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Synthesis, Structure and Oxygen-evolving Activity of
Dinuclear Manganese Complexes with a Schiff-base
Macrocyclic Ligand and Bridging Benzoatet

Toshi Nagata and Junji Mizukami

Department of Chemistry, Kyoto University, Kyoto 606-01, Japan

A series of dinuclear manganese complexes [Mn,L(RCO,)]CIO,, where RCO,H is a substituted
benzoic acid and H,L is a Schiff-base macrocyclic ligand formed by a 2:2 condensation of 2,6-
diformyl-4-methylphenol and N.N-bis(2-aminoethyl)methylamine, were synthesized. The crystal
structure (R = 2-O,NC,H,-) showed the presence of two crystallographically independent complex
cations with slightly different conformations. The difference can be attributed to the crystal packing
effect. These complexes catalysed disproportionation of H,0O,; the activities showed a characteristic V-
shaped dependence with pK, of RCO,H, which suggests the importance of protonation prior to

dissociation of RCO, .

Recently much attention has been focused on manganese
clusters related to oxygen evolution in biological systems,
among which manganese catalase! and the oxygen evolving
complex of plant photosynthesis? are of major interest.
However, the mechanism of oxygen evolution in these systems
is still far from completely understood. There have been several
reports on manganese complexes as simplified model com-
pounds for oxygen evolution,>'® which have proven to be
useful, both for accumulating knowledge on oxygen evolution
from a chemical point of view and for an initial step to mimic
photosynthesis in artificial systems.

We previously reported !! the synthesis and structure of, and
oxygen evolution by, a series of dimanganese complexes of the
Schiff-base macrocyclic ligand H,L the [2 + 2] condensation
product of 2,6-diformyl-4-methylphenol and N,N-bis(2-amino-
ethylhmethylamine. This ligand shares the advantages (ease
of preparation; stability of its complexes due to entropy effects;
the phenolic oxygens serving as binders of two manganese ions)
with other Schiff-base ligands that have been used for studies
with manganese.®!%12 Moreover, our ligand has a unique
advantage that it can co-ordinate to ten out of twelve ligating
sites of two octahedral manganese ions in a binuclear complex,
so leaving only two vacant positions for external ligand(s). This
particular structural property makes our complexes especially
suitable for studies on catalytic reactions.

In this article, we report the synthesis of a series of complexes
[Mn,L(RCO,)]CIO,, where RCO, " is a substituted benzoate
anion. The crystal structure (R = 2-O,NC¢H,) and electro-
chemical behaviour are very similar to those of previously
reported acetate complexes (R’ = CH,X;_,, X = F or Cl).'!
These complexes also catalysed the disproportionation reaction
of hydrogen peroxide, and the catalytic activities change in a
characteristic manner with the basicity of the bridging
carboxylate, showing a minimum at pX, (RCO,H) ~ 2. We
present a rational explanation by considering protonation of
the complex prior to dissociation of the bridging carboxylate.

Results and Discussion
Synthesis and  Structure—A  series of complexes
[Mn,L(RCO,)]ICIO, {R = Ph, XC¢H, (X = 4-MeO, 4-Me, 4-

t Supplementary data available: see Instructions for Authors, J. Chem.
Soc., Dalton Trans., 1995, Issue 1, pp. XXxv—xxx.
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Br, 4-Cl, 4-F, 4-NO,, 2-MeO, 2-Meg, 2-Br, 2-Cl, 2-F or 2-NO,),
XYCgH; [XY = 2,4-(NO,),, 3,4-(NO,), or 2-Cl-4-NO,]}
were synthesized by template condensation of N,N-bis(2-
aminoethyl)methylamine, 2,6-diformyl-4-methylphenol,
RCO,Na and Mn(ClO,),-6H,0. The crystal structure was
investigated for [Mn,L(2-O,NC¢H,CO,)]CIO, and fractional
coordinates are compiled in Table 1. Bond lengths and angles
around the manganese ions of both molecules are listed in Table
2. The asymmetric unit of the triclinic unit cell contains two
crystallographically independent complex cations [Mn,L(2-
0O,NC¢H,CO,)]", two perchlorate anions and one Me,NCHO
solvate molecule. One of the two independent complex cations
(molecule A) is shown in Fig. 1; the other one (molecule B) has a
similar configuration, but with a significant difference in the
angle between the two vectors O(1)-C(1) and O(2)-C(15);
141.7(8) and 123.7(9)° for molecules A and B, respectively. The
larger angle in molecule A can be attributed to packing forces
in the crystal. Fig. 2 shows part of the crystal, containing
molecules A and B, and their symmetry-related partners A" and
B’ (symmetry operation: —x, —y, 1 — z) with dashed lines
showing short contacts (< 3.60 A). The atoms and distances
involved in these short contacts are listed in Table 3. Molecule
A has ten contacts with molecule B’, of which eight are related
with the carbon atoms of the two phenol rings. These contacts
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Table 1 Positional parameters for [Mn,L(2-O,NC¢H,CO,)]ClO,-0.5Me,NCHO with estimated standard deviations in parentheses
Atom* X y z Atom X ¥ z
Mn(la) 0.4257(1) 0.3693(1) 0.6210(1) C(17a) 0.4412(8) 0.2058(7) 0.8250(7)
Mn(2a) 0.3490(1) 0.4387(1) 0.7680(1) C(18a) 0.3810(9) 0.1712(8) 0.8651(8)
Mn(1b) 0.1389(1) —0.1080(1) 0.2783(1) C(19a) 0.3190(8) 0.1942(7) 0.8580(8)
Mn(2b) 0.1414(1) —0.1787(1) 0.4484(1) C(20a) 0.3168(7) 0.2512(7) 0.8131(7)
Cl(1p) 0.9370(3) 0.1110(3) 0.1869(3) C(21a) 0.383(1) 0.1135(8) 0.9191(9)
Cl(2p) 0.5391(3) 0.1702(3) 0.2322(3) C(22a) 0.2557(7) 0.2766(7) 0.8208(8)
O(la) 0.3253(5) 0.4038(4) 0.6165(5) C(23a) 0.1909(8) 0.3610(8) 0.8244(8)
0O(2a) 0.3803(4) 0.3386(4) 0.7309(5) C(24a) 0.2544(9) 0.4489(10) 0.9188(9)
0O(3a) 0.5314(5) 0.5087(5) 0.7033(5) C(25a) 0.4211(8) 0.5392(10) 1.0091(8)
O(4a) 0.4915(5) 0.5416(5) 0.8262(5) C(26a) 0.344(2) 0.588(1) 0.910(1)
O(5a) 0.6894(7) 0.5475(7) 0.8584(7) C(27a) 0.329(1) 0.599(1) 0.833(1)
O(6a) 0.7955(8) 0.6162(8) 0.815(1) C(28a) 0.2776(9) 0.5326(8) 0.661(1)
O(1b) 0.0573(4) —0.1463(4) 0.3625(5) C(29a) 0.5446(7) 0.5611(7) 0.7850(8)
O(2b) 0.2402(4) —0.0711(4) 0.4195(4) C(30a) 0.6298(7) 0.6562(7) 0.8317(7)
O(3b) 0.1101(5) —0.2370(5) 0.2101(5) C(31a) 0.7177(8) 0.6793(7) 0.8517(7)
O(4b) 0.1254(5) —0.2802(4) 0.3319(5) C(32a) 0.7939(8) 0.7646(9) 0.8866(9)
O(5b) —0.0582(8) —0.5418(7) 0.2132(10) C(33a) 0.7811(9) 0.8326(8) 0.9065(9)
O(6b) —0.0613(6) —0.4350(6) 0.1948(7) C(34a) 0.694(1) 0.8139(8) 0.8886(10)
O(1s) 0.6412(8) 0.2037(9) 0.8923(9) C(35a) 0.6197(8) 0.7266(8) 0.8516(9)
O(lp) 0.8971(9) 0.160(1) 0.1799(9) C(1b) —0.0026(6) —0.1330(6) 0.3796(7)
O(2p) 1.0100(7) 0.1404(8) 0.1581(7) C(2b) —0.0550(7) —0.1761(7) 0.4280(8)
OQ3p) 0.8741(10) 0.0226(9) 0.1275(10) C(3b) —0.1187(7) —0.1591(8) 0.4462(8)
O(4p) 0.9729(8) 0.1275(7) 0.2865(7) C(4b) —0.1378(7) —0.1027(7) 0.4185(8)
O(5p) 0.597(1) 0.206(1) 0.195(1) C(5b) —0.0870(8) —0.0624(7) 0.3701(8)
O(6p) 0.5437(7) 0.1012(8) 0.246(1) C(6b) —0.0237(7) —0.0765(7) 0.3480(7)
O(7p) 0.4510(9) 0.1364(10) 0.180(1) C(7b) —0.2077(8) —0.0882(8) 0.4405(8)
O(8p) 0.570(1) 0.235(1) 0.320(1) C(8b) 0.0171(8) —0.0334(7) 0.2920(8)
N(la) 0.3200(7) 0.2776(6) 0.4687(7) C(9b) 0.0967(8) 0.0026(7) 0.1933(9)
N(2a) 0.5047(8) 0.3563(7) 0.5077(9) C(10b) 0.0541(8) —0.0739(7) 0.0952(8)
N(3a) 0.5190(6) 0.3340(6) 0.6854(7) C(11b) 0.0026(10) —0.2315(8) 0.0330(9)
N(4a) 0.2500(5) 0.3355(6) 0.7978(6) C(12b) 0.163(1) —0.117(1) 0.0829(10)
N(5a) 0.3417(7) 0.5111(6) 0.9175(6) C(13b) 0.249(1) -0.042(1) 0.155(1)"
N(6a) 0.312%(7) 0.5317(6) 0.7433(8) C(14b) 0.3500(8) 0.0093(8) 0.3171(9)
N(7a) 0.7363(7) 0.6093(8) 0.8416(8) C(15b) 0.3300(7) ~0.0114(6) 0.4669(8)
N(1b) 0.0779(6) —0.0335(5) 0.2647(6) C(16b) 0.3868(7) 0.0292(7) 0.4218(8)
N(2b) 0.0826(7) —0.1354(6) 0.1028(6) C(17b) 0.4835(8) 0.0890(7) 0.4747(9)
N(3b) 0.2663(6) —0.0336(6) 0.2568(6) C(18b) 0.5311(8) 0.1145(7) 0.5754(9)
N(4b) 0.2462(6) —0.0848(6) 0.5988(6) C(19b) 0.4756(7) 0.0763(7) 0.6184(8)
N(5b) 0.1662(8) —0.2647(8) 0.5413(8) C(20b) 0.3798(7) 0.0162(7) 0.5723(8)
N(6b) 0.0134(7) —0.2563(7) 0.4623(8) C(21b) 0.6354(7) 0.1769(7) 0.6287(9)
N(7b) —0.0291(7) —0.4790(7) 0.1913(7) C(22b) 0.3321(8) —0.0216(8) 0.6272(8)
N(ls) 0.6762(9) 0.1574(8) 1.0081(9) C(23b) 0.2192(8) —0.1173(9) 0.6707(8)
C(la) 0.2722(7) 0.4062(7) 0.5448(8) C(24b) 0.2133(10) —0.205(1) 0.647(1)
C(2a) 0.2490(8) 0.4692(8) 0.5639(9) C(25b) 0.222(1) —0.298(1) 0.513(1)
C(3a) 0.194(1) 0.472(1) 0.485(1) C(26b) 0.072(1) —0.339(1) 0.510(1)
C(4a) 0.155(1) 0.412(1) 0.390(1) C(27b) 0.006(1) —0.323(1) 0.504(2)
C(5a) 0.177(1) 0.350(1) 0.3710(10) C(28b) —0.0467(8) —0.2388(9) 0.4613(9)
C(6a) 0.2362(8) 0.3463(8) 0.4462(8) C(29b) 0.1127(7) —0.2882(7) 0.2454(8)
C(7a) 0.092(1) 0.416(1) 0.305(1) C(30b) 0.1078(7) —0.3677(7) 0.178%(7)
C(8a) 0.261(1) 0.2824(9) 0.4148(9) C(31b) 0.0441(7) —0.4557(7) 0.1586(8)
C(9a) 0.346(1) 0.2235(9) 0.4137(10) C(32b) 0.0464(9) —0.5257(8) 0.1049(9)
C(10a) 0.434(1) 0.287(1) 0.411(1) C(33b) 0.110(1) —0.5069(10) 0.0693(10)
C(11a) 0.564(1) 0.440(1) 0.500(1) C(34b) 0.1746(9) —0.4193(10) 0.0852(9)
C(12a) 0.559(1) 0.3237(10) 0.548(1) C(35b) 0.1700(8) —0.3507(7) 0.1389(8)
C(13a) 0.5971(9) 0.3613(9) 0.658(1) C(1s) 0.622(1) 0.142(1) 0.920(1)
C(14a) 0.5130(8) 0.2926(7) 0.7420(9) C(2s) 0.758(1) 0.245(1) 1.077(1)
C(15a) 0.3797(7) 0.2853(6) 0.7730(7) C(3s) 0.649(1) 0.082(1) 1.037(1)
C(16a) 0.4418(7) 0.2601(6) 0.7768(7)

* Suffixes a, b, p, s denote molecule (complex cation) A, molecule B, perchlorate anions and dimethylformamide solvent molecule, respectively.

force the two phenol rings to be more ‘spread out’ in this
molecule, which results in the large angle between O(1a)}-C(1a)
and O(2a)-C(15a). In molecule B, the packing is less tight; one
of the phenol rings has only two contacts with the molecule B’
[C(4b) and C(6b)]; as for the other phenol ring, the shortest
intermolecular distance is 3.87(1) A between C(19b) and C(17a).
The looser environment allows molecule B to have a smaller
angle between O(1b)-C(1b) and O(2b)-C(15b), compared with
molecule A. It is noteworthy that the corresponding angles are
still larger than in the related complexes [Mn,L(MeCO,)]1CIO,
and [Mn,LCI]CIO,'" [106.8(4) and 101.7(5)°, respectively].

FAB-MS Spectra and Exchange of the Bridging Anion.—The
FAB-MS spectrum (in 3-nitrobenzyl alcohol matrix) of the
previously reported chloride complex [Mn,LCIJCIO, ! showed
two prominent peaks at m/z 633 and 764. The former was
assigned to [Mn,LCI]*, and the latter corresponded to
[Mn,L(3-O,NC¢H,CO,)]*, which was formed by the action
of 3-nitrobenzoic acid present in 3-nitrobenzyl alcohol as an
impurity. Actually, this peak was absent when 3-nitrobenzyl
alcohol was carefully purified prior to use. Moreover, deliberate
addition of various substituted benzoic acids (RCO,H) to the
matrix led to formation of the corresponding benzoate


http://dx.doi.org/10.1039/DT9950002825

J. CHEM. SOC. DALTON TRANS. 1995

2827

Table 2 Selected bond lengths (A) and angles (°) for [Mn,L(2-0,NC4H,C0,)]Cl0,-0.5Me,NCHO

Molecule A  Molecule B Molecule A Molecule B
Mn(1)-N(1) 2.184(10) 2.175(8) Mn(2)-N(4) 2.171(8) 2.166(8)
Mn(1)-N(2) 2.55(1) 2.472(8) Mn(2)-N(5) 2.435(9) 2.535(9)
Mn(1)-N(3) 2.208(9) 2.217(9) Mn(2)-N(6) 2.230(9) 2.173(9)
Mn(1)-O(1) 2.197(7) 2.187(6) Mn(2)-0O(1) 2.134(7) 2.184(6)
Mn(1)-0O(2) 2.148(6) 2.163(6) Mn(2)-0(2) 2.193(6) 2.208(6)
Mn(1)-0(3) 2.115(7) 2.117(7) Mn(2)-04) 2.105(7) 2.106(7)
N(1)»-Mn(1)-N(2) 70.7(4) 73.3(3) N(4)-Mn(2)-N(5) 71.2(3) 70.6(3)
N(1)-Mn(1)-NQ@3) 116.9(4) 103.3(3) N(4)-Mn(2)-N(6) 113.9(3) 105.1(4)
N(2)-Mn(1)-N(3) 73.2(4) 74.8(3) N(5)>-Mn(2)-N(6) 72.9(3) 73.7(4)
O(1)-Mn(1)-N(1) 79.1(3) 81.1(3) O(1)-Mn(2)-N(4) 116.1(3) 121.4(3)
O(1)»-Mn(1)-N(2) 132.2(3) 128.2(3) O(1)-Mn(2)-N(5) 153.3(3) 153.8(3)
O(1)»-Mn(1)-N(3) 154.6(3) 156.2(3) O(1)-Mn(2)-N(6) 81.0(3) 80.4(3)
O(1)»-Mn(1)-0(2) 75.2(2) 76.3(2) O(1)»-Mn(2)-0O(2) 75.5(2) 75.5(2)
O(1)-Mn(1)-0(3) 87.0(3) 94.4(3) O(1)-Mn(2)-04) 95.4(3) 99.5(3)
O2)-Mn(1)-N(1) 114.1(3) 121.2(3) O(2)-Mn(2)-N(4) 79.1(3) 80.6(3)
O(2)-Mn(1)-N(2) 151.2(3) 155.0(3) O(2)-Mn(2)-N(5) 130.6(3) 130.7(3)
O(2)-Mn(1)-N(3) 80.0(3) 81.6(3) O(2)-Mn(2)-N(6) 156.5(3) 154.3(3)
O(2)-Mn(1)-0(3) 100.7(3) 94.6(3) O(2)-Mn(2)-0(4) 89.3(3) 92.5(3)
O(3)>Mn(1)-N(1) 137.2(3) 141.1(3) O(4-Mn(2)-N(4) 141.8(3) 134.5(3)
O(3>-Mn(1)-N(2) 90.8(3) 79.9(3) O(4)-Mn(2)-N(5) 90.6(3) 81.3(3)
O(3)-Mn(1)-N(3) 92.1(3) 96.1(3) O(4-Mn(2)-N(6) 90.7(3) 100.2(4)
C(33)

Fig. 1
is shown

complexes ((Mn,L(RCO,)]*). These results clearly show that
exchange of the bridging anion takes place quite easily in this
chloride-bridged complex.

The benzoate-bridged complexes [Mn,L(RCO,)]", also
showed similar exchange reactions. The FAB-MS spectra of
[Mn,L(RCO,)]" in the presence of another benzoic acid
R”CO,H always indicated formation of the exchange product
[Mn,L(R"CO,)]". The amount of the exchange product
formed increased with increasing basicity of the benzoate anion.

Such exchange reactions are also useful from a synthetic

A perspective view of [Mn,L(2-O,NC¢H,CO,)]*. Only one of the two crystallographically independent complex cations (molecule A)

point of view. When an equimolar mixture of sodium benzoate
and [Mn,LCI]JPFs was heated to reflux in methanol,
[Mn,L(PhCO,)]PF, was obtained in 66° yield.

Cyclic Voltammetry.—The cyclic voltammograms of com-
plexes [MnL(RCO,)]ClO, showed two reversible waves in
the range 0.0-1.0 V (vs. ferrocene—ferrocenium couple, in
acetonitrile-0.1 mol dm™3 NEt,ClO,). The two waves
correspond to Mn"Mn"-Mn"Mn™ and Mn"Mn"-Mn"'Mn"
couples. The half-wave potentials (E', and E?;) showed
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Fig. 2 Packing diagram of [Mn,L{2-O,NC,H,CO,)]". The two independent complex cations are denoted A and B; A’ and B’ are the symmetry-

related molecules (—x, —v, | — z). Broken lines indicate short contacts ( < 3.60 A). Perchlorate anions and solvent molecules are omitted
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Fig. 3 A plot of first oxidation potential £', of [Mn,L(RCO,)]CIO,
vs. pK, of the conjugate acid (RCO,H) of the bridging benzoate

Table 3 Important intermolecular contacts ( <3.60 A) for [Mn,L(2-
0,NC,H,C0,)]Cl0,-0.5Me,NCHO *

N(4a)---C(2b’)  3.50(1) C(22a)---C(5b")  3.47(1)
N(4a)---C(3b")  3.55(1) C(22a)---C(4b’)  3.50(1)
C(3a)---C(27b")  3.43(2) C(23a)--- C(6b")  3.24(1)
C(da)---CQ7b")  3.60(2) C(24a)---O(6b)  3.36(1)
C(15a)--- C(7b")  3.48(1) C(4b)---C(6b)  3.4%1)
C(20a) - - - C(4b")  3.43(1)

* Primed atoms are related to unprimed equivalents by the symmetry
operation —x, —y, —z + .

systematic changes for the various bridging benzoates, similar
to the previously reported acetate based complexes [Mn,L-
(R'CO,)]CIO .M Aplotof E', vs. pK, of the bridging benzoate
is shown in Fig. 3, which shows two independent linear
correlations for the ortho- and para-substituted series.

Catalytic Activity for Disproportionation of Hydrogen
Peroxide.—Similarly to previously reported acetate/halide
bridged complexes [Mn,L(R'CO,)]ClO,,'* the benzoate
complexes [Mn,L(RCO,)]CIO, effectively catalysed dispro-
portionation of hydrogen peroxide. When an H,0, solution
(8.35 mol dm3) in MeCN (1 cm?) was added to a solution of
[Mn,L(RCO,)]CIO, (5 x 1073 mol dm?) in MeCN (10 cm?),
gaseous dioxygen was evolved as shown in Fig. 4 and hydrogen
peroxide was almost completely consumed. After completion of
the reaction, the starting complex was recovered in 77%; yield.
These results show that the ‘Mn,L(RCO,)’ core serves as a very
effective and robust device for evolution of dioxygen.

Fig. 4 Time profile of the evolution of oxygen by disproportionation
of H,0, catalysed by [Mn,L(PhCO,)]CIO,

The initial maximum rate of O, evolution (hereafter stated
as V.. the number of released O, molecules per molecule
of complex per second) was determined for various benzoate
complexes [Mn,L(RCO,)]CIO,. Since it has been reported
that addition of base causes acceleration of manganese-
catalysed O, evolution,**® experiments in the presence of 2,4,6-
trimethylpyridine were also performed. The results are shown
in Fig. S, together with those for substituted acetate complexes
[Mn,L(R'CO,)]CIO, (R’ = CH;, CCl,, CF,;, CHCl, or
CH,CIl). The horizontal scale is the pK, value (in water) of
corresponding acid RCO,H or R'CO,H.

We previously reported !! that the acetate based complexes
[Mn,L(R'CO,)]CIO, showed increasing activity with
increasing acidity of the corresponding acid R’CO,H, and
proposed that dissociation of the bridging R'"CO, ™ is involved
in the rate-determining step (the more acidic the acid, the less
basic is the conjugate base, and therefore more readily it
dissociates). However, in the present study the situation is more
complicated. In the presence of 2,4,6-trimethylpyridine, the
activity increases with increasing acidity of RCO,H, as found
previously. On the other hand, in the absence of 2,4,6-
trimethylpyridine the activity decreases with increasing acidity
of RCO,H, reaches a minimum at pK, = 2, and then rises
again for stronger acids (pK, < 2).

In order to interpret these results, we focus on the effect of
protonation of the complex upon dissociation of the bridging
carboxylate. The complex [Mn,L(RCO,)]* acts as a Brensted
base, as shown by pH measurements (glass electrode) in
aqueous acetonitrile (see Experimental section). It is likely that
in those complexes with a more basic RCO, ™ group (i.e. larger
pK,) which is reluctant to dissociate, protonation of the
complex is necessary prior to dissociation of the carboxylate. In
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such circumstances, the O,-evolving reaction has two pathways
(Scheme 1). In the region of pK, < 2, pathway (i), in which
the reaction rate increases for less basic carboxylate; on the
contrary, in the region of pK, > 2, the pathway (ii) becomes
dominant, in which the rate decreases for less basic carboxylate.
The effect of 2,4,6-trimethylpyridine is two-fold; (¥) to suppress
the lower path by consuming H*, and (ii) to accelerate the
overall reaction by generating HO, ™ from H,0,.

In summary, the catalytic activities of manganese complexes
[Mn,L(RCO,)]CIO, and [Mn,L(R’CO,)]CIO,'! heavily
depend on the nature of the bridging carboxylate. The basicity
of the carboxylate is one of the most important factors in
determining the activity. This conclusion will be useful in
designing efficient oxygen-evolving systems for artificial
photosynthesis models in the future.
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'y 2CH4-NO; ]
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T CFCO, |
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2-C1-4-NO, " 3.4-(NOy),
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pKa

Fig. 5 A plot of initial rate of oxygen evolution (V,,,,) vs. pK, of the
conjugate acid of the bridging carboxylate in absence (open symbols) or
presence (filled symbols) of 2,4,6-trimethylpyridine
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Experimental

General.—Acetonitrile was distilled from CaH,. Commercial
hydrogen peroxide (90%) was distilled under reduced pressure
and titrated (iodometry) before use. N,N-Bis(2-aminoethyl)-
methylamine and other chemicals were purchased from
Nacalai Tesque Co. or Tokyo Kasei Co. and used without
further purification.

The FAB-MS spectra were obtained with an HX-110 mass
spectrometer (JEOL), operating at 10 kV and Xe primary ion
source; the matrix was 3-nitrobenzyl alcohol, which was
purified when necessary by passing a column of activated
alumina (Wako Pure Chemicals Co.) and distillation. Cyclic
voltammetry measurements were performed with a Fuso 321B
potentiostat and 312B function generator and 1.0 mm glassy
carbon working electrode, in acetonitrile containing 0.1 mol
dm™ NEt,ClO,. Elemental analyses were performed at the
Microanalysis Center of Kyoto University.

Synthesis of [Mn,L(RCO,)]CIO,.—N,N-Bis(2-aminoethyl)-
methylamine (180 mg, 1.52 mmol), 2,6-diformyl-4-methyl-
phenol’? (250 mg, 1.52 mmol), RCO,H (1.52 mmol), NaOH
(100 mg, 1.52 mmol) and Mn(ClO,),-6H,0 (550 mg, 1.52 mmol)
were dissolved in methanol (20 cm®) and the solution heated to
reflux for 30 min. Sodium perchlorate (374 mg, 3.5 mmol) in
methanol (1 cm?) was added and the mixture heated for 15 min.
Evaporation of half of the methanol yielded a yellow
precipitate, which was collected by filtration. Yield 55-90%.
CAUTION: Perchlorate salts of organic complexes are
potentially explosive and should be handled with extreme care.

Crystallographic Study of [Mn,L(2-O,NC¢H,CO,)]CIO,-
0.5Me,NCHO.—Single crystals of [Mn,L(2-O,NC,H,CO,)]-
Cl0,-0.5Me,NCHO were grown by vapour diffusion of
Et,O into a dimethylformamide solution of the complex. A
yellow crystal with dimensions 0.50 x 0.20 x 0.20 mm was
mounted on a glass fibre and coated with an epoxy resin.
Data collection was made at room temperature on a Rigaku
AFC7R diffractometer with Cu-Ka radiation (A = 1.541 78 A)
from a 12 kW rotating anode generator, using the 20

H20,
or HOO™

Oxygen evolving
Cycle

(S): Solvent

Proposed mechanism of formation of active catalyst from [Mn,L(RCO,)]JCIO,. (i) Less basic RCO,”, —RCO,"; (i/) more basic
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scanning technique to a maximum 26 value of 120.1°. Cell
constants and an orientation matrix were obtained from a least-
squares refinement of 25 reflections (55 < 20 < 66°). Three
standard reflections measured after every 150 revealed 7.0%
decay during the course of data collection; the data were
corrected by a linear correction factor based on the standard
intensities. Empirical absorption correction was applied based
on y-scans of three reflections (y = 78-102°); the transmission
coefficients ranged from 0.62 to 1.00. Of 12 569 reflections
collected 12021 were unique (R;, = 0.067), 6297 observed
{1 > 3o(1)]. The structure was solved by direct methods (SIR
88).1* All non-hydrogen atoms were refined anisotropically,
while hydrogen atoms of methylene, methine and phenyl
groups were fixed at the calculated positions. The final cycle of
full-matrix least-squares refinement (1036 variable parameters)
gave R = 0.066, R' = 0.069 {R = Z(|F,| — |F.)/ZIF), R =
Iw(|F,|—|F.))*/Ew(|F,|*)* where w ! = o2(F,). The maximum
and minimum peaks on the final difference Fourier map were
0.63and —0.53 e A->. All the calculations were performed using
the TEXSAN'S software package of Molecular Structure
Corporation.

Crystal data for [Mn,L(2-O,NC¢H,CO,)]ClO,-0.5Me,-
NCHO: C;4.5Hy3 sCIMn,N; 505, M = 900.62, triclinic,
space group P1,a = 18.117(6),b = 18.781(6),c = 15.452(3) A,
« = 104.71(2), p = 104.03(2),y = 118.56(2)°, U = 4036(2) A3,
D, = 1.482 gcm 3 for Z = 4, F(000) = 1864.

Additional material available from the Cambridge Crystallo-
graphic Data Centre comprises H-atom coordinates, thermal
parameters and remaining bond lengths and angles.

Solution pH Measurements in the Absence and Presence of
Manganese Complex.—pH Measurements in aqueous aceto-
nitrile were performed with a Horiba F-22 pH meter, a
glass electrode (for non-aqueous solvents) and Ag-AgClO, (10
mmol dm™3 in MeCN) reference electrode. Acetonitrile-water
(v/v = 10:1) containing 0.04 mol dm™3 NEt,ClO, was used.
All measurements were carried out at 25 °C. The electrode was
calibrated with HCIO, solutions of known concentration. The
potentials (relative to the Ag—AgClO, reference) for concentra-
tions of 9 x 103, 2.7 x 1073, 9 x 10, 8.1 x 105, 9 x 103
and 2.4 x 10°® mol dm™ were 56, 25, —10, —69, —73 and
—243 mV, respectively. A solution containing 2.4 x 10* mol
dm™ [Mn,L(RCO,)]JCIO, and 2.4 x 10* mol dm™ HCIO,
showed potentials of —248 to —252 mV, indicating >99Y%,
uptake of H* by the complex. The exact pK, values of the
complexes were not determined because of the slow and
unceartain response of the glass electrode at (H*] < 10°® mol
dm™.
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