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1,3-Bis[(2-dimethylaminoethyl)iminomethyl]benzene (baib), having two isolated metal-binding sites separated by
a m-xylenylene group, formed dinuclear metal(ir) complexes [Mn,(baib)(O,CPh);]BPh,-MeCN 1, [Mn,(baib)-
(O,CPh);(NCS)] 2, [Co,(baib)(O,CMe),]BPh, 3, [Co,(baib)(O,CPh);]BPh, 4 and [Zn,(baib)(O,CMe),]BPh, 5.
The structure of a dimethylformamide adduct of 2, [Mn,(baib)(O,CPh),(NCS)]-dmf 2’, was determined. It has
a dinuclear core bridged by two benzoate groups in the symmetric n':n' mode and one benzoate group in the
asymmetric n:m? mode, with a Mn - - - Mn separation of 3.501(4) A. A thiocyanate ion co-ordinates to one
Mn through its nitrogen; both manganese ions are six-co-ordinated. Complex 3 was also characterized
crystallographically. The pair of cobalt ions are bridged by three acetate groups in the n':n' mode with a

Co - - - Co intermetallic separation of 3.449(2) A. The geometry about each Co is a trigonal bipyramid. The
complexes 4-MeCN (4') and 5 have dinuclear cores essentially similar to that of 3: Co- -+ Co 3.482(2) and

Zn- -+ Zn 3.4648(7) A. The physicochemical properties of the complexes are reported together with the

catalase-like function of 1-3.

Dinuclear metal cores are versatile in biological systems' and
model studies of bimetallic biosites by use of simple metal
complexes are becoming important. Dinuclear cores bridged
by one oxygen-containing (oxo, hydroxo or water) and one or
two carboxylate groups are widely known in biosites such as
haemerythrin,®> ribonucleotide reductase,® phospholipase C,*
etc. A similar dinuclear core is proposed for the active site of
manganese catalase (MnCAT).” Phenol-based compartmental
ligands of ‘end-off’ type, possessing two chelating arms
attached to the 2 and 6 positions of the phenolic ring, have
often been used to provide p-phenoxo-bis(p-carboxylato)
dinuclear core complexes relevant to p-oxo-bis(p-carboxylato)
cores. Our previous studies using such ligands have shown that
p-phenoxo-bis(pu-carboxylato)dimanganese core complexes act
as functional models of MnCAT.*”®

Parallel to such ‘end-off’-type ligands, dinucleating ligands
with two metal-binding sites isolated by a spacer are also
important, because they are expected to allow the involvement
of an oxygen-containing bridge between a pair of metal ions.
In this context 1,3-bis[(2-dimethylaminoethyl)iminomethyl]-
benzene (baib) which has two isolated metal-binding sites
separated by a m-xylenylene group is of interest. In this study
the following dinuclear metal(i) complexes have been derived
from baib: [Mn,(baib)(O,CPh),|]BPh,-MeCN 1, [Mn,(baib)-
(O,CPh);(NCS)] 2, [Co,(baib)(O,CMe);]BPh, 3, [Co,(baib)-
(O,CPh);]BPh, 4 and [Zn,(baib)(O,CMe);]BPh, 5. Crystal
structures, physicochemical properties and the catalase (CAT)-
like function of the complexes are reported.

Experimental
Measurements

Elemental analyses (C, H and N) were obtained at the Elem-
ental Analysis Service Centre of Kyushu University. Analyses
of Mn were obtained using a Shimadzu AA-660 atomic
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absorption/flame emission spectrophotometer. Infrared spectra
were recorded on a JASCO IR-810 spectrometer using KBr
discs or Nujol mulls. Molar conductances were measured at
~1 x 107* M concentration using a DKK AOL-10 conductivity
meter at 20 °C. Electronic spectra were recorded using a
Shimadzu MPS-2000 spectrometer. Magnetic susceptibilities
were measured on a Faraday balance in the temperature range
80-300 K and on a HOXAN HSM-D SQUID susceptometer in
the range 4.2-80 K. Calibrations were made using [Ni(en),]-
[S,05] (en = ethane-1,2-diamine).’ Diamagnetic corrections
were made using Pascal’s constants.!! Cyclic voltammograms
were recorded using a BAS CV-50W electrochemical analyser
in dimethylformamide (dmf) or dimethyl sulfoxide (dmso)
solution containing tetra(n-butyl)ammonium perchlorate as
the supporting electrolyte. A three-electrode cell was used
which was equipped with a glassy-carbon working elec-
trode, a platinum coil as the counter electrode, and a Ag-
Ag" (NBu",ClO -acetonitrile) reference electrode. CAUTION:
NBu",ClO, is explosive and should be handled with great care.

Preparation

1,3-Bis[(2-dimethylaminoethyl)iminomethyl]benzene (baib). A
solution of isophthalaldehyde (0.134 g, 1 mmol) and N,N-
dimethylethane-1,2-diamine (0.176 g, 2 mmol) in toluene (30
cm®) was heated for 3 h at the reflux temperature while the water
resulting from the Schiff-base formation was eliminated azeo-
tropically. On evaporating the reaction solution to dryness,
crude baib was obtained as a yellow oily substance. It was used
for the preparation of the following complexes without further
purification.
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[Mn,(baib)(O,CPh),]BPh,-MeCN 1. All the operations for
syntheses were performed in an atmosphere of nitrogen to
avoid oxidation from atmospheric dioxygen. To a methanolic
solution (15 cm?®) of baib (0.137 g, 0.5 mmol) was added man-
ganese(11) benzoate tetrahydrate (0.369 g, 1 mmol) and the mix-
ture stirred at the reflux temperature for 20 min to form a yellow
solution. The addition of sodium tetraphenylborate (0.342 g, 1
mmol) resulted in the precipitation of a pale yellow precipitate.
It was recrystallized from acetonitrile as yellow crystals. Yield
0.265 g (47%) (Found: C, 68.1; H, 5.9; Mn, 10.0, N, 6.8. Calc.
for Cg;He,BMn,N;Oq: C, 68.3; H, 5.8; Mn, 9.9; N, 6.3%).
Selected IR (V/cm ™) using KBr: 1640, 1565, 1404 and 700. p.
per Mn: 5.66 pg at 290 K. Molar conductance (Ay/S cm?
mol™): 42 in CH,Cl,, 33 in dmf. UV/VIS [A/nm (e/Mm~ ' cm™)] in
dmf: 275 (7300), 297 (1960) and 307 (1270).

[Mn,(baib)(O,CPh),(NCS)] 2. This complex was obtained as
a pale yellow precipitate in a way similar to that of 1, except for
the use of NaNCS instead of NaBPh,. The yield was 0.261 g
(31%) (Found: C, 56.0; H, 5.2; Mn, 13.1; N, 8.0. Calc. for
CyoHoMn,N;O,S: C, 55.9; H, 5.4; Mn, 13.1; N, 8.4%). Selected
IR (V/em ™) using KBr: 2070, 1640, 1570, 1400 and 700. p per
Mn: 5.75 pg at 290 K. Molar conductance (Ay,/S cm? mol™?):
non-electrolyte in CH,Cl,, 58 in dmf. UV/VIS [A/nm (e/M™"
cm™ Y] in dmf: 276 (5700), 295 (2310) and 306 (1420).

A portion was crystallized from a propan-2-ol-dmf mixture
as a dmf adduct [Mn,(baib)(O,CPh);(NCS)]-dmf 2’ suitable
for X-ray crystallography.

[Co,(baib)(0O,CMe);]1BPh, 3. A methanolic solution (10 cm?®)
of baib (0.137 g, 0.5 mmol) and a methanolic solution of
cobalt(m) acetate tetrahydrate (0.249 g, 1 mmol) were mixed and
stirred at the reflux temperature for 3 h. The addition of sodium
tetraphenylborate (0.342 g, 1 mmol) followed by further stirring
at room temperature resulted in the precipitation of purple
microcrystals. Yield 0.369 g (83%) (Found: C, 62.3; H, 6.2; Co,
13.7; N, 6.2. Calc. for C,,Hs;sBCo,N,O¢: C, 62.2; H, 6.2; Co,
13.3; N, 6.3%). FAB mass spectrum: m/z 596 for [Co,-
(baib)(0,CMe);]". Selected IR (¥/cm™?) using KBr: 1640, 1610
and 1440. p per Co: 4.2 pg at 290 K. Molar conductance
(Ap/S cm? mol™): 52 in CH,Cl,. UV/VIS [Mnm (e/M ™! cm™)]:
243 (33900), 476 (77), 555 (95) and 780 (23) in CH,Cl;;
262 (17 600), 300 (2050), 498 (65) and 520 (70) in dmf.

[Co,(baib)(O,CPh);]1BPh, 4. This complex was obtained as
purple microcrystals in a way similar to that of 3 except for the
use of cobalt() benzoate tetrahydrate. The yield was 0.279 g
(52%) (Found: C, 67.9; H, 5.8; Co, 10.5; N, 5.2. Calc. for
Ce:Hg;BCo,N,Og: C, 68.2; H, 5.7; Co, 11.0; N, 5.2%). Selected
IR (V/em™!) using KBr: 1640, 1600 and 1420. . per Co: 4.7 pg
at 290 K. Molar conductance (A/S cm? mol™): 50 in CH,Cl,.
UV/VIS [Mnm (e/m~ cm™)]: 245 (32 700), 485 (84), 557 (129),
772 (30) in CH,Cl,; 263 (18 000), 300 (2500), 500 (70) and 523
(77) in dmf.

A portion was recrystallized from acetonitrile as an aceto-
nitrile adduct [Co,(baib)(O,CPh);]BPh,-MeCN 4’ suitable for
X-ray crystallography.

[Zn,(baib)(0,CMe),;IBPh, 5. This complex was obtained as a
colourless precipitate in a way similar to that of 3 using zinc(Ir)
acetate dihydrate instead of cobalt(ir) acetate tetrahydrate. The
yield was 0.306 g (68%) (Found: C, 61.0; H, 6.2; N, 6.1; Zn,
14.5. Calc. for C,4HssBN,O¢Zn,: C, 61.3; H, 6.2; N, 6.2; Zn,
14.5%). Selected IR (V/cm™") using KBr: 1650, 1620 and 1440.
Molar conductance (Ay/S cm? mol™!): 51 in CH,Cl,. UV/VIS
[Mnm (e/M ' cm™Y)] in dmf: 262 (17 000) and 300 (2000). 'H
NMR (CDCl,): 6 8.21 (s, 1 H), 7.88 (s, 2 H), 7.45 (m, 8 H), 7.40—
7.33 (m, 3 H), 7.03 (t, 8 H), 6.87 (t, 4 H), 3.34 (t,4 H), 2.55 (t, 4
H), 2.50 (s, 12 H) and 1.75 (s, 9 H).
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Studies of catalase-like activity

A closed vessel containing a dmf solution (2 cm®) of a dinuclear
complex (5 pmol) was stirred at 0 °C on an ice—water bath.
Hydrogen peroxide (10.0%, 0.5 cm?; 1.45 mmol) chilled at 0 °C
was injected through a silicon stopper and dioxygen evolved
was measured volumetrically with a burette.

Crystallography

The complexes [Mn,(baib)(O,CPh);(NCS)]-dmf 2’, [Co,(baib)-
(O,CMe);]BPh, 3, [Co,(baib)(O,CPh);|BPh,-MeCN 4’ and
[Zn,(baib)(O,CMe);]BPh, 5 were subjected to crystallographic
studies. Each single crystal of 2’, 4’ and 5 was mounted on a
glass fibre and coated with epoxy resin and a crystal of 3 was
sealed in a glass tube. Intensity and lattice parameter measure-
ments were made on a Rigaku AFC7R diffractometer with
graphite-monochromated Mo-Ko radiation (A =0.710 69 A)
and a 12 kW rotating-anode generator. The data were collected
at 20 £ 1 °C using the ®-260 scan technique to a maximum 20
value of 50.0° for 2’, 4" and 5 and 45.0° for 3 at a scan speed
16.0° min~! (in ). The weak reflections [/ < 10.05(1)] were re-
scanned up to a maximum of four scans and the counts were
accumulated to ensure good counting statistics. Stationary
background counts were recorded on each side of the reflection.
The ratio of the peak counting time to the background count-
ing time was 2:1. The cell parameters were determined by 25
reflections in the range 20.12 < 26 < 24.57° for 2', 20.03 <
20 <24.79° for 3, 28.77 <20 <29.85° for 4 and 29.23 <
20 < 29.95° for 5. The octant measured was +#4, +k, £/ for all
the complexes. The intensities of representative reflections were
measured after every 150. Over the course of data collection the
standards changed more or less and a linear correction factor
was applied. Intensity data were corrected for Lorentz—
polarization effects. Pertinent crystallographic parameters are
summarized in Table 1.

The structures were solved by the direct method and
expanded using the Fourier technique. The non-hydrogen
atoms in complexes 3, 4’ and 5 were refined anisotropically.
Hydrogen atoms were included in the structure-factor calcul-
ations but not refined. In the case of 2 the fragile nature of the
crystal precluded the improvement in quality of the structure
analysis. For this complex the atoms of the dmf molecule were
refined isotropically. Neutral atom scattering factors were taken
from Cromer and Waber."> Anomalous dispersion effects were
included in F; the values for A /" and A f” were those of Creagh
and McAuley." The values for the mass-attenuation coefficients
were those of Creagh and Hubbell.'* All calculations were
performed using the TEXSAN crystallographic software
package."

CCDC reference number 186/728.

Results and Discussion
Crystal structures

[Mn,(baib)(0,CPh)(NCS)]-dmf 2’. An ORTEP ' drawing of
the essential part of complex 2’ is shown in Fig. 1 together with
the numbering scheme. The relevant bond distances and angles
are listed in Table 2.

The complex is depicted as [Mny(baib)(O,CPh);(NCS)]; the
dmf molecule is free from co-ordination and captured in the
crystal lattice. The pair of manganese ions are bridged by two
benzoate groups in the symmetric n':n' mode and one benzoate
group in unsymmetric n':n?> mode. Atom Mn(1) is six-co-
ordinated with N(1) and N(2) of one pendant arm of baib, O(1)
and O(2) of the chelating benzoate group and O(3) and O(6) of
the two symmetrically bridging benzoate groups. The surround-
ings are largely distorted from a regular octahedron; the Mn—-N
and Mn-O bond distances vary from 2.00(2) to 2.38(2) A.

Atom Mn(2) is also six-co-ordinated with N(3) and N(4) of
the pendant arm of baib, O(1), O(4) and O(5) of the bridging
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Table 1 Pertinent crystallographic parameters for complexes 2', 3,4’ and 5

2 3 4’ 5
Formula CyHisMn,N,O,S C46HssBCo,N,Of Cg3HgsBCo,N;Of C46HssBN,O¢Zn,
M 878.80 888.64 1115.90 901.53
Crystal colour Yellow Purple Purple Colourless
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2, P2,/n P2,/c P2,/c
alA 9.047(3) 15.500(3) 11.553(6) 15.119(2)
bIA 16.305(5) 15.178(7) 17.375(5) 21.201(3)
clA 14.759(2) 20.411(8) 29.288(7) 15.456(1)
pre 97.97(2) 106.89(2) 98.41(4) 108.186(8)
UIA® 2156.1(9) 4594(3) 5815(3) 4706.6(8)
VA 2 4 4 4
DJgcm™? 1.354 1.285 1.274 1.272
p(Mo-Ka)/em™ 6.88 7.72 6.25 10.68
No. of reflections 4226 6574 11174 8958
R 8.7 5.6 5.1 5.0
R 9.6 5.7 5.3 3.6

“X||Fo| — |FIVEIF).  [Ew(Fo] = [EDEWELE, w=1o(F,).

Table 2 Relevant bond distances (A) and angles (°) for complex 2’

Mn(1)-N(1) 2.38(2) Mn(2)-N(3) 2.27(2)
Mn(1)-N(2) 2.28(2) Mn(2)-N(4) 2.35(3)
Mn(1)-O(1) 2.28(1) Mn(2)-N(5) 2.16(2)
Mn(1)-0(2) 2.25(2) Mn(2)-O(1) 2.25(2)
Mn(1)-O(3) 2.08(2) Mn(2)-O(4) 2.10(2)
Mn(1)-O(6) 2.00(2) Mn(2)-O(5) 2.24(2)
Mn(l)---Mn(2)  3.501(4)

N()-Mn(1)-N(2)  77.2(8) NG)»-Mn(2)-N@4)  76.8(9)
N()-Mn(1)-O(1)  94.2(7) N(G3)-Mn(2)-N(5)  87.6(8)
N()-Mn(1)-0(2)  84.4(8) NG)-Mn(2)-O(1)  99.9(8)
N(1)-Mn(1)-0(3)  168.7(8) N(3)-Mn(2)-0(4)  166.4(9)
N(I)-Mn(1)-0(6)  84.1(9) N(G3)-Mn(2)-0(5)  81.9(7)
N(@2)-Mn(1)-O(1)  148.4(7) N@)-Mn(2)-N(5)  91.1(8)
N(@2)-Mn(1)-0(2)  91.9(7) N@)-Mn(2)-O(1)  176.4(7)
N(@2)-Mn(1)-03)  93.0(8) N(#)-Mn(2)-04)  91.9(8)
N(@2)-Mn(1)-0(6)  97.1(8) N@)-Mn(2)-0(5)  86.1(8)
O(1-Mn(1)-0(2)  56.8(6) N(5-Mn(2)-O(1)  87.2(7)
O()-Mn(1)-0(3)  97.1(7) N(5-Mn(2)-O(4)  100.3(8)
O(1)-Mn(1)-0(6)  112.4(7) N(5-Mn(2)-0(5)  169.6(7)
0(2)-Mn(1)-0(3)  101.8(8) O(1)-Mn(2)-0(4)  91.6(7)
0Q2)-Mn(1)-0(6)  163.5(8) O(1)-Mn(2)-0(5)  94.9(7)
O(3)-Mn(1)-0(6)  91.5(9) O(4)-Mn(2)-0(5)  89.9(7)

benzoate groups, and N(5) of the isothiocyanate group. The
Mn-N and Mn—-O bond distances fall in the smaller range of
2.10(2)-2.35(3) A. The Mn(1)---Mn(2) intermetallic separ-
ation is 3.501(4) A. The aromatic ring of the asymmetrically
bridging benzoate group is in a stacking mode with the aro-
matic ring of baib and the ring—ring separation is ~3.55-3.68 A.

[Co,(baib)(O,CMe),;]1BPh, 3. An ORTEP drawing of com-
plex 3 is shown in Fig. 2 together with the numbering scheme.
The relevant bond distances and angles are given in Table 3.

The pair of cobalt ions are bridged by three acetate groups in
the n':n! mode and the Co(1) - - - Co(2) intermetallic separation
is 3.449(2) A. The geometry about Co(1) is best depicted as a
trigonal bipyramid with the articular nitrogen N(1) of one
pendant arm and one acetate oxygen O(5) at the axial sites and
the terminal nitrogen N(2) of the pendant arm and two acetate
oxygens O(1) and O(3) in the equatorial plane; the N(1)-
Co(1)-O(5) angle is 169.8(3)° and the sum of the O(1)-
Co(1)-0(3), O(1)-Co(1)-N(2) and O(3)—-Co(1)-N(2) angles
is 359.5°. The geometry about Co(2) is similarly trigonal
bipyramidal. The articular nitrogen N(3) of the other pendant
arm and an acetate oxygen O(6) reside at the axial sites
[N(3)-Co(2)-0O(6) angle 170.1°] and the terminal nitrogen N(4)
of the pendant arm and two acetate oxygens O(2) and O(4)
reside in the equatorial plane [sum of O(2)-Co(1)-O(4),

c(27)
C(28)

Fig.1 An ORTEP drawing of the essential part of complex 2" with the
numbering scheme

0(2)~Co(1)-N(4) and O(4)—Co(1)-N(4) angles: 359.5°]. Two
cobalt ions are not equivalent and Co(1) has short metal-to-
ligand bonds (average 2.036 A) relative to those of Co(2)
(average 2.038 A). The two equatorial planes about Co(1) and
Co(2) are tilted at 136.61° to each other. Two bridging acetate
groups form a near coplane and the third is nearly perpendicu-
lar to this coplane. The aromatic ring of baib is tilted 80.02° to
the coplane formed by the two acetate bridges.

[Co,(baib)(O,CPh);]BPh,-MeCN 4'. An ORTEP drawing of
the cationic part of complex 4’ is shown in Fig. 3. This complex
has a tri(p-carboxylato)dicobalt(ir) core very similar to that of 3
but some substantial geometrical differences are seen between 3
and 4'. The Co(1)---Co(2) intermetallic separation of 4’ is
3.482(2) A, slightly larger than that of 3. This elongation leads
to an increase in the dihedral angle between the two equatorial
planes of Co(1) and Co(2) (124.62°) and a slight decrease in the
N(1)-Co(1)-0(5) and N(3)-Co(2)-O(6) angles (167.7 and
169.6°, respectively). Further, the benzene ring of baib is
brought closer to the coplane formed by the two acetate
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Table 3 Relevant bond distances (A) and angles (°) for complex 3

Co(1)-N(1) 2.175(9) Co(2)-N(3) 2.18(1)
Co(1)-N(2) 2.066(9) Co(2)-N(4) 2.095(9)
Co(1)-0(1) 1.950(7) Co(2)-0(2) 1.968(7)
Co(1)-0(3) 1.981(8) Co(2)-0(4) 1.941(8)
Co(1)-0(5) 2.011(8) Co(2)-0(6) 2.003(9)
Co(1)+++Co(2)  3.449(2)

N()-Co(1)-N(@2)  81.5(4) NG3)-Co(2)-N@)  81.7(4)
N()-Co(1)-O(1)  91.1(3) N(G3)-Co(2-0(2)  89.4(4)
N()-Co(1)-0(3)  89.5(3) N(G3)-Co(2-0(4)  90.0(4)
N()-Co(1)-0(5)  169.8(3) N(3)-Co(2-0(6)  170.1(4)
N(@2)-Co(1)-O(1)  114.8(4) N@)-Co(2-0(2)  112.0(4)
N(Q2)-Co(1-0(3)  110.7(5) N(#)-Co(2-0(4)  107.8(4)
N(Q2)-Co(1)-0(5)  88.4(4) N(@)-Co(2)-0(6)  88.4(4)
O(1)-Co(1)-0(3)  134.1(3) 0(2)-Co(2-0(d)  139.7(3)
O(1)-Co(1)-O(5)  94.8(3) 0(2)-Co(2)-0(6)  94.2(4)
0(3)-Co(1)-0(5)  92.3(4) 0(4)-Co(2)-0(6)  93.2(4)

C(22)

Fig.2 An ORTEP drawing of the essential part of complex 3 with the
numbering scheme

bridges, resulting in the enlarged dihedral angle between the
benzene ring and the acetate-bridge coplane (73.3°). The
cobalt-to-ligand bonds [average 2.045 A for Co(1) and 2.055 A
for Co(2)] are elongated relative to those in 3.

[Zn,(baib)(O,CMe),;]BPh, 5. An ORTEP drawing of the
cationic part of the complex is given in Fig. 4. The complex
cation [Zn,(baib)(O,CMe);]" has a dinuclear core similar to
that of 3. The Zn(1)---Zn(2) intermetallic separation is
3.465(1) A. Each Zn assumes a trigonal-bipyramidal geometry
with an average metal-to-ligand bond length of 2.061 A for
Zn(1) and 2.059 A for Zn(2). The zinc-to-ligand bond distances
are long relative to the cobalt-to-ligand distances in 3 and 4.
The N(1)-Zn(1)-O(5) and N(3)-Zn(2)-O(6) angles are 170.0
and 170.8°, respectively. The dihedral angle between the
aromatic ring of baib and the near coplane formed by the
two acetate bridges is 84.28°.

Physicochemical properties

Magnetism. The magnetic moments of the manganese com-
plexes 1 and 2 at room temperature are 5.66 and 5.75 pg,
respectively, which decrease with decreasing temperature to
2.00 and 3.60 pg, respectively, near liquid-helium temperature.
This strongly suggests the operation of antiferromagnetic spin
exchange within each core. The temperature dependences of the
magnetic susceptibility are shown in Fig. 5.
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C(36)

C(35)

Fig.3 An ORTEP drawing of the essential part of complex 4’ with the
numbering scheme

Fig.4 An ORTEP drawing of the essential part of complex 5 with the
numbering scheme

The magnetic susceptibility of complex 1 increases with
decreasing temperature up to a maximum at 16 K then
decreases below this temperature. The magnetic susceptibility
for 2 tends to saturate near liquid-helium temperature. The cryo-
magnetic behaviour of the complexes can be reproduced by the
magnetic susceptibility expression (1) for an (S; =3)—(S,=32)

Aa=
[(NGBHET)(x*® + 5x** + 14x™ 4+ 30x + 55)/(x*® + 32 +
532 + 7 4+ 9x10 + 11)(1 — p)] + BSNSBY12kDp (1)

system based on the isotropic Heisenberg model H =
—2JS,S,."7 In this equation x = exp(—J/kT), N is Avogadro’s
number, g the Zeeman splitting factor,  the Bohr magneton, k&
the Boltzmann constant, 7 the absolute temperature, J the
exchange integral, and p the fraction of monomeric impurity.
The temperature-independent paramagnetism for Mn" is
assumed to be zero. The best-fitting curves based on this
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Fig. 6 The temperature dependences of the magnetic moment
(per Co) for complexes 3 and 4

equation are given by the solid lines in Fig. 5. The magnetic
parameters obtained by this fitting and the discrepancy factor
defined as R(1) = [Z(ops — Meae)/Z(Hope)’lF are as follows:
g=198, J=-2.10, p=0 and R(n)=4.7x 1072 for 1 and
g=199, J=—1.73, p=0.023 and R(n)=4.7 x 1073 for 2. The
results indicate the operation of an antiferromagnetic inter-
action within a pair of manganese(11) ions.

The room-temperature magnetic moments of the cobalt(ir)
complexes 3 and 4 are 4.2 and 4.7 pg, respectively, which
decrease with decreasing temperature to 1.0 and 2.8 pg, respect-
ively, at liquid-helium temperature (Fig. 6). Such cryomagnetic
behaviour is indicative of antiferromagnetic interaction
between the cobalt(ir) ions but the g vs. T curves cannot be
simulated by means of the magnetic susceptibility expression
fora (S; = (S, = ) system based on the Heisenberg model. It is
likely that a secondary effect substantially contributes to the
magnetism of these complexes.

Spectroscopic properties. Absorption spectra were obtained
in dmf or dichloromethane and numerical data are given in the
Experimental section. The manganese complexes 1 and 2 are
pale yellow and the zinc complex 5 is colourless. They show no
prominent absorption in the visible region because Mn" of
high-spin d* electronic configuration has no spin-allowed d-d
transition and Zn" of d' electronic configuration has no d-d
transition. For 1 and 2 an intense absorption band is observed
at 275 nm and two moderately intense bands at ~296 and ~306
nm (in dmf). The last two bands are also seen for free baib (295
and 306 nm) and thence can be attributed to intraligand tran-
sition bands. The intense band near 275 nm may be associated
with a charge-transfer transition. The zinc complex 5 shows an

intense absorption at 262 nm and a moderately intense absorp-
tion at 300 nm. An essentially similar ultraviolet spectrum is
obtained for the cobalt complexes 3 and 4.

The cobalt complexes are purple and their visible spectra in
dichloromethane are characterized by three weak absorptions
at~ 775, 556 and 480 nm, which are assigned to d—d transition
bands of Co™ under D;, symmetry.’® Exactly the same visible
spectrum was obtained when measured by reflection on a
powdered sample, indicating the dinuclear core is retained in
this solvent. In dmf solution the cobalt d—d bands are found at
500 and 520 nm.

Electrochemistry. The cyclic voltammograms of the man-
ganese complexes 1 and 2 in dmf were irreversible; 1 showed
three anodic peaks at +0.52, +0.85 and +1.20 V vs. Ag-Ag*
and 2 showed two anodic peaks at +0.65 and +0.95 V. The
anodic peak at +0.52 V of 1 is attributed to tetraphenylborate
ion based on our comparative studies for NaBPh,. The remain-
ing two anodic peaks of 1 and the two peaks of 2 must be
associated with the oxidation at the Mn. No prominent wave
was observed for both complexes in the negative potential
region.

The cyclic voltammograms of cobalt complexes 3 and 4 in
dmf were not well resolved except for an anodic peak at ~+0.75
V due to the tetraphenylborate ion. This peak was also
observed for the zinc complex 5. In dichloromethane 3 showed
three anodic peaks at +0.58, +1.12 and +1.38 V (vs. Ag-Ag").
The last two peaks at +1.12 and +1.38 V can be attributed to
oxidation at Co. The high potential of the peaks means that the
oxidation state Co™ is preferred to Co™ at the electrode. The
stabilization of Co™ is evidently due to the trigonal-bipyramidal
surroundings which are unfavourable for Co™ in view of the
crystal-field stabilization energy. Complex 4 resembles 3 in
electrochemical behaviour, showing three anodic peaks at
+0.62, +1.28 and +1.42 V. No prominent wave was observed at
available potentials for both 3 and 4 in the negative sweep.

CAT-like activity

The CAT-like activity of complexes 1-5 to disproportionate
H,0, into H,0 and O, was examined in dmf at 0 °C by volu-
metric measurements of evolved dioxygen and it was found that
the manganese (1 and 2) and cobalt (3 and 4) complexes have
such activity. The zinc complex 5 showed no activity.

Dinuclear manganese complexes (1 and 2). The time courses
of oxygen evolution for the catalysis by complex 1 and 2
(2.5x107% M) are given in Fig. 7. In the catalysis by 1 the
evolved dioxygen linearly increased first but tended to saturate
after 50 min. Then more rapid evolution occurred after 70 min
which ceased after 90 min. At this stage the evolved dioxygen
corresponded to 100% decomposition of hydrogen peroxide.
The evolution profile suggests the involvement of a slow
catalytic process (A) occurring at the initial stage and a faster
catalytic process (B) appearing after a lag time, though the
saturation tendency of the slow catalysis is hardly explained.
Complex 2 also showed a similar evolution profile where the
fast catalytic process appeared after a longer lag time of ca. 150
min. The rates of the slow and the fast catalytic processes (v,
and v,, respectively) and the lag time t for the fast catalytic
process were evaluated graphically as: v,=5, v, =19 pmol
min~! and 1 = 60 min for 1 and v, =4, v, = 20 umol min* and
©=145 min for 2. When thiocyanate ion was added to the
catalysis by 1 (complex:NCS™ =1:1), the evolution profile
was exactly the same as that for the catalysis by 2. Evidently,
thiocyanate ion acts as an inhibitor to the fast catalytic process
(B). It must be emphasized that both v, and v, for the catalysis
by 1 and 2 are small and the lag time 7 is large relative to the
catalysis by (u-phenoxo)di(p-carboxylato)dimanganese(1r) com-
plexes studied previously in our laboratory.’
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Fig. 7 Time courses of oxygen evolution in the disproportionation of
H,0, by complexes 1 and 2. Conditions: 5 pmol complex in dmf (2 cm?®)
containing H,0, (10.0%, 0.5 cm®) at 0 °C

In dmf both complexes act as 1:1 electrolytes, supporting
the fact that the [Mn,(baib)(O,CPh),]" core persists in solution.
The core has a five-co-ordinate Mn™ and its sixth vacant site
is available for binding hydrogen peroxide. The bridge of
hydrogen peroxide between two [Mn,(baib)(O,CPh),]* cores
may lead to Mn™n™(OH) species which can be involved in
the slow catalytic process (A) through the interconversion of
Mn"Mn™(OH)/Mn*Mn"(=0).” The involvement of a Mn"M-
n'™ mixed-valence species in the slow catalytic process has been
demonstrated by ESR spectroscopy for macrocyclic dinuclear
manganese complexes.'>?

The fast catalytic process is believed to employ a C,
symmetric dinuclear manganese core with an appropriate
Mn - - - Mn separation to allow chelate bonding of H,0, to the
core.” To achieve such binding of H,0, the [Mn,(baib)-
(O,CPh);]" core must release one of the acetate bridges to
give [Mn,(baib)(O,CPh),]*" and this is related to the delayed
appearance of the fast catalytic process (B) relative to the slow
process (A). Added thiocyanate ion may co-ordinate to one
of the manganese ions of [Mn,(baib)(O,CPh),]’* forming
[Mn,(baib)(O,CPh),(NCS)]*, and this explains the inhibiting
function of the ion in the fast catalytic process (B).

In the fast catalysis by (p-phenoxo)di(p-carboxylato)-
dimanganese(ir) core complexes the involvement of {Mn'"-
(=0)}, species has been evidenced by FAB mass spectrometry
and visible spectroscopy.” The disproportionation of H,0, by 1
has been examined by visible spectroscopy (Fig. 8). Just after
the addition of H,0, the solution was almost colourless and
showed trace (a). When the fast catalytic process (B) started the
solution became a purple colour and showed the spectrum (b).
Of particular interest is the absorption band near 530 nm that
has fine structures of ca. 730 cm™! separation. This can be
assigned to a ligand-to-metal charge-transfer (LMCT) band
from oxo ion to Mn" and the fine structure is attributed to the
v(Mn=0) mode coupled to the LMCT band through vibronic
interaction.” The result adds support to the conclusion that the
fast catalytic process proceeds through the interconversion of
cis-{Mn™(OH)}, and cis-{Mn"(=0)},.” It must be mentioned
that the oxygen evolution profile with 1 at 20 °C showed no
lag period for the fast process and the absorption spectrum
showed no characteristic band. This is because the catalytic
cycle between cis-{Mn™(OH)}, and cis-{Mn"(=0)}, becomes
fast at elevated temperatures so that the cis-{Mn"(=0)},
species has a short lifetime and cannot be detected by visible
spectroscopy.’

Dinuclear cobalt complexes (3 and 4). The complexes 3 and 4
showed a similar CAT-like activity. The catalytic function of 3
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Fig. 9 The time course of oxygen evolution in the H,0, dispropor-
tionation of H,0, by complex 3 at the concentration of 2.5 x 1073 m:
(a) at 0 °C and (b) at 20 °C

is described below. The time course of oxygen evolution is given
in Fig. 9.

When studied at 10 °C the oxygen evolution profile was
sigmoidal and evolution ceased in 800 min. At this stage the
evolved dioxygen corresponded to 100% decomposition of the
added hydrogen peroxide. At 20 °C the catalysis became faster
and the evolution ceased in 320 min. In the course of the
catalysis at 10 °C the solution became brown and showed an
intense absorption band at 365 nm and weaker bands at 560
and 650 nm. This suggests the involvement of Co™ in the
catalysis. To the best of our knowledge this is the first cobalt
complex to catalyse the disproportionation of hydrogen
peroxide.
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