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Abstract: The new complex [Mn(bipyalk)(H,0)(u-0O)1,(OTf),

{bipyalk = 2-([2,2"-bipyridin]-6-yl)propan- 2 olate} catalyzes oxy-
gen evolution with a TOF of 0.0055 s™' when driven by the
sacrificial oxidant KHSOs in water. It is proposed on the basis of
EPR experiments that the catalyst proceeds through a Mn"(u-
0),MnV=0 intermediate supported by the highly donating terti-
ary alkoxide moiety of the ligand. The Mn(IV,IV) dimer can also
\be formed electrochemically from its precursor, Mn(bi-

pyalkH)Cl,. A related series of bis-ligated monomers of the type
[Mn"(bipyalkH,)(bipyalkH,)1(PF), is also reported, where the di-
cation features Mn", Mn'"", and Mn'"V oxidation states and corre-
sponding protonation states. Electrochemical data on this series
underscore the importance of proton loss at the alcohol/alkox-
ide moiety during oxidation to maintain low overpotentials re-
quired for catalysis.

/

Introduction

Artificial photosynthetic systems aim to produce chemical fuels
by mimicking natural photosynthesis, which generates reducing
equivalents needed for the synthesis of sugars through the sun-
light-driven water-splitting reaction [Equation (1)].1"]
2H,0 >4H +4e +0, E°=123V M
In green plants and cyanobacteria, this reaction occurs at the
tetramanganese oxygen-evolving complex (OEC) in Photosys-
tem Il (PSIl). This oxomanganese cluster stores four oxidizing
equivalents during enzyme turnover, cycling through oxidation
states that range from Mn"';Mn" at the most reduced state to
Mn"V,-O" or Mn3YMnV=0 as the most oxidized state in which
0-0 bond formation is triggered.?~#* Some of the most active
artificial water-oxidation catalysts to date are rare and expen-
sive second- and third-row transition metals like Ru and Ir.>¢!
However, as manganese is the third-most abundant transition
metal in the Earth's crust,”? it represents an important target
for the sustainable development of synthetic water-oxidation
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catalysts (WOCs). In addition, biomimetic Mn catalysts may pro-
vide information to guide research on the OEC. In turn, we can
utilize design principles gleaned from an understanding of the
function of the OEC for the development of Mn WOCs.

Despite increased attention on first-row transition metals for
water-oxidation catalysis and extensive effort in generating
biomimetic manganese complexes, relatively few molecular Mn-
based WOCs are known. In 1999, our groups found that [Mn"'-
(terpy)(H,0)(u-0),Mn"(terpy)(H,0)1(NOs);, (terpy = 2,2%:6',2"-
terpyridine), evolves oxygen when driven by the chemical oxid-
ants NaOCl or KHSOs, the latter giving a TOF of 0.034 s7'.! The
Mn terpy dimer remains one of the most active Mn-based oxy-
gen-evolution catalysts known, but like many other Mn catalysts
in this field®™ it depends on the use of terminal O-donating
oxidants to form a high-valent oxo intermediate before reacting
with water."® Another major limitation has been the longevity
of the catalyst, which cycles through both the Mn"(u-O),Mn"
and the unobserved 0-O bond-forming Mn"(u-0),MnV states,
the latter of which is reduced by four electrons to the Mn'-
(u-0),Mn" state as water is incorporated with the release of the
product oxygen. In this low valent state, protonation of bridging
oxo groups likely contributes to catalyst dissociation and degra-
dation. Indeed, dissociation of ligands in the Mn" state is a major
pathway for decomposition of aqueous Mn complexes in gen-
eral; avoiding formation of low-valent states is, therefore, seen as
central to the further development of robust Mn-based WOCs.

The bulk of homogeneous Mn catalysts for oxygen evolution
found in the literature are dinuclear complexes like the Mn-
terpy dimer described above. The major benefit of multinucle-
arity is the sharing of charge and accumulation of redox equiva-
lents between metal centers, a concept that extends to many
bioinorganic systems such as the OEC.['"'2 Multinuclearity may
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be part of the design of a catalyst where ligand scaffolds en-
force polynuclearity, such as in the work of Akermark and co-
workers.">' However, in many cases, Mn complexes which be-
gin as monomeric units are observed to dimerize to form active
catalysts; an example comes from the work of McKenzie and co-
workers, where mononuclear Mn complexes with monoanionic
carboxylate-containing pentadentate ligands evolve oxygen
when driven by tBuOOH,"* and are thought to dimerize during
turnover via a bridging carboxylate group from the ligand scaf-
fold. Despite the benefits of having multiple metal sites, multi-
nuclear Mn complexes are not guaranteed to be active cata-
lysts; as an example, Agapie and co-workers were able to make
tri- and tetra-nuclear clusters with remarkable geometric resem-
blance to the OEC, but none showed oxygen-evolving activ-
ity.[16-18]

Another approach to enhance activity is to incorporate
anionic donors into ligand scaffolds, which can facilitate attain-
ment of higher oxidation states and avoid degradation, and this
has been a theme in the development of Mn-based synthetic
WOCGs. A previous study from our group that utilized penta-
dentate ligands to generate mononuclear Mn catalysts saw
that, in addition to the number of negative donor groups, their
location relative to an open site for substrate binding was criti-
cal to modulating reactivity. By placing a negative charge trans
to a substrate binding site, these ligands may not only enhance
the catalytic rate by destabilizing the key oxo intermediate, but
may also favor the less labile Mn'" state over the Mn'" state that
would otherwise be formed.!"®! Anionic ligands or basic groups
have been used to assist in shuttling protons either to or away
from active sites in various oxidation2%2" or reduction?22* re-
actions, mimicking design principles from bioinorganic reaction
sites, for example, the proton relays of the OEC.242°]

A key goal in the field is to generate electrochemically active
catalysts for use in artificial photosynthetic systems. Few exam-
ples of homogeneous Mn-based water-oxidation electrocata-
lysts have been reported, the earliest being a Mn porphyrin
dimer with a reported TOF of 0.11 min~".2! Examples from
2014 include a dimanganese complex?”! ligated by a Schiff-
base macrocycle which gives 11 turnovers at 1.3 V vs. Fc*/°,
and a monomeric [(Py>NtBu,)Mn(H,0),]** complex which gives
about 20 turnovers at pH 12.2 and 800 mV overpotential.l?8! The

1: Mn(bipyalkH)Cl,

Figure 1. Structures of compounds 1-5.
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leading example, a recent result from Maayan and co-workers,
is a Mn;, cluster comprised of Mn"-(u-0),-Mn"' units and
capped by eight 3,5-dihydroxybenzoate hydrophilic ligands.
This cluster exhibits sustained oxygen evolution when driven at
the low overpotential of 334 mV at pH 6.2°! While further work
on this system may elucidate how a potentially redox non-inno-
cent ligand scaffold can assist manganese centers in catalytic
electrochemical oxidation of water, it is likely that both the
higher nuclearity and the bulk of the ligand circumvent the
production of labile Mn" during catalytic turnover and allow for
more robust catalysis.>"

Among the key functional aspects of the OEC are its ability
to support the high oxidation states needed for the formation
of the O-0 bond, its use of multiple Mn centers, and its avoid-
ance of the labile Mn" state. These benefits can be promoted
in synthetic catalysts by the incorporation of highly donating
anionic oxygen-donor ligands such as oxos or alkoxides. Suc-
cessfully circumventing the labile” high-spin d> Mn" state
should increase the longevity of the catalyst, as the ligand scaf-
fold will be retained when cycling through less labile higher
oxidation states. Additionally, incorporation of anionic groups
in the ligand scaffold that are able to facilitate the release of
protons during turnover may lower the overpotentials needed
to drive water oxidation, resembling proton management and
redox leveling in the OEC. With these bio-inspired principles in
mind, we report a new di-p-oxo dimanganese complex of the
pincer 2-([2,2’-bipyridin]-6-yl)propan-2-ol (bipyalkH), which acts
as a strong m-donor upon deprotonation of the alcohol. This
ligand incorporates the pyridine alkoxide “pyalk” motif that we
previously showed can stabilize high oxidation states in Rh3
and Ir3234 and promote water-oxidation catalysis, both with
chemical oxidants and electrochemically, with [r3>-371 and
Cu.'38 We also have previously reported oxygen evolution from
our low-valent precatalyst Mn(bipyalkH)Cl, (1, shown in Fig-
ure 1) driven by KHSOs with retention of activity for > 160 h in
unbuffered solutions. In that study, we proposed that a dimeric
species formed in situ was responsible for catalytic activity.[3?
Here we report the synthesis, catalytic activity, and redox be-
havior of the dimeric species [Mn(bipyalk)(H,O)(u-O),Mn(bi-
pyalk)](OTf), (2). We also demonstrate that 2 can be generated
electrochemically.

~| (OTf)
(o]
J
W\
\N—\O Hz
\ /

3: [Mn(bipyalk)(bipyalkH)](PFg)>
x=0,y=1,n=3

4: [Mn(bipyalk)z](PFe).
x=0,y=0,n=4

5: [Mn(bipyalkH),](PFg)2
x=1,y=1,n=2
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Results and Discussion

Synthesis and Characterization

In our previous work,>*! we proposed that catalytic oxygen evo-
lution from a mononuclear precursor, Mn(bipyalkH)Cl,, 1, arose
from a dimeric active species formed in situ, akin to the well-
characterized “terpy dimer” [Mn""V,(u-O),(terpy),(H,0),](NOs)s.
We have now prepared and isolated 2, a dimeric species com-
petent for oxygen evolution, which forms upon treatment of 1
with 1.5 equiv. of KHSOs. The crystal structure of 2, shown in
Figure 2, has several features unique from other known Mn,-
(u-0), dimers. The nine other examples of dimers of the type
[Mn,(u-0),(L)>(H,0),1"* (L = pincer) found in the Cambridge
Structural Database (CSD) are all isolated in the (IIl,IV) oxidation
state (S| Table S1) while 2 is isolated in the (IV,IV) oxidation
state. This oxidation state assignment follows from the presence
of two triflate counteranions and the short metal-ligand bond
lengths [d(Mn-0,oxiqe) = 1.833(3) and 1.873(3) AJ, all consistent
with deprotonated alkoxide ligands. The Mn-Mn distance of
2.71 A falls in the expected range for Mn,0O, dimers of both the
(IL,IV) and (IV,IV) oxidation states.*®! The unusually high-valent
state of 2 is attributed to the strongly donating tertiary alkox-
ides. A unique feature of the crystal structure of 2 is the orienta-
tion of the water ligands relative to the Mn,O, core. All other
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CSD examples of Mn,(p-O), (SI Table S1) feature an inversion
center between the Mn centers, with waters bound trans to
each other. In contrast, 2 has waters bound in a cis fashion, a
feature that could be implicated in catalysis during O-O bond
formation, as has been shown with iron-based WOCs."!

The UV-visible spectrum of dimer 2 (Figure S2) has similar
features to previously reported Mn di-p-oxo dimers. Notably,
the prominent feature observed at 423 nm has previously been
attributed to a d-d transition arising from a Mn" center in
Mn(llLIV) and Mn(IV,IV) di-p-oxo dimers."*?! The intensity of this
transition correlates to Mn" content, and the absorbance of 2
at this wavelength is high as is expected for a Mn(IV,IV) species.
The peak at 631 nm and the shoulder around 835 nm have
both been previously assigned to charge transfer from the
bridging oxos to Mn'V.

We also prepared several novel high-valent coordinatively-
saturated Mn monomers with the bipyalk ligand, which have
been particularly useful in the spectroelectrochemical charac-
terization of dimer 2. The Mn" and Mn" monomers [Mn"(bi-
pyalk)(bipyalkH)I(PF¢),, 3, and [Mn"(bipyalk),](PF¢),, 4, respec-
tively, were isolated as dications, and their crystal structures are
shown in Figure 2. We previously reported®® the analogous
complex in the Mn" state, [Mn"(bipyalkH),]1(PF¢),, (5, shown in
Figure 1) which is also dicationic. Table 1 contains selected
bond angles and distances in this series. Oxidation from Mn'" to
Mn"" is coupled with a deprotonation at 02 of the ligand scaf-
fold; this is indicated by a 0.39 A contraction of the Mn1-02
bond. A similar contraction of the Mn1-O1 bond occurs when
01 is deprotonated upon oxidation from Mn" to Mn". Across
the series, as oxidation state increases, all bonds angles trend
towards the expected 90° for idealized octahedral geometry.
This contraction can be rationalized by increased pi bonding
from the oxygens upon deprotonation from the alcohol to the
alkoxide. The ability to couple deprotonation of the ligand to
oxidation of the metal center has a redox-levelling effect on
this series, an effect that is expected to extend to the aqueous
complexes, including 1 and 2, and is further discussed with the
electrochemical data reported here. This series highlights the
importance of the alkoxide functionality of the bipyalk ligand
in stabilizing higher oxidation states. While we report the full

Table 1. X-ray crystallographic bond lengths and angles between Mn center
and all atoms in the primary coordination sphere from the series of the bis-
ligated monomers 5, 3, and 4 which feature oxidation states Mn", Mn'", Mn",
as well as two, one, or no protons on the alcohol/alkoxide moiety. Atom
labels correspond to those shown in structures in Figure 2, and are consistent
with the numbering scheme of 5, published previously.**!

Mn" Mnlll MnIV
Mn1-01 2.224(3) 2.133(2) 1.821(3)
Mn1-02 2.171(2) 1.8382(17) 1.828(3)
Mn1-N1 2.203(3) 2.203(2) 1.931(3)
Mn1-N2 2.181(3) 2.080(2) 2.083(4)
3 4 Mn1-N3 2.229(3) 2.083(2) 2.070(4)
Mn1-N4 2.181(3) 1.957(2) 1.938(4)
Figure 2. X-ray crystal structures of 2, 3, and 4. For all three structures, ther- O1-Mn1-N2 707() 73.02(8) 8215014)
. . . . N1-Mn1-N2 74.31(11) 75.29(8) 78.11(14)
mal ellipsoids are displayed at the 50 % probability level and hydrogens ex-
. X . 02-Mn1-N4 70.62(10) 81.75(8) 81.37(13)
cept for those bound to heteroatoms are omitted for clarity. For 2, two triflate
. R 5 . 02-Mn1-N4 73.86(11) 77.58(8) 78.39(14)
counterions and one DCM solvent molecule are omitted for clarity. See Fig-
. . N3-Mn1-N4 2.224(3) 2.133(2) 1.821(3)
ures S18-520 for complete scheme and omitted moieties.
Eur. J. Inorg. Chem. 2019, 2115-2123 www.eurjic.org 2117 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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synthesis and characterization of 3 in this work, attempts to
prepare samples of 4 with a high degree of purity have failed.
We have chosen to report the crystal structure of 4, of which
the oxidation state is unequivocally indicated on the basis of
Mn-0 bond lengths indicating anionic functionality, to under-
score the importance of this alcohol/alkoxide unit in redox lev-
eling.

Catalysis

Oxygen Detection and Rate Law. We previously reported that
1 is competent for oxygen evolution and proposed that Mn,0,
dimers are responsible for catalysis, in analogy to the well-
known terpy dimer system, on the basis of mass spectrometry
and UV-visible spectroscopic studies.*”! We were, therefore, in-
trigued to explore the oxygen-evolution activity of dimer 2. In-
deed, we demonstrate here that isolated 2 is active for oxygen-
evolution catalysis, with a typical oxygen-evolution trace shown
in Figure S7. Furthermore, catalysis with 2 lacks the induction
period previously observed!*® when 1 was injected into a solu-
tion of KHSOs, which we ascribed to time needed for the forma-
tion of catalytically active multinuclear species. Under typical
reaction conditions of 10 mm sacrificial oxidant and 50 um cata-
lyst, 2 gives a TOF of 0.0055 mol O, per mol 2 per second, or
0.0028 s' when normalized to total Mn content. Complex 2 is
somewhat slower than precatalyst 1 (TOF = 0.0099). Accord-
ingly, while 2 catalyzes oxygen evolution, it is likely not the
most active component in the mixture formed upon activation
of 1 with KHSOs. Thus, a complex speciation profile of Mn(bi-
pyalk) units is likely at play that may depend highly on pH
conditions or buffer anion identity or concentration, similar to
the results® we have found with the “blue solution” formed
from the related Cp*Ir(pyalk)Cl precursor for Ir-based WO. We
have examined the role of concentration of sacrificial oxidant
KHSOs under pseudo-first-order conditions of oxidant on the
initial rate of oxygen evolution by 2. Logarithmic plots (Figure
S8) indicate that oxygen evolution is first-order in KHSOs. This
finding may indicate that an oxidation event of the catalyst is
rate-limiting, or that perhaps that O-atom transfer from the
oxidant is rate-limiting. While this finding ultimately doesn't in-
dicate the origin of oxygen atoms in product oxygen, we draw
an analogy to the similar Mn terpy dimer, which has been
shown by '®0-labelling studies to incorporate one 80 labelled
atom from solvent water and one 'O atom from KHSOs under
moderate excess oxidant conditions. Further studies including
isotope labelling experiments may deduce the origin of O at-
oms in product oxygen.

EPR measurements Indicating Turnover. To examine oxid-
ation states of the complex before and during catalytic turn-
over, a solution of sacrificial oxidant was added and frozen over
a frozen solution of 2 in wet acetonitrile inside an EPR tube.
Prior to mixing of the layers, the sample gives a weak EPR signal
indicative a small amount of Mn""V,0,, with the rest of the
sample presumably composed of the EPR-silent Mn'V,0, state.
Thawing for 30 sec. and then refreezing this sample yields an
increase in the 16-line signal characteristic*3 of a Mn"Mn"
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dimer (Figure 3). The detection of a 1-electron reduced species
upon treatment with a two-electron oxidant likely results from
comproportionation of Mn,"""" and Mn,VV states to form a
Mn"(u-0),Mn" species as shown in Figure 4b. We interpret
these results to indicate a Mn"™", () — Mn"Y, (lll) - Mn""!",
(IV) cycle resulting in O, liberation as shown in Figure 4a. The
formation of Mn,"V in this system is plausible considering the
high donicity of the alkoxide functional groups. Each product
0O, may contain one O atom from peroxymonosulfate and one
from water in analogy with the terpy dimer system at high
[HSO57] conditions, which is also consistent with the reaction

— Before
— After 1st Thaw
— After 2nd Thaw
— After 3rd Thaw
L L L) L L) 1
2000 2500 3000 3500 4000 4500
Field (Gauss)

Figure 3. X-band EPR signals recorded after three thaw-freeze cycles. Micro-
wave frequency: 9.37 GHz, microwave power: 0.1 mW, modulation amplitude:
19.49 G. Solution containing 2 at 0.6 mm in wet MeCN with 0.1 m NaTFA to
prevent aggregation was frozen and subsequently layered with a solution of
6.0 mm PhyHSOs in same NaTFA/MeCN mixture.

A)
Ho,—-Mn‘L’g;‘Mn}’:o
n H0
2-
804 0-0
HOOSO,- R
WO =gV Mn'%OZ=mn"
0~ ""=~o" "< 00s0, o
1
2—
S0,
0=0
HSOg HOOSO;
S0,
MnIVlO‘MnIV 4
Hyo— Mn<g-MN=oy,
I
B)

Mnl_lyg;Mnm +

v | \

MnOZmnY  ——=  2mnOzMn"

Figure 4. A) Proposed catalytic mechanism based on kinetic and EPR experi-
ments. The left side of the figure represents the proposed mechanism if
evolved oxygen arises fully from HSOs™ incorporation, whereas the right side
shows implicated states if water is incorporated. B) Comproportionation reac-
tion scheme proposed to give rise to V.
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being first order in KHSOs. Furthermore, incorporation of water
is required to form the Mn'"; state (IV), which is implicated in
the formation of V as evidenced by the 16-line EPR spectrum.

Electrochemistry

Cyclic Voltammetry and Spectroelectrochemistry of 1 and
2. From both previously published*® mass spectrometry data
and the preparation and isolation of 2 reported here, it is appar-
ent that 2 can be formed from the chemical pre-oxidation of 1
prior to catalysis, though catalytic data above show that 2 may
not be the only catalytically active species formed from oxid-
ative treatment of 1. To further investigate the redox properties
of these compounds and evaluate feasibility of electrocatalysis,
we turned to cyclic voltammetry. The cyclic voltammagram of
1 (Figure 5a), shows the complex electrochemistry of this sys-
tem in aqueous solutions; a single large anodic feature is ob-
served at 1.07 V, and two smaller reductive events occur at

A 1o,
8
- B4
<
s 4
g 24
o 0
2.
4.
000 025 050 075 100 125 1.50
B) Potential (V vs NHE)
20-
— 154 .
g — Mn(bipyalkH)CL,
= — Fitted MnllIIl
c 10- — Fitted MnlllIV
E -== Cumulative Fit
O 5.
04
000 025 050 075 100 125 150
C) Potential (V vs. NHE)
20-
10
< o
fg 104
3 204
-30
40— . - . - - 1
0.00 025 050 075 100 125 150
Potential (V vs NHE)

Figure 5. a) CV of 1 (2.5 mm) in 0.1 m acetate buffer at pH 4.47 at 100 mV/s
scan rate. Conditions: GC working electrode, Pt wire counter electrode,
Ag/AgCl reference electrode. b) Oxidative DPV of 1 under the same condi-
tions with deconvoluted peaks and cumulative fit. ¢) CV of 2 (1.0 mm) under
same conditions as a) and b).
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0.92 V and 0.46 V. Because assignment of these features was
not immediately obvious, we investigated 1 under oxidative
conditions using spectroelectrochemistry (SEC).

In these SEC experiments, 15-minute oxidizing electrochemi-
cal pulses were applied to a solution of 1 in acetate buffer with
a spectroelectrochemical Pt electrode that enabled UV-visible
spectra to be collected continuously through the duration of
these pulses. Each successive pulse applied was 100 mV more
oxidizing than the previous. Figure 6a shows the final UV-visible
spectrum obtained at each potential. Based on these experi-
ments, 2 or a closely-related dimeric species is formed quantita-
tively from electrolysis of 1 in acetate buffer at 1.10 V vs. NHE
at pH = 4.47 as shown in Figure 6a. It appears that the system
goes through a Mn"" species, likely monomeric, at intermediate
potentials (800 mV to 1.0 V). A comparison of the spectrum
resulting from isolated 3 in acetonitrile and the spectrum found
at 900 mV shows that these species are very similar. To further
examine this point, we deconvoluted the spectra at each poten-

1.0+
A) ] Potential Applied
0.9 versus NHE:
1 200 mV
0.8 300 mV
E 400 mV
0.7 4 500 mV
® 1 600 mV
e 0.6 700 mvV
© 1 800 mV
-g 0.5 850 mV
@ 1 900 mV
2 %4 950 mV
) 1000 mV
0.3+ 1100 mV
i 1200 mv
024 1300 mv
014 1400 mV
0.0

300 400 500 600 700 800 900
Wavelength (nm)

1000

% Mn content

0
200

400 600 800

Potential (V vs. NHE)

1000 1200

Figure 6. a) Series of final UV-Vis spectra obtained at each potential indicated
after 15 min of electrolysis to a 2.5 mm solution of 1 in pH 4.47 0.1 m acetate
buffer. Conditions: Pt working electrode, Pt wire counter electrode, Ag/AgCl
reference electrode. b) Deconvolution of spectra shown in a), modeled as a
linear combination of basis UV/Vis spectra obtained from 1, 2, and 3 recorded
at 2.5 mm, 1.25 mm, and 2.5 mm, respectively.
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tial and expressed these as a linear combination of the spectra
of 1, 2, and 3. From this comparison, it appears that roughly
20 % of the Mn content can be accounted for in the form of a
Mn'" monomer at a potential of 900 mV. This may imply that a
coordinatively saturated Mn"' complex with two bipyalk ligands
similar to 3 forms at these intermediate potentials, or that only
some Mn centers are converted to this oxidation state.

These findings are consistent with bulk electrolysis data. Inte-
gration of charge passed during an electrolysis of 1 at 1.2 V vs.
NHE (Figure S10) indicates a quantitative two-electron oxid-
ation, and UV-visible spectra of these solutions indicate the for-
mation of 2. Electrolysis at 930 mV yields a spectrum that ap-
pears similar to that of 3, and charge integration shows just
under one equivalent of electrons has been passed (Figure S11).

With these findings in mind, we were able to assign the fea-
tures in the CV of 1. We attribute the sole anodic feature to two
successive oxidative events with very similar £, ,,’s correspond-
ing to a Mn(lI/lll) oxidation followed by a Mn(lll/IV) oxidation.
The /i, ratio far exceeds unity for this feature, indicating a
chemical process following the oxidation which we attribute to
in-situ dimerization to form 2. We observe that the Ey for the
anodic feature increases with scan rate up to 300 mVs™'. At
and above this scan rate, the peak potential remains fixed at
1.07 V vs. NHE. This behavior has been shown to indicate a
second-order chemical reaction following an electron transfer,
such as dimerization."*# The reductive processes appear to be
more complex, exhibiting cathodic features at 0.92 V and 0.46 V.
We assign the first reductive event to the reduction of 2 to its
Mn'"(u-0),Mn" state; the fact that only one half of the Mn ions
would be reduced in this step accounts for the small total cur-
rent passed in comparison to the oxidative feature. The feature
at 0.46 V corresponds to further reduction of the Mn'"(u-O),-
Mn" state to Mn"'(u-0),Mn". As the pK, of bridging oxos be-
tween Mn'" centers is expected to be more basic relative to
those bridging metals at higher oxidation states, protonation of
the oxos bridging Mn'" centers may yield bridging hydroxo
groups, favoring dissociation of the dimer. Further reduction of
the Mn"" monomers to Mn" may then be triggered, which
would be more facile in the absence of highly donating oxo
ligands. This accounts for the larger relative total current passed
for this feature, as a total of = 1.5 reducing equivalents will be
passed relative to the total number of Mn centers.

Two anodic features were partially resolved using differential
pulse voltammetry (DPV). As shown in Figure 5b, this feature is
comprised of an oxidation at 0.90 V which we assign to the
Mn(lI/1l) couple, followed by a Mn(lll/IV) couple at 1.02 V. The
close spacing of these oxidative features may be attributed to
the redox-levelling effect that proton-coupled oxidation of the
bipyalk ligand is expected to impart on the redox potentials of
these complexes. Deprotonation is expected upon oxidation, as
demonstrated by monomers 3 and 4.

This in-situ dimerization is reminiscent of the behavior of
similar Mn complexes under oxidizing conditions. The coordina-
tively-saturated complexes [Mn(terpy),]** and [Mn(bipy);]** are
known to form dimers electrochemically once oxidized to the
Mn"V state, with the extent of dimerization dependent on both
the pH of the solution and the electrolyte.*>! The Mn-terpy

Eur. J. Inorg. Chem. 2019, 2115-2123 www.eurjic.org

2120

Eur|IC

European Journal
of Inorgariic Chemistry

Full Paper

dimer is also known to dimerize upon electrochemical oxid-
ation, but does not produce oxygen due to formation of a sta-
ble and catalytically inert “dimer of dimers” in the Mn,VVVIV
state.[647]

CVs of 2, shown in Figure 5c¢, exhibit similar behavior in com-
parison to those of 1, with an anodic feature at 1.10 V and
cathodic features at 0.88 V and 0.40 V. The oxidative event with
the quasi-reversible return feature at 0.88 V is assigned to the
Mn,(ILIV/IV,IV) couple, and these peak potentials match those
of 1, to within several mVs. However, it appears that when the
dimer is pre-formed with highly donating oxo bridges, no fea-
tures indicative of oxidation states lower than Mn,""V are ob-
served on the CV timescale. The cathodic feature at 0.39 V is
assigned to reduction to the Mn,""" state and then subsequent
protonation and dissociation, triggering reduction of the Mn"
monomers to Mn'" and thus accounting for the large total cur-
rent passed in this feature.

Evaluation of electrocatalytic activity. Our findings that 2
can be generated in-situ electrochemically from 1 prompted us
to screen 1 for electrocatalytic water-oxidation activity. As no
features in the CV indicated oxygen evolution on the CV-time-
scale, we investigated 1 for oxygen evolution with a Clark-elec-
trode at 0.5 mm, a ten-fold higher concentration than for Clark-
electrode assays with KHSOs. Though conditions under oxidiz-
ing potentials ranging from 1.2-1.8 V vs. NHE in acetate buffer
with both platinum and glassy carbon working electrodes were
examined, no condition was found to produce oxygen over
background electrode levels (Figure S13). As has been previ-
ously shown,“® electrode identity and surface pre-treatment
often greatly affect redox behavior in facilitating proton-cou-
pled oxidative processes with Mn complexes like those studied
here. Future studies may utilize higher surface-area and/or sur-
face-modified electrodes as well as a wider range of pH condi-
tions to check for water oxidation.

Cyclic Voltammetry and Spectroelectrochemistry of 3-5.
The importance of proton management is highlighted by the
behavior of the organic-soluble bis-ligated monomers 3-5.
While we attribute the complex electrochemical behavior of 1
and 2 in aqueous solution to proton-coupled redox events orig-
inating from the basic alkoxide functionality of the bipyalk Ii-
gand, it appears that lack of proton management in nonaque-
ous solutions, which are necessary in solvating the series of
bis-ligated monomers, precludes the observation of any redox
features on the CV timescale (Figure S14). We instead turned to
spectroelectrochemistry in order to study the oxidation chemis-
try of these monomers. For these experiments, the applied po-
tential was successively increased in the oxidative direction ev-
ery 15 minutes while UV-visible spectra were recorded. Chrono-
amperograms recorded during each step show that no more
oxidative charge is passed by the end of the 15-minute pulse
(see Figure S15). As shown in Figure S16, 5 remains in its re-
duced state until 1.15 V is applied, at which point spectroscopic
features indicative of higher oxidation states begin to grow in.
These features grow in more rapidly at higher potentials until a
UV-visible spectrum of 3 can be overlaid with that produced
when 1.45 V is applied to 5. Electrolysis of complex 3 also
shows signs of oxidation (Figure S17), with growing absorbance
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around 450 nm indicative of formation of Mn". No well-defined
midpoint potential for this Mn"V transition may be assigned,
given that the absorbance grows in over a broad range of po-
tentials from 0.55 to 1.45 V, likely owing to the very slow pro-
ton-coupled oxidation process occurring under non-aqueous
conditions without the presence of a base. Notably, compounds
5 and 3 do not exhibit the same behavior at the same poten-
tials. This is attributed to the fact that deprotonation of the
ligand scaffold to allow for subsequent oxidation happens very
slowly in nonaqueous media, especially without adding an or-
ganic-soluble base; with 5 and 3 being isolated and dissolved
at different protonation states, they are able to reach different
maximum oxidation states.

Conclusions

We report a novel Mn,0, dimer competent for oxygen evolu-
tion when driven by the sacrificial oxidant KHSOs. While func-
tioning similarly to previously reported Mn,O, dimers sup-
ported by tridentate ligand scaffolds, the inclusion of the terti-
ary alkoxide gives rise to several distinct features. First, this
highly donating ligand yields a Mn,0, dimer isolable in the
Mn', state, whereas most dimers of this type are isolated in
the Mn'""V, state. We have shown this complex can catalyze
oxygen evolution when driven by the sacrificial oxidant KHSOs
with a TOF of 0.0055 s7'. As this TOF is not as fast as the TOF
found when an equimolar amount of precursor 1 is pretreated
with concentrated KHSOs prior to catalysis, complex speciation
to a variety of Mn-based WOCs is implicated. Further studies
will investigate this point under a variety of buffer and pH con-
ditions. Additionally, '80-labelling experiments will investigate
the origin of O atoms in product oxygen as KHSOs is known as
a oxo-transfer reagent. Based on EPR experiments, we propose
that this complex passes through an unusually high Mn", state
at the O-O bond-forming step. We also observed the redox-
levelling effect imparted by the alcohol/alkoxide group; in addi-
tion to observing successive deprotonations with increasing
oxidation state in the crystal structures of the monomeric series
5, 3, and 4, the redox-leveling effect was highlighted by the
similarity in mid-point potentials of the Mn(ll/ll) redox couple
of 5 and the Mn(lll/IV) redox couple of 3 in non-aqueous media,
where no added acids or bases are present to aid in shuttling
protons, as shown through spectroelectrochemistry experi-
ments.

Similar behavior is presumed in the case of 1, where the CV
indicates that Mn (II/lll) and Mn(lll/IV) couples occur so close
together that they could only be resolved via DPV. This behav-
ior is analogous to that which occurs at the OEC in natural
photosynthesis, where proton-coupled electron transfer (PCET)
steps release protons from substrate waters upon oxidation in
order to mitigate energy barriers associated with successive
oxidations. While 2 does not function as an electrocatalyst for
water oxidation, use of the bipyalkH scaffold for low overpoten-
tials imparted by this redox leveling effect is a promising ap-
proach for use with Mn clusters with higher nuclear number, or
other transition metals in the development of electrocatalysts
for water oxidation, as well as the observation of high oxidation
states.
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Experimental Section

Syntheses

Preparation of [Mn'Y,(u-0),(bipyalk),(H,0),1(0Tf), (2): A pale
yellow stirred solution of Mn(bipyalkH)Cl, (prepared according to
published methods,?? 0.35 mmol, 119.6 mg) in Milli-Q water
(10 mL) was cooled to 0 °C. The dropwise addition of solution of
Oxone (0.525 mmol, 1.5 equiv) in Milli-Q water (5 mL) at 0 °C caused
a color change to a deep olive-brown. The reaction was allowed to
proceed for 20 min in an ice bath, and then an additional 10 min
at room temperature. For isolation, several drops (0.1 mL) of a satu-
rated solution of NaOTf in Milli-Q water were added. The solution
was subsequently extracted with DCM to remove red high-valent
coordinatively saturated monomers. The resulting aqueous solution
was reduced in volume by two-thirds with a stream of compressed
air, and refrigeration overnight yielded a precipitate of dark olive-
green crystalline material suitable for X-ray diffraction. This material
was filtered and rinsed with DCM and water at 0 °C. Yield: 62.9 mg
(40.0 %). UV-visible spectrum (MeCN) A,.x (€) = 241.9 (26,495), 296.1
(19970), 423.1 (2976), 500.9 (1115), 630.9 (468), 8359 nm
(136.7 mol dm3 cm™). IR (solid): v = 406.9, 427.7, 555.1, 638.5, 646.2,
664.8, 7274, 740.5, 777.5, 833.8, 963.4, 1022.7, 1043.8, 1097.7,
1131.1, 1201.7, 1259.1, 1301.7, 1366.9, 1452.6, 1495.7, 1578.2,
1603.3, 2011.1 cm™.

Preparation of [Mn"'(bipyalkH)(bipyalk)(PFg),] (3): A solution of
bipyalkH (81 mg, 0.38 mmol) in acetone (2 mL) was added dropwise
to a stirred solution of Mn(OAc),-4H,0 (44 mg, 0.18 mol) in water
(2 mL) to produce a yellow, cloudy solution. A solution of Oxone
(0.11 KHSOs, 0.55 equiv.) in water (1 mL) was added dropwise, yield-
ing an orange-red solution. After allowing the mixture to stir for
five minutes, several mL of a saturated solution of KPFs was added.
For isolation, DCM was added (10 mL) to extract a red colored mate-
rial. This layer was separated and dried with Na,SO,4. A red sticky
precipitate was formed via dropwise addition of diethyl ether. The
supernatant was removed and triturated with diethyl ether until
solid was free flowing to remove all excess free bipyalkH ligand.
Yield: 82 %. Crystals were grown by dissolving the resulting powder
in DCM and layering with pentanes. UV-visible spectrum (MeCN)
Amax (€) = 241.9 (26,495), 296.1 (19,970), 423.1 (2,976), 500.9 (1,115).
630.9 (468), 835.9 nm (136.7 mol dm* cm™). IR (solid): v = 406.9,
427.7, 555.1, 638.5, 646.2, 664.8, 727.4, 740.5, 740.5, 777.5, 833.8,
963.4, 1022.7, 1043.8, 1097.7, 1131.1, 1201.7, 1259.1, 1301.7, 1366.9,
1452.6, 1578.2, 1578.2, 1603.3, 2011.0 cm™".

Preparation of [Mn'Y(bipyalk),1(PF), (4): Crystals of 4 were ob-
tained from a preparation of an analogous preparation of 2 with
KPFs. Crystals suitable for diffraction were found after several weeks.
Attempts to directly synthesize 4 via preparations analogous to that
of 3 with excess Oxone gave mixtures of 3 and 4 on the basis of
UV-visible spectra.

Mass Spectrometry: Bulk purity was assessed using high-resolu-
tion mass spectrometry. The mass spectroscopic data were ob-
tained from a Thermo Scientific (Waltham, MA) LTQ Orbitrap Fusion
mass spectrometer. The sample was directly infused into the mass
spectrometry via a micro pump. Data were acquired and analyzed
with Xcalibur [v2.1; Resolution, 120,000; mass range (m/z) 100-700].
Exact masses were obtained for the entire broadband spectrum.

Spectroscopy: UV-visible spectra were recorded on a Cary 50 spec-
trophotometer. Attenuated total reflectance Fourier transform infra-
red (ATR-FTIR) spectra were recorded with a PIKE technologies
GladiATR.

Oxygen-Evolution Quantification with Clark Electrode: A Clark-
type YSI Standard Oxygen Probe was fitted with a fresh Teflon FEP
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membrane and used to determine dissolved oxygen content of so-
lutions in a custom-made water-jacketed cell equipped with a stir
bar. All measurements were made at 25.0 °C through use of a recir-
culating bath. The voltage response proportional to dissolved oxy-
gen content was calibrated vs. oxygen-saturated and oxygen-
depleted Milli-Q water. In a typical experiment, 50 uL of a concen-
trated stock solution of dimer catalyst was injected into the Clark
electrode cell into a solution of air-saturated Oxone triple salt
([KHSOs] = 10-100 mm) in Milli-Q water. The stock solution of dimer
in Milli-Q water was prepared such that injection into the sacrificial
oxidant solution ensured the desired final catalyst concentration
(10-50 pm). Oxygen evolved was monitored via a homebuilt Lab-
VIEW program, and initial rates were determined by a linear least-
squares fit of the data between 60 and 240 seconds.

EPR: Differential EPR spectra were measured on a Bruker ELEXSYS
E500 spectrometer utilizing a super-high Q resonator and an Oxford
ESR-900 helium-flow cryostat at 8.0-8.1 K. Instrument parameters
included microwave frequency: 9.37 GHz microwave power:
0.1 mW; modulation frequency: 100 kHz; modulation amplitude:
19.49 G; conversion time 20.48 ms; time constant: 40.96 ms. To pre-
pare samples, 100 uL of a degassed solution of 2 at 0.6 mm in 0.1 m
NaTFA in MeCN was frozen at the bottom of an EPR tube. This salt
solution was found to improve glassing and prevent aggregation.
50 pL of degassed 0.1 m NaTFA in MeCN was then layered on top
and frozen. Finally, a degassed solution of 6.0 mm Ph;PHSOs in the
NaTFA/MeCN mixture was layered on top and frozen. The spectra
of frozen samples were then measured. Subsequently, samples were
thawed, mixed in-tube for 30 s, refrozen, and the spectra remeas-
ured. Three such thaw-freeze-measure cycles were performed.

Electrochemistry: Electrochemical measurements were made with
a Pine Wavenow potentiostat. A glassy carbon electrode was used
as a working electrode, with a Pt wire counter electrode and an
Ag/AgCl (sat. KCI) reference electrode for aqueous measurements
or a Ag wire as a pseudoreference electrode. Aqueous measure-
ments were taken in 0.1 m acetate buffer at pH = 4.47, and nona-
queous measurements were made in 0.1 m TBAPFs in MeCN. To
convert measurements to a NHE reference, 0.199 V were added to
all potentials from measurements made in aqueous conditions, and
those made in nonaqueous conditions were referenced against
Fc/Fc* and converted to NHE, taking the Fc/Fct couple to be
630 mV vs. NHE.[*! Cyclic voltammetric measurements were made
at 100 mV/s scan rates unless otherwise noted. Differential pulse
voltammetric measurements were made with the following param-
eters including potential window: 0-1.2 V; pulse height: 50 mV;
pulse width 10 ms; pulse period: 100 ms; pulse increment: 10 mV;
sampling pre-pulse width: 3 ms; sampling post-width: 3 ms.

Spectroelectrochemistry: Spectroelectrochemical (SEC) experi-
ments were performed using a Pt-coated honeycomb electrode
that contains both working and counter electrode capabilities and
mounts into a thin-layer quartz cuvette. A separate saturated aque-
ous Ag/AgCl reference electrode or AgCl-coated silver wire pseudo-
reference electrode was utilized as appropriate. The measurements
made using the former reference electrode were converted to NHE
reference by adding 0.199 V, and the latter was referenced against
an internal Fc/Fc* standard to convert to NHE. Samples were pre-
pared at 2.5 mm unless otherwise noted in 0.1 m acetate buffer
(pH = 4.47), 0.1 m K,SO4 (pH adjusted to 4.47 with H,SO,4) or 0.1 m
BuyNPF¢ in spectrophotometry-grade MeCN. Using a CH Instru-
ments Model 1200B potentiostat, various potentials were applied
for 15 minutes each. Current was monitored via chronoamperome-
try and was shown to decay towards values below 1x 1077 mA in
the latter half of each run, indicating equilibrium was reached at
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each potential before stepping to the next potential. Absorption
spectra were recorded from 300-1000 nm using a Cary 50 spectro-
photometer in the final few seconds of each electrolysis.

Global analysis of SEC was carried out in Origin 8.6. The spectrum
found at each potential was modelled as a linear combination of
the absorbance spectra of 1, 2, and 3, each recorded at 2.5 mm
except for 2 which was recorded at 1.25 mm to account for its
dimeric structure. The coefficients for these spectra were con-
strained as positive values and to add up to 1. They were later
expressed as percentages of total Mn.

X-ray Crystallography: Low-temperature diffraction data (w-scans)
were collected on a Rigaku SCX Mini diffractometer coupled to a
Rigaku Mercury275R CCD for structure 2 with Mo-K,, radiation (1 =
0.71073 A). Similar data were collected on a Rigaku MicroMax-
007HF diffractometer coupled to a Saturn994+ CCD detector with
Cu-K, (A = 1.54178 A) for the structures 3 of 4. The diffraction im-
ages were processed and scaled using Crysalis Pro software for 2
and Rigaku Oxford Diffraction software for 3 and 4. The structures
were solved with SHELXT and were refined against F? on all data
by full-matrix least-squares with SHELXL. All non-hydrogen atoms
were refined anisotropically. Unless stated otherwise, hydrogen at-
oms were first found in the difference map and then included in
the model at geometrically calculated positions and refined using
a riding model. The isotropic displacement parameters of all
hydrogen atoms were fixed to 1.2 times the U value of the atoms
to which they are linked (1.5 times for methyl groups). The full
numbering scheme of 2-4 can be found in the full details of the X-
ray structure determination (CIF), which are included as Supporting
Information.

CCDC 1872330 (for 2), 1872331 (for 3), and 1872332 (for 4) contain
the supplementary crystallographic data for this paper. These data

can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre.
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