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Herein, we report the first crystal structure of a monomeric
p-semiquinonato d-block complex and its reactivity toward dioxygen,
closely associated with a biological system of an oxygen evolving
centre of photosystem II.

The oxygen evolving centre (OEC) acts cooperatively with
quinone cofactors in photosystem II (PSII), which play a key
role in the electron transfer process coupled with O, evolution.'™
In the catalytic cycle of O, evolution from water, Mn"" and/or
Mn'"Y centres can react with p-hydroquinone to generate reduced
Mn" species concomitant with a p-semiquinone radical,*® sug-
gesting complexation between the Mn centres and the quinone
species. Hence, studies of Mn" p-semiquinonato complexes and
their reactivity are considered to be of relevance in elucidating
the true function of OEC in PSII.

Until now, however, there has been no report on the crystal
structure of any monomeric p-semiquinonato d-block complex,
though a crystal structure of a p-semiquinonato f-block, Sm mono-
nuclear complex has been reported (Fig. S1 and S2, ESIT).””® Here,
we report the first example of a monomeric Mn" p-semiquinonato
complex and revealed its X-ray structure and reactivity toward O,.

A dinuclear Mn" p-semiquinonato complex, [Mn™",(cyclam),-
(1-SQ),](ClOy), {[1](ClOy),, cyclam = 1,4,8,11-tetraazacyclotetra-
decane, SQ = p-semiquinonato}, was synthesised by the reaction
of a mixed-valence bis(p-oxo) Mn"™", complex, [Mn""",(cyclam),-
(1-0),](Cloy)s {[2](ClO,)s}, with p-hydroquinone, which was
monitored by UV-vis spectroscopy (Fig. 1).
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Upon addition of 3 equivalents of p-hydroquinone into 2
in acetonitrile under an N, atmosphere, characteristic bands of
2 disappeared together with the appearance of the absorption
bands derived from 1 with an intense broad band at 634 nm
(¢ = 4370 M™* cm ™', Fig. $3, ESI{). This reduction process is
concomitant with stoichiometric formation of 0.5 equivalent of
p-benzoquinone, which was confirmed by quantitative analysis.
The consequently formed water was confirmed by isotope-
labelling experiments.

The structure of 1 has been determined by X-ray analysis by
using dark blue crystals obtained from replacement of ClO, in
[1](ClO,), by BPh, ™ in acetonitrile-diethyl ether (Fig. 2). This is
the first crystal structure of a monomeric p-semiquinonato
d-block complex, which is a single monomer molecule different
from a polymeric structure comprising the repetition of a Mn
p-semiquinonato porphyrin unit.”* Each Mn atom of 1 adopts a
distorted-octahedral coordination which is surrounded by the
cyclam and bridging p-semiquinonato ligands. The two Mn
centres are tethered by two units of p-semiquinonato whose
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Fig. 1 (a) A UV-vis spectrum of 2 (1.0 mM) in acetonitrile under an N,
atmosphere. (b) A UV-vis spectrum obtained upon the addition of 3
equivalents of p-hydroquinone into 2 (1.0 mM) in acetonitrile under an
N, atmosphere.
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Fig. 2 An ORTEP drawing of [1](BPh4), with ellipsoids at 50% probability.
The counteranions (BPhy), solvent (CHzCN), and hydrogen atoms are omitted
for clarity. Selected interatomic distances ((/A): Mn1-01 = 2.093(2), Mn1-02 =
2.088(4), Mn1-N1 = 2.265(4), Mn1-N2 = 2.280(4), Mn1-N3 = 2.274(3),
Mn1-N4 = 2.273(4), Mn2-03 = 2.085(3), Mn2-04 = 2.092(2), Mn2-N5 =
2.274(3), Mn2-N6 = 2.254(4), Mn2—-N7 = 2.253(4), Mn2-N8 = 2.271(4),
01-C1 = 1.287(5), 02-C7 = 1.290(5), O3-C4 = 1.285(5), O4-C10 = 1.285(5).

arene rings are parallel with the n-m stacking interaction. The
C-0 bond distances {1.287(5), 1.290(5), 1.285(5) and 1.285(5) A}
are typical of that of p-semiquinonate.”° An IR spectrum of 1
shows a characteristic band at 1510 cm ™" of 1(C-0) derived
from the p-semiquinonato ligand (Fig. S4, ESI).°>'" An ESR
spectrum reveals that 1 is paramagnetic as evidenced by the
appearance of its ESR signal in frozen N,N-dimethylformamide
(DMF) at —150 °C (Fig. S5, ESIT).

Complex 1 was exposed to O, in acetonitrile to afford the
mixed-valence bis(p-oxo) Mn™", complex 2 concomitant with
formation of p-benzoquinone and water. Complex 2 was charac-
terised by UV-vis and ESR spectroscopy (Fig. 3 and Fig. S6, ESIt),
corresponding to the previously reported data,'” and electrospray
ionization mass spectrometry (ESI-MS) (Fig. S7, ESIt). The stoi-
chiometric formation of 2 equivalents of p-benzoquinone was
confirmed by quantitative analysis. The generated water was
confirmed by isotope-labelling experiments. This dinuclear
Mn"(cyclam) p-semiquinonato system is different from a mono-
nuclear Mn"(tpa) o-semiquinonato system {tpa = tris(2-pyridyl-
methyl)amine}, where oxygenation of the Mn" o-semiquinonato
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Fig. 3 (a) A UV-vis spectrum of 1 (1.0 mM) in acetonitrile under an N,
atmosphere. (b) A UV-vis spectrum obtained upon the injection of O, into 1
(1.0 mM) in acetonitrile.
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complex forms a bis(p-oxo) Mn™™", species. The difference in
the oxidation state is probably due to the stronger donor ability
of the cyclam over the tpa ligand."?

The UV-vis spectra showed that the absorption bands of 1
disappeared and the characteristic bands of 2 appeared by
oxygenation of 1 (Fig. 3). An ESR spectrum of 2 in frozen
DMF at —150 °C shows the typical 16-line pattern centred near
g =2, which has a hyperfine coupling characteristic of dinuclear
complexes containing an S =2 Mn"™ jon and an S = 3/2 Mn" ion
that are antiferromagnetically coupled to yield an S = 1/2
ground state (Fig. S6, ESIt). The hyperfine coupling constant
A is estimated to be approximately 8 mT, which is similar to the
previously reported value,'??

The ESI-MS results also indicate that the oxygenation of 1 is
followed by formation of 2. A negative-ion ESI mass spectrum of
2 in acetonitrile shows a prominent signal at m/z 940.2 (relative
intensity = 100% in the range mj/z 200-2000), which has a
characteristic isotopic distribution that matches well with the
calculated isotopic distribution for [2 + 4(ClO,)]” (Fig. S7, ESIt).
To shed light on the source of oxo ligands, an isotope-labelling
experiment was conducted by using '®0, instead of *°0, (Fig. S7d,
ESIT). The ESI-MS results show that the signal at 71/z 940.2 shifts to
mjz 944.2 corresponding to the Mn"™",(u-*0), species. This
indicates that the two %0 atoms from %0, are incorporated.

A crossover experiment involving 50% °0, and 50% %0,
was carried out for the oxygenation process of 1 to 2. The ESI-
MS results showed that the Mn""™,(u-"°0),, Mn"™"",(u-'*%0),
and Mn""",(-*%0), species were formed in the ratio of 1:2:1
(Fig. S8, ESIt). It was confirmed that the Mn"™"Y,(u-'*'%0),
species was not formed from the reaction of Mn"™",(u-'°0),
species with Mn™™,(u-'%0), species. These results indicate
that the oxo ligands scramble during the oxygenation process.

The bis(p-oxo) ligands were sequentially exchanged for H,O
oxygen atoms, which was confirmed by isotope-labelling experi-
ments using H,"®0, monitored by ESI-MS (Fig. S9 and S10, ESIF)."
Addition of 5000 equivalents of H,'®0 into 2 in acetonitrile at 33 °C
caused a consecutive exchange of *°O ligands for '*0 atoms derived
from H,"'®0. The oxo-exchange reaction was analysed as a consecu-
tive reaction, where the observed rate constant for decrease of 2 at
33 °C was determined to be 2.1 x 107 s~ (Fig. 510, ESI}).

We recognise that our assignment of the bridging oxo
ligands as originating from O, is contrary to the assignment
of Calvin and co-workers in their bis(u-oxo) Mn"™"
plex.”®® In their study, the authors proposed that the oxo
ligands originated from H,O, which is understandable given
the fast exchange of the oxo ligands with H,O oxygen atoms.
However, our isotope studies on the complex confirm that the
initial oxo ligands originate from O, (Fig. S11 and S12, ESI+).

Fig. 4 summarises the reaction cycle in this study. The
dinuclear Mn" p-semiquinonato complex 1 reacts with O, and
H' to form the mixed-valence bis(i-oxo) Mn"™", complex 2
with p-benzoquinone and water. Then, reduction of 2 by

, com-

p-hydroquinone results in formation of 1 with p-benzoquinone
and water.

In conclusion, we have synthesised and fully characterised a
monomeric, dinuclear p-semiquinonato Mn" complex, which
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Fig. 4 A proposed mechanism for the oxidation of 1 with O, and the
reduction of 2 with p-hydroquinone. H™ is from the solvent of acetonitrile
containing a small amount of H,O.

constitutes the first monomeric p-semiquinonato d-block
complex of any kind. We investigated its oxidation reaction
with O, to access a mixed-valence bis(p-oxo) Mn™", complex.
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