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Introduction

1 Introduction

1.1 The superoxide anion

The accumulation of oxygen in Earth’s atmosphere approximately 3.5 billion years ago was a pivotal
event in the evolution of complex organisms and higher life forms establishing it as one of the most
important elements in the periodic table. Atmospheric molecular oxygen eventually stabilized at a
concentration of 21%, which remains constant today. In its ground state (triplet) molecular oxygen
possesses two unpaired electrons of the same spin in the two different Tr" orbitals. Formal one electron
reduction of O, (eq. 1) produces the superoxide anion radical O, which, unlike molecular, is
significantly more reactive towards organic substrates and serves as precursor for a variety of even

more reactive species.™’
O, + e —> 0, E°=-160mVvs.NHE (1)

O, + 2H" + e ——> H,0, E°=+890mV vs. NHE (2)

The redox potentials for superoxide/oxygen redox couple are reported between -160 mV and-180 mV
vs normal hydrogen electrode (NHE) and for the superoxide/hydrogen peroxide between 890 mV and
910 mV vs. NHE (eq. 2) depending on the surrounding environment.? Although superoxide can react
with itself however this reaction tends to be relatively slow for a radical species due to electronic
repulsion of the negatively charged ion. In contrary to the self-dismutation in aqueous solutions the
superoxide anion radical exhibits the characteristics of a nucleophile and a strong Br@nsted base

deprotonating water fast in a disproportionation process (eq. 3).*°

205+ H,0 — HOoO + o, + OH  (3)

In proton-rich environments another reaction involves the superoxide anion radical reacting with its
protonated form, the hydroperoxyl (eq. 4). With a pK, of 4.8, hydroperoxyl acts as a weak acid, which
play a minor role in role in aqueous solutions at physiological pH.
[H*]
HO;, + (O — O, + H,0, (4)
Nevertheless, the disproportionation is the fastest at pH = pK, due to fact that protonated superoxide’s
concentration equals the concentration of deprotonated superoxide at these conditions. In Figure 1

the pH dependence of superoxide disproportionation by Bielski et al.® is illustrated which gives a great

insight into suiting conditions when it comes to superoxide-based measurements.
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Figure 1: Second-order rate constant kobs for the decay of HO»/0,™ plotted against the pH by Bielski et al.®

At higher pH, the contribution of protonated superoxide decreases, which slows down decomposition
processes. This is due to the near absence of reactions between equally chared superoxide anions.
Considering the above-mentioned disproportionation processes of superoxide in protic solvents the
usage of O, in research is commonly focused on aprotic solvents as dimethyl sulfoxide (DMSO),
dimethylformamide (DMF) and acetonitrile (MeCN). In such solvents, commercially available
potassium superoxide KO, can be dissolved to ensure minimal loss of superoxide before the intended
application. Superoxide in solution absorbs light with a maximum at around 250 nm, which makes it
suitable for direct monitoring by UV/Vis. The role of superoxide in the human body is widely discussed
field with many different research topics from the analysis of corresponding enzymes and their

mimetics to the more recent role in biochemical redox signaling processes.’
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1.2 Sources of superoxide

1.2.1 The mitochondrial electron transport chain

In general, superoxide and reactive oxygen species (ROS), along with reactive nitrogen species (RNS),
can originate from both internal biochemical processes and external factors. The inherent complexity
of intact cellular compartments represents a significant challenge to assign the production site
precisely. Various experimental approaches have yielded different results depending on the designs of
the study, yet there is an overall consensus that the primary source of superoxide in aerobic organisms
is complex | of the mitochondrial electron transport chain (mETC).2° The complex’ fundamental
function is the production of the universal energy storage unit adenosine 5’-triphosphate (ATP) via
complex V (ATP synthase) while at complex IV (cytochrome c oxidase) oxygen is reduced to water
(Figure 2). Ultimately superoxide will be transferred into the mitochondrial and subsequently cytosol

where specialized enzymes decompose the radical species.

0>

}

cytosol

Figure 2: Schematic display of the mitochondrial electron transport chain, with possible superoxide

expression sites highlighted in red adapted and reworked from Herb and Schramm.©

The ETC operates through a series of enzymatic complexes and cofactors that increase the potential
difference between the intermembrane space and the mitochondrial matrix, generating a proton
motive force that drives ATP synthesis at complex V. Complex |, primarily responsible for superoxide
production within the mitochondrial matrix, transfers electrons via seven Fe-S clusters through the
flavin mononucleotide (FMN) cofactor to the quinone cofactor (CoQ). In this cascade of redox
reactions, a small portion of oxygen molecules (0.5-3 %)! is reduced to superoxide instead of being
fully reduced to water. Given that Complex | contains at least 40 subunits, it is the most complex
component of the electron transport chain (ETC). This complexity makes it particularly challenging to
pinpoint the exact location where superoxide is produced. To date, the specific part of complex |,
where ROS are generated, remains uncertain, though modern approaches and improving

spectroscopic possibilities suggest two different possible pathways.
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The first proposed pathway involves electron buildup in the Fe-S clusters, caused by inhibitors like
rotenone or DQA. In presence of sufficient NADH at the FMN/FMNH; couple, which is likely under
physiological conditions, superoxide production is highly probable, following the reaction displayed in
Figure 3b). Thermodynamical calculations and numerous experimental investigations strongly support

the flavin site being the main contributor to O,"” formation.>

a) b) one-site model

O,
> FMNH, —~—— NADH
0,-

,,,,,,,,, %., Ze:,,,,,,,,,,,,,,,,,,

CoQ Matrix 0,
\ _> I{MNHz ~—— NADH
(0]
N ‘. 772 777777 % ; e 777777777777777777777
FMN 0,
Q - QH, RET
0,
Figure 3: Superoxide production by complex | of the mETC. a) displays a detailed structure of complex |

and cofactors b) the two possible mechanism which lead to superoxide adapted from Drése et

al 13

The second pathway is known as reverse electron transfer (RET), in which electrons will be transferred
from complex Il onto complex I. It has to be noted that for this pathway a high electrochemical
membrane potential plus a proton motive force is fundamental to enable the possibility of superoxide
production. For this route clarity about the exact formation site still stands out.®** Due to backward
electron transport, the Q-binding site of Complex | (NADH:ubiquinone oxidoreductase) becomes a
critical region. Here, the semiquinone radical could potentially act as a redox partner for oxygen,
facilitating the reduction of oxygen to superoxide. Latest works show that this pathway seems to be

tissue-specific leaving an ongoing debate about its relevance.®

In addition to its indirect role in the RET, complex Il is capable of producing superoxide independently,
though this plays a rather minor role in overall ROS formation and therefore the exact mechanism was

no matter of scientific interest yet.

In contrast to complexes | and Il, complex Il (cytochrome bc:) releases superoxide not exclusively into
the matrix but on both sides of the membrane. Complex lll contains various subgroups and cofactors,
which can vary depending on the organism. However, only three key proteins (cytochrome cl,
cytochrome b and the Rieske iron-sulfur protein) are essential for its core functionality in the electron
transport chain.’®'” The catalytic processes in complex lll involves two coupled steps (Figure 4). First,
an electron is transferred from the ubiquinol (QH,) cofactor via the binuclear iron-sulfur subunit of the
Rieske protein onto cytochrome c; which ultimately passes it to complex IV of the ETC. Simultaneously

two protons are transferred into the intermembrane space leaving the ubisemiquinone radical (Q") as
4
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the product at the ubiquinol oxidation site (Q,). The remaining electron of Q" takes an alternate path
to the cytochrome b, which subsequently reduces a nearby ubiquinone (Q) at the ubiquinone
reduction spot (Q;) yielding another ubisemiquinone radical. The cycle is completed when a second
ubiquinol is oxidized to ubiquinone, transferring two more protons into the intermembrane space and
one electron enters the Rieske path towards complex IV. Finally, the second electron reduces the
semiquinone radical (Q°) at the Qi site, with the addition of two protons from the mitochondrial matrix,
resulting in the formation of ubiquinol (QH,). The sequence of oxidation/reduction of
ubiquinol/ubiquinone (Figure 5) is called the Q-Cycle and is the centerpiece of complex IIl. Together
with the three aforementioned proteins, complex Il plays a crucial role in the respiratory chain by

facilitating electron transfer and contributing to the proton gradient necessary for ATP synthesis.

2H* IMS
/ +4++
( Complex Il )
cyt ¢4 ™~
/' eyt c — (COMpISXIN
Fe-S Q,
-
= =
/"QHZ (fe

AOAOOBEOEOOO0D

Matrix

Figure 4. Schematic structure of the protonmotive Q-cycle based on the model from Guillaud et al.*®

The concept of the Q-Cycle was first published in the pioneering work of Peter Mitchell in 1975 and
since then it has been polished and refined. Even though it has been known for a long time the specific
superoxide production mechanism has not been resolved yet. Experimental studies point to the Qo

site as the primary superoxide production site, but the structural details of this process are still unclear.
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Figure 5: Redox cycling of ubiquinol to ubiquinone with the seminquinone radical intermediate.

As described above a potential intermediate in the catalytic mechanism of complex Il is the
ubisemiquinone radical, which has an unpaired electron and thus the chemical properties to reduce
oxygen and form superoxide.'®?° This pathway is widely accepted and the fact that a free radical is
moving unhindered tends to be a logical explanation, even though there are other concepts which
exclude a direct reaction between Q" and molecular oxygen. In these hypotheses ubiquinone might

act as redox mediator between cytochrome b and oxygen resulting in superoxide.?*

1.2.2 Additional enzymes

Although mitochondria are the primary site of superoxide production, other enzymes also generate
reactive oxygen species and contribute to oxidative stress. Among these the Cytochrome P450
(CYP450) enzymes are particularly noteworthy. The CYP450 family is a superfamily of heme-thiolate
monooxygenase enzymes, which detoxify drugs and xenobiotics, but are also relevant for synthesis
and metabolism of a wide range of biological active compounds, making it a versatile catalyst.?>?2
Nevertheless, the main reaction promoted by CYP450 is the oxidation of substrates (R in Figure 6)
consuming present molecular oxygen. Highlighted are two possible uncoupled steps, which

unintended can generate ROS (Figure 6).
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Figure 6: Simple catalytic cycle of the CYP450 family with potential superoxide production paths adapted

from Denisov et al.® and Zagar et al.?*
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The “autoxidation shunt” pathway releases superoxide, which most likely will be transformed to
hydrogen peroxide, while via the “peroxide shunt” hydrogen peroxide will be formed, both resulting
in free ROS and the Fe(lll) form of the enzyme. Even with sufficient substrate present, the cytochrome
P450 enzyme can still produce reactive oxygen species (ROS). Its expression and activity, however, are
influenced by various factors such as pH, oxygen availability, and the type of substrate present. These

factors can modulate the enzyme's efficiency and the extent of ROS generation.?>%®

Another significant enzyme responsible for superoxide production is the xanthine oxidase (XO), which
catalyzes the sequential oxidation of hypoxanthine to xanthine and then further to uric acid (Figure
7).%” During the oxidation, molecular oxygen is reduced to superoxide and expressed into the cytosol,
the main cell compartment in which XO is present. The superoxide production of the
xanthine/xanthine oxidase is well-studied and due to its reliable and steady production of superoxide,
the XO system is frequently used in superoxide dismutase (SOD) assays, as discussed in chapter

1.6.1.2829
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Figure 7: Superoxide production by the hypoxanthine/xanthine oxidase enzyme.

Unlike other enzymatic sources, where ROS is a byproduct, the NAPDH oxidase (NOX) family specifically
generates ROS as part of its primary function. This family of transmembrane enzymes passes electrons
from the nicotinamide adenine dinucleotide phosphate (NADPH) cofactor onto molecular oxygen,

subsequently forming superoxide (Figure 8).
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Figure 8: ROS generation by the NOX family.

This process is initially described in neutrophils, as essential group in immune defense mechanisms
that can produce ROS.?° Especially the second member of the enzyme family, NOX2, plays an important
role in antimicrobial host defense by stimulating neutrophils when bacteria or various pathogens enter
the human body.3! The output of reactive oxygen species (ROS) by phagocytic cells is known as the
"respiratory burst." During this process, ROS are released into the extracellular space, where they

damage lipids and disrupt the cellular integrity of pathogens. This oxidative damage ultimately leads
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to the destruction of the pathogens, allowing for their consumption by macrophages and contributing
to effective immune protection.?? Nevertheless, the superoxide and related highly reactive compounds
produced during the respiratory burst do not specifically target pathogens. Instead, they can attack
any nearby component, including host tissues, lipids and proteins, potentially leading to collateral
damage in the surrounding environment. This makes the regulation of ROS production crucial to

prevent excessive damage to host cells while ensuring effective pathogen destruction.

Apart from the main enzymatic sources of ROS mentioned above, additional, less prominent enzymes,
such as those found in peroxisomes, lipoxygenases and certain components of the endoplasmic
reticulum, can also generate superoxide. These represent additional endogenous sources of ROS

within the cell, contributing to the overall pool of reactive oxygen species.®

1.2.3 External Sources of superoxide

While endogenous sources of superoxide dominate in biological systems, the increasing relevance of
external sources needs to be addressed. Hand in hand with the increasing pollution of the natural
environment and the rising levels of greenhouse gases, not only do we face climate change and global
warming, but also the accumulation of ROS in the atmosphere. Especially fine particles, emitted by
industrial facilities, car traffic and mineral dust from natural sources,? can be chemically transformed
into long-living radicals as soon as they reach the atmosphere.®®> Reactants like ozone will alter the
structure of these particles so they can cause oxidative damage to the respiratory tract of humans.3%3’
Connected to these fine particles is cigarette smoke, which also contains numerous deleterious
chemicals, even free radicals and pro-oxidant species that can directly interact with tissue in lungs,
causing pulmonary diseases and cancer.3® But apart from cigarette smoke, nearly every emission from

burning various compounds, e.g., firewood or plastic waste, contains free radicals.®

Besides the chemical alteration of pollutants in the atmosphere, radiation emitted by the sun might
induce radical formation by photochemical processes.**4! UV light is known to have negative effects
when overdosed, but it also plays an important role in the generation of ROS, leading to an increased
concentration of harmful molecules in the air.*> Additionally radiated light, especially exposure to UVB
(290-320 nm) can damage human skin tissue and introduce radical species because of its deeper
penetration through dermal layers.**3 Exposure to X-rays is less likely, but nonetheless, the interaction
between human cells and this high-energy radiation can cause the production of ROS through water

radiolysis. (Discussed in chapter 1.6.2)

Furthermore, consumption of food and the effects of malnutrition in formation of ROS gain more
relevance in latest research. The impact on generation of superoxide is less due to direct radical-
producing reactions and more related to the modulation of some of the above-mentioned enzymes,
leading to an increased expression of pro-oxidant moieties.* Different components may cause various

effects but especially (red) meat is connected to oxidative stress.*® One possible explanation might be
8
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the high level of ferrous ions contained by meat, which can further react and promote formation of
ROS.% The second explanation is based on the oxidative decomposition products of lipids, which
enhance development of harmful compounds and ultimately stimulate the NADPH oxidase to produce
superoxide.*’ Also carbohydrates and unsaturated fatty acids, which are also a big part of western
nutrition, seem to be associated with oxidative stress and enhance superoxide production.**® The last
relevant aspect that needs to be addressed is the deleterious effects of ethanol, generally referred to
as alcohol, in terms of ROS production. It is well known that alcohol and its decomposition products
are neurotoxins that damage neuronal connections and are therefore linked to various diseases.*
Additionally, alcohol can trigger a member of the CYP450 family during digestion, which metabolizes
alcohol and subsequently leads to increased superoxide production. It may also enhance the activity

of xanthine oxidase, further contributing to oxidative stress.>°
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1.3 Reactive oxygen/nitrogen species (ROS/RNS)

Even though it is connected to many different pathological and harmful processes, superoxide itself is
not highly reactive, but it can react with many precursor molecules to form a bouquet of reactive
moieties, both ROS and RNS. Due to their deleterious effects in the human body, these compounds are
involved into development and/or exacerbation of various diseases, including amyotrophic lateral
sclerosis (ALS), Alzheimer's disease, Parkinson’s disease, cancer and ultimately even the aging process.
The term “ROS/RNS” is an umbrella term that does not provide information which exact chemical
species of the many possible is involved in the damaging processes. In Figure 9 a rough overview of
ROS and RNS formation under physiological conditions is displayed and the potential target molecules
will be discussed further. Apart from their role in evolution of various pathological conditions, these
radical species gain more and more importance in signaling processes and seem to play a much bigger

role in aerobic organisms than indicated in former research.>%>2
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Figure 9: ROS/RNS generation with sources and highly potent agents highlighted in red.

Starting with a major ROS, hydrogen peroxide (H,0,), which is the product of the dismutation of
superoxide, it can further react to form even more potent reactive species. In the presence of unbound
iron(ll) ions, the catalytic so-called Fenton-reaction leads to the hydroxyl radical (OH").>® Copper ions
are also able to catalyze a similar reaction, with the same product which is among the most potent
oxidizing agent. The highly reactive hydroxyl radical non-specifically oxidizes every adjacent biological
matter near the diffusion limit (rate: k ~ 10° M s'1). The Haber-Weiss reaction also yields OH* through
the interaction between superoxide and hydrogen peroxide.>* Hydrogen peroxide also reacts with
ubiquitous chloride ions (analogue with bromide) to form hypochlorous acid (HOCI), a potent oxidizing

agent itself, which can again be converted into the hydroxyl radical.>

10
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Another major pathway involves superoxide reacting with nitric oxide (NO°), a redox signaling
molecule and vascular messenger produced by nitric oxide synthase, to form peroxynitrite (ONOO").
This reactive nitrogen species is a versatile oxidant capable of attacking various biomolecules.
However, even more significant are the decomposition products of protonated peroxynitrite. Once
again, the highly reactive hydroxyl radical (OH") is formed, along with the nitrogen dioxide radical
(NO;"), an atmospheric pollutant known for its harmful effects on the human respiratory system.*
Alternatively, peroxynitrite can react with carbon dioxide (CO,), leading to the formation of NO," and

the carbonate radical (COs*’), which also possesses pro-oxidative properties.

Lipid Peroxidation

The first potential target of these reactive radical species are polyunsaturated fatty acids (PUFAs). As
a main part of cell membranes and due to their omnipresence in the environment of produced
ROS/RNS, the double bonds of PUFAs can easily be attacked by corresponding oxidants. The resulting
non-enzymatic series of radical reactions is referred to as lipid peroxidation (Figure 10), starting with
a radical oxidation of a fatty acid (L) leading to a resonance stabilized alkyl radical (L*). This species
reacts with oxygen to form fatty acid peroxyl radical (LOO®), which drives the chain reaction by
subsequently converting a fatty acid into an alkyl radical and restarting the process. The second
product of this reaction is the lipid hydroperoxide (LOOH) that decomposes into another peroxyl
radical and various mobile electrophilic aldehydes, which can carry the attack to other parts of the cell

or be toxic by themselves like e.g. malonaldehyde.>¢-°

IH + R —— L° + RH

L + 0O, —— LOO

LOO" + LH —— LOOH + L°
LOOH —— LOO" + LO® + aldehydes

Figure 10: Lipid peroxidation by ROS and resulting radical cascade reaction adapted from

Nimse et al.®°

Another typical breakdown product of lipid peroxidation is 4-hydroxynonenal, which is known to be
highly deleterious. It has been found in the brain cells of Alzheimer's disease patients, where it
contributes to oxidative stress and neurodegeneration.®>%? The resulting modifications of fatty acids
are also connected to atherosclerosis, compromising the integrity of cell membranes and potentially

leading to cell death.%

Protein Oxidation

The next relevant biological target species are proteins. They constitute around 70% of the dry mass

of cells and tissues, making them omnipresent and highly susceptible to attack by ROS/RNS. Since the

11



Introduction

structural differences in proteins are much more variable than in fatty acids, countless products are
possible, which are nicely summarized in the literature.®® But prominent interaction sites for
oxidative modifications are the carbonyl side chains of proteins. Their alteration can lead to misfolding
and aggregation, resulting in insoluble complexes or inactivation of enzymes.®*®8 The consequences of

these changes are connected to cardiovascular and neurological diseases, as well as apoptosis.®®

DNA and RNA Damage

The last biological relevant set of compounds that are decomposed and modified by oxidative stress
are DNA and RNA. Mitochondrial DNA is much more likely to be targeted by ROS/RNS due to its
proximity to the reactive radicals. Same as for proteins, the potential reactions between DNA and ROS
are various, but can be broken down to a few relevant biochemical processes. The backbone sugars
can be oxidized starting with proton abstraction by e.g. hydroxyl radical, resulting in structural

disruption by strand breaking, hindering transcription and making replication impossible.”%”?

o]

)t >—OH - ring-opening
/ 0 o}
N N
HN HN
L o ——
N H,N” N7 N

\ ZN)%N

H 2 H
. ONOO"
Guanine \ o 8-hydroxyguanine 8-oxoguanine
»s \HOZ
8-n|troguan|ne

Figure 11: Oxidative modification of Guanine resulting in DNA damage based on the work from

Juan et al.®®

The hydroxyl radical can also react with nucleic bases like guanine, altering their chemical structure
(Figure 11). The mechanism of oxidative damage at guanine is well-studied due to the fact that the
modified product 8-oxo-7,8-dihydroguanine (8-oxoG), which is tautomer of 8-hydroxyguanine, is
widely used as biomarker to indicate oxidative stress.”? Attack site for OH® is the double bond at Cg-
position, converting the connected nitrogen (N-) into a radical species and inserting the hydroxy group
at the carbon atom. Reduction of this unstable intermediate results in 8-hydroxyguanine or via another
pathway, in ring-opened moieties. 8-0xoG alteration of DNA cannot only force strand breaking, but
also mispairing of base pairs resulting in mutagenic DNA species.”® The second potential reaction is
induced by peroxynitrite and leads to nitration at the Cs-position of guanine.”* Usually these DNA
alterations would cause repairing processes or decomposition of the modified strands, but the nitrated

molecule is inert towards repair mechanisms, making it highly mutagenic. Eventually, the accumulation

12
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of unrepaired DNA damage will lead to apoptosis or cancer and is also connected to the aging

process.”>’®

The presented harmful impacts of excessively generated ROS on biological organisms are commonly
known as oxidative stress. The involvement of this phenomenon in various pathological conditions and
even the aging process is widely accepted and remains an ongoing subject of current research.
However, it is important to note that while ROS may be implicated in these diseases, they are not

necessarily the fundamental cause of them.

13
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1.4 Native Superoxide Dismutase Enzymes

The complex and widespread deleterious effects of superoxide and its follow-up reactive oxygen
species made it crucial for aerobic organisms to develop defense tools to protect their cells from
oxidative damage. The group of metalloenzymes responsible for controlling and catalytically degrading
superoxide in a two-step reaction are called superoxide dismutase (SOD). This enzyme family can be
divided into four subgroups based on the transition metal center. These subgroups include
copper/zinc-containing (Cu/Zn-SOD), manganese-containing (Mn-SOD), iron-containing (Fe-SOD) and
nickel-containing (Ni-SOD) enzymes. Depending on their localization in mammalian organisms, SOD
enzymes can be further categorized into the cytosolic Cu/Zn enzyme (SOD1) and a special Cu/Zn
isoform, only present in the extracellular space (SOD3 or EcSOD). Additionally, the most important SOD
enzyme in humans, the Mn-SOD (SOD2), is located only in mitochondrial matrix, the main
accumulation site of ROS. Fe-SOD are present in bacteria and plants and Ni-SOD can be found
exclusively in prokaryotic organisms. Since superoxide penetrates membrane very poorly, it is
necessary to interfere in the respective compartment of the cell to prevent further damage. Regardless
of the specific metal center, each enzyme in this family has a redox potential (~ +0.300 mV vs. NHE)”’
that falls approximately between the reduction potential for the oxygen/superoxide (-0.160 mV vs.
NHE) and superoxide/hydrogen-peroxide redox couples (+0.890 mV vs. NHE), making them ideal

catalysts for both redox reaction steps.

M + 0'2 + H* - M(n-1)+(H+) + 02 (5)

MDHHY) o+ Oy 4 gt —— MM+ H0, (6)

Native SOD enzymes follow a redox cycle shown in eq. 5 and eq. 6, that can be defined as “ping pong”
mechanism. The metal center is either oxidized or reduced, while superoxide undergoes the opposite
process, allowing it to remain constantly ready to react with additional present radicals. To prevent
further formation of ROS, SOD alone is not sufficient, since one of the decomposition products is
hydrogen peroxide, which can break down into the highly reactive hydroxyl radical. Therefore, SOD
activity is closely linked to catalase activity, as catalase converts hydrogen peroxide into water and

oxygen (eq. 7), thereby minimizing the potential for further oxidative damage.

Catalase
2H,0, _ 0, + 2H,0 (7)

The cofactors of each enzyme in the SOD family and the chemical structure of the proteins induce an
ideal electrostatic guidance for superoxide radicals to reach the metal center. The combination of
these factors allow SOD to neutralize 0, only limited by diffusion (k ~ 10° M s!) and preserve cellular
integrity. Nevertheless, not all isoforms follow the same mechanism due to different structural

conformations and transition metals mediating the catalytic activity.
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1.4.1 Cu/Zn-SOD (SOD1 & SOD3)

Originally isolated by Mann and Keilin in 1938 from bovine erythrocytes, the blue-colored copper-
containing protein was named haemocuprein.” Irwin Fridovich and McCord isolated and identified the
human analogue enzyme responsible for the dismutation of superoxide in the human body, which they
named superoxide dismutase (SOD).” These discoveries set the fundament for a broad and growing
field of research in identification and characterization of the whole enzyme family. In 1982, the first
resolved three-dimensional crystal structure of Mann and Keilin’s bovine haemocuprein was
discovered,® followed by the human Cu/Zn-SOD in 1992, unveiling the first deep details in protein

architecture of this enzyme.®!

SOD1 is a homodimer with both subunits containing a copper and a zinc ion, whereas the cuprous ion
is the redox-active part, and the zinc ion is present to preserve the enzymatic structure and correct
protein folding. Switching between the oxidation states Cu?* and Cu*, during the catalytic cycle, also
results in changes in the coordination geometry at the metal center.®? The copper ion is connected to
four histidines (His46, His48, His63 and His120) and one solvent molecule (water) when it’s in oxidation
state 2+. His63 functions as bridging ligand to the zinc ion and when Cu?* interacts with a superoxide
radical, the connection to this residue will be lost and it rests completely at the Zn site. Apart from
His63, there are two more histidine and one aspartic acid moiety connected to the zinc site.®® Redox
potential of SOD1 has been reported to be located in the range between +320 mV and +400 mV vs.
NHE depending on origin and form, which is slightly higher than in other native enzymes of the
family.8*8> Nevertheless, it still remains in the region for optimal superoxide dismutation, except when
an inhibitor molecule like the cyanide anion binds to the enzyme, changing the redox potential to -

440 mV, which is then out of reach for SOD catalysis.®®

Figure 12: Stereo ribbon diagrams of dimeric human Cu/Zn-SOD (PDB code 1PU0%). Copper and zinc ions
are highlighted, while proteins structures relevant for electrostatic guidance are shown in green
and blue, adapted from Perry et al.8 On the right side, a zoom into the enzymatic pocket is
provided to illustrate coordination geometry. To display the crystal structure ChimeraX

visualization program was used.®°
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Figure 12 depicts a stereo ribbon diagram of humas SOD1®” that is present as homo dimer. Shown is
the front view of the crystal structure, with Cu* ions highlighted in red (with three-fold coordination
characteristic for Cu*) and Zn?* ions highlighted in purple. Additionally, the important regions involved
in the electrostatic guidance of superoxide towards the metal centers are color-coded for clarity. The
so-called “electrostatic loop” is shown in dark blue, which has the main effect on substrate steering,
consisting of charged and polar residues. In green are displayed the antiparallel B-strands forming
Greek key connections, which also contribute to the electrostatic guidance of the superoxide radicals
towards the metal centers.® In addition to the protein structures that leads O," directly to the redox-
active metal center, making the dismutation of the radical effective and efficient, the enzymatic pocket
provides space specifically suited for the size of superoxide. This selective binding prevents other
negatively charged ions, such as phosphate, from entering and potentially blocking or inhibiting the
activity near the copper ion. Especially the copper near arginine residue (Arg143) plays a major part in
both synergic processes, by maintaining a positive charge that directs the superoxide anion towards
the copper ion while simultaneously limiting the space in the enzymatic pocket. The crucial role of
Argl43 has been demonstrated in experiments where SOD1’s activity was reduced by 90% when the
positively charged arginine was replaced by a neutral isoleucine residue, and approximately halved

when replaced with a positively charged lysine residue.®®

The first half of the catalytic cycle of Cu/Zn-SOD’s (eq. 8), dismutation starts with a Cu?* metal center,
which is bound to the bridging His63. An arriving superoxide will be oxidized to molecular oxygen by
the copper ion, leaving it in the reduced state. This is followed by bond cleavage with the bridging
histidine residue, which becomes protonated, leading to the loss of the solvent molecule.
Subsequently, the coordination sphere changes from a distorted pyramid in the Cu?* state to a near
trigonal planar structure. In the second half of the reaction (eq. 9), another O, reaches the now Cu*
metal center, where it is reduced. His63 then contributes its proton to the reaction, completing the
dismutation process. Coordination of the deprotonated histidine will restore the initial coordination
geometry and the reduced and protonated superoxide either leaves the pocket as HO;", or it is further
protonated by omnipresent protons resulting in hydrogen peroxide.? During the whole cycle, zinc

remains in its four-fold coordination, preserving the enzyme’s structural integrity and ensuring its

activity.
" [H*]
His63-Enzym(Cu?*) + 0, ————> |His63-H + Enzym(Cu®) + O, (8)
_ [H*]
His63-H +  Enzym(Cu*) + O ———>  His63-Enzym(Cu?*) + H,0, (9)

It should be noted that, apart from the defensive mechanisms performed by SOD1 and the associated
protective effects against neurodegenerative diseases, studies indicate a link between mutated forms
of SOD1 and amyotrophic lateral sclerosis (ALS), particularly familial amyotrophic lateral sclerosis

(FALS). Abnormal accumulation of the respective mutant proteins in neuronal cells and even the wild
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Cu/Zn-SOD itself can lead to pro-oxidative effects. 88929 Therefore the enzyme’s function is regulated
by a co-enzyme, the copper chaperone CSS, which is responsible for incorporating the metal into the
enzyme.®® Nevertheless, some mutated SOD1 proteins are released into the intermembrane space or
function independently of the copper chaperone CSS, and in both cases, the protein may still

aggregate.®

SOD1 is primarily located within the cell, limiting its ability to provide antioxidative protection against
ROS outside the cell membrane. In contrast, a specialized form of SOD1, known as SOD3, also
containing copper and zinc ions, is exclusively found in the extracellular space. This unique localization
allows SOD3 to neutralize ROS in areas inaccessible to other SOD enzymes. The genetic similarities
between the Cu/Zn-containing SOD1 and SOD3, but not with other SOD family members, suggest that
SOD3 evolved from SOD1 during an early phase of evolution.®® Due to this fact it’s not surprising that

there are only a few structural differences between the protein folding of SOD1 and SOD3.

Figure 13: Overlay of SOD3 (in red; PDB code: 2JLP%) and SOD1 (PDB code: 1PUQ%’) stereo ribbon
diagrams, a front (left) and a side view (right), to demonstrate structural differences. Relevant
variations are highlighted in green based on the model of Antonyuk et a/.°® To display the crystal

structure ChimeraX visualization program was used.?°

Structural similarities are even more evident when both protein monomers are positioned above each
other as in Figure 13, in which SOD3 is colored in red, and the most prominent differences are
highlighted in green. Two different views, a front and a side view, are displayed in Figure 13, with

copper ions shown in orange and zinc ions in light blue, similar to Figure 12 for SOD1. The two green
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loops at the top, identified as Loop | and Loop I, play a crucial role in protein folding and appear
elongated. Additionally, an extra residue is visible at the front, representing the C-terminus. Beyond
these structural distinctions, an extra N-terminus unit and a disulfide bridge further reinforce the
structural framework of the protein. Thus, the main parts relevant for efficient enzyme function remain
in almost identical positions, including metal centers and the electrostatic loop. Therefore, it is not

surprising, that both Cu/Zn-SODs can achieve the same turnover rates in decomposing superoxide.’’

1.4.2 Fe-SOD

Another member of the SOD family contains iron as metal center and can be found mainly in
prokaryotes, even though it is also present in many eukaryotes like plants. The first Fe-SOD was
discovered in the year 1973 in escherichia coli bacteria, by Yord and Fridovich.?® Since then, a variety
of structurally similar enzymes have been identified in organisms such as bacteria, plants, and
parasites. However, they appear to be absent in animals and fungi.®®1°! While dimeric Cu/Zn-SODs
exclusively show an antiparallel B-strand Greek protein folding, the tetrameric Fe-SOD rather consist
of a-strands and B-strands mixed. Since the Fe3*/Fe?*-pair has a redox potential of +770 mV (vs. NHE),
that is already positioned between the two superoxide decomposition reactions, no significant redox
tuning by the ligand environment is required. The iron center is coordinated by three histidine and an
asparagine residue with an additional water molecule/hydroxy, which leads to a five-fold trigonal
bipyramid (Figure 14). Like SOD1, the protein structure around the metal center provides an

electrostatic guidance, which leads the substrate into the enzymatic pocket.®

Figure 14: Stereo ribbon diagram of Fe-SOD (PDB code: 1I1SB!) isolated from E. coli with a zoom into the
coordination environment around the iron center on the right. The iron ion is highlighted in
orange and coordinated water in red. To display the crystal structure ChimeraX visualization

program was used.®®

Mechanistic studies of iron containing SOD showed fundamental differences between the different
enzymes. Unlike Cu/Zn-SOD, Fe-SOD does not undergo structural changes during the catalytic

dismutation of superoxide. Instead, it maintains its five-fold coordination throughout the process.
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Additionally, the bound water/hydroxy molecule which plays no role in redox cycling by SOD1, seems
to be crucial for maintaining Fe-SOD’s activity by donating a proton for the reduction of superoxide.
Starting with the first half of the catalytic cycle, superoxide coordinates to the Fe3* center following an
inner-sphere mechanism, donating an electron and leaving the center as neutral molecular oxygen.
Consequently Fe** gets reduced, and the coordinated hydroxy anion gets protonated by always present
water. The exact process for the second half of the cycle is still not fully understood. Due to above-
mentioned Fenton chemistry, which can be carried out by Fe?* ions, it seems unlikely that superoxide
will directly coordinate to the reduced metal center. A common method to determine whether the
half-reactions of SODs follow an outer or inner-sphere mechanism is the integration of an azide anion
(N37), an ideal substitute for the labile and highly reactive superoxide anion radical. Detection of the
bound azide indicates an inner-sphere mechanism, but for the second half, no coordination could be
observed.'® This leads to the assumption that superoxide reduction rather follows an outer-sphere
process in which a proton-coupled-electron-transfer (PCET) from the coordinated water takes place
together with an electron from the metal center. In contrary to SOD1, the required second proton does
not come from a coordinated histidine residue. Its exact source is still in discussion. Since one tyrosine
residue might participate in the redox cycle of a neighbored monomer, which can be brought near the

now protonated hydroperoxyl species (HO,), it is possible to consider it as proton source.!??
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1.4.3 Mn-SOD (SOD2)

The most important superoxide dismutase enzyme, according to many different knock-out
experiments, is the manganese containing SOD or SOD2. Previous investigations have shown that the
absence of Mn-SOD is a guarantee for the death of the respective organism.'%*1% SOD2 is especially
fundamental for the human body as a defense mechanism against oxidative stress, as it is located
specifically in the mitochondrial matrix, which is the primary site for superoxide production. The ligand
environment of Mn-SOD is the same as it is for Fe-SOD, with three histidine residue, one asparagine
residue and a water/hydroxy bound to the metal center. In general, both enzymes show so many
similarities, that the concept of a shared evolutionary origin is widely accepted.'®® Experiments, in
which rats were treated with an external inflammatory agent to generate inflammation and afterwards
received and external supply of isolated human Mn-SOD showed a bell-shaped correlation between

activity and dosage.'”” Hence, small concentrations of the native enzyme can conduct great activity

towards superoxide up to a certain point (ke = 10° M s1), from which the reactivity decreases
108

again.

Figure 15: Stereo ribbon diagram of human Mn-SOD (PDB code: 1LUV®). Highlighted in purple is the
manganese center of SOD2 and on the right a zoom into the enzymatic pocket is depicted. To

display the crystal structure ChimeraX visualization program was used.%°

The five-fold coordination might be disturbed during catalytic activity of SOD2. Although the discovery
of the Mn-SOD enzyme was nearly 60 years ago, there is still no consensus on the exact mechanism
used during superoxide dismutation. Different approaches have led to three proposed mechanisms,
each supported by its own experimental data. The most common and widely accepted reaction path
is called the 5-6-5 mechanism, related to the change in the coordination sphere when the superoxide
anion reaches the active site.®® Thus, the trigonal bipyramid dynamically shifts towards an octahedral

coordination, which will then be restored after completed substrate decomposition. Closely related is
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the associative displacement mechanism from Whittaker and Whittaker,''>** which suggests an inner-
sphere mechanism as well, but instead of a changed geometry, the active site remains in its five-fold
coordination with superoxide replacing a bound ligand, most likely the water molecule. The third
mechanism relies on DFT calculations, which contradict the theory of an associative mechanism and
rather propose the dismutation via an outer-sphere process.*? Superoxide could be brought near the
metal center via electrostatic guidance but instead of directly binding to the manganese ion, it remains
in proximity due to hydrogen bond interactions and will be converted there. The DFT calculations were
supported by NMR studies, which could not detect azide coordination to the metal center for E. coli
Fe-SOD.'3

Due to the structural similarities and the equivalent amino acids coordinated to the metal center,
certain enzymes in specific organisms can integrate either manganese or iron as the metal center
without losing their activity towards superoxide. These so-called cambialistic SODs are quite rare in
biology, often found in anaerobic organisms and the preservation of activity displays an unusual
behavior, since metal exchange normally results in diminishing or even complete inhibition of enzyme

function. Figure 16 depicts a Fe-SOD in purple and an iron-substituted Mn-SOD in yellow, highlighting

the structural similarities and the comparable ligand environment.%

Figure 16: Overlay of Fe-SOD in purple (PDB code: 1I1SB%) and Fe substituted Mn-SOD in yellow
(PDB code: 1IMMM) of E coli. which demonstrate the structural similarities. Iron centers are
highlighted in orange, with a zoomed-in view on the right showing the overlapping structure,
adapted from Miller.1% To display the crystal structure ChimeraX visualization program was

used.®®
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1.4.4 Ni-SOD

The most recently discovered member of the SOD family is the nickel containing enzyme, found in
streptomyces bacteria in 1996.1%%1¢ Since then, other organisms, almost exclusively bacteria,
possessing this protein have been identified, with the majority found in oceans. None of the different
Ni-SODs shares genetic sequence homology to the other SODs, indicating this subgroup evolved
independently.'” The fact that nickel is not commonly known to activate oxygen, and that most
enzymes, not just SODs, typically possess zinc, iron, or copper as metal centers, makes Ni-SOD an
interesting specimen.'® Even though Ni-SOD definitely differs from the other SODs, it also shares
many similarities and exhibits analogous behavior. Ni-SOD is a homohexamer, as depicted in Figure 17,
and always contains a mixture of oxidized and reduced forms of nickel at the center of each respective
monomer.®2 The extraordinary high redox potential of the Ni?*/Ni** pair in agueous solution, which
exceeds +2.0 V (vs. NHE), places it beyond the typical range for SOD dismutation and thus makes it far
out of reach for the usual catalytic processes involved in superoxide dismutation.!'!2° Therefore, a
strong redox tuning ligand field is necessary to push the enzyme’s potential into the catalytic active
region. Compared to other SODs, Ni-SOD has an unusual protein environment, with two cysteines
binding to the metal center. One cysteine, Cys6, coordinates to the nickel via an electron-rich thiolate,
while the other, Cys2, binds through both thiolate and amide groups. Additionally, only one histidine
(His1) is coordinated to the nickel, with its amino and imidazolate groups involved in coordination. The
imidazolate is coordinated in an axial position, but this axial coordination is lost when the enzyme is in
the Ni(ll) reduced state. The amino acids are orientated in a way, which can be structurally described

as hook-like shape, delivering the name for this section.

Figure 17: Stereo ribbon diagram of hexameric Ni-SOD (PDB code: 1T6U*?Y) isolated from S. coelicolor. The
nickel center is highlighted in cyan and on the right the Ni-hook motif is presented. To display

the crystal structure ChimeraX visualization program was used.®
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The "Ni-hook" motif, along with the related coordination environment shown on the right side of
Figure 17, help to alter the redox potential of Ni-SOD to 290 mV (vs. NHE), bringing it into the desired
range for catalytic activity.?2 Additionally, it plays a crucial role in holding the nickel ion in place within
the enzyme, ensuring its stabilization. The motif can also provide electrostatic guidance for the
substrate into the enzymatic pocket, as has been described for Cu/Zn-SOD. Even though positively
charged residues can help guide superoxide into the active site of Ni-SOD, different ion-dependent
assays have concluded that this electrostatic guidance plays a minor or negligible role in the catalytic
activity of the enzyme.’?® Varying the ion concentration had almost no influence on the high
dismutation rate, at the diffusion limit, of the nickel containing enzyme. The Ni-hook is not only
fundamental for the SOD catalysis of the enzyme but also protects the oxidative labile thiolate residues
of the cysteines., ensuring the stability against oxidative modifications and ultimately inactivation of

Ni-SOD.

Ni-SOD also undergoes structural changes during redox cycling. Starting with a planar quadratic NS
coordination sphere in the reduced Ni** form, Ni-SOD features two cysteines that bind to the metal
center via their thiolates and one amide group and a histidine residue bound through its terminal
amine. Upon oxidation to Ni** the imidazole of this histidine additionally coordinates to the metal
center in axial position, leading to a five-fold quadratic pyramidal structure. Apart from the general
understanding, the exact mechanism of the catalytic cycle remains under discussion and is the subject
of ongoing research. For other SODs, N3~ coordination has been detected, but Ni-SOD shows only a
weak affinity for the anion, suggesting that outer-sphere mechanisms are more likely involved.*
Synthetic structural mimics of Ni-SOD with peptide ligands tend to favor an inner-sphere

125,126

mechanism Together with the free coordination site in the Ni** enzyme, the active channel

topology of Ni-SOD seems to support the inner-sphere theory according to Barondeau et al,"*’

even
though they also detected no coordination of azide at the metal center. Nevertheless, there are still
computational studies and some experiments that suggest an outer-sphere mechanism is more likely.

This ongoing debate leaves the exact mechanism unclear, with no definitive conclusion reached yet.**®

3% Another key aspect of superoxide dismutation by Ni-SOD that is actively discussed is the source of
protons for the reduction of superoxide in the overall mechanism. In Cu/Zn-SOD, the protonated
histidine seems to be crucial for catalysis, but in the nickel enzyme the His1 residue is on the opposite
site from the substrate coordination site, making it impossible to influence the reaction. Therefore, the
bound sulfur atom of Cys2 seems to take the role of proton delivery during PCET-like reduction of
superoxide to hydrogen peroxide.” Even though the specific mechanism is not fully understood, Ni-
SOD found it’s very own way of efficient superoxide dismutation providing protection for mainly

bacteria.
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1.5 Superoxide Dismutase mimics

In conditions of excessive superoxide production and the related overextension of protective
mechanism, such as those provided by the native SODs, the oxidative stress has an even greater impact
on tissues and the entire organism. Therefore, an adequate definition of oxidative stress is not simply
the overaccumulation of ROS (as discussed in Chapter 1.3), but rather a disbalance between the
overwhelming production of superoxide and the capacity of natural defense mechanisms to neutralize
it, leading to the subsequent damage caused by these highly reactive species. Especially in terms of
diseases or pathological conditions as inflammation, oxidative stress plays a crucial role. To support
the organism’s own protective enzymes during this disbalance, the idea of designing redox active
molecules with similar superoxide-neutralizing properties gained momentum. The enzymes
themselves, due to their large molar mass, which limits cell permeability, and the potential to trigger
antigenicity , were found to be unsuitable as potent therapeutics. To overcome these challenges low

molecular mass compounds were designed, which are expected to combine the best of both worlds.

This group of superoxide dismutase mimics (SODm) need to unite several demands in their chemical
properties to serve as ideal mimics and to be considered as effective therapeutic agents. In general,
the presence of metal center (mostly Fe and Mn) tends to be fundamental to ensure redox activity,
even though in recent research the trend towards purely organic antioxidants, due to their ubiquitous
biological presence, has started to attract increasing attention. The most fundamental chemical
behavior for these molecules is their efficacy against superoxide. Consequently, similar to the native
enzymes, the redox potential of SODm needs to be positioned between the oxidation potential of
superoxide at -160 mV (vs. NHE) and its reduction potential at +890 mV (vs. NHE). Ideally, the redox
potential should be around +300 mV (vs. NHE) to ensure optimal catalytic redox cycling during
superoxide decomposition. The ligand framework is usually responsible for tuning these properties but
can also be modified in a way that allows electrostatic guidance for the substrate towards the active
site, similar as in the SOD enzymes and integrate a well-defined bulkiness as well to ensure a selectivity

towards superoxide.

Other points might not directly influence the experimental activity of SODm against superoxide but
will have a relevant impact on the application as therapeutic agents. Strongly connected to the ligand
framework is the overall stability of the metal complex, since free metal ions can express prooxidative
effects or even be cell toxic, e.g. Fe?* or Cu®. Finally, the antioxidants need to maintain amphiphilicity
by balancing sufficient lipophilicity to penetrate membranes and reach the mitochondria within the
cell, while also preserving hydrophilicity to remain soluble in aqueous buffered solutions, which
represent physiological conditions. Based on these desired characteristics, many different approaches

towards SOD mimics have been developed, some built on the foundation of biological models.

24



Introduction

1.5.1 Classic approaches

Copper containing SODm

Copper-containing SODm compounds were among the first developed mimetics due to copper’s
natural role in the Cu/Zn enzyme. One of the main drawbacks of Cu?* is the cytotoxicity of free copper
ions due to the fact that there are able to perform Fenton chemistry, similar to free iron ions.!*
Additionally, cuprous ions in aqueous and buffered solutions have proven themselves to be great SOD
mimetics with rates close to the native Cu/Zn-SOD enzyme, without coordination to any ligand
system.!3313% Consequently, it was needed to achieve a thermodynamically stable complex to ensure
only minor metal release, while preserving, or only slightly diminishing, the existing SOD activity of
copper.’®*® Nevertheless, many metal complexes that combined the desired characteristics emerged

following different approaches with decent k.t values.
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Figure 18 illustrates several copper-based complexes with the ability to degrade superoxide. Some of
the complexes as the poly-aza-macrocycles shown for d) develop binuclear complexes with ke values
of 4.1x10°M?s?, that are more effective than the mononuclear complex possessing a ket of
2.5 x 10° M1 s1.1%Daier et al.1*! even reported different Cu/Zn containing hetero binuclear complexes
(e) which represent the metals of wild type SOD1 with an SOD activity of 6.51 x 10° M s? for the
bridging imidazole complex. As seen from the values for ket given in Figure 18, the reported SOD
activity of these synthetic systems is significantly lower than that of natural enzymes and free copper
ions. Several other molecules have been designed and generated, using nanoparticle structures,
naturally occurring molecules or even small peptide chains to form copper containing complexes.#?
134 But in the end the necessity to ensure stability of complex without metal release while keeping a

satisfying SOD activity led to a more intense focus on other transition metals for the use of SODm.
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Peptide-based complexes

Studies to understand the native (Ni-)SOD enzymes’ mechanisms in detail, is not exclusively the benefit
of peptide complexes that mime the protein coordination sphere of the respective metal center. Due
to the high redox potential of the Ni?*/Ni3* pair, a strong electron-donating ligand system is required
to make superoxide dismutation possible. The N,S, coordination, provided by peptide-based ligands,
is expected to deliver this necessary support in the case of Ni-SODm. But, the approach to rebuild
nature’s model is also reasonable and lead to a group of Ni-SODm compounds of which some are
depicted in Figure 19. Some authors investigate the influence of donor atoms to the metal center by
recreating and modifying the N,S; environment of Ni-SODm, while examining effects on catalytic

behavior.**®
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Figure 19: Molecular structures of Ni-based SODm from Naka et al.**® (a) and enzyme-based peptide

SODm from Guinard et al.**” and Shearer®3! (b&c).

It needs to be mentioned that peptide-based superoxide dismutase mimetics predominantly contain
nickel or copper. Nevertheless, manganese complexes with peptide strains consisting of arginine and
glycine have been reported by Ching et al.,**® with SOD activity from 4.2 to 6.6 x 10° M? s depending

on chain length and residue.

Salen complexes

Manganese N,N’-bis(salicylidene)ethylenediamine (Salen) complexes are of interest since 1993, when
Jacobsen published a complex meant for the use of epoxidation, which showed SOD like activity.'%
Shortly after discovery Eukarion Inc. submitted a patent for EUK-8, the first member of the Salen SODm
family with a ket of about 6.0 x 10° M 571,250 Dye to the low SOD activity, further modifications and
investigations have been made leading to additional members of that family, EUK-134 and EUK-184,
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which not only decompose superoxide but can also mimic catalase enzymes.'®! EUK-134 and EUK-184
demonstrate ICso values of 1.3 and 1.4 uM, respectively. However, while studying the SOD activity of
the Salen family, a major issue arose.’® When EDTA as a chelating agent is added to solutions, the
activity was diminished, as it would be expected for present free metal ions.*® To overcome this
challenge another Salen complex was synthesized. In EUK-207 a crown-ether residue was introduced
into the ligand framework aimed at increasing the stability in solution, which indeed was successful
based on the higher accumulated plasma levels.’>® Nevertheless, Mn-Salen complexes do not play an

important role in the field of SODm anymore, due to earlier issues and the limited space for chemical

modification.
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Figure 20: Manganese containing salene complexes.
Cyclic polyamines

More promising and even more potent superoxide dismutase mimetics are found in the family of cyclic
polyamines. The main pioneering work has been done by Riley, developing seven coordinate Mn
complexes which mime the activity of SOD enzymes.>*> Deriving from the parent Mn([15]aneNs)Cl,
complex, which performs SOD catalysis at rates of 4.13 x 10 M s at physiological pH, a great variety

of related compounds was designed, using computational methods, and synthesized (Figure 21).15¢1%7
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Figure 21: Cyclic polyamines with SODm properties designed and synthesized with the help of
computational methods by Riley et al. 15157
Table 1: SOD catalytic rates (kcat) of selected cyclic polyamines at pH 7.4.
Compound Keat: (x 107 M s for pH 7.4) Ref
a) 4.13 156
b) 8.84 156
c) 5.52 156
d) 2.20 156
e) 5.37 156
f) inactive 156
g) inactive 156
h) 9.09 156
i) 1.37 156
i) 5.05 156
k) 7.23 156
1) 15.0 157
m) 0.3 157

The resulting complexes dismutate superoxide with a ranges of ket = 0.3 — 15.0 x 10’ M1 st even
maintaining their activity after treatment with EDTA.2*%18 Together with the comparably high catalytic
rates and the chemical properties of high stability and solubility, the cyclic polyamines family
represents a promising class of SOD mimetics. It needs to be mentioned, that Fe-SODm are

permanently in consideration to be designed, but in general iron is avoided because of its cytotoxicity
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and possibility to perform Fenton chemistry, leading to even more deleterious ROS. Nevertheless,
some members of the pentaazamacrocyclic SOD family contained iron, but showed SOD activity one

to two orders of magnitude lower than their manganese analogues.*®

Building on the previously discussed Mn([15]aneN5) complexes, another closely related family
emerged: the 1,4,7,10,13-pentaazacyclopentadecane complexes. This group began with the prototype
M40403 and represents an additional family of macrocyclic compounds with extraordinarily high

potential (Figure 22).160
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Figure 22: Structures of the M4040X family.160-162

Although structurally very similar, these complexes differ strongly in their catalytic behavior. With both
M40402 and M40403 being satisfying SOD mimetics with rates in the 1.60 x 10’ M s range, M40404
surprisingly shows no superoxide degradation at all. The S,S-dimethyl derivative M40401 exceeds both
active compounds by the factor of 100, reaching ket = 1.6 x 10° M s, which represents the absolute
peak of catalytic active SOD-mimicking compounds. Nevertheless, it remains unexpected that M40404
possess not activity towards superoxide at all, especially since the redox potentials for the whole
M4040X family are fairly the same with Ei; = +462 mV for M40401, E;/; = #4525 mV for M40403 and
Ei2 = +452 mV for M40404.1%2 Thus, the reason for the big difference needs to be located elsewhere.
Aston et al.’®! provide a reasonable explanation regarding a structure-activity correlation, based on
molecular mechanistic studies. Accordingly, since the resting oxidation state of manganese in these
cyclic polyamines is 2+, in contrary to the native enzyme, the rate determining step of the catalytic
cycle will be the oxidation to Mn(lll). This takes place either by pH-independent inner-sphere
superoxide binding towards an axial coordination space of the Mn(ll) center, or by an pH-dependent
outer-sphere mechanism, in which the Mn(ll)-complex possesses a coordination geometry close to
oxidation product. In this case the metal center would undergo modification to fold into a pseudo-
octahedral structure via an amine of the fifteen-membered ring, which will fill the axial position. Due
to steric and electronic repulsive interactions, M40404 is strictly fixed into its planar geometry (right
side in Figure 23) and therefore cannot be forced into the required 6-fold structure., which
subsequently leads to no activity. For M40401, the exact opposite is the case. The Mn(ll) complex can
readily adjust its coordination sphere to facilitate catalytic dismutation, adopting the necessary

structure (left side in Figure 23).161
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Figure 23: Structural intermediates during catalytic cycle for M40401 and M40404.16!

Even though these theoretical mechanistic studies have provided a conclusive explanation for the
unusual behavior of M40404, Maroz et al.**? have a different explanation with an alternative route,
which does not completely exclude previous investigations. The suggested mechanism is depicted in
Figure 24 and it proposes not the oxidative addition to be the rate determining step but the oxidation
of superoxide to be limiting. Starting with the same resting Mn(ll) here, oxidative addition is depicted
as fast reaction, which yields a [Mn(llI)LO2]* moiety. The next step would be the slower oxidation of
another superoxide by the intermediate, a reaction greatly influenced by the three-dimensional
structure of the metal complex. Therefore, the pseudo-octahedral geometry still plays a crucial role
but not in the previously suggested manner. After an electron transfer occurred, reduced [Mn(I)LO,]
remains and the peroxide coordinated to Mn(ll) can be more easily released than from Mn(lll), assisted
by protonation, leading back to starting reagent. Experimental and theoretical data tend to support
this mechanism and together with the data provided by Aston, the explanation for the great difference

within in the M4040X family seems to be reliable.16162

H202 [MnII(L)]2+ 0.2_
oH* fast fast

[Mn'(L)O,] [Mn(L)O,]"
rate determining

O, (o)}

Figure 24 Alternative mechanism for superoxide decomposition catalyzed by the M4040X family.16?

Another approach has been developed for the modification of SODm based on M4040X. The [trans-
2,13-dimethyl-3,6,9,12,18-pentaazabicyclo-[12.3.1]octadeca-1(18),14,16-triene], or simply “Pyane”
ligand, consist of an easy modifiable backbone, which can be readily altered by using different 4-
subsituted pyridines as precursors. With two acetyl groups in the 2- and 6-position of the
corresponding pyridine, reductive complexation yields the prototype [Mn(Pyane)]Cl, complex (Figure
25). Additionally, the ligand framework preserves a necessary stability to prevent the metal center

release, but allows substrate molecules to reach the active site. These properties and the straight-
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forward template synthesis of the related complexes make it ideal for design of SODm. The group of
Ivanovi¢-Burmazovic designed different manganese containing compounds based on the model of the
prototype [Mn(Pyane)]Cl,, focusing on combining the desired structural and chemical characteristics
mentioned in Chapter 1.5. Figure 25 depicts examples of the various possibilities, starting with the
prototype complex followed by integration of long alkyl chains of different size to tune lipophilicity of
the complex, resulting in catalytic rates around 1.50 x 10’ Mt s? at pH 7.4.1% Thus, accumulation in
cells and the associated physiological benefits, such as reaching mitochondria, the main contributor to
oxidative stress, are enhanced. Taking this a step further, by modifying the complex of Kelso et al.’®*
and adapting its structure to Pyane complexes, a triphenyl-phosphonium-anchored compound was
developed. This modification introduces an extra positive charge, allowing the complex to specifically

target mitochondria due to the negative potential of the mitochondrial matrix. Even the synthesis of a

165

dinuclear complex with ket = 4.7 x 107 M st at physiological pH could be achieved.
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Figure 25: MnPyane complexes designed by the group of Ivana lvanovic-Burmazovic.163165

Regarding biological effects, the cyclic pentaamine Mn complexes have demonstrated cell-protective
properties in cases of inflammatory cascades and ischemia-reperfusion injury.’®®% However, the
elementary reactions underlying the biologically protective mechanisms of this class of SOD mimics
(SODm) remain unclear. Although these complexes have been reported to be strictly selective for
superoxide and do not interact with other ROS/RNS, research by the Ivanovi¢-Burmazovié group has
shown that, in the case of [Mn(Pyane)]Cl,, some of them can interfere with NO by dismutating it
through a mechanism analogous to that of superoxide dismutation.'®¥17° This process generates other
nitrogen species, such as nitroxyl (HNO) and nitrosonium (NO*), with the latter subsequently being

converted to nitrite.

Porphyrins
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The probably biggest group of superoxide dismutase mimetics are porphyrianto complexes. The
biological relevance and physiological omnipresence of porphyrin-based molecules, such as those
found in the cytochrome P450 enzyme family, along with their structural versatility, made them the
first choice for developing enzyme mimics to replicate the function of native SOD enzymes. In 1979 the
first reported SOD mimetic based on the tetrapyrrolic macrocycle was the (tetrakis-4-N-
methylpyridyl)porphyrin)), [FeTM-4-PyP]>*, by Pasternack et al. using iron active site.}’1’2 |n contrary
to previous compounds which bear the reduced metal form as resting state, porphyrins tend to
stabilize the oxidized M** form. [FeTM-4-PyP]*, which demonstrated only moderate SOD activity and
showed toxicity towards E. coli, led to further modifications aimed at improving its properties. This

resulted in the development of the TM-2-PyP ligand system.'”®

NS
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I
MnTM-4-PyP* MnTM-2-PyP5*
kcat=3.8x 106 M s™ kcat=6.2 x 10" M" s
Figure 26: First modifications of Mn(Porphyrins) to decrease electron density at the metal center.'”3

Similar considerations to those made for cyclic polyamines must be applied when designing porphyrins
to mimic native SOD enzymes, starting with the metal choice. In most cases iron and manganese are
in the active site of the complex, since incorporation of different metals, such as zinc, lead to complete
loss of activity for corresponding Fe-porphyrins.t’# Even though the iron was used at the beginning,
further investigations and utilization of new compounds lead to manganese being identified as the
desired redox active entity. Upon reduction during catalytic processes, both the Mn(Il) and Fe(ll) are
more likely to be released from the complex, leading to cell toxic effects, especially in the case of
ferrous ions. Furthermore, Fe(ll) even in a coordinated form seems to own the ability to perform
Fenton-like chemistry, making it unsuitable for further applications.?’> However, iron porphyrins have
been demonstrated to conduct protective effects in cells by dismutation of not only superoxide but
also hydrogen peroxide.’®'77 |In Figure 27 different selected porphyrin complexes are depicted to

demonstrate the structure-activity relationship, with their respective ket values in Table 2.
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Table 2: Catalytic rates of selected MnPorphyrinato complexes at pH 7.8.

Compound keat (x 106 M s2) for pH 7.8 Ref
MnTM-2-PyP>* 62 183
MnTnHex-2-PyP** 30 183
MnTnMOHex-2-PyP>* 6 183
MnTnBuOE-2-PyP** 68 183

Starting with [MnTM-4-PyP]>* as the foundation for modification, this complex exhibited moderate
SOD activity and a redox potential of +60 mV (vs. NHE), which is significantly lower than the desired
value of approximately +300 mV for optimal catalytic efficiency in superoxide dismutation. Therefore,
the para positioned positive charge was place into ortho position, creating a stronger electron
withdrawing effect and subsequently raising the Ei;; value to 220 mV for the [MnTM-2-PyP]**.
Furthermore, the fact that the positive charge is now placed closer to the metal center resulted in an
enhanced electrostatic guidance and a 16-fold increased SOD activity (Table 2). The fundamental
importance of this positive charge became evident when lesser-charged complexes, such as [MnT-2-
PyP]* or even negatively charged [MnTSPP]3*-, were investigated for their SOD activity. These
complexes showed results indistinguishable from the self-decay of superoxide, highlighting the
necessity of a positive charge for effective catalytic activity.}’#'”° By introducing bromide residues at
the B-pyrrolic positions of [MnTM-2-PyP]>* the electron density at the metal center was even more
decreased thus, the synthesized compound possessed a great k.. However, the stability of this
compound was diminished, making it unappealing for further research. Since [MnTM-2-PyP]**occupies
a nearly planar structure, its interaction with RNA/DNA might have a negative impact on in vivo activity
of the complex, leaving the promising SOD activity without further benefit. Thus, the methyl groups
were replaced by ethyl groups which resulted in a candidate for clinical trials.’® While already
possessing a huge positive charge, the uptake into cells was still an ongoing challenge. To achieve
increased bioavailability a similar approach as for the pyane complex has been made, by increasing the
length of the alkyl-chain to six carbon atoms. The resulting [MnTnHex-2-PyP]** indeed showed
enhanced lipophilic properties, but the micellar toxicity was impaired as well. To overcome this issue,
incorporation of an oxygen atom into the aliphatic chain was supposed to maintain the lipophilic
character, while quenching the toxic characteristics. Hence, [MNnTMOHex-2-PyP]*>* was designed and
synthesized which was followed by [MnTnBuOE-2-PyP]**, another candidate for clinical trial.®%182 This
concise demonstration of structure-activity relations by designing the ideal SODm candidate, from

beginning to the [MnTnBuOE-2-PyP]** complex, which took over 30 years, is depicted in Figure 27.
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MnTnMOHex-2-PyP%* MnTnBuOE-2-PyP®*

MnTM-2-PyP* MnTnHex-2-PyPS*

Figure 27: Route to a promising MnPorphyrinato clinical trial candidate adapted from Batinic-Haberle et

al 183

This has been only a brief overview of the potential applications and capabilities of porphyrin-based
superoxide dismutase mimetics. For more detailed insights, Batini¢-Haberle has excellently reviewed
the historical development and modern strategies, not only on porphyrinato-complexes, but also on

the major groups of compounds that mimic the native SOD enzyme.!8

1.5.2 Alternative strategies towards SODm

Traditional superoxide dismutase mimetics keep their relevance, since they have proven to be
promising therapeutics, even reaching second stage clinical trials. Nevertheless, new approaches have
been made to design alternative transition metal compounds, which may dismutate superoxide. Even

the use of solely organic compounds gains more interest in recent research.

Nanoparticles

The widespread application field for nanoparticles also includes mimicking enzymes including SODs.
To achieve potential effects, already known SODm can be loaded onto non-reactive materials, like silica
or alumina of different size, or nanoparticles can be synthesized out of metal-based compounds.18>186
It needs to be noted, that obtained enzyme like behavior can depend on particle shape and
subsequently on the synthetic method. The SOD activity of nanoceria in the form of CeQ, is directly
linked to the Ce3*/Ce** ratio, as demonstrated by numerous studies that vary the amount of cerium
atoms. 187188 Nanoceria particles with a size between 3 and 5 nm perform the best, exhibiting catalytic
rates similar to those of the Cu/Zn-SOD enzyme. However, comparing nanoparticles with molecular
SODm may not be straightforward. Both exceeding and falling below the optimal particle size range
resulted in a loss of activity, highlighting the importance of precise size control for maintaining catalytic

efficiency. 189190

Two dinuclear Cu/Zn complexes discussed in section 1.5.1 were applied to silica nanoparticles of
different sizes. In both cases, the incorporation of these complexes significantly enhanced SOD activity,
increasing it by approximately one order of magnitude.'®># Even the promising compound for clinical
trials, [MnTnBuOE-2-PyP]**, was loaded onto nano silica encapsulated by lipophilic membranes,
planning to ensure a slow, steady release in cells.?®! Apart from the mentioned examples, the potential

applications of nanostructures are vast and not limited to merely mimicking wild-type enzymes.
35



Introduction

Accordingly, the group of potential nanoparticles is huge, including OsO4 with the OsY""/Os" redox
couple!®?, ferrite NPS like MFe;04 (With M = Mn, Co, Cu),* Pt-based compounds,**1°> metal-organic
frameworks (MOFs) like the CuTCPP nanodots,'®® fullerene frameworks®’'*® and manganese

oxides.200:201

Natural antioxidants

Research into the broad group of natural molecules with potential antioxidative capabilities has been
ongoing since the early 21st century.??? In particular the role of polyphenolic compounds has gained
significant relevance, not only in scientific studies but also for practical daily life applications. These
compounds are increasingly recognized for their beneficial effects in health, nutrition, and even
skincare.?®® Several studies on different natural antioxidants have been performed and published,
identifying a huge variety of compounds with protective characteristics against oxidative
modifications. A prominent subgroup contains of coloring molecules, vitamins and tannins which are
commonly found in everyday foods such as berries, grapes and other groceries.?** Several thousand
polyphenols have been isolated and characterized to date, which can be categorized based on their
structural backbones respectively.?%>2% A selection of basic polyphenolic molecules is depicted in
Figure 28, including benzoic acid derivates, stilbenes and particularly flavonoids, along with the related

anthocyanidins, that three big members of the polyphenol family.
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Figure 28: Main subgroups forming antioxidative compounds in the polyphenol family.

In general, the antioxidative properties of polyphenols are related to nutrition studies, due to their

209 210,211

numerous occurrences in food. Honokiol?°72%, genistein?® or the often discussed curcumin
represent examples for organic compounds capable of decomposing superoxide. Due to the huge
number of molecules in this family and the structural differences, one underlying mechanism behind
their reaction with O, could not be determined. Nevertheless, different approaches have been

proposed trying to explain how polyphenols interact with superoxide. The easiest and widely accepted
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mechanism would be direct radical scavenging, which could result in reduction of ROS. In this case the
hydroxyl group would be transformed into a radical species itself, which is less potent than superoxide.
This radical can now further react with other radical species, deactivating more potentially damaging
compounds. Studies indicate that for optimal superoxide dismutation a n-mt interaction between ROS
and another corresponding polyphenol molecule is enhancing.?'??13 The fact, that ortho-substituted
compounds demonstrate the best activity compared to their related para-substituted analogues and
the necessity to transfer a proton during the reaction, suggest the involvement of a hydrogen
abstraction process in form of a PCET meachnism.22421¢ Both possible reaction paths do not exclude
each other, but rather could both be integrated into a final mechanistic explanation in the future.
Another approach is based on the fact, that polyphenols are known to be redox mediator molecules,
which can transfer an electron from one reaction partner to another.?”.218 Since iron, manganese and
copper ions in solution already hold the potential to dismutate superoxide and polyphenolic molecules
are known to possess chelating potential,?*® the latter could simply enhance these properties by
serving as electron shuttling compounds between the metal ion and ROS. Furthermore, the metal
chelation could provide protection against oxidative damage via another path, by inhibiting Fenton
reactions. Finally, it needs to be noted that the SODm studies so far mainly have not been conducted
in vivo and deeper insights into the metabolism of polyphenols in the human body point to a
diminished bioavailability.??° If ROS scavenging occurs at all, the most likely site would be in the

gastrointestinal tract, where lipid peroxidation could be prevented by polyphenols.

The group of Christian R Goldsmith designed quinol-containing ligand systems, which form metal
complexes, that apparently combine the antioxidative properties of both components. Together with
the group of Ivana Ivanovi¢-Burmazovi¢ the N-(2-hydroxy-5-methylbenzyl)-N,N’,N’-tris(2-
pyridinylmethyl)-1,2-ethanediamine ligand (L°") and the corresponding Mn(ll) complex was tested for
its SOD mimicking characteristics.??! With considerably low ke values in the 108 region, improvement
of the ligand system was necessary, which was achieved by replacing the methyl-group by another
hydroxy residue. The new Hxgp1 ligand and furthermore the refined Hiqp2 ligand, with two quinol
units enhanced the reactivity towards superoxide for the corresponding Mn(Hsgp2) and Mn(H,qp1)
complexes, reaching catalytic activity in Hepes buffer at pH 7.4 that exceeds those of the clinically

tested [MnTnBuOE-2-PyP]>* 222
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CHj OH OH

OH
Mn(LC") Mn(H,qp1) Mn(H4qp2)

Figure 29: Mn(L°") by Kenkel et al.?2!, Mn(H2qp1) and Mn(Haqp2) by Senft et al.???

Not only did the optimization of incorporating more hydroxy groups enhance the SOD activity, but it
was also possible to form a corresponding Zn(H.gpl) complex, further improving the catalytic
properties. Even though zinc is a redox-innocent metal, [Zn(H.qp1)OTf]OTf features catalytic activity
towards superoxide that is higher than that of the manganese containing L°" complex (Table 3). Low-
temperature mass spectrometry experiments and EPR indicate that a semiquinone radical species is
involved in the mechanism of superoxide dismutation, which supports the idea, that quinol containing
molecules can act as electron shuttling moieties during redox reactions. Interestingly, the zinc complex
depicts highest SOD activity in phosphate buffered solution, which is unusual, since phosphate is
commonly known to bind free coordination sites at the metal center, blocking them and inhibiting
electron transfer to substrate molecules.??® Accordingly, this leads to the mechanism proposed by
Ward et al.,** which implement the phosphate as relevant reaction partner by delivering protons to

dismutate superoxide.

Table 3: Catalytic rates of ligand systems by Goldsmith group.

Compound Keat [Xx 10° M 5] Kear [X 10° M 5] kear [x 10° M 5] Ref
(HEPES pH 7.4) (HEPES pH 8.1) (Phosphate pH 7.4)

[Mn(L°")] 36 6.2 11 221

[Mn(Hqp1)] 970 220 80 222

[Mn(Haqp2)] 120 96 100 222

[Zn(H.qp1)] 34 47 190 224
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1.6 Different approaches to determine SOD activity

Determination of SOD activity is crucial to compare different SOD mimicking compounds (SODm) and
bring them in relation to each other. Since many different methods developed, which can provide kcat,
a comparison and classification is necessary to assess their scientific significance and ensure that the
results are consistent and meaningful across different studies. The general idea is to track superoxide
and compare the decomposition in presence of potential SODm, either by directly following
superoxide’s decay at around 250 nm or indirectly via indicator molecules, which are influenced by
radical species. For all applications the compulsive necessity of buffered solutions is important due to

the strong pH dependent self-dismutation of superoxide, which was depicted in Figure 1.

1.6.1 Indirect assays

The initial efforts to categorize SOD active compounds were pioneered by Fridovich and McCord,
resulting in the first assay able to determine the antioxidative properties of compounds.”® In general,
indirect methods consist of a superoxide producing reagent, mainly the xanthine/xanthine oxidase
system, which releases a steady state concentration of 0,”, and a spectroscopic active substance that
can be followed e.g. by UV/Vis. One example is the cytochrome c assay, where the Fe(lll) band at
550 nm is followed, which in presence of superoxide would increase due to reduction of the Fe(lll) to
Fe(ll) form.??® Introducing a SOD mimic into the system inhibits the reduction of the cytochrome c.
However, the decomposition product hydrogen peroxide could cause problems by reacting with still
present superoxide in Haber-Weiss reaction creating the hydroxyl radical. >> Other well-established
reporter molecules (Figure 30), which have been used as indicators of SOD activity are b) nitroblue
tetrazolium (NBT)?%, ¢) lucigenin, d) luminol and two more assays that directly determine the radical

scavenging properties of antioxidants, with DPPH and ABTS as colorful detector molecules.??’
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Figure 30: Chemical structure of reporter molecules (indicators) for indirect SOD activtiy assays. Colors

indicate the exhibtited color. a) cytochome c, b) nitroblue tetrazolium (NBT), c) lucigenin, d)
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1.6.2 Direct methods
Pulse radiolysis

The critical difference between previously described assays and the direct methods for SOD activity
evaluation is the spectroscopically followed dismutation of O,"” at 250 nm. The two commonly used
methods using the absorption of superoxide are the pulse radiolysis??¢??° and stopped-flow technique,
allowing a precise measurement of SOD activity by following superoxide decay
spectrophotometrically. As described in section 1.1, the formal one-electron reduction of oxygen
generates superoxide. This reaction is used in pulse radiolysis to generate a defined amount of
superoxide in an oxygen enriched solvent, which will be irradiated by a high intensity light beam.
However, radical formation during pulse radiolysis does not produce a superoxide exclusively but a
mixture of radical species, such as H* and OH", thus it is necessary to add a OH" scavenger. Formate
reacts with the hydroxyl radical, ultimately generating superoxide, similar to how hydrogen atoms
react with solvated oxygen to form the conjugate acid (Figure 31).22%21 Even though radical generation
in the pulse radiolysis technique is not specific, it is possible to follow the decay of superoxide, making

it a powerful direct method to determine SOD activity

HO —— e, + H + HO + HsO" + HO™ + H,0, + H, (10)

€sg +* O2 —— 02 (11)

H + 0, ——> HO (12)

HO + HCO, ——> CO, + O3 (13)

co, + 0O, ——> CO, + O5 (14)
Figure 31: Radical reactions induced by the high intensity beam during pulse radiolysis. Equation 13

displays hydroxyl scavenging by added formate.

Nevertheless, the unconventional instruments necessary to realize pulse radiolysis make it
unattractive compared to the indirect assays, which are easy to apply. Additionally, the lack of isolated
superoxide generation can cause problems through degradation or oxidative inactivation of chosen
SODm. In the following section, the stopped-flow technique addresses these problems by directly

dissolving the potassium superoxide salt, allowing for more controlled and reliable analysis.

Stopped-Flow technique

Pulse radiolysis relies on the steady-state generation of superoxide in low concentrations, which can
present disadvantages similar to those encountered with indirect methods. In contrast the stopped
flow technique overcomes these limitations, providing a more precise means of studying superoxide
dismutation. First demonstrated by McClune and Fee?*? the potassium superoxide salt was suspended

in DMSO with an appropriate amount of 18-crown-6 to ensure dissolving, with subsequent
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spectroscopical monitoring of superoxide decay. Due to technical limitations, the dead time of the
instrument was long, resulting in the self-decay of superoxide being a relevant opposing process, which
limited the investigations by McClune and Fee to high pH. Riely et al.?** improved the technique via
rapid mixing, with a dead time between 1-2 ms, allowing monitoring of superoxide’s decay under
physiological conditions. The group of Ivana lvanovi¢-Burmazovié further refined the method reaching
superoxide concentrations of around 200 uM, which assures first order conditions to determine a true
catalytic activity.??* In Figure 32 the schematic setup of Biologic’s SFM-400 stopped-flow device is
shown, with a Berger-ball mixer that allows an efficient mixing of DMSO and a buffered solution. On
the right side, an example of kinetic curves is displayed, which were fitted to a first-order decay model.
The obtained values were then plotted against the catalyst concentration to calculate the second-order

rate constant (kcat), as shown in the inset of Figure 32.
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Figure 32: a) Schematic structure of the SFM-400 instrument by Biologic, replicated from the manual. b)

exemplary kinetic traces of superoxide decay followed at 250 nm by stopped flow technique.
Inset: kobs values plotted against catalyst concentration for determination of the second order

catalytic rate constant.

1.6.3 Critical comparison of both methods

All described methods for investigating SOD activity have been established for specific purposes and
are widely accepted. Nevertheless, some techniques offer distinct advantages, making them more
reliable when it comes to accurate comparison of catalytic rates. Indirect assays are cost-effective and
easy to apply, making them suitable for use in any laboratory. Despite their practicality, the results
obtained from indirect assays must be interpreted cautiously as numerous side reactions can occur
during SOD catalysis.?** One significant limitation is the potential interaction of SODm with the used
reporter molecule, which may bypass superoxide entirely. Either direct oxidation or reduction of the
indicator can lead to overestimation or underestimation of the compound, respectively, making it very
difficult to distinguish the actual antioxidative properties of the applied SODm. Additionally, a possible

suppression of the xanthine/xanthine oxidase system has been reported,?®>?% which leads to a
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misinterpretation of SOD activity as well. Another disadvantage that affects the reliability of direct
pulse radiolysis is that the generated steady-state superoxide concentration may be significantly low
at the beginning of the reaction. This could favor the detection of a stoichiometric reaction rather than
real catalytic activity, a limitation that does not apply to the stopped-flow technique. Finally, the lack
of consistency in results across assays shows a major issue that might occur while exclusively relying
on indirect methods. Nevertheless, their easy and cheap application and the fact, that direct methods
like stopped-flow are limited to detect activities above 5x10°> M s, sustain the relevance of some of

indirect SOD assays.?*’

Based on the principle of stopped-flow instruments further developments have been made over the
time, including the possibility to decrease the experimental temperature. This allows detection of
labile reaction intermediates, which gives further insight into reaction mechanisms and determination
of the reaction pathways. Combining time-resolved UV/Vis detection with low-temperature stopped-
flow systems enhances the characterization of reactive intermediates throughout the catalytic cycle,
improving the relevance and reliability for assigning the underlying mechanisms. Even better
comprehension can be gained, when pressure is applied during the experiment with the stopped-flow
instrument, resulting in high-pressure stopped-flow technique. Even though this advanced system is
rarely used, its ability to study reactions in greater detail—especially in characterizing the transition

state and understanding the activation process—provides unprecedented insights.
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2 Aims and Summary of Results
2.1 Aims

The suppression of deleterious effects induced by the overproduction of reactive oxygen species (ROS)
is a critical aspect in the prevention and treatment of various neurodegenerative and cardiovascular
diseases. This work focuses on the design, synthesis, and characterization of bioactive transition metal
complexes with antioxidant properties, particularly superoxide dismutase mimetics (SODm). Moving
beyond conventional ligand systems commonly reported in the literature, we explored novel redox-
active organic functionalities inspired by biological settings, such as hydroquinones. Our approach not
only introduced acyclic and macrocyclic ligand frameworks but also strategically increased the number
of redox-active moieties by incorporating a second hydroquinone entity. Additionally, we investigated
the potential of diverse metal centers, including Mn, Fe, Zn, and Ni, which are naturally utilized in SOD

enzymes, to achieve synergistic antioxidative activity when combined with these redox-active ligands.

A key objective of this work was to elucidate the mechanistic intricacies of these SOD mimetics,
determining whether the interplay between the ligand and metal center can be fine-tuned to maximize
catalytic efficiency while ensuring the overall stability of the complex under catalytic conditions. One
of the major challenges in the development of efficient SOD mimetics lies in deciphering mechanistic
details, particularly through the characterization of reaction intermediates along the catalytic cycle.
Given that the catalytic process operates at exceptionally high rate constants, exceeding 108 M™'s™,
traditional indirect methods fail to provide reliable kinetic data. To address this, a central aim of this
study was the application of a direct stopped-flow technique to accurately determine catalytic rate
constants for superoxide dismutation, thereby offering precise and reliable SOD activity values.
Furthermore, by integrating (cryo)-stopped-flow spectroscopy with cryo spray mass spectrometry, we
aimed to identify transient catalytic intermediates and establish a comprehensive mechanistic

framework for these systems.

This work not only provides fundamental insights into the role of metal-ligand interactions in tuning
redox activity but also demonstrates the potential of a new class of biomimetic antioxidants based on
redox-active ligand components. Our unique methodological approach has yielded novel mechanistic
perspectives and paves the way for future investigations incorporating other biologically inspired
redox-active organic moieties. Ultimately, these findings contribute to the rational design of next-

generation SOD mimetics with optimized performance, stability, and therapeutic potential.

An additional key objective of this work was to advance kinetic studies of bioinorganic reaction
mechanisms by developing a high-pressure stopped-flow setup capable of operating at lower
temperatures while allowing the mixing of three solutions under high pressure instead of the
conventional two. Coupled with a time-resolved UV/Vis detection unit, this setup enabled a more

detailed investigation of complex reactions by determining activation volumes as a crucial kinetic
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parameter for characterizing transition states, thereby providing deeper insights into reaction

mechanisms.

2.2 Summary of Results

2.2.1 Insights into the SOD Mechanisms of Complexes Featuring Redox-Active
Hydroquinone-Containing Ligands

Comprehensive kinetic and mechanistic studies were conducted on Zn, Ni, Mn, and Fe complexes
featuring acyclic or macrocyclic redox-active ligands containing one or two hydroquinone groups,
respectively. The resulting SOD activities are summarized in Table 4. Importantly, our investigations
identified key factors influencing the catalytic performance of these complexes, providing valuable
experimental guidance for the tunable design of SOD mimetics based on redox-noninnocent ligand

frameworks.

Table 4: Catalytic rates of quinol-containing metal complexes relevant for this work.

Compound Catalytic rates (kc.t) in buffered solutions. Ref
OH
o HEPES, 7.4 3.4x105M1s?
N PN
Al HEPES, 8.1 4.7x10°M*s? 224
AN
SN N—/ Phosphate, 7.4 1.9x 10’ M*st
\ |
Zn(Hzqp1)
OH
HEPES, 7.4 9.7x 10" M1t¢t
HEPES, 8.1 2.2x10"M1st 222
Z Phosphate, 7.4 8.0x10°M1tst
XN
MOPS, 7.4 1.8x10" M1s?
MOPS. 7.8 19 x10” M &1 Publication 3 from
T ) this work
% Phosphate, 7.4 1.1x 10" M1s?
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OH
? y MOPS, 7.4 1.6 x 10’ M st
N
A _
oA MOPS, 7.8 4.9x107 M s? Publication 1 from
: g this work
N_/
Phosphate, 7.4 2.5x10" M1st
OH
Zn(Haqp2)
OH
Q N; HEPES, 7.4 1.2x 10’ M
N
N I
o TN HEPES, 8.1 9.6 x 10° M 5™ 222
N / N
Phosphate, 7.4 1.0x 10" M1st
OH
Mn(H4qp2)
OH
? . ; MOPS, 7.4 1.3x10®M?s?
N_ /
~ I./” . -
o N \ MOPS, 7.8 9.7x 107 M s P”b"ca“‘mi‘: \':g:l
lil / X
Phosphate, 7.4 6.2x10" M1st
OH
Ni(Hap2)
HO
0
fi\
N_; N
C pall } active Publication 4 from
N\_/N this work
OH
HO
Zn(H3qp4)
HO
0
C,{ N\ MOPS, 7.4 6.0 x 106 M s
) -
NN MOPS, 7.8 4.5x10° M s Publication 4 from
o this work
Phosphate, 7.4 29x10°M1st
HO
Mn(H3zqp4)
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HO
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<: Fell :> . . Publication 4 from
N N inactive this work
OH
HO
Fe(Hsqp4)

2.2.1.1 Systems with acyclic ligands

In Publication 1 from this work, the synthesis and the low-temperature stopped-flow UV/Vis time
resolved analysis, as well as cryo MS studies of the novel Zn(Hsqp2) complex (Figure 33), featuring the
acyclic Hagp2 ligand with two hydroquinone moieties, towards superoxide were reported. This second-
generation compound, incorporating redox-innocent zinc(ll), exhibited excellent SOD activity
compared to the Zn complex with a single hydroquinone unit, Zn(H,qp1) (Figure 33 and Figure 34),
which displayed lower activity (Table 4). Additionally, the macrocyclic complex Zn(H4qp4) (Figure 36),
despite containing two hydroquinone moieties, showed no SOD activity (Table 4). Importantly, such
catalytic performance of Zn(Haqp2) towards superoxide decomposition, as well as activity of all other

studded complexes, was demonstrated by direct stopped-flow measurements.

Interestingly, Zn(Hiqp2) emerged as a superior SOD mimetic compared to its Mn(Hiqp2) analogue,
despite the redox-inert nature of the zinc center. Notably, its activity remained high even in phosphate

buffer, which is not the case for manganese complexes, being of physiologically relevance.

The full dependence of the catalytic cycle on the redox-active ligand system was confirmed through
cryo mass spectrometry and low-temperature stopped-flow kinetic studies, which provided
mechanistic insights. The detection of a semiquinone radical (SQ) during superoxide dismutation
strongly supported the involvement of the ligand in the SOD catalytic cycle. The proposed mechanism
(Figure 33) suggests that one hydroquinone unit undergoes redox cycling, while the other contributes
to complex stability and modulates coordination dynamics. Through protonation/deprotonation and
corresponding dechelation/chelation equilibria, the ligand tunes the number of accessible
coordination sites while remaining a good chelator throughout the catalytic turnover, ultimately

enabling efficient SOD activity.

47



Summary

N \ H*,05 H,0, N \
Zn’: j | —

Figure 33: Proposed catalytic mechanism for dismutation of superoxide by the Zn(Hsqp2) complex. The

assigned species are described as HQu for the protonated diquinol species, HQ2 for the
deprotonated diquionol species, SQ for the semiquinone radical species, QHi1 for the

protonated mono-para-quinone (also referred to as quinhydrone) species and QH: for the
deprotonated quinhydrone species.

In Publication 2, further mechanistic insights into the SOD catalysis by Zn(Hgp1) were gained through
computational analysis. Our findings demonstrated that the SOD activity of Zn(Hgp1) is highly
dependent on its ability to operate via an inner-sphere mechanism, which requires efficient superoxide
binding to the metal center. For this mechanism to be effective, the coordination sphere geometry

(influenced by the ligand’s chelating ability, conformational flexibility, and steric properties) must allow
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superoxide to bind cis to the coordinated quinolate upon pyridine displacement (Figure 34) Density
Functional Theory (DFT) calculations predicted that designing a ligand system that favors the
meridional (mer) conformer (left molecule in Figure 34) inherently promotes cis binding of the
superoxide anion upon pyridin ring opening, thereby enhancing superoxide affinity. This finding
reinforces the critical role of ligand structural and chelating properties in SOD activity, consistent with
our observations for Zn(Hagp2). Another key feature of the ligand system is the presence of a second
nonmetal-bound -OH group on the hydroquinone moiety, whose deprotonation lowers its redox
potential, facilitating its oxidation by the coordinated superoxide. This was further validated
experimentally: an analogous complex, where the quinol unit was replaced with phenol (lacking the

second -OH), was synthesized and found to be SOD-inactive.

This study thus underscores the importance of a ligand design, where both steric control of the

coordination sphere and tunable redox properties dictate the catalytic efficiency of Zn-based SOD

mimetics.
_| + OH T + OH _| +
| N
P
N/——Z—’/ N—2Zn_ N z[/
—4LN— —7Zn —7n
% 9% Ill\D % AJ\D
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» o » L
mer fac/trans fac/cis
Figure 34: Znll(Hgp1) complex forming the mer-conformer (left) that inevitably binds superoxide cis to the

quinol moiety, resulting (based on theoretical calculations) in the intermediates with lower free

energy.

Publication 3 explores the potential of the nickel(ll) center, a relatively underutilized metal in SOD
mimetic design, in combination with H,qpl and Hasqp2 ligands to support SOD catalysis. Our study
revealed that both Ni(H.qp1) and Ni(Hsqp2) (Figure 35) function as potent SOD mimetics, with
Ni(Hsqp2) emerging as the most efficient catalyst in the series, surpassing all corresponding transition

metal complexes with the same ligand systems (Table 4).

Like for the Zn analogue, cryo-spray mass spectrometry confirmed the participation of a semiquinone
radical species, reinforcing the critical role of the ligand-based redox cycle in catalysis. Our

investigations demonstrated that the catalytic cycle relies exclusively on ligand redox transformations,
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while Ni(ll) (despite its potential redox activity) functions analogously to Zn(ll) as a superoxide binding
center. It modulates both superoxide reactivity and hydroquinone redox properties through
coordination and deprotonation of the -OH functionality, emphasizing the significance of an inner-

sphere electron transfer mechanism in redox catalysis.

A key distinguishing feature of Ni(Hsqp2) is its resistance to oxidative modifications by superoxide,
ensuring greater complex stability under operando catalytic conditions. This stability likely contributes
to its superior SOD activity compared to related complexes. We demonstrated this enhanced stability
through time-resolved cryo-MS analysis of reaction mixtures and by measuring the catalytic rate
constant of pre-reacted Ni(Hsqp2) solutions after exposure to superoxide, confirming its sustained

catalytic efficiency.

OH OH
0 0
N‘ ‘II N\ III/
Ni ---NI-
S o i
! | / X
>N N N
“~ I
OH
Ni(H,qp1) Ni(H4qp2)
Figure 35: Nickel complexes with ligand systems H2qp1 and H4qp2.

2.2.1.2 Systems with macrocyclic ligand

In Publication 4, we investigated the combined catalase- and SOD-mimicking properties of Mn, Zn, and
Fe complexes featuring the redox-active macrocyclic ligand Haqp4, which contains two hydroquinone
groups (Figure 36). Interestingly, while all three complexes exhibit prominent catalase activity, ranking
among the most active small-molecule catalase mimics reported to date, only the manganese complex

demonstrated both catalase and SOD activity.

However, the catalytic rate constant for superoxide decomposition by Mn(Hsqp4) is at least an order
of magnitude lower than that of the corresponding acyclic ligand complexes, Mn(H,qp1) and
Mn(H4qp2) (Table 4). This suggests that the more rigid and conformationally restricted macrocyclic

ligand framework does not effectively support the SOD catalytic cycle of its metal complexes.
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Despite this limitation, all three compounds proved to be highly efficient catalase mimetics. Notably,
while the Mn and Fe complexes decompose hydrogen peroxide via high-valent oxo species, the Zn
analogue appears to follow a ligand-centered redox mechanism, highlighting distinct mechanistic

pathways for catalase activity among these complexes.

HO
OH
Co
NH N
_/
OH
HO
[M(H3qp4)]OTf
M = Mn', Fe'l, zn'
Figure 36: Transition metal complexes based on the H4qp4 ligand system.

2.2.3 Conclusion

Our studies highlight the critical role of ligand design and flexibility in modulating the SOD and catalase
activities of Zn, Ni, Mn, and Fe complexes. Acyclic ligands with redox-active hydroquinone
functionalities and greater conformational flexibility facilitate efficient SOD activity via inner-sphere
electron transfer through semiquinone intermediates, independent of metal redox properties.
Notably, Ni(Hsqp2) exhibits exceptional oxidative stability, achieving SOD activity only one order of

magnitude lower than native enzymes.

In contrast, the rigid macrocyclic ligand restricts the conformational adaptability needed for the SOD
catalytic cycle but enables outstanding catalase activity, placing these complexes among the most
potent small-molecule catalase mimetics. The Mn and Fe complexes operate through high-valent oxo

species, whereas the Zn analogue follows a ligand-centered redox mechanism for H,0, decomposition.

These findings provide a blueprint for the rational design of next-generation biomimetic antioxidants,
emphasizing the crucial role of ligand flexibility in enabling and fine-tuning redox cycling of metal
complexes. They also inspire further exploration of metal center interactions with diverse redox-active
organic motifs from biological systems, paving the way for the development of potent bioinspired

antioxidants.
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2.2.4 Advancing High-Pressure Stopped-Flow Techniques for Mechanistic
Investigations

Cuvette

[ )

Figure 37: Picture of syringe components for high-pressure stopped-flow systems. Two-syringe-mixing
system and the new developed three-syringe-mixing system are shown in the left picture. On
the right: a schematic construction plan of the operating principle of the three-syringe-mixing

system with S1 and S2 undergoing a pre-mixing.

Building on the principles of stopped-flow instrumentation, significant advancements have been made
over time to enable experiments at lower temperatures. This innovation has been important for
detecting labile reaction intermediates, thereby providing deeper insights into reaction mechanisms
and elucidating reaction pathways. The findings presented in this thesis further highlight the
importance of low-temperature kinetic studies, particularly in the context of SOD catalytic

mechanisms, reinforcing their relevance in the broader field of reaction kinetics and catalysis.

To achieve an even deeper mechanistic understanding of catalytic processes, applying high-pressure
conditions while measuring kinetic rate constants is a powerful yet underutilized approach. Despite its
potential to reveal crucial mechanistic details, the application of high-pressure stopped-flow
techniques remains rare in the literature. Until now, scientific studies employing this method have
been limited to two-syringe-mixing systems (Figure 37, left), which allow for the combination of only

two solutions during kinetic investigations.?82%

To overcome this limitation, this work presents the development of an innovative three-syringe-mixing

high-pressure stopped-flow system, designed to enable the mixing of three solutions while maintaining

the same experimental parameters as previous setups. The schematic overview (Figure 37, right)

illustrates the novel design, where solutions flow within a closed system, with S4 collecting waste after

data acquisition. A key innovation of this setup is its ability to premix solutions in S2 and S3, effectively

mimicking the functionality of a delay line found in commercial stopped-flow instruments. This feature
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allows the controlled premixing of two reactants with a defined delay before introducing a third

compound, significantly enhancing the flexibility of kinetic studies.

This advancement enables, for example, the rapid formation of a high-valent iron-oxo species by
combining a precursor iron complex with an oxidizing agent. The active species can then be mixed with
a substrate molecule under high-pressure conditions to determine the catalytic substrate
transformation rate at variable pressures. The efficient operation of this construct and its capability to
deliver unique results have been demonstrated in preliminary experiments, where the kinetics of
hydrogen atom abstraction (HAA) from xanthene by Fe(V)-oxo species, generated in situ by premixing
[Fe(bTAML)] with m-CPBA, were studied at variable pressure (see 5. Supporting Information). This
investigation resulted in the determination of the volume of activation for HAA, a crucial kinetic
parameter for distinguishing between HAA and concerted proton-coupled electron transfer (PCET),
which had remained unexplored in the literature due to experimental inaccessibility. These findings
underscore the significance of this methodological advancement. Furthermore, this setup allows not
only pressure-variable kinetic measurements but also real-time spectroscopic monitoring of reaction
progress, providing a more detailed characterization of evolving intermediates throughout the

reaction course.

In conclusion, this novel high-pressure stopped-flow system represents the first in the literature to
facilitate the mixing of three different solutions under simultaneous low-temperature and high-
pressure conditions, combined with rapid-scan detection. By overcoming previous technical
constraints, this innovation significantly broadens the scope of kinetic investigations, particularly in
catalytic processes where short-lived reactive species must be generated in situ from pre-catalysts.
This methodological breakthrough is expected to open new research avenues in deciphering complex

(bio)inorganic reaction mechanisms and advancing the field of reaction kinetics and catalysis.
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3 Zusammenfassung
3.1 Ziel der Arbeit

Die Unterdriickung gesundheitsschiadlicher Effekte, die durch die Uberproduktion reaktiver
Sauerstoffspezies (ROS) hervorgerufen werden, ist ein entscheidender Faktor bei der Préavention und
Behandlung verschiedener neurodegenerativer und kardiovaskuldrer Erkrankungen. Diese Arbeit
konzentriert sich auf das Design, die Synthese und die Charakterisierung bioaktiver
Ubergangsmetallkomplexe mit antioxidativen Eigenschaften, insbesondere auf Superoxid-Dismutase-
Mimetika (SODm). Uber die in der Literatur weit verbreiteten konventionellen Ligandensysteme hinaus
wurden neuartige redoxaktive organische Funktionalitdten untersucht, die von biologischen Systemen
inspiriert sind, insbesondere Hydrochinone. Dieser Ansatz fiihrte nicht nur zur Einfiihrung azyklischer
und makrocyclischer Liganden, sondern ermoglichte auch eine strategische Erhohung der Anzahl
redoxaktiver Gruppen durch die Integration einer zweiten Hydrochinon-Einheit. Darliber hinaus wurde
das Potenzial verschiedener Metallzentren, darunter Mn, Fe, Zn und Ni, untersucht, die auch in
natlirlichen SOD-Enzymen vorkommen. Ziel war es, eine synergetische antioxidative Aktivitat in

Kombination mit diesen redoxaktiven Liganden zu erzielen.

Ein zentrales Ziel dieser Arbeit bestand darin, die mechanistischen Feinheiten dieser SOD-Mimetika
aufzuklaren und zu untersuchen, ob sich das Zusammenspiel zwischen Ligand und Metallzentrum
gezielt optimieren lasst, um die katalytische Effizienz zu maximieren, wahrend gleichzeitig die Stabilitat
des Komplexes unter katalytischen Bedingungen gewadhrleistet bleibt. Eine der groRten
Herausforderungen bei der Entwicklung effizienter SOD-Mimetika liegt in der Aufklarung
mechanistischer Details, insbesondere durch die Charakterisierung von Reaktionsintermediaten
entlang des katalytischen Zyklus. Da der katalytische Prozess mit auRergewdhnlich hohen
Geschwindigkeitskonstanten ablduft, die 108 M™s™ Ubersteigen, sind herkémmliche indirekte
Methoden nicht in der Lage, zuverlassige kinetische Daten zu liefern. Daher bestand ein zentraler Fokus
dieser Studie in der Anwendung einer direkten Stopped-Flow-Technik, um katalytische
Geschwindigkeitskonstanten der Superoxiddismutation prazise zu bestimmen und damit zuverlassige

Werte fur die SOD-Aktivitat zu erhalten.

Durch die Kombination von (Kryo)-Stopped-Flow-Spektroskopie mit Kryo-Spray-Massenspektrometrie
wurde zudem angestrebt, transiente katalytische Intermediate zu identifizieren und eine umfassende

mechanistische Beschreibung dieser Systeme zu erstellen.

Diese Arbeit liefert nicht nur grundlegende Einblicke in die Rolle von Metall-Ligand-Wechselwirkungen
bei der Steuerung der Redoxaktivitit, sondern zeigt auch das Potenzial einer neuen Klasse
biomimetischer Antioxidantien, die auf redoxaktiven Ligandensystemen basieren. Der einzigartige
methodische Ansatz hat neuartige mechanistische Erkenntnisse hervorgebracht und eréffnet neue

Perspektiven fur zukilnftige Untersuchungen mit weiteren biologisch inspirierten redoxaktiven
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organischen Einheiten. Letztlich tragen diese Ergebnisse zur gezielten Entwicklung néachster
Generationen von SOD-Mimetika mit optimierter katalytischer Leistung, Stabilitdit und

therapeutischem Potenzial bei.

Ein weiteres zentrales Ziel dieser Arbeit war die Weiterentwicklung kinetischer Untersuchungen
bioanorganischer Reaktionsmechanismen durch die Entwicklung eines Hochdruck-Stopped-Flow-
Systems, das nicht nur bei niedrigen Temperaturen betrieben werden kann, sondern auch das Mischen
dreier Losungen unter Hochdruckbedingungen ermdoglicht, anstelle der konventionellen Zwei-Spritzen-
Techniken. In Kombination mit einer zeitaufgelosten UV/Vis-Detektion konnte dieses System eine
detailliertere Untersuchung komplexer Reaktionen ermoglichen, indem Aktivierungsvolumina als
entscheidender kinetischer Parameter zur Charakterisierung von Ubergangszustinden bestimmt

wurden, was wiederum tiefere Einblicke in die Reaktionsmechanismen lieferte.

3.2 Zusammenfassung der Ergebnisse

Umfassende kinetische und mechanistische Untersuchungen wurden an Zn-, Ni-, Mn- und Fe-
Komplexen durchgefiihrt, die entweder azyklische oder makrocyclische redoxaktive Liganden mit einer
oder zwei Hydrochinon-Gruppen enthalten. Die resultierenden SOD-Aktivitaten sind in TabelleTable 4
zusammengefasst. Unsere Untersuchungen identifizierten entscheidende Faktoren, die die
katalytische Leistung dieser Komplexe beeinflussen, und lieferten wertvolle experimentelle
Erkenntnisse fiir das gezielte Design von SOD-Mimetika auf Basis redox-noninnocenter

Ligandensysteme.

In Publikation 1 dieser Arbeit wurden die Synthese sowie die Tieftemperatur und zeitaufgeloste
Stopped-Flow-UV/Vis-Analyse und kryo Massenspektrometrie (MS) des neuartigen Zn(Hiqp2)-
Komplexes (Abbildung 33) untersucht, welcher auf dem azyklischen Higp2-Liganden mit zwei
Hydrochinon-Einheiten basiert. Die zweite Generation dieses Komplexes, welches das redox-inerte
Zink(ll) enthélt, zeigte im Vergleich zum Zn-Komplex mit nur einer Hydrochinon-Einheit, Zn(H,qp1)
(Abbildungen 33 und 34), eine signifikant h6here SOD-Aktivitdt (Tabelle 4). Im Gegensatz dazu wies
der makrocyclische Komplex Zn(Hsgp4) (Abbildung 36) , trotz zweier Hydrochinon-Gruppen, keinerlei
SOD-Aktivitat auf (Tabelle 4). Die katalytische Aktivitdt von Zn(Hasqp2) in der Superoxiddismutation
sowie die Aktivitat aller untersuchten Komplexe wurden durch direkte Stopped-Flow-Messungen

nachgewiesen.

Bemerkenswert ist, dass Zn(H4qp2) eine Gberlegene SOD-Mimetik im Vergleich zu seinem Mn(Haqp2)-
Analog darstellt, obwohl das Zinkzentrum redox-inert ist. Zudem bleibt die Aktivitat selbst in
Phosphatpuffer hoch, wahrend dies fir Mangan-Komplexe nich zutrifft, was physiologisch duRerst

relevant ist.
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Die Abhangigkeit des katalytischen Zyklus von dem redoxaktiven Ligandensystem wurde durch kryo
Massenspektrometrie und Tieftemperatur Stopped-Flow Experimente bestatigt, die mechanistische
Einblicke lieferten. Der Nachweis eines Semichinon-Radikals (SQ) wahrend der Superoxiddismutation
unterstltzt maRgeblich die Beteiligung des Liganden am SOD-Katalysezyklus. Der vorgeschlagene
Mechanismus (Abbildung 33) legt nahe, dass eine der Hydrochinon-Einheiten einem Redox-Zyklus
unterliegt, wahrend die andere zur Stabilitdt des Komplexes beitragt und die Koordination sichert.
Durch Protonierung/Deprotonierung sowie korrespondierende Dechelatisierungs-/Chelatisierungs-
Gleichgewichte reguliert der Ligand die Anzahl der zugdnglichen Koordinationsstellen, bleibt jedoch
wahrend des gesamten katalytischen Zyklus ein effektiver Chelator, was letztlich eine effiziente SOD-

Aktivitat ermoglicht.

In Publikation 2 wurden weitergehende mechanistische Einblicke in die SOD-Katalyse von Zn(Hqgp1)
durch computergestiitzte Analysen gewonnen. Unsere Ergebnisse zeigen, dass die SOD-Aktivitdt von
Zn(Hgp1) stark von seiner Fahigkeit abhangt, Gber einen “inner-sphere-Mechanismus” zu arbeiten, der
eine effiziente Superoxid-Bindung an das Metallzentrum erfordert. Damit dieser Mechanismus
funktioniert, muss die Geometrie der Koordinationssphare, beeinflusst durch die Chelatfahigkeit,
konformationelle Flexibilitdt und sterische Eigenschaften des Liganden es ermoglichen, dass Superoxid
cis zur koordinierten Chinolat-Einheit bindet, nachdem eine Pyridin-Dissoziation erfolgt ist (Abbildung

Figure 34).

Berechnung mithilfe der Dichtefunktionaltheorie (DFT) prognostizierten, dass das Design eines
Ligandensystems, das den meridionalen (mer) Konformer begiinstigt (linke Molekilstruktur in
Abbildung 34), eine cis-Bindung des Superoxid-Anions erleichtert und somit dessen Affinitat steigert.
Diese Erkenntnis unterstreicht die entscheidende Rolle der strukturellen und chelatisierenden
Eigenschaften des Liganden fiir die SOD-Aktivitat, im Einklang mit unseren Beobachtungen fir
Zn(Hiqp2). Eine weitere zentrale Eigenschaft des Ligandensystems ist die zweite, nicht
metallgebundene -OH-Gruppe der Hydrochinon-Einheit, deren Deprotonierung das Redoxpotenzial
senkt und somit ihre Oxidation durch koordiniertes Superoxid erleichtert. Dies wurde experimentell
bestatigt: Ein analoger Komplex, in dem die Chinol-Einheit durch eine Phenol-Gruppe (ohne die

zweite -OH-Funktion) ersetzt wurde, erwies sich als SOD-inaktiv.

Diese Untersuchung hebt die Bedeutung eines Ligandendesigns hervor, bei dem sowohl die sterische
Kontrolle der Koordinationssphére als auch die einstellbaren Redox-Eigenschaften die katalytische

Effizienz von Zn-basierten SOD-Mimetika bestimmen.

In Publikation 3 wurde das Potenzial von Nickel(ll) als bislang wenig untersuchtes Metallzentrum fir
SOD-Mimetika in Kombination mit den H,gqp1- und Haqp2-Liganden untersucht. Unsere Studie zeigte,
dass sowohl Ni(H2qp1) als auch Ni(Hagp2) (Abbildung 35) als leistungsstarke SOD-Mimetika fungieren,
wobei Ni(Higp2) der effizienteste Katalysator der Serie ist und alle entsprechenden

Ubergangsmetallkomplexe mit denselben Ligandensystemen iibertrifft (Tabelle 4).
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Wie bei den Zink-Analogen bestatigte die kryo-spray-Massenspektrometrie die Beteiligung eines
Semichinon-Radikals, wodurch die zentrale Rolle des ligandbasierten Redox-Zyklus in der Katalyse
untermauert wurde. Die Untersuchungen zeigten, dass der katalytische Zyklus ausschlieRlich auf
Ligand-Redox-Transformationen basiert, wahrend Ni(ll), trotz seiner potenziellen Redox-Aktivitat,

analog zu Zn(ll) als Superoxid-Bindungszentrum fungiert.

Eine Schlisselfunktion von Ni(Hsqp2) ist seine hohe oxidative Stabilitdt gegeniiber Superoxid, was eine
groRere Komplexstabilitdt unter operando-katalytischen Bedingungen gewahrleistet. Diese Stabilitat

tragt maRgeblich zu seiner Uberlegenen SOD-Aktivitat bei.

In Publikation 4 wurden die kombinierten Katalase- und SOD-mimetischen Eigenschaften von Mn-, Zn-
und Fe-Komplexen mit dem makrocyclischen, redoxaktiven Hsqp4-Liganden untersucht (Abbildung
36). Wahrend alle drei Komplexe eine herausragende Katalase-Aktivitat zeigten, erwies sich nur der
Mn-Komplex als dual-aktiv. Dennoch war seine katalytische Konstante fiir Superoxiddismutation
mindestens eine GroRenordnung niedriger als die der entsprechenden azyklischen Ligandenkomplexe
Mn(H2gpl) und Mn(Haqp2) (Tabelle 4), was auf eine limitierende sterische Hinderung des

makrocyclischen Liganden zuriickzufihren ist.

3.3 Fazit

Unsere Studien unterstreichen die entscheidende Rolle des Ligandendesigns und der Flexibilitdt bei
der Modulation der SOD- und Katalase-Aktivitaten von Zn-, Ni-, Mn- und Fe-Komplexen. Azyklische
Liganden mit redoxaktiven Hydrochinon-Funktionalitaiten und hoher konformationeller Flexibilitat
ermoglichen eine effiziente SOD-Aktivitdt durch inner-sphere-Elektronentransfer Gber Semichinon-
Intermediate, unabhangig von den Redoxeigenschaften des Metallzentrums. Bemerkenswerterweise
weist Ni(Hsqp2) eine aulRergewdhnliche oxidative Stabilitdt auf und erreicht eine SOD-Aktivitat, die

lediglich eine GroRenordnung niedriger als die nativer Enzyme liegt.

Im Gegensatz dazu beschrankt der sterisch gehinderte, makrocyclische Ligand die notwendige
Anpassungsfahigkeit fir den SOD-Katalysezyklus, ermoglicht jedoch eine hervorragende Katalase-
Aktivitat. Dadurch zahlen diese Komplexe zu den leistungsstarksten niedermolekularen Katalase-
Mimetika. Wahrend die Mn- und Fe-Komplexe Gber hochvalente Oxo-Spezies agieren, folgt das Zn-

Analogon einem ligandenzentrierten Redoxmechanismus fir die H,0,-Zersetzung.

Diese Erkenntnisse liefern eine strategische Grundlage fir das Design der nachsten Generation
biomimetischer Antioxidantien und betonen die zentrale Bedeutung der Ligandenflexibilitat, um das
Redox-Cycling von Metallkomplexen zu erméglichen und gezielt zu steuern. Darliber hinaus regen sie
zur weiteren Erforschung von Wechselwirkungen zwischen Metallzentren und vielfiltigen
redoxaktiven organischen Motiven biologischer Systeme an und ebnen damit den Weg fiir die

Entwicklung leistungsstarker bioinspirierter Antioxidantien.
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3.4 Weiterentwicklungen der Hochdruck-Stopped-Flow Technik fiir
mechanistische Untersuchungen

Aufbauend auf den Prinzipien der Stopped-Flow-Technik wurden im Laufe der Zeit erhebliche
Fortschritte erzielt, die Experimente bei sehr niedrigen Temperaturen erméglichen. Diese Innovation
ist von besonderer Bedeutung fiir die Detektion labiler Reaktionsintermediate, wodurch tiefere
Einblicke in Reaktionsmechanismen gewonnen und Reaktionswege aufgeklart werden kdnnen. Die in
dieser Arbeit vorgestellten Ergebnisse unterstreichen die Relevanz tieftemperaturgestiitzter
kinetischer Studien, insbesondere im Kontext von SOD-Katalysemechanismen, und verdeutlichen ihre

Bedeutung fiir das breitere Forschungsfeld der Reaktionskinetik und Katalyse.

Um ein noch detaillierteres mechanistisches Verstandnis katalytischer Prozesse zu gewinnen, stellt die
Anwendung von Hochdruckbedingungen bei der Messung kinetischer Geschwindigkeitskonstanten
eine leistungsstarke, jedoch bisher selten genutzte Methode dar. Trotz ihres Potenzials, entscheidende
mechanistische Erkenntnisse zu liefern, bleibt der Einsatz von Hochdruck-Stopped-Flow-Techniken in
der wissenschaftlichen Literatur bislang eine Seltenheit. Bisherige Studien, die diese Methode nutzen,
waren auf Zwei-Spritzen-Mischsysteme beschrankt (Abbildung 37, links), die lediglich die Kombination

zweier Losungen wihrend kinetischer Untersuchungen ermoglichen,238-241

Um diese Einschrankung zu Gberwinden, wird in dieser Arbeit die Entwicklung eines innovativen Drei-
Spritzen-Hochdruck-Stopped-Flow-Systems vorgestellt, das die Mischung dreier Lésungen erlaubt,
wahrend die experimentellen Parameter der bisherigen Systeme erhalten bleiben. Die schematische
Darstellung (Abbildung 37, rechts) veranschaulicht das neuartige Design, bei dem die Losungen in
einem geschlossenen System flieBen und S4 das Abfallprodukt nach der Datenerfassung sammelt. Eine
Schliisselinnovation dieses Aufbaus ist die Moéglichkeit, die Lésungen in S2 und S3 vorzumischen,
wodurch die Funktion einer ,delay line” (Verzégerung) nachgeahmt wird, wie sie in kommerziellen
Stopped-Flow-Instrumenten eingesetzt wird. Dies erlaubt eine kontrollierte Vormischung zweier
Reaktanden mit einer definierten Verzogerung, bevor eine dritte Verbindung hinzugefiigt wird, was

die Flexibilitat kinetischer Studien erheblich erweitert.

Diese Weiterentwicklung ermdglicht es beispielsweise, eine hochvalente Eisen-Oxo-Spezies schnell zu
erzeugen, indem eine Vorstufe des jeweiligen Eisen-oxo-Komplex mit einem Oxidationsmittel
kombiniert wird. Die gebildete aktive Spezies kann anschliefend unter Hochdruckbedingungen mit
einem Substratmolekil umgesetzt werden, um die katalytische Umwandlungsrate unter variablen
Druckbedingungen zu bestimmen. Die Effizienz dieses Systems sowie seine Fahigkeit, neue
experimentelle Erkenntnisse zu liefern, wurden in ersten Untersuchungen nachgewiesen. Dabei wurde
die Kinetik der Wasserstoff-Transfer-Reaktion (HAA) von Xanthen durch eine Fe(V)-Oxo-Spezies, die in
situ durch Vormischen von [Fe(bTAML)] mit m-CPBA erzeugt wurde, unter variablen
Druckbedingungen untersucht (siehe 5. Supporting Information). Diese Studie flhrte zur Bestimmung

des Aktivierungsvolumens fiir HAA, eines entscheidenden kinetischen Parameters zur Unterscheidung
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zwischen HAA-Mechanismen und konzertierten protonengekoppelten Elektronentransfer-Reaktionen
(PCET). Da diese Messungen aufgrund experimenteller Einschrankungen bislang nicht zugdnglich
waren, stellt dieses Ergebnis einen bedeutenden Fortschritt dar. Darlber hinaus ermoglicht das
entwickelte System nicht nur druckvariable kinetische Messungen, sondern auch spektroskopische
Uberwachung des Reaktionsverlaufs in Echtzeit. Dies erlaubt eine detailliertere Charakterisierung der

entstehenden Intermediate wahrend der gesamten Reaktion.

Zusammenfassend stellt dieses neuartige Hochdruck-Stopped-Flow-System das erste in der Literatur
dokumentierte System dar, das die Mischung dreier unterschiedlicher Losungen unter gleichzeitigen
Niedrigtemperatur- und Hochdruckbedingungen ermoglicht und mit schneller spektraler Detektion
kombiniert ist. Durch die Uberwindung vorheriger technischer Einschrinkungen erweitert diese
Innovation das Spektrum kinetischer Untersuchungen erheblich, insbesondere bei katalytischen
Prozessen, in denen kurzlebige reaktive Spezies in situ aus Vorstufen erzeugt werden mussen. Dieser
methodische Durchbruch eroffnet neue Forschungsansdtze zur Aufklarung komplexer
(bio)anorganischer Reaktionsmechanismen und tragt zur Weiterentwicklung der Reaktionskinetik und

Katalyse bei.
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Summary: In this publication the use of a redox-active organic ligand that becomes activated by
coordinating a redox innocent metal center was demonstrated in a collaboration between Goldsmith
and lvanovi¢-Burmazovi¢ groups. The synthesis of the acyclic hexadentate Hsqp2 and pentadentate
H.qp3 ligands and following the metal incorporation was performed by Jamonica L. Moore, resulting
in a novel second-generation SOD active Zn(ll) complex. With two quinol arms in its ligand framework,
Zn(Hagp2) has been shown to efficiently catalyze superoxide dismutation, whereas the closely related
Zn(Hsgp2), which contains only one quinol group and one fewer donor atom than Hsqp2, exhibited no
activity toward the superoxide anion radical. Further experimental studies monitoring reaction of
superoxide with the complex via cryo spray mass spectrometry and low-temperature stopped-flow to
resolve the catalytic mechanism indicate the presence of a semiquinone radical. The characterized
intermediates are integrated into the postulated mechanism, highlighting the crucial role of the redox-

active ligand system and its coordination dynamics in enable superoxide dismutation.

Contribution: Kinetic studies were performed by JO using stopped-flow technique to observe time-
resolved decay of the superoxide anion radical in presence of the Zn(Hsgp2) complex. The resulting keat
values, along with data from cryo-spray mass spectrometry and low-temperature stopped-flow
experiments, were analyzed, interpreted, and integrated into the proposed overall mechanism by JO,
under the mentorship of IIB. The observed involvement of a semiquinone radical species strongly
supported a metal centered redox mechanism that together with coordination variability of the Haqp:
ligand explains the catalytic performance of [Zn(Hiqp2)](OTf),. JO shares first authorship with Jamonica

L. Moore on this publication.
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ABSTRACT: In the current work, we demonstrate ligand design
concepts that significantly improve the superoxide dismutase (SOD)
activity of a zinc complex; the catalysis is enhanced when two quinol
groups are present in the polydentate ligand. We investigate the
mechanism through which the quinols influence the catalysis and
determine the impact of entirely removing a chelating group from the
original hexadentate ligand. Our results suggest that SOD mimicry
with these compounds requires a ligand that coordinates Zn(II)
strongly in both its oxidized and reduced forms and that the activity
proceeds through Zn(II)-semiquinone complexes. The complex with
two quinols displays greatly enhanced catalytic ability, with the
activity improving by as much as 450% over a related complex with a
single quinol. In the reduced form of the diquinol complex, one

OH il

Second quinol weakly coordinates to Zn(ll), improving
catalysis by facilitating superoxide access to metal center

HO

quinol appears to coordinate to the zinc much more weakly than the other. We believe that superoxide can more readily displace this
portion of the ligand, facilitating its coordination to the metal center and thereby hastening the SOD reactivity. Despite the presence
of two redox-active groups that may communicate through intramolecular hydrogen bonding and redox tautomerism, only one
quinol undergoes two-electron oxidation to a para-quinone during the catalysis. After the formation of the para-quinone, the
remaining quinol deprotonates and binds tightly to the metal, ensuring that the complex remains intact in its oxidized state, thereby
maintaining its catalytic ability. The Zn(II) complex with the diquinol ligand is highly unusual for a SOD mimic in that it performs

more efficiently in phosphate solution.

B INTRODUCTION

The over-production of reactive oxygen species (ROS), such as
superoxide (O, ) and hydrogen peroxide (H,0,), has been
associated with a wide array of health conditions.'~” Although
the exact contributions of ROS to these disorders remain
unresolved, the development of antioxidants capable of
correcting aberrant oxidative activity within the body would
greatly benefit modern medicine.” One attractive antioxidant
design strategy is to synthesize small molecules that resemble
the enzymes that the body itself uses to regulate ROS
concentrations. A small dose of such an antioxidant would
alleviate oxidative stress by catalytically degrading one or more
sorts of ROS. Investigated antioxidants include functional
mimics of superoxide dismutases (SODs), which are
manganese-, iron-, nickel-, or copper-containing enzymes that
catalyze the degradation of O, to O, and H,0, (eq 1).””"" In
these enzymes, the metal cycles between two oxidation states,
with the oxidized form oxidizing O, to O, and the reduced
partner reducing O, to H,0,. The copper-containing SODs
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usually, but not always,” contain a Zn(II) ion in the active site.
The role of the Zn(II) appears to be to stabilize the enzyme
and facilitate release of the H,O, product, but some catalysis is
retained if the zinc is removed.”*’

20, +2H* - 0, + H,0, (1)

Our laboratory has recently found that three Mn(II)-
containing magnetic resonance imaging contrast agent sensors
for H,0, can also serve as catalysts for O,~ degradation.zx_b
The organic ligands of two of these probes contain quinol
(hydroquinone, HQ) groups, which reversibly oxidize to para-
quinones upon reaction with excess O, or H,0, (Scheme
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1).2%%%25 These catalysts differ from other SOD mimics in that
the organic ligand can potentially serve as a redox partner for

Scheme 1
OH OH
0, H' H0, 0, H' Hy,0,
o/ N A
N\ N\
0, 0, H 0, 0, H
H

the oxidation and reduction of O, ; normally, the transition
metal is the sole oxidant and reductant. Although metal-free N-
(2,5-dihydroxybenzyl)-N,N’,N’-tris(2-pyridinylmethyl)-1,2-
ethanediamine (H,qp1, Scheme 2) cannot catalyze superoxide
degradation by itself, [Zn(H,qpl)(OTf)]* (1) is a viable
catalyst, with activity comparable to those of manganese-
containing SOD mimics.”® The activity is further notable
because it is amplified in phosphate buffer; phosphate anions
competitively inhibit most manganese-containing SOD
mimics.”**”*" Because Zn(1I) cannot readily change oxidation
states, the H,qp1 ligand was proposed to be the relevant redox
partner for O,” and cycle through three different forms,
containing either a quinol (HQ), a quinoxyl radical (semi-
quinone, SQ), or a para-quinone (Scheme 1). The catalytic
activity of this compound demonstrates that the dual roles of
the transition metal ion in traditional SOD mimicry—
electrostatically attracting O, and transferring electrons to
or from the substrate—can instead be fulfilled by a complex
consisting of a redox-inactive metal ion and a redox-active
ligand.

There are many benefits to such an approach. First, it allows
innocuous metal ions to be used in the place of more toxic
redox-active transition metals, such as iron and manganese.
Second, Zn(1I) complexes tend to be more stable than their
Mn(lI) and Fe(lI) analogues,””*’ which should prolong
catalysis. Due to these first two factors, the study of
manganese-containing SOD mimics has been heavily centered
around complexes with macrocyclic ligands, which can be
difficult to synthesize and modify. Even with these measures,
these compounds tend to have limited stability in aqueous
solutions.” ™ A third, and unanticipated, benefit is the
aforementioned enhanced activity of 1 in phosphate solution.
This is a significant advantage because mammalian cells
contain high levels of phosphate.****

The development of additional complexes is essential to
determine how the molecular structure can impact function,
for even subtle changes to the ligand may substantially alter the
activity. The H,qpl ligand is hexadentate and is capable of
fully coordinating the Zn(II) by itself.”® Previously obtained

mass spectrometry data suggest that 1 reacts with O, through
an inner-sphere mechanism. Replacing H,qpl with a
pentadentate ligand or replacing one of the nitrogen atoms
with a weaker oxygen atom donor could potentially improve
the activity by introducing a more accessible site for superoxide
coordination. The structural and potentiometric pH titration
data that we have previously obtained for Mn(II) and Zn(1I)
complexes suggest that quinols are poor ligands but that
deprotonation to the q}uinolate form markedly improves their
metal-binding affinity.”** The installation of a second redox-
active quinol into the ligand may improve the activity either by
better ensuring that a quinol remains bound to the Zn(II) at all
times or by providing a donor atom that is easier to displace if
one of the quinols remains protonated. Furthermore, the
additional quinol may serve to protect the catalyst from
inadvertent oxidation and deactivation by ROS by providing a
sacrificial reductant; 1 was found to degrade when the
concentration of H,O, became too high.” In order to develop
structure—function relationships for this new class of SOD
mimic, we have therefore prepared Zn(II) complexes with
N,N'-(2,5-dihydroxybenzyl)-N,N’-bis(2-pyridinylmethyl)-1,2-
ethanediamine (H,qp2) and N-(2,5-dihydroxybenzyl)-N,N'-
bis(2-pyridinylmethyl)-1,2-ethanediamine (H,qp3, Scheme 2).
The former ligand was previously used in a redox-responsive
MRI contrast agent, whereas the potentially pentadentate
H,qp3 was the immediate precursor in its synthesis.””

The complex with two quinols, [Zn(H,qp2)]** (2), is more
active than 1 and likewise performs better as a catalyst in
phosphate buffer, whereas [Zn(H,qp3)(H,0)]** (3) does not
noticeably hasten O, degradation beyond the uncatalyzed
reaction. Simply mixing zinc salts and quinols together is
therefore not sufficient to achieve SOD mimicry. The relative
activities of the three Zn(II)-quinol complexes can be
rationalized by the speciation of the complexes in water and
the observed end-products of oxidation by O,~. Complex 2
also differs from 1 in that it can react with O,; this represents a
rare instance of a redox-inactive metal activating dioxygen.}6

B EXPERIMENTAL SECTION

Materials. All chemicals and solvents were purchased from Sigma-
Aldrich and used as received unless otherwise noted. 2,2-Diphenyl-1-
picryl-hydrazyl hydrate (DPPH) was supplied by EMD Millipore. All
deuterated solvents were bought from Cambridge Isotopes. Diethyl
ether (ether) and methanol (MeOH) were bought from Fisher.
Methylene chloride (CH,Cl,) was purchased from Mallinckrodt
Baker. N,N’-Bis(2,5-dihydroxybenzyl)-N,N’-bis(2-pyridinylmethyl)-
1,2-ethanediamine (H,qp2) and N-(2,5-dihydroxybenzyl)-N,N'-
bis(2-pyridinylmethyl)-1,2-ethanediamine (H,qp3) were previously
prepared.”

Instrumentation. All 'H and '>C NMR spectra were recorded on
a 400 MHz or 600 mHz AV Bruker NMR spectrometer. In each
spectrum, the reported NMR resonance peak frequencies were

Scheme 2
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referenced to internal standards, such as solvent resonances. A Bruker
EMX-6/1 X-band electron paramagnetic resonance (EPR) spectrom-
eter operated in the perpendicular mode was used to collect EPR data,
which were subsequently analyzed with the program EasySpin. All
EPR samples were run as frozen solutions in quartz tubes. Optical
data were collected on a Varian Cary 50 spectrophotometer and
analyzed using software from the WinUV Analysis Suite. High-
resolution mass spectrometry data were obtained at the Mass
Spectrometer Center at Auburn University on a Bruker microflex
LT MALDI-TOF mass spectrometer via direct probe analysis
operated in the positive ion mode. Infrared spectroscopy (IR) data
were obtained with a Shimadzu IR Prestige-21 FT-IR spectropho-
tometer. Cyclic voltammetry (CV) was performed under N, at 294 K
using an Epsilon electrochemistry workstation (Bioanalytical System,
Inc.), a gold working electrode, a platinum wire auxiliary electrode,
and a silver/silver (I) chloride reference electrode. All elemental
analyses (C, H, and N) were performed by Atlantic Microlabs
(Norcross, GA); crystalline samples were dried under vacuum and
placed under a N, atmosphere prior to shipment.

X-ray Crystallography. Structural data on single crystals were
collected using a Bruker D8 VENTURE k-geometry diffractometer
system equipped with an Incoatec 1S 3.0 microfocus sealed tube
(Mo Ka, A = 0.71073 A) and a multilayer mirror monochromator.
SMART (v 5.624) was used to determine the preliminary cell
constants and control data acquisition. The Bruker SAINT software
package was used to determine integrated intensities; the data were
corrected for absorption effects using the multi-scan method
(SADABS). The structure was solved and refined using the Bruker
SHELXTL software package. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included at idealized positions
0.95 A from their parent atoms prior to the final refinement. Further
details regarding the data acquisition and analysis are included in the
Supporting Information as well as Table 1.

Table 1. Selected Crystallographic Data for 2 and 3“

[ZH(HN{Z)](OTQZ [ZH(H:CIP?’) (H,0)](0T1),
parameter 2) (3)
formula C13gH3FgN,0,,5,Zn C,3H;FgN,O,5,Zn
MW 850.07 76297

crystal system triclinic monoclinic

space group PI P121/nl

a (A) 11.5601(4) 11.5256(4)

b (A) 11.9171(4) 12.4789(4)

¢ (A) 13.8096(5) 21.6728(7)

a(®) 100.936(2) 90

() 105.707(2) 90.4010(10)

7:(°) 105.978(2) 90

Vv (A%) 1687.37(10) 317.05(18)

VA 2 4

crystal color colorless colorless

T (K) 100(2) 110(2)

reflns collected 57,040 93,868

unique reflns 16,337 16,779

RI (F, T>206(I)) 00517 0.0454

wR2 (F?, all data) ~ 0.1375 0.1256

“R1 = ZIIF,| — IFJI/ZIF,; wR2 = [Zw(F,} — F2)*/Zw(F2)*]"2

Potentiometric Titrations. The speciation chemistry of the
Zn(II) complexes in water was assessed using a METROHM 765
Dosimat with a jacketed, airtight glass titration vessel. A Fisher
Scientific Accumet Research AR15 pH meter was used to determine
the pH of the sample solutions during the titrations. The electrode
was calibrated before each titration using commercially available
standard solutions buffered to pH 4.0, 7.0, and 10.0. All samples were
purged with argon prior to analysis and subsequently analyzed under
an argon atmosphere at 25 °C. All solution samples were prepared in

19985

63

solutions of 100 mM KCl in deionized Millipore water. The titrations
investigating metal—ligand speciation were run with solutions that
contained a 1:1 molar mixture of the ligand and Zn(OTY),.
Carbonate-free solutions of 0.10 M KOH and 0.10 M HCI were
prepared using argon-saturated deionized Millipore water. Initially, we
estimated pK, values through visual inspection of the data plotted in
KaleidaGraph v. 4.0. We subsequently attempted to analyze and fit the
data to speciation models using the Hyperquad2006 program.””

Analysis of the Antioxidant Properties of the Coordination
Complexes. We previously screened the abilities of other
coordination complexes to catalytically degrade superoxide using
the xanthine oxidase/hypoxanthine/lucigenin assay.””>**" The super-
oxide was generated in situ from a reaction between xanthine and
xanthine oxidase. A subsequent reaction between O, and lucigenin
provides a spectroscopic signal that can be used to quantify an
antioxidant’s ability to degrade O,”. The copper/zinc superoxide
dismutase isolated from bovine erythrocytes (0.001—100 U/mL,
Calbiochem) served as a positive control. Each assay was carried out
in a total volume of 1 mL containing 50 mM Tris (pH 8.0),
hypoxanthine (50 #M), xanthine oxidase (0.005 U/mL, Calbiochem),
and dark-adapted lucigenin (5 #M) in the presence of either the
studied Zn(II) complex (0.1 nM—10 #M) or its vehicle. Reactions
were carried out at room temperature and were initiated by the
addition of xanthine oxidase to the hypoxanthine-containing solution.
Luminescence was measured using a TD-20/20 (Turner Designs)
luminometer and expressed as relative light units (RLUs).
Luminescence was measured for four 10 s integrations after an initial
delay of 3 s. The four RLU values were averaged, and each
concentration was expressed as a percent of that produced in the
presence of vehicle. Duplicates of each data point were collected, and
the entire assay was performed three times.

We also assessed the antioxidant activities of the Zn(II) complexes
through the DPPH assay (DPPH = 2,2-diphenyl-1-picrylhydrazyl
radical hydrate).””™*' In this assay, potential antioxidants are tested
for their abilities to donate hydrogen atoms to the radical to generate
the corresponding hydrazine. Aqueous solutions of either 2, 3, or
ascorbic acid were added to a solution of 0.10 mM DPPH in MeOH,
such that the final reaction volume was 0.2 mL. Samples were
incubated in the dark for 30 min at room temperature before being
spectrophotometrically analyzed on a Molecular Devices Spectramax
Plus. The absorbance at 517 nm, the 4,,, of the hydrazine product,
was recorded. Experiments were performed in triplicate.

Determination of In Vitro SOD Activity via Stopped-Flow
Kinetics. The abilities of the Zn(II) complexes to catalytically
degrade superoxide were more thoroughly tested by a direct method
using stopped-flow techniques that have been more fully described in
prior work from one of our laboratories.”” Stopped-flow measure-
ments were performed on a Biologic SFM-400 four syringe stopped-
flow system using only the first three syringes and a Berger Ball mixer
to minimize mixing effects between aqueous buffered solutions and
DMSO solutions of KO,. A J&M TIDAS S MMS UV/VIS diode array
detector (integration time 0.5 ms, 180—720 nm wavelength) and an
Energetiq LDLS ENQ EQ-99-FC laser-driven light source were used.

Superoxide solutions were prepared by suspending 220—240 mg
KO, in 20 mL of dry DMSO. The suspension was stirred for at least
30 min under an inert atmosphere before the suspension was filtered
through a PTEE syringe filter (@ = 0.4S um) to give a saturated KO,
solution, which was transferred to the stopped flow setup. The
potential SOD mimics (SODm) were dissolved in aqueous solutions
buffered to either pH 7.4 or 8.1. The buffers were prepared from
Millipore water and either 4-morpholinepropanesulfonic acid
(MOPS) or sodium dihydrogen phosphate. The concentration of
the buffer was 60 mM, and the ionic strength was adjusted to 150 mM
for each solution through the addition of NaCl. All of the buffered
solutions were treated with Chelex 100 sodium exchange resin for at
least 24 h before use in order to remove adventitious metal ions. Stock
solutions containing 0.10 mM of each tested SODm were prepared in
each buffer; if necessary, the stock solution contained 10% DMSO to
ensure that the complexes dissolved fully. The stock solutions were
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Figure 1. Thermal ellipsoid plots of (A) [Zn(H,qp2)]** and (B) [Zn(H,qp3)(H,0)]*". Ellipsoids set at 50% probability. All hydrogen atoms,
triflate counteranions, and non-bound solvent molecules have been omitted for clarity.

diluted in buffer to give a series of SODm concentrations suitable for
the stopped-flow experiments.

Kinetic measurements were performed adding a large excess of
superoxide to the putative SOD mimetic: [O,~] = 100—200 uM,
[SODm] = 0.25-4.5 uM. The aqueous solution containing the
studied Zn(II) complex was mixed in a 9:1 ratio with the superoxide
solution in DMSO using a high-density mixer. In each experiment, the
concentration of superoxide exceeded that of the zinc-containing
catalyst by at least 10-fold to ensure catalytic conditions. The starting
concentrations of superoxide were determined before each measure-
ment from the absorbance at 250 nm—the characteristic 4,,,,, for the
superoxide band—and the documented molar extinction coefficient
for O, ™ at this wavelength (& =2257 M™' cm™ at pH 7.4 and 7.8 or &
= 2260 M™' ecm™ for pH 8.1)."” All kinetic data were fit with the
program Biokine 32 V4.80. Each k, value represents an average of at
least nine measurements. Each k., was determined from the slope of
k,p, versus [SODm]. All measurements were performed at 21 °C.

Cryospray-lonization Mass Spectrometry. Cryospray-ioniza-
tion mass spectrometry (CSI-MS) measurements were performed on
a UHR-TOF Bruker Daltonik maXis Plus, an ESI-quadrupole time-of-
flight (qToF) mass spectrometer capable of a resolution of at least
60.000 (FWHM), which was coupled to a Bruker Daltonik Cryospray
unit. The detector was run in the positive ion mode with a source
voltage of 3.5 kV and a flow rate of 240 uL/h. The temperatures of
the N, spray gas and the dry gas used for solvent removal were —40
and =35 °C for superoxide experiments and 0 and 0 °C for hydrogen
peroxide experiments, respectively. The mass spectrometer was
calibrated prior to each experiment via direct infusion of an Agilent
ESI-TOF low concentration tuning mixture, which provided a m/z
range of singly charged peaks up to 2700 Da in both ion modes. For
the reactions with 0,7, 1 X 10~ M solutions of each compound in
MeCN were cooled to —40 °C and mixed with excess solid KO,. For
the reactions with H,O,, 1 X 107> M solutions of each coordination
complex in MeCN were cooled to 0 °C and mixed with the given
amount of H,0,. Aliquots from the resultant mixtures were then
injected into the mass spectrometer. To ensure the survival of
metastable reaction species generated at low temperatures, the
injection syringe and the tubing of the mass spectrometer were
precooled with tempered solvent (0 °C or —40 °C, respectively).
After tempering, the reaction solutions were injected as quickly as
possible, with the recording of mass spectrometry data commencing
immediately afterward. Multiple samples were collected and analyzed
over time to determine whether the product distribution was changing
during the course of the reaction. Aliquots were also analyzed after the
reactions warmed to room temperature. The solvents were not
rigorously dried in order to ensure a source of protons. The measured
data were processed and analyzed with Bruker Data Analysis 5.2.

Syntheses. [N,N'-Bis(2,5-Dihydroxybenzyl)-N,N'-bis(2-pyridinyl-
methyl)-1,2-ethanediamine]jzinc (1l) Triflate {{Zn(H,qp2)](OTf),, 2}.
The H,qp2 ligand (213 mg, 0.434 mmol) and Zn(OTf), (159 mg,
0.434 mmol) were dissolved in 3 mL of acetonitrile (MeCN) under
N,. The solution was stirred for 16 h at 60 °C. After the solution was
cooled to room temperature (RT), ether was gradually added to
precipitate the product as a white powder (264 mg, 71%). CH,Cl,
was gradually added to a saturated solution of the product in MeOH
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to yield crystals suitable for single-crystal X-ray diffraction. "H NMR
(400 MHz, CD4CN, 293 K): 5 8.73 (d, ] = 5.4 Hz, 2H), 7.92—-8.03
(m, 3H), 7.54 (t, ] = 6.4 Hz, 2 H), 7.32—7.45 (m, SH), 439 (d, ] =
16.4 Hz, 2H), 4.09—-4.27 (m, 1H), 3.72—-3.91 (m, 6H), 3.43 (d, ] =
13.6 Hz, 2H), 3.22 (s, 1H), 2.75 (d, J = 10.9 Hz, 2H), 2.60 (d, J =
11.1 Hz, 2H). C NMR (100 MHz, CD,CN, 293 K): § 155.11,
150.56, 147.86, 147.83, 141.11, 132.30, 131.29, 12873, 12501,
124.94, 57.38, 52.87. Optical spectroscopy (MeCN, 293 K): 298 nm
(£=2400 M~' cm™"), 262 nm (¢ =2500 M~ em™"). IR (KBr, cm™):
3406 (m), 3144 (m), 1653 (w), 1612 (m), 1576 (w), 1508 (w), 1458
(w), 1400 (s), 1385 (s), 1252 (m), 1157 (m), 1101 (w), 1032 (s),
943 (w), 920 (w), 878 (w), 824 (m), 766 (s), 638 (s), 577 (m), 517
(s), 419 (m). MS (ESI): Caled for [Zn(H,qp2)]", $549.1481,
[Zn(H,qp2)(OTF)]", 699.1079; Found, 549.141S, 699.1237. Ele-
mental analysis: Caled for Cy,H;,N,F,0,,S,Zn-H,0: C, 41.51%; H,
3.72%; N, 6.45%. Found: 41.30%; H, 3.37%; N, 6.32%.

AqualN-(2,5-Dihydroxybenzyl)-N,N'-bis(2-pyridinylmethyl)-1,2-
ethanediaminejzinc (Il) Triflate {[Zn(H,qp3)(H,0)I(OTf), 3}. The
H,qp3 ligand (166 mg, 0.456 mmol) and Zn(OTf), (166 mg, 0.456
mmol) were dissolved in 3 mL of MeCN under N,. The solution was
stirred for 16 h at 60 °C. Ether was added to the solution as it cooled
to RT to deposit the product as a white crystalline powder (267 mg,
78% yield). Gradually adding ether to a saturated MeCN solution
resulted in crystals that were suitable for single-crystal X-ray
diffraction. 'H NMR (400 MHz, CD,CN, 293 K): & 8.84 (d, J =
4.8 Hz, 1H) 8.56 (d, ] = 4.4 Hz, 1H), 8.39—7.98 (m, 4 H), 7.64—7.35
(m, 6H), 4.54—4.48 (m, 2H), 428 (d, ] = 164 Hz, 2H), 3.73 (t, ] =
13.2 Hz, 2H), 3.54 (d, ] = 13.3 Hz, 2H), 3.08—3.04 (m, 2H), 2.95 (d,
J = 13.2 Hz, 1H). C NMR (100 MHz, CD;CN, 293 K): 5 154.86,
151.18, 147.31, 140.66, 124.42, 121.22, 79.42, 52.97. Optical
spectroscopy (MeCN): 295.9 nm (¢ = 908 M™' ecm™"), 262 nm (¢
=2094 M~' em™). IR (KBr, em™): 3507 (w), 3134 (m), 1686 (w),
1611 (w), 1508 (w), 1400 (s), 1385 (s), 1260 (m), 1179 (m), 1096
(w), 1032 (s) 876 (w), 860 (w), 820 (w) 800 (w), 766 (m), 727 (w),
646 (s), S81 (m), 521 (s), 415 (m). MS (ESI): Caled for
[Zn(Hgp3)]', 427.1113, [Zn(H,qp3)(OTf)]*, $77.0711; found,
427.1127, $77.0742. Elemental analysis (crystals): Caled for
C,3H, N FO;S,Zn-2H,0: C, 36.16%; H, 3.69%; N, 7.33%. Found:
C, 36.12%; H, 3.74%; N, 7.11%.

B RESULTS

Synthesis. In a prior publication from our laboratory, we
reported the synthesis of both the H,qp2 and H,qp3 ligands
and the chemistry of a Mn(II) complex with H,qp2.* The
triflic acid salt of the H,qp3 ligand, which was the immediate
precursor to H,qp2, was structurally characterized in that
report.

Zn(1I) complexes with the H,qp2 and H,qp3 ligands can be
prepared by dissolving a 1:1 mixture of the ligand and
Zn(OTf), in hot MeCN. Adding diethyl ether to these
solutions precipitates [Zn(H,qp2)](OTf), (2) and [Zn-
(H,qp3)(H,0)](OTf), (3) in high yields (>70%) and
purities. The compositions were established by both
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crystallography and elemental analysis. The only challenging
aspect about the syntheses is that Zn(OTf), is poorly soluble
in MeCN, necessitating both the elevated temperature (60 °C)
and the lengthy reaction time (16 h). The 1:1 stoichiometry
must be strictly observed because any excess Zn(OTf), will
also precipitate under the isolation conditions and contaminate
the desired products. As anticipated, the products are
diamagnetic and colorless. The 'H NMR spectra of crystalline
samples of both Zn(1I) complexes in CD,CN (Figures S1 and
SS) contain more features than anticipated from the crystal
structures, and each complex appears to exist as a mixture of
conformers and/or coordination isomers in solution. Similarly
complicated speciation in solution was also noted for
[Zn(Hagp1)(OTH](OTE) (1).*

Structural Characterization. The complexes can be
crystallized from either MeOH/CH,Cl, or MeCN/ether
solutions (Figure 1). The structures differ substantially from
the two Zn(IT) complexes crystallized from 1, [Zn(H,qp1)-
(MeCN)](OTY), and [Zn(H,qp1)(OTf)](OTf), in that the
quinols are bound directly to the metal center.”® Both of the
new structures feature a 2:1 ratio of triflates to Zn(II)-ligand
subunits, suggesting that all of the quinols remain protonated.
The C—O bonds range from 1.36 to 1.39 A, confirming both
that the quinols have not been inadvertently oxidized and that
each of the O—H groups remains protonated.””****

In the structure of 2, the H,gp2 ligand binds in a
hexadentate fashion, accounting for all six of the donor
atoms in the coordination sphere of the metal ion. Overall, the
Zn(1I) is chelated in a highly distorted octahedral geometry,
with the two quinols trans to each other and the two pyridines
approximately cis to each other. There are two significant
distortions from octahedral geometry. First, the bond angle
between the two pyridine N-donors, N(1)-Zn(1)-N(3), is
122°% the larger space between the pyridines makes the
structure somewhat resemble a pentagonal bipyramid with a
missing equatorial vertex. The quinols shift slightly from their
ideal octahedral positions toward the gap between the pyridine
rings, resulting in a 163° O—Zn(II)—O bond angle. Second,
one of the quinols is bound much more weakly than the other,
with Zn—0O(1) and Zn—0(4) having bond lengths of 2.196
and 2.364 A, respectively. Each quinol appears to be hydrogen
bonded to two triflates. The extensive hydrogen bonding
network results in a relatively dense crystal (1.673 g/cm?).
Each quinol is approximately parallel to a pyridine ring, which
may suggest aromatic interactions between these groups. The
centroids of the aromatic rings are 3.73 and 3.89 A apart, with
the pyridine-containing N(3) and the quinol-containing O(4)
being slightly closer together.

The structure of 3 likewise features the quinol-containing
ligand coordinating the metal ion to its maximum extent. The
Zn(II) center is coordinated in a distorted octahedral
geometry by five atoms from H,gp3 and an oxygen atom
from a water molecule. The bond angles around the Zn(II)
center do not deviate from the ideal octahedral values as much
as they do for 2. The pyridine rings from the ligand are cis to
each other, whereas the bound H,O is trans to one of the
amines. As with 2, the components within the asymmetric unit
hydrogen bond extensively with each other, resulting in
another dense crystal (1.626 g/cm®). The non-coordinated
OH group in the quinol donates a hydrogen bond to a triflate,
while the metal-bound OH hydrogen bonds to an outer-sphere
molecule of H,0. The Zn(II)-bound H,0 hydrogen bonds to
the second triflate, which is disordered over two positions. The
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quinol appears to aromatically interact with one of the pyridine
rings; the centroids of the quinol and the pyridine ring
containing N(2) are 3.59 A apart.

Aqueous Solution Characterization. Neither of the
solid-state structures of the Zn(II) complexes with H,qp1 was
found to be maintained in water, and the predominant aqueous
species for 1 above pH 7 is [Zn(Hgpl)]*, which features a
metal-coordinated quinolate.”® Because 2 and 3 are intended
to be used as catalysts for the decomposition of superoxide in
aqueous solutions, understanding their behavior in water is
essential. We therefore determined the speciation of 2 and 3 in
water using potentiometric and spectrophotometric pH
titrations (Figures $9—S11).

The acid/base chemistry of the H,qp2 ligand in water was
previously described during our characterization of its complex
with Mn(11).> The Zn(II) complex displays two clear
ionization events as the pH increases from 2.5 to 10. These
are consistent with pK, values of 5.3 and 8.5, which we assign
to the deprotonation of the two Zn(II)-bound quinols. The
major species between pH 7.0 and 7.4 would therefore be
[Zn(H;qp2)]*, where Hyqp2~ is the singly deprotonated form
of the ligand. Unfortunately, we could not use these data to
obtain stability constants for [Zn(H,qp2)]* and [Zn(H,qp2)].
The log(p) values for these species do not converge to stable
numbers even after extensive attempts to fit the data to a wide
variety of models using the speciation program Hyperquad. We
had encountered similar difficulties modeling the data for
[Zn(H,qp1)(OTf)]**® The ability to calculate these values
requires a substantial amount of the metal to dissociate from
the ligand under acidic conditions; this does not appear to
happen for either the H,qp1 or Hyqp2 systems. Complex 2 is
therefore more stable in water than its Mn(II) analogue, which
does dissociate under similar treatment.”

The H,qgp3 ligand undergoes four ionization events as the
pH is increased from 2.5 to 10 (Table 2 and Figure 2A). We
have assigned these to four sequential deprotonations of
Hqp3*". The first three ionization events are associated with
pK, values of 3.5, 5.13, and 8.19 and likely correspond to the
removal of protons from pyridinium and ammonium groups.
The 10.2 pK, value associated with the last jonization event is
consistent with the deprotonation of a phenolic OH group,
which would convert H,qp3 into Hqp3~. The error for this
value is higher because the Hqp3~ species did not fully form
during the titration.

The Zn(II) complex with H,qp3 appears to be stable above
pH 5 (Figure 2B), and the pZn calculated for 1.0 mM ligand
and 1.0 mM Zn(1I) at pH 7.4 is 7.54. Below pH S, the Zn(1I)
complex displays two ionization events. The first is assigned to
the association/dissociation of Zn(II). We believe that the
second ionization event observed with the increase in pH
corresponds to the deprotonation of [Zn(H,qp3)]** to
[Zn(H,qp3)]**. The protonation of the ligand at low pH
likely facilitates the loss of the metal ion under acidic
conditions. The complex is further deprotonated as the pH
rises past S. The 5.57 pK, value associated with the third
ionization event is consistent with the deprotonation of a
Zn(I1)-bound quinol.”® At pH 7 and above, the Zn(II) mostly
exists as [Zn(Hqp3)]".

Electrochemistry. The redox behavior of 2 and 3 in
aqueous phosphate solutions buffered to pH 7.0 was analyzed
by CV. The CV for each complex displays a single feature. For
complex 2, the redox event has E; , = 195 mV versus Ag/AgCl,
with AE = 208 mV at a 100 mV/s scan rate (Figure S11).

https://doi.org/10.1021/acs.inorgchem.2c03256
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Table 2. Stability Constants and pK, Values for the H,qp2 assay”***** and display above-baseline activity (Figure 3).

and H,qgp3 Ligands and Their Zn(II) Complexes as
Determined by Potentiometric Titration at 25 °C

Hyqp2 Zn—H,qp2

pKy,* 7.18 (+£0.03) pK," 5.3 (+0.3)
pK,” 4.47 (+0.08) pK," 8.5 (+0.3)
H,qp3 Zn—H,qp3

pKy,” 10.2 (+£0.3) pK," 5.57 (+0.10)
pKL* 8.19 (+0.03) pKL" 2.98 (+0.15)
pK 5 5.13 (£0.05) log K(ZnHgp3)* 15.75

pK.* 3.5 (+0.3) log K(ZnH,qp3)* 11.14

log K(ZnH,qp3) 5.93

“Ligand pK, values correspond to the following equilibrium
constants:

Huqp2 K1 = [(Hagp2)][H)/[(Hsqp2)7], from reference.
Ky = [(Hsqp2) J[H'])/[(Heqp2)>*], from reference.
Hyqp3 K1 = [(Hgp3)J[H")/[(Hqp3)], pKyi = logBoio — logp.10-

K> = [(Hagp3)][H V[(H3qp3)'], pKia = logBiio — logBoio.
K3 = [(H3qp3) J[H'J[(Hagp3)*'], pKis = logBaio — logPiso.
Kps = [(Hagp3) I [H'V[(Hsqp3)™], pKia = logBsio — logBaio.

“Metal complex pK, values correspond to the following equilibrium
constants:

Zn-Hygp2 K. = [[Zn(H3qp2)] 1[H'V/[[Zn(Hqp2)]*'].
K = [[Zn(Hogp2)]J[H' /([ Zn(H3qp2)] .

Zn-H,qp3 Kar = [[Zn(Hgp3)]'[[H'/[[Zn(Haqp3)*' |, pKar = logPoi — logB.iss.
Kz = [1Zn(Hgp3) | J[H* {1 Zn(H3qp3)* '], pKar2 = logBin — logPurs.

“Metal complex stability constants correspond to the following
equilibrium constants:
K(ZnHgp3) = [[Zn(Hgp3)]'}/[Zn*"][Hqp3]
K(ZnH,qp3) = [[Zn(Hqp3)]* }/[Zn**][Hyqp3]
K(ZnH;qp3) = [[Zn(Hsqp3)* ])/[Zn*'][H3qp3 ]

Complex 3 gives rise to a more reversible redox feature with
E,;, = 150 mV versus Ag/AgCl and AE = 166 mV at a 100
mV/s scan rate (Figure S12). The peak-to-peak separations for
both compounds become larger with faster scan rates,
consistent with irreversible redox processes. The peak-to-
peak separations increase more markedly for 2, consistent with
the redox for this complex being less reversible. Because the
metal center is essentially redox-inactive, these features
correspond to the oxidation of the quinols in the ligand to
para-quinones and their subsequent reduction back to their
original state.

Antioxidant Activity. Both 2 and 3 were initially screened
using the xanthine oxidase/hypoxathine/lucigenin

The ICy, values for the elimination of the lucigenin sensing
reaction were found to be within error of each other: 24 (+1)
nM for 2 and 27 (£17) nM for 3. The assay likewise does not
meaningfully distinguish the antioxidant activities of 2 and 3
from those of the related complexes [Mn(H,qp2)Br,] (ICy, =
18 nM)* and 1 (IC, = 17 nM).**

Complexes 2 and 3 were also analyzed with the DPPH assay
(Figure 4), which tests the abilities of compounds to donate
hydrogen atoms to 2,2-diphenyl-1-picrylhydrazyl radical
hydrate.””"*"** In this assay, the production of the hydrazine
is confirmed and followed by UV/vis. The ICs, values for 2
and 3 were measured to be 8.7 and 17.2 uM, respectively, with
the H,qp2 complex being substantially better as an antioxidant.
The ascorbic acid standard had an IC;, value of 24.2 yM under
the same conditions. Other divalent metal complexes with the
H,qpl and H,qp2 ligands likewise outperformed ascorbic acid

The aforementioned assays, unfortunately, often provide
misleading accounts of the actual reactivity with superoxide
due to competing side-reactions between the various
components in the reaction mixtures.'”*”**~*" Consequently,
the SOD mimicry was more thoroughly assessed by analyzing
the direct reactions between the compounds and KO, (Figure
S and Table 3). Complex 2 reacts directly with O, and
accelerates its decomposition, but compound 3 is not a
competent catalyst for superoxide disproportionation (Figure
§13). The catalytic rate constants for 1 and 2 in various
aqueous solutions are provided on Table 3. The activity
improves when the solution is made more basic or the buffer is
changed from a sulfonate derivative (HEPES, MOPS) to
phosphate.

Mechanistic Analysis. When mixtures of 3 and KO, are
analyzed by mass spectrometry, we find m/z features
consistent with Zn(II)-free oxidized ligand but not any that
are consistent with Zn(IT) complexes with either H,qp3 or its
para-quinone counterpart qp3 (Figure S16). The data suggest
that the initial oxidation of 3 by KO, to [Zn(gp3)]*" weakens
the binding affinity of the ligand enough to destabilize the qp3
complex. Our control experiments indicate that free H,qp3 by
itself cannot catalyze superoxide degradation; consequently, we
believe that the dissociation of the Zn(Il) from the oxidized
H,qp3 ligand (qp3) halts catalysis.
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Figure 2. Predicted speciation as a function of pH for (A) 1.0 mM H,qp3 and (B) a mixture of 1.0 mM H,qp3 and 1.0 mM ZnCl, in 100 mM KCI

solution.
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Figure 3. (A) Superoxide scavenging effects of 2 and 3. Superoxide was generated using a hypoxanthine-xanthine oxidase reaction and detected
using the chemiluminescent probe lucigenin. Reactions were carried out in S0 mM Tris—HCI (pH 8.0). Data for the various concentrations of
Zn(II) complexes are expressed as a percentage of luminescence in the presence of vehicle. (B) Ilustration of the fundamental reaction between
lucigenin and superoxide. The depletion of lucigenin eliminates the observed chemiluminescence. The added SOD mimic competes with lucigenin

for the superoxide.
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Figure 4. (A) DPPH free radical scavenging assay of 2, 3, and ascorbic acid. The antioxidants were added to DPPH and incubated in the dark for
30 min at 298 K. Spectroscopic measurements were performed at 517 nm. The data were normalized to the absorbance in the presence of vehicle.
All experiments were performed in triplicate. (B) Illustration of the underlying chemical reaction between DPPH and an antioxidant (AH). H atom
transfer from AH to the DPPH radical generates the visible hydrazine species.

‘We analyzed the reaction between the catalytically active 2
and KO, in MeCN by CSI-MS (Figure 6); all identified species
are depicted on Scheme 3. [Zn(H,qp2)]** (HQ,) and its
conjugate base [Zn(H;qp2)]* (HQ,) are found under all
conditions. When KO, is present, we observe m/z peaks
consistent with oxidation to [Zn(H,qp2)]** (QH,) and its
subsequent deprotonation to [Zn(Hqp2)]* (QH,). Although
the ligand could conceivably be further oxidized to the di-para-
quinone compound gp2, we do not detect any traces of either
free qp2 or its complex with Zn(II) at either —40 °C or 0 °C.
At 0 °C, we do find evidence for the oxidation of the benzylic
or picolylic carbons on the ligand framework with both
quinolate/quinol (HQ,,,) and quinolate/para-quinone
(QH,,,) groups (Figure 7). We do not, however, observe
any degradation products that would result from either N—C
bond cleavage or dechelation (Figure 7).

Unexpectedly, we find traces of a Zn(II) complex with the
mono-para-quinone form of the ligand (H,qp2) in the absence
of the superoxide. Aerobic solutions of metal-free H,qp2 do
not give rise to either the m/z peaks associated with H,qp2.

When 0.10 mM 2 is mixed with excess KO, in MeCN at
—40 °C and monitored by UV/vis, bands at 422 and 448 nm
develop over 300 s (Figure 8). These features are characteristic
of semiquinone (SQ) radicals.””** Over longer periods of time
(600 s), an additional band appears at 520 nm. The energy of
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this feature is reminiscent of the charge transfer complex
quinhydrone (QH), which consists of a reduced hydroquinone
interacting with an oxidized para-quinone.””™*" Bands with
almost exactly the same energies were observed for a Mn(II)
complex with H,qp2.>® The intensities of all three features
noticeably decrease by 1200 s.

We were able to independently generate a Zn(II)-ligand
radical by reacting 2 with a base and a one-electron oxidant in
MeCN. When 1.0 mM 2 reacts with 2.4 mM Ag(SbF,) and
235 mM Et;N at 25 °C, we observe a strong signal at g = 2.0
(Figure S17) at 30 s; the g value is consistent with an organic
radical. By 45 min, the feature decreases in intensity by
approximately 50%. When we subjected 1 to similar treatment,
we likewise observed a transient radical species, but the data
differ from those for 2 in that the radical has almost completely
vanished by 45 min. We also observed evidence of the
generation of a semiquinone radical (SQ, Scheme 3) in the
CSI-MS data shown in Figure 6B, where all three possible
oxidation forms of the redox active ligand moiety, that is,
hydroquinone, semiquinone, and para-quinone (quinhydrone),
were detected in their protonated forms in the reaction mixture
under catalytic conditions. Furthermore, the semiquinone
species was detected by CSI-MS in the reaction between 2 and
a 10-fold excess of H,0,. The reaction with H,O, is orders of
magnitude slower than the one with superoxide at 0 °C

https://doi.org/10.1021/acs.inorgchem.2c03256
Inorg. Chem. 2022, 61, 1998319997
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Figure §. Kinetic traces of superoxide decomposition at 250 nm by 2. (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 107" 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, vs [2] for the pH 7.4 phosphate data. The k,, values are calculated from the
traces in panel A. (D) Plot of k,, vs [2] for the pH 7.4 MOPS data. The k, values are calculated from the traces in panel B.

Table 3. Catalytic Rate Constants, k_,, (M™' s'), Measured
by Stopped-Flow Kinetics for the Direct Reactions of 1, 2,

and 3 with Superoxide

buffer, pH i 2 3
60 mM HEPES/MOPS, 7.4 3.4 % 10° 1.56 X 107 NA.
60 mM MOPS, 7.8 N.D. 4.94 x 107 N.A.
60 mM HEDES, 8.1 4.7 X 10° N.D. NA.
50 mM phosphate, 7.4 1.9 x 107 2.54 % 107 NA.

“Data from ref 26.

(Figure S18) and does not proceed with a measurable rate at
—40 °C. Without the superoxide to serve as a reaction partner,
the semiquinone intermediate undergoes self-decay, leading to
almost complete degradation of the complex.

B DISCUSSION

The recently characterized superoxide dismutase (SOD)
mimic [Zn(H,qp1)(OTf)](OTf) (1) is highly unusual in
that it uses an organic component as the redox partner for the
superoxide substrate and lacks a redox-active transition metal
ion. Given the instability of most manganese-containing SOD
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mimics’® and the potential toxicity of this metal in

biological systems,™ the absence of redox-active transition
metal ions may make 1 and similar complexes attractive
candidates for the clinical treatment of oxidative stress. In
order to determine what structural features are required for
functional SOD mimicry for this fundamentally new class of
catalysts, we prepared Zn(II) complexes with the quinol-
containing H,qp2 and H,qp3 ligands (Scheme 2). These
molecules differ from H,qpl in that they either feature a
second quinol in place of a pyridine (H,qp2) or lack one
pyridine altogether, being pentadentate rather than hexaden-
tate (H,qp3).

The syntheses of [Zn(H,qp2)](OTf), (2) and [Zn(H,qp3)-
(H,0)](OTf), (3) are relatively straightforward, and we can
readily isolate crystalline samples of both complexes (Figure
1). The crystal structures of 2 and 3 differ from those of 1 in
that the quinols bind directly to the Zn(II) center.”® The
structural data for 2 suggest that both quinols cannot
coordinate tightly to the Zn(Il) at the same time, for the
Zn—0O(4) bond length is much longer than a typical Zn—O
bond.>® Based on this and the other distortions from
octahedral geometry, we speculate that the Zn(II) metal

1-33

https://doi.org/10.1021/acs.inorgchem.2c03256
Inorg. Chem. 2022, 61, 1998319997



Peer-Reviewed Publications

Inorganic Chemistry pubs.acs.org/IC
"“Z 549.1448 experimental|
3 551.1422
2 550.1476 ’ sspaac A
Y 554.1436
oL 5471287 548 1332 | ‘ 1+%6555.1443556 1455
zooo 5471.1318 C2eHz7N4O4Zn, simulated
| 1+ d
§ 549.1296 a5 ey
£ 1000 1+ 551.1284 ’ b
| 1+ i\
sool 548.1349 550.1315 1 @/
{ 552.1310 1+ 1+ 1+ L on J
ol ) | 553.1317554.1333 555.1354  QH,
2000\ 5491 :475 CasH2gNO4Zn, simulated
1+
b 561.1452 -
10004 1+ . 553.1441
ol 550.1506 5529471 A el 1
{ . 1+ HQ;
ol i ! ! | 555.1474556.1490
A 548 550 552 554 556 mz
x10° 275.0761 experimental|
6
; 276.0749
275.5773 ‘ 277.0743
2 276.5757
o 274.0681 2745743 , | 27755756 275 0750 278 5767
2000 27f +696 C2aH2sN,O,Zn, simulated
5% o
1500{ pe 2150684 2+ bl
1000 + 2760678 2\ ]
Py 2745711 275.5694 I - by o QJ-J
z .l | | 9692577 0695 277.5703 i
E 2145735 CoHaN:0:Zn, simulated
2+ K
1500 , 2755123 P -
1o 58t sr2brs2TE5T8 : 2T
S0 | l 2770781y 2k 04 o22h J
0 I 1L | 278.0742
2000 27159774 CattaN,0.Z0, Simulated,
: 24 8
1 276.0762 2+ el
IR
109 2755789 et A @/
i | I [ | 27770, 2¢ 2% "
'} E— SRR | | I\ I ‘A 278.0773 278.5781
B 274 275 276 27 278 279 mz

Figure 6. CSI-MS spectrometry of 2 upon reaction with KO,. The graphics depict possible structures; we cannot preclude other modes of ligand
coordination. The m/z = $56.1455 feature in A is assigned to [Zn(H;qp2)]" (HQ, Scheme 3), the deprotonated form of the diquinol species
[Zn(H,qp2)]** (HQ, in Scheme 3) which itself is assigned to the m/z = 275.0761 feature in B. The m/z = 547.1287 feature in A is assigned to
[Zn(Hgp2)]" (QH,, Scheme 3), the deprotonated form of the mono-para-quinone (existing as quinhydrone, vide infra) species [Zn(H,qp2)]**
(QH,, Scheme 3) which itself is assigned to the m/z = 274.0696 feature in B. The m/z = 274.5743 feature in B is assigned to a semiquinone radical
species [Zn(H;qp2)]** (SQ, Scheme 3). Experimental conditions: 1 mM solutions of 2 in MeCN (1% DMF) were cooled to —40 °C and then
mixed with an excess of solid KO,. After 6 min, the mixture was diluted in a pre-cooled syringe with pre-cooled MeCN to approximately 1 X 10~
M and quickly injected into the mass spectrometer. The full range of data is shown in Figure S15.

center may be too small to be fully chelated by the H,qp2
ligand. The NMR data for all three complexes are consistent
with more than one conformer or coordination isomer existing
in solution, suggesting that metal coordination by H,qpl,
H,gp2, and H,qp3 is both flexible and dynamic.

The weaker association of the second quinol with the Zn(II)
appears to be maintained when 2 is dissolved in water. The
first pK, is consistent with a phenol ligated to a divalent metal
(Table 2),***” but the second measured pK, value of 8.5 is
much higher than anticipated and approaches the value of 10
expected for a non-metal-bound phenol. Both 2 and 3 appear
to be stable in water, and the major species between pH 7.0
and 7.4 are Zn(II) complexes with singly deprotonated
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H,qp2~ and Hqp3~ ligands: [Zn(H,qp2)]* and [Zn(Hqp3)]*
(Figure 2).

Complex 2, much like 1, is particularly stable in water, with
no metal dissociation observed even at low pH values.”® The
aqueous stabilities of both Zn(II) complexes compare highly
favorably to those of the most active small molecule SOD
mimics. The Mn(II) porphyrin complex Mn''Br,TM-4-PyP*,
for instance, has been documented to be unstable at neutral
pH, and the release of free manganese from the complex has
hampered its path to clinical use.”’ Manganese complexes with
pentaazamacrocycles represent the other major family of highly
active SOD mimics. Arguably the best of these catalysts is
M40401, which has a catalytic rate constant of approximately

https://doi.org/10.1021/acsinorgchem.2c03256
Inorg. Chem. 2022, 61, 1998319997
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Scheme 3. Proposed Mechanism of Superoxide Dismutation Catalyzed by 2
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“Possible inner-sphere pathways are outlined in blue, whereas outer-sphere pathways are outlined in red. Hydroquinone and quinhydrone species
HQ,, HQ,, QH,, and QH,, respectively, were detected under conditions of catalytic reaction with superoxide by CSI-MS, whereas a semiquinone
species SQ was detected within an order of magnitude slower reaction with H,0,.

1.5 x 10° M™' 57/, but this compound likewise has limited
conditional stability in water.*>**

Electrochemically, complexes 2 and 3 resemble 1 in that
only a single reduction/oxidation couple is observed by CV
(Figures S11 and S12).°° The ligand structure, however,
markedly impacts both E, ,, and AE. The removal of a pyridine
ring from the coordination environment increases E,/, from
312 mV versus NHE (1) to 347 mV versus NHE (3). This
structural change also worsens the reversibility, with AE
increasing from 95 mV (1) to 166 mV (3) with a 100 mV/s
scan rate. The inclusion of another quinol in the coordination
sphere raises E, ;, further to 397 mV versus NHE (2), and this
redox feature is the least reversible of the three observed for
the Zn(1I)-quinol complexes, with a AE of 208 mV with a 100
mV/s scan rate. The H,qp2 ligand likewise gave rise to a much
less reversible redox event than H,qp1 when ligated to Mn(II),
and the CV features observed for [Mn(H,qp2)Br,] in water

19992

would be considered irreversible by most.”>** The ligand-
derived redox couple seen for [Mn(H,qp2)Br,], however, has
an E,, that is less positive than that of [Mn(H,qpl)-
(MeCN)J**. Unlike 2, both of the H,qp2 quinols appear to
tightly coordinate to the larger Mn(II) center in solution,
providing an explanation for why the same decrease in E, ), is
not observed for the Zn(I1) complexes when the H,qp1 ligand
is replaced by Hyqp2.”” In both 2 and 3, the E,, shifts away
from the ~300 mV ideal for SOD activity; these shifts and the
lesser reversibility could potentially worsen the catalysis of O,
degradation by an outer-sphere mechanism. That 2 is more
catalytically active than 1, despite the less reversible redox
feature, suggests that the superoxide dismutation instead
proceeds through a more efficient inner-sphere path.

Both 2 and 3 initially appeared to be competent SOD
mimics when analyzed via the xanthine oxidase/hypoxanthine/
Iucigenin3 “ and DPPH assays.”” *"** The 1C, values from

https://doi.org/10.1021/acs.inorgchem.2c03256
Inorg. Chem. 2022, 61, 1998319997
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Figure 7. CSI-MS spectrometry of 2 upon a 6 min reaction with KO,. The graphics depict possible structures; we cannot preclude other modes of
ligand coordination. The m/z = 561.1124 feature is assigned to a Zn(II) complex with an oxidized para-quinone ligand (QH,,,). Other m/z

features are more consistent with Zn(II) complexes with oxidized forms of the quinol ligand (HQ,

). Experimental conditions: 1 mM solutions of

ox

2 in MeCN (1% DMF) were cooled to —40 °C and then mixed with an excess of solid KO,. After 6 min, the mixture was diluted in a pre-cooled
syringe with pre-cooled MeCN to approximately 1 X 10~* M and quickly injected into the mass spectrometer. The full range of data is shown in

Figure S15.
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Figure 8. UV /vis data for the reaction between 0.10 mM 2 and excess
KO, in MeCN at —40 °C.

these measurements (Figures 2 and 3) suggested that their
abilities to behave as antioxidants were either comparable or
only slightly inferior to those of the related compounds
[Mn(H,qp2)Br,] and 1.”**° The assay results, however, are
misleading. When the direct reactions between the Zn(II)
complexes and KO, are studied by stopped-flow kinetics
methods, the data reveal that 2 is a markedly better catalyst
than 1, whereas 3 is not active enough to measurably increase
the rate of O, disproportionation above that of the
uncatalyzed reaction (Table 3).

Complex 2 is approximately fivefold more active in MOPS
buffer than 1 in the comparable HEPES buffer. As with 1, the
catalysis of 2 proceeds more quickly in phosphate solution.
The activities of 1 and 2 are more similar in phosphate
buffered to pH 7.4, with 2 being 20% more active than 1.
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Complexes 1 and 2 are unique among SOD mimics in that
their activities are enhanced, rather than diminished in
phosphate buffers.”**”*® Given the high prevalence of
phosphate in mammalian cells, this represents a substantial
advantage.***® That the activity of 2 improves in phosphate
buffer suggests that this is a replicable and trademark feature of
Zn(II)-quinol SOD mimics that is not just limited to
compound 1. The improved activity in phosphate likely results
from the substantially different speciations of the buffer
components between pH 7 and 8. MOPS exists as a mixture
of a neutral and a monoanionic species, whereas phosphate is a
mixture of a monoanionic and a dianionic species. The greater
overall negative charge on the phosphate-derived species
facilitates their ability to interact with and transfer protons to
and from the positively charged Zn(II) species on the
mechanistic proton-coupled electron transfer cycle.

Curiously, replacing H,qp1 with H,qp2 worsens the SOD
mimicry of manganese-containing complexes. Mn(1I) is larger
than Zn(11),°® allowing H,qp2 to fully coordinate the metal
center. This in turn allows both quinols to approach the
Mn(1I) close enough to form strong Mn—O bonds, weakening
the associated O—H bonds. With the manganese species, the
ability of H,qp2 to deprotonate to a dianionic form (H,qp2>~)
renders its complexes with Mn(II) and Mn(III) less positive
than the analogous complexes with Hqp1~. The lesser overall
positive charge hinders the ability of the Mn-—H,qp2
compounds to attract and bind O, 7, thereby decreasing the
rate of O, decomposition. The Zn(IT)—H,qp2 system differs
from the Mn—H,gp2 one in that the second quinol cannot
approach the metal center as closely (Figure 1) which weakens
the influence of the metal center on the acid/base properties of
the quinol. The Zn(II)-for-Mn(II) substitution thereby raises
the pK, of the second quinol in the coordination complexes
from 7.14 [Mn(11)]** to 8.5 [Zn(1I), Table 2]. The major
species for 2 in water at pH 7.4 is consequently cationic
[Zn(H,qp2)]" rather than [Zn(H,qp2)]. The Zn(II)-for-
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Mn(II) substitution also doubles the catalytic activity in pH
7.4 phosphate buffer.

The charge of the major species for 1 in pH 7.4 water,
[Zn(Hqp1)]", is likewise +1, yet 1 is a less active catalyst,
particularly in solutions using sulfonic acid-based buffers.”® We
speculate that the weak interaction between the second H,qp2
quinol and the Zn(II) makes that particular coordination site
on the metal center more accessible to exogenous ligands, such
as O,. Although H,qp2 is hexadentate, the inability of the
second quinol to attach firmly to Zn(1I) gives the ligand some
pentadentate character. All of the donor atoms from H,qpl,
conversely, coordinate strongly to the metal center, and this
ligand is more strongly hexadentate as a consequence. With the
relatively small size of the Zn(II) ion, the H,qp1 ligand more
efficiently blocks the access of O, to the metal center than
H,qp2. The more ready accessibility of the Zn(II) center in 2
leads to faster O, degradation.

The greater accessibility of the metal center in 2 relative to
that in 1 may also explain why O, reactivity, albeit slight, is
observed for the Hyqp2 complex. Recently, it has been found
that O, coordination to Zn(II) could activate this oxidant
toward reactivity with HS™, promoting the formation of H,S, ™
and O, radicals and thereby the persulfidation of proteins
containing Zn(II) cofactors.’® Subsequently, it was demon-
strated that a dinuclear zinc complex with labile coordination
sites can bind O, and activate it toward the oxidation of an
appended phenolate ligand to the corresponding phenoxyl
radical®® The Zn(II) is essential to the reaction; the free
phenolic ligand and superoxide do not react in bulk solution.
The Zn(II) in 2 may similarly mediate electron transfer
between dioxygen and the coordinated quinolate. Our findings
represent another rather unusual instance of Zn(II) modulat-
ing redox processes via an inner-sphere metal-coupled/
mediated electron transfer mechanism. Given the heavy
prevalence of zinc in biology, it seems likely that the roles
that this metal ion plays in regulating physiological redox
processes have yet to be fully elucidated.

The lack of activity for 3 is proposed to result from the
dissociation of the ligand from the Zn(II) after its initial
oxidation by O,”. The H,gp3 ligand essentially becomes
tetradentate upon two-electron oxidation of the quinolate to a
para-quinone (qp3). The loss of the strongly coordinating
quinolate allows the anions from the MOPS and phosphate
buffers to strip the metal ion from the polydentate ligand; the
resultant Zn(1I) salts then precipitate from the solution. MS
analysis of the reaction mixtures confirms that the reaction
with KO, produces metal-free oxidized ligand as the major
product (Figure S16). The results suggest that this quinol-
containing ligand, similar to H,qp1,”* needs to remain tightly
bound to the Zn(Il) in order for catalysis to proceed. The
observation of oxidized ligand demonstrates that 3 can initially
react with O, ~, but the stopped-flow kinetics data suggest that
the catalyst does not survive enough turnovers to noticeably
impact the rate of O, disproportionation.

Unlike 3, complex 2 maintains its catalysis after the initial
round of oxidation. In addition to providing a readily accessible
coordination site for O,~, the second quinol also serves as a
replacement anionic ligand when the first quinol is oxidized to
a para-quinone. The resultant complex, [Zn(Hgp2)]*, where
Hqp2~ is a quinolate/para-quinone ligand (QH,, Scheme 3),
is stable enough to persist in water and continue to participate
in catalysis, accounting for its higher activity. The second
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quinol in the ligand, similar to that in the related [Mn-
(H,qp2)Br,], appears to resist oxidation.”

Although the higher activity of 2 relative to 1 may be
consistent with an inner-sphere pathway, the MS and low-
temperature UV/vis data cannot preclude outer-sphere
reactions with O,~. Aside from Zn(II)-OOH species, the
two pathways would yield the same intermediates (Scheme 3).
Unlike 1, we do not observe any m/z features that could
correspond to Zn(II)—OOH species in reactions between 2
and KO, The second quinol can potentially protonate
putative Zn(II)—OOH species, and the concomitant coordi-
nation of the resultant quinolate may hasten H,O, release
enough to preclude detection of the short-lived hydroperoxo
intermediate. The UV/vis data for these reactions are
consistent with the formation of semiquinone (SQ) radical
anions and quinhydrone (QH) species. The latter consists of
the para-quinone interacting with the remaining quinol/
quinolate. The semiquinone radical anions may also be
stabilized through similar interactions.

Although 2 possesses two quinols, all of our data are
consistent with only one of these serving as a redox partner for
O, during catalysis. This said, the second quinol is essential
to the observed activity for two reasons. First, its ability to
deprotonate to an anionic quinolate helps to keep the oxidized
ligand anchored to the Zn(II), preventing the initial oxidation
of the ligand from halting catalysis as it does for 3. Second, the
UV/vis signatures suggest that the quinol/quinolate can
hydrogen bond to and stabilize the radical species in the
catalytic cycle.

Bl CONCLUSIONS

The reactivity of the Zn(IT)—H,qp2 complex 2 demonstrates
that the design strategy for SOD mimicry used for the Zn(II)—
H,qp1 complex 1—using a redox-active ligand in place of a
redox-active metal—is generally applicable and is not limited
to a single catalyst. Low-temperature UV/vis provides evidence
for the intermediacy of Zn(II)-semiquinone radicals, which
were speculated but not directly observed in the catalysis
performed by 1. Although there are two redox-active organic
groups in 2, only one appears to participate as a redox partner
for O, in the SOD mimicry. The replacement of one of the
H,gp1 pyridines with a quinol improves the activity in aqueous
solutions buffered with sulfonic acids fivefold, likely by
improving the accessibility of the metal center to O,7,
facilitating the efficient release of H,O, through a proton
delivery associated with coordination of resulted quinolate, and
assuring stability of the complex upon oxidation of the first
quinol. Complex 2, similar to 1, functions better in phosphate
buffer, differentiating these catalysts from manganese-contain-
ing SOD mimics and potentially making them more suitable
for treating oxidative stress in vivo. Complex 3, conversely, is
not a successful SOD mimic due to the lesser stability of its
oxidized form [Zn(qp3)]**. The inability of 3 to noticeably
impact the rate of superoxide disproportionation demonstrates
that merely having a mixture of a Zn(II) salt and a quinol/
para-quinone compound is not sufficient for catalysis; the
redox-active organic component needs to be closely associated
with, if not covalently tethered to, the metal center for these
reactions to succeed.
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Figure S15. CSI-MS spectrometry of 2 upon with KO,. Experimental conditions: 1 mM solutions
of 2 in MeCN (1% DMF) were cooled to -40 °C and then mixed with an excess of solid KO,. After
6 min, the mixture was diluted in a pre-cooled syringe with pre-cooled MeCN to approximately 1
% 10 M and quickly injected into the mass spectrometer. Portions of these data are presented in
Figure 6 and Figure 7.
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Figure S16. Mass spectrometry analysis of the reaction between 3 and 50 equiv. of KO, in
carbonate-buffered water (pH 8.1). The 385.1083 m/z peak is assigned to the sodium salt of the
oxidized para-quinone form of the ligand (qp3): [Na(qp3)]'. Note the absence of the 427.1194 m/z
peak associated with [Zn(Hqp3)]' and a peak at 213.0517 that would be associated with
[Zn(ap3)T".
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Figure S17. X-band EPR data for the reaction between 1.0 mM 2, 2.4 mM Ag(SbF), and 235 mM

Et;N in water. At the given time points, aliquots were taken from solution and frozen at 77 K.
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Figure S18. A) UV/vis spectral changes recorded within 1200 s after rapid mixing 0.1 M 2 with a
20-fold excess of H,O, in MeCN at 0 °C. The red and green spectra were recorded at 10 s and
1200 s, respectively. B) Corresponding kinetic trace recorded at 300 nm.
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Figure S1. '"H NMR spectrum of a crystalline sample of [Zn(H,qp2)](OTf), (2) in CD;CN (400
MHz, 293 K). Solvent peaks from diethyl ether (1.21, 3.82), water (2.02) and MeCN (1.88) are
present.
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Figure S2. 3C NMR spectrum of a crystalline sample of 2 in CD;CN (100 MHz, 293 K). Solvent
peaks from diethyl ether (13.36, 67.74), MeOH (50.16), and MeCN (117.35) are present.
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Figure S3. Mass spectrometry (ESI) for [Zn(Hyqp2)(OT{)](OTT) (2) in MeCN. The m/z feature at
549.1415 is assigned to [Zn(Hsqp2)]™ (calculated m/z = 549.1481). The feature at 699.1237 is
assigned to [Zn(H,qp2)(OTf)]" (calculated m/z = 699.1079).
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Figure S4. IR spectrum of 2 (KBr).
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Figure S5. 'H NMR spectrum of a crystalline sample of [Zn(H,qp3)(H>0)](OTf), (3) in CD;CN
(400 MHz, 293 K). Solvent peaks from diethyl ether (1.29, 3.97), water (2.21), and MeCN (1.95)
are present.
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Figure S6. 1*C NMR spectrum of a crystalline sample of 3 in CD;CN (100 MHz, 293 K). Solvent
peaks from diethyl ether (79.42, 14.62) and MeCN (118.93) are present.
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Figure S7. Mass spectrometry (ESI) for 3 in MeCN. The m/z feature at 427.1127 is assigned to
[Zn(Hqp3)]" (calculated m/z = 427.1113). The feature at 577.0742 is assigned to
[Zn(H2qp3)(OTH)]* (calculated m/z=577.0711).
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Figure S8. IR spectrum of 3 (KBr).
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Figure S9. Hyperquad model (red line) overlaid on the experimental data from a potentiometric
pH titration (blue) of the H,qp3 ligand in water. For the titration, 0.1 M KOH was added to an
acidic aqueous solution containing 0.1 M KCl and 1.0 mM H,qp3 at 25 °C under an Ar atmosphere.
The residuals for the fit are provided below. The curves represent the formation of [Hsqp3]**
(orange), [Haqp31** (blue), [Higp3]" (purple), [Hoqp3] (green), and [Hqp3] (indigo).
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Figure S10. Hyperquad model (red line) overlaid on the experimental data from a potentiometric
pH titration (blue) of a 1:1 mixture of ZnCl, H,qp3 ligand in water. For the titration, 0.1 M KOH
was added to an acidic aqueous solution containing 0.1 M KCl, 1.0 mM ZnCl,, and 1.0 mM H,qp3
at 25 °C under an Ar atmosphere. The residuals for the fit are provided below. The curves represent
the formation of free Zn(Il) (blue), [Zn(Hsqp3)]*" (gray), [Zn(H,qp3)]*" (pine green), and
[Zn(Hqp3)]' (light blue).
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Table S1: Parameters for the Hyperquad models used in Figures S9 and S10.

Species H* | (Hyqp3) | Zn** | log(B) Derived Values

(Hqp3)- d |1 0 |-10.182
(+0.3)

(Haqp3) 0 |1 0 [000 pKi1 = 10.2 (£0.3)

(H3qp3)' 1 |1 0 8.1908 pK1> = 8.19 (£0.05)"
(£0.05)

(Haqp3)>* 2 |1 0 13.3226 pKi3=5.13 (£0.05)"
(£0.05)

(Hsqp3)® 3 |1 0 16.7886 pKia=35 (£03)
(£0.3)

[Zn(Hap3)]" 1 |1 1 5.5659 log K(ZnHgp3) = 15.75
(+0.05)

[Zn(Hyqp3) ' 0 |1 1 11.1351 pK. = 5.57 (£0.10),
(£0.05) log K(ZnH,qp3) = 11.14%

[Zn(Hgp3)P* |1 |1 1 141158 pKo=2.98 (£0.15)°
(£0.1) log K(ZnH;qp3) = 5.93°

“Ligand pK, values correspond to the following equilibrium constants:
Ky = [(Hap3) 1[HV/[(H2qp3)], pKri = 10gBo1o — l0gB.110.
Kp> = [(H2qp3) [|H /| (Haqp3)*|, pKy, = 1ogB110 — 1ogoso.
K3 = [(Hsqp3)' [[H"|/| (Haqp3)*' |, pKy3 = logai0 — logPiso.
Kpq = [(Hagp3) P'[H'[/[(Hsqp3)*' |, pKrs = logBs10 — 10gBa210.

bMetal complex stability constants correspond to the following equilibrium constants:
K(ZnHqp3) = [[Zn(Hqp3)]'}/[Zn?'][Hqp3']
K(ZnH,qp3) = [[Zn(Hqp3)]*")/[Zn*"][H.qp3]
K(ZnH;qp3) = [[Zn(Hsqp3)*1)/[Zn*][H3qp37]

“Metal complex pK, values correspond to the following equilibrium constants:
Kai = [[Zn(Hgp3)]'IMH'V[[Zn(Haqp3)]*'], pKai = logBon — logB11-
Ka = [[Zn(Haqp3))*' [H V[[Zn(H3qp3)* 11, pKai2 = logBi11 — logPous-
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Figure S11. Cyclic voltammetry of 1.0 mM 2 in 0.10 M phosphate buffer (NaH,PO4/Na,HPOy,,
pH 7.0). The scan rate was varied from 25 to 200 mV/s. At 100 mV/s, E1» =195 mV vs. Ag/AgCl
(saturated KCl1) or 396 mV vs NHE, AE =208 mV. The black arrow indicates the starting potential
and the initial direction of the scan.
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Figure S12. Cyclic voltammetry of 1.0 mM 3 in 0.10 M phosphate buffer (NaH,PO4/Na,HPOy,,
pH 7.0). The scan rate was varied from 25 to 200 mV/s. At 100 mV/s, E;, = 150 mV vs. Ag/AgCl
(saturated KCl) or 347 mV vs NHE, AE = 166 mV. The black arrow indicates the starting potential
and the initial direction of the scan.
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Figure S13. Kinetic traces of superoxide decomposition at 250 nm (60 mM MOPS buffer, pH 7.4
ionic strength of 150 mM) by 3. The addition of 3 does not have a noticeable impact on the rate of
superoxide decay.
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Figure S14. Plot of ks, vs. [2] for superoxide dismutation reactions run in pH 7.8 MOPS. Data
taken in 60 mM MOPS buffer, pH 7.8 ionic strength of 150 mM.
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Publication 2: Computational Analysis of the Superoxide Dismutase Mimicry Exhibited by a Zinc(ll)

Complex with a Redox-Active Organic Ligand

E. Miliordos, J. L. Moore, S. V. Obisesan, J. Oppelt, |. lvanovi¢-Burmazovi¢ and C. R. Goldsmith
Journal of Physical Chemistry A, 2024, 128, 1491-1500.

Summary: Further studies on quinol-containing zinc-based complexes to understand the mechanism
during SOD catalysis led to computational analysis of potential intermediates. The crucial role of the
coordinated quinol residue and its respective coordination modes was presented using DFT
calculations. Complete loss of SOD-activity for the [Zn(Hpp1)](OTf), complex ([N-(2-Hydroxybenzyl)-
N,N’,N’-tris(2-pyridinylmethyl)-1,2-ethanediamine]zinc(ll) Triflate), where one quinol was substituted

by phenol, was proposed by the calculations.

Contribution: The postulated inactivity of [Zn(Hpp1)](OTf). against the superoxide anion radical was
demonstrated by JO using the stopped-flow technique by directly monitoring the decay of superoxide
in buffered solutions. These experiments were crucial to support theoretical findings and provided
deeper insight into the mechanism of this class of SOD mimetics, based on ligand redox, coordination

and protolytic properties.
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Computational Analysis of the Superoxide Dismutase Mimicry
Exhibited by a Zinc(ll) Complex with a Redox-Active Organic Ligand
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ABSTRACT: Previously, we found that a Zn(II) complex with the

redox-active ligand N-(2,5-dihydroxybenzyl)-N,N',N'-tris(2-pyridinyl- 2 O_°- 4 2H*
methyl)-1,2-ethanediamine (H,qp1) was able to act as a functional 2

mimic of superoxide dismutase, despite its lack of a redox-active = 022. ;.3 HZOZ
transition metal. As the complex catalyzes the dismutation of superoxide
to form O, and H,0,, the quinol in the ligand is believed to cycle
between three oxidation states: quinol, quinoxyl radical, and para-
quinone. Although the metal is not the redox partner, it nonetheless is
essential to the reactivity since the free ligand by itself is inactive as a
catalyst. In the present work, we primarily use calculations to probe the
mechanism. The calculations support the inner-sphere decomposition of
superoxide, suggest that the quinol/quinoxyl radical couple accounts for
most of the catalysis, and elucidate the many roles that proton transfer
between the zinc complexes and buffer has in the reactivity. Acid/base reactions involving the nonmetal-coordinating hydroxyl group
on the quinol are predicted to be key to lowering the energy of the intermediates. We prepared a Zn(II) complex with N-(2-
hydroxybenzyl)-N,N’,N'-tris(2-pyridinylmethyl)-1,2-ethanediamine (Hppl) that lacks this functional group and found that it could
not catalyze the dismutation of superoxide; this confirms the importance of the second, distal hydroxyl group of the quinol.

H+

B INTRODUCTION manganese complexes with either cationic porphyrinic or
pentaazamacrocyclic ligands.”*~** Certain classes of metal-free
compounds, chiefly nitroxides and fullerene derivatives, have
also been found to catalyze the degradation of O,*~ but at rates
that are much slower than those of both the enzymes and the

Superoxide dismutases (SODs) are enzymes that catalyze the
degradation of superoxide (O,"”) to dioxygen (O,) and
hydrogen peroxide (H,0,, eq 1).

20,°” + 2HY > 0, + H,0, (1) best transition metal-containing SOD mimics.”>*7353¢
Recently, we reported functional SOD mimics that rely on a
All known SODs employ a redox-active transition metal in third strategy: complexing a redox-active organic molecule to a
the active site, containing either manganese, iron, nickel, or redox-inactive metal ion, specifically Zn(11)"* The first two

copper."”” The metals act as redox partners for O,*~. During mimics use N-(2,5-dihydroxybenzyl)-N,N’,N'-tris(2-pyridinyl-
catalysis, the metals cycle between two oxidation states, with methyl)-1,2-ethanediamine (H,qp1) and N,N’-bis(2,5-dihy-
the more highly oxidized metal ion oxidizing O, to O, and droxybenzyl)-N,N’-bis(2-pyridinylmethyl)-1,2-ethanediamine

the more reduced metal ion reducing O, to peroxide, which (H,qp2) as the ligands; the quinols in these molecules can be
gets protonated to H,O,. oxidized by two electrons to para-quinones.’” Both [Zn-

The overproduction of O,*” and other reactive oxygen (H,qp1)(OTE)](OTH) (1) and [Zn(H,qp2)](OTE), (2)
species (ROS) has been correlated to a diverse group of health catalyze the dismutation of O,* at rates that were both

conditions, including inflammatory, cardiovascular, and neuro-
logical disorders.”™'" This has motivated us and other
researchers to develop small-molecule mimics of SOD that
could catalytically lower ROS levels in vivo. In turn, this could
potentially alleviate the symptoms of these health conditions or
even halt the progression of the diseases altogether.

Most functional mimics of SOD resemble the enzymes in
that they contain redox-active metal ions.”'>~>* The most
active of these mimetics, as assessed by the k_, rate constants
for their in vitro reactions with superoxide, have been

much faster than those of purely organic antioxidants and
comparable to those of manganese-containing SOD
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Scheme 1. Structures of [Zn(Hqp1)]*, Its Conjugate Base [Zn(qp1)], Its Deprotonated and One-Electron Oxidized Form
[Zn(gp1)]**, and the Deprotonated/Two-Electron Oxidized Product [Zn(qp1)]**. The para-Quinone in [Zn(qp1)]** May
Bind Weakly to the Metal Center

—|+ —t+ —]2+
@ @ @ @
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|
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(/N/,r‘q\ (/N/,»':\ (/N/,rll\ (/Nb N
U™ U 0 °
[Zn(Hap1)]* [Zn(qp1)] [Zn(qp1)]™* [Zn(ap1))**
mimics.””** Both complexes differ from all other small- Scheme 2. Structure of H,qp2 and Hppl with Metal-
molecule SOD mimics in that their activities are enhanced Coordinating Atoms Highlighted

rather than inhibited in phosphate buffer. At physiological pH

(pH ~ 7.4), 1 deprotonates to [Zn(Hqp1)]* (Scheme ]), B i S

similarly deprotonates to the monocationic [Zn(Hsqp2)]*. N~ Bt
The diamagnetism of Zn(II) limits our ability to /_\ —\

spectroscopically monitor the stoichiometric and catalytic N N

reactions between the zinc complexes and O,*”. The observed J \ — )\

UV/vis bands come exclusively from intraligand transitions N\ N N

and provide evidence for the oxidation of the quinol portion of =

H,qp1 to a para-quinone (qpl); the oxidation of the Zn(II)

compound to a mixture of the startmg complex and the two- Hyqp2 Hpp1

electron oxldlzed form [Zn(qp1)]** is also supported by mass

spectrometry.”’ " Although it was not observed in the catalysis B METHODS
for the initial report, the chemistry was believed to proceed
t_hrough the.Zn(I_I ) eomigilexwith. the One-e.l_ectron—oxidized from Sigma-Aldrich and used without further purification.
ligand Hgpl, wh|c‘!1 can deprotonate to qpl°”. With 2, low- Diethyl ether (ether) and methanol (MeOH) were purchased
temperature Uy/vls analysis su%gested that semiquinone from Fisher. Deuterated methanol (CD,0D) was purchased
radicals were indeed produced.” Low-temperature mass from Cambridge Isotopes. N-(2-Hydroxybenzyl)-N,N',N'-tris-
spectrometry data for 1 are consistent with the formation of (2-pyridinylmethyl)-1,2-ethanediamine (Hppl) was synthe-
a Zn(I1)—OOH species and an inner-sphere mechanism of sized as previously described.®

& . . 37 — «
superoxide dlsm?satxon, but a similar species was not Instrumentation. All nuclear magnetic resonance (NMR)
detectable for 2.”" Furthermore, the MS data for 1 could data were collected on a 500 mHz AV Bruker NMR
instead correspond to a Zn(IL)-OH species with an spectrometer. All NMR resonance peak frequencies were

oxygenated ligand. Regrettably, these complexes lack charge referenced to internal standards. UV /vis data were collected on
transfer bands that would enable us to confirm the bound a Varian Cary S0 spectrophotometer and analyzed using

OOH groups through resonance Raman spectroscopy.

Materials. Most chemicals and solvents were purchased

software from WinUV Analysis Suite. High-resolution mass

Here, we test the viability of the proposed mechanism for spectrometry data were obtained at the Mass Spectrometer
superoxide degradation using density functional theory (DFT). Center at Auburn University on a Bruker Microflex LT
We assess the structures and energies of various proposed MALDI-TOF mass spectrometer via direct probe analysis
intermediates derived from 1; we selected this over 2 to avoid operated in positive ion mode. Infrared (IR) data were
complications from the inclusion of a second redox-active obtained with a Shimadzu IR Prestige-21 Fourier transform
quinol. Our chief interests are (1) probing the feasibilities of infrared spectrophotometer. Elemental analysis (C, H, and N)
inner-sphere reduction and oxidation of O,*” with a redox- was performed by Atlantic Microlab (Norcross, GA); the
inactive metal, (2) determining whether the qp1*~/Hqpl™~ or sample was dried under vacuum and placed under a N,
qpl/qpl®” redox couple features more prominently in the atmosphere prior to shipment.
catalysis, (3) elucidating the electronic structure of the Kinetic Assessment of SOD Activity. The ability of the
[Zn(gp1*7)]" species, (4) understanding how acid/base Hppl complex to catalytically degrade superoxide was tested
chemistry with the solvent and/or buffer impacts the by a direct method using stopped-flow techniques described in
mechanistic cycle, and (S) predicting how activity could be a previous publication from one of our laboratories.""
improved through synthetic modifications to the catalyst. We Experiments were carried out using syringes 1, 2, and 3 on a
also prepared a Zn(IT) complex with N-(2-hydroxybenzyl)- Biologic SFM-400 instrument that was equipped with an

N,N’,N’-tris(2-pyridinylmethyl)-1,2-ethanediamine (Hppl, Energetiq LDLS ENQ EQ-99-FC laser-driven light source and
Scheme 2); this compound differs from the Zn(I1)—H,qpl a J&M TIDAS diode array detector (integration time = 0.5 ms,

complex in that it lacks the distal, noncoordinating hydroxyl A = 180—724 nm). The source of superoxide was commercially
group. The Hppl complex was not a competent catalyst for available KO, dissolved in dry and nonbuffered dimethyl
superoxide dismutation. sulfoxide (DMSO) with [0,*”] & 1-2 mM. The Zn(II)—

1492 https://doi.org/10.1021/acs.jpca.3c07403
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Scheme 3. Illustration of the mer and fac Conformations of [Zn(Hqp1)]*. For the mer Conformer, Superoxide Necessarily
Coordinates cis to the Quinolate upon Displacement of a Pyridine. For the fac Conformer, Superoxide Can Coordinate Either
trans (fac/trans) Or cis (fac/cis) to the Quinolate upon Displacement of a Pyridine Ring. The Red Arrows Show the Possible
Trajectories of O,", with the Potentially Displaced Pyridines Being Highlighted in Blue

& OH * OH I

\
N o o
g e 15
N %Y Chlhy
LU & LR Ly
mer fac/trans fac/cis

Hppl complex was tested at four different concentrations MeOH/ether (1:5 v/v) and dried under N, to give the product
between 0.9 and 9 uM in aqueous solutions buffered with 3- as a white powder (0.100 g, 55% yield). "H NMR (500 MHz,
(N-morpholino)propanesulfonic acid (MOPS) to pH 7.4. The CD,0D, 293 K): § 8.64 (d, ] = 54 Hz, 2H), 8.34 (m, 1H),
ionic strength of all solutions was 150 mM. The aqueous 8.17—8.21 (d, ] = 6.4 Hz, 2H), 7.70-7.81 (d, ] = 13.6 Hz, m,
solution containing the Zn(Il) complex was mixed in a 9:1 7H), 6.90 (m, 2H), 6.78 (m, 2H), 4.66—4.73 (d, ] = 16.4 Hz,
ratio with the superoxide solution in DMSO using a high- 3H), 449 (m, 1H), 4.28—4.36 (m, 1H), 4.25 (m, 1H), 3.51
density mixer. The initial concentration of the superoxide is (m, 2H), 3.50 (m, 1H), 3.32 (m, 1H), 2.87 (d, ] = 10.9 Hz,
determined from the intensity of the UV band at 250 nm as 2H),2.23 (d, ] = 11.1 Hz, 1H). C NMR (125 MHz, CD,0D,
assessed immediately after stopped-flow mixing of the 293 K): & 157, 155, 148, 147, 146, 141, 132, 125, 124, 121,
superoxide DMSO solution with the appropriate buffer. The 120, 119, 115, 65, 60, SS, 54, S2, 48, 47, 1S. Optical
250 nm band is characteristic for superoxide and has well- spectroscopy (MeOH, 293 K): 239 nm (& = 2000 M™" cm™),
known and -established molar extinction coefficients for each 273 nm (e = 1800 M~ ecm™). IR (cm ~'): 3331 (m), 1609
buffer and pH used.* In each experiment, the concentration of (s), 1574 (w), 1516 (m). 1487 (w), 1444 (s), 1275 (w), 1236
superoxide exceeded that of the metal-containing catalyst by at (w), 1221 (s), 1155 (s), 1107 (w), 1080 (m), 1056 (m), 1025
least 10-fold to ensure catalytic conditions. Millipore water was (s), 979 (w), 945 (w), 828 (m), 760 (s), 724 (w), 633 (s), 597
used for the preparation of the buffer solutions. All prepared (w), 572 (m), 514 (s). MS (ESI): calcd for [Zn"(Hpp1)]*,
buffers were treated with Chelex 100 sodium exchange resin 251.5832; found, 251.5826, caled for [Zn'"(Hppl)
for at least 12 h before use in order to remove adventitious (HCOO7)]", 548.1612; found, 548.1642, calcd for
metal ions. Data analysis was performed using BioKine V4.66 [Zn'(Hpp1)(OTf)]*, 652.1124; found, 652.1170. Elemental
software. analysis: caled for C,oH,oNZnF,0,S,-2H,0: C, 41.29%; H,
Computational Details. The structures of possible 3.94%; N, 8.30%; found, C, 40.98%; H, 3.92%; N, 8.12%.

intermediates were optimized by DFT. To obtain the

calculated structures, we used the MNI15 functional*’ B RESULTS AND DISCUSSION

combined with the 6-31g(d,p) basis set for all atoms except The Zn(1I)~H,qpl complex (1) can potentially be oxidized
oxygen, which instead uses 6-31g+(d,P), which has an by up to two electrons and is either singly or doubly
additional series of diffuse functions.**™"" The addition of deprotonated. At physiological pH, 1 spontaneously deproto-

diffuse functions on oxygen was essential to reasonably predict nates to [Zn(Hqpl)]*;*” consequently, the metal-bound O
the electron affinity of O, (0.55 eV vs the experimental value of atom from the quinol-derived portion of the ligand remains
0.45 eV).* The chosen functional previously performed well deprotonated in all investigated intermediates. The possible
for systems containing transition metals and systems bearing general reaction steps considered in this study for the
noncovalent interactions.””*" We applied the solvent model degradation of superoxide to hydrogen peroxide (eq 1)
based on density (SMD) methodology to account for solvent facilitated by [Zn(Hqp1)]® in phosphate buffer are listed
(water) effects.”” All structures were found to have only real below

vibrational harmonic frequencies. Free-energy corrections at 20
°C and 1.0 atm were calculated via the harmonic
approximation, and all calculations were carried out with
Gaussian16.*

[Zn(Hgp)]" + 0,°” — [0,Zn(Hgpl)]* (A)

[0,Zn(Hgp1)]* + H,PO,”

Synthesis. [N-(2-Hydroxybenzyl)-N,N',N'-tris(2-pyridinyl- — [HOOZn(Hgpl)]"* + HPO*~ (B)
methyl)-1,2-ethanediamine]zinc(ll) Triflate {[Zn(Hpp1)]-
(OTf),, 3}. Hppl (0.100 g, 0.228 mmol) and Zn(OTf), [HOOZn(Hgp!)I'* + H,PO,~
(0.083 g, 0.228 mmol) were dissolved in 2 mL of MeOH e e
under N, and stirred at room temperature. After 16 h, 2 mL of - [H,0,Zn(Hqp1)]**" + HPO, (©)

ether was added to the solution to precipitate the crude

product. The solid was further purified by washing with [H,0,Zn(Hgp1)]*** - [Zn(Hgp1)]*** + H,0, (D)

1493 https:/doi.org/10.1021/acs.jpca.3c07403
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Table 1. Relative Free Energies (kcal/mol) for the Products of Reaction Steps A—F for the Various Conformations of the

Zn(II) Complex with Respect to the Lowest-Energy IS
species

(1sY' [zn(Hap1)]'/[Zn(qp1)]/[Zn(qp1)]™!, 2H,PO,7, 20,

(&) [0,Zn(Hqp1)]*/[0,Zn(gp1)]*"/[0,Zn(qp1) ]**(S = 0), 2H,PO,", O,*

(B) [HOOZn(Hgp!1)]*'/[HOOZn(gp1)]*/[HOOZn(gp1)]', H,PO,",
HPO, 0,*

(€) [HIOzZl;(HqP1)]'2‘/[1'1;0:2"(‘11’1)]"/[HzOzZn(qpl)]1', 2HPO,™,
0,"

» O,

(D) [Zn(Hqp1)]***/[Zn(qp1)]**/[2n(qp1)]** 2HPO,, 0,7, H,0,

(E) [0Zn(Hgp1) ] (s = 1)*/[0,Zn(gp1)]*(S = 1)"/[0,Zn(gp1)]",
2HPO,>", H,0,

(E) (Za(Eiqp)])"/[2n(ap1))/[Za(ap D))", ZHPOL, O(S = 1; X5,

A

[Zn(Hgp1)]**  [zn(qp1)]™" [Zn(qp1)]* [Zn(qp1)]** [Zn(qp1)]***

0.0 185 184 18.4 99.3
12.7 26.6 26.8 27.8 1132
214 12.3 59 8.0 110.0
12.6 2.6 44 5.9 110.1

6.0 =31 -17 =17 102.0
=0.2 10.8 8.8 6.7 100.2
=95 6.1 8.9 8.9 89.9

“Structure corresponds to the mer conformation in Scheme 3. “The free-energy difference between [Zn(Hqp1)]* and [Zn(qp1)] is fixed at +15.5
kcal/mol to account for the acid/base free-energy difference in the solution; see text. “Structure corresponds to the fac/cis conformation and
trajectory of superoxide binding in Scheme 3. “Structure corresponds to the fac/trans conformation and trajectory of superoxide binding in
Scheme 3. “The [Zn(qp1)]** free energy is obtained as the [Zn(qp1)] free energy plus the [Zn(qp1)]**/[Zn(qp1)] free energy difference. Mnitial
species. £0,2*(S = 1),[Zn(Hqp1)]* complex. hs=0is just 0.03 keal/mol higher. ‘0,2*(S = 1),[Zn(qp1)]** complex.

[Zn(Hgp)]"** + 0,°” — [0,Zn(Hgpl) "+ (E)

[0,Zn(Hgpl)*** = [Zn(Hgp)[* + 0,° (F)

In step A, one pyridine group of the H,qpl ligand detaches
from Zn(1I) allowing O,°~ to coordinate to the metal center.
Our calculations show that the pentacoordinate complex with a
detached pyridine is only ~7 kcal/mol higher in energy than
the hexacoordinate complex, suggesting that the two species
may exchange and that a dissociative mechanism for ligand
exchange is plausible. In reaction B, a proton is transferred
from a dihydrogen phosphate from the buffer to the terminal
oxygen atom of the coordinated superoxide while an electron is
transferred from Hqpl™ to the superoxide. This reduces and
protonates superoxide (O,"”) to hydroperoxide (OOH"). In
reaction C, a second proton is provided by another equiv of
dihydrogen phosphate to form H,0,, which is subsequently
released in step D. In step E, a second O," binds to Zn(II).
The superoxide reduces the quinol-derived portion of the
ligand as it oxidizes to O, in step (F). Analogous routes are
studied for reactions starting from [Zn(qpl)] and [Zn-
(qp1)]**, which differ from [Zn(Hqp1)]® by the removal of
a proton and a net hydrogen atom, respectively. The
Supporting Information provides more details on reaction
steps A—F starting from these two species.

Reaction Step A—Initial Coordination of Superoxide.
The most stable [Zn(Hqp1)]" species adopts two structures
that differ with respect to the coordinating position of the
quinolate relative to those of the two tertiary amines. The mer
and fac conformers are shown in Scheme 3, with the former
being ~S kcal/mol more stable. In the fac case, O,* can
potentially bind either next to (fac/cis) or across from (fac/
trans) the quinolate when it displaces a pyridine ring, as
visualized by the red arrows in Scheme 3. In the mer
conformation, an incoming O,"” necessarily occupies a
position cis to the quinolate upon displacing one of the
pyridines. Similar structures are possible for [Zn(qp1)] and
[Zn(qp1)]**. Our calculations confirm our expectations that
placing the two redox-active components, quinolate and O,"”,
closer together facilitates the electron transfer between these
groups (see below) and that orienting these cis to each other
will result in more rapid SOD mimicry.

The theoretically predicted low energy differences between
the mer and fac structures are consistent with the previously

1494

obtained data. Again, these designations refer to the relative
orientations of the quinolate and the two tertiary amines. 'H
NMR data for 1 suggest the existence of multiple species in
solution,”” and it is likely that both the mer and fac isomers are
present and exchanging with each other. In our initial report,®”
however, we were unable to unambiguously identify, differ-
entiate, and quantify these isomers. The hydroxy group in the
quinolate could potentially be deprotonated, leading to
[Zn(qp1)]. The latter is initially 15.5 kcal/mol higher in
energy but becomes much more energetically feasible after the
reaction with superoxide (see below). The energy difference of
15.5 kcal/mol between [Zn(Hqp1)]® and [Zn(qpl)] is
calculated with eq 2

AG =23RTpK, @)

where the pK, corresponds to [Zn(Hqp1)]™ = [Zn(qpl)] +
H* and has been estimated to be 11.6.”* We were unable to
directly measure this value due to precipitation of the complex
above pH 9.0.” Computationally, the same energy difference
can be estimated by comparing [Zn(Hqp1)]* + HPO,’ and
[Zn(qp1)]* + H,PO,"; this provides an alternative value of
11.2 kcal/mol. We used the 15.5 kcal/mol value in the rest of
our study, but the conclusions and predicted mechanism
remained the same for either value.

The relative free energies for reaction step A using H,PO,~
as a proton donor and [Zn(Hgp1)]", [Zn(qp1)], or [Zn-
(qp1)]** as the acceptor are listed in Table 1, and the
corresponding free energy diagrams (FEDs) are shown in
Figure 1. All free energies are referenced to those of the lowest-
energy reacting species: [Zn(Hqp1)]*(mer) + 2H,PO,” +
20,°". The mer conformers are our primary focus for all three
starting species since they are the most stable, but the fac
conformers for the redox-active [Zn(qpl)] species are also
considered with both the cis and trans trajectories for the
coordinating superoxide. In all six steps (A—F), the mass,
charge, and spin (number of unpaired electrons) are
conserved. The FEDs for [Zn(Hqpl)]"(mer) and [Zn-
(qp1)]**(mer) are parallel, with the latter lying higher by
+99.3 kcal/mol. Therefore, only the former is included in
Figure 1. The high similarity of these species results from the
fact that [Zn(Hgp1)]* and [Zn(qp1)]** only differ by a single
H*; the formed “observer” O—H bond does not significantly
impact the geometries. The enthalpy and entropy changes

https:/doi.org/10.1021/acs.jpca.3c07403
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304
254
20
154

Energy (kcal/mol)

—— [Zn(Hgp1)]*(mer) *
[Zn(gp1))(mer)
[Zn(gp1)](fac/trans)
= [Zn(qp1)](fac/cis)

Figure 1. FEDs for the initial species (IS) and the intermediate
species formed from steps A—F in Table 1 for superoxide dismutation
catalyzed by [Zn(Hqp1)]* (mer) and [Zn(Hqpl)] (mer, fac/trans,
and fac/cis).

during the initial insertion of O," increase the free energy in
all cases by as much as 11-14 kcal/mol. O,*~ remains largely
ionic with one localized unpaired electron in its z* orbital
(Figure 2)

Reaction Step B—Proton Transfers Facilitate Intra-
molecular Superoxide Reduction. In step B, the Zn(II)-
bound superoxide abstracts a proton from the solution, as it
accepts one electron from the quinol-derived portion of the
H,qp1 ligand via a concerted proton-coupled electron transfer
(PCET). Our calculations show that the unpaired electron is
delocalized throughout the oxidized quinolate (Figure 2). At
this point in the reaction, the free energy for the [Zn(Hgp1)]*-
derived intermediate is substantially higher than that derived
from [Zn(qp1)]. The PCET for the mer conformer of the
[Zn(qp1)]-derived intermediate is favorable, with AG = —14.4
kecal/mol; AG for the analogous PCET reactions starting from
the fac/cis and fac/trans conformers, conversely, are —20.1
and —19.8 kcal/mol, respectively. As a result, the free energy of
intermediate B, where the electron transfer has occurred, is
lower for fac/cis than fac/trans (Figure 1). The [HOOZn-
(qp1)]* product is lower in energy than its conjugate acid
[HOOZn(Hqp1)]*", and it is at this step that the two FEDs

corresponding to the [Zn(Hgpl)]* and [Zn(qpl)] starting
materials cross each other. Initially deprotonating the OH
group of the semiquinolate anion enables the subsequent
PCET to proceed through lower-energy intermediates,
facilitating the formation of OOH.

To understand why the deprotonation of the OH of the
semiquinolate anion renders electron transfer more thermo-
dynamically favorable, we calculated the ionization energies of
Hgpl~, qpl®T, and gpl°"—the redox-active moieties of
[Zn(Hgpl)]%, [Zn(gpl)], and [Zn(qpl)]**—to see which
species most readily relinquishes an electron. The qp1>~ is the
only one of the three to be stabilized upon ionization, with a
negative ionization energy of —3.5 eV. Both Hqp1~ and gp1°~,
conversely, have positive ionization energies (1.7 and 1.9 eV),
indicating that they prefer to accept an electron. The formation
of qp1*~ in solution from para-quinone-containing qp1 would
require the provision of two electrons. Alternatively, the
dianionic ligand can also be formed from H,qpl by removing
two protons and stabilizing qp1>~ over gp1™~. This second path
is not feasible for the metal-free ligands since qp1~ is more
stable than qp1*~ by 3.5 eV. Our calculations indicate that
Zn(II) is crucial to forming and electrostatically stabilizing
qpl*~. One last note is that a change in the conformation at
this reaction step is also possible since the [Zn(Hpql)]" FED
crosses with the FEDs of all three (mer, fac/trans, and fac/
cis) conformations of [Zn(qp1)] (Figure 1). Independently of
the conformation adopted, the overall mechanism and process
will remain the same since all three FEDs are “parallel” to each
other and all cross again with the [Zn(Hgp1)]" FED at step E.

The importance of this deprotonation is corroborated by the
previously obtained kinetic data. When the pH of the solution
is raised from 7.4 to 8.1, the k_, rate constant for superoxide
dismutation by 1 increases by ~40%.>” The improved activity
of the Zn(II)-H,qpl catalyst under basic conditions is
unusual. Many other SOD mimics, including the manganese
analog of 1, often lose activity and become less effective
catalysts under more basic conditions,'?7 11734415557

Reaction Steps C and D—Protonation of Hydro-
peroxide and Release of Hydrogen Peroxide. After the
intramolecular reduction and protonation of the superoxide,

[0,Zn(Hgp1)]*

[Zn(Hgp1)]*

[HOOZn(qp1)]*

(C) li» H*

[H,0,Zn(qp1)]**

(D+E)
+0,""

Figure 2. Molecular orbitals hosting the unpaired electrons of all species pertaining to the proposed dominant [Zn(Hqp1)]*/[Zn(qp1)] (mer)
cycle. The reaction steps are listed in parentheses. The [0,Zn(qpl)]** intermediate bears two unpaired electrons (open-shell singlet) and the
related orbitals are depicted with different colors (blue/red vs green/purp]e). ET signifies electron transfer from either the ligand to the O,*~ (step

B) or the reverse direction (step F).
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the resultant HOO™ is further protonated by the phosphate
buffer; as long as the mer conformation is maintained, reaction
step C is exergonic by 9.6 kcal/mol (Table 1). This is followed
by the exergonic release of the H,0, ligand (AG = —5.7 keal/
mol) in step D. The free energies of the intermediates for
[Zn(qp1)] continue to be lower than those for [Zn(Hqpl)],
indicating that the semiquinone anion continues to stabilize
the intermediates.

Reaction Steps E and F—Coordination of the Second
Equiv of Superoxide and Its Oxidation to Dioxygen. The
coordination of the second equivalent of O,*” to [Zn(qp1)]**
resembles the other superoxide-binding event seen in step A in
that it is endergonic for all mer, fac/cis, and fac/trans cases by
8—14 kcal/mol (Table 1 and Figure 1). The two unpaired
electrons on O," and gp,*” can couple into an open-shell
singlet or a triplet. The triplet density is always lower by 0.6—
0.7 kcal/mol for all three species.

The coordination of O,"” to [Zn(Hqpl)]*** was less
straightforward. We were not able to find a stable O," +
[Zn(Hqp1)]*** coordination complex. Instead, when we
started from the geometry of the stable O,*~ + [Zn(qp1)]**
coordination complex [0,Zn(qp1)]* (S = 1) and added a
proton to the oxygen terminus of qpl*~ to form [O,Zn-
(Hgp1)]**, we obtained a weakly bound complex of an O,
molecule and [Zn(Hqpl)]". An analogous reaction occurs
with 0,° + [Zn(qpl)]*, which creates a weakly bound
complex of O, and [Zn(gpl)]**. These observations agree
with the electronic state of the semiquinone ligand in the three
cases. The qp1°~ ligand of [Zn(qp1)]®* is less willing to accept
an electron compared to qpl and Hqpl® of [Zn(qp1)]** and
[Zn(Hqp1)]***, respectively (see above; reaction step B).
Consequently, we believe that the oxidation of the O, occurs
in an intramolecular fashion for [Zn(qp1)]** but with rapid
outer-sphere mechanisms for [Zn(qpl)]** and [Zn-
(Hgp1)]**"

The resulting 0,** (S 1)-[Zn(Hqp1)]* molecular
complex is lower in energy than [0,Zn(qp1)]*, and the
black and red FEDs of Figure 1 cross at this point. Therefore,
in solution, [0,Zn(qp1)]** will get protonated and sponta-
neously eject a molecule of O,. The [Zn(Hgpl)]* byproduct
can relax back to its optimal structure, closing the catalytic
cycle.

Overall, the acid/base chemistry of the quinol-derived
portion of the H,gpl ligand plays important roles in the
catalysis. The initial deprotonation of the nonmetal-bound
hydroxyl group greatly facilitates the transfer of an electron
from the quinolate to O,*~, and its subsequent reprotonation is
needed to complete the catalytic cycle. The highest-energy
species intermediate on the proposed path, the product of step
C with [Zn(gqp1)], is 12.7 kcal/mol higher in energy than the
initial reactants [Zn(Hqp1)]* (Figure 1, Table 1).

The molecular orbitals hosting one unpaired electron for the
intermediates corresponding to the proposed lowest-energy
path [Zn(Hqp1)]*/[Zn(qp1)] (mer) route (black/red lines of
Figure 1) are shown in Figure 2. The first O,"" initially keeps
its electron in the 750™ orbital until the attachment of the first
proton induces the migration of one electron from one
delocalized 7 orbital of the quinolate (leaving it singly
occupied) to O,H. This step is facilitated by the deprotonation
of the quinol. Upon reduction, the latter moiety becomes a
basic HOO™ that can accept a second proton to yield H,O,.
During the last step, the electron of the second O,*~ (green/
purple orbital) couples into a triplet with the electron localized

1496

96

on the semiquinolate anion (red/blue orbital). One of the two
electrons of the doubly occupied 7* orbital of O, migrates to
the same orbital of the quinol-derived portion of the ligand,
yielding 0,>* (S = 1) and a quinolate dianion. This last step is
facilitated by protonation of the quinolate dianion.

The Mulliken charges and spin densities for all oxygen atoms
are shown in Figure S3 of the SI and are in complete
agreement with the molecular orbitals’ picture. The charges of
the oxygen atoms in the quinol remain practically unchanged
throughout the process. For the structures with an unpaired
electron in the quinol ring, half of the spin density belongs to
the carbon atoms, with the two oxygen atoms sharing the other
half of the electron in a ~3:1 ratio. The distal oxygen has a
higher spin density than the metal-bound oxygen. The charge
and spin density on the O, moiety are about —0.6 and 1.0
when it is formally O,°”, and the charge ranges from —0.85 to
—0.89 when it is formally an OOH™ or HOOH.

The Zn(II) serves three roles. As mentioned previously, the
first role of the metal ion is to stabilize qp1>~. The second role
is to coulombically attract and coordinate O,"”. Manganese-
containing SOD mimetics with higher positive charges tend to
catalyze superoxide dismutation more efficiently,'®>>>**%313%
The ability of Zn(1I) to place superoxide in close proximity to
qp1*~ enables facile electron transfer from qp1>~ to O,"". The
third role is to hinder the coordination of other competitively
binding anions, particularly phosphate. Phosphate inhibition
has been found to decrease the activities of manganese-
containing SOD mimics, as assessed by the k,, values of the
reactions between the compounds and superoxide,'”*"** but
not those of zinc-quinol catalysts.””® The AG for superoxide
coordination remains practically the same when Mn(Il) is
substituted for Zn(II): 3.7 and 3.7 keal/mol, respectively. With
Mn(IIT), the more positive charge renders the free energy for
superoxide coordination negative (AG = —0.5 kcal/mol).
However, Mn(11I) also has a higher affinity for PO,*". The AG
values for the formation of the Zn(I1)/PO,*, Mn(1I)/PO,*",
and Mn(III)/PO,>~ species are —7.8, —7.1, and —11.8 keal/
mol, respectively. The phosphate inhibition observed for
manganese-containing SOD mimics is correlated with the
ability of manganese to access the +3 oxidation state. The
inability of Zn(1I) to be oxidized to a more positive metal ion
discourages phosphate coordination, preventing phosphate
from competitively inhibiting the coordination and activation
of superoxide.

Formation and Possible Catalytic Roles of the para-
Quinone Species. The quinol can potentially be doubly
deprotonated and oxidized by two electrons to form a para-
quinone group; the loss of two net H atoms yields the qp1
form of the ligand. The key intermediate for this reactivity is
[Zn(gp1)]**, which is produced at reaction step D of the
proposed mechanism; this is the lowest-energy intermediate of
the FED for [Zn(qp1)] (mer) (Figure 1). When O,*~ binds to
[Zn(gp1)]*”, there are two possible routes. First, an electron
can be transferred from the superoxide to the ligand with the
aid of a proton attached to the ligand, producing O, and
leaving the catalyst in the most stable [Zn(Hqp1)]* form. The
second path occurs via an electron transfer to the opposite
direction to create the para-quinone species [Zn(qp1)]**, with
the addition of two protons converting O,>~ into H,0,. The
first path is exergonic by 6.4 kcal/mol [—9.5—(—3.1); Table
1], and the second path is endergonic by 2.7 kcal/mol [102.0—
99.3; Table 1]. [Zn(qp1)]** can also form from the
disproportionation of [Zn(qp1)]*"; two of these ions can

https:/doi.org/10.1021/acs.jpca.3c07403
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react to form [Zn(qpl)] and [Zn(gp1)]**. The disproportio-
nation is unfavorable as well with AG = 21.3 kcal/mol.

Consequently, we believe that the H,O, and O, production
rely predominantly on the qp1*~/Hqp1~ redox couple and that
the doubly oxidized qpl form of the ligand is rarely accessed.
Nonetheless, the energies of the intermediates corresponding
to the qpl/qp1°®~ redox couple are not entirely prohibitive,
accounting for the [Zn(qp1)]** species that have been
experimentally observed during and after catalysis.””

Preparation and Analysis of a Phenolic Version of
[Zn(H,qp1)1**: [Zn(Hpp1)]**. Even though the quinolic
portion of the ligand does not need to donate two electrons for
catalysis to proceed, the ability of the distal, noncoordinating
hydroxyl group to deprotonate, yielding a dianionic ligand, is
essential to the superoxide dismutation. To experimentally
confirm this, we prepared a Zn(II) complex with Hppl,
[Zn(Hpp1)](OTf), (3); the ligand is identical to H,qpl
except for the lack of the second hydroxyl group (Scheme 2).*’
The phenol from Hpp1 should be able to coordinate to Zn(II)
analogously to quinol from H,qpl. The synthesis proceeds
smoothly, and the identity and purity of the complex were
confirmed by mass spectrometry and elemental analysis.
Attempts to crystallize and structurally characterize 3 have
thus far been unsuccessful. The NMR spectra are inconsistent
with the existence of a single conformer in solution. This was
anticipated since similarly complicated solution-state behavior
was observed for the Zn(II)—H,qp1 complex.”’

Phenol and quinol have nearly identical pK, values in water
(9.9), but the second hydroxyl group does render quinol more
susceptible to oxidation, as indicated by its lower O—H bond
dissociation energy: 81.5 vs 89.9 kcal mol™!, as assessed by
measurements in DMSO.*’ Deprotonating the second
hydroxyl group further weakens the remaining O—H bond to
73.0 kecal mol™". The phenol-for-quinol substitution would
therefore be anticipated to hinder step B in our proposed
mechanism (Figure 1, Table 1).

We analyzed the ability of 3 to serve as a SOD mimic using
stopped-flow kinetics measurements on the direct reactions
between 3 and O,"” in 60 mM MOPS buffered to pH 7.4
(Figure 3). This medium was found to support SOD mimicry
for both 1 and 2.*”** Unlike 1 and 2, 3 does not accelerate the
decomposition of O," in a buffered aqueous solution, even at
a relatively high concentration of 4.5 M. The removal of the
second hydroxyl group completely eliminates catalysis by
precluding the Hpp1 species from accessing the lower-energy
intermediates available to H,qpl.

B CONCLUSIONS

Our calculations support the previously proposed inner-sphere
dismutation of superoxide by Zn(1I) complexes with quinol-
containing ligands. The activity relies upon superoxide being
able to bind cis to the quinol-derived portion of the ligand.
Keeping the quinol-derived portion of the ligand mer with the
two amines appears to lower the free energies of the
intermediates in the catalytic cycle. A constraining ligand
that enforces such a conformation may further reduce the
barrier for zinc-catalyzed superoxide dismutation.

The ability to deprotonate the nonmetal-bound OH group
in the quinol-derived portion of the ligand lowers the energies
of key intermediates. Specifically, the deprotonation of the OH
group in [0,Zn(Hqp1)]® enables the transfer of one electron
from the quinol-derived unit to the coordinated superoxide,
which transiently becomes O, before it abstracts a proton
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Figure 3. Kinetic traces of superoxide decomposition at 250 nm by 3
in 60 mM MOPS buffer, pH 7.4, and ionic strength of 150 mM.
Either 0 (black), 2.25 (red), or 4.45 uM (blue) of 3 is present. The
Zn(II) has no noticeable impact on the degradation of superoxide.

from the solution. Substituting a phenol for the quinol removes
the second hydroxyl group and is predicted to disrupt the
catalysis of superoxide dismutation; we confirmed this
experimentally. The second proton transfer to HOO™ is
generally easier and can be improved if proper ligand design
can place it across from the Zn—O bond of the quinol-derived
portion of the ligand. The reduction of the semiquinone anion
is facilitated by its initial protonation. Finally, Zn(II) benefits
the reactivity by stabilizing qp1>~. The inability of this metal to
access the +3 oxidation state discourages phosphate coordina-
tion, thereby preventing this competing anion from inhibiting
the reactivity.
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The chemical equations for the degradation of superoxide to hydrogen peroxide (Eq. 1 of the

manuscript) facilitated by [Zn(qp1)] considered in this study are:

[Zn(qp1)] + Oy~ — [0sZn(qp1)]"

[0:Zn(qpl)] + H,PO, — [HOOZn(qpl)]' + HPO,2
[HOOZn(gp!)]' + H,PO;~ — [H,0,Zn(qp1)]> + HPO,2
[H20,Zn(gpD)]*" — [Zn(gp1)]"' + H>0,

[Zn(gpD)]"* + Oy — [02Zn(qp ) ]*

[02Zn(gpD)]* — [Zn(qp1)] + O*

The chemical equations for the degradation of superoxide to hydrogen peroxide (Eq. 1 of the

manuscript) facilitated by [Zn(qp1)]"" considered in this study are:

Zn(qp)]"' + Oy — [0xZn(gp1)]*

0,Zn(qp1)]* + H,PO,~ — [HOOZn(gp1)]* + HPO>
HOOZn(gpl)]' + HoPO; — [H20,Zn(qpl)2' + HPO2
H,0,Zn(qp1)]** — [Zn(qp1)]?* + H,0,

[Zn(gpD)]** + Oy — [02Zn(qp )]

[05Zn(@p1)I"* — [Zn(gpD)]"* + O

[
[
[
[
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©
% = + H* —
1]
& [QOET] i
[HOOZn(apL)I* |y 0,zn(gp1)*
[0QET]
i /022'
5 [0,Zn(qp1)]**(5=0)
€\°22.
i [0QET]
8 [Zn(qp1)]
2]

Figure S1. Molecular orbitals hosting the unpaired electrons of all species pertaining to the
[Zn(gp1)] (cis) syn and anti cycles. The [0.Zn(qp1)]* intermediate bears two unpaired electrons
(open-shell singlet) and the related orbitals are depicted with different colors (blue/red vs.
green/purple). QOET signifies electron transfer from the quinone ring to molecular oxygen and
OQET is the electron transfer to the reverse direction.
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[HOOZn(qp1)]*
(B)
+H*

_
[QOET]

(C) l+ H*

[H,0,Zn(qp1)1*

(D+E)

+0," H
%
-H,0,

[Zn(qp1)]** (F)

r

Figure S2. Molecular orbitals hosting the unpaired electrons of all species pertaining to the
[Zn(gp1)]"* (mer). The [O,Zn(qpl1)]* intermediate bears two unpaired electrons (open-shell
singlet) and the related orbitals are depicted with different colors (blue/red vs. green/purple).
QOET signifies electron transfer from the quinone ring to molecular oxygen and OQET is the
electron transfer to the reverse direction.
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[0,Zn(Hqp1)]*

[HOOZn(qp1)]* @

[Zn(Hgp1)]*

+0,"

Figure S3. Modified version of Figure 2 of the manuscript to include Mulliken charges and spin
densities on every oxygen atom.
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Table S1. Cartesian coordinates (in A) for all IS-E species for cycles facilitated by [Zn(qp1)]
(mer)/(fac/cis)/(fac/trans).

[Zn(gp1)] (mer)

[Zn(gp1)] (fac/cis)

[Zn(gpl)] (fac/trans)

IS | C -1.710471 -2.850485 -1.378070 C 1.013453 2.089130 2.293685 C -1.012433 2.089307 -2.293585
N -1.999556 -1.717893 -0.714021 N 0856912 1.714754 1.013571 N -0.856229 1.714922 -1.013428
C -2.593615 -3.921238 -1.438453 C 2.100380 2.838039 2.727427 C -2.099025 2.838593 -2.727506
N -2.242177 0.368398 1.093683 N 0.153348 1.267105 -1.495768 N -0.152998 1.267331 1.496015
C -3.814878 -3.813779 -0.772390 C  3.069056 3.205498 1.788946 C -3.067705 3.206420 -1.789169
N -0.950432 1.699026 -0.921937 N -2.172583 1.408817 -0.035917 | N 2.172979 1.408299 0.036206
C -4.112770 -2.641639 -0.080600 C 2913736 2811979 0.463761 C -2912706 2.812919 -0.463940
N 0.649040 2.244722 1.906709 N -1.950254 -1.464676 0.801405 | N 1.950423 -1.465186 -0.801001
C -3.178909 -1.608858 -0.079847 C 1.791705 2.056726 0.116646 C -1.790976 2.057299 -0.116626
N 0312055 -0.974065 1.452707 N -0.189889 -1.535031 -1.299543 | N 0.189464 -1.534922 1.299744
C -3.453656 -0.276659 0.567556 C 1.579313 1.538791 -1.287806 C -1.578882 1.539369 1.287878
C -2392392 1.829077 1.049940 C -0.604648 2.522521 -1.521481 C  0.605300 2.522542 1.521749
C -1.835570 2.427828 -0.223531 C -2.001315 2.342264 -0.988494 C  2.001806 2.342187 0.988347
C -2.159936 3.730724 -0.603413 C -3.045011 3.154354 -1.432166 C  3.045473 3.154755 1.431257
C -1.528675 4.288147 -1.710878 C -4303245 3.014213 -0.855975 C 4303545 3.014599 0.854726
C -0.592032 3.530921 -2.418725 C -4.480510 2.059354 0.145108 C 4480716 2.059213 -0.145884
C -0.334289 2236534 -1.991185 C -3.394088 1.276518 0.513682 C  3.394352 1.275935 -0.513679
C 0.785693 3.429374 1.291756 C -2.433299 -1.677857 2.035447 C 2433177 -1.678832 -2.035069
C  1.751639 3.682690 0.320615 C -3.190778 -2.798419 2.358120 C  3.189413 -2.800223 -2.357828
C  2.642075 2.658435 -0.005038 C  -3.444865 -3.737082 1.357219 C  3.442512 -3.739207 -1.356984
C 2513164 1.424966 0.630128 C -2.922086 -3.529297 0.082817 C 2920052 -3.530899 -0.082528
C  1.480368 1.249714 1.559707 C -2.175898 -2.376258 -0.156900 | C 2.175153 -2.377050 0.157267
C  1.240551 -0.087188 2.222280 C  -1.544596 -2.073866 -1.492427 | C 1.544131 -2.073931 1.492743
C -0.866396 -1.344159 2.268104 C  0.320563 -0.954709 -2.552462 C -0.320884 -0.954470 2.552649
C -1.821330 -0.160618 2.408950 C -0.135170 0.486262 -2.707396 C  0.135172 0.486399 2.707650
C  1.028819 -2.196457 0.983908 C  0.727613 -2.597470 -0.811756 C -0.728219 -2.597309 0.812187
C 2201546 -1.856082 0.101767 C  2.006741 -2.002089 -0.294562 C -2.007150 -2.001715 0.294705
C  3.505659 -2.125358 0.53739%4 C 3217386 -2.165540 -0.976697 C -3.217965 -2.164748 0.976613
C  4.656509 -1.789336 -0.214589 C 4423655 -1.559719 -0.548883 C -4.423999 -1.558740 0.548397
C 4405068 -1.142630 -1.450293 C 4325524 -0.771445 0.624200 C -4.325430 -0.770788 -0.624876
C 3.110826 -0.867529 -1.891139 C  3.122684 -0.611017 1.314780 C -3.122420 -0.610766 -1.315215
C 1.978791 -1.204026 -1.130511 C 1930124 -1.209937 0.873771 C -1.930092 -1.209803 -0.873767
Zn -0.588350 -0.218975 -0.298108 | Zn -0.458422 0.037667 0.264676 | Zn 0.458396 0.037451 -0.264460
H -5.049245 -2.519253 0.454652 H 3.642775 3.074783 -0.297049 H -3.641742 3.076030 0.296767
H -4.221080 -0.379062 1.347331 H 2150617 0.605453 -1.393902 H -2.150468 0.606190 1.393936
H -3.865680 0.377960 -0.212149 H 1969690 2254314 -2.027028 H -1.969152 2.255040 2.027001
H -1.825962 2269166 1.876786 H -0.634637 2.945074 -2.535699 H 0.635673 2.944896 2.536042
H -3.439076 2.134973 1.177157 H -0.096345 3.259607 -0.888415 H 0.096968 3.259903 0.889016
H -2.888325 4.290686 -0.024347 H -2.858042 3.879543 -2.218437 |H 2858606 3.880317 2.217210
H 2192860 -0.612543 2.354043 H -1.527152 -2.977037 -2.120846 | H 1.526563 -2.976748 2.121660
H 0817515 0.089237 3.216343 H -2.148372 -1.317136 -2.011801 H 2148082 -1.316998 2.011612
H -0.553407 -1.681257 3.266409 H -0.005399 -1.546315 -3.420432 | H 0.004914 -1.546161 3.420624
H -1.363751 -2.190402 1.780824 H 1413523 -1.003250 -2.524360 | H -1.413858 -1.002741 2.524501
H -2.691317 -0.459746 3.009037 H 0335553 0.940355 -3.592147 H -0.335611 0.940534 3.592352
H -1.306898 0.644700 2.942594 H -1.222012 0.526554 -2.857828 H 1221991 0.526479 2.858276
H 0292826 -2.806391 0.442586 H 0918492 -3315669 -1.624968 | H -0.919321 -3.315227 1.625588
H 1367647 -2.773314 1.857480 H 0202923 -3.129078 -0.007146 | H -0.203597 -3.129268 0.007768
H 3.203537 0.610314 0.426839 H -3.073232 -4.247519 -0.717281 | H 3.070487 -4.249314 0.717529
H 3.643439 -2.618448 1.501568 H 3.235165 -2.779700 -1.879222 H -3.236118 -2.778745 1.879245
O  0.735778 -0.902557 -1.567524 O 0.747536 -1.036646 1.508364 O -0.747233 -1.036936 -1.508063
H 2954574 -0.358077 -2.842146 H 3.086291 0.017497 2.205916 H -3.085702 0.017479 -2.206526
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H 5258497 -0.860424 -2.066564 H 5227471 -0.280604 0.990287 H -5.227216 -0.279872 -0.991270
H -2.322795 -4.817537 -1.985515 H 2182869 3.127279 3.769649 H -2.181273 3.127832 -3.769748
H -0.738051 -2.880050 -1.861894 H 0236810 1.770563 2.985530 H -0.235788 1.770429 -2.985287
H -0.075279 3.931468 -3.283812 H -5440817 1911411 0.627009 H 5440913 1.911210 -0.627987
H 0379998 1.595311 -2.502348 H -3.501650 0.513996 1.277796 H 3501850 0.512956 -1.277347
H -1.762737 5.302456 -2.020394 H -5132138 3.634110 -1.184685 H 5.132396 3.634884 1.182809
H 1.809468 4.657877 -0.152654 H -3.564783 -2.930316 3.367604 | H 3.563255 -2.932485 -3.367325
H 0091381 4212716 1.592533 H -2.199825 -0.921269 2.782181] H 2200521 -0.921951 -2.781764
H 3429546 2.818331 -0.736586 H -4.028816 -4.627276 1.571761 H 4.025481 -4.630031 -1.571592
H -4.524293 -4.635990 -0.787021 H 3.931606 3.793426 2.089008 H -3.930009 3.794629 -2.089389
O 5.891707 -2.063564 0.209001 O 5573815 -1.717260 -1.208820 | O -5.574352 -1.715845 1.208095
C  2.559536 2.213499 1.993166 C -3.750362 -1.709800 0.931281 C 1474973 -0.334214 -2.301857
N 2.034362 0.982548 2.055362 N -2.760575 -1.258536 0.145416 N 1.149648 -0.099406 -1.022762
C  3.928288 2458185 1.891289 C -5.023072 -1.981455 0.440501 C 2672694 0.102469 -2.856266
N 1.651363 -1.764061 0.618635 N -0.565043 -0.987783 -1.407110 | N 0.800415 -0.413047 1.644901
C 4794995 1365904 1.866846 C -5270018 -1.778151 -0.917172 | C 3.548233 0.831177 -2.046461
N 2691808 0.126955 -1.025935 N 0303174 -3.372762 0.368855 N 4.074401 -1.065994 1.704303
C 4256217 0.081448 1.924729 C -4241666 -1.311358 -1.733794 | C 3210138 1.069509 -0.716948
N -3.845028 -1.882419 1.051732 N 3955689 1.438107 0.974909 N -2.766279 -1.349406 -0.577029
C  2.868953 -0.066408 1.987719 C -2.998658 -1.054572 -1.161674 | C 1.999473 0.570472 -0.233370
N -1.099248 -0.983643 0.446529 N 0.879099 0.808966 0.243424 N -1.964061 0.466556 1.282880
C 2219008 -1.428507 1.947068 C -1.841539 -0.492949 -1.954200 | C 1.536190 0.772036 1.191535
C  2.706796 -2.180477 -0.319285 C -0.429802 -2.431941 -1.735334 | C 1.715829 -1.508968 2.060777
C  3.437597 -0.979099 -0.876085 C  0.638074 -3.092928 -0.901619 C 2971252 -1.676833 1.235305
C 4787530 -1.009100 -1.217649 C 1915671 -3.343237 -1.409368 C 2979204 -2.441089 0.063494
C  5.380921 0.158625 -1.693377 C  2.897119 -3.842219 -0.552092 C  4.154447 -2.532339 -0.677518
C 4.613239 1.318496 -1.807528 C 2564921 -4.082210 0.779559 C 5291878 -1.870907 -0.213473
C  3.265658 1.256210 -1.465174 C 1.252775 -3.841466 1.187718 C 5200133 -1.162429 0.982415
C -5.127457 -1.842176 1.448483 C  5.174367 1.866821 0.619734 C -3.195001 -1.951338 -1.695102
C -6.159755 -1.322617 0.672922 C 5902653 1.334245 -0.442538 C -4.509092 -2.379753 -1.848169
C -5.846971 -0.824192 -0.593366 C 5333478 0.295566 -1.175321 C -5.401976 -2.166946 -0.795935
C -4519516 -0.845444 -1.007773 C  4.063649 -0.155601 -0.819359 C -4.954554 -1.536712 0.363183
C -3.544183 -1.369883 -0.150484 C 3399276 0.445980 0.254703 C -3.618240 -1.145364 0.435352
C -2.093136 -1.351057 -0.586274 C  2.025645 -0.031844 0.674543 C -3.013167 -0.500596 1.655680
C -0.691897 -2.135477 1.283541 C 0.838239 1.051231 -1.206612 C -1.190785 0.833223 2.485632
C  0.582352 -2.773351 0.744199 C 0.577795 -0.238874 -1.969949 C -0.081677 -0.156252 2.789744
C -1.499654 0.176968 1.293292 C 0.810714 2.069123 1.031379 C -2.598845 1.693155 0.715418
C -2.056896 1.317530 0.486630 C -0319173 2965684 0.602492 C -1.571596 2.574313 0.064410
C -3.393310 1.693162 0.657714 C -0.042770 4.248196 0.114461 C -1.158508 3.776554 0.650121
C -4.013552 2.712109 -0.098505 C -1.047786 5.138257 -0.329609 C -0.123824 4.573434 0.105386
C -3.177226 3.362389 -1.036467 C -2370149 4.638924 -0.266143 C  0.474057 4.068333 -1.076199
C -1.839180 3.001416 -1.210597 C -2.655287 3.357892 0.208482 C  0.058400 2.876647 -1.673518
C  -1.244439 1.969527 -0.465981 C -1.646720 2.488585 0.659032 C -0.974484 2.095963 -1.123837
H 4890092 -0.800986 1.890616 Zn -0.889043 -0.354066 0.682954 | Zn -0.804433 -0.502650 -0.281677
H 1403351 -1.431557 2.674979 H -4389633 -1.145276 -2.796524 | H 3.873883 1.611747 -0.049742
H 2939224 -2.208058 2.235879 H -1.854148 0.603794 -1.865498 | H 0.861913 1.640502 1.187373
H 2229064 -2.710710 -1.153703 H -1.945104 -0.745347 -3.019426 | H 2388947 1.014353 1.843319
H 3419632 -2.871931 0.152488 H -0.211878 -2.537599 -2.808423 | H 1.136813 -2.439071 2.060807
H 5357296 -1.923994 -1.085029 H -1.388914 -2918287 -1.531879 | H 2.049993 -1.311907 3.091546
H -1.803433 -2.339318 -0.966488 H 2.133219 -3.127822 -2.452477 H 2.062304 -2.923500 -0.262270
H -2.000035 -0.656028 -1.429898 H 1.870077 -1.050749 0.297756 H -3.789985 -0.012243 2.262407
H -1.487846 -2.884424 1.325064 H 1985567 -0.077492 1.768042 H -2.555323 -1.286354 2.271482
H -0.543265 -1.777117 2.307874 H 1.769602 1.511046 -1.571052 H -1.860162 0.904650 3.355954
H 0892791 -3.611624 1.384671 H 0.030014 1.765148 -1.394142 H -0.778876 1.833599 2.326684
H 0383716 -3.168472 -0.259962 H 0405673 -0.016372 -3.032648 H 0.489455 0.213806 3.658394
H -0.591904 0.477856 1.834598 H 1.456688 -0.886689 -1.920113 H -0.507440 -1.126959 3.078297
S7




Peer-Reviewed Publications

108

H -2.243824 -0.145690 2.032456 H 1.758771 2.615117 0.946156 H -3.130680 2.220200 1.522795
H -4.223342 -0.434969 -1.969797 H 0.696201 1.760255 2.081550 H -3.340289 1.358052 -0.021104
H -4.003729 1.140294 1.376443 H 3592988 -0.977565 -1.353365 | H -5.620168 -1.346275 1.199602
O  0.056597 1.630877 -0.651135 H 0996634 4.578237 0.069862 H -1.643835 4.109100 1.569930
H -1.227951 3.522209 -1.947455 O -1.946122 1.256853 1.130607 O -1.379726 0.922895 -1.660584
H -3.603701 4.160125 -1.644512 H -3.686896 3.007281 0.241441 H 0556996 2.516112 -2.574754
H 4298534 3.477035 1.840945 H -3.181755 5.282421 -0.605678 H 1.283933 4.642710 -1.526198
H 1.855980 3.042895 2.038266 H -5.795680 -2.346610 1.108312 H 2907761 -0.115787 -3.892396
H 5043849 2.251623 -2.154259 H -3.508245 -1.851992 1980980 | H 0.742101 -0.882772 -2.891243
H 2618271 2.126613 -1.544951 H 3.295992 -4.458899 1.487484 H 6231180 -1.908002 -0.756130
H 6434437 0.168876 -1.957222 H 0951263 -4.040964 2.214439 H 6.075168 -0.653026 1.381752
H -7.177153 -1.315659 1.050516 H 3902573 -4.031691 -0.916974 |H 4.182634 -3.108729 -1.598133
H -5339731 -2.251403 2.434501 H 6.889592 1.720487 -0.676221 H -4.822485 -2.862649 -2.767434
H -6.620620 -0.414735 -1.237099 H 5596935 2.670371 1.219828 H -2.456181 -2.086879 -2.482857
H 5869586 1.510893 1.799241 H 5868085 -0.159820 -2.004069 | H -6.437473 -2.483270 -0.881253
O -5306514 3.018058 0.053857 H -6.250223 -1.985433 -1.336321 | H 4.489159 1.198646 -2.445955
O  0.535140 -0.997238 -2.523575 O -0.766473 6.363528 -0.787226 O 0269067 5.718586 0.670591
O 0.194928 -2.248489 -2.772412 O -0.224048 -0.992217 2.503732 O -0.225963 -2.543882 -0.414628
Zn 0.606441 -0.241971 -0.597354 | O -1.006704 -1.878277 3.093803 O -0.749146 -3.253694 0.570194
C 2273087 2.097725 2.124588 C -1.597791 -0.951904 2.306632 C -1.136661 -0.044718 2.288893
N 1.899504 0.812095 2.086300 N -1.188620 -1.072785 1.030280 | N -0.937100 0.019343 0.962371
C  3.604626 2.508969 2.083011 C -2.700854 -1.632169 2.804303 C -2.310782 0.404931 2.880142
N 1.686413 -1.826191 0.533109 N 0.046463 -1.605349 -1.320388 N -0.771547 -0.632039 -1.670642
C 4594838 1.529906 2.008141 C -3.413220 -2.467934 1.941107 C -3.300700 0.950656 2.059361
N 2709074 0.138086 -1.005858 N 2466467 -1.025699 -0.354922 | N -3.979185 -1.495828 -1.437831
C 4212920 0.190155 1.951503 C -2987598 -2.597760 0.623444 C -3.092662 1.011538 0.683370
N -3.802341 -1.839699 1.195129 N 1530149 1.780022 0.618258 N 2712928 -0.983144 0.632320
C  2.852324 -0.124120 1.963308 C -1.863650 -1.882416 0.203287 C -1.894293 0.523858 0.163391
N -1.068068 -0.973642 0.445956 N 0.076780 1.206773 -1.589629 N 1.857636 0.512889 -1.428282
C 2365149 -1.547814 1.824375 C -1.366651 -1.976740 -1.218658 | C -1.582912 0.541534 -1.316052
C  2.670040 -2.213436 -0.491479 C 0908842 -2.751567 -1.028541 C -1.629090 -1.824842 -1.927474
C  3.444123 -0.985607 -0.920410 C 2324253 -2.295440 -0.765289 C -2.804534 -1.971991 -0.986414
C  4.807606 -0.994644 -1.194581 C 3412644 -3.159420 -0.890049 C -2.669679 -2.561003 0.275726
C 5426083 0.207657 -1.539854 C  4.681488 -2.686322 -0.570006 C -3.778109 -2.614538 1.117700
C  4.667948 1.376665 -1.592132 C  4.828141 -1.364566 -0.142241 C -4.990143 -2.092757 0.666128
C  3.304073 1.295593 -1.319325 C  3.692731 -0.570078 -0.048075 C -5.038403 -1.555145 -0.618266
C -5.071016 -1.776703 1.629814 C 1915550 2255914 1.815064 C  3.106338 -1.406776 1.842975
C -6.126578 -1.291070 0.862624 C  2.670385 3.415611 1.947500 C 4444436 -1.631223 2.145202
C -5.853205 -0.853796 -0.434281 C  3.036208 4.108653 0.792704 C  5.396608 -1.405623 1.148908
C -4.539132 -0.899136 -0.889477 C  2.620148 3.627423 -0.445807 C 4983633 -0.964611 -0.106810
C -3.538978 -1.386513 -0.039662 C  1.864124 2457192 -0.490705 C  3.622280 -0.767051 -0.328074
C -2.103479 -1.398115 -0.525601 C  1.379327 1.856542 -1.783215 C  3.046262 -0.330029 -1.651257
C -0.618990 -2.090494 1.312621 C -0.228860 0.367059 -2.760392 C  1.098625 0.666590 -2.685282
C 0.589352 -2.795173 0.705676 C 0376028 -1.020977 -2.629459 C 0.072219 -0.439350 -2.865554
C -1.463035 0.203005 1.264710 C -0.970310 2.252771 -1.421538 C 2309800 1.846351 -0.927458
C -2.020470 1.326309 0.435318 C -2.253298 1.728955 -0.827300 C 1.207835 2.641723 -0.280492
C -3.326519 1.720511 0.571867 C -3.264296 1.241747 -1.623133 C 0470024 3.559715 -0.990499
C -3.898748 2.781698 -0.219298 C -4475371 0.668301 -1.094592 C -0.644389 4.273253 -0.420323
C -3.015932 3.457435 -1.141101 C  -4.628600 0.687196 0.338462 C -0.941334 4.012884 0.967004
C -1.707535 3.080470 -1.272297 C -3.664600 1.226939 1.141746 C -0.178002 3.151779 1.703936
C -1.162872 1994524 -0.510656 C -2432015 1.765656 0.615184 C 0938122 2434984 1.132687
Zn  0.632226 -0.310676 -0.690346 | Zn 0.588718 -0.138042 0.300806 | Zn 0.695800 -0.751534 -0.004116
H 4948955 -0.605028 1.869647 H -3.499273 -3.249338 -0.078861 H -3.847758 1.406608 0.010233
H 1.654206 -1.739519 2.633001 H -1.966173 -1.290662 -1.828010 | H -1.011659 1.454030 -1.518064
H 3202774 -2.248947 1947911 H -1.546050 -2.986902 -1.614054 | H -2.509206 0.594226 -1.903185
H 2.123658 -2.610237 -1.358045 H 0.890433 -3.491589 -1.843004 H -0.982811 -2.708149 -1.883491
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H 3355660 -2.993399 -0.132433 H 0525652 -3.247536 -0.125022 H -2.042150 -1.739444 -2.942827
H 5368666 -1.920802 -1.114850 H 3.253709 -4.178823 -1.228680 | H -1.700614 -2.945189 0.583265
H -1.835366 -2.411266 -0.851007 H 1329021 2.629104 -2.566176 H 3801041 0.202075 -2.248043
H -2.039169 -0.754744 -1.412950 H 2.100542 1.097295 -2.116400 H 2738744 -1.222023 -2.214583
H -1.432040 -2.803853 1.474522 H 0.128406 0.844860 -3.684992 H 1.780877 0.677551 -3.546880
H -0.359112 -1.671053 2.291187 H -1.313084 0.289309 -2.852637 |H 0.605684 1.641226 -2.671375
H 0891750 -3.644870 1.333719 H 0.019304 -1.663612 -3.448102 H -0.543844 -0.218794 -3.750540
H 0325086 -3.184204 -0.285894 H 1467159 -0.969371 -2.708862 H 0574987 -1.399319 -3.045116
H -0.554933 0.532388 1.785211 H -1.166627 2.715535 -2.401707 | H 2.746030 2.403571 -1.769648
H -2.206451 -0.092194 2.014639 H -0.561071 3.026620 -0.763640 | H 3.101569 1.666236 -0.192582
H -4273915 -0.540104 -1.880583 H 2863451 4.144664 -1.369004 H 5.694326 -0.771913 -0.904461
H -3.983689 1205914 1.273777 H -3.170677 1270477 -2.708294 | H 0.705445 3.762407 -2.035165
O  0.075685 1.634169 -0.666154 O -1.547703 2.253135 1.402805 O  1.656243 1.656207 1.849251

H -1.043008 3.583538 -1.970731 H -3.7806626 1.256717 2.222487 H -0391188 2.969647 2.755517
H -3.430854 4.269233 -1.733511 H -5.541835 0.268123 0.755832 H -1.784351 4.539215 1.409635
H 3852043 3.565032 2.116681 H -2993682 -1.505216 3.840931 H -2.442965 0.328279 3.953708
H 1472361 2.831271 2.206080 H -1.009093 -0.289525 2.934653 H -0.327657 -0.472228 2.877512
H 5117389 2.332979 -1.836989 H 5800180 -0.956640 0.112648 H -5.881195 -2.107872 1.285654
H 2665028 2.175153 -1.352228 H 3755185 0.460845 0.295055 H -5973460 -1.158012 -1.008507
H 6491263 0.233814 -1.750222 H 5.546548 -3.337415 -0.654459 | H -3.697342 -3.056705 2.106830
H -7.131538 -1.263311 1.271173 H 2958483 3.764614 2933135 H 4730344 -1.970086 3.134920
H -5.252465 -2.137620 2.640375 H 1.607533 1.679042 2.681967 H 2319508 -1.567930 2.577343
H -6.646233 -0.474022 -1.072453 H 3.625973 5.018227 0.858058 H 6451324 -1.566790 1.351330
H 5.645852 1.804094 1.985432 H -4.281540 -3.016455 2.294213 H -4.230782 1312625 2.487575
O -5.135075 3.094371 -0.114447 O -5374556 0.170324 -1.866165 O -1.340029 5.099059 -1.116906
O 0391506 -0.831330 -2.580556 O 1411788 -0.532543 2.189475 O 0510429 -2.722114 0.320723
O 0.027224 -2.222040 -2.779925 O 1424359 -1.980085 2.350945 O 1.488898 -3.359840 -0.549957
H -0.933579 -2.177872 -2.919275 H 2296305 -2.224439 1.994490 H 2312714 -3.303123 -0.034828
C -3.636117 2.202842 -0.251952 C  3.564748 0.298619 1.159170 C -0.514978 -1.321072 -2.755734
N -2.987721 1.090759 -0.645813 N 2.709139 0.543789 0.150038 N -0.438990 -1.174012 -1.422067
C -4902366 2.523855 -0.718980 C 4941036 0327576 0.984049 C -1.237576 -2.353410 -3.340515
N -1.781336 -1.333460 -0.948696 N 0.909281 1.556834 -1.597421 N -0.732771 -0.365254 1.151496
C -5518698 1.652158 -1.618902 C 5442860 0.626645 -0.283909 C -1.909181 -3.249480 -2.506375
N -1.169141 -0.985357 1.690120 N -0.063599 2.478415 0.794755 C -3.437815 -0.373663 2.851226
C -4.847726 0501151 -2.022335 C 4556233 0.885905 -1.325871 C -1.842478 -3.081527 -1.124196
N 2980510 -2.249748 -0.755536 N -4.045720 -1.129490 0431337 | N 0218775 2.327700 -0.747315
C -3.572819 0.252343 -1.518864 C  3.187399 0.829528 -1.073854 C -1.088208 -2.026937 -0.615024
N 0.6624838 0.210100 -0.792258 N -0.967791 -0.373825 -0.640087 | N 1.655861 1.081936 1.225575

C -2.760096 -0.939736 -1.967617 C  2.159955 1.039092 -2.161272 C -0.882846 -1.796394 0.860451
C -2367360 -2.267546 0.021343 C  1.000869 2.996434 -1.321971 C -1.971023 0.408723 0.914710
C -1.645985 -2.195034 1.345014 C  0.087857 3.388661 -0.185898 C -3.240589 -0.187920 1.480398
C -1.509532 -3.297462 2.184743 C -0.529009 4.634736 -0.119137 | N -4.178216 -0.532849 0.579405
C -0.851141 -3.136825 3.402464 C -1.309127 4.941547 0.993883 C -5.334557 -1.062513 1.009909
C -0.340913 -1.883373 3.745934 C -1.458813 3.995240 2.008630 C -5.606568 -1.283373 2.355124
C -0.520034 -0.830920 2.858009 C -0.822925 2.769708 1.866743 C -4.634610 -0.932767 3.292445
C  4.035752 -2.770504 -1.400129 C -5213937 -1.732071 0.167111 C -0.312127 2.879683 -1.855436
C  5.070561 -1.991190 -1.908345 C -5.898018 -1.564508 -1.034348 | C -0.485017 4.249955 -1.982507
C 5.016914 -0.612748 -1.710845 C -5.347246 -0.724206 -1.999837 | C -0.080214 5.071343 -0.927168
C  3.927783 -0.068104 -1.032566 C -4.134971 -0.091021 -1.729369 | C 0.475531 4.498017 0.212296

C 2913783 -0.914994 -0.580661 C -3.503608 -0.327540 -0.506642 | C 0.603760 3.111428 0.274584
C  1.676424 -0.392430 0.114022 C -2.189631 0.324960 -0.149741 C  1.112943 2418863 1.517169

C  0.340637 -0.648686 -1.951802 C -0.724062 -0.207162 -2.088196 | C 1.398993 0.103536 2.299446

C -0.518447 -1.829147 -1.526139 C -0.269553 1.208374 -2.411825 C -0.099637 -0.138572 2.467201
C 1.023801 1.567870 -1.274455 C -1.037022 -1.819777 -0.305310 | C 3.098790 1.214325 0.915553

C  1.395098 2.543648 -0.186309 C  0.302839 -2.449139 -0.052109 C  3.762666 -0.068728 0.495184
C  2.534219 3.300643 -0.311643 C  0.782174 -3.494500 -0.797046 C 4810618 -0.585717 1.213551
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C 2922151 4300513 0.653670 C  2.006002 -4.178686 -0.443892 C  5.522607 -1.770132 0.796112
C  2.051046 4.480005 1.790012 C  2.690474 -3.734493 0.750033 C  5.090669 -2.393782 -0.432855
C 0911653 3.738397 1.921823 C 2218451 -2.684553 1.491241 C  4.044251 -1.886803 -1.151579
C 0.527112 2.757886 0.947837 C  1.033217 -1.990173 1.102595 C  3.330329 -0.723746 -0.714311
H -5295810 -0.203774 -2.715809 Zn 0.645273 0.599317 0.363534 | Zn 0.638706 0.346687 -0.494692
H -2.224887 -0.657460 -2.882246 H 4907596 1.128991 -2.323794 H -2358045 -3.751596 -0.443120
H -3.422910 -1.773406 -2.233928 H 1954440 0.068849 -2.630774 H 0.050285 -2.294381 1.157919
H -2367529 -3.298796 -0.358521 H 2558808 1.700485 -2.942426 H -1.698059 -2.254507 1.437791
H -3.413646 -1.975079 0.183461 H 0.786062 3.596527 -2.216010 H -2.110187 0.513912 -0.167088
H -1.903686 -4.260186 1.873842 H 2032744 3.220050 -1.019014 H -1.806604 1.416075 1.316404
H 1211981 -1.226295 0.649270 H -0.395623 5.342351 -0.931273 H 1861422 3.046845 2.018648
H 1942270 0.365443 0.859728 H -2.171149 1354891 -0.520320 |[H 0.268511 2.330780 2.209039
H 1250061 -0.990781 -2.462147 H -2.115687 0.361754 0.943384 H 1.838508 0.429996 3.253079
H -0.213551 -0.027903 -2.666495 H -1.615504 -0.469589 -2.673480 | H 1.889313 -0.831958 2.003719
H -0.705086 -2.497743 -2.377221 H 0.062663 -0.923797 -2.357725 | H -0.255474 -0.992283 3.138248
H -0.001657 -2.413627 -0.756788 H -0.050979 1.299942 -3.484050 | H -0.578281 0.721079 2.944254
H 0.142407 1.944181 -1.812464 H -1.062901 1.929558 -2.182545 H 3.622930 1.623065 1.791740
H 1.845719 1.510692 -2.003054 H -1.575624 -2.362038 -1.094279 |H 3.178244 1.950353 0.102867
H 3.867003 0.997717 -0.835631 H -1.622092 -1.913164 0.614183 H 0807096 5.103965 1.049857
H 3.186404 3.164620 -1.173333 H -3.683066 0.592352 -2.443541 H 5142262 -0.096381 2.127756
O -0.589346 2.115303 1.109137 H 0232792 -3.852948 -1.665637 O 2324930 -0.275510 -1.404934
H 0247395 3.871816 2.772312 O  0.618194 -0.927009 1.749876 H 3712069 -2.357387 -2.073887
H 2331601 5.222681 2.532555 H 2737806 -2.341097 2.382505 H 5.623210 -3.282802 -0.761530
H -5.394526 3.427420 -0.376876 H 3.599022 -4.260934 1.030956 H -1.275781 -2.447062 -4.420154
H -3.114121 23834853 0461116 H 5599271 0.127241 1.822023 H 0.025596 -0.591847 -3.354369
H 0.188487 -1.722759 4.678499 H 3.116874 0.079757 2.124923 H -0.915686 4.662006 -2.888128
H -0.137117 0.165162 3.067558 H -2.061656 4.195247 2.887313 H -0.587181 2.191689 -2.650840
H -0.727326 -3.982626 4.072199 H -0.915834 1.988553 2.617406 H -0.191702 6.149255 -0.996503
H 5899372 -2.458322 -2.429420 H -1.801248 5.906766 1.065864 H -2.485722 -4.066502 -2.929869
H 4.048517 -3.852440 -1.507073 H -6.841464 -2.074351 -1.198382 | O 6.492266 -2.241734 1.482455
H 5.814408 0.029985 -2.071929 H -5.616894 -2.368571 0.951092 O -3.747298 -0.376349 -2.120804
H -6.514540 1.864818 -1.996140 H -5856650 -0.556172 -2.944140 | O -3.097167 0.879638 -2.320253
O 3989745 4.987082 0.506299 H 6514262 0.663994 -0.456706 H -3.822706 1.459865 -2.611867
O 1505186 -3.925058 0.828036 O 2453861 -5.143316 -1.147452 H -3.898190 -0.402758 -1.121981
O 0.669437 -4.690606 -0.041913 O -1.795974 -0.739626 3.122773 H -2.668494 -0.075530 3.557069
Zn -1.211869 0.450608 0.212281 | O -2.645588 -1.834470 2.773995 |H -4.809572 -1.086340 4.353258
H 1.149518 -5.534057 -0.118924 H -3.155329 -1.504124 1.976169 | H -6.554414 -1.716661 2.656055
H 1999365 -3.317866 0.191882 H -0.969062 -0.899909 2.598992 H -6.061397 -1.318511 0.243052
C -1.355039 -2.599164 -1.618125 C  -0.942808 -1.076371 2.561648 C -0.942632 -1.077466 2.561869
N -1.733084 -1.674900 -0.716797 N -0.728462 -1.178103 1.237099 N -0.728574 -1.178664 1.237235
C -2.081758 -3.760644 -1.847922 C -1.961562 -1.771488 3.198106 C -1.961340 -1.772783 3.198185
N -2.118706 -0.030532 1.472231 N 0.134021 -1.629670 -1.270043 | N 0.133610 -1.629076 -1.270148
C -3.242300 -3.976201 -1.103934 C -2.783967 -2.598837 2.429379 C -2.783922 -2.599755 2.429236
N -1.874714 1.606030 -0.647372 N 2468213 -1.183355 0.058527 N 2468260 -1.183084 0.057954
C -3.634156 -3.022929 -0.168009 C -2.560416 -2.702477 1.059290 C -2.560592 -2.702882 1.059073
N 0928003 1.527348 0.518000 N 1.561043 1.693307 0.647898 N 1.560845 1.692810 0.648695
C -2.855898 -1.877918 -0.007078 C  -1.524228 -1.964464 0.489609 C -1.524453 -1.964674 0.489551
N 0554320 -1.051455 1.403046 N 0.054304 1.196456 -1.544611 N 0.054197 1.197043 -1.544092
C -3.267225 -0.772563 0.932549 C -1.269999 -1.959605 -1.001766 | C -1.270379 -1.959186 -1.001848
C 2467513 1379180 1.688605 C  0.998080 -2.787739 -1.014276 C 0997711 -2.787216 -1.014627
C -2.628863 2.079101 0.358485 C 2378635 -2.364140 -0.578546 C 2378442 -2.363718 -0.579381
C -3.481224 3.166864 0.181415 C  3.488826 -3.183264 -0.770001 C 3.488561 -3.182773 -0.771532
C -3.535595 3.781182 -1.067847 C 4721707 -2.770543 -0.272705 C 4721674 -2.770062 -0.274803
C -2.747106 3.288334 -2.108805 C 4813080 -1.545216 0.389136 C  4.813324 -1.544822 0.387159
C -1.930476 2.193533 -1.855045 C  3.663223 -0.779367 0.526178 C  3.663483 -0.779070 0.524992
C 1.235164 2.594530 -0.240620 C 1.935857 2.096716 1.873056 C 1.935862 2.095815 1.873929
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C 2475180 3.218317 -0.188573 C 2595766 3.301831 2.078670 C  2.596557 3.300449 2.079764
C  3.440658 2.706851 0.682134 C  2.867746 4.108159 0.971909 C 2.869187 4.106756 0.973139
C  3.128300 1.599649 1.464818 C 2463064 3.692699 -0.295245 C 2464312 3.691740 -0.294090
C 1.856654 1.035445 1.353327 C  1.808478 2470338 -0.419900 C 1.808898 2469831 -0.418971
C  1.428902 -0.152622 2.177413 C  1.330443 1.914067 -1.739580 C 1330625 1914133 -1.738842
C -0.460848 -1.687720 2.264440 C -0.239397 0.340636 -2.715750 C -0.239864 0.341537 -2.715386
C -1.536059 -0.680382 2.660051 C 0400261 -1.037371 -2.590968 C  0.399628 -1.036605 -2.591032
C  1.364040 -2.083098 0.709053 C -1.031834 2.198219 -1.342345 C -1.031579 2.199097 -1.341528
C 2444730 -1.459313 -0.133340 C -2.270604 1.599610 -0.737059 C -2.270491 1.600399 -0.736672
C 3.769054 -1.627903 0.181519 C -3319775 1.184642 -1.522100 C -3.319873 1.186538 -1.522006
C  4.824201 -0.980983 -0.560535 C -4.490336 0.542502 -0.980282 C -4.490578 0.544193 -0.980722
C 4427238 -0.141600 -1.667460 C -4.532412 0.375879 0.451900 C -4.532398 0.375867 0.451279
C  3.110036 0.018745 -1.996744 C -3.521165 0.832395 1.250240 C -3.520881 0.831186 1.249944
C  2.068326 -0.624405 -1.250521 C -2.348775 1.478021 0.709197 C  -2.348429 1.477229 0.709452
Zn -0.552902 0.030777 -0.119519 | Zn 0.637069 -0.089715 0.137151 |Zn 0.636599 -0.089935 0.137349
H -4.526622 -3.153393 0.436364 H -3.176640 -3.335259 0.428042 H -3.176918 -3.335426 0.427687
H -3.894559 -1.173364 1.740255 H -1.916852 -1.191961 -1.443594 | H -1.917327 -1.191392 -1.443279
H -3.893643 -0.074760 0.361098 H -1.556813 -2.922748 -1.444564 |H -1.557181 -2.922191 -1.444971
H -1.642153 1.853748 2.235047 H 1.054953 -3.446626 -1.891149 H 1.054172 -3.446130 -1.891508
H -3.378790 1.499102 2.290902 H 0553240 -3.374412 -0.199344 | H 0.553078 -3.373804 -0.199526
H -4.087295 3.515456 1.011963 H 3374103 -4.125611 -1.296712 H 3373608 -4.125029 -1.298356
H 2306970 -0.691735 2.559490 H 1.227881 2.715608 -2.484138 H 1228459 2.715957 -2.483155
H 0876863 0.221366 3.046595 H 2074299 1.197343 -2.115190 H 2074188 1.197206 -2.114648
H 0.002747 -2.112044 3.166456 H 0.102334 0.824764 -3.640616 H 0.101782 0.825825 -3.640197
H -0.901864 -2.518433 1.702180 H -1.323976 0.238817 -2.796078 H -1.324486 0.239877 -2.795473
H -2.309909 -1.183720 3.254139 H 0.041444 -1.687519 -3.400898 H 0.040434 -1.686522 -3.400979
H -1.104447 0.099849 3.294697 H 1491383 -0.961466 -2.685829 H 1490731 -0.960894 -2.686160
H 0.680306 -2.674725 0.087390 H -1.259753 2.664621 -2.311970 | H -1.259218 2.666004 -2.310971
H 1.821989 -2.753353 1.451384 H -0.638241 2.974543 -0.677166 | H -0.637783 2.974989 -0.675936
H 3853925 1.156162 2.140792 H 2641761 4.299454 -1.177353 H  2.643496 4.298458 -1.176126
H 4.055885 -2.246809 1.030365 H -3.283908 1.325643 -2.602250 H -3.284028 1.328619 -2.602014
O 0.823741 -0.437875 -1.562798 O -1.430019 1.932308 1.475515 O -1.429559 1.930580 1.476157
H 2807126 0.653762 -2.826221 H -3.567444 0.724196 2.332045 H -3.566970 0.721765 2.331637
H 5214601 0.358100 -2.226426 H -5.408076 -0.110940 0.875946 H -5.408134 -0.111169 0.874931
H -1.737808 -4.478429 -2.584462 H -2.104687 -1.665760 4.267762 H -2.104360 -1.667465 4.267897
H -0.435489 -2.388316 -2.157075 H -0.272670 -0.417399 3.107483 H -0.272291 -0.418834 3.107851
H -2.765974 3.736026 -3.096293 H 5754607 -1.184392 0.787915 H 5755061 -1.183958 0.785406
H -1.296512 1.765535 -2.628510 H 3.687411 0.183382 1.028851 H 3.687875 0.183587 1.027833
H -4.191491 4.631203 -1.230586 H 5601481 -3.393442 -0.403674 |H 5.601421 -3.392880 -0.406342
H 2680397 4.074664 -0.821659 H 2885138 3.598673 3.080624 H 2886055 3.596945 3.081786
H 0459149 2948822 -0.915353 H 1.696103 1.429529 2.697593 H 1.695657 1.428653 2.698355
H 4426122 3.159480 0.740761 H 3.380858 5.056891 1.097326 H 3.382971 5.055099 1.098747
H -3.830363 -4.877862 -1.247393 H -3.589383 -3.158439 2895489 | H -3.589251 -3.159551 2.895263
O 6.053337 -1.135976 -0.245901 O -5.446454 0.139507 -1.737008 O -5.447000 0.142492 -1.737722
C 2364081 2.186669 2.027026 C -4.038110 0.248743 0.876656 C -1.179935 0.026125 2.293958
N 1.924547 0.921718 2.058580 N -2.992325 0.150057 0.040258 N -0.959066 0.040771 0.968800
C 3.714270 2.525772 1.951372 C -5275743 0.733017 0.468362 C -2.367594 0.487978 2.846593
N 1670660 -1.806356 0.597011 N -1.032005 -0.636138 -1.601695 | N -0.720074 -0.681840 -1.650680
C  4.652885 1.494882 1.917677 C -5.428472 1.127152 -0.861095 C -3.348328 0.991495 1.988796
N 2682291 0.104391 -1.032155 N -1.034111 -2.397644 0.502940 | N -3.916898 -1.607910 -1.403691
C 4202436 0.175504 1.938767 C -4344552 1.023110 -1.730109 C -3.117580 1.001364 0.615138
N -3.825313 -1.871415 1.090316 N 4236426 -0.877827 1.004454 N 2.672194 -0.973350 0.697220
C 2.827957 -0.067726 1.979515 C -3.135303 0.535697 -1.239349 C -1.906303 0.506232 0.134992
N -1.082345 -0.994538 0.442070 N 1.183332 0.070264 0.056753 N 1.881305 0.514601 -1.389489
C  2.270530 -1.470838 1.913005 C -1.899863 0.432444 -2.103982 C -1.562271 0.485779 -1.336600
C  2.708894 -2.213350 -0.365637 C -1.647009 -1.954804 -1.796475 C -1.564587 -1.883041 -1.916912
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3.441723 -0.994560 -0.882067
4.801275 -0.993759 -1.179715
5388961 0.194959 -1.610752
4.605841 1.343872 -1.724761
3.248935 1.252882 -1.427390
-5.104033 -1.822354 1.496682
-6.142355 -1.317933 (.718348
-5.839758 -0.844721 -0.559436
-4.515640 -0.876773 -0.985450 3.779043 -1.669071 -1.219196
-3.535066 -1.386550 -0.126016 3.363658 -1.240620 0.046576

C -1.178720 -2.913246 -0.732043
C
C
C
C
c
C
(&
(e
C
-2.088449 -1.380121 -0.575850 C  1.890328 -1.197250 0.390621
C
@
C
(&
C
&
g
C
G
Z

-0.924435 -4.254545 -1.010289
-0.515956 -5.091984 0.025662
-0.369498 -4.560194 1.306055
-0.632633 -3.208309 1.497290
5.543419 -0.912853 0.708124
6.045173 -1.309245 -0.529930
5.140170 -1.698990 -1.514976

-2.724921 -2.048437 -0.962979
-2.554721 -2.609916 0.306804
-3.645377 -2.666603 1.171516
-4.876147 -2.180363 0.730611
-4.960303 -1.674272 -0.564709
3.028124 -1.417461 1.912623
4348376 -1.708221 2231751
5323495 -1.529416 1.247879
4.949274 -1.063738 -0.010394
3.602244 -0.797305 -0.250245
3.075494 -0.327342 -1.583101
1.139272  0.644960 -2.658754
0.131850 -0.479523 -2.841687
2322174 1.853464 -0.896603
1.204907 2.655299 -0.287152
0.481276 3.560166 -1.027475
-0.645199 4.281465 -0.491616
-0.971168 4.039827 0.892978
-0.223213  3.190730 1.658918
0.905337 2.466653 1.122150
0.692809 -0.697716 0.030623
-3.863067 1.365521 -0.085416
-1.004738 1.404363 -1.550678
-2.475056 0.503241 -1.946138
-0.909110 -2.758727 -1.892005
-1.987920 -1.786158 -2.926760
-1.575039 -2.972445 0.605765
3.853268 0.216944 -2.137733
2791278 -1.204322 -2.179276
1.833215 0.654379 -3.510866
0.633255 1.612873 -2.662956
-0.485204 -0.269158 -3.728086
0.648666 -1.431966 -3.016918
2779245 2398511 -1.735725
3.095857 1.680591 -0.140816
5.679116 -0.903703 -0.797918
0.739988 3.747773 -2.069435
1.608337 1.696865 1.862980
-0.458080 3.025021 2.708585
-1.822985 4.572625 1.310316
-2.517005 0.453477 3.920012
-0.377272 -0.368134 2.912523
-5.754780 -2.198768 1.367519
-5.910929 -1.306742 -0.946168
-3.537593 -3.084246 2.168584
4.603742 -2.062869 3.224274
2226105 -1.539690 2.637531
6.365960 -1.744887 1.462665
-4.288216 1.362189 2.386958
-1.325149 5.097770 -1.213440
0.688575 -2.819190 0.132218
1.408953 -3.264885 -0.883076

-0.664860 -2.134716 1.295191 1.197745 0.386026 -1.383396
0.589297 -2.799969 0.739459 0.329269 -0.589956 -2.163732
-1.484466 0.169418 1.276874 1.749706 1.167483  0.884366
-2.044251 1.303711 0.463579 1.271949 2.548730 0.524356
-3.348281 1.697797 0.620284 2.175262 3.546287 0.258628
-3.929218 2.769181 -0.150564 1.773247 4.900759 -0.031895
-3.056755 3.455623 -1.074399 0356120 5.172318 -0.041131
-1.752310 3.074774 -1.229713 -0.552562 4.183757 0.214002
-1.201603  1.975835 -0.492047 -0.140910 2.838916 0.505932
4.895673 -0.660335 1.895412 n -0.932447 -0.201918 0.575681
1.491251 -1.558393 2.674684
3.054436 -2.205364 2.146455
2213727 -2.708840 -1.211295
3.419033 -2.926071 0.075795
5382748 -1.901219 -1.047912
-1.803314 -2.374635 -0.941797
-2.000315 -0.700808 -1.433322
-1.470771 -2.869334 1.374779
-0.482669 -1.751586 2.305040
0.891254 -3.639262 1.381586
0.371843 -3.197611 -0.260116
-0.580226  0.492793 1.808823
-2.230961 -0.140736 2.017428
-4.227762 -0.490634 -1.959897 1.487986 0.938984 1.927386
-3.998340 1.173539 1.321659 3.038194 -1.980607 -1.951797

H -4424143 1310544 -2.774135
H
H
H
H
H
H
H
H
H
H
H
H
H
H
0.030608 1.606804 -0.684704 H 3243097 3.333162 0.265772
O
H
H
H
H
H
H
H
H
H
H
H
O
(6}
[0}

-1.351029  1.382909 -2.050453
-2.182621 0.271183 -3.154407
-1.433939 -2.353443 -2.797429
-2.736044 -1.851904 -1.715664
-1.040398 -4.621712 -2.025463
1.388552 -2.021478 -0.124666
1.766345 -1.353736 1.469653
2218431 0.398614 -1.790973
0.794980 1.397523 -1.504605
0.307230 -0.304885 -3.224724
0.743047 -1.604056 -2.112505
2.844476 1.164048 0.812030

-1.096406 3.582830 -1.932600 -1.020759 1.924186 0.739242
-3.476834 4.276752 -1.649966 -1.621731 4383173 0.204655
4.015414 3.568040 1.928053 0.038128 6.188399 -0.262291
1.604024 2.964463 2.078665 -6.095534  0.793803 1.175876
5.031524 2.291607 -2.036035 -3.866404 -0.070234 1.901466
2.590293 2.114557 -1.507542 -0.046090 -5.171863 2.141274
6.450223 0.228970 -1.838992 -0.508222 -2.748883 2.472926
-7.156662 -1.302860 1.103746 -0.305758 -6.140104 -0.165835
-5.308264 -2.210513 2.492682 7.115672 -1.317276 -0.708153
-6.618413 -0.448311 -1.205141 6225880 -0.614369 1.501331
5.716057 1.713337 1.870406 5.485999 -2.026220 -2.491330
-5.163528 3.080854 -0.026751 -6.381914 1.505161 -1.218010
0.514676 -0.987670 -2.552817 2.635822 5.816657 -0.273526
0.175112 -2.240759 -2.792000 -0.680239 -0.289010 2.626022
Zn __ 0.620645 -0.312528 -0.627169 -1.740817 -0.758134 3.260322
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Table S2. Cartesian coordinates (in A) for all IS-E species for cycles facilitated by [Zn(Hqp1)]*
(mer) and [Zn(qp1)]*" (mer).

[Zn(Hgp1)]" (mer) [Zn(gp1)]" (mer)

-1.517991 -2.614943 -1.601717
-1.846217 -1.659609 -0.714503
-2.294322 -3.750138 -1.801273
-2.119741  0.003579 1.469583
-3.453807 -3.903571 -1.040768
-1.853170 1.607382 -0.666279
-3.795269 -2.916833 -0.119326
0.890236 1.519051 0.552020
-2.968019 -1.802933 0.011502
0.513444 -1.093457 1.364579
-3.314053 -0.664657 0.938489
-2.370422  1.430045 1.695854
-2.507520 2.150343 0.373280
-3.243330 3.326230 0.238584
-3.285122  3.953805 -1.004159
-2.602924 3.385868 -2.081721
-1.898745 2.207551 -1.867997
1.198999 2.604544 -0.178566
2451319 3.205259 -0.140528
3.428937 2.652710 0.691090
3.116220 1.527124 1.446182
1.834000 0.983633 1.342788
1.406731 -0.219431 2.143847
-0.508196 -1.719640 2.221516
-1.558518 -0.693276 2.640006
1.304657 -2.121258 0.641088
2.382856 -1.485333 -0.195143
3.727861 -1.667019 0.142719
4.733699 -1.014691 -0.565309
4397051 -0.167070 -1.621299
3.059765 0.013883 -1.965473
2.019981 -0.636237 -1.270931
-0.568324 -0.005783 -0.169623
-4.685157 -2.998934 0.497378
-3.965941 -1.018666 1.748995
-3.894448 0.066033 0.359961
-1.506055 1.845036 2.230326
-3.261866 1.610320 2.313455
-3.770201 3.731336 1.097168
2285461 -0.774711 2.501202
0.871577 0.139774 3.029970
-0.050534 -2.168678 3.115165
-0.971822 -2.531374 1.649733
-2.347862 -1.191378 3.218262
-1.109160 0.056518 3.298553
0.601958 -2.689418 0.017622
1.755014 -2.814725 1.367801
3.849260 1.052178 2.092176
0.741341 -0.448487 -1.611279
2.791984 0.679660 -2.783651

-1.355259 -2.599421 -1.618184
-1.733198 -1.674835 -0.717151
-2.081920 -3.761073 -1.847386
-2.118351 -0.030395 1.472057
-3.242280 -3.976459 -1.103068
-1.874527 1.606255 -0.647394
-3.634046 -3.022851 -0.167425
0.927772 1.527221 0.518000
-2.855878 -1.877697 -0.007105
0.554344 -1.051746 1.402668
-3.267078 -0.772006 0.932182
-2.466722  1.379396 1.688700
-2.628382  2.079430 0.358655
-3.480724 3.167227 0.181750
-3.535403 3.781456 -1.067560
-2.747233  3.288494 -2.108713
-1.930577 2.193661 -1.855095
1.234808 2.594575 -0.240452
2474724 3.218577 -0.188227
3.440243 2.707131 0.682452
3.128040 1.599722 1.464925
1.856491 1.035324 1.353267
1.428866 -0.152924 2.177150
-0.460838 -1.688034 2.264065
-1.536072 -0.680737 2.659797
1.364127 -2.083431 0.708809
2.444802 -1.459510 -0.133541
3.769103 -1.627894 0.181414
4.824313 -0.980725 -0.560413
4427214 -0.141275 -1.667304
3.110051 0.018881 -1.996701
2.068353 -0.624558 -1.250682
-0.553066 0.030620 -0.119724
-4.526368 -3.153184 0.437192
-3.894836 -1.172367 1.739773
-3.893019 -0.074053 0.360389
-1.641003  1.853661 2.234873
-3.377741  1.499480 2.291349
-4.086534 3.515928 1.012445
2306976 -0.691998 2.559183
0.876793  0.220928 3.046368
0.002766 -2.112427 3.166051
-0.901866 -2.518722 1.701775
-2.310137 -1.184308 3.253405
-1.104674  0.099201 3.294947
0.680439 -2.675099 0.087104
1.822078 -2.753629 1.451181
3.853696 1.156268 2.140896
4.055908 -2.246805 1.030291
0.823755 -0.438438 -1.563146
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=1
=

mommEomoImonmomEmEmnoEmmEmNoOQOoaaoaoaoaaOaOnOQOOzZOZzZ0ZzZ0Z020
ocOnpmmnmmmODoonomnoonoEoDNOOacAaOOOOOOOOnAQNNZAZOZOZA020

S13

113



Peer-Reviewed Publications

114

H 5185908 0.345825 -2.166251 H 2807173 0.653977 -2.826134
H -1.989041 -4.495533 -2.527388 H 5214544 0.358660 -2.226139
H -0.597961 -2.450771 -2.155881 H -1.738047 -4.479106 -2.583721
H -2.617073 3.841262 -3.065798 H -0.435855 -2.388721 -2.157445
H -1.346778 1.721804 -2.669684 H -2.766367 3.736113 -3.096231
H -3.849611 4.872408 -1.134001 H -1296811 1.765582 -2.628685
H 2654888 4.078381 -0.751060 H -4.191303 4.631499 -1.230177
H 0412810 2.998235 -0.819619 H 2.679842 4.075068 -0.821152
H 4422387 3.088973 0.740693 H 0458801 2.948843 -0.915201

H -4.080144 -4.782777 -1.159718 H 4425623 3.159931 0.741217

O  6.077277 -1.172804 -0.252923 H -3.830272 -4.878249 -1.246034
H 6.170063 -1.775628 0.501746 O 6.053443 -1.135591 -0.245718
H 3.988227 -2.313743 0.980968

C 2513012 2216452 2.001543 C 2361858 2188341 2.025115

N 2.019751 0972110 2.057125 N 1.923043 0.923179 2.058212

C  3.875160 2.496700 1.902900 C 3.711822 2528122 1.948516

N  1.690019 -1.773075 0.613491 N 1671118 -1.806130 0.598647
C 4769432 1426956 1.873757 C  4.651004 1497726 1.915589

N 2706578 0.132535 -1.025511 N 2.682503 0.103990 -1.031487
C 4263670 0.128751 1.923498 C 4201308 0.178114 1.938320

N -3.804791 -1.906952 1.070600 N -3.824778 -1.870639 1.090349
C  2.880629 -0.055038 1.984320 C  2.826982 -0.065846 1.979854
N -1.068013 -1.012201 0.444328 N -1.081898 -0.994625 0.441968
C 2265089 -1.433356 1.938186 C 2270302 -1.469307 1.914592

C 2742747 -2.178090 -0.332945 C 2709795 -2.213305 -0.363382
C 3464426 -0.966280 -0.878999 C 3442294 -0.994560 -0.880408
C 4816271 -0.978025 -1.212847 C  4.801940 -0.993411 -1.177603
C 5398351 0.199972 -1.677680 C  5.389266 0.195236 -1.609353

C 4617789 1351381 -1.788683 C  4.605715 1.343739 -1.724475

C 3269133 1271443 -1.454004 C  3.248761 1.252423 -1.427395

C -5.086964 -1.873166 1.467637 C -5.103447 -1.821330 1.496850
C -6.126246 -1.384898 0.680504 C -6.141797 -1.316990 0.718502
C -5.820253 -0.912288 -0.596916 C -5.839296 -0.844085 -0.559416
C -4492711 -0.927079 -1.012519 C -4515221 -0.876335 -0.985551

C -3.511144 -1.420433 -0.144427 C -3.534622 -1.386064 -0.126118
C -2.061353 -1.396528 -0.583416 C -2.088041 -1.379875 -0.576020
C -0.647110 -2.155326 1.287963 C  -0.664862 -2.134666 1.295527
C  0.627715 -2.788633 0.744673 C  0.589856 -2.799851 0.741006

C -1.478640 0.146261 1.287036 C  -1.483688 0.169599 1.276640

C  -2.045919 1.279544 0.478465 C -2.043842 1.303694 0.463318

C -3.381956 1.648807 0.650638 C -3.347749 1.697912 0.620702

C -3.942411 2.674160 -0.104389 C -3.929334 2.768507 -0.150745
C -3.157359 3.352123 -1.036214 C -3.057684 3.453987 -1.076095

C -1.821634 2.990000 -1.211412 C -1.753381 3.073004 -1.232098
C -1.235134 1.946073 -0.471512 C -1.201930 1.975037 -0.493513

H 4920113 -0.736763 1.885281 H  4.894989 -0.657385 1.895555

H 1458982 -1.464194 2.676052 H 1.490815 -1.556579 2.676088

H 3.008311 -2.196329 2.212059 H 3.054510 -2.203228 2.148956
H 2262901 -2.701680 -1.170388 H 2215124 -2.709620 -1.208861
H 3.460466 -2.870655 0.129210 H 3.420172 -2.925374 0.078738

H 5396081 -1.886938 -1.082937 H 5.383756 -1.900525 -1.044937
H -1.765474 -2.386279 -0.954550 H -1.803054 -2.374392 -0.942157
H -1.974205 -0.710296 -1.434928 H -1.999711 -0.700528 -1.433438
H -1.438674 -2.908117 1.340881 H -1.470739 -2.869370 1.374612
H -0.492900 -1.787215 2.307967 H -0.483533 -1.751356 2.305458
H 0.944423 -3.623452 1.386257 H 0.891507 -3.638759 1.383782
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H 0427516 -3.187395 -0.257778 H 0373159 -3.198079 -0.258506
H -0.573956 0.463674 1.823352 H -0.579279 0.492972 1.808269
H -2218610 -0.178254 2.028747 H -2230007 -0.140405 2.017444
H -4202610 -0.539032 -1.985560 H -4227398 -0.490427 -1.960107
H -4.005009 1.103362 1.360360 H -3997299 1.174198 1.322951
O  0.050667 1.610540 -0.656226 O 0.029967 1.605685 -0.687035
H -1.207807 3.515232 -1.940110 H -1.098157 3.580174 -1.936255
H -3.593808 4.155381 -1.626966 H -3.478321 4.274395 -1.652278
H 4219389 3.524895 1.858607 H 4.012355 3.570536 1.923865
H 1.788253 3.027237 2.050298 H 1.601383 2.965767 2.076181
H 5039403 2.291718 -2.126846 H 5.031083 2.291407 -2.036378
H 2612251 2.134896 -1.531245 H 2.589793 2.113782 -1.508303
H 6453158 0.224453 -1.935322 H 6.450580 0.229497 -1.837313
H -7.143540 -1.382331 1.058365 H -7.156067 -1.301748 1.103992
H -5.293427 -2261314 2.463281 H -5307616 -2.209245 2.492956
H -6.599604 -0.529049 -1.249824 H -6.617988 -0.447766 -1.205131
H 5.840062 1.599695 1.808628 H 5.714033 1.716727 1.867615
O -5286039 2.967758 0.094551 O -5.163555 3.080190 -0.026343
O 0.543902 -0.987332 -2.529221 O 0517610 -0.991548 -2.551819
O 0232111 -2.246379 -2.776128 O 0.173903 -2.243538 -2.791362
Zn 0.631437 -0.265454 -0.601833 | Zn 0.621218 -0.313677 -0.627277
H -5.562275 3.671855 -0.512874
C  2.072473 1994521 2.139807 C -1.815399 -1.542398 2.712868
N 1.683674 0.714302 2.081499 N -1.957724 -0.572841 1.787627
C 3410322 2386017 2.175094 C -2.327588 -1.436320 4.000247
N 1435969 -1.884996 0.541353 N -1.645002 1.675403 0.170320
C 4388354 1.391883 2.160786 C -3.008405 -0.274300 4.356830
N 2.720609 -0.084278 -0.973846 N -2.600634 -0.202275 -1.464004
C 3991527 0.057685 2.079476 C -3.157536 0.732440 3.406960
N -4.445233 -0.602834 0.211404 N 3.666711 1.729357 0.431656
C 2627952 -0.235513 2.011013 C -2.625479 0.547552 2.133922
N -1.193220 -0.682511 0.367229 N 0.872344 0.463982 0.651948
C  2.127829 -1.650767 1.836792 C -2.813473 1.581253 1.057842
C  2.388295 -2.405432 -0.452382 C -2.064361 2.142582 -1.156311
C  3.326506 -1.277744 -0.824592 C -2.836250 1.054271 -1.869137
C 4700022 -1.427773 -0.974375 C -3.713068 1.335778 -2.916345
C 5465402 -0.297653 -1.268425 C  -4.343305 0.277202 -3.564236
C 4837732 0.940565 -1.394851 C -4.088115 -1.030929 -3.145725
C  3.454207 1.002877 -1.241622 C -3.208656 -1.225142 -2.088702
C -5.632356 -0.999720 0.690155 C 4611903 2.665243 0.594717
C -5.982155 -2.336015 0.877238 C 4574816 3.915977 -0.019669
C -5.047171 -3.315641 0.549959 C 3492444 4213571 -0.844136
C -3.807859 -2.914720 0.054779 C 2496942 3.252788 -1.011909
C -3.540516 -1.549443 -0.094549 C  2.618157 2.022303 -0.359146
C -2.206064 -1.096012 -0.642905 C  1.564663 0.956893 -0.567375
C -0.867103 -1.785213 1.300625 C 0429322 1575164 1.514952
C  0.212808 -2.688518 0.716111 C -0.557609 2.471686 0.772828
C -1.595447 0.520814 1.130539 C  1.672609 -0.491668 1.460222
C -1.885591 1.734239 0.288246 C 2208693 -1.640210 0.647538
C -3.074411 2.406894 0.418866 C 3491438 -1.694930 0.244483
C -3.309319 3.614010 -0.283126 C 4.007049 -2.807637 -0.578939
C -2.321804 4.172566 -1.132832 C  3.069726 -3.866539 -1.002537
C -1.127896 3.522901 -1.274872 C 1.792776 -3.837582 -0.595147
C  -0.862062 2.284307 -0.584443 C  1.304444 -2.780915 0.320402
Zn 0.615933 -0.303389 -0.756550 | Zn -0.967949 -0.422496 -0.068156
H 4719566 -0.747879 2.037400 H -3.673776 1.659318 3.637078
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H 1425856 -1.869041 2.647146 H -3.048358 2.556713 1.503897
H 2962837 -2.358359 1.930598 H -3.682754 1.283231 0.457820
H 1825704 -2.717791 -1.342378 H -1.167497 2377080 -1.744318
H 2952602 -3.269975 -0.077792 H -2.670580 3.057902 -1.100155
H 5154497 -2.404940 -0.842706 H -3.887797 2366607 -3.209363
H -1.766761 -1.914945 -1.220593 H 0.804423 1.346419 -1.253622
H -2.355452 -0.252375 -1.326605 H 2.006785 0.092615 -1.071053
H -1.760727 -2.364777 1.560760 H 1.284939 2.176378 1.854203
H -0.498892 -1.332822 2.227780 H -0.032784 1.138579 2.407888
H 0381775 -3.555308 1.369172 H -0.960235 3.221549 1.465209
H -0.094591 -3.061150 -0.269966 H -0.042823 3.017354 -0.023717
H -0.748662 0.756929 1.788099 H 1.007669 -0.878910 2.243412
H -2471588 0.304173 1.755651 H 2.510906 0.026829 1.938224
H -3.046859 -3.641248 -0.220594 H  1.632825 3.442399 -1.644407
H -3.858172 2.021664 1.064283 H 4191845 -0.898113 0.483626
O 0.269556 1.712484 -0.742161 O 0207715 -2.898689 0.872981
H -0.342121 3911972 -1.915496 H 1.070632 -4.602730 -0.866885
H -2.533384 5.101599 -1.655523 H 3.467876 -4.649864 -1.641082
H 3.671471 3.438257 2221245 H -2.182589 -2.249039 4.703369
H 1277493 2.738979 2.172028 H -1271470 -2.425768 2.403750
H 5401772 1.842773 -1.605227 H -4562492 -1.881260 -3.623177
H 2914381 1.942520 -1.332854 H -2970204 -2.221656 -1.723905
H 6542064 -0.382052 -1.383066 H -5.029108 0.468163 -4.384281
H -6.962891 -2.594335 1.263546 H 5.375360 4.629478 0.146507
H -6.344122 -0.211847 0.929434 H 5.445174 2.401996 1.243338
H -5.278437 -4369816 0.672924 H 3.421590 5.174521 -1.345549
H 5442787 1.650704 2.199864 H -3.410582 -0.151018 5.357921
O -4503074 4.197515 -0.105194 O  5.195607 -2.837228 -0.920878
O 0233121 -0.678994 -2.653413 O -0.020074 -1.555335 -1.416593
O 0.061278 -2.098606 -2.909548 O 0.007204 -0.824311 -2.668558
H -0.862938 -2.151761 -3.205421 H -0.716399 -1.231596 -3.175457
H -4.586873 5.020858 -0.619257

C  -3.545682 2.343710 -0.257294 C -3.628086 2.164972 -0.275377
N -2.952609 1.194956 -0.634503 N -2.974654 1.048773 -0.651754
C -4.783576 2.731421 -0.748178 C -4.884711 2.484700 -0.766876
N -1.848894 -1.276132 -0.929783 N -1.746695 -1.368291 -0.937672
C -5.431332 1.890308 -1.655326 C -5.486125 1.608738 -1.672851
N -1.202275 -0.940883 1.704059 N -1.140672 -0.993773 1.695188
C -4.818141 0.701998 -2.041496 C -4.810272 0.454500 -2.057759
N 2.828832 -2.416623 -0.771203 N 2955871 -2.267904 -0.743046
C -3.567801 0.385758 -1.514390 C -3.544891 0.205673 -1.530879
N 0.667064 0.173134 -0.784920 N 0.683438 0.226243 -0.762772
C -2.815333 -0.850607 -1.948431 C -2.727639 -0.990026 -1.962399
C  -2.466369 -2.182372 0.048438 C -2.321527 -2.308971 0.034409
C -1.742126 -2.128202 1.372160 C -1.620073 -2.207900 1.367187
C -1.665063 -3.224308 2.227458 C -1.504659 -3.291380 2.234161
C -1.000310 -3.082057 3.443711 C -0.863409 -3.108143 3.457246
C -0.424018 -1.853102 3.771870 C  -0.348660 -1.850940 3.781388
C  -0.546233 -0.804286 2.870877 C -0.507723 -0.816617 2.869914
C  3.844310 -3.006710 -1.419289 C 3.988177 -2.817588 -1.399676
C 4932515 -2.299576 -1.922175 C  5.037191 -2.066733 -1.922418
C 4977012 -0.922530 -1.715305 C  5.023793 -0.687756 -1.725164
C  3.928324 -0.306195 -1.034161 C  3.957789 -0.113065 -1.034222
C  2.856265 -1.081367 -0.588437 C 2926258 -0.931379 -0.570854
C  1.659430 -0.479701 0.114352 C 1.709019 -0.378715 0.137051
C 0.294194 -0.673453 -1.941796 C  0.362850 -0.635772 -1.927994
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C -0.605197 -1.819825 -1.507482 C  -0.468499 -1.836569 -1.507689
C  1.104117 1.499348 -1.287464 C 1.068071 1.564358 -1.275060
C 1.511092 2474371 -0.214714 C 1435288 2572521 -0.219100
C 2703910 3.150571 -0.301245 C 2.558749 3.308697 -0.302391
C  3.061878 4.118684 0.670492 C 2877060 4.376900 0.672930
C  2.199478 4423262 1.754291 C 1916294 4.649108 1.764084
C 1.002381 3.774836 1.851092 C  0.784460 3937721 1.851829
C  0.604474 2789003 0.876395 C 0476887 2879330 0.873698
H -5291918 0.019965 -2.740690 H -5247142 -0.252993 -2.755629
H -2.274289 -0.608865 -2.871151 H -2.193949 -0.718422 -2.880971
H -3.517943 -1.656384 -2.196875 H -3.386947 -1.829506 -2.216735
H -2.504068 -3.215162 -0.324721 H -2291097 -3.342510 -0.336665
H -3.501096 -1.851206 0.209686 H -3.376503 -2.041088 0.180512
H -2.109283 -4.169017 1.929177 H -1.900731 -4.258017 1.938456
H 1.154000 -1.280371 0.662403 H  1.239959 -1.197576 0.690423
H 1978076 0.265519 0.852108 H 1999013 0.382634 0.870041
H 1.183547 -1.049499 -2.462924 H 1.275815 -0.951710 -2.447508
H -0.243991 -0.029580 -2.648061 H -0.211231 -0.020507 -2.631434
H -0.817631 -2.484434 -2.355290 H -0.635217 -2.504790 -2.362546
H -0.108489 -2.419068 -0.736610 H 0.056466 -2.412354 -0.737933
H 0251745 1.919967 -1.838171 H 0.202495 1.952570 -1.828267
H 1930510 1.387295 -2.003608 H 1901136 1.482771 -1.987175
H 3945324 0.759653 -0.830908 H 3.931569 0.954019 -0.838884
H 3.391594 2958070 -1.123045 H 3.282250 3.159267 -1.100955
O -0.542458 2.237725 0.983751 O -0.600550 2.271436 0.975213
H 0307959 3978712 2.660460 H 0.045190 4.094530 2.631576
H -5230466 3.662882 -0.419102 H 2177032 5.433930 2.467638
H -3.002526 2.950527 0.461597 H -5381217 3.390968 -0.438611
H 0.112131 -1.708994 4.703189 H -3.119538 2.801188 0.443279
H -0.111653 0.173047 3.067432 H 0.168418 -1.674263 4.717868
H -0.922657 -3.924227 4.124843 H -0.122415 0.181420 3.063816
H 5.726741 -2.820913 -2.445664 H -0.755860 -3.939864 4.147054
H 3.780331 -4.086179 -1.532764 H 5.846238 -2.556465 -2.453635
H 53818843 -0.335886 -2.071067 H 3.970752 -3.899663 -1.504423
H -6.406494 2.156229 -2.052202 H 5.833937 -0.066958 -2.096109
O 4222063 4.781494 0.611879 H -6.474453 1.821185 -2.069331
O 1282582 -4.005987 0.843066 O 3922554 5.020510 0.572091
O 0395596 -4.728398 -0.012676 O 1.489655 -3.918787 0.884062
Zn -1.212174 0.463883 0.221380 | O 0.641238 -4.686715 0.028677
H 0835296 -5.592307 -0.103670 Zn -1.214355 0.395457 0.203696
H  1.798221 -3.428445 0.198226 H 1.118850 -5.531319 -0.051780
H 4763454 4.512093 -0.151731 H 1.979945 -3.321054 0.237959
H 2513649 5.166365 2.480299

C 0338717 3.073937 0.819265 C  1.126296 2.504687 -1.763672
N -0497113 2.242061 0.168621 N 1.589372 1.681892 -0.801705
C  0.285870 4.452277 0.668752 C  1.706504 3.735629 -2.038368
N -1.870814 0.412797 -1.409352 N 2164603 0.216191 1.504884
C -0.665203 4.988887 -0.201780 C  2.803731 4.141471 -1.279584
N -2.272279 -0.202524 1.173862 N 2.175351 -1.558795 -0.524227
C -1.524969 4.130932 -0.879657 C 3.283727 3.296317 -0.283537
N -0.254862 -1.996834 -0.126187 N -0.867068 -1.440831 0.069398
C -1.416367 2.756907 -0.662694 C  2.658698 2.068378 -0.077643
N 1.005753 0.072449 -1.491565 N -0.599184 0.955534 1.337613
C 2377177 1.792924 -1.316841 C  3.204734 1.083126 0.924569
C  -2.948080 -0.545535 -1.137162 C 2707289 -1.118327 1.799355
C -3.268508 -0.556019 0.341606 C 2981699 -1.857241 0.511169
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C -4.512956 -0.958507 0.82139%4 C  3.991978 -2.809406 0.405796
C -4.716166 -1.014005 2.197985 C 4161859 -3.476308 -0.805190
C -3.677576 -0.653440 3.058410 C  3.328920 -3.161988 -1.879463
C -2.470332 -0.249061 2.503044 C 2351144 -2.192185 -1.697567
C -1.010051 -2.931888 0.486512 C -1.136492 -2.427368 -0.806739
C -1.118720 -4.233467 0.021056 C -2.264134 -3.228650 -0.695994
C -0.427819 -4.583545 -1.141463 C -3.146781 -2.994695 0361763
C 0359003 -3.626845 -1.771218 C -2.869473 -1.973383 1.264881
C 0432185 -2.343200 -1.226320 C -1.711806 -1.215872 1.089995
C  1.354359 -1.315887 -1.835595 C -1.320158 -0.113654 2.046107
C 0.255359 0.713546 -2.592955 C 0318360 1.695523 2.230879
C -1.156955 0.154745 -2.671874 C 1498775 0837188 2.666759
C 2213196 0.874006 -1.200099 C  -1.544195 1.943440 0.748548
C  3.063040 0.323903 -0.085491 C -2.714528 1.316223 0.040270
C 4413541 0.153536 -0.271865 C -3.949709 1.313119 0.573194
C 5241836 -0.299576 0.783536 C -5.078074 0.617181 -0.083107
C 4701667 -0.599885 2.059769 C -4.838794 -0.063169 -1.374235
C  3.360886 -0.444396 2.265762 C -3.623176 -0.032792 -1.938173
C 2488206 0.021426 1.214561 C -2.500210 0.679149 -1.290628
Zn -0.417866 0.122823 0.219329 | Zn 0.721544 -0.080921 -0.073824
H -2273282 4.506407 -1.571029 H 4.133273 3.571318 0.333703
H -2.665198 2.168984 -2.307739 H 3759883 1.610702 1.710675
H -3.290117 1.784969 -0.707087 H 3.925859 0.446982 0.394594
H -2.607121 -1.547353 -1.431319 H 1.950004 -1.672132 2.368454
H -3.855376 -0.326869 -1.716541 H 3.618320 -1.068793 2.410402
H -5.298149 -1.223801 0.120076 H 4.628478 -3.011965 1.261575
H 2363653 -1.532445 -1.463136 H -2.203303 0.272256 2.574238
H 1392139 -1.454042 -2.924879 H -0.656988 -0.549061 2.801853
H 0775624 0.562095 -3.549434 H -0.219249 2.061541 3.117298
H 0226742 1.793027 -2.404466 H 0.669811 2.573434 1.675538
H -1.688204 0.594745 -3.526453 H 2203518 1.455521 3.236742
H -1.120228 -0.929420 -2.831796 H 1.165305 0.037708 3.334351
H 1.878749 1.884218 -0.931525 H -0.977477 2.576604 0.055200
H 2836008 0.964095 -2.102229 H -1.941559 2576125 1.555170
H 0916628 -3.854993 -2.674687 H -3.537053 -1.745265 2.090880
H 4867909 0.371822 -1.236479 H -4.161132 1.780305 1.532708
O 1244085 0.166877 1.455281 O -1.398581 0.734118 -1.839623
H 2903239 -0.665499 3.225428 H -3.400281 -0.516066 -2.885508
H 0978122 5.084909 1.213229 H -5.684920 -0.575933 -1.822372
H 1071499 2.604687 1.470280 H 1296872 4.359328 -2.825145
H -3.799239 -0.680527 4.135562 H 0.262834 2.157875 -2.318990
H -1.628585 0.043576 3.125769 H 3.436937 -3.649351 -2.842025
H -5.675690 -1.329923 2.596336 H 1.689166 -1.901221 -2.508946
H -1.737778 -4.948850 0.551051 H 4942101 -4.223812 -0.913204
H -1.543940 -2.617483 1.379695 H -2.447668 -4.009663 -1.425340
H -0.503019 -5.587624 -1.548140 H -0.425824 -2.563745 -1.617020
H -0.730178 6.062168 -0.353882 H -4.044107 -3.595793 0.473768
O 6561210 -0.467602 0.623676 H 3.275805 5.102829 -1.458705
H 6854664 -0.241982 -0.277445 O -6.189362 0.584832 0.452969
H 5.368028 -0.950052 2.841832

C -2.154010 0.172294 3.066821 C 2379387 -0.346723 -2.933042
N -2377926 0.317146 1.751020 N 2471620 0.017347 -1.643801
C -2.866272 0.890391 4.020865 C  3.191043 0.208853 -3.915410
N -2218557 1.179258 -0.878250 N 2.040984 1.293583 0.763138
C -3.833886 1.795391 3.585835 C 4.117531 1.181521 -3.541085
N -1.849135 -1.486569 -1.337396 N 1.560283 -1.263528 1.659717
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C -4.058611 1951710 2.218293 C 4205030 1.564978 -2.202779
N 1.788942 3.073872 -1.801419 N -3.204765 2.332638 -0.097144
C -3.310221 1.190452 1.326831 C 3364032 0956484 -1.277707
N 0.379450 1.016286 0.227427 N -0.478288 0.898347 -0.476038
C -3.502772 1.253416 -0.167040 C 3399076 1.267215 0.197294

C -2.420353 0.706421 -2.251086 C 2.078595 1.065203 2.213395

C  -2.443587 -0.804985 -2.330232 C 2067220 -0.408758 2.564411

C -3.003749 -1.461607 -3.425740 C  2.508679 -0.856160 3.809204
C -2.920576 -2.848387 -3.495888 C 2396380 -2.208137 4.118450
C -2.288256 -3.550031 -2.466072 C 1.854317 -3.086602 3.176618
C -1.769313 -2.829940 -1.400519 C 1452859 -2.573577 1.952451

C 2720211 4.006460 -2.041918 C -3.997720 3.411447 -0.051882
C  4.083699 3.808814 -1.828200 C -3.853312 4.437004 0.881533

C 4503668 2572140 -1.344514 C -2.828676 4.336496 1.819148
C  3.543458 1.595093 -1.084801 C -1.990512 3.223205 1.776351

C 2196052 1.886943 -1.313629 C -2.205833 2.246211 0.800640
C 1.128816 0.850899 -1.043055 C -1.325763 1.017343 0.738491

C -0.349711 2.296572 0.331033 C  0.265380 2.139146 -0.777604
C -1.417284 2.416849 -0.757108 C  1.259236 2477564 0.337648

C  1.224687 0.815824 1.430885 C -1.216467 0.423112 -1.674416
C 1918176 -0.523701 1.497786 C -1.862574 -0.924901 -1.472843
C  3.306660 -0.566597 1.665233 C -3.222246 -1.078099 -1.492351
C 3977302 -1.776859 1.829327 C -3.856774 -2.380544 -1.413950
C  3.255637 -2.970254 1.831800 C -2.985845 -3.534355 -1.324208
C  1.873069 -2.937675 1.663488 C -1.629540 -3.389542 -1.283628
C 1.170803 -1.729419 1.485937 C -1.016445 -2.090592 -1.314035
H -4.795350 2.653149 1.839584 H 4905711 2.325756 -1.873859
H -4.063161 2.156428 -0.445508 H 3928649 2.211339 0.381581

H -4.103881 0.383477 -0.466243 H 3956048 0.465925 0.702627
H -1.589290 1.056133 -2.874672 H 1.189163 1.519740 2.666776

H -3.339535 1.112739 -2.695250 H 2948957 1.546370 2.679178

H -3.488269 -0.882316 -4.205821 H 2927233 -0.145432 4.515247
H 0406583 0.854233 -1.867177 H -0.673087 0.992465 1.619383
H 1.581481 -0.143327 -1.008831 H -1.956676 0.125464 0.777053
H 0335424 3.150714 0.262964 H -0.420214 2.985926 -0.920188
H -0.806268 2.324206 1.327130 H 0.788870 1.982748 -1.727398
H -2.063002 3.275080 -0.531010 H 1.927756 3.272707 -0.014497
H -0.930407 2.621304 -1.714906 H 0.723260 2.872834 1.205236

H 0546921 0.922031 2.291158 H -0471494 0.342520 -2.479425
H 1971184 1.621490 1.500398 H -1971781 1.156103 -1.977200
H 3824197 0.611518 -0.717588 H -1.181615 3.100104 2.492447
H 3.873981 0.362531 1.687734 H -3.871782 -0.210972 -1.594907
O -0.158916 -1.745044 1.345817 O 0269229 -1.973616 -1.238987
H 1301663 -3.863774 1.663474 H -0.966580 -4.247748 -1.202076
H 3.775704 -3.916276 1.970373 H -3.453805 -4.514809 -1.285904
H -2.657705 0.746409 5.075197 H 3.088409 -0.109538 -4.946845
H -1.380266 -0.538025 3.346296 H 1.631851 -1.099642 -3.167208
H -2.205698 -4.631056 -2.483390 H 1.754112 -4.146573 3.381542
H -1.276291 -3.320065 -0.564929 H 1.037155 -3.207335 1.172597
H -3.346675 -3.379336 -4.341888 H 2732137 -2.576852 5.083025
H 4790300 4.603219 -2.045835 H -4.532242 5283560 0.871113
H 2362642 4957039 -2.432853 H -4.794560 3.457020 -0.791652
H 5557353 2.368635 -1.176363 H -2.683336 5.107845 2.569984
H -4402370 2379734 4.303204 H 4.760064 1.643562 -4.284633
O 5353753 -1.743718 2.007296 O -5.122968 -2.501773 -1.455902
O 1.619021 -2.699901 -1.576062 O -1.725682 -2.247873 1.447123
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O 2770216 -2.362190 -1.458046 O -2.938960 -2.232384 1.454043
Zn -1.122804 -0.413144 0.262412 | Zn 1.093788 -0.463446 -0.173583
H  5.690994 -2.645997 2.124690
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Figure S4. UV/vis spectrum for [Zn(Hpp1)](OTf),. The data were taken for a 1.0 mM sample of
the complex in MeOH at 293 K with a 1.0 cm pathlength.
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Figure S5. ESI-MS data (positive mode) for [Zn(Hpp1)](OTf),. The m/z peak at 251.5826 is
assigned to [Zn"(Hpp1)]** (theoretical m/z = 251.5832). The m/z feature at 548.1642 is assigned
to [Zn'(Hpp1)(HCO,)]" (theoretical m/z = 548.1612). The m/z feature at 652.1170 is assigned to

[Zn"(Hpp1)(OTf)]" (theoretical m/z = 652.1124).
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SVO-CRG-ZnHpp [
PO r~NO~TE Ywon ODUE-ONWO or o o 0w r
BT20BCRBRRE §B§8 EBRESB8D 3§8 e SRe F
CBONCBRRNNE  B@R~ GRpeInNN beo © §e= [
T?OTQFFTFFF Love TI'T‘Q'V (ﬁl\ﬂﬂ o~ - L

Ty ¥ s n A {1 'Y L
ll PRI l '
ST 7! Ul Ll s i
- ? | 3 | -
B a1 SR | S ML S A ] o —
8 3 4 2 o [ppm]

Figure S7. '"H NMR data for [Zn(Hpp1)](OTf), in CD;0D (500 MHz, 293K). Solvent Peaks from

water (4.87), methanol (3.35), and diethyl ether (1.18) are present.
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Figure S8. 13C NMR data for [Zn(Hpp1)](OTf), in CD;0D (125 MHz, 293K). Solvent Peaks

formethanol (49.36) and diethyl ether (15.14 and 66.82) are present.
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Publication 3: Nickel(ll) Complexes with Covalently Attached Quinols Rely on Ligand-Derived Redox

Couples to Catalyze Superoxide Dismutation

R. Boothe, J. Oppelt, A. Franke, J. L. Moore, A. Squarcina, A. Zahl, L. Senft, I. Kellner, A. L. Awalah, A.

Bradford, S. V. Obisesan, D. D. Schwartz, |. lvanovi¢-Burmazovi¢, and C. R. Goldsmith
Dalton Trans., 2025, Advance Article.

Summary: The field of nickel containing superoxide dismutase mimetics is relatively new and consists
mainly of peptide-based molecules. Based on the ligand design that considers redox active organic
functionalities, two Ni(ll)complexes, Ni(Hsqp2) and Ni(H2qp1) were synthesized by Robert Boothe in
the group of Goldsmith. Both complexes are potent SOD mimetics, with Ni(Hsqp2) exhibiting
exceptional performance in the degradation of the superoxide anion radical, achieving a ket value of
1.28x108 M st in MOPS buffered solutions at pH 7.4. Data from cryo-spray mass spectrometry suggest
that Ni(Hsgp2) demonstrates remarkable stability against oxidative modification and decomposition,

which may explain its superior SOD activity compared to analogues containing other metal centers.

Contribution: JO played a key role in identifying the antioxidative properties of both nickel complexes
using the stopped-flow technique at physiological pH. JO demonstrated a seven-fold higher SOD
activity for the Hsgp2 complex compared to its H,gpl analogue at pH 7.4. JO also conducted low-
temperature UV/Vis experiments to determine intermediates during the reaction with superoxide and
provided critical interpretation of the data acquired from cryo-spray MS for the same purpose.
Additionally, JO contributed significantly to testing and documenting the operando stability of
Ni(Hsqp2) and its Zn analogue using time-resolved UV/Vis, revealing greater resistance to oxidative
degradation for the nickel complex. These were unique measurements on any Ni based SODm, being
key to advancing our understanding of nickel SOD mimetics. JO shares first authorship with Robert
Boothe on this publication, with JO's contributions being central to the experimental design, data

analysis, and mechanistic insights presented.
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Nickel(n) complexes with covalently attached
quinols rely on ligand-derived redox couples to
catalyze superoxide dismutationt

‘ M) Check for updates

Cite this: DOI: 10.1039/d4dt03331k

Robert Boothe, 1 Julian Oppelt, 1> Alicja Franke,® Jamonica L. Moore,?

Andrea Squarcina, ©® Achim Zahl,© Laura Senft,” Ina Kellner, ©°® Akudo L. Awalah,?
Alisabeth Bradford,® Segun V. Obisesan,® Dean D. Schwartz,?

Ivana Ivanovi¢-Burmazovi¢*® and Christian R. Goldsmith (%2

Although nickel is found in the active sites of a class of superoxide dismutase (SOD), nickel complexes
with non-peptidic ligands normally do not catalyze superoxide degradation, and none has displayed
activity comparable to those of the best manganese-containing SOD mimics. Here, we find that nickel
complexes with polydentate quinol-containing ligands can exhibit catalytic activity comparable to those
of the most efficient manganese-containing SOD mimics. The nickel complexes retain a significant
portion of their activity in phosphate buffer and under operando conditions and rely on ligand-centered
redox processes for catalysis. Although nickel SODs are known to cycle through Ni{i) and Ni(in) species
during catalysis, cryo-mass spectrometry studies indicate that the nickel atoms in our catalysts remain in
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Introduction

The over-production of reactive oxygen species (ROS) has been
linked to a wide array of cardiovascular,”” neurological,” and
inflammatory ~ disorders’ as well as tumorigenesis.’
Understanding when and where ROS concentrations spike
during the progression of these pathologies could lead to
improved ways to diagnose and treat these conditions. These
potential benefits have motivated efforts by ourselves and
others to develop redox-responsive probes capable of investi-
gating the involvement of ROS in normal and aberrant physi-
ology in conjunction with non-invasive magnetic resonance
imaging (MRI) instrumentation.®* The links between oxi-
dative stress and the aforementioned health conditions have
also motivated efforts to develop small molecule antioxidants
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the +2 oxidation state throughout SOD mimicry.

that could potentially slow or even reverse disease progression.
Many of these antioxidants are functional mimics of super-
oxide dismutases (SODs), which are enzymes that catalyze the
degradation of 0, to O, and H,0, (eqn (1))."***

20,)” +2H" — 0, + H,0, (1)

Our laboratories have developed and studied a series of
Mn(n)-containing contrast agents for magnetic resonance
imaging (MRI) that display changes to their T;-weighted relax-
ivity (r,) upon reaction with H,0,.*** The more recent of
these contrast agents feature ligands that contain quinol
groups (Scheme 1).>*”** Upon oxidation by H,0,, the quinols
convert to para-quinones (Scheme 2). The manganese com-
plexes with both H,qp1 and H,qp2 were also found to be cata-

75 -
Lo Xe]

Haqp1 Haqp2

Scheme 1
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Scheme 2 Redox reactions involving quinols. This graphic was
modified from one that appeared in reference.?®

lysts for O, decomposition, as assessed by the commonly
used hypoxanthine/xanthine oxidase/lucigenin assay***’ and
subsequent stopped-flow kinetics analysis of the direct reac-
tions between the compounds and superoxide.”**** Zn(u)
complexes with H,qp1 and H,qp2 can also catalyze O, degra-
dation, indicating that the redox activity of the ligand can
allow even a redox-inactive metal ion to catalyze SOD-like
reactivity.”**® The quinolic ligands are inactive as catalysts in
the absence of a bound metal ion.

The manganese and zinc SOD mimics prepared with quino-
lic ligands have provided two different sets of benefits. The
Mn(u) complex with H,qpl is highly active in 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer and
appears to rely mostly on metal-centered redox processes for
its SOD mimicry. Unfortunately, the catalyst loses over 90% of
its activity in phosphate buffer. The Zn(u) complexes with
H,qpl and H,qp2, conversely, are more stable than their
Mn(u) analogs but are less effective as SOD mimics in aqueous
solutions with sulfonate-containing buffers.”>* In phosphate
solution, however, the Zn(u) complexes gain activity to the
extent that they overtake their manganese analogs as catalysts.
That these Zn(u)-containing catalysts are not inhibited by
phosphate is noteworthy since some non-porphyrin-based
manganese-based SOD mimics exhibit somewhat lower activity
in phosphate buffer.*’** Given the high levels of phosphate in
mammalian cells,**** this represents a substantial advantage
for the Zn(u) complexes.

The use of Mn(u) poses a problem for both MRI and SOD
mimicry in that this metal ion tends to bind to ligands more
weakly than most other transition metal ions.***” The affinity
of this metal ion for water is great enough to destabilize Mn(u)
complexes with acyclic tetradentate linear ligands in aqueous
solutions. When we partially oxidized the Mn(u)-H,qp2
complex with H,0,, we measured a high aquation number
that was difficult to rationalize unless at least some of the
metal ion were released and complexed as [Mn(H,0)q]*".>
Although “free” Mn(u) is not as toxic as unchelated iron or
copper, it is nonetheless still harmful and has been documen-
ted to disrupt neurological function.*® Most reported manga-
nese-containing MRI contrast agents and SOD mimics have
ligands that use macrocycles and/or a large number of anionic
coordinating groups to stabilize the complex in water, but even
these measures are not always sufficient to ensure suitably
long-term stability.>**"***® Such measures also pose severe

Dalton Trans.
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constraints on the design and synthesis of manganese-contain-
ing MRI contrast agents and antioxidants.

The use of another transition metal ion could potentially
relax these requirements due to the intrinsically greater
complex stability.*” The Zn(u) complexes demonstrate this as
they are indeed more thermodynamically stable than their Mn
(1) analogs.**° The lack of redox activity for the metal,
however, may limit the peak catalysis; without phosphate inhi-
bition, the manganese compounds are more active. Ni(i) com-
pounds generally have aqueous (thermodynamic) stabilities
similar to Zn(u) complexes while displaying more extensive
metal-centered redox activity and higher kinetic stability.*® We
initially decided to investigate Ni(n) complexes with H,qp1l
and H,qp2 as redox-responsive MRI contrast agents that would
operate through a chemical exchange saturation transfer
(CEST) pathway involving bulk water exchanging 'H nuclei
with the quinolic OH groups.*'** Although these complexes
did not give rise to a practical and readily replicable CEST
response to H,0,, we find both that the Ni(u)-for-Mn(u) substi-
tution does indeed stabilize the complexes in water and that
the Ni(n) compounds are potent antioxidants.

The use of nickel can heighten both the stability and
activity of the SOD mimic. Unlike the zinc complexes, the
activity is diminished by phosphate, but not to anywhere near
the same extent as the Mn-H,qpl complex. The nickel
complex with Hyqp2 is the more active of the two catalysts,
and even with the inhibitory effect, it is a highly functioning
SOD mimic in phosphate solution. Mechanistically, the Hyqp2
complex with Ni(n) behaves like its Zn(u) analog in that it
relies on ligand-centered redox for catalysis but appears to
better resist decomposition.

Experimental section
Materials

Most of the chemical precursors and solvents were bought
from Sigma-Aldrich and used as received. 2,2-Diphenyl-1-
picryl-hydrazyl hydrate (DPPH) was bought from EMD
Millipore. All deuterated solvents were purchased from
Cambridge Isotopes. Fisher supplied the diethyl ether (ether)
and methanol (MeOH). Methylene chloride (CH,Cl,) was
acquired from Mallinckrodt Baker. The ligands N-(2,5-dihy-
droxybenzyl)-N,N',N"-tris(2-pyridinylmethyl)-1,2-ethanediamine
(H,qp1) and N,N™-bis(2,5-dihydroxybenzyl)-N,N'-bis(2-pyridinyl-
methyl)-1,2-ethanediamine (H,qp2) were prepared as pre-
viously described.**?*

Instrumentation

All 'H, *C, and 7O NMR spectra were recorded on a 400 MHz
AV Bruker NMR spectrometer. The '’O NMR data were specifi-
cally collected on a Bruker AVANCE DRX 400WB spectrometer
with a superconducting wide-bore magnet operating at a
54.24 MHz resonance frequency and a 9.4 T magnetic induc-
tion. All reported NMR resonance peak frequencies were refer-
enced to internal standards. Water exchange experiments

This journal is © The Royal Society of Chemistry 2025
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involving 1 and 2 were performed in 60 mM MOPS, pH = 7.4
(+20% v/v MeCN) as well as in pure distilled water (+20% v/v
MeCN). Neither 1 nor 2 exhibited significant broadening of
the 70 signal in either buffered or unbuffered water in com-
parison to the reference samples without the compounds.
Optical data were collected on a Varian Cary 50 spectrophoto-
meter and analyzed using software from the WinUV Analysis
Suite. Electron paramagnetic resonance (EPR) spectra were col-
lected using a Bruker EMX-6/1 X-band EPR spectrometer oper-
ated in perpendicular mode and analyzed with the program
EasySpin. Each EPR sample was run as a frozen solution in a
quartz tube. High-resolution mass spectrometry (HR-MS) data
were obtained at the Mass Spectrometer Center at Auburn
University on a Bruker microflex LT MALDI-TOF mass spectro-
meter via direct probe analysis operated in the positive ion
mode. Infrared spectroscopy (IR) data were obtained with a
Shimadzu IR Prestige-21 FT-IR spectrophotometer. A Johnson
Matthey magnetic susceptibility balance (model MK 1#7967)
was used to measure the magnetic properties of the Ni(u) com-
plexes; the reported p.¢ values are the average of two indepen-
dent measurements, each of which corresponded to a unique
solid sample. Atlantic Microlabs (Norcross, GA) performed the
elemental analyses (C, H, N). All samples submitted for
elemental analysis were dried under vacuum prior to their
shipment.

Cyclic voltammetry (CV) in aqueous solutions was per-
formed using a Pine WaveDriver bipotentiostat using a 3 mm
glassy carbon working electrode that was polished between
each experiment, a Pt wire counter electrode, and a non-
aqueous Ag'/Ag pseudoreference electrode. Samples were ana-
lyzed in a 20 mL electrochemical glass cell with a Teflon cell
top purchased from BASi Inc. Cyclic voltammetry measure-
ments in MeCN were performed using an Autolab instrument
with a PGSTAT 101 potentiostat. A three-electrode arrangement
was employed consisting of a glassy carbon disk working elec-
trode (A = 0.07 cm®) (Metrohm), a platinum counter electrode
(Metrohm), and a silver wire (Metrohm) as reference electrode.
Potentials were referenced to the redox couple of the internal
standard Fc'°. Prior to each experiment, the electrode was
polished with 1 pm alumina, rinsed with deionized water, and
wiped with a paper tissue. All CV experiments were conducted
at a scan rate of 100 mV s~ at 293 K unless otherwise stated.

X-ray crystallography

Crystals were mounted in paratone oil on a glass fiber and
aligned on a Bruker SMART APEX CCD X-ray diffractometer.
Intensity measurements were performed using graphite mono-
chromated Mo Ka radiation (4 = 0.71073 A) from a sealed tube
and monocapillary collimator. SMART (v 5.624) was used to
determine the preliminary cell constants and regulate data
acquisition. The intensities of reflections of a sphere were col-
lected through the compilation of three sets of exposures
(frames). Each set had a different ¢ angle for the crystal, with
each exposure spanning a range of 0.3° in w. A total of 1800
frames were collected with exposure times of 40 s per frame.
The data were corrected for Lorentz and polarization effects.

This journal is © The Royal Society of Chemistry 2025
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Structures were solved using direct methods and expanded
using Fourier techniques. All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were included at
idealized positions 0.95 A from their parent atoms prior to the
final refinement. Further details regarding the data acquisition
and analysis are included in Tables 1 and 2.

Potentiometric titrations

The speciation chemistry of the Ni(n) complexes in water was
probed using a METROHM 765 Dosimat with a jacketed, air-
tight glass titration vessel. A Fisher Scientific Accumet
Research AR15 pH meter was used to determine the pH of the
sample solutions during the titrations. The electrode was cali-
brated before each titration using commercially available stan-
dard solutions buffered to pH 4.0, 7.0, and 10.0. All samples
were purged with argon prior to analysis and subsequently
analyzed under an argon atmosphere at 25 °C. All solution
samples were prepared in solutions of 100 mM KCl in de-
ionized Millipore water. The titrations investigating metal-
ligand speciation were run with solutions that contained a
1:1 molar mixture of the ligand and Ni(OTf),. Carbonate-free
solutions of 0.10 M KOH and 0.10 M HCI were prepared using
argon-saturated deionized Millipore water. We attempted to
analyze and fit the data to speciation models using the
Hyperquad2006 software.™

Analysis of the antioxidant properties of the coordination
complexes

We initially assessed the antioxidant activities of the Ni(u)
complexes through the DPPH assay (DPPH = 2,2-diphenyl-1-
picrylhydrazyl radical hydrate).**™° In this assay, potential
antioxidants are tested for their abilities to donate hydrogen
atoms to the radical to generate the corresponding hydrazine.
Aqueous solutions of either 1, 2, or ascorbic acid were added

Table 1 Selected crystallographic data for 1 and 2

[Ni(H,qp1)(MeCN)] [Ni(H,qp2)(MeCN),]
Parameter (0T1f), (1) (0T11), (2)
Formula C31H34F6NgNiO,S, C3gHy2FgNgNiO0S,
MW 871.47 1007.62
Crystal system Orthorhombic Orthorhombic
Space group Pca2, P2,2,2,
a(A) 16.662(2) 12.8113(6)
b(A) 12.3619(16) 17.4024(9)
c(A) 17.649(2) 20.1442(10)
a(°) 90 90
A1) 90 90
7 () 90 90
V(A 3635.2(8) 4491(4)
V4 4 4
Crystal color Clear light purple Clear violet
T (K) 180 180
Reflns collected 29 809 105753
Unique reflns 3992 9748
Ry (F, I > 20(I)) 0.0620 0.0730
WR, (F*, all data) 0.1175 0.1496

Ry = Z||Fo| = |Fl/Z|Fols wRy = [Ew(Fs" = F Xw(F")T".
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Table 2 Selected bond lengths (A) for complexes 1 and 2

Complex 1 2
Ni-N(1) 2.150(7) 2.079(3)
Ni-N(2) 2.140(8) 2.125(3)
Ni-N(3) 2.101(7) 2.137(4)
Ni-N(4) 2.077(8) 2.078(3)
Ni-N(5) 2.100(8) 2.110(4)
Ni-N(6) 2.062(8) 2.067(4)
Cc-0(1) 1.369(11) 1.369(6)
C-0(2) 1.381(12) 1.370(6)
C-0(3) 1.375(6)
C-0(4) 1.372(7)
)

N(1) and N(4) correspond to pyridine nitrogens; N(2) and N(3
correspond to amine nitrogens; N(6) corresponds to a MeCN nitrogen.
N(5) corresponds to a pyridine nitrogen for 1 and a MeCN nitrogen in
2. The atoms in 1 and 2 have been relabeled to facilitate comparisons
between the structures.

to a solution of 0.10 mM DPPH in MeOH, such that the final
reaction volume was 0.2 mL. Samples were incubated in the
dark for 30 min at room temperature (RT) before being spec-
trophotometrically analyzed on a Molecular Devices
Spectramax Plus spectrophotometer. The absorbance at
517 nm, the Ay, of the hydrazine product, was recorded.
Experiments were performed in triplicate.

Determination of in vitro SOD activity via stopped-flow
techniques

The ability of 1 and 2 to catalytically degrade superoxide was
assessed by a direct method using stopped-flow techniques
that has been more fully described in prior work from one of
our laboratories.** Stopped-flow measurements were per-
formed on a Biologic SFM-400 four syringe stopped-flow
system using only the first three syringes and a Berger Ball
mixer to minimize mixing effects between aqueous buffered
solutions and DMSO solutions of KO,. A J&M TIDAS S MMS
UV/VIS diode array detector (integration time 0.5 ms, 180 nm-
720 nm wavelength) and an Energetiq LDLS ENQ EQ-99-FC
laser driven light source were used.

Superoxide solutions were prepared by suspending
220-240 mg KO, in 20 mL dry DMSO. The suspension was
stirred for at least 30 min under an inert atmosphere before
the suspension was filtered through a PTFE syringe filter (0 =
0.45 pm) to give a saturated KO, solution, which was trans-
ferred to the stopped-flow setup. The potential SOD mimics
(SODm) were dissolved in aqueous solutions buffered to either
pH 7.4 or 7.8. The buffers were prepared from Millipore water
and either 4-morpholinepropanesulfonic acid (MOPS) or
sodium dihydrogen phosphate. The concentration of the
buffer was 60 mM, and the ionic strength was adjusted to
150 mM for each solution through the addition of NaCl. Prior
to use, all buffered solutions were treated with Chelex 100
sodium exchange resin for at least 24 h to remove adventitious
metal ions. Stock solutions containing 0.10 mM of each tested
SODm were prepared in each buffer; if necessary, the stock
solution contained 10% DMSO to ensure that the complexes
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dissolved fully. The stock solutions were diluted in buffer to
give a series of SODm concentrations suitable for the stopped-
flow experiments.

Kinetic measurements were performed adding a large
excess of superoxide to the putative SOD mimetic: [0,"7] =
100-200 pM, [SODm] = 0.045-4.5 pM. The aqueous solution
containing the studied Ni(u) complex was mixed in a 9:1 ratio
with the superoxide solution in DMSO using a high-density
mixer. In each experiment, the concentration of superoxide
exceeded that of the nickel-containing catalyst by at least ten-
fold to ensure catalytic conditions. All kinetic data were fit
with the program Biokine 32 V4.80. Each presented ks value
represents an average of at least ten measurements. Each ke,
was determined from the slope of kyps vs. [SODm]. All measure-
ments were performed at 21 °C.

Cryospray-ionization mass spectrometry

Cryospray-ionization mass spectrometry (CSI-MS) measure-
ments were performed on a UHR-TOF Bruker Daltonik maXis
Plus, an ESI-quadrupole time-of-flight (qToF) mass spectro-
meter capable of a resolution of at least 60.000 (FWHM),
which was coupled to a Bruker Daltonik Cryospray unit. The
detector was run in positive ion mode with a source voltage of
3.5 kV and a flow rate of 240 pL h™'. The temperatures of the
N, spray gas and the dry gas used for solvent removal were
—40 °C. The mass spectrometer was calibrated prior to each
experiment via direct infusion of an Agilent ESI-TOF low con-
centration tuning mixture, which provided a m/z range of
singly charged peaks up to 2700 Da in both ion modes. For the
reactions with 0,"~, 1 x 10~ M solutions of each compound in
MeCN were cooled to —40 °C and mixed with excess solid KO,.
Aliquots from the resultant mixtures were then injected into
the mass spectrometer. To ensure the survival of metastable
reaction species generated at low temperatures, the injection
syringe and the tubing of the mass spectrometer were pre-
cooled with —40 °C solvent. After tempering, the reaction solu-
tions were injected as quickly as possible, with the recording
of mass spectrometry data commencing immediately after-
wards. Multiple samples were collected and analyzed over time
to determine whether the product distribution was changing
during the reaction. Aliquots were also analyzed after the reac-
tions warmed to RT. The solvents were not rigorously dried to
ensure a source of protons. The measured data were processed
and analyzed with Bruker Data Analysis 5.2.

Syntheses
Acetonitrilo(N-(2,5-dihydroxybenzyl)-N,N',N'-tris(2-pyridinyl-
methyl)-1,2-ethanediamine) nickel(n) triflate ([Ni(Hqp1)
(MeCN)](OTf),, 1). The H,qp1 ligand (105 mg, 0.230 mmol)
and nickel(n) triflate (Ni(OTf),, 83 mg, 0.23 mmol) were dis-
solved in 3 mL of acetonitrile (MeCN) under air. The solution
was stirred for 30 min at RT. The solvent was removed to yield
an oily reddish solid. The crude was recrystallized from a
mixture of MeCN and ether to yield the product as dark red
crystals that were suitable for single crystal X-ray diffraction
(179 mg, 89%). "H NMR (500 MHz, CD;CN, 294 K): 51.9, 45.9,
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15.2, 14.4, 8.8, 6.7 (quinol O-H), 4.9, 3.3. Optical spectroscopy
(MeOH): 255 nm (6800 M~ em™), 299 nm (3430 M™! em™),
444 nm (285 M~ em ™), 504 nm (195 M~ ecm™"), 674 (150 M~*
em™"). Solid-state magnetic susceptibility (294 K): peer = 3.4p.
IR (KBr, em™): 3529 (s), 3289 (s), 2286 (m), 1608 (s), 1574 (m),
1463 (s), 1364 (m), 1278 (s), 1256 (s), 1226 (s), 1158 (s), 1073
(w), 1056 (w), 1029 (s), 949 (w), 824 (m), 766 (s), 730 (W), 639
(s), 573 (w), 517 (m), 429 (w). CV (100 mM phosphate buffer,
pH 7.2, 100 mV s™'): B,y = 60 mV vs. Ag/AgCl, Epe = 0 mV vs.
Ag/AgCl.  Elemental analysis  (crystals): Caled  for
C;31H3,NgFcOgS,Ni-2H,0: C, 41.86%; H, 4.08%; N, 9.45%);
Found: C, 41.76%; H, 3.91%; N, 9.38%.
cis-Diacetonitrilo(N,N"-bis(2,5-dihydroxybenzyl )-N,N'-bis(2-

pyridinylmethyl)-1,2-ethanediamine)nickel(n)  triflate  ([Ni
(H4qp2)(MeCN),](OTf),, 2). The H,qp2 ligand (152 mg,
0.312 mmol) and Ni(OTf), (114 mg, 0.319 mmol) were dis-
solved in 3 mL of MeCN under N,. The solution was stirred for
30 min at RT. Ether was gradually added to the reaction
mixture to yield large, purple crystals of the product that were
suitable for single crystal X-ray diffraction (95 mg, 42%). 'H
NMR (400 MHz, CD;CN, 294 K): 54.9, 41.2, 16.7, 9.7, 6.7
(quinol O-H), 4.9, 3.3. Optical spectroscopy (MeCN): 298 nm
(7550 M~ em™), 438 nm (610 M~' em™'), 493 nm (380 M~!
em™'), 668 (130 M™' em™). Solid-state magnetic susceptibility
(294 K): pres = 3.4up. IR (KBr, cm™): 3371 (s), 1610 (s), 1574
(m), 1509 (s), 1454 (s), 1252 (s), 1201 (s), 1173 (s), 1107 (w),
1029 (s), 948 (w), 879 (w), 818 (m), 761 (s), 729 (w), 639 (s), 578
(w), 519 (m), 422 (m). CV (100 mM phosphate buffer, pH 7.2,
100 mV s7): Ep, = 170 vs. Ag/AgCI, Epe = —140 mV vs. Ag/AgCl,
—670 mV vs. Ag/AgCl. Elemental analysis: Caled for
C34H;36N6F010S,Ni-2.0H,0 C, 42.47%; H, 4.19%; N, 8.74%);
Found: C, 42.13%; H, 3.98%; N, 8.32%.

Results
Synthesis and characterization

The syntheses of the Ni(u) complexes are facile, and both com-
plexes form upon simply mixing the ligand and Ni"(OTf), in
MeCN under N,. Pure [Ni'(H,qp1)(MeCN)](OTf), (1) and
[Ni"(H4qp2)(MeCN),](OTf), (2) can be crystallized in approxi-
mately 90% and 40% yields, respectively. The yield of 2 is sub-
stantially lower than the 75% value typically found for
[Mn"(H,qp2)Br,].>> We speculate that the greater solubility of
2 in MeCN reduces the amount of material that we can cleanly
precipitate and crystallize from this solvent. Elemental analysis
indicates that both 1 and 2 are hygroscopic, which was also
observed for the Mn(n) complex with H,qpl and the Zn(u)
complex with H,qp2.2*3"

The nickel remains in the +2 oxidation state upon com-
plexation by either quinol-containing ligand. For both 1 and 2,
the solid-state magnetic susceptibility measurements are con-
sistent with u.g values of 3.4up; these are in the middle of the
2.8-4.0up range reported for previously characterized Ni(u)
complexes.”” The complexes are both EPR-silent but display
paramagnetic '"H NMR spectra (Fig. S1 and S21); these spectro-
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scopic characteristics are likewise consistent with the assign-
ment of S = 1 metal centers. Upon adding D,O to the NMR
samples, the peaks at 6.7 ppm decrease in intensity for both 1
and 2, leading us to assign these to quinolic O-H resonances.
The complexes were also characterized by IR and UV/vis
(Fig. $3-857). In MeCN, both Ni(un) complexes display bands
around 300 nm; we have observed similar features for other
metal complexes with polydentate quinol-containing
ligand5.23_25’29'30'48_50

Complexes 1 and 2 are readily crystallized from mixtures of
MeCN and ether (Table 1). The crystal structures show that the
H,qp1 and H,qp2 ligands are bound to the metal center in
pentadentate and tetradentate fashions, respectively, through
their amine and pyridine groups (Fig. 1). None of the quinols
are bound to the Ni(u) in either structure. Each Ni(u) center is
coordinated by a distorted octahedral array of donor atoms
consisting of the N-donors from the polydentate ligands and
either one (1) or two (2) MeCN molecules occupying the
remaining coordination sites. The metal-ligand bond dis-
tances corroborate the assignment of +2 oxidation states for
the nickel ions (Table 2).*' The C-O bond distances average
1.37 A, demonstrating that the quinols remain both proto-
nated and in their reduced states.***

Characterization of the aqueous chemistry of the Ni(u)
complexes

Potentiometric pH titration data suggest that the quinols
readily deprotonate and bind to the Ni(u) centers in anaerobic
aqueous solutions, contrary to what is observed in the crystal
structures (Fig. S61). The Hyqp1 ligand by itself was previously
found to undergo two ionization events with pK, values of 4.72
and 7.24;*° these are consistent with the protonation of a pyri-
dine ring and the tertiary amines, respectively.*® Due to the
previously observed precipitation of the ligands under basic
and metal-free conditions, we were unable to measure the pK,
values of the O-H protons; these are estimated to be about 10,
the pK, value for free 1,4-hydroquinone.”® Intramolecular
hydrogen bonding was observed in the crystal structure of the
ligand, which we believe renders it unavailable for further
protonation.*®

Our best fits of the data collected for 1 suggest that free
ligand is not present to an appreciable degree between pH 2.5
and 9.0. Since we do not observe dissociation of the ligand, we
cannot calculate formation constants for either [Ni(Hqp1)]' or
[Ni(H,qp1)]**, where Hqp1™ is the singly deprotonated form of
the ligand. We observe an ionization event consistent with a
pK, value of 6.33 (+0.05), which is assigned to the deprotona-
tion of a Ni(i)-bound quinol as the pH is increased.”**** The
ionization event is replicated upon reacidification of the basic
end-solution (Fig. S61). Consequently, we believe that the pre-
dominant species between pH 7.0 and 7.4 is [Ni(Hgqp1)]".

The Ni(u) complex with H,qp2 also appears to be stable in
water, and the lack of free ligand under even the most acidic of
the tested conditions again precluded us from calculating
accurate stability constants. The H,qp2 ligand was previously
observed to display two ionization events upon either basifica-
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Fig. 1 ORTEP representations of (A) [Ni(qupl)(MeCN)]z* (1) and (B) [Ni(H.qu)(MeCN)le’ (2). All hydrogen atoms, triflate counteranions, and
solvent molecules have been removed for clarity. All ellipsoids are at 50% probability. Full crystallographic data are provided in the ESI and in the

Cambridge Structural Database (numbers 2390972 and 2390973).1

tion of an acidic solution or acidification of a basic solution.
The corresponding pK, values of 4.47 and 7.18 were assigned
to the (de)protonation events involving a pyridine and tertiary
amine, respectively.”” When 2 is subjected to the same con-
ditions, we observe two clear ionization events between pH 3
and 10. The corresponding pK, values of 5.99 (+0.05) and 8.24
(+0.05) are assigned to the sequential deprotonation of metal-
bound quinols as pH is increased. Consequently, we believe
that the complex is predominantly [Ni(H;qp2)]' between pH
7.0 and 7.4, with H;qp2~ being the singly deprotonated form
of the ligand. As was found in MeCN solution, the 'H NMR
spectra of the Ni(n) complexes in 20% MeCN/80% water are
consistent with paramagnetic metal centers (Fig. S1 and S2+).
Overall, the data indicate that the ligands fully coordinate the
metal centers of both 1 and 2 in water.

The species assignments are supported by spectrophoto-
metric pH titrations in aqueous solutions (Fig. S71). The UV/
vis spectra of both 1 and 2 at pH 7.0 feature bands at 313 nm,
consistent with metal-bound quinolate ligands.>® Upon acidifi-
cation, these bands disappear and new peaks appear at 294
and 293 nm for 1 and 2, respectively. Similar changes were
observed for the protonation of [Mn(H;qp2)]" and [Zn(Hqp1)]"
in water.>>*° Given the noted tendency of Ni(u) to avoid hepta-
coordination, even transiently as an intermediate in ligand
exchange,”®*” it is unlikely that water molecules are directly
coordinated to the metal center in 1 when it is dissolved in
water. Since the quinols are relatively poor ligands for metal
ions, a water molecule could conceivably enter the coordi-
nation sphere in 2, yielding [Ni(H;qp2)(H,0)]".

70 NMR measurements of the complexes in the presence
of 0O-labeled water, however, indicate that rapid water mole-
cule exchange does not occur on the metal centers of either 1
or 2. Water exchange kinetics were probed in 60 mM MOPS
buffered to pH 7.4 and buffer-free distilled water, with 20% v/v
MeCN added to solubilize the coordination complexes in both
types of aqueous solutions. Samples containing 1 or 2 do not
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display broadened '’O NMR signals relative to the nickel-free
standards. Since the complexes remain paramagnetic in water
(Fig. S1 and S27), the data are consistent with negligible water
molecule exchange between the Ni(u) centers and the bulk
solvent.

Electrochemical behavior

Both 1 and 2 were analyzed by cyclic voltammetry (CV) in
100 mM phosphate solution buffered to pH 7.2 (Fig. 2 and
Table 3). Each nickel complex displays a redox feature with an
E,;; between 15 and 30 mV vs. Ag/AgCl. Redox events with
similar E,,, values were observed for Mn(u) and Zn(n) com-

60 T T T T T
(= Blank Buffer |

o —Ni(H,qp1)

404 [——Ni(H,qp2) 4
< 30 ]
E 20 - |
3 10 1

0- 1
=104 1
-20

10 -05 00 05 10 15
Potential (V)

Fig. 2 Cyclic voltammetry of 1.0 mM solutions of 1 (red) and 2 (blue) in
water containing 100 mM phosphate buffered to pH 7.2. Data for nickel-
free phosphate buffer (black) are provided for comparative purposes.
The reference electrode was Ag/AgCL. The scan rate for all three sets of
data was 100 mV s™. The arrow indicates the starting potential and
initial scan direction. Complex 1 has Ey, = 29 mV vs. Ag/AgCl (AE =
59 mV). Complex 2 has Ey/, = 15 mV vs. Ag/AgCL (AE = 310 mV).
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Table 3 Summary of electrochemical data for ligand-associated redox
processes of Hoqpl and Hsqp2 complexes

Complex Eyp (mV) AE (mV) Ref.
Ni-H,qp1 (1) 29 59 This work
Mn-H,qp1 115 135 24
Zn-H,qp1 110 95 29
Ni-H,qp2 (2) 15 310 This work
Mn-H,qp2 57 232 25
Zn-H,qp2 195 208 30

All CV was done in 100 mM phosphate solution buffered to pH 7.2
with a 100 mV s scan rate.

plexes with H,qp1 and H,qp2 (Table 3), leading us to assign
these features to the oxidation and reduction of the quinolic
portions of the organic ligands.****?** The currents for 2 are
approximately double of those for 1. This further supports
their assignment to ligand-derived redox processes since 2 has
two quinols versus the single quinol for 1. As assessed by the
AE values measured with a 100 mV s™' scan rate, the ligand
oxidation for 1 is reversible, whereas that for 2 is irreversible.
The AE for manganese and zinc complexes with H,qp2 were
likewise much greater than their H,qp1l analogs.****?%3¢
Notably, no higher potential oxidations are observed for 1 and
2. With the manganese analogs, conversely, we detected peaks
consistent with the oxidation of Mn(u) to Mn(m).>*** For
complex 2, we observe an additional reduction with Ej,. = —670
vs. Ag/AgCL

Analysis of the nickel complexes in MeCN likewise fail to
detect oxidation of the metal to Ni(m) (Fig. $8-S117). The data
differ from those collected in buffered water in that the redox
processes associated with the oxidation of the quinol to the
semiquinone are highly irreversible, likely due to subsequent
deprotonation of the oxidized form of the ligand. Upon adding
triethylamine, these features shift to lower potentials and
become much more reversible, supporting our hypothesis that
the irreversibility results from acid/base reactions that occur
after redox. For both 1 and 2, we observe currents corres-
ponding to the oxidation of the quinol to semiquinone and its
subsequent reduction. For 1, we also detect quasi-reversible
features consistent with the oxidation of the semiquinone to
the para-quinone and its subsequent reduction. As with the
aqueous data, the magnitude of the currents for 2 are approxi-
mately twice those for 1, supporting the assignment of the
redox events to ligand- rather than metal-derived processes.

Antioxidant activity

We attempted to screen 1 and 2 for antioxidant activity using
two common assays. The xanthine oxidase/hypoxathine/luci-
genin assay is frequently used to probe the ability of an anti-
oxidant to decompose superoxide.**” Unfortunately, we were
unable to obtain reliable data from this method. We believe
that the photophysical properties of the Ni(i) complexes obfus-
cate the analysis. Lucigenin needs to absorb light at 460 nm to
produce a chemiluminescent signal, but both 1 and 2 absorb
strongly in this region as well.

This journal is © The Royal Society of Chemistry 2025
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The DPPH assay tests the ability of antioxidants to donate
hydrogen atoms to 2,2-diphenyl-1-picrylhydrazyl radical
hydrate (DPPH).*****® Hydrogen atom transfer to DPPH yields
a distinctly colored hydrazine product which can be identified
and quantified by UV/vis. Both 1 and 2 are strong antioxidants
by this measure, with 12.5 pM (1) and 6.3 pM (2) being
sufficient to convert half the radical to the hydrazine
(Fig. S121). 21.9 pM of ascorbic acid was needed to elicit a
similar response. Other divalent metal complexes with the
H,qp1 and H,qp2 ligands likewise outperformed ascorbic acid
in these measurements by approximately the same
extent.”***2° The high sensitivity of the DPPH assay precludes
us from drawing more quantitative conclusions regarding the
relative reactivities of the H,qp1 and H,qp2 complexes.

The aforementioned assays are imperfect measures of the
actual reactivity with O,”” due to the possibility of competing
side-reactions between the various components in the reaction
mixtures.'??"*%"*% We more thoroughly and accurately gauged
the antioxidant activity by following the direct reactions
between the Ni(u) compounds and KO, with stopped-flow kine-
tics methods. These studies confirm that both 1 and 2 are
highly capable SOD mimics (Fig. 3, Table 4 and Fig. S13-5167).
0, spontaneously dismutates without a catalyst; the rate law
for this background reactivity is second-order in [0, "]. The
metal-free H,qp1 and H,qp2 ligands were previously found to
be incapable of catalyzing superoxide degradation.”**° With
either 1 or 2, however, the decay rate instead becomes first-
order in [O,""]. Varying the amount of catalyst reveals that the
rate also has a first-order dependence on the concentration of
the nickel complex, consistent with the catalyst and O, ™ react-
ing in the rate-determining step. The H,qp2 complex is the
more active of the two in all three studied aqueous media by
approximately six- to eight-fold. The activity is highest in
MOPS buffered to pH 7.4 and lowest in pH 7.4 phosphate solu-
tions. Approximately half of the activity is lost going from
MOPS to phosphate buffer.

Mass spectrometry analysis of intermediates and end-products

The activity between the Ni(u) complexes and excess KO, in
MeCN was probed by CSI-MS at —40 °C (Fig. 4 and Fig. S17-
$221). Without any KO,, the quinols and metal center of 2
remain in their reduced forms: [Ni"(H,qp2)]*" and its conju-
gate base [Ni'(H;qp2)]' (Fig. S17t). With 1, conversely, we
detect traces of [Ni"(gp1)]*', where gp1 is the para-quinone
form of the ligand (Scheme 3), even in the absence of oxidant
(Fig. $181). Within 1 min after the addition of KO,, we detect
Ni(u) species with two-electron oxidized mono-para-quinone
forms of the ligands (gp1, H.qp2, and Hgp2~) for both 1 and 2
(Fig. 4). We also find traces of oxygenated ligands. The data
support the formation of Ni(u) complexes with semiquinone
ligands. For 1, a m/z peak at 511.1513 is consistent with [Ni
(gp17)]’, where the ligand is gp1~". For 2, m/z peaks at 271.5766
and 270.5687 can be assigned to [Ni'(H;gp2)]*' and
[Ni"(Hgp2")*", which feature H;gp2" and the mono-para-
quinone Hgp2®, respectively. We observe neither the di-para-
quinone form of the ligand, gp2 (Scheme 3), nor its Ni(u)
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Fig. 3 Kinetic traces and ko vs. concentration plots for nickel-catalyzed superoxide decomposition. The data were taken in 60 mM MOPS buffered
to pH 7.4. The absorbance at 250 nm was followed. Each trace is labelled with the concentration of added Ni(i) complex. (A) Kinetic traces for 1. (B)

Plot of kops vs. [1]. (C) Kinetic traces for 2. (D) Plot of keps vs. [2].

Table 4 Catalytic rate constants, Kcat (M~s°1), measured by stopped-flow kinetics for the direct reactions of 1 and 2 with superoxide

Buffer, pH 1 (Ni-H,qp1) 2 (Ni-H,qp2) Mn-H,qp1 Mn-H,qp2 Zn-Hyqpl Zn-H,qp2

60 mM MOPS, 7.4 1.75 x 107 12.8 x 107 9.7 x107¢ 1.2x107¢ 3.4x10%% 1.56 x 107 ¢
60 mM MOPS, 7.8 1.18 x 107 9.74 x 107 } 4.94x107°¢
50 mM Phosphate, 7.4 1.08 x 107 6.21 x 107 8.0x10°¢ 1.0 x 107 1.9x 1077 2.54x107°¢

“Data from ref. 28. 60 mM HEPES used instead of MOPS. ” Data from ref. 29. 60 mM HEPES used instead of MOPS. ¢ Data from ref. 30.

complex at 1 min. After 5 min, m/z peaks consistent with the
loss of the quinol arm for 1 appear (Fig. S197), but this sort of
degradation is not observed for 2 (Fig. S207), suggesting that
this compound is more oxidatively robust.

The Ni(un) compounds and their Zn(u) analogs differ sub-
stantially when the reaction aliquots are warmed to RT before
MS analysis. Compound 1 appears to completely degrade
(Fig. S217), but the m/z peaks observed for 2 are consistent
with Ni(u) complexes with oxidized forms of the ligands

Dalton Trans.

(Fig. S22%). These initially include the mono-para-quinone
H,gp2 itself and singly and doubly oxygenated forms of both
H,gp2 and H,qp2. That some of the dioxygenated ligands
contain quinols may suggest that the para-quinones are still
capable of cycling back to the quinol oxidation state even after
other portions of the ligand have been oxidized. When we
warmed solutions of [Zn"(H,qp2)]*" and KO, to RT before ana-
lysis, we instead observe metal-free oxidized ligands rather
than Zn(i1) complexes.*
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Fig. 4 CSI-MS spectrometry of (A) 1 and (B) 2 after a 1 min reaction with KO,. The graphics depict possible structures; we cannot preclude other
modes of ligand coordination or sites of ligand oxidation. Experimental conditions: 1 mM solutions of each Ni(i) complex in MeCN (1% DMF) were
cooled to —40 °C and then mixed with an excess of solid KO,. Subsequently, the mixture was diluted in a pre-cooled syringe with pre-cooled MeCN
to approximately 1 x 10° M and quickly injected into the mass spectrometer 1 min after the start of the reaction.

Low-temperature UV/vis analysis

The proposed semiquinone intermediates are corroborated by
UV/vis measurements taken at —40 °C (Fig. 5). The reaction
between 1 and KO, results in the formation of bands at 430
and 454 nm. Much smaller bands at 430 and 448 nm develop

This journal is © The Royal Society of Chemistry 2025

during analogous reactions with 2. The energies of these fea-
tures are close to those of the 422 and 448 nm bands seen for
manganese and zinc complexes with the semiquinone forms
of these ligands**?” as well as those of semiquinone radical by
itself.**** The manganese and zinc complexes with H,qp2
were previously found to give rise to features at 520 that are
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Scheme 3 Oxidized versions of the H,gpl and Haqp2 ligands. Oxidized
forms of the ligand are denoted by italics throughout the manuscript.

consistent with quinhydrone species,”®*® but we unable to
unambiguously detect a similar feature for 2.

Operando stability of the Ni(un)-H,qp2 catalyst

The CSI-MS experiments failed to detect metal-free oxidized
ligands in the reactions between 2 and KO,, suggesting that 2
does not release its metal ion upon reaction with KO, and sub-
sequent warming to RT. The Zn(n) analog of 2, [zn"(H,qp2)]*',
does release the metal ion as the ligand is oxidized.”® We took
the resultant solutions for 2 and [zn"(H,qp2)]*" and added
fresh KO, from a 0.5-1.0 mM stock solution to determine
whether the metal-containing products were still viable SOD
mimetics. The activity of the nickel complex remains high,
whereas that for the zinc is almost completely eliminated
(Fig. 6). For 2, a 0.9 pM solution that was treated with 9 pM
KO, retains 89% of its initial activity. Even with a much larger
120 pM KO, pre-treatment, 2 is 43% as active as a fresh batch.
with [zn"(H,qp2)]*', on the other hand, a two-fold excess of
KO, is sufficient to eliminate 39% of the activity.

EPR analysis of viable intermediates for SOD mimicry

We attempted to independently generate possible intermedi-
ates relevant to the SOD mimicry by reacting 1 and 2 with stoi-
chiometric amounts of Ag(OTf) and Et;N in MeCN (Fig. 7). We
previously ran analogous studies with the Zn(i) complexes

0,6
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o
(-]

0,4 -
0,2
0,0
T T T T T
300 400 500 600 700
A Wavelength, nm
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with H,qpl and H,qp2 to demonstrate that Zn(u)-quinoxyl
radical species were viable intermediates in the catalytic cycles
for 0,"~ dismutation.>**°

EPR analysis of the reaction mixtures suggests that a small
amount of the nickel has been oxidized to the +3 oxidation
state for both 1 and 2. For 1, two small features appear with g
=2.22 and g = 2.00. The intensities of the features maximize by
45 min. The g = 2.00 feature resembles that found for the
aforementioned Zn(i)-quinoxyl radical species and resembles
features seen for previously reported Ni(u) complexes with
organic radicals.>®® The g = 2.22 feature may be consistent
with a Ni(m) species,® although we cannot completely pre-
clude contamination from the silver. Complex 2 gives rise to a
stronger feature at g = 2.22 upon reaction with the Ag(i)
oxidant and base. No features that can be unambiguously dis-
tinguished from noise are seen around g = 2.00, suggesting
that organic radicals are not present above the limit of detec-
tion. The approximately ten-fold greater intensity of the g =
2.22 feature may suggest that the additional quinolate in the
H,qp2 framework can stabilize Ni(m) to a greater extent than
H,qp1 since the dianionic H,qp2”~ ligand would be antici-
pated to better neutralize a higher positive charge on the
metal center. Nonetheless, the signal-to-noise for both 1 and 2
are poor, and the signal intensities are much weaker than
those of the Zn(u)-quinoxyl radical species detected in our
prior studies.””? Reacting an equivalent amount of H,qp2
with Ag(OTf) and Et;N results in a much more intense EPR
signal, further demonstrating that any Ni(m) produced by
these non-catalytic conditions accumulates to near negligible
concentrations.

Discussion

The N-(2,5-dihydroxybenzyl)-N,N',N"-tris(2-pyridinylmethyl)-1,2-
ethanediamine (H,qp1) and N,N“-bis(2,5-dihydroxybenzyl)-N,

1,4
o
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5 l * '
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Fig. 5 UV/vis data for the —40 °C MeCN reactions between excess KO, and (A) 0.1 mM 1 and (B) 0.1 mM 2. Data were acquired with a 1.0 cm

pathlength.
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Fig. 6 Kinetic traces of superoxide decomposition at 250 nm in 60 mM MOPS buffer, pH 7.4 for Haqp2 complexes after pre-treatment with either 9

or 120 1M KO,. (A) Data for [Zn"(Haqp2))(OTf),. (B) Data for 2.
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Fig. 7 X-band EPR data for the reactions between (A) 1.0 mM 1, (B) 1.0 mM 2, and (C) H4qp2 with 1.0 mM Ag(OTf) and 1.0 mM EtsN in MeCN. At the

given time points, aliquots were rapidly filtered and frozen at 77 K. (D) Signal intensity comparison.

N'-bis(2-pyridinylmethyl)-1,2-ethanediamine (H,qp2) ligands
were previously used to prepare complexes with Mn(u) and
Zn(n), and precipitation from organic solvents enabled
us to obtain [Mn"(H,qp1)(MeCN)](OTf),, [Mn"(H,qp2)Br,],
[zn"(H,qp1)(OTI)J(OTF),  [Zn"(H,qp1)(MeCN)](OTf),, ~and

This journal is © The Royal Society of Chemistry 2025

[zn"(H,qp2)](OTf), in moderately high yields ranging from
70% to 90%.%2*?%3° The syntheses of Ni(i1) complexes with
these ligands likewise proceed smoothly, and crystalline
samples of both [Ni"(H,qp)(MeCN)](OTf), (1) and [Ni"(H,qp2)
(MeCN),](OTf), (2) can be obtained in yields exceeding 40%.
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In the crystal structures of [Mn'(H,qp2)Br,], [Zn"(H,qp1)
(OTf)](OTf), and [Zn"(H,qp1)(MeCN)](OTf),, which were all
obtained from MeCN/ether solutions, the protonated quinols
do not bind to the metal center.”** In the structures of 1 and
2, the quinolic portions of the ligands likewise do not coordi-
nate to the Ni(u) (Fig. 1). Overall, the structural data for the Mn
(), Zn(n), and Ni(u) complexes suggest that the pyridines in
the ligand are stronger ligands than the quinols. As with the
aforementioned Mn(u) and Zn(u) complexes, however, the
solid-state structures of 1 and 2 grown from MeCN solution do
not appear to be maintained in water.”>** UV/vis measure-
ments show that at pH 7.0, a single quinol from each complex
has deprotonated to a quinolate, which would have a stronger
affinity for cationic metal centers. The pK, values obtained
from potentiometric pH titrations range from 5.8-7.1; these
are more consistent with M(u)-phenol complexes than free
phenols.”?*2528730:5435 The pH titration data for 1 and 2 like-
wise demonstrate that a quinol from each ligand has deproto-
nated at pH 7.0. Given that Ni(u) ions rarely have coordination
numbers that exceed six,”*” the major aqueous cations at this
pH are likely [Ni"(Hqp1)]" and [Ni"(Hsqp2)]". Although the
second quinol in the Hzqp2~ complex interacts weakly with
the metal center and could be displaced by water to yield
[Ni"(H;qp2)(H,0)]", our YO NMR data indicate that water
molecules are not exchanging at the metal center, suggesting
that water is not coordinating to the Ni(u). Although firm stabi-
lity constants have not been measured for either 1 or 2 due to
the lack of metal ion dissociation under acidic conditions,
they are unambiguously more stable than their Mn(u) analogs,
which release their metal ions under such conditions.****

Although there is a class of superoxide dismutases (SODs) that
naturally contains nickel, neither 1 nor 2 resemble these either
structurally or spectroscopically. Nickel-containing SODs cycle
between five-coordinate Ni(m) and four-coordinate Ni(u) species.®”
Further, the coordination spheres of the enzymes include two
cysteinates and two backbone amidates, with an imidazole ligand
completing the coordination of the Ni(m) form. Instead of an
S,N; or S;N, coordination sphere, 1 and 2 have N;O and N,O,
sets of donor atoms in aqueous solution, respectively.

Despite their lack of resemblance to the active sites in
nickel SODs, both 1 and 2 are nonetheless functional mimics
of these enzymes. Stopped-flow kinetics analyses of the direct
reactions between the Ni(n) complexes and KO, demonstrate
that 1 and 2 are highly capable antioxidants (Fig. 3 and
Table 4). The metal-free quinolic ligands do not display this
behavior.>**? The SOD mimicry exhibited by 1 and 2 is note-
worthy since nickel has rarely supported this sort of reactivity
in small molecule complexes. Complexes with short peptide
chains, or maquettes, have been able to reproduce many of the
spectroscopic features of nickel-containing SODs and much of
the reactivity.*7> Complexes with non-peptide-derived
ligands, conversely, may react stoichiometrically with super-
oxide but usually do not act as catalysts.”*”® Two studies
reported catalysis by nickel complexes with azo-aldehyde and
Schiff base ligands.””* The reported k., values range from 1 x
10° M™' 57! to 8 x 10° M™* 57, but it should be noted that
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these rate constants were determined through assays, rather
than stopped-flow kinetics measurements. Duboc’s group,
conversely, reported a series of Ni(u) complexes with peptide-
containing ligands that were demonstrated to be catalysts by
stopped-flow kinetics.”***"®* The most active of these com-
pounds catalytically degraded O, with a k., = 8.6 x 10° M~?
s~ in 60 mM HEPES solution buffered to pH 8.1.7° Complexes
1 and 2 are approximately 1.4 and 11 times more active,
respectively, under similar conditions (Table 4), with the
caveats that we use MOPS instead of HEPES as the sulfonate-
derived buffer and operate at pH 7.8 rather than 8.1.

The activities of the nickel complexes, particularly that of 2,
compare well to those of manganese-containing SOD
mimics.!*1920:31:3384-87 The k. measured for 2 in pH 7.4
MOPS buffer exceeds the 9.7 x 10" M™" s™" value measured for
[Mn"(H,qp1)(MeCN)]* in pH 7.4 HEPES.*® Although it is not
the most active of manganese-porphyrin SOD mimics, the
well-characterized MnBrgTM-4-PyP*" has a ke, of 21.9 x 107
M~ s7'; this rate constant, however, may not be directly com-
parable to the other mentioned values since this k. was
measured through an assay rather than stopped-flow kine-
tics.*® The manganese-pentaazamacrocycle M40401 is unam-
biguously more active as an SOD mimic, with a ke, = 1.5 x 10°
M~ s7! in pH 7.4 HMES buffer,*° but this complex is much
less water-stable than both [Mn"(H,qp1)(MeCN)]*" and 2.2*

Another notable feature about 1 and 2 is that they only lose
about 50% of their catalytic activity upon switching from a sul-
fonic acid-based buffer to phosphate buffer (Table 4). Many
manganese complexes that have been studied in phosphate
buffer, conversely, lose much more of their activity upon such
a switch,”®*"9192 and examples that retain most of their
activity, such as [Mn"/(H,qp2)Br,], often tend to be poorer cata-
lysts under all studied conditions.**" The Zn(u) complexes
with  Hyqpl and H,qp2, [Zn"(H,qp1)OTf)]" and
[zn"(H,qp4)]*', conversely, display enhanced SOD mimicry in
phosphate buffer to the extent where they outperform their
manganese analogs in this medium (Table 4).>%*°

That 2 is more catalytically active than 1 may be initially
surprising since the Mn(u) complex with H,qp2 is much less
active than the one with H,qp1 in HEPES solution (although
the catalysts are approximately equivalent in phosphate
buffer).”® With Mn(u), the ligands fully deprotonate to Hqp1~
and H,qp2®~, rendering their complexes monocationic and
neutral, respectively. Higher positive charges on SOD mimics
tend to lead to faster catalysis, explaining the higher k., for
the H,qpl complex. With Ni(u), conversely, the H,qp2 does
not fully deprotonate under catalytic conditions; consequently,
both 1 and 2 form predominantly monocationic species in
water between pH 7 and 7.8.

Although the Ni(u) complex with H,qp1 is approximately
half as active as its Zn(u) analog in phosphate buffer based on
their k., values, the Ni(n) complex with H,qp2 is over twice as
active as [Zn"(H,qp2)]*" under such conditions (Table 4).
Complex 2 appears to be much more stable than both 1
(Fig. S19-S227) and the Zn(u) complexes. The reaction between
2 and KO, does not promote metal ion dissociation from the
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oxidized forms of H,qp2 as it does with [Zn"(H,qp2)]*',*" and
samples of 2 that have previously reacted with O,”” can be
used to catalyze subsequent superoxide degradation reactions
(Fig. 6). The greater operando stability of 2 likely explains its
higher activity.

Phosphate is generally believed to inhibit SOD mimetics by
acting as a competitive inhibitor that blocks the coordination
of O, to the metal center. A recent computational analysis
from our groups suggests that phosphate binds to M(m) ions
much more tightly than to M(n) ions.”® Manganese can readily
access the +3 oxidation state;”” consequently, phosphate inhi-
bition has been observed to be particularly severe for manga-
nese-catalyzed superoxide dismutation.”**' Zinc, conversely,
cannot access the +3 oxidation state, and phosphate actually
enhances, rather than hampers, zinc-catalyzed O,”” dismuta-
tion due to its ability to more efficiently transfer protons to
and from the positively charged species on the catalytic
cycle.?”?° The redox activity of nickel is intermediary to those
of manganese and zinc. Although Ni(m) is relevant to the
activities of nickel SODs, Ni(m) species are not observed
during catalysis.”” Even though we could use Ag(OTf) to
oxidize trace portions of samples of 1 and 2 to what may be
Ni(m) species (Fig. 7), we do not observe any Ni(u) complexes
in samples of 1 and 2 oxidized by KO, in our cryo-MS experi-
ments (Fig. 4), nor can we access Ni(m) by CV (Fig. 2). If the
0, reactions oxidize the metal center to Ni(m) under catalytic
conditions, such species would have to be extremely short-lived.
Although it was initially tempting to attribute the partial phos-
phate inhibition of 1 and 2 to the anions’ coordination to Ni(m)
metal centers, our evidence suggests that these higher-valent
metal centers are not abundant enough during catalysis to have
an impact. Consequently, the rationale for why phosphate only
partly inhibits nickel-driven SOD mimicry remains unclear.

Mechanistically, the SOD mimicry exhibited by 1 and 2
appears to more strongly resemble that of their Zn(u)
analogs.*>*° Even though a prior report found that Ni(ur) com-
plexes could directly oxidize quinols,”* our CSI-MS and UV/vis
results suggest that the SOD catalysis for 1 and 2 primarily
involves changes to the oxidation states of the ligands rather
than the metal center. This differs markedly from what was
observed for [Mn"(H,qp1)]*' and [Mn"(H,qp2)]*', which
proceed through M(m) and M(v) species during catalysis.*®
The MS data show that the quinols within the ligands oxidize
to para-quinones. Our MS results also suggest that the para-
quinones can continue to reduce back to quinols even after
other portions of the ligand begin to get oxidized. The oxi-
dation state of the nickel in all species identified by either MS
or CSI-MSI is +2. Although traces of Ni(m) may form with a
different oxidant (Fig. 7), we do not observe any Ni(m) species
in the O, reactions even with Hyqp2, which was found to
support the +3 and even the +4 oxidation state for manganese
under similar conditions.*® The cryo-MS and UV/vis data are
consistent with the formation of metal complexes with semi-
quinone radicals (Fig. 4 and 5); analogous intermediates were
previously observed in the SOD mimicry with manganese and
zinc complexes with these ligands.***°

This journal is © The Royal Society of Chemistry 2025
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The lack of rapid water molecule exchange for 1 and 2
further differentiates these compounds from their manganese
analogs.”>*® That the Ni(u) centers are coordinatively saturated
at the beginning of the catalysis may suggest that the initial
reactions with superoxide are outer-sphere. With the more
labile manganese H,qp1 and H,qp2 complexes, cryo-MS
detected intermediates that are consistent with inner-sphere
reactions with 0,"~.** [Zn"(H,qp1)]*" was also proposed to
reduce and oxidize O, through inner-sphere pathways, albeit
on the basis of calculations.”® Although cryo-MS did not detect
intermediates that could be assigned as nickel-superoxide
adducts, further studies are needed to determine the relevance
of inner- and outer-sphere pathways for O, reduction and
oxidation and more fully elucidate the mechanism.

Conclusions

We find that polydentate ligands with redox-active quinols can
enable nickel to catalytically degrade superoxide at rates that
are highly competitive with those of the most active reported
manganese-containing SOD mimics. Although phosphate inhi-
bits catalysis, the diminishment in activity is not as severe as
seen for other similarly high performing antioxidants. The
ligand design has a noticeable impact on the reactivity in that
the complex with the second quinol is much more active. The
catalytic cycle remains under investigation but likely involves
primarily ligand-centered redox cycles and possibly outer-
sphere pathways for at least some of the individual reactions.
Overall, the nickel-containing catalysts more strongly resemble
their zinc-containing analogs than their manganese-contain-
ing counterparts but are more robust than either.
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Figure S6. Potentiometric pH titration data for A) 1 and B) 2 in aqueous 100 mM KCl
solutions. For the analysis of 1, 0.10 mmol of Haqtpl and Ni(OTf), were added to 48 mL
of the KCI solution. 2.0 mL of 0.1018 M HCI was added to make the solution acidic, and
the resultant mixture was subsequently titrated with 0.1008 M KOH (red data points). After
2.700 mL of KOH solution were added, the mixture was titrated with 0.1018 M HCI (blue
data points). For the analysis of 2, 0.10 mmol of Haqtp2 and Ni(OTf), were added to 50
mL of the KCI solution. 2.0 mL of 0.1018 M HCI was added to make the solution acidic,
and the resultant mixture was subsequently titrated with 0.1008 M KOH (red data points).
After 3.060 mL of KOH solution were added, the mixture was titrated with 0.1018 M HCl
(blue data points). The data demonstrate that the titrations are reversible. Analyses of the
data confirm a pK, value of 6.33 (£0.05) for 1 and pKa values of 5.99 (£0.05) and 8.24
(£0.05) for 2.
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Figure S7. Spectrophotometric pH titration data for A) 1 and B) 2 in aqueous solutions.
The data were acquired at 294 K with a 1.0 cm pathlength. The concentrations of Ni(II)
and ligand in each sample were 0.10 mM. The pH was controlled through the addition of
KOH and HCI. The peaks at 313 nm correspond to deprotonated quinols, whereas the peaks
at 293-294 nm correspond to protonated quinols.
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Figure S8. A) CV of 1.0 mM 1 in MeCN with 100 mM tetracthylammonium
tetrafluoroborate (TEABF4) at 100 mV/s. Features observed at E,! = 680 mV, E.' = -369
mV, and Ec!" = -629 mV correspond to the oxidation of the ligand to semiquinone. Features
at Eo*> = 1322 mV and E.> = 1205 mV correspond to the oxidation to para-quinone. B) CV
for the oxidation of 1.0 mM 1 to para-quinone in MeCN containing 100 mM TEABF; at
different scan rates. The arrow shows the initial starting point and direction of the scans.
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Figure S9. CV for 1.0 mM samples of 1 with 1.0 and 2.0 equiv. of triethylamine (TEA).
Data were collected in MeCN containing 100 mM TEABF4 with a 100 mV/s scan rate. The

arrow shows the initial starting point and direction of the scans.
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Figure S10. A) CV of 1.0 mM 2 in MeCN containing 100 mM TEABF4 at 100 mV/s. The
features at E;! = 745 mV, E¢' = -411 mV, and E.! = -614 mV correspond to the oxidation
of ligand oxidation to semiquinone and its subsequent reduction back to the quinol. B) CV
for the oxidation of 1.0 mM 2 to semiquinone in MeCN containing 100 mM TEABF;, at
different scan rates. C) Comparison between the CVs of .0mM 1and 1.0mM 2 in MeCN
containing 100 mM TEABF, at 100 mV/s. . The arrows show the initial starting point and
direction of the scans.
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Figure S11. CV for 1.0 mM samples of 2 with 1.0 and 2.0 equiv. of TEA. Data were
collected in MeCN containing 100 mM TEABF4 with a 100 mV/s scan rate. The arrow
shows the initial starting point and direction of the scans.

1Cs0 (M)
1 12.5+4/-06
80~ 2 6.3 +/-0.2
S Ascorbic Acid 21.9+/-0.9
B
&
O 1004
O - 1
+ - 2
Ascorbic Acid

g 504 - Orbi ¥
)]
o -

0 T T T 1

-10 -8 -6 -4 2

log (concentration)

Figure S12. DPPH free radical scavenging assay of 1, 2, and ascorbic acid. The
antioxidants were added to DPPH and incubated in the dark for 30 min at 298 K.
Spectroscopic measurements were performed at 517 nm. The data were normalized to the
absorbance in the presence of vehicle. All experiments were performed in triplicate and
repeated twice.
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Figure S13. A) Kinetic traces of superoxide decomposition at 250 nm (60 mM MOPS
buffer, pH 7.8, ionic strength of 150 mM) by 1. B) Plot of ko»s vs. [1].
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Figure S14. A) Kinetic traces of superoxide decomposition at 250 nm (50 mM phosphate
buffer, pH 7.4, ionic strength of 150 mM) by 1. B) Plot of ko vs. [1].
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Figure S15. A) Kinetic traces of superoxide decomposition at 250 nm (60 mM MOPS
buffer, pH 7.8 ionic strength of 150 mM) by 2. B) Plot of koss vs. [2].
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Figure S16. Kinetic traces of superoxide decomposition at 250 nm (50 mM phosphate
buffer, pH 7.4, ionic strength of 150 mM) by 2.
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Figure S17. CSI-MS spectrometry of 2 prior to its reaction with KO>. The graphics depict
possible structures; we cannot preclude other modes of ligand coordination. Experimental
conditions: a 1 mM solution of 2 in MeCN (1% DMF) was cooled to -40 °C, diluted in a
pre-cooled syringe with pre-cooled MeCN to approximately 1 x 10° M, and quickly
injected into the mass spectrometer. The predominant species are [Ni"(Haqp2)]** (m/z =
272.0802) with a smaller amount of [Ni"(H3qp2)]" (m/z = 543.1537), where H3qp2" is the
singly deprotonated form of the ligand.
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Figure S18. CSI-MS spectrometry of 1 prior to its reaction with KO>. The graphics depict
possible structures; we cannot preclude other modes of ligand coordination. Experimental
conditions: a 1 mM solution of 1 in MeCN (1% DMF) was cooled to -40 °C, diluted in a
pre-cooled syringe with pre-cooled MeCN to approximately 1 x 10° M, and quickly
injected into the mass spectrometer. The predominant species are [Ni'(Haqp1)]** (m/z =
256.5834) with a trace amount of [Ni'(gp/)]*" (m/z = 255.5757), where gp! is the para-
quinone form of the ligand.
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Figure S19. CSI-MS spectrometry of 1 after a 5 min reaction with KOa. The graphics
depict possible structures; we cannot preclude other modes of ligand coordination or sites
of ligand oxidation. Experimental conditions: a I mM solution of 1 in MeCN (1% DMF)
was cooled to -40 °C and then mixed with an excess of solid KO,. Subsequently, the
mixture was diluted in a pre-cooled syringe with pre-cooled MeCN to approximately 1 x
10 M and quickly injected into the mass spectrometer 5 min after the start of the reaction.
The 390.1223 m/z peak is consistent with the loss of the quinol group and oxidation at one
of the picolylic positions.
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Figure S20. CSI-MS spectrometry of 2 after a 5 min reaction with KO,. The graphics
depict possible structures; we cannot preclude other modes of ligand coordination or sites
of ligand oxidation. Experimental conditions: a I mM solution of 2 in MeCN (1% DMF)
was cooled to -40 °C and then mixed with an excess of solid KO,. Subsequently, the
mixture was diluted in a pre-cooled syringe with pre-cooled MeCN to approximately 1 x
10 M and quickly injected into the mass spectrometer 5 min after the start of the reaction.
The m/z peak at 557.1329 is consistent with oxidation at a benzylic or picoylic carbon.
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Figure S21. CSI-MS spectrometry of 1 after a sample from an extended reaction with KO>

was warmed to room temperature (RT). Experimental conditions: a 1 mM solution of 1 in
MeCN (1% DMF) was cooled to -40 °C and then mixed with an excess of solid KOx.
Subsequently, the mixture was diluted in a pre-cooled syringe with pre-cooled MeCN to
approximately 1 x 10° M and allowed to warm to RT before injection into the mass
spectrometer. The complex has undergone substantial degradation, and the products cannot
be readily identified.
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Figure S22. CSI-MS spectrometry of 2 after a sample from an extended reaction with KO»
was warmed to RT. The graphics depict possible structures; we cannot preclude other
modes of ligand coordination or sites of ligand oxidation.Experimental conditions: a 1 mM
solution of 1 in MeCN (1% DMF) was cooled to -40 °C and then mixed with an excess of
solid KO». Subsequently, the mixture was diluted in a pre-cooled syringe with pre-cooled
MeCN to approximately 1 x 10 M and allowed to warm to RT before injection into the
mass spectrometer.
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Publication 4: A macrocyclic guinol-containing ligand enables high catalase activity even with a redox-

inactive metal at the expense of the ability to mimic superoxide dismutase

S. Karbalaei, A. Franke, J. Oppelt, T. Aziz, A. Jordan, P. R. Pokkuluri, D. D. Schwartz,

I. Ivanovié¢-Burmazovi¢ and C. R. Goldsmith
Chemical Science, 2023, 14, 9910.

Summary: A series of transition metal complexes with the macrocyclic 1,8-Bis(2,5-dihydroxybenzyl)-
1,4,8,11-tetraazacyclotetradecane (Hiqp4) ligand were synthesized by the Goldsmith group with
manganese, iron and zinc as metal center, respectively. The macrocyclic [Fe(Hsqp4)]OTf,
[Mn(H3qp4)]OTf and [Zn(Hsqp4)]OTf complexes were investigated for their catalase mimicking
characteristics, showing equal activity of all three complexes towards hydrogen peroxide. However,
the redox-inactive Zn?* seems to rely on a ligand-based mechanism, whereas Mn and Fe complexes
operate through metal centered redox cycling involving high-valent metal species. Additionally, SOD

activity was tested using indirect assays, as well as more reliable direct stopped-flow methods.

Contribution: JO performed stopped-flow experiments and determined the corresponding catalytic
rate constants for every complex in phosphate (pH 7.4) and MOPS buffer (pH 7.4 and 7.8). Opposing
to the results from the indirect hypoxanthine/xanthine oxidase/lucigenin assay, only the manganese
complex showed catalytic activity towards superoxide. JO incorporated the ket values for the
corresponding complex of 6.0 x 10° M? st (MOPS, pH 7.4), 4.5 x 106 Mt s* (MOPS pH 7.8) and

2.9x 105 M7 st (Phosphate, pH 7.4) into the overall mechanism.
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A macrocyclic quinol-containing ligand enables
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metal at the expense of the ability to mimic
superoxide dismutaset

l ") Check for updates

Cite this: Chem. Sci., 2023, 14, 9910

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Sana Karbalaei, ©2 Alicja Franke, ©° Julian Oppelt, ©° Tarfi Aziz,® Aubree Jordan,?
P. Raj Pokkuluri, 2 Dean D. Schwartz, © ¢ lvana Ivanovié¢-Burmazovi¢ & *°
and Christian R. Goldsmith & *2

Previously, we found that linear quinol-containing ligands could allow manganese complexes to act as
functional mimics of superoxide dismutase (SOD). The redox activity of the quinol enables even Zn(i)
complexes with these ligands to catalyze superoxide degradation. As we were investigating the abilities
of manganese and iron complexes with 1,8-bis(2,5-dihydroxybenzyl)-1,4,8,11-tetraazacyclotetradecane
(Hagp4) to act as redox-responsive contrast agents for magnetic resonance imaging (MRI), we found
evidence that they could also catalyze the dismutation of H,O,. Here, we investigate the antioxidant
behavior of Mn(i), Fe(n), and Zn(i) complexes with Hsgp4. Although the Haqp4 complexes are relatively
poor mimetics of SOD, with only the manganese complex displaying above-baseline catalysis, all three
display extremely potent catalase activity. The ability of the Zn(i) complex to catalyze the degradation of
H>O, demonstrates that the use of a redox-active ligand can enable redox-inactive metals to catalyze
the decomposition of reactive oxygen species (ROS) besides superoxide. The results also demonstrate
that the ligand framework can tune antioxidant activity towards specific ROS.
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In previous work from our laboratories, we found that linear
polydentate ligands with 1,4-hydroquinone (quinol) groups

Introduction

High concentrations of reactive oxygen species (ROS), such as
hydrogen peroxide (H,0,) and superoxide (O, ") are capable of
damaging biomolecules, and the accumulation of these species
has been linked to a wide array of health conditions."” In
response, the body produces a variety of antioxidants to manage
ROS concentrations. These include superoxide dismutases
(SODs), which catalyze the conversion of O,"~ to O, and H,0,,
and catalases, which promote the dismutation of H,0, to O,
and H,O0. The high activities of these enzymes have motivated
us and other researchers to develop small molecules capable of
replicating this catalysis. Such compounds could potentially be
used to bolster the body's defenses against ROS and treat health
conditions associated with oxidative stress.
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could be used as the organic components in a variety of SOD
mimics (Scheme 1).°'° A manganese complex with H,qp1 dis-
played activity that was comparable to those of the most effec-
tive SOD mimetics reported to date: manganese complexes with
pentaazamacrocycle and cationic porphyrin ligands."*** The
redox activity of the quinol group enables it to act as the redox
partner for O,” and can allow SOD mimicry even without
a redox-active metal. Although the ligands by themselves are
inactive, the Zn(u) complexes with H,qp1 and H,qp2 are func-
tional SOD mimics, with the latter ligand resulting in higher

activity.”?
O ?L Wq;L
/_\
Haqp2

Hyqp1

b

Scheme 1 Linear polydentate quinol-containing ligands from prior
work.

@ 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Structure of Hiqp4 ligand and formulations of the dis-
cussed coordination complexes.

More recent work has focused on the macrocyclic ligand 1,8-
bis(2,5-dihydroxybenzyl)-1,4,8,11-tetraazacyclotetradecane
(H,4gp4, Scheme 2).">'® Our initial interest in this molecule was
as a component in highly water-stable magnetic resonance
imaging (MRI) contrast agent sensors for H,O,. When the qui-
nols are oxidized to para-quinones, water molecules displace
these groups, increasing the Tj-weighted relaxivity (r;) of its
Mn(i) complex, [Mn"(H;qp4)J(OTf) (1).** Although quinol
oxidation and an accompanying enhancement in r; also occur
when the Fe(n) complex, [Fe''(H;qp4))(OTf) (2), reacts with
H,0,, it is instead metal oxidation that is primarily responsible
for the increase in relaxivity.'® For both 1 and 2, we found that
the oxidation of the quinols and the accompanying activation of
the sensor occur more slowly in higher concentrations of
H,0,.">'* This led us to speculate that the initial reactions with
H,0, may be generating a higher-valent metal species that can
either react intramolecularly to oxidize the ligand or intermo-
lecularly with a second equiv. of H,0, (Scheme 3).** The inter-
molecular activity depletes H,0,, thereby mimicking catalase.
The intramolecular reaction was proposed to be inherently
slower, only proceeding to a noticeable extent after the [H,0,]
decreases enough to make the intermolecular reaction less
competitive.

HO
Y0 H
LMll'O H202 L\’\A"‘O
OH
H,O + O,
O H
‘ uv;\"”o
High [H205] ks

View Article Online

Chemical Science

Replicating the activity of catalase enzymes has proven to be
challenging, and the best small molecule mimics reported thus
far have displayed modest reactivity with H,O,. Two metrics are
commonly used to assess catalysis: the rate constant for the
reaction between H,0, and the antioxidant and the turnover
number (TON)."">” Comparisons are often difficult to make
since the reaction conditions and protocols can vary consider-
ably. The highest rate constant for H,0, degradation corre-
sponded to a second-order reaction with an Fe(ui) complex with
a fluorinated corrole (k, = 4300 M~ s~ in 37 °C pH 7.4 phos-
phate buffer).?”” The highest TON corresponded to a manganese
porphyrin complex (TON = 12.54 in 25 °C pH 7.8 Tris buffer).*

In the present manuscript, we thoroughly investigate the
abilities of the Mn(n) and Fe(i) complexes with H,qp4 to mimic
both SOD and catalase. We also prepare and evaluate the anti-
oxidant properties of a Zn(n) complex with H,qp4: [Zn"(H,-
qp4)J(OTf) (3). We find that although the SOD activities are
severely attenuated relative to those of complexes with linear
quinol-containing ligands, all three H,qp4 complexes act as
highly potent catalase mimics, with activities that greatly exceed
those exhibited by most other reported small molecule mimics
of these enzymes."”* The Zn(u) complex is further notable in
that it represents the first instance, to the best of our knowl-
edge, where a coordination complex with a redox-inactive metal
ion successfully catalyzed the degradation of H,0,.

Experimental section
Materials

All chemicals and solvents were purchased from Sigma-Aldrich
and used without further purification unless otherwise noted.
All deuterated solvents were bought from Cambridge Isotopes.
Diethyl ether (ether) and methanol (MeOH) were bought from
Fisher. Methylene chloride (CH,Cl,) was purchased from Mal-
linckrodt Baker. 1,8-Bis(2,5-dihydroxybenzyl)-1,4,8,11-
tetraazacyclotetradecane (H,qp4), [Mn'(H;qp4)](OTf), and
[Fe"(H3qp4)](OTf) were synthesized and purified as previously
described.**"*

OH

H* {O-O heterolysis}

II"O
+ HZO LM + HZO
OH o)

Low [H,05]

Scheme 3 Previously proposed mechanism for competing H,O, degradation (blue) and quinol oxidation (red). The above graphic was slightly

modified from one that originally appeared in ref. 15.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Instrumentation

All nuclear magnetic resonance (NMR) data were collected on
a 500 mHz AV Bruker NMR spectrometer. All NMR resonance
peak frequencies were referenced to internal standards. UV/vis
were collected on a Varian Cary 50 spectrophotometer and
analyzed using software from the WinUV Analysis Suite. Elec-
tron paramagnetic resonance (EPR) data were obtained on
a Bruker EMX-6/1 X-band EPR spectrometer operated in the
perpendicular mode. The EPR data were subsequently analyzed
and processed with the program EasySpin. All EPR samples
were run as frozen solutions in quartz tubes. High-resolution
mass spectrometry (HR-MS) data were obtained at the Mass
Spectrometer Center at Auburn University on a Bruker Microflex
LT MALDI-TOF mass spectrometer via direct probe analysis
operated in the positive ion mode. Infrared spectroscopy (IR)
data were obtained with a Shimadzu IR Prestige-21 FT-IR
spectrophotometer. Cyclic voltammetry (CV) was performed
under N, at 294 K using an Epsilon electrochemistry worksta-
tion (Bioanalytical System, Inc.), a gold working electrode,
a platinum wire auxiliary electrode, and a silver/silver(i) chloride
reference electrode. All elemental analyses (C, H, N) were per-
formed by Atlantic Microlabs (Norcross, GA); samples were
dried under vacuum and placed under a N, atmosphere prior to
shipment.

X-ray crystallography

Crystallographic data for [Zn"(H;qp4)](OTf) (3) were collected
using a Bruker D8 VENTURE k-geometry diffractometer system
equipped with a Incoatec IuS 3.0 microfocus sealed tube and
a multilayer mirror monochromator (Mo Ko, 4 = 0.71073 A).
Diffraction data were integrated with the Bruker SAINT software
package using a narrow-frame algorithm. Data were corrected
for absorption effects using the Multi-Scan method (SADABS).
The structure was solved and refined using the Bruker SHELXTL
Software Package. Selected crystallographic data are presented
in the ESI and can be found in the Cambridge Structural
Database (number 21735637).

Antioxidant assays

The ability of coordination complexes to catalyze the degrada-
tion of O,"" was initially screened using the hypoxanthine/
xanthine oxidase/lucigenin assay.*** The reaction between
hypoxanthine and xanthine oxidase generates O," ", which can
then subsequently react either with lucigenin to provide
a luminescent response or an antioxidant. The extent to which
various concentrations of an antioxidant eliminate the lucige-
nin response provides a quantitative measure of its activity.
These assays were performed with 1 mL of saline solutions
buffered with 50 mM phosphate to pH 7.2. The solutions also
contained 50 uM hypoxanthine, 0.005 U mL™" xanthine oxidase
(Calbiochem), 5 pM dark adapted lucigenin, and the tested
antioxidant in concentrations ranging from 0.1 nM to 10 uM.
Reactions were carried out at room temperature (RT) and were
initiated by the addition of xanthine oxidase to the
hypoxanthine-containing solution. The copper/zinc superoxide
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dismutase isolated from bovine erythrocytes (0.0001-10 U
mL~', Calbiochem) was used as a positive control (IC;, = 40
nM).* Luminescence was measured using a TD-20/20 (Turner
Designs) luminometer and expressed as relative light units
(RLU). Luminescence was measured for four 10 s integrations
after an initial delay of 3 s. The four RLU values were averaged,
and each concentration was expressed as a percent of that
produced in the presence of the vehicle. Each measurement
within an individual run was performed in triplicate, and each
assay was repeated three times.

Kinetic assessment of superoxide dismutase activity

The ability of the H,qp4 complexes to catalytically degrade
superoxide was tested by a direct method using stopped-flow
techniques described in a previous publication from one of
our laboratories.* Experiments were carried out using syringes
1,2, and 3 on a Biologic SFM-400 instrument that was equipped
with an Energetiq LDLS ENQ EQ-99-FC laser driven light source
and a J&M TIDAS diode array detector (integration time = 0.5
ms, A = 180-724 nm). The source of superoxide was commer-
cially available KO, dissolved in dry and non-buffered DMSO
([0,"7] = 1-2 mM). Complexes 1-3 were each tested at four
different concentrations between 0.9 and 9 uM in aqueous
solutions buffered with HEPES or sodium phosphate to either
pH 7.4 or pH 8.1. The ionic strength of all solutions was
111 mM. The aqueous solution containing the studied coordi-
nation complex was mixed in a 9:1 ratio with the superoxide
solution in DMSO using a high-density mixer. The initial
concentration of the superoxide is determined from the inten-
sity of the UV band at 250 nm as assessed immediately after
stopped-flow mixing of the superoxide DMSO solution with the
appropriate buffer. The 250 nm band is characteristic for
superoxide and has well-known and -established molar extinc-
tion coefficients for each buffer and pH used.” In each experi-
ment, the concentration of superoxide exceeded that of the
metal-containing catalyst by at least ten-fold to ensure cata-
lytic conditions. Millipore water was used for the preparation of
the buffer solutions. All of the prepared buffers were treated
with Chelex 100 sodium exchange resin for at least 12 h before
use in order to remove adventitious metal ions. The data anal-
ysis was performed using the BioKine V4.66 software. Each re-
ported ks value is the average of at least 10 measurements. The
reported k., values were determined from the slope of the ks
vs. [SODm] plot. The presence of H,0, was qualitatively
confirmed using Baker Testrips for Peroxides.

Kinetic assessment of catalase and peroxidase activity

The abilities of the antioxidants to catalyze H,0, degradation
were initially evaluated by monitoring the decrease in the
absorbance of H,0, at 240 nm (54 = 39.4 M~ ' ecm ™ ')* over
time. These measurements were performed in 200 mM phos-
phate solutions buffered to pH 7.0 that contained 100 nM of the
tested compound and 1-500 mM H,O, at RT. The changes in
the UV/vis data were followed using a Shimadzu UV-1601
spectrophotometer (Columbia, MD). Under the described
conditions, we observed a single hyperbolic phase and could fit
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the data to a standard Michaelis-Menten equation to obtain
apparent kg, and k,,, values (Eq. (1)).
Y ke [H20] - ke [H2 0] )
1]y N kea/kon + [H205] © Kut [H,0,]

The catalase activity was more stringently quantitated by
polarographically following O, production using a Clark-type O,
sensitive electrode (Hansatech Pentney, Norfolk, England). We
first calibrated the system using a N, saturated solution to
establish a zero O, level within the reaction chamber prior to
experimental measurements. The initial series of reactions
contained 1 nM of the tested antioxidant and were carried out at
RT in solutions containing 50 mM tris(hydroxymethyl)amino-
methane (Tris) buffered to pH 7.2. The buffer and solution
containing the coordination complex were initially mixed in the
reaction chamber for 20 s to establish a baseline, after which
H,0, was injected to initiate the evolution of 0,.** Subse-
quently, we measured the initial rates of reactions between
10 mM H,0, and 1.0-100 nM of the catalysts to calculate k, rate
constants. The data were corrected to account for uncatalyzed
H,0, decomposition.

Peroxidase activity can also contribute to the degradation of
H,0,, representing a means to consume H,0, without gener-
ating O,. This potential reactivity was evaluated by monitoring
the abilities of the antioxidants to promote the reaction between
H,0, and 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonate)
(ABTS); this reaction generates the radical cation ABTS™ (4,7
=34.7 mM ' em ').* One series of reactions were run in RT
50 mM acetate solution buffered to pH 5.0, with reaction
concentrations of 10 mM ABTS, 0.1 mM coordination complex,
and 1-500 mM H,0,. Another series of reactions were run in RT
50 mM acetate solution buffered to pH 5.0, with reaction
concentrations of 10 mM H,0,, 0.1 mM coordination complex,
and 1-500 mM ABTS. The conversion of ABTS to its radical
cation was followed using a Shimadzu UV-1601 spectropho-
tometer (Columbia, MD). The following equation is used to
convert the absorbance data into initial rates (v,/[M];):

Vo AAbs (at 417 nm for 60 s)
M]; 60 s x 100 pM x 0.0347 uM™" em ' x | cm

where 100 puM is concentration of the catalyst and 0.0347
uM ' em ! is the molar absorptivity of ABTS™" at 417 nm.

Syntheses
(1-(2,5-Dihydroxybenzyl)-8-(2,5-dihydroxybenzylalkoxide)-
1,4,8,11-tetraazacyclotetradecane)zine(n)  triflate  ([Zn"(Hs-
qp4)](0Tf), 3). Huqp4 (500 mg, 1.12 mmol) and Zn"(OTf),
(415 mg, 1.12 mmol) were dissolved in 5 mL of dry MeCN and then
stirred at 60 °C for 24 h. The slow addition of ether to the MeCN
solution deposited the product as a colorless powder that could be
isolated by filtration (703 mg, 88% yield). Crystals suitable for
single crystal X-ray diffraction were grown by layer diffusion of
ether to a saturated solution of the crude product in MeOH.
Optical spectroscopy (H,0, 294 K): 299 nm (¢ = 7000 M~' em ™).
IR (em™"): 3403 (s), 3260 (s), 3055 (s), 2988 (W), 2887 (W), 2724 (m),
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1607 (W), 1508 (s), 1432 (W), 1375 (m), 1300 (m), 1247 (w), 1217 (W),
1196 (w), 1147 (w), 1115 (w), 1101 (m), 1077 (m), 1061 (s), 1021 (s),
1004 (w), 961 (m), 939 (w), 914 (m), 894 (m), 869 (w), 830 (m), 781
(m), 759 (m), 630 (s), 567 (w). "H NMR (500 MHz, CD;0D, 298 K):
6 6.64-6.75 (m, 6H), 4.57 (s, 3H), 2.68 (d, ] = 25 Hz, 6), 2.28 (s, 2H),
2.03 (s, 2H), 1.34-1.35 (m, 4H). "*C NMR (125 MHz, CD;0D, 298
K): 6 151.83, 149.78, 149.00, 122.99, 120.48, 119.96, 119.84, 119.45,
117.92, 117.69, 117.56, 117.16, 116.99, 58.54, 54.84, 54.54, 53.80,
53.67, 53.05, 51.91, 51.79, 50.99, 25.82, 25.78, 24.23. MS (ESI):
caled for [Zn(Hzqp4)]', m/z 507.1944; found, m/z 507.1941.
Elemental analysis (powder) caled for C,5H;35N40,F3S,Zn-0.5(C,-
H;),0-0.5 MeCN (powder): C, 46.99%; H, 5.84%; N, 8.81%. Found:
C, 46.52%; H, 5.99%; N, 8.81%.

Results

Synthesis and structural characterization of
[zn"(H,qpa)](0TH

Mn(u) and Fe(un) complexes with H,qp4 were previously re-
ported.**'* The isolated compounds, [Mn"(H;qp4)](OTf) (1) and
[Fe"(H3qp4)](OTf) (2), feature the singly deprotonated ligand
H;qp4 ; we believe that the residual non-complexed ligand
deprotonates the metal-bound H,qp4. The complexation of
Zn(n) to H,qp4 similarly yields a H;qp4~ complex: [Zn"(H;-
qp4)](OTf) (3). As with 1 and 2, the synthesis of 3 required us to
heat the mixture of ligand and metal salt for a prolonged period
of time (24 h) to maximize complexation of the metal ion.
Complex 3 was characterized by NMR, IR, MS, and UV/vis
(Fig. $1-857).

The redox capabilities of 3 were initially assessed using cyclic
voltammetry (CV, Fig. S6). In phosphate solution buffered to
pH 7.2, we observe one irreversible redox event with an E,, =
225 mV and an E,. = —11 mV (vs. Ag/AgCl). This resembles
irreversible CV features seen for both 1 and 2. The redox event
for the Mn(n) complex has an E,, = 240 mV and an Ep. =
—20 mV;** whereas, that for the Fe(n) compound has an E,, =
240 mV and an Ep. = —60 mV. A smaller feature is observed with
Epe = 5 mV; this may be attributable to acid/base behavior for
either the quinol or the semiquinone. A similar feature was
observed for 2.'¢

We crystallized 3 from MeOH/ether and structurally charac-
terized the complex through single crystal X-ray diffraction (Fig. 1
and Table S1t). The H;qp3~ ligand coordinates to the Zn(u)
through five out of its six possible donor atoms, with the neutral
quinol not directly binding to the metal center. The coordination
geometry of the N,O donors around the Zn(u) is best described as
a distorted trigonal bipyramidal, with a t; value of 0.70.** The
pendent quinol may hydrogen bond to the outer-sphere triflate;
the distance between O(3) and O(6) is 2.72 A.

Aqueous solution characterization of [Zn"(H,qp4)](OTf)

We investigated the stability and speciation of 3 in water using
potentiometric pH titrations (Fig. S71). As the pH of a 1:1
mixture of Zn"(OTf), and H,qp4 was increased from 2.5 to 10,
we observe two ionization events consistent with pK, values of
6.16 and 9.71 (Table S2+). We assign these to the deprotonation
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Fig. 1 ORTEP representation of the structure of [Zn"(Hzqp4)l*. The
triflate counteranion and all H atoms are omitted for clarity. All ellip-
soids are drawn at 50% probability. Full crystallographic data are
provided in the ESI and in the Cambridge Structural Database (number
21735631).

of the quinols. Although the first value is consistent with other
M(II)-quinol pK, values that we have measured,***"* the second
value is much higher and more consistent with a metal-free
quinol or phenol. The solid-state structure featuring a penta-
coordinate metal center (Fig. 1) may therefore be retained in
water. Despite the one fewer chelating group, the Zn(u)-H,qp4
complex appears to be extremely stable against metal ion
dissociation, with a log Ky, = 41.1; this value is higher than the
analogous values for 1 and 2.***¢

Superoxide dismutase mimicry

Compounds 1, 2, and 3 were initially screened using the
hypoxanthine/xanthine oxidase/lucigenin assay (Fig. 2).>**° By
this measure, both 1 and 2 initially appeared to be capable of
catalyzing superoxide dismutation. The Mn(u) complex 1 is
most active, with an IG5, value of 15 nM. The Fe(i1) complex 2
also has above-baseline activity, with an IC;, value of 21 nM.
These IC;, values are similar to those measured for [Mn"(Hz—
qp1)(MeCN)J** (4) and [Mn"(H,qp2)Br,] (5, Scheme 1),* which
were subsequently confirmed to be functional SOD mimics via
analysis of the direct reactions between the manganese
compounds and KO,.* Surprisingly, the assay data suggest that
1 and 2 could outperform the copper/zinc superoxide dismutase
that served as the positive control (IC5, = 40 nM).*® Compound
3 is essentially inactive, with an ICs, of 515 nM.

The aforementioned assay is somewhat notorious for
providing misleading results due to possible side reactions
between its components.***”* In the case of 4 and 5, the assay
predicted similar activities, but later stopped-flow kinetics
analysis of the direct reactions between the Mn(n) compounds
and KO, indicated that the H,qp1 complex was much more
active than the H,qp2 complex in HEPES solutions.® Further,
both compounds had k., values that were much lower than
those predicted by the assay. Complexes 1, 2, and 3 were studied
in 60 mM MOPS buffered to either pH 7.4 or pH 7.8 and 50 mM
phosphate buffered to pH 7.4 (Table 1). The stopped-flow
kinetics data indicate that 1 is significantly less active than
either 4 or 5 in either a sulfonate-containing buffer or phos-
phate (Fig. S8t). As with 4 and many other manganese-
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Fig. 2 Superoxide scavenging effects of 1 (black), 2 (pink), and 3
(green). O,"~ was generated from the reaction between hypoxanthine
and xanthine oxidase reaction and detected using the chemilumi-
nescent probe lucigenin. All reactions were carried out in pH 7.2
phosphate buffered saline (PBS) (S0 mM phosphate). Data for the
various concentrations of the three coordination complexes are
expressed as percentages of luminescence in the presence of vehicle.

Table 1 Catalytic rate constants, k... (M~ s™), measured by stopped-
flow kinetics for the direct reactions of 1, 2, and 3 with superoxide

Buffer, pH 1 2 3 q° 5¢
60 mM MOPS/HEPES, 7.4 6.0 x 10° N.A. N.A. 9.7 x 107 1.2 x 107
60 mM MOPS, 7.8 4.5 x 10° N.A. N.A. N.D. N.D.

50 mM phosphate, 7.4 2.9 x 10° N.A. N.A. 8.0 x 10° 1.0 x 107

“ Data from ref. 8; the first-row data for 4 and 5 were collected in HEPES,
rather than MOPS.

containing SOD mimics studied by ourselves,**"** complex 1
is less catalytically active in phosphate buffer. The iron and zinc
complexes, 2 and 3, have no noticeable impact on the rate of
decomposition of O,"~ when analyzed by stopped-flow kinetics.
The free H,qp4 ligand is likewise inactive as a catalyst.

The obtained results further demonstrate that indirect
assays often cannot even qualitatively distinguish between SOD
active and inactive compounds. Instead of being more active
than the SOD used as the positive control, 2 does not display any
catalytic SOD activity at all and that for 1 is rather low (Table 1).

Although 3 is not an effective SOD mimic, it does react with
KO, as assessed by EPR, UV/vis, and MS analysis (Fig. $9-S117).
The EPR data show a weak signal at g = 2 at 30 s that completely
disappears within 15 min. We do not believe that the EPR
feature corresponds to residual O, since the oxidant should
be consumed to levels below the limit of EPR detection within
1 s, even in the absence of a catalyst.” The g value of the signal
and its short lifetime are consistent with organic radicals
similar to what we observed for previous Zn(n)-quinoxyl radical
species.”'® A Zn(n)-semiquinone species observed with the
H,qgp2 ligand, for instance, persists to detectable levels for over
45 min.'® The UV/vis data indicate that the complex is initially
deprotonated by KO,, which is a base as well as an oxidant, and
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then slowly oxidized to Zn(u)-para-quinone species over 90 s.
The MS data indicate that the reaction with O,"~ degrades the
complex (Fig. S11f). Although 3 does react with O, ", this
activity is not enough to noticeably accelerate superoxide
degradation beyond the rate observed for the uncatalyzed
reaction.

Catalase activity

Previously, 1 and 2 had been found to react with excess H,0, in
a manner consistent with catalase activity.''* We further
investigated this potential catalysis by monitoring the reactions
of these two compounds, 3, and metal-free H,qp4 with H,0,
using oxygraphy and UV/vis.

The metal-free H,qp4 ligand was unable to catalyze the
degradation of H,0,. Each coordination complex, conversely,
catalyzes the decomposition of H,0,. In all three cases, the
reactivity is consistent with Michaelis-Menten kinetics with
clear saturation behavior observed at high concentrations of
H,0, (Fig. 3). Oxygraphic measurements confirm that O, is
being evolved; these data were fitted to the re-arranged
Michaelis-Menten equation, which has parameters k., and
kea/Kn (Tables 2 and S371). The iron complex 2 appears to be
slightly more active than the other two, but the individual rate
constants do not vary much within this series.

Full details regarding the models used to fit the data for the
three compounds are provided in Table S3 in the ESL{ The
listed errors represent one standard deviation.

Second-order rate constants (k,) were calculated by
measuring the initial rates of O, production via oxygraphy with
catalyst concentrations ranging from 1.0 to 100 nM (Fig. 4). The
k, values are much lower than the k., /Ky values obtained from
the Michaelis-Menten models but more accurately represent
the activities of the catalysts.”> We also measured turnover
numbers (TON) by quantifying the total O, made over time

2000

1500
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vyl Ml (s™)

-1

500 e
-~ 3
% 100 200 300 400 500
[H,0,] (mM)

Fig. 3 Plots of v,/[M] vs. the concentration of H,O,, where [M] is the
concentration of the tested H,qp4 complex: 1 (black), 2 (pink), 3
(green). The v, corresponds to the formation of O, which was
measured through oxygraphy. All reactions were performed in 25 °C
50 mM Tris buffered to pH 7.2. 1 nM of each coordination complex was
present as a catalyst. Each shown data point is the average of at least
five independent runs. Further details regarding the models used to fit
the data can be found in Table S3.f
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(Fig. S12%). This parameter depends on both the robustness and
activity of the catalyst and is arguably the most accurate
measure of the practicality of a catalase mimic. Due to the high
activity of the three complexes, we needed to perform these
measurements with lower concentrations of the coordination
complexes; otherwise, the O, evolution is too fast to monitor via
oxygraphy. Mahammed and Gross encountered similar issues
in their studies of the Fe(m) complex with the fluorinated cor-
role.”” Although the conversions of H,0, to O, are relatively low
for these measurements, the amount of generated O, (A) still
greatly exceeds that of the uncatalyzed reaction and (B) is highly
replicable between experiments. We obtained similar TON and
10-fold greater conversions when the initial concentration of
H,0, was 1.0 mM rather than 10 mM (Fig. $12t). As assessed by
both the initial rates analysis and the overall O, production, 2
clearly outperforms its manganese and zinc analogs.

The activity was qualitatively confirmed with parallel exper-
iments that monitored the disappearance of H,0, (Fig. S13 and
Table $47). The rate constants from these experiments are much
less reliable than those calculated from O, production since all
three complexes absorb strongly at the monitored 240 nm
wavelength, and this technique generally tends to overestimate
the activities of catalase mimics.*” Nonetheless, the activities of
the complexes follow the same general order, with 2 and 3 being
the most and least effective catalase mimics, respectively.

Peroxidase activity

The three H,qp4 complexes were also assessed as peroxidase
mimics using an established protocol that assesses the ability of
a compound to catalyze the reaction between H,0, and 2,2
azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS).*> Both 1
and 2 appear to catalyze the reaction, as evidenced by the
formation of ABTS'. Complex 3, conversely, shows no activity.
Above 20 mM H,0,, the reactivity seen for 1 and 2 displays no
dependence on the concentration of H,0,, suggesting that the
activation of the bound H,0,, rather than H,0, binding itself,
has become rate-determining (Fig. S147). The initial rates scale
with [ABTS],. Using these data, we calculated third-order rate
constants of 0.41 £ 0.02M *s 'and 33.8 £ 1.2 M *s ' for 1
and 2, respectively. At 10 mM H,0, and 10 mM ABTS, the
peroxidase activity (kops = 4.1 x 10 ° s~ for 1, 3.4 x 10 for 2)
is negligible compared to the catalase activity (kops = 13 s~ for
1,17 s~ for 2).

Mechanistic studies

Previous UV/vis and EPR analyses of the reactions between 1
and 2 and excess H,0, indicated that the quinol portions of the
ligands oxidize to para-quinones after a variable induction
period and that the Fe(u) in 2 eventually oxidizes to Fe(ur)."*"®
Magnetic susceptibility measurements suggest that 2 is mostly
oxidized to high-spin Fe(m) species at RT, but EPR measure-
ments taken at 77 K show a small amount of a low-spin signal (g
= 2.55, 2.27, 1.99), possibly indicating that some of the Fe(i)
undergoes a spin-crossover upon cooling.'

We further analyzed the reactions between H,0, and the
three H,qp4 complexes by EPR, with an emphasis on collecting
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Table 2 Michaelis—Menten rate constants, k rate constants, and turnover numbers (TON) calculated from oxygraphic data
Complex Fear (57 kealKng (M1 71 Ky (M M s TON
P
1 (Mn) 1.4 x 10° 3.2 x 10* 4.6 x 1072 1.5 (£0.1) x 10° 80 (£3)
2 (Fe) 2.2 x 10° 5.2 x 10" 42 x 1072 2.2 (+£0.1) x 10’ 130 (£1)
3 (zn) 1.3 x 10* 1.1 x 10* 1.2x10°" 1.2 (£0.1) x 10° 51 (£1)
T T T T 1.4x10°¢ T T T T
8x107 | Y=7.334"X + 8.572¢-008 R =0.96167 G Y = 10.88"X + 1.6186-007 R =0.96487 _;
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Fig.4 Determination of k, from plots of the initial rates (v,) vs. concentration of catalyst. All reactions were run at 25 °C in 50 mM Tris buffered to
pH 7.2. The initial concentration of H,O, was 10.0 mM for all reactions. The reaction was run at least three times at each catalyst concentration.
The k> values on Table 2 were calculated by dividing the slopes of the shown linear fits by the concentration of H>O, (0.010 M) and multiplying by
two to account for the reaction stoichiometry (2 equiv. of H>O. are consumed per equiv. of O, produced). (A) Data for 1. (B) Data for 2. (C) Data

for 3.

data at an earlier time point that would coincide with higher
catalase activity. EPR analysis suggests that some of the Mn(u)
and Fe(u) in 1 and 2 has been oxidized 30 s after the reactions
begin (Fig. S151). With 1, the signal intensity for the Mn(u)
decreases by approximately 10%. When 2 is oxidized by H,0,,
a weak signal develops with g = 2.04, 1.99. Relative to the
intensity of the Fe(ur) end-products,'® approximately 25% of the
iron has been oxidized to Fe(m) by 30 s. The Fe(m) feature is
distinct from the high-spin Fe(m) product that was previously
observed as the major end-product of the reaction' and is
instead consistent with a low-spin Fe(m) species. With 3, we
observe a weak signal with g = 2. The intensity of the signal is
barely above the noise level, however, and it is ambiguous
whether this can be attributed to a species on the main catalytic
cycle.

UV/vis analysis suggests that the quinols are oxidized during
the reaction between 3 and H,0, (Fig. 5). With an initial
concentration of 0.6 mM H,0,, the 299 nm band attributable to

9916 | Chem. Sci, 2023, 14, 9910-9922

the quinols almost completely vanishes by 15 min. The rate of
quinol oxidation is approximately as fast as that observed for 1,
which likewise lacks obfuscating charge transfer bands, under
the same conditions.'” When the initial concentration of H,0,
is 10 mM, the rate of quinol oxidation slows relative to that seen
at 0.6 mM H,0,, as was previously seen with 1 and 2."*'® Such
behavior is in agreement with the catalase activity of these
complexes. An initially generated catalytically active species can
either oxidize H,0, or undergo self-oxidation (e.g. oxidation of
the quinols, which is monitored in Fig. 5). Therefore, the more
H,0, that is initially present in the solution, the longer catalytic
H,0, decomposition proceeds and the longer the quinol groups
of the ligand remain in their original reduced states. This
explains why the quinols are oxidized more slowly with 10 mM
H,0,. When there is a lower concentration of H,0,, the initially
generated active species does not have enough substrate (H,0;)
with which to react and more readily attacks the quinol moieties

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 UV/vis spectra of reactions between 3 and H,0,. (A) Data for the reaction between 0.1 mM 3 and 10 mM H,O,. (B) Data for the reaction
between 0.1 mM 3 and 0.60 mM H,O,. All data were taken in 50 mM HEPES buffered to pH 7.00 at 298 K with a 1.0 cm cuvette.

of the ligand, thereby resulting in faster ligand oxidation shown
in Fig. 5.

With an initial concentration of 10 mM H,0,, however, the
quinols in 3 oxidize much more quickly than those in 1 under
the same conditions. The quinols in 3 appear to be almost
entirely consumed by 30 min; whereas, ligand oxidation does
not occur to a noticeable extent for 1 by 30 min. The results
suggest that the redox-active ligand is more heavily involved in
H,0, degradation for 3 than it is for 1. Since 3 has lower catalase
activity than 1, it is more susceptible to degradation than the
more active 1 in the presence of the same concentration of
H,0,.

We reacted each Hyqp4 complex with equimolar amounts of
H,0, in attempts to identify intermediates that might precede
quinol oxidation by UV/vis (e.g. M-OOH species). In each case,
however, the quinol oxidation occurs immediately, and no new
features were observed (Fig. S161). The final spectra for 1 and 2
resemble those observed for the end-products of previous
reactions with large excesses of the terminal oxidant.'>

MS studies of reactions between 10 mM H,0, and the H,qp4
complexes in MeCN further suggest that ligand-derived redox is
more prevalent for 3 than it is for the two H,qp4 complexes with
redox-active metals. The data for 1 and 2 at 30 s look identical to
those in solutions that lack H,0,;'>'® the major m/z peaks are
consistent with [Mn""(H,qp4)]" and [Fe"'(H,qp4)]', respectively
(Fig. S17 and $18t). Without H,0,, the Mn(u1) and Fe(u) appear
to oxidize spontaneously under MS ionizing conditions. The
data are inconsistent with M(IT) or M(III) complexes with
oxidized forms of the ligand, leading us to conclude that the
ligand exists as the doubly deprotonated H,qp4>~ rather than
the monoquinol/mono-para-quinone H,qp4. When we react 3
and 10 mM H,0,, however, we observe a much different set of
m/z peaks that are consistent with ligand oxidation (Fig. $19 and
$207). Specifically, we detect a m/z peak at 505.1790 at 30 s that
is consistent with a Zn(u) complex with the monoquinolate/
mono-para-quinone form of the ligand (calculated m/z =
505.1794). Further, we observe peaks that are consistent with
the addition of one oxygen atom to the mono-para-quinone
complex ([Zn(Hqp4 + 0)]") with m/z = 521.1736 (calculated m/z
= 521.1743) and with the addition of two oxygen atoms to the

© 2023 The Author(s). Published by the Royal Society of Chemistry

diquinol complex ([Zn(Hs;qp4 + 20)]') with m/z = 539.1395
(calculated m/z = 539.1848). After 60 s, oxygenated products
appear to become more prominent (Fig. S211). We analyzed
longer-term reactions between 1 and 2 with larger excess of
H,0, and likewise found evidence of ligand oxidation beyond
the quinol-to-para-quinone conversion. With 1, we detect m/z
peaks consistent with the loss of quinol groups (Fig. $22+). With
2, new m/z peaks are observed, but these are more difficult to
assign to specific oxidation products (Fig. $237).

Discussion

The manganese and iron complexes with 1,8-bis(2,5-
dihydroxybenzyl)-1,4,8,11-tetraazacyclotetradecane (H4qp4)
were previously found to act as T;-weighted MRI contrast agent
sensors for H,0,."® The responses, which rely either wholly or
partly on the oxidation of the quinolic portions of the ligand,
were found to both display an induction period and be notice-
ably slower with larger excesses of H,0,. This initially counter-
intuitive observation led us to speculate that both [Mn"(H;-
qp4)](OTf) (1) and [Fe'(H,qp4))(OTf) (2) were proceeding
through higher-valent metal species that could either self-
oxidize to the activated sensor or catalyze the decomposition
of the excess H,0, (Scheme 3).

Given that other quinol-containing ligands had been found
to allow the redox-inactive metal ion Zn(u) to catalyze the dis-
mutation of superoxide,”'® we also prepared and tested the
reactivity of a Zn(i1) complex with H,qp4, [Zn"(H;qp4)](OTf) (3).
The synthesis of the Zn(n) complex was identical in most aspects
to those used to prepare both 1 and 2, and as with these
syntheses, a complex with singly deprotonated ligand (H;qp4™~)
was the isolated product.®'® Unlike the manganese and iron
systems, we were able to obtain a crystal structure for the
divalent metal. The Hyqp4  ligand does not fully coordinate to
the metal center (Fig. 1), which may suggest that the Zn(u) is too
small to be fully accommodated by the ligand pocket. Only one
of the quinols is coordinated in the crystal structure, and it
appears that it remains unassociated with the metal center in
aqueous solution since the second measured pK, of 9.71 is only
slightly lower than the value of ~10 expected for a non-
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coordinated quinol. Nonetheless, the Zn(i1) complex with the
H,qp4~ form of the ligand is highly stable in water like 1 and 2;
the analogous log Ky, values for Mn(u) and Fe(n) are 18.22 and
27.16, respectively.'>'®

Given that manganese and zinc complexes with other quinol-
containing ligands were found to act as functional mimics of
superoxide dismutase (SOD),*** we initially assessed the abili-
ties of the three complexes to catalyze the degradation of O," .
We screened 1, 2, and 3 using the xanthine oxidase/
hypoxanthine/lucigenin assay (Fig. 2).>** Although the assay
suggests that 1 and 2 are potent antioxidants, subsequent
stopped-flow analysis of the direct reactions between KO, and
the complexes found that only the manganese complex 1 had
a noticeable effect on O, decomposition. The activity of 1 was
generally inferior to those displayed by two manganese
complexes that were previously reported by our lab groups:
[Mn"(H,qp1)(MeCN)J(OTf), (4) and [Mn"(H,qp2)Br)] (5,
Scheme 1).* As with many other manganese-containing SOD
mimics studied by our groups, 1 is most effective as a catalyst in
pH 7.4 solutions with sulfonate-based buffers (HEPES/MOPS)
and becomes less active as the solution becomes more basic
or the buffer switches to phosphate.***! In the presence of
phosphate ions that can coordinate to the metal center, the
reaction step involving O,"~ binding will compete with the rate-
determining step that would be observed without phosphate.
Superoxide coordination becomes the rate-determining step
once the phosphate concentration exceeds a specific
concentration.™

We determined that 1, 2, and 3 are all highly active catalase
mimics using a Clark-type O, sensitive electrode to follow O,
production polarographically (Fig. 3). This technique provides
a more reliable measure of catalase activity than spectropho-
tometrically following H,0, depletion. We measured second-
order rate constants by assessing the initial rates of O,
production (Fig. 4) and determined overall turnover numbers
(TON) by monitoring the reactions until completion. Of the
three complexes, the iron-containing 2 is the most active, fol-
lowed by 1, then 3. Given the magnitudes of these constants,
care must be taken to ensure that these are calculated prop-
erly."”* Inspection of the plots from Fig. 3 shows that the rates
per M of catalyst do indeed plateau at the k., values. The k,
values of the three H,qp4 complexes might be exceeded only by
an Fe(m) complex with a fluorinated corrole prepared by
Mahammed and Gross.”” The reactivity between this compound
and H,0, follows second-order kinetics with a k, = 4300 M~!
s~' in 37 °C pH 7.4 phosphate buffer. The Fe(m)-corrole has
a tendency to condense into a less active binuclear Fe(m)
species; this process can be hindered by adding imidazole to the
solution, increasing the k, to 6400 M ' s '. Comparisons
between Mahammed and Gross's results and ours, however, are
obfuscated by the higher temperature at which they studied
their catalase activity and by the fact that they had to follow the
kinetics by UV/vis rather than oxygraphy. The TON of the H,qp4
complexes range from 51 (3) to 130 (2). These compare
extremely well to TON values reported for other catalase
mimics. In a recent review of catalase mimics, the best listed
TON was 12.54, and we were unable to locate a higher value.?
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Mahammed and Gross did not report a TON for their Fe(m)-
corrole complex, but the overall O, production appears to be
severely limited by the formation of the binuclear ferric side-
product, even when imidazole is present to hinder that partic-
ular reaction.” Although the three reported metal complexes
with Hyqp4 are active CAT mimics, the free ligand is not; the
coordinated metal ion is essential to the reactivity.

The high stabilities of the H,qp4 complexes in aqueous
solutions contribute to their abilities to act as effective catalysts
in water. In this, they resemble other CAT mimics with macro-
cyclic ligands, such as porphyrins and corroles.”**” The activi-
ties of non-porphyrinic manganese-containing catalase mimics,
conversely, are instead determined in MeCN."7"*

The activity of the Zn(u) complex is particularly notable in
that all previously characterized systems capable of such catal-
ysis contain a redox-active metal ion. Catalases themselves use
either dinuclear manganese or heme groups in their active sites
to degrade H,0,, and most small molecule functional mimics of
these enzymes likewise contain either manganese or
iron.'”****?” Our results demonstrate that quinol complexes
with redox-inactive metal ions can be used to catalyze the
degradation of reactive oxygen species (ROS) other than O, .
The inability of 3 to act as an SOD mimic, however, shows that
one cannot simply assume that SOD and catalase activities scale
with each other for this class of antioxidants. In other words,
one cannot expect that a strategy that leads to SOD mimicry will
invariably also lead to catalase activity.

We also analyzed the capabilities of the complexes to act as
peroxidase mimics using 2,2"-azinobis(3-ethylbenzothiazoline-
6-sulfonate) (ABTS) as the substrate. We found that 1 and 2,
but not 3, can catalyze the oxidation of ABTS to ABTS' by H,0,.
Enzymes that can perform both catalase and peroxidase activity
have been proposed to go through a common intermediate, and
the same could conceivably hold for 1 and 2. The reactivity of 3,
however, is less straightforward, but it appears that whatever
intermediates are generated from the reaction between the
Zn(u) complex and H,0, cannot be directed towards other
substrates. With 1 and 2, the peroxidase activity is much slower
than the catalase activity. This reaction selectivity is an attrac-
tive quality for a catalase mimic since competing in vivo
peroxidase activity could potentially oxidize essential biomole-
cules as well as the catalysts themselves.

The relative lack of peroxidase activity should protect the
three H,qp4 complexes from oxidative ligand degradation and
may also contribute to their high catalase activity. Iron
porphyrin and corrole mimics of catalase, conversely, more
readily commonly undergo oxidative degradation,* and the
remarkable catalase activity exhibited by Mahammad and
Gross's complex has been attributed to its ability to temporarily
resist such decomposition.”” As mentioned above, the three
H,qp4 complexes are also all highly water-stable, and metal ion
dissociation from the ligand is negligible even under highly
acidic conditions.'*** This represents a substantial advantage
over most manganese-containing catalase mimics.'”>* With
these compounds, the aqueous stabilities have not been rigor-
ously established, and the catalysis is studied in organic
solvents instead of water.”***** The abilities of the H,qp4
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complexes to function in water would facilitate the application
of either these complexes or more highly performing derivatives
towards the clinical treatment of oxidative stress.

Despite the lesser peroxidase activities, complexes 1-3 do
eventually degrade when exposed to exceedingly high concen-
trations of H,0, (Fig. $21-8237). This limits the TON, as evi-
denced by the low conversions (0.10-0.22%) observed in
Fig. $12;} in these experiments, 0.1 uM of each complex reacts
with 10 mM H,0,. In light of this result, we reviewed the
conditions used to study the MRI properties of 1 and 2 and
determined that the 0.1-1.0 mM concentrations for the MRI
studies were sufficient to completely degrade the 10 mM of
H,0, used to activate the sensors.’>'® We will also note that we
did not observe any ligand oxidation beyond the quinol-to-para-
quinone conversion in these prior studies.

That 1, 2, and 3 catalyze H,O, dismutation at similar rates led
us to initially hypothesize that the three catalysts mainly rely on
a common mechanistic cycle that does not feature redox at the
metal center. EPR analysis of the reactions between H,0, and 1
and 2 at 30 s, however, reveals that the metals in these complexes
do noticeably oxidize, with the Mn(u) signal diminishing and
a novel low-spin Fe(um) signal appearing, respectively. The low-
spin Fe(m) signal seen for 2 could potentially correspond to an
Fe(m)-OOH species,” but other species could give rise to
a similar signal. We attempted to determine whether any Fe(mr)-
OOH species were present using resonance Raman spectroscopy
but were regrettably unable to locate any diagnostic O-O or Fe-O
stretches. Our prior analysis of the reactions between H,0, and 1
and 2 suggested that the quinols in the H,qp4 ligand do not start
to convert to para-quinones until most of the H,0, has been
depleted.”'* With a stoichiometric amount of H,0,, ligand
oxidation occurs immediately for both 1 and 2 (Fig. S16%).

UV/vis and MS analysis of the reactions between 3 and H,0,,
conversely, demonstrate that one of the quinols oxidizes to a para-
quinone early in its reaction with a large excess of H,0, (Fig. 5 and
$191). Additionally, we observe a m/z feature at 539.1396; the mass
and charge are consistent with a Zn(n)-OOH complex with the
mono-para-quinone form of the Hyqp4 ligand, H,qp4. We caution
that the data could also correspond to other species, such as
a Zn(u)-OH complex with an oxygenated ligand and that we were
likewise unsuccessful in our attempts to visualize a Zn(n)-OOH
species with resonance Raman spectroscopy. The ambiguity in the
MS data would not be resolvable by '*O-labeling studies. We do
not observe any MS data consistent with a diquinone (qp4) species.
Based on these results, we tentatively propose that the H,0, dis-
mutation for 3 proceeds through the cycle shown in Scheme 4.
H,0, reacts with [Zn(H;qp4)]" to yield a M(I)-OOH species (B),
with subsequent intramolecular oxidation of one of the quinols to
a para-quinone (C). The coordination of H,0, to Zn(u) has been
previously observed,” leading us to believe that Zn(u)-OOH species
are indeed plausible intermediates. A second equiv. of H,O, then
coordinates the metal center as HOO™, generating [Zn(H,-
qp4)(OOH)]" (D), which we may be detecting by MS. The para-
quinone can then oxidize this second equiv. of H,0,. Since D
appears to accumulate, this may be the rate-limiting step in the
catalase activity. A previous report found that acids could catalyze
the reduction of para-quinone to quinol,” and the Zn(u) in 3 may
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Scheme 4 Proposed mechanism for catalase activity that avoids
metal-centered redox.

do likewise in its capacity as a Lewis acid. The Zn(n) could either
coordinate water and facilitate the delivery of protons to the para-
quinone, or it could promote the reduction portion of the PCET by
coordinating the para-quinone.

Redox-inactive metal ions, such as Al(m) and Ga(m), are
capable of activating H,0,; in this chemistry, hydroxyl and
hydroperoxyl radicals are released upon the coordination of
multiple equiv. of the oxidant to the metal center.>**” Given the
observed Michaelis-Menten kinetics and lack of a second-order
dependence of the rate on [H,0,], we do not believe that the
simultaneous coordination of two equiv. of H,0, is required for
catalase activity to proceed. Further, the inability of 3 to oxidize
external substrates such as ABTS is inconsistent with the release
of highly oxidizing hydroxyl and hydroperoxyl radicals.

Since extensive ligand oxidation is not observed in the early
stages of catalase activity, we propose that 1 and 2 mostly
catalyze H,0, dismutation through a fundamentally different
mechanism (Scheme 5). The initial step corresponding to the
coordination of H,0, to the divalent metal ion remains the
same, but once B is generated, the O-O bond may break het-
erolytically to yield a M(IV) species (C'). Such a high-valent
species would stabilized by two factors: the presence of the
anionic quinolate and the ability of the quinolate to donate an
electron to the metal center to yield an isoelectronic M(III)-
ligand radical. Species C’ can either react with a second equiv.
of H,0,, removing two net hydrogen atoms to yield O, and
a M(II)-OH, species (D'), or it can further oxidize the ligand to
a para-quinone species (E). Although E is shown as a hydroxyl
complex in Scheme 5, the OH group is basic enough to abstract
a proton from the buffered medium, yielding the aquated
species observed in our prior report on 1."* The Fe(u) in 2
eventually is oxidized to Fe(m),'® and this may occur through
a side reaction between Fe(u) species and 0.5 equiv. H,0,.

That 1 and 2 have higher TON than 3 likely results from
improvements to both the speed and durability of the catalyst.
The k, rate constants for 1 and 2 are both higher than that of 3
(Table 2); this is consistent with the redox-active metals opening
new pathways for H,0, dismutation (Scheme 5). Catalysts 1 and
2 also appear to better resist over-oxidation. If external oxidants
are initially channeled towards converting quinols to para-
quinones, one would anticipate that catalysts that can avoid the
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centered redox.

full oxidation of the quinols (Scheme 5) would be less suscep-
tible to alternative oxidation reactions, such as benzylic C-H
activation, than catalysts that rely exclusively on the quinol/
para-quinone redox couple (Scheme 4).

Conclusions

We find that quinol-containing ligands can substantially
enhance the ability of metal ions to catalyze the dismutation of
H,0,. The described complexes with the macrocyclic ligand
H,qp4 are arguably the most active small molecule catalase
mimics reported to date and display negligible competing
peroxidase activity. Notably, the redox-inactive Zn(n) activates
the ligand for redox catalysis. Despite the similar rate constants
for catalase activity, the Zn(u) complex appears to react with
H,0, through a fundamentally different mechanism than the
complexes with manganese and iron; the complexes with the
redox-active metals do not rely as heavily on ligand-centered
redox processes. Although similar ligands have been used in
highly efficient small molecule mimics of superoxide dis-
mutases, the Hyqp4 ligand does not enable metals to rapidly
dismutate superoxide. Only the manganese complex displays
such activity, and even this compares poorly to those of
manganese complexes with other polydentate quinol-
containing ligands. As such, there appear to be subtle factors
that direct antioxidant behavior towards specific reactive oxygen
species. The exact factors that determine substrate selectivity
and the mechanisms for how catalase mimicry is accomplished
remain subjects of investigation.
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Figure S1. Mass spectrometry (ESI) of 3 in MeOH. The 507.1941 m/z feature is assigned to the

Zn(Il) complex with the singly deprotonated Hyqp4 ligand: [Zn'(H;qp4)]" (calculated m/z

507.1944). The 254.1009 m/z feature is assigned to: [Zn'(Hyqp4)]** (calculated m/z = 254.1014).
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Figure S2. IR spectrum of 3. The 3404 cm™! feature is assigned to the O-H stretches associated
with the quinol groups of the Hyqp4- ligand.
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Figure S4. 3C NMR spectrum of crystalline 3 in CD;0D (125 MHz, 298 K). Solvent peaks from
diethyl ether (15.42, 66.87 ppm), acetone (30.69) and MeOH (49.03) are present.
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Figure S5. UV/vis data for a 0.10 mM solution of 3 in 294 K water. The major band at 299 nm (e
=7000 M-' cm™) is attributed to an intraligand transition associated with the quinol.
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either the quinol or the semiquinone oxidation product. The scan rate was 100 mV s°!, and the scan
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Table S1. Selected crystallographic data for [Zn'(H;qp4)](OTf) (3)

Parameter [Zn"(H3qp4)](OTH)
Formula C,5H35F3N404,SZn
MW 658.00

Crystal system Monoclinic

Space group P12l/cl

a(A) 9.4279(5)

b (A) 14.3589(7)

c(A) 21.7932(9)

o (®) 90

B () 100.919(2)

1) 90

V (A3 2896.8(2)

Z 4

Crystal color Colorless

T (K) 306(2)

Reflns collected 74846

Unique reflns 5940

RI1 (F,1>20(I))* |0.0318

wR2 (F2, all data)® | 0.0915

aR1=X][F, |- [F. ] [/2]F, [; WR2 = [EW(F,2-F2)2/sw(F 2)2] 2.
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Figure S7. A) Hyperquad model (red line) overlaid on the experimental potentiometric pH
titration data collected for 3 (blue). The curves represent the formation of various species
including [Zn"(H,qp4)]?* (light blue), [Zn'(H3qp4)]" (green), and [Zn"(H,qp4)] (pink). The
deviations from the fit as a function of titre volume are provided below. B) Spectrophotometric
pH titration of a 0.05 mM solution of 3 in water adjusted to various pH values between 3 and 10
through the addition of either KOH or HCI. All spectra were obtained at 298 K using a 1.0 cm
pathlength cuvette. The data are consistent with a metal-bound quinol deprotonating to a
quinolate between pH 5.2 and 7.3.
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Table S2. Parameters for the Hyperquad model for the potentiometric pH titration data.

Species Zn(Il) | Hyqp4 | H* log(B) Derived Values
[Haqp4]* 0 1 -2 12.482
[Haqp4]" 0 1 -1 22.5042 pKis=10.02 (£0.05)
H,qp4 0 1 0 31.32 pK; = 8.80 (£0.05)
[Hsqp4]™ 0 1 1 39.005¢ pKi, =7.70 (£0.05)
[Heqp4]* 0 1 2 42.506° pKyii =3.50 (£0.05)
[Zn(H,qp4)] 1 1 -2 53.891° log Ky (Zn(Hyqpd)) = 41.411¢
[Zn(Hzqp4)]™ 1 1 -1 63.601° pK.(Zn(Hsqp4)*) =9.71°
log Ky (Zn(Hzqp4))™= 41.097°
[Zn(H4qp4)]* 1 1 0 69.764° pK.(Zn(Huqp4)**) = 6.163°
log Ky (Zn(Haqp4))* = 38.464¢
pZn (pH 7.4) = 37.01¢

2Ligand log(B) and derived pK, values from reference 1:

Ky = [Hsqp4"1[H')/[Heqp4>*], pKLi = logBoi2 — logBor
Ky, = [Haqp4][H']/[Hsqp4'], pKia = logBoii — logBoro

K3 = [H3qp4 1[H"]/[Haqp4], pKi3 = logBoio — logPoi(-1y
Ky 4 = [Haqp4*][H')/[H3qp4], pKis = logBoi1y — logBoi2)

®Metal complex pK, values:

Ko(Zn(Hyqp4)*") = [Zn(H3qp4) 1[H')/[Zn(Haqp4)**] ~ deprotonation of first quinol
pK(Zn(Haqp4)*) = logPBi1o — logPiic)
Ky(Zn(H;qp4)*") = [Zn(Haqp4)1[H*)/[Zn(H3qp4)*] ~ deprotonation of second quinol
pKu(Zn(H3qp4)") = logBiic1) — logBii2)

“Metal complex Ky, values:

K (Zn(Haqp4)) = [Zn(Haqp4)]/([Zn(I1)][Haqp4>])

log Ky (Zn(Hyqp4)) = logBii¢.2) — logBoi)

Ky (Zn(H3qp4))” = [Zn(Haqp4) 1/([Zn(ID)][H3qp4-1)

log Ky (Zn(H3qp4))" = 1ogBiir) — logPBoic1y
Ky (Zn(Haqp4))** = [Zn(Haqp4)* 1/([Zn(I1)][Haqp4])
log Ky (Zn(Haqp4))** = logBi10 — logPoio

dpZn(pH 7.4) = -log([free Zn(I1)]) at pH 7.4 and 298 K with 1.00 mM Zn(II) and 1.00 mM

Hyqp4
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Figure S8. Kinetic traces and k&, vs. catalyst concentration plots of superoxide decomposition at
250 nm by 1 in three different aqueous solutions. First-order decay is observed in all instances.
The legends provide the &, measured for each trace. A) 60 mM MOPS buffer, pH 7.4, ionic
strength of 111 mM. k., = 5.96 x 10° M"! s''. B) 50 mM phosphate buffer, pH 7.4, ionic strength
of 111 mM. key =2.94 x 10° M! 571, C) 60 mM MOPS buffer, pH 7.8, ionic strength of 111 mM.
kear =4.54 x 106 M 571,
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Figure S9. X-band EPR data for the reaction between 1.0 mM 3 and 20 equiv. KO, in 50 mM
HEPES buffered to pH 7.0. The data were acquired at 77 K.
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Figure S10. UV/vis data for the reaction between 0.10 mM 3 and 20 equiv. KO, in water. The
black spectrum shows 3 prior to the addition of KO,. The blue spectrum was obtained 20 s after
KO, addition, with subsequent spectra taken every 15 s.
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Figure S11. Mass spectrometry (ESI) of the reaction between 20 equiv. KO, and 3 in water at RT.
The sample was analyzed 15 min after the beginning of the reaction. The 505.2291 m/z feature is
assigned to the Zn(ll) complex with the singly deprotonated form of the
monoquinolate/monopara-quinone Hoqp4 ligand: [Zn(Hqp4)]™ (calculated m/z = 505.1866). The
appearance of many other peaks is consistent with the degradation of the complex.
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Table S3. Parameters for the Michaelis-Menten models that were fitted to the oxygraphy data

displayed in Figure 3.

Parameters 1 2 3

K 1449 (+124) 2159 (+126) 1253 (£175)
i 31.59 (£7.13) 51.97 (£8.16) 10.67 (£2.63)

kewr (95% Confidence Interval) | 1199 — 1699 1905 — 2414 898.7 — 1607

kon (95% Confidence Interval) | 17.55 —46.34 35.50 — 68.43 5.352-16.00

Goodness of Fit

Degrees of Freedom 43 43 43

R? 0.7990 0.8906 0.7426

Sum of Squares 2815011 3156069 1943522

Sy.x? 255.9 270.9 212.6

aSy.x is defined as the standard deviation of the residuals associated with the model.

g _ Y (residual?)
K= ——

In this equation, n — K = the Degrees of Freedom, and Z(residual?) = Sum of Squares.
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Figure S12. Kinetic traces of oxygen production upon reaction between 0.1 pM of each Hyqp4
catalyst and 10.0 mM H,0, in 50 mM Tris buffered to pH 7.2 and 0.1 M EDTA to scavenge
adventitious metal ions. A) Data for 1. TON = 80 (0.16% conversion). B) Data for 2. TON = 130
(0.22% conversion). C) Data for 3. TON = 50 (0.1% conversion). The conversions correspond to
the percentages of H,O, that is either oxidized to O, or reduced to H,O. In our control experiments,
2 uM of O, was produced from 10 mM H,O, in the absence of a catalyst after 60 s. Data were also
collected with 0.1 pM catalyst and 1.0 mM H,0,. The results for the lower concentration of H,O,
are as follows: 1 — conversion = 1.5%, TON =75; 2 — conversion = 2.4%, TON = 121; 3 -
conversion = 1%, TON = 48.

S12

186



Peer-Reviewed Publications

12000

—~ 9000
E
. i
-
= 6000
=
>§
3000
o 100 200 300 400 500
A [H,0,] (mM)
6000
5000 i
@ 4000
=
2. 3000
=
s 3
> 2000
1000
0
o 100 200 300 400 500
C [H,0,] (mM)

Figure S13. Plots of v,/[M] vs. the concentration of H,O,, where [M] is the concentration of the
tested Hyqp4 complex. The v, corresponds to the decomposition of H,O,, which was measured
through UV/vis. All reactions were performed in 25 °C 200 mM phosphate buffered to pH 7.0.
100 nM of each coordination complex was present as a catalyst. Five data points were taken for
each shown data point. A) Data for 1. k., = 9.8 x 103 s°!, k,, = 1.3 x 106 M-! 5. B) Data for 2. k.,
=2.8x10*s", k,,=5.5x 10 M"! 5!, C) Data for 3. k,; = 4.5 x 103 s, k,, = 2.0 x 105 M1 51,

Table S4. Parameters for the

displayed in Figure S13.

100

200 300
[H,0,] (mM)

400

5

Michaelis-Menten models that were fitted to the UV/vis data

Parameters 1 2 3

K 9838 (+285) 27909 (£1060) | 4474 (£232)
ksi 1306 (+154) 553 (£53) 196 (£33)
keas (95% Confidence Interval) | 9264 - 10412 | 25773 - 30044 | 4005 - 4943
ko (95% Confidence Interval) | 996 - 1615 447 — 660 130 - 262
Goodness of Fit

Degrees of Freedom 43 43 43

R? 0.9005 0.9508 0.8252

Sum of Squares 47117198 185718722 17267586
Sy.x? 1047 2078 634

aSy.x is defined as the standard deviation of the residuals associated with the model.

In this equation, n — K = the Degrees of Freedom, and Z(residual?) = Sum of Squares.
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Figure S14. Peroxidase activity for complexes 1 and 2 as assessed by their ability to catalyze the
reaction between H,0, and 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS). Each v,
corresponds to the initial rate of formation of ABTS, as measured through UV/vis. All reactions
were run in RT 50 mM acetate solution buffered to pH 5.0 with 0.10 mM of the tested catalyst.
All kinetic runs were performed in triplicate. A) Plot of v,/[M] vs. the concentration of H,0,,
where [M] is the concentration of 1. 10 mM ABTS was initially present. B) Plot of v,/[M] vs. the
concentration of H,O,, where [M] is the concentration of 2. 10 mM ABTS was initially present.
C) Plot of v, vs. the concentration of [ABTS] for 1. 10 mM H,0, was initially present. The k; rate
constant was determined from the slope of the plot. D) Plot of v, vs. the concentration of [ABTS]
for 2. 10 mM H,O, was initially present. The k; rate constant was determined from the slope of
the plot.
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Figure S15. X-band EPR spectra of 1.0 mM solutions of 1, 2, and 3 in MeCN in the absence and
presence of 10 mM H,O,. The reactions between each metal complex and H,O, proceeded for 30
s before the samples were frozen and analyzed at 77 K. A) The intensity of the Mn(II) signal
decreases by ~10% upon oxidation. B) A new signal with g = 2.04 and 1.99 appears upon
oxidation. The new features are consistent with an axial low-spin Fe(IlI) species. The intensity of
the Fe(IlI) signal is ~25% of the maximal oxidation observed under these conditions.?
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Figure S16. UV/vis data for the reactions between the Hyqp4 complexes and equimolar amounts
of H,0,. All data were taken in aqueous solutions containing 50 mM HEPES buffered to pH 7.0
at 298 K with a 1.0 cm pathlength. A) 0.14 mM 1 reacting with 0.14 mM H,0,. B) 0.10 mM 2
reacting with 0.10 mM H,0,. C) 0.10 mM 3 reacting with 0.10 mM H,0,. In each case, the quinol
band at ~300 nm decays quickly, without the noticeable induction period observed for the reactions
between 1 and 2 with larger excess of terminal oxidant.
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Figure S17. Mass spectrometry (ESI) of the reaction between 10 mM H,0,; and 1 in MeCN at RT.
The sample was analyzed 30 s after the beginning of the reaction. The 497.1944 m/z feature is
assigned to the Mn(Ill) complex with the doubly protonated Hsqp4 ligand, Hyqp4*:
[Mn'(H,qp4)]* (calculated m/z = 497.1955).
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Figure S18. Mass spectrometry (ESI) of the reaction between 10 mM H,0, and 2 in MeCN at RT.
The sample was analyzed 30 s after the beginning of the reaction. The 498.1912 m/z feature is
assigned to the Fe(IlI) complex with the doubly protonated form of the Hyqp4 ligand, Hyqp4*:
[Fe(Haqp4)]* (calculated m/z = 498.1929).
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Figure S19. Mass spectrometry (ESI) of the reaction between 10 mM H,0,; and 3 in MeCN at RT.
The sample was analyzed 30 s after the beginning of the reaction. The 505.1789 m/z feature is
assigned to the Zn(II) complex with the singly deprotonated form of the monoquinolate/mono-
para-quinone Hyqp4 ligand: [Zn(Hgp4)]" (calculated m/z = 505.1794). The 507.1942 m/z feature
is assigned to the Zn(II) with the singly deprotonated form of the diquinol Huqp4 ligand:
[Zn"(H3qp4)]* (calculated m/z = 507.1951).
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Figure S20. Expansion of the data in Figure S19, showing the new feature with m/z = 539.1395,
which is consistent with the addition of two O atoms to [Zn(H3qp4)]*. The m/z may be consistent
with [Zn"(H,qp4)(OOH)]*, where Hyqp4 is the monoquinol/mono-para-quinone form of the
ligand (calculated m/z = 539.1848).
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Figure S21. Mass spectrometry (ESI) of the reaction between 10 mM H,0, and 3 in MeCN at RT.
The data were acquired 60 s after the beginning of the reaction. Oxygenated products become more
prominent.
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Figure S22. Mass spectrometry (ESI) of the reaction between 300 equivalents of H,O, and 1 in
water at RT. The sample was analyzed 60 min after the beginning of the reaction. The 496.1888
m/z feature is assigned to the Mn(Il) complex with the singly deprotonated form of the mono-
quinolate/mono-para-quinone Hyqp4 ligand: [Mn''(Hqp4)]" (calculated m/z = 496.1882). The
512.1841 m/z peak is assigned to the Mn(II) complex with the singly deprotonated and singly
oxygenated form of the mono-quinolate/mono-para-quinone form of the ligand: [Mn'(Hgp4+0)]*
(calculated m/z = 512.1832). The 375.1570 m/z feature is assigned to the Mn(II) complex with a
mono-quinone ligand missing the other 2,5-dihydroxybenzyl group: [Mn'(H,qp4-C;H;0,+H)
(calculated m/z =375.1593).
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Figure S23. Mass spectrometry (ESI) of the reaction between 300 equivalents of H,O, and 2 in
water at RT. The sample was analyzed 60 min after the beginning of the reaction. The 497.1948
m/z feature is assigned to the Fe(Ill) complex with the singly deprotonated form of the
monoquinolate/monopara-quinone Hpqp4 ligand: [Fe(Hqp4)]* (calculated m/z = 497.1851). New
prominent m/z peaks are seen at 362.9261, 430.9135, and 566.8880.
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5 Supporting Information to Chapter 2.2.2

The first reaction system tested with the new high-pressure stopped-flow system was the well-
documented iron complex with the biuret tetramido macrocyclic ligand (bTAML) system. Fe(bTAML),
is known to stabilize a high valent Fe(V)-oxo species at room temperature and react with organic
substrates.?**2%* Consequently, both the reaction of the Fe(lll) precursor complex with meta-
chloroperoxybenzoic acid (m-CPBA) as well as the oxidation of substrates were monitored using high-
pressure stopped-flow technique. While the primary objective of the high-pressure studies was to
investigate C-H activation within the bTAML system, we first examined the formation of the Fe(V)-oxo
species (a in Figure 38) to gain further mechanistic insights and assess its stability under high-pressure
conditions. The subsequent spontaneous comproportionation between Fe(V) and excess Fe(lll) in
solution leads to formation of an Fe(IV)-O-Fe(IV) species. (b in Figure 38). This reaction occurs even in
the absence of a substrate and was successfully monitored in high-pressure experiments using a two-

syringe system.

For all studies, identical experimental conditions were applied. The Fe(bTAML) concentration was set
at 0.1 mM, and two equivalents of m-CPBA were used to generate the high-valent Fe(V)-oxo species.
Substrate concentrations of xanthene ranged between 10 mM and 23.6 mM. Acetonitrile was used as
the solvent, and all measurements were performed at 25 °C. The applied pressure started at 250 atm
and was increased in 250 atm increments up to a maximum of 1750 atm. After each pressure increase,
a waiting period of 10 minutes ensured that the system had equilibrated before measurement.
Additionally, a small volume of solution was flushed through the cuvette to eliminate residual
reactants. To rule out irreversible pressure-induced degradation, the pressure was reduced again after

reaching the maximum value to verify the reversibility of pressure-dependent effects.

Figure 39 presents the first results from high-pressures studies of the bTAML system, displaying kinetic
curves for both Fe(V) formation and decomposition. The calculated activation volumes (AV#) for both
processes differ significantly from each other (b and d in Figure 39). The positive AV# for the generation
of Fe(V) suggests that the O-O bond cleavage is the rate-determining step, whereas the negative AV#

for comproportionation reflects its nature as an addition reaction.

Even more intriguing is the application of the newly developed three-syringe mixing system for
reactions with organic substrates such as xanthene. Figure 40 illustrates the proposed reaction
mechanism, in which the rate-determining step involving hydrogen atom abstraction (HAA), ultimately
yielding the corresponding alcohol species.?*® Due to the relatively short lifetime of the Fe(V)-oxo
species, it must be generated in situ. The three-syringe mixing system enabled us to monitor the
reaction of Fe(V)bTAML with xanthene at two different concentrations. The results, including kinetic

curves at 330 nm and calculation of activation volumes, are depicted in Figure 41.
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The hydrogen atom abstraction (HAA) process from the substrate by the Fe(V) species exhibits a
significantly negative AV#, a kinetic parameter that has never previously been determined for this
important class of Fe(V)-oxo-mediated reactions. This finding provides strong evidence that the
transition state of these reactions involves aggregation and precise spatial alignment of the hydrogen
donor and hydrogen abstractor, thereby facilitating efficient hydrogen transfer. Notably, this result is
of particular importance, as it clearly differentiates HAA from concerted proton-coupled electron
transfer (PCET), which is characterized by a AV* of zero. These findings establish a fundamental basis
for a deeper understanding of chemical processes and reaction mechanisms related to redox
transformations and catalysis, paving the way for new mechanistic investigations and advancing core

concepts in chemical reactivity.
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Figure 38: The investigated Fe(bTAML) complex. a) Displays the formation of the high valent Fe(V)-oxo

species by reaction of Fe(lll)bTAML with m-CPBA. In b) the fast comproportionating reaction of
the Fe(V)-oxo species with unreacted precursor complex, which results in a Fe(lV) dimer is

shown.?*3
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High Pressure Stopped Flow studies of the reaction of Fe(bTAML) and m-CPBA. a) Shows the

kinetic traces at 445 nm followed to investigate the formation of the Fe(V)-oxo species. In c)

the linear dependence resulting in the activation volume (AV*) for the Fe(V)-oxo formation

process. Analogous in b) the kinetic traces at 330 nm followed the Fe(V) decomposition and d)

shows the activation volume for this reaction
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Figure 40: Proposed mechanism for FebTAML with organic substrates.?*?
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Figure 41:

High Pressure Stopped Flow studies of the reaction of Fe(bTAML) and xanthene at different
concentrations. a) Shows the kinetic traces at 330 nm followed to investigate the
decomposition of the Fe(V)-oxo species while reacting with 10mM xanthene. In c) the linear
dependence resulting in the activation volume (AV#) for the reaction of Fe(V)-oxo with 10mM
xanthene. Analogous in b) the kinetic traces at 330 nm followed the Fe(V) decomposition with

23.6mM and d) shows the activation volume for the reaction with corresponding

concentrations.
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