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Synthetic amphiphiles have been employed for the investigation of diverse topics, e.g. membrane mimet-
ics, drug delivery, ion sensing and even in certain separation processes. Metal-complexing amphiphiles
comprise an interesting class of compounds possessing multiple utilities. Upon solubilization in water
they form metallomicelles. For achieving specific catalysis of a variety of reactions, metallomicelles were
utilized by applying the principles of coordination chemistry and self-organizing systems. Because of their
etallomicelles
ggregates
ster hydrolysis
atalysis
etalloenzyme mimics
econtamination

certain similarities with the natural enzymes, metallomicelles were synthesized as catalysts for many
reactions. In particular the metallomicelles play a catalytic role in reactions involving the hydrolysis of
activated carboxylate esters, phosphate esters and amides at ambient conditions near neutral pH. Apart
from the hydrolysis reactions, these were exploited to play pertinent role as Lewis acid catalysts in cycload-
dition reactions, and in other reactions such as phenolic oxidation in presence of hydrogen peroxide. In
this review we emphasize with the help of assorted examples, the design, synthesis of metal-complexing

grega
rganophosphates amphiphiles and their ag

. Introduction
Many hydrolytically active metalloenzymes are found in nature
1]. The understanding of the structure function relationship of
hese enzymes inspired extensive studies on the design and synthe-
is of novel metal complexes that miniaturize and mimic enzyme

∗ Corresponding author and J.C. Bose Fellow, DST, New Delhi; also at Chemical
iology Unit, JNCASR, Bangalore 560 012, India. Tel.: +91 80 2293 2664;

ax: +91 80 2360 0529.
E-mail address: sb@orgchem.iisc.ernet.in (S. Bhattacharya).

010-8545/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2009.01.016
tion behavior leading to catalytic hydrolysis reactions in aqueous media.
© 2009 Elsevier B.V. All rights reserved.

active sites [2]. Several of these investigations focus on the role
of metal complexes toward catalyzing hydrolysis reactions of acti-
vated esters of carboxylic acid and phosphate esters or amides
[3]. Some other metal complexing systems such as metallomicelles
function as Lewis-acid catalysts in the cyclo-addition reactions, e.g.
Diels-Alder reaction [4]. Apart from these, the metallomicelles also
show potential in the complexation of molecular oxygen [5], and

in certain photochemical processes [6]. In this article, we concen-
trate on the hydrolase mimic properties of various metallomicellar
systems.

Hydrolysis of carboxylic acid esters plays an important role in
many biochemical processes [7,8]. For many decades, several groups

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:sb@orgchem.iisc.ernet.in
dx.doi.org/10.1016/j.ccr.2009.01.016
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ave focused on the hydrolysis of carboxylic acid esters, using a
ariety of catalytic systems. However, it undoubtedly remains to be
major challenge to achieve the activity of the natural enzymes.

ince the metallomicelles are able to mimic some of the useful
ttributes of the enzymes, the investigations involve the metal-
omicellar systems, which comprise an interesting area of research
9].

The metal ions play an important role in the metalloenzyme-
ased hydrolases. Similarly in a model system that calalyzes a
ydrolysis reaction, a metal ion such as Cu2+ or Zn2+ should be
apable of stabilizing the tetrahedral transition state (T.T.S.) through
hich the hydrolysis of an ester or an amide takes place. Thus the
etal ion has to stabilize the T.T.S. via coordination with the charged

xyanionic tetrahedral intermediate. The oxyanionic intermediate
f an electrophilic carbonyl carbon is able to interact effectively
ith a metal ion if there is an O/N on an adjacent atom. This charge

tabilization of the developing negative charge in the T.T.S. and the
ull negative charge in the intermediate are often called an elec-
rostatic catalysis. Such a strategy is indeed employed by several
nzymes since nearly one third of all enzymes require metal ions.

. How do metallomicelles help in the hydrolysis reactions?

Metallomicelles are made up of ‘functionalized’ surfactants
ndowed with ligands at the level of polar head group that make
ffective chelation with certain metal ions. Upon aggregation in
queous medium, these mimic certain functional properties of
ydrolytic metalloenzymes. The natural enzymes employ metal

ons in their active sites which result in the formation of more acidic
ater molecules [10]. The metal ion in the active site coordinates
water molecule and increases the acidity of the bound water by

urther polarizing the H–O bond. This in turn enhances the effective
ucleophilicity.

Thus metal ions serve dual purposes, firstly act as a Lewis acid to
ind and activate carbonyl or phosphoryl bond of the ester/amide
r the phosphate substrate, respectively. This makes the carbonyl C
r phosphoryl P more vulnerable to nucleophilic attack. Thus they
imultaneously furnish the metal bound water or HO− nucleophile
o attack on to the substrate’s phosphoryl or carbonyl group during
he hydrolysis reaction.

. Catalysis in metallomicellar aggregates

Following the accepted definition, catalysis indicates the occur-
ence of notable rate enhancements due to the presence of a
pecies (catalyst) that remains chemically unaffected or fully and
apidly regenerated at the end of the reaction. In many cases of
ydrolytic reactions accelerated by metallomicelles, the first and
ast step involves the attack onto the substrate by the “catalytic
pecies” that is then chemically affected to give an intermediate
pecies which, in the following step(s), is eventually hydrolyzed
o regenerate the catalyst with a rate expressed as turnover rate
r the like. Although slow turnover is reported in instances to

llustrate the mechanism by which the hydrolysis takes place,
atalysis in the absence of a fast turnover is rather impractical
nd almost useless. Yet in the literature, the term catalysis is
idely used almost everywhere even where only rate enhance-
ents were only observed and no evidence of catalytic turnover
as presented. So it makes it a rather difficult job to sort out

mong the many papers reviewed here those reacting through
n authenticated catalysis. In the following we present several

xamples from literature where significant rate enhancements in
he hydrolysis reactions mediated by metallomicelles were docu-

ented. Of them those with specific evidence that the reactions
roceed with “tested” turnover should be considered as truly cat-
lytic.
mistry Reviews 253 (2009) 2133–2149

4. Early examples of metallomicelles

The metallomicelles possess both the metal ion and the
lipophilic tail to provide a hydrophobic ambience of the natural
enzymes. The first report of the catalysis of a hydrolysis reaction by
metallomicelles appeared in 1978 by Gutsche et al. These authors
examined the effects of metal ions in micellar systems on the
hydrolysis reactions of acetyl phosphate, using amine-ammonium
micelles, chelate-forming micelles, metal-chelated polyamines and
polyamides containing nucleophilic moieties [11]. The hydroly-
sis rate can be modulated by optimization of the pH of the
medium.

In a subsequent study with l-undecyl-N,N′-bis[2-(hydroxy-
imino)propanoyl] ethylene diamine (1) in presence of metal ions
such as Zn2+, Cu2+, or Ni2+, the rate of hydrolysis of acetyl phosphate
increased by factors of ∼60–140 at pH 11.5 in which the compound
1 existed in the hydroxamate form [12].

For the hydrolyses of ester/amide substrates, the most widely
studied oxyanion in the biological system is the serine hydroxyl
(–CH2OH) group. On this basis, many nucleophile functional-
ized surfactants have been synthesized. These include hydroxide
[13], and phenoxide functionalized amphiphiles [14]. Most of the
metallomicelles developed along these lines therefore feature a
hydroxy function located in the proximity of the chelating lig-
and to allow coordination with appropriate metal ions. Such metal
ion complexation leads to activation of –CH2OH leading to its
facile alkoxide ion formation by pKa lowering. Other functional
surfactants possessing hydroxamate [15], oximate [16], imidazole
[17], 4,4′-dialkylaminopyridine [18], hydroxybenzotriazole [19],
tetrazole [20], peroxide and related nucleophiles [21] were also
developed and their esterolytic properties were investigated. The
results from these investigations provide critical insights for com-
parison with the activities of various metallomicellar systems. Few
of these functional systems have also been examined towards the
hydrolysis reactions under metal complexing conditions. In the fol-
lowing we present different types of ligands, functionalized ligands
and their metal complexes, and their role in the hydrolysis of var-
ious carboxylate and phosphate esters as substrates in organized
media.

4.1. Pyridine-based ligand amphiphiles

Tonellato and co-workers have systematically studied substi-
tuted pyridine-based amphiphiles (2 and 3) and their catalytic
efficiency in the hydrolysis of carboxylic acid esters under co-
micellar conditions. In such systems the hydroxyl function bound to
the pyridine moiety acts as a nucleophile which leads to the forma-
tion of a transacylation intermediate. The metal ion introduction
to the micellar nucleophiles increases the hydrolysis rates up to
1200 times [22]. The change from the comicellar to homomicellar
environment does not affect much in the way of rate acceleration.
Based on the kinetic job plot, these authors demonstrated the evi-

dence of a ternary complexation model (4, 5) involving the ligand,
the metal ion and the substrate. The metal complex works as a
nucleophile which leads to an increased rate of transacylation of
the substrate. The corresponding studies were also performed with
the corresponding holomicellar system [23].
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lier Cu(II) generally requires square planar geometry for activation,
which might lead to steric hindrance. However, the association con-
stant for the ternary complex increases with the increasing chain
length of the alkyl group in the ligand (11) for all the metal com-
plexes. This is rationalized on the basis of a steric strain, according to
S. Bhattacharya, N. Kumari / Coordinati

A comparative study using the micellar ligands 6 and 7 and
he non-micellar ligands 8 and 9 confirmed the catalytic effec-
iveness of the micelle forming ligands toward the hydrolysis of
-nitrophenyl picolinate (PNPP) [23]. This shows the importance
f hydrophobicity of the ligands which bring the substrate in a
mall volume together and the enhanced electrophilicity of divalent
etal ions toward micellar-bound substrates. The local pH at the
icellar surface is higher compared to that of the bulk which again

avors the acid dissociation of the hydroxyl group in the ternary
omplex. In all the hydroxymethyl pyridine complexes, the ternary
omplex acts as an active species in the form of a transacylation
ntermediate. But here the importance of the substrate structure is

orth mentioning. The correct geometry is required for the effec-
ive ternary complex formation and then only its catalytic activity
ould be observed. Some of the metallomicelles have been reported
o show their enantioselective catalytic activity with p-nitrophenyl
icolinate ester of naturally chiral �-amino acids [24]. Under similar
onditions non-ligand substrates like p-nitrophenyl acetate (PNPA)
r hexanoate (PNPH) have not been cleaved at significant rates even
y micellized 6 or 7.

Interestingly three-dimensional supramolecular assemblies of
he amphiphilic ligand and the substrate act differently in presence
f different metal ions and show significantly different catalytic
ctivity. Tonellato and co-workers have further shown that the
icellization plays an important role in eliciting the catalytic activ-

ty with Cu(II) complexes [25]. With the same ligand, a variation of
etal ions for instance from Cu(II) to Zn(II), manifests different lev-

ls of catalytic activity. Thus only the Cu(II) complex did not show
ny catalytic activity with the non-micellized ligands. Molecular
odels have suggested that central Zn(II) adopts a ternary com-

lex in the form of a tetrahedral geometry, whereas Cu(II) replaces
he weakest donor of the ligand to form a preferred planar complex
26].
Even the nature of the metallomicellar aggregate that is formed
lays an important role. The ratio of the ligand to metal ion influ-
nces the catalytic power via formation of esterolytically ‘active’
omplexes. An excess amount of the ligand leads to the formation
f the ‘inactive’ ternary complex such as L2Cu (10) [27].
mistry Reviews 253 (2009) 2133–2149 2135

Cheng et al. have also investigated the effect of introducing a
long chain in the pyridine ligands [28]. The rate enhancements were
dependent on the type of metal ion, ligand and pH, which clearly
indicated the formation of metal-based complexes. Interestingly
the effect of long chain was different for various metal ion com-
plexes. Among the metal ions Cu2+, Zn2+, and Ni2+ the association
constant between the ligand and the metal ion increases with Zn(II)
and Ni(II), and decrease with the Cu(II) [28]. As mentioned ear-
Scheme 1. Catalytic cycle of hydrolyzing an ester substrate involving oxime-based
ligands.



2 on Che

w
o
r
c
h

l
s
b
a
i
t
i
w
a
l
t
I
n
o
c

a
f
p
o

t
s
a

136 S. Bhattacharya, N. Kumari / Coordinati

hich the metal ion activates differently located hydroxyls based
n its geometrical requirement of the complex in the microenvi-
onment (similar to that of enzyme). This indicates that a metal ion
an change the geometry in the micellar medium to activate the
ydroxyl group of the ligand like that of metalloenzymes (12).

The catalytic activity depends not only on the metal ion and the
igand involved but also on the substrate. For instance a compari-
on between the PNPA and PNPP reveals that the catalytic activity is
etter for PNPP and less effective for PNPA [28]. It seems reasonable
s the substrate PNPA possesses poor metal ions complexing abil-
ty. Regarding the catalytic activity of the metal ions, the Cu(II) was
he best metal ion [29] among other transition metal ions exam-
ned. The possible reason is the low pKa value of the Cu complexes

hich allows dissociation of the ligand hydroxyl completely at rel-
tively lower pH value. But at the same time, such effect produces
ess nucleophilic species. Depending on the factor which prevails,
he catalytic activity of different metal ion complexes are observed.
n some metallomicelles (e.g. 13), the Zn(II) complexes have shown
early 2-fold and 2.5-fold greater catalytic activity for the hydrolysis
f PNPP and PNPA, respectively than the corresponding metallomi-
elles based on Cu(II) [30].

Apart from the hydroxyl function, other functional groups have
lso been examined by Tonellato et al. The other most effective
unction acting as a hydrolyzing catalyst is oxime [31,32], more
articularly the pyridine ketoxime. The concept of choosing the
xime comes from the PAM (2-[(hydroximino)-methyl]-1-methyl
pyridinium iodide), which acts as a powerful hydrolytic agent
owards the phosphorylated serine of enzyme cholinesterase poi-
oned by organophosphorous inhibitors. Many metal ions such
s Cu(II), Co(II), Ni(II), and Zn(II) in combination with oxime
mistry Reviews 253 (2009) 2133–2149

have been tested for this purpose. Among them the Ni(II) and
the Zn(II) were the best and the system showed truly cat-
alytic hydrolytic behavior with a sizable turnover rate [31]. The
mode of action by the oxime ligand in the catalytic complex is

different from the ternary complexes involving hydroxymethyl
pyridine ligands (L) as discussed earlier. Here the metal ion does not
assist in the hydrolysis directly as in the ternary complex. In case
of the complex with Ni(II), the complex formed has a stoichiom-
etry of L2Ni, so the metal ion most likely forms a binary complex
with ligands. Also the optimum rate accelerations occur in the pH
range of 3–5 indicating the mode of action involving nucleophilic
attack via the oxime function at the carbonyl carbon of the ester
substrate. Accordingly the catalytic cycle involves the formation of
a 2:1 complex which remains in partly dissociated form bound to
the acylated species first. Then it gets dissociated to the hydrolyzed
product by the action of a bound water molecule (Scheme 1). The
2:1 stoichiometry was ineffective towards the hydrolysis of phos-
phate esters, which could be due to the steric crowding.

4.2. Imidazole-based ligand amphiphiles

Tagaki and co-workers synthesized a series of lipophilic ligands
bearing hydroxyl groups for achieving the hydrolysis of carboxylic
acid esters [30,33–35]. Each of these ligands (14–18) possessed
functional imidazole and a hydroxyl moiety, and were examined
with regard to their catalytic activities toward the hydrolysis of p-
nitrophenyl-2-pyridine carboxylate in presence of either Zn2+ or
Cu2+ ions and also under co-micellar conditions with cetyl trimethyl
ammonium bromide (CTAB). The observed acceleration in the rate
was attributed to the formation of a reactive mixed chelate in which
the activated ligand hydroxyl function bound to metal ion acted as
an effective nucleophile.
Most of the studies for the hydrolysis of activated esters were
performed by monitoring the time-dependent release of leaving
group (generally p-nitrophenoxide ion) using UV–vis spectroscopy.
But the spectrophotometric determination of the rate of deacylation
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Scheme 2. The structure of complexes in CTAB and Brij 35 micellar solution.
S. Bhattacharya, N. Kumari / Coordinati

as not been possible in most of the cases as the leaving carboxy-
ate species is often colorless in the UV–vis region. Toward this
nd, p-nitrophenyl isoquinoline-3-carboxylate (PNIQ) 19 was intro-
uced by Tagaki and co-workers [36] as a versatile ester substrate
hich enabled the kinetic study of both acylation and deacylation

teps as the released carboxylate ion was able to complex with
he Zn2+ ion and was fluorescence active. Several hydroxymethyl
midazole-based ligands (20–23) were developed and among them
1 and 22 showed better activity for the hydrolysis of PNPP [37].
hese ligands formed ternary complexes in which the secondary
H group was selectively activated by coordination with the Zn2+

on to fit into a tetrahedral geometry. The deacylation rate of the
igand–Zn2+complex was highest for the ligand 21 which indicated
hat the deacylation step occurred through an acylated interme-
iate 24 where the Zn2+ ion could attack the carbonyl group in
pseudo-intramolecular manner. Thus the true catalysis of such

ydrolysis reactions of PNIQ could be demonstrated by monitoring
he rates of both acylation (first step) of a catalyst complex by a UV

ethod and deacylation of the acylated intermediate to regenerate
he catalyst-complex by a fluorescence method.
Scheme 3. Structure of oxamido-bridge
4.3. Triazole-based amphiphilic ligands

Recently other function such as 1,2,4-triazole-based hydrox-
ymethyl ligand (25) has also been employed to study the hydrolysis
reactions in CTAB micelle [38]. In this case the Cu(II) ion showed
better catalytic activity compared to Ni(II) toward PNPP hydrol-
ysis. Also an increase in the chain length of the hydrophobic
tail manifested better complexing ability leading to the for-
mation of a ternary complex. An extension of this study of
the triazole-based ligands was performed using gemini sur-
factant micelles [39]. The gemini surfactant micelles showed
catalytic activity only at optimum concentrations and there was
a decrease in activity beyond that concentration of the gem-
ini. This was attributed to the variation of microviscosity of the

host gemini surfactants, since the microviscosity increases sig-
nificantly from single chain surfactant to the gemini [40,41].
The presence of alkyl chain (R) in such ligands also changes
the stoichiometry of the complex. In ligand 25, when there is
no alkyl group (R = H), it shows a catalytically active complex
with a 2:1 (metal:ligand) stoichiometry (26) in gemini surfactant
micelle. Interestingly with N-alkylated ligands, i.e. R = CH3, C10H21,
or C12H25, the stoichiometry changes and forms a 1:1 complex
(27).
d dinuclear copper(II) complexes.



2 on Che

t
t
b
R
s
h
a
c
r
c
t
h

4

b
a
m
a
b
i
s
o
3
s
c

138 S. Bhattacharya, N. Kumari / Coordinati

In ligand 25 when R changes from H to CH3 the efficiency of
he catalyst system decreases comparatively. Both the values of
he association constant between the metal ion and the ligand and
etween the substrate and the binary complex for the ligand having
= H were considerably larger. However, the rate enhancement was

till not significant. The possible reason for this could be due to the
igher solubility of the ligand in bulk aqueous medium due to the
bsence of an alkyl chain. This rendered the existence of the active
omplex in the micellar medium untenable, leading to the sepa-
ation of the reactants. Between the ligands containing long alkyl
hains like C10H21 or C12H25, the rates were remarkably higher than
hose containing H or CH3 which clearly demonstrated the role of
ydrophobicity.

.4. Phenanthroline-based ligand amphiphiles

Metallomicelles based on phenanthroline 28–33 [42,43] have
een developed by Engbersen and co-workers. Of these the lig-
nds 28–30 showed their maximum catalytic activity in mixed
icellar medium in presence of Zn(II). In contrast between 31

nd 32, the ligand 31 possessing a lipophilic chain was solu-
le in micellar medium easily and manifested maximum activity

n presence of Zn(II) by forming a 1:1 complex. However, 32
howed esterolytic activity in presence of Co(II) with either 1:1
r 2:1 complexation stoichiometry. In comparison to 31 and
2, the catalytic activity of 33 was 25 times lower demon-
trating the involvement of the hydroxyl group in the active
omplex.
mistry Reviews 253 (2009) 2133–2149

4.5. Other ligand amphiphiles

Instances of other ligands are also known. One such ligand, N-
myristoyl-N-(ˇ-hydroxyethyl)ethylenediamine (34) in presence of
Cu2+-induced cleavage of PNPP [44]. Kinetic studies showed that
here also a ternary complex “intermediate” (35) was involved in
the hydrolysis of the ester substrates.

Upon variation of the charge type of micelle, some interesting
results were observed. Thus the existence of different complexes
36 (Scheme 2) was evident due to the change in the micellar
medium [45]. By performing experiments with various lengths of
the bridging ligand, many mechanistic aspects of the catalysis of
the hydrolytic reactions were elucidated.

The same metal complex shows a 1:2 stoichiometry between
the ligand and the metal ion in the cationic CTAB micelle whereas
it is reverse in case of the neutral Brij 35 micellar medium. In
both types of micelle the catalytic activity follows the order,
Zn(II) < Co(II) < Ni(II) which is in accordance with the polarizabil-
ity of the metal ions. Thus the stronger is the polarization of the
metal ions in the complex, the higher is the esterolytic activity.
The effect of bridging ligands shows a trend of activity in the
order (C) > (A) > (B). This suggests that with increasing rigidity of
the bridge, the rate of hydrolysis of PNPP increases. The rigid-
ity of the ligand makes the two metal ions lie farther from each
other and thus minimizes mutual influence of the metal ions on
each other. This in turn helps in increasing the activity as in this
case the two metal ions in the complex can act on two different
substrates.

Another class of metallomicelles formed from the oxamido-
bridged dinuclear copper(II) complex (37, 38) was developed by
Xie et al. [46]. A comparative study of the hydrolysis of substrates,
e.g. PNPP and PNPA has shown that the rate is higher for PNPP com-
pared to PNPA. Two factors seem to be involved here. One is the
presence of a pyridine moiety in the PNPP which is a better ligand
for metal ion coordination than an acetate in PNPA. Another factor

involves the coordination of hydroxide ion or water molecule with
the metal ion. Synergisms of these two effects enhance the catalytic
activity in the micellar medium. The better coordination prop-
erty of the pyridine makes the reaction to occur intramolecularly
requiring lesser activation energy barrier. Also the two substrates,
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NPP and PNPA show different reactivity order in different micellar
onditions. For PNPP hydrolysis, the surfactant hosting metallomi-
elles follow the order: LSS (N-lauroylsarcosine sodium salt) > Brij
5 > CPB (cetyl pyridinium bromide). Thus the surface charge of the
icelles plays a key role toward the PNPP hydrolysis. In contrast

or PNPA, the order is Brij 35 > LSS > CPB and the effect that plays
he major role is the polarity effect of the micelle. When PNPA is
sed as a substrate, which is more hydrophobic in nature, it gets
ore solubilized in the Brij 35 micelles. Also the active species gen-

rated during the reaction is either cationic or neutral in nature
hich causes depletion in concentration of the active species in

he cationic micelle. This explains why the lowest reaction rate is
bserved in the cationic micelle, CPB. Between the two complexes
7 and 38 investigated (Scheme 3); 37 have shown better reactiv-
ty than 38 toward the PNPP hydrolysis, whereas 38 show higher
eactivity toward the PNPA hydrolysis. As mentioned previously
NPA undergoes an intermolecular reaction and hence it is easier to
pproach PNPA via complex 38 due to less steric hindrance which
auses better catalytic activity of the complex 38 toward PNPA. In
ontrast PNPP undergoes an intramolecular reaction and therefore
he pKa of water molecules that are coordinated plays a more effec-
ive role here. The pKa of water molecules coordinated with the
omplex 37 is lower than that of 38 and this increases the concen-
ration of the active species of 37 over that of 38 and consequently
eads to better catalytic activity.

Another class of benzocrown ether ligand based on aromatic
chiff base has been synthesized by Jiang et al. [47]. These authors
nvestigated the metallomicelles made up of Schiff base Co(II)
omplexes (39, 40) in monomeric CTAB micelles and in the corre-
ponding gemini micelles of C16H33–NMe2

+–(CH2)6–NMe2
+C16H33

o effect the hydrolysis of PNPP [47]. The hydrolysis rates were
igher in the gemini micellar media in comparison that in the
onomeric surfactant micelles [48] and it could be due to the

ntrinsic differences in the organizations inside two types of
icelle. Compound 39 showed greater catalytic activity than that of

0. In gemini micelles, 39 showed twofold higher activity than that
f 40. This indicates that the steric bulk of the aza-crown moiety in
0 presumably hinders the rate. A mechanism has been proposed

n which the metal bound hydroxyl group attacks the substrate
n the key rate-determining step (Scheme 4). The steric bulk can
lso block the active site in the micellar medium. The role of the
ost surfactant is thus crucial as it provides a hydrophobic pocket

or the solubilization of the substrate and also due to the pres-
nce of two dimethylammonium head groups in gemini surfactants,
hich holds ionic part and generates a higher local concentration
hich enhances the collision frequency among the nucleophile

nd the substrate. This in turn significantly increases the rate
ompared to that in the monomeric surfactant micelle, e.g. in
TAB.

Investigations were also carried out with the metallomicelle

ediated esterolysis of different substituents on the substrate [49].

he study showed the effect of metallo-surfactant 41 on the hydrol-
sis of different aryl esters possessing various substitutions in
ifferent positions of the aromatic skeleton (A–D). The presence of
carboxylate anion on the aryl ester manifested an increase in the
Scheme 4. Catalytically active complex formed by crown ether-based Schiff base
ligand.

rate of hydrolysis over the neutral one. The increased rate has been
attributed to the favorable electrostatic disposition of the anionic
substrate enabling its strong interaction with the metal ion and
the cationic surfactant. It was also evident from the rates of ester
hydrolysis for the series, which showed the order A ∼ B > C > D. The
location of the COO− anion ortho or para to the acyl ester group
in the aromatic backbone had little effect on the magnitude of rate
enhancement. This suggested a role of stereochemical constraints
in the ternary complex for the intramolecular attack. A more appre-
ciable effect has been observed with the addition of surfactant. The
influence of cosurfactant on the rate enhancement was dependent
on the concentration of metallomicelle or cosurfactant in addition
to the substrate structure.
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. Enantioselective cleavage of esters

The phenanthroline-based ligands have also been used in
xploring the catalytic, enantioselective cleavage of p-nitrophenyl
sters of N-protected amino acids addressing the mechanistic
spects and the effect of different micelles, metal ions, activated
omplexes and most importantly the origin of stereoselectivity
50]. Each ligand of 42–48 possessed one or more chiral centre
nd showed enhanced catalysis for the hydrolysis of PNPP. Best
mong them was 42, which in presence of Zn(II), showed about
780 times rate enhancement. The ligands when used against the
-protected p-nitrophenyl esters of d- and l-phenylalanine and d-
nd l-leucine dissolved in Brij 35 micelles, there was only low rate
nhancement toward ester hydrolysis and poor enantioselectivity
n absence of metal ions. Metal coordinated complex of 42 however,
howed good catalytic rate with significant enantioselectivity. The
egree of enantioselectivity obtained was dependent on the nature
f the metal ion and also on the rigidity of the complex formed. The
ature of the metal ion determined not only the degree of enan-
ioselectivity but also the direction of enantioselectivity. 42-Co(II)
nd 42-Cu(II) hydrolyzed both D-C12-Phe-PNP and D-C12-Leu-PNP
ore rapidly than their l-enantiomers.

However, the rate and enantioselectivity were different when
he corresponding Zn(II) complex was used and inversion in the
nantioselectivity was observed. Even the micellar microenviron-
ent influences the stereochemical control. Thus the 42-Co(II)

ystem in Brij 35 micelles showed higher enantioselectivity. How-
ver, it did not show an inversion of enantioselectivity in presence
f Zn(II) in Brij 35 micellar system. The ratio of the ligand and the
etal ion also influenced the stereoselectivity and different metal

ons showed maximal activity at different ratios. The rigidity of the
ctive complex increased as the ligand 42 showed higher activity
han others, even better than its non-micellar analog indicating that
he micellar microenvironment contributed to the catalytic activ-
ty. A plausible reason could be the increased concentration of the
eactants in the micellar pseudophase. In addition the increased

oncentration of OH− at the cationic micellar interface raises the
oncentration of the ligand-oxido anion nucleophile.

Along with this the positive charge of CTAB at the stern layer
ncreases the electrophilicity of the metal ion which also boosts
he rate. The enantioselectivity of the product formation is mainly
mistry Reviews 253 (2009) 2133–2149

caused by the changes in the free energy of different diastere-
omeric complexes formed, and the proposed model for the complex
(Scheme 5) shows the involvement of an octahedral complex. The
coordination geometry of the metal ion plays an important role in
determining the enantioselectivity as it restricts the motional free-
dom of the hydroxyl group of the ligand and the substrate. Also the
change in the direction of enantioselectivity as in case of 42-Zn(II)
complex demonstrates the crucial role of the metal ions. This origi-
nates because of the possibility of different coordination geometry,
observed for other reactions also, for instance, with the hydrogena-
tion of prochiral alkene catalyzed chiral Rh+ and Ru2+ diphosphine
complexes [51]. But there is no evidence which suggests that the
individual metal ions operate via different mechanism. Also there
is no proof whether a change in the micellar microenvironment
affects the coordination geometry of the activated complex. The
multi-site interaction in the active complex increases the efficiency
of the hydrolytic catalysts [52]. Availability of more number of sites
for interactions should give more rigidity to the active complex
and increase the selectivity ultimately leading to the enhance-
ment of the enantioselectivity. The involvement of the hydroxyl
group in ligand has been extensively studied by Tonellato and co-
workers [53]. The ligands based on 2-pyridyl unit and tertiary amine

incorporating hydroxyl group (49–54) were utilized for the cleavage
of p-nitrophenyl esters of �-amino acids (Phe, Phg, Leu). A compari-
son of ligands elucidates many mechanistic points. The enantiomers
which react faster are the (R)-ligand and (S)-substrate (or vice versa)
showing complementarity of the substrate and the ligand inter-
action. The unprotected amino groups of the amino acids were
more enantioselective than the protected ones showing the effect
of multi-site binding. An important effect is the disappearance of
the enantioselectivity with the alkylation of the hydroxyl group.
But in the absence of micellar medium, no appreciable difference in
rate has been observed between the hydroxyl and the O-methylated
species, indicating that in water the hydroxyl group is no longer the
nucleophile or it may be possible that amino group in the substrate

and the hydroxyl group in the micellar medium. The manifesta-
tion of the enantioselectivity could be explained on the basis of an
activated complex model (Scheme 6).

Overall several pieces of experimental evidence indicate that
effective hydrolysis in micellar aggregates with 49–54 involve
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Scheme 5. Possible mechanism of hydrolysis of amino acid ester.

Scheme 6. Proposed model showing enantioselectivity.
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Scheme 7. Equilibrium between the active

he following: (a) the formation of a ternary (ligand–metal ion-
ubstrate) complex; (b) within such a complex, a nucleophilic
ttack of the ligand hydroxyl on the substrate to give a transacy-
ation intermediate; (c) the metal ion promoted hydrolysis of the
ransacylation intermediate with a relatively fast turnover of the
atalyst.

Further the catalytic activities of these ligands were explored
n different surfactant micelles such as Brij, SDS and CTAB, and
lso in vesicles. The surface charge profoundly affects the reactivity
54]. The cationic micelles showed maximum rate enhancement
long with moderate enantioselectivity, and the anionic micelles
howed the reverse while these parameters were by and large
naffected by the nonionic micelles. In vesicles, the fluidity of the
ggregate bilayers affects the enantioselectivity when the surface
as cationic in nature. The manifestation of this behavior has been

xplained on the basis of compartmentalization of the active com-
lex in different loci of the aggregate. On this basis the formation of
ligand–metal ion-substrate complex in water and the aggregate is
ifferent and there exists an equilibrium between these compart-
ents (Scheme 7). In water the complex mostly exists as complex,

A” while in the micellar aggregates the complex, “B” prevails. The
onfinement of the complex in the vesicles is more effective in gel
tate rather than in the fluid state or in the micelles. The differ-
nce in the rate for the hydrolysis of two enantiomers is due to the
elative amount of the reaction going via the complex B than the
omplex A.

In another series of design of amphiphilic ligands, the lig-
nds comprising the 1,2 ethylenediamine as chelating subunit and
ydroxyl group have shown remarkable enantioselectivity in their

ydrolysis reactions of suitable substrates [55]. The ligands 55(a
nd b) showed the enantioselectivity as high as ∼35 in presence
f a cosurfactant DMDBAB (ditetradecyl dibutylamonium bromide)
hen the absolute configuration of both the chiral carbons of the

igand and the substrate was the same. These ligands exist in two
lexes in water and in surfactant aggregate.

forms I (in aggregate) and II (mostly in bulk water) which remain in
equilibrium (Scheme 8) as has been discussed earlier. The enantios-
election again here is due to the competition between the two forms
in equilibrium. The slower process occurs through the complex B
where the ligand hydroxyl is displaced by a water molecule and
the competition is driven by the interaction of the ternary complex

with the surfactant aggregate. But the reason why only one partic-
ular complex reacts faster over another in micellar medium is not
so apparent.

A remarkable amplification of enantioselectivity was observed
upon rapidly decreasing the pH (“pH-jump”) of the reaction
medium [56]. The strength of the ligand-complex formed was
largely affected by the pH of the system, and at low pH, the com-
petition with proton might occur, so that the complex would not
form. The ligand 55(a and b) co-micellized in CTAB and in presence
of metal Cu(II) manifested an amplification in the enantioselectivity
from 24 to 58 (ratio of the rate constants for the faster and slower
reacting enantiomer, respectively) upon decreasing the pH from 9
to 5. This change occurs because the rate of decomplexation lies
between the rates of cleavage of the two enantiomers, and as pH is
abruptly decreased, it causes the complex to undergo decomplex-
ation again.
A good deal of work has been done by You et al. in eliciting
the enantioselective cleavage of the �-amino acid esters. Many
different types of ligands based on chiral sulfur containing moi-
eties including macrocycles 56–58 [57], pyridyl �-amino and other
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elated ligands 59–63 [58] have been utilized for the evaluation
f the cleavage kinetics. Each ligand of 56–63 exhibited moder-
te enantioselectivity and possessed certain common features. The
nantioselectivity was highly affected by the micellization, and by
he rigidity of the complex along with the choice of the transi-
ion metal ion. The catalytic effect is a result of the synergistic
o-operation between the ligand and the metal ion. The ligands
ontaining hydroxyl group show that the hydroxyl group acts as a
ucleophile if it is in proximity with the metal ion. Thus alkylation of
he OH group almost diminishes the catalytic activity, even some-
imes causes an inversion of the enantioselectivity. The substrate
tructure also influences the rate of hydrolysis. Thus an increase in
he size of the side chain in the amino acid ester from methyl (in
lanine) to benzyl (in phenylalanine) increased the selectivity from
.55 to 7.81 [58].

A similar observation is noted where the reactivity follows the
rder Ala < Leu < Pro (amino acid esters) [59]. Thus the hydropho-
ic interaction increases both the rate and the enantioselectivity.
lmost all the ligands undergo the catalytic cycle through formation
f a ternary complex intermediate.

Imidazole-based ligands have evolved special interest because
midazole (histidine) is found in the active sites of many hydrolytic
nzymes. Ligands 64–65 [59,60] were developed and these showed
ood catalytic power along with enantioselectivity. The ligands

ncorporate one chiral centre in it and show similar characteristic as
iscussed earlier although these form different ligand:metal (2:1)
toichiometry in the kinetically active ternary complex (Scheme 9)
59]. The choice of an appropriate solvent increases the enantiose-
ectivity to a great extent, but at the same time, the rate decreases
mistry Reviews 253 (2009) 2133–2149 2143

considerably mainly for the lipophilic ligands [60]. These complexes
were less soluble in water and when the solvent composition was
changed from pure water to a 9:1 water/THF mixture, there was an
increase in the enantioselectivity. However the rates decreased due
to this change [60].

6. Hydrolysis of phosphate esters

Along with the hydrolysis of the activated esters and the amino
acid esters, extensive studies were performed on achieving the
hydrolysis of phosphate esters by metallomicellar catalysts. These
studies are very important as many of the lethal compounds used
as chemical weapons are organophosphorous compounds known

as nerve agents, e.g. Sarin, Soman or Tabun, etc. Metallomicellar
catalysis has been exploited extensively for effecting the hydrol-
ysis of phosphate ester because of their apparent similarity with
some natural enzymes. The first experimental demonstration of
metallomicellar catalysis for the phosphate triester PNPDPP (p-
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Scheme 8. Equilibrium of the active species of et

itrophenyl diphenyl phosphate) hydrolysis was reported in 1986
y Gellman et al. These authors employed a ligand having surfac-
ant like nature 66 enclosed with a head group that could complex
pecific metal ions [61]. The Zn2+ complex of 66 showed significant
eactivity towards the PNPDPP cleavage at mildly alkaline pH with
atalytic turnover.

Menger et al. synthesized a Cu2+ metallomicellar system 67
hich showed effective catalysis towards the hydrolysis of phos-

hotriester PNPDPP [62]. The metallomicellar aggregate 67 showed
105 fold rate enhancement with catalytic turnover behavior in the

leavage of PNPDPP over the buffer solution devoid of micelles. The
etallomicelles here act as catalysts for the hydrolysis of phosphate

ster in a similar way as they do for activated carboxylate esters.
he central metal ion acts as a Lewis acid coordinate with the P = O
xygen, neutralizes the negative charge of the phosphate mono or
iesters and along with it decreases the pKa of bound water and
elp in generating the nucleophile in mild condition of pH. It also
elps in the departure of the alcoholic leaving group.

Kimura et al. also synthesized a lipophilic hexadecylcyclen Zn(II)
omplex 68 [63]. It showed nucleophilic reactivity towards the
leavage of tris(p-nitrophenyl) phosphate (TNP) in the comicellar
olution of the Triton-X (10 mM). The pKa of the Zn bound water was
7.5. The activity of 66 showed potency for the cleavage of lipophilic

ubstrate, TNP by favorable formation of a supramolecular assembly
n the micellar medium (Scheme 10).

The ligands work in a different manner for the cleavage of phos-
hotriester than the way they act for the hydrolysis of carboxylate
nd amino acid ester substrates. Scrimin et al. emphasized on the
ifference of catalyzing activity of pyridine-based ligands for the

ydrolysis of different esters [64]. Ligand 69 bearing a hydroxyl
roup was a very efficient catalyst for the cleavage of carboxylic
cid ester. However, the corresponding methylated analogue, 70 or
he analogue 71, which did not have the hydroxyl moiety, could
ot cleave the PNPH effectively. The reactivity of 70 was ∼21 times
diamine ligand in aggregate (I) and in water (II).

lesser than that of 69 for the carboxylate ester hydrolysis. How-
ever, for the hydrolysis of PNPDPP, 70 was two times more reactive
than 69. The hydroxyl moiety plays a crucial role in the hydrol-
ysis of carboxylate ester but not required for the hydrolysis of
phosphotriester. The difference in the behavior originates from the
differences in the stoichiometry of the activated complex formed
during the hydrolysis. The most efficient stoichiometry for ligand
69, either in the cleavage of PNPH or PNPDPP, was 2 (ligand):1
(Cu2+). Surprisingly, in case of the methylated ligand 70, the opti-
mum stoichiometry switched to 1:1.

Two different types of ligands, one bearing a hydroxyl and the
other devoid of it form different types of active complexes for the
catalysis (Scheme 11). The hydroxyl bearing ligands forms ternary
complexes, e.g. (I) and (II) as effective species whereas (III) and (IV)
are the type of complexes formed by those ligands which do not pos-
sess any hydroxyl group. Similar observation was also reported by
Menger and co-workers [62,65] and Morrow and Trogler [66]. The
difference in the behavior could be because of the differences in the
binding constants of the carboxylic acid ester and the phosphate
ester with the central metal ion. Chin and Jubian evaluated the

binding constant of methyl acetate with Cu2+. 2,2′-Dipyridylamine
complex to be low [67]. But the affinity of P = O in phosphate ester
for the Cu2+ was much greater [68].

Different phosphate esters show variable reactivity towards the
metallomicellar catalyst. Scrimin et al. have addressed this issue
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cheme 9. Hydrolysis of the activated ester by the micellized imidazole-based lig-
nds.

sing the Cu(II) complex of tetramethylethylenediamine 72 and the
mphiphilic N-n-hexadecyl-N,N′,N′-trimethyl ethylene diamine 73
n comicelles of CTANO3 to investigate the comparative reactivi-
ies of phosphodi- and tri-esters and also to access effect of the
mphiphilicity of the ligand involved [69]. The pseudo-first-order
ate constant for the hydrolysis was almost one order of magni-

ude larger for the micellar catalyst, 73 than that of 72 although
he second-order rate constants were higher for the hydrophilic
atalyst 72. The electrophilic assistance of the metal centre plays
major role in the hydrolysis of the phosphotriester, as the ligand
2 bound hydroxyl works better than the free hydroxyl. In con-

Scheme 10. Favorable attack mediated by Zn2+
Scheme 11. Active complexes formed by the ligands containing hydroxyl groups (I
and II) and those devoid of hydroxyl moiety (III and IV).

trast, the hydroxyl bound to 73 was even poorer regardless of the
structure of the ester, as electrophilic assistance diminishes in the
micellar medium. But in case of the phosphodiester, the hydroxyl
bound to both the 72 and 73 are better nucleophiles than the free
HO− ion. Partial neutralization of the negative charge on the diester
could be responsible for the manifestation of this behavior. Indeed
in many micellar mediated bimolecular reactions the second-order
rate constant at the micelle–water interface are similar to, or some-
what lower than corresponding reactions of the monomeric species
in water [70,71].
-based catalysts in the micellar medium.
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Scheme 12. Active species formed by the tetradentate ligand.
146 S. Bhattacharya, N. Kumari / Coordinati

Tecilla and co-workers have prepared ligands featuring a
-alkylaminomethyl-2-pyridinealdoxime moiety, 74. The corre-
ponding Ni(II) and Zn(II) complexes showed significant reactivity
oward the hydrolysis of PNPA and PNPH [32]. Metallomicellar
ggregates composed of 74 and CTAB are effective in promot-
ng the cleavage of substrate and the rate acceleration depends
trongly upon pH. The second-order rate constants showed that
he enhanced reactivity of the metallomicellar system was due to
igher local substrate concentration and microenvironmental pH
ffects. Notably the system showed truly catalytic hydrolytic behav-
or with a turnover rate approaching that of the cleavage.

Bhattacharya et al. reported three 4,4′-(dialkylamino)pyridine
DAAP)-based ligand amphiphiles 75–77 [72]. These ligands
howed modest rate acceleration at pH 7.6 in CTAB comicel-
ar medium toward the hydrolysis of PNPH and PNPDPP when
ompared to rates in CTAB micelles only without ligands. But
ntroduction of Cu(II) in the micellar medium made these ligands
ffective catalysts for the hydrolysis of both PNPH and PNPDPP. For
ach ligand a 2:1 complex ligand/Cu(II) afforded the most kinet-
cally competent species. All the Cu(II) complexes demonstrate
atalytic turnover in the hydrolysis of both PNPH and PNPDPP at
H 7.6 in CTAB micelles. Interestingly however, while 75 and 76
howed ‘Burst’ type kinetics in the presence of excess substrates,
7 manifested a fast turnover.
Scheme 14. Proposed mechanism of
Scheme 13. Proposed mechanism of the BNPP hydrolysis by metallomicelles of 82
and 83.

These authors then developed tetradentate ligands, 78 and 79
and compared the catalytic activity against their analogous triden-
tate ligands, 80 and 81 [73]. In absence of a metal ion, ligand 79
alone in CTAB micelles showed moderate rate enhancements for
the hydrolysis of PNPH or PNPDPP. Other ligands showed moderate
rate enhancements only for the hydrolysis of PNPDPP and not for
PNPH in cationic micellar medium. This could be due to the involve-
ment of ‘supernucleophilic’ DMAP moiety, although the reason for
ligand 78 not showing esterolytic activity was not apparent. The
involvement of Cu(II) ion enhanced the catalytic activity of all the
ligands, but the tetradentate ligands (78–79) were superior to those
of the analogous tridentate ligands. All the ligands evidenced for-
mation of complexes in 1:1 ligand to metal ion ratio (Scheme 12).
These results indicate that the presence of a pendant –CH2OH moi-
ety plays an important role in activating the hydrolyzing species.

Notably these metallomicellar also displayed true catalytic turnover
in the hydrolysis reactions in presence of excess substrates.

the phosphodiester hydrolysis.
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. Phosphodiester and phosphomonoester hydrolysis

Jiang et al. developed various ligands based on long alkanol
midazole [74], or pyridine moiety [75,76]. Imidazole containing
igands 82 and 83 showed good hydrolyzing ability in presence of
u(II), Zn(II) and Ni(II) toward bis (p-nitrophenyl) phosphate (BNPP)
75].

Ligand 83 showed higher rate than 82 toward the BNPP hydrol-
sis. The hydrophobic interactions between the substrate and the
etallomicellar catalyst cause an increment in the local concen-

ration of the catalyst which ultimately results into enhanced
ydrolysis rate. A similar behavior was shown by pyridine-based

igands 84 and 85, where 84 was more effective than 85 [75]. An
ncrease in the hydrophobic chain length causes an increase in
he hydrophobic interactions with the micellar assemblies which
elps in decreasing the activation energy barrier of the hydrolysis
eaction. The hydrolysis most probably follows a ternary complex
athway (Scheme 13). The metal complex adopts an octahedral
eometry, in which the hydroxyl group is activated by coordination
ith the metal ion and the pKa is reduced to generate an effective

ucleophile. This is followed by the displacement of RO coordina-
ion to the metal ion by the introduction of the phosphoryl anion
f the substrate [37,77]. This finally results into the expulsion of p-
itrophenol (PNPOH) and release of p-nitrophenyl phosphate (NPP)
o regenerate the catalyst.

The pyridine-based ligands form 2:1 complex of ligand
ith different metal ions, which produce esterolytically acti-

ated complex [75]. The catalytic activity follows the order,
u2+ ∼ Zn2+ > Co2+ ∼ Ni2+, which is consistent with the polarizabil-

ty of the central metal ion. Thus the stronger is the polarization of
he metal ion, the higher is the reactivity of the activated complex.

ecently the catalytic effect of metallomicellar complex made
p of ligands, 86–88 possessing hydrophobic methylene bridges
mbedded in CTAB medium was studied by Jiang et al. These
atalysts induced the hydrolysis of both the monoester NPP and
iester BNPP in micellar media [78].
mistry Reviews 253 (2009) 2133–2149 2147

Among these ligands, 87 has shown the best activity and this
can be attributed to two factors: (i) the ligand 87 possesses a
lipophilic polymethylene chain which increases its hydrophobic
interactions with the micelles and (ii) also 87 is prone to form dinu-
clear complex where the hydrolysis is considerably easier [79]. The
mechanistic aspects with these complexes were examined. Accord-
ing to the authors, a higher pKa of the hydrated Zn(II) leads to the
greater activity of its metallomicelles for hydrolysis than that of its
counterpart based on Cu(II). However, at lower pH the Cu(II) metal-
lomicelles are more active possibly because of easy deprotonation
of the hydroxyl in ligands by Cu(II) at lower pH. Interestingly the
catalytic efficiency of the Cu(II) and Zn(II) metallomicellar systems
are higher for the hydrolysis of the monoester NPP than that of the
diester BNPP. Also the Zn(II) metallomicellar system has shown bet-
ter activity than the corresponding Cu(II) system for the hydrolysis
of both NPP and BNPP. The reason could be due to the differences in
the three-dimensional structure of the ligands. The ligands 84 and
86 both form mononuclear metallomicelle with metal ions giving
rise to a tetrahedral geometry. According to coordination chem-
istry, Cu(II) easily forms quadrilateral complexes while, Zn(II) forms
tetrahedral complexes because of its d10 electronic configuration.
In order to make a tetrahedral geometry, Cu(II) needs to change

the steric structure, which in turn requires higher energy. Also the
association constant of the complex with the metal ion and the
substrate is highest for the ligand 87. This association ability can
be correlated to the noncovalent reciprocity of the metal complex
with the substrate and also the flexibility of the ligand [80,81].
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he phophodiester was the most stable kinetically among all the
hosphate esters.

Cheng et al. studied the phosphodiester cleavage of BNPP using
u(II) with the ligand 87 [82]. Examination of rate constants as a

unction of ligand to metal ion stoichiometry of the active complex
hows the peak activity with a ligand/metal ratio of ∼2:1 in CTAB
icellar medium in the pH range of 7–8.5 (Scheme 14). The metal-

omicellar catalyst bound on Cu(II) complex of lipidated multiamine
igand 89 has been reported recently for the hydrolysis of BNPP [83].
he ligand forms a 1:1 complex with the Cu(II) ion. The analogous

igands having shorter alkyl chains of C-4, C-8 and the one without
lkyl chain have been compared. The introduction of a long chain
aused enhancement in the rate with the increase of the hydrocar-
on chain length. Compared to the ligand having no lipophilic chain

t was almost 100 times higher. The presence of a long hydrocarbon
hain in such ligand changes the partitioning of the resulting system
nto micellar pseudophase and reduces the polarity and the local
ielectric constant. The pendant-OH groups in the ligands of met-
llomicelles have shown remarkable effect in the hydrolysis of the
ctivated esters and also on the amino acid esters as discussed ear-
ier. Such a functional group also showed profound effect toward
he hydrolysis of BNPP [84]. Toward this end, a long chain alkyl
ubstituted 2,6-dioxo-1,4,7,10-tetraazacyclododecane 90 has been
ynthesized by Xie et al. and its hydrolyzing activity was investi-
ated in presence of various metal ions, e.g. Zn(II), Cu(II), Ni(II), and
o(II) with which it forms a 1:1 penta-coordinate complex. In co-
icellar medium, these complexes showed good catalytic ability

or the hydrolysis of BNPP. Also the temperature effect has been
tudied and upon increase in temperature the rates of the hydroly-
is reactions increase [84].

. Decontamination of organophosphate toxins

Metallomicelles play catalytic role in a variety of chemical reac-
ions. One of the important roles played by the metallomicelles is in
he catalytic decomposition of the analogs of toxic organophospho-
ous agents [85,86]. Badawi et al. reported metallo-surfactants 91
nd 92 comprising long chain incorporated pyridinium salt along
ith transition metal ions such as Cu(II), Fe(III), Co(II) and Cr(III).

hese authors investigated the catalytic destruction of Malathion
85] and Paraoxan [86] using such catalytic systems.

The metallomicelles made of 91 have shown good catalytic
ctivity for the cleavage of Malathion. Thus the half-life of degra-

ation of Malathion using 91a proceeds ∼158 times faster while
he same is ∼260 times faster with 91b than that in the absence
f the catalyst. The differences arise because of Fe(III) complex
cmc = 2.983 × 10−2 M) is more surface active than the Cu(II) com-
lex (cmc = 2.508 × 10−4 mol L−1). The half lives of the Paraoxan
mistry Reviews 253 (2009) 2133–2149

degradation have been ∼16.5 and ∼28.9 min, respectively in pres-
ence of Co(II) and Cr(III) complexes. For the hydrolysis of Paraoxon,
the Co(II) complex 92a showed greater activity than that of Cr(III)
complex 92b. This is because of the higher Kstab value for the Cr(III)
complex which leads to greater stability of the intermediate com-
plex. The authors conclude that the catalytic activity in all such
hydrolysis reactions arise due to the polarization of the P = S group
by metal ions and due to micellization which is known to facilitate
reduction [86].

9. Concluding remarks

Although numerous natural hydrolytic enzymes have been iso-
lated and a few of them have been characterized by single crystal
X-ray diffraction, the design and synthesis of hydrolases based
on metallomicellar ensembles are of significant utility and impor-
tance. The rationale for the design of such hydrolases is to create a
system or a reagent that can be used in aqueous media for appli-
cation in molecular biology and also for practical purposes such
as organophosphate decontamination or enantioselective cataly-
ses. The other important objective is to adequately understand the
functioning of active sites of natural hydrolases from the principles
of coordination chemistry. Although a substantial body of literature
has been developed as presented in this review dealing with such
design and synthesis and alternative strategies, there is a great deal
of work that still needs to be done. For instance the role of host sur-
factants, such as the influence of host micelles and other aggregates,
in terms of the molecular architectures [87] of the host amphiphiles
or the role of other media such as microemulsion or vesicles [88]
need to be probed for the elucidation of optimum conditions of
achieving catalysis.

The present review confines itself to handful of examples,
which demonstrate the ingenious exploitation of metallomicellar
systems for specific hydrolysis reactions. Future design of more
sophisticated metallomicellar systems holds the key to improve
our understanding on the role of metal ions in natural hydrolase
enzymes and to apply them for various practical purposes.

Acknowledgment

We thank DST for supporting our research program.

References

[1] (a) A. Badarau, M.I. Page, J. Biol. Inorg. Chem. 13 (2008) 919;
(b) L.A. Abriata, L.J. Gonzalez, L.I. Llarrull, P.E. Tomatis, W.K. Myers, A.L. Costello,
D.L. Tierney, A.J. Vila, Biochemistry 47 (2008) 8590;
(c) C. Bebrone, Biochem. Pharmacol. 74 (2007) 1686.

[2] (a) S. Claudia, P. Rossi, F. Felluga, F. Formaggio, M. Palumbo, P. Tecilla, C. Toniolo,
P. Scrimin, J. Am. Chem. Soc. 123 (2001) 3169;
(b) K. Yamada, Y. Takahashi, H. Yamamura, S. Araki, K. Saito, M. Kawai, Chem.

Commun. (2000) 1315;
(c) J. Yan, R. Breslow, Tetrahedron Lett. 41 (2000) 2059;
(d) A.J. Kirby, Angew. Chem. Int. Ed. Engl. 33 (1994) 551;
(e) Y. Murakami, J.I. Kikuchi, Y. Hisaeda, O. Hayashida, Chem. Rev. 96 (1996) 721;
(f) L.F. Lindoy, Nature 368 (1994) 96;
(g) F.M. Menger, Acc. Chem. Res. 26 (1993) 206.



on Che

[

[

[
[
[
[
[

[

[
[
[
[

[

[
[

[
[
[
[
[

[
[
[
[
[
[

[
[

[
[
[
[

[

[

[
[
[

[

[

[
[
[

[

[
[
[

[

[
[

[

[

[
[

[
[
[
[
[
[
[
[
[
[
[
[
[

[

[
[

[
[
[
[

[

[

[
[

[

S. Bhattacharya, N. Kumari / Coordinati

[3] (a) N.H. Williams, B. Takasaki, M. Wall, J. Chin, Acc. Chem. Res. 32 (1999) 485;
(b) E.L. Hegg, J.N. Burstyn, Coord. Chem. Rev. 173 (1998) 133.

[4] (a) S. Otto, J.B.F.N. Engberts, J.C.T. Kwak, J. Am. Chem. Soc. 120 (1998) 9517;
(b) T. Rispens, J.B.F.N. Engberts, Org. Lett. 3 (2001) 941;
(c) O. Nishimoto, S. Kim, Y. Kitano, M. Tada, K. Chiba, Org. Lett. 8 (2006) 5545;
(d) E.B. Mubofu1, J.B.F.N. Engberts, J. Phys. Org. Chem. 20 (2007) 764.

[5] J. Simon, J. Le Moigne, D. Markovitsi, J. Dayantis, J. Am. Chem. Soc. 102 (1980)
7247.

[6] R. Humphry-Baker, Y. Moroi, M. Gratzel, E. Pelizzetti, P. Tundo, J. Am. Chem. Soc.
102 (1980) 3689.

[7] B. Testa, J.M. Mayer, Hydrolysis in Drug and Prodrug Metabolism, Wiley Inter-
Science, Switzerland, 2006.

[8] T.K. Venkatachalam, P. Samuel, F.M. Uckun, Bioorg. Med. Chem. 13 (2005) 1763.
[9] P.C. Griffiths, I.A. Fallis, T. Tatchell, L. Bushby, A. Beeby, Adv. Colloid Interface.

Sci. 144 (2008) 13.
10] (a) D.W. Christianson, W.N. Lipscomb, Acc. Chem. Res. 22 (1989) 62;

(b) J.E. Coleman, J.F. Chlebowski, Advances, in: G.L. Eichhorn, L.G. Marzilli (Eds.),
Inorganic Biochemistry, vol. 1, Elsevier, New York, 1979;
(c) A. Fresht, in: W.H. Freeman (Ed.), Enzyme Structure and Mechanism, 2nd
ed., New York, 1985.

11] (a) L.L. Melhado, C.D. Gutsche, J. Am. Chem. Soc. 100 (1978) 1850;
(b) H.-p. Lau, C.D. Gutsche, J. Am. Chem. Soc. 100 (1978) 1857.

12] C.D. Gutsche, G.C. Mei, J. Am. Chem. Soc. 107 (1985) 1964.
13] C.A. Bunton, S. Diaz, J. Org. Chem. 41 (1976) 33.
14] R.A. Moss, Y. Ihara, J. Org. Chem. 48 (1983) 588.
15] I. Tabushi, Y. Kuroda, Tetrahedron Lett. (1974) 3613.
16] (a) Y.S. Simanenko, E.A. Karpichev, T.M. Prokop’eva, B.V. Panchenko, C.A. Bunton,

Langmuir 17 (2001) 581;
(b) C.A. Bunton, S.E. Nelson, C. Quan, J. Org. Chem. 47 (1982) 1157.

17] (a) F. Schneider, Angew. Chem. Int. Ed. Engl. 17 (1978) 583;
(b) J.M. Brown, C.A. Bunton, S. Diaz, Y. Ihara, J. Org. Chem. 45 (1980) 4169;
(c) R.A. Moss, S. Bhattacharya, Y. Okumura, Tetrahedron Lett. 30 (1989) 4905;
(d) R.A. Moss, P. Scrimin, S. Bhattacharya, S. Swarup, J. Am. Chem. Soc. 109 (1987)
6209.

18] S. Bhattacharya, K. Snehalatha, Langmuir 11 (1995) 4653.
19] V.P. Kumar, B. Ganguly, S. Bhattacharya, J. Org. Chem. 69 (2004) 8634.
20] S. Bhattacharya, V.P. Kumar, J. Org. Chem. 70 (2005) 9677.
21] (a) J. Toullec, M. Moukawim, Chem. Commun. (1996) 221;

(b) S. Bhattacharya, K. Snehalatha, J. Org. Chem. 62 (1997) 2198.
22] R. Fornasier, D. Milani, P. Scrimin, U. Tonellato, J. Chem. Soc., Perkin Trans. 2

(1986) 233.
23] R. Fornasier, P. Scrimin, P. Tecilla, U. Tonellato, J. Am. Chem. Soc. 111 (1989) 224.
24] R. Fornasier, P. Scrimin, U. Tonellato, N. Zanta, J. Chem. Soc. Chem., Commun.

(1988) 716.
25] G.D. Santi, P. Scrimin, U. Tonellato, Tetrahedron Lett. 31 (1990) 4791.
26] B.J. Hathaway, Coord. Chem. Rev. 41 (1982) 423.
27] P. Scrimin, P. Tecilla, U. Tonellato, J. Am. Chem. Soc. 114 (1992) 5086.
28] S. Cheng, X. Zeng, X. Meng, X. Yu, J. Colloid Interface Sci. 224 (2000) 333.
29] W. Tagaki, K. Ogino, T. Fujita, T. Yoshida, K. Nishi, Y. Inaba, Bull. Chem. Soc. Jpn.

66 (1993) 140.
30] J. Du, B. Jiang, X. Kou, X. Zeng, Q. Xiang, J. Colloid Interface Sci. 256 (2002) 428.
31] F. Hampl, F. Liska, F. Mancin, P. Tecilla, U. Tonellato, Langmuir 15 (1999) 405.
32] F. Mancin, P. Tecilla, U. Tonellato, Langmuir 16 (2000) 227.
33] T. Eiki, M. Mori, S. Kawada, K. Matsushima, W. Tagaki, Chem. Lett. (1980) 1431.
34] T. Fujita, K. Ogino, W. Tagaki, Chem. Lett. (1988) 981.
35] (a) T. Eiki, S. Kawada, K. Matsushima, M. Mori, W. Tagaki, Chem. Lett. 8 (1980)

997;
(b) K. Ogino, K. Shindo, T. Minami, W. Tagaki, T. Eiki, Bull. Chem. Soc. Jpn. 56
(1983) 1101.

36] K. Ogino, K. Inoue, W. Tagaki, Tetrahedron Lett. 33 (1992) 4191.
37] K. Ogino, N. Kashihara, T. Ueda, T. Isaka, T. Yoshida, W. Tagaki, Bull. Chem. Soc.

Jpn. 65 (1992) 373.
38] L.-G. Qiu, A.-J. Xie, Y.-H. Shen, J. Colloid Interface Sci. 290 (2005) 475.
39] L.-G. Qiu, A.-J. Xie, Y.-H. Shen, J. Mol. Catal. A: Chem. 244 (2006) 58.
40] M. In, V. Bec, O. Aguerre-Chariol, R. Zana, Langmuir 16 (2000) 141.
41] (a) S. De, V.K. Aswal, P.S. Goyal, S. Bhattacharya, J. Phys. Chem. 100 (1996) 11664;

(b) S. De, V.K. Aswal, P.S. Goyal, S. Bhattacharya, J. Phys. Chem. 101 (1997) 5639;

(c) V.K. Aswal, S. De, P.S. Goyal, S. Bhattacharya, R.K. Heenan, Phys. Rev. E 57
(1998) 776.

42] J.G.J. Weijnen, A. Koudijs, J.F.J. Engbersen, J. Chem. Soc., Perkin Trans. 2 (1991)
1121.

43] J.G.J. Weijnen, A. Koudijs, G.A. Schellekens, J.F.J. Engbersen, J. Chem. Soc., Perkin
Trans. 2 (1992) 829.

[

mistry Reviews 253 (2009) 2133–2149 2149

44] X. Zeng, Y. Zhang, X. Yu, A. Tian, Langmuir 15 (1999) 1621.
45] F. Jiang, B. Jiang, X. Yu, X. Zeng, Langmuir 18 (2002) 6769.
46] J.-q. Xie, S.-q. Chengb, B.-y. Jiang, J. Dua, C.-w. Hua, X.-c. Zeng, Colloids Surf. A:

Physicochem. Eng. Aspects 235 (2004) 137.
47] W. Jiang, B. Xu, J. Li, Q. Lin, X. Zeng, H. Chen, Int. J. Chem. Kinetics (2007)

672.
48] (a) S. Bhattacharya, V.P. Kumar, J. Org. Chem. 69 (2004) 559;

(b) S. Bhattacharya, V.P. Kumar, Langmuir 21 (2005) 71.
49] A. Polyzos, A.B. Hughes, J.R. Christie, Langmuir 23 (2007) 1872.
50] J.G.J. Weijnen, A. Koudijs, J.F.J. Engbersen, J. Org. Chem. 57 (1992) 7258.
51] H. Kawano, T. Ikariya, Y. Ishii, M. Saburi, S. Yoshikawa, Y. Uchida, H. Kumobayashi,

J. Chem. Soc., Perkin Trans I (1989) 1571.
52] K. Ogino, H. Yamamoto, T. Yoshida, W. Tagaki, J. Chem. Soc., Chem. Commun.

(1995) 691.
53] P. Scrimin, P. Tecilla, U. Tonellato, J. Org. Chem. 59 (1994) 4194.
54] M.C. Cleij, P. Scrimin|, P. Tecilla, U. Tonellato, Langmuir 12 (1996) 2956.
55] M.C. Cleijg, F. Mancins, P. Scrimin, P. Tecilla, U. Tonellato, Tetrahedron 53 (1997)

357.
56] F. Bertoncin, F. Mancin, P. Scrimin, P. Tecilla, U. Tonellato, Langmuir 14 (1998)

975.
57] J. You, X. Yu, X. Li, Q. Yan, R. Xie, Tetrahedron Asymmetry 9 (1998) 1197.
58] J. You, X. Yu, K. Liu, L. Tao, Q. Xiang, R. Xie, Tetrahedron Asymmetry 10 (1999)

243.
59] J.-S. You, X.-Q. Yu, X.-Y. Su, T. Wang, Q.-X. Xiang, M. Yang, R.-G. Xie, J. Mol. Catal.

A: Chem. 202 (2003) 17.
60] H.-Y. Jiang, C.-H. Zhoub, K. Luoa, H. Chena, J.-B. Lana, R.-G. Xie, J. Mol. Catal. A:

Chem. 260 (2006) 288.
61] S.H. Gellman, R. Petter, R. Breslow, J. Am. Chem. Soc. 108 (1986) 2388.
62] F.M. Menger, L.H. Can, E. Johnson, D.H. Durstt, J. Am. Chem. Soc. 109 (1987)

2800.
63] E. Kimura, H. Hashimoto, T. Koike, J. Am. Chem. Soc. 118 (1996) 10963.
64] P. Scrimin, P. Tecilla, U. Tonellato, J. Org. Chem. 56 (1991) 161.
65] F.M. Menger, T. Tsuno, J. Am. Chem. Soc. 111 (1989) 4903.
66] J.R. Morrow, W.C. Trogler, Inorg. Chem. 28 (1989) 2830.
67] J. Chin, V. Jubian, J. Chem. Soc., Chem. Commun. (1989) 839.
68] W.S. Wodsworth Jr., J. Org. Chem. 46 (1981) 4080.
69] P. Scrimin, G. Ghirlanda, P. Tecilla, R.A. Moss, Langmuir 12 (1996) 6235.
70] C.A. Bunton, G. Savelli, Adv. Phys. Org. Chem. 22 (1986) 213.
71] C.A. Bunton, P. Scrimin, P. Tecilla, J. Chem. Soc., Perkin Trans. 2 (1996) 419.
72] S. Bhattacharya, K. Snehalatha, S.K. George, J. Org. Chem. 63 (1998) 27.
73] S. Bhattacharya, K. Snehalatha, V.P. Kumar, J. Org. Chem. 68 (2003) 2741.
74] F. Jiang, J. Du, X. Yu, J. Bao, X. Zeng, J. Colloid Interface Sci. 273 (2004) 497.
75] F. Jiang, B. Jiang, Y. Cao, X. Meng, X. Yu, X. Zeng, Colloids Surf. A: Physicochem.

Eng. Aspects 254 (2005) 91.
76] F. Jiang, L. Huang, X. Meng, J. Du, X. Yu, Y. Zhao, X. Zeng, J. Colloid Interface Sci.

303 (2006) 236.
77] R.H. Holyer, C.D. Hubbard, S.F.A. Kettle, R.G. Wilkins, Inorg. Chem. 4 (1965) 929.
78] F. Jiang, L. Huang, X. Meng, J. Dua, X. Yu, Y. Zhao, X. Zeng, J. Colloid Interface Sci.

303 (2006) 236.
79] P.E. Jurek, A.M. Jurek, A.E. Martell, Inorg. Chem. 39 (2000) 1016.
80] A.J. Kirby, Angew. Chem. Int. Ed. Engl. 75 (1996) 706.
81] P.A. Brady, J.K.M. Sanders, Chem. Soc. Rev. 26 (1997) 327.
82] S.-Q. Cheng, Y.-R. Wang, J.-F. Yan, X. Zeng, Colloids Surf. A: Physicochem. Eng.

Aspects 292 (2007) 32.
83] D. Kou, X.-G. Meng, Y. Liu, J. Du, X.-M. Kou, X.-c. Zeng, Colloids Surf. A: Physic-

ochem. Eng. Aspects 324 (2008) 189.
84] Q.-X. Xiang, X.-Q. Yu, X.-Y. Su, Q.-S. Yan, T. Wang, J.-S. You, R.-G. Xie, J. Mol. Catal.

A: Chem. 187 (2002) 195.
85] A.M. Badawi, A.A. Hafiz, H.A. Ibrahim, J. Surfact. Deterg. 6 (2003) 239.
86] A.A. Hafiz, M.Y. El Awadi, A.M. Badawi, S.M. Mokhtar, J. Surfact. Deterg. 8 (2005)

203.
87] (a) J. Haldar, V.K. Aswal, P.S. Goyal, S. Bhattacharya, Angew. Chem. Int. Ed. 40

(2001) 1228;
(b) K. Manabe, Y. Mori, T. Wakabayashi, S. Nagayama, S. Kobayashi, J. Am. Chem.
Soc. 122 (2000) 7202;
(c) S. Kobayashi, T. Wakabayashi, Tetrahedron Lett. 39 (1998) 5389;
(d) S. De, V.K. Aswal, P.S. Goyal, S. Bhattacharya, J. Phys. Chem. B 102 (1998)

6152;
(e) S. Bhattacharya, K. Snehalatha, S.K. George, J. Org. Chem. 63 (1998) 7640.

88] (a) S. Bhattacharya, K. Snehalatha, Langmuir 13 (1997) 378;
(b) S. Bhattacharya, K. Snehalatha, J. Chem. Soc., Perkin Trans. II (1996) 2021;
(c) S. Bhattacharya, S. De, S.K. George, Chem. Commun. (1997) 2287;
(d) S. Bhattacharya, S. De, Chem. Eur. J. 5 (1999) 2335.


	Metallomicelles as potent catalysts for the ester hydrolysis reactions in water
	Introduction
	How do metallomicelles help in the hydrolysis reactions?
	Catalysis in metallomicellar aggregates
	Early examples of metallomicelles
	Pyridine-based ligand amphiphiles
	Imidazole-based ligand amphiphiles
	Triazole-based amphiphilic ligands
	Phenanthroline-based ligand amphiphiles
	Other ligand amphiphiles

	Enantioselective cleavage of esters
	Hydrolysis of phosphate esters
	Phosphodiester and phosphomonoester hydrolysis
	Decontamination of organophosphate toxins
	Concluding remarks
	Acknowledgment
	References


