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a b s t r a c t

The laboratory synthesis of complexes to mimic the structure of the Mn4Ca cluster in the oxygen-
evolving complex (OEC) of photosystem II is a very challenging task to accomplish. The most encouraging
breakthrough in this field was recently achieved with the synthesis of a Mn4Ca complex (Zhang et al.,
2015) that shows a very similar core structure to the OEC. On the basis of density functional calculations,
the structure and the redox potentials of this Mn4Ca complex in acetonitrile are obtained with very good
agreement to experiments. A possible mechanism for water oxidation is more problematic. If only the
thermodynamics is considered and assuming a standard state of 1 mol/L, it turns out that up to five water
molecules can be inserted into the complex with only a small cost. This leads to a barrier for OAO bond
formation which is 22.8 kcal/mol with an applied potential of 1.3 V. However, a study of the kinetics for
the insertion of the critical water bridge between Mn3 and Mn4 indicates that the barrier for that process
is quite high with 24.6 kcal/mol. A model where this water is not inserted also led to a rather high barrier
for OAO bond formation with 31.7 kcal/mol with an applied potential of 1.3 V. However, the barrier
decreases significantly to only 13.4 kcal/mol with an applied potential of 1.7 V. The different barrier orig-
inates from the different energetic penalty for the formation of the catalytic competent S4 state. A major
experimental problem discussed below, is the instability of the complex, which does not allow a high
water concentration. The best calculated overall mechanism obtained is essentially the same as the
leading suggestion for the OEC, where the critical OAO bond formation takes place at the S4 state
(formally Mn4

IV,IV,IV,V) via direct coupling of a MnIV-oxyl radical and a di-Mn bridging oxo group.
� 2017 Elsevier Inc. All rights reserved.

1. Introduction

Photosystem II is the only enzyme in nature that can perform
water oxidation. The oxygen evolving catalyst (OEC) is situated
close to the lumenal side and is an Mn4Ca complex in which the
metals are connected by oxo bridges. O2 is formed from two water
molecules bound to the complex in a process with four sequential
oxidation steps, termed S0 to S4, each one initiated by a photon
absorption [1]. One electron is removed from the OEC in each oxi-
dation step, and is transferred to the P680 porphyrin complex in the
reaction center, passing over a redox active tyrosine TyrZ. At the
same time, protons are sent to the luminal side. These oxidations
lead to four Mn(IV) centers in the S3 state. In the subsequent S4
state, the OAO bond is suggested to be formed between an oxygen
radical and a bridging oxo ligand [2–5]. The model calculations

leading to this mechanism were initiated using the first low-
resolution X-ray structures of PSII [6,7]. Very strong support for
the suggested mechanism has been given by X-ray structures
[8,9] and spectroscopic measurements the past five years [10–12].

Synthetic work trying to mimic the OEC complex has been
going on for nearly two decades [13,14]. The survey given here will
only concern complexes built on manganese. The first water oxida-
tion active complex was an Mn2-complex [15], synthesized by
Crabtree et al, shown at the top left in Fig. 1. A mechanism has been
suggested based on density functional theory (DFT) with an OAO
bond formation using a nucleophilic attack by an outside water
on an oxygen radical [16]. Another one was a cubic Mn4-complex
[17], synthesized by Dismukes et al, shown in top right in Fig. 1.
It was shown that phosphate ligand dissociation trigged by photon
excitation is needed for the following oxygen evolution [18]. A
mechanism for this complex has recently been suggested based
on DFT [19]. Again, a nucleophilic attack by a water on an oxyl rad-
ical had the lowest barrier. However, photons appear to be needed
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to overcome the very large barrier. Both these complexes were
synthesized before the structure of the OEC was presented. After
the first structure came, Agapie and coworkers have made a series
of complexes more and more resembling the OEC. One of them is
an Mn3Ca-complex [20] shown at the middle left in Fig. 1. Åker-
mark et al. [21] recently synthesized the Mn4-complex shown at
the middle right in Fig. 1. The origin of this complex was an
Mn2-complex, which turned out to dimerize in solution. The mech-
anism for this complex has been studied by similar methods as the
ones used here [22]. Interestingly, the suggested mechanism is
quite similar to the one for PSII, with an OAO bond formed
between an oxyl radical and a bridging oxo-ligand. However, the
catalytic rate is much lower than for the OEC and the complex is

quite unstable. Christou et al have also synthesized a number of
OEC-mimics, the most recent one is an Mn3Ca2 –complex shown
at the bottom left in Fig. 1 [23].

In order to investigate the minimum requirement for a low-
barrier formation of O2, a DFT study was previously performed
by Li and Siegbahn on small hypothetical models containing the
same Mn4CaO5 core as in the OEC [24]. The results were very
encouraging for the possibility to construct small active model
complexes. Some minor requirements were found for the ligands,
which help the complex open up for water binding.

The final complex shown in Fig. 1 (bottom right) is an Mn4Ca-
complex synthesized recently by Zhang et al. [25]. The core struc-
ture is remarkably similar to the OEC in PSII, in fact, it is nearly

Fig. 1. The development of synthetic mimics to the oxygen evolving complex of Photosystem II. Top row: Mn2 complex of Crabtree et al. [15], and Mn4 complex of Dismukes
et al. [17] Middle row: Mn3Ca complex of Agapie et al. [20], and Mn4 complex of Åkermark et al. [21] Bottom row: Mn3Ca2 complex of Christou et al. [23] and Mn4Ca complex
of Zhang et al. [25]. For clarity, hydrogen atoms are not shown, the phenyl groups in the Dismukes Mn4 complex, the pyridyl groups in the Agapie Mn3Ca complex, as well as
the ter-butyl groups in both the Christou Mn3Ca2 complex and the Zhang Mn4Ca complex are all represented by carbon atoms.
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