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Abstract

Synthesis, structure and ESR study of binuclear manganese(ll) complexes, which functionally mimic the Mn-catalase en-
zyme, have been investigated. These complexes are formulated as [NARIAM)(phen}]ClO4, (NAPH = 1,8-naphthalate
dianion, X= OAc™ (1), CI~(2) and Br (3)). IR, elemental analyses and electronic spectra, indicated that these complexes
have extended bridged structures with both DPHA prY as bridging ligands. The temperature dependence of magnetic
susceptibilities ofl has been studied, giving the exchange integral ef —28cnT!, g = 1.98. This result is in agreement
with the carboxylate group bridged dimanganese structure. Compheas found to be the most active compound for dis-
mutation of HO, in aqueous solution in which.-OAC ligand appears to undergo ligand substitution wittOHnolecules.

The observed steady-state molecularities for complesesented that the reaction rate is first order with respect to [complex
1] and zero order with respect to $8),]. Spectroscopic studies support a mechanism involving g(Mjill) intermediate,
which was isolated and verified by IR and element analysis. As a result, a new catalytic mechanijgda didrhutation by

this complex system was proposed. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction that the active sites of the pseudo-catalase isolated
from Lactobacillus plantrum comprise dinuclear
Multinuclear manganese active sites that are vital to Structure per protein subunj8]. Currently intense
biological systems are being steadily recognized and efforts have been made to design and synthesize dif-
studied. Recently, a number of manganese containingferent types of Mn-catalase mimetic complex systems
nonhame catalase have been isolated and characterizetb—14]
[1-3]. These enzymes can dismute hydrogen peroxide, Spectroscopic studies of the dimanganese-catalase
a reaction that is important for cell detoxification and enzyme15,16]have revealed that a “reduced” i,
a variety of pathological consequences such as aging,!l) state and an “oxidized” Mg(lll, Ill) state were
diabetes and cancgd]. Evidence has accumulated implicated in the reactionScheme 1[17]. Whereas,
mixed valence state MM, III) and Mnx(lll, V)
mpondmg author. Tels 1-979-845-2232: appear not to b_e involved. In this work, we report
fax: +1-979-845-4719. a novel synthetic Mn(ll)-catalase model system of
E-mail address: gao@mail.chem.tamu.edu (J. Gao). high catalase rate. A thorough investigation of the
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structure—activity relationship and the oxidation state
preference are described.

2. Experimental

All reagents used are of analytical grade and pur-
chased from Aldrich.

2.1. Preparation of [NAPH Mn;
(11-OAc)(phen)2] Cl04 (1)

In dinitrogen-flushed methanol solution (10 ml)
containing 1,8-naphthalic acid (43.2mg, 0.2 mmol),
phen (79.3mg, 0.4mmol) and triethylamine (0.4
mmol), a solution of Mn (CIQ)2-6H>,O (144.8 mg
0.4mmol) in methanol (15ml) was added and kept
under magnetic stirring; a colorless solution and
a few white micro-crystals were obtained. To this

mixture was added sodium acetate (0.2 mmol) and

yellow precipitates were obtained. The solid product
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2.2. Preparation of [NAPH Mny (u-Cl)(phen)2]
ClO4 (2)

A similar reaction procedure was followed as stated
in above, by using NaCl instead of NaOAc. Yellow
microcrystals were obtained. Anal. (%) calcd. for
C36H22N40gCloMny formula weight 819.4: C, 52.8;
H, 2.0; N, 6.8; Mn, 13.4; found: C, 52.5; H, 2.2; N,
6.6; Mn, 13.2.

2.3. Preparation of [NAPH Mn;
(-Br)2(phen)2-4H20] (3)

This complex was prepared by following a similar
reaction procedure as stated in the previous sec-
tion by using NaBr instead of NaOAc. Deep-yellow
microcrystals were obtained. Anal. (%) calcd. for
C36H22N40gBrCIMny, formula weight 863.7: C,
50.0; H, 2.6; N, 6.5; Mn, 12.7; found: C, 50.1; H, 2.9;
N, 6.8; Mn, 12.4.

2.4. Measurement

Analysis for C, H, and N was carried out on a
Perkin-Elmer analyzer, Model 240 and metal con-
tents were determined by EDTA titration. IR spectra
were recorded with a Perkin-Elmer IR spectropho-
tometer, Model 983G, using KBr-disks, Electronic
spectra (in methanol) were measured on a Shimadzu
UV-240 spectrophtometer. Solution electrical con-
ductivity measurements were made with a DDS-11A
conductometer, Variable-temperature magnetic sus-
ceptibilities were measured on a SQUID suscep-
tometer (sensitivitym 10-%emu). Diamagnetic
correction were made with Pascal’s constants for all
the constituent atoms, and the magnetic moment were
calculated usinguet = 2.828xmT)Y2. The ESR
spectra were measured with a modified JES-FEIXG
by using X-band.

2.5. Sudy of catalase-like activity

All reactions were carried out at 2C and in a

was washed with absolute methanol and diethyl ether 50 ml reactor containing a stirring bar under air. To

three times and dried ivacuum. Anal. (%) calcd. for
C3gH25010N4CIMn,, formula weight 843.0: C, 54.1;
H, 3.0; N, 6.6; Mn,13.0; found: C, 53.9; H, 3.2; N,
6.8; Mn, 12.5.

H>0 (14.7 ml) was added the complex (5 mmol) and
the flask was closed with a rubber septum. Hydro-
gen peroxide (2.7 mmol, 0.3 ml) was injected through
the septum with a syringe. The reactor was connected
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to a graduated burette filled with water and dioxygen
evolution was measured at time intervals during 1 min
by volumetry. Observed initial rates were expressed
as mol1s~1 by taking the volume of the solution
(15ml) into account, and calculated from the maxi-
mum slope of curve describing evolution o @ersus
time. In the kinetic study, the total volume (15 ml) was
kept unchanged but the concentration f34 and the
complex catalyst were varied accordingly.

3. Resaults

3.1. Composition and IR spectroscopic
characterization

Satisfactory elemental analyses data were obtained
for all these complexes. Molar conductance values fall
in the expected range for 1:1 types of electrolia].
(Table 1.

IR spectra for complexe$-3 exhibited two char-
acteristic bands in the 1600-1300chregion, which
were attributed to thevj(COO™) and vs(COO™)|
stretching vibration of the carboxylate groups of
NAPH. The separation betweens and vs for these
complexes are all smaller than 200th suggesting
a bidentate mode for both carboxylate grodfp8].

For these complexes, intensive CjOvibrations at
1095 and 620cm! were observed, which is typ-
ical for non-coordination perchlorate ioj20]. All
these data are consistent with the molar conductance
measurement.

3.2. Visible absorption spectra of the Mn(11)-Mn(l1)
complexes

The electronic spectrum of compléxwas given
in Fig. 1 In visible range, no characteristic band was
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Fig. 1. Electronic spectra of complex&ga) and resulted solution
with H,O, stoichiometrically.

discovered. This phenomenon can easily be inter-
preted in terms of ligand field theory. For high spin
Mn(l)-Mn(Il) complex, the ground term is the or-
bital singlet®S. It cannot be split by a crystal field of
any symmetry. At high energy region intense bands
at ca. 265 and 226 nm were observed, which can be
ascribed to “ligand to metal charge transfer” (LMCT).
Based on the discussion above, comple%e8 are
proposed to havaw-X bridged dinuclear structure
with NAPH as a supporting fragmerfif. 2).

T b b ?
Nt /) C N
M Mn

N/ n\X/\N)

Fig. 2. Proposed structures of these compleke®

Table 1
Physical and chemical data for complexes3
Complex Ay (- 1cm?mol1) IR (cm™1) UV (x10cm™1) CT Amax (NM) e (M~tem™1)
in MeCN
vag(COO") vs(COO™)
1 132 1570 1430 225 85000 265 34000
2 144 1580 1430 225.6 7800 268 40000
3 160 1560 1420 230 46000 268 16000
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5 8 The magnetic parameters thus determined .Are-

I —28cnTl, ¢ = 1.99,p = 0.005. This result indicated

4"\ 47 that p-OAc bridged dinuclear complexes undergo
intermediate spin-coupling between the adjacent

metal ions[22], and it is a little higher than related

w-OAc bridged Mn(Il)-Mn(Il) complexe$7,23]. The

15 guantitative difference of the spin-coupling between

complex1 and other NAPH bridged dinuclear com-

S—— 14 plexes[22,24]is easy to illustrate. As spin interaction

. : b caused by NAPH is less than5 cm 1, the increased

0 50 100 150 200 250 300 anti-ferromagnetic interaction was due to the intro-

T(K) duction of w-OAc bridge

)
Hy (1B )

%y (em*/mol)
n

Fig. 3. Temperature variation of magnetic moment of comglex . L
3.4. Catalytic activity of complexes 1-3

3.3. Magnetic properties and magnetic structural )
correlations As these complexes are soluble in water, the reac-
tion was easily carried out in homogeneous condition.

Variable-temperature magnetic susceptibility data The catalase-like activity was tested by measuring the

was collected in the 4.2-300K ranges. Thever- dioxygen evolution with a Mp complex:HO; ratio

susT plot was shown inFig. 3. The magnetic mo- ~ ©of 1:500 and a catalyst concentration of 0.4 mmol/l.

ments decrease with decreasing temperature, implying These conditions were found to be optimal in terms of

the existence of an antiferromagnetically coupling of reaction rate. The amount of residual hydrogen perox-

Mn(I)=Mn(ll) pairs. ide (measured by iodometric titration) was compared
Magnetic analysis was carried out based on the With the amount of dioxygen formed and was found
Heisenberg spin-exchange operafr = —JSS. to satisfy the stoichiometry implied Hyq. (1)
The molar susceptibility of the Mn—-MnS{ = S, = 2H,02 — 2H,0 + O3 (1)
5/2) system was calculated from the equati@h]. ) .
The time courses of oxygen evolution for these com-

_ ZNQZﬂzé(l o4 4.37 N plexes were given ifFig. 4 For complexl, the rapid

M= T B P T p o dioxygen evolution rate was reached after the reaction

was initiated and slowed down as the reaction pro-

KT ceeded. When the catalytic process ceased, the evolved

J J
+5 exp<—24k—_|_> + exp<—28ﬁ> , 20+

J J
B=11+9 exp(—lOk—T) +7 exp<—18k—_|_>

J J
+5 exp(—24k—_|_) +3 exp(—28—)

KT
J
—30=
+ exp( kT)

where xv denotes the susceptibility per binuclear : ; ; :
complex, N, the temperature-independent paramag- © 20 40 60 80 100 120
netism (120x 10-®cm®mol~1), p the fraction of Time (min)

mononuclear paramagnetic impurity, and other sym- Fig. 4. Time course of oxygen evolution in the disproportionation

bols have their usual meaning. As shownFig. 3, of HyO, by complexesl (O), 2 (&) and3 (A); the concentration
good fit to the experimental data were attained. of the complexes were.@x 1074; [H20z] = 1.76 x 1071 M.

A =55+30 exp(—lO%_) +14 exp(—lSi>

3

0, volume/cm




Table 2
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Reaction rates for disproportionation oL@, by complexesl-3

Complex Rate (moldm?s)
1 1.5 x 1075
2 2.4 x 1076
3 2.0x 1076

dioxygen gas corresponds to 100% decomposition of
hydrogen peroxide. No lag phase was observed at the
initial stage. Complexe2 and 3 showed the similar
evolution profiles, however, at relatively low reaction

rates. The observed initial rates for these complexes
were compiled inTable 2

3.5. Reactant molecularity

The steady rate of £evolving was found to be first
order in complexl and zero order in hydrogen per-
oxide. Fig. 5 shows a plot of the dependence of the
rate on the concentration of complé&with the con-
centration of HOs is held constantFig. 6 presents

tration of HO,. This result is different from related
model system$25,26] The averageops oObtained is

equal to 3380 x 102571,

3.6. Water as reactant

Addition of a percentage of methanol to an aque-

ous solution of complexl prior to addition of

504
45+
40+
354
304
25

0, Volume/cm®

°
o

QOzrate, X10 Ms
O aNWHOON

2 4 6 8 10 12

[complex 1]x10™

Fig. 5. The

([H207] = 1.76 x 101! M) concentration and different concentra-

Time (min)

rate of HO, formation at constant $D;

tion of complex1 (for (<), (O), (A), and (J) the Cy concen-
tration are 20 x 1074, 4.0 x 104, 6.0 x 10~ and 80 x 1074 M,

respectively).
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Fig. 6. The rate of @ formation as a function of yD, at constant
concentration of complet: [complex1] = 3.92 x 104 M.

H>0, increase the initial lag phase and decrease
the steady-state rate. By holding the concentration
of H,O2 and 1 constant, the rate of Oproduction
was measured as a function of water concentration
the dependence of the steady-state rate on the concentFig. 7). The steady rate at which;QOs produced
decreased as the water concentration was decreased.
The initial lag time for Q@ production increases to

5 min when the percentage of water was almost zero.

3.7. Labile u-OAC ligand

For these three complexes, the only difference is
the type ofu-X ligand. As observedy-OAC complex

2.0
1.54 0
"0 //O"//
p= O
"o o
— _ e
$ 10
) oy
g -
o 050
0.0 T T T T T T
0 20 40 60 80 100
H,O x %

Fig. 7. The rate of @ formation as a function of percentage of
water: [complexl] = 3.92 x 1074; [H20,] = 1.76 x 1071 M.
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Fig. 8. The rate of @ formation as a function of NAOAc con-
centration: [complef] = 3.92 x 10~%4; [H20,] = 1.76 x 101 M.

is more active than those of Cl and Br. This result
indicated that OAC is substitution-labile comparing to
Cl and Br[27]. As an extensive study, sodium acetate
was used to testify the exchanging behaviopedAC
ligand. As shown irFig. 8 addition of NaOAc to the
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Fig. 10. Time dependence of visible spectral changes in the cat-
alytic reaction with complex.

having visible-range spectra shown kiig. 1. Peaks
at 460, 760 and 840nm indicated that Mn(lll) or
Mna(ll1, 111) species are formed in the reactid@8].

IR spectrum of the final complex exhibits three addi-
tional bands at 640, 580 and 520th(Fig. 9). These
featured bands were assigned to 4¢H, 1l1) ( p.-O)

or Mn(lll) related specief?9].

agueous reaction mixture caused the decrease of the Fig. 10 shows the time dependence of absorbance

reaction rate of @.
3.8. Catalytic intermediates

The reaction complexl with a stoichiometric
amount of BO, produced a yellow colored solution

80

monitored at 460nm, which is characteristic of
Mn(lIl). The catalytic intermediates were also studied
by ESR technique. The reaction was performed in
aqueous solution and the low-temperature ESR spec-
troscopy was monitored freezing in liquid nitrogen.
In the catalytic reaction, as the color-less solution

Mn(l1)-Mn(11)(u-O,)

60
| NAPHMn,""(u-OAc) (phen) JC

20

0

phen

—T T
1200 1100 1000 900

—
800

T T T
700 600 500 400

-1
wavenumber cm

Fig. 9. IR spectrum of intermediate complex phl, I11) ( p-O).
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t=15min

2000 3000

Fig. 11. The reaction of complekwith H,O2 monitored by ESR.

4000
Magnetic field (G)

uncoupled high symmetry M species formed, the
six-line ESR signal was observed. This phenomenon
indicated that the ESR silent Mn(l11)-Mn(lll) species
co-exist with M+ mononuclear species in the so-
lution. The concurrence of these two phenomenon
suggests that the oxidation of Mn(ll)-Mn(ll) cen-
ter by hydrogen peroxide is closely related with the
catalase-like function of the complex.

4. Discussion

The initial stage for complek catalyzed reaction
involves a equilibrium with water, possibly by disso-
ciation of p-OAC as shown byFigs. 7 and 8 These
data are evidence for the first step of proposed mech-

turned to yellow, the dramatic change was observed in anism Scheme 2 The active form of [NAPHMa(lI,
the ESR spectra~{g. 11). Once the reaction reached
steady-state in 15 min, there is a 60% decrease in theperoxide to the Mn(Il)-Mn(ll) center by displacing

Mna(ll, II) ESR signal intensity. As a minor amount of

I)(H20)(phen)] favors the binding of hydrogen

of the bound water in step (2). Thus, a dioxygen

3

Scheme 2.
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adduct Mn(llI)-Q—Mn(lll) formed. Electronic ab-
sorption spectra ifrig. 10and ESR profiles dfig. 11
support the formation of a ESR silent Mn(I11)—Mn(ll1)
intermediate. Hence, in step (3), intermolecular elec-
tronic transfer occurred in which Mn(ll) ions were
oxidized to Mn(lll) ions, concurrent with reduction
of peroxide. Subsequently, Mn(lll) ions were re-
duced by a second 4@, molecule. At this stage
the complex catalyst was restored to its initial active
form.
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