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Abstract: The catalytic reactivity of the high-spin Mn"
pyridinophane complexes [(Py,NR,)Mn(H,0),F" (R=H,
Me, tBu) toward O, formation is reported. With small
macrocycle N-substituents (R=H, Me), the complexes cata-
Iytically disproportionate H,O, in aqueous solution; with
a bulky substituent (R=tBu), this catalytic reaction is shut
down, but the complex becomes active for aqueous electro-
catalytic H,O oxidation. Control experiments are in support of
a homogeneous molecular catalyst and preliminary mechanis-
tic studies suggest that the catalyst is mononuclear. This ligand-
controlled switch in catalytic reactivity has implications for the
design of new manganese-based water oxidation catalysts.

M anganese plays an important role in biological dioxygen
chemistry, particularly at the active sites of oxygen-evolving
enzymes, including manganese catalase (MnCAT) and the
oxygen-evolving center (OEC) of Photosystem II. In the case
of MnCAT, O, is formed from the catalytic disproportiona-
tion of hydrogen peroxide. The active site of MnCAT has two
Mn ions bridged by carboxylate and single-atom ligands,
likely water and/or hydroxide.*?! As implied by its name, the
OEC, which contains a Mn,Ca cluster held together by
bridging carboxylates and oxo ligands, is the site at which
photosystem IT oxidizes water to O,.”! Although there is little
sequence homology between MnCAT and the OEC, it is
striking that the best structural matches to the OEC almost all
come from binuclear manganese enzymes, including MnCAT.
This observation has fuelled the hypothesis that the inorganic
core of the OEC may have derived from manganese
catalase.[*! It is thus tempting to speculate on the relationship
between the catalytic reactivities of MnCAT and the OEC.

The water oxidation reactivity of the OEC has attracted
substantial attention in the development of catalysts for solar-
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driven water oxidation, particularly those that are based on
inexpensive and earth-abundant first-row transition metals.”’
The mechanism by which the OEC produces O, is still far
from resolved. Reaction pathways involving both single and
multiple Mn ions of the cluster have been proposed,’®’ making
the rational design of bioinspired manganese complexes for
water oxidation difficult. Thus, in contrast to the plethora of
manganese complexes that are functional models for
MnCAT,” water oxidation by synthetic solution-phase Mn
catalysts is still relatively undeveloped.® ' A limited number
of “single-turnover” manganese complexes have been shown
to stoichiometrically evolve O, from water or hydroxide.!'"
Catalytic O, production in the presence of water has been
demonstrated for some mono- and multinuclear Mn com-
plexes;'>" however, these studies generally use chemical
oxidants having indeterminate chemical innocence.'”! Elec-
trochemically driven O, formation in the presence of multi-
nuclear Mn complexes has been reported, typically in non-
aqueous solvents;1"1¥ however, little is known about the
stability of these complexes under catalytic conditions, where
decomposition to catalytically active heterogeneous materials
is a possibility.

We have previously shown that the pyridinophane com-
plex [Mn(Py,NMe,)(H,0),]*" (2; Figure 1) is a robust catalyst
for hydrogen peroxide disproportionation. The pyridino-
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Figure 1. Structure of [Py,NR,Mn(H,0),]*" complexes.

phane macrocycle provides the same donor functionality as
some open-chain aminopyridine ligands that facilitate the
electrochemical oxidation of Mn"-OH, complexes to [Mn""-
(u-O),Mn"] dimers under basic conditions.'” Mechanistic
investigations show that the oxidation is coupled to a proton
transfer from the aqua ligands,” which is reminiscent of
water oxidation catalysts that form M=O intermediates by
coupled electron/proton transfer events.?!! Inspired by these
results as well as the potential relationship between catalase
and water oxidation reactivity, we hypothesized that pyridi-
nophane ligands may provide the appropriate combination of
properties required for manganese water oxidation cata-
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lysts.”” Thus, in addition to having a donor character that is
similar to that of the aminopyridine ligands mentioned above,
these ligands also have tunable steric properties that are
expected to obviate dimer formation and possibly lead to O,
formation.

In this contribution, we investigate the effect of pyridino-
phane ligand modifications on the catalytic properties of
[Mn(Py,NR,)(H,0),]*" complexes, showing that changes to
the amine donor switches catalysis from hydrogen peroxide
disproportionation to water oxidation. Importantly, both
types of catalysis occur in aqueous solution. This observation
has implications for the design of new manganese water
oxidation catalysts.

Reaction of Py,NR, (R =H, Bu) with MnBr, yields the
high-spin Mn" complexes (Py,NR,)MnBr,," similar to other
Mn pyridinophanes.*®! In neutral aqueous solution the
manganese ions are solvated as [(Py,NR,)Mn(H,0),]* 1 and
3 (Figure 1), as determined by conductivity and mass spec-
trometry measurements.

As mentioned above, we had previously shown that 2 is
a robust catalyst for hydrogen peroxide disproportionation.
Similarly to this earlier work, we find that hydrogen peroxide
is catalytically disproportionated by 1 (Figure2), which
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Figure 2. Dioxygen formation from catalytic hydrogen peroxide dispro-
portionation catalyzed by complexes 1 and 2. Initial conditions:
[Mn]=0.4 mm, [H,0,]=3.7m, pH 3.9, 298 K. Inset: Formation of O,
over the first 50 seconds of catalysis.

contains a less bulky pyridinophane ligand. Catalysis is
observed over a wide pH range (pH3.9-9) in aqueous
solution. The rate of hydrogen peroxide disproportionation
for 1 (initial rate = 86(9) umols~' at pH 3.9) is faster than for
the previously reported complex 2 (initial rate=
27(5) umols~). However, in comparison with 2, the longevity
of complex 1 is attenuated. Thus, lower turnover numbers
(TONs) are observed for 1 (TON 830 at pH 3.9) than for 2
(TON up to 58000).% In contrast to 1 and 2, complex 3, which
has the bulkiest pyridinophane ligand, shows no evidence for
hydrogen peroxide disproportionation. Thus, pyridinophane
ligand modification switches off disproportionation catalysis,
perhaps due to the increased bulk of the amine substituents.
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The three complexes also show different electrochemical
behavior in aqueous solution. The cyclic voltammograms of 3
in basic aqueous solution display large irreversible waves that
are pH-dependent (Figure 3). For example, with a glassy
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Figure 3. Cyclic voltammograms of solutions with and without 3

(0.5 mm) at pH 12.2 in aqueous solution. Experimental conditions:

50 mm KOTf, 100 mVs™' scan rate, GC electrode. Inset: Cyclic voltam-

mograms of 3 as a function of pH.

carbon (GC) disk electrode (0.07 cm?), the cyclic voltammo-
gram between 0 to 1.8 V (vs. SHE) at pH 12.2 shows a wave at
ca. 1.0V, followed by a large irreversible wave with an onset
potential of approximately 1.3 V. Similar results are obtained
under the same conditions with a fluorine-doped tin oxide
(FTO) working electrode.” Importantly, solutions of Mn**
do not display similar behavior under the same conditions. In
contrast to 3, there is no evidence for electrocatalysis in the
cyclic voltammograms of complexes 1 and 2 in basic
solution. !

Additional experiments have been undertaken to charac-
terize the electrocatalytic behavior of 3. The formation of
bubbles on the FTO electrode is observed over several scans,
concomitant with the appearance of a broad wave at around
—0.3 V versus SHE. This wave disappears when the cell is
purged with N,, leading us to assign it to the O,/O,™ couple.?”!
Complex 3 is therefore a catalyst for the electrochemical
oxidation of water to O,. The onset potential for electro-
catalysis at pH 12.2 (ca. 1.3 V) corresponds to an overpoten-
tial for water oxidation of about 0.8 V, which is in the range
reported for many homogeneous water oxidation catalysts.”!

The catalytic performance of 3 has been evaluated in an
N,-purged, gas-tight cell. Controlled-potential electrolysis at
+1.23 V versus SHE (foot of the wave)? shows that the
charge passed is greater in the presence of 3 than for the pure
electrolyte solution or in the presence of Mn*" (Figure 4). The
formation of O, during electrolysis has been characterized by
a number of methods. A Clark-type electrode shows a steady
increase in dissolved O, during bulk electrolysis. Gas-phase
O, has been characterized by thermal conductivity gas
chromatography following the bulk electrolysis experiment.
As expected for water oxidation, the pH of the unbuffered
solution decreases over the course of the electrolysis experi-
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Figure 4. Charge passed during controlled-potential electrolysis with-
out manganese (light gray dashed line), with 25 um MnBr, (gray dots),
and with 25 um 3 (black solid line). Initial pH 12.2, 2.5 mm KOTf, FTO
electrode. Electrolysis potential =1.23 V versus SHE (foot of the
wave).?!

ment. A number of electrolysis experiments gave turnover
numbers of 16-24 with Faradaic efficiencies of 74-81 %.

Other working electrode materials did not give better
results. With reticulated vitreous carbon, a substantial degra-
dation of the electrode is observed, whereas the formation of
brown deposits on the electrode surface occurs when an
indium-doped tin oxide (ITO) electrode is used.

A number of experiments have been undertaken to
exclude the possibility of heterogeneous or nanoparticle
catalysts; this situation has been shown to occur with other
nominally homogenous water oxidation electrocatalysts.*"!
No new bands are observed in the optical spectrum of the
electrolysis solution, suggesting that the formation of nano-
particles is unlikely. This observation is corroborated by
dynamic light scattering measurements of these solutions that
provide no evidence for nanoparticles.®!! There is also no
evidence for the formation of a heterogeneous electrocata-
lytic deposit on the electrode surface. The catalytic current
does not increase over successive cyclic voltammetric (CV)
scans, which would be expected for the formation of a catalytic
deposit. In addition, there are no significant changes in the
optical spectrum of the FTO electrode following electrolysis.
Finally, there is no evidence by energy-dispersive X-ray
(EDX) measurements for the formation of Mn-containing
deposits on the electrode. Thus, all evidence available points
to a homogeneous molecular catalyst for water oxidation.

Initial mechanistic experiments indicate that the catalytic
current varies linearly with the concentration of 3, consistent
with a mononuclear catalyst for water oxidation (Figure 5).
Based on the precedent of other single-site electrocatalysts®”!
and the first-order dependence of the rate on catalyst
concentration, we suggest that water oxidation involves the
formation of a high-valent manganese oxo intermediate that
is attacked by H,O/OH™ to form the O—O bond.

Both steric and electronic factors appear to play a role in
facilitating water oxidation by 3. For example, whereas 1 can
be oxidized to form a dimer containing a [Mn(p-O),Mn]
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Figure 5. Plot of the catalytic current as a function of the catalyst
concentration for complex 3. The background current has been
subtracted.

core,”! the analogous transformation is not observed for 3.
This is likely a consequence of the bulky Py,NtBu, macrocycle
substituents that prevent dimer formation. Additionally, in
the cyclic voltammogram the first oxidation wave is observed
at a lower potential for 3 (E,~ 1.0 V) than the corresponding
waves for 1 and 2 (E,~1.2V). Thus, access to higher
oxidation states is more facile for 3, likely due to the greater
donor strength of the Py,NtBu, macrocycle.

The foregoing results show how a simple ligand modifi-
cation converts an aqueous-phase hydrogen peroxide dispro-
portionation catalyst into a water oxidation catalyst. Ongoing
mechanistic work is aimed at elucidating the water oxidation
pathway as well as the origin of the pyridinophane substituent
effect on catalytic reactivity. It is nonetheless intriguing at this
stage to consider that existing mononuclear manganese
complexes for hydrogen peroxide disproportionation may
also be endowed with water oxidation capabilities by simple
ligand modification.

Experimental Section

General experimental details and characterization data are included
in the Supporting Information. CCDC-983498, 983499, and 999618
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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