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Abstract The complexes formed by (+)-4'-hydroxyflav-
anone (OHFL) and heptakis-(2,6-O-dimethyl)-f-cyclodex-
trin (DM-$-CD) were obtained using the racemic mixture
of OHFL. These complexes were able to be studied due to
their enantiodifferentiation by 'H-NMR spectroscopy.
Stoichiometry, association constants and thermodynamic
parameters were obtained from these NMR data, and
inclusion geometries were proposed from ROESY and
docking experiments. The results show that diastereoiso-
meric complexes can be studied even when they are formed
by enantiomeric mixtures.
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Introduction

Cyclodextrin inclusion complexes have been studied for a
long time due to their promising applications as medicinal
agents in the pharmaceutical industry; they can increase
solubility, bioavailability and stability [1]. They can also
act as catalysts [2, 3], chemzymes [4] and have been used
to drive asymmetric synthesis [5], applications which are
possible due to the selectivity for substrate, reaction and
stereo selectivity of cyclodextrins.
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Cyclodextrins are cyclic oligosaccharides formed by 6,
7 or 8 a-D-glucopyranose units, and their conformation in
aqueous system is assumed to approach a truncated cone
(Fig. 1). They have a hydrophobic internal surface and
hydrophilic outer surface, and hence they can form
inclusion complexes, especially with aromatic substrates.
The complex formation is due to weak physical interac-
tions, and it is believed that Van der Waals and hydro-
phobic interactions are the most important, although
hydrogen bonding and steric effects are important as well
[6]. The chirality, characteristic of cyclodextrins, has
been used to include chiral molecules that when are
complexed could exhibit different physical properties,
such as different chemical shifts and/or association con-
stants [7, 8].

There have been several techniques used to study enan-
tiomeric differentiation using cyclodextrin as chiral selec-
tors, including fluorescence anisotropy [9-11], HPLC [12]
and NMR [8]. These techniques allow the study of diaste-
reoisomeric complexes through the determination of the
association constant, but NMR has an advantage over the
other techniques in that the inclusion geometry can be esti-
mated. In NMR the differentiation between two diastereo-
isomeric complexes depends on the intrinsic chemical shift
of each complex as well as the magnitude of their association
constant. These complexes are in equilibrium with their free
parts, and the chemical shift is a contribution of the free and
complexed forms [8]. On the other hand, the Nuclear
Overhauser Effect (NOE), which is a through-space effect,
provides direct evidence of the portion of the guest molecule
which enters into the CD torus. This effect leads to the
mutual enhancement of proximate guest and host reso-
nances. One and two dimensional NOE techniques have
been applied but the most effective is the ROESY (Rotating
frame Overhauser Effect SpectroscopY) experiment which
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Fig. 1 OHFL and DM--CD
structures
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(¥)-4'-hydroxyflavanone (OHFL)

overcomes the problem of the small NOE magnitude of the
most CD inclusion complexes [8, 13].

NMR is a useful tool to evaluate the characteristics of
diastereoisomeric complexes, allowing the determination
of the stoichiometry, association constants and inclusion
geometries in racemic mixtures.

The enantiomeric differentiation is a common problem
in biological systems as well. Such is the case of 11f-
HSD1 reductase, an enzyme with an asymmetric active site
[14] which is involved in diabetes. This enzyme is inhib-
ited by the (&)-4'-hydroxyflavanone (OHFL), a chiral fla-
vonoid which was studied on the 115-HSD1 reductase as a
racemic mixture [15]. Although the chiral nature of the
active site points to a difference in the activity between
both enantiomers, the only activity data available corre-
sponds to the racemic mixture.

A large number of cyclodextrin derivatives have been
used for NMR enantiomeric differentiation, and heptakis-
(2,6-0-dimethyl)-fS-cyclodextrin (DM-S-CD) (Fig. 1) is
one of them. In this work NMR chemical shifts were used
to study the diastereoisomeric complexes formed between
DM--CD and OHFL, and the results are further explained
with molecular modeling techniques. Thus, this work
constitutes a first step toward the separation of the racemic
mixtures [16], separation that would be consequentially
performed with HPLC or other technique.

Experimental
Apparatus

NMR spectra were recorded at 298 K on a Bruker Avance
DRX 300 spectrometer operating at 300.13 MHz for 'H.
Chemical shifts were measured relative to DHO signal at
4.7 ppm. 1D spectra were collected by co-addition of 128
scans.

Rotating-frame  Overhauser Effect SpectroscopY
(ROESY) spectra were acquired in the phase sensitive
mode with the same spectrometer and Bruker standard
parameters (pulse program roesygpphl9). Each spectrum
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consisted of a matrix of 16 K (F2) by 8 K (F1) points
covering a spectral width of 3000 Hz. Spectra were
obtained with a spin-lock mixing time of 400 ms, relaxa-
tion delay 2 s, and 32 scans were recorded.

Materials

2-(4-hydroxyphenyl)-2,3-dihydro-4H-chromen-4-one (OHFL)
and heptakis-(2,6-O-dimethyl)-fS-cyclodextrin  (DM-f-CD)
were purchased from Aldrich (USA). D,O and CD;OD
employed in the NMR analyses were of spectroscopic reagent
grade, from Aldrich and Merck, respectively.

Methods

All the samples used in this work were performed using the
appropriate amounts of (3)-4'-hydroxyflavanone (OHFL)
and heptakis-(2,6-di-O-methyl)-f-cyclodextrin  (DM-f5-
CD) in CD;0D:D,0, stirring for 24 h in a thermostatic
water bath at constant temperature. Several methanol: water
ratios were tested, finding that the best methanol amounts
were the used in this study.

Solutions were made in methanol due to the low solu-
bility of the OHFL in water, and for its low affinity for
binding with cyclodextrins [17, 18].

Stoichiometry determination

A reliable determination of the complex stoichiometry is
provided by the continuous variation technique (Job’s
plot). '"H-NMR spectra were performed for a series of
OHFL/DM-f-CD mixtures, obtained dissolving OHFL and
DM-f-CD in CD;0D:D,0, 50:50, and maintaining the
total concentration of guest and host molecules constant
(1 mM), but varying the molar ratio fraction of each
component from O to 1. Each solution was done at 30 °C.
H2' proton chemical shifts changes between free and
complexed OHFL were obtained and the stoichiometry was
determined plotting Adqps'[OHFL] vs. yonrr, Where Adgps
is the chemical shift difference, [OHFL] is the concentra-
tion of OHFL and yoggr is the mole fraction of OHFL. The
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equilibrium between the complex and its components is
given by Eq. 1

OHFL + n(DM-f-CD) < OHFL/nCD (1)
n is given by Eq. 2
Ttax, = (n 4+ 1) (2)

Association constant

Solutions of OHFL and DM-f-CD were obtained with a
constant concentration (1 mM) of OHFL and incremental
concentrations (1-10 mM) of DM-f-CD in CD;0D:D,0,
40:60. With the chemical shifts differences (Adgps)
between the free and complexed OHFL, it was possible to
obtain the association constants for each enantiomer
through the non-linear procedure in agreement with Eq. 3

[19, 20].
(17 +1c01+ (45))

Adyps. = Admax
<[FL] + [CD] + (Kl) > 2—4[FL] [CD]

12

2. [FL]

(3)

where Ad,,s is the observed chemical shift difference
between the free and complexed guest, Al is the
difference in chemical shift between the free and
completely complexed guest, and [FL] and [CD] are the
OHFL and DM-f-CD concentrations, respectively. The
non-linear procedure is an iterative method which has to be
started with approximated initial parameters of A« and
Ka. In order to obtain these initial parameters, the Eq. 4
which corresponds to the Benesi-Hildebrand method for a
1:1 stoichiometry [21, 22], was employed to obtain Ka and
Adnax averages.

1 1 1
= 4
A5obs. Ka . [CD]T'Aémax + ( )

Adrmax

The plot of [CD]™" vs. AdyL gives approximate values
of Ka and Ad,,,x which are used to initiate the iterative
process of the non-linear method.

Inclusion thermodynamics

Thermodynamic parameters were obtained for each enan-
tiomer, determining the association constants at different
temperatures and using the Van’t Hoff Equation (Eq. 5)
[6, 23].

AH AS

ln(Ka) = _ﬁ—i_ R

(5)

AH and AS are the enthalpy and entropy changes, and R
the gas constant (8.314 J/K mol). Free energy (AG) was
obtained at 298 K in agreement with Eq. 6

AG = AH — TAS (6)

The relation AG = RT - Ln(Ka) was also employed to
calculate the AG values due to its better accuracy, however
the results were the same as using Eq. 6.

ROESY experiment

A solution of OHFL (3 mM) and DM-f-CD (3 mM) was
obtained in CD;0D:D,0, 40:60, at 30 °C.

Molecular Modeling

DM-f-CD was built with the Builder module of the In-
sightIl software (Insight II, MSI, San Diego, California)
and optimized as previously described [24]. The OHFL
enantiomers were built with the Gaussview software of the
Gaussian 98 package [25] and optimized at the BP86 [26,
27] level of theory with the Resolution of the identity
method for the approximation of the two-electron integrals
[28], as implemented in the TURBOMOLE 5.9 program
[28]. Quasi relativistic Stuttgart effective core potentials
(ECP) was used for carbon and oxygen atoms. Double-zeta
basis set was used for all atoms, with a d polarization
function for carbon and oxygen and a p polarization
function for hydrogen [29].

Autodock 3.05 [30] with Lamarkian genetic algorithm
(LGA) was used for the docking with very stringent
parameters: a maximal number of evaluations of 15,000,000
and a maximal number of generations of 150,000. Values for
elitism, mutation rate and crossover rate of 1, 0.2 and 0.08,
respectively, were used. The best solutions obtained with
these parameters were further refined by a local search
algorithm such as pseudo Solis and Wets (PSW).

For the docking procedure, 200 runs were carried out for
each OHFL enantiomer with DM-f-CD. As there were no
significant differences between the solutions in both cases
(see the Results section), comparison with the experimental
data was directly carried out with the whole ensemble of
structures for each OHFL enantiomer. Since the Autodock
results correctly reproduced the experimental data, no
further optimizations were carried out.

Results and discussion

In order to characterize the OHFL and DM-f-CD mole-
cules, '"H-NMR were acquired, and their chemical shifts are
shown in Table 1.

OHFL spectrum shows signals on the aliphatic zone for
H2, H3a and H3b protons whose chemical shifts are 5.5,
2.9 and 3.2 ppm, respectively. OHFL aromatic protons are
between 6.8 and 7.9 ppm. The 'H chemical shift range of
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Table 1 Chemical shifts displacements (ppm) for OHFL and DM-f3-
CD in D,0:CD;0D 60:40

H2 H3a H3b H5 H6 H7 H8 H2 H3

OHFL 551 289 320 784 7.2 7.62 705 738 6.81

Hl H3 HS H6 H2-OMe H6-OMe

DM-B-CD 5.04 3.79 3.69 3.60 3.46 3.28

cyclodextrins is narrow (3.2-5.1 ppm), and consequently
the signals do not overlap the aromatic protons of OHFL
which were used for obtaining the stoichiometry and
association constants. Cyclodextrins have a characteristic
NMR pattern which does not depend on cyclodextrin
concentration, and where H3 and H5 internal protons have
strategic positions to report host/guest interactions. It has
been widely described the truncated-cone shape of cyclo-
dextrins and the location of these protons, H3 near to the
wider rim of the cyclodextrin, H6 near to the narrower side
of the cyclodextrin, and HS in between them. In addition to
the location of these protons, their chemical shifts are well
known and their changes indicate the inner inclusion of the
guest into the cyclodextrin cavity [31]. Therefore, in order
to confirm the inclusion, chemical shifts changes of the H3,
H5, H6 internal protons of the DM-f-CD were analyzed
(Fig. 2).

When the complexes are formed, H3, HS, and H6 pro-
tons of DM-fS-CD have an upfield chemical shift dis-
placement due to the anisotropic effect of the aromatic
fraction of the OHFL [32]. This anisotropic effect is due to

2-OMe 6-OMe

6

3
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Fig. 2 DM-$-CD 'H-NMR spectra extension at constant OHFL
concentration (1 mM), and variable DM-f-CD concentrations (1, 6,
10 mM). Complexes formed at 25 °C
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Fig. 3 'H-NMR spectra at constant OHFL concentration (I mM) and
variable DM-$-CD concentration (0, 6, 10 mM). L and R subscripts
are left and right respectively. Complexes formed at 25 °C

the included aromatic rings rich in 7 electrons, indicating
that OHFL is included into the cyclodextrin cavity. Like-
wise, signals of H8 and H3’ protons of OHFL split in the
presence of DM-f-CD in the "H-NMR spectrum indicating
enantiomeric differentiation, having signals at the left
(H8;, H3'y) and at the right (H8g, H3'R) sides referring to
the spectrum (Fig. 3). The observed enantiomeric differ-
entiations on these protons allowed us to estimate the
association constants for both enantiomers. In the spectra,
we observed that protons H3’' and H2’, for both enantio-
mers, have an upfield displacement, whereas H8 and H6,
for both enantiomers, have a downfield displacement.

Since the H8 protons have the largest chemical shifts
changes for each enantiomer, these protons will be used for
determining their association constants. Relative to the
spectrum, the left and right side signals will be labeled H8
and HS8g, respectively. Accordingly, the H8; signal enan-
tiomer will be named left enantiomer, as well as the H8x
signal enantiomer be named right enantiomer.

Inclusion stoichiometry

To evaluate the stoichiometry for both complexes, Job’s
plot was performed. Chemical shift differences between the
free and complexed OHFL were observed for proton H2'.
The plot of Adyps'[OHFL] vs. your. is shown in Fig. 4.

The maximum value of the parabolic curve in the X
coordinate gives the stoichiometry. A maximum value of
0.5 for yoprr, was found, meaning that the stoichiometry of
the mixture of diastereoisomeric complexes is 1:1 (Eq. 2).
Likewise, Adgus vs. [DM-f-CD] ™! plots (data not shown)
for each enantiomer are in agreement with the Job’s plots
results, supporting the 1:1 inclusion stoichiometry of each
enantiomer.
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Fig. 4 Job’s plot for OHFL/DM-f-CD diastereoisomeric complexes

Association constants

Benesi-Hildebrand is the most common method for deter-
mining Ka, and it needs to obey the requirement that one of
the complex components concentration has to be larger
than the other component, with a minimum of >10 [19,
33]. The experimental conditions of this work do not
accomplish the requirement above described, and to avoid
a large excess of one of the components, the non-linear
procedure was employed in this study.

The non-linear procedure is an iterative method which
needs to be started with approximated initial parameters of
Admax and Ka. In order to obtain these initial parameters,
Benesi-Hildebrand (Eq. 4) was employed obtaining a Ka
average of 500 M~ and a Adn., average of 25 Hz. These
values were used to begin the iterative process. Plots of
[DM-f-CD] vs. Adyps. were performed (Fig. 5), and the
non-linear method was used to obtain the association
constants of each diastereoisomeric complex at three dif-
ferent temperatures, as shown in Table 2.

Table 2 shows that Ady,,, values do not display signif-
icant changes with temperature. This might be due to
temperature values being too similar to reflect variations
between these values. This means that there are no

significant changes in the guest environment at the used
temperatures. The association constants can also be seen to
decrease with increasing temperature. The right enantiomer
has the largest Ka when compared with the left enantiomer
at each temperature, which means that the right enantiomer
is more favored than the left enantiomer at the used
conditions.

It has been described [34] that complexes with associ-
ation constant ratios larger than 1.05 are possible to be
separated through HPLC. Considering this evidence,
enantiomeric separation through HPLC should be possible
even with the low values shown in Table 2. Likewise,
Ka'® /Kat ratio values indicate that the enantiomeric
differentiation is better at lower temperatures, which also
means that the enantiomeric separation through HPLC
should be better as well.

Inclusion Thermodynamics

According to the association constants tendency with
temperature, the inclusion process has an exothermic
behavior which is reflected in the thermodynamic param-
eters obtained using the Van’t Hoff equation, as is shown in
Table 3 and Fig. 6.

The AH values for each complex are negative, indicat-
ing that formation of host/guest inclusion complexes is
exothermic. The negative value of standard Gibbs energy
change, given by enthalpy and entropy changes, shows the
spontaneous formation of host/guest inclusion complexes.
It has been reported that Van der Waals and hydrophobic
interactions constitute the major driving forces for cyclo-
dextrin complexation, whereas electrostatic interactions
and hydrogen bonding can significantly affect the confor-
mation of a particular inclusion complex [35]. According to
the thermodynamic values, there is a pronounced enthalpy—
entropy compensation for both enantiomers, the AH values
being larger than the AS-T values for both complexes
which means that Van der Waals interactions are important
on the complexation process, but AS is not negligible and
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Fig. 5 Non-linear procedure for H§; and H8g protons at a 25 °C, b 30 °C, and ¢ 35 °C
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Table 2 Association constants, Ad,, values, and association constant ratio between the right and left enantiomers (Kati8x / Ka"®) obtained at

different temperatures

Temperature (°C) HS8,. H8y Kal8 /KaH8e
Ka M™) Admax (Hz) Ka M) Admax (Hz)

25 8.02 x 10? —20.66 8.53 x 10? —16.13 1.064

30 6.60 x 10? —20.97 6.99 x 10? —16.32 1.059

35 5.42 x 10° —20.83 5.71 x 10? —16.32 1.054

Average —20.82 —16.26

SD 0.16 0.11

Table 3 Thermodynamic parameters for diastereoisomeric com-
plexes formed by OHFL and DM-f-CD

Thermodynamic Left enantiomer Right enantiomer

parameter HS8;. H8r

AH (kJ mol™h —30.0 £ 0.3 —30.7 £ 05
AS (J (mol K)™1) —448 £ 1.0 —46.7 + 1.6
AS-T (kJ mol™") —134 403 —13.9+ 0.5
AG (k] mol™h) —16.6 + 1.0 —16.8 + 1.0

The used temperature to obtain AS-T and AG is 298 K

6.8 4
6.7 4
6.6 4

6.5 4

Ln (Ka)

6.4 4

— Linear fit 8
Linear fit 8

6.3 4

6.2 : : :
3.25 3.30 3.35

T'710°K"

Fig. 6 Van’t Hoff plot for diastereoisomeric complexes formed by
OHFL and DM-f}-CD. For both linear fits R = 0.999

then hydrophobic interactions could be important as well.
On the other hand, Table 3 shows that both enantiomers
have the same kind of exothermic behavior having similar
values for the three thermodynamic parameters. This is in
agreement with the association constant values, which are
similar between both diastereoisomeric complexes.

Inclusion geometry
In order to obtain the inclusion geometry, ROESY experi-
ments were performed and analyzed qualitatively. In

agreement with the 1D spectra, H3, HS and H6 cyclodextrin
protons interact with the OHFL mixture due to their
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chemical shift displacement. Figure 7 shows a partial con-
tour plot of 2D-ROESY spectra of the inclusion complex.
There are several intermolecular cross-peaks between H5
and H2’ OHFL protons with H3 and H5 of DM-$-CD. We
also observe, with a minor intensity, dipolar interactions of
the H2" OHFL proton with H6 and H60OMe DM--CD
protons. To explain the interactions of the H2" OHFL proton
with the four cyclodextrin protons, each enantiomer should
have different inclusion geometries. On the other hand, the

3L 3%

ppm
F3.2

60Me . L] w33
F3.4

20Me — L35

79 78 7.7 76 75 74 73 72 71 70 69 68 ppm

Fig. 7 ROESY spectrum for diastereoisomeric complexes formed by
OHFL racemic mixture and DM-f-CD

Fig. 8 Optimized geometries of flavanones. a and b are the R and S
enantiomers, respectively
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Fig. 9 Docking results for
complexes formed by OHFL
enantiomers and DM-f-CD.
Structures labeled as 1 and 2 are
the side and top views of the
complexes, respectively.
Structures labeled as a and b are
the complexes formed by the R,
and S enantiomers, respectively.
Structures labeled as ¢
correspond to the R and S
enantiomers comparison

H5 OHFL proton correlates with H3 and H5 DM-f-CD
protons which suggests that the inclusion geometries could
be similar between them, because these DM-f-CD protons
are next to the wide side of the DM-S-CD. In addition, H3’
OHFL proton has cross peaks that are in agreement with a
subtle difference between enantiomers, since this proton
shows interaction only with the H6OMe DM-f-CD protons.
This means that H3’ OHFL protons have to be near to the
H60Me DM-f-CD protons, indicating that H3' OHFL
protons have to be by the narrow side of the cyclodextrin.

In order to rationalize these results, docking studies
were performed on optimized geometries of flavanones and
cyclodextrin. The ab initio optimized geometries of the
flavanones are shown on Fig. 8.

The docking studies revealed that a preferred final rel-
ative orientation for both diastereoisomeric complexes
occur in spite of the different initial configurations arbi-
trarily imposed. It is interesting to note that although no
fixed distances were imposed during the docking calcula-
tions, the results are in good agreement with the results
obtained by the ROESY spectrum. In both complexes
(Fig. 9) the OHFL is inserted into the DM-f-CD cavity
with the B ring inserted into the narrow side, and the A ring
inserted into the wide side of the DM-f-CD. However, the
complexes present subtle differences. Referring to the
H60Me DM-f3-CD protons, the entire OHFL S enantiomer
is closer to these protons than the OHFL R enantiomer. On
the other hand, the S enantiomer is more reclined than the
R enantiomer. According to these results, these geometric
differences should be consequence of different interactions
for each enantiomer, which implies different magnetic
environments and therfore, the enantiomeric differentiation
in the 1D-NMR spectra.

In addition, the docking calculations revealed that no
hydrogen bonds are present; therefore the complexes
interactions should mostly be Van der Waals and
hydrophobic.

Conclusions

This work demonstrates that OHFL enantiomers can be
studied as a racemic mixture when DM-fS-CD is used.
Stoichiometry, association constants, thermodynamic
parameters and inclusion geometry were obtained. The
result showed a 1:1 stoichiometry for both enantiomers,
and the thermodynamic parameters revealed that the
enthalpy energy would be the main contribution to the
inclusion interaction for both enantiomers.

On the other hand, the ratio between the association
constants would be in agreement with a possible separation
through HPLC.

The docking results showed similar results to the
experimental data, which allowed to rationalize the
experimental results, and obtained accurate tridimensional
geometries.

Acknowledgments C. A. R thanks to CONICYT PhD scholarship,
DPP scholarship stay, Fondecyt project 11080038 and CONICYT
project 24091026; R. M. A. thanks to CONICYT PhD scholarship,
and to S. Miranda.

References

1. Uekama, F., Hirayama, F., Irie, T.: Cyclodextrin drug carrier
systems. Chem. Rev. 98, 2045-2076 (1998)

@ Springer



346

J Incl Phenom Macrocycl Chem (2010) 68:339-346

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Breslow, R., Dong, S.D.: Biomimetic reactions catalyzed by
cyclodextrins and their derivatives. Chem. Rev. 98, 1997-2011
(1998)

. Breslow, R.: Biomimetic chemistry and artificial enzymes:

catalysis by design. Acc. Chem. Res. 28, 146-153 (1995)

. Bjerre, J., Rousseau, C., Marinescu, L., Bols, M.: Artificial

enzymes, “Chemzymes”: current state and perspectives. Appl.
Microbiol. Biotechnol. 81, 1-11 (2008)

. Takahashi, K.: Organic reactions mediated by cyclodextrins.

Chem. Rev. 98, 2013-2033 (1998)

. Rekharsky, M.V., Inoue, Y.: Complexation thermodynamics of

cyclodextrins. Chem. Rev. 98, 1875-1917 (1998)

. Casy, A.F., Mercer, A.D.: Application of cyclodextrins to chiral

analysis by 1H-NMR spectroscopy. Magn. Reson. Chem. 26,
765-774 (1988)

. Casy, A.F.: Chiral discrimination by NMR spectroscopy. Trac-

Trend. Anal. Chem. 12, 185-189 (1993)

. McCarroll, M.E., Billiot, F.H., Warner, I.M.: Fluorescence

anisotropy as a measure of chiral recognition. J. Am. Chem. Soc.
123, 3173-3174 (2001)

Xu, Y., McCarroll, M.E.: Determination of enantiomeric com-
position by fluorescence anisotropy. J. Phys. Chem. A 108, 6929—
6932 (2004)

Xu, Y., McCarroll, M.E.: Fluorescence anisotropy as a method to
examine the thermodynamics of enantioselectivity. J. Phys.
Chem. B 109, 8144-8152 (2005)

Giibitz, G., Schmid, M.G.: Chiral separation by chromatographic
and electromigration techniques. A review. Biopharm. Drug
Dispos. 22, 291-336 (2001)

Schneider, H.J., Hacket, F., Riidiger, V.: NMR studies of cyclo-
dextrins and cyclodextrin complexes. Chem. Rev. 98, 1755-1785
(1998)

Hult, M., Shafqat, N., Elleby, B., Mitschke, D., Svensson, S.,
Forsgren, M., Barf, T., Vallgarda, J., Abrahmsen, L., Oppermann,
U.: Active site variability of type 1 11f-hydroxysteroid dehy-
drogenase revealed by selective inhibitors and cross-species
comparisons. Mol. Cell. Endocrinol. 248, 26-33 (2006)
Schweizer, R.A.S., Atanasov, A.G., Frey, B.M., Odermatt, A.: A
rapid screening assay for inhibitors of 11f-hydroxysteroid
dehydrogenases (114-HSD): flavanone selectively inhibits 11f-
HSD1 reductase activity. Mol. Cell. Endocrinol. 212, 41-49
(2003)

Tarkanyi, G.: Quantitative approach for the screening of cyclo-
dextrins by nuclear magnetic resonance spectroscopy in support
of chiral separations in liquid chromatography and capillary
electrophoresis Enantioseparation of norgestrel with a-, - and y-
cyclodextrins. J. Chromatogr. A 961, 257-276 (2002)

Muiioz de la Pefa, A., Ndou, T.T., Zung, J.B., Greene, K.L.,
Live, D.H., Warner, I.M.: Alcohol size as a factor in the ternary
complexes formed with pyrene and f-cyclodextrin. J. Am. Chem.
Soc. 113, 1572-1577 (1991)

Shehatta, I.: Cyclodextrins as enhancers of the aqueous solubility
of the anthelmintic drug mebendazole: thermodynamic consid-
erations. Monatsh. Chem. 133, 1239-1247 (2002)

Salvatierra, D., Diez, C., Jaime, C.: Host/guest interactions and
NMR spectroscopy. A computer program for association constant
determination. J. Inclus. Phenom. Mol. 27, 215-231 (1997)
Mieusset, J.L., Krois, D., Pacar, M., Brecker, L., Giester, G.,
Brinker, U.H.: Supramolecular recognition and structural eluci-
dation of inclusion complexes of an achiral carbene precursor in
p- and permethylated f-cyclodextrin. Org. Lett. 6, 1967-1970
(2004)

Vijayan Enoch, 1.V.M., Swaminathan, M.: Flourimetric and
prototropic studies on the inclusion complexation of 2-amino and
4-aminodiphenyl ethers with b-cyclodextrin: unusual behavior of
4-aminodiphenyl ether. J. Lumin. 127, 713-720 (2007)

@ Springer

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Karaca Balta, D., Arsu, N.: Host/guest complex of f-cyclodex-
trin/5-thia pentacene-14-one for photoinitiated polymerization of
acrylamide in water. J. Photoch. Photobio. A 200, 377-380
(2008)

Jullian, C., Orosteguis, T., Pérez-Cruz, F., Sanchez, P., Mendi-
zabal, F., Olea-Azar, C.: Complexation of morin with three kinds
of cyclodextrin A thermodynamic and reactivity study. Spectro-
chim. Acta. A 71, 269-275 (2008)

Jullian, C., Miranda, S., Zapata-Torres, G., Mendizabal, F., Olea-
Azar, C.: Studies of inclusion complexes of natural and modified
cyclodextrin with (4-)catechin by NMR and molecular modeling.
Bioorg. Med. Chem. 15, 3217-3224 (2007)

Frisch, M.J., Trucks, G.W., Schlegel, H.B., Scuseria, G.E., Robb,
M.A., Cheeseman, J.R., Montgomery, Jr. J.A., Vreven, T., Kudin,
K.N., Burant, J.C., Millam, J.M., Iyengar, S.S., Tomasi, J., Ba-
rone, V., Mennucci, B., Cossi, M., Scalmani, G., Rega, N., Pet-
ersson, G.A., Nakatsuji, H., Hada, M., Ehara, M., Toyota, K.,
Fukuda, R., Hasegawa, J., Ishida, M., Nakajima, T., Honda, Y.,
Kitao, O., Nakai, H., Klene, M., Li, X., Knox, J.E., Hratchian,
H.P., Cross, J.B., Bakken, V., Adamo, C., Jaramillo, J., Gom-
perts, R., Stratmann, R.E., Yazyev, O., Austin, A.J., Cammi, R.,
Pomelli, C., Ochterski, J.W., Ayala, P.Y., Morokuma, K., Voth,
G.A., Salvador, P., Dannenberg, J.J., Zakrzewski, V.G., Dap-
prich, S., Daniels, A.D., Strain, M.C., Farkas, O., Malick, D.K.,
Rabuck, A.D., Raghavachari, K., Foresman, J.B., Ortiz, J.V., Cui,
Q., Baboul, A.G., Clifford, S., Cioslowski, J., Stefanov, B.B., Liu,
G., Liashenko, A., Piskorz, P., Komaromi, I., Martin, R.L., Fox,
DJ., Keith, T., Al-Laham, M.A., Peng, C.Y., Nanayakkara, A.,
Challacombe, M., Gill, PM.W., Johnson, B., Chen, W., Wong,
M.W., Gonzalez, C., Pople, J.A.: Gaussian 03, Revision C.02.
Gaussian, Inc., Wallingford CT (2004)

Becke, A.D.: Density-functional exchange-energy approximation
with correct asymptotic behavior. Phys. Rev. A 38, 3098-3100
(1988). http://pra.aps.org/abstract/PRA/v38/i6/p3098_1

Perdew, J.P.: Density-functional approximation for the correla-
tion energy of the inhomogeneous electron gas. Phys. Rev. B 33,
8822-8824 (1986)

Eichkorn, K., Treutler, O., Ohm, H., Hiser, M., Ahlrichs, R.:
Auxiliary basis sets to approximate Coulomb potentials. Chem.
Phys. Lett. 242, 652-660 (1995)

Bergner, A., Dolg, M., Kuechle, W., Stoll, H., Preuss, H.: Ab
initio energy-adjusted pseudopotentials for elements of groups
13-17. Mol. Phys. 80, 1431-1441 (1993)

Morris, G.M., Goodshell, D.S., Hallyday, R.S., Huey, R., Hart,
W.E., Belew, RK., Olson, A.J.: Automated docking using a
Lamarckian genetic algorithm and an empirical binding free
energy function. J. Comput. Chem. 19, 1639-1662 (1998)
Andrade-Dias, C., Goodfellow, B.J., Cunha-Silva, L., Teixeira-
Dias, J.J.C.: Inclusion complexes of 2-phenoxyethanol and alk-
oxyethanols in cyclodextrins: an 1H NMR study. J. Incl. Phenom.
Macrocycl. Chem. 57, 151-156 (2007)

Ramusino, M.C., Bartolomei, M., Gallinella, B.: 1H NMR, UV
and circular dichroism study of inclusion complex formation
between the S-lipoxygenase inhibitor zileuton and f- and y-
cyclodextrins. J. Inclus. Phenom. Mol. 32, 485-498 (1998)
Fielding, L.: Determination of association constants (Ka) from
solution NMR data. Tetrahedron 56, 6151-6170 (2000)
Kwaterczak, A., Duszczyk, K., Bielejewska, A.: Comparison of
chiral separation of basic drugs in capillary electrophoresis and
liquid chromatography using neutral and negatively charged
cyclodextrins. Anal. Chim. Acta 645, 98-104 (2009)

Liu, L., Guo, Q.X.: The driving forces in the inclusion com-
plexation of cyclodextrins. J. Incl. Phenom. Macrocycl. Chem.
42, 1-14 (2002)


http://pra.aps.org/abstract/PRA/v38/i6/p3098_1

	NMR as a tool for simultaneous study of diastereoisomeric inclusion complexes formed by racemic mixture of 4vprime-hydroxyflavanone and heptakis-(2,6-O-dimethyl)- beta -cyclodextrin
	Abstract
	Introduction
	Experimental
	Apparatus
	Materials
	Methods
	Stoichiometry determination
	Association constant
	Inclusion thermodynamics
	ROESY experiment
	Molecular Modeling

	Results and discussion
	Inclusion stoichiometry
	Association constants
	Inclusion Thermodynamics
	Inclusion geometry

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


