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Abstract. Inclusion complexation processes involving four cyclodextrins and naproxen have been
studied for the protonated and unprotonated forms of the guest molecule. The association constants
have been evaluated from changes in the fluorescence intensity of naproxen following addition of a
cyclodextrin to an aqueous naproxen solution.1H NMR NOESY and ROESY spectra have shown
that two orientations of the guest molecule relative toβ-cyclodextrin are possible.
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1. Introduction

Cyclodextrins (CDs) form host-guest complexes with a number of molecules. The
fluorescence quantum yield is a physicochemical property of guest molecules that
can be affected by complex formation. Changes in fluorescence intensity have been
used for the determination of the association constants of complexes [1–7].

Naproxen, (+)-6-methoxy-α-methyl-2-naphthalene acetic acid (Scheme 1), and
its sodium salt, is a non-steroidal anti-inflammatory drug. The solubility of the drug
in water can be substantially enhanced upon complexation with beta-cyclodextrin
(β-CD) [8–13].

Naproxen is a weak acid (pKa = 4.2 [14]); in aqueous unbuffered solutions with
neither acid nor base added, it exists as a mixture of dissociated and undissociated
(anionic) forms and the pH of the solution is about 4.2 (at a concentration of 5×
10−5 M). After addition of a CD, there exist four species in the solution,viz., the
compound itself, dissociated or not, and two different complexes in either form. In
order to deal with a simpler system, we have determined the association constants
and carried out NMR measurements on solutions of naproxen acid in 0.1 M HCl
(pH = 1) or in solutions of the naproxen sodium salt in diluted NaOH (1.25× 10−4

M, pH≈9). In the two solutions, naproxen was assumed to exist in the acidic, and
in the anionic form, respectively.

? Author for correspondence.
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Scheme 1.Naproxen acid. Asterisks mark the bonds which served as rotation axes in
searching for the most stable conformer.

The association constants of naproxen – CD complexes were measured by the
fluorometric method, because naproxen is a strongly fluorescing compound and in
aqueous solution its fluorescence intensity appeared to have been enhanced upon
addition of cyclodextrins. In this way two conditions necessary for the determ-
ination of the association constant by the fluorometric method are fulfilled. The
association constants of naproxen – CD complexes have been previously measured
by phase solubility [10–12] in water, and by1H NMR in alkaline medium [15];
comparative determination of the constants for the acidic and anionic form of
naproxen was made forβ-CD [13, 16] and for 2-hydroxypropyl-β-CD (HP-β-CD)
[17]. We have made such comparison forβ-CD, HP-β-CD, methyl-β-CD (Me-β-
CD), and gamma-CD (γ -CD), in order to compare the results obtained by different
methods.

It is generally accepted that if association constants of complexes of a
carboxylic acid and its anion with a cyclodextrin are compared, the association
constant of the acid is greater than that of the anion. According to Bettinettiet
al. [10], the affinity of the CD cavity for the neutral form of a given substrate is
preferred to that for the ionized form. Such a regularity has indeed been observed
for complexes ofα-CD with benzoic acid [18, 19], benzoic acid derivatives [20–
22], adamantanecarboxylic acid [23], and a series of alicyclic carboxylic acids [24],
for β-CD complexed with 4-tert-butylbenzoic and nonanoic acids [25], and a series
of alicyclic carboxylic acids [24], and forβ-OH-CD complexed with indomethacin
and naproxen [17]. Nevertheless, for complexes of some peracids withα-CD [25]
andβ-CD [26], and for a complex ofp-nitrobenzoic acid withβ-CD [27], the
association constants of the unprotonated form were greater, as in the case of
the p-nitrophenol complex withα-CD [28] andβ-CD [29]. The corresponding
values of the association constants were 220 and 1470 M−1 for complexes of
the acidic and the anionic forms ofp-nitrobenzoic acid [27]. On the other hand,
population characteristics of cyclodextrin complex stabilities reported by Connors,
revealed a twofold greater stability of ionic (mainly anionic) complexes withβ-
CD compared with uncharged complexes [30]. It seemed interesting to compare
the association constants of the neutral and ionic naproxen complexes, for which
the phase solubility method indicated larger stability of the uncharged form by
another (fluorometric) method.
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In order to gain some information about intermolecular interactions accompa-
nying complexation, we decided to study complexes of each naproxen form with
β-CD by means of NMR spectroscopy. The13C NMR study [10] of naproxen
complexes withα-, β-, andγ -CD in aqueous unbuffered solutions carried out by
the method of continuous variation of concentration has shown the 1 : 1 complex to
be preferrred in the case ofβ-CD. Withβ-CD used in double molar excess, the low
frequency shift of the carboxylate carbon atom of 1 ppm was observed, whereas
both methyl groups showed a negligible high frequency shift of ca. 0.2–0.5 ppm
under the same experimental conditions. A low frequency shift three times as large
(∼3 ppm) was observed for the carboxylate group interaction with the interior of
the cavity [18], hence the results reported have been interpreted to be due to a rather
strong hydrogen bonding of the carboxylate with the hydroxyls of the rim. While
other aromatic resonances show a moderate low frequency shift (less than 1 ppm),
the naproxen molecule has been inferred to be preferentially axially fitted into the
cavity with the carboxylate group entering the cavity on the wider diameter rim
side.

In the paper [31] devoted to the investigation of complexes of substituted cyc-
lohexanecarboxylic acids and phenylalkanoic acids withα-, β-, andγ -CDs the
NMR CIS and ROESY results indicated the presence of isomeric complexes with
the COO− functional group partly in and partly out of the cavity.

We expected that1H NMR investigation would give complementary informa-
tion about the system, especially the two-dimensional (2D) ROESY and NOESY
techniques which immediately show any particular interaction as a correspond-
ing cross peak and are established as a far more sensitive tool for studying
intermolecular interactions and host-guest complexes [32].

2. Experimental

2.1. MATERIALS

β-CD and HP-β-CD were purchased from Sigma Chemical Co. (St. Louis, Mis-
souri). γ -CD was from Merck, Darmstadt, Germany. Me-β-CD (12.7 methyl
groups per molecule) was from Amaizo, Hammond, Indiana. The water content
in the CDs was determined by drying at 105◦C to constant weight. Solutions of
naproxen and CDs were prepared freshly each day. The NMR samples were pre-
pared with deuterated water (99.9%D) purchased from the Radioisotope Centre
Polatom,Świerk, Poland.

2.2. FLUORESCENCE MEASUREMENTS

Fluorescence spectra were measured with a Shimadzu RF-5000 spectrofluorometer
equipped with a thermostatically controlled cell compartment. Spectra were meas-
ured at 35◦C. The excitation wavelength was 329.6 nm; at this wavelength, the
molar absorption coefficients of naproxen acid and naproxen anion were about
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1520 M−1, and 1600 M−1, respectively. The maximum value at 356.4 nm was
taken as a measure of fluorescence intensity.

For fluorescence titration, a naproxen solution (about 5× 10−5 M), 2 mL, in
0.1 M HCl or in water with a very small amount of 0.025 M NaOH added to
adjust pH to 8–9, was titrated in a fluorescence cell equipped with a Teflon stop-
per and a magnetic stirrer by adding successive amounts of a CD dissolved in an
identical naproxen solution at a concentration of about 10 mM. The portions added
were in the range 10–100µL. The final concentrations of CDs ranged from 0 to
∼2.7 mM. After each titration, the fluorescence spectrum as well as the intensity
at the maximum wavelength was recorded as a function of ligand concentration.

2.3. NMR EXPERIMENTS

The 1H NMR spectra were run on a VARIAN INOVA 500 MHz instrument by
using routine software for COSY, NOESY, and ROESY types of experiments.
Sodium 3-trimethylsilyltetradeuteropropionate,d4-TSPA, was used as an internal
reference. The equimolar concentrations of both components were 10 mM or 1 mM
for naproxen anion. In the case of naproxen acid, due to its very low solubility, only
0.1 mM concentration was obtained when fourfold excess ofβ-CD was used. The
COSY type spectra were acquired by using spectral widths of 4600 Hz in both
dimensions, acquisition time 0.223 s, 4 transients per 256 increments, and 2048
data points in the F2 domain. For the NOESY type spectra, the corresponding para-
meters were: 4600 Hz, acquisition time 0.223 s, 384 transients per 160 increments,
mixing time 300 ms, and 2048 data points in the F2 domain. The 2D ROESY
measurements were acquired under the experimental conditions: 4 kHz spin lock
field in cw mode centered at water resonances and 300 ms mixing time duration.

3. Calculations

The structures of the two forms of naproxen were first optimized by using the
semiempirical AM1 method. During this optimization the most stable conformers
were found with respect to rotation of the functional groups of the molecule around
three single bonds (marked with∗, Scheme 1) every 30◦. Finally, the structures
of the most stable conformers were used as the starting structures forab initio
calculations at the HF/3-21G∗ level with the use of the Gaussian 94 program [33].
Details of the conformers energies and structures will be described in a forthcoming
paper.
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Figure 1. Enhancement of the fluorescence intensity of naproxen acid (pH 1) by the addition
of methyl-β-cyclodextrin. Concentrations of Me-β-CD from top to bottom: 0.14, 0.053, 0.019,
0.0076, and 0 mM.

4. Results and Discussion

4.1. ASSOCIATION CONSTANTS

Addition of each of the four CDs to naproxen at pH values 1 and 9 resulted in an
increase in fluorescence intensity. The fluorescence spectra of naproxen acid con-
taining varying concentrations of Me-β-CD andγ -CD are shown in Figures 1 and
2, respectively. The influence of Me-β-CD on the fluorescence intensity was much
greater owing to the greater association constant with that ligand (concentrations
of γ -CD in Figure 2 were much greater than that of Me-β-CD in Figure 1).

Evaluation of the association constant of a complex between two interacting
species must be preceded by the determination of complex stoichiometry. In order
to test the stoichiometry by the fluorometric method, Benesi–Hildebrand (double
reciprocal) plots were used, namely 1/1F vs1/[CD], where1F is the increment of
fluorescence intensity upon addition of a cyclodextrin at a concentration [CD]. The
plots were linear with typical regression coefficients exceeding 0.999. The linearity
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Figure 2. Enhancement of the fluorescence intensity of naproxen anion by addition ofγ -CD.
Concentration ofγ -CD from top to bottom: 7.9, 5.8, 3.2, and 0 mM.

of the Benesi–Hildebrand plots is an indication of only one complex present in
the solution, of a host-guest composition of 1 : 1. Similar results were obtained
with the Scatchard and Scott plots [34]. These results are in accordance with those
obtained by using13C NMR measurements [10]. Forγ -CD, the plots could not
be constructed because of the very small changes in fluorescence intensity upon
the addition of these CDs, accompanying weak host-guest interactions and low
association constants. Withγ -CD, the association constant values are burdened
with large errors and are estimated for a tentative stoichiometry of 1 : 1.

The linear transformations of binding isotherms used in the graphical methods
applied for the determination of association constants do not properly weight the
data [34]. For example, the Benesi–Hildebrand (double reciprocal) plots tend to
place more emphasis on lower rather than higher concentration values. As a result,
the value of the slope depends strongly on the ordinate value corresponding to
the point at the lowest cyclodextrin concentration [5]. Therefore, the association
constants were calculated by using a nonlinear least-squares regression analysis.

The results of measurements of the association constants for naproxen acid and
naproxen anion are given in Table I together with the values previously measured
for β-CD. The results of measurements in water, where the acidic and the anionic
forms of naproxen coexist together, are added for comparison with the previous
data of Bettinetti [10] and Melani [12]. All previously reported values are meas-
ured by the phase solubility method (only those earlier data are quoted that were
obtained at 35 or 37◦C; values obtained at 25◦C or at room temperature are omitted
in the table). The agreement of the results for naproxen in water measured by the
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Table I. Association constants of naproxen with four cyclodextrins at 35◦C,
measured fluorometrically, with the data taken from literature, obtained us-
ing phase solubility. Reproducibility of the results was 3–17% R.S.D. for
first three CDs and 33% R.S.D. forγ -CD

Cyclodextrin Naproxen acid Naproxen anion Naproxen in H2O

β-CD 1950 620 1335

(107013) (138810)

(97516) (2616) (138812)

β-OH-CD 2600 540 1880

(197310)

(172612)

Me-β-CD 6100 700 4100

(585510)

γ -CD 60 60 (7912)

two methods is acceptable, taking into consideration that, in unbuffered solutions, a
slight difference in pH would change the proportion of the two naproxen forms. For
naproxen in the acidic and the basic environments withβ-CD, our values are higher
than those measured by the phase solubility method [13, 16]. Forβ-OH-CD, values
measured at 25◦C were 1670 and 331 M−1 for acid and anion, respectively [17].
They would be still lower at 35◦C, so our fluorometric values are also larger than
those measured by phase solubility with this ligand. The differences can be due to
a systematic error of one or both of the methods, but there exists another possibil-
ity: if the complexation equilibrium is achieved sufficiently quickly, monitoring of
the fluorescence intensity provides us with the opportunity to study complexation
behavior in the substrate excited state [3]. The difference between the association
constants determined by the two methods can be due to the different complexation
degrees in the ground and excited states.

Striking are the low association constants of both naproxen forms withγ -CD,
shown previously by Melani using the phase solubility method [12]. For another
compound with the naphthalene ring, 1-aniline-8-naphthalenesulfonate, the repor-
ted association constants for complexes withβ- andγ -CD were respectively 64
and 1260 M−1 [35]. On this basis the binding was concluded to be more effective if
there is enough room for high mobility of the lipophilic guest moieties in the cavity.
Our results do not confirm this inference; they agree with the results of Eftinket
al. which suggest that for complexes of alicyclic carboxylic acids and carboxylates
with α- andβ-CD [24], the larger values of the association constants with the latter
CD may well reflect a deeper penetration of the guest into theβ-CD cavity and
enhanced van der Waals interactions. The same conclusion was arrived at by Ber-
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Figure 3. 2D ROESY spectrum of naproxen anion at concentration 1 mM with
β-cyclodextrin.

geronet al. who stated that in view of the dependence of London dispersion forces
on the distance between the interacting species (r−6), any substance which fits into
cyclohexaamylose is likely to bind more weakly in the cycloheptaamylose cavity
owing to the greater diameter of the heptamer’s cavity and the greater distance
between the host and the guest molecules [36]. The same reasoning can perhaps
be used to explain the low association constants of the naproxen complexes with
γ -CD as compared with the association constants of the complexes withβ-CD and
its derivatives.

Our attempts to measure the association constants of naproxen withα-CD
failed, because the influence ofα-CD on the fluorescence intensity was too small
to be measurable.
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Figure 4. 2D ROESY spectrum of naproxen anion at concentration 10 mM with
β-cyclodextrin.

4.2. 1H NMR EXPERIMENTS

The assignment of proton resonances of a neat naproxen sample in water and in
the presence ofβ-CD was achieved by examining the scalar interactions by means
of a COSY experiment. In order to determine the dipolar contacts for both intra-
and intermolecular interactions, NOESY (anionic form) and ROESY (both forms)
experiments were made. In our case 2D ROESY experiments were found to be the
more sensitive ones.

The 2D ROESY spectra clearly provide evidence for interactions of naproxen
with β-CD protons in terms of NOE enhancement of appropriate signals during
the mixing time. Proton dipolar contacts correlation in the ROESY spectra are
shown in Figures 3–5 for two anion concentrations and for the carboxylic form.
The spectra show both intramolecular and intermolecular contacts. In all spectra
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Figure 5. 2D ROESY spectrum of naproxen acid at concentration 0.1 mM with
β-cyclodextrin.

reported, intense correlation peaks are observed between naproxen protons and H-
3, H-5 and H-6 ofβ-CD and intermolecular contacts are clearly absent for protons
H-2 and H-4 ofβ-CD which are found on the outer surface of the host molecule (in
the case of cyclohexanecarboxylic acid, intermolecular interactions with the outer
surface ofα-CD were evident as cross-peaks to 2 and 4 protons ofα-CD) [31]).
This is a clear evidence that the inclusion phenomenon has indeed been observed.

In principle, two modes of inclusion are possible with the carboxylic group
lying in the primary hydroxyl end (narrower rim) of the CD molecule or near the
secondary hydroxyl end (wider rim). Both modes were found to occur in interac-
tions of carboxylic acids withβ-CD [37]. In the case of complexes of benzoic acids
with α-CD, it was concluded that the carboxylic group is located at the narrow end
of the cavity [25]. A similar finding was reported by Hamiltonet al. in the case of
complexes of halogen substituted benzoic acids andβ-CD [38]. The present spectra
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do not allow an unambiguous rejection or confirmation of one or the other mode
of inclusion in both cases. Correlation cross-peaks from protons on both sides of
the naproxen molecule, i.e., H-1, H-3 and H-5, H-7 with proton H-5 ofβ-CD are
present. This suggests that inclusion is not specific with respect to the substituent
groups of naproxen. The results do not confirm the conclusion drawn recently as
concerns the preferred mode of inclusion [15]. This is not unexpected, however, as
the carboxylate group may form hydrogen bonds equally strongly with theβ-CD
OH groups present on both edges of the host molecule. One hint may be found in
the case of the carboxylic form which points to the first mode, i.e., the crosspeaks
between H-4 and H-8 of naproxen-acid to H-3 ofβ-CD are much weaker than
those to H-5 and H-6, whereas they are of comparable intensity in the anionic
form as shown in Figures 3–5. The results of molecular modelling also indicate the
possibility of two mutual orientations of naproxen and HP-β-CD [12].

It is also worth mentioning that dipolar contacts are not symmetrical on both
sides of naproxen substituent groups, i.e., they are stronger for protons H-1 and H-
5 vs H-3 and H-7. In view of the optimized structure of lowest energy, obtained as
reported in Section 3, the protons giving stronger interactions are found in eclipsed
conformations with the methyl of the OCH3 substituent (H-5) and with the CH
proton of the carboxy methyl substituent (H-1).

5. Conclusions

Fluorometric and 2D1H NMR investigations support the formation of inclu-
sion complexes between naproxen and four cyclodextrins.1H NMR ROESY
and NOESY cross-peaks suggest that two mutual orientations of naproxen and
β-cyclodextrin are possible. Application of the Benesi–Hildebrand, Scott and
Scatchard linearizations showed the stoichiometric ratio of the complexes studied
to be 1 : 1. The association constants of the complexes are related to the cyclodex-
trin cavity dimensions, and are lower for the larger cavity ofγ -cyclodextrin than
those forβ-cyclodextrin. They are also related to pH and are several times greater
for naproxen acid than for naproxen base. Forβ-CD, where association constants
were measured at the same temperature (35◦C) by phase solubility, the present
values are higher than the latter.
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