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Synthesis, Crystal Structure, Cryomagnetic Properties and Catalytic Activity
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The structures, magnetic properiies, and catalytic activity for H,0, disproportionation are reported for
three new complexes [Mny(acac),(pydz)] (1), [Mn{acac),(pym)] (2), and {Mn(acac),(pyz)] (3) (acac= 2,4-
pentanedionate, pydz = pyridazine, pym = pyrimidine, pyz = pyrazine). The X-ray crystal structeres of 1
and 3 have been determined. Complex 1 crystallizes as a binuclear complex with W2-pyridazine and acac
bridging ligands 3 crystallizes as a linear polymeric chain with bridging pyrazine molccule. Cryomagnetic
investigations (4-300 K reveal a weak intramolecular antiferromagnetic spin exchange with J = -2.05,
-0.04, and -0.05 cm™' for the complexes of 1. 2, and 3, respectively. The complexes 1-3 showed two-step

catalytic activity for H;Q, disproporiionation in pyridine solution at 0 "C.

INTRODUCTION

Multinuclear manganese cores play indispensable
roles in biotogically important manganese redox enzymes'
wvolved in the oxygen-evolving complexes of photosystem
11 of green plants’™ and catalases.”” It has been pointed out
that X-ray structure analysis of the manganese catalase from
thermus thermophilus revealed the two manganese ions are
separated by 3.3 A.' A similar catalase-like active center
was observed in the photosynthetic system of water oxida-
tion enzyme, which has a tetranuclear manganese cluster
with 2.7-3.3 A of Mo-Mn distances.® Therefore, the inter-
metallic separation and the arrangement of proximal ligands
arc essentiai in the design of Oz-evolving model manganese
complexes. Recently, binuclear manganese(I[/Il) com-
plexes have been proposed as structural models of the di-
manganese catalase-like enzymes.’

~ Heterocyclic diazines such as pyrazine, pyrimidine,
and pyridazine are known to be an excellent bridging ligand
when coordinated to transition metals.*’ Binuclear metat
complexes hridged by pyridaz‘%n'é are of particular inferest
because this bridge ligand provides a shorter metal-metal
separation of 3.2-4.5 A relevant to bimetallic enzymes.
However, only a few reports deal with manganese(IT) com-
plexes with diazinc ligands.” In our laboratory, we have pre-
pared three new manganese(Il) complexes of [Mnz(acac),-
(pydz}] (1), [Mn(acac)(pym)] (2), and [Mn(acac).(pyz)]
(3, (acac = 2 4-pentanedionate, pydz = pyridazine, pym =

pyrimidine and pyz = pyrazine). In this paper we report on
the synthesis, X-ray crystal structure, cryomagaetic prop-
erty and catalase aclivity investigations of complexes 1, 2,
and 3. :

EXPERIMENTAL

Synthesis of Complexes

Bis(2,4-pentanedionate)manganese(il), [Mn(acac).]
2H,0), was prepared from the metal acetate by a standard
procedure.” Pyridazine (pydz), pyrimidine (pym), and
pyrazine {pyz) were purchascd from a commercial source
{Aldrich Chemical Co.} and used without further puritica-
tion.

{Mnz{acac).(pydz)] (1), [Mn{acack(pym)] (2}, and
[Mn{acac):(pyz}] (3) werc synthesized by mixing an abso-
lute ethanol solution of the complex [Mn{acac),) 2H,0 and
an ethanolic soletion of an equimolar quantity of diazines.
After standing for a few days, light-brown crystals of 1
(80% vyield), light-yellow crystals of 2 {85% yield) and 3
{80% yield) were filtercd off, air dried and characterized in-
itially by elemental analysis, IR, and also by single-crystal
X-ray diffractional analysis for 1 and 3. Anal. Calc for
CreH3NMnOy (1): C,49.2; H, 5.5. N, 4.9. Found: C, 48.8;
H, 5.4; N, 4.8%. Calc for C,sH;sN-MnOy (2): C, 50.5; H,
5.4; N, 8.4. Found: C, 50.6; H, 5.4; N, 8.4%. Calc lor

‘CmH[RNgMnO«: (3) C, 505, H, 54, N, 84% Fouind C.
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50.5;H, 5.5; N, 8.5%.

X-ray Structure Determination Crystallography

Crystallographic data for the complexes 1 and 3 were
collected on an Enraf-Nonius CAD-4 diffractometer with
graphite-monochromatized Mo-K radiation (A = 0.7107 A)
at 25 *C. Crystallographic parameters and pertinent refine-
ment results are summarized in Table 1. The structures were
solved by the heavy-atom method and subsequent differ-
ence-Fourier maps followed by full-matrix least-squares
based on F refinement with the NRCVAX computer pro-
gram.” The function minimized was Z(F,-IF.D)° and unit
weights were used. All non-hydrogen atoms were readily
located and refined with anisotropic thermal parameters; R
= ZIF-FAZIF) and R = (EwlF-FJ/ZwlF)", The
ORTEP plots of the moiecuies of 1 and 3 are shown in Figs.
1 and 2, respectively. Selected interatomic distances and an-
gles are listed in Tables 2 and 3 for 1 and 3, respectively.
Complete crystal data, atomic positional parameters, and
componenis of the anisotropic temperature factors are de-
posited as supplementary material.

Physical Measuremeitts

IR spectra were recorded on a Bio-Rad FTS40 FTIR
spectrophotometer as KBr pellets in the 4000-400 cm™' re-

Table 1. Crystallographic Data for 1 and 3
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gion. X-band EPR specira at 25 °C for the complexes in
powder were recorded on a Bruker ESC-1086 spectrometer.
Temperature dependence of magnetic susceptibilities of the
polycrystalline samples were measured between 4 and 300
K at a field 1 T using a Quantum Design Model MPMS com-
puter-controlled SQUID magnetometer. Corrections for the
diamagnetism of complexes were estimated from Pascal’s
constants.'’

H20:2 Disproportionation Measurements

A closed vessel containing a pyridine solution (2 cm’)
of the manganese(Il) complex 1 (1.5 x 10”° mol) or com-
plexs of 2 and 3 (3.0 x 10”° mol) was stirred and kept at 25
°C. Hydrogen peroxide (35%, 2 cm’, 20.6 mmol) was in-
jected through the septum with a syringe. The reactor was
connected to a graduated volumetric burette filled with
water, and dioxygen evolution was measured at time inter-
vals (during 5 and 10 s.) by volumetry.

RESULTS AND DISCUSSION
IR Spectra

The infrared spectra of complexes 1-3 display an in-
tense absorption located in the 1617-1610 cm’ range and at-

1 3
Formula CaaH3oNaMnoOg CraHisN2Mn0Oy
M 586.40 333.24
Crystal systm Urthorhombic Triclinic
Space group P ben Pl
atA 14.356(4) 6.2695(24)
blA 8.6047(14) 6.272(4)
oA 22.535(6) 11.028(3)
of 93.50(3)
pr 103.55(3)
v 106.87(4)
UrA? 2783 8(12) 399.5(3)
Z 4 1
De/g om™ 1.399 1.385
MA 0.7107 0.7107
wem'! 9.152 8.074
Crystal size/mm 0.25 x0.25 x0.30 0.05 x0.20x0.30
Temperature/K 208 208
No. of reflections measured 2442 1423
No. of reflections observed 1296 1083
R 0.037 0.060
Rw 0.036 0.059
GoF 1.51 2.07
(3/0)max 0.0009 0.0017
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tributed to the CO group’s streiching frequency of the acac
ligand. In accordance with many IR spectra data concerning
the transition metal complexes of acetylacetonate,' the ab-
sorptions observed at 1615, 1616, and 1617 cm” for com-
pounds 1-3, respectively, are attributed to CO stretching vi-
bration of the coordinated carbonyls of the acac entity, while
an additional medium absorption band at 1610 cm™ for 1 is
assigned to CO stretching vibration of the bridged carbonyl
group of the acac moiety,

Description of the Crystal Structures
The crystal structure of the complex [Mna{acac),-
(pydz)] 1 consists of the packing of discrete neutral binu-
clear molecules. The coordination geomeiry of manganese
— and the atom numbering scheme in 1 are shown in Fig. 1.
- The two metal ions are symmetrically bridged by one n°-
pydz ligand and by oxygen atoms(Q(4)) of two acac li gands
with & Mn---Mn’ scparation of 3.3553(14) A. The geometri-
cal environment about cach Mn is regarded as a distorted oc-

<(r2)

Fig. 1. ORTEP stereoview of [Mna{acac(pydz)] ()
with number scheme and vibrational eilipsoids at
30% probability level.
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Fig. 2. ORTEP stereoview of [Mn(acac)y(pyz)] (3) with
number scheme and vibrational ellipsoids at 30%
probability level.
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Table 2. Selected Bond Distances (A) and Angles (") for 1

Mn-O(1) 2.096(3) Mn-0(2) 2.1113)
Mn-0(3) 2.130(3) Mn-Oq4) 2.130(3)
Mn-Q(4) 2.240(3) Mn-N 2.321(14)
N-N’ 1.332(6) Mn---Mn” 3.3553014)
Mn-0(4)-Mn’ 98.46(11) O(1)-Mn-N 165.76(13)
O(2)-Mn-0(4)"  106.88(12)  O(2}-Mn-0(4) 167.24(12)
0(3)-Mn-O{4)  83.15(11) 0O(3)-Mn-O(4)  156.62(11)
Mn-N-N’ 115.47(23)  O(4)-Mn-N 85.63(11)
O(4)-Mn-N 82.50(12) 0O(4)-Mn-0(4)"  73.97(10)

tahedral MnNOs chromophore with five acac oxygens and
one nitrogen of the pydz ligand. The axial Mn-N bond dis-
tance 2.321(3) A is longer than the 2.096(3) A of Mn-O(1).
The averaged bond distances for the oxygen-bridged Mn-
0(4) (2.215 A) are somewhat longer than the averaged bond
distance of the chelated Mn-0 (2.112 A).

The X-ray structural analysis of 3 revealed that the
manganese(IT) atom has an octahedral six-coordination
(Fig. 2) MnN,O, chromophore with four oxygen atoms (av-
erage Mn-O bond distance = 2.121 A) of two acac ligands
and two nitrogen atoms (Mn-N =2.336(5) A) of bridged pyz
ligand. As aresult, the Mn" ions and the acac and pyz li-
gands form a one-dimensional polymeric chain structure
(Fig. 2). The resuiting Mn-Mn distance is 7.50 A, much
longer than that in complex 1, resulting in a very weak mag-
netic interaction between the two Ma" atoms.

EPR and Cryomagnetic Properties

The powder X-band EPR spectra (9.30 GHz) at 300 K
of compounds 1-3 exhibit a ca. 850-900 G symmetrical
broad resonances with g values of 2.00, 2.02 and 2.01 re-
speclively. The broadness of these isotropic signals is con-
sistent with polynuclear structures in which spin-spin re-
laxation is enhanced through large dipolar interactions me-
diated by the lattices of the solids.'*"*

The temperature dependence of the molar magnetic
susceptibility, X and the magnetic moment, g, tor 1, 2,

Table 3. Selected Bond Distances (A} and Angles (") for 3

Mn-N 2.336(5) Mn-O(1) 2.105(4)
Mn-O(2) 2.138(4)

N-Mn-N’ 179.9 O(1)-Mn-O(1)" 1800
0(2)-Mn-O¢2y  180.0 O(1)-Mn-O(2) 84.53(14)
O{i)-Mn-N BO.B9(15) O(1}-Mn-N 90.11(15)
0(2)-Mn-N 89.91(16) O(2)-Mn-N 90.09(16)
Mn-N-C(7) 121.7¢4) Mn-N-C(6) 122.6(4)




704 J Chin. Chem. Soc., Vol. 45, No. 5, 1998

and 3 are depicted in Figs. 3, 4 and 5, respectively. The ob-
served effective magnetic moment 7.85 {g at 300 K for 1 is
lower than the non-coupled two spin state (5, = 5/2, 85:=5/2)
value of 8.34 ps. As shown in Fig. 3, the molar susceptibil-
ity Xm increases steadily with decreasing temperature, reach-
ing a maximum at ca 30 K and then decreasing with decreas-
ing termperature. The magnetic moment and temperature ¢x -
hibits a continuous decrease upon cooling, with an extrapo-
lated value that vanishes when T approaches zero. This be-
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0.04 -
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0.04 ;
0 50 100 150 200 250 300
T/K

Fig. 3. Temperature dependences of Xm (0) and pegr (A)
of complex 1. Solid lines represent the least-

squares fit of the data to the equations (1) as
given in the text,
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Fig. 4. Temperature dependences of ¥m (0) and pegr (A)
of complex 2. Solid lines represent the least-
squares -fit of the data to the equations (2) as
given In the text.

Hong et al.

haviour is characteristic of an intramolecular antiferromag-
netic interaction between two high-spin Mn" ions through
the 11°-pydz and acac-bridged ligands in [Mna(acach(pydz)]
{1). The smooth solid curves of ¥n and pleg versus the T
plots in Fig. 3 are a least-squares fit to the data using the He-
isenberg-Dirac-Van-Vleck S, = 55 = 5/2 isotropic spin-cou-
pled model without zerofield splitting described in the equa-
tion (I1)."

%o = (N W IKT)(A/B) (D
A =27+ 107 +28¢ ™ + 60" ™ + 110e
B=1+3e +5" +Te™ +9e'% 4 11e"™

where x = 2J/&T, N is Avogadro’s number, [ is the Bohr
magneton, k is Boltzman's constant. The values obtained
for 1 are f=-2.05 cm", £g=200,and R=5x 10°, where R
is the agreement factor defined as E[(Xum)™ - (Xu)™1%
)™,

With no crystal structure at hand for complex 2, we re-
lied on IR and EPR speciroscopy to determine the most
likely structural hypothesis able to account for the magnetic
susceptibility results. The effective magnetic moments of 2
and 3 at 300 K are 5.89 and 5.94 y1p, respectively, and are
near the spin-only value of 5.90 ps usually observed for one
high-spin Mn" complex (5 = 5/2). As shown in Fig. 4 and
Fig. 5, the magnetic moments keep constant within the tem-
perature 300 - 30 K region and then decrease with tempera-
ture, reaching a value of 5.66 [y for 2 and 5.74 pg for 3 at
about 4 K. This behaviour is characteristic of a very weak

1.0 6.5
T

J—s.c
Ao a ADA A A4

JJEJ?I Hiz

1
di Y

F emPmol”!

0 50 100 150 200 250 300
TIK

Fig. 5. Temperature dependences of X (0) and Merr (A)
of complex 3. Solid lines represent the least-

squares fit of the data to equation (2) as given in
the text.
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intra- or wfer-chain antiferromagnetic interaction between
two high-spin Mn" ions through the pym and pyz bridge li-
gands in [Mn(acac)(pym)] 2 and [Mn{acac)«(pyz)] 3 poly-
mer chains. We have attempted to reproduce theoretically
the experimental susceptibilities in these iwo one-dimen-
sional complexes 2 and 3 by using one of the expressions
calculated by Fischer for a classical-spin Heisenberg
chain'™" scaled o a real spin § = 5/2:

X = [2Ng a5 + 1/3kTI(1 = v)/(1 +v) (2)

where v =-coth K + /K, K= J5(§ + /KT, N, s, and k have
their usual meaning, A very close agreement with the ex-
petiment is obtained with /= -0.04 cm™, g =2.02, R=4 x
107 for 2 and J = -0.05 em™, g = 2.01, R = 5 x 10” for 3,
demonstrating a very weak magnetic interaction. The fitted
& values give good agreement with those of the EPR results.
The calculated isotropic exchange energies, J values for 2
and 3, lie lower, which compared well o the value of axial
zero-field splitting (D).'

"~ Letus consider now the small, essentially axial anisot-
ropy that appears in the susceptibility in the low temperature
for the present systems. The zero-field spliting for § = 5/2
systems is almost entirely due to magnetic dipole-dipole in-
teraction between the Mn{Il) ions.!” The interaction can be
approximately calculated from the simple expression D =
(-£°ua"/R"), " where R is the separation between two
Mn(I1) ions. Using the values of 3.35 A for 1 and 7.50 A for
3. the zero-field splittings, [DI = 0.04 for 1 and ¢.005 cm!
for 3, are obtained, but they arc much lower than the iso-
ropic spin exchange energies.

For compounds 2 and 3, their antiferromagnetic inter-
aclions are much weaker than that of compound 1, the intra-
molecular Mn-Mn” separation ot which is as short as 3.35
A and involves the acac bridging. The self-assembly
bridged acac ones are able to (ransmit magnetic super-cx-
change between manganese(ll) ions. The intrachain
Mn--Mn separation of 3 is about 7.50 A larger and without
acac bridging.

The J value of -2.05 em™ found in [Mny(acac)s(pydz)]
can be compared with other Mn"Mn" magnetic interactions
with other bridge systems. It is smaller than the values {(-3.0
~-18 cm’*) measured for the acetato bridged binuclear com-
plexes,* but larger than the values (-0.15 ~ -1.50 cm™) ob-
tained for croconto and oxalato-bridged binuclear Mn"
complexes."”

Catalytic Activity for HzO2 Disproportationation of 1,
2, and 3 Complexes
Al complexes 1-3 showed catalytic activity for dis-
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proportionation of HO: in pyridine at O °C. The complexes
1-3 are oncs with Jow catalase activity in CH3OH or agueous
solution without base-addition that did decomposed H;0-
very slowly; it was found that the presence of added pryid-
ine base was an extremely active conbination for H,O--dis-
proportionation, Besides, it was found that addition of pyri-
dine only to the aqueous or methano! solution of complexes
1-3 without addition of Hx0O: subtrate resulted in no O,
evolving.

The time courses of the Oz-evolution are shown in Fig.
6. The initial O,-evolution was rapid. Then after a lag pe-
riod the rate significantly increased again. In the present
case of complexes 1-3, this dramatically shows two steps of
H>Q,-disproportionation. The insert shows the course of the
volumne of Oz-evolution with the initial time within 0-400 s.
For the first 50 s, the turnover of H:O»-disproportionation of
1, 2, and 3 are 450, 110, and 150, respectively.

The above results show that addititon of the base pyri-
dine causes a significant cawalytic activity of complexes 1-3
toward H,O,-disproportionation. In this phenoimenon the
diazine base, weaker in donating ability than pyridine, i$ re-
placed with pyridine in complexes 1-3 to form a catalase-
like catalyst. Earlier, it had been reported that the role of the
base in H0,-Mn catalase systems was to stabilize Mn™ = O
intermediate complexes,'” and it is also thought that the role
of the added base to facilitate deprotonation of the HyO,
prior to its reaction with the manganese catalyst.” We are
preparing further detailed studies on the kinetics, the cata-
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Fig. 6. Time course of Oz-evolution of HaO- dispropor-
tionation by 1(a), 2(b), und 3(c). Conditiens: |
(1.5 x 107 mol), 2 and 3 (3.0 x 10°° moY) in pyni-
dine (2 cm®), Ha0- {35%, 2 cm®. 20.6 mmal), at
25°C.
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lytic mechanism, and the characterization of the tinal spe-
cies of complexes 1-3 in HO4-disproportionation.

"This study indicates that m’-pyridazine and acac
bridges are able to form a short Mn--Mn distance in the
binuclear Mn" complex and to mediate significant magnetic
exchange interactions. We are, at variance with cases char-
acterizing pyrimidine and pyrazine bridged manganese(Il)
behavior as having only a very weak antiferromagnetic
chain.
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