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Abstract

In a previous paper on cyclodextrin-mediated capillary zone electrophoresis, it was shown that the use of
short-chain tetraalkylammonium cations leads to a reversal in the direction of the electroosmotic flow without an
adverse effect on enantioselectivity. As a result, enantiomeric resolution of basic (cationic) compounds can be
improved as the electroosmotic flow counteracts the migration of solute enantiomers. It is demonstrated in this
report that the scope of chiral separation of basic compounds can be further extended by a combination of
reversing the electroosmotic flow and enhancing enantioselectivity through the chemical modifications of B-
cyclodextrin. Therefore, B-cyclodextrin and its derivatives were evaluated as chiral recognition agents for the chiral
separations of 22 basic compounds with rather complex molecular structures. The differences in enantioselectivity
displayed by B-cyclodextrin and derivatives are discussed in order to achieve a better understanding of the chiral
interactions involved in the discrimination of solute enantiomers.

1. Introduction

Cyclodextrin (CD)-mediated capillary zone
electrophoresis (CZE) has been successful, ver-
satile, and inexpensive for separation of chiral
compounds [1-18]. Chiral separation of
dansylated amino acids, catecholamines, and
other chiral amines have been reported where
CDs have either been incorporated into a gel
matrix [5,6], mixed with a micellar phase [7,8],
or used in the free buffer solutions. Although
chiral separation by CD-mediated CZE has been
quite successful, individual separation problems
frequently require different types of derivatized
CDs (e.g., dimethylated-, trimethylated-8-CD
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and others). At this time, selections of the
appropriate chiral selectors for a given chiral
compound are not straightforward since predic-
tions of the enantioselectivity of CDs based on
the molecular structures of guest molecules are
often difficult. Therefore, it is necessary to
evaluate the different enantioselectivity of CDs
for a wide range of chiral compounds in order to
better understand the chiral interactions involved
in the discrimination of solute enantiomers and
to effectively utilize them in chiral separations.
In a previous work on CD-mediated CZE, it
was shown that the use of short-chain tetra-
alkylammonium (TAA) cations in the buffer
solution leads to a reversal in the direction of the
electroosmotic flow (EOF) at the acidic con-
dition of pH 2.5 [1]. As a result, enantiomeric
resolution of basic (cationic) compounds can be
improved as the EOF counteracts the migration
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of solute enantiomers [1.2]. The advantage of
the short-chain TAA cations as compared to the
long-chain cationic surfactants is that the formers
do not interact strongly with CDs, leaving the
chiral recognition sites more accessible for solute
enantiomers. On the other hands, the short-
chain TAA cations effectively cover the fused-
silica capillary surface, leading to a reversal of
the EOF at the acidic condition of pH 2.5. It is
demonstrated in this report that the scope of
chiral separation of basic compounds by CD-
mediated CZE can be further extended by a
combination of reversing the EOF with enhanc-
ing enantioselectivity through the chemical modi-
fications of 8-CD.

2. Experimental
2.1. Apparatus

Experiments were carried out on a laboratory-
built CZE unit, consisting of a+30 kV high-
voltage power supply (Series EH; Glassman
High Voltage, Whitechouse, NJ, USA), a UV-Vis
detector (Model 200; Linear Instruments, Reno,
NV, USA) and a Spectra-Physics integrator
(Model SP4200; Spectra-Physics, San Jose, CA.
USA). Untreated fused-silica capillary tubes
(Polymicro Technologies, Phoenix, AZ, USA)
of 52 um I.D. x 360 um O.D. were used as the
separation columns. The total length of the
capillary was 62 cm, and 50 cm to the detector.
The capillary temperature was maintained at
40°C by jacketing it in light mineral oil using a
constant-temperature circulator (Type K2-R;
Lauda, Germany). The injection samples were
dissolved in water—-methanol mixture and intro-
duced into the capillary by gravity, 10 cm height
for 5 s. The applied voltage was 20 kV for all the
electrophoretic separations.

2.2. Chemicals

Tetramethylammonium  (TMA)  hydroxide
(40% in water) and tetrabutylammonium (TBA)
hydroxide (40% in water) were obtained from
Aldrich (Milwaukee, W1, USA). Heptakis(2,3,6-

tri-O-methyl)-B-cyclodextrin  (TM-B-CD) was
purchased from Sigma (St. Louis, MO, USA).
B-CD, dimethyl-B-cyclodextrin (DM-B-CD) and
hydroxypropyl-B-cyclodextrin (HP-8-CD) were
gifts from American Maize-Products Co. (Ham-
mond, IN, USA). All racemic samples were
commercially available from Sigma, and their
chemical structures are listed in Table 1.

2.3. Procedures

A computer program, MIXBUF (a program
developed in this laboratory in Turbo Vision),
was used to calculate the buffer composition with
a given ionic strength at pH 2.50. The appro-
priate amount of CD was dissolved in the buffer
electrolyte, then the solution was filtered with a
0.45-pm filter before use.

3. Results and discussion
3.1. Theoretical considerations

With a buffer electrolyte containing CD, the
relationship between the electrophoretic mobility
(in short mobility, u) of a solute and CD
inclusion complexation can be expressed as [5]

_ W+ Kp[CDJps Q)
K= 1+ K, [CD]

where u" and u° are the mobilities of the solute
in the free and complexed forms, respectively.
Kcp is the formation constant of inclusion com-
plex. [CD] represents the concentration of CD in
the buffer electrolyte.

Resolution, R, between two enantiomers in
CZE in the presence of electroosmosis can be
expressed as [19,20]

3 VN Ap
)_ 4 I'LaV+lLCU

where N is the number of theoretical plates, u,,
is the electroosmotic mobility, u,, is the average
electrophoretic mobility and Au is the mobility
difference for a pair of enantiomers. By using
Eq. 1, Ap can be derived as

R ()
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(1' — u)AK[CD] 3
(1+ Kepr [CDD(T + Kepa[CD]) (3)

Ap =

where AK is the difference in formation con-
stants for the two enantiomers (e.g., Kqp, —

KCDI)'
Substituting Eq. 3 into Eq. 2 gives

_ (u' - u)AK[CD]
(1 + Kep [CD))(1 + K, [CDY)

__ YN
e T M)

R

C))

As theoretically indicated by Eq. 4, there are
several methods for improving enantiomeric res-
olution, R_:

Enhancing enantioselectivity (4K)

This approach involves selecting a suitable
chiral recognition agent. The selection of chiral
selector, however, requires an understanding of
the chiral interactions between the chiral selector
and solute molecules. For this reason, it is
necessary to evaluate the differences in enantio-
selectivity displayed by 8-CD and its derivatives
for a wide range of chiral compounds.

Controlling electroosmosis

The term of u,, + u., in Eq. 4 indicates that
both the magnitude and direction (sign) of u,,
relative to those of the mobility of solutes will
affect R_. Maximum R, could be obtained when
M., = — M,, at the expense of analysis time
approaching infinity. Methods of incorporating
B-CD into a gel matrix [5], and using coated
capillary columns at low-pH conditions [10,11]
are intended to eliminate or considerably reduce
the EOF. In a bare fused-silica capillary, the
migration of basic (cationic) compounds is in the
same direction of the EOF. Therefore, it is
possible to increase enantiomeric resolution by
reversing the EOF to counteract the migration of
the basic enantiomers. One limitation of such an
approach, however, is the loss of efficiency due
to longitudinal diffusion as the migration times
of solutes are prolonged.

Optimizing [CD]

For a given chiral compound, as reported by
Wren and Row [15,16], R, can be improved by
optimizing the concentration of CD since R, is a
function of [CD]. However, since R, depends on
Kcp, and K¢p,, the optimum CD concentration
may be different from one pair of chiral com-
pounds to another.

Using charged CDs

The term of (p'—u) in Eq. 4 can be in-
creased by using CDs with the electric charges
opposite to that of guest enantiomers, such that
the chiral recognition agents and solute enantio-
mers will move in the opposite directions. Such
an example has been reported by Otsuka and
Terabe [7] who used a positively charged g-CD
for the separation of anionic enantiomers. How-
ever, there exists a chance that the introduction
of electrostatic interactions would adversely in-
fluence the enantioselectivity of 8-CDs.

3.2. Effect of short-chain TAA cations

The role of sodium, TMA and TBA cations
were compared as the buffer cations in the
absence of CD for the non-chiral separation of a
mixture of aromatic amines. As shown in Fig. 1,
the use of short-chain TAA cations extended the
migration range, and obviously the overall res-
olution was improved at the expense of analysis
times. The u., values were measured as 1.1,
—~1.2, and —0.9 (-10"* cm®/V s) for the buffer
conditions in Fig. 1A (sodium), B (TMA) and C
(TBA), respectively. The reversed EOF was
determined by reversing the polarity of the
applied voltage and injecting neutral solutes.
Note that although the EOF was reversed under
the buffer conditions in Fig. 1B and C, the
magnitude of ., values was still smaller than
that of the mobility of all the test solutes.
Therefore, the aromatic amines still migrate
towards and are detected at the negative elec-
trode.

The separations in Fig. 1 also illustrate the
effect of the buffer cations on separation selec-
tivity. A baseline separation of isoproterenol and
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Fig. 1. Effect of the buffer cations on the separation of 12 organic amines. Buffer clectrolytes: (A) 50 mM sodium phosphate {pH
2.50), (B) 50 mM TMA phosphate (pH 2.50) and (C) 50 mM TBA phosphate (pH 2.50). Peaks: 1= imidazole; 2 = nicotine;
3 = doxylamine; 4 =2-methylphenethylamine; 5= 1-methylphenylpropylamine; 6 = pseudoephedrine; 7= norepinephrine; 8=
epinephrine; 9 = isoproterenol; 10 = propranolol; 11 = metoprolol; 12= nadolol. Capillary: 62 cm (50 cm to the detector) X 52
um I.D. X 360 pm O.D. The applied voltage is 20 kV, and the current is 37 pA for (A), 34 uA for (B) and 29 uA for (C).

propranolol (peaks 9 and 10) was obtained only
with the TBA phosphate buffer (Fig. 1C).

Fig. 2 shows chiral separation of norephed-
rine, pseudoephedrine and ephedrine. As pre-
dicted by the chiral recognition model proposed
earlier [1], norephedrine, which can not be
resolved by B-CD because of the lack of an alkyl
group on the N atom, can be resolved by DM-B-
CD that introduces a steric effect between the N
atom of the guest molecule and the C-2 positions
of B-CD. Again, a selectivity difference was

observed between using TMA and TBA as
buffer cations as shown in Fig. 2. In the TMA
phosphate buffer, (15,2R)-norephedrine co-
eluted with (1R,2R)-ephedrine; a better overall
separation was provided with the TBA phos-
phate buffer. The migration order in the above
separations can be explained by the proposed
model [1] and was confirmed by injecting pure
enantiomeric samples.

Fig. 3 shows another example of the effect of
buffer cations on chiral separation. Interestingly,
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Fig. 2. Chiral separation of (1) norephedrine, (2) pseudo-
ephedrine and (3) ephedrine. Buffer electrolytes: 20 mM
DM-B-CD in (A) 50 mM TMA phosphate (pH 2.50) and (B)
(B) 100 mM TBA phosphate (pH 2.50). Other conditions as
in Fig. 1.

a complete chiral separation of trimipriamine, an
antidepressant drug, was obtained only by using
a buffer of 100 mM TBA phosphate (pH 2.50)
containing 20 mM HP-8-CD.

As compared to the TMA cations, the TBA
cations have many significant features such as
providing a different separation selectivity, in-
creasing the solubility of 8-CD [1]; and having
low conductivity. However, it was found that the
TBA cations compete with analytes to some
extent for the hydrophobic cavity of B-CDs,
which reduces the enantiomeric resolution of
some compounds. In this regard, the TMA
cations are less competitive due to a shorter alkyl
chain, and generally more suitable for chiral
separation of basic compounds.

3.3. Effect of chemical modifications of 3-CD

Fig. 4 shows chiral separation of norepineph-
rine, epinephrine, isoproterenol and propranolol
with different types of 8-CDs. It can be seen that
increasing the size of the substituent on the N
atom of guest molecule [e.g., H-, CH,~ and
(CH,),CH-, for norepinephrine, epinephrine
and isoproterenol]| and alkylating the hydroxyl
groups at the C-2 positions of 8-CD (e.g., DM-
B-CD) leads to higher enantioselectivity (see
Fig. 4A and B). Note that the more retained
enantiomers have the same stereochemical ar-
rangement, having the § absolute configuration,
except propranolol, for which this configuration
is defined as R [10,11].

Using the proposed chiral recognition model
[1], it is conceivable that the steric interaction
between the substituent on the N atom of guest
molecules and the functional groups at the C-2
positions of B-CD generally decrease the stabili-
ty of inclusion complexes (comparing DM-B8-CD
with B-CD), but it destabilize the complexes
formed by the S-enantiomers to a lesser extent as
compared to those of R-enantiomers. In other
words, the steric effect increases the differences
in stability of complexes formed by S- and R-
enantiomers, leading to an increase in enantio-
meric resolution. A chiral recognition mecha-
nism for propranolol on B-CD stationary phase
in HPLC has been described by Armstrong et al.
[21].

It is important to note that since B-CD con-
tains 21 hydroxyl groups, the products obtained
from chemical modifications are always a mix-
ture of the derivatized 8-CD with various degree
of substitution [22]. It is known that the partial
alkylation of B8-CD is more likely to occur at the
hydroxyl groups at C-2 and C-6 positions [23,24].
Since DM-B-CD and HP-B-CD are partially
alkylated products of B-CD, they may possess
similar molecular structures, leading to their
similarity in enantioselectivity (see Fig. 4B and
D).

We have evaluated B-CD and its derivatives
for chiral separation of 22 basic compounds with
rather complex molecular structures, including
B-blockers, calcium-channel blockers, antihis-
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Fig. 3. Chiral separation of trimipriamine. Buffer electrolytes: 20 mM HP-B-CD in (A) 50 mM sodium phospate (pH 2.5), (B) 50
mM TMA phosphate (pH 2.5) and (C) 100 mM TBA phosphate (pH 2.50). Other conditions as in Fig. 1.

tamines, catecholamines, and other chiral
amines. Their chemical structures are listed and
separation data are summarized in Table 1. For
each racemate, separation factor, a, was calcu-
lated by [5]

a = polp, (5)

¢, and w, are the mobilities of two enantiomers
(note: p = w,, — M,,). R, was calculated accord-
ing to Eq. 2 by assuming N equal to 100 000.
Baseline separation is generally obtained when
R, exceeds 1.5.

From the data in Table 1, it appears that
HP-B-CD shows a similarity in enantioselectivity
to both DM-B-CD and B-CD. This is indicated
by the fact that HP-B8-CD resolve the same
group of the basic compounds as DM-8-CD, and
it also resolves compounds such as doxylamine,
chlorpheniramine and labetalol that are well

resolved by B-CD, which, apparently, is related
to its unique molecular structures. According to
the manufacture, there are 6—7 mol of hydroxy-
propyl (HOCH,CH,CH,-) per mol of 8-CD. In
other words, two thirds of the hydroxyl groups
remain unreacted on the rim of 8-CD. It can be
expected that HP-B-CD resembles DM-8-CD by
having some of the C-2 and C-6 hydroxyl groups
substituted, and differs with DM-g-CD by hav-
ing longer and polar substituents and by having
lesser degree of substitution. The unreacted
hydroxyl groups on the b-( + )-glucopyranose
units provide HP-B-CD with the characteristics
of native B-CD. Consequently, HP-8-CD is
generally more selective for basic compounds
with a chiral center located at a distance from
the hydrophobic moiety such as trimipriamine
and some of the B-blockers. On the other hand,
DM-B-CD is more suitable for compounds with
a chiral center close to the aromatic ring such as
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norephedrine, ephedrine, norepinephrine and
epinephrine with the exception of pseudoephed-
rine. Finally, it is important to note that al-
though B-CD and TM-B-CD are less selective
for the basic compounds listed in Table 1, they
showed remarkable high enantioselectivity for
certain groups of compounds, e.g., B8-CD for
doxylamine, chlorpheniramine and labetalol, and
TM-B-CD for verapamil and propranolol, for
which the mechanism is not known.

Fig. 5 shows two electropherograms of the
separation of 12 chiral amines using (A) 20 mM
DM-B-CD and (B) 20 mM HP-B8-CD. Clearly,
the separation capability of CZE is extended by
using the TMA cations to reverse the EOF, and
at the same time by incorporating selective
interaction into the solute migration. Not only
many of the chiral amines were resolved, but
also all the amines were separated from each
other. Comparing the above two separations, it
is clear that HP-B-CD is a better chiral selector
for doxylamine (pair 1) and labetalol (pair 12)
for the reasons mentioned earlier, but not for
pindolol and oxprenolol (pairs 7 and 8) which
co-eluted.

Fig. 6 shows a separation of the same group of
chiral amines with a TBA phosphate buffer
solution containing 20 mM HP-8-CD. In com-
parison with the separation in Fig. 5B, a better
separation was obtained for pindolol and ox-
prenolol (pairs 7 and 8). However, the presence
of TBA cations causes a decrease in the enantio-
meric resolution for the early-eluted amines such
as doxylamine and norepinephrine due to the
competing effect of the TBA cations. Finally, for
some partially resolved enantiomers such as
those of atenolol, oxprenolol, pindolol (in the
case of HP-B-CD). enantiomeric resolution of
these compounds can be further improved by
lowering the separation temperature and by
using higher concentrations of the TMA cations
[2].

It is not surprising that the enantiomers of
acebutolol could not be resolved. It seems that
the presence of a long-chain substituent at the
para position (see Table 1) prevents the aromatic
motety from penetrating deeply into the 8-CD
cavity, leaving the chiral center of the guest

L 107
]: 216- 107 AU "

UV sbsorbance

7.8

T 1 1
10 20 30
time(min )

Fig. 5. A comparison ofseparations of 12 chiral amines using
two different chiral selectors. Buffer electrolytes: 50 mM
TMA phosphate (pH 2.50) containing (A) 20 mM DM-8-CD
and (B) 20 mM HP-B-CD. Peaks: 1=doxylamine; 2=
chlorpheniramine; 3 = norepinephrine; 4 = epinephrine; 5=
isoproterenol; 6 = atenolol; 7 = pindolol; 8 = oxprenolol; 9 =
acebutolol; 10 = alprenolol; 11 = propranolol; 12 = labetalol.
Other conditions as in Fig. 1.

molecule beyond the reach of the functional
groups on the rim of B-CD cavity. Similarly, no
chiral separation for normetaphrine and met-
aphrine was achieved by using any of the 8-CDs.
This might also be due to the steric effect at the
meta position of the aromatic moiety, which
prevented the functional groups of the guest
molecules from interacting with the functional
groups on the rim of B-CD. Therefore, it is
suggested that the usefulness of B-CD deriva-
tives with longer substituents or other kinds of
chiral selectors (e.g.. helical amylose oligomers
25]). be explored for the separation of the
enantiomers of these compounds.
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Fig. 6. Effect of TBA cations on the separation of the chiral amines. Buffer electrolyte: 20 mM HP-B-CD in 100 mM TBA
phosphate (pH 2.50). Peak numbers as in Fig. 5, and other conditions as in Fig. 1.
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