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Characterization and structural determination
of 3A-amino-3A-deoxy-(2AS, 3AS)-cyclodextrins

by NMR spectroscopy

Keiko Takahashi, Keita Andou and Shoji Fujiwara

The proton and carbon nuclear magnetic resonance (NMR) resonances have been assigned for 3A-amino-3A-deoxy-(2AS,3AS)-a-,
B- and y-cyclodextrins (CyDs) (3a, 3p and 3y). In these CyDs, a glucose residue has been replaced by an altro-pyranose

unit with an axial hydroxyl group. Assignments were made with one-dimensional NMR and COSY, TOCSY, ROESY and CHSHF
(heteronuclear shift correlation) spectra. Titration by NMR shift changes gave amino-group pK, values of 7.73 and 8.84 for 3p

and 6A-amino-6A-deoxy-p-CyD (6p), respectively.
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INTRODUCTION
Carbohydrates are key recognition elements in biological processes.
However, in most cases, the role of carbohydrates and the detailed
mechanisms of these events are still poorly understood. It seems that a
clear model of the structure of carbohydrates is very important for
understanding the role of carbohydrates in these processes. Carbo-
hydrates look much simpler than other biomolecules as they differ
from each other mainly by stereochemistry. However, carbohydrates
actually have much more information capacity than proteins because
they vary by linkages and stereochemistry and can be branched. The
structure determination of complex oligosaccharides involves discover-
ing the primary structure, stereochemistry, sequence, linkages and
anomeric configurations; thus, it is actually a very challenging problem.
Cyclodextrins (CyDs) are naturally occurring cyclic carbohydrates
consisting of 6-8 glucopyranosyl residues linked by a-1,4 glycosidic
bonds. They have a hydrophobic cavity and form inclusion complexes
with various guest molecules in aqueous solution and solid state.!
CyDs have a major role in the development of supramolecular
chemistry. Structural characterization is of particular significance for
supramolecular host-guest complexes, which form the basis of most
CyD applications in medicine, catalysis, food chemistry, separation
and sensor technology. The early stages in CyD chemistry presented
many chemists with a very impressive concept, that of a host—guest
complex, which has been described as a ball in a bottomless pail. The
main driving force is hydrophobic interaction. Other interactions,
indeed hydrogen bonding between the guest and secondary hydroxyl
groups, have sufficiently significant roles in that they recognize the
ball. The so-called ‘rims’ of the pail also have to be considered. The

rims have great potential to interact with the guest molecules through
hydrogen-bond polar interaction supported by the hydrophobic
cavity.? Secondary hydroxyl groups, present at the wide rim of the
cavity, are located in a more hydrophilic region. Thus, they have a
more important role in molecular recognition through intra or inter
hydrogen bonding than primary hydroxyl groups, which reside on the
narrow rim. All of the CyDs are less soluble in water than acyclic
saccharide, especially water solubility of B-CyD is anomaly among the
CyDs.?> The secondary hydroxyl groups form intramolecular hydrogen
bonds in which the 3-OH group of one glucose unit interacts with the
2-OH group of the neighboring glucose unit of CyD. In the a-CyD
molecule, one glucose unit is distorted and only four out of six
possible hydrogen bonding were formed. In y-CyD, its glucose units
are not in the same plane and its structure is more flexible; therefore,
these CyD have higher solubility than B-CyD.* The solubility, which
is attributed to the intramolecular hydrogen bonding of the ‘rim; is the
one piece of information, suggesting that the CyDs may not universally
behave as monotonically graded series.> Nuclear magnetic resonance
(NMR) spectroscopy is the most common analytical technique used to
gain information about carbohydrate molecules, their conformations
and their overall structures.” For the investigation on CyD complexes,
NMR spectroscopy has also become an important tool.® Other
spectroscopic  techniques, like UV-Vis absorption, fluorescence
emission, circular dichroism and so on, are also suitable for
thermodynamic study of the CyD—guest molecule interactions, how-
ever, they give only indirect information on the molecular structure of
the inclusion complexes. When the guest molecule is included into the
CyD cavity, the H3 and H5 protons of the CyD are by far most affected
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by the intermolecular interactions with the guest protons. This is the
based on the expectation that inclusion complex formation of the guest
with CyD will alter the chemical shift of CyD’s H3 and H5 protons,
because they are oriented towards the CyD cavity.%” A typical structural
inference is that if only H3 undergoes a shift in the presence of guest
molecule, then the cavity penetration is shallow, whereas if H5 also
shifts, the penetration is deep. Nuclear Overhauser Effect (NOE)
information between H3 or H5 and the protons on the guest
molecule give more direct information. Native CyDs are rigid
molecules that offer limited utility in terms of size, shape and
availability of chemically useful functional groups. This is because the
a-1,4-linked D-glucopyranosyl rings exclusively adopt the energetically
favored 4C1 chair form that allows only limited rotation about the
glycosidic bond. In order to add flexibility, we prepared several CyDs
containing a hydrophobic substituent on a primary hydroxyl site, C6
site.513 A phenyl group in these modified CyDs, known as the ‘self-guest
group, helps to control the cavity size. The modified CyDs also contain a
flexible arm composed of sp®> carbons between the CyD cavity and
phenyl group. The structure causes guest-induced hydrophobic wall
movement that forms an intramolecular complex. Monosubstituted
CyDs lack the symmetry of free CyDs and have a distorted cavity
with ring-current effect from the aromatic group of ‘self-guest group’
that create a magnetically inhomogeneous environment® The distorted
environment is clear from NMR studies of these CyD derivatives.®10-13
Many guest-modified CyDs with additions to the primary hydroxyl site
have been reported; however, very few studies that modify secondary
hydroxyl site have been reported. We have studied 3A-amino-3A-deoxy-
(2AS,3AS)-CyD, a CyD in which the amino-substituted glucose residue
was replaced by an altro-pyranose unit with axial hydroxyl groups as the
starting material.'* The investigation of mono(2AS,3AS)-B-CyD (mono-
altro-B-CyD) and its inclusion complex by NMR spectroscopy revealed
that its hydrogen-bonding network makes it an adaptable host that
could serve as an induced-fit enzyme model.'>!® In order to understand
the inclusion behavior of secondary hydroxyl-group-substituted CyDs,
the structural information and correct assignment of 'H and !3C
resonances, especially, H3, H5, C3 and C5 for each glucose unit of
CyD without guest molecule, are necessary. In this work, we investigated
the structure and properties of 3A-amino-3A-deoxy-(2AS,3AS)-CyDs
with NMR spectroscopy as the information to study modified CyD—
guest molecule complex. The complete assignment of the protons and
carbons of 3A-amino-3A-deoxy-(2AS,3AS)-a-, B- and y-CyDs (30, 3B
and 3y, Figure 1), along with their characterization and structural
determination, is reported.

MATERIALS AND METHODS

CyDs were purchased from Nihon Shokuhin Kako Co., Ltd. (Tokyo, Japan).
Modified CyDs 30, 3p and 3y were purchased from Tokyo Chemical Industry
Co. (Tokyo, Japan). 6A-amino-6A-deoxy-f3-CyD (6f) was prepared according
to the method reported previously.!”!8 TH NMR and >C NMR spectra were
taken with a JEOL NM Lambda 500 spectrometer using a 5-mm AT probe
('H at 500 MHz and 3C at 125MHz: JEOL Ltd., Akishima, Japan). NMR
spectra were obtained in D,O (Aldrich, Tokyo, Japan; 99.9% D) at 30°C.
Measurements were at a concentration of 17 mm for each CyD. The pH of the
solution was adjusted by adding hydrochloric acid D; or sodium hydroxide D,
solutions in D,O. Chemical shifts were reported in p.p m. and were referenced
to acetone (2.100 p.p.m.).

RESULTS AND DISCUSSION

Assignments of 'H and 13C resonance of 3A-amino-3A-deoxy-
(2AS,3AS)-CyDs

The 'H and 3C NMR spectra of 3B and 6B were measured.(Supple-
mentary Figure S1). Both monoamino-substituted CyDs contain one
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Figure 1 Structures of 3A-amino-3A-deoxy-(2AS,3AS)-a-, B- and y-CyDs(3q;
n=5, 3B: n=6 and 3y: n=7) and 6A-amino-6A-deoxy-a-, B- and y-CyD
(6a: =5, 6B: n=6 and 6y: n=7).

modified glucose or altrose and unmodified glucopyranose rings.
Compound 6f has two spin systems, one from the modified residue
and the other from unmodified residues.® In detail, each protons on A
ring were observed at 5.11, 3.67, 3.97, 3.50, 3.97, 3.01 and 3.25 p.p.m.
for A1, A2, A3, A4, A5, A6 and A6/, respectively. Al, A4 and two A6
proton assignments have been reported previously.” A2, A3 and A5
resonances were determined with H-H COrrelated SpectroscopY
(COSY) spectra. In contrast, CyD 3B has seven distinct spin
systems, one for each residue. The belt of hydrogen bonds between
the 3-OH group of one glucose unit and the 2-OH group of the
neighboring glucose unit rigidifies the structure.> The primary 6-OH
does not take part in the hydrogen bonding, so it can rotate to
partially block the hydrophobic cavity. This difference is reflected in
the NMR spectra of 38 and 6.

The representative detailed procedures for assigning the 'H and '*C
resonances are given below. Like free sugars, the anomeric protons
exhibited characteristic downfield signals around 4.8 p.p.m. that are
easy to distinguish, so the assignment began there. The anomeric
protons of 3o exhibited six different resonances and are labeled A
through F to represent the ring they were connected to. The widest
doublet was observed at 4.7 p.p.m., close to the anomeric proton shift
value of altrose. Assigning this signal to the altrose A ring made it
possible to assign all the resonances on the A ring, which contained
the amine. By using COSY, one could walk around the ring to
assign the H2-H6 signals. Unfortunately, the signals overlapped so
severely that some assignments may be ambiguous (Supplementary
Figure S2).

The TOtally Correlated SpectroscopY (TOCSY) spectra allowed us
to group each anomeric proton with the cross-peaks representing the
other protons on its individual sugar unit. Because the C4 and C6
signals were easy to discriminate from the other resonances (C2, C3
and C5) in the 13C NMR spectra, the assignment of the H4 and H6
proton resonances by heteronuclear shift correlation (CHSHF) was
straightforward.

In each CyD, the distance between the H1 of one glucopyranose unit
and the H4 of its neighboring unit across the o-1,4 glycosidic bond was
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close enough to give rise to through-space NOE enhancements, which
allowed the groups of signals to be assigned to their corresponding
rings (A-F). When one H4 resonance had a negative cross-peak with an
H1 resonance of an A unit, all the signals in the latter system could be
assigned to the B unit. In a similar manner, all the signals were
attributed to their respective glucopyranose units. The validity of the
sequential assignments was confirmed, as the H1 resonance of the F
unit had an NOE cross-peak with the H4 resonance of the A unit.
Therefore, by using CHSHE TOCSY and Rotating frame nuclear.
Overhauser Effect SpectroscopY (ROESY) methods, all resonances
could be assigned (Supplementary Figures S3-S5).

To confirm the assignments, we reinvestigated to make sure that the
assignments accounted for all peaks in the one-dimensional spectrum
and all cross-peaks in the two-dimensional spectra. We also checked
to see whether the peaks had reasonable intensities and the coupling
constants were consistent. With complete proton assignments, all
carbons could be easily assigned. The chemical shifts assigned to the
3-aminoaltrose residue were the same as those reported previously.'?
In the same manner as 3o, the assignments of the protons and
carbons of 3 and 3y were accomplished. In Figures 2 and 3, the 'H
and >C NMR spectra of 30, 3B and 3y are presented with
assignments.

NH,-NH3 " equilibrium

One of the fundamental characteristics of amino CyDs is their
ionization constants (pK,s). NMR shift titrations are one of the most
common methods to determine association constants of CyDs;°

however, the acid-base equivalence point of a titration is often
carried out using with a color indicator or pH meter. The indicator
changes color at the end point of the titration. This is a common and
easy method, but it requires a lot of sample. NMR titration is an
efficient way to exactly determine a pK, on the microscale.

Figure 4 shows the 'H NMR spectra of 3 in solutions of various
pH. Under acidic conditions, the H3 signal of the altrose residue (A3)
was observed at 3.70 p.p.m. Under basic conditions, the signal was
observed at 2.70 p.p.m. The dependence of this chemical shift on pH
is shown in Supplementary Figure S6. The protons on the secondary
hydroxyl site (A2 and A3), which is wider rim of CyD cavity, shifted
upfield with increasing pH, hence that at the primary hydroxyl
site (A5 and A6), which is the narrow rim of CyD, did not change.
The pKa of secondary hydroxyl groups has been reported to be
12.08-12.33.2021 An upfieldshift was also observed at pH values > 12,
probably due to the dissociation of secondary hydroxyl groups. The
pH at the end point of titration was about 10. From the titration
curve of the A3 shifts, the pK, was calculated to be 7.73. In the same
manner (Supplementary Figure S7), the pK, of 6 was calculated to
be 8.84. Normally, the pK,s of amino groups are well > 8.!7 The lower
values for these amino groups located on the rim of the CyD cavity
on 3B should be attributable to the effect of the many proximal
hydroxyl groups and/or the hydrophobic cavity itself.

Structures of the macrocyclic rings
Native CyDs exhibit only a single set of NMR resonances as if there
were only one glucopyranose unit because of their symmetry.
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Figure 2 The 500-MHz 'H NMR spectra of 3a (bottom; pH: 9.17), 3p (middle; pH: 9.20) and 3y (top; pH: 8.88) in D,0 at 30 °C.
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Figure 3 The 125-MHz 13C NMR spectra of 3a (bottom; pH: 9.17), 3B (middle; pH: 9.20) and 3y (top; pH: 8.88) in D,0 at 30°C.
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Figure 4 The H NMR spectra of 3B in D,0 at 30°C, pH: 11.24 (a), 9.72
(b), 8.02 (c), 5.99 (d) and 2.26(e). The proton resonances assigned to
altorose ring (A ring) are marked.

However, for 3a, 3B and 3y, due to the 3A-amino-altrose residue, the
Cg, C; and Cg symmetries of the macrocyclic rings were broken. In
the spectra of 3A-aminoaltoro-CyDs, sets of NMR resonances
representing each pyranoglycoside were relatively well discriminated.

This is evident in the H1 and Cl1 resonances (Supplementary Figure
S2). The chemical shifts of the H1 and H4 protons and C1 and C4
carbons are known to reflect the conformation around the glycosidic
bonds.?*-?2 A change in the observed '*C chemical shift of ca. 2 p.p.m.
corresponds to an average change in the torsion angle () of ca.
10 °.22 The lowest chemical shift of C1 was assigned as the substituted
altrose unit of the macrocyclic ring. The Ad values of 30, 38 and 3y
were 4.74, 2.49 and 2.56, respectively (Table 1), which means that the
difference between the narrowest and widest \y was about 13-24°.
Whether the amino group was in its basic or protonated form, the
13C spectra presented well-discriminated signals. We have reported
that self-guest-modified CyDs had complex NMR spectra due to the
ring-current effects of the phenyl group. The flexibility and distortion
of those CyDs” macrocyclic ring were due to phenyl group. The CyDs
studied here had no aromatic groups and only an amino group on the
altrose residue. The large H and C resonance displacements may be
ascribed to conformational changes, resulting from the hydrogen
bonding between hydroxyl groups on each rim of the cavity. 13C
chemical shifts on 3a, 3 and 3y were observed divisionally. When
these CyDs include other molecule as guest, the resonance of the
proton, which is both inside or outside cavity, would be shifted and
the NOE with them suggests the structure of CyD-guest molecule.
The division of the resonances should be a good advantage for the
measurement.
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Table 1 The 13C Chemical shifts of the anomeric (C1) and (C4)
carbons

Compound
d per p.p.m.
3o 3p 3y
B 6 (pH: 9.17)  (pH: 9.20)  (pH: 8.88)
Cl 103.71 103.06(A) 104.79(A)  104.29(A) 103.60(A)
102.87 101.05(B) 102.51(B) 102.01(B)
102.44(C) 102.46(C)  102.09(C)
101.48(D) 101.40(D) 102.15(D)
102.57(E)  102.07(E)  102.09(E)
101.95(F) 101.80(F)  101.71(F)
101.70(G)  102.20(G)
101.04(H)
A3 per p.p.m. — 0.19 3.74(1.52) 2.89(1.11) 2.56(1.11)
Cc4 82.74 84.00(A) 80.25(A) —(A) —(A)
82.04 80.74(B) 80.49(B) 79.53(B)
81.61(C) 80.49(C) —(C)
81.53(D) 81.47(D) 81.12(D)
81.96(E) 81.22(E) —(E)
82.20(F) 81.55(F) (F)
81.73(G) (G)
81.12(H)
AS per p.p.m. — 1.96 1.95 1.24 1.59
CONCLUSIONS

The proton and carbon NMR resonances of CyD derivatives 3o, 33
and 3y have been completely and thoroughly assigned. A titration
curve generated from signals in NMR spectra at different pH values
gave the pK, values of the substituted amino groups of 3 and 6f as
7.73 and 8.84, respectively. Chemical shifts can substitute for
colorimetric reagents to allow microscale titrations. 3A-Amino-3A-
deoxy-(2AS,3AS)-CyDs have a distorted macrocyclic ring, even under
acidic conditions. This phenomenon has been attributed to hydrogen
bonding between hydroxyl groups of the CyDs.
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