, these suffer from a lack
of accuracy. Methods based on the indi-
rect determination of enantiomeric purity
by chromatographic analysis of the corre-
sponding diastereoisomers obtained by
derivatisation of the enantiomers with chi-
ral reagents have also been considered [1].
However, with this approach the accuracy
is markedly affected by the optical purity
of the chiral reagent. Furthermore, kinetic
enrichment during the derivatisation step
may lead to erroneous results. Therefore,
the development of chiral stationary phas-
es (CSPs) for gas chromatography (GC)
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[2] and liquid chromatography (LC) 3] -
permitting direct analysis of enantiomeric
mixtures without prior derivatisation —
rapidly attracted the attention of many
scientists, and these two chromatographic
techniques soon became the methods of
choice for the determination of enantio-
meric purity in connection with synthesis
and with biological, pharmacological,
pharmacokinetic, and clinical studies or
field testing. Capillary electrophoresis,
applying chiral selectors in the buffer elec-
trolyte, subsequently emerged as a power-
ful new technique for this kind of analysis
(4].

Alongside the analytical utilisation of
enantioselective LC, its application on a
preparative scale is gaining increasing rec-
ognition as an alternative to the ‘prepara-
tion’ of pure enantiomers [5]. In fact, the
chromatographic separation of enantiom-
ers on CSPs was originally developed as a
preparative tool for the resolution of race-
mates, long before the method was recog-
nised as being useful for the analytical
determination of optical purity. These ap-
plications include the pioneering work of
Henderson and Rule as long ago as 1939
[6], Lecog in 1943 [7], and Prelog and
Wieland in Switzerland in 1944 [8] on the
use of lactose as a CSP.

The introduction of increasingly elab-
orate techniques, such as simulated mov-
ing-bed chromatography, opens up possi-
bilities which were not conceivable some
years ago in this field of separation.

Currently, enantioselective chromatog-
raphy is applied to a wide variety of sepa-
ration techniques, such as capillary elec-
trophoresis (CE), micellar electrokinetic
chromatography (MEKC), capillary elec-
trochromatography (CEC), gas chroma-
tography (GC), analytical and preparative
liquid chromatography (LC), supercriti-
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Fig. 1. Application areas of the enantioselective chromatography
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cal fluid chromatography (SFC), simulat-
ed moving-bed (SMB) chromatography,
and to a lesser extent thin-layer chroma-
tography (TLC). These techniques covera
broad spectrum of applications, from the
detection of enantiomers in biological flu-
ids at very low concentrations using CE or
GC to the continuous preparative separa-
tion of kilogram quantities and in the near
future the production of tonnes of enanti-
omers (Fig. 1).

Even if the basic principle of separa-
tion is the same for all these different
techniques, the chiral environmentused to
achieve separation in each case has had to
be carefully developed in view of the lim-
itations imposed on the one hand by the
technique itself and on the other by the
type of application.

In Switzerland, most of the contribu-
tions to this field, in terms of both design
of new CSPs and chiral selectors and ana-
lytical and preparative applications, clear-
ly come from industry.

2. Principle of Enantioselective
Separations

In enantioselective chromatography,
the separation principle is based on the
reversible formation of diastereoisomeric
complexes between the enantiomers and
the chiral selector. If these complexes have
different association constants, separation
occurs, the separation factor being defined
by the ratio k',/k'| determined from the
retention data in chromatography. These
values (k'; and &',) are related to the ther-
modynamic association constants. In chro-
matography, even small differences in

complexation energy are enough to pro-
duce a complete separation. In HPLC,
e.g., a difference of only 0.24 kcal/mol in
interaction energy, corresponding to asep-
aration factor o of 1.5, is sufficient to
obtain an excellent separation of the enan-
tiomers, even on a preparative scale. In
synthesis, an energy difference of 0.24
kcal/mol gives an enantiomeric excess
(ee) of only 25%. In GC, a difference of
only 0.03 kcal/mol is sufficient (= 1.05,
ee 5%) for a base-line separation to be
observed. In LC, separation factors rang-
ing between 1.2 and 3 are generally ob-
served. In this context, it should be men-
tioned that a separation factor of 7, which
is not usual, corresponds to a difference of
1 kcal/mol in the interaction energy. This
value, which is considered to be the limit
of accuracy for molecular modelling cal-
culations, emphasises the difficulty of
applying molecular modelling for the pre-
diction of enantioselective separations.
Obviously, achieving an enantioselec-
tive separation requires a chiral environ-
ment, which usually consists of a CSP or
a chiral selector present in the mobile
phase. However, in certain instances, Drei-
ding et al. at the University of Zlirich,
described the enantiomeric resolution of
non-racemic mixtures on achiral station-
ary phases [9a, b]. This effect was dis-
cussed later by Gil-Av and Schurig [9c].

3. Gas Chromatography

The first commercially available ‘chi-
ral column’, Chirasil-L-Val, was designed
for GC in the group of Bayer in Germany
in 1977 [10]. It was prepared from L-
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Fig. 2. Separation of the enantiomers of the anticancer agent fadrozole by gas chromatography and

preparation of the stationary phase [19]
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valine fert-butylamide bonded to polysi-
loxane, and even now it continues to be the
standard column for determination of the
optical purity of amino acids, which are
usually first derivatised as perfluoroalkyl-
amide and isopropylester. This applica-
tion includes the routine analysis of pep-
tides, which are first cleaved by acidic
hydrolysis. Specific applications per-
formed in Switzerland include measure-
ment of the degree of racemisation of
amino acids in food by Liardon and Le-
dermann at Nestlé [11], or in fossils as a
method of dating by Meyer at the Univer-
sity of Berne [12].

The other most important chiral selec-
tors utilised in GC are based on cyclodex-
trins, which have been used in the form of
native cyclodextrins or homo- or mixed
derivatives (alkyl, acyl, benzoyl) diluted
in or bonded to polysiloxanes [2]. The
chiral discrimination process mainly oc-
curs by formation of stereoselective inclu-
sion complexes in the hydrophobic cavity
of cyclodextrin, which consists of cyclic
oligo-glucose attached in position 1 and 4
by an alpha bonding. Many columns de-
signed using cyclodextrins have been de-
veloped, in particular by the groups of
Konig |2a] and Schurig [2b] in Germany,
and Armstrong in the USA [2c]. To date,
more than 650 ‘chiral GC columns’ have
been described, and of the 120 columns
available commercially more than 80 are
based on cyclodextrins [13]. Numerous
applications have been reported, and these
have been listed in several journals {14].
While the polarity and the molecular weight
of the substrate restrict the application of
GC, the method is particularly useful for
the analysis of volatile compounds. This
includes flavour compounds investigated
at Firmenich [15], or lactones added in
food as shown by Grob et al. at the Can-

tonal Laboratory in Ziirich [16]. GCis also
the method of choice for many environ-

mental protection laboratories, e.g. , that
of Miiller and Buser at the Swiss Federal
Research Station [17] and of Oehme at the
university of Basel [18]. For this applica-
tion, it is important to be able to detect
even traces of components, and only cou-
pling of GC to a mass spectrophotometer
(MS) as a detector permits the requisite
level of sensitivity to be attained. Applica-
tions involving the stereoselective analy-
sis of DDT [17a], chlordane [17b, ¢] and
toxaphene [17d][18] have been reported.
The combined GC/MS method is also a
powerful quantitative means to determine
the stereoselectivity of the pharmacoki-
netic disposition of chiral drugs in cases
where high sensitivity is required. For
example, we applied this technique for the
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anticancer agent fadrozole (Fig. 2) [19],
which was resolved on a cyclodextrin-
based column prepared according to the
procedure developed by Blum and Aich-
holz at Ciba [20a]. This O-[(tert-butyl)di-
methylsilyl]-B-cyclodextrin phase, which
is now available commercially [20b],
exhibits unique properties and is increas-
ingly being used in environmental analy-
sis [17][18][21] and for a wide range of
volatile compounds [22]. Tabacchi and
coworkers at the University of Neuchitel
also reported on the elaboration of ‘chiral
cyclodextrin-based GC columns’ exhibit-
ing improved selectivity and consisting of
amixture of cyclodextrin derivatives [23].
In Switzerland, further applications of
enantioselective separations on cyclodex-
trin-based columns have been reported by
Walther and Cereghetti at Hoffimann-La
Roche (atropisomers [24]) and by Kiisters
et al. at Sandoz (B-hydroxy myristic acid
[25a], amino alcohols [25b], and racemic
sulfoxides [25¢]).

Use of linear polysaccharide deriva-
tives as stationary phases in GC was also
attempted by Francotte et al. at Ciba, but
it turned out that when dissolved in polysi-
loxane or polyethyleneglycol, these chiral
selectors were not as powerful as in LC
[26].

4, Liquid Chromatography

In the field of enantioselective separa-
tions, LC clearly predominates in terms of
both applications and the number of chiral
selectors investigated. In LC, the chiral
selector can either be part of the stationary
phase or be dissolved in the mobile phase.
In the former case, the chiral material is
not consumed and can be regarded as a
kind of catalyst, while in the latter case, the
chiral selector elutes with the mobile phase
and must be continuously regenerated.
Furthermore, in this latter case, the mole-
cules detected are diastereoisomeric spe-
cies which may have widely differing spec-
troscopic properties, and in preparative
applications the presence of the chiral
selector, which has to be removed from
the mobile phase, complicates isolation of
the desired pure enantiomers. For these
reasons, the LC approach using CSPs is
generally preferred. The accuracy of the
method was certainly an important factor
in its rapid and successful establishment.
This point was critically discussed by
Meyer in several papers [27].

4.1. Chiral Stationary Phases
Initially, enantioselective LC was main-
ly focused on the preparative aspect, with
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Fig. 3. Classification of chiral stationary phases

the aim of isolating optically active sub-
stances noteasily accessible by other meth-
ods, for synthesis and for biological test-
ing. For example, this was Prelog’s aimin
using lactose as long ago as 1944 [8]. Only
much later was the analytical potential of
the method fully recognised. Now, more
than 850 different CSPs have been report-
ed in the literature, and ca. 150 of them are
available commercially [13]. This diversi-
ty indicates that there is no universal CSP
capable of resolving almost all types of
racemic molecules, and that selection of
an appropriate CSP for a given separation
problem is a major issue in enantioselec-
tive LC.

The CSPs can be basically classified
into three types: chiral polymers (Type I),
achiral matrices (mostly silica gel) modi-
fied with chiral moieties (Type II) and
imprinted matrices (Type HI) (Fig. 3).
This classification refers to the type of
selector (macromolecules or low-molecu-
lar-weight compounds) and the mode of
preparation of the phase, whereas other
classifications are based on the type of
interaction. However, as the types of inter-
actions leading to chiral recognition (hy-
drogen bonding, 7z- interactions, ionic or
dipolar interactions, hydrophobic interac-
tions) are identical for almost all kinds of
CSPs, the former system of classification
is more correct, even though in many
instances one type of interaction predom-
inates. Moreover, in the polymer-based
CSPs not only the molecular structure but
also the supramolecular structure may be
adeterminant of chiral recognition ability.
This was clearly demonstrated by the
mechanistic investigations carried out by

Francotte and Wolf on cellulose triacetate
[28a, b] and by Francotte and Zhang on
cellulose meta-methylbenzoate [28c—e].
The polymer can be in a pure form or in a
diluted form when coated or grafted. This
type of CSP includes oligo- and polysac-
charides and their derivatives, polyacryl-
amides, polyacrylesters, and the protein-
based phases. The second-commonest ap-
proach employed to prepare chiral sorb-
ents involves the attachment of optically
active units to achiral carriers (mainly
silica gel) by means of ionic or covalent
bonds. A wide range of optically active
moieties have already been applied, in-
cluding amino-acid derivatives, crown
ethers, cinchona alkaloids, carbohydrates,
amines, tartaric-acid derivatives, cyclo-
dextrins, binaphthol, erc. [3]. This type
also includes CSPs where chiral discrim-
ination is based on the formation of ligand
exchange complexes between a chiral
amino acid bonded to the stationary phase
and the enantiomers present in the mobile
phase (Fig. 4) [29]. This separation princi-
ple, which is applicable to almost all ami-
no acids, was simultaneously elaborated
by Bernauer and his group in Switzerland
[30a] and by Davankov and his group in
Russia [30b]; both applied for a patent in
1968. The work of Bernauer led to the
preparation of improved CSPs for ligand
exchange chromatography (LEC) by Jean-
neret-Gris et al. [31], and these are avail-
able commercially from JPS Chimie [32].
An example of enantioselective separa-
tion achieved on this kind of CSPis shown
in Fig. 4. In enantioselective LC, mention
should also be made of the pioneering
work of Mikes and Boshart at the ETH in
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Ziirich: in 1978 they published new CSPs
based on nitrofluorenone [33a] and on
binaphthol [33b] asachiral selector. These
CSPs were designed on the basis of the
concept of 7-7 interactions, an approach
similar to that pursued simultaneously by
Pirkle in the USA [34]. However, these
CSPs did not receive as much attention as
the phases introduced by Pirkle, who in-
disputably made a major contribution in
the field of enantioselective LC. Many
other CSPs applying the 7-7 concept in-
troduced by Pirkle were developed around
the world. In Switzerland, several CSPs
belonging to this class were prepared by
the research group of Arm in Berne [35]. A

binaphthalene-based CSP was developed
at Sandoz by Kiisters and Dosenbach for
the separation of the enantiomers of ra-
cemic benzergoline derivatives [36].
However, the most frequently used
CSPs are certainly those derived from
polysaccharides (mainly cellulose and
amylose). Although native cellulose, which
was recently reinvestigated in the group of
Lederer in Lausanne [37] generally af-
fords poor chiral resolution power, its ful-
ly acetylated derivative, introduced more
than 20 years ago by Hesse and Hagel in
Germany [38], proved to be a powerful
CSP. Several years later, Okamoto in Ja-
pan showed that other cellulose deriva-
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Fig. 4. Separation of the enantiomers of 200 mg of racemic 2-thienylalanine by ligand-exchange
chromatography on a L-proline CSP (100 g) and structure of the CSP (from application guide

‘Chirosolve’, JPS Chimie [32])
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Fig. 5. Process of immobilization of a cellulose-based CSP and separation of the enantiomers of I-
(9-anthryl)-2,2,2-tifluoroethanol (column: 25 x 0.40 cm, mobile phase: heptanol/CHCl; 75:25)
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tives alsoexhibitexcellentchromatograph-
ic properties as CSPs when coated on an
inorganic support such as silica gel [39].
The chiral recognition ability of these CSPs
is easily modulated by varying the deriva-
tisation of the hydroxy functions on the
glucose units. In our laboratory, we syn-
thesised and examined the chiral recogni-
tion ability of mixed esters of cellulose
prepared according to this coating pro-
cess, and we found that for some race-
mates better separations could be achieved
than on the corresponding homosubstitut-
ed derivatives [28c, d]. Although coated
polysaccharide-based CSPs are consid-
ered to be the most versatile ones, they
have the drawback of being highly soluble
in many organic solvents, which consider-
ably limits the choice of mobile phase. We
recently tackled this problem by develop-
ingastrategy forimmobilising the polysac-
charide-based phases by photochemical
treatment following the schema shown in
Fig. 5 [40]. Some years ago, we also
designed anew process for the preparation
of cellulose-based phases consisting of
the pure polymer, which proved particu-
larly appropriate for preparative separa-
tion owing to their high loading capacity
[41]. Many preparative applications for
these CSPs have been published (see be-
low) [S].

4.2. Analytical Applications
of Enantioselective LC

As mentioned above, enantioselective
LC is at present the most widely used
method for the stereoselective analysis of
enantiomeric mixtures.

With regard to its use as a method of
determining the optical purity of chiral
compounds from enantioselective synthe-
sis and enzymatic reactions, the major
contributions in Switzerland have come
from Ciba [41a, b][42], Hoffmann-La
Roche [43], Sandoz Pharma [25a, b][36]
[44], and the Swiss Federal Research Sta-
tion [17a—c}. Individual applications have
also been published by the groups of Op-
polzer [45] and Kiindig [46] at the Univer-
sity of Geneva, and by that of Seebach [47]
at the ETH-Ziirich. Reports relating to
pharmacological investigations have come
from the University of Lausanne [48],
Ciba [49], the Institute of Legal Medicine
[50] and the Swiss Epilepsy Centre [51] in
Ziirich, and the University of Geneva [52].
Fig. 6 illustrates the versatility of enanti-
oselective LC, showing the enantiomeric
separation of four different types of chiral
molecules, containing a chiral carbon
[53a], nitrogen [53b], iron [53c], and sul-
fur [53a] atom, which we obtained on
polysaccharide-based CSPs.
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4.3. Preparative Applications of
Enantioselective LC

Not all CSPs designed for analytical
separations can be used for preparative
purposes. Among the various factors which
are important for preparative separations,
e.g., costfactors and the stability and wide
availability of the phase, the loading ca-
pacity is absolutely essential. The require-
ments and the strategies for performing
preparative enantioselective separation
have been discussed in several reviews by
Francotte at Ciba [5]. Moreover, the con-
tribution of this laboratory in the field of
preparative enantioselective separations
is widely established and includes several
patent applications. The preparative ap-
plications include isolation of the enanti-
omers of lactones [5b][28b][42d][54b],
epoxides [5b][42c], drugs [Sa—c][54a] and
drug intermediates [5b, ¢][49b][54b—d],
fungicides [Sb—c]}[42g][54e—g], herbicides
[5b][42¢], insecticides [54h-j], chiral syn-
thons [Sb, c][41b][42¢][54k, 1], chiral re-
agents [5b](53b], and chiral solvating
agents for NMR spectroscopy [Sb][54m].
Some preparative applications were also
achieved in Kiisters's laboratory at San-
doz [36][55]. The method was also used
by Seebach’s group at the ETH in Ziirich
for the preparation of the enantiomers of
2-phenyl-dioxinones [S56a] and of cyclic
acetals [56b, c]. As example of prepara-
tive application, Fig. 7 shows the resolu-
tion of 52 g of the racemic fungicide
clozilacon under recycling conditions.

4.4. Mechanistic Investigations

A limited number of mechanistic in-
vestigations have been performed in Swit-
zerland in the field of enantioselective
chromatographic separations. Most of
these investigations were performed at
Ciba by Francotte and Wolf on cellulose
triacetate [28a, b]}[57] and tribenzoate
f41b], and by Francotte and Zhang on
other cellulose esters [28¢, d]. Mechanis-
tic investigations on a -7z CSP have also
been published by Daeppen et al. [58].

5. Super- and Subcritical Fluid
Chromatography

Super- and subcritical fluid chroma-
tography does not differ fundamentally
from the usual LC, except that it uses
fluids in the super- or subcritical state as
the mobile phase. The main advantage of
super-/subcritical fluids is that they have a
very low viscosity, which makes it possi-
ble to work at a higher flow rate than with
conventional LC, thereby reducing analy-
sis time. The same CSPs were used as in
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Fig. 6. Separation of the enantiomers of racemates containing four different types of chiral atoms on
various polysaccharide-based phases: a) on Chiralpak AD, b) on 3-methylbenzoylcellulose beads, c)
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Fig. 7. Preparative chromatographic resolution of 52 g of the racemic fungicide clozilacon on
cellulose triacetate, with recycling (column, 20 x 100 cm; mobile phase, EtOH/H,0 95:5)

LC, and in most applications carbon diox-
ide was used as a mobile phase. This mode
of enantioselective chromatography has
beeninvestigated in particularin the groups
of Caude and of Tambuté in France [59a].
In capillaries, most of the investigations
have been carried out with immobilised
cyclodextrin derivatives by the groups of
Schurig in Germany [59b], of Markidesin
Sweden [59¢] and of Armstrong in USA
[59d]. In some instances, higher resolu-
tion and/or higher selectivity has been
reported in SFC for selected racemates on

a given CSP [60], but we have also found
examples of compounds for which SFC
was less effective than LC [61]. Thisis not
surprising, as it is known that the mobile
phase is also a major factor in the chiral
discrimination process, and to apply SFC
is, precisely, to change the mobile phase.
Moreover, a major drawback of SFC is the
low solubility of many organic substances
in the extremely apolar solvents used,
which restricts the possibilities for wider
application of the technique on a prepara-
tive scale. One preparative application has
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been reported by us for the separation of
the enantiomers of guaifenesin [62]. In the
area of enantioselective separations, ex-
cluding separations of diastereoisomers
on ‘achiral columns’, only a limited
number of investigations have been per-
formed in Switzerland, although SFC has
been a major field of investigation for
several years in Widmer’s group at Ciba
[63]. Arm et al. at the University of Berne
reported on the preparation and evaluation
of two CSPs under SFC conditions [64],
and Francotte et al. at Ciba investigated
the cellulose-based CSPs in open tubular
chromatography [26]. A systematic com-
parison of the performance of enantiose-
lective LC and SFC was also undertaken
by Anton et al. at Ciba for several drugs
[61].

6. Simulated Moving-Bed
Chromatography

Although most preparative enantiose-
lective separations have been performed
in the conventional batch-mode process,
there is growing interest in simulated
moving-bed (SMB) chromatography. Up
to now, elution batch chromatography has
clearly predominated in terms of the
number of applications, and various ap-
proaches have been used for improving
throughput, such asclose injections, peak-
shaving, and recycling [65]. However,
large-scale separations require large
amounts of CSP and have generally been
considered economically unjustifiable in

view of the high cost of the CSPs, the high

NH,
Et
o}

N" 0
H

| _

T T T T —T
10 12 14 16 18 min

Fig. 8. Electropherogram of the separation of the
enantiomers of aminoglutethimide by CE in the
presence af B-cyclodextrin [70a}

dilution conditions, the consumption of
large amounts of mobile phase, and the
difficulties associated with recycling it.
But with the recent introduction of SMB
technology in this application field [66a),
the technical prerequisites for cost-effec-
tive performance of large-scale separa-
tions can now be attained. This chromato-
graphic mode can save up to 90% of the
mobile phase, and a much higher through-
put is achieved.

In Europe especially, interest in this
technology has been growing rapidly, par-
ticularly in industry. The first practical
contribution from Switzerland relating to
enantioselective separations was reported
by Kiisters et al. at Sandoz in 1993 in
collaboration with Nicoud and his group
in France [66b, c], and the first patent
application was reported by Francotte at
Ciba also in 1993 for the separation of the
enantiomers of the antiasthmatic agent
formoterol [66d]. Further applications to
chiral drugs and drug intermediates have
been developed in our laboratories [66e],
and implementation of this technology is
progressing rapidly in most European
countries. The intensive efforts at the ETH-
Ziirich, where the groups of Morbidelli
and Mazotti are currently developing math-
ematical models to predict the optimal
conditions for running SMB operations
[66f-g], will also certainly promote the
further establishment of this technology
in Switzerland.

7. Capillary Electrophoresis

Capillary electrophoresis is a relative-
ly young technique. The first applications
of this method to the separation of enanti-
omers were published in 1985 by Zare and
his group in the USA [67], using cyclo-
dextrin as a chiral selector. By contrast to
LC, where the mobile phase is responsible
for the displacement of the components to
be separated, the driving force leading to
separation in electrophoresis is current.
Therefore, all compounds which are not
charged migrate at the same time with the
electroosmotic flow and are not separated.
Conversely, charged molecules — includ-
ing enantiomeric species — will migrate
according to their ionic charge. Of course,
enantiomers do not differ in their ionic
charge, and to achieve separation it is
necessary to add a chiral selector capable
of interacting preferentially with one enan-
tiomer, thus modifying its ionic charge.
Alternatively, the chiral selector can be
immobilised in the wall coating of the
capillary. This approach has been investi-
gated in particular by Schurig and his
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group in Germany [68a], and by Arm-
strong in the US [68b]. Cyclodextrins and
their derivatives were found to be power-
ful chiral selectors for this purpose [4].
This technique rapidly attracted the atten-
tion of many scientists, and the number of
applications has increased considerably
over the last five years. Although cyclo-
dextrins and their derivatives are used
most frequently, other chiral selectors,
such as proteins, polysaccharides, antibi-
otics, and crown ethers, have also been
used [4]. In Switzerland, chiral crown
ethers were developed for this purpose by
Kuhn et al. at Sandoz [4e]{69]. Examples
of separations were reported by Francotte
et al. at Ciba for the enantiomers of vari-
ous non-steroidal aromatase inhibitors,
using cyclodextrins and cyclodextrin de-
rivatives as chiral selectors [70], and at
Sandoz by Kang and Buck [71a] and by
Werner et al. [71b] for amino acids. An
example of separation is shown in Fig. 8
for the enantiomers of aminoglutethim-
ide. Although the technique is now used
regularly as an analytical method to deter-
mine the optical purity of chiral com-
pounds in drugdiscovery, itis not yet fully
established in development, and applica-
tions in pharmacology or toxicology come
mainly from academic research. Blaschke
and his group in Germany were among the
first to apply this method to pharmacolog-
ical investigations [72]. In Switzerland,
only two reports have been published, one
by Lanz and Thormann in the Department
of Clinical Pharmacology in Berne [73]
and one by Varesio and Veuthey in the
Laboratory of Pharmaceutical Analytical
Chemistry in Geneva [74].

8. Micellar Electrokinetic Chromato-
graphy (MEKC)

As mentioned above, capillary zone
electrophoresis (CZE) is only applicable
to the separation of charged molecules.
However, by adding charged micellar
agents, it is possible to affect the migra-
tion time of neutral molecules. This can
also be applied for the separation of enan-
tiomers, provided that a chiral selector is
present in the buffer solution. Once again,
in electrophoretic separations of this kind,
cyclodextrins and their derivatives have
been the most commonly used chiral se-
lectors [4]. Francotte etal. at Ciba applied
this method to the separation of the enan-
tiomers of various drugs [70], including
non-steroidal aromatase inhibitors, bar-
biturates, and the antiasthmatic agent for-
moterol, which was derivatised with a
fluorescence labelling agent to improve
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sensitivity [70b]. In this latter example,
use of a laser-induced fluorescence detec-
tor allowed zeptomolar amounts of the
enantiomers to be detected. Thormann
and his group also reported on the applica-
tion of this method to the stereoselective
analysis of various phenytoin derivatives
in human urine [75].

Instead of using neutral chiral selec-
tors in the presence of charged micellar
agents, it is also possible to use charged
chiral selectors. This strategy was intro-
duced by Terabe in Japan using chiral
micellar agents [4], and, more recently,
charged cyclodextrinderivatives have also
been developed forthis purpose [76]. These
cyclodextrin derivatives were mainly in-
vestigated by Stobaugh in the USA [77a]
and by Blaschke in Germany [77b]. In
Switzerland, further derivatives were pre-
pared by Francotte and Jung [78a]; they
also extended this approach to the linear
polysaccharide sulfobutylamylose [78b].
One of the major advantages of using
negatively charged cyclodextrins is the
possibility of reversing the elution order
of the enantiomers of ionic solutes com-
pared to CZE, due to the retardant effect of
the charged cyclodextrin. Two examples
of applications are shown in Fig. 9 by
comparison with the results obtained un-
der CE conditions with native y-cyclodex-
trin.

9. Electrochromatography

In view of the increasing complexity of
biological and chemical processes, the
development and introduction of increas-
ingly efficient analytical tools for research
and development is vital. Among these
tools, the most exciting and recent devel-
opment in the field of separation technol-
ogies is capillary electrochromatography
(CEC) [79]. This unique method com-
bines all the outstanding features and ben-
efits inherent in modern HPLC and ad-
vanced capillary electrophoresis (CE). The
stationary phase may be either bonded to
the walls of the capillary (open tubular
CEC) or packed as small particles in the
capillary (packed CEC). Anelectrical field
is applied between the two ends of the
capillary containing the stationary phase,
and the mobile phase is thendriven through
the capillary by electroosmosis. Asin LC,
the selectivity arises from partitioning. As
the electroosmotic flow shows a flat flow
profile, there is no contribution to band
broadening from the typical parabolic flow
profile observed with pressure-driven sys-
tems; high resolutions are achieved as a
result. Moreover, the electroosmotic flow
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Fig. 9. Separation of the enantiomers of two drug candidates under CE (chiral selector, CD) and
MEKC (chiral selector, »CD-SBE) conditions [78a]
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Fig. 10. Separation of the enantiomers of mephobarbital and of 1-naphthylethanol by electrochro-
matography in a capillary cotaed with 0.025 pm of para-methylbenzoylcellulose [81)

eliminates restrictions in the length of the
column normally encountered with small
particle size packing as a result of exces-
sively high back-pressure in pressure-driv-
en systems. In the field of enantioselective
separations, a limited number of applica-
tions have been reported to date. Glyco-
proteins [80a], cyclodextrins [§0b—d], and
cellulose derivatives [81] have been used

as chiral selectors. In the work with cellu-
lose derivatives — the only application
performed in Switzerland — we recently
demonstrated the feasibility of enantiose-
lective separations by electrochromatog-
raphy in open 300 um tubes coated with
cellulose-based chiral selectors [81]. Ex-
amples of CEC separations achieved on
this CSP is shown in Fig. 10.
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Conclusion

Over the past 25 years, the field of
enantioselective chromatography has seen
intensive research activity, and it is now
established as an essential and versatile
tool for the analytical and preparative sep-
aration of enantiomers. The successful
development of this technique was due not
only to the elaboration of molecular sys-
tems capable of excellent chiral recogni-
tion on the basis of chemical interactions
but also, crucially, to technological devel-
opments.
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