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Research Article

Strategies for enantioseparations of
catecholamines and structurally related
compounds by capillary zone electrophoresis
using sulfated �-cyclodextrins as chiral
selectors

Strategies for simultaneous enantioseparations of three catecholamines (DL-nor-
epinephrine, DL-epinephrine, and DL-isoproterenol) and three structurally related com-
pounds (DL-octopamine, DL-synephrine, and DL-norephedrine) by CZE using sulfated
b-CDs as chiral selectors were investigated. Four different separation modes were
attempted: (I) using randomly sulfate-substituted b-CD (MI-S-b-CD) at relatively low
concentrations in a high-concentration phosphate buffer at low pH in the normal
polarity mode, (II) using MI-S-b-CD at high concentrations at low pH in the reversed
polarity mode, (III) using MI-S-b-CD at moderately high concentrations in a phosphate
buffer at neutral pH in the normal polarity mode, and (IV) using the single isomer hep-
takis(2,3-dihydroxy-6-O-sulfo)-b-CD (SI-S-b-CD) at low to moderately high con-
centrations in a high-concentration BGE at low pH in the normal polarity mode. Among
them, enantioseparation of these cationic solutes was best achieved under the condi-
tions of mode (II). In mode (II) and mode (III), temperature is an important factor affect-
ing the enantioresolution of norepinephrine. In mode (I) and mode (IV), the use of a
high-concentration BGE (1502200 mM) is crucial for effective enantioseparation of
these cationic solutes with sulfated b-CDs. Comparative studies of enantioseparations
of these cationic solutes with MI-S-b-CD and SI-S-b-CD reveal that the sulfate sub-
stituents of MI-S-b-CD located at the C2- position interact strongly with the diol moiety
of catecholamines.

Keywords: Capillary zone electrophoresis / Catecholamines / Chiral separation /
Enantioseparation / Sulfated b-cyclodextrins DOI 10.1002/elps.200500658

1 Introduction

In CE, the use of CDs and their derivatives as chiral
selectors is the most common strategy employed for the
separation of chiral compounds [1–5]. Enantioseparation
of charged compounds has often been achieved with the
use of neutral or charged CDs [6–20], or with dual CD

systems consisting of a charged CD and a neutral CD
[21–29], or two oppositely charged CDs [30]. Among
many charged CDs studied to date, sulfated CDs have
demonstrated the widest application range [6–8]. As the
electrophoresis migration of the enantiomers of analytes
can be modified through the complexation with CDs,
enantioseparation can be achieved, provided that there
are differences in binding constants and/or differences in
the electrophoretic mobility of the enantiomeric com-
plexes [31, 32].

Catecholamines are a group of b-phenylethylamine deri-
vatives with hydroxyl groups substituted on the 3- and 4-
positions of the aromatic ring and on the b position of the
ethylamino side chain. These compounds act as neuro-
transmitters in the central and peripheral sympathetic
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nervous system. The interaction of these adrenergic ago-
nists with their receptors is stereoselective. For catechol-
amines, such as norepinephrine and epinephrine, the
enantiomer with the (R)-configuration is typically several
hundred-fold more potent in agonistic effects than the
one with the (S)-configuration [33]. It is also known that
catecholamines and structurally related compounds ex-
hibit dramatically different activity and selectivity. As
enantioseparation of catecholamines and structurally
related compounds is of great importance for biomedical
research and pharmaceutical industry, the development
of analytical methods for the effective enantioseparation
of these analytes is desirable.

Applications of CE technique to the separation and/or
determination of catecholamines have previously been
reported [34–56]. For enantioseparation of catechol-
amines in CD-modified CE, the use of different derivatives
of CD such as heptakis(2,6-di-O-methyl)-b-CD (HDM-b-
CD) [35, 47, 54], dimethyl-b-CD [50], methyl-b-CD [50],
hydroxypropyl-g-CD (HP-g-CD) [48, 50], carboxy-
methoxy-b-CD (CM-b-CD) [35, 50], sulfonated-b-CD [49],
and sulfated b-CD [36] have appeared in the literature.
Recently, enantioseparation of three neurotransmitters,
including norepinephrine, epinephrine, and isoproterenol,
was studied by CE equipped with microfabricated inter-
digitated electrodes using HDM-b-CD as the chiral selec-
tor at pH 2.5 [54]. Complete enantioresolution of racemic
epinephrine and isoproterenol was achieved with sulfo-
nated b-CD as chiral selector at low pH [49]. The enantio-
mers of norepinephrine and epinephrine could be com-
pletely separated by CE with amperometric detection
employing CM-b-CD as the chiral selector at pH 6.7 [48].
However, simultaneous enantioseparation of these two
analytes was not achievable [48]. For further improve-
ment, the use of CD combined with crown ether [48] or
with dendrimer [55] was considered.

In another study, negatively charged sulfated b-CDs were
used by Gahm and Stalcup [36] to separate catechol-
amines and their precursors and to exploit chiral recogni-
tion mechanisms. The advantage of the reversed polarity
mode at low pH for the enantioresolution of catechol-
amines and their precursors has been demonstrated. The
use of high concentration charged CDs could not only
shorten the analysis time but also enable to enhance
enantioresolution of both weakly and strongly interacting
racemates at the same time. However, due to overlapping
of the enantiomeric peaks of norepinephrine and epi-
nephrine, simultaneous enantioseparation was not satis-
factory.

Recently, three different approaches for simultaneous
enantioseparation of amphetamine type stimulants by CE
using highly sulfated g-CD as a chiral selector has been

attempted [57]. Over the past decade, the single isomer
sulfated CDs have widely been used as chiral resolving
agents [8–21, 30, 58–62]. Depending on the positions and
the degree of substitution of the sulfate group of CDs,
they may possess unique enantioselectivity for chiral
compounds and thus can offer possibilities for an
enhancement of enantioselectivity and resolution for
some analytes in chiral CE.

In view of these, it is desirable to study chiral separation of
catecholamines in further detail with the use of sulfated
b-CDs as chiral selectors. In the present study, four dif-
ferent approaches to chiral separation of three catechol-
amines, together with three structurally related com-
pounds, by CZE using randomly sulfate-substituted b-CD
(MI-S-b-CD) and the single isomer heptakis(2,3-dihy-
droxy-6-O-sulfo)-b-CD (SI-S-b-CD) as chiral selectors are
attempted. Comparative studies of enantioseparation of
these cationic solutes with MI-S-b-CD and SI-S-b-CD are
made. In addition, chiral recognition mechanisms are
discussed.

2 Materials and methods

2.1 Apparatus

All CE separations were performed on a Beckman P/ACE
5500 equipped with a UV detector for absorbance meas-
urements at 214 nm (Beckman Coulter, Fullerton, CA,
USA). Uncoated fused-silica capillaries purchased from
Polymicro Technologies (Phoenix, AZ, USA) were used.
The dimensions of the capillary were 57 cm650 mm id.
The effective length of the capillary was 50 cm from the
injection end of the capillary. The CE system was inter-
faced with a microcomputer. System Gold software of
Beckman was used for data acquisition. For pH meas-
urements, a pH meter (Suntex Model SP-701, Taipei, Tai-
wan) was employed with a precision of 60.01 pH unit.

2.2 Chemicals and reagents

Epinephrine, norepinephrine, synephrine, octopamine,
and isoproterenol were obtained from Sigma (St. Louis,
MO, USA). Norephedrine hydrochloride and MI-S-b-CD
were from Sigma-Aldrich (St. Louis, MO, USA). SI-S-b-CD
was purchased from ANTEK Instruments (Houston, TX,
USA). All other chemicals were of analytical grade.
Deionized water was prepared with a Milli-Q system (Mil-
lipore, Bedford, MA, USA).

Standard solutions of the analytes, with the exception of
norephedrine, at a concentration of 20 mg/mL and those
of norephedrine at concentrations of 502150 mg/mL were
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prepared by dissolving analytes in an aqueous solution.
The pH of a phosphate buffer was adjusted to the desired
pH value by mixing various proportions of a certain con-
centration of sodium dihydrogenphosphate solution with
the same concentration of phosphoric acid. All buffer
solutions, freshly prepared weekly and stored in a refrig-
erator before use, were filtered through a membrane filter
(0.22 mm).

2.3 Electrophoretic procedure

When a new capillary was used, the capillary was washed
for 30 min with 1.0 M NaOH solution, followed by a 30 min
wash with deionized water at 257C. Before each injection,
the capillary was prewashed for 3 min with running buffer
and postwashed for 3 min with deionized water, for 3 min
with 0.1 M NaOH, and for 5 min with deionized water to
maintain proper reproducibility of run-to-run injections.
Sample injections were done in a hydrodynamic mode
over 5 s under a pressure of 1.0 psi at 257C. The meas-
urements were run at least in triplicate to ensure repro-
ducibility. An applied voltage of either 120 kV (in the nor-
mal polarity mode) or 220 kV (in the reversed polarity
mode) for the phosphate buffer was selected to keep the
total current at less than 100 mA. The detection wave-
length was set either at 214 nm (pH 7.0) or at 200 nm
(pH 3.0.) Peak identification was conducted by spiking
with the analyte to be identified. Mesityl oxide was used
as the neutral marker.

3 Results and discussion

The structures of three catecholamines and three struc-
turally related compounds, together with their pKa values,
are given in Table 1. As shown in Fig. 1, four different
separation modes were attempted for the enantio-
separations of the six cationic solutes selected. Mode (I)
uses MI-S-b-CD as chiral selectors at relatively low con-
centrations with a high concentration phosphate buffer
(1502200 mM) at low pH in normal polarity of the elec-
trode. As the pKa values for the amino group of the test
solutes are above 8.2, the analytes are positively charged
at acidic pH owing to the protonation of the basic amino
group. Thus free cationic solutes migrate toward the
cathode. Under the conditions of mode (I), the effective
electrophoretic mobility of the cationic solutes, even
complexed with MI-S-b-CD at low concentrations,
remains to be positive. Mode (II) uses MI-S-b-CD at
moderately high concentrations with a phosphate buffer
at low pH in reversed polarity. Compared with the elec-
trophoretic system in mode (I), the migration of the elec-
trophoretic system is reversed. Mode (III) uses MI-S-b-CD

Table 1. The pKa values and structures of catechol-
amines and structurally related compounds
studied

pKa
a) R1 R2 R3 R4 R5

Norepinephrine (1) 8.6
9.8 OH OH OH H H

12.0

Epinephrine (2) 8.58
8.78 OH OH OH H CH3

10.0

Isoproterenol (3) 8.6
10.1 OH OH OH H CH

(CH3)212.0

Octopamine (4) 8.88
9.53 OH H OH H H

Synephrine (5) 9.3
10.2 OH H OH H CH3

Norephedrine (6) H H OH CH3 H

a) [66].

at moderately high concentrations with a phosphate buffer
at neutral pH in normal polarity. As the effective electro-
phoretic mobility of the cationic solutes is smaller than the
electroosmotic mobility of the BGE at neutral pH, the
apparent electrophoretic mobility of cationic solutes
migrates toward the cathode. Mode (IV) uses SI-S-b-CD as
a chiral selector at low to moderately high concentrations
with a high concentration phosphate buffer (1502200 mM)
at low pH in normal polarity. The effective electrophoretic
mobility of cationic solutes with SI-S-b-CD is much smaller
than that of thecomplexes with MI-S-b-CD. Apparently, the
interaction of cationic solutes with SI-S-b-CD is compara-
tively much weaker than that with MI-S-b-CD, thus, result-
ing in the positive effective electrophoretic mobility of cati-
onic solutes as in the case of mode (I).

3.1 Mode (I): MI-S-�-CD at relatively low
concentrations with a high-concentration
phosphate buffer at low pH in the normal
polarity mode

As MI-S-b-CD is composed of a number of MI-S-b-CD
(typically with substitution 7211 mol/mol b-CD), the con-
centration of MI-S-b-CD is given in % w/v, instead of mM.
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Figure 1. Schematic representation of four different
separation modes: (I) low MI-S-b-CD concentration with a
high-concentration BGE; at low pH in the normal polarity
mode; (II) high MI-S-b-CD concentration at low pH in the
reversed polarity mode; (III) high MI-S-b-CD concentra-
tion at neutral pH in the normal polarity mode; (IV) low to
moderately high SI-S-b-CD concentration with a high-
concentration BGE at low pH in the normal polarity mode.

Figure 2 shows the electropherograms of cationic solutes
obtained under mode (I) using a phosphate buffer
(200 mM) containing MI-S-b-CD at relatively low con-
centrations at pH 3.0. For comparison, the electro-
pherogram of these cationic solutes obtained using a
phosphate buffer without the addition of chiral selector is
also included (Fig. 2A). It was noted that enantiosepara-
tion of these cationic solutes was greatly affected by the

Figure 2. Electropherograms of six cationic solutes
obtained under the conditions of mode (I) using a high-
concentration phosphate buffer (200 mM) containing MI-
S-b-CD at varied concentrations at pH 3.0 in the normal
polarity (20 kV): (A) 0%, (B) 0.03%, (C) 0.05%, (D) 0.15%
w/v. Detection wavelength, 200 nm. Capillary,
57 cm650 mm, id; sample concentration, 20 mg/mL; other
operating conditions, 20 kV, 257C. Peak identification: 1,
norepinephrine; 2, epinephrine; 3, isoproterenol; 4, octo-
pamine; 5, synephrine; 6, norephedrine.

addition of MI-S-b-CD. This is especially true for epi-
nephrine (2) and isoproterenol (3). With the addition of
0.03% w/v MI-S-b-CD, the enantiomers of epinephrine (2)
and isoproterenol (3) were well resolved and the enantio-
mers of synephrine (5) were almost baseline-separated
(Fig. 2B). Complete separation of the enantiomers of
synephrine (5) and norephedrine (6) could be achieved
with the addition of MI-S-b-CD at 0.05% w/v (Fig. 2C). By
further increasing MI-S-b-CD concentration to 0.09% w/v,
the enantiomers of octopamine (4) and synephrine (5)
were completely separated and the enantiomers of nor-
epinephrine (1) were almost baseline-separated (not
shown). Reversal of the migration order of octopamine (4)
and synephrine (5) was expected when the concentration
of MI-S-b-CD increased further. This is because octopa-
mine (4), which possesses a primary amino group, inter-
acts more strongly with MI-S-b-CD than synephrine (5)
which possesses a secondary amino group. In fact, with
the addition of MI-S-b-CD at 0.15% w/v, the enantiomers
of all of the six cationic solutes were well resolved (Fig. 2D).
The migration of these cationic solutes toward the cath-
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ode follows the order norephedrine (6) 5synephrine (5)
5octopamine (4) ,isoproterenol (3) ,epinephrine (2)
,norepinephrine (1), with the “b” enantiomers migrating
faster than the corresponding “a” enantiomers (Fig. 2D).
However, the second enantiomer of synephrine (5a)
comigrated with the first enantiomer of octopamine (4b);
the first enantiomer of epinephrine (2b) migrated before
the second enantiomer of isoproterenol (3a).

The enantiomeric peak of norephedrine designated as
“6a” was spiked with the (1)-(S)-norephedrine and was
experimentally confirmed. Similarly, the enantiomeric
peaks designated as 1b, 2b, and 3b were spiked with (2)-
(R)-norepinephrine, (2)-(R)-epinephrine, and (2)-(R)-iso-
proterenol, respectively, and were experimentally con-
firmed. Accordingly, the enantiomeric peaks designated
as “b” were assigned to the (2)-(R)-enantiomers, which
migrated faster toward the cathode (with a greater positive
effective electrophoretic mobility) than the corresponding
(1)-(S)-enantiomers. Thus, the (1)-(S)-enantiomers of
these cationic solutes bind more strongly with MI-S-b-CD.

It should be emphasized that the use of a BGE at a high
concentration (150–200 mM) at low pH is crucial for effec-
tive enantioseparation of these cationic solutes in mode (I).
It is noted that the optimal concentration of the phosphate
buffer is in the range of 150–200 mM. By decreasing the
concentration of the phosphate buffer from 200 to 150 mM,
the separation was somewhat improved, but the migration
time was prolonged toabout30 min. By further lowering the
concentration of phosphate buffer from 150 to 135 mM, the
migration time was prolonged to about 50 min. This is par-
ticularly true for the three catecholamines studied. In the
presence of MI-S-b-CD, the migration times of the enan-
tiomers of three catecholamines increase markedly and the
enantioresolution of catecholamines enhances remark-
ably. This is understandable because the enantioresolution
is directly proportional to the difference in the effective
electrophoretic mobility of the enantiomers of an analyte
and is inverselyproportional to thesquare rootof the sum of
the electroosmotic mobility and the average of the effective
electrophoretic mobility of the enantiomers [63]. On the
contrary, it should be noted that, in the absence of MI-S-b-
CD, the migration behavior of these cationic solutes is little
affected by varying the concentration of phosphate buffer
from 200 to 100 mM.

3.2 Mode (II): MI-S-�-CD at moderately high
concentrations at low pH in the reversed
polarity mode

A number of applications with the use of anionic CDs as
chiral selectors in the reversed polarity mode under the
condition of suppressed EOF have been reported in the

literature [9, 10, 25, 36, 64, 65]. Comparative studies on
the peak shape and the resolution in the reversed polarity
mode versus the normal polarity mode have found that
preferred enantioseparations have been achieved for
certain solutes by using the reversed mode [59, 64, 65].
Figure 3 shows the electropherograms of cationic solutes
obtained with MI-S-b-CD at moderately high concentra-
tions at pH 3.0 in the reversed polarity mode at 25 and
407C. The enantiomer migration reversal was observed in
comparison with the electropherogram obtained under
the conditions of mode (I). This is consistent with the
results obtained previously [36]. Sharp peaks were
observed for the enantiomers of norepinephrine (1) which
appeared first in the electropherogram. At 257C, with the
addition of 2.0% w/v MI-S-b-CD in a phosphate buffer
(50 mM) at pH 3.0, the enantiomeric peaks of nor-
epinephrine (1) were partially resolved and the first enan-
tiomeric peak of isoproterenol (3a) nearly comigrated with
the first enantiomeric peak of octopamine (4a). As
observed previously [36], complete separation of the
enantiomers of norepinephrine (1) was not achievable by
varying the concentration of MI-S-b-CD at 257C.

Figure 3. Electropherograms of six cationic solutes
obtained under the conditions of mode (II) using a phos-
phate buffer (50 mM) containing a high MI-S-b-CD con-
centration (2.0% w/v) at pH 3.0 in the reversed polarity
mode (220 kV) at (A) 257C, and (B) 407C. Other operating
conditions and peak identification are the same as for
Fig. 2.
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It is worthy to point out that temperature is also an
important factor for the optimization of enantioseparation
of catecholamines in the reversed polarity mode. More-
over, with MI-S-b-CD at higher concentrations at 407C,
the analysis time was greatly shortened and the peak
shape was significantly improved. As shown in Fig. 3B, by
raising the operating temperature from 25 to 407C, base-
line resolution could be nearly obtained for the enantio-
mers of norepinephrine (1) and complete enantiosepara-
tion of six cationic solutes could be simultaneously
achieved within 13 min. As illustrated, norephedrine (6),
synephrine (5), and octopamine (4), which interact less
strongly than catecholamines with MI-S-b-CD under the
conditions of mode (II) in this study, exhibit a much better
enantioseparation in the reversed polarity mode.

3.3 Mode (III): MI-S-�-CD at moderately high
concentrations at neutral pH in the normal
polarity mode

Figure 4 shows the electropherogram of six cationic
solutes obtained using MI-S-b-CD at a moderately high
concentration (2.5% w/v) at pH 7.0 in the normal polarity
mode. As expected, the effective electrophoretic mobility
of cationic solutes decreases with increasing MI-S-b-CD
concentration. With the addition of MI-S-b-CD at a con-
centration greater than 2.5% w/v, the enantiomers of
norepinephrine (1) were baseline-resolved and the enan-
tiomers of the six cationic solutes studied could be
simultaneously separated. Partial overlapping between
the second enantiomeric peak of octopamine (4a) and the
second enantiomeric peak of isoproterenol (3a) was
observed. Severe to moderate peak broadening was
observed for the enantiomers of norepinephrine (1)
detected at 257C. However, the enantiomeric peaks could
be substantially sharpened when the electrophoretic
system was operated at 407C (not shown).

It was found that, with MI-S-b-CD at 2.5% w/v, the
migration follows the order norephedrine (6) ,synephrine
(5) ,octopamine (4) for solutes without a diol structure
and the order isoproterenol (3) ,epinephrine (2) ,nor-
epinephrine (1) for catecholamines. As the extent of the
variation of the mobility (or the migration time) of a cati-
onic solute may reflect the interaction between the cati-
onic solute and the chiral selector, the results indicate that
catecholamines interact more strongly with MI-S-b-CD
than the other three cationic solutes without the diol moi-
ety. Among them, norepinephrine (1) which possesses a
primary amino group binds most strongly with MI-S-b-
CD. The alkylation of the amino group resulted in the
reduction of interaction between catecholamines and MI-
S-b-CD. Bulky isopropyl substitution on the amino group
further reduces the binding strength of isoproterenol (3) to

Figure 4. Electropherogram of cationic solutes obtained
under the conditions of mode (III) by using a phosphate
buffer (50 mM) containing 2.5% w/v MI-S-b-CD at pH 7.0
in the normal polarity mode. Detection wavelength
214 nm; other operating conditions and peak identifica-
tion are the same as for Fig. 2.

MI-S-b-CD. The positive contribution of the hydroxyl
group substituted on the 3-position of the phenyl ring to
the binding strength of catecholamines with MI-S-b-CD
was supported by comparison of the results obtained for
norepinephrine (1) with octopamine (4) and for epinephrine
(2) with synephreine (5). In contrast, the lack of hydroxyl
substitutions at the 3- and 4-positions of the phenyl ring
resulted in the lowest interaction of norephedrine (6) with
MI-S-b-CD among the six cationic solutes studied.

It is worthy to note that the enantioresolution of epi-
nephrine (2) is much greater than that of norepinephrine
(1), but the enantioresolution of isoproterenol (1) is smaller
than that of epinephrine (2). The results reveal that the
alkylation of the amino group enhances the enantio-
resolution of catecholamines with MI-S-b-CD, but a bulky
isopropyl substituent in the tertiary amino group is not as
favorable as the secondary amino group in chiral dis-
crimination. Apparently, the steric effect between iso-
proterenol (3) and MI-S-b-CD on the enantioresolution is
indicative. The results also reveal that a greater interac-
tion between the chiral selectand and chiral selector does
not necessarily mean to have a better chiral discrimina-
tion.
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3.4 Mode (IV): SI-S-�-CD at low to moderately
high concentrations in a high concentration
BGE at low pH in the normal polarity mode

Figure 5 shows the electropherograms of cationic solutes
obtained under the conditions of mode (IV) using phos-
phate buffer at a high concentration (1502200 mM) con-
taining SI-S-b-CD at low to moderately high concentra-
tions at pH 3.0 in the normal polarity mode. Baseline res-
olution could be achieved with the addition of 0.4% w/v
SI-S-b-CD for isoproterenol (3), while the enantiomers of
epinephrine (2) are only partially resolved. Chiral dis-
crimination was most effective for the enantiomers of
isoproterenol (3) with SI-S-b-CD, instead of epinephrine
(2). Compared with the results obtained with MI-S-b-CD,
the lack of sulfate substitutions at the C2- and/or C3-
positions on the wider rim of SI-S-b-CD enhances the
enantioresolution of isoproterenol (3) (Fig. 5A). As the
addition of SI-S-b-CD at a relatively much higher con-
centration is required for an effective enantioseparation of
isoproterenol (3), the interaction of isoproterenol (3) with
SI-S-b-CD is much weaker than that with MI-S-b-CD.
Effective enantioseparation of epinephrine (2) was
achieved with the addition of 0.7% w/v SI-S-b-CD (not
shown), whereas the enantiomers of synephrine (5) were
baseline resolved with addition of SI-S-b-CD at 0.8% w/v
(Fig. 5B). By further increasing SI-S-b-CD concentration
to 1.0% w/v, the enantiomers of octopamine (4) and nor-
epinephrine (1) were almost baseline resolved (Fig. 5C).
Unfortunately, no enantioseparation of norephedrine (6)
could be achieved with the addition of SI-S-b-CD up to
1.3% w/v.

The variations of the electrophoretic mobility of the six
cationic solutes studied as a function of SI-S-b-CD con-
centration in the range of 0–1.3% w/v using 200 mM
phosphate buffer at pH 3.0 were studied (not shown). As
the extent of the variation of the mobility of cationic
solutes may reflect the interactions between the cationic
solutes and chiral selector, the results of two distinct sets
of mobility curves indicate that SI-S-b-CD interacts much
less strongly with catecholamines, which have a less
extent of the variations of the electrophoretic mobility,
than with octopamine (4), synephrine (5), and norephe-
drine (6). The binding strength of catecholamines to SI-S-
b-CD is considerably smaller than that of catecholamines
to MI-S-b-CD. As MI-S-b-CD possesses sulfate-sub-
stituents at the C2-position (and perhaps C3-position) of
b-CD [66], whereas SI-S-b-CD does not, the results indi-
cate that the diol moiety of catecholamines may interact
strongly with the sulfate-substituents of MI-S-b-CD
located at the C2-position (and perhaps C3-position).
Compared with the results obtained with MI-S-b-CD, the
weakening of the binding of catecholamines with

Figure 5. Electropherograms of six cationic solutes
obtained under the conditions of mode (IV) using a high-
concentration phosphate buffer (200 mM) containing SI-
S-b-CD at varied concentration at pH 3.0 in the normal
polarity mode: (A) 0.4%, (B) 0.8%, and (C) 1.0% w/v.
Other operating conditions and peak identification are the
same as for Fig. 2.

SI-S-b-CD is probably partly due to the steric effect of the
diol moiety of catecholamines and/or partly due to an
increased instability of catecholamines in the cavity of SI-
S-b-CD.

As in the case of mode (I), the use of a phosphate buffer at
high concentrations (150–200 mM) and at low pH is cru-
cial for effective enantioseparation of these cationic
solutes within an acceptable analysis time. It is noted that
the migration behavior of cationic solutes without the diol
moiety was significantly affected by the concentration of
phosphate buffer. By decreasing the concentration of
phosphate buffer from 200 to 120 mM, norephedrine (6)
and synephrine (5) could be baseline-separated, but the
analysis time increased markedly from 27 to about 50 min
(not shown). The enantiomeric peaks of octapamine (4)
could not be detected in 60 min with the use of a phos-
phate buffer at 120 mM. As the interactions of cationic
solutes with SI-S-b-CD in mode (IV) are about ten times
smaller than those with MI-S-b-CD, the results clearly
demonstrate that the sulfate substituents located at the
C2 (and/or C3) position of MI-S-b-CD play an important
role in enantioseparation and chiral recognition of these
catecholamines.
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4 Concluding remarks

The enantiomers of six selected cationic solutes were
effectively separated using sulfated b-CDs as chiral
selectors. Among four different approaches attempted,
enantioseparation of these cationic solutes was best
achieved in the reversed polarity mode at low pH. Tem-
perature is an important factor affecting the enantio-
resolution of norepinephrine. For effective enantiose-
paration of these six cationic solutes with sulfated b-CDs,
the use of a BGE at high concentrations and at low pH in
the normal polarity is crucial. Comparative studies of
enantioseparations of these cationic solutes with MI-S-b-
CD and SI-S-b-CD reveal that sulfate substituents of MI-
S-b-CD located at the C2-position (and perhaps C3-posi-
tion), which interact strongly with the diol moiety of cate-
cholamines, may play an important role in enantiose-
paration and chiral recognition of catecholamines.

We thank the National Science Council of Taiwan for
financial support.
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