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CONSPECTUS: The redox reactivity of transition metal centers can be  Functional Mimicry of Enzymes Efectrocatalysis
augmented by nearby redox-active inorganic or organic moieties. In some cases, Q/\ , BERE g
these functional groups can even allow a metal center to participate in reactions ,ﬁrﬁ\y:«:/ - .

that were previously inaccessible to both the metal center and the functional /Q \ Q |
group by themselves. Our research groups have been synthesizing and 20,+2H  0,+2H,0, 0 O +4H" + 4= 2H,0
characterizing coordination complexes with polydentate quinol-containing "o

ligands. Quinol is capable of being reversibly oxidized by either one or two
electrons to semiquinone or para-quinone, respectively. Functionally, quinol
behaves much differently than phenol, even though the pK, values of the first O—H bonds are nearly identical.

The redox activity of the quinol in the polydentate ligand can augment the abilities of bound redox-active metals to catalyze the
dismutation of O,”* and H,0,. These complexes can thereby act as high-performing functional mimics of superoxide dismutase
(SOD) and catalase (CAT) enzymes, which exclusively use redox-active metals to transfer electrons to and from these reactive
oxygen species (ROS). The quinols augment the activity of redox-active metals by stabilizing higher-valent metal species, providing
alternative redox partners for the oxidation and reduction of reactive oxygen species, and protecting the catalyst from destructive side
reactions. The covalently attached quinols can even enable redox-inactive Zn(II) to catalyze the degradation of ROS. With the
Zn(1I)-containing SOD and CAT mimics, the organic redox couple entirely substitutes for the inorganic redox couples used by the
enzymes. The ligand structure modulates the antioxidant activity, and thus far, we have found that compounds that have poor or
negligible SOD activity can nonetheless behave as efficient CAT mimics.

Quinol-containing ligands have also been used to prepare electrocatalysts for dioxygen reduction, functionally mimicking the enzyme
cytochrome ¢ oxidase. The installation of quinols can boost electrocatalytic activity and even enable otherwise inactive ligand
frameworks to support electrocatalysis. The quinols can also shift the product selectivity of O, reduction from H,O, to H,O without
markedly increasing the effective overpotential. Distinct control of the coordination environment around the metal center allows the
most successful of these catalysts to use economic and naturally abundant first-row transition metals such as iron and cobalt to
selectively reduce O, to H,O at low effective overpotentials. With iron, we have found that the electrocatalysts can enter the catalytic
cycle as either an Fe(II) or Fe(IlI) species with no difference in turnover frequency. The entry point to the cycle, however, has a
marked impact on the effective overpotential, with the Fe(IIl) species thus far being more efficient.

Using Organic Redox to Create New Catalytic Roles for Metals
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Cytochrome c Oxidase

O,+4H +4e 2 2H,0 E=+087V

Figure 1. Selected enzymatic reactions and relevant reduction potentials relatinﬁg to O, and O,-derived reactive oxygen species. All potentials were
reported in pH 7.0 water and are referenced to the normal hydrogen electrode.” Enzymatic species are abbreviated Z.

Inactive Metal at the Expense of the Ability to Mimic
Superoxide Dismutase. Chem. Sci. 2023, 14, 9910.° This
report describes highly active catalase mimics containing
either manganese, iron, or zinc. As with the prior report, the
quinol in the ligand allows Zn(II) to catalyze a reaction that
was previously thought to require a redox-active metal.

e Obisesan, S. V.; Rose, C.; Farnum, B. H.; Goldsmith, C. R.
A Co(II) Complex with a Covalently Attached Pendent
Quinol Selectively Reduces O, to H,O. J. Am. Chem. Soc.
2022, 114, 22826." This communication details how
including a quinol in the ligand framework enables a
previously unreactive Co(II) complex to serve as an
electrocatalyst for O, reduction. The quinol complex is
more selective for H,O production than a phenolic analog.

1. INTRODUCTION

Reactions involving O, and its partially reduced forms are of
great relevance to the fields of health and energy. Aerobic
organisms produce energy by reducing O, by four electrons to
water, and partially reduced species, such as superoxide (O,”*)
and hydrogen peroxide (H,0,), are used as signaling agents for
cellular processes such as apoptosis and gene expression.

Despite their beneficial roles, O,* and H,O, can oxidize and
damage biomolecules, and the overproduction and/or over-
accumulation of these species can have adverse effects on
health.””” To limit the damage caused by these reactive oxygen
species (ROS), cells produce a variety of antioxidants, including
the metalloenzymes superoxide dismutase (SOD) and catalase
(CAT). The active sites of SODs are diverse and have been
documented to contain either mononuclear manganese, iron,
nickel, and copper or binuclear copper/zinc.'” CATs use either
heme or binuclear manganese active sites to degrade H,0,."
Although SOD and CAT target different ROS and use dissimilar
active sites, their dismutation of O, (SOD) and H,0, (CAT)
rely on similar strategies. Both classes of enzymes cycle between
reduced and oxidized forms during catalysis (Figure 1). The
reduced forms (Z,.4) reduce a ROS, whereas the oxidized forms
(Z,y) oxidize the same ROS. During catalysis, SOD and CAT
alternate between ROS reduction and ROS oxidation steps. The
activities of these enzymes have inspired efforts to develop small
molecule mimics that could supplement the body’s defenses
against oxidative stress, but these efforts have been stymied by
several factors, including poor stability and attenuated activity
under physiologically relevant conditions.'>™*

With respect to O, reduction to water, nature uses
cytochrome c oxidase to achieve this complex 4e™/4H" reaction.
The active site of the enzyme contains multiple redox-active
units, including an iron porphyrin, a histidine-bound copper
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center, and a proximal tyrosine.”*” All of these units work in
concert to manage proton- and electron-transfer reactions to
avoid partial reduction of O, to O,~* and H,0, (Figure 1).**
Energy-related technologies such as metal-air batteries and
hydrogen fuel cells also rely on the oxygen reduction reaction
(ORR). Within these applications, partial reduction of O, to a
ROS is arguably even more problematic than it is for physiology
since H,0, and O,”* will corrode the components in these
devices without providing any benefits analogous to those found
in biology. This said, there is significant interest in the
development of fuel cells which use H,0, instead of H, as the
fuel source.””~** The O, reduction that occurs at the cathodes of
metal-air batteries and hydrogen fuel cells requires an electro-
catalyst that can efficiently promote the full four-electron
reduction of O, and avoid the production of ROS.

Most cathode electrocatalysts for these devices contain
platinum, which is both expensive and naturally scarce.*’ The
lesser cost and higher natural abundance of first-row transition
metals, such as iron, have motivated attempts to develop
electrocatalysts using these elements.**™*" Unfortunately, first-
row transition metal electrocatalysts for the ORR tend to either
preferentially catalyze two-electron reduction of O, to H,O, or

operate at extremely high effective overpotentials.***~%*

1.A. Quinols as Redox-Active Organic Components in
Catalysts

1,4-Hydroquinones (quinols) can potentially lose two electrons
and two protons as they oxidize/deprotonate to stable para-
quinones (Scheme 1). The product of one-electron oxidation,
semiquinone, is also stable for an organic radical.®® Quinols and/
or their oxidized forms can therefore form the basis for both two-
and one-electron redox couples that could supplement the redox
chemistry of first-row transition metals toward catalytic
reactions. Derivatives of quinols and para-quinones, such as
ubiquinone, have been amply documented to participate in
biological electron transfer reactions.”®” In small molecule
catalysis, quinols and para-quinones have been used as electron
proton transfer mediators (EPTM:s). Stahl and co-workers were
able to shift the product selectivity of cobalt-catalyzed ORR
from H,0, to water by adding excess free quinol.”® Machan and
co-workers later did the same for manganese-catalyzed ORR.*’

Despite their successes as EPTM additives, quinol/para-
quinone groups have rarely been directly installed into the
polydentate ligands of molecular catalysts. Rare examples
include a Pd(II)-containing catalyst for 1,3-diene diacetox-
ylation and a Pd(0)-containing catalyst for dioxygen reduc-
tion.”””" Singha et al. installed phenols and quinols onto a
porphyrin framework and used iron complexes with these
ligands as electrocatalysts for ORR.>" The incorporation of a
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Scheme 1. Overview of Possible Acid/Base and Redox
Reactions Involving Quinols”
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“For clarity, possible proton-coupled electron transfer reactions are
not shown.

quinol, however, did not have a noticeable impact on the
product selectivity, and the quinolic and phenolic complexes had
similar rates of activity. Iron-porphyrin complexes have
historically promoted the reduction of O, to water at high
effective overpotentials, so water would be the expected product
even without the quinol.** 733397

1.B. Initial Development of Polydentate Quinol-Containing
Ligands

Our initial interest in quinols was motivated by using their
redox-controlled lability to prepare magnetic resonance imaging
(MRI) contrast agents that could respond to H,O,. The reduced
form can readily deprotonate to an anionic quinolate, which can
coordinate metal ions tightly (Scheme 1); the two-electron
oxidized para-quinone form, conversely, is a poor ligand. We
prepared a series of polydentate ligands with either one or two

quinols, including H,qp1, H,qp2, H,qp3, and H,qp4 (Scheme
2), and prepared manganese- and iron-containing MRI contrast
agents with H,qp1, H,qp2, and H,qp4.”*~" Each of the MRI
contrast agents could successfully detect H,O, via an increase in
its T)-weighted relaxivity. For the manganese complexes, this
increase results from better aquation; water molecules can
coordinate to the metal center instead of the erstwhile
quinol.”*~”® With iron, the response is instead correlated to
the oxidation of the metal center from Fe(II) to Fe(III).”

Our interest in using these ligands and their complexes for
other applications originated from an oddity that we noted
during the MRI studies. Adding excess H,0, to the Mn(II)
complexes with H,qpl and H,qp2 never oxidized more than
~70% of the quinols. 76 No matter how much H,0, was added
or how long the reaction was allowed to proceed, the same
proportion of quinol was oxidized to para-quinone. It appeared
that we were reaching the same equilibrium position for these
reactions which would imply that the oxidized (para-quinone)
complexes had a means of reducing back to their original
(quinol) forms. If the reduction of these complexes used an ROS
as the reductant, the overall reactivity would resemble those of
SOD and CAT (Figure 1).

S,

2. FUNCTIONAL MIMICS OF SUPEROXIDE
DISMUTASE

2.A. Manganese-Containing Complexes

The Mn(II) complexes with H,qpl and H,qp2 both have
ligand-derived redox features with E, ,, values of approximately
0.3 Vvs NHE,”*”° which is approximately midway between the
potentials for the oxidation (—0.18 V) and reduction (+0.92 V)
of superoxide.”””® SODs themselves usually have E, 1, values
close to this value.”” Preliminary antioxidant assays of
[Mn"(H,qp1)(MeCN)](OTf), (1, OTf = triflate) and
[Mn"(H,qp2)Br,] (2) suggested that the complexes could
behave as functional mimics of SOD.”>’® The xanthine/
xanthine oxidase/lucigenin assay””®' predicted that the
activities of 1 and 2 were slightly inferior to that of
[Mn"(Hptp1)(MeCN)](OTf), (3), which features a phenolic
ligand similar to H,qp1 (Scheme 2).”° Complex 3 dismutates
O,™* through primarily an outer-sphere mechanism with a rate
constant that is much lower than the >10®° M™ s™! value
predicted by the assay (Table 1).**

Subsequent stopped-flow kinetics analysis of the direct
reactions between KO, and either 1 or 2 confirm that both
manganese compounds are functional SOD mimics (Table 1)."
The metal-free H,qp1 and H,qp2 ligands are unable to catalyze
0,~* dismutation by themselves."”” Complex 1 is more active in

Scheme 2. Quinolic and Phenolic Polydentate Ligands Discussed in This Account
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Table 1. Measures of SOD Mimicry for Metal Complexes with Quinolic and Phenolic Ligands®

ICs” ke (M7's7) ke” (M7 s7) ko (M7 s7) ke (M7's7H)
catalyst (nM) HEPES/MOPS, pH 7.4 HEPES/MOPS, pH 7.8 HEPES/MOPS, pH 8.1 phosphate, pH 7.4

[I\E[n;I(qupl)(MeCN)]z* 11.34 9.7 X 107 N.D. 22 %107 8.0 X 10%°

1
[Mn"(H,qp2)Br,] (2) 182" 12X 107 N.D. 9.6 X 10°° 1.0 X 107¢
[l\é[n)“(Hptpl)(MeCN)]z+ 7.7¢ 3.6 X 10% N.D. 62 X 10% 1.1 x 10%

3
[Mn"(H,qp4)]* (4) 15" 6.0 x 109 4.5 x 109 N.D. 2.9 x 109"
[Fe"'(Hyqp4)]* (5) 21" inactive’”’ inactive’”’ N.D. inactive””
[Zn"(H,qp1)(OTH)]* (6) 16.8 3.4 % 109 N.D. 4.7 x 109 1.9 x 10”7
[Zn"(H,qp2)]** (7) 24.4% 1.6 X 107%F 4.9 x 107 N.D 2.5 x 107
[Zn"(H,qp3)(H,0)]* (8) 27.1% inactive”* inactive”* N.D. inactive®
[Zn"(Hsqp4)]* (9) s15" inactive”” inactive” N.D. inactive””
[Zn"(Hpp1)]** (10) N.D. inactive”’ N.D. N.D. N.D.

“All compounds except 2 contained triflate (OTf") as the counteranion. bCalculated from assays. Superoxide is generated from reactions between
hypoxanthine and xanthine oxidase in 50 mM Tris-HCI buffered to pH 8.0 and detected using the chemiluminescent probe lucigenin. The reported
ICy, is the concentration of SOD mimic that eliminates half the lucigenin response. “Calculated from stopped-flow kinetics data from direct
reactions between KO, and the SOD mimic. HEPES/MOPS data are collected in 60 mM HEPES unless otherwise noted. All phosphate data are
collected in SO mM phosphate. The low pK, of HO, (4.8) ensures that superoxide is predominantly O,”* at pH 7.4 and above. “Reference 75.
“Reference 1. Reference 76. SReference 82. "Reference 3. ‘Collected in 60 mM 3-(N-morpholino)propanesulfonic acid (MOPS). /Reference 2.
FReference 83. 'Reference 84.

Scheme 3. Proposed Mechanisms of O, Dismutation Catalyzed by 1 and 2“

H,O
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“The two quinol groups of H,qp2 and the metal center are shown with the rest of the complex omitted for clarity. For species derived from 1, the
leftmost quinol is replaced by a pyridine ring from the H,qp1 ligand. Intermediates marked with * were observed by CSI-MS for 1; those marked
with * were instead detected for 2. Mn—O—O" species contain superoxide ligands, whereas the Mn—O™—O" species contain peroxide. This
graphic was reused with permission from ref 1. Copyright 2021 Royal Society of Chemistry.

several other highly active manganese-containing SOD mimics,
1 loses most of its activity when superoxide dismutation is

assessed under more basic conditions or in phosphate
20,29,82

aqueous solutions with sulfonate-based buffers such as 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). The
k., rate constant for overall superoxide dismutation in 50 mM
HEPES buffered to pH 7.4 is high for an SOD mimic—and much
higher than it is for the phenolic analog 3 - but is exceeded by

solution. Phosphate is proposed to attenuate the activity

by competing with O,™° for coordination sites on the metal
those of the most active manganese-porphyrin and manganese- ion.”
pentaazamacrocyclic catalysts for O, degradation.””*'~** The diquinolic 2 is less active than 1 but does not lose
significant activity in the presence of phosphate. Complex 2

differs from 1 in that the major species at pH > 7.4 is neutral

Potentiometric pH titration data, however, suggest that 1 is
more water-stable than these other catalysts.24’3l’32 Much like

104 https://doi.org/10.1021/acs.accounts.4c00645
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Figure 2. Kinetic traces of O,”* decomposition catalyzed by 7. The concentration of the O,™* is monitored by the intensity of its band at 250 nm. (A)
Data taken in 50 mM phosphate buffer, pH 7.4 ionic strength of 150 mM. The starting concentration of superoxide is 1.5 X 10™* M. (B) Data taken in
60 mM MOPS buffer, pH 7.4 ionic strength of 150 mM. The starting concentration of superoxide is 9 X 107> M. (C) Plot of k,,, values from A vs [ 7] for
the pH 7.4 phosphate data. (D) Plot of k., values from B vs [7] for the pH 7.4 MOPS data. This graphic was reused with permission from ref 83.

Copyright 2022 American Chemical Society.

(IMn"(H,gp2)]) rather than cationic ([Mn"(Hqp1)]*) due to
the ability of both quinols in H,qp2 to singly deprotonate,
yielding H,qp2>~."”® The lower positive charge on 2 impedes its
ability to attract and coordinate anionic species. This in turn,
both lowers the rate constants for O,™° degradation and largely
eliminates phosphate inhibition.

Mn(II) and Fe(Il) complexes with H,qp4, which is a
macrocyclic rather than linear ligand, were also tested as SOD
mimics. Although the xanthine/xanthine oxidase/lucigenin
assay suggests that both compounds could catalytically degrade
superoxide, stopped-flow kinetics experiments again determine
that their actual activities are less than what these assays predict
(Table 1).” The Mn(II) complex, [Mn"(H;qp4)](OTf) (4),
directly reacts with O,~° but with a k_,, less than that of 1 or 2.
The iron analog [Fe''(H;qp4)](OTf) (5) is completely inactive
as a SOD mimic. Although the assay results frequently
overestimate the catalytic activity of our SOD mimics and
generally do a poor job of predicting relative activities (Table 1),
this represents one of two instances in our research where the
assay suggests activity for an entirely inactive complex.

The mechanism of O,* degradation by 1 and 2 was probed
with several techniques including cryo-ionization mass spec-
trometry (cryo-MS) and low temperature UV/vis and electron
paramagnetic resonance (EPR) spectroscopies.' The results
suggest that both the metals and the organic ligands cycle
through different oxidation states during catalysis (Scheme 3).
Cryo-MS of reactions occurring in MeCN at —40 °C with solid

105

KO, detects Mn(II) and Mn(III) complexes with the quinol
(H,qp1, H,qp2) and mono-para-quinone forms (qp1, H,qp2)
of the two ligands as well as a Mn(IV)-oxo species with H,qp2.
The identity of the Mn(IV)-H,qp2 species was supported by
EPR of a freeze-quenched sample of 2 reacting with KO,. These
experiments also found evidence for Mn(II)-superoxo, Mn(III)-
superoxo, Mn(IIl)-peroxo, and Mn(III)-hydroperoxo com-
plexes, providing evidence for inner-sphere pathways of O,™*
oxidation and/or reduction for both 1 and 2. The presence of
semiquinone radicals was supported by low temperature UV /vis
experiments. When 2 reacts with KO, in MeCN at —40 °C,
absorption bands develop at 422 and 448 nm; these are
consistent with semiquinone radical anions.**°

The quinols are proposed to assist in the catalysis in several
ways." First, the abilities of the quinols to deprotonate to anionic
groups and to transfer electrons should stabilize the manganese
in higher oxidation states. Second, the quinols themselves can
act as the redox partners for O,~*, with the organic redox cycles
likely being more important for 1 than 2 due to its having one
fewer possible quinolate to promote metal-centered redox.
Third, the quinols can protect the catalyst against side reactions
with ROS and metal-based oxidants generated in situ that would
otherwise destroy the ligand and halt efficient catalysis.

2.B. Zinc-Containing Complexes
The fact that the E;/, values that were reminiscent of the

enzymatic SOD redox potentials derive from the ligands led us

https://doi.org/10.1021/acs.accounts.4c00645
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Scheme 4. Calculated Mechanism for the Dismutation of O,”* by 6°**
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to hypothesize that SOD activity could be achieved with
quinolic complexes with redox-inactive metal ions. We
consequently prepared Zn(II) compounds with H,qpl,
H,qp2, H,qp3, and H,qp4 and assessed their reactivity with
0,™* with stopped-flow kinetics (Table 1). [Zn"(H,qpl)-
(OTf)](OTf) (6) and [Zn"(H,qp2)](OTf), (7) catalyzed
0,™* dismutation, but [Zn"(H,qp3)(H,0)](OTf), (8) and
[Zn"(H;qp4)](OTE) (9) are inactive.””® The catalytic
activities of 6 and 7 confirm that quinol-derived redox couples
can indeed substitute for transition metal redox activity in SOD
mimicry. Much like 5, 8 gave rise to a false positive on the assay
used to screen SOD activity.”> Complex 7 is more active than 6,
with the differences being larger in sulfonate-derived buffers.

Complexes 6 and 7 are further notable for exhibiting
phosphate-enhanced, rather than phosphate-inhibited, catalysis
(Figure 2).”** We proposed that the lack of inhibition was a
consequence of phosphate not binding to Zn(II) as avidly as
Mn(II) and Mn(III); this was later supported by a computa-
tional analysis of the reactivity of 6.** The improvement in the
activity in phosphate relative to sulfonate buffers was proposed
to result from more efficient proton transfer between the buffer
and the cationic species on the catalytic cycle. At pH 7.4,
phosphate exists as a mixture of two negatively charged species
(H,PO,”~ and HPO,*"), whereas only the conjugate bases for
HEPES and MOPS are anionic.

The inabilities of 8 and 9 to catalyze O, decomposition
result from different phenomena. Complex 8 features the
pentadentate H,qp3 ligand, which coordinates to metal ions
much more weakly than H,qpl, H,qp2, and H,qp4.””>"**
Using mass spectrometry, we determined that the ligand
dissociates from the metal ion upon oxidation. Given that free
H,qp1 and H,qp2 could not act as catalysts, the dissociation of
oxidized H,qp3 from the metal center in 8 would be anticipated
to halt SOD mimicry. The rationale for the lack of activity for the
extremely water-stable 9 is not fully understood, but it is likely
related to the poor SOD mimicry observed for the other H,qp4
complexes 4 and 5. Our computational analysis of 6 suggests
that O, * needs to coordinate cis to a metal-bound quinolate in
order for dismutation to proceed efficiently,** and it may be that
the H,qp4 ligand framework discourages such conformations for
the manganese, iron, and zinc complexes.
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The mechanism of zinc-catalyzed SOD mimicry was probed
both experimentally and theoretically. The results confirm that
the quinolic portions of the ligands cycle through different
oxidation states during catalysis (Scheme 4). Reaction with one
equiv of O,”* would be anticipated to generate a Zn(Il)-
semiquinone radical and HOO™. When either 6 or 7 reacts with
one equiv of a noncoordinating base (Et;N) and one equiv of a
one-electron oxidant (A§I(0Tf)), we observe species with the
anticipated EPR spectra.”*” In reactions between KO, and 7, we
directly observe UV/vis evidence for semiquinone species
during catalysis.*’ The computational analysis of the reactivity of
6 suggests that inner-sphere pathways for O,”* degradation are
operable,** but we were unable to fully support this with
experimental evidence. Although mass spectrometry detects an
m/z signature that is consistent with a Zn(II)-OOH species for
6, we were unable to corroborate its identity with isotopic
labeling,” and analogous species are not observed for 7.*> Our
calculations suggest that the ability of the second hydroxy group
on the quinol to deprotonate is essential for the stabilization of
key reactive intermediates.®* In particular, deprotonation of the
nonmetal-bound OH by buffer enables the reaction to proceed
through a lower energy semiquinolate anion, facilitating electron
transfer from the quinolic portion of the ligand to the metal-
bound superoxide. This may explain why 6 and 7 exhibit faster
rates of catalysis under more basic conditions (Table 1).”** The
phenolic analog of 6, [Zn"(Hpp1)](OTf), (10), is unable to
catalyze the dismutation of O,°, corroborating the role of the
nonmetal bound OH in catalysis.** The reactivity is predicted to
rely mostly on the first one-electron redox couple; Zn(II)-para-
quinone species are not predicted to be major oxidants.
Although para-quinone species are observed among the end-
products of superoxide dismutation catalyzed by both 6 and
7,7 these are currently believed to result from minor pathways.

3. FUNCTIONAL MIMICS OF CATALASE

Despite their near total inability to mimic SOD, the H,qp4
complexes are still potent antioxidants since all three
compounds catalyze the dismutation of H,0,.” We initially
synthesized 4 and S to be MRI contrast agent sensors for
H,0,.”””* These sensors differ from 1 and 2 in that large
excesses of H,0, do not immediately activate the MRI response;
instead, both responses display induction periods that shorten as
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Figure 3. Plots of the initial rates of O, generation (v,) vs concentration of catalyst. All reactions were run at 25 °C in S0 mM
tris(hydroxymethyl)aminomethane (Tris) buffered to pH 7.2 with initial concentrations of 10 mM H,0,. The k, values on Table 2 were calculated by
dividing the slopes of the shown linear fits by the concentration of H,0, (0.010 M) and multiplying by two to account for the reaction stoichiometry (2
H,0, - 0, + 2 H,0). (A) Data for 4. (B) Data for 5. (C) Data for 9. This graphic was slightly adapted with permission from ref 3. Copyright 2023

Royal Society of Chemistry.

the amount of added H,O, is decreased. From these unusual
kinetics, we hypothesized that an intermediate formed from the
initial reaction with H,O, can either oxidize the ligand and
provide the MRI response or oxidize another equiv of H,O, to
O, and revert the metal complex to its reduced form. It is only
when most of the H,O, has been depleted that the ligand
oxidation becomes noticeable and the MRI response fully
manifests. We supported this hypothesis by confirming O,
evolution from the reactions between the H,qp4 complexes
and H,0, (Figure 3).> Given that Zn(II) complexes with
polydentate quinol ligands could act as SOD mimics, we also
tested 9 and determined that it too was a CAT mimic. Although
a redox-active metal is not required for CAT mimicry,
coordinated metal ions are still essential. H,qp4 by itself cannot
catalyze H,0, decomposition.

Complexes 4, 5, and 9 display exceptional reactivity with
H, 0, as assessed by both their second-order rate constants (k)
and turnover numbers (TON, Table 2).” Direct comparison
with other CAT mimics is not always straightforward since these
catalysts have been evaluated several different ways, with
temperature, solution, and the method of following H,0,
degradation/O, production being possible variables. The rate
constants for the H,qp4 complexes are possibly only exceeded

Table 2. k, Rate Constants and Turnover Numbers (TON)
Calculated from Oxygraphic Data for the H,qp4 Complexes®

catalyst k, (M~ts7h) TON
(Mn"(H,qp4)]" (4) 1.5 X 103 80
(Fe"(Hsqp4)]* (5) 22 % 10° 130
(20" (Hyqp4)]* (9) 12 x 10 3

“All complexes used in these studies contain OTf" counteranions. All
reactions were run in 25 °C 50 mM Tris solutions buffered to pH 7.2.
See ref 3 for more details.

by an Fe(IIl) complex with a fluorinated corrole reported by
Mahammad and Gross."” The k, of 4300 M~ s™! for the
reaction between this compound and H,0,, however, was
measured at 37 °C pH 7.4 phosphate buffer, rather than the 25
°C pH 7.2 Tris buffer used for our measurements.” Further,
Mahammad and Gross determined k, from UV/vis measure-
ments that followed the decomposition of H,0,." This UV/vis
technique sometimes overestimates the rate constants for CAT
mimics,"* and we find that this is the case for our own
catalysts.””>7*

The TON values for the Hyqp4 complexes exceed those of
other CAT mimics. Until recently, the best TON had been 12.54
for a manganese-porphyrin complex."* Over the past few years,
however, Green’s group has reported CAT mimics with higher
TON values.'””> The best of the catalysts are manganese
complexes with pyridinophane ligands, and with judicious
synthetic modification, the TON can reach 37."” Much like
H,qp4, the pyridinophane derivatives are macrocyclic, and we
hypothesize that the high activities associated with both classes
ofligand at least partly result from the high aqueous stabilities of
their metal complexes.”'””>”* The H,q4 complexes also display
little peroxidase activity.” Since such side reactivity could be
directed toward the organic components of the CAT mimic,®”
the lack of peroxidase activity renders 4, S, and 9 oxidatively
robust, further prolonging catalysis.

Although it is the least active of the three H,qp4-containing
CAT mimics, the Zn(II) complex 9 is unique in that it promotes
H, 0, dismutation without a redox-active metal ion.> As with the
aforementioned SOD activity, quinol-related redox couples can
therefore replace metal-derived ones in the catalytic degradation
of ROS. Although the mechanism(s) of catalysis are still under
investigation, 4 and § appear to rely more heavily on metal redox
couples for catalysis (Scheme 5); these compounds differ from 9
in that we do not observe substantial ligand oxidation until late
in catalysis.””>’* EPR data also suggest that the Mn(II) and
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Scheme 5. Proposed Mechanisms for CAT Mimicry by H,qp4
Complexes”
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“The Zn(1I) complex 9 is proposed to proceed through the organic
redox cycle whereas 4 and $ are proposed to mostly use the metal
redox cycle, with ligand oxidation only occurring as the H,0,
depletes. This graphic was adapted with permission from ref 3.
Copyright 2023 Royal Society of Chemistry.

Fe(II) in 4 and § oxidize.” The CAT mimicry of coordination
complexes with linear quinol-containing ligands is currently
being investigated.

4. FUNCTIONAL MIMICS OF CYTOCHROME C
OXIDASE/ELECTROCATALYSTS FOR DIOXYGEN
REDUCTION

Given Stahl and Machan’s successes in using quinols to shift the
favored product of ORR from H,0, to H,0, 599 we were
curious as to whether covalently attaching such groups to the
catalytic framework could provide similar or better benefits.
Thus, we tested Co(II), Fe(II), and Fe(IlI) complexes with
H,qpl, H,qp2, and H,qp3 as electrocatalysts for the ORR in
acetonitrile solvent (Table 3)."** The H,qp4 complex § reacts
too slowly with O, to be an effective catalyst.”> Complexes with

the phenolic analogs Hppl and Hpp3 (Scheme 1) were also
analyzed for comparative purposes.

Initial work in this area focused on cobalt catalysts. Although
the Co(II) complex with N,N,N’-tris(2-pyridinylmethyl)-1,2-
ethanediamine (trispicen) is electrocatalytically inactive, com-
pounds with H,qp1 (10) and Hpp1 (11) are both active (Table
3).* The quinolic 10 and the phenolic 11 have nearly identical
effective overpotentials (77.4) and activities, as assessed by their
TOF,,, values, but 10 is noticeably more selective for the four-
electron reduction of O, to water. The results suggest that the
quinol primarily impacts the product-determining steps and
demonstrate that redox-active groups can improve the product
selectivity of ORR for water without increasing #.¢ Adding 2.5
mM free quinol to the reaction mixtures was found to improve
the yields of water from 61% to 89% for 10 and from 11% to 61%
for 11. The results suggest to us that covalently incorporating the
quinol into the catalyst framework is a more efficient way to
improve product selectivity than adding free quinol as an EPTM.

Subsequent work with iron complexes focused on establishing
structure—function relationships and investigating alternative
entry points into the catalytic cycle.*® To our initial surprise, the
Fe(1I) complex with H,qp1 (12) is inactive as an electrocatalyst
for ORR, but Fe(1I) and Fe(III) complexes with H,qp2 and the
lower dentate H,qp3 are all active (Table 3). The inability of 12
to catalyze the ORR is attributed to its high M(III/II) reduction
potential and subsequently low overpotential. The additional
pyridine in the ligand structure (Scheme 1) renders this
potential more positive and consequently slows the reaction
with O,, which would generate an Fe(III)-superoxo species.
Both of the Fe(II) electrocatalysts with H,qp2 (13) and H,qp3
(14) have much higher TOF,,, values and better selectivities for
water than the cobalt complexes 10 and 11, albeit with more
positive 77,4 (Table 3).%*® The Fe(III) complexes with both
ligands are also electrocatalysts, but the activity of the H,qp2
complex (15) could not be reliably determined due to
substantial heterogeneous behavior, which we attribute to
catalyst deposition onto the electrode.”® The Fe(III) complex
with H,qp3 (16), however, displays better solubility and is more
amenable to study. Although the reactivity of 16 resembles that
of its Fe(1I) analog 14 in most aspects, the 7.4 is lower by SO mV.
The difference in potential is the result of 16 being reduced at
the Fe(I1I) state, whereas 14 is reduced at the Fe(III)-O,~* state.
The results suggest that entering the catalytic cycle through the
Fe(III) species is more efficient and more generally, that
changing the entry point is a viable strategy for improving the
efficiency of electrocatalysis.

Table 3. Comparison of Electrocatalytic Parameters for Electrocatalytic O, Reduction by Cobalt and Iron Complexes with

Quinolic and Phenolic Ligands®

complex E, ), for M(III/IT)(V vs Ec*/?)
[Co"(Hgp1)](OTH), (10) —-0.49
[Co'(Hpp1)](OTH), (11) —0.47
[Fe'(H,qp1)](OTH), (12) 026
[Fe"(H,qp2)](OT), (13) —0.67
[Fe'(H,qp3)](OT), (14) —0.56
[Fe'(H,qp2)](OT1); (15) —0.56
[Fe'(H,qp3)](OTH); (16) —0.56
[Fe"(Hpp3)1(OTH), (17) —0.52

et (V) TOF,,, (s7") yield H,O (%)b ref
0.33° 0.31° 61° 4
0.31° 0.32°¢ 11° 4
inactive 88
0.58 14.6 92 88
0.42 33 83 88
could not be determined (see text) 88
0.37 32 81 88
0.41 N.D. 26 88

“All data were acquired in acetomtrlle (MeCN) under N, with 100 mM TBAPF, as a supporting electrolyte and 50 mM AcOH/S0 mM
tetrabutylammonium acetate buffer. “Percent yield calculated from rotating ring-disk electrode (RRDE) measurements. “Electrocatalysis done with

1.0 mM catalyst and 50 mM AcOH/50 mM NaOAc.
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Scheme 6. Proposed Mechanism of Electrocatalytic O, Reduction for Quinol Complexes”
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“Compounds 15 and 16 enter the cycle as M(III) species (purple). This graphic was adapted with permission from ref 88. Copyright 2024

American Chemical Society.

Thus far, the iron complexes differ from the cobalt
electrocatalysts in that the phenol-for-quinol substitution
impacts the rate of activity as well as the product selectivity.”**
Although 14 and its phenolic analog, [Fe''(Hpp1)](OTf), (17),
have similar 7.4 values, 17 is much less active, to the extent that
TOF,,,, could not be reliably measured.”® The ORR catalyzed
by 17 is much less selective for water, which is reminiscent of the
results for the cobalt-containing 10 and 11.%** Cobalt
complexes with H,qp2 and H,qp3 are currently being
investigated to determine whether these complexes are more
active and selective for water than 14.

The cobalt and iron complexes appear to proceed through
fundamentally similar mechanisms (Scheme 6).”** The identity
of the rate-determining step (RDS) depends on the concen-
tration of acid that is present. With low concentrations of acetic
acid, the rate scales linearly with the concentration of acid, and
the data are consistent with the protonation of a M(III)-
superoxo species as the RDS. Notably, these complexes also
exhibit minor ORR catalysis with no added acid, an observation
attributed to the intramolecular proton transfer abilities of the
quinolic groups. Moving further in the cycle, rapid electron
electron and/or proton transfer from the quinol to the
subsequent M(III)-OOH species is proposed to produce
water. Alternatively, the HOO™ can be protonated to liberate
H,O0,. The higher water selectivity of 13 is proposed to be at
least partly a consequence ofits having a second quinol, although
its higher 7. would also be anticipated to favor water
production.”® With high amounts of acid, the rate no longer
scales with the concentration of acid, and O, binding to M(II)
species is instead proposed to be the RDS.**® This step
represents the effective upper-limit of ORR catalysis. An analysis
of the TOF, (turnover frequency at zero overpotential) under
the O, limiting conditions found 16 (log TOF, = —5.9) to be the
largest value reported for a homogeneous ORR electro-
catalyst.*” !

5. CONCLUSION AND OUTLOOK

Installing quinols into polydentate organic ligands has thus far
provided several catalytic benefits. With SOD and CAT mimics,
the organic redox couples have supplemented and in some cases,
replaced metal-based ones. The abilities of quinols to provide
additional electrons beyond what a redox-active metal ion can
provide has improved the product selectivity of cobalt- and iron-
catalyzed oxygen reduction by facilitating the four-electron
reduction of O, to water. The quinols have also enabled
previously inactive pyridylamine ligands to promote electro-
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catalysis. The SOD, CAT, and ORR activities are strongly
influenced by the ligand structure, and future work in these fields
will focus on more clearly delineating these structure—function
relationships in order to optimize catalytic activity.
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