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The kinetics of the 1:1 complex formation reactions of 2-(5-bromo-2-pyridylazo)-5-(N-propyl-N-sulfopro-
pylamino)phenol (5-Br-PAPS) with some metal ions in the presence ofR-, â-, andγ-cyclodextrin (R-, â-,
andγ-CDx) have been investigated by the stopped-flow spectrophotometric method. The inclusion of 5-Br-
PAPS by CDx causes a substantial decrease in the second-order formation rate constants owing to the steric
hindrance to effective approach of metal ion to the specific orientation of 5-Br-PAPS in the CDx cavity
and/or to the slower release of metal-coordinated water molecules in the apolar cavity. Binding of 5-Br-
PAPS with cyclodextrins is indicated by change in the UV-vis absorption spectra and the1H NMR spectra.
It is suggested that the reaction rates are governed by the presence of the encapsulated 5-Br-PAPS, which
reacts more slowly with some metal ions in aqueous solution.

Introduction

It is well-established that the rate constants for the metal
complex formation reactions in aqueous solution depend only
slightly on the nature of the ligand and are characteristic of the
rate-determining process for solvent exchange at metal centers
in which a dissociative interchange (Id) mechanism operates.1

The outer-sphere association2 (Kos) between metal ion and ligand
is generally faster than rate-controlling solvent exchange
(kM-H2O) within the inner sphere. Therefore, the experimental
forward rate constant,kf, can be expressed byf.KoskM-H2O, where
f is the probability that the ligand will enter a particular
coordination site.3 However, the associative mechanism seems
to be much more prevalent in such divalent and/or trivalent ions
as Mn2+, V2+, and Fe3+.4 Effects of ionic charge, the internal
conjugate base mechanism, and the ring-closure rate-determining
step and steric effects are the crucial factors of the chelate
ligands regulating thekf value.5 Retardation in the formation
reaction rate due to macrocyclic effects and rate-limiting proton-
transfer processes are also attributed exclusively to the steric
and protonatable nature of the ligands.5

Furthermore, thekf value also changes with the molecular
environment in the vicinity of the ligand. Micellar6 and solvent
effects7 on the rate and mechanism of the complex formation
reactions are well-known. Micellar aggregates can solubilize
the sparingly water-soluble ligands and compartmentalize vari-
ous substrates, strongly modifying the chemical equilibria and
reactivities. For example, the complexation of PADA ()pyr-
idine-2-azo-p-dimethylaniline) with some transition-metal ions
has been studied,8 and the observed kinetic effects can be

understood by theories such as the pseudo-phase separation
model9 and the electrostatic enrichment model at charged
interfaces.10

TheR-, â-, andγ-cyclodextrins are well-known to be most
important and widely studied as host molecules that are capable
of forming inclusion complex with a variety of guest mol-
ecules.11 The catalytic effects of cyclodextrins on the organic
reactions such as cleavage of esters have been studied exten-
sively.12 An ionized secondary hydroxy group of CDx in basic
solution could form the covalent intermediate such as acylated
CDx. On the other hand, CDx can simply provide an apolar
and sterically restricted cavity for the included substrate, which
can then serve as the microheterogenious reaction medium like
a micelle.11 While the catalytic effects on the kinetics of organic
reactions have been so far extensively studied, relatively little
attention has been paid to inorganic reactions. Recently, effects
of CDx inclusion on the kinetics of the outer-sphere electron-
transfer reaction have been reported.13

Recent research in our laboratory has been concerned with
the kinetics of the inclusion reactions of some azo guest
molecules such as 5-Br-PAPS withR-cyclodextrin. A direc-
tional multistep mechanism has been clearly observed in our
series of kinetic studies.14 The ligand 5-Br-PAPS has been
known as highly sensitive photometric reagents for the zinc(II)
ion.15

In this study, we have measured the formation rate of the
metal-complex formation reactions of 5-Br-PAPS with some
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bivalent metal ions in the presence ofR-, â-, andγ-cyclodex-
trins. Binding constants of the inclusion complexes withR-,
â-, andγ-CDx were independently determined by a UV-vis
spectrophotometric method.

Experimental Section

Materials. 5-Br-PAPS was obtained from Dojindo.R-, â-,
andγ-cyclodextrins were purchased from Tokyo Kasei Chemi-
cals Co., Japan, and used without further purification. The water
used in all the experiments was doubly distilled and deionized
water. All other chemicals were reagent grade and used as
received.
Measurements.Electronic absorption spectra were measured

and the binding constants of the inclusion complexes of 5-Br-
PAPS with CDx were determined spectrophotometrically using
a JASCO V550 UV-vis spectrophotometer. The pH in solution
was obtained using a Horiba pH meter D-13. The temperature
was maintained at 25( 0.1 °C by means of an external
circulating water bath (Thomas Kagaku Co. Ltd., TRL-108H).
The circular dichroism (CD) spectra were measured with a
JASCO J-600C circular dichrometer. The NMR spectra of the
inclusion complexes were obtained at room temperature with a
JEOL EX-400 FT NMR spectrometer (with TMS as an external
reference). The kinetic measurements were performed by using
a Unisoku optical-fiber type stopped-flow apparatus. Pseudo-
first-order conditions of excess CDx and metal ion concentra-
tions were maintained over 5-Br-PAPS. The observed rate
constants (kobsd) were determined from the average of three
replicate experiments. The ionic strength was maintained at
0.1 mol dm-3 with NaClO4 or NaCl.

Results and Discussion

Complex Formation in the Absence of CDx.Reactions of
Cobalt(II) Ion with 5-Br-PAPS.The major form of 5-Br-PAPS
is anionic LH-, where H denotes the phenolic OH proton (pKa

) 10.8 determined by UV-vis spectroscopy). The observed
rate constant (kobsd) is related tokf andkd in eq 1 under a large
excess of cobalt(II) ion and is expressed by eq 2.16

A plot of kobsd against [Co2+] is linear, with slopekf and
interceptkd at constant pH. Thekf value is slightly dependent

on the pH region in the range 3.5-5.7 of the solution. The
pKa for propylamino proton H* was determined spectrophoto-
metrically to be 5.90. Therefore, the following scheme is
represented.

In the lower pH region, only a small contribution of the LHH*
species, where H* denotes the amino proton, would be
considered. From the dependence ofkobsd versus [H+], the
values ofk1 andk2 were determined to be (1.4( 0.1)× 104

mol-1 dm3 s-1 and (2.8( 0.1)× 104 mol-1 dm3 s-1 at 25°C
and I ) 0.1 mol dm-3 (NaClO4). The activation parameters,
∆Hf

q and∆Sfq for thek2 path, are also evaluated as 10.13 kcal
mol-1 and- 9.74 cal K-1 mol-1, respectively.
Reactions of Nickel(II), Copper(II), and Zinc(II) Ions with

5-Br-PAPS. The pH condition at ca. 5-7 is used in these
reactions. The dependences ofkobsdversus [M2+] are the same
as that for the Co2+/5-Br-PAPS system. The rate constants for
the complex formations are summarized in Table 1. Thekf
values for Cu2+ and Zn2+ ions are lower by 1 order of magnitude
than those for Cu2+/bipy (log kf ) 7) and Zn2+/bipy systems
(log kf ) 6.0).17

Inclusion Stability. The stability constants for theR-, â-,
andγ-CDx inclusion complexes with the LH- form of 5-Br-
PAPS were determined using UV-vis spectrophotometric
titrations. Figure 1 shows the changes in the absorption spectra
that occur when the LH- form of 5-Br-PAPS binds toâ-CDx.
The 1:1 inclusion model fits the titration data except for the

γ-CDx/5-Br-PAPS system. A large decrease in absorbance
(hypochromic effect) and a blue shift (448 nmf 442.5 nm)
observed in theγ-CDx system suggest strongly the formation
of the dimer species such as (LH-)2-γCDx and/or (LH-)2-
(γ-CDx)2, which is induced within a largerγ-CDx cavity.18,19
Figure 2 shows the differential absorption spectra in theâ-CDx/
5-Br-PAPS system.
The clear existence of several isosbestic points in Figure 2

would be related to the following simple 1:1 inclusion equilib-
rium.

The stability constant,Kf, was determined by the Hildebrand-
Benesi analysis of the binding curves in Figure 3. TheKf values
for theR-, â-, andγ- CDx inclusion complexes are determined
to be 660, 510, and 1200 mol-1 dm3, respectively. As for the
γ-CDx system,Kf is only the parameter for the adjustment of

TABLE 1: Rate Constants, kf/mol-1 dm3 s-1, for 1:1 Chelate Formation of Some Bivalent Metal Ions in Aqueous Solution at 25
°C

metal ions

ligand Co2+ Ni2+ Cu2+ Zn2+

5-Br-PAPS 4.3× 104 a 5.50× 102 b 1.10× 106b 1.0× 105 b

2.95× 104 b 7.6× 102 c 2.1× 106 c

PADA 4× 104(15 °C) 4× 103 1× 108(15 °C) 4× 106(15 °C)
Bipy 6.3× 104 1.6× 103 4× 107 1× 106

Phen 3× 105 3.9× 103 6.4× 107 1.1× 106(15 °C)
a I ) 0.1 mol dm-3 (NaCl) andkd ) 8 s-1. b I ) 0.1 mol dm-3 (NaClO4) andkd ) 2 s-1 (Co2+), 7× 10-2 s-1 (Ni2+), 20 s-1 (Cu2+), and 2 s-1

(Zn2+). cHaraguchi, K.; Ogata, T.; Nakagawa, K.Mikrochim. Acta1992, 106, 75. As for PADA (pyridine-2-azo-p-dimethylaniline), Bipy (2,2′-
bipyridine), and Phen (1,10-phenathroline), see ref 5.

kobsd) kf[Co
2+] + kd (2)

Co2+(aq)+ LHH* y\z
k1

k-1
CoLH*+ + H+ (3)

Co2+(aq)+ LH- y\z
k2

k-2
CoL+ H+ (4)

LH- + â-CDx y\z
Kf
LH--âCDx (5)
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the data to the Hildebrand-Benesi equation (vide infra). The
final values ofKf by a nonlinear least-squares method (Damping
Gauss-Newton method) are obtained as 850, 550, and 1400
mol-1 dm3.

Possible Structure of the Inclusion Complexes.Analysis
by 1H NMR of 5-Br-PAPS in the presence ofR-, â-, andγ-CDx
in D2O gave results quantitatively similar to those obtained in
the inclusion complexes of an analogous azo guest molecule.20

Since the chemical exchange for the inclusion of 5-Br-PAPS
by CDx is rapid compared with the NMR time scale, only one
set of concentration-dependent resonances are observed. The
values of chemical shifts in Scheme 1 are those for the fully
encapsulated 5-Br-PAPS by CDx. Larger downfield shifts were
observed for the ring protons of bromopyridine, clearly indicat-
ing the formation of the regioselective inclusion complex in
D2O (Scheme 1, the symbol “+” shows the downfield shift and
“-” the upfield shift).
In theR-CDx inclusion system, it was inferred that significant

downfield shifts of the bromopyridene protons imply the
selective interaction of this moiety withR-CDx. From the CPK
molecular model consideration, it was shown that the inclusion
of 5-Br-PAPS from theN-propyl-N-sulfopropylphenol moiety
is completely blocked due to the larger steric hindrance (Scheme
2).14b This selective inclusion is not observed in theâ-CDx/
5-Br-PAPS system (Scheme 1) because of the larger cavity of
â-CDx, which results in the lack of tight and selective size-
compatible fit for recognition. Upon theγ-CDx/5-Br-PAPS
complex formation, only small downfield shifts and slight
upfield shifts were observed, as shown in Scheme 1, and would

Figure 1. Spectral changes of 5-Br-PAPS at variousâ-CDx concentra-
tions at pH) 6.8 and 25°C: (1) 0, (2) 1.32 ([â-CDx]/[5-Br-PAPS])
3.53), (3) 2.61 (7.06), (4) 3.88 (10.4), (5) 5.12 (13.7), (6) 6.34 (17.0),
(7) 7.53 (20.1), (8) 8.70× 10-4 mol dm-3 (23.3). [5-Br-PAPS]) 3.74
× 10-5 mol dm-3.

Figure 2. Differential absorption spectra between spectrum 1 and
spectra 2-8 in Figure 1. Some clear isosbestic points are observed in
the wider range of the concentration change ofâ-CDx.

Figure 3. Binding curves for the 5-Br-PAPS inclusion complexes with
R-CDx (a),â-CDx (b), andγ-CDx (c). [5-Br-PAPS]) 3.74× 10-5

mol dm-3 at pH 6.8. The solid lines indicate the optimized theoretical
curves to the observed data points.

SCHEME 1

SCHEME 2
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be attributed to mutual ring current effects by the dimerization
of 5-Br-PAPS in theγ-CDx cavity.19

The induced circular dichroism (ICD) spectra were observed
on the absorption bands of the achiral 5-Br-PAPS, which is
included in the assymmetric field of the cyclodextrin cavity
(Figure 4). Theπ-π* electronic transition at 447 nm, which
is polarized along the long axis of 5-Br-PAPS from the
calculation by the ZINDO method (Scheme 3 and Table 2),
shows almost a single positive ICD in theR-CDx inclusion
complex. This result indicates that the direction of the electronic
dipole moment in the chromophore is almost parallel to the long
axis of theR-CDx cavity.19 The ICD spectrum ofâ-CDx/5-
Br-PAPS is somewhat different from that ofR-CDx/5-Br-PAPS,
particularly in the UV region at ca. 265 nm, indicating the
different structural features such as the orientation of the
chromophore within the CDx cavity.
In general, the weaker effect ofγ-CDx upon the strength of

the ICD spectrum is observed because of the lack of a tight
and size-compatible fit for recognition as compared with the
effect of R- andâ-CDx. However, the relatively strong ICD
strength and the appearance of a shoulder band above 500 nm
are observed, as shown in Figure 4. This characteristic ICD
pattern would be related with the dimerization of the chro-

mophore. The representative split-type ICD spectrum, which
is often observed because of the dimerization of chromophores
within the γ-CDx cavity,19 is not observed in thisγ-CDx/5-
Br-PAPS. We are not able to explain this spectral pattern at
the moment.
Complex Formation Kinetics in the Presence of CDx.The

rate constants for the metal complex formation were found to
decrease as the concentration of added cyclodextrin was
increased. Figure 5 shows the plots ofkobsdagainst [Co2+] for
the metal complex formation of 5-Br-PAPS in the absence and
in the presence ofâ-CDx. Decreases in the slope (kf) and the
intercept (kd) were observed. Plots ofkf versus [CDx] in the
R-, â-, andγ-CDx systems are shown in Figure 6.
The values ofkf decrease with an increase of [CDx] and at

a higher CDx concentration show a saturated behavior. These
concentration dependences ofkf versus [CDx] could be inter-
preted in terms of the mechanism shown in Scheme 4.

From this reaction mechanism, the rate law may be written as
follows.

where

If kun is larger thankCDxKf[CDx], kf-1 would be equal tokun-1

+ Kf[CDx]/kun. In most cases, the plot ofkf-1 versus [CDx]
gives a linear relation with a slopeKf/kun and an interceptkun-1.
The values ofKf,CDx, kun, andkCDx are summarized in Table 3.
Two possibilities for the decrease in the rate constantskf in

the presence of CDx could be considered: (1) steric hindrance
of metal ions to the specific orientation of 5-Br-PAPS in the

Figure 4. Induced circular dichroism (top) and absorption (bottom)
spectra of theR- (-‚), â- (-‚‚-), andγ-cyclodextrin (- - -) complexes of
5-Br-PAPS at pH) 7 and 25°C. [R-CDx] ) [â-CDx] ) [γ-CDx] )
1.0× 10-2 mol dm-3. [5-Br-PAPS]) 2.95× 10-5 mol dm-3. Solid
line denotes the absorption spectrum of 5-Br-PAPS only.

SCHEME 3

TABLE 2: Experimental π-π* Transition Energies and
Extinction Coefficents (E) and Calculated Results of
Transition Energies (λmax/nm) and Oscillator Strengths (f) of
5-Br-PAPS by the ZINDOa Method

experimental calculation

band λmax ε λmax f polarizationb

1 518 0.000 (nNdN f π*)
2 447 35 000 387 1.047 -10
3 318 0.024 25
4 283 0.015 70
5 304 2060 266 0.129 -70
6 260 0.007 90c

7 248 0.088 86

aRidley, J.; Zerner, M. C.Theor. Chim. Acta1973, 32, 111.
Anderson, W. P.; Edwards, W. D.; Zerner, M. C.Inorg. Chem. 1986,
25, 2728.b The angle of the transition moment to thex-axis (long axis).
c (z-axis) (π f σ*).

SCHEME 4

LH- + CDx y\z
Kf
LH--CDx

LH- + Co2+(aq)98
kun

CoL+ H+

LH-CDx- + Co2+(aq)98
kCDx

CoL-CDx+ H+

d[L-Co2+]T/dt ) kf[Coaq
2+]T[L] (6)

kf )
kCDx - kun

1+ (Kf[CDx])
-1 + kun

)
kun + kCDxKf[CDx]

1+ Kf[CDx]
(7)
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CDx cavity and (2) the slower release of metal-coordinated
water molecules in the apolar CDx cavity. The inner diameters
of the CDx cavity were 4.2-8.8 Å forR-CDx, 5.7-10.8 Å for
â-CDx, and 6.8-12.0 Å for γ-CDx, while the depth of the
binding cavity of all three cyclodextrins is about the same (7.8
Å).21 The length of 5-Br-PAPS along the long axis is about 21
Å. In the R-CDx system, the bromopyridine moiety of 5-Br-
PAPS is tightly encapsulated and theN-propyl-N-sulfopropyl-
aminophenol site is positioned outside of the CDx cavity.
Therefore, the approach of the metal ion to the coordination
site is strictly hindered. The substantial decrease ofkf in the
presence ofR-CDx (kR-CDx/kun ) 1/48 for Co2+ and 1/37 for
Ni2+) would be mainly attributable to this steric origin. The
relatively small effects on thekf value found inâ-CDx (kâ-CDx/
kun ) 1/11 for Co2+ and 1/18 for Ni2+) andγ-CDx (kγ-CDx/kun
) 1/13 for Co2+ and 1/18 for Ni2+) systems are due to the lack
of a size-compatible fit for recognition as compared with the
effect ofR-CDx.19 The metal ions such as Co2+ and Ni2+ could
be accesible to the loosely encapsulated 5-Br-PAPS withâ-CDx
and γ-CDx. In this case, the slower release of the metal-
coordinated water molecules may occur in the apolar CDx
cavity.

A smaller effect ofkf on the cyclodextrin concentration was
observed in the Cu2+ complex formation reaction with 5-Br-
PAPS (kR-CDx/kun ) 1/2.6, kâ-CDx/kun ) 1/10, andkγ-CDx/kun
) 1/5). The clarification of this unexpected smaller dependence
of kf upon the cyclodextrin concentration is now in progress
using other ligand systems.
Figure 7 shows the rapid-scan spectra of the formation of

the Zn2+ complex of 5-Br-PAPS in aqueous solution, indicating
the presence of the isosbestic point and the one-step formation
kinetics. However, in the presence of CDx, the Zn2+ complex
formation of 5-Br-PAPS proceeds clearly in two steps (fast and
slow steps in Figure 8). The pyridyl-o-phenolic ligand such as
5-Br-PAPS is markedly different from the other ligands such
as bipy and phen. An intramolecular hydrogen bond can form
between theo-OH group and a nitrogen atom (Scheme 5).22

The existence of the OH‚‚‚N type intramolecular hydrogen
bond may lead to the two-step mechanism as shown in Scheme
4.23 The detection of theN,N-bidentate intermediate species

TABLE 3: Binding Constants, Kf, for the Inclusion Reactions and Rate Constants,kun and kCDx, for the Metal Complexation
Reactions of 5-Br-PAPS in the Absence and Presence of Cyclodextrins

metal ions

Co2+ Ni2+ Cu2+ Zn2+

Kf,R-CDx/mol-1 dm3 (6.5( 0.6)× 102 (6.5( 0.2)× 102 (7.0( 0.2)× 102

6.7× 102 6.5× 102 7.0× 102

Kf,â-CDx/mol-1 dm3 (8.2( 1.2)× 102 (7.0( 1.2)× 102 (4.9( 2.2)× 102

5.5× 102 6.0× 102 4.9× 102

K(γ-CDx)a (1.1( 0.2)× 103 (1.8( 0.5)× 102 (2.0( 0.4)× 102

1.2× 103 2.0× 102 1.8× 102

kun/mol-1 dm3 s-1 (4.30× 104)b 5.5× 102 1.1× 106 1.1× 105

(2.95× 104)c

kR-CDx/mol-1 dm3 s-1 (8.9( 0.8)× 102 15( 0.1 (4.3( 0.3)× 105 d
kâ-CDx/mol-1 dm3 s-1 (2.7( 0.1)× 103 30( 0.3 (1.1( 0.4)× 105 d
k(γ-CDx)a (2.3( 0.7)× 103 30( 0.1 (2.0( 0.1)× 105

a K(γ-CDx) andk(γ-CDx) are the parameters for the adjustment of the data to eq 6. No physical meaning is obtained.b Since ClO4- ion forms a
relatively stable inclusion complex withR-CDx, the ionic strength was adjusted using NaCl at 0.1 mol dm-3. c I ) 0.1 mol dm-3 (NaClO4). d The
change in visible absorption spectrum proceeds clearly in two steps. Effect on the rate constant,kf, is negligible. However, the dissociation of the
Zn2+ complex appears to be completely inhibited. The value ofkd approaches zero upon increasing [CDx]. The valuesKf in the second column
were calculated from the plot ofkf-1 vs [CDx].

Figure 5. Plots of kobsd against [Co2+] for the cobalt(II) complex
formation of 5-Br-PAPS in the presence ofâ-cyclodextrin: (a) 0, (b)
1, (c) 2, (d) 5, (e) 10× 10-3 mol dm-3. [5-Br-PAPS]) 3.5× 10-6

mol dm-3. pH ) 5.7. Figure 6. Dependences of the second-order formation rate constants,
kf, on [CDx] for the cobalt complex formation reaction in the presence
of R-CDx (2), â-CDx (O), and γ-CDx (0). Solid lines show the
theoretical curves by a nonlinear least-squares method. The theoretical
values for kf and KCDx are obtained from these curves and are
summarized in Table 3.
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has been already carried out by our group.23c TheN,N-bidentate
species is confirmed only in apolar solvent such as dioxane and
is fragile even to the moisture in air. Since the polarity of CDx
is assumed to be that of dioxane (ε) 2.2),24 the two-step change

in the visible absorption spectrum in Figure 8 would be related
closely to the two-step mechanism shown in Scheme 5.
The formation of the tridentate complex requires the rupture

of the internal OH‚‚‚N hydrogen bond, the rotation of the
N-propyl-N-sulfopropylaminophenol ring, and the deprotonation
of theo-OH group. The formation of theN,N-bidentate species
causes a much smaller absorption change than that of theN,N,O-
tridentate complex which requires theo-OH deprotonation.23c

The final ring-closure step may be retarded in the apolar size-
restricted CDx cavity. This kinetic effect of CDx is specific
only in the Zn2+ complex formation.

Supporting Information Available: Table of kinetic data
on the Co2+ complexation with 5-Br-PAPS (3 pages). Ordering
information is given on any current masthead page.
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