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The preparation of [Mn(saltnOCOPh)C1]-DMF (H,saltnOCOPh: N,N’-(2-benzoyloxypropane-1,3-diyl)bis(salicyli-
deneamine)) and kinetics and mechanisms of H,O» disproportionation catalyzed by mononuclear Schiff base manganese(III)
complexes, such as [Mn(salen)Cl] (Hzsalen: N,N'-ethylenebis(salicylideneamine)), [Mn(saltn)CI] (Hasaltn: N,N’-propane-
1,3-diylbis(salicylideneamine)), [Mn(saltnOH)CI] (H,saltnOH: N,N’-(2-hydroxypropane-1,3-diyl)bis(salicylideneamine)),
and [Mn(saltnOCOPh)C]] in N,N-dimethylformamide (DMF), have been investigated. The disproportionation of H,O»
to O and H>O proceeds coupled with the redox cycle between the Mn(Ill) complex and the Mn(IV) intermediate: the
first step is the fast equilibrium (Kn) of the Mn(Ill) complex and the Mn(IV) intermediate formed by the reaction of
the Mn(Ill) complex with H,O,, followed by a slow reaction (k;) of the Mn(IV) intermediate with H,O to produce
O, and H>O recovering the original Mn(Ill) complex. The K, values decrease in the following order: [Mn(salen)-
Cl1] (728 mol ™" dm®)>>[Mn(saltnOH)CI] (28.0 mol™' dm?) > [Mn(saltn)C1] (6.28 mol~' dm’) > [Mn(saltnOCOPh)CI]
(1.83 mol ™! dm?), reflecting an increased distortion along the axis containing the coordination of H,O, to the Mn(lI)
complex. On the other hand, the rate constants (k) fall into the following sequences: [Mn(saltnOH)CI] (4.29x 10°
mol =2 dm® s ™) > [Mn(salen)Cl] (1.67x 10> mol~% dm® s ™) > [Mn(saltnaOCOPh)CI] (3.34 x 10* mol =2 dm® s~") > [Mn-
(salen)CI] (6.15x10° mol=?dm®s™!). In spite of the small K,, values for saltnOH, saltnOCOPh, and saltn complexes
with the 1,3-diamine ligand, compared to that for the salen complex, the large k; value for the saltnOH complex strongly
suggests stabilization of the transition state for the formation of hydrogen-bondings among the Mn(IV) intermediates
and H,0,. Futhermore, the effect of the OH™ ion on the H,O, disproportionation catalyzed by [Mn(salen)Cl] has been
reported. On account of the formation of [Mn(salen)OH] coordinated by the OH™ ion, the appearance of the reaction path
involving not only the Mn(II)-Mn(IV) cycle, but also the Mn(I)-Mn(IlI) cycle, is shown based on the ESR and visible
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spectral studies. The activity for the Mn(II)-Mn(IIl) cycle is 20 times larger than that for the Mn(Il)-Mn(IV) cycle.

Manganese is an essential element in many biological
processes, where manganese-containing enzymes exhibit
two distinguished functions: a Lewis acid and a redox
catalyst.” On account of the strong affinity of manganese ion
to oxygen atom coupled with its redox process, manganese-
containing enzymes catalyze the oxidation of water in pho-
tosystem II? and disproportionation of the superoxide ion®
and hydrogen peroxide.” Among them, manganese catalase
(Mn-CAT) mediates the disproportionation of hydrogen per-
oxide to dioxygen and water in biological systems.” Mn-
CAT’s are also of interest in concerning their functional re-
semblance to oxygen evolving complex in the photosynthetic
reaction center of green plants. Mn-CAT’s have been found
in three different origins: Lactobacillus plantarum,** Ther-
mus thermophilus,*® and Thermoleophilum album.*® For the
first two Mn-CAT’s, the presence of the dinuclear manganese
core structure has been shown based on X-ray structure
analysis,” electron paramagnetic resonance,” and extended
X-ray absorption fine studies;” however, the detailed struc-
ture of the active site and reaction mechanism are still un-
known. In parallel with these studies, syntheses and the

catalase-like activities of dinuclear manganese complexes as
functional models of these active sites have been reported,
allowing a comparison to the characterized systems.5—®

In this paper we report on the preparation and characteriza-
tion of [Mn(saltnOCOPh)CI]-DMF (H,saltnOCOPh: N,N'-
(2-benzoyloxypropane- 1,3-diyl)bis(salicylideneamine)) and
kinetics and mechanisms of hydrogen peroxide dispropor-
tionation catalyzed by mononuclear Schiff base manganese-
(Tl complexes, such as [Mn(salen)Cl] (H,salen: N,N’-eth-
ylenebis(salicylideneamine)), [Mn(saltn)CI] (Hpsaltn: N,N'-
propane- 1,3-diylbis(salicylideneamine)), [Mn(saltnOH)CI]
(HysaltnOH: N,N’-(2-hydroxypropane- 1,3-diyl)bis(salicyl-
ideneamine)), and [Mn(saltnOCOPh)CI] in N,N-dimethyl-
formamide (DMF), as shown in Fig. 1. When mononuclear
Schiff base manganese complexes are employed in hydro-
gen peroxide disproportionation, it is expected that dinuclear
manganese complexes bridged by hydrogen peroxide will be
formed in the intermediate and/or transition state, owing to
the strong affinity of oxygen atom to manganese complexes
and the moderate redox potentials of manganese complexes.
Thus, although the Mn—Mn distance is fixed in the interme-
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Fig. 1. Structures of [Mn(salen)Cl], [Mn(saltn)Cl], [Mn-
(saltnOH)C1], and [Mn(saltnOCOPh)Cl] in DMFE.

diate and/or the transition state, the structures of the H,O,
adduct in the intermediate and/or the transition state may
be similar to those of dinuclear manganese complexes uti-
lized as the catalyst. The use of mononuclear manganese
complexes also provides basic information with which to de-
velop synthetic model manganese compounds that mimic the
properties of living systems. In the present work, mononu-
clear Mn(IIl) complexes, such as [Mn(salen)Cl], [Mn(saltn)-
Cl1], [Mn(saltnOH)CI], and [Mn(saltnOCOPh)CI], as cata-
lysts were used to clarify the chelate effect on H,O, dis-
proportionation. Although the salen donor atoms and salen
framework of the [Mn(salen)Cl] complex are coplanar to
each other,'” the other complexes with 1,3-diamine ligands
may have a distortion based on the six-membered ring on the
1,3-diamine moiety.**® It has been pointed out that the small
activities for synthetic manganese complexes as functional
modes, compared to the large activities for Mn-CAT’s, are
due to the lack of proton donor and acceptor groups near
to the catalytic site.!® Thus, [Mn(saltnOCOPh)CI] complex
with a proton acceptor group was newly prepared. Hydro-
gen-bonding formation between saltnOH and saltnOCOPh
complexes and H,O, would be expected. Furthermore, the
effect of the hydroxide ion on H,O, disproportionation by
[Mn(salen)Cl} was investigated in DMF.

Experimental

Preparation of [Mn(saltnOCOPh)CI]-DMF. Schiff base com-
plex, [Mn(salen)Cl] was prepared as described.?? [Mn(saltn)CI]
and [Mn(saltnOH)Cl] complexes were prepared by modifying the
method of Bonadies et al.”® The preparation of [Mn(saltnOCOPh)-
Cl1]-DMF was carried out as follows: [Mn(saltnOH)CI] (0.77 g,
0.002 mol) was dissolved in a CH;CN-DMF (2:1 v/v) mixture
(20 cin®) in the presence of benzoic anhydride (0.9 g, 0.004 mol)
and 4-N,N-dimethylaminopyridine (0.24 g, 0.002 mol). After stir-
ring at room temperature for 2 d, the solution was evaporated,
and a dark green powder was obtained by adding diethyl ether.
An analytical pure sample obtained by passing on Sephadex LH-20
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(eluent: CH3OH) was used for characterization by elemental analy-
sis, absorption spectra, infrared spectra, cyclic voltammometry, and
conductivity measurements. Caled for [Mn Ca4HzoN204Cl]-DMF:
C, 57.50; H, 4.79; N, 7.45%. Found: C, 57.28; H, 4.81, N, 7.52%.

Materials for Kinetic Studies. Hydrogen peroxide and potas-
sium permanganate were used without further purification. Tetra-
n-butylammonium hydroxide DMF solution was prepared by dis-
solving tetra-n-butylammonium hydroxide in a DMF solvent after
the CH3OH in tetra-n-butylammonium hydroxide CH3OH solution
was removed by evaporation. Tetra-n-butylammonium perchlorate
was recrystallized from ethanol. DMF was purified as described.””

Physical Measurements. Infrared and UV spectra were
recorded on a JASCO FT/IR-8900u spectrophotometer using KBr
disks and a Shimadza UV-3100 spectrophotometer, respectively.
Molar conductances were measured with a Yanagimoto MY-8 con-
ductivity meter at room temperature. Cyclic voltammograms were
recorded by using a Hokuto Denko HZ-1A apparatus. Measure-
ments were carried out in a DMF solution (1x 10> moldm )
containing tetra-n-butylammonium perchlorate (0.1 mol dm™) as
the supporting electrolyte. A three-electrode cell was used which
was equipped with a glassy carbon working cell, a platinum as
the counter electrode, and a Ag/AgPFs electrode as the reference.
ESR spectra were recorded on a JEOL RE-3X ESR spectrometer
on frozen DMF solution at liquid nitrogen temperature. The evolu-
tion of dioxygen in DMF was detected by using a DKK HDO-110
oxygen meter.

Kinetic Studies on H,O; Disproportionation. The H,0,
disproportionation catalyzed by the Mn(Ill) complex at 25 °C was
followed by a decrease in the H,O, concentration by titration with
a KMnOy solution after passing aliquots of the reaction solution
through a cation ion-exchange resin (Dowex 50 x 8§, 50—100 mesh)
at regular time intervals. The evolved dioxygen was measured with
a percentage saturation of oxygen: The oxygen concentrations of
the DMF solution saturated with air and the air-free DMF solution
was taken to be 100 and O percentage, respectively. The ionic
strength was adjusted to 0.01 mol dm™? with tetra-n-butylammoni-
um perchlorate.

Results and Discussion

Characterization of [Mn(saltnOCOPh)CI]-DMF. The
infrared spectrum of [Mn(saltnOCOPh)CI]-DMF on KBr
disks exhibited a new intense band at 1717 cm™! due to
the replacement of a hydroxy group by a benzoyloxy group
on the 1,3-diamine ring. The corresponding band for [Cu-
(saltnOCOPh)], as proved by X-ray crystallography, is shown
at 1722 cm™'.*» Conductivity studies have revealed that
[Mn(saltnOCOPh)CI] as well as [Mn(salen)Cl], [Mn(saltn)-
Cl}, and [Mn(saltnOH)CI] behaves as a 1:1 electrolyte in
DME, indicating no coordination of C1™ to the Mn(IIl) ion.
[Mn(saltnOCOPh)CI] in DMF shows an intense absorption
band at 378 nm (log & (mol~! dm?® cm™!)=3.70) similar to
[Mn(saltn)Cl] at 377 nm (log £ =3.83) and [Mn(saltnOH)CI]
at 378 nm (log £ =3.81), which is assigned to the t—* tran-
sition associated with an azomethine linkage,*** whereas
[Mn(salen)Cl1] in DMF shows the corresponding band at 400
nm (log £€=3.67). Each complex exhibits a visible band with
a moderate intensity near to 570 nm in DMF assigned to a
d—d band of the Mn(Ill) ion. The cyclic voltammogram of
[Mn(saltnOCOPh)CI] revealed one reversible redox wave at
E;;,=—0.53 V vs. Ag/AgPFs and one quasireversible redox
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wave near to +0.5 V vs. Ag/AgPFs in DMF, corresponding
to the Mn(IIl)/Mn(II) and Mn(IV)/Mn(Ill) redox processes,
respectively, which are similar to those of [Mn(salen)Cl],
[Mn(saltn)Cl], and [Mn(saltnOH)Cl], as shown in Table 1.
Chelate Effect on H, O, Disproportionation. The time
courses of the H,O, concentration and the O, evolution in
the presence of [Mn(salen)Cl] are shown in Figs. 2 and 3
as an example, with essentially similar data obtained for the
other complexes. These results indicate that mononuclear
Schiff base manganese complexes catalytically mediate the
disproportionation of H,O, to O, and H,O in DMF. The
addition of acrylonitrile as a radical scavenger to the system,
which proceeds by the radical reaction, significantly affects
the reaction.?® In the present investigation, the reactions were
little affected by acrylonitrile. Thus, H,O, disproportiona-
tion catalyzed by the Mn(Il) complex does not include the
formation of radical species. The initial rates (vp) are pro-
portional to the second order in the Mn(Ill) concentration, as
shown in Fig. 4. Figure 5 shows the spectral changes in H,O,
disproportionation by [Mn(salen)Cl] in DMF. In the early

Table 1. The Equilibrium Constants (K), Rate Constants
(k1), and Redox Potentials (£}, for Mn(Ill)-Mn(II)) for
[Mn(salen)Cl1], [Mn(saltnOH)Cl], [Mn(saltnOCOPh)-
Cl], and [Mn(saltn)C1]®

Ligand Kn k Eip
mol~'dm®  10° mol~2dm®s~! V vs. Ag-AgPFs
salen 728450 1.6740.10 —0.56
saltnOH 28.0+2.2  4.29+0.60 —0.54
saltnOCOPh  1.834+0.10 0.3344-0.010 —0.53
saltn 6.28+0.41 0.061540.0063 —0.55
a) The uncertainty is the standard deviation.
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Fig. 2. Time courses of the H,O, disproportionation cat-
alyzed by [Mn(salen)Cl] in DMF at 25 °C. [H,0.]o =
5.00x1072 moldm™3, [[Mn(salen)C1]]o/10~* moldm~>:
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Fig. 3. Time courses of O evolution in the H,O, dis-

proportionation catalyzed by [Mn(salen)Cl] in the ab-
sence and presence of the OH™ ion in DMF at 25
°C. [H20:]0=5.00x10"3 moldm 3, [[Mn(salen)Cl]Jo =
2.00x10™* moldm ™3, [OH 1o/10~* moldm *: (O); 0,
(®); 0.60, (C1); 1.20, (M); 4.90.
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Fig. 4. The plots of v vs. Mn(IDB.  [H0:)p =

5.00x1072 moldm™3, (O):[Mn(salen)Cl]; (A):[Mn-
(saltn)Cl]; (@) : [Mn(saltnOH)CI1]; (LJ) : [Mn(saltnOCOPh)
C1l.

stage of the reaction until 10 min, fast increases in the ab-
sorbance with an intense intensity in the 500—600 nm range
are seen in H,O, disproportionation. In the visible region,
no prominent absorption is seen for Mn(II) complexes with
a high-spin d° electron configuration. Thus, the increased
absorbances may be based on a ligand-to-metal charge trans-
fer (LMCT) in the Mn(IV) intermediate, which is attributed
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Spectral changes in the H,O, disproportionation catalyzed by [Mn(salen)Cl] in DMF at 25 °C. [H,0:]o = 5.00x1072

mol dm™>, [[Mn(salen)Cl]]o =5.00x 10> mol dm >, Time/min: (1) 0.5, (2) 5, (3) 10, (4) 15, (5) 30, (6) 45, (7) 90, (8) 120, (9)

150, (10) 210, (11) 270, (12) 360.

as Mn'"VOH, not Mn!V=0, as described in the effect of the
OH " ion in the succeeding section. The Mn'YOH interme-
diate is formed by the reaction of Mn(Ill) with H,O,. The
slow decreases in the absorbance after 15 min may be due to
the decomposition of the catalyst to an inactive species, be-
cause decreases in H,O, concentration were little observed
after 150 min. Although the ESR spectrum at 77 K indi-
cated a trace amount of the Mn(Il) complex with a 6-line
signal at g=2 in H,0O, disporoportionation, the presence of
the Mn!VOH was not observed. A temperature lower than
77 K may be required for characterization of the Mn(IV)
complex. A trace amount of the Mn(Il) complex seems to
be formed accompanying decomposition of the catalyst, al-
thougth the characterization of an inactive species has not
been carried out. From the above results, the mechanism
of H,O, disproportionation prior to decomposition of the
catalyst is proposed as Scheme 1. The first step is the fast
equilibrium of the Mn(Ill) complex and the Mn!YOH inter-
mediate produced by the reaction of the Mn(Ill) complex
with H,O;; the second step is followed by a slow reaction of
the Mn!V OH intermediate with H,0, to disproportionate O,
and H, O, recovering an original Mn(Ill) complex as the cata-
lyst. From a steady-state method with respect to the Mn'Y OH
intermediate, we can obtain the following equation by using
the equilibrium and rate constants defined in Scheme 1:

_ kiKa[Mn(IIDT5[H,0,]*

1
(1+vVKn[H20,]) W
By rearranging Eq. 1, the following equation is derived:
Km H
|
H2Op (0]

2Mnlll ————> 2MnlV

[H20:]0 _ 1 v/ [H202]o @)
Vo kiKo[MnID)lo & [Mn(ID]o’

where [H,O,]p and [Mn(Ill)], are the initial concentra-

tions. The plots of [HO2lo/\/vo vs. v/[H202]p at [Mn-
(IN)]y=5.00x 10~> mol dm 3 are linear, as shown in Fig. 6,
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indicating that the proposed reaction mechanism is reason-
able. Thus, the values of K, and k; were obtained from
the intercepts and slopes of the straight lines. The results
are summarized in Table 1. The K, and k; values decrease
in the following order: [Mn(salen)CI]>[Mn(saltnOH)CI] >
[Mn(saltn)CI] > [Mn(saltnOCOPh)C1], and [Mn(saltnOH)-
Cl]>[Mn(salen)Cl] > [Mn(saltnOCOPh)CI] > [Mn(saltn)Cl],
respectively. Since the redox potentials in DMF are little in-
fluenced by the Mn(IIl) complex used, as shown in Table 1,
the influence of ligands on the K, and k; values is based
on the structures of the Mn(Ill) complexes. The salen donor
atoms and salen framework of [Mn(salen)]* in the crystal are
coplanar to each other,'” while the salinOH framework for
[Mn(saltnOH)OCOCHs3], in the crystal is umbrella-shaped
on account of the six-membered ring on the 1,3-diamine
moiety.”® Thus, saltn, saltnOH, and saltnOCOPh complexes
with the six-membered ring may have similar distortions in
DMF solution. The coordination of H;O, to the distorted
saltn, saltnOH, and saltnOCOPh complexes is more diffi-
cult than that of the distorted-free salen complex, resulting
in the distorted Mn(IV) intermediate being unstable com-
pared with the distorted-free Mn(IV) intermediate. Thus,
the K, values may decrease with increasing distortion of the
Mn(Ill) complexes. In spite of the small K, values for the
distorted saltn, saltnOH, and saltnOCOPh complexes rela-
tive to the distorted-free salen complex, as shown in Table 1,
the k; value for the distorted saltnOH complex is larger than
that for the distorted-free salen complex. Except for the
distorted-free salen complex, the k; values increase in the
order saltn < saltnOCOPh < saltnOH in accordance with the
increase of the hydrogen-bonding ability on ligands. This
strongly suggests stabilization of the transition state due to
the formation of hydrogen-bondings between the Mn!YOH
intermediates and H,O, as proposed in Fig. 7.

Effect of Hydroxide Ion on H,O, Disproportionation

O
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Fig. 7. Proposed transition state structure for [Mn(saltnOH)CI].

Bull. Chem. Soc. Jpn., 71, No. 3 (1998) 613

by [Mn(salen)Cl]. The effect of the OH™ ion on H,0,
disproportionation by [Mn(salen)Cl1] in DMF was examined
under two reaction conditions: [OH ™ Jo=(0.18—22.3)x10~*
mol dm 3 at [H,0,]o=5.00x 10~2 mol dm—3 and [Mn(Il)]o=
5.00x 107> moldm—3 (Type A: further addition of the OH~
ion to preceding reaction conditions in the absence of the
OH~ ion) and [OH ]o=(0.6—4.80)x10~* moldm—? at
[H,0,1o=5.00x 1073 mol dm~3 and [Mn(Tl)]o=2.00x 10~*
mol dm—3 (Type B). The correlation between vy and [OH™ ]y
is shown for Types A and B in Figs. 8(a) and 8(b), respec-
tively. For Type A, the vy value increases with increasing
[OH™ ]y, and finally reaches a constant. For Type B, the vy
value is linear to the second order in [OH™]y. The spectral
changes for Type A are quite different from that for Type B, as
shown in Figs. 9(a) and 9(b), respectively. For Type A, after a
few minutes the reddish-yellow solution turned reddish pur-
ple and exhibited an intense absorption band characteristic
of the MnV=0 complex near to 520 nm for a long time. The
fine structure is assigned to the v(Mn'V=0) vibration coupled
to the LMCT band through any vibronic interaction.!>!62829)
It is reasonable that in contrast to the Mn'YOH intermediate
formed in the absence of the OH™ ion, deprotonated Mn!'Y=0
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0 1 I ! 1 L

0 5 10 15 20 25 30

[OH], / 10" mol dm™

12 T T T T T T T
- 10 (b) Type B
]
g s A
3
'?E 6 N
e
S 4 -
aﬂl

5 -

0

0 1 2 3 4 5 6 7 8
[OH1 2/ 10°® mol? dm™®

Fig. 8. The correlation between vo and the OH™ ion con-

centrations for (a) Type A and (b) Type B. (a) Type
A: [H;0,]0 =5.00x10"2 moldm™>, [[Mn(salen)Cl]Jo =
5.00x107> moldm~>; (b) Type B: [Hy02]o=5.00x10">
mol dm ™3, [[Mn(salen)Cl]]o =2.00x 10~* mol dm>.
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Fig. 9. Spectral changes in the H,O, disproportionation catalyzed by [Mn(salen)Cl] in DMF at 25 °C for (a) Type A and (b) Type B.
(a) Type A: [H202]0=5.00x 10~% mol dm >, [[Mn(salen)Cl1]]o=5.00x 10> mol dm >, [OH ™ ]=2.20x 10~ mol dm™?, Time/min;
1) 0.5, (2) 5, (3) 10, 4) 15, (5) 20, (6) 30, (7) 45, (8) 60, (9) 90, (10) 120, (11) 150, (12) 270, (13) 360. (b) Type B:
[H20,16=5.00x 1072 mol dm >, [[Mn(salen)Cl]]o=2.00x 10~* mol dm 3, [OH ™ Jo=1.20x 10~* mol dm >, Time; (1)—(33) per 5

man.

appears in the presence of the OH™ ion. Moreover, the ESR
signal did not show any trace amont of the Mn(Il) complex
in the presence of the OH™ ion. On the other hand, for Type
B, the later spectra in H, O, disproportionation resemble that
of the dinuclear Mn complex bridged by 0,.2**" The time
dependence of O, evolution by [Mn(salen)Cl] in the absence
and presence of the OH™ ion is shown in Fig. 2. In the ab-
sence of the OH™ ion, O, evolution gradually increases with
time. However, in the presence of the OH™ ion, O, evolution
at the early stage occurs vigorously; then, O, consumption is
slowly followed, suggesting that a compound active toward

0O, is formed during disproportionation. The ESR spectrum
of Type B in Fig. 10(b) shows a 6-line signal with g=2 in the
300—350 mT range, indicating the formation of the Mn(Il)
complex. In addition to this signal, a fine 6-line signal can
be seen in the 320—330 mT range. Although the formation
of an organic radical is suggested, the fine signal may be due
to the Mn(Ill)-O, intermediate®” produced by the reaction
of the Mn(Il) with O,. The fine signal for Co(II-0O; also
appears at g=2.2"%? A significant decrease in the base line
with increasing magnetic field is often observed for vigorous
O, evolution. From the above results, it is concluded that

T

(b) Type B

290 300 310 320

H/mT

330 340 350

Fig. 10. ESR spectrum on the frozen DMF solution (77 K) for Type B. [H,0,]0=5.00x 1073 moldm 2, [[Mn(salen)Cl1]]o=2.00 x 10~

moldm ™2, [OH ™ 1p=2.00x10~* mol dm>.
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the intermediate for Type B is the Mn(II) complex.

The effect of the OH™ ion on H,O, disproportionation
may be mainly ascribed to two cases: One is the acceleration
of the proton dissociation by OH™ ion on H;O,; the other is
coordination of the OH™ ion to the Mn(IIl) complex. Since
the basiéity in H,O, is large in DMEF, the dissociation of
proton on H,O; is negligibly small in the range of the OH™
concentrations used.* On the other hand, the complexation
between the [Mn(salen)]* and the OH ™~ ion was confirmed by
calorimetry and the value of log K; was estimated to be about
2—3.3 The [Mn(salen)]* solution in the presence of the
OH™ ion showed little spectral change under the OH™ con-
centration used, indicating that the dinuclear Mn(Ill) com-
plex is not formed in solution.?” Therefore, in the presence
of the OH™ ion, the disproportionation mechanisms are pro-
posed as Scheme 2 (Type A) and Scheme 3 (Type B). For
Type A, disproportionation produces the Mn'Y=0 intermedi-
ate and again recovers the Mn™OH complex. The reaction
may proceed by both Schemes 1 and 2 under a lower OH™
concentration. Because Mn™OH is almost formed above
[OH ]p=1x10"3 moldm™3, the reaction occurs via only
Scheme 2 above [OH ™ Jo=1x 103 moldm 3. Thus, we can
obtain the following equation under the condition of [Mn-
(IM]o=5%10"" mol dm < [OH~1p=1x 10> mol dm~>:

va =k [Mn(IID13[H2 02]. (3)

In fact, since vy is independent of the OH™ concentration
above [OH Jo=1x10"3 moldm™3, as shown in Fig. 8(a),
the value of ky;=3.85x10°> mol~?dm®s~! is obtained. For
Type B, the Mn™OH coordinated by the OH™ ion dispropor-
tionates H,O, to O, and H, O, producing the Mn(IT) complex.
When an excess of H,O, is present in solution, the Mn(1I)
complex produced reacts rapidly with H,O, to recover the
Mn™OH. Once H,0, is almost consumed, the dinuclear Mn
complex bridged by O, may be slowly formed under the re-
action condition used. By using the equilibrium constant,
Kou=10>—10% mol~' dm® and the rate constant defined by
Scheme 3 under the conditions [OH ™ ]y <4x10~* mol dm—3
and [Mn"]<2x10~* mol dm 3, the rate (vg) can be written
as

Bull. Chem. Soc. Jpn., 71, No. 3 (1998) 615

The ks value is estimated to be 3.6x(10°— 10'0)
mol™2 dm® s~! from the slope of the plot of vgg vs. [OH™]3
(Fig. 8(b)).

The H,O, disproportionation catalyzed by the Mn(IIl)
complex consists of the half reactions of the following
Egs. 5, 6, 7, 8, and 9 with the standard redox potential £
value:

H,0, +2H" + 2~ ——2H,0 Eno0, (5)
MnVOH +H' +e~ =—Mn"™ + H,0 E; (6)
Mn"V=0+H"+e~ ——Mn""OH E (7
Mn"OH +H' +e~ ——=Mn" + H,0 E; (8)

02 +2H" +2¢ ——H,0, Eo, (9

In the absence of the OH™ ion, the reaction proceeds by the
Mn(IlT)-Mn(IV) cycle coupled with Egs. 5, 6, and 9. As
shown in Fig. 11, the potentials of Mn(Il[)-Mn(IV) coupled
near to +0.5 V are shifted to more negative values with the
addition of the OH™ ion. Accordingly, the formation of
Mn™OH causes a smaller difference between the potentials
of the Mn(IlI)-Mn(Il) and the Mn(IV)-Mn(Ill) couples. If
cither (E3 — Eo,) < (B0, — E») or (E3—Eo,)>(Eno0, — Ez),
the reaction would occur only by either the Mn(Ill)-Mn-
(IV) or Mn(I)-Mn(Ill) cycle, irrespective of the reaction
conditions, respectively. In the present investigation, the
appearance of either the Mn(Ill)-Mn(IV) cycle (Type A) or
the Mn(II)-Mn(Ill) cycle (Type B) according to the reaction
conditions strongly suggests (E3 — Eo,)=(En,0, —E>) based
on the formation of Mn™OH.

Comparison of Functional Models for Mn Catalases.
The reaction rates, Mn redox cycles, and Mn—-Mn distances
for functional model Mn complexes which include mononu-
clear and dinuclear Mn centers are shown in Table 2.°9 The
reaction rates are normalized by vo/[Mn(Ill)]o because the
reaction order depends on the Mn complexes used. Among
the mononuclear complexes, the catalase-like activities for
Schiff base mononuclear Mn(Ill) complexes, expect for [Mn-
(saltn)Cl], are large compared with those for [Mn(TPP)]*!
and [Mn(H,0)s]7*.!2 Moreover, the catalase-like activity for

vg = 2ksKou[Mn(IDA[OH ™ 13[H,0;]. O] mononuclear [Mn(salen)OH] with the Mn(II)-Mn(IlT) cycle
Kou ILII Ky k2 H
2000 O HxO; 2H0 ﬁ) H2Op 02 é
I
2Mnlll — ZNl[nIII S~ MnlV S T oMl

———e

Scheme 2. (Type A).

Kon H k3

|
200 O H0
Ml l— 2 Mnlll

02, 2H20
—T

H2Op C|>
> 2Mnll — 5 2 MnJIT

02
2Mn! ! —— Mnl1Loy2--Mpl1I

Scheme 3. (Type B).
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Catalase-Like Activity of Mn(Ill) Complexes

Table 2. Comparison of Functional Models for Mn Catalase

Catalyst Rate/s ™! Mn-redox cycle Mn—Mn distance/A Refs.
Mn catalase 2.0x10° (ILID)—(IIL,III) 3.6 35
[Mn" (saltn)(1-O)]» 50 (IILID~(IV,IV) 2.73 8,9,36
Mn"(saltnO)]> 13 (ILID)~(TIL,ITI) 3.33 10,36
[Mn,L]Cl 5.4 ILIn—Iviv) 4.5 17
(L = anthracenediporphyrin)
[Mn"L(CH3CO0)](ClO4), 3.71 (111111, 11T 3.3 13
(L = N,N,N',N'-tetrakis-(2-methylene-
benzimidazolyl-)-1,3-diaminopropan-2-ol)
[Mn; L(CsHsCOO),(NCS)] 0.79 LII-IV,IV) 3.325 14, 15
(L = 2,6-bis(N-(2-(dimetylamino)ethyl)
iminomethyl)-4-methylphenolate)
(Lm,n = (CHa) m,n-bis(2,6-bis(N-(2-(dimetyl-
amino)ethyl)iminomethyl)-4-methylphenolate)
[Mn(salen)OH]® 24 TIHII This work
[Mn(salen)OH]? 1.2 I-1v This work
[Mn(saltnOH)CI] 0.54 -1V This work
[Mn(salen)Cl] 0.24 -1v This work
[Mn(saltnOCOPh)Cl1] 0.033 I-1v This work
[Mn(saltn)C1] 0.009 -1V This work
[Mn(TPP)Cl] 0.013 -v 17
[Mn(H20)61(ClO4), 0.0063 Unknown 10
a) At [OH]7=0.002 mol dm—3.
is comparable to that for the dinuclear [Mn(saltnO)], with
the Mn(II)-Mn(Ill) cycle and the dinuclear [Mn(saltn)(u-
0)], with the Mn(IID-Mn(IV) cycle.!”® The activities may
be affected not only by the redox potentials of the Mn(Ill)
1 0.01 mA ) complexes used, but also by the reaction site of the Mn(IIl)
complex by H,O,. An attack of H,O, to the Mn(IIl) complex
- may easily occur in the outer sphere compared with that in
the inner sphere, which is accompanied by solvent substitu-
tion by H,O, on the Mn(Ill) complexes. For mononuclear
[Mn(salen)OH] and dinuclear [Mn(saltn)(¢-O)], complexes
(3) with high activities, they undergo an H,O, attack at the
OH group on the [Mn(salen)OH] during the first step, as
shown in Scheme 3, and at two y-oxo sites on the dinuclear
[Mn(saltn)(#-0)], complex,®® respectively. The dinuclear
2) [Mn(saltnO)], may have an H,O, attack similar to the dinu-
clear [Mn(saltn)(#-0)], complex. However, the reactions for
the mononuclear [Mn(saltn)C1] and [Mn(saltnOH)CI] com-
, plexes proceed via the coordination of H,O, to the Mn(IIl)
03] complex, as shown in Scheme 1. This seems to be one rea-
son why the activities for the dinuclear [Mn(saltn)(x-0)],
and [Mn(saltnO)], are higher than those for the mononu-
clear [Mn(saltn)Cl] and [Mn(saltnOH)Cl]. However, Mn-
. CAT from L. Plantarum exhibits a 10° faster rate than the
_ 120 05 0 0.5 1.0 Mn complexes with the best functinal mode.* Dismukes et
al. have pointed out that the active site of Mn-CAT from T.
E / Vvs. Ag-AgPF, thermophilus possesses protein residues with the two donor
Fig. 11. The OH™ concentration dependence on the cyclic and acceptor protons required for the redox reaction of H,O;,
voltammograms of [Mn(salen)Cl].  [[Mn(salen)Cl]]o = and that the lack of proton donor and acceptor groups near

1.00x1073 moldm ™3, [OH™1o/10™% moldm™3: (1) 0, (2)
0.50, (3) 1.0 (4) 2.0.

to the catalytic site for synthetic Mn complexes may be the
reason for the intense suppression of the rate compared to the
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Mn-CAT.'? In the present study, the existence of the hydroxy
group with the property of a proton donor on the 1,3-diamine
ring leads to an increased rate on account of the formation of
hydrogen-bonding. The proton donor and acceptor groups
appear to play an important role in the catalase-like activities.

The authors acknowledge Prof. Hiromu Sakurai of
Kyoto Pharmaceutical University for the measurement of
ESR spectra.
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