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Hydrogen-bonded interactions i, -, andy-CD conformers are investigated from the molecular electron
density topography and chemical shift in the nuclear magnetic resonance (NMR) spectra calculated by using
the Gauge Invariant Atomic Orbital (GIAO) method within the framework of density functional theory. For
the lowest-energy CD conformers in the gas phase, theH2-O,' hydrogen-bonding interactions are present.
Calculated'H NMR chemical shifts §4) correlate well with the hydrogen-bond distance as well as electron
density at the bond critical point in the molecular electron density (MED) topography. The confornfiers of

and y-CD comprised of relatively strong secondary hydroxyl interactions are stabilized by solvation from
polar solvents.

Introduction that hydrogen-bonded interactions of secondary hydroxyl groups
from the bottom rim render less flexibility t6-CD than too-

or y-CDX6-19This partly accounts for the low solubility gfCD

in water. LipkowitZ° has obtained the energies of open and
closed conformers employing the empirical force field calcula-
tions. Dobado et & have calculated the chemical shifts in a
series of modified cyclodextrins functionalized at the primary
hydroxyl group from the density functional calculations. The
chemical shifts thus obtained agree well with the experimental
data. Recently, the electronic structure of anhydrgueSD
conformers has been report&d?®> Thermodynamic parameters
such as free energies of CD complexation and #HeNMR
spectrd® are affected significantly by solvation. The topography
of scalar fields such as the molecular electrostatic potential has
recently been explored to analyze the hydrogen-bonded interac-
tions involving primary as well as secondary hydroxyl groups
of a-, -, andy-CD.22 In the present workg-, 3-, andy-CD
conformers with different relative orientations of primary
hydroxyl groups and clockwise and anticlockwise hydrogen-
bonding patterns from both top and bottom rims are considered.
The present paper is aimed at gaining insights for the molecular-
level understanding of hydrogen-bonded interactions and how
they manifest themselves in the calculated NMR chemical shift.
Pursuant to this, the following questions have been addressed
in this work. (i) How do the hydrogen-bonding patterns influence

Cyclodextrins (CD) are the cyclic oligosaccharides comprised
of six (a-CD), seven §-CD), or eight {-CD) p-glucoses
condensed through an(1—4) linkage. Their hydrophobic
internal cavity and hydrophilic external surface offer high
molecular recognition ability toward a variety of guest molecules
from polar inorganic ions to nonpolar organic molecuiggell-
defined chemical structure, a multitude of potential sites for
chemical modification, varying cavity dimension, low toxicity,
low pharmacological activity, and protection of the guest from
biodegradation and bioadaptabifity are some of the attributes
which facilitate their use in biochemistry and drug research.
The a-, -, andy-CDs in aqueous solution are conducive to
the formation of inclusion complexes which find applications
in pharmaceutical science, catalysis, and as building blocks for
supramolecular structurés!s These inclusion complexes crys-
tallize either in cage- or channel-type structures depending on
whether the guest is ionic or molecular in nature. Crystal
structure data have shown that intermolecularHd--O and
C—H---O interactions favor the macrocyclic conformation and
subsequent inclusion of the guest molecdfe3he binding
affinity of a guest in these complexes is governed by cavity
dimension, its relative orientation, and noncovalent interactions
which refer to both dipoledipole and hydrogen-bonded
interactions. Fluorescence, UWisible spectroscopy, and cal- energetics ofc-, 8-, and y-CD conformers? (i) How do
Z:]'g]re?eys ?I'th:snen:g(r:];iielrj]:sl?\oc\;\?eev;? mea}jure fqm(?lexﬁt'oréthe hydrogen-bonded interactions vary with the increasing cavity

gles. ques, » provide only Indirect anlg;; o "ot the cD? (iif) Can the NMR shifts be correlated to

gtkj]ahtat;\r/e lm;O{mr?tlronta?ou:_|r:]clus;|tonn_r‘rr]10(3ef ?ntd ge(r)_mr(:,ttrlgsr; hydrogen-bond patterns or the size of the CD cavity? The
us, structural characterization pertaining to relative onentatio computational method used is outlined below.

of a guest in the CD cavity is of particular significance for the

understand_ing of supramqlecular heg'ue_st complexatio_n. Computational Method

Encapsulation of a guest in the CD cavity has been widely o

studied through NMR experimeri&Thus, the observed chemi- Hartree-Fock geometry optimizations of the-, §-, and

cal shifts have emerged as an alternative means to single-crystay-CD conformers possessing different hydrogen-bonded patterns

diffraction data derived from either the X-ray or neutron Were carried out employing the internally stored 3-21G basis

diffraction experiments to obtain insights regarding orientation Set: The geometries thus obtained are further subjected to the

of a guest in the complex. These NMR experiments have shownOptimization (with no symmetry constraints) using density
functional calculations incorporating Becke’s three-parameter

* Corresponding author. Fax+91-20-2569 1728. E-mail: spgejji@chem. exchfinge Wi_th Lee, Yang, and Parr's (B3LYP) _correlation
unipune.ernet.in. functional using the 6-31G(d) basis ge#’ Calculations are
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TABLE 1: Relative Stabilization Energies (AE in kJ mol~1)
of CD Conformers

0-CD B-CD y-CD
6-31G  6-31G 6-31G  6-31G  6-31G  6-31G
(d) (d,py (d) (d,p} (d) (d.py

Al 0.0 0.0 0.0 0.0 0.0 0.0
A2 1.9 —-0.1 12.1 9.6 21.6 18.6
A3 2.3 0.6 11.3 8.9 20.3 17.4
A4 —-0.1 —0.4 0.6 0.3 0.3 0.1

B2 82.5 82.5 78.5 78.9 64.9 66.2
B3 76.8 77.5 75.3 76.5 64.2 66.2

C1 81.2 80.0 80.0 78.2 69.0 66.9
Figure 1. Glucose unit cut from cyclodextrin along with the atomic C4 88.0 85.8 84.7 82.0 72.2 69.4
numbering scheme.

aEnergies are calculated at the B3LYP/6-31G(d,p)//B3LYP/6-31G(d)

level of th .
carried out using the GAUSSIAN 03 progra&fiThe optimized ever ot theory

geometry of a glucose residue cut out of CD is displayed in
Figure 1. The atomic numbering scheme used is also shown
along with the Figure. These optimized geometries should be
regarded as the stationary point geometries on the potential
energy surface since the vibrational frequency calculations for
these CD conformers being computationally expensive for such
large systems were not carried out in the present work. NMR
chemical shifts §) were calculated by subtracting the nuclear
magnetic shielding tensors of protons in CD from those of the
tetramethyl silane (TMS) (as a reference) through the gauge
invariant atomic orbital (GIAO) methdd at the B3LYP/6-
31G(d,p)//B3LYP/6-31G(d) level of theory. The Quantum
Theory of Atoms in Molecules (QTAIMY-32 proposed by
Bader was employed to investigate the molecular electron
density topography and, accordingly, the bond critical point
(bcp), characterized as (31) CP, of d_ifferent hydrogen bonds those possessing the -0’ interactions.
was located. A program developed in our laboratory was used Selected hvd -bond dist ivolvi . {00 i
to calculate the density at the bgmdy) in the MED topogra- elected nhydrogen-bond distances involving primary (top rim)
phy 3334 The effect of solvation on the relative stabilization and secondary (bottom rim) hydroxyl groups of CD conformers
energies of these CD conformers was studied by using the self-2'€ g|ve|:1 n Table 2. As may be noticed, rt}he '“t.er'%'“,?ose
consistent reaction field (SCRF) theory employing the Polariz- O3H'"02d dlstﬁ]nces.areh predicted to be s ofrter 'P C" as
able Continuum Model (PCM¥, where the cavity is created compare to those in the °B or' A" types of con Ormers.
via a series of overlapping spheres, initially devised by Tomasi Accordingly, fora-CD, the QH---O;' hydrogen-bond distance
and co-workers, as implemented in the GAUSSIAN 03 program.

B3LYP/6-31G(d) calculations are compared in Table 1. These
stabilization energies were calculated by subtracting the elec-
tronic energy of the CD conformer from that of the correspond-
ing lowest-energy conformer (Al) of-, -, and y-CD.
Calculated stabilization energies from both basis sets do not
vary significantly. As may be noticed readily, the energies
calculated using the 6-31G(d) basis set for the C1 conformer
of B-CD differ maximally by 2.7 kJ moi! when the 2p
polarization functions have been added on hydrogen atoms to
the basis set. Further, the;l®--O¢' interactions present only

in the “A” type of conformers render stability to these
conformers over “B” and “C” in a gas phase. Anticlockwise
hydrogen bonding pattern in the top rim of CD is prevalent in
the “A” type of conformers. It may further be noticed here that
conformers comprised of48-:-O;' interactions are favored over

in the lowest-energy conformers in “A”, “B”, and “C” turns
out to be 2.156, 1.902, and 1.890 A, respectively. Similar
inferences may be drawn in the case@goéndy-CD. With an
increase of cavity size from-CD to y-CD, the QH---O,' and
Fora-, 8-, andy-CD, conformers possessing primary as well OzH-:-Os" interactions (from secondary hydroxyls) lead to
as secondary hydroxyl groups oriented in clockwise and shorter hydrogen-bond distances. These interactions are preva-
anticlockwise fashion are considered. These conformers arelentin “B”and “C” conformers relative to “A”. The @H+--O¢'
classified as “A”, “B”, and “C” by considering hydroxyl interactions exhibit the trend-CD > 3-CD > y-CD, which is
interactions from the primary OH groups. These conformers parallel to the hydrogen-bond distances. For example, in Al
are displayed in Figure 2. Thus (i) conformers which have the H--Og distance turns out to be 1.798 A in the cased®D
OgH-+++Og interactions are referred as “A”, (ii) those comprised compared to 1.890 A fop-CD. On the other hand, secondary
of OgH-++-O5' interactions are denoted by “B”, and (iii) those hydroxyl groups exhibit a rank order opposite to that of primary
which have intra-glucosedBl---Os interactions (involving ether ~ hydroxyls as pointed out earlier.
oxygens) are called “C”. The single prime in these expressions The strength of hydrogen-bonded interactions can be gauged
refers to atoms from an adjacent glucose unit. We consideredfrom the electron density at bcpygp) in the MED topography.
four conformers of “A” denoted by A1, A2, A3, and A4. Here, The pyep, values of hydrogen bonds in CD conformers are
1 refers to the hydroxyl protons oriented anticlockwise in the compared in Table 3. It may be inferred that theHS-Og'
top rim and clockwise in the bottom; the conformer which has (0.0350 au) interactions in-CD are stronger than those fh
reverse orientations in top and bottom rims to the above is (0.0319 au) ory-CD (0.0284 au). The hydrogen-bonded
designated as 2. The labels 3 and 4 denote the hydroxyl groupsnteractions at the bottom rim of “B” and “C” conformers are
oriented in top and bottom rims to be either both clockwise or relatively stronger than those in conformer “A”. An increase in
both anticlockwise, respectively. With these notations only B3, pyp, values fromo- to - to y-CD for these interactions can
B4, C1, and C2 conformers are possible. Accordingh{® O3’ thus be explained. The highei, observed for @H:--O;'
interactions are present only in A2, A4, B2, and C4 conformers, hydrogen bonds as compared tgH>-O3' hydrogen-bonded
whereas the Al, A3, B3, and C1 conformers facilitatel©-O,' interaction further support the energy rank order of CD
interactions. Relative stabilization energieswef -, andy-CD conformers. The gH---O;' interactions are, therefore, favored
conformers from the B3LYP/6-31G(d) and B3LYP/6-31G(d,p)// over QH---O3' interactions in the lowest-energy conformers.

Results and Discussion



A3 A4 C1 c4

Figure 2. Clockwise and anticlockwise orientations of hydroxyl groups in the top and bottom rims of CD. These conformers are classified from the hydiaggratiend of primary hydroxyl groups.
Conformers A having gH:--O¢' interactions, conformers B havingsi--Os' interactions, and conformers C do not possess hydrogen-bonded interactions from primary hydroxyl groups.

SIaWIOU0D ULIIX3POJAD-Apue ‘-d ‘-0

G8SGEMN0Z ‘TS 'ON ‘TTT 'IOA 'V ‘wayd 'sAud °r



13586 J. Phys. Chem. A, Vol. 111, No. 51, 2007 Pinjari et al.
TABLE 2: Selected Bond Distances (in A) ofo-, -, and y-CD Conformers?
Al A2 A3 A4 B2 B3 C1 C4

a-CD
O,H---05' (2.390) 2.238 2.390 2.182 1.895 (2.276) (2.274) 1.901
OsH-+-0O; 2.156 (2.422) 2.198 (2.429) (2.320) 1.902 1.890 (2.326)
OgH+*-O¢' 1.798 1.808 1.810 1.797
OgH+++O5' 1.943 1.949
CeH-+-O5' 2.447 2.288 2.335 2.406
B-CD
O;H-++0O5 (2.397) 2.185 (2.401) 2.146 1.875 (2.249) (2.263) 1.906
OsH-+-0O;' 2.119 (2.423) 2.148 (2.430) (2.286) 1.877 1.882 (2.308)
OgH-*+-O¢' 1.838 1.850 1.846 1.833
OgH+++O5' 1.925 1.928
CeH++-O5' 2411 2.265 2.309 2.369
y-CD
O;H+++0O5 (2.415) 2.161 (2.413) 2.141 1.868 (2.233) (2.255) 1.891
OzH:++0y' 2.101 (2.432) 2.129 (2.434) (2.266) 1.864 1.862 (2.292)
OgH-+O¢' 1.890 1.903 1.904 1.877
OgH+++O5' 1.907 1.917
CeH++-O5' 2.384 2.254 2.296 2.334

aFigures in parenthesis indicate the intra-glucoseH>-O interactions from secondary hydroxyl groups at the bottom rim.

TABLE 3: Electron Density (pncp) at the bcp in MED Topography of a-, -, and y-CD Conformers

conformers Al A2 A3 Ad B2 B3 C1 C4
OH:-+O4 o-CD 0.0138 0.0156 0.0284 0.0281
p-CD 0.0153 0.0167 0.0294 0.0276
y-CD 0.0160 0.0168 0.0296 0.0283
OsH:-O; o-CD 0.0163 0.0149 0.0282 0.0289
p-CD 0.0175 0.0164 0.0296 0.0293
y-CD 0.0180 0.0169 0.0304 0.0305
OgH+++O¢' o-CD 0.0350 0.0346 0.0345 0.0351
p-CD 0.0319 0.0313 0.0317 0.0322
y-CD 0.0284 0.0279 0.0278 0.0286
OgH+++Os' o-CD 0.0275 0.0272
p-CD 0.0285 0.0283
y-CD 0.0295 0.0289
CgH-++Os5' o-CD 0.0114 0.0156 0.0142 0.0124
p-CD 0.0122 0.0163 0.0149 0.0133
y-CD 0.0129 0.0166 0.0153 0.0143

TABLE 4: H NMR Chemical Shifts in Different a-, 8-, and
y-CD Conformers

conformers Al A2 A3 A4 B2 B3 Cl1 C4
OH a-CD 2.05 2.77 2.03 297 431 258 252 4.24
B-CD 2.05 3.02 2.02 3.18 449 265 256 4.20
y-CD 2.02 3.16 1.98 325 455 272 259 431
OsH a-CD 3.80 2.07 3.64 2.08 256 5.08 510 2.53
p-CD 400 2.11 389 212 270 530 5.19 258
y-CD 413 212 398 213 2.77 5.45 5.38 2.65
OgH a-CD 5,57 591 5.88 558 290 2.85 1.28 1.28
p-CD 5.12 549 552 519 3.02 298 1.25 1.26
y-CD 463 502 502 468 3.14 3.06 1.23 1.22

In the following we discuss how the hydrogen-bonding > - h - )
features influence the chemical shifts in NMR spectra. Hydrogen- correlation with the chemical shift of a corresponding proton
bonded interactions lead to deshielding of the proton and hence(r” = 0.988) can be seen from Figure 4b. From Figure 4, parts
a downshift for OH protons in the NMR spectra. Strength of @ and b, it may be concluded that thgHDprotons are more
the hydrogen bond can, therefore, be correlategt@alculated
Oy values of the hydroxyl protons are reported in Table 4. It
may readily be noticed that theg® proton exhibits a larger
downshift. A plot of the @H---Og' bond distance véy values
of a-, #-, andy-CD is displayed in Figure 3. For clockwise as
well as anticlockwise orientation of hydroxyl groupsadn, /-,
and y-CD conformers, a similar trend a@fy values has been
observed. The hydroxyl functionalities in clockwise orientation
lead to largedy values owing to strong hydrogen-bonded
interactions. These are parallel to g, values given in Table
3. In y-CD anticlockwise orientation (A1 and A4 conformers),

the oy value is 4.62 and 4.68 ppm compared to 5.02 ppm for
both the A2 and A3 conformers in which the hydroxyl groups
are oriented in a clockwise fashion. Further, a correlation of
the hydrogen-bond distances and the corresponding chemical
shift is depicted in Figure 4. The8---O3' bond distances in

the a-, -, andy-CD conformers are plotted as a function of
Oy of secondary hydroxyl protons (bottom rim) in Figure 4a
which shows a remarkably linear correlatioh £ 0.996). Thus,

an increase in the hydrogen-bond distance leads to a large
deshielding of the proton; hence, a large downshift in the NMR
spectrum can be predicted. For the clockwise hydrogen-bonding
patterns in a bottom rim, that is 3B---O' interactions, a linear

deshielded relative to those present in the anticlockwise inter-
glucose hydrogen-bonded network tOprotons). These inter-
actions fall into four distinct clusters, namely, |, II, lll, and V.
Cluster | represents the protons from secondary hydroxyl groups
participating in strong inter-glucose interactions as in “B” and
“C” conformers, while Cluster Il refers to conformers “A”.
Cluster Il results from the intra-glucose interactions in “B” and
“C” conformers, whereas these relatively weaker interactions
in “A” conformers lead to lowe®y values as in cluster IV in
this figure. Thus, the hydrogen-bond distances in CD conformers
can be correlated well téy values in the NMR spectra.
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Figure 3. OgH---O¢' distance vy in “A” conformers ofa-, -, and
y-CD. The green squares represent a hydroxyl proton in conformers
with clockwise orientations of an-OH group in hydrogen bonds,
whereas blue circles correspond to anticlockwise orientation.
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Figure 4. Hydrogen-bond distances in the bottom rim (secondary 5b) interactions as well. Thus the group exhibiting Iy,
hydroxyl groups) of CD conformers plotted against fyeof the proton values in a plot represents the “A” type of conformers where
involved in hydrogen bonding. (a)-8-+-Os" bond distance vé, (b) the presence of relatively weak hydrogen-bonded interactions
OsH-+-O;" bond distance v8y. leads to a small downshift in th#;value. On the other hand,
stronger @QH---O,' interactions in “B”- and “C” types of

It may further be noted here that thg, value of a hydrogen conformers engender a further downshift of the proton. Thus
bond provides a measure of its bond strength. A correlation of the QH protons involved in the hydrogen-bonded interactions
electron densities at the bcpyy) of the inter-glucose hydrogen  in the CD conformer show a relatively large downshift compared
bonds versus the calculated proton chemical shifig) (s to the QH protons. This has also been observed in the measured
depicted in Figure 5. It is gratifying to note that a linear plot  NMR spectra® Further, the chemical shift of protons from
(with a correlation coefficient of 0.991) is observed in the case CgH:--Os' interactions in the “A” type of conformers yields a
of the QH---O3' (shown in Figure 5a) and the;B---O,' (Figure good correlation withopcp.
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TABLE 5: Dipole Moments, u, (in Debye) in CD the top rim to the bottom one in all these CD conformers except
Conformers in case of the A4 conformer @#- andy-CD, where it points in
a-CD B-CD y-CD the opposite direction.
Al 2.0 1.3 0.5 In order to understand the influence of solvent on relative
A2 1.6 1.2 0.7 stabilization of CD conformers, the self-consistent reaction field
A3 2.9 25 2.0 (SCRF) calculations have been carried out. The polar (ranging
é‘g 2'_2 _07'.13 _ogﬁ from water to ethanol or acetone) as well as nonpolar solvents
B3 75 83 9.2 (viz., tetrahydrofuran (THF), cyclohexanol, and heptane) were
c1 7.1 7.7 8.4 considered. Relative stabilization energies (in kJ THothus
C4 5.7 6.4 7.0 obtained are reported in Table 6. The polar solvents have a
aThe negative sign here represents the reversal of the net dipoleProfound influence on the relative stabilization of “B” and “C”
moment vector. conformers, which gets lowered in energy in the presence of

these solvents. It may further be remarked here that the effect
from the water or acetonitrile is more pronounced in the case
of C1 and C4 conformers ¢f- or y-CD, which turns out to be
38.0 kJ mot? lower in energy than Al (which was the lowest-
energy conformer in the gas phase). In the case of the nonpolar
solvents, the energy rank order of the relative stabilization

increasing number of glucose units as seen feof@D to f-CD energies turns out to be the same as that predicted for the gas

to y-CD, unlike for the “B” and “C” types of conformers. Figure phase. )

1S, see Supporting Information, depicts the resultant (net) dipole  The effect of solvents (viz., water, ethanol, and heptane,
moment vector ofa-, -, and y-CD conformers. It can be  representing high, medium, and less (non-) polar solvents,
observed that for “B” and “C” types of conformers the dipole €Spectively) on NMR chemical shifts of hydroxyl protons in
moment increases steadily on going frar€D to y-CD, which CD conformers have been investigated. The chemical shifts
is partly attributed to the number of secondary OH groups in Calculated in the presence of solvent using TMS in respective
the bottom rim. This engenders a large resultant dipole momentsolvents as a reference are displayed in Table 7. As may be
vector by addition of bond dipole moments of these hydroxyl noticed,on for the proton in hydrogen-bonded interactions is
groups. Further delocalization of electron-rich regions to a larger nearly unchanged by solvation compared to those predicted from
extent in the top rim results in a higher dipole moment for the gas-phase calculations. For example, chemical shifts of H
the CD conformer. On the other hand, for the “A” type of protons in Al turn out to be 3.8 ppm in the gas phase as well
conformers, facilitating the gh:--Og' interactions between  as in solvents. On the contrary, the protons which do not
primary hydroxyl groups leads to localized electron-rich regions participate in the hydrogen-bonded interactions show a down-
which results in a cancellation of bond moments and hence ashift (largest, i.e.~1 ppm for primary hydroxyl proton from
decrease in the resultant molecular dipole moment can bethe top rim in “C” type conformers) in water as compared to
noticed. This explains why A1A4 conformers yield smaller  gas phase, and this downshift amounts to 0.8 and 0.6 ppm in
dipole moments. It should further be remarked here that the ethanol and heptane, respectively. Thus it may be conjectured
resultant dipole moment vector is directed from the center of that the already deshielded proton due to hydrogen-bonded

B3LYP/6-31G(d,p)-calculated dipole momentsoof -, and
y-CD conformers are shown in Table 5. Dipole moments of
CD conformers are governed primarily by hydrogen-bonding
patterns in the top rim (primary hydroxyl groups). The dipole
moment of the “A” type of conformers decreases steadily with

TABLE 6: Relative Stabilization Energies (in kJ mol™) of a-, -, and y-CD Conformers in Different Solvents

water acetonitrile methanol ethanol acetone THF cyclohexane heptane
a-CD
Al 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
A2 —-13.2 —-12.3 -11.2 -12.0 —-11.8 —8.6 —-2.5 -10.7
A3 -0.7 -3.3 —-25 —-3.1 —-2.8 —-2.2 —-0.4 —6.5
A4 —-10.9 -8.1 -7.3 —-7.8 -7.9 —4.4 —-1.2 —-12.9
B2 35.7 34.7 39.1 36.4 47.3 55.4 71.2 68.2
B3 32.8 35.3 36.1 36.9 47.6 58.0 73.2 67.6
C1l 5.4 6.0 8.1 8.3 20.9 37.1 66.6 62.8
C4 2.4 7.0 9.2 11.6 24.0 35.8 62.9 59.9
p-CD
Al 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
A2 —-16.1 —-3.3 —2.7 —2.9 —2.7 6.3 3.8 —-0.1
A3 0.2 4.2 4.4 4.3 4.8 10.8 6.3 7.3
Ad —=17.9 —8.8 —8.0 —8.6 —-8.7 8.2 4.3 —-0.1
B2 23.6 29.0 30.4 29.9 28.4 48.2 61.0 57.1
B3 7.9 25.8 27.3 27.5 29.7 47.7 52.2 62.8
C1 —-19.6 —6.9 —-9.2 -4.0 0.2 255 54.4
C4 -16.0 —2.6 —-35 0.2 1.0 26.4 53.7 52.9
y-CD
Al 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
A2 4.4 16.9 9.3 9.8 8.4 10.1 15.7 16.3
A3 16.9 14.7 14.3 14.6 14.1 16.5 17.3
A4 -9.7 —-9.6 —-4.8 —-4.3 —-5.1 -3.0 1.6 0.8
B2 13.5 10.2 17.0 17.1 14.4 26.5 51.6 47.4
B3 10.8 11.3 14.6 14.7 14.5 21.5 57.0 45.9
C1 —38.0 —30.6 —29.5 —22.6 —20.2 -1.3 37.4 67.6

C4 —32.5 —27.8 —21.7 —19.3 —-175 —0:2 41.0 38.2
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TABLE 7: NMR Chemical Shifts of Hydroxyl Protons of
a-CD Conformers in Different Solvents
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Supporting Information Available: Cartesian coordinates
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