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Abstract

A quantitative NMR approach is proposed for the screening of cyclodextrins with regard to their enantioselectivity as
chiral mobile phase additives in column reversed-phase chromatography and capillary electrophoresis. Similarities and
differences between the mechanism of enantiomeric peak-separation in NMR and HPLC and CE are interpreted. The affinity
of d-norgestrel to bind too-, B-, vy-) cyclodextrins in aqueous solution was quantified and compared by determining the
association constants from chemical shift data. The association constanbafestrel was estimated from titration of the
racemate. Differences between the apparent association constants of the enantiomerically pure drug and the racemate ar
discussed from the point of view of enantiomeric competition for the cyclodextrin. The apparent association constants and
chiral selectivities determined by H NMR fali-norgestrel#-CD system at various water—methanol ratios are correlated
with the corresponding chromatographic results found in the literature. The pitfalls of previously proposed screening
methods based on comparison of chemical shift differences with separation parameters are discug288® Published by
Elsevier Science BV.

Keywords: Enantiomer separation; Nuclear magnetic resonance spectrometry; Association constants; Non-linear fitting;
Cyclodextrins; Norgestrel

1. Introduction for the determination of enantiomeric excess (ee)
have long been established [1-3], in industrial
With a growing demand for the exploration of the laboratories the majority of separations are tradition-
different toxicities and metabolic pathways of drug ally handled mainly by high-performance liquid
enantiomers, pharmaceutical companies are putting chromatography (HPLC) [4] and capillary electro-
increasing efforts into the characterisation of opti- phoresis (CE) [4—6]. However, by the widespread
cally active drugs with respect to their optical purity. application of high-field NMR instruments this area
Although the basics of the NMR methods developed is experiencing a breakthrough. In pharmaceutical
chiral separations, NMR spectroscopy plays a multi-
*Tel.: +36-1-431-4151; fax-+36-1-432-6003. ple role. Unlike RP-HPLC or CE, NMR is an
E-mail address: g.tarkanyi@richter.hG. Tarkanyi). analytical method which allows the measurement of
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Fig. 2. The conical conformation of-CD with the approximate
positions of the H - and H -hydrogens located at the interior
surface of the CD.

Fig. 1. The structural formula of norgestrel.

the enantiomeric ratio without spatial separation of racemate. We also make an attempt to emphasize the
the enantiomers [7], while simultaneously providing similarities and the possible differences between the
direct structural information about the nature, con- interpretation of enantiomeric separations in NMR
formation and dynamics of the diastereomeric com- and other separation techniques (RP-HPLC and CE
plexes of chiral molecules in a way that is not using CDs as mobile phase additives), which is
accessible from separation methods. Many workers necessary for the correct insertion of NMR results
recognised the importance of NMR in the explora- into chromatographic or electrophoretic work. In
tion of the nature of cyclodextrin complexes [8—15]; connection with the complexation of racemic norges-
however, the number of systematic studies on corre- trel with natiy@-, y-CDs, a method is proposed
lations between enantiomeric separations in NMR for the interpretation of the titration results in NMR.

and in HPLC or CE is limited [12,16,17].
Norgestrel (Fig. 1), an important progestogen
component of oral steroid contraceptives, is either 2. Theory
used in its racemic formd(-norgestrel) or as one of
its two enantiomersdénorgestrel or levonorgestrel) 2.1. Relationship between NMR and RP-HPLC and
(1). It was reported that norgestrel enantiomers are CE
very well separable in reversed-phase liquid chroma-

tography (RP-HPLC) byy-cyclodextrin -CD) as The issue of screening cyclodextrins by NMR
the chiral mobile-phase additive [18—22]. CDs [23] spectroscopy with the aim of predicting the success
[cyclic oligosaccharides composed of six, seven or of chiral separations in RP-HPLC and CE systems
eight a-p-glucopyranose unitsx{, B-, y-CD, respec- with CDs as mobile phase additives became a field
tively)] form a family of excellent chiral selectors in of interest in a few pharmaceutical research groups
NMR spectroscopy as well [24]. Although we previ- in the past few years [8,12,14]. Owens et al. [12]
ously described that if  H NMR the ethynyl moiety were first to make an attempt to describe a “possible
of dl-norgestrel shows a considerably larger chemi- correlation” between enantioseparation in CE and
cal shift non-equivalence (ca. 0.16 ppm) when com- the chemical shift differences induced by the CD in
plexed withy-CD (Fig. 2) [25] than in the presence NMR. Since their method, as well as others [27,28]
of chiral shift reagents [26], these results were not lacks the theoretical basis for the quantification of
correlated with the success of chromatographic sepa- the binding equilibrium between the enantiomers and
rations. the CD, it cannot describe properly the disagree-
The aim of the present article is to provide a ment—occasionally occurring—between NMR and
general basis for the prediction of enantioselectivity CE.
of CDs in RP-HPLC and CE on the grounds of By using a simplified model, the theoretical

analysing NMR chemical shift data measured in the grounds of the quantitative correlation between NMR
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and HPLC or CE will be discussed below. In order
to explore the problem, we take the simplest (1:1
stoichiometry) complexation equilibrium for a chiral

guest (G) molecule and CD

G:

k+
G+ CDkilGCD; d|

-1

where G represents either of the enantiomersr().
The equilibrium association constant is then defined
as

[
-

[GCD]

Ka= [G][CD]

1)

where [G], [CD] and [GCD] are the equilibrium (or
analytical) concentrations of the free (uncomplexed)
analyte, the free cyclodextrin and that of the com-
plex, respectively, whereds, ; andk_, are the rate
constants of the formation and dissociation pro-
cesses.

By assuming that the observed spectroscopic,
chromatographic or electrophoretic propegtﬁbS for
the analyte is such that it can be written as the
population-weighted average of the properties of the
two individual states (the uncomplexeg,., and
complexed stateé;.,), the observed property is
related toK? by

1 1

(€8s~ £red (£ oco £ nedK[CD]
1
* (fGCD - ffree)

Since its first derivation [29] in connection with
UV spectroscopy, Eq. (2)—called the Benesi—Hilde-
brand equation—has gained importance in other
analytical methods (NMR [30], RP-HPLC [31,32]
and CE [33]) as well. The measurement &, at
large excess of the chiral selector, allows us to
replace[ CO in Eq. (2) by the total concentration of
the analytec., since in

(2)

Ccp = [CD] + [GCD] (3)
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tion of the linear plgt, (—&,.0 " versus
[Con] ™
In our treatment, Eq. (2) is the simplest and most
fundamental equation by which the measured
spectroscopic, chromatographic and electrophoretic
properties are connected to each other via the value
of the association constarK®. We note that the
measured quantity corresponding to the CD-free state
of the analyte §,,.) is inherently identical for the
enantiomers, whereas the quantitiés., and &.p
for the complexed state of the analyte will either be
identical (RP-HPLC and CE) or will differ (NMR)
according to the applied analytical method. In the
following, a RP-HPLC and CE system is described
where the knowledge of the association constants
(K¢, K') determined by NMR is especially useful for
the prediction of the enantioselectivity of the chiral
selector.

2.2. The chromatographic model

In an isocratic elution RP-HPLC system using an
achiral stationary phase (SP) with cyclodextrin
added to the mobile phase, the phenomenon of
enantiomeric separation is closely related to the
differential stabilities of the diastereomeric complex-
es dCD and ICD. When dissolved in water, CDs
adopt a conical conformation having a relatively
hydrophobic cavity (Fig. 2) which accepts guest
molecules by their hydrophobic moiety of proper
size and shape [23]. If CD is added to the mobile
phase, the retention of the enantiomers of a hydro-
phobic analyte is reduced differently, which leads to
the chromatographic separation of the enantiomers.
This phenomenon of enantioseparation can be under-
stood and modelled as follows.

For native CDs under reversed-phase conditions,
the interaction of the CD with the § stationary
phase is much weaker than that of a hydrophobic
analyte, such as norgestrel. Fujimura et al. proposed
[32] that if GCD is predominantly an inclusion-type
complex, it is reasonable to assume that the
SP=GCD interaction is also much weaker than the
SP=G interaction. It follows that G is adsorbed

[GCD] can be neglected relative to the concentration
of the uncomplexed host. This commonly used
approximation is useful for the determination of the
association constamt? from the slope and intersec-

uncomplexed at the stationary phase and exists both
as G and as GCD in the mobile phase. Enantiomeric
separation will thus mainly stem from the difference
in the stabilitied@fD andICD in the mobile phase
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rather than any difference between their adsorption such jhat < ugcp), the retention order is
properties on the stationary phase. This model identical to that of the chromatographic model (i.e.
became widely accepted in the past two decades u,,.<pul,. if K'.<K) [47]. In contrast to RP-
[34—38] when describing the retention characteristics HPLC however, the application of charged and
in various RP-HPLC systems and will likewise be uncharged CDs together with the possibility to
adopted here in the following discussion. control the direction and magnitude of the electro-
Using the assumption that the stationary phase osmotic flow gives more flexibility to the design of
concentration of the complexed species is negligible the elution order of chiral separations in CE. By
relative to that of the free analyte, it has been derived using neutral CDs for the separation of analytes with
[38-41] that the retention factorsk'€) of the chargeable groups, the electophoretic mobilities can
enantiomers (Gd,|) are affected by the concen- be reverged, > wuscp Which leads to a reversed
tration of the mobile phase additive according to Eq. retention order [48-50]. It follows that there may
(4): exist an intermediate region where the coincidence of
, separation parametergyf,. = tgcp) results in poor
e__ K (4) separation of the enantiomers evenkif =K', As
1+ KS[CD],\,I the relative electrophoretic mobility of analyte and

. . chiral selector cannot be modelled by NMR, it is left
where the subscript M denotes the mobile phase ;5. he chromatographer to select a CD-analyte

concentration pf the chiral selector. A_ccqrding to Eq. system where, ., and uc, are significantly differ-
(4)é the enantiomer with the larger binding cqnstant ent to avoid the intermediate regiomy(.. ~ xaco)-
(K3) is expected to elute before the one with the |, ihe forthcoming comparison of separation mecha-
smallerK_, giving rise to a smallgr retention factor isms in RP-HPLC, CE and NMR, the “electro-
and therefore a shorter retention time. Eq. (4) plays a phoretic model” will be used under the assumption

key role in the theory of the NMR-based prediction i, EIther e < faep OF Ko™ M aepiS Satis-
of chromatographic behaviour, since it relates a fqq

basically chromatographic parameter—the retention

factor—to the association constant which is a

measurable quantity in NMR spectroscopy [30] (see 2.4. Equations used in NMR spectroscopy

below). As a further simplification of the theory, we

assume no retention difference between the dia- As was introduced earlier, Eq. (2) was reported
stereomeric complexes; moreover, the retention [30] as being generally applicable not only in RP-
times of the complexes are assumed to be identical HPLC and CE but also in NMR, provided the system

with that of the unretained solvent. is in fast exchange on the chemical shift time scale
[51]. We can thus write
2.3. The electrophoretic model 1 1
Gi _ gl Y G
Eqg. (2) is generally used in CE with the appro- Bops=0red  (0cco™ & edK 6 cp
priate substitution of the electrophoretic mobilities 1
¢_.for the complex as well as the T i (5)
Meepr Miree M obs p (5GCD_ 6freg

analyte in the absence and in the presence of the CD, _ _

respectively [42—44]. The enantiomers are assumedwhere §;,.., 8'scp denote the chemical shifts of the

to have identical electrophoretic mobilities both in ith nucleus of the free- and complexed analytes,
their free and their complexed state, and enantio- respectively. To avoid the restriction that Eq. (5) is
meric separation is possible when the two enantio- valid only at a large excess of the CD, in NMR, a
mers have different association constamga(ﬁ K'a) more generalized equation (Eq. (7))—describing the
[45,46]. If the electrophoretic model uses approxi- variation of the chemical shift of the analyte for the
mations analogous to the reversed-phase chromato-whole concentration range of the CD—can be de-
graphic model (the relative mobilities are chosen rived by combining Eq. (6):
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Ce =[G] +[GCD] (6)
with Egs. (1)—(3):
BOGK;‘S_ 5‘free=
(‘SiGCD _ ‘SifveQ(CCD"' Cot 1/KGa_\/(C oot C ot 1/KG;2 —4 6 );
2C,
(7)

The difference between the chemical shifts of the
analyte measured Wlthouﬁf(ee) and with §%;) the
chiral additiveAs ®' =(8S. — 6',.) has been termed
[7,12] as theshift displacement. Analogously, by
following the termlnology of Owens et al., we will
herein termA8S" =(84., — 8},.J as thelimiting
shift d|splacement of the ith nucleus.

To obtain the association constant from NMR
chemical shift data, one has to perform a series o
measurements by following the variation of the
chemical shift of a given resonance as a function of !
the host concentratioo.,. Provided thatc is kept
constant throughout the titration, the remaining un-
known parameters ., andKS can be determined
by f|tt|ng Eq. (7) to the plot of the experimental data:
A8 versusc,. The chemical shifts of the nuclei
in the uncomplexed state of the ligand(,) are
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Kd
;f 1<a,if KL<K

a

a = a ®)
where the parameters are chosen such thatel
Ideally, chromatographic or electrophoretic separa-
tion of the enantiomers occurs when<ly, (this
does not imply a successful “baseline” separation).

In RP-HPLC, an important measure of separation
is the separation selectivity («) [32,35] which is
independent of the peak width and symmetry and is
defined as the ratio of the retention factors:

k' 1+KICD]y,

a,=—g= , if k' <K
kK'Y 1+K.[CD]y

)

Using the assumption that the electrophoretic mo-
bilities of the complexes are equajf.p = Hcp)s
Wren et al. derived [45] that in CE (for 1:1 stoi-

f chiometry), the maximum of the difference between

the electrophoretic mobilitied u = |, — &'l max
is at
[CDopi = —— (10)
opt— ~ ——
ViK,

This implies that there exists an optimum CD
concentration at which the separation of the electro-
phoretic peaks is largest [53-55]. Eq. (10) is also

regarded as known parameters from a measurementvalid in our model RP-HPLC system due to the

without the complexing agent.

2.5. Comparison of the mechanisms of
enantioseparation in NMR and RP-HPLC and CE

As it was pointed out above, in RP-HPLC and CE,

analogy with CE and shows that maximization of the
separation not only requires a knowledge of the
relative magnitudes of the association constants (Eg.
(8)), but we must also know the pertinent absolute
values in order to find the optimal CD concentration.
It is noted that separation af QE: does not
necessarily give optimal resolution since its deriva-

the retention difference and the difference in the tion does not involve the treatment of peak width and
electrophoretic mobilities between the diastereomeric symmetry. Since Egs. (8)—(10) are fundamental
complexes has a negligible effect on the degree of relations in the theory of dynamic separation with
enantioseparation (i.e,.p = & cp) If compared to CDs as mobile phase additives, the exact knowledge
the effect arising from the difference between the of Kg and Kla from an independent method (NMR
association constantKZ;ﬁ K'a) in the mobile phase.  [30], UV [56]) determined at identical conditions
This holds until the retention or migration behaviour (same solvent, pH, temperature, etc.) is a great help
of the chiral modifier is very similar to that of the prior to chromatographic or electrophoretic work
complexes but drastically different from that of the which aids the rational design of separation in either
analyte. For the purposes of quantifying chiral technique.

separation, it will prove useful to introduce the While the proposed mechanism of enantiosepara-
parameterchiral selectivity () [52], defined as the  tion in HPLC and CE is manifested in the separation
ratio of the association constants of the enantiomers of two chromatographic or electrophoretic peaks
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corresponding to the enantiomers, in NMR the
situation is more complex. NMR spectroscopy in
principle offers a multiple chance to observe enan-
tiodiscrimination. Each NMR active nucleus carries

G. Tarkanyi / J. Chromatogr. A 961 (2002) 257-276

the possibility to differ by their intrinsic chemical A - d—.lsomer
shifts in their diastereomeric complexes§, # 125 - == lisomer
dicp)- This entails the possibility to discriminate
between enantiomers even if the association con- 320
stants for the binding of the two enantiomers to CD @
are the sameK( = K') (Fig. 3A). On the other hand & 3151
the opposite case, showing a similarity to the mecha- ' K¢ =K' = 5000 Vmol
nism of enantioseparation in RP-HPLC and CE, is w “'’{} 8.cp = 325 ppm
also possible: when the chemical shifts for the <% , .1 8icp = 3.20 ppm
diastereomeric complexes are equal within ex- * \AS < 0.040 o = 100
perimental error {cp = 8,cp) at a given spectral sood__CUTsT RRR ‘ .
resolution, enantiodiscrimination is still possible if 0.000  0.002 0004  0.006  0.008  0.010
the association constants differ for the two complex-
es K¢ #K') (Fig. 3B). B

A widely used measure of enantiomeric discrimi- 3.25 ]
nation in NMR is the absolute value of the difference
between the chemical shifts for thth resonance of g 320
the enantiomersAAs' = |50 — 6", [—called the g
chemical shift non-equivalence [1,7,12]—at a given ~ 1]
host—guest ratio and spectral resolution. We refer to 33 0] K¢ = 6250 I/mol
the difference in the intrinsic chemical shifts of the _ % K; = 5000 /mol
complexes AAS., = [8ycp — 8,cp| as the limiting © s Bico =3icp = 3.20 ppm
shift non-equivalence. The basic difference between  AABI = 0.006 %= 125
shift non-equivalenceAAs') and its limiting value 300 Ippm . . .
(AAS)) is that the former is experimentally measur- 0000 0002 0004 0006 0008 0010
able from a single spectrum of the racemate at a
well-definedc., concentration while the latter is a C
theoretical value determined by fitting Eq. (7) to a
series of chemical shift data pointss®' obtained 3259
from experiments with varied host concentration

. . G g 320

Ccp- Depending on the magnitude &f; however, g,
AAS!, can be fairly well approximated byAS' NI _
being measured at large excesses of the CD. The . % 1;,_256538]]//:;’:
conceptual difference between Fig. 3A and 3B is that “% 3104 ) 5. = 325 ppm
while AAS'<AAS., is valid for Fig. 3A for any S / 8. = 320 ppm
value ofAAS', the reverse relationshipAs' >AAS", 059 o, = 125
holds for Fig. 3B for each value afAs'. o] AA3;= 0.048 ppm

Setting up a correlation between shift non-equival- T 0000 0002 0004 0006 0008 0010
ence AAS') values and separation indices [12] found Ccp, (mol/l)

in CE was the method proposed by Owens et al. for
the characterization of CDs with respect to the
enantioselectivity in CE. Their screening method of

free

. i . y
measuringdAs" values for various CD complexes of  indicated in the parameter boxes). ThA5". , values correspond
the enantiomers is undoubtedly fast, but may be to the 5:1 host/guest ratio (marked with a vertical dashed line).

Fig. 3. Simulation of cases of enantiomeric discrimination in
NMR. The ftitration curves were calculated using Eq. (7) with
c.=2E—4 mol/l and §,,,=3.00 ppm (other parameters are
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unreliable in general, which can best be understood
by the comparison of the two extreme cases shown
in Fig. 3A,B. In Fig. 3A, the massive shift non-
equivalence 4A8') observed in NMR (at, say, a
host—guest5:1 molar ratio) does not imply a suc-
cessful separation in chromatography, while in Fig.
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largely due to the simultaneous occurrence of both

types of nuclei in the analyte molecules [57].

2.6. Factors influencing the value of the apparent
association constant in NMR

3B, the unequal association constants may provide a The association constanl(i) which appears in

successful separation in RP-HPLC or CE, even if
NMR exhibits no or negligible enantioseparation.

Egs. (5) and (7) has been derived on the basis of the
simplest complexation model described by Eq. (1),

The result is a disagreement in both cases betweensince it is regarded as a theoretical value for the

NMR and RP-HPLC or CE.

The origin of the above disagreement stems from
the fact that enantioseparation in NMR cannot be
modelled by ignoring the difference between the
intrinsic properties of the complexes|&f., —
&col #0), while those differences can be neglected

quantification of binding equilibria. In a real-life
situation, however, deviations from the ideal case are

frequent since both species (host and guest) may

take part in additional competitive complexation
processes in solution [58,59]. Depending on their
nature, the competitive complexation processes may

(as discussed above) when describing the retentionact by slightly changing the analytical concentration

and migration behaviour in RP-HPLC and CE.
Although in most cases the primary resolving factor
in NMR is the large difference between the chemical
shift of the nuclei of the enantiomers in their
diastereomeric complexes (., # 6,.5) (Fig. 3A),
in general neither the stability constamt§ =K', nor
the specific chemical shifts of the complexdls., #
d\cp are equal and both factors contribute to enan-
tiodiscrimination in liquid-phase NMR (Fig. 3C).
The need to estimat®,, ., from preliminaryAs "
measurements in the excess of CD is vital for two
reasons. (1) Firstly, by the titration of each nucleus
(aiming to findK¢) after adding a certain amount of
CD to the solution of the analyte, some resonances
(those having rather differeit, ., values relative to
8treo) tend to show considerable shift displacement
while others (whered..,~ 8}, may not shift at
all. This influences the accuracy and precision of the
association constant determined from NMR chemical
shift data, since larger shift displacementss ")
give smoother titration curves at a given spectral
resolution. (2) Secondly, from the point of view of
the optimization of enantioseparation in NMR, two
extreme cases (represented by Fig. 3A,B) may occur:
(i) when the largest shift non-equivalence is found at
an optimal value of the cyclodextrin concentration
(optimization is necessary for best enantiosepara-
tion), or (i) whenAAS' is largest at a large excess of
the CD (no optimization is required). The efficiency
of NMR as an analytical tool in enantioseparation is

of the species which influences the measured chemi-
cal shift data points, i.e. the appearance of the
titration curve. If Egs. (5) and (7) are fitted to these
data points, the association constant obtained will be
some value different from the theoretical value and
must be regarded as aapparent association con-
stant denoted as<.°.

In NMR one may estimate the value of the
apparent association constants of the enantiomers
(K% K!) in two ways: (a) by carrying out two
independent titrations using single enantiomers, or
(b) via performing a single titration measurement
with the racemic drug. The latter is more practical
since the effort it requires is just half of the former
method. In the case of molecules where one of the
enantiomers is not available in enantiomerically pure
form—as in the case of norgestrel—titration of the
racemic sample is the only way to estimate the
apparent association constant of the missing enantio
mer (sayK.").

The coexistence of the equations

kd K
d+CD=dCD; |+CD=ICD

which will be referred to asnantiomeric competi-
tion in the following—is the most probable compet-
ing mechanism that influences the results of the
racemate titration in dilute solutions. Since, in princi-
ple, KZ#K'a, the apparent association constants are
expected to be different(®# K% and K’} #K')
whether determined by method (a) or (b). It seems
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that only the results of method (a) can be safely
transferred to RP-HPLC or CE where enantiomeric

G. Tarkanyi / J. Chromatogr. A 961 (2002) 257-276

competition is absent because of the spatial sepa-Where:

ration of the enantiomers.

In the case of norgestrel, determination Kt
required titration of the racemate due to the non-
availability of thel-isomer. However we found that
the K;" values of method (b) and (a) do not differ
significantly if the effect of enantiomeric competition

is compensated by taking the total concentration of C=(K, — 2K, — K K,cp)c, — 2K K,C3

both enantiomers into account during non-linear
fitting. By analysis of the experimental results (see
discussion of Fig. 9 later), this was exploited to
estimateK |, found in RP-HPLC withK ! determined

by NMR using method (b). Behind the compensation
for the enantiomeric competition there are two basic

A[d]3+B[d]2+C[d]+D=0 (13)
A=KK —K3 (14)
B =(K K, — KZ)cep +(KZ — 3K K)c, — Ky + K,
(15)
(16)
D =K.} (17)

By analyzing the roots of Egs. (13)—(17) for positive
concentrations, Eqg. (13) can be solved numerically
for [d] and thus the observed chemical shiff can

ideas. On the one hand, the mutual dependence ofbe calculated (simulated) using Egs. (18) and (19)

the parameterKS andc in Eq. (7) can be exploited
to influence the value dK;G (during the course the

non-linear analysis of the racemate data) by calculat-

ing with an apparent analyte concentratigininstead
of c;. On the other hand, the enantiomers are
mathematically indistinguishable KS{=K', which

[dCD]=c,—[d]
d _ [d]6free+ [dCD]BdCD

obs Cy

(18)

s (19)

The effect of enantiomeric competition is first

to some degree can be extended to cases where thelemonstrated through the comparison of the three
two association constants are not equal but of similar titration curves in Fig. 4. While Curves 1 and 2 were

orders of magnitud& =K',

In this section, the effect of enantiomeric competi-
tion on 6% is analysed by numerical simulations.
We aimed to show that Eq. (7)—although derived
for the competition free model—is also useful for the
determination of K.° and K!' values from the
racemate titration data. Later (in connection to Fig.
9), this gains importance by comparison of ttile
norgestrel results with those of the competition-free
cases: titration ofd-norgestrel and HPLC results
[18,19]. The equations describing the titration curve
of the d-enantiomer in the racemate were derived by
combining Egs. (1), (2) and (6) (written for both
enantiomers) with the following Egs. (11) and (12):

Cep =[CD] +[dCD]+[ICD] (11)

C4=¢C (12)

where,c.p, Cg4, ¢, are the total concentrations of the
CD and the enantiomerd @ndl). The mathematical
derivation led to a third-order polynomial describing
the variation of[d] with the total concentration of
the cyclodextrinc.p:

simulated by Eq. (7) until Curve 3 was calculated by

—_ 3.16- 3161
g
& 3144 3141
&
zot 3.12 312
3.10
r 310 /
3084 000000 0.00003 0.00006 0.00009  0.00012
3.06 ll T T T T T 1
0.000 0.001 0.002 0.003 0.004 0.005 0.006
¢, (mol/1)

Fig. 4. Simulation of the effect of enantiomeric competition. The
curves were calculated for the observédsomer K¢ = 3E+4
I/mol in each case). Curve 1 and Curve 2 were simulated by Eq.
(7) with cg=3E—5 and 6E-5 mol/l, respectively, whereas
Curve 3 represents a titration curve of tlieisomer in the
racemate calculated by Egs. (13)—(19) with= ¢, =3E—5, K'a =
2E+4 1/mol.
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Egs. (13)—(19). For Curves 2 and 3, the total analyte
concentration is equal (sinceg=c, + ¢), whereas
for Curves 1 and 3, the totail-enantiomer con-
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diffel@ﬂtvalues depending on the choice of the
analyte concentration [actual,j or total (Z,)] used
for the non-linear fitting. This difference between the

centration is the same. Although the appearance of K% values in the racemate is demonstrated in Fig. 5

Curve 3 is slightly different from the two others, it

as a function of the association constant of the

clearly shows more resemblance to Curve 2 than to competing enantiomerk(). Data points in Fig. 5

Curve 1. This is rationalized as follows. The con-
ditions described for Curve 2 are equivalent to the
situation when the association constants of the
enantiomers are equal in the racemaked£K').
This means that Curve 2 can be simulated in two
ways: (1) either by using Eg. (7) with a total analyte
concentrationcg = 2c, or, (2) by using Egs. (13)-
(19) with the conditionsc, = ¢, and K. =K¢. Ac-
cordingly, if the association constants of the enantio-
mers do not differ significantly (see the interpretation
of the results in Fig. 5 below), the titration curve of
the observed enantiomer in the racemate will be
similar within experimental error to Curve 2. Egs.
(13)—(19) have reproduced this property for a wide
range of parameters.

Because of the overall similarity of the three
curves in Fig. 4, the equation of the competition free
model (Eqg. (7)) also fits very well to the data set of
the d-enantiomer in the racemate, but it yields

m Datal
45000 e Data2
o Data3
40000 }
~ 35000 $
2 ¢
g s
E/ 30000_ ..................................... T
= s
N . []
250004 ® 8 @ 8 3 a @ %
i
L
20000 LI ; ;
0 10000 20000 30000 40000 50000 60000

K! (/mol)

Fig. 5. Simulation of the dependence mf on the choice of the
fitting method as a function of the association constant of the
competingl-isomer K.). All data points were created witk%=
3E+4 |/mol. Data 1 was obtained by fitting Method (= 3E—

5 mol/l), whereas Data 2 was obtained by Methodc2+ c, +

¢, = 6E—5 mol/l). Data 3 represents results of the linear fitting to
data points with the condition Xc_/c,.

were obtained by a two-step process, (i) first titration
data points (not shown) were calculated using equa-
tions (Egs. (13)—(19)), (ii) then equations of the
competition free model (Egs. (5) and (7)) were fitted
to the simulated data points to obtain the apparent
association constait." for variousK', values of the
competing partner. We were interested in the devia-
tion of K. from its theoretical valu&{ at constant

Cq-

When, during the fitting, the concentration of the
analyte in Eq. (7) was set equal to the actual
concentration of thel-isomer ¢; = c,, Method 1),
an increasing affinity of the competing partnés (
enantiomer) yielded a decreasing apparent associa-
tion constant (represented by Data 1 in Fig. 5)—with

increasing error—for thed-enantiomer I(;d). The
apparent association consta{l;d reaches the value
of the theoretical association constat neark' =
0. The situation is different for Data 2 where thg*
values were calculated by the substitution of the total
concentration of the enantiomers into Eq. (€} €
cy+¢ =2c,, Method 2), sinceK.® reaches the
value ofK{ at KL= K¢ ForK',<K® valuesk'{ is
overestimated, whereas fat, > K¢ values,K'" is
underestimated. We may conclude that for complexes
of cyclodextrins (where often % «,<1.25 is ex-
pected),Kg can be fairly well approximated by the
apparent association constam;d, determined by
Method 2 rather than by Method 1.

The apparent association constants obtained from
the Benesi—Hildebrand method (for data points<10
Ccp/Cy) (Data 3)—similarly to Data 1—are also

underestimatedK(* <K¢), but their error is less
affected by the magnitude dﬁ; than for Data 1. The
major difference between the non-linear and the
linear fitting methods is that in the former case, the
mutual dependence of the parametf® andc in

Eq. (7) allows us to compensate for enantiomeric
competition using an apparent analyte concentration
(cg =c¢4+¢), which is not possible to do for Eg.

(5).
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3. Experimental conventional assignment strategies based on the
measurement of homonucledr H- H (QMQFCOPS)

Spectra were recorded on a Varian Inova NMR and heteronucfear™® H- C scalar connectivities

spectrometer (500 MHz fof H) at 3C using a (gHSQC, gHMQCQC).

triple resonance H%C,'°N} 5-mm probe equipped Preliminary molecular simulations involved in

with a waveform generator and Z-gradient shim- vacuo docking studies using the CVFF force-field

ming. Chemical shifts in D O are referenced to the engine of the Docking module of InSightll  software

solvent shiftséy,eop=3.41 ppm, 6g,op=21.11 ppm. from Molecular Simulations Inc.

Norgestrel samples were supplied by Synthetic Lab-

oratory | of Gedeon Richter Ltd. Analytical-grade

cyclodextrins were purchased from Cyclolab (Hun- 4. Results and discussion
gary), whereas 99.5% deuterated NMR solvents were

purchased from Merck. Titration experiments were 4.1. Verification of the model
carried out in a standard 5-mm NMR sample tube by

adding volumes of cyclodextrin solution with a The 1:1 stoichiometry of complexes was verified
Gilson’ 1004l analytical pipette £0.1 pl) keeping both by using the method of continuous variations
the total analyte concentration constant. Extreme (Job’s plot method) [13,30,63] and by the analysis of

dilute solutions (0.02—-0.50 kh) of the steroid were the titration data. The linearity of the plots in Fig.
prepared by dilution of standard solutions (164mn 7D—F [33] reinforced the 1:1 stoichiometry. To

at room temperature. Job’s plots were determined at explore the nature of complexation between norges-
3.2 mM total concentration of the species. Com- trel ar@D, ROESY experiments were carried out
position of the water—methanol mixtures are given as (Fig. 6). Intermolecular ROESY cross-peaks were
v/v ratios. For practical reasons, we used deuterium detected between the protons (H-3, H-5) located at
lock internal referencing following the guidelines the internal face of the cyclodextrin (Fig. 2) and
described by Matsui et al. [60—62] for methanol protons of the steroid, proving that inclusion com-
containing solutions of CDs. Th& H NMR spectra plex formation took place between norgestrel and the
were recorded by collecting 64—-128 scans using CD. According to preliminary molecular simulations
water presaturation technique and line-broadening [64], the manyfold of ROESY cross-peaks between
prior Fourier-transformation of the FID. Digital the steroidal protons and H-3, H-5 may stem from
resolution was 0.061 Hz. For simulation and data the superposition of different inclusion modes. As no
processing commercially available  software evidence of interaction was observed between the
Mathcad’ 2000 Professional and Microcal Ofigin outer surface (checked on H-2 and H-4 protons) of
6.0 (licensed to Gedeon Richter Ltd.) were used. The the CD and the analyte, this validates the chromato-
13 data points used for simulation of the titration graphic model described in Section 2.3. Detailed
curves were evenly spaced on the logarithmic con- characterisation of the geometry cof e and
centration scale. v-CD complexes of norgestrel will be published

The phase-sensitive ROESY-2D spectrum was elsewhere [64].

measured at 2Z in EtOD/D, O=1:1 with a 0.32 s

mixing time, 1.2 kHz spin-lock amplitude, 3.6 s 4.2. Determination of the association constants for
water presaturation delay. We used 0.114 s acquisi- the a-, 8, and y-CD complexes of d-norgestrel by
tion time and States-Haberkorn phase cycling to NMR

acquire 1024 128 data points in F2 and F1 dimen-

sions; 32 scans were collected at each increment. For Since both the precision and accuracy of the
data processing, Gaussian line broadening was used determinatimf aire affected by|A6°’|, de-

in both dimensions and the data points in the F1 termination of the association constants should pref-
dimension were linear predicted to 384 and zero erably begin with the analysis of the shift displace-

filled to 1024 points. ment values found in different norgestrel-CD sys-

For the resonance assignments, we followed the tems. In general, the larger the magnitude of the
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Fig. 7. Experimental titration curves fak-norgestrelé&-, 8-, y-CD systems (MeOD/D & 1:100). (A)—(C) show the non-linear, whereas
(D)—(F) show the linear representation of the titration curves. Note the different vertical and horizontal scales for (D)—(F).

limiting shift displacement|A6§”i of the given binding analysis: the singlet of the ethynyl proton
nucleus, the smaller the error (Kf,f at a given (—CCH), the doublet—doublet of the olefinic proton
spectral resolution. Three intensive resonances with =CH( and the triplet of the methyl group (—Me) of
simple scalar coupling patterns were selected for the 17-Et. In the cas€Df significant shift displace-
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Table 1
Association constants and limiting shift displacements for the —CCH, —Me=&idl protons ofd-norgestrel&-, B-, y-CD systems as
calculated by non-linear fitting using Eq. (7)

Association constantls‘; (I/mol) Limiting shift displacements (Hz)

CCH Me =CH A AsSMe A=
a-CD 34+14 19+2 37+1 6.5+1.4 46.2:£2.5 1833
B-CD 8400+300 8800-200 820G6-700 70.2:0.4 71.9-0.3 26.4+0.6
v-CD 31 900400 31 800400 32 50600 72.9:0.2 66.0:0.1 42.2-0.1

MeOD/D,0=1:100 v/v.

ment was found only for theCH moiety whereas corresponding values of Table 2 confirms the com-
for B-CD and y-CD systems, all three candidates patibility of the two (nhon-linear and linear) methods
showed measurably large displacements. Fig. 7 in titration of the enantiomerically pure drug. As
shows the experimental titration curves for the expected, for a given type of CD the same associa-

B-, and y-CDs complexes ofd-norgestrel whereas tion constants were found for all three moieties
Table 1 summarizes the results of the non-linear {CHCH, =CH) although they exhibited different
fitting. Fig. 7A,C are typical examples of titration limiting shift displacemems (). The advantage
curves characteristic of host—guest systems having a of the Benesi method over non-linear regression is
relatively small- and a large association constant, the reduced number of data points needed for a
respectively. Fo3-CD, a two orders of magnitude rough estimateK(ifwhich speeds up the screening
larger association constant was found than in the process. For small limiting shift displacements how-
case ofa-CD, andy-CD showed a further one order ever, the Benesi-method seems to be less precise for
of magnitude IargerKg than B-CD. This is in K‘; than non-linear regression. The errorl{li seen
excellent agreement with the behaviour of the re- in Tables 1 and 2 confirms that the larger the limiting
tention factors in RP-HPLC found in the literature shift displacement, the better the precision of the
[18], where the change in the eluent CD composition determinatingoat a given spectral resolution.

from «-CD to B-CD and fromp-CD to y-CD (in the The most reliable data are those with the lakgé"’

same concentration) manifested in a significant de- vake@bt for a-CD, —Me or —CCH for3-CD and

crease in the retention factor dfnorgestrel K'®) in —CCH fory-CD.

each case. It was also reported [18] that by using
v-CD as a mobile phase additive, the retention 4.3. Investigation of the effect of solvent

factors did not change on the addition @fCD and composition

a-CD (equimolar withy-CD), which further indi-

cates the order of magnitude difference between the Screening of CDs from the point of view of their

association constants of the different CDs. The complexing power in various eluents is essential for

results of linear fitting shown in Fig. 7D—F are the optimisation of separation in RP-HPLC (refer to

collected in Table 2. Eqg. (10)). The effect of solvent composition on the
The comparison of tth data of Table 1 with the appearance of the titration curves of the <CCH

Table 2

Association constants and limiting shift displacements for the —CCH, —Me=&l protons ofd-norgestrel&-, B-, y-CD systems as
calculated by linear fitting using Eq. (5)

Association constan'[lsj\I (I/mol) Limiting shift displacements (Hz)

CCH Me =CH AseH ASIMe A§I™H
a-CD 209+103 33+12 32+2 3.0+0.6 30.2:9.5 199+13
B-CD 8400+180 8600-160 11 00@-2000 70.10.4 72.2:0.4 23.3t0.9
v-CD 30 400-600 30 60@:600 31 00@-900 73.6:0.2 66.1+0.1 27.3:0.1

MeOD/D,0=1:100 v/v.
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moiety ind-norgestrel4-CD systems is illustrated in
Fig. 8A while the results of the non-linear fitting are
given in Table 3. A monotonic decrease K with
increasing amount of methanol in the solvent was
observed. This is expected since methanol, being
more hydrophobic than water, occupies the cavity of
the cyclodextrin more and solvates norgestrel better
than water molecules do. As a result of the compet-
ing equilibria involving methanol molecules, the
relative hydrophobicity of the CD’s cavity—com-
pared to that of the bulk solvent—is reduced, which
results in a smaller association constant with increas-
ing methanol concentration.

Table 3 indicates that the limiting shift displace-
ment values £6%') also decrease with increasing
methanol content of the solvent. We interpret this as
follows: similarly to the behaviour of the association
constant, the relative hydrophobicity of the chemical
environment may also be reflected in the chemical
shifts of the resonances in the complex. Moreover
the presence of methanol may alter the relative
population of the individual inclusion modes of the
analyte by influencing the internal hydrogen bond
network (and thus the conformation) of the CD. This
may influenceK® and A" differently.

4.4. Titration of the racemate

Fig. 8B,C shows titration data for the CCH
protons of dl-norgestrel enantiomers measured for
v-CD in various water—methanol mixtures. All three
fitting strategies were applied to each set of data to
assess (and allow the comparison of) the apparent
association constants in the racemate: Method 1, 2
(with reference to the theoretical part) and the
Benesi-method (Eq. (5)). The apparent association
constants ofdl-norgestrel determined by Method 1
are listed in Table 4 whereas the corresponding
limiting shift displacements are collected in Table 5.
Due to their largeA8?" values, the data sets for the
CCH moiety were selected to compare #¢', K
values of the three fitting methods wikif. found for
d-norgestrel (Fig. 9). Method 1 (BAR3) and the
Benesi—Hildebrand approach (BA#) yielded
underestimatedK;ld values of the corresponding
association constanlég (BAR1) determined ford-
norgestrel. This was attributed to the existence of
enantiomeric competition in the racemate. The ex-
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Fig. 8. Titrations for the optically puré-norgestrel4-CD (A) and
racemic dl-norgestrel4-CD systems (B,C) at varied solvent
composition. Data points represent experimental values whereas
the curves are results of non-linear fitting (Eq. (7)).
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Table 3
Association constants and limiting shift displacements for the —~CCH, —Me=@htlprotons ofd-norgestrel#-CD systems as calculated by
non-linear fitting using Eq. (7) in various MeOD/D O systems

Vieon Association constantsKC) (I/mol) Limiting shift displacements (Hz)

Voo CCH Me =CH AsdecH AsS M Asd=eH
1:15 28 50@:400 30 60@:900 30 00@:1700 66.8-0.1 61.5-0.2 41.8:0.2
1.7 19 40G-100 19 80400 19 406-600 63.9£0.1 60.8-0.1 42.8:0.1
1.5 13 40Q-100 13 40@-100 13 40@-200 60.9-0.1 58.9-0.1 42.8:0.1
1:3 6030:30 6210:40 6110:40 54.9+0.1 55.10.1 43.0:0.1
1:1 480+10 4508 470+10 49.3t0.4 43.9:0.3 38.5-0.4
Table 4

Apparent association constants and chiral selectivities for the —CCH, —MeGirgrotons ofdl-norgestrel4-CD systems as calculated by
Method 1 in various MeOD/D O systems

Vieon Apparent association constarl(éj' (I/mol)

Voo CCH* CCH me' Mé =CH* =CH'

1:15 24 20300 18 70@-300 21 30@:100 20 40@=800 24 20500 18 20@-500
1.7 15 10G-300 12 00@-300 13 506200 13 60@-500 15 706400 12 506500
1:5 11 50G-300 9200-300 10 20@-100 10 80@-500 11 606300 10 003400
1:3 4130200 3390-180 3690-150 3837250 4160:240 3530:170
1:1 4104 362+7 372+2 3722 38610 374£13

perimental titration curves were predicted successful- constants are closer K]: thelues of the com-

ly by theoretical calculations using Egs. (13)—(19),
indicating that they describe the system well in the
absence of additional homo- and heterochiral self-
association processes. As an example, Fig. 5, Data 1
shows a particular situation with parameters similar
to those found in MeOD/D &1:15 for dl-norges-
trel/y-CD system.

To compensate for the effect of enantiomeric
competition, some of thK;d values (relevant for the
comparison with the chromatographic results) were
re-calculated by Method 2 using the apparent analyte
concentrationcg = ¢, + ¢, = 2¢c, (see data in Table

petition-free model, which is very well confirmed by
the similarity of the experimental values (see BAR1
and BAR7) in Fig. 9. Moreover, kibtind K.,

values found in RP-HPLC systems could be re-
produced very well from titrations of the racemate

(Table 7), which makes this method very useful in
the estimation ¢S andK', for drugs not available
as single enantiomers.

The limiting shift displacement valuas$ ')
showed an average variatioh@®Hz depending
on whether determined by Method 1 or 2. The

comparison of the limiting shift non-equivalence

7). According to the simulations represented by Data AAS', values of the —CCH, —Me=CH moieties

2 in Fig. 5, these recalculated apparent association

Table 5

(collected in Table 6), reinforced the theoretical

Limiting shift displacements for the —CCH, —Me am€H protons ofdl-norgestrel#-CD systems as calculated by Method 1 in various

MeOD/D,O mixtures

Vieon Cs Limiting shift displacements (Hz)

Tzo (mmol/1) Aai‘CCH ASLCCH Aa:,Me Aﬁla;Me A5i’ =CH ASL; =cH
1:15 0.02 68.90.3 38.3-0.2 65.1-0.2 65.5-0.4 43.2:0.2 29.70.1
1:7 0.04 64.70.4 35.3:0.3 63.3:0.3 63.10.7 43.7£0.3 30.8:0.3
1:5 0.09 61.90.5 32.9-0.4 62.0-0.6 62.2:0.7 44.5-0.6 31.4-0.4
1:3 0.14 56.70.5 28.70.3 59.2-0.4 57.9-0.7 44.9-0.5 32.2:0.3
11 0.28 54.20.2 28.3:0.2 50.1+0.1 50.0:0.1 43.7£0.5 31.6:0.5
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Fig. 9. Comparison of the association constants determinedifiargestrel (BAR#1) and racemiall-norgestrel (BARs#2—#7) in various
MeOD/D, O solvents. BARs#2—#7 represent results from the same data sets but according to the following fitting strategies: BARs
#2()-#3(d): Method 1; BARs#4()-#5(d): Benesi—Hildebrand-method; BAR£6()—#7(d): Method 2.

considerations of the previous sections concerning constants differed in Fig. 9, the different fitting
the “dual” mechanism of enantiomeric discrimina- methods also resulted in slightly differemtlues
tion in NMR: the experimental titration curves (for (Fig. 10). The decreaseajinwas found with
the d and | enantiomers) of the CCH andCH increasing methanol content of the solvent for
moieties were analogous to the situation represented MeQD/D O v/v ratios between 1:15 and 1:3. For
by Fig. 3C, whereas those of the —Me moiety larger methanol content of the solvent (1:1afatio)
showed resemblance to Fig. 3B. dropped more significantly, indicating the loss of
selectivity of native cyclodextrins with increasing
4.5. Bvaluation of the chiral selectivities organic content of the solvent. Fig. 11 shows the
Chiral selectivities determin_ed by NMR titrgtio_n ] Method |
of the racemate were approximated by substituting  1.40- 777 Benesi
the apparent association constants into Eq. (8). As 135 =253 Method 2
the absolute values of the apparent association .1
Table 6 1254 R F;::. ;§;§
Limiting shift non-equivalence for the —CCH, —Me amCH & 120 %::. S5 L <
protons ofdl-norgestrel4-CD systems as calculated by Method 1 o2 Z%x ool
_ _ 1154 U4 o
in various MeOD/D O systems 73 l%:;:; 7%
- - - 1.10 o oves I,
Vieoo Cs Limiting shift non-equivalences (Hz) g5 ] gsge :::: %::::
Voo MmO AaseeTT AAsM ane A E Z =
1:15 0.03 30603 04504  1350.2 1-15% 1:7 14
1.7 0.07 29.40.4 0.2:0.7 12.9-0.3 Vaion # Vino
ig 8(1)2 ;gggg 2;8; 12;82 F_ig. 10. \_/a_riation of the chira! se!ectivities as determineq by the
11 028 25602 0.10.1 12105 different fitting methods from titration data of the CCH moiety for

di-norgestrel4-CD systems at various solvent compositions.
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Fig. 11. Correlation between the chiral selectivities and the
limiting shift displacement values afi-norgestrel#-CD systems
estimated from the —-CCH and —CEH chemical shift data of the
enantiomers at varied solvent compositions.

correlation between chiral selectivities and limiting
shift non-equivalence valued 45’ ) measured (for
the same nucleus and same CD) in different water—
methanol systems. The roughly linear relationship
betweena, and AAS!, suggests that as methanol
partially occupies the cavity of the CD, not only the
differential binding of the enantiomers is diminished,
but also the difference in the diastereomeric chemical

environment (of protons CCH and CEH) is
“blurred”.
The chiral selectivities calculated from NMR

titrations in adl-norgestrely-CD system were com-
pared with those estimated by Eq. (4) from retention
factors found in a few chromatographic systems in
the literature [18—20] (Table 7). Fok-norgestrelB-
CD systems in MeOD/D &1:3 and AcCN/D G=

Table 7

273

1:3, we found thata,=1.00+0.04 which corres-
ponded to the none [18—-20] or to the relatively poor
separation of the enantiomers grCD containing
RP-HPLC systems [36] compared to those having
v-CD in the mobile phase [18-22].

The correlation betweea_, andAAS', seen in Fig.
11 does not (in principle) hold for the comparison of
values measured for different CDs, due to the
possible (and very probable) differences between the
nature and the relative population of the inclusion
geometries. This gives a serious limitation to the
screening methods that are based on the comparison
of non-limiting chemical shift differences (either
A5®" or AAS') only [12,28]. We monitored this
failure for di-norgestrel inB- and y-CD containing
solvents (MeOD/D G-1:3 v/v). Fig. 12 shows that
the —CCH and=CH protons showed visibly greater
enantiomeric splitting foy-CD than forB-CD (both
at 5:1 and at 2:1 host—guest ratio). This is in
accordance with the relative magnitudes of the chiral
selectivities in the two systemsx](B-CD)<a(y-
CD)] and reinforces the qualitative observations of
Owens et al. [12]. However the —Me group shows
the opposite correlation: the larger shift non-equival-
ence values are now found f8rCD (Fig. 12) which
contradicts our understanding of the apparent corre-
lation betweena, and AAS'. Since howeverd gy
and Kf are independent parameters, so &' and
a,, and whether or not there exists a qualitative
correlation betweenAAs' and «, seems to be
circumstancial depending on the choice of resonance
selected for analysis. The structural details of the
“anomalous behaviour” ofAAS ~™° will be dis-
cussed elsewhere [64].

Comparison of the RP-HPLC association constants and chiral selectivitidsnafrgestrel4-CD systems calculated from the retention
factors of Refs. [18,19] using Eg. (4) with those determined by NMR from titration data for —CCH protons using Method 2

Vieon CD RP-HPLC (literature) NMR (experimental)

VDZO Kg Kla ag K'ad K’; @
(I/mol) (I/mol) (I/mol) (I/mol)

1:3 v-CD 5830 4480 1.30 578680 4510:120 1.28:0.05

1:1 v-CD 541° 472 1.15 4698 410+9 1.14+0.02
385" 332 1.16

“Retention factor data are from Table 1 of Ref. [18].
® Retention factor data are from Table 2 of Ref. [18].
° Retention factor data are from Table 1 of Ref. [19].
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1

d d _ 1 —Med -Me

=CH ; -CeH cch host

I\ ZACH guest

I )
A
[ 8]

o 2

Q. " MJ 1

free J \

6.08 6.04 6.00 5.96 .  3.18 3.14 3.10 3.06 . 1.20 1.14 1.08 1.02
ppm ppm ppm

Fig. 12. Comparison of the observed shift non-equivalenads$ {°", AAs ~°°" AAs ™9 for the =CH, —CCH and —Me resonances found
in di-norgestrelB-CD anddl-norgestrel#-CD systems at two well-defined host/guest ratios 2:1 and 5:1 (MeQD#1:G).

5. Conclusions the difference|é;cp — &red IN EQ. (2), in order to
achieve good separation in RP-HPLC and CE espe-
Our strategy proposed for the screening of cyclo- cially in case of relatively smale values, remains
dextrins with respect to their success in the sepa- the task of the chromatographer. This cannot be
ration of enantiomers in RP-HPLC or CE is based on modelled by NMR.
the determination of the association consta¢isk', By comparing the mechanism of enantioseparation
from NMR chemical shift data of single enantiomers in NMR and RP-HPLC and CE it was shown that in
measured at identical experimental conditions. On NMR, in order to achieve good enantioseparation,
the basis of the equations valid for the presented does not necessarily have to be a large value.
chromatographic model, two rather general “selec- Instead, it is the sufficiently large absolute value of
tion rules” can be established: (1) maximization of the association constants (even Ki§ ~K') that
both the ratio ¢,) and (2) the absolute values of the serves as the dominant factor in invoking the inher-
association constanté, K. The larger the ratio of ~ ently existing chemical shift non-equivalenceAg")
the association constants, the better separation of theof the nuclei in their diastereomeric complexd€D
enantiomeric peaks is expected, whereas the largerandICD). SinceAA.. may range from almost zero
the magnitude of the association constants the small-to a few hundred Hertz, we found that measurement
er is the optimal concentration of the chiral selector Of AAS" at a singlec,, is not a reliable way for
necessary for the best peak-separation. Due to thescreening CDs to aid chromatographic or electro-
analogy between the mechanism of enantioseparationphoretic work. However, the association constant is
in RP-HPLC and CE, NMR also aids the optimi- independent of the limiting shift displacemehi >
zation of chiral separations in CE according to and can be determined by either linear or non-linear
similar “rules of thumb”. However maximization of fitting of the appropriate equations (Egs. (5) and (7))



G. Tarkanyi / J. Chromatogr. A 961 (2002) 257-276

from NMR titration data. For compounds available
only as racematesy, andK ", K’ were successfully
determined from titration data of the racemate via
non-linear fitting compensated for enantiomeric
competition in Eq. (7). The reliability of these
estimatedK )?, K!' values were verified by com-

parisons with the competition free results from NMR
and RP-HPLC.
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