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The complexation of 2-(2-cyclohexyl-2-hydroxy-2-phenylacetoxy)-N,N-diethyl-N-methylethanaminium bromide
(oxyphenonium bromide, OB) and «-cyclodextrin («-CD) in deuterium oxide was investigated by 500 MHz proton
NMR spectroscopy, molecular mechanics, and molecular surface-area calculations. The ROESY spectrum revealed that
two 1:1 complexes of OB and «-CD, the phenyl-in complex and the cyclohexyl-in complex, coexist simultaneously.
The ROE intensities of intermolecular cross-peaks and molecular-mechanics calculations provided the structures of
these complexes. The ROE intensities were well-correlated with the effective inter-proton distances for the estimated
structures. The observed binding constant (70 dm? mol~") was close to the sum of the binding constants of -CD with
phenol and cyclohexanol. This agreement supported the coexistence of the two complexes, and allowed us to estimate
the mole fraction of the phenyl-in complex of 0.3. The chemical shift variations (Adop_cp) at full binding for aromatic
protons of OB are smaller than those of the benzenesulfonate—-CD complex. Their ratio gave another estimate of the
phenyl-in complex mole fraction (0.38). The averaged structure of OB in the two complexes was estimated from a com-
parison between the observed and theoretical shifts for four pairs of cyclohexyl protons; the phenyl and cyclohexyl
groups in the complexes are slightly more distant than those in the free state. The structures of the phenyl-in complex
and the cyclohexyl-in complex, estimated by hydrophobic molecular surface-area calculations, predicted binding con-
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stants closer to the observed ones than those by molecular-mechanics calculations.

Cyclodextrins (CDs) have homogeneous toroidal structures
of different molecular size; most typical are cyclohexaamylose
(a-CD), cycloheptaamylose (B-CD), and cyclooctaamylose
(y-CD). The toroidal structure has a hydrophilic surface, mak-
ing it water soluble, whereas the cavity is composed of
methine hydrogens, giving it a hydrophobic character. As a
consequence, the CDs can include other hydrophobic mole-
cules of appropriate dimensions and shapes.!*

Very recently, we studied the suppression of the bitter taste
of oxyphenonium bromide (OB), an antiacetylcholine drug, by
CDs, and showed that this suppression can be predicted based
on ultraviolet (UV) spectroscopic and electromotive force
data.>* Although UV data suggested that OB penetrates shal-
lowly into the @-CD cavity,® this estimation should be con-
firmed by NMR. Electromotive force data indicated the 1:1
stoichiometry of OB and @-CD.* As Fig. 1 shows, OB has
phenyl and cyclohexyl groups. These groups can bind to the
cavities of the CDs. There are two plausible 1:1 complexes
of OB and «-CD. We determined the solution structure of
OB by proton NMR spectroscopy and molecular-mechanics
calculations.” This structure of OB may be changed by o-
CD inclusion.

The guest molecule that has two binding sites for CD can
generally form one or two kinds of the 1:1 complex and the
1:2 complex. Because the complexation of the CD and the
guest is usually rapid on the NMR time scale, the NMR spec-
trum usually gives information averaged over all species pre-
sent in the system.é’8 At 223 K in N,N-dimethylformamide,
however, 1:1 and 1:2 complexes of acenaphthene and B-CD
gave separate signals on the NMR spectra.’ Because electron

spin resonance (ESR) spectroscopy has a shorter time scale
(ca. 10° Hz), the complexed and uncomplexed species of a
paramagnetic guest can provide distinct signals on the ESR
spectrum. For instance, when the 7-butyl(diphenylmethyl)ami-
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Fig. 1. Chemical structures of oxyphenonium bromide and
the definition of dihedral angles around the C1-C* and
C(phenyl)-C* bond axes of S-OB in the Newman projec-
tion.
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nyl oxide radical is complexed by B-CD in water, either the
phenyl group or the 7-butyl group can be included, and the
binding constants for these groups can be determined.!®!! Bi-
modal 1:1 complexes of a naphthalene derivative with a mod-
ified B-CD have been detected by time-resolved fluorescence
spectroscopy.!> These ESR and fluorescence methods, how-
ever, do not provide any information on the detailed structure
of the complex. Furthermore, for bimodal 1:1 complexes, the
observed macroscopic binding constant consists of two micro-
scopic binding constants and their relative magnitude has at-
tracted strong interest.®!13-1

In this work, we investigated the complexation of OB and
«-CD in water by NMR, and showed that two 1:1 complexes
coexist. The structures of these complexes were estimated
from molecular-mechanics and molecular surface areas. The
structural changes of OB with «-CD inclusion, the populations
of these complexes, and the microscopic binding constants will
also be discussed.

Experimental

Materials. Commercial samples of 99% deuterium oxide (Al-
drich) and a racemic mixture of R- and S-OB (Sigma) were used
as received. This sample of OB gave a single peak on a reversed-
phase high-performance liquid chromatogram. Tetramethylam-
monium chloride (Nacalai Tesque, Kyoto) was of guaranteed
grade.

NMR Measurements. All NMR experiments were carried out
in deuterium oxide at 309.7 & 0.1 K. This temperature was cho-
sen for a comparison with our experiments connecting the bitter
taste of OB.>* The proton chemical shifts of OB and a-CD were
determined for a series of 2 mmoldm— (mM) «-CD solutions
containing OB in the concentration range of 0.5 mM to 20 mM.
The proton chemical shifts () were referenced to the internal sig-
nal of tetramethylammonium chloride at § = 3.176 ppm.'¢ This
standard value was determined with reference to external sodium
4,4-dimethyl-4-silapentane- 1-sulfonate in D,O. The precision of
the chemical shift is 0.001 ppm. The 'HNMR spectra were ob-
tained with a JEOL Lambda 500 spectrometer at 500 MHz, and
the data processing was performed with standard software. All
of the obtained one-dimensional spectra were deconvoluted with
Nuts NMR data-processing software (Acorn NMR Inc.) in order
to determine the chemical shifts and spin-spin coupling
constants. The chemical shift induced by the benzene ring was
theoretically calculated with our own software.’

Two-dimensional rotating-framework Overhauser enhancement
spectroscopy (ROESY) for a solution containing 40 mM OB and
40 mM «-CD was performed at 500 MHz with the JEOL standard
pulse sequences; the data consisted of 8 transients collected over
2048 complex points. A mixing time of 400 ms, a repetition delay
of 1.2's, and a 90° pulse width of 11.0 us were used. The ROESY
data set was processed by applying a Gaussian function in both di-
mensions and zero-filling to 2048 x 2048 real data points prior to
a Fourier transformation. Small cross-peaks were neglected, be-
cause their magnitude was close to that of the noise. The volume
of a cross-peak was determined with our own software.

Molecular Mechanics Calculations. The solution structure of
OB, determined by NMR, was employed.’ The structure of @-CD
in the crystal structure of the 1:1 complex of &-CD and benzene-
sulfonate was employed.!” This structure of a-CD was regarded
as being a rigid body, whereas that of OB was regarded as being
flexible. The starting structure of the complex of OB and o-CD
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was generated based on NMR data with our own software,®!3

and energy minimization of this structure was carried out by mo-
lecular-mechanics calculations. These calculations were per-
formed with a Molecular Simulation Insight II/Discover (98.0)
on a Silicon Graphics Octane workstation. The Discover Il CVFF
force field was used for energy minimization.'® The energy mini-
mization was performed using the conjugate gradients method to a
derivative of 0.001 kcal mol~! with a cut-off distance for van der
Waals’ and electrostatic forces of 1.6 nm.

The complex was placed into a unit cell of 2.5 x 2.5 x 3.5 nm,
where the symmetry axis of «-CD was parallel to the long axis.
The complex was then soaked in 642 water molecules. A periodic
boundary condition was applied on this cell. The total potential
energy of this system was minimized. Simulated annealing of
the system was carried out every 1 fs for 1000 fs at a final tem-
perature of 500 K in the NVT ensemble, after the initial velocities
of the atoms were given at 10 K. After a molecular-dynamics si-
mulation, the total potential energy of this system was again mini-
mized to obtain the final structure of the complex.

Calculations of the Molecular Surface Areas. As already re-
ported,'® the Bondi radii (r) were employed for calculations of
water-accessible molecular surface area (ry(aliphatic) = 0.120
nm, ry(aromatic) = 0.100 nm, ro(ether) = 0.152 nm, ro(carbonyl)
= 0.150 nm, r¢ (aromatic) = 0.177 nm, rc(aliphatic) = 0.170 nm,
and ry (aliphatic) = 0.155 nm).?® A water radius of rw = 0.14
nm was employed for calculations of the water-accessible molecu-
lar surface areas. The groups of carbonyl, hydroxy, ether oxygen,
and ammonium nitrogen of OB and «-CD were regarded as being
hydrophilic groups, and the other groups were regarded as hydro-
phobic groups. All atomic surface areas were calculated, and then
from a summation of these areas over the hydrophobic and hydro-
philic groups, the hydrophobic and hydrophilic areas (A, and Ay,),
were calculated, respectively. Because two chemically non-
bonded atoms cannot approach within their Bondi radii, such
structures were regarded as being unstable.

Results

Chemical Shifts. Figure 2 shows a 500 MHz proton NMR
spectrum of a mixture of OB (Cop =4 mM) and «-CD
(Ccp =2 mM). The assignments of all the protons of OB?
and a-CD?!?? have already been established. -CD (CD) con-
sists of six kinds of carbon atoms (C1-C6). The chemical shift
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Fig. 2. Proton NMR spectrum of a mixture of OB (Cop = 4
mM) and ®-CD (Ccp = 2 mM).
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Fig. 3. Dependence of the chemical shift of proton H3 of
a-CD (Ccp = 2 mM) on the OB concentration. The solid
line is calculated using the values of K; and Adcp (H3)
shown in Tables 1 and 2.

of the H3 proton bonded to the C3 atom exhibits the largest
variation among those of all the protons, and is shown as a
function of the OB concentration in Fig. 3. This variation is
induced by the 1:1 complexation of these compounds, because
the absence of other complexes was established by electromo-
tive force measurements.*

When this complexation is rapid on the NMR time scale, the
observed chemical shift of an OB proton can be written as

6 = ([OB1dog + [OB-CD1d05-cp)/Cos- (D

Here, [OB] and [OB-CD] denote the concentrations of the free
OB molecule and the 1:1 complex, respectively, and Cop de-
notes the total concentration of the free and bound species of
OB; dog and Sop_cp stand for the chemical shifts of these
species. The observed chemical shift of an o¢-CD proton can
be written as

d = ([CDJdcp + [OB-CDIéos-cn)/ Cep- @)

Here, [CD] and C¢cp denote the concentration of the free CD
molecule and the total concentration of the free and bound spe-
cies of a-CD, respectively, and §op_cp stands for the chemical
shift of the bound CD molecule. Using the equilibrium con-
stant (K;) of this complexation, one can write the concentra-
tions of these species as follows:

[OB] = {K1Cop — K1Ccp — 1 + [(K1CoB
— K Cep — 1> + 4K Co]'?}/2K1. (3)
[OB-CD] = {K,Cop + KiCcp + 1 — [(K1Cop
—KiCep — 1> + 4K Co]'*}/2K1, (4)
[CD] = {KiCcp — K1Cop — 1 + [(K1Cop
— K Cep — 1> + 4K Co]'*})2K1. - (5)
Regarding K| and §op_cp as adjustable parameters, one can

calculate the theoretical chemical shift of an «-CD proton at
a given set of Cogp and Ccp from Egs. 2-5 by a nonlinear
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least-squares method. Thus, we determined the best-fit values
of these parameters from the observed A§ values of H3
(Fig. 3). These Sop_cp and K, values and standard deviations
are given in Tables 1
= Sos-cp — dcp) and 2.

The binding constant of OB and «-CD had already been de-
termined in 154 mM sodium bromide solutions at 309.7 K by
electromotive-force measurements* and UV spectroscopy.’
As shown in Table 2, these binding constants are close to that
obtained in this work. This fact indicates that the present K|
value is reliable. Thus, by using this K; value, we determined
the best-fit Adpp_cp values and the standard deviations for all
protons of OB and «-CD, except for H3; those values for the
protons of the phenyl and cyclohexyl groups of OB and o-CD
are given in Table 1. From the magnitude of the Adop_cp va-
lues, one can imagine the structure of the complex: OB is shal-
lowly incorporated from the wider rim (the secondary alco-
holic side) of the «-CD cavity, and the cyclohexyl group of
OB is incorporated. In Table 2 the literature binding constants
(K1) of a-CD with cyclohexanol and phenol are also summar-
ized.

ROESY Spectrum. To confirm the structure estimated
from the chemical-shift variations, we recorded the ROESY
spectrum. As Figs. 4 and 5 show, OB and «-CD exhibit inter-
molecular cross-peaks. The ROE intensities of the cross-peaks
between the protons (H3, HS, and H6) of @-CD and the phenyl
and cyclohexyl protons of OB are summarized in Table 3.
Based on electrochemical data we showed that OB and «-
CD form the 1:1 complex alone.* In addition to the NMR data,
we have UV spectroscopic evidence that the phenyl group of
OB penetrates into the a-CD cavity.* These results indicate
that both of the phenyl and cyclohexyl groups are incorporated
in the o-CD cavity to form two kinds of 1:1 complexes, the
cyclohexyl-in complex (OB—CDc) and the phenyl-in complex
(OB-CDgp).

The volume (ROE intensity) of the cross-peak was deter-
mined by integration. The ROE intensity of the cross peak
is proportional to the number of equivalent protons. When in-
ternal rotations of a molecule are slower than the overall tum-

(A8oB-cp = doB-cp — S0 OF

bling, we can expect the following relation:**?
icp  1oB
ROE =k Z Z dcpios; . (6)

i=1 j=1

Here, dcpios; denotes the distance between a proton (CDi) of
CD and a proton (OB}) of OB, and ncp and npp stand for the
number of equivalent protons of the o-CD and OB group,
respectively. For simplicity, the effective distance (d¢r) is de-
fined as

icb  1oB
(der)™® = (1/ncono) Y Y depios; . (7)
1

i=1 j=

From Eqgs. 6 and 7 we can expect that ROE/ncpnop increases
as two protons become closer to each other.

In Table 3, ROE/ncpnog is shown for intermolecular cross-
peaks. Because there is no cross-peak between H1 and the
protons of OB, the H1 region was omitted from Figs. 4 and
5 and Table 3. Because the H3 and H6S protons of a-CD
overlapped with each other in the ROESY spectrum (Figs. 4
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Table 1. Chemical Shifts of Free OB and «-CD and Chemical Shift Variations Induced by
Complexation with OB, Benzenesulfonate (BS), and Cyclohexanol (cHexOH)

Proton iree Adop-cp A(Scomplex (B S)a) A(Scomplex (CHCXOH)b)
H1 5.051 —0.017 +0.001° —0.032 0.00
H2 3.632 0.007 £ 0.001 —0.068 0.01
H3 3.976 —0.100 £ 0.003 —0.204 —0.02
H4 3.581 —0.007 £ 0.001 —0.035 0.00
H5 3.832 —0.064 + 0.001 0.014 —0.03
H6 3.885 —0.013 £ 0.001 0.019 —0.01
Ho 7.611 0.054 £ 0.004 0.211 —
Hm 7.469 0.077 £ 0.004 0.131 —
Hp 7.405 0.027 £ 0.004 0.073 —
Hla 2.437 0.077 £ 0.004 — 0.06
H2a 1.380 0.117 £ 0.004 — 0.09
H2e 1.497 0.124 £ 0.004 — 0.10
H3a 1.331 0.125 £ 0.004 — 0.07
H3e 1.823 0.195 £ 0.004 — 0.07
H4a 1.135 0.144 £ 0.004 — 0.06
H4e 1.672 0.096 £+ 0.004 — 0.08
H5a 1.258 0.160 £ 0.004 — 0.07
H5e 1.689 0.244 £ 0.004 — 0.07
Hé6a 1.003 0.112 £ 0.004 — 0.09
Ho6e 1.382 0.207 £ 0.004 — 0.10

a) The data for the complex of sodium benzenesulfonate and @-CD at full binding, taken
from Ref. 26. b) Observed Aﬁcomplex values taken from Ref. 27, where the molar ratios
of cyclohexanol to a-CD are 0.48 for the @-CD protons and 1.06 for the cyclohexanol
protons. Because these are Aémmplex values at partial binding for cyclohexanol, relative
values alone have physical meaning. c) Standard deviation.

Table 2. Observed and Theoretical Binding Constants of ®-CD with OB, Phenol, and Cyclohexanol®

Guest K,/dm? mol~!

OB 70 + 4 (NMR, 308 K),» 94 (UV, 308 K),©' 58 (EMF, 308 K)®
Phenol 37,9 20.7,9 20.0,2 16000,” 18.9.7 0) 19.8 (308 K)P
Cyclohexanol 62,9 580 64.6,) 14790, 56 (308 K),? 50 (308 K)¥

a) At 298 K, unless specified. b) This work (SD = 4.0). c) Determined in a 154 mM sodium bromide
solution by UV, taken from Ref. 3. d) Determined in a 154 mM sodium bromide solution by electro-
motive force measurements, taken from Ref. 4. e) Taken from Ref. 31. f) Taken from Ref. 32. g)
Taken from Ref. 33. h) Taken from Ref. 34. i) Taken from Ref. 35. j) Taken from Ref. 36. k) Taken
from Ref. 27. 1) Taken from Ref. 37. m) Taken from Ref. 38.

and 5), these protons were regarded as being equivalent:
ncp(H36S8) = 12, Similarly, because three protons (H2a,
H3a, and Hé6e) of OB overlapped with one another, they were
dealt with as equivalent ones: nog(H2a3a6e) = 3.

The magnitude of the cross-peaks for the phenyl protons is
slightly smaller than that for the cyclohexyl protons. This in-
dicates that a mole of the phenyl-in complex is smaller than a
mole of the cyclohexyl-in complex.

Structures of Complexes. To estimate the structures of
these two complexes, we must take into consideration two mi-
croequilibria of these simultaneous complexations:

Kic
OB + CD 1€ OB—CDy., (8)
OB + CD "2 OB_CDj. 9)

The sum of these microscopic equilibrium constants must be
equal to the macroscopic constant (K;).'*1323 The chemical
shift of the complex consists of the contributions of the two

complexes
dos-cp = (Kicdop-cpc + Kipbos-cor)/Ki. (10)

Here, Sop_cpc and Sop_cpp denote the chemical shifts of the
two complexes, respectively. From Eq. 10 we can write the
chemical-shift variation with this complexation as

Adog_cp = (Kic Ados-cnc + KipAdos-cor)/Ki. (11)

Thus, the observed chemical shift variation comes from the
two complexations. If Kjc and Kp are determined, the mole
fractions of these species in the 1:1 complex can be calculated
from ch/Kl and KIP/KI-

Keeping this consideration in mind, we compared the che-
mical-shift variations of OB with those of sodium benzenesul-
fonate (BS).2® The Adop_cp values for the aromatic protons of
OB are much smaller than those for BS, as shown in Table 1.
This result is consistent with the partial incorporation of the
phenyl group of OB, because the Adop_cp values for the aro-
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Fig. 4. Partial ROESY spectrum of a mixture of OB
(Cog = 40 mM) and -CD (Ccp = 40 mM) in the benz-
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Fig. 5. Partial ROESY spectrum of a mixture of OB
(Cop = 40 mM) and @-CD (Ccp = 40 mM) in the cyclo-
hexane region.

Table 3. ROESY Intensities ROE/ncpnog of Intermolecu-
lar Cross-Peaks between the Protons of the Phenyl and Cy-
clohexyl Groups of OB and the H3, HS5, H6S, and H6R
Protons of @-CD in a 500 MHz ROESY Spectrum®

OB

la 2a,3a,6e 2¢ 3e 4a 4e 5a 5e 6a o m p

H3,65 0 121 7.212.6 139 9.1 84 14.1 1.7 6.0 99 2.5
H5 0 30 04 95 3910503 730 218643
H6R O 04 0 08 0 140 070 041.70.1

a) Recorded for the solution containing 40 mM OB and 40
mM «-CD.
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matic protons would be close to zero for the cyclohexyl-in
complex (Adop_cpc = 0) and to those of the BS complex
for the phenyl-in complex in Eq. 11, respectively. The
Abop_cp values for most of the CD protons in an OB—CD
complex are smaller than those in a BS-CD complex. The
ASop_cp values of the CD protons for the phenyl-in complex
should generally be larger than those for the cyclohexyl-in
complex, because the phenyl group has larger magnetic effects
on the neighboring atoms than the cyclohexyl group. The
Ado_cp value for proton H5 of CD in the OB-CD complex
is negative. This sign is consistent with that of the «-CD—cy-
clohexanol (cHexOH) complex, but is opposite to that of the
BS-CD complex; for the Adop_cp value of proton H5 of CD
in the CD-OB complex, the cyclohexyl-in complex would
make a larger contribution than the phenyl-in complex. Pro-
tons H3 and HS5 of CD are close to proton H4e of OB (Table
3). As shown in Table 1, the incorporation of cyclohexanol
into the «-CD cavity induces downfield shifts of the cyclohex-
yl protons.?” However, because these Adcomplex (c(HexOH) va-
lues are at a partial binding, they are smaller than those of OB.

Based on these chemical shifts (Table 1) and NOE data
(Table 3 and Figs. 4 and 5), we can imagine rough structures
of the phenyl-in and cyclohexyl-in complexes. The structures
of OB in the free state and «-CD in the BS-«-CD complex
were used as initial structures,”® and the energy-minimized
structures of the complexes were estimated by molecular me-
chanics (MM). These structures are shown in Fig. 6. The di-
hedral angles (¢, and ¢,) of OB around the C(phenyl)-C* and
C1-C* bond axes of OB in the complexes are shown in
Table 4.

Based on these MM structures, we calculated the effective
distance (d.r) and plotted it against the ROE intensity (ROE/

(c)

(d)

Fig. 6. Three-dimensional structures of (a) the phenyl-in
complex and (b) the cyclohexyl-in complex estimated by
molecular mechanics and (c) the phenyl-in complex and
(d) the cyclohexyl-in complex estimated by molecular sur-
face area calculations.
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Table 4. Structures and Binding Constants of Cyclohexyl-in and Phenyl-in Complexes Estimated on the
Basis of Molecular Mechanics (MM) and Molecular Surface Areas (SA)

Structure o Ll el Aloo Ki
nm degree degree nm? molecule ™! dm?® mol™!
Phenyl-in by MM 0 —76 65 1.80 16.4
Cyclohexyl-in by MM 0 -59 56 1.73 12.4
Phenyl-in by SA —0.05 —76 65 1.83 18.8
Cyclohexyl-in by SA —0.11 -59 56 1.96 31.9
15 2.2
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Fig. 7. The observed ROE/ncpnop values plotted against —0.2 0.0 0.2
the effective proton—proton distances calculated for the x/nm

phenyl protons (closed circles) of the phenyl-in complex
and the cyclohexyl protons (open circles) of the cyclohex-
yl-in complex in the energy-optimized structures.

nepnog).  As expected from Eqgs. 6 and 7, ROE/ncpnop de-
creased with increasing d.ir (Fig. 7). This finding indicates
that the structures of the phenyl-in and cyclohexyl-in com-
plexes are reasonable. Some scatter in Fig. 7 can be ascribed
to the dependence of the ROE intensity on the experimental
conditions and the internal motion of the complexes.

In the complex of OB and o-CD, the hydrophobic groups of
OB would likely to be in more contact with the hydrophobic
groups of @-CD, and in less contact with the hydrophilic
groups of o-CD. The same thing holds true for @-CD. We
have recently proposed a molecular surface-area method for
predicting the structure and binding constant of com-
plexation.'”® Among the decreases in the molecular surface
area with docking of the host and guest, the AA,, value is
the most important area. This is the decrease in the area of
contact between the hydrophobic surfaces of the host and guest
in the complex, and may be termed the matching hydrophobic
surface area decrease. The structure of the complex at the
maximum AA,, value is the most stable, which is well corre-
lated with the binding constant.

Figure 8 shows this AA,, value as a function of the penetra-
tion depth (x) for the phenyl-in and cyclohexyl-in complexes
into the symmetric axis of ®-CD, while the structure of OB
and «-CD were kept rigid. The structures of OB and that of
a-CD, determined by NMR® and X-ray crystallography,'’
were used. In Fig. 8 a penetration depth of x = 0 is the posi-

Fig. 8. AA,, values plotted against the penetration depth of
the phenyl group (closed circles) and the cyclohexyl group
(open circles) in the o-CD cavity, where the arrows corre-
spond to the structures of the complexes estimated by mo-
lecular surface areas and the depth of x = 0 denotes the
molecular mechanics structure.

tion for the structures (Figs. 6a and b) of the complexes esti-
mated by molecular mechanics. The AA,, value increases
with a deeper penetration of the phenyl and cyclohexyl groups,
and the complexes become more stable in the free energy of
hydrophobic interactions. However, OB and «-CD are in
van der Waals contact at the depth shown by the arrows. As
OB and «-CD approach beyond this depth, the energy of the
van der Waals repulsion increases rapidly. Therefore, we re-
garded the structures being in van der Waals contact as the
most stable. Table 4 shows the penetration depth and the
AA,, value for these stable structures shown in Figs. 6¢ and d.
Because x is rather small, the SA structures are close to the
MM structures. This indicates that the structures of the phen-
yl-in and cyclohexyl-in complexes are stabilized mainly by hy-
drophobic interactions. The effective distances calculated
based on the SA structures are close to those for the MM
structures. Because the plot of ROE/ncpnop against degr for
the SA structures is close to Fig. 6, the data are not shown.
Conformational Changes of OB with o-CD Inclusion.
Based on NMR measurements and calculations of the molecu-
lar mechanics, molecular dynamics, and molecular surface
areas, we determined the structure of OB in an aqueous
solution.’ The chemical shifts of the cyclohexyl protons are
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very sensitive to the configuration of the phenyl group,
namely, to the dihedral angles (¢, and ¢,) as defined in
Fig. 1. OB has four pairs of corresponding protons (H2a
and H6a, H2e and H6e, H3a and H5a, and H3e and H5e).
As Table 1 shows, the chemical shifts of the paired protons
are different from one another. This magnetic nonequivalence
was ascribed to the difference in the ring-current effects of the
phenyl group on the paired protons.’> The observed chemical-
shift differences (AS) for four pairs of the protons were best
fitted to those calculated based on the ring-current effect by re-
garding the dihedral angles as being adjustable parameters to
determine the structure of OB in the free state.>7?>2628 This
NMR structure is shown by the light lines of Fig. 9. The fit-
ness of the chemical shifts was judged from the magnitude
of SS. These best-fit values are given in Table 5.

This procedure was employed to estimate the average struc-
ture of OB in the OB—a-CD complex; we cannot separately
determine the structures of OB in the phenyl-in complex and
in the cyclohexyl-in complex. If the cyclohexyl group is incor-
porated symmetrically in the @-CD cavity, the chemical-shift
variations of the paired protons on complexation will be
identical. Then, the difference (AJ) between the chemical
shifts (8op_cp) of the paired protons is caused by the ring-cur-
rent effect alone. This difference is shown for four pairs in
Table 5. These observed chemical-shift differences (AJ) for
four pairs of the protons were best fitted to those calculated
based on the ring-current effect by regarding the dihedral an-
gles as being adjustable parameters. This structure of the com-
plex is shown by the dark lines of Fig. 9, and is less crowded
than that of the free OB molecule (light lines). This induced
structural change facilitates the complexation of OB with «-

Fig. 9. Three-dimensional structures of OB in the free state
(light lines) and in the complex (dark lines) estimated
from NMR chemical shifts.
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CD.

The dihedral angles (¢, and ¢,) of OB in the complex de-
termined by molecular mechanics are given in Table 4. The
average dihedral angle is connected with those of the two com-
plexes as:

¢, = (Kic¢c + Kir@p) /K1, (12)
¥ = (Kic@yc + Kirop) /K1, (13)

where @, = —59°, @;p = =76°, @y = 56°, and @,p = 65°.
Though there are some uncertainties in the estimation of K¢
and Kp (see Discussion Section), the values of ¢, and ¢, es-
timated by molecular mechanics are close to those estimated
by NMR (Table 5). Thus, ¢, does change significantly upon
complexation, though ¢, remains unchanged. The decrease
in @, facilitates the complexation of OB into the &-CD cavity.

Discussion

Chemical Shifts and Binding Constants. The chemical-
shift change (Adop_cp) with complexation has not been used
very much for determining the structure of the complex.®7-26
To determine this value accurately, we must pay special atten-
tion to chemical-shift references. The chemical shift in refer-
ence to an external standard changed linearly with increasing
CD concentration.!®182930 To determine the binding constant,
we must correct this change.”® Internal reference com-
pounds are often bound to CD and guest molecules by hydro-
phobic and electrostatic interactions.'®?>3"  To avoid these
complications, we employed tetramethylammonium chloride
as an inert, internal reference.'® Using the chemical shift for
the OB—«-CD system, we determined reasonable binding con-
stants and estimated the structures of the OB-w-CD
complexes. Although ESR and time-resolved fluorescence
spectroscopies had detected two types of 1:1 complexes, they
had not given detailed information on these structures.'%-

Regardless of the kinds of guests and cyclodextrins, the
AA,, value is correlated with the binding constant at 298 K

aslS

logKi = 1.803AA,, — 2.323. (14)

Using Eq. 14 with the AA,, values shown in Table 4, we can
estimate the microscopic binding constants for the phenyl-in
and cyclohexyl-in complexes, as shown in Table 4. The
macroscopic binding constant estimated from the SA structure
is 50.7 M~!, whereas the value estimated from the MM struc-
ture is 28.8 M~!. The theoretical binding constant estimated
from the SA structure is closer to the observed value (70

Table 5. Observed and Calculated Chemical Shift Differences between a Pair of Protons and the Dihedral Angles around
the C1-C* and C(phenyl)-C* Bond Axes for Free and Complexed OB

. Free OB Complexed OB
Paired proton
AboBobsa  AboBealcd P (2 SS¥  Abop-cpobsd  ASoB-cDealed @) (2 SS
Ho6e-H2e —0.152 —0.150 —0.388 —0.432
H6a-H2a —0.378 —0.350 —0.155 —0.107
H5e-H3e —0.026 —0.021 —0.196 —0.066
H5a-H3a —0.140 —0.122 —0.149 —0.118
—64°  102° 0.001 —61°  67° 0.022

a) SS = Z(Scalcd - 80bsd)2
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M~ than that from the MM structure.

Estimation of the Molar Ratio of Two Complexes.
Table 2 compiles the binding constants of phenol*'~*¢ and cy-
clohexanol?’3>373% with a-CD at 298 and 308 K. Among
these values, the binding constants determined by Gelb et al.
at 298 K seem to be the most reasonable for phenol and
cyclohexanol.3?3° They obtained binding constants of 19.8
and 56 M~! for phenol and cyclohexanol at 308 K. If we em-
ploy these values for the phenyl-in and cyclohexyl-in com-
plexations in the equation K; = K, + Kj., we can estimate
a binding constant of 75.8 M~! for OB. This is very close
to our value for OB obtained by NMR (Table 2).*° This agree-
ment also supports the coexistence of two kinds of complexes
of OB and «-CD, and allows us to estimate the mole fractions
of these complexes; the mole fractions of the phenyl-in and cy-
clohexyl-in complexes are 0.3 and 0.7, respectively.

The other estimation of the molar ratio of the two com-
plexes comes from a comparison of the Adgp_cp values of
OB with those of BS.>> As Table 1 shows, the ASop_cp va-
lues for Ho, Hm, and Hp of OB are smaller than those for
the BS—a-CD complex. The Adop_cp values of the phenyl
protons for the cyclohexyl-in complex would be assumed to
be zero in Eq. 11. Then, because Adop_cpc = 0, the mole
fraction of the phenyl-in complex is Kip/K; = Ados-cp/
Adop_cpp. Because the geometry of the phenyl group in the
phenyl-in complex (Figs. 6a and 6c¢) is close to that in the
BS complex (Fig. 3d in Ref. 26), the ASop_cpp values of the
phenyl protons for the phenyl-in complex would be assumed
to be equal to those for the BS—-«-CD complex in Eq. 11.
Therefore, the ratio of Adop-cp(OB) t0 Adcomplex(BS) gives
an estimation of the mole fraction of the phenyl-in complex:
0.23 for Ho, 0.56 for Hm, and 0.36 for Hp. The average of
these mole fractions is 0.38. This value is similar to the mole
fraction of 0.3 estimated from the binding constants.

The ROE/ncpnop value should increase as the concentra-
tion of the OB-w-CD complex increases. As shown in
Fig. 7, the ROE/ncpnog value for the cyclohexyl-in complex
is slightly larger than that for the phenyl-in complex. This
finding is consistent with the molar ratios estimated from the
binding constants and chemical shifts.

Implications of the Present Work. In this work we used a
racemic mixture of R- and S-OB, but analyzed the S-form
alone. Because the binding sites of OB to «-CD are the phenyl
and cyclohexyl groups, the difference in @-CD inclusion be-
tween R- and S-OB would be slight. In fact, we failed to se-
parate this racemic mixture with @-CD by a few methods (un-
published results).

Electromotive-force measurements established the 1:1 stoi-
chiometry of OB and @-CD.* OB has two binding sites, the
phenyl and cyclohexyl groups. Because these groups are very
crowded, OB cannot form the 1:2 complex of OB to o-CD.

Though molecular surface areas have been used to estimate
the aqueous solubility, the partition coefficient, critical micelle
concentrations, HPLC retention times, bioactivity, and the mo-
lecular conformation,®!® they have been applied only a little to
docking studies.'®?® This approach will be applied to other
host-guest systems.

Thanks are due to the late Dr. Sakae Hada and Mr. Ryusaku
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Kawaguchi for preliminary experiments. The work is sup-
ported by Grants-in-Aid from the Scientific Research Program
(No. 116721153) and the Frontier Research Program of the
Ministry of Education, Science, Sports and Culture.
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