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Use of the new, single-isomer,
hexakis(2,3-diacetyl-6-O-sulfo)-�-cyclodextrin in acidic methanol
background electrolytes for nonaqueous capillary electrophoretic

enantiomer separations

Shulan Li, Gyula Vigh∗
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Abstract

The new, single-isomer, sulfated�-cyclodextrin, the sodium salt of hexakis(2,3-diacetyl-6-O-sulfo)-�-cyclodextrin (HxDAS), was used for
the first time in acidic methanol background electrolytes (BGEs) to separate the enantiomers of weak base analytes by nonaqueous capillary
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lectrophoresis (NACE). The concentration dependence of the effective mobilities and separation selectivities followed trends simi
bserved earlier in acidic methanol background electrolytes with heptakis(2,3-diacetyl-6-O-sulfo)-�-cyclodextrin (HDAS) and octakis(2,
iacetyl-6-O-sulfo)-�-cyclodextrin (ODAS). In general, interactions between the weak base analytes and HxDAS were weaker t
DAS and ODAS. For some of the weak base analytes, separation selectivities observed in acidic aqueous and acidic methanol
lectrolytes were complementary to each other, permitting the eventual separation of enantiomers that could not be achieved oth
2004 Elsevier B.V. All rights reserved.
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. Introduction

During the last decade, enantiomer separations by capil-
ary electrophoresis (CE) became very successful and widely
sed, a fact amply documented by the most recent, compre-
ensive review of the field[1]. Though most of these sep-
rations were achieved in aqueous background electrolytes
BGEs), there has been an increasing interest in the use
f organic solvents as BGE components (for a good re-
ent overview of the benefits of nonaqueous capillary elec-
rophoresis (NACE), see, e.g. ref.[2]). NACE is a natural
hoice for resolving agents that have a high solubility in a
ariety of organic solvents, such as, e.g. native and deriva-
ized cinchona alkaloids[3–11], and derivatized amino acids
nd other acids[12,13]. Polar, albeit UV absorbing organic
olvents, such as formamide,N-methyl formamide,N,N-

∗ Corresponding author. Tel.: +1 979 845 2456; fax: +1 979 845 4719.
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dimethyl formamide, permitted the use of noncharged
clodextrins (CDs)[14,15], a randomly substituted quatern
ammonium CD[16] and a randomly substituted sulfated
[17] as chiral resolving agents in NACE. A few years a
single-isomer sulfated CDs became available[18–23] as a
result of efforts to provide well-characterized chiral res
ing agents that can be used not only for the CE separ
of enantiomers[24], but also for the molecular level NM
studies of the interactions between the analytes and the
(see, e.g. refs.[25–29]). Of the single-isomer sulfated CD
the 2,3-diacetyl-6-sulfo CDs[18,21]and the 2,3-dimethyl-6
sulfo CDs[20,23]are adequately soluble in methanol. Si
methanol is UV-transparent, the 2,3-diacetyl-6-sulfo C
[18,21] and the 2,3-dimethyl-6-sulfo CDs[20,23] became
successful resolving agents in NACE[30–35]. In order to
increase the structural variety of the available single-iso
sulfated cyclodextrins, the large-scale synthesis of the so
salt of hexakis(2,3-diacetyl-6-O-sulfo)-�-cyclodextrin (Hx-
DAS) was recently completed[36]. In this brief paper, w

021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Structures of the weak base analytes used in this study.
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report the results of the first NACE use of HxDAS in acidic
methanolic background electrolytes.

2. Experimental

2.1. Materials

Phosphoric acid, lithium hydroxide and HPLC grade
methanol, used for the preparation of the BGEs, were pur-
chased from Aldrich (Milwaukee, WI, USA). HxDAS was
synthesized and analytically characterized in our laboratory
as described in Ref.[36]. Thirty chiral weak base analytes that
are part of our standard sulfated CD evaluation kit[3], listed
in Fig. 1, were obtained from Aldrich, Sigma (St. Louis, MO,
USA), Wiley Organics (Coshocton, OH, USA) and Research
Diagnostics (Rockdale, MD, USA) as racemic mixtures. The
acidic methanolic stock buffer, prepared by adding 25 mmol
H3PO4 and 12.5 mmol LiOH to a 1 L volumetric flask and
filling the flask with methanol, was used to dissolve the cal-
culated amounts of HxDAS to make the 0–30 mM HxDAS
BGEs for the NACE separations. The test analytes were dis-
solved in the respective BGEs at an approximate concentra-
tion of 0.5 mM.

2.2. Methods
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Fig. 2. Effective mobilities (top panel, full symbols) and separation selec-
tivities (bottom panel, open symbols) for fluoxetin, B18 (symbol triangle)
and verapamil, B54 (symbol circle) as a function of the concentration of
HxDAS.

was observed for the sodium salts of heptakis(2,3-diacetyl-6-
O-sulfo)-�-CD (HDAS) [30] and octakis(2,3-diacetyl-6-O-
sulfo)-�-CD (ODAS)[32], it made sense to test the behavior
of HxDAS as a resolving agent in NACE.Table 1lists values
of µ, the effective mobility of the less mobile enantiomer,α,
the separation selectivity,β, the corresponding normalized
electroosmotic flow mobility,Rs, the peak resolution, andU,
the injector-to-detector potential drop (U = Uappl Ld/Lt, in
kV units) for the 30 weak bases tested. At least partial peak
resolution was achieved for the enantiomers of 27 of the 30
weak bases tested.

F pen
s nels)
a l
s

Separations were carried out with a P/ACE 2100 CE
em (Beckman-Coulter, Fullerton, CA, USA), at 214 nm
0◦C, using 25�m i.d., 150�m o.d., 26.4 cm total leng
Lt), 19.6 cm injector-to-detector length (Ld), uncoated, fuse
ilica capillaries (Polymicro Technologies, Phoenix,
SA). The samples were pressure injected in triplicate s

ations. Since the external mobility marker method[37] indi-
ated that DMSO did not complex measurably with HxD
ven in acidic aqueous BGEs[36], DMSO was used as th
lectroosmotic flow (EOF) marker in the present stud
ell, and was co-injected in each run with the analyte to

ermine the EOF mobility,µEOF. Since the Ohm’s plots we
inear up to an applied potential of 16 kV even in the 30 m
xDAS BGE, all experiments were carried out at 16 kV. T
ffective mobilities of the enantiomers (µeff

1 andµeff
2 ) were

btained asµeff
1 = µobs

1 − µEOF, the separation selectivitie
, asα = µeff

1 /µeff
2 (where subscript 2 arbitrarily refers

he enantiomer whose effective mobility in the 5 mM H
AS BGE was smaller), and the normalized electroosm
ow mobility values,β, asβ = µEOF/µ

eff
2 [38]. Typically,

he µEOF values were less than +10× 10−5 cm2 V−1 s−1

n the 5 mM HxDAS BGE and decreased to about +5×
0−5 cm2 V−1 s−1 in the 30 mM HxDAS BGE.

. Results and discussion

Since the solubility of the sodium salt of HxDAS in aci
ethanol is at least as high as 40 mM, similarly to w
ig. 3. Effective mobilities (full symbols) and separation selectivities (o
ymbols) for piperoxan, B38 (left panels) and propranolol, B42 (right pa
s a function of the concentration of the 2,3-diacetyl-6-O-sulfo CDs. Symbo
quare: HxDAS, symbol circle: HDAS[30] and symbol triangle: ODAS[32].
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Table 1
Effective mobilities of the less mobile enantiomer (�, in 10−5 cm2 V−1 s−1 units), separation selectivities (α), measured peak resolution values (Rs), dimen-
sionless EOF mobility values (β) and the injector-to-detector effective potential drop (U, in kV units) in acidic methanolic HxDAS BGEs for the weak base
analytes

Analyte HxDAS (mM)
5a 10a 20a 30a

µ α β Rs µ α β Rs µ α β Rs µ α β Rs

B02 9.3 1.02 0.5 <0.6 7.2 1.04 0.6 1.1 7.9 1.03 0.4 1.0 8.6 1.01 0.2 <0.6
B05 15.3 1.16 0.5 8.9 10.7 1.22 0.3 6.3 8.0 1.24 0.2 3.8 7.3 1.26 0.2 4.7
B06 7.8 1.03 0.7 1.0 7.4 1.05 0.6 1.3 7.1 1.06 0.4 0.7 6.7 1.07 0.6 1.0
B08 6.3 1.03 0.7 <0.6 4.1 1.07 1.2 0.7 4.6 1.04 0.5 <0.6 4.9 1.02 0.2 <0.6
B10 9.7 1.03 0.6 <0.6 7.5 1.05 0.6 1.4 8.5 1.04 0.3 0.8 8.6 1.03 0.2 0.9
B11 13.2 1.00 2.7 0 11.9 1.02 0.4 <0.6 12.9 1.00 0.2 0 13.4 1.00 0.2 0
B13 6.7 1.03 0.7 <0.6 3.7 1.08 1.4 1.7 4.0 1.07 0.6 1.5 4.3 1.04 0.2 1.5
B18 4.1 1.20 0.9 1.2 0.7 1.86 6.8 2.6 1.1 1.54 2.0 1.7 2.5 1.17 0.4 3.8
B20 11.0 1.02 0.4 <0.6 7.3 1.04 0.6 1.1 7.8 1.03 0.3 <0.6 8.0 1.02 0.2 <0.6
B22 12.9 1.00 0.3 0 10.6 1.01 0.4 <0.6 9.1 1.02 0.3 <0.6 8.6 1.03 0.2 <0.6

B24 3.2 1.03 41 0.7 2.3 1.04 3.3 1.0 1.6 1.06 2.4 1.3 1.8 1.05 3.8 1.4
2.9 1.10 1.8 2.0 1.15 0.7 1.5 1.07 0.6 1.7 1.06 0.6
1.4 2.07 3.6 1.2 1.37 2.1 1.1 1.36 1.4 1.5 1.13 1.4

B25 5.0 1.02 0.8 <0.6 0.7 1.16 5.9 0.9 1.0 1.12 3.0 0.7 1.3 1.06 0.6 <0.6
B28 12.4 1.00 0.3 0 8.9 1.02 0.4 <0.6 9.2 1.01 0.3 <0.6 9.4 1.00 0.2 0
B31 7.0 1.03 1.0 <0.6 5.8 1.05 1.2 1.1 6.1 1.03 0.3 <0.6 6.4 1.02 0.2 <0.6
B32 6.5 1.03 1.1 <0.6 5.6 1.04 0.7 1.3 5.8 1.04 0.4 1.0 6.1 1.03 0.3 1.1
B33 8.9 1.04 0.8 <0.6 6.8 1.06 0.5 0.6 7.5 1.04 0.3 1.3 8.1 1.02 0.2 0.9
B34 7.4 1.03 1.0 <0.6 5.7 1.05 0.6 1.2 6.6 1.03 0.4 0.9 7.1 1.02 0.3 1.1
B35 4.7 1.00 1.6 0 4.2 1.00 1.1 0 4.4 1.00 1.0 0 4.5 1.00 0.9 0
B36 7.9 1.00 0.9 0 7.1 1.00 0.7 0 6.6 1.00 0.4 0 6.4 1.00 0.4 0
B37 10.1 1.02 0.7 <0.6 9.7 1.03 0.5 <0.6 9.3 1.04 0.3 <0.6 9.0 1.05 0.2 <0.6
B38 4.3 1.05 1.7 <0.6 3.8 1.11 1.4 <0.6 4.1 1.05 0.7 1.6 4.4 1.02 0.5 1.4
B41 9.2 1.02 0.8 <0.6 8.8 1.03 0.6 <0.6 8.4 1.04 0.3 <0.6 8.3 1.04 0.1 0.9
B42 6.6 1.05 1.1 <0.6 6.2 1.08 0.8 0.8 6.5 1.05 0.4 1.1 6.8 1.03 0.2 0.8
B43 5.1 1.06 1.4 <0.6 4.7 1.07 1.1 1.3 4.4 1.09 0.7 1.2 4.8 1.05 0.3 1.0
B45 9.6 1.00 0.7 0 9.0 1.00 0.5 0 8.5 1.00 0.3 0 8.3 1.00 0.4 0
B46 2.5 1.04 2.8 <0.6 2.5 1.00 2.0 0 2.9 1.00 0.9 0 3.1 1.00 0.8 0
B49 4.7 1.02 1.5 <0.6 4.1 1.04 1.0 <0.6 3.8 1.05 0.8 <0.6 3.6 1.06 0.3 <0.6
B51 9.7 1.02 0.8 <0.6 9.1 1.03 0.5 0.9 8.7 1.04 0.4 1.1 8.5 1.04 0.2 0.7
B54 −0.6 0.75 −11 <0.6 −1.4 0.79 −3.2 1.2 −0.8 0.78 −5.4 1.0 −0.6 0.76 −2.0 1.0
B56 8.6 1.03 0.8 <0.6 8.0 1.04 0.5 1.0 7.4 1.05 0.4 0.8 7.2 1.06 0.3 0.9

a U (kv): 16.

Similarly to what was observed with the other sulfated
CDs in NACE[30–35], the weak bases could be classified
into two groups according to the migration pattern observed:
the group of weakly binding weak bases and the group of
strongly binding weak bases[39]. The majority of the weak
bases, 29 of the 30 studied, fell into the first group, the group
of weakly binding bases. Only one base (verapamil, B54) fell
into the second group, the group of strongly binding bases.
Fig. 2shows the two migration patterns using fluoxetin, B18
and verapamil, B54 as examples.

In the group of weakly binding weak bases that display
the first migration pattern (typified by fluoxetin, B18), the ef-
fective mobilities of the analytes (top panel ofFig. 2) remain
cationic throughout the entire HxDAS concentration range
studied: the cationic effective mobilities of fluoxetin decrease
toward a minimum as the HxDAS concentration is increased
to 10 mM, then the effective mobilities increase slightly as the
HxDAS concentration is increased to 30 mM. The effective

mobility minimum is believed to be caused by the interplay
of increasing complexation of the analyte and the differential
depression of the mobility of the uncomplexed weak base
and the complexed weak base by the increased ionic strength
of the BGE that occurs as the concentration of HxDAS is
increased[39]. Initially, even the small amount of the neg-
atively charged complexed form of the weak base causes a
significant reduction in the cationic effective mobility of the
analyte band. Since ionic strength at low HxDAS concentra-
tions is still low, mobility depression is not yet severe. Due
to weak binding, the mole fraction of the complexed form
of the analyte does not increase significantly as the HxDAS
concentration is increased to 30 mM, but the ionic strength
of the BGE does. This depresses the anionic effective mo-
bility of the complexed form of the analyte (five negative
charges) much more than that of the free form of the analyte
(one positive charge). Thus, the effective mobility of the band
becomes a higher cationic value than at the minimum, at an
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Fig. 4. Effective mobilities (top panel) and separation selectivities (bottom
panel) for fluoxetine, B18 (symbol circle) in aqueous BGE[37] (full sym-
bols) and methanolic BGE (open symbols) as a function of the concentration
of HxDAS.

HxDAS concentration of 10 mM. The concentration depen-
dence of the separation selectivity (bottom panel ofFig. 2)
also follows the pattern that was reported[33] for the weakly
binding bases: a separation selectivity maximum occurs at

F
(

the HxDAS concentration where there is a minimum in the
effective mobilities.

In the group of strongly binding weak bases that display
the second migration pattern (verapamil, B54), the effective
mobilities of the analyte become anionic at a low HxDAS
concentration (below 5 mM), then decrease toward 0 (though
remain anionic) as the HxDAS concentration is increased to
30 mM. Once again, the observed anionic mobility maximum
is believed to be caused by the increased ionic strength of the
BGE that results from the increased concentration of Hx-
DAS [39]: strong complexation causes the mole fraction of
the anionic complex (and thus the anionic effective mobility
of the band) to be high at low HxDAS concentrations where
the ionic strength, and the resulting mobility depression, are
still relatively low. A further increase in the concentration
of HxDAS cannot increase the already high mole fraction
of the anionic complex significantly, but it does increase the
ionic strength which, in turn, depresses the anionic effective
mobility of the analyte band. Though the CHARM model of
enantiomer separations[40] predicts a discontinuity in sepa-
ration selectivity at the point where cationic effective mobil-
ity becomes anionic (mobility cross-over), the discontinuity
was not observed experimentally for verapamil (bottom panel
of Fig. 2), because no measurements were made below the
5 mM HxDAS concentration level.

In order to gain a sense about the relative strength of in-
t
a p
ig. 5. Typical electropherograms of the weak base analyte enantiomers. The
mM) used. Capillary: 25�m i.d., 19/26 cm effective/total length, uncoated, fus
eractions between the weak bases and HxDAS, HDAS[30]
nd ODAS[32], Fig. 3 shows the effective mobilities (to
numbers next to the compound codes (seeFig. 1) indicate the HxDAS concentrations
ed silica. Other conditions: see Section 2.
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panel) and separation selectivities (bottom panel) for two
analytes, piperoxane, B38 (left panels) and propranolol, B42
(right panels). For both analytes, the interaction strength in-
creases in the HxDAS < HDAS < ODAS order. The sep-
aration selectivites are completely different with the three
acetylated CDs. For example, both weak bases behave as
weakly binding bases with HxDAS and HDAS (no mobility
cross-over[33]), but as strongly binding bases with ODAS
(mobility cross-over[33]) indicating that all three single iso-
mer sulfated CDs have unique utilities for the separation of
enantiomers.

A similar utility difference can be observed when one com-
pares the use of HxDAS for the separation of weak bases in
acidic aqueous[36] and acidic methanol BGEs.Fig. 4shows
the effective mobilities (top panel) and separation selectivities
(bottom panel) for fluoxetine, B18. In methanol, fluoxetine
behaves as a weakly binding base, in water it behaves as a
strongly binding base. Separation selectivities for the enan-
tiomers of fluoxetine are also significantly different in the two
solvents. Furthermore, the enantiomers of four weak bases,
1-aminoindan, B05, hemicholinium-15, B20, propafenone,
B43 and scopolamine, B46 that could not be resolved in
acidic aqueous HxDAS BGEs[36], were separated in acidic
methanol HxDAS BGEs. On the other hand, the enantiomers
of pindolol, B41, and propranolol, B42, which could be base-
line separated in acidic aqueous HxDAS BGEs[36], could
n GEs.
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