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Abstract:  

We report a bioinspired non-heme Fe complex with a tripodal [N3O]– ligand framework 

(Fe(PMG)(Cl)2) that is electrocatalytically active toward dioxygen reduction with acetic acid as a 

proton source in acetonitrile solution. Under electrochemical and chemical conditions, 

Fe(PMG)(Cl)2 selectively produces water via a 2+2 mechanism, where H2O2 is generated as a 

discrete intermediate species before further reduction to two equivalents of H2O. 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 FeII(PMG)Cl 

shows the stoichiometric formation of an Fe(III)-hydroxide species following exposure to H2O2; no 

catalytic activity for H2O2 disproportionation is observed, although the complex is 

electrochemically active for H2O2 reduction to H2O. 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(III)/(II), 

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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Introduction:  

The oxygen reduction reaction (ORR) plays important roles in both biological energy conversion 

and next-generation energy technologies.1–6 Selectivity for the two proton-two electron (2H+/2e–) 

product, H2O2, is attractive as a direct route to an important chemical oxidant.1,7 The alternative 

4H+/4e– product, H2O, is an ideal half-reaction for fuel cell applications, where it enables the 

coupled electrochemical oxidation of energy-rich fuels.1 This is analogous to the use of O2 in many 

bioinorganic systems, where O2 reduction drives chemical oxidation reactions. Additionally, the 

ORR can proceed via a 2+2 mechanism, where the 2H+/2e– reduction of O2 to H2O2 is further 

reduced by an additional 2H+ and 2e–
  to H2O.1 An understanding of what controls O2 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.5 Stemming from 

continuous efforts to mimic biological active sites for O2 storage, transport, and activation, 

macrocyclic N4 complexes with iron,8,9 cobalt,10,11 and manganese12,13 active sites have been 

studied extensively as molecular catalysts for the ORR.1,14–18 Non-macrocyclic ligand frameworks 

have been relatively less explored, with limited reports on cobalt-,19,20 copper-,21,22 and 

manganese-based23–25 systems.1 To the best of our knowledge, there has only been one 

previously reported homogeneous non-macrocyclic iron system shown to be a competent catalyst 

for the ORR.26 In 2019, Wang et al. reported an iron(II) thiolate dinuclear complex that was an 

efficient ORR catalyst whose selectivity shifted from H2O2 (~95%) under chemical conditions to 

H2O (less than ~10% H2O2) under electrochemical conditions.26 It is also worth noting that an 

electrode-deposited molecular non-heme iron catalyst for the ORR has been reported 

previously.27 

Despite the focus on Fe heme-based molecular ORR catalysts, there are abundant examples of 

non-heme Fe metalloenzymes that activate dioxygen.28–32 For example, iron dioxygenases 

catalyze the oxidative cleavage of catechols during the degradation of natural aromatics.29 The 

inner coordination sphere of this active site contains histidine residues and an anionic carboxylate 

moiety.29,33,34 Synthetic models of dioxygenase active sites have been developed using a variety 

of tripodal ligand frameworks to study O2 activation and reactivity with catechol.29,35–39 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, α-keto acid dependent 

enzymes, and isopenicillin N synthase.29,40  
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An [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.38 Using an [N3O]– ligand that mimics the inner-

coordination sphere of the metalloenzymes described above, we show that the non-heme Fe(III) 

complex, Fe(PMG)(Cl)2, electrocatalytically reduces O2 to water through a 2+2 mechanism with 

quantitative efficiency. Further, a component of catalyst activation during reduction is a non-

covalent 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. 

Results: 

Synthesis and Characterization.  

N-Nʹ-bis(2-pyridylmethyl)glycine (PMG(H)) was synthesized using previously reported 

procedures.41 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,Nʹ-bis(2-pyridylmethyl)glycine)(Cl)2 (Fe(PMG)(Cl)2) was 

achieved after 24 h under reflux conditions in ethanol with a stoichiometric amount of iron(III) 

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 

shown in Figure 1. Evans’ method measurements in methanol (MeOH) exhibited a µeff of 5.64 ± 

0.05, consistent with a high spin d5 Fe(III) complex.42,43  

 

Figure 1. Molecular structure of Fe(PMG)(Cl)2 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%. 
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Electrochemical Studies with O2. 

 

Figure 2. CVs of Fe(PMG)(Cl)2 under Ar (black) saturation with 0.525 M AcOH (blue) and O2 (red) 
saturation with 0.525 M AcOH (green). Conditions: 1 mM Fe(PMG)(Cl)2, 0.1 M TBAPF6 in MeCN; 
glassy carbon working electrode; Ag/AgCl pseudoreference electrode; scan rate 100 mV/s; 
referenced to internal ferrocene standard. 

Cyclic voltammetry (CV) experiments were performed on Fe(PMG)(Cl)2 in a solution of 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6) in acetonitrile (MeCN). A single quasi-

reversible feature is observed at E1/2 = –0.44 V vs. Fc+/Fc (Figure 2, black trace), which is 

attributed to the Fe(III)/(II) reduction. This reduction feature shows a proton donor-dependent 

voltage response where titrating acetic acid (AcOH) into solution shows a shift to more positive 

potentials (Figure 2, blue trace). Plotting the E1/2 values against log[AcOH] exhibits a 127 mV/log 

[AcOH] dependence (Figure S6). Although Nernstian responses can be consistent with a proton-

coupled electron transfer (PCET) process,23,44,45 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)(Cl)2][Cl], whose structure is similar to a previously reported Fe(II) complex46 In MeCN 

solution, a reversible Fe(III)/(II) 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/decade dependence (Figure S7). These data suggest that addition of AcOH aids in Cl– 

dissociation. However, the steeper voltage dependence of Fe(PMG)(Cl)2 on [AcOH] is suggestive 

of additional interactions, which we propose involve hydrogen-bonding interactions with the 

anionic carboxylate group, vide infra. 
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Under O2 saturation conditions the Fe(III)/(II) reduction feature of complex 1 becomes completely 

irreversible (Figure 2, red trace), indicative of O2 binding to the reduced metal center via an EC 

mechanism.47,48 To ensure that the observed loss of reversibility was not attributed to delayed Cl– 

loss, variable scan rate studies were performed from 20-100 mV/s under Ar saturation conditions 

(Figure S8). These data suggest chloride-loss kinetics are slow on the CV timescale and that 

irreversibility is driven by thermodynamically favorableO2 binding to Fe(II). In the presence of 

AcOH as an added proton donor, there is an increase in current at the Fe(III)/(II) reduction feature, 

consistent with electrochemical activity toward O2 reduction (Figure 2, green trace). 

Subsequently, second-order rate constants for O2 binding under aprotic (kO2) and protic (kO2,H+) 

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.47,49 The rate constant, 

kO2, was determined to be 14.5 ± 3.6 M–1s–1 and kO2,H+ = 6.12 ± 0.96 M–1s–1 with 0.525 M AcOH 

(See SI). The decrease from aprotic to protic conditions indicates that O2 binding is 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)2 demonstrated 25 ± 10% selectivity for H2O2 

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(KAHA) = 3.9),50 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(III)/(II) reduction feature (Figure S12), indicative of acetate binding as a ligand to the Fe 

metal center and implying the formation of a new Fe(III) 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 S30). 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(II) 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 SI).51 
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Spectrochemical Studies with O2.  

 

Figure 3. Representative UV-vis spectral changes under catalytic conditions in MeCN over 15 
min. Concentrations: 50 µM Fe(PMG)(Cl)2, 35 mM AcOH, 4.05 mM O2, and 1.5 mM Cp*2Fe. Inset: 
Absorbance changes at 780 nm arise from the formation of [Cp*2Fe]+. 

Catalytic ORR experiments with Fe(PMG)(Cl)2 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*2Fe]+ appearance 

under O2 saturation conditions with AcOH present in MeCN (Eq. 1, Figure 3), where under the 

same reaction conditions without Fe(PMG)(Cl)2, the system shows negligible background 

reactivity (Figure S29). Variable concentration studies were used to elucidate the catalytic rate 

law of the ORR by Fe(PMG)(Cl)2, which showed zero-order dependencies on [AcOH], [Cp*2Fe], 

and [O2]. Conversely, a half-order dependence was observed on [Fe(PMG)(Cl)2] (Eq. 2, Figures 
S20-S23). The turnover frequency (TOF) was determined to be 0.92 s–1 with 35 mM AcOH 

(overpotential (η) = 0.15 V, see SI). 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(KAHA) (3.9) values for AcOH in MeCN.1,50,51 We emphasize here that our 

calculation of overpotential is a lower-limit approximation. 

!! + 4$%!∗&' + 4()!*
#$+,2*!! + 4$%!∗&'% + 4()!&  (1) 

./0' = 2'()[&']*.,[()!*]*[!!]*[$%!∗&']*    (2) 

Selectivity for the ORR determined via a Ti(O)SO4-based colorimetric assay showed the system 

had H2O2 selectivity of only 1.1 ± 2%, which is less than the 25% H2O2 selectivity under 
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electrochemical conditions.52 Notably, control experiments indicated that no H2O2 

disproportionation occurred over the course of 30 minutes when Fe(PMG)(Cl)2, AcOH, and 

urea•H2O2 were combined under Ar gas saturation conditions (Figure S18). However, placing 

Fe(PMG)(Cl)2 under anaerobic conditions with Cp*2Fe in addition to added acid and urea•H2O2 

showed rapid reduction of H2O2 to H2O 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 

run to completion with respect to the amount of O2 present (~15 minutes) in the presence of 

excess Cp*2Fe and AcOH, which allows for any H2O2 produced during catalysis to be further 

reduced by Fe(PMG)(Cl)2. However, in a typical RRDE experiment, catalysis occurs at the glassy 

carbon disk and H2O2 produced during catalysis is rapidly (~1 second) swept away from where 

catalytically active Fe(II) is generated, preventing further reduction. Consistent with this, control 

experiments show no catalytic activity for disproportionation of H2O2 mediated by Fe(PMG)(Cl)2 

(Figure S18), although stoichiometric oxidation of the singly reduced FeII(PMG)Cl complex is 

observed, vide infra. Overall, these data support a ~99% selectivity toward water corresponding 

to the consumption of ncat = 3.98 electrons per catalyst turnover and implicate a 2+2 mechanism, 

where H2O2 is a discrete intermediate. Variable-temperature stopped-flow spectroscopic data was 

used for Eyring analysis of the ORR catalyzed by Fe(PMG)(Cl)2 (Table 1, Figure S32), which 

revealed a barrier for the rate-determining step (RDS) at 298 K of 20.5 kcal mol-1, which is 

consistent with the observed TOF of 0.92 s–1.  

Table 1. Eyring Parameters of O2 Reduction with Fe(PMG)(Cl)2 from Variable-Temperature 
Spectrochemical Experiments. 

ΔH‡ 4.82 kcal mol-1 
ΔS‡ -52.5 cal mol-1 K-1 

ΔG‡
298K 20.5 kcal mol-1 

 

The reduction of H2O2 to H2O under spectrochemical conditions was also studied using UV-vis 

stopped-flow spectroscopy, revealing relatively faster rates than the ORR catalyzed by 

Fe(PMG)(Cl)2  (Eq. 3, Figure 4). Variable concentration studies under anerobic conditions 

revealed a rate of H2O2 reduction that has first-order dependencies on [Fe(PMG)(Cl)2] and 

[AcOH]. Conversely, zero-order dependencies on [Cp*2Fe] and [H2O2] are observed under the 

same conditions (Eq. 4, Figures S24-S27) and the TOF was determined to be 2.9 x 103 s–1 (η = 

0.49 V, see SI). Interestingly, the Cp*2Fe is required to be present in solution for any consumption 
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of H2O2 to occur (Figure S18). As before, this overpotential is determined by correcting the 

standard potential for the homoconjugation of AcOH and is a lower-limit approximation. 

 

*!!! + 2$%!∗&' + 2()!*
#$+,2*!! + 2$%!∗&'% + 2()!&  (3) 

./0' = 2'()[&']-[()!*]-[*!!!]*[$%!∗&']*   (4) 

 

Figure 4. Absorbance changes at 780 nm due to the formation of [Cp*2Fe]+ during O2 (black) and 
H2O2 (red) reduction catalyzed be Fe(PMG)(Cl)2. Conditions: (black) 50 µM [Fe(PMG)(Cl)2], 35 
mM [AcOH], 1.50 mM [Cp*2Fe], 4.05 mM O2 (red) 50 µM [Fe(PMG)(Cl)2, 35 mM [AcOH], 1.53 mM 
Cp*2Fe, 4 mM urea•H2O2.  

Electrochemical Studies with H2O2.  

CV studies were also performed with Fe(PMG)(Cl)2 in the presence of H2O2 with AcOH under an 

inert atmosphere (Ar). Addition of urea•H2O2 to a solution of Fe(PMG)(Cl)2 resulted in the loss of 

reversibility of the Fe(III)/(II) feature, indicative of the formation of an irreversible reaction between 

Fe(II) via a non-catalytic EC mechanism (Figure 5, red trace).47,48 The evolution of observed peak 

potential with respect to changes in scan rate was used to determine the second-order rate 

constant for H2O2 binding, as previously described.47,49 The rate constant, kH2O2 was determined 

to be 1.52 ± 0.16 x 103 M-1s-1 (See SI) and is consistent with the difference in O2 and H2O2 

reduction rates observed under spectrochemical conditions (Figure 4).Spectroscopic studies 

described below indicate that the primary product of this stoichiometric EC reaction is an Fe(III)-

OH species. However, complex 1 is electrocatalytically active toward H2O2 reduction in the 

presence of AcOH, with an appreciable increase in current density at the Fe(III)/(II) redox feature 

(Figure 5, green trace) consistent with the spectrochemical data discussed above. Overall, the 
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spectrochemical and electrochemical data suggest that the Fe(III) state of the pre-catalyst 

Fe(PMG)(Cl)2 does not appreciably react with H2O2. 

 

Figure 5. CVs of Fe(PMG)(Cl)2 under Ar (black) saturation with 5.3 mM urea•H2O2 (red), 0.525 M 
AcOH (blue) and 0.525 M AcOH in the presence of 5.3 mM urea•H2O2 (green). Conditions: 1 mM 
Fe(PMG)(Cl)2, 0.1 M TBAPF6 in MeCN; glassy carbon working electrode; Ag/AgCl 
pseudoreference electrode; scan rate 100 mV/s; referenced to internal ferrocene standard. 

Spectroscopic Studies with FeII(PMG)Cl 

To better probe reaction intermediates, we directly prepared the catalytically active Fe(II) species 

(FeII(PMG)Cl) under anaerobic conditions and undertook UV-vis and 1H-NMR spectroscopic 

studies in MeCN in the presence of O2, H2O2, and AcOH. First, we analyzed the role of the 

reduced Fe(II) in hydrogen-bonding with AcOH during catalysis. Titrating increasing amounts of 

AcOH to a sample of Fe(PMG)(Cl)2 shows minimal spectral changes, whereas adding AcOH to 

FeII(PMG)Cl shows distinct increases in absorbance at 260, 325, and 365 nm, indicative of an 

interaction between AcOH and FeII(PMG)Cl (Figure S34). UV-vis spectroscopic studies revealed 

that exposure of FeII(PMG)Cl to O2 at room temperature resulted in the formation of a new stable 

species after 8 minutes (Figure S36). To assess if this species corresponded to the proposed 

dimeric Fe species, we next titrated increasing amounts of urea•H2O2 to a 50 µM solution of 

FeII(PMG)Cl; clean isosbestic points were observed and changes in the UV-vis spectrum 

associated with the Fe(II) complex saturated at a 1:1 ratio of FeII(PMG)Cl to H2O2 (Figure S37). 

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 6).  

Molar absorptivity plots comparing the species produced when FeII(PMG)Cl exposed to O2 and 

H2O2 with Fe(PMG)(Cl)2 indicate a loss of all Fe(II) features with O2 and H2O2 (Figure 6). These 



10 
 

data suggest formation of a Fe(III) species, however, the spectral features following O2 and H2O2 

exposure do match those of an authentic sample of Fe(PMG)(Cl)2, 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(III) species that is formed, we exposed a sample of 

Fe(PMG)(Cl)2 to tetrabutylammonium hydroxide (TBAOH). Overlay of Fe(PMG)Cl2 with and 

without added TBAOH with FeII(PMG)Cl exposed to O2 and H2O2 show good agreement, 

indicating that the product mixture likely contains stable Fe(III)-OH species (Figure 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(III)-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. 

 

Figure 6. Molar extinction plot of 50 µM Fe(PMG)(Cl)2 (black trace) exposed to 50 µM TBAOH 
and 50 µM FeII(PMG)Cl (green trace) exposed to 50 µM urea•H2O2 (blue trace) and O2 (purple 
trace) in MeCN.  

To supplement these data, we next analyzed the reactivity of FeII(PMG)Cl with AcOH using 1H-

NMR spectroscopy. The paramagnetic 1H-NMR spectrum of FeII(PMG)Cl under N2 showed six 

well-resolved broad resonances, indicative of a complex with a plane of internal symmetry (Figure 
S39). The addition of 0.3 M AcOH under N2 showed changes consistent with the loss of the initial 

symmetry of FeII(PMG)Cl with ten total paramagnetic resonances observed (Figure S40), which 

we ascribe to a hydrogen-bonded adduct of AcOH and the Fe(II) complex, as was previously 

demonstrated by comparable UV-vis (Figure S34) and electrochemical data (Figure 2). Exposure 

of FeII(PMG)Cl to H2O2 and O2 showed a loss of all resolved paramagnetic features, precluding 

us from being able to characterize the Fe(III)-OH species via 1H-NMR.  
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DFT Calculations 

To better understand the role of non-covalent interactions in facilitating chloride loss and the 

observed shift in the Fe(III)/(II) redox couple, we examined the thermodynamic positioning of 

reaction pathways involving Fe(PMG)(Cl)2 (complex 1) AcOH, MeCN, and the chloride anion 

before and after one-electron reduction using DFT methods (See SI). Note that this level of theory 

accurately replicated the sextet ground state of the complex observed experimentally; for brevity 

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: trans to the tri-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 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. 

 

Figure 7. Computed reaction pathways comparing the effects of reduction and AcOH on chloride 
loss and MeCN binding. All Fe(III) species are S = 5/2; all Fe(II) 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*2Fe reductant in solution (+4.5 kcal/mol). This reduction produces a formally Fe(II) 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 7, red and black, 
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however AcOH binding is only favorable when chloride loss occurs in the position trans to the tri-

alkylamine moiety of the ligand framework (Figure 7, black). For both of the reduction-first 

pathways, MeCN binding is slightly endergonic (+2.7 kcal/mol from the final species in the black 

pathway, Figure 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.  

Discussion: 

Based on combined electrochemical and spectrochemical data, we can propose a mechanism for 

the ORR catalyzed by Fe(PMG)(Cl)2, Scheme 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(III) metal 

center to an Fe(II) species to form intermediate 2. This proposal is supported indirectly by the 

sensitivity of the Fe(III)/(II) redox feature to added AcOH and directly by UV-vis spectroscopic 

data obtained during the titration of AcOH into solutions with Fe(PMG)(Cl)2 and FeII(PMG)Cl, 

showing a distinct interaction for the Fe(II) complex (Figure S34). Consistent with this 

interpretation, paramagnetic 1H NMR data show a loss of internal symmetry for the Fe(II) species, 

FeII(PMG)Cl, when AcOH is added (Figure S40). These experimental data are supported by DFT 

studies, which suggest chloride loss occurs opposite the tri-alkyl amine fragment of the ligand. 

From this five-coordinate neutral species, we propose that O2 binds to the Fe(II) metal center to 

form a mononuclear superoxo species, 3. Using variable-scan rate electrochemical experiments, 

a second-order rate constant of kO2,H+ = 6.12 ± 0.96 M–1s–1 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. 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.53,54 Based on literature precedent, we speculate that a µ2-1,2-peroxo 
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coordination mode is a likely possibility,55–57 although we note the reactivity of this species has 

precluded direct characterization. As described above, the only stable product observed in 

exposing FeII(PMG)Cl to O2 is a Fe(III)-OH species, suggesting the proposed intermediate O2 

dimer decomposes (Figure 6).  

The rate-determining step of the catalytic cycle is proposed to be the cleavage of an Fe(III)-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 hydrogen peroxide-containing 

intermediate, 5. To explore an alternative on-cycle dimer cleavage pathway, a kinetic study under 

standard ORR conditions varying [Fe(PMG)Cl2] concentration in the presence of 1 mM 

tetrabutylammonium chloride (TBACl) was conducted, to probe the possibility chloride 

coordination accelerating peroxo dimer cleavage (Figure S31). However, the observed Rfit/ncat 

dependence is slightly shallower than data obtained without TBACl present, indicating a slight 

inhibition of the catalytic response. These data are not consistent with Cl– association mediating 

rate-limiting dimer cleavage.  

At this point, unobserved intermediate 5 can then release H2O2. UV-vis experiments with complex 

1 show no interaction between H2O2 and Fe(III) oxidation state (Figure S38). This is consistent 

with the increased amount of H2O2 production observed by RRDE under electrochemical 

conditions, since the two-electron/two-proton intermediate has time to diffuse away from the 

electrode where Fe(II) 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(III)-OH species, 6. Stoichiometric experiments with FeII(PMG)Cl 

quantitative oxidation by H2O2 to Fe(III) (Figure S37), which is supported by supplemental control 

studies with Fe(PMG)(Cl)2 with added TBAOH (Figure 6). UV-vis data suggest that exposure of 

FeII(PMG)Cl to O2 also leads to the formation of 6; overlays of the product generated from 

FeII(PMG)Cl following exposure to O2 or H2O2 show almost identical spectra (Figure 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 H2O2 demonstrate rapid catalytic reduction to H2O occurs under these 

conditions with sufficient Cp*2Fe present. The catalytic rate law implies an Fe(III)-OH  resting state 

with first-order dependencies on [Fe(PMG)(Cl)2] and [AcOH]. Based on spectroscopic analysis, 

we propose that H2O2 rapidly binds to complex 2, which releases 1 equivalent of water to form 
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the oxidized 6, the resting state during H2O2RR. Consistent with the greater rates observed for 

H2O2RR than ORR spectrochemically, the electrochemically determined second-order rate 

constant for H2O2 binding, kH2O2 = 1.52 ± 0.16 x 103 M-1s-1 is two orders of magnitude greater than 

that for O2 binding with AcOH present, kO2,H+ = 6.12 ± 0.96 M–1s–1. Overall, the electrochemical 

and spectrochemical product analysis and mechanistic studies described above imply a 2+2 

mechanistic pathway, where H2O2 is a viable intermediate in the catalytic cycle that is rapidly 

reduced to H2O under reducing conditions.  

Scheme 1. Proposed catalytic cycle for the ORR catalyzed by Fe(PMG)(Cl)2. 

 

Conclusions 

These data suggest that the bioinspired Fe(PMG)(Cl)2 complex is an active and selective 

molecular catalyst for the reduction of O2 to H2O. Mechanistic studies support the existence of an 

off-cycle bridging diiron peroxo dimer, whose cleavage is rate-limiting. Additionally, the 

Fe(PMG)(Cl)2 complex is also active for the catalytic reduction of H2O2, suggesting that the 

observed selectivity for water arises from an overall 2+2 mechanistic pathway. This proposal is 

supported by the observation of higher H2O2 efficiencies by RRDE, where hydrodynamic 

conditions push the two-electron/two-proton product away from sufficiently reducing conditions. 

The kinetic parameters of H2O2 reduction are consistent with a Fe(III)-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 
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constant of O2 binding suggest that the electronic structure of the activated catalyst 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 reactions and improving the ligand framework through synthetic modifications are 

currently underway. 
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