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Abstract

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(III) species during catalysis, cryo-mass spectrometry studies
indicate that the nickel atoms in our catalysts remain the +2 oxidation state throughout SOD

mimicry.

Introduction

The over-production of reactive oxygen species (ROS) has been linked to a wide array of
cardiovascular,’> 2 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 investigating the involvement of ROS in normal and aberrant physiology in conjunction
with non-invasive magnetic resonance imaging (MRI) instrumentation.'4 The links between
oxidative stress and the aforementioned health conditions have also motivated efforts to develop
small molecule antioxidants that could potentially slow or even reverse disease progression. Many
of these antioxidants are functional mimics of superoxide dismutases (SODs), which are enzymes

that catalyze the degradation of O, to O, and H,0, (Eq 1).15-2!

Eq 1) 2 02.'4‘2 H" — 02+H202

Our laboratories have developed and studied a series of Mn(II)-containing contrast agents
for magnetic resonance imaging (MRI) that display changes to their 7;-weighted relaxivity (r;)
upon reaction with H,O,.222% The more recent of these contrast agents feature ligands that contain

quinol groups (Scheme 1).2>-2% Upon oxidation by H,O,, the quinols convert to para-quinones
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(Scheme 2). The manganese complexes with both H,qp1 and H4qp2 were also found to be catalysts
for O,- decomposition, as assessed by the commonly used hypoxanthine/xanthine
oxidase/lucigenin assay?® 27 and subsequent stopped-flow kinetics analysis of the direct reactions
between the compounds and superoxide.?* 2328 Zn(II) complexes with Hyqp1 and Hyqp2 can also
catalyze O, degradation, indicating that the redox activity of the ligand can allow even a redox-
inactive metal ion to catalyze SOD-like reactivity.?>> 3° The quinolic ligands are inactive as

catalysts in the absence of a bound metal ion.

‘ N HO HO HO
N
o OH OH OH
N N
\ /N N/ \ \ /N N/ \
Hzqp1 Haqp2
Scheme 1
OH O 0
02._, H* H202 02'_ , 2 H* H202
O, H+, (o O, O;~
0 /O' 0
M M M

Scheme 2. Redox reactions involving quinols. This graphic was modified from one that appeared
in reference 28,

The manganese and zinc SOD mimics prepared with quinolic ligands have provided two
different sets of benefits. The Mn(Il) complex with Hpgp1 is highly active in 4-(2-hydroxyethyl)-
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(II) complexes with H,qpl and Hyqp2, conversely, are more stable than
their Mn(II) analogs but are less effective as SOD mimics in aqueous solutions with sulfonate-
containing buffers.?%- 3% In phosphate solution, however, the Zn(II) complexes gain activity to the
extent that they overtake their manganese analogs as catalysts under these conditions. That these

Zn(Il)-containing catalysts are not inhibited by phosphate is noteworthy since some non-
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porphyrin-based manganese-based SOD mimics exhibit somewhat lower activity in phosphate
buffer.3!-33 Given the high levels of phosphate in mammalian cells,?* 3’ this represents a substantial
advantage for the Zn(Il) complexes.

The use of Mn(II) 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.3% 37 The affinity of this
metal ion for water is great enough to destabilize Mn(II) complexes with acyclic tetradentate linear
ligands in aqueous solutions. When we partially oxidized the Mn(II)-H4qp2 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)¢]**.2°> Although “free” Mn(II) is not as toxic
as unchelated iron or copper, it is nonetheless still harmful and has been documented to disrupt
neurological function.® Most reported manganese-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.?%-2!-3% 40 Such measures also pose severe constraints on the design and
synthesis of manganese-containing MRI contrast agents and antioxidants.

The use of another transition metal ion could potentially relax these requirements due to
the intrinsically greater complex stability.3” The Zn(Il) complexes demonstrate this as they are
indeed more thermodynamically stable than their Mn(IT) analogs.?®3% The lack of redox activity
for the metal, however, may limit the peak catalysis; without phosphate inhibition, the manganese
compounds are more active. Ni(Il) compounds generally have aqueous (thermodynamic)
stabilities similar to Zn(I) complexes while displaying more extensive metal-centered redox
activity and higher kinetic stability.?® We initially decided to investigate Ni(Il) complexes with
H,qp1 and Hyqp2 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.*!- 4> Although these complexes did not give rise to a practical and readily
replicable CEST response to H,O,, we find both that the Ni(II)-for-Mn(II) substitution does indeed
stabilize the complexes in water and that these 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,qp1 complex. The nickel complex with Hsqp2 is the more active of the two catalysts,

and even with the inhibitory effect, it is a highly functioning SOD mimic in phosphate solution.
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Mechanistically, the Hyqp2 complex with Ni(II) behaves like its Zn(II) 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-dihydroxybenzyl)-N,N’,N -tris(2-pyridinylmethyl)-1,2-ethanediamine
(Hogpl) and N N’-bis(2,5-dihydroxybenzyl)-N, N -bis(2-pyridinylmethyl)-1,2-ethanediamine
(H4qp2) were prepared as previously described.?* 23
Instrumentation

All 'H, BC, and 7O NMR spectra were recorded on a 400 MHz AV Bruker NMR
spectrometer. The 70 NMR data were specifically collected on a Bruker AVANCE DRX 400WB
spectrometer with a superconducting wide-bore magnet operating at a 54.24 MHz resonance
frequency and a 9.4T magnetic induction. All reported NMR resonance peak frequencies were
referenced to internal standards. Water exchange experiments 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 7O signal in either buffered or unbuffered
water in comparison to the reference samples without the compounds. Optical data were collected
on a Varian Cary 50 spectrophotometer and analyzed using software from the WinUV Analysis
Suite. Electron paramagnetic resonance (EPR) spectra were collected using a Bruker EMX-6/1 X-
band EPR spectrometer operated 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 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. A Johnson Matthey magnetic susceptibility balance (model MK 1#7967) was
used to measure the magnetic properties of the Ni(Il) complexes; the reported ¢ values are the

average of two independent measurements, each of which corresponded to a unique solid sample.
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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 performed 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 nonaqueous Ag*/Ag pseudoreference electrode.
Samples were analyzed in a 20 mL electrochemical glass cell with a Teflon cell top purchased
from BASIi Inc. Cyclic voltammetry measurements 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 electrode (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
monochromated Mo Ka radiation (A = 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 collected 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 ®. A total of 1800 frames were collected with exposure times
of 40 s per frame. The data were corrected for Lorentz and polarization effects. 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(II) complexes in water was probed using a METROHM
765 Dosimat with a jacketed, airtight glass titration vessel. A Fisher Scientific Accumet Research
ARI15 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
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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 deionized 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(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 1, 2, 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 (RT) before being
spectrophotometrically analyzed on a Molecular Devices Spectramax Plus spectrophotometer. The
absorbance at 517 nm, the A, 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 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 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 inert atmosphere before the
suspension was filtered through a PTFE syringe filter (0 = 0.45 pm) 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 7.8. The buffers were prepared

from Millipore water and either 4-morpholinepropanesulfonic acid (MOPS) or sodium dihydrogen
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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 M 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 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, "] =100 — 200 uM, [SODm] = 0.045 — 4.5 uM. The aqueous solution containing
the studied Ni(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
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 k,,, value represents an average of at least
ten measurements. Each k.., was determined from the slope of &,5; vs. [SODm]. All measurements
were performed at 21 °C.
Cryospray-lonization Mass Spectrometry

Cryospray-ionization 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 positive ion mode with a source voltage of 3.5 kV
and a flow rate of 240 puL/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 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 O,™, 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 precooled with -40 °C solvent. After tempering, the
reaction solutions were injected as quickly as possible, with the recording of mass spectrometry
data commencing immediately afterwards. Multiple samples were collected and analyzed over

time to determine whether the product distribution was changing during the reaction. Aliquots
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were also analyzed after the reactions 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(/V-(2,5-Dihydroxybenzyl)-N,N’,N’-tris(2-pyridinylmethyl)-1,2-ethanediamine)
nickel(Il) triflate ([Ni(H,qp1)(MeCN)|(OTf),, 1).

The Hpgpl ligand (105 mg, 0.230 mmol) and nickel(Il) triflate (Ni(OTf),, 83 mg, 0.23
mmol) were dissolved 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, CDsCN, 294 K): 51.9, 45.9,
15.2, 14.4, 8.8, 6.7 (quinol O-H), 4.9, 3.3. Optical spectroscopy (MeOH): 255 nm (6800 M-! cm-
1, 299 nm (3430 M! cm'!), 444 nm (285 M-! cm™!), 504 nm (195 M-! cm™"), 674 (150 M-! cm™!).
Solid-state magnetic susceptibility (294 K): pegr = 3.4 ug. IR (KBr, cm™): 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): E,, = 60 mV vs. Ag/AgCl, E,. = 0 mV vs. Ag/AgCl.
Elemental analysis (crystals): Caled for C;;H3NgFsOgS,Nie2H,0: C, 41.86%; H, 4.08%; N,
9.45%; Found: C, 41.76%; H, 3.91%; N, 9.38%.
cis-Diacetonitrilo(NV,/N’-bis(2,5-dihydroxybenzyl)-N,N’-bis(2-pyridinylmethyl)-1,2-
ethanediamine)nickel(Il) triflate ([Ni(Hyqp2)(MeCN),](OTY),, 2).

The Hyqgp2 ligand (152 mg, 0.312 mmol) and Ni(OTf), (114 mg, 0.319 mmol) were
dissolved 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-! cm!), 668 (130 M-! cm!). Solid-state magnetic
susceptibility (294 K): per = 3.4 ug. 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/s): E,, = 170
vs. Ag/AgCl, E,. = -140 mV vs. Ag/AgCl, -670 mV vs. Ag/AgCl. Elemental analysis: Calcd for
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Ci34H36NgFcO10S,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(I) complexes are facile, and both complexes form upon simply
mixing the ligand and Ni''(OTf), in MeCN under N,. Pure [Ni''(H,qp1)(MeCN)](OTf), (1) and
[Ni''(H4qp2)(MeCN),](OTY), (2) can be crystallized in approximately 90% and 40% yields,
respectively. The yield of 2 is substantially lower than the 75% value typically found for
[Mn'l(H4qp2)Br,].2> 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(I1) complex with

H,qp! and the Zn(II) complex with Hyqp2.24 30

N2 g L .
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Figure 1. ORTEP representations of A) [Ni(H,qp1)(MeCN)]*" (1) and B) [Ni(H4qp2)(MeCN),]**
(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).

The nickel remains in the +2 oxidation state upon complexation by either quinol-containing
ligand. For both 1 and 2, the solid-state magnetic susceptibility measurements are consistent with
Uess Values of 3.4 pp; these are in the middle of the 2.8-4.0 ug range reported for previously
characterized Ni(II) complexes.*’ The complexes are both EPR-silent but display paramagnetic 'H

NMR spectra (Figure S1, Figure S2); these spectroscopic characteristics are likewise consistent

with the assignment of S = 1 metal centers. Upon adding D,0 to the NMR samples, the peaks at

10
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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 (Figures S3-S5). In MeCN,

both Ni(IT) complexes display bands around 300 nm; we have observed similar features for other

metal complexes with polydentate quinol-containing ligands.?3-2% 29, 30, 48-50

Table 1. Selected crystallographic data for 1 and 2

Parameter [Ni(H,qp1)(MeCN)](OTf), (1) | [Ni(H4qp2)(MeCN),](OTY), (2)
Formula C31H34F6N6Ni0982 C38H42F6N8Ni01082
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

B (°) 90 90

v (®) 90 90

V (A?) 3635.2(8) 4491(4)

Z 4 4

Crystal color Clear light purple Clear violet

T (K) 180 180

Reflns collected 29809 105753

Unique reflns 3992 9748

R1 (F, 1> 206(1)) 0.0620 0.0730

wR2 (F2, all data) | 0.1175 0.1496

RI=3||F, |- |F.| /2] F,|; wR2 = [EW(F2-F2)2/Zw(F )22

Complexes 1 and 2 are readily crystallized from mixtures of MeCN and ether (Table 1).
The crystal structures show that the Hoqpl and Hyqp2 ligands are bound to the metal center in
pentadentate and tetradentate fashions, respectively, through their amine and pyridine groups
(Figure 1). None of the quinols are bound to the Ni(Il) in either structure. Each Ni(Il) 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 distances corroborate the assignment of +2 oxidation
states for the nickel ions (Table 2).5! The C-O bond distances average 1.37 A, demonstrating that

the quinols remain both protonated and in their reduced states.?* 5

11
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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)
C-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.

Characterization of the Aqueous Chemistry of the Ni(Il) Complexes

Potentiometric pH titration data suggest that the quinols readily deprotonate and bind to
the Ni(Il) centers in anaerobic aqueous solutions, contrary to what is observed in the crystal
structures (Figure S6). The Hpgp1 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 pyridine
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 Hgpl- 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 deprotonation of a Ni(Il)-bound quinol as the pH is

increased.® 3* 33 The ionization event is replicated upon reacidification of the basic end-solution

12
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(Figure S6). Consequently, we believe that the predominant species between pH 7.0 and 7.4 is
[Ni(HgpD)]".

The Ni(I) complex with Hyqp2 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 Hyqp2 ligand was previously observed to display two ionization
events upon either basification 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 conditions, 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(Hs;qp2)]*
between pH 7.0 and 7.4, with H3qp2- being the singly deprotonated form of the ligand. As was
found in MeCN solution, the 'TH NMR spectra of the Ni(Il) complexes in 20% MeCN/80% water
are consistent with paramagnetic metal centers (Figure S1, Figure 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 spectrophotometric pH titrations in aqueous
solutions (Figure S7). 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 acidification, 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(H3qp2)]* and [Zn(Hqgp1)]* in water.?>2° Given the noted tendency of Ni(II)
to avoid heptacoordination, even transiently as an intermediate in ligand exchange,’® 57 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 coordination sphere in 2, yielding [Ni(H3;qp2)(H,0)]*.

70 NMR measurements of the complexes in the presence of '’O-labeled water, however,
indicate that rapid water molecule 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 display broadened 'O NMR signals relative

to the nickel-free standards. Since the complexes remain paramagnetic in water (Figure S1, Figure
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S2), the data are consistent with negligible water molecule exchange between the Ni(Il) 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 (Figure 2, Table 3). Each nickel complex displays a redox feature with an £/,
between 15 and 30 mV vs. Ag/AgCl. Redox events with similar £;, values were observed for
Mn(1II) and Zn(IT) complexes with H,qp1 and Huqp2 (Table 3), leading us to assign these features
to the oxidation and reduction of the quinolic portions of the organic ligands.?*2%2% 30 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 4E for manganese and zinc complexes with Hyqp2 were likewise
much greater than their Hyqpl analogs.?* 25 2% 30 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(II) to Mn(III).?* 2> For complex 2, we observe an additional reduction with

E,.=-670 vs. Ag/AgCl.

Table 3. Summary of electrochemical data for ligand-associated redox processes of Hoqpl and
Hsqp2 complexes.

Complex Ep (mV) AE (mV) Reference
Ni-H,gpl (1) 29 59 This work
Mn-H,qgpl 115 135 2
Zn-Hygpl 110 95 »
Ni-Hygp2 (2) 15 310 This work
Mn-H,qp2 57 232 >
Zn-Hyqp2 195 208 30

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

Analysis of the nickel complexes in MeCN likewise fail to detect oxidation of the metal to
Ni(III) (Figures S8-S11). 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 corresponding to the oxidation of the quinol to
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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 approximately twice those for 1,

supporting the assignment of the redox events to ligand- rather than metal-derived processes.

60
50 |

Blank Buffer
—Ni(H,qp1)
40 Ni(H,ap2)

30 -
20 |
10 1

Current (pA)

-101
-20

10 -05 00 05 10 15
Potential (V)

Figure 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 E;,, =29 mV vs. Ag/AgCl (4E =59 mV). Complex 2 has E;, =15 mV vs. Ag/AgCl (UE =
310 mV).

Antioxidant Activity

We attempted to screen 1 and 2 for antioxidant activity using two common assays. The
xanthine oxidase/hypoxathine/lucigenin assay is frequently used to probe the ability of an
antioxidant to decompose superoxide.?*?7 Unfortunately, we were unable to obtain reliable data
from this method. We believe that the photophysical properties of the Ni(II) complexes obfuscate
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.

The DPPH assay tests the ability of antioxidants to donate hydrogen atoms to 2,2-diphenyl-
1-picrylhydrazyl radical hydrate (DPPH).#+-46. 38 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 uM (1) and 6.3 uM (2) being sufficient to
convert half the radical to the hydrazine (Figure S12). 21.9 uM of ascorbic acid was needed to

15



Dalton Transactions

elicit a similar response. Other divalent metal complexes with the Hoqpl and Hsqp2 ligands

likewise outperformed ascorbic acid in these measurements by approximately the same extent.?*

25. 29 The high sensitivity of the DPPH assay precludes us from drawing more quantitative

conclusions regarding the relative reactivities of the Hyqp1 and Hygp2 complexes.
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Figure 3. Kinetic traces and k., 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(II) complex. A) Kinetic
traces for 1. B) Plot of &, vs. [1]. C) Kinetic traces for 2. D) Plot of &, vs. [2].

Table 4. Catalytic rate constants, k.., (M™!
reactions of 1 and 2 with superoxide.

s'1), measured by stopped-flow kinetics for the direct

Buffer, pH 1 (Ni-Hpgpl) | 2 (Ni-Hsgqp2) | Mn-Hpgpl | Mn-Hugp2 | Zn-H,qpl | Zn-Huqp2

60 mM MOPS, 7.4 1.75 x 107 12.8 x 107 9.7x107% | 1.2x1072 | 3.4 x 1060 | 1.56 x 107°¢
60 mM MOPS, 7.8 1.18 x 107 9.74 x 107 4.94 x 107¢
50 mM Phosphate, 7.4 | 1.08 x 107 6.21 x 107 8.0 x 10%2 | 1.0x 1072 | 1.9 x 107 | 2.54 x 107¢

aData from reference 28. 60 mM HEPES used instead of MOPS. Data from reference 2°. 60 mM

HEPES used instead of MOPS.
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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.!®> 3. 3962 We more thoroughly and accurately gauged the antioxidant activity by
following the direct reactions between the Ni(Il) compounds and KO, with stopped-flow kinetics
methods. These studies confirm that both 1 and 2 are highly capable SOD mimics (Figure 3, Table
4, Figures S13-S16). O, spontaneously dismutates without a catalyst; the rate law for this
background reactivity is second-order in [O,~]. The metal-free H,qpl and Huqp2 ligands were
previously found to be incapable of catalyzing superoxide degradation.?® 2° 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, reacting in the rate-determining step. The H4qp2 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 solutions.
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(IT) complexes and excess KO, in MeCN was probed by CSI-
MS at -40 °C (Figure 4, Figures S17-S22). Without any KO,, the quinols and metal center of 2
remain in their reduced forms: [Ni''{(H4qp2)]** and its conjugate base [Ni'{(H3qp2)]* (Figure S17).
With 1, conversely, we detect traces of [Nill(gp1)]** , where gp! is the para-quinone form of the
ligand (Scheme 3), even in the absence of oxidant (Figure S18). Within 1 min after the addition of
KO,, we detect Ni(II) species with two-electron oxidized mono-para-quinone forms of the ligands
(gpl, Hxgp2, and Hgp2-) for both 1 and 2 (Figure 4). We also find traces of oxygenated ligands.
The data support the formation of Ni(II) complexes with semiquinone ligands. For 1, a m/z peak
at 511.1513 is consistent with [Ni(gp*)]", where the ligand is gp/-". For 2, m/z peaks at 271.5766
and 270.5687 can be assigned to [Ni''(H3gp27)]*" and [Ni'{(Hgp2")]**, which feature H;gp2® and
the mono-para-quinone Hgp?2*, respectively. We observe neither the di-para-quinone form of the
ligand, gp2 (Scheme 3), nor its Ni(II) complex at 1 min. After 5 min, m/z peaks consistent with
the loss of the quinol arm for 1 appear (Figure S19), but this sort of degradation is not observed

for 2 (Figure S20), suggesting that this compound is more oxidatively robust.
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Figure 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(Il) 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 105 M and quickly
injected into the mass spectrometer 1 min after the start of the reaction.

18

Page 18 of 33



Page 19 of 33

Dalton Transactions

dbd e

qup2 qu

Scheme 3. Oxidized versions of the Hoqp1 and Hy4qp2 ligands. Oxidized forms of the ligand are
denoted by italics throughout the manuscript.

The Ni(II) compounds and their Zn(II) analogs differ substantially when the reaction
aliquots are warmed to RT before MS analysis. Compound 1 appears to completely degrade
(Figure S21), but the m/z peaks observed for 2 are consistent with Ni(II) complexes with oxidized
forms of the ligands (Figures S22). These initially include the mono-para-quinone Hygp?2 itself
and singly and doubly oxygenated forms of both H,gp2 and Hyqp2. 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"(H4qp2)]?>" and KO, to RT before analysis, we instead observe metal-free oxidized
ligands rather than Zn(II) complexes.>?

Low-Temperature UV/vis Analysis
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Figure 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.

The proposed semiquinone intermediates are corroborated by UV/vis measurements taken
at -40 °C (Figure 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 during analogous reactions with 2. The
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energies of these features are close to those of the 422 and 448 nm bands seen for manganese and
zinc complexes with the semiquinone forms of these ligands?® 39 as well as those of semiquinone
radical by itself.®* % The manganese and zinc complexes with Hyqp2 were previously found to
give rise to features at 520 that are consistent with quinhydrone species,?® 3° but we unable to
unambiguously detect a similar feature for 2.
Operando Stability of the Ni(ll)-Hqp2 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
subsequent warming to RT. The Zn(II) analog of 2, [Zn"(H4qp2)]?*, does release the metal ion as
the ligand is oxidized.>* We took the resultant solutions for 2 and [Zn"(H4qp2)]** 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 (Figure 6). For 2, a 0.9 uM solution that was treated with 9
UM KO, retains 89% of its initial activity. Even with a much larger 120 uM KO, pre-treatment, 2
is 43% as active as a fresh batch. With [Zn'(H4qp2)]**, on the other hand, a two-fold excess of

KO, is sufficient to eliminate 39% of the activity.
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Figure 6. Kinetic traces of superoxide decomposition at 250 nm in 60 mM MOPS buffer, pH 7.4
for Huqp2 complexes after pre-treatment with either 9 or 120 uM KO,. A) Data for
[Zn'(H4qp2)](OTf),. B) Data for 2.

EPR Analysis of Viable Intermediates for SOD Mimicry
We attempted to independently generate possible intermediates relevant to the SOD
mimicry by reacting 1 and 2 with stoichiometric amounts of Ag(OTf) and Et;N in MeCN (Figure
7). We previously ran analogous studies with the Zn(II) complexes with Hoqpl and Hygp2 to
20
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demonstrate that Zn(II)-quinoxyl radical species were viable intermediates in the catalytic cycles

for O, dismutation.2%-30
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Figure 7. X-band EPR data for the reactions between A) 1.0 mM 1, B) 1.0 mM 2, and C) Hyqp2
with 1.0 mM Ag(OTf) and 1.0 mM Et;N in MeCN. At the given time points, aliquots were rapidly
filtered and frozen at 77 K. D) Signal intensity comparison.

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(II)-quinoxyl radical species and resembles features seen for
previously reported Ni(Il) complexes with organic radicals.®> % The g = 2.22 feature may be
consistent with a Ni(II) species,® although we cannot completely preclude 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 distinguished from noise are seen around
g = 2.00, suggesting that organic radicals are not present above the limit of detection. The

approximately ten-fold greater intensity of the g = 2.22 feature may suggest that the additional

21



Dalton Transactions

quinolate in the Hyqp2 framework can stabilize Ni(IIl) to a greater extent than H,qpl since the
dianionic Hyqp2? ligand would be anticipated 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(II)-quinoxyl radical species detected in our prior studies.?®:
30 Reacting an equivalent amount of Hyqp2 with Ag(OTf) and Et;N results in a much more intense
EPR signal, further demonstrating that any Ni(IIl) 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, N -bis(2-pyridinylmethyl)-1,2-ethanediamine  (Hyqp2)
ligands were previously used to prepare complexes with Mn(Il) and Zn(II), and precipitation from
organic solvents enabled us to obtain [Mn''(H,qpl)(MeCN)](OTf),, [Mn'(Hyqp2)Br,],
[Zn''(H,qp1)(OTH)](OTY), [Zn((Hygp1)(MeCN)](OTY),, and [Zn'(H4qp2)](OTS), in moderately
high yields ranging from 70% to 90%.>% 23 2% 30 The syntheses of Ni(Il) complexes with these
ligands likewise proceed smoothly, and crystalline samples of both [Ni'{(H,qp)(MeCN)](OTf), (1)
and [Ni''(H4gp2)(MeCN),](OTf), (2) can be obtained in yields exceeding 40%.

In the crystal structures of  [Mn!(H4qp2)Br,], [Zn''(H,qpl)(OTDH)](OTS), and
[Zn''(H,qp1)(MeCN)](OTY),, 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 coordinate to the Ni(IT) (Figure 1). Overall, the structural data for the
Mn(II), Zn(II), and Ni(II) complexes suggest that the pyridines in the ligand are stronger ligands
than the quinols. As with the aforementioned Mn(II) and Zn(II) complexes, however, the solid-
state structures of 1 and 2 grown from MeCN solution do not appear to be maintained in water.?>
29 UV/vis measurements 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(II)-phenol complexes than free phenols.” 23 25, 2830, 54,55 The pH titration data for 1 and 2
likewise demonstrate that a quinol from each ligand has deprotonated at pH 7.0. Given that Ni(II)
ions rarely have coordination numbers that exceed six,>® 7 the major aqueous cations at this pH

are likely [Ni'(Hgp1)]* and [Ni''(H3gp2)]*. Although the second quinol in the H3qp2- complex
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interacts weakly with the metal center and could be displaced by water to yield
[Ni'(H3qp2)(H,0)]", our 70O NMR data indicate that water molecules are not exchanging at the
metal center, suggesting that water is not coordinating to the Ni(Il). Although firm stability
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(II) analogs, which release
their metal ions under such conditions.?> 28

Although there is a class of superoxide dismutases (SODs) that naturally contain nickel,
neither 1 nor 2 resemble these either structurally or spectroscopically. Nickel-containing SODs
cycle between five-coordinate Ni(III) and four-coordinate Ni(II) 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(IIl) form. Instead of an S;N; or S,N,
coordination sphere, 1 and 2 have N;O and N4O, sets of donor atoms, 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(Il) complexes and KO, demonstrate that 1 and 2 are highly capable
antioxidants (Figure 3, Table 4). The metal-free quinolic ligands do not display this behavior.?3 2°
The SOD mimicry exhibited by 1 and 2 is noteworthy 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 superoxide but usually do not act as catalysts.”®’8 Two studies reported
catalysis by nickel complexes with azo-aldehyde and Schiff base ligands.”: 3° The reported k..,
values range from 1 x 10 M1 5”1 to 8 x 10° M-! s1, but it should be noted that these rate constants
were determined through assays, rather than stopped-flow kinetics measurements. Duboc’s group,
conversely, reported a series of Ni(Il) complexes with peptide-containing ligands that were
demonstrated to be catalysts by stopped-flow kinetics.”>81-83 The most active of these compounds
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.
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The activities of the nickel complexes, particularly that of 2, compare well to those of
manganese-containing SOD mimics.!'> 19 20, 31. 33, 8487 The k_,, measured for 2 in pH 7.4 MOPS
buffer exceeds the 9.7 x 107 M! s! value measured for [Mn'"(H,gp1)(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 k., of 21.9 x 107 M-! sI; this rate constant, however, may
not be directly comparable to the other mentioned values since this k., was measured through an
assay rather than stopped-flow kinetics.’® The manganese-pentaazamacrocycle M40401 is
unambiguously more active as an SOD mimic, with a k., = 1.5 x 10° M-! s'! in pH 7.4 HMES
buffer,% % but this complex is much less water-stable than both [Mn''(H,qp1)(MeCN)]*" and 2.28

Another notable feature about 1 and 2 is that they only lose about 50% of their catalytic
activity upon switching from a sulfonic 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,?%31-91.92 and examples that retain most of their activity, such as
[Mn!(H4qp2)Br;], often tend to be poorer catalysts under all studied conditions.?® 3! The Zn(II)
complexes with Hygpl and Huqp2, [Zn"(H,qp1)(OT)]* and [Zn"(Hsqp4)]**, conversely, display
enhanced SOD mimicry in phosphate buffer to the extent where they outperform their manganese
analogs in this medium (Table 4).2%-30

That 2 is more catalytically active than 1 may be initially surprising since the Mn(II)
complex with Hyqp2 is much less active than the one with Hoqp1 in HEPES solution (although the
catalysts are approximately equivalent in phosphate buffer).?® With Mn(II), the ligands fully
deprotonate to Hqpl- 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(Il), 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(II) complex with Hoqp1 is approximately half as active as its Zn(II) analog
in phosphate buffer based on their £, values, the Ni(Il) complex with Hyqp2 is over twice as active
as [Zn"(H4qp2)]** under such conditions (Table 4). Complex 2 appears to be much more stable
than both 1 (Figures S19-S22) and the Zn(II) complexes. The reaction between 2 and KO, does
not promote metal ion dissociation from the oxidized forms of Hyqp2 as it does with

[Zn''(H4qp2)]?*,3° and samples of 2 that have previously reacted with O, can be used to catalyze
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subsequent superoxide degradation reactions (Figure 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(III) ions much more tightly than to M(II)
ions.”> Manganese can readily access the +3 oxidation state;*’ consequently, phosphate inhibition
has been observed to be particularly severe for manganese-catalyzed superoxide dismutation.?3-3!
Zinc, conversely, cannot access the +3 oxidation state, and phosphate actually enhances, rather
than hampers, zinc-catalyzed O, dismutation due to its ability to more efficiently transfer protons
to and from the positively charged species on the catalytic cycle.?-3° The redox activity of nickel
of intermediary to those of manganese and zinc. Although Ni(III) is relevant to the activities of Ni
SODs, Ni(III) 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(III) species (Figure 7), we do not
observe any Ni(III) complexes in samples of 1 and 2 oxidized by KO, in our cryo-MS experiments
(Figure 4), nor can we access Ni(IIl) by CV (Figure 2). If the O, - reactions oxidize the metal center
to Ni(Ill) under catalytic conditions, such species would have to be extremely short-lived.
Although it was initially tempting to attribute the partial phosphate inhibition of 1 and 2 to the
anions’ coordination to Ni(III) 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(II) analogs.?®- 3° Even though a prior report found that Ni(IIT) complexes 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''(H4qp2)]?*, which
proceed through M(IIT) and M(IV) 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 oxidation state of the nickel in all species identified by either MS or CSI-MSI is +2. Although
traces of Ni(IIl) may form with a different oxidant (Figure 7), we do not observe any Ni(III) species

in the O, reactions even with Hyqp2, which was found to support the +3 and even the +4 oxidation
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state for manganese under similar conditions.?® The cryo-MS and UV/vis data are consistent with
the formation of metal complexes with semiquinone radicals (Figure 4, Figure 5); analogous
intermediates were previously observed in the SOD mimicry with manganese and zinc complexes
with these ligands.?® 30

The lack of rapid water molecule exchange for 1 and 2 further differentiates these
compounds from their manganese analogs.?>-?® That the Ni(II) 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,qpl and Huqp2 complexes, cryo-MS detected
intermediates that are consistent with inner-sphere reactions with O.28 [Zn'l(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 inhibits 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-containing counterparts but are more robust than either.
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