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Abstract: Two new ligands, 1-hydroxy-5-�4-(2-hydroxybenzylideneamino)pheno -

xy�-3-oxapentane (HL1) and 1-methoxy-5-�4-(2-hydroxybenzylideneamino)pheno -

xy�-3-oxapentane (HL2), and their Mn(III) complexes were synthesized and character-
ized. The two new Schiff base Mn(III) complexes were used to mimic peroxidase in the
oxidation of phenol by hydrogen peroxide. The effect of the mole ratio of H2O2 to the
complex, pH and temperature on the reaction rate was investigated. The mechanism of
the catalytic oxidation is discussed. A kinetic mathematic model for the oxidation of
phenol catalyzed by Schiff base Mn(III) complexes has been constructed.
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INTRODUCTION

Since the 1980’s, the oxidation of phenol catalyzed by mimic peroxidase with

H2O2 has received considerable attention.1–3 The study of the oxidation of phenol

catalyzed by peroxidase mimics is significantly important for not only could it pro-

vide useful information for the elucidation of the reaction mechanism but also be

applied in analytical clinical chemistry, in the synthesis of phenolic polymers and

in the protection of the environment.4–7

The synthesis and application of Schiff base complexes containing a transition

metal ion have been highly considered in inorganic, organic and biological fields,8

because their structures are similar to the porphyrin ring and phthalocyanine ring,

and they are good at loading oxygen, resisting bacteria and mimicking enzymes.9

Previous studies10,11 indicate that some Schiff base transition metal complexes

have high catalytic activity as natural oxidases, and some Schiff base complexes
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can be used in the catalytic oxidation of phenol as peroxidases. In previous studies,

simple Schiff base complexes were used as peroxidases for the catalytic oxidation

of phenol.12–14 In order to develop new catalysts and study further the mechanism

and kinetics of the catalytic oxidation of phenols, two new Schiff base Mn(III)

complexes (MnL1
2Cl, MnL2

2Cl) bearing polyether side chains were synthesized,

characterized, and used for the catalytic oxidation of phenol (See Fig. 1).

EXPERIMENTAL

Materials

Two ligands, 1-hydroxy-5-(4-aminophenoxy)-3-oxapentane and 1-methoxy-5-(4-aminophe-

noxy)-3-oxapentane, were supplied by Sichuan University Organic Chemistry Institute. Deionized

water was used for the kinetic study. Phosphate buffer solutions, the ionic strength of which were

maintained at 0.1 mol dm-3 with potassium nitrate, were used. The phenol was purchased from

Shanghai Chemical Co. Ltd. The phenol stock solution for the kinetic study was prepared using

redistilled H2O. Silica gel was used for column chromatography. All reagents were of analytical

grade and were used without further purification.

Apparatus and instrumentation

Melting points were determined on a Yanaco MP-500 micro-melting point apparatus and are un-

corrected. The infrared spectra were recorded on a Nicolet-1705X spectrometer. The 1H-NMR spectra

were recorded on a Bruker AC-200 MHz spectrometer using tetramethylsilane as internal standard.

The mass spectra were obtained on a Finnigan MAT 4510 spectrometer and a Finnigan LCQ-DECA

spectrometer. The manganese content was measured by an IRIS-Advantage ICP emission spectrome-

ter. Other elementary analyses were performed on a Carlo Erba 1106 elemental analyzer. The molar

conductance was obtained on a DDS-11A conductimeter. The kinetic studies were performed by

UV-Vis methods with a GBC 916 UV-Vis spectrophotometer equipped with a thermostatic cell holder.

High-pressure liquid chromatography (HPLC) was performed on a Varian 2000 chromatograph with a

Hypersil ODS column (25 cm � 5 �m), with UV-Vis spectrophotometric detection.

Syntheses and characterization

1-Hydroxy-5-�4-(2-hydroxybenzylideneamino)phenoxy�-3-oxapentane ligand (HL1). 1-Hydro-

xy-5-(4-aminophenoxy)-3-oxapentane (1.97 g, 10.0 mmol), ethanol (10 cm3), and salicylaldehyde
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(1.22 g, 10.0 mmol) were stirred under N2 atmosphere for 2 h, then the volume of the mixture was re-

duced to an appropriate level and the mixture was chromatographed (stationary phase: silica gel

60H, eluent: CH3COOEt) to give a yellow oil, 2.41 g, 81 % yield. 1H-NMR �deuterium substituted

chloroform (CDCl3) was used as solvent�, chemical shift (�): 13.52 ppm [s, 1H, OH, D2O exchange

(single peak, attributed to the hydrogen of the “OH”)]; 8.40 ppm [s, 1H, CH=N (single peak, attrib-

uted to the hydrogen of “CH=N”)], 7.40–7.10 ppm [m, 4H, Ar–H (multi-peak, attributed to the four

hydrogens of “Ar–H”)], 7.00–6.90 ppm [m, 4H, Ar–H (multi-peak, attributed to the four hydrogens

of “Ar–H”)], 4.14–3.87 ppm [m, 8H, OCH2CH2O (multi-peak, attributed to the eight hydrogens of

the two “OCH2CH2O”)], 3.30 ppm (s, 1H, OH, D2O exchange); IR [neat (liquid film method)] �max:

3458, 3220, 1622, 1235, 1130 cm-1; MS m/z (mass spectrum ratio of mass to charge): 301 [M+ (ion

peak)]. Anal. Calcd. (calculated values) for C17H19NO4: C 67.77, H 6.31, N 4.65; found (experi-

mental values) C 67.55, H 6.56, N, 4.81.

1-Methoxy-5-�4-(2-hydroxybenzylideneamino)phenoxy�-3-oxapentane ligand (HL2). HL2 was

prepared as described for HL1 to obtain a yellow oil, 2.46 g, 78 % yield. 1H-NMR (CDCl3) �: 13.51 (s,

1H, OH, D2O exchange), 8.60 (s, 1H, CH=N), 7.36–7.10 (m, 4H, Ar–H), 7.00–6.94 (m, 4H, Ar–H),

4.18–3.86 (m, 8H, OCH2CH2O), 3.72 (s, 3H, OCH3); IR (neat) �max: 3210, 1618, 1235, 1138 cm-1; MS

m/z: 315 (M+). Anal. Calcd. for C18H21NO4: C 68.57, H 6.67, N 4.44; found C 68.71, H 6.49, N 4.69.

General methods for the preparation of the complexes (MnL1
2Cl and MnL2

2Cl). A solution of the

ligand (HL1 or HL2) (1.0 mmol) and MnCl2
.4H2O (1.1 mmol) in EtOH (15 cm3) was stirred for 2 h un-

der a N2 atmosphere at 70 ºC, then the mixture was cooled, filtered and washed with EtOH to give the

complexes. The pure product was obtained after recrystallization from EtOH.

MnL1
2Cl: purple, 71 % yield. m.p.: 256–260 ºC. IR (KBr, film) �max: 3510, 1636, 1230, 1126

cm-1. MS m/z: 692 (M+ + 1). Anal. Calcd. for MnC34H36N2O8Cl: C 59.04, H 4.49, N 4.05, Mn 7.97;

found C 58.79, H 4.63, N 3.88, Mn 7.68. �m = 101.3 S cm2 mol-1.

MnL2
2Cl, purple, 65 % yield. m.p: > 300 ºC. IR (KBr, film) �max 1636, 1228, 1135 cm-1. MS

m/z: 719 (M+). Anal. Calcd. for MnC36H40N2O8Cl: C 60.09, H 5.56, N 3.89, Mn 7.65; found C

59.88, H 5.73, N, 4.01, Mn 7.88. �m = 98.6 S cm2 mol-1.

The elemental analysis of the complexes indicates that the ligand to manganese ion ratio is 2:1

(ligand / metal) for the studied Schiff base complexes. Moreover, the observed molar conductance

of all the complexes in DMF solution (1.0 � 10-5 mol dm-3) at 25 ºC also show they are electrolytes15

with manganese in its trivalent form. The IR spectra of the complexes show that the IR absorbance is

still in the same frequency range except the C=N stretches which were shifted slightly (14–18 cm-1)

to higher frequencies and the OH stretches (3210–3220 cm-1) which were absent after the formation

of the complexes.

Kinetics method

Each kinetic run was initiated by injecting an aqueous solution of phenol of a given concentra-

tion into a 1 cm cuvette containing 3 mL buffer solution. The solution was composed of a Schiff base

complex and H2O2 of the desired concentrations. The rate for the change of the phenol concentra-

tion in the buffer solution was determined by monitoring the decrease of the absorbancy (A) at 270

nm. The phenol was added in a 10-fold excess over the concentration of the complex. The apparent

first order rate constants (kob) of the oxidation of phenol were obtained using the initial rate

method.14 The ionic strength of all reactions was 0.1 mol dm-3.

Analysis of the reaction products

The catalytic oxidation of phenol was completed at pH 7.0, 25 ºC, �MnL2� = 3 � 10-5 mol dm-3,

�H2O2� = 1 � 10-3 mol dm-3, �S�0 = 5.0 � 10-4 mol dm-3, where �S�0 is the initial concentration of the

substrate phenol. After the kinetic run, the mixture for the catalytic oxidation of phenol was left for a

total of 8 h, and then analyzed by HPLC. Catechol and hydroquinone were identified in the reacted

solution by comparison with authentic specimens.
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RESULTS AND DISCUSSION

Rate of catalytic oxidation of phenol

The apparent first order rate constants (kob) in Table I were obtained by vary-

ing the pH of the solution for each concentration of phenol with a given concentra-

tion of the Schiff base complex. Synchronously, the apparent first order rate con-

stants (k0) of phenol oxidation using only H2O2 as the oxidant was 1.2 � 10–5 s–1,

as obtained according to the initial rate method at pH 7.0, �phenol� = 3 � 10–4 mol

dm–3, and �H2O2� = 1 � 10–3 mol dm–3.

TABLE I. The effect of pH and the concentration of phenol on kob (s-1)

104 �S�0
mol dm-3

102 kob (MnL1
2Cl)/s-1 102 kob (MnL2

2Cl)/s-1

pH pH

8.5 8.0 7.0 6.0 5.5 8.5 8.0 7.0 6.0 5.5

3.0 2.36 3.25 5.37 4.37 3.68 2.34 3.23 3.62 2.91 2.64

4.0 2.97 4.13 7.56 5.34 4.56 3.05 4.01 4.57 3.86 3.24

5.0 3.52 4.98 8.76 6.32 5.37 3.56 4.81 5.51 4.51 4.06

6.0 4.36 5.75 9.58 7.64 6.52 4.07 5.63 6.43 5.26 4.74

7.0 4.88 6.58 10.33 8.37 7.06 4.64 6.27 7.34 6.07 5.12

8.0 5.23 7.52 12.36 9.27 7.89 5.04 7.02 8.12 6.34 5.87

Reaction conditions: T = 25 ºC, �MnL2� = 3 � 10-5 mol dm-3, �H2O2� = 1 � 10-3 mol dm-3

Comparison of k0 with kob in Table I shows that the reaction rate for the cata-

lytic oxidation of phenol increased by a factor of ca. 4.5 � 103 for the complex

MnL1
2Cl, and by a factor of ca. 3 � 103 for the complex MnL2

2Cl at pH 7.0, �phe-

nol� = 3.0 � 10–4 mol dm–3. These results show that the two Schiff base complexes

are good catalysts for the catalytic oxidation of phenol.

Reaction mechanism of the catalytic oxidation of phenol

The Schiff base complexes used in the experiment are similar to metal-por-

phyrins complexes and metal-phthalocyanines in terms of structures16 and analy-

sis of the spectral characteristics shows that an active species MnL2* may be gen-

erated in the H2O2–buffer solution. Hence, the process of phenolic oxidation in the

MnL2–H2O2 system may be similar to that in the H2O2–natural peroxidase system.

According to the experimental data above, the proposed process of the catalytic

oxidation of phenol in the MnL2–H2O2 system is illustrated in Scheme 1.

Scheme 1 shows that the active species MnL2
* is first generated quickly in the

MnL2–H2O2–buffer solution, then the intermediate MnL2
*S is generated by coordina-

tion of phenol to Mn3+ and a rapid pre-equilibrium between MnL2
* and MnL2

*S is es-

tablished with an equilibrium-constant K. The intermediate MnL2
*S is stabilized by
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the formation of hydrogen bond between phenol and the oxygen atom of the polyether

side chains of the Schiff base complex. Finally in the rate determining step, the prod-

ucts are obtained and the catalyst is reverted back to MnL2 with a first order rate con-

stant k. In this process, the intermolecular oxidation-reduction reaction between the

substrate phenol and H2O2 is transformed into an intramolecular electron transfer re-

action in the intermediate MnL2
*S, which leads to a large decrease of the activation en-

ergy for phenol oxidation and the rate of phenol oxidation is greatly enhanced.

Kinetics of the catalytic oxidation of phenol

According to Scheme 1, the rate equation can be written as:

–dc/dt = k�MnL2*S� (1)

where k is the first order rate constant for product formation and �MnL2*S� is the

concentration of the intermediate formed by the substrate and the active species in

the buffer solution. The rate constant (k0) for the oxidation of phenol by H2O2 in
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the absence of catalyst was not considered in Eq. (1) due to the fact that it is very

small compared with the kob of the catalytic oxidation of phenol.

According to the mass balance, one has:

�MnL2
*� = �MnL2

*�t – �MnL2
*S� (2)

where �MnL2
*� and �MnL2

*�t are the free and the total concentration of the active

species, respectively.

The association constants K can be expressed in terms of concentrations:

K = �MnL2
*S�/�MnL2

*��S� (3)

where K is the association constant between the substrate and the active species; �S� is

the free substrate concentration, which can be substituted by the initial concentration

of the substrate based on the initial rate method ([S] = [S]0 – [MnL2
*S]).

Combination of Eqs. (2) and (3) leads to:

�MnL2
*S� =

[S][MnL ]

1
[S]

2

*

t

K
�

(4)

Combination of Eqs. (1) and (4) gives:

–dc/dt =
k

K

k
[S]

1
[S]

[MnL ] [MnL ]2

*

t ob 2

*

t

�

� (5)

where in Eq. (5):

kob =
k

K

[S]

1
[S]�

(6)

Rearranging Eq. (6) results in:

1 1 1

k k Kkob

� �
[S]

(7)

In accordance with Eq. (7) straight lines for 1/kob versus 1/�S� were obtained

using the data given in Table I (Fig. 2), indicating that the proposed mechanism is

reasonable. On the basis of Fig.2, the value of k for the catalytic oxidation of phe-

nol in different buffer solutions were determined from the results of the linear fit by

the least-square method and are shown in Table II.
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TABLE II. The values of k (s-1) obtained for the oxidation of phenol catalyzed by MnL2

Complex
k/s-1

pH 8.5 8.0 7.0 6.0 5.5

MnL1
2Cl 0.22 0.30 0.43 0.28 0.25

MnL2
2Cl 0.16 0.23 0.31 0.25 0.21

Reaction conditions: T = 25 ºC, �MnL2� = 3 � 10-5 mol dm-3, �H2O2� = 1 � 10-3 mol dm-3
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Fig. 2. The determination of k from the plots of 1/kob versus 1/�S�. Reaction conditions: T = 25

ºC, �MnL2� = 3 � 10-5 mol dm-3, �H2O2� = 1 � 10-3 mol dm-3.

Fig. 3. The effect of pH on the rate of the reaction

for both catalysts (�: MnL2
1 Cl;�:MnL2

2 Cl). Re-

action conditions: T = 25 ºC, �S� = 3 � 10-4 mol

dm-3, �MnL2� = 3 � 10-5 mol dm-3, �H2O2� = 1 �

10-3 mol dm-3.



Optimum acidity for the catalytic oxidation of phenol

The acidity of the reaction system is an important factor in controlling the rate of

the enzymatic catalyzed oxidation of phenol,17 because the ionic state on the surface of

the peroxidase is controlled by the acidity of the reaction system and, hence, the spatial

conformation of the enzyme is transformed and the enzymatic activity is changed de-

pending on the acidity of the reaction system. Moreover, the stability of the intermedi-

ate (MnL2
*S) formed from the substrate and the active species would also be changed

with chaining acidity of the reaction system. Therefore, the rate of the catalytic reac-

tion is controlled by the acidity of the reaction system, which must be strictly con-

trolled in the enzymatic catalytic reaction. The performances of the mimic peroxidase

in the present study are similar to that of the natural enzyme. Figure 3 shows that the

first order rate constant (k) of the catalytic oxidation of phenol is correlated to the acid-

ity of the reaction medium in the H2O2–MnL2–buffer solution system. The k of the

catalytic oxidation of phenol initially increases, up to a maximum, and then falls when

the pH value of solution is increased from 5.5 to 8.5, which is similar to the rate change

following the change of the solution acidity in the oxidation of phenol catalyzed by

natural peroxidase. The optimum acidity of the enzyme-like system in the present

study was ca. pH 7.0, while the optimum value for catalysis by horseradish peroxidase

was ca. pH 5.8 in phosphate buffer.1

In the reaction mechanism shown in Scheme 1, the step from MnL2
*S � MnL2 +

P may contain the step MnL2
*S � MnL2

*S– + H+, i.e., the intermediate MnL2
*S is

first ionized, then the products are formed due to electron transfer inside the intermedi-

ate MnL2*S–. The rate of phenol oxidation depends on the stability of the intermediate

MnL2*S–. According to the principles of chemical equilibria, acidic conditions are un-

favorable for the formation of the intermediate MnL2
*S– and, hence, for the generation

of the products from the intermediate MnL2
*S. In addition, the reaction MnL2

* + OH–

� MnL2
*OH–, which is a competing or unrelated side reaction, would be favoured

under alkaline conditions, which are, therefore, also unfavorable for the formation and

stabilization of the intermediate MnL2
*S– as well as for the reformation of the catalyst

MnL2. Hence, the first order rate constants (k) increase with increasing pH up to pH 7,

but decrease with further increasing of the pH.

Selection of the optimum mole ratio of H2O2/catalyst in the reaction system

The experimentally determined apparent first order rate constants of the cata-

lytic oxidation of phenol changed with varying mole ratios of H2O2 to complex,

which is illustrated in Fig. 4. Thus, the apparent first order rate constants of the cat-

alytic oxidation of phenol in the system H2O2–MnL2–buffer solution initially in-

crease, up to a maximum, and then fall when the mole ratio of H2O2 to complex

was increased from 0 to 80; the optimum mole ratio of H2O2 to complex is about

30. These results are similar to those of Maloney18 on the removal of organic

chemicals catalyzed by horseradish peroxidase.
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Selection of the optimum temperature for the catalytic reaction

The experiments were conducted at different temperatures in order to investi-

gate the effect of temperature on the rate of catalytic oxidation of phenol in buffer so-

lutions. The results are shown in Fig. 5, from which it can be observed that the appar-

ent first order rate constants of the reaction change in a bell-shaped manner when the

medium temperature is changed from 15 ºC to 65 ºC. The optimal temperature was

found to be about 35 ºC for both Schiff base complexes, as mimic peroxidases.

Before reaching the optimum temperature, the rate of the formation of the ac-

tive species MnL2
* and the intermediate MnL2

*S should increase with increasing

temperature, hence, the rate of phenol oxidation is enhanced with increasing tem-

perature. A further temperature increase leads to a change of the spatial conforma-

tion of the Schiff base complexes as mimic enzymes and to the occurrence of unre-

lated reactions of the H2O2 (such as H2O2 decomposition), thereby reducing the

catalytic efficiency of the mimic enzyme and the effective concentration of H2O2.

CONCLUSION

The two Schiff base complexes containing manganese ions demonstrated

good catalytic activity and a catalytic character similar to that of a natural enzyme

for the catalytic oxidation of phenol. The reaction rate of the oxidation of phenol

using H2O2 as the oxidant in the complexes–buffer solution increases by a factor of

ca. 3 � 103 – 4.5 � 103, compared to that in the absence of a catalyst. The catalytic

activity of the Schiff base complexes changes with changing �H2O2�/�MnL2�, tem-

perature and pH of the reaction system, which is in accordance with the behaviour

of the natural enzyme. The catalysis by the Schiff base complexes can be explained

according to the simulative peroxidase model proposed in this paper.
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Fig. 4. The effect of �H2O2�/�MnL2� on the ap-

parent first order rate constant kob (s-1) (�:
MnL2

1 Cl; �:MnL2
2 Cl). Reaction conditions:

pH = 7.0, �S� = 3 � 10-4 mol dm-3, �MnL2� = 3 �

10-5 mol dm-3

Fig. 5. The effect of temperature on the apparent

first order rate constant kob (s-1) (�: MnL2
1 Cl;

�:MnL2
2 Cl). Reaction conditions: pH 7.0, �S� =

3 � 10-4 mol dm-3, �MnL2� = 3 � 10-5 mol dm-3,

�H2O2� = 1 � 10-3 mol dm-3.
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I Z V O D

PROU^AVAWE OKSIDACIJE FENOLA SA H2O2 KATALIZOVANE

KOMPLEKSIMA MANGANA SA [IFOVIM BAZAMA KAO

IMITACIJAMA PEROKSIDAZE

JIN ZHANG1,2, YING TANG2, JIA-QING XIE3, JIAN-ZHANG LI1, WEI ZENG1
i CHANG-WEI HU1

1
Key Laboratory of Green Chemistry and Technology (Sichuan Univeristy), Ministry of Education, College of Chemistry,

Sichuan University, Chengdu, Sichuan, 610064, P. R. China,
2

Department of Chemistry, Western Chongqing University,

Chongqing, 402168, P. R. China and
3

College of Bioengineering, Chongqing Institute of Technology, Chongqing 400050,

P. R. China

Sintetisana su i karakterisana dva nova liganda, 1-hidroksi-5-�4-(2-hidroksi-

benzilidenamino)fenoksi�-3-oksapentan (HL1) i 1-metoksi-5-�4-(2-hidroksibenzili-

denamino)fenoksi�-3-oksapentan (HL2). Kompleksi Mn(III) sa ove dve nove [ifove

baze kori{}eni su da imitiraju peroksidazu pri oksidaciji fenola vodonik-peroksi-

dom. Ispitivani su uticaji molskog odnosa H2O2 sa kompleksima, pH i temperature na

brzinu reakcije. Diskutovan je mehanizam kataliti~ke oksidacije i napravqen kine-

ti~ki matemati~ki model oksidacije fenola katalizovane kompleksima [ifovih

baza sa Mn(III).

(Primqeno 1. septembra, revidirano 13. decembra 2004)
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