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ABSTRACT

Enantiomers of the p-blockers  propranolol, atenolol, metoprolol, and oxprenolol have been separated by the addition of
methyl+cyclodextrin  (MeBCD) to the operating buffer. There is an optimum concentration of MeBCD for separation for each
of the &blockers, the magnitude of which could be ranked by the use of a mathematical model and log P data -an indication of
the hydrophobicity of the molecule.

INTRODUCTION

Capillary electrophoresis (CE) is a rapidly
growing area in the field of separation science.
One aspect of current interest is the use of CE to
perform chiral separations by the addition of
chiral selectors to the buffer. Examples in the
literature are: cyclodextrins [l-6], oligosac-
charides [7], cyclic ethers [8,9], bile acids [lO,ll],
chiral surfactants [12] and copper complexes
using ligand exchange [13].  An alternative ap-
proach is to use a cyclodextrin bound in a gel
matrix [14] or a capillary which is coated with a
cyclodextrin stationary phase [15].

A noteworthy feature of several of the publi-
cations is that the degree of separation of the
enantiomers is a function of the chiral selector
concentration in the buffer. Fanali [2]  working
with terbutaline and using /3cyclodextrin  and
di-o-methyl-j3cyclodextrin as chiral additives
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found that while initially resolution increased
with increasing cyclodextrin concentration, a
point was reached beyond which further in-
creases in concentration actually led to a de-
crease in resolution. Similarly, Kuhn et al. [8]
found that the resolution of D- and L-DOPA was
dependant upon the concentration of [18]-crown-
6 tetracarboxylic acid in the buffer. Initially
resolution increased strongly with concentration
but then levelled off at a maximum value.

A similar pattern of behaviour was noted by
Sepaniak et al. [6]  who separated dansylated
enantiomers of phenylalanine using hydroxy
propyl-/3-cyclodextrin.  In two earlier papers
[16,17],  these observations were explained by the
use of a mathematical model describing the
separation process in chiral CE. The model was
supported by new work on the separation of the
enantiomers of the p-blocker propranolol using
/3-cyclodextrin  a n d “methyl’‘-/3-cyclodextrin
(MeBCD). In this work the mathematical model
has been extended further by the application of
MeBCD to the separation of the B-blockers
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atenolol, metoprolol and oxprenolol and the
results compared with those obtained for pro-
pranolol .

MODEL

The proposed mathematical model has been
fully described in an earlier paper [16].  However
it is important, in the context of this study to
reiterate the key features.

The model is intended to cover the more
simple situations where a freely soluble analyte
interacts with a single chiral selector:
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where cc, is the electrophoretic mobility of the
analyte in free solution, cr, is the electrophoretic
mobility of the analyte-chiral selector complex
and K, and K, are equilibrium constants. A and
B are a pair of enantiomers which have the same
electrophoretic mobility in free solution. They
interact with a chiral selector C dissolved in the
buffer to form the complexes AC and BC, which
are assumed to have the same electrophoretic
mobility. If the two enantiomers have different
affinities for the chiral selector, i.e. K, and K,
are different, and the electrophoretic mobilities
of the free and complexed enantiomers are
different, then chiral resolution is possible. If the
exchange of A between the free and bound
forms is very rapid then the apparent electro-
phoretic  mobility of A will be a function of the
proportion of the time A is free and the propor-
tion it is complexed, i.e.,

PI PC1cc, = ([A] + [AC]) cc1 + ([A] + [AC]) cc, (1)

Eqn. 1 and a similar expression which describes
the apparent electrophoretic mobility of B can
be manipulated to produce an equation which
describes the difference between the apparent
electrophoretic mobilities of A and B, i.e.,

*Papparent  = [Clh -km* - 4)
1+  [cIwl+ 4) + wh[c1* (2)

Eqn. 2 is important as it is the difference in
apparent electrophoretic mobilities which gov-
erns the separation between the two enantio-
mers.

The optimum concentration (c) of chiral selec-
tor is the one which maximises the apparent
mobility difference and it can be found from
eqn. 2 by the use of differential calculus. It
occurs when

d*.Cc  o

dc= (3)

It can be shown that in addition to the non useful
solutions the condition in eqn. 3 is satisfied
when:

(4)

This is an important result because it predicts
that no single chiral selector concentration will
be ideal for all separations and that the optimum
chiral selector concentration will vary from case
to case according to the affinity of the analyte for
the chiral selector.

BACKGROUND

The model presented predicts that there will
be an optimum concentration of chiral selector
and that the concentration will depend inversely
upon the affinity of the analyte for the chiral
selector. It was decided to check this by using
the same chiral selector with a range of chiral
analytes. The p-blockers atenolol, oxprenolol
and metoprolol (Fig. 1) were selected on the
basis of the successful results obtained in earlier
work with propranolol which has been included
as a comparison. The chiral selector chosen was
“methyl”-/3cyclodextrin  (MeBCD) .

Unfortunately for these systems the values of
the equilibrium constants, K, and K2 are not
available. Cyclodextrins are believed to act as
chiral selectors via inclusion of enantiomers into
their hydrophobic cavity. For a series of closely
related analytes such as the @blockers it seems
reasonable to assume that the size of the equilib-
rium constants will be related to the hydropho-
bicities of the analytes. In this case we would
expect the values of the equilibrium constants to
correlate with the values of the widely used
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propranolol

Fig. 1. The p-blockers propranolol, atenolol, metoprolol,
and oxprenolol.

hydrophobicity measure, log P (octanol-water
partition coefficient).

On the basis of the data in Table I it is to be
expected that of the p-blockers, propranolol will
have the greatest tendency to include into
MeBCD and hence have the largest values of K,
and K,. Conversely atenolol should have the
least tendency to include and so the smallest
values of K, and K,. From this analysis it follows
that the optimum concentration of MeBCD will
be least for propranolol and greatest for atenolol
and will be intermediate for the other two
molecules.

TABLE I

HYDROPHOBICITY OF DIFFERENT B-BLOCKERS
1181

P-Blocker L%p

Atenolol 0.23
Metoprolol 2.15
Oxprenolol 2.18
Propranolol 3.65

EXPERIMENTAL

Work was carried out on a PACE 2100 system
(Beckman Instruments, High Wycombe, UK).
Using a fused-silica capillary (Beckman) with an
internal diameter of 75 pm, a total length of 57
cm and a length of 50 cm from inlet to detector.
Samples were loaded by a two-second pressure
injection and separated at 25°C using a voltage
of 20 kV. Data was recorded at 200 nm using a
~-HZ  collection rate. Viscosity was measured
using a Bohlin VOR rheometer (Huntingdon,
UK). Propranolol and atenolol were manufac-
tured at ICI Pharmaceuticals (Macclesfield, UK)
and metoprolol and oxprenolol were obtained
from Sigma (Poole, UK). Samples of the
/?-blockers were dissolved in water at 0.01 mg
ml-’ except for propranolol which was at 0.05
mg ml-‘. MeBCD was a gift from Wacker
Chemicals (Halifax, UK) and had the 2,3- and
6-hydroxy  groups substituted by methoxy with an
average degree of substitution of 1.8. Stock
solution of lithium phosphate was prepared by
adjusting a 50 mM solution of lithium hydroxide
(FSA, Loughborough, UK) to pH 3.0 with
orthophosphoric acid (BDH, Poole, UK).

The MeBCD solutions used were all 40 mM in
lithium phosphate and were prepared by mixing
in the appropriate proportions the following
stock solutions: 50 mil4 lithium phosphate at pH
3.0; 370 r&4 MeBCD in water; and water. The
ten solutions prepared ranged from 0 mM to 74
mM MeBCD and were degassed ultrasonically
and filtered through a 0.2 pm filter.

Apparent electrophoretic mobilities were de-
termined by using eqn. 5

(5)

where I is the length to the detector, L is the
total capillary length, V is the operating voltage,
t is the migration time and peph  and p._,  are the
electrophoretic and electroosmotic mobilities.
The electroosmotic mobility was found to be less
than 0.04. 10m4  cm*/V- s and was therefore
ignored in the calculations. Duplicate injections
of the &blockers were made at each of the
MeBCD concentrations and the average mobility
values used. The reproducibility between the
duplicates was typically 3% or less.
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Fig. 2. Separation of atenolol enantiomers at different MeBCD concentrations.

RESULTS AND DISCUSSION

Fig. 2 shows the separation of the enantiomers
of atenolol as the concentration of MeBCD is
varied. The result is that expected from the
theory: separation increases with increasing
MeBCD until a maximum at around 37 mM
MeBCD, with a further increase in MeBCD
concentration resulting in a slight decline in
separation. The efficiency is unaffected by the
concentration of MeBCD with 175 000 theoreti-
cal plates being obtained both at 0 mM and 37
mM MeBCD. This supports the view that the
exchange of drug between the free and bound
forms is very rapid and does not lead to addition-
al band broadening. In addition this value is
between 1 and 2 orders of magnitude greater

than that which might be expected from a chiral
HPLC separation, indicating great promise for
chiral CE.

From Fig. 2 it is clear that the apparent
electrophoretic mobility of atenolol decreases
with increasing MeBCD concentration. This has
two causes: (i) atenolol spends more time as the
more slowly moving inclusion complex, and (ii)
the buffer viscosity increases with MeBCD con-
centration. The buffer viscosity affects the elec-
trophoretic mobility of all species and hence the
current. Because of this the viscosity affect
mentioned in (ii) was compensated for by mul-
tiplying the measured apparent electrophoretic
mobility, by the ratio of the current at 0 mM
MeBCD over the current at the MeBCD concen-
tration of interest. The adjustment factor ob-
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Fig. 3. Separation of oxprenolol enantiomers at different MeBCD concentrations.
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tained is in close agreement with the value from
the ratio of the absolute viscosities obtained
using a rheometer. For example, the buffers
containing 75 n& MeBCD and 0 mM MeBCD
had relative viscosities of 1.32 by the current
method, in comparison to a value of 1.34 ob-
tained by rheology.

Fig. 3 shows the separations of oxprenolol
enantiomers obtained at five of the MeBCD
concentrations. The results follow the same
pattern as that seen for atenolol and are those
expected from the model proposed, with the
separation increasing to a maximum at around 37
mM MeBCD before declining at higher MeBCD
concentrations. The efficiency was again found
to be independent of the MeBCD concentration.

The measured apparent electrophoretic
mobility differences between the enantiomers as
a function of MeBCD concentration are shown
for each of the P-blockers in Fig. 4. The figure
shows a number of interesting features. The
general shape of the curves is the same as that
expected from the theory (see ref. 16) and this
therefore lends great support to the model pro-
posed. The optimum separation occurs at differ-
ent MeBCD concentrations for the different
P-blockers, with the lowest concentration being
required for propranolol and the highest for
atenolol. The correlation between the log P of
the P-blocker and the optimum concentration of

Fig. 4. Experimentally determined apparent mobility differ-
ence (lo-’ cm*IV*  s) for the different @blockers  at different
MeBCD concentrations. 0 = Propranolol; n = atenolol; 0 =
metoprolol; 0 = oxprenolol.

MeBCD is that expected from the background
discussion with compounds which are most hy-
drophobic (highest log P) requiring the least
cyclodextrin. The exception to this general pat-
tern is that of oxprenolol. The affinity of ox-
prenolol for MeBCD is similar to that of atenolol
and is lower than expected. This may well be due
to a shape factor with the 2-substituted ox-
prenolol fitting less well into the MeBCD cavity
than the ltsubstituted  atenolol and metoprolol.
Another interesting feature is that the degree of
separation of the enantiomers at the optimum
MeBCD concentration is different for the differ-
ent /?-blockers. The order of maximum separa-
tion is: propranolol > atenolol > oxprenolol >
metoprolol with the maximum separation of the
propranolol enantiomers being approximately
three times greater than the maximum separa-
tion of the metoprolol enantiomers. This indi-
cates that the percentage difference between the
equilibrium constants K, and K2 is much smaller
for metoprolol than for propranolol. This means
that for metoprolol the R and S forms interact
with MeBCD to very similar extents, whereas for
propranolol the differences are larger. The
reason for this is unknown.

CONCLUSIONS

Chiral separation of the enantiomers of
P-blockers using MeBCD has been successfully
explained by the use of a mathematical model,
which correctly predicts an optimum MeBCD
concentration. The size of the optimum MeBCD
concentration correlates reasonably well with the
log P value of the #I-blocker although factors
such as molecular shape are also very important.

ACKNOWLEDGEMENTS

We wish to thank Allison Clark for typing the
document and Doug Bray for making the viscosi-
ty measurements.

REFERENCES

1 S. Fanali, J. Chromatogr., 474 (1989) 441.
2 S. Fanali, J. Chromutogr., 545 (1991) 437.
3 G. Person, S. Palmarsdottir,  A. Walhagen  and L.E.



118 S.A.C. Wren and R.C. Rowe I J. Chromatogr. 635 (1993) 113-118

Edhohn, poster presented at the 15th international
Symposium on Column Liquid Chromatography, B&e,
June 3-7, 1991.

4 H. Nishi, T. Fukuyama and S. Terabe, J. Chromatogr.,
553 (1991) 503.

5 J. Snopek, H. Soini, M. Novotny, E. SmoIkova-Keulman-
sova and I. Jelinek, J. Chromatogr., 559 (1991) 215.

6 M.J. Sepaniak, R.O. Cole and B. Clarke, J. Liq. Chro-
matogr., 15 (1992) 1023.

7 A. D’Hulst  and N. Verbeke,  poster presented at HPCE
92, 4th International Symposium on High Performance
Capillary Electrophoresis, Amsterdam, February 9-13,
1992.

8 R. Kuhn, F. StoeckIin  and F. Emi, Chromatographia, 33
(1992) 32.

9 R. Kuhn, T. Bereuter, C. Morin and F. Emi, poster
presented at HPCE 92, 4th International Symposium on
High Performance Capillary Electrophoresis, Amsterdam,
February 9-13, 1992.

10 H. Nishi, T. Fukuyama, M. Matsuo and S. Terabe, J.
Microcolumn  Sep., 1 (1989) 234.

11 R.O. Cole, M. Sepaniak and W.L. Hinze, J. High
Resolut. Chromatogr., 13 (1990) 579.

12 K. Otsuka and S. Terabe, J. Chromatogr., 515 (1990)
221.

13 P. Gozel, E. Gassman, H. Micheisen and R.N. Zare,
Anal. Chem., 59 (1987) 44.

14 A. Guttman, A. Paulus,  AS. Cohen, N. Grinberg and
B.L. Karger, J. Chromatogr., 448 (1988) 41.

15 S. Mayer and V Schurig, J. High Resolut. Chromatogr.,
15 (1992) 129.

16 S.A.C. Wren and R.C. Rowe, J. Chromatogr., 603  (1992)
235.

17 S.A.C. Wren and R.C. Rowe, 1. Chromatogr., 609 (1992)
363.

18 J.M. Cmikshank, Am. Heart J., 100 (1980) 160.


