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a b s t r a c t

This review presents advances in metallomicelles-catalyzed reactions, including hydrolysis of carboxylic
esters and phosphates, oxidation-reductions, C–C bond forming reactions, etc. These novel supramolec-
ular vehicles can not only mimic the active center, but also the hydrophobic microenvironments of
vailable online 6 December 2008

eywords:
etallomicellar catalysis
ydrolysis
inetic model
hiral catalysis

metalloenzymes. As emphasis, the kinetic models and mechanism studies of metallomicelles-catalyzed
hydrolysis, which were intensively studied in our group, were particularly reviewed.

© 2008 Elsevier B.V. All rights reserved.
nantioselectivity

. Introduction

Micelle is an aggregate formed by surfactants when the concen-
ration of amphiphilic molecules reaches a certain level named as

ritical micelle concentration (CMC) [1,2]. According to Hartley’s
pherical model [3], the micellar structure contains, from outer
phere to inner, named as Gouy-Chapman layer, Stern layer and
hydrocarbon center with 50–100 molecules and a diameter of

∗ Corresponding author. Tel.: +86 28 85460576; fax: +86 28 85415886.
E-mail address: xqyu@tfol.com (X.-Q. Yu).

010-8545/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2008.11.019
10–28 Å. In general, chemical reactions in micellar structures can
take place in the Stern layer with enhanced reaction rates or selec-
tivities. This effect is referred to as micellar catalysis, which goes
back to the late 1960s. This enhancement can be the result of (i)
an increased local concentration of the reactants at the surface
or in the interior of the micelle; (ii) stabilization of the transition
state of the reaction due to a favorable interaction with the surfac-

tant molecules; and (iii) a combined polarity, microviscosity, and
charge effect inside the micelle. In other words, by the enrichment
of substrate in Stern layer of micelle, the substrate, intermediate
or product could be stabilized and oriented. As a result, the reac-
tion rate and mechanism could also be changed, and the regio- and

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:xqyu@tfol.com
dx.doi.org/10.1016/j.ccr.2008.11.019
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tereoselectivity could even be achieved. Therefore, micelles have
ften been used to mimic the microenvironments of enzyme active
enters in the past decades. Besides the simple micellar systems,
n-depth studies focused on functional micelles, co-micelles and
olymer micelles, etc. are included [4].

In recent metalloenzyme-mimic research, more attention has
een paid to the simulation of structures and functions of the
nzyme active centers, while the contributions from microenviron-
ents were usually not considered. On the other hand, micelles

lone as enzyme model often display low efficiency and lim-
ted specificity for substrates. For these reasons, a type of new
rtificial metalloenzyme model, metallomicelle, has been devel-
ped, in recent decades, by the combination between the systems
f metalloenzyme simulation and micelles. Metallomicelles were
ormed from metal complexes of surfactant ligands or by blending

etal-lipid complexes with non-functional surfactants. This kind
f aggregate synchronously has the properties and functions of
icelles and metalloenzyme models. So these novel supramolec-

lar vehicles can not only mimic the enzyme active center, but
lso simulate the hydrophobic microenvironments. Moreover, chi-
al metallomicelles, with great importance for the clarification of
he enzymic mechanisms, were also developed to enhance chiral

olecular recognition and stereoselectivity.
Herein, the hydrolysis of carboxylates and phosphates aided

y metallomicelles, including kinetic studies, are extensively
eviewed, as are some other reactions catalyzed by metallomicelles.

. Metallomicelles-catalyzed hydrolysis

Micelle-catalyzed hydrolysis of carboxyl acid esters has been
xtensively [5]. As far as the mimetic model of catalytic function
s concerned, the investigation of Cu2+, Zn2+, Ni2+, and Co2+ com-
lexes as hydrolytic metalloenzyme models have been extensively
eported [6]. They show good catalytic properties in the hydrolysis

f p-nitrophenyl picolinate (PNPP). In these hydrolytic processes,
he transition metal ions play a very important role [7]; several
esearch groups developed some binuclear metal complexes that
how significantly higher catalytic activity as an artificial hydrolytic
nzyme model.

Fig. 1. Tagaki’s imidazole-der
Reviews 253 (2009) 2166–2177 2167

As an effective biomimetic system for hydrolytic metalloen-
zymes, metallomicelle made up of functionalized surfactant or
co-surfactant capable of effective chelation of metal ions has
been extensively investigated [7]. In metallomicellar catalysis, lig-
ands containing one or more hydroxyl groups are very significant
for the catalytic hydrolysis of carboxylate or phosphate esters.
The hydroxyl group of the ligand can be activated by the tran-
sition metal ion, and acts as a more effective nucleophile than
the chelating water molecule. The use of macrocyclic metal com-
plexes as biomimetic models of hydrolytic metalloenzymes has
attracted considerable attention due to their similarities to the
macrocyclic metal complexes found in biological systems, such as
metalloporphyrin complexes. Some macrocyclic metal complexes
illustrated significant catalytic activity in the hydrolysis of some
esters.

2.1. Metalloenzyme models for the hydrolysis of carboxylates

The synergistic effect between multifunctional groups is an
important feature of enzyme catalysis. The active center of serine
proteinase is made up of the hydroxyl on serine, imdazole on histi-
dine and carboxyl on aspartic acid. Metalloenzyme-mimic studies
by using metallomicelles began in middle 1980s. Typical models are
Tagaki’s imidazole derivatives, Tonellato’s �-substituted pyridines,
and Engbersen’s 1,10-phenanthroline derivatives.

p-Nitrophenyl picolinate was a commonly used substrate for
the studies of protease mimics. Tagaki et al. reported the catalytic
hydrolysis efficiencies of metal complexes of 1–7 (Fig. 1) or some
co-micelles formed from metal complexes 1–7 and other non-
functional surfactants. For the anionic surfactant ligands 1–3, the
pseudo-first-rate constants (kobsd) of the hydrolysis of PNPP in the
presence of 1 and 2 are much higher than that in the presence of 3
[8]. The reason might be that the hydroxyl group can be activated
by transition metal ions such as Cu2+ and Zn2+, therefore it may
serve as a nucleophilic reagent in the process of transacylation. On

the other hand, the catalytic activity of ligand 4 is far greater than
that of 5, indicating that the active site is 2-hydroxymethyl, but not
5-hydroxymethyl. This result was confirmed by NMR. The hydrol-
ysis rate reached a maximum when the 1:1 Cu-complex of 1 was
formed.

ived surfactant ligands.
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ig. 2. Selective activation of primary and secondary hydroxyls of bis-imidazole
igand 12 by Zn2+ (A) and Cu2+ (B).

Compared to water-soluble ligand 6, the lipophilic ligand 4
an only dissolve in micelles formed by non-functional surfac-
ants, such as cetyltrimethyl ammonium bromide (CTAB) and
olyoxyethylene lauryl ether (Brij 35). The copper complex of 4 can

orm co-micelles with CTAB, TritonX-100 or sodium dodecylsul-
ate (SDS) and catalyze the hydrolysis of PNPP. The rate constant
f nucleophilic hydrolysis initiated by the attack of alkoxy anion
f Cu-4 was 100 times greater than that of Cu-6 [9]. Furthermore,
he cationic surfactant ligand 7 can form co-micelles with non-
unctional surfactants such as CTAB [10]. Cu2+ can largely increase
he reaction rate, and the catalytic activity was increased in parallel
ith the increase of the m value.

The rate constants of hydrolysis of PNPP in the presence of non-
onic surfactant ligand (4, 8–10, Fig. 1) were significantly affected
y metal ions [11]. As shown in Fig. 2, ligand 10 uses secondary and
rimary hydroxyl to coordinate with Zn2+ and Cu2+, respectively.
he intermediates of PNPP hydrolysis catalyzed by Cu-10 and Zn-10
ould be detected by HPLC.

In the presence of Zn2+, the benzimidazole ligands 11 and 12
orm co-micelles with CTAB and catalyze the hydrolysis of PNPP.
he ratio of metal/ligand in the metal complex (1:1 or 2:1) was
etermined by the position of long-chain substituent group and
he concentration of surfactants [12].

For the ionic substrates, very different metallomicellar catalytic
ctivities were observed [13]. Anionic surfactant ligand 2 greatly
romotes the hydrolysis of cationic substrate 13. On the other hand,

ittle effect was found on the hydrolysis of anionic substrate 14 in
he presence of 2. It was supposed that the metal complex-substrate
ntermediate is greatly stabilized by the electrostatic interaction
etween the surfactant and substrate (Fig. 3). For the same reason,

n the presence of Cu2+, the hydrolysis of 14 is promoted by cationic
urfactant ligand 7.

A series of cationic 2-hydroxymethyl pyridine surfactant ligands
5 (Fig. 4) were prepared by Tonellato et al. [6b,14a]. In the hydroly-
is of PNPP catalyzed by Cu-15a, the reaction rate was enhanced 106

imes. 15c has much lower catalytic efficiency than 15a or 15b. The
eason might be that the distance between ammonium cation in 15c

nd coordinative metal ion is too close, and as a result, the stability
f metal-ligand-substrate tertiary complex is lowered due to elec-
rostatic repulsion. The catalytic efficiency of 15d is also much lower
han that of 15a for the lack of lipophilic long chain. The lipophilic
igand 16d can coordinate with Cu2+ to form metallomicelles to cat-

Fig. 3. Hydrolysis promoted by
Reviews 253 (2009) 2166–2177

alyze the hydrolysis of PNPP or other amino acid esters. The absence
of hydroxyl group (17) led to lower catalytic abilities comparing to
16. Suitable length of hydrophobic chains is needed for satisfying
catalytic results: the tertiary complex formed from 16c, which has
a longer chain than 16d, showed lower stability than that from 16d
[14].

The co-micelles formed from Cu-18a or Zn-18a and CTAB dis-
played excellent catalytic hydrolysis activities towards PNPP. The
catalytic ability of methylated ligand 18b is far lower than 18a,
even lower than the ligand without a hydrophobic long chain, such
as 18c. This phenomenon also proved the distinctive features of
hydroxyl group in the ligand structures [15]. Tonellato divided the
hydrolysis mechanism into 3 steps: (i) the formation of a tertiary
complex between metal ion, lipophilic ligand, and the substrate; (ii)
a pseudo-intramolecular nucleophilic attack of the ligand hydroxyl
leading to the release of p-nitrophenol and the formation of the
transacylation intermediate; (iii) metal ion-promoted hydrolysis of
the intermediate and regeneration of the catalytic species [16].

Tonellato addressed that in the catalytic hydrolysis by metal-
lomicelles, the effect of the leaving group is significant [17]. Cu-16d
only catalyzes the hydrolysis of relatively active �-picolinates.
In the catalytic process, competitive nucleophilic attack to the
carbonyl existed between the hydroxyl of ligand and water that
coordinate to Cu2+ ion. For the esters with strong leaving groups,
the hydroxyl group of ligand serves as nucleophilic reagent; for the
esters with weak leaving groups, the coordinated water takes up
the role (Fig. 5).

Another type of ligands featuring a N-alkylaminomethyl-2-
pyridinealdoxime moiety (19) have been synthesized, and the
reactivity of their Ni(II) and Zn(II) complexes in the cleavage of
p-nitrophenyl acetate (PNPA) and hexanoate (PNPH) has been
investigated in the absence (19a) or in the presence (19b) of CTAB
micelles [7c]. The micellar complexes are effective in promoting
the cleavage of the substrate with acceleration strongly dependent
on the pH. This acceleration is larger in moderately acidic environ-
ment than that in neutral solutions. Analysis of the second-order
rate constants allows the conclusions that the increased reactivity
of the micellar system is due to concentration and local-pH effects
and not to the activation of the nucleophile.

Engbersen and co-workers prepared some lipophilic and
water-soluble ligands derived from 9-hydroxymethyl-1,10-
phenanthroline (Fig. 6). In co-micelles, 1:1 type complex was
formed between 20a and M2+, and the catalytic activity order
of different metal complexes was Zn2+ > Co2+ > Cd2+ > Ni2+. On
the contrary, 1:1 or 2:1 type complexes were formed between
water-soluble ligand and metal ions, and the catalytic activity
order of these metal complexes was Co2+ > Ni2+ ≈ Zn2+ > Cd2+. The
Zn complex of 21 which has no hydroxyl group showed catalytic
activity 25 times lower than that of Zn-20a [18]. Although the

lipophilic ligands 22–24 have no hydroxyl group in their structures,
the metal complexes of imidazole-contained ligands 22 and 24
form co-micelles, which were efficient catalysts for the hydrolysis
of PNPP, with non-functional surfactants such as CTAB and Brij 35
[19].

electrostatic interactions.
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Fig. 4. Tonellato’s �-substituted pyridine ligands.

Fig. 5. Competitive nucleophilic attack to the carbonyl between the hydroxyls coordinated to Cu2+ ion.

Fig. 6. Engbersen’s 1,10-phenanthr

Fig. 7. Mechanisms of PNPP hydrolysis catalyzed by Zn-23.

2
t
a
d
n

Fig. 7 shows the hydrolysis mechanism of PNPP catalyzed by

3. The metal ion is coordinated by carbonyl oxygen, and the elec-
rophilic activation towards carbonyl facilitated the nucleophilic
ttack of free hydroxide anion (A). In model B, Zn2+ ion is coor-
inated by the free hydroxide anion to induce an intramolecular
ucleophilic attack.
oline derivative surfactants.

Kimura et al. studied the long chain-containing macrocyclic
complex 25 and its catalytic activity towards the hydrolysis of
PNPA [20]. 25a forms co-micelles with TritonX-100 and displayed
50 times greater activity than that of the water-soluble com-
plex 25b. They deduced the active species to be the structure
of 25a with hydroxide anion coordinated to Zn2+ ion. Görgl and
co-workers prepared two copper complexes (26, 27) of lipophilic
macrocyclic polyamines [21]. The morphology of micelles formed
by these two metallosurfactants was studied by small-angle neu-
tron scattering (SANS) and small-angle-X-ray scattering (SAXS).
More recently, Hughes et al. prepared metallosurfactant Cu(II)-1-
tetradecyldiethylenetriamine (Cu(II)TDET, 28) [22], and examined
its catalytic activity towards the hydrolysis of several esters in the
presence of metallosurfactant ligand 28.

Recently, a new generation of surfactants, Gemini surfactants,
have attracted great interest [23]. These surfactants possess many

unique properties, such as lower CMC, greater efficiency in low-
ering the surface tension of water, lower Krafft temperature and
better solubilization in comparison with conventional surfactants.
Qiu et al. reported the hydrolysis of PNPP catalyzed by Cu(II)-
29 complexes in the presence of Gemini surfactant 12-s-12 (30)
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Fig. 8. Supposed mechanism of D

24]. Metallomicellar systems containing Gemini surfactants exhib-
ted more efficient activities for hydrolysis than those containing
he corresponding single-chained conventional surfactant such
s dodecyltrimethylammonium bromide (DTAB). Similarly, ligand
earing pendant hydroxyl groups (29b) showed higher catalytic
ctivities.

.2. Enantioselective hydrolysis of esters catalyzed by chiral
etallomicelles

The selectivity of a chemical reaction can also be affected by the
icroenvironment provided by the aggregates: remarkable enan-

ioselectivities have been reported by several groups [25] in the

ydrolytic cleavage of chiral esters by histidine containing chi-
al oligopeptides in the presence of micelles. In order to clarify
he catalytic mechanism of proteolytic enzyme, much attention
as paid to the studies of enantioselective hydrolysis of esters.

onellato and co-workers prepared chiral lipophilic 2-substituted
yridines 31 and 32 [16,26]. Their Cu(II), Zn(II) or Co(II) complexes
atalyzed the enantioselective cleavage of p-nitrophenyl esters of
-amino acids with remarkable stereoeffects. They found that (i)

aster hydrolysis was observed in the reactions using chiral ligands
nd substrates with opposite absolute configurations; (ii) hydroxyl
roup (31a) was necessary for the reaction; (iii) poor enantioselec-
ivities were obtained by using water-soluble ligands without long
hains in the structure of 32 (R1 = R2 = CH3), indicating that the chi-
al metallomicellar microenvironments facilitated the induction of
nantioselectivity. Furthermore, in the cleavage of p-nitrophenyl

sters of phenylalanine (PhePNP) and phenylglycine (PhgPNP) cat-
lyzed by Cu(II)-33 complexes, large rate accelerations (up to two
rder of magnitude) and quite remarkable enantioselectivities (up
o 35, as the ratios of the rate constants measured for the faster and
lower reacting enantiomers) were observed [27].
hydrolysis catalyzed by M2+-36.

Several types of chiral lipophilic ligands 34–36 [28–30] were
designed and synthesized by You et al. Their metal complexes
as catalysts in the hydrolysis of long chain �-amino acid esters
were studied. The results indicated that the hydrophobic inter-
actions between substrate and metallocatalyst, the rigidity of the
ligand, the hydroxyl group of the ligand acting as a nucleophile
for the transacylation process, and the micellar microenvironment
are important factors for the activity and enantioselectivity. Among
these complexes, Cu(II)-35 (R = C12H25) displayed the best enantios-
elective catalytic ability [29]. The reaction in the presence of this
metallocatalyst gave large rate accelerations (up to three orders of
magnitude) and moderate enantioselectivities (up to 7.81 kR/kS).

2.3. Metalloenzyme models for hydrolysis of phosphates

The biological importance of phosphate esters and anhydrides
is well-known. The significance of these classes of compounds
extends beyond the wide variety of naturally occurring exam-
ples to man-made derivatives that are employed for pest control,
chemical warfare, and numerous industrial tasks. The chemistry
of substituent exchange, such as hydrolysis, at phosphorus(V) cen-
ters has received considerable attention because such processes
occur in many crucial enzymatic reactions and are relevant to the
detoxification of some pesticides and chemical weapons [31].

Engbersen and co-workers synthesized lipophilic 1,10-phenan-
throline-derived ligands 37. The co-micellar system formed by the
metal complex of 37b and Brij 35 acts as an efficient catalyst for
the hydrolysis of phosphate esters. In the 37b-promoted hydrol-

ysis of diphenyl p-nitrophenyl phosphate (DPPNPP), 8700 times
of rate acceleration was observed [32]. Fig. 8 shows the supposed
mechanism for the reaction.

Lipophilic ligand 16d forms 2: 1 type complexes with Cu2+ in the
catalytic hydrolysis of DPPNPP (Fig. 9, A), while a 1:1 type complex
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metal ion, and substrate, respectively.

According to the rate law, the rate equation of reaction (2) can
be written as

r = kobsd[S]T = k′
N[MxLyS] + k′

o[S] (9)
Fig. 9. Schematic representation of ternary compl

as formed between Cu2+ and O-methylated 16d (Fig. 9, B). Unlike
he catalytic hydrolysis of carboxylate esters, the free hydroxyl in
6d did not play an important role in the cleavage of the phosphate
riester [14b].

A derivative of the zinc tetraaza macrocycle complex carrying a
ong alkyl chain (38) was examined as the catalyst for hydrolysis
f DPPNPP in a Brij micelle by Breslow and co-workers [31]. This

ipophilic complex is even more effective, acting as a zinc hydroxide
pecies 38b with pKa = 9.1. In this system, catalysis by aggregates
as apparently also occurring. Besides these studies, some other

ipophilic ligands (Fig. 10, 39–42) were applied for the hydrolysis
33–36]. Their metal complexes form metallomicelles and act as
ood to excellent hydrolytic metallocatalysts.

. Construction of kinetic models of
etallomicelles-catalyzed hydrolysis

An important feature of the efficient enzyme-catalysis is the syn-
rgistic effect between the functional groups. Thus, in the studies
f chemical simulation of the structures and functions of enzyme
ctive center, the most commonly used method is to prepare
mall organic multi-functional molecules and to mimic the cat-
lytic function of enzyme active center. Metallomicelle is one of the
iomimetic systems. However, studies towards the catalytic kinet-

cs and mechanisms of metallomicellar catalysis remain rare, and
he approximate quantitative treatment of metallomicellar catal-
sis and the establishment of its mathematical model have rarely
een reported. The kinetic model of the metallomicellar mimic sys-
em towards carboxypeptidase A was constructed in our group. This
rovides an important way to study the catalytic mechanisms and
o understand the catalytic processes.

.1. The kinetic model for metallomicellar catalysis

Tagaki and co-workers developed a “binary complex model”
or the quantitative treatment of metallomicellar catalytic kinetic
tudy. This model assumes that substrate moiety can weakly inter-
ct with the metal ion as a ligand base in aqueous buffer and
he metallomicellar catalysis is an intermolecular reaction [9]. To
onsider that there is a strong interaction between the metal ion
, ligand L and substrate S, Zeng and co-workers established a

ternary complex kinetic model” for metallomicellar catalysis [37].
he following is a brief introduction to the “ternary complex kinetic
odel” for hydrolysis reaction.

The “phase separation” model of micellar system assumes that
here is two phases (micellar pseudo-phase and the bulk phase) in

icellar solution, and the reaction takes place simultaneously in
oth micellar pseudo-phase and the bulk phase [38–40]. So we can
se the following equation to describe the reaction process.
(1)
Cu-16d-catalyzed-hydrolysis of phosphate ester.

where S represents substrate, Mi is micelle, Ks is the association
constant between micelle and substrate, km and kw are the apparent
rate constants for product formation in micellar phase and in bulk
phase.

Generally, in the metallomicellar system, an equilibrium exists
between ligand (L), metal ion (M), and substrate (S). On the basis
of the phase-separation model of micelle, the metallomicelle-
catalyzed reaction can be supposed to take place in the bulk phase
and the metallomicellar phase simultaneously to afford the prod-
ucts (P).

(2)

KM = [MxLy]

[M]x[L]y (3)

KT = [MxLyS]
[MxLy][S]

(4)

k′
o = ko + kM[M] + kL[L] (5)

where KM is the association constant between x metal ions and y
ligands, KT is the association constant between a binary complex
(MxLy) and a substrate, k′

N and k′
o are the apparent first-order rate

constants for product formation in the metallomicellar phase and
in the bulk phase, respectively, ko is the rate constant due to the
buffer, kL and kM are the second-order rate constants due to the
ligand and metal ion alone, [L], [M], and [S] are the concentrations
of ligand, metal ion, and substrate in the bulk phase, respectively,
[MxLy] is the concentration of x metal ions or y ligands in the met-
allomicellar phase, and [MxLyS] is the concentration of substrate in
the metallomicellar phase.

[S] = [S]T − [MxLyS] (6)

[M] = [M]T − x[MxLy] (7)

[L] = [L]T − y[MxLy] (8)

where [L] , [M] , and [S] are the total concentrations of ligand,
Combination of Eqs. (3)–(9) and rearrangement give

1
kobsd − k′

o
= 1

KT(k′
N − k′

o[MxLy]
+ 1

k′
N − k′

o
(10)
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y neglecting the high order terms of [MxLy], Eq. (10) can be written

1
kobsd − k′

o
= 1

KT(k′
N − k′

o)KM[M]x
T[L]y

T

+ y2

KT(k′
N − k′

o)[L]T

+ x2

KT(k′
N − k′

o)[M]T
+ 1

k′
N − k′

o
(11)

For the particular case in which y = 1 and x = 1, Eq. (11) may be
ritten as

1
kobsd − k′

o
= 1

KT(k′
N − k′

o)

(
1

KM[M]T
+ 1

)
1

[L]T

+ 1
KT(k′

N − k′
o)[M]T

+ 1
k′

N − k′
o

(12)

Equations (10)–(12) are the ternary complex kinetic equations
or metallomicellar catalysis. To obtain the thermodynamic and
inetic parameters KM, KT and k′

N, the consecutive graphic method
hould be used. For example, for the case of x = 2 and y = 1 in
metallomicellar catalytic system, if the concentration of [M] is

ept constant, the plot of 1/(kobsd − k′
o) versus 1/[L]T should give a

traight line. The intercept, I, and slope, Q, of the straight line are,
espectively, expressed as

= 4
KT(k′

N − k′
o)[M]T

+ 1
k′

N − k′
o

(13)

= 1

KTKM(k′
N − k′

o)[M]2
T

+ 1
KT(k′

N − k′
o)

(14)

According to Eqs. (13) and (14), the plot of I versus 1/[M]T and Q
ersus 1/[M]2

T would allow the estimations of k′
N, KM and KT.

.2. The pH effect of hydrolysis reaction in metallomicellar
olution

In general, the OH− (or H+) ion plays an important role in the
etallomicelles-catalyzed hydrolysis reaction. k′

N and KM display
bvious pH dependence. The pH effect can be accounted by assum-

ng that the dissociated complex anion (T−) is much more active
han the undissociated complex (TH).

(15)

here TH is the undissociated complex, T− is the dissociated com-

lex anion assumed to be the active species in metallomicellar
hase, Ka is the acid dissociation constant of the ternary complex,
nd kN is the first-order rate constant which is pH-independent.
hen the reaction rate is determined by the amount of the disso-
iated complex anion, hence the real first-order rate constant for
rolysis of phosphate esters.

metallomicellar catalysis can be obtained

kN = Ka

Ka + [H+]
k′

N (16)

Rearrangement of Eq. (16) leads to

1
k′

N
= 1

kN
+ 1

kNKa
[H+] (17)

According to Eq. (17), the values of kN and Ka can be evaluated
by a plot of 1/k′

N vs. [H+].
Based on the “phase separation” theory, the quantitative treat-

ment of metallomicellar catalysis using “binary complex model”
and “ternary complex model” for kinetic calculation has been suc-
cessfully applied in the catalysis of ester hydrolysis [16,22,41,42].

4. Other metallomicelles-catalyzed reactions in water

Although water is safe, benign, environmentally friendly and
cheap compared with organic solvents, the latter are needed for
most chemical reactions of organic substances as reaction media.
The reasons may lie in: First, most organic substrates are insol-
uble in water, and as a result, water is not a suitable reaction
medium. Second, many reactive substrates, reagents, and catalysts
are decomposed or deactivated by water. The first drawback in the
use of water may be overcome by using surfactants, which solubilize
organic materials or form colloidal dispersions with them in water
[43]. Most of metallomicelles-catalyzed reactions were performed
in water.

4.1. Hydrogenations

The concept of micellar catalysis goes back to the late 1960s
[44]. However, the discovery in 1992 by Oehme et al. [45] that
rhodium(I)-catalyzed asymmetric hydrogenations of unsaturated
�-amino acid derivatives in water proceeded with higher enan-
tioselectivity when micelle-forming surfactants were present in the
reaction mixture has led to a newfound interest in the use of aque-
ous micelles to promote organic reactions. Reductive reactions in
water catalyzed by transition metal complexes are promoted by
surfactants as well [46]. Micelle-forming amphiphiles significantly
increase both the reaction rate and the enantioselectivity of Rh(I)-
catalyzed hydrogenations of amino acid precursors [45,47].

This enhancement is only observed when the concentration
of the surfactant is above its CMC [48]. Table 1 shows results in
asymmetric hydrogenation of (Z)-methyl �-acetamidocinnamate
with and without amphiphiles. The improvement upon addition
of an amphiphile is significant with respect to activity and enan-
tioselectivity. In these examples the product was isolated in high

purity by extraction with chloroform. Asymmetric hydrogenation
within aqueous micelles can also be adapted for unsaturated �-
amino phosphonic acid and �-amino phosphinic acid derivatives
[49]. Significantly the enantioselectivities are sometimes higher
than in organic media. To facilitate the separation of catalyst and
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Table 1
Hydrogenation with different types of surfactants. Rh:surfactant:substrate =
1:20:100.

.

Surfactant t/2 (min) Optical yield (%ee R)

None in water (methanol) 90 (2) 78 (90)

Anionic
Sodium dodecylsulfate (SDS) 6 94

Cationic
Cetyltrimethyl ammonium

hydrogen sulfate (CTA HSO4)
5 95

Zwitterionic
N-dodecyl-N,N-dimethyl-3-

ammoniol-propanesulfonate
5 93
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Table 2
Effect of surfactants on Aldol reaction in water.

.

Surfactant Time (h) Yield (%)

– 4 3
onionic
olyoxyethylene(10)hexadecylether
(Brij 56)

7 95

roduct at the end of the reaction, Oehme and co-workers sub-
tituted the monomer amphiphiles by amphiphilized polymers or
olysoaps [48].

Water-soluble rhodium complexes containing glucose-based
hosphino ligands 43 proved to be effective catalysts in the asym-
etric hydrogenation of various enamides and itaconic acid in
ater in the presence of SDS (7.5 × 10−3 to 1.0 × 10−1 M). The use of

DS significantly improved the enantioselectivity (up to 99.9% ee)
nd reduced the amount of catalyst, which was suggested to be a
onsequence of micelle formation [50]. The enantioselectivity of the
symmetric hydrogenation of some chelating olefinic substrates
ith hydroxy-DIOP rhodium(I) chelate 44 as catalyst is also influ-

nced by amphiphiles in water to an unprecedented degree [51].
he differences in enantiomeric excesses compared with blanks
without amphiphile) were in excess of 70 �%ee. Long alkyl chains
n the amphiphile are essential for high �%ee. Mechanistic studies
n this enantioselective process have been conducted using pulsed
eld gradient spin-echo NMR experiments [52]. The association of

he catalyst to the micelles is of key importance for obtaining the
ncrease in enantioselectivity. The authors, however, point out that
t is difficult to extrapolate these observations to transition metal
atalysis in micellar systems in general.

More recently, Li et al. reported that an amphiphilic polymer-
ased iridium catalyst 45 (Ir-PTsEN) assembled at the interface of
mulsion droplets shows a remarkable rate acceleration for the

ransfer hydrogenation of aldehydes in water [53], the highest TOF
s up to 3.0 × 105 h−1. The excellent performance can be ascribed to
he assembly of catalyst at the interface of emulsions, resulting in a
arge reaction area. Furthermore, the cooperative effects of both the
ydrophobic and hydrophilic parts of the catalyst ensure the high
SDS 4 88
Triton X-100 60 89
CTAB 4 Trace

concentrations of reactants, both organic substrates and HCOO−,
around active sites. This study demonstrates that emulsion catal-
ysis provides a promising and general strategy to develop organic
synthesis in water.

4.2. Aldol-type reactions

Catalytic asymmetric aldol reactions have emerged as one of
the most powerful types of carbon–carbon bond forming processes
affording synthetically useful, optically active �-hydroxy carbonyl
compounds [54]. Among these reactions, the chiral Lewis acid-
catalyzed reactions of aldehydes with silyl enol ethers are one of
the most promising methods. Although many successful examples
have been developed since 1990, most of the reactions have to
be conducted at low reaction temperatures (e.g., −78 ◦C) in apro-
tic anhydrous solvents such as dry dichloromethane, toluene, and
propionitrile.

Although some water-tolerable metal salts as Lewis acid cat-
alyze aldol reactions in water-containing solvents, a certain amount
of organic solvents such as THF and ethanol still had to be com-
bined with water to dissolve the organic substrates and promote the
reactions efficiently. From the viewpoint of today’s environmental
consciousness, however, it is desirable to avoid the use of harmful
organic solvents. The main drawback in the use of water (low sol-
ubility of most organic substances in water) could be overcome by
using surfactants, which solubilize organic materials or form emul-
sions with them in water. However, large quantities of surfactant
molecules compared with the reaction substrates are needed for
many cases.

With the intention to develop more environmentally friendly
reaction conditions, Kobayashi and co-workers studied a variety of
acid-catalyzed reactions in water in the presence of surfactants [55].
In a model reaction, first the surfactant aided Lewis acid-catalyzed

aldol reaction was tried, the results of this study are summarized
in Table 2. An unexpected enhancement of the reactivity was found
when SDS (20 mol%) was added to the Sc(OTf)3 catalyst. A non-ionic

surfactant (Triton X-100) was also effective in this aldol reaction,
but only a trace amount of product was observed when a cationic
surfactant was used. These results prompted the investigators to
combine the surfactant with the catalyst. This so-called LASC (Lewis
acid-surfactant combined catalyst, for a typical example: Sc(DS)3,
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Engberts also found that vesicles formed from a cyclic phosphate
Scheme 1. Anionic surfactants-promoted Aldol reactions.

candium tris(dodecyl sulfate)) was expected to act both as a Lewis
cid to activate the reactants and as a surfactant to form stable col-
oidal dispersions [56]. These types of catalyst were subsequently
uccessfully used in water to perform several other Lewis acid-
atalyzed carbon–carbon bond forming reactions such as allylations
57], Mannich-type conversions [57a], Michael additions [58], and
riedel-Crafts-type conjugate additions [59]. Light scattering and
icroscopy studies on these systems revealed that the colloidal dis-

ersion consisted of micrometer-sized spherical particles, for which
t was suggested that the substrates and catalysts are concentrated
n the hydrophobic interior, in this way enabling the organic con-
ersions to take place rapidly. In some cases with special substrates,
c(DS)3 does not give any improvement comparing with Sc(OTf)3
60]. Recently, it was shown that in a similar system using Fe(III) as
Lewis acid catalyst, the aldol reaction in Table 2 proceeded in a
iastereoselective fashion [61].

Li and co-workers also employed aromatic and aliphatic anionic
urfactants in Sc(OTf)3-catalyzed aldol reactions of some labile silyl
nol ethers (Scheme 1) with aromatic aldehydes in water [62]. The
esults indicated that the aromatic surfactants 46c had a better abil-
ty to inhibit the hydrolysis of labile silyl enol ethers and promoted
he aldol reaction, leading to higher yields of aldol adducts.

Catalytic amounts of boron compounds can also be used as Lewis
cid catalysts instead of metal salts. Kobayashi found that highly
iastereoselective aldol reactions via boron enolates could success-

ully be performed in water using a catalytic amount of a boron
ource [63]. The reactions proceed smoothly in water at ambient
emperature while traditional boron aldol reactions need lower

emperature and strictly anhydrous conditions. Water is used as
he sole solvent, and thus should lead to environmentally friendly
ystems (Scheme 2). Akiyama et al also used fluoroboric acid to cat-
lyze Mannich-type reactions of ketene silyl acetals with aldimines

Scheme 3. D-A reaction
Scheme 2. Mukaiyama Aldol reaction using diphenyl boric acid in water.

in the presence of SDS [64]. The reaction proceeded smoothly in
the presence of 1 mol% of SDS. Formation of small particles was
observed by transmission electron microscopy.

4.3. Diels-Alder reactions

The Diels-Alder (D-A) reaction is an important tool in syn-
thetic organic chemistry, forming the key step in the preparation of
many six-member rings. Many procedures have been developed to
improve the yields and (stereo) selectivities of this type of cycload-
dition. Important milestones in these areas are the discovery that
Lewis acids can catalyze D-A reactions in organic solvents, and that
in water remarkable acceleration of the reaction are possible [65].
The applicability of the D-A reaction was extended by Engberts et
al. [66], by performing the Lewis acid-catalyzed reaction in micellar
media. The reaction (Scheme 3) was initially performed in micelles
formed from SDS, CTAB, and C12E7 (dodecyl heptaoxyethylene
ether). In these cases, the conversions were slowed. The micelles
were unable to catalyze this type of reactions [67], actually often
retarding them [68]. The diene and the dienophile apparently reside
in different location of the micelle. In contrast, this reaction turned
out to become highly efficient when it was performed in Cu(DS)2
micelles, and rate enhancements up to 1.8 million as compared to
the uncatalyzed reaction in acetonitrile were measured. Complete
complexation of the dienophile to the copper ions at the micel-
lar surface accounts for this effect. In this way, both reactants are
brought in close proximity to each other at the micellar surface,
possibly in an even more favorable orientation to give a distinctly
more efficient D-A reaction. The micelle here indeed brings the
reactants together and provides a confined reaction environment
[69]. In the reaction between cyclopentadiene and acrylate esters,
increasing the chain length of acrylates resulted in a decrease of
endo/exo ratio of D-A products. Surfactants clearly have a signifi-
cant effect on product selectivity and isolated yields especially if
used around their CMC [70].
ester (5,5-di-n-dodecyl-2-hydroxy-1,3,2-dioxaphosphorinan-2-
one) with copper(II) counterions (Cu(dDP)2, 47) are able to catalyze
D-A reaction shown in Scheme 3 efficiently at low (0.1 mM) con-
centrations [71], making vesicular catalysis more attractive than

in micellar media.
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Scheme 4. Some L

icellar catalysis from the viewpoint of “green chemistry”. The
ate depends on the exact reaction conditions, as well as on the
xact method of preparing the vesicular solutions.

.4. Other reactions

Actually, metallomicelles have been applied to a number of
hemical reactions. Besides the reactions mentioned in Section
.2, LASC were suitable for many other reactions. Kobayashi et al.
ound that in the presence of catalytic amounts of Sc(OSO3C12H25)3
Sc(DS)3] and a chiral bipyridine ligand, asymmetric ring-opening
f meso-epoxides with aromatic N-heterocycles [72], an alco-
ol and thiols proceeded smoothly to afford the corresponding
roducts in moderate to good yields with high to excellent enan-

ioselectivities (Scheme 4, a). Water was used as the sole and
ssential solvent in these important enantioselective transforma-
ions. Moreover, Sc(DS)3 catalyzes the Friedländer annulation in
ater [73]. Friedländer annulation using Lewis acid-surfactant-

ombined catalyst provided a mild and efficient route for the

Scheme 5. Working hypothesis for a
atalyzed reactions.

synthesis of quinolines (Scheme 4, b). Employing a catalytic amount
of Sc(DS)3, various polysubstituted and polycyclic quinolines were
obtained in exellent yields. LASC also showed efficiency in the
three-component reactions of 2-alkynylbenzaldehydes, amines,
and nucleophiles in water [74]. This method offers a mild and effi-
cient route for the synthesis of 1,2-dihydroisoquinoline derivatives
(Scheme 4, c). The advantages of this method include good yields,
environmentally benign, and experimentally operational ease.

An elegant rhodium-based example of micellar catalysis
was reported by Morimoto et al. [75]. An aqueous catalytic
Pauson–Khand-type reaction of enynes in the presence of formalde-
hyde as a water-soluble source of carbon monoxide was developed.
The decarbonylation and the carbonylation processes took place
independently in different phases of the reaction system, namely
in the aqueous and SDS micellar phases, respectively, which results
in a more efficient catalytic carbonylation reaction (Scheme 5). This
strategy had the potential to become a general protocol that could
be used in a wide variety of carbonylation reactions.

Van Leeuwen and co-workers [76] described some rhodium

complexes of a series of xantphos derivatives with surface-active
pendant groups (48). Electron microscopy experiments show that
these ligands and their complexes form vesicles in water if the
hydrophobic part of the ligand is large enough (n = 3 or 6). The pres-
ence of aggregates formed from these rhodium complexes led to

queous transfer carbonylation.
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significant enhancement of the solubility of organic substrates
n aqueous solution. This enhanced solubility results directly in a
igher reaction rate in the rhodium-catalyzed hydroformylation of
-octene. The aggregates stay intact during the recycling and the
ctive rhodium complex is retained in the water-phase quantita-
ively.

. Outlook and conclusions

Comparing with micelles as reaction media that can alter the
ate, mechanism, product distribution, regio- and stereoselectivity
f reactions [1a,77], the applications of metallomicelles have less
ommonly been reported. The unique characteristic of metallomi-
elles is that they can not only mimic the active center, but also
he hydrophobic microenvironments of metalloenzymes, which
erve as important natural catalysts in living beings. More atten-
ion will be paid on the chemistry and biological applications of

etallomicelles. Besides the applications mentioned in this review,
etallomicelles or metallosurfactants are widely applied in com-

osite superfine powder, nanoparticles [78], magnetic resonance
maging (MIU) [79], photochemical and analysis chemistry studies
80], drug delivery [81], nerve agent destruction [82], transphos-
horylation catalysts [83], and RNA cleavage [84].
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[1] (a) S. Taşcioğlu, Tetrahedron 52 (1996) 11113;
(b) T.M. Stein, S.H. Gellman, J. Am. Chem. Soc. 114 (1992) 3943.

[2] D.M. Vriezema, M.C. Aragonès, J.A.A.W. Elemans, J.J.L.M. Cornelissen, A.E.
Rowan, R.J.M. Nolte, Chem. Rev. 105 (2005) 1445.

[3] J.H. Fendler, E.J. Fendler, Catalysis in Micellar and Macromolecular Systems,
Academic Press, New York, 1975.

[4] H. Dugas, C. Penny, Bioorganic Chemistry, Springer-Varlay, New York, 1981.
[5] J.H. Fendler, Membrane Mimetic Chemistry, Wiley, New York, 1982.
[6] (a) T. Fujita, Y. Inaba, K. Ogino, W. Tagaki, Bull. Chem. Soc. Jpn. 61 (1988) 1661;

(b) R. Fornasier, P. Scrimin, P. Tecilla, U. Tonellato, J. Am. Chem. Soc. 111 (1989)
224.

[7] (a) R. Breslow, Acc. Chem. Res. 28 (1995) 146;
(b) F. Hampl, F. Liska, F. Mancin, P. Tecilla, U. Tonellato, Langmuir 15 (1999) 405;
(c) F. Mancin, P. Tecilla, U. Tonellato, Langmuir 16 (2000) 227;
(d) S. Couderc, J. Toullec, Langmuir 17 (2001) 3819.

[8] W. Tagaki, K. Ogino, T. Fujita, T. Yoshida, K. Nishi, Y. Inaba, Bull. Chem. Soc. Jpn.
66 (1993) 140.

[9] W. Tagaki, K. Ogino, O. Tanaka, K. Machiya, N. Kashihara, T. Yoshida, Bull. Chem.
Soc. Jpn. 64 (1991) 74.

10] (a) K. Ogino, K. Nishi, H. Yamamoto, T. Yoshida, W. Takagi, Tetrahedron Lett. 31
(1990) 7023;
(b) K. Ogino, T. Yoshida, H. Yamamoto, W. Takagi, Chem. Lett. (1992) 1197.
11] (a) K. Ogino, N. Kashihara, T. Ueda, T. Isaka, T. Yoshida, W. Tagaki, Bull. Chem.
Soc. Jpn. 65 (1992) 373;
(b) K. Ogino, K. Inoue, W. Takagi, Tetrahedron Lett. 33 (1992) 4194.

12] V. Faiver, A. Brembilla, D. Roizard, P. Lochon, Tetrahedron Lett. 32 (1991) 193.
13] K. Ogino, H. Yamamoto, T. Yoshida, W. Tagaki, J. Chem. Soc., Chem. Commun.

(1995) 691.

[
[
[

[

Reviews 253 (2009) 2166–2177

14] (a) R. Fornasier, D. Milani, P. Scrimin, U. Tonellato, Gazz. Chim. Ital. 116 (1986)
55;
(b) P. Scrimin, P. Tecilla, U. Tonellato, J. Org. Chem. 56 (1991) 161;
(c) R. Fornasier, D. Milani, P. Scrimin, U. Tonellato, J. Chem. Soc., Perkin Trans. 2
(1986) 233.

15] G. De Santi, P. Scrimin, U. Tonellato, Tetrahedron Lett. 31 (1990) 4791.
16] P. Scrimin, P. Tecilla, U. Tonellato, J. Org. Chem. 59 (1994) 4194.

[17] P. Scrimin, P. Tecilla, U. Tonellato, J. Org. Chem. 59 (1994) 18.
18] J.G.J. Weijnen, A. Koudijs, G.A. Schellekens, J.F.J. Engbersen, J. Chem. Soc., Perkin

Trans. 2 (1992) 829.
19] J.G.J. Weijnen, A. Koudijs, J.F.J. Engbersen, J. Chem. Soc. Perkin Trans. 2 (1991)

1121.
20] E. Kimura, H. Hashimoto, T. Koike, J. Am. Chem. Soc. 118 (1996) 10963.
21] P.C. Griffiths, I.A. Fallis, D.J. Willock, A. Paul, C.L. Barrie, P.M. Griffiths, G.M.

Williams, S.M. King, R.K. Heenan, R. Görgl, Chem. Eur. J. 10 (2004) 2022.
22] A. Polyzos, A.B. Hughes, J.R. Christie, Langmuir 23 (2007) 1872.
23] (a) R. Zana, Adv. Colloid Interface Sci. 97 (2002) 205;

(b) F.M. Menger, J.S. Keiper, Angew. Chem. Int. Ed. 39 (2000) 1906.
24] L.-G. Qiu, X. Jiang, L.-N. Gu, G. Hu, J. Mol. Cat. A: Chem. 277 (2007) 15.
25] (a) M.C. Cleij, W. Drenth, R.J.M. Nolte, Recl. Trav. Chim. Pays-Bas 111 (1992) 459;

(b) R. Ueoka, Y. Matsumoto, R.A. Moss, S. Swarup, A. Sugii, K. Harada, J. Kikuchi,
Y. Murakami, J. Am. Chem. Soc. 110 (1988) 1588;
(c) Y. Matsumoto, R. Ueoka, J. Org. Chem. 55 (1990) 5797;
(d) Y. Ihara, S. Asakawa, K. Igata, Y. Matsumoto, R. Ueoka, J. Chem. Soc., Perkin
Trans. 2 (1991) 543.

26] M.C. Cleij, P. Scrimin, P. Tecilla, U. Tonellato, Langmuir 12 (1996) 2956.
27] M.C. Cleij, F. Mancin, P. Scrimin, P. Tecilla, U. Tonellato, Tetrahedron 53 (1997)

357.
28] J.-S. You, X.-Q. Yu, X.-S. Li, Q.-S. Yan, R.-G. Xie, Tetrahedron Asym. 9 (1998) 1197.
29] J.-S. You, X.-Q. Yu, K. Liu, L. Tao, Q.-X. Xiang, R.-G. Xie, Tetrahedron Asym. 10

(1999) 243.
30] 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.
31] S.H. Gellman, R. Petter, R. Breslow, J. Am. Chem. Soc. 108 (1986) 2388.
32] J.G.J. Weijnen, J.F.J. Engbersen, Recl. Trav. Chim. Pays-Bas 112 (1993) 351.
33] Y.Y. Lim, E.H.L. Tan, L.H. Gan, J. Colloid Interface Sci. 157 (1993) 442.
34] C.A. Bunton, P. Scrimin, P. Tecilla, J. Chem. Soc., Perkin Trans. 2 (1996) 419.
35] F.M. Manger, L.H. Gan, E. Jonson, D.H. Durst, J. Am. Chem. Soc. 109 (1987) 2800.
36] C.D. Gutsche, M.C. Mei, J. Am. Chem. Soc. 107 (1985) 7964.
37] (a) X.-C. Zeng, Y.-Q. Zhang, X.-Q. Yu, A.-M. Tian, Langmuir 15 (1999) 1621;

(b) F.-B. Jiang, B.-Y. Jiang, X.-Q. Yu, X.-C. Zeng, Langmuir 18 (2002) 6769.
38] F.M. Menger, C.E. Portnoy, J. Am. Chem. Soc. 89 (1967) 4698.
39] F.M. Menger, Pure Appl. Chem. 51 (1979) 999.
40] Y. Moroi, J. Phys. Chem. 84 (1980) 2186.
41] (a) M. Fanti, F. Mancin, P. Tecilla, U. Tonellato, Langmuir 16 (2000) 10115;

(b) R.W. Hay, N. Govan, K.E. Parchment, Inorg. Chem. Commun. 1 (1998)
228;
(c) L.-G. Qiu, A.-J. Xie, Y.-H. Shen, J. Mol. Catal. A Chem. 244 (2006) 58;
(d) P.D. Maria, A. Fontana, C. Gasbarri, G. Siani, Tetrahedron 61 (2005) 7176.

42] (a) W.-D. Jiang, B. Xu, J.-Z. Li, Q. Lin, X.-C. Zeng, H. Chen, Int. J. Chem. Kinet. 39
(2007) 672;
(b) F.-B. Jiang, L.-Y. Huang, X.-G. Meng, J. Du, X.-Q. Yu, Y.-F. Zhao, X.-C. Zeng, J.
Colloid Interface Sci. 303 (2006) 236;
(c) F.-B. Jiang, B.-Y. Jiang, Y.-S. Cao, X.-G. Meng, X.-Q. Yu, X.-C. Zeng, Colloids
Surf. A: Physicochem. Eng. Aspects 254 (2005) 91;
(d) F.-B. Jiang, J. Du, X.-Q. Yu, J.-K. Bao, X.-C. Zeng, J. Colloid Interface Sci. 273
(2004) 497;
(e) J. Du, B.-Y. Jiang, X.-M. Kou, X.-C. Zeng, Q.-X. Xiang, J. Colloid Interface Sci.
256 (2002) 428;
(f) Y. Xiang, B.-Y. Jiang, X.-C. Zeng, J.-Q. Xie, J. Colloid Interface Sci. 247 (2002)
366;
(g) S.-Q. Cheng, X.-C. Zeng, X.-G. Meng, X.-Q. Yu, J. Colloid Interface Sci. 224
(2000) 333.

43] U.M. Lindström, Chem. Rev. 102 (2002) 2751.
44] E.H. Cordes, R.B. Dunlap, Acc. Chem. Res. 2 (1969) 329.
45] G. Oehme, E. Paetzold, R. Selke, J. Mol. Catal. 71 (1992) L1.
46] G. Oehme, I. Grassert, E. Paetzold, H. Fuhrmann, T. Dwars, U. Schmidt, I. Iovel,

Kinet. Catal. 44 (2003) 766.
47] I. Grassert, E. Paetzold, G. Oehme, Tetrahedron 49 (1993) 6605.
48] G. Oehme, I. Grassert, E. Paetzold, R. Meisel, K. Drexler, H. Fuhrmann, Coord.

Chem. Rev. 186 (1999) 585.
49] T. Dwars, U. Schmidt, C. Fischer, I. Grassert, R. Kempe, R. Fröhlich, K.-H. Drauz,

G. Oehme, Angew. Chem. 110 (1998) 3033;
T. Dwars, U. Schmidt, C. Fischer, I. Grassert, R. Kempe, R. Fröhlich, K.-H. Drauz,
G. Oehme, Angew. Chem. Int. Ed. Engl. 37 (1998) 2851.

50] K. Yonehare, K. Ohe, S. Uemura, J. Org. Chem. 64 (1999) 9381.
51] R. Selke, J. Holz, A. Riepe, A. Börner, Chem. Eur. J. 4 (1998) 769.
52] (a) M. Ludwig, R. Kadyrov, H. Fiedler, K. Haage, R. Selke, Chem. Eur. J. 7 (2001)

3298;
(b) I. Grassert, G. Oehme, J. Organomet. Chem. 621 (2001) 158.
53] J. Li, Y. Zhang, D. Han, G. Jia, J. Gao, L. Zhong, C. Li, Green Chem. 10 (2008) 608.
54] T.D. Machajewski, C.-H. Wong, Angew. Chem. Int. Ed. 39 (2000) 1352.
55] (a) S. Kobayashi, K. Manabe, Acc. Chem. Res. 35 (2002) 209;

(b) S. Kobayashi, T. Wakabayashi, S. Nagayama, H. Oyamada, Tetrehedron Lett.
38 (1997) 4559.

56] S. Kobayashi, T. Wakabayashi, Tetrahedron Lett. 39 (1998) 5389.



istry

[

[
[
[
[
[

[
[
[
[
[

[
[
[
[
[
[
[
[

[

[
[

[

[

[

[

J. Zhang et al. / Coordination Chem

57] (a) K. Manabe, Y. Mori, T. Wakabayashi, S. Nagayama, S. Kobayashi, J. Am. Chem.
Soc. 122 (2000) 7202;
(b) K. Deleersnyder, D. Shi, K. Binnemans, T.N. Parac-Vogt, J. Alloys Compd. 451
(2008) 418.

58] Y. Mori, K. Kakumoto, K. Manabe, S. Kobayashi, Tetrahedron Lett. 41 (2000) 3107.
59] K. Manabe, N. Aoyama, S. Kobayashi, Adv. Synth. Catal. 343 (2001) 174.
60] C. Biaggi, M. Benaglia, A. Puglisi, J. Organomet. Chem. 692 (2007) 5795.
61] N. Aoyama, K. Manabe, S. Kobayashi, Chem. Lett. 33 (2004) 312.
62] H.-Y. Tian, Y.-J. Chen, D. Wang, Y.-P. Bu, C.-J. Li, Tetrahedron Lett. 42 (2001)

1803.
63] Y. Mori, K. Manabe, S. Kobayashi, Angew. Chem., Int. Ed. 40 (2001) 2816.
64] J. Itoh, K. Fuchibe, T. Akiyama, Synthesis (2006) 4075.
65] R. Breslow, D.C. Rideout, J. Am. Chem. Soc. 102 (1980) 7816.
66] S. Otto, J.B.F.N. Engberts, J.C.T. Kwak, J. Am. Chem. Soc. 120 (1998) 9517.
67] (a) G.K. van der Wel, J.W. Wijnen, J.B.F.N. Engberts, J. Org. Chem. 61 (1996) 9001;

(b) J.W. Wijnen, J.B.F.N. Engberts, Liebigs Ann./Recl (1997) 1085;
(c) K. Manabe, Y. Mori, S. Kobayashi, Tetrahedron 55 (1999) 11203.

68] J.W. Wijnen, J.B.F.N. Engberts, J. Org. Chem. 62 (1997) 2039.
69] S. Otto, J.B.F.N. Engberts, Surf. Sci. Ser. 100 (2001) 247.
70] M.J. Diego-Castro, H.C. Hailes, Teterahedron Lett. 39 (1998) 2211.

71] T. Rispens, J.B.F.N. Engberts, Org. Lett. 3 (2001) 941.
72] M. Boudou, C. Ogawa, S. Kobayashi, Adv. Synth. Catal. 348 (2006) 2585.
73] L. Zhang, J. Wu, Adv. Synth. Catal. 349 (2007) 1047.
74] Y. Ye, Q. Ding, J. Wu, Tetrahedron 64 (2008) 1378.
75] K. Fuji, T. Morimoto, K. Tsutsumi, K. Kakiuchi, Angew. Chem. Int. Ed. 42 (2003)

2409.

[

[

Reviews 253 (2009) 2166–2177 2177

76] M.S. Goedheijt, B.E. Hanson, J.N.H. Reek, P.C.J. Kamer, P.W.N.M. Van Leeuwen, J.
Am. Chem. Soc. 122 (2000) 1650.

77] T. Dwars, E. Paetzold, G. Oehme, Angew. Chem. Int. Ed. 44 (2005) 7174.
78] (a) Y.E. Seidel, R. Lindström, Z. Jusys, J. Cai, U. Wiedwald, P. Ziemann, R.J. Behm,

Langmuir 23 (2007) 5795;
(b) B. Veisz, Z. Király, Langmuir 19 (2003) 4817;
(c) M.J. Danks, H.B. Jervis, M. Nowotny, W. Zhou, T.A. Maschmeyer, Catal. Lett.
82 (2002) 95;
(d) H. Kawasaki, M. Uota, T. Yoshimura, D. Fujikawa, G. Sakai, R. Arakawa, T.
Kijima, Langmuir 23 (2007) 11540.

79] R.W. Storrs, F.D. Tropper, H.Y. Li, C.K. Song, J.K. Kuniyoshi, D.A. Sipkins, K.C.P. Li,
M.D. Bednarski, J. Am. Chem. Soc. 117 (1995) 7301.

80] (a) S. Hashimoto, J.K. Thomas, J. Phys. Chem. 89 (1985) 2771;
(b) T. Watanabe, S. Terabe, J. Chromatogr. A 880 (2000) 295;
(c) J.M. Serrano, M. Silva, Electrophoresis 28 (2007) 3242;
(d) Y.-W. Wang, N.-B. Li, H.-Q. Luo, Luminescence 23 (2008) 126;
(e) J. Lasovsky, J. Hrbac, D. Sichertova1, P. Bednar, Luminescence 22 (2007) 501.

81] (a) A.V. Ambade, E.N. Savariar, S. Thayumanavan, Mol. Pharm. 2 (2005) 264;
(b) A. Lavasanifar, J. Samuel, G.S. Kwon, J. Biomed. Mater. Res. 52 (2000) 831.

82] (a) L. Bromberg, T.A. Hatton, Ind. Eng. Chem. Res. 44 (2005) 7991;

(b) A.A. Hafiz, J. Surf. Detergent 8 (2005) 359;
(c) A.A. Hafiz, M.Y. El Awadi, A.M. Badawi, S.M. Mokhtar, J. Surf. Detergents 8
(2005) 203.

83] M. Martin, F. Manea, R. Fiammengo, L.J. Prins, L. Pasquato, P. Scrimin, J. Am.
Chem. Soc. 129 (2007) 6982.

84] A. Riepe, H. Beier, H.J. Gross, FEBS Lett. 457 (1999) 193.


	Metallomicellar supramolecular systems and their applications in catalytic reactions
	Introduction
	Metallomicelles-catalyzed hydrolysis
	Metalloenzyme models for the hydrolysis of carboxylates
	Enantioselective hydrolysis of esters catalyzed by chiral metallomicelles
	Metalloenzyme models for hydrolysis of phosphates

	Construction of kinetic models of metallomicelles-catalyzed hydrolysis
	The kinetic model for metallomicellar catalysis
	The pH effect of hydrolysis reaction in metallomicellar solution

	Other metallomicelles-catalyzed reactions in water
	Hydrogenations
	Aldol-type reactions
	Diels-Alder reactions
	Other reactions

	Outlook and conclusions
	Acknowledgments
	References


