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Introduction

Chromophores attached to cyclodextrins may help
monitor the state of binding between cyclodextrin and
external guests, and recent efforts have been directed to
the development of compounds capable of acting as
molecular sensors.1-9 It is expected that sensitivity to
external guests should depend on the interaction between
the guest and the probe and on whether they may share
the hydrophobic cavity of the host or they must compete
for it. We recently showed that a short-tethered naphthyl
group attached at the 3-hydroxy position of â-cyclodextrin
(compound 1, Scheme 1) displays a temperature-depend-
ent inside-outside isomerism that is capable of modifying
its binding and sensing capabilities.10 In this paper, we
report a variable temperature 1H NMR study with 1 and
1-adamantanecarboxylic acid (AdCA)11-14 that supports
a binding scheme (Scheme 1) similar to that recently
proposed from fluorescence measurements with 2-(p-
toluidino)-6-naphthalenesulfonate (TNS).10

Results and Discussion

Compound 1 was prepared and purified as described
previously.10,15-17 Samples for 1H NMR measurements
were prepared by addition of equimolar AdCA to 10 mM
solutions of 1 at 25 °C. Control measurements were
carried out with pure 1, (2-naphthyl)methyl methyl ether,
pure AdCA, and AdCA included in â-cyclodextrin. All
measurements were carried out in D2O in a Bruker ARX
at 500 MHz with presaturation of residual water in a
temperature-controlled probe. The temperature-depen-

dence of the spectra was measured between 25 and 80
°C and after equilibration at ambient temperature (an-
nealing). While interpretation of spectral changes cor-
responding to the cyclodextrin hydrogens between 3.0
and 5.0 ppm is difficult because of insufficient resolution,
changes in the aromatic (7.20-8.20 ppm) and aliphatic
(1.00-2.20 ppm) regions reflect changes in the environ-
ment of the naphthyl group and the AdCA guest. These
are shown in Figures 1 and 2, respectively.
The 1H NMR spectrum of (2-naphthyl)methyl methyl

ether in D2O is nearly temperature independent and can
be described in terms of R- (H1, H4, H5, and H8) and
â-naphthyl (H3, H6, and H7) hydrogens. In contrast, the
spectrum of pure 1 has a high temperature-dependence
as illustrated by measurements at 25, 50, and 80 °C
(Figure 1A-C), which are in excellent agreement with
those previously interpreted in terms of the inside-
outside conformational equilibrium of 1.10 The complex
pattern and upfield shifts at 25 °C (Figure 1A) are
assigned to the inside isomer while temperatures of 50
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Figure 1. 1H NMR (500 MHz, D2O) spectra of the aromatic
region of 4 mM 1 at 25 °C (A), 50 °C (B), and 80 °C (C), after
addition of equimolar AdCA at 25 °C (D), 50 °C (E), and 80 °C
(F), and after cooling down and equilibrating at 25 °C (G).

Scheme 1
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and 80 °C (1B and 1C) increase the population of the
outside isomer. The latter possesses a downfield-shifted
spectrum characteristic of a water-exposed18 and sym-
metric naphthyl group.10
Changes in the naphthyl region of 1 caused by the

presence of AdCA are shown in spectra 1D-G. The
spectrum of pure 1 changes upon initial mixing at 25 °C
(1D), after the samples are heated to 50 and 80 °C (1E
and 1F) and after cooling back to 25 °C (1G). The
naphthyl region in 1D shows significant broadening and
downfield shifting as compared to the spectrum of pure
1. While downfield shifts suggest a moderate increase
in water exposure,18 spectral broadening is consistent
with slower equilibria, which may be caused by coinclu-
sion of the two hydrophobic groups (i.e., AdCA‚1). In fact,
heating the sample to 50 and 80 °C simplifies the
spectrum by increasing resolution while shifting toward
the simpler downfield pattern of the R- and â-hydrogens
characteristic of 1-outside (Scheme 1).10 Interestingly,
while temperature-dependent changes in the 1H NMR
spectrum of 1 (Figure 1A-C) are reversible in the
absence of external guests, comparison of spectra 1G and
1D shows that annealing the complex of AdCA and 1
results in a spectrum that is different from that initially
observed at 25 °C. We postulate that spectra 1D and 1G
reflect structures that differ in the extent of inclusion of
the naphthyl and adamantyl groups. We suggest that
thermal activation allows for formation of the most stable
complex (i.e., AdCA@1), which becomes the predominant
species after slow cooling. The annealed spectrum (1G)
is sharper and downfield shifted, suggesting an increase
in water exposure of the naphthyl group, which may act
as a cap when the hydrophobic cavity is occupied with
AdCA.

Support for the above interpretation was searched for
by analysis of the aliphatic region of the spectra. The
temperature-dependence of AdCA (Figure 2A) and its
inclusion complex with â-cyclodextrin (Figures 2B-D)
was investigated in order to help us interpret changes
in the aliphatic region of the spectra assigned to AdCA‚1
and AdCA@1 (Scheme 1 and Figure 2E-H). The spec-
trum of free AdCA in D2O (Figure 2A) has an insignifi-
cant temperature-dependence between 25 and 80 °C.
There are four groups of signals corresponding to HA
(1.91 ppm), HB (1.78 ppm), and the diastereotopic signals
of HC1 and HC2, which are centered at 1.62 ppm and
separated by only 0.05 ppm (see structure for labeling).
Inclusion of AdCA within â-cyclodextrin (Figure 2B)
causes unequal upfield shifts for the four groups of
signals. The most affected are those assigned to HB and
HC1, and the least affected are those assigned to HA and
HC2. An X-ray structure of the â-cyclodextrin complex
shows that inclusion of AdCA occurs via the primary
hydroxyl side.14 If a similar structure is formed in
solution, signals assigned to HC1 and HBmay be affected
by their close proximity to the oxygens of the glycosidic

1,4-linkages. Increasing the temperature to 50 and 80
°C (Figure 2C,D) leaves signals of HA and HB virtually
unchanged while signals corresponding to HC1 and HC2

converge toward one another.
Binding of AdCA with compound 1 shows a remarkable

diamagnetic shielding consistent with a close proximity
of the naphthyl and adamantyl groups (Figure 2E-H).
The aliphatic regions in Figure 2E-H are complementary
of the aromatic regions shown in Figure 1D-G and
spectral changes also observed upon mixing at 25 °C
(Figure 2E), with increasing temperatures to 50 and 80
°C (Figure 2F,G), and after cooling to 25 °C (Figure 2H).
The upfield shift of AdCA protons in Figure 2E suggests
a close proximity with the naphthyl group inside the
cavity. Those shifts are consistent with an apical ap-
proach to the face of the naphthyl group where HC1, HC2,
and HA are most upfield shifted. That a close interaction
between the naphthyl group and AdCA is mediated by
the hydrophobic cavity of 1 was shown by analysis of
aqueous solutions of AdCA and (2-naphthyl)methyl meth-
yl ether where the above shifts did not occur, even after
addition of â-cyclodextrin (see Supporting Information).
The broadening of spectrum 2E at 25 °C is consistent
with dynamic effects due to restricted motion and slow
association-dissociation equilibria. The spectrum shows
HA and HB shifted closer together with HA moving from
1.92 ppm to 1.60 ppm and HB moving from 1.75 to 1.55
ppm. These shifts are consistent with structures such
as those shown in Scheme 1 with AdCA binding from the
primary hydroxyl side and with the HC2 protons pushing
the naphthyl group partially outside of the cyclodextrin
cavity (i.e., AdCA‚1). Signals corresponding to HC2

should come in closest contact with the naphthyl group,
and they do shift the most (ca. 0.55 ppm). Signals
corresponding to HB are on average farthest from the
naphthyl group and shift by only 0.2 ppm, while signals
corresponding to HA and HC1 shift together by an
intermediate value of 0.33 ppm. Heating the sample to

(18) Schneider, H.-J.; Blatter, T.; Simova, S. J. Am. Chem. Soc. 1991,
113, 1996-2000.

Figure 2. 1H NMR (500 MHz, D2O) spectra of the aliphatic
region of AdCA (A), the inclusion compound of AdCA in
â-cyclodextrin at 25 °C (B), 50 °C (C), and 80 °C (D), and
samples containing AdCA and 1 at 25 °C (E), 50 °C (F), and
80 °C (G) and after cooling down and equilibrating at 25 °C
(H).
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50 and 80 °C (Figure 3F,G) results in spectral changes
consistent with partial displacement of the AdCA and
naphthyl groups outside the cavity. Finally, in agree-
ment with observations in the naphthyl region (Figure
1), the spectrum obtained after the complex is allowed
to cool down to 25 °C (spectrum H) has sharper signals
than those obtained upon initial mixing at the same
temperature (Figure 2E).

Conclusions

The 1H NMR spectra of Figures 1 and 2 reflect the
structures and interactions between the covalently modi-
fied cyclodextrin and the external hydrophobic guest.
Spectral shifts suggest that complexation of AdCA occurs
via the primary hydroxyl side (6-OH). This is in agree-
ment with known X-ray structural data of the inclusion
compound of AdCA and â-cyclodextrin and with the fact
that the (2-naphthyl)methyl ether is expected to hinder
the secondary hydroxyl side where it is attached to one
of the 3-OH positions of 1. Changes in the aromatic and
aliphatic regions are consistent with structures involving
a partial coinclusion of the naphthyl and adamantyl
groups at low temperatures and with structures involving
capping of included AdCA by the naphthyl substituent.
Further studies involving different fluorescent labels and
photophysical measurements are currently in progress.

Experimental Section

General. All solvents used were of the highest purity
commercially available and were used as received. â-Cyclodex-
trin was generously donated by American Maize Products and
was used as received. Adamantanecarboxylic acid was pur-
chased from Aldrich and used as received. 3-O-(2-Methylnaph-

thyl)-â-cyclodextrin (1) was prepared as described in the litera-
ture.10,15 (2-Naphthyl)methyl methyl ether was prepared from
2-naphthaldeyde (Aldrich) by standard procedures. Inclusion
complexes for 1H NMR studies were prepared by dissolving
known amounts of guest and host in D2O. Separations and
purifications were carried out in a Waters 600E HPLC with a
photodiode array detector and a C18 m Bondapak column of
dimensions 3.9 mm × 300 mm.
Variable Temperature NMR. 1H NMR spectra were ob-

tained in a Bruker 500 MHz ARX NMR instrument with a 5
mm inverse broad band probe. Measurements were taken after
spinning the sample in the probe for at least 10 min at each
selected temperature. The instrument was only shimmed at 298
K, but the probe was tuned at every temperature before spectra
were taken. Thirty-two scans with a 30 deg excitation pulse
were accumulated at each temperature. Chemical shifts were
measured relative to external acetic anhydride (δ ) 3.08 ppm).
Residual protons in D2O shifted from 4.70 ppm at 298 K to 4.40
ppm at 323 K and to 4.10 ppm at 353 K. The host to guest ratio
was confirmed by integration of the anomeric hydrogens relative
to the signals of the guest.
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