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Abstract

The newest member of the single-isomer isomer sulfated cyclodextrin family, octakis(2,3-diacetyl-6-sulfato)-y-cyclo-
dextrin (ODAS-y-CD) was used for the first time as a resolving agent for the nonaqueous capillary electrophoretic separation
of the enantiomers of 26 weak base pharmaceuticals in an acidic methanol background electrolyte. The solubility limit of
ODAS-y-CD at room temperature proved to be 55 mM in this background electrolyte, which afforded good, fast enantiomer
separations for most of the basic drugs tested. For all the bases studied, the effective mobilities and separation selectivities
were found to follow the predictions of the charged resolving agent migration model of electrophoretic enantiomer
separations. The effective mobilities of the weakly binding weak bases remained cationic throughout the entire 0 to 45 mM
ODAS-y-CD concentration range; separation selectivities increased as the ODAS-y-CD concentration was increased. The
effective mobilities of the moderately binding weak bases became anionic in the 2.5 to 45 mM ODAS-y-CD concentration
range; separation selectivities first increased as the effective mobilities approached zero, then decreased again as the
ODAS-y-CD concentration was increased further. The effective mobilities of the strongly binding weak bases became
anionic in the 0 to 25 mM ODAS-y-CD concentration range; separation selectivities decreased as the ODAS-y-CD
concentration was increased above 25 mM. [0 2000 Elsevier Science BV. All rights reserved.
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1. Introduction

Over the last few years, charged cyclodextrins
(CDs9) became the most widely used chiral resolving
agents in capillary electrophoresis (CE) [1-7].
Though both weak and strong electrolyte CDs were
used successfully for the CE separation of enantio-
mers [5-7], the majority of recent papers utilized
randomly substituted sulfobutyl ether CDs [8—10] or
sulfated CDs [11]. In order to reduce the variability
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of CE enantiomer separations caused by composi-
tional differences between different lots of the
presumably identical resolving agent batches, a
family of single-isomer B-CDs, fully sulfated on the
primary hydroxy groups and uniformly substituted
on the secondary hydroxy groups, were developed
[12—-14]. These single-isomer resolving agents were
successfully used in agueous [15-17], hydro—or-
ganic [18] and nonaqueous [19-21] background
electrolytes (BGES) for the separation of the enantio-
mers of neutral, weak base, weak acid and zwit-
terionic analytes. Recent efforts aimed at expanding
the range of the available single-isomer sulfated CDs
led to the synthesis, analytical characterization and
use in agueous BGEs of the first y-CD derivative,
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Fig. 1. Structures and names of the weak base analytes used in this study.
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Effective mobility, separation selectivity, normalized electroosmotic flow mobility and peak resolution data for the weakly binding bases (u,
isin 107° cm® V"' s7* units)

Name ODAS+-CD

omM 25 mM 5mM 10 mM 20 mM 30 mM 45 mM

Mo M @ B R wmp o oa BR m o oa BR moa BR moa B R umoa B R
1-Aminoindan 2593 7.7 101 12 <05 467 103 23 <05 259 1068 12 06 197 1077 21 05 165 1079 26 06 14 11 25 1
2-Aminoindan 25.93 1343 1 080 1043 103 03 12 60513 07 73 348 176 12 141 091 53 4 206
Bupivacaine 2038 653 103 1305 41 103 24 <0538 1 110 33 1 18 0 28 1 150 23 1 16 0
Isoproterenol 1714 69 107 1 19 4 107 22 08 238 11 1212 139117 29 06 099 1416 5 12 31 18 53 28
Ketamine 239 1025 103 1 <0576 105 14 05 65 106 07 13 476 1078 08 1.6 375 11 09 14 058 11 11 15
Methoxyphenamine 2414 67 1 150 46 1 24 0 4 1 110 299 1023 15 <05 228 107 19 1 17 11 22 12
Metaproterenol 172 653 107 14 13 42 108 27 <0532 134 1522 135173 36 45 065265 8526 02 73 30 54
1-(1-Naphthyl)ethylamine 214 62 102 16 <0535 106 3 <0522 106 3 06 18 1062 35 <05 15 107 36 <05 12 111 358 05
Phenylpropanolamine 2142 583 1036 17 06 33 104 33 <0513 1088 32 07 088 1163 43 0.7 063 126 65 15 055 126 76 08
Oxprenolol 209 879 106 08 12 532 109 21 14 366 109 14 16 299 11 112 27511 1117 23 11 16 13
Pindolol 21 768 11 1218 418 113 26 22 296 1134 18 17 157 1146 27 14 108 1151 31 1 076 1.155 6 05
Terbutaine 184 853 109 0915 573 11 19 17 457 11 1219 34911 1 109 279 111 12 14 22 112 14 17
Trihexyphenidy! 162 636 1015 15 <05 497 103 21 <0538 103 15 <05 33 1032 14 <05 282 1046 15 08 23 105 15 13
Tetrahydrazoline 314 1267 104 08 1 933 1066 11 09 674 108 09 13 51 109 08 2 4 11 1 19 19311 12 19
Tolperisone 2014 637 1057 14 1 429 1108 24 11 26 119 2419 21 128 2431 18 133 3238 145141 25 42
Table 2

Effective mobility, separation selectivity, normalized electroosmotic flow mobility and peak resolution data for the moderately binding bases

(, isin 107° cm® V™ s7* unity)

Name ODAS+-CD

omM 25 mM 5 mM 10 mM 20 mM 30 mM

e ko B R o B R o @ BR m a B R omp o B R
Atenolol 159 4 142 18 38 1 19 10 33 -059 046 -6 39 -08 0814 -47 11 -1 087 -4 1
Bupropion 24 76 142 14 68 429 172 16 10 218 2847 19 201 06 806 74 263 -002 -330 382 292
Chlophedianol 55 211 1 44 0 -025 02 -41 23 -08 09 -5 <05 —-09 091 -38 <05 -1 092 -41 <05
Epinephrine 1674 07 -7 148 nfa -2 0628 -3 59 -3 07% -22 56 -35 08 -16 7 -31 085 -16 39
Oxyphencyclamine 2144 313 116 3 15 071 214 138 21 -08 074 -39 31 -088 08 -41 13 -09 085 -47 11
Piperoxan 1628 103 122 92 08 -04 061 -19 14 -06 0725 -10 08 -15 0894 -25 11 -16 093 -33 05
Propranolol 1822 36 141 25 4 09 233 11 43 02 318 176 7 02 -1 -35 38 -04 0787 -11 06
Propafenone 1691 393 129 2 31 102 276 10 3  -055 0579 —69 36 —07 0793 -69 14 -08 097 -52 <05
Tetrahydropapaveroline 157 302 483 28 82 122 -106 56 151 -02 0082 -35 15 —062 025 -85 13 -11 046 -35 124

Table 3

Effective mobility, separation selectivity, normalized electroosmotic flow mobility and peak
(1, isin 10°° cm® V™ s7* unity)

resolution data for the strongly binding bases

Name ODAS--CD

omM 25mM 5 mM 10 mM 20 mM 30mM

b M a B R a B R o R o e BOR op e pR
Chlorpheniramine 1341 -359 0916 -26 17 -468 095 -14 28 -52 095 -13 36 -43 09% -15 16 -35 0% -16 18
Labetalol-1 1260 -1 0627 -68 24 -188 0729 -3 18 -24 083 -22 21 -235 0937 -21 13 -219 095 -19 13
Labetalol-3 1260 -272 0647 -25 84 -4 0789 -15 78 -34 082 -16 69 -29 088 -18 32 -25 0915 -16 39
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octakis(2,3-diacetyl-6-sulfato)-y-cyclodextrin (ODA-
S+-CD) [22].

Nonaqueous capillary electrophoresis (NACE) has
extended the utility of CE for the analysis of poorly
water-soluble analytes (for a recent review, see Ref.
[1]). NACE has been used for the separation of
enantiomers with neutral CDs, randomly sulfated
B-CDs and single-isomer sulfated B-CDs [23-26].
The organic solvents used for NACE enantiomer
separations included formamide, N-methylfor-
mamide, N,N-dimethylformamide, dimethyl sulfox-
ide (DM SO) [23-25], acetonitrile [26] and methanol
[19-21]. Though the solubilities of sulfated CDs in
acetonitrile and methanol are lower than in form-
amide, N-methylformamide, N,N-dimethylformamide
and DMSO, the transparency of acetonitrile and
methanol down to 200 nm in the UV range is an
important advantage that more than compensates for
the lower solubilities of single-isomer sulfated CDs.
Therefore, it was important to test if the newly
synthesized single-isomer sulfated y-CD, ODAS-y-
CD [22], could aso be used for the NACE sepa-
ration of enantiomers in methanol as the BGE
solvent. This paper presents the first results obtained
with ODAS-y-CD in acidic methanol BGEs.

2. Experimental

All NACE enantiomer separations were carried
out with a PPACE 2100 CE unit (Beckman—Coulter,
Fullerton, CA, USA) using 26.5 cm (effective length
195 cm)X25 pm 1.D.X150 pwm O.D., untreated
fused-silica capillaries (Polymicro Technologies,
Phoenix, AZ, USA). All electropherograms were
recorded at 214 nm. The cartridge coolant of the CE
unit was thermostated at 15°C. The samples were
injected by 4 p.s.i. (approximately 0.27 bar) nitrogen,
for 1s.

All chemicals were obtained from Aldrich (Mil-
waukee, WI, USA) or Sigma (St. Louis, MO, USA),
except ODAS-y-CD (available from J&W Scientific,
Folsom, CA, USA), which was synthesized in our
laboratory as described in Ref. [22]. Twenty-six
weak bases, mostly pharmaceuticals were used as
test analytes. Their structures are shown in Fig. 1.

The acidic methanol stock buffer was prepared by
adding 25 mmol phosphoric acid and 12.5 mmol

sodium hydroxide to 1 | HPLC-grade methanol (EM
Science, Gibbstown, NJ, USA). The calculated
amounts of ODAS-y-CD were weighed out and
dissolved in this acidic methanol stock buffer to
prepare the ODAS-y-CD BGEs immediately prior to
use. All BGEs and sample solutions were filtered
through 0.45-pm PTFE membrane filters (Alltech,
Deerfield, IL, USA). The solubility of ODAS-y-CD
in the acidic methanol buffer was found to be about
55 mM. Therefore, in order to remain on the safe
side, the highest ODAS-y-CD concentration used
here was limited to 45 mM. With the field strength
kept between 600 and 640 V cm™*, the 0—-45 mM
ODAS-y-CD BGEs resulted in electrophoretic cur-
rents of 2 to 5 pA. The low currents indicate that
ODAS-y-CD is only partialy dissociated in the
acidic methanol BGEs. Nevertheless, ODAS-y-CD
carried sufficient negative charge to confer anionic
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Fig. 2. Effective mobilities (top panel, open symbols) and sepa-
ration selectivities (bottom panel, filled symbols) for a typical set
of weakly binding bases as a function of the ODAS-+y-CD
concentration. Symbols: square: 2-aminoindan, up-triangle: metap-
roterenol, circle: isoproterenol.
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effective mobilities onto many of the weak base
analytes studied.

Nitromethane was co-injected with each sample as
electroosmotic flow (EOF) marker (neutral marker).
The external EOF marker method [27] was used to
ascertain that the effective mobility of nitromethane
was zero within experimental error in al the BGEs
used here. The effective mobilities of the enantio-
mers were caculated as u*'=u"—u*, the sepa-
ration selectivities as a=u" /uS', where u" was
assigned arbitrarily to the enantiomer which was less
mobile in the 25 mM ODASy-CD BGE. The
normalized EOF mobility [28] was caculated as
B=ulus". Peak resolution, R, was calculated as
usua, by dividing the migration time difference of
the two enantiomers with the sum of their half peak
widths at the baseline.
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Fig. 3. Effective mobilities (top panel, open symbols) and sepa-
ration selectivities (bottom panel, filled symbols) for a set of
moderately binding bases as a function of the ODAS-y-CD
concentration. Symbols: up-triangle: propranolol, circle: piperox-
an, square: tetrahydropapaveroline.

3. Results and discussion

Based on the effective mobility measurements in
the 0<Cypas.,.co<45 MM concentration range, the
weak bases were divided into three groups: weakly
binding, moderately binding and strongly binding
weak bases. The uS", a, B and R, values for the
three families are listed in Tables 1-3. In the weakly
binding group (Table 1), the effective mobilities of
the weak bases remained cationic throughout the
entire 0<Copps,.cp<45 MM concentration range
tested. As expected from the predictions of the
charged resolving agent migration model (CHARM
model) of electrophoretic enantiomer separations
[29], separation selectivities increased with increas-
ing ODAS-y-CD concentration. A set of typical w5
and « values are plotted in the top and bottom panels
of Fig. 2, respectively.
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Fig. 4. Effective mobilities (top panel, open symbols) and sepa-
ration selectivities (bottom panel, filled symbols) for a set of
strongly binding bases as a function of the ODAS-y-CD con-
centration. Symbols: circle: chlorpheniramine, up-triangle:
labetalol (first-migrating enantiomer), down-triangle: labetalol
(third-migrating enantiomer).
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In the moderately binding group (Table 2), the
initially cationic effective mobilities of the weak
bases turned anionic in the 2.5 MM <cCgpas.,.cp <30
mM concentration range. A set of typical w5 and a
values are plotted in the top and bottom panels of
Fig. 3, respectively. In this group, as predicted by the
CHARM model [29], separation selectivity increased
(Fig. 3, bottom panel, filled symbols) as the cationic
effective mobility of the less mobile enantiomer
approached zero. Then, selectivity became a large
negative value as the ODAS-y-CD concentration was
increased a little further. When the effective mobility
of the other enantiomer became zero, separation
selectivity also became zero. As Coppsy.cp Was
increased further, selectivity became a positive value
and went from zero toward its limiting, less than
unity value.

1-aminoindan
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For the strongly binding weak bases (Table 3), the
initially cationic mobilities became anionic in the
0<Copas.y.cp<2.5 MM concentration range. A set of
typical w5 and a values are plotted in the top and
bottom panels of Fig. 4, respectively. As the ODAS-
v-CD concentration was increased, the anionic effec-
tive mobilities passed an extremum and began to
decrease toward zero (Fig. 4, top panel, open sym-
bols). The greater the anionic effective mobility of
the weak base was a Copps,.cp=2.5 MM, the
sooner the analyte passed the anionic effective
mobility extremum. As the concentration of ODAS-
v-CD was increased, the ionic strength of the BGE
was also increased, which suppressed the mobilities
of the analytes. Obvioudly, ionic strength did in-
fluence the effective mobility of every weak base
(Figs. 2-4). The effective mobility distortions in

20 mM atenolol 20 mM bupropion
10 mM
2-aminoindan
A
—————
5 10 20 25 5 10
Time / min Time / min Time /min
4-chloroamphetamine . .
chlorpheniramine 30 mM epinephrine
5mM ﬁ/\//{\ 20 mM
15 % % % % 15 20 25 30
Time / min Time [ min
Time / min
NM
- " labetalol
isoproterenol ketamine 10 mM
2.5mM 20 mM
7 3 4 4 5 6 7 0 10 20 30 20
Time / min Time/ min Time / min

Fig. 5. Typical electropherograms of chiral weak base analytes. The concentrations next to the compound names indicate the concentrations

of ODAS-y-CD in the BGE (mM). Other conditions: see Experimental.
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Figs. 2 and 3 are not as apparent though as in Fig. 4,
because the mole fractions of the anionic complexes
of the weak bases that were present were low due to
weaker binding. Since the effective mobilities of al
weak bases in Fig. 4 were anionic above
Copasy-co =25 MM, separation selectivities ap-
proached their limiting a<1 values as Copas.y.co
was increased. This, again, is in agreement with the
stipulations of the CHARM model [29].

Figs. 5—7 show typical NACE separations for the
weak base enantiomers studied here. Most weak
bases could be baseline-separated in the 2.5<
Copas-y-co <45 MM concentration range in less than
30 min. Note particularly the separation of the four
enantiomers of labetalol that offers peak resolution
values far in excess of those observed with the other
sulfated cyclodextrins. Since al BGEs used in the
present work contain two anions and two cations,

methoxyphenamine

non-comigrating system peaks [30-32] were often
observed both for the cationically and anionically
migrating weak base analytes. Due to the low boiling
point of methanol and the limited hydrolytic stability
of all acetylated cyclodextrins, the BGEs were
replaced frequently to avoid undesirable changes in
their compositions.

4. Conclusion

The newly synthesized, single-isomer octakis(2,3-
diacetyl-6-sulfato)-y-cyclodextrin has been success-
fully used as chiral resolving agent for the NACE
separation of the enantiomers of weak base analytes
in acidic methanol BGEs. The migration behavior of
the analytes and the separation selectivities followed
the predictions of the CHARM model. ODAS-y-CD

metaproterenol
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m
6 10 3 r
Time / min Time / min Time / min
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6 7 8 9 2 P33 4 3
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pindolol propafenone phenylpropanolamine
10 mM

L

LA/\_/\
9 10 1

5 3 7

B

/\\ 10 mM
A
16 18 2

2]

Time/min Time/ min Time/ min

Fig. 6. Typical electropherograms of chiral weak base analytes. The concentrations next to the compound names indicate the concentrations
of ODAS-y-CD in the BGE (mM). Other conditions: see Experimental.



506

W. Zhu, G. Vigh / J. Chromatogr. A 892 (2000) 499—-507

tetrahydropapaveroline

propranolol terbutaline 2.5mM

10 mM 25 mM M NM oy

6 8 10 12 1 2 3 4 2 2 3
Time / min Time/ min Time / min

tetrahydrozoline tolperisone

20 mM 10 mM

3 4 5 6 7 4 5 7 8

Time / min

Time/min

Fig. 7. Typical electropherograms of chiral weak base analytes. The concentrations next to the compound names indicate the concentrations
of ODAS-y-CD in the BGE (mM). Other conditions: see Experimental.

afforded fast separations, with good peak resolution
values, for all 26 weak base analytes tested here.
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