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A novel family of heteronuclear MnIVCa-oxido complexes 

containing MnIVCa-oxido cuboidal moieties and reactive 

water molecules on Ca2+ have been synthesized and 

characterized to mimic the oxygen-evolving complex (OEC) 

of photosystem II (PSII) in nature. 10 

The oxygen-evolving complex (OEC) within photosystem II 
(PSII) of plants, algae and cyanobacteria is a unique catalyst for 
water oxidation in nature, which serves as a blueprint for the 
development of artificial catalysts for water splitting to generate 
hydrogen fuel as renewable energy source1-6. The structure of the 15 

OEC and the mechanism of water-splitting reaction have 
abstracted extensively attentions in the last two decades. 
Recently, the structure of the OEC has been revealed by the X-
ray crystal structure of PSII 7, 8. In the core of the OEC, one Ca2+ 
ion is incorporated into the Mn4-cluster through two µ3-O

2- and 20 

one µ4-O
2- oxido moieties to form a unique [Mn4CaO5] catalytic 

site as shown in Figure 1. The peripheral ligands of the OEC are 
mainly consisted of carboxylate groups of amino acids from D1 
and CP43 proteins7, 8. Four water molecules were found to 
coordinate to OEC with two (W1, W2) associated to Mn4 and the 25 

other two (W3, W4) on Ca2+8. The turnover of the OEC for 
water-splitting involves five different S-states (Sn, n = 0 ~ 4). Due 
to the involvment of a large protein matrix and the structural 
complexity and uncertainty of the OEC in higher S-states9-15, the 
mechanism of O−O bond formation16-21 and functional roles of 30 

Ca2+22-25 remains under debate. To deepen understanding the 
structure of the OEC and the mechanism of water-splitting 
reaction in nature, it is highly desirable to synthesize structurally 
well defined small-molecule models to mimic the OEC in 
laboratory.  35 

To data, although many Mn complexes3, 6, 26-28 and MnCa 
complexes29-38 have been reported in literatures, it is of a great 
challenge for chemists to synthesize a structural model with 
similar MnCa-oxido core structure, peripheral carboxylate 
ligands and the ligation of four water molecules as observed in 40 

the OEC of PSII at the same time. 
We herein report the synthesis and characterization of a novel 
family of heteronuclear MnIVCa-oxido complexes containing 
MnCaO cuboidal moieties and reactive water molecules on Ca2+ 
to mimic the OEC in PSII. 45 

 

 
Figure 1 Scheme for the structure of the OEC in PSII 

Complex A was synthesized in a reaction of Bun
4NMnO4, 

Mn(ClO4)2•(H2O)6 and Ca(CH3CO2)2 with a molar ratio of 4 : 1 : 50 

1 in boiling acetonitrile with the presence of an excess of pivalic 
acid, which was similar to the method developed recently for the 
synthesis of the [Mn3SrO4]2O complex28. The crystal of A, 
[MnIV

6Ca2O9(ButCO2)10(H2O)4]•(ButCO2H)5, as obtained as 
dark-brown crystals formed after mixing of 10 % hexane (v/v). 55 

Complex B, [MnIV
6Ca2O9(ButCO2)10(H2O)3(CH3CO2C2H5)]• 

(ButCO2H)3•(CH3CO2C2H5), was obtained from the solution of A 
in ethyl acetate. Complex C, [MnIV

6Ca2O9(ButCO2)11]• 
[MnIII

3O(ButCO2)6(py)3]•(CH3CN)3, was formed as dark-brown 
crystal isolated from the acetonitrile solution of A in the presence 60 

of ~2 % pyridine. For details of preparations, see Supporting 
Information. 

 
Figure 2 Whole structure (left) and [Mn6Ca2O9] core (right) of A. For 

clarity, all pivalic CH3 groups are omitted, and all unbinding pivalic acids 65 

are omitted as well. Mn, Ca, O, C, and H atoms are shown in yellow, 
violet, red, cyan and green, respectively. 
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Figure 3 The H-bond network in A. The dashed-lines display the H-bond 

interactions. Other illustrations are the same as those in Figure 2. 

The core of A (Figure 2) contains three [Mn2Ca2O4] distorted 
cubanes sharing a trigonal-bipyramidal [Ca2O3] unit in the center, 5 

which is significantly different from our previous [MnIV
6Sr2O9] 

complex containing two [Mn3SrO4] cubanes linked by one µ2-O
2- 

anion28. Two Ca2+ ions are connected to Mn ions by three µ3-O
2- 

and three µ4-O
2- anions, and completely coordinated by 

carboxylate and H2O molecules. The coordinated H2O molecules 10 

further interact with five uncoordinated pivalic acid molecules 
through H-bonds network (Figure 3). In the [Mn2Ca2O4] cubane, 
the distances of Mn…Mn and Mn...Ca are 2.71 Å and 3.46 Å, 
respectively. The bond lengths of Mn–oxido (1.80–1.86 Å), 
Ca2+–oxido (2.42 ~ 2.64 Å) and Ca2+–Owater (2.38 ~ 2.44 Å) are 15 

similar to those observed in reported multinuclear Mn oxido 
complexes31, 34, 38 and the OEC in PSII8. Bond-valence sum 
(BVS) calculations39 shows that all bridged oxygen atoms are in 
deprotonated state and all Mn ions are in +4 oxidation 
state(Table 1 and Table S1). The assignment of +4 valences for 20 

all six Mn ions are also supported by the values (2.8 ~ 2.9) of the 
Mulliken atomic spin densities obtained by density functional 
theory (DFT) calculation (Table 1).  
Complex A dispalys an irreversible oxidation at + 0.85 V vs. 
NHE as revealed by the cyclic voltammograms measurement 25 

(Figure 4), which was almost the same as the value of +0.8 V to 
+0.9 V vs. NHE observed for the OEC in PSII40. We noted that 
this high redox potential was not observed in previous [MnIV

3Ca] 
complexes34 primarily coordinated by dipyridylalkoxide, but it is 
close to the 0.9 V vs. NHE observed in the [MnIV

3SrO4]2O 30 

complex primarily coordinated by multiple carboxylate groups28 
similar as that of A. Because the valence of all six Mn ions in A 
is +4, we tentatively assign the oxidation peak at 0.85 V vs. NHE 
(Figure 4) to the formation of MnV species. Generally, MnV 
would be highly reactive, and it is difficult to be trapped41, 42. 35 

However, the presence of one Ca2+ has been shown to stabilize 
the high oxidation state of Mn ions in various MnCa-oxido 
complexes34, 38. Accordingly, the two Ca2+ ions in A may 
contribute significantly to stabilize the high reactive species, 
MnV, as well, similar to that in previous reports34, 38. The MnV 40 

species was proposed to be involved during the turnover of the 
OEC in PSII in literatures1, 2, 27. Therefore, the electrochemical 
properties of the model complex reported here may provide 
chemical insights into understanding the mechanism of water 
splitting in PSII. 45 

Table 1. The oxidation states of all Mn ions in A from BVS calculation 
and DFT calculation 

 
Atoms BVS Mulliken atomic 

spin densities 
Assignment 

Mn1 4.080 2.887 MnIV 
Mn2 4.161 2.817 MnIV 
Mn3 4.145 2.858 MnIV 
Mn4 4.124 2.889 MnIV 
Mn5 4.114 2.881 MnIV 
Mn6 4.121 2.877 MnIV 

 

 50 

Figure 4 Cyclic voltammogram (CV) of A in 1,2-dichloroethane. (a) 
With 1mM of A; (b) Without A. Potentials are referenced to NHE. Scan 

rate: 100 mV s-1, arrows display the scan direction. 

The core fraction and the coordinated H2O molcules of A show 
striking structural similarities to that of the OEC in PSII (Figure 55 

5). To our knowledge, this is the first time to obtain an artificial 
MnIVCa-oxido complex with [Ca(H2O)n] (n =1 or 3) unit 
incorporated to the multinuclear MnIV cluster through the µ3-O

2- 
and µ4-O

2- bridges as observed in the OEC of PSII. Therefore, 
complex A might be a good chemical model to investigate the 60 

functional roles of the water molecules on Ca2+ in the OEC of 
PSII. 
We have found that the [MnIV

6Ca2O9] core structure was stable in 
various solvents (e.g. ethyl acetate, toluene, and hexane), which is 
consistent with the finding that the presence of Ca2+ ion could 65 

significantly stabilize the high oxidation states Mn ions34, 38. On 
the other hand, the binding water molecules on Ca2+ were reactive 
under various experimental conditions, as demonstrated in the 
structures of B and C. 

 70 

Figure 5 Structure of the core and coordinated water molecules in the 
OEC (left) and A (right). For clarity, only the Mn3Ca2O5(H2O)4 fraction of 

A similar to that of the OEC is shown in color, and the left fraction is 
shown in light grey. Other illustrations are the same as those in Figure 2. 
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Figure 6 Structures of the [Mn6Ca2O9] core in B (left) and C (right). The 

two carboxylate groups on Ca2+ ions in C are in symmetry-imposed 
disorder in crystal structural data, and only one pattern was shown for 

clarity. Other illustrations are the same as those in Figure 2. 5 

Table 2. Selected bond lengths (Å) in A, B and C. 

 
Bond A B C 

Mn−Mn 2.704-2.718 2.702-2.709 2.683 
Mn−Ca 3.445-3.522 3.444-3.531 3.434-3.476 

µ3-O
2-−Mn 1.811-1.856 1.818-1.856 1.816-1.827 

µ4-O
2-−Mn 1.799-1.816 1.808-1.818 1.812-1.831 

µ3-O
2-−Ca 2.576-2.641 2.583-2.654 2.579-2.615 

µ4-O
2-−Ca 2.433-2.520 2.426-2.507 2.422-2.439 

Mn−Opiv 1.931-1.980 1.946-1.979 1.956-1.992 
 

Table 2 shows the selected bond lengths of the 
[Mn6Ca2O9(ButCO2)9] unit in complexes A, B and C. The 10 

distances of Mn−Mn (~ 2.70 Å), Mn−Ca (3.4 ~ 3.5 Å), µ3-O
2-

−Mn (1.81 ~ 1.86 Å), µ4-O
2-−Mn (1.80 ~ 1.83 Å) and Mn−Opiv 

(1.93 ~ 2.00 Å) in three complexes are very similar, clearly 
indicating that the basic structure of the [Mn6Ca2O9(ButCO2)9] 
unit was undisturbed in these complexes.  15 

In complex B (Figure 6 left), one H2O on Ca1 was replaced by 
an ethyl acetate molecule; while the binding of the three H2O on 
Ca2 were undisturbed. It is likely that the ligation of the three 
H2O molecules on Ca2 was stabilized by a crown-shaped H-bond 
network with peripheral pivalic acid molecules (see Figure 3). In 20 

contrary, all four H2O molecules on both Ca2+ ions were replaced 
by carboxylate groups in C (Figure 6 right). It is likely that the 
strength of those H-bonds in A and B (Figure 3 and Figure S2) 
could be significantly disturbed in the polar solvent43 (e.g. 
acetonitrile), resulting in the replacement of all H2O molecules in 25 

C. 
Obviously, the H2O molecules on Ca2+ ions are exchangeable, 
and can be replaced by the oxygen atom of carbonyl or 
carboxylate groups under various conditions, depending on the 
H-bond interactions with peripheral environments. The presence 30 

of the well-ordered H-bonds could significantly contribute to 
stabilize the binding of water molecules on Ca2+. These results 
provide important clues into understanding the reactivity of two 
H2O molecules on Ca2+ in the OEC of PSII. 
One key issue to understand the mechanism of the O−O bond 35 

formation in PSII is whether these H2O molecules (W3, W4) on 
Ca2+ revealed by X-ray structure could play a role as substrate 5, 

22-24, 44-46. According to our observations in complexes A, B and 
C, one could expect that the binding affinity of W4 water 
molecule might be higher than that of W3, due to the presence of 40 

a well-ordered H-bond interactions between the former and D1-

Tyr161 and D1-Glu189 (Figure 1), but not the latter. In addition, the 
nearby residue of D1-Glu189 may be able to coordinate to the Ca2+ 
and replace the W3 water molecule through its free carboxylate 
oxygen atom (Figure 1 and Figure 7), similar to the carboxylate 45 

or carbonyl groups on the Ca2+ in B and C. If this is the case, one 
would expect that the W4 water molecule should not be a 
substrate, instead, the W3 might be able to be involved more 
directly to the formation of O−O bond at the higher S-state of the 
OEC. Consequently, with the participating of the nearby D1-50 

Glu189, one possible mechanism for the O−O bond formation 
could occur between the W2 and W3 water molcules on the OEC 
(shown in Figure 7). This proposal is consistent with previous 
suggestions8, 16, 22-24. However, we should point out that there are 
other possiblities for the formation of O−O bond without 55 

involving the W4 water molecule as substrate 16-18, 21, 46. For 
example, based on theoretical calculation17 and high filed 
electron parapmagnatic resonance (HFEPR) study21 on the S3 
state OEC, it has been suggested that the O5 atom could sever as 
a source of oxygen atoms for the formation of O-O bond in the 60 

higher S-states (e.g. S3, S4) of the OEC17, 21. 

 
Figure 7 One possible mechanism for the O—O bond formation during 

water oxidation in PSII. Dashed lines display H-bond or weak interactions. 

In summary, three heteronuclear MnIVCa-oxido complexes have 65 

been synthesized and characterized, which display remarkable 
structural similarities to the OEC in PSII, in respects of the 
peripheral ligands, the Mn2Ca2O4 cuboidal moiety, especially, the 
coordination of reactive water molecules on Ca2+. The water 
molecules on Ca2+ ions in these artificial complexes can be 70 

replaced by carbonyl or carboxylate groups, depending on the H-
bond interactions with peripheral environments. These results 
provide new insight into the understanding of the structural and 
functional roles of the Ca2+ in the OEC of PSII in nature. 
This work was supported by the National Natural Science 75 
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† Electronic Supplementary Information (ESI) available: [Experimental 
section, BVS calculation, computational details, X-ray structure 
information, UV-vis absorption spectrum]. See DOI: 10.1039/b000000x/ 5 

‡Elemental analysis (%) calcd. for A (C81H162Ca2Mn6O43): C, 43.55; H, 
7.31; found: C, 43.30; H, 7.35.Crystal structure data for complex A 

[Mn6Ca2O9(ButCO2)10(H2O)4]•(ButCO2H)5: C75H148Ca2Mn6O43, M = 
2147.73 g/mol , black lump crystal, triclinic, P-1, a = 14.878(3) Å, b = 
15.831(3) Å, c = 26.221(5) Å, α = 93.680(2) °, β = 97.730(3) °, γ = 10 

112.599(3) °, V = 5604(2) Å3, 42124 reflections collected; 1210 
parameters were refined in the final cycle of refinement using 19641 
reflections (I > 2σ(I)); R1 = 0.1148, wR2 = 0.2570 (based on F2 and all 
data).  
Elemental analysis (%) calcd. for B (C69H134Ca2Mn6O40): C, 41.16, H, 15 

6.71 %. found: C, 40.97, H, 6.70. Crystal structure data for complex B 

[MnIV
6Ca2O9(ButCO2)10(H2O)3(CH3CO2C2H5)]•(ButCO2H)3•(CH3CO2C2H

5): C73H142Ca2Mn6O42, M = 2101.66 g/mol, black lump crystal, 
monoclinic, I 2/a, a = 26.486(5) Å, b = 30.822(6) Å, c = 26.925(4) Å, α = 
90.0 °, β = 109.39(2)°, γ = 90.0 °, V = 20734(7) Å3, 70319 reflections 20 

collected; 1183 parameters were refined in the final cycle of refinement 
using 23662 reflections (I > 2σ(I)); R1 = 0.1297, wR2 = 0.1914 (based on 
F2 and all data).  
Elemental analysis (%) calcd. for C (C100H168Ca2Mn9N3O44): C, 44.63; H, 
6.29; N, 1.56. found: C, 44.60; H, 6.42; N, 1.83. Crystal structure data for 25 

complex C [Mn6Ca2O9(ButCO2)11Mn3O(ButCO2)6(py)3]•(CH3CN)3: 
C106H177Ca2Mn9N6O44, M = 2814.14 g/mol,, black triquetrous crystal, 
cubic, P213, a = 24.4452(4) Å, b = 24.4452(4) Å, c = 24.4452(4) Å, α = 
90.0 °, β = 90.0 °, γ = 90.0 °, V = 14607.7(7) Å3, 18874 reflections 
collected; 544 parameters were refined in the final cycle of refinement 30 

using 10502 reflections (I > 2σ(I)); R1 = 0.1187, wR2 = 0.2423 (based on 
F2 and all data).  
All crystallographic data were stored in the Cambridge Crystallographic 
Data Centre with CCDC codes, 1039345, 1039346 and 1039344 for 
complex A, B and C, respectively. 35 
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Highlight: Artificial synthetic Mn
IV
Ca-oxido complexes containing reactive water molecules 

have been synthesized to mimic the oxygen-evolving center in photosystem II. 
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