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The photosystem I1 oxygen-evolving complex (PSII OEC) 
found in the chloroplast thylakoid membranes of higher plants 
and algaecatalyzes the splitting of water. The process isgenerally 
believed to occur on four or two manganese aggregates.2 Recently, 
on the basis of EXAFS data? at least three different Mn-Mn 
distances(ca.2.7,3.3,and4.3A)inthephotosystemaresuggested; 
the longest distance (4.3 A) is also interpretable as a Mn-Ca 
separation.3 

Owing to their relevance to the catalytic center of the 
photosystem, binuclear and tetranuclear manganese complexes 
have become the subjects of intensive re~earch.'~ Binuclear bis- 
(p-oxo)dimanganese,4 bis(p-oxo)(p-acetato)dimanganese> and 
(p-oxo)bis(p-acetato)dimanganese6 complexes are known, and 
very recently an example of a (p-oxo)(p-acetat0)dimanganese 
complex was reported.9 Recently, we and others reportedlo the 
synthesis of (p-oxo)(pacetato)diiron(III) complexes of tetraden- 
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tate ligands as models for diiron(II1) centers in ribonucleotide 
reductase." It is reasonable to postulate that an analogous 
dimanganese core could be present in PSII OEC, since it could 
account for the Mn-Mn separation of -3.3 A. Hence, we have 
synthesized andstudied twosuchcOmplexes,namely,{ [(bispicen)- 
M~]~(~-O)(~-OAC)}(CIO~)~ (l), where bispicen is N,N'-bis(2- 
pyridylmethy1)ethane 1,2-diamine,l2 and ([ (bispicMe~en)Mn]z(p- 
O)(p-OAc)}(C104)3 (2), where bispicMe2en is N,N'-bis(2- 
pyridylmethy1)-N,N'-dimethylethane- 1,2-diamine. l 3  

Complex 1 was synthesized as follows. To an aqueous solution 
(20 mL) of bispicen12 (0.484 g, 2 mmol) were added manganese- 
(11) perchloratehexahydrate(0.724g, 2 "01) andsodiumacetate 
trihydrate (0.136 g, 1 mmol) with stirring. The pH was adjusted 
to 5 by the addition of drops of 70% perchloric acid and the 
solution stirred for 2 days at room temperature. The red-brown 
solid that formed was recrystallized from acetonitrile (0.198 g, 
20% yield).14 In the absence of perchloricacid, the reaction yields 
the bis(p-oxo)dimanganese(III/IV) complex { [(bispicen)Mn]z- 
(p-0)2](C104)3.48 Complex 2 was prepared by the reaction of 
basic manganese acetate (0.597 g, 0.91 mmol) and bispicMe2- 
en.2HC104 (0.641 g, 1.36 mmol)l3 in dry acetonitrile (15 mL). 
The solution was warmed for a few minutes and filtered; the 
filtrate was then carefully layered with n-hexane (10 mL). Red- 
brown needles of 2 were deposited after several days of standing 
(0.288 g, 2O%).I4 A similar procedure, using methanol solvent 
and the free ligand, was recently shown to produce the cor- 
responding bis(p-acetato)dimanganee(II/II)  complex.^^ 

The crystal structure16 of 1 consists of { [(bispicen)Mn]z(p- 
O)(p-OAc)J3+ cations (Figure 1) and perchlorate anions. The 
geometry about each manganese(II1) center is roughly octahedral; 
the isomer isolated is the cis-a species. A 2-fold symmetry axis 
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Figure 1. View of the ([(bispicen)Mn]z(pO)(p-OA~)]~+ cation in the 
crystals of the perchlorate salt. Hydrogen atoms are omitted for clarity. 
The two ends of the binuclear unit are related to each other by a 
crystallographic 2-fold axis passing through the bridging oxo group. 
Selected bond distancts (A) and angles (deg): Mn(l)-O(l), 1.801(3); 
Mn(l)-O(2), 2.031(5); Mn(1)-N(l), 2.213(6); Mn(l)-N(2), 2.228(6); 
Mn(l)-N(3),2.091(6);Mn(l)-N(4),2.112(6);Mn(l)~-Mn(lA), 3.276- 
(3); Mn(l)-O(l)-Mn(lA), 130.8(4). 

passes through the bridging oxo group and the carbon atoms of 
the bridging acetato group. The Mn-Mn distance is 3.276(3) A, 
and the Mn-O-Mn bridging angle is 130.8(4)'. The Mn-O, 
and Mn-Oaw,, bond lengths of 1.801(3) and 2.031(5) A, 
respectively, are comparable to the corresponding bond lengths 
in (p-oxo)bis(p-acetato)dimanganese(III/III) complexes.6 As 
was observed in the related complex with tris(( l-methylimidazol- 
2-y1)methyl)amine (TMIMA)? the Mn-N bond trans to the 
acetate group is longer than the other Mn-N bonds; in the present 
case, however, this distortion is much smaller than that in the 
TMIMA complex, the Mn-N(2) bond of 2.228(6) A being only 
3a longer than the axial Mn-N(l) bond of 2.213(6) A. This 
lengthening of Mn-N(2) has been attributed" to the trans effect 
of the acetate ligand, but since no lengthening is observed1OC in 
the Fe(II1) analogue of 1, it is more probably the result of the 
Jahn-Teller distortion of the d4 Mn(II1) ion. 

Thecrystalsof 218diffractedvery poodyand hence thestructure 
determination is of low quality but suffices to show that the 
geometry of the cation is similar to that of 1. The Mn-Mn 
separation is 3.292(14) A, and the Mn-O-Mn bridging angle is 
133(3)O. The Mn-Oox,and Mn-O,-,,bonddistancesare 1.79- 
(2) and 1.90(3) A, respectively; the axial Mn-N, bond distances 
are 2.19(3) and 2.17(3) A;and the equatorial Mn-N&distances 
are 2.01(4) and 2.24(5) A, the latter being trans to the acetato 
group. Thus the expected Jahn-Teller distortion for a d4 Mn- 
(111) ion is also suppressed in the structure of 2. 

The electronic spectrum of 1 in acetonitrile exhibits two strong 
absorptions at 260 and 295 nm and a shoulder at  380 nm in the 
UV region and two absorptions of moderate intensity at 490 nm 
(e = 225 M-1 cm-1) and at 532 nm (e = 242 M-1 cm-1) in the 
visible region. The spectrum of 2 is very similar to that of 1. The 
bandsin thevisibleregion are attributable to thed-d tran~itions,'~ 
and the spectrum is comparable to that of the manganese(II1)- 
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Flwe 2. Magnetic susceptibility (left scale) and effective magnetic 
moment (right scale) of complex 1. 

containing enzymes of Lactobacillus plantarumm and the 
ribonucleotide reductase of Brevibacterium ammoniagenes es- 
pecially in the 350-550-nm region.21 Similar spectra have also 
been observed for (psxo)bis(p-acetat0)dimanganese (III/III) 
complexes.6 

The magnetic susceptibility of 1 (Figure 2) maximizes at  
approximately 72 K, suggesting that while the interaction is 
antiferromagnetic, the triplet energy is relatively small; the 
magnetic susceptibility of 2 maximizes at 50 K, implying an even 
lower energy for the triplet in 2. While the susceptibility of 
strongly antiferromagnetically-coupled dimanganese(III/III) 
complexes can be fitted to a simple Heisenberg operator because 
only a few states are effectively populated, the interpretation of 
the antiferromagnetic coupling between two manganese(II1) ions 
is not a trivial problem, because each Mn(II1) in octahedral 
symmetry can be classified as a SE state. In lower symmetries, 
this state will be split into SA and 5B states. Coupling of the 5A 
and sB states on one center with the SA and sB states on the other 
center gives rise to a maximum of four J values and three 
parameters to describe the relative zero points among the four 
sets of levels. This is far too many parameters to be determined 
from susceptibility data. 

Another model incorporates the zero-field splitting of the 
individual Mn(II1) ions and treats the sE state as an orbitally 
nondegenerate state. We have, therefore, attempted to fit the 
susceptibility data to the operator 

where we have assumed that the two Mn(II1) ions are equivalent; 
i.e., we have set gl = g2 and D1 = 9. We obtained the values 
J = 19.5(1) cm-1, g = 1.86(1), and D = 4.21(2) cm-1 with 3.4% 
monomeric Mn(I1) impurity. This model is not really satisfying, 
but it is the most acceptable available at present. 

A cyclic voltammogram of 1 in acetonitrile displays a quasi- 
reversible one-electron oxidation at +1.03 V vs a Ag/AgCl 
reference electrode and an irreversible reduction at +0.10 V. 
These features are similar to those reported for the (p-oxo)bis- 
(p-acetato)dimangane(III/III) complexes6 and could be simi- 
larly interpreted to be due to a quasi-reversible oxidation process 
of (III/III) - (III/IV) and an irreversible reduction process of 
(III/III) - (II/III). Complex 2 exhibits only a single quasi- 
reversible oneelectron reduction at +0.40 V, presumably due to 
the (III/III) - (II/III) couple. No oxidation waves were 
observed up to a potential of +1.80 V, indicating that N- 
methylation of bispicen decreases the stability of both the (HI/ 
IV) and (IV/IV) forms of 2. 
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In summary, examples of novel dinuclear manganese(II1) 
complexes with Mn-Mn distances of 3.276(3) and 3.292( 14) A, 
close to one of the suggested Mn-Mn distances in PSII OEC, 
have been synthesized. Along with the recently reported TMIMA 
analogue? these present complexes might be viewed as completing 
the “series” of complexes exhibiting the Mn-Mn separations found 
in PSII OEC. The approximately 2.7 A distances, which are 
well established from EXAFS studies? are found in the bis(r- 
oxo)dimanganese(III/III), -(III/IV), and-(IV/IV) complexe~.~ 
The approximately 4.3 A separation recently found in EXAFS 
studies and attributed to either a Mn-Mn or Mn-Ca separation 
in the enzyme’ is observed in the bis(pacetat0)dimanganese- 
(II/II) comple~,’~ and now the approximately 3.3 A distance is 
found in the (p-oxo)(p-acetato)dimanganese(III/III) complexes 
1 and 2 described here. 
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