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Tetranuclear manganese aggregates of yet unknown topology
are the site of oxygen evolution in the water oxidizing complex
(WOC) of photosystem II.2 The WOC cycles through five
oxidation states, S0 to S4, during water oxidation. Calcium is
essential for catalytic activity.3 At least one Ca2+ is believed4 to
be linked by a carboxylic acid residue to the Mn aggregate,5,6

perhaps 3.3 Å from a Mn center7 or, alternatively, at distances
larger than 3.6 Å.8,9 Ca2+can be replaced by alkaline-earth (AE)
ions such as Sr2+ and Ba2, yielding lower activity.10-12 The
assembly of the Mn aggregate of WOC at MnII

xMnIII y oxidation
level also requires Ca2+.13 Ca2+ depletion or replacement by Sr2+

results in Mn magnetic interactions changes, as evidenced by
variations in the ESR signal.10,14 The structural basis for the above
variability in WOC reactivity and spectroscopy is not clear.
Synthetic approaches to WOC models have focused mainly

on building Mn complexes of various topologies and oxidation
states.15 Less attention has been paid to the incorporation of Ca
cofactors in Mn aggregates. To our knowledge there are no
structurally characterized di- or higher nuclearity Mn/Ca coor-
dination complexes: only one, mononuclear complex, MnDPDP,
with Ca2+ (and Na+) counterions has been reported.16 Ligands
with terminal carboxylic groups offer the possibility of ligating

additional alkaline-earth ions to Mn complexes as we demon-
strated for a Mn4/BaCa aggregate.17

We report the synthesis and catalatic activity of the first
example of a Mn4/Ca2 aggregate and its Ba analogue, Mn4/Ba2.
The above complexes form a complete series obtained by stepwise
replacement of Ca by Ba cations in Mn4/alkaline-earth assemblies.
The synthesis18 of [MnIII 3MnII(µ-OHO)L2(O2CCH3)2](AE)2‚-

xH2O where L is the pentaanion of 1,3-diamino-2-hydroxypro-
pane-N,N,N′,N′-tetraacetic acid and AE) Ca or Ba parallels the
WOC assembly process, namely, oxidizing mixtures of Mn2+ and
AE salts of L in water at pH∼ 7.19 No lower or higher oxidation
level complexes were isolated, irrespective of the cation. The
Mn(III) 3Mn(II) level corresponds to either to the S0

20 or S-2
7,21

level of WOC.
The structures of the [Mn4(OHO)L2(O2CCH3)2]4- anions of1

and2 are shown in Figure 2. The previously reported Mn4/BaCa
complex,3, isomorphous with1, is included for comparison in
Figure S5. A crystallographically imposed mirror plane that
passes through the OHO group renders two sets of Mn ions
equivalent. The symmetry is broken in the BaBa complex,2,
rendering the Mn nonequivalent while preserving their coordina-
tion geometry and ligand binding modes.
For both Mn(III,III) and Mn(III,II) pairs, the Mn-Mn distances

vary in the order Ca2 ≈ CaBa> BaBa. The Mn(III) ions, the
Mn1,Mn1′ pair of 1 and the corresponding Mn1,Mn3 pair of2,
exhibit a rare Jahn-Teller compression geometry: average
equatorial distances are 2.062(4) and 2.071(6) Å for1 and 2,
respectively, while the average axial distances are 1.970(4) and
1.960(7) Å, respectively. A similar compression is observed for
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Figure 1. Examples of possible Mn-oxo-carboxylato/AE interactions.
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Mn4 of 2 (eq 2.064(6) Å, axial 1.965(8) Å), but Mn2 bond
distances are uniformly longer (<Mn-ligand> ) 2.186(6) Å),
typical for Mn(II). The crystallographically equivalent Mn2,-
Mn2′ in 1 exhibit, as expected, average Mn(II),Mn(III) distances.
Both 1 and 2 appear thus to be valence-localized complexes,
similar to3, independent of the counterions. In1, which is similar
to 3, two hydrated Ca2+ ions are bonded via H2O to terminal
carboxylate groups (type “a”, Figures 1 and S4). Mn-Ca
distances range from 4.895 to 6.173 Å. The two Ca2+ ions,
bridged by water molecules, aresymmetricallylinked to both the
Mn(III,III) and Mn(III,II) sides of the complex (Figures S2 and
S4). A similar dinuclear Ca unit is present below the Mn4 plane.
In contrast, the Ba2+ ions in2 are directly (type “c”) coordinated
to terminal carboxylate oxygens: Ba1 isasymmetricallybonded
above the Mn4 plane on the Mn(III,III) side while disordered Ba2
is bonded to all four oxygens below the Mn4 plane (Figures S3
and S4). This direct coordination leads, as expected, to shorter
Ba-Mn distances, the shortest ones being: Ba1-Mn1,) 3.941
and Ba1-Mn3 ) 3.879 Å.
Interestingly,theoretical replacement of Ba2+ by Ca2+ in 2

(coordination numbers of 7( 1) results,22 inter alia, in a short,

3.56( 0.03 Å, type “c” (Figure 1) Ca-Mn(III) contact, shorter
than a postulated Mn-Ca vector of 3.7 Å8c but slightly longer
then the 3.3-3.5 Å EXAFS shell in WOC. If Mn(IV) is
considered, a Ca-Mn(IV) distance of 3.45( 0.03 Å is com-
puted,22 consistent with the 3.3-3.5 Å range. The 3.56 Å distance
is, however, significantly shorter than the 4.3 Å, type “b”, and
4.4 Å, type “d”, Mn-Ca separations observed in concanavalin
A23 and Mn DPDP,16 respectively.Experimentalreplacement of
Ca2+ by Ba2+ results in a type “a” to “c” coordination transition
accompanied by loss of overall symmetry. Theµ-OHO ligand,
in particular (see Figure S4), changes fromµ4-O1b-H-O2b

(symmetric) to µ5-OHO (µ3-O1b + µ2-O2b ) (asymmetric), by
forming an unprecedentedµ3-oxo bridged Mn2Ba motif (Ba-
O1b ) 3.040(5) Å). Such motifs have been postulated to occur
in the S1 state of WOC.13b Furthermore, the OHO group geometry
appears to be AE dependent: H is perhaps closer to O1b than O2b
(1.2(1) vs 1.3(1) Å) in3, closer to O2b than O1b (1.24(8) vs 1.34-
(8) Å) in 2, but asymmetrically bonded, 1.6(1) from O1b vs 0.9-
(1) Å from O2b, in 1. The O1b‚‚‚O2b distances also vary slightly,
from ∼2.40 to 2.56 Å, in the order CaCa≈ CaBa< BaBa.
Ca2+ substitution by Ba2+ also affects the way other ligands

bind to the Mn center. Acetates that bridge the Mn(III,III) pair
in 1, 2 and3 exhibit similar coordination. In contrast, the one
bridging the Mn(II,III) pair, which coordinates normally in2 (Ba2),
is somewhat disordered in3 (BaCa) but severely so in1 (CaCa):
two CH3 groups, C4a and C4a′, can be resolved in1 (see Figure
2) despite similar average Mn-OAc distances of 2.078(5), 2.056-
(6), and 2.061(6) Å for3, 2, and1, respectively. The disorder
(asymmetric bridging) might be attributed to a combination of
symmetry imposed averaging of the Mn(II)- and Mn(III)-OAc
bonds (in1 and3) and toselectiVe, alkaline-earth ion-induced,
lability of acetate-Mn bonds at the dinuclear Mn(II,III) site.
Isomorphous, stepwise, replacement of Ca2+ by Ba2+ thus

results in relatively smallstructural changes in the Mn4 core,
despite significant changes in the alkaline-earth-Mn4-oxo su-
pramolecular aggregate topologies. Both the Mn oxidation states
and their valence-trapped nature, as well as the type of Jahn-
Teller distortions, are also invariant with respect to substitution.19

Both 1 and2, which retain their nuclearity in solution,24 exhibit
catalase activity similar to that of3,17 1 thus being the first
example of a biomimetic Mn4/Ca model. The catalatic functions
of 1 may parallel that of WOC, although the Mn origin of the
latter has been challenged.25

The structures of1, 2, and3 reveal possible functional and
structural roles for AE ions in WOC (AE-type dependent): (i)
assistance in deprotonation of similar Mn-bondedµ4-OHxO groups
which might form in WOC and which may17,26,27(or may not28)
yield dioxygen; assisted deprotonation favors O-O coupling due
to oxidation potential depression (∼0.26 V/H+ for H2O15a,29); (ii)
stabilization of developing negative charges on deprotonated oxo
species (cf.µ3-oxo Mn2Ba) which may regulate oxidation changes;
(iii) “gate keeping” functions30 based upon variable hydration
numbers (Ca2+ > Ba2+ ) and Ca positioning above/below Mn
active site (Fig. S2 and S324). The variability observed in oxo
and carboxylate binding suggests that related AE-dependent
structural changes may occur in WOC via similar (Figure 1) AE/
carboxylato/oxo groups interactions.
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Figure 2. ORTEP plots of the anions of1 (top) and2 (bottom) and
selected bond distances (Å) and angles (deg).1: Mn1-Mn1′, 3.382(1);
Mn1-Mn2, 3.726(1); Mn2-Mn2′, 3.580; Mn1-O1b, 1.819(2); Mn2-
O2b, 1.926(3); Mn1-O1b-Mn1′, 136.7(3); Mn2-O2b-Mn2′, 136.7-
(4); O1b-H-O2b, 180(7).2: Mn1-Mn2, 3.829(2); Mn1-Mn3, 3.315-
(2); Mn2-Mn4, 3.495(2); Mn3-Mn4 3.712(2); Mn1-O1b 1.854(5);
Mn2-O2b 2.069(5); Mn3-O1b, 1.817(5); Mn4-O2b, 1.848(5); Mn1-
O1b-Mn3, 129.1(3); Mn2-O2b-Mn4, 126.2(2); O1b-H-O2b, 168-
(7).
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