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Contribution from the Institut de Chimie Mine´rale et Analytique, UniVersitéde Lausanne,
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Abstract: The first variable-temperature and variable-pressure stopped-flow spectrophotometric study of the
sequential threading ofR-cyclodextrin (R-CD) onto the guest dye Mordant Orange 10,S, is reported.
Complementary1H one-dimensional (1D) variable-temperature kinetic studies and two-dimensional (2D)
rotating-frame nuclear Overhauser effect spectroscopy (ROESY) and EXSY NMR studies are also reported.
In aqueous solution at 298.2 K, the firstR-CD threads ontoS to form a 1:1 complexS‚R-CD* with a forward
rate constantk1,f ) 15 200( 200 M-1 s-1 and dethreads with a reverse rate constantk1,r ) 4.4 ( 0.3 s-1.
Subsequently,S‚R-CD* isomerizes toS‚R-CD (k3,f ) 0.158 ( 0.006 s-1, k3,f ) 0.148 ( 0.006 s-1). This
process can be viewed as a thermodynamically controlled molecular shuttle. A secondR-CD threads onto
S‚R-CD* to form a 1:2 complex,S‚(R-CD)2*, with k2,f ) 98 ( 2 M-1 s-1 andk2,r ) 0.032( 0.002 s-1. A
secondR-CD also threads ontoS‚R-CD to form another 1:2 complex,S‚(R-CD)2, characterized byk4,f ) 9640
( 1800 M-1 s-1 andk4,r ) 61 ( 6 s-1. Direct interconvertion betweenS‚(R-CD)2* and S‚(R-CD)2 was not
detected; instead, they interconvert by dethreading the secondR-CD and through the isomerization equilibrium
betweenS‚R-CD* and S‚R-CD. The reaction volumes,∆V0, were found to be negative for the first three
equilibria and positive for the fourth equilibrium. For the first three forward and reverse reactions, the volumes
of activation are substantially more negative, indicating a compression of the transition state in comparison
with the ground states. These data were used in conjunction with∆Hq, ∆H°, ∆Sq, and∆S° data to deduce the
dominant mechanistic threading processes, which appear to be largely controlled by changes in hydration and
van der Waals interactions, and possibly by conformational changes in bothS andR-CD. The structure of the
four complexes were deduced from1H 2D ROESY NMR studies.

Introduction

Naturally occurringR-cyclodextrin (R-CD) is a six-membered
R-1,4-linked cyclic oligomer ofD-glucopyranose and is generally
described as a shallow truncated cone, with the primary hydroxy
rim of the cavity having a reduced diameter compared to the
secondary hydroxy rim. The interior of the cavity is lined by
methylene and methine hydrogen atoms and ether oxygens and
as a consequence is hydrophobic. Because of this and its
constrained size, the cyclodextrin cavity selectively complexes
guest molecules in aqueous solution.1 The driving force for the
complexation is the sum of weak secondary interactions for
which the thermodynamic parameters are often not readily
interpreted. The principal factors involved in the stability of
these noncovalent host-guest inclusion complexes are believed
to be primarily hydrophobic and van der Waal interactions,1

although the relief of cyclodextrin strain energy2 and the release
of partially hydrogen-bonded activated water molecules from
the cavity3 are thought to have a role also. To achieve a
predictive capability for the inclusion process and full mecha-
nistic understanding, it is well accepted4 that kinetic studies on

a wide range of substrates have to be performed. However, in
the past decades, the transition states of the inclusion reactions
involving R-CD have been characterized experimentally by the
evaluation of the activation parameters∆Hq and ∆Sq, which
are usually not simple to interpret on the molecular level.5

Recently, we have undertaken a variable-pressure kinetic
study together with a classical variable-temperature investigation
of the formation of 1:1 complexes formed through the inclusion
of a series of diphenylazo dyes byR-CD.6 The guest dye
molecules were selected to favor a directionality in the inclusion
process and to systematically tune steric and electronic effects
toward molecular recognition of the guest by theR-CD host.
For the first time, activation volumes were obtained for inclusion
reactions where a guest species was included in theR-CD cavity
and revealed characteristic trends depending on the substituent
groups of the dyes. The activation and reaction volumes were
interpreted in the context of other thermodynamic and kinetic
data for the complex formation in order to construct a global
view of the inclusion process.

The formation of pseudopolyrotaxanes based onR-CD, which
result from the threading7 of severalR-CD rings onto a linear
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† Universitéde Lausanne.
‡ University of Adelaide.
(1) Rekharsky, M. V.; Inoue, Y.Chem. ReV. 1998, 98, 1875.
(2) Manor, P. C.; Saenger, W. J.J. Am. Chem. Soc.1974, 96, 3690.
(3) Griffiths, D. W.; Bender, M. L.AdV. Catal. 1973, 23, 209.
(4) Connors, K. A.Chem. ReV. 1997, 97, 1325.

(5) (a) Yoshida, N.; Seiyama, A.; Fujimoto, M.J. Phys. Chem.1990,
94, 4246. (b) Hersey, A.; Robinson, B. H.J. Chem. Soc., Faraday Trans.
1 1984, 80, 2039. (c) Seiyama, A.; Yoshida, N.; Fujimoto, M.Chem. Lett.
1985, 1013. (d) Yoshida, N.J. Chem. Soc., Perkin Trans. 21995, 2249.

(6) Abou-Hamdan, A.; Bugnon, P.; Saudan, C.; Lye, P. G.; Merbach,
A. E. J. Am. Chem. Soc.2000, 122, 592.

10290 J. Am. Chem. Soc.2001,123,10290-10298

10.1021/ja010946o CCC: $20.00 © 2001 American Chemical Society
Published on Web 10/02/2001



polymeric guest, has attracted recent attention.8,9 Most of the
polymeric pseudorotaxanes reported in the literature10 exhibit
very low solubility in aqueous solution and hence kinetic inves-
tigations of the threading process are limited.11 In the work pre-
sented here, we focus on the successive threading in water of
two R-CDs onto a dyeS, bearing a sulfonate head as the in-
serting group and a bulky stopper at the tail (Figure 1). The
structure of the guest dye, differing only from the previously6

studied diphenylazo dye by an additional diazophenyl moiety
in the hydrophobic core, was selected to both control the direc-
tion of threading and to be a sufficient length to accommo-
date twoR-CDs. The energetic characteristics of the threading
processes, leading to the formation of four different complexes,
were determined from NMR measurements together with kinetic
investigations with pressure and temperature as experimental
variables. It will be seen that in this system we observe the
operation of a simple thermodynamically controlled molecular
shuttle; such systems are attracting increasing interest as
potential molecular switches for nanotechnology application.12,13

Experimental Section

Materials. The azo guest moleculeS (Mordant Orange 10) was
purchased from Aldrich and purified by column chromatography as
described elsewhere.5a R-CD purchased from Fluka was used without
further purification. Both the dye and unchargedR-CD solutions were
prepared in doubly distilled water.

Spectrophotometric Measurements.All measurements were carried
out at 298.2( 0.1 K with the ionic strength,I, fixed to 0.15 M (NaCl).
The acid dissociation constant,Ka, of the dye was determined by a
combination of potentiometric and spectrophotometric techniques. The
instrumentation used consists of a titroprocessor (Titrino 716 from
Metrohm) for the addition of titrant and millivolt readings and of a
diode-array spectrometer (TIDAS-MMS-UV/500-1 from J&M) coupled
to a Hellma immersion probe (10 mm path length) for the spectropho-
tometric measurements. A combined glass electrode (Metrohm) was
calibrated from a titration of a known amount of HCl in water with a
known concentration of NaOH. The pH values are defined as-log
[H+]. The aqueous solution of the dyeS (5 × 10-5 M, basified with
Na3PO4), was titrated under argon with 0.1 M HCl from pH 12 to 3.5.
The solution was thoroughly mixed and allowed to equilibrate before
the spectrum was acquired directly with the immersion probe present
inside the titration vessel. The pKa value of the dye was calculated by
use of the fitting software SPECFIT.14

Stopped-Flow Kinetic Experiments.Both the dye [(1.5-5.0) ×
10-5 M] and unchargedR-CD [(0.3-10)× 10-3 M] were dissolved in
doubly distilled water without the addition of an electrolyte. The kinetics

of the threading reaction between the dye andR-CD were investigated
by the stopped-flow technique in the absorption mode for detection.
In addition, these experiments were performed under pseudo-first-order
conditions in the presence of at least a 10-fold excess ofR-CD.
Temperature-dependent kinetic measurements were carried out between
274 and 318 K on an Applied Photophysics SX.18MV stopped-flow
spectrometer. Pressure-dependent kinetic measurements were made up
to 200 MPa by use of high-pressure stopped-flow equipment designed
and built in-house.15 The rate constants were independent of the
sequence of applied pressure. For both temperature and pressure kinetic
measurements, a J&M TIDAS diode array spectrometer was used for
detection when reaction time allowed it. In other cases, the temperature
and pressure dependencies of the reaction were monitored at discrete
wavelengths from 350 to 500 nm on the monowavelength detection
system and the acquisition facility provided with the Applied Photo-
physics SX.18MV stopped-flow spectrometer. For each set of experi-
mental conditions, a series of four to six replicate data sets were
averaged. For both the temperature and pressure multiwavelength
experiments, the observed rate constants were computed via an iterative
procedure where exponential functions were fitted to the absorbance/
time data by use of global analysis software.14,16Reported errors are 1
standard deviation.

NMR Measurements. 1H NMR experiments were recorded on
Bruker DPX 400 (400 MHz) and DRX 600 (600 MHz) spectrometers
with the samples nonspinning. All NMR experiments (dye titration by
R-CD, differential NOE, dilution experiments, etc.) were carried out
in D2O with sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS,
Fluka) as an external standard. For all experiments, the temperature
was stabilized by Bruker VT-2000 and BVT-3000 temperature control
units and measured by a substitution method.17

The dye self-association (π-π stacking) was determined by1H
NMR dilution experiments at 298.2 K. The dye concentration was
varied from 1.0× 10-4 to 1.0 × 10-2 M and the induced chemical
shift changes were analyzed with the program Scientist18 using the
relevant equations.6 The stability constants were obtained from NMR
spectral measurements at 274.2 K with a solution of dyeS (9.40 ×
10-4 M) in D2O (pD ca. 6.5) titrated with consecutive additions of
solidR-CD. The resulting solutions were thoroughly mixed and allowed
to equilibrate for at least 10 min before the spectrum was acquired.
The ratio of the totalR-CD concentration to the total dye concentration
of 9.40 × 10-4 M was varied between 0 and 42. The NMR signals
were fitted by Lorentzian functions with the program NMRICMA.19

NMR dynamic processes were quantitatively determined by variable
temperature measurements for a solution containing 0.0168 MR-CD
and 9.13× 10-3 M S. Rate constants were obtained from line-broadened
NMR spectra by least-squares fitting with the program NMRICMA19

using the appropriate exchange matrix. Fast injection experiments were
performed at 278.2 K with a fast-injection apparatus described
elsewhere.20

All 2D NMR experiments (DQF-COSY, EXSY, ROESY) were
acquired from 1024 increments of 2 K data points and 16 scans each.
The data were zero-filled twice in thet1 dimension and multiplied
by a squared sine bell function (SSB) in both dimensions. NMR
spectroscopic data processing was carried out on a Bruker Silicon
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Figure 1. Molecular structure of guestS.
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Graphics O2 station with standard UXNMR software as well as on a
PC with 1D WIN NMR (960901) software (Bruker Franzen Analytic
GmbH).

Results

Equilibrium and Structural Aspects. All the equilibrium
and kinetic measurements were carried out in pure water (pH
around 6.5) because it is known that electrolyte ions also form
complexes with cyclodextrins.21 It was thus essential to study
the protonation behavior of the dye and determine the existing
species under such conditions. From the titration of the dye at
298 K in the pH range of 12-3.5, an acid dissociation constant
(pKa) of 11.51( 0.01 was obtained. On the basis of our previous
study6 with similar molecules, this value may be unambiguously
attributed to the pKa of the phenolic group of the dye. At lower
pH, we have observed the precipitation ofS, which is probably
a consequence of the protonation of the carboxylate group.
Therefore, it is estimated that the pKa of the carboxylic acid
group is about 2.5, which is consistent with other studies.6

Accordingly, it may be assumed that in pure water the dye exists
predominantly in the form that is shown in Figure 1. It is worth
noting that the values of the acid dissociation constants (pKa)
of the guest may be enhanced upon complexation in cyclodex-
trins,22 so that changes in the extent of protonation of the guest
can occur. However, for complexation reactions withR-CD a
negligibly small increase of the pKa was observed for guest
species similar to that studied here.23 On this basis, the extent
of protonation is unlikely to be affected by complexation by
R-CD under the experimental conditions employed.

In the case of the diphenylazo dyes it was demonstrated6 that
a π-π stacking-driven self-association leading to dimerization
occurs in aqueous solution and that this effect can be clearly
observed by chemical shift changes upon dilution. By methods
similar to those in our previous study6 with a series of
diphenylazo dyes,1H NMR dilution experiments were per-
formed and the chemical shift changes were fitted as a function
of the total dye concentration by use of a model describing the
formation of the dimer (S2). An association constant ofKassoc

) 187 ( 4 M-1 was determined from the NMR analysis (fits
are given in Supporting Information) and the geometry of
dimerization is an antiparallel orientation of twoS dye
molecules, as confirmed by differential nuclear Overhauser
effects (NOE). This value is about 10 times larger than the order
of magnitude of the diphenylazo dye association constants.6 In
the present study, the higher stability of the dimeric form ofS
probably arises from the additional diazophenyl group producing
a strongerπ-π interaction. Since we are working at dye
concentrations of (1.5-5.0) × 10-5 M for the stopped-flow
kinetic studies, the presence of the dimeric species can be
neglected as it accounts for less than 2.0% of the total dye
concentration.

To determine the stability constants of the species formed
upon threading ofR-CD by S, a 1D1H NMR titration at 274.2
K was performed. For that purpose, the magnetic environment
of the dye methyl group was selected in order to better visualize
the spectral evolution. The titration ofS with R-CD, which is
shown in Figure 2, resulted in the appearance of four com-
plexes: S‚R-CD*, S‚R-CD, S‚(R-CD)2*, andS‚(R-CD)2. Strik-
ingly, the chemical shift of freeS varies with theR-CD
concentration. As previously described,6 this effect is due to

theπ-π stacking-driven self-association ofS. This dimerization
is a fast process on the NMR time scale since only an average
set of signals forS andS2 is observed. In contrast, theR-CD
threading process at low temperature is much slower as indicated
by the presence of separate sets of NMR signals for the
complexed forms. At 298.2 K, the coalescence of the signals
corresponding toS‚R-CD andS‚(R-CD)2 has already occurred.
In Figure 2, the plots of the signal integrals of the species as a
function ofR-CD concentration shows that statesS‚R-CD and
S‚R-CD* are formed at low concentration and a higher sta-
bility is exhibited byS‚R-CD compared withS‚R-CD*. These
species are likely to have similar structures to those 1:1 com-
plexes reported for a series of diphenylazo dyes having a sul-
fonate head.6 At higher concentrations ofR-CD, only the
complexesS‚(R-CD)2 andS‚(R-CD)2* are detected. Under these
conditions, both complexes exist in a constant ratio of 82%S‚
(R-CD)2* coexisting with 18%S·(R-CD)2, consistent with these
complexes both possessing 1:2 stoichiometry as is further
discussed below.

(21) Rohrbach, R. P.; Rodriguez, L. J.; Eyring, E. M.; Wojcik, J. F.J.
Phys. Chem. 1977, 81, 944.
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(23) Yoshida, N.; Seiyama, A.; Fujimoto, M.J. Phys. Chem.1990, 94,

4254.

Figure 2. 1H NMR (400 MHz) titration ofS with R-CD in D2O at
274.2 K, pD ca. 7. The upper panel shows the spectral evolution of
the S methyl resonances corresponding to the different species
formed by increasing theR-CD concentration. On the right of each
spectrum lies the ratio of theR-CD concentration to the totalS
concentration of 9.30× 10-4 M. The lower panel shows the per-
centage of the speciesS (9), S‚R-CD* (b), S‚R-CD (2), S‚(R-CD)2
(1), andS‚(R-CD)2* ([) as a function of theR-CD concentration. The
lines represent the fit of the points according to the model presented in
Figure 5.
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It is known that rotating-frame nuclear Overhauser effect
spectroscopy (ROESY) experiments provide detailed informa-
tion on the proximity of host and guest molecules.24,25Figure 3
shows an intermolecular ROE cross-peak between the guest
methyl protons and the H(3) inner proton of theR-CD for the
S‚(R-CD)2* complex and the absence of this interaction for the
other complexes. On the basis of this result, we can conclude
that oneR-CD of complexS‚(R-CD)2* is threaded with its wide
rim close to the tail ofS as a ROE interaction occurs between
theR-CD H(3) proton and the methyl group. To determine the
structure of this complex, we prepared a mixture containingS
and an excess ofR-CD in order to detect only speciesS‚(R-
CD)2 andS‚(R-CD)2* in solution. From NOEDIF, 2D double-
quantum-filtered corrrelation spectroscopy (DQF-COSY), and
ROESY techniques, a complex geometry forS‚(R-CD)2* was
deduced (see Supporting Information). It emerged from these
experiments thatS threads twoR-CDs, which adopt a head-to-
tail orientation.

Kinetic and Mechanistic Aspects.Cyclodextrin host-guest
complexes exist in dynamic equilibrium with their free cyclo-
dextrin host and guest components.6,26,27For the study of host-
guest exchange processes in such systems, 2D EXSY NMR
spectroscopy is an ideal technique28,29 and was applied in our
case to address some features of the threading reaction mech-
anism. Figure 4 illustrates the successive dynamic equilibria
between theS, S‚R-CD*, and S‚(R-CD)2* states. SinceS‚(R-

CD)2* is a 1:2 complex, we deduce that the freeS forms the
S‚(R-CD)2* complex by successive threadings of twoR-CD via
the 1:1 complexS‚R-CD*. In Figure 4, successive dynamic
equilibria between theS‚R-CD*, S‚R-CD, andS‚(R-CD)2 states
are also shown to occur. Thus, the complexS‚R-CD* isomerizes
to a second intermediate complexS‚R-CD, as was observed with
the diphenylazo dyes, and subsequently forms the 1:2 complex
S‚(R-CD)2. On the basis of these results, we postulate the
reaction mechanism presented in Figure 5, which accounts for
the formation pathways of the 1:2 complexesS‚(R-CD)2 and
S‚(R-CD)2* in aqueous solution. Other experimental observa-
tions support the validity of this mechanism and the geometry
of the complexes as is discussed below.

To follow the evolution of the complexation process as a
function of time and to discriminate qualitatively between the
slow and the fast kinetic processes, an NMR fast injection
experiment was performed over 50 s by mixing 0.470 g of 5.88
× 10-2 M R-CD solution with 2.099 g of a 6.60× 10-3 M
solution ofS. The result of this experiment, which is shown in
Supporting Information, demonstrates that the threading ofR-CD
by S to form S‚R-CD* is fast and that the isomerization ofS‚
R-CD* and the formation of the complexS‚(R-CD)2* from S‚
R-CD* are comparatively slow. These deductions accord with
those derived from the 2D EXSY NMR spectrum (see Figure
4) and identify the role ofS‚R-CD* in the reaction pathway.

Reaction kinetics were quantitatively determined by the
stopped-flow technique in the absorption mode for detection
and were analyzed according to eqs 1-3 discussed below. Prior
to measurement of the threading ofR-CD by S under different
conditions, the photostability ofS andS/R-CD mixtures were
investigated. It is well-known that UV-visible irradiation of
the azobenzene moiety can cause cis-trans isomerization,30 to
the extent that Nakashima et al. used this photophysical property
to prepare anR-CD-based photoswitchable [2]-rotaxane.31 In

(24) Ikeda, H.; Nakamura, M.; Isee, N.; Toda, F.; Ueno, A.J. Org. Chem.
1997, 62, 1411.

(25) Schneider, H.-J.; Hacket, F.; Ru¨diger, V.Chem. ReV. 1998, 98, 1755.
(26) Cramer, F.; Saenger, W.; Spatz, H.-Ch.J. Am. Chem. Soc.1967,

89, 14.
(27) Clarke, R. J.; Coates, J. H.; Lincoln, S. F.J. Chem. Soc., Faraday

Trans. 11984, 80, 3119.
(28) Cai, M.; Sidorov, V.; Lam, Y.-F.; Flowers, R. A.; Davis, J. T.Org.

Lett. 2000, 2, 1665.
(29) Brottin, T.; Lesage, A.; Emsley, L.; Collet, A.J. Am. Chem. Soc.

2000, 122, 1171.
(30) Rau, H.Photochemistry and Photophysics; Rabek, J. F., Ed.; CRC

Press: Boca Raton, FL, 1990; Vol. 2, p 119.

Figure 3. 1H 2D-ROESY NMR (600 MHz) spectrum of a mixture of
S (9.07× 10-3 M) andR-CD (0.0158 M) in D2O recorded at 274.2 K
using a spin-lock time of 300 ms. This 2D spectrum shows an
intermolecular ROE for theS methyl group ofS‚(R-CD)2* with the
H(3) inner protons of the first threadedR-CD, only.

Figure 4. 1H 2D-EXSY NMR (400 MHz) spectrum of a mixture ofS
(9.07× 10-3 M) and R-CD (0.0158 M) in D2O recorded at 291.2 K
with a mixing time of 300 ms. This spectrum shows clearly the existing
exchanges between the different species.
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our case, the absorbance ofS and S/R-CD mixtures was
monitored over 10 min at different temperatures over a range
of UV-visible wavelengths, and no absorbance change was
observed. It was concluded that either cis-trans isomerizations
of Sare very slow processes under our experimental conditions
or the cis isomers have extremely short half-lives and hence
are not significantly populated.32

The stopped-flow measurements showed that three steps were
involved in the threading process, irrespective of theR-CD
concentration, temperature, and pressure. An example of typical
data is shown in Figure 6. In addition, it was verified that no
very fast processes occur during the instrumental mixing time.
The validity of the pseudo-first-order conditions was also
checked by varying the dye concentration with a constantR-CD
concentration (with at least a 10-fold excess ofR-CD), and it
was determined from these measurements that the complexation
rates did not depend onS concentration. Figure 6 illustrates
that a fast step precedes the two slower processes. To confirm
that the slower processes did not arise from back-diffusion in
the stopped-flow apparatus, they were also studied by conven-
tional methods on a standard UV-visible spectrometer. The
observed rate constants obtained by both methods were identical
within experimental error. The observed rate constants for the
first fast step,k1,obs, and the slow second step,k2,obs, show a
linear dependence on theR-CD concentration. However, for the
second step, a slight curvature is observed at very lowR-CD
concentration, because of the sequential nature of the complex-
ation. From these results, it is apparent that the first and the
second steps involve threading ofR-CD by S, as observed in
previous complexation studies of other guests by cyclodex-
trins.5a,6,26The values of the observed rate constants for the third
very slow isomerization step,k3,obs, increase as a function of
the R-CD concentration but reach a saturation value and then

decrease at higher concentrations ofR-CD as predicted by eq 3
(Figure 7). In the case of diphenylazo dye complexation kinetics
with R-CD, saturation-type concentration dependences of the
observed rate constants were also attributed to an isomerization
process.5a,b,6

The reaction scheme given in Figure 5 accommodates the
experimental observations, where the first fast step and the
second slow step originate, respectively, from the threading of
R-CD byS to give theS‚R-CD* complex and from the threading
of an additionalR-CD by S‚R-CD*, leading to the formation
of the 1:2 complexS‚(R-CD)2*. As mentioned above, the third
very slow step arises from an isomerization process of the
intermediateS‚R-CD* to S‚R-CD, which subsequently threads
anotherR-CD to giveS‚(R-CD)2 at highR-CD concentration.
These observations from stopped-flow experiments are in accord
with the fast-injection NMR experiments described above.
Surprisingly, the formation of the 1:2 complexS‚(R-CD)2 was
not observed by stopped-flow measurements. It is possible that
the spectra ofS‚R-CD andS‚(R-CD)2 do not differ greatly and
consequently the latter species is not detected. Nevertheless,
this process was identified by 2D EXSY NMR (Figure 4).

If the first and the fourth steps are fast compared to the other
processes (see Figure 5), the observed rate constants may be
expressed by eqs 1-3 (see Supporting Information for more
details):

(31) Murakami, H.; Kawabuchi, A.; Kotoo, K.; Kunitake, M.; Nakashima,
N. J. Am. Chem. Soc.1997, 119, 7605.

(32) Irick, G., Jr.; Pacifici, J. G.Tetrahedron Lett.1969, 1303.

Figure 5. Mechanism for the threading reactions ofS with R-CD.
These proposed structures are based on 2D NMR data and employ
dimensions similar to those observed inR-CD crystal structures and
reported forS derived through modeling. A single arbitrarily chosen
conformation is shown forR-CD in each complex and does not show
the hydrogen-bonding interactions discussed in the text. All hydrogen
atoms of the supramolecular structures are omitted for clarity.

Figure 6. Kinetic trace at 375 nm of the threading reactions between
S andR-CD at 278 K.CR-CD ) 0.74× 10-3 M, CS ) 2.54× 10-5 M,
I ) 0 M. The residuals show clearly the necessity of a three-exponential
function to fit the kinetic data. The observed rate constants and relative
amplitudes for the sum of three exponentials for the reaction are as
follows: k1,obs ) 6.31 s-1 andA1 ) 0.54;k2,obs ) 0.072 s-1 andA2 )
0.33;k3,obs ) 0.011 s-1 andA3 ) 0.13.

k1,obs(fast)) k1,fCR-CD + k1,r (1)

k2,obs(slow) ) 1/2(p + xp2 - 4q) (2)

k3,obs(very slow)) 1/2(p - xp2 - 4q) (3)
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where

with K1 ) k1,f/k1,r andK4 ) k4,f/k4,r.
The R-CD concentration dependences for the observed rate

constants,k1,obs, k2,obs, andk3,obs, which were obtained at various
temperatures, were fitted simultaneously by use of eqs 1-4 with
a procedure described elsewhere.6 The derived values are listed
in Table 1 and the fit of the data is shown in Figure 7. The
stability constants derived from the analysis of the NMR titration
according to the proposed reaction scheme show a good agree-
ment with those determined by stopped-flow kinetic measure-
ments (see Table 1). These observations demonstrate the plaus-
ibility of the mechanistic scheme shown in Figure 5.

The pressure dependence of the observed rate constants were
studied up to 200 MPa.33 It emerged from these measurements

that both lnkf and lnkr for the three steps change linearly with
pressure, indicating that the activation volumes are pressure-
independent under our experimental conditions.34 This enabled
the pressure and theR-CD concentration dependences of the
observed rate constants for all steps to be simultaneously fitted
by use of eqs 1-3 and 5, wherek0 is the extrapolated rate
constant at zero pressure and∆Vq is the activation volume. The
result of the simultaneous fit is shown in Figure 8 and activation
volumes are presented in the volume profile depicted in Figure
9. At 288 K, the rate and the equilibrium constants extrapolated
at zero pressure from the variable kinetic studies correlate very
well with the one interpolated from the kinetic measurements
at variable temperature (see Supporting Information).

To determine the rate constantsk4,f and k4,r, variable-
temperature 1D NMR measurements were performed with the
coalescence of theS‚R-CD andS‚(R-CD)2 signals between 268
and 310 K in a solution containing 9.13× 10-3 M dye S with
0.0168 M R-CD (see Supporting Information). Under these
experimental conditions, no exchange phenomena were observed
for the other complexation processes. Each spectrum was
analyzed according to a two-site exchange withk4,r (in reciprocal
seconds, s-1) and the population ratio as parameters. The first-
order process described byk4,r was confirmed by similar
procedures at another concentration ofR-CD. Since it was
difficult to determine experimentally the concentration of the
free R-CD, the second-order rate constantk4,f

298 (in liters per
mole per second, M-1 s-1) was estimated fromk4,r

298determined
by this NMR experiment and the stability constant,K4

298 (in
liters per mole, M-1), obtained by stopped-flow measurements.
This estimation is valuable, in the sense that the stability
constants obtained by NMR titration and those derived from
kinetic measurements are consistent. The rate constants for the
fourth step (k4,f

298 andk4,r
298) are reported in Table 1 and show

that this process is fast. The enthalpy and entropy of activation,
∆H4,r

q and∆S4,r
q, are obtained from the fit ofk4,r at different

temperatures with eq 4, and the enthalpy and entropy of
activation, ∆H4,f

q and ∆S4,f
q, are derived from the reaction

parameters determined by the stopped-flow measurements. In
conclusion, this experiment provides an additional observation
of the exchange between speciesS‚R-CD andS‚(R-CD)2 to that
obtained from the EXSY experiments (see Figure 3).

Discussion

The mechanism proposed for the threading of one and two
R-CD onto the dye,S, to form four distinct complexes, whose
structures are based on the NMR studies and on previous6

modeling of related systems, is depicted in Figure 5. The rate
and the associated equilibrium constants (as defined in Figure
5) and thermodynamic parameters are collected in Table 1, and
the accompanying volume profiles are shown in Figure 9. The
magnitudes of these parameters reflect three dominant effects:
(i) the major changes in the degrees of freedom that occur when
R-CD is threaded ontoS, (ii) constraints placed on the movement
of R-CD from one position to the next when threaded onS,
and (iii) changes in hydration accompanying effects i and ii.

(33) For the first reaction step at 200 MPa, the observed rate constants
were not determined over all theR-CD concentration range due to the
reaction becoming too fast under such conditions for the high-pressure
stopped-flow equipment (dead time 2 ms).

(34) Van Eldik, R.; Asano, T.; Le Noble, W. J.Chem. ReV. 1989, 89,
549.

Figure 7. Temperature dependence ofk1,obs, k2,obs, andk3,obs for the
threading ofR-CD by S: CS ) (1.5-5.0) × 10-5 M, I ) 0 M, andT
) 278 (9), 288 (b), 298 (2), 308 (1), or 318 ([) K.

p )
k3,r

1 + K4CR-CD
+ k2,r +

K1CR-CD

1 + K1CR-CD
(k3,f + k2,fCR-CD)

q )
k3,rk2,r

1 + K4CR-CD
+

k3,rk2,fCR-CD

1 + K4CR-CD
( K1CR-CD

1 + K1CR-CD
) +

K1CR-CD

1 + K1CR-CD
(k3,f + k2,r)

k )
kBT

h
exp(∆Sq

R
- ∆Hq

RT ) (4)

k ) k0 exp(- ∆VqP
RT ) (5)
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The dye,S, exists as a dianion that is 2% dimerized (Kassoc)
187 M-1) in a facile equilibrium under the conditions of the
stopped-flow spectrophotometric studies.35 It is assumed that
the dimer is not involved in the threading process and thatS
exists as the trans isomer (Figure 1). No evidence was found
for an equilibrium between the trans isomer and a cis isomer
as discussed above.

Formation of S‚r-CD*. It is known that the direction of
binding is highly important in the reaction mechanism. The
3-carboxy-4-hydroxy-5-methylphenyl tail ofS is too large to
enter theR-CD cavity and consequently the sulfonate head
enters the cavity through the wide end delineated by the 12
secondary hydroxy groups to formS‚R-CD*. This orientation
is in accord with that proposed for the threading of structurally
similar but shorter dyes byR-CD.6 The formation ofS‚R-CD*
is enthalpy-driven (∆H1

0 ) -26.2 kJ mol-1) and characterized
by ∆S1

0 ) -24 J K-1 mol-1, which reflects the loss of degrees
of freedom of theS andR-CD components. The rate constants
of the first step,k1,f andk1,r, are of the same order of magni-
tude as those reported for shorter but structural similar diazo-
diphenyl dyes that also threadR-CD, wherek1,f ≈ 12 000-
15 000 M-1 s-1 and k1,r ≈ 2-25 s-1.6 It was shown thatk1,f

reflects the dehydration of the entering group and its interactions
with bound water molecules inside the host cavity, whereask1,r

is dependent on the structure of the noninserting group. Our
results are consistent with that conclusion and suggest that guest
S is deeply inserted in theR-CD cavity, consistent with a small
value fork1,r.

The large negative activation entropy,∆S1,f
q ) -91 J K-1

mol-1, indicates a large loss of degrees of freedom associated
with the combination of the singleS andR-CD entities into a
single transition state entity in which the sulfonate group retains
some of its hydration shell while also interacting with water
inside theR-CD cavity and the secondary hydroxy groups of
theR-CD. This effectively locks the relative orientations of the
S and R-CD transition-state components and adds to the loss
of degrees of freedom. The dethreading process is also
characterized by a large negative activation entropy,∆S1,r

q )
-67 J K-1 mol-1, and is consistent with the reversal of the
approach to the transition state proposed for threading. The more
negative values of∆S1,f

q and∆S1,r
q by comparison with that of

∆S° may indicate that in theS‚R-CD* ground stateR-CD rotates
more freely about theS axis as a consequence of lesser steric
and hydration constraints. While the enthalpic and entropic
contributions to∆G1,f

q for the threading ofR-CD are similar,
the enthalpic term (∆H1,r

q ) +49.7 kJ mol-1) for dethreading
R-CD is twice the magnitude of threading (∆H1,f

q ) +23.5 kJ

(35) Since the pKa of the phenol group and the carboxylic acid group of
S are 11.51 and≈2.5, respectively, and application of 200 MPa induces a
decrease in pKa of ≈0.5 in water, the dianionic form ofS persists as the
only form of S in the high-pressure experiments.

Table 1. Thermodynamic and Kinetic Parameters for the Threading Reactions ofR-CD by S

stopped-flow

NMR stopped-flow ∆H (kJ mol-1) ∆S(J K-1 mol-1)

k1,f
298 (M-1 s-1) 15200( 200 ∆H1,f

q ) +23.5( 0.7 ∆S1,f
q ) -91 ( 4

k1,r
298 (s-1) 4.4( 0.3 ∆H1,r

q ) +49.7( 0.3 ∆S1,r
q ) -67 ( 13

K1
298 (M-1) 3470( 250 ∆H1

0 ) -26.2( 0.5 ∆S1
0 ) -24 ( 13

K1
274 (M-1) 12600( 800a 10300( 1500

k2,f
298 (M-1 s-1) 98 ( 2 ∆H2,f

q ) +36.7( 1.0 ∆S2,f
q ) -86 ( 5

k2,r
298 (s-1) 0.032( 0.002 ∆H2,r

q ) +60.1( 2.5 ∆S2,r
q ) -76 ( 9

K2
298 (M-1) 3060( 190 ∆H2

0 ) -23.4( 1.8 ∆S2
0 ) -10 ( 10

K2
274 (M-1) 8800( 390a 7690( 650

k3,f
298(s-1) 0.158( 0.006 ∆H3,f

q ) +47.5( 1.9 ∆S3,f
q ) -96 ( 7

k3,r
298(s-1) 0.148( 0.006 ∆H3,r

q ) +59.6( 2.0 ∆S3,r
q ) -65 ( 8

K3
298 1.07( 0.06 ∆H3

0 ) -12.1( 1.9 ∆S3
0 ) -31 ( 10

K3
274 2.8( 0.1a 1.9( 0.2

k4,f
298 (M-1 s-1) 9640( 1800b ∆H4,f

q b ) +42.7( 7.6 ∆S4,f
q b ) -31 ( 27

k4,r
298 (s-1) 61 ( 6b ∆H4,r

q b ) +78.7( 4.0 ∆S4,r
q b ) +53 ( 12

K4
298 (M-1) 158( 14 ∆H4

0 ) -36.2( 3.6 ∆S4
0 ) -84 ( 15

K4
274 (M-1) 664( 28a 710( 110

a Results from the NMR titration.b Results from variable-temperature NMR measurements: the dissociation rate constant,k4,r
298, derives directly

from the exchange analysis and the association rate constant,k4,f
298, results from the multiplication ofk4,r

298 by the value of the equilibrium constant,
K4

298, obtained by stopped-flow measurements. The same procedure is applied for the determination of the enthalpies and entropies of activation.

Figure 8. Pressure dependence ofk1,obs, k2,obs, andk3,obsfor the threading
of R-CD by S: CS ) (1.5-5.0) × 10-5 M, I ) 0 M, T ) 288 K, and
P ) 2 (9), 50 (b), 100 (2), 150 (1), or 200 ([) MPa.
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mol-1). This is consistent with the dethreading process over-
coming significant van der Waals forces betweenS andR-CD
as the transition state is approached.

The volume profile for the formation ofS‚R-CD* shows the
reaction volume,∆V1

0 ) -2.8 cm3 mol-1, to be small and
consistent with the displacement of the water in theR-CD cavity
by S and the sulfonate group being solvated largely as in the
free state while retaining hydrogen-bonding interactions with
R-CD primary hydroxy groups. In contrast, the activation
volumes∆V1,f

q ) -22.3 cm3 mol-1 and∆V1,r
q ) -19.5 cm3

mol-1 are consistent with a substantial volume compression
occurring on proceeding from the ground state to the transition
state. Thus, in addition to a decrease in volume occurring asS
enters the annulus, a decrease occurs as the sulfonate with much
of its hydration shell intact enters the secondary end ofR-CD,
where it interacts with the water in theR-CD cavity and the
secondary hydroxy groups to produce a substantial electro-
striction.

Formation of S‚(r-CD)2*. The complexS‚R-CD* first
formed upon threading ofR-CD by S can either isomerize to a
second 1:1 complexS‚R-CD or thread an additionalR-CD to
form the 1:2 complexS‚(R-CD)2*. NMR structural studies of
the latter pointed toward a head-to-tail orientation between the
R-CD units and thus support the conclusion that the insertion
mode ofS in both cavities is similar. The stepwise stability
constants and reaction enthalpies and entropies characterizing
S‚R-CD* and S‚(R-CD)2* are identical within experimental
error. This suggest that the forces stabilizing both complexes
are similar and are dominated by van der Waals interactions
betweenS and R-CD. However, the kinetics of the threading
and dethreading of the first and secondR-CDs differ signifi-
cantly. Thus, the threading of the secondR-CD ontoSproceeds
150 times more slowly than the threading of the firstR-CD
because of a substantially increased in the activation enthalpy
(∆∆Hq ) +13 kJ mol-1). Similarly, the dethreading of the
secondR-CD occurs 140 times more slowly than that of the
first R-CD because of a significant increase in the activation
enthalpy (∆∆Hq ) +10 kJ mol-1). However, the corresponding
activation entropies of the threading and dethreading of the first
and secondR-CD are identical within experimental error and
are consistent with similar changes in degrees of freedom. The

slowing of the threading and dethreading of the secondR-CD
indicates hindrance arising from the presence of the firstR-CD.
It is clear from this that an interaction between bothR-CDs
occurs in both threading and dethreading processes, but the ex-
tent and nature of this interaction cannot be precisely determined
from the present data.

The volume of reaction,∆V2
0 ) -7.5 cm3 mol-1, is

significantly more negative than∆V1
0. Volume changes arising

from the threading of the secondR-CD are more likely to
approximate those accompanying the threading of the first
R-CD. Accordingly, it is probable that the greater magnitude
of ∆V2

0 is attributable to a conformational change in either one
or both R-CDs. Such a volume change appears most readily
achieved through reorientation of the flexible primary hydroxy
arms units. As inS‚(R-CD)2* the secondR-CD occupies a
similar position toR-CD in S‚R-CD*, it appears probable that
the firstR-CD is most likely to undergo such a conformational
change possibly through a direct interaction with the second
R-CD molecule. Both∆V2,f

q and∆V2,r
q are largely explicable

as for∆V1,f
q and∆V1,r

q.
Formation of S‚r-CD. The isomeric equilibrium between

S‚R-CD* and S‚R-CD represents a molecular shuttling pro-
cess36,37 whereK3

298 ≈ 1. The stabilities of both isomers are
similar within the context of movement ofR-CD between the
two occupied sites on theS axis. Bothk3,f andk3,r are smaller
thank1,r, and as a consequence the dethreading ofR-CD occurs
30 times more frequently than the shuttling process at 298.2 K.
The possibility exists that the conformation ofS may be
significant in determining the rate of the shuttling process. The
three phenyl groups are drawn in a coplanar orientation in Figure
1, as expected forS in the uncomplexed state.38 It is known
that rotation out of the common plane of one or more of the
phenyl and naphthalene groups of structurally similar Congo
Red occurs depending upon environment,39,40and it is possible
that a similar rotation about the C-N bonds may be significant

(36) Kawaguchi, Y.; Harada, A.Org. Lett. 2000, 2, 1353.
(37) Lane, A. S.; Leigh, D. A.; Murphy, A..J. Am. Chem. Soc.1997,

119, 9, 11092 and references therein.
(38) Gilardi, R. D.; Karle, I. L.Acta Crystallogr., Sect. B1972, 28, 1635.
(39) Turnel, W. G.; Finch, J. T.J. Mol. Biol. 1992, 227, 1205.
(40) Ojala, W. H.; Ojala, C. R.; Gleason, W. B.AntiViral Chem.

Chemother. 1995, 6, 25.

Figure 9. Volume profiles for the threading ofR-CD by S at 288 K, in aqueous solution.
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in determining the thermodynamics of the shuttling process in
S‚R-CD* and S‚R-CD.

Together∆S3
0 and∆V3

0 are consistent with a loss of degrees
of freedom and a contraction of volume on formation ofS‚R-
CD which most probably reflects conformational changes in
R-CD and possibly inS. The large negative∆S3,f

q, ∆S3,r
q, ∆V3,f

q

and∆V3,r
q are internally self-consistent as they simultaneously

indicate losses of degrees of freedom and contraction in volume
in forming the transition state. Once again, conformational
changes in bothR-CD andS appear a plausible source of these
observations, together with changes in the electrostriction of
water at the transition state.

Formation of S‚(r-CD)2. At 298.2 K, the threading of a
secondR-CD ontoS‚R-CD (k4,f ≈ 9460 M-1 s-1) is substantially
faster than in the threading of a secondR-CD ontoS‚R-CD*
(k2,f ≈ 98 M-1 s-1). This is consistent with a lesser degree of
steric hindrance characterizing the threading of the secondR-CD
onto S‚R-CD because the firstR-CD is more distant from the
sulfonate head ofS than is the case forS‚R-CD*. The
dethreading ofR-CD from S·(R-CD)2 is also much faster than
in the case ofS·(R-CD)2*, but it is S‚(R-CD)2* that is the
substantially more stable complex, as a consequence of∆S2

0

being much less negative than∆S4
0. On a structural basis the

lower stability ofS·(R-CD)2 may be attributable to bothR-CDs
being threaded less deeply than is the case forS·(R-CD)2*.
Because of its lower stability,S·(R-CD)2 is formed in a low
concentration, thus making the structure determination by NMR
difficult. However, the threading of the secondR-CD ontoS‚
R-CD probably involves the entry of the sulfonate head through
the wide rim ofR-CD as for the other threading processes of
the present study. This conclusion is based on the lesser steric
hindrance toward sulfonate entry through the wide rim, which
is more hydrophilic by comparison with the narrow rim, which
is more hydrophobic.41

Although the errors in the activation parameters are large,
there is a clear trend for∆H4,f

q and ∆H4,r
q to be larger than

∆H2,f
q and∆H2,r

q and for∆S4,f
q and∆S4,r

q to be less negative
than ∆S2,f

q and ∆S2,r
q. The positive reaction volume,∆V4

0 )
+8.4 cm3 mol-1, contrasts with∆V2

0 ) -7.5 cm3 mol-1 and
suggests substantial differences in the contributions made by
hydrational, conformational, and van der Waals interactions to
the volume changes and energetics of the formation ofS‚(R-
CD)2 andS‚(R-CD)2*. There are three probable origins of these
differences. The first is that the hydration of the sulfonate group
may be less significant for the complexS‚(R-CD)2, where the
secondR-CD is closer to the sulfonate head ofS. The second

is that in one complex the twoR-CDs may act largely as a
single unit as a consequence of hydrogen bonding between
them,42,43 whereas this may be less significant in the other
complex. The third is that twisting of phenyl groups ofS out
of a common plane may occur to a greater extent in one complex
than the other and thereby contribute to the differences in
observed enthalpic, entropic, and volume change differences
between the two complexes. Unfortunately, insufficient struc-
tural data is available to ascertain the veracity of these proposals.
However, it is very probable that the origins of these differences
betweenS‚(R-CD)2 andS‚(R-CD)2* are also the origins of the
nonobservation of a direct exchange path between them so that
an indirect interchange occurs through the dethreading ofR-CD
and shuttling ofR-CD in S‚R-CD andS‚R-CD*.

Conclusion

In this first kinetic high-pressure study of the sequential
threading ofR-CD onto a dye guest molecule,S, it has been
found that the structure ofS is important in determining the
position of the threadedR-CDs and the stability and kinetics of
threading and dethreading. Two isomeric 1:1 complexes,S‚R-
CD* andS‚R-CD, are formed, where in the second complexS
is more deeply imbedded inR-CD than in the first. BothS‚R-
CD* andS‚R-CD thread a secondR-CD to form 1:2 complexes,
S‚(R-CD)2* and S‚(R-CD)2, but these isomeric complexes do
not directly interconvert. Instead, they both dethread oneR-CD
to form eitherS‚R-CD* or S‚R-CD, which then isomerize prior
to threading a secondR-CD to re-formS‚(R-CD)2* and S‚(R-
CD)2. The quantitative ground-state and activation enthalpy,
entropy, and volume change studies show that hydrational, van
der Waals, and probably conformational changes inSandR-CD
determine the equilibrium and kinetic character of the system.
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