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ABSTRACT 

A major theme across many fields of science is the goal of understanding how 

structure begets function. This dissertation explores such relationships utilizing synthetic 

inorganic and coordination chemistry to interrogate an essential biological phenomenon, 

namely, the four-proton/four-electron reduction of dioxygen to water. Aerobic life relies 

on this seemingly simple reaction, yet, its successful completion requires the efficient 

collaboration of many components. Heme-copper oxidases (HCOs) are the terminal 

electron acceptors along the mitochondrial electron transport chain, which contain the 

heterobinuclear heme-copper active site where O2 binds and is reduced; this reaction is 

importantly coupled to transmembrane proton-pumping and oxidative phosphorylation. 

The model systems explored herein aim to understand in detail, the factors which result in 

O2 reduction to water by drawing structural inspiration from the binuclear active site. 

Although it has never been observed during catalytic turnover in HCOs, a metal-bridging 

peroxide formulation, (heme)FeIII-(O2
2−)-CuII, has been investigated via computations 

(DFT) and, in any case, is an informative starting point from a modeling perspective.  

In the chapters that follow, the rational design and spectroscopic characterization 

of new heme-peroxo-copper constructs is discussed, and the reactivities of these species 

towards H+/e− sources are reported. The results obtained highlight important aspects of 

connecting the structural and electronic properties of the model complex with those of the 

substrates and elucidating how these properties determine mechanistic outcomes. Overall, 

this discussion of synthetic model systems proposes insights into biological O2-reduction. 

Chapter 1 provides an overview of dioxygen chemistry including bioinorganic O2 

reactions, and the current understanding of the enzymatic mechanism of HCOs is reviewed. 
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Synthetic modeling is introduced as a valuable approach for investigating structure-

function relationships, and a brief account of the evolution of heme-Cu models is presented.  

In chapter 2, a novel synthetic approach is reported which broadens the potential 

structural scope of heme-O2-Cu complexes by building upon a “naked” synthon. A new 

pair of species, bearing three or four imidazole donors around copper, are characterized 

and the stage is set for an investigation into their comparative reactivities in chapter 3.  

Chapter 3 details aspects of separate H+ and e− transfer events leading to complete 

reduction to water rather than release of reactive oxygen species (ROS; i.e., H2O2), while 

also demonstrating the importance of H-bonding interactions in O2-activation by a weak 

phenolic acid. 

A mechanistic study based on collaborative efforts in computational and 

experimental methods is reported in chapter 4, substantiating the above results despite 

focusing on an analogous complex reacting with phenol. Implications for HCOs are 

established. 

In chapter 5, the use of catecholic substrates, which can provide up to 2H+/2e−, 

uncovers a mechanistic pKa-dependence. Spectroscopic, kinetic, and DFT analyses dis-

tinguish double proton-electron-transfer or double proton-transfer pathways, and not HAT. 

Finally, chapter 6 presents final conclusions and thoughts, and some future 

directions for heme-O2-copper model complex reactivity studies are briefly outlined. 
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1.1. Dioxygen reduction and PCET: thermodynamics and biological significance 

 The diversity of dioxygen chemistry spans all subcategories of chemistry and is the 

cornerstone of aerobic life. The high oxidizing power stored in the O=O double bond 

requires redox “activation” in order to be accessed and utilized (i.e., for chemical 

transformations), as molecular oxygen is readily abundant, yet kinetically inert. Complete 

reduction of dioxygen to water requires 4 protons and 4 electrons (O2 + 4 H+ + 4 e–  2 

H2O), and an electrochemical understanding of these stepwise proton and/or electron 

transfers is well characterized in aqueous media (see Figure 1.1).1,2  

 

 

Figure 1.1. Top: Stepwise reduction of dioxygen. Reduction potentials are given in volts 
vs. NHE at 25 °C, 1 bar, pH = 7. Bottom plots: Frost diagrams depicting the free energy 
(nE) of the ROS intermediates during stepwise O2 reduction to water at (a) pH 0 and (b) 
pH 7. Adapted from: J. J. Warren, T. A. Tronic and J. M. Mayer, Chem Rev, 2010. 
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This oxygen reduction reaction (ORR) is extremely important in biology for 

cellular respiration and oxidative phosphorylation, but it is also the cathodic reaction in 

sustainable fuel cells, and therefore, of interest for industrial applications.3–7 Incomplete 

reduction of O2 results in generation of (partially-reduced) reactive oxygen species, 

(P)ROS, which can be toxic or destructive in certain biological systems, and manifest in 

decreased efficiencies for fuel cells. Therefore, researchers have focused on developing 

systems to control the reactivity of dioxygen in order to better understand the favorable 

conditions which lead to complete, selective O2-reduction to water. Since stepwise 

reduction in this manner involves consecutive proton-coupled electron transfer (PCET) 

reactions (see Figure 1.1), a detailed understanding of the mechanism in natural systems 

as well as synthetic model systems is desirable (i.e. how protons and electrons move, 

together or sequentially, and their relative rates and affinities).8–12 In heme-copper oxidases 

(HCOs), a diverse superfamily of integral membrane proteins which use a binuclear center 

(BNC) to activate and reduce dioxygen to water, another layer of complexity stems from 

the coupling of the proton and electron movements associated with O2-reduction to 

additional transmembrane proton translocations (vide infra). 

 

1.1.1  Dioxygen activation and reduction in biology by metalloenzymes     

Partial and complete reduction of dioxygen is carried out in biological systems by 

a variety of metalloenzymes in which redox-active transition metal ions (including iron, 

copper, and manganese) adopt diverse ligand coordination environments and, at times, 

cooperate with redox-active amino acid residues, allowing them to activate O2. Despite the 

aqueous chemistry of dioxygen reduction being quite well characterized, what is known 
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about (i) how dioxygen interacts with metals, or (ii) how the protonation and/or redox 

chemistry of dioxygen is effected when bound in different ways to various metal ions, is 

very limited. Relevant to the subject of this dissertation, that is to say, the thermodynamic 

reduction potential of an O2-derived fragment bound to a single metal ion or a bimetallic 

center, is certainly different from that of the free O2-derived fragment in water. Likewise, 

the basicity or proton affinity of a peroxide group bound to positively charged metal ions 

undoubtedly varies from the aqueous analog, and such factors substantially affect the 

conditions under which O-O reductive cleavage occurs, to eventually yield water. This is 

evidenced by the large structural variety of known metal-oxy adducts and other protein 

interactions which give rise to unique functionalities among metalloenzymes (Figure 1.2).  
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Figure 1.2. Heme, copper, and heme/Cu enzymes involved in chemistry with dioxygen. 
a Catechol oxidase catalyzes 4e– reduction of dioxygen to two moles of water while 
oxidizing 2 moles of catechol substrate to 2 moles of quinone.   
b The stoichiometry of monooxygenases (Cu-only and heme-only examples) reflects 
2H+/2e– reduction of dioxygen to give one water molecule and incorporation of one O-
atom into a substrate (X-H  X-OH). 
cThe newly discovered formylglycine-generating enzyme (FGE) is a monooxygenase 
which utilizes a mononuclear Cu site to oxidize cysteine to formylglycine and reduce O2 
to form H2O and H2S. 

 

The model systems which are the focus of this dissertation are inspired by a class 

of enzymes which uses a heme-Cu binuclear center (BNC) to effect O2-reduction, although 

both heme-only and Cu-only enzymes are known to be active in O2-chemistry (Figure 1.2 

and Figure 1.3).13–17 A comprehensive understanding of heme-copper oxidase (HCO) 

biochemistry therefore benefits from, and builds upon, the parallel O2-reduction 

chemistries of heme-only and Cu-only systems (Figure 1.3). For example, cytochrome 

P450s are a widely studied class of monoxygenases which contain a heme in their active 

O2               O2                 H2O2                                  2 H2O
H2O
OH

Heme-Cu Oxidases (HCOs)

Cytochrome P450s

Peroxidases

Mononuclear Oxidases
Substrate 

Oxidation / 
Oxygenation

Superoxide Dismutases (SODs)

Multicopper Oxidases (MCOs) Copper Examples:
MCOs: Laccase, Ascorbate 

Oxidase, Fet3, Ceruloplasmin, 
Catechol Oxidasea

MOsb: PHM, DM, LPMO, pMMO, 
Tyrosinase, FGEc

Cu/Zn SOD, Cu SOD
Amine Oxidase, Galactose Oxidase

Heme/Cu Examples:
Cyt c Oxidase, Quinol Oxidase

Heme Oxygenase

Catalase

Heme Examples:
Cyt c Peroxidase, 

Horseradish Peroxidase
Catalase

Heme Oxygenaseb

Cyt P450sb

Heme / 
Substrate 

Oxygenation

Monooxygenases  
              (MOs)



6 
 

site, and catalyze two-electron reduction of O2 via a high-valent (P+•)FeIV=O, coupled to 

substrate oxygenation (oxygen atom incorporation, formally) (Figure 1.2, Figure 1.3A). 

Multicopper oxidases can also catalyze 4-electron reduction of O2 (in some cases, also with 

substrate oxygenation) by utilizing proximal Cu ions and an array of terminal and bridging 

[Cu]n-O2 (n = 1, 2) adducts (Figure 1.2, Figure 1.3B). Many other heme- or copper-

containing enzymes are involved in the chemistry of partial O2-reduction or ROS 

regulation (Figure 1.2), however, perhaps the best examples we have from biology to study 

the complete O2-reduction reaction are HCOs (Figure 1.3C). Nature has evolved an 

electron transport chain in aerobic organisms (both prokaryotic and eukaryotic) in which 

multiple systems, including the terminal HCOs, work synchronously to efficiently reduce 

dioxygen while harnessing its thermodynamic potential energy as chemical energy to drive 

transmembrane proton pumping.18 Indeed, extensive research efforts over many decades 

have elucidated a great deal of the biochemistry and bioenergetics of HCOs. However, 

direct studies of heme-copper-oxidases are extremely complicated especially with respect 

to the inorganic cofactors, as they are large proteins which are embedded in a membrane 

and contain multiple spectroscopically-active moieties. HCOs are therefore attractive 

targets for model chemistry, and detailed fundamental insights can be gained from 

systematic studies of heme- and Cu-containing models as described below, Section 1.3. 
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Figure 1.3. (A) Heme-only chemistry with O2, and (B) mononuclear and dinuclear, copper-
only chemistry with O2, and (C) O–O reductive cleavage chemistry by heme-copper 
oxidases, coupled to transmembrane pumping of 4 protons per mole of O2 reduced. 
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1.2  Heme-copper active sites for efficient, selective O2-reduction 

 An estimated 2.4 billion years ago, the so called “Great Oxidation Event”, which is 

believed to be linked to the activity of photosynthetic cyanobacteria, raised atmospheric O2 

levels over 4 orders of magnitude (to ~10% of current levels) and drastically shifted the 

evolutionary course for life on earth.19–21 To harness the high oxidizing power of dioxygen, 

nature has developed metalloproteins for aerobic respiration, completing the oxygen cycle 

and securing the value of O2 in biology.22 Selective and complete reduction of O2 to water 

by mitochondria and aerobic bacteria is accomplished by HCOs. These metalloenzymes 

have deservedly garnered extensive research efforts, as a detailed understanding of the 

HCO oxygen reduction reaction gives vital fundamental biochemical insights. Insufficient 

oxidase activity has been linked to neurodegenerative diseases23–26 including 

Alzheimer’s,27–29 and Leigh syndrome,30 as well as general oxidative stress and aging.31–34 

A detailed understanding of the HCO reaction mechanism utilizing heme and copper based 

catalysis also has practical industrial potential, (i.e., in fuel cell development), where the 

cathodic ORR normally requires a precious platinum catalyst.4,7 

 

1.2.1  Characteristics of the HCO superfamily and discussion of important redox 

cofactors 

 Heme-copper oxidases (oxygen reductases) comprise a large superfamily of 

integral membrane proteins (Figure 1.4A) with diversity in heme-type (Figure 1.4C), 

electron donor, and number of subunits, and they exist in eukaryotic mitochondria and 

some bacteria.35–38 As their name suggests, HCOs use a heterobinuclear active site 

containing a heme and copper cofactor, to activate and reduce dioxygen. Structural and 
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functional similarities to nitric oxide reductases (NORs) suggest that the two families share 

a common ancestor,39,40 yet oxygen reductases contain key features which make them 

unique, including the catalytically active Tyr residue at the BNC, and transmembrane 

proton pumping channels.  

 

 

Figure 1.4. (A) Crystal structure of bovine heart CcO at 1.6 Å resolution (PDB ID: 5B1B), 
(B) redox cofactors and H+/e– pathways via the heme-Cu active site, (C) heme types found 
in HCOs, (D) redox cofactors in quinol oxidase catalyzed O2-reduction and the distinct 
proton pumping mechanism from CcOs. Adapted from (B) Belevich, I. et al. Proc. Nat. 
Acad. Sci., 2010, 107, 18469-18474; (C) Kim, E. et al. Chem. Rev., 2004, 104, 1077-1133; 
and (D) Abramson, J. et al. Nat. Struct. Bio., 2000, 7, 910-917. 
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As the terminal electron acceptors in the mitochondrial respiratory electron 

transport chain (“Complex IV”), HCOs catalyze O2-reduction to water, following the 

equation: O2 + 8H+
in + 4e–  2H2O + 4H+

out. The proton subscripts in this equation denote 

the redox-coupled protons pumping (4 protons per turnover) via a Grotthuss-type 

mechanism41 across the inner mitochondrial membrane which contributes to the 

electrochemical proton gradient utilized by ATP synthase for generating the cellular energy 

carrier, ATP, from ADP and inorganic phosphate.42,43  The electrons can be funneled 

sequentially to the BNC from either a cytochrome c electron transfer hemeprotein via the 

mixed-valent, fully delocalized, formally di-Cu1.5 site (CuA) in subunit II (which gets 

reduced to a CuI···CuI state), as in cytochrome c oxidases (CcOs) (Figure 1.4B), or from 

a ubiquinol substrate embedded in the protein subunit I, as in quinol oxidases (QOs).44 In 

the case of QOs, the two ubiquinol protons freed by the double PCET reaction, which 

converts ubiquonol to ubiquinone, are pumped to the P-side of the membrane, while the 

electrons are shuttled toward the BNC (Figure 1.4D).45 In both subcategories of HCOs, 

electrons then travel to a low-spin six-coordinate heme a which is axially tethered to the 

high-spin heme a3 iron of the BNC where dioxygen binds as the sixth ligand.  
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Figure 1.5. Active site of fully reduced FeIII···CuII bovine heart CcO (PDB ID: 5B1B). 
Adapted from Quist, D. et al. J. Biol. Inorg. Chem., 2017, 22, 253-288. 

 

 

The copper ion (CuB site of the BNC) sits 5.1 Å from the heme a3 iron, when the 

enzyme is in the fully reduced state (PDB: 5B1B, Figure 1.5),46 and is ligated by three 

histidine residues, one of which is crosslinked to a Tyr. Unless otherwise noted, the amino 

acid numbering scheme used in this dissertation corresponds to the Bos taurus (bovine 

heart) cytochrome c oxidase (see Figure 1.5), as it is the most widely studied in the family.    

 

1.2.2  The unique histidine-tyrosine crosslink 

A highly conserved BNC post-translational modification consists of a covalent 

crosslink between one of the CuB-His ligands and a Tyr (His-Nε – Tyr-Cε2, see Figure 1.5, 

Scheme 1.1), and this cofactor has long been known to be necessary for maintaining 

oxidase function.47–52 The covalent C-N linkage is estimated to decrease the pKa of the 

tyrosine-OH by ≥ 1.1 pKa units, and increase the redox potential by approximately 66 mV, 

based on model studies,53–56 consistent with its proposed involvement as a proton and 
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electron donor during O2-reduction. From another perspective, the crosslink also effects 

the electron donating ability of the histidine as a ligand for CuB, which undoubtedly 

fluctuates throughout turnover due to the participation of Tyr-OH in the reaction.47 

Organization of a hydrogen-bonding network consisting of one or more water molecules 

linking the Tyr-OH and the bound O2 moiety (either the superoxide and/or proposed 

peroxide forms) could aid in shuttling the proton(s) necessary for O–O cleavage.57–60 

Additionally, X-ray crystallographic data has shown that the active-site Tyr residue 

hydrogen-bonds to one of the heme farnesyl chains possibly linking its role to proton 

gating.61,62 The biogenesis of this unique cofactor is not well understood although 

mechanisms have been proposed, both where the crosslink is formed during the first 

catalytic turnover (presumably following formation of the TyrO• radical), or via some other 

anaerobic pathway.51,63–65 

 

1.2.3.  Catalytic O2-reduction mechanism: O-O bond reductive cleavage (oxidative 

phase) 

 “…[CcO’s] behavior reflects a mechanism in which 
conditions that allow efficient dioxygen bond cleavage are 
not inherent to the active site but are only established as the 
reaction proceeds. This catalytic strategy provides an 
effective means by which to couple the free energy available 
in late intermediates in the reduction reaction to the proton-
pumping function of the enzyme.” – Varotsis, C.; Zhang, Y.; 
Appelman, E. H.; Babcock, G. T. Proc. Natl. Acad. Sci., 
1993, 90, 237-241.66 

 

In coupling the O2-reduction and proton-pumping functions of CcO, intricate 

mechanisms of cooperative allostery exist so as to (i) prevent release of partially-reduced 
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reactive oxygen species (PROS), (ii) allow gating of water and proton-pumping channels 

while preventing back-leakage of these species, and of course, (iii) energetically couple the 

redox chemistry to these events.67 Many of the details of these interrelated steps are not yet 

entirely understood, and will require studies on the complete enzyme and its mutants. 

However, the mechanism of O2-reduction by the binuclear center of CcO (which has 

recently been reviewed at length)18 has seen immense contributions from heme-copper 

model systems (which are the focus of this dissertation) towards the fundamental 

understanding of this important reaction and the tightly regulated transfer of protons and/or 

electrons in directing efficient (bio)catalysis in general.*

Although certain details are still debated (especially with the recent rise in 

computational capabilities), spectroscopic studies of reactivity paired with X-ray 

crystallographic structural data, together over the last few decades, have culminated in the 

currently accepted mechanism shown in Scheme 1.1.  

 

 

 

 

 

 

 

 

 

 

 

 

                                                           
* The following are valuable recent reviews and perspectives [9,17,18,71] 
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Scheme 1.1. Catalytic mechanism of O2-reduction by HCOs. Reduction potential values  
shown as a range of values obtained using various methods or conditions.68–71 Heme-a3 
peripheral R group = 15-C farnesyl group, see Figure 1.4C. 
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Coupling of time-resolved infrared, resonance Raman, and X-ray techniques 

following flash photolysis of heme-CO-bound CcO,72  have recently confirmed a long-

standing proposal that O2 first transiently binds to CuB; a phenomenon which induces 

conformational changes on the distal side of heme-a3 related to gating of the water channel 

and increasing the O2-affinity of heme-a3.72,73 Nevertheless, it is typically considered that 

introduction of dioxygen to the fully reduced state of the enzyme, R, {Fea3
2+/CuB

+; Fea
2+; 

CuA
+}, begins the oxidative phase of the catalytic cycle with the formation of the A/Oxy 

species, ν(Fe–O) = 571 cm–1 (Δ(18O2) = –27 cm–1) (Scheme 1.1),74 which is 

spectroscopically similar to the O2-adducts, oxy-hemoglobin and oxy-myoglobin, (bent, 

“end-on” ferrous-oxy (FeII-O2), or ferric-superoxo (FeIII-O2
–)), although definitive proof 

that this species is not a peroxide level intermediate (IP) does not exist since an O–O 

stretching vibration has not been detected. Rapid cleavage of the O–O bond has so-far 

prevented spectroscopic isolation or characterization of a bridging (hydro)peroxide species 

(i.e., the proposed IP, see Scheme 1.1, and section 1.2.5) although the Fea3 and CuB lie in 

close enough proximity to allow for such a formulation, and indeed it is a chemically 

plausible intermediate to precede O-O cleavage. Furthermore, the presence of an additional 

proton in the active site is calculated to decrease the overall energetic barrier for O–O 

cleavage,58,75 and protonation of a nearby Mg-water cluster believed to function as a proton 

loading site increases the redox potential of the active site.76 The decay of the A species 

reveals a measurable deuterium kinetic isotope effect (KIE) of kH/kD = 1.8 ± 0.2 for the 

Rhodobacter sphaeroides bacterial enzyme77 or kH/kD = 1.9 ± 0.4 for bovine heart CcO, 

when the enzyme was studied in H2O or D2O media, respectively.78 
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The next observable state by rR (still termed “P” as it was originally believed to be 

a peroxo species, though it was eventually ruled out by mixed isotope 16O18O 

experiments)79 is the O–O cleaved ferryl-oxo, ν(Fe–O) = 804 cm–1 (Δ(18O) = –40 cm–1) 

with an optical absorption band observed at 607 nm, which is analogous to the so-called 

Compound II species (FeIV=O2–) characterized in many hemoproteins. Notably, a P 

intermediate, which additionally contains a CuB
II-OH species, can also be generated during 

reduction of O2 by the mixed-valent CcO, where only the BNC metals begin in the reduced 

state, or by reaction of H2O2 with the fully-oxidized CcO (both result in the BNC structure, 

PM in Scheme 1.1).80–82 Dioxygen reduction by the fully-reduced CcO where extra 

reducing equivalents are available, as compared to the mixed valent enzyme, has opened 

discussion as to whether a more reduced P state (PR, in which the neutral Tyr radical in PM 

has undergone one electron reduction from heme a to yield tyrosinate, TyrO–, see Scheme 

1.1) may also exist, however it is likely that the energy necessary for this electron transfer 

may instead manifest in protein structural changes possibly related to proton movements 

(vide infra).77,83 

The involvement of Tyr244 in the catalytic cycle has been postulated since the first 

CcO crystal structure was solved, however support for its role as an electron-donor came 

later from radioactive iodide labelling/peptide mapping,52 time resolved spectroscopic 

methods,53 and most recently by freeze-quench X-band and D-band EPR spectroscopy on 

PM generated with excess H2O2 (gx = 2.0059, gy = 2.0051, gz = 2.0017), confirming the Tyr 

radical character.84 A conserved tryptophan residue (Trp236) which pi-stacks with one of 

the CuB histidine ligands was shown to be necessary for oxidase function as well, therefore 

originally it was considered as a potential donor for the fourth electron, however the 
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substantial evidence supporting the Tyr244 radical suggests that this Trp is instead 

involved in a radical-transfer process related to the O2-reduction chemistry which is not yet 

fully understood.83,85 The redox activity and protonation/deprotonation of other highly 

conserved tyrosine (129, 280) and tryptophan (272) residues in CcO during catalytic 

turnover has been shown to be involved in regulating proton translocation functionality or 

as electron relay sites.81,84,86–88 The timing of electron transfers to cleave the O–O bond is 

important to prevent release of ROS. A “Compound I”-type intermediate, (P+•)FeIV=O, like 

that which is known to form in heme peroxidases, catalases, and CytP450s, has also been 

considered as a possible intermediate in HCO chemistry, as the porphyrin is a local cofactor 

(besides the Tyr and Trp residues) that could provide the fourth necessary electron. The 

highly reactive and transiently lived Cmpd I intermediate would precede PM (Scheme 1.1) 

and has been detected by EPR and rR in the reactions of CcO with H2O2 and considered 

computationally.80,81,89–91 It has been ruled out in the reaction of CcO with dioxygen based 

on vibrational data and recent calculations which state that it is energetically less favorable 

to oxidize the porphyrin than nearby residues, specifically Tyr244.75,79,84,88,92  

 

1.2.4.  Catalytic O2-reduction mechanism: reductive phase and proton-pumping 

function  

The analysis above shows that all four reducing equivalents required for O2-

reduction are provided by the redox active cofactors in the BNC (one from copper (CuB
I to 

CuB
II), two from iron (Fea3

II to Fea3
IV), and one from tyrosine-244 (TyrOH to TyrO•)). 

However, regeneration of the reduced state of the enzyme is of interest as well because 

those proton and/or electron transfer events are importantly coupled to the structurally 
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complex proton-pumping function of CcO.78,93,94 Both resonance Raman spectroscopy and 

site-directed mutagenesis along the proton pumping channels have been integral in 

elucidating how O2-reduction drives, or is coupled to, proton translocation, however the 

relationship between these processes still requires further investigations. 

Following formation of the P intermediate, electron transfer from heme a results in 

a new (still ferryl-oxo) species with λmax = 580 nm and ν(Fe–O) = 785 cm–1 (Δ(18O) = –35 

cm–1), assignable to the F state (Scheme 1.1).95 In the time-resolved resonance Raman data, 

the features associated with F overlap significantly with those of the P intermediate, 

suggesting that the electrons from CuA/heme a preferably go towards a proton-coupled 

reduction of PM to F rather than only an electron transfer, PM to PR.83 It has been 

unequivocally shown that this PM to F transition is coupled to proton uptake from the D-

channel and proton pumping across the membrane based on mutation studies, and 

moreover, that the proton uptake occurring in this step drives electron transfer from the 

CuA site to heme a (and not vice versa), with additional support from studies on a quinol 

oxidase.93,96 Finally, FTIR experiments indicate that Tyr is deprotonated in F, so it is 

expected that the proton taken up transfers to the CuB-OH moiety giving the F structure 

shown in Scheme 1.1 with a CuB-OH2/TyrO–.97 Additional H+/e– transfer to the BNC 

results in formation of the O (“fully oxidized”) intermediate, (and additional proton 

translocation) which has a resonance Raman band at ν(Fe–O) = 450 cm–1 (Δ(18O) = –25 

cm–1), and, with support from H2O/D2O exchange studies, has been assigned to an Fea3
III–

OH.92 The rR feature of this species is significantly lower than that of an analogous state 

in other hemeproteins, which leads to a formal assignment of the O intermediate as a high-

spin and strongly hydrogen-bonded ferric-hydroxy species, possibly present along with a 
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three-coordinate CuB site (Scheme 2, O). This formulation may account for the reduction 

potential of CuB being high enough in this state to drive proton pumping (CuII prefers to be 

four-coordinate, whereas CuI prefers to be three-coordinate).49,62,98,99  The F and O states 

as well as the F to O transition have been a recent focus for extensive biophysical and 

computational analysis in which the role of water molecules and CuB redox potential are 

hotly debated; comprehensive spectroscopic and structural data has not yet elucidated 

mechanistic details.62,68,98,100–102 Two additional unresolved proton-coupled electron-

transfers regenerate the TyrOH (forming the EH state) and finally the reduced state of the 

enzyme once again, completing the catalytic cycle and releasing the two water molecules 

as well as pumping two additional protons (Scheme 1.1).103 

The HCO proton-pumping function is coupled to the O2-reduction chemistry, but 

is, itself, an area which deserves attention due to the importance of the consequently-

formed, transmembrane electrochemical gradient which drives ATP synthesis. Subunit I, 

which houses the important redox cofactors, also contains two proton-pumping channels 

lined with polar residues.17 The so named, K- and D-channels, are responsible for 

supplying chemical protons to the BNC, and transporting both chemical and pump protons, 

respectively, as concluded from extensive mutational studies and recently molecular 

dynamics simulations.67,104–107 Protons are shuttled (from the opposite side of the 

membrane as electrons) to the BNC in a controlled fashion which does not allow back-

leakage, but does make use of loading sites (“LS” in Figure 1.6) such as a conserved 

glutamic acid (E242, Figure 1.6) residue near the edge of heme a, and a Mg-water cluster 

adjacent to heme-a3, both of which cause and/or are responsive to redox changes related to 

the chemistry of the BNC. Reduced vs. oxidized metal centers induce conformational 
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changes, and increased introduction of positive charges at the loading sites increases the 

electron affinity of the BNC.17,46,76,108,109 Uptake of protons to the BNC is necessary for O–

O scission, however all four protons pumped per catalytic turnover are proposed to be 

translocated into the intermembrane space after the O–O bond cleavage event, utilizing the 

energy released in these steps. Coupling to the O2-reduction mechanism implies 

participation of active site moieties in either gating of the pumping pathways or causing 

structural (allosteric) changes in the protein. Indeed, it has been suggested by time resolved 

IR data, that the initial binding of O2 to CuB initiates proton collection and results in a 

conformational change which increases the O2-affinity of heme-a3. The subsequent binding 

of O2 to the heme creates a bulge at Serine-382, closing the proton uptake channel to 

prevent back-leakage.57,73,110 Finally, the H-bond that exists between the crosslinked 

Tyr244 and heme-a3 farnesyl group, acts as a gate for the K-channel, with the O(H)···O(H) 

distance ranging between 2.6 and 4.1 Å depending on the oxidation state of the BNC.111  

 

 

Figure 1.6. Proton pumping channels (K and D) in bovine CcO with key residues labeled 
and the location of the Mg·H2O cluster loading site noted. From reference, Ishigami, I. et 
al. Biochim. Biophys. Acta -Bioenerg., 2015, 1847, 98-108. 
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1.2.5.  A potential metal-bridging peroxo intermediate and importance of H-bonding  

A putative (hydro)peroxide species in the catalytic cycle prior to O–O reductive 

cleavage has never been observed spectroscopically during turnover, although chemical 

intuition invokes a formal peroxide on the reduction pathway from dioxygen to water, and 

such species are known to exist in other hemeproteins (such as cyt P450s), muti-copper 

oxidases, and model systems where these intermediates immediately precede O–O 

reductive cleavage. In fact, the Fea3 and CuB ions in HCOs lie in close enough proximity 

to support a bridging diatomic ligand, and several, including a peroxide (O2
2–) have been 

isolated in multiple CcO crystal structures (PDB IDs: 2ZXW, 5B1A (O2
2–); 3AG1, 3AG2 

(CO); 3AG3 (NO); 3AG4 (CN–)).46,110,112 The fact that the (O2
2–)-bridged structures, 

specifically, are stable enough to be crystallized perhaps contradicts the proposal that such 

a structure is a catalytically active intermediate,17 or suggests that such a formation may 

uncouple the O2-reduction and proton-pumping functions,112,113 nonetheless, a (bridging) 

peroxide intermediate has been implicated by recent, rigorous computational studies. 

Active site DFT calculations have resulted in a resounding consensus that if a (bridging) 

peroxo intermediate or transition state does exist before the P state, an additional proton is 

required in order for O–O cleavage to occur.109,114 While evidence of a neutral Tyr radical 

in the P state suggests that both a proton and electron come from the crosslinked tyrosine, 

several prominent computational groups have concluded that a proton and electron moving 

together from the Tyr residue results in an energetic barrier approximately 10 kcal/mol too 

high as compared to the barrier determined experimentally using transition state theory.58 

Calculations implementing an additional proton on the other hand, are in good energetic 

agreement with experiment,58,115 however the source of the additional proton has not been 
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concretely determined. It is known that no net proton uptake from inside the mitochondrial 

membrane (i.e., charge gradient generation) occurs during this step (A to P),77,109,116 so it 

has been widely suggested that the intial proton necessary for O–O cleavage comes from a 

water or the heme farnesyl OH-group (via a constructed H-bonding network which 

involves Tyr244).57,114,115,117 Further, it has been shown in calculations on the enzyme as 

well as model systems that it is more energetically favorable for the proton to be transferred 

to the O atom furthest from Fea3, generating a putative FeIII–OOH…CuII adduct just prior 

to O–O cleavage.75,114,118,119 In terms of electronics, a bridging peroxide avoids buildup of 

a large overpotential, and it could allow for ferromagnetic coupling between the Fea3 and 

CuB centers so that electron transfer from the Tyr would not necessitate spin-surface 

crossing for the reductive bond rupture.120,121 Since no methods have yet allowed 

researchers to observe the O–O cleavage event which occurs between the A and P states, 

synthetic heme-peroxo-copper model complexes remain to be invaluable tools to probe 

questions relevant to the mechanism of O2-reduction by HCOs. Certainly, as with enzyme 

studies, a balance between computations and experiments with model systems is critical. 

 

1.3  The synthetic modeling approach to understanding HCO activity 

Scientific modeling can be viewed as a chemist’s solution to a biologist’s problem. 

Certain questions regarding catalytic mechanisms and fundamental active site structure-

function relationships within systems such as HCOs, can likely best be, or perhaps only be, 

answered via synthetic model chemistry.122 Indeed, large-scale cooperative effects such as 

allostery and conducting channels (for moving protons, electrons, water, substrates, etc., 

over relatively long distances) have important roles in multifunctional enzymes such as 
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HCOs, however, when considering the transfer of understanding to designing functional 

catalytic systems for industrial purposes such as fuel cells, one must identify the specific 

factors and conditions which lead to selective and efficient O–O bond cleavage by the local 

environment of the BNC. Relevant and critical aspects include knowledge of (i) O2-binding 

modes for O2 and its reduced derivatives (e.g., superoxo, peroxo or oxo), (ii) protonation 

states of different intermediate species, and (iii) the timing and ordering of electron-transfer 

and proton-transfer events. These details can be probed systematically using active site 

models of varying complexity, and indeed the evolution of HCO model compounds has 

shown that there are advantages of studying both simple and elaborate systems including 

small, redesigned proteins.123–125 The development of appropriate model compounds 

allows the chemist to focus on one or more of these fundamental chemical questions. 

Rather than attempting to replicate the complex protein structure and reactivity, the goal in 

utilizing this method is to systematically manipulate the physical or electronic structures 

of synthetic heme-copper adducts to probe how these properties affect their reactivity 

toward O2. In this way, it is possible to gain insight about structure-function relationships 

or possible intermediates that could potentially clarify the reaction mechanism.  

The concept of bio-mimetic chemistry for the purpose of studying HCOs has been 

utilized for many years and has taken on several forms (a small sampling of which is shown 

in Figure 1.7), each with its own advantages and disadvantages. At first, a very literal and 

synthetically complex approach was taken in modeling the heme a3 – CuB active site, (aptly 

termed “picket-fence” porphyrins) in which the Cu ion sits in a ligand environment rigidly 

tethered to the heme (as in Figure 1.7A). Collman et al. observed an imidazole-ligated 

FeIII-superoxide adduct only, rather than a bridging peroxo (rR evidence), and interestingly, 
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they observed O2 dissociation under inert atmosphere of just the heme picket-fence (with 

no Cu), suggesting that the nearby copper ion enhances dioxygen binding to iron;126 a 

proposal which has more recently been echoed by others.127,128 Slightly more flexible 

heterobinucleating ligand systems were soon developed with a single tether to a copper 

ligation site or heme axial ligand. Karlin et al. have studied two systems where the heme 

is covalently tethered to a TMPA-like Cu ligation site (TMPA = tris(2-

pyridylmethy1)amine) through either the 5- or 6-position of one of the pyridyl arms 

(Figure 1.7B) and have observed distinct reactivity toward O2 indicating that even minor 

ligand changes can influence the properties of the Fe-O2-Cu complexes.129 The Karlin 

research group continues to utilize hemes possessing pyridine or imidazole  tails (Figure 

1.7C) to study the effects of the (solvent-dependent) iron spin state on O2 binding and 

heme-O2-copper formation.130 In 2003, Naruta et al. were able to characterize a tethered 

heme-copper complex with a bridging peroxide by X-ray crystallography (Figure 1.7D),131 

in which they found that the peroxo was bound asymmetrically in a μ-η2:η1 mode, which is 

supported by their rR results (v(O-O) = 790 cm–1; Δ(18O2) = –44 cm–1).  

 

 
Figure 1.7. Literature sampling of HCO model complexes showing their structural 
evolution and diversity. From references: A,132 B,129 C,130 D,131 E121 
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Finally, self-assembled systems, which are the most flexible and least synthetically-

demanding models (Figure 1.7E), are generated by low-temperature combination of FeII-

heme, O2 and a (L)CuI salt where L is a tri- or tetradentate ligand. A new synthetic method 

for generating these species is described in Chapter 2, and the LS-AN species depicted will 

be the focus of Chapter 4, however, there have been numerous ligand systems applied by 

this method to study the geometric effects (ligand denticity (N3-AN, Figure 1.7E,121 vs. 

N4-TMPA133) and electronic effects (amine vs. pyridyl vs. imidazolyl donation) on the 

reactivity of the complexes toward proton or electron sources.134 In addition to giving the 

chemist control over the immediate geometry and electronic properties surrounding the 

metal sites, HCO model compounds can be used to probe the effects of different proximal 

organic residues, relevant to the biological active site, on the complex’s reactivity. 

Collman’s research group as well as several others have developed coordination 

environments in which they can model the His-Tyr crosslink (see Figure 1.7A) to 

determine if, or how, it may be involved in the catalytic reduction mechanism. Remarkably, 

the complex shown achieves O-O bond cleavage after binding to Fe as a superoxide and 

subsequently reacting intramolecularly with the Tyr244 mimic–OH yielding a PM-type 

product: FeIV=O, CuII-OH or CuII-OH2, and phenoxyl radical as evidenced by EPR.132 

Insights gained from heme-only and Cu-only model complexes importantly guide 

the design of heme-and-copper-containing models such that modifications to heme or 

copper ion environments in these systems can be comprehensively understood in relation 

to O2-activation and reduction by the BNC.64 Additionally, synthetic inorganic models 

allow access and detailed study of inferred, yet unobserved, reactive intermediates and give 

researchers control over substrate addition and properties (pKa (H+) and E0 (e–)). Often, 
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models take advantage of conditions which some would consider to be irrelevant for 

enzyme functional mimicry (such as the use of organic solvents, low temperatures, or 

unnatural pH),135 in order to eliminate side reactions, solubilize metal-ligand complexes, 

stabilize reactive intermediates, and/or control H-bonding interactions. Recent advances in 

theoretical techniques and their application have led to extremely valuable contributions 

which supplement scientific modeling in general, and relate experimental results obtained 

in model systems back to the understanding of HCOs. Overall, the rigorous (physical and 

electronic) structural characterization of HCO models, their reactivities with O2, and 

parallel theoretical investigations, have provided significant insight into structure-function 

relationships related to O2-activation and reduction chemistry by HCOs. Yet it is the 

collaboration between enzyme studies, and these synthetic models and computations, 

which expands our understanding and inspires design of new systems.  

One overarching goal of scientific enzyme modelling is to incorporate one or more 

specific active site attributes into a synthetic construct so as to maintain the ability to 

systematically modify and measure certain aspects of interest in order to determine 

structure-function relationships (Chapters 2 and 3). Incorporation of aspects such as Cu-

ligand denticity, donor type or strength, and sterically influential or H-bonding features in 

turn impact factors such as metal ion coordination geometry and O2-binding mode, CuII/I 

redox potential, and overall O2-activation/reduction reactivity.136–138 However, the 

(L)Cu(I) reagent complexes employed are often extremely unstable and/or O2-sensitive, 

unjustifiably complicating their use. While it is certainly a challenge to balance mimicry 

and manipulability, recently a new strategy has been devised, which both simplifies 

synthesis and expands the (Cu-environment) scope of heme-peroxo-copper model 
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complexes; this is both a basis for this dissertation and a concept to be utilized in proposed 

future studies (Chapters 2 and 6). Indeed, the story represented in this dissertation is an 

instance of empirical findings (Chapter 3) inspiring theoretical investigations (Chapter 4) 

which in turn, support results and advise new methods (Chapter 5, 6, and more future work 

from the Karlin and Solomon laboratories).  
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2.1 Introduction 

The interactions of transition metal ions with molecular oxygen (O2; dioxygen) and 

its reduced derivatives, superoxide (O2
•–), peroxide (O2

2–) or hydroperoxide (–OOH), and 

hydroxyl-radical (•OH) play a critical role in oxidative processes.1 For practical applica-

tions in the selective, efficient oxidation of organics, or for fuel cell applications critical to 

future energy concerns where O2 may be electrocatalytically reduced to H2O2 or water, first 

row transition metals such as Fe, Mn or Cu are of great importance, having suitable redox 

behavior and low cost due to their earth abundance.2–4 Iron and copper are also utilized in 

biological O2-activation, when metal-O2 interactions lead to biological substrate oxidation 

(loss of H+, e–) or oxygenation (O-atom insertion). Reduced metals or other e– sources 

promote formation of metal-bound reduced O2 derivatives, which are proposed to be 

formed in Cu oxidase or heme peroxidase chemistries.5 Interest in studying such species is 

part of a goal to elucidate the underlying chemistry occurring at the active-site of heme-

copper oxidases (HCOs), wherein a Cu center with a proximal heme effects 4e–/4H+ O2-

reduction to H2O (Figure 2.1, middle).6 Synthetic bio-inspired complexes allow for prob-

ing the details of O2-binding and O–O reductive cleavage as a function of heme-Cu prox-

imity, Cu-ligation (coordination number and donor type), and individual metal redox po-

tentials, all with knowledge of previously established separate heme-O2
7,8 and Cu-O2

9–11 

chemistries. The study of the kinetics and thermodynamics of key protonation and/or elec-

tron-transfer steps is also of utmost interest and importance (Figure 2.1, top),12 now within 

the confines of a coordination environment with heme plus copper. 
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Figure 2.1. Intermediates involved in the stepwise 4H+/4e– O2-reduction performed by 
mononuclear heme or copper complexes (top), proposed intermediates formed during O2-
reduction catalyzed by CcO (middle), and heme-peroxo-copper model complexes (bot-
tom). 
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top). To this end, and with a strategy involving systematic ligand design and various syn-

thetic approaches, a library of heme(Fe)-Cu dioxygen-adducts has been developed, which 

has led to heme(FeIII)-peroxo-CuII compounds possessing different peroxide binding 

modes (Figure 2.1, bottom), and exhibiting variety in their structural and spectroscopic 

properties.13–18  

In this chapter, a new approach is described for the generation of heme-peroxo-

copper compounds, using a solvated “naked” complex synthon, [(F8)FeIII-(O2
2–)-

CuII(MeTHF)3]+ (HS-3MeTHF), (F8  tetrakis(2,6-difluorophenyl)porphyrinate; MeTHF 

 2-methyltetrahydrofuran). Addition of ligands (L) for the copper ion possessing varying 

donor group identity and/or denticity leads to the generation and characterization (by UV-

visible, 2H-NMR and resonance Raman (rR) spectroscopies) of a family of high- and low-

spin FeIII-(O2
2–)-CuII(L) complexes. These complexes span a range of CuII coordination 

geometries, ultimately leading to tunable Fe–O, O–O and Cu–O bond strengths. DFT cal-

culations correlating to the vibrational data have allowed for detailed structural insights.  

The high-spin species [(F8)FeIII-(O2
2–)-CuII(TMPA)]+ (HS-TMPA) (TMPA  tris-

((2-pyridyl)methyl)amine), formed via oxygenation of a (F8)FeII:[(TMPA)CuI]+ (1:1) mix-

ture (Figure 2.1, bottom) has previously been fully characterized.14 Spectroscopic and 

computational analyses led to its formulation as possessing an iron-( - 2: 1-O2
2–)-copper 

center.15 Using the same strategy, addition of dioxygen to a (F8)FeII:[(AN)CuI]+ (1:1) mix-

ture led to the formation of a high-spin [(F8)FeIII-(O2
2–)-CuII(AN)]+ complex (HS-AN)   

(AN  bis(3-(dimethylamino)propyl)amine) in which the peroxo moiety was found to be 

bound in a side-on fashion (Figure 2.1, bottom).16 A considerable advance came when 
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generation of the low-spin analog, [(DCHIm)(F8)FeIII-(O2
2–)-CuII(AN)]+ (LS-AN) by ad-

dition of an axial base (DCHIm  1,5-dicyclohexylimidazole) was reported.17–19 The 

change in the spin state was associated with a change in the bridging mode of the peroxide 

to form an end-on FeIII-( - 1: 1-O2
2–)-CuII center (Figure 2.1). The novel stepwise strat-

egy described in this chapter for the synthesis of new types of heme-peroxo-copper com-

pounds employs the synthetic template, HS-3MeTHF, wherein simple addition of ligands 

of different denticity, such as the well-studied TMPA or AN chelates and/or the monoden-

tate imidazole DCHIm donors, leads to the formation of an array of high-spin (HS) and 

low-spin (LS) model complexes.  

 

2.2 Synthesis and spectroscopic characterization of a novel synthon, HS-3MeTHF 

Bubbling dioxygen through a cold solution of F8FeII in MeTHF (from –90 to –125 

ºC), results in the formation of the ferric-superoxide species, (MeTHF)F8FeIII(O2
•–), which 

has identical spectroscopic features (UV-vis, 2H-NMR, rR; Figure 2.2) as those observed 

for the close analog (THF)F8FeIII(O2
•–) complex.8,20 Further addition of one equivalent 

CuI(CH3CN)4(BArF) (BArF  B(C6F5)4) to this superoxo compound, monitored by UV-vis, 

leads to the formation of a peroxo compound, HS-3MeTHF, with a similar UV-vis spec-

trum (Figure 2.2, middle, blue spectrum) to other well-characterized bridging side-on iron-

( - 2: 2-O2
2–)-copper complexes.13,20 The generation of HS-3MeTHF was carried out via 

titration, adding 0.33 to 4 equivalents of a CuI source. The conversion exhibits isosbestic 

behavior, showing a maximum formation for HS-3MeTHF at one equivalent of Cu(I) 

source, confirming the formulation of the high-spin peroxo complex as a 1:1, heme:Cu 

compound (Figure 2.2, inset). Due to the great excess of MeTHF, its coordination ability, 
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and the fact that using any one of multiple Cu(I) sources (Figure 2.2, bottom) yielded an 

identical product with UV-vis (and rR, vide infra) features similar to other well-character-

ized high-spin heme-O2-Cu(tridentate) complexes (such as the HS-AN complex mentioned 

above),16,19,20 the HS-3MeTHF has been formulated with the copper ion ligated by three 

MeTHF molecules (Figure 2.2, top).   

Further characterization of HS-3MeTHF has been provided by 2H-NMR spectros-

copy utilizing a pyroole-deuterated F8-d8 porphyrin. A pyrrole signal appears in the para-

magnetic region (105 ppm at –90 ºC; Figure A8), which, based on extensive precedent, is 

suggestive of a complex with overall S = 2 spin state, derived from antiferromagnetic cou-

pling of a high-spin iron(III) (S = 5/2) and copper(II) (S = 1/2) centers.20 Characterization 

of the bridging peroxide moiety was affirmed by rR spectroscopy. One isotope-sensitive 

peak is observed at 738 cm–1, which shifts to 696 cm–1 ( (18O2) = –41 cm–1) when HS-

3MeTHF is generated using 18O2 (see Figure A11). This peak is assigned as an intra-per-

oxide stretch of a side-on bridging peroxide, based on its low frequency and similarity to 

the other well-characterized side-on heme-(peroxo)-copper species. Another isotope-sen-

sitive peak, corresponding to the Fe-O symmetric stretch, is overlapped by the analogous 

mode in (MeTHF)F8FeIII(O2
•–) present as a minor component in the sample, but neverthe-

less, spectral subtraction provided a peak position of 555 cm–1 ( (18O2) = –27 cm–1).21 
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Figure 2.2. Sequential generation of (MeTHF)F8FeIII(O2

•–) and HS-3MeTHF (top) and 
their spectroscopic features: UV-vis (middle) and rRaman spectra (inset) for the formation 
of HS-3MeTHF (solid blue spectrum), and Cu(I) titration for its full formation (inset). 
Copper (I) sources which can be utililzed to generate HS-3MeTHF. (*Residual 
(MeTHF)F8FeIII-(O2

•–) (<5%) in rR sample of HS-3MeTHF). See Appendix A for details  
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2.3 Utility of the “naked” synthon 

2.3.1 Generation of previously characterized high- and low-spin heme-O2-Cu com-

plexes as proof of concept 

Addition of 1 equivalent of the tetradentate TMPA ligand to HS-3MeTHF results 

in the formation of the high-spin complex, HS-TMPA, which was characterized by UV-

vis, 2H-NMR and rR spectroscopies (Figure 2.3) and shown to be equivalent.14–16 This 

experiment provided proof of concept that the “naked” compound, HS-3MeTHF, can be 

used as a synthon for the generation of many heme-peroxo-copper compounds. Addition 

of 1 equivalent of DCHIm to HS-TMPA causes a change in the UV-vis features, both in 

the Q-band and lower-energy regions (Figure 2.3), suggesting the formation of the low-

spin peroxo complex [(DCHIm)(F8)FeIII-(O2
2–)-CuII(TMPA)]+ (LS-TMPA), analogous to 

that found for LS-AN and the previously characterized HS-AN/LS-AN pair.17,18 Deuter-

ium(2H)-NMR spectroscopy confirms the spin change from HS-TMPA (pyrrole signal at 

99 ppm) to LS-TMPA (pyrrole signal at 5 ppm, see Figure A9).  Resonance Raman spec-

troscopic characterization is also in agreement with these findings (Figure A12).  
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Figure 2.3. Sequential generation of HS-3MeTHF (blue spectrum), HS-TMPA (red spec-
tra), and LS-TMPA (green spectra), (top) and their spectroscopic features (bottom). UV-
vis and rRaman spectra (inset) for HS-TMPA and LS-TMPA. (*Residual (MeTHF)F8FeIII-
(O2

•–) (< 5%) in rR samples of HS/LS-TMPA). Also, see Appendix A.  
 

While HS-TMPA exhibits O–O, Fe–O and Cu–O vibrations at 804, 538 and 516 

cm–1 (shifting to 761, 516 and 491 in 18O2 samples) respectively, coordination of DCHIm 

to generate the LS-TMPA complex produces three new isotope-sensitive peaks: an O–O 
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vibration at 812 cm–1 ( (18O2) = –50 cm–1), an Fe–O stretch at 623 cm–1 ( (18O2) = –27 cm–

1) and a Cu–O stretch at 533 cm–1 ( (18O2) = –24 cm–1) (Figure 2.3, bottom). This is be-

lieved to be the first case in which the effect of changing the spin state on all of these most 

relevant vibrations (O–O, Fe–O and Cu–O), could be evaluated.22 Moreover, the method-

ology used herein (i.e. low temperatures, “naked” synthon approach) leads to the clean 

generation of LS-TMPA where previous attempts were unsuccessful.19  

 

2.3.2 Generation and characterization of a new family of heme-O2-copper complexes 

bearing monodentate copper ligands 

Interestingly, simple monodentate donors such as imidazoles, (analogous to the CuB 

histidine ligands in HCOs), can be added to the solvato “naked” complex, HS-3MeTHF, 

to generate new low-spin heme-peroxo-copper complexes (Figure 2.4).23 From UV-vis 

spectroscopic monitoring at –125 °C, the addition of various quantities of DCHIm to the 

naked compound leads to the formation of low-energy bands (741, 776, 980 nm), analo-

gous to the changes observed in the formation of the LS-AN compound (Figure 2.4, bot-

tom).17,18 Titration experiments show a maximum formation of this new species after addi-

tion of 4 equivalents of DCHIm at –125 °C, suggesting that the resultant low-spin com-

pound has one imidazole acting as axial Fe-ligand and the other three surround the cop-

per(II) center, thus producing [(DCHIm)F8FeIII-(O2
2–)-CuII(DCHIm)3]+ (LS-3DCHIm) 

(also, see Figure A4). Characterization of this complex by 2H-NMR reveals a pyrrole signal 

in the diamagnetic region (9.3 ppm, –115 ºC), corroborating the low-spin ground state (S 

= 0) assignment (Figure A7). Further confirmation of the spin state of LS-3DCHIm is 

provided by the porphyrin 2 vibration observed at 1572 cm–1, typical of low-spin 
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iron(III).19  The ν2 and ν4 values for the HS/LS heme-peroxide-copper complexes described 

herein are summarized in Table A1, however additional structural insights can be garnered 

from the rRaman data. Laser excitation at 413 nm shows two sets of isotope-sensitive 

peaks, corresponding to an unusually high O–O stretching frequency at 876 cm–1 ( (18O2) 

= –55 cm–1) and a Fe–O vibration at 594 cm–1 ( (18O2) = –28 cm–1) (Figure 2.4).  

Intriguing reactivity is observed for LS-3DCHIm when it is warmed from –125 °C 

to –90 °C. While no spectral changes occur up to –100 °C, when the temperature reaches 

–95 °C, small but significant shifts occur in both the Q-band (531 to 537 nm) and in the 

low-energy bands (776 nm to 840 nm, 980 to 990 nm), indicating formation of a new low-

spin species (Figure 2.4, Figure A5). The same compound can also be generated directly 

at –90 °C from HS-3MeTHF, by addition of DCHIm, requiring five equivalents for its full 

formation. Titration data suggest that four imidazole molecules are now bound to the cop-

per: [(DCHIm)F8FeIII-(O2
2–)-CuII(DCHIm)4]+ (LS-4DCHIm). Cooling the LS-4DCHIm 

species down to –125 ºC does not lead to the reversible formation of the LS-3DCHIm 

complex, indicating that the LS-4DCHIm species is the thermodynamic product formed 

following the generation of the kinetic product, LS-3DCHIm at lower temperatures (–125 

to –100 °C). 
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Figure 2.4. Sequential generation of (HS-3MeTHF), (LS-3DCHIm) and (LS-4DCHIm) 
and their spectroscopic features (top).  UV-vis (bottom) and rRaman spectra (inset) for (LS-
3DCHIm) and (LS-4DCHIm). See Figure A6, and Appendix A for further details.   
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The new species, LS-4DCHIm, exhibits a pyrrole signal at 10.6 ppm, observed by 

2H-NMR at –90 ºC (Figure A8), verifying the formulation of LS-4DCHIm as an antifer-

romagnetically coupled low-spin complex (S = 0). The pyrrole signal is shifted compared 

to that of LS-3DCHIm (9.2 ppm), confirming that LS-4DCHIm is in fact a different low-

spin heme-(O2
2–)-Cu complex.  Resonance Raman experiments reveal O–O and Fe–O fre-

quencies for LS-4DCHIm that are distinctive but surprisingly similar to those of LS-

3DCHIm, suggesting that coordination of an extra imidazole does not induce dramatic 

changes in the Fe–O and O–O bond strengths (Figure 2.4, see also Chapter 3). Despite 

these spectral similarities, clear differences are observed in the heme vibrations upon 413 

nm excitation, as well as an increase in resonance enhancement at lower energy (800-850 

nm) excitation for LS-4DCHIm. In particular, the feature assigned as the Fe–O stretch is 

strongly enhanced when exciting into these lower energies, identifying the 840 nm absorp-

tion band as a O2
2– to Fe3+ charge-transfer transition. The splitting of the Fe–O and O–O 

vibrations for LS-4DCHIm is due to Fermi resonance (see Appendix A, Figures A13, A14 

for details),17–19 and no resonance enhancement of the Cu–O vibrations was observed for 

the LS-3DCHIm or the LS-4DCHIm complex.  

Interestingly, the LS-3DCHIm and LS-4DCHIm compounds can also be used as 

starting material for the generation of other low-spin complexes. Addition of one equiva-

lent of the TMPA ligand chelate to LS-3DCHIm leads to UV-vis spectral changes in both 

the Q-band (531 to 533 nm) and lower energy region, giving the same spectrum as was 

generated via addition of DCHIm to the HS-TMPA complex. We propose that the consid-

erable chelating ability of TMPA leads to replacement of DCHIm ligands surrounding the 

Cu(II) ion in LS-3DCHIm or LS-4DCHIm, generating a more thermodynamically stable 
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LS-TMPA. This result suggests that the LS-3DCHIm and/or LS-4DCHIm complexes can 

be utilized as starting synthons for the generation of a wide array of low-spin heme-peroxo-

copper complexes by simple ligand addition, importantly avoiding the need to handle ex-

tremely sensitive or unstable Cu(I)-ligand complexes. 

 

2.4 Insights from density functional theory calculations 

In order to further understand the spectral differences observed in terms of the 

ground electronic state, DFT calculations have been undertaken to predict the structural 

and vibrational characteristics of the compounds studied. Previous work has demonstrated 

that this method can effectively predict the iron spin-state, Fe–O, O–O and Cu–O vibra-

tions, along with the electronic transitions of the HS-AN/LS-AN heme-peroxo-copper 

complexes.18 Applying this approach to the HS-TMPA/LS-TMPA pair, for which the lig-

and coordination around Cu is well defined (Figure 2.5), optimized structures of both com-

plexes were obtained, which confirmed that the geometry optimization of HS-TMPA was 

consistent with the structure previously reported.15 Similar to the HS-AN/LS-AN pair, 

which has also been recalculated using the current methodology, addition of an axial 

DCHIm ligand induces isomerization of the Fe-( - 2: 1-O2
2–)-Cu, HS-TMPA, to an end-

on Fe-( - 1: 1-O2
2–)-Cu structure in LS-TMPA, a transformation which is coupled to the 

observed change in spin state.  
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Figure 2.5. DFT optimized structures for the high-spin and low-spin heme-peroxo-cop-
per(L) complexes (L  AN and TMPA). Basis set: 6-311g* (Fe, Cu, O); 6-31g* (N); 6-31 
(C, F, H); PCM solvent: THF. 

 

This results in a significant reorganization of the peroxo core, as evidenced by the 

increased Fe···Cu distance, and shortened Fe–O, O–O, and Cu–O bond lengths. The 

change in d(Fe–O) and d(Cu–O) can be explained by the transition to an end-on geometry, 

in which Fe only binds one oxygen atom, and the low-spin nature of heme-Fe(III). Alt-

hough the change in d(O–O) is substantially smaller, it can be understood in terms of in-

creased O2
2–(π*) donation into the empty Fe(dz2) orbital, thus increasing the peroxo bond 
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strength. It should be noted that the optimized structure obtained for LS-AN for this work, 

differs slightly from that previously reported, exhibiting the axial imidazole lying nearly 

co-planar with O–O bond, as opposed to being nearly perpendicular in the previous struc-

ture. However, the new orientation (found to be lower in energy using both BP86 and 

B3LYP functionals by only ~ 0.2 kcal/mol), produces vibrational frequencies almost iden-

tical to the former. 

Analytical frequency calculations performed using B3LYP on HS-TMPA and LS-

TMPA predict energies and changes in the oxygen-containing vibrational modes that are 

in agreement with those observed via rR spectroscopy. Moreover, the calculations reason-

ably reproduce the magnitude of changes observed, showing that the HS to LS spin-state 

change has a profound impact on the Fe–O vibration ( ν(Fe–O) = 85 cm–1 (expt.), 106 cm–

1 (calc.)) but a small effect on the O–O ( ν(O–O)) = 8 cm–1 (expt.), 9 cm–1 (calc.)) and Cu–

O vibrations ( ν(Cu–O) = 17 cm–1 (expt.), 33 cm–1 (calc.)). Overall, the most pronounced 

effect of the HS-TMPA/LS-TMPA spin-state change is the increase in the Fe–O bond 

strength, which is expected, given the change in spin-state and the peroxo binding mode. 

Interestingly, these trends correlate well with the previous results regarding HS-AN/LS-

AN, especially the effect of the Fe-(O2
2–) binding mode ( 2 to 1) on observed core vibra-

tions.18 Strikingly, although both LS-AN and LS-TMPA possess end-on peroxo cores, they 

exhibit substantial differences in the Cu geometry (i.e., Cu-O-O angle,  value, Figure 2.5); 

thus, the overall heme-peroxo-Cu structural and spectroscopic properties vary significantly 

(Figure 2.5). Insights into the structural and electronic properties of the LS-3DCHIm and 

LS4DCHIm complexes based on DFT calculations are discussed in detail in Chapter 3. 

The unique plasticity shown by the heme-peroxo-Cu cores reported in this chapter lead us 
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to postulate that a similar bridging peroxo intermediate could form during the catalytic 

cycle of HCOs, prior to the O–O cleavage step.24–27  

 

2.5  Conclusions 

The versatility of the “naked” compound, HS-3MeTHF, as a starting point for the 

generation of heme-peroxo-copper cores with different metal ion coordination environ-

ments and spin-states, demonstrates its utility as part of a general and broadly applicable 

approach (Figure 2.6) for studying structure-function relationships of heme-(O2
2–)-Cu 

complexes and their correlations to the BNC in HCOs. Overall, the results reported in this 

chapter indicate that subtle changes in the ligand environment surrounding the Cu(II) cen-

ter (i.e., geometry and/or electronics) affect the overall structure of the Fe-peroxo-Cu sys-

tems, elongating (weakening) or shortening (strengthening) the Fe–O, O–O and Cu–O dis-

tances along with substantially varying the core angles.  
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Figure 2.6. Scheme depicting the versatility of the “naked” synthon, HS-3MeTHF (center) 
in the generation of various high- and low-spin heme-peroxo-copper complexes, taking 
advantage of tetradentate, tridentate, or monodentate nitrogenous copper ligands as well as 
temperature control to tune structural and electronic properties. 
 

The following chapters outline investigations into how these structural differences 

translate into differing chemical behavior, describing studies in which the reductive O–O 

cleavage chemistry of these heme-peroxo-copper complexes is evaluated by employing 

systematically varied H+/e– sources (pKa/E0). Overall, a focus on fundamental relationships 

related to the intriguing and critically important 4H+/4e– dioxygen reduction process can 

lead to a greater understanding of biological HCOs activity, and how to develop useful 

chemical systems such as fuel cells.  



56 

 

2.6  References 

(1)  Ray, K.; Pfaff, F. F.; Wang, B.; Nam, W. J. Am. Chem. Soc. 2014, 136 (40), 13942. 

(2)  Fukuzumi, S.; Yamada, Y.; Karlin, K. D. Electrochim. Acta 2012, 82, 493. 

(3)  Cracknell, J. A.; Vincent, K. A.; Armstrong, F. A. Chem. Rev. 2008, 108 (7), 2439. 

(4)  Su, D. S.; Sun, G. Angew. Chemie Int. Ed. 2011, 50 (49), 11570. 

(5)  Ortiz de Montellano, P. R. Chem. Rev. 2010, 110 (2), 932. 

(6)  Kim, E.; Chufán, E. E.; Kamaraj, K.; Karlin, K. D. Chem. Rev. 2004, 104 (2), 1077. 

(7)  Momenteau, M.; Reed, C. a. Chem. Rev. 1994, 94 (3), 659. 

(8)  Ghiladi, R. A.; Kretzer, R. M.; Guzei, I.; Rheingold, A. L.; Neuhold, Y.-M.; Hatwell, 

K. R.; Zuberbuhler, A. D.; Karlin, K. D. Inorg. Chem. 2001, 40 (23), 5754. 

(9)  Hatcher, L. Q.; Karlin, K. D. J. Biol. Inorg. Chem. 2004, 9 (6), 669. 

(10)  Lewis, E. A.; Tolman, W. B. Chem. Rev. 2004, 104 (2), 1047. 

(11)  Mirica, L. M.; Ottenwaelder, X.; Stack, T. D. P. Chem. Rev. 2004, 104 (2), 1013. 

(12)  Warren, J. J.; Tronic, T. A.; Mayer, J. M. Chem. Rev. 2010, 110 (12), 6961. 

(13)  Chufán, E. E.; Puiu, S. C.; Karlin, K. D. Acc. Chem. Res. 2007, 40 (7), 563. 

(14)  Ghiladi, R. A.; Hatwell, K. R.; Karlin, K. D.; Huang, H.; Moënne-Loccoz, P.; Krebs, 

C.; Huynh, B. H.; Marzilli, L. A.; Cotter, R. J.; Kaderli, S.; Zuberbuhler, A. D. J. 

Am. Chem. Soc. 2001, 123 (25), 6183. 

(15)  del Río, D.; Sarangi, R.; Chufán, E. E.; Karlin, K. D.; Hedman, B.; Hodgson, K. O.; 

Solomon, E. I. J. Am. Chem. Soc. 2005, 127 (34), 11969. 

(16)  Chufán, E. E.; Mondal, B.; Gandhi, T.; Kim, E.; Rubie, N. D.; Moënne-Loccoz, P.; 

Karlin, K. D. Inorg. Chem. 2007, 46 (16), 6382. 

(17)  Kieber-Emmons, M. T.; Qayyum, M. F.; Li, Y.; Halime, Z.; Hodgson, K. O.; 



57 

 

Hedman, B.; Karlin, K. D.; Solomon, E. I. Angew. Chemie 2012, 124 (1), 172. 

(18)  Kieber-Emmons, M. T.; Li, Y.; Halime, Z.; Karlin, K. D.; Solomon, E. I. Inorg. 

Chem. 2011, 50 (22), 11777. 

(19)  Halime, Z.; Kieber-Emmons, M. T.; Qayyum, M. F.; Mondal, B.; Gandhi, T.; Puiu, 

S. C.; Chufán, E. E.; Sarjeant, A. A. N.; Hodgson, K. O.; Hedman, B.; Solomon, E. 

I.; Karlin, K. D. Inorg. Chem. 2010, 49 (8), 3629. 

(20)  Kim, E.; Helton, M. E.; Wasser, I. M.; Karlin, K. D.; Lu, S.; Huang, H.; Incarvito, 

C. D.; Rheingold, A. L.; Honecker, M.; Kaderli, S.; Zuberbuhler, A. D. Proc. Natl. 

Acad. Sci. 2003, 100 (7), 3623. 

(21)  Ohta, T.; Liu, J.-G.; Naruta, Y. Coord. Chem. Rev. 2013, 257 (2), 407. 

(22)  Liu, J.-G.; Naruta, Y.; Tani, F. Angew. Chemie Int. Ed. 2005, 44, 1836. 

(23)  Citek, C.; Lyons, C. T.; Wasinger, E. C.; Stack, T. D. P. Nat. Chem. 2012, 4, 317. 

(24)  Fee, J. A.; Case, D. A.; Noodleman, L. J. Am. Chem. Soc. 2008, 130 (45), 15002. 

(25)  Du, W.-G. H.; Noodleman, L. Inorg. Chem. 2013, 52 (24), 14072. 

(26)  Blomberg, M. R. A.; Siegbahn, P. E. M.; Wikstrom, M. Inorg. Chem. 2003, 42 (17), 

5231. 

(27)  Muramoto, K.; Ohta, K.; Shinzawa-Itoh, K.; Kanda, K.; Taniguchi, M.; Nabekura, 

H.; Yamashita, E.; Tsukihara, T.; Yoshikawa, S. Proc. Natl. Acad. Sci. U. S. A. 2010, 

107 (17), 7740. 

 



58 

 

CHAPTER 3 

Structural Aspects of Heme-Peroxo-Cu Complexes and Nature 

of Proton Source Dictate Metal–Operoxo Breakage vs. Reductive 

O–O Cleavage Chemistry 
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3.1 Introduction 

Due to ever-growing global environmental and economic concerns, researchers are 

pushing to find alternative and ideally, renewable energy sources to fill the needs of the 

modern generation.1 In nature, energy is consumed to make chemical bonds and released 

when those bonds are broken. Importantly, this concept can be exhibited by the natural 

processes of photosynthesis and cellular respiration which make up the life-sustaining 

oxygen cycle: O2 + 4e– + 4H+  2 H2O.2,3 Here, there exists a critical interplay between 

acid-base and redox events,4 including transformations of high-valent metal-oxo species.5,6 

These processes have inspired chemists to design and study synthetic constructs that 

resemble active-site species and/or duplicate function, which can lead to new fundamental 

insights and the generation of practical systems.7–12 Advancements involving Photosystem 

II-inspired model systems for the purposes of light harvesting and/or water oxidation to O2 

quickly rise to the forefront of popular science due to their potential applications in solar 

energy conversion.13 However, to complete the biochemical oxygen cycle, the O–O bond 

is cleaved during cellular respiration to give back water, and the mechanistic similarities 

of how redox-active transition metal ions make or break the strong O–O bond in these two 

natural systems3 make heme-copper oxidases (HCOs) extremely important enzymes. For 

this reason, considerable research efforts have been undertaken to understand the 

mechanistic details of dioxygen reduction which occurs at the active site.  

In HCOs, the heterobinuclear active site’s four-electron/four-proton reduction of 

O2 to water (Figure 3.1) is accompanied by membrane proton-translocation leading to ATP 

synthesis.14 While there is a consensus about many aspects of the enzymatic mechanism, 

debate remains concerning the identity of certain intermediates and the details of the 
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process triggering the O–O bond cleavage event, where the release of destructive, partially-

reduced oxygen species (i.e. H2O2, •OH) is prevented.15 It has been proposed and widely 

accepted16,17 that  a hydrogen-bonding network in the active site provides a channel from 

the cross-linked tyrosine (Tyr) residue to the putative bridging peroxo moiety (~5 Å away) 

and facilitates a proton-coupled electron transfer (PCET) which cleaves the O–O bond 

(Figure 3.1).16,18–22  

 

 
 
Figure 3.1. Net 4H+/4e– O2 reduction reaction by CcO (top), and the proposed mechanistic 
involvement of a hydrogen bonding network in the active site in order to promote O–O 
cleavage (bottom). 
 

(Bio)chemical systems require protons to promote O–O reductive cleavage, 

however, the specific nature of an acid moiety (e.g., identity, proximity to the O–O moiety, 

pKa, H-bonding capability, and number of protons) is crucial.23–25 To specifically facilitate 

O–O heterolytic cleavage in a heme-(hydro)peroxo intermediate, cytochrome P450 mono-

oxygenases employ an acid-alcohol residue pair, located adjacent to the Fe–O–O distal O-
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atom to provide a key H-bond and proton source. If that H-bonding group is changed (e.g., 

by mutation), uncoupling occurs and the outcome is Fe–O cleavage and H2O2 

production.26–28 Non-heme iron and copper proteins are also found to have specific 

requirements (e.g., proximity, acid strength) to control proton-promoted O–O reductive 

cleavage chemistries.29–32  

A few synthetic heme-Cu complexes can reduce O2 to water via a (su)peroxo 

intermediate,33–35 yet neither in these cases, nor in HCOs, is the nature of H-bonding or 

protonation reactivity understood with respect to O–O cleavage. To provide the insights 

and fundamentals needed for this very important reaction, several different approaches can 

be employed. Studies on a diverse, ever-growing family of model complexes, (both 

synthetic coordination complexes11,36–38 and modified protein systems12,22,23,39) have aided 

researchers in gaining a fundamental understanding about certain aspects of the chemical 

mechanism of O2 reduction.12,14 Our research group has for many years been systematically 

studying the O2 adducts of synthetic model systems in which we can define or control 

certain aspects and monitor the effects of varying coordination environments/geometries, 

redox properties, sterics of the Cu and/or iron centers, and nature of a given substrate on 

the outcomes for different reactions. The bridging heme-peroxo-copper formulation 

depicted in Figure 3.1, center, while not (yet) observed in the enzyme, is considered by 

some11,16,40–42 as a likely intermediate, and several recent computational studies invoke the 

likelihood of a peroxo-level intermediate in HCOs.43–45 Regardless, a heme-peroxo-Cu 

complex is a convenient starting point from which to study how slight changes in structure 

can tune the functional O2-reduction capabilities of synthetic model complexes.46 

Alternatively, it is also relevant to consider factors (chemical or structural) which lead to 
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the affiliated non-redox reaction where protonation of O2-derived atom(s) results in M–O 

cleavage and release of H2O2, although this pathway is importantly avoided in the 

enzymatic mechanism.  

For HCOs, or for a given efficient molecular catalyst able to promote four-electron, 

four-proton O2-reduction to water (E°MeCN = 1.21 V vs. Fc+/0)47, these particular nuances 

relevant to the promotion of the O–O cleavage process need to be delineated and 

understood within the framework of reduction/protonation chemistry. The breadth of these 

PCET studies involves probing different (or perhaps simultaneous) orderings of the events 

of (i) electron-transfer (from Fe, Cu, or a phenol (Tyr) moiety, and (ii) proton-transfer 

derived from different sources. Yet, it is surely only by investigation of chemical model 

constructs and/or computational inquiries where one has the ability to break down such a 

complicated overall process into individual steps from which deep fundamental insights 

can be obtained.48,49 These studies are highly relevant to a broad range of fields, i.e., (i) the 

understanding of mechanisms of action of other synthetic and/or metalloenzyme O2-

activating systems, or (ii) the design of practical catalysts for O2-reduction or substrate 

oxidation/oxygenation by O2-derived metal-oxy complexes.  

In this chapter, we report on investigations of fundamental interactions of model 

complexes with exogenous substrates, as they relate to the enzymatic mechanism of HCOs, 

and insights into the structure-function relationship in the O–O vs. M–O cleavage pathways 

are evaluated. Specifically, we detail how different acids and a reductant behave toward 

two similar model heme-(O2
2–)-Cu complexes, LS-4DCHIm, [(DCHIm)F8FeIII-(O2

2−)-

CuII(DCHIm)4]+, and LS-3DCHIm, [(DCHIm)F8FeIII-(O2
2−)-CuII(DCHIm)3]+, (F8  

tetrakis(2,6-difluorophenyl)porphyrinate; DCHIm  1,5-dicyclohexylimidazole). Such 
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strikingly similar complexes show a significant difference in their reactivities toward 

proton and electron sources. In the case of LS-4DCHIm, only when treated with relatively 

weak acid, (4-NO2-phenol) and reductant (decamethylferrocene, Fc*), is the coveted O–O 

cleavage reaction accomplished (Figure 3.1). Spectroscopic and kinetic evidence point 

toward a phenolic hydrogen-bond-associated intermediate which triggers the electron 

transfer (from Fc*) necessary for O–O scission; a strong acid source instead leads to H2O2 

release (Figure 3.1). Interestingly, the related complex, LS-3DCHIm, (see Figure 3.2) 

shows no reactivity toward the same substrates, and with the support of DFT calculations, 

we believe this difference in reactivity can be attributed to steric factors and the degree to 

which the weakly acidic, phenolic substrate can access the bridging peroxo moiety to create 

a critical, activated H-bonded adduct.  We are very interested in the chemistry of metal-oxy 

interactions with H+ and e– sources of varying strengths and the insights these reactions 

may provide into O–O activation and cleavage chemistry in general.50  
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Scheme 3.1. Possible mechanistic pathways for the reaction with LS-4DCHIm with acid 
(and reductant).  

 

 

3.2 Reactions of LS-3DCHIm, LS-4DCHIm with strong reductant and/or strong acid  

The peroxo complex, LS-4DCHIm, which has been previously characterized (see 

Chapter 2),51  is stable at –90° C in 2-methyltetrahydrofuran (MeTHF), even in the presence 

of excess (20 equiv) reductant, Fc* (E°MeTHF= –270 mV vs. Ag+/0).52 However, when strong 

acid, [DMF∙H+](CF3SO3
–) (DMF  dimethylformamide), (pKa (CH3CN) = 6.1)53 is added 

to a solution of LS-4DCHIm, a reaction is immediately observed in the UV-vis spectrum 

(Figure B3). Rapid disappearance of the low energy absorption features associated with 

peroxo-to-Fe CT bands51 further suggests that the peroxo-bridged structure is no longer 

intact. In fact, chemical and spectroscopic interrogation of the product mixture reveals that 

H2O2 and mononuclear iron and copper species are produced (Figure 3.2, Figures B2-4). 

Employing the  quantitative horseradish peroxidase spectrophotometric assay52,54 verifies 
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that 95 % of the expected H2O2 was released, meaning that both M–O bonds were cleaved 

via protonation (Figure 3.2) (see Appendix B, and Table B1). An EPR spectrum of the 

reaction product solution indicates full formation of a copper(II)-imidazolyl species (see 

Appendix B for further explanation), and a predominantly (> 95%) low-spin heme-

imidazolyl product (Figure 3.2, see also Figures B2-4), confirming that the dinuclear 

complex has come apart.  

Thus, the occurrence of metal-oxygen bond cleavage is the result of simple acid-

base chemistry. Reductive cleavage of an O–O bond requires protons and electrons, 

however Fc* does not reduce the H2O2 present in the product mixture (Figure 3.2), nor 

does it reduce the iron(III) or Cu(II) species present, i.e., the one-electron oxidized 

byproduct of a reduction event, the ferrocenium cation Fc*+, is not formed, as would be 

observed by an increase in absorption at 795 nm.  
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Figure 3.2. In-situ generation of low-spin peroxo complexes, LS-3DCHIm and LS-
4DCHIm derived from our “naked” high-spin heme-peroxo-Cu complex, HS-3MeTHF, 
(see Chapter 2) showing their reactivities toward strong acid (H+ = [DMF·H+](CF3SO3

–)) 
and electron sources alone, i.e. in the absence of proton sources. 
 

 

The analogous complex with three imidazolyl ligands on the copper ion, LS-

3DCHIm, shows similar reactivity towards these relatively strong proton or electron 

sources, i.e. there is no observable reaction with Fc* and release of H2O2 (100%) occurs 

with addition of [DMF∙H+](CF3SO3
–) (Figure 3.2, Table B1, Figures B2-4)). Since, with 
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both of these heme-peroxo-copper complexes, the addition of strong acid in combination 

with reductant still leads to only acid-base chemistry, we reasoned that a certain degree of 

“finesse” was likely necessary with respect to peroxo-(H+/e–) interactions along the O–O 

cleavage reaction pathway. Therefore, we have probed this idea further by employing 

milder acidic substrates (phenols) in order to find conditions which lead to O–O activation 

and reductive cleavage, but not H2O2 release. In support, a recent study involving 

electrochemical reduction of a synthetic Mn-peroxo species revealed that strong acid 

favored M–O cleavage (H2O2 evolution), whereas employment of a weak acid facilitated 

O–O reductive cleavage.55 

 

3.3  Analysis of a crucial H-bonding interaction and spectroscopic characterization of 

the phenolic acid adduct formed 

The reactivity of interest here is revealed when the low-spin complex is tested in 

reactions with phenols. First, we observe no reaction (as monitored by UV-vis) when LS-

4DCHIm is tested with phenols having low bond dissociation energies (BDEs) and low 

acidities such as 4-MeO-phenol or 4-tBu-phenol, which are typically used as H-atom 

sources (see also Chapter 4).56,57 With a slightly more acidic phenol, 4-CN-phenol 

(pKa(CH3CN) = 22.7),58 still, no reaction is observed. However, upon addition of excess (≥ 

10 equiv) of 4-NO2-phenol, (pKa(CH3CN) = 20.7 58 and pKa (tetrahydrofuran, THF) = 18 

59),50,60 to a solution of LS-4DCHIm (Figure 3.3, black spectra), a new species is formed, 

[LS-4DCHIm(ArOH)] (Figure 3.3, blue spectra) (λmax = 414 (Soret), 540, and 840(b) 

nm). The fact that excess phenol is necessary to see full formation of this intermediate leads 

us to tentatively assign this as an equilibrium process (vide infra for supporting kinetic 
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analysis). The blue-shifted Soret and upshifted ν4 oxidation state marker band from 

resonance Raman (rR) spectroscopy of the ArOH-adduct (Figure 3.3 bottom right, λexcit = 

413 nm) indicate partial oxidation of the FeIII center, (more specifically, decreased donation 

from Fe (dπ) into porphyrin (π*) orbitals),61 in agreement with DFT calculations of H-

bonding to the peroxo core (vide infra, and see Appendix B for further details). We 

associate the weak intensity retained in the low-energy bands in the UV-vis spectrum with 

the binuclear complex remaining intact. The fact that this intermediate is EPR silent (<5% 

mononuclear CuII or FeIII ion species), Figure 3.4, corroborates that conclusion, owing to 

the coupling of the CuII (S=1/2) and LS-FeIII (S=1/2) through the bridging peroxo moiety.  
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Figure 3.3. UV-vis spectra of LS-4DCHIm reacting with 4-NO2-phenol to give the [LS-
4DCHIm(ArOH)] adduct, and rR difference spectra showing the shifts which occur upon 
phenolic acid association.  
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Evidence that the O–O bond is still intact in [LS-4DCHIm(ArOH)] (Figure 3.3, 

top) is provided by experimental quantification of the H2O2 produced (85 % yield) when 

this adduct is exposed to a strong acid, here [DMF∙H+](CF3SO3
–) (horseradish peroxidase 

assay, see Table B1). Resonance Raman data provide compelling support that the O–O 

bond is both intact and perturbed by phenol addition, revealing clear differences in the 

ν(Fe–O) and ν(O–O) stretching vibrations between the LS-4DCHIm species (λexcit = 413 

nm) and the [LS-4DCHIm(ArOH)] adduct (λexcit = 825 nm for optimum clarity) (Figure 

3.3, bottom left). Specifically, the ν(Fe–O) increases slightly (by ~10 cm–1) from ~590 cm–

1 to 598 cm–1 (Δ(18O2) = –29 cm−1), while the ν(O–O) decreases by > 40 cm–1 from ~870 

cm–1 to 827 cm–1 (Δ(18O2) = –48 cm−1) (Figure 3.3). It is valuable to note that for both LS-

4DCHIm and [LS-4DCHIm(ArOH)], the Fe–O and O–O stretches are observed at both 

high and low energy excitation (413 nm and ~800 - 900 nm, Figure B5). This indicates that 

(i) the chromophore responsible for the low energy absorption bands also has a strong 

absorption at 413 nm (for the respective samples), (ii) the O–O stretches observed for LS-

4DCHIm and [LS-4DCHIm(ArOH)] are due to a heme-bound species (considering the 

significant resonance enhancement at 413 nm with low power (< 2 mW)), and (iii) the low 

energy bands around 850 nm can be reasonably assigned as peroxo-to-Fe CT bands (since 

both the ν(Fe–O) and ν(O–O) are resonantly enhanced). 

The phenomenon of H-bonding interactions inducing small (5-10 cm–1) shifts in the 

Fe–O stretching mode has been reported for dioxygen adducts of cytochrome P450 mutants 

(not including a copper ion) which contain potential H-bonding residues in various active 

site positions. Furthermore, it was concluded based on experimental and theoretical studies, 

that a shift to higher energy, as observed here, is indicative of an H-bonding interaction 
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with the distal O-atom with respect to iron.62–64 The aforementioned spectral evidence leads 

us to propose the structure of the intermediate formed to be a 4-NO2-phenol associated 

heme-peroxo-copper adduct depicted in Figure 3.3 wherein the phenolic O–H associates 

via H-bonding with the Cu-bound O-atom (OCu). Considering that it is logically favorable 

to strengthen the Fe–O bond and weaken the O–O bond to effect O–O reductive cleavage, 

the weakly acidic phenol is therefore poised to participate in a full PCET reaction resulting 

in homolytic O–O bond cleavage.  

 

3.3.1 Computational analysis of the formation of an OCu-H-bonded phenol adduct 

DFT calculations support the association of 4-NO2-phenol with LS-4DCHIm to 

form an adduct (Figure 3.4, also see Appendix B). This H-bonding interaction is indicated 

in the DFT calculated-structure of [LS-4DCHIm(ArOH)] (Figure 3.4, right) by the dotted 

green line (rcalc(H–OCu) = 1.530 Å; rcalc(OPh–OCu) = 2.536 Å). Further calculations 

comparing possible binding modes (see Appendix B for details) provide strong support for 

this assignment, predicting the OCu-phenol adduct to be ~2 kcal/mol lower in energy than 

the OFe-phenol adduct. This is expected given that LS-4DCHIm has a greater negative 

charge on OCu compared to OFe, which would favor phenol association on OCu. 

Furthermore, phenol binding to OCu results in a shorter Fe–O bond and greater Fe–O bond 

order, consistent with the rR observed frequency change, whereas binding to OFe would 

give a longer Fe–O bond and lower Fe–O bond order (both cases result in a longer O–O 

bond and lower O–O bond order, consistent with the lower ν(O–O) from rR spectroscopy). 

We note that DFT-calculated frequencies showed substantial mixing of Fe–O, Cu–O, and 

O–O modes that was sensitive to small changes in core bond angles, therefore complicating 
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interpretation of the individual two-atom centered modes. However, employing Badger’s 

rule to predict a change in the Fe–O stretching frequency based on the change in bond 

length in Figure 3.4 yields a (v(Fe–O)) of +9 cm–1 for the OCu–bound structure relative 

to that in the peroxo complex, LS-4DCHIm, providing excellent agreement with the rR 

data shown in Figure 3.3 (compared to (v(Fe–O))  = –29 cm–1 for the OFe–bound 

structure).65 

 

 

Figure 3.4. DFT-calculated structures for LS-4DCHIm and [LS-4DCHIm(ArOH)] (with 
porphyrin ArF groups and most H-atoms (except the phenolic O-H) omitted for clarity). 
The table shows selected DFT-calculated properties for the H-bonding and H+-transfer 
structures discussed. Basis set: 6-311g* (Fe, Cu, O); 6-31g* (N);  6-31 (C, F, H); PCM 
solvent: THF. 
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Calculations regarding the protonation states along the O–O cleavage pathway have 

suggested the possible formation of an Fe–OOH species following proton transfer from an 

active site Tyr residue.44 Therefore, we also computationally evaluated the possibility that 

the H+ has transferred from 4-NO2-PhOH in the adduct, leaving 4-NO2-PhO– strongly 

bound as an H-bond acceptor (although UV-vis data for 4-NO2-PhO– appearance and 

kinetic data suggest this is not the case, vide infra). However, the optimized structure for 

the H+ transferred to the OCu reveals an O–O bond elongation (relative to LS-4DCHIm) 

that is far too large, corresponding to a ~195 cm–1 downshift in ν(O–O) as predicted by 

Badger’s rule65,66 (compared to an ~92 cm–1 downshift when 4-NO2-PhOH is the H-bond 

donor). As it is also 2 kcal/mol higher in energy than the H-bonded adduct (Figure 3.4), a 

structure in which the H+ has transferred to yield a hydroperoxo species is unlikely. 

It is interesting to briefly compare the effects of protonating the peroxo moiety (or 

to a lesser extent, H-bonding to it) in LS-4DCHIm with those observed in Cu2O2 and H2O2 

chemistry, where protonation results in an increase, rather than a decrease, in the O–O 

stretching frequency (and DFT-predicted bond strength).67 This difference in the (O–O) 

behavior can be attributed to the fact that Fe(III) has a dπ hole, which receives additional 

(π-symmetry) donation from the O2
2– π* orbital in the peroxo structure. The interaction 

with the proton lowers the energy of the O2
2– orbitals, greatly decreasing this donation 

(thereby increasing π* occupation and weakening the O–O bond). Note that in the heme-

Cu system, protonation on the OCu atom localizes charge on the OFe atom (originally in a 

pπ orbital) and strengthens the Fe–O  bond (thus the net effect is a stronger Fe–O bond). 
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3.4 Reductive O–O bond cleavage of the activated peroxo moiety of [LS-

4DCHIm(ArOH)] by decamethylferrocene 

The above results show that the H-bonding interaction weakens the O–O bond and 

“activates” the [LS-4DCHIm(ArOH)] adduct peroxo moiety to be able to accept an 

electron from a reducing agent (Fc*) leading to a PCET-type, O–O cleavage reaction. The 

products of the reaction of {[LS-4DCHIm(ArOH)] + Fc*}, obtained in high yield, are 

shown in the diagram at the top of Figure 3.5, as deduced from our spectroscopic analysis. 

The heme-containing product exhibits UV-vis features at λmax = 414 (Soret) and 542 nm 

(Figure 3.5, green spectrum), characterized as a low-spin, six-coordinate ferric-heme. Two 

equivalents of decamethylferrocenium ion (Fc*+) are formed based on the new absorptions 

at λmax = 785, 805 nm (quantified as ΔAbs(785 nm – 870 nm); ε = 580 M–1 cm–1)68 signifying 

that a two-electron reduction of [LS-4DCHIm(ArOH)] has occurred. Additionally, an 

increase in absorbance corresponding to the 4-NO2-PhO– anion appears as a shoulder of 

the heme Soret band indicating that proton(s) have also been transferred in significant 

quantities (see Figure B18). 

Further supporting our conclusions about the nature and identity of species in the 

product mixture is the latter’s EPR spectrum showing the emergence of nearly 100% of the 

CuII ion expected, and mostly low-spin (~95%) FeIII species, which match an EPR spectrum 

of an authentic mixture of these products (see Figure 3.5, bottom). Quantification of the 

iron(III) and copper(II) products was carried out by comparing the reaction product 

spectrum with intensity calibration curves obtained by independently generating these 

species (Figure B11).   
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Figure 3.5. Scheme, UV-vis and EPR spectra showing the 2-electron reduction of the H-
bonded adduct, [LS-4DCHIm(ArOH)] by Fc*. This step includes O–O cleavage and 
therefore decoupling of the Fe(III) and Cu(II) metal centers. 
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A negligible amount of H2O2 (<5%, Table B1) is released in this step, and 

furthermore, rR data collected at 413 nm for the reaction products show no isotope-

sensitive stretching vibrations, and indicate the final heme product is the low-spin bis-

imidazole F8Fe(III) species (Figure B12). While these observations do not definitively 

prove that water has formed, the consumption of two (stoichiometrically required) 

reductive equivalents, confirmation of oxidized metal centers in the final product mixture, 

and lack of H2O2 released, do provide compelling evidence that the O–O bond has been 

broken. Recall that both protons and electrons are required for O–O cleavage, as addition 

of up to 20 equiv of Fc* alone to a solution of LS-4DCHIm causes no spectral changes 

(Figure 3.2). 

 

3.5 Mechanistic insights from kinetic analysis 

3.5.1 Determination of reaction order and kinetic fitting 

For the H-bonding and PCET processes occurring in Figures 3.3 and 3.5, pseudo-

first order kinetic experiments were carried out to determine reaction orders for LS-

4DCHIm, 4-NO2-phenol, and Fc* (see Appendix B for details). While the reaction rate 

was found to be independent of [LS-4DCHIm] (Figure B14d), and linear with respect to 

[Fc*] (Figure 3.6A), saturation behavior was observed with increasing concentrations of 

4-NO2-phenol (Figure 3.6B). This observation is consistent with a reversible equilibrium 

or formation of an intermediate prior to the rate determining step (r.d.s.).52,69,70 In this case 

it can be attributed to the association of the 4-NO2-phenol with the peroxo core. Notably, 

the UV-vis changes which occur upon addition of 4-NO2-phenol to LS-4DCHIm are not 

reversed following addition of strong base, i.e., the entire phenolic moiety inserts into the 
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structure of LS-4DCHIm (vide supra). After measuring the rate as a function of Fc*+ 

appearance (ΔAbs(785 nm – 870 nm)) over time (see Appendix B) and applying the kinetic 

model in Figure 3.6C, we calculate an association constant, KH+ = 604 ± 21 M–1, as well 

as a rate constant for the second-order electron transfer step, ket1 = 1.6 ± 0.1 M–1s–1. 

 

 

Figure 3.6. Kinetic data for the weak acid/electron reactions with LS-4DCHIm. 
Dependence of kobs on [Fc*] (a) and on [4-NO2-phenol]. (b) Kinetic model used for fitting 
the data (c). 
 

All kinetic experiments were carried out by initial addition of the reductant to the 

LS-4DCHIm complex, which caused no spectral changes, followed by addition of 4-NO2-

phenol. In all cases, immediate formation of the intermediate species, [LS-

4DCHIm(ArOH)], was observed, leading to the formation of the reaction products.  This 

experimental observation is consistent with the proposed mechanism, in which 
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construction of an H-bonding network around the Fe-peroxo-Cu complex precedes and 

facilitates the electron transfer. The linear dependence of kobs on the concentration of Fc* 

indicates that during the r.d.s., only one molecule of reductant is involved, we believe 

resulting in O–O cleavage and transient formation of a FeIV=O, and the second electron 

transfer occurs immediately following that formation, consistent with 2 equivalents Fc*+ 

formed overall. No H2O2 is released when [DMF∙H+](CF3SO3
–) is added to the product 

mixture (Table B1), indicating that all peroxide has been reductively cleaved and 

protonated to give water (Figure 3.5). This result, along with the Cmpd II experimental 

results (vide infra, Figure 3.7) and nature of the final products formed (Fe(III), Cu(II) and 

2 equiv. of Fc*+) support this claim that a transient ferryl must have formed in the initial 

reduction (1-electron) and protonation. 

 

3.5.2 Phenol-OD deuterium kinetic isotope effect analysis 

Deuterated 4-NO2-phenol(OD) was employed for kinetic isotope effect analysis 

(see Appendix B). The resultant KIE values of 1.6 for the phenol-association step (KArOD = 

374 ± 28 M–1) and 1.9 for the rate determining step (ket(ArOD) = 0.89 ± 0.1 M–1s–1) suggest 

that the phenolic O–H(D) bond is broken, and the proton is transferred in the rate-

determining step. This conclusion is consistent with the DFT interrogation of [LS-

4DCHIm(ArOH)] (vide supra) and the overall proposed mechanism. While smaller than 

expected for a phenolic HAT reaction, these KIE values are in the range for PCET reactions 

involving phenol O–H(D) bond activation by metal-oxygen species.71,72  

 



79 

 

3.5.3 Implications from kinetic studies of an independently generated Fe(IV)=O 

species 

In HCOs, it is proposed that delivery of a H+ and e– induces O–O cleavage of an 

FeIII-peroxo-CuII moiety, resulting in an FeIV=O (Cmpd II-type) species which is 

subsequently reduced and protonated to give a low-spin FeIII–OH product.73 To probe the 

possibility that such a ferryl species forms during reduction of [LS-4DCHIm(ArOH)], as 

implied by the kinetic results just described, initial rates were measured for the 

protonation/reduction of an authentic solution of F8FeIV=O 74 was performed by addition 

of 4-NO2-phenol and Fc*.  

Indeed, the same low-spin heme product was observed (Figure 3.7), and both the 

proton and electron sources were necessary to observe a reaction. However, the rate of 

reduction (1e–) of the Cmpd II-type complex is >3 times faster than the reduction of [LS-

4DCHIm(ArOH)] (2e– overall, vide supra), therefore this explains the finding that we 

could not spectroscopically (by UV-vis) observe the FeIV=O intermediate during the LS-

4DCHIm reaction since excess reductant is present (note that in HCOs and other model 

complexes,75 the stoichiometric supply of electrons can be controlled, allowing observation 

of a metastable FeIV=O species). This result demonstrates the mechanistic similarity 

between O–O cleavage in LS-4DCHIm and HCOs, highlighting the relevance of this work 

among enzyme model complexes.  
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Figure 3.7. Scheme (top) and UV-vis spectra showing (A) formation and 1e– reduction 
reactivity of FeIV=O in the presence of 4-NO2-phenol. Initial rates (B) and UV-vis spectra 
(C) for formation of 1eq Fc*+ in the reduction of Cmpd II (blue) and 2eq Fc*+ for [LS-
4DCHIm(ArOH)] (green). 
 

 

3.6  Structural considerations relevant to the observed difference in reactivity 

between LS-3DCHIm and LS-4DCHIm  

In addition to LS-4DCHIm, our lab has recently characterized a similar heme-

peroxo-copper complex, LS-3DCHIm, in which the copper ion is ligated by only 3 
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monodentate DCHIm donors.51 LS-3DCHIm is only stable below –115°C in MeTHF and 

is unchanged following addition of 4-NO2-phenol and/or Fc* (monitored by UV-vis and 

rR) illustrating the different chemical properties of the two low-spin imidazolyl complexes.  

It is important to note that LS-4DCHIm can be cooled below –115°C and maintain its 

reactivity (at slower rates). However, no reaction is observed when an excess of a sterically 

hindered, albeit slightly more acidic phenol, 2,6-di-tert-butyl-4-nitrophenol (pKa(CH3CN) 

= 19.1)57 is added to a solution of LS-4DCHIm, even in the presence of Fc*. In contrast, 

recall that reaction with strong acid, [DMF∙H+](CF3SO3
–), gives identical products for both 

LS-3DCHIm and LS-4DCHIm (UV-vis, EPR, H2O2 quantification, vide supra). To gain 

insight into this difference in reactivity, we compared the DFT-optimized structures for 

these two complexes (Figure 3.8).  

 

 

Figure 3.8. DFT-optimized structures of LS-4DCHIm and LS-3DCHIm (porphyrin ArF 
groups and H-atoms omitted for clarity) depicting the relationship between structural and 
reactivity toward different acids. 

 

 



82 

 

DFT predicts the lowest energy structure for LS-3DCHIm to have a distorted 

square planar geometry (τ = 0.4, where 0 = square planar, 1 = tetrahedral) with an Fe–Cu 

distance of 4.10 Å, and for LS-4DCHIm to have a square pyramidal geometry (τ = 0.1, 

where 0 = square pyramidal, 1 = trigonal bipyramidal)76 in which the additional DCHIm 

ligand occupies the axial position at the copper center and the Fe–Cu distance is 4.47 Å. 

While these calculated structures do not give insight into the markedly high O–O stretch 

observed in rR experiments, it is clear that an additional monodentate ligand induces a 

structural rearrangement which influences the accessibility of the peroxo core. In 

particular, the core geometries of LS-3DCHIm and LS-4DCHIm, depicted in Figure 3.8 

(also see Figure B9 for more selected bond lengths and angles), indicate a more accessible 

peroxo moiety in LS-4DCHIm. These results together suggest that steric factors inhibiting 

H-bond association greatly contribute to the difference in reactivity between the two 

complexes. 

 

3.7 Conclusions 

The structural nature of the HCO-inspired heme-peroxo-copper complexes, and 

their reactivity in protonation-reduction chemistry which has been described here, further 

emphasizes the realization concerning how acutely nature has constructed its systems to 

achieve the chemical transformations necessary for sustaining aerobic life. Rather than 

rigorous mimicking of proteins, we have taken the approach of designing synthetically-

simplified complexes in which we can control or manipulate certain aspects in our pursuit 

of a fundamental understanding of the factors involved in O2-reduction processes which 

may occur within a heme-copper construct; this has required the use of cryogenic 
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conditions (e.g., –90 °C) for generation of heme-Cu O2-adducts with restrictive 

properties.77 In doing so, we have shown that both the structure of the bridging peroxo-

complex and the nature of the proton source play a role in determining whether the 

protonation/reduction mechanism proceeds via acid/base chemistry (metal–O cleavage, 

release of H2O2), or substrate-mediated redox chemistry (O–O bond reductive cleavage). 

The use of monodentate DCHIm ligands allows for the formation of heme-(O2
2–)-Cu 

complexes possessing comparable yet unique structures, LS-3DCHIm and LS-4DCHIm, 

with intriguingly different reactivities. 

 

Scheme 3.2. Overall proposed mechanism for the reaction of LS-4DCHIm with 4-NO2-
phenol and Fc*. 

 

 

The two complexes discussed differ in that a phenolic H-bond associated adduct 

can form with LS-4DCHIm, where we have shown that the weak acid, 4-NO2-phenol, 

associates with the Cu-bound Operoxo-atom, however, a sterically hindered phenol of 

comparable acidity does not associate. Also, in retrospect, the lack of binding of 4-CN-

phenol is surprising since it is not sterically inhibited, and the small difference in acidity is 

not expected to translate in a major way to H-bonding ability.78 With addition of Fc* (2 
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equiv. overall required) O–O reductive cleavage occurs, giving water, Fe(III), and Cu(II) 

products, however a kinetic study reveals a one-electron rate determining process. The 

intermediacy of a high-valent [(DCHIm)F8FeIV=O] species is thus implied, and separate 

experiments show that one electron reduction-protonation of [(DCHIm)F8FeIV=O] occurs 

more rapidly, consistent with the overall postulated mechanism (Scheme 3.2). Overall, the 

importance of the H-bonding interaction as a prerequisite for reductive cleavage has been 

highlighted.  

All of these observations contrast the behavior of LS-3DCHIm, where a potentially 

more compressed peroxo core does not allow for formation of such an adduct. If a strong 

acid is employed, [DMF∙H+](CF3SO3
–), steric hindrance is no longer a contributing factor, 

as a (solvated) proton can easily reach either peroxo core to induce metal–O cleavage via 

acid-base chemistry, and release hydrogen peroxide. Therefore, we have observed that in a 

similar fashion to the generally proposed enzymatic mechanism in HCOs, reductive O–O 

cleavage is effected after first establishing a hydrogen-bonding network close to the peroxo 

which then facilitates the proton-coupled electron transfer (in this case, from 4-NO2-phenol 

and Fc*, and in HCOs, from the cross-linked Tyr residue) (Scheme 3.2). In the enzyme, 

this efficient manner of transferring the H+/e– to the peroxo prevents the production of 

partially-reduced, detrimental, reactive oxygen species.15,79,80 Only a few previous HCO 

model systems have achieved O–O cleavage, however they have employed rigid structural 

frameworks or “picket-fence porphyrins”. Now, we have shown that a new, potentially 

more flexible adduct, when paired with the appropriate reagents can closer mimic the 

enzyme’s proposed stepwise transfer of H+/e– to an Fe-Cu bridging peroxo moiety. In this 
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way, we continue to uncover the seemingly small yet critical chemical and/or structural 

aspects of transition metal-O2 assemblies which greatly impact O–O cleavage chemistry. 
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4.1  Introduction 

Heme−copper oxidases (HCOs) are terminal respiratory enzymes prevalent 

throughout biology that are responsible for the four-electron reduction of dioxygen to 

water.1,2 This reaction and its reverse have considerable global implications in areas 

ranging from biological energy conversion and mitochondrial disease to aerobic fuel cells 

and solar energy conversion.3 Cytochrome c oxidase (CcO), the most widely studied 

member of the HCO superfamily, is found in the mitochondrial membrane of eukaryotes 

and the bacterial membrane of aerobic prokaryotes. The biological source of electrons in 

CcO is cytochrome c, which results in a net free energy gain of 46 kcal/mol of dioxygen 

reduced; energy which is efficiently used to pump protons across the inner mitochondrial 

or bacterial membrane to generate a chemiosmotic potential used downstream to drive ATP 

synthesis.4 Dioxygen is reduced at a binuclear center (BNC) shown in Figure 4.1 and 

discussed in depth in Chapter 1; note that all heme and protein residue indices referenced 

in this chapter correspond to the bovine heart aa3-type CcO). 

 

 
Figure 4.1. Active-site structure of the heme−copper oxidase CcO from bovine heart 
cytochrome aa3 (PDB deposition 1V54). 
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Electrons are delivered to the active site through a low-spin, bis-His-ligated heme 

(heme a) found in all HCOs, and CcO also contains a di-copper center (CuA) responsible 

for mediating electron transfer (ET) from cyt. c to heme a. While the presence of these 

additional metal centers complicates data from many spectroscopic methods, the use of 

model chemistry, site-selective spectroscopies, and computational studies provide 

promising means of studying the 4H+/4e− reduction of O2 to H2O by the BNC. 

Given the global significance of the reaction, much recent emphasis has focused on 

developing a detailed understanding of the factors essential to O−O bond cleavage. An 

extensive set of data from spectroscopic and computational studies has evolved a likely 

mechanism for how CcO breaks the O−O bond,5 in which dioxygen binds to the active-site 

heme in the reduced state (R, where the BNC is in the FeII/CuB
I state) generating a 

superoxo-level intermediate (A),6,7 which rapidly cleaves the O−O bond to yield a highly 

oxidized state, PM, consisting of FeIV=O/CuII–OH/Y• moieties (Figure 4.2). The active-

site cross-linked tyrosine is thought to play a critical role by contributing the fourth electron 

required for reductive cleavage of dioxygen,8 however there is little direct evidence, as the 

Y• would be antiferromagnetically (AF)-coupled to the Cu(II) and not detectable9–12 (see 

Chapter 1 for a detailed discussion of the mechanism). 

A key matter that remains unsolved is the reaction coordinate connecting 

intermediates A and PM. While it has not been observed experimentally, the involvement 

of a peroxo level intermediate (IP, see Figure 4.2) in CcO has been a source of much 

discussion. Kinetic studies have indicated that if a peroxy intermediate forms in CcO, it 

must have an O−O cleavage barrier of < 12.4 kcal/mol in order to not be observed.7,13 
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Figure 4.2. Proposed O−O cleavage mechanism in HCOs, involving O2 reduction via a net 
H-atom transfer from tyrosine to a peroxo intermediate (IP). 

 

Nevertheless, studies of other O2-activating heme enzymes14 and computational 

studies calibrated to the overall thermodynamics of the CcO reaction15,16 support a peroxo 

level intermediate. In particular, it has been proposed that such a species serves as the active 

proton acceptor in CcO (rather than the superoxo intermediate, A) during turnover.16–18 

Given that the terminal (i.e., distal) O-atom of an Fe(III)−superoxo in A would lie close to 

CuB(I), the putative peroxo species has been formulated as having a bridging FeIII−(μ-1,2-

O2
2−)−CuII structure (IP in Figure 4.2). As such, a number of heme−peroxo−copper 

complexes have been synthesized to model this species and understand its reactivity,19–25 

and many computational studies addressing O−O cleavage in CcO have invoked a bridging 

peroxo as an energetic local minimum.16,26,27  

Throughout the literature, it has generally been regarded that O−O cleavage in CcO 

involves protonation of the peroxo early in O−O elongation and before the barrier, although 

the nature of the initial proton source has been disputed.16,28,29 Thus, while many other 
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details remain contested, the current literature affords a consensus O−O cleavage 

mechanism that comprises a net H-atom transfer from tyrosine (resulting in a tyrosyl 

radical-containing intermediate, PM), where the barrier effectively involves cleavage of an 

Fe−O−O(H)−Cu moiety.  

Recently, the first example of a reactive, low-spin heme−peroxo−copper model 

complex, {[(DCHIm)F8FeIII]−(O2
2−)−[CuII(AN)]}+ (LS-AN; DCHIm = 1,5-

dicyclohexylimidazole; F8 = 5,10,15,20-tetrakis(2,6-difluorophenyl)porphyrinate; AN = 

bis[(3-(dimethylamino)propyl)-amine]),30 has been reported, which is competent for the 

biomimetic net H-atom abstraction from exogenous phenol to generate a high-valent 

(DCHIm)F8FeIV=O, CuII(AN)–OH, and phenoxyl radical species (see Figure 4.3).31 This 

important finding highlights the reactive nature of a low-spin heme−peroxo−copper species 

with an H-atom-donating phenol (or more generally, a readily accessible H+/e− pair), giving 

direct relevance to HCOs, in which a Tyr residue lies ~6 Å away from the O2-binding 

heme/Cu center and is widely implicated as having a role in the catalytic cycle. Also akin 

to the active-site heme in CcO, LS-AN is axially coordinated by an imidazole (DCHIm), 

which generates a low-spin (S = 1/2) ferric heme that is bridged by an end-on peroxide to 

a cupric (S = 1/2) fragment. Owing to the low-spin nature of the heme, the overall molecule 

is diamagnetic due to AF coupling between the Fe and Cu through the peroxide bridge.32 

In the absence of the strong axial base (DCHIm), the complex has a high-spin (S = 5/2) 

ferric heme and a cupric fragment bridged by a “side-on” peroxide, and no reaction with 

phenol occurs (Figure 4.3). 
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Figure 4.3. Heme−peroxo−copper complex, LS-AN, performs a net H• abstraction from 
phenol to generate a phenoxyl radical, analogous to the net H• transfer from the phenolic 
Tyr residue in CcO. 

 

This chapter includes discussion of the observed reactivity of an additional phenol 

(4-methoxy-phenol) capable of effecting O−O cleavage of LS-AN via net H-atom 

abstraction, which has afforded valuable product characterization and kinetic data. 

Considering that the reaction occurs at low temperatures (around –70 to −80 °C) and yields 

products analogous to those proposed for PM, these results support the feasibility of a 

transient peroxo level intermediate in CcO. We have experimentally and computationally 

(using density functional theory, DFT) evaluated the reaction of LS-AN with phenol in 

order to understand how LS-AN is activated for reductive O−O bond cleavage and to 

correlate this to the analogous reaction in CcO. Since the phenols found to accomplish this 

reaction with LS-AN to date exhibit similar pKa’s and bond dissociation energies, but 

differ in sterics,31 the calculations reported in this chapter employ either a simple, 

unsubstituted phenol, or the para-substituted 4-OMe-PhOH. A 3D potential energy surface 
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(PES) generated for the reaction reveals two possible reaction pathways by which the 

phenol could induce O−O cleavage, while providing both a H+ and an e− to fully cleave the 

bond and generate a phenoxyl radical. The first mechanism, comparable to that of current 

CcO literature (described above and in earlier chapters), involves a reaction coordinate 

wherein the phenolic proton transfers to the peroxo early in O−O cleavage, therefore 

yielding a transition state (TS) with the proton almost fully transferred to the peroxo (upper 

path in Figure 4.4). In the second reaction pathway, proton transfer (PT) occurs primarily 

after the TS, thus the reaction barrier is best described as O−O homolysis with the phenol 

remaining H-bonded to the cleaving peroxo in the TS (lower path in Figure 4.4). 

 
 

 

Figure 4.4. Two possible reaction mechanisms for phenol-induced O−O cleavage of LS-
AN, derived from the calculations presented below. 
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Upon comparing the reaction barriers (by DFT) for these two mechanisms to 

determine which is kinetically favored, it was found that the relative barrier heights were 

highly dependent on the density functional employed, and that this variability arises from 

differences in covalency (which governs ET from Fe) given by different DFT methods. 

Ultimately, variable temperature kinetic experiments have enabled us to resolve which 

mechanism occurs in the reaction of LS-AN with phenol by allowing differentiation based 

on the amount of PT in the TS (Figure 4.5). 

 
 

 

Figure 4.5. Theoretical approach to modelling the reactivity of a heme-peroxo-copper 
complex and how experimental kinetics data can distinguish between possible 
mechanisms. 

 

As the overall reaction involves transfer of both a H+ and an e−, two important 

components of this study are (i) to investigate their relative timing and (ii) to evaluate their 

respective roles in impacting the barrier and overall thermodynamics. The consequences 

of the empirical findings are discussed in relation to O−O cleavage in HCOs, supporting a 

model in which a peroxo intermediate serves as the active H+ acceptor, and both the H+ 
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and e− required for O−O cleavage derive from the cross-linked Tyr residue present at the 

active site. A key distinction from the biological systems is that in the reaction of LS-AN 

with phenol, the phenol is the only possible source of a proton, providing a well-defined 

system for the calculation of the overall thermodynamics and the O−O cleavage barrier, 

thus allowing this system to serve as an effective benchmark comparison for O2 reduction 

in HCOs. However, given the wide variety of H+ and e− donors that are available in biology, 

we consider possible alternative donors in CcO to understand the importance of the cross-

linked Tyr residue for O−O cleavage.  

Overall, this chapter highlights how empirical findings (from studies of the enzyme 

and model systems;31 also see Chapter 3) inspire theoretical investigations, which can 

correlate chemical reactivity of a synthetic model to that of the natural enzyme. This not 

only justifies the relevance of model chemistry in general for studying biochemical 

phenolmena, but also reinforces the significance of the cooperation of computational and 

experimental methods, especially in the evaluation of biorthogonal reactions, such as {LS-

AN + phenol}, to gain multifaceted understanding of how a bridging peroxo moiety can be 

activated for reductive O−O bond cleavage. 

 

4.2 Computational results 

4.2.1 Reaction coordinate of LS-AN with exogenous phenol 

The geometric and electronic structure of LS-AN has been defined previously using 

the BP86 functional, which was shown to provide good agreement with EXAFS and 

resonance Raman data (see Figure 4.6A).32 The starting point for surveying this reaction 
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was obtained from an unconstrained optimization of LS-AN with an approaching PhOH, 

which yielded an energetic local minimum denoted as the docked reactant, D (Figure 

4.6B), that is 7.0 kcal/mol more stable in ΔE than the separated species, and 3.3 kcal/mol 

less stable in ΔG, owing to the entropic cost of bringing the components together. For 

comparison to experimental data, the endergonicity of “docking” the reactants was 

removed by measuring the kinetics under conditions where the rate is saturated in phenol 

concentration, indicating that equilibrium in the reactants is fully shifted to the bound 

complex (vide infra, and see Appendix C for details). In the docked reactant structure, the 

phenol is H-bonded to the peroxo O-atom on the Cu (OCu) with an OCu···O(H)Ph separation 

of 2.8 Å (Figure 4.6). The H-bonding interaction to OCu in D induces a slight elongation 

of the peroxo O−O bond from 1.40 Å (in LS-AN) to 1.43 Å.  

 

 

 

Figure 4.6. (A) LS-AN, (B) Starting, docked reactant structure, D, for LS-AN·PhOH, 
where the phenol is H-bonded to the peroxo O-atom bound to Cu, OCu, and O···O, 
OCu···H(OPh), and OCu···OPh(H) distances of 1.43, 1.75, and 2.73 Å, respectively. (C) 
Product structure, P, for LS-AN·PhOH, with distances of 3.54, 0.99, and 2.79 Å, 
respectively. H-atoms have been removed for clarity (except the phenolic H). 
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Given that the experimentally observed products include a phenoxyl radical (vide 

infra), transfer of a proton and an electron from the phenol to LS-AN, followed by an 

unconstrained optimization yielded a product structure, P, consisting of three fragments: 

[(DCHIm)F8FeIV=O], [(AN)CuII(OH)]+, and the associated phenoxyl radical (Figure 

4.6C). This phenoxy-associated product has an energy ΔG = −12.0 kcal/ mol relative to the 

docked reactants (ΔE = −6.1 kcal/mol), and a completely separated phenoxyl radical yields 

the overall thermodynamics for the separated reactants to separated products of ΔG = −7.9 

kcal/mol (ΔE = −5.3 kcal/mol).  

 

4.2.2 The overall reaction landscape. 

The PES connecting the reactant and product minima described above was 

calculated as a function of three coordinates: the OFe–OCu, OCu···H(OPh), and 

OCu···OPh(H) distances. Two representative surface slices with the OCu···OPh coordinate 

fixed at 2.4 and 2.6 Å are shown in Figures 4.7A and 4.7B, respectively (also see Appendix 

C). Examination of the combined potential surface revealed two possible reaction 

pathways, approximated by the red and blue curves in Figure 4.7. One pathway (red curve, 

Figure 4.7B) involves an initial, nearly complete decrease in the OCu···H distance, 

followed by OFe−OCu elongation, therefore indicating that the H+ transfer to OCu occurs 

early in O−O cleavage. To evaluate which mechanism is kinetically favored (i.e. which has 

the lowest barrier) in the reaction, {LS-AN + PhOH}, a TS was found for each pathway. 

Using the highest energy point along the first reaction pathway (red curve) as an 

initial guess, an unconstrained TS was found (shown in Figure 4.8A) with an energy of 

ΔG  = 7.9 kcal/mol above the docked structure (ΔE  = +11.7 kcal/mol). This TS structure 
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has the H+ almost completely transferred to the OCu, yet is relatively early in the O−O 

coordinate. Note that the OCu···OPh separation is significantly shorter than in D (2.45 vs. 

2.73 Å). Importantly, the phenolic electron still resides on the phenolate ring at the TS 

(from a population analysis, see Appendix C), indicating only the proton is transferred, 

rather than an H-atom. Given the nature of the transition state, this mechanism for O−O 

cleavage is referred to as “proton-initiated” (PI), and the transition state is denoted TSPI. 

With respect to the current literature on CcO,16,17,26,33–35 the mechanism depicted by this PI 

pathway is closely representative of the process that has generally been considered in the 

enzyme. 
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Figure 4.7. PESs for OFe···OCu vs. OCu···H(OPh) distances (with fixed OCu···OPh), where 
the top/bottom plots are rotated 90° from each other to show the full surface. (A) 
OCu···OPh = 2.4 Å; the red line represents an approximate reaction pathway through the 
proton-initiated TS (TSPI). (B) OCu···OPh = 2.6 Å; the blue line represents an approximate 
reaction pathway through the H-bonded TS (TSHB). All energies are relative to the structure 
with OCu···OPh = 2.6 Å, OFe−OCu = 1.4 Å, and OCu···H(OPh) = 1.6 Å (which is set to 0 
kcal/mol). Dashed lines indicate that the path is behind the surface. 
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Figure 4.8. Geometric structures for (A) the transition state along the proton transfer 
pathway (TSPI), and (B) the transition state along the H-bond-assisted O−O homolysis 
pathway (TSHB). Green arrows illustrate the dominant motion in the imaginary frequency. 
H-atoms have been removed for clarity (except the phenolic H). The table summarizes the 
changes in selected bond distances along the reaction pathway from the LS-AN peroxo to 
products via D and one of the two transition states evaluated. 

 
 
The second pathway (blue curve, Figure 4.7B) involves nearly complete OFe−OCu 

elongation followed by the decrease in OCu···H, indicating that the H+ transfer occurs late 

in O−O cleavage. A TS for the second reaction pathway (blue curve in Figure 4.7B) was 

found having an energy of ΔG  = +10.0 kcal/mol above D (ΔE  = +10.9 kcal/mol). The 

structure of this TS, depicted in Figure 4.8B, shows the H is still predominantly on the 

phenol, although the OCu···H distance has decreased due to the phenol moving closer to 

the peroxo core (the OCu···OPh has decreased from 2.73 Å in D to 2.57 Å in the TS) (see 

Figure 4.8). Thus, in this TS the proton has only minimally transferred and the phenol is 

effectively serving as an H-bond donor as the O−O bond is homolytically cleaved. Given 

 LS-AN D TSPI TSHB P 
OFe···OCu 1.40 Å 1.43 Å 1.88 Å 2.30 Å N/A 
OCu···OPh N/A 2.73 Å 2.45 Å 2.57 Å N/A 

OCu···H(OPh) N/A 1.75 Å 1.12 Å 1.54 Å 0.99 Å 
PhO···H N/A 1.00 Å 1.35 Å 1.04 Å N/A 
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the nature of the transition state, this reaction pathway is referred to as “H-bond assisted 

O−O homolysis” (HB), and the transition state is denoted TSHB. 

Comparing the reaction barriers calculated for these two pathways, the PI reaction 

coordinate is predicted to be kinetically favored, as it is lower in ΔG  by 2.1 kcal/mol. 

However, given that they are fairly similar in energy, and have sufficiently low barriers to 

be kinetically feasible, we examined each reaction coordinate to understand how and why 

they differ, and to confirm that both lead to the correct products. 

 

 
4.2.3 Proton-initiated O−O cleavage (PI mechanism). 

The intrinsic reaction coordinate (IRC) up to the barrier (from D to TSPI, Figure 

4.9) involves three key geometric changes: the OFe−OCu bond lengthens, the Fe−O bond 

shortens, and the OCu···H distance shortens. These changes in bonding are coupled to 

electron transfer from Fe into the peroxo (predominantly β-spin, yielding an S = 1 ferryl 

heme) (Figure C3), which derives from the Fe dyz orbital via π−backbonding into the peroxo 

σ* orbital (Fe dπ(σ*) in Chart C1 and Figure C2). 
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Figure 4.9. PES (ΔE) vs. OFe−OCu distance for the PI pathway, generated by an intrinsic 
reaction coordinate from the TS (TSPI), with the OCu···H and OCu···OPh vectors 
unconstrained. The structure at TSPI is shown in Figure 4.8A and described in the text. 

 

The O−O bond elongation from 1.43 to 1.88 Å (Figure 4.8) parallels the increase 

in occupation of the σ* and decrease in O−O Mayer bond order (MBO) (from 0.85 to 0.43, 

see Figure 4.10 and see Appendix C, Figure C3), suggesting that the bond is approximately 

halfway cleaved in TSPI. Meanwhile, the Fe−O bond shortens from 1.82 to 1.68 Å and the 

respective MBO increases from 0.68 to 1.11, indicating significant Fe−O double bond 

character at the TSHB. Finally, the OCu−H distance shortens from 1.75 to 1.12 Å and the 

MBO increases from 0.12 to 0.45. This is assisted by the electron density transferred from 

Fe, which localizes primarily on OCu (Figure C3 C,D), thereby increasing the negative 

charge on OCu and strengthening its interaction with the approaching H(OPh). 
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Figure 4.10. Mayer bond orders as a function of O–O elongation for the PI (top) and HB 
(bottom) reaction pathways. Vertical dotted lines indicate the position of the transition 
states. 

  

The PI reaction coordinate after the TSPI includes electron transfer and completion 

of the O−O bond cleavage. Since the electron transferred from Fe (which is mostly 

complete by the TSPI) has β-spin, the second electron has α-spin. The α e− derives from 

phenolate, which transfers into the σ*O−O over the remainder of the reaction coordinate (see 

Appendix C, Figure C3B). This involves donation out of the phenolate HOMO, which, 

following a rotation of the phenol ring ( 30°, see Figure C4), has direct overlap with the 
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σ*O−O through the out-of-plane p(π)-orbital on the phenolate oxygen (MO contour plots 

shown in Appendix C, Chart C1). Since this completes O2 reduction, the O−O bond cleaves 

and the FeIV=O, CuII–OH, and PhO• fragments move apart. An unconstrained optimization 

thus yields the products shown in Figure 4.6C, giving an overall ΔG = −12 kcal/mol. 

 

4.2.4 H-bond assisted O−O homolysis (HB mechanism). 

The second pathway, HB, for the reaction of {LS-AN + PhOH} (blue in Figure 

4.7B) involves O−O bond cleavage with minimal H+ transfer from phenol at the transition 

state (TSHB, Figure 4.8B). During the reaction coordinate from D to TSHB (generated from 

the reverse IRC from TSHB, shown as the blue curve in Figure 4.11), the O−O bond 

elongates while the Fe−O and Cu−O bonds shorten, and the phenol moves closer to OCu 

but remains an H-bond donor. These changes are coupled to the transfer of a β electron 

from Fe into the σ*O−O orbital, which polarizes toward OCu (similar to the PI reaction 

pathway). The O−O bond has elongated from 1.42 Å in D to 2.30 Å in TSHB (more so than 

in TSPI, Figure 4.8), although the energy rises minimally after reaching an r(O−O) of 2.0 

Å. Based on an O−O MBO of 0.19 in TSHB (decreased from 0.85 in D, Figure 4.10), the 

O−O bond is nearly cleaved (although the fourth e− has not yet transferred). 
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Figure 4.11. PESs for O−O cleavage without phenol (purple), with phenol H-bonded 
(blue), and with the phenol H+ transferred to the peroxo (green) vs OFe−OCu separation. 

 

In concert, the Fe−O bond has shortened from 1.82 to 1.66 Å, and the Cu−O bond 

has shortened from 1.95 to 1.84 Å, with bond orders likewise reflecting much stronger 

bonds at the TSHB (Figure 4.10). In addition, the OCu···H distance of 1.54 Å in TSHB 

indicates that the phenol is H-bonded to the peroxo moiety, though it is worth noting that 

this interaction strengthens as the reaction proceeds to the TSHB, as evidenced by the 

increase in OCu−H MBO from 0.12 to 0.21. The overall electronic structure of TSHB is best 

described as an FeIV=O/CuII–O•/PhOH, where both metal fragments are triplet species (α 

for Fe, β for Cu). Due to the orthogonality of the singly occupied orbitals involved (Figure 

C8), a triplet Cu-oxyl is 3.8 kcal/mol more stable36 than the singlet species that would form 

on the overall triplet surface. 
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 Continuing in O−O elongation past TSHB, an IRC calculation in the forward 

direction yields a structure having a fully cleaved O−O bond (3.5 Å, far right on blue curve 

in Figure 4.11), an FeIV-oxo porphine, a CuII-oxyl, and a phenol still H-bonded to the oxyl. 

It is important to note that oxidizing the porphyrin (to form a porphyrin radical and CuII-

oxo) would be 43 kcal/mol higher in energy, and oxidizing the phenol would be 66 kcal/mol 

higher. Nevertheless, the energy of this structure is 4.1 kcal/mol (ΔG, 7.4 in ΔE) above D, 

which confirms that H+ transfer from phenol is necessary for O−O cleavage to become 

thermodynamically favorable. 

 To investigate the process of transferring the H+ and e− to the Cu-oxyl to reach the 

favorable phenoxyl radical-containing products that are experimentally observed, an 

additional PES scan was generated, involving fixing the proton from the phenol initially 

on the peroxide OCu in the reactant and elongating O−O bond (Figure 4.11, green curve). 

Comparing this to the IRC containing TSHB (Figure 4.11, blue curve), these surfaces 

become isoenergetic at r(O−O) ≈ 2Å, after which it is thermodynamically favored for the 

H+ to transfer to OCu. However, transferring the H+ at the crossing point involves an 

additional barrier ( 1.5 kcal/mol) that is greater than the 0.5 kcal/mol required to reach 

TSHB (at r(O−O) = 2.3 Å), and therefore the lowest energy reaction pathway follows the 

H-bonding O−O homolysis surface (blue curve). As the O−O bond continues to elongate 

and it becomes increasingly more favorable for the H+ to reside on OCu, the H+ eventually 

transfers without contributing to the barrier (see Appendix C for details and evaluation of 

this process). However, when the H+ can transfer, the energy (along the blue curve) has 

already reached that of TSHB (which is therefore ΔG ). Interestingly, when the H+ is 

halfway transferred, the phenolate still has < 10% radical character (from a Mulliken 
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analysis, Figure C17), indicating that the net H-atom transfer occurs as PT, followed by 

ET, similar to the “proton-initiated” pathway through TSPI (vide supra). Following H+ and 

e− transfer, a full optimization of the resultant structure yielded the final products, P, in 

Figure 4.6C. 

 Given that this reaction pathway essentially represents O−O homolysis with an H-

bond donor interacting with OCu, it is instructive to compare this (blue curve in Figure 

4.11) to O−O homolysis without the phenol present (purple curve in Figure 4.11). From 

Figure 4.11, it is evident that the H-bond lowers the barrier (from 17.5 to 10.0 kcal/mol in 

ΔG , and from 17.6 to 10.9 in ΔE ; purple and blue curves, respectively), which is due to 

the H-bond enhancing electron donation from Fe to promote O−O cleavage (vide infra). 

Overall, this reaction pathway illustrates how an H-bond donor can lower the 

barrier to O−O homolysis by increasing donation from Fe and thereby raising the H+ 

affinity of the peroxo moiety, enabling fast PT-ET to form the thermodynamically 

favorable FeIV=O, CuII–OH, and PhO•, where the reaction barrier is defined by the H-

bonded O−O homolysis and not the H+/e− transfer. While these calculations yield a slightly 

higher energy barrier relative to the “PI pathway” in which the proton transfers much 

earlier in O−O cleavage (10.0 vs 7.9 kcal/mol), both pathways demonstrate that the 

phenolic proton serves to lower the barrier to O−O cleavage, and that the PT precedes ET, 

which occurs after the barrier. 
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4.2.5 Effect of metal−ligand covalency on the reaction surface  

The above PESs, structures, and thermodynamics were obtained using the pure 

density functional BP86, which was shown to provide reasonable agreement with structural 

(EXAFS) and vibrational data (rR) at a lower computational cost than a hybrid functional 

(such as B3LYP). However, it is well documented that introducing the Hartree−Fock (HF) 

exchange in a hybrid functional will alter the bonding such that metal−ligand (M−L) 

interactions become less covalent.37–41 We therefore examined how the inclusion of 20% 

HF exchange in a B3LYP calculation qualitatively and quantitatively impacts the {LS-AN 

+ PhOH} reaction surface. 

As summarized in Figure 4.12 (bottom), there is a generally good agreement in 

calculated thermodynamics (ΔG°) using the two functionals. To systematically evaluate 

how the barriers and PESs are affected, we first consider the homolytic O−O cleavage 

without phenol present (purple curves in Figures 4.12A and 4.12B for B3LYP and BP86, 

respectively). A comparison between the two functionals reveals that there is only a small 

energetic difference in the barriers: B3LYP yields a TS that is 2.7 kcal/mol higher in ΔG  

(Figure 4.12) and occurs at a shorter O−O distance (1.95 Å, vs 2.3 Å in BP86). 

The reaction pathway in {LS-AN + PhOH} where the phenol is H-bonded to the 

cleaving peroxo for the two functionals (blue curves in Figure 4.12) was also evaluated. 

The H-bond lowers the barrier relative to O−O homolysis (by 3.8 kcal/mol in B3LYP, and 

by 7.5 kcal/mol in BP86). Since the homolysis of LS-AN was already slightly higher in 

B3LYP, the net result is that the barrier to H-bond assisted O−O homolysis is 6.4 kcal/ mol 

higher in B3LYP than BP86, which is due to the difference in covalency (vide infra). 
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Figure 4.12. Comparison of B3LYP and BP86 PESs for the O−O homolysis without 
phenol (purple), PI pathway (red), H-bond assisted O−O homolysis/HB (blue), and the 
phenolic H+ transferred and optimized on the peroxo (green) vs OFe−OCu separation. The 
dotted line denotes that the relaxed PES through TSPI requires an additional structural 
constraint and therefore is not generated from an IRC. Bottom table shows a comparison 
of barriers and thermodynamics for O−O cleavage using BP86 and B3LYP 

 

 

Finally, comparing the barrier to O−O cleavage when PT occurs prior to the 

homolysis barrier (red curves through TSPI in Figure 4.12), B3LYP predicts a much higher 

energy for TSPI (ΔG  = 24.3 kcal/mol) than TSHB (ΔG  = 16.5 kcal/mol), while in BP86 

the TSPI barrier was lowest (2.3 kcal/mol lower than TSHB, vide supra). Thus, the lower 

covalency not only quantitatively changes the barrier heights, but also qualitatively 

changes the relative barriers (and therefore the predicted mechanism), by causing the PI 

pathway to be higher in energy in the less covalent B3LYP calculation.  

Insight into how the interaction with the proton and the change in covalency each 

affect the barrier to O−O cleavage can be gained from evaluation of the PESs generated by 
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transferring the H+ to OCu in the reactant and elongating the O−O bond (green curves in 

Figure 4.12). Comparing these surfaces shows that in BP86 the barrier to cleave the peroxo 

O−O bond is effectively removed, while in B3LYP there is still a significant barrier. This 

is because the interaction with the proton (or H-bond) lowers the energy of the peroxide 

MOs, therefore allowing easier electron donation from Fe. Since cleaving the O−O bond 

requires ET from Fe into σ*O−O, this results in a lower barrier.  

The more covalent M−L bonding in BP86 also facilitates donation from Fe into 

σ*O−O, likewise resulting in lower barriers to O−O cleavage as compared to B3LYP. 

Additionally, greater backbonding from Fe (due to higher covalency) increases negative 

charge on the peroxo, which raises the proton affinity of the OCu-atom relative to the 

phenolate (making H+ transfer favorable earlier in O−O cleavage). 

Overall, the BP86 calculation results in TSPI and TSHB boing similar in energy 

(with TSPI slightly lower) and leading to the same products. In contrast, upon altering the 

bonding description to be less covalent by using B3LYP, the latter barrier is significantly 

lower and therefore the H-bond assisted pathway is favored. The relative barrier heights 

depend on two competing factors: the degree to which protonation of the peroxo lowers 

the barrier to O−O cleavage (compared to H-bonding), and the energetic cost of 

deprotonating the phenol. That is to say, in BP86, protonating the peroxo lowers the barrier 

to O−O cleavage enough to overcome the proton affinity of the phenolate. Conversely, in 

B3LYP, protonation of the peroxo does not sufficiently lower the barrier, so the proton 

transfers later in O−O cleavage, after the O−O homolysis barrier. 
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4.3 Experimental evaluation of the O−O cleavage mechanism. 

Given that two DFT functionals (BP86 and B3LYP) provided qualitatively and 

quantitatively different descriptions of {LS-AN + PhOH}, a computational evaluation 

alone cannot reliably elucidate how an exogenous phenol induces O−O bond cleavage in 

LS-AN. Therefore, further experimental data were obtained to determine the mechanism 

by which this occurs and evaluate the reaction barrier. 

To first consider which functional more accurately models the covalency of LS-

AN, we can turn to spectroscopic data. In our earlier study,32 we found that TD-DFT 

calculations performed using B3LYP more accurately predicted the O2
2− to Fe3+ charge-

transfer transition and provided good agreement with the resonance Raman profile, 

indicating that B3LYP offers a better description of the covalency in LS-AN. It was 

suggested that B3LYP provided better agreement with the data because BP86 predicted the 

porphyrin orbitals to be too high in energy, resulting in overly covalent Fe-porphyrin 

bonding. 

To evaluate the possible reaction mechanisms, we investigated the reaction of LS-

AN with an H-atom-donating phenol, 4-OMe-PhOH, which accomplishes this reaction at 

low temperature (−70 to −80 °C, where LS-AN is stable, Scheme 4.1, and see Appendix 

C). To verify that the observed reactivity is comparable to the reaction modeled by DFT, 

we have demonstrated that (i) the phenoxyl radical is formed (based on radical trapping 

experiments, see Appendix C), (ii) the addition of 4-OMe-PhOH accelerates the 

disappearance of LS-AN, and (iii) decomposed LS-AN is unreactive toward phenol. 
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Scheme 4.1. Reaction of LS-AN with 4-OMe-PhOH (substrate-saturated conditions)a,b 

 

 

Under substrate-saturated conditions where the rate is independent of phenol 

concentration (Figure 4.13), we obtain a reaction rate of kobs = 4.18 × 10−4 s−1 at −70 °C, 

corresponding to a barrier of ΔG  = 14.9 kcal/mol. This value is very similar to the ΔG  

(14.8 kcal/mol) obtained from an Eyring analysis of the rates measured at −70, −72, −74, 

and −77 °C (Figure 4.13B, inset). Accordingly, the reaction barriers for the PI and HB 

pathways were recalculated (at −70 °C) with 4-OMe-PhOH, yielding values for BP86 

(ΔG PI = 7.2 kcal/mol, ΔG HB = 8.3 kcal/mol) and B3LYP (ΔG PI = 20.9 kcal/mol, ΔG HB 

= 16.2 kcal/mol) that were comparable (in both energy and TS geometry) to the 

unsubstituted phenol used in the bulk of the calculations. Note that these values are 

calculated relative to an optimized “docked” structure, as the experimental rate is saturated 

in [4-OMe-PhOH] (analogous to Michaelis−Menten conditions in steady-state kinetics). 

Thus, the barrier predicted by BP86 (7.2 kcal/mol) underestimates the experimental value 

of 14.9 kcal/mol, while the barrier in B3LYP (16.2 kcal/mol) overestimates it. 
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Figure 4.13. (A) Absorption spectra during the reaction of the LS-AN complex (0.1 mM, 
−70 °C, MeTHF) (red) with > 50 equiv 4-methoxyphenol to form the F8FeIII−OH final 
products (blue). (A, inset) Time evolution of absorption changes corresponding to LS-AN 
(533 nm) and FeIII−OH (555 nm). (B) Plots of initial reaction rate (monitored at 555 nm) 
dependence on phenol concentration at −70, −72, −74, and −77 °C, including 
Michaelis−Menten parameters for each temperature. (B, inset) Eyring analysis of the 
kinetic data, using the Vmax for each temperature. 

 

 

However, given that the two mechanisms differ qualitatively by the extent of proton 

transfer from phenol involved in reaching the TS (where one involves predominantly 

proton transfer, while the other involves minimal proton transfer), these can be 

experimentally distinguished by KIE measurements. Employing a deuterated 4-OMe-

PhOD slows the reaction rate to kobs = 2.41 × 10−4 s−1 at −70 °C, yielding a KIE of kH/kD = 

1.7 (Table 4.1). As expected from the nature of TSPI and TSHB, a larger primary KIE (kH/D 

= 7.7 in BP86, 10.2 in B3LYP) is calculated for the former, while a smaller secondary KIE 

(kH/D = 1.6 in BP86, 1.2 in B3LYP) is calculated for the latter, based on the PhOH/PhOD 

effect on ΔG . Thus, while the barrier calculated for each mechanism varies greatly with 

functional, a KIE > 5 is predicted for the PI mechanism, compared to a KIE < 2 for the HB 
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mechanism, independent of functional (Table C7). Taken together, these results indicate 

that the reaction of LS-AN with 4-OMe-PhOH proceeds via the HB mechanism. 

 

Table 4.1. Summary of kinetics data using the reaction conditions given in Scheme 4.1 

 
 

 

In the interest of determining a method that accurately reproduces the experimental 

results, we calculated the barriers to both mechanisms for {LS-AN + 4-OMe-PhOH} using 

several functionals that are commonly employed for first-row transition metal complexes 

in the literature and vary in the amount of HF exchange (M06-L, TPSSh, ωB97X-D, and 

PBE0). These results (Tables C6 and C7) further illustrate the trends observed between 

BP86 and B3LYP, where an increase in HF exchange yields a higher barrier and more 

strongly favors the HB mechanism. Based on these calculations, TPSSh and B3LYP appear 

to most accurately reproduce the experimental barrier, while BP86 provides the closest 

estimate for the KIE (for the HB mechanism). 
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4.4  Correlation to CcO  

The calculations and experimental data presented in this chapter establish that the 

transfer of a H+/e− pair from phenol enables favorable O−O bond cleavage in HCO model 

complex, LS-AN. It is therefore valuable to consider how these results relate to cytochrome 

c oxidase, in which a cross-linked Tyr residue (that is 6 Å away from CuB) is widely 

proposed to participate in O−O cleavage. As a benchmark comparison to {LS-AN + 

PhOH}, we first evaluate the reaction of an exogenous phenol with a bridging peroxo 

species in CcO, using a model of the active site that includes the cross-linked Tyr (Figure 

4.14).  

Similar to {LS-AN + PhOH}, if the exogenous phenol is allowed to provide both 

the H+ and e−, the reaction is exergonic by 3.1 kcal/mol (calculated in a dielectric of 4.0 at 

room temperature), compared to −7.9 kcal/mol for LS-AN. The key implication of this for 

the cross-linked Tyr residue (i.e., a separated phenol) is that it could induce 

thermodynamically favorable O−O cleavage in CcO by supplying both the H+ and e−, 

analogous to the reaction of {LS-AN + PhOH}. 
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Figure 4.14. Computational model of the Cytochrome c oxidase active site, based on the 
crystal structure from bovine heart (PDB code 1V54). The α carbons of all included 
residues are frozen to mimic constraints imposed by the protein backbone. 

 

Given that the calculations indicate that the net H-atom transfer from phenol in 

{LS-AN + PhOH} occurs in a stepwise manner as PT followed by ET, independent of the 

timing of H+ transfer (before or after the barrier), it is important to consider that in CcO, 

multiple proton and electron donors are available (unlike in the case of {LS-AN + PhOH}, 

where the phenol is the only possible proton source). Following PT from phenol to LS-

AN, the electron can derive from either the resultant phenolate or the heme fragment. 

Oxidation of the heme would generate an FeIV=O/porphyrin radical species (called 

“Compound I”) that is known to form in many porphyrin systems in biology such as 
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cytochrome P450 enzymes and peroxidases, and has even been invoked in some 

computational studies on CcO.16 A straightforward explanation for why a porphyrin radical 

species is not observed in {LS-AN + PhOH} lies in the thermodynamics of phenolate 

oxidation versus porphyrin oxidation (see Appendix C for details), in addition to the fact 

that Compound I species with the F8 porphyrin are inherently unstable in the solvent used 

for analogous empirical studies (unpublished results). Calculation of the ionization 

potentials for the individual PhO− and [(DCHIm)F8FeIV=O] fragments reveals that the 

heme is 36 kcal/mol harder to oxidize than the phenolate. Since the PhO− is oriented such 

that its electron can easily transfer to the peroxy moiety (Figure 4.8), the thermodynamics 

govern the reaction products and a Compound I intermediate would therefore not form in 

{LS-AN + PhOH}. 

In contrast to {LS-AN + PhOH}, where the phenol can approach the bound O2 

moiety directly, O−O cleavage in CcO is more complex because a variety of proton sources 

exist, each held > 5 Å away from the heme-Cu center by the protein tertiary structure. 

While the cross-linked Tyr residue is generally implicated in the O−O cleavage step of the 

catalytic cycle, the nature of the proton donor remains unknown. Given that in the reaction 

of reduced CcO with O2, no proton uptake or translocation to the active site occurs before 

forming PM (the first intermediate after the O−O bond is cleaved),42,43 the H+ must derive 

from an amino acid or other donor within the enzyme. Furthermore, since a peroxo-level 

intermediate is not observed during the generation of PM, the H+ donor must be near the 

active site for protonation and reduction to occur rapidly. The possible proton sources 

within 10 Å of the active site include Tyr244, Thr309, Thr316, Asp364, His368, Arg438, 

and propionic acid pendants of heme a3 (see Table 4.2). 
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Table 4.2. Overall thermodynamics of O−O bond rupture forming an FeIV=O/Por•/CuII–
OH species in CcO, employing several common amino acids and some small-molecule 
donors for reference 

 

 
 

Since the source of the fourth electron required for O2 reduction has likewise been 

disputed in the literature,44,45 we next considered possible electron donors around the active 

site. Based on thermodynamics (summarized in Table 4.2 and Appendix C), none of the 

available proton donors are of sufficiently low energy to drive O−O cleavage via oxidation 

of heme a3 (forming a porphyrin radical), indicating that the electron must also derive from 

a protein residue. While some peroxidase enzymes (which likewise possess a His-ligated 

heme) do access a FeIV=O/Por• intermediate for O−O cleavage, the proton in this case 

derives from H2O2, which upon binding to the ferric heme has an extremely low pKa. It is 

interesting to note, however, that the Compound I in other peroxidases involves a Trp• 

rather than a Por•. In contrast, P450 enzymes are axially ligated by an anionic thiolate 

donor, which can stabilize the highly oxidized FeIV=O/Por•. Dioxygen bond cleavage still 

occurs rapidly when O2 binds to the partially reduced “mixed-valent” state, in which heme 
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a (the low-spin heme responsible for ET to the BNC) remains oxidized and therefore 

cannot serve as the source of the fourth electron. 

 Examining the crystal structure, the possible electron donors include Trp126, 

Trp236, and the cross-linked Tyr244, all three of which have been proposed to participate 

in the redox chemistry of CcO.44,45 Evaluating the thermodynamics for O−O cleavage 

driven by protonation (from one of the possible H+ donors) and reduction by each of these 

two amino acids, it was found that the only e− source that enables a favorable reaction is a 

deprotonated Tyr−. As shown in Table 4.3, even employing the lowest energy H+ donor 

that is realistically possible in CcO (Arg+, from Table 4.2), oxidation of Trp to cleave the 

O−O bond would be unfavorable by 12.7 kcal/mol (oxidation of a protonated Tyr is an 

additional 4.5 kcal/mol uphill). Furthermore, given the substantial number of charged 

residues nearby, and the fact that water molecules must be able to move freely into and out 

of the O2 reduction site, a dielectric of 4.0 may represent a lower estimate for the local 

environment. However, increasing to a dielectric of 8.0, the tyrosinate is still the only 

electron source capable of driving favorable O−O cleavage (Table C8). 
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Table 4.3. Overall thermodynamics of O−O bond rupture in CcO for different 
combinations of possible e− sources with the lowest energy H+ donor available (Arg+) and 
Tyra 

 
 

 

These results indicate that the deprotonated Tyr residue likely serves as the active 

reductant during the O−O cleavage step. Importantly, this necessitates that the cross-linked 

Tyr is deprotonated at the time that the peroxo is cleaved. Furthermore, if Tyr serves as 

both the H+ and e− donor, O−O cleavage and formation of the tyrosyl radical is favorable 

by 4.6 kcal/mol, which is in agreement with the 4 kcal/mol estimate for the driving force 

of this step in CcO based on studies calibrated to kinetic data on the enzyme. Overall, the 

thermodynamics indicate that the cross-linked Tyr is required to effectively act as the 

proton donor in order to generate a tyrosinate, the only accessible electron source that leads 

to favorable O−O cleavage.  

In CcO, water molecules present around the active site (crystallographically 

identified in the resting enzyme, and generated during catalytic turnover)46–48 could interact 
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directly with the bound O2 molecule, providing a possible means for PT or hydrogen 

bonding to facilitate O−O cleavage. Since both mechanisms evaluated involve PT before 

ET, and only the proton impacts the barrier, this suggests that a water molecule interacting 

with a peroxide intermediate could assume the role played by the phenol in {LS-AN + 

PhOH} in lowering the barrier. In a manner analogous to the PI pathway, water could 

induce O−O cleavage by transferring a proton to the peroxide before the homolysis barrier. 

However, while water would act as the initial proton donor, lower energy sources are 

available near the CcO active site that can serve as the effective proton donor. The timing 

of proton transfer would then depend on the relative proton affinities of the cleaving 

peroxo, the OH− (from H2O), and the effective donor. Alternatively, a water molecule could 

lower the barrier by H-bonding to the peroxo moiety, and then assisting with transferring 

the proton after the barrier similar to the HB pathway. Thus, both mechanisms suggest that 

water can lower the barrier to O−O cleavage without contributing to the overall 

thermodynamics. 

 

 
4.5  Conclusions 

In this chapter, extensive DFT calculations have been applied in tandem with 

variable temperature kinetic analyses to understand the overall potential energy surface of 

a low-spin heme-peroxo-Cu complex, LS-AN, reacting with phenol, in which a net H-atom 

transfer from phenol results in cleavage of the O−O bond and formation of FeIV=O, CuII–

OH, and PhO• products. The calculations show that the phenol can facilitate O−O cleavage 

via two possible mechanisms, which differ by the amount of proton transfer prior to the TS 

(summarized in Figure 4.15). One mechanism involves nearly complete proton transfer 
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from the phenol to the peroxo before the barrier and therefore early in O–O cleavage (PI 

pathway). The second mechanism involves O−O homolysis facilitated by the phenol H-

bond to OCu of the peroxo, lowering the energetic barrier, with the proton transfer occurring 

primarily after the TS (HB pathway).  

 

 

 

Figure 4.15. Schematic representation of the two mechanisms for O−O cleavage of LS-
AN, where the favored mechanism is dictated by M−L covalency and H+ affinity of the 
donor. Both mechanisms involve β ET from Fe before the barrier, and α ET from phenolate 
after the barrier (see text). 
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For both mechanisms: (1) the interaction of the proton with the peroxo (via 

protonation or H-bonding) lowers the barrier to O−O cleavage by increasing donation from 

Fe into the σ* orbital of the peroxide, (2) electron transfer from phenol occurs after the 

proton transfer (and after the barrier), and (3) only the proton is involved in lowering the 

barrier to O−O cleavage. The relative barriers calculated for these mechanisms greatly 

depend on the M−L bond covalency, and as a result the lowest energy mechanism predicted 

for {LS-AN + PhOH} varies between different density functionals. Specifically, an 

increase in covalency lowers the PI barrier relative to the HB barrier by enhancing electron 

transfer from Fe into the peroxo σ* orbital early in O−O cleavage, and upon changing from 

BP86 to the less-covalent B3LYP, the predicted mechanism shifts from the PI to the HB 

pathway. 

Since the calculated barriers vary between functionals, mechanistic evaluation 

using only computational methods cannot reliably distinguish the mechanism at play 

(although it can serve to calibrate the DFT-derived energies). However, the two pathways 

differ fundamentally by the degree of proton transfer in the TS, and therefore exhibit 

different KIEs from PhOH/PhOD substitution. Through KIE data employing an H-atom-

donating phenol (4-OMe-phenol) shown to accomplish O−O cleavage of LS-AN (as in the 

reaction modeled by DFT), an experimental KIE of 1.7 was obtained. Compared to the 

KIEs predicted from DFT (< 2 for the HB mechanism, and > 5 for the PI mechanism), it 

was therefore determined based on these data that the reaction of LS-AN with 4-OMe-

PhOH proceeds via the H-bond assisted O−O homolysis mechanism. The barrier for the 

process is ΔG expt = 14.9 kcal/mol (at −70 °C), indicating that the B3LYP and TPSSh 

functionals provide the best estimate of the reaction barrier. 
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To correlate the reaction of {LS-AN + PhOH} to O−O cleavage in CcO, it is found 

that over the range of proton sources available around the active site (Table 4.2), none is 

of sufficiently low energy to allow oxidation of the porphyrin ring, necessitating that the 

fourth electron required to fully reduce O2 derive from an external donor (i.e., an amino 

acid). Additionally, while other electron donors are possible in CcO (Table 4.3), only a 

tyrosinate can yield an energetically favorable net reaction (given the accessible proton 

donors), therefore this residue must be deprotonated prior to fully cleaving the O−O bond. 

Since a proton is delivered to the active site during each of the reduction steps from 

intermediate F to R, and the cross-linked Tyr residue is widely considered protonated by 

state R,49 it will therefore be protonated when O2 binds to the active site. Thus, in order for 

the required electron donor (Tyr−) to be available, the Tyr must effectively serve as the 

proton donor as well (which has been proposed from FTIR data).29 In the reaction, {LS-

AN + PhOH}, phenolate oxidation is more straightforward after transferring the proton 

(phenol is the only H+ source), as the resultant phenolate is easier to oxidize than the 

porphyrin (the only other electron source), and the phenolate is oriented to readily transfer 

an electron into σ*O−O. This raises two key unresolved questions in CcO: (1) how does the 

cross-linked tyrosinate electron reach the BNC, and (2) what is the biological function of 

the covalent linkage that fixes the Tyr > 5 Å away, and how is it formed? While possible 

functions of the cross-link have been proposed in the literature, which include modulating 

the binding affinity and geometry of CuB,50 as well as the redox potential and pKa of both 

Tyr51,52 and CuB,53 its role is not yet fully understood. Nevertheless, the results presented 

in this chapter suggest that the similarity between {LS-AN + PhOH} and CcO, with respect 

to proton transfer followed by electron transfer from phenol. It is interesting to consider, 
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however, whether the role of the tyrosyl proton lies primarily in the thermodynamics, or if 

it also participates in lowering the barrier (i.e., whether the mechanism in CcO is HB or 

PI). 

Considering that water molecules present in the active site could function to impact 

the barrier in a manner analogous to the phenol in {LS-AN + PhOH}, this study offers an 

excellent opportunity to apply experimentally calibrated DFT to understand how a 

spectroscopically unobserved peroxo intermediate in CcO can undergo rapid O−O bond 

cleavage. These results also offer valuable insight for effectively modeling the reactivity 

in heme-peroxo-Cu systems, as the predicted barriers and KIEs vary between functionals 

(an effect that has been observed in many studies in the literature).54–57 The B3LYP 

functional predicts the correct mechanism and provides reasonable agreement with the 

experimental barrier (ΔG calc = 16.2 kcal/mol, which lowers to ΔG calc = 15.7 kcal/mol with 

Grimme empirical dispersion (D3) corrections; ΔG exp = 14.9 kcal/mol), although it 

underestimates the observed KIE (1.2 in B3LYP). Note that while a value of 1.7 is large 

for a secondary KIE, this reaction is measured at low temperatures, which can increase 

KIEs (the KIE derives from the zero-point energy contribution to ΔG , which has a greater 

effect on the rate (larger kH/kD) at lower temperature). The BP86 and TPSSh functionals 

offer the closest agreement with the observed KIE (whether calculated using an H/D free 

energy difference, or using Streitwieser’s approximation for secondary KIEs, see Table 

C7), which suggests that they most accurately model the nature of the TS (in particular, the 

strength of the H-bonding interaction). However, unlike BP86, the TPSSh calculations 

correctly predicted the HB mechanism and provided reasonable agreement with the barrier 

(ΔG calc = 12.7 kcal/mol). 
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Moving forward with complementary empirical model studies and computations, 

details such as those presented in this chapter can advise the ways in which each method 

can compensate for the other’s shortcomings. An interesting consequence of the 

mechanistic dependence on covalency is that it presents possibilities for tuning the 

reactivity in heme−peroxo−copper model systems. An increase in the Fe backbonding into 

σ* would favor the PI mechanism, which can be enhanced by increasing the donation from 

the trans axial ligand and, to a lesser extent, the porphyrin ring of the heme. Conversely, 

using a less acidic proton source (HA) would favor the HB mechanism by making the H−A 

bond cleavage too costly to allow H+ transfer before the O−O homolysis barrier. 

Furthermore, since only the H+ (but not the e−) has a significant impact in lowering the 

barrier,74 the H+ and e− could derive from different sources without raising the barrier. A 

key implication of this is that faster reaction rates may be achieved by employing an 

exceptionally low-energy proton source, without requiring it to also be redox active. 

Finally, an alternative approach that could alter the reactivity is modification the Cu 

ligation in such a way that it influences the stability of a Cu-oxyl species. Efforts are 

currently underway to examine how altering both the ligand scaffold and the proton donor 

affects the reactivity. 
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A 2009, 113 (7), 1308. 

(41)  Qayyum, M. F.; Sarangi, R.; Fujisawa, K.; Stack, T. D. P.; Karlin, K. D.; Hodgson, 

K. O.; Hedman, B.; Solomon, E. I. J. Am. Chem. Soc. 2013, 135 (46), 17417. 



136 
 

(42)  Belevich, I.; Verkhovsky, M. I.; Wikström, M. Nature 2006, 440 (7085), 829. 

(43)  Jasaitis, A.; Verkhovsky, M. I.; Morgan, J. E.; Verkhovskaya, M. L.; Wikström, M. 

Biochemistry 1999, 38 (9), 2697. 

(44)  Wiertz, F. G. M.; Richter, O. M. H.; Ludwig, B.; De Vries, S. J. Biol. Chem. 2007, 

282 (43), 31580. 

(45)  Yu, M. A.; Egawa, T.; Shinzawa-Itoh, K.; Yoshikawa, S.; Yeh, S.-R.; Rousseau, D. 

L.; Gerfen, G. J. Biochim. Biophys. Acta - Bioenerg. 2011, 1807 (10), 1295. 

(46)  Koepke, J.; Olkhova, E.; Angerer, H.; Müller, H.; Peng, G.; Michel, H. Biochim. 

Biophys. Acta - Bioenerg. 2009, 1787 (6), 635. 

(47)  Aoyama, H.; Muramoto, K.; Shinzawa-Itoh, K.; Hirata, K.; Yamashita, E. Proc. 

Natl. Acad. Sci. 2009, 106 (7), 2165. 

(48)  Qin, L.; Hiser, C.; Mulichak, A.; Garavito, R. M.; Ferguson-Miller, S. Proc. Natl. 

Acad. Sci. 2006, 103 (44), 16117. 

(49)  Gorbikova, E. A.; Wikstrom, M.; Verkhovsky, M. I. J. Biol. Chem. 2008, 283 (50), 

34907. 

(50)  Uchida, T.; Mogi, T.; Nakamura, H.; Kitagawa, T. J. Biol. Chem. 2004, 279 (51), 

53613. 

(51)  Cappuccio, J. A.; Ayala, I.; Elliott, G. I.; Szundi, I.; Lewis, J.; Konopelski, J. P.; 

Barry, B. A.; Einarsdóttir, O. J. Am. Chem. Soc. 2002, 124 (8), 1750. 

(52)  MacMillan, F.; Kannt, A.; Behr, J.; Prisner, T.; Michel, H. Biochemistry 1999, 38 

(29), 9179. 

(53)  Kaila, V. R. I.; Johansson, M. P.; Sundholm, D.; Laakkonen, L.; Wikstrom, M. 

Biochim. Biophys. Acta - Bioenerg. 2009, 1787 (4), 221. 



137 
 

(54)  Liu, F.; Proynov, E.; Yu, J.-G.; Furlani, T. R.; Kong, J. J. Chem. Phys. 2012, 137 

(11), 114104. 

(55)  Pabis, A.; Paluch, P.; Szala, J.; Paneth, P. J. Chem. Theory Comput. 2009, 5 (1), 33. 

(56)  Guner, V.; Khuong, K. S.; Leach, A. G.; Lee, P. S.; Bartberger, M. D.; Houk, K. N. 

J. Phys. Chem. A 2003, 107 (51), 11445. 

(57)  Goldstein, E.; Beno, B.; Houk, K. N. J. Am. Chem. Soc. 1996, 118 (25), 6036. 



138 

 

 
 
 

CHAPTER 5 
 
 
 
 

Reactivity of a Heme-Peroxo-Cu Complex with o-Catechols 

Shows a pKa-Dependent Change in Mechanism 

 

 

 

 

 

 

 

 

 

 

Supplementary information for this chapter can be found in Appendix D 
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5.1  Introduction  

The controlled movement of protons and electrons in biological systems is of great 

fundamental and functional importance, as these chemical processes can occur in a variety 

of ways and are often the cornerstone of redox enzyme transformations. During the final 

step of cellular respiration (dioxygen reduction at the active site of heme-copper oxidases, 

HCOs), a single proton-coupled electron transfer (PCET) process from a TyrOH residue is 

involved in the O–O cleavage step. Due to the importance of understanding O2  H2O 

redox interconversion in the context of biology as well as for fuel cell applications, the 

subtleties of how protons and electrons transfer most efficiently to accomplish O–O 

reductive cleavage (i.e., concerted or sequentially), must be deciphered. To do so, it is 

essential to find the critical balance of pKa and reduction potential (bond dissociation 

energy, BDE) of appropriate substrates which can yield net H-atom donation to an O2-

derived moiety.  

While detailing the transfers of protons and electrons during oxidation/reduction 

reactions has long been a focus for chemists seeking mechanistic insights, the relationship 

between these two processes still garners much-deserved attention from both the inorganic 

and physical organic chemistry communities.1–3 This is likely due to the vast scope of 

chemical reactions which occur under the wide “proton and/or electron transfer” umbrella 

and the particulars which distinguish stepwise or coupled transfer of H+/e– (PCETs (i.e., 

PTET, ETPT, CPET) or HAT).a Many research groups, in particular, Mayer and 

                                                           
a Proton-coupled electron transfers can be categorized by multiple steps: PTET = proton 
transfer followed by electron transfer, ETPT = electron transfer followed by proton 
transfer, or a single step: CPET = concerted proton-electron transfer. Hydrogen atom 
transfer (HAT) involves a concerted transfer of an H+/e– pair (H•) to the same orbital. 
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coworkers, have contributed immensely to the meticulous understanding of various classes 

of proton and electron movements in general, in inorganic structures, and even in 

biomimetic systems, including a thorough review of these chemistries in 2010.1,4–11 

Thermodynamically speaking, the proton acidities (pKa’s), electron affinities, and 

therefore, X-H bond dissociation energies (BDE’s), for the reactant and product species 

must balance in such a way to direct the mechanism of action (be it PT, ET, some type of 

stepwise PCET, or HAT), however other noncovalent interactions such as hydrogen 

bonding have been shown to be important during these reactions.1,7,8,11–13 

Understanding PCET reactions which occur in biology takes on an additional level 

of complexity due to the existence of intricate and/or long-range interactions (e.g., proton 

motive gradients, electron transport channels, or allosteric structural contributions in 

proteins/enzymes), as well as the prevalence and likely interactions of multiple redox-

capable moieties (e.g., metal-containing cofactors, amino acids, or other biomolecules). 

However, many (bio)chemical reactions which involve this type of chemistry merit further 

fundamental understanding due to their biological significance as well as potential 

applicability to industrial catalysis, sustainable fuel cells, or other areas.14–18 As relevant 

for this report, the heme-Cu binuclear center (BNC) in HCOs activates and reduces O2 by 

4 electrons to H2O (see Figure 5.1) importantly including a PCET from a Tyr (phenolic) 

residue which results in the O–O cleavage event and generation of a high-valent FeIV=O 

species.19 The most commonly studied HCOs are cytochrome c oxidases (CcOs) which 

receive reducing equivalents from cytochrome c via a dicopper, CuA, cofactor and a low-

spin heme site (Figure 5.1, blue pathway). Another subfamily of HCOs, quinol oxidases 

(QOs), instead utilize a protein-solubilized ubiquinol (2,3-dimethoxy-5-methyl-6-
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polyprenyl-1,4-benzoquinol, see Figure 5.1, green) molecule as an electron source (Em ≈ 

65 mV at pH = 7 relative to the succinate/fumarate couple),20 where the two protons 

released following (PC)ET to the BNC are pumped to the intermembrane space (see Figure 

5.1).21,22 Quinol oxidases also shuttle electrons to heme-copper active site via a low-spin 

heme moiety (Figure 5.1). In both of these the native enzyme, as well as evidenced in some 

biomimetic systems,23 this process is controlled by the rate of electron flux to the active 

site, but also requires a network of H-bonding interactions at the active site to facilitate the 

PCET from a proximal phenolic moiety.24–26 It is clear that the interplay of these 

interactions and parameters is extremely important for the complete reduction of O2 where 

no reactive oxygen species (ROS; e.g., H2O2, superoxide, hydroxyl radial) are generated, 

and therefore a fundamental understanding of the functional relationships between 

transition metal-O2 species and phenolic-type substrates remains to be of high importance. 
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Figure 5.1. Cartoon showing the flow of electrons in two types of heme-copper oxidases 
(HCOs). Quinol oxidases (QOs) utilize a protein solubilized ubiquinol-8 (structure shown 
in green) as a source of two electrons, whereas cytochrome c oxidases (CcOs) receive 
reducing equivalents from cytochrome c via a dicopper site, CuA. Both types of HCOs 
contain a low-spin heme cofactor which shuttles electrons to the heme-copper active site 
where dioxygen is bound and reduced. 

 

Hydroquinones (para-dihydroxybenzenes) or catechols (ortho-dihydroxy-

benzenes) act as redox substrates in several biochemical/metalloenzyme reactions, most 

famously in quinol oxidase27–30 and catechol oxidase,31–33 respectively, where the reducing 

equivalents are directed toward O–O cleavage chemistry. Catechol oxidase utilizes a type-

3 di-copper site, wherein both the O2 ligand and o-catechol bind directly to the Cu ions, 

however quinol oxidase has a heme-copper active site which is the site of O2-reduction 

chemistry, and the ubiquinol binding pocket is embedded in the protein ~13 Å from the 

low-spin heme cofactor.34,35 In both of these cases, the hydroquinone or catechol undergoes 

2-electron oxidation to form the corresponding quinone, (most likely via a PCET-type 

process). Redox reactions of catechols in synthetic systems can be exceedingly complex to 

interpret because, depending on the catecholic ring substitution(s), a library of such 
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substrates can span a wide range of pKa’s, O–H BDE’s, and ionization potentials (IP) (for 

the first and second OH group) (see Figure 5.2). Other mechanistic routes include only 

proton or only electron donation (although the latter is unlikely as oxidations without 

accompanying proton transfers yield high-energy species),4 as well as “overoxidation” to 

produce a hydroxy-quinone or ring-opened diols (Figure 5.2). The overall PCET square 

scheme for substituted o-catechols is shown in Figure 5.2 and importantly includes 

potential internal H-bonding in certain deprotonated formulations.  

 

 

 

Figure 5.2. Square scheme and other oxidation pathways of o-catechols. The greyed 
cationic species are unlikely to be involved in PCET reactions due to their high-energy 
nature.4 
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In enzyme studies and in certain model systems, the importance of H-bonding in 

O2-activation prior to reductive cleavage has a clear role in supporting reactivity and 

selectivity.36–39 It has been well-documented in physical organic chemistry literature that 

trends in pKa and H-bonding ability align,40 and the degree of activation (changes in rR 

ν(O–O)) and/or O2-reduction reactivity of metal-bound oxy derivatives correlates to the 

pKa of the substrate or moiety providing the H-bond interaction.38,41,42 Not surprisingly due 

to the redox nature of the O2-cleavage reaction, systematically designed model systems 

have also shown a relationship between oxidase activity and reduction potential of an H-

atom donating Tyr analog42–44 (thus, an implied connection to O-H BDE reaction 

dependence). Thanks to various recent advances in biomimetic chemistry, along with 

improvements in theoretical methods, understanding of PCET reactions in biomimetic 

systems can be comprehensively approached from several angles. The method employed 

in this study utilizes a bio-inspired model complex which captures several basic structural 

characteristics of the CcO heme-Cu active site.38,45 Although a (bridging) peroxide 

structure has never been observed during enzymatic turnover in HCOs, such an 

intermediate has been proposed in several instances, and investigated computationally.46–

50 Nevertheless, synthetic accessibility of such complexes has resulted in their use as HCO 

models in which the O2 ligand has been partially reduced following electron transfers from 

FeII and CuI reactants.  

The model complex utilized in this study, LS-4DCHIm ([(DCHIm)(F8)FeIII-

(O2
2−)-CuII(DCHIm)4]+; F8 = tetrakis(2,6-difluorophenyl)porphyrinate; DCHIm = 1,5-

dicyclohexyl-imidazole) (Figure 5.3), contains a low-spin heme bridged by a (trans-μ-1,2-

O2
2–) ligand to a CuII ion,45 where both the axial ligand on the heme-iron and the four 
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additional Cu ligands act as monodentate imidazole donors which hold the copper in a 

distorted square pyramidal geometry (where one of the DCHIm ligands occupies the axial 

position). Importantly, the independent nature of the monodentate ligands seemingly 

imparts a certain degree of flexibility in Cu-ligand geometry, allowing small 

rearrangements to accommodate substrates approaching the bridging peroxo to assist in 

activation and/or cleavage.38 We have recently evaluated the reactivity of LS-4DCHIm 

towards separate H+/H-bond and electron sources,38 where we showed that a weak phenolic 

acid, 4-NO2-phenol H-bonds to the copper-bound O-atom of the bridging peroxo moiety 

in LS-4DCHIm, generating an adduct which contains an activated O–O bond (UV-vis, rR, 

and DFT evidence, see Chapter 3).38 The H-bonded adduct is reactive toward a separate 

reductant, Fc*, and undergoes 2e– reductive O–O bond cleavage.38 

 

 

Figure 5.3. Reactions of the heme-peroxo-copper complex, LS-4DCHIm, (left) with 
substituted o-catechols show different mechanistic outcomes depending on the catechol 
substitution (see text for discussion). 
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In this report, we further expand our understanding of O2 activation and reduction 

within the constructs of heme-copper systems related to biological O2-reduction. Our 

overarching interests lie in gaining a deeper understanding of the details which contribute 

to PCET-type reactions involving dioxygen, and the stoichiometry of O2-reductive 

cleavage to water requires 2 electrons and 4 protons (starting from the bridging formal 

peroxide in LS-4DCHIm). Thus, by utilizing o-catechols which can potentially H-bond in 

this system and provide one or two protons and/or electrons, we can monitor the effects of 

subtle changes in pKa, BDE, IP and H-bonding ability on the reaction outcomes with the 

LS-4DCHIm peroxo model system. Therefore, we have tested the reactivity of LS-

4DCHIm toward a series of substituted o-catechols which span a range of pKa’s and O–H 

BDE’s, and have discovered that the pKa’s of the catechols, in particular, are influential in 

directing the reaction mechanism (see Figure 5.3). For example, a catechol with strong 

electron-withdrawing substitution which is highly acidic (and accordingly has relatively 

high O–H BDE(s)) results in H2O2 production via acid-base chemistry (NO2-catechol, 

Figure 5.3). In contrast, reactions with catechols possessing strong electron-donating 

substituents, and thus, low acidity (with weak O–H BDE’s), do not result in HAT reactions 

(Figure 5.3, OCH3-catechol, CH3-catechol, unsubstituted pyrocatechol). Thus, we propose 

that a certain degree of acidity is required to initiate the reaction or activate the O2
2– moiety, 

however the catechol O-H BDE must also be appropriately weak in order for both the 

protons and electrons to transfer (CN-catechol, CF3-catechol, Cl2-catechol, Cl-catechol, 

Figure 5.3). The results reported, garnered from a variety of spectroscopic and analytical 

methods, provide insights into the favorable substrate properties that lead to O–O cleavage, 

and highlight the impact that small changes in chemical properties can have on the 
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mechanism and outcome of protonation/reduction reactions. Indeed, further kinetic 

investigation and determination of the fate of the peroxo O-atoms (i.e., giving H2O2 or 

water) following the catechol reactions allows for distinguishing between 2PT vs. PTET 

mechanistic proposals. Relating the reaction outcomes to trends in thermodynamic 

parameters, we observe a pKa-dependent mechanism, rather than the BDE-dependent 

mechanism, which leads us to propose new insights into the favorable conditions for O–O 

bond cleavage in such an environment.  

 

5.2  Reaction of LS-4DCHIm with 4-NO2-catechol (2PT) 

Perhaps the most suitable way to monitor reactions of the LS-4DCHIm complex 

is via UV-visible spectroscopy, which allows detection of even slight changes in the 

absorption profile at the heme Soret and Q-bands, as well as in the low energy features, 

and in some cases, allows for observation of organic reaction products.  Addition of one 

equivalent of 4-NO2-catechol to a solution of LS-4DCHIm (λmax = 423, 537, 845 nm, black 

spectra in Figure 5.4) at –90° C induces a fast reaction as monitored by UV-vis 

spectroscopy (~60 s) to yield the product spectra shown in red in Figure 5.4. The 

absorbance changes include a Q-band shift to 542 nm and isosbestic conversion of the Soret 

band to 413 nm, in addition to rapid decrease in intensity of the low energy features 

associated with the peroxo-to-Fe charge transfer transitions for heme-peroxo-Cu 

complexes in a low-spin iron(III) environment, based on rR and DFT calculations (Figure 

5.4B,C).45,51 These observations suggest fragmentation of the heme-peroxo-Cu core 

structure and formation of the bis-imidazolyl F8FeIII(DCHIm)2 product (Figure 5.4A), 

which has been separately generated and characterized (λmax = 413, 542 nm).38 
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Additionally, the EPR spectrum of the product mixture shows the individual oxidized metal 

complexes, shown in Figure 5.4A, CuII(DCHIm)4 and FeII(DCHIm)2. Both of these species 

can be generated authentically, therefore spectral addition using authentic calibration 

curves allows for semi-quantitation of a 74% yield of these Fe(III) and Cu(II) products (see 

Figure D1).  

 

 

Figure 5.4. Reaction scheme (A) and UV-vis spectral changes at the Q-band and low 
energy regions (B; 0.1 mM, l = 1 cm) and the Soret band (C; 0.1 mM, l = 2 mm) which 
occur when 1 equiv. of NO2-catechol is added to LS-4DCHIm (black spectra) to yield the 
products depicted in the top scheme (red spectra), including FeIII(DCHIm)2 and NO2-
catecholate (see Appendix D). (l = path length) 
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Indeed, the absorption features of the bis-imidazolyl heme product dominate the 

final UV-vis spectrum, however we are aware that different mechanisms can lead to the 

same heme product formation,38 often preventing direct UV-vis observation of organic 

reaction products (catecholate or quinone) due to their low molar absorptivity (< 4000 M–

1cm–1) and positioning of λmax (400-440 nm, i.e., underneath the intense heme Soret band). 

However, in this case, an additional increase in absorbance is observed at ~440 nm 

(appearing as a shoulder on the heme Soret band, indicated by a red arrow in Figure 5.4C) 

in the UV-visible spectrum which can be attributed to the 4-NO2-catecholate species which 

has been generated separately (see Figure 5.4C, and Figure D2). This absorbance increase 

corresponds to the formation of approximately one equivalent of 4-NO2-catecholate as 

determined by spectral matching to a 1:1:1 mixture of the products: F8FeIII(DCHIm)2, 

CuII(DCHIm)4, and [4-NO2-catecholate]2– (see Appendix D, Figure D2). Therefore, the 

spectroscopic characterization of the products by UV-vis and EPR support the formation 

of the LS-heme, copper, and catecholate products shown in Figure 5.4A. As further 

support for this conclusion, employing the established horseradish peroxidase (HRP) 

enzyme assay allows for quantification of the amount of H2O2 released in the reaction 

shown in Figure 5.4A. This method shows that addition of one equivalent of 4-NO2-

catechol to the LS-peroxo complex results in the evolution of a stoichiometric amount of 

H2O2 (100% yield, see Table 5.1), implying that the catechol in this case acts as a 2H+-

transfer reagent (2PT mechanism; pKa(1)[NO2-catechol] = 17.5, pKa(2)[NO2-

monocatecholate]1– = 24.0, vide infra, Table 5.3). Interestingly upon addition of 2 equiv. 

strong acid [DMF∙H+](CF3SO3
–) to the reaction product mixture, we observe the 



150 

 

disappearance of the absorption features attributed to the catecholate, therefore, we believe 

that the stronger acid, re-protonates the catecholate (see Figure D3).  

 

 
Table 5.1. Quantification of H2O2 evolved from reactions of LS-4DCHIm with catechols 
via the horseradish peroxidase test. 

Substrate 
H2O2 evolved 

(%) 

4-NO2-catechol 100 

4-CN-catechol 6 

4-CF3-catechol 2 

4,5-Cl2-catechol 5 

4-Cl-catechol 6 

 

 

It has previously been shown that, when added to various metal peroxo species, 

acids with sufficiently low pKa’s cause release of H2O2 following acid-base metal-oxygen 

bond cleavage.38,41 Therefore, a catechol in which the first and second pKa values are low 

enough (i.e., lower than the pKa of the conjugate acids of Fe-(O2
2–)-Cu and Fe..(O2H–)..Cu, 

respectively), can act as a 2H+-donor, without providing any reducing equivalents. In light 

of this insight, we conclude that NO2-catechol, which is highly acidic and also difficult to 

oxidize (strong O–H BDE) reacts as a 2-proton donor, cleaving metal–O bonds via acid-

base chemistry and releasing H2O2, an undesirable ROS species. 
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5.3  Reaction of LS-4DCHIm with CN-, CF3-, Cl2-, and Cl-catechols (2PTET) 

Addition of one equivalent of the catechols with slightly to moderately electron 

withdrawing substituents (CN-, CF3-, Cl2-, and Cl-catechols) to LS-4DCHIm at –90 °C, 

likewise induces a reaction. Isosbestic conversion of the Soret band from 423 to 413 nm is 

accompanied by a shift in the Q-band from 537 to 542 nm as well as the disappearance of 

the low energy features of LS-4DCHIm. As in the case of NO2-catechol, the final UV-vis 

spectrum is consistent with the formation of the heme species, F8FeIII(DCHIm)2 (λmax = 

413, 542 nm, Figure 5.5B, and C)38 which is also observed in an EPR spectrum of the 

products in high yield, despite significant spectral overlap with unique Cu(II) signals (see 

Figure D4 and caption). Observation of the oxidized metal centers in the EPR product 

spectra and disappearance of the low-energy features in the UV-vis spectra indicate that 

the catechol reactions breaks up the bridging peroxo structure. However, in contrast to the 

reactivity observed with 4-NO2-catechol, addition of one equivalent of these catechols 

evolves negligible amounts of H2O2 as determined by the HRP test (2-6 % of one 

equivalent, Table 5.1). This distinction suggests that in addition to being protonated, the 

peroxo adduct is also being further reduced, thus producing quinone from the catechol 

substrate, rather than catecholate, as in the previous case. As these reactions progress to 

completion following addition of only one equivalent of the respective catechols and we 

propose quinone formation, the reaction stoichiometry therefore dictates that two protons 

and two electrons have transferred. If both of the protons and electrons go to the peroxo O-

atoms, we expect that 2 moles of hydroxide (–OH) are formed (Figure 5.5A). 
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Figure 5.5. Reaction scheme (A) and UV-vis spectral changes at the Q-band and low 
energy regions (B; 0.1 mM, l = 1 cm) and the Soret band (C; 0.1 mM, l = 2 mm) which 
occur when 1 equiv. of the catechols shown in the scheme (R = -CN, -CF3, -Cl2, -Cl) are 
added to LS-4DCHIm (black spectra) to yield the products depicted in the top scheme 
(blue spectra), characteristic of the FeIII(DCHIm)2 product. (l = path length) 

 

 

Methods aimed detecting formation of H2O or derivatizing or trapping the quinone 

product have so far been unsuccessful, however efforts are currently underway to develop 

a method to achieve satisfactory separation or isolation of the organic products for analysis 

by NMR, or GC-MS. Nonetheless, combining the results from the HRP assay with the fact 

that no reaction is observed with electron-rich catechols having weak O-H BDE’s, we 

hypothesize that although a net 2-hydrogen-atom-transfer reaction has occurred, the 
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mechanism most likely incurs a series of catechol-initiated proton-transfer-electron-

transfer (PTET) events rather than two concerted H-atom transfers (HAT). It has been 

shown in metal-peroxide systems that while strong acids promote release of H2O2 via M–

O cleavage, relatively weaker acids more favorably achieve reductive O–O cleavage.38,41 

Comprehensive kinetic analysis for the reactions of the LS-4DCHIm peroxo complex 

(vide infra) provides additional mechanistic insights.  

 

5.4  Mechanistic insights based on DFT and kinetic analysis 

In order to probe the reaction mechanism(s) further, pseudo-first order kinetics 

experiments were employed using increasing concentrations of the catechols described 

above (see Appendix D for details and Figure D6 for all kinetic plots). In all cases, rate 

saturation occurs at high catechol concentrations (>10 equiv. for all cases except 4-NO2-

catechol which reaches a maximum rate with only ~5 equiv. added) (Figure 5.6, top). This 

type of saturation behavior is consistent with a mechanism in which rapid equilibrium 

formation of an intermediate (Keq) precedes the rate determining step (Figure 5.6, middle), 

and the relationship between the observed rate constant, kobs, and the physical parameters 

involved can be described by the equation in Figure 5.6, bottom.38,52–57 
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Figure 5.6.  Top: kobs vs. [catechol] plots for two representative catechols (see Figure D6 
for all other plots) exemplifying the saturation behavior at high catechol concentrations. 
Bottom: Scheme showing the kinetic reaction model employed and the equation used to fit 
the kobs vs. [catechol] data. 

 

 

The equation at the bottom of Figure 5.6 was used to fit the data shown in the kobs 

vs. [catechol] plots (Figure 5.6, top, and Figure D6) and the resultant Keq and k1 values are 
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shown in Table 5.2. The fit parameters obtained support the existence of two distinct 

mechanisms based on the acidity of the catecholic substrate (vide infra). Although the rapid 

reactions prevent isolation or spectroscopic characterization of an intermediate in these 

cases, we propose that the fast equilibrium step is formation of a transient [LS-

4DCHIm(catechol)] H-bonded adduct, based on previous studies in which it was found 

that LS-4DCHIm can physically accommodate small substrates capable of H-bonding 

(Chapter 3 and see Section 5.5 for discussion of other possible identities of the transient 

intermediate).38 Additionally, H-bonding to metal-peroxo moieties is known to be 

“activating” (i.e., induces weakening of the O–O bond and strengthening of the Fe–O bond 

as inferred from rR spectroscopic analysis of such species, and also decreases the barrier 

to O–O cleavage),38,57–60 which, in this case, would effectively initiate the cascade of PTET 

and O–O reductive cleavage processes, or PT and release of H2O2 depending on substrate 

acidity. Since the pKa and H-bonding capability are known to be related, we expected the 

trend between the Keq fit values to correlate with the catechol pKa values. That is to say 

that the adduct formation is fastest in the case with the most acidic catechol, which is indeed 

the case; the Keq for the 4-NO2-catechol reaction is an order of magnitude greater than those 

for all of the other catechols (see Table 5.2). 

 

 

 

 



156 

 

Table 5.2. Kinetic parameters calculated from fitting kobs vs. [catechol] data plots shown 
in Figure 5.6 (top) with the equation in Figure 5.6 (bottom). 

Substrate Keq (M–1) k1 (M–1s–1) 

4-NO2-catechol 13900 ± 1500 0.0535 ± 0.0016 

4-CN-catechol 4500 ± 300 0.0679 ± 0.0027 

4-CF3-catechol 1900 ± 100 0.0538 ± 0.0017 

4,5-Cl2-catechol 4000 ± 400 0.0531 ± 0.0011 

4-Cl-catechol 2100 ± 200 0.0291 ± 0.0011 

 

 

To better understand the fundamental relationships between the reaction 

mechanisms (kinetics) and reactant properties (thermodynamics), and to gain insights into 

what factors lead to efficient, metal-ion mediated O–O reduction, it is necessary to evaluate 

the reactivity outcomes in terms of catechol pKas, O–H BDEs, and IPs. For the sake of 

internal consistency (since these values have not been experimentally measured for the 

scope of catechols studied here, under the relevant conditions, i.e., solvent and 

temperature), we report and compare our own DFT-calculated parameters, pKa, BDE, and 

IP for the first and second proton, H-atom, and electron, respectively, based on methods 

employed elsewhere (see Appendix D for details),61–63 to gain a sense of relative trends 
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across the scope of o-catechols employed.b The computationally determined parameters 

are given in Table 5.3. 

 

Table 5.3.  Thermodynamic parameters for the catechols used in this study, calculated with 
THF solvent system.* 

Substrate O-H BDE 1 (2) 

kcal/mol 
pKa 1 (2) IP 1 

kcal/mol 

 93.5 (87.2) 17.5 (24.0) 153.3 

 92.3 (85.9) 19.0 (26.4) 149.1 

 91.1 (84.8) 20.1 (27.5) 146.2 

 90.7 (84.0) 21.6 (29.5) 145.1 

 89.5 (82.6) 23.5 (31.0) 141.0 

 88.7 (83.0) 23.9 (31.6) 139.0 

 87.4 (80.7) 23.7 (31.6) 134.2 

 85.8 (78.9) 25.4 (32.9) 130.4 

* Shown are the O-H bond dissociation energies (BDEs), pKa’s, and ionization 
potentials (IPs) for the first (and second) H-atom, H+, or e–, respectively. 

 

 

                                                           
b Although H-bonding ability has been excluded from these calculations, we consider it to 
be on par with the reported pKa’s. 
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Considering the rate-determining step, k1, in relation to the calculated 

thermodynamic parameters, O-H BDE and pKa for the first H-atom or proton transferred 

respectively, a trend is clear. The Evans-Polanyi plot4,8,52,64–66 depicted in Figure 5.7A 

shows a linear relationship between the k1 rate constant and the first O-H BDE for the 

catechols excluding 4-NO2-catechol, which corroborates the spectroscopic evidence 

indicating that 4-NO2-catechol follows a different mechanistic pathway from the other four 

catechols.6 The small value of the slope of the linear best-fit trendline in the Evans-Polanyi 

plot (0.13) denotes a weak dependence of rate on the catechol O–H BDE, and an “early” 

transition state for the reaction.65,67,68 This is also consistent with our proposal that the 

identity of the intermediate is a “reactant-like” H-bonded adduct. Further, the positive 

directionality of the correlation in Figure 5.7A reflects the fact that the rate is the slowest 

for the catechol with the weakest O-H BDE. This is contrary to the expected relationship 

between BDE and reaction rate for an HAT reaction, consistent with the observation that 

electron-rich catechols having very weak O–H BDEs do not react with LS-4DCHIm to 

reduce the bridging peroxide. Since the rates of oxidation of catechols do not show a 

positive correlation to their bond dissociation energies, we presume that the rate limiting 

step could be a protonation process, which drives the reaction forward.   
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Figure 5.7. Evans-Polanyi plot (A) and relationship between reaction rate and first pKa 
(B), which show linear trends except for the 4-NO2-catechol case. 

 

The relationship between the k1 rate constant and the first pKa is shown in Figure 

5.7B, and again, a trend is evident between all the catechols except for 4-NO2-catechol. 

While this is consistent with 4-NO2-catechol following a different reaction mechanism, it 

is clear that the pKa is an important parameter for predicting mechanistic outcomes. 

Importantly, 4-Cl-catechol which has the highest pKa (is the least acidic), also has the 

slowest rate. 4-CN-catechol having pKa(1) = 19.0, defines a threshold where the acidic 

nature is not strong enough to protonate off the bridging peroxide as H2O2. Since the 4-

CN-catechol is the most acidic of the catechols which yield 2H+/2e– chemistry, and also 

the fastest, this finding is in excellent agreement with a protonation (or H-bonding)-

dependent reaction rate (and mechanism), where pKa is the rate-determining and reaction-

determining parameter (2PTET: 19.0 ≤ pKa(1) ≤ 23.5, vs. 2PT: pKa(1) ≤ 17.5). Previous 

studies with LS-4DCHIm showed formation of an H-bonded adduct with p-NO2-phenol 
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which has a pKa(THF, expt.) = 18,69 however, in that case, an external electron source was 

required for a PCET reaction to occur.38 

In the reactions of weakly acidic catechols (which also have a sufficiently low O–

H bond dissociation energy) the catecholic substrate is therefore presumed to provide the 

protons and more importantly, the electrons necessary for reductive O–O bond cleavage 

chemistry. Thus, based on H2O2 quantification and kinetic analysis (supporting a rate 

limiting proton transfer process), we propose the 4-NO2-catechol follows a fast 2PT 

mechanism, and the CN-, CF3-, Cl2-, and Cl-catechols follow a 2PTET mechanism. In these 

cases which involve 2H+/2e– reactivity (net 2H• transfer from the catechol to the peroxo 

complex, giving the respective o-quinone), and resultant O–O reductive cleavage, the 

catechol must be acidic enough to initiate the reaction, perhaps by activating the peroxo 

moiety via H-bonding,38,57 while also having appropriately weak BDE(s). In the grand 

scheme of O2-activation and reduction, these findings indicate that, for successful O2-

reductive cleavage to occur within a bridging heme-peroxo-Cu construct, a PTET 

mechanism is preferred over an HAT mechanism although the same quantity of protons 

and electrons are transferred in either case. This is in agreement with previous findings that 

H-bonding and/or protonation of a metal-bridging peroxo moiety can activate the O–O 

bond and lower the barrier to reduction;38,57 both of these interactions are dependent on H-

bonding ability or pKa of the substrate.  
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5.5 Conclusions 

In this chapter, we have described the reactions of a low-spin heme-peroxo-Cu 

complex with a series of substituted o-catechols, which interestingly span two different 

mechanisms based on substrate pKa. Catechols are complicated substrates for mechanistic 

studies due to the variety of deprotonation and oxidation pathways in which they can 

participate, however they are attractive targets for the same reasons. Importantly, reductive 

cleavage of a peroxide moiety (a partially reduced intermediate along the path of complete 

O2-reduction to water) relevant for HCO biochemistry, requires two electrons, which can 

be provided from just one equivalent of catechol. Trends in reactivity and mechanism can 

be related to thermodynamic parameters of the catecholic substrates, namely O–H BDE 

and pKa, giving insights into the factors which govern O–O cleavage versus ROS release, 

which is relevant to understanding biochemical O2-reduction during cellular respiration as 

well as for rational design of practical catalysts and fuel cell technologies. 

Interestingly, the LS-4DCHIm peroxo complex in unreactive toward o-catechols 

with electron-donating substitution (4-OCH3-catechol, 4-CH3-catechol), or unsubstituted 

pyrocatechol at low temperature (–90 °C) in MeTHF, even if added in excess (up to 10 

equiv.). Although somewhat surprising, this result has mechanistic implications, 

suggesting that if catechols are competent to provide two protons and two electrons (net 2-

H-atoms) to effect O–O reductive cleavage, they are unlikely to do so in a concerted 

manner, and therefore weak substrate O–H BDEs alone are not sufficient to activate and 

reduce the peroxide moiety (Figure 5.8, bottom pathway). In an HAT mechanism, a proton 

and an electron would transfer in a single step, as a hydrogen atom (H•), from the catechol 
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to the bridging peroxide. Therefore, if this pathway was active in catechol-assisted 

reduction of the bridging peroxide in LS-4DCHIm, the o-catechols having relatively weak 

O–H bond dissociation energies (with electron-rich substituents) would be expected to 

react rapidly. 

Product determination, quantification of H2O2 and evaluation of kinetics in the 

reactions of LS-4DCHIm with weakly to highly acidic o-catechols has led us to propose 

that an initial pKa-dependent H-bond adduct formation is critical for activating the 

peroxide as well as priming the substrate for the subsequent proton and electron transfers 

(Figure 5.8, center pathway). In fact, such H-bonded precursor complexes have been 

proposed to reduce the activation barrier of the overall reaction, making the proton/electron 

transfer energetically more favorable.7,57 A balance of pKa and O–H BDE is necessary, 

however, to avoid double PT and release of H2O2 rather than oxidation of the catechol and 

effective O–O cleavage. Using a series of o-catechols with a range of pKa’s and O–H 

BDE’s, we have shown that the NO2-catechol participates in 2PTs and H2O2 release 

(Figure 5.8, top pathway), whereas reactions of LS-4DCHIm with CN-, CF3-, Cl2-, and 

Cl-catechols release negligible H2O2 and likely achieve O–O reductive cleavage via a 

PTET mechanism.  
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Figure 5.8. Mechanistic pathways for reactions of LS-4DCHIm with catechols of varying 
pKa’s. 

 

It is important to note that, although parameters have been determined for both the 

first and second proton and/or electron, it is reasonable to assume that the first pKa, BDE, 

or IP determines the reaction pathway (Figure 5.8), especially since the trends are the 

consistent between first vs. second H+, H•, and e– (Table 5.3). Since O–O cleavage of a 

formal peroxo moiety only requires one electron (plus proton(s)), one might predict that 

those catechols with weaker O-H BDE’s or lower IP’s will react most favorably to give O–

O cleavage products. If, in fact, only one electron is transferred, (with or without proton(s)), 

the resultant products are expected to be a high-valent FeIV=O, and semiquinone, however 

these are unlikely to persist, or be observable even under the cryogenic reaction conditions 

due to the highly reactive nature of the resultant Compound II-type species and the fact 

that second O–H bond in the internal semiquinone is significantly weaker relative to the 

first as a result of H-bonding (see Figure 5.8, center, Figure 5.2, and Table 5.3).4,11,63 This 
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is consistent with the proposal of an equilibrium formation of an H-bonded intermediate 

which activates the O–O for cleavage, in this case, also priming the proximal o-hydroxy 

group to transfer its proton (and electron) in a rapid cascade.c It is important to note that in 

the enzyme and in some model studies,57 the fourth and final electron required for complete 

dioxygen reduction has been shown to come from the iron center, generating the ferryl 

species, FeIV=O (single electron transfers from the Fe, Cu, and Tyr moieties provide the 

first three reducing equivalents). In the catechol reactions which we propose result in O–O 

reductive cleavage, the rapid reactions prevent observation of the intermediate heme 

species. Therefore, we are not able to determine whether both of the catecholic electrons 

go to the peroxo moiety (bypassing formation of a high-valent iron-oxo species) or, rather, 

if the two electrons required for peroxo-cleavage originate from the catechol (1e– ; catechol 

to semiquinone) and the heme-iron center (1e– ; FeIII to FeIV). In this latter case (which is 

depicted in Figure 5.8), we presume that the second electron from the catechol would 

rapidly reduce the iron to the FeIII product we observe spectroscopically, releasing 

hydroxide.  

The ability of o-catechol intermediates to have internal H-bonding interactions 

(catechol, semiquinone, or singly-deprotonated catecholate forms, see Figure 5.2) is 

extremely important for their redox reactivity. This subtle, yet important detail is evident 

in the fact that no reaction is observed when LS-4DCHIm is tested towards p-

                                                           
c Low-temperature radical trapping experiments using an established phenolic radical trap 
(DIPPMPO - see Chapter 4) were not successful at trapping a semiquinone intermediate. 
This is most likely due to the fact that the internal H-bond of the semiquinone significantly 
weakens the second O-H bond for HAT/PCET and during those transfers, it remains in 
close proximity to the cleaving peroxo moiety. 
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hydroquinones which have pKa’s and BDE’s in the same range as Cl-catechol to CN-

catechol (i.e., 2,5-(Cl)2-hydroquinone, 2,6-(Cl)2-hydroquinone). An additional structural 

aspect to consider is the comparative reactivity of the related peroxo-complex, LS-

3DCHIm, which we have previously characterized.45 LS-3DCHIm exhibited no reactivity 

toward the catechols employed in this study, however it has been shown that the 

compressed peroxo-core structure in LS-3DCHIm does not allow for generation of an H-

bond associated phenolic adduct with p-NO2-phenol, as with LS-4DCHIm.38 Since we 

propose the critical intermediacy of an H-bonded intermediate here, based on kinetic 

analysis, it is not surprising that LS-3DCHIm is unreactive toward o-catechols. 

It is widely accepted based on extensive mutagenesis and other enzyme studies as 

well as from chemical model systems and theoretical calculations, that in HCOs, the Tyr 

at the active site participates in the O–O reduction reaction via a PCET reaction. H-bonding 

and electronic contributions to selective O2 reduction to water have also been studied 

extensively, including the finding that introduction of an extra proton(s) in the active site 

(besides the Tyr-OH) facilitates O2 reduction through H-bonding or lowering the energetic 

barrier to O–O bond cleavage. This work supports such claims importantly finding the key 

balance of H+ and e– availability for selective O2-reduction of a metal-peroxo species. The 

synthetic modelling approach employed to reach these insights, highlights the utility of 

biomimetic chemistry for working out the mechanistic details, and fundamental structural 

and thermodynamic relationships which give rise to specific chemical reactivity. 
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Conclusions and Outlook 
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6.1  Conclusions and significance of reported results with proposals for future 

directions 

 Dioxygen reduction biochemistry is an undeniably intricate process, including 

precise timing of proton and electron transfer events as well as energetic coupling to proton 

translocation. The heme-Cu binuclear active site of HCOs has been uniquely designed by 

nature to effect O–O reductive cleavage with the cooperation of redox active transition 

metals and the unexplained yet necessary post-translational His-Try crosslink. In addition 

to expanding our fundamental understanding of cellular respiration, studies of the oxygen 

reduction reaction also hold biotechnological importance, as sustainable fuel cells can 

involve O2-reduction at the cathode. In such applications, minimizing the overpotential of 

the process is desirable (in the enzymatic systems, most of the overpotential is used for 

proton pumping across the mitochondrial membrane), so we are also interested in 

understanding how selectivity and efficiency are controlled.  

Taking a synthetic modeling approach, the goal of this thesis work has been to 

understand the factors which govern successful O2-reduction by heme and copper moieties. 

Throughout these studies, we also find value in uncovering the conditions which drive 

adverse mechanistic outcomes such as ROS release. Designing and utilizing heme-peroxo-

copper scaffolds, we can systematically alter metal ion coordination environments, 

reduction potentials, and spin states to study the effects of those alterations on overall 

reactivity. We also aim to control the introduction of protons and electrons to resolve 

mechanistic details and characterize interesting intermediates, and in these studies in 

particular, hydrogen bonding interactions (intramolecular or from a substrate) have become 

a focus due to their activating effects. Combining spectroscopic characterization, kinetics 
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experiments, and computational investigation has been crucial to the success of these 

studies, and will continue to be in the future. In this brief chapter, I conclude this 

dissertation by outlining the significance of the results reported earlier and include related 

proposals, as there are always new directions to pursue. 

In Chapter 2, a new synthetic method was discussed, based on a “naked” synthon, 

HS-3MeTHF, in which the copper ion can be “outfitted” in a number of ways leading to 

structures with tunable properties (Figure 6.1).1 This technique has already expanded our 

capabilities in designing new complexes by allowing the use of monodentate ligands 

(DCHIm employed in Chapters 3 and 5) or chelates whose (L)Cu(I) complexes are 

extremely unstable (various derivatives of the TMPA ligand used in Chapter 2, unpublished 

results). While some preliminary attempts have been made toward the generation of 

complexes with 3 or 4 imidazoles other than DCHIm (i.e., 1,5-dimethylimidazole, 4-

methylimidazole) around the copper ion, the resulting structures have not been fully 

characterized beyond UV-vis data, and their reactivities have not been tested. 

 

 
Figure 6.1. Cartoon showing the utility of the HS-3MeTHF complex (left), for generating 
high- and low-spin heme-O2-Cu complexes with variable ligand types and structures, 
which give rise to tunable spectroscopic properties, especially as observed by rR. 
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 The biogenesis of the unique histidine(imidazole)-tyrosine(phenol) crosslink is not 

understood despite the importance of this cofactor in the enzymatic cycle. It has been 

proposed that the post-translational modification occurs during the first turnover, therefore, 

the species which accomplishes the oxidative C-N coupling reaction may invoke metal-

oxygen derivatives which could be modeled with synthetic systems.2–4 Along these lines, 

it is interesting to consider the opportunity to use HS-3MeTHF and imidazole ligands 

which, when bound to copper, have an available N-H site for phenol-coupling. We have 

considered that a high valent iron oxo species as implicated in HCO’s or other heme 

enzymes such as cytochrome P450’s ((P)FeIV=O; “Compound II”, or (P+•)FeIV=O; 

“Compound I”, respectively) may be the oxidizing power behind the covalent coupling 

reaction. Therefore, if one of these compounds could be generated authentically or during 

reduction of a heme-O2-Cu complex (ideally by an H-atom-donating phenol as in the 

studies in Chapter 4), its oxidizing capabilities could be studied in the presence of the 

Cu(imidazole(N-H))n and phenol (or phenoxyl radical) moieties (Figure 6.1, pathway A). 

Additionally, putting to work the observed temperature dependence of LS-3DCHIm 

transitioning to LS-4DCHIm upon warming in the presence of excess DCHIm (see 

Chapter 2), we can use the characterized scaffold, LS-3DCHIm, instead warming in the 

presence of one equivalent of an N-H containing imidazole. In that way, we might ensure 

a single, controlled site of imidazole-phenol coupling per peroxo adduct, as well as 

potentially disfavor imidazole-imidazole coupling (Figure 6.2, pathway B). 
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Figure 6.2. Two possible pathways for using monodentate imidazoles possessing free N-
H bonds as possible imidazole-phenol coupling sites. Pathway A involves addition of 4 or 
5 N-H imidazoles to HS-3MeTHF as Cu and Fe ligands, where, upon phenol-induced 
reduction of the bridging peroxo moiety and proposed formation of a powerful Fe-oxo 
species, the imidazole ligand might couple to the phenoxyl radical. Pathway B depicts the 
use of LS-3DCHIm and temperature sensitive addition of a fourth N-H imidazole at the 
copper site, where the same chemistry could potentially unfold. 
 

 In Chapters 3 and 5, we have described the reactivity of the LS-4DCHIm (and LS-

3DCHIm) complexes toward proton and electron sources of varying properties (pKa, H-

bonding ability, Eo, and BDE), and evaluated the mechanistic outcomes. It has been shown 

that subtle nuances of the LS-peroxo structure as well as the nature of the proton or H-bond 

source, in particular, play important roles in determining whether a reaction will proceed, 

and whether substrate induced O–O cleavage chemistry or acid-base M–O cleavage (and 

release of H2O2) will occur.5 Although it is interesting to investigate reduction reactions of 

LS-4CHIm in which the protons and electrons are derived from a single source (as with 
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catechols, Chapter 5), we are also interested in observing and characterizing interesting 

intermediates along the reduction pathway, evaluating the possible involvement of metal-

bridging (hydro)peroxo species in enzymatic turnover in HCOs, and/or detailing the impact 

on structure and reactivity of intramolecular H-bonding moieties built into the ligand 

framework.  

 

 

Figure 6.3. Mechanistic pathways of low-spin heme-peroxo-copper complexes based on 
relative acid stretngths. A strong acid (bottom pathway) is known to release H2O2 via acid-
base chemistry, and a weak phenolic acid can H-bond to the peroxo, activating it for 
reductive cleavage by an appropriate electron source (top pathway). The center pathway 
depicts the proposed chemistry with a moderately strong acid, which involves a single M–
O bond cleavage and formation of an FeIII-OOH species. 
 

Therefore, (to mostly compliment the studies described in Chapters 3, although not 

necessarily with the same, LS-4DCHIm, species), we are interested in characterizing new 
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mechanistic pathways based on using H+/e– sources of moderate strengths, specifically 

acids which are not strong enough to release H2O2 (Figure 6.3, bottom pathway; reactivity 

as described Chapter 3 with HDMF·OTf (pKa(CH3CN) = 6.1)), but those which have lower 

pKa’s than the weakly acidic p-NO2-phenol (pKa(CH3CN) = 20.7), which only H-bonds to 

the peroxo moiety (Figure 6.3, top pathway; reactivity as described in Chapter 3 with p-

NO2-phenol and Fc*). Preliminary reactivity studies with LS-4DCHIm as well as LS-

TMPA (Chapter 2) and several other LS-heme-peroxo-Cu complexes, show that 

moderately strong acids such as 2,6-lutidinium triflate (pKa(CH3CN) = 14), or 2,6-dinitro-

4-tBu-phenol (pKa(CH3CN) ≈ 16) induce only Cu-O cleavage, leaving an FeIII-OOH 

species (Figure 6.3, center pathway) which has never been characterized for these systems 

or the F8 porphyrin. The properties and reactivity of this iron hydroperoxo species would 

be informative in the context of HCO biochemistry, as such an intermediate has been 

proposed and evaluated computationally.6–9 Preliminary characterization of the presumed 

Fe-OOH species produced in these reactions is consistent with that formulation (i.e., 

rRaman data, HRP test results). 

 Finally, the studies presented in this dissertation have often benefitted from parallel 

computational studies, and in Chapter 4, the reactivity of LS-AN was evaluated in detail 

using DFT and experimental methods. Previous DFT investigations have elucidated key 

spin-state contributions to the physical and electronic structure of the high-spin vs. low-

spin heme-peroxo-Cu(AN) complexes.10,11 As we now have a grasp on the reactivity of the 

LS-AN complex with phenols,12 we envision a similar assessment of the reactivity of HS-

AN. It was found based on empirical corroboration of the DFT-calculated mechanism, that 

the reaction of the LS-AN complex with phenol proceeds via an H-bonded intermediate, 
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and interestingly, and preliminary DFT evaluations show that formation of a HS-AN-

phenol-adduct is lower in energy than that of the LS-AN-phenol-adduct. Preliminary 

kinetic studies show that the high-spin species reacts more rapidly and requires fewer 

equivalents of phenol to reach the same Fe-OH product species as the low-spin complex, 

which is in line with the current DFT analysis. However, it is fascinating because in the 

enzyme, when O2-derived moieties are bound to the heme center, the axial histidine 

maintains a six-coordinate low-spin iron. 

   Synthetic modeling provides unique opportunities to systematically alter a single 

parameter (i.e., Fe spin-state, Cu geometry, substrate pKa, etc.) and monitor its effect on 

overall reactivity or function. The results presented in this dissertation have employed 

various spectroscopic, analytical, kinetic, and collaborative computational studies to 

highlight key structural aspects and the importance of H-bonding in O2-activation and 

reduction. Ongoing efforts in all of these areas will surely expand our understanding of the 

interactions of transition metals and dioxygen moieties. 
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MATERIALS AND METHODS 

All reagents and solvents purchased and used were of commercially available qual-

ity except as noted. MeTHF was distilled over Na/benzophenone under Ar. TMPA, 

[CuI(CH3CN)4(BArF)], [CuI(TMPA)(BArF)], (F8)FeII and d8-F8FeII were synthesized as 

previously described.1–3 All UV-vis measurements were carried out by using a Hewlett 

Packard 8453 diode array spectrophotometer with a 10 mm path quartz cell. The spectrom-

eter was equipped with HP Chemstation software and a Unisoku thermostated cell holder 

for low temperature experiments. All NMR spectra were recorded in 7 inch, 5 mm o.d. 

NMR tubes. 2H NMR was performed on Bruker 300 NMR instrument equipped with a 

tunable deuterium probe to enhance deuterium detection. The 2H chemical shifts are cali-

brated to natural abundance deuterium solvent peaks. Resonance Raman samples were ex-

cited at a variety of wavelengths, using either a Coherent I90C-K Kr+ ion laser, a Coherent 

25/7 Sabre Ar+ ion laser, or an Ar+ pumped Coherent Ti:Saph laser while the sample was 

immersed in a liquid nitrogen cooled (77 K) EPR finger dewar (Wilmad). Power was ~2 

mW at the sample for the high-energy lines and >200 mW at the low energy lines. Data 

were recorded while rotating the sample to minimize photodecomposition. The spectra 

were recorded using a Spex 1877 CP triple monochromator with either a 600, 1200, or 

2400 groves/mm holographic spectrograph grating, and detected by an Andor Newton 

CCD cooled to –80 °C (for high energy excitation) or an Andor IDus CCD cooled to –80 

°C (for the low energy excitation). Spectra were calibrated on the energy axis to toluene. 

Excitation profiles were intensity calibrated to the solvent (MeTHF) by peak fitting in the 

program Origin.  
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UV-visible Experiments: Generation of (MeTHF)(F8)FeIII(O2
•–) and  HS-3MeTHF: In a 

typical experiment, 2.7 mL of a complex (F8)FeII (0.1 mM) solution in MeTHF were placed 

in a 10 mm path quartz cell equipped with a stir bar and capped with a rubber septum. After 

cooling the cell to –125 ºC, dioxygen was bubbled through the solution until full formation 

of the (MeTHF)(F8)FeIII(O2
•–) complex (λmax = 535 nm; ε = 14000 M–1cm–1) was observed.3 

After removing the excess of O2 by vacuum/Ar cycles, 75 μL solution containing 1 equiv. 

of Cu(I) source prepared in the glovebox were added, causing immediate change of the 

spectrum to form HS-3MeTHF (λmax = 480, 537, 565; ε(537) = 12000 M–1cm–1) (Figure 

2.2). Use of different Cu(I) sources suggests that the ligands surrounding the Cu(II) center 

are MeTHF molecules rather than acetonitrile (Figure 2.2). HS-3MeTHF can also be gen-

erated by bubbling dioxygen through a MeTHF solution containing an equimolar (0.1 mM) 

mixture of (F8)FeII and [CuI(CH3CN)4BArF] at –125 ºC. After generation of the 

(MeTHF)(F8)FeIII(O2
•–) complex, sequential addition of different equivalents of 

[CuI(CH3CN)4(BArF)] (0.33 to 4 equiv) show maximum formation of HS-3MeTHF when 

1 equiv. of Cu(I) source was added, confirming the formulation of HS-3MeTHF as a 1:1 

heme:Cu compound. Excess of Cu(I) salt didn’t cause any spectral change (Figure 2.2).  

Generation of HS-TMPA and LS-TMPA: After generation of HS-3MeTHF, addi-

tion of 75 μL solution containing 1 equiv. of TMPA prepared in the glovebox were added, 

causing immediate change of the spectrum to form HS-TMPA, previously described (λmax 

= 559; ε = 13000 M–1cm–1) (Figure 2.3).4 Generation of LS-TMPA was accomplished by 

addition of 1 equiv. of DCHIm to HS-TMPA at –125 ºC or by generation of HS-TMPA 

by bubbling O2 through a solution containing an equimolar (0.1 mM) mixture of F8FeII and 

[CuI(TMPA)](BArF) at –90 ºC and addition of 1 equiv. of DCHIm.5  
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Generation of LS-3DCHIm and LS-4DCHIm:  Addition of 75 μL solution con-

taining 4 equiv. of DCHIm prepared in the glovebox to HS-3MeTHF caused immediate 

change of the spectrum to form LS-3DCHIm (λmax = 531, 746, 776, 940; ε(531) = 12500 

M–1cm–1). In a similar way, addition of 5 equiv. of DCHIm, prepared in the glovebox, to 

HS-3MeTHF at –90 ºC caused immediate spectral changes showing formation of LS-

4DCHIm (λmax = 537, 840, 990; ε(537) = 12500 M–1cm–1) (Figure 2.4).  Addition of 1 

equiv. of TMPA to LS-3DCHIm or LS-4DCHIm led to formation of LS-TMPA. Titration 

experiments by sequential addition of a solution containing different equiv. of DCHIm (2 

to 8 equiv) showed maximum formation of LS-3DCHIm at 4 equiv (–125ºC) (Figure A1) 

and at 5 equiv for LS-4DCHIm (Figure A2) with no spectral changes after addition of 

excess (up to 8 equiv). Conversion of LS-3DCHIm to LS-4DCHIm was observed by 

gradually warming LS-3DCHIm (generated by addition of 5 equiv of DCHIm). No spec-

tral change was observed from –125 ºC to –100 ºC, however, at –95 ºC a shift in the Q-

band (531 to 537 nm) and low energy bands (778 to 840 nm) was observed (Figure A6).  

 
Figure A1. UV-vis spectra (Soret band) for the sequential formation of 
(MeTHF)(F8)FeIII(O2

•–) (black spectrum) and HS-3MeTHF (blue spectrum).   
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Figure A2. UV-vis spectra (Soret band) for the sequential formation of HS-3MeTHF 
(blue spectrum), HS-TMPA (red spectrum) and LS-TMPA (green spectrum).     

 

 

 

 

 

Figure A3. UV-vis spectra (Soret band) for the sequential formation of HS-3MeTHF 
(blue spectrum), LS-3DCHIm (purple spectrum) and LS-4DCHIm (brown spectrum).     
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Figure A4. Titration experiment for the formation of LS-3DCHIm (purple spectrum) by 
addition of different equivalents of DCHIm to complex HS-3MeTHF (blue spectrum).   

 

 

 

 

 

Figure A5. Titration experiment for the formation of LS-4DCHIm by addition of different 
equivalents of DCHIm to complex HS-3MeTHF at –95 ºC. 
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Figure A6. Conversion of complex LS-3DCHIm generated at –125 ºC to complex LS-
4DCHIm after warming up to –95 ºC.  
 

2H-NMR characterization of HS-3MeTHF, HS-TMPA, LS-TMPA, LS-3DCHIm and 
LS-4DCHIm and their decay products.  

Generation of (MeTHF)d8-F8FeIII(O2
•–) and (d8-HS-3MeTHF).  In a typical exper-

iment, 0.57 μL of a complex d8-F8FeII (5 mM) solution in MeTHF were placed in a 5 mm 

rubber septum capped NMR tube. After cooling down the NMR tube to –125 ºC (pen-

tane/N2(liq) bath), dioxygen was bubbled through the solution mixture to form 

(MeTHF)F8(d8)FeIII(O2
•–).3 The NMR tube was transferred rapidly into the NMR instru-

ment which temperature was set at –115 ºC. The pyrrole signal shifted from 119 ppm (high-

spin (MeTHF)2F8(d8)FeII) to 11 ppm (low-spin (MeTHF)F8(d8)FeIII(O2
•–)) (Figure A7). In 

a similar way, 0.57 mL of a complex d8-F8FeII (5 mM) solution in MeTHF were placed in 

a 5 mm rubber septa-capped NMR tube. After cooling down the NMR tube to –125 ºC 

(pentane/N2(liq) bath), 30 μL containing 1 equiv. of CuI(CH3CN)4(BArF) were added and 

mixed by bubbling Ar through the solution. Dioxygen was bubbled through the reaction 

mixture to form d8-HS-3MeTHF. The pyrrole signal shifted from 11 ppm 

((MeTHF)F8(d8)FeIII(O2
•–)) to 134 ppm (high-spin d8-HS-3MeTHF) (Figure A7). 
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Generation of d8-HS-TMPA, d8-LS-TMPA, d8-LS-3DCHIm and d8-LS-4DCHIm.   

30 μL of a solution containing 4 equiv. of DCHIm were added to d8-HS-3MeTHF generate 

d8-LS-3DCHIm. A shift of the pyrrole from 134 ppm (high-spin d8-HS-3MeTHF) to 9.3 

ppm (low-spin d8-LS-3DCHIm) was observed (recorded at –115 ºC) (Figure A7). 30 μL 

of a solution containing 5 equiv. of DCHIm d8-HS-3MeTHF at –90 ºC were added to 

generate d8-LS-4DCHIm. A shift of the pyrrole signal from 105 ppm (high-spin d8-HS-

3MeTHF) to 10.6 ppm (low-spin d8-LS-4DCHIm) was observed (Figure A8).  

Generation of d8-HS-TMPA was accomplished by bubbling dioxygen through a 

MeTHF solution containing an equimolar (5.0 mM) mixture of d8-F8FeII and 

[CuI(TMPA)](BArF) at –90 ºC (pyrrole signal at 99 ppm) (Figure A9). 30 μL of a solution 

containing 1 equiv. of DCHIm to d8-HS-TMPA at –90 ºC were added to generate d8-LS-

TMPA. A pyrrole shift from 99 ppm (high-spin d8-HS-TMPA) to 5 ppm (low-spin d8-LS-

TMPA) was observed (Figure A9).  After generation of the corresponding high/low-spin 

peroxo species, the 2H-NMR tubes were warmed up to room temperature and the spectra 

of the compounds were recorded again (Figure A10).6  
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Figure A7. 2H-NMR spectra (–115 ºC) for the sequential generation of HS-3MeTHF (blue 
spectrum) and LS-3DCHIm (purple spectrum) by generation of (MeTHF)F8(d8)FeIII(O2

•–

) (black spectrum) by bubbling dioxygen to a solution of (MeTHF)2F8(d8)FeII (red spec-
trum). 
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Figure A8. 2H-NMR spectra (–90 ºC) for the sequential generation of HS-3MeTHF (blue 
spectrum) and LS-4DCHIm (brown spectrum) by generation of (MeTHF)F8(d8)FeIII(O2

•–

) (black spectrum) by bubbling dioxygen to a solution of (MeTHF)2F8(d8)FeII (red spec-
trum). 
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Figure A9. 2H-NMR spectra (–90 ºC) for the sequential generation of HS-TMPA (pink 
spectrum) and LS-TMPA (green spectrum) by generation of (MeTHF)F8(d8)FeIII(O2

•–) 
(black spectrum) by bubbling dioxygen to a solution of (MeTHF)2F8(d8)FeII (red spec-
trum). 
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Figure A10. 2H-NMR spectra for the decay compounds generated after warming up the 
solution of HS-3MeTHF (blue spectrum/–115 ºC), HS-3MeTHF (blue spectrum/–90 ºC), 
LS-4DCHIm (brown spectrum/–90 ºC) and LS-TMPA (purple spectrum/–90 ºC).  
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Resonance Raman experiments:   

Generation of (MeTHF)(F8)FeIII(O2
•–)  HS-3MeTHF, HS-TMPA, LS-TMPA, 

LS-3DCHIm and LS-4DCHIm. In a typical experiment, 0.57 μL of a F8FeII (1 mM) solu-

tion in MeTHF were placed in a 5 mm rubber septum capped NMR tube. After cooling 

down the NMR tube to –125 ºC (pentane/N2(liq) bath), dioxygen was bubbled through the 

solution mixture to form the (MeTHF)(F8)FeIII(O2
•–) complex.3 In a similar way, 0.57 mL 

of a F8FeII (1 mM) solution in MeTHF were placed in a 5 mm rubber septa capped NMR 

tube. After cooling down the NMR to –125 ºC (pentane/N2(liq) bath), dioxygen was bubbled 

through the reaction mixture to form (MeTHF)(F8)FeIII(O2
•–). Then 30 μL containing 1 

equiv. of CuI(CH3CN)4(BArF) were added and mixed by bubbling Ar through the solution 

to generate HS-3MeTHF.  Isotopically labeled (18O2) samples were prepared with 18O2 in 

an analogous manner. 

 

 

Figure A11. rRaman spectra of (MeTHF)(F8)FeIII(O2
•–) and HS-3MeTHF. (*) Residual 

(MeTHF)F8FeIII-(O2
•–) (less than 5%).  

Note: apparent peaks in the (MeTHF)(F8)FeIII(O2
•–) spectrum around 1200 cm–1 and 1100 

cm–1 are due to subtraction of intense heme bands.  The presence of (MeTHF)F8FeIII-(O2
•–

) has been also observed previously in the generation of LS-AN samples.7–10  
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HS-TMPA was generated by bubbling 5 mL of dioxygen through a MeTHF solu-

tion containing an equimolar (1 mM) mixture of F8FeII and [CuI(TMPA)](BArF) at –90 ºC.  

After its generation, the tube was frozen in N2(liq) and flame sealed. Isotopically labeled 

(18O2) samples were prepared with 18O2 in an analogous manner. After generation of HS-

TMPA at –90ºC, 30 μL of a solution containing 1 equiv. of DCHIm were added to generate 

LS-TMPA. After generation of HS-3MeTHF (see above), 30 μL of a solution containing 

4 equiv. of DCHIm were added to generate LS-3DCHIm. In a similar way, after generation 

of HS-3MeTHF at –90 ºC, 30 μL of a solution containing 5 equiv. of DCHIm were added 

to generate LS-4DCHIm. After complexes were generated, tubes were frozen in N2(liq) and 

flame sealed. Isotopically labelled (18O2) samples were prepared with 18O2 in an analogous 

manner. 

   

 

Figure A12. rRaman spectra of HS-TMPA and LS-TMPA. (*) Residual (MeTHF)F8FeIII-
(O2

•–) (less than 5%).  

Note: The presence of (MeTHF)F8FeIII-(O2
•–) has been also observed previously in the 

generation of LS-AN samples.7–10 
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Figure A13. rRaman spectra of LS-3DCHIm and LS-4DCHIm. Inset: v2 vibration for 
LS-3DCHIm.  

Note: peak around 920 cm–1 (#) is due to stray light not fully removed by the filter. 
The splitting of the Fe–O and O–O vibrations for LS-4DCHIm is due to Fermi resonance. 
In LS-3DCHIm and LS-4DCHIm, the Fe–O vibrations are closer in energy to, and more 
intense than, the corresponding Fe–O vibration of the residual (DCHIm)F8FeIII-(O2

•–), lead-
ing to the latter appearing as very small shoulders in the 16O2 – 18O2 difference spectra. 
 

 
Figure A14. rRaman spectra of LS-4DCHIm excited at low energies (840 nm). 

 

 
Figure A15. rRaman intensity profile for LS-3DCHIm and LS-4DCHIm  
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Table A1. Spectroscopic characterization of compounds (MeTHF)2F8(d8)FeII, 
(MeTHF)F8(d8)FeIII(O2

•–), HS-3MeTHF, LS-TMPA, LS-3DCHIm, LS-4DCHIm.  
Complex UV-vis 

(nm) 
2H-NMR 

(ppm) / Temp. 
rRaman                    

16O2 ( (16O2 – 18O2)) 
Spin 

State* 
[(MeTHF)2(F8)

FeII] 
422, 
542 

125 / –125 ºC 

119 / –115 ºC 

98 / –90 ºC 

– HS 

(S = 2) 

[(MeTHF)(F8)
FeIII-(O2

•–)] 

416, 
535 

11.5 / –125 ºC 

11.0 / –115 ºC 

9.9 / –90 ºC 

v(Fe–O) = 574(24) cm–1   

v(O–O) = 1175(63) cm–1 

v2: 1572 cm–1, v4: 1369 cm–1 

LS 

(S = 0) 

HS-3MeTHF 419, 
480, 
538, 
565 

n.d. / –125 ºC 

134 / –115 ºC 

107 / –90 ºC 

v(Fe–O) = ~555(27) cm–1  

v(O–O) = 737(41) cm–1  

v2: 1561 cm–1, v4: 1363 cm–1 

HS 

(S = 2) 

HS-TMPA 418, 
560 

98 / –90 ºC v(Fe–O) = 538(21) cm–1  

v(O–O) = 804(43) cm–1  

v(Cu–O) = 515(24) cm–1  

v2: 1559 cm–1, v4: 1360 cm–1 

HS 

(S = 2) 

LS-TMPA 426, 
535, 
850, 
950, 
1020 

5.5 / –90 ºC v(Fe–O) = 623(27) cm–1 

v(O–O) = 812(50) cm–1  

v(Cu–O) = 533(24) cm–1  

v2: 1572 cm–1, v4: 1364 cm–1 

LS 

(S = 0) 

LS-3DCHIm 421, 
531, 
776, 
980 

9.3 / –115 ºC v(Fe–O) = 594(28) cm–1  

v(O–O) = 876 (55) cm–1  

v2: 1572 cm–1, v4: 1367 cm–1 

LS 

(S = 0) 

LS-4DCHIm 423, 
537, 
840, 
990 

10.6 / –90 ºC v(Fe–O) = 585,591(~24) cm–1  

v(O–O) = 876, 863(~50) cm–1  

v2: 1572 cm–1, v4: 1366 cm–1 

LS 

(S = 0) 

(*) Note: Cu–O vibrations were not observed in resonance Raman experiments, but must 
be present: all of the heme-peroxo-copper complexes here are EPR silent species, con-
sistent with the diamagnetism of the complexes (also confirmed by 2H-NMR), meaning 
antiferromagnetic interactions are present, due to the presence of bridging and bonding of 
an O-atom of the peroxide bridge, one to each metal ion. 
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DFT calculations: 

Basis set: 6-311g* (Fe, Cu, O) / 6-31g* (N) / 6-31 (C, F, H); PCM solvent: THF 
 
Table A2. Optimized Cartesian Coordinates for HS-AN.  

Fe       0.4117600000     -0.0584600000     -0.7307900000 
N       -0.6630400000     -1.7224300000     -1.3859900000 
N        2.1297800000     -1.2968200000     -0.7944800000  
N        1.7306400000      1.5351000000     -1.0113200000  
C        4.2385800000     -2.0648700000     -0.2204000000  
C        3.4673200000     -3.1603100000     -0.4727600000 
C        2.1440200000     -2.6776400000     -0.8195600000 
C        3.4017300000     -0.8991200000     -0.4309900000  
C        3.8370900000      0.4300600000     -0.3102600000  
C        1.0447800000     -3.5046900000     -1.1003100000  
C       -0.2570900000     -3.0469300000     -1.3607800000  
C       -1.3907500000     -3.9057900000     -1.6285900000  
C       -2.4799700000     -3.0977400000     -1.7913400000 
C       -2.0180100000     -1.7325300000     -1.6596900000  
C       -2.8245100000     -0.5989200000     -1.8580600000  
C       -2.3424900000      0.7136600000     -1.9701900000 
 C       -3.1585800000      1.8759200000     -2.2698900000  
C       -2.3295500000      2.9584200000     -2.2515200000  
C       -1.0035100000      2.4722600000     -1.9132000000  
C        0.1043300000      3.2972100000     -1.6633900000  
C        1.3712900000      2.8493000000     -1.2547900000  
C        2.5063100000      3.7155200000     -1.0099600000  
C        3.5429700000      2.9195000000     -0.6178400000 
C        3.0567800000      1.5554200000     -0.6213100000  
N       -1.0287000000      1.0982700000     -1.7926500000  
H       -3.4911000000     -3.3950300000     -2.0212900000  
H       -1.3558000000     -4.9813500000     -1.6971300000  
H        3.7593200000     -4.1969900000     -0.4189400000  
H        5.2757900000     -2.0452100000      0.0733900000  
H        4.5472800000      3.2229500000     -0.3684800000  
H        2.5102600000      4.7872900000     -1.1277600000  
H       -2.5864300000      3.9875800000     -2.4461300000  
H       -4.2167900000      1.8620400000     -2.4774800000  
O       -0.5014500000      0.7098600000      0.8126500000  
O        0.3285900000     -0.4104300000      1.3071500000  
Cu      -1.1973100000     -0.0611700000      2.5171200000  
N       -1.6070400000     -1.9019400000      3.2607700000  
N       -3.0322700000      0.7345800000      2.6470600000  
N       -0.1676800000      1.6310600000      3.6878400000  
H       -3.5094200000      0.2545200000      1.8797300000  
C       -3.0393500000      2.1890800000      2.2525200000  
H       -2.6678700000      2.2384300000      1.2248700000  
H       -4.0794400000      2.5421600000      2.2495300000  
C       -3.8510200000      0.4541400000      3.8806100000  
H       -4.8842800000      0.2571600000      3.5700000000  
H       -3.8663900000      1.3543800000      4.4994700000  
C       -3.3150400000     -0.7229600000      4.7110500000  
H       -2.4407400000     -0.4096600000      5.2921600000  
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H       -4.0835500000     -0.9844300000      5.4476900000  
C       -2.9743600000     -1.9728700000      3.8887600000  
C       -1.5374000000     -2.8808300000      2.1301800000  
H       -2.2796500000     -2.6158100000      1.3742800000  
H       -0.5454700000     -2.8496000000      1.6835600000  
H       -1.7365500000     -3.8968700000      2.4920000000  
C       -0.5510500000     -2.2556500000      4.2582800000 
 H        0.4302500000     -2.1402100000      3.7933900000  
H       -0.6120600000     -1.5976400000      5.1268100000  
H       -0.6710500000     -3.2939200000      4.5927900000  
C       -0.3774000000      1.6430800000      5.1577600000 
 H       -1.4411200000      1.6691600000      5.4010400000  
H        0.0583900000      0.7403200000      5.5945500000  
H        0.1043700000      2.5176300000      5.6233100000  
C        1.2979400000      1.5492800000      3.4345600000  
H        1.6928600000      0.6301300000      3.8749300000  
H        1.4857100000      1.5240100000      2.3624100000  
H        1.8237400000      2.4083800000      3.8796900000  
C       -2.1949400000      3.1082900000      3.1452000000  
H       -2.5553800000      3.0857800000      4.1804800000  
H       -2.3839600000      4.1297000000      2.7914400000  
C       -0.6729200000      2.9035200000      3.0836200000  
H       -3.0218800000     -2.8751000000      4.5127900000  
H       -3.7001900000     -2.0996200000      3.0781600000  
H       -0.1827700000      3.7545700000      3.5874200000  
H       -0.3543600000      2.9113000000      2.0379400000  
C       -4.3018500000     -0.8157700000     -1.9121100000  
C       -5.0412100000     -1.0816700000     -0.7538500000  
C       -5.0528900000     -0.7751700000     -3.0921300000  
C       -6.4117400000     -1.2963600000     -0.7305100000  
C       -6.4273400000     -0.9812300000     -3.1396300000 
 C       -7.1069800000     -1.2454500000     -1.9455300000   
H       -6.9154000000     -1.4960200000      0.2063600000  
H       -6.9436600000     -0.9384000000     -4.0898000000  
H       -8.1773900000     -1.4104500000     -1.9598200000  
C       -0.1056300000      4.7749600000     -1.7657200000  
C       -0.7763300000      5.4967000000     -0.7713300000  
C        0.3490600000      5.5366200000     -2.8474100000  
C       -0.9940300000      6.8677900000     -0.8217200000  
C        0.1646500000      6.9103800000     -2.9564400000  
C       -0.5149100000      7.5762400000     -1.9303200000  
H       -1.5203600000      7.3610600000     -0.0148400000  
H        0.5425000000      7.4362400000     -3.8236600000  
H       -0.6710500000      8.6463900000     -1.9937100000  
C        5.2294000000      0.6728700000      0.1763500000  
C        5.4874500000      1.1504000000      1.4672500000  
C        6.3643400000      0.4499700000     -0.6116500000  
C        6.7629400000      1.3945100000      1.9617200000  
C        7.6649800000      0.6727200000     -0.1745000000  
C        7.8593000000      1.1503800000      1.1264400000  
H        6.8873800000      1.7621600000      2.9720500000  
H        8.4960300000      0.4795000000     -0.8403400000  
H        8.8638000000      1.3324700000      1.4891100000  
C        1.2771100000     -4.9824500000     -1.1146100000  
C        0.8442700000     -5.8289000000     -0.0877600000  
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C        1.9498400000     -5.6217900000     -2.1634400000  
C        1.0470600000     -7.2035600000     -0.0770900000  
C        2.1854000000     -6.9908100000     -2.2111400000  
C        1.7261400000     -7.7846300000     -1.1541900000  
H        0.6853200000     -7.7947300000      0.7541900000  
H        2.7111200000     -7.4160400000     -3.0561800000  
H        1.8975300000     -8.8541900000     -1.1692500000  
F        4.3971100000      1.3943700000      2.3038800000  
F       -1.2560700000      4.7904900000      0.3371800000 
 F       -4.3461500000     -1.1245900000      0.4729600000  
F        0.1701100000     -5.2547600000      0.9924100000  
F        2.4074200000     -4.8354100000     -3.2173300000  
F       -4.3801400000     -0.5110200000     -4.2808900000  
F        1.0275300000      4.8754800000     -3.8679300000  
F        6.1740300000     -0.0242700000     -1.9073800000  
 
 
Table A3. Optimized Cartesian Coordinates for LS-AN.  
 
Fe      -0.2428600000      0.3485600000     -0.6800700000 
 N        0.0447400000     -1.5346400000     -1.3811100000 
N        1.6916300000      0.7819200000     -1.0089400000               
N       -0.5474200000      2.2180800000     -0.0095500000 
 C        3.7292600000      1.8844400000     -1.1341800000 
C        3.9186600000      0.6341000000     -1.6404300000   
C        2.6440900000     -0.0535900000     -1.5564200000  
C        2.3382300000      1.9699000000     -0.7358300000  
C        1.7527100000      3.1082100000     -0.1716700000  
C        2.4501100000     -1.3857200000     -1.9424500000  
C        1.2321500000     -2.0667600000     -1.8402600000  
C        1.0465600000     -3.4591300000     -2.2054700000  
C       -0.2563500000     -3.7642000000     -1.9528000000  
C       -0.8777300000     -2.5580100000     -1.4387300000  
C       -2.2288700000     -2.4613100000     -1.0873800000 
C       -2.8412900000     -1.2901700000     -0.6279600000  
C       -4.2491300000     -1.1837800000     -0.2939400000           
C       -4.4633800000      0.1003500000      0.1056200000                  
C       -3.1864000000      0.7855100000      0.0269600000                  
C       -2.9861500000      2.1145800000      0.4169600000                  
C       -1.7437900000      2.7598900000      0.4108600000                  
C       -1.5405000000      4.1228600000      0.8674900000                  
C       -0.2147500000      4.3947200000      0.7244200000                 
C        0.4002400000      3.2040000000      0.1694300000                  
N       -2.2127600000     -0.0780500000     -0.4304300000                  
H       -0.7585600000     -4.7060000000     -2.1090300000                  
H        1.8109400000     -4.1053000000     -2.6072600000                  
H        4.8309400000      0.2099600000     -2.0291700000                  
H        4.4539200000      2.6777800000     -1.0407700000                  
H        0.3040200000      5.3088900000      0.9660100000                  
H       -2.3129900000      4.7752300000      1.2426800000                  
H       -5.3886400000      0.5449600000      0.4365800000                  
H       -4.9670400000     -1.9864400000     -0.3573300000                  
O        0.0578800000     -0.3193100000      0.9802000000                  
O        0.8082600000      0.4138300000      1.9391900000                  
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Cu       1.0784700000     -1.1220100000      3.0184800000                  
N        3.1206000000     -0.6799400000      3.2080600000                  
N        1.4560000000     -3.1004900000      3.3309400000                  
N       -0.8426300000     -1.1573800000      3.8684300000                 
 H        2.1539500000     -3.2594600000      2.6013400000                  
C        0.3238000000     -4.0268100000      2.9876100000                  
H        0.1400200000     -3.9266200000      1.9130200000                  
H        0.6362300000     -5.0628900000      3.1759900000                  
C        2.1378700000     -3.4580300000      4.6211800000                  
H        2.7343100000     -4.3664900000      4.4659300000                  
H        1.3711500000     -3.6990000000      5.3618700000                  
C        3.0270100000     -2.3138600000      5.1352100000                  
H        2.4166200000     -1.5446600000      5.6240100000                  
H        3.6811800000     -2.7185100000      5.9158300000                  
C        3.8906500000     -1.6688100000      4.0409700000                 
C        3.7517300000     -0.5429500000      1.8641500000                  
H        3.7394700000     -1.5033800000      1.3432400000               
H        3.1764600000      0.1811100000      1.2903400000           
H        4.7922900000     -0.2033300000      1.9591300000          
C        3.1242600000      0.6611400000      3.8696600000            
H        2.5543700000      1.3579000000      3.2541200000              
H        2.6705000000      0.5955300000      4.8620100000               
H        4.1520500000      1.0341500000      3.9747700000           
C       -0.6850900000     -1.1389500000      5.3519600000                  
H       -0.0851100000     -1.9819000000      5.6955500000                  
H       -0.1867300000     -0.2113300000      5.6454100000                  
H       -1.6646200000     -1.1826300000      5.8484900000                  
C       -1.6399000000      0.0464700000      3.4818000000                  
H       -1.1076200000      0.9497200000      3.7781300000                  
H       -1.7589800000      0.0596600000      2.4011200000                  
H       -2.6213700000      0.0218900000      3.9740000000                  
C       -0.9694400000     -3.7250300000      3.7493200000                  
H       -0.8293100000     -3.8504400000      4.8291600000                  
H       -1.6955700000     -4.4914100000      3.4534600000                  
C       -1.6102000000     -2.3694900000      3.4258800000                  
H        4.7572700000     -1.1591300000      4.4831200000                  
H        4.2871900000     -2.4403700000      3.3710600000                  
H       -2.6092000000     -2.3292500000      3.8877400000                  
H       -1.7437200000     -2.2783400000      2.3436200000                  
C       -3.0762800000     -3.6824500000     -1.2362800000                  
C       -3.1554500000     -4.6720900000     -0.2521300000                  
C       -3.8463200000     -3.9190400000     -2.3797400000                  
C       -3.9336600000     -5.8179500000     -0.3652700000                  
C       -4.6457200000     -5.0423700000     -2.5561100000                  
C       -4.6847600000     -5.9974700000     -1.5332100000                  
H       -3.9486900000     -6.5433000000      0.4379500000                  
H       -5.2161500000     -5.1617200000     -3.4681400000                  
H       -5.2999800000     -6.8820300000     -1.6463700000                  
C       -4.1731100000      2.8818700000      0.9070300000                  
C       -4.4354100000      3.0745300000      2.2680100000                  
C       -5.1087500000      3.4549400000      0.0381900000                  
C       -5.5300100000      3.7791200000      2.7555900000                  
C       -6.2238700000      4.1692500000      0.4617600000                  
C       -6.4303200000      4.3302200000      1.8364700000                  
H       -5.6683800000      3.8875100000      3.8236000000                  
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H       -6.9047300000      4.5864700000     -0.2689300000                  
H       -7.2914400000      4.8838400000      2.1911500000                  
C        2.6144400000      4.3121200000      0.0301900000                  
C        3.4932900000      4.4498400000      1.1093900000                  
C        2.5995100000      5.3895500000     -0.8628400000                 
 C        4.3020800000      5.5625000000      1.3119200000                  
C        3.3813800000      6.5292600000     -0.7174700000                 
 C        4.2396800000      6.6097900000      0.3855000000                  
H        4.9575300000      5.6022200000      2.1723600000                  
H        3.3181100000      7.3241000000     -1.4493600000                  
H        4.8599100000      7.4875200000      0.5223500000                  
C        3.6320800000     -2.1447700000     -2.4556000000                  
C        4.3251500000     -3.0734300000     -1.6710400000                  
C        4.1296600000     -1.9839600000     -3.7539300000                  
C        5.4272700000     -3.7967000000     -2.1103600000                  
C        5.2274400000     -2.6751600000     -4.2544800000                  
C        5.8780900000     -3.5903600000     -3.4195400000                  
H        5.9136600000     -4.4974200000     -1.4440600000                 
H        5.5553900000     -2.4991300000     -5.2708100000                  
H        6.7352300000     -4.1414100000     -3.7874900000                  
F        3.5632100000      3.4079700000      2.0361700000                  
F       -3.5435700000      2.5245900000      3.1912800000                  
F       -2.4033600000     -4.4936000000      0.9151000000                  
F        3.8821800000     -3.2833000000     -0.3591800000                  
F        3.4855400000     -1.0748800000     -4.5900400000                 
 F       -3.8011200000     -2.9664700000     -3.3993000000                  
F       -4.9079200000      3.2968300000     -1.3316000000                  
F        1.7479500000      5.3060800000     -1.9660000000                 
 N       -0.6756400000      0.9769300000     -2.5826800000                  
C       -1.4374000000      0.3293100000     -3.4639500000                  
C       -0.2619900000      2.1441400000     -3.2070400000                  
H       -1.9323700000     -0.6145300000     -3.3067800000                  
C       -0.7807600000      2.2002000000     -4.4814800000                  
H        0.3673000000      2.8680600000     -2.7176600000                  
N       -1.5275200000      1.0322300000     -4.6240100000                  
C       -0.6447500000      3.2274800000     -5.5561200000                  
H       -0.1852400000      2.8165600000     -6.4638300000                  
H       -1.6136500000      3.6550700000     -5.8430900000                  
H       -0.0117500000      4.0462100000     -5.2048500000                  
C       -2.2852300000      0.6268800000     -5.8119400000                  
H       -3.0510400000      1.3705700000     -6.0461000000                  
H       -1.6174800000      0.5160900000     -6.6700100000                  
H       -2.7687300000     -0.3297800000     -5.6111300000                  
 
 
Table A4. Optimized Cartesian Coordinates for HS-TMPA. 
 
 Fe       0.6547600000     -0.1061200000     -0.8627200000               
N        0.4640100000      1.8353000000     -1.6328100000                
N       -1.0179700000     -0.5932900000     -2.0776200000                 
N        1.2099300000     -2.1173600000     -1.0671100000                 
C       -2.8184100000     -1.7469400000     -2.9652400000                 
C       -3.1460100000     -0.4225900000     -2.9747400000              
C       -2.0087600000      0.2984800000     -2.4324000000                  



202 

 

C       -1.4939400000     -1.8524400000     -2.3789500000                  
C       -0.8298200000     -3.0626700000     -2.1158300000                  
C       -1.9080400000      1.6977100000     -2.3553200000                  
C       -0.7300900000      2.3993700000     -2.0422400000                  
C       -0.5542400000      3.8243000000     -2.2352500000                  
C        0.7585100000      4.1036900000     -1.9825100000                  
C        1.3942300000      2.8600400000     -1.5969600000                  
C        2.7494400000      2.7308200000     -1.2455300000                  
C        3.3649000000      1.5303000000     -0.8526300000                  
C        4.7331400000      1.4203500000     -0.3757500000                  
C        4.9261000000      0.1188000000     -0.0175800000                 
C        3.6859600000     -0.5843300000     -0.2948600000                  
C        3.4906600000     -1.9624700000     -0.1084500000                  
C        2.3503700000     -2.6728600000     -0.5187100000                 
C        2.2464200000     -4.1184400000     -0.5371700000                  
C        1.0623500000     -4.4258900000     -1.1426800000                  
C        0.4154500000     -3.1717800000     -1.4748700000                 
C        3.6016600000      3.9592100000     -1.2939200000                  
C        4.5577800000      4.1608000000     -2.2979500000                  
C        3.5137500000      4.9892400000     -0.3511500000                  
C        5.3701200000      5.2857100000     -2.3799400000                  
C        4.2941500000      6.1386200000     -0.3782600000                  
C        5.2321500000      6.2819000000     -1.4070100000                 
C       -3.1197900000      2.5087100000     -2.6875400000                  
C       -3.8854700000      3.1288400000     -1.6929000000                  
C       -3.5699400000      2.7159500000     -3.9963800000                  
C       -5.0139000000      3.8983300000     -1.9498300000           
C       -4.6907200000      3.4729500000     -4.3186200000 
C        -5.4152500000      4.0684100000     -3.2799700000 
C       -1.4886900000     -4.3314000000     -2.5590900000  
C       -1.0840300000     -5.0136100000     -3.713590000 
 C       -2.5432500000     -4.9290400000     -1.8629300000                 
C       -1.6677200000     -6.1937600000     -4.159680000  
C       -3.1708300000     -6.1048800000     -2.255170000 
C       -2.7216000000     -6.7400800000     -3.4187000000                  
C        4.6026000000     -2.7403200000      0.5231200000                  
C        4.7381300000     -2.8483800000      1.9110900000                  
C        5.5807700000     -3.4091200000     -0.2211700000                 
C        5.7541800000     -3.5575300000      2.5398300000                  
C        6.6217900000     -4.1355000000      0.3461200000                  
C        6.7038200000     -4.2056500000      1.7413400000                 
N        2.7572800000      0.2944900000     -0.8109900000                  
F        5.4994900000     -3.3423100000     -1.6094900000                 
F        4.6985000000      3.1743200000     -3.2705400000                  
F       -2.8508900000      2.1261600000     -5.0332100000                  
F       -0.0363300000     -4.4743200000     -4.4543300000                 
F       -2.9950000000     -4.2993100000     -0.6974900000                  
F       -3.4917300000      2.9594700000     -0.3640000000                  
F        3.7905400000     -2.2019100000      2.7119900000                 
F        2.5826000000      4.8521000000      0.6817200000                  
O        0.7244000000      0.1468800000      1.0219100000                  
O       -0.6852800000     -0.0723200000      0.7601900000                  
Cu      -1.6289500000      0.2839900000      2.3757500000                  
N       -1.0485100000      2.2250900000      2.7112500000                  
N       -2.7526100000      0.6090900000      4.1034100000                  
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N       -3.3624200000     -0.6382300000      1.8063900000                  
N       -0.5393800000     -0.9733400000      3.8199700000                 
C       -1.5990100000      2.7861800000      3.8135100000                  
C       -0.3808300000      3.0090300000      1.8390400000                  
C       -4.1405000000      0.8051700000      3.5919400000                 
C       -2.6459200000     -0.6041700000      4.9705200000                  
C       -2.2276400000      1.8214000000      4.7965700000                 
C       -3.5291900000     -1.5604300000      0.8375900000                  
C       -4.4359200000     -0.2320500000      2.5279700000                  
C       -1.2276000000     -1.1442800000      4.9695900000                 
C        0.7089100000     -1.4740900000      3.7278700000                  
C       -1.5116300000      4.1566600000      4.0667400000                  
C       -0.2356400000      4.3828400000      2.0357900000                 
C       -4.7804500000     -2.1040000000      0.5415100000                  
C       -5.7159600000     -0.7329300000      2.2894200000                  
C       -0.6886700000     -1.8200200000      6.0681800000                  
C        1.3133600000     -2.1736800000      4.7754100000                  
C       -0.8191900000      4.9679600000      3.1631600000                  
C       -5.8919300000     -1.6790800000      1.2742700000                 
C        0.6026200000     -2.3481100000      5.9664100000      
 
 
Table A5. Optimized Cartesian Coordinates for LS-TMPA.  
 
Fe       0.9638500000      0.0191500000      0.6862000000                  
N       -0.3552400000     -0.7931100000      1.9587000000                  
N        0.3810700000      1.8518800000      1.2562000000                  
N        2.3662500000      0.8248900000     -0.5417100000                  
C        0.0953900000      4.1514200000      1.3513700000                  
C       -0.7478200000      3.6066300000      2.2708100000                  
C       -0.5654300000      2.1695000000      2.2083000000                  
C        0.8069100000      3.0509100000      0.7261900000                  
C        1.8182700000      3.2181400000     -0.2301900000                  
C       -1.2443900000      1.2542400000      3.0220700000                  
C       -1.1333700000     -0.1356000000      2.8898100000                  
C       -1.8701800000     -1.0952600000      3.6889600000                  
C       -1.5656600000     -2.3304500000      3.2012300000                  
C       -0.6177700000     -2.1362900000      2.1202200000                  
C       -0.0458800000     -3.1860200000      1.3876500000                  
C        0.9852600000     -3.0252200000      0.4557200000                  
C        1.6402700000     -4.1207700000     -0.2354000000                  
C        2.6545800000     -3.5788300000     -0.9649100000                  
C        2.6061800000     -2.1443600000     -0.7507100000                  
C        3.4771200000     -1.2283900000     -1.3574300000                 
C        3.3299200000      0.1617000000     -1.2734700000                  
C        4.1547600000      1.1146400000     -1.9933100000                  
C        3.6639900000      2.3523900000     -1.7111500000                  
C        2.5546600000      2.1683300000     -0.7920200000                  
C       -0.5604600000     -4.5665800000      1.6400100000                  
C        0.1571800000     -5.5285400000      2.3606800000                  
C       -1.8104200000     -4.9915200000      1.1726900000                  
C       -0.3041400000     -6.8164800000      2.6087200000                 
 C       -2.3284600000     -6.2633500000      1.3887700000                  
C       -1.5616500000     -7.1815700000      2.1151900000                  
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C       -2.1199600000      1.7943700000      4.1051000000                  
C       -3.5176100000      1.7285100000      4.0743000000                  
C       -1.5882800000      2.4098000000      5.2457900000                  
C       -4.3426200000      2.2268100000      5.0758800000                  
C       -2.3561200000      2.9297000000      6.2806600000                  
C       -3.7494300000      2.8350100000      6.1879200000                  
C        2.1651000000      4.6150000000     -0.6394800000                 
C        3.3152100000      5.2696600000     -0.1805200000                  
C        1.3660000000      5.3735300000     -1.5018300000                  
C        3.6655500000      6.5668700000     -0.5373000000                  
C        1.6570300000      6.6742800000     -1.8947900000                 
C        2.8231600000      7.2721800000     -1.4037900000                  
C        4.6573200000     -1.7764200000     -2.0936900000                  
C        4.7470500000     -1.8463700000     -3.4871400000                  
C        5.7785700000     -2.2646200000     -1.4105600000                  
C        5.8437900000     -2.3553000000     -4.1731000000                  
C        6.9061300000     -2.7854400000     -2.0325300000                  
C        6.9324700000     -2.8278100000     -3.4315700000                  
N        1.5791400000     -1.8269300000      0.1122900000                  
F        5.7604100000     -2.2212200000     -0.0113400000                  
F        1.4082600000     -5.1711300000      2.8597700000                  
F       -0.1980600000      2.4984400000      5.3513000000                  
F        4.1584100000      4.5759700000      0.6848500000                  
F        0.1977400000      4.7862300000     -1.9995600000                  
F       -4.1224900000      1.1215900000      2.9703000000                  
F        3.6631900000     -1.3793000000     -4.2363000000                  
F       -2.5803100000     -4.0840700000      0.4440700000                  
H        7.7997400000     -3.2285100000     -3.9423400000                  
H       -1.9433800000     -8.1792400000      2.2964200000                  
H       -1.9260900000     -3.2857000000      3.5489600000                  
H       -2.5268600000     -0.8518900000      4.5091000000                 
H       -1.4346000000      4.1201300000      2.9249700000                  
H        0.2376300000      5.1958100000      1.1232900000                  
H        4.0144000000      3.3016800000     -2.0839900000                  
H        4.9844200000      0.8627100000     -2.6348000000                  
H        3.3589800000     -4.0899000000     -1.6025200000                 
H        1.3610000000     -5.1599500000     -0.1630000000                  
H        0.3072100000     -7.5061100000      3.1763600000                  
H       -3.3028400000     -6.5214200000      0.9942100000                  
H       -5.4173200000      2.1419100000      4.9792200000                  
H       -1.8713200000      3.3895100000      7.1321100000                 
H       -4.3710900000      3.2324200000      6.9811800000                  
H        4.5713600000      7.0067900000     -0.1404300000                  
H        0.9892900000      7.1962700000     -2.5680100000                  
H        3.0739000000      8.2850700000     -1.6952400000                  
H        5.8391600000     -2.3778700000     -5.2552100000                  
H        7.7355700000     -3.1420300000     -1.4356900000                  
O       -0.1831300000     -0.0241800000     -0.7193800000                  
O       -1.4737700000      0.4852900000     -0.5800800000                  
Cu      -2.6490800000     -0.0363500000     -1.9699000000                  
N       -1.5039100000     -0.7953100000     -3.5592000000                  
N       -4.2096100000     -0.3905600000     -3.3549900000                  
N       -3.9887600000     -0.9981400000     -0.7399200000                  
N       -3.1817500000      1.9898100000     -2.5301800000                  
C       -2.2200200000     -1.0712100000     -4.6748800000                  
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C       -0.2089600000     -1.1770700000     -3.5092300000                  
C       -4.8595500000     -1.6529900000     -2.9010100000                  
C       -5.1397000000      0.7753200000     -3.2677800000                  
C       -3.6293600000     -0.5182400000     -4.7198800000                  
C       -3.9935000000     -0.9590400000      0.6057300000                  
C       -4.9784500000     -1.6540700000     -1.3902400000                  
C       -4.3533700000      2.0708800000     -3.1964700000                  
C       -2.4333200000      3.0977200000     -2.3816100000                  
C       -1.6676700000     -1.7516400000     -5.7629900000                  
C        0.4186200000     -1.8376000000     -4.5669100000                  
H        0.3078000000     -0.9279600000     -2.5898800000                  
H       -5.8371300000     -1.7957900000     -3.3790800000                  
H       -4.2157500000     -2.4824700000     -3.2181900000                 
 H       -5.8455100000      0.7812000000     -4.1078500000                  
H       -5.7269700000      0.6592500000     -2.3497900000                  
H       -3.5912200000      0.4865000000     -5.1563000000                  
H       -4.2735500000     -1.1240600000     -5.3690000000                  
C       -4.9942600000     -1.5749800000      1.3596600000                  
H       -3.1800800000     -0.4108700000      1.0618600000                  
C       -6.0100500000     -2.2963200000     -0.7043300000                  
C       -4.8156900000      3.2718900000     -3.7411200000                  
C       -2.8263300000      4.3375300000     -2.8919000000                  
H       -1.5024900000      2.9752700000     -1.8412400000                  
C       -0.3257000000     -2.1384800000     -5.7107100000                 
H       -2.2770600000     -1.9649700000     -6.6337400000                  
H        1.4657400000     -2.0982400000     -4.4891200000                 
H       -4.9679200000     -1.5053900000      2.4389700000                  
C       -6.0158100000     -2.2581500000      0.6949500000                  
H       -6.7928500000     -2.8075500000     -1.2523900000                  
C       -4.0387700000      4.4251700000     -3.5825200000                  
H       -5.7568600000      3.3022000000     -4.2780500000                  
H       -2.1864600000      5.1992900000     -2.7543900000                  
H        0.1268200000     -2.6616600000     -6.5457000000                  
H       -6.8094000000     -2.7443900000      1.2510800000                  
H       -4.3722600000      5.3698600000     -3.9973800000                  
N        2.3746600000      0.0039400000      2.1998400000                  
C        3.5724700000     -0.5717800000      2.1345500000                 
C        2.2943100000      0.5942800000      3.4561700000                  
H        3.9780200000     -1.1213000000      1.3040200000                  
N        4.2675900000     -0.3762600000      3.2931600000                  
C        3.4591900000      0.3712200000      4.1550600000                  
H        1.4268200000      1.1394200000      3.7843700000                  
C        5.6192000000     -0.8688300000      3.5659200000                  
C        3.8802100000      0.7836800000      5.5255300000                  
H        5.6105300000     -1.5782400000      4.3977700000                  
H        6.2858400000     -0.0379400000      3.8104300000                  
H        5.9937100000     -1.3717600000      2.6732700000                  
H        4.7771700000      1.4158000000      5.5088600000                  
H        3.0786700000      1.3562600000      5.9993300000                  
H        4.0989900000     -0.0793600000      6.1671000000                  
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MATERIALS and METHODS 

General: All reagents and solvents used were of commercially available quality 

and used without further purification except as noted. Inhibitor-free 2-MeTHF was distilled 

over Na/benzophenone under Ar and deoxygenated with Ar before use. 

[CuI(CH3CN)4(BArF)], and F8FeII were synthesized as previously described.1,2 All UV-

visible measurements were carried out using a Hewlett Packard 8453 diode array 

spectrophotometer with a quartz Schlenk cuvette cell to monitor changes in Q-band and 

with a 0.2 cm path length cuvette to monitor changes in Soret band. The spectrometer was 

equipped with HP Chemstation software and a Unisoku thermostated cell holder for low 

temperature experiments. Resonance Raman samples were excited at a variety of 

wavelengths, using either a Coherent I90C-K Kr+ ion laser, a Coherent 25/7 Sabre Ar+ ion 

laser, or a Lighthouse Photonics Sprout-G pumped SolsTiS-PX Ti:Saph laser while the 

sample was immersed in a liquid nitrogen cooled (77 K) EPR finger dewar (Wilmad). 

Power was ~2 mW at the sample for 413 nm excitation and 150-200 mW for lower energy 

excitation. Data were recorded while rotating the sample to minimize photodecomposition. 

The spectra were recorded using a Spex 1877 CP triple monochromator with either a 600, 

1200, or 2400 groves/mm holographic spectrograph grating, and detected by an Andor 

Newton CCD cooled to –80 °C (for high energy excitation) or an Andor IDus CCD cooled 

to –80 °C (for the low energy excitation). Spectra were calibrated on the energy axis to 

toluene. Excitation profiles were intensity calibrated to the solvent (MeTHF) by peak 

fitting in the program Origin.  

UV-Vis: The complexes LS-3DCHIm and LS-4DCHIm were generated as 

previously described at 0.1mM concentrations at –125°C or –90°C in a 1 cm path length, 
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rubber septum-capped, quartz Schlenk cuvette.3 50μL of a solution containing the desired 

number of equivalents of acid (10 for 4-NO2-phenol, 2 for [DMF∙H+](CF3SO3
–)) and/or 

reductant (10 equiv Fc*) was added via gastight syringe and mixed by bubbling Ar. To 

obtain conditions optimal for observing Soret peaks, the same concentration (~0.1 mM) 

was used in a 2mm path length Schlenk cuvette. For kinetic measurements, spectra were 

recorded every 1.0 seconds to obtain “initial rate” data. Reactions were monitored until 

stable by UV-vis (i.e. no more spectral changes are observed), however we do note that in 

reactions with excess Fc*, slow reduction of the metal centers may eventually occur. 

EPR: 0.6 mL solutions of the complexes LS-3DCHIm and LS-4DCHIm were 

generated anaerobically as previously described3 at 2.0 mM concentrations at –125°C 

(pentane/liq. N2 bath) and –90°C (acetone/liq. N2 bath) respectively in a 5 mm, rubber 

septum-capped, EPR tube. The desired substrates (acids and/or reductant) were added in 

the desired amounts, mixed by bubbling Ar, and frozen prior to recording spectra. Spectra 

were taken with an ER 073 magnet equipped with a Bruker ER041 X-Band Microwave 

bridge and a Bruker EMX 081 power supply. Microwave frequency = 9.41 GHz, 

microwave power = 0.201 mW, attenuation = 30db, modulation amplitude = 10 G, 

modulation frequency = 100 kHz, temperature = 10K. 

rRaman: The complexes LS-3DCHIm and LS-4DCHIm were generated in the 

same fashion as EPR samples, above, at 1.0 mM concentrations at –125°C (pentane/liq. N2 

bath) and –90°C (acetone/liq. N2 bath) respectively in a 9-inch, 5 mm, rubber septum-

capped, NMR tube using either 16O2 or 18O2.3 The desired substrates (acids, and/or 

reductant) were added in the desired amounts and mixed by bubbling Ar. The tubes were 
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then frozen and flame-sealed. Spectra were obtained with spinning tubes at 77 K with 

various excitation wavelengths noted for each case. 

DFT Calculations: Density functional theory (DFT) calculations were performed 

with Gaussian09, version D.01 software package. All calculations were done using the 

BP86 functional within the spin-unrestricted formalism and broken-symmetry singlet 

surface, employing a split basis set as follows: 6-311g* for Fe, Cu, and peroxo O atoms; 6-

31g* for all metal-bound N atoms, and 6-31g for all remaining atoms. Tight SCF 

convergence and an ultrafine integration grid were used. All cyclohexyl substituents on 

DCHIm ligands were truncated as isopropyl groups in order to lower the computational 

cost, yet still capture some of the inherent steric effects. (A structure for LS-4DCHIm was 

optimized using the complete DCHIm ligands, which yielded very similar core bond 

distances and vibrational frequencies, indicating that the truncated model adequately 

represents the full ligand system for correlating to our experimental data.) Free energies 

were calculated at 183 K. For each binding orientation (phenol H-bonding to OFe or OCu), 

several positions of the phenol were attempted in which the O–H was directed toward the 

particular peroxo O-atom. Unconstrained optimization from these starting orientations 

yielded one minimum for each of the H-bonded structures (OFe-bound and OCu-bound). 

Structures for which the H+ was transferred to the respective peroxo O-atoms were obtained 

by constraining the OPh-H distance at the same distance as the OCu-H in the H-bonding 

structure (thus the distance from the H+ to the H-bond acceptor remains the same) and 

optimizing the remaining atoms. 

H2O2 quantification by horseradish peroxidase (HRP) test: The 

spectrophotometric quantification of hydrogen peroxide was achieved by recording the 



211 

 

intensity of the diammonium 2,2′- azino-bis(3-ethylbenzothiazoline-6-sulfonate (AzBTS-

(NH4)2) peaks (different wavelengths, monitored at 418 nm to minimize error, Figure B1) 

oxidized by horseradish peroxidase (HRP) which was adapted from published procedures.4 

In a typical experiment, 3 mL of the desired heme-peroxo-copper complex [0.135 mM] 

was generated at –90/–125 °C. If required, two sample solutions of 100 μL containing Fc* 

[2 mM] and 100 μL containing 4-NO2-phenol [2 mM] were added and the reaction was 

allowed to proceed until completion (no further spectral changes were observed). The 

reaction crude was subjected to the H2O2 analysis as described below, both before and after 

quenching by addition of a 100 μL solution containing 2.5 equiv. [DMF∙H+](CF3SO3
–) 

[0.338 mM]. Hydrogen peroxide (H2O2) was detected using the procedure described using 

the following stock solutions: 300 mM sodium phosphate buffer, pH 7.0 (solution A), 1 

mg/mL AzBTS-(NH4)2 (solution B), 4 mg of HRP (type II salt free (Sigma)), and 6.5 mg 

of sodium azide in 50 mL of water (solution C). Quantification of hydrogen peroxide was 

achieved by adding a 100 μL of the cold MeTHF sample solution to a cuvette containing 

1.3 mL of water, 500 μL of solution A, and 100 μL of solution B and 50 μL of solution C 

(all chilled). After mixing for 15 s, the samples were allowed to incubate for ~2 min until 

full formation of the 418 nm band was achieved (Table B1).  

 

Table B1. H2O2 quantification for the iron-peroxo-copper species under different 
conditions.  

LS complex 
(0.1mM) [4-NO2-phenol] (mM) [Fc*] (mM) H2O2 (%) 

(LS-4DCHIm) – – 95 
(LS-4DCHIm) 2 – 85 
(LS-4DCHIm) 2 2 0 
(LS-3DCHIm) – – 100 
(LS-3DCHIm) 2 2 90 
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Figure B1. Calibration curve used for H2O2 quantification by the HRP method.4  

 

Strong acid ([DMF∙H+](CF3SO3–)) (pKa (CH3CN) = 0.7) reactivity: 

The reactions of LS-4DCHIm –90°C) and LS-3DCHIm (–125°C) with strong acid 

were monitored by UV-vis, EPR and rR spectroscopies in MeTHF. In both cases, addition 

of two equiv acid immediately releases H2O2 (Table B1), leaving (DCHIm)2F8Fe(III) (λmax 

= 542 nm) and Cu(II)(DCHIm)n(L) (λmax = 900 nm (broad)) where L = DCHIm or MeTHF 

(Figure B2). Formation of the described products was confirmed by comparison of the 

reaction product spectra (UV-vis and EPR) to spectra of control samples containing a 

mixture of independently isolated CuII(DCHIm)4(ClO4)2 and F8FeIII·SbF6 
5 in the presence 

of 1 excess equiv DCHIm. Vide infra for synthesis and characterization of 

CuII(DCHIm)4·(ClO4)2.  The rR spectra of the reaction products of LS-3DCHIm or LS-

4DCHIm plus [DMF∙H+](CF3SO3
–) showed no isotope sensitive vibrations (metal-

associated 16O2 vs. 18O2 species). 
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Figure B2. Proposed reaction and products when LS heme-peroxo-copper complexes are 
reacted with [DMF∙H+](CF3SO3

–).6  
 

 

 

Figure B3. UV-vis spectra showing the initial and final spectra from a reaction of LS-
4DCHIm (left) and LS-3DCHIm (right) with 2 eq. [DMF∙H+](CF3SO3

–) to form the 
reaction products (black spectra).  
 
 

The black product spectra match with that of an authentic mixture of independently 

isolated CuII(DCHIm)4·(ClO4)2 (900 nm, broad) and F8FeIII·SbF6 in the presence of 1 or 2 

excess equiv DCHIm (542 nm). 
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Figure B4. EPR spectra of the reaction products of LS-3DCHIm (purple) and LS-
4DCHIm (blue) with strong acid, [DMF∙H+](CF3SO3

–), showing identical products, 
those being species depicted in Figure B2.  
 

These spectra are representative of 90-100% yield of CuII(DCHIm)n-L (g = 2.08, 

2.36, 2.38) (L = MeTHF, or DCHIm), and 60-65% low-spin FeIII(DCHIm)2 (g = 2.29, 2.78, 

1.64) with a small amount (~5 - 15%) of high-spin Fe(III) (g = 5.9). These yield ranges 

were calculated via spectral addition based on the observation that intensities and g-values 

of these EPR signals match closely with authentic samples at the same concentration (2 

mM for authentic mononuclear heme and copper complexes (Figure B11), and for the LS-

3DCHIm, LS-4DCHIm complexes). (Vide infra for details regarding generation of the 

authentic product mixture). We propose the relatively low yield of Fe(III) signal may be 

due to rebinding of the H2O2 released in the reaction to the Fe to form a stable Fe(III)-(O2
2–

)-Fe(III) species which would be EPR silent. 

*If a full equiv of HS-heme complex (g = 5.9) formed, the intensity of that signal 

in these experimental spectra would be ~15x greater. 

* 
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Resonance Raman 16O2–18O2 difference spectra of LS-4DCHIm (black) and the 

phenol-associated adduct, [LS-4DCHIm(ArOH)] (blue) at high and low energy 

excitation. In both cases, ν(Fe–O) and ν(O–O) stretches are observed. Prepared at 1mM, at 

–90°C in MeTHF. 

 

 

Figure B5. (A) Resonance Raman spectra of the LS-4DCHIm (black) and [LS-
4DCHIm(ArOH)] (blue) at high energy excitation (413 nm for both). High energy 
excitation into the porphyrin Soret increases enhancement of the Fe–O stretch, (although 
remarkably the O–O stretch is still observable in both cases). (B) Low energy excitation 
into the CT band (870 nm for LS-4DCHIm and 815 nm for [LS-4DCHIm(ArOH)]) 
shows greater O–O enhancement. The H-bonding interaction lowers the energy of the 
peroxo orbitals, therefore, slightly lower excitation results in the optimum resonance 
enhancement for [LS-4DCHIm(ArOH)].  
 

 

The low energy excitation spectrum for [LS-4DCHIm(ArOH)], is also shown in 

Chapter 3 (Figure 3.3, bottom left), below the high energy excitation spectrum of LS-

4DCHIm for optimum clarity of both species. 

We also note that an Fe(III)–OH species impurity may contribute to increased 

intensity of the 598 cm–1 stretch (i.e. in Figure B5(A)).  
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Authentic final products generation (UV-Vis, EPR): The iron and copper-containing 

final reaction products for both the strong and weak acid reactions with LS-4DCHIm and 

LS-3DCHIm were compared to authentically generated mixtures of the proposed products 

(Figure 3.5 in Chapter 3, Figures B2, B6, B13). That authentic mixture of these products 

can be prepared one of two ways, in situ (A, below) or from isolated metal-ligand 

complexes (B, vide infra)) yielding the same results. 

 

A. In-situ generation of (DCHIm)F8FeIII-L + CuII(DCHIm)x(L)  (L = DCHIm, 

MeTHF) 

After generation of HS-3MeTHF in a typical UV-Vis or EPR experiment at –90 

ºC (analysis here shown by UV-vis), the solution was warmed under Ar, causing the decay 

of the peroxo complex to the high-spin iron(III)-aquo complex (Figure B6). After cooling, 

addition of different concentrations of DCHIm caused the formation of a band at 542 nm, 

assigned as a low-spin (DCHIm)F8FeIII(L) complex, the same reaction product observed in 

the H+/e– reactivity of the (LS-4DCHIm) complex (see Chapter 3 main text). In order to 

fully form the (DCHIm)F8FeIII(L) complex, 6 equiv. of DCHIm were required, which 

suggested that part of the imidazole was coordinating to the “naked” copper(II) present in 

solution. Analysis of the low-energy bands (800 - 1100 nm) suggested the formation of a 

copper(II)-imidazolyl complex. Addition of Fc* and 4-NO2-phenol to the mixture didn’t 

lead to any observable spectral change.  
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Figure B6. UV-Vis spectrum of the decay product of the high-spin peroxo complex (HS-
3MeTHF) [0.135 mM] corresponding to the (MeTHF)F8FeIII(H2O) (black spectra). 
After cooling down (–90 ºC), sequential addition of 2 equiv. (orange spectrum), 4 equiv. 
(orange spectrum) and 6 equiv. of DCHIm (red spectrum) led to the formation of the 
complex (DCHIm)2F8FeIII (λmax = 542 nm) along with the copper(II)-imidazolyl complex 
(800 - 1100 nm).     

 

B. Generation of authentic mixture of products from isolated metal-L complexes: a 

1:1:1 mixture of [(DCHIm)4CuII]2+, F8Fe(III)SbF6 species,2 and DCHIm: 

In a typical UV-vis or EPR experiment under Ar atmosphere at room temperature: 

To a solution of F8Fe(III)SbF6 was added 1 equiv [(DCHIm)4CuII](ClO4)2 (see below for 

synthesis and crystallographic characterization) and one additional equivalent of DCHIm 

(to fit the stoichiometry of the reaction discussed in Chapter 3). EPR and UV-vis spectra 

showed a mixture of high-spin (F8FeIII(DCHIm)(MeTHF) or F8FeIII(MeTHF)2) and low 
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spin (F8FeIII(DCHIm)2) ferric heme  and Cu(II) signals (matching those for the independent 

components), and this authentic mixture matches well with those for the product mixtures 

of the heme-peroxo-copper complex reactions described in Chapter 3 (Figure 3.5 in 

Chapter 3, and see Figure B11 for mononuclear species EPR spectra. The UV-vis spectrum 

of this mixture is identical to that of the in-situ generation of these products shown in 

Figure B6, red spectrum). 

 

Synthesis and characterization of [(DCHIm)4CuII](ClO4)2: 0.5 ml of an acetone solution 

containing 87 mg of Cu(II)(ClO4)2(H2O)6 (0.22 mmols) were added dropwise to 0.5 mL of 

a solution where 200 mg of DCHIm had been dissolved (0.86 mmols). An immediate color 

change was observed (blue solution). The crude solution was stirred for 30 minutes, 

observing the formation of big pink crystals corresponding to the desired product. After 

several days, the acetone solution was separated and the crystalline product was dried under 

vacuum, obtaining 240 mg of product (Yield = 94%). Layering diethyl ether precipitated 

the acetone crude solution. A new batch of pink crystals was obtained, which were used 

for the X-ray diffraction analysis (see Figure B7).  

- Elemental analysis: (C60H96Cl2CuN8O8) Calculated: C, 60.5%; H, 8.1%; N, 9.4%.  
Found: C, 60.7%; H, 8.4%; N, 9.5%.  

- ESI-MS: 527.32 [(DCHIm)2CuI]+ (also separately generated and characterized by 
X-ray crystallography (see below, Figure B8); 860.10 [(DCHIm)3CuII(ClO4)]+; 
1090.10 [(DCHIm)4CuII(ClO4)]+.  

- EPR: see Figure B11, g = 2.06, 2.34 (A = 164 G). 
 

X-Ray characterization of [(DCHIm)4CuII](ClO4)2 

All reflection intensities were measured at 110(2) K using a SuperNova 

diffractometer (equipped with Atlas detector) with Cu Kα radiation (λ = 1.54178 Å) under 



219 

 

the program CrysAlisPro (Version 1.171.36.32 Agilent Technologies, 2013). The program 

CrysAlisPro (Version 1.171.36.32 Agilent Technologies, 2013) was used to refine the cell 

dimensions. Data reduction was done using the program CrysAlisPro (Version 1.171.36.32 

Agilent Technologies, 2013). The structure was solved with the program SHELXS-2013 

(Sheldrick, 2013) and was refined on F2 with SHELXL-2013 (Sheldrick, 2013). Analytical 

numeric absorption corrections based on a multifaceted crystal model were applied using 

CrysAlisPro (Version 1.171.36.32 Agilent Technologies, 2013). The temperature of the 

data collection was controlled using the system Cryojet (manufactured by Oxford 

Instruments). The H atoms were placed at calculated positions using the instructions AFIX 

13, AFIX 23, AFIX 43 or AFIX 137 with isotropic displacement parameters having values 

1.2 or 1.5 times Ueq of the attached C atoms. 

The structure is mostly ordered.  The Cu complex is located at sites of inversion 

symmetry, and only one half of the complex is crystallographically independent.  One 

imidazole ring is disordered over two orientations (the second N atom of the imidazole ring 

can be found either on the third or fourth position, and the orientations “NCNCC” and 

“NCCNC” overlap).  The occupancy factor of the major component of the disorder refines 

to 0.625(18).  The lattice (uncoordinated) diethylether solvent molecule is found disordered 

over two orientations.  The occupancy factor of the major component of the disorder refines 

to 0.811(6). 

xs0177a: Fw = 1340.12, purple block, 0.32  0.27  0.24 mm3, monoclinic, P21/c 

(no. 14), a = 10.79777(8), b = 18.02876(11), c = 18.36383(14) Å,  = 95.7982(7) , V = 

3556.60(4) Å3, Z = 2, Dx = 1.251 g cm−3,  = 1.606 mm−1, abs. corr. range: 0.669 0.753.  

28519 Reflections were measured up to a resolution of (sin / )max = 0.62 Å−1. 6965 
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Reflections were unique (Rint = 0.0190), of which 6642 were observed [I > 2 (I)]. 448 

Parameters were refined using 139 parameters. R1/wR2 [I > 2 (I)]: 0.0402/0.1115. R1/wR2 

[all refl.]: 0.0415/ 0.1126. S = 1.036. Residual electron density found between −0.59 and 

0.71 e Å−3. 

 

 
Figure B7. Displacement ellipsoid plot (50% probability) of the complex 
[(DCHIm)4CuII](ClO4)2·Et2O at 110(2) K. The diethyl ether solvate molecule and H 
atoms are omitted for clarity.  
 

Table B2. Distances (Å) and angles (º) for (DCHIm)4CuII(ClO4)2·Et2O. 
Distance (Å)  
Cu-N1 1.996(13) 
Cu-N2 1.996(1) 
Cu-N3 2.0037(12) 
Cu-N4 2.004(3) 
Cu-O1 2.6046(13) 
Cu-O2 2.605(1) 
Angles (º)  
N1-Cu-N2 180.00(5) 
N1-Cu-N3 91.12(5) 
N1-Cu-N3* 88.88(5) 
N1-Cu-O1 92.63(5) 
N1-Cu-O1* 87.37(5) 
N1*-Cu-N2* 180.00(5) 
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Synthesis and characterization of [(DCHIm)2CuI](BArF): In the glovebox, 0.5 ml of a 

MeTHF solution containing 100 mg of [CuI(CH3CN)4](BArF) (0.11 mmols) were added 

dropwise to a 0.5 mL solution where 51 mg of DCHIm have been dissolved (0.22 mmols, 

MeTHF). The crude solution was stirred for 30 minutes, and 10 mL of pentane were added, 

leading to the formation of a white precipitate (Yield = 90%). Recrystallization of white 

powder led to formation of the desired [(DCHIm)2CuI](BArF) (see below) in the form of 

colorless crystals, which were analyzed by X-Ray diffraction (Figure B8). Elemental 

analysis: (C54H48N4CuBF20) Calculated: C, 53.7%; H, 4.01%, N, 4.64%. Found: C, 53.9%; 

H, 4.02%; N, 4.45%. ESI-MS: 527.32 [(DCHIm)2CuI]+. 

 

X-Ray characterization of [(DCHIm)2CuI](BArF):  

All reflection intensities were measured at 110(2) K using a SuperNova 

diffractometer (equipped with Atlas detector) with Cu Kα radiation (λ = 1.54178 Å) under 

the program CrysAlisPro (Version 1.171.36.32 Agilent Technologies, 2013). The program 

CrysAlisPro (Version 1.171.36.32 Agilent Technologies, 2013) was used to refine the cell 

dimensions. Data reduction was done using the program CrysAlisPro (Version 1.171.36.32 

Agilent Technologies, 2013). The structure was solved with the program SHELXS-2013 

(Sheldrick, 2013) and was refined on F2 with SHELXL-2013 (Sheldrick, 2013). Analytical 

numeric absorption corrections based on a multifaceted crystal model were applied using 

CrysAlisPro (Version 1.171.36.32 Agilent Technologies, 2013). The temperature of the 

data collection was controlled using the system Cryojet (manufactured by Oxford 

Instruments). The H atoms were placed at calculated positions using the instructions AFIX 
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13, AFIX 23 or AFIX 43 with isotropic displacement parameters having values 1.2 times 

Ueq of the attached C atoms. 

The structure is mostly ordered.  One of the two imidazole rings N1 C3 is found 

to be disordered over two orientations (both orientations overlap, but the positions of N2 

and C2 can interchange between the two orientations.  The occupancy factor of the major 

component of the disorder refines to 0.713(17).        

xs0269a: Fw = 1207.31, colorless lath, 0.43  0.15  0.09 mm3, monoclinic, P21/n 

(no. 14), a = 11.4059(2), b = 31.7761(5), c = 15.3471(3) Å,  = 111.604(2) , V = 

5171.58(17) Å3, Z = 4, Dx = 1.551 g cm−3,  = 1.628 mm−1, abs. corr. range: 0.645 0.898.  

33635 Reflections were measured up to a resolution of (sin / )max = 0.62 Å−1. 10135 

Reflections were unique (Rint = 0.0280), of which 8605 were observed [I > 2 (I)]. 722 

Parameters were refined. R1/wR2 [I > 2 (I)]: 0.0354/0.0846. R1/wR2 [all refl.]: 

0.0436/0.0892. S = 1.025. Residual electron density found between −0.49 and 0.33 e Å−3. 

 

Figure B8. Displacement ellipsoid plot (50% probability) of [CuI(DCHIm)2](BArF) at 
110(2) K. The BArF– counter ion and H atoms are omitted for clarity. Cu-N = 
1.8736(15)/1.8743(15) Å; N1-Cu-N3 angle = 177.99(7)º 
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DFT calculations: Density functional theory (DFT) calculations were performed using 

Gaussian09, version D.01. Geometry optimizations were done with the BP86 functional, 

employing a split basis set as follows: 6-311g* for Fe, Cu, and peroxo O atoms; 6-31g* for 

all metal-bound N atoms, and 6-31g for all remaining atoms. Tight SCF convergence and 

an ultrafine integration grid were used. All cyclohexyl substituents on DCHIm ligands were 

truncated as isopropyl groups in order to lower the computational cost, yet still capture 

some of the inherent steric effects. 

 

 

 LS-3DCHIm LS-4DCHIm 

δ Fe–O (Å) 1.807 1.842 

δ O–O (Å) 1.401 1.366 

δ Cu–O (Å) 1.914 1.947 

δ Cu---Fe (Å) 4.102 4.473 

 Fe–O–O (°) 121.5 118.6 

 O–O–Cu (°) 92.4 111.7 

Tau value 
0.4 

(0 = sqr. planar; 1 = tetrahedral) 
0.09 

(0 = sqr. pyr; 1 = trig. bipyr.) 

Figure B9. Optimized structures of LS-3DCHIm (left) and LS-4DCHIm (right) and 
selected bond lengths and angles. 
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a)    b)    c)  

     d)    e)  

Figure B10. Structures for different [LS-4DCHIm(ArOH)] binding modes, 
corresponding to those given in Table B3.  
 

Table B3. Relative free energies, bond lengths, Mayer Bond Orders (MBOs), and 
Mulliken Charges (on peroxo O atoms) for different possible phenolic binding modes for 
[(LS-4DCHIm)(ArOH)]. 

 Structure 

Rel. 
G 

(kcal/
mol) 

r(Fe-O) 
(Å) 

Fe-O 
MBO 

r(O-O) 
(Å) 

O-O 
MBO 

OFe 
Mulliken 
Charge 

OCu 
Mulliken 
Charge 

(a) LS-4DCHIm -- 1.842 0.685 1.366 0.929 -0.28 -0.36 

(b) 
LS-4DCHIm + 
NO2PhOH (H-
bonded to OCu) 

0 1.833 0.717 1.411 0.856 -0.31 -0.48 

(c) 
LS-4DCHIm + 
NO2PhOH (H-
bonded to OFe) 

+1.8 1.873 0.581 1.399 .874 -0.39 -0.37 

(d) 

LS-4DCHIm + 
NO2PhOH (with 
H+ transferred 

to OCu) 

+2.0 1.821 0.725 1.471 0.815 -0.34 -0.50 

(e) 

LS-4DCHIm + 
NO2PhOH (H+ 
transferred to 

OFe) 

+7.4 1.927 0.435 1.438 0.835 -0.44 -0.39 
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EPR quantification of heme and Cu products of the reaction, LS-4DCHIm + 4-NO2-

phenol + Fc*:  

Quantitation of Cu(II) and Fe(III)-containing products following the reaction of 

LS-4DCHIm with 4-NO2-phenol and Fc* was carried out by spectral addition of the 

authentic spectra of the mononuclear species proposed in Chapter 3 (Figure 3.5) (Vide 

supra for the synthesis of the mononuclear species).  

 

 

Figure B11: Quantification of the iron(III) and copper(II) products was carried out by 
comparing the reaction spectra with calibration curves obtained by generation of these 
species independently. This method allowed for confirmation of a mostly low-spin 
(~95%) heme product.  
 

Authentic HS heme is (F8FeIII·SbF6), authentic LS-heme is (F8FeIII(DCHIm)2) 

generated by addition of 2 equiv DCHIm to F8FeIII·SbF6, and authentic 

Cu(II)(DCHIm)x(L)x spectrum shown on the left is that of Cu(II)(DCHIm)4(ClO4)2·Et2O, 

see above for synthesis and X-ray crystallographic characterization. An identical EPR 

spectrum is generated when Cu(II)(ClO4)2(H2O)6 is exposed to even just 3 equiv DCHIm 

in MeTHF. Thus L (in Figure 3.5 in Chapter 3) is either DCHIm or MeTHF. 

g = 5.9,  1.9 

g = 2.78,    2.41,  2.29,  1.64 

                     g  = 2.06 

g  = 2.34                    
A  = 164 
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 Resonance Raman Spectroscopy: The 16O2, and 18O2 spectra of the final product mixture, 

were compared with the authentic heme product, F8FeIII(DCHIm)2·SbF6 

(F8FeIII(DCHIm)2·SbF6 was generated by addition of 2 equiv DCHIm to F8FeIII·SbF6). No 

isotope sensitive bands are observed in the products, and product spectra heme bands match 

nicely with the control, consistent with our formulation of the heme product as the bis-

imidazole ferric heme species (see Figure 3.5 in Chapter 3). Samples were prepared at 

1mM in MeTHF at –90°C, according to the following guidelines (for the reaction 

products): Generation of LS-4DCHIm was followed by addition of 10 eq Fc* (slightly 

soluble at this concentrations), mixing for 5 minutes with Ar bubbling and finally addition 

of 10 eq 4-NO2-phenol, and mixing for 30 min with Ar bubbling at –90°C to ensure a 

complete reaction. 

 

 

Figure B12: 16O2 (red), and 18O2 (purple) spectra of the final reaction products following 
reduction show no isotope sensitive vibrations, and match well with the control, Fe(III) 
bis-imidazole complex (black). These data were taken at 77 K with λexcitation = 413 nm.   
*Note: From a spectrum of phenol(ate) in MeTHF, we attribute the sharp features 
between 800 - 900 cm–1, as well as those at 1110, 1170, and 1300 cm–1, to a phenolate or 
Cu(II)-phenolate species. 
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Kinetics: LS-4DCHIm + 4-NO2-phenol + Fc*.  Kinetic experiments were carried out at 

different concentrations of the LS-4DCHIm, 4-NO2-phenol or Fc*. kobs were calculated by 

initial rates approximation (spectra taken every 1s), using the Δ absorbance 870-785 nm, 

corresponding to Fc*+. UV-vis spectra of the products indicated formation of 2 equivalents 

of Fc*+ along with formation of the LS-Fe(III) complex (DCHIm)F8FeIII(L) (λmax = 542 

nm) and a Cu(II)-imidazolyl species (broad bands between 900-1100 nm) (Figures B6, 

B13). Reaction rates obtained are summarized in Table B4.  

 
Figure B13. Reaction scheme for kinetic analysis of the reaction between LS-4DCHIm 
+ 4-NO2-phenol (H+) and Fc* (e–). Reductant was added first resulting in no reaction, and 
after addition of phenol, formation of the H-bond associated intermediate was observed 
before generation of the final products. 
 

Table B4. Summary of kinetic experiments for the H+/e– reactivity of LS-4DCHIm.  

[LS-4DCHIm] 
(mM) 

[4-NO2-phenol] 
(mM) 

[Fc*] 
(mM) 

Rate 
(M–1s–1) 

kobs 
(s–1) 

0.06 2 4 3.58 · 10–7 0.0060 
0.09 2 4 4.88 · 10–7 0.0054 
0.135 2 4 9.40 · 10–7 0.0070 
0.2 2 4 1.42 · 10–6 0.0071 

0.135 0.5 4 4.16 · 10–7 0.0031 
0.135 1 4 7.00 · 10–7 0.0052 
0.135 2 4 9.40 · 10–7 0.0070 
0.135 4 4 1.30 · 10–6 0.0097 

0.135 2 1 2.96 · 10–7 0.0022 
0.135 2 2 3.76 · 10–7 0.0028 
0.135 2 4 9.40 · 10–7 0.0070 
0.135 2 6 1.34 · 10–6 0.0099 
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[(LS-4DCHIm)] dependence. After generation of the low-spin complex, LS-
4DCHIm, at different concentrations (0.09, 0.135 and 0.2 mM) in a typical UV-vis 
experiment at –90 ºC, 30 μL of a solution containing Fc* [4.0 mM] were added, which did 
not cause any spectral change. Addition of 4-NO2-phenol [2.0 mM] caused a fast shift in 
the low-energy bands (750 - 1100 nm) (Figure B14a) along with the Q-band region from 
537 to 540 nm due to the formation the hydrogen bonded complex, [(LS-
4DCHIm)(ArOH)]. Formation of the one-electron oxidation product Fc*+ was confirmed 
by the growth of a UV-vis band at 780 - 800 nm and it was quantified (ε = 580 M–1cm–1, 
Abs(785–870)) to confirm the 2-electron reduction. A shift in the Q-band from 540 to 542 nm 
was observed, confirming the formation of the [(DCHIm)F8FeIII(L)](BArF) product (see 
Figure B6) along with the formation of a low-energy band between 800 - 1100 nm, 
assigned to the formation of a copper(II)-imidazolyl complex. The kobs (normalized by the 
concentration of LS-4DCHIm) showed independence towards the concentration of the LS-
4DCHIm, indicating that only one molecule of heme-peroxo-complex is involved in the 
r.d.s., ruling out disproportion processes.    
 

 

Figure B14. UV-vis spectra and kinetic traces for the sequential reaction between LS-
4DCHIm [0.09 - 0.2 mM], Fc* [4 mM] and 4-NO2-phenol [2 mM]. (a) Initial spectra 
after addition of 4-NO2-phenol (grey spectra) to LS-4DCHIm (brown spectrum). (b) 
Final spectra of the reaction observing the formation of 2 equiv. of Fc*+ and the 
copper(II) species (800 - 1100 nm). (c) Kinetic traces for the reduction between LS-
4DCHIm [0.09 - 0.2 mM], Fc* [4 mM] and 4-NO2-phenol [2 mM] (inset: initial rates 
observed). (d) kobs vs. [LS-4DCHIm]. 
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[4-NO2-phenol] dependence. After generation of the low-spin complex, LS-
4DCHIm [0.135 mM], in a typical UV-vis experiment at –90 ºC, 30 μL of a solution 
containing Fc* [0.4 mM] were added, which did not cause any spectral change. Addition 
of different concentrations of 4-NO2-phenol [0.5 - 4.0 mM] caused a fast shift in the low-
energy bands (750 - 1100 nm) (Figure B15a) along with the Q-band region from 537 to 
540 nm due to the formation the hydrogen bonded complex, [LS-4DCHIm(ArOH)]. 
Formation of the one-electron oxidation product Fc*+ was confirmed by the growth of a 
UV-vis band at 780 - 800 nm and it was quantified (ε = 580 M–1cm–1, Abs(785–870)) to 
confirm the 2-electron reduction. A shift on the Q-band from 540 to 542 nm was observed, 
confirming the formation of the [(DCHIm)F8FeIII(L)](BArF) product (See Figure B6) 
along with the formation of a low-energy band between 800 - 1100nm, assigned to the 
formation of a copper(II)-imidazolyl complex. Curiously, at higher concentrations of 
phenol the low-energy bands were shifted to higher energies, suggesting that the final 
Cu(II)-imidazolyl species suffered a protonation or phenol/phenolate coordination. The kobs 
(normalized by the concentration of LS-4DCHIm) showed a saturation behavior towards 
the concentration of the 4-NO2-phenol, indicating only a pre-equilibrium or association 
process prior to the r.d.s.  

 

 

Figure B15. UV-vis spectra and kinetic traces for the sequential reaction between LS-
4DCHIm [0.135 mM], Fc* [4 mM] and 4-NO2-phenol [0.5 - 4.0 mM]. (a) Initial spectra 
after addition of different quantities of 4-NO2-phenol (grey spectra) to LS-4DCHIm 
(brown spectrum). (b) Final spectra of the reaction observing the formation of 2 equiv. 
of Fc*+ and the CuII species (800 - 1100 nm). (c) Kinetic traces for the reaction between 
LS-4DCHIm [0.135 mM], Fc* [4mM] and 4-NO2-phenol [0.5 - 4.0 mM] (inset: initial 
rates observed). (d) kobs vs. [4-NO2-phenol]. 
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[Fc*] dependence. After generation of the low-spin complex, LS-4DCHIm [0.135 
mM] in a typical UV-vis experiment at –90 ºC, 30 μL of a solution containing different 
concentrations of Fc* [2.0 - 6.0 mM] were added, which did not cause any spectral change. 
Addition of 4-NO2-phenol caused a fast shift in the low-energy bands (750 - 1100 nm) 
(Figure B16a) along with the Q-band region from 537 to 540 nm due to the formation the 
hydrogen bonded complex, [LS-4DCHIm(ArOH)]. Formation of the one-electron 
oxidation product Fc*+ was confirmed by the growth of a UV-vis band at 780 - 800 nm 
and it was quantified (ε = 580 M–1cm–1, Abs(785–870)) to confirm the 2-electron reduction. A 
shift on the Q-band from 540 to 542 nm was observed, confirming the formation of the 
[(DCHIm)F8FeIII(L)](BArF) product (see Figure B6) along with the formation of a low-
energy band between 800 - 1100 nm, assigned to the formation of a copper(II)-imidazolyl 
complex. The kobs (normalized by the concentration of LS-4DCHIm) showed a linear 
dependence towards the concentration of the (Fc*), indicating that during the r.d.s., one 
molecule of the reductant is involved (single electron transfer r.d.s.).  

 

 

Figure B16. UV-vis spectra and kinetic traces for the sequential reaction between LS-
4DCHIm [0.135mM], Fc* [2 - 6 mM] and 4-NO2-phenol [2.0mM]. (a) Initial spectra 
after addition of 4-NO2-phenol (grey spectra) to {LS-4DCHIm + Fc*} (brown 
spectrum). (b) Final spectra of the reaction observing the formation of 2 equiv. of Fc*+ 
and the copper(II) species (800 - 1100nm). (c) Kinetic traces for the reduction between 
LS-4DCHIm [0.135 mM], Fc* [2.0 - 6.0 mM] and 4-NO2-phenol [2.0 mM] at different 
concentrations of Fc* (inset: initial rates observed). (d) kobs vs. [Fc*].  
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Synthesis and characterization of deuterated 4-NO2-phenol, and KIE experiments:

 100 mg 4-NO2-PhONa (see below for synthesis) was dissolved in a small amount 

of acetic acid-d (~3 mL) and stirred for 30 minutes. The solvent was removed by vacuum, 

and the reaction crude was redissolved in ~5 mL freshly distilled MeTHF. The precipitated 

sodium acetate was filtered off with a fine frit and solvent was removed from the collected 

filtrate to afford the desired deuterated phenol product. 1H-NMR of the product was taken 

in DMSO, and integration of relevant peaks revealed >85% deuteration at the hydroxy 

position. While this degree of isotopic labeling is not ideal for truly quantitative KIE 

measurements, a kinetic isotope effect is apparent and that observation alone gives support 

of our mechanistic hypothesis. Kinetics experiments and analysis were carried out as 

previously described (vide supra), with the results summarized in Table B5. kH+/kD+ = 1.61 

for the equilibrium process of weak acid association, and 1.84 for the rate determining 

PCET step (Figure B17). 

 
Table B5. Summary of kinetic experiments for the D+/e– reactivity of LS-4DCHIm. 

[LS-4DCHIm] 
(mM) 

[4-NO2-Ar-OD] 
(mM) 

[Fc*] 
(mM) 

Rate 
(M–1s–1) 

kobs 
(s–1) 

0.135 0.5 4 3.07 ∙ 10–7 0.00203 
0.135 1 4 5.43 ∙ 10–7 0.00381 
0.135 2 4 8.26 ∙ 10–7 0.00594 
0.135 4 4 1.27 ∙ 10–6 0.00673 

0.135 2 1 5.21 ∙ 10–7 0.00320 
0.135 2 2 6.85 ∙ 10–7 0.00421 
0.135 2 4 9.44 ∙ 10–7 0.00579 
0.135 2 6 1.26 ∙ 10–6 0.00774 
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Figure B17. kobs as a function of phenol concentration (0.5 - 4mM) (left) and as a function 
of Fc* concentration (1 - 6mM) (right) (PhOH = pink trace, PhOD = dark red trace). KD+ 
was calculated and the data fit according to the kinetic model shown in Figure 6c in the 
Chapter 3. (a) Calculation of the deuterium Kinetic Isotope Effect for the equilibrium 
phenol association process and (b) for the rate determining electron transfer step. 
 
 

Weak acid control experiments: 

(a) Synthesis and control reactions of relevant sodium phenolate: 

Approximately 100 mg of 4-NO2-phenol was dissolved in 10 mL methanol. To that 

solution, a slight excess (1.1 equiv.) of NaOH was added and the mixture was stirred for 

30 minutes. Solvent was removed completely under vacuum overnight, and the following 

day, recrystallized in diethylether, to afford a golden yellow solid which was characterized 

by 1H-NMR in (CD3)2SO, (δ = 5.86 (d, 2H); 7.69 (d, 2H)) and UV-vis (Table B6) and is 

only slightly soluble in MeTHF:  

 

Table B6. UV-vis spectroscopic properties of the 4-NO2-phenol the sodium phenolate. 

Compound λmax (nm) ε (M–1cm–1) 

4-NO2-phenol 314 5,800 

4-NO2-PhO– +Na 393 14,800 
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Reactivity of sodium 4-NO2-phenolate: 

To probe the possible involvement of the weak acid conjugate base (phenolates are slightly 

basic and could be coordinating), excess (> 10 equiv.) phenolate was added to the reaction 

mixture at each step. No spectral changes were observed by UV-vis except increases in 

intensity at the corresponding phenolate λmax indicating that the conjugate bases do not 

affect the reactivity in any way and do not replace the monodentate copper DCHIm ligands. 

 

(b) Workup of organic reaction products: 

After a solution of LS-4DCHIm (0.1mM) + 10eq 4-NO2-phenol + 10eq Fc* was allowed 

to react to completion in a Schlenk cuvette, solvent was immediately removed by rotary 

evaporation, and the products redissolved in pentane. The insoluble inorganic products 

were filtered off with a fine frit and the pentane was removed from the collected filtrate. A 

1H-NMR spectrum taken of the organic product in (CD3)2SO showed only 4-NO2-phenol 

(δ = 6.92 ppm (d, 2H); 8.11 (d, 2H); 11.03 (s, 1H)) with no evidence of oxidized phenol or 

phenolate. 
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Figure B18. UV-vis spectra of adduct, [LS-4DCHIm(ArOH)] (blue, 0.02mM), and 
final products (green) where we observe a shoulder on the product Soret band due to 
absorbance of the 4-NO2-phenolate present after protons are transferred. Separate spectra 
of the other reagents in solution show that none would contribute to this increase in 
absorbance at 393 nm.  
All independent reagent spectra are shown at 0.02 mM concentration, and using the 
epsilon value reported in Table B6, we quantified the phenolate to be approximately 1.4 
equiv. Four protons are theoretically transferred in the peroxo to water transformation, 
however our rR data (see Figure B12) suggest that some phenolate may coordinate to the 
Cu(II) product. 
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MATERIALS AND METHODS 

General Methods for DFT Calculations: Density functional theory calculations 

were performed with the electronic structure package Gaussian09, D.01.1 Unless otherwise 

noted, these calculations were performed using the BP86 and B3LYP functionals within 

the spin unrestricted formalism, using a THF solvent polarized continuum model. Basis 

sets employed for geometry optimizations were as follows: 6-311g* on the metals and 

oxygen, 6-31g* on the metal-bound N-atoms, and 6-31g on all remaining atoms. Single 

point energies for the docked reactants and TSs were obtained employing 6-311g* on all 

metals and coordinating heteroatoms, and 6-31g on all remaining (C, F, H) atoms; these 

yielded nearly identical results to those obtained with the smaller basis set used for 

optimizations. Density fitting was employed, and the SCF used tight convergence criteria 

on an ultrafine integration grid. Visualization of orbitals was performed with Lumo.2 

Mayer bond orders and Mulliken populations were obtained using QMForge.3 Fe and N 

atomic orbital populations were obtained from Natural Bonding Orbital analyses (NBO 

version 3.1)4 contained in the Gaussian09 package. ΔE calculations neglect zero-point 

corrections to the total energy. 

Reactants (Separated and Docked) and Products: The previously reported DFT 

structure of LS-AN was used as a starting point for these calculations.5 The broken 

symmetry MS = 0 state, achieved by AF coupling between the low-spin FeIII and CuII ions, 

is lowest in energy by 1.7 kcal/mol (ΔG) (consistent with experiment). To evaluate the 

reaction of LS-AN with phenol, a model containing both reactants was constructed (LS-

AN·PhOH). An energetic minimum corresponding to a docked reactant was found from 

optimization of a series of structural guesses with phenol in various positions around the 
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peroxo moiety, and used as the starting point for computational evaluation of the reaction. 

The low-spin Fe(III) has a doubly-occupied dyz orbital (in the Fe−O−O plane) and a singly 

occupied dxz orbital (perpendicular to the Fe−O−O plane), with the latter having π overlap 

with the peroxo π* orbital (by convention the Fe is designated as having α-spin). Note that 

the dxz and dyz orbitals on Fe have π overlap with the O2
2− π* and σ* orbitals, respectively 

(Figure C1). For both the separated and docked species, the singlet state for LS-AN·PhOH 

is lower in energy (and remains such over the reaction surface), although the interaction of 

phenol with the peroxo core weakens the AF coupling between FeIII and CuII, such that the 

singlet and triplet states become nearly isoenergetic (within 0.5 kcal/mol in ΔE and ΔG). 

This reaction is therefore presented on the singlet surface. Also note that geometry 

optimizations starting from a structure where the phenol was oriented to H-bond to the 

peroxo OFe resulted in the phenol either reorienting and binding the OCu or optimizing to a 

local minimum that was >3 kcal/mol higher in energy than the OCu-bound “docked” 

reactant. Over the reaction coordinate, the OCu-atom maintained a greater affinity for the 

phenol. A 3D relaxed potential energy surface (PES) was calculated with axes consisting 

of the OFe−OCu, OCu···H(OPh), and OCu···OPh(H) coordinates, from which successive TS 

guesses were made by manually perturbing previous guesses along their imaginary 

frequencies from analytical frequency calculations until a single imaginary frequency 

remained that involved donating H motion and elongating O−O motion. This procedure 

allowed convergence to two different TSs, found by TS optimizations of the structural 

guesses obtained from the 3D PES. Intrinsic reaction coordinate calculations (which 

require unconstrained TS structures) were performed to connect the TS structures to the 

docked reactant, and survey the remaining reaction coordinates. All TS structures 
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contained one imaginary frequency, and all reactants and products contained only real 

frequencies. Product structure, P, consists of three fragments: [(DCHIm)F8FeIV=O], 

[(AN)CuII(OH)]+, and the associated phenoxyl radical (Figure 4.6C). On the MS = 0 

surface, these fragments have spins of MS = 1, MS = −1/2, and MS = −1/2, respectively. 

Thus, over the course of the reaction, a β-electron has transferred from the Fe dyz orbital, 

and an α electron (and H+) has transferred from the PhOH. 

Correlation to Experimental Conditions: For comparison to the kinetic 

experiments, the D and TS structures were reoptimized using 4-methoxyphenol. To 

improve the accuracy of calculated ΔG  and KIEs, diffuse and polarization functions were 

applied to O-atoms and the phenolic proton (6-311+g* for O, 6-31++g** for H(OPh), all 

other atoms were the same as above); qualitatively similar energetics and 

geometric/electronic structures were obtained without the additional basis functions. The 

KIE derives from the zero-point energy contribution to ΔG , which has a greater effect on 

the rate (larger kH/kD) at lower T. To correlate with the experimental conditions,6 free 

energy values for the reaction of {LS-AN + PhOH} were calculated at −80 °C.  

Electronic Structure – TSPI and PI Mechanism: A key characteristic of the TSPI 

electronic structure is that both α and β HOMOs of phenolate (331α and 331β in Figure 

C2) are fully occupied, indicating that only the proton, and not the electron, has transferred 

from the phenol at the TSPI (Figure C2). Additionally, the charge on the porphyrin ring 

increases (becomes less negative) prior to the TSPI, resulting from polarization of the Fe−N 

σ bonds toward Fe (see Figure C5 and Chapter 4 text) to compensate charge donated out 

of Fe. Taken together, these results establish that Fe is the primary source of e− transfer 

into the σ*O−O up to the TSPI. The overall electronic structure of TSPI is therefore best 



240 
 

described as FeIV=(O–OH)2−–CuII/PhO−, where the O2 moiety is now three-electron 

reduced. This results from donation out of the phenolate HOMO, which, following a 

rotation of the phenol ring ( 30°, see Figure C4), has direct overlap with the σ*O−O through 

the out-of-plane p(π)-orbital on the phenolate oxygen (depicted in the MO contours in 

Chart C1). 

 

 
Chart C1. Occupied (bottom) and virtual (top) α-spin molecular orbitals comprised 
primarily of the Fe dyz, O−O σ*, and PhO− HOMO, shown at O−O distances of 1.88, 
2.25, and 2.6 Å. Progressions in population density illustrate the transfer of an α electron 
from phenolate (occupied at the TS) into the O−O σ* (which increases in occupation). 

 

Effects of Metal-Ligand Covalency: When compared to BP86, a calculation of 

LS-AN in B3LYP yields lower Mayer bond orders for the Fe−O, Fe−N, O−O, and Cu−N 

interactions (Cu−O is unchanged), along with greater charges on these atoms, 

demonstrating the less covalent M−L bonding (see Table C2 for comparison of B3LYP 

and BP86). The difference in thermodynamics calculated for the fully optimized interacting 

products (“Proton- initiated O−O cleavage” in Figure 4.12) is attributable to the difference 

in docked product structures predicted by the two functionals (see Figure C9 for details). 

The TSPI (in which the H+ is almost completely transferred to OCu) in B3LYP is at 

sufficiently higher energy that it is unstable to the H+ returning to the phenolate, thus 
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requiring a structural constraint: The TSPI in B3LYP was obtained by increasing and fixing 

the OCu−OPh distance to 2.6 Å to prevent the H+ from returning to the phenolate, as an 

unconstrained transition state search converged to the much lower energy TSHB. The 

difference in the PESs for cleaving the protonated peroxo (green curves in Figure 4.12), 

where only the B3LYP calculation shows a barrier, reflects the fact that there is initially 

little electron transfer from Fe into σ*O−O in B3LYP (from MBO and Mulliken analyses, 

see Table C2, Figures C9-C15), while in BP86 the H+ enhances electron flow and therefore 

accelerates O−O homolysis. 

Correlation to CcO: A protonated histidine is calculated to yield a thermoneutral 

reaction to form a Compound I-like species (pKa (His) ≈ 6−7), yet CcO exhibits fast 

conversion of A to PM up to pH 9.7,8 Additionally, the only nearby His residue (excluding 

metal-bound His) is 10 Å from the BNC. The positively charged donors in Table 4.2 have 

lower energy costs due to the low dielectric of 4.0 used to model the protein environment. 

Using the energy of a water-solvated H+ (consensus value: ΔG = −265.9 kcal/mol)9 to 

represent uptake from bulk solution affords thermodynamically favorable Cmpd I 

formation (FeIV=O/Por•/CuII–OH) with net ΔG = −1.6 kcal/mol; however, no proton uptake 

is observed in CcO between A and PM. It is also worth noting that the porphyrin a1u and 

a2u HOMOs are known to be highly sensitive to porphyrin ring substitution.10 While this 

effect has generally been studied with regard to porphyrin radical formation, it is possible 

that differences in electronic structure between the meso-substituted porphyrin in LS-AN 

and biological heme could contribute to differences in reactivity. 

General Experimental Details: All reagents and solvents used were of 

commercially available quality and used without further purification except as noted. 
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Inhibitor-free 2-methyltetrahydrofuran (MeTHF) was distilled over Na/benzophenone 

under Ar and deoxygenated with Ar before use. [CuI(AN)](BArF) and F8FeII (BArF = 

B(C6F5)4
−; AN = bis(3-(dimethylamino)propyl)-amine; F8 = 5,10,15,20-tetrakis(2,6-

difluorophenyl)porphyrinate) were synthesized as previously described.11,12 Deuterated (d-

2,3,5,6-OD) 4-methoxyphenol was purchased from CDN Isotopes, and the radical trap, 5-

diisopropoxy-phosphoryl-5- methyl-1-pyrroline-N-oxide (DIPPMPO), was purchased 

from Santa Cruz Biotechnology and stored at −80 °C. 4-OMe-PhOH possesses chemical 

properties comparable to those of PhOH (e.g., pKa and O−H bond dissociation energy) and 

was found to react with LS-AN slightly faster than unsubstituted phenol (data not reported) 

at −70 °C. Therefore it was used for the kinetic studies to minimize competition with 

autodecomposition of LS-AN (< 5% of observed decay), improve kinetic data quality at 

lower temperatures, and simplify radical product characterization. 

UV−Vis Experiments and Kinetics: All UV−vis measurements were carried out 

using a Hewlett-Packard 8453 diode array spectrophotometer with a 1 cm path length 

quartz Schlenk cuvette cell. The spectrometer was equipped with HP Chemstation software 

and a Unisoku thermostated cell holder for low temperature experiments. For kinetic 

measurements, spectra were recorded every 3.0 s and fit with the HP Chemstation to obtain 

first order rate data. The complex, LS-AN, was generated at 0.1 mM concentration: A 

Schlenk cuvette was charged with 3 mL of an equimolar solution of F8FeII and 

[CuI(AN)]BArF in dry MeTHF in a glovebox under N2 atmosphere and sealed with a rubber 

septum to maintain an inert reaction atmosphere before removing to be cooled in the 

UV−vis cryostat chamber to −80 °C. Dioxygen was bubbled through the cold solution 

generating high-spin, F8FeIII-(O2
2−)-CuII(AN) (HS-AN),6 and excess dioxygen was 
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removed with vacuum/Ar cycles to purge the cuvette headspace while Ar was bubbled 

through the solution. Addition of 1 equiv of DCHIm via gastight syringe, and mixing via 

bubbling of Ar, afforded the low-spin complex, LS-AN.13,14 For reactions with 4-OMe-

phenol, LS-AN was generated at −80 °C, and then warmed anaerobically to the desired 

temperature (between −70 and −77 °C) before adding the desired amount of phenol 

(10−200 equiv to reach pseudo-first-order conditions), which was added using ≤ 100 μL 

(infinite dilution was therefore assumed). Following addition of phenol, spectral features 

attributed to LS-AN (λmax = 533, 790 nm) slowly decayed isosbestically to yield the 

F8FeIII−OH (λmax = 555 nm) product. Kinetic saturation (maximum rate) of the reaction 

was achieved with 50+ equiv of phenol, where the average rate across >5 trials was (4.18 

± 0.2) × 10−4 s−1 for PhOH and (2.41 ± 0.4) × 10−4 s−1 for PhOD. These allow for calculation 

of a deuterium KIE of 1.7 ± 0.3. Kinetic data were collected at least in triplicate across four 

temperatures and a wide range of concentrations, and fit to the Michaelis−Menten model 

(see Figure 4.12, Table C3, C4). 

Radical Trapping Experiments with DIPPMPO: The following radical trap 

experiments are adapted from a previously published procedure.15 A 5 mm outer-diameter 

NMR tube was prepared in a glovebox under N2 atmosphere with 0.5 mL of a MeTHF 

solution containing 1:1, F8FeII and [CuI(AN)]BArF, and sealed with a rubber septum and 

parafilm to maintain an inert reaction atmosphere. The sample was removed from the 

glovebox and cooled in a −80 °C bath (acetone/LiqN2) and dioxygen was bubbled through 

the solution, followed by addition of a 25 μL solution containing 1 equiv of DCHIm via 

gastight syringe to form LS-AN at 5 mM concentration. Before addition of excess phenol 

(50 equiv in 50 μL) in the same manner, a 25 μL solution containing 5 equiv DIPPMPO 
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was added and the solution was mixed by bubbling Ar. The sample was allowed to react at 

−80 °C for 1 h under Ar atmosphere (with intermittent mixing by bubbling Ar) when it was 

presumed to be complete. The reaction sample was then worked up in one of two ways to 

obtain either mass spectrometric or 31P-NMR resonance analysis (see below, Figure C19).  

Electrospray Ionization−Mass Spectrometry: ESI-MS data were acquired using 

a Finnigan LCQ Duo ion-trap mass spectrometer equipped with an electrospray ionization 

source (Thermo Finnigan, San Jose, CA), a heated capillary temperature of 250 °C, and a 

spray voltage of 5 kV. Samples were prepared by removing the solvent from the DIPPMPO 

samples described above by rotary evaporation and redissolving the obtained solid in dry 

methanol. This sample was introduced into the instrument at a rate of 10 uL/min using a 

syringe pump via a silica capillary line. The phenol dimer, 2,2′- dihydroxy-5,5′-

dimethoxybiphenyl, 246.00 m/z (expected: 246.09), as well as phenol- DIPPMPO trapped 

adducts, 385.49, 374.09, 508.75 m/z were observed by ESI-MS.  

Phosphorus NMR: 31P-NMR spectra were obtained at room temperature using a 

Bruker Avance 400 MHz FT-NMR spectrometer tuned to optimize for the 31P nucleus 

(161.978 MHz) and set in proton-decoupled mode, with 1600 scans. A sample of 

trimethylphosphate (TMP) in dry, degassed THF-d8 was added to the DIPPMPO samples 

described above prior to spectral acquisition as an internal standard (calibrated to 0 ppm) 

as well as for instrumental solvent locking purposes. Three new peaks are observed in the 

product mixture spectrum (6.0, 12.8, 20.6 ppm) indicative of three distinct phenol-trap 

adducts due to the radical localizing on C2, C4, or the hydroxy O-atom (δPDIPPMPO = 18.5 

ppm relative to the internal standard, TMP). 
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Figure C1. MO contour plots showing interaction of Fe d-orbitals with peroxide π* and 
*, shown in order (left to right) of increasing population on Fe in LS-AN. Note that the 

docked reactant D exhibits nearly identical overlap, but the phenol has been omitted here 
for clarity. All MOs shown are -spin. 

Figure C2. FMOs at the TS, showing Fe dyz overlap with *, and fully occupied 
phenolate /  HOMOs. 
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Figure C3. (A) α-spin and (B) β-spin Fe dπ orbitals, O−O σ*, and PhO− HOMO 
correlated to O−O distance over the IRC. The Fe dπ orbitals are differentiated by their 
overlap with the peroxo MOs. O−O σ* orbital occupancy is only reported up to 40% 
occupation. The vertical dashed lines mark the O−O distance in TSPI. (C) Mulliken 
Charge, and (D) Mulliken Spin for the Fe and Cu fragments (including non-peroxo 
ligands), peroxo O atoms, and PhO over the PI reaction coordinate defined by the IRC.  
 

 

The increasing charge and spin on Fe indicate  ET, while the increasing charge/ 

decreasing spin on phenolate indicate  ET. The increase in negative charge on the 

phenolate in TSPI compared to D is a result of the OCu–H bond formation (and the OPh–H 

weakening). 
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Figure C4. Overlayed structures along the PI reaction pathway after the transition state. 
taken at r(O–O) = 2.0 Å (green), 2.2 Å (blue), 2.6 Å (pink), showing rotation of the 
phenolate ring as the out-of-plane OPh p-orbital is directed toward the σ*O–O orbital. 
 
 
 
 
 
Table C1. Bond distances for TSPI and TSHB, obtained from transition state 
optimizations using BP86 and B3LYP 

 BP86 B3LYP 
Bond/vector TSPI (Å) TSHB (Å) TSPI (Å) TSHB (Å) 

Fe–OFe 1.679 1.662 1.672 1.682 
Fe–OCu 3.166 3.590 3.164 3.259 
OFe–OCu 1.882 2.301 1.905 1.953 
Cu–OCu 1.901 1.839 1.924 1.877 
Cu–OFe 2.51 2.431 2.465 2.368 
OCu–OPh 2.447 2.571 2.600a 2.659 
OCu–H 1.116 1.543 1.044 1.670 
OPh–H 1.349 1.039 1.583 1.005 

a This geometric parameter was constrained in the optimization (see Figure 4.12). 
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Figure C5. Mulliken (a) charge and (b) spin over the PI pathway IRC, itemized by metal 
and ligand fragments. (c) Population densities of the porphyrin N-atom p-orbitals vs. O–
O distance over the IRC, designated by bonding symmetry to Fe and the porphyrin plane. 
Note that while the porphyrin charge shown in (c) increases before the TSPI but the Fe 
charge remains nearly constant, the Mulliken spin (b) and orbital occupancies (Figure 
C3) indicate that the  e– donated into the O–O * derives purely from Fe.  

The charge increase on the porphyrin ring is due to polarization of the Fe–N  bonds 
toward Fe, as clearly demonstrated by a population analysis of the p-orbitals on the 
porphyrin N-atoms (c), showing that only the pσ (i.e. lone pair directed toward Fe) 
decreases in occupation. The MOs of interest involving the N p-orbitals are shown in 
Figure C6. 

Figure C6. MO contour plots for the key orbitals involved in charge transfer out the N p-
orbitals in LS-AN. The porphyrin a2u orbital (a) is occupied, while the Fe-centered d(x2-
y2) and d(z2) are unoccupied throughout the reaction coordinate. The N p(π) orbital 
corresponds to “out-of-plane” (Figure C5). The in-plane N p(π) orbitals are mostly 
involved in  bonding of the porphyrin framework and do not contribute to the FMOs. 

Por(a2u): N p(π) Fe(x2-y2): N p(σ) Fe(z2): N p(σ) 

a b c 
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Figure C7. (A) Mulliken Charge and (B) Spin along the HB reaction coordinate, without 
proton transfer from phenol. 

Figure C8. MO contours for the -spin LUMOs of the Cu fragment in TSHB, showing 
the orthogonality of the singly-occupied orbitals in the triplet Cu-oxyl species. 

Table C2. Comparison of Mayer Bond Orders and Mulliken charges obtained for LS-AN 
using BP86 and B3LYP, focusing on metals and atoms directly bound to metals.  
  

  BP86  B3LYP 
Mayer Bond Order 

Fe–O .67 .63
Fe–NPor  .47  .41 

O–O  .89  .85 
Cu–O  .34  .35 

Cu–NAN  .27  .24 

Mulliken Charge 
Fe  1.25  1.37 
Cu  1.06  1.16 
OFe  -.34  -.44 
OCu  -.42  -.50 

NPor (average)  -1.06  -1.03 
NAN (average)  -.71  -0.76 
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Figure C9. Optimized product structures for LS-AN•PhOH using BP86 (a) and B3LYP 
(b), consisting of a fully cleaved FeIV=O / CuII–OH and a phenoxy radical.  
 
Note that the structure calculated in B3LYP differs from that in BP86 because the CuII–
OH product has a more negatively charged -OH ligand (and a consequently less 
positively charged H) in the less covalent B3LYP, making the CuII–OH a weaker H-bond 
donor and resulting in the PhO  dissociating (whereas it remains bound in BP86). 
 

 

Figure C10. Mayer bond orders calculated along the PESs for (a)/(b) the H+ remaining 
on phenol, and (c)/(d) the H+ constrained on the peroxo using BP86/B3LYP, respectively.  
 
An increase in Fe–O MBO and decrease in O–O MBO is observed at shorter O–O 
distances using BP86, but not B3LYP. This difference is attributable to the lower 
covalency in B3LYP, and is directly related to the larger O–O cleavage barriers 
calculated in B3LYP. The apparent discontinuity at O–O = 2.0-2.1 Å in (d) is due to 
dissociation of the phenoxy radical from the (AN)CuII–OH fragment (see Figure C9). 
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Figure C11. Orbital occupancy of *O–O correlated to the energy gap between the 
unoccupied *O–O and occupied Fe dyz orbitals, plotted against O–O elongation for the 
“H+ constrained on OCu” PES using BP86 (left) and B3LYP (right). The orbital 
occupancies (dotted lines, “ *(O–O)”) and energy gaps (solid lines, “ E( *(O–O) - Fe 
dπ)”) were obtained from a Natural Bonding Orbital analysis, and are given for both  
(blue) and  (green) spin.  
 
Note that the -spin values are only reported in the calculations until an O–O distance of 
1.6 Å in BP86 and 1.8 Å in B3LYP. 
 
 

 

Figure C12. Mulliken charge (a)/(c) and spin (b)/(d) along “H+ constrained on peroxo” 
PES for BP86/B3LYP, summed over individual fragments (O-atoms computed 
separately). The initial increase in negative charge on OFe in BP86 (not B3LYP), shows 
greater transfer of charge into *O–O in BP86. Discontinuity at O–O = 2.0-2.1 Å in (b), 
(d) is due to dissociation of the PhO• from the (AN)CuII–OH fragment (See Figure C9). 
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Figure C13. Mulliken charge (a)/(b) and spin (c)/(d) for all individual fragments given 
for the “H+ constrained on peroxo” PES, using BP86/B3LYP, respectively.  
 
Metal-bound ligands (Por for Fe, and AN for Cu) exhibit greater increase in charge in 
BP86 than in B3LYP, without a corresponding change in spin. This is due to greater 
polarization of M-L bonds in BP86 related to the higher covalency in BP86, indicating 
that transfer of the  electron early in O–O elongation is from Fe, rather than the 
porphyrin ligand. 
 

 

Figure C14. PESs for OFe•••OCu vs. OCu•••H(OPh) distances (two ~90  rotations to show 
full surface) constructed by B3LYP single-point calculations on BP86-optimized 
structures, where OCu•••OPh is fixed at 2.6 Å. The blue line represents an approximate 
reaction pathway through the H-bonded TS (TSHB), where the dotted segment indicates 
that the line is behind the plot surface.  
*Note that the second barrier (in the yellow section) along the reaction pathway is due to 
the OCu•••OPh constraint in the 2D PES, and allowing the phenol to optimize makes this 
barrier lower than the first (see Chapter 4 main text). 

90   
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Analysis of H+ tunneling in the “H-bond assisted O–O homolysis” pathway for {LS-

AN + PhOH}:  

The process of H+ tunneling from the phenol to the peroxo was evaluated by 

systematically stepping along the H-bonded O–O Homolysis coordinate, and obtaining the 

energy for a structure where the proton is moved to OCu and optimized, yet the rest of the 

structure is frozen. The minima become isoenergetic at an OFe–OCu distance of 2.22 Å (see 

Figure C15), earlier even than the O–O homolysis barrier (OFe–OCu = 2.3 Å). The starting 

structure (with the H+ optimized on the phenol) had an OCu–H distance of 1.54, compared 

to a final (with the H+ on the peroxo) distance of 1.02 Å, giving a tunneling width of 0.54 

Å. A PES for the tunneling process was generated by progressively moving the H+ from 

OPh to OCu (without structural relaxation), yielding a tunneling barrier of 3.7 kcal/mol (see 

Figure C16). Note that for the tunneling PES (used to obtain a barrier height), zero-point 

corrections were applied to the E values. Employing a method detailed elsewhere16, the 

tunneling rate can be estimated by modeling the tunneling PES as a quartic function 

representing a simple double-well potential and extracting the intrinsic oscillator 

frequency, ω, which describes the motion along the OPh H OCu vector. Solving the vib-

rational Hamilitonian for a simplified 2-state double-well potential17 yields an energy split-

ting of E± = 280 cm-1, which relates to a tunneling rate by k = E±
 /h, or 8.4 x1012 s-1. 
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Figure C15. Potential surfaces corresponding to the H-bonded O–O homolysis (blue), 
and the H+ tunneled to the peroxo (red), where the latter is a surface generated by moving 
the H+ from OPh to OCu, and performing a geometry optimization where only the H+ is 
unfrozen. Therefore, the surfaces cross where the two protonation states are isostructural 
and isoenergetic. 

Figure C16. PES generated (using BP86) by progressively moving the H+ from OPh to 
OCu, while the structure (except for the H+) is frozen in the geometry obtained at OFe–OCu 
= 2.22 Å along the H-bonded O–O homolysis surface. The energies are given in zero-
point-corrected E obtained from a frequency calculation performed at each point. 
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To examine the electron flow correlated to the H+ tunneling, the Mulliken charge 

and spin for the phenolate fragment were monitored along the tunneling PES given in 

Figure C16. As shown in Figure C17, the phenolate fragment has gained less than 10% 

radical character at the tunneling barrier (which occurs at an OCu–H distance ~ 1.3 Å), 

indicating that the electron transfer from phenolate follows the H+ transfer. 

 

 
Figure C17. Mulliken charge and spin on the phenolate along the PES generated for the 
H+ tunneling from OPh to OCu using BP86, indicating that at the tunneling barrier (OCu–H 
~ 1.3 Å) the phenolate has gained less only about 10% radical character. 
 

 
A similar method was applied using B3LYP, and an isoenergetic pair of structures 

was found where the H+ could tunnel from OPh to OCu. This structure had an OFe–OCu 

distance of 2.575 Å, and required a slight geometric modification from to the fully 

optimized “H+ on OPh” structure, which involved elongation of the OCu – OPh distance (2.67 

to 2.70 Å). The OCu – OPh distance was then frozen and a re-optimization was performed 

to yield the starting structure for H+ tunneling (this constraint only raised the energy by 0.1 

kcal/mol and did not introduce any imaginary frequencies). The tunneling PES (Figure 

C18a) yielded a barrier in zero-point corrected E of 13.4 kcal/mol, with H+ tunneling 

distance of 0.75 Å, and an energy splitting of E± = 6 cm-1, corresponding to a tunneling 

rate of 1.8 x1011 s-1. As with BP86, the electron is minimally transferred (<20% radical 

character, based on Mulliken spin) from the phenolate at the barrier. 
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Figure C18. (a) PES for H+ tunneling in B3LYP (analogous to Figure C16 for BP86), as 
well as Mulliken charge (b) and spin (c) calculated for the phenolate fragment along the 
tunneling PES (analogous to Figure C17(a) and (b), respectively for BP86). 
 

 

It is valuable to note that if proton tunneling does not occur and the reaction 

coordinate therefore continues along the “H-bond assisted O–O homolysis” curve past 

TSHB, (shown in Figure 4.12 in Chapter 4 main text), the proton can transfer at a later point 

in O–O elongation (after the energy of this surface has come down sufficiently) over a 

classical barrier that remains lower in energy than TSHB. Specifically, it was calculated that 

this can occur at an O–O distance of 2.4 Å in BP86 and 2.5 Å in B3LYP. However, since 

the barrier to O–O cleavage for this reaction pathway is still defined by TSHB, the exact 

mode of H+ transfer would not be distinguishable in the reaction of {LS-AN + PhOH}. 

Additionally, the e– transfer from phenolate occurs after the barrier to H+ transfer for this 

process.  
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Identification of phenoxyl radical products 

Figure C19. (top) Proton-decoupled 31P-NMR spectra of (top) a control sample 
containing the radical trap, DIPPMPO, and internal standard, TMP, calibrated to 0 ppm, 
and of (bottom) the reaction products from {LS-AN + DIPPMPO + excess OMe-PhOH} 
which shows three new 31P peaks. We attribute the multiplicity of these peaks to the three 
possible locations where a radical can reside on the OMe-PhOH and therefore the three 
distinct adducts which can be formed with the radical trap (bottom). 

Kinetics Experiments on {LS-AN + 4-OMePhOH} 

Table C3. Michaelis-Menten parameters calculated from the kinetic data collected at four 
temperatures between -70 and -77 (plotted in Figure 4.13B in Chapter 4, main text). Each 
data point (temperature/phenol concentration) is an average over 3 or more trials. 
Standard deviations are given in parentheses. 

T (°C) Vmax (x 10-4 s-1)a KM (mM) G‡ 
(kcal/mol)b 

-70 4.93 (0.17) 1.47 (0.24) 14.79 (0.01) 
-72 4.38 (0.16) 3.29 (0.43) 14.69 (0.01) 
-74 3.70 (0.20) 3.97 (0.68) 14.61 (0.02) 
-77 3.03 (0.33) 4.9 (1.6) 14.46 (0.04) 

a The Eyring Analysis shown in Figure 4.13B was performed using a weighted least-
squares fit to the values for Vmax calculated at each temperature. The value for G‡ given 
in Chapter 4 (14.8 kcal/mol) was then calculated at 203 K from the H‡ and S‡ 
extracted from the fit. 
b Calculated using the Eyring equation at each temperature, using the corresponding Vmax 
as the reaction rate (k). Note that the second decimal place is not significant. 
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Table C4. Reaction rates from individual trials for the kinetics data given in Table 4.1 of 
the Chapter 4 main text. Reaction conditions are those given in Scheme 4.1. 

 
 

 
 
 

 
Figure C20. Van ‘t Hoff Plot showing the temperature dependence of the binding affinity 
in {LS-AN + p-OMe-PhOH}. The value for Keq was estimated using the assumption that 
KM ≈ KD = 1/Keq (where the KM is the Michaelis constant shown in Figure 4.13B and 
Table C3), which is valid when kcat is small. 
 
 
 

While phenol binding to a heme−O2−Cu complex has been shown to induce 

changes in the peroxo core vibrational modes,18 samples to which >50 equiv of 4-OMe-

PhOH was added below −80 °C (to minimize product formation) that were mixed for 

several minutes and then frozen in liquid N2 showed no perturbation of LS-AN by rR. 

However, a Van’t Hoff analysis of the binding affinity indicates this is due to a low Keq 

(<10−4) when the samples froze (f.p.(MeTHF) = −136 °C) 

 

 

Exp # OMePhOH Rate OMePhOD Rate
1 0.000417 0.000232
2 0.000440 0.000265
3 0.000400 0.000204
4 0.000429 0.000310
5 0.000389 0.000198
6 0.000431 0.000234

ln(Keq) = -6340.9/T + 37.52
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Table C5. Amount of phenol-bound adduct at various temperatures when 80 equivalents 
of 4-OMe-PhOH have been added to LS-AN; values in italics have been calculated using 
the fit from the Van ‘t Hoff Equation. These data indicate that a negligible amount of 
phenol would be bound in liquid N2-frozen samples (assuming fast equilibrium), 
preventing direct detection of a bound adduct by rR in samples frozen at -136 C (f.p. of 
the MeTHF solvent). 
 

T (°C) Keq % Phenol Bound 
-70 682 96.5 
-72 304 92.4 
-74 252 91.0 
-77 203 89.0 
-80 106 80.9 

-136 0.0002 0.001 
 
 
 
 
Evaluation of {LS-AN + 4-OMePhOH} using different Density Functionals for 
comparison to kinetics data 
 
Table C6. Calculated barriers and KIEs for {LS-AN + 4-OMePhOH} using a range of 
density functionals that vary in the amount of HF exchange. All values are calculated at 
203 K. 
Functional % HF 

exchange 
ΔG‡

PI 
(kcal/mol) 

KIEPI a 

(kH/kD)b 
ΔG‡

HB 
(kcal/mol) 

KIEHB a 
(kH/kD)b 

KIEHB 
(kH/kD)b 
(Streitweiser 
approx.)c 

BP86 0 8.0 14.59 9.4 1.76 2.19 
M06L 0 10.5 15.15 8.1 1.21 1.34 
TPSSH 10 14.1 d 13.6 12.5 1.24 1.43 
B3LYP 20 23.9 d 5.21 17.7 1.13 1.15 
B3LYP-
GD3 

20 21.6 e  15.6 1.14 1.20 

ωB97X-D 22 31.3 e  22.9 1.06 1.12 
PBE0 25 28.3 e  20.6 1.16 1.31 

a Calculated from the effect of H/D exchange on the barrier in ΔG‡ 
b The deuterated 4-OMePhOD used in the kinetic experiments was also deuterated in the 
phenolic proton positions (4-CH3-C6D4OD); calculated KIEs include this additional 
substitution. 
c See Ref.19 
d Required a structural constraint to prevent the proton from returning to the phenolate.  
e TS calculations yielded structures with two or more imaginary frequencies, even with a 
structural constraint imposed to prevent the proton from returning to phenolate. 
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Table C7. Calculated barriers and KIEs for {LS-AN + 4-OMePhOH} using the density 
functionals from Table C5 that provided the closest agreement with experiment, 
employing a basis set that includes both diffuse polarization functions on all oxygen 
atoms and the phenolic proton, as described in the Experimental Methods. All values are 
calculated at 203 K. KIEs were calculated in the same manner as those in Table C5.  
Functional % HF 

exchange 
ΔG‡

PI 
(kcal/mol) 

KIEPI  
(kH/kD) 

ΔG‡
HB 

(kcal/mol) 
KIEHB  
(kH/kD) 

KIEHB 
(kH/kD) 
(Streitweiser 
approx.) 

BP86 0 7.2 7.7 8.3 1.56 1.87 
TPSSH 10 {15-16}a {freq} 12.7 1.26 1.39 
B3LYP 20 20.9 a 4.6 16.2 1.16 1.21 
B3LYP-
GD3 

20 19.2a 5.9 15.7 1.25 1.27 

a Required a structural constraint to prevent the proton from returning to the phenolate.  
 
These calculations were done on the singlet surface; calculation on the triplet 

surface yields KIEs similar to those for the singlet, but the barriers for the PI and HB 

mechanisms are 0.5 and 2 kcal/mol higher in energy, respectively (using both BP86 

and B3LYP). 

 
“H-bond assisted O–O Homolysis” and “H+ fixed on OCu” PESs generated using 
acetic acid instead of phenol 
 

 
Figure C21. Comparison of PESs generated using (a) B3LYP and (b) BP86 for O–O 
cleavage with phenol (blue and green curves, re-plotted from Figure 4.12 in the Chapter 4 
main text) vs. acetic acid (teal and orange curves) as the H+ donor, where the proton is 
optimized on either the donor (–OPh/–OAc) or the peroxo OCu, respectively.  
 
Note that the electronic structure at the fully cleaved O–O distance of 3.0 Å in both acetic 
acid PESs (where the proton is H-bonding to the peroxo from OAc, and where it is fixed 
on OCu) has a hole on OCu thus the acetic acid surfaces reflect those generated using 
phenol without e– transfer from phenolate. 
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Calculation of O–O bond cleavage thermodynamics in a higher dielectric (  = 8.0) 
 
Table C8. Overall thermodynamics of O-O bond rupture in CcO for different 
combinations of possible e– source with the lowest energy H+ donor available (Arg+) and 
Tyr, calculated in  = 4.0 and 8.0 at 298 K 

Reaction 
{[(heme a)(His)Fe-O2-Cu(His)3]+} + {HA} + {E–} → 

{[(heme a)FeO(DMIm)]+ + [(His)3Cu(OH)]+} + {A–} + {E} 
H+ Donor 

({HA}) e– Donor ({E–}) 
G  (kcal/mol) 

 = 4.0 
G  (kcal/mol) 

 = 8.0 

Arg+ 
Trp +12.7 +9.0 

TyrH +17.2 +14.5 
Tyr– -35.9 -27.7 

Tyr Trp +44.0 +28.5 
Tyr– -4.6 -8.2 

 
 
 
Table C9:. Cartesian coordinates for reactants, transition states, and products (with both 
BP86 and B3LYP functionals) 
 
Docked reactant (D), BP86 
Fe   0.164637    0.551695    0.707791 
N   -0.110859   -1.244595    1.528702 
N   -1.800772    0.884728    0.780871 
N    0.469600    2.403991   -0.030613 
C   -3.917601    1.826742    0.455468 
C   -4.101311    0.656462    1.147558 
C   -2.784373    0.074006    1.343987 
C   -2.485963    1.976727    0.248040 
C   -1.898189    3.112407   -0.340362 
C   -2.559597   -1.154365    1.991821 
C   -1.296342   -1.766553    2.054779 
C   -1.056960   -3.059420    2.676759 
C    0.277455   -3.334794    2.520347 
C    0.863735   -2.200277    1.822084 
C    2.242075   -2.075782    1.573066 
C    2.839416   -0.905418    1.069364 
C    4.276651   -0.721745    0.943291 
C    4.476503    0.572272    0.527513 
C    3.162069    1.175648    0.379967 
C    2.957063    2.498980   -0.050930 
C    1.681699    3.050144   -0.261769 
C    1.457936    4.378794   -0.815949 
C    0.101135    4.533768   -0.934541 
C   -0.509255    3.306376   -0.440778 
N    2.161420    0.259117    0.709208 
H    0.824175   -4.210238    2.865019 
H   -1.810077   -3.666866    3.173286 
H   -5.039068    0.211114    1.471212 
H   -4.677292    2.524041    0.110001 
H   -0.443212    5.398492   -1.307690 
H    2.239415    5.085589   -1.086434 

H    5.422776    1.076554    0.343714 
H    5.028416   -1.477847    1.160851 
O    0.078893    0.050762   -1.041436 
O   -0.747060   -0.999936   -1.543394 
Cu   0.611041   -1.889013   -2.615729 
N   -0.272782   -3.745363   -2.324279 
N    2.467059   -2.717978   -2.723380 
N    1.029465   -0.335881   -3.958243 
H    2.492059   -3.214947   -1.817456 
C    3.613725   -1.742242   -2.641201 
H    3.560250   -1.269791   -1.644591 
H    4.569566   -2.301317   -2.696384 
C    2.692724   -3.785784   -3.764248 
H    3.460277   -4.492085   -3.389615 
H    3.098773   -3.311079   -4.673285 
C    1.382030   -4.532458   -4.086676 
H    0.757427   -3.934106   -4.775961 
H    1.638140   -5.458199   -4.632525 
C    0.572399   -4.899461   -2.827194 
C   -0.625540   -3.990708   -0.888461 
H    0.297868   -4.033922   -0.291561 
H   -1.244849   -3.158732   -0.525296 
H   -1.174937   -4.947306   -0.783592 
C   -1.544144   -3.690308   -3.122227 
H   -2.142431   -2.825369   -2.800441 
H   -1.317699   -3.590556   -4.195481 
H   -2.137932   -4.613488   -2.966953 
C    1.025490   -0.914939   -5.341702 
H    1.710865   -1.771773   -5.411504 
H    0.004991   -1.253857   -5.584108 
H    1.332194   -0.152850   -6.087030 
C    0.011210    0.769477   -3.937417 
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H   -0.984561    0.362959   -4.167038 
H   -0.013344    1.210048   -2.930949 
H    0.280033    1.540727   -4.687985 
C    3.580037   -0.654729   -3.725123 
H    3.687564   -1.091631   -4.735532 
H    4.474540   -0.023478   -3.572652 
C    2.367378    0.289140   -3.649386 
H   -0.098622   -5.759061   -3.024638 
H    1.252056   -5.199025   -2.009029 
H    2.523898    1.130881   -4.357184 
H    2.284617    0.717559   -2.635341 
C    3.142011   -3.202512    1.986964 
C    3.398316   -4.322678    1.176207 
C    3.796231   -3.206323    3.237318 
C    4.232695   -5.382395    1.545664 
C    4.644006   -4.237130    3.660622 
C    4.863092   -5.334616    2.805105 
H    4.383150   -6.220825    0.862863 
H    5.117585   -4.177215    4.642568 
H    5.520637   -6.150614    3.118027 
C    4.157375    3.359078   -0.318876 
C    4.924396    3.253463   -1.496723 
C    4.592767    4.337448    0.600009 
C    6.045481    4.048519   -1.763858 
C    5.705476    5.159275    0.380018 
C    6.437811    5.011399   -0.813644 
H    6.591512    3.914615   -2.699949 
H    5.987772    5.895941    1.135037 
H    7.309717    5.644173   -1.003374 
C   -2.799062    4.215832   -0.808672 
C   -3.057712    4.457756   -2.173238 
C   -3.432934    5.092988    0.095516 
C   -3.893922    5.486763   -2.625402 
C   -4.278351    6.134630   -0.305208 
C   -4.510310    6.330243   -1.680927 
H   -4.056731    5.615703   -3.697423 
H   -4.737378    6.777715    0.448510 
H   -5.167781    7.138099   -2.015355 
C   -3.723961   -1.840724    2.640293 
C   -4.311502   -3.012109    2.120850 
C   -4.303683   -1.355452    3.832894 
C   -5.394084   -3.668012    2.718578 

C   -5.387387   -1.972708    4.469948 
C   -5.935781   -3.141244    3.907239 
H   -5.801130   -4.569403    2.255832 
H   -5.784441   -1.542708    5.391794 
H   -6.782325   -3.637571    4.390471 
F   -2.444527    3.628545   -3.119712 
F    4.539856    2.302432   -2.456130 
F    2.766488   -4.385258   -0.092569 
F   -3.792030   -3.541593    0.925456 
F   -3.761409   -0.200492    4.407226 
F    3.577326   -2.119604    4.094850 
F    3.874027    4.489009    1.790956 
F   -3.195633    4.909360    1.465548 
N    0.324016    1.332758    2.584979 
C    1.077311    0.854519    3.590166 
C   -0.320929    2.469589    3.079642 
H    1.719182   -0.021230    3.558924 
C    0.044743    2.680729    4.402078 
H   -1.004519    3.055362    2.471922 
N    0.938109    1.640816    4.710995 
C   -0.353271    3.738049    5.384966 
H   -0.849849    3.310524    6.277743 
H    0.516022    4.325327    5.739851 
H   -1.060201    4.438182    4.911663 
C    1.608315    1.424031    6.002682 
H    2.247852    2.286476    6.254011 
H    0.863432    1.279664    6.802835 
H    2.235435    0.522710    5.932157 
H   -2.211234   -0.363521   -2.254844 
O   -2.910564   -0.042606   -2.898566 
C   -4.102520   -0.725913   -2.773069 
C   -5.111089   -0.459828   -3.731081 
C   -4.351232   -1.671019   -1.749165 
C   -6.343448   -1.133905   -3.668686 
H   -4.909001    0.277037   -4.515172 
C   -5.584911   -2.349033   -1.698006 
H   -3.588649   -1.861683   -0.987900 
C   -6.586242   -2.086697   -2.654874 
H   -7.115262   -0.916987   -4.416685 
H   -5.753954   -3.082650   -0.902087 
H   -7.545189   -2.614588   -2.61128

 
TSPI, BP86 
Fe   0.328765    0.476359    0.719822 
N   -0.068480   -1.273542    1.593840 
N   -1.561525    1.031241    0.934938 
N    0.788152    2.317611    0.002877 
C   -3.587377    2.177009    0.720846 
C   -3.842569    1.041618    1.444901 
C   -2.582999    0.326930    1.569984 
C   -2.163791    2.181675    0.423555 
C   -1.504871    3.255141   -0.200174 
C   -2.452849   -0.915703    2.213590 
C   -1.264357   -1.667103    2.190365 
C   -1.133630   -3.000626    2.752161 

C    0.137928   -3.431850    2.465994 
C    0.803675   -2.349768    1.758340 
C    2.160993   -2.383720    1.390211 
C    2.857845   -1.268983    0.888151 
C    4.292812   -1.242906    0.645116 
C    4.608850    0.040155    0.269867 
C    3.365179    0.795945    0.258741 
C    3.272918    2.143677   -0.133916 
C    2.053667    2.829878   -0.273130 
C    1.944571    4.182296   -0.799897 
C    0.606021    4.477761   -0.865239 
C   -0.107754    3.314823   -0.359941 
N    2.303043   -0.017701    0.643263 
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H    0.596463   -4.382120    2.731032 
H   -1.912711   -3.533645    3.291888 
H   -4.797810    0.697237    1.833267 
H   -4.292968    2.942975    0.408838 
H    0.140431    5.399486   -1.206481 
H    2.783765    4.812398   -1.086289 
H    5.588071    0.441309    0.017188 
H    4.965462   -2.089859    0.762486 
O    0.199127   -0.077158   -0.859877 
O   -1.289335   -0.975725   -1.581019 
Cu   0.023168   -1.773840   -2.701162 
N   -0.932106   -3.646432   -2.446232 
N    1.781300   -2.724004   -3.003470 
N    0.491841   -0.137612   -3.921987 
H    1.823019   -3.293449   -2.141822 
C    3.008214   -1.849939   -2.925123 
H    3.036082   -1.431203   -1.904159 
H    3.908190   -2.483409   -3.056013 
C    1.868682   -3.720063   -4.134274 
H    2.646073   -4.467962   -3.880608 
H    2.204227   -3.191567   -5.042020 
C    0.513207   -4.412654   -4.383066 
H   -0.146076   -3.769071   -4.994117 
H    0.697498   -5.319577   -4.986591 
C   -0.205323   -4.812469   -3.079822 
C   -1.173044   -3.941015   -0.997085 
H   -0.205368   -4.073472   -0.488337 
H   -1.703070   -3.087677   -0.551173 
H   -1.774007   -4.865525   -0.884623 
C   -2.261315   -3.465274   -3.121446 
H   -2.775271   -2.601206   -2.675110 
H   -2.119970   -3.280112   -4.198704 
H   -2.886167   -4.372035   -2.991447 
C    0.274618   -0.586330   -5.336611 
H    0.882078   -1.474893   -5.563848 
H   -0.790429   -0.836013   -5.471652 
H    0.544333    0.220368   -6.048168 
C   -0.399759    1.047903   -3.679340 
H   -1.453460    0.766834   -3.824891 
H   -0.271755    1.376504   -2.638504 
H   -0.124651    1.867805   -4.373462 
C    3.011319   -0.707743   -3.949719 
H    2.999680   -1.094859   -4.985649 
H    3.972741   -0.173639   -3.837066 
C    1.908772    0.338307   -3.724500 
H   -0.938422   -5.622596   -3.267001 
H    0.522812   -5.199014   -2.343010 
H    2.076526    1.196228   -4.409467 
H    1.963282    0.719857   -2.690294 
C    2.935292   -3.642972    1.643384 
C    2.970738   -4.715165    0.733290 
C    3.687171   -3.828056    2.822663 
C    3.686296   -5.897117    0.948653 
C    4.423350   -4.988485    3.090751 
C    4.421297   -6.031213    2.143630 
H    3.666928   -6.689562    0.198061 

H    4.982760   -5.069017    4.024871 
H    4.989171   -6.946008    2.335454 
C    4.542191    2.872126   -0.470825 
C    5.079950    2.894504   -1.773177 
C    5.275626    3.580264    0.503411 
C    6.260929    3.567826   -2.107864 
C    6.461344    4.269867    0.220186 
C    6.956064    4.262129   -1.098328 
H    6.621872    3.546498   -3.138168 
H    6.980426    4.800294    1.021112 
H    7.880005    4.796000   -1.338978 
C   -2.316514    4.437759   -0.634934 
C   -2.623141    4.691351   -1.987266 
C   -2.811044    5.379990    0.290581 
C   -3.377430    5.794071   -2.407886 
C   -3.569459    6.496921   -0.079124 
C   -3.855112    6.702283   -1.443354 
H   -3.586103    5.928715   -3.471140 
H   -3.922231    7.188382    0.688752 
H   -4.447527    7.568034   -1.753452 
C   -3.642287   -1.472432    2.936131 
C   -4.394126   -2.561985    2.451031 
C   -4.081622   -0.933987    4.164999 
C   -5.504805   -3.092240    3.118084 
C   -5.185754   -1.427362    4.870633 
C   -5.902410   -2.517809    4.341003 
H   -6.044415   -3.934550    2.680495 
H   -5.469613   -0.963604    5.817563 
H   -6.768271   -2.916822    4.877212 
F   -2.147831    3.796954   -2.952884 
F    4.392511    2.206186   -2.785773 
F    2.232665   -4.591369   -0.469861 
F   -4.014962   -3.138134    1.227476 
F   -3.371084    0.145260    4.702380 
F    3.687052   -2.793421    3.766677 
F    4.788366    3.590641    1.814866 
F   -2.519263    5.181885    1.647848 
N    0.734223    1.251412    2.609512 
C    1.511462    0.693919    3.553996 
C    0.230894    2.434201    3.157741 
H    2.063373   -0.237809    3.469933 
C    0.708986    2.594260    4.450670 
H   -0.437476    3.088211    2.604916 
N    1.524290    1.472336    4.686125 
C    0.483415    3.670917    5.466456 
H    0.023478    3.278254    6.393910 
H    1.426076    4.176378    5.753307 
H   -0.194589    4.434816    5.053577 
C    2.260191    1.178159    5.926606 
H    2.980003    1.983954    6.145142 
H    1.560364    1.076471    6.772474 
H    2.809166    0.233028    5.801222 
H   -2.120636   -0.332485   -1.956112 
O   -3.161430    0.208229   -2.621593 
C   -4.400829   -0.283667   -2.480531 
C   -5.432783    0.119689   -3.388553 
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C   -4.763648   -1.211075   -1.452622 
C   -6.743202   -0.373262   -3.270211 
H   -5.169719    0.832857   -4.178520 
C   -6.075229   -1.706790   -1.348331 
H   -3.996529   -1.528599   -0.739271 

C   -7.078941   -1.294941   -2.252452 
H   -7.510748   -0.040021   -3.981253 
H   -6.311760   -2.422477   -0.550402 
H   -8.100480   -1.682839   -2.167190

 
TSHB, BP86 
Fe   0.466015    0.381531    0.695822 
N    0.016148   -1.394827    1.513507 
N   -1.395551    1.014747    1.014189 
N    0.984039    2.232529    0.062336 
C   -3.375368    2.251072    0.911303 
C   -3.664769    1.081131    1.565133 
C   -2.432029    0.311743    1.623065 
C   -1.958321    2.216716    0.587665 
C   -1.264158    3.297847    0.016976 
C   -2.340663   -0.969491    2.194037 
C   -1.185455   -1.767062    2.109323 
C   -1.105686   -3.136639    2.591071 
C    0.136934   -3.609069    2.249271 
C    0.837138   -2.517837    1.589841 
C    2.179969   -2.590760    1.178523 
C    2.912395   -1.480101    0.721542 
C    4.336714   -1.507377    0.428393 
C    4.700459   -0.223443    0.103055 
C    3.495590    0.588991    0.173445 
C    3.453607    1.955287   -0.161492 
C    2.263569    2.701880   -0.226348 
C    2.203502    4.090910   -0.656683 
C    0.880632    4.454737   -0.648615 
C    0.127011    3.296376   -0.194281 
N    2.410234   -0.192208    0.559688 
H    0.555936   -4.593426    2.446472 
H   -1.897786   -3.663317    3.117898 
H   -4.626307    0.751314    1.950585 
H   -4.052752    3.065150    0.665220 
H    0.450627    5.419663   -0.907100 
H    3.062521    4.700868   -0.926771 
H    5.687131    0.142561   -0.172518 
H    4.971261   -2.389585    0.478818 
O    0.197146   -0.121327   -0.865183 
O   -1.754221   -0.854472   -1.839727 
Cu  -0.323826   -1.521683   -2.782847 
N   -1.204915   -3.481040   -2.635353 
N    1.459982   -2.407375   -3.149788 
N    0.124755    0.206783   -3.929477 
H    1.527100   -3.032420   -2.329904 
C    2.667040   -1.512135   -3.028151 
H    2.672394   -1.133660   -1.992388 
H    3.582391   -2.118724   -3.178614 
C    1.564436   -3.323727   -4.345768 
H    2.361736   -4.067990   -4.148398 
H    1.879745   -2.726740   -5.217602 
C    0.226966   -4.032327   -4.638351 
H   -0.462640   -3.350592   -5.170857 
H    0.426511   -4.870853   -5.329772 

C   -0.452215   -4.569818   -3.363355 
C   -1.359660   -3.843987   -1.192497 
H   -0.363146   -3.959342   -0.736852 
H   -1.898207   -3.029097   -0.687424 
H   -1.919261   -4.795219   -1.084434 
C   -2.567921   -3.333458   -3.241646 
H   -3.086929   -2.503623   -2.737399 
H   -2.480318   -3.104886   -4.316489 
H   -3.151793   -4.268829   -3.118934 
C   -0.106903   -0.139037   -5.368214 
H    0.526031   -0.986416   -5.672435 
H   -1.164956   -0.418400   -5.502967 
H    0.120539    0.726815   -6.023865 
C   -0.776775    1.353208   -3.581493 
H   -1.819304    1.090029   -3.804911 
H   -0.690546    1.557771   -2.506192 
H   -0.487634    2.250965   -4.165038 
C    2.649996   -0.327888   -4.003517 
H    2.635892   -0.668809   -5.055825 
H    3.605139    0.213630   -3.873781 
C    1.536438    0.692503   -3.722368 
H   -1.156071   -5.392332   -3.603613 
H    0.304967   -4.984131   -2.672253 
H    1.687592    1.585578   -4.366256 
H    1.594220    1.018546   -2.669514 
C    2.890391   -3.905315    1.302536 
C    2.843837   -4.886805    0.295355 
C    3.652829   -4.241448    2.440262 
C    3.491874   -6.122822    0.382955 
C    4.323595   -5.462625    2.581136 
C    4.240613   -6.410006    1.541969 
H    3.411450   -6.838921   -0.437138 
H    4.896127   -5.662543    3.489074 
H    4.756749   -7.369852    1.634016 
C    4.744775    2.635187   -0.509912 
C    5.127288    2.900772   -1.840538 
C    5.662739    3.045262    0.479725 
C    6.328833    3.530339   -2.186401 
C    6.877074    3.677989    0.186030 
C    7.210524    3.922601   -1.160183 
H    6.563620    3.704577   -3.238419 
H    7.540952    3.973523    1.000982 
H    8.154101    4.416756   -1.409194 
C   -2.025047    4.555074   -0.281698 
C   -2.417298    4.923227   -1.584202 
C   -2.383511    5.457074    0.741760 
C   -3.123602    6.099066   -1.868168 
C   -3.088497    6.643800    0.510082 
C   -3.461821    6.964556   -0.810013 
H   -3.403084    6.322627   -2.899715 
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H   -3.333990    7.298847    1.348421 
H   -4.014534    7.886463   -1.013015 
C   -3.538808   -1.516249    2.910730 
C   -4.353001   -2.537449    2.380275 
C   -3.921388   -1.037369    4.182629 
C   -5.469894   -3.058376    3.044295 
C   -5.029369   -1.523819    4.886970 
C   -5.809228   -2.545210    4.311184 
H   -6.058814   -3.846863    2.571426 
H   -5.267139   -1.108464    5.868418 
H   -6.678842   -2.938124    4.845791 
F   -2.084522    4.070896   -2.644042 
F    4.257452    2.508469   -2.870878 
F    2.093016   -4.605064   -0.871230 
F   -4.034346   -3.050988    1.111600 
F   -3.147834   -0.027701    4.765729 
F    3.732902   -3.301199    3.474603 
F    5.336319    2.806628    1.819293 
F   -2.005196    5.142805    2.055190 
N    0.941802    1.053499    2.642036 
C    1.716068    0.419844    3.539216 
C    0.506825    2.230032    3.257924 
H    2.223337   -0.529990    3.395870 
C    1.023941    2.309111    4.543298 

H   -0.146001    2.938473    2.755277 
N    1.794249    1.142891    4.705339 
C    0.872326    3.344967    5.613735 
H    0.417724    2.928872    6.533620 
H    1.843662    3.793811    5.899039 
H    0.219835    4.157116    5.255305 
C    2.549775    0.763958    5.910475 
H    3.310117    1.528097    6.141720 
H    1.869409    0.656750    6.771450 
H    3.053205   -0.197606    5.730900 
H   -2.909608    0.119952   -2.150102 
O   -3.705759    0.673664   -2.522223 
C   -4.919978    0.122828   -2.208479 
C   -6.079734    0.665337   -2.821015 
C   -5.069351   -0.954950   -1.296945 
C   -7.351854    0.138000   -2.536135 
H   -5.959060    1.500253   -3.519614 
C   -6.345188   -1.482779   -1.022019 
H   -4.182386   -1.362643   -0.802851 
C   -7.493745   -0.942791   -1.638078 
H   -8.235928    0.570280   -3.020650 
H   -6.434420   -2.319460   -0.319018 
H   -8.485465   -1.355534   -1.421649

 
Product (P), BP86 
Fe    1.592695   -0.157838    0.368759 
N     1.718995   -2.098896   -0.143742 
N     0.794383   -0.668280    2.140636 
N     1.618472    1.766679    0.940956 
C    -0.350797   -0.571218    4.172382 
C    -0.106174   -1.895680    3.909733 
C     0.581807   -1.954099    2.628572 
C     0.226382    0.191993    3.076235 
C     0.264403    1.598019    3.026549 
C     0.894653   -3.152131    1.960298 
C     1.384673   -3.196917    0.641436 
C     1.507160   -4.423122   -0.133324 
C     1.878891   -4.057840   -1.403303 
C     2.022459   -2.610149   -1.402746 
C     2.466758   -1.859521   -2.507041 
C     2.739578   -0.479929   -2.442243 
C     3.374027    0.272833   -3.513163 
C     3.567232    1.549127   -3.044317 
C     3.026868    1.590785   -1.694302 
C     2.945944    2.762764   -0.918844 
C     2.245516    2.832184    0.299366 
C     2.001095    4.067937    1.026454 
C     1.190857    3.753163    2.089545 
C     0.965248    2.316753    2.039002 
N     2.534181    0.339348   -1.335973 
H     2.048578   -4.704592   -2.261105 
H     1.307607   -5.423985    0.242945 
H    -0.377369   -2.757303    4.515364 
H    -0.862175   -0.145994    5.032690 
H     0.806016    4.421423    2.856749 

H     2.396078    5.044072    0.754159 
H     4.017365    2.391399   -3.565108 
H     3.652519   -0.132117   -4.483539 
O     0.087566   -0.019480   -0.333021 
O    -5.126533   -0.249904   -0.566339 
Cu   -3.616439    0.655513   -1.218906 
N    -2.957124   -1.241353   -1.979855 
N    -1.840147    1.427002   -1.739321 
N    -4.519745    2.514451   -0.648987 
H    -1.163782    0.756816   -1.296632 
C    -1.398191    2.749345   -1.167881 
H    -1.183659    2.581870   -0.097375 
H    -0.445425    3.042356   -1.648103 
C    -1.524556    1.380120   -3.216843 
H    -0.424398    1.453366   -3.327154 
H    -1.971664    2.265513   -3.701541 
C    -2.024018    0.084061   -3.886604 
H    -3.090117    0.174669   -4.169311 
H    -1.458023   -0.056712   -4.824390 
C    -1.827554   -1.144235   -2.976935 
C    -2.532514   -2.006119   -0.764147 
H    -1.677119   -1.491928   -0.293151 
H    -3.386847   -2.041051   -0.070132 
H    -2.226387   -3.037625   -1.029512 
C    -4.105077   -1.959078   -2.623874 
H    -4.942517   -1.960402   -1.912310 
H    -4.413200   -1.429082   -3.540411 
H    -3.804621   -2.993622   -2.888257 
C    -5.381502    2.835324   -1.835853 
H    -4.758345    2.947374   -2.737064 
H    -6.101809    2.016339   -1.993202 
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H    -5.939742    3.779048   -1.667366 
C    -5.410644    2.339784    0.549165 
H    -6.083603    1.493360    0.364601 
H    -4.788608    2.103691    1.427146 
H    -5.979666    3.273392    0.737763 
C    -2.440597    3.864881   -1.316786 
H    -2.783173    3.961326   -2.364414 
H    -1.947196    4.821887   -1.065267 
C    -3.615594    3.682496   -0.347665 
H    -1.791013   -2.081873   -3.566214 
H    -0.877413   -1.062694   -2.418416 
H    -4.241297    4.600518   -0.316273 
H    -3.213439    3.518453    0.669366 
C     2.712731   -2.567448   -3.805128 
C     1.816591   -2.470388   -4.889018 
C     3.855400   -3.363012   -4.028774 
C     2.019889   -3.114488   -6.115440 
C     4.104219   -4.028871   -5.235064 
C     3.175538   -3.901518   -6.286730 
H     1.283819   -3.000213   -6.913774 
H     5.010298   -4.628496   -5.343401 
H     3.352426   -4.413101   -7.237276 
C     3.571611    4.013881   -1.460488 
C     2.821491    5.028061   -2.090283 
C     4.960537    4.247417   -1.379926 
C     3.388025    6.199830   -2.605561 
C     5.575888    5.401773   -1.880275 
C     4.780192    6.386124   -2.497628 
H     2.747649    6.943962   -3.083520 
H     6.656804    5.521131   -1.781758 
H     5.242825    7.294636   -2.893964 
C    -0.435530    2.376464    4.098211 
C    -1.649762    3.050029    3.852708 
C     0.073980    2.499086    5.407381 
C    -2.331198    3.789853    4.825675 
C    -0.569125    3.226311    6.416553 
C    -1.783340    3.876283    6.120828 
H    -3.271713    4.282495    4.571057 
H    -0.119695    3.282660    7.410073 
H    -2.300498    4.449022    6.896023 
C     0.612975   -4.453229    2.652760 
C    -0.684998   -4.996507    2.747032 
C     1.638658   -5.219900    3.243716 

C    -0.965643   -6.211492    3.384120 
C     1.409562   -6.440704    3.890770 
C     0.094061   -6.938585    3.960763 
H    -1.994365   -6.575748    3.420715 
H     2.249041   -6.982805    4.330873 
H    -0.104845   -7.890021    4.462561 
F    -2.196377    2.966043    2.560082 
F     1.434625    4.846952   -2.210657 
F     0.663321   -1.687785   -4.724869 
F    -1.745064   -4.281308    2.173593 
F     2.948022   -4.729575    3.178855 
F     4.783922   -3.484837   -2.986700 
F     5.757122    3.274220   -0.766264 
F     1.285540    1.861759    5.703185 
N     3.483485   -0.355241    1.262390 
C     4.555669   -0.965711    0.730496 
C     3.876582    0.105329    2.521513 
H     4.604320   -1.445348   -0.242709 
C     5.202304   -0.231655    2.755211 
H     3.193083    0.638168    3.176552 
N     5.620067   -0.914580    1.597705 
C     6.100899    0.015569    3.927101 
H     6.468739   -0.927834    4.375276 
H     6.988188    0.617849    3.650855 
H     5.551941    0.565863    4.707974 
C     6.959335   -1.476863    1.358693 
H     7.720490   -0.679810    1.388883 
H     7.197553   -2.236128    2.121803 
H     6.976931   -1.950651    0.366009 
H    -5.934171   -0.130053   -1.122846 
O    -7.570572    0.228616   -1.865714 
C    -8.554405   -0.342965   -1.243594 
C    -9.926447   -0.162463   -1.691545 
C    -8.331494   -1.189682   -0.080696 
C   -10.982194   -0.782648   -1.025082 
H   -10.093357    0.473529   -2.566880 
C    -9.400128   -1.800517    0.570641 
H    -7.294271   -1.317532    0.249356 
C   -10.730433   -1.603777    0.107160 
H   -12.011711   -0.640155   -1.371874 
H    -9.221414   -2.436339    1.445042 
H   -11.565255   -2.086759    0.626107

 
Docked reactant (D), B3LYP 
Fe   0.229686    0.489761    0.764605 
N   -0.130164   -1.331774    1.523373 
N   -1.724518    0.907720    0.850911 
N    0.623384    2.363813    0.109307 
C   -3.778267    1.941381    0.556823 
C   -4.010829    0.772510    1.212850 
C   -2.726014    0.124353    1.387551 
C   -2.345176    2.034571    0.350990 
C   -1.702583    3.150061   -0.200338 
C   -2.553883   -1.132336    1.978289 
C   -1.328972   -1.809299    2.015497 

C   -1.148073   -3.140669    2.557090 
C    0.160181   -3.471507    2.369037 
C    0.796047   -2.333378    1.734676 
C    2.168122   -2.258222    1.464979 
C    2.825170   -1.100346    1.031231 
C    4.265255   -0.982289    0.902054 
C    4.526821    0.312938    0.567516 
C    3.248948    0.989358    0.466875 
C    3.096943    2.330340    0.095818 
C    1.856397    2.949440   -0.090380 
C    1.690301    4.298680   -0.596165 
C    0.351515    4.512206   -0.718765 
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C   -0.311808    3.300366   -0.273531 
N    2.223351    0.110079    0.753940 
H    0.658058   -4.385585    2.652292 
H   -1.918212   -3.735535    3.021239 
H   -4.959831    0.366835    1.524455 
H   -4.502280    2.672718    0.236279 
H   -0.146646    5.404783   -1.061946 
H    2.493593    4.977800   -0.834100 
H    5.489212    0.772196    0.406236 
H    4.973844   -1.779427    1.063522 
O    0.175360   -0.018440   -0.981210 
O   -0.859759   -0.852053   -1.537229 
Cu   0.442504   -1.695954   -2.656174 
N   -0.502389   -3.577310   -2.541753 
N    2.263472   -2.571214   -2.898282 
N    0.862617   -0.061098   -3.954038 
H    2.304704   -3.118133   -2.034334 
C    3.424761   -1.623897   -2.797793 
H    3.402794   -1.199908   -1.789677 
H    4.358992   -2.193933   -2.895156 
C    2.434905   -3.571103   -4.006350 
H    3.187681   -4.307684   -3.696273 
H    2.832399   -3.054278   -4.883376 
C    1.115092   -4.271505   -4.359977 
H    0.502881   -3.626553   -5.001476 
H    1.350296   -5.156002   -4.962668 
C    0.306963   -4.703703   -3.128286 
C   -0.857921   -3.913250   -1.131298 
H    0.055758   -4.041102   -0.550094 
H   -1.436098   -3.096300   -0.703746 
H   -1.440889   -4.843561   -1.095201 
C   -1.766674   -3.416326   -3.323212 
H   -2.332033   -2.571343   -2.931288 
H   -1.545702   -3.238526   -4.378032 
H   -2.382959   -4.321982   -3.243611 
C    0.765709   -0.532264   -5.366341 
H    1.412268   -1.392521   -5.540753 
H   -0.267293   -0.818774   -5.578861 
H    1.053865    0.267220   -6.063533 
C   -0.112456    1.060094   -3.782879 
H   -1.123834    0.706933   -3.981164 
H   -0.065198    1.416594   -2.755875 
H    0.132063    1.876427   -4.477260 
C    3.394295   -0.494201   -3.828845 
H    3.443505   -0.891301   -4.849408 
H    4.313180    0.087123   -3.692198 
C    2.229814    0.490466   -3.672323 
H   -0.375679   -5.526704   -3.380610 
H    0.979657   -5.073360   -2.347286 
H    2.397998    1.347930   -4.342589 
H    2.205729    0.873610   -2.648709 
C    3.003637   -3.464046    1.752489 
C    3.178563   -4.507219    0.840718 
C    3.676537   -3.629727    2.968812 
C    3.946349   -5.638967    1.079071 
C    4.462814   -4.734185    3.274937 

C    4.594375   -5.745496    2.315936 
H    4.032439   -6.407366    0.321880 
H    4.953938   -4.796716    4.237316 
H    5.200865   -6.616672    2.531679 
C    4.329281    3.135475   -0.166535 
C    5.070434    3.021210   -1.347711 
C    4.823881    4.069081    0.751808 
C    6.215734    3.758339   -1.622572 
C    5.961723    4.838609    0.537242 
C    6.660680    4.676441   -0.664148 
H    6.736183    3.617064   -2.560972 
H    6.286065    5.541117    1.294033 
H    7.550143    5.265055   -0.854078 
C   -2.546785    4.283839   -0.682382 
C   -2.707209    4.577811   -2.041582 
C   -3.224361    5.140142    0.193304 
C   -3.485070    5.626773   -2.518398 
C   -4.018255    6.203111   -0.220235 
C   -4.147047    6.442138   -1.593419 
H   -3.567193    5.793088   -3.584731 
H   -4.513444    6.823896    0.515187 
H   -4.760178    7.264604   -1.941853 
C   -3.748663   -1.798109    2.579777 
C   -4.374026   -2.911522    2.007213 
C   -4.326813   -1.351485    3.775381 
C   -5.482683   -3.548805    2.550563 
C   -5.434915   -1.943370    4.370180 
C   -6.013920   -3.054533    3.747314 
H   -5.913588   -4.404016    2.046144 
H   -5.825398   -1.542138    5.296436 
H   -6.878279   -3.533005    4.191786 
F   -2.038917    3.779332   -2.968703 
F    4.627525    2.108738   -2.310447 
F    2.526375   -4.406052   -0.406088 
F   -3.859262   -3.406885    0.802854 
F   -3.753109   -0.248646    4.403958 
F    3.543062   -2.621526    3.923255 
F    4.132166    4.232866    1.949736 
F   -3.088166    4.909317    1.563048 
N    0.426578    1.191485    2.698578 
C    1.199286    0.674856    3.649970 
C   -0.213271    2.288866    3.259509 
H    1.835944   -0.189036    3.560999 
C    0.179796    2.436554    4.570981 
H   -0.906947    2.895545    2.702805 
N    1.082410    1.395445    4.804908 
C   -0.200493    3.438488    5.608664 
H   -0.668818    2.968084    6.482452 
H    0.665835    4.008685    5.967052 
H   -0.917067    4.149645    5.190373 
C    1.783291    1.121372    6.060996 
H    2.423869    1.963986    6.333613 
H    1.067002    0.939976    6.866242 
H    2.402800    0.233144    5.932737 
H   -2.313764   -0.061889   -2.080448 
O   -3.043276    0.355428   -2.616030 
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C   -4.231702   -0.323130   -2.552853 
C   -5.267373    0.104833   -3.402605 
C   -4.448809   -1.408355   -1.686815 
C   -6.500417   -0.552489   -3.388655 
H   -5.086994    0.947047   -4.062058 
C   -5.685924   -2.063366   -1.686221 

H   -3.664831   -1.725034   -1.010083 
C   -6.718306   -1.643684   -2.534187 
H   -7.293099   -0.213345   -4.048926 
H   -5.834016   -2.902224   -1.013603 
H   -7.676106   -2.153589   -2.528868 

 
TSPI, B3LYP 
Fe   0.359719    0.436835    0.770927 
N   -0.026878   -1.349732    1.592861 
N   -1.545285    0.965256    1.005289 
N    0.803384    2.298747    0.113982 
C   -3.565135    2.085438    0.817105 
C   -3.812536    0.925408    1.481873 
C   -2.551652    0.221328    1.591049 
C   -2.144202    2.120580    0.537033 
C   -1.489422    3.211357   -0.040652 
C   -2.410070   -1.039899    2.175492 
C   -1.218495   -1.771787    2.147021 
C   -1.077822   -3.122571    2.647200 
C    0.190851   -3.525504    2.356505 
C    0.850272   -2.412316    1.705990 
C    2.195595   -2.417996    1.325892 
C    2.884634   -1.290235    0.867046 
C    4.309781   -1.250710    0.610365 
C    4.616740    0.035335    0.276445 
C    3.378968    0.786760    0.302844 
C    3.271213    2.135388   -0.051847 
C    2.056210    2.817989   -0.155264 
C    1.930771    4.180696   -0.629454 
C    0.600019    4.468343   -0.667413 
C   -0.100697    3.290141   -0.199016 
N    2.336186   -0.039751    0.671891 
H    0.650266   -4.475695    2.578486 
H   -1.849289   -3.683367    3.149460 
H   -4.760636    0.557312    1.838204 
H   -4.271807    2.847913    0.533171 
H    0.131108    5.391894   -0.966705 
H    2.754768    4.822222   -0.898108 
H    5.584234    0.440952    0.026341 
H    4.980415   -2.091565    0.691041 
O    0.220947   -0.096621   -0.812487 
O   -1.327082   -0.935319   -1.539611 
Cu   0.010529   -1.617757   -2.732511 
N   -0.890933   -3.530674   -2.593504 
N    1.803334   -2.482967   -3.107591 
N    0.392323    0.095495   -3.884824 
H    1.882872   -3.078481   -2.278915 
C    2.982736   -1.557269   -3.014413 
H    3.007896   -1.179256   -1.988921 
H    3.900355   -2.137918   -3.177897 
C    1.908227   -3.420809   -4.277761 
H    2.696172   -4.153321   -4.060319 
H    2.228393   -2.851268   -5.153328 
C    0.578138   -4.130906   -4.562709 
H   -0.089730   -3.472233   -5.130573 

H    0.781238   -4.986541   -5.216195 
C   -0.124522   -4.624167   -3.290443 
C   -1.116768   -3.923004   -1.169521 
H   -0.155005   -4.026770   -0.665050 
H   -1.700417   -3.149582   -0.674225 
H   -1.652747   -4.880469   -1.120834 
C   -2.224537   -3.362926   -3.253213 
H   -2.764541   -2.543678   -2.778412 
H   -2.099800   -3.139307   -4.315366 
H   -2.811743   -4.285736   -3.157378 
C    0.144197   -0.289573   -5.306575 
H    0.769588   -1.133231   -5.600478 
H   -0.906177   -0.567158   -5.423804 
H    0.358958    0.553581   -5.976987 
C   -0.530429    1.228223   -3.553249 
H   -1.570417    0.919763   -3.659761 
H   -0.367053    1.525487   -2.519657 
H   -0.321368    2.077763   -4.217099 
C    2.919374   -0.385116   -3.992892 
H    2.891635   -0.736805   -5.030648 
H    3.857327    0.173360   -3.892511 
C    1.792248    0.610851   -3.709574 
H   -0.820638   -5.441064   -3.522669 
H    0.610646   -5.023176   -2.583078 
H    1.913256    1.486753   -4.364163 
H    1.865029    0.961150   -2.676983 
C    2.965730   -3.688795    1.482411 
C    3.010629   -4.672287    0.491832 
C    3.703769   -3.979215    2.635413 
C    3.714794   -5.863332    0.601174 
C    4.432139   -5.149804    2.811859 
C    4.432832   -6.096678    1.780831 
H    3.700396   -6.580628   -0.209020 
H    4.979883   -5.310681    3.731298 
H    4.991994   -7.017231    1.895719 
C    4.526556    2.868693   -0.403139 
C    4.967686    3.019096   -1.722149 
C    5.350079    3.449519    0.567763 
C    6.129704    3.691406   -2.080091 
C    6.523976    4.134535    0.275624 
C    6.911217    4.253876   -1.063885 
H    6.409052    3.769028   -3.122835 
H    7.111792    4.561025    1.078043 
H    7.821510    4.784326   -1.316134 
C   -2.305902    4.395251   -0.442437 
C   -2.586988    4.704693   -1.777834 
C   -2.836322    5.284451    0.499382 
C   -3.343425    5.802625   -2.171529 
C   -3.599948    6.397322    0.170020 
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C   -3.853450    6.651906   -1.183059 
H   -3.526722    5.979119   -3.223474 
H   -3.978813    7.042265    0.952194 
H   -4.447234    7.512531   -1.466696 
C   -3.606685   -1.654933    2.823906 
C   -4.309199   -2.728207    2.264230 
C   -4.112314   -1.192043    4.045292 
C   -5.427893   -3.312585    2.845251 
C   -5.225409   -1.732774    4.677747 
C   -5.885511   -2.804643    4.066562 
H   -5.922872   -4.137646    2.349656 
H   -5.558559   -1.322529    5.622227 
H   -6.756352   -3.241987    4.539781 
F   -2.072661    3.869215   -2.767780 
F    4.191550    2.453838   -2.738815 
F    2.285722   -4.440434   -0.695369 
F   -3.863240   -3.236458    1.040320 
F   -3.457195   -0.126271    4.658396 
F    3.699779   -3.033142    3.658734 
F    4.966488    3.329826    1.901310 
F   -2.575321    5.032122    1.847204 
N    0.748073    1.154471    2.696882 
C    1.566959    0.607325    3.592443 
C    0.194865    2.278450    3.297437 
H    2.158408   -0.282548    3.460230 

C    0.688342    2.410878    4.575471 
H   -0.512425    2.913195    2.791567 
N    1.563276    1.333507    4.747428 
C    0.423944    3.426843    5.634939 
H   -0.002542    2.975023    6.539289 
H    1.336676    3.958461    5.931465 
H   -0.288873    4.168318    5.266041 
C    2.344752    1.038044    5.950925 
H    3.041677    1.852849    6.162613 
H    1.682969    0.899218    6.809206 
H    2.911179    0.120633    5.788691 
H   -2.092772   -0.278469   -1.809876 
O   -3.238313    0.305944   -2.455225 
C   -4.480538   -0.149973   -2.365377 
C   -5.501860    0.387818   -3.201501 
C   -4.867546   -1.176314   -1.457215 
C   -6.818432   -0.070313   -3.127415 
H   -5.224914    1.173190   -3.899142 
C   -6.187894   -1.629601   -1.396910 
H   -4.115835   -1.602814   -0.802477 
C   -7.179645   -1.085583   -2.226806 
H   -7.572045    0.366168   -3.779249 
H   -6.443488   -2.416608   -0.690688 
H   -8.204044   -1.441443   -2.174789

 
TSHB, B3LYP 
Fe   0.358611    0.388992    0.748611 
N   -0.061041   -1.419979    1.516893 
N   -1.546314    0.936925    0.980834 
N    0.833518    2.265675    0.161086 
C   -3.548004    2.093027    0.817945 
C   -3.817956    0.914027    1.439048 
C   -2.566238    0.188709    1.533257 
C   -2.122958    2.116145    0.551251 
C   -1.444764    3.216943    0.018089 
C   -2.447340   -1.094673    2.075071 
C   -1.266252   -1.844313    2.036991 
C   -1.152227   -3.214555    2.491802 
C    0.116338   -3.623680    2.209120 
C    0.800444   -2.495861    1.609589 
C    2.154411   -2.500943    1.258828 
C    2.864230   -1.365570    0.852237 
C    4.298192   -1.330045    0.644234 
C    4.624038   -0.038154    0.355481 
C    3.389601    0.721010    0.362053 
C    3.302044    2.081008    0.044825 
C    2.095926    2.779130   -0.067557 
C    1.995137    4.160040   -0.494877 
C    0.668983    4.465832   -0.542230 
C   -0.053181    3.279901   -0.126601 
N    2.329779   -0.107216    0.671491 
H    0.559598   -4.587338    2.404792 
H   -1.939419   -3.782589    2.960594 
H   -4.773626    0.548999    1.778475 
H   -4.241169    2.876215    0.557705 

H    0.216851    5.406477   -0.812910 
H    2.830576    4.801609   -0.725473 
H    5.601675    0.366874    0.147394 
H    4.960104   -2.177717    0.726153 
O    0.218367   -0.104179   -0.853775 
O   -1.377008   -0.796289   -1.742077 
Cu   0.034877   -1.469344   -2.779752 
N   -0.840065   -3.417565   -2.751920 
N    1.857295   -2.305657   -3.131752 
N    0.434111    0.271381   -3.933080 
H    1.923304   -2.920277   -2.316372 
C    3.015365   -1.362335   -2.982083 
H    2.995123   -1.000382   -1.951197 
H    3.951034   -1.920820   -3.121500 
C    2.016622   -3.212261   -4.319231 
H    2.801324   -3.945975   -4.092074 
H    2.366442   -2.617431   -5.166433 
C    0.706684   -3.925805   -4.680124 
H    0.049011   -3.252245   -5.242533 
H    0.944299   -4.751775   -5.360042 
C   -0.035635   -4.476226   -3.454605 
C   -1.104756   -3.845541   -1.347904 
H   -0.155707   -3.985242   -0.827905 
H   -1.676673   -3.067862   -0.844872 
H   -1.663280   -4.791905   -1.332155 
C   -2.148027   -3.241325   -3.451084 
H   -2.720279   -2.462063   -2.947586 
H   -1.987739   -2.948930   -4.491559 
H   -2.722643   -4.177759   -3.433741 
C    0.254739   -0.082949   -5.370269 
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H    0.910186   -0.906459   -5.655573 
H   -0.782765   -0.383973   -5.538208 
H    0.476365    0.778902   -6.015659 
C   -0.520827    1.373126   -3.608133 
H   -1.539559    1.061154   -3.831688 
H   -0.455116    1.600734   -2.546937 
H   -0.275775    2.267110   -4.198465 
C    2.967718   -0.172214   -3.940802 
H    2.985219   -0.504143   -4.985535 
H    3.892321    0.398181   -3.794454 
C    1.814837    0.802785   -3.684259 
H   -0.708315   -5.296014   -3.742403 
H    0.680035   -4.888066   -2.734963 
H    1.955875    1.696729   -4.311473 
H    1.836930    1.127095   -2.640649 
C    2.911068   -3.782606    1.393638 
C    3.003866   -4.717391    0.359995 
C    3.588541   -4.132341    2.567109 
C    3.698465   -5.916090    0.447631 
C    4.304078   -5.313684    2.723638 
C    4.354881   -6.209806    1.649388 
H    3.723573   -6.593292   -0.396142 
H    4.804392   -5.521080    3.660636 
H    4.905286   -7.137542    1.747896 
C    4.573436    2.814797   -0.240924 
C    5.025928    3.066048   -1.540602 
C    5.404038    3.295313    0.778097 
C    6.204368    3.740241   -1.836355 
C    6.594209    3.976273    0.549280 
C    6.992127    4.198546   -0.773858 
H    6.491367    3.898126   -2.867912 
H    7.185754    4.321825    1.387164 
H    7.915172    4.728000   -0.977163 
C   -2.237915    4.430320   -0.340330 
C   -2.478096    4.816301   -1.663722 
C   -2.784957    5.275117    0.632750 
C   -3.211976    5.942298   -2.018823 
C   -3.528485    6.412523    0.343046 
C   -3.742029    6.742639   -1.000489 
H   -3.362107    6.177981   -3.064438 
H   -3.921567    7.019171    1.148513 
H   -4.318825    7.624197   -1.253275 
C   -3.658138   -1.714167    2.693656 
C   -4.379106   -2.750445    2.089729 

C   -4.155702   -1.296973    3.934842 
C   -5.505888   -3.342382    2.647073 
C   -5.276697   -1.846818    4.545341 
C   -5.954096   -2.881136    3.890119 
H   -6.014038   -4.138117    2.117899 
H   -5.602018   -1.472661    5.507390 
H   -6.830736   -3.325505    4.345780 
F   -1.940934    4.031797   -2.683577 
F    4.244683    2.605454   -2.605071 
F    2.341814   -4.425756   -0.849711 
F   -3.945252   -3.211921    0.841892 
F   -3.483302   -0.269917    4.593363 
F    3.535560   -3.236781    3.633940 
F    5.011074    3.073765    2.095939 
F   -2.562567    4.951360    1.972143 
N    0.720206    1.042071    2.719033 
C    1.492491    0.440040    3.619444 
C    0.192635    2.167443    3.338920 
H    2.054304   -0.467481    3.476733 
C    0.655173    2.245895    4.633240 
H   -0.478014    2.841617    2.833793 
N    1.484643    1.132000    4.796604 
C    0.403631    3.243645    5.713126 
H   -0.047381    2.783578    6.601190 
H    1.326400    3.743227    6.034219 
H   -0.283264    4.013192    5.352343 
C    2.213603    0.766979    6.013364 
H    2.911709    1.560049    6.292481 
H    1.517512    0.594889    6.838248 
H    2.775219   -0.149054    5.827767 
H   -2.686192    0.189290   -2.061547 
O   -3.464443    0.690609   -2.451826 
C   -4.653728    0.032577   -2.302205 
C   -5.782087    0.565512   -2.952248 
C   -4.787368   -1.135297   -1.529669 
C   -7.022459   -0.067590   -2.835123 
H   -5.666429    1.469017   -3.541594 
C   -6.033898   -1.762715   -1.423459 
H   -3.925864   -1.534585   -1.008798 
C   -7.158257   -1.237817   -2.073257 
H   -7.885897    0.353026   -3.342268 
H   -6.117881   -2.663641   -0.823467 
H   -8.122730   -1.727655   -1.986954

 
Product (P), B3LYP 
Fe   0.753110    0.325773    0.734646 
N    0.649182   -1.551532    1.469264 
N   -1.058355    0.731111    1.526304 
N    0.941191    2.261722    0.186489 
C   -3.054103    1.781466    2.060175 
C   -3.114560    0.522771    2.573976 
C   -1.868016   -0.134230    2.236060 
C   -1.762840    1.914042    1.416570 
C   -1.295689    3.099072    0.839896 
C   -1.557834   -1.451257    2.587488 

C   -0.378700   -2.101133    2.207566 
C   -0.098905   -3.496789    2.478968 
C    1.085543   -3.790926    1.873692 
C    1.550673   -2.571857    1.243578 
C    2.756251   -2.461410    0.544018 
C    3.264572   -1.259641    0.042129 
C    4.559155   -1.125301   -0.593146 
C    4.714235    0.192517   -0.902526 
C    3.508433    0.873083   -0.476357 
C    3.257287    2.231906   -0.693971 
C    2.047072    2.860222   -0.384642 
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C    1.770897    4.258677   -0.646960 
C    0.493295    4.494957   -0.241469 
C   -0.021969    3.245597    0.281224 
N    2.642746   -0.028758    0.110092 
H    1.605248   -4.735794    1.858937 
H   -0.735978   -4.159897    3.041913 
H   -3.920689    0.075926    3.132873 
H   -3.804028    2.554298    2.111527 
H   -0.051884    5.424538   -0.276955 
H    2.468342    4.959440   -1.076881 
H    5.554956    0.663499   -1.386231 
H    5.253002   -1.932428   -0.766835 
O    0.130567   -0.124456   -0.715236 
O   -2.596959   -0.875101   -1.688350 
Cu  -1.038325   -1.297342   -2.639747 
N   -1.595952   -3.379311   -2.396182 
N    0.774366   -1.932052   -3.321752 
N   -0.973436    0.580748   -3.658178 
H    1.066772   -2.493643   -2.518501 
C    1.839195   -0.880512   -3.437790 
H    1.993749   -0.481167   -2.433561 
H    2.772432   -1.359345   -3.763655 
C    0.825741   -2.875719   -4.491452 
H    1.757576   -3.452226   -4.418099 
H    0.878334   -2.284177   -5.408809 
C   -0.380741   -3.822126   -4.543633 
H   -1.242359   -3.316699   -4.995645 
H   -0.132336   -4.654955   -5.211548 
C   -0.769833   -4.368225   -3.163848 
C   -1.530796   -3.679042   -0.940109 
H   -0.497844   -3.598330   -0.594294 
H   -2.149546   -2.952921   -0.413576 
H   -1.892051   -4.697455   -0.734180 
C   -3.019724   -3.478641   -2.834615 
H   -3.589454   -2.717210   -2.305142 
H   -3.098001   -3.302644   -3.910267 
H   -3.415776   -4.480296   -2.613158 
C   -1.591013    0.286079   -4.983778 
H   -1.013489   -0.469369   -5.520655 
H   -2.605764   -0.086184   -4.825055 
H   -1.641274    1.193217   -5.602847 
C   -1.818175    1.604458   -2.973206 
H   -2.834643    1.229733   -2.874710 
H   -1.410601    1.795485   -1.981121 
H   -1.816558    2.540630   -3.548818 
C    1.467736    0.258899   -4.386609 
H    1.201658   -0.119602   -5.381028 
H    2.363724    0.874361   -4.528914 
C    0.386291    1.186900   -3.830093 
H   -1.334089   -5.306802   -3.259660 
H    0.128684   -4.595709   -2.580187 
H    0.288785    2.069472   -4.481939 
H    0.697186    1.537810   -2.842465 
C    3.557875   -3.703410    0.329539 
C    3.366447   -4.529451   -0.781217 
C    4.552876   -4.124177    1.217800 

C    4.086413   -5.691730   -1.021830 
C    5.310785   -5.275479    1.037466 
C    5.069513   -6.061669   -0.095348 
H    3.883889   -6.283957   -1.904660 
H    6.065628   -5.543792    1.765106 
H    5.647448   -6.963442   -0.257251 
C    4.328235    3.046360   -1.344627 
C    4.271627    3.423055   -2.691341 
C    5.464749    3.483898   -0.654551 
C    5.249739    4.176587   -3.328322 
C    6.477878    4.239126   -1.233744 
C    6.362541    4.586552   -2.584467 
H    5.139024    4.430316   -4.374588 
H    7.327648    4.545620   -0.637659 
H    7.138934    5.175721   -3.057434 
C   -2.177007    4.304554    0.903623 
C   -2.933301    4.760043   -0.180750 
C   -2.293416    5.066212    2.072104 
C   -3.753742    5.881431   -0.133040 
C   -3.094910    6.195348    2.184597 
C   -3.831056    6.600930    1.064803 
H   -4.314341    6.175301   -1.010944 
H   -3.135872    6.737139    3.120578 
H   -4.464277    7.477841    1.125855 
C   -2.563547   -2.226554    3.375867 
C   -3.743054   -2.725196    2.811271 
C   -2.392828   -2.512258    4.735731 
C   -4.696926   -3.448822    3.515823 
C   -3.307436   -3.231963    5.495823 
C   -4.469676   -3.701659    4.873805 
H   -5.585710   -3.805082    3.011219 
H   -3.110437   -3.412652    6.544594 
H   -5.197522   -4.264118    5.446043 
F   -2.857246    4.047509   -1.376786 
F    3.163856    3.011702   -3.438385 
F    2.380326   -4.155024   -1.711613 
F   -3.971230   -2.476403    1.453463 
F   -1.236637   -2.046709    5.357788 
F    4.788368   -3.337077    2.343526 
F    5.582279    3.138462    0.689760 
F   -1.555080    4.661108    3.186050 
N    1.589921    0.897220    2.619088 
C    2.592244    0.281603    3.240029 
C    1.211900    1.955504    3.435733 
H    3.126477   -0.585245    2.889740 
C    1.998670    1.977814    4.565485 
H    0.411784    2.628240    3.176885 
N    2.877066    0.898931    4.424082 
C    2.007670    2.891761    5.744390 
H    1.809061    2.356209    6.681299 
H    2.969285    3.407799    5.858212 
H    1.233096    3.653562    5.626137 
C    3.919793    0.500121    5.372012 
H    4.651932    1.302273    5.494962 
H    3.480889    0.262501    6.344221 
H    4.426735   -0.385279    4.987033 
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H   -2.362602   -0.224825   -1.011922 
O   -5.759692    0.735543   -3.789331 
C   -6.387301    0.296201   -2.769165 
C   -7.823366    0.470232   -2.647386 
C   -5.691507   -0.390353   -1.696759 
C   -8.497962   -0.006773   -1.539446 
H   -8.337632    0.984236   -3.452420 

C   -6.394801   -0.857597   -0.597856 
H   -4.610945   -0.528713   -1.783410 
C   -7.791938   -0.672229   -0.508622 
H   -9.571417    0.125882   -1.452837 
H   -5.864789   -1.369565    0.198972 
H   -8.331916   -1.042414    0.356846 
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MATERIALS and METHODS 

     General: All reagents and solvents used were of commercially available quality and 

used without further purification except as noted. Inhibitor-free 2-MeTHF was distilled 

over Na/benzophenone under Ar and deoxygenated with Ar before use. 

[CuI(CH3CN)4(BArF)], and F8FeII were synthesized as previously described.1,2  

     UV-Vis and Kinetics: All UV-Vis measurements were carried out using a Hewlett 

Packard 8453 diode array spectrophotometer with a quartz Schlenk cuvette cell. The 

spectrometer was equipped with HP Chemstation software and a Unisoku thermostated cell 

holder for low temperature experiments. The complex, LS-4DCHIm, was generated as 

previously described at 0.1 mM concentration at low temperature (–90 °C unless otherwise 

stated) in a 1 cm path length, rubber septum-capped, quartz Schlenk cuvette.3 To obtain 

conditions optimal for observing Soret peaks, the same concentration (~0.1 mM) was used 

in a 2 mm path length Schlenk cuvette. For reactions carried out at temperatures below –

90 °C, LS-4DCHIm was always generated at –90 °C, and then cooled further to the desired 

temperature. For pseudo-first order kinetic experiments, following generation of the heme-

peroxo-Cu complex, 20-100 μL of a solution containing the desired number of equivalents 

of o-catechol was added via gastight syringe and mixed by bubbling Ar. Spectra were 

recorded every 3.0 seconds, and the observed rate constant, kobs (sec–1), corresponds to the 

initial rate measured as the ΔAbs(845-700 nm) over time adjusted for concentration and 

molar absorptivity (ε = 420 M–1cm–1). The kobs rate vs. catechol concentration plots were 

fit with the program, Igor Pro 4.00, to obtain Keq and k1 parameters using the equation 

shown in Figure 5.6 which fits with the mechanistic model. 
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     EPR: A 0.6 mL solution of the LS-4DCHIm complex was generated anaerobically as 

previously described3  at 2.0 mM concentrations at –90 °C (acetone/liq. N2 bath) in a 5 

mm, rubber septum-capped, EPR tube. The desired o-catechol was added via gastight 

syringe, mixed by bubbling Ar, and frozen prior to recording spectra. Spectra were taken 

with an ER 073 magnet equipped with a Bruker ER041 X-Band Microwave bridge and a 

Bruker EMX 081 power supply. Microwave frequency = 9.41 GHz, microwave power = 

0.201 mW, attenuation = 30db, modulation amplitude = 10 G, modulation frequency = 100 

kHz, temperature = 10K. Due to significant spectral overlap between the Cu(II) and low-

spin Fe(III) heme signals, quantification of these species was carried out by spectral 

addition based on a calibration curve of the authentically generated Cu(II)(DCHIm)4 and 

F8Fe(III)(DCHIm)2 species.4 The copper signal for the reaction products of the CN-, CF3-

, Cl2- and Cl-catechol reactions at low temperature is comprised of a combination of 

Cu(II)(DCHIm)4 and another Cu(II) species, where we propose the organic product of 

catechol oxidation is binding to the Cu(II) center due to the similar shape observed in 

frozen EPR samples of Cu(II) complexes of β-diketones such as acetylacetonate (acac),5 

however, the spectrum of Cu(II)(DCHIm)4 is unchanged by addition of authentic o-

quinone (or catecholate), even at low temperature.  

     H2O2 quantification by horseradish peroxidase (HRP) test: The spectrophotometric 

quantification of hydrogen peroxide was achieved by recording the intensity of the 

diammonium 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate (AzBTS-(NH4)2) peaks 

(monitored at 418 nm to minimize error) oxidized by horseradish peroxidase (HRP) which 

was adapted from published procedures.4,6 In a typical experiment, 3 mL of the LS-

4DCHIm complex [0.1 mM] was generated at −90 °C (as above for UV-Vis experiments). 



277 
 

If required, solutions containing the desired o-catechol [0.1 mM] was added and the 

reaction was allowed to proceed until completion (i.e. no further spectral changes were 

observed). The reaction crude was subjected to the H2O2 analysis as described below, both 

before and after quenching by addition of a 100 μL solution containing 2.5 equiv. 

[DMF∙H+](CF3SO3
–) [0.25 mM]. Hydrogen peroxide (H2O2) was detected using the 

procedure described using the following stock solutions: 300 mM sodium phosphate 

buffer, pH 7.0 (solution A), 1 mg/mL AzBTS-(NH4)2 (solution B), 4 mg of HRP (type II 

salt free (Sigma)), and 6.5 mg of sodium azide in 50 mL of water (solution C) all 

maintained at 0 °C. Quantification of hydrogen peroxide was achieved by adding a 100 μL 

of the −90 °C MeTHF sample solution to a cuvette containing 1.3 mL of water, 500 μL of 

solution A, and 100 μL of solution B and 50 μL of solution C (all chilled). After mixing 

for 15 s, the samples were allowed to incubate for ~2 min until full formation of the 418 

nm band was achieved, allowing for quantification of the H2O2 in solution (Table 5.1).  

 Synthesis of 4-NO2-catecholate·(Na)2. In a glovebox under N2 atmosphere, 50 mg 

NO2-catechol (0.323 mmol) was dissolved and stirred with a stir bar in 1 mL 2-MeTHF. A 

5 mL suspension containing 15.4 mg (0.646 mmol) NaH in 2-MeTHF (minimally soluble) 

was added and the mixture was allowed to stir for 1 hour under inert atmosphere, during 

which time, the evolution of H2 gas bubbles was observed. Solvent was removed 

completely from the product reaction mixture and the crude solid was dissolved in dry 

acetone, filtered to remove excess NaH, and redried to obtain an orange solid catecholate. 

It was characterized by UV-vis (λmax = 275 nm (ε = 29,000 M–1cm–1), 440 nm (ε = 27,000 

M–1cm–1); see Figure D2), and 1H-NMR (Acetone-d6; δ = 7.62 (1H), 7.41 (1H), 6.30 (1H) 

ppm, vs. 4NO2-catechol δ = 7.73 (2H), 7.02 (1H), 9.04 (broad, 2H) ppm). 
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 DFT calculations: Values for IP, pKa and BDE were performed according to a 

previously described method7 using the Gaussian 09 software package.8 The geometry of 

each catechol was fully optimized at the B3LYP/6-31+G(d) level of theory without further 

constraints. The solvation energy was calculated using the SMD-PCM solvation model for 

the THF solvent. For each catechol, the singly protonated form was found to be in its lowest 

energy state when the proton was between the oxygens. After optimization, single point 

energy calculations were performed at the B3LYP/6-311++G(2df,p) level of theory.  

 
Scheme D1. Isodesmic reaction scheme used for computational determination of 
thermodynamic parameters of catechols, i.e., pKa, BDE, IP. 

 

  

Since DFT tends to systematically over or underestimate chemical properties, and 

difficulties exist in accurately calculating the solvation energy of protons, an isodesmic 

reaction using a simple phenol was used to improve the calculation accuracy (Scheme D1).7 

An example calculation is given in Eq. 1 for the determination of pKa1. (1) The Gibbs free 

energy change for each reaction was then given by equations 1-3, where C represents the 

catechol and P represents the phenol.  

   (1) 

    (2) 

   (3) 
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The Gibbs free energies for the deprotonation and the ionization energy were converted to 

pKa and IE using equations 4 and 5, where F is faradays constant. 

    (4) 

IE      (5) 

 

 

 

 

 

Figure D1. EPR spectra of the product mixture following the reaction of LS-4DCHIm 
with NO2-catechol (red) and the theoretical yield (spectral addition of 1 mM FeIII(DCHIm)2 
+ 1 mM CuII(DCHIm)4) shown as a dotted black line. Fitting by spectral addition gives a 
semi-quantitation of the yield for the Fe and Cu species of 74%. 
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Figure D2. UV-vis spectrum of the {LS-4DCHIm + NO2-catechol} reaction products 
(red) compared with a spectrum of a 1:1:1 mixture containing authentic FeIII(DCHIm)2, 
CuII(DCHIm)4, and NO2-catecholate (grey, dotted line) (for syntheses, see Appendix B 
and above in Appendix D) showing nearly complete overlap, and the FeIII(DCHIm)2 

spectrum without the catecholate in solution is shown as a blue dotted spectrum for 
comparison (the increase in absorbance due to the NO2-catecholate is indicated with a red 
arrow). The inset shows the individual spectra for FeIII(DCHIm)2 (blue, dotted) and NO2-
catecholate (orange, dotted). 
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Figure D3. Scheme and UV-vis spectra of the HRP analysis of the LS-4DCHIm + NO2-
catechol reaction. Addition of 1 equiv. NO2-catechol to LS-4DCHIm (black spectrum), 
yields the reaction products shown in the top scheme (left) corresponding to the red 
spectrum where the NO2-catecholate absorbance is evident as a strong shoulder on the 
Soret band. Addition of 2 equiv. strong acid for HRP analysis results in a decrease of this 
absorbance (with no other spectral changes), consistent with protonation of the 
catecholate back to the catechol as shown in the scheme, right. 
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Figure D4. EPR spectra of the product mixtures following addition of CN-, CF3-, Cl2- and 
Cl-catechols to a solution of LS-4DCHIm at -90 °C. Quantification of these species is 
complicated due to spectral overlap and lack of an appropriate standard for the unique 
Cu(II) signal. Labeled (Fe) g-values represent the HS species impurity (< 10% in each 
case), and the peak marked with an asterisk is uniquely due to the LS FeIII(DCHIm)2 
product, which can be generated authentically. The LS-heme product quantified based on 
the intensity of this peak and comparison to a calibration curve generated for the authentic 
FeIII(DCHIm)2 species provides semi-quantitation of LS-heme product yields in these cases 
as: (CN (89%), CF3 (88%), Cl2 (83%) and Cl (90%)).4  

 

The copper signal for the reaction products of the CN-, CF3-, Cl2- and Cl-catechol 

reactions at low temperature is comprised of Cu(II)(DCHIm)4 and another Cu(II) species, 

where we propose the organic product of catechol oxidation is interacting with the Cu(II) 

center due to the similar shape and small hyperfine splitting observed in frozen EPR 

samples of Cu(II) complexes of β-diketones such as acetylacetonate (acac).5 Analysis of 

this product mixture is complicated by the 5 equiv. of coordinatively-labile DCHIm species 

in solution, which bind strongly to iron (high yields of FeIII(DCHIm)2), potentially leaving 

the coordinatively unsaturated CuII(DCHIm)3 species which we propose may interact with 

the quinone product. However, the spectrum of Cu(II)(DCHIm)4 (isolated solid) is 

unchanged by addition of authentic o-quinone (or catecholate), even at low temperature. 
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Figure D5. UV-vis spectroscopic data showing the changes in the Q-band and low-
energy regions (left) and Soret band region (right) for the reactions of LS-4DCHIm with 
the catechols proposed to induce O–O reductive cleavage chemistry (see Figure 5.8 
center pathway). 
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Figure D6. Reaction rates, kobs, as a function of catechol concentration for the reactions 
of {LS-4DCHIm + X-catechol}. The average rates were calculated based on a minimum 
of three trials, and the dotted line fits correspond to the equation in Figure 5.6 and yield 
the parameters, k1 and Keq shown in the plots and in Table 5.2.  
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