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Abstract

Compound B (1,1,3,3,3-pentafluoro-2-fluoromethoxy-1-methoxypropane) can be separated by gas chromatography with an extraordinary
chiral separation factor on a column coated with Lipodex E (octakis(3-O-butanoyl-2,6-di-O-n-pentyl)-y-cyclodextrin). The enantioselectivity is
greatly reduced when employing the B-cyclodextrin analogue. To further investigate the background of this unusual separation, the complexation
between ‘compound B’ and Lipodex E (octakis(3-O-butanoyl-2,6-di-O-n-pentyl)-y-cyclodextrin) and heptakis(3-O-butanoyl-2,6-di-O-n-pentyl)-
B-cyclodextrin were studied by NMR. Association constants of the interaction of the two enantiomers of compound B with Lipodex E and its
B-cyclodextrin analogue were determined by NMR chemical shift titration and showed a large difference corroborating earlier GC results.
Heteronuclear NOE measurements proved that inclusion complex formation is taking place with compound B situated inside the cavity of
the cyclodextrin moiety. Differences between the inclusion complex structures and their connection to association constants are discussed.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Cyclodextrins are cyclic oligosaccharides composed of
o-(1 —4)-linked o-p-glycosyl residues, of which o-, B- and
y-cyclodextrin, consisting of 6—8 glycosyl units, respectively,
is the most studied.' ™ These cyclodextrins can be described
as toroidal, hollow, truncated cones with a hydrophilic exterior
and a hydrophobic interior. This unique structure allows
molecules (guests) with hydrophobic groups to at least partly
enter the cavity and be bound by the cyclodextrin (host) by
non-covalent forces only. The resulting entity is known as a
guest—host complex or inclusion complex. This capability is
exploited in many applications in the pharmaceutical, agro-
chemical, food, and chemical industries, e.g., as vehicle for
drug delivery of poorly water-soluble drugs, for increasing sta-
bility of labile molecules, masking of unpleasant taste or odour
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and stabilisation of protein solutions against aggregation.” >

Moreover, cyclodextrins have gained a position as the most
widely used eluent modifier for the separation of structurally
similar molecules (e.g., enantiomers) by chromatography
and electrophoresis. Numerous chemically modified cyclo-
dextrin materials for chromatography purposes have been
reported. Of these, Lipodex E (octakis(3-O-butanoyl-2,6-
di-O-n-pentyl)-y-cyclodextrin) has exhibited some of the larg-
est separation factors between enantiomeric compounds.®” '
The largest separation factor between enantiomeric com-
pounds ever observed was with a degradation product of the
inhalational anaesthetic sevoflurane (1,1,1,3,3,3-hexafluoro-
2-(fluoromethoxy)-propane) called ‘compound B’ (1,1,3,3,3-
pentafluoro-2-fluormethoxy- 1-methoxypropane). The structures
of sevoflurane and its degradation to compound B under basic
conditions'*~'¢ are shown in Figure 1. A recent study'’ inves-
tigated the inclusion complex formation of compound B with
another cyclodextrin derivative, (2,3-di-O-acetyl-6-O-tert-
butyldimethylsilyl)-B-cyclodextrin, which does not show
such outstanding separation factors. That study focused on
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Figure 1. The chemical structure of sevoflurane and its degradation to compound B via compound A.

the interaction of compound B with the silyl groups attached
to the cyclodextrin molecule and explained the moderate enan-
tiodiscrimination with these interactions. No clear conclusions
were presented regarding the interaction with the inside of the
cyclodextrin cavity. In the light of these results, it seemed
strange that Lipodex E, a compound lacking the silyl groups,
is able to discriminate between the S- and R-enantiomer of
compound B even stronger than the silyl modified cyclodextrin.

In this paper, we wanted to quantify the enantiodiscrimina-
tion between R- and S-compound by Lipodex E in terms of
association constants and to find an explanation for the
observed separation factors in these association constants as
well as in structural data on the interaction. To this end, we
investigated the complexation of enantiomerically pure
R- and S-compound B with Lipodex E. In addition, we also
investigated the p-cyclodextrin analogue of Lipodex E
(heptakis(3-O-butanoyl-2,6-di-O-n-pentyl)-B-cyclodextrin). The
a-cyclodextrin analogue of Lipodex E, hexakis(3-O-butanoyl-
2,6-di-O-n-pentyl)-a-cyclodextrin, does not show any enantio-
discrimination.” Tt was of special interest to investigate,
whether the observed differences can be explained by different
geometries of the inclusion complex formation.

We used NMR spectroscopy for both parts of this study. For
the measurement of association constants by NMR, several
methods have been published. The standard method of choice
is a titration, where the fraction of complexed guest molecule
is determined from chemical shift changes induced by the
complexation.'® Another NMR-based method is to study
NMR diffusion.'®*° NMR-derived association constants have
also been suggested as a mean to predict the extent of
enantiodiscrimination.'®

2. Results

2.1. Thermodynamic investigation of inclusion complex
formation

Figure 2 shows some of the NMR spectra obtained for the
titration of Lipodex E with R- and S-compound B, respec-
tively. Figure 3 shows the data extracted from the spectra
and the quality of the fit. Table 1 shows the obtained associa-
tion constants and Opoung values.

It is worthwhile to consider the uncertainty of the fit. This is
not trivial, since we are fitting two parameters. The uncer-
tainties obtained are correlated, in that certain combinations
of deviations of the two parameters are more probable than
others. We have attempted to visualise this by calculating
the sum of square deviations of the experimental data points
from the fitted function and plotting this against the two
parameters. These plots are shown in Figure 3.

R S
AN Q=O L

N Q=0,11 Q=0,10 L
Q=0,29 Q=027

155 ppm 152 153 -154 -155 —156 ppm

Figure 2. 'H decoupled '’F NMR signal of —CH,F of compound B in the
presence of Lipodex E at different molar ratios Q (defined in Eq. 1) shown
for R-compound B (left) and S-compound B (right).

The fitted K, value of the interaction of Lipodex E and
S-compound B carries a large uncertainty. This is generally
the case when trying to determine association constants of
strong interactions. Nevertheless, it is evident that there is
a large difference in K, between R- and S-compound B, which
corroborates earlier GC results.”

We have used cyclohexane as the solvent for NMR investi-
gations. Earlier studies on similar compounds®' have shown
that only very little or no enantiodiscrimination can be ob-
served in other apolar solvents like chloroform or benzene.
This was also the case for our compounds (data not shown).
The reason for this is unknown.

2.2. Structural investigation of inclusion complex
formation

{"F}—'H NOE difference experiments revealed only mi-
nor differences in nuclear Overhauser enhancements between
the complexes of the two enantiomers of compound B. Fig-
ure 4 shows an example for NOE spectra obtained with irradi-
ating different resonances. NOEs between fluorine atoms of
compound B and hydrogen atoms of Lipodex E and its -cy-
clodextrin based analogue were solely observed inside the
cavity of cyclodextrin, i.e., to atoms H™ HY and HY! of the
cyclodextrin glucose moieties. No NOE enhancements could
be detected for the aliphatic hydrogen atoms of the butanoyl
and pentyl groups bound to the cyclodextrin skeleton. No, or
only very weak, NOEs were observed to the hydrogen atoms
HY, H™ and HY, which are situated on the outside of the cyclo-
dextrin molecule, whereas significant {'°F}—'H NOE signal
enhancements were observed for those cyclodextrin atoms sit-
uated inside the cavity, Hm, HY and H"". This is indicative of
the interaction taking place mainly inside the cavity, which is
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Figure 3. Results from titration of Lipodex E with R-compound B (upper left panel) and S-compound B (upper right panel). Red points are experimental data points
and the solid line indicates the theoretical function with the fitted parameters (given in Table 1). The lower left (for R-compound B) and right (for S-compound B)
panels show the uncertainty of the fit. The grey areas indicate combinations of K, and dyoung that increase the sum of square deviations of the experimental data

points from the fitted curve by less than 5%, 10% and 20%, respectively.

somewhat surprising, given the hydrophobic nature of the sol-
vent and the excellent solubility of the guest molecule, com-
pound B, in the solvent cyclohexane.

In order to make the data independent of different complex
concentrations (owing to different sample concentrations and
different K, values), and to simplify the interpretation of the
data in terms of positioning of guest molecule atoms relative
to the cyclodextrin atoms, the NOE enhancements have been
normalised. It is thus possible to compare relative NOE en-
hancements. The comparison of the relative NOE intensities
within the cavity can give clues about the average structure
of the inclusion complexes. If the NOE from an atom belong-
ing to the guest molecule to H" is stronger than that to H",
this means a placement of the atom near the wide rim of cy-
clodextrin, if an NOE is stronger to HY, the atom is situated

Table 1
Association constants of the complex formation of R- and S-compound B and
Lipodex E and its B-cyclodextrin analogue as obtained by NMR titration

Lipodex E

K, and dpoung B-Cyclodextrin analogue

of Lipodex E

K,=4.6+1* [Imol ']
Opouna=—150.21* [ppm]
K,=2442" [lmol™ 1]
Opouna=—154.0£0.2* [ppm]

K,=64+4" [Imol ™1
6b0und:_ 150.9+0.3" [Ppm]

K,=400042000% [1 mol ']
Opouna=—152.140.3" [ppm]

R-Compound B

S-Compound B

# The errors in the fitted values are correlated, i.e., only certain combinations
of deviations are possible, e.g., a lower value of K, means a higher value of

6bound~

deeper inside the cavity, and strong NOEs to H"' indicate
a large depth of penetration. Figure 5 shows a graphical repre-
sentation of the NOE enhancements obtained for the different
complexes. The data are represented as

lg <?7FHIH>
Np—n
where lg denotes the decadic logarithm, 1 denotes the hetero-
nuclear NOE between F and HHI, or F and H", where x stands
for V or VI. (NOE values to H"" represent an average of the
NOE values to the two H! atoms.) A value >0 corresponds
to a position of the fluorine atom in question nearer to H™
than to H".

Comparing the relative NOE intensities between the inclu-
sion complexes of R- and S-compound B with Lipodex E and
its B-cyclodextrin analogue gives valuable information not
only on the geometry of the inclusion, but also on the differ-
ences between the complexes.

In all cases, the NOEs from the CF; group to HY and HY" of
the cyclodextrin moiety are stronger than NOEs from other
fluorine atoms to HY and H', indicating that this part of
compound B is situated deepest inside the cavity in all four
inclusion complexes. For the inclusion complexes with the
B-cyclodextrin analogue of Lipodex E, the NOE intensities
of compound B atoms to H™ and H are comparable, where-
as NOE enhancements of HY' are weaker. In the case of
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Figure 4. { F}—'H NMR spectra of mixtures of the B-cyclodextrin analogue
of Lipodex E with R- and S-compound B, respectively. The uppermost line
shows the spectra with irradiation at O ppm, i.., far away from any '°F
NMR signal and the other lines show the NOE difference spectra obtained af-
ter irradiation of the 'F NMR resonances of the atoms noted at the left
margin.

S-compound B, the fluorine atom of the CH,F group is, how-
ever, situated much nearer the wider rim of the cyclodextrin
cavity. This is not the case for R-compound B. This difference
suggests a different orientation of the two guest molecules in
the cyclodextrin cavity.

Comparing the NOE pattern for the inclusion of R-com-
pound B into Lipodex E, and its B-cyclodextrin analogue,
the overall orientation of the guest molecule inside the cavity
is very similar, with slightly lower ratios of NOEs to H"™ than
to HY and HY', indicating a slightly deeper penetration of the
guest molecule into the (wider cavity) of the y-cyclodextrin
moiety. This is not surprising and one is tempted to speculate
that the larger association constants obtained for the Lipodex
E are probably a consequence of this difference.

The difference in NOE pattern between R- and S-compound
B interacting with Lipodex E is less distinct than in the case of
the B-cyclodextrin analogue. In fact, the differences between
the NOEs from the different fluorine atoms to the cyclodextrin
atoms seem to be smaller. The small differences in NOE inten-
sities from the fluorine atoms to H™ and especially HY and H""'
point at a structure, where the distances of the fluorine atoms
to all atoms within the cavity of the cyclodextrin moiety are
similar. This is difficult to picture. The explanation for this ob-
servation is rather a dynamic complex with a multitude of
structures interchanging at a fast time scale.

Overall, the NOE data seem not to offer an unambiguous
explanation of the exorbitantly different association constants

of the complexes of Lipodex E with the two enantiomers of
compound B.

3. Conclusion

We present here association constants and NOE data of the
complexes of both enantiomeric forms of compound B with
Lipodex E and the B-cyclodextrin analogue of Lipodex E.
The association constants obtained show a large difference,
possibly the largest so far reported for pairs of enantiomers.
However, NOE data fail to explain these differences by the
structure of the inclusion complexes. From our data, it was
found, that the interaction between the host and the guest
molecule took place exclusively inside the cyclodextrin cavity.
This is somewhat surprising in the light of the findings
reported on the interaction of compound B with 2,3-di-O-ace-
tyl-6-tert-butyldimethylsilyl)-B-cyclodextrin.'” There, a signif-
icant part of the interaction is attributed to the interaction with
the silyl groups used to modify the cyclodextrin; no relevant
dipolar interactions between compound B (hydrogen) atoms
and HY are reported and it is concluded that the CH;0 group
is the only part of compound B entering the cavity, though not
very deep. The results are very different from ours, yet the
experimental conditions (temperature, solvent) used for both
NMR studies were identical. That study used homonuclear
ROE:s instead of heteronuclear NOEs, but also in their case,
only minor differences in ROE patterns could be observed.
This other study also investigated the influence of the presence
of the guest molecule on the host geometry and found some
differences there.

Overall, it seems that complex geometries at the level of
precision that they can be obtained today are in some cases
not suitable as the sole models to explain stability constants
of inclusion complexes and their differences. Complex forma-
tion is a process on a multidimensional energy landscape; the
magnitude of the association constant is dependent on the
number of minima on this landscape and their depths—while
the investigation of complex geometries cannot account for the
depths of the minima. Clear-cut NMR data on the complex geo-
metry are only available if there is a single minimum on the
complexation energy landscape, which is energetically much
more favourable than the other minima; a multitude of minima
with similar energies will result in a multitude of possible
complex geometries, thus blurring the picture that solution-
state NMR can provide. However, from the thermodynamic
viewpoint, a multitude of energy minima does not necessarily
mean that the interaction is weak; it is the sum of possible con-
formations and their complexation enthalpies that decides the
strength of the interaction.

A possibility to improve the interpretation of solution-state
NMR data in cases like this would be the development of
structural calculation techniques that take into account the
ensemble nature of NMR data, as has been demonstrated for
protein structural determination.?

Another point that needs more consideration is the solvent
and its behaviour. As outlined above, cyclohexane has been
found to mimic the conditions under a GC experiment best,
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Figure 5. NOE enhancements obtained on 'H atoms of Lipodex E upon irradiation of '°F resonances. NOE enhancements (n) are represented as lg(n(F—H™)/
n(F—HY)) (dark grey) and lg(n(F—H™)/m(F—H"") (light grey). A positive value means that the NOE from the denoted fluorine atom to H™ is higher than
that to HY (or HYY), and thus the average distance to H™ is shorter than that to HY or HY.. (a) B-Analogue+R-compound B, (b) B-analogue+S-compound B,

(c) Lipodex E4R-compound B, (d) Lipodex E+4S-compound B.

while other solvents are not able to reproduce the enantiodis-
crimination or do not even yield complex formation. The rea-
son for this is yet unknown. However, it stands clear that the
solvent plays an important role in the complex formation. Fu-
ture investigations should focus on the influence of the solvent
on complex formation and enantiodiscrimination.

4. Experimental
4.1. General

The enantiomers of compound B (ee >99.9%) were pre-
pared as described previously.” Cyclohexane-d,, was obtained
from Deutero AG, Germany.

Butanoylated/pentylated cyclodextrins 1 and 2 were syn-
thesised according to the procedure of Konig and Krebber®
and slightly modified.?*”

In order to minimise the competitive effect of the solvent in
the association process both dichloromethane and benzene
were tested but no enantiodiscrimination was observed. In
the apolar solvent cyclohexane, CgD1,, a significant differenti-
ation of the enantiomers of compound B was detected in the
presence of Lipodex E.

4.2. NMR

All NMR experiments were carried out at 293.1 K on
a BRUKER DRX600 NMR spectrometer operating at a field
strength of 14.1 T. '"H NMR measurements were obtained us-
ing a TXI (H/C/N) probe and '°F measurements were obtained
using a QXI (H/N/P/F) probe.

4.2.1. Determination of association constants

The determination of association constants follows the
method described by Grosenick et al.>' Small aliquots of com-
pound B were added to solutions of the B-cyclodextrin based
analogue of Lipodex E (4.2 mM) or Lipodex E (3.8 mM) in
cyclohexane-d;,. Both 'H and '°F spectra were obtained for
each titration point. The chemical shifts of the signals of com-
pound B were plotted against Q, defined in Eq. 1:

_[H]
Q—?]O (1)

o

where [H]y is the total concentration of host molecule (cyclo-
dextrin derivative), free or bound, and [G], is the total concen-
tration of guest molecule (compound B), free or bound.
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The association constant (K,) of the process

H+G=HG

is described by Eq. 2:

_ [HG] _ [HG]
K= H](6] = ([, ~HG]) (Gl _[HG]) @

where [H] is the concentration of free host molecules, [G] is
the concentration of free guest molecules and [HG] is the con-
centration of complex.

The fraction of bound guest molecules can be determined
from the chemical shift of their signals. Guest molecules
have different chemical shifts in the bound (époung) and the
free (Ogee) forms. In case of an equilibrium between a free
form and a bound form and an exchange rate between these
two states that is faster than the difference in resonance fre-
quency, only one signal will be observed with an observed
chemical shift (0ps) that is a weighted average between 0poung
and Ogee. For the following, we define the observed change in
chemical shift (Ad,ps) and the change in chemical shift upon
binding (Adpound):

A((Sobs = 6obs - 6free (3)
A(Sbound = 5bound - 5free (4)

The ratio between Adyps and Adpoung 1S thus equivalent to
the mole fraction of bound guest molecules:

[A 6obs]

[Aébound] - [G]O (5)

[HG] can be obtained from Eq. 5 and the result was substituted
into Eq. 2. Thus, Eq. 6 is obtained, yielding the association
constant as a function of Adyps and Adpound-

K = A6obs/A6bound
¢ { 1— (Aéobs/Aébound) } { [G]O_ [H]O(Aéobs/Aébound) }

(6)

Eq. 6 can be solved for A, to yield Eq. 7, the function of the
titration curve Adyps=f([G]p) with the two unknown parame-
ters Adpoung and Ky:

Bty = (Auna/20H)y) [{[GlyHly+K; "} = { (Gl ~[H,)°

+ (2H,) - @H /K + QIGl/K) + K7} 7] ()
Adpoung and K, were determined by fitting Eq. 7 to the exper-
imental data with the nonlinear regression module of Mathe-
matica. Only '°F chemical shifts were used here because of
problems with overlapping 'H resonances of compound B
and the cyclodextrin derivatives.

4.2.2. NOE difference measurements

{"”F}—"H NOE difference measurements were obtained by
recording '"H NMR spectra after 2.5 s irradiation of each
single resonance in the '°F spectrum and at O ppm in an

interleaved manner and subtracting the spectra obtained with
irradiation at 0 ppm from the spectra obtained with irradiation.
For irradiation, a continuous wave spin lock of 312 Hz was
used.

Attempts to record 2D-heteronuclear NOESY experiments
did not yield any crosspeaks, probably due to fast relaxation
of 'F signals.
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