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Abstract

The oxygen reduction reaction (ORR) is an attractive route to alternative energy sources as
well as environmentally friendly industrial processes. Development of earth abundant catalysts is
necessary for the ORR to be a sustainable option. Motivated by the lack of synthetic non-heme
Fe centered catalysts for the ORR, we have studied two non-heme Fe systems containing N3O
ligand frameworks, Fe(PMG)Cl, and Fe(tpy®'pho)Cl.. Mechanistic analyses revealed that both
systems operated via a 2+2 mechanism, where H>O was a discrete intermediate during catalysis
before further reduction to H>O. Interestingly, the rate limiting step for Fe(PMG)CI, was cleavage
of an off-cycle dimer species, while O» binding to the reduced Fe center was rate limiting for
Fe(tpy®“pho)Cl,. Based on these results, a key factor in observed reactivity was the axial ligand
trans to the O; binding site.

Mn-based systems for the ORR are much less widely studied in comparison to Fe and Co.
Because of the prevalence of Mn in nature, we undertook a mechanistic study examining two Mn
complexes containing N2O2 ligand frameworks to understand how secondary coordination sphere
interactions could tune Mn-based ORR. Analysis of these complexes using an ammonium proton
source revealed that incorporation of a —OMe pendent relay group could shift selectivity to
preferably producing H-O-. Interestingly, without added conjugate base strong hydrogen bonding
with the pendent —OMe group suppressed catalysis. However, in the presence of added base,
this suppression is mitigated and there is an accessible dimeric pathway that is controlled by the
pKa of the Mn—H»0, intermediate.

Redox-active organic molecules that are stable toward reactive oxygen species have drawn
increasing attention for use as sustainable ORR catalysts. Here, two cationic organic molecules
have been evaluated as ORR catalysts. First, an iminium-based compound was studied under
both electrochemical and spectrochemical conditions with TFAH as a proton source and was
shown to catalytically reduce O» under electrochemical and spectrochemical conditions. We
observed a divergence in mechanism, where under spectrochemical conditions, outer-sphere O,
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reduction occurred to produce H>O2, whereas under electrochemical conditions in the presence
of excess reduced catalyst, O, reacted via an inner-sphere mechanism to be further reduced to
H.O. Then, a substituted phenanthroline diium compound was evaluated for the ORR using acetic
acid derivatives to understand the dependence of ORR on acid strength. It was found that activity
and rate-determining step was dependent on acid strength. Additionally, under certain conditions
an off-cycle dimeric species was observed to be kinetically relevant. A mechanistic understanding
of the controlling factors of the ORR is imperative to the development of efficient earth-abundant

catalysts.
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increasing AcOH concentration of Eqp.

Figure S2.7. (A) CVs of [Fe(TPA)(CI)2]J[CI] under Ar saturation conditions with variable AcOH
concentration. (B) Plot of E42 for [Fe(PMG)(CI)2][Cl] against the log of [AcOH] showing the effect
of increasing AcOH concentration of E1.

Figure S2.8. (A) Variable scan rate CVs of Fe(PMG)(CI). at low scan rates ranging from 20 (black)
to 100 (red) mV/s. (B) Linear fit of variable scan rate data from (A).

Figure S2.9. Rinse test of Fe(PMG)(CI). and AcOH to ensure the observed current response is
not due to a species adsorbed to the electrode.

Figure S2.10. Determination of ko2 (A) CVs of Fe(PMG)(CI). under Ar saturation at 0.1 V/s (black)
and O saturation at varying scan rates (B) log(u) vs. Ey-E1/2 plot of variable scan rate data in A.

Figure S2.11. Determination of kozu+ (A) CVs of Fe(PMG)(CI)2 in the presence of 0.525 M AcOH
under Ar saturation at 0.1 V/s (black) and O saturation at varying scan rates (B) log(u) vs. Ex-E112
plot of variable scan rate data in A.

Figure S2.12. Cyclic voltammograms of Fe(PMG)(CI). obtained under Ar saturation conditions
with (red) and without (black) 0.1 M buffered TBA(AcO)/AcOH.

Figure S2.13. Linear Sweep Voltammograms of RRDE experiment with 0.5 mM ferrocene at
various rotation rates under Ar saturation conditions; ring potential = +1.2 V vs. Ag/AgCl.

Figure S2.14. Linear Sweep Voltammograms of RRDE experiment with Fe(PMG)(CI). at various
rotation rates with 0.5 mM Fe(PMG)(Cl), and 0.35 M AcOH under Ar (A) and O; (B) saturation
conditions; ring potential = 1.2 V vs Ag/AgCl.

Figure S2.15. Levich plots from data obtained from Linear Sweep Voltammograms of
Fe(PMG)(Cl)2 (0.5 mM) by RRDE with 0.35 M AcOH under Ar (A) and O; (B) saturation conditions
at various rotation rates; ring potential = 1.2 V vs. Ag/AgClI.

Figure S2.16. Koutecky-Levich plots from data obtained from Linear Sweep Voltammograms of
Fe(PMG)(CI)2 (0.5 mM) by RRDE with 0.35 M AcOH under Ar (A) and O; (B) saturation conditions
at various rotation rates; ring potential = 1.2 V vs. Ag/AgClI.

Figure $2.17. Calibration curve of H,O» quantification using a Ti(O)SO4 colorimetric assay. (A)
Serial dilution of urea*H202 in 50/50 MeCN/H:0. using the above method. (B) Calibration made
using a serial dilution of urea*H>0- in 50/50 MeCN/H0.

Figure S2.18. H;O. stability test in the presence of Fe(PMG)(Cl).. UV-vis spectra of
Fe(PMG)(Cl)2. (60 pyM) and urea*H20, (1.12 mM) in the presence of 5 mM AcOH after 30 min
before (black) and after (red) 0.1 mL Ti(O)SO4 solution was added.

Figure S2.19. UV-vis spectrum of catalytic solution of Fe(PMG)(CI). before (black) and after (red)
the addition of 0.1 mL Ti(O)SO4 solution.

Figure S2.20. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
AcOH, Cp*;Fe, O with varying Fe(PMG)(CI). concentration.

Figure $2.21. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
AcOH, O,, and Fe(PMG)(Cl). with varying Cp*2Fe concentration.
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Figure $2.22. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
O,, Cp*:Fe, and Fe(PMG)(CI). with varying AcOH concentration.

Figure S2.23. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
AcOH, Cp*,Fe, and Fe(PMG)(CI). with varying O> concentration.

Figure S$2.24. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
AcOH, Cp*;Fe, H20, with varying Fe(PMG)(CI), concentration.

Figure $2.25. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
H.0,, Cp*:Fe, and Fe(PMG)(CI), with varying AcOH concentration.

Figure S2.26. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
AcOH, H20;, and Fe(PMG)(CI). with varying Cp*.Fe concentration.

Figure $2.27. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
AcOH, Cp*;Fe, and Fe(PMG)(CI). with varying H>0, concentration.

Figure $2.28. Example of UV-vis Stopped-Flow spectrochemical data (black) and the fit (red)
used for this work. The data was fit with Kinetic Studio 4.0 to a double exponential (2Exp+Mx+C).

Figure $2.29. Spectral changes at 780 nm due to the formation of [Cp*2Fe]" over time with 35
mM AcOH, 4.05 mM O, 1.5 mM Cp*;Fe. Black: 50 uM Fe(PMG)(Cl)., red: control.

Figure S2.30. Representative spectral changes at 780 nm due to the formation of [Cp*2Fe]*
comparing Fe(PMG)(CI)2 under non-buffered (black) and buffered (red) conditions.

Figure S2.31. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
AcOH, Cp*;Fe, Oz, and TBACI with varying Fe(PMG)(CI). concentration.

Figure S2.32. Eyring plot of the stopped-flow spectrochemical experiments with Fe(PMG)(CI)2
with AcOH.

Figure S2.33. Determination of ku202 (A) CVs of Fe(PMG)(CI). under Ar saturation with 5.4 mM
urea*H,0O; at 0.1 V/s (black) and 1 V/s (red) at varying scan rates (B) log(u) vs. Ex-E+/2 plot of
variable scan rate data in A.

Figure S2.34. (A) Spectral changes of Fe(PMG)(Cl). (78 uM) with increasing concentrations of
AcOH added. (B) Spectral changes of Fe'(PMG)CI (50 uM) with increasing concentrations of
AcOH.

Figure S2.35. Molar extinction plot of Fe'"(PMG)CI (black trace), Fe'(PMG)CI and 0.58 M AcOH
(red trace), and Fe(PMG)(CI). (blue trace) from Figure S2.31.

Figure S2.36. (A) Spectral changes of Fe'(PMG)CI upon air exposure over time. (B) Change in
absorbance at 420, 356, 315, and 255 nm upon air exposure.

Figure S2.37. (A) Spectral changes upon addition of increasing amounts of urea*H202 to a 50
uM solution of Fe'(PMG)CI under N2 in MeCN. (B) Plot of change in absorbance at 420 nm versus
the ratio of [H202]:[Fe'(PMG)CI].

Figure S2.38. Spectral changes upon addition of increasing amounts of urea*H»O; to 44 uM
Fe(PMG)(CI)2 in MeCN.

Figure S2.39. "H-NMR spectrum of 3.2 mM [Fe'(PMG)CI] under N2 in MeCN-ds; 600 MHz, Varian.

Figure S2.40. 'H-NMR spectrum of 3.2 mM [Fe'"(PMG)CI] + 0.3 M AcOH under N, in MeCN-d;;
600 MHz, Varian. Broad and less well-resolved resonances appear at 114.6 ppm, 107.3 ppm, and
85.5 ppm.

Figure S2.41. "H-NMR spectrum of 2.9 mM [Fe(PMG)(Cl).] in MeCN-ds; 600 MHz, Varian.
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Figure 3.1. Molecular structure of Fe(tpy®“pho)Cl, obtained from single-crystal X-ray diffraction
studies. Blue = N, red = O, gray = C, green = Cl, orange = Fe; thermal ellipsoids at 50%; hydrogen
atoms and non-coordinating solvent omitted for clarity; CCDC 2097186.

Figure 3.2. Comparison of CVs of Fe(tpy*“pho)Cl, under Ar and O, saturation conditions with
and without 0.0875 M AcOH.

Figure 3.3. The calculated Ra/ncat from stopped-flow spectrochemical experiments where the
concentration of O, (A), Cp*:Fe (B), AcOH (C), and Fe(tpy®'pho)Cl, (D), and were each
independently varied at 25.5°C in MeCN.

Figure S3.1. (A) UV-vis serial dilution absorbance data obtained from Fe(tpy®pho)Cl. in a MeCN
solution.

Figure S$3.2. ESI-MS characterization of Fe(tpy*pho)Cl,.

Figure S3.3. (A) Variable scan rate CVs of Fe(tpy®pho)Cl, at low scan rates ranging from 0.01
(red) to 0.1 (black) V/s. (B) Linear fit of variable scan rate data from (A).

Figure S3.4. Comparison of CVs of Fe(tpy®pho)Cl, under Ar and conditions with (red) and
without (red) 0.35 M AcOH.

Figure S3.5. Cyclic voltammograms of Fe(tpy®“pho)Cl, with (red) and without (black) TBACI and
AcOH (blue) under Ar saturation conditions (A) and Fe(tpy®pho)Cl. with TBACI (black) and
increasing amounts of AcOH (B).

Figure S3.6. Linear sweep voltammograms of RRDE experiment with 0.5 mM Fe(tpy®'pho)Cl.
and 0.1 M AcOH under Ar (A) and O; (B) saturation conditions; ring potential = 1.2 V vs Ag/AgCl.

Figure S3.7. Levich plots from data obtained from Linear Sweep Voltammograms of
Fe(tpy®pho)Cl, (0.5 mM) by RRDE with 0.1 M AcOH under Ar (A) and O (B) saturation conditions
at various rotation rates; ring potential = 1.2 V vs. Ag/AgCI.

Figure S3.8. Koutecky-Levich plots from data obtained from linear sweep voltammograms of
Fe(tpy®pho)Cl, (0.5 mM) by RRDE with 0.1 M AcOH under Ar (A) and O (B) saturation conditions
at various rotation rates; ring potential = 1.2 V vs. Ag/AgCI.

Figure S$3.9. Representative spectral changes at 778 nm due to the formation of [Cp*.Fe]*
comparing catalytic conditions with Fe(tpy®pho)Cl. (red) versus identical conditions in the
absence of Fe(tpy®pho)Cl; as a control (black).

Figure S3.10. Eyring plot of the stopped-flow data spectrochemical experiments with
Fe(tpy®“pho)Cl, in MeCN with AcOH.

Figure S$3.11. (A) H.0; selectivity testing under catalytic conditions with Fe(tpy®“pho)Cl. and (B)
identical conditions in the absence of Fe(tpy®™pho)Cl..

Figure S$3.12. UV-vis data analyzing the stability of Fe(tpy"®pho)Cl. in the presence of urea*H;0..
Conditions: quartz cell with 1 cm pathlength.

Figure S$3.13. UV-vis spectral changes upon addition of increasing amounts of urea*H-0, to 25
UM of Fe(tpy®“pho)Cl, in MeCN.

Figure S3.14. Representative spectral changes at 778 nm due to the formation of [Cp*2Fe]”
comparing H2O2RR catalytic conditions with Fe(tpy®pho)Cl. (red) versus identical conditions in
the absence of Fe(tpy®pho)Cl. as a control (black).

Figure S3.15. UV-vis data to determine the H2O2RR reaction stoichiometry described above.
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Figure S3.16. The calculated Rs/ncat from stopped-flow spectrochemical experiments with
Cp*2Fe, AcOH, urea*H,0O, with varying Fe(tpy®pho)Cl. concentration at 25.5°C in MeCN.

Figure S3.17. The calculated Rs/nc.at from stopped-flow spectrochemical experiments with
Cp*2Fe, AcOH, Fe(tpy®pho)Cl,, with varying urea*H,O; concentration at 25.5°C in MeCN.

Figure S3.18. The calculated Rs/nc.at from stopped-flow experiments with Cp*.Fe,
Fe(tpy®pho)Cl,, urea*H,O, with varying AcOH concentration at 25.5°C in MeCN.

Figure S$3.19. The calculated Rs/ncat from stopped-flow experiments with AcOH, Fe(tpy*'pho)Cl.,
urea*H>O; with varying Cp*zFe concentration at 25.5°C in MeCN.

Figure S3.20. Representative spectral changes at 778 nm due to the formation of [Cp*.Fe]*
comparing Fe(tpy®“pho)Cl, under non-buffered (black) and buffered (red) conditions.

Figure S3.21. Sample variable O, concentration data under catalytic conditions. (A) Plots of the
average of 5 injections across a series of variable O, concentration data under catalytic
conditions. (B) Plot of data of all five injections at a single Oz concentration (1.62 x 10 M), the
average of those five injections (purple) and the second exponential linear fit of the average (grey).

Figure S3.22. CVs of 0.5 mM [Fe(tpy®“pho)][OTf]. under Ar saturation with (red and green traces)
and without (black trace) the addition of 0.35 M AcOH.

Figure S3.23. UV-vis spectral changes of 50 uM Fe(tpy®pho)Cl, upon addition of increasing
amounts of AcOH in MeCN.

Figure S3.24. UV-vis spectral changes of 36 uM [Fe(tpy®'pho)][OTf]. upon addition of increasing
amounts of AcOH in MeCN.

Figure S3.25. Molar extinction plot of Fe(tpy®pho)Cl, and [Fe(tpy*'pho)][OTf]. upon exposure to
0.35 M AcOH in MeCN from Figures S23 and S24.

Figure S$3.26. (A) UV-vis spectral changes upon exposure of 36 uM [Fe'(tpy*“pho)][OTf] to O
over the course of 1 hiin MeCN (B) molar extinction plot of [Fe'(tpy®“pho)][OTf] under N, and 1 h
after O, exposure and [Fe(tpy®pho)][OTf].

Figure S3.27. Overlaid 1H-NMR spectra of [Fe(tpy®™pho)][OTf2 (bottom, red),
[Fe'(tpy™ pho)][OTf] under N2 (second from bottom, green) and exposed to O; after 2.5 h (third
from bottom, cyan) and 18 h (top, purple). Varian, 600 MHz, MeCN-ds.

Figure S3.28. Overlaid 1H-NMR spectra of 8.6 mM [Fe(tpy®'pho)][OTf]. (bottom, red) and 10.6
mM [Fe'(tpy®“pho)][OTf] under N, (second from bottom, green) and exposed to O, after 2.5 h
(third from bottom, cyan) and 18 h (top, purple) from 37 to 72 ppm. Varian, 600 MHz, MeCN-ds.

Figure S$3.29. Overlaid 1H-NMR spectra of 8.6 mM [Fe(tpy®pho)][OTf]. (bottom, red), 10.6 mM
[Fe'(tpy™pho)][OTf] under N2 (second from bottom, green) and exposed to O; after 2.5 h (third
from bottom, cyan) and 18 h (top, purple) from 10 to 30 ppm. Varian, 600 MHz, MeCN-ds.

Figure 4.1. Summary of the work described here.

Figure 4.2. (A) Structure of 1 Mn(***udhbpy)CI, (B) structure of 2 Mn("""dhbpy)ClI, (C) Molecular
structure of Mn("""dhbpy)CI 2 from single crystal X-ray diffraction studies showing the (D) dimeric
solid-state species. Purple = Mn, red = O, green = ClI, gray = C; thermal ellipsoids 50%, H atoms
and disordered atoms omitted for clarity. CCDC 2255849.

Figure 4.3. (A) CVs of Mn(**'dhbpy)Cl 1 under Ar and O, with and without 10 mM
DIPEAHPF6/DIPEA present. (B) CVs of Mn("""dhbpy)CI 2 under Ar and O, with and without 10
mM DIPEAHPF&/DIPEA present.
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Figure 4.4. Change in absorbance at 780 nm over time as a result of the formation of [Cp*2Fe]*
by ORR catalyzed by Mn(P*“dhbpy)CI 1 (A) with DIPEAHPFs (red) and DIPEAHPF¢/DIPEA (blue)
and Mn("P"dhbpy)CI 2 (B) with DIPEAHPFs (red) and DIPEAHPFe/DIPEA (blue). Black: buffered
control.

Figure 4.5. Free energy diagram from DFT methods showing key thermodynamic intermediates
in the production of H,O, by complex 2. Diagram considers the operating potential of catalysis to
be —0.55 V vs Fc*? and red indicates CEPT steps. DIPEA = A and DIPEAH* = HA".

Figure S4.1. (A) UV-vis serial dilution absorbance data from Mn(P*“dhbpy)CI 1 in MeCN solution.
Figure S4.2. UV-vis serial dilution of Mn("""dhbpy)CI 2 in MeCN solution.

Figure S4.3. Molecular structure of DIPEAHPFs from single crystal X-ray diffraction studies. Blue
=N, gray = C, white = H, green = F, orange; thermal ellipsoids at 50%, H atoms (except N-H) and
disordered F atoms omitted for clarity. CCDC 2255850.

Figure S4.4. '"H-NMR spectrum of DIPEAHPFs in MeCN-d3; Varian 600 MHz.
Figure S4.5. *C{'"H}-NMR spectrum of DIPEAHPF¢ in MeCN-ds; Varian 150 MHz.

Figure S4.6. "H-NMR spectra of DIPEAHPF; (purple), DIPEA (blue), TEAHPF¢ (green), and TEA
(red) used to estimate the pK, of DIPEAHPFs in MeCN. MeCN-ds; Varian 600 MHz.

Figure S4.7. 'H NMR of titration of TEA into a 0.02 M solution of DIPEAHPFs for estimation of
pKa of DIPEAHPFs in MeCN. MeCN-ds; Varian 600 MHz.

Figure S4.8. (A) CVs of Mn(**“dhbpy)CI 1 at variable scan rates ranging from 0.05 V/s (black) to
2 V/s (red) under Ar saturation conditions. (B) Linear fit data from A showing that Mn(**“dhbpy)CI
is a diffusion-limited current response.

Figure $4.9. (A) CVs of Mn(**Udhbpy)CI 1 under Ar (black), O (red) and with 10 mM DIPEAHPFs
under Ar saturation (green). (B) CVs from A and catalytic trace shown (blue) with Mn(P*dhbpy)CI
1 and 10 mM DIPEAHPFg under O3 saturation.

Figure S4.10. (A) CVs of Mn(P*Udhbpy)CI 1 under Ar (black), O (red) and with 10 mM buffer
(DIPEAHPFs/DIPEA) under Ar saturation (green). (B) CVs from A with catalytic trace shown (blue)
with Mn(P*“dhbpy)Cl and 10 mM DIPEAHPF¢/DIPEA under O, saturation.

Figure S4.11. CVs of Mn(**Udhbpy)CI 1 with increasing DIPEAHPF¢ concentrations under Ar
saturation conditions with 10 mM DIPEA.

Figure S4.12. Control CVs of Mn(P*“dhbpy)CI 1 with and without the presence of 10 mM DIPEA.

Figure S4.13. CVs of Mn(**dhbpy)CI 1 (black trace) in the presence of 0.1 M TBACI (red trace)
with increasing concentrations of DIPEA added.

Figure S4.14. CVs of Mn(**'dhbpy)CI 1 (black trace) in the presence of 0.1 M TBACI (red trace)
and 10 mM DIPEA with increasing concentrations of DIPEAHPFe under Ar saturation.

Figure S4.15. A) CVs of Mn("""dhbpy)CI 2 at variable scan rates ranging from 0.05 V/s (black) to
2 V/s (red) under Ar saturation conditions. (B) Linear fit data from A showing that Mn("""dhbpy)CI
is a diffusion-limited current response.

Figure S4.16. CVs of Mn("""dhbpy)CI 2 under Ar (black), O, (red) and with 10 mM DIPEAHPFg
under Ar saturation (green).

Figure S4.17. (A) CVs of Mn("""dhbpy)CI 2 under Ar with increasing amounts of DIPEAHPFs
added.
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Figure S4.18. (A) CVs of Mn("P"dhbpy)Cl 2 under Ar (black), O, (red) and with 10 mM
DIPEAHPFs/DIPEA under Ar saturation (green). (B) CVs from A with catalytic trace shown (blue)
with Mn("P"dhbpy)Cl and 10 mM DIPEAHPFs/DIPEA under O saturation.

Figure S4.19. Comparison of electrocatalytic ORR by Mn("""dhbpy)CI 2 with 10 mM DIPEAHPFg
with (red) and without (black) the presence of 10 mM DIPEA (traces from Figure $S16 and S18 for
black and red traces, respectively).

Figure S4.20. CVs of Mn("P"dhbpy)Cl 2 with increasing DIPEAHPFs concentrations under Ar
saturation conditions with 10 mM DIPEA.

Figure S4.21. Control CVs of Mn("""dhbpy)CI 2 with and without the presence of 10 mM DIPEA.

Figure S4.22. CVs of Mn("""dhbpy)Cl 2 (black trace) in the presence of 0.1 M TBACI (red trace)
and DIPEA (green trace).

Figure S4.23. CVs of Mn("""dhbpy)Cl 2 (black trace) in the presence of 0.1 M TBACI (red trace)
and increasing amounts of DIPEAHPFs.

Figure S4.24. (A) Control CVs of 24 mM DIPEAHPFs under Ar (black) and O: (red trace). (B)
Control CVs of 24 mM DIPEAHPFs and 25 mM DIPEA under O-.

Figure S4.25. Calibration curve of H>O, quantification using a Ti(O)SO. colorimetric assay. (A)
Serial dilution of urea*H>0, using the method described above. (B) Calibration curve made from
data in A.

Figure S4.26. H,O; product quantification of ORR by Mn(>*'dhbpy)CI 1 with DIPEAHPFs. (A)
UV-vis spectrum of extracted solution after 3 min of reaction time before (black) and after (red)
0.1 mL of 0.1 M Ti(O)SO4 solution was added. (B) Corrected spectra (red — black trace from A).

Figure S4.27. H,O, product quantification of ORR by Mn("""dhbpy)CI 2 with DIPEAHPFs. (A) UV-
vis spectrum of extracted solution before (black) and after (red) 0.1 mL of 0.1 M Ti(O)SO4 solution
was added, 20 min. (B) Corrected spectra (red — black trace from A).

Figure S4.28. Stability test of urea*H.O- in the presence of Mn(°*“dhbpy)CI 1, DIPEAHPF, and
O.. (A) UV-vis spectra of an extracted sample after 12 minutes of reaction time before (black) and
after (red) the addition of 0.1 mL of 0.1 M Ti(O)SOas. (B) Corrected UV-vis spectra (red — black
trace from A) of H2O2 only (black) and after 12 min (red).

Figure S4.29. Stability test of urea*H,O: in the presence of Mn("""dhbpy)CI 1, DIPEAHPFs, and
O.. (A) UV-vis spectra of an extracted sample after 20 minutes of reaction time before (black) and
after (red) the addition of 0.1 mL of 0.1 M Ti(O)SOas. (B) Corrected UV-vis spectra (red — black
traces from A) at 0 min (black trace) and after 20 min (red).

Figure S4.30. H,O; product quantification of ORR by Mn(**“dhbpy)CI 1 with DIPEAHPFs and
DIPEA. (A) UV-vis spectrum of extracted solution before (black) and after (red) 0.1 mL of 0.1 M
Ti(O)SO4 solution was added, 15 s. (B) Corrected spectra (red — black trace from A) for 15, 90,
and 720 s aliquots.

Figure S4.31. H,O, product quantification of ORR by Mn("""dhbpy)CI 2 with DIPEAHPFs and
DIPEA. (A) UV-vis spectra of extracted solution before (black) and after (red) 0.1 mL of 0.1 M
Ti(O)SO4 solution was added, 15 s. (B) Corrected spectra (red — black trace from A) for 15, 120,
and 720 s aliquots.

Figure S4.32. Stability test of urea*H.O, in the presence of Mn(P*Udhbpy)CI 1, DIPEAHPFs,
DIPEA, and O2. (A) UV-vis spectra before (black) and after (red) the addition of 0.1 mL of 0.1 M
Ti(O)SO4 to an extracted aliquot after 30 s. (B) Corrected UV-vis spectra (red — black traces) of
H20O- only (black) and after 30 (red) and 105 s (blue).
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Figure S4.33. Stability test of urea*H.O, in the presence of Mn(""'dhbpy)Cl 2, DIPEAHPFs,
DIPEA, and Oa. (A) UV-vis spectra before (black) and after (red) the addition of 0.1 mL of 0.1 M
Ti(O)SO4 to an extracted aliquot after 15 s. (B) Corrected UV-vis spectra (red — black trace from
A) of H20; only (black) and after 15 (red), 150 (green), and 540 s (blue).

Figure S4.34. Stability test of urea*H.O, in the presence of Mn(**Udhbpy)Cl 1, DIPEAHPFs,
DIPEA, and FeCp*2 (A) before (black trace) and after (red trace) the addition of 0.1 mL of 0.1 M
Ti(O)SO4 to an extracted aliquot after 30 s. (B) Corrected UV-vis spectra (red — black from A) after
30 s (black), 120 s (red), 600 s (green), and H>O- only (blue).

Figure S4.35. Stability test of urea*H.O, in the presence of Mn("""dhbpy)Cl 2, DIPEAHPFs,
DIPEA, and FeCp*2 (A) before (black trace) and after (red trace) the addition of 0.1 mL of 0.1 M
Ti(O)SO4 to an extracted aliquot after 30 s. (B) Corrected UV-vis spectra (red — black from A) after
30 s (black), 120 s (red), 600 s (green), and H20; only (blue).

Figure S4.36. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
DIPEAHPFs, Oy, and Cp*:Fe with varying Mn(°**“dhbpy)CI 1 concentration.

Figure S4.37. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn(P*Udhbpy)Cl 1, DIPEAHPFg, and Cp*2Fe with varying O, concentration.

Figure S4.38. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn(**udhbpy)CI 1, O, and Cp*.Fe with varying DIPEAHPF6 concentration.

Figure S4.39. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn(P*Udhbpy)Cl 1, Oz, and DIPEAHPFs with varying Cp*2Fe concentration.

Figure $4.40. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
DIPEAHPFs, DIPEA, Oz, and Cp*:Fe with varying Mn(P**“dhbpy)CI 1 concentration.

Figure S4.41. The calculated Ra/ncat values from stopped-flow spectrochemical experiments with
Mn(**udhbpy)CI 1, DIPEAHPFs, DIPEA, and Cp*;Fe with varying O, concentration.

Figure S4.42. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn(P*Udhbpy)Cl 1, Oz, DIPEA, and Cp*2Fe with varying DIPEAHPF:DIPEA ratio.

Figure S4.43. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn(**udhbpy)Cl 1, O2, and Cp*;Fe with varying buffer (DIPEAHPFs and DIPEA, 1:1 ratio)
concentration.

Figure S4.44. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn(**udhbpy)CI 1, DIPEAHPFs, DIPEA, and O with varying Cp*.Fe concentration.

Figure S4.45. The calculated initial ORR rate from stopped-flow spectrochemical experiments
with DIPEAHPFs, O,, Cp*2Fe with varying Mn("P"dhbpy)CI 2 concentration.

Figure S4.46. The calculated initial ORR rate from stopped-flow spectrochemical experiments
with, Mn("P"dhbpy)CI 2, O, Cp*,Fe with varying DIPEAHPFs concentration.

Figure $4.47. The calculated initial ORR rate from stopped-flow spectrochemical experiments
with, Mn("P"dhbpy)CI 2, DIPEAHPFs, O, with varying Cp*2Fe concentration.

Figure S4.48. The calculated initial ORR rate from stopped-flow spectrochemical experiments
with, Mn("P"dhbpy)CI 2, DIPEAHPFs, Cp*2Fe with varying O,, concentration.

Figure S4.49. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
DIPEAHPFs, DIPEA, Oz, and Cp*:Fe with varying Mn(""dhbpy)CI 2 concentration.

Figure $4.50. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn("P"dhbpy)CI 2, DIPEAHPFs, DIPEA, and O with varying Cp*:Fe concentration.
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Figure S4.51. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn("P'dhbpy)Cl 2, O,, and Cp*:Fe with varying buffer (DIPEAHPFs and DIPEA, 1:1 ratio)
concentration.

Figure $4.52. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn("""dhbpy)Cl 2, O,, and Cp*;Fe with varying DIPEAHPFs:DIPEA ratio.

Figure S4.53. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn("""dhbpy)Cl 2, DIPEAHPFg, DIPEA, and Cp*.Fe with varying O, concentration.

Figure S4.54. (A) Representative trace of time versus absorbance at 780 nm for ORR catalyzed
by Mn(P*dhbpy)CI 1 with DIPEAHPF¢/DIPEA and (B) the 1Exp+Mx+C fit (red) and residual (blue)
used for data analysis using the Kinetic Studio 4.0 software.

Figure S4.55. (A) Representative trace of time versus absorbance at 780 nm for ORR catalyzed
by Mn("P"dhbpy)CI 2 with DIPEAHPF¢/DIPEA and (B) the 1Exp+Mx+C fit (red) and residual (blue)
used for data analysis using the Kinetic Studio 4.0 software.

Figure S4.56. (A) Representative trace of time versus absorbance at 780 nm for ORR catalyzed
by Mn(***udhbpy)CI 1 with DIPEAHPFs and (B) the 1Exp+Mx+C fit (red) and residual (blue) used
for data analysis using the Kinetic Studio 4.0 software.

Figure $4.57. (A) Representative trace of time versus absorbance at 780 nm for ORR catalyzed
by Mn("P"dhbpy)CI 2 with DIPEAHPFs and (B) the initial Linear fit (red) and residual (blue) used
for data analysis using the Kinetic Studio 4.0 software.

Figure S4.58. (A) UV-vis of spectra of 23 yM Mn(P*dhbpy)CI 1 with increasing amounts of DIPEA
in MeCN (B) difference spectrum of the final titration point (blue — green traces).

Figure S4.59. (A) UV-vis of spectra of 26.8 yM Mn("""dhbpy)CI 2 with increasing amounts of
DIPEA in MeCN (B) difference spectrum of the final titration point (blue — green traces).

Figure S4.60. UV-vis of spectra of 80 yM Mn(**Udhbpy)Cl 1 with increasing amounts of
DIPEAHPFs.

Figure S4.61. (A) UV-vis spectra of 80 uM Mn("""dhbpy)Cl 2 with increasing amounts of
DIPEAHPFg in MeCN.

Figure S4.62. (A) UV-vis spectra of an 80 uM solution of Mn(**'dhbpy)CI 1 with increasing
amounts of CoCp2in MeCN under N.. (B) Absorbance at 515 nm versus equivalents of CoCp;
relative to [1].

Figure S4.63. (A) UV-vis spectra of 80 uM solution of Mn(**“dhbpy)CI 1 in MeCN (black) under
N2 with 1.1 equiv of CoCp2 (red) and after being exposed to air for 30 min (blue). (B) Time versus
absorbance at 515 nm upon exposure of a 80 uM solution of Mn(P*Udhbpy)Cl with 1.1 equiv
CoCp: to air.

Figure S4.64. (A) UV-vis spectra of 80 uM solution of Mn(**“dhbpy)CI 1 in MeCN (black) under
N2 with 1.1 equiv of CoCp2 and 19.7 mM DIPEAHPF6/DIPEA (red) and after being exposed to air
for 8 min (blue). (B) Time versus absorbance at 515 nm upon exposure of a 80 uM solution of
Mn(P*udhbpy)CI with 1.1 equiv CoCp2 and 19 mM DIPEAHPF¢/DIPEA to air.

Figure S4.65. (A) UV-vis spectra of 80 uM solution of Mn(**“dhbpy)CI 1 in MeCN (black) under
N2 with 1.1 equiv of CoCp2 and 19.7 mM DIPEAHPFs (red) and after being exposed to air for 25
min (blue). (B) Time versus absorbance at 515 nm upon exposure of a 80 yM solution of Mn(*
udhbpy)CI with 1.1 equiv CoCp2 and 19.7 mM DIPEAHPF; to air.

Figure S4.66. (A) UV-vis spectra of 80 uM solution of Mn(**“dhbpy)CI 1 in MeCN (black) under
N2 with 1.1 equiv of CoCp2 and 19 mM DIPEA (red) and after being exposed to air for 15 min
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(blue). (B) Time versus absorbance at 515 nm upon exposure of a 80 yM solution of Mn(*
udhbpy)CI with 1.1 equiv CoCp2 and 19 mM DIPEA to air.

Figure S4.67. Overlay of data involving Mn(P*“dhbpy)CI 1 from Figs $63-S66 after samples were
allowed to react with air completely.

Figure S4.68. UV-vis spectra of 80 yM Mn(**dhbpy)CI 1 with (red) and without (black) 1 equiv
TBAOH<30H20 and with of 10 mM buffer (1:1 DIPEAHPF&:DIPEA) in the presence of 1 equiv
TBAOH+30H:0 (blue).

Figure S4.69. (A) UV-vis spectra of an 80 uM solution of Mn("P"dhbpy) 2 with increasing amounts
of CoCp2 in MeCN under N.. (B) Absorbance at 515 nm versus equivalents of CoCp relative to
[2].

Figure S$S4.70. (A) UV-vis spectra of 80 uM solution of Mn("""dhbpy)CI 2 in MeCN (black) under
N2 with 1.1 equiv of CoCp; (red) and after being exposed to air for 70 min (blue). (B) Time versus
absorbance at 515 nm upon exposure of an 80 uM solution of Mn(""dhbpy)CI with 1.1 equiv
CoCp: to air.

Figure S4.71. (A) UV-vis spectra of 80 uM solution of Mn("""dhbpy)CI 2 in MeCN (black) under
N2 with 1.1 equiv of CoCp2 and 10 mM DIPEAHPF/DIPEA (red) and after being exposed to air
for 60 min (blue). (B) Time versus absorbance at 515 nm upon exposure of an 80 uM solution of
Mn("P"dhbpy)CI with 1.1 equiv CoCp, and 10 mM DIPEAHPF¢/DIPEA to air.

Figure S4.72. (A) UV-vis spectra of 80 uM solution of Mn("""dhbpy)CI 2 in MeCN (black) under
N2 with 1.1 equiv of CoCp2 and 10 mM DIPEAHPFs (red) and after being exposed to air for 110
min (blue). (B) Time versus absorbance at 515 nm upon exposure of an 80 uM solution of
Mn("""dhbpy)CI with 1.1 equiv CoCp, and 10 mM DIPEAHPFs to air.

Figure S4.73. (A) UV-vis spectra of 80 uM solution of Mn("""dhbpy)CI 2 in MeCN (black) under
N2 with 1.1 equiv of CoCp2 and 10 mM DIPEA (red) and after being exposed to air for 60 min
(blue). (B) Time versus absorbance at 515 nm upon exposure of an 80 yM solution of
Mn("P"dhbpy)CI with 1.1 equiv CoCp2 and 10 mM DIPEA to air.

Figure S4.74. Overlay of data involving Mn("P"dhbpy)CI 2 from Figs S$70-S73 after samples were
allowed to react with air completely.

Figure S4.75. UV-vis spectra of 80 yM Mn(""dhbpy)CI 2 with (red) and without (black) 1 equiv
TBAOH+30H20 and with of 10 mM buffer (1:1 DIPEAHPF&:DIPEA) in the presence of 1 equiv
TBAOH+30H20 (blue).

Figure S4.76. (A) UV-vis titration of [CoCp2][PFe] in MeCN. Conditions: [CoCp2][PFs] = 1.97 x 10
4,1.64 x 10%, 1.37 x 10%, 1.14 x 10, 9.50 x 105, 7.91 x 10®, 6.59 x 105, 5.50 x 10° M; 1 cm
pathlength cuvette.

Figure S4.77. Free energy diagram of ORR by Mn("""dhbpy)CI 2 to H,O.

Figure 5.1. Summary of previously reported organic-based catalysts for the ORR and the catalyst
(im*) described here.

Figure 5.2. CVs of im* under Ar and O saturation conditions with and without acid. Conditions

Figure 5.3. Formation of [Cp*,Fe]* at 780 nm from ORR catalyzed by im* (red trace) and control
(black trace).

Figure S5.1. (A) CVs of im* under Ar saturation at variable scan rates. (B) Logarithm of scan rate
versus reduction peak potential from CVs in (A).
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Figure S5.2. (A) CVs of im* under Ar saturation at varying concentrations. (B) Logarithm of im
concentration versus the reduction peak potential in (A).

Figure S5.3. (A) CVs of im* under O; saturation at variable scan rates. (B) Logarithm of scan rate
versus reduction peak potential from CVs in (A).

Figure S5.4. (A) CVs of im* under O saturation at varying concentrations. (B) Logarithm of im+
concentration versus the reduction peak potential in (A).

Figure S5.5. (A) CVs of im* under Ar (black) and O (red) saturation with 0.065 M TFAH added
(green). (B) First derivative of current density of im* under Ar saturation (from black trace in A)

Figure S5.6. (A) CVs of im* under Ar saturation in the presence of 0.261 M TFAH at variable scan
rates. (B) Logarithm of scan rate versus reduction peak potential from CVs in (A).

Figure S5.7. (A) CVs of im* under Ar saturation in the presence of 0.261 M TFAH at varying
concentrations. (B) Logarithm of im* concentration versus the reduction peak potential in (A).

Figure S5.8. Rinse test of im* and TFAH. CV of TFAH under O, saturation (black trace), im*
under catalytic conditions (red trace), and rinse test (green trace).

Figure S5.9. CVs of im* under catalytic conditions with variable im* concentrations.

Figure S5.10. CVs of im* under catalytic conditions with variable TFAH concentrations.

Figure $5.11. CVs of im* under catalytic conditions with variable O2 concentrations.

Figure $5.12. CVs of im* with and without added 4.25 mM urea+<H.O, under Ar and O, saturation.

Figure S5.13. (A) CVs of im* in the presence of 4.25 mM urea*H,0; under Ar and O; saturation
with added 0.261 M TFAH. (B) CVs of im* in the presence of 4.25 mM urea*H,0O, with added
0.261 M TFAH under O, saturation.

Figure S5.14. Linear sweep voltammograms of RRDE experiment with 0.5 mM im+ and 0.1 M
TFAH under Ar (A) and air (B) saturation conditions; ring potential = 1.2 V vs Ag/AgCI.

Figure S5.15. (A) Levich and Koutecky-Levich (B) plots from data obtained from linear sweep
voltammograms of im* (0.5 mM) by RRDE with 0.1 M TFAH under Ar saturation conditions at
various rotation rates; ring potential = 1.2 V vs. Ag/AgCl.

Figure $5.16. (A) Levich and Koutecky-Levich (B) plots from data obtained from linear sweep
voltammograms of im* (0.5 mM) by RRDE with 0.1 M TFAH under air saturation conditions at
various rotation rates; ring potential = 1.2 V vs. Ag/AgCl.

Figure S5.17. Change in absorbance at 780 nm over time as a result of the formation of [Cp*2Fe]*
by ORR catalyzed by im* with TFAH (black trace), example of 1Exp + Mx + C fit in Kinetic Studio
4.0 (red trace), and residual fit (blue trace).

Figure S$5.18. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with
TFAH, O2, and Cp*;Fe with varying im* concentration.

Figure S5.19. Calculated Rsi/ncat values from stopped-flow spectrochemical experiments with im*,
TFAH, Cp*2Fe with varying O, concentration.

Figure S5.20. Calculated Rs/ncat values from stopped-flow spectrochemical experiments with im*,
Oz, Cp*2Fe with varying TFAH concentration.

Figure S5.21. Calculated Rs/ncat values from stopped-flow spectrochemical experiments with im*,
TFAH, O, with varying Cp*2Fe concentration.
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Figure S5.22. H,O, product quantification of ORR by im* with TFAH after 2 min. (A) UV-vis
spectra of extracted solution before (black) and after (red) 0.1 mL of 0.1 M Ti(O)SO, solution was
added. (B) Corrected spectra (red — black trace from A).

Figure S5.23. Stability test of urea*H20: in the presence of im*, TFAH, and O (A) before (black
trace) and after (red trace) the addition of 0.1 mL of 0.1 M Ti(O)SO4 to an extracted aliquot. (B)
Corrected UV-vis spectra (red — black from A) after 0 s (red) and 2 min (blue) with the H20; stock
(black).

Figure S$5.24. Stability test of urea*H>O- in the presence of im*, TFAH, and Cp*;Fe (A) before
(black trace) and after (red trace) the addition of 0.1 mL of 0.1 M Ti(O)SO4 to an extracted aliquot
after 2 min. (B) Corrected UV-vis spectra (red — black from A) after 2 min (red) and H2O. only
(black).

Figure $5.25. (A) spin density plots (0.025 iso) and (B) Kohn-Sham Orbitals (0.05 iso) of the
neutral radical im® (S = %) showing localization at C with contributions from N. Generated from
the EPR calculation at the wB97M-D4/def2-TZVPPD level of theory.

Figure S5.26. (A) spin density plots (0.025 iso) and (B) Kohn-Sham Orbitals (0.05 iso) of the
neutral radical C(CF3)-OH species (S = %) showing localization at N. Generated from the EPR
calculation at the wB97M-D4/def2-TZVPPD level of theory.

Figure 6.1. Summary of the work described here, note that a simplified representation of the
equilibrium dimerization reaction is depicted.

Figure 6.2. Molecular structure of Ph,Phen?* obtained from single-crystal X-ray diffraction
studies.

Figure 6.3. CVs of Ph,Phen?* under catalytic conditions with CIAcOH (black), CI,AcOH (red),
ClsAcOH (green), and TFAH (blue) as proton sources.

Figure 6.4. Change in absorbance at 780 nm over time as a result of the formation of [Cp*2Fe]*
by ORR catalyzed by Ph,Phen?* with CIAcOH (red), TFAH (green), and TFAH control (black).

Figure 6.5. Proposed off-cycle dimer species implied by mechanistic data. A peroxo subunit
bridges two equiv of PhoPhen?* at the 4-position of a pyridine subunit.

Figure S6.1. (A) UV-vis serial dilution absorbance data from Ph,Phen?* in MeCN solution.
Figure S6.2. '"H-NMR spectrum of Ph,Phen?* in MeOD-ds; Varian 600 MHz.

Figure S6.3. *C{'"H} NMR of Ph,Phen?* in MeOD-d;; Varian 150 MHz.

Figure S6.4. CV of Ph,Phen?* under Ar.

Figure 6.S5. (A) CVs of Ph,Phen?* under Ar saturation at various scan rates. (B) Square root of
scan rate versus current density in (A).

Figure S6.6. (A) CVs of Ph,Phen?* under O, saturation at various scan rates. (B) Logarithm of
the scan rate versus the reduction peak potential in (A).

Figure S6.7. (A) CVs of Ph,Phen?" under O, saturation at varying concentrations. (B) Logarithm
of Ph,Phen?* concentration versus the reduction peak potential in (A).

Figure S6.8. CVs of Ph,Phen?" with and without added 6.7 mM urea*H,O, under Ar and O
saturation.

Figure S6.9. (A) CVs of Ph,Phen?" under Ar (black), Oz (red) and with 0.1 M TFAH under Ar
saturation (green). (B) CVs from A and catalytic trace shown (blue) with Ph,Phen?* and 0.1 M
TFAH under O saturation.
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Figure S6.10. CVs of PhoPhen?* under catalytic conditions with 0.13 M TFAH at 0.1 V/s (black)
and 0.8 V/s (red).

Figure S6.11. Rinse test of Ph,Phen?* and TFAH. Ph2Phen2+ under catalytic conditions (black
trace), rinse test (red trace), and CV of TFAH under O, saturation (green trace).

Figure S6.12. (A) CVs of PhPhen? under catalytic conditions with variable Ph,Phen?*
concentrations. (B) Logarithm of Ph,Phen?* concentration versus the logarithm of current density
from (A).

Figure S6.13. (A) CVs of PhPhen? under catalytic conditions with variable TFAH
concentrations. (B) Logarithm of TFAH concentration versus the logarithm of current density from
(A).

Figure S6.14. (A) CVs of PhoPhen?* under catalytic conditions with variable O, concentrations.
(B) Logarithm of O, concentration versus the logarithm of current density from (A).

Figure S6.15. (A) CVs of Ph.Phen?" in the presence of 6.7 mM urea*H.O, under Ar and O
saturation with added 0.11 M TFAH. (B) CVs of Ph,Phen?* in the presence of 6.7 mM urea*H.0,
with added 0.11 M TFAH under O, saturation.

Figure S6.16. Linear sweep voltammograms of RRDE experiment with 0.5 mM Ph,Phen?* and
0.1 M TFAH under air saturation conditions. (A) Uncorrected LSVs at 600 rpm. (B) Corrected
LSVs at various rotation rates used for quantification of %H-0..

Figure $6.17. (A) Levich and (B) Koutecky-Levich plots from data obtained from linear sweep
voltammograms of Ph,Phen?* (0.5 mM) by RRDE with 0.1 M TFAH under air saturation
conditions at various rotation rates (600, 1000, 1400, 1800, & 2200 rpm).

Figure S6.18. (A) CVs of Ph,Phen?* under Ar (black), O, (red) and with 0.1 M ClsAcOH under Ar
saturation (green). (B) CVs from A and catalytic trace shown (blue) with Ph,Phen?* and 0.1 M
ClsAcOH under O saturation.

Figure S6.19. CVs of Ph,Phen?* under catalytic conditions with 0.1 M Cl;AcOH at 0.1 V/s (black)
and 1 V/s (red).

Figure S6.20. Rinse test of Ph,Phen?* and Cl;AcOH. Ph,Phen?* under catalytic conditions (black
trace), rinse test (red trace), and CV of CIsAcOH under O, saturation (green trace).

Figure S6.21. (A) CVs of Ph,Phen?" under catalytic conditions with variable Ph.Phen?*
concentrations. (B) Logarithm of Ph,Phen?* concentration versus the logarithm of current density
from (A).

Figure S6.22. CVs of Ph.Phen?* under catalytic conditions with variable ClsAcOH concentrations.

Figure S6.23. (A) CVs of PhaPheny: under catalytic conditions with variable O, concentrations.
(B) Logarithm of O2 concentration versus the logarithm of current density from (A).

Figure S6.24. (A) CVs of PhoPhen?" in the presence of 5.7 mM urea*H.O, under Ar and O
saturation with added 0.12 M CI;AcOH. (B) CVs of Ph:Phen?* in the presence of 5.7 mM
urea*H20; with added 0.12 M CIsAcOH under O, saturation.

Figure S6.25. Linear sweep voltammograms of RRDE experiment with 0.5 mM Ph2Phen?* and
0.1 M CIsAcOH under air saturation conditions. (A) Uncorrected LSVs at 600 rom. (B) Corrected
LSVs at various rotation rates used for quantification of %H-0-.

Figure S6.26. (A) Levich and (B) Koutecky-Levich plots from data obtained from linear sweep
voltammograms of Ph,Phen?* (0.5 mM) by RRDE with 0.1 M CIsAcOH under air saturation
conditions at various rotation rates (600, 1000, 1400, 1800, & 2200 rpm).
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Figure S6.27. (A) CVs of Ph,Phen?* under Ar (black), O, (red) and with 0.1 M Cl,AcOH under Ar
saturation (green). (B) CVs from A and catalytic trace shown (blue) with Ph,Phen?* and 0.1 M
Cl,AcOH under O3 saturation.

Figure S6.28. CVs of Ph,Phen?* under catalytic conditions with 0.1 M Cl,AcOH at 0.1 V/s (black)
and 1 V/s (red).

Figure S6.29. Rinse test of Ph,Phen?* and Cl,AcOH. Ph,Phen?* under catalytic conditions (black
trace), rinse test (red trace), and CV of CI,AcOH under O, saturation (green trace).

Figure S6.30. CVs of Ph;Phen?" under catalytic conditions with variable Ph;Phen?
concentrations. (B) Logarithm of Ph,Phen?* concentration versus the logarithm of current density
from (A).

Figure S$6.31. (A) CVs of Ph:Phen?" under catalytic conditions with variable Cl,AcOH
concentrations. (B) Logarithm of Cl,AcOH concentration versus the logarithm of current density
from (A).

Figure S6.32. (A) CVs of Pho,Phen?* under catalytic conditions with variable O, concentrations.
(B) Logarithm of O2 concentration versus the logarithm of current density from (A).

Figure S6.33. (A) CVs of Ph.Phen?" in the presence of 5.5 mM urea*H.O, under Ar and O
saturation with added 0.06 M CI,AcOH. (B) CVs of Ph,Phen?* in the presence of 5.7 mM
urea*H.O; with added 0.06 M CI,AcOH under O saturation.

Figure S6.34. Linear sweep voltammograms of RRDE experiment with 0.5 mM Ph,Phen?* and
0.1 M CI,AcOH under air saturation conditions. (A) Uncorrected LSVs at 600 rom. (B) Corrected
LSVs at various rotation rates used for quantification of %H-0..

Figure S6.35. (A) Levich and (B) Koutecky-Levich plots from data obtained from linear sweep
voltammograms of Ph,Phen?* (0.5 mM) by RRDE with 0.1 M Cl,AcOH under air saturation
conditions at various rotation rates (600, 1000, 1400, 1800, & 2200 rpm).

Figure S6.36. (A) CVs of PhoPhen?* under Ar (black), O, (red) and with 0.1 M CIAcOH under Ar
saturation (green). (B) CVs from A and catalytic trace shown (blue) with Ph,Phen?* and 0.1 M
CIAcOH under O saturation.

Figure S6.37. CVs of Ph,Phen?* under catalytic conditions with 0.1 M CIAcOH at 0.1 V/s (black)
and 1 V/s (red).

Figure S6.38. Rinse test of Pho,Phen?* and CIAcOH. Ph,Phen?* under catalytic conditions (black
trace), rinse test (red trace), and CV of CI,AcOH under O saturation (green trace).

Figure S6.39. CVs of Ph;Phen?" under catalytic conditions with variable Ph;Phen?
concentrations. (B) Logarithm of Ph,Phen?* concentration versus the logarithm of current density
from (A).

Figure S6.40. (A) CVs of PhPhen?" under catalytic conditions with variable CIAcOH
concentrations. (B) Logarithm of CIAcCOH concentration versus the logarithm of current density
from (A).

Figure S6.41. (A) CVs of Pho,Phen?* under catalytic conditions with variable O, concentrations.
(B) Logarithm of O, concentration versus the logarithm of current density from (A).

Figure S6.42. (A) CVs of Ph2Phen?" in the presence of 5.7 mM urea*H.O, under Ar and O
saturation with added 0.1 M CIAcOH. (B) CVs of Pho.Phen?* in the presence of 5.7 mM urea*H,0,
with added 0.1 M CIAcOH under O, saturation.
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Figure S6.43. Linear sweep voltammogram of RRDE experiment with 0.5 mM Ph,Phen?* and
0.1 M CIAcOH under air saturation conditions at 200 rpm.

Figure S6.44. (A) Change in absorbance at 780 nm over time as a result of the formation of
[Cp*2Fe]* by ORR catalyzed by PhoPhen?* with TFAH (black trace), example of 2Exp + Mx + C fit
in Kinetic Studio 4.0 (red trace), and residual fit (blue trace). (B) Black trace from (A) with TFAH
only control (no Ph,Phen?" present).

Figure S6.45. Calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
TFAH, O, and Cp*;Fe with varying Ph.Phen?* concentration.

Figure S6.46. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with
Ph2Phen?*, O,, and Cp*;Fe with varying TFAH concentration.

Figure S6.47. Calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Ph.Phen?*, TFAH, and Cp*;Fe with varying O» concentration.

Figure S6.48. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with
Ph.Phen?*, TFAH, and O with varying Cp*;Fe concentration.

Figure S6.49. Change in absorbance at 780 nm over time as a result of the formation of [Cp*2Fe]*
from the ORR (black trace) or H.O2RR (red trace) by Ph.Phen?* with TFAH.

Figure S6.50. Change in absorbance at 780 nm over time as a result of the formation of [Cp*2Fe]*
by ORR catalyzed by Ph.Phen?* with CIsAcOH (black trace), example of 2Exp + Mx + C fit in
Kinetic Studio 4.0 (red trace), and residual fit (blue trace). (B) Black trace from (A) with ClsAcOH
only control (no Ph,Phen?* present).

Figure S6.51. Calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
ClsAcOH, O, and Cp*;Fe with varying PhoPhen?* concentration.

Figure S6.52. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with
Ph.Phen?*, O,, and Cp*;Fe with varying ClsAcOH concentration.

Figure S$6.53. Calculated Rs/ncat values from stopped-flow spectrochemical experiments with
Ph.Phen?*, CI;AcOH, and Cp*2Fe with varying O, concentration.

Figure S6.54. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with
Ph.Phen?*, CI;AcOH, and O, with varying Cp*.Fe concentration.

Figure S6.55. Change in absorbance at 780 nm over time of [Cp*2Fe]" over time as a result of
the formation of [Cp*2Fe]* from the ORR (black trace) or H,O2RR (red trace) by Ph,Phen?* with
Cl;AcOH.

Figure S6.56. (A) Change in absorbance at 780 nm over time as a result of the formation of
[Cp*2Fe]" by ORR catalyzed by Ph,Phen?* with CI,AcOH (black trace), example of 2Exp + Mx +
C fit in Kinetic Studio 4.0 (red trace), and residual fit (blue trace). (B) Black trace from (A) with
Cl,AcOH only control (no Ph,Phen?* present).

Figure S6.57. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with
Cl,AcOH, O, and Cp*zFe with varying PhPhen?* concentration.

Figure S$6.58. Calculated Rfit/ncat values from stopped-flow spectrochemical experiments with
Ph.Phen?*, O,, and Cp*;Fe with varying Cl,AcOH concentration.

Figure S6.59. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with
Ph.Phen?*, CI,AcOH, and Cp*;Fe with varying O, concentration.

Figure S$6.60. Calculated Rs/ncat values from stopped-flow spectrochemical experiments with
Ph.Phen?*, Cl,AcOH, and O with varying Cp*2Fe concentration.
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Figure S6.61. Change in absorbance at 780 nm over time as a result of the formation of [Cp*2Fe]*
from the ORR (black trace) or H.O2RR (red trace) by Ph,Phen?* with Cl,AcOH.

Figure S6.62. Change in absorbance at 780 nm over time as a result of the formation of [Cp*2Fe]*
by ORR catalyzed by Ph,Phen?" with CIAcOH (black trace), example of 2Exp + Mx + C fit in
Kinetic Studio 4.0 (red trace), and residual fit (blue trace). (B) Black trace from (A) with CIAcOH
only control (no Ph,Phen?* present).

Figure S$6.63. Calculated Ri/ncat values from stopped-flow spectrochemical experiments with
CIAcOH, O, and Cp*;Fe with varying Ph.Phen?* concentration.

Figure S6.64. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with
Ph.Phen?*, O,, and Cp*;Fe with varying CIAcOH concentration.

Figure S6.65. Calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Ph2Phen?*, CIAcOH, and Cp*;Fe with varying Oz concentration.

Figure S6.66. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with
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Chapter 1:
Introduction
Portions of this chapter published as:

Cook, E.N. & Machan, C.W. Chemical Communications, 2022, 58, 11746-11761.
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1.1 Utilization of O, to Meet the Energy Demand

Since the industrial revolution, there has been a drastic increase in global atmospheric carbon
dioxide (CO-) concentration due to the burning of petroleum sources to generate the energy
required to power transportation and industrial processes."? The accumulation of greenhouse
gases, gases that trap heat in the atmosphere,?® from anthropogenic processes has resulted in a
number of environmental impacts, including global warming and climate change. Therefore, the
development of alternative and renewable energy sources is crucial to limiting changes to Earth’s
climate. There has been work toward renewable energy sources like solar and wind energy;
however, there are important challenges in the large-scale implementation and utilization of the
intermittent energy produced from these sources. Specifically, current energy storage capabilities
from these sources is not suitable for long term use. Thus, alternative strategies to generate and
store clean energy and/or reduce energy requirements of industrial processes are necessary. One
approach is to electrochemically activate abundant small molecules, such as CO, hydrogen (H>),
water (H20) and dioxygen (O3), through the addition of protons (H*) and electrons (e”) in order to
convert them into useful products using renewable energy.

The utilization of O, in synthetic and catalytic processes has long been inspired by its life-
sustaining roles in nature, where it is essential for energy utilization, the degradation of harmful
substances, metabolism, and the synthesis of important biomolecules.*® Due to its natural
abundance, researchers have been working to utilize the oxidative power of O, as an alternative
oxidant in capital- and energy-intensive processes. Industrial production of commodity chemicals,
complex organic molecules, and fuels from petrochemical feedstock relies on selective C—H bond
activation and oxidation, where current processes often require the use of a stoichiometric oxidant
and have poor selectivity and toxic byproducts.® Selective electrochemical utilization of Oz in these
processes would provide an affordable and abundant alternative with low toxicity (Figure 1.1).

The oxygen reduction reaction (ORR) is also of interest for alternative energy and fuel cell
applications (Figure 1.1). Polymer electrolyte membrane fuel cells are the most promising
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alternative for automotive power generation, with the advantage of high energy output and low
emission profile.'® These fuel cells function through the oxidation of molecular hydrogen into
protons and electrons, coupled with the proton-dependent reduction of O, to water (H20). The
alternative ORR product, hydrogen peroxide (H203) is used in a wide range of industrial processes
including paper bleaching, wastewater treatment, and as a ‘green’ oxidant in chemical
industry.”2 The current industrial anthraquinone process for the production of H2O, is capital
intensive and uses fossil fuel-derived H, (Figure 1.1). Further, H.O.-based fuel cells are becoming
increasingly attractive as an alternative energy device."> With the increasing global energy
demand, depletion of non-renewable fuel sources, and the environmental impact of current
capital-intensive industrial processes, affordable and ‘green’ alternatives are crucial moving
forward, however, expensive and platinum-based catalysts are commonly used for mediating the

ORR and new fundamental understanding is required to develop replacements.
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Figure 1.1. Summary of relevant O reduction in biological, synthetlc, and industrial chemlstry. M
= transition metal.

One challenge in the activation and reduction of O is its triplet ground state, which inhibits
reactivity with singlet organic substrates with limited spin polarization.™ Nature has overcome this
by employing open-shell transition metal centers that favorably react with O,. Iron (Fe), copper
(Cu), and manganese (Mn) are most commonly found in enzymatic active sites that activate O-
due to their redox flexibility and their natural abundance. Some notable examples of these include
hemoglobin, dioxygenases, lipoxygenases, monooxygenases, and superoxide dismutase, among

many others.*®'52" These bioinorganic systems have inspired the development of a variety of
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synthetic compounds for O, activation.?? The prevalence of earth-abundant first-row transition
metals for Oz reduction in nature has led to of the development of homogeneous ORR catalysts
based on manganese, iron, cobalt, and copper active sites.”?*
1.2. O; Activation and Reduction at Transition Metals

The molecular orbital description of O, gives essential context about its ground state and
reactivity. Oz exists in a triplet ground state where the highest occupied molecular orbitals are
singly occupied degenerate ™ orbitals, giving the molecule an overall bond order of 2. A single
reduction of O to a superoxo (O2™) reduces the bond order to 1.5, with a formal 2e~ reduction to
a peroxo (O2%") species cleaving the O—O n-bond entirely.?* Oxidation reactions involving O are
often thermodynamically favorable; however, there is often a significant kinetic barrier due in part
to its triplet ground state, which makes reactivity with closed shell substrates a formally spin-
forbidden process and therefore slow, under the assumption that the substrate experiences a
minimum of spin polarization in its ground state.™

Conversely, Oz activation by open-shell transition metals can be highly favorable (Figure
1.2). Oz activation at a metal center results in the formation of reduced O; intermediates, known
as reactive oxygen species (ROS), whose stability is crucial in determining reaction pathways.
The binding mode of Oz to a single metal center is dependent both on d-electron count and spin
configuration of the metal, as well as the steric properties enforced by the supporting ligand
framework. Oz can bind in an end-on (2A) or side-on fashion (to either one (2B) or two (2D) metal
centers), and this interaction typically results in formal oxidation of the metal center and reduction
of O, to generate metal superoxo (O2) or peroxo (O2%") species. In addition to the o-symmetric
interactions possible with the lone pairs on each O atom, the m bond can also act as a ¢ donor.
The propensity to reduction upon binding is in part due to another aspect of the frontier orbital

structure of O,, specifically, the partially occupied degenerate m*-symmetric SOMOs. Upon
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coordination with a metal center, these energetically accessible orbitals can act as a m-acid and

accept electron density through a m-backbonding interaction, lowering bonding character.
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Figure 1.2. Summary of possible reaction pathways for aprotic O, activation in mono- and
dinuclear configurations.

Generally, the end-on binding mode of metal superoxide is bent (2A) rather than linear. This
is because the o bond with the metal center arises from a fully occupied ™ orbital (generated
through the formal one electron reduction of O,) acting as a Lewis base and donating electron
density into the d,? acceptor orbital of the metal. Depending on the oxidation state of the metal,
an additional mr-interaction from partially filled d; metal orbitals into the remaining singly occupied
m* orbital of O, is possible; strong coupling between these orbitals is responsible for the
diamagnetic structure of Fe(lll)-superoxides in porphyrinic frameworks.?>2% In a side-on binding
mode, the o bond originates from a o-symmetric interaction involving donation from the mr-orbital
of O into the d,? orbital of the metal, with n-backbonding from the metal’s filled d;; orbitals into the
partially occupied n* orbitals of O,. O, can also act as a bridging ligand between two metal centers
ina p-n":n' (2C) or p-n?:n? fashion (2D) with each metal providing an electron to achieve an overall
two-electron reduction to an 022~ configuration. One strategy to tune O binding is modifying the
supporting ligand framework, where ligand structure can be used to modulate the character of the
frontier d orbitals, as well as inhibit specific binding modes through control of the stereochemical

profile.”26:27
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During the electrocatalytic reduction of O, product selectivity is controlled, in part, by the
nature of O, binding to the active site, which dictates the extent of ROS stabilization and the
nature of the reactivity for intermediates formed through the mechanistic cycle. In protic media,
there are two primary pathways for the ORR: a 2H*/2e™ transformation to make H>O, or a 4H*/4e~
process to form two equivalents of H.O. Generally, ORR to both H-O2 and H.O mediated by
mononuclear catalysts is initiated by electron transfer from a metal active site to O, to form a
metal-bound O as described above (Figure 1.3, iii).”"? From here, a proton and electron
transfer can occur in either a stepwise or concerted fashion to form a hydroperoxo intermediate
(OOH"), (Figure 1.3, iv). Formation of H.O. arises from favorable net reduction of the complex
and protonation of the proximal oxygen based on the adsorption strength of the OOH™ species to
the metal center and its consequences for the basicity of the M—O bond. The mechanistic pathway
to H2O formation commonly arises from protonation of the M—OOH adduct at the distal O atom,
assisted by electron transfer from the metal center, leading to cleavage of the O-O bond, release
of one equivalent of H,O and the formation of a high valent metal oxo (O%") species (Figure 1.3,
v). Subsequent transfer of 2e~ to the metal and 2H* to O% releases the second equivalent of H-O.
ORR to generate H>,O can also proceed via a 2+2 mechanism, where H>O; produced during
catalysis can be further reduced to two equivalents of water by the catalyst. There are a number
of factors that govern mechanistic pathways and favorable formation and stability of reactive
intermediates. For catalysts which form dinuclear species on the catalytic cycle, superoxide
formation is generally avoided in favor of peroxo intermediates which can undergo aprotic or
proton assisted cleavage to generate p-oxo or -hydroxo species prior to further reduction and

protonation to release HzO.
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Figure 1.3. Generalized mechanism for the ORR at mononuclear active sites.

In fuel cells, the ORR to H»0 is preferred due to its higher free energy release as well as it
being non-destructive to these devices.” The standard redox potential of O reduction to HO is
+1.229 V vs. SHE. By comparison, the 2e/2H* reduction of O, to H>0 is less thermodynamically
favorable, with a more negative standard reduction potential of +0.68 V vs SHE.?® However,
further reduction of H2O, by 2e7/2H* to two equivalents of water is very favorable, with a standard
reduction potential of +1.77 V vs SHE.?® When comparing electrocatalysts, overpotential (n) and
turnover frequency (TOF) are common metrics that assess efficiency and activity. As described
above, n describes the thermodynamic comparison of catalyst operating potential with the
minimum reduction potential required under operating conditions.” TOF is given in reaction rate
per unit time, reflecting how rapidly product is generated under catalytic conditions. An effective
catalyst minimizes overpotential while maximizing TOF. The essential challenge to developing
better electrocatalysts for O, reduction (and indeed any catalyst) is how to prevent the release of
reactive intermediates during catalysis to prevent side reactions and catalyst deactivation, which

can limit catalyst activity. Moduli of control in the testing and regulation of the possible reaction
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pathways include the redox potential of the catalyst and the electronic and steric effects imparted
by the primary and secondary coordination spheres.
1.3. Catalytic O, Reduction Mediated by Fe
1.3.1. Porphyrinic Systems

Fe is a common transition metal utilized by nature to assist in the activation and reduction of
O.. One of the most notable biological structures, the heme active site, plays crucial roles in the
binding, transport, and storage of O.. Heme cofactors are also important in Oz activation and
utilization as well as peroxide management and degradation.?°% This active site contains an Fe
metal center supported by a porphyrinic ligand framework. Importantly, while the Fe center
remains the same in a number of enzymes, its function is carefully tuned to achieve specific
reactivity through primary and secondary coordination sphere effects.?° Because of its versatility
and importance in nature, Fe-based molecular ORR catalysis has been dominated by porphyrinic

complexes such as porphyrins, corroles, and phthalocyanines, summarized in Figure 1.4.%°
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Figure 1.4. Generalized structure of porphyrin (left), corrole (middle) and phthalocyanine (right),
where M = Fe.
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1.3.1.1. Fe Porphyrins

As mentioned above, inspiration from nature has resulted in the development and extensive
study of Fe-based porphyrin systems, particularly iron meso-tetraphenylporphyrin ([Fe(TPP)]*)

(Figure 1.5).

Figure 1.5. Structure of [Fe(TPP)]".

Since the first report by Fukuzumi and co-workers in 1989,3'32 there have been a number of
studies that describe reactivity of [Fe(TPP)]* as well as substituted analogues’3***, a few of which
will be discussed here. The Mayer group has published a series of mechanistic studies elucidating
the full mechanism of the 4H*/4e~ reduction of O, by [Fe(TPP)]* (Figure 1.6).3>% It was found
that under both electrochemical and spectrochemical conditions with Cp*.;Fe as a chemical
reductant, there is a first-order dependence on the concentration of [Fe(TPP)]*, tosic acid (TsOH),
and O..* It is proposed that rapid reduction of [Fe'(TPP)]* to [Fe"(TPP)]° triggers reversible pre-
equilbrium Oz binding to form [Fe"(TPP)(027)]°, followed by the rate-determining protonation to
form [Fe''(TPP)(O.H")]". This species is rapidly reduced and protonated to eventually form two
equiv of H20. Interestingly, Pegis et al. propose that over the course of the catalytic reaction, the

resting state of the catalyst shifts to [Fe''(TPP)]* as substrates are consumed.*
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Figure 1.6. Proposed mechanism for oxygen reduction catgli/gg?gingy [Fe(TPP)]*, with TPP
abbreviated as an oval. Red = Cp*;Fe or electrode.?® Reprinted with permission from ref 34.
Copyright 2019, American Chemical Society, Washington, DC.

Incorporating functional groups in the phenyl substituent of the TPP ligand framework has
provided information on secondary sphere effects during catalysis.® The Collman group has
contributed significantly to the development of functional models of cytochrome c¢ oxidase,
hemoglobin, and myoglobin and the incorporation of secondary sphere substituents to understand
O: reactivity and reduction.®%383° Based on the role of secondary sphere interactions with
important catalytic intermediates, the Mayer group also studied how incorporation of proton relays
could affect ORR.*® They incorporated carboxylic acid functional groups in either the ortho (Figure
1.7, complex 1) or para (Figure 1.7, complex 2) positions on the phenyl substituent, where the

ortho-substituted analogue were poised to act as pendent proton relay.*° The presence of the

pendent proton relay both enhanced catalysis and shifted selectivity to exclusively producing H2O.
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1: R1 = 'H, Rz =-COOH
2: R1 = 'COOH, R2 =-H

Mayer and co-workers, 2012

Figure 1.7. Carboxylic acid substituted [Fe(TPP)]* derivatives studied by Mayer and co-workers
to analyze the role of pendent proton relays during the ORR.°

In addition to secondary coordination sphere modifications that interact with reactive
intermediates during catalysis, synthetic modulation can be used to tune the reduction potential
of the metal center, and therefore the overpotential (n) of the system. Mayer and co-workers
reported a series of substituted [Fe(TPP)]*s and observed a Tafel scaling relationship, where the
rate of catalytic ORR correlates directly with the overpotential of the system, suggesting that
tuning the operating potential of the system can be used to systematically alter the activity.*’

Interestingly, derivatives used in this study were also expected to act as pendent proton
relays during catalysis. However, they found that under the conditions examined (DMF-H* as a
proton source), the pendent relays are at a mismatch and too weak of proton donors to directly
protonate the Fe-OO™ intermediate and protonation must occur from the added acid.*’

More recently, Dey and co-workers have undertaken a number of studies focusing on
secondary sphere effects in ORR by [Fe(TPP)]*.4"4 In 2020, they explored the role of amines as
H-bond donors and acceptors during catalytic ORR by a substituted [Fe(TPP)], finding that there

was a “push-pull” effect by the secondary sphere functional groups that was dependent on
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solution pH.*' They determined that at low pHs there was a “pull” effect from the H-bond donation
by the substituent that activates the O—O bond and results in H>O production. However, at basic
pHs there was a “push” effect from the deprotonation of the axial H»O ligand, which increases the
pKa of the -OOH intermediate and ultimately produces H2O: as a product.*! In follow up work, the
Dey group analyzed the role of the 1,10-phenanthroline moiety and axial H2O ligand at different
pHs in the mechanism of ORR.* They found that at neutral pH, H.O binding to the Fe center is
high, inhibiting O binding. However, at acidic pHs, the phenanthroline is protonated and acts as
a H-bond donor, weakening H-O binding to the Fe center, significantly increasing the rate of O,
binding. Additionally, at basic pHs, the axial ligand becomes “OH, which also renders the trans

H20 more labile and increases the rate of O2 binding (Figure 1.8).
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Figure 1.8. Schematic representation of 6-coordinated H,O bound Fe'-Bisphen showing the
influence of push and pull effects during Oz reduction at different pHs. Modified from ref. 42.4?

The Dey group has also introduced amine groups in the secondary coordination sphere of
[Fe(TPP)]* (Figure 1.9).* When these amine groups are protonated, there is a slight positive
potential shift in the Fe""" reduction potential without a significant change in the catalytic ORR
rates. They found that the positively charged amines enhanced both O—O bond cleavage as well
as O binding to the reduced metal center. However, there was no observed correlation between
the turnover frequency (TOF) and the n, as the amine moieties played a stronger role in the rate

determining step rather than controlling the reduction potential of the metal center.**
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Dey and co-workers, 2023

Figure 1.9. [Fe(TPP)]" substituted with tertiary amine groups capable of tuning the rate
determining step during ORR analyzed by Dey and co-workers in 2023.44

The extensive work focused on [Fe(TPP)]" and its substituted derivatives has contributed
greatly to the development of efficient electrocatalysts for the ORR. Taken together, there are a
number of strategies to be employed in order to tune O reactivity at the Fe metal center.
Importantly, [Fe(TPP)]" has been an excellent model compound to interrogate the ability of various
functional groups to tune activity and selectivity during the ORR.

1.3.1.2. Fe Corroles & Phthalocyanines

In comparison to porphyrin ligand frameworks, corroles have been much less-widely studied.
While similar to porphyrins, corroles are trianionic ligands and are able to stabilize higher metal
oxidation states than porphyrins, thanks to a contracted ring structure.?®4°> Phthalocyanines are
also similar to the porphyrins, retaining a comparable inner-coordination sphere and dianionic
character. However, the prevalence of Fe corroles and phthalocyanines as homogeneous ORR
catalysts is sparse, as Co and immobilized systems dominate the field.?° In 2005, Collman and
co-workers reported a series of metal corroles containing Fe, Mn, and Co metal centers adsorbed
to an edge plane graphite (EPG) electrode for catalytic ORR. It was found that free-base, Mn and
Co-corroles catalyze the 2H'/2e~ reduction of Oz, while Fe preferably produced H0.*
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Interestingly, for Fe and Co-based systems, ORR began at much more positive potentials than
the M""" redox event. It was reasoned that the active state of the catalyst is M" that results from a
corrole-to-metal electron transfer, followed by O; binding to the reduced metal center. In 1985,
Kobayashi and Nishiyama reported a study of ORR by 4,4’,4” 4”’-tetracarboxyphthalocynanine
with an Fe (FeTPc) metal center under aqueous conditions.*® They found that FeTPc catalytically
reduced O, to H2O via a 2+2 mechanism, where H2O: is an intermediate. They also observed a
low-spin Fe(ll) intermediate by UV-vis spectroscopy and magnetic circular dichromism (MCD).
Park and co-workers reported Fe phthalocyanine (FePc) as a co-catalyst in a chemically
regenerative redox fuel cell, where Fe®* is reduced to Fe?"* at a carbon felt electrode.*” Fe** was
catalytically regenerated using the ORR to H.O by FePc and Fe?* as the reductant. However,
many reports focus on the catalytic behavior of immobilized Fe phthalocyanines for the ORR.43-%0

The prevalence of heme-like frameworks for the study of the ORR is in part the result of the
biological relevance of heme active sites and a desire to model them. Mechanistic studies and
synthetic modifications have been successfully used to elucidate the reaction mechanism of ORR
as well as understand the underlying structure-function relationships. These advancements have
contributed to the development of new types of electrocatalysts for the ORR, as well as provided
fundamental information about the behavior of structurally related dioxygen-dependent
bioinorganic cofactors. However, there remains a gap in knowledge of developing non-porphyrinic
ORR systems, despite their ubiquity in biology.
1.3.2. Non-Porphyrinic Systems

Despite the prevalence of non-heme, or non-porphyrinic, active sites in nature, there has
been significantly less focus on the development of non-heme Fe catalysts for the ORR, with only
two non-heme systems reported prior to our two disclosed systems (vide infra)."®%-% In 2019,
Duboc and coworkers studied a dinuclear Fe(ll) thiolate complex, [Fe'>(LS)(LSH)]* (LS? = 2,2"-
(2,2’-bypyridine-6,6’-diyl)bis(1,1-diphenylethanethiolate)) (Figure 1.10) for the catalytic reduction
of O, under both electrochemical and spectrochemical conditions.®' They found that selectivity
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was dependent upon the method of electron delivery: under electrochemical conditions the
system was selective for HO and with a chemical reductant the system selectively produced
H.0.. It was hypothesized that the difference in selectivity was the capability of the [Fe,°°S"* or
[Fe2®°H]" intermediate formed being immediately reduced at the electrode before being able to
react with an additional H*, whereas under chemical conditions, a second protonation that leads

to H.O, release is favorable.®"

Duboc and coworkers, 2019
Figure 1.10. Structure of [Fe'>(LS)(LSH)]* reported by Duboc and coworkers.5"

Soon after, Fukuzumi and coworkers reported an Fe(lll)TAML (TAML = tetraamido
macrocyclic ligand) (Figure 1.11) that catalytically reduced O, to H>.O by a chemical reductant
(decamethylferrocene Cp*;Fe and octamethylferrocene M#CpFe) with acetic acid (AcOH) as a
proton source in the presence of aerated acetone.®? They found that a key reaction intermediate
was the formation of an FeV(O) species by an oxygenation reaction involving triacetone triperoxide
(TATP), which is an autocatalytically formed intermediate under reaction conditions. FeV(O) was

then reduced followed by rapid protonation and reduction to release H,0.5?
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Figure 1.11. Structure of Fe"TAML, ORR catalyst reported by Fukuzumi and co-workers in
2020.%
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In 2023, Zhang et al. demonstrated the importance of bimetallic cooperativity to facilitate the
production of water in a nonheme CuFe-OAc system, comparing results to analogous CuCu-OAc
and FeFe-OAc systems.% The CuFe analogue reached a turnover frequency (TOF) of 2.4 x 103
s~ for H,O with TEA-HCI as a proton source compared to TOF of 2.7 s~ for H,O of the CuCu
system and an inactive FeFe system. The key difference in activity and selectivity was found to
be the M»-O; intermediates that are accessible during catalysis, where through computational and
mechanistic analyses it was shown that collaboration between Fe and Cu promotes O-O bond
cleavage through a key Cu'(u-n':n%-0.)Fe'" (Figure 1.12, left). In comparison, the CuCu system
was only able to form a bridging peroxo intermediate between the two Cu sites (Cu'(u-n':n'-
0)Cu", Figure 1.12, right). Importantly, reduction and O-O bond cleavage Cu'"(u-n':n?-O2)Fe"
was found to be more favorable, contrasting to Cu'(u-n':n'-O2)Cu", where the protonation of the
peroxo intermediate to release H.O» was more favorable. These data are important in
emphasizing the value of bimetallic cooperativity during the ORR in controlling activity and

selectivity, particularly for key reactive intermediates during catalysis.
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Figure 1.12. Relevant O intermediates of dinuclear CuFe and CuCu complexes during ORR
where CuFe (left) makes H,O and CuCu (right) makes H20,.%
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More recently, Paria and co-workers reported an Fe'' catalyst containing a monoanionic
bispyridine-dioxime ligand Fe"'(HL)(CH3CN)., (Figure 1.13).% Interestingly, they found the role of
the oxime protons were essential to catalytic reduction of O, to water, where exchanging the

oxime protons with either methyl groups or a bridging —-BPhz moiety suppresses catalytic activity.
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Under both electrochemical and chemical conditions using Cp*;Fe as a reductant and
trifluoroacetic acid (TFAH) as a proton source, Fe''(HL)(CHsCN), was active for ORR, where the
rate of catalysis showed a first-order dependence on catalyst, acid, and O2 concentrations.
Through mechanistic analyses, they propose that the rate-determining step of the catalytic cycle
is intramolecular proton transfer to the distal O atom of the intermediate Fe—OOH species by the
oxime backbone to promote O—-O bond cleavage and release H>O. While the —BPh. substituted
derivative is active under chemical conditions, albeit much slower, H>O is also the primary product.
The suppression of catalysis emphasizes the importance of the secondary coordination sphere

containing the proton relay in directing the proton donor co-substrate to the active site.
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Figure 1.13. Non-heme Fe complex containing oxime protons found to be the most active ORR
catalyst studied by Paria and co-workers.%’

Despite the extensive work that has focused on Fe-based systems for the ORR, there
remains a disparity in the understanding of non-heme Fe systems. Taken together, the limited
work on non-heme Fe systems for ORR has shown strategies to enhance and tune catalysis
including the use of dinuclear active sites as well as tuning the primary and secondary
coordination sphere. Elucidation of the controlling factors that tune electronic, steric, and
secondary sphere interactions that can tune ORR at Fe metal centers is crucial for the
development of optimized systems and provide a foundation for understanding the underlying

structure-function relationships of their ORR response.
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1.4. Catalytic O, Reduction Mediated by Mn

While Fe is a common metal center in the active sites of several enzymes, there are a number
of Mn-based enzymatic active sites that activate O, and play crucial roles in nature, including
superoxide dismutase, ribonucleotide reductase, and Mn catalases.'®% Mn is also found in the
only enzyme active site which oxidizes water during photosynthesis (the oxygen evolution
reaction, OER), which is the reverse reaction of the 4H*/4e~ ORR. The Oxygen Evolving Complex
(OEC) in Photosystem Il contains a Mn4sCaOs cluster, and the Mn atoms are thought to be the key
active sites for O—O bond formation.5*%% The OEC has inspired an expanding field of Mn-based
electrocatalysts for the OER.?%6"62 However, despite the prevalence of Mn-centered enzymatic
active sites for O, activation and reduction,?? there remains a lack of synthetic Mn-based
electrocatalysts for the ORR in comparison to iron and cobalt.

It is challenging to assess an exact first example of Mn-based ORR, given that O
consumption in aerobic reactions can be of secondary importance to the oxidative conversion of
interest. One of the first examples of catalytic ORR by a molecular Mn system was disclosed by
Hamilton and Revesz in 1966 (Figure 1.14).%% Interest in developing models to understand the
function of amine oxidases led to studies on an amine oxidase mimic based on catalytic amounts
of pyridoxal and Mn. Amine oxidases use O to convert alkylamines into aldehydes with ammonia
as a co-product, producing H,O; as the result of simultaneous ORR.% Hamilton and Revesz found
that under slightly basic conditions (pH 9.1), alanine could be catalytically decomposed to
pyruvate and ammonia. Reaction stoichiometry implied that H-O» was produced as a co-product
from O, although it was not observed during the reaction. However, control testing showed that
H20O- is rapidly consumed under reaction conditions, consistent with previous reports on the
aqueous chemistry of Mn(lll) ions with H20..%% It was proposed that pyridoxal and the alanine
substrate undergo a condensation reaction under catalytic conditions to form a transient imine-
containing active species with the Mn ion. It is this Schiff base-type species (Figure 1.14), which
was proposed to bind O, and facilitate the oxidation reaction.
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Figure 1.14. Catalytically relevant intermediate in amine oxidation activity, the condensation
product of pyridoxal and glycine in the presence of Mn(lll).%3

Following this report, Bettelheim et al. reported the electrochemical properties of Mn(lIl)
5,10,15,20-tetrakis-(4-N,N',N"-trimethylanilinium)porphyrin pentachloride (Figure 1.15A) under
aqueous conditions, including in the electrocatalytic reduction of O, in 1983.%¢ In phosphate buffer
with added NaCl (pH = 8), adsorption was observed (equilibration time <5 min), and the electrode
was determined to have monolayer coverage of the Mn-based porphyrin complex. Analysis of the
voltammetric response with respect to scan rate under catalytic conditions was used to propose
that H2O2 was the major product. The authors did not describe whether a significant difference in
activity was observed when comparing solutions of the Mn-based porphyrin complex with
electrodes covered by a molecular monolayer, mentioning only that a positive shift in the catalyst
standard potential was observed, which is consistent with favorable O: binding following the
Mn(II1/(I) reduction. Subsequently in 1985, Nagao et al. conducted a study on electrocatalytic
ORR mediated by Mn(lll) 5,10,15,20-tetrakis-(1-methylpyridinium-4-yl)porphyrin pentachloride
under aqueous conditions (Figure 1.15B).6” Although variable scan rate data suggested a
homogeneous response under inert atmosphere, exposure to solutions with >1 mM
concentrations of the porphyrin was found to result in adsorption and the voltammetric response
was noted to be similar for the modified electrode in a blank solution and the prepared Mn
porphyrin solutions at concentrations of 57-65 micromolar. However, the stability of the adsorbed
Mn porphyrin was found to be limited during ORR, where H>O, was the major product, suggesting
incompatibility between adsorbed catalyst and reaction product. Based on rotating ring-disk

voltammetry (RRDV), a second-order rate constant of 1.1 x 106 M~'s~! was determined for the
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ORR to H20,. Analogous adsorption phenomena for the analogous Fe-based porphyrin have

been described more recently.®®
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Bettelheim et al., 1983 He et al., 2012

Lieske et al., 2019

Figure 1.15. Structures of charged Mn(porphyrin) derivatives examined for ORR under aqueous
conditions: (A) Mn(lll) 5,10,15,20-tetrakis-(4-N,N',N"-trimethylanilinium)-porphyrin and (B) Mn(lll)
5,10,15,20-tetrakis-(1-methylpyridinium-4-yl)porphyrin.5®

Concurrent with the report by Nagao et al.,’” Evans and Sheriff disclosed the production of H20;
during ORR in a pH range of 7.5-8.6 by combining Mn(ll) with 4,5-dihydroxybenzene-1,3-
disulfonate as a catalyst (Figure 1.16).%° Solutions of hydroxylamine provided the electrons and
protons necessary to drive the reaction with turnover numbers observed in excess of 10*. A follow-
up study in 1992 by Sheriff showed that substituted catechol moieties were also active toward
ORR, although none of these combinations demonstrated better activity than the original
sulfonated derivative.”® Hydrazine was also determined to be a suitable reductant when
substituted for hydroxylamine. Notably, activity with Co, Cu, or Fe ions substituted for Mn
produced significantly lower activity. It was proposed that a bis(catecholate) Mn complex was the
active species under reaction conditions and that the O atoms coordinated to Mn played a key

role in supporting the binding of the monodeprotonated hydroxylamine reductant through a

hydrogen bonding interaction, prior to an electron transfer to O,.
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Figure 1.16. Mn(lll) bis(catecholate) complex proposed as the active species for the most active
catalytic system reported by Evans and Sheriff.®°

In 1989, Fukuzumi and co-workers reported a pair of studies on the use of ferrocene
derivatives as chemical reductants in the ORR mediated by metallotetraphenylporphyrins.3'32 In
both studies, Mn (Figure 1.17) was compared to Co and Fe in MeCN solution with perchloric acid
as the proton donor. The reaction product was not directly characterized for Mn; the Co-based
analogue was proposed to generate water via a 2+2 mechanism where the production of H20>
was mediated by Co and H,O, was reduced by the presence of excess ferrocene derivatives.
Despite having a standard reduction potential 0.5 V more negative than Co, the Mn derivative had
a lower catalytic second order rate constant of 1.4 x 10° M~'s™", compared to 1.1 x 106 M~"'s™" for
Co under the same conditions when decamethylferrocene was used as the reductant. Unlike
ferrocene, the decamethylferrocene derivative has a reduction potential which is more negative

than both catalyst standard potentials.””
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Figure 1.17. Mn(lll) 5,10,15,20-tetrakisphenylporphyrin reported as an ORR catalyst by
Fukuzumi and co-workers in 1989.31:32
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The next example of catalytic O, reduction by a homogeneous Mn complex was a non-
porphyrinic system reported by Borovik and co-workers in 2011.72 The supporting ligand
framework, bis[(N'-tert-butylurealy)-N-ethyl]-(6-pivalamido-2-pyridylmethyl)-aminato, contains
two N-coordinated monodeprotonated urea moieties and a carboxyamido group which is O-
coordinated to Mn(ll) for steric reasons as part of an overall [N4O]*~ primary coordination sphere
(IMn(Hzbupa)]~; Figure 1.18). Exposure to O rapidly produced an intermediate end-on Mn(lll)
peroxo species in the presence of diphenylhydrazine (or hydrazine), with net proton and electron
transfer occurring to the N atom of the O-coordinated carboxyamido group and O, respectively.
Over the course of five hours, the Mn(lll) peroxo species converted to a terminal Mn(l11)-O species
stabilized by significant proton donation from the carboxyamide arm, resulting in structural
character that is intermediate between oxo and hydroxo end states. This intermediate Mn(lll)
oxo/hydroxo could be converted back to the starting Mn(ll) state with water release in the
presence of diphenylhydrazine (overall two-electron/two-proton reduction reaction). Since the
formation of the Mn(lll) oxo/hydroxo intermediate also required an overall two-electron/two-proton
reduction with water release, this system became catalytic when an excess of diphenylhydrazine
and Oz were present in solution. Turnover numbers as high as 200 could be observed, with the
elevated concentrations of the water product degrading the catalyst beyond this point. The
authors proposed that a key mechanistic aspect was the participation of two different types of
hydrogen bond donors with different pKss and steric geometries, which could stabilize
intermediates and participate in formal transfers with different parameters. The development of
biologically inspired secondary coordination spheres which participate in the reaction has become
increasingly important in the development of active and selective molecular catalysts for a variety

of redox-based transformations.”3-82
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Figure 1.18. Mn-based [Mn(H:bupa)]- catalyst with secondary-sphere moieties capable of
hydrogen bonding with and proton transfer to O, and ROSs reported by Borovik and co-workers.”?

He et al. also studied the electrocatalytic performance of Mn(lll) 5,10,15,20-tetrakis-(1-
methylpyridinium-4-yl)porphyrin pentachloride in aqueous conditions (Figure 1.15B), using 0.1 M
aqueous solutions of trifluoromethanesulfonic acid as the supporting electrolyte.® Although not
directly measured, trifluoromethanesulfonic acid is expected to fully dissociate and generate a
working solution with a pH = 1.84 Under these conditions, the Mn porphyrin produced H.O; as the
primary product, with a comparable second order rate constant (10* M~'s™") to the Co analogue
which produced the same majority product, despite the standard potential for Mn being measured
to be 0.2 V more reducing under reaction conditions. Adsorption of the complex was not observed
and catalyst degradation was not described, although Bettelheim et al. had observed instability
below pH < 3.6 for the related Mn(lll) 5,10,15,20-tetrakis-(4-N,N',N"-trimethylanilinium)porphyrin
pentachloride complex (Figure 1.15A).%¢ In our own report on Mn(lll) 5,10,15,20-tetrakis-(1-
methylpyridinium-4-yl)porphyrin pentachloride, we noted an instability at pH < 3 in the Mn(ll) state
during spectroelectrochemical experiments using Britton-Robinson Buffer, vide infra.®

Abu-Omar, Fukuzumi and co-workers disclosed in 2015 that Mn(lll) corroles could catalyze
the two-electron reduction of O» using octamethylferrocene as a sacrificial electron source and
trifluoroacetic acid as the proton donor (Figure 1.19).8 Unlike the known examples with
porphyrins, this system is proposed to have a Mn(lll) active state which can react with O, to
produce a Mn(IV) superoxide intermediate. Mechanistic studies showed that the reaction rate had

a first-order dependence on the concentrations of the catalyst and O, (and was independent of
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the concentrations of trifluoroacetic acid and octamethylferrocene), which the authors ascribed to
a catalytic cycle with O» binding and reduction by one-electron as the rate-determining step.
Product analysis suggested that H.O, was the nearly exclusive product. Unlike the previous
studies by Fukuzumi and co-workers,3' no reduction of the H.O, product by octamethylferrocene
was observed, which can likely be attributed to the use of the relatively weaker trifluoroacetic acid
as a proton donor instead of perchloric acid. Although a Mn(V) arylimido was the catalyst
precursor, the following reduction and protonation to release a primary arylamine in the catalytic

reaction only required Mn(IV)/(lIl) cycling for ORR to occur.
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Figure 1.19. The resting state of the catalytic cycle proposed by Abu-Omar, Fukuzumi and co-
workers: Mn(lll) 5,10,15-tris(pentafluorophenyl)corrole.®

Duboc and co-workers then published a unique example of a dinuclear Mn catalyst based on
a dithiolate-modified 2,2"-bipyridine ligand (Figure 1.20).8” When the dipotassium salt of the ligand
was exposed to a stoichiometric amount of manganese, a dinuclear Mn complex with a single
thiol ligand was isolated (N.B. both Mn centers retained the divalent oxidation state of the
precursor perchlorate salt). We note that the stoichiometric chemistry of Mn complexes with
thiolate containing ligands and O has been explored extensively by Kovacs and co-workers. 8892
Upon exposure to dry air, both centers were oxidized by a single electron and a bridging hydroxide

species was recovered. Mechanistic studies established that the dinuclear monothiol species
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united two separate reaction cycles, where either H.O» or H,O production was favored. The
isolated p2-hydroxo species is situated on a stoichiometric reaction cycle, which produces water
in the presence of sufficient acid. Although the dinuclear monothiol Mn(ll) complex can be
regenerated electrochemically, only 35% of the material is recovered following electrolysis.
Conversely, octamethyl- and decamethylferrocene can be used to establish a catalytic cycle for
ORR in the presence of 2,6-lutidinium tetrafluoroborate as an acid with H,O, as the primary
reaction product. The authors ascribed the product differentiation as a consequence of the relative
concentrations of acid to the dinuclear Mn complex under catalytic and stoichiometric conditions:
high acid concentrations favor protonation of the M—O bond while at low concentrations O—-O bond
scission can occur. Interestingly, the Fe-based analogue of this Mn system was later shown to
have a product dependence based on whether an electrode or soluble chemical reductant was
used: under electrochemical conditions the electrode was capable of reducing key intermediates
and favoring O—-0 bond cleavage to produce water, while the diffusion-limited process of reduction

by dissolved ferrocene derivatives instead favored H,O- release through M—O bond protonation.®’

Duboc and co-workers, 2015

Figure 1.20. Dinuclear catalyst developed by Duboc and co-workers based on a dithiolate-
modified 2,2'-bipyridine ligand.®’

Noting the relatively limited examples of electrochemical ORR mediated by Mn complexes,
we became interested in identifying strictly homogeneous electrocatalysts (adsorption equilibria
with the electrode surface were not observed or implied). We noted that a feature of many general
synthetic preparations for Mn complexes is to begin with a Mn(ll) precursor and ligand under

aerobic conditions and isolate a Mn(lll) complex.®® Curious about the generality of this observation
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for salen- and salophen-type ligand frameworks,* we were interested in related ligand
frameworks which did not contain potentially reactive imine bonds.® Based on prior studies
conducted by Arora et al.,* we developed an alternative Pd-catalyzed method for isolating the
6,6'-di(3,5-di-tert-butyl-2-hydroxybenzene)-2,2"-bipyridine (*“dhbpy(H).) ligand in high-yield.®’
Exposure to a suitable base and Mn(ll) precursor under aerobic conditions allowed us to isolate
the Mn(lll) complex Mn(®*“dhbpy)CI (Figure 1.21).%” In MeCN solvent with 2,2,2-trifluoroethanol
present as a weak acid, this compound was found to be ca. 80% selective for H,O» production

during the electrocatalytic ORR using rotating ring-disk voltammetry (RRDV) methods.

Machan and co-workers, 2018
Figure 1.21. Mn(*'dhbpy)CI catalyst developed in our group.®’

Under electrochemical conditions, our mechanistic testing revealed a catalytic reaction
mediated by Mn(®"dhbpy)Cl which showed first-order dependence on the concentrations of
catalyst, O, and proton donor. Further, the Mn(l11)/(1l) reduction couple showed a sensitivity to the
concentration of the added proton donor that was independent of a CI~ ion loss equilibria. This
was ascribed to a protonation continuum involving the Mn-bound O atoms of the ligand in the
Mn(ll) state, as established through the use of a potential-pK, diagram.®® Control testing
suggested that the less-than-quantitative production of H,O, was the result of a Mn-mediated
disproportionation reaction. On the basis of these data, we proposed a catalytic cycle where the
reduction and protonation of a Mn(lll) superoxide intermediate was the rate-limiting step in the

reaction, ks in Figure 1.22.%°
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Figure 1.22. Electrocatalytic and electrochemical catalytic cycles for Mn(*“dhbpy)Cl; L(H)

indicates monoprotonation of the phenolate groups of the ligand framework.%® Reprinted with
permission from J. Am. Chem. Soc. 2019, 141, 4379-4387. Copyright 2019 American Chemical
Society.

Subsequently, we became interested in using thermodynamic reaction control”'% to
decrease the overpotential for H,O, formation.® At overpotentials (n) as low as 20 mV,
electrocatalytic turnover frequencies of 7.82 s~ were observed. Under electrochemical conditions
with buffered proton donors (equivalent amounts of proton donor and its conjugate base), a strong
dependence on acid pK, was observed and no catalytic activity occurred when the system was
placed under counterthermodynamic conditions with respect to the standard potential of H>O-
production (catalyst standard reduction potential was positive of the reaction standard potential).
However, replacing the electrode with decamethylferrocene as a source of electron equivalents
resulted in identical rates for the electrochemical ORR using same set of buffered acids with
Mn(®*“dhbpy)Cl, implying a mechanistic change had occurred. Under chemical reduction
conditions, we proposed that the Mn(lll) superoxide intermediate proposed from electrochemical
studies is a branching point between two overlapping catalytic cycles. At low proton donor activity
and concentration, the catalytic wave contains two distinct features, which we assigned to the

Mn(l11)/(11) reduction that triggers O2 binding, and the proton-dependent reduction of the resultant

Mn(lIl) superoxide. In other words, the second electron transfer requires slightly more reducing
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conditions. Since the reducing power of the decamethylferrocene chemical reductant is fixed, the
driving force for the second electron transfer decreases, allowing a disproportionation reaction to
occur whereby H,O, and O- are generated in equal amounts.

Following our initial report on Mn(®*“dhbpy)CI,°” Nocera and co-workers reported a study on
the electrocatalytic behavior of manganese porphyrins in MeCN solvent, comparing the effects of
including a pendent proton donor in the secondary coordination sphere (Figure 1.23)."°" For
Mn(lIl) 5,10,15,20-tetrakis-phenylporphyrin chloride, H.O was observed as the majority product
across a range of pKss and the rate law showed a first-order dependence on Mn and O
concentration, with a second-order dependence on acid concentration, leading the authors to
propose that hydrogen bond-assisted stabilization of a Mn(lll) superoxide intermediate was
important, prior to further reduction. The rate-limiting step was proposed to be a proton transfer-
assisted O—0O bond cleavage to generate a Mn(V) oxo intermediate which is rapidly reduced and
protonated to release water under experimental conditions. Consistent with this, the use of the
pendent proton donor changed the rate dependence on [acid]: at low concentrations of added
acid, the system showed a first-order dependence, reflecting the participation of the pendent
proton donor in stabilizing the peroxide intermediate (Figure 1.23). A shallow Brgnsted slope was
obtained in the comparison of proton donor pKa. with the catalytic rate constant, which was
ascribed to the role of the two equivalents of acid in driving an electron transfer that is not rate
determining to generate the pre-catalytic Mn(lll) peroxide state. It was also noted that the use of
strong acids promoted demetallation at sufficient concentrations under experimental conditions in
MeCN, which was determined by the appearance of a new redox wave that matched the response

of the free base porphyrin ligand.
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Figure 1.23. Mn(porphyrin)-based catalysts examined by Nocera and co-workers. Non-covalent
interactions with hydrogen bond donors were proposed to impact the equilibrium resonance
structure of the Mn—O2 adduct. The inclusion of pendent proton sources in the hangman ligand
framework was reflected in changes in the observed rate law at low acid concentrations; HA
indicates added Brantsed acid or pendent proton donor.'"!

Motivated by these precedents, we re-examined the reported behavior®”# of Mn(lll)
5,10,15,20-tetrakis-(1-methylpyridinium-4-yl)porphyrin pentachloride under aqueous conditions
(Figure 1.15B).8° Contrary to these previous reports, which showed selectivity for HO. using
phosphate buffer (pH = 7) and 0.1 M trifluoromethanesulfonic acid (pH = 1) in indirect product
analyses based on rotating disc electrochemistry (RDE), we found selectivity ranging between
82-93% for H.O across a pH range of 3-6 with pH-adjusted Britton-Robinson buffer.
Measurements at lower pH were precluded by the demetallation of the Mn complex, as had been
reported previously under strongly acidic conditions,®191-193 and at higher pH because of a
significant background ORR response by the electrode. Control experiments showed that the
selectivity for H20 is not likely to be the result of a 2+2 mechanism in the pH range of 3-6, as
expected from previous reports.'®% Using potential-pH analysis and UV-vis

spectroelectrochemistry, we proposed that the active Mn(ll) species was five-coordinate, with an

axial water ligand opposite the site of O binding.%®1%
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More recently, we returned to our Mn(*'dhbpy)Cl catalyst to develop a method to shift
selectivity from H,O, to H.O (Figure 1.24)."° Anson and Stahl had demonstrated that the
combination of Co(salophen) and p-hydroquinone resulted in a co-electrocatalytic system for the
ORR."% Based on prior mechanistic studies,"! they showed that electrogeneration of p-
hydroquinone occurs under conditions where Co(salophen) binds and activates O, through a
single electron transfer. The resultant Co(lll) superoxide is rapidly reduced by sequential HAT and
proton-coupled electron transfer reactions from the electrogenerated p-hydroquinone, resulting in
a product selectivity shift from H,O- (without p-hydroquinone) to H.O (with p-hydroquinone). Given
that our Mn-based complex is also proposed to have an important intermediate peroxide,®”* we
reasoned that redox mediators which transfer proton and electron equivalents to the catalytically
active site could also be used to enhance its activity and shift product selectivity. In contrast to the
work of Anson and Stahl, we elected to use a much weaker acid that should only monoprotonate
the electrogenerated p-benzoquinone dianion under the conditions of the reaction.'?'2" The non-
ideal solvent mixture of MeCN with molar concentrations of 2,2,2-trifluoroethanol resulted in the
favorable solvation of the dianion by 5-6 equivalents of the proton donor (Keq = 2.31 x 10° with 2.5
mM p-benzoquinone and 1.37 M 2,2, 2-trifluoroethanol).'® In this non-ideal solvation environment,
two proton transfers became thermodynamically feasible, although trifluoroethoxide base is
assumed to remain strongly associated in solution and oxidation of the reduced quinone core was
expected to favor proton transfer back to 2,2,2-trifluoroethanol.'3122123 |nterestingly, the non-
covalent assembly of weak proton donors with the reduced quinone was found to be more reactive
than p-hydroquinone'?; however, it did not have intrinsic ORR activity and similarly shifted product
selectivity from H20O> to H2O (96%) while increasing the observed activity (Figure 1.24). Based
on our studies, we proposed that the observation of a product selectivity change could be
attributed to the reduced and hydrogen bond-stabilized quinone mediator transferring one proton

and two electrons to the Mn(lll) superoxide intermediate as part of a new co-catalytic mechanism.
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Figure 1.24. A product selectivity switch from H202to H20 is observed upon the inclusion of a p-
benzoquinone (BQ) as a redox mediator in the presence of excess weak acid, TFEOH. % Adapted
with permission from Chem. Sci. 2021, 12, 9733-9741. Copyright 2021 Royal Society of
Chemistry.

1.5. Analysis of O, Adduct Structure in Mn/Co/Fe

Clearly, there is a large disparity in the available information on Mn-centered systems relative
to Fe and Co-based ones. However, comparing Mn to Fe and Co is informative to the development
of better catalysts. First, we must consider the ability of different metal centers to bind O, based
on frontier orbital configuration and reduction potential.'** Based on the limiting approximation of
the Sabatier Principle, for ORR to occur the catalytic metal center must not bind any intermediate
species, such as O,~, OOH, and OH, too weakly or too strongly. '? It is worth emphasizing that
many different scaling relationships are possible with molecular systems, but that within catalyst
families, intrinsic parameters like reduction potential can scale proportionately with activity
because of a relatively uniform relationship to the stability of intermediates and/or the energy of

the rate-determining transition state.”.126
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A 2014 study by Flyagina et al. used single-hybrid DFT functional methods to examine the
primary differences in the ORR catalyzed by Mn, Fe and Co in four different macrocyclic ligand
frameworks."?” They found that while O binding was dependent on the nature of the metal center
and the macrocycle structure, binding to Mn was the strongest in all frameworks, with the side-on
configuration preferred. The binding interaction between Co and O was found to be the weakest
and only occurred in an end-on fashion. The behavior of Fe was intermediate to these two
extremes, binding O2 in both end-on and side-on configurations. Next, the complete catalytic
cycles were assessed for model systems of the ligand frameworks with each metal center by
including an OH™ group frans to the site of O, binding. Given the relatively lower catalytic response
predicted for Mn in this class of active site in comparison to Fe and Co, the authors proposed that
its O2 binding strength impedes the kinetics of subsequent reaction steps. The Fe macrocycle
was predicted to be the most active of the three and catalyzes the ORR via a concerted 4e7/4H*
pathway. In comparison, although both pathways were feasible, Mn was able to catalyze the 2e-
[2H* pathway faster than the 4e7/4H" due to the unfavorable second protonation of the distal O
atom during catalysis.'” Further, in comparison to Fe and Co, the protonation of the intermediate
bis(hydroxide) species during the 4e7/4H* pathway to generate an equivalent of water bound to
the metal center was significantly less favorable for Mn, indicative of greater thermodynamic
stability. Qualitatively speaking, this has been observed experimentally by Fukuzumi and co-
workers, who found that Mn-based catalysts were the slowest of the three under otherwise
identical reaction conditions.3'32

A parallel study by Baran et al. disclosed a computational analysis on electrochemical ORR
mediated by porphyrinic first row transition metal complexes which included an assessment of the
role of secondary coordination sphere interactions on catalysis using a gradient-corrected DFT
functional.’®® This study found that the binding energy of metal-bound —OH, —O, and —OOH
intermediates decreased moving from left to right on the periodic table, meaning again that Mn
binds these intermediates more strongly than Fe and Co. Interestingly, the difference between the
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M—OH and M—-OOH binding energies remains constant across the first row transition metals,
suggestive of an intrinsic scaling relationship between these intermediates. A comparison of the
base metal macrocycle with a comparable ‘hangman’ scaffold containing a carboxylic acid
provided adequate conformational flexibility to stabilize the M—O intermediate through a hydrogen
bonding interaction (see Figure 1.23 for an example of a ‘hangman’ ligand). The study found that
substituting sulfonic acid for the carboxylic further stabilized the M—O intermediate, which was
attributed to its decreased pKa.'?® Overall, they found that the higher activity of the hangman
metalloporphyrins relative to the unfunctionalized porphyrin arises from a combination of the
destabilization of M—OH and M-OOH intermediates due to the inclusion of electron-withdrawing
groups at the meso positions of the porphyrin in addition to the stabilization of M—O intermediates
by the hangman carboxylic acid group.'?

Explaining why Mn binds O and its reduced intermediates more strongly than Fe and Co is
not trivial, but there are several important factors to consider. It is generally accepted that the
Fe(ll) in porphyrinic frameworks binds Oz in an end-on fashion after reducing it by one electron
and that the primary bonding interactions arise from an interaction between the vacant d.? of the
low-spin Fe(lll) center and the fully occupied ™ orbital of O», antiferromagnetically coupled as
2Fe(Il)-?02, Figure 1.25.7%° In comparison, Mn has been shown to prefer to bind O in a side-on
configuration in porphyrinic frameworks and prefers to be in a high-spin state.?¢'30 In this
geometry, calculations performed using second-order perturbation theory indicate that the major
resonance contributor is the *Mn(IV)-'02* resonance form (minor Mn(lll)-2027), where two
electrons have been formally donated from the Mn center to O, (Figure 1.25). ' The obvious
difference is that the Fe center prefers a low-spin configuration upon O2 binding and a single
electron transfer while the Mn center prefers a high-spin one, with a final electronic state which is
a resonance-averaged electron transfer greater than one but less than two. Mn(ll) has a high
spin-pairing energy relative to later first row transition metals and strong ligand fields are required
to achieve low-spin configurations in octahedral environments.?” Low-spin states become slightly
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more accessible for Mn(lll), which is also prone to Jahn-Teller distortion, but the preference is still
for a high-spin configuration. Consistent with the trend for the divalent and trivalent formal

oxidation states, the d® configuration of Mn(IV) prefers an open-shell configuration.
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Figure 1.25. Comparison of the S:al_eséironic structures proposed for O, adducts formed upon
exposure to Mn(ll) and Fe(ll) porphyrins.

Phung and Pierloot have proposed that O, binding to Mn(ll) in the porphyrinic framework
occurs through sequential electron transfer events.'' The relatively slow step is the initial electron
transfer from Mn(lIl) center occurring between its singly occupied dy. orbital and the ™ orbital
perpendicular to the metal- O2 bonding axis, forming a m-symmetric bonding interaction. The
resultant adduct is in a formally quartet spin manifold, which crosses into a different quartet spin
manifold as the distance between Mn and O: shortens during bond formation. At the minimum
energy crossing point between these two different quartet spin manifolds, a second electron
transfers from Mn dy.y2 into the ™ orbital parallel to the M-O, bond axis. The resultant fully
occupied * orbital is & symmetric with respect to the Mn dy, orbital (Figure 1.25), resulting in a
weak interaction which primarily resembles the parallel ™ orbital on O2>~. This means that the
singly occupied dyy orbital is formally antibonding with respect to this 6-symmetric interaction and
the singly occupied dy, and d. orbitals form negligible interactions with O2%". It is reasonable to
speculate that the relative inflexibility of the Mn spin manifold which manifests in this preference
for side-on binding is also a contributor to the observed ORR activity and selectivity. Relative to

an end-on superoxide adduct with distal and proximal O sites, a side-on peroxide adduct will have

symmetric O atoms that are relatively less basic thanks to interactions with the high-valent Mn
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center. For formal cleavage of the O—O bonding interaction to occur in the mononuclear side-on
peroxide adduct, adjacent oxo/hydroxo species need to form (Figure 1.2G), which isn’t sterically
accessible within a rigid macrocyclic ligand framework. In the event that the formation of a bridging
dinuclear Mn peroxide adduct is sterically accessible, the O atoms are again likely to be less basic
and formal O—O bond cleavage would result in the possibility of strong electronic coupling
between the unpaired spin of the Mn centers in the resultant Mn,O core (Figure 1.2D and F).589

As described here, there are several factors that contribute to the differences in reactivity of
O at transition metal centers. Work to understand how to effectively tune and control reactivity
and selectivity in catalytic ORR at transition metal active sites is ongoing and expansive. While
first row transition metals are a sustainable alternative to traditionally used Pt catalysts, there are
alternative strategies to be employed to further develop the field of ORR.
1.6. Metal-Free Homogeneous O Reduction Catalysis

As broadly summarized above, transition metal-centered catalysts have been the primary
focus of the field of ORR. Organic molecules are generally ineffective catalysts, given that the
highly reactive nature of ROS that are formed as a result of Oz reduction can degrade organic
molecules. However, provided that an organic molecule can undergo redox processes to form a
stable electrogenerated species at a reduction potential more positive than that of O./O,™, ET to
02 can occur and catalytic turnover is possible.”'32 While the overall number is limited, there have
been a few reports on organic molecules that have the ability to catalytically reduce 0.3
Although not described in detail here, there have also been reports of metal-free macrocycles for
the outer-sphere reduction of Oz, as well as doped graphene-based materials. 133134
1.6.1. Reduction of Oz by Organocatalysts via Outer-Sphere Mechanisms

Upon reduction of O, to O», there are a number of accessible pathways (Figure 1.26) to
form H>O3, via an outer-sphere mechanism initiated by a redox-active organic molecule. Oz can

be protonated to form a HO;’, which can be further reduced by one e~ or by an equivalent of O™
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to form HO,, followed by protonation to form HzO,. Alternatively, two equiv of HO;" can

disproportionate into an equivalent of H,O2 and Oa.

" _
0, ‘L_‘ HO," < € HO,~
N

HO,®
H,0,

Figure 1.26. Possible reaction pathways of superoxide (O2"") formed via an outer-sphere electron
transfer.

One of the first reports of metal-free ORR by a homogeneous organic molecule was in 1985
when Savéant and co-workers reported methyl viologen (MV?*, Figure 1.27) as an efficient
catalyst for outer-sphere O reduction in acidic dimethylsulfoxide (DMSQ)."*? In the presence of
acetic (AcOH) and chloroacetic acid (CIAcOH), MV?* operated under total catalysis conditions to
form H0.."32 It was proposed that ORR by MV?* was an outer-sphere mechanism, where an ET
from MV** to O, forms Oz, which is protonated to form HO;'. An additional outer-sphere ET from

MV** occurs to form HO,™ and is protonated to make H;O..

Savéant and co-workers, 1985

Figure 1.27. Methyl viologen studied by Savéant and co-workers for ORR in DMSO with AcOH
and CIAcOH as proton sources.'3?

Following this, Audebert and Hapiot reported a series of 9-(4-X-phenyl)-N-methylacridinium
salts (Ac(X)" where X = H, F, CI; Figure 1.28) in DMSO with CIAcOH as a proton source that were
also active for the ORR toward H>O, (Figure 1.28). They found that at low O» concentrations,
total catalysis was achieved, with the recovery of the reversible Ac(H)*/Ac(H)" at —-0.503 V vs. SCE
for X = H. The substituents had little effect on catalysis, where the kinetic rate constant of ET (ker)
from Ac(X) to O, was dependent on the reduction potential of Ac(X)* and a more negative
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reduction potential lead to an increase in ker. The unsubstituted Ac(H)* had the most negative
reduction potential of —0.503 V vs. SCE, followed by Ac(F)* of —-0.490 V vs. SCE and Ac(Cl)* of —
0.480 V vs. SCE with observed kerof 5 x 10°® M"s™", 5 x 105 M"-s™", and 1.5 x 10°° M~"-s",
respectively. They proposed that the operational mechanism was similar to that was previously
reported by Savéant (described above), where H.O» was formed via an outer-sphere mechanism.

X

®
L

X=H,F, CI
Audebert and Hapiot, 1993

Figure 1.28. Substituted 9-(4-X-phenyl)-N-methylacridinium salts that are active for ORR in
DMSO with CIAcOH as a proton source.'3®

1.6.2. Reduction of O by Organocatalysts via Inner-Sphere Mechanisms

There are fewer examples of organocatalysts that operate through an inner-sphere
mechanism, where O; binds to an active site during catalysis. In 2020, Gabbai and co-workers
analyzed a series of xanthylium-based molecules (Figure 1.29) that catalytically reduced O to
H.O. with Cp*;Fe as a chemical reductant and methanesulfonic acid (MeSO3H) as a proton
source in MeCN solution.™® It was found that [4]** was the most active catalyst under these
conditions with a first-order dependence on catalyst and acid concentrations and a second-order
catalytic rate constant (keat) of 367 + 6 M~" s, followed by [3]?*, [2]?*, and [1]*."%® They proposed
that after formation and protonation of a bridging peroxo species between the two carbenium
atoms, protonation of the key hydroperoxo intermediate to release H.O, was rate-limiting. They
the higher catalytic activity to the rigid dimethylxanthine backbone containing an O atom, which

destabilizes C—-O-0O-C moiety during catalysis, making protonation more favorable. Interestingly,
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these results emphasized the importance of linkers in catalyst activity as well as the role of the

bifunctional carbenium groups.
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Figure 1.29. Series of xanthylium compounds that were analyzed for catalytic O, reduction by
Gabbai and co-workers. 36

More recently, Kiatisevi and co-workers reported substituted imidazole-benzimidazole
catalysts for the ORR in neutral and alkaline aqueous solution (Figure 1.30)."3” Substituting the
imidazole moiety to tune the electronic properties of the catalyst showed a shift in selectivity. It
was reported that incorporation of electron-withdrawing —NO, showed high selectivity for H>O in
a neutral aqueous solution. However, unsubstituted catalysts (where R = H, Figure 1.30) had the
highest selectivity for H,O in alkaline conditions and achieved the highest TOFs in both neutral
and alkaline conditions. Based on DFT calculations, they propose that an inner-sphere reaction
occurs between the imidazole-benzimidazole to O, initiating formal reduction to a carbon-bound

02"~ moiety, which is reduced and protonated to release H20,."¥’

N N
/ pal
{3~ T 3w

I=z

R = H, NO,, OCH,

Kiatisevi and co-workers, 2023

Figure 1.30. Substituted imidazole-benzimidazole catalysts for the ORR in neutral and alkaline
aqueous solution.™’
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1.7. Outline of Research Chapters

Motivated by an interest in earth abundant systems for the ORR which include non-heme Fe
and Mn complexes, as well as by the possibilities offered by organoelectrocatalysts, several
studies have been undertaken to elucidate the reactivity of O, at these active sites. First, in
Chapter 2 we have examined a bioinspired non-heme Fe catalyst containing an [N3O]" ligand
framework for the ORR using acetic acid (AcOH) as a proton source under spectroscopic
conditions using Cp*:Fe as a chemical reductant. Following this, Chapter 3 describes an
additional non-heme Fe-based system for the ORR containing a terpyridine [N3O]~ ligand
framework with AcOH again as a proton source. Interestingly, both Fe catalysts operate via a 2+2
mechanism, where H>O, produced during catalysis is reduced by 2H*/2e~ to H.O. We found that
with using a more flexible ligand framework dimerization was favorable due to the axial ligand
trans to the Oz binding site. Interested in expanding the understanding of O reactivity at Mn metal
centers, we analyzed the incorporation of -OMe pendent groups in the secondary coordination
sphere of bipyridine based ligand frameworks in Mn catalysts, described in Chapter 4. We found
that introduction of a pendent relay shifts selectivity to H>O, and through the addition of added
base, we can tune the accessible reaction pathways. In an attempt to move toward more
sustainable catalysts, Chapter 5 describes catalytic ORR under both electrochemical and
spectrochemical conditions by an iminium-based organic electrocatalyst, revealing a change in
accessible reaction pathways depending on the electron source. Under electrochemical
conditions, an inner sphere mechanism occurs where reduced catalyst can bind O, and reduce
it to water, whereas under spectrochemical conditions an outer-sphere mechanism occurs where
initial Oz reduction to Oz is followed by H2O- production. We attribute this difference in reactivity
to the availability of reduced catalyst in the solution. In an extension of Chapter 5, Chapter 6
explores the use of a substituted phenanthroline diium complex for the reduction of O» and how

changing acid pKs can affect ORR. We found that an off-cycle dimer species forms during
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catalysis and use of a sufficiently strong acid can mitigate its affect under certain conditions.
Finally, Chapter 7 summarizes the conclusions and outlook of the work described here.
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2.1. Abstract

We report a bioinspired non-heme Fe complex with a tripodal [N3O]- ligand framework
(Fe(PMG)(CI),) that is electrocatalytically active toward dioxygen reduction with acetic acid as a
proton source in acetonitrile solution. Under electrochemical and chemical conditions,
Fe(PMG)(CI), selectively produces water via a 2+2 mechanism, where H,O; is generated as a
discrete intermediate species before further reduction to two equivalents of H,O. Mechanistic
studies support a catalytic cycle for dioxygen reduction where an off-cycle peroxo dimer species
is the resting state of the catalyst. Spectroscopic analysis of the reduced complex Fe'(PMG)CI
shows the stoichiometric formation of an Fe(lll)-hydroxide species following exposure to H202; no
catalytic activity for H.O, disproportionation is observed, although the complex is
electrochemically active for H,O; reduction to H»O. Electrochemical studies, spectrochemical
experiments, and DFT calculations suggest that the carboxylate moiety of the ligand is sensitive
to hydrogen-bonding interactions with the acetic acid proton donor upon reduction from Fe(l11)/(ll),
favoring chloride loss trans to the tris-alkyl amine moiety of the ligand framework. These results
offer insight into how mononuclear non-heme Fe active sites in metalloproteins distribute added

charge and poise proton donors during reactions with dioxygen.
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2.2. Introduction

The oxygen reduction reaction (ORR) plays important roles in both biological energy
conversion and next-generation energy technologies.' Selectivity for the two proton-two electron
(2H*/2e7) product, H20,, is attractive as a direct route to an important chemical oxidant." 7 The
alternative 4H*/4e~ product, H-O, is an ideal half-reaction for fuel cell applications, where it
enables the coupled electrochemical oxidation of energy-rich fuels.” This is analogous to the use
of Oz in many bioinorganic systems, where O: reduction drives chemical oxidation reactions.
Additionally, the ORR can proceed via a 2+2 mechanism, where the 2H*/2e™ reduction of O to
H20 is further reduced by an additional 2H* and 2e~ to H,O." An understanding of what controls
O, activation, reduction, and ORR selectivity at well-defined metal active sites remains an
important question.

Platinum has traditionally been the best catalyst for the ORR, but due to its high cost and
limited reserves, low-cost and earth-abundant transition metal catalysts are needed. ® Stemming
from continuous efforts to mimic biological active sites for O, storage, transport, and activation,
macrocyclic N4 complexes with iron,®° cobalt,’®" and manganese'?' active sites have been
studied extensively as molecular catalysts for the ORR."'*"® Non-macrocyclic ligand frameworks
have been relatively less explored, with limited reports on cobalt-,'*? copper-,2'2? and
manganese-based?*?> systems.! To the best of our knowledge, there has only been one
previously reported non-macrocyclic iron system shown to be a competent catalyst for the ORR.?®
In 2019, Wang et al. reported an iron(ll) thiolate dinuclear complex that was an efficient ORR
catalyst whose selectivity shifted from H>O, (~95%) under chemical conditions to H>O (less than
~10% H20-) under electrochemical conditions.? It is also worth noting that an electrode-deposited
molecular non-heme iron catalyst for the ORR has been reported previously.?’

Despite the focus on Fe heme-based molecular ORR catalysts, there are abundant examples
of non-heme Fe metalloenzymes that activate dioxygen.?-3? For example, iron dioxygenases
catalyze the oxidative cleavage of catechols during the degradation of natural aromatics.?® The
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inner coordination sphere of this active site contains histidine residues and an anionic carboxylate
moiety.?%333* Synthetic models of dioxygenase active sites have been developed using a variety
of tripodal ligand frameworks to study O activation and reactivity with catechol.?°3%-3° However,
we are unaware of demonstrated catalytic activity toward the ORR with these activity and
structural models. Interestingly, homologous mononuclear Fe active sites are also observed in Fe
superoxide dismutase, lipoxygenase, pterin-dependent hydroxylases, a-keto acid dependent
enzymes, and isopenicillin N synthase.?94°

A [N3O] tripodal ligand framework provides an anionic O group in the inner-coordination
sphere, which can act as a Lewis base, and two open coordination sites in the axial and equatorial
positions that allow for substrate binding.®® Using a [N3O] ligand that mimics the inner-
coordination sphere of the metalloenzymes described above, we show that the non-heme Fe(lll)
complex Fe(PMG)(CI). electrocatalytically reduces O; to water through a 2+2 mechanism with
quantitative efficiency. Further, a component of catalyst activation during reduction is a
noncovalent interaction between acetic acid and the carboxylate moiety, suggesting that
distribution of added charge and proton equivalents between the metal center and ligand
framework is essential to the observed activity.
2.3. Results
2.3.1. Synthesis and Characterization

N-N"-bis(2-pyridylmethyl)glycine (PMG(H)) was synthesized using previously reported
procedures.*’ Under basic conditions, a solution of glycine and two equivalents of 2-
(chloromethyl)pyridine hydrochloride was allowed to stir at room temperature for five days.
Metalation of PMG(H) to generate Fe(N,N"-bis(2-pyridylmethyl)glycine)(Cl). (Fe(PMG)(Cl)2) was
achieved after 24 h under reflux conditions in ethanol with a stoichiometric amount of iron(lll)
chloride hexahydrate. UV-vis and NMR spectroscopies, as well as ESI-MS and microanalysis

(See SI), are consistent with the crystallographically determined structure of the Fe complex
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shown in Figure 2.1. Evans’ method measurements in methanol (MeOH) exhibited a per of 5.64

+ 0.05, consistent with a high spin d® Fe(lll) complex.*243

Figure 2.1. Molecular structure of Fe(PMG)(CI). from single crystal X-ray diffraction studies.
Orange = Fe, green = Cl, red = O, blue = N, gray = C; H atoms omitted for clarity; ellipsoids at
50%.

2.3.2. Electrochemical Studies with Oo.

-9.5x10™*7 ——Ar + [Fe]
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Figure 2.2. CVs of Fe(PMG)(Cl). under Ar (black) saturation with 0.525 M AcOH (blue) and O-

(red) saturation with 0.525 M AcOH (green). Conditions: 1 mM Fe(PMG)(Cl)2, 0.1 M TBAPFs in
MeCN; glassy carbon working electrode; Ag/AgCI pseudoreference electrode; scan rate 100
mV/s; referenced to internal ferrocene standard.

Cyclic voltammetry (CV) experiments were performed on Fe(PMG)(CI). in a solution of 0.1
M tetrabutylammonium hexafluorophosphate (TBAPFs) in acetonitrile (MeCN). A single quasi-

reversible feature is observed at E1» = —0.44 V vs. Fc*/Fc (Figure 2.2, black trace), which is

attributed to the Fe(lll)/(II) reduction. This reduction feature shows a proton donor-dependent
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voltage response where titrating acetic acid (AcOH) into solution shows a shift to more positive
potentials (Figure 2.2, blue trace). Plotting the Ei» values against log[AcOH] exhibits a 127
mV/log [AcOH] dependence (Figure S2.6). Although Nernstian responses can be consistent with
a proton-coupled electron transfer (PCET) process,?***45 control studies suggest that formal
proton transfer does not occur under these conditions. We conducted analogous electroanalytic
studies with a control complex containing a neutral ligand framework (tris-pyridylamine = TPA),
[Fe(TPA)(CI),][CI], whose structure is similar to a previously reported Fe(ll) complex.*® In MeCN
solution, a reversible Fe(lll)/(11) redox feature at —0.20 V vs Fc*/Fc is observed under Ar saturation
conditions, which shows a proton donor-dependent voltage response: titrating AcOH shows a 91
mV/log [AcOH] dependence (Figure S2.7). These data suggest that addition of AcOH aids in CI~
dissociation. However, the steeper voltage dependence of Fe(PMG)(Cl). on [AcOH] is suggestive
of additional interactions, which we propose involve hydrogen-bonding interactions with the
anionic carboxylate group, vide infra.

Under O, saturation conditions the Fe(ll)/(ll) reduction feature of complex 1 becomes
completely irreversible (Figure 2.2, red trace), indicative of O binding to the reduced metal center
via an EC mechanism.**® To ensure that the observed loss of reversibility was not attributed to
delayed CI" loss, variable scan rate studies were performed from 20-100 mV/s under Ar saturation
conditions (Figure $2.8). These data suggest chloride-loss kinetics are slow on the CV timescale
and that irreversibility is driven by thermodynamically favorable O, binding to Fe(ll). In the
presence of AcOH as an added proton donor, there is an increase in current at the Fe(lll)/(11)
reduction feature, consistent with electrochemical activity toward O, reduction (Figure 2.2, green
trace). Subsequently, second-order rate constants for O, binding under aprotic (ko2) and protic
(ko2,1+) conditions were determined using the evolution of the observed peak potential with respect
to changes in scan rate, as previously described by Dempsey and co-workers.*>*° The rate
constant, ko2, was determined to be 18.6 + 4.6 M~'s™" and kozn+ = 7.88 + 1.2 M~'s™" with 0.525 M
AcOH (See SI). The decrease from aprotic to protic conditions indicates that O, binding is

91



sensitive to the reducing power of the Fe center in a Tafel-dependent manner. Rotating ring-disk
electrode methods were used to determine that Fe(PMG)(Cl). demonstrated 25 £ 10% selectivity
for H.O2 under electrochemical ORR conditions with 0.525 M AcOH present (See SI).

To analyze the proton-donor dependence and take into account homoconjugation of AcOH
in MeCN (log(Kana) = 3.9), CVs were subsequently taken under buffered conditions. ° Addition of
1:1 tetrabutylammonium acetate (TBAAcO):AcOH resulted in a negative potential shift of 190 mV
in the Fe(lll)/(Il) reduction feature (Figure $2.12), indicative of acetate binding as a ligand to the
Fe metal center and implying the formation of a new Fe(lll) species. Spectrochemical evaluation
of ORR catalysis under buffered conditions showed a significantly slower rate in comparison to
non-buffered conditions, reflecting the shift to a more negative potential (Figure S2.30). We
propose that the observed decrease in activity is the result of superior binding of acetate to the
Fe center following reduction to the formally Fe(ll) state. As a result of this inhibition, although the
effective overpotentials given below are corrected using the reported homoconjugation value for
AcOH in MeCN, this value should still be considered as a lower limit estimation (See Sl).*2

2.3.3. Spectrochemical Studies with O.
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Figure 2.3. Representative UV-vis spectral changes under catalytic conditions in MeCN over 15
min. Concentrations: 50 yM Fe(PMG)(Cl)2, 35 mM AcOH, 4.05 mM O,, and 1.5 mM Cp*;Fe. Inset:
Absorbance changes at 780 nm arise from the formation of [Cp*2Fe]*.
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Catalytic ORR experiments with Fe(PMG)(Cl)> were run under spectrochemical conditions
using decamethylferrocene (Cp*2Fe) as a chemical reductant. UV-vis stopped-flow spectroscopy
was used to determine the kinetic parameters of the ORR based on the rate of [Cp*:Fe]”
appearance under O, saturation conditions with AcOH present in MeCN (Eq. 2.1, Figure 2.3),
where under the same reaction conditions without Fe(PMG)(Cl)., the system shows negligible
background reactivity (Figure $2.29). Variable concentration studies were used to elucidate the
catalytic rate law of the ORR by Fe(PMG)(CI)2, which showed zero-order dependencies on
[AcOH], [Cp*:Fe], and [O2]. Conversely, a half-order dependence was observed on
[Fe(PMG)(CI),] (Eq. 2.2, Figures S2.20-S2.23). The turnover frequency (TOF) was determined
to be 0.92 s~ with 35 mM AcOH (overpotential (n) = 0.15 V, see Sl). As mentioned above, the
lack of activity under buffered conditions precludes us from being able to accurately calculate
overpotential. We have corrected the reported standard reduction potentials for the ORR, as
outlined in the SI, to take into account the pKa (23.5) and log(Kana) (3.9) values for AcOH in MeCN.

1.91.52 \We emphasize here that our calculation of overpotential is a lower-limit approximation.

0, + 4Cp3Fe + 4AC0HF: 2H,0 + 4Cp;Fe™ + 4AcO~ (2.1)
rate = k.qt[Fe]®>[AcOH]°[0,]°[Cp;Fe]° (2.2)

Selectivity for the ORR determined via a Ti(O)SOs-based colorimetric assay showed the
system had H2O; selectivity of only 1.1 + 2%, which is less than the 25% H-0O. selectivity under
electrochemical conditions. % Notably, control experiments indicated that no H.0;
disproportionation occurred over the course of 30 minutes when Fe(PMG)(Cl);, AcOH, and
urea*H>O, were combined under Ar gas saturation conditions (Figure $2.18). However, placing
Fe(PMG)(CI). under anaerobic conditions with Cp*,Fe in addition to added acid and urea*H.0O-
showed rapid reduction of H2O, to H.O with quantitative efficiency. We attribute the difference in
observed selectivity under electrochemical and spectrochemical conditions to the timescale of

each experiment. In a typical spectrochemical product quantification experiment, the reaction is
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run to completion with respect to the amount of O, present (~15 minutes) in the presence of
excess Cp*2Fe and AcOH, which allows for any H-O» produced during catalysis to be further
reduced by Fe(PMG)(CI).. However, in a typical RRDE experiment, catalysis occurs at the glassy
carbon disk and H»O; produced during catalysis is rapidly (~1 second) swept away from where
catalytically active Fe(ll) is generated, preventing further reduction. Consistent with this, control
experiments show no catalytic activity for disproportionation of H,O, mediated by Fe(PMG)(ClI).
(Figure S2.18), although stoichiometric oxidation of the singly reduced Fe'(PMG)CI complex is
observed, vide infra. Overall, these data support a ~99% selectivity toward water corresponding
to the consumption of neat = 3.98 electrons per catalyst turnover and implicate a 2+2 mechanism,
where H20: is a discrete intermediate. Variable-temperature stopped-flow spectroscopic data was
used for Eyring analysis of the ORR catalyzed by Fe(PMG)(Cl). (Table 2.1, Figure $2.32), which
revealed a barrier for the rate-determining step (RDS) at 298 K of 20.5 kcal mol”, which is
consistent with the observed TOF of 0.92 s™".

Table 2.2. Eyring Parameters of O, Reduction with Fe(PMG)(Cl), from Variable-Temperature
Spectrochemical Experiments.

AH?* 4.82 kcal mol!
AS* -52.5 cal mol" K"
AGizgsK 20.5 kcal mol'1

The reduction of H20 to H20 under spectrochemical conditions was also studied using UV-
vis stopped-flow spectroscopy, revealing relatively faster rates than the ORR catalyzed by
Fe(PMG)(Cl). (Eq. 2.3, Figure 2.4). Variable concentration studies under anerobic conditions
revealed a rate of H»O; reduction that has first-order dependencies on [Fe(PMG)(CI).] and
[AcOH]. Conversely, zero-order dependencies on [Cp*;Fe] and [H2O2] are observed under the
same conditions (Eq. 4, Figures $2.24-S2.27) and the TOF was determined to be 2.9 x 103 s~
(n = 0.49 V, see SI). Interestingly, the Cp*;Fe is required to be present in solution for any

consumption of H,O, to occur (Figure S2.18). As before, this overpotential is determined by
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correcting the standard potential for the homoconjugation of AcOH and is a lower-limit

approximation.
F
H,0, + 2Cp;Fe + 2AcOH— 2H,0 + 2Cp;Fe* + 2AcO0~ (2.3)
rate = keqt[Fe]*[AcOH][H,0,]°[Cp3Fe]® (2.4)
0.9
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Figure 2.4. Absorbance changes at 780 nm dI;nlg gEL formation of [Cp*2Fe]" during O (black)
and H20: (red) reduction catalyzed be Fe(PMG)(Cl).. Conditions: (black) 50 uM [Fe(PMG)(Cl).],
35 mM [AcOH], 1.50 mM [Cp*2Fe], 4.05 mM O: (red) 50 uM [Fe(PMG)(Cl)2, 35 mM [AcOH], 1.53
mM Cp*2Fe, 4 mM urea*H;0..

2.3.4. Electrochemical Studies with H>O.

CV studies were also performed with Fe(PMG)(CI). in the presence of H.O; with AcOH under
an inert atmosphere (Ar). Addition of urea*H>O; to a solution of Fe(PMG)(CI). resulted in the loss
of reversibility of the Fe(ll)/(Il) feature, indicative of the formation of an irreversible reaction
between Fe(ll) via a non-catalytic EC mechanism (Figure 2.5, red trace).*®#° The evolution of
observed peak potential with respect to changes in scan rate was used to determine the second-
order rate constant for H.O, binding, as previously described.*®%° The rate constant, kn2o2 was
determined to be 1.52 + 0.16 x 10% M-'s™" (See SI) and is consistent with the difference in O, and
H.O, reduction rates observed under spectrochemical conditions (Figure 2.4).Spectroscopic

studies described below indicate that the primary product of this stoichiometric EC reaction is an

Fe(lll)-OH species. However, complex 1 is electrocatalytically active toward H>O- reduction in the
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presence of AcOH, with an appreciable increase in current density at the Fe(lll)/(Il) redox feature
(Figure 2.5, green trace) consistent with the spectrochemical data discussed above. Overall, the
spectrochemical and electrochemical data suggest that the Fe(lll) state of the pre-catalyst

Fe(PMG)(CI), does not appreciably react with H2O-.
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Figure 2.5. CVs of Fe(PMG)(Cl), under Ar (black) saturation with 5.3 mM urea*H»0O; (red), 0.525

M AcOH (blue) and 0.525 M AcOH in the presence of 5.3 mM urea*H.O- (green). Conditions: 1
mM Fe(PMG)(CIl),, 0.1 M TBAPFs in MeCN; glassy carbon working electrode; Ag/AgCl
pseudoreference electrode; scan rate 100 mV/s; referenced to internal ferrocene standard.
2.3.5. Spectroscopic Studies with Fe'(PMG)CI

To better probe reaction intermediates, we directly prepared the catalytically active Fe(ll)
species (Fe'(PMG)CI) under anaerobic conditions and undertook UV-vis and 'H-NMR
spectroscopic studies in MeCN in the presence of Oz, H.O,, and AcOH. First, we analyzed the
role of the reduced Fe(ll) in hydrogen-bonding with AcOH during catalysis. Titrating increasing
amounts of AcOH to a sample of Fe(PMG)(CI), shows minimal spectral changes, whereas adding
AcOH to Fe'(PMG)CI shows distinct increases in absorbance at 260, 325, and 365 nm, indicative
of an interaction between AcOH and Fe'"(PMG)CI (Figure S2.34). UV-vis spectroscopic studies
revealed that exposure of Fe'(PMG)CI to O, at room temperature resulted in the formation of a

new stable species after 8 minutes (Figure S2.36). To assess if this species corresponded to the

proposed dimeric Fe species, we next titrated increasing amounts of urea*H-0O, to a 50 uM
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solution of Fe'(PMG)CI; clean isosbestic points were observed and changes in the UV-vis
spectrum associated with the Fe(ll) complex saturated at a 1:1 ratio of Fe'(PMG)CI to H.0,
(Figure $2.37). During this titration a band of relatively low absorptivity at 409 nm decreases in
intensity, accompanied by the appearance of a new feature at 365 nm, with corresponding
increases in absorbance features at 327 and 259 nm (Figure 2.6).

Molar absorptivity plots comparing the species produced when Fe'"(PMG)CI exposed to O
and H>O- with Fe(PMG)(CI). indicate a loss of all Fe(ll) features are lost with O, and H.O- (Figure
2.6). These data suggest formation of a Fe(lll) species, however, the spectral features following
02 and H20O; exposure do match those of an authentic sample of Fe(PMG)(CI)., which we propose
is consistent with the absence of one of the chloride ligands. To assess alternate possibilities for
the primary coordination environments in the Fe(lll) species that is formed, we exposed a sample
of Fe(PMG)(ClI)2 to tetrabutylammonium hydroxide (TBAOH). Overlay of Fe(PMG)CI. with and
without added TBAOH with Fe'(PMG)CI exposed to O, and H,O, show good agreement,
indicating that the product mixture likely contains stable Fe(lll)-OH species (Figure 2.6). Since
the kinetic data obtained in the mechanistic experiments imply the existence of an off-cycle dimer
species, the formation of the same Fe(lll)-OH species obtained from these two reactions suggest
that the presumptive diiron peroxo dimer intermediate is reactive under experimental conditions,

scavenging adventitious protons or H atom equivalents.
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Figure 2.6. Molar extinction plot of 50 yM Fe(PMG)(CI)2 (black trace) exposed to 50 uM TBAOH
and 50 uM Fe'(PMG)CI (green trace) exposed to 50 uM urea*H.O, (blue trace) and O (purple
trace) in MeCN.

To supplement these data, we next analyzed the reactivity of Fe'(PMG)CI with AcOH using
"H-NMR spectroscopy. The paramagnetic '"H-NMR spectrum of Fe'(PMG)CI under N2 showed six
well-resolved broad resonances, indicative of a complex with a plane of internal symmetry (Figure
$2.39). The addition of 0.3 M AcOH under N, showed changes consistent with the loss of the
initial symmetry of Fe'(PMG)CI with ten total paramagnetic resonances observed (Figure S$2.40),
which we ascribe to a hydrogen-bonded adduct of AcOH and the Fe(ll) complex, as was
previously demonstrated by comparable UV-vis (Figure $2.34) and electrochemical data (Figure
2.2). Exposure of Fe'(PMG)CI to H2O. and O, showed a loss of all resolved paramagnetic
features, precluding us from being able to characterize the Fe(lll)-OH species via '"H-NMR.
2.3.6. DFT Calculations

To better understand the role of non-covalent interactions in facilitating chloride loss and the
observed shift in the Fe(lll)/(Il) redox couple, we examined the thermodynamic positioning of
reaction pathways involving Fe(PMG)(CI). (complex 1) AcOH, MeCN, and the chloride anion
before and after one-electron reduction using DFT methods (See Sl). Note that this level of theory

accurately replicated the sextet ground state of the complex observed experimentally; for brevity
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only the lowest energy spin configuration will be discussed, although alternative pathways have
also been computed (See Computational Coordinates). From complex 1, chloride loss is
endergonic: frans to the ftri-alkyl amine fragment of the ligand +13.8 kcal/mol, trans to the
carboxylate +10.1 kcal/mol. Subsequent binding of MeCN is exergonic in both cases, however,
the net displacement of chloride by MeCN is at least 8.0 kcal/mol endergonic (Figure 2.7). The
introduction of AcOH in a non-covalent interaction with the Fe-bound carboxylate is at least 4
kcal/mol endergonic in both cases. Alternative mechanistic pathways for the ordering of these

three reaction steps were all higher in energy.

s T+
= ]+ CN ,FI__..CI
Wi o e_;.u/ Acoufof '!‘e:)Nj
NG JPVAVE
o
=\ ¢l
+12.8 @Z s ]+
= AcOH—! "!“N/l
] oie w
o OJ\/
£
©
o
-
(]
<3
= Cl 0
Qe ]
Acor\lﬂo'rI‘:jcj
= ¢ : ’
G it

. FeL ,
00 Qg e oz 0

o

Figure 2.7. Computed reaction pathways comparing the effects of reduction and AcOH on
chloride loss and MeCN binding. All Fe(lll) species are S = 5/2; all Fe(ll) species are S = 2;
alternative spin configurations were higher in energy.

Alternatively, a much lower pathway exists when complex 1 first undergoes a redox reaction
with the Cp*;Fe reductant in solution (+4.5 kcal/mol). This reduction produces a formally Fe(ll)
species, which is most stable in the S = 2 spin manifold; alternate spin configurations were higher
in energy. Chloride loss then becomes exergonic at both the possible positions (Figure 2.7, red

and black, however AcOH binding is only favorable when chloride loss occurs in the position trans

to the tri-alkylamine moiety of the ligand framework (Figure 2.7, black). For both of the reduction-
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first pathways, MeCN binding is slightly endergonic (+2.7 kcal/mol from the final species in the
black pathway, Figure 2.7; +0.6 kcal/mol for the red). Formal protonation instead of MeCN binding
is also thermodynamically disfavored in these non-covalent adducts by at least 4.2 kcal/mol and
solvento speciation does not help the favorability of the formal protonation reaction. Therefore,
the lowest energy species in solution following one-electron reduction is five-coordinate, with a
vacant coordination site opposite the tri-alkylamine. Non-covalent interactions between the five-
coordinate neutral Fe species and AcOH increase the thermodynamic favorability of the chloride-
loss reaction. Alternative sequences for reduction, chloride loss, and AcOH binding all produced
higher-energy pathways.
2.4, Discussion

Based on combined electrochemical and spectrochemical data, we can propose a
mechanism for the ORR catalyzed by Fe(PMG)(Cl).;, Scheme 2.1. Starting from 1, a
thermodynamically favorable non-covalent interaction between the anionic carboxylate group of
the ligand in the inner coordination sphere and AcOH drives Cl loss following the formal reduction
of the Fe(lll) metal center to an Fe(ll) species to form intermediate 2. This proposal is supported
indirectly by the sensitivity of the Fe(lll)/(Il) redox feature to added AcOH and directly by UV-vis
spectroscopic data obtained during the titration of AcOH into solutions with Fe(PMG)(CI)2 and
Fe'(PMG)CI, showing a distinct interaction for the Fe(ll) complex (Figure S2.34). Consistent with
this interpretation, paramagnetic '"H NMR data show a loss of internal symmetry for the Fe(ll)
species, Fe'(PMG)CI, when AcOH is added (Figure $2.40). These experimental data are
supported by DFT studies, which suggest chloride loss occurs opposite the tri-alkyl amine

fragment of the ligand.
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Scheme 2.1. Proposed catalytic cycle for the ORR catalyzed by Fe(PMG)(CI)..
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From this five-coordinate neutral species, we propose that O, binds to the Fe(ll) metal center
to form a mononuclear superoxo species, 3. Using variable-scan rate electrochemical
experiments, a second-order rate constant of kozn+ = 7.88 £ 1.2 M~'s™ is obtained with AcOH
present for this reaction. From this intermediate it is likely a second equivalent of 2 reacts with an
equivalent of 3 to form a bridging peroxo species, 4, which we propose to be the resting state of
the catalyst in solution. This assignment of an off-cycle dimer is based on the mechanistic kinetic
analysis of this catalyst system described above, where the reaction has a half-order
concentration dependence on the Fe-based catalyst precursor, Eq. 2.2. Off-cycle dimers have
been previously reported for other systems and were likewise observed to have a half order
concentration dependence with respect to catalyst.>*% Based on literature precedent, we
speculate that a p2-1,2-peroxo coordination mode is a likely possibility, although we note the
reactivity of this species has precluded direct characterization.®%® As described above, the only

stable product observed in exposing Fe'(PMG)CI to O is a Fe(lll)-OH species, suggesting the

proposed intermediate O2 dimer decomposes (Figure 2.6).
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The rate-determining step of the catalytic cycle is proposed to be the cleavage of an Fe(lll)-
O bond to reform an equivalent of 3 and an equivalent of 2. Complex 3 can then undergo further
reduction and coupled protonation to form an unobserved hydroperoxo intermediate, 5. To explore
an alternative on-cycle dimer cleavage pathway, a kinetic study under standard ORR conditions
varying [Fe(PMG)CI;] concentration in the presence of 1 mM tetrabutylammonium chloride
(TBACI) was conducted, to probe the possibility chloride coordination accelerating peroxo dimer
cleavage (Figure S2.31). However, the observed Ri/ncat dependence is slightly shallower than
data obtained without TBACI present, indicating a slight inhibition of the catalytic response. These
data are not consistent with CI~ association mediating rate-limiting dimer cleavage.

Unobserved intermediate 5 can then release of H,O,. UV-vis experiments with complex 1
show no interaction between H>O, and Fe(lll) oxidation state (Figure $2.38). This is consistent
with the increased amount of H>O, production observed by RRDE under electrochemical
conditions, since the two-electron/two-proton intermediate has time to diffuse away from the
electrode where Fe(ll) species capable of H2O2 reduction are generated. Alternatively, 5 can
undergo a 2 e~ reduction and protonation of the distal O leading to the release of water and
formation of the stable Fe(lll)-OH species, 6. Stoichiometric experiments with Fe'(PMG)CI
quantitative oxidation by H.O, to Fe(lll) (Figure S$2.37), which is supported by supplemental
control studies with Fe(PMG)(CI). with added TBAOH (Figure 2.6). UV-vis data suggest that
exposure of Fe'(PMG)CI to O; also leads to the formation of 6; overlays of the product generated
from Fe'(PMG)CI following exposure to Oz or H>O, show almost identical spectra (Figure 2.6).
We propose that the dimer species decomposes to form species 6 under non-catalytic conditions
by scavenging protons and H atom equivalents from solution. Following one-electron reduction,
the terminal hydroxide ligand in complex 6 is then protonated to release one equivalent of water
and complete the catalytic cycle.

Mechanistic studies with H>O, demonstrate rapid catalytic reduction to H>O occurs under
these conditions with sufficient Cp*z2Fe present. The catalytic rate law implies a Fe(lll)-OH resting
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state with first-order dependencies on [Fe(PMG)(CI);] and [AcOH]. Based on spectroscopic
analysis, we propose that H>O: rapidly binds to complex 2, which releases 1 equivalent of water
to form the oxidized 6, the resting state during H.O2RR. Consistent with the greater rates observed
for H,O2RR than ORR spectrochemically, the electrochemically determined second-order rate
constant for H.O- binding, ki202 = 1.52 £ 0.16 x 10° M's™ is two orders of magnitude greater than
that for O2 binding with AcOH present, kozn+ = 7.88 £ 1.2 M~'s™". Overall, the electrochemical and
spectrochemical product analysis and mechanistic studies described above imply a 2+2
mechanistic pathway, where H;O- is a viable intermediate in the catalytic cycle that is rapidly
reduced to H20 under reducing conditions.
2.5. Conclusions

These data suggest that the bioinspired Fe(PMG)(CI), complex is an active and selective
molecular catalyst for the reduction of Oz to H20. Mechanistic studies support the existence of an
off-cycle bridging diiron peroxo dimer, whose cleavage is rate-limiting. Additionally, the
Fe(PMG)(Cl), complex is also active for the catalytic reduction of H20O,, suggesting that the
observed selectivity for water arises from an overall 2+2 mechanistic pathway. This proposal is
supported by the observation of higher H.O; efficiencies by RRDE, where hydrodynamic
conditions push the two-electron/two-proton product away from sufficiently reducing conditions.
The kinetic parameters of H>O, reduction are consistent with a Fe(lll)-hydroxide resting state,
which was spectroscopically observed, indicating that this system could serve as a viable
reactivity model for the O2-driven oxidation reactions non-heme Fe metalloenzymes. Further, the
observation of non-covalent interactions with the AcOH proton donor tuning the second-order rate
constant of Oz binding suggests that the electronic structure of the activated can be tuned via the
carboxylate moiety. The role of anionic residues and their protonation state in regulating the
reduction potentials at active sites has clear implications for a wide range of bioinorganic catalytic

processes. Studies investigating the consequences of this ORR behavior on catalytic oxidation
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reactions and improving the ligand framework through synthetic modifications are currently
underway.

2.6. Supplementary Information for Chapter 2

General Considerations.

All chemicals and solvents were commercially available and used as received unless otherwise
stated. Tetrabutylammonium hydroxide was added as a hydrate salt, with the formula
(CH3CH2CH>CH2)sN(OH)*30H20. All experiments were performed under light-free conditions,
note that Fe(PMG)(Cl); was found to be specifically light-sensitive in both solid and solution
states. For air-sensitive reactions, electrochemical, and spectrochemical experiments, solvents
were obtained as anhydrous and air-free from a PPT Glass Contour Solvent Purification System.
Gas cylinders were obtained from Praxair (Ar as 5.0; O, as 4.0). NMR spectra were obtained on
a Varian 600 MHz instrument and referenced to the residual solvent signal. UV-vis absorbance
spectra were recorded on a Cary 60 from Agilent. Stopped-flow data were collected as single-
mixing experiments on a CSF-61DX2 Stopped-Flow System from Hi-Tech Scientific. The
temperature was controlled using a VWT refrigerated circulator with an ethylene glycol and water
mixture. The concentration of O, saturation in MeCN is reported to be 8.1 mM and the saturation
concentration in MeCN with added electrolyte to be 6.3 mM.%°

Experimental Methods.

Synthesis of N,N'-bis(2-pyridylmethyl)glycine (PMG(H)).

PMG(H) was prepared according to a reported literature procedure.*'To a solution of water (30
mL) in a single neck round bottom flask, 2-(chloromethyl)pyridine hydrochloride (3.61 g, 22 mmol)
and glycine (0.826 g, 11 mmol) were added. A solution of 5 M NaOH was added gradually until
the reaction mixture reached a pH of 10. During the gradual addition of NaOH solution, the
solution turned from colorless, to pink, to dark red and it was allowed to stir at room temperature
for 5 days. During this time, the pH was evaluated and additional NaOH solution was added to
maintain a pH of 8-10 over the course of the reaction. The final dark red solution was extracted
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with ethyl acetate (3 x 50 mL). The aqueous layer of the biphasic solution was separated and
titrated with concentrated HCI to a pH of 6, before extraction with dichloromethane (3 x 50 mL).
The combined organic layers were dried with MgSO. and the solvent was reduced via rotary
evaporation. The final red oil was recrystallized in a minimal amount of methanol and diethyl ether
to yield 1.95 g (70 % vyield) of a faint brown solid. "H-NMR (ds-CD30OD, 600 MHz Varian): 5 8.53
(d, 2H), 7.86(t, 2H), 7.60 (d, 2H), 7.32 (t, 2H), 4.38 (s, 4H), 3.63 (s, 2H). "*C{"H}-NMR (ds;-CDs0D,
150 MHz Varian): 5 171.53, 154.83, 148.38, 137.74, 123.64, 123.65, 58.41, 55.82. X-ray suitable
crystals were obtained by slow diffusion of diethyl ether into a solution of PMG in methanol at 0
°C. Elemental analysis calculated for C14H14N302: C, 65.36; H, 5.88; N, 16.33. Found: C, 65.13;
H, 5.92; N, 16.08.

Computational Methods.

DFT calculations were performed on the Rivanna High-Performance Computing Cluster at the
University of Virginia using the Gaussian 16 program, Rev B.01(1).%° The hybrid functional
B3LYP®'64 (2-5) and the def2-SVP basis set for all atoms®® were used for all calculations.
Energies were refined by means of single point calculations with the larger def2-TZVP basis set.
Unrestricted geometry optimizations were carried out without geometry constraints and dispersion
effects were accounted for by using Grimme’s D3 parameter set with Becke-Johnson (BJ)
damping.®” Bulk solvent effects (MeCN) were included at the optimization stage with the SMD
continuum model.®® The stationary points and their nature as minima were characterized by
vibrational analysis, which also produced enthalpy (H), entropy (S) and Gibbs energy (G) data at
298.15 K. Free energies were corrected to account for concentration effects and for errors
associated with the harmonic oscillator approximation. Thus, according to Truhlars’s quasi-
harmonic approximation, all vibrational frequencies below 100 cm™' were set to this value.®® All
anharmonic and concentration corrections were calculated with the Goodvibes 3.0.1 code,’ the
entropic quasi-harmonic treatment used a mixture of RRHO and Free-rotor vibrational entropies”’
and the enthalpic quasi-harmonic treatment used the RRHO treatment with an approximation
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term for vibrational energy.”> The concentration corrections for all species under representative

catalytic conditions were set to 40 micromolar, with the exception of [MeCN] = 18.9 M, [O2] = 4.0

mM, [AcOH] = 35 mM, [FeCp*;] = 1 mM.
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Figure S2.1. '"H NMR spectra of the PMG(H) ligand in MeOD-d.
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Figure S2.3. Molecular structure of PMG(H) obtained from single-crystal X-ray diffraction studies.
Blue = N, red = O, gray = C; thermal ellipsoids at 50%, H atoms omitted for clarity.

Synthesis of Fe(N,N'-bis(2-pyridylmethyl)glycine)Cl, (Fe(PMG)(ClI),).

Fe(PMG)(CI), was prepared according to a reported literature procedure.'™ PMG(H) ligand (0.2 g,
0.78 mmol) and FeCls-(6H20) (0.21 g, 0.78 mmol) were dissolved in ethanol and brought to reflux.
The reaction was allowed to stir under air for 6 hours. The resulting yellow precipitate was filtered
and washed with hexanes to yield 0.182 g (67.4% yield). X-ray suitable yellow needles were
obtained by slow cooling of hot methanol. Three characteristic absorbances with Amax at 252 nm,
311 nm, and 357 nm with molar absorptivities of 9.33 x 10 4.15 x 102, and 2.94 x 10® M"" cm™',
respectively. Elemental analysis calculated for C14H14Clo2FeNsO2: C, 43.90; H, 3.68; N, 10.97.
Found: C, 44.04; H, 3.57; N, 10.76. Evans’ method was completed in methanol using capillary
tube inserts containing a 50/50 mixture of deuterated and non-deuterated methanol.

Synthesis of Fe(N,N'-bis(2-pyridylmethyl)glycine)Cl ([Fe(TPA)(Cl)2J[Cl]).

[Fe(TPA)CI][CI] was prepared according to previously reported methods.*® Under anaerobic
conditions, tris-(2-pyridylmethyl)amine (0.145 g, 0.5 mmol) and anhydrous FeCls (0.0811 g, 0.5
mmol) were allowed to stir in methanol at room temperature overnight. The solvent was reduced
under pressure and the product was recrystallized in a minimal amount of methanol and diethyl

ether to yield a yellow powder (0.115 g, 50.8% yield). Suitable yellow needles for X-ray diffraction
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were obtained by slow evaporation of a solution of the complex in DCM-d,. Elemental analysis
calculated for C16H16ClsFeN4+1/2CH2Clo: C, 44.89; H, 3.87; N, 11.32. Found: C, 45.15; H, 4.13; N,
11.58. Evans’ method was completed in acetonitrile using capillary tube inserts containing a 50/50

mixture of deuterated and non-deuterated acetonitrile.

Figure S2.4. Molecular structure of [Fe(TPA)(CI)2][Cllobtained from single-crystal X-ray diffraction
studies. Orange = Fe, Green = Cl, Blue = N, gray = C; thermal ellipsoids at 50%, H atoms, counter
Clion, and solvent omitted for clarity. This structure is similar to the previously reported structure
by Mandon et al.*®

Synthesis of Fe'(N-N-bis(2-pyridylmethyl)glycine)Cl (Fe"(PMG)CI).

Fe'(PMG)CI was synthesized according to a modified procedure.” Under anaerobic conditions
PMGH (0.07 g, 0.27 mmol) and K>CO3 (0.037 g, 0.27 mmol) were allowed to stir in acetonitrile
solution for 1 h. Then, FeCl2 (0.034 g, 0.27 mmol) was added and the mixture left to stir overnight.
The resultant yellow precipitate was filtered, redissolved in dichloromethane, passed through a
syringe filter, and the solvent was reduced under pressure to yield a yellow-orange powder.

Elemental analysis calculated for C14H14CIFeN30,°3/2C4HsO: C, 52.71; H, 5.75; N, 9.22. Found:

C, 53.21; H, 5.28; N, 8.82.

Electrochemistry with O,

All electroanalytical experiments were performed using a Metrohm Autolab PGSTAT302N
potentiostat. Glassy carbon working and nonaqueous silver/silver chloride pseudoreference
electrodes behind PTFE tips were obtained from CH Instruments. The pseudoreference

electrodes were obtained by depositing chloride on a bare silver wire in 10% HCI at oxidizing
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potentials and stored in a 0.1 M tetrabutylammonium hexafluorophosphate/acetonitrile solution in
the dark prior to use. The counter electrode was a glassy carbon rod. All CV experiments were
performed in a modified scintillation vial (20 mL volume) as a single-chamber cell covered with
aluminum foil with a cap modified with ports for all electrodes and a sparging needle.
Tetrabutylammonium hexafluorophosphate was purified by recrystallization from ethanol and
dried in a vacuum oven before being stored in a desiccator. In a typical experiment, potentials
were initially swept in the negative direction. All data were referenced to an internal ferrocene
standard (ferrocenium/ferrocene reduction potential under stated conditions) unless otherwise
specified.
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Figure S2.5. CVs of Fe(PMG)(CI). obtained under Ar saturation conditions with (blue trace) and
without (black trace) 0.525 M AcOH added. Conditions: 1 mM Fe(PMG)(Cl)2, 0.1 M TBAPFs in
MeCN; glassy carbon working electrode; Ag/AgCI pseudoreference electrode; scan rate 100
mV/s; referenced to internal ferrocene standard.
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Figure S2.6. (A) CVs of Fe(PMG)(CI). obtained under Ar saturation conditions with variable AcOH
concentrations. (B) Plot of E1 for Fe(PMG)(CI), against the log of [AcOH] showing the effect of
increasing AcOH concentration of E1,. Conditions: 1 mM Fe(PMG)(Cl)2, 0.1 M TBAPFg in MeCN;
glassy carbon working electrode; Ag/AgCl pseudoreference electrode; scan rate 100 mV/s;
referenced to internal ferrocene standard.
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Figure S2.7. (A) CVs of [Fe(TPA)(CI)2]J[CI] under Ar saturation conditions with variable AcOH
concentration. (B) Plot of E1 for [Fe(PMG)(CI).][CI] against the log of [AcOH] showing the effect
of increasing AcOH concentration of E1. Conditions: 1 mM [Fe(TPA)(CI)2][CI], 0.1 M TBAPFs in
MeCN; glassy carbon working electrode; Ag/AgCI pseudoreference electrode; scan rate 100
mV/s; referenced to ferrocene standard.
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Figure S2.8. (A) Variable scan rate CVs of Fe(PMG)(CI). at low scan rates ranging from 20 (black)
to 100 (red) mV/s. (B) Linear fit of variable scan rate data from (A). Conditions: 1 mM
Fe(PMG)(Cl), 0.1 M TBAPFs/MeCN; glassy carbon working electrode, glassy carbon counter
electrode, Ag/AgCl pseudoreference electrode; scan rates: 20, 30, 40, 50, 60, 80, and 100 mV/s;

referenced to internal ferrocene standard.
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Figure S2.9. Rinse test of Fe(PMG)(CI). and AcOH to ensure the observed current response is
not due to a species adsorbed to the electrode. Conditions: 1 mM Fe(PMG)(Cl)2, 0.1 M TBAPFs
in MeCN; glassy carbon working electrode; Ag/AgCl pseudoreference electrode; scan rate 100
mV/s; referenced to internal ferrocene standard.
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Figure S2.10. Determination of ko2 (A) CVs of Fe(PMG)(CI). under Ar saturation at 0.1 V/s (black)
and O, saturation at varying scan rates (B) log(u) vs. E,-E+2 plot of variable scan rate data in A.
Conditions: 1 mM Fe(PMG)(CI)2, 0.1 M TBAPFs in MeCN; glassy carbon working electrode;
Ag/AgCI pseudoreference electrode; referenced to internal ferrocene standard; scan rates: 0.1,
0.2,0.3,0.4,0.5,0.6,0.8, 1 V/s.
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Figure S2.11. Determination of kozn+ (A) CVs of Fe(PMG)(CI)2 in the presence of 0.525 M AcOH
under Ar saturation at 0.1 V/s (black) and O saturation at varying scan rates (B) log(u) vs. Ex-E112
plot of variable scan rate data in A. Conditions: 1 mM Fe(PMG)(Cl),, 0.1 M TBAPF¢ with 0.525 M
AcOH in MeCN; glassy carbon working electrode; Ag/AgCl pseudoreference electrode;
referenced to internal ferrocene standard; scan rates: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1 V/s.

113



-4
4.0x10™"7 _ Ar + [Fe]
——Ar + [Fe] + 1:1 AcO/AcOH
-2.5x10™4
£
< -1.0x10™4
S
5.0x10°1
2.0x10™ .

00 -02 -04 -06 -0.8 -1.0 -1.2
Potential (V vs. Fc*/Fc)
Figure $2.12. Cyclic voltammograms of Fe(PMG)(CI). obtained under Ar saturation conditions

with (red) and without (black) 0.1 M buffered TBA(AcO)/AcOH. Conditions: 1 mM Fe(PMG)(ClI).,
0.1 M TBAPFs in MeCN; glassy carbon working electrode; Ag/AgCI pseudoreference electrode;
scan rate 100 mV/s; referenced to internal ferrocene standard.

RRDE Experiments for Electrochemical Determination of ORR selectivity of Fe(PMG)(ClI)..
Description of RRDE Collection Efficiency. The collection efficiency was determined as previously
reported.?® Conditions: Ar saturation, 0.1 M TFAPFs, 0.5 mM ferrocene in MeCN (50 mL), glassy
carbon disk electrode (5 mm), Pt ring electrode, glassy carbon rod counter electrode, Ag/AgCI
pseudoreference electrode; scan rate 0.01 V/s. To calculate the collection efficiency of the RRDE,
the ratio of the ring current (i) to the disk current (i) at each rotation rate was used to determine

Nempirical (Eq. 82.1). The Nempirical Value at each rotation rate was multiplied by a factor of 100 to

determine the collection efficiency % at each rotation rate (~27%).

N, _ ring corrected (S2.1)

mpirical — ;.
ldisk corrected
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Figure S2.13. Linear Sweep Voltammograms of RRDE experiment with 0.5 mM ferrocene at

various rotation rates under Ar saturation conditions; ring potential = +1.2 V vs. Ag/AgCI.
Conditions: glassy carbon working electrode/Pt ring working electrode, glassy carbon rod counter
electrode, Ag/AgCl pseudoreference electrode; scan rate 0.01 V/s.

RRDE Experiments. Conditions: Performed under both Ar and O saturation conditions, 0.1 M
TBAPFg, 0.5 mM Fe(PMG)(Cl)2, 0.35 M AcOH, MeCN (50 mL), glassy carbon disk electrode (5

mm diameter), Pt ring electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference

electrode; scan rate 0.01 V/s.

The solution was sparged with Ar until saturation was achieved. The analyte (0.5 mM) was
dissolved in solution and 0.35 M AcOH was added. A standard CV was taken of the solution to
confirm the potential window to be used for the experiment (0.5 to —0.1 V). The Pt ring was set to
+1.2 V. LSVs were obtained for various rotation rates (between 200 and 2200 rpm) under the
described conditions. Between each LSV, the electrode was polished on alumina and rinsed with
ethanol. The cleaning procedure for the electrode was standardized by taking repeated LSVs at
the same rotation rates to confirm repeated scans at the same rotation rate were exact overlays
of one another. This same procedure was repeated for O, saturation conditions, which were

achieved by sparging the solution with O».
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The arithmetic mean of the number of electrons received by O: (nca) during the ORR was

calculated from the disk current (is) and ring current (i;) according to Eq. $2.2":

i
ir
empirical

ncat=4>(i+
d

N

(S2.2)

The H,O: ratio (p) is defined as the fraction of O, reduced to H>O- and relates to ne.: by Eq. $2.3"*:

Neat =4 — 2p

(S2.3)

Multiplying p by 100% provides the % H20: selectivity of the ORR.
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-4.0x10°4
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—— 1400 rpm
——1800 rpm
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—

i(A

4.0x10°

0.5

"04 03 02 041 00 -0.1
Potential (V vs. Ag/AgCl)

-1.0x10™1
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—— 1400 rpm
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05 04 03 02 01 00 -0.1

Potential (V vs. Ag/AgCl)

Figure $2.14. Linear Sweep Voltammograms of RRDE experiment with Fe(PMG)(CI). at various
rotation rates with 0.5 mM Fe(PMG)(CI). and 0.35 M AcOH under Ar (A) and O (B) saturation
conditions; ring potential = 1.2 V vs Ag/AgCl. Conditions: 0.5 mM analyte; glassy carbon working
electrode/Pt ring working electrode, glassy carbon counter electrode, Ag/AgCI pseudoreference
electrode; scan rate 0.01 V/s.
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Figure S2.15. Levich plots from data obtained from Linear Sweep Voltammograms of
Fe(PMG)(CI)2 (0.5 mM) by RRDE with 0.35 M AcOH under Ar (A) and O (B) saturation conditions
at various rotation rates; ring potential = 1.2 V vs. Ag/AgCl.

A 91 B 6
Equation y = 36.34x + 0.121 Equation y=18.84x + 1.12
o 81 }Adj. R-Square 0.999 P Adj. R-Square 0.985
< < 51
EN E
T 61 t
: £ 4]
3° 3 :
g, Loy E’ 34 o
E s £
- - 2
2 T T . . 2 T r : )
0.05 0.10 0.15 0.20 0.25 0.05 0.10 0.15 0.20 0.25

-112

-1i2

Figure S2.16. Koutecky-Levich plots from data obtained from Linear Sweep Voltammograms of
Fe(PMG)(Cl)2 (0.5 mM) by RRDE with 0.35 M AcOH under Ar (A) and O (B) saturation conditions
at various rotation rates; ring potential = 1.2 V vs. Ag/AgClI.
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Spectroscopic Determination of Product Selectivity for ORR with Ti(O)SO4 Colorimetric
Assay.

The concentration of catalytically produced H.O, was determined by Ti(O)SO4 as previously

reported.>?

Preparation of 0.1 M Ti(O)SOy solution. In a modified procedure,” Ti(O)SO. (3.998 g, 25 mmol)
was added to a 2.0 M solution of sulfuric acid (26.65 mL of H2SO4 in 250 mL of DI water). The

Ti(O)SO4 was gently heated to completely dissolve all the solid.

A calibration curve (Figure $2.17) was obtained through a serial dilution of a stock solution of
urea*H>02 in MeCN while monitoring the absorbance at 408 nm. For each UV-vis sample, 1.5 mL
of the stock solution was added to an equal volume of DI water. An initial UV-vis spectrum was

collected to ensure no background absorbance occurred, then 0.1 mL of the Ti(O)SO4 solution

was added.
A1.0- — 255x10°M B 0.91 Equation y =405.60x - 0.01122
Gl 0.8 | Adj. R-Square 0.999
0.8- —— 510x10*M £
' 7.65x10* M £ 0.7
—— 1.02x 10°M 8 0.6-
§ 0.61 —— 1.53x10°M ¥ 05
P —— 2.04x10°M ©
E Q 0.4
0 0.4- g 9.
3 S 0.3
< =
0.2 g 0.2
28
2 0.1]
0.0 T T y | 0.0 T . S
300 400 500 600 700 000  7.50x10° 1.50x10° 2.25x10°
Wavelength (nm) [H.0.] (M)
22

Figure S2.17. Calibration curve of H,O, quantification using a Ti(O)SO4 colorimetric assay. (A)
Serial dilution of urea*H20; in 50/50 MeCN/H0. using the above method. (B) Calibration made
using a serial dilution of urea*H>0. in 50/50 MeCN/H0O.

To ensure Fe(PMG)(CI), does not facilitate H,O- disproportionation or interfere with the Ti(O)SO4
calorimetric assay, a known amount of urea*H,O. in MeCN (1.12 mM final concentration) was

added to Fe(PMG)(CI)2 (50 pM final concentration) with AcOH (5 mM final concentration) that had
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been saturated with O». An aliquot was removed from the solution and a UV-vis spectrum was
taken at 0 min (before and after Ti(O)SO. addition, as described above), and the solution was
allowed to react for the full reaction time of a catalytic run (30 min) and another UV-vis spectrum
was taken. The difference between the final and initial traces was taken at 408 nm for both 0 min
and 30 min and used to quantify the final H20,. After 30 min, no H>O, degradation was apparent

(101 £ 5% H20, recovered).

0.6+ .
——0 min

0.5- —— 0 min, 0.1 mL Ti(O)SO, solution
—— 30 min

0.4- — 30 min, 0.1 mL Ti(O)SO, solution

0.3

0.2

Absorbance

0.11

0.0+
350 450 550 650 750
Wavelength (nm)

Figure S$2.18. H,O; stability test in the presence of Fe(PMG)(Cl),. UV-vis spectra of
Fe(PMG)(Cl)2. (60 pM) and urea*H20, (1.12 mM) in the presence of 5 mM AcOH after 30 min
before (black) and after (red) 0.1 mL Ti(O)SO4 solution was added.

The selectivity of Fe(PMG)(Cl), for the ORR was determined according to Eqs. S$S2.4-S2.6.
Catalytic reaction mixtures (50 uM Fe(PMG)(Cl)2, 5 mM AcOH, 1.5 mM Cp';Fe, 4.05 mM O,) were
allowed to run to completion (30 min). Aliquots (1.5 mL) were diluted in 1.5 mL DI H>O. Upon
exposure to water, the solution became cloudy and was filtered through a pipette filter containing
glass wool. A UV-vis spectrum was obtained before and after 0.1 mL Ti(O)SO, was added.
Aliquots were withdrawn and analyzed with and without Ti(O)SO. (red and black traces,

respectively in Figure S2.14, Eq. S2.4). The experimental H>O; yield was then converted to %

selectivity according to Eqgs. S2.4 & S2.6.
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t.[F
0, + 2Cp*, Fe (1.5 mM) + 2AcOH e 11,0,(0.75 mM) + 2Cp* Fe* + 2Ac0~ (S2.4)

Abs@408 nm (red trace, Figure S2.19) — Abs@408 nm (black trace, Figure S2.19)

= 405.60[H202]exp — 0.01122 (Figure S2.17) (S2.5)

[H202]exp _ .
075 mM H,0, X 100 = % H,0, selectivity (S2.6)

0.6

—No Ti(0)SO0, solution
—— 0.1 mL Ti(O)SO, solution

0.51
0.4+
0.3

0.2+

Absorbance

0.14

0-0 L T Y T - T y T " T ¥ T . T . 1
350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure S$2.19. UV-vis spectrum of catalytic solution of Fe(PMG)(CI). before (black) and after (red)
the addition of 0.1 mL Ti(O)SO4 solution.

The stoichiometry of the H2O; reduction reaction (Eq. S2.7) was confirmed by quantifying the
amount of oxidized decamethylferrocenium ([Cp*:Fe]’) formed under anaerobic catalytic
conditions limited with respect to [urea*H.O2] substrate. Catalytic reaction mixtures (50 yM
Fe(PMG)(Cl)2, 35 mM AcOH, 1.5 mM Cp*;Fe, and 0.42 mM urea+*H>0O,) were allowed to run to
completion (5 min). Aliquots were (0.3 mL) diluted in 2.7 mL MeCN and a UV-vis spectrum was
obtained. The amount of [Cp*.Fe]" was quantified using the molar extinction coefficient at 780 nm
(e =461 M cm™ as determind by serial dilution of a chemically prepared sample of [Cp*.Fe][BF4]).
The concentration of urea*H20O: in the catalytic solutions was confirmed by Ti(O)SO4 as described

above. The number of equiv. of Cp*,Fe consumed per equiv. H>O, was determined by Eq. $2.8:
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t. F
H,0, + 2CpiFe + 2AcOH——5 2H,0 + 2CpiFe* + 24c0- (S2.7)

* o1+
—[[Cp[z:eol ]]ex” = Eq.Cp,Fe consumed per H,0, (S2.8)
2Y2

It was determined that 2.1 +/- 0.07 equiv of Cp*,Fe were consumed per equivalent of HO,,
confirming the 2e~ stoichiometry for the reduction of H2O,. The slight excess of [Cp*2Fe]” in
solution is attributed to a redox equilibrium between Cp*.Fe and Fe(PMG)(Cl),.Stopped-Flow
Spectrochemical Methods.

Stopped-flow spectrochemical kinetics studies were performed with a CSF-61DX2 Stopped-Flow
System from Hi-Tech Scientific. Kinetic Studio Software was used to monitor a single wavelength
and Integrated CCD Software was used to monitor the entire visible spectrum. All data fits were
performed within the Kinetic Studio 4.0 Software Suite. Prior to experiments, dried and degassed
MeCN was passed through syringes and the cell block before reagents were loaded. In a typical
experiment, syringes would be charged with known concentrations of reagent. All reagent
solutions were prepared immediately before use.

Determination of the Catalytic Rate Law for ORR by Fe(PMG)(CI)..

0.007 +

1 | Equation y =0.919x - 6.71E-4

0006' Adj. R-Square 0.999 }

<, 0.005-

cat

0.004 4

(=3
-,

t

Rf

0.003 1

0.002 r T T T 1
0.003 0.004 0.005 0.006 0.007 0.008

[Fe(PMG)(CI),]"* (M™?)
Figure S2.20. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with

AcOH, Cp*oFe, Oz with varying Fe(PMG)(CI). concentration. Data were fit using Kinetic Studio
4.0 (2Exp+Mx+C). Concentrations: AcOH = 0.035 M, Cp*2Fe = 1.5 mM, O, = 4.05 mM.
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Figure S2.21. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
AcOH, Oz, and Fe(PMG)(CI)2 with varying Cp*2Fe concentration. The horizontal line represents
the global average rate observed across all experiments for variable [Cp'2Fe]. Data were fit using
Kinetic Studio 4.0 (2Exp+Mx+C). Concentrations: AcOH = 0.035 M, O2 = 4.05 mM, Fe(PMG)(CI)

= 50 uM.
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Figure $2.22. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
O,, Cp*sFe, and Fe(PMG)(CI), with varying AcOH concentration. The horizontal line represents
the global average rate observed across all experiments for variable [AcOH]. Data were fit using
Kinetic Studio 4.0 (2Exp+Mx+C). Concentrations: Oz = 4.05 mM, Cp*2Fe = 1.5 mM, Fe(PMG)(Cl)2

=50 uM.
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Figure $2.23. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
AcOH, Cp*;Fe, and Fe(PMG)(CI). with varying Oz concentration. The horizontal line represents
the global average rate observed across all experiments for variable [O,]. Data were fit using

Kinetic Studio 4.0 (2Exp+Mx+C). Concentrations: AcOH = 0.035 M, Cp*.Fe = 1.5 mM,
Fe(PMG)(Cl)2 = 50 puM.

Determination of the Catalytic Rate Law for H,O:RR by Fe(PMG)(Cl)..

0.32-
Equation y = 5764.6x + 3.79E-4 @
Adj. R-Square 0.956
0.27 1
< 0.221
3
£
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[Fe(PMG)(CI),] (M)
Figure S2.24. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
AcOH, Cp*2Fe, H20. with varying Fe(PMG)(Cl). concentration. Data were fit using Kinetic Studio
4.0 (2Exp+Mx+C). Concentrations: AcOH = 0.035 M, Cp*2Fe = 1.5 mM, H202 = 4.0 mM.
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1 Equation y = 9.37x + 3.80E-4
0.6+ Adj. R-Square 0.974
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Figure $2.25. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
H.0,, Cp*.Fe, and Fe(PMG)(CI). with varying AcOH concentration. Data were fit using Kinetic
Studio 4.0 (2Exp+Mx+C). Concentrations: H202 = 4.0 mM, Cp*,Fe = 1.5 mM, Fe(PMG)(ClI). = 50
M.
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Figure S2.26. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
AcOH, H>0,, and Fe(PMG)(CI). with varying Cp*2Fe concentration. The horizontal line represents
the global average rate observed across all experiments for variable [Cp'2Fe]. Data were fit using
Kinetic Studio 4.0 (2Exp+Mx+C). Concentrations: AcOH = 0.035 M, H20, = 4.0 mM, Fe(PMG)(ClI)2
= 50 uM.
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Figure $2.27. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
AcOH, Cp*sFe, and Fe(PMG)(CI), with varying H20, concentration. The horizontal line represents
the global average rate observed across all experiments for variable [H20,]. Data were fit using
Kinetic Studio 4.0 (2Exp + Mx + C). Concentrations: AcOH = 0.035 M, Cp*:Fe = 1.5 mM,
Fe(PMG)(Cl)2 = 50 uM.

it cal
HH

Rst values (as R in fitting function) were obtained by fitting the data in the Kinetic Studio 4.0
Software to a double exponential (2Exp+Mx+C) to achieve an R? value of 0.999. The Ry values
were corrected for the number of electrons passed during catalysis (ncat = 3.98) and plotted
against variable concentrations to obtain the experimental rate law (Eq. 2.2, main text). The
turnover frequency can be defined by the slope of the variable [Fe(PMG)(CI),] plot (Figure S2.16
and Eq. S2.9).
:Lft = kot [Fe(PMG)(CD),]°5 (S2.9)
TOForr = 0.92 57"

For H202RR, the slope of both the variable [Fe(PMG)(CI).] and [AcOH] were used to determine
the TOF according to Eq. $S2.10 and averaged (Figure $2.21 and $2.22). For this analysis, nc.t =

2 was used.

S = Keae[Fe(PMG)(CL), ] [AcOHT" (S2.10)
cat
TOFH202rr = 2.9 X 103 s
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Figure S2.28. Example of UV-vis Stopped-Flow spectrochemical data (black) and the fit (red)
used for this work. The data was fit with Kinetic Studio 4.0 to a double exponential (2Exp+Mx+C).
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Figure $2.29. Spectral changes at 780 nm due to the formation of [Cp*2Fe]" over time with 35
mM AcOH, 4.05 mM O, 1.5 mM Cp*;Fe. Black: 50 uM Fe(PMG)(Cl)., red: control.
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Figure S2.30. Representative spectral changes at 780 nm due to the formation of [Cp*2Fe]*

comparing Fe(PMG)(Cl); under non-buffered (black) and buffered (red) conditions.
Concentrations: 50 yM Fe(PMG)(Cl)2, 35 mM TBAAcO/AcOH, 4.05 mM O,, and 1.5 mM Cp*;Fe.
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Figure S2.31. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
AcOH, Cp*:Fe, O,, and TBACI with varying Fe(PMG)(CI). concentration. Data were fit using
Kinetic Studio 4.0 (2Exp+Mx+C). Concentrations: AcOH = 0.035 M, Oz = 4.05 mM, CpzFe = 1.5
mM, TBACI = 1 mM.
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Variable-Temperature Methods Summary.

Keeping the concentrations of the various substrates constant while varying the temperature
enables the determination of the thermodynamic parameters of the rate-determining transition
state for the reaction of interest using the Eyring equation. The Eyring equation can be written as

Eq. S2.9:

Kcaty _ —AHY (1 kg = AS*
ll’l( T ) —T(;) +IDT+T (329)

Where R is the ideal gas constant, T is temperature, kg is Boltzmann’s constant, h is Planck’s

constant, AH* is enthalpy, AS¥ is the entropy of the transition state. Plotting Rs/ncat versus 1/T the

entropy of the transition state of the reaction can be determined using the following equation (Eq.

S$2.10):
:l: . kB
AS* = R[(y — intercept) — In (T)] (S2.10)
The enthalpy for the transition state of the reaction can be determined from the stop where (Eq.
S2.11):
slope = 2~ (S2.11)

Using the Eyring equation above, along with obtaining Rs/ncat values at varying temperatures, the
values for entropy and enthalpy for the transition state can be determined. Using these values for
enthalpy and entropy, the free energy of the transition state can then be calculated at any

temperature.
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Figure S2.32. Eyring plot of the stopped-flow spectrochemical experiments with Fe(PMG)(CI)2
with AcOH. Data were fit using Kinetic Studio 4.0 (2Exp+Mx+C). Concentrations: Fe(PMG)(Cl). =
50 uM, AcOH = 35 mM, Cp*.Fe = 1.5 mM, O, = 4.05 mM.

Electrochemistry with H.O-
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Figure S2.33. Determination of ku202 (A) CVs of Fe(PMG)(CI). under Ar saturation with 5.4 mM
urea*H20; at 0.1 V/s (black) and 1 V/s (red) at varying scan rates (B) log(u) vs. E,-E+2 plot of
variable scan rate data in A. Conditions: 1 mM Fe(PMG)(Cl)2, 5.4 mM urea*H,0,, 0.1 M TBAPFs
in MeCN; glassy carbon working electrode; Ag/AgCl pseudoreference electrode; referenced to
internal ferrocene standard; scan rates: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1 V/s.
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Spectroscopic studies with Fe'(PMG)CI.

UV-vis Spectroscopic Analysis

1.5 0.6-
A \  (Fe] B°° [Fe']
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Figure S2.34. (A) Spectral changes of Fe(PMG)(Cl)2 (78 pM) with increasing concentrations of
AcOH added. (B) Spectral changes of Fe'(PMG)CI (50 uM) with increasing concentrations of
AcOH. Conditions: 58 mM AcOH aliquots in MeCN under Na.
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Figure S2.35. Molar extinction plot of Fe'(PMG)CI (black trace), Fe'(PMG)CI and 0.58 M AcOH
(red trace), and Fe(PMG)(CI). (blue trace) from Figure S2.31.
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Figure S2.36. (A) Spectral changes of Fe'(PMG)CI upon air exposure over time. (B) Change in
absorbance at 420, 356, 315, and 255 nm upon air exposure. Conditions: 50 uM [Fe"(PMG)CI],

1.62 mM O; in MeCN; all solutions were made under anaerobic conditions.
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Figure S2.37. (A) Spectral changes upon addition of increasing amounts of urea*H202 to a 50
uM solution of Fe'(PMG)CI under N2 in MeCN. (B) Plot of change in absorbance at 420 nm versus
the ratio of [H202]:[Fe'(PMG)CI]. Conditions: 5, 10, 20, 25, 30, 40, 50, 100, 150, 200 yM
urea*H20..
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Figure S2.38. Spectral changes upon addition of increasing amounts of urea*H20: to 44 yM
Fe(PMG)(CI) 2 in MeCN. Conditions: 25, 50,75, 100, 125 yM urea+H-0..
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Figure S2.39. 'H-NMR spectrum of 3.2 mM [Fe'(PMG)CI] under N2 in MeCN-ds; 600 MHz, Varian.
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Figure S2.40. 'H-NMR spectrum of 3.2 mM [Fe'(PMG)CI] + 0.3 M AcOH under N, in MeCN-d;
600 MHz, Varian. Broad and less well-resolved resonances appear at 114.6 ppm, 107.3 ppm, and
85.5 ppm.
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X-ray Crystallography.

A single crystal of PMGH, Fe(PMG)(CI)2 or [Fe(TPA)CI][CI] was coated with Paratone oil and
mounted on a MiTeGen MicroLoop. The X-ray intensity data were measured on a Bruker Kappa
APEXII Duo system equipped with a fine-focus sealed tube (Mo Kq, A =0.71073 A) and a graphite
monochromator (PMGH, Fe(PMG)(CI)2) or a Bruker D8 Venture Kappa four-circle diffractometer
system equipped with an Incoatec IuS 3.0 micro-focus sealed X-ray tube (Mo Ka, A = 0.71073 A)
and a HELIOS double bounce multilayer mirror monochromator ([Fe(TPA)CI][CI]). The frames
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).”® Each structure
was solved and refined using the Bruker SHELXTL Software Package’’ within APEX3"¢ and
OLEX2. ® Non-hydrogen atoms were refined anisotropically. The O-H hydrogen atom in PMG
was located in the electron density map and refined isotropically with Uiso = 1.5Uequiv Of the parent
atom. All other hydrogen atoms were placed in geometrically calculated positions with Ujso =
1.2Usquiv Of the parent atom. The structure of Fe(PMG)(CI). was refined as an inversion twin. The
twin law was -1 0 0 0 -1 0 0 0 -1 and the BASF refined to 0.20012. There was extensive disorder
in the structure. The relative occupancy of the positions was freely refined, and
constraints/restraints were used as need on the anisotropic displacement parameters and bond
lengths of the disordered atoms. In [Fe(TPA)CI][CI] one chloride anion was found to be
disordered over two positions. The relative occupancy of the positions was freely refined and no
constraints or restraints were need. CH2Cl, solvent located in the crystal lattice was severely
disordered and could not be adequately modeled with or without restraints. Thus, the structure
factors were modified using the PLATON SQUEEZE' technique, in order to produce a “solvate-
free” structure factor set. PLATON reported a total electron density of 99 e~ and total solvent

accessible volume of 265 A3.
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Table S2.1. X-ray crystallographic data for PMGH, Fe(PMG)(CI). and [Fe(TPA)CI][CI]

PMGH Fe(PMG)(CI)2 [Fe(TPA)CI]ICI]
CCDC number 2080838 2080839 2103084
Formula C14H15N302 C14H14C|2F€N302 C18H13C|3F6N4
FW (g/mol) 257.29 383.03 452.56
Temp (K) 100(2) 100(2) 100(2)
A (A) 0.71073 0.71073 0.71073
Size (mm) 0.198 x 0.278 x 0.297 | 0.054 x 0.125 x 0.402 | 0.123 x 0.215 x 0.236
Crystal habit colorless block yellow rod yellow block
Crystal system monoclinic monoclinic triclinic
Space group P 24/c Pc P -1
a (A) 9.7965(7) 8.6463(9) 8.9879(6)
b(A) 7.9342(6) 12.6402(11) 16.1348(12)
c(A) 16.3382(12) 14.4498(13) 16.1747(12)
a(®) 90 90 108.575(2)
B (°) 94.2899(19) 92.768(3) 93.882(2)
vy (®) 90 90 90.569(2)
Volume (A%) 1266.37(16) 1577.4(3) 2217.1(3)
Z 4 4 4
Density (g/cm?) 1.349 1.613 1.356
g (mm™) 0.093 1.303 1.050
F(000) 544 780 924
8 range (°) 2.08 to 31.54 1.61t025.73 2.27 t0 29.60
Index ranges -11<h<14 -10=sh<10 -10sh<12
9<ks<s11 -15<k<15 -22<k<22
24 <1<24 -17<1<17 -22<1<22
Reflns collected 16996 15180 69609
Independent reflns 4221 [Rint = 0.0322] 5681 [Rint = 0.0356] 12436 [Rint = 0.0362]
pata | resrANtS | 49210/ 175 5681/ 28 / 466 12436/ 0/ 479
parameters
GOF on F? 1.037 1.088 1.053
Ri1 (I>20(1)) 0.0366 0.0485 0.0430
wR: (all data) 0.0996 0.1025 0.1033
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Determination of Overpotential:

The calculation of overpotential for this system is complicated by the inability to utilize buffered
acids for kinetic experiments (Figure $2.30). As a lower limit approximation of overpotential, we
have utilized reported pK, (23.5) and log(Kana) (3.9) values for AcOH in MeCN and corrected the
reported standard reduction potentials for ORR to include homoconjugation using the following

equations: 5152

2.303RT
4F

EQ2/m20 = 1.21 — 0.0592pK,, + log(4Kapa) V vs Fc* /Fc (S2.12)

E3,,t120(MeCN, AcOH) = —0.12 V vs Fc* /Fc

2.303RT

ERz0z2/H20 = 1.74 = 0.0592pK, + =

log(2Kapa) V vs Fct /Fc (S2.13)

EgZOZ/Hzo(MeCN, AcOH) = 4+0.22 vs Fc* /Fc

where R is the ideal gas law (8.314 J-K™"-mol™"); T is the temperature (298 K); F is Faraday’s
constant (96485 C-mol™"); Kaua is the reported homoconjugation equilibrium constant for AcOH in

MeCN (1039).

For the E12 of Fe(PMG)Cl,, a value of —-0.27 V of Fc*/Fc was used, from electrochemical
experiments (Figure S2.5; [Fe] = 1 mM; [AcOH] = 525 mM). Representative spectrochemical
experiments were conducted at similar ratios ([Fe] = 0.050 mM; [AcOH] = 35 mM).
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3.1. Abstract

We report a new terpyridine-based FeNz;O catalyst, Fe(tpy®“pho)Cl,, which reduces O; to H;O.
Variable concentration and variable temperature spectrochemical studies with
decamethylferrocene as a chemical reductant in acetonitrile solution enabled the elucidation of
key reaction parameters for the catalytic reduction of O, to H.O by Fe(tpy®'pho)Cl.. These
mechanistic studies suggest that a 2+2 mechanism is operative, where hydrogen peroxide is
produced as a discrete intermediate, prior to further reduction to H2O. Consistent with this
proposal, the spectrochemically measured kc.t values for H20; reduction is larger than that for O
reduction. Further, significant H.O> production is observed under hydrodynamic conditions in
rotating ring-disk electrode measurements, where the product can be swept away from the

cathode surface before further reduction occurs.
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3.2. Introduction

In response to rising concerns over increasing energy demands and anthropogenic CO2
emissions, the catalytic reduction of dioxygen to water remains a reaction of interest for the
development of next-generation fuel cell technologies.* Of the earth abundant molecular
catalysts for O reduction,? Fe porphyrin- and phthalocyanine-based complexes remain among
the most studied and robust catalysts.5>'? It is conspicuous that non-heme systems are
understudied relative to these examples, given the abundance of enzymes which contain a non-
heme Fe center capable of reactivity with O in order to carry out a variety of biologically relevant
reactions.”>'® In spite of this, molecular non-heme Fe catalysts capable of the O, reduction
reaction (ORR) are exceedingly rare.%%!

Previous O, reduction studies from our lab identified non-heme molecular Mn?>2* and Co? %
catalyst systems based on a bpy-based dianionic N2O: ligand framework (bpy = 2,2-bipyridine),
as well as an Fe complex in a non-conjugated [N3O]~ donor framework inspired by mononuclear
non-heme metallocofactors.?’ Motivated by the scarcity of non-heme Fe catalysts for ORR20:2127
and reasoning that conjugated polypyridine frameworks could be beneficial for similar reasons
that they are useful in electrocatalytic carbon dioxide reduction,?® we have identified a new Fe
complex for the ORR using a conjugated tpy-based monoanionic [N3O]" ligand framework. Herein,
we present a new molecular Fe catalyst, Fe(tpy®“pho)Cl,, where 2-([2,2":6',2"-terpyridin]-6-yl)-4,6-
di-tert-butylphenolate = [tpy®™pho]-, which is active for electrochemical O, reduction to H.O.
Mechanistic analysis using spectrochemical stopped-flow methods with decamethylferrocene
(Cp'2Fe) as a homogeneous reductant in acetonitrile (MeCN) solution shows ORR is limited by
O binding to the singly reduced metal center and where H>O; is implicated as a discrete

intermediate prior to further reduction to H-O.
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3.3. Results

The synthesis of 2-([2,2":6',2"-terpyridin]-6-yl)-4,6-di-tert-butylphenol, tpy®'pho(H), was
carried out via a modified literature procedure using Pd-catalyzed cross-coupling.???° The
Fe(tpy®pho)Cl, complex was synthesized by sequentially combining the purified ligand with
sodium acetate in ethanol solution followed by Fe(lll) chloride hexahydrate, prior to isolation and
recrystallization (See Materials and Methods Section of Sl for detailed procedures).*
Fe(tpy®pho)Cl, was characterized via ESI-MS, EA, NMR, and UV-vis spectroscopies (Sl
Materials and Methods Section, Table $3.1, and Figures S3.1-S3.2). The proposed molecular
connectivity was supported by structural data obtained from single-crystal X-ray diffraction studies

(Figure 1).

Figure 3.1. Molecular structure of Fe(tpy®“pho)Cl, obtained from single-crystal X-ray diffraction
studies. Blue =N, red = O, gray = C, green = CI, orange = Fe; thermal ellipsoids at 50%; hydrogen
atoms and non-coordinating solvent omitted for clarity; CCDC 2097186.

Cyclic voltammetry (CV) experiments were performed on Fe(tpy®pho)Cl; in a solution of 0.1
M tetrabutylammonium hexafluorophosphate (TBAPFs) in MeCN. Under argon (Ar) saturation
conditions, Fe(tpy®“pho)Cl, displays a single redox feature at E1> = —0.51 V vs Fc*/Fc (Figure
3.2, black). This reversible feature is attributed to a formal Fe"" reduction, given its general

agreement with related Fe(lll) compounds.3°3! Under O, saturation conditions, this redox feature

becomes irreversible with E, = -0.65 V vs Fc*/Fc (Figure 3.2, red), suggesting O; binding to a
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formally Fe(ll) metal center. Variable scan rate studies at low scan rates under Ar saturation
indicated that delayed chloride loss did not cause the observed loss of reversibility (Figure S$3.3).
Under Ar saturation conditions, there is an observed potential dependence on the presence of
acetic acid (AcOH), where addition of 0.0875 M AcOH results in a positive shift of 0.15 V in the
Fe'""' redox to an E+. = —0.36 V vs Fc*/Fc (Figure 3.2, green). This potential shift exhibited a
concentration dependence suggestive of an equilibrium reaction: increasing the concentration of

AcOH to 0.35 M resulted in a shift to E12 = -0.25 V (Figure S3.4).

4
-6.0x107" 1 [Fe] + Ar
[Fe] + O,
y [Fe] + 0.0875 M AcOH + Ar
-4.0x10"'1 [Fe] + 0.0875 M AcOH + O,
g
gﬁzoxm4-
S
0.0
2.0x107+= .

—h
o

02 -01 04 07 -
Potential (V vs. Fc*/Fc)

Figure 3.2. Comparison of CVs of Fe(tpy®“pho)Cl, under Ar and O saturation conditions with and
without 0.0875 M AcOH. Conditions: 1.0 mM Fe(tpy®pho)Cl. in 0.1 M TBAPFs/MeCN; glassy
carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference
electrode; referenced to Fc*/Fc internal standard; 100 mV/s scan rate.

To understand the nature of chloride ligand solvation under these conditions, we conducted
an AcOH titration under an inert atmosphere (Ar) with Fe(tpy®pho)Cl, in the presence of
tetrabutylammonium chloride (TBACI) as a CI- donor (Figure S3.5). With excess CI~ present, a
negative potential shift of the Fe'"" feature to Ei2 = —0.64 V vs Fc*/Fc is observed for
Fe(tpy®“pho)Cl,, consistent with the inhibition of a pre-equilibrium displacement of an axial CI-

ligands by MeCN. Titrating increasing amounts of AcOH up to 0.63 M in the presence of 0.1 M

TBACI lead to a loss of reversibility at E1» = -0.64 V vs Fc*/Fc and the appearance of a new
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reversible feature at E1» = —0.40 V vs Fc*/Fc. Based on these data, it is proposed that the
observed shifts to positive potentials when AcOH is introduced into solution originates from the
favorable solvation of the CI~ counteranions, assisted by MeCN coordination to Fe. Therefore, the
following assignments for the standard reduction potentials of the following chloro and solvento
species can be made, where L = [tpy®“pho]~. Note that Eq (3.1) and Eq (3.2) were assigned based
on the data described above obtained with added TBACI and AcOH (Figure $3.5) while Eq (3.3)

was determined from experiments with added AcOH only (Figure S3.4).

[Fe(L)Cl,] +e~ = [Fe(L)Cl,]~ E® = —-0.64V vs Fc* /Fc Eq (3.1)
[Fe(L)CI(MeCN)]* +e~ = [Fe(L)CI(MeCN)] E° = —0.40V vs Fc*/Fc Eq (3.2)
[Fe(L)(MeCN),)** +e~ = [[Fe(L)(MeCN),]* E® = —-0.25V vs Fc* /Fc Eq (3.3)

Under O saturation conditions with 0.0875 M AcOH there is an increase in current at the Fe''
redox event, suggesting catalytic activity toward the ORR under electrochemical conditions
(Figure 3.2, blue). Rotating ring-disk electrode methods were used to determine the selectivity of
the ORR under electrochemical conditions, revealing a H-O- selectivity of 70.0 £ 8.6%. At rotation
rates greater than 1800 rpm, H>O5 is the exclusive product, suggesting that H.O- is produced as
a discrete intermediate, vide infra (See SI).

Because minimal catalytic current increase precluded us from further mechanistic analysis
under electrochemical conditions, mechanistic  studies were conducted using
decamethylferrocene (Cp*.Fe) as a chemical reductant. In MeCN with 0.35 M AcOH present the
Fe'"" reduction potential of Fe(tpy®“pho)Cl, (E1. = —0.25 V vs Fc*/Fc, Figure S$3.3) is sufficiently
positive of Cp*2Fe (E12 = —0.51 V vs Fc*/Fc??) for favorable electron transfer, with an equilibrium
constant (Ker) of 2.5 x 10* (See Sl). We note that although there is a dependence of the Fe'"
redox potentials on AcOH concentration, E12 values observed at lower AcOH concentrations are

still sufficiently positive (E12 = —0.36 V vs Fc*/Fc with 0.0875 M AcOH) for favorable electron
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transfer from Cp*2Fe, even as [AcOH] decreases over the course of the catalytic reaction. Rapid-
mixing UV-vis stopped-flow experiments revealed that the ORR mediated by Fe(tpy®'pho)Cl.
exhibits a first-order dependence on the [O2] and [Cp*;Fe] (Figure 3.3A and 3.3B, respectively).
No dependence on [AcOH] was observed, suggesting saturation of the catalytic response at low
acid concentrations (Figure 3.3C). Interestingly, when the concentration of Fe(tpy®pho)Cl, was
varied, two distinct regions were observed (Figure 3.3D). At low [Fe] (<12.6 uM), a first-order
dependence is observed before the effect of increasing [Fe] on the apparent rate begins to
saturate, and a plateau region is observed. Control studies showed negligible background
reactivity without the presence of Fe(tpy®™pho)Cl. (Figure S$3.9). Based on these mechanistic
studies, we can propose the following rate expression for the ORR, Eq (3.4):

rate = keqi[Fe]t[acid]®[0,] [CpsFc]*  Eq(3.4)
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Slope 26.36034 0.89317 Slope 88.88033 2.57985
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Figure 3.3. The calculated Rr/nca: from stopped-flow spectrochemical experiments where the
concentration of O, (A), Cp*:Fe (B), AcOH (C), and Fe(tpy®'pho)Cl, (D), and were each
independently varied at 25.5°C in MeCN. The horizontal line in (C) represents the global average
rate observed across all experiments for variable [AcOH]. Data were fit using Kinetic Studio 4.0
(2 Exp + Mx + C). See Material and Methods section for syringe concentrations used.
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With a fixed concentration ratio, analogous experiments were repeated at variable
temperatures, enabling Eyring analysis to determine the reaction parameters of the rate-
determining step (Figure $3.10 and Table S3.2). These lead to an estimated barrier AGL,g,, of

+10.1 kcal/mol, Eqgs (3.5) and (3.6).

AG* = AH* — TAS* Eq (3.5)
foggpkeal _p(_oq 4 cal
AGH =3.7222 T (-21.4-21) Eq (3.6)

The product selectivity of ORR mediated by Fe(tpy®pho)Cl, was determined by
spectrophotometric methods to be quantitative for H,O, with no detectable amount of H>O;
(Figure S3.11). UV-vis studies carried out with Fe(tpy®'pho)Cl. and ureasH;O. eliminate
disproportionation of H.O, by Fe(tpy®'pho)Cl. as a possible mechanistic pathway (Figure $3.12).
These data showed that H.O, is stable in the presence of Fe(tpy"®pho)Cl, without added Cp*;Fe
(Figures S3.12-S3.13). However, with added chemical reductant in solution, the system
catalytically reduces H2O- to water via a 2H*/2e~ pathway, implicating a 2+2 mechanism for the
observed ORR. Control studies showed negligible reactivity for H>O, reduction without the
presence of Fe(tpy®pho)Cl. (Figure S$3.14). Further, reaction stoichiometry of hydrogen peroxide
reduction (H.O2RR) by Fe(tpy*pho)Cl, was found to be 2.09 + 0.1 (Figure S$3.15, see Sl).

An average third-order rate constant (kcatorr) for Oz reduction to H.O by Fe(tpy®pho)Cl. was
subsequently derived (n..t = 4), based on the previously derived catalytic rate expression Eq (3.7)

(see SI).

Ryt
Ncat

= keae[catalyst]'[0,]'[CpsFc]t Eq (3.7)
Keatorr = 1.13 £ 0.62 x 10° M2 s~
Based on the observed activity for H,O-RR (Figure $3.14), mechanistic studies were again
conducted using UV-vis stopped-flow spectroscopy. Variable concentration studies under
anaerobic conditions revealed a rate law of H.O2RR by Fe(tpy®pho)Cl. that is first order with

respect to [catalyst] and [H202], but zero order with respect to [Cp2*Fe] and [AcOH] (Eq (3.8),
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Figures S3.16-S3.19) with an average second-order catalytic rate constant kcatr202rr Of 1.02 +
0.10 x 10" M~" s7' using Eq (3.8) (see SI).

Ryt
Ncat

= keqe[catalyst]*[H,0,]} Eq (3.8)

KoatH2o2rr = 1.02 £ 0.20 x 10" M~" s7°

Determination of effective overpotentials (n) for ORR and H:O2RR in this system is
complicated due to the lack of catalytic activity under buffered conditions (Figure S3.20).
However, we are able to generate approximate n values using corrected standard reduction
potentials that account for pKa (23.5) and log(Kana) of AcOH in MeCN (see Sl), where norr = 0.24
V and nuzo2rr = 0.83 V.33 We emphasize that these values should be considered a lower-limit
approximation of the true thermodynamic potential since buffered conditions could not be directly
assessed.

In order to better understand the mechanism of ORR mediated by Fe(tpy®'pho)Cl;, we
synthesized both [Fe(tpy®“pho)][OTf]. and a model of the Fe(ll) intermediate [Fe'(tpy®"pho)][OTT],
where OTTf is the non-coordinating anion trifluoromethanesulfonate. CVs of [Fe(tpy®™'pho)][OTf]2
obtained under Ar saturation show a small irreversible reduction wave at E, = -0.26 V vs. Fc*/Fc,
followed by an irreversible reduction wave at E, =—0.80 V vs. Fc'/Fc, the latter of which is
attributed to the Fe'""'. Upon the addition of 0.35 M AcOH, the Fe'""' feature becomes reversible
and shifts to Eq2 = —0.32 V vs. Fc'/Fc, consistent with the E42 = —0.25 V observed for
Fe(tpy®pho)Cl, under comparable conditions (Figure $3.22). Additionally, UV-vis spectroscopic
studies of both Fe(tpy®pho)Cl, and [Fe(tpy®'pho)][OTf]. show similar spectral changes upon
addition of increasing amounts of AcOH, supporting the proposal that both complexes form similar
solvent species under protic conditions (Figure $3.24).

3.4. Discussion
From these data, we are able to propose a 2+2 catalytic cycle for the ORR by Fe(tpy*“pho)Cl.

(Scheme 3.1). Based on electrochemical data (Figure S5), AcOH facilitates the loss of two CI-
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anions with MeCN coordination to form [Fe(tpy®'pho)(MeCN),J?* (2) which undergoes a favorable
one-electron reduction process (Ker = 2.5 x 10%, see Sl) to form an Fe(ll) species, 3, that is the
resting state of the catalyst. Rate-limiting O2 binding is proposed to form an unobserved Fe(lll)
superoxide intermediate 4. Consistent with this interpretation, mechanistic UV-vis and 'H-NMR
spectroscopic studies with a chemically prepared model of the active catalyst,
[Fe'(tpy™pho)][OTf], showed slow conversion following O, exposure, with Fe' fully consumed
after 18 h (Figures S3.25-S3.28).

Subsequently 4 undergoes net reduction and protonation to regenerate 2 and an equivalent
of H202. As described above, control testing showed no interaction between H>O» and the pre-
catalytic Fe(lll) state. The proposal of H.O- as a discrete intermediate is directly supported by the
observation of 70.0 + 8.6% selectivity for H, O, during RRDE experiments and quantitative
selectivity for H2O under spectrochemical conditions because of the difference in timescale of
each experiment. During RRDE, H.0- produced during the ORR, as well as any unreacted Fe(ll)
species, are rapidly swept away from the disk electrode for oxidation at the Pt ring electrode (~1
s). However, in the Ti(O)SOq titration experiment used for spectrochemical quantification, the
catalytic solution that contains catalyst, reductant, O, and a proton source is not analyzed until
the completion of the reaction (~5 min), such that any H.O, produced during catalysis is further
reduced to H20.

Since H20 is observed to be the final product under spectrochemical conditions, we propose
that 2 undergoes rapid reduction and H20: binding followed by additional reduction and
protonation reactions to generate two equivalents of H,O and reform 2, based on the observed
rate law of the ORR and H;O:RR by Fe(tpy®pho)Cl.. Comparable first-order rate constants k (s~
") for ORR and H,O:RR are represented by the slopes of the variable O, (Figure 3.3A) and
variable H,O, (Figure S3.15) data: k for H,O,RR (178 s7') is more than 6-fold greater than for

ORR (26.4 s™). The difference in first-order rate constants is consistent with the intermediate
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reaction selectivity observed during RRDE experiments below 1800 rpm, as well as the shift to
quantitative H>O, production at higher rotation rates.

Scheme 3.1. Proposed Catalytic Cycle for ORR Mediated by Fe(tpy®pho)Cls.

Fe(N3;0)Cl, + 28
1
2CI- 2CI-
2H,0, 2AcO~ [Fe(N3O)(S)2]2+ e
2
e~, 2AcOH
_ S = MeCN
€ [Fe(N30)(S)2]*
[Fe(N30)(S)21%* + H0,
2
2AcO- l /
2AcOH,
e, S [Fe(Nao)(S)]

Recently, we reported 2+2 ORR activity by an Fe complex with a bioinspired [N3O]" ligand
framework, N,N'-bis(2-pyridylmethyl)glycinate or PMG.2' Mechanistically, one of the defining
features of the ORR mediated by Fe(PMG)CI. is an off-cycle peroxo dimer, which was observed
to be the resting state of the catalytic cycle. The 2+2 cycle itself also showed a greater disparity
between the rates of the two reactions than is observed here for Fe(tpy®pho)Cl.: the observed
TOF for ORR mediated by Fe(PMG)CI, was 0.92 s~' and that for H,O.RR was 2.9 x 10° s, a
~3200-fold difference. Although in-depth mechanistic comparisons between the two complexes
are beyond the scope of the present study, it is worth noting some of the key differences between
the two in the context of their reactivity. Although when both complexes are reduced to the Fe(ll)
state a favorable reaction with O» occurs, the resulting superoxo species are likely to be quite
different. For the Fe(tpy®“pho)Cl, system, an MeCN solvent molecule will be opposite the site of

O2 binding, whereas in Fe(PMG)Cl. a more basic trialkylamine fragment from the ligand
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framework will occupy this position. Axial ligand effects on peroxo dimerization and O—-O bond
scission are well-known and previously reported trends are consistent with the increased H,O.RR
TOF for Fe(PMG)CI. and its greater axial ligand basicity in comparison to Fe(tpy®pho)Cl,.2-%637
3.5. Conclusions

Non-heme iron electrocatalysts for the ORR have been relatively under-studied in comparison
to porphyrin-based systems. Here, we have reported a novel non-heme Fe complex containing
an N3O terpyridine-based ligand framework (Fe(tpy®™pho)Cl.) that is electrocatalytically active
toward the reduction of O; to H.O where H>O; is produced as a discrete intermediate during
catalysis. Mechanistic analysis revealed that the rate of ORR is limited by Oz binding to the Fe(ll)
metal center. Additionally, it is implied that ORR by Fe(tpy®pho)Cl. proceeds via 2+2 mechanism,
where H;0, produced during catalysis is further reduced by 2H*/2e™ to two equivalents of H.0.
Ligand modification to tune ORR reactivity and selectivity is a focus of ongoing work.
3.6. Supplementary Information for Chapter 3
Materials and Methods
General
All chemicals and solvents (ACS or HPLC grade) were commercially available and used as
received unless otherwise indicated. For all air-sensitive reactions and electrochemical
experiments, HPLC-grade solvents were obtained as anhydrous and air-free from a PPT Glass
Contour Solvent Purification System. Gas cylinders were obtained from Praxair (Ar as 5.0; O as
4.0) and passed through activated molecular sieves prior to use. Gas mixing for variable
concentration experiments was accomplished using a gas proportioning rotameter from Omega
Engineering. UV-vis absorbance spectra were obtained on a Cary 60 from Agilent. An Anton-Parr
Multiwave Pro SOLV, NXF-8 microwave reactor was used for microwave syntheses. The ligand
tpy®™pho(H) was synthesized as previously reported.*® The concentration of O, saturation in
MeCN is reported to be 8.1 mM and the saturation concentration in MECN with added electrolyte
to be 6.3 mM.*
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Electrochemistry

All electroanalytical experiments were performed using a Metrohm Autolab PGSTAT302N
potentiostat. Glassy carbon working (z = 3 mm) and non-aqueous silver/silver chloride
pseudoreference electrodes behind PTFE tips were obtained from CH Instruments. The
pseudoreference electrodes were obtained by depositing chloride on bare silver wire in 10% HCI
at  oxidizing potentials and stored in a 0.1 M tetrabutylammonium
hexafluorophosphate/acetonitrile solution in the dark prior to use. The counter electrode was a
glassy carbon rod (2 = 3 mm). All CV experiments were performed in a modified scintillation vial
(20 mL volume) as a single-chamber cell with a cap modified with ports for all electrodes and a
sparging needle. Tetrabutylammonium hexafluorophosphate (TBAPFs) was purified by
recrystallization from ethanol and dried in a vacuum oven before being stored in a desiccator. All
data were referenced to an internal ferrocene standard (ferricenium/ferrocene reduction potential
under stated conditions) unless otherwise specified. All voltammograms were corrected for
internal resistance. Ferrocene was purified by sublimation prior to use. In the event that the
presence of electrochemical features precluded ferrocene addition, ferrocene was added to the

electrochemical cell at the end of analysis for reference.

Stopped-Flow Spectrochemical Methods

Stopped-flow spectrochemical kinetics studies were performed with a CSF-61DX2 Stopped-Flow
System from Hi-Tech Scientific. Kinetic Studio Software was used to monitor a single wavelength
and Integrated CCD Software was used to monitor the entire visible spectrum. All data fits were
performed within the Kinetic Studio 4.0 Software Suite. Prior to experiments, dried and degassed
acetonitrile (MeCN) was passed through syringes and the cell block before reagents were loaded.
In a typical experiment, syringes would be charged with known concentrations of reagent. All

reagent solutions were prepared immediately before use. Concentrations reported as syringe
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concentrations halve upon mixing in the cell block during an experiment. For all spectrochemical
experiments, two of the four syringe mixing ports were utilized where one syringe contained only
the reductant (decamethylferrorcene, Cp*;Fe) under N; saturation conditions and the second
syringe contained known concentrations of O, or urea*H.0,, acid, and Fe(tpy®pho)Cl.. The
appearance of the oxidized form of decamethylferrocene ([Cp*:Fe]") was observed by the
increase in absorbance at 778 nm, where the rate of appearance can be used to determine kinetic

information and allow mechanistic analysis.*%42

Rt values (as Ry in fitting function) were obtained by fitting the increase in absorbance at 778 nm
versus time data in the Kinetic Studio 4.0 Software to a double exponential (2Exp+Mx+C) to
achieve an R? value of 0.99 (See Figure $3.20). Where the fit equation contains two exponents
(2Exp), a linear portion (Mx) and a non-zero intercept (C). The Ry values were corrected for the
number of electrons passed during catalysis (ncat = 4 for ORR, ncat = 2 for H,O2RR) and plotted
against variable concentrations to obtain the experimental rate law (Eq. 3.4, main text). For ORR,
the third-order rate constant, kcatorr (M2 s7")), was determined according to Eq. $3.1, where the
slopes of variable [Fe(tpy®™pho)Cl;], [Cp2*Fe], and [O2] were corrected for the two reagents with
fixed concentrations and averaged.

Rfi¢
Ncat

= kcat[Fel[Cp;Fe][0,] (S3.1)
keatorr = 1.13 £ 0.62 x 10° M2s™"

For H,O2RR, the second-order rate constant Kcatr202rr (M~! s7') was determined according to Eq.
S3.2, where the slopes of both variable [Fe(tpy®'pho)Cl;] and [H20O2] were corrected for the

reagent with a fixed concentration and averaged.

L = kg [Fel[H,0,] (83.2)

Ncat

Kcat H202RR = 1.02+£0.2x 10" M s
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Syringe Concentrations for Experiments Displayed in Figure 2A-D:

Figure 3.2A: The calculated Rg/ncat from stopped-flow spectrochemical experiments with Cp*.Fe,
AcOH, and Fe(tpy®pho)Cl, with varying O, concentration at 25.5°C in MeCN. Data were fit using
Kinetic Studio 4.0 (2 Exp + Mx + C). Syringe concentrations: Cp,*Fe = 2.44 x 103 M;
Fe(tpy®pho)Cl, = 5.60 x 10°°M; AcOH = 1.09 x 102 M.

Figure 3.2B: The calculated Ra/ncat from stopped-flow spectrochemical experiments with Og,
AcOH, and Fe(tpy®“pho)Cl, with varying Cp*;Fe concentration at 25.5°C in MeCN. Data were fit
using Kinetic Studio 4.0 (2 Exp + Mx + C). Syringe concentrations: O, = 8.1 x 10° M;
Fe(tpy®™pho)Cl, = 5.60 x 10°M; AcOH = 1.09 x 102 M.

Figure 3.2C: The calculated Rs/ncat from stopped-flow spectrochemical experiments with Oy,
Cp*2Fe, and Fe(tpy®“pho)Cl, with varying AcOH concentration at 25.5°C in MeCN. The horizontal
line represents the global average rate across all experiments for variable [AcOH]. Data were fit
using Kinetic Studio 4.0 (2 Exp + Mx + C). Syringe concentrations: O, = 8.1 x 10° M;
Fe(tpy®pho)Cl, = 5.60 x 10°°M; Cp2'Fe = 2.44 x 103 M.

Figure 3.2D: The calculated Rs/nca: from stopped-flow spectrochemical experiments with
decamethylferrocene (Cp*;Fe), AcOH, and O, with varying Fe(tpy®'pho)Cl. concentration at
25.5°C in MeCN. Data were fit using Kinetic Studio 4.0 (2 Exp + Mx + C). Syringe concentrations:
Cp2Fe =244 x10°M; O, =8.1x10° M; AcOH = 1.0 x 102 M.

Synthesis of Fe(tpy*“pho)Cl.

The protonated ligand tpy®pho(H) (0.150 g, 0.343 mmol) was combined with 1 equivalent of
sodium acetate (0.0281 g, 0.343 mmol) in absolute ethanol (50 mL). After refluxing for 30 min,
one equivalent of iron(lll) trichloride hexahydrate (0.0927 g, 0.343 mmol) was added to the
reaction mixture and left to reflux for an additional five hours. The reaction mixture was brought
to room temperature and filtered to obtain a green solid which was subsequently recrystallized
from DCM/pentanes. The recrystallized solid was then dissolved in MeCN, filtered through a
PTFE syringe filtered, and condensed down to obtain the product as a green solid. 75.1% isolated
yield (145 mg). Elemental analysis for C2gHz0CloFe1N3O1+O1H2 calc’d: C 59.92, H 5.55, N 7.23;
found: C 59.81, H 5.31, N 7.20. MSMS (m/z): calc’d: 492.1738 found: 492.1733. Note: MS results
align chloride ligand loss. Single crystals of two unique solvate species with identical connectivity

at the Fe center suitable for X-ray diffraction were grown from a saturated mixture of CH-Cl, and

MeCN at room temperature.
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Synthesis of [Fe'(tpy*“pho)][OTf]

In a N filled glovebox, NaH (20.4 mg, 0.850 mmol) was added to a solution of tpy®*pho(H) (93.0
mg, 0.213 mmol) in THF (15 mL) and allowed to stir at RT for 2 hours. The reaction solution was
passed through a 0.45 ym PTFE syringe filter into a pressure flask. [Fe(I][OTf]. (74.0 mg, 0.209
mmol) was added to the solution and allowed to stir at 66°C for 24 h. Upon addition of
[Fe(IN][OTf]., the reaction solution turned from orange to dark purple. After 24 hours, the solution
was allowed to cool to room temperature and transferred to a round bottom flask where the solvent
was removed under vacuum. The solid was dissolved in acetonitrile and passed through a 0.45
um PTFE syringe filter and the solvent was removed under vacuum. The solid was then dissolved
in 30/70 THF/diethyl ether and passed through a 0.45 um PTFE syringe filter and the solvent was
removed under vacuum to yield pure product (47.0 mg, 36% yield). Elemental analysis for

CsoH30F3FeN304S+2/3CsH12 calc’'d: C 58.06, H 5.55, N 6.09; found: C 58.25, H 5.63, N 5.93.

Synthesis of [Fe(tpy*'pho)][OTf].

Dry tpy®pho[H] (70.0 mg, 0.160 mmol) and sodium acetate (13.0 mg, 0.160 mmol) were
dissolved in absolute ethanol and brought to a reflux until all solids were dissolved. To the stirring
solution, [Fe(lIN][OTf]s (83.0 mg, 0.164 mmol) was added. Upon addition of [Fe(lIN][OTf]s, the
reaction solution turned black and was allowed to reflux for 4 hours. After this time, the solution
was cooled to RT and the solvent was removed via rotary evaporation. The resulting black solid
was then dissolved in 50/50 THF/diethyl ether and passed through a 0.45 ym PTFE syringe filter
and the solvent was removed via rotary evaporation. The resulting black solid was dissolved in
minimal DCM and passed through a 0.45 um PTFE syringe filter and the solvent was removed
via rotary evaporation. Recrystallization from a mixture of DCM and hot hexanes yielded 29.0 mg
of pure product (23 % yield). Elemental analysis for C31H3FsFeN3O7S, calc’d: C 47.10, H 3.83, N

5.32; found: C 46.97, H4.16, N 5.39.
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Figure S3.1. (A) UV-vis serial dilution absorbance data obtained from Fe(tpy®'pho)Cl. in a MeCN
solution. Conditions: varying concentration; quartz cell with 1 cm pathlength. (B) Plot of
absorbance versus concentration (M) for Fe(tpy®™pho)Cl. in MeCN. All: Amax = 225 nm (58000 M-
" em™), 255 nm (37800 M~' cm™), 331 nm (23000 M~' cm™'), 446 nm (2890 M~' cm™"), and 655
nm (1900 M~ cm™); R? = 0.999.

Table S3.1. Evans’ method results for Fe(tpy®pho)Cl, in MeCN supporting a high-spin d°

complex. 4344
Trial | Chemical Chemical Total Magnetic Paramagnetic peff (Bohr
Shift (ppm) | Shift (Hz) | Moment (emu mol™) | Moment (emu mol') | Magnetons)
1 0.1058 63.5 0.0133 1.33 x 10 5.64
2 0.1045 62.7 0.0132 1.32 x 102 5.61
3 0.1076 64.5 0.0136 1.36 x 1072 5.69
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Figure S3.2. ESI-MS characterization of Fe(tpy®pho)Cl..
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Table S3.2. Evans’ method results for [Fe(tpy®pho)][OTf]. in MeCN supporting a high-spin d®

complex. 4344

Trial | Chemical Chemical Total Magnetic Paramagnetic peff (Bohr
Shift (ppm) | Shift (Hz) | Moment (emu mol") | Moment (emu mol") | Magnetons)
1 0.0300 18 0.0129 1.32 x 102 5.61
2 0.0378 22.68 0.0163 1.66 x 102 6.28
3 0.0356 21.36 0.0153 1.56 x 102 6.10
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Figure S3.3. (A) Variable scan rate CVs of Fe(tpy®pho)Cl, at low scan rates ranging from 0.01
(red) to 0.1 (black) V/s. (B) Linear fit of variable scan rate data from (A). Conditions: 1 mM
Fe(tpy®pho)Clz, 0.1 M TBAPFs/MeCN; glassy carbon working electrode, glassy carbon counter
electrode, Ag/AgCl pseudoreference electrode; scan rates: 0.01, 0.02, 0.04, 0.06, 0.08, 0.1 V/s;

referenced to internal ferrocene standard.
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Figure S3.4. Comparison of CVs of Fe(tpy®pho)Cl, under Ar and conditions with (red) and
without (red) 0.35 M AcOH. Conditions: 1.0 mM Fe(tpy®“pho)Cl, in 0.1 M TBAPF¢/MeCN; glassy
carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference
electrode; referenced to Fc*/Fc internal standard; 100 mV/s scan rate.

162



A -4.0x10™ Feltpy™pho)Cl, B -5.0x10™4 Fe(tpy™pho)CI, + 0.1 M TBACI
Fe(tpyﬂmpho)clz +0.1 M TBACI Fe(tpy“"‘pho)CIz +0.1 M TBACI + 0.035 M AcOH
Fe(tpy™'pho)Cl, + 0.1 M TBACI + 0.035 M AcOH 3.0¢10° Fe(tpy*’pho)CI, + 0.1 M TBACI + 0.63 M AcOH
-3.0x .
—~-2.0x10" —
5 5
< < -1.0x1074
g A d /;
) 0.0. S /(
1.0x10™1
2.0x10™ ; . . . . 3.0x10* . . . : .
00 -02 -04 -06 -08 -1.0 00 -02 -04 -06 -08 -1.0
Potential (V vs. Fc*/Fc) Potential (V vs. Fc*/Fc)

Figure S3.5. Cyclic voltammograms of Fe(tpy®“pho)Cl, with (red) and without (black) TBACI and
AcOH (blue) under Ar saturation conditions (A) and Fe(tpy®pho)Cl. with TBACI (black) and
increasing amounts of AcOH (B). Conditions: 1 mM Fe(tpy®“pho)Cl,, 0.1 M TBACI (if present), 0.1
M TBAPFs/MeCN; glassy carbon working electrode, glassy carbon counter electrode, Ag/AgCl
pseudoreference electrode; [AcOH]: 0.035, 0.07, 0.105, 0.140, 0.175, 0.21, 0.245, 0.28, and 0.63
M; referenced to internal ferrocene standard.

RRDE Experiments for Electrochemical Determination of ORR Selectivity of
Fe(tpy™®'pho)Cl.

Description of RRDE Collection Efficiency. The collection efficiency was determined as previously
reported.*> Conditions: Ar saturation, 0.1 M TBAPFs, 0.5 mM ferrocene in MeCN (50 mL), glassy
carbon disk electrode (5 mm), Pt ring electrode, glassy carbon rod counter electrode, Ag/AgCI
pseudoreference electrode; scan rate 0.01 V/s. To calculate the collection efficiency of the RRDE,
the ratio of the limiting ring current (i) to the limiting disk current (i) at each rotation rate was used
to determine Nempirical (EQ. S3). The Nempirical Value at each rotation rate was multiplied by a factor

of 100 to determine the collection efficiency % at each rotation rate (~27%).

Nempiricat = 72 (83.3)
RRDE Experiments. Conditions: Performed under Ar and O, saturation conditions, 0.1 M TBAPFe,
0.5 mM Fe(tpy®pho)Clz, 0.1 M AcOH, glassy carbon disk electrode (5 mm diameter), Pt ring

electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; scan rate

0.01 V/s.
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The solution was sparged with Ar until saturation was achieved. Fe(tpy*“pho)Cl, (0.5 mM) was
dissolved in solution and 0.1 M AcOH was added. A standard CV was taken of the solution to
confirm the potential window to be used for the experiment (0.3 to —0.25 V). The Pt ring was set
to +1.2 V. LSVs were obtained for various rotation rates between 200 and 1400 under the
described conditions. In between each scan, the solution was sparged for 3 minutes. The
reproducibility of scans was confirmed by repeating scans at the same rotation rate, producing
exact overlays. The same procedure was repeated for O saturation conditions, which were
achieved by sparging the solution with O for 3 minutes.

The arithmetic mean of the number of electrons received by O (nca) during the ORR was
calculated from the corrected disk current (iy) and corrected ring current (ir) according to Eq. S4:

Meqr = 4 X —— 24— (S3.4)

r
Ld+N

empirical
Where the current was corrected by subtracting the current observed under Ar saturation from
the current observed under O saturation. The H>O- ratio (p) is defined as the fraction of O,

reduced to H202 and relates to nct by Eq. S5:

Neat =4—2p (3.85)
Multiplying p by 100% provides the %H-O- selectivity of the ORR. It was determined that under
electrochemical conditions, this system shows a 70.0 + 8.6% selectivity for H.O.. At higher scan
rates, 1800 and 2200 rpm, we observed 100% selectivity for H.O2 and omitted these data points

from analysis.
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Figure S3.6. Linear sweep voltammograms of RRDE experiment with 0.5 mM Fe(tpy®'pho)Cl,
and 0.1 M AcOH under Ar (A) and O; (B) saturation conditions; ring potential = 1.2 V vs Ag/AgCI.
Conditions: 0.5 mM Fe(tpy®“pho)Cl,, 0.1 M AcOH, 0.1 M TBAPFs/MeCN; glassy carbon working
electrode/Pt ring working electrode, glassy carbon counter electrode, Ag/AgCI pseudoreference
electrode; scan rate 0.01 V/s.
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Figure S3.7. Levich plots from data obtained from Linear Sweep Voltammograms of
Fe(tpy®pho)Cl, (0.5 mM) by RRDE with 0.1 M AcOH under Ar (A) and O (B) saturation conditions
at various rotation rates; ring potential = 1.2 V vs. Ag/AgCI.
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Figure S3.8. Koutecky-Levich plots from data obtained from linear sweep voltammograms of
Fe(tpy®pho)Clz (0.5 mM) by RRDE with 0.1 M AcOH under Ar (A) and O (B) saturation conditions
at various rotation rates; ring potential = 1.2 V vs. Ag/AgCl.

0.05- control

£ —— with Fe(tpy““pho)Cl,

c 0.044

00

": E

= 0.03-

8 -

c 0.024

®

_E J

S 0.014

o]

< -f"_‘___‘__—f"'—-—'—”———
coo—

0 50 100 150

Time (s)

Figure S$3.9. Representative spectral changes at 778 nm due to the formation of [Cp*.Fe]*
comparing catalytic conditions with Fe(tpy®pho)Cl. (red) versus identical conditions in the
absence of Fe(tpy®'pho)Cl, as a control (black). Syringe Concentrations: Fe(tpy®'pho)Cl, (if
present) = 1.73 x 10° M; AcOH = 1.09 x 102 M; O, = 1.62 x 10 M; and Cp*.Fe = 2.44 x 10 M.
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Variable-Temperature Methods and Eyring Analyses (adapted?)

Keeping the concentrations of the various substrates constant while varying the temperature
enables the determination of thermodynamic and kinetic parameters for the reaction of interest.
The Eyring equation can be used to calculate the thermodynamic values for the transition state
of a reaction. The Eyring equation can be written as

k —AH* (1 kg = As*
¥t = L (2) + 2 4 2
T R \T + h + R

where R is the ideal gas constant, T is temperature, ks is Boltzman’s constant, h is Plank’s
constant, AH* is the enthalpy, and AS? is the entropy of the transition state. Plotting In ((Rs/Ncat)/ T)
versus 1/T the entropy of the transition state of a reaction can be determined using the following

equation

AS* = [(y — intercept) — In (kTB)] R

The enthalpy for the transition state of the reaction can be determined from the slope where

—AH*
R

slope =

Using the Eyring equation above, along with obtaining kcat values at varying temperatures, the
values for entropy and enthalpy for the transition state can be determined. Using these values for

enthalpy and entropy, the free energy can then be calculated at any temperature.
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Figure S3.10. Eyring plot of the stopped-flow data spectrochemical experiments with
Fe(tpy®™pho)Cl, in MeCN with AcOH. Data were fit using Kinetic Studio 4.0 (2 Exp + Mx + C).
Syringe concentrations: Fe(tpy®'pho)Cl.=5.14 x 10°M; O, = 1.62 x 10°*M; Cp. Fc = 2.44 x 103
M; AcOH = 1.31x 102 M.

Table $3.3. Eyring results obtained from spectrochemical experiments in Figure S3.10.

AH* (kcal mol') | +3.72
AS* (cal mol'K") | -21.4
AG*,95x (kcal mol™) | +10.1

Spectroscopic Determination of Product Selectivity for ORR with Ti(O)SO4 Colorimetric
Assay.

Selectivity for H202 production via ORR has been carried out in the manner described in previous
reports from our lab.? Briefly, 0.1 M Ti(O)SO4 solution was prepared and utilized to identify and

quantify H.O» in situ via established spectrophotometric methods.

For the data in Figure S$3.11A a 6 mL air-saturated MeCN solution was prepared containing
Fe(tpy®™pho)Cl,1 (4.44 x 10° M), AcOH (3.11 x 102 M), and Cp2*Fc (8.03 x 10* M) and left for
15 minutes. Then 3 mL of the solution was added to a UV-vis cuvette containing 0.1 mL of DI
water and a spectrum was obtained (black, A). The remaining 3 mL were added to a second UV-
vis cuvette contain 0.1 mL of the 0.1 M Ti(O)SOs solution (red, A). No change in the absorbance

at 408 nm for the red spectrum in (A) containing 0.1 mL of the 0.1 M Ti(O)SO4 solution suggests
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that Fe(tpy®pho)Cl, does not demonstrate appreciable selectivity for H,O, under these
conditions. These data support that Fe(tpy"®pho)Cl. is instead quantitatively selective for water.
For the data in Figure $3.11B, this control experiment was carried out in the same manner and

at identical concentrations as those described above for Figure $3.11A, but in the absence of

Fe(tpy®“pho)Cl,.

A 2.0 —— no Ti(0)S0, solution B 2.0 no Ti(0)SO, solution
—0.1mL Ti(O)SOd solution —0.1mL Ti(O)SOA solution
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@ ]
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Figure S3.11. (A) H2O- selectivity testing under catalytic conditions with Fe(tpy®pho)Cl. and (B)
identical conditions in the absence of Fe(tpy®™pho)Cl..

Stability of Fe(tpy*“pho)Cl. in the Presence of Urea*H.0,

To test if Fe(tpy®pho)Cl, facilitates H,O. disproportionation or interferes with the Ti(O)SO4
colorimetric assay, a known amount of urea*H202 in MeCN (6.67 x 10 M final concentration) was
added to a MeCN solution of Fe(tpy®“pho)Cl, (4.44 x 10" M final concentration) with AcOH (3.11
x 10-2 M final concentration) that was then saturated with air and left for 15 minutes. A 3 mL aliquot
was then removed from the solution and added to a UV-vis cuvette containing 0.1 mL of DI water
(Figure S3.12A, red). Then another 3 mL aliquot was removed and added to a second UV-vis

cuvette containing 0.1 mL of the 0.1 M Ti(O)SO4 solution (Figure S3.12A, blue).

Control spectra were obtained to detect any background contribution to the observed changes in

the UV-vis spectra. For this, first a MeCN solution of Fe(tpy®pho)Cl, (4.44 x 10° M final
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concentration) with AcOH (3.11 x 102 M final concentration) was saturated with air and left for 15
minutes. A 3 mL aliquot was then removed from the solution and added to a UV-vis cuvette
containing 0.1 mL of DI water (Figure $3.12A, black). Then another 3 mL aliquot was removed
and added to a second UV-vis cuvette containing 0.1 mL of the 0.1 M Ti(O)SO. solution (Figure
S3.12A, green). Lastly, a known amount of urea*H,O, in MeCN (6.67 x 10 M final concentration)
was added to a MeCN solution and left for 15 minutes under air saturation. A 3 mL aliquot was
removed and added to another UV-vis cuvette containing 0.1 mL of the 0.1 M Ti(O)SO4 solution
(Figure S$3.12A, purple). A control spectrum of 0.1 mL of the 0.1 M Ti(O)SO4 solution with 3 mL

of MeCN was also obtained as a control (Figure S3.12A, grey).

By subtracting the black spectrum from the blue spectrum in Figure S3.12A, the amount of H.O-
present in solution can be directly compared to the control solution in Figure S$3.12A, grey. These
spectra are overlayed for a clear comparison in Figure $3.12B. The absence of a change in

absorbance at 408 nm reveals that H,O; is stable in the presence of Fe(tpy*'pho)Cl..

A 1.21 ——Fe(tpy"'pho)CI, + AcOH B 1.21 —Ti(0)SO, solution + H.0
Fe(tpy"’pho)Cl, + ACOH + H,0, subtract‘ed spectrum o
=—Ti(0)SO, solution
——Ti(0)S0, solution + H,0,
0 . 9 B ——Fe(tpy™'pho)CI, + AcOH + H,0, + Ti(0)SO, solution 0 9 b
[«}] Fe(!py""';:l[’m)(ilz + AcOH + Ti(O)SO. solution ()
Q Q
g g
8 0.6 S 0.6
— =
=] o
3 2
< 0.3 < 0.3
0.0 0.0
300 450 600 750 900 300 450 600 750 900
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Figure S3.12. UV-vis data analyzing the stability of Fe(tpy®pho)Cl. in the presence of urea*H;0s.
Conditions: quartz cell with 1 cm pathlength.
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Figure S$3.13. UV-vis spectral changes upon addition of increasing amounts of urea*H-0, to 25
uM of Fe(tpy®“pho)Cl, in MeCN.
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Figure S3.14. Representative spectral changes at 778 nm due to the formation of [Cp*2Fe]*
comparing H,O2RR catalytic conditions with Fe(tpy®“pho)Cl. (red) versus identical conditions in
the absence of Fe(tpy®“pho)Cl, as a control (black). Syringe Concentrations: Fe(tpy®pho)ClI. (if

present) = 4.0 x 10°° M; AcOH = 2.65 x 102 M; urea*H,0, = 4.0 x 10 M; and Cp*,Fe = 2.0 x 103
M.
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Determination of Reaction Stoichiometry for Fe(tpy'*“pho)Cl. with Respect to H202
Reduction

The stoichiometry of the H»O; reduction reaction Eq (83.7) was confirmed by quantifying the
amount of oxidized decamethylferrocenium ([Cp*2Fc]") formed under anaerobic conditions where
urea*H20: (2.8 x 10* M), Fe(tpy®'pho)Cl> (2.0 x 105 M), AcOH (3.11 x 102 M), and Cp*2Fc (1.0
x 10 M) were combined in an MeCN solution and allowed to react to completion. The amount of
[Cp*:Fe]" was quantified using the molar extinction coefficient at 778 nm (¢ = 466 M cm™ as
determind by serial dilution of a chemically prepared sample of [Cp*2Fc][BF4]). The number of

equiv. of Cp*2Fc consumed per equiv. H>O, was determined by Eq (S3.8):

t.F
H,0, + 2CpiFe + 2AcOH—5 2H,0 + 2[CpFe]* + 24c0~ (S3.7)

* +
—[(Cp[z:cg ]]e"p = Eq.Cp;Fe consumed per H,0, (S3.8)
2Y2

It was determined that 2.09 £ 0.1 equiv of Cp*.Fe was consumed per equiv of H2O», consistent

with stoichiometric reduction of H2O..

0.094 Trial 1
Trial 2
Trial 3
0.071 Trial 4

Absorbance
o o
o o
— W

'001 v T ¥ T v T Y T T 1
400 500 600 700 800 900

Wavelength (nm)
Figure $3.15. UV-vis data to determine the H>O2RR reaction stoichiometry described above.
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Rate Law Determination of H.02 Reduction by Fe(tpy*“pho)Cl.

Variable concentration studies using UV-vis stopped-flow spectroscopy were also used to for

kinetic analysis of H2O2RR by Fe(tpy®pho)Cls.

1 2 ] Adj. R-Square Value Standard Error
0.96838 Intercept 0.27471 0.05402
Slope 23107.28 2079.2137 | @
Fl-- 1 .0'
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=
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[Fe(tpy““pho)CL,] (M)

Figure S3.16. The calculated Rsi/ncat from stopped-flow spectrochemical experiments with

Cp*2Fe, AcOH, urea<H,O, with varying Fe(tpy®“pho)Cl, concentration at 25.5°C in MeCN. Data

were fit using Kinetic Studio 4.0 (2Exp + Mx + C). Syringe concentrations: Cp*2Fe = 2.0 x 103 M,

AcOH = 2.65 x 102 M, urea*H2,02 =4 x 10° M.
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Figure S3.17. The calculated Rs/ncat from stopped-flow spectrochemical experiments with
Cp*.Fe, AcOH, Fe(tpy"®pho)Cl,, with varying ureasH,O concentration at 25.5°C in MeCN. Data
were fit using Kinetic Studio 4.0 (2Exp + Mx + C). Syringe concentrations: Cp*,Fe = 2.0 x 103 M,
AcOH = 2.65 x 102 M, Fe(tpy®™pho)Cl.= 4 x 10° M.
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Figure S$3.18. The calculated Rs/nca: from stopped-flow experiments with Cp*;Fe,
Fe(tpy®pho)Cl,, urea*H,O: with varying AcOH concentration at 25.5°C in MeCN. The horizontal
line represents the global average rate observed across all experiments for variable [AcOH]. Data
were fit using Kinetic Studio 4.0 (2Exp + Mx + C). Syringe concentrations: Cp*,Fe = 2.0 x 103 M,
urea*H;02 = 4 x 103 M., Fe(tpy*™pho)Cl.= 4 x 10° M.
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Figure $3.19. The calculated Rs/ncat from stopped-flow experiments with AcOH, Fe(tpy®'pho)Cl.,
urea*H»0; with varying Cp*2Fe concentration at 25.5°C in MeCN. The horizontal line represents
the global average rate observed across all experiments for variable [Cp*,Fe]. Data were fit using
Kinetic Studio 4.0 (2Exp + Mx + C). Syringe concentrations: AcOH = 2.65 x 102 M, urea*H,0, =
4 x 10 M., Fe(tpy®pho)Cl,= 4 x 105 M.
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Figure S3.20. Representative spectral changes at 778 nm due to the formation of [Cp*2Fe]”

comparing Fe(tpy®™pho)Cl. under non-buffered (black) and buffered (red) conditions. Syringe

Concentrations: Fe(tpy®'pho)Clz = 1.73 x 10 M; TBAACO/AcOH = 1.09 x 102 M; O2 = 1.62 x 10°
3M; and Cp2’Fc =2.44 x 103 M.
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Figure $3.21. Sample variable O, concentration data under catalytic conditions. (A) Plots of the
average of 5 injections across a series of variable O2 concentration data under catalytic
conditions. (B) Plot of data of all five injections at a single O2 concentration (1.62 x 10 M), the
average of those five injections (purple) and the second exponential linear fit of the average (grey).
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Figure S3.22. CVs of 0.5 mM [Fe(tpy®“pho)][OTf]. under Ar saturation with (red and green traces)
and without (black trace) the addition of 0.35 M AcOH. Conditions: 0.5 mM [Fe(tpy®'pho)][OTf].
in 0.1 M TBAPF«/MeCN; glassy carbon working electrode, glassy carbon rod counter electrode,
Ag/AgCl pseudoreference electrode; referenced to Fc*/Fc internal standard; 100 mV/s scan rate.

Spectroscopic Studies with [Fe'(tpy*pho)][OTf] and [Fe(tpy*'pho)][OTf]..
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Figure S3.23. UV-vis spectral changes of 50 uM Fe(tpy®“pho)Cl, upon addition of increasing
amounts of AcOH in MeCN. Conditions: 0.029 M increments of AcOH added.
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Figure S3.24. UV-vis spectral changes of 36 uM [Fe(tpy®pho)][OTf]. upon addition of increasing
amounts of AcOH in MeCN. Conditions: 0.029 M increments of AcOH added.
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Figure S$3.25. Molar extinction plot of Fe(tpy®pho)Cl, and [Fe(tpy*'pho)][OTf]. upon exposure to
0.35 M AcOH in MeCN from Figures $3.23 and S$3.24.

177



A 20' R " tbu

A n - 1
\ [Fe'(tpy™'pho)][OTH] + N, 20000 :'lze"::pymup:o;:g:g, gz .
Fe'(tpy*'pho)][OTf + O, 1 h ¢ ey Pholll=TiL &,
151 (re oy phollOTH + 0, 40000 [Fe(tpy™pho)l[OTH),
8 —
S <_ 30000
§ 101 Fg
9 = 20000-
K] w
< 0.5-
10000-
0.0' T T T 1 O T T 1
200 400 600 800 1000 200 400 600 800 1000
Wavelength (nm) Wavelength (nm)

Figure S$3.26. (A) UV-vis spectral changes upon exposure of 36 uM [Fe'(tpy*“pho)][OTf] to O
over the course of 1 hin MeCN (B) molar extinction plot of [Fe'(tpy®'pho)][OTf] under N2 and 1 h

after O, exposure and [Fe(tpy®'pho)][OTf]..
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[Fe'(tpy*'pho)][OTf] + O, 18 h
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Figure S3.27. Overlaid 'H-NMR spectra of [Fe(tpy®™pho)][OTfl. (bottom, red),
[Fe'(tpy™pho)][OTf] under N, (second from bottom, green) and exposed to O; after 2.5 h (third
from bottom, cyan) and 18 h (top, purple). Varian, 600 MHz, MeCN-ds.
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Figure $3.28. Overlaid "H-NMR spectra of 8.6 mM [Fe(tpy®pho)][OTf]. (bottom, red) and 10.6
mM [Fe'(tpy®“pho)][OTf] under N, (second from bottom, green) and exposed to O, after 2.5 h
(third from bottom, cyan) and 18 h (top, purple) from 37 to 72 ppm. Varian, 600 MHz, MeCN-ds.

Where e = features due to [Fe(tpy®™'pho)][OTf]., m = features due to [Fe'(tpy®'pho)][OTf], and A =
features due to an identified intermediate.
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[Fe'(tpy™'pho)][OTf] + O, 18 h
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Figure $3.29. Overlaid "H-NMR spectra of 8.6 mM [Fe(tpy®'pho)][OTf]. (bottom, red), 10.6 mM
[Fe'(tpy™pho)][OTf] under N2 (second from bottom, green) and exposed to O; after 2.5 h (third
from bottom, cyan) and 18 h (top, purple) from 10 to 30 ppm. Varian, 600 MHz, MeCN-ds. Where
e = features due to [Fe(tpy®“pho)][OTf],, m = features due to [Fe'(tpy*™pho)][OTT], and A = features
due to an identified intermediate.
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Determination of Ker for Cp*.Fe and Fe(tpy*“pho)Cl.

The equilibrium constant of electron transfer (Ker) between Cp*.Fe and Fe(tpy*'pho)Cl, was
determined experimentally from the E12 (V vs. Fc*/Fc) of 1 mM Fe(tpy®pho)Cl, for Fe(lll/Il)
reduction and the E12 (V vs. Fc*/Fc) of 1 mM Cp*.Fe for Cp*:Fe/[Cp*2Fe]* reduction in the

presence of 0.35 M AcOH. See Figure S3 for CVs of Fe(tpy®pho)Cl, with 0.35 M AcOH.

Cp*,Fe — [Cp*,Fe]" + e~ E12 =-0.51 (V vs. Fc*/Fc)
Felll + e~ — Fell E1203s macon = —0.25 (V vs. Fc'/Fc)
Overall: Fe''' + Cp*,Fe — [Cp*,Fe]* + Fe!!

Ecell = El/Z(FeI"/Fe”) - E1/2(Cp*zFe/[Cp*2Fe]+) = 026V (Sg)

0.059
Ecenn =

log Kgr, where n = 1 (S10)

n
0.26 V
Kgr = 1000592 = 2.5 x 10*

3.6.13. Determination of Effective Overpotential (adapted“)
The calculation of effective overpotential for this system is complicated by the inability to utilize

buffered acids for kinetic experiments (Figure 3.2). Utilizing reported pK, (23.5) and log(Kawa)
(3.9) values for AcOH in MeCN, we have corrected the reported standard reduction potentials for

ORR using the following equations:233-3°

2.303RT
4F

EgZ/HZO = 1.21 - 0.0592pK, + log(4Kapa) V vs Fct /Fc (S3.11)

EQ2/120(MeCN, AcOH) = —0.12 V vs Fc* /Fc

2.303RT
2F

Efiz02/H20 = 1.74 — 0.0592pK, + log(2Kapa) V vs Fc* /Fc (S3.12)
EI(-)IZOZ/HZO(MGCN,ACOH) = 4+0.47 vs Fc* /Fc

where R is the ideal gas law (8.314 J-K™"-mol™"); T is the temperature (298 K); F is Faraday’s
constant (96485 C-mol™"); Kaua is the reported homoconjugation equilibrium constant for AcOH in

MeCN (3.9).
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For the E12 of Fe(tpy®pho)Clz, a value of —0.36 V of Fc*/Fc was used, from electrochemical

experiments (Figure 3.2, green; [Fe(tpy®'pho)Cl;] = 1 mM; [AcOH] = 87.5 mM).

Single Crystal X-ray Diffraction

A single crystal of Fe(tpy®“pho)Cl.-2MeCN or Fe(tpy*“pho)Cl.-H.O was coated with Paratone
oil and mounted on a MiTeGen MicroLoop. The X-ray intensity data were measured on a Bruker
D8 Venture Photon 11l Kappa four-circle diffractometer system equipped with an Incoatec 1uS 3.0
micro-focus sealed X-ray tube (Cu Ka, A = 1.54178 A) and a HELIOS double bounce multilayer
mirror monochromator. The frames 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).#” Each structure was solved and refined using the Bruker SHELXTL Software
Package*® within APEX3*” and OLEX2.4° Non-hydrogen atoms were refined anisotropically. The
O-H hydrogen atoms in Fe(tpy®pho)Cl.-H.O were located in the electron density map and
refined isotropically with restraints on their bond lengths. All other hydrogen atoms in both
structures were placed in geometrically calculated positions with Uiso = 1.2Usquiv Of the parent atom
(Uiso = 1.5Uequiv for methyl). For Fe(tpy**“pho)Cl,-H,0, a two-domain twin was identified using the
TWINROTMAT feature of Platon.®® The twin law for the two-fold rotation around the (1 0 0) axis
was 1.000 0.000 0.352/0.000 -1.000 0.000/0.000 0.000 -1.000, and the BASF refined

to 0.03937.
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Table S3.4. Crystallographic Details

Fe(tpy™'pho)Cl.-2MeCN

Fe(tpy*pho)Cl.-H.O

CCDC number

2097186

2097187

Formula C33H36C|2F6N50 C29H32C|2F6N302

FW (g/mol) 645.42 581.32

Temp (K) 100(2) 100(2)

A (A) 1.54178 1.54178

Size (mm) 0.045 x 0.087 x 0.106 0.017 x 0.043 x 0.182

Crystal habit green-yellow plate yellow rod

Crystal system monoclinic monoclinic

Space group P 24/c P 24/c

a (A) 13.6379(9) 19.8776(14)

b(A) 14.5045(10) 15.7122(13)

c(A) 17.2579(10) 8.8813(7)

a(®) 90 90

B (°) 111.761(4) 94.505(5)

vy (®) 90 90

Volume (A%) 3170.5(4) 2765.2(4)

Z 4 4

Density (g/cm?) 1.352 1.396

g (mm™) 5.632 6.399

F(000) 1348 1212

8 range (°) 3.49 to 68.51 2.811059.12

Index ranges -16<h<16 -22<h<22
-17<k<13 -16<k<14
20120 9<1<9

Reflns collected 32468 17956

Independent reflns 5823 [Rint = 0.0863] 3851 [Rint = 0.1853]

Data / restraints /parameters | 5823 / 0/ 387 3851 /2347

GOF on F? 1.017 1.060

R1 (I>20(1)) 0.0499 0.1023

wR: (all data) 0.1373 0.3441
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4.1 Abstract

The catalytic reduction of dioxygen (O2) is important in biological energy conversion and
alternative energy applications. In comparison to Fe- and Co-based systems, examples of
catalytic O reduction by homogeneous Mn-based systems is relatively sparse. Motivated by this
lack of knowledge, two Mn-based catalysts for the oxygen reduction reaction (ORR) containing a
bipyridine-based non-porphyrinic ligand framework have been developed to evaluate how
pendent proton donor relays alter activity and selectivity for the ORR, where Mn(P*Udhbpy)CI (1)
was used as a control complex and Mn("""dhbpy)CI (2) contains a pendent -OMe group in the
secondary coordination sphere. Using an ammonium-based proton source, N,N'-
diisopropylethylammonium hexafluorophosphate, we analyzed catalytic activity for the ORR: 1
was found to be 64% selective for H,O2 and 2 is quantitative for H.O, with O, binding to the
reduced Mn(ll) center being the rate-determining step. Upon addition of the conjugate base, N,N'-
diisopropylethylamine, the observed catalytic selectivity of both 1 and 2 shifted to H.O as the
primary product. Interestingly, while the shift in selectivity suggests a change in mechanism for
both 1 and 2, the catalytic activity of 2 is substantially enhanced in the presence of base and the
rate-determining step becomes the bimetallic cleavage of the O—O bond in a Mn-hydroperoxo
species. These data suggest that the introduction of pendent relay moieties can improve
selectivity for H,O, at the expense of diminished reaction rates from strong hydrogen bonding
interactions. Further, although catalytic rate enhancements are observed with a change in product
selectivity when base is added to buffer proton activity, the pendent relays stabilize dimer

intermediates, limiting the maximum rate.
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4.2 Introduction

Increasing atmospheric CO» concentrations has led to global warming and climate change,
creating an undeniable need for renewable energy processes. Activation and reduction of
dioxygen (O3) is an attractive route for the development of alternative energy and industrial-scale
oxidation reactions due to its abundance and oxidizing power. ° The oxygen reduction reaction
(ORR) to the 4H*/4e™ product, H20, is an ideal cathodic half reaction in hydrogen fuel cells and
selectivity for the 2H*/2e™ product, H2O3, is also attractive because of the large-scale use of H20-
as an oxidant in a number of industrial processes.?3"°'" Molecular complexes offer a compelling
way to study and optimize these electrocatalytic reactions because of the fidelity with which the
active sites can be characterized relative to heterogeneous systems that may contain a
distribution of active sites, as well as the possibility of using iterative synthetic modifications to
test mechanistic hypotheses.

Interest in bioinspired and biomimetic systems has spurred the development of a significant
number of Fe- and Co-based porphyrinic systems.*%12'3 By comparison, Mn has been less widely
studied, despite its reactivity toward O2 and prevalence in dioxygen-dependent biological
systems.'?° Because of the relatively high spin-pairing energy of Mn ions, open-shell
configurations with side-on coordination modes of O2 are often observed to be relatively stable
on the potential energy surface of catalytic reactions, limiting activity.?'#'® This issue arises, in
part, as a result of the low basicity of O atoms in side-on Mn—O, species, preventing effective
protonation and cleavage of the O-O bond.?' This remains a challenge in the development of
Mn-based catalysts for ORR, where destabilization of side-on Mn—O; intermediates (and other
stable reactive oxygen species, ROSs) is crucial to achieve enhanced rates of catalytic turnover

(Figure 4.1).2"
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Figure 4.1. Summary of the work described here.

There are a number of strategies that can be employed to avoid stable Mn ROS intermediates,
including synthetically modifying the supporting ligand framework to tune the electronic structure
at the metal center, the introduction of hydrogen-bonding interactions that alter the potential
energy surface for Mn—O; intermediates, or the use of steric hindrance at the active site.? For
instance, to explore how secondary-sphere ligand modification influenced ORR activity and
selectivity, Nocera and coworkers introduced a xanthene-based pendent hangman moiety in a
Mn tetraphenylporphyrin complex for ORR." They found that the hangman group promoted
intramolecular proton transfer during catalysis and that hydrogen-bonding interactions between
Mn-bound O and proton donors helped to favor end-on coordination modes.'” A firm fundamental

understanding of how synthetic control over ORR at Mn-based active sites can avoid these
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potential thermodynamic limitations during catalysis remains an important question. Among the
reports on Mn-based ORR catalysts, there are only a handful of non-porphyrinic based systems,
despite the possibilities for alternative synthetic approaches for reaction control.?18-23

Previous studies on the electrochemical ORR mediated by Co(N202) molecular complexes
with 2,2-bipyridine based ligand backbone?* found that the introduction of a —OMe pendent relay
in the secondary coordination sphere resulted in a shift in selectivity from H2O to H20,, as well as
a shift in the observed RDS based on acid strength.?® It was hypothesized that directed
protonation of the proximal oxygen of a Co—OOH intermediate was mediated by the pendent —
OMe group.? Reasoning that pendent relays could favor end-on O coordination and accelerate
proton transfer in analogous Mn-based systems,??*%® two new Mn-based non-porphyrinic
electrocatalysts for ORR have been prepared. Using an alkyl ammonium-based proton source, it
was found that a secondary sphere —OMe pendent relay shifts selectivity to quantitative H2O-
formation under unbuffered conditions (proton donor is present without its conjugate base),
although the rate of catalysis is suppressed. However, under buffered conditions (the proton
donor and its conjugate base are present in significant quantities), hydrogen bonding between
the ligand framework and the added acid is mitigated, resulting in a dramatic increase in rate and
a shift in selectivity to H-O production. Interestingly, the shift in selectivity occurs in complexes
with and without the pendent relay, with systematic variation of added base concentration implying
that the change in mechanism is related to the deprotonation of a Mn(ll1)-OOH intermediate.
Further, the complex with the pendent relay experiences a shift in rate-determining step (RDS)
for catalysis under buffered conditions, which is proposed to originate from the pendent relay
stabilizing Mn—O>—Mn dimer formation relative to O2 binding and activation.

Overall, the proposed mechanism suggests that the 4H*/4e~ product H.O is accessed by
deprotonating an intermediate Mn(lll) hydroperoxo species, implying that proton activity buffering
at the pK; of an intermediate metal hydroperoxo is a potential point of reaction control over the
selectivity of product formation, as well as a mode of control over hydrogen-bonding interactions.
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These observations are representative of the complexity of ORR with Mn active sites: proton
transfer is required to facilitate the reduction of superoxide to hydroperoxide (which we attribute
to the competition between end-on and side-on coordination modes), but O—O bond scission
occurs most efficiently from a deprotonated peroxo intermediate.

4.3 Results and Discussion

4.3.1 Synthesis and Characterization

The P**udhbpy[H]. and "P"dhbpy[H]. ligands were synthesized according to previously reported
procedures. ?° Metalation of P®udhbpy[H]. to generate Mn(***'dhbpy)CI 1 was achieved via a
modified literature procedure,?> where a stoichiometric amount of manganese(ll) acetate
tetrahydrate was sparged with compressed air, allowed to reflux with P*dhbpy[H]. for 3 hours in
MeOH solution, and induced to precipitate by the addition of a saturated NaCl solution. Metalation
of "P'dhbpy[H]. was achieved by an analogous synthetic procedure.

UV-vis, ESI-MS, and microanalyses are consistent with the proposed formulation of the Mn
complexes shown in Figure 4.1. Evans’ method measurements exhibited per = 4.78 £ 0.11 and
Het = 4.59 % 0.10 for 1 and 2, respectively; both values are consistent with high-spin d* Mn(lll)
complexes (Tables S4.1 and S4.2).27?% Single crystals suitable for X-ray diffraction studies of
complex 2 were grown by slow cooling of a saturated, boiling acetonitrile (MeCN) solution layered
with diethyl ether. The solid-state structure of 2 is a dimeric species where a single O atom from
each atom is coordinated in the axial position of a second equivalent of complex 2 to create a six-
coordinate environment for each Mn center, analogous to our previous studies on a comparable

Fe complex (Figures 4.2C-2D).?°
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2: Mn("P"dhbpy)CI

Figure 4.2. (A) Structure of 1 Mn(***'dhbpy)ClI, (B) structure of 2 Mn("""dhbpy)ClI, (C) Molecular
structure of Mn("""dhbpy)CI 2 from single crystal X-ray diffraction studies showing the (D) dimeric
solid-state species. Purple = Mn, red = O, green = ClI, gray = C; thermal ellipsoids 50%, H atoms
and disordered atoms omitted for clarity. CCDC 2255849.

Diisopropylethylammonium hexafluorophosphate (DIPEAHPFs) was synthesized according
to a previously reported procedure.*® Toluene was brought to reflux in the presence of ammonium
hexafluorophosphate (PFs) and diisopropylethylamine (DIPEA), resulting in the precipitation of a
solid product after 48 hours. The suspension was cooled to 0°C on an ice bath before being
filtered and washed with DCM. Rotary evaporation of the DCM solvent yielded a spectroscopically
pure product: NMR spectroscopic characterization and microanalysis were consistent with a
disopropylethylammonium salt with a PFe~ counteranion. Single crystals suitable for X-ray
diffraction studies were grown via slow evaporation from a concentrated DCM solution (Figure
S4.3). '"H NMR spectroscopy was used to estimate a pK, of 18.7 for DIPEAHPFg in MeCN via
titration and competition experiments (See Sl).3"

4.3.2. Electrochemical Analysis of 1 and 2
Cyclic voltammetry studies were performed on 1 and 2 in MeCN solution with 0.1 M

tetrabutylammonium hexafluorophosphate (TBAPFg) supporting electrolyte (Figure 3). Under an

inert Ar atmosphere, 1 (Figure S4.9) and 2 (Figure S4.16) show reversible features attributed to
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a Mn(lll/11) redox event at —=0.58 and —0.55 V vs. Fc*/Fc, respectively. Variable scan-rate studies
of both 1 and 2 under Ar gas saturation showed a diffusion-limited response, consistent with
homogenous species (Figures S4.8 and S4.15, respectively). Upon dioxygen (O2) saturation,
there is an observed slight increase in current density at the Mn(lll/Il) redox event as well as the
partial loss of the return oxidation feature for both 1 (Figure S4.9) and 2 (Figure S4.16), indicative
of a reaction involving Oz and the reduced Mn(ll) metal center. Conversely, there is a quasi-
reversible redox feature observed at more negative potentials for 2 under O saturation,

suggestive of a Mn superoxide/peroxide reduction following O binding and activation.

3
A'3v0X10 __1, Ar
—1,0,
1+ 10 mM DIPEAHPF /DIPEA, Ar
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Figure 4.3. (A) CVs of Mn(**'dhbpy)Cl 1 under Ar and O with and without 10 mM
DIPEAHPF&/DIPEA present. (B) CVs of Mn(""dhbpy)CI 2 under Ar and O with and without 10
mM DIPEAHPFs/DIPEA present. Conditions: 0.5 mM Mn, 0.1 M TBAPFs/MeCN; glassy carbon
working electrode, glassy carbon rod counter electrode, Ag/AgCI pseudoreference electrode;
referenced to Fc*/Fc internal standard; 100 mV/s scan rate.
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Initial addition of 10 mM of the DIPEAHPF¢ proton donor to both 1 and 2 under inert conditions
resulted in the loss of reversibility of the Mn(lll/Il) redox couple as well as a shift to more positive
potentials, Ey 2 =—0.56 V vs Fc*/Fc for 1 (Figure S4.9) and —0.53 V vs Fc*/Fc for 2 (Figure $4.16).
This is consistent with a contribution from an EC mechanism (reversible electron transfer followed
by an irreversible chemical reaction), which is proposed to be the protonation of an O atom in the
inner-coordination sphere following formal reduction to Mn(ll), consistent with our previous studies
on acids with similar pK, values.?>3? Although titration of increasing amounts of DIPEAHPFg
beyond 10 mM did not cause a further potential shift for 1, the maximum positive potential shift
for 2 was reached after the addition of 20 mM. Similarly, titration of increasing amounts of the
DIPEAHPF;s proton donor in the presence of 10 mM DIPEA revealed that the Mn(lll) reduction
potential observed for 1 and 2 shifted to more positive potentials, however this shift was not
dependent on the concentration of DIPEAHPFs (Figures S4.11 and S4.17).

The observation of these shifts in the presence of the proton donor and its conjugate base,
as well as the absence of a Nernstian relationship suggested that the axial chloride ligand was
participating in related chemical steps during the EC mechanism. To better understand the role
of DIPEA and DIPEAHPFs in axial CI- ligand solvation, CVs of 1 (Figure S4.13 and S4.14,
respectively) were taken in the presence of 0.1 M TBACI. The addition of increasing amounts of
both DIPEA by itself and DIPEAHPFs with a fixed concentration of DIPEA (buffered) in the
presence of excess Cl~ under Ar saturation conditions suppressed positive potential shifts of the
Mn(111/11) redox feature in 1. The suppression of the potential shift in the presence of excess CI-
suggests that the shift observed originally is due to axial ligand solvation. Since it was observed
that increasing concentrations of DIPEAHPFs led to a loss of reversibility for the Mn(lll/11) feature,
these data taken in aggregate imply that axial CI- ligand loss enables protonation of the O atom
in the inner coordination sphere upon reduction.

Similar studies were conducted on 2, where the addition of 0.1 M TBACI to a solution of 2
resulted in a negative potential shift of a quasireversible Mn(lll/1l) feature to —0.76 V vs. Fc*/Fc
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(Figure S4.22). Addition of 10 mM DIPEA caused a positive potential shift of this Mn(l1l/11) redox
feature back to —0.56 V vs. Fc*/Fc (Figure S4.22) and the titration of increasing amounts of
DIPEAHPFs under buffered conditions suppressed the observed positive potential shift (Figure
$4.23). As was the case with complex 1, it is hypothesized that the presence of both DIPEA and
DIPEAHPFs contribute to axial CI- ligand loss for 2, with irreversibility again suggesting
protonation of a ligand O atom bound to Mn. Consistent with this, UV-vis spectroscopic analysis
of 1 and 2 in the presence of DIPEA and DIPEAHPFs showed no evidence of interaction with
Mn(lIl) (Figures S4.58-S4.61).

Under O, saturation in the presence of 10 mM DIPEAHPFs, there is an increase in current at
the Mn(lll/Il) reduction feature for both 1 (Figure S4.9) and 2 (Figure S4.16), indicative of
electrocatalytic activity for the ORR. Likewise, under O, saturation in the presence of buffered
DIPEAHPF;s (1:1 ratio of ammonium to its conjugate base), there is an increase in current density
at the Mn(lIl/Il) redox couple for both 1 and 2, consistent with catalytic O, reduction (Figure 4.3).
Effective overpotentials (n) for the ORR by 1 and 2 calculated under buffered conditions were
determined to be 0.58 and 0.56 V, respectively. Notably, the catalytic current density observed
under buffered conditions with complex 2 is much higher than unbuffered conditions (Figure
S4.19), suggesting that the presence of conjugate base enhances electrocatalytic ORR by 2, vide
infra. Oxidative current due to amine oxidation precludes the use of rotating ring-disk methods for
H20:2 detection under these conditions for both 1 and 2 (Figure S4.24).

4.3.3. Spectrochemical Studies with 1 and 2

Catalytic ORR experiments with 1 and 2 were then run under spectrochemical conditions
using decamethylferrocene (Cp*.Fe) as a chemical reductant in solution with the DIPEAH proton
donor under unbuffered and buffered (1:1 ratio of DIPEAHPFg to DIPEA) conditions. UV-vis
stopped-flow spectroscopy was used to determine the kinetic parameters of the ORR by
monitoring the accumulation of oxidized [Cp*.Fe]* at 780 nm (Figure 4). Consistent with the
electrochemical data, ORR by 1 showed minimal differences in activity under catalytic conditions
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with buffered and unbuffered proton donor (Figure 4A). Likewise, the catalytic response mediated

by 2 showed a significant enhancement under buffered conditions compared to unbuffered

(Figure 4B), similar to what was observed under electrochemical conditions, vide supra.
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Figure 4.4. Change in absorbance at 780 nm over time as a result of the formation of [Cp*2Fe]*
by ORR catalyzed by Mn(***“dhbpy)CI 1 (A) with DIPEAHPF; (red) and DIPEAHPFs/DIPEA (blue)
and Mn("P"dhbpy)CI 2 (B) with DIPEAHPFs (red) and DIPEAHPF¢/DIPEA (blue). Black: buffered

control. Conditions: 40 yM [Mn],
control: 4.05 mM O, 1 mM Cp*:F

4.05 mM [Oz], 1 mM [Cp*2Fe], 10 mM [DIPEAHPF4/DIPEA];
e, 12.5 mM DIPEAHPF4/DIPEA.

Variable concentration studies with 1 and DIPEAHPFs under unbuffered conditions revealed

a rate law for the ORR with first-order dependencies on [1] and [O2] and zero-order dependencies

on [DIPEAHPF] and [Cp*2Fe] (Figures $4.36-S4.39), corresponding to the rate law shown in Eq

(4.1).
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rateunbuffered = kcat [an—tbu]l[oz]l Eq (4-1)

A Ti(O)SO4 colorimetric assay was used to determine the selectivity of the ORR as previously
described.?** Aliquots were taken after the reaction was allowed to reach completion and the
amount of H>O2 produced was quantified. Selectivity testing under unbuffered conditions revealed
that 1 is 64.2 + 6.9% selective for H.O, corresponding to an ncat of 2.72 (Figure S4.26 and Table
4.1). Under these unbuffered conditions (only proton donor present), control studies showed no
degradation of H>O3 via disproportionation, with quantitative recovery of H,O- (Figure $4.28 and
Table S4.6).

Similarly, variable concentration studies of ORR by 2 with unbuffered DIPEAHPFs showed
first-order dependencies on [2] and [O2] (Figures $4.45-S4.49). Selectivity studies showed 96.2
+ 4.1% H20:2 selectivity corresponding to an ncat = 2.08 (Figure S4.27 and Table S4.5), with
control studies showing that 93.6 + 4.6% H20, was recovered after 20 minutes (Figure S4.29 and
Table S4.7), consistent with very slight activity for H.O. disproportionation. Notably, the
observation of an increased amount of the H2O; product for complex 2 — which contains pendent
proton donor relays — mirrors similar observations made with Co-based analogues of these
compounds previously.?® Thus, Eq (4.2) is proposed as the rate law for ORR mediated by 2 under
unbuffered conditions.

rateynpurrered = Keae[MN"T1M0,]1 Eq (4.2)

Subsequent re-examination of 1 under buffered conditions (equal amounts of ammonium
proton donor and its conjugate base) showed first-order dependencies on [1] and [O2] and zero-
order dependencies on [1:1 DIPEAHPF¢DIPEA] and [Cp*.Fe] (Figures $S4.40-S4.44).
Systematically varying the concentration of either [DIPEAHPFs] or [DIPEA] against a fixed
concentration of the other also exhibited no concentration dependence on the catalytic reaction
(Figure S4.42). Selectivity studies revealed that after 15 s, 1 showed 81.9 + 4.1% selectivity for

H,O as the product (Figure S4.30 and Table 4.1). H,O; disproportionation was observed under
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catalytic conditions: only 10.8 £ 6.6% H20O> was recovered after 105 s with 1:1 DIPEAHPFs:DIPEA
present (Figure S4.32 and Table S4.10). Interestingly, control studies under buffered catalytic
conditions without the presence of O, revealed minimal degradation of H.O- by the Mn(ll) form of
the complex (Figure $4.34 and Table S4.12), suggesting that the observed reaction selectivity
difference is not due to disproportionation alone. These results are summarized in the following
rate law, Eq (4.3), for ORR mediated by 1 under buffered conditions:

ratepusrerea = Kear[MnP~*]1[0,]" Eq (4.3)

Conversely, variable concentration studies of ORR catalyzed by 2 under buffered conditions
revealed mechanistic differences in comparison to the data obtained for 1 and 2 under unbuffered
conditions, as well as a change in selectivity. The ORR mediated by 2 showed a second-order
dependence on [2], a first-order dependence on [1:1 DIPEAHPF&:DIPEA], an inverse first-order
dependence on [Cp*;Fe] and a zero-order dependence on [O2] (Figures $4.49-S4.53). Unlike 1,
when [DIPEA] was varied against a fixed concentration of [DIPEAHPF¢] with 2, a first-order
dependence on rate was observed; experiments where [DIPEAHPF¢] was varied against a fixed
[DIPEA] showed a zero-order dependence. These results lead to the proposed rate law shown in
Eq (4.4). The observed first-order dependence on [DIPEA] implies that the dependence observed
on [1:1 DIPEAHPFe:DIPEA] is a result of varying DIPEA concentration. This interpretation is
validated by the zero-order dependence on [DIPEAHPFg] with fixed [DIPEA], ruling out proton
activity or proton donor concentration as influencing the observed reaction rate.

rate = keq [Mn"*"]?[DIPEA]'[Cp*,Fe]™" Eq (4.4)

Selectivity studies of ORR under buffered conditions showed that after 15 s, 2 is 62.1 £ 6.7%
selective for H,O (Figure $4.33 and Table 4.1). Control studies showed H>O., degradation
consistent with disproportionation: after 150 s only 3.81 + 0.83% of H2O, was recovered under

buffered conditions with complex 2. Again, H202 reduction was not observed under the buffered
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catalytic conditions when placed under an inert N> atmosphere, suggesting that the change in

selectivity is not exclusively due to disproportionation (Figure S4.35 and Table S4.13).

Table 4.1. Summary of ORR selectivity under spectrochemical conditions of 1 and 2 under
unbuffered and buffered conditions.

Unbuffered Buffered (15 s)
% H20- %H->0 %H20, %H-0
1 64.2 + 6.9 35.8+6.9 18.1+4.1 81.9+41
2 96.2+4.1 3.8+4A1 37.9+6.7 62.1+6.7

4.3.4. Computational Studies on Complex 2

To evaluate the initial steps of the reaction, computational studies on the thermodynamic
positioning of likely intermediates for complex 2 during O- reduction to H.O»> were subsequently
undertaken (see Sl for details). Geometry optimization was done with the Gaussian 16 package3
at B3LYP-D3(BJ)/def2-SVP level***? with a complete structural model and single point
calculations for refining energy differences were completed with Orca 5.0 at the wB97M-
D4/def2-TZVPP level.3°4044-48 At this level of theory, the calculated reduction potential of —0.53 V
vs Fc*? showed satisfactory agreement with the experimental potential of —0.55 V. Further, the
anticipated ground states of S=2 for Mn(lll) and S=5/2 for Mn(ll) in this coordination environment
were accurately reproduced, lending confidence to the chosen method.?? Electron transfer-proton
transfer (ET-PT), proton transfer-electron transfer (PT-ET), and concerted electron-proton
transfer (CEPT) pathways for reaction steps where a net hydrogen atom transfer occurred were
considered; in all cases CEPT was found to be the most favorable and produced results consistent
with experimental observation.

The most probable thermodynamic step from the starting complex [Mn(""dhbpy)(CI)]° under
protic conditions is reduction followed by a hydrogen-bonding interaction between the ligand
framework and an equivalent of [DIPEAH]* to generate [Mn("""dhbpy[AH])(C]°. (Figure 4.5).
Note that the [AH] notation indicates the hydrogen-bonding interaction involving a Mn-bound O

atom from the ligand framework. Although formal proton transfer to the ligand framework with loss
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of DIPEA is exergonic by —7.2 kcal/mol, the binding of O, with accompanying CI- release to
generate the cationic species [Mn("""dhbpy[H])(n?-O2)]* is uphill by 34.2 kcal/mol, precluding its
involvement in the catalytic cycle. Instead, O binding with loss of [DIPEAH][CI] is endergonic by
20.2 kcal/mol, which is consistent with experimental observations, generating [Mn("""dhbpy)(n?-
02)1°. In this structure, the bound O is in a side-on coordination mode with a bond length of 1.309
A, consistent with reduction to superoxide, O2"~. Reduction and protonation of this species had a
favorable CEPT pathway (—0.01 V vs Fc*?), where proton transfer has occurred from [DIPEAH]*
to generate [Mn("""dhbpy)(n'-O2H)]°. The shift in coordination mode of the O, fragment from side-
on to end-on reflects additional reduction: the bond lengthens to 1.451 A, consistent with a
peroxide. Protonation of the distal O atom to generate [Mn("""dhbpy)(n'-O2H)]* by an equivalent
of [DIPEAH]* is endergonic by 9.9 kcal/mol and displacement by CI- to facilitate H.O- release is
favorable by —23.6 kcal/mol. These reaction steps align with experimental observations on the
catalytic cycle which produces H,O- under unbuffered conditions.

Next the favorability of dimerization from the hydroperoxide was assessed to explore the
implied dimeric pathway to H.O production (Figure S4.77). The experimental studies described
above established the viability of H.O- as an intermediate species, therefore the [Mn("""'dhbpy)(n'-
O2H>)]* adduct was considered as the starting point. Deprotonation of Mn-bound H2O, by DIPEA
to generate [Mn("P"dhbpy)(n'-O2H)]° is favorable by 9.9 kcal/mol. Subsequent dimerization of
[Mn("P"dhbpy)(n?-02H)]° with an equivalent of [Mn("""dhbpy)(Cl)]° is endergonic by 19.7 kcal/mol,
with [Mn("P"dhbpy)(O)]° (§=3/2), [Mn("""dhbpy)(OH)]* (S=3/2), and CI- as the products. Attempts
to examine a stabilized bridging hydroperoxo dimer were unsuccessful, homolytic O-O bond
scission occurred spontaneously in all cases. From the terminal manganese oxo
[Mn("""dhbpy)(0O)]°, a calculated CEPT potential of +1.00 V vs Fc*/Fc was obtained for the
production of a Mn(lll) hydroxide [Mn("""dhbpy)(OH)]°, while the convergent pathway via the
reduction of [Mn("""dhbpy)(OH)]* was estimated to be +0.62 V; both processes are expected to
be facile at the considered operating potential of —0.55 V vs Fc*/Fc. Protonation of the neutral
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Mn—OH species to make the corresponding aquo species is uphill by 1.2 kcal/mol and subsequent
H20O loss with CI- coordination to Mn to regenerate the starting species and close the H20O-

reduction cycle is downhill by —20.2 kcal/mol.

qG (kcal-mol~1)

Figure 4.5. Free energy diagram from DFT methods showing key thermodynamic intermediates
in the production of H,O, by complex 2. Diagram considers the operating potential of catalysis to
be —0.55 V vs Fc*? and red indicates CEPT steps. DIPEA = A and DIPEAH"* = HA".
4.3.5. Discussion

From the data summarized above, we are able to propose the following mechanisms for the
ORR catalyzed by 1 and 2 under unbuffered and buffered conditions, described in Scheme 4.1.
Starting at /, the reduction of Mn(lll) to Mn(ll) induces a hydrogen-bonding interaction between
[DIPEAH]" and the O atom in the inner coordination sphere to form ii, the resting state of the
catalyst in solution. It is likely that this species exists in equilibrium with formal proton transfer,
based on DFT results, UV-vis studies on chemically reduced species (Figures S4.64 and S4.71),
and the observed irreversibility of the Mn(lll)/(1l) reduction. Control studies showed that neither

DIPEAHPFs or DIPEA interacted substantially with complexes in the Mn(lll) oxidation state
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(Figures S4.58-S4.61). However, formal proton transfer renders O- binding to Mn less favorable

by 14 kcal/mol according to DFT methods, indicating that this pathway isn’t viable catalytically.

Scheme 4.1. Proposed catalytic cycle for ORR, with the key equilibrium for switching between
the two reaction pathways indicated in gray.

BH®
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oO°: "0 +0
OH 2
HO” v equilibrium -[BH][CI]
shifts pathway
I\f|n ~ -B B ‘ N _|+
(o) (o] + + }
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_cr +e-IBH+ iii
dimerization induces <
O-0 bond scission o’ \0
HO,

iv

Following this activation of the catalyst, rate-limiting O2 binding to Mn(ll) to form a Mn(lll)-
superoxide species, Jii, occurs with loss of [DIPEAH][CI]. Based on this assignment, species ii is
considered to be the resting state of the catalytic cycle under these conditions. Reduction and
protonation by a CEPT pathway results in the formation of a Mn-hydroperoxo species, iv, whose
protonation leads to the formation of a Mn—H.O. intermediate, v. This is the primary reaction
pathway for 1 (64.2 + 6.9% selectivity) and 2 (96.2 + 4.1% selectivity) under unbuffered conditions,
as suggested by selectivity studies and the relative absence of activity for H.O, disproportionation
in separate testing. The observed selectivity enhancement for H.O» during ORR mediated by 2 is
consistent with the participation of the pendent methoxy group in hydrogen bonding interactions
with added acid, as we have observed previously.?’ This mechanistic proposal is consistent with
the general thermodynamic landscape obtained by DFT methods (Figure 4.5). It is worth noting

that H>O, disproportionation is observed by the parent Mn(lll) species of both complexes in the
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presence of DIPEA. Further, control studies with Mn(ll) revealed minimal interaction with H2O-
(Figure S4.34), suggesting that disproportionation is reliant on the availability of formally Mn(lll)
complexes.

Under buffered conditions, complex 2 demonstrated a substantial increase in the observed
catalytic rate in comparison to unbuffered conditions with an accompanying mechanistic
divergence involving dimerization. While we do not observe a change in the rate-determining step
or infer a change in the resting state for 1, it is proposed that the shift in selectivity from H202
under unbuffered conditions to H-O under buffered conditions is similarly due to the accessibility
of a dimerization pathway in the presence of added base. Based on the experimental and
computational data presented, it is likely that the observed mechanistic divergence arises from
differences in equilibrium control over the speciation of complexes iv and v, as depicted in Eq
(4.5).

Mn(0,H) + BH* < [Mn(H,0,)]* + B Eq (4.5)

Therefore, under buffered conditions, an alternative reaction pathway dominates the
observed selectivity. With suitable concentrations of base present, Eq (4.5) shifts to the left,
favoring the hydroperoxo species, iv, which becomes the resting state for 2 under buffered
conditions. Species iv dimerizes with an equiv of the Mn(lll) complex i leading to the formation of
species vi and vii from O-O bond cleavage, with accompanying chloride loss. Following one-
electron reduction or a one-electron CPET process, these products converge at a Mn(lll)
hydroxide species viii. Following this, formal protonation and displacement of H,O by CI- complete
the catalytic cycle. For complex 2, O—O bond cleavage from dimerization becomes the RDS of
the reaction, which is attributed to the pendent relay groups stabilizing the dimer intermediate
through coordination and hydrogen bonding. This proposal is consistent with the second-order
rate dependence on [Mn] and first-order rate dependence on [DIPEA] under buffered conditions.

Further, the inverse first-order dependence observed for [Cp*2Fe] implies that Mn(lll) is required

206



for dimer formation, rather than Mn(ll). This reaction pathway is in good agreement with that
computed using DFT methods (Figure S4.77).

The differences in ORR catalyzed by 2 under unbuffered and buffered conditions in
comparison to 1 suggest an important role for the pendent —OMe moiety in the secondary
coordination sphere, as well as for the added base. Under unbuffered conditions, catalytic activity
of 2 is suppressed in comparison to 1, which is observed under both electrochemical and
spectrochemical conditions. This is attributed to strong hydrogen-bonding interactions between
the —OMe groups and DIPEAHPF¢ kinetically inhibiting O binding, the rate-determining step of
the catalytic cycle. In addition to catalytic suppression, we observe a shift in selectivity from
approximately 64% for H202 by 1 to 96% for H202 by 2 under unbuffered catalytic conditions. As
introduced above, we propose that the observed shift in product selectivity is due to the hydrogen-
bonding interaction of the —OMe group assisting in proton transfer to the proximal Mn—-OOH
oxygen in species iv, as we have previously suggested in similar Co systems.?®

Interestingly, upon the addition of the DIPEA conjugate base to catalytic conditions with 2,
catalysis is significantly enhanced under electro- and spectrochemical conditions. There is an
accompanying change in mechanism, where the equilibrium responsible for H.O, formation
becomes unfavorable, allowing dimerization with accompanying O—O bond scission to become
rate-determining. It is also likely that DIPEA mitigates the effects of the strong H-bonding
interaction between DIPEAHPF¢ and the —OMe moiety, allowing an increased rate of hydroperoxo
intermediate generation. Indeed, in control studies with 2 chemically reduced to Mn(ll) by CoCp-
in situ, the addition of DIPEAHPFs inhibited reactivity with O2: under unbuffered conditions the
reaction between 2 and O: took approximately 100 min to go to completion (Figure S4.72),
compared with approximately 25 m for complex 1 (Figure $4.65). It is also worth noting the
difference in selectivity under buffered conditions between 1 and 2, where 1 is 81.9% selective
for H.O (Table 4.1) and 2 is only 62.7% selective for H,O. We attribute this difference to the H-
bonding ability of the —OMe groups of 2 promoting the formation of species v during catalysis by
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directing the proton donor. However, the dimer pathway to water formation is the primary pathway
under buffered conditions, as evidenced by the shift in observed rate law and the shift in product
selectivity to H20.

The observed rate constants (Rs/ncat values) under identical buffered conditions for 1 and 2
were Kobs = 1.23 £ 0.17 x 107" s and kobs = 0.706 + 0.25 x 10! s, respectively. While addition
of one equivalent of conjugate base for every equivalent of proton donor mitigates some of the
hydrogen-bonding induced suppression observed for 2 under unbuffered conditions, the
accompanying stabilization of the intermediate dimer results in a slight decrease in the rate of
catalysis relative to 1. Therefore, it has been demonstrated that the introduction of a pendent relay
into homogeneous molecular Mn-based electrocatalysts plays an essential role in ORR through
the hydrogen bond-assisted stabilization of key intermediates and by favoring the direct
protonation of the proximal oxygen of the Mn-OOH intermediate. The relative hydrogen-bond
donor ability of DIPEAHPF¢ is such that inhibition of catalysis can also occur, which is mitigated
through the introduction of the conjugate base. However, the mitigation of this effect results in a
change in mechanism, where O—O bond scission occurs after dimerization. Thus, the conjugate
base plays an important role during catalysis, allowing for an on-cycle dimer pathway that shifts
the reaction pathway towards the formation of water.

It is worth briefly discussing the comparison between the data reported here for 1 and those
reported previously with phenolic proton donors for a related complex with additional fert-butyl
substituents.?2?®* With buffered phenolic proton donors, the observed rate law for the ORR
mediated by this more sterically hindered complex showed first-order dependencies on the on
[catalyst] and [O2], but no dependence on proton donor activity. Similarly, the results obtained in
the presence of a buffered ammonium proton donor with higher activity (pKa(MeCN) = 18.7)
described here again demonstrate that proton activity is not relevant to the observed rate laws.
The observed relevance of an off-cycle EC reaction involving the protonation of the ligand
framework also aligns with the results of a potential-pK, diagram obtained during the previous
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study where acids with pK, < 20.11 were found to protonate the ligand framework of the tetra tert-
butylated complex. The systems reported here show greater stability with respect to any H>O-
generated, which we had previously observed not to be the case in the presence of phenol and
phenolate derivatives, consistent with the ease with which they can be oxidized as well as their
competency as ligands relative to the sterically hindered ammonium/amine pairs used here.4%°
Indeed, control testing shows that the DIPEA does not react under experimental conditions
(Figures S4.58-S4.59) and is too sterically hindered to coordinate to Mn.
4.4, Conclusions

Here we report the synthesis and characterization of two new Mn(N2O2) homogeneous
catalysts for ORR with an ammonium-based proton source in MeCN solution. Introduction of a
pendent —OMe group in the secondary coordination sphere proved to play an important role
during catalysis. Under unbuffered conditions, the pendent relay enabled quantitative selectivity
for H2O- due to directed protonation of the proximal O atom in a key Mn(llI)-OOH intermediate.
However, strong hydrogen-bonding interactions between the proton source and the pendent —
OMe moiety suppressed catalytic activity. The addition of the proton donor’s conjugate base
enhanced the catalytic response and shifted the rate-determining step to O—O bond cleavage in
an on-cycle Mn-peroxo dimer species. These results describe the importance of secondary
sphere ligand modifications in the tunability of catalytic ORR mediated by Mn complexes,
including the role of hydrogen-bond donor ability in directing product selectivity and the benefits
of buffered conditions. Destabilization of certain Mn—O. intermediates can be achieved through
secondary sphere modifications, however, later steps in the catalytic cycle must also be
considered, since they can impact in negative ways. The continued challenge for improved Mn-
based ORR catalysts is to drive the initial O=0O reduction with a proton donor while retaining
activity for subsequent O—O bond scission. Based on these conclusions, we are exploring the use
of proton relays with variable basicity in ligand frameworks which disfavor dimerization, in order
to improve the activity of monomeric catalyst pathways mediated by Mn complexes.
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4.5. Supporting Information for Chapter 4

Materials and Methods

General Considerations

All chemicals and solvents (ACS or HPLC grade) were commercially available and used as
received unless otherwise indicated. For all air-sensitive reactions and electrochemical
experiments, HPLC-grade solvents were obtained as anhydrous and air-free from a PPT Glass
Contour Solvent Purification System. Gas cylinders were obtained from Praxair (Ar as 5.0; O2 as
4.0) and passed through activated molecular sieves prior to use. Gas mixing for variable
concentration experiments was accomplished using a gas proportioning rotameter from Omega
Engineering. UV-vis absorbance spectra were obtained on a Cary 60 from Agilent. An Anton-Parr
Multiwave Pro SOLV, NXF-8 microwave reactor was used for microwave syntheses. The
concentration of O2 saturation in MeCN is reported to be 8.1 mM and the saturation concentration
in MeCN with added electrolyte to be 6.3 mM.5'

Synthesis and Characterization

Synthesis of Mn("*“dhbpy)ClI

ptbudhbpy[H]. was synthesized according to our previously reported procedure. 2> Mn(P*“dhbpy)CI
was synthesized according to previously reported procedures. 22 To a 2-neck, 100 mL round
bottom flask, P*'dhbpy[H]. (0.200 g, 0.442 mmol) was added with 50 mL of methanol and allowed
to reflux for 1 h. Then, manganese(ll) acetate tetrahydrate (0.108 g, 0.442 mmol) was added with
dichloromethane (10 mL) and sparged with compressed air for 2 minutes. The dark green solution
was allowed to reflux for 3 hours. After this time, saturated NaCl solution (50 mL) was added to
the flask resulting in a dark reddish-brown suspension. The suspension was filtered, dissolved in
DCM, and extracted with saturated NaCl solution (3 x 100 mL). The organic layer was separated,
dried over MgSO. and the solvent was removed under reduced pressure to yield a reddish-brown
solid. The solid was then dissolved in 1:1 DCM:MeCN, passed through a syringe filter and the
solvent was removed under pressure to yield a reddish-brown solid. Finally, the solid was

210



recrystallized in DCM and hexanes to yield a spectroscopically pure product in 46% yield (0.203
mmol, 0.11 g). Elemental analysis for C3H30CIMnN2O: calc’d: C 66.61; H 5.59; N 5.18, found: C

66.31, H 5.98, N 5.15. ESI-MS (m/z) [M — CIJ*: calc’d: 505.1688; found 505.1675.
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Figure S4.1. (A) UV-vis serial dilution absorbance data from Mn(P*“dhbpy)CI 1 in MeCN solution.
Conditions: varying concentration; quartz cell with 1 cm pathlength. (B) Plot of absorbance
concentration (M) for Mn(P*“dhbpy)CI 1 in MeCN solution at 339 nm (17915 M cm™); R?=0.999.
All: Amax = 236 nm (44786 M-'cm™), 422 nm (5320 M-'cm™"), 525 nm (1269 M-'cm™"), 777 nm (410
M-em™).

Table S4.1. Summary of Evans’ Method Data from Mn(**“dhbpy)CI 1 in N,N'-DMF (chosen for

solubility reasons) supporting a high-spin d* complex.
Trial | Chemical | Chemical Total Magnetic Paramagnetic Mefr (Bohr
Shift (ppm) | Shift (Hz) | Moment (emu mol') | Moment (emu mol') | Magnetons)
1 0.12 72 8.94 x 103 9.33x10°3 4.72
2 0.12 72 8.94 x 103 9.33x10°3 4.72
3 0.13 78 9.69 x 103 1.01 x 10 4.90

Synthesis of Mn(""dhbpy)CI

"Prdhbpy[H]. was synthesized according to our previously reported procedure. Mn("""dhbpy)CI
was synthesized according to previously reported procedures. To a 2-neck, 100 mL round bottom
flask, """dbhpy[H]> (0.195 g, 0.4 mmol) was brought to reflux in 75 mL methanol for 1 h. After this
time, manganese(ll) acetate tetrahydrate (0.104 g, 0.4 mmol) and DCM (10 mL) were added to
the reaction mixture and the solution was sparged with compressed air for 2 minutes, which then
turned dark green. After refluxing for 5 hours, saturated NaCl was added (75 mL). The suspension

was filtered, dissolved in DCM, and extracted with saturated NaCl (3 x 100 mL). The organic layer
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was separated and dried over MgSQOs4, passed through a syringe filter and the solvent was
reduced under pressure to yield a dark brown solid. The solid was recrystallized in minimal THF
and excess hexanes to yield pure product in 24% vyield (55 mg). Elemental analysis for
C30H30CIMNnN20221/3CH.ClI; calc’d: C 60.59; H 5.14; N 4.66, found: C 60.45, H 5.02, N 5.07. ESI-

MS (m/z) [M — CI]*: calc’'d: 537.1586; found 537.1564.
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Figure S4.2. UV-vis serial dilution of Mn("""dhbpy)Cl 2 in MeCN solution. Conditions: varying
concentration; 1 cm pathlength (B) plot of concentration of Mn("""dhbpy)CI (M) versus absorbance
at 356 nm (20223 M' cm™), R? = 0.998. All: 288 nm (25576 M-'cm™"), 440 nm (7626 M-'cm™), 540
nm (1447 M-'cm"), 802 nm (496 M-'cm™").

Table S4.2. Table of Evans’ Method data from Mn(""dhbpy)CI 2 in N,N'-DMF (chosen for solubility
reasons) supporting a high spin d* complex.

Trial | Chemical | Chemical Total Magnetic Paramagnetic Merr (Bohr
Shift (ppm) | Shift (Hz) | Moment (emu mol') | Moment (emu mol™") | Magnetons)
1 0.12 72 8.21x103 8.61x103 4.53
0.13 78 8.89 x 103 9.29 x 103 4.71
3 0.12 72 8.21x10°3 8.61x10°3 4.53
Synthesis of DIPEAHPF

N,N-diisopropylethylammonium hexafluorophosphate (DIPEAHPF¢) was synthesized according
to previously reported procedures. * A solution of ammonium hexafluorophosphate (2.81 g, 17.2
mmol) and N,N-diisopropylethylamine (3.30 mL, 19.0 mmol) was allowed to reflux in toluene (20

mL) for 48 hours to obtain a white solid. The solution was filtered and the solid was rinsed toluene
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(with 2 x 10 mL). The solid was dissolved in DCM, filtered, and the solvent was removed under
reduced pressure to yield a white crystalline solid in 25.5% vyield (1.2 g). White x-ray suitable
single crystals were grown by slow evaporation from DCM. Elemental analysis for CgHxoFsNP:
calc’'d: C 34.91, H 7.33, N 5.09; found: C 35.00, H 7.46, N 5.09. '"H NMR (MeCN-ds, 600 MHz) &
(ppm): 6.18 (t, 1H), 3.67 (sept, 2H), 3.16 (g, 2H), 1.32 (m, 15H). *C{'H} (MeCN-d3, 150 MHz) &

(ppm): 56.19, 44.13, 18.79, 17.42, 13.00.

Figure S4.3. Molecular structure of DIPEAHPFs from single crystal X-ray diffraction studies. Blue
= N, gray = C, white = H, green = F, orange; thermal ellipsoids at 50%, H atoms (except N-H) and
disordered F atoms omitted for clarity. CCDC 2255850.
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Figure S4.4. "H-NMR spectrum of DIPEAHPFs in MeCN-ds; Varian 600 MHz.
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Figure S4.5. *C{'"H}-NMR spectrum of DIPEAHPFs in MeCN-d3; Varian 150 MHz.
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Estimation of DIPEAHPFs pK, in MeCN

"H-NMR spectroscopy was used to estimate the pK. of DIPEAHPFs in acetonitrile relative to
triethylamine (pKa(MeCN) = 18.81), as previously reported. 3! Triethylamine (TEA) was titrated
into a solution of 0.02 M DIPEAHPFs in MeCN-ds; and a 'H-NMR spectrum was taken (Figure
$4.7). The difference in chemical shift was used to determine the relative change in pKs units
according to Eqs S$4.1-S4.3. Triethylammonium hexfluorophosphate (TEAHPFs) was synthesized

according to a literature procedure.*

DIPEAH*(B — H}*) + TEA (B;) = TEAH* (B — H;") + DIPEA (B;) Eq S4.1
Ko _ (830550 (8F 1" —50%%)
Ka] - (6fbs—6lB)(6]B_H+—6;)bS) Eq S4-2
Kg.
ApK,,; = log |~ = 0.142 +0.083 Eq S4.3
aj

Table S4.3. Summary of the chemical shifts for the estimation of DIPEAHPF¢ pKa.

TEA:DIPEAHPFs | &8 gobs; | BB, 5B 5obs; | 3BHY | KalKe | log|KailKa
(ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
0.10 3.63 3.07 -1.42 0.153
0.20 3.58 3.03 -1.10 0.0414
0.35 3.53 2.96 -1.25 0.0962
0.49 3.48 2.91 -1.20 0.0800
0.64 3.45 2.87 -1.26 0.100
0.79 3.42 2.84 -1.24 0.0951
0.94 3.39 2.81 -1.24 0.0918
1.1 3.01 3.31 3.68 2.46 2.71 3.14 -1.39 0.144
5.7 3.12 2.55 -1.29 0.110
11 3.06 2.5 -1.29 0.111
18 3.05 2.49 -1.38 0.139
20 3.05 2.48 —-2.10 0.321
23 3.04 2.48 -1.55 0.190
25 3.03 2.47 —2.06 0.314
Average | 0.142
Standard Deviation | 0.083
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Figure S4.6. "H-NMR spectra of DIPEAHPF; (purple), DIPEA (blue), TEAHPF¢ (green), and TEA

(red) used to estimate the pK, of DIPEAHPFs in MeCN. MeCN-ds; Varian 600 MHz.
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Figure S4.7. '"H NMR of titration of TEA into a 0.02 M solution of DIPEAHPFs for estimation of
pKa of DIPEAHPF¢ in MeCN. MeCN-ds; Varian 600 MHz.
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Electrochemical Analysis

All electroanalytical experiments were performed using a Metrohm Autolab PGSTAT302N
potentiostat. Glassy carbon working (2 = 3 mm) and non-aqueous silver/silver chloride
pseudoreference electrodes behind PTFE tips were obtained from CH Instruments. The
pseudoreference electrodes were obtained by depositing chloride on bare silver wire in 10% HCI
at oxidizing potentials and stored in a 0.1 M tetrabutylammonium hexafluorophosphate solution
in acetonitrile in the dark prior to use. The counter electrode was a glassy carbon rod (¢ = 3 mm).
All CV experiments were performed in a modified scintillation vial (20 mL volume) as a single-
chamber cell with a cap modified with ports for all electrodes and a sparging needle.
Tetrabutylammonium hexafluorophosphate (TBAPFs) was purified by recrystallization from
ethanol and dried in a vacuum oven before being stored in a desiccator. All data were referenced
to an internal ferrocene standard (ferrocenium/ferrocene reduction potential under stated
conditions) unless otherwise specified. All voltammograms were corrected for internal resistance.
Ferrocene was purified by sublimation prior to use. In the event that the presence of
electrochemical features precluded ferrocene addition, ferrocene was added to the
electrochemical cell at the end of analysis for reference.

Electrochemistry with 1

_4_ _4_ Eqﬂ y=a+b*x
A 50X1 0 005 VIS B 50X1 O Ab RS A% Value Standard Error
— 2V 0 510 Sepe rossoEa  peasies
- Bx -
-30X1 0 * /
"g — 0.04
< ~1.0x10™ 5
S — < -2.5x1071
4 ~
)
1.0x10 DY [P S
'5OX1 0 T Value Standard Error
Intercept ~ 5.31846E-6 1.19629E-5
Slope -3.03796E-4 1.46777E-5
3.0x10™* " T - T y 1 -7.5x10™ y T y T y |
0.0 -0.5 -1.0 -1.5 0.1 0.6 1.1 1.6
Potential (V vs. Fc*/Fc) v (vis)"?

Figure S4.8. (A) CVs of Mn(**udhbpy)CI 1 at variable scan rates ranging from 0.05 V/s (black) to
2 V/s (red) under Ar saturation conditions. (B) Linear fit data from A showing that Mn(**“dhbpy)CI
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is a diffusion-limited current response. Conditions: 0.5 mM Mn, 0.1 M TBAPF¢/MeCN; glassy
carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference
electrode; referenced to Fc*/Fc internal standard; 100 mV/s scan rate.

A-3.0x1o“‘- —1,Ar B -3.0x10°y— 1. Ar
—1,0, —10,
1+10 mM DIPEAHPF,, Ar -2.5x104 1+ 10 mM DIPEAHPF,, Ar
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-~ '4- = -1. ]
< -1.0x10 < 1.5x10
o > 1.0x10*
0.0 .
-5.0x10™ 1
T ——— 0.0 e ee———
0.0 -0.4 -0.8 -1.2 0.0 -0.4 -0.8 -1.2
Potential (V vs. Fc*/Fc) Potential (V vs. Fc*/Fc)

Figure $4.9. (A) CVs of Mn(**“dhbpy)CI 1 under Ar (black), O (red) and with 10 mM DIPEAHPFs
under Ar saturation (green). (B) CVs from A and catalytic trace shown (blue) with Mn(P*'dhbpy)CI
1 and 10 mM DIPEAHPFs under O, saturation. Conditions: 0.5 mM Mn, 0.1 M TBAPFs/MeCN;
glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference
electrode; referenced to Fc*/Fc internal standard; 100 mV/s scan rate.

A_1_8X10'4- 1, Ar B—3.0X1O'3-_1,Ar
—1,0, —1,0,
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Figure S4.10. (A) CVs of Mn(P*“dhbpy)CI 1 under Ar (black), Oz (red) and with 10 mM buffer
(DIPEAHPF&/DIPEA) under Ar saturation (green). (B) CVs from A with catalytic trace shown (blue)
with Mn(**“dhbpy)Cl and 10 mM DIPEAHPFe/DIPEA under O, saturation. Conditions: 0.5 mM
Mn, 0.1 M TBAPFs/MeCN; glassy carbon working electrode, glassy carbon rod counter electrode,
Ag/AgCl pseudoreference electrode; referenced to Fc*/Fc internal standard; 100 mV/s scan rate.
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Determination of Effective Overpotential of 1

Utilizing the estimated pKa. of DIPEAHPFs (18.7) in MeCN, we can determine the effective

overpotential according to Eqs $4.4-S4.5. Where Eapp is the E12 of Mn(*®'dhbpy)CI with 10 mM

DIPEAHPFs buffer determined by taking the first derivative of the irreversible feature in Figure

$4.10.%2

EQ2/u20 = 1.21 = 0.0592pK,

EQ2/120(MeCN, DIPEAHPFs) = 0.10V vs. Fc* /Fc Eq S4.4
N = |Eapp = Ed2/u20| = 1-0.48 = 0.10] = 0.58 V Eq S4.5
-1.2x10™-
—— 0 mM DIPEAHPF,
——10 mM
— -6.0x107-
£
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Potential (V vs. Fc*/Fc)

Figure S4.11. CVs of Mn(**'dhbpy)CI 1 with increasing DIPEAHPF;s concentrations under Ar
saturation conditions with 10 mM DIPEA. Conditions: 0.5 mM Mn, 10 mM DIPEA, 0.1 M
TBAPF&/MeCN; glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCI
pseudoreference electrode; referenced to Fc*/Fc internal standard; 100 mV/s scan rate.
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Figure S4.12. Control CVs of Mn(P*“dhbpy)CI 1 with and without the presence of 10 mM DIPEA.

Conditions: 0.5 mM Mn, 10 mM DIPEA, 0.1 M TBAPFs/MeCN; glassy carbon working electrode,
glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to Fc*/Fc

internal standard; 100 mV/s scan rate.
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Figure S4.13. CVs of Mn(***“dhbpy)CI 1 (black trace) in the presence of 0.1 M TBACI (red trace)
with increasing concentrations of DIPEA added. Conditions: 0.3 mM Mn, 0.1 M TBACI (if present),
[DIPEA]: 10 mM (green trace), 20 mM, 30 mM, 50 mM, 100 mM, 150 mM (blue trace), 0.1 M
TBAPF¢/MeCN; glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCI
pseudoreference electrode; referenced to Fc*/Fc internal standard; 100 mV/s scan rate.
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Figure S4.14. CVs of Mn(***'dhbpy)CI 1 (black trace) in the presence of 0.1 M TBACI (red trace)
and 10 mM DIPEA with increasing concentrations of DIPEAHPF¢ under Ar saturation. Conditions:
0.3 mM Mn, 0.1 M TBACI (if present), 10 mM DIPEA (if present), 0.1 M TBAPFs/MeCN; glassy
carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference
electrode; referenced to Fc'/Fc internal standard; 100 mV/s scan rate. Concentration of
DIPEAHPFs: 9.5 (green trace), 18.9, 29.2, 38.5, 47.8, 57.8, 97 mM (blue trace).
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Figure S4.15. A) CVs of Mn("""dhbpy)CI 2 at variable scan rates ranging from 0.05 V/s (black) to
2 VIs (red) under Ar saturation conditions. (B) Linear fit data from A showing that Mn("""dhbpy)CI
is a diffusion-limited current response. Conditions: 0.5 mM Mn, 0.1 M TBAPF¢/MeCN; glassy
carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference
electrode; referenced to Fc*/Fc internal standard; 100 mV/s scan rate.

222



-4 ——2,Ar

-3.0x10"9 "5 ¢
2+10 mM DIPEAHPFS, Ar
2 0X1 0_4_ 2+10 mM DIPEAHPFS, O2
NE .
O _1.0x10™1
<
S
0.04
1.0x10™

0.4 0.0 -04 -0.8 -1.2

Potential (V vs. Fc*/Fc)
Figure S4.16. CVs of Mn("""dhbpy)CI 2 under Ar (black), O (red) and with 10 mM DIPEAHPFs
under Ar saturation (green). Conditions: 0.5 mM Mn, 0.1 M TBAPFe/MeCN; glassy carbon working
electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced
to Fc*/Fc internal standard; 100 mV/s scan rate.
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Figure S4.17. (A) CVs of Mn("""dhbpy)CI 2 under Ar with increasing amounts of DIPEAHPFs
added. Conditions: 0.5 mM Mn, 0.1 M TBAPF«/MeCN; glassy carbon working electrode, glassy
carbon rod counter electrode, Ag/AgCI pseudoreference electrode; referenced to Fc*/Fc internal

standard; 100 mV/s scan rate-
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Figure S4.18. (A) CVs of Mn("P"dhbpy)Cl 2 under Ar (black), O, (red) and with 10 mM
DIPEAHPFs/DIPEA under Ar saturation (green). (B) CVs from A with catalytic trace shown (blue)
with Mn("""dhbpy)Cl and 10 mM DIPEAHPF¢/DIPEA under O; saturation. Conditions: 0.5 mM Mn,
0.1 M TBAPFs/MeCN; glassy carbon working electrode, glassy carbon rod counter electrode,
Ag/AgCl pseudoreference electrode; referenced to Fc*/Fc internal standard; 100 mV/s scan rate.

Determination of Effective Overpotential of 2

Utilizing the estimated pKa. of DIPEAHPFs (18.7) in MeCN, we can determine the effective
overpotential according to Eqs S$4.6-S4.7. Where E,pp is the E12 of Mn("P"dhbpy)CI 2 with 10 mM

DIPEAHPFs buffer determined by taking the first derivative of the irreversible feature in Figure

$4.18.%2
Eda/t20 = 1.21 = 0.0592pK,

ES/1120(MeCN, DIPEAHPF) = 0.10 V vs.Fc* /Fc Eq S4.6

N = |Eapp — Ed2/u20| = 1-0.46 — 0.10] = 0.56 V Eq S4.7
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Figure S4.19. Comparison of electrocatalytic ORR by Mn("""dhbpy)CI 2 with 10 mM DIPEAHPFs
with (red) and without (black) the presence of 10 mM DIPEA (traces from Figure S16 and S18 for
black and red traces, respectively). Conditions: 0.5 mM Mn, 0.1 M TBAPFe/MeCN; glassy carbon
working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode;
referenced to Fc*/Fc internal standard; 100 mV/s scan rate.
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Figure $4.20. CVs of Mn("dhbpy)Cl 2 with increasing DIPEAHPFs concentrations under Ar
saturation conditions with 10 mM DIPEA. Conditions: 0.5 mM Mn, 10 mM DIPEA, 0.1 M
TBAPF&/MeCN; glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCI
pseudoreference electrode; referenced to Fc*/Fc internal standard; 100 mV/s scan rate.
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Figure S4.21. Control CVs of Mn("""dhbpy)CI 2 with and without the presence of 10 mM DIPEA.
Conditions: 0.5 mM Mn, 10 mM DIPEA, 0.1 M TBAPFs/MeCN; glassy carbon working electrode,
glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to Fc*/Fc

internal standard; 100 mV/s scan rate.
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Figure S4.22. CVs of Mn("""'dhbpy)CI 2 (black trace) in the presence of 0.1 M TBACI (red trace)
and DIPEA (green trace). Conditions: 0.3 mM Mn, 0.1 M TBAPF¢/MeCN; glassy carbon working
electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced
to Fc*/Fc internal standard; 100 mV/s scan rate.
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Figure S4.23. CVs of Mn("""dhbpy)CI 2 (black trace) in the presence of 0.1 M TBACI (red trace)
and increasing amounts of DIPEAHPF¢. Conditions: 0.3 mM Mn, 10 mM DIPEA (if present), 0.1
M TBAPFs/MeCN; glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl
pseudoreference electrode; referenced to Fc*/Fc internal standard; 100 mV/s scan rate.
Concentrations of DIPEAHPFs: 9.44 (green trace), 19.1, 29.3, 39.2, 51.7, 61.9 mM (blue trace).

-4 _
A -6.0x10 B 2.0x10°;
Ar
-4.0x10™ O, 0.0+ — —
£ T 2.0x10° //
3-2.0x10'4- 5
S / I 4.0x10°1
0.0
=/ 6.0x107°
2.0X10-4 T T T T 1 80X10-3 T T T T 1
10 05 00 -05 -10 -15 10 05 00 -05 -10 -15

Potential (V vs. Fc*/Fc) Potential (V vs. Fc*/Fc)

Figure S$4.24. (A) Control CVs of 24 mM DIPEAHPFs under Ar (black) and O (red trace). (B)
Control CVs of 24 mM DIPEAHPFs and 25 mM DIPEA under O,. Conditions: 24 mM DIPEAHPFs,
0.1 M TBAPFs/MeCN; glassy carbon working electrode, glassy carbon rod counter electrode,
Ag/AgCl pseudoreference electrode; referenced to Fc*/Fc internal standard; 100 mV/s scan rate.
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Description of Spectrochemical ORR Product Quantification

The concentration of catalytically produced H2O> was determined by Ti(O)SO, as previously
reported.?>53 A calibration curve (Figure S4.25) was obtained through a serial dilution of a stock
solution of urea*H>02 in MeCN. H20, was extracted by adding 2 mL of a standard solution to 10
mL DCM and 5 mL of DI H2O, inverted and allowed to separate. Then, 3 mL of the aqueous layer
was removed and put into the cuvette where a UV-vis spectrum was taken before and after the
addition of 0.1 mL of Ti(O)SOs4 solution. The difference in absorbance at 408 nm was used to

construct the calibration curve (Figure $4.25).

Equation y=a+b*x
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4 Intercept 0.003 0.00872 [
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4 Slope  201.19841 8.74421
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Figure S4.25. Calibration curve of H>O, quantification using a Ti(O)SO. colorimetric assay. (A)
Serial dilution of urea*H>0, using the method described above. (B) Calibration curve made from
data in A.

Generally, to determine the ORR selectivity of Mn("""dhbpy)CI 1 and Mn(**“dhbpy)CI 2, solutions
containing 80 uM [Mn] and 20 mM DIPEAHPF¢ and DIPEA (if present) were sparged with O, gas
and rapidly mixed in a 1:1 ratio with a N» saturated 2 mM Cp*2Fe solution with a final volume of 8
mL (final concentrations: 40 uM Mn, 1 mM Cp*2Fe, 10 mM DIPEAHPFs and 10 mM DIPEA). Over
the course of the reaction, 2 mL aliquots of the catalytic solution were removed and extracted with

10 mL of DCM and 5 mL of DI H2O. The aqueous layer (3 mL) was removed and put into the

cuvette and a UV-vis spectrum was taken before and after the addition of 0.1 mL of Ti(O)SOa..
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Aliquots were taken at the indicated time points and experiments were done in triplicate. Eqs

S4.8-S4.9 were used to calculate the % selectivity of H20..

cat.[Mn]

0, + 2Cp*,Fe(1 mM) + 2DIPEAHPF ——— H,0,(0.5mM) + 2[Cp*,Fe]* + 2DIPEA Eq S4.8

Abs@408 nm (red trace) — Abs@408 nm (black trace) = 201.2[H202]exp + 0.003

[Hzoz]exp _ o0 .
05 mMH,0, X 100 = % H,0, selectivity Eq S4.9
Unbuffered Conditions
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Figure S4.26. H.O, product quantification of ORR by Mn(**'dhbpy)CI 1 with DIPEAHPFs. (A)
UV-vis spectrum of extracted solution after 3 min of reaction time before (black) and after (red)
0.1 mL of 0.1 M Ti(O)SO4 solution was added. (B) Corrected spectra (red — black trace from A).
Conditions: 40 uM Mn(***udhbpy)CI, 10 mM DIPEAHPFs, 1 mM Cp*2Fe, 4.05 mM O in MeCN.

Table S4.4. Summary of H,O; selectivity of ORR by Mn(P**“dhbpy)CI 1 with 10 mM DIPEAHPFs
(Figure S4.26).

Time (min) % H20- % H20
3 64.2+6.9 35.8+6.9
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Figure S4.27. H,O; product quantification of ORR by Mn("""dhbpy)CI 2 with DIPEAHPFs. (A) UV-
vis spectrum of extracted solution before (black) and after (red) 0.1 mL of 0.1 M Ti(O)SO4 solution
was added, 20 min. (B) Corrected spectra (red — black trace from A). Conditions: 40 uM
Mn("P"dhbpy)CI, 10 mM DIPEAHPFe/DIPEA, 1 mM Cp*;Fe, 4.05 mM O in MeCN.

Table S4.5. Summary of H,O: selectivity of ORR by Mn("""dhbpy)CI 2 with 10 mM DIPEAHPFs
(Figure $S4.27).

Time (min) % H20, % H20
20 96.2 £ 4.1 3.81+41
A 0.4 B 0.4+
No Ti(0)SO, —H,0, Stock
—— 0.1 mL Ti(0)SO, ——12min
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Figure S4.28. Stability test of urea*H.0- in the presence of Mn(P*“dhbpy)Cl 1, DIPEAHPFs, and
O.. (A) UV-vis spectra of an extracted sample after 12 minutes of reaction time before (black) and
after (red) the addition of 0.1 mL of 0.1 M Ti(O)SOas. (B) Corrected UV-vis spectra (red — black
trace from A) of H.O- only (black) and after 12 min (red). Conditions: 40 uM Mn(P*dhbpy)CI, 10
mM DIPEAHPFs, 0.87 mM urea*H.0O2, 4.05 mM Oz in MeCN.

Table S4.6. Summary of H,O- disproportionation by Mn(**“dhbpy)CI 1 with 10 mM DIPEAHPFs

(Figure S4.28) relative to 0.87 mM H20: stock solution.
Time (min) % H>0, Recovered
12 104 + 8.8
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Figure S4.29. Stability test of urea*H,O: in the presence of Mn("""dhbpy)CI 1, DIPEAHPFs, and
O.. (A) UV-vis spectra of an extracted sample after 20 minutes of reaction time before (black) and
after (red) the addition of 0.1 mL of 0.1 M Ti(O)SOas. (B) Corrected UV-vis spectra (red — black
traces from A) at 0 min (black trace) and after 20 min (red). Conditions: 40 uM Mn("""dhbpy)CI, 10
mM DIPEAHPFs, 0.80 mM urea*H202, 4.05 mM Oz in MeCN.

Table S4.7. Summary of H.O, disproportionation by Mn(""dhbpy)CI 2 with 10 mM DIPEAHPFs
(Figure S4.29) relative to 0 min with 0.80 mM HO..

Time (min) % H20, Recovered
20 93.6+4.6
Buffered Conditions
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A No Ti(0)SO, B ——15s
] i —90s
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Figure $4.30. H.O. product quantification of ORR by Mn(**“dhbpy)Cl 1 with DIPEAHPF¢ and
DIPEA. (A) UV-vis spectrum of extracted solution before (black) and after (red) 0.1 mL of 0.1 M
Ti(O)SO4 solution was added, 15 s. (B) Corrected spectra (red — black trace from A) for 15, 90,
and 720 s aliquots. Conditions: 40 pM Mn(**'dhpby)Cl, 10 mM DIPEAHPFs/DIPEA, 1 mM

Cp*2Fe, 4.05 mM Oz in MeCN.
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Table S4.8. Summary of H,O; selectivity over the course of catalytic ORR by Mn(**'dhbpy)CI 1
with 10 mM DIPEAHPF¢/DIPEA (Figure $4.30).

Time (s) % H20. % H20
15 18.1+4.1 81.9+41
90 -1.32%+24 101+£24
720 —2.08+1.1 102 +1.1
Aozo- | A~ TI/A\CA ROZO- 11 arc
L) —  NOiv)jou, L 108
——0.1 mL Ti(0)SO, —120s
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Figure S4.31. H,O, product quantification of ORR by Mn("P"dhbpy)CI 2 with DIPEAHPFs and
DIPEA. (A) UV-vis spectra of extracted solution before (black) and after (red) 0.1 mL of 0.1 M
Ti(O)SO4 solution was added, 15 s. (B) Corrected spectra (red — black trace from A) for 15, 120,
and 720 s aliquots. Conditions: 40 uM Mn("""dhbpy)CI, 10 mM DIPEAHPF¢/DIPEA, 1 mM Cp*:Fe,

4.05 mM O3 in MeCN.

Table S4.9. Summary of H,O; selectivity over the course of catalytic ORR by Mn("""dhbpy)CI 2
with 10 mM DIPEAHPF¢/DIPEA (Figure S4.31).

Time (S) % H20- % H0
15 37.9+6.7 62.1+6.7
120 6.42+1.8 93.6+1.8
720 -3.79+1.2 103 +1.2

H>O, Stability Testing under Buffered Conditions

To determine the stability of H,O, under catalytic conditions, control studies were conducted in
the presence of Mn catalyst, DIPEAHPFg, DIPEA, and O.. Generally, solutions containing 80 uM
Mn catalyst and 20 mM DIPEAHPFsand DIPEA (if present) were sparged with O, gas and rapidly
mixed in a 1:1 ratio with a N2 saturated urea*H,O, solution (final concentrations: 40 uM Mn, 10
mM DIPEAHPFe and 10 mM DIPEA). As the solution was allowed to react 2 mL aliquots were

removed, extracted with 10 mL DCM and 5 mL DI H20. Then, 3 mL of the aqueous layer was
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removed and added to the cuvette. A UV-vis spectrum was taken before and after the addition of
0.1 mL of 0.1 M Ti(O)SO4 solution and the difference at 408 nm was used to determine the amount
of H2O2 present ([H2O:2]getected). The % recovery was determined according to Eq S$4.10 from

measured [H2O2]expected Of the H20» stock solution or time point 0 min using the described

extraction method.

[H202]detected X 100 = % H, 0, recovery Eq S4.10

[Hz Oz]expected

0.4 0.4
A No Ti(0)SO, B — H,0, Stock
——0.1 mL Ti(0)SO, —30s
0.3- 0.3- —105s
] [}
e 2
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[ [
[} o
2 2
< 0.1 < 0.1
o'o- T L} 1 0-0- L} T 1
200 400 600 800 200 400 600 800
Wavelength (nm) Wavelength (nm)

Figure S4.32. Stability test of urea*H.O, in the presence of Mn(P*'dhbpy)Cl 1, DIPEAHPFs,
DIPEA, and O.. (A) UV-vis spectra before (black) and after (red) the addition of 0.1 mL of 0.1 M
Ti(O)SO4 to an extracted aliquot after 30 s. (B) Corrected UV-vis spectra (red — black traces) of
H.O, only (black) and after 30 (red) and 105 s (blue). Conditions: 40 uM Mn(**'dhbpy)CI, 10 mM
DIPEAHPFs/DIPEA, 1.49 mM urea*H202, 4.05 mM O in MeCN.

Table S4.10. Summary of HO. disproportionation by Mn(*®'dhbpy)ClI 1 with 10 mM
DIPEAHPF&/DIPEA (Figure S4.32) relative to 1.49 mM H»0- stock solution.

Time (s) % H>0, Recovered
30 31.3+5.2
105 10.8 £+ 6.6
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Figure S4.33. Stability test of urea*H.O, in the presence of Mn(""dhbpy)Cl 2, DIPEAHPFs,
DIPEA, and O2. (A) UV-vis spectra before (black) and after (red) the addition of 0.1 mL of 0.1 M
Ti(O)SO4 to an extracted aliquot after 15 s. (B) Corrected UV-vis spectra (red — black trace from
A) of H20, only (black) and after 15 (red), 150 (green), and 540 s (blue). Conditions: 40 pM
Mn("""dhbpy)CI, 10 mM DIPEAHPF¢/DIPEA, 0.89 mM urea*H,O2, 4.05 mM O in MeCN.

Table S4.11. Summary of H,O, disproportionation by Mn("""dhbpy)Cl 2 with 10 mM
DIPEAHPFs/DIPEA (Figure S4.33) relative to 0.89 mM H,O: stock solution.

Time (s) % H202 Recovered
15 43.9+4.9
150 3.81+0.83
540 -3.14+1.0

To determine the stability of H2O2 in the presence of Mn(ll), control studies were conducted in the
presence of Mn, DIPEAHPFs, DIPEA, Cp*.Fe, under an N2 atmosphere. In a N: filled glovebox,
urea*H>O, was added to a solution containing Mn, DIPEAHPF¢/DIPEA, and Cp*:Fe (final
concentrations: 40 uM Mn, 10 mM DIPEAHPFe/DIPEA, 1 mM Cp*zFe, 2.3 mM urea*H;0,). After
30 s, 2 min and 9 min, 2 mL aliquots were removed from the ‘catalytic’ solution and extracted with
10 mL of dry, degassed DCM and 5 mL of degassed water. Then, 3 mL of the aqueous layer was
removed and a UV-vis spectrum was taken before and after the addition of 0.1 mL of Ti(O)SO4
solution. The difference in absorbance at 408 nm was used to quantify the amount of H.O- present

according to Eq $4.9 and Eq S4.10 was used to determine the amount of H>O, recovered.
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Figure S4.34. Stability test of urea*H.O, in the presence of Mn(**“dhbpy)Cl 1, DIPEAHPFs,
DIPEA, and FeCp*; (A) before (black trace) and after (red trace) the addition of 0.1 mL of 0.1 M
Ti(O)SO4 to an extracted aliquot after 30 s. (B) Corrected UV-vis spectra (red — black from A) after
30 s (black), 120 s (red), 600 s (green), and H2O, only (blue). Conditions: 40 uM Mn(P*“dhbpy)Cl,

10 mM DIPEAHPF6/DIPEA, 2.3 mM urea*H>02, 1 mM FeCp*2 in MeCN.

Table S$4.12. Summary of H,O,RR by Mn(**“dhbpy)CI 1 with 10 mM DIPEAHPF¢/DIPEA and 1
mM FeCp*; (Figure $4.34) relative to 2.3 mM H,0; stock solution.

Time (s) % H20, Recovered
30 94123
120 88.3+£1.9
540 829+2.2
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Figure S4.35. Stability test of urea*H.O, in the presence of Mn("""dhbpy)Cl 2, DIPEAHPFs,
DIPEA, and FeCp*; (A) before (black trace) and after (red trace) the addition of 0.1 mL of 0.1 M
Ti(O)SO4 to an extracted aliquot after 30 s. (B) Corrected UV-vis spectra (red — black from A) after
30 s (black), 120 s (red), 600 s (green), and H20O- only (blue). Conditions: 40 uM Mn("""dhbpy)ClI,
10 mM DIPEAHPFs/DIPEA, 2.3 mM urea*H>02, 1 mM FeCp*, in MeCN.
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Table S4.13. Summary of H,O2RR by Mn(""dhbpy)CI 2 with 10 mM DIPEAHPF¢/DIPEA and 1
mM FeCp*; (Figure $4.35) relative to 2.3 mM H20; stock solution.

Time (s) % H>0, Recovered
30 88.5+1.2
120 91.1+3.6
540 86.5+4.5

Stopped-Flow Spectrochemical Methods

Stopped-flow spectrochemical kinetics studies were performed with a CSF-61DX2 Stopped-Flow
System from Hi-Tech Scientific. Kinetic Studio Software was used to monitor a single wavelength
and Integrated CCD Software was used to monitor the entire visible spectrum. All data fits were
performed within the Kinetic Studio 4.0 Software Suite. Prior to experiments, dried and degassed
MeCN was passed through syringes and the cell block before reagents were loaded. In a typical
experiment, syringes would be charged with known concentrations of reagent. All reagent
solutions were prepared immediately before use.

In general, a vial containing Mn catalyst and proton source (and conjugate base, if present) was
sparged with O, drawn into a syringe and loaded into the stopped-flow. A second syringe
containing N2-saturated Cp*2Fe solution loaded into the stopped-flow. All reported concentrations

are the mixed concentrations in the spectroscopic cell.
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Determination of the Rate Law for ORR by 1 under Unbuffered Conditions

rate = Ko [MnP~t4]1[0,]? Eq S4.11

O 5 _|Equation y=a+Db*x

' Adj. R-Sq 0.99564
Intercept -0.00846 0.

0 4 T Slope 3500.39851 11

0.0 . T . . . ' . .

1.0x10° 4.0x10° 7.0x10° 1.0x10* 1.3x10™
[Mn("**dhbpy)CI] (M)

Figure S4.36. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with

DIPEAHPFs, Oz, and Cp*2Fe with varying Mn(P*“dhbpy)Cl 1 concentration. Data were fit using

Kinetic Studio 4.0 (1Exp+Mx+C), ncat = 2.72. Concentrations: DIPEAHPFg = 10 mM, O, = 4.05
mM, Cp*2Fe = 1 mM.

0.09- Equation y=a+b*x

Adj.R-Sq  0.99839
] Value Standard Error
Intercept 0.02782 7.98754E-4
0.08+ Slope ° 12.48542 0.28973
\TA 007'
i ]
£°0.06+
o
0.054
0.04 . r . ' . .
0.001 0.002 0.003 0.004

[O,1 (M)

Figure S4.37. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn(Pt*Udhbpy)Cl 1, DIPEAHPFs, and Cp*:Fe with varying O, concentration. Data were fit using
Kinetic Studio 4.0 (1Exp+Mx+C), nea = 2.72. Concentrations: Mn(°*'dhbpy)Cl = 40 uM,
DIPEAHPFs = 10 mM, Cp*2Fe = 1 mM.
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Figure $4.38. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn(**udhbpy)CI 1, O, and Cp*,Fe with varying DIPEAHPF6 concentration. Data were fit using
Kinetic Studio 4.0 (1Exp+Mx+C), ncat = 2.72. The red line represents the global average over all
points. Concentrations: Mn(P*Udhbpy)Cl = 40 uM, Oz = 4.05 mM, Cp*2Fe = 1 mM.
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Figure $4.39. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn(P*udhbpy)CI 1, O,, and DIPEAHPF; with varying Cp*.Fe concentration. Data were fit using
Kinetic Studio 4.0 (1Exp+Mx+C), ncat = 2.72. The red line represents the global average over all
points. Concentrations: Mn(P*“dhbpy)Cl = 40 uM, Oz = 4.05 mM, DIPEAHPFs = 10 mM.
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Determination of the Rate Law of ORR by 1 under Buffered Conditions

rate = koqr [MnP~tP%]1[0,]* Eq S4.12
Comparable kqss values can be obtained from the average of Rsi/ncat Values across independent
experimental data points at identical conditions: 40 uM [Mn], 10 mM [DIPEAHPF¢/DIPEA], 4.05

mM [O2], and 1 mM [Cp*.Fe] (Figures S4.40-S4.44).
Kobs = 1.23 £0.17 x 10" s™

Egn y =a+b*x
024 Adj. R-Sq  0.99875
Value Standard Error
Intercept 0.01453 0.00233
Slope 3107.4340 54.88413
0.184
‘_A
)
A
®
o
£
£0.124
= .
14
0.06

1.0x10° 3.0x10° 5.0x10° 7.0x10°
[Mn(**“dhbpy)CI] (M)
Figure $4.40. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with

DIPEAHPFs, DIPEA, Oz, and Cp*:Fe with varying Mn(***“dhbpy)CI 1 concentration. Data were fit
using Kinetic Studio 4.0 (1Exp+Mx+C), ncat = 3.64. Concentrations: DIPEAHPF¢/DIPEA = 10 mM,

02 =4.05 mM, Cp*2Fe =1 mM.
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Egn y =a+b*x
Adj. R-Sq 0.90133

Value Standard Error
0- 1 5 T Intercept 0.0354 0.00554

Slope 25.54939 2.65867

0.0 1.5x10°  3.0x10°  4.5x10°

[0,] (M)
Figure S4.41. The calculated Rs/ncat values from stopped-flow spectrochemical experiments with
Mn(P*Udhbpy)ClI 1, DIPEAHPFg, DIPEA, and Cp*,Fe with varying Oz concentration. Data were fit
using Kinetic Studio 4.0 (1Exp+Mx+C), net = 3.64. Concentrations: Mn(**dhbpy)CI = 40 uM,
DIPEAHPFg/DIPEA = 10 mM, Cp*Fe = 1 mM.
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Figure S4.42. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn(P*Udhbpy)ClI 1, Oz, DIPEA, and Cp*;Fe with varying DIPEAHPFs:DIPEA ratio. Data were fit
using Kinetic Studio 4.0 (1Exp+Mx+C). The red line represents the global average over all points,
Ncat = 3.64. Concentrations: Mn(*®“dhbpy)Cl = 40 uM, DIPEA = 10 mM, Oz = 4.05 mM, Cp*;Fe =
1 mM; 1:1 DIPEAHPFs:DIPEA = 10 mM of each and all concentrations are relative to this point.
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Figure S4.43. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn(P*Udhbpy)Cl 1, Oz, and Cp*:Fe with varying buffer (DIPEAHPFs and DIPEA, 1:1 ratio)
concentration. Data were fit using Kinetic Studio 4.0 (1Exp+Mx+C). The red line represents the
global average over all points, net = 3.64. Concentrations: Mn(P*dhbpy)Cl = 40 uM, O, = 4.05
mM, Cp*2Fe = 1 mM.
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Figure S4.44. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn(P*“dhbpy)Cl 1, DIPEAHPFg, DIPEA, and O, with varying Cp*2Fe concentration. Data were fit
using Kinetic Studio 4.0 (1Exp+Mx+C). The red line represents the global average over all points,
Neat = 3.64. Concentrations: Mn(P*Udhbpy)Cl = 40 uM, O, = 4.05 mM, DIPEAHPF¢/DIPEA = 10
mM.
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Determination of Rate Law of ORR by 2 under Unbuffered Conditions
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3.0x10 "1
0 '
-6
~— -
= 2.4x10
N ]
®
e’ =
£ 1.8x10 1
()
o J
@
-6
o 1.2x10°
o’ Equation y=a+b*x
o) Adj. R-Sq 0.9155
-7
‘_“ 60X1O . Value Standard Error
= Intercept  4.72086E-7 1.97126E-7
E 1 Slope 0.0232 0.00348
- 0.0

2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10™
[Mn(""dhbpy)CI] (M)
Figure S4.45. The calculated initial ORR rate from stopped-flow spectrochemical experiments
with DIPEAHPFs, O, Cp*:Fe with varying Mn("""dhbpy)CI 2 concentration. Data were fit using
Kinetic Studio 4.0 (Linear) correcting for the concentration of Cp*:Fe and nca = 2.08
Concentrations: DIPEAHPFs = 10 mM, Oz = 4.05 mM, and Cp*2Fe = 1 mM.
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Figure $4.46. The calculated initial ORR rate from stopped-flow spectrochemical experiments
with, Mn("""dhbpy)CI 2, O,, Cp*;Fe with varying DIPEAHPFs concentration. Data were fit using
Kinetic Studio 4.0 (Linear) correcting for the concentration of Cp*Fe and nct = 2.08.
Concentrations: Mn("""dhbpy)CI = 40 uM, O2 = 4.05 mM, and Cp*;Fe = 1 mM.
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Figure $4.47. The calculated initial ORR rate from stopped-flow spectrochemical experiments
with, Mn("""dhbpy)ClI 2, DIPEAHPFs, O, with varying Cp*2Fe concentration. Data were fit using
Kinetic Studio 4.0 (Linear) and correcting for the concentration of Cp*;Fe and ncat = 2.08.
Concentrations: Mn("P"dhbpy)Cl = 40 uM, O, = 4.05 mM, and DIPEAHPFg = 10 mM.
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Figure S4.48. The calculated initial ORR rate from stopped-flow spectrochemical experiments
with, Mn("""dhbpy)CI 2, DIPEAHPFs, Cp*;Fe with varying O, concentration. Data were fit using
Kinetic Studio 4.0 (Linear) and correcting for the concentration of Cp*;Fe and ncat = 2.08.
Concentrations: Mn("""dhbpy)CI = 40 yM, Oz = 4.05 mM, and DIPEAHPFs = 10 mM.
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Determination of Rate Law for ORR by 2 under Buffered Conditions

rate = ke [Mn"*"?[DIPEA]'[Cp*,Fe]™" Eq S4.13
Comparable ks values can be obtained from the average of Rri/ncat Values across independent
experimental data points at identical conditions: 40 uM [Mn], 10 mM [DIPEAHPF¢/DIPEA], 4.05

mM [O2], and 1 mM [Cp*.Fe] (Figures $4.49-S4.53).
Kobs = 0.706 £ 0.25 x 10" s™*

Egn y=a+b*x
0.20+ Adi.R-Sq  0.95268

Value Standard Error
Intercept -0.01779 0.01349
Slope 4.58101E7 4.54336E6 §
0.15- ¢
»
ES
N 0.10-
0.05 e ——..
1.0x10° 2.0x10° 3.0x10° 4.0x10° 5.0x10°

[Mn(""dhbpy)CIT* (M)’
Figure $4.49. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with

DIPEAHPFs, DIPEA, O, and Cp*;Fe with varying Mn("P"dhbpy)CI 2 concentration. Data were fit
using Kinetic Studio 4.0 (1Exp+Mx+C), ncat = 3.24. Concentrations: DIPEAHPF¢/DIPEA = 10 mM,

02 =4.05 mM, Cp*2Fe =1 mM.
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Figure S4.50. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with

Mn("P"dhbpy)CI 2, DIPEAHPFg, DIPEA, and O with varying Cp*:Fe concentration. Data were fit
using Kinetic Studio 4.0 (1Exp+Mx+C); ncat = 3.24. Concentrations: Mn("""dhbpy)CI = 40 uM, O

= 4.05 mM, DIPEAHPFs/DIPEA = 10 mM.
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Figure S4.51. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn("P'dhbpy)Cl 2, O2, and Cp*:Fe with varying buffer (DIPEAHPFs and DIPEA, 1:1 ratio)
concentration. Data were fit using Kinetic Studio 4.0 (1Exp+Mx+C); ncat = 3.24. Concentrations:
Mn("""dhbpy)CI = 40 uM, O2 = 4.05 mM, Cp*,Fe = 1 mM.
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Figure S4.52. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn("P'dhbpy)CI 2, O, and Cp*.Fe with varying DIPEAHPFs:DIPEA ratio. Data were fit using
Kinetic Studio 4.0 (1Exp+Mx+C); ncat = 3.24. Concentrations: Mn(**Udhbpy)CI = 40 uM, O, = 4.05
mM, 1:1 DIPEAHPF¢:DIPEA = 10 mM, Cp*:Fe = 1 mM; 1:1 DIPEAHPFs:DIPEA = 10 mM and all
concentrations are relative to this point.
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Figure S4.53. The calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Mn("P"dhbpy)CI 2, DIPEAHPFs, DIPEA, and Cp*;Fe with varying O» concentration. Data were fit
using Kinetic Studio 4.0 (1Exp+Mx+C); ncat = 3.24. Concentrations: Mn("""dhbpy)CI = 40 uM,

DIPEAHPFs = 10 mM, DIPEA = 10 mM, Cp*2Fe = 1 mM.
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Description of Stopped-Flow Data Fitting

1Exp+Mx+C Fits

For the rate law determination of ORR by Mn(*®'dhbpy)CI 1 with and without the presence of
DIEPA and by Mn("P"dhbpy)CI 2 with the presence of DIPEA, Kinetic Studio 4.0 was used to fit
data sets with 1Exp+Mx+C. Rs; values were obtained by fitting the increase in absorbance at 780
nm versus time to a single exponential (1Exp+Mx+C) to achieve an R? value of 0.99 (See Figures
S54-S56). Where the fit equation contains an exponent (1Exp), a linear portion (Mx) and a non-
zero intercept (C). The Rst values were corrected for the number of electrons passed during

catalysis and plotted against variable concentrations to obtain the experimental rate law.
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Figure $4.54. (A) Representative trace of time versus absorbance at 780 nm for ORR catalyzed
by Mn(P*dhbpy)CI 1 with DIPEAHPF¢/DIPEA and (B) the 1Exp+Mx+C fit (red) and residual (blue)
used for data analysis using the Kinetic Studio 4.0 software. Conditions: Mn(**'dhbpy)CI = 40
MM, Cp*2Fe = 1 mM, O, = 4.05 mM, and DIPEAHPF¢/DIEPA = 10 mM.
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Figure $4.55. (A) Representative trace of time versus absorbance at 780 nm for ORR catalyzed
by Mn("P"dhbpy)CI 2 with DIPEAHPF/DIPEA and (B) the 1Exp+Mx+C fit (red) and residual (blue)
used for data analysis using the Kinetic Studio 4.0 software. Conditions: Mn("""dhbpy)CI = 40 uM,
Cp*2Fe = 1 mM, Oz = 4.05 mM, and DIPEAHPFs/DIEPA = 10 mM.
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Figure $4.56. (A) Representative trace of time versus absorbance at 780 nm for ORR catalyzed
by Mn(>*'dhbpy)CI 1 with DIPEAHPFs and (B) the 1Exp+Mx+C fit (red) and residual (blue) used
for data analysis using the Kinetic Studio 4.0 software. Conditions: Mn(***“dhbpy)CI = 40 uM,
Cp*2Fe = 1 mM, Oz = 4.05 mM, and DIPEAHPFs = 10 mM.

Initial Rates Method

For the rate law determination of ORR by Mn("""dhbpy)CI 2 without the presence of DIPEA, the
initial rates method was used due to the linearity of the observed curve. In this case, Initial ORR
Rate values were obtained by taking slope of the linear fit of the initial region (~1.5 to ~50 s) in

the Kinetic Studio 4.0 software of [Cp*:Fe]* growth at 780 nm (units = relative

absorbance/second). The results of the linear fit were processed to reflect the rate of ORR by
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converting the relative absorbance units to concentration using the molar extinction coefficient of
[Cp*:Fe]" (e = 461 M'cm™ as determined by serial dilution of a chemical prepared sample of
[Cp*2Fe][BF4]) and correcting for the number of electrons passed during catalysis (ncat = 2.08).

See Figure S4.57 for description of the linear fits.
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Figure S4.57. (A) Representative trace of time versus absorbance at 780 nm for ORR catalyzed
by Mn("P"dhbpy)CI 2 with DIPEAHPFs and (B) the initial Linear fit (red) and residual (blue) used
for data analysis using the Kinetic Studio 4.0 software. Conditions: Mn("P"dhbpy)CI = 40 uM,
Cp*2Fe =1 mM, Oz = 4.05 mM, and DIPEAHPFs = 10 mM.

UV-vis Spectroscopic Analysis
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Figure S4.58. (A) UV-vis of spectra of 23 yM Mn(*®*dhbpy)Cl 1 with increasing amounts of
DIPEA in MeCN (B) difference spectrum of the final titration point (blue — green traces).
Conditions: quartz cuvette with 1 cm pathlength; [DIPEA] = 3.8, 7.7, 12, 15.3, 19, 29, 38, 48, 57,
67, 77, 86, 96 mM.
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Figure S4.59. (A) UV-vis of spectra of 26.8 uyM Mn("""dhbpy)CI 2 with increasing amounts of
DIPEA in MeCN (B) difference spectrum of the final titration point (blue — green traces).
Conditions: quartz cuvette with 1 cm pathlength; [DIPEA] = 3.8, 7.7, 12, 15.3, 19, 29, 38, 48, 57,

67, 77, 86, 96 mM.
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Figure S4.60. UV-vis of spectra of 80 uM Mn(**'dhbpy)Cl 1 with increasing amounts of
DIPEAHPFs. Conditions: quartz cuvette with 1 cm pathlength.
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Figure S4.61. (A) UV-vis spectra of 80 yM Mn("P"dhbpy)Cl 2 with increasing amounts of
DIPEAHPFs in MeCN. Conditions: quartz cuvette with 1 cm pathlength.

UV-vis Spectroscopic Studies of Mn(°*“dhbpy)CI 1 and Cobaltocene
In order to better understand the reactivity of reduced Mn(°*'dhbpy)CI 1 and Mn("""dhbpy)CI 2,
we used cobaltocene (CoCp-) as a chemical reductant in solution. Solutions were prepared in a

N2 filled glovebox. To expose solutions to O, the cuvette was opened and inverted.
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Figure S4.62. (A) UV-vis spectra of an 80 uM solution of Mn(***“dhbpy)CI 1 with increasing
amounts of CoCp2in MeCN under N2. (B) Absorbance at 515 nm versus equivalents of CoCp2
relative to [1]. Conditions: quartz cuvette with 1 cm pathlength.
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Figure S4.63. (A) UV-vis spectra of 80 uM solution of Mn(*®*'dhbpy)CI 1 in MeCN (black) under
N2 with 1.1 equiv of CoCp2 (red) and after being exposed to air for 30 min (blue). (B) Time versus
absorbance at 515 nm upon exposure of a 80 uM solution of Mn(**dhbpy)CI with 1.1 equiv
CoCp: to air. Conditions: quartz cuvette with 1 cm pathlength.
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Figure S4.64. (A) UV-vis spectra of 80 uM solution of Mn(*®*“dhbpy)CI 1 in MeCN (black) under
N2 with 1.1 equiv of CoCp2 and 19.7 mM DIPEAHPF6/DIPEA (red) and after being exposed to air
for 8 min (blue). (B) Time versus absorbance at 515 nm upon exposure of a 80 yM solution of
Mn(P*udhbpy)Cl with 1.1 equiv CoCp; and 19 mM DIPEAHPF¢/DIPEA to air. Conditions: quartz
cuvette with 1 cm pathlength.
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Figure S4.65. (A) UV-vis spectra of 80 uM solution of Mn(***“dhbpy)CI 1 in MeCN (black) under
N2 with 1.1 equiv of CoCp2 and 19.7 mM DIPEAHPFs (red) and after being exposed to air for 25
min (blue). (B) Time versus absorbance at 515 nm upon exposure of a 80 pM solution of Mn(*
udhbpy)Cl with 1.1 equiv CoCp2 and 19.7 mM DIPEAHPF; to air. Conditions: quartz cuvette with
1 cm pathlength.
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Figure S4.66. (A) UV-vis spectra of 80 uM solution of Mn(***“dhbpy)CI 1 in MeCN (black) under
N2 with 1.1 equiv of CoCp2 and 19 mM DIPEA (red) and after being exposed to air for 15 min
(blue). (B) Time versus absorbance at 515 nm upon exposure of a 80 yM solution of Mn(*
udhbpy)CI with 1.1 equiv CoCp2 and 19 mM DIPEA to air. Conditions: quartz cuvette with 1 cm
pathlength.
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Figure S4.67. Overlay of data involving Mn(P*“dhbpy)CI 1 from Figs $63-S66 after samples were
allowed to react with air completely.
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Figure S4.68. UV-vis spectra of 80 uM Mn(**dhbpy)CI 1 with (red) and without (black) 1 equiv
TBAOH+30H.0 and with of 10 mM buffer (1:1 DIPEAHPFs:DIPEA) in the presence of 1 equiv
TBAOH+30H:0 (blue). Conditions: quartz cuvette with 1 cm pathlength.
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UV-vis Spectroscopic Studies of Mn(""dhbpy)ClI 2 and Cobaltocene
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Figure S4.69. (A) UV-vis spectra of an 80 uM solution of Mn("""dhbpy) 2 with increasing amounts
of CoCp2 in MeCN under N.. (B) Absorbance at 515 nm versus equivalents of CoCp; relative to
[2]. Conditions: quartz cuvette with 1 cm pathlength.
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Figure S4.70. (A) UV-vis spectra of 80 uM solution of Mn("""dhbpy)Cl 2 in MeCN (black) under
N2 with 1.1 equiv of CoCp2 (red) and after being exposed to air for 70 min (blue). (B) Time versus
absorbance at 515 nm upon exposure of an 80 uM solution of Mn("P"dhbpy)CI with 1.1 equiv
CoCp: to air. Conditions: quartz cuvette with 1 cm pathlength.
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Figure S4.71. (A) UV-vis spectra of 80 uM solution of Mn("""dhbpy)Cl 2 in MeCN (black) under
N2 with 1.1 equiv of CoCp2 and 10 mM DIPEAHPF&/DIPEA (red) and after being exposed to air
for 60 min (blue). (B) Time versus absorbance at 515 nm upon exposure of an 80 uM solution of
Mn("P"dhbpy)CI with 1.1 equiv CoCp2 and 10 mM DIPEAHPFs/DIPEA to air. Conditions: quartz
cuvette with 1 cm pathlength.
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Figure S4.72. (A) UV-vis spectra of 80 uM solution of Mn("""dhbpy)Cl 2 in MeCN (black) under
N2 with 1.1 equiv of CoCp2 and 10 mM DIPEAHPFs (red) and after being exposed to air for 110
min (blue). (B) Time versus absorbance at 515 nm upon exposure of an 80 uM solution of
Mn("""dhbpy)CI with 1.1 equiv CoCp2 and 10 mM DIPEAHPFs to air. Conditions: quartz cuvette
with 1 cm pathlength.
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Figure S4.73. (A) UV-vis spectra of 80 uM solution of Mn("""dhbpy)Cl 2 in MeCN (black) under
N2 with 1.1 equiv of CoCp2 and 10 mM DIPEA (red) and after being exposed to air for 60 min
(blue). (B) Time versus absorbance at 515 nm upon exposure of an 80 uM solution of
Mn("P'dhbpy)CI with 1.1 equiv CoCp2 and 10 mM DIPEA to air. Conditions: quartz cuvette with 1
cm pathlength.
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Figure S4.74. Overlay of data involving Mn("P"dhbpy)CI 2 from Figs S$70-S73 after samples were
allowed to react with air completely.
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Figure S4.75. UV-vis spectra of 80 uM Mn("P"dhbpy)CI 2 with (red) and without (black) 1 equiv
TBAOH<30H20 and with of 10 mM buffer (1:1 DIPEAHPF¢:DIPEA) in the presence of 1 equiv

TBAOH<30H20 (blue). Conditions: quartz cuvette with 1 cm pathlength.
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Figure $4.76. (A) UV-vis titration of [CoCp2][PFs] in MeCN. Conditions: [CoCp2][PFs] = 1.97 x 10
4,1.64 x 10%, 1.37 x 10%, 1.14 x 10, 9.50 x 105, 7.91 x 10°®, 6.59 x 105, 5.50 x 10° M; 1 cm

pathlength cuvette.

258



Computational Methods

Geometry optimizations were performed without geometry constraints at the DFT level with the
Gaussian 16 program, Rev B.01,%* employing the hybrid functional B3LYP35-37% and the def2-
SVP basis set was used for all atoms.3*#° Dispersion and bulk solvent effects (acetonitrile =
MeCN) were accounted for at the optimization stage, by using Grimme’s D3 parameter set with
Becke-Johnson (BJ) damping*'*? and the SMD continuum model,¢ respectively. The stationary
points and their nature as minima (no imaginary frequencies) were characterized by vibrational
analysis using the IGRRHO approach as implemented by default in the software package, which
also produced enthalpy (H), entropy (S) and Gibbs energy (G) data at 298.15 K. The minima
connected by a given transition state were determined by perturbing the transition states along
the TS coordinate and optimizing to the nearest minimum. Free energies were corrected (AGqn)
to account for concentration effects and for errors associated with the harmonic oscillator
approximation. Thus, according to Truhlars’s quasi-harmonic approximation for vibrational
entropy and enthalpy, all vibrational frequencies below 100 cm™" were set to this value.®” These
anharmonic and concentration corrections were calculated with the Goodvibes code.*®
Concentrations were set at 0.001 M for metal complexes, 0.05 M for DIPEAH and DIPEA, 0.004
M for Oz and 18.9 M for MeCN. Energies were refined by means of single point calculations with
the ORCA 5.0 program,*® employing the range-separated hybrid functional wB97M-V** and the
def2-TZVPP basis set.>*4%45 Dispersion effects were treated with Grimme’s D4 parameter set*®
47 according to the method of Najibi and Goerigk*® and solvation again by the SMD model. The
stability of the wavefunction and spin contamination were studied at the double- and triple-zeta

multiplicity

levels of theory. The labelling scheme for minima is
charge

Mn(axial ligands) for metal

complexes; the dianionic tetradentate ligand framework is a common feature of all Mn species
and does not change its coordination mode during the reaction, so it is omitted in the notation

where possible for clarity.
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Figure S4.77. Free energy diagram of ORR by Mn("""dhbpy)CI 2 to H,O.

Single Crystal Diffraction Studies

A single crystal of 2 Mn("""dhbpy)CI or DIPEAPF¢ was coated with Paratone oil and mounted on
a MiTeGen MicroLoop. The X-ray intensity data were measured on a Bruker D8 Venture Photon
lll Kappa four-circle diffractometer system equipped with Incoatec IuS 3.0 micro-focus sealed X-
ray tubes (Cu Ka, A = 1.54178 A; Mo Ka, A = 0.71073 A) and HELIOS double bounce multilayer
mirror monochromators. The frames were integrated with the Bruker SAINT software package
package®® a narrow-frame algorithm. Data were corrected for absorption effects using the Multi-
Scan method (SADABS). 8 Each structure was solved and refined using the Bruker SHELXTL
Software Package®' within APEX4%°® and OLEX2. % Non-hydrogen atoms were refined
anisotropically. The N-H hydrogen atom in DIPEAHPFs was located in the electron density map
and refined isotropically. All other hydrogen atoms in both structures were placed in geometrically
calculated positions with Uiso = 1.2Uequiv Of the parent atom (1.5Uequiv for methyl). The relative
occupancy of the disordered atoms in each structure was freely refined, with constraints and
restraints used on the anisotropic displacement parameters and bond lengths of the disordered

F atoms only.
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Table S4.14. Crystallographic details for Mn("""dhbpy)Cl 2 and DIPEAHPFs

2 Mn("""dhbpy)CI DIPEAHPFs
CCDC number 2255849 2255850
Formula Cs4HGSC|2Mn2N608 CstoFeNP
FW (g/mol) 1228.00 275.22
Temp (K) 100(2) 100(2)
A (A 1.54178 0.71073
Size (mm) 0.030 x 0.047 x 0.505 0.085 x 0.088 x 0.122
Crystal habit brown-yellow rod colourless needle
Crystal system monoclinic monoclinic
Space group P 24/c P 21/n
a (A) 15.3780(4) 8.2349(2)
b(A) 9.8097(2) 17.2894(6)
c(A) 20.2954(5) 8.9716(3)
a(®) 90 90
B (°) 109.0756(18) 97.3780(10)
y (®) 90 90
Volume (A%) 2893.51(12) 1266.77(7)
Z 2 4
Density (g/cm?) 1.409 1.443
g (mm™) 4.904 0.266
F(000) 1280 576
8 range (°) 3.04 to 68.36 2.36 to 28.29
Index ranges -18<h<18 -10sh<10
-11<k<10 -23<k<22
24 <1<24 -10<1<11
Reflns collected 34823 30006
Independent reflns 5293 [Rint = 0.0881] 3123 [Rint = 0.0428]
Data / restraints /parameters | 5293 /0/ 404 3123/28/173
GOF on F? 1.027 1.059
R1 (I>20(1)) 0.0505 0.0401
wR: (all data) 0.1376 0.1041
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5.1 Abstract

The oxygen reduction reaction (ORR) is important to alternative energy and industrial oxidation
processes. Herein, an iminium-based organoelectrocatalyst (im*) for the ORR with trifluoroacetic
acid as a proton source in acetonitrile solution under both electrochemical and spectrochemical
conditions using decamethylferrocene as a chemical reductant is reported. Under
spectrochemical conditions H2O- is the primary reaction product, while under electrochemical
conditions H20 is produced. This difference in selectivity is attributed to the interception of the
free superoxide intermediate under electrochemical conditions by the reduced catalyst, accessing

an alternate inner-sphere pathway.
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5.2 Introduction

Increasing atmospheric carbon dioxide (CO.) concentrations has had detrimental impacts on
our environment and creates a drastic need for alternative energy processes. The oxygen
reduction reaction (ORR) is important in fuel cells and alternative energy devices such as zinc-air
batteries, in addition to a green alternative for H.O- production.”? Researchers have focused on
open-shell transition metal complexes as catalysts for this reaction due to their often facile
reactivity with the triplet ground state of dioxygen (O2). There has also been some advancement
in the development of carbon-based catalysts for the ORR.?® Comparatively, the use of
homogeneous organic molecules for catalytic ORR has been less widely studied, since reduced
oxygen species (ROSs) formed as intermediates (e.g., superoxide O2") can degrade organic
molecules.

In 2020, Karimi et. al reported the ORR activity of carbenium dications using
decamethylferrocene (Cp*.Fe) as a chemical reductant with methanesulfonic acid as a proton
source.® The reduced carbene radicals were found to rapidly react via an inner-sphere mechanism
to form an intermediate peroxide which is protonated to release H>O.. Recently, Kiatisevi and co-
workers reported imidazole-benzimidazole electrocatalysts for ORR under aqueous conditions.
They proposed that O, binds to the reduced catalyst to form a superoxide species, which is further
reduced and protonated to produce H>O2. Homogeneous organic species have also been shown
to be active for the outer-sphere reduction of O, with free O2™ as an intermediate. Electrocatalytic
ORR by an outer-sphere mechanism was first reported in 1985 by Andrieux et. al. using
methylviologen to generate H>O in acidic DMSO." Outer-sphere electron transfer to generate
O~ was followed by protonation to HO2", which was subsequently reduced by the regenerated
methylviologen monocation to HO,™, then protonated to form H.O.. Following this, a 1993 study
by Audebert and Hapiot found that substituted 9-(4-X-phenyl)-N-methylacridinium salts in acidic

DMSO also effectively reduces O to H.O2 via an analogous mechanism.?
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Previously, 3,4-dihydro-2,4,4-trimethyl-1-(trifluoromethylisoquinolinium) (im*, Figure 5.1)
was reported to be a hydroxylation catalyst with H,O- as an oxidant.”™' It was hypothesized that
this iminium could mediate outer-sphere Oz reduction similar to related organic cations and that
its intrinsic stability to H>O, would be beneficial to catalyst stability.’™ Catalytic and mechanistic
experiments reveal that the iminium salt is an efficient catalyst for ORR to H20 and H20: in
acetonitrile (MeCN) with trifluoroacetic acid (TFAH) as a proton source. Under spectrochemical
conditions with Cp*:Fe as a chemical reductant in solution, O is quantitatively reduced via an
outer-sphere mechanism to H>O,. Under electrochemical conditions, O, is intercepted by the
reduced iminium in solution, accessing an inner-sphere mechanism to quantitatively produce
H2O. The difference in selectivity is proposed to be regulated by the simultaneous availability of

02~ and the reduced iminium in higher concentrations in the reaction-diffusion layer.
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Figure 5.1. Summary of previously reported organic-based catalysts for the ORR and the catalyst
(im*) described here.
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5.3 Results and Discussion

+

Im was analyzed by cyclic voltammetry (CV) with tetrabutylammonium
hexafluorophosphate (TBAPFs) as the supporting electrolyte in MeCN (Figure 5.2). Under Ar
saturation conditions, there is a diffusion-limited irreversible reduction feature, which is attributed
to the reduction of the iminium to a carbon-based radical species (im°, see below) at E, = —0.82
V vs. Fc*/Fc. Due to irreversibility at scan rates below 2 V/s, the E1;» was estimated to be —0.77 V
vs. Fc*/Fc by taking the first derivative of the current density (Figures S5.1 & $5.6)."° This
irreversible feature is consistent with a radical-radical dimerization (RRD) mechanism occurring
between two equivalents of im°, as evidenced by an evaluation of peak potential dependence on
both scan rate and concentration (Figures S$5.1 & $5.2)."” Upon saturation of the solution with
O,, there is an observed 150 mV positive potential shift of the irreversible reduction feature to E,
= —-0.67 V vs. Fc'/Fc, suggestive of a strong binding interaction. Interestingly, variable
concentration and scan rate studies suggested a shift to a radical-substrate dimerization (RSD)
mechanism, based on the observed dependence of E, on scan rate and concentration under
these conditions (Figures S5.3 & S5.4). This observation is proposed to correlate to a favorable
interaction between im® and O, at reducing potentials.’” Addition of TFAH (pKa(MeCN) = 12.65)®
as a proton source under Ar saturation conditions resulted in an increase in current (Figure 5.2
& $5.5); the dependence of E, on scan rate and concentration suggests an RSD mechanism,
implying that a reaction with TFAH proceeds the dimerization of the im° radical (Figures S5.6-
S5.7). However, under Oz saturation in the presence of TFAH, a large increase in current density
is again observed 150 mV positive of the Faradaic response, consistent with catalytic O-
reduction, implying that dimerization is not relevant under these conditions. A CV rinse test and
control experiments demonstrated that the observed catalytic response is homogeneous and from

im* (Figure S5.8).
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Figure 5.2. CVs of im* under Ar and O, saturation conditions with and without acid. Conditions:
1.3 mM im*, 0.1 M TBAPFs/MeCN; glassy carbon working electrode, glassy carbon counter
electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate.

Independently varying the concentrations of im*, O, and TFAH revealed a first-order
concentration dependence on im*, Oz, and TFAH in the current response (Eq 5.1, Figures $5.9-
$5.11). As the concentration of im* decreases, there is an observed negative potential shift
(Figure S5.9), which conforms to the behavior expected for an outer-sphere electron transfer
followed by rapid catalytic reaction steps.' As the concentration of O, decreases, a decrease in
the catalytic wave at E, = —0.67 V vs. Fc*/Fc is observed, as well as the recovery of the im*/im°
redox feature at E, =-0.82 V vs. Fc*/Fc. The reappearance of the intrinsic redox feature suggests
the system is operating under total catalysis conditions, where O is rapidly consumed within the
reaction-diffusion layer and excess im* is available for reduction at more negative potentials. The
recovery of the Faradaic redox response has also been observed for ORR mediated by methyl

viologen and phenylacridinium salts, which are proposed to have an outer-sphere mechanism. 12

electrochemical ks = keg:[im*][0,][TFAH] Eq 5.1

Rotating ring-disk electrode (RRDE) methods with a glassy carbon disk and roughened gold
ring'® were used to determine the selectivity of ORR by im* under electrochemical conditions.

Under air saturation, this system was found to be 92.6 £ 1.3 % selective for H.O (see SI, Figures
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$6.14-S5.16). Control CV studies with added urea*H.O., showed a slight decrease in current
density (Figures $5.12-S5.13) under Ar saturation conditions without a shift to positive potentials,
which suggests a relatively slower reaction between im® and H,O,. Consistent with this, under O
saturation the catalytic current density is recovered, as is the shift to more positive potentials,
confirming that im° preferably reacts with O, over H20..

Catalytic ORR activity of im* was then studied by stopped-flow UV-vis methods using Cp*;2Fe
as a chemical reductant and TFAH as the proton source. The growth of the spectral handle of
[Cp*2Fe]" at 780 nm was monitored to extract kinetic parameters for the reaction (Figure 5.3).
The rate law under these conditions (Eq 5.2) was determined by independently varying the
concentration of im*, TFAH, O2, and Cp*.Fe (Figures $5.18-S5.21). These studies revealed that
ORR shows a first-order concentration dependence on [im*] and is independent of TFAH, O, and
Cp*2Fe concentration, indicative of saturation kinetics at low catalyst concentration (4 pM). A
Ti(O)SO4 colorimetric assay was used to determine the selectivity of ORR by im* under
spectrochemical conditions, finding that this system is 102 + 8.4% selective for H2O2 (ncat = 2;
Figure S5.22), in contrast to the electrochemical studies. Additional control testing showed no
degradation of H.O- by disproportionation or catalytic H.O» reduction with Cp*;Fe as the reductant
(Figures S5.23-S5.24). Therefore, based on the apparent rate law, the slope of variable [im?]

studies (Figure $5.18) could be used to estimate an apparent TOF of 6.66 x 10°s™".
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Figure 5.3. Formation of [Cp*2Fe]* at 780 nm from ORR catalyzed by im* (red trace) and control

(black trace). Concentrations: im* =4 yM, TFAH =25 mM, O, = 4.05 mM, Cp*,Fe = 1 mM; control:

no im*.
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To evaluate the thermodynamics of the reaction, computational studies of likely intermediates
during O2 reduction were undertaken (see Sl). Evaluation of spin density showed that the radical
character of im® is localized on the imine C atom with some electron density shared by the N atom
(Figure $5.25). Positioning the neutral radical and O within a sufficient radius for a covalent
interaction did not result in bond formation, however, electron transfer between the two occurred
resulting in the formation of superoxide O2"~ and im*, although free energy of the reaction was
endergonic overall (+8.8 kcal/mol). In the presence of TFAH (and considering the exergonicity of
homoconjugation between TFAH and trifluoroacetate), the formation of protonated superoxide
HO-' is favorable by —33.2 kcal/mol. Subsequent disproportionation of two equivalents of HO;' to
form O2 and H>O; is comparably favorable at —33.1 kcal/mol. The reduction potential of HO,' is
estimated to be 0.58 V negative of the im*’° couple, excluding outer-sphere reduction.

Since the minimal electrocatalytic current is observed with H-.O- in comparison to O; and im*
was not observed to reduce H»O; under spectrochemical conditions (Figure $5.24), subsequent
calculations focused on alternative pathways to produce water. The reaction between an
equivalent of im® and Oy~ to produce a monoanionic C-bound end-on peroxide species is
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exergonic by —21.7 kcal/mol. Protonation by TFAH to generate a neutral hydroperoxide is further
downhill by —42.0 kcal/mol, considering homoconjugation. The alternative generation of this
intermediate by the reaction of im® and HO>" is favorable by —30.6 kcal/mol.

Protonation of the hydroperoxide to generate an oxaziridinium with water co-product is
downhill by an additional —18.2 kcal/mol. The reduction potential of the oxaziridinium is calculated
to be approximately 0.21 V more negative than im*®, however, protonation to produce a cationic
C—-OH is favorable by —49.0 kcal/mol. Given the rate of catalysis observed electrochemically, it is
probable that these steps occur as a single proton-coupled electron transfer step, which would be
favored overall by —44.2 kcal/mol (+1.92 V vs Fc*/Fc). Reduction of this cationic species is
expected to be facile, with a calculated reduction potential of +1.34 V vs Fc*° (Figure $5.26). The
protonation of the resultant neutral C—OH group to generate water and reform im* is then
favorable, with an estimated free energy change of —10.4 kcal/mol.

Based on electrochemical, spectrochemical and computation analyses, separate cycles for
the reduction of dioxygen by im* under electrochemical and spectrochemical conditions can be
proposed (Scheme 5.1). Starting at i, an electron transfer to form carbon-centered radical
species, ii, which reacts with O, to reform i and an equivalent of Oz~. The product O, is then
protonated by TFAH to form two equivalents of HO,", which favorably disproportionate to one
equiv each of Oz and H»0,.2° Under spectroscopic conditions, the catalytic cycle closes here, as
supported by the observed quantitative selectivity for H.O; (Figure $5.27). Under electrochemical
conditions, control experiments show that reactivity with H20- is slow relative to Oz, suggesting
that these conditions have a divergent mechanistic pathway. Instead, it is proposed that under
electrochemical conditions, the neutral radical ji is available in sufficient concentrations in the
reaction-diffusion layer to bind available O™, and is supported by the RSD pathway observed in
electrochemical studies (Figures S5.3 & S$5.4). Based on these data and the empirically
determined rate law, it is likely that species iv represents the resting state of the catalytic cycle,
with the protonation reaction to generate v representing the rate-determining step (Figure $5.28).
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Scheme 5.1. Proposed Catalytic Cycle for ORR by im*
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The change in accessible pathways can then be ascribed to the concentration differences
under each reaction condition. The reaction-diffusion layer during electrochemical experiments is
likely to both contain an excess of im® because of rapid consumption of O, as well as suitable
concentrations of superoxide from rapid outer-sphere reduction. Comparatively, under
spectrochemical conditions, the relative concentrations of im°® and O™ are significantly more
dilute, allowing thermodynamically viable disproportionation pathways to generate H.O,. Outer-
sphere reduction of HO2" by of im® is excluded based on the difference in calculated reduction

potentials.
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Here, catalytic ORR conditions for H>O or H2O; production with an iminium-based catalyst
have been reported. The difference in accessible reaction pathways under electrochemical and
spectrochemical conditions, where the primary product shifts from H,O to H.O,, respectively, is
the result of the relative available concentrations of the key im® and O, intermediates available
under the respective reaction conditions. Since catalysis is initiated by an outer-sphere electron
transfer, the O2/O2™ reduction potential of —1.29 vs Fc*/Fc in MeCN defines the overall ORR
reaction mediated by im*.2' However, the favorable pre-equilibrium reaction between im® and O,
causes a positive potential shift from this redox couple, indicating that further optimization of the
operating potential could be possible. 22 The work described here reports a novel mechanism
whereby the electrocatalytic reduction of Oz occurs via both an inner-sphere and outer-sphere
mechanism, resulting in product selectivity being controlled by the nature of electron delivery.
Given that there are few known organoelectrocatalysts for the ORR, mechanistic understanding
will enable the development of additional examples, as well as inform the development of new
classes of doped carbons as heterogeneous catalysts.

5.4. Supplementary Information for Chapter 5

General Considerations

All chemicals and solvents (ACS or HPLC grade) were commercially available and used as
received unless otherwise indicated. For all air-sensitive reactions and electrochemical
experiments, HPLC-grade solvents were obtained as anhydrous and air-free from a PPT Glass
Contour Solvent Purification System. Gas cylinders were obtained from Praxair (Ar as 5.0; O as
4.0) and passed through activated molecular sieves prior to use. Gas mixing for variable
concentration experiments was accomplished using a gas proportioning rotameter from Omega
Engineering. UV-vis absorbance spectra were obtained on a Cary 60 from Agilent using a quartz
cuvette with 1 cm pathlength. The concentration of O saturation in MeCN is reported to be 8.1
mM and the saturation concentration in MeCN with added electrolyte to be 6.3 mM. 2 Flash
column chromatography was performed using silica gel or alumina gel (230 - 400 mesh)
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purchased from Fisher Scientific. Elution of compounds was monitored by UV. 1H and 13C NMR
spectra were measured on a Varian Inova 600 (600 MHz) or Bruker Avance IIl 800 (800 MHz)
spectrometer and acquired at 300 K. Chemical shifts are reported in parts per million (ppm 0)
referenced to the residual 1H or 13C resonance of the solvent. The following abbreviations are
used to indicate the multiplicity of signals: s - singlet, d - doublet, t - triplet, q - quartet, m - multiplet

and br - broad.

Synthesis of im* Catalyst

Procedures taken and adapted from “Improved Parent Iminium Synthesis Procedure.”?*
1. 3 eq. NaH, 3 eq. Mel, THF, 70°C, 4h

2.2.5 eq. LiAlH,, THF, 70°C, 4h Me, Me
CN 3 1.1 eq. TFAA, 1.2 eq. pyridine, DCM, rt, 16h .
HN\n/CF3
s7 sg O
32%

over 3 steps

Under N2 atmosphere, benzyl cyanide (87, 1 equiv) was added into a flame-dried round-
bottom flask equipped with a stir bar. Tetrahydrofuran (0.4 M) was added and the suspension was
cooled to 0 °C with stirring. 60% sodium hydride (dispersion in paraffin liquid) (3 equiv) was added
to the mixture and stirred for 1 hour. lodomethane (3 equiv) was then added dropwise to the
solution at 0°C and the solution was heated to 70 °C for 4 hours. Upon completion, the crude
reaction mixture was cooled to room temperature then quenched with ice. The organic layer was
extracted 3 times with ethyl acetate, and the combined organics were washed with brine, dried
over anhydrous MgSQs4, and concentrated in vacuo. The crude product was carried on to the next
step.

Under N, atmosphere, crude methylated benzyl cyanide (1 equiv) was dissolved in
tetrahydrofuran (0.4 M) in a round bottom equipped with a stir bar and cooled to 0 °C with stirring.

The solution was cooled to 0 °C and 2.4 M solution of lithium aluminum hydride in tetrahydrofuran
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(2.5 equiv) was added dropwise by addition funnel. The solution was heated to 70 °C and stirred
for 4 hours. Upon completion, the crude reaction mixture was worked up following the Fieser
Method: The white suspension was cooled to 0°C and diluted to roughly twice its volume with

[7tL] [T}

diethyl ether. “x” mL water was slowly added to the reaction mixture, where “x” is the amount of

lithium aluminum hydride used for the reduction in grams. “x” mL 15% aqueous sodium hydroxide
was then added, followed by “3x” mL water. The mixture was then warmed to rt and stirred 15
minutes, followed by addition of anhydrous MgSO.. Upon stirring for an additional 15 minutes, the
mixture was filtered over a pad of celite and concentrated in vacuo. The crude product was carried
onto the next step.

Under N2 atmosphere, the crude amine (1 equiv) was dissolved in anhydrous
dichloromethane (0.1 M) in a round-bottom flask equipped with a stir bar. Pyridine (1.2 equiv) was
added with stirring, followed by dropwise addition of trifluoroacetic anhydride (1.1 equiv) via
syringe. The reaction mixture was stirred at room temperature overnight (ca. 16 h). Upon
completion, the orange-brown solution was quenched with a brine wash, dried over MgSQO4, and
concentrated in vacuo. The residue was purified by flash chromatography with isocratic 20% ethyl
acetate in hexanes to give acetamide S8 a white crystalline solid (32% yield over 3 steps).

2,2 2-trifluoro-N-(2-methyl-2-phenylpropyl)acetamide (S8)
Me_ Me

e

0]
1H NMR (600 MHz, CDCls3): & 7.33 — 7.38 (m, 3H), 7.25 - 7.27 (m, 1H), 5.89 (br. s, 1H), 3.53 (d,
J =4.8 Hz, 2H), 1.37 (s, 6H).
13C NMR (151 MHz, CDCls): & 157.1, 145.0, 128.9, 126.8, 125.7, 50.9, 38.7, 26.3.
NMR spectra are consistent with literature reports. 3
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Me Me Me Me

1.5 eq. P,0s, 10 eq. POCl3, 150°C, 6h
'
HN\n/CFa ZN

O CF,
S8 S9
63%

Under N, atmosphere, phosphorus pentoxide (1.5 equiv) was added to a 2-neck round-
bottom flask equipped with a stir bar. Half the volume of phosphorus oxychloride (5 equiv) was
added to the solution and heated to 70 °C, then immediately heated to 120 °C. The acetamide
(S8, 1 equiv) was dissolved in the remaining half volume (5 equiv) of phosphorus oxychloride and
added to the solution slowly. The solution turned brown and then black, and was further heated
to 150 °C and allowed to stir for 5 hours. Upon completion, the mixture was cooled to room
temperature, carefully diluted to twice the original volume with dichloromethane, and transferred
to a large Erlenmeyer flask. In the flask, the brown-black solution was quenched slowly with
excess water, then saturated aqueous sodium bicarbonate with stirring. The mixture was treated
with base until it was light tan in color and the pH measured at 8 or greater. The resultant solution
was extracted 3 times with dichloromethane and the combined organic layers were washed with
brine, dried over MgSO4, and concentrated in vacuo. The crude residue was purified by flash
chromatography with 0 — 5% ethyl acetate/hexanes to give the cyclized imine as a yellow oil (S9,
63% vyield).

4,4-dimethyl-1-(trifluoromethyl)-3,4-dihydroisoquinoline (S9)
Me Me

N

CFs
1H NMR (600 MHz, CDCls): & 7.60 — 7.63 (m, 1H), 7.49 — 7.51 (m, 1H), 7.40 — 7.42 (m, 1H), 7.31
—7.34 (m, 1H), 3.74 (d, J = 4.8 Hz, 2H), 1.24 (s, 6H).

13C NMR (151 MHz, CDCls): & 155.6, 146.7, 132.7, 126.7, 125.7, 124.0, 121.1, 59.9, 31.7, 26.0.
NMR spectra are consistent with literature reports. 3
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0.9 eq Me;O*BF4", DCM, 23°C, 16h. OBF,
N > Z Ng
CF; CF;
S9 im*

In an N2 glovebox, imine (89, 1 equiv) was dissolved in anhydrous dichloromethane (0.5 M) in a
vial equipped with a stir bar. Trimethyloxonium tetrafluoroborate (0.9 equiv) was added to the
solution and stirred at room temperature overnight (ca.16 h) and removed from the glovebox.
Solvent was removed in vacuo and the resulting solid was washed with anhydrous diethyl ether,
then recrystallized from dichloromethane and diethyl ether to yield the iminium catalyst as a white
crystalline solid (im*, 90% vyield).
3,4-Dihydro-2,4,4-trimethyl-1-(trifluoromethyl)isoquinolinium tetrafluoroborate (im®)
Me,  Me O BF,

Z N?

CF,
1H NMR (600 MHz, CDCls): 6 8.03 — 8.11 (m, 2H), 8.03 — 8.04 (m, 1H), 7.69 — 7.85 (m, 1H), 4.45
(s, 2H), 4.30 (s, 3H), 1.49 (s, 6H).
13C NMR (151 MHz, CDCls): 5 148.0, 139.7, 131.2, 128.3, 125.2, 121.4, 119.3, 65.8, 48.9, 33.0,
24.1.
NMR spectra are consistent with literature reports. '
Electrochemical Analysis
All cyclic voltammetry experiments were performed using a Metrohm Autolab PGSTAT302N
potentiostat. Glassy carbon working (2 = 3 mm) and non-aqueous silver/silver chloride
pseudoreference electrodes behind PTFE tips were obtained from CH Instruments. The
pseudoreference electrodes were obtained by depositing chloride on bare silver wire in 10% HCI
at oxidizing potentials and stored in a 0.1 M tetrabutylammonium hexafluorophosphate solution

in acetonitrile in the dark prior to use. The counter electrode was a glassy carbon rod (¢ = 3 mm).
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All CV experiments were performed in a modified scintillation vial (20 mL volume) as a single-
chamber cell with a cap modified with ports for all electrodes and a sparging needle.
Tetrabutylammonium hexafluorophosphate (TBAPFs) was purified by recrystallization from
ethanol and dried in a vacuum oven before being stored in a desiccator. All data were referenced
to an internal ferrocene standard (ferrocenium/ferrocene reduction potential under stated
conditions) unless otherwise specified. All voltammograms were corrected for internal resistance.
Ferrocene was purified by sublimation prior to use. In the event that the presence of
electrochemical features precluded ferrocene addition, ferrocene was added to the
electrochemical cell at the end of analysis for reference. All CVs were scanned to negative
potentials before sweeping to positive potentials. Rotating ring-disk electrode electroanalytical
experiments were performed using a BioLogic VSP Bipotentiostat and a Pine Research MSR
Rotator. Glassy carbon working electrode (2 = 5 mm) with a gold ring were obtained from Pine

Research.
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Figure S5.1. (A) CVs of im* under Ar saturation at variable scan rates. (B) Logarithm of scan rate
versus reduction peak potential from CVs in (A). Conditions: 1.3 mM im*, 0.1 M TBAPFs/MeCN;
glassy carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference
electrode; referenced to an internal ferrocene standard. Scan rates: 0.05, 0.1, 0.2, 0.4, 0.6, 0.8 1,

2,5V/s.
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Figure S5.2. (A) CVs of im* under Ar saturation at varying concentrations. (B) Logarithm of im
concentration versus the reduction peak potential in (A). Conditions: varying [im*], 0.1 M
TBAPF¢/MeCN; glassy carbon working electrode, glassy carbon counter electrode, Ag/AgCI
pseudoreference electrode; referenced to an internal ferrocene standard.
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Figure S5.3. (A) CVs of im* under O saturation at variable scan rates. (B) Logarithm of scan rate
versus reduction peak potential from CVs in (A). Conditions: 1.3 mM im*, 0.1 M TBAPFs/MeCN;
glassy carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference
electrode; referenced to an internal ferrocene standard. Scan rates: 0.1, 0.2, 0.4,0.6, 0.8 1, 2 V/s.
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Figure S5.4. (A) CVs of im* under O, saturation at varying concentrations. (B) Logarithm of im+
concentration versus the reduction peak potential in (A). Conditions: varying [im+], 0.1 M
TBAPF6/MeCN; glassy carbon working electrode, glassy carbon counter electrode, Ag/AgCI
pseudoreference electrode; referenced to an internal ferrocene standard.

283



[im'], Ar

A-8.0x1o"‘-
—[im], 0,

-6.0x10*{——[im"] + 0.065 M TFAH, Ar
T -4.0x10™
S
<
S -2.0x10™1

0.0
2.0x10™ ' . . ,
1.0 0.5 0.0 -0.5

A -5.0x10°,

-4.0x1071

-0.4

Potential (V vs. Fc*/Fc)

//A\
e

)

-1.0

B -0.76 4

06

0.8

Potentiai (V vs. Fc*/Fc)

-1.0

E_(V vs. Fc'IFc)

B 1.2x107,
8.0x107°

4.0x10°1

0.0

1! Derivative of J

-4.0x107°

-0.

-0.80+

-0.84

-0.88

2 04

06

08

-1.0

Potential (V vs. Fc*/Fc)

Figure S5.5. (A) CVs of im* under Ar (black) and O (red) saturation with 0.065 M TFAH added
(green). (B) First derivative of current density of im* under Ar saturation (from black trace in A)
Conditions: Conditions: 1.3 mM im*, 0.1 M TBAPFs/MeCN; 100 mV/s; glassy carbon working
electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; referenced to an
internal ferrocene standard.
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Figure S5.6. (A) CVs of im* under Ar saturation in the presence of 0.261 M TFAH at variable scan
rates. (B) Logarithm of scan rate versus reduction peak potential from CVs in (A). Conditions: 1.3
mM im*, 0.261 M TFAH, 0.1 M TBAPFs/MeCN; glassy carbon working electrode, glassy carbon
counter electrode, Ag/AgCl pseudoreference electrode; referenced to an internal ferrocene
standard. Scan rates: 0.025, 0.05, 0.1, 0.4, 0.6,0.8 1, 2, 5 V/s.
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Figure S5.7. (A) CVs of im* under Ar saturation in the presence of 0.261 M TFAH at varying
concentrations. (B) Logarithm of im* concentration versus the reduction peak potential in (A).
Conditions: varying [im*], 0.261 M TFAH, 0.1 M TBAPF¢/MeCN; glassy carbon working electrode,
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; referenced to an internal

ferrocene standard.

To ensure that species adsorbed to the electrode, a rinse test was performed with im* and TFAH
(Figure S5.8). A CV was taken under catalytic conditions after which the electrode was removed

and the sides were wiped and placed in a blank solution containing TFAH and a CV was taken.

-1.5x10°7——0.261 M TFAH
[im] + 0.261 M TFAH
1——0.261 M TFAH Rinse Test
__-1.0x1071
£
Lo
<
> 5.0x10°
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Potential (V vs. Fc*/Fc)

Figure S5.8. Rinse test of im* and TFAH. CV of TFAH under O, saturation (black trace), im*

under catalytic conditions (red trace), and rinse test (green trace). Conditions: 1.3 mM im* 0.261

M TFAH, 0.1 M TBAPF¢/MeCN, O, saturation; 100 mV/s; glassy carbon working electrode, glassy
carbon counter electrode, Ag/AgCl pseudoreference electrode; referenced to an internal

ferrocene standard.
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Figure S5.9. CVs of im* under catalytic conditions with variable im* concentrations. Conditions:

0.261 M TFAH, 0.1 M TBAPF¢/MeCN; 100 mV/s; glassy carbon working electrode, glassy carbon
counter electrode, Ag/AgCl pseudoreference electrode; referenced to an internal ferrocene

standard.
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Figure S$5.10. CVs of im* under catalytic conditions with variable TFAH concentrations.

Conditions: 1.3 mM im*, 0.1 M TBAPF¢/MeCN; 100 mV/s; glassy carbon working electrode,

glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; referenced to an internal

ferrocene standard.
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Figure S5.11. CVs of im* under catalytic conditions with variable O2 concentrations. Conditions:
1.3 mM im*, 0.261 M TFAH, 0.1 M TBAPF¢/MeCN; 100 mV/s; glassy carbon working electrode,
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; referenced to an internal

ferrocene standard. O, concentrations: 6.3, 5.06, 3.3, 1.45, 0.92, 0.74, 0.59 mM.
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Figure $5.12. CVs of im* with and without added 4.25 mM urea*H,O; under Ar and O; saturation.

Conditions: 1.3 mM im*, 0.261 M TFAH, 0.1 M TBAPFs/MeCN; 100 mV/s; glassy carbon working
electrode, glassy carbon counter electrode, Ag/AgCI pseudoreference electrode; referenced to an

internal ferrocene standard.
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Figure S5.13. (A) CVs of im* in the presence of 4.25 mM urea*H,0; under Ar and O; saturation
with added 0.261 M TFAH. (B) CVs of im™* in the presence of 4.25 mM urea*H.0: with added
0.261 M TFAH under O, saturation. Conditions: 1.3 mM im*, 0.261 M TFAH, 0.1 M
TBAPF&«/MeCN; 100 mV/s; glassy carbon working electrode, glassy carbon counter electrode,
Ag/AgCl pseudoreference electrode; referenced to an internal ferrocene standard.

Rotating Ring-Disk Electrode Methods

Description of Au Ring Roughening Procedure. The Au ring electrode was roughened according
to a previously reported method.'® The electrodes were polished first on a felt polishing pad with
0.3 micron alumina, then with 0.05 micron alumina and rinsed with water and ethanol. Cyclic
voltammograms were obtained in 0.5 M H.SO4 by scanning from 0 to 1.6 V vs. Ag/AgCl at 100
mV/s, then at 20 mV/s for an additional 2 cycles to obtain the pre-roughening, surface oxide
reduction charge. The electrode was then pulsed between 2.4 and 0.2 V vs Ag/AgCI for 2.4 ms
each and repeated for 250,000 cycles. Bubbles formed during electrolysis pulses were dislodged

by contacting with a large bubble from a glass pipette. After electrolysis, the electrode was held

at 0.3 V vs. Ag/AgCl for 2 minutes and the roughening was evaluated by CV.

Description of RRDE Collection Efficiency. The collection efficiency was determined as previously
reported.?>?” Conditions: Ar saturation, 0.1 M TBAPFg, 0.5 mM ferrocene in MeCN, glassy carbon
disk electrode (5 mm), roughened Au ring electrode, glassy carbon rod counter electrode, Ag/AgCl

pseudoreference electrode; scan rate 0.1 V/s. To calculate the collection efficiency of the RRDE,
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the ratio of the ring current (i;) to the disk current (iy) at each rotation rate was used to determine
Nempirical (EQ $5.1). The Nempirical Value at each rotation rate was multiplied by a factor of 100 to

determine the collection efficiency % at each rotation rate (~15%).

lring correcte
Nempirical = Jingcorrected (Eq S5.1)

idisk corrected

RRDE Experiments. Conditions: Performed under Ar and air saturation conditions, 0.1 M TBAPFs,
0.5 mM im*, 0.1 M TFAH, glassy carbon disk electrode (5 mm diameter), roughened Au ring
electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; scan rate

0.1 Vis.

The solution was sparged until saturation was achieved. Im* (0.5 mM) was dissolved in solution
and 0.1 M TFAH was added. A standard CV was taken of the solution to confirm the potential
window to be used for the experiment. The roughened Au ring was set to +1.2 V. LSVs were
obtained for various rotation rates between 400 and 2400 under the described conditions. In
between each scan, the solution was sparged for 3 minutes. The reproducibility of scans was
confirmed by repeating scans at the same rotation rate, producing exact overlays. The same
procedure was repeated for air saturation conditions, which were achieved by sparging the
solution with air for 3 minutes. Disk (ig) and ring (ir) currents were corrected by subtracting the
current observed under Ar to ensure that the current observed was a result of H>.O formation.

The arithmetic mean of the number of electrons received by O: (nca) during the ORR was

calculated from the disk current (ig) and ring current (i;) according to Eq S5.2:

Mg =4 X —4_—— (Eq S5.2)

r
ld+N

empirical

The H>0; ratio (p) is defined as the fraction of O, reduced to H.O- and relates to nc.t by Eq S5.3:
Nege =4 — 2p (Eq S5.3)

Multiplying p by 100% provides the %H-O- selectivity of the ORR. It was determined that under

electrochemical conditions, this system shows a 7.50 + 1.3% selectivity for H20..
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Figure S5.14. Linear sweep voltammograms of RRDE experiment with 0.5 mM im+ and 0.1 M
TFAH under Ar (A) and air (B) saturation conditions; ring potential = 1.2 V vs Ag/AgCl. Conditions:
0.5 mM im*, 0.1 M TFAH, 0.1 M TBAPF«/MeCN; glassy carbon working electrode/roughened Au
ring working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode;

scan rate 0.1 V/s.
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Figure $5.15. (A) Levich and Koutecky-Levich (B) plots from data obtained from linear sweep

voltammograms of im* (0.5 mM) by RRDE with 0.1 M TFAH under Ar saturation conditions at
various rotation rates; ring potential = 1.2 V vs. Ag/AgCl.
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Figure S5.16. (A) Levich and Koutecky-Levich (B) plots from data obtained from linear sweep
voltammograms of im* (0.5 mM) by RRDE with 0.1 M TFAH under air saturation conditions at
various rotation rates; ring potential = 1.2 V vs. Ag/AgCl.

Stopped-Flow Spectroscopic Analysis

Stopped-flow spectrochemical kinetics studies were performed with a CSF-61DX2 Stopped-Flow
System from Hi-Tech Scientific. Kinetic Studio Software was used to monitor a single wavelength
and Integrated CCD Software was used to monitor the entire visible spectrum. All data fits were
performed within the Kinetic Studio 4.0 Software Suite. Prior to experiments, dried and degassed
MeCN was passed through syringes and the cell block before reagents were loaded. In a typical
experiment, syringes would be charged with known concentrations of reagent. All reagent
solutions were prepared immediately before use. In general, a vial containing im* catalyst and
TFAH was sparged with O, drawn into a syringe and loaded into the stopped-flow. A second
syringe containing N»-saturated Cp*;Fe solution was loaded into the stopped-flow. All reported

concentrations are the mixed concentrations in the spectroscopic cell.

rate = ke, [im*]'[TFAH]°[0,]°[Cp*,Fe]°
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Figure S5.17. Change in absorbance at 780 nm over time as a result of the formation of [Cp*2Fe]*
by ORR catalyzed by im* with TFAH (black trace), example of 1Exp + Mx + C fit in Kinetic Studio
4.0 (red trace), and residual fit (blue trace). Concentrations: im* = 4 yM, TFAH = 25 mM, O, =
4.05 mM, Cp*2Fe = 1 mM.
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Figure S5.18. Calculated Rs/ncat values from stopped-flow spectrochemical experiments with
TFAH, O2, and Cp*;Fe with varying im* concentration. Data were fit using Kinetic Studio 4.0
(1Exp+Mx+C); ncat = 2. Concentrations: TFAH = 25 mM, O, = 4.05 mM, Cp*,Fe = 1 mM.
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Figure S5.19. Calculated Rs/ncat values from stopped-flow spectrochemical experiments with im*,
TFAH, Cp*2Fe with varying Oz concentration. Data were fit using Kinetic Studio 4.0 (1Exp+Mx+C);
Neat = 2. The horizontal line represents the global average rate observed across all experiments
for variable [O2]. Concentrations: im* = 4 uM, TFAH = 25 mM, Cp*;Fe = 1 mM.
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Figure S5.20. Calculated Rsi/ncat values from stopped-flow spectrochemical experiments with im*,
0., Cp*2Fe with varying TFAH concentration. Data were fit using Kinetic Studio 4.0 (1Exp+Mx+C);
neat = 2. The horizontal line represents the global average rate observed across all experiments

for variable [TFAH]. Concentrations: im* = 4 yM, O, = 4.05 mM, Cp*,Fe =1 mM.
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Figure S5.21. Calculated Rs/ncat values from stopped-flow spectrochemical experiments with im*,
TFAH, Oz with varying Cp*2Fe concentration. Data were fit using Kinetic Studio 4.0 (1Exp+Mx+C);
Neat = 2. The horizontal line represents the global average rate observed across all experiments
for variable [Cp*;Fe]. Concentrations: im* = 4 yM, TFAH = 25 mM, O, = 4.05 mM.

Spectrochemical Selectivity Determination

Generally, to determine the ORR selectivity of im*, solutions containing 8 uM [im*] and 50 mM
TFAH were sparged with Oz gas and rapidly mixed in a 1:1 ratio with a N2 saturated 2 mM Cp*2Fe
solution to a final volume of 12 mL (final concentrations: 4 uM im*, 1 mM Cp*;Fe, 25 mM TFAH,
4.05 mM O3). Over the course of the reaction, 2 mL aliquots of the catalytic solution were removed
and extracted with 10 mL of DCM and 5 mL of DI H»,0. The aqueous layer (3 mL) was removed
and put into the cuvette and a UV-vis spectrum was taken before and after the addition of 0.1 mL
of Ti(O)SOs4, as previously reported.?*-*° Aliquots were taken at ~15 s, ~30 s, ~1 min, and ~2 mins.
Experiments were done in triplicate. A calibration curve was used to establish Eqs $5.4-S5.5 and
were used to calculate the % selectivity of H.O», which was determined to be 102 £ 8.4% after 2
min.

0, + 2Cp*,Fe(1 mM) + 2TFAH catlim’} H,0,(0.5mM) + 2[Cp*,Fe]* + 2TFA~ (Eq S5.4)
Abs@408 nm (red trace) — Abs@408 nm (black trace) = 201.2[H202]exp + 0.003

[H O ]eX ..
PTTVETIN rznl\: HZ‘;Z X 100 = % H,0, selectivity (Eq S5.5)
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Figure S5.22. H,O, product quantification of ORR by im* with TFAH after 2 min. (A) UV-vis
spectra of extracted solution before (black) and after (red) 0.1 mL of 0.1 M Ti(O)SO, solution was
added. (B) Corrected spectra (red — black trace from A). Conditions: 4 yM im*, 25 mM TFAH, 1
mM Cp*2Fe, 4.05 mM Oz in MeCN.

Disproportionation Control

To determine the stability of H,O» under catalytic conditions, control studies were conducted in
the presence of im*, TFAH, and O.. Generally, solutions containing 8 uM [im*] and 50 mM TFAH
were sparged with Oz gas and rapidly mixed in a rapidly mixed in a 1:1 ratio with a N2 saturated
urea<H>0; solution (final concentrations: 4 yM im*, 0.93 mM urea*H;0,, 25 mM TFAH, 4.05 mM
0O>). As the solution was allowed to react, 2 mL aliquots were removed at 0 s and after 2 min,
extracted with 10 mL DCM and 5 mL DI H,O. Then, 3 mL of the aqueous layer was removed and
added to the cuvette. A UV-vis spectrum was taken before and after the addition of 0.1 mL of 0.1
M Ti(O)SOs4 solution and the difference at 408 nm was used to determine the amount of H20>

present ([H202]detected). The % recovery was determined according to Eq S$5.6 from measured

[H202]expected O the H202 stock solution. After 2 min, 104 £ 3.6 % H2O, was recovered.

[H20z]detected x 100 = % H,0, recovery (Eq 856)

[H> Oz]expected
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Figure S5.23. Stability test of urea*H.O- in the presence of im*, TFAH, and O, (A) before (black
trace) and after (red trace) the addition of 0.1 mL of 0.1 M Ti(O)SO4 to an extracted aliquot. (B)
Corrected UV-vis spectra (red — black from A) after O s (red) and 2 min (blue) with the H20- stock
(black). Conditions: 4 uM im*, 25 mM TFAH, 4.05 mM O, 0.93 mM urea+*H>0O in MeCN.

H202RR Control

To determine the stability of H,O, in the presence of im® and TFAH, control studies were
conducted in the presence of im*, TFAH, and Cp*.Fe, under an N, atmosphere. In a Ny -filled
glovebox, urea*H,O, was added to a solution containing im*, TFAH, and Cp*;Fe (final
concentrations: 4 yM im*, 25 mM TFAH, 1 mM Cp*;Fe, and 1.5 mM urea*H205). After 2 min, a 2
mL aliquot was removed from the ‘catalytic’ solution and extracted with 10 mL of dry, degassed
DCM and 5 mL of degassed water. Then, 3 mL of the aqueous layer was removed, and a UV-vis
spectrum was taken before and after the addition of 0.1 mL of Ti(O)SO4 solution. The difference
in the absorbance at 408 nm was used to quantify the amount of H,O- present according to Eq

S$5.5, Eq S5.6 was used to calculate % H>O- recovered relative to the stock H2O: solution.
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Figure S$5.24. Stability test of urea*H,O, in the presence of im*, TFAH, and Cp*;Fe (A) before
(black trace) and after (red trace) the addition of 0.1 mL of 0.1 M Ti(O)SO4 to an extracted aliquot
after 2 min. (B) Corrected UV-vis spectra (red — black from A) after 2 min (red) and H2O. only
(black). Conditions: Conditions: 4 uM im*, 25 mM TFAH, 4.05 mM Oz, 1.5 mM urea*H,O, in MeCN.
Computational Methods

Geometry optimization was done with the Gaussian 16 package®' at the B3LYP-D3(BJ)/def2-
TZVP level*?* with a complete structural model. Dispersion and bulk solvent effects (acetonitrile
= MeCN; ¢ = 35.688) were accounted for at the optimization stage, by using Grimme’s D3
parameter set with Becke-Johnson (BJ) damping®*® and the SMD continuum model, #°
respectively. The stationary points and their nature as minima (no imaginary frequencies) were
characterized by vibrational analysis using the IGRRHO approach as implemented by default in
the software package, which also produced enthalpy (H), entropy (S) and Gibbs energy (G) data
at 298.15 K. The minima connected by a given transition state were determined by perturbing the
transition states along the TS coordinate and optimizing to the nearest minimum. Free energies
were corrected (AGgn) to account for concentration effects and for errors associated with the
harmonic oscillator approximation. Thus, according to Truhlars’s quasi-harmonic approximation
for vibrational entropy and enthalpy, all vibrational frequencies below 100 cm™ were set to this
value. ! These anharmonic and concentration corrections were calculated with the Goodvibes

code. #> Concentrations were set at 0.001 M for all species unless otherwise indicated, 0.004 M

for O,, 0.500 M for TFAH, and 18.9 M for MeCN. Single point calculations for refining energy
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differences were completed with Orca 5.0 at the DLPNO-CCSD(T1)/cc-pVTZ level 374445
Evaluation of spin density was done at the wB97M-D4/def2-TZVPPD level. 3¢ 37:46-50 The stability
of the wavefunction and spin contamination were studied at the double- and triple-zeta levels of
theory. Reduction potentials from computational data were obtained according to our previous
methodology by using the calculated free energy of reduction of the species of interest by

[phenazine]™, corrected to the experimental potential of phenazine reduction vs Fc*/Fc.%’

Figure $5.25. (A) spin density plots (0.025 iso) and (B) Kohn-Sham Orbitals (0.05 iso) of the
neutral radical im® (S = %) showing localization at C with contributions from N. Generated from
the EPR calculation at the wB97M-D4/def2-TZVPPD level of theory.

Figure $5.26. (A) spin density plots (0.025 iso) and (B) Kohn-Sham Orbitals (0.05 iso) of the
neutral radical C(CF3)-OH species (S = %) showing localization at N. Generated from the EPR
calculation at the wB97M-D4/def2-TZVPPD level of theory.
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Figure S5.27. Thermodynamics of the catalytic cycle which produces H>O- at an applied potential
of —0.87 V vs Fc*/Fc (the standard reduction potential calculated for im*). B3LYP-D3(BJ)/def2-

TZVP// DLPNO-CCSD(T1)/cc-pVTZ.

qG (kcal-mol)

Note that H*/e~ transfer
considers homoconjugation

Figure S$5.28. Thermodynamics of the catalytic cycle which produces H>O at an applied potential
of —0.87 V vs Fc*/Fc (the standard reduction potential calculated for im*). B3LYP-D3(BJ)/def2-

TZVP// DLPNO-CCSD(T1)/cc-pVTZ.
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Chapter 6:

Acid Strength Effects on Off-Cycle Dimerization
During Metal-Free Catalytic Dioxygen Reduction

This chapter contains material for upcoming publication and has been incorporated with consent
of all current contributing authors. These authors include Luke A. Flaxman, Amelia G. Reid, Diane
A. Dickie, and Charles W. Machan. The work in this chapter was published in preprint form and is
available at DOI: 10.26434/chemrxiv-2024-zk3xs.
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6.1. Abstract

Development of earth-abundant catalysts for the reduction of dioxygen (ORR) is essential for
the development of alternative industrial processes and energy sources. Here, we report a
transition metal-free diium organocatalyst (Ph.Phen?*) for the ORR via an outer-sphere
mechanism. The ORR performance of this compound was studied in acetonitrile solution under
both electrochemical conditions and spectrochemical conditions, using halogenated acetic acid
derivatives spanning a pKa. range of 12.65 to 20.3. Interestingly, it was found that under
electrochemical conditions, an off-cycle dimer species forms via an inner-sphere reaction due to
the relatively high concentration of Ph2Phen™ in the reaction-diffusion layer. However, under
spectrochemical conditions, strong acids were able to rapidly protonate O.~ en route to
disproportionation, avoiding the off-cycle dimeric species, whereas weaker acids were found to
be rate-limited by the dimer equilibrium. Together, these results provide insight into the
mechanisms of ORR by organic-based, metal-free catalysts, suggesting that balancing redox
activity and unsaturated character of these molecules with respect to the pK of intermediates can

enable tuning analogous to transition metal-based systems.
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6.2. Introduction

The oxygen reduction reaction (ORR) is central to the development of new alternative energy
devices as well as a possible route to more environmentally friendly chemical oxidant production. ™
5 Currently, the best catalysts for the ORR are platinum-based materials, however, the high cost
and low earth abundance of Pt preclude it from being a sustainable option.® Inspiration from
nature, in combination with the perceived desirability of intrinsic redox flexibility and favorable
open-shell ground state configurations, has led to significant focus on first-row transition metals
as the basis for developing new electrocatalysts for the ORR."37® Substantial work has been
done to better understand reactivity of dioxygen (O2) at molecular transition metal centers,
including assessing the structure-function parameters which control selectivity and activity. '-10-14

The instability of many organic molecules toward the reactive oxygen species (ROSs) that
are intermediates of the ORR has slowed their development as catalysts relative to transition
metal complexes. However, there have been a few reports on homogeneous ORR mediated by
organic molecules, including methyl viologen™ and substituted methylacridinium salts.®
Mechanistic studies showed that both of these catalysts operate via an outer-sphere mechanism
to selectively produce H2O,. More recently, ORR catalysis reliant on inner-sphere mechanisms
has been reported for organic molecules. Gabbai and co-workers reported a dicarbenium system
where a bridging peroxide species was a crucial intermediate during catalysis.'” Protonation of
this catalyst-bound intermediate resulted in the release of H.O,. Subsequently, Kiatisevi and co-
workers studied an imidazole/benzimidazole-based system for the reduction of O, to either H2O>
or H,O based on the electron-donating or -withdrawing ability of the substituents. It is worth
noting that there has also been significant work on heterogeneous carbon-based catalysts for the
ORR.1’19-22

Recently, we reported an iminium-based organoelectrocatalyst (im*) whose accessible
mechanistic pathway (and therefore reaction selectivity) was controlled by the electron source.
Under electrochemical conditions, the concentration of reduced im® was high enough relative to
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02~ in the reaction-diffusion layer to proceed via an inner-sphere mechanism to generate H-0.
However, under spectrochemical conditions with decamethylferrocene (Cp*.Fe) as a chemical
reductant, catalysis operated via an outer-sphere mechanism to form quantitative amounts of
H20,.

These previous studies suggested that cationic and unsaturated organic compounds could
be viable precatalysts for the ORR. Here, we report the synthesis and catalytic activity of a
phenanthroline-based dication (Ph2Phen?*) which can serve as an ORR catalyst with
halogenated acetic acid derivates as proton sources (Figure 6.1). Under both electrochemical
and spectrochemical conditions (decamethylferrocene, Cp*2Fe as a chemical reductant) we find
that PhoPhen?* catalytically reduces O, via an outer-sphere mechanism. Based on mechanistic
studies, however, it is proposed that a dimer species with a bridging peroxo unit between two
equivalents of Ph,Phen?* forms under equilibrium control in all reaction conditions. Further, the
observed relationship of proton activity to catalytic behavior suggests that the ability to re-enter
the catalytic cycle from this off-cycle dimeric equilibrium is dependent on acid choice. Overall,
these studies suggest that when factors of redox activity and unsaturated character are adjusted
relative to the pK, of ROS intermediates, organoelectrocatalytic activity can be tuned in a manner

analogous to transition metal-based catalysts.

Ph,Phen?*

e 2050,
[PhyPhen-0,-PhyPhen]* ==———
:" Electrochemical h‘;:"SpectrochemicaI T\=N N
1 dimer observed :dimer observed with: +\\/l

.under all conditions ;% weak acids 0, H20,
dimer control monomer control
pPKa 20.3 17.3 16.0 12.65

CIAcOH Cl,AcOH Cl3AcOH TFAH

Figure 6.1. Summary of the work described here, note that a simplified representation of the
equilibrium dimerization reaction is depicted.
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6.3. Results
6.3.1. Synthesis and Characterization

The synthesis of 1,11-diphenyl-6,7-dihydro-5H-[1,4]diazepino[1,2,3,4-
Imn][1,10]phenanthroline-4,8-diium bromide (Ph,Phen?*) was achieved via a previously reported
procedure.?* A solution of 4,7-diphenyl-1,10-phenanthroline was allowed to reflux in toluene with
a stoichiometric amount of 1,3-dibromopropane until a precipitate formed. Recrystallization of the
crude material from dichloromethane (DCM) resulted in a spectroscopically pure bright orange
solid of the dibromide salt of the diium compound. The diium Ph,Phen?* was characterized with
elemental analysis (EA), NMR and UV-vis spectroscopies (See Sl). Single crystals suitable for X-

ray diffraction studies were obtained by slow evaporation from MeCN-ds (Figure 6.2).

Figure 6.2. Molecular structure of Ph,Phen?* obtained from single-crystal X-ray diffraction
studies. H-atoms and occluded Br counteranions have been removed for clarity. Gray = C, blue =
N; thermal ellipsoids at 50%. CCDC 2346924
6.3.2. Electrochemical Analysis

Ph.Phen?* was analyzed by cyclic voltammetry (CV) in MeCN with tetrabutylammonium
hexafluorophosphate (TBAPFg) as supporting electrolyte. Under Ar saturation conditions there
are two, one-electron reversible redox features at —0.73 V vs. Fc*/Fc and —-1.16 V vs. Fc*/Fc
(Figure S6.4). All further analysis focused on the more positive feature, due to its relevance to O-

reactivity. Variable scan rate studies under Ar saturation showed that the peak current density at

the reversible reduction feature at —0.73 V vs. Fc*/Fc had a linear dependence with the square
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root of the scan rate between 0.025 and 3 V/s, indicative of a diffusion-limited redox response
(Figure S6.5); a diffusion coefficient of 1.14 x 10-° cm?-s~! was calculated from the slope.

Upon saturation with Og, the first reduction feature becomes irreversible and shifts to more
positive potentials (E, = —0.71 V vs. Fc*/Fc), indicating an irreversible chemical reaction occurs
following reduction. Evaluating peak potential with respect to scan rate and concentration for
irreversible reactions can provide insight into the nature of the electrochemical mechanism.?25
Evolution of peak potential with respect to scan rate revealed a slope of —24.3 mV/decade (Figure
$6.6) while a slope of —12.3 mV/decade (Figure S6.7) was observed for variable Pho.Phen?*
concentration studies under comparable conditions. These values are intermediate to those
expected for EC (reversible electron transfer followed by irreversible chemical reaction) and RSD-
type reactions (radical substrate dimerization reactions), either of which could result from the
binding of superoxide O2~ to Ph2.Phen?* or Ph,Phen™. Based on these data and experiments
discussed in detail below, it is hypothesized that an outer-sphere electron transfer occurs from
Ph.Phen™ to produce O;- and that a dimeric equilibrium involving [Ph.Phen?*O,-]* and
Ph.Phen exists which generates [Ph.Phen-0,—Ph.Phen]?*.?3

Upon addition of TFAH (pKa(MeCN) = 12.65)% under Ar saturation conditions, there is
minimal change to the initial one-electron redox feature (Figure $6.9), suggesting that TFAH does
not interact with Ph,Phen?* or its reduced form Ph.Phen™. However, upon saturation with O,
there is an increase in current suggestive of catalytic activity for the ORR (Figure 6.3, blue).
Control rinse tests confirmed that the catalytic current response was due to homogeneous activity
of Ph,Phen?* (Figure S$6.11). It should be noted that cross-tracing can be observed on the return
sweep of the catalytic trace at a higher concentration of acid, however, this is overcome at higher
scan rates (20.8 V/s). Therefore, it is proposed that the cross-tracing can be attributed to the
accumulation of an intermediate of the catalytic reaction which is reduced at more positive
potentials than the catalytic potential (Figure $6.10). Rotating-ring disk electrode (RRDE)
methods with a glassy carbon disk and roughened gold ring®” were used to determine the
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electrochemical selectivity of ORR by Ph,Phen?*. Under air saturation, this system was found to
be 97.3 + 2.6% selective for H.O, with TFAH as the proton source (Figure S$S6.16). The estimated

overpotential (Nu202) for H202 production is 0.67 V under these conditions (See SI).26:28

2
|——c1,AcoH
— CISACOH
—~ -8.0x10”{——TFAH
£
S
<
™ _4.0x10°4
0.0

02 -04 06 -08 -1.0
Potential (V vs. Fc*/Fc)

Figure 6.3. CVs of Ph,Phen?* under catalytic conditions with CIAcOH (black), CI,AcOH (red),
ClsAcOH (green), and TFAH (blue) as proton sources. Conditions: 1 mM PhzPhen?*, 0.1 M AH,
0.1 M TBAPFs/MeCN; O saturation; glassy carbon working electrode, glassy carbon rod counter
electrode, Ag/AgCl pseudoreference electrode; referenced to Fc*/Fc internal standard; 100 mV/s
scan rate.

To better understand the mechanism of the ORR and its dependence on proton activity, we
undertook analogous studies with a variety of acetic acid derivatives: ClzAcOH, Cl,AcOH,
CIAcOH, which have estimated pK, values in MeCN of 16.0, 17.3, and 20.3, respectively (Table
S6.1, See SI).2° In the presence of added proton donor and O, there is a catalytic increase in
current for all three (Figure 6.3). Again, cross-tracing is observed on the return sweep of the
catalytic trace that can be overcome at high scan rates (Figures S6.19, $6.28, and S$6.37). RRDE
methods were again used to determine the electrochemical selectivity of the ORR by Ph,Phen?*
with each acid. Under air saturation, Ph,Phen?* was found to be 96.9 + 0.85 and 98.2 + 7.8%
selective for H202 with CIzAcOH and Cl2AcOH, respectively. However, under catalytic conditions

with CIAcOH as a proton source, reducing current was observed at the Au ring (Figure S6.43),

suggestive of the reduction of an intermediate produced at the disk, precluding selectivity

310



assessment. Control studies with added H2O, under aprotic electrochemical conditions revealed
that H2O2 does not interact substantially with reduced PhzPhen™ on the electrochemical
timescale. However, in the presence of acid (Figures $6.15, $6.24, $6.33, and S$6.42) there is a
modest increase in current at the Ph2Phen?""* reduction event and the feature becomes
irreversible, suggesting that there is minor activity for H.O reduction. However, upon saturating
the protic solution with O, ORR catalytic current is recovered in all cases, which is proposed to
be consistent with a catalytic reaction where H20: is not a discrete intermediate en route to further
reduction under these conditions.

Variable concentration studies were performed in order to develop a better mechanistic
picture of the ORR.* Interestingly, for each added acid there is an observed half-order
dependence on catalyst concentration (Figures $6.12, S6.21, S6.30, & S6.39). A first-order
dependence on acid concentration was observed for TFAH (Figure S6.13), Cl.AcOH (Figure
$6.31), and CIAcOH (Figure S6.48), while CIzAcOH deviated from expected behavior (Figure
S$6.22). Finally, mixed-order dependence on O, concentration was observed for all proton sources
(Figures S6.14, S6.32, & S6.41), with the exception of CIsAcOH (Figure S6.23), precluding
definitive rate law expressions. Based on the half-order rate dependence on Ph;Phen?*
concentration and the general observance of mixed-order dependence on O, concentration, it is
proposed that a bridging off-cycle dimer species forms in the presence of excess Ph,Phen™ in
the reaction-diffusion layer.

6.3.3. Spectrochemical Analysis

Catalytic ORR activity of Ph,Phen?* with each acid was also studied by stopped-flow UV-vis
methods using Cp*;Fe as a chemical reductant (Figure 6.4). The spectral handle of [Cp*,Fe]* at
780 nm was used to monitor the progress of the reaction to extract kinetic parameters. The
observed rate law for each system was determined by independently varying the concentration
of Ph,Phen?, acid, O,, and reductant (See Sl). With TFAH, there is an observed first-order
dependence on Ph,Phen?*, TFAH, and O, concentration (Eq 6.1). With CI;AcOH, the rate law
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becomes independent of O, concentration, and there is an observed first-order dependence on
Ph.Phen?* and acid concentration (Eq 6.2). Interestingly, with weaker acids, Cl,AcOH and
CIACOH, there is a shift in rate law to a half-order dependence on Ph.Phen?* and first-order

dependence on CIAcOH (Eq 6.3).

Raterpay = kcae[PhyPhen®*]'[AH]'[0,]" Eq (6.1)
RateClgAC == kcat[Ph2Ph3n2+]1[AH]1 Eq (6.2)
Ratecizacon,clacon = kcqt[PhyPhen®*]Y/2[AH]* Eq (6.3)
0.8-
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— TFAH
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Figure 6.4. Change in absorbance at 780 nm over time as a result of the formation of [Cp*2Fe]*
by ORR catalyzed by Ph,Phen?* with CIAcOH (red), TFAH (green), and TFAH control (black).
Conditions: Ph,Phen?* = 40 yM, AH = 50 mM, Oz = 4.05 mM, Cp*2Fe = 1 mM; control: TFAH =
50 mM, Oz = 4.05 mM, Cp*,Fe = 1 mM.

A Ti(O)SOs colorimetric assay was used to determine the selectivity for the ORR by
Ph,Phen?* with each acid, as previously reported.’®'31-34 |t was found that the selectivity of
Ph2Phen?* for H,O, shows an apparent inverse dependence on acid activity, going from 93.2 +
1.4 % selectivity with TFAH to 24.0 + 6.2 % selectivity for H.O, with CIAcOH (Table 6.1, Figures
$6.68-S6.72) after all Cp*;Fe is consumed. H20- selectivity was evaluated over the course of the

ORR with CIAcOH to determine if hydrogen peroxide reduction H2O2RR was a competing process

(Figures S6.67 and S6.72, Table S6.6.4). After 30 s there was an observed 67.4 + 5.9 %
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selectivity for H2O,, however, after 5 minutes H>O selectivity diminished to 22.0 + 5.2 %. This
suggests that H»O; is being produced during catalysis before being further reduced to H>O.

Analysis of H.O2RR with all acids under spectrochemical conditions showed slight activity
(Figures S6.49, S6.55, S6.61, & $6.67), however, the difference in apparent activity between the
apparent rates of the ORR and the H,O2RR was the smallest in the case of CIACOH. It is also
important to emphasize that all spectrochemical conditions are limited by the amount of reductant
by experimental design, so that they can be run to completion without being limited in other
substrate. Therefore, it is proposed that the apparent lower selectivity for H.O, with the CIAcOH
proton donor is the result of competitive H>O2 reduction while reductant is available; for stronger
acids the chemical reductant is almost completely consumed by the relatively faster ORR process,
given the greater difference in rate with H;O2RR. Consistent with this interpretation, stability tests
showed that H,O, was stable in the presence of Ph,Phen?* with each of the acids (Figures S6.73-
$6.76), with quantitative recovery of added H2O3, verifying that reductant must be present for this
reaction to occur.

Table 6.1. Summary of spectrochemical activity and selectivity of ORR by Ph2Phen?* with each
proton donor.

o K:?I\(I:ISCN)) Kobs (x 1025™") | % H,0; Selectivity (nca)
TFAH (12.65) 173 93.2 % 1.4 (2.14)
ClLACOH (16.0) 115 84.8 £ 5.8 (2.30)
CLACOH (17.3) 1.06 82.3 £ 3.2 (2.35)
CIACOH (20.3) 0.431 24.0£6.2 (3.52)
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6.4. Discussion

Scheme 6.1. Proposed Mechanism for the ORR catalyzed by Ph,Phen?*,

Ph Ph
7 \ '/
=N N 0O,
e G,
ii
Ph Ph ii
i+0y” —/—== [PhyPhen-0O,-Ph,Phen]?*
/ \ / \ 2 —~———— [ 2 ".2 2 ]
=N N= iii
+
‘\/’ . 3 AH
acid strength shifts

equilibrium position 2X

2HO," —» 0, + Hy0,
+2A~

Based on both electrochemical and spectrochemical results, we are able to propose a
catalytic cycle for the ORR by Ph,Phen?* with TFAH, ClsAcOH, Cl,AcOH, and CIAcOH (Scheme
6.1). Starting from i, a single-electron reduction results in the formation of ii, which transfers an
electron to O via an outer-sphere mechanism to form superoxide (O2>) and reforms i. Based on
previous reports on similar systems,''¢2* we propose that this system operates via an outer-
sphere mechanism. The resulting O>"~ can be protonated by acid to form two equiv of HO>", which
is proposed to be the rate-determining step under spectrochemical conditions when CIsAcOH is
used as a proton source. Then, two equiv of HO," favorably disproportionate into O, and H20,,%
which is the rate-determining step under spectrochemical conditions when TFAH is used as the
proton source. It has previously been established that TFAH is sufficiently acidic to protonate 0>~
,22 which in this system renders HO," as the resting state during catalysis and the subsequent
disproportionation reaction rate-determining. However, with weaker acids formation of O2~ by Ji
becomes relatively more facile than its protonation, making superoxide protonation rate-limiting.

Based on the overall kinetic analysis, it is also proposed that an off-cycle bridging peroxo

dimer species forms. Under electrochemical conditions, there is an excess of reduced Ph,Phen™
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(i) in the diffusion layer, which pushes the equilibrium towards dimer formation. This is supported
by the observed half-order dependence on catalyst concentration under electrochemical
conditions for all acids as well as the mixed-order dependence on O concentration.®>3¢ However,
under spectrochemical conditions only the two weakest acids, Cl,AcOH and CIAcOH, show a half-
order dependence of activity on catalyst concentration. Unlike the reaction-diffusion layer of the
electrode under electrochemical conditions, it would normally be expected that the relative
concentration of the catalytically active PhoPhen™ would be diminished when using a chemical
reductant, disfavoring dimer formation. However, these data show that the complete elimination
of the off-cycle dimer species from kinetic relevance becomes dependent on acid strength under
spectrochemical conditions, where sufficiently strong acids will drive the reaction pathway toward
formation of HO2" more rapidly than dimerization can occur. Importantly, the observed first-order
dependence on catalyst concentration for the stronger acids TFAH and CIsAcOH suggests that
the dimeric species is not on the catalytic cycle, although there are potential parallels to the
bridging mechanism of the dicarbenium catalyst reported by Gabbai and co-workers.'” Based on
this, under conditions where there is a half-order dependence on catalyst concentration, the rate-
determining step is assigned to protonation O2~ to form HO2’, which is under the control of the
dimer pre-equilibrium.

'H-NMR studies of Ph,Phen?" in the presence of Cp*;Fe and O, demonstrated the
appearance of a new species with a small amount of the precursor PhoPhen?*, consistent with
the proposal of an inner-sphere interaction during dimerization (Figure $6.77). When Ph.Phen™
is exposed to Oz and a slight excess TFAH, full conversion back to Ph,Phen?* is observed (Figure
$6.78). However, with a slight excess CIAcOH as a proton source some Ph,Phen?* is recovered
but there remains a mixture of products, suggesting that the weaker acid is not sufficiently strong
enough to completely shift the proposed dimeric equilibrium involving a [Ph.Phen-O.-Ph,Phen]?*
species back into the catalytic cycle at low acid concentrations (Figure S$6.79). These
observations are consistent with the observed half-order concentration dependence on catalyst
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when weaker acids are used as the proton donor under spectrochemical conditions. Under
electrochemical conditions, a half-order concentration dependence on the diium is observed for
all acids because of the greater concentration of the cationic radical species Ph,Phen™ in the
reaction-diffusion layer. However, proton donors with greater activity than CIAcOH are required to
quantify H>O. production by RRDE methods, since have sufficient driving force to the dimer
equilibrium back towards the monomeric catalytic pathway.

In order to understand the relative thermodynamics of dimerization, computational studies
were undertaken using the approach previously used for the iminium-based catalyst (See SI).23
Using concentration-corrected thermochemistry, a reduction potential of —0.85 V vs Fc*/Fc was
estimated for Ph,Phen?**, in good agreement with the experimental value of —0.73 V. Outer-
sphere electron transfer from Ph,Phen’* to generate O, was uphill by 24.9 kcal/mol. Capture of
Oy~ at the 4-position of one of the pyridine subunits of a second equiv of PhoPhen™ to generate
a bound peroxo was downhill by —10.1 kcal/mol. Subsequent binding of Ph2Phen?* to the peroxo
group at the 4-position of a pyridine subunit to create a bridging dimer was further downhill by —
28.6 kcal/mol (Figure 6.5). Having validated the thermodynamic viability of the dimer, an
assessment of the disproportionation pathway was next evaluated. Previously, the protonation of
Oz~ by TFAH to generate HO2' had been assessed to be favorable by —33.2 kcal/mol by
analogous computational methods, when homoconjugation was considered as a part of the
thermochemistry.?® The mechanistic data presented above suggested that this step should be
less favorable with weaker acids. Indeed, comparable calculations using CIAcOH as the proton
source found that the protonation of O, was favored by —25.7 kcal/mol, which was approximately
8 kcal/mol less favorable than with TFAH. The disproportionation reaction of two equiv of HO2" to
generate one each of O, and H20; that closes the outer-sphere catalytic cycle was previously

found to be downhill by —33.1 kcal/mol.?3
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Figure 6.5. Proposed off-cycle dimer species implied by mechanistic data. A peroxo subunit
?)ridges two equiv of PhoPhen?* at the 4-position of a pyridine subunit. Gray = C, blue = N, red =

As described above, the low observed selectivity for H2O, when CIAcOH is used as a proton
donor can be explained by the relatively enhanced role of H2O2RR during the progress of ORR,
which can consume some of the H2O, produced by ORR. By comparison, for stronger acids, ORR
is significantly more rapid than H.O>RR, minimizing its impact on the observed % H-O- selectivity.
"H-NMR studies of Ph2Phen™ with added urea*H.O, suggest an inner-sphere interaction with
H.O. in the presence of a chemical reductant. Again, Ph.Phen?* is reformed with a sufficiently
strong acid, as was observed under analogous conditions with O, (Figure S6.80). Importantly, the
loss of molecular symmetry in the NMR data imply that it is again the 4-position of a pyridyl subunit
which forms an inner-sphere reaction. This suggests that there is a possibility of accessing
selectivity for H,O in future studies, with proper synthetic modification of the phenyl group
appended here.
6.5. Conclusions

Here, a new organic-based catalyst for the ORR under both electrochemical and
spectrochemical conditions is described. We found that the activity and mechanism of the ORR
by Ph.Phen?* can be tuned by acid strength. Using acetic acid derivates with pK, values ranging

from 12.65 to 20.3, it was found that on off-cycle bridging peroxo dimer species formed in the
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presence of O, and excess reduced catalyst, PhoPhen™. Further, acid strength can tune the
reaction mechanism: for the strongest acid, TFAH, the rate-limiting step becomes the
disproportionation of 2 equiv of HO>' into one each of O; and H.O,. However, with the weakest
acid ClsAcOH, the rate-determining step of the reaction is instead the protonation of O™, which
is inhibited by a favorable off-cycle dimerization pre-equilibrium. Excitingly, these data imply a
comparable tunability of the ORR activity of metal-free electrocatalysts to that employed for
transition metal-based systems. The implications of these mechanistic observations are currently
being explored under additional reaction conditions and through the modification of the diium
framework.

6.6. Supplementary Information for Chapter 6

General Considerations

All chemicals and solvents (ACS or HPLC grade) were commercially available and used as
received unless otherwise indicated. For all air-sensitive reactions and electrochemical
experiments, HPLC-grade solvents were obtained as anhydrous and air-free from a PPT Glass
Contour Solvent Purification System. Gas cylinders were obtained from Praxair (Ar as 5.0; O2 as
4.0) and passed through activated molecular sieves prior to use. Gas mixing for variable
concentration experiments was accomplished using a gas proportioning rotameter from Omega
Engineering. UV-vis absorbance spectra were obtained on a Cary 60 from Agilent. An Anton-Parr
Multiwave Pro SOLV, NXF-8 microwave reactor was used for microwave syntheses. The
concentration of O, saturation in MeCN is reported to be 8.1 mM and the saturation concentration
in MeCN with added electrolyte to be 6.3 mM. ¥

Synthesis and Characterization

Synthesis of 1,11-diphenyl-6,7-dihydro-5H-[1,4]diazepino[1,2,3,4-Imn][1,10]phenanthroline-4, 8-
diium bromide (PhzPhen?*). In a round bottom flask, 4,7-diphenyl-1,10-phenanthroline (2.0 g, 6.0

mmol) was added to 20 mL of toluene. The solution was stirred and brought to 70°C. Once the
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temperature was reached, 1,3-dibromopropane (2.8 mL, 28 mmol) was added. The solution was
brought to reflux and allowed to stir overnight. The resulting bright orange solid was filtered,
washed with hexanes, and recrystallized from hot dichloromethane to obtain 0.80 g (25% yield)
of pure yellow-orange solid. "H-NMR (MeOD-ds, 600 MHz Varian): 8 9.75 (d, 2H), 8.55 (d, 2H),
8.43 (s, 2H), 7.79 (m, 10H), 5.01 (t, 4H), 3.44 (quint, 2H). “C{'"H}-NMR (MeOD-ds, 150 MHz
Varian): & 158.66, 149.77, 134.79, 134.27, 132.22, 131.09, 130.31, 129.23, 127.97, 126.90,
60.01, 30.81. Elemental analysis calculated for C27H22BraN2+1/3CH2Cl>: C 58.35, H 4.06, N 4.98;

Found: C 58.10, H 3.91, N 4.95.

A 2.0q
A ——6.79x10°M 12
——8.15x10° M
1.6 ——9.78x10° M g 1.0
o —117x10° M -
.5 °
g 12 —1.41 X10_5M o™ 08'
S ——1.69x10° M =
508 N 2.00x10 ‘M 8 06 y = 45305x — 0.0303
-3 £L.45 X1U I E - R2 =0999
< =
0.4 0.4
o]
<
0.04 - ' y 0.2 . . . T . . . .
200 400 600 800  6.0x10° 1.2x10° 1.8x10° 2.4x10° 3.0x10°
Wavelength (nm) [Ph,Phen™] (M)

Figure S6.1. (A) UV-vis serial dilution absorbance data from Ph2Phen?* in MeCN solution.
Conditions: varying concentration; quartz cell with 1 cm pathlength. (B) Plot of absorbance
concentration (M) for PhoPhen?* in MeCN solution at 301 nm (45305 M- cm™); R?=0.999. All: Amax
= 351 nm (14411 M-'cm™"), 394 nm (5760 M-'cm™).
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Synthesis of 1,11-diphenyl-6, 7-dihydro-5H-[1,4]diazepino[1,2,3,4-Imn][1,10]phenanthroline-4, 8-
diium hexafluorophosphate (Ph2Phen(PFg)2). In a vial, 0.25 g (0.37 mmol) of the dibromide salt
of Ph2Phen?* (0.25 g, 0.37 mmol) was dissolved in a minimal amount of methanol. A saturated
solution of NH4PFs (0.3 g, 1.86 mmol in minimal methanol) was passed through a syringe filter
and added to the Ph.Phen?* solution. Pho.Phen(PFs). immediately precipitated out of solution.
The light orange solid was filtered and rinsed with excess methanol to obtain pure product (0.15
g, 61% vyield). Elemental analysis calculated for C27H2oN2P2oF12: C 48.81, H 3.34, N 4.22; Found:
C 48.05, H 3.23, N 4.13.

Estimation of pK, Values for ClzAcOH, CI.AcOH, and CIAcOH in MeCN

The pKas of ClzAcOH, Cl,AcOH, and CIAcOH in MeCN were estimated from pKa(H20) using a
linear scaling relationship reported by Leito and coworkers, described in Eq (S6.1).2° Where (X—
CO) is the number of carbonyl groups attached directly to the acidity center, nC is the number of

C atoms in the molecule, and MW is the molecular weight.

pK,(H,0) = pK,(MeCN) x 0.55 — (X — CO) x 2.2 + nC x 0.13 + MW x 0.0017 — 6.5 (Eq S6.1)
Table $6.1. Summary of calculated pKa values in MeCN.

Acid pKa(H20) X-CO nC MW (g/mol) | pKa(MeCN)
ClsAcOH 0.65 1 2 163.38 16.0
Cl,AcOH 1.29 1 2 128.94 17.3
CIAcOH 2.86 1 2 94.5 20.3

Electrochemical Analysis of Ph.Phen?*

Electrochemistry

Electroanalytical experiments were performed using Metrohm Autolab PGSTAT302N and
BioLogic SP-50 potentiostats. RRDE experiments were performed using BioLogic VSP
Bipotentiostat with a Pine Research MSR Rotator. Glassy carbon working (¢ = 3 mm) and non-
aqueous silver/silver chloride pseudoreference electrodes behind PTFE tips were obtained from
CH Instruments. The pseudoreference electrodes were obtained by depositing chloride on bare

silver wire in 10% HCI at oxidizing potentials and stored in a 0.1 M tetrabutylammonium
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hexafluorophosphate solution in acetonitrile in the dark prior to use. The counter electrode was a
glassy carbon rod (2 = 3 mm). All CV experiments were performed in a modified scintillation vial
(20 mL volume) as a single-chamber cell with a cap modified with ports for all electrodes and a
sparging needle. Tetrabutylammonium hexafluorophosphate (TBAPFs) was purified by
recrystallization from ethanol and dried in a vacuum oven before being stored in a desiccator. All
data were referenced to an internal ferrocene standard (ferrocenium/ferrocene reduction potential
under stated conditions) unless otherwise specified. All voltammograms were corrected for
internal resistance. Ferrocene was purified by sublimation prior to use. In the event that the
presence of electrochemical features precluded ferrocene addition, ferrocene was added to the
electrochemical cell at the end of analysis for reference.

Rotating Ring-Disk Electrode Methods

Description of Au Ring Roughening Procedure. The Au ring electrode was roughened according
to a previously reported method.?” The electrodes were polished first on a felt polishing pad with
0.3 micron alumina, then with 0.05 micron alumina and rinsed with water and ethanol. Cyclic
voltammograms were obtained in 0.5 M H.SO4 by scanning from 0 to 1.6 V vs. Ag/AgCl at 100
mV/s, then at 20 mV/s for an additional 2 cycles to obtain the pre-roughening, surface oxide
reduction charge. The electrode was then pulsed between 2.4 and 0.2 V vs Ag/AgCl for 2.4 ms
each and repeated for 250,000 cycles. Bubbles formed during electrolysis pulses were dislodged
by contacting with a large bubble from a glass pipette. After electrolysis, the electrode was held

at 0.3 V vs. Ag/AgCl for 2 minutes and the roughening was evaluated by CV.

Description of RRDE Collection Efficiency. The collection efficiency was determined as previously
reported.®23338 Conditions: Air saturation, 0.1 M TBAPFs, 0.5 mM ferrocene in MeCN, glassy
carbon disk electrode (5 mm), roughened Au ring electrode, glassy carbon rod counter electrode,
Ag/AgCI pseudoreference electrode; scan rate 0.01 V/s. To calculate the collection efficiency of
the RRDE, the ratio of the ring current (i) to the disk current (iy) at each rotation rate was used to
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determine Nempiricat (EQ S2). The Nempirical Value at each rotation rate was multiplied by a factor of
100 to determine the collection efficiency % at each rotation rate (~23%).

_ iring corrected
Nempirical - (Eq 32)

idisk corrected

RRDE Experiments. Conditions: Performed under Ar and air saturation conditions, 0.1 M TBAPFs,
0.5 mM PhzPhen?*, 0.1 M acid, glassy carbon disk electrode (5 mm diameter), roughened Au ring
electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; scan rate

0.01 V/s.

The solution was sparged with air until saturation was achieved. PhoPhen?* (0.5 mM) was
dissolved in MeCN and 0.1 M acid was added. A standard CV was taken of the solution to confirm
the potential window to be used for the experiment. The roughened Au ring was set to +1.0 V.
LSVs were obtained for various rotation rates between 600 and 2200 under the described
conditions. In between each scan, the solution was sparged for 2 minutes. The reproducibility of
scans was confirmed by repeating scans at the same rotation rate, producing exact overlays. The
same procedure was repeated and the roughened Au ring was set to +1.2 V. The ring current (i)

was corrected for by subtracting limiting current observed at the ring when it was set at +1.0 V.

The arithmetic mean of the number of electrons received by O: (nc) during the ORR was

calculated from the disk current (is) and ring current (ir) according to Eq $3: *°

Meqe = 4 X —— 4 (Eq S3)

r
ld+N

empirical

The H20: ratio (p) is defined as the fraction of O, reduced to H202 and relates to ncat by Eq S4:
Negt =4 —2p (Eq S4)
Multiplying p by 100% provides the %H20: selectivity of the ORR.
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Figure S6.4. CV of PhoPhen?* under Ar. Conditions: 1 mM Ph.Phen?, 0.1 M TBAPFs/MeCN;
glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference
electrode; referenced to Fc*/Fc internal standard; 100 mV/s scan rate.
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Figure S6.5. (A) CVs of PhoPhen?* under Ar saturation at various scan rates. (B) Square root of
scan rate versus current density in (A). Conditions: 1 mM Ph,Phen?*, 0.1 M TBAPF¢s/MeCN;
glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference
electrode; referenced to an internal ferrocene standard; scan rates: 0.025, 0.05, 0.1, 0.2, 0.3, 0.4,

0.5,0.6,08,1,1.5,2,3V/s.
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The diffusion coefficient of Ph,Phen?* was calculated using the slope from Figure S$6.5B and Eq
S5, where i, is the current (A), n is the number of electrons, A is the area of the electrode (cm?),
C is the concentration (mol/cm?), v is the scan rate (V/s), and D is the diffusion coefficient (cm?/s).
3 11
ip = (2.69 x 10°)n2ACD2v2 Eq S6.5

3 (slope)?
"~ n3C2(2.69 x 105)2

D=1.14x10° cm?s™

A -2.5x10°; B 0671 y =-0.0243x — 0.739
2.0x10°{ ——5VIs -0.69-
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S e
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Figure S6.6. (A) CVs of Ph,Phen?* under O, saturation at various scan rates. (B) Logarithm of
the scan rate versus the reduction peak potential in (A). Conditions: 1 mM Ph2Phen?*, 0.1 M
TBAPF&/MeCN; glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCI
pseudoreference electrode; referenced to an internal ferrocene standard; scan rates: 0.025, 0.05,
0.1,0.2,0.3,0.4,0.5,0.6,0.8,1,1.5, 2, 3,4,5 VI/s.
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Figure S6.7. (A) CVs of PhoPhen?* under O saturation at varying concentrations. (B) Logarithm
of Ph.Phen?" concentration versus the reduction peak potential in (A). Conditions: varying
Ph.Phen?* concentration, 0.1 M TBAPFs/MeCN; glassy carbon working electrode, glassy carbon
rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to an internal ferrocene
standard; 100 mV/s scan rate. [Ph.Phen?]: 2.55, 2.23, 2.06, 1.86, 1.67, 1.50, 1.35, 1.22, 1.10,
0.986, 0.888, 0.799, 0.719, 0.647, 0.582, 0.524 mM
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Figure S6.8. CVs of PhoPhen?* with and without added 6.7 mM urea*H,O. under Ar and O,
saturation. Conditions: 1 mM PhzPhen?*, 0.1 M TBAPFs/MeCN; 100 mV/s; glassy carbon working
electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; referenced to an

internal ferrocene standard.
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Electrochemical Analysis with TFAH
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Figure S6.9. (A) CVs of Ph,Phen?" under Ar (black), O (red) and with 0.1 M TFAH under Ar
saturation (green). (B) CVs from A and catalytic trace shown (blue) with Ph,Phen?* and 0.1 M
TFAH under O; saturation. Conditions: 1 mM Ph.Phen?*, 0.1 M TBAPFs/MeCN; glassy carbon
working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode;
referenced to an internal ferrocene standard; 100 mV/s scan rate.

Determination of Effective Overpotential of Ph,Phen?* with TFAH
Utilizing the pKa (12.65) and log(Kana) (3.9) values for TFAH in MeCN, we have corrected the

reported standard reduction potentials for ORR using Eqs S6 & S7.

E9sjiz0 = 1.21 — 0.0592pK, + 2= log(4Kaya) V vs. Fc* /Fe Eq (S6)

ES2/1120(MeCN, TFAH) = 042V vs.Fc* /Fc

2.30RT

EOZ/HZOZ = 0.68 — 0.0592pK, + log(2K,4) V vs.Fct JFc Eq (S7)

E33 /11202 (MeCN, TFAH) = +0.06 V vs. Fc* /Fc

where R is the ideal gas law (8.314 J-K"-mol™"); T is the temperature (298 K); F is Faraday’s
constant (96485 C-mol™"); Kana is the reported homoconjugation equilibrium constant for TFAH in
MeCN (log Kana = 3.9). The effective overpotential was calculated according to Eqs $6.8 & S6.9.
Where Eqpp is the Eq1/2 of PhoPhen?* with 0.1 M TFAH (Figure S6.9).

N = |Eapp = EQajuzo| = 1-0.72 — 0.42| = 1.14V Eq (S6.8)

N = |Eapp = Ed2/u202| = 1-0.72 = 0.06] = 0.78 V Eq (S6.9)
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Figure S6.10. CVs of PhoPhen?* under catalytic conditions with 0.13 M TFAH at 0.1 V/s (black)
and 0.8 V/s (red). Conditions: 1 mM PhzPhen?*, 0.13 M TFAH, 0.1 M TBAPF¢/MeCN; glassy
carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference

electrode; referenced to an internal ferrocene standard.
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Figure S6.11. Rinse test of Ph,Phen?* and TFAH. Ph2Phen2+ under catalytic conditions (black
trace), rinse test (red trace), and CV of TFAH under O, saturation (green trace). Conditions: 1 mM
Ph.Phen?*, 0.12 M CIsAcOH, 0.1 M TBAPFs/MeCN, O, saturation; 100 mV/s; glassy carbon
working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode;

referenced to an internal ferrocene standard.
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To establish mechanistic information under electrochemical conditions, variable concentration
studies were performed, analysis was adapted from Sathrum and Kubiak J. Phys. Chem. Lett.
2011, 2, 2372.%° Where, F is Faraday’s constant, A is the electrode area, [Q] is the substrate
concentration, ket is the catalytic rate, D is the diffusion constant of the catalyst, [cat] is the
concentration of the catalyst and ncat is the number of electrons in the catalytic process.

icar = NearFA[cat](Dkcq [Q]7)Y/?
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Figure S6.12. (A) CVs of PhPhen? under catalytic conditions with variable Ph,Phen?
concentrations. (B) Logarithm of Ph,Phen?* concentration versus the logarithm of current density
from (A). Conditions: 0.1 M TFAH, 0.1 M TBAPFes/MeCN; 100 mV/s; glassy carbon working
electrode, glassy carbon counter electrode, Ag/AgCI pseudoreference electrode; referenced to an
internal ferrocene standard.
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Figure S6.13. (A) CVs of PhPhen? under catalytic conditions with variable TFAH
concentrations. (B) Logarithm of TFAH concentration versus the logarithm of current density from
(A). Conditions: 1 mM Ph.Phen?", 0.1 M TBAPFs/MeCN, O; saturation; 100 mV/s; glassy carbon
working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode;
referenced to an internal ferrocene standard.
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Figure S6.14. (A) CVs of PhoPhen?* under catalytic conditions with variable O, concentrations.
(B) Logarithm of O2 concentration versus the logarithm of current density from (A). Conditions: 1
mM PhzPhen?*, 0.1 M TFAH, 0.1 M TBAPFs/MeCN; 100 mV/s; glassy carbon working electrode,
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; referenced to an internal
ferrocene standard.
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Figure S6.15. (A) CVs of PhoPhen?" in the presence of 6.7 mM urea*H.O, under Ar and O
saturation with added 0.11 M TFAH. (B) CVs of Ph,Phen?* in the presence of 6.7 mM urea*H.0;
with added 0.11 M TFAH under O, saturation. Conditions: 1 mM PhzPhen?*, 0.11 M TFAH, 0.1 M
TBAPF6/MeCN; 100 mV/s; glassy carbon working electrode, glassy carbon counter electrode,
Ag/AgCl pseudoreference electrode; referenced to an internal ferrocene standard.
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Figure S6.16. Linear sweep voltammograms of RRDE experiment with 0.5 mM Ph,Phen?* and
0.1 M TFAH under air saturation conditions. (A) Uncorrected LSVs at 600 rpm. (B) Corrected
LSVs at various rotation rates used for quantification of %H20.. Ring potential = 1.0 or 1.2 V vs
Ag/AgCl. Conditions: 0.5 mM Ph,Phen?*, 0.1 M TFAH, 0.1 M TBAPFs/MeCN; glassy carbon
working electrode/roughened Au ring working electrode, glassy carbon counter electrode,
Ag/AgCl pseudoreference electrode; scan rate 0.01 V/s.

Calculated ORR selectivity under electrochemical conditions using RRDE is 97.3 £ 2.6% H20-.
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Figure S6.17. (A) Levich and (B) Koutecky-Levich plots from data obtained from linear sweep
voltammograms of Ph,Phen?* (0.5 mM) by RRDE with 0.1 M TFAH under air saturation conditions
at various rotation rates (600, 1000, 1400, 1800, & 2200 rpm).

Electrochemical Analysis with ClsAcOH
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Figure S6.18. (A) CVs of Ph,Phen?* under Ar (black), O, (red) and with 0.1 M ClsAcOH under Ar
saturation (green). (B) CVs from A and catalytic trace shown (blue) with Ph,Phen?* and 0.1 M
ClsAcOH under O, saturation. Conditions: 1 mM PhzPhen?*, 0.1 M TBAPFs/MeCN; 100 mV/s;
glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference
electrode; referenced to an internal ferrocene standard.
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Determination of Effective Overpotential of Ph,Phen?* with Cl;AcOH
Utilizing the estimated pK. of CIzAcOH (16.0) in MeCN, we can determine the effective
overpotential according to Eqs $6.10-S6.13. Where Eap is the Eq2 of Ph,Phen?* with 0.1 M

ClsAcOH (Figure S6.18). We are unaware of a homoconjugation constant for further correction.

Ega/u20 = 1.21 — 0.0592pK, Eq (S6.10)
EQ2/120(MeCN, ClzAcOH) = 0.26 V vs.Fc* /Fc

M= |Eapp — EQ2/u20| = 1-0.72 - 0.26| = 098V  Eq (S6.11)

Ega /202 = 0.695 — 0.0592pK, Eq (S6.12)

Egz/Hzoz(MeCN, Cl3AcOH) = —0.25V vs.Fc* /Fc

N = |Eapp = Eg2/m202| = 1-0.72 = 0.25| =047V Eq (S6.13)
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Figure S6.19. CVs of Ph,Phen?* under catalytic conditions with 0.1 M CIzAcOH at 0.1 V/s (black)
and 1 V/s (red). Conditions: 1 mM Ph.Phen?", 0.1 M CI;AcOH, 0.1 M TBAPF¢/MeCN; 100 mV/s;
glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference

electrode; referenced to an internal ferrocene standard.
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Figure S6.20. Rinse test of Ph,Phen?* and Cl;AcOH. Ph,Phen?* under catalytic conditions (black

trace), rinse test (red trace), and CV of ClzAcOH under O, saturation (green trace). Conditions: 1

mM PhzPhen?*, 0.12 M CI;AcOH, 0.1 M TBAPFs/MeCN, O, saturation; 100 mV/s; glassy carbon

working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode;

referenced to an internal ferrocene standard.
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Figure S6.21. (A) CVs of PhPhen? under catalytic conditions with variable Ph,Phen?*
concentrations. (B) Logarithm of Ph,Phen?* concentration versus the logarithm of current density
from (A). Conditions: 0.1 M CIzAcOH 0.1 M CIzAcOH, 0.1 M TBAPFs/MeCN; 100 mV/s; glassy
carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference
electrode; referenced to an internal ferrocene standard.
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Figure S6.22. CVs of Ph.Phen?* under catalytic conditions with variable ClsAcOH concentrations.
Conditions: 1 mM PhzPhen?", 0.1 M TBAPF¢/MeCN, O saturation; 100 mV/s; glassy carbon
working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode;
referenced to an internal ferrocene standard.
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Figure S6.23. (A) CVs of PhoPhen?* under catalytic conditions with variable O, concentrations.
(B) Logarithm of O2 concentration versus the logarithm of current density from (A). Conditions: 1
mM PhzPhen?*, 0.12 M CI;AcOH, 0.1 M TBAPF¢/MeCN; 100 mV/s; glassy carbon working
electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; referenced to an
internal ferrocene standard.
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Figure S6.24. (A) CVs of PhoPhen?" in the presence of 5.7 mM urea*H.O, under Ar and O
saturation with added 0.12 M CI;AcOH. (B) CVs of Ph,Phen?* in the presence of 5.7 mM
urea*H,0, with added 0.12 M ClsAcOH under O, saturation. Conditions: 1 mM Ph.Phen?*, 0.12
M CIsAcOH, 0.1 M TBAPF¢/MeCN; 100 mV/s; glassy carbon working electrode, glassy carbon
counter electrode, Ag/AgCl pseudoreference electrode; referenced to an external ferrocene

standard.
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Figure S6.25. Linear sweep voltammograms of RRDE experiment with 0.5 mM Ph,Phen?* and
0.1 M CIsAcOH under air saturation conditions. (A) Uncorrected LSVs at 600 rpm. (B) Corrected
LSVs at various rotation rates used for quantification of %H202. Ring potential = 1.0 or 1.2 V vs
Ag/AgCl. Conditions: 0.5 mM PhyPhen?*, 0.1 M ClsAcOH, 0.1 M TBAPFs/MeCN; glassy carbon
working electrode/roughened Au ring working electrode, glassy carbon counter electrode,
Ag/AgCl pseudoreference electrode; scan rate 0.01 V/s.

Calculated ORR selectivity under electrochemical conditions using RRDE is 96.9 £ 0.85% H20..
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Figure S6.26. (A) Levich and (B) Koutecky-Levich plots from data obtained from linear sweep
voltammograms of Ph,Phen?* (0.5 mM) by RRDE with 0.1 M CI;AcOH under air saturation
conditions at various rotation rates (600, 1000, 1400, 1800, & 2200 rpm).

Electrochemical Analysis with Cl, AcOH
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Figure S6.27. (A) CVs of PhoPhen?* under Ar (black), Oz (red) and with 0.1 M Cl,AcOH under Ar
saturation (green). (B) CVs from A and catalytic trace shown (blue) with Ph,Phen?* and 0.1 M
Cl,AcOH under O; saturation. Conditions: 1 mM PhzPhen?*, 0.1 M TBAPFs/MeCN; 100 mV/s;
glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference
electrode; referenced to an internal ferrocene standard.
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Determination of Effective Overpotential of Ph.Phen®* with Cl,AcOH
Utilizing the estimated pKis of Cl2AcOH (17.3) in MeCN, we can determine the effective
overpotential according to Eqs $6.13-S6.16. Where Eayp is the Eq2 of Ph,Phen?" with 0.1 M
Cl,AcOH (Figure S6.27). We are unaware of a homoconjugation constant for further correction.
Ega/u20 = 1.21 = 0.0592pK, Eq (S6.13)
EgZ/HZO(MeCN, Cl,AcOH) = 019V vs.Fc* /Fc
N = |Eapp = Ed2/u20| = 1-0.72 = 0.19] = 0.91V Eq (S6.14)
EQ2/m202 = 0.695 — 0.0592pK, Eq (S6.15)

Egz/Hzoz(MeCN, Cl,AcOH) = —0.33V vs.Fc* /Fc

N = |Eapp = Ed2/u202| = 1-0.72 = 0.33| = 0.39V Eq (S6.16)
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Figure S6.28. CVs of Ph,Phen?* under catalytic conditions with 0.1 M Cl,AcOH at 0.1 V/s (black)

and 1 V/s (red). Conditions: 1 mM PhzPhen?*, 0.1 M Cl,AcOH, 0.1 M TBAPF¢/MeCN; glassy

carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference

electrode; referenced to an internal ferrocene standard.
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Figure S6.29. Rinse test of Ph,Phen?* and Cl,AcOH. Ph,Phen?* under catalytic conditions (black
trace), rinse test (red trace), and CV of Cl2AcOH under O2 saturation (green trace). Conditions: 1
mM PhzPhen?*, 0.3 M Cl,AcOH, 0.1 M TBAPF¢/MeCN, O saturation; 100 mV/s; glassy carbon
working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode;
referenced to an internal ferrocene standard.
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Figure S6.30. CVs of Ph;Phen?" under catalytic conditions with variable Ph;Phen?*
concentrations. (B) Logarithm of Ph,Phen?* concentration versus the logarithm of current density
from (A). Conditions: 0.3 M CI,AcOH, 0.1 M TBAPFs/MeCN; 100 mV/s; glassy carbon working
electrode, glassy carbon counter electrode, Ag/AgCI pseudoreference electrode; referenced to an

internal ferrocene standard.
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Figure S6.31. (A) CVs of Ph,Phen? under catalytic conditions with variable Cl,AcOH
concentrations. (B) Logarithm of Cl,AcOH concentration versus the logarithm of current density
from (A). Conditions: 1 mM Ph,Phen?*, 0.1 M TBAPFs/MeCN, O, saturation; 100 mV/s; glassy
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode;
referenced to an internal ferrocene standard.
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Figure S6.32. (A) CVs of Ph.Phen?" under catalytic conditions with variable O, concentrations.
(B) Logarithm of O2 concentration versus the logarithm of current density from (A). Conditions: 1
mM PhzPhen?, 0.3 M CL,ACOH, 0.1 M TBAPFs/MeCN; 100 mV/s; glassy carbon working
electrode, glassy carbon counter electrode, Ag/AgCI pseudoreference electrode; referenced to an
internal ferrocene standard.

340



-4 _
A0 5 5mm H,0,, Ar
——55mMH,0, 0,
-4.0x10*{ ——5.5mMH,0, + 0.06 M CILACOH, Ar
|
=3 -2.0x10™
N
0.0
2.0x10* : . : :
00 -02 -04 -06 -08

Potential (V vs. Fc*/Fc)

1.0

B

J(Alcm?)

55mMHO,, Ar

-1.0x10 272
——5.5mMH,0,, Ar

_8.0x10°] — 55 MM H,0, +0.06 M CI AcOH, Ar

' ——5.5mMH,0, +0.06 M CI,ACOH, O,
-6.0x107°1
-4.0x107°1
-2.0x10°°-

0.0
00 -02 -04 -06 -08 -1.0

Potential (V vs. Fc*/Fc)

Figure S6.33. (A) CVs of Ph2Phen?" in the presence of 5.5 mM urea*H.O, under Ar and O
saturation with added 0.06 M CI,AcOH. (B) CVs of Ph.Phen?* in the presence of 5.7 mM
urea*H-0, with added 0.06 M CI,AcOH under O saturation. Conditions: 1 mM PhzPhen?*, 0.06
M CIl,AcOH, 0.1 M TBAPF¢/MeCN; 100 mV/s; glassy carbon working electrode, glassy carbon
counter electrode, Ag/AgCl pseudoreference electrode; referenced to an external ferrocene

standard.
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Figure S6.34. Linear sweep voltammograms of RRDE experiment with 0.5 mM Ph,Phen?* and
0.1 M Cl,AcOH under air saturation conditions. (A) Uncorrected LSVs at 600 rpm. (B) Corrected
LSVs at various rotation rates used for quantification of %H202. Ring potential = 1.0 or 1.2 V vs
Ag/AgCl. Conditions: 0.5 mM PhzPhen?*, 0.1 M Cl,AcOH, 0.1 M TBAPFs/MeCN; glassy carbon
working electrode/roughened Au ring working electrode, glassy carbon counter electrode,
Ag/AgCl pseudoreference electrode; scan rate 0.01 V/s.

Calculated ORR selectivity under electrochemical conditions using RRDE is 98.2 £ 7.8% H20-.
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Figure S6.35. (A) Levich and (B) Koutecky-Levich plots from data obtained from linear sweep
voltammograms of Ph,Phen?* (0.5 mM) by RRDE with 0.1 M Cl,AcOH under air saturation
conditions at various rotation rates (600, 1000, 1400, 1800, & 2200 rpm).

Electrochemical Analysis with CIAcOH

4 - -3
A -6.0x107 Ar B -8.0x10 Ar
—0 —02
2 ——0.1 M CIACOH, Ar
-3 ’
-4.0x10*{ 7 01 MCIACOH, Ar -6.0x10"1 0.1 M ClAcOH, O,
:‘E /\x\ ‘g 40 10_3_ /\,
i-z.omo“‘- T
S S
0.0 -2.0x10°1
. 0.04
2.0X10- T L} T 1 T T T 1
-0.2 -04 -0.6 -0.8 -1.0 -0.2 -04 -0.6 -0.8 -1.0
Potential (V vs. Fc*/Fc) Potential (V vs. Fc*/Fc)

Figure S6.36. (A) CVs of PhoPhen?* under Ar (black), O, (red) and with 0.1 M CIAcOH under Ar
saturation (green). (B) CVs from A and catalytic trace shown (blue) with Ph,Phen?* and 0.1 M
CIAcOH under O, saturation. Conditions: 1 mM Ph.Phen?*, 0.1 M TBAPFs/MeCN; 100 mV/s;
glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference
electrode; referenced to an internal ferrocene standard.
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Determination of Effective Overpotential of Ph,Phen?* with CIAcOH
Utilizing the estimated pKa. of CIAcOH (20.25) in MeCN, we can determine the effective
overpotential according to Eqs $6.17-S6.20. Where Eapp is the Eq2 of Ph,Phen?" with 0.1 M

CIAcOH (Figure S6.36). We are unaware of a homoconjugation constant for further correction.

Ega/u20 = 1.21 = 0.0592pK, Eq (S6.17)
EQ2/120(MeCN, CIAcOH) = 0.01V vs.Fc* /Fc

N = |Eapp = Ed2/u20| = 1-0.72 = 0.01] = 0.73V Eq (S6.18)

Ega /202 = 0.695 — 0.0592pK, Eq (S6.19)

Egz/Hzoz(MeCN, ClAcOH) = —0.50V vs.Fc* /Fc

N = |Eapp = Ed2/u202| = 1-0.72 = 0.50] = 0.22V Eq (S6.20)
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Figure S6.37. CVs of Ph,Phen?* under catalytic conditions with 0.1 M CIAcOH at 0.1 V/s (black)
and 1 V/s (red). Conditions: 1 mM PhPhen?*, 0.1 M CIAcOH, 0.1 M TBAPFs/MeCN; glassy
carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference

electrode; referenced to an internal ferrocene standard.

343



-2
-1.5x10 [Ph,Phen] +0.32 M CIACOH, O,

o [Rinse Test
-1.2x10"1——0.32 M CIACOH, o,

m?)

-9.0x107°-

J(Alc

-6.0x1071

-3.0x107°-

O.O T T T T
-0.2 -0.4 -0.6 -0.8 -1.0
Potential (V vs. Fc'/Fc)

Figure S6.38. Rinse test of PhoPhen?* and CIAcOH. Ph,Phen?* under catalytic conditions (black
trace), rinse test (red trace), and CV of Cl2AcOH under O: saturation (green trace). Conditions: 1
mM Ph2Phen?*, 0.32 M CIAcOH, 0.1 M TBAPF¢/MeCN, O; saturation; 100 mV/s; glassy carbon
working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode;
referenced to an internal ferrocene standard.
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Figure S6.39. CVs of Ph;Phen?" under catalytic conditions with variable Ph;Phen?
concentrations. (B) Logarithm of Ph,Phen?* concentration versus the logarithm of current density
from (A). Conditions: 0.3 M CIAcOH, 0.1 M TBAPF«/MeCN; 100 mV/s; glassy carbon working
electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; referenced to an
internal ferrocene standard.
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Figure S6.40. (A) CVs of PhPhen?" under catalytic conditions with variable CIAcOH
concentrations. (B) Logarithm of CIAcCOH concentration versus the logarithm of current density
from (A). Conditions: 1 mM Ph.Phen?*, 0.1 M TBAPFs/MeCN; 100 mV/s; glassy carbon working
electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; referenced to an
internal ferrocene standard.
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Figure S6.41. (A) CVs of PhoPhen?* under catalytic conditions with variable O, concentrations.
(B) Logarithm of O2 concentration versus the logarithm of current density from (A). Conditions: 1
mM PhzPhen?*, 0.3 M CIAcOH, 0.1 M TBAPF¢/MeCN; 100 mV/s; glassy carbon working
electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; referenced to an
internal ferrocene standard.
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Figure S6.42. (A) CVs of PhoPhen?" in the presence of 5.7 mM urea*H.O, under Ar and O
saturation with added 0.1 M CIAcOH. (B) CVs of Ph,Phen?* in the presence of 5.7 mM urea*H,0;
with added 0.1 M CIAcOH under O, saturation. Conditions: 1 mM Ph2Phen?*, 0.1 M CIAcOH, 0.1
M TBAPF6/MeCN; 100 mV/s; glassy carbon working electrode, glassy carbon counter electrode,
Ag/AgCl pseudoreference electrode; referenced to an external ferrocene standard.
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Figure S6.43. Linear sweep voltammogram of RRDE experiment with 0.5 mM Ph,Phen?" and
0.1 M CIAcOH under air saturation conditions at 200 rpm. Ring potential = 1.0 or 1.2 V vs Ag/AgCI.
Conditions: 0.5 mM PhzPhen?*, 0.1 M Cl,AcOH, 0.1 M TBAPFs/MeCN; glassy carbon working
electrode/roughened Au ring working electrode, glassy carbon counter electrode, Ag/AgCI
pseudoreference electrode; scan rate 0.01 V/s.
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Stopped-Flow Kinetic Analysis of Ph.Phen?*

Stopped-flow spectrochemical kinetics studies were performed with a CSF-61DX2 Stopped-Flow
System from Hi-Tech Scientific. Kinetic Studio Software was used to monitor a single wavelength
and Integrated CCD Software was used to monitor the entire visible spectrum. All data fits were
performed within the Kinetic Studio 4.0 Software Suite. Prior to experiments, dried and degassed
MeCN was passed through syringes and the cell block before reagents were loaded. In a typical
experiment, syringes would be charged with known concentrations of reagent. All reagent
solutions were prepared immediately before use. In general, a vial containing Ph2.Phen?* catalyst
and acid was sparged with O, drawn into a syringe and loaded into the stopped-flow. A second
syringe containing N»-saturated Cp*;Fe solution was loaded into the stopped-flow. All reported

concentrations are the mixed concentrations in the spectroscopic cell.

Stopped-Flow with TFAH
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Figure S6.44. (A) Change in absorbance at 780 nm over time as a result of the formation of
[Cp*2Fe]+ by ORR catalyzed by Ph,Phen?* with TFAH (black trace), example of 2Exp + Mx + C
fit in Kinetic Studio 4.0 (red trace), and residual fit (blue trace). (B) Black trace from (A) with TFAH
only control (no Ph2Phen?* present). Concentrations: Ph.Phen?* (if present) = 40 uM, TFAH = 50
mM, O; = 4.05 mM, Cp*2Fe = 1 mM.
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Figure S6.45. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with

TFAH, O, and Cp*.Fe with varying PhoPhen?* concentration. Data were fit using Kinetic Studio
4.0 (2Exp+Mx+C); ncat = 2.14. Concentrations: TFAH = 50 mM, Oz = 4.05 mM, Cp*2Fe = 1 mM.
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Figure S6.46. Calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Ph2Phen?*, O, and Cp*;Fe with varying TFAH concentration. Data were fit using Kinetic Studio
4.0 (2Exp+Mx+C); neat = 2.14. Concentrations: PhoPhen?* = 40 uyM, O, = 4.05 mM, Cp*;Fe = 1
mM.
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Figure S6.47. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with
Ph,Phen?*, TFAH, and Cp*,Fe with varying O, concentration. Data were fit using Kinetic Studio
4.0 (2Exp+Mx+C); ncat = 2.14. Concentrations: PhoPhen?* = 40 yM, TFAH = 50 mM, Cp*zFe =1
mM.
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Figure S6.48. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with
Ph.Phen?*, TFAH, and O with varying Cp*;Fe concentration. Data were fit using Kinetic Studio
4.0 (2Exp+Mx+C); ncat = 2.14. The horizontal line represents the global average rate observed

across all experiments for variable [Cp*.Fe]. Concentrations: Ph,Phen?" = 40 uM, TFAH = 50
mM, Oz = 4.05 mM.
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Comparison of ORR and H20O2RR with TFAH
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Figure S6.49. Change in absorbance at 780 nm over time as a result of the formation of [Cp*2Fe]*
from the ORR (black trace) or HO2RR (red trace) by Ph?Phen?* with TFAH. Conditions: Ph-
2Phen?" = 40 yM, TFAH = 25 mM, Cp*Fe = 1 mM, O = 4.05 mM, urea*H,02 = 0.96 mM.
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Figure S6.50. Change in absorbance at 780 nm over time as a result of the formation of [Cp*2Fe]*
by ORR catalyzed by Ph.Phen?* with CIsAcOH (black trace), example of 2Exp + Mx + C fit in
Kinetic Studio 4.0 (red trace), and residual fit (blue trace). (B) Black trace from (A) with ClsAcOH
only control (no Ph2Phen?* present). Concentrations: Ph.Phen?* = 40 uyM, CI;AcOH = 50 mM, O3
=4.05 mM, Cp*.Fe =1 mM.
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Figure S6.51. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with
CIsAcOH, O, and Cp*.Fe with varying Ph,Phen?* concentration. Data were fit using Kinetic
Studio 4.0 (2Exp+Mx+C); ncat = 2.3. Concentrations: ClsAcOH = 50 mM, O, = 4.05 mM, Cp*;Fe =
1 mM.
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Figure S6.52. Calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Ph.Phen?*, O,, and Cp*:Fe with varying ClsAcOH concentration. Data were fit using Kinetic
Studio 4.0 (2Exp+Mx+C); neat = 2.3. Concentrations: Ph,Phen?* = 40 yM, O = 4.05 mM, Cp*;Fe
=1 mM.
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Figure $6.53. Calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
PhzPhen?*, CIsAcOH, and Cp*.;Fe with varying O, concentration. Data were fit using Kinetic
Studio 4.0 (2Exp+Mx+C); ncat = 2.3. The horizontal line represents the global average rate
observed across all experiments for variable [O]. Concentrations: Ph,Phen?* = 40 uM, ClzAcOH
= 50 mM, Cp*.Fe = 1 mM.
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Figure S6.54. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with
PhzPhen?*, CIsAcOH, and O, with varying Cp*,Fe concentration. Data were fit using Kinetic
Studio 4.0 (2Exp+Mx+C); ncat = 2.3. The horizontal line represents the global average rate
observed across all experiments for variable [Cp*.Fe]. Concentrations: PhoPhen?* = 40 uM,
ClsAcOH = 50 mM, O = 4.05 mM.
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Comparison of ORR and H>02RR with ClsAcOH
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Figure S6.55. Change in absorbance at 780 nm over time as a result of the formation of [Cp*.Fe]*
from the ORR (black trace) or HO2RR (red trace) by Ph,Phen?* with Cl;AcOH. Conditions: Ph-
2Phen?* = 40 yM, Cl;AcOH = 25 mM, Cp*Fe = 1 mM, O = 4.05 mM, urea+H,O, = 0.96 mM.
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Figure S6.56. (A) Change in absorbance at 780 nm over time as a result of the formation of
[Cp*2Fe]" by ORR catalyzed by Ph,Phen?* with CI,AcOH (black trace), example of 2Exp + Mx +
C fit in Kinetic Studio 4.0 (red trace), and residual fit (blue trace). (B) Black trace from (A) with
Cl,AcOH only control (no Ph2Phen?* present). Concentrations: PhoPhen?* = 40 uM, Cl,AcOH =
50 mM, Oz = 4.05 mM, Cp*2Fe = 1 mM.
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Figure S6.57. Calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
Cl,AcOH, O, and Cp*.Fe with varying Ph,Phen?* concentration. Data were fit using Kinetic

Studio 4.0 (2Exp+Mx+C); ncat = 2.35. Concentrations: Cl, AcOH = 50 mM, O, = 4.05 mM, Cp*.Fe
=1 mM.
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Figure S6.58. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with
Ph.Phen?*, O,, and Cp*;Fe with varying Cl,AcOH concentration. Data were fit using Kinetic

Studio 4.0 (2Exp+Mx+C); neat = 2.35. Concentrations: Ph,Phen?* = 40 uyM, O, = 4.05 mM, Cp*;Fe
=1 mM.
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Figure S$6.59. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with
PhzPhen?*, CI,AcOH, and Cp*;Fe with varying O. concentration. Data were fit using Kinetic
Studio 4.0 (2Exp+Mx+C); neat = 2.35. The horizontal line represents the global average rate
observed across all experiments for variable [O]. Concentrations: Ph,Phen?* = 40 uM, Cl,AcOH
= 50 mM, Cp*.Fe = 1 mM.
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Figure $6.60. Calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
PhzPhen?*, Cl,AcOH, and O. with varying Cp*,Fe concentration. Data were fit using Kinetic
Studio 4.0 (2Exp+Mx+C); neat = 2.35. The horizontal line represents the global average rate
observed across all experiments for variable [Cp*.Fe]. Concentrations: PhoPhen?* = 40 uM,
Cl,AcOH = 50 mM, Oz = 4.05 mM.
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Comparison of ORR and H>02RR with Cl,AcOH
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Figure S6.61. Change in absorbance at 780 nm over time as a result of the formation of [Cp*2Fe]*
from the ORR (black trace) or H,O2RR (red trace) by Ph,Phen?* with Cl,AcOH. Conditions: Ph-
2Phen?* = 40 yM, CI,AcOH = 25 mM, Cp*Fe = 1 mM, O = 4.05 mM, urea+H,O, = 0.96 mM.
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Figure S6.62. Change in absorbance at 780 nm over time as a result of the formation of [Cp*2Fe]*

by ORR catalyzed by Ph.Phen?" with CIAcOH (black trace), example of 2Exp + Mx + C fit in

Kinetic Studio 4.0 (red trace), and residual fit (blue trace). (B) Black trace from (A) with CIAcOH

only control (no Ph,Phen?* present). Concentrations: Ph,Phen?* = 40 uM, CIAcOH = 50 mM, O,

=4.05 mM, Cp*.Fe =1 mM.
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Figure $6.63. Calculated Rsi/ncat values from stopped-flow spectrochemical experiments with
CIAcOH, 0., and Cp*;Fe with varying Ph,Phen?* concentration. Data were fit using Kinetic Studio
4.0 (2Exp+Mx+C); ncat = 3.52. Concentrations: CIAcOH = 50 mM, O; = 4.05 mM, Cp*2Fe = 1 mM.

0.8+
y =4.41x + 0.039

R’=0.98

o
o))
1

1
Rfltln' at (S )
o
.

o
(V)
1

/

000 003 006 009  0.12
[CIAcOH] (M)
Figure S6.64. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with

Ph2Phen?*, O, and Cp*,Fe with varying CIAcOH concentration. Data were fit using Kinetic Studio

4.0 (2Exp+Mx+C); ncat = 3.52. Concentrations: PhoPhen?* = 40 uyM, O, = 4.05 mM, Cp*,Fe = 1
mM.
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Figure S6.65. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with
Ph2Phen?*, CIAcOH, and Cp*;Fe with varying O, concentration. Data were fit using Kinetic Studio
4.0 (2Exp+Mx+C); neat = 3.52. The horizontal line represents the global average rate observed
across all experiments for variable [O,]. Concentrations: Ph.Phen?* = 40 uyM, CIAcOH = 50 mM,
Cp*2Fe = 1 mM.
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Figure S6.66. Calculated Ra/ncat values from stopped-flow spectrochemical experiments with
Ph2Phen?*, CIAcOH, and O, with varying Cp*2Fe concentration. Data were fit using Kinetic Studio
4.0 (2Exp+Mx+C); neat = 3.52. The horizontal line represents the global average rate observed
across all experiments for variable [Cp*2Fe]. Concentrations: PhoPhen?* = 40 yM, CIAcOH = 50
mM, Oz = 4.05 mM.
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Comparison of ORR and H>02RR with CIAcOH
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Figure S6.67. Change in absorbance at 780 nm over time as a result of the formation of [Cp*2Fe]*

from the ORR (black trace) or H,O2RR (red trace) by Ph,Phen?* with CIAcOH. Conditions: Ph-
2Phen?* = 40 yM, CIAcOH = 25 mM, Cp*Fe = 1 mM, Oz = 4.05 mM, urea*H,0, = 0.96 mM.
Spectrochemical Analysis

ORR Selectivity

The ORR selectivity of Ph,Phen?* was determined using a previously reported procedure. 32
Generally, solutions containing 80 uM [Ph2Phen?*] and 50 mM acid (TFAH, Cls;AcOH, Cl,AcOH,
or CIAcOH) were sparged with O, gas and rapidly mixed in a 1:1 ratio with a N» saturated 2 mM
Cp*2Fe solution to a final volume of 4 mL (final concentrations: 40 uM Ph,Phen?*, 1 mM Cp*;Fe,
25 mM acid, 4.05 mM O.). The reactions were allowed to reach completion and 2 mL of the
reaction solution was added to 2 mL of water. Then, 3 mL of this solution was added to the cuvette
and a UV-vis spectrum was taken before and after the addition of 0.1 mL of Ti(O)SO4 solution, as
previously reported. ' 313340 A calibration curve was used to establish Eqs $6.21-S6.22%2 and

were used to calculate the % selectivity of H20-.

cat.[Ph,Phen??|

0, + 2Cp*,Fe(1 mM) + 2AH H,0,(0.5 mM) + 2[Cp*,Fe]* + 24~ (Eq S6.21)

Abs@408 nm (red trace) — Abs@408 nm (black trace) = 405.6[H202]exp — 0.01122

[Hz0z]ex o
SEmMILO. ;Nf HZ‘(’)Z X 100 = % H,0, selectivity (Eq S6.22)
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Table S$6.2. Summary of ORR selectivity by PhoPhen?* with each acid.?

Time (s)® % H20> % H20 Ncat

TFAH 90 93.2+14 6.8+14 2.14
CI;AcOH 90 84.8 +5.8 15.2+5.8 2.30
CI2AcOH 120 82.3+3.2 17.7+£3.2 2.35
CIAcOH 180 24.0+6.2 76.0£6.2 3.52

2 40 uM [PhzPhen?], 25 mM [AH], 4.05 mM [O2], 1 mM [Cp*;Fe]; Ptime when all Cp*Fe; is
consumed
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Figure S6.68. H.O. product quantification of ORR by Ph,Phen?* with TFAH after 90 s. (A) UV-vis
spectra of catalytic aliquot before (black) and after (red) 0.1 mL of 0.1 M Ti(O)SO4 solution was
added. (B) Corrected spectra (red — black trace from A). Conditions: 40 uM Ph,Phen?*, 25 mM
TFAH, 1 mM Cp*,Fe, 4.05 mM O in MeCN.
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Figure $6.69. H,O product quantification of ORR by Ph2Phen?* with Cl;AcOH after 90 s. (A) UV-

vis spectra of catalytic aliquot before (black) and after (red) 0.1 mL of 0.1 M Ti(O)SO4 solution

was added. (B) Corrected spectra (red — black trace from A). Conditions: 40 uM Ph.Phen?*, 25
mM CIsAcOH, 1 mM Cp*;Fe, 4.05 mM O; in MeCN.
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Figure S6.70. H,O, product quantification of ORR by PhoPhen?* with CIl,AcOH after 2 min. (A)
UV-vis spectra of catalytic aliquot before (black) and after (red) 0.1 mL of 0.1 M Ti(O)SO4 solution
was added. (B) Corrected spectra (red — black trace from A). Conditions: 40 uM Ph2Phen?*, 25
mM CI2AcOH, 1 mM Cp*zFe, 4.05 mM O in MeCN.
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Figure S6.71. H,O: product quantification of ORR by Ph,Phen?* with CIAcOH after 3 min. (A)
UV-vis spectra of catalytic aliquot before (black) and after (red) 0.1 mL of 0.1 M Ti(O)SO4 solution
was added. (B) Corrected spectra (red — black trace from A). Conditions: 40 uM Ph2Phen?*, 25
mM CIAcOH, 1 mM Cp*zFe, 4.05 mM Oz in MeCN.
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Figure S6.72. H,O, product quantification of ORR by Ph,Phen?* with CIAcOH after 30 s, 2 min,
and 5 min. (A) UV-vis spectra of catalytic aliquot before (black) and after (red) 0.1 mL of 0.1 M
Ti(O)SO4 solution was added after 30 s. (B) Corrected spectra (red — black trace from A) after 30
s, 2 min, and 5 min. Conditions: 40 uM Ph2Phen?*, 25 mM CIAcOH, 1 mM Cp*:Fe, 4.05 mM O,
in MeCN.

Table $6.3. Summary of ORR selectivity of PhoPhen?* with CIAcOH at various time points from
Figure $6.73.2

Time (s) % H20;
30 67.4+59
120 206 £2.8
300 22.0+52

240 uM [PhzPhen?*], 25 mM [CIAcOH], 4.05 mM [O2], 1 mM [Cp*2Fe]

H>0O, Stability Control Studies

To determine the stability of H,O; in the presence of Ph,Phen?*, acid, and O, control studies
were conducted. Generally, solutions containing 80 uM [Ph2Phen?* and 50 mM acid (TFAH,
ClsAcOH, CI,AcOH, or CIAcOH) were sparged with O, gas and rapidly mixed in a 1:1 ratio with a
N2 saturated 1.76 mM urea*H20: solution to a final volume of 4 mL (final concentrations: 40 yM
Ph2Phen?*, 0.88 mM urea*H.0,, 25 mM acid, 4.05 mM O). The reactions were allowed to reach
completion and 2 mL of the reaction solution was added to 2 mL of water. A UV-vis spectrum was
taken before and after the addition of 0.1 mL of 0.1 M Ti(O)SO4 solution and the difference at 408
nm was used to determine the amount of H2O, present ([H2O:2]getected). The % recovery was

determined according to Eq $6.23 from measured [H202]expected Of the H202 stock solution.
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[H;0z)detected 1) = gy H,0, recovery (Eq S6.23)

[Hz Oz]expected

Table S6.4. Summary of H,O, Recovery for Stability Control Studies by Ph,Phen?* with each
acid.?

% H-0, Recovered
TFAH 97.6 +0.88
Cl;AcOH 101 +5.0
CIl,AcOH 955+1.7
CIAcOH 943+29

2 40 uM [PhzPhen?*], 25 mM [AH], 4.05 mM [O2], 0.88 mM [urea*H0]
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Figure S6.73. Stability test of urea*H,O; in the presence of Ph.Phen?*, TFAH, and O- (A) before
(black trace) and after (red trace) the addition of 0.1 mL of 0.1 M Ti(O)SO4 to an aliquot. (B)
Corrected UV-vis spectra (red — black from A) of each trial after 90 s with the H20- stock (black).
Conditions: 40 yM Ph2Phen2+, 25 mM TFAH, 4.05 mM 02, 0.88 mM urea*H202 in MeCN.
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Figure S6.74. Stability test of urea*H.O, in the presence of Ph,Phen?*, CI;AcOH, and O (A)
before (black trace) and after (red trace) the addition of 0.1 mL of 0.1 M Ti(O)SO4 to an aliquot.
(B) Corrected UV-vis spectra (red — black from A) of each trial after 90 s with the H202 stock
(black). Conditions: 40 uM Ph.Phen?*, 25 mM CIsAcOH, 4.05 mM O, 0.88 mM urea*H;0; in
MeCN.
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Figure S6.75. Stability test of urea*H2O: in the presence of Ph.Phen?*, Cl,AcOH, and O (A)
before (black trace) and after (red trace) the addition of 0.1 mL of 0.1 M Ti(O)SO4 to an aliquot.
(B) Corrected UV-vis spectra (red — black from A) of each trial after 2 min with the H20 stock
(black). Conditions: 40 yM PhzPhen?*, 25 mM Cl,AcOH, 4.05 mM O, 0.88 mM urea*H;0- in
MeCN.
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Figure S6.76. Stability test of urea*H.O- in the presence of PhoPhen?*, CIAcOH, and 02 (A)
before (black trace) and after (red trace) the addition of 0.1 mL of 0.1 M Ti(O)SO4 to an aliquot.
(B) Corrected UV-vis spectra (red — black from A) of each trial after 3 min with the H.O, stock
(black). Conditions: 40 uM Ph,Phen?*, 25 mM CIAcOH, 4.05 mM O, 0.88 mM urea+*H;0- in

MeCN.

TH-NMR Studies

"H-NMR studies were conducted in order to observe reactivity of reduced Ph,Phen?* with O,. To
increase solubility of PhoPhen?*, the Br- counterions were exchanged for PFs~ (Ph2Phen(PFe)2)
as described above. Cp*:Fe was used as a chemical reductant in solution and added in a

stoichiometric amount. NMR samples were made in a N-filled glovebox. Samples were exposed

to air for ~1 h prior to spectra being taken.
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Figure S6.77. '"H NMR spectra of PhoPhen(PFg)2 (red) in the presence of Cp*2Fe under N2 (green)
and exposed to air (blue). Conditions: 3.2 mM [PhoPhen(PFs)2], 4 mM [Cp*2Fe]; MeCN-ds; Varian

600 MHz.
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Figure S6.78. '"H NMR spectra of Ph,Phen(PFg): (red) in the presence of Cp*;Fe exposed to air
(green) and TFAH under N (teal) and exposed to air (purple). Conditions: 3.2 mM
[Ph2Phen(PFe)2], 4 mM [Cp*2Fe], 4 mM [TFAH]; MeCN-ds; Varian 600 MHz.
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Figure S6.79. 'H NMR spectra of Ph.Phen(PFs): (red) in the presence of Cp*.Fe (green) and
CIAcOH under N (teal) and exposed to air (purple). Conditions: 3.2 mM [Ph2Phen(PFs)2], 4 mM

[Cp*2Fe], 4 mM [CIAcOH]; MeCN-ds; Varian 600 MHz.
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Figure S6.80. 'H-NMR spectra of Ph,Phen(PFg)2 (red) in the presence of Cp*;Fe and urea*H;0-
(green) with TFAH (teal) and CIAcOH (purple) under N2 atmosphere. Conditions: 3.7 mM
[Ph2Phen(PFe)2], 4 mM [Cp*oFe] if present, 5.3 mM [urea*H20;] if present, 4 mM [TFAH] if present,
5.3 mM [CIAcOH] if present; N2 atmosphere; MeCN-ds; Varian 600 MHz.
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X-Ray Crystallographic Details

An orange, block shaped crystal of Ph,Phen?* measuring 0.035%0.045x0.079 mm was coated
with Paratone oil and mounted on a MiTeGen micromount. Data for Ph,Phen?* were measured
on a Bruker D8 VENTURE dual wavelength Mo/Cu Kappa four-circle diffractometer equipped with
a PHOTON Il detector and an Incoatec IuyS 3.0 microfocus sealed X-ray tube (Mo K,
A=0.71073 A) using a HELIOS double bounce multilayer mirror as monochromator. The crystal
temperature was controlled with an Oxford Cryostream 800 low temperature device. Data
collection and processing were done within the Bruker APEX5 software suite.*! All data were
integrated with the Bruker SAINT 8.40B software using a narrow-frame algorithm. Data were
corrected for absorption effects using a Multi-Scan method (SADABS).The structure was solved
by direct methods with SHELXT*? and refined by full-matrix least-squares methods against F?
using SHELXL* within OLEX2.42 All non-hydrogen atoms were refined with anisotropically.
Hydrogen atoms were placed in geometrically calculated positions with Ujso = 1.2Uequiv Of the

parent atom (1.5Uequiv for methyl). This report and the CIF file were generated using FinalCif.**

Refinement details for Ph,Phen?
The relative occupancy of the disordered atoms was freely refined. No constraints or restraints

were used.
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Table S6.5. Crystal data and structure refinement for Ph.Phen?*

CCDC number 2346924

Empirical formula Ca7H22Br2N2

Formula weight 534.28

Temperature [K] 100.00

Wavelength [A] 0.71073

Crystal size [mm?] 0.035x0.045x0.079

Crystal habit orange block

Crystal system triclinic

Space group P1(2)

a[Al 8.1468(4)

b [A] 11.9512(7)

c[A] 13.4202(8)

a[°] 64.647(2)

B[] 75.441(2)

v [°] 73.068(2)

Volume [A?] 1117.42(11)

Z 2

Peaic [gem™] 1.588

U [mm™] 3.645

F(000) 536

20 range [°] 4.05 to 54.95
(0.77 A)

Index ranges -10 <= h =< 9
-15 < k =< 15
-17<1<17

Reflections collected | 32293

Independent 5129

reflections [Rint = 0.0777]

Data / Restraints /| 5129/0/293

Parameters

Goodness-of-fit  on | 1.032

=2

Final R indexes | R; = 0.0357

[I220(1)] wR> = 0.0777

Final R indexes | R = 0.0536

[all data] wR; = 0.0854

Largest peak/hole | 0.83/-0.49

[eA~]
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Computational Methods

Geometry optimization was done with the Gaussian 16 package*® at the B3LYP-D3(BJ)/def2-
TZVP level*s-*3 with a complete structural model. Dispersion and bulk solvent effects (acetonitrile
= MeCN; ¢ = 35.688) were accounted for at the optimization stage, by using Grimme’s D3
parameter set with Becke-Johnson (BJ) damping®?%® and the SMD continuum model,*
respectively. The stationary points and their nature as minima (no imaginary frequencies) were
characterized by vibrational analysis using the IGRRHO approach as implemented by default in
the software package, which also produced enthalpy (H), entropy (S) and Gibbs energy (G) data
at 298.15 K. The minima connected by a given transition state were determined by perturbing the
transition states along the TS coordinate and optimizing to the nearest minimum. Free energies
were corrected (AGqgn) to account for concentration effects and for errors associated with the
harmonic oscillator approximation. Thus, according to Truhlars’s quasi-harmonic approximation
for vibrational entropy and enthalpy, all vibrational frequencies below 100 cm™ were set to this
value.*® These anharmonic and concentration corrections were calculated with the Goodvibes
code.®® Concentrations were set at 0.001 M for all species unless otherwise indicated, 0.004 M
for Oz, 0.500 M for acid, and 18.9 M for MeCN. Single point calculations for refining energy
differences were completed with Orca 5.0% at the DLPNO-CCSD(T1)/cc-pVTZ level %5859
Evaluation of spin density was done at the wB97M-D4/def2-TZVPPD level.505160-64 The stability
of the wavefunction and spin contamination were studied at the triple-zeta level of theory.
Reduction potentials from computational data were obtained according to our previous
methodology by using the calculated free energy of reduction of the species of interest by

[phenazine]™, corrected to the experimental potential of phenazine reduction vs Fc*/Fc.
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7.1. Overview and Extensions of Completed Research

This thesis describes a number of studies that have investigated homogeneous catalytic ORR
by varying supporting ligand framework, transition metal center, and utilizing metal-free
organocatalysts. Both Fe-based systems with N3O ligand frameworks reported were found to
catalytically reduce O, to H20O via a 2+2 mechanism, where H,O, was a discrete intermediate
during catalysis. In the Mn-based systems, the effect of incorporating a pendent proton relay was
studied. It was found that the hydrogen-bonding network suppressed catalysis under certain
conditions but shifted selectivity to produce higher amounts of H>O under all conditions. We also
found that the pKs of the Mn-H>O; intermediate was crucial in determining accessible reaction
pathway. Finally, using metal-free organic molecules was found to be an efficient strategy for
reducing O to either H20 or H202. This work has provided a mechanistic understanding of
understudied catalytic systems for the ORR, which will contribute to the ongoing work to develop

sustainable and efficient catalysts for the reduction of O,.

7.1.1. Non-Porphyrinic Iron-Based ORR

Non-heme Fe-based systems remain understudied relative to heme-based variants,
providing a continuing opportunity for new fundamental understanding of how to make better ORR
catalysts during the development of these systems. Synthetic systems that activate and reduce
O2 can also provide insight into the reactivity of non-heme cofactors found in nature. In the long-
term, improved knowledge of the underlying structure-function relationships can be a pathway to
the development optimized ORR systems for alternative energy and industrial processes.

We analyzed two Fe-based electrocatalysts for the ORR with N3O ligand frameworks.
Fe(PMG)(CI), was first studied, which contained an amine-based ligand framework with pyridine
moieties and carboxylic acid group in the inner coordination sphere.! Fe(tpy®pho)Cl.
incorporated a terpyridine based framework with a phenolate moiety in the inner coordination

sphere.? Under electrochemical and spectrochemical conditions with AcOH as a proton source in
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acetonitrile solution, both of these systems were found to catalytically reduced O; to HO via a
2+2 mechanism. Interestingly, there were distinct differences in the observed mechanism, where
Fe(PMG)(CI), operated through an off-cycle bridging peroxo dimer species, where its cleavage
was the rate-determining step. Additionally, the anionic O group in the inner coordination sphere
engaged in H-bonding with AcOH during catalysis. On the other hand, the rate-determining step
for the Fe(tpy®™pho)Cl. complex was O binding to the reduced metal center, and the O group did
not participate in H-bonding during catalysis. Interestingly, these results show the nuances of the
ORR through ligand modification, where a key factor in observed reactivity was the ligand in the
axial position to the O binding site.

There are a number of strategies that can be employed to expand upon this work. Ligand
modification of both complexes could provide further optimization opportunities for non-heme Fe-
based systems. Utilizing the PMG ligand framework, we can substitute the pyridine moieties in
the ortho position to prevent off-cycle dimer formation. Additionally, incorporation of functional
groups in the ortho position that can engage in H-bonding Fe—O. intermediates could stabilize
reactive intermediates and possibly control product selectivity, as has been shown previously in
O activation studies.® This would enhance catalysis and provide a means to control accessible

reaction pathways.

.....................
.......................
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Figure 7.1. Ligand modification of PMG ligand framework to prevent dimer formation and
accelerate catalysis, where R indicates functional group.

Another method to improve ORR in our studied Fe-based systems, specifically the terpyridine
system, is enhancing the rate-limiting O. binding step. One strategy of interest is axial ligand

modification to tune O: binding to the reduced metal center and stability of the Fe—-O:
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intermediates. Because the axial ligand position trans to O2 binding site is occupied by a solvent
molecule during catalysis, incorporation of an electron-donating axial ligand, such as imidazole,
could enhance O; binding and tune the pK, of the peroxo intermediates, contributing to selectivity
control (Figure 7.2.).%7 Additionally, synthesis of substituted imidazoles at the N and C-positions
is known,®'° providing extensive ability to explore the axial ligand effects in tuning O, reactivity at

Fe(tpy®pho)Cl,.

R, substituted
I imidazoles are
L: “ / attractive for their
N possible
R4 modification

axial ligand promotes O, binding
& tunes pK, of Fe-0O,

Figure 7.2. Tunable imidazole axial ligands frans to O; binding can affect the ORR by Fe(tpy-
tbu
pho)Cla.

7.1.2. Manganese Based ORR

In comparison to Fe and Co, Mn is much less widely studied for ORR catalysis due to strong
binding of O2 to Mn metal centers, which over-stabilizes intermediates, slowing the reaction. Here,
the synthesis and examination of two Mn complexes with N2O, bipyridine based ligand
frameworks for ORR was undertaken." One complex incorporated pendent -OMe groups in the
secondary coordination sphere to understand how pendent proton relays could affect catalysis.
Using an ammonium-based proton source (DIEPEAHPFg), catalysis was studied under
electrochemical and spectrochemical conditions using both buffered and unbuffered proton
sources. Under unbuffered conditions rate-limiting O binding was observed with both the control
complex and pendent relay complex. However, without presence of added base, incorporation of
a pendent relay suppressed catalysis due to strong H-bonding interactions, but selectivity was
shifted to exclusively produce H>O» due to favorable proton transfer to the proximal oxygen in the
Mn-hydroperoxo intermediate. Interestingly, in the presence of added base, there is a favorable

dimerization pathway available, which results in the formation of H.O as the primary product.
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Further, added base mitigates the H-bonding induced suppression of the pendent relay complex.
Taken together, these results showed the importance of secondary sphere effects in product
selectivity during Mn-based ORR as well as the role of added based during catalysis.

Based on our results, there are several proposed approaches that could be used to better
understand ORR by Mn systems. First, in order to prevent or tune dimer formation during
catalysis, introduction of steric hindrance through substituting tertbutyl, mesityl, and phenyl groups
onto the bpy backbone of the ligand framework could be employed. Additionally, tuning the
basicity of the pendent proton groups could be used to take advantage of the acid activity to
rapidly transfer protons to the active site while preventing the H-bonding induced suppression that
was observed. This would require a pendent group that would not be substantially more basic
than the proton source. Changing the position of the proton pendent relays to the backbone of
the bpy moiety could also help to stabilize Mn—-O; intermediates to direct protonation, further
enhance catalysis, and control selectivity (Figure 7.3.). Previous work has shown that amine and
carboxylic acid groups can act as pendent proton donor relays during ORR and could be suitable
options to better enhance Mn-based reactivity.'?'® Taken together, synthetic tunability of the bpy-
based ligand framework provides a number of opportunities to further tune catalysis and establish

structure-function relationships of the ORR by Mn.
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Figure 7.3. Proposed ligand modifications to enhance ORR by Mn-based N»,O, complexes.

7.1.3. Metal-Free Catalysts for the ORR

Redox-active organic molecules that are stable toward ROSs have drawn increasing
attention in recent years for possible use as sustainable ORR catalysis. Here, two cationic organic
molecules have been evaluated as ORR catalysts. First, an iminium-based compound was
studied under both electrochemical and spectrochemical conditions with TFAH as a proton source
and was shown to catalytically reduce O,." Interestingly, there was a divergence in mechanism,
where under spectrochemical conditions, outer-sphere O; reduction occurred to produce H2O..
However, under electrochemical conditions in the presence of excess reduced catalyst, O, could
bind and be further reduced to produce H.>O. Then, a substituted phenanthroline diium compound
(PhoPhen?*) was studied for its propensity to effectively reduce O». Acetic acid derivatives were
used to understand the dependence of ORR by Ph.Phen? on acid strength under both
electrochemical and spectrochemical conditions. It was found that activity scaled with acid
strength. Further, a change in rate-determining step was observed with weaker acids under
spectrochemical conditions. For the strongest acids, the formation of a hydroperoxo intermediate

was rate limiting, for the acids of intermediate strength protonation of the hydroperoxo
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intermediate to facilitate product release was rate limiting, and exiting from an equilibrium
involving an off-cycle bridging peroxo intermediate was rate-limiting with the weakest acid.
However, under electrochemical conditions the off-cycle dimer species was observed to be
kinetically relevant under all conditions due to the relative concentration of reduced catalyst in the
reaction diffusion layer. Taken together, these results show the opportunity to further tune and
understand catalytic Oz reduction by metal-free catalysts.

There has been work shown that ORR in metal-free catalysts can be tuned by the electron-
donating or -withdrawing character of the molecule.'®'® Further, we have shown that metal-based
ORR can be tuned by altering the acid pKa and electron delivery.™ Taken together, there is a vast
opportunity for further understanding of metal-free systems for the ORR, and there are several
synthetic possibilities of the phenanthroline derivative to explore. Such as substituent
modifications to alter the electron donating/withdrawing character of the molecule, introduction of
more sterically bulky groups would prevent off-cycle dimer formation, and incorporation of
pendent groups that can act as proton relays during catalysis (Figure 7.4.). We have shown that
ORR proceeds via an inner-sphere mechanism under certain conditions with O2", suggesting that

we are able to tune the binding, reactivity, and possibly selectivity during catalysis.
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Figure 7.4. Proposed organic molecules for optimization of the ORR, where R = functional
group modification sites.
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7.2. Outlook and Perspectives

While the field of ORR is expansive, there are still numerous opportunities to further enhance
and optimize catalytic O, reduction with earth abundant catalysts. Since our reports on non-
porphyrinic Fe-based ORR catalysis, there have been additional studies that have focused on
further understanding the systems.’”'® Non-porphyrinic systems provide a unique opportunity to
modify groups bound to the active metal center. Modification of the inner-coordination sphere will
provide further insight into the electronic structure and tunability of catalytic activity. In addition,
there is a lack of comparable non-porphyrinic systems between Fe and Mn. Being able to compare
the metal center would allow for a new fundamental understanding of how to further tune and
compare O; reduction as well as activation between these two active sites. This would contribute
not only to catalytic ORR but also to the understanding of comparable biological metallocofactors
and their structure-function relationships. Further, efficient catalytic ORR by metal-free organic
molecules remains an extremely novel area in need of further development. There is extensive
opportunity to expand upon this field through synthetic modification. The works described here
have contributed to the fundamental understanding of effective ORR catalysts for the eventual
development of alternative energy and industrial processes that will be crucial to the long-term
sustainable growth of our population.
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o Peer mentor for first-year graduate students to facilitate their transition into graduate school.

Undergraduate Researcher Mentor August 2021 - Present

UVA Department of Chemistry

e Train undergraduate UVA students in laboratory techniques, general chemistry concepts,
conducting research, and communicating science.

Refugee Mentor September 2016 — April 2017
Chapel Hill Refugee Support Center
e Provided weekly mathematics tutoring and mentorship to a high school senior.

TEACHING EXPERIENCE

Graduate Teaching Assistant August 2019 — May 2021
UVA Department of Chemistry

Honors General Chemistry Laboratory (CHEM 1811)

Honors Organic Chemistry | Laboratory (CHEM 1821)

Organic Chemistry Il Laboratory (CHEM 2321)

Undergraduate Teaching Assistant August 2017 — May 2019
UNC Department of Chemistry

Instrument TA

Honors Analytical Laboratory (245L)

Analytical Laboratory (CHEM 241L)

AWARDS AND HONORS

Lifetime Service Award March 2024
University of Virginia Department of Chemistry

Third Place, Best Poster October 2023
UVA Department of Chemistry Annual Department Retreat

Jefferson Arts and Sciences Dissertation Year Fellow Aug 2023 — May 2024
Jefferson Scholars Foundation

Adam Ritchie Award March 2023
University of Virginia Department of Chemistry

Raven Society March 2023
University of Virginia

Young Investigator Award March 2023
American Chemical Society Division of Inorganic Chemistry

First Place, Best Poster Award August 2022

VA Clean Energy and Catalysis Club Summit
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ACS DIC Travel Award August 2022

American Chemical Society Division of Inorganic Chemistry

Department Travel Award August 2022
UVA Department of Chemistry

First Place, Best Poster Award October 2021
UVA Department of Chemistry Annual Department Retreat

High Pass Candidacy February 2021
UVA Department of Chemistry

Undergraduate Teaching Assistant Award May 2019
UNC Department of Chemistry

Dean’s List May 2018, 2019
UNC

Summer Undergraduate Research Fellowship May 2018

UNC Department of Undergraduate Research

PEER-REVIEWED PUBLICATIONS

1.

Cook, E. N.; Davis, A. E.; Hilinski, M. K.; Machan, C. W. Metal-Free Homogeneous O,
Reduction by an Iminium-Based Electrocatalyst Journal of the American Chemical Society
2024, 146, 12, 7931-7935. doi: 10.1021/jacs.3c14549

. Cook, E. N.; Courter, I. M.; Dickie, D. A.; Machan, C. W. Controlling product selectivity during

dioxygen reduction with Mn complexes using pendent proton donor relays and added base
Chemical Science 2024, 15, 4478-4488. doi: 10.1039/D3SC02611F

. Machost, H. R.#; Obi, A. D.#; Molino, A.; Cook, E. N.; Nichols, A. W.; Freeman, L. A.; Stegner,

S. G.; Dickie, D. A.; Wilson, D. J. D.; Machan, C. W.; Gilliard Jr., R. J.; Chemical Reduction of
Azolium-Thiocarboxylate: Isolation of Carbon Disulfide Radial Anions and Dianions.
Submitted.

. Dressel, J. M.; Cook, E. N.; Hooe, S. L.; Moreno, J. J.; Dickie, D. A.; Machan, C. W

Electrocatalytic hydrogen evolution reaction by a Ni(N2O2) complex based on 2,2’-bipyridine
Inorganic Chemistry Frontiers 2023, 10, 972-978. doi: 10.1039/D2Q101928K

. Cook, E. N. and Machan, C. W. Homogeneous catalysis of dioxygen reduction by molecular

Mn complexes. Chemical = Communications 2022, 58, 11746-11761. doi:
10.1039/D2CC04628H

. Cook, E. N.*; Hooe, S. L.#; Dickie, D. A.; Machan, C. W. Homogeneous Catalytic Reduction of

02 to H20O by a Terpyridine-Based FeN3zO Complex. Inorganic Chemistry 2022, 61, 8387-8392.
doi: 10.1021/acs.inorgchem.2c00524 Selected as Feature Article. Featured in Early-Career
Researchers in Organic and Inorganic Chemistry Virtual Issue.

. Kessler, M. L.; Kelm, J. E.; Starr, H. E.; Cook, E. N.; Miller, J. D.; Rivera, N. A.; Hsu-Kim, H.;

Dempsey, J. L. Unraveling Changes to PbS Nanocrystal Surfaces Induced by Thiols.
Chemistry of Materials 2022, doi: 10.1021/acs.chemmater.1c03888.

. Cook, E. N.; Machan, C. W. Bioinspired mononuclear Mn complexes for O, activation and

biologically relevant reactions Dalton Transactions 2021, 50, 16871-16886. doi:
10.1039/D1DT03178C. Selected as HOT article.

. Hooe, S. L.; Moreno, J. J.; Reid, A. G.; Cook, E. N.; Machan, C. W. Mediated Inner-Sphere

Electron Transfer Induces Homogeneous Reduction of CO; via Through-Space Electronic
Conjugation Angewandte Chemie, Int. Ed. 2021, 60, 1-6. doi: 10.1002/anie.292109645

10. Cook, E. N.; Dickie, D. A.; Machan, C. W. Catalytic Reduction of Dioxygen to Water by a

Bioinspired Non-Heme Iron Complex via a 2+2 Mechanism Journal of the American Chemical
Society 2021, 143, 40, 16411-16418. doi: 10.1021/jacs.1c04572.
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11. Nichols, A. W.; Cook, E. N.; Gan, Y. J.; Miedaner, P. R.; Dressel, J. M.; Dickie, D. A.; Shafaat,
H. S.; Machan, C. W. Pendent Relay Enhances H20O, Selectivity during Dioxygen Reduction
Mediated by Bipyridine-Based Co-N.O, Complexes Journal of the American Chemical Society
2021, 143, 33, 13065-13073. doi: 10.1021/jacs.1c03381.

12. Hooe, S. L; Cook, E. N.; Reid, A. G.; Machan, C. W. Non-covalent Assembly of Proton Donors
and p-benzoquinone Anions for Co-electrocatalytic Reduction of Dioxygen Chemical Science
2021, 12, 9733-9741.doi: 10.10139/D1SC01271A.

PRESENTATIONS

1. “Development of Earth Abundant Materials for Energy Relevant Oxygen Conversion” Jefferson
Foundation Fellows Symposium, Charlottesville, VA. January 25, 2024 (oral)

2. “Controlling Product Selectivity during Dioxygen Reduction with Mn Complexes using Pendent
Proton Donor Relays and Added Base” SERMACS 2023, Durham, NC. October 28, 2023 (oral)

3. “Pendent Relays Promote Dimerization During Catalytic Dioxygen Reduction Mediated by Mn-
complexes” SERMACS 2023, Durham, NC. October 25, 2023 (poster)

4. “Pendent Relays Promote Dimerization During Catalytic Dioxygen Reduction Mediated by Mn-
complexes” UVA Department of Chemistry Annual Retreat, October 3, 2023. (poster, 3™ place
Best Poster)

5. “Pendent Relays Promote Dimerization During Catalytic Dioxygen Reduction Mediated by Mn-
Complexes” ACS Fall 2023, Young Investigator Awards Symposium, San Francisco, CA.
August 13, 2023 (oral), invited

6. “Pendent Relay Effects in Homogeneous Mn-Based Catalysts for Oxygen Reduction” ACS Fall
2023, San Francisco, CA. August 13, 2023 (poster)

7. “Pendent Relay Effects in Homogeneous Mn-Based Catalysts for Oxygen Reduction” Virginia
Clean Energy and Catalysis Club Summit. August 7, 2023 (poster)

8. “Pendent Relays Promote Dimerization During Catalytic Dioxygen Reduction Mediated by Mn-
Complexes” Gordon Research Seminar — Inorganic Reaction Mechanisms. March 4, 2023
(poster)

9. “Pendent Relays Promote Dimerization During Catalytic Dioxygen Reduction Mediated by Mn-
Complexes” Gordon Research Seminar — Inorganic Reaction Mechanisms. March 4, 2023
(oral), invited

10. “Development of Earth Abundant Transition Metal Catalysts for Dioxygen Reduction” UVA
Dept. of Chemistry Fourth Year Seminar. January 23, 2023 (oral)

11. “Electrocatalytic Reduction of Dioxygen by Non-Porphyrinic Fe Complexes” ACS Fall 2022,
Chicago, IL. August 23, 2022 (oral)

12. “Development of Non-Porphyrinic Catalysts for Oxygen Reduction and Activation” ACS Fall
2022, Chicago IL. August 21, 2022 (poster)

13. “Development of Non-Porphyrinic Catalysts for Oxygen Reduction and Activation” Virginia
Clean Energy and Catalysis Club Summit. August 8, 2022 (poster, winner Best Poster).

14. “Development of Fe and Mn Non-Porphyrinic Catalysts for Oxygen Reduction and Activation”
UVA Department of Chemistry 3™ Year Poster Session. April 14, 2022. (poster)

15. “Catalytic Reduction of Dioxygen to Water by a Bioinspired Non-Heme Iron Complex via a
2+2 Mechanism” UVA Department of Chemistry Annual Retreat. October 12, 2021 (poster,
winner Best Poster).

16. “Electrocatalytic Reduction of Dioxygen to Water by a Bioinspired Non-Heme Iron Complex
via a 2+2 Mechanism” ACS Fall 2021. August 23, 2021 (oral).
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17. Electrocatalytic Reduction of Dioxygen to Water by a Bioinspired Non-Heme Iron Complex via
a 2+2 Mechanism” Virginia Clean Energy and Catalysis Club Summit. August 2, 2021 (poster).

18. “Electrocatalytic Reduction of Dioxygen to Water by a Bioinspired Non-Heme Iron Complex
via a 2+2 Mechanism” University of Virginia Environmental Resilience Institute Research for
Action Symposium, March 31, 2021 (poster).

19. “Analysis of Size-Dependent Thiol Binding on the Surfaces of CdSe Quantum Dots” University
of North Carolina at Chapel Hill Undergraduate Research Symposium, April 24, 2019 (poster).

20. “Thermodynamic Analysis of Size-Dependent Ligand Exchange on CdSe Quantum Dots”
Triangle Student Research Competition, September 19, 2018 (poster).

OTHER PUBLICATIONS

1. Bushana, P. N.; Cook, E. N. NIDA’'s Funding Policies Contribute to Racial Biases in the
Treatment of Drug Use Journal of Science Policy and Governance 2021, 19, 1. doi:
10.38126/JSPG190102.

PROFESSIONAL ORGANIZATIONS

American Chemical Society, VA Chapter, Division of Inorganic Chemistry  April 2020 — Present
American Association for the Advancement of Science April 2021 — Present
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