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Stabilization of a vanadium(V)–catechol complex by
compartmentalization and reduced solvation inside
reverse micelles†‡

Brant G. Lemons,a David T. Richens,a Ashley Anderson,b Myles Sedgwick,b

Debbie C. Crans*b and Michael D. Johnson*a

The kinetics of 1 : 1 complex formation and hydrolysis between catechol and 3-substituted catechols with

aqueous vanadium(V) at pH B 1 have been investigated in NaAOT (sodium bis(2-ethylhexyl)sulfosuccinate)

derived aqueous reverse micelle microemulsions in isooctane. Compared with the reaction in bulk water, the

forward rate constant of catechol complexation was modestly accelerated (2 fold) in the reverse micelle

microemulsions for even the smallest nanosized water pools (wo = 2). In contrast, the first order reverse

(aquation) reaction was significantly suppressed in the water pools below wo = 10. The modest rate

acceleration of complex formation within the microemulsions is attributed to changes in water solvation,

reaction properties and compartmentalization of the reactants. The dramatic fall off in the rate of catechol

dissociation from [VO2(cat)(OH2)2]� is attributed to the reduction in water content as the size of the

nanopools is decreased below 200 water molecules. The result is a 10 fold increase in the kinetic formation

constant for [VO2(cat)(OH2)2]� under confinement in the RM microemulsion environment. This increase

predicts that vanadium catechol complexes will be more stable in vivo and may suggest a general principle

for fine-tuning efficacy of metal-based drugs.

Introduction

The study of the kinetics and mechanisms of ligand replacement
reactions at transition metal centers in aqueous solution is now an
established field with knowledge based on the accumulated data
from 50–60 years of experimental work.1–4 Substitution reactions
have been classified as associative, dissociative or interchange with
regard to the replacement of the coordinated water ligands at the
metal center.5 These designations depend on whether bond mak-
ing or breaking is important in achieving the transition state or
whether a discrete intermediate is formed. Substitution studies of
metal complexes having biological or medicinal relevance, such as
vanadium,6–9 have added interest in regard to tracking their
reactivity pathways in vivo. The insulin-enhancing properties of
vanadium are well-known10,11 and representative compounds

have been successfully tested in both animals and humans.
Bis(maltolato)oxovanadium(IV) (BMOV)12 is one such clinically
tested compound that is known to release vanadium ions
through ligand dissociation both in vitro and in vivo. Under-
standing the extent of complex stability under conditions of
restricted water confinement is of crucial importance to a better
understanding of the therapeutic action of such compounds.

In vivo chemical reactivity is generally presumed to be similar to
that in aqueous solution and is extrapolated from detailed studies
in bulk aqueous media. However, it has become increasingly
apparent that within the confined space found in the proximity of
an interface, the environment typically found in the interior of a cell,
the chemical reactivity of many solutes appears to be significantly
different from that established in bulk aqueous media.10–13 Since
detailed kinetic studies of the reactivity of components inside cells
are difficult to carry out, model systems must be invoked and a
variety of these exist ranging from the simplest self-assembling
system to complex membranes containing proteins and much
more. A growing body of information is emerging from studies
carried out with the very simple model systems contained in the
nanosized water pools of reverse micelles.13,14 Despite their sim-
plicity, reverse micelles (RMs) can be used to investigate how drugs
associate with the cell’s interior aqueous environment. As a result,
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several studies have been carried out demonstrating that highly
dynamic nanosized water pools encapsulated by a polar inter-
face still allow polar solutes to penetrate the barrier and travel
up into the hydrophobic parts of the interface.15–18

Reverse micelles are formed when a microliter volume of an
aqueous analyte is added to a mL volume of a solution of a
surfactant (e.g. sodium bis(2-ethylhexyl)sulfosuccinate (AOT), Fig. 1)
dissolved in a non-polar solvent such as isooctane or cyclohexane.
These mixtures rapidly form transparent and homogeneous solu-
tions containing structures consistent with a spherical reverse
micelle shown in Fig. 2(a).12,18–21 The average size, number of AOT
molecules per RM and the number of water molecules can vary
dramatically, but are controlled by the concentration ratio of water to
surfactant, termed wo, as shown in Table 1 below.21 Since the range
of sizes and number of water molecules extend over a large range,
these systems make for excellent models to examine the effects of
confinement near a lipid-interface. There are three regions within a
RM system where an analyte can reside, Fig. 2(b): (A) the polar
aqueous pool center of the RM, (B) the polar head group region,
which, in the case of AOT, are sulfonate groups and (C) the non-
polar interfacial region which is comprised of the hydrophobic
surfactant tails.12,13,18–23 For NaAOT, the exchange rate of
analytes between RMs is rapid and has been measured to be
around 106–108 M�1 s�1.14,24–26 The nature of the hydrogen
bond between the water molecules inside the micelles has
been examined using IR spectroscopy and the core water is
surrounded by a water shell that are ‘‘bound’’ to the surface and

different from the water molecules in the interior core of
the RM.15,20,21

Recent studies suggest that lipid-interfaces significantly impact
proton transfer reactions.27,28 Rate-enhancement of enzyme reac-
tions anchored to membranes is increased by multiple orders of
magnitude. These dramatic rate-enhancements are in part attributed
to the changes in solvation as experienced when the solute moves
from a largely aqueous environment to the interfacial water–lipid
environment. Because of their structures, stabilities and favorable
reaction dynamics, RMs are convenient to work with and provide
consistent data that is well understood.12,13,15–17 For example, they
have been used to study the structure of alpha-helical peptides at a
membrane surface, the form of the Jagged-1 interactions with Notch
ligand trans-membrane proteins; as well as conformational prefer-
ences of Leu-enkephalin.28 They have also been used in dynamic
studies to explore proton transport29 and the binding of tryptophan
analogs to membrane surfaces.30 However, there have been few
studies to date which have focused on the kinetic effects on metal
ion complex formation and hydrolysis in the vicinity of a lipid or
lipid-like interface and the resulting restrictions in aqueous solvation
on fundamental substitution processes.12,31

In this study, we are exploring the complexation reaction
between a ligand (catechol) and a metal ion (aqueous
vanadium(V); [VO2(OH2)4]+) along with the reverse reactions;
aquation of the corresponding vanadium(V)–catechol complex.
All of these components are located near, or accessible to, the
interface of the RM, location B in Fig. 2b. This complexation
reaction and the subsequent much slower oxidation of the
bound catechol ligand were studied 40 years ago by Kustin
and co-workers32 and provides a well characterized system with
which to conduct a detailed kinetic investigation of the effects of
confinement within a reverse micelle environment. The kinetic
studies carried out with catechol derivatives possessing electron-
donating and electron-withdrawing substituents at the 3-posi-
tion also allowed us to probe whether the fundamental effects
expressed in terms of Hammett electronic effects33 are retained
on going from bulk aqueous to confined media. These funda-
mental studies document the changes in reactivity of both free
aqueous vanadium(V) and of the vanadium(V)–catechol complex
in the vicinity of the interface. As we will show, the vanadium(V)–
catechol complex becomes more stable under confinement in
the vicinity of the interface compared to bulk aqueous media
contrasting with the findings for BMOV which under similar
confined conditions is more susceptible to ligand hydrolysis.12

This work demonstrates the importance of understanding the

Fig. 1 Structure of sodium bis(2-ethylhexyl)sulfosuccinate (AOT) and of the
catechol ligands used in this study.

Fig. 2 Schematic illustration of AOT-derived reverse micelles.

Table 1 Reverse micelle parameters at [AOT] = 0.1 M in isooctane21

wo navg rw (Å) nw nM [RM]

4 35 10 140 0.0013 0.0057
6 50 14 280 0.013 0.0040
8 72 16 578 0.026 0.0028
12 129 22 1553 0.070 0.0015
20 302 35 6061 0.27 0.00066

wo = [H2O]/[AOT], navg = average number of surfactant molecules per
RM, nw = average number of water molecules per RM, nM = number of
probes per RM if [probe] = 1 mM, [RM]= [AOT]/navg.
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intimate nature of metal–ligand complexation processes under
confinement close to a lipid interface if in vivo reactivity is to be
reliably predicted.

Experimental
Materials

Sodium orthovanadate (Na3VO4), catechol and 3-substituted cate-
chols were obtained from Aldrich and used as received unless
otherwise specified. All other chemicals were reagent grade. A
Barnsted Epure system supplied the doubly-distilled, deionized
(o18 MO cm�2) water used in all experiments. The surfactant,
sodium bis-(2-ethylhexyl)sulfosuccinate (Na-AOT, 99%), used in RM
preparations, was obtained from Sigma-Aldrich and purified as
described previously.34 1H NMR spectroscopy was used to confirm
Na-AOT purity. Isooctane (99%) was purchased from Aldrich and
used as received. D2O and CD2Cl2 were obtained from Cambridge
Isotope Laboratories Inc.

Preparation of reverse micelles (RMs)

Purified Na-AOT was dissolved in isooctane at ambient temperature
to make a stock solution of the surfactant. Acidified aqueous stock
solutions of [VO2(OH2)4]+ were prepared via dissolution of sodium
orthovanadate in perchloric acid. For the vanadium(V) containing
reverse micelles, aliquots of the stock solution [VO2(OH2)4]+

adjusted to pH 1.04 with HClO4 were mixed with specific volumes
of the 0.2 M solution of NaAOT in isooctane to prepare RMs with wo

values from 6 to 30. The wo value is defined as the [H2O]/[AOT]
ratio. In each case the [H+] in the final aliquot was 0.092 M. The
ternary component systems was added by sonication for 2–3 min or
until separation of phases was no longer observed. For the catechol-
containing reverse micelles two preparations were employed,
methods a and b (see ESI,† Fig. S3). Method a was the same as
that used for the vanadium(V) containing reverse micelles and
involves the injection of calculated aliquots of the aqueous catechol
stock solution, adjusted to pH 1.04 with HClO4, into specific
volumes of the 0.2 M solution of NaAOT in isooctane to prepare
RMs with wo values from 6 to 30. In method b the pure catechol is
initially dissolved into a solution of 0.2 M NaAOT in isooctane
followed by the injection of calculated aliquots of water adjusted to
pH 1.04 with HClO4 to yield desired wo. The resulting RM mixture
is shaken or sonicated until optically clear. Spectral and kinetic
measurements were made immediately after preparation. Solutions
were purged with argon gas prior to assembly of the RM samples. It
was found that the use of air-free conditions or aging of the
solutions up to 24 hours had no effect on the resulting kinetics.

Kinetic experiments

Reaction rates for the complexation of aqueous vanadium(V) by
catechol and the 3-substituted catechols were measured using an
OLIS RSM1000 stopped-flow mixing system. The reactions were
monitored at 512 nm, the absorption maximum for vanadium(V)–
catechol complex. Pseudo first order conditions were used, with
excess ligand (range 0.001–0.03 M) over vanadium(V) (B1� 10�4 M),
or the reverse (excess vanadium(V) over catechol). The absorbance
changes (average of 3–5 runs) were fitted using the OLIS data

reduction software to yield the observed rate constants. RM
sizes ranged between wo 2 to 30. A solution of 0.092 M HClO4

was used throughout to control acidity. The temperature was
controlled to within 0.1 1C using a constant temperature bath.

Sample preparation for NMR spectroscopy

For the 1-D NMR experiments catechol containing RMs ranging in
sizes from wo = 6 to 20 were assembled from a 0.13 M catechol stock
solution using 0.2 M NaAOT in isooctane adjusted to a final catechol
concentration of 0.01 M and 0.092 M (HClO4). Both methods a and
b (above) were employed for the preparation of the RMs. No buffers
were used. For the 2-D 1H–1H NOESY experiments the concentration
of AOT surfactant was increased to 1.0 M and the final catechol
concentration was 0.05 M. In all case the RMs were prepared
immediately before acquisition of NMR spectra.

NMR spectroscopy: data acquisition and analysis
1H NMR spectra of the catechol ligand in RMs and aqueous
solutions were obtained on samples placed in standard 5 mm
Wilmad NMR tubes. The data were recorded at ambient tem-
perature on a 400 MHz Varian spectrometer. Routine para-
meters were used for the 1-D 1H data acquisition. The 1H
chemical shifts were referenced to the peak for isooctane at
0.903 pm from sodium DSS (sodium 4,4-dimethyl-4-silapen-
tane-1-sulfonate) used as the internal reference. 19F NMR
spectra of 3-fluorocatechol in D2O and in wo = 20 reverse
micelles were referenced to hexafluorobenzene (�161 ppm).

1H–1H-NOESY (Proton–Proton 2-D Nuclear Overhauser
Enhancement Correlation Spectroscopy) NMR experiments
were performed using the supplied Varian pulse sequence as
reported previously.17 Aqueous solutions of complexes were run
in D2O, to provide a lock signal but for studies in RMs H2O and
not D2O, was used in these samples.

Dynamic light scattering experiments

Aqueous solutions of the catechol or substituted catechol (in mM)
were prepared in pure deionized-water. A catechol stock solution
(B2 mM) was used to yield the desired concentration in the 0.2 M
NaAOT RM with a wo value of 10. The DLS experiments were carried
out on a Wyatt DynaPro Titan using a temperature-controlled
microsampler for the measurements.35 Effective data was obtained
using intensities of 80 000 to 10 000 counts by varying the instru-
ment’s GaAs laser power between 10 and 20 mW and collecting the
scattered light at 901 and samples were equilibrated in the DLS
instrument for 10 min before the sample was measured. The
sample was filtered directly into the cuvette through a 0.2 mm filter.
Scans were performed at a rate of 10 acquisitions for 100 s with each
measurement consisting of no less than 10 runs.

To interpret the DLS data both the refractive index and the
viscosity were assumed to be similar to that of the neat organic
solvent, isooctane.35 The DynaPro DYNAMICS software (version
6.7.3) was used to evaluate the light scattering data assuming
spherical particles. The program fits the autocorrelation to regulated
fits and a cumulant fit, which is an average of the regulated fits. On
the basis of the exponential fits to the data, the reverse micelle size
was obtained with an instrument error of 10%.
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Results and discussion

Mixing catechol (H2cat) with acidic solutions of aqueous
vanadium(V) results in the appearance of a deep yellow color
indicative of the formation of the 1 : 1 complex [VO2(cat)(OH2)2]�

(eqn (1)).32 This catechol complex has a characteristic absorption
maximum at

½VO2ðOH2Þ4�
þ þH2catÐ

kf

kr
½VO2ðcatÞðOH2Þ2�

� þ 2H3O
þ

ð1Þ

512 nm, see Fig. 3, which was used to study the kinetics of this
reaction at 25.0 1C and [H+] = 0.092 M. Kinetic studies were
carried out under pseudo-first order conditions with either V(V)
or H2cat in greater than 10-fold excess over the other. For H2cat
in excess, the appropriate kinetic forms are shown in eqn (2) and
(3). In this study V(V) = [VO2(OH2)4]+.

Rate = kobs[V(V)] (2)

kobs = kf[H2cat] + kr (3)

When V(V) is in excess, similar kinetic expressions are shown in
eqn (4) and (5).

Rate = kobs[H2cat] (4)

kobs = kf[V(V)] + kr (5)

In both cases, pseudo-first order rate constants (kobs, s�1)
were obtained from exponential fits of the absorbance changes
(formation of the complex) and are listed in the ESI.† Plots of
kobs versus excess reactant (shown for catechol in Fig. 4) were
linear corresponding to a first-order dependence on both
reactants. These plots also possess a significant y-intercept
which is typical of an equilibrium process where the slope, kf

(M�1 s�1), represents the forward rate constant for H2cat
complexation with V(V) and the intercept, kr (s�1), is the rate
constant for ligand dissociation from [VO2(cat)(OH2)2]�. Values
of kf and kr, obtained by linear least squares fits to the plots of

kobs versus either excess [V(V)] or [H2cat], were in good agree-
ment indicating no formation of a 2 : 1 catechol–vanadium(V)
complex. Table 2 shows the values of these constants. The
values of kf (1.3 � 0.2 � 104 M�1 s�1) and kr (60 � 3 s�1)
obtained in aqueous media were in good agreement with those
reported previously by Kustin (kf = 1.8 � 0.1 � 104 M�1 s�1; kr =
41.9 � 3.3 s�1) under somewhat different conditions; [H+] = 0.2 M,
I = 1.0 M (HClO4, NaClO4).32 This shows that the reaction rates are
generally insensitive to small changes in acidity and ionic strength.
This is likely due to the fact that there is no change in vanadium
speciation under these conditions and that catechol has no charge.
Unfortunately a full pH profile was not possible due to (1)
significant hydrolysis of V(V) to anionic species above pH 236,37

and (2) the inability to form RMs below pH 1.
The effect of encapsulation within the RM water on the

catechol–vanadium reaction was investigated. Fig. 5 and 6 are
plots of kf and kr as a function of the fraction of bound water –
which decreases as the RM size decreases (decreased wo).
Included in these plots for comparison are the values of kf

and kr obtained in bulk aqueous solution. Compared to bulk
aqueous solution, the value of kf (1.3 � 104 M�1 s�1) for
complexation to catechol roughly doubles in the presence of
the largest reverse micelle (wo = 30). As the size of the reverse

Fig. 3 UV-visible spectral changes following mixing of excess catechol
(0.001–0.01 M) at 25 1C with [VO2(OH2)4]+ (1 � 10�4 M) at pH 1.04, I = 0.092 M
(HClO4). Inset: a typical stopped-flow trace of the rise in absorbance due to
formation of [VO2(cat)(OH2)2]� at 512 nm.

Fig. 4 Typical pseudo-first order plot for the reaction of excess catechol (H2cat)
with [VO2(OH2)4]+ (1 � 10�4 M) at pH 1.04 (25 1C), I = 0.092 M (HClO4).

Table 2 Values of rate constants for the formation, kf, and hydrolysis, kr, of
[VO2(cat)(OH2)2]�. Conditions: T = 25 1C, [HClO4] = 0.092 M, catechol in excess
unless otherwise noted

Medium 104 kf (M�1 s�1) kr (s�1) K (M�1)

Aqueous 1.0 � 0.1 44 � 2 230 � 30c

1.3 � 0.2 60 � 3 220 � 40
wo 30a 2.4 � 0.1 52 � 2 460 � 50c

wo 20a 1.9 � 0.2 51 � 1 370 � 30c

2.3 � 0.1 40 � 1 570 � 40
wo 20b 1.1 � 0.1 74 � 1 150 � 20
wo 20d 1.8 � 0.1 70 � 10 260 � 30
wo 10a 1.9 � 0.1 45 � 3 425 � 10
wo 5a 1.9 � 0.1 28 � 1 680 � 20
wo 2a 1.8 � 0.1 8 � 1 2300 � 300

a RM preparation method a. b RM preparation method b. c Excess
vanadium(V). d 24 hour aged solutions prepared via method a
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micelles get smaller, kf gradually decreases to a constant value
of 1.8 � 104 M�1 s�1 for the smallest reverse micelle (wo = 2). In
contrast, the rate constant for catechol dissociation, kr, shows
markedly different behavior. There is little change in kr from
the aqueous value for the two largest reverse micelles (wo = 30
and 20) but further decrease in RM size causes a dramatic
decrease by a factor of nearly 10 at wo = 2. When combined with
the respective kf values this has the effect of increasing the
kinetic formation constant (K = kf/kr) for [VO2(cat)(OH2)2]� from
2.3 � 102 M�1 (bulk aqueous) to 2.3 � 103 M�1 (wo = 2 RM).

The kinetic data obtained were also independent of the
methods used to form the reverse micelles, either dissolution
of V(V) and H2cat in the RM water nanopool prior to mixing
(method a), or, for H2cat, mixing with the AOT surfactant and
isooctane first prior to addition of the acidified water (method b).
There was also no change to the kinetic data obtained if the reverse
micelles were allowed to stand for 24 hours prior to mixing.

To check if ion-pair association of [VO2(OH2)4]+ with the sulfonate
head groups of the AOT surfactant was responsible for the kinetic
behavior observed, several runs were also carried out in aqueous
media containing 0.1 M sodium p-toluenesulfonate. No rate change
was observed which indicates either little ion pairing with the
sulfonate head group or a lack of sensitivity if an ion pair is formed.

To confirm that reverse micelles were formed under our
experimental conditions and to determine their size, we used
dynamic light scattering (DLS).35,38 The objective of these
experiments was to examine whether the addition of solutes
changed the size of the RMs. We found that the presence of
catechol, aqueous vanadium(V) and resulting complex did not
change the size of the RMs in the region investigated, Table 3.
Furthermore, the measured radii of the RMs at wo 10 showed
no difference between the two methods for RM preparation,
and thus support the interpretation based on kinetic data that
the resulting samples are indistinguishable.

To test whether electron withdrawal or donation affects the
complexation process, kinetic data were obtained from the
reaction of [VO2(OH2)4]+ with various 3-substituted catechols
possessing electron-donating and electron-withdrawing groups.
As expected, the kinetic data observed in both aqueous media
and inside the reverse micelles showed increased electron
donation by the substituent. A Hammett plot of the kinetic data
obtained in a wo = 10 reverse micelle is shown in Fig. 7 and is
linear. The inset table in Fig. 7 also shows that the calculated r
values in water and at a variety of reverse micelle sizes decrease
significantly (from �3.9 in water to �6.0 at wo = 5) as the size of
the reverse micelles decrease. When fewer water molecules are

Fig. 5 Plot of kf for reaction of [VO2(OH2)4]+ with H2cat versus size of the AOT
reverse micelles defined by the fraction of bound water (Pb) at the interface and
compared to the value in bulk aqueous media under the same conditions,
pH 1.04, I = 0.092 M (HClO4). The number labels are the values of wo.

Fig. 6 Plot of kr (reaction of [VO2(OH2)4]+ with H2cat) versus size of the AOT
reverse micelles defined by the fraction of bound water (Pb) at the interface and
compared to the value in bulk aqueous media under the same conditions.
pH 1.04, I = 0.092 M (HClO4). The number labels are the respective values of wo.

Table 3 Size parameters for a wo = 10 AOT-RM in isooctane in the presence of
catechol from dynamic light scattering (DLS) measurements38 as a function of the
RM preparation method

Sample Radius (nm) Polydispercitya

AOT/isooctane only 4.10 � 0.17 12%
+ Catechol (method a) 4.82 � 0.29 7%
+ Catechol (method b) 5.00 � 0.50 8%

a The instrumental precision is 10% and our values reflect clean
samples.

Fig. 7 Hammett r plot (log kX/log kX–H versus the s value of the X substituent) for
the reaction of [VO2(OH2)4]+ with various 3-X substituted catechols at wo = 10,
pH 1.04, I = 0.092 M (HClO4). Inset: values of r as a function of reaction media.
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available to solvate the catechol, at smaller wo values, our
results are consistent with an increased nucleophilicity of the
oxygen donors of the catechol ligands.

The vanadium(V) (as the [VO2(OH2)4]+ ion) resides in the
aqueous pool presumably adjacent to the negatively charged
AOT interface as previously reported for other vanadium species.12

However, the neutral catechol ligand has more options for suitable
locations within the RM environment. 1-D and 2-D 1H NMR studies
were carried out to complement the kinetic studies and provide
information on complex and ligand location. These techniques
have been successfully used in a number of previous studies to
probe reactant location under aqueous confinement.15–17,39 Fig. 8
shows 1-D 1H NMR spectra of the two aromatic protons H3 (ortho to
the OH groups) and H4 of catechol in both D2O and inside wo = 20
reverse micelles. The conditions were the same as in the kinetic
experiments; 0.2 M NaAOT, [H+] = 0.092 (HClO4), [H2cat] = 0.01 M.
Inside the RMs, the 1H resonance of the two protons broadened
and shifted distinctly upfield from the value in bulk D2O with the
biggest upfield shift being apparent for the H4 protons. This
shifting has previously been observed for solutes that penetrated
interfaces.15–17

As in the DLS experiments, the 1H NMR spectra of catechol
were also independent of whether it was added as a solution in
D2O to the AOT surfactant–isooctane mixture, method a, or
whether catechol was first dissolved in the AOT surfactant/
isooctane prior to addition of D2O to form the reverse micelle,
method b. The distinct upfield shift in the H4 protons is
consistent with penetration of the catechol ligand into the
interfacial region.15–17 To confirm the extent of the interfacial
penetration a 2-D 1H–1H NOESY experiments were carried out
at higher concentrations of AOT surfactant (1.0 M) and catechol
(0.05 M). No NOE cross peaks were observed from through
space interactions from the H3 and H4 protons of catechol with
the 30–50 protons of the AOT surfactant in spectra recorded with
a range of mixing times.

We also conducted 19F NMR studies with 3-fluorocatechol;
these showed little if any shift in the 19F resonance in the
reverse micelle compared with D2O. While this result might

indicate a residence in water pool for 3-fluorocatechol, it is also
consistent with its location at the interface, Fig. 9. When the
catechol and vanadium(V) ions are both at the interface,
the energy barrier for complexation will be lowered and the
reaction rate increased. In addition, a decrease in water solva-
tion can explain the doubling of the forward complexation rate
going from bulk aqueous to the largest of the reverse micelles
(wo = 30).

Conclusions

This study demonstrates that both the rate and position of the
equilibrium governing simple ligand substitution reactions is
significantly affected by the confined aqueous environments occur-
ring in AOT-derived reverse micelles. Unlike in bulk aqueous
media, metal–ligand substitution reactions taking place within
the confined water pools are sensitive to the amount of water
present.

Because these studies were carried out under conditions
with significantly less than one catechol and vanadium(v) per
reverse micelle, the formation reaction occurs when RMs
collide and their water pool contents mix. Since both compo-
nents are located at the water–AOT interface, small changes are
likely to be observed as the wo size decreases and this is what
was observed.

In contrast, the largest effect on the kinetics is the dramatic
fall off in the rate constant for the aquation reaction as the size
of the reverse micelles are decreased below wo 20. In bulk water,
the rate of this process is a constant due to water present in vast
excess compared to the complex, i.e., pseudo first order condi-
tions. In the confined water environment inside the reverse
micelles, the water concentration is now low and approaches
second order conditions. This results in the observed decrease
in ligand hydrolysis. This is contrary to the behavior previously
found for BMOV, a complex shown in animal studies to
undergo ligand dissociation.12

The ratio of these two kinetic processes controls the size of
K, the complexation equilibrium constant. Since the forward
reaction is insensitive to solvation, the change is mainly due to
the decrease in the size of the rate of the reverse reaction
(hydrolysis) in RMs. This is attributed to the reduction in water

Fig. 8 1H-NMR stack plot of catechol in D2O and in wo = 20 reverse micelles.
Reverse micelle preparation method a: aqueous (D2O) solution of catechol added to
AOT surfactant/isooctane; method b: catechol premixed with AOT surfactant/
isooctane prior to addition of D2O. The spectra were referenced to the isooctane peak
at 0.903 pm from sodium DSS (sodium 4,4-dimethyl-4-silapentane-1-sulfonate).

Fig. 9 Schematic showing a portion of the interface within the AOT-derived
reverse micelles and the likely location of the catechol ligands as indicated by 1H
and 19F NMR studies.
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content and pool size as the reverse micelles decrease in size.
Indeed, this is an elegant example of the le Chatelier’s principle
whereby the system compensates by stabilizing the complex
upon decreasing the amount of free water.
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