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bstract

The mononuclear [Mn(indH)Cl2](CH3OH) (indH: 1,3-bis(2′-pyridylimino)-isoindoline) complex has been prepared and characterized by various
echniques such as elemental analysis, IR, UV–vis, ESR spectroscopy and X-ray diffraction. The title compound in the presence of a base such as
-methylimidazole, imidazole or pyridine is efficient catalyst for the disproportionation of H2O2 in CH3CN. Among the various nitrogenous bases
nvestigated in this study imidazole and substituted imidazoles with strong �-donating ability show better co-catalytic effect.

In case of aqueous solution the complex [Mn(indH)Cl ](CH OH) shows much higher catalytic activity, and the initial rate of the dispro-
2 3

ortionation of H2O2 increases with increasing pH and goes through a maximum, which was found at pH ∼ 9.6. In this pH value the reaction
hows first-order dependence on the catalyst, and saturation kinetics on [H2O2] with Vmax = 8.1 × 10−3 Ms−1, KM = 489 mM, kcat = 38 ± 2 s−1 and
2(kcat/KM) = 79 ± 4 M−1s−1.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Catalases are enzymes that disproportionate hydrogen per-
xide into H2O and O2, and thereby protect living organisms
rom reactive oxygen species (ROS) that are responsible for
oxidative stress” reactions in the cell leading e.g. to aging
1,2]. Besides heme type catalases, there is a class of manganese
atalases which has been isolated from several bacterial organ-
sms: Lactobacillus plantarum [3,4], Thermus thermophilus
5], Thermoleophilium album [6], Thermus sp. YS 8–13 [7],
nd Pyrobaculum calidifontis VA1 [8]. The structural aspects
f catalysis are of great current interest for these enzymes;
urthermore synthetic catalytic scavengers of ROS would be
linically superior to stoichiometric ones [9–11]. Among them,

alen–manganese complexes seem promising, because they
xhibit dual functions, i.e. superoxide dismutase- and catalase-
imetic activities [12,13]. 1,3-Bis(2′-pyridylimino)isoindoles,
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hich have recently received increased attention, are restricted
o coordinate in a meridional fashion about the metal center,
hus imparting trigonal symmetry on pentacoordinate metal
ons. Ruthenium [14], cobalt [15], copper [16], and iron [17]
omplexes of 1,3-bis(2′-pyridylimino)isoindoline were used as
atalyst in various oxidation and oxygenation reactions. Our
pproach was to design a highly active manganese(II) com-
lex of the 1,3-bis(2′-pyridylimino)isoindoline (indH) ligand
nd increase its catalase-like activity by introducing various
itrogen-containing ligands such as imidazole, since its pres-
nce in many biological systems provides a potential binding
ite for metal ions.

. Experimental

.1. Materials
All manipulations were performed under a pure dinitrogen
r argon atmosphere unless otherwise stated, using standard
chlenck-type inert-gas techniques [18]. Solvents used for the
eactions were purified by literature methods [19] and stored

mailto:speier@almos.vein.hu
dx.doi.org/10.1016/j.molcata.2007.11.005
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Table 2
Selected bond lengths (Å) and bond angles (◦) for [Mn(indH)Cl2](CH3OH)

Mn(1)–N(1) 2.152(4) Mn(1)–Cl(1) 2.4063(19)
Mn1(1)–N(5) 2.236(5) N(3)–C(4) 1.284(7)
Mn(1)–N(4) 2.261(5) C(1)–N(2) 1.323(7)
Mn(1)–Cl(2) 2.373(2)
N(5)–Mn(1)–N(4) 165.72(18) Cl(1)–Mn(1)–Cl(2) 111.68(7)
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nder argon. 1,3-Bis′(2-pyridylimino)isoindoline (indH) was
repared according to the literature [20]. All other chemicals
ere commercial products and were used as received without

urther purification.

.2. Analytical and physical measurements

Infrared spectra were recorded on an Avatar 330 FT-IR
hermo Nicolet instrument using samples mulled in Nujol
etween KBr plates or in KBr pellets. UV–vis spectra were
ecorded on a Shimadzu UV-160 spectrophotometer using
uartz cells. Electron spin resonance (ESR) spectra were
ecorded in a Bruker ELEXYS E500 CW EPR in dmf solu-
ion. Microanalyses were done by the Microanalytical Service
f the University. Single crystals of [Mn(indH)Cl2](CH3OH)
uitable for an X-ray diffraction study were grown from ethanol
y ether diffusion. The intensity data were collected with Rigaku
-AXIS Rapid single-crystal diffractometer using Mo K� radia-

ion (λ = 0.71070 Å) at 293 K. Crystallographic data and details
f the structure determination are given in Table 1, whereas
elected bond lengths and angles are listed in Table 2. SHELX-
7 [21] was used for structure solution and full matrix least
quares refinement on F2. The SUEEZE function of PLATON

as used to eliminate the contribution from the heavily disor-
ered methanol solvent. Crystal structure has been deposited
t the Cambridge Crystallographic Data Centre (Deposition no.
CDC 639410).

able 1
ummary of the crystallographic data and structure parameters for
Mn(indH)Cl2](CH3OH)

ormula weight 425.17
rystal system Monoclinic
rystal description Block
pace group C2/c

nit cell dimensions
a (Å) 15.052 (10)
b (Å) 15.964 (8)
c (Å) 15.870 (11)
α (◦) 90.00
β (◦) 90.66 (2)
γ (◦) 90.00
Volume (Å3) 3813 (4)
Z 8
Calculated density (g cm−1) 1.481
Crystal size (mm3) 0.45 × 0.36 × 0.23
Index ranges −17 ≤ h ≤ 17

−18 ≤ k ≤ 18
−18 ≤ l ≤ 18

Temperature (K) 293 (2)
Radiation Mo K� (λ = 0.71070)
Absorption coefficient (mm−1) 0.984
F(0 0 0) 1720
Reflections collected 3299
Observed reflections 1936

I > 2σ(I)]
Goodness-of-fit 1.295
Final R indices R1 = 0.0632, wR2 = 0.1469
R indices (all data) R1 = 0.1141, wR2 = 0.1760
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(1)–Mn(1)–Cl(1) 123.63(13) C(4)–N(3)–C(14) 128.2(5)
(1)–Mn(15)–Cl(2) 124.53(13) C(1)–N(2)–C(9) 112.5(5)

.3. Synthesis of [Mn(indH)Cl2](CH3OH)

A solution of 0.59 g (3 mmol) of MnCl2·4H2O in 10 cm3

H3OH was added to a solution of 0.90 g (3 mmol) indH in
0 cm3 CH3CN and the yellow suspension was refluxed for
4 h. The solvent was removed by evaporation and the crude
roduct was washed with cold CH3OH and diethylether, and
hen dried under vacuum. The crude product was recrystallized
rom CH3OH by ether diffusion. Yield: 0.89 g (65%). UV–vis
λmax, dmf): 271 nm (ε, 15 488), 284 (19 953), 296 (19 953),
30 (17 378), 346 (17 782), 367 (19 055), 386 (21 878). IR
KBr): 3468, 3288, 3064, 2966, 2921, 1659, 1628, 1592, 1557,
519, 1488, 1468, 1429, 1372, 1299, 1266, 1201, 1099, 1058,
66, 780, 711, 514, 416 cm−1. ESR (dmf): g = 2.0011, A = 94.14
. Anal. Calcd. for C19H17ON5MnCl2: C, 49.91; H, 3.75; N,
5.32; Cl, 15.51; Mn, 12.02. Found: C, 50.22; H, 3.84; N, 14.85;
l, 15.14; Mn, 11.89%.

.4. Catalase-like activity

All reactions were carried out at 21 ◦C in a 30 cm3 reac-
or containing a stirring bar under air. In a typical experiment
H3CN (20 cm3) or the appropriate aqueous solution (20 cm3

arbonate: 0.1 M, pH 10.23, 10.36, 10.56; or ammonium hydrox-
de: 0.2 M: 9.16, 9.52, 9.72 buffer) was added to the complex
nd the flask was closed with a rubber septum. Hydrogen perox-
de was injected through the septum with a syringe. The reactor
as connected to a graduated burette filled with oil and dioxy-
en evolution was measured volumetrically at time intervals of
20 s. Observed initial rates were expressed as Ms−1 by taking

he volume of the solution into account and calculated from the
aximum slope of curve describing evolution of O2 versus time.

. Results and discussion

.1. Synthesis and characterization of the
Mn(indH)Cl2](CH3OH)

Reaction of equimolar amounts of 1,3-bis(2′-pyridyli-
ino)isoindoline and MnCl2·4H2O in methanol resulted in

he formation of [Mn(indH)Cl2](CH3OH). The Mn(II) ion is
ound to a neutral tridentate isoindoline ligand and two chloride

nions, forming a distorted trigonal bipyramidal environment
round the metal ion. Analytical data, the infrared and the
lectronic spectrum of the complex are all consistent with
he presence of a neutral nondeprotonated isoindoline ligand.
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ig. 1. Ellipsoid drawing of [Mn(indH)Cl2](CH3OH) with the atom numbering
cheme.

nfrared spectra of metal complexes with deprotonated ligand
ersus nondeprotonated ligand show substantial differences in
he region 1450–1660 cm−1 [22]. The infrared spectrum of
Mn(indH)Cl2](CH3OH) has two strong absorptions at 1659
nd 1628 cm−1, and one weak at 3288 cm−1, characteristic
f a coordinated nondeprotonated isoindoline ligand. Com-
lexes that contain deprotonated isoindoline ligands only exhibit
eak bands above 1600 cm−1 [23,24]. These absorptions cannot
e readily assigned to a specific vibration but may be cou-
led modes involving the imines and the 2-pyridine groups.

broad band in the region around 3470 cm−1 indicates the

resence of ν(OH) of methanol molecules for the title com-
ound. The peak around 2900 cm−1 [ν(CHaliph)] can be assigned
o the coordinated CH3OH. The electronic spectrum of the

ig. 2. Disproportionation of H2O2: (�) in the presence of [Mn(indH)Cl2]
CH3OH); (×) in the presence of [Mn(indH)Cl2](CH3OH) with 2,6-di-tert-
utylpyridine; (�) in the presence of [Mn(indH)Cl2](CH3OH) with pyridine
20 equiv.); (©) in the presence of [Mn(indH)Cl2](CH3OH) with imidazole (20
quiv.); (�) in the presence of [Mn(indH)Cl2](CH3OH) with 1-methylimidazole
20 equiv.) at 21 ◦C. [{MnII(indH)Cl2}(CH3OH)]0 = 2.11 × 10−3 M, [H2O2]0

4.47 × 10−1 M in 20 cm3 CH3CN.
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Mn(indH)Cl2](CH3OH) complex is dominated by the �–�*
ransitions of the neutral ligand indH. Deprotonation of the pyr-
ole nitrogen could be reduced the difference in energy between
ccupied and unoccupied �-MOs of the ligand and resulted
n a red shift of �–�* transitions (50–100 nm) [24]. The ESR
pectra also provide information upon the nature of Mn species
resent. The solution spectra of [Mn(indH)Cl2](CH3OH) com-
lex recorded in DMF at room temperature consists of a
ix-line pattern that is typical of monomeric Mn(II) complexes
g = 2.0011, A = 94.14 G].

The molecular structure and atom numbering scheme for
Mn(indH)Cl2](CH3OH) is shown in Fig. 1, and selected bond
engths and angles are listed in Table 1. The manganese(II)
on has a slightly distorted trigonal–bipyramidal geometry with
= 0.69 as judged by the method of Addison et al. [25]. Two
hloride ions and one nitrogen atom of the isoindoline ligand
ccupy basal positions. The two other nitrogen atoms of the
ndH ligand are in apical positions. The Cu–N distance in the
asal plane is shorter than those in apical positions.

.2. Kinetic studies

.2.1. Catalase-like activity in CH3CN
The catalase-like activity of the complex [Mn(indH)

l2](CH3OH) to disproportionate H2O2 into H2O and O2 was
xamined in CH3CN at 21 ◦C by volumetric measurements
f evolved dioxygen. The reactivity studies indicated that the
omplex itself is catalytically almost inactive, but the decom-
osition of H2O2 is enhanced in the presence of a base such
s 1-methylimidazole (1-MeimH), imidazole (imH) or pyridine
py) (Fig. 2). Among the various nitrogenous bases investigated
n this study imidazole and substituted imidazole with strong
-donating ability show the highest accelerating effect on the
isproportionation process. However, 2,6-di-tert-butylpyridine
ad no effect, thus showing that the N-ligands used above were
ot acting simply as Brønsted bases.

A variation of imidazole concentration revealed saturation
ehavior supporting the likely coordination of the coligand to
he metal center (Fig. 3), so the significant acceleration of the
ecomposition of H2O2 upon addition of pyridine or imidazole
eveals a significant push effect. As shown in Fig. 4, linear Ham-
ett correlation with ρ value of −1.63 is obtained for a series of

′-substituted pyridines, demonstrating that electron-releasing
roups enhance the reaction rate. These results may suggest
he importance of �-rather than �-interactions of nitrogenous
onors with the metal center. Such a push effect has been promi-
ent in proposed mechanisms for dioxygen activation by heme
nzymes (and by their synthetic analog) and emphasizes the
ole the proximal axial ligand can play in promoting O–O bond
leavage [26,27].

The initial disproportionation rate of H2O2 by complex
Mn(indH)Cl2](CH3OH) in the presence of excess of imida-
ole (imH) was measured as a function of the complex and

ubstrate concentrations. At constant [H2O2]0, the initial rate
f H2O2 disproportionation varies linearly with the [catalyst],
eaning that the reaction is first-order in catalyst (Fig. 5). The

lope of the line gives a first-order rate constant (k) = 0.624 s−1
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Fig. 3. Dependence of the reaction rate on the imidazole concentration for the
[Mn(indH)Cl2](CH3OH)-catalyzed disproportionation of H2O2. Conditions:
[{MnII(indH)Cl2}(CH3OH)]0 = 2.11 × 10−3 M, [H2O2]0 = 4.47 × 10−1 M at
21 ◦C in 20 cm3 CH3CN.

Fig. 4. Plot of log (relative initial rate) vs. � for the [Mn(indH)Cl2](CH3OH)-
c
[
[

f
s
o
l

Fig. 5. Dependence of the reaction rates on the [Mn(indH)Cl2](CH3OH) con-
centration for the [Mn(indH)Cl2](CH3OH)-catalyzed disproportionation of
H2O2 in the presence of imidazole. Conditions: [H2O2]0 = 4.47 × 10−1 M,
[imH]0 = 5.28 × 10−2 M, at 21 ◦C in 20 cm3 CH3CN.

Fig. 6. Dependence of the reaction rate on the H2O2 concentration for the
M
e
[

atalyzed disproportionation of H2O2 in the presence of 4R-py. Conditions:
{MnII(indH)Cl2}(CH3OH)]0 = 2.11 × 10−3 M, [H2O2]0 = 4.47 × 10−1 M,
4R-py]0 = 4.22 × 10−2 M, at 21 ◦C in 20 cm3 CH3CN.
or a H2O2 concentration of 447 mM (52.8 mM imH). At low
ubstrate concentrations, the reaction is also first-order in per-
xide concentration as shown in Fig. 6, to establish a rate
aw of-d[H2O2]/dt = kcat[H2O2][Mn]. The slope of the line pro-

v
o
l
t

Scheme 1
nII(indH)Cl2·CH3OH-catalyzed disproportionation of H2O2 in the pres-
nce of imidazole. Conditions: [{MnII(indH)Cl2}(CH3OH)]0 = 1.1 × 10−3 M,
imH]0 = 5.28 × 10−2 M, at 21 ◦C in 20 cm3 CH3CN.
ides the bimolecular rate constant for a second-order reaction
f 1.55 M−1s−1, which is somewhat slower than other pub-
ished model compounds [28]. The first-order dependence of
he reaction rate on the two reactants and the lack of time-lag

.
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t the onset of the reaction suggest that the coligand-containing
omplexes are responsible for the disproportionation of H2O2.
ddition of H2O2 results in increase of the intensity of the

ransition at 387 nm, and in a new band at 441 nm (Fig. 7).
imilar bands have been assigned to transitions of Mn(IV) com-
lexes [29,30], therefore it may be concluded that metal center
f [Mn(indH)(ImH)Cl2] is transformed from Mn(II) to Mn(IV)
n the addition of H2O2 (Scheme 1). The same effect could also
e observed when instead of H2O2 iodosylbenzene was used.

.2.2. Catalase-like activity in aqueous solution
The catalase-like activity of the complex [Mn(indH)Cl2]

CH3OH) to disproportionate H2O2 into H2O and O2 was exam-
ned in aqueous solution too. Since the catalytic activity of
omplex [Mn(indH)Cl2](CH3OH) was expected to depend on
he pH value of the aqueous solution, the pH dependence of

2O2 dismutation was studied between pH 9.16 and pH 10.56.
t was found that the initial rate of the disproportionation of

2O2 increases with increasing pH and goes through a maxi-
um, which was found at pH ∼ 9.6 (Fig. 8). We believe that the

ctivity is influenced by the protonation state of H2O2. Assum-
ng that hydrogen peroxide is activated by a direct interaction
ith the metal center of the complex, decomposition is expected

o be favored by a high pH because of the larger concentration of
he perhydroxyl anion (HOO− is more nucleophilic than H2O2).
n the other hand, at larger pH values, the complexe(s) may be
estroyed by the formation of the mineral forms of manganese
Fig. 8).

The kinetic studies on the disproportionation of H2O2
ere performed in aqueous solution (0.1M carbonate buffer,
H 9.52, T = 21 ◦C) by volumetric measurements of evolved
ioxygen. At constant [H2O2]0, the initial rate of H2O2 dis-
roportionation varies linearly with the catalyst (1:200–1320),

eaning that the reaction in aqueous solution is also first-

rder on [MnII(indH)Cl2·CH3OH]0 (Fig. 9). To determine the
ependence of the rates on the substrate concentration, solu-
ions of the complex [Mn(indH)Cl2](CH3OH) were treated

ig. 7. Absorption of the MnII(indH)(ImH)Cl2 solution (in CH3CN) before (–)
nd after (—) addition of H2O2.

a
t
t
b

F
c
H
n

ig. 8. Dependence of the maximum rate of the [Mn(indH)Cl2](CH3OH)-
atalyzed disproportionation of H2O2. Conditions: [{MnII(indH)Cl2}
CH3OH)]0 = 2.11 × 10−4 M, [H2O2]0 = 4.47 × 10−1 M at 21 ◦C in 20 cm3

queous buffer.

ith increasing amounts of H2O2 (1:500–3600). Under this
xperimental condition, saturation kinetics was found for the
nitial rates versus the H2O2 concentrations. Substrate satu-
ation behavior implies a rapid equilibrium between unbound
ubstrate and a catalyst complex. Under conditions of high
ubstrate concentration, the primary species in solution is
he catalyst–substrate complex. The rate of the reaction is
ependent only on the decomposition of the catalyst–substrate
omplex (r.d.s.) to the product and the free catalyst. An
nalysis of the data based on the Michaelis–Menten model,
riginally developed for enzyme kinetics, was applied. The
esults evaluated from Lineweaver–Burk plots (Fig. 10) are
max = 8.1 × 10−3 Ms−1, KM = 489 mM, kcat = 38 ± 2 s−1 and
2(kcat/KM) = 79 ± 4 M−1s−1. The data presented illustrate that
he catalyst has relatively high turnover number (kcat) but

ppears to bind peroxide very badly. Since KM is related
o the formation of the catalyst–substrate complex, its rela-
ively high value is consistent with a proton-dependent step
eing involved with substrate binding. The catalytic activity

ig. 9. Dependence of the reaction rates on the [Mn(indH)Cl2](CH3OH)
oncentration for the [Mn(indH)Cl2](CH3OH)-catalyzed disproportionation of

2O2 Conditions: [H2O2]0 = 2.84 × 10−1 M, at 21 ◦C in 20 cm3 aqueous ammo-
ium hydroxide buffer.
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Table 3
Kinetic parameters of reported H2O2 disproportionation catalysts

Catalyst kcat (s−1) KM (mM) kcat/KM (s−1M−1) Ref.

Thermus thermophilus 2.6 × 105 83 3.1 × 106 [35]
Lactobacillus plantarum 2.0 × 105 350 0.6 × 106 [36]
Thermoleophilium album 2.6 × 104 15 1.7 × 106 [6]
[Mn(bpia)(�-OAc)]2(ClO4)2

a 1.1 × 103 31.5 3.4 × 104 [33]
[Mn(salpn)O]2

b 2.5 × 102 250 1.0 × 103 [28,32]
MnII(indH)Cl2 38.9 489 79.2 This work
[Mn(2-OH(Xsal)pn)]2

c 4.2–21.9 10.2–118 160–990 [28,34]
[Mn(ind)2] 6.0 × 10−2 19 3.2 [23]
[Mn(H2O)6](ClO4)2 6.3 × 10−3 – – [28]

a bpa: bis(2-picolyl)(N-methylimidazole-2-yl)-amine.
b H2salpn: N,N′-bis(salicylidene)-1,3-diaminopropane.
c H3(2OHsalpn: N,N′-bis(salicylidene)-2-hydroxy-1,3-diaminopropane.
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ig. 10. Lineweaver–Burk plots for the [Mn(indH)Cl2](CH3OH)-catalyzed
isproportionation of H2O2 Conditions: [{MnII(indH)Cl2}(CH3OH)]0

2.11 × 10−4 M, at 21 ◦C in 20 cm3 aqueous ammonium hydroxide buffer (pH
.52).

hown by [Mn(indH)Cl2](CH3OH) is similar to that of two
lasses of dimanganase complexes with (�-alkoxo)2Mn2 and
�-alkoxo)(�-acetato)Mn2 cores, which also catalyses H2O2
ismutation with saturation kinetics and similar kcat, but with
ower rate than those found of [Mn(bpia)(�-OAc)]2(ClO4)2 and
Mn(salpn)O]2 complexes (Table 3) [31–34].

. Conclusion

This study has demonstrated that the complex
Mn(indH)Cl2](CH3OH) in the presence of a base such
s 1-methylimidazole, imidazole or pyridine is an efficient cat-
lyst for the disproportionation of H2O2 in CH3CN. Among the
arious nitrogenous bases investigated in this study imidazole
nd substituted imidazole with strong �-donating ability show
etter co-catalytic effect, thus providing nucleophilic assistance
o the rate-determining step.

In case of aqueous solution the complex [Mn(indH)Cl2]
CH3OH) shows much higher catalytic activity, and the initial

ate of the disproportionation of H2O2 increases with increasing
H and goes through a maximum, which was found at pH ∼ 9.6.
n this pH value the reaction shows first-order dependence on
he catalyst, and saturation kinetics on [H2O2].

[

[
[

These data suggest that the catalytic activity of the
ndH–Mn(II) complex depends not only on the electronic prop-
rties of the complex modulated by the �-donating coligands
ut also on secondary effects including the solvent, the thermo-
ynamic complex stability and the pH of the solution. Further
ork is in progress on other manganese-containing functional

atalase models.
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