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Abstract

Heme hydroperoxidases catalyze the oxidation of substrates by H2O2.  The catalytic cycle involves the formation 

of a highly oxidizing species known as Compound I, resulting from the two-electron oxidation of the ferric heme 

in the active site of the resting enzyme. This high-valent intermediate is formed upon facile heterolysis of the O-

O bond in the initial FeIII-OOH complex. Heterolysis is assisted by the histidine and arginine residues present in 

the heme distal cavity. This chemistry has not been successfully modeled in synthetic systems up to now. In this 

work, we have used a series of FeIII porphyrin complexes (FeIIIL2(Br), FeIIIL3(Br) and FeIIIMPh(Br)) with 

covalently attached pendent basic groups (pyridine, primary amine) mimicking the histidine and arginine residues 

in the distal-pocket of natural heme enzymes. The presence of pendent basic groups, capable of 2nd sphere 

hydrogen bonding interactions, lead to almost 1000-fold enhancement in the rate of compound I formation from 

peracids relative to analogous complexes without these residues. The short-lived Compound I intermediate formed 

at cryogenic temperatures could be detected using UV-vis electronic absorption spectroscopy and also trapped to 

be unequivocally identified by 9-GHz EPR spectroscopy at 4K. The broad (2000 G) and axial EPR spectrum of 

an exchange-coupled oxoferryl-porphyrin radical species, the [FeIV=O Por+] with g
eff

 = 3.80 and g||
eff = 1.99 was 

observed upon reaction of FeIIIL3-Br) porphyrin complex with m-CPBA. The characterization of the reactivity of 

the FeIII porphyrin complexes with the substrate in presence of oxidant like m-CPBA by UV-vis electronic 

absorption spectroscopy showed that they are capable of oxidizing two equivalents of inorganic and organic 

substrate(s) like Ferrocene, 2,4,6-tritertiary butyl phenol and o-phenylenediamine. These oxidations are catalytic 

with a turnover number (TON) as high as 350. Density Functional Theory (DFT) calculations show that the 

mechanism of O-O bond activation by 2nd sphere hydrogen bonding interaction from these pendent basic groups, 

which are protonated by the peracid, involves polarization of the O-O σ-bond, leading to lowering of the O-O σ*-

orbital allowing enhanced back bonding from the iron center. These results demonstrate how inclusion of 2nd 

sphere hydrogen bonding interaction can play a critical role in O-O bond heterolysis.
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Introduction

Factors that can affect heterolytic O-O bond cleavage of metal peroxide species are of great contemporary 

interest.1, 2 Heterolysis of metal peroxides generate high-valent metal oxo species which are very reactive and have 

been demonstrated to be able to catalyze oxidation of inert organic compounds, processes that are of highly 

relevant to the chemistry community.3-7 The inspiration for such chemistry is derived from naturally occurring 

heme metalloenzymes (monofunctional peroxidases,8 catalases,9 bifunctional catalase-peroxidases (KatGs),10 cyt 

P450 monooxygenases11 and P450 peroxygenases12) where detailed biochemical experiments heralded the 

presence of 1st and 2nd coordination sphere residues in the heme active site that are essential for the generation of 

high-valent catalytic intermediates. The resting state of peroxidases, peroxygenases and catalases is the ferric 

oxidation state of the heme iron and the catalytically-competent high-valent intermediate [FeIV=O Por+], 

Compound I, is formed by the reaction with hydrogen peroxide or alternative two-electron oxidants. Upon reaction 

with substrates, the one-electron reduction of Compound I results in the formation of the FeIV=O species known 

as Compound II, which undergoes further one electron reduction and regains back the resting ferric state.13 The 

Compound I intermediate is the strongest oxidant in the catalytic cycle of peroxidases which are involved in several 

activities like biosynthesis of hormones (cycloperoxidases), defense against pathogens (myeloperoxidase and 

horseradish peroxidase) and regulating cellular oxidative stress (CcP and GSH peroxidase).14, 15 The oxidizing 

ability of high valent intermediates makes it valuable to the chemical industry as it can catalyze difficult chemical 

oxidations relevant to synthesis of fine chemicals, waste water decontamination of toxic phenol and 

polymerization.16, 17 The ferric hydroperoxide (FeIII-OOH) intermediate, known as Compound 0 18, 19, is the very 

short-lived species preceding the formation of Compound I in all hydroperoxidases 20, 21 A Histidine residue is 

involved in the protonation of Compound 0 in the active site of peroxidases 22-24 Histidine acts as a base initially 

deprotonating the proximal oxygen atom of hydroperoxide bound to the heme iron, and then transfers the proton 

to the distal oxygen atom as an acid catalyst to facilitate the heterolytic O-O bond cleavage and water release, 

assisted by an arginine residue, leaving the oxygen atom bound to the iron (Figure 1).20, 24-27 

Figure 1. Mechanism for the formation of Compound I intermediate in peroxidases, involving the His and Arg 

residues of the heme distal side.15,27,28
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The arginine residue, being positively charged at neutral pHs likely helps in polarization of the O-O bond and 

promotes heterolysis as its mutation leads to a two orders of magnitude reduction in the rates.28 This combined 

role of histidine and arginine residues in the heme distal side exerts “Pull-effect” and results in facile heterolytic 

cleavage of the O-O bond.20, 24, 26, 29 Such a  “Pull effect” is also exhibited by other peroxidases with similar distal 

acid-base residue.30-32 Arginine hydrogen binds to the ferryl oxygen atom of Compound I and thus may stabilize 

the high valent reactive intermediates.28 The arginine residue enhances the binding of substrate to the peroxidase 

active site as its mutation increases the KM for the substrate.33-35  Peroxidases such as HRP show minimal heme 

degradation during catalysis, mostly happening in the presence of very high molar excess of oxidant. 36, 37 

Over the last several decades, several synthetic systems were designed for the investigation of the “Push-

Pull” effect and the formation of Compound I was examined using various oxidants.38-41 Watanabe and coworkers 

monitored the formation of Compound I in organic medium with peracids in a series of synthetic iron-porphyrins 

by varying the substituents in their meso phenyl rings and also using substituted axial imidazole ligands.42 Groves 

and coworkers demonstrated that the nature of the bond cleavage process can be controlled by changing the 

polarity of solvent in some systems.43, 44 Fujii and coworkers examined the spin coupling interaction between the 

ferryl iron and the porphyrin -cation radical using EPR spectroscopy to probe the a1u/a2u character of the high-

valent intermediates in several iron porphyrins with different substituents in meso phenyl rings as well as β-

pyrroles.45 Nocera and co-workers introduced hanging carboxylic acid residues to impose 2nd sphere interactions 

with reaction intermediates mimicking the distal residues in the protein active site which promote heterolytic bond 

fission.46, 47 Unfortunately, the reported rates for O-O bond heterolysis did not indicate a substantial role of the 

pendent carboxylic acids.46  In a very recent work, incorporation of pendent amine group in the 2nd coordination 

sphere of non heme iron complex has been reported to form selectively the FeIV=O intermediate via heterolytic O-

O bond cleavage with lower activation energy barrier by the reaction of non-heme Fe(II) complex with H2O2.5  

To date, the role of the histidine residue as acid-base catalyst in the distal site of peroxidases remains to 

be successfully modeled in any synthetic heme-based model system. Peroxidases generally oxidize organic 

phenols and aromatic amines using an outer sphere electron transfer and oxidation of substrates like epoxidation 

and sulfoxidation, traditionally performed by monoxygenases, are reported.48-53 So far, molecular mimics of the 

Compound I intermediate of peroxidases are reported to catalyze epoxidation and sulfoxidation with low turnover 

number or yield.47, 54, 55 Yet, catalytic oxidation of phenols and amines, the typical substrates for peroxidases with 

significant turnover number have not been achieved.56-58 This is particularly important as the hydroperoxidase 

activity is a key technology for degradation of organic contaminants in water. Thus, facile generation of a synthetic 

reactive intermediate mimicking Compound I to be used for catalytic transformations and retarding its self-

degradation, is of interest to a broad community of chemists. Recently, mononuclear (ferric) iron porphyrins with 

pendent basic groups were reported (Fig. 2, B and C) which could reduce oxygen to water with greater than 95% 

selectivity at pH 7 with rates > 107 M-1s-1.59 The origin of such high reactivity and much desired selectivity in 
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simple mononuclear iron porphyrin was proposed to originate from specific proton transfer to the distal oxygen, 

akin to peroxidases, of a putative ferric hydroperoxide species from the pendent basic groups which remains 

protonated at pH 7. These proposals were supported by DFT calculations.59

In this work, we have used a series of ferric iron porphyrin complexes with pendent basic groups 

covalently attached to the amine group of meso-phenyl ring (see Figure 2) in the tetraphenylporphyrin architecture, 

in order to investigate the rates of O-O bond heterolysis and to characterize the ensuing intermediates formed. 

Compound I is detected upon oxidation of these ferric iron porphyrin complexes with a peracid (m-

chloroperbenzoic acid), as clearly shown by the stopped-flow kinetics and EPR spectroscopic characterization. 

Pyridine and amine, designed as pendent groups emulating the distal His residue in natural peroxidases (see Figure 

1), translocate protons from the proximal to distal oxygen atom of bound m-chloroperbenzoic acid to facilitate the 

heterolytic cleavage pathway with much higher rates than the benzyl analogue (Fig. 2D, FeIIIMPh(Br)), a 

structurally analogous iron porphyrin without base, and also than any previously reported synthetic porphyrins 

thus with rates comparable to natural peroxidases. The results also suggest that the self-degradation of the FeIII 

porphyrin catalyst was prevented, most likely by the hydrogen bonding interaction of the pendent base with the 

FeIV=O center of Compound I, thus allowing these synthetic hemes to efficiently catalyze the oxidation of organic 

and inorganic substrates using peracids. Density Functional Theory (DFT) calculations support the experimentally 

observed activation of a bound peroxide by pendent bases and help in developing a molecular orbital theory 

rationale of the elusive “pull effect”. 

Results and Discussion

The formation of high valent iron-oxo intermediate was examined for four iron (III) porphyrin model 

complexes (Fig. 2) e.g., FeIIIL2(Br) and FeIIIL3(Br) each containing a distinct pendent (basic) residue pyridine and 

aliphatic amine, respectively, FeIIIMPh(Br) containing mono benzyl group without additional basic residue and 

simple mononuclear iron porphyrin without any second sphere residue (FeIIITPP(Br)) (Fig. 2). m-CPBA was used 

as oxidant. The pKa values of the pendent pyridine and amine groups in FeIIIL2(Br) (Fig. 2A) and FeIIIL3(Br) (Fig. 

2B) complexes were determined to be 12.33 and 16.90, respectively in CH3CN.60 The reactions were monitored at 

sub-zero temperatures in a stopped-flow UV-vis electronic absorption spectrometer. 
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Figure 2. Molecular structures of iron-porphyrin complexes used in this study: A) FeIIITPP, B) FeIIIL2, C) FeIIIL3 

and D) FeIIIMPh.

Upon reaction of FeIIIL2(Br) with m-CPBA in dichloromethane (DCM) at -30ºC, the electronic absorption 

spectrum of the ferric state showed decrease in intensity of the Soret (417 nm) and charge transfer bands at 510 

nm, 594 nm and 695 nm. In addition, a new and rather broad band centered at ca. 705 nm was also observed (Fig. 

3A). Similar changes were observed for the FeIIIL3(Br) complex under the same conditions where a broad band 

appeared at ca. 726 nm (Fig. 3B). In the case of the FeIIIMPh(Br) complex, where no basic residue is present, a 

new broad band at ca. 705 nm (Fig. 3C) is observed. The broad charge transfer band at ~700 nm is consistent with 

the formation of the iron(IV)-oxo porphyrin cation radical intermediate, Compound I, previously reported in 

synthetic model complexes as well as in enzyme systems.43, 46, 61-65 
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Figure 3. Stopped-flow absorption spectral changes after the reaction of  50 µM complexes A) FeIIIL2(Br), B) 

FeIIIL3(Br) and C) FeIIIMPh(Br) with 200 µM m-CPBA in dichloromethane at -30ºC. In (A) Brown solid line: 

resting FeIIIL2(Br) at the beginning of the reaction, Green line: the intermediate formed at 5 sec corresponding to 

[FeIV=O Por+]L2 ; In (B) Red line : resting FeIIIL3(Br) at the beginning of the reaction, violet line : the intermediate 

formed at 500 msec corresponding to [FeIV=O Por+]L3; In (C) Pink line : resting FeIIIMPh(Br) at the beginning 

of the reaction, blue line: the intermediate formed after 1 minute corresponding to [FeIV=O Por+]MPh, Grey lines: 

the conversion as a function of time from resting iron(III)-porphyrins to intermediate species, after addition of m-

CPBA. (D) Red circles: time trace of FeIIIL3 at 726 nm, Green circles: time trace of FeIIIL2 at 705 nm and violet 

circles: time trace of FeIIIMPh at 705 nm.

The formation of 705 nm band of FeIIIL2(Br) maximizes within 5 sec (Fig. 3D, green trace & S1A, red 

trace). The species is quite stable at -30°C and takes around 5 minutes for this band to disappear (Fig. S4B, blue 

trace). However, the formation of this band takes much longer time, i.e. around 1 min, in the case of FeIIIMPh(Br) 

(Fig. 3D & S1C, violet trace). The absorbance at 726 nm band for FeIIIL3(Br) maximizes within 500 ms (Fig. S1B, 

green trace) and decays by 10 sec (Fig. 3D, red trace & S4A, green trace) at -30ºC. The rate constants for the 

formation of Compound I are 21.67±1 s-1, 67.6±2 s-1and (8.5±1)×10-2 s-1 for FeIIIL2(Br), FeIIIL3(Br) and 

FeIIIMPh(Br), respectively (Figure 4) at -30ºC (i.e. 243 K). A more than two orders of magnitude faster O-O bond 

heterolysis in FeIIIL2 and FeIIIL3 with respect to FeIIIMPh provides definitive proof of the advantage of the pendent 

nitrogenous bases during heterolytic cleavage. The first order rate constants for these two complexes are even 

much higher than those for previously reported model complexes (Table 1). The rate constants for the decay of 

these bands are (3.2±0.5)×10-1 s-1 and (5±0.7)×10-3 s-1 for FeIIIL2(Br) and FeIIIL3(Br), respectively, obtained from 

the first order exponential fits to the absorbance vs time traces (Figure 4). Compound I intermediate for both of 

these complexes is converted to the corresponding Compound II (FeIV=O) species as indicated by the characteristic 

bands at 650 nm and 657 nm for FeIIIL2(Br) and FeIIIL3(Br), respectively, which is stable for several minutes at -

30°C (Figure S3). Note that the formation and decay of Compound I can be fit using a kinetic model for 

consecutive reaction (Fig. S4) suggesting that the disproportionation of Compound II to form Compound I and 

ferric species is not observed here as has been reported for non-heme systems.66-68
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Figure 4. Linear Fit of initial logA0 vs time trace: Reaction of FeIIIL2(Br) (50 µM) with 4eq m-CPBA (100 µM) 

in dichloromethane at -30°C leads to formation of Compound I intermediate (max = 710 nm) represented by blue 

circles (A) and decay of Compound I intermediate represented by purple circles (B). The first order rate constants 

obtained from the slopes of log A0 vs t plot for the formation and decay of Compound I are 21.67 s-1 and 0.004 s-

1, respectively. Reaction of FeIIIL3(Br) (50 µM) with 8eq m-CPBA (200 µM) in dichloromethane at -30°C leads 

to the formation of Compound I intermediate (max = 726 nm) represented by green circles (C) and decay of 

Compound I intermediate indicated by pink circles (D). The first order rate constants obtained from the slopes of 

log A0 vs t plot for the formation and decay are 69.60 s-1 and 0.32 s-1, respectively. (E) Reaction of FeIIIMph(Br) 
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(50 µM) with 8eq m-CPBA (200 µM)  in dichloromethane at -30°C leads to the formation of Compound I 

intermediate (max = 710 nm) represented by green circles. The first order rate constant (obtained from the slope 

of log A0 vs time plot) for Compound I formation is 0.085 s-1. 

Table 1: The rate of O-O heterolysis and the corresponding activation parameters

The reaction of m-CPBA with FeIIITPP(Br) under identical conditions did not show the formation of Compound 

I, rather it shows a very slow formation of isoporphyrin, a species isoelectronic with Compound I and an 

intermediate in heme degradation of heme oxygenase cycle , that has characteristic bands at 810 nm and 900 nm 

(Fig. 5A, red trace and Fig. S2) suggesting the decay pathway of the porphyrin macrocycle of FeIIITPP(Br) 

consistent with previous literature (Scheme S1).36, 62, 69 Alternatively, the FeIIIL2(Br) and FeIIIL3(Br) complexes 

form their high valent oxo species and decay to their resting ferric state in their reaction with mCPBA in contrast 

to FeIIITPP(Br) (Fig. 5A). Note that minor and sluggish formation of isoporphyrin is detected in FeIIIL2(Br), 

FeIIIL3(Br) and FeIIIMPh(Br) as indicated by the absorption spectra and time traces of 800 nm and 900 nm band 

(Fig. 5A & 5B; Fig. S1A, S1B & S1C) and is likely due to competitive binding of m-CPBA at the open site of the 

porphyrin, which logically follows a FeIIITPP-like reactivity (Fig. S2). Overall, it is clear that the pendent basic 

groups avoid degradation of the heme upon its reaction with peracids.

Catalyst kheterolysis (s-1) Temperature G≠

(kcal/mol-1)

Ref

6a 16.6×10-3 -80°C 12.78          41

6b 4×10-3 -80°C 13.33 41

6d 3.94×10-3 -40°C 16.19 41

6e 0.5×10-4 -80°C 14.14 41

FeIIITMP (6.5±1)×10-3 -40°C 15.96±0.1 45

FeIII(HPX-CO2H) (6±3)×10-3 -40°C 15.99±0.2 45

FeIII(HPX-CO2Me) (1±0.2)×10-2 -40°C 15.76±0.1 45

FeIIIL2 21.67±1 -30°C 12.72±0.02 This work

FeIIIL3 69.6±2 -30°C 12.15±0.01 This work

FeIIIMPh (8.5±1)×10-2 -30°C 15.08±0.05 This work

HRP 200-500s-1 25oC 13-14 53,70

H42A/H42V (5-50)×10-4 25oC 21±1 71,73

The molecular structures (6a, 6b, 6d and 6e) corresponding to ref. 41 are given in figure 6. 

Here, meta-chloroperbenzoic acid is used as oxidant for all the catalysts except for ref 53, 

71 and 73 (where hydrogen peroxide is the oxidant).
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Figure 5. Rapid-scan electronic absorption spectra of the reaction of iron porphyrin complexes (50 µM) with 8 

equivalent of meta-chloroperbenzoic acid (m-CPBA, 200 µM) in dichloromethane followed at -30°C. (A) Selected 

overlay spectra representing the intermediate species formed after 50 sec of the reaction, (B) Overlay of the time 

traces at 900 nm band with the formation of isoporphyrin species (max = 900 nm) for these three complexes 

(FeIIITPP(Br) (red line), FeIIIL2(Br) (violet line) and FeIIIL3(Br) (green line)). 

The rates of Compound I formation from ferric porphyrins via heterolysis of O-O bond of bound peracid (m-

CPBA) are obtained at -30oC. Since, the kinetics for formation of the Compound I have been obtained at different 

temperature than previously reported metalloporphyrin systems, direct comparison of the rate constants are not 

possible (Figure 6, Table 1). The activation energies (G≠) for O-O bond heterolysis of FeIIIL2 and FeIIIL3 are 

obtained from the observed rates using Eyring equation and compared to those calculated for different model iron 

porphyrins (Table 1) from their reported rates.42, 46 The lowest energy barrier attained is 12.78 kcal/mol for complex 

6a (Figure 6) which fashions the most electron rich porphyrin ring among all of the synthetic models reported till 

date. The presence of large number of electron donating methoxy substituents in 6a makes it facile to undergo 

faster heterolytic O-O bond cleavage than any other meso substituted porphyrins as reported by Watanabe et al.42 

The ΔG# of O-O bond heterolysis exhibited by FeIIIL2(Br), FeIIIL3(Br) and FeIIIMPh(Br) are 12.72  0.02 kcal/mol, 

12.15  0.01 kcal/mol and 15.08±0.05 kcal/mol, respectively. The activation energies of pendent base containing 

models match well with the earlier reported models (6a and 6b, Table 1). We have derived another two activation 

parameters i.e. ΔH# (2.34 ± 0.2 kcal/mol) and ΔS# (-44.60 ± 1cal mol-1 K-1) from the linear Arrhenius plot of 

temperature dependent kinetic study for Compound I formation of FeIIIL2(Br). The remarkably low enthalpic 

barrier and large negative entropy of activation also support the facile O-O bond cleavage step. The ΔG# (13.03 ± 

0.3 kcal/mol) is also determined from kinetics at different temperatures from the sum of ΔH# and ΔS# which is in 

good agreement to that obtained directly from first order rate constants using Eyring equation (details in SI). It is 

important to note that the ΔG# of O-O bond heterolysis is 3-4 kcal/mol lower in FeIIIL2 and FeIIIL3 relative to 

structurally analogous FeIIIMPh, FeIIITMP and iron-hangman porphyrins which have pendent carboxylic acid/ester 
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groups (Table 1) directly establishing the efficacy of pendent basic groups in enhancement of heterolytic O-O 

bond cleavage rates. Additionally, the three times faster rate and 0.5 kcal/mol lower ΔG# of FeIIIL3(Br) with an 

aliphatic amine (pka~16.9 in CH3CN) than FeIIIL2(Br) with a pyridine group (pka~12.33 in CH3CN) suggest that 

the O-O bond heterolysis is favored by pendent amine groups having higher basicity than the peracid. Therefore, 

these residues can easily act as efficient acid-base catalyst and capable of deprotonating the distal oxygen atom of 

bound peracid and transferring it to distal oxygen atom that is necessary for the heterolysis. The rate of Compound 

I formation from m-CPBA in native HRP is 200-500 s-1 and two histidine mutants of HRP; H42A and H42V show 

105-106 order lowering of rate i.e. (5-50)×10-4 s-1 at room temperature.53, 70, 71 The corresponding activation energy 

barrier for HRP (~13-14 kcal/mol) is much lower than the histidine mutants (21±1 kcal/mol) and comparable to 

that achieved in these synthetic models FeIIIL2(Br) and FeIIIL3(Br). Thus, the “pull effect” in peroxidases is 

successfully mimicked in synthetic models including pendent basic groups (analogous to histidine residue) in the 

2nd sphere of the iron porphyrin. Note that, mutation of the His42 residue in HRP leads to several orders of 

magnitude decrease in the rate of Compound I formation via O-O bond heterolysis,27, 72, 73 which is reasonably 

captured in two orders of magnitude reduction in the rate of compound I formation in the FeMPh relative to FeL2 

and FeL3. 

Figure 6. Structures of model iron-porphyrins referred in Table 1.

Identification of the high-valent intermediates by EPR spectroscopy.
To further identify and characterize the catalytically-relevant high-valent intermediates (Compound I and 

Compound II) proposed from the spectral changes in the electronic absorption spectra (Fig. 3 and Fig. S3), we 

applied 9-GHz cw-EPR spectroscopy at liquid helium temperatures, and monitored the reaction of the FeIIIL3 

porphyrin complex with m-CPBA (both in dichloromethane). The reaction of the FeIIIL3 porphyrin complex with 

10-fold molar equivalents of m-CPBA was done by manual mixing and directly in the quartz EPR tube placed in 

a ca. -100°C bath, in order to trap the short-lived intermediates. In particular, we aimed to characterize the short-

lived intermediate assigned to Compound I, showing an electronic absorption CT band at 726 nm and appearing 

within 500 ms upon reaction of the FeIIIL3 Por complex with m-CPBA at -30ºC. The subsequent intermediate with 

an electronic absorption CT band at 657 nm, and that was assigned to Compound II, proved to be stable for several 

minutes at -30°C (Fig. S3).   
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The FeIIIL3 complex shows an axial EPR spectrum with observed geff values at g = 6.04 and g|| = 1.98 (Fig. 

S5 and Fig. 7, black dotted traces), that is typical for heme iron in the ferric high-spin state. Upon reaction with 

m-CPBA a new and distinct EPR signal was observed: an axial and very broad (2000 G) EPR spectrum, extending 

between the two resonances with observed g-values of 3.80 and 1.99 (Figure 7, light green trace) that is consistent 

with the expected axial EPR spectrum of an exchange-coupled oxoferryl-porphyrin radical species, [FeIV=O Por+] 

with g
eff

 = 3.80 and g||
eff = 1.99, as previously reported for the porpholactone ferryl radical complexes 74 and iron 

porphyrins that are highly nonplanar, but not ruffled.45, 75 The fact that this new broad and axial EPR signal could 

only be detected at temperatures lower than 30 K (due to line broadening effect 76), well agrees with the expected 

behavior of a radical in magnetic interaction (exchange-coupling) with the ferryl moiety. Interestingly, the EPR 

spectrum is virtually identical, including the overall width (ca. 250 G) of the resonance at g = 3.80 (g) and the 

narrow and asymmetric resonance at g = 1.99 (g||), to that of the previously reported [FeIV=O Por+] intermediate 

of nitrophorin, a heme-containing enzyme showing substantial peroxidase-like activity.77 When thawing and 

incubating the EPR sample during 15 min at 20°C, the resulting EPR spectrum (Fig. 7, dark red trace) showed the 

complete disappearance of the broad axial signal of the [FeIV=O Por+] species, as expected if considering the 

short-lived character of this intermediate demonstrated by the stopped-flow electronic absorption experiments 

(Fig. S3A, red trace). 
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Figure 7. The 4K 9-GHz EPR spectra of the [FeIV=O Por+] intermediate (light green trace) trapped when reacting 

the FeIIIL3 porphyrin complex (black dotted trace, 80 µl at 1.1mM initial concentration) with m-chloroperbenzoic 

acid (20 µl at 50 mM initial concentration), both in dichloromethane and during 3s in a cold bath (at ca. -100 °C) 

prior to flash freezing in liquid nitrogen. The final molar excess for the m-CPBA oxidant was 10 folds. When 

thawing the reacted sample (light green trace) during 15 min at 20°C, spectral changes were clearly observed (dark 

red trace). The ferric EPR spectrum of the FeIIIL3 porphyrin complex, emulating the contribution of the non-

converted complex upon reaction with m-CPBA (dotted black trace), is also plotted to better illustrate the expected 

difference between the g  2 components of the ferric and the [FeIV=O Por+] intermediate. EPR spectra (3 scans) 

were recorded at 4 K, 9.48 GHz frequency, 13 G modulation amplitude, 1 mW microwave power, and 100 KHz 

modulation frequency. The asterisk (*) shows the contribution of free iron (g = 4.3).

Compound II, the reaction intermediate (absorption CT band at 657 nm) formed subsequently to the 

Compound I in the stopped-flow absorption experiments is an integer spin species ([FeIV=O]), thus EPR-silent. 

The fact that the EPR signal of the trapped [FeIV=O Por+] species does not fully account for the conversion of the 

ferric signal upon reaction with m-CPBA (as estimated by the decrease of the ferric EPR signal; see Fig. S5) is 
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fully consistent with the subsequent formation of the oxoferryl intermediate, an EPR-silent species. In addition, 

the higher stability of this intermediate, as shown by the stopped-flow experiments (Fig. S3A, green trace), is 

consistent with the partial recovery of the ferric signal , reflected by the increase of its g|| = 1.98 component (Fig.8, 

dark red trace and Fig. S5, dark green trace) when thawing the EPR sample during 15 min at 20°C (see above). 

Further thawing and incubation of the sample (at 20°C during 60 min) showed a small further increase in the 

intensity of the ferric signal (see Fig. S6), thus confirming that the [FeIV=O] species is rather stable at room 

temperature, as previously reported for natural peroxidases. For example, in the case of the bi-functional 

peroxidases KatGs, the [FeIV=O Por+] species is very short-lived while the [FeIV=O] intermediate converts back 

to the ferric resting state only after 12 min at 20°C, and provided that all the oxidant has been used up.78 This 

implies that the distal hydrogen bonding stabilizes the oxoferryl intermediate.

It is of note that Dawson and coworkers, using rapid-scan stopped flow absorption spectroscopy, reported 

that m-CPBA can play both the roles of oxidant and substrate in the formation of the catalytic intermediates of C. 

fumago chloroperoxidase.79 It was concluded that m-CPBA acts as oxidant in the conversion of the ferric enzyme 

to the Compound I intermediate, and also as one-electron donor (i.e. ‘substrate’) in the subsequent reductions of 

Compound I to Compound II, and of Compound II back to ferric native enzyme.79 In the case of the FeIIIL3 

porphyrin complex reacted with m-CPBA, further incubation at -100°C during 3 s, showed an increase of the ferric 

EPR signal and no detectable change of the [FeIV=O Por+] EPR signal (Fig. S6). This result can be rationalize as 

the reaction of the [FeIV=O] intermediate with the remaining m-CPBA, as in the case of chloroperoxidase. It is of 

note that intramolecular e- transfer reactions can readily happen at such low temperatures.78 Taken together, these 

EPR experiments confirm that the [FeIV=O Por+] intermediate formed by the peroxidase-like reaction (Compound 

0-Compound I) of the FeIIIL3 porphyrin complex with m-CPBA is a short-lived species even at subzero 

temperatures, and that the subsequent intermediate, the [FeIV=O] species (Compound II), formed most possibly by 

the reaction of the [FeIV=O Por+] intermediate with m-CPBA, is relatively stable at room temperature. In addition, 

the [FeIV=O] intermediate can react slowly with m-CPBA as one-electron donor, resulting in a partial cycling back 

to ferric resting state.

The Compound I formed in most synthetic (ferric) iron porphyrin complexes, readily attacks the meso position 

of the porphyrin macrocycle leading to the formation of a isoporphyrin, an intermediate leading to the eventual 

degradation of the iron porphyrin complex (scheme S1). Accordingly, the UV-vis absorption spectrum of 

FeIIITPP(Br) upon reaction with m-CPBA showed the appearance of the broad absorption bands at 800-900 nm 

(Figure 5, red trace & Figure S2) consistent with the isoporphyrin species. At variance, FeIIIL2(Br) and FeIIIL3(Br) 

complexes show very minor formation of isoporphyrin (Figure 5A and 5B, violet and green traces in Figure 5B) 

and converted to Compound II then eventually cycled back to the ferric complex, as indicated by UV-Vis spectra 

and consistent with the EPR spectroscopic characterization (see above). These results suggest that not only the 

basic groups in FeIIIL2 and FeIIIL3 accelerate the heterolysis of the peroxide inciting the formation of Compound 
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I, but also decelerates the electrophilic attack of Compound I on the porphyrin ring. This attribute implies that 

FeIIIL2(Br) and FeIIIL3(Br) should be able to catalyze oxidation of substrates by m-CPBA. 

Catalytic Oxidation of Substrates

The reaction of FeIIIL2(Br) and FeIIIL3(Br) with m-CPBA in the presence of excess ferrocene (Fc) as an 

external sacrificial electron donor was monitored. The formation of a new band at 620 nm, characteristic of 

ferrocenium (Fc+), indicates oxidation of ferrocene by the porphyrin complexes (Figures 8 and S7).  In the presence 

of excess ferrocene and m-CPBA, both FeIIIL2 and FeIIIL3 can catalyze its oxidation with turnover numbers (TON) 

of 67 and 96, respectively, and turnover frequency (TOF) of 2.68 s-1 and 6.40 s-1, respectively (Table 2). The 

catalytic turnover entails oxidation of two molar equivalents of ferrocene per Compound I species, i.e. Compound 

I + 2Fc  FeIIIL + 2Fc+ (Scheme 1). This result is expected, as Eo of Fc is lower than both Compound I and →

Compound II. Similarly to the case of peroxidases, the organic substrate 2,4,6-tri tertiarybutyl phenol (TBPH) is 

oxidized to the corresponding phenoxy radical, as shown by the absorption spectra with bands at 380 nm, 400 nm 

and 625 nm (Figure S7B) and the EPR spectrum measured at 77K showed a signal at g=2 consistent with an 

organic radical (Figure S8A).80 Both FeIIIL2(Br) and FeIIIL3(Br) can catalyze the oxidation of TBPH with TON of 

25 and 350, respectively, with TOF of 1.41 s-1 and 0.63 s-1, respectively (Table 2). Similarly, the two-electron 

oxidation of o-phenylene diamine (OPD) to 2,3-diaminophenazine with characteristic absorption feature at 450 

nm for these two iron porphyrins (Figure S10) yields TON of 68, 61, respectively, and the corresponding TOF are 

0.85 s-1, 2 s-1, respectively. Note that these are the first examples of catalytic oxidation of phenol and amines by 

one electron (normal peroxidase activity) by synthetic heme complexes using peracid as oxidant. 

Figure 8. The time traces in rapid scan stopped flow kinetics measurement of FeIIIL2(Br), FeIIIL3(Br), FeIIITPP(Br) 

complexes and substrate (fc) with m-CPBA in dichloromethane at -30°c in a cuvette of 1cm path length with and 

without catalyst for formation of ferrocenium at 620  nm by the addition of iron-porphyrins (4 µM) with m-CPBA 

(500 eq, 1 mM) and ferrocene (500 eq, 2 mM).
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Table 2. Catalytic Substrate oxidation

FeIIIL2(Br) 

(4 µM)

FeIIIL3(Br) 

(4 µM)

Substrate 

(2 mM)

TONa TOF (s-1)b TONa TOF (s-1)b

Ferrocene (Fc)c 67 2.68 96 6.40

2,4,6-tri tertiarybutyl 

phenol (TBPH)d

25 1.41 350 0.63

o-phenylene 

diamine(OPD)d

68 0.85 61 2

a. The maximum number of product molecules obtained from per mole of 
catalyst.

b. TON at per unit time(sec) 

c. Stopped flow kinetics at -30°c, d. UV-visible kinetic measurements at room 
temperature.  The other conditions are described in the experimental section.
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Scheme 1. Proposed mechanism of the catalytic cycle for the regeneration of high spin FeIIIL2 and FeIIIL3 via high 

valent intermediates starting from iron(III)-porphyrins in presence of meta-chloroperbenzoic acid (oxidant) and 

Ferrocene or any other one-electron donor/substrate (S) in dichloromethane at -30°C.

DFT Calculation

               Having shown that facile O-O heterolysis in FeIIIL2(Br) and FeIIIL3(Br) allows rapid formation of 

Compound I which at its turn can oxidize ferrocene and TBPH, we performed DFT calculations to gain theoretical 

insight into the effect of pendent basic groups covalently attached to iron-porphyrins in relation to such O-O bond 

cleavage. The structures of m-CPBA bound metal complexes are optimized in PCM model using dichloromethane 

as solvent. In general, all attempts of optimizing the peracid bound ferric state inevitably leads to spontaneous O-

O heterolysis forming Compound I and the m-chloroperbenzoic acid (Figure 9) likely due to the acidic proton of 

mCPBA (pKa=7.5 in water). Alternatively, the electronic structure contribution of the pendent basic groups to 

O-O bond heterolysis can be evaluated with H2O2 which has a higher pKa (11.75). Note that the use of hydrogen 

peroxide is more relevant to the chemistry of peroxidases. The structures with hydroperoxide bound resulting in 

low spin ferric porphyrins with protonated pendent basic groups, are optimized (Figure S11). In case of [FeIIIL2-

OOH]H+, the –N1H group and protonated pyridine (N2H+) acts as a H-bond donor to the distal oxygen atom. The 

optimized geometry shows that the O-O bond length for [FeIIIL2-OOH]H+ is elongated to 1.88 Å in the protonated 

structure (Figure S11) which is much longer than that of FeIIITPP-OOH (the O-O bond length is 1.46 Å) and free 

H2O2.59 
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Figure 9. Optimized structures of six coordinate low spin (A) [FeIIIL3-m-CPBA]H+; (B) [FeIIIL2-m-CPBA]H+; 

(C) [FeIIITPP-m-CBPA]H+ with m-CPBA and water as axial ligands and distal basic groups in PCM model 

considering CH2Cl2 as solvent. color codes: carbon → grey, hydrogen→ white, nitrogen → blue, oxygen → red, 

chlorin → green and iron → bluish grey.

         The same trend also occurs for protonated FeIIIL3-OOH, where the protonated aliphatic amine group (-NH3
+) 

elongates the O-O bond length to 1.86 Å (Figure S11). All these optimized geometries suggest that strong H-bond 

donation to the distal oxygen atom of the FeIII-OOH species facilitate activation of the O-O bonds. These appended 

groups in the studied porphyrin complexes appear to be oriented in such a way to allow selective delivery of 

protons to the distal oxygen atom with simultaneous weakening of the O-O bond, both factors beneficial for 

heterolytic O-O bond cleavage.59

The substantial activation of the O-O bond of a FeIII-OOH species with H-bonding by a protonated base 

is the root of the “pull effect” proposed in peroxidase active sites where an analogous FeIII-OOH species is 

produced, Compound 0.24, 81, 82 The DFT calculated wave functions show that the Fe dπ character in the O-O σ* 

orbitals increase from 4.86% in the non H-bonded system to 36.89% and 38.69% in porphyrins having protonated 

OOH]H+, respectively (Figure 10). 
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Figure 10. Calculated (BP86) ground state MO diagram of Fe(III)TPP-OOH (no H-bonding residue), [Fe(III)L3-

OOH]H+) and [Fe(III)L2-OOH]H+ (protonated H-bonding residue). The relative energies are normalized with 

respect to the non-bonding dxy orbital. Only β orbital are shown. The orbital contributions of occupied dxz orbital 

and the unoccupied O-O σ* orbital are shown. The contributions of dz2 and the dyx orbitals of the Fe that  and  

bonds, respectively, to the hydroperoxide are also shown. The non-bonding dxy and the dx2-y2 are not shown for 

clarity. 

The enhanced back-bonding is facilitated by the lowering of the O-O σ* orbital energies due to hydrogen 

bonding to the pendent basic groups for [FeIIIL3-OOH]H+ and [FeIIIL2-OOH]H+ group (Figure 10) which polarize 

the electron density of the O-O bond towards the distal OH group reducing the overlap between the two O2p orbitals 

and lowering the energy of the O-O σ* orbital. This polarization is magnified when the amines are protonated. 

This is evident from the calculated Mulliken charge density on distal oxygen atom for [FeIIIL3-OOH]H+ (Op=-

0.30, Od=-0.60) and [FeIIIL2-OOH]H+ (Op=-0.29, Od=-0.61) which is more negative than the FeIIITPP analogue 

(Op=-0.293, Od=-0.383) without any hydrogen bonding residue (Figure S12). Thus the “pull effect” in this case 

may be interpreted as pulling the energy of the O-O σ* orbital down substantially by hydrogen bonding to a 
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protonated basic residue to allow better back-bonding into the O-O σ* orbital from filled Fe dπ orbital of the metal. 

The O2p coefficient increases from 3.62% in FeIIITPP-OOH to 18.05% in [FeIIIL3-OOH]H+ and 17.55% in 

[FeIIIL2-OOH]H+ in the dπ orbital signifying increased covalent donation from the proximal oxygen to the empty 

Fe dπ orbital i.e. strong π bonding (Figure 10). Similar increase in σ covalency is observed in the dz2 orbital. These 

are consistent with the shortening of Fe-O bond upon elongation of the O-O bond taking the reactant FeIII-OOH to 

the product [Fe(IV)=O Por +].  

In nature, the alternative mechanism of activating a FeIII-OOH used in Cyt P450 and CPO is the “push 

effect” of an axial thiolate ligand. The anionic thiolate ligand enhances the electron density of its trans axial ligand 

increasing the basicity. This enhanced pKa (~12) leads to a protonated compound II in Cyt p450/CPO when 

Compound II is deprotonated in peroxidases/Myoglobin with a pKa of around 3.83, 84 DFT calculations on a 

hypothetical thiolate bound FeIIITPP-OOH species show a O-O bond length of 1.46 Å which is shorter than 

[FeIIIL2-OOH]H+ with protonated pendent base (1.88Å) and the Fe-O bond length of thiolate bound FeIIITPP-OOH 

is calculated to be 1.85Å which is shorter than that of [FeIIIL2-OOH]H+ (Figure S11). The Mulliken charge on the 

hydroperoxide unit of the thiolate bound FeIIITPP-OOH species is calculated to be Op=-0.362 and Od=-0.422. The 

negative charge of the distal oxygen atom of the bound hydroperoxide is substantially more negative than a 

FeIIITPP-OOH without axial thiolate (Op=-0.293, Od=-0.383) (Figure S12). The MO diagram of the thiolate bound 

FeIIITPP-OOH shows much less electron donation by the bound –OOH to the Fe d and d orbitals consistent 

with greater anionic charge on the bound hydroperoxide relative to FeIIITPP-OOH. There is very little Fe3d 

character in the O-O σ* suggesting the lack of back-bonding from the filled Fe3d consistent with the short O-O 

distance (Figure S13). Thus the “push effect” of the thiolate is limited to push electron density to the bound –OOH 

ligand increasing its basicity causing its protonation at physiological pH (Figure 11). Once protonated, the resulting 

FeIII-OOH2
+ species will have a very weak O-O bond which would cleave almost spontaneously. Alternatively, the 

“pull effect” of the pendent basic group results from polarization of the electron density of the peroxide resulting 

in lowering the O-O σ* energy (Figure 11) which allows greater back-bonding into the O-O σ* from the filled 3d 

orbitals of the iron due to better energy match and thus, weakening of the O-O σ bond activates the O-O bond for 

cleavage.
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Figure 11. Schematic representation of O-O bond activation by “push effect” and “pull effect”.

Conclusion

Inclusion of pendent basic groups in iron porphyrins, mimicking the 2nd sphere interactions present in the distal 

site of HRP, enables facile O-O bond heterolysis of peracids having barriers lower than naturally occurring 

enzymes. The Compound I generated by these iron porphyrin complexes with 2nd sphere coordination, is capable 

of oxidizing two equivalents of substrates (both organic and inorganic) thus making them functional models of 

natural peroxidases. The introduced basic groups, mimicking the His-Arg base pair in the active site of horseradish 

peroxidase, not only enable facile heterolysis but also stabilize the Compound I and Compound II intermediates. 

More importantly, electrophilic attack to the porphyrin macrocycle is prevented and such intermediates effectively 

oxidize organic and inorganic substrates, using an outer-sphere electron transfer mechanism. Accordingly, these 

synthetic complexes act as efficient catalysts with reasonable TON and TOF. Investigations are underway to 

understand how the hydrogen bonding tunes the reactivity of the high valent oxoferryl species from electrophilic 

inner-sphere oxidation (monooxygenase-like) to outer-sphere electron transfer (peroxidase-like).

Experimental Procedures

Instrumentation: All UV-Visible absorption spectra were recorded on an Agilent 8453 diode array 

spectrophotometer in a cuvette of 1 cm path length at room temperature unless otherwise mentioned. Rapid mixing 

Stopped flow kinetics were performed in SFM 4000 spectrophotometer (Halogen-deuterium lamp as light source) 

equipped with a low temperature chamber. The 4K 9-GHz EPR spectra were recorded on a Bruker EleXsys E500 

spectrometer equipped with a standard Bruker ER4102 X-band resonator and a liquid helium cryostat (Oxford 

Instruments, ESR 900). EPR quartz tubes of 4 mm external diameter were used. A JEOL FA200 spectrometer was 

used for the measurements at 77K. 

Materials: All reagents were of the highest grade commercially available and were used without further 

purification. The iron-porphyrins (FeIIIL2(Br), FeIIIL3(Br) and FeIIITPP(Br)) studied here were synthesized 

according to previously reported procedures.59 3-Chloroperoxybenzoicacid (m-CPBA) was purchased from 

Aldrich (77%) and purified by washing with pH 7.40 phosphate buffer and recrystallization from pentane to 

remove 3-chlorobenzoic acid. Purity (>95%) was determined by 1H NMR. Solvents were purchased from 

RANKEM with HPLC grade for spectroscopic purpose. 2,4,6-tritertiary butyl phenol (TBPH), Ferrocene (Fc) 

were also purchased from Sigma-Aldrich. 

Synthesis: 

1a. Mono benzyl substituted monoamino porphyrin (MPh): The synthetic strategy utilized o-aminophenyl-

tris(phenyl)-porphyrin (MAPP) as  starting material.85 To 20 ml solvent mixture of THF-acetonitrile (1:3), 

MAPP (50mg, 0.079mmol) was added. Then, benzaldehyde (30µl, 0.316mmol) and trifluoroacetic acid (28µl, 
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0.371mmol) were added to the solution and turned green.  After 2hr, 5 equivalent of NaBH4 (16mg, 0.417mmol) 

was added to the reaction and was further, stirred for 12 hr. The colour again changed to reddish brown. The 

solvent was removed through rotary evaporator and the compound was extracted with dichloromethane. The 

organic layer was dried with Na2SO4 and the solvent was evaporated to isolate the compound. Then the desired 

compound was eluted with 50% DCM-hexane mixture through column chromatography using neutral alumina and 

purple coloured solid was isolated (Mph, Scheme S2). Yield: (45 mg, 80%); 1H NMR (500 MHz,CDCl3, 25°C): 

δ, ppm = 9.03 (m, 8H), 8.30 (d, 6H), 7.95(d, 1H), 7.83(m, 9H), 7.66(t, 1H), 7.13(m, 7H), 7.05(m, 2H), 4.55(d, 

2H), 3.88(t, NH), -2.62(s, 2H); UV-Vis (CH2Cl2): max=  418nm, 516nm, 551nm, 591nm, 651nm ; ESI-MS 

(positive ion mode in ACN): m/z (%) = 720.29 (100) [MPh]H+

1b. Mono benzyl substituted monoamino iron porphyrin [FeIIIMPh(Br)]: The ligand (50mg, 0.069mmol) was 

dissolved in dry degassed THF and about 18µl of collidine was added to it and stirred for 5minutes. Then FeIIBr2 

(60mg, 0.276mmol) was also added and stirred, overnight. After the completion of the reaction the solvent was 

removed and the reaction mixture was worked up with DCM after treating with dil. HCl to remove excess FeBr2. 

The organic layer was dried over anhydrous Na2SO4 and evaporated using a rotary evaporator. The reddish brown 

colored solid was isolated (FeIIIMPh(Br), Scheme S2). Yield: (51 mg, 95%); Elemental analysis calcd (%) for 

[FeIIIL2]Br (C51H35BrFeN5.C6H14): C 72.85, H 5.26, N 7.45; Found: C 73.46, H 5.34, N 7.89; 1H NMR (500 MHz, 

CDCl3, 25°C): δ, ppm = 79.70 (pyrrolic protons), 12-14 (meta hydrogens of phenyl rings of the porphyrin); UV-

Vis (CH2Cl2): max= 417nm, 510nm, 584nm, 660nm and 696nm. ESI-MS (positive ion mode in ACN): m/z (%) = 

773.23 (100) [FeIIIMPh]. 

2a. UV-Visible absorption kinetics of substrate oxidation: In a cuvette containing 2ml dichloromethane, iron 

porphyrin (8µl, 1mM), m-CPBA (40µl, 50mM) and TBPH (40ul, 100mM) were added result in a final ratio of the 

mixture as Catalyst : m-CPBA : TBPH = 1:250:500. The kinetics were recorded at room temperature and using a 

time interval of 0.5sec. Oxidation of TBPH to 2,4,6-tri tertiary butyl phenoxyl radical (TBP) was monitored using 

the time traces of the characteristic absorption bands at 380nm, 400nm and 635nm. Similar conditions are applied 

for OPD oxidation to the corresponding 2,3-diaminophenazine formation with absorption feature at 450 nm. 

2b. Stopped Flow Kinetics: In order to measure the rapid kinetics for Compound I formation, a cuvette of 1cm 

path length was used. One gastight syringe was filled with the porphyrin compound (50 µM, 3 ml) and the other 

with m-CPBA (200 µM, 5ml) in dichloromethane. Then the solutions were loaded into spectrophotometer and 

triggered by simultaneous injection of each solution according to the required ratio of compound and oxidant. The 

solutions were cooled to -30 °C prior to mixing and maintained in a chilled isopentane bath throughout the reaction. 

The reactions with Ferrocene as a substrate were very rapid at room temperature and thus were performed in the 

stopped-flow set-up immersed in a cold bath (-30 °C). In a typical experiment, three syringes filled with ferrocene 

(2 mM, 3 ml), m-CPBA (1 mM, 5 ml) and iron porphyrin (4 µM, 2 ml), respectively, and volumes of these were 
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injected to achieve a final concentration ratios of 1:250:500 for iron porphyrins:m-CPBA: Ferrocene of the 

mixture. 

2c. Fitting of kinetic data

y = y0 + A0 exp(−kt) 

or, logA0 = kt + log(y-y0)

The above first order monophasic equation was used to fit the kinetics data and thus obtained the first order rate 

constants of initial formation and decay from the slope of linear fit in logA0 vs time trace plot.

2d. TON Calculation: TON for substrate oxidation have been calculated with iron porphyrins (0.2 mol%) and 

oxidant like m-CPBA (Substrate:m-CPBA:catalyst = 1:250:500) from the ratio of oxidized product concentration 

with the initial catalyst concentration. For this purpose, we have determined the product concentration (c) from 

measured absorbance (A) and known molar extinction coefficient ( using the equation A= c*l (where, the path 

length of cuvette l = 1cm). 

For ferrocenium hexafluorophosphate, molar extinction co-efficient ( value from the slope of absorbance vs 

concentration dependence plot (Figure S9) was obtained 350.34 M-1cm-1. The  values 404 M-1cm-1 and 11.1 mM-

1cm-1 for TBPH and OPD, respectively were obtained from an earlier report.80, 86 TON is the number of substrate 

molecules oxidized into product by per mole of catalyst. TOFs have been calculated by dividing TON with the 

time required for maximum product conversion estimated at highest absorbance (Table 2). The TOF thus obtained 

represents an average rate over the entire duration of the reaction and not an initial rate.

3. EPR Spectroscopy and Sample Preparation : The EPR samples for the 4K measurements were prepared by 

manual mixing of 80 μL FeIIIL3 porphyrin complex dissolved in dichloromethane (initial concentration of 1.1 mM) 

with 20 L of m-chloroperbenzoic acid (initial concentration of 50 mM), thus a final molar excess of 10 fold for 

the m-CPBA oxidant. The manual mixing of the complex with the oxidant was done directly in the 4 mm-EPR 

tube, kept in a cold bath of 2-methylTHF/liq N2 (ca. -100°C). The mixing time was 3s, prior to flash freezing the 

sample in liquid nitrogen. It is of note that longer mixing times and/or higher temperatures resulted in a faster 

conversion of the [FeIV=O Por+] to the [FeIV=O] intermediate. 

In the case of samples used for the 77K EPR measurement of the TBP radical,  samples were prepared in an EPR 

quartz tube using 80 l of 2mM TBPH, 10 l of 10mM m-CPBA and 10 l of 44 M FeL2/FeL3, so that the 

concentration ratios of the final resulting sample was 1:250:500 for iron porphyrins: m-CPBA:TBPH. The reaction 

mixture was kept in -80°C bath during 1min before flash freezing in liquid nitrogen. 

4. DFT Calculation: The geometry of all compounds was optimized in gradient corrected BP86 Functional in 

unrestricted formalism using Gaussian 03 version C03. For hydroperoxide models, Fe, N and O atoms were 

optimised using 6-311G(d) basis set and 6-31G(d) for other all atoms. For m-CPBA bound models, the Fe, N and 
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O atoms were optimized using 6-311G(d) basis set  and 6-31G(d) basis set for all other atoms in a Polarizable 

continuum model with dichloromethane.87 The fully optimized structure is confirmed by doing their frequency 

calculation using same basis to ensure no imaginary mode is present for all these compounds. The final energy 

calculations were performed using 6-311+G(d) basis set on all atoms in PCM model using dichloromethane as 

solvent and convergence criterion of 10-10 Hartree.88-90
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