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Abstract Two mono-Schiff base Mn(III) complexes were

used to catalyze the hydrolysis of p-nitrophenyl picolinate

(PNPP) in micellar solutions of n-lauroylsarcosine sodium

(LSS) and polyoxyethylene(23) lauryl ether (Brij35). The

results show that both catalysts enhance the hydrolysis of

PNPP by over two orders of magnitude relative to the

spontaneous rate at 25 �C. Moreover, Mn(III)-promoted

hydrolysis of PNPP was faster in LSS micellar solution

than in both Brij35 micellar solution and pure buffer.

Introduction

Hydrolase are enzymes that catalyze a variety of hydrolysis

reaction [1]. In the study of the mechanism of these

enzymes, artificial hydrolases have attracted much atten-

tion as model systems [2].

In the past two decades, many studies [3–11] have

focused on the synthesis of artificial enzymes with various

structures, especially with respect to access to the active

site and hydrophobic microenvironment. As expected, a

relatively open active site is important for the association

between guest molecule and enzyme [12]. We have previ-

ously investigated catalytic reactivities of Schiff base

complexes with various structures toward the hydrolysis of

carboxylic and phosphate esters [13, 14], and found that

manganese(III) Schiff base complexes containing large

pendants gave smaller catalytic activities due to bigger steric

hindrance for approaching substrate molecules. Neverthe-

less, the hydrophobicity of the enzyme’s active site is

important for substrate docking [15]. Hence, metallomicel-

lar systems [16] have been widely studied as enzyme models

for esterolysis. Mostly, cationic single-chain surfactants

were used as monomers for the formation of micelle

aggregates, while zwitterionic and nonionic surfactants have

been less studied [17].

In this paper, we report the reactivity of two manga-

nese(III) Schiff base complexes (Fig. 1) toward the

hydrolysis of p-nitrophenyl picolinate (PNPP), a classic

model substrate for studies of natural carboxylesterases, in

zwitterionic surfactant n-lauroylsarcosine sodium (LSS) or

nonionic polyoxyethylene(23) lauryl ether (Brij35) micel-

lar solution, respectively. For comparison, a blank run in

non-micellar system was also carried out. The structure–

function relations as well as the distinct effects of the two

micellar solutions for the two catalysts are discussed.

Experimental section

All reagents, unless otherwise indicated, were of analytical

grade and used without further purification. Ultrapure water

used in the preparation of all the solutions was obtained from

a Water Purification System (Nex Power 1000, Human

Corporation, Korea) to achieve a resistivity of at least

16 MX cm-1. The resulting pH of reaction solution was
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7.00. Ionic strength (I) was kept constant at 0.1 mol L-1

with KCl. The surfactants, LSS and Brij35, were bought

from Sigma. Tris (trishydroxymethyl aminomethane) was

used as received from Aldrich. PNPP [18] and the Schiff

base manganese(III) complexes [19] were synthesized as

reported. Stock solution of PNPP (1.0 9 10-2 mol L-1)

was prepared in absolute acetonitrile. Owing to low water

solubility of the complexes, complex stock solutions were

prepared in a mixture of ethanol and water.

Each kinetic run was performed in a 1 cm quartz cuv-

ette, which was placed within the thermally equilibrated

cell compartment of a GBC 916 UV–vis spectrophotometer

(made in Australia), coupled to a thermostatted water bath

with a ±0.1 �C error. The hydrolysis reaction was started

by the addition of a stock solution of PNPP of desired

concentration by microsyringe. Reference cells consisted

of identical solutions without added substrate. In all the

hydrolysis systems, the final concentration of catalyst was

maintained at 1.0 9 10-5 mol L-1. Under pseudo-first-

order conditions, the rates of PNPP hydrolysis were

determined by monitoring the increase in absorbance of

p-nitrophenolate anion at its characteristic absorbance at

400 nm. The data presented here are the averages of three

runs, and the rate constant was reproducible within ±3%.

Results and discussion

Figure 2 shows the variations in pseudo-first-order rate

constant (kobs) as a function of PNPP concentration in the

three systems studied. As seen in Fig. 2, the hydrolysis

rates increase linearly (correlation coefficient r & 0.98)

along with the increase in [PNPP] for each catalytic sys-

tem, which suggests that saturation is not occurring and

that the investigated hydrolysis reaction is pseudo-first-

order. As compared to the background rate constant k0

[18], MnL1
2Cl exhibited 486-, 186- and 218-fold increase

in rate for the hydrolysis of PNPP in LSS, Brij35, and

buffer systems, respectively, under conditions of 25 �C,

I = 0.1 M (KCl), [Complex] = 1.0 9 10-5 mol L-1. In

comparison, MnL2
2Cl-catalyzed hydrolysis of PNPP was

accelerated by a factor of 626 for LSS, 210 for Brij35, and

252 for buffer under the same conditions. In the entire

concentration range of PNPP, MnL2
2Cl exhibited 1.1–1.5

times the rate enhancement of MnL1
2Cl for the three

reaction media.

Hydrolysis of PNPP proved to be faster in LSS micellar

solution than in nonionic Brij35 micellar solution. For

comparison, a blank experiment in the absence of surfac-

tant (only buffer solution) was also preformed. The rate

constants of PNPP hydrolysis in various media decreased

in the order LSS [ Buffer [ Brij35, indicating that the

inhibition of PNPP hydrolysis occurred in nonionic Brij35

micellar solution.

Proposed mechanism of catalyzed hydrolysis

Normally, metal-catalyzed hydrolysis of carboxylic esters

involves a pseudo-intramolecular nucleophilic attack of the

metal-bound hydroxide at the carbonyl of the substrate

molecule [20]. In this process, the formation of a catalyst–

substrate intermediate (left image in Scheme 1) is the key

step, in which the substrate PNPP is activated by the cen-

tral manganese acting as a Lewis acid. Hence, an originally

intermolecular reaction is changed to a pseudo-intramo-

lecular reaction [21], a favorable thermodynamic process.

The Mn(III)-bound hydroxyl then attacks the carbonyl

group of the activated ester to give a hexa-coordinated

intermediate, which then releases a p-nitrophenate anion.

In this way, a five-membered cyclic transition state (TS) is

generated (right image in Scheme 1). Next, the catalytic

active species is released, following the substitution of

picolinic acid by another water molecule.
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Fig. 2 Dependence of kobs on the concentration of PNPP catalyzed

by the two complexes in three micellar solutions, respectively.

Conditions: I = 0.1 M (KCl), [MnL2Cl] = 1.0 9 10-5 mol L-1,

[LSS] = 5.0 9 10-3 mol L-1, [Brij35] = 1.0 9 10-3 mol L-1.
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Under the conditions used in this work, the Mn(III)-

catalyzed hydrolysis of PNPP in all three media is pseudo-

first-order. A classic double-reciprocal equation [13] is

given as below:

1=kobs ¼ 1= Kskð Þ � 1= PNPP½ � þ 1=k: ð1Þ

We are able to depict profiles of kobs
-1 - [PNPP]-1 (refer

to supporting information, SI) for MnL2Cl/LSS, MnL2Cl/

Brij35, and MnL2Cl/Buffer systems. These plots shown in

SI allowed the evaluation of association constants (Ks) and

first-order rate constants (k) for product formation. The

results of these calculations are summarized in Table 1.

The data indicate that the association of PNPP to MnL2
2Cl

is stronger than that of PNPP and MnL1
2Cl in all media

used in this work. For both catalysts, the largest rate

acceleration for PNPP hydrolysis was observed in LSS

micellar solution compared to Brij35 micelles and buffer.

To gain insights into structure–activity relationships of

natural hydrolases, we have studied catalytic activities of

different mono-Schiff base Mn(III) complexes containing

benzoaza-15-crown-5 or morpholine pendants toward

hydrolysis of model substrates [13, 14]. These earlier

obtained results showed that the affinity of substrate for the

complexes containing morpholine pendants is stronger than

for those containing benzoaza-15-crown-5 pendants.

In the present work, catalytic activities of the two

complexes follow the order MnL1
2Cl \ MnL2

2Cl: Con-

sidering complex structures, one possible explanation for

this trend is that perhaps the variation of 4-substituted

groups in aromatic amine moiety has an important effect on

the rate of hydrolysis. That is to say, the 4-substituted aza-

15-crown-5 inside L1 constructs a relatively crowded active

site of MnL1
2Cl leading to a weaker association between

PNPP and MnL1
2Cl, which is unfavorable for the hydro-

lysis of PNPP. This is supported by the values of the

associate constants Ks collected in Table 1. These obser-

vations obtained are in accordance with our previous

reports involving in the effects of steric hindrance on the

reactivities of related complexes [13, 14]. Furthermore, the

biggest difference (*1.49-fold) in respective linkage
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Scheme 1 Schematic

mechanism for PNPP hydrolysis

promoted by MnL2Cl in LSS

micellar solution

Table 1 Comparison of kinetic and thermodynamic parameters for the hydrolysis of PNPP by the two Mn(III) catalysts

Entry System MnL1
2Cl MnL2

2Cl

10-3 Ks(1)
c 103 k(1)

c k(1)
c Ks(1)

c 10-3 Ks(2)
c 103 k(2)

c k(2)
c Ks(2)

c

1 LSS 1.64 13.2 21.7 2.46 14.9 36.6

2 Brij35 1.17 7.45 8.70 1.21 8.18 9.91

3 Buffer 1.18 8.98 10.6 1.23 9.93 12.2

4 LSS/Brij35a 1.41 1.77 2.49 2.03 1.82 3.70

5 Buffer/Brij35a 1.01 1.20 1.22 1.01 1.21 1.23

6 MnL2
2Cl
�

MnL1
2Cl LSSð Þb 1.49 1.13 1.69

7 MnL2
2Cl
�

MnL1
2Cl Brij35ð Þb 1.04 1.10 1.14

8 MnL2
2Cl
�

MnL1
2Cl Bufferð Þb 1.04 1.11 1.15

Conditions are the same as in Fig. 2
a Data listed in entry 4, 5 display the related ratios of corresponding kinetic and thermodynamic parameters for

MnL1
2Cl or MnL2

2Cl
� �

�catalyzed hydrolysis of PNPP in various mediums
b The data in entries 6–8 represent the relative parameter ratios for the hydrolysis of PNPP by the two synthesized Mn(III) complexes in the same

reaction medium, i.e., LSS, Brij35, buffer
c In footnote, the numbers (1) and (2) in parentheses are assigned to MnL1

2Cl and MnL2
2Cl, respectively
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strength between PNPP and the two Mn(III) complexes

was obtained in LSS micellar solution, which probably

results from the different effects of the various media on

the local distribution of PNPP and catalyst in micelle

aggregates.

Smaller molecule was generally more easily solubilized

in micellar solutions [22]. In this work, therefore, the smaller

MnL2
2Cl should attain a higher local concentration in a

small volume of micelle. Then, this enhances the collision

frequency of reactants in a small volume of micelle aggre-

gates so as to accelerate the rate of PNPP hydrolytic reaction.

Effects of reaction media on the catalytic hydrolysis

Surfactants in aqueous solutions can affect the kinetic

behavior of enzymatic reactions either below or above their

critical micelle concentration [23]. Typically, the micelle

aggregate exerts its role on the basis of two main effects:

hydrophobic interactions concentrate the reactants in the

small aggregate volume and charge interactions produce

more favorable dissociation equilibria of the nucleophile.

As mentioned above, the rate of PNPP hydrolysis cata-

lyzed by both complexes followed the order: LSS [
Buffer [ Brij35. This is possibly due to the differences in

the local concentration of substrate and catalyst in the three

media. In LSS micellar solution, the positive species

MnL2(H2O)2 should attain high local concentration via an

electrostatic attraction between the positive MnL2(H2O)2

and the negative head group [17] of LSS. This would

increase the association between the MnL2(H2O)2 and

hydrophobic PNPP in the Stern layer of LSS micelles,

resulting in the highest rates of PNPP hydrolysis in LSS

micellar solution.

As shown in Table 1, kKs values for both complexes in

pure buffer solution are both ca. 1.2-fold higher than those

in Brij35 media, implying that this surfactant has a nega-

tive influence on the catalysis. The hydrophobic PNPP

molecules should be easily embedded in the interior of

Brij35 micelle. However, the positive MnL2(H2O)2 mole-

cules would locate in the interfacial region of the neutral

Brij35 micelles. This separation of complex and substrate

in the micelles may explain the reduced rate in this case.

Conclusion

In summary, the results show that MnL2
2Cl has a higher

activity than MnL1
2Cl: The steric hindrance of the 4-

substituted aza-15-crown-5 group could be an important

factor for the decreased activity of MnL1
2Cl relative to

MnL2
2Cl: In structural terms, this suggests that exposure of

the active site is an important consideration in the design of

artificial hydrolases. Among three reaction media studied,

LSS micelles promote the hydrolysis of PNPP through

favorable electrostatic and hydrophobic interactions.
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