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HPLC and IH-NMR study of chiral recognition in
some thromboxane antagonists induced by ~

cyclodextrin*
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Abstract: The interaction of [3-cyclodextrin with a series of structurally related chira! thromboxane antagonists was
investigated using NMR and RP-HPLC. HPLC studies used both a cyclodextrin bonded phase (Cyclobond I), and [3
cyclodextrin as a mobile phase additive with an achiral C8 column. Many of the compounds exhibited chiral recognition
with [3-cyclodextrin in each technique, but only partial correlations between the three data sets were observed. HPLC and
ROESY NMR data suggested the possibility of bimodal inclusion.
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devised the following
retention behaviour in
cyclodextrin-containing

Introduction

Beta-cyclodextrin has been widely used to
achieve chromatographic resolution of
enantiomers, both as a mobile phase additive
[1] and as a chiral stationary phase [2]. Semi
preparative HPLC chiral separations using ~

cyclodextrin have recently been reported [3,
4]. Chiral discrimination has also been
observed in NMR experiments with cyclo
dextrins [5]. The use of such experiments in
enantiomeric purity determination has been
discussed [6, 7].

NMR experiments have also proved useful
in investigation of stoichiometry, stability, and
structure of cyclodextrin complexes [8]. In
particular, Job plots [9], in which the variation
of chemical shifts with substrate: cyclodextrin
ratio is used to determine complex stoichio
metry, have been widely used [7, 10]. Nuclear
Overhauser enhancement (nOe) experiments
have been used to demonstrate proximity of
cyclodextrin and substrate protons within a
complex [11]. The ROESY experiment, which
gives positive nuclear Overhauser enhance
ments over the whole molecular weight range,
has been found to be particularly useful for
species of moderate molecular weight, such as
cyclodextrin complexes [12, 13].

Optimization of separations using cyclo
dextrin eluents is more complex than when
using cyclodextrin stationary phases, owing to
additional variables that need to be optimized
(notably stationary phase type and additive
concentration). Trials for chiral discrimination
induced by cyclodextrins, are simple and rapid
to carry out using NMR. There might therefore
be some value in using NMR and Cyclobond
experiments to predict semi-preparative chiral
separations obtainable using cyclodextrin
eluents.

Sybilska [14] has
equation to describe
RP-HPLC using
eluents,

k'obs = (k' G + (k'G.CD x K, x [CD]m))/
(1 + (K, x [CD]m)), (1)

where k' obs = observed capacity factor of
solute at cyclodextrin concentration [CD]m in
the mobile phase: k' G = capacity factor of
uncomplexed guest; k' G.CD = capacity factor
of complex; and K, = equilibrium constant for
complex formation. Resolution of enantio
meric solutes may therefore occur due to
differences in complex retentions (k' G.CD

values) and/or in complex stabilities (K,
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is therefore an interest in the resolution of
these racemates.

The enantiomers of compound I (Table 1)
have been shown to be resolved effectively
using l3-cyclodextrin as an HPLC eluent
additive [22]. It was therefore considered
appropriate to embark upon a full study of the
interaction of l3-cyclodextrin with a series of
similar compounds, using (a) HPLC with 13
cyclodextrin in the mobile phase; (b) HPLC
with a bonded l3-cyclodextrin column; and (c)
IH-NMR experiments. Correlations between
the three sets of data were sought. Exper
iments were also carried out to investigate
complex structure and stoichiometry.

Experimental

HPLC studies were carried out on a Varian
LC5500 integrated liquid chromatograph fitted
with a 20 f.11 sample injection loop. SGE
100GL4-C8-30/5 (5 urn octyl-silica, 300A pore
size) columns were obtained from Scientific
Glass Engineering Ltd (Milton Keynes, UK).
A Cyclobond I (250 x 4.6 mm) column was
obtained from Technicol Ltd (Stockport, UK).
Acetonitrile (HPLC grade), sodium dihydro
genphosphate (AR grade), disodium hydro
genphosphate (AR grade) and anhydrous
sodium carbonate (AR grade) were obtained
from FSA (Loughborough, UK). Beta-cyclo
dextrin hydrate was obtained from Aldrich
(Gillingham, Dorset, UK) and was used as
received. Deuterium oxide (99.9%) was
obtained from Fluorochem (Old Glossop,
Derbyshire, UK).

Compound R nY

-OH 2
-OH 2
-OH 2
-OH 2
-OH 2
-OH 2
-OH 2
-OH 2
-OH 2
-OH 2
-OH 2
-OH 3
-H 2
-H 3
-OMe 2
-OMe 3
-OMe 2

3-pyridyl-CH2-
3-pyridyl-
3-pyridyl-C(CH3h
3-pyridyl-CH=CH
3-pyridyl-CH2-C(CH 3h
3-pyridyl-CH2-CH2-C(CH~h

Nl-imidazoyl-CH2
Phenyl-O-C(CH~h

2-chlorophenyl-
r-butyl-
CF~-

CF~-

3-pyridyl-
3-pyridyl-CH2-
3-pyridyl-
3-pyridyl-CHr
3-pyridyl-CHrCH2-

Table 1
Structural features of compounds investigated

I
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII
XIII
XIV
XV
XVI
XVII

Figure 1
General structure of the thromboxane antagonists studied.

/18//18 00 = ([CD]oI[G]o + lI(Kf X [G]o)
+ 1)/2 - «[CD]o/[G]o + lI(Kf x [G]o)

+ l)z/4 - [CD]o/[G]O)I/Z, (2)

values). Several authors [15, 16] have
suggested that the latter factor is generally
dominant, as complexes are largely un
retained.

Complex stabilities are also thought to be
important in determining retention on Cyclo
bond I stationary phases. Thus, Arnold [17]
and Wang [18] have shown correlations be
tween complex stability, determined spectro
photometrically or estimated by computer
modelling, and retention on Cyclobond I
within structurally related series of
compounds.

The variation of NMR chemical shift with
cyclodextrin concentration for a complexed
solute may be described by equation (2) [19],

where /18 = measured chemical shift change of
guest (at concentration [G]o on addition of
cyclodextrin at concentration [CD]o); /18 00 =
limiting chemical shift change at infinite cyclo
dextrin concentration; K, = equilibrium con
stant for complex formation. Resolution of
enantiotropic signals, i.e. differences in /18,
may therefore arise due to differences in
intrinsic complex chemical shifts (/1000 values)
and/or to differences in complex stabilities (K,
values).

Since complex stabilities may be important
in determining chiral discrimination in all three
of the above approaches, it seems reasonable
to seek correlations between observed enantio
selectivities. If such correlations are strong,
predictive NMR and Cyclobond experiments
may be useful, as discussed above.

Derivatives of 1,3-dioxane of the type shown
in Fig. 1 have demonstrated TXAz receptor
antagonism [20]. Some of these compounds
have also demonstrated selective TXAz
synthase inhibitory properties. TXAz
antagonism has been shown to arise largely
from one enantiomer of such compounds, and
synthase inhibition from the other [21]. There
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Phosphate buffers were prepared by mixing
0.05 M aq. NaHzP04 with 0.05 M aq.
NazHP04 or 0.05 M aq. H3P04 to the required
pH. All HPLC mobile phases were filtered
through Whatman glass microfibre filters
(FSA, Loughborough, UK) and degassed by
sparging with helium before use. The mobile
phase flow rates employed were 1 ml min- 1

(through 4.6 mm i.d. columns) or 0.75 ml
min-I (through 4 mm i.d. columns). Samples
for injection were 0.1 mg ml- 1 in mobile
phase.

IH-NMR experiments were carried out on a
Bruker WM400 spectrometer, and on a JEOL
GX-270 spectrometer. Water signal sup
pression was carried out using a homo-gated
decoupled method. Sodium salts of the sub
strates were prepared in situ by mixing the acid
with a mole equivalent of sodium carbonate.
One-dimensional spectra were produced using
a sweep width of 4000 Hz, a pulse width of
7 J.Ls, and using the HDO resonance at
4.90 ppm as an internal reference.

Job plots were constructed as previously
described [7]. ROESY experiments were
carried out using the Z-filter CAMELSPIN
experiment devised by Rance [23], using a
spin-lock time of 0.8 s.

Results and Discussion

Chromatographic studies
The results of chromatographic studies

employing l3-cyclodextrin (a) as an eluent
additive and (b) bonded to silica are sum
marized in Table 2. The conditions were
chosen to provide an effective comparison
between the two approaches, and are not
necessarily optimal for resolution of a given
racemate. The mobile phase organic modifier
content was chosen to give adequate retention
on the Cyclobond column, and to solubilize
cyclodextrin in the mobile phase. The chiral
eluent was almost saturated with l3-cyclo
dextrin in order to maximize enantioselec
tivity. The C8 phase employed with the chiral
eluent was found to give adequate retention of
all the solutes with the mobile phase used.
Those compounds not eluted from the C8
phase were eluted in reasonable time from a
less hydrophobic phase (Zorbax CN), but were
not resolved.

A high degree of enantioselectivity was
observed over a wide range of structural

vanations. Eight of the 17 compounds were
baseline-resolved by at least one of the chro
matographic methods, and only one compound
was completely unresolved by both techniques.

A positive correlation (r = 0.89) was ob
tained between the selectivities (a values)
observed using the two chromatographic
systems. However, this correlation was far
from linear. All the compounds resolved using
the chiral eluent were also resolved on the
Cyclobond column. The Cyclobond data would
therefore be of qualitative but not quantitative
utility in predicting the results of experiments
using a l3-cyclodextrin eluent. Differences be
tween the data sets are most probably a
reflection of changes in the complexing ability
of the cyclodextrin on bonding to silica, and
also to the possibility that selectivity using the
cyclodextrin eluent may be influenced by dif
ferential adsorption of complexes on the
stationary phase as well as to differences in
complex stabilities.

The effect of eluent pH on enantioselectivity
for compounds I (R = -CHrPyridyl) and XII
(R = -CF3 ) is illustrated in Fig. 2. There is
little change in selectivity with pH for com
pound XII, indicating that the influence of
carboxyl group ionization is small. Compound
I, however, shows a marked increase in
enantioselectivity as eluent pH is increased
from 3 to 7. This probably indicates that
ionization of the pyridyl group disfavours
enantioselective inclusion.

Examination of the data in Table 2 for
compounds XI and XII suggests that the effect
of chain length, n, on selectivity is small. The
nature of the R group, however, has a substan
tial effect. Although it has been shown above
that pyridyl ionization is a major determinant
of enantioselectivity, it is clear from Table 2
that this functionality need not be present for
resolution to be observed. Selectivity is notice
ably low in those cases where there is a
substantial alkyl group between the pyridyl
group and the dioxane ring. This may be
because the site of inclusion is too far removed
from the chiral centres in the molecule in these
cases for enantioselective interactions to be
strong.

H is clear from the data for compounds XIII
to XVII that the nature of the group Y has a
marked effect on enantioselectivity. In par
ticular, when Y is a methoxyl group low
resolution is observed. The methoxyl group
may be hindering inclusion by steric hindrance.
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Table 2
Resolution of thromboxane antagonists using l3-cyclodextrin

CD mobile phase' CD bonded phaset

A.F. CASY et al.

NMR
Compound k', 0. R, r, 0. R, chiral discrimination:j:

I 7.4 1.62 5.2 7.0 1.35 3.1 Yes
II 6.0 1.13 1.0 7.3 1.10 1.2 Yes
1II 33.5 1.58 5.7 9.6 1.24 2.2 Yes
IV 28.9 1.21 2.1 10.6 1.11 1.4 Yes
V 56.0 Not resolved 11.8 1.06 0.6 No
VI 96.0 Not resolved 33.7 1.08 0.8 Yes
VII 5.6 1.21 0.8 4.1 1.10 1.1 Yes
VlII Not eluted 11.8 1.06 0.6 Yes
IX 18.6 1.19 1.5 10.0 1.11 0.8 Yes
X 13.6 1.06 0.7 18.0 1.06 0.8 Yes
XI 9.1 1.22 2.3 4.0 1.23 2.4 No
XII 20.2 1.22 2.3 5.9 1.16 1.7 No
XlII 5.7 1.28 2.1 14.2 1.25 2.5 Yes
XIV 10.5 1.66 4.8 30.1 1.34 4.8 Yes
XV 45.9 Not resolved 8.4 Not resolved Yes
XVI Not eluted 11.4 1.07 0.7 No
XVII Not eluted 15.9 1.11 1.0 Yes

'Column: SGEl00GLC4-C8-30/5; eluent: acetonitrile-sodium phosphate (50 mM, pH 7.0) (10:90, v/v) containing
29 mg ml-' l3-cyclodextrin.

tColumn: Cyclobond I, 250 x 4.6 mm; eluent: acetonitrile-sodium phosphate (50 mM, pH 7.0) (10:90, v/v).
:j:270 MHz 'H-NMR spectrum of 1:1 mixture of racemate sodium salt with l3-cyclodextrin.
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I
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Figure 2
Variation of chromatographic enantioselectivity with pH
for compounds I and XII. Column: SGE-l00GL4-C8-30/5.
Mobile phases: acetonitrile-phosphate buffer (50 mM)
(10:90, v/v) containing 20 mg ml" l3-cyclodextrin.

NMR studies
For 13 of the compounds chiral discrimi

nation was exhibited (i.e. duplication of sig
nals) in their proton NMR spectra on addition
of a mole equivalent of l3-cyclodextrin, as
shown in Table 2. This is exemplified in Fig. 3,
which shows duplication of aromatic proton
signals in spectra of compound I. In all 17
cases, addition of racemate to l3-cyclodextrin
caused up-field shifts in cavity proton signals,
indicating that these protons are shielded by
included substrate aromatic groups. Thus, all

17 compounds are complexed by l3-cyclo
dextrin to some degree.

Table 2 shows that nine of the 17 compounds
were resolved by all three approaches. This
indicates that there is some correlation be
tween the degrees of chiral discrimination in
each technique. However, correlations are far
from perfect.

Thus, the one compound (XV) which was
unresolved by either chromatographic tech
nique showed clear chiral discrimination in
NMR. Furthermore, compounds XI and XII,
which were baseline resolved by both chro
matographic approaches, showed no enantio
tropic splittings in NMR signals in the presence
of l3-cyclodextrin. The lack of correlation in
such cases may be due to the poorly resolved
nature of some of the NMR signals. It may also
reflect the fact that factors other than complex
stability are operative in determining enantio
selectivity in each technique. The predictive
role of NMR with respect to HPLC exper
iments may therefore be restricted to indicat
ing whether or not inclusion is occurring in a
given case. This is of value, since inclusion is a
prerequisite for chiral discrimination by 13
cyclodextrin in aqueous solution, and it is not
always easy to predict whether a given solute
will include by examination of its structure.

Six of the racemates exhibited baseline
resolution of enantiotropic signals in NMR
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Figure 3
Aromatic proton regions of 'H-NMR spectra of ±-compound I (4.6 mg ml-') + Na2C03 (1.3 mg ml-') in D20 at
400 MHz, (a) initially (b) on addition of 1 mol. equivalent (15 mg ml") ~-cyclodextrin.

under the conditions employed. In three of
these cases (compounds II, X and XV), chro
matographic resolution was less than baseline.
It is clear, therefore that the NMR technique
may have utility in optical purity analysis of
these compounds.

In cases where resolution was not baseline,
signals were of complex multiplicity, or poorly
resolved from substrate or cyclodextrin signals.
The conditions employed were not necessarily
optimal for determination of enantiomeric
purity. Higher degrees of enantiotropic split
ting might be achieved by increasing the
cyclodextrin: substrate mole ratio, although
cyclodextrin solubility limitations would then
necessitate reductions in substrate concen
trations with consequent loss of sensitivity or
increase in experiment time. Better resolution

of signals would be achieved on a spectrometer
of higher field than that employed in these
studies (270 MHz).

A ROESY (CAMELSPIN) experiment on
the compound I-~-cyclodextrin system was
carried out in order to gain further information
on the nature of the complex formed. Cross
peaks were observed between aromatic
(phenol and pyridyl) signals of the substrate
and cyclodextrin proton signals, indicating that
both aromatic moieties of compound I may be
included in the cyclodextrin cavity [24].

In order to investigate this possibility
further, experiments with 3-ethylpyridine and
2-isopropylphenol (which were taken to be
reasonable models for the two ends of the
compound I structure) were carried out.
Evidence of aromatic inclusion on ~-cyclo-
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dextrin signals were observed in both cases.
This confirmed that both aromatic moieties of
compound I might be capable of inclusion.

A Job (continuous variation) plot on com
pound I with 13-cyclodextrin showed a
maximum at 0.5, indicating 1:1 complex
stoichiometry. Thus, the aromatic groups of
compound I clearly do not both include in
cyclodextrin in the same complex. It seems
likely that two types of 1:1 complex are
present, one with the pyridyl group included,
and the other with the phenol group included.
Such 'bimodal' inclusion has been reported for
other systems [25].

The fact that both aromatic moieties of
compound I may interact with 13-cyclodextrin
would account for the fact that such a wide
range of these compounds may be resolved
chromatographically, and that both Rand Y
groups have an influence on selectivity.

Conclusions

A high degree of enantioselectivity has been
observed in NMR and HPLC experiments
involving structurally related thromboxane
antagonists with 13-cyclodextrin. There is evi
dence that this enantioselectivity is enhanced
by the ability of more than one group in these
structures to complex with the cyclodextrin.

There is no clear correlation between the
selectivity observed in NMR experiments and
in HPLC studies using 13-cyclodextrin bonded
to the stationary phase or dissolved in the
mobile phase. The predictive value of one
technique with respect to the others is there
fore limited. However, the two HPLC
approaches may be complementary in appli
cation. NMR experiments such as
CAMELSPIN can provide useful information
regarding cyclodextrin-substrate complex
structure.

Acknowledgements - A. D. Cooper is supported jointly by
the UK Science and Engineering Research Council and
ICI Pharmaceuticals, under the CASE award scheme.

A.F. CASY etal.

References

[1] J. Debowski, J. Jurczak and D. Sybilska, J. Chro
matogr. 282, 83-88 (1983).

[2] D.W. Armstrong, TJ. Ward, R.D. Armstrong and
TE. Beesley, Science 232,1132-1135 (1986).

[3] A.D. Cooper and TM. Jefferies, 1. Pharm. Biomed.
Anal. 8,847-851 (1990).

[4] G. Vigh, G. Quintero and G. Farkas, J. Chromatogr.
506,481-493 (1990).

[5] D. MacNicol and D. Rycroft, Tetrahedron Lett. 25,
2173-2176 (1977).

[6] A.F. Casy and A.D. Mercer, Mag. Reson. Chem. 26,
765-774 (1988).

[7] D. Greatbanks and R. Pickford, Mag. Reson. Chem.
25, 208-215 (1987).

[8] Y. Yamamoto and Y. Inoue, J. Carbohydr. Chem. 8,
29-46 (1989).

[9] P. Job, Ann. Chim. (Paris) (Serie 10) 9, 113-203
(1928).

(l0] F. Djedaini, S.Z. Lin, B. Perly and D.
Wouessidjcwe , J. Pharm. Sci. 79, 643-645 (1990).

[1I] R. Bergeron and R. Rowan, III, Bioorg. Chem. 5,
425-436 (1976).

[12] A.A. Bothner-By, R.L. Stephens. J. Lee, C.D.
Warren and R.W. Jeanloz, J. Amer. Chem. Soc. 106,
811-813 (1984).

[13] Y. Inoue, Y. Kanda, Y. Marnarnoto , R. Chujo and S.
Kobayashi, Carbohydr. Res. 194, c8-cI2 (1989).

[14] D. Sybilska, A.C.S. Symp. Ser. (Ordered Media
Chem. Sepn.) 342, 218-234 (1987).

[15] K. Fujimura, T. Ueda, M. Kitagawa, H. Takayanagi
and T Ando, Anal. Chem. 58, 2668-2674 (1986).

[16] L.J. Cline Love and M. Arunyanart, A.C.S. Symp.
Ser. (Chromatogr. Sepns. Chem.) 297, 226-243
(1986).

[17] E.A. Arnold, T.S. Lillie and TE. Beesley. J. Liq.
Chromatogr. 12,337-343 (1989).

[18] M. Wang, H. Ueda and T Nagai, Drug Dev. Ind.
Pharm. 16,571-579 (1990).

[19] G. Wenz and E. von der Bey, in Proceedings of the
4th International Symposium on Cyclodextrins (0.
Huber and J. Szejtli, Eds), pp. 133-138. Kluwer,
Dordrecht (1988).

[20] A.G. Brewster, G.R. Brown, A.J. Foubister, R.
Jessup and M.J. Smithers, Prostaglandins 36,173-178
(1988).

[21] A.G. Brewster, G.R. Brown, R. Jessup, M.J.
Smithers and A. Stocker, Presented at the Seventh
International Conference on Prostaglandins and
Related Compounds, Florence, Italy (1990).

[22] R.M. Gaskell and B. Crooks, Presented at the
Second International Symposium on Chiral Sep
arations, Guildford, UK (1990).

[23] M.J. Rance, J. Magn. Reson. 74,557-564 (1987).
[24] A.F. Casy, A.D. Cooper, D. Greatbanks and R.

Pickford, Carbohydr. Res., submitted for publication.
[25] Y. Kotake and E.G. Janzen, 1. Amer. Chem. Soc.

111,2067-2070 (1989).

[Received for review 29 April 1991;
revised manuscript received I July 1991]


