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Summary

A review is presented on the use of charged cyclodextrins (CDs) as chiral

selectors in capillary electrophoresis (CE) for the separation of analytes in

pharmaceutical analysis. First, an overview is given of theoretical models,

that have been developed for a better prediction of the enantiomeric

resolution and for a better understanding of the separation mechanism.

Several types of charged CDs have been used in chiral capillary

electrophoretic separations (anionic, cationic, and amphoteric CDs).

Especially the anionic CDs seem to be very valuable due to the fact that

many pharmaceutically interesting compounds can be easily protonated

(e.g. amine groups). For that reason several anionic CDs are nowadays

commercially available. Cationic and amphoteric CDs are less common in

chiral analysis and only a few of them are commercially available.

Attention is paid to the most common synthesis routes and the

characterization of the CDs used in chiral capillary electrophoretic

separations. The degree of substitution in the synthesized CDs may vary from

one manufacturer to another or even from batch to batch, which may

have a detrimental effect on the reproducibility and ruggedness of the

separation system. In Sections 4, 5, and 6 the applications of anionic,

cationic, and amphoteric CDs for the chiral separation in CE are described.

Many interesting examples are shown and the influence of important

parameters on the enantioselectivity is discussed.

7.1 Introduction

The field of enantiomer separation in pharmaceutical analysis and

bioanalysis for the monitoring of drugs, drug impurities, i.e. degradation

products, synthetic precursors, side products, or metabolites has been

extensively explored over the last decades. Indirect chiral separations, i.e.

via derivatization of the enantiomers with optically pure reagents, have

been performed with several chromatographic separation techniques

(HPLC, GC, TLC) [1-3]. Although GC usually offers a higher efficiency due to

a larger number of plates available in the column than HPLC, the obtained

diastereomers are often less volatile. This limits the use of GC for these
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purposes. Furthermore, the indirect approach is rather time-consuming,

needs very pure optical agents and, most important, for derivatization a

functional group with sufficient reactivity towards the derivatization agent is

necessary. In both GC and HPLC, also direct separations with CDs as chiral

selectors have been described. The CDs are either coupled to the

stationary phase in the column (GC, HPLC) or are added to the mobile

phase (HPLC). Both principles are limited in their success. First, when chiral

selectors are covalently bound to the stationary phase, an increased peak

broadening is expected due to a relatively slow masstransfer (the C-term of

the Van Deemter equation). Second, inherent to HPLC, a large amount of

chiral selector is needed when added to the mobile phase.

In the last two decades, the use of CE as a novel, fast, and efficient
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Figure 7.1.  Illustration of the separation of a cationic
analyte with an anionic CD, under the conditions that the
EOF is eliminated and that both analyte and CD are fully
charged.
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separation technique, has proven to be suitable for chiral separations with

CDs added to the run buffer, as reviewed by several authors [4-8]. Some

major advantages of chiral separations in CE in comparison with HPLC are

the low consumption of the chiral selector (reduced costs) and the high

plate numbers due to a reduced peak broadening as a consequence of

the absence of Eddy diffusion and mass transfer between two phases (the

A- and C-terms of the Van Deemter equation, respectively). Also the

selectivity, which was extensively discussed as one of the key parameters in

electrokinetic separation sciences [9], is high in CE. This implies that because

of the combination of the high plate numbers and a high selectivity,

baseline separations can be achieved at much lower CD concentrations.

Besides the often used neutral CD derivatives, a relatively new class of CDs,

the charged CDs, are gaining much interest because of their ability to

perform fast chiral separations at low concentrations and because of the

possible chiral separation of neutral racemates. Moreover, charged CDs

are expected to give the best resolving power when the analytes are

oppositely charged, because interactions of the CDs with the analytes are

now not only based on inclusion complexation but also on strong

electrostatic interactions. For example, for an anionic CD, the

electrophoretic mobility of the CD is towards the anode, implying a larger

difference between the effective mobilities of the analyte and the

complexed analyte, resulting in an increased selectivity factor (α). The

mobilities of an anionic CD, a cationic chiral analyte, and their inclusion

complexation products are depicted in Fig. 7.1.

The figure shows the chiral separation of the racemate under ideal

conditions, i.e. the anionic CD as well as the cationic analytes are fully

charged and the EOF is eliminated. Obviously, the mobilities of the

enantiomers are equal (µA1 = µA2), whereas the mobility of the CDA1

complex (top) is smaller than the mobility of the CDA2 complex (bottom).

This is due to the fact that in the latter case interaction is only based on

inclusion complexation, whereas in the former case interaction is based on

inclusion complexation and strong ion-interaction (diastereomeric

interaction). However, the most important factor in discrimination between

the enantiomers is the difference in the binding constants (K1 and K2)

between the CD and the analytes as will be explained in the next section. It

is also possible that only diasteromeric ion-pair interactions occur, i.e.
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without inclusion complexation. In such cases, the capability of

enantioseparation is reduced because of the (much) lower chiral

recognition for one of the enantiomers. In analogy with separations using

neutral (substituted) CDs as chiral selectors, the migration order of the

analytes may be altered when using different types of charged CDs, as

depicted in Fig 7.2 and sometimes even the migration order of the

enantiomers may be altered. A reversal of migration order can have several

advantages, for instance when dealing with impurity profiling where

enantiomers are not completely baseline-resolved. It is likely that in this case

integration errors occur, especially when

the distomer (smaller peak) is located at

the tail of the eutomer (larger peak)

[10,11].

Charged CDs are chemically

modified naturally occuring oligo-

saccharides with 6, 7 or 8 glucopyranose

units, usually designated as α-, β-, and γ-

CD, respectively. Particularly the β-CDs

seem to have an excellent resolving

power for chiral molecules containing a

(substituted) aromatic ring and for

instance an amino group or a carboxyl

group [9]. Modification of the CDs occurs

with either strongly charged functional

groups (e.g. sulfate or sulfoalkylether

groups) or weakly charged functional

groups (carboxy(m)ethyl, phosphate or

amino groups). Sulfated CDs or the often

used sulfobutylether-CD can be used

over a wide pH range without affecting their net charge. Quaternary

ammonium cyclodextrins have the advantage that they are always

positively charged, irrespective of the pH of the background electrolyte.

The objective of this paper is to review the use of charged CDs as

chiral selectors for baseline separations in pharmaceutical analysis, starting

with the pioneering work of the group of Terabe [12,13]. Furthermore, it

Figure 7.2. Electropherogram
(modified from [97] showing the
reversal of the migration order of
racemic labetalol (L) and
propranolol (P) using 30 mM
phosphate buffer containing either
20g/L of SBE-γ-CD or 7.7 g/L of
S-β-CD.
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provides the most common synthesis routes and characterization

techniques for the anionic and cationic CDs.

7.2 Theoretical aspects

The advantage of using charged CDs has been described in the theoretical

model for CD-based separations, developed by Wren and Rowe [14,15].

From their model it can be derived that chiral baseline separations are

achieved at rather low CD concentrations in comparison with neutral CDs.

Since the model of Wren and Rowe, that relates mobility differences to the

concentrations of the CD and the organic solvent, other mathematical

models were developed. Vigh and co-workers [16-19] described a multi-

equilibria based model for both chiral weak acids and weak bases to

account for the effects of the pH of the buffer and the CD concentration in

the buffer. Surapaneni et al. [20] developed a theoretical model for the

separation of enantiomers of neutral species by employing a combination

of charged and neutral CDs. Their model is able to calculate resolution and

selectivity based on model parameters, which was demonstrated by

resolving the enantiomers of LY213829 and its sulfoxide metabolites with a

run buffer containing anionic sulfobutylether-β-CD (SBE-β-CD) and the

neutral β-CD. The model is based on simultaneous multiple interactions

between the neutral analyte with the charged CD and the neutral CD, with

the assumptions that the EOF is negligible and the charged CD is fully

charged under the given pH conditions. As a consequence, the neutral

analyte becomes mobile when it is complexed with the charged CD. The

use of a dual CD system is based on the principle that the free fraction of

the neutral analyte that is able to complex with the charged CD decreases

when neutral CDs are added to the solution. The neutral CDs

stereoselectively affect the free fraction of the chiral analyte available for

complexation with charged CDs. This way it is more easily to fine-tune the

separation system.  The apparent electrophoretic mobility of the

enantiomer (S) can be given as
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where µS,ICD is the mobility of the analyte (S)/ionized-CD (ICD) complex, KS,ICD

is the equilibrium constant of the analyte-charged CD system and KS,NCD is

the equilibrium constant of the analyte-neutral CD system.

Although there are advantages in using charged CDs in the

separation of oppositely charged analytes (and to a lower extent for

neutral analytes) some limitations have been mentioned [21]. For instance,

anionic CDs can be used in CE systems with normal polarity (counter-EOF)

and reversed polarity (co-EOF). When using reversed polarity, the anionic

CD-concentration should be increased to generate a negative net mobility

for cationic analyte-anionic CD complexes. Yet, higher CD-concentrations

can lead to electrodispersion causing band broadening. Also, cationic CDs

(containing an amine group) may adsorb to the wall of the capillary due to

electrostatic interactions between the negatively charged wall and the

positively charged amine groups, leading to a reduction or reversal of the

EOF and possible peakbroadening. Williams and Vigh [22] mentioned some

additional difficulties with the use of charged CDs: 1) Most commercially

available materials are complicated mixtures containing a large number of

isomers; 2) the ionic strength may change dramatically if the concentration

of the charged CD in the background electrolyte is changed; 3) there is no

method that can be used to measure EOF rates in the presence of charged

CDs. The latter is important to monitor the experimental variables that affect

the separation. In their paper, Williams and Vigh derived a set of guidelines

to optimize the separation of chiral compounds using charged CDs. This so-

called CHARM model (characteristics of the charged resolving agent

migration model), that focuses on method development for enantiomeric

separations using a rational and predictable selection of the operating

conditions, was experimentally verified in aqueous and non-aqueous

solvents [23-26]. Charged CDs can be used for the separation of non-

electrolyte enantiomers, strong electrolyte enantiomers, and for the

separation of weak electrolyte enantiomers. For the most common and in

pharmaceutical analysis most favorable application of charged CDs, i.e.

the separation of positively charged analytes using strong anionic CDs, they
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suggest that at (or near)  the CD concentration where the enantiomers start

to migrate in the same direction, the resolution can be increased, but at the

expense of the ruggedness of the separation and the run time [22].

Finally, Wang and Khaledi [27] expressed the resolution between

two enantiomers, based on the equation originally developed by Giddings

[28] and Jorgenson and Lukacs [29] as:
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where N is the number of theoretical plates, K1 and K2 are the binding

constants between the enantiomers and the CDs, µf and µc are the

mobilities of the enantiomers in free and in fully complexated forms, µavg is

the average electrophoretic mobility of the two enantiomers and µeof is the

mobility of the EOF.

In the above equation µc is considered the same for both

enantiomer-CD complexes, but in theory they are not. Although the

differences in µc of the two enantiomers-CD complexes may be small, it

should be described as originally done by Wren and Rowe [14]. They

expressed the difference in the apparent electrophoretic mobility between

the two enantiomer-CD complexes as:
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Wang and Khaledi [27] mentioned that for separations with charged CDs of

oppositely charged analytes, a higher separation selectivity can be

achieved due to a larger ‘separation window’, i.e. the µf - µc term in Eq.(2),

than when using neutral or equally charged CDs and analytes. Furthermore,

they showed that in non-aqueous media the ion-pair effect between the

charged CD and the oppositely charged analyte was even stronger, which

resulted in chiral baseline separations at lower CD concentrations than in

aqueous solutions [30]. Finally, according to Wren and Rowe [14], the

optimal concentration of CD is inversely related to the binding constants of

the enantiomers:
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21/1][ KKCD opt = (4)

Several papers have been published describing the applicability of

charged cyclodextrins in separation systems. A small number is directed to

HPLC [31-35], but the majority of the publications concerns the use in

aqueous and non-aqueous [4,8,36-40] CE.

7.3 Synthesis and characterization of charged cyclodextrins

Croft and Bartsch [41] wrote a comprehensive review on the synthesis of

chemically modified CDs. They summarized in their paper the synthesis of

acylated, alkylated, deuterated, mesylated, tosylated, and rigidly capped

cyclodextrins. Furthermore, the synthesis was described of CDs containing

amino, azido, halogen, nitrate, phosphorous, imidazole, pyridine, sulfur,

alcohol, aldehyde, keto, oxime, carboxyl, carbonate, carbamate, silicon,

boron and tin as functional groups.

In this review, we will discuss the synthesis and characterization of

those CDs that are in use for pharmaceutical analysis with CE. Several

cationic and anionic CDs (e.g. sulfobutylether SBE[I-VII]-CDs,

carboxy(m)ethylated-CDs, sulfated-CDs, mono-(6-[2-hydroxy] propyl-

trimethylamino-6-deoxy)-β-cyclodextrin (DS=3.5)) are nowadays

commercially available from several companies (Supelco, Bellefonte, PA,

USA, Wacker-Chemie, Munich, Germany and Cyclolab, Budapest, Hungary)

in contrast to only one amphoteric derivative, i.e. β-cyclodextrin substituted

at the 6-postition with 2-hydroxypropyl-trimethylamonium chloride (DS=2.0)

or a sodium acetate group  (DS=2.0) (Supelco).

7.3.1 Synthesis of anionic cyclodextrins

Vigh and co-workers described the synthesis of several anionic CDs, namely

heptakis(2,3-diacetyl-6-sulfato)-β-cyclodextrin (CD1) [42], hepta-6-sulfato-β-

cyclodextrin (CD2) [43] and heptakis(2,3-dimethyl-6-sulfato)-β-cyclodextrin

(CD3) [44]. The synthesis is based on principles described in the papers of
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Takeo et al. [45] and Newton et al. [46] and is basically similar for all three

CDs. The principle is shown (without the experimental conditions and

purification steps) in Fig. 7.3 (Scheme 1). Sulfopropylether-β-CD (SPE-β-CD)

was synthesized by Mayer and Schurig [47]. (Fig. 7.3, scheme 2). The

structural analog sulfobutylether-γ-CD was synthesized using 1,4-

butanesulfone and γ-CD. It was shown that a lower concentration of 1,4-

butanesulfone, a higher reaction temperature or a longer reaction time,

resulted in a lower degree of substitution [48]. Terabe et al. [12] described

the synthesis of 2-O-carboxymethyl-β-CD via the reaction of β-CD with
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Figure 7.3. Synthesis of anionic CDs. Scheme 1: Synthesis of 2,3-(dimethyl) or 2,3-
(diacetyl)-6-sulfato-cyclodextrins or 6-sulfated cyclodextrins. The reaction is started by
the addition of β-cyclodextrin to dimethyl-tert-butylchlorosilane (Fig.7.3, step A). The
intermediate is then per-acetylated or methylated (Fig.7.3, step B). The dimethyl-tert-
butylsilyl protecting group is removed (Fig.7.3, Step C), followed by complete sulfation
of the primary hydroxyl groups of the CD (Fig.7.3, step D). After neutralization with
NaOH (Fig.7.3, step E) the 6-sulfated CD is obtained by complete deacetylation
(Fig.7.3, step F).  Scheme 2: Synthesis of sulfopropylether-β-CD by reaction of β-CD
with 1,3-propane sulfone.
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sodiumiodoacetate in DMSO according to a slightly modified synthesis

route originally developed by Kitaura and Bender [49].

7.3.2 Synthesis of cationic cyclodextrins

6A-methylamino-β-CD was synthesized by Nardi et al. [50] (see Fig 7.4,

scheme 1). 6A,6D-dimethylamino-β-CD, was synthesized [50] through

regioselective capping of β-CD with biphenyl-4,4’-disulfonylchloride

according to [51]. The glucose-unit at the A-position was linked at the 6-

methoxy group via the 6-methoxy group of the glucose-unit at the D-

position with the disulfonate group.
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Figure 7.4. Synthesis of cationic cyclodextrins. Scheme 1: Synthesis of 6A-
methylamino-β-CD  by reacting β-CD with p-toluenesulfonylchloride according to ref.
[155] (Fig. 7.4, step A). The tosyl groups are substituted by methylamine according to
ref. [52] (Fig. 7.4, Step B); Scheme 2: Synthesis of 2-hydroxypropyltrimethylammonio-
β-CD (QA-β-CD) by reacting β-CD with 2,3-epoxypropyl-trimethylammonium
chloride.  Scheme 3: Synthesis of methoxyethylamine-β-CD. Plain β-CD was
perbrominated via the procedure described in Ref. [156] (Fig. 7.4, step C). After that,
the brominated product was dissolved in methoxyethylamine or hydroxyethylamine
(Fig 7.4, step D).
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Substitution of this biphenyl-4,4’-disulfonyl group with methylamine was

according to ref. [52]

Another cationic CD, 2-hydroxypropyltrimethylammonio-β-CD (or

sometimes referred to as 2-hydroxy-3-trimethyl-ammoniopropyl-β-CD) was

first synthesized by Parmeter et al. [53,54].(Fig. 4, scheme 2).

Haynes III et al. [55] described the synthesis of methoxyethylamine-β-

CD (see Fig. 7.4, scheme 3). A similar derivative, hydroxyethylamine-β-CD

where the methoxy group was substituted by a hydroxyl group, was

synthesized by using ethanolamine instead of methoxyethylamine [56].

7.3.3 Characterization and inclusion behavior of charged
cyclodextrins

7.3.3.1 Characterization
Characterization of sulfobutylether-β-CD with various degrees of substitution

was described by Luna et al. [57,58]. They applied the fractionation of the

different substituted CDs by preparative anion exchange chromatography,

after which characterization took place by 1H-NMR spectroscopy and CE

analysis with MS detection. Chankvetadze et al. [59] demonstrated the use

of electrospray-ionization mass spectrometry (ESI-MS), matrix-assisted laser-

desorption /ionization time-of-flight mass spectrometry (MALDI-TOF-MS), and

fast-atom bombardment mass spectrometry (FAB-MS) for the determination

of molecular weight, degree of substitution (D.S.) and purity of several

charged CD derivatives. Charged CD-derivatives were dissolved in H2O and

introduced into the MS system at final concentrations of approximately 100

µg/ml (ESI), 1 µg/ml (MALDI-TOF) and 3-5 µg/ml (FAB), respectively. They

concluded that ESI-MS and MALDI-TOF-MS were suitable methods for the

rapid analysis of the degree of substitution and purity of the derivatized

CDs, whereas the FAB-MS method was more suitable for the determination

of the molecular weight of pure molecules. The determined D.S. was

verified by capillary electrophoresis separations.

Tanaka et al. [60] described the composition analysis of some

charged CD derivatives by on-line CE/ionspray mass spectrometry (CE-ISP-

MS), using a pneumatically assisted electrospray ionization interface. They

dissolved the CD-derivatives at final concentrations of 1-5 mg/ml in 0.05%
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formic acid in water/methanol (1:1). Samples were infused into the ISP

interface directly at 5 µl/min with a syringe pump and the ion-spray voltage

was maintained at 5 kV for the cationic CDs and at –4.5 kV for the anionic

CDs. 

Typical mass spectra of charged CDs are shown in Fig. 7.5. The figure shows

the heterogeneity of the synthesized CDs. Therefore, the peaks obtained by

CE separation should be identified by CE-MS. In addition, CE-MS seems to

be a good method to monitor the batch-to-batch differences in

synthesized CDs.  It should be kept in mind that due to the heterogeneity of

the derivatized CDs, the reproducibility of the obtained selectivity factors

and/or resolutions can be influenced severely. Furthermore, different

synthesis routes may lead to different selectivities and even differences in

batch-to-batch productions of the same manufacturer might influence the

outcome of the analysis.

Figure 7.5. Mass spectra of charged CDs. (a) QA-β-CD in 0.05% formic acid in
water/methanol (1:1) (5 mg/ml), (b) CM-γ-CD in 20 mM ammonium acetate in
0.05% formic acid in water/methanol (1:1) (1mg/ml). X is the fragment ion
HN+(CH )  from QA-β-CD. Taken from ref. [157], with permission.
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7.3.3.2 Inclusion behavior
NMR spectroscopy can provide suitable information about the environment

of individual atoms and intermolecular interactions and thus provide data

about the structure and molecular dynamics of complexes. Furthermore, it is

able to dynamically monitor inclusion complexation, i.e. the chiral

recognition mechanism. Still, although NMR spectroscopy can provide

useful information about complexation patterns in the liquid phase, some

restrictions, should be taken into account [4]. For instance, the NMR signals

observed in racemate/CD solutions are the time-averaged signals of both

the complexated and the free substances. This implies that because there is

a difference in binding constants between the two enantiomers and the

cyclodextrin, the more strongly complexed enantiomer will subsequently be

more shifted, which leads to a difference in the intensity of the signal. If two

enantiomers have the same binding constants but the obtained

diastereomeric complexes have different NMR spectra, this will

consequently lead to signal splitting in NMR.

In CE it is a common fact that the mobility of the analyte is strongly

dependent on the characteristics of the buffer solution (pH and ionic

strength). Furthermore, electro-dispersion can be reduced by an increased

ionic strength. Chankvetadze et al. [4] described the effect of the ionic

strength and the pH of the run buffer on the chiral recognition of CM-β-CD

with 1H-NMR and CE. They showed that the resolution was substantially

increased when increasing the ionic strength of the phosphate buffer. Yet, it

was shown that the ionic strength had no significant effect on the chiral

recognition process monitored by 1H-NMR. Hence, the resolution was

increased mainly by a change of the effective mobility of the enantiomers

and not by an improved chiral recognition of the CD-derivative. Changing

the pH of the run buffer will have an effect on the solute-CD interaction and

therefore on the resolution. Chankvetadze et al. [4] showed that the upfield

chemical shift of the 2-H signal of the imidazole moiety of (±)-metomidate

and the complexation-induced nonequivalence of the chemical shift

between the enantiomers and the carboxymethylated CDs was enhanced

by an increase of the pH. This increase in chiral recognition was also

observed in CE, illustrated by an increased resolution. The latter

observations show a good correlation between the data obtained by CE

separation and 1H-NMR spectroscopy.
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Kitae et al. [61] used 6-(2-thioglycolic acid)-6-deoxy-β-CD and mono-(6-

amino)-β-CD to study the chiral recognition of α-amino acids by means of
1H-NMR spectroscopy. They verified that inclusion of the guest into the host

cavity and intermolecular Coulomb interactions participate cooperatively

in the complexation. This, and the observation that charged CDs possess a

higher chiral recognition ability compared to native or neutral CDs, was also

confirmed by other authors using 1H-NMR or 13C-NMR [62,63].

A different approach to study the inclusion behavior of analytes with

CDs was described by Shuang et al. [64]. They used steady-state

fluorometry to study complexation interactions of carboxymethyl-β-CD with

procaine at different concentrations. Procaine exhibits a weak

fluorescence emission in the absence of CDs. When the concentration of

CM-β-CD increases, an enhanced fluorescence emission of procaine is

observed. They concluded that the formation of an inclusion complex

affected the ground state properties of the procaine molecule and

protected it from quenching occurring in aqueous solutions. The formation

constants of the solutes and the CDs were obtained from fluorescence

data, evaluated at different pH values (assuming a 1:1 inclusion model), by

the modified Benesi-Hildebrand equation [65].

7.4 Applications of anionic cyclodextrins in CE

Terabe and co-workers [12,13] were the first to introduce an anionic CD, i.e.

2-O-carboxymethyl-β-CD (CM-β-CD), for separation purposes, although in

their first paper they did not use them for chiral separations. Since that time

different types of negatively charged CDs have been described in the

literature. Besides the carboxymethylated CDs, the most commonly used

are the sulfated and the sulfoalkylether substituted CDs.  It took over four

years before another paper reported the use of CM-β-CD for the chiral

separation of several pharmaceuticals at different pH’s [66]. With this

material, at low pH (<4) all carboxylic functions were protonated and the

CDs behaved like ordinary neutral (substituted) CDs, whereas at high pH

(>5) the carboxylic functions were deprotonated to give negatively

charged CDs as a moving stationary phase that could separate neutral

analytes. Later on, CM-β-CDs were used for the chiral separation of
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anticoagulants [67], anti-epileptics [68], anti-tumor agents [69,70],

antihistaminics [71], anxiolytics [68], antidepressants [62,72], sedatives, (e.g.

barbiturates) [68,73] calcium channel blockers [74], diuretics [68],

corticosteroids [75], and several peptides [76-78]. In these cases either a

fused silica capillary, a polyacrylamide coated capillary or, once reported,

a 3-(trimethoxysilyl)propyl methacrylate coated capillary [72] were used.

Although most applications on the use of anionic CDs concern the

separations of basic compounds, the theoretically less favorable separation

of acidic compounds like barbiturates and non-steroidal anti-inflammatory

drugs (NSAIDS) at a pH where they are undissociated, have been described

[79]. The latter approach is supposed to be less favorable due to the equal

charge of the CD and the analyte.

Table 7.1 gives a list of the analyzed neutral or positively charged

compounds, along with the used anionic chiral selector. The table mentions

only those analytes that have been baseline-separated. Besides CM-β-CD,

four other structurally related carboxylated CDs have been described in the

literature, namely carboxyethylated-β-CD (CE-β-CD) [66,75,80-82], a

gamma-CD derivative: CM-γ-CD [83], and carboxymethylethyl-β-CD (CME-

β-CD) [84] for the development of GR50360A and GR57732A

Nowadays the most widely used anionic CD-derivative is probably

sulfatobutylether-β-CD, often referred to (although incorrect according to

the chemical nomenclature) as sulfobutylether-β-CD (SBE-β-CD). It was

introduced in 1994 for the chiral separation of the neutral enantiomers of

thalidomide [85]. Other early applications include cationic drugs of forensic

interest [86], ephedrine and related compounds [87], nadolol [88], illicit

drugs like cocaine and khat [86], and many other pharmacologically active

substances (β-agonists, β-antagonists, phenylethylamines, stimulants, etc.)

[89]. After these first experiments, SBE-β-CD was used for the analysis of

acidic and neutral impurities in illicit heroin [90], cocaine [91] and

metamphetamine [92], and for the separation of substance P, a cationic

peptide (Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2) [93]. In the

latter study, phytic acid was employed as a run buffer additive to eliminate

the interaction of substance P and its cationic N-terminus metabolites with

ionized silanol groups. Besides SBE-β-CD, the use of the structurally related

sulfoethyl ether-β-CD (SEE-β-CD), sulfopropyl ether-β-CD (SPE-β-CD), and

SBE-γ-CD has been described (see Table 7.1).



Chapter 7 131

Table 7.1.  Applications of anionic CDs for chiral and achiral separations

Compound CD References

Acebutolol S-β-CD, CM-β-CD, SBE-β-CD, Ph-β-CD [83,94,98,132]
Acenocoumarol CM-β-CD, S-β-CD [67]
Acetanilide SBE-β-CD [133]
Acetaminophen (paracetamol) SBE-β-CD [133]
Adrenaline CM-β-CD, S-β-CD [134,135]
Alclofenac CM-β-CD [79]
Alprenolol S-β-CD, CM-β-CD, SBE-β-CD [94,129,132]
Aminoacids and peptides (e.g.
dinitrobenzoyl aminoacids and
dansylated aminoacids)

CM-β-CD, CE-β-CD, SBE-β-CD, S-β-CD, TGA-β-
CD, CML-β-CD, SBE-γ-CD

[48,61,76,81,
83,108,
136-138]

Aminoglutethimide CM-β-CD, S-β-CD, Ph-β-CD, SBE-β-CD, CM-γ-CD [69,83,94]
Amlodipine CM-β-CD [74,129]
Amphetamine impurities SBE-β-CD, SBE-γ-CD, S-α-CD, S-β-CD, S-γ-CD [86,89,92]
Anisodamine SBE-β-CD [139]
1-(9-anthryl)-2,2,2,-trifluoroethanol SBE-γ-CD [48]
Aromatic compounds (hydrophobic,
achiral)

SBE-β-CD, [140]

Atenolol SBE-β-CD, S-β-CD, CM-β-CD [83,89,94,129,
132,136,141]

Azelastine Ph-β-CD, CM-γ-CD [83]
Bencynonate SBE-β-CD [139]
Benzhexol SBE-β-CD [139]
Benzoin CM-β-CD , CE-β-CD, SBE-β-CD, S-β-CD, DMS-β-

CD, Ph-β-CD
[23,81,83,94]

Bepridil SBE-β-CD [139]
Betaxolol CM-β-CD, SBE-β-CD [129]
Bevantolol CM-β-CD, SBE-β-CD [129]
Binaphtol, CM-β-CD, CE-β-CD, SUCC-β-CD, SBE-γ-CD [48,66]
R/S-1,1’-binaphthyl-2,2’-diyl
hydrogen phosphate

CM-β-CD, SBE-β-CD + SEE-β-CD [142]

Bisoprolol SBE-β-CD, Ph-γ-CD [83,139]
Bromoidoles SBE-β-CD [143]
Brompheniramine CM-β-CD, CE-β-CD , S-β-CD [71,80,94]
Bunitrolol CM-β-CD, SBE-β-CD, CE-β-CD, Ph-β-CD, Ph-γ-CD [81,83,132]
Bupivacaine SBE-β-CD, S-β-CD, Ph-β-CD, CM-γ-CD, Ph-γ-CD [83,94,136]
Bupropion S-β-CD [94]
Butaclamol SBE-γ-CD [138]
Caffein SBE-β-CD [133]
Canadine S-β-CD [94]
Carbamazepine CM-β-CD [72]
Carbinoxamine S-β-CD [94]
Carprofen CM-β-CD [79]
Carvedilol SBE-β-CD [139]
Catecholamines + related compounds S-β-CD [95]
Chlorcyclizine S-β-CD [144]
Chlormezanone CM-β-CD, SBE-β-CD [68,83]
Chloroquine S-β-CD, CE-β-CD [80,94]
Chlorpheniramine CM-β-CD, CE-β-CD , S-β-CD, SBE-β-CD, CM-γ-

CD, Ph-γ-CD
[71,80,83,94,
135,144,145]
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Table 7.1. continued
Compound CD References

Chlorprenaline Ph-β-CD, SBE-β-CD, CM-γ-CD, Ph-γ-CD [83]
Chlorthalidone CM-β-CD, SBE-β-CD [68]
Cimaterol SBE-β-CD [89]
Clenbuterol SBE-β-CD [89]
Clomipramine CM-β-CD [72]
Clozapine S-β-CD [99]
Cocaine impurities SBE-β-CD [91]
Cyclopentolate S-β-CD [144]
Denopamine S-β-CD, SBE-β-CD, Ph-γ-CD [83,135]
Desipramine CM-β-CD [72]
Diisopyramide S-β-CD, SBE-β-CD [94,129,141]
Dimetindene CM-β-CD, CE-β-CD, SUCC-β-CD, S-β-CD [66,94,145]
Doxylamin CM-β-CD, CE-β-CD, SUCC-β-CD, S-β-CD [66,80,94,144]
Eperisone SBE-β-CD, CM-γ-CD, Ph-γ-CD [83]
Ephedrine CM-β-CD, CE-β-CD, SUCC-β-CD [66,145]
Ephedrine and derivatives SBE-β-CD, S-α-CD S-β-CD S-γ-CD [87,103]
Epinastine SBE-β-CD, Ph-γ-CD, CM-γ-CD [83]
Esmolol SBE-β-CD [139]
Estrogens S-α-CD S-β-CD S-γ-CD [100]
Etilefrin SBE-β-CD, Ph-γ-CD [83]
Fencamfamine isomers SBE-β-CD [146]
Fenfluramine CM-β-CD [145]
Fenoprofen SBE-β-CD [147]
Fenoterol CM-β-CD , CE-β-CD, SBE-β-CD, Ph-γ-CD [81,83]
Flufenamic acid CM-β-CD [79]
Flurbiprofen CM-β-CD [79]
Glutamine, SBE-β-CD [89]
Glutethimide SBE-β-CD [139]
Glycopyrrolate SBE-β-CD [139]
GR50360A and GR57732A CME-β-CD [84]
Guaifenesin SBE-β-CD [133]
Heroin impurities SBE-β-CD [90]
Hexobarbital CM-β-CD, CE-β-CD, SBE-β-CD, SPE-β-CD, SUCC-

β-CD
[66,68,118,
147]

Homochlorcyclizine S-β-CD [144]
Hydantoins S-β-CD [94]
Hydroxyxhloroquine S-β-CD [94]
Idazoxan S-β-CD [94]
Imazalil CM-β-CD , CE-β-CD, Ph-β-CD, SBE-β-CD, CM-γ-

CD
[81,83]

Indapamide SBE-β-CD [139]
Indomethacin CM-β-CD [79]
Indoprofen CM-β-CD [79]
Isoxuprine S-β-CD [94]
Ketamine S-β-CD, Ph-β-CD [83,94]
Ketoprofen CM-β-CD, SBE-β-CD [79,147]
Labetalol CM-β-CD, SBE-β-CD, S-β-CD [97,98,132]
Laudanosine S-β-CD [94]
Lobeline SBE-β-CD [139]
Loxapine S-β-CD [99]
Mandelic acid esters CM-β-CD , CE-β-CD, Ph-β-CD [81,83]
Meclizine SBE-β-CD, CM-γ-CD [83]
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Table 7.1. continued
Compound CD References

Mepenzolate S-β-CD [94]
Mephenytoin CM-β-CD, SBE-β-CD [68]
Mephobarbital CM-β-CD, SBE-β-CD [68,141]
Mepivacaine S-β-CD [94]
Methanephrine S-β-CD, Ph-β-CD, Ph-γ-CD [83,98]
Methoxamine SBE-β-CD [139]
Methoxyphenamine S-β-CD [94]
Methylphenidate SBE-β-CD [139]
Metoprolol SBE-β-CD, S-β-CD, CM-β-CD, Ph-γ-CD [94,129,132,

136]
Mexiletine S-β-CD, SBE-β-CD, Ph-γ-CD [83,94]
Mianserine CM-β-CD, SBE-β-CD, SEE-β-CD, S-β-CD, SBE-γ-

CD
[62,62,138,
144]

Midodrine S-β-CD [94]
Nadolol SBE-β-CD, S-β-CD [88,98]
Nafronyl S-β-CD [98]
Naproxen CM-β-CD, SBE-β-CD [79,148]
Nebracetam Ph-γ-CD [83]
Nefopam S-β-CD [94,144]
Nicardipine Ph-β-CD, SBE-β-CD, CM-γ-CD [83]
Niflumic acid CM-β-CD [79]
Nitro aromatic explosives SBE-β-CD, SUCC-β-CD [107]
Noradrenaline S-β-CD [135]
Norephedrine Ph-β-CD [83]
Norlaudanosoline S-β-CD [135]
Normethanephrine S-β-CD [98]
Ofloxacin S-β-CD [101]
Oligosaccharides (2-aminobenzamide
derivatized)

SBE-β-CD, SBE-γ-CD [149]

Ondansetron SBE-β-CD [139]
Opipramol CM-β-CD [72]
Orphenadine S-β-CD [94]
Oxazolidinon CM-β-CD, CE-β-CD, SUCC-β-CD [66]
Oxprenolol CM-β-CD, SBE-β-CD, S-β-CD [94,132,136]
Oxyphencyclimine CM-β-CD , CE-β-CD S-β-CD, SBE-β-CD [81,83,94]
Pentobarbital CM-β-CD, SBE-β-CD [68,150]
Phenacetin SBE-β-CD [133]
Pheniramine CM-β-CD, CE-β-CD ,S-β-CD, SBE-β-CD [71,80,94,141]
Phensuximide S-β-CD [94]
Phenylephrine SBE-β-CD, Ph-β-CD [83,139]
Pinacidil SBE-β-CD [139]
Pindolol SBE-β-CD, S-β-CD, CM-β-CD, CM-γ-CD [83,94,129,132

,136,141]
Piperoxan S-β-CD [94]
Piroxicam CM-β-CD [79]
Praziquantel and metabolites SBE-β-CD [151]
Primaquine S-β-CD, Ph-β-CD, SBE-β-CD, CM-γ-CD, Ph-γ-CD [83,94]
Procaine CM-β-CD [64]
Promethazine SBE-β-CD, Ph-β-CD, CM-γ-CD, Ph-γ-CD [83,136]
Propranolol + metabolites CM-β-CD, CE-β-CD, SBE-β-CD, SBE-γ-CD, SUCC-

β-CD and S-β-CD
[66,94,97,129,
132,135,136,
141,152]
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Table 7.1. continued
Compound CD References
Protriptyline CM-β-CD [72]
Pyridoxine SBE-β-CD [133]
Protriptyline CM-β-CD [72]
Pyridoxine SBE-β-CD [133]
Salbutamol SBE-β-CD, Ph-β-CD [83,89]
Secobarbital CM-β-CD, SBE-β-CD, SBE-γ-CD [48,68,138]
Sotalol CM-β-CD, SBE-β-CD [129,132]
Substance P + metabolites SBE-β-CD [93]
Sulconazole SBE-β-CD, CM-γ-CD [83]
Sulfonium ions S-β-CD [96]
Sulindac CM-β-CD, SBE-β-CD [79,147]
Sulpiride Ph-β-CD, SBE-β-CD [83]
Suprofen CM-β-CD [79]
Synephrine SBE-β-CD [139]
Terazosin SBE-β-CD [139]
Terbutaline, SBE-β-CD, S-β-CD, CM-β-CD [83,89,94,136,

145,153]
Tetrahydropapaveroline S-β-CD [94]
Tetramisole S-β-CD [94,144]
Thalidomide and metabolites CM-β-CD, SBE-β-CD [73,85,89]
Thiopental CM-β-CD, SBE-β-CD [68]
Thioridazine S-β-CD, Ph-β-CD, CM-γ-CD, Ph-γ-CD [83,144]
Tiaprofenic acid CM-β-CD [79]
Timepidium S-β-CD [135]
Toliprolol CM-β-CD, SBE-β-CD [132]
Tolperisone S-β-CD, CM-γ-CD, Ph-γ-CD [83,94]
Tramadol CM-β-CD, SBE-β-CD [70,139]
Tranylcypromine S-β-CD [94]
Triamcinolone acetonide CM-β-CD , CE-β-CD, S-β-CD, Ph-β-CD [75]
Trihexyphenidyl S-β-CD, SBE-β-CD [83,94]
Trimetoquinol S-β-CD, SBE-β-CD, CM-γ-CD, Ph-γ-CD [83,135]
Trimebutine Ph-β-CD, SBE-β-CD, CM-γ-CD [83]
Trimipramine CM-β-CD , CE-β-CD S-β-CD, SBE-β-CD, CM-γ-CD,

Ph-γ-CD
[81,83,94,144]

Trimeprazine S-β-CD [144]
Troger’s base S-β-CD [94]
Tropa-alkaloids SBE-β-CD, S-β-CD, DAS-β-CD [106]
Verapamil S-β-CD, Ph-β-CD, SBE-β-CD, CM-γ-CD, Ph-γ-CD [83,94,135,

141]
Voriconazole SBE-β-CD [154]
Warfarin CM-β-CD, SBE-β-CD, S-β-CD, DMS-β-CD [23,67,94,141,

147]

Abbreviations: CE-β-CD (carboxyethyl-β-CD), CM-β-CD (carboxymethyl-β-CD), CME-β-CD
(carboxymethylethyl-β-CD), CML-β-CD (carbamoylated-β-CD), DAS-β-CD (2,3-di-O-acetyl- 6-sulfato-β-CD),
DMS-β-CD (2,3-dimethyl-6-sulfato-β-CD), Ph-β-CD (phosphated-β-CD), S-β-CD (sulfated-β-CD), SBE-β-CD
(sulfobutylether-β-CD), SEE-β-CD (sulfoetylether-β-CD), SPE-β-CD (sulfopropylether-β-CD), SUCC-β-CD
(succinylated-β-CD) TGA-β-CD (6-(2-thioglycolic acid)-6-deoxy-β-CD).

Sulfated CDs (S-β-CD), i.e. without any alkyl chain located between the 6-O

position and the sulfate-group, are recently gaining much interest. Like the
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sulfoalkylether substituted CDs, all sulfated CDs (D.S. usually between 7-10)

are negatively charged over the entire pH range that is common in CE

separations (pH= 2-12). This in contrast to, for instance, CM-β-CD. Stalcup

and Gahm [94] and Gahm and Stalcup [95] described the use of mixtures

of substituted S-β-CDs for the separation of 56 compounds of

pharmaceutical interest, among them anesthetics, antidepressants,

antihistamines, and catecholamines as shown in Fig. 7.6. Also the separation

of sulfonium ions [96], β-antagonists [97,98] and antipsychotic drugs [99] has

been described. Wang and

Khaledi [98] mentioned the use of

capillaries coated dynamically

with poly(vinylalcohol) for the

separation of some β-antagonists.

Munro et al. [100] applied on-line

charged CD-mediated sample

stacking techniques in MECC for

the separation of neutral

hydrophobic estrogens. They

showed that the sensitivity was

increased tremendously by

replacing the organic modifier

methanol by S-β-CDs.

We have developed a

rapid chiral separation system for

ofloxacin, a synthetic anti-

microbial agent (see Chapter 8).

Separations are performed in urine samples obtained from patients suffering

from hemophilic diseases. The objective of the study is to investigate the use

of sulfated-β-CDs in combination with several neutral CD-derivatives for dual

chiral separation systems in order to monitor possible metabolic

racemizaton of S(-) ofloxacin [101]. Only a few reports have been written on

the use of sulfated α- and γ-CDs, among which a European patent

application [92,102]. Highly sulfated α-, β-, and γ-CDs, with an average

number of sulfate groups per cyclodextrin of 11,12, and 13, respectively,

were just recently described by Chen and Evangelista [103] and Verleysen

et al. [104]. They used highly sulfated CDs developed by scientists at the

Figure 7.6. Electropherograms showing
the separation or norephedrine (1,1’), α-
methylbenzylamine (2,2’), and sec-
phenethyl alcohol (3,3’) using sulfated-β-
CD as the chiral selector. Taken from ref
[95], with permission.
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Beckman Company, which

are not commercially

available at this time. The

C-6 primary hydroxyl groups

of these CDs are

completely sulfated, the C-

2 secondary hydroxyl

groups are 70% sulfated,

but there is no sulfate

substitution at the C-3

secondary hydroxyls.

Verleysen et al. compared

the use of the highly

sulfated CDs (D.S.=12) to

the use of sulfated CDs with

a D.S. of 4 for the chiral separation of isomeric α- and β-aspartyl containing

di- and tripeptides. They experienced a higher selectivity for the highly

sulfated CDs. A special type of sulfated CDs are the 2,3-subsituted CDs that

are sulfated at the 6-position. So far, two types have been mentioned in the

literature: The 2,3-dimethyl-6-sulfato-β-CD (DMS-β-CD) by Cai et al.

[23,44,105] and the 2,3-di-O-acetyl-6-sulfato-β-CD (DAS-β-CD) by Wedig

and Holzgrabe [106] and Vincent et al. [42].  These 2,3-subsituted sulfated-β-

CDs are supposed to give even higher resolutions than plain S-β-CDs or

sulfoalkylether-β-CDs. Fig. 7.7 shows the enantio-separation of 2-indanol

using DMS-β-CD as the chiral selector. Finally, some rare anionic derivatized

cyclodextrins have been described. Among these are succinylated-β-CD

[66,107], 6-(2-thioglycolic acid)-6-deoxy-β-CD [61] phosphated-CDs (both γ-

and β-CD) [75,83] and carbamoylated β-CDs [108]. Wang and Khaledi [109]

recently published an article in which for the first time an anionic β-CD (i.e.

sulfated β-CD) was used in non-aqueous solutions. They achieved chiral

separations of the enantiomers of several pharmaceuticals in formamide. In

non-aqueous systems, the CD concentration (Eq. 4) is not as critical as in

aqueous solutions, due to the lower binding constants between solutes and

CDs observed in less polar solvents [110].

Szeman et al. [111] found that the degree of substitution in CM-β-CD

can have a significant effect on resolution. This is probably a consequence

Figure 7.7. Electropherogram of the chiral
separation of 2-indanol, migrating to the anode in
the acidic 2,3-dimethyl-6-sulfato-β-CD (DMS-β-
CD) background electrolyte. N= nitromethane.
Taken from ref [23], with permission.
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of a difference in electrostatic interaction with the analytes. Also the width

of the CD ‘mouth’ may be affected, so that the inclusion complexation

may change. Francotte et al. [48] studied the influence of the degree of

substitution of SBE-γ-CD derivatives (D.S =3.5-7.5 ) on the chiral separation of

several solutes (binaphtol, trifluoroanthranyl ethanol, secobarbital and

dansylated amino acids). Conceivably, the number of ionic groups will

affect the electrophoretic mobility of the CD due to a difference in charge

density.

7.5 Applications of cationic cyclodextrins in CE

The most common application is the separation of carboxylic acids or

amino acids. A wide variety of mono- and poly-substituted amino

derivatives of CDs were described in a review by Croft and Bartsch [41]. As

with anionic CDs, Terabe [13] was the first in 1989 to achieve separation of

six dansyl amino acids enantiomers using mono-(6-β-aminoethylamino-6-

deoxy)-β-CD (AEA-β-CD). In a period of four years no other publications

appeared using cationic CDs in CE separations, then Fanali and co-workers

[50] mentioned the use of 6A-methylamino-β-CD (6A-MA-β-CD) and 6A,6D-

dimethylamino-β-CD (6A,6D-DMA-β-CD) for the enantiomeric resolution of

some 2-hydroxy acids. Since then only a few other cationic derivatives have

been mentioned in the literature. 6-Methylamino-β-CD (MA-β-CD), with

several degrees of substitution at the 6-position, was used in the chiral

separation of several acidic and basic compounds [112] as listed in Table

7.2. In the latter paper, it was shown that the degree of substitution at the 6-

position affected the chiral resolution of fenoprofen: It was not baseline

separated using mono-MA-β-CD, but was baseline separated when using

hepta- MA-β-CD. Mono-MA-β-CD was described for the chiral separation of

some propionic acid derivatives belonging to the NSAID’s [113], several

organic acids [114], chlorthalidone (diuretic) and precursors [114], and

binaphthyls [63]. The most widely used cationic CD is 2-hydroxypropyl-

trimethylammonio-β-CD, which is the only commercially available cationic

(quaternairy ammonium substituted) β-CD. Its usual abbreviation is QA-β-

CD.
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Table 7.2. Applications of cationic CDs for chiral and achiral separations.

Compound Cyclodextrin-derivative References

Abscisic acid QA-β-CD [121]
Acenocoumarol MA-β-CD, [112]
Amethopterin ED-β-CD [124]
α-Amino acids (dansylated) NH2-β-CD, HEA-β-CD, HA-β-CD, QA-β-CD,

ED-β-CD, Im-β-CD, Hm-β-CD
[27,56,61,123,
124,126]

Atrolactic acid NH2-β-CD [114]
Barbituric acid derivatives QA-β-CD [117]
Benzocyclobutene carbonxylic acid ED-β-CD, QA-β-CD [124]
Benzoin NH2-β-CD [114]
1,1’-Binaphtyl-2,2’-diyl phosphate, 1,1’-
binaphtyl-2,2’-dicarboxylate

NH2-β-CD, QA-β-CD, ED-β-CD [27,63,124]

4-Bromomandelic acid QA-β-CD [120,121]
Brompheniramine QA-β-CD [117]
Carprofen NH2-β-CD, MEA-β-CD, QA-β-CD [27,55,113]
(Chlorophenoxy)propionic acid derivatives HEA-β-CD, MEA-β-CD, ED-β-CD [55,56,124]
p-Chlorowarfarin QA-β-CD [121]
Chlorthalidon NH2-β-CD, QA-β-CD [114,117]
Chrysanthemum monocarboxylic acid QA-β-CD [121]
Trans-4-cotinine carboxylic acid ED-β-CD, QA-β-CD [124]
Cyclodrine QA-β-CD [115,120]
Cyclopentolate QA-β-CD [115,120]
2-(2,4-dichlorophenoxy)propionic acid HEA-β-CD [56]
Fenoprofen MA-β-CD, HEA-β-CD, MEA-β-CD, QA-β-CD [27,55,56,112]
Flurbiprofen MA-β-CD, HEA-β-CD, MEA-β-CD, QA-β-CD [27,55,56,112]
Hexobarbital QA-β-CD [116-118]
Hydrobenzoin NH2-β-CD [114]
2-(4-hydroxyphenoxy)propionic acid ED-β-CD, QA-β-CD [124]
3-(4-hydroxyphenyl) lactic acid ED-β-CD, QA-β-CD, Im-β-CD, Hm-β-CD [124,125]
Hydroxymandelic acid derivatives 6A-MA-β-CD, 6A,6D-DMA-β-CD NH2-β-CD,

ED-β-CD, QA-β-CD, Im-β-CD, Hm-6-deoxy-
β-CD

[50,114,124,125]

Ibuprofen HEA-β-CD, MEA-β-CD [55,56]
Indollactic acid ED-β-CD, QA-β-CD [124]
Indoprofen MEA-β-CD, QA-β-CD, ED-β-CD [27,55,124]
Ketoprofen MA-β-CD, HEA-β-CD, MEA-β-CD, QA-β-CD [27,55,56,112]
Labetalol QA-β-CD [21]
Mandelic acid 6A-MA-β-CD, 6A,6D-DMA-β-CD, NH2-β-CD,

QA-β-CD
[50,114,120]

Menadione bisulfite QA-β-CD [121]
2-methoxyphenylacetic acid QA-β-CD [120]
Methylether benzoin NH2-β-CD [114]
Methylpheno barbital QA-β-CD [116]
5-methyl-5-phenylhydantoin QA-β-CD [116]
Nafronyl QA-β-CD [21]
, N-[1-(naphtyl)-ethyl]phtalamic acid QA-β-CD [27]
Naproxen MA-β-CD, [112]
Nefopam QA-β-CD [21]
Norpseudo ephedrine QA-β-CD [120]
Phendimetrazine QA-β-CD [120]
2-phenoxypropionic acid QA-β-CD, HEA-β-CD [56,121]
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Table 7.2. continued

Compound CD References

2- and 3-phenyllactic acid 6A-MA-β-CD, 6A,6D-DMA-β-CD, MA-β-CD,
QA-β-CD, ED-β-CD

[50,112,114,121,
124]

2- and 3-phenylbutyric acid NH2-β-CD, QA-β-CD, Im-β-CD, Hm-β-CD [114,120,121,
125]

Phenylpropionic acid NH2-β-CD, QA-β-CD, Im-β-CD, Hm-β-CD [114,120,125]
Pholedrine QA-β-CD [120]
Promethazine QA-β-CD [21]
Propiomazine QA-β-CD [21]
Salbutamol QA-β-CD [117]
Suprofen MEA-β-CD, QA-β-CD [27,55]
Terbutaline QA-β-CD [117,120]
Thalidomide QA-β-CD [116]
Thioridazine QA-β-CD [21]
Tiaprofenic acid MA-β-CD, [112]
Trimeprazine QA-β-CD [21]
Trimipramine QA-β-CD [21]
Tropic acid QA-β-CD [120,121]
Warfarin MA-β-CD, QA-β-CD [112,117]

Abbreviations: AEA-β-CD (6-β-aminoethylamino-6-deoxy-β-CD), DMA-β-CD (6,6-dimethylamino-6-deoxy-β-
CD), ED-β-CD (6-ethylenediamino-6-deoxy-β-CD), HA-β-CD (6-hexylamino-6-deoxy-β-CD), HEA-β-CD (6-
hydroxyethylamino-6-deoxy-β-CD), Hm-β-CD (6-N-histamino-6-deoxy-β-CD),  Im-β-CD ([4-(2-aminoethyl)
imidazolyl]-6-deoxy-β-CD), MA-β-CD (6-methylamino-deoxy-β-CD), MEA-β-CD (6-methoxyethylamino-6-
deoxy-β-CD), NH2-β-CD (6-amino-6-deoxy-β-CD), QA-β-CD (2-hydroxypropyl-trimethyl ammonium-β-CD).

The first application of this cationic derivative in CE was in 1996 for the chiral

baseline separation of cyclodrine and cyclopentolate. [115]. QA-β-CD was

further used in the chiral separation of several barbiturates [116-119],

hydantoins [116], binaphtyls [116], tricyclic amines (e.g. antidepressives,

antipsychotics, antihistaminics) [21], sympathomimetics [117,120],

sympatholytics [21], antimuscarinics [120], diuretics [117], antihistaminics

[117], anticoagulants [117], NSAIDs [27], organic acids [121,120] and several

derivatized amino acids [27], peptides and proteins [122]. In these cases,

either a linear polyacrylamide coated fused silica capillary or additives like

tetraalkylammonium ions and pyridinium ions were used, to reduce the EOF

and/or to prevent wall absorption.

Finally, some rare cationic CDs have been described for the chiral

analysis of several acidic compounds. NSAIDs and phenoxypropionic

herbicides (PAHs) were enantio-separated using methoxyethylamine-β-CD

[55] or hydroxyethylamine-β-CD [56]. The use of hexylamino-β-CD was

described for the separation of some amino acid derivatives [123] and
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mono substituted ethylenediamine-β-CD for the separation of (among

others) several dansylated amino acids [124]. α-Hydroxy acids and

carboxylic acids were separated using either 6-N-histamino-6-deoxy-β-CD or

[4-(2-aminoethyl) imidazolyl]-6-deoxy-β-CD [125,126]. The former material

was superior in these separations. Furthermore, the pH played an important

role. This may allow us to modulate the number and position of the positive

charges as a function of the pH, thus providing a model system for

investigating the role of charge in the recognition process.

Wang and Khaledi [27] were the first to perform chiral separations

using a cationic β-CD (i.e. QA-β-CD) in non-aqueous solutions. They

achieved chiral separations of several NSAIDs and several dansyl-amino

acids in formamide, N-methylformamide, methanol, and dimethylsulfoxide.

Formamide was the best organic solvent in the latter application.

7.6. Applications of amphoteric cyclodextrins in CE

Amphoteric compounds (for instance carprofen, see Tables 7.1 and 7.2)

can be separated with cationic and with anionic CDs, dependent on the

pH of the run buffer. Obviously, the most interesting approach in these

cases is the use of amphoteric CDs. So far, only two papers were published

using an amphoteric or zwitterionic CD.

Table 7.3. Applications of amphoteric CDs for chiral separations.

Compound Cyclodextrin-derivative References
4-Bromomandelic acid HPTMA/SA-β-CD [121]
Carprofen GluA-β-CD [127]
Chlorthalidone GluA-β-CD [127]
4-Chromomandelic acid HPTMA/SA-β-CD [121]
Chrysanthenum monocarboxylic
acid

HPTMA/SA-β-CD [121]

Dansylated amino acids HPTMA/SA-β-CD [121]
Hydrobenzoin GluA-β-CD [127]
3-Phenylbutyric acid HPTMA/SA-β-CD [121]
2-Phenoxypropionic acid HPTMA/SA-β-CD [121]

Abbreviations: GluA-β-CD: Glutamylamino-6-deoxy-β-CD;  HPTMA/SA-β-CD:
2-hydroxypropyl-trimethylamonium chloride (DS=2.0) or a sodium acetate group
(DS=2.0).
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Tanaka and Terabe [121] used a commercially available amphoteric CD,

i.e. a mixture of 2-hydroxypropyl-trimethylamonium chloride (DS=2.0) and a

sodium acetate group  (DS=2.0) at the 6-position for the chiral separation of

several solutes (see Table 7.3).

Lelievre et al. [127] used a zwitterionic CD, glutamylamino-6-deoxy-β-CD for

the chiral separation of chlorthalidone at pH=2.3, where the zwitterionic CD

is partially protonated. Comparison with the cationic mono-(6-amino-6-

deoxy)-β-cyclodextrin showed that larger differences in mobility between

the free analyte and the analyte-cyclodextrin complex provide a better

resolution. Hydrobenzoin enantiomers were separated at pH=11.2, a pH at

which the zwitterionic CD is anionic. Under these conditions, the migration

order was opposite to that observed in the presence of β-CD-NH2 at pH 2.3.

When no separation was obtained directly with GluA-β-CD, a dual

cyclodextrin system was developed. Carprofen enantiomers, which are

neutral at the given pH, were resolved at pH 2.3 in the presence of a GluA-

β-CD/trimethyl-beta-cyclodextrin (TM-beta-CD) system in which the

charged CD confers a non-zero mobility to the analyte, while the neutral

CD allows chiral recognition. In this case the tuning of the chiral separation

is somewhat different from that of other more common used dual CD-

systems. Here, the neutral CDs are used for the chiral separation of the

neutral enantiomers whereas the charged CDs/analyte complexes provide

the necessary mobilities.

7.7. Concluding remarks

The use of charged CDs has proven to be successful in the chiral analysis of

a wide variety of pharmaceutically interesting racemic compounds. Their

potential as chiral selectors are likely to be explored further in the next

decade(s) not in the least because the US Food and Drug Administration

(FDA), as well as regulatory authorities in Europe, China and Japan have

provided guidelines indicating that preferably only the active enantiomer

of a chiral drug should be brought to the market [128,129]. Exceptions are

that both enantiomers have a comparable pharmacological effect, or that
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racemization occurs. Furthermore, for each enantiomeric drug,

racemization by metabolic conversion should be studied [130].

Chiral separations with CE can be used to monitor drug impurities,

i.e. degradation products, synthetic precursors, and side products

(pharmaceutical analysis), or in metabolic profiling to study

pharmacokinetics of active and/or inactive compounds (bioanalysis).

Especially for charged analytes the use of oppositely charged CDs can

provide a unique capability of chiral recognition at much lower

concentration levels than commonly used in chiral separations with neutral

(substituted) CDs. On the other hand, high concentrations of charged CDs

should be avoided for it can lead to an extreme increase in the current.

Also, commercially available CDs with a defined degree of substitution may

lead to a better modeling, optimization, reproducibility, and to a more

rugged separation system.

On the other hand, with the use of different types and numbers of

cationic or anionic groups attached to the CDs, unique chiral separation

systems can be exploited, as long as the synthesized CDs can be produced

in reproducible fashion and can be well-characterized.

A special application of charged CDs seems to be the addition of

the charged CDs as chiral selectors in CE-MS [131]. When the CDs enter the

ion source of the MS, they can show a detrimental effect on sensitivity.

However, due to the counter-migration principle described in the

introduction, charged CDs do not necessarily enter the ion-source and may

therefore retain the unique informativeness of MS.
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