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ABSTRACT OF THE DISSERTATION 

THE INFLUENCE OF THE PROXIMAL AMIDE HYDROGEN BONDS AND THE 

PROXIMAL HELIX DIPOLE ON THE CATALYTIC ACTIVITY OF 

CHLOROPEROXIDASE 

by 

Armando D. Pardillo 

Florida International University, 2015 

Miami, Florida 

Professor David Chatfield, Major Professor 

Chloroperoxidase (CPO) is a heme-thiolate protein with exceptional versatility 

and great potential as a biocatalyst. The CPO reactive species, Compound I ( Cpd I) is of 

particular interest, as well as the Cytochrome P450 (P450) -type monoxygenase catalytic 

activity, which has significant biotechnological potential. Proximal hydrogen bonding of 

the axial sulfur with the backbone amides (NH•••S) is a conserved feature of heme-

thiolate enzymes. In CPO, the effect of NH•••S bonds is amplified by the dipole moment 

of the proximal helix. The role of the proximal region has been disputed as to whether it 

simply protects the axial sulfur, or whether it additionally influences catalysis via 

modulation of the push effect.  

The objective of the research presented herein is two-fold. First, the influence of 

the NH•••S bonds on Cpd I formation is determined by obtaining the reaction coordinate, 

starting from a peroxide bound heme, for two model systems (one with proximal residues 

providing NH•••S bonds and one without) and comparing the results. Secondly, the 

influence of the proximal region on the epoxidation of cis-β-methylsterene is obtained in 
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a manner similar to the first objective. However, the reaction coordinate begins with a 

Cpd I-CBMS complex and the proximal contribution is extended to include the influence 

of the proximal helix dipole.  

Our findings show that the proximal region stabilizes Cpd 0 relative to all other 

minima and reduces the barrier for Cpd 0’s formation. The stability of protonated 

Compound 0 is reduced, favoring a hybrid homo-heterolytic relative to a classic 

heterolytic mechanism for O-O bond scission. Additionally, the proximal region 

significantly enhances CPO’s reactivity; the Cβ-O bond barrier is stabilized, while Cα-O-

Cβ ring closure becomes barrierless. The stabilization of the reaction barrier correlates 

with increased electron density transfer to residues of the proximal pocket and involves a 

change in the electron transfer mechanism. These results can be traced to a reduction in 

the pKa of the heme-bound substrate and an increase in oxidation potential, a result of the 

proximal region reducing the push effect. 
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1. Introduction 
 
Chloroperoxidase (CPO), an enzyme produced by the marine fungus Caldariomyces 

fumago, is a versatile protein belonging to the heme-thiolate family of proteins. Heme–

thiolate proteins contain a protoheme prosthetic group with an axially bound thiolate 

anion of cysteine, and are one of the major hemoprotein groups found in living 

organisms.1  Other major hemoprotein groups inclue heme–imidazole (histidine), heme 

heme-phenolate (tyrosine), and heme-thioether (methionine). Hemes are one of the most 

widely used metalloporphyrins throughout the biosphere, as they are capable of shuttling 

electrons between proteins, transporting and storing O2, and are involved in enzymatic 

catalysis.2  Heme enzymes are able to catalyze both oxidative and reductive chemistry. 

However, since CPO utilizes the heme prosthetic group to catalyze oxidative reactions, 

our attention will be on oxidative chemistry. Heme enzyme oxidants can be classified 

broadly as either oxygenases (use O2 to oxidize substrates) or peroxidases (use H2O2 to 

oxidize substrates). Each substrate poses biological challenges. Although O2 is highly 

reactive, it is paramagnetic and thus difficult to activate since most biological molecules 

have paired spins.1 A reaction between O2 and these molecules is spin forbidden, and 

thus the utilization of a transition metal, namely the Fe of the heme, helps to reduce this 

barrier by reducing O2 to allow for O-O cleavage. The use of H2O2 as an oxidant can be 

problematic, as the reaction between transition metals and H2O2 can generate highly 

reactive hydroxyl radicals when the O-O bond is cleaved homolytically. These hydroxyl 

radicals can then react with the enzyme’s reactive site in a destructive manner. To avoid 

this, the heterolytic pathway is generally preferred, leading to production of H2O with the 

remaining oxygen bound to the iron. 
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Chloroperoxidase is an extracellular fungal heme-enzyme that belongs to the 

peroxidase family. Peroxidases are typically between 30,000-40,000 Da in size, and have 

a single heme connected to the protein via Fe-His ligation. However, CPO is atypical in 

this regard, as Cys29 rather than a histidine is ligated to the heme. Structurally, CPO is a 

heme-thiolate enzyme with a peroxide-like distal pocket: the distal pocket is polar and 

contains an acid-base catalyst, although the catalyst is Glu rather than the typical His. 

Like cytochrome P450 (P450) and nitic oxide synthase (NOS), CPO possesses amide 

hydrogen bonds to the sulfur of the heme thiolate. As for P450s and peroxidases, CPOs 

helical content is approximately 50% of the overall structure; however, the overall 

topology does not resemble these heme proteins.3  In regard to functionality, among the 

several reactions that CPO is capable of catalyzing are peroxidase-, P450-, and catalase-

type reactions, in addition to the enzyme’s signature reaction, chlorination (or more 

generally, halogenation). For these reasons, an attempt to classify chloroperoxidase 

simply by structure or function seems to do a disservice to the protein. However, it has 

most often been referred to as a peroxidase/P450 hybrid. 

 

1.1. Structure 

 

The crystal structure of CPO was solved in 1995 and elucidated many features that had 

been previously predicted, as well as others that were unknown. The crystal structure 

contains 299 residues, which is 52 less than the cDNA sequence.3  The original DNA 

sequence indicates that the complete CPO gene encodes for 373 amino acid residues.4  It 

was determined that the 373-residue long polypeptide chain undergoes two proteolytic 
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cleavages: one removes the 20 –residue signal peptide from the N terminus and the other 

removes 52 residues from the C terminus. There are at least two other post-translational 

modifications, one of which is glycosylation and the other is cyclization of the N-terminal 

Glu.5  Chloroperoxidase is comprised of eight α-helixes segments (A-H), three short 310 

helices (C’, D’ and G’) and a short antiparallel β sheet (see Fig. 1).3  

 

Figure 1: Crystal Structure of Chloroperoxidase (PDB Code: 1CPO)3. 

  

The glycosylation of CPO is fairly extensive and involves both N- and O-linked 

glycosyl chains. The first CPO crystal structure obtained by Poulos et al.3 revealed two 

major isozymes; however, the crystal structure of form A was obtained to a higher 

resolution than that of form B and is thus the form more heavily studied by Poulos et al. 

Form A’s molecular weight is 19% carbohydrate, accounting for 14 glycosylation sites 

and a total of 21 sugar groups.3 Three N-linked glycosyl chains are located on asparagine 
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residues (Asn12, Asn 93, and Asn 216), and the remaining 11 O-linked glycosyl chains 

are located on serine and threonine residues located on the C terminal.3 

The prosthetic group of CPO is a heme b, an iron ligated to protoporphyrin IX. 

Protoporphyrin IX is made up of four pyrrole rings that are interconnected by methane 

bridges. There are four methyl substituents bound in the 1, 3, 5, and 8 positions, two 

vinyl groups bound in the 2 and 4 positions, and two propionates in positions 6 and 7 (see 

Fig. 2). The heme of CPO is bound to the apoprotein via the axial ligand, Cys29, and held 

in place by hydrophopic and hydrogen bonding interactions.  

 

Figure 2:  Protoporphyrin IX6  

Proximal helix A (residues 29-38), which contains Cys29, is oriented nearly 

perpendicular to the heme plane. This orientation is an interesting contrast to P450, in 

which the corresponding helix is oriented nearly parallel to the heme plane. The 

significance of the helix orientation will be discussed further in Chapter 1, Section 5, the 
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“push effect”. Helix A’s orientation is stabilized by hydrogen bonding interactions 

between Asn33 and Ala27, and between Asp37 and Arg26. The sulfur of Cys29 has two 

hydrogen bonding interactions with the amides of Ala31 and Leu32. The roles of the 

NH•••S hydrogen bonds in P450, as well as in NOS and CPO, have been postulated to be 

passive (protection of the axial sulfur; prevention of the formation of the deactivated 

species P420, as well as the prevention of the interaction with diatomics),7-9 as well as 

active (modulation of the “push effect” and the fine tuning of Fe-S bond covalency)8, 10-12 

and is the primary subject of this dissertation.  

As previously mentioned, the distal pocket is polar, which is typical of 

peroxidases. The distal helix, Helix F, contains Glu183, which plays the role of acid-base 

catalyst for the formation of the reactive species, Cpd I. The imidazole side-chain 

nitrogens of His105 form hydrogen bonds with the carboxylate side chain of Glu183 and 

the backbone carbonyl oxygen of Asp106. This set of hydrogen bonds influences the 

effective pKa of the Glu183 carboxylate side chain, which participates directly in the 

formation of Cpd I. Additionally, His105 participates in a proton-shuttle during the acid-

base catalysis of Cpd I. Molecular dynamics (MD) simulations13 have shown that the 

distal pocket changes character from polar (peroxidase-like) to hydrophobic (P450-like) 

during the epoxidation of cis-β-methylstyrene, with Glu183 being displaced out of the 

pocket and the distal cavity’s volume being greatly increased. The results from these 

simulations corrected the prior assumption of an inflexible distal pocket, an assumption 

based on highly constrained molecular modeling studies using X-ray crystallographic 

data, 14 Additionally, the expansion of the distal pocket explains prior experimental 

findings that disruption of the proton shuttle in a Glu183His mutant leads to an increase 
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in the favorability of the epoxidation reaction over other CPO catalytic reactions.15  

Access to the distal pocket is limited to two channels, referred to as the narrow and wide 

channels (see Fig. 3).16  The narrow channel is suggested to be responsible for providing 

halides access to the heme active site. This suggestion is supported by a halide binding 

site found at the surface of the protein and near the narrow channel, as well as two halide 

binding sites on the other end of the channel.16  Although the wide channel is without 

halide binding sites, this does not necessarily mean that halides are incapable of passing 

through the wide channel. However, the wide channel is more likely responsible for 

providing access to larger substrates that undergo 2-electron oxidizations. Experimental 

work has shown that epoxidation of substrates that exceed a 10-linear-carbon-atom chain 

are unable to access the heme, probably due to the width restriction of the channels.17, 18   

 Figure 3: Slice through surface representation of chloroperoxidase. Heme is shown 
in magenta, and the narrow and wide channels are marked by arrows. The yellow 
and blue spheres are the bromide and iodide binding sites, respectively. 
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An additional feature of CPO is a manganese(II) ion that is coordinated to a 

heme-propionate and to residues Glu104, His105, and Ser108, as well as two water 

ligands in an octahedral geometry (see Fig. 4). Early work indicated that the activity of 

the enzyme is not altered by the absence of the manganese(II) ion.3 However, it was 

recently shown that removal of the Mn2+  decreases overall catalytic activity.19  The Mn2+ 

ion in CPO was found to hold together the active domain (see Fig. 4), maintaining the 

preferred conformation, as shown by UV-Vis absorption spectroscopy. Spectra obtained 

from circular dichroism indicates a reduction in CPO’s α-helical character (uncoiling) 

when the Mn2+ ion is removed.19  

 

 

Figure 4: Stereoimage of Manganese binding site. 
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1.2. Function 

Chloroperoxidase is the most versatile heme protein currently known, capable of 

catalyzing a wide range of reactions.20 Chloroperoxidase’s signature function is the 

utilization of chloride, bromide, and iodide ions in the halogenation of organic 

substrates.21-23  At the time of the discovery of these catalytic reactions, the biological 

mechanism for the formation of the carbon-chlorine bond was unknown, and CPO 

provided an opportunity to study this reaction. Since that time, continued research on 

chloroperoxidase has revealed not only a versatile protein whose study contributes to the 

understanding of hemethiolate proteins generally, but also a potential biocatalyst capable 

of producing chiral epoxide products for pharmaceutical synthesis.   

Chloroperoxidase is capable of dehydrogenation, a characteristic of classical 

peroxidase activity; the dismutation of hydrogen peroxide, a characteristic of catalase 

activity; and the monooxygenation (hydroxylation, sulfoxidation, and epoxidation) of 

organic molecules, a characteristic of monooxygenases. The signature function 

(halogenation) is relatively specialized but is also observed in other haloperoxidases such 

as myeloperoxidase MPO, iodoperoxidase (IPO), and bromoperoxidase (BPO). 

Interestingly, CPO is also capable of dehalogenations, similarly to dehaloperoxidase 

(DHP). Additionally, the breadth of CPO’s catalytic diversity is not limited to reaction 

type, but also to the broad range of substrate moieties and sizes CPO is capable of 

interacting with. This diversity will be discussed below. 

In the preceding paragraph, various reactions were classified by the protein family 

characteristically responsible for performing their respective catalytic function. The 

purpose of this classification is to illustrate the many “faces” of CPO. For a more detailed 
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discussion, especially one focused on the relationship between structure and function, it is 

helpful to organize the reactions into three types: the halogenation reaction, which is 

mediated via a diffusible intermediate; one-electron oxidations (peroxidations); and two-

electron oxidations (see Fig. 5).  

 

Figure 5:  Reaction Pathways of CPO. The Catalase and P450 pathways are both 
two electron oxidations.24 
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1.2.1. Halogenation – CPO’s signature function 

 

The mechanism of CPO-catalyzed halogenation is still not completely understood. In 

2006, Manoj made significant contributions in elucidating the chlorination reaction, 

providing experimental results that support the earlier hypothesis that electrophilic 

chlorinating intermediates are produced in the active site of CPO and subsequently 

diffuse out of the protein to chlorinate organic substrates in free solution.17 It is 

speculated that a chloride (Cl-) ion binds to the oxygen of Cpd I and is oxidized to a 

chloride cation (Cl+) to form Fe(III)-O-Cl, which may then react with another chloride 

ion to form Cl2, or release ClO- or HClO (via protonation) into the surroundings. 

However, the identity of the halogenating intermediate is still not known. Since 

chlorination occurs in free solution, substrates to be chlorinated are not size-restricted as 

they would be if the catalytic activity occurred in the distal pocket. Generally, any 

organic molecule that can undergo chlorination is a potential target for synthesis via 

CPO. Exceptions to this general rule include molecules that interfere with protein 

function, such as azide and carbon monoxide (CO). Azide binds to the heme center, 

preventing the formation of chlorinating intermediates, and CO deactivates CPO, forming 

the P420 analog.  

It is reasonable to assume that CPO-catalyzed bromination and iodination also 

occur via diffusible intermediates. Rates obtained from optical assays demonstrate that 

bromination of monochlorodimedon (MCD) occurs at twice the rate of chlorination.22  

Iodization rates for MCD are difficult to obtain, as the formation of iodine (I2) obscures 

the absorbance readings of dimedon, and thus the rate of iodine formation was obtained 
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instead. The resultant rate is 1.5 times the rate of MCD chlorination.22 Fluorination is not 

catalyzed by CPO, as fluoride ions compete with hydrogen peroxide and halogen ion 

binding sites, and are thus an inhibitors of catalysis.22 

 

1.2.2. Peroxidations 

 

It has been suggested that single-electron oxidations (include hydrogen abstractions) 

occur at the surface of the enzyme, where surface residues obtain the oxidative equivalent 

of Cpd I through an electron channel.25 This suggestion is supported by the finding that 

peroxidative substrates do not display the Michaelis-Menten kinetics observed in two 

electron oxidations26, 27 (which occur in the distal pocket), or zeroth-order kinetics as 

observed in chlorinations17, 26, 27 (which depend on the formation of chlorinating 

intermediates in the distal pocket). Furthermore, the pH profiles of different peroxidative 

substrates show optimal activity at different pH ranges,25  suggesting that substrate 

binding occurs with residues possessing different pKas. Chloroperoxidase-catalyzed 

peroxidation has been observed for large substrates, such as 2,2'-azino-bis(3-

ethylbenzthiazoline-6-sulfonic acid) and N,N,N′,N′-tetrabenzylphenylene diamine. As 

previously mentioned, molecules with 10 or more linear carbon atoms are incapable of 

reaching the active site because of the narrowness of the channels. The full range of 

substrates capable of undergoing peroxidation by CPO has not been well studied, as 

CPO’s peroxidative ability is smaller than that of other peroxidases. 
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1.2.3. Two-electron oxidations 

 

Two-electron oxidations catalyzed by CPO include the oxidation of alcohols to 

aldehydes,28 aldehydes to carboxylic acids,29 and dealkylations of alkyl amines.30  

Additionally, there are stereoselective monooxygenations which include hydroxylation,31, 

32 epoxidation,33-39 and sulfoxidation.40, 41  The monoxygenations/P-450 type oxidations 

have significant biotechnological potential and have garnered a significant amount of 

attention. Since P-450 type reactions take place in the distal pocket of CPO, steric 

interactions from particular residue side chains, rather than electronic effects, are likely to 

be the main contributing factor to stereoselectivity. Molecular dynamics simulations of 

cis-β-methylstyrene/CPO-Cpd I complexes found that enantiomeric product ratios are 

likely to be the result of steric interactions with the hydrophobic core (residues Phe103, 

Ile179, Val182, and Phe186).42 Additionally, substrates are limited to those capable of 

entering through the two channels (carbon-atom chains of nine atoms or fewer) that lead 

to the heme center. 

The P-450 type reactions insert oxygen into a substrate via a single two-electron 

oxidation. However, CPO is also capable of performing two-electron oxidations in a step-

wise manner. An example of this is the dehalogenation reaction. Introduction of 2,4,6-

trichlorophenol (TCP) to a steady-state CPO-Cpd I quickly reduced Cpd I to Cpd II.43  

Once all of the H2O2 was consumed, Cpd II was returned to the resting state. Without an 

organic substrate, Cpd I will slowly be reduced to Cpd II, and then to the ferric state (~75 

seconds). However, if TCP is introduced to a steady-state Cpd II (which can remain 
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unaltered for ~10 seconds), the ferric resting state will be obtained relatively quickly (~2 

seconds).43  

Another variation on the 2-electron oxidation motif is CPO’s catalase activity. 

Catalases decompose hydrogen peroxide into H2O and O2. The decomposition 

mechanism occurs via two steps in CPO. The first step is the formation of Cpd I, which is 

a 2-electron reduction of H2O2. Chloroperoxidase “abstracts” an oxygen from H2O2, 

producing H2O and Cpd I. The second step is a 2-electron oxidation, where Cpd I 

“inserts” an oxygen into a second H2O2 to produce O2 and H2O. The words “abstracts” 

and “inserts” are given in quotations because the “abstraction” involves a complex 

rearrangement (discussed in the following section), and the “insertion” has not been 

mechanistically resolved. However, the net result can be considered an abstraction and an 

insertion. 

 

1.2.3.1. Epoxidations 

 

Chloroperoxidase has attracted much attention as a promising template for the rational 

design of synthetic biocatalysts. Chloroperoxidase is capable of producing enantiopure 

chiral synthons that can be used in the production of pharmacological compounds. Of 

particular interest to our group is the epoxidation of olefinic substrates. The Chatfield 

research group has focused on the epoxidation of cis-β-methylstyrene (CBMS),13, 42 as 

CPO is capable of catalyzing this substrate to an enantiomeric excess of 96%, making 

CBMS an excellent substrate for determining the structural features responsible for 
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enantioselectivity.39  Additionally, CBMS has been used in prior experimental and 

computational studies.14 

A study by Gross et al. determined that the epoxidation of olefins by the 

perchlorato-bound model of Cpd I proceeds in two kinetic steps.44  First, there is an 

intermolecular transfer of an electron from the substrate to the oxyferryl moiety. This is 

followed by an intramolecular transfer of an electron from the iron to the porphyrin. The 

two-step mechanism was confirmed by theoretical DFT studies on the heme-thiolate 

[(SH)--Fe4+O2-(N4C20H12)-] Cpd I species.45-48  More specifically, the reaction starts with 

an oxyferryl radical attack on the C=C π bond, forming a C-O bond, followed by C-O-C 

ring closure. The reaction can proceed on nearly degenerate low- and high-spin surfaces 

that possses distinct pathways with competing radical and cationic electronic states. The 

barrier for the formation of the first C-O bond (rate limiting step) correlates with the 

energy of the olefin π-bond,48 while the barrier for the formation of the second C-O bond 

determines the lifetime of the reaction intermediate.45-47  

 

 

 

 

 

 

 



15 
 

1.3. Catalytic Cycle 

 

Figure 6: Cholorperoxidase Catalytic Reaction Cycle. The thick horizontal lines 
represent the porphyrin, so that they together with the Fe-Cys designate the heme 
with proximally bound cysteine. R represents the substrate and RO represents the 
oxygen insertion product. 

The resting state of chloroperoxidase is found to be the high-spin, ferric form.49-51 This 

resting state is pentacoordinated; however, it is possible for water to bind to the resting 

state and convert the high spin state to a low spin state. The binding of H2O and the 

change in spin state were deduced from X-ray structures of substrate-free CPO 16 and 

supported by additional observations that include conversion of high to low spin upon an 

increase in pH (to pH 6.0), as well as a change in temperature (from ambient conditions 

to 77 K).51, 52 The typical activating substrate of CPO is hydrogen peroxide(H2O2), 

although other alkyl peroxides are capable of converting the resting state into the 

catalytic form (Cpd I). The oxygen bound to the heme iron (Oprox) is deprotonated, 
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producting Cpd 0. Subsequently, the distal oxygen (Odist) is protonated, releasing a water 

molecule to form Cpd I. Compound I possesses an iron oxidized to Fe(IV) and a 

porphyrin oxidized to a cationic π radical. From here, Cpd I can either oxidize a substrate 

via an oxygen insertion reaction and return to the resting state, or perform a peroxidation 

and form Cpd II. Compoundd II is structurally almost identical to Cpd I, except that the 

porphyrin no longer possesses the radical. Compound II receives a proton to form a ferryl 

hydroxide, and then receives another proton to release a water molecule and return to the 

resting state.   

 

1.4. Mechanism of Cpd I formation   

 

Focusing on H2O2 as the catalytic substrate, an oxygen atom of H2O2 binds to Fe, 

forming Fe(III)HOOH. There are two possible binding conformations for H2O2 in the 

distal pocket that differ in the hydrogen bonding interactions of Glu183 and the substrate 

(See Fig. 7).  Glutamic acid 183 can hydrogen bond with either the hydrogen of the 

proximal oxygen or the hydrogen of the distal oxygen of the substrate. A computational 

study by Shaik et al. has demonstrated that hydrogen bonding to the distal moiety will not 

lead to formation of the catalytic species, Cpd I.53 Hydrogen bonding must be with the 

proximal moiety, which allows the proton bound to Oprox to be abstracted and form the 

stable intermediate Cpd 0. Formation of Cpd 0 begins when a hydrogen that is covalently 

bonded to Oprox is transferred to a carboxylate oxygen of Glu183, and initially remains 

hydrogen bonded to Oprox. From our findings, the conformation in which Glu183 

hydrogen bonds to the proximal oxygen of Cpd 0 (which we call Cpd0prox) does not 
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possess a local minimum, and is thus unstable (Shaik and coworkers did however, find a 

metastable Cpd 0prox, which they named Cpd 0).53  Instead, deprotonation of Oprox occurs 

concomitantly with a swivel of the –OOH moiety about the z-axis of the heme plane, 

centered on the iron, leading to a conformation with Glu183 and Odist sharing the 

hydrogen bond. 

Figure 7: Possible Binding Conformations of FeHOOH53 
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The stable Cpd 0 conformation thereby formed has Odist hydrogen bonded to the 

protonated-Glu183 (for the remainder of this chapter, this conformation is simply referred 

to as Cpd 0), allowing Glu183 to easily protonate Odist, leading to the release of an H2O 

molecule upon O-O scission. The aforementioned process, in which a distal residue 

performs the duty of acid-base catalyst to deprotonate and protonate a bound peroxide, 

followed by loss of H2O, resulting in Cpd I formation corresponds to the Poulos-Kraut 

mechanism of Cpd I formation.54 The details of the Poulos-Kraut mechanism are still 

debated, in particular whether the protonation mechanism occurs in a stepwise fashion, 

with the formation of a stable protonated Compound 0 intermediate (protCpd0) preceding 

heterolytic O-O scission, or in a single step with O-O bond scission occurring 

concomitantly with proton coupled electron transfer (PCET).53 In the latter case, PCET is 

the second part of a hybrid homo-heterolytic process, where O-O scission is initially 

homolytic, but becomes heterolytic as the proton is transferred to the distal oxygen.  

These issues are at the heart of Chapter 3 and will be addressed in the Results section of 

that chapter. Regardless of the mechanism, the product is the catalytically active species, 

Cpd I, and a water molecule.  

 

1.4.1. Nature of Cpd I and Cpd II  

 

As mentioned above, Cpd I possesses an iron oxidized to Fe(IV) and a porphyrin 

oxidized to incorporate a cationic π radical. These structural determinations were made 

prior to the first crystal structures; magnetic susceptibility and Mossbauer studies showed 

both the iron and the porphyrin to be oxidized, the former to Fe(IV).55, 56  For some 
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peroxidases, such as Cytochrome c Peroxidase (CCP), the moiety oxidized to possess a 

cation radical is an amino acid side chain such as tryptophan, rather than the porphyrin 

ring.56, 57 However, CPO is not among these. The location of the radical is typically 

determined by EPR, and the Fe(IV)=O double bond description was determined from 

Resonance Raman studies58-60 and XAFS.61-63 Initially, there was confusion because these 

studies were in disagreement with early crystal structures, which indicated that the Fe-O 

bond was a single bond and the O was protonated [Fe(IV)-OH].64-67  The confusion was 

determined to be caused by the generation of hydrated electrons (caused by X-rays) that 

can reduce metal centers68 and is currently a well known and manageable issue.  

As has been discussed, Cpd I is capable of one- and two-electron oxidations. The 

two electron oxidations result in CPO returning directy to the ferric resting state, and the 

one electron oxidations result in the reduction of Cpd I to Compound II (Cpd II). In Cpd 

II, the majority of the occupancy of the gained electron is on the porphyrin, and thus there 

is no longer a delocalized cationic radical on the porphyrin ring. Initially, Cpd II is 

structurally nearly identical to Cpd I, but Cpd II may become protonated due to its greater 

basicity (see Fig. 8). Protonation occurs at the oxyferryl oxygen, resulting in a ferryl 

hydroxide. These results have been found experimentally and supported 

computationally.69, 70 This iron(IV) hydroxide will accept a proton from either Glu183 or 

a water molecule in the distal pocket, leading to the production of another water molecule 

and the reduction of Cpd II to the ferric resting state. 
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Figure 8: Formation of Cpd II via one-electron oxidation of Cpd I, possibly also 
with protonation.69 
 

1.4.2. Structural Factors influencing Cpd I formation 

 

Efficient catalytic activity depends on external factors such as substrate concentrations 

and environmental pH, and is reliant on internal factors related to structure and function. 

Herein, we address the influence of protein structure on catalytic activity, particularly via 

modulation of the distal ligand’s pKa and of the redox potential of Cpd I. In CPO, these 

factors are balanced to achieve the enzyme’s particular catalytic characteristics. 

The formation of the catalytic species, Cpd I, is dependent on the pKa of the distal 

ligand. If the pKa of FeHOOH (peroxide bound ferric heme) is too large, the barrier for 

deprotonation will be high and the rate Cpd 0 formation will be slow. Conversely if the 

pKa is too small, Cpd 0 will be difficult to protonate, and the rate of conversion of Cpd 0 

to Cpd I, which is has been proposed to be the rate-limiting step in Cpd I formation in P-

450 and peroxidases,53 will be slow. Additionally, a proton source is required to facilitate 

O-O scission.  

The redox potential of Cpd I is also important for efficient catalytic function, i.e., 

for the oxidation of natural substrates. The redox potential must be large enough not just 
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to perform this function, but to do so at a sufficiently fast rate. Since substrate oxidation 

returns Cpd I to the ferric resting state, a fast rate translates into a high turnover rate, and 

thus an efficient enzyme. Experimental findings have shown that heme redox potentials 

have an inverse correlation with the negative charge on the proximal ligand, resulting in 

an inverse correlation with distal ligand basicity.12 Thus, the factors that facilitate the rate 

limiting step of Cpd I formation hamper catalytic function, and vice versa. Interestingly, 

then, CPO possesses particular structural motifs that balance the trade-off between 

substrate pKa and heme redox potentials. 

 

1.5. Push Effect 

 

As mentioned above, the rate limiting step in Cpd I formation for peroxidases and P-450 

is O-O bond scission. This step is facilitated by an electron “push” from a polarizable 

proximal ligand, leading to a transfer of electron density to the heme iron, as suggested 

by Dawson.71, 72 Manifestations of the push effect have been observed experimentally,73 

and include an increased basicity of distal ligands, a decreased affinity of anionic ligands 

to Fe(III)porphyrins, and a decreased redox potential.74, 75  Recently, a consensus has 

emerged76 that the “push” of the proximal thiolate serves as a balance between the redox 

potential of the heme active center and the basicity of the distal ligand.10, 77, 78  

Additionally, the thiolate “push” promotes the O-O bond scission of Compound 0 by 

increasing the basicity of the distal oxygen.10, 78  As previously mentioned, CPO is unique 

among peroxidases for having a proximal cysteine bound to the heme as opposed to the 

more common histidine. Cysteine provides a stronger push effect than histidine, and thus 
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CPO has a stronger push effect than other peroxidases. As can be seen from model 

studies, cysteine imparts the heme iron with a smaller reduction potential and produces 

substrates with a higher pKa, relative to histidine.79  

It was proposed by Yoshioka et al. that in P-450, and thus by analogy also in other 

heme-thiolate proteins, an increase in π-electron donation from the proximal thiolate into 

the iron, rather than σ-electron donation, is responsible for promoting O-O bond 

heterolysis of the substrate.80 In contrast, an increase in σ-electron donation from the 

proximal thiolate into the dz2 orbital results in a weakening of the trans Fe-substrate 

bond, and is known as the “trans influence.”81, 82 The trans influence was observed upon 

removal of NH•••S hydrogen bonds (by mutation) responsible for tuning down σ-electron 

donation. In the Cpd 0 species, strong σ-electron donation from the axial thiolate to the 

iron dz2 orbital should favor the release of the trans-OOH ligand of Cpd 0. In addition to 

obtaining mutants without the NH•••S hydrogen bonds responsible for regulating σ-

electron donation (Q360L and Q360P) via mutagenesis, Yoshioka et al. also studied the 

L358P mutant, which removes the hydrogen that interacts with the pπ-orbital of the 

proximal sulfur.80 The experimentally observed result is an increase of π-electron 

donation from the thiolate ligand through the iron dxz/yz orbital.  

 

1.5.1. Proximal H-bond influence on Push Effect 

 

Although the push effect is beneficial for reducing the barrier for the rate limiting step of 

Cpd I formation, it also reduces the redox potential, impairing Cpd I’s ability to perform 

oxidations. Additionally, the push effect hampers deprotonation steps found in 
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peroxidative Cpd I formation, e.g., FeHOOH deprotonation. P-450 and CPO both possess 

a proximal cysteine, which produces a push effect stronger than that of proximal 

histidine. One view of the literature suggests that the sulfur/backbone-amide hydrogen 

bonds present in P-450 and CPO serve to reduce the strong push effect. The most 

extensively characterized cytochrome P450, cytochrome P450cam (P450cam), possesses 

three such hydrogen bonds, which include one strong hydrogen bond (from Gly359), and 

two weak hydrogen bonds (from Leu358 and Gln360).83 Although CPO has one fewer 

hydrogen bond than P450cam, both hydrogen bonds (from Ala31 and Leu32) are strong 

in character.3 For specific details on the relative strengths of the hydrogen bonding 

interactions, see Table 3 of Chapter 3.     

As has been previously mentioned, NH•••S hydrogen bonds are capable of tuning 

down electron donation from the sulfur to the iron moiety, reducing the push effect. The 

push effect is observed in Cpd I formation in a CPO model system, where the pKa of the 

substrate is increased, thus reducing the deprotonation barrier and increasing the 

protonation barrier (Chapter 3). Results from model studies analyzing the effect of 

NH•••S hydrogen bonding on a (SH)- thiolate indicate that NH•••S hydrogen bonds 

influence hydroxylation versus epoxidation chemoselectivity, as well as the relative 

ordering of the cationic and radical epoxidation reaction pathways.46, 47. Compound I 

models with (SH)-, Cl-, imidazole, and TyrO--ArgH+ proximal ligands84 show an inverse 

correlation between the epoxidation barrier and the electron affinity.84  The inverse 

correlation suggests that the electropositive environment of the thiolate ligand created by 

NH•••S bonding should favor the epoxidation reaction. Experimental work on P450st 

supports this suggestion85; however, the opposite effect was observed in the case of 
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P450cam.86  As the effect of the NH•••S hydrogen bonds in the model study was 

estimated by adding two ammonia molecules and performing single-point calculations, it 

would seem that a more accurate representation of the unique variations contained in 

heme-thiolate proteins is necessary to understand how the NH•••S hydrogen bonds 

modulate the mechanism of the epoxidation reaction.  

The anionic character of the proximal thiolate ligand in CPO and P450 is 

modulated not just by the NH•••S hydrogen bonding, by also by the electropositive 

environment of the N-terminus of the proximal α-helix.3, 83 Experimental studies of 

heme-thiolate model complexes have shown that the proximal helix increases the Fe+3/+2 

redox potential by 130mV for a CPO model and by 70mV for a P450cam model.87 The 

increase in redox potential is more pronounced in CPO than in P450 because CPO’s 

proximal helix is oriented almost perpendicular to the heme plane, while the proximal 

helix of CPO is oriented almost perpendicular to the heme plane. The perpendicular 

orientation allows CPO’s helix backbone dipole moment to provide the strongest effect 

possible on the Fe-S coordination (Fig. 9). The Cys-Pro-Ala fragment present in the CPO 

model cooperates with the NH•••S hydrogen bonds to stabilize the R-helical 

conformation, as opposed to the P-450 model fragment (Cys-Leu-Ala) which partially 

breaks the R-helix at the N terminus.  The experimental data of Ueno et al.87 described 

above suggest that heme-thiolate enzymes are able to regulate the proximal pocket effect 

by adjusting the proximal helix orientation. Recent work by our group (Chapter 4), where 

the epoxidation of CBMS is studied with a model system representative of the CPO 

active site, including the NH•••S hydrogen bonds and proximal helix, has shown that the 

NH•••S hydrogen bonds together with the proximal helix, increases the redox potential of 
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Cpd I. The increase in redox potential is evident from the reduction of the barrier for the 

rate limiting step, and supports the suggestion that the proximal helix amplifies the 

NH•••S effect.  

 

Figure 9: Relative orientations of the proximal helix to the heme in P450cam 
(parallel) and CPO (perpendicular). 
 

 

1.5.2. Push-Pull  

 

The “push” concept was later expanded to a “push-pull” concept, where in addition to the 

aforementioned “push” from the distal ligand, polar distal residues were suggested to aid 

in O-O bond scission by polarizing the O-O moiety via a “pull.”88 Early experimental 

evidence, in which the mutation of the proximal His to Glu (H157E) or Gln (H175Q) in 

cytochrome C peroxidase resulted in roughly the same rate of Cpd I formation as in the 

wild type, supported the hypothesis that the push effect was of minor significance.89 

Furthermore, the “pull” was considered to be the major driver of Cpd I formation, as 
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supported by the  mutation of the distal histidine to leucine (H52L), which reduced the 

rate of Cpd I conversion by 5 orders of magnitude.90 Additionally, structural and site-

directed mutagenesis studies have demonstrated that proximal-imidazole-containing 

peroxidases are capable of cleaving the O-O bond with the pull effect (exerted by the 

particular hydrogen bond pattern present in the distal pocket) alone.12, 91  

In P-450 and peroxidases, Cpd 0’s distal oxygen is protonated prior to O-O 

scission. Since Cpd 0 already possesses a proton on the distal oxygen, an additional 

proton produces an H2O moiety. Water is an excellent leaving group that facilitates O-O 

scission. On the other hand, P-450 and nitric oxide synthase (NOS) do not possess an 

efficient hydrogen bonding environment in the distal pocket capable of producing a pull 

effect. In light of this, Dawson postulated that the push effect alone was sufficient to 

cleave the O-O bond.71 It was later determined from kinetic isotope effect measurements 

that two protons are required to form Cpd I from the reduced ferrous dioxygen complex 

[Fe(II)-O2].92  The ease with which protonation occurs is a push effect “manifestation”; 

however, the proton source is elusive. The Poulos-Kraut mechanism proposes that for 

peroxidase-catalyzed heterolytic cleavage, an acid-base catalyst is required.54   A similar 

mechanism is likely to occur in P-450 and NOS. Although the distal pocket of P-450 is 

relatively nonpolar, it does contain a polar residue (Asp251) oriented away from the 

heme, that forms an internal ion pair with Arg186.93 In this orientation, Asp251 cannot 

participate as an acid-base catalyst. However, crystal structures obtained for the wild type 

dioxygen-bound ferrous form [Fe(II)-O2]of P-450 showed that water molecules in the 

distal pocket form part of a proton relay system to the dioxygen substrate.94   

Additionally, since it has long been known that Asp251 and Thr252 are important for 
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dioxygen activation, crystal structures of those mutants were obtained (D251N and 

T252A),94 as well as computational studies that model Asp251 and Thr252 in a water 

relay with Cpd 0,95 have been conducted. The results of these studies suggest that for P-

450, protonation of the Fe(II)-O2 to form Cpd 0, as well as the subsequent protonation of 

Cpd 0 are feasible. 

In view of the issues discussed in the literature, which includes the push effect 

tuning down the redox potential, the push effect increasing the pKa of substrates, and the 

reduction of the push effect by the NH•••S hydrogen bonds and the proximal helix dipole, 

we have undertaken the task of determining the extent as to which the proximal region 

reduces the push effect and thus influences the catalytic activity of chloroperoxidase.  In 

chapter 3 of this dissertation, the influence of the NH•••S hydrogen bonds on the 

formation of Cpd I will be addressed. In chapter 4, the focus will be on CPO-Cpd I 

epoxidation of CBMS, and will address the influence of the NH•••S hydrogen bonds and 

the proximal helix dipole on this mechanism.   
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2. Methods 

 

Although experimental methods have been useful in obtaining a significant amount of 

information related to CPO, there are many questions that cannot be answered with 

current experimental tools. Of these questions, the ones of particular interest to our 

research group are mechanistic in nature. More specifically, we wish to understand the 

structure/function relationship of CPO in regard to the mechanisms of Cpd I formation, as 

well as the mechanisms behind the stereoselectivity of CPO-catalyzed epoxidation 

reactions leading to chiral epoxides. To shed light on the aforementioned issues, we have 

chosen a computational approach, varying our methodology with respect to the particular 

question we wish to resolve. Ideally, ab-initio methods are the best choice, as they are 

capable of converging to the exact solution of the Schrödinger equation for a particular 

system and are thus very accurate. However, in view of the cost of these methods, which 

includes memory, disk space, and time, an alternate method that employs approximations 

may be a better choice. When designing a model system, the computational chemist is 

wise to consider not only whether the system contains enough information to accurately 

answer a particular question, but also whether there is any unnecessary information that 

can be removed to reduce the computational cost. Below, various methods will be 

discussed, and their applications addressed.  
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2.1. Quantum Mechanical Methods 

  

Quantum mechanical methods can be divided into two categories: ab-initio and semi-

empirical. Ab-initio, in the context of computational chemistry, refers to the fundamental 

physical principles or “first principles” that are utilized to solve the Schrödinger equation 

for a many-body system. The Hartree-Fock (HF) theory lays the groundwork for other 

ab-initio methods. Hartree-Fock theory produces a wave function that, when operated on 

by the Hamiltonian, produces an expectation value with the lowest possible energy for a 

single-determinantal wave function for a particular basis set.96 Semi-empirical methods 

are also based on a HF formalism; however, they make approximations from empirical 

measurements. All modern semi-empirical methodologies ignore core electrons when 

forming the secular determinant, some neglect differential overlap to varying degrees 

(Complete Neglect of Differential Overlap [CNDO], Intermediate Neglect of Differential 

overlap [INDO], neglect of diatomic differential overlap [NDDO], etc.), while other 

methodologies modify the potential of mean force between atoms. The general principle 

for method developers is to replace time-consuming computational steps such as multi-

dimensional integrals with parameters for the purpose of obtaining experimental 

agreement at a cheap computational cost. As semi-empirical methods are not utilized in 

this dissertation, they are outside of our scope and will not be discussed.  
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2.1.1. Ab-initio Methods 

 

The Hartree Fock Self-Consistent Field method provides a stepping stone for more 

sophisticated theories that aim to produce an accurate solution to the Schrödinger 

equation. Hartree developed the iterative “self consistent field” (SCF) method that 

allowed the construction of one-electron operators h from “guessed” trial wave functions 

(ψ).97  By solving each differential equation for the one-electron Schrödinger equation 

(hiψi = εiψi), a new set of ψ is obtained. The new and more accurate set of ψ is treated as 

a new guess, and the procedure is repeated until the difference between the new and 

preceding sets of ψ falls within a desired threshold. Fock extended the SCF procedure to 

Slater determinantal wave functions,98, 99 as the prior formalism did not include exchange 

effects with the coulombic repulsion.96  The Hartree molecular orbitals, which could be 

individually determined as eigenfunctions of a set of one-electron operators, now include 

the interaction of each electron with the static field of all the other electrons (HF MO). 

The method was later expanded by Roothaan, allowing the HF calculations to be carried 

out using basis sets (set of N exact wavefunctions φ utilized in linear combination) to 

represent the MOs.100  Since approaching the HF limit requires an infinite basis set and is 

thus impractical, much work has gone into identifying the minimum number of 

computationally efficient and chemically useful basis functions necessary to come close 

to the HF limit. 

Although the Slater determinantal wave functions are quite accurate, the general 

four-index integral used to solve the MOs lacks an analytical solution when the basis 

functions are Slater-type orbitals (STOs). Since a numerical solution is expensive, an 
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alternative was provided by Boys, who changed the radial decay of the STOs from e-r to 

e-(r^2).101  The functions proposed by Boys have the form of a Gaussian (Gaussian-type 

orbitals; GTOs) and lead to integrals that can be solved analytically. However, GTOs 

produce s functions that are smooth and differentiable near the nucleus, and have a radial 

decay that is too rapid. To solve this issue, a linear combination of GTOs (referred to as 

‘primitive Gaussians’) is chosen that mimicks an STO, thus providing accuracy to a 

computationally efficient and fast method. It has been found that the best balance 

between speed and accuracy is three primitive Gaussians used in linear combination. The 

basis set is referred to as STO-3G, which is a Slater-type orbital approximated by 3 

primitives. The STO-3G basis set is a “minimal” basis set, meaning that there is only one 

basis function for each type of orbital core through valence. A way to increase flexibility 

is to increase the number of basis functions while using the same number of primitives. 

For example, instead of having 1 basis function (known as a ‘single-ζ’ basis set) defined 

by 3 primitives, it is possible to have 2 basis functions (known as a ‘double- ζ’ basis set) 

or more, where one function is defined by 2 primitives and the other is defined by 1 

primitive. Increasing the number of basis functions in this manner has little effect on core 

electrons, but may be significant for valence electrons, which are subject to chemical 

bonding. To manage these issues, a split-valence basis set is employed, in which the core 

orbitals are represented by a single-ζ basis set, and the valence electrons are split into 

many functions. Using the 6-31G basis set as an example of the notation scheme, the first 

number (six) refers to the number of primitive Gaussians used in the contracted core 

functions, and the numbers after the hyphen refer to the number of primitives used in the 

valence functions. Since there are two numbers after the hyphen (a three and a one), it is 
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double-ζ. If there were three numbers, then it would be triple-ζ, and so on. Although this 

methodology works well for describing atoms, there are times when the HF calculation, 

even while utilizing an infinite basis set, will produce a minimum-energy structure with 

an erroneous geometry. 

 The utilization of atom-centered basis functions from the core up to the valence 

functions is at times inadequate for representing particular geometries. For example, 

using only s and p functions in the determination of ammonia’s geometry will result in a 

planar structure instead of the correct pyramidal structure. In order to add mathematical 

flexibility, basis functions corresponding to one-quantum-number-higher angular 

momentum than that of the valence electrons are added for each atom. In the example of 

ammonia (NH3), nitrogen will contain an additional function ‘d’, and the hydrogens will 

contain an addition function ‘p’. In basis set notation, a star ‘*’ is added to denote that d 

functions have been added to polarize p functions, and two stars (**) indicate that in 

addition to the d functions added to polarize p functions, p functions have also been 

added to polarize s functions. Using the prior example of the 6-31G basis set, including 

polarization functions to the basis set would be expressed as 6-31G* and 6-31G**. 

   Another augmentation used to better represent the properties of a chemical 

system is the addition of diffuse functions. Diffuse functions have small exponents that 

allow a weakly bound electron to be further removed from the rest of the electron density. 

These functions are useful in accurately representing excited states, the highest MOs of 

anions, and calculating acidities and electron affinities.96  In the Pople family of basis 

sets, diffuse functions are represented by a ‘+’, such as in 6-31+G*. A single + indicates 

that heavy atoms are augmented with one s and one p diffuse function, and two 
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successive pluses (eg., 6-31++G**) indicates that in addition to the augmentation on 

heavy atoms, diffuse s functions are added to hydrogens as well. 

 The model system studied in this dissertation contains two particular 

characteristics not easily resolved with the HF methodology as it has been developed in 

this dissertation thus far. First, the model system contains a very heavy element (Fe). 

Very heavy elements contain many electrons, and thus contribute significantly to the 

computational cost. Fortunately, the majority of the electrons are located in the core, and 

can be represented by an effective core potential (ECP). The ECP represents the 

combination of the nuclear and electronic core, and may be adjusted to include 

everything up to the outermost valence shell, or may not include the outermost core when 

the sub-valence shell is considered chemically significant. The second characteristic is 

related to the spin state of our system, for which we have modeled both the doublet and 

the quartet. The methods discussed thus far have been for a restricted hartree fock 

approach (RHF; closed shell systems), and thus assume that all electrons are paired 

(singlet). To solve this issue, an unrestricted hartree fock (UHF) method is used. 

Restricted open shell hartree fock (ROHF) methods solve the unpaired issue by not 

multiplying the density matrix for singly occupied orbitals by two. However, the problem 

with this method is that it fails to account for spin polarization in doubly occupied 

orbitals. To solve this issue, UHF treats the α and β orbitals individually when the MOs 

are constructed. Although spin polarization is desirable, allowing the α and β spins to 

have different wave functions produces a total wave function that is not an eigenfunction 

of the total spin angular momentum operator (𝑆̂𝑆2), resulting in a mixing of other spin 
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states (spin contamination). The degree of contamination varies from system to system, 

and should be evaluated.  

 The final issue that should be discussed before proceeding to the next section is 

dynamical correlation. Dynamical correlation refers to the correlated motion of each 

electron with every other electron, which the HF approximation ignores. Instead, in the 

HF approximation, each electron interacts with all of the other electrons simultaneously 

as a static electric field.96 There are many ab initio methods that are capable of 

incorporating dynamical electron correlation, but discussion of them is outside the scope 

of the dissertation. Density functional theory (DFT), the QM method employed to solve 

the issues at the heart of this dissertation, does not address this issue directly. Instead, 

DFT utilizes the Kohn-Sham methodology102 discussed in the section below. 

 

2.1.1.1. DFT 

 

Wave functions are difficult to work with, as they are complex, antisymmetric [for 

fermions]; have 3N spatial coordinates [where N is # of electrons] and N spin 

components; and difficult to interpret (probability densities raised to the one-half power). 

Density functional theory allows for the determination of the energy and other properties 

of a system by utilizing a physical observable, the electron density. The scaling 

(dependence of computer time on N) behavior of DFT is no worse than N3, where N is 

the number of Kohn-Sham orbital basis functions. Density functional theory scales better 

than HF theory by at least a factor of N, and much better than other methods that include 

electron correlation.96 
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 A wavefunction contains all the information about a system, but can the electron 

density be utilized in the same manner?  The Hohenberg-Kohn existence theorem, which 

proves (via reductio ad absurdum) that the ground-state density determines the external 

potential, and thus the Hamiltonian, answers this question with an emphatic yes!103  

However, the exact form of the density functional is not known, and approximate forms 

of the exchange-correlation energy are used. DFT thus yields an exact solution to an 

approximate problem. In addition to the Hohenberg-Kohn existence theorem, the 

Hohenberg-Kohn variational theorem shows that the density obeys a variational 

principle. Thus, starting with an appropriate initial density guess, an energy can be 

obtained that is greater than or equal to the true ground-state energy (true in the sense that 

the approximate system can be solved exactly) .103  All that is needed is a methodology 

for obtaining improved “guesses” of the density, as well as a way around calculating the 

energy expectation value of the Hamiltonian, which requires solving the Schrödinger 

equation. 

Kohn and Sham simplified the Hamiltonian by expressing it as a sum of one-

electron operators (non-interacting system of electrons).102  By taking the fictitious 

system that has a ground-state density equal to some real system (interacting electrons), 

the energy functional can be divided into components for analysis. The components are 

the kinetic energy of the non-interacting electrons, the classical electron-electron 

repulsion, the correction to the kinetic energy to account for electron-electon interaction, 

and all the non-classical corrections to the electron-electron repulsion.96  The last two 

components, the corrections to the kinetic energy and non-classical electron-electron 
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repulsions, are combined into a single term referred to as the exchange correlation energy 

(Exc). In addition, the correction to the classical self-interaction energy is included in this 

term.   

In principle, DFT is an ab initio method as there are no approximations and 

Hohenberg and Kohn proved that a functional for the density must exist. However, in 

practice DFT is semi-empirical, as the form of the functional of the density is not known. 

Instead, approximations are used for both the exchange and the correlation. The 

functional used in our work is the B3LYP hybrid functional, where the “B” represents the 

Becke88104 generalized gradient approximation (GGA) exchange functional, “LYP” 

represents the Lee, Yang, and Parr GGA correlation functional,105 and the “3” represents 

the three parameters (a, b, and c) Becke used to fit a similar functional (B3PW91 to the 

G1106 set of molecules.107, 108  More specifically, the functionals were fit to the 

atomization energies, ionization potentials, proton affinities, and total atomic energies.  

Although it is not evident in the name, the B3LYP hybrid functional employs the 

contribution of the Hartree-Fock exact exchange functional to the energy (ExHF) as well 

as the contribution of the local density approximation (LDA) to the energy with respect to 

both exchange and correlation (EXLDA and ECLDA). 

𝐸𝐸𝑋𝑋𝑋𝑋𝐵𝐵3𝐿𝐿𝐿𝐿𝐿𝐿 =  (1 − 𝑎𝑎)𝐸𝐸𝑋𝑋𝐿𝐿𝐿𝐿𝐿𝐿 + 𝑎𝑎𝑎𝑎𝑋𝑋𝐻𝐻𝐻𝐻 + 𝑏𝑏Δ𝐸𝐸𝑋𝑋
𝐵𝐵 + (1 − 𝑐𝑐)𝐸𝐸𝐶𝐶

𝐿𝐿𝐿𝐿𝐿𝐿 + 𝑐𝑐𝐸𝐸𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿109 where A, B, 

and C were optimized to 0.20, 0.72, and 0.81, respectively. 
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2.2. Molecular Mechanics  

 

Computational QM methods have proven themselves useful in solving a variety of 

chemical questions. However, QM methods are computationally expensive, and thus are 

unable to treat large model systems and/or long-time dynamics, even when utilizing the 

fastest semi-empirical methods. To address these issues, classical mechanics can be 

employed to calculate and model the various physical properties of a system, although 

chemical properties generally cannot be directly addressed. In molecular mechanics 

(MM) methods, also referred to as force-field methods, atoms (or in the case of coarse-

grained methods, groups of atoms) are represented as hard spheres with given mass, 

radius, charge, and polarizability, and bonds are represented as springs with an 

equilibrium bond distance and spring constant. The physical values of the aforementioned 

properties are obtained from experiment and quantum mechanical calculations. In order 

to calculate the potential energy surface (PES) of a system, the contribution to the energy 

of the all the bond stretching, bond angle bending, dihedral torsion, electrostatic 

interactions (Coulomb potential), van der Waals interactions, as well as coupling terms 

are taken into account. The exact functional form of each contributor to the PES varies 

with choice of force field. In this dissertation, we have chosen the CHARMM22 force 

field,110 with which our group has prior experience. Additionally, we have included 

CMAP corrections,111 as they improve the dynamical and structural properties of 

proteins.112  

A force field consists of a functional form that defines how the energies and 

forces of each particle in a system are calculated. Additionally, a force field contains a set 
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of parameters that defines how the relative positions of atoms determine the energy. The 

general scheme is given by the following expression.109   
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Kb, KUB, Kθ, Kχ, and Kimp are the bond, Urey-Bradley, angle, dihedral angle, and 

improper dihedral angle force constants, respectively; b, S, θ, χ, and φ are the bond 

length, Urey-Bradley 1,3-distance, bond angle, dihedral angle, and improper torsion 

angle, respectively, with the subscript zero representing the equilibrium values for the 

individual terms. The non-bonded interactions are made up of the Lennard-Jones 6-12 

term and the coulombic term. In the Lennard-Jones 6-12 term, 𝜀𝜀 is the Lennard-Jones 

well depth, Rmin is the distance at the Lennard-Jones minimum, and rij is the distance 

between atoms i and j. In the coulombic term, q is the partial atomic charge, ϵ1 is the 

effective dielectric constant, and rij is the distance between atoms i and j.110 

In the CHARMM22 force field, the intermolecular parameters, which include the 

Coulomb and Lennard-Jones parameter, are chosen from prior CHARMM force fields or 

ab-initio calculations on rigid monomers. These values are used to determine the 

intramolecular parameters, which include the bond length, Urey-Bradley, bond angle, and 

improper dihedral angle terms, whose initial values were chosen from structural and 

vibrational data. Using the improved intramolecular parameters, the intermolecular 
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parameters are then improved, and the procedure is repeated until convergence is 

obtained. The Urey-Bradley and improper dihedral terms are not obvious in their utility 

and warrant mention. The Urey-Bradley term is a harmonic term in the distance between 

atoms 1 and 3 in some of the angle terms, and is utilized on a case-by-case basis during 

the final determination of vibrational spectra, as it provides a more accurate 

representation of in-plane deformations and is capable of separating symmetric and 

asymmetric bond stretching modes.110  The improper dihedral term is necessary for 

maintaining proper geometry and chirality.  

 Molecular mechanics has great utility in finding equilibrium geometries and 

conformations, as well as in running dynamics. The major advantage MM has over QM is 

computational speed, making calculations on large model systems and/or long dynamics 

runs are possible. Where molecular mechanics falls short is in the inability to describe the 

electronic environment, and thus descriptions of bonding, chemical reactivity and 

chemical selectivity are unattainable. In order to make use of the advantages molecular 

mechanics and quantum mechanics provide, the two are combined into a hybrid quantum 

mechanics/molecular mechanics (QM/MM) multiscale method.  

 

2.3. QM/MM 

 

Hybrid quantum mechanics/molecular mechanics (QM/MM) methods are capable of 

simulating chemical reactions in large systems. For example, a catalytic reaction 

occurring in the active region of a protein can be modeled in the presence of the entire 

protein, as well as including the solvent environment. The entire system is partitioned 
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into an inner region treated quantum-mechanically, and an outer region treated with 

molecular mechanics. The difficulty in this type of system lies in calculating the 

interactions between the two regions, as they strongly interact, and thus the energy of the 

entire system cannot be treated simply as a sum of the energies of the two regions. To 

properly account for the interaction between two regions that were treated at different 

levels of theory, a region that separates the two regions (designated the boundary region) 

must be well defined and carefully treated. There are a variety of schemes for expressing 

the entire energy of the system, as well as electrostatic and van der Waals interactions 

between the two regions, and the bonded interactions between the two regions. For the 

work in this paper, an additive scheme was chosen for expressing the energy of the 

system, the electrostatic embedding scheme was used to describe the coulombic 

interactions between the two regions, and the covalent bonds across the boundary are 

treated with a link-atom scheme, where the dangling bond is capped with a hydrogen 

atom. Since van der Waals interactions between the two systems are only significant for 

the atoms at the boundary, only pairs of atoms, where one atom is from the QM region 

and one atom is from the MM region, are considered. These van der Waals interactions 

are treated at the MM level; however, to avoid spurious electrostatic interactions, MM 

atom groups closer than 2 Å to the hydrogen link atoms are removed. 
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Figure 10: Partitioning of the system into the MM, QM, and boundary regions.113 

 

The entire energy of the sytem [EQM/MM(S)] in the additive scheme is the sum of 

the outer region treated at the MM level [EMM(O)], the inner region and the link atoms 

treated at the QM level [EQM(I+L)], and the interaction between the two regions [EQM-

MM(I, O)], where [EQM-MM(I, O)] is the sum of the electrostatic, van der Waals and 

bonded interactions between QM and MM atoms.113   

𝐸𝐸𝑄𝑄𝑄𝑄/𝑀𝑀𝑀𝑀(𝑆𝑆) =  𝐸𝐸𝑀𝑀𝑀𝑀(𝑂𝑂) + 𝐸𝐸𝑄𝑄𝑄𝑄(𝐼𝐼 + 𝐿𝐿) +  𝐸𝐸𝑄𝑄𝑄𝑄−𝑀𝑀𝑀𝑀(𝐼𝐼,𝑂𝑂)  

Since the link atoms are not part of the real system, a correction to the energy is justified 

and often expressed as −[𝐸𝐸𝑀𝑀𝑀𝑀(𝐿𝐿) +  𝐸𝐸𝑀𝑀𝑀𝑀(𝐼𝐼, 𝐿𝐿)]. 

𝐸𝐸𝑄𝑄𝑄𝑄/𝑀𝑀𝑀𝑀(𝑆𝑆) =  𝐸𝐸𝑀𝑀𝑀𝑀(𝑂𝑂) +  𝐸𝐸𝑄𝑄𝑄𝑄(𝐼𝐼 + 𝐿𝐿) +  𝐸𝐸𝑄𝑄𝑄𝑄−𝑀𝑀𝑀𝑀(𝐼𝐼,𝑂𝑂) −  [𝐸𝐸𝑀𝑀𝑀𝑀(𝐿𝐿) +  𝐸𝐸𝑀𝑀𝑀𝑀(𝐼𝐼, 𝐿𝐿)]  

However, the use of this correction is often omitted, as it is unclear if the energy of the 

model is improved. In the case of our system, the correction was deemed unnecessary as 
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our interest is not in absolute energies, but rather comparative models. The contributions 

of the link atoms cancel out when comparing our respective model systems.  

As mentioned above, the coulombic interactions are treated using an electrostatic 

embedding scheme. In this scheme, the QM-MM electrostatic interaction is treated at the 

QM level, where the MM point charges are incorporated as one-electron terms in the QM 

Hamiltonian.  

𝐻𝐻𝑄𝑄𝑄𝑄/𝑀𝑀𝑀𝑀 =  � ��𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣𝑎𝑎𝑎𝑎 + 𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎 �
𝑖𝑖∈𝑄𝑄𝑄𝑄𝑎𝑎∈𝑀𝑀𝑀𝑀

 

This scheme is obviously much more accurate and costly than the simpler mechanical 

embedding scheme, where QM-MM interactions are treated as MM-MM electrostatics. 

Additionally, the electronic structure of the QM region can adapt to changes in the MM 

environment and become polarized.  

 

2.4. Software and Analytical Tools 

 

Obtaining data from computational methods is often as simple as reading the output file 

generated during a computational run. However, there are times when additional software 

is required to interpret data. Herein, we will discuss the various types of data generated 

and the software required to obtain that data. 

Our research group has utilized two particular software packages for obtaining the 

potential energy surface (PES) of the quantum mechanical systems. These two programs 

are NWChem 6.3114 and Gaussian 09.115  NWChem has the benefit of being open-source 

and scaleable to thousands of processors, while Gaussian is well known for being a 
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robust QM package. Therefore, for the time-consuming computational jobs, NWChem 

was the program of choice, and Gaussian was used to obtain the single point energies of 

the stationary points obtained in NWChem. The energy of the system is easily obtained 

from the output files of both programs. Other forms of data must be specifically 

requested from the input file, or analyzed from the output file using an external program. 

For example, if the Mulliken spin density and Mulliken charge are required, the request 

must be specified in the input file of NWChem (Gaussian provides this data 

automatically). Additionally, if the geometry(ies) of a computational run requires analysis 

for the interpretation of a reaction coordinate, the generated outputted geometries of a 

“scan” (successive geometry optimizations along a reaction coordinate, where an internal 

coordinate is constrained and all other coordinates are allowed to relax) can be visualized 

using a program such as Molden 5.0.116    

 

2.4.1. Structural information  

 

We have made use of two programs for analyzing structural data. These programs are 

VMD 1.9.2 and Molden 5.0.116, 117  The VMD program works well with files obtained 

from the protein data bank (PDB; files have extension .pdb). The VMD program can 

interpret geometric data such as bonds, angles, and dihedrals; add hydrogens to structures 

obtained from X-ray crystallography; and adjust the way a structure is represented by 

changing colors, adjusting the lighting, and altering the representations of the atoms (e.g., 

ball and stick models, licorice, ribbons, etc.)  Molden is not as flexible as VMD, but it is 

a lightweight program that can interpret data quickly. It is most useful when visualizing 
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output coordinates (file extension .xyz). As with VMD, bonds, angles, and dihedrals can 

be obtained. 

 

2.4.2. Population Analysis 

 

Population analysis refers to the study of charge distributions. It is useful for analyzing 

the electronic properties of molecular systems.  To determine the partial atomic charges 

and spin densities on atoms or moieties of interest, there are a few choice analytical 

methods available. The Mulliken scheme (Mulliken population analysis; MPA) is quite 

common, as it is available in most molecular modeling software programs.118-121  

Mulliken population analysis is computationally cheap, and works well when comparing 

changes in partial charge between different geometries. Mulliken population analysis is 

derived from the linear combination of atomic orbitals (LCAO) and is thus derived from 

the wave function, and the electrons are partitioned according to the degree to which the 

atomic orbitals’ contribute to the overall wave function. It is intuitive and generally 

sensible that electrons associated with only a single basis function belong to a single 

atom, and thus the Mulliken approach gives full occupancy of these electrons to a single 

atom (this simplicity becomes problematic when using diffuse functions). Determining to 

what degree a shared electron belongs to particular atom is difficult and Mulliken 

suggested evenly distributing these electrons, resulting in one of the disadvantages of the 

Mulliken method; the difference in electronegativities between atoms in a molecule is 

undeterminable. An additional disadvantage of MPA is that it varies significantly when 
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different basis sets are used. When non-orthonormal basis sets are used, it is possible for 

the individual basis functions to have occupation numbers greater than 1.122  

 An alternative method to MPA is Natural Population Analysis (NPA), which uses 

orthonormal natural atomic orbitals (NAOs).123 The NAOs are derived by diagonalization 

of the localized block of the full density matrix of a molecule for basis functions on a 

particular atom. In other words, NAOs are composed of basis sets of single atoms. A 

benefit of this method is that atomic partial charges converge to a stable value as the size 

of the basis set is increased, unlike MPA. However, NPA charges tend to be the largest in 

magnitude amongst population analysis methods.  

 

2.4.3. Molecular Orbitals 

 

An additional tool for the analysis of a chemical system is the visualization of molecular 

orbitals. Since our QM method of choice is DFT, the MOs that are visualized are Kohn-

Sham MOs. The Gaussian output gives the occupancy of MOs, and the contribution of 

AOs to each MO. In order to visualize the MOs, it is necessary to use a stand-alone utility 

called “cubegen”, is part of the Gaussian 09 package.115  Cubegen produces a cube file 

from a Gaussian checkpoint file, and contains volumetric data that can be read by 

Gaussview 3.0.124  Gaussview is then used to visualize the MOs. A visual representation 

of MOs is useful because distortions to the MOs in response to changes in nuclear 

structure (primarily a result of changes in the contributions of AOs) can be analyzed and 

compared. In the case of a reaction profile, it is possible to observe the movement of 

electrons as a reaction proceeds. However, this can be very complicated, as some MOs 
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span a large number of atoms and the exact AO-composition of the MOs is not provided 

by the software.  

 

2.4.4. Molecular Mechanics Software 

 

The aforementioned CHARMM force fields are available with the CHARMM software 

package 125 The CHARMM software package is capable of utilizing other force fields, 

and has been developed primarily for studying biomolecular structures. However, 

CHARMM is useful for a wide range of many-particle systems. In our work, CHARMM 

was used to “fit” a QM model system into the full enzyme environment. The QM atoms 

were assigned electrostatic potential (ESP) charges and CHARMM van der Waals 

parameters. The MM region of the apo-protein was optimized while the QM region 

remained fixed. Finally, the QM/MM method was used to obtain the energy of the system 

using the previously described additive scheme. Further details are given in Chapter 4, 

which describes calculations using a QM/MM method. CHARMM is capable of 

significantly more, such as performing dynamics, conformational and path sampling, the 

construction of models, as well as a variety of analytical techniques.  
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3. Influence of the Proximal Pocket Hydrogen Bonds on the Mechanism of 

Chloroperoxidase Compound I Formation 

Reproduced with permission from Pardillo, A. D.; Morozov, A. N.; Chatfield, D. 

C., Proximal Pocket Hydrogen Bonds Significantly Influence the Mechanism of 

Chloroperoxidase Compound I Formation, J. Phys. Chem. B, 2015, 119, pp 12590–602, 

Copyright 2015 American Chemical Society. 

 

 

3.1. Introduction 

 

Chloroperoxidase (CPO), an enzyme isolated from the marine fungus Caldariomyces 

fumago, is a heme-thiolate protein with exceptional versatility. The signature function of 

CPO is to utilize chloride, bromide, and iodide ions in the halogenation of organic 

substrates.21-23 CPO is also capable of dehydrogenations, which are characteristic of 

classical heme peroxidases,126, 127 the dismutation of hydrogen peroxide, which is 

characteristic of catalase,126, 128 and monooxygenation of many organic molecules, which 

is characteristic of monooxygenase.74 Like peroxidases, CPO forms its reactive species, 

Compound I (Cpd I) and Compound II (Cpd II), using a suitable peroxide as a substrate, 

and has a polar/charged residue in the distal pocket to assist as a general acid-base in the 

formation of Cpd I (Glu183; see Scheme 1 for the mechanism of formation of Cpd I and 

the notation for the various species to be discussed). However, like P450, CPO uses a 

cysteine-thiolate as the proximal heme ligand, and the distal binding pocket can be made 
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hydrophobic by displacement of the Glu183 side chain.13, 42 CPO can thus be considered 

a P450-peroxidase hybrid. 

The strong electron-donating axial thiolate ligand has been proposed to facilitate 

O-O bond scission of the ferric hydroperoxide intermediate, Compound 0 (Cpd 0; see 

Scheme 1), an influence termed the “push effect” by Dawson.71, 88 The push effect 

appears to operate by raising the pKa of Cpd 0, favoring protonation of the distal oxygen 

(see Fig. 11a for definition of proximal and distal oxygens),80 leading to facile O-O 

heterolysis as suggested by Harris & Loew.78 The push effect does not appear to 

substantially weaken the O-O bond prior to protonation. Density functional theory (DFT) 

studies on cytochrome P450 calibrated with sulfur K-edge XAS measurements show that 

the axial thiolate does not weaken the O-O bond relative to a neutral imidazole ligand. 

Based on experimental findings, Yoshioka et al. proposed more specifically that a π-

electron donation by the axial thiolate promotes protonation of the distal oxygen, leading 

to facile O-O heterolysis, an influence they termed the “π-push effect.”80 

Scheme 1: Reaction mechanism of Cpd I formation from the heme-peroxide complex; 
PCET and classic heterolytic. Cpd II is not illustrated, as it is not part of our study. Cpd 
II has the same structure as Cpd I, with the exception that the cationic radical delocalized 
about the heme is no longer present, as a result of a one-electron reduction of Cpd I. 
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A more controversial issue and the subject of this paper is the influence of 

hydrogen bonds to the axial sulfur on the push effect, in particular for the formation of 

Cpd I. In both P450 and CPO, several hydrogen bonds extend to the thiolate sulfur from 

the polypeptide amides that surround it (NH•••S hydrogen bonds). P450cam possesses 

three such hydrogen bonds, one of which is strong (from Gly359), while two are weak 

(from Leu358 and Gln360).83 CPO possesses two such hydrogen bonds (from Ala31 and 

Leu32), and both are strong.3 Table 1 compares the geometries of the P450cam and CPO 

NH•••S hydrogen bonds in crystal structures [the P450cam structures (2cpp83 and 

1dz4129) are of the ferric resting state and the CPO structure (2J5M130) is of Cpd 0; 

hydrogens were placed using the Visual Molecular Dynamics software program,117 with 

N-H distances of 1.06 Å]. A range of roles for the NH•••S hydrogen bonds has been 

postulated, from passive (protecting the axial sulfur) to active (modulating O-O bond 

scission in Cpd 0). In particular, it has been proposed that in P450, the function of 

NH•••S hydrogen bonds is mainly to prevent the proximal cysteine from being 

Figure 11: a. Notation for substrate oxygens. b. Notation for ring nitrogens used by 
Shaik et al.53 The perspective is looking “down” from the distal pocket. His105 can be 
seen extending from the heme in the same direction as the heme propionate side chains. 
c. Model system (Cpd I arbitrarily chosen) with proximal region included and NH•••S 
hydrogen bonds shown as dotted lines.  



50 
 

protonated, which leads to the deactivated species P420, or reacting with diatomics.7-9  

On the other hand, Poulos suggested that the NH•••S hydrogen bonds modulate the push 

effect of the thiolate ligand.12 Computational studies on model systems demonstrated the 

NH•••S hydrogen bonds shorten and strengthen the Fe-S bond.131, 132 Computational 

studies on model compounds showed that NH•••S hydrogen bonds influence the 

regioselectivity of the P450-catalyzed oxidation of propene by differential alteration of 

the barriers for epoxidation and hydroxylation,46 as well as increase the rate-determining 

barrier for the NOS-catalyzed formation of nitric oxide by 2.0 kcal/mol.133  It has been 

suggested that the NH•••S hydrogen bonds are responsible for fine tuning Fe-S bond 

covalency.8, 10, 11 Work on arene-thiolate compounds,134, 135 alkane thiolate compounds,136 

and tri- and tetra-peptide-heme-thiolate complexes,137 all found that the NH•••S hydrogen 

bonds increased the reduction potential of the heme, although Ueno et al. found a smaller 

increase when the P450 proximal environment was mimicked most closely.131 Studies of 

heme redox potentials along a series of P450cam mutants showed that as the number of 

hydrogen bonds to the sulfur of the axial cysteinate ligand, Cys357, decreased, the 

reduction potential decreased.80 However, the changes were modest compared to those 

seen for some of the model compounds, possibly because these mutants removed the 

weak (from Leu358 and Gln360) but not the strong (from Gly359) hydrogen bonds. The 

strong NH•••S hydrogen bond in P450 was estimated to tune the reduction potential up 

by >200 mV and to tune the anisotropic π covalency down, lowering the rotational 

barriers of the proximally bound oxygen intermediates and allowing for reorientation 

towards conformations that enhance reactivity, on the basis of sulfur K-edge X-ray 

absorption spectroscopy experiments coupled with DFT calculations.10 The sensitivity of 
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calculated Fe-S bond π-covalencies to the presence of NH•••S hydrogen bonds in small 

model systems indicated that the NH•••S hydrogen bonds may influence the bond 

strength.10, 11 At the same time, small shifts of the S(σ)→Fe(III) charge transfer (CT) 

transitions obtained via magnetic circular dichroism (MCD) spectroscopy in P450 model 

systems with five-coordinate high-spin ferric hemes show that removal of the hydrogen 

bonds results in only minor effects on the properties of the Fe–S bond, and is thus not 

significant for the fine tuning of Fe-S bond covalency.7, 8  But again, this work was 

restricted to mutants that removed only the weak hydrogen bonds. On balance, although 

there has been some thought to the contrary, the preponderance of work on P450 

indicates that strong, but not weak, hydrogen bonds to the axial sulfur influence the redox 

potential and the Fe-S bond covalency to a significant extent, and thus are likely to exert 

a significant influence on the formation of Cpd I. One would expect an even greater 

effect in CPO in view of the stronger hydrogen bonding to the proximal sulfur. For this 

reason, we set out to directly calculate the influence of amide hydrogen bonds to the axial 

sulfur on the formation of Cpd I in CPO. 

 

Residue r (N···S) r (S···H) θ (N-H-S)
P450 (2cpp)

Leu358 3.57 3.63 78.40
Gly359 3.25 2.60 121.40
Gln360 3.40 3.21 92.10

P450 (1dz4)
Leu358 3.53 3.53 81.44
Gly359 3.31 2.58 129.40
Gln360 3.27 3.06 93.10

CPO (2J5M)
Ala31 3.41 2.70 126.20
Leu32 3.46 2.44 175.86

Table 1: Comparison of P450cam and CPO 
proximal pocket NH•••S hydrogen bonds. 
 

Distances r (Å) and angles θ (o) are given for  
selected x-ray structures (pdb entries given). 
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Shaik et al. performed calculations on the conversion of ferric CPO with 

hydrogen peroxide bound to the heme (FeHOOH) to Cpd I, using a DFT-based QM/ MM 

approach on the full enzyme.53, 138 The preferred pathway from FeHOOH to Cpd I was 

found to proceed on the doublet surface through Cpd 0.53 The mechanism begins with the 

abstraction of a proton from the proximal oxygen, Oprox, of the FeHOOH complex, 

leading to Cpd 0prox, a Compound 0 conformer possessing a hydrogen bond between 

Oprox and the Glu183 side-chain carboxylate. Reorientation of the hydrogen bond to 

extend to the distal oxygen, Odist, rather than Oprox, yields a more stable conformer that 

we designate Cpd 0 (Scheme 1).1    In the next step, protonation of Odist by neutral 

Glu183 and O-O bond scission occur, with water departing. The O-O bond scission step 

was found to occur via a hybrid homo-heterolytic mechanism, beginning in a homolytic 

manner but converting to heterolytic when an electron and a proton are transferred 

simultaneously [proton coupled electron transfer (PCET)]. The nature of O-O bond 

cleavage during the formation of Cpd I may vary from enzyme to enzyme and is actively 

debated.139-141 Scheme 1 shows both the hybrid homo-heterolytic and the classic 

heterolytic mechanisms. For the latter, protonation of Cpd 0 leads to a protonated 

intermediate, protCpd0, prior to electron transfer and departure of water. The 

experimental and theoretical results of Dey et al. for P450cam11 suggest that the explicit 

inclusion of proximal NH•••S hydrogen bonds in a quantum mechanical computational 

model is necessary to reproduce the experimental results. 

                                                            
1Shaik et al. labeled the conformers differently, calling the former (our Cpd 0prox) Cpd 0 
and the latter (our Cpd 0) Cpd 0rearr. We have chosen the alternative labeling because, in 
our systems, generally only the conformer with a hydrogen bond to Odist is stable, and 
thus it is most straightforward to use the simpler label, Cpd 0, for this conformer.[33]  
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The work of Shaik et al. on the formation of Cpd I in CPO demonstrated that the 

enzyme environment has a significant influence.53, 138 However, the particular influence 

of the NH•••S hydrogen bonds has not been identified separately from the overall 

influence of the enzyme environment. In view of the theory that the push effect is crucial 

for O-O scission73 and thus a critical driving force for the formation and reactivity of Cpd 

I, as well as that the second coordination sphere, especially hydrogen bonding to the axial 

ligand, may modulate the strength of the push effect, we have set out to determine the 

influence of the NH•••S hydrogen bonds on the formation of CPO Cpd I. To do so, we 

isolated the influence of the NH•••S hydrogen bonds from other influences by building a 

model of the active site (vide infra), and we performed calculations of the formation of 

Cpd I with and without the proximal region present. The results have implications for the 

role of NH•••S hydrogen bonds in CPO and also in other heme thiolate proteins such as 

P450 and nitric oxide synthase (NOS). 

On the basis of our results, we are able to address the following questions:  What 

influence do the NH•••S hydrogen bonds have on the formation and stability of Cpd 0 

and Cpd I? Do the NH•••S hydrogen bonds affect the preference for a hybrid homo-

heterolytic or a classic heterolytic process for O-O bond scission?  We find that overall 

barriers for transformation of the peroxide bound heme (FeHOOH) into Cpd I are similar 

with and without the proximal region; however, Cpd 0 is formed more easily (barrier 

reduced by 7.7 kcal/mol; Fig. 12) and is a more stable intermediate with the proximal 

region present. We find that the NH•••S hydrogen bonds modulate the favorability of a 

hybrid homo-heterolytic mechanism by stabilizing Cpd 0 and destabilizing protCpd0. 

Overall, the NH•••S hydrogen bonds appear to fine tune reactivity by reducing the pKa of 
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the heme-bound peroxide, thereby decreasing the barrier for mechanistic steps which 

involve deprotonation of the peroxide substrate and increasing the barrier when 

protonation of the substrate is involved. Interestingly, it was observed that protCpd0 is 

stabilized by a distal hydrogen bonding network in which the distal oxygen forms 

hydrogen bonds with a porphyrin ring nitrogen and with the carboxylate of Glu183. The 

destabilization of protCpd0 upon inclusion of the proximal region derives in part from a 

weakening of this hydrogen bonding network. The aforementioned findings, which 

Figure 12: Reaction profile for the FeHOOH  Cpd I transformation on 
the doublet surface, for the model system with (model B) and without 
(model A) a proximal region present. The first transition state was only 
optimized with the B1 basis set, so the energy value denoted with the * 
represents the B3//B1 level of theory. The PES’s with and without ZPE 
corrections are represented by solid and dashed lines, respectively. 
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pertain to the doublet surface, are also obtained on the higher-energy quartet surface (Fig. 

13).  

 
Figure 13: Reaction profile for the FeHOOH  Cpd I transformation on the 
quartet surface, for the model system with (model B) and without (model A) a 
proximal region present. The three transition states are in fact near transition 
states, and are thus denoted with an asterix. The PES’s with and without ZPE 
corrections are represented by solid and dashed lines, respectively. The zero of 
energy is taken as the energy of 2FeHOOH for the respective model. 
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3.2. Methods 

 

The active region of chloroperoxidase is represented by a model system containing a 

heme (without the vinyl and propionate side chains) with a proximally bound SCH3 

(representing Cys29), and distal pocket residues Glu183 (modeled as CH3COO-), His105 

(modeled as 4-methylimidazole), and Asp106 (modeled as the backbone structure 

CH3CONHCH3). In crystal structures3, 12, 130 and MD simulations,13, 14, 42, 142 the 

imidazole side-chain nitrogens of His105 form hydrogen bonds with the carboxylate side 

chain of Glu183 and the backbone carbonyl oxygen of Asp106. This set of hydrogen 

bonds influences the effective pKa of the Glu183 carboxylate side chain, which 

participates directly in the formation of Cpd I. For this reason, we considered inclusion of 

all of these moieties in the QM model system essential. Exclusion of any of them alters 

the reaction profile significantly (data now shown). A comparative model system which 

adds the proximal residues Pro30, Ala31, and Leu32 was then built for the purpose of 

determining the influence of proximal-pocket amide-sulfur hydrogen bonds on Cpd I 

formation (Fig. 11c). For later reference, we will refer to the systems without and with 

the proximal residues as models A and B, respectively. The relative orientation of the 

aforementioned residues with respect to the heme was obtained from a crystal structure of 

the Cpd 0 species found in the protein data bank (PDB code 2J5M130). This orientation 

was maintained with constraints, using ghost atoms, without interfering with Glu183 and 

His105 side chain flexibility. To evaluate the importance of the strength of the amide-

sulfur hydrogen bonds, a set of model B structures was created in which the hydrogen 

bond distances between the amides and the Cys-S were constrained to different values. In 
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the crystal structure, the N-S distances for the amide hydrogen bonds from residues 

Ala31 and Leu32 are 3.41 Å and 3.46 Å, respectively. This pair of distances was varied 

from 3.11, 3.16 Å  to 3.61, 3.66 Å in increments of 0.1 Å  for the segment of the reaction 

mechanism from Cpd 0 to Cpd I. Reaction profiles were then obtained while maintaining 

these constraints. 

QM calculations were performed using NWChem 6.3114 for geometry 

optimizations and Gaussian 09115 for single point energy calculations of the stationary 

points. Stability checks were performed to ensure correctness of the wave functions. The 

hybrid DFT functional B3LYP104, 105, 107, 108 and a double-ζ basis set augmented with 

polarization functions (6-31G(d)) and a LANL2DZ pseudopotential143, 144 on the iron 

(LACVP; basis set B1) were used for geometry optimizations of model B in which the 

amide-sulfur hydrogen bond distances were varied from their crystal-structure values. All 

other geometry optimizations were performed with addition of diffuse functions (6-

31+G(d)) on all atoms except Fe (basis set B2). For the stationary points obtained with 

B2, single point energies were calculated using the Wachter's all electron basis set145 

augmented with diffuse d and polarization f functions for the iron, and the 6-31++G(d,p) 

basis set for the rest of the atoms (basis set B3). Values discussed in the paper will be at 

the highest level of theory (B3//B2), except when the discussion involves modulation of 

the NH•••S hydrogen bond distances, which will be presented with LACVP (B1) results. 

However, transition state 1 (TS1) was not optimized with basis set B2, as this structure 

was quite problematic to obtain using basis set B1, due to the very flat potential energy 

surface (PES). 
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As mentioned earlier, prior calculations showed the doublet surface to be 

preferred for Cpd I formation.53 We obtained the quartet surface in addition to the doublet 

surface, though, for two reasons: First, our model system does not contain the full 

enzyme environment, which could potentially be responsible for stabilizing the doublet 

surface relative to the quartet surface. Second, the doublet and quartet states of Cpd I are 

nearly degenerate.53 For these reasons, a study of the proximal hydrogen bond influence 

on the doublet/quartet splitting in Cpd I is warranted. 

The reaction coordinate was determined by starting with an optimized Cpd I 

heme-thiolate, adding the distal residues of model system A together with the 

aforementioned ghost atoms and constraints, and optimizing to allow for side-chain 

flexibily. Next, protCpd0 was obtained by introducing H2O to the system and performing 

a relaxed geometry scan with the H2O approaching the oxygen of Cpd I. All stationary 

points for the full reaction profile were then obtained via a series of restrained 

optimizations, following the reaction coordinate in reverse from protCpd0 to the peroxide 

bound species (FeHOOH). All approximate stationary points obtained with restrained 

optimization were subjected to full optimization. To check for hysteresis effects, the 

barrier for each step was also calculated in the forward direction. No hysteresis effects 

were observed. The relative orientations of the distal-pocket residues with respect to each 

other and to the heme were well maintained, with moderate side-chain flexibility, across 

all species along the reaction coordinate (see overlaid structures in Fig. A1). 

The method for obtaining the transition states was abbreviated for the quartet 

surface, as the computational demands were high and this surface was not the main focus 

of our study. Once it became apparent that all quartet stationary points (with the 
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exception of Cpd I) were significantly higher in energy than their respective doublet 

counterparts, the time consuming calculations necessary for obtaining fully optimized 

transition states was avoided. Instead, near transition state structures were obtained with 

the restrained optimization procedure described above. The structural and energetic 

differences between the approximate and fully optimized transition states were small for 

the doublet surface, so we expect the quartet transition state energies reported to represent 

quite accurate lower bounds. 

Minimum energy paths were obtained by following the intrinsic reaction 

coordinate (IRC)146 in the forward and reverse directions, beginning with each transition 

state. In the resulting reaction profile (Fig. 12) and throughout this paper, FeHOOH is 

taken as the zero of energy unless otherwise stated. At the B1 level, frequency 

calculations were performed on all stationary points with the exception of the unbound 

ferric resting state. From these calculations, zero point corrections to the energy (ZPE) 

were obtained. Mulliken charges and spin densities were analyzed to verify the electronic 

structures of the reaction endpoints and intermediates. Mulliken analysis of electronic 

aspects of the reaction was supplemented with Natural Population Analysis (NPA)123, as 

NPA suffers less than Mulliken analysis from sensitivity to basis set size, especially upon 

addition of diffuse functions. 
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3.3. Results 

 

Below we first discuss the PES without ZPE corrections, followed by discussion of the 

ZPE corrections, for each stage of the reaction. This facilitates comparison with previous 

calculations in the literature that did not include ZPE corrections.53  All data discussed 

regard the doublet surface unless otherwise expressly stated. 

 

3.3.1. Reaction from FeHOOH to Cpd 0  

 

Starting with model A, we introduce hydrogen peroxide to the heme system to form the 

bound complex, FeHOOH. The orientation of HOOH is stabilized by two hydrogen-

bonding interactions, one between Oprox and the Glu183 carboxylate, and the other 

between Odist and atom NB of the porphyrin ring [porph(NB); see Fig. 11b]. Because the 

pKa’s of a heme-bound peroxide and glutamatic acid are similar,147 it is very difficult to 

deprotonate Oprox and create a Cpd 0 conformer in which Oprox is hydrogen-bonded to a 

neutral Glu183 (Cpd 0prox). One can create Cpd 0prox using constraints, but it is not stable; 

removal of the constraints yields FeHOOH upon subsequent optimization. Apparently the 

heme thiolate raises the pKa of the bound H2O2, preventing stabilization of Cpd 0prox. 

Instead, deprotonation occurs via an angle bending mode with concomitant torsion of the 

N-Fe-O-O dihedral, leading directly to Cpd 0, the conformer with an Odist-Glu183 
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hydrogen bond (ΔE‡ = 20.5 kcal/mol).2 At the transition state, rotation of the -OOH 

moiety about the Fe-O axis breaks the hydrogen-bonding interaction of porph(NB) with 

Odist, leading to an orientation of the substrate that allows for a favorable Odist–

Glu183(O) hydrogen bonding interaction. This stabilizes the proton on Glu183 and 

maintains it at a far enough distance from Oprox to disfavor reprotonation (Fig. 14), with a 

reverse barrier of 3.8 kcal/mol. The deprotonation of FeHOOH by Glu183 to form Cpd 0 

is endothermic, with Cpd 0 lying 16.7 kcal/mol higher in energy. It is interesting to note 

that it is unlikely that Glu183 would be able to deprotonate FeHOOH if Odist were 

hydrogen bonded to porph(NA) rather than to porph(NB), as the substrate would have an 

orientation lacking favorable Glu183(O)-Oprox hydrogen bonds. 

Inclusion of proximal residues 29-32 (model B) causes significant change to the 

energetics of the reaction from FeHOOH to Cpd 0. In FeHOOH, there is a decrease in the 

                                                            
2 All energetic values provided were obtained with the B3//B2 basis set for each species. 
The exception is TS1, for which the B3//B1 basis set was used, as B2 optimizations were 
unfeasible for this saddle point.  

Figure 14: Structures for FeHOOH, TS1, and Cpd 0 for model B. Those for model 
A are very similar. See Tables 2a and 2b for key distance data. The proximal 
region has been removed for simplicity. See Figure 11c for depiction of the 
proximal region.  
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charge on the sulfur (natural charge of 0.01 without proximal region present vs -0.09 with 

it), an increase in the charge on the iron (natural charge of 0.84 vs 0.87), weakening of 

the Fe-S bond (2.215 vs 2.249 Å), and strengthening of the Fe-O bond (2.290 vs 2.190 Å) 

for the FeHOOH species (see Tables 2a and 2b for bond distances). Thus there is a 

weakening of the normal trans influence, suggesting that the thiolate’s push effect is 

reduced by the NH•••S hydrogen bonds introduced with Ala31 and Leu32. The barrier for 

deprotonation of Oprox to yield Cpd 0 is reduced by 7.7 kcal/mol, from 20.5 to 12.8 

kcal/mol, with respect to model A. This can be explained as a consequence of a reduction 

in the pKa of the heme-bound peroxide substrate, also attributable to a reduced push 

effect. In model B, as in model A, deprotonation of FeHOOH leads directly to a Cpd 0 

conformer possessing an Odist-Glu183 hydrogen bond, via an angle bending mode with 

concomitant torsion of the N-Fe-O-O dihedral (Fig. 14). The proximal region stabilizes 

Cpd 0 by 5.4 kcal/mol (difference between model A and model B energies of Cpd 0 

relative to FeHOOH). However, unlike for model A, it was also possible to obtain a 

stable Cpd 0 conformer possessing an Oprox-Glu183 hydrogen bond. Nevertheless, upon 

optimizing a near-transition-state conformation for the rearrangement of the hydrogen 

distances in Å Fe+HOOH FeHOOH TS1 1 Cpd0 TS2 protCpd0 TS3 Cpd I
Fe-S 2.239 2.249 2.364 2.367 2.326 2.314 2.370 2.663
Fe-O - 2.190 1.882 1.904 1.983 1.970 1.764 1.619
O-O 1.466 1.451 1.467 1.471 1.494 1.500 1.720 -

Fe-N(avg.) 2.025 2.031 2.031 2.037 2.033 2.031 2.029 2.030

distances2 in Å Fe+HOOH FeHOOH TS1 1 Cpd0 TS2 protCpd0 TS3 Cpd I
Fe-S 0.024 0.034 0.048 0.068 0.053 0.057 0.068 0.079
Fe-O - -0.100 -0.028 -0.043 -0.017 -0.060 -0.014 -0.002
O-O - -0.002 -0.009 -0.009 -0.002 -0.004 -0.056 -

Fe-N(avg.) -0.009 0.008 -0.001 -0.002 -0.004 -0.004 -0.007 -0.005

Table 2a: Interatomic distances for model B 

Table 2b: Difference between interatomic distances for models B and A 

 

1TS1 distances obtained with B1 basis set. 2Distance is model B minus model A. 
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bond from Oprox to Odist, the transition state was found to be lower in energy than the 

putative stable conformer possessing an Oprox-Glu183 hydrogen bond, and IRC 

calculations towards that conformer led directly to FeHOOH. This region of the PES is 

very flat, and thus small perturbations of a barely stable structure led to an alternate and 

energetically more favorable reaction coordinate where a stable Cpd 0 conformer with 

Oprox-Glu183 hydrogen bonding is not found. 

The charges and spin densities for FeHOOH, TS1, and Cpd 0 are in agreement 

with prior calculations, confirming the correctness of the electronic states.139 Natural 

charges and spin densities are given in Table 3. Mulliken values, which as mentioned 

earlier are more sensitive to basis set size, are given in Tables S5-S8 for comparison with 

prior work. Trends in the Mulliken and natural values are generally similar, with for 

example the Mulliken spin density on iron being ~0.1 larger than the natural value across 

all species. Changes in the charges and spin densities reflect the progress of reaction in 

Species highlighted in gray are for model A; those not highlighted are for model 
B. *TS1 was obtained only at the B3//B1 level. 
 

Table 3: Natural Charge and Spin Density for Stationary Points 
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understandable ways. For example, the natural spin densities on Fe and Oprox decrease 

and increase, respectively, as Cpd 0 is formed, from values of 0.94 and 0.01 (FeHOOH, 

model B) to 0.89 and 0.10 (Cpd 0, model B), reflecting strengthening of Fe-O bonding. 

Comparison of models A and B reveals that NH•••S hydrogen bonding induces charge 

polarization of the heme-thiolate, giving more negative charge on S and more positive 

charge on Fe and Oprox across all species, as has been noted previously.131, 148  

 The ZPE corrections alter the picture developed so far only slightly. The energy 

of Compound 0 is reduced, relative to FeHOOH, by 2.0 and 1.7 kcal/mol for models A 

and B, respectively. The stabilization of Cpd 0 due to the proximal region is thus 5.2 with 

ZPE included vs 5.4 kcal/mol without. With ZPE, the barrier to formation of Cpd 0 is 

reduced by 1.5 kcal/mol for both models. The barrier reduction due to inclusion of the 

proximal region is thus 7.6 kcal/mol with ZPE included vs 7.7 kcal/mol without. 

 

3.3.2. Reaction from Cpd 0 to Cpd I  

 

We initially sought a transition state for model A analogous to the one found for the 

hybrid homo-heterolytic process identified in calculations on the full enzyme,53, 138 using 

a reaction coordinate that combined the protonation and O-O bond scission steps. 

However, we were unsuccessful after repeated attempts. Instead, Cpd 0 was transformed 

into Cpd I via a two-step, classic heterolytic mechanism: protonation of the distal oxygen 

leads to a stable protCpd0 intermediate, followed by electron transfer and O-O bond 

scission as H2O departs; see Fig. 15. However, the barrier for protonation of Cpd 0 is 

small, 1.5 kcal/mol, and the reverse barrier converting protCpd0 back to Cpd 0 is even 



65 
 

smaller, 1.1 kcal/mol. Thus protCpd0 is only marginally stable, and small environmental 

influences could conceivably remove its stability altogether, yielding a one-step, 

concerted process of transformation of Cpd 0 into Cpd I. From protCpd0, the barrier for 

bond scission to yield Cpd I is also modest at 3.2 kcal/mol. 

 

Figure 15: Structures for Cpd 0 through Cpd I for model B. Those for model A are 
very similar. See Tables 2a and 2b for key distance data. The proximal region has 
been removed for simplicity. See Figure 1c for depiction of the proximal region.  

   

With the proximal region present (model B), a classic heterolytic mechanism is 

still obtained, but with several differences from model A. The barrier for protonation of 

Cpd 0 increases from 1.5 to 4.0 kcal/mol. The formation of protCpd0 from Cpd 0 
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becomes more endothermic by 2.7 kcal/mol and the barrier for O-O bond scission 

increases from 3.2 to 4.3 kcal/mol, leading to a net 3.8 kcal/mol increase in the barrier for 

transformation of Cpd 0 into Cpd I. Furthermore protCpd0, marginally stable without the 

proximal region, becomes even less stable upon inclusion of the proximal region, as the 

reverse barrier leading back to Cpd 0 is reduced from 1.1 to 0.8 kcal/mol. Apparently, 

then, inclusion of the proximal region reduces the relative favorability of a classic 

heterolytic over a hybrid homo-heterolytic mechanism. Because the NH•••S hydrogen 

bonds reduce the push effect, these findings support the hypothesis that the push effect 

makes protonation of the Cpd 0 more favorable, leading to facile O-O heterolysis.78, 80 

Without ZPE corrections to the PES, then, our model B mechanism is different 

from the mechanism deduced from QM/MM calculations on the full enzyme.53 In the 

QM/MM work, proton transfer occurred after incipient homolytic O-O bond cleavage. 

The bond-cleavage transition state was later than for model B [O-O distance of 1.816 vs 

1.720 Å (Table 2a)] and had a ferryl iron rather than a ferric iron (vide infra). The 

cleavage process became heterolytic only after this transition state. Electron transfer to 

the departing H2O occurred directly from the iron, which converted briefly to the 

perferryl (5+) oxidation state before a further electron transfer from the porph/SCH3 

moiety returned it to the ferryl state to give Cpd I. 

When ZPE corrections are included, the barrier separating Cpd 0 and protCpd0 

disappears altogether for both models A and B: the energy of the TS2 structure is below 

that of both Cpd 0 and protCpd0. For model A, protCpd0 has an energy very slightly 

below (0.4 kcal/mol) that of Cpd 0. This is indicative of a very flat PES, with facile 

interchange of the proton between Glu183(O) and Odist. For model B there is a 3.0 
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kcal/mol difference between the ZPE-corrected energies of Cpd 0 (9.5 kcal/mol) and 

protCpd0 (12.5 kcal/mol). Compound 0 is clearly favored, and there is no evidence that 

protCpd0 is a stable intermediate after correcting for ZPE. This is consistent with the 

QM/MM calculations on the full enzyme, which yielded a one-step, concerted process for 

the transformation of Cpd 0 into Cpd I.53 The model B calculations thus demonstrate that 

the NH•••S hydrogen bonds increase the favorability of such a process over a classic 

heterolytic mechanism. Because the stable intermediate is protCpd0 for model A but Cpd 

0 for model B, the NH•••S hydrogen bonds effectively increase the barrier separating the 

intermediate and Cpd I by 2.6 kcal/mol (from 4.3 kcal/mol for model A to 7.0 kcal/mol 

for model B). 

Interatomic distance data (Tables 2a and 2b), as well as the charges and spin 

densities (Table 3, S2, and S3), provide insight into this mechanism. We begin with 

discussion of model A. In the overall neutral system, a natural charge of -1.00 is 

distributed over the porphyrin ring and methyl thiolate (porph/SCH3, Table 3) in the 

protCpd0 species. The porph/SCH3 moiety has a very small total spin density (0.09). The 

value of the Mulliken spin density on the iron, 0.96, indicates a ferric iron34 (the natural 

spin density is 0.83). The short O-O distance, 1.504 Å, indicates that cleavage has not 

begun. As protCpd0 distorts to TS3, there is transfer of negative charge from Oprox to 

Odist, consistent with incipient heterolytic cleavage as the O-O bond distance increases to 

1.776 Å; at TS3, the iron remains ferric. After TS3 is passed, an electron is transferred 

out of the porph/SCH3 moiety, as indicated by the charge and spin density on that moiety 

in Cpd I (-0.48 and -1.03, respectively). Simultaneously, the OH2+ moiety accepts an 

electron and departs as neutral H2O [natural charge decreases from 0.56 (protCpd0) to 
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0.42 (TS3) to 0.00 (Cpd I)]. The charge on Oprox returns to roughly its value in protCpd0. 

During the transformation from TS3 to Cpd I, the spin density on Oprox increases from 

0.01 to 0.90, and an increase in the natural spin density on the iron to 1.13 [the Mulliken 

values are 1.26 (B1) and 1.39 (B3//B2)] indicates a ferryl (4+) iron in Cpd I. This is 

consistent with the orbital description of doublet Cpd I discussed elsewhere, in which 

there are three unpaired electrons, distributed as follows: one alpha electron in a πxz 

orbital [formed from O(px) and Fe(dxz) orbitals], one alpha electron in an Fe(dyz) orbital, 

and one beta electron in an a2u-like orbital delocalized over the porph/SCH3 moiety.131, 

139, 149, 150 

Trends in the charges and spin densities are similar for model B. However, 

inclusion of the proximal region (model B) decreases the charge on the sulfur and 

increases the charge on the iron across all species. Smaller increases in the charge on 

Oprox and even smaller increases on Odist are also observed. The proximal region also 

decreases the magnitude of the spin density on the sulfur atom in Cpd I, indicating that 

the NH•••S hydrogen bonds cause the porphyrin/sulphur based radical to be localized to a 

greater extent on the porphyrin ring. This is consistent with prior computational work 

comparing a bare Cpd I heme-methylthiolate to a QM/MM P450 Cpd I model,148 in 

which the protein environment shifted the occupancy of the radical from the sulfur to the 

heme (the sulfur spin density was changed from -0.728 to -0.349, close to Rapid Freeze-

Quench ENDOR experimental results on CPO in which the Cpd I sulfur spin density 

maximum is -0.23128). Our results show that the NH•••S hydrogen bonds contribute 

significantly to this shift (sulfur spin density changed from -0.786 to -0.605). It is 

important to note that, although it has been suggested that using -SH as the proximal 
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thiolate ligand provides better agreement with DFT/MM results than using -SCH3 or 

even the full cysteine ligand,151 we chose to use SCH3. We made this choice because, 

although -SH gives a more realistic delocalization of the Cpd I radical (%porphyrin 

occupancy vs %sulfur occupancy), the methyl thiolate more accurately represents the 

proper geometry of the proximal thiolate (Fe-S-C angle of ~109° as opposed to Fe-S-H 

angle of ~98°)150 and thus more accurately represents the proper hybridization of the s 

and p orbitals. Given the postulate that a π-push effect influences reactivity,80 enforcing 

this geometry may be important so that S(p)-Fe(d) orbital overlap is maintained. 

We also investigated the relationship between the strength of the NH•••S 

hydrogen bonds and the stability of the protCpd0 intermediate. The residues of the 

proximal region were incrementally displaced relative to the proximal sulfur to adjust the 

length of the NH•••S hydrogen bonds while approximately maintaining their orientation, 

and the portion of the reaction profile for the transformation of Cpd 0 into Cpd I was 

calculated. Tests show that the B1 level of theory correctly reproduces trends in the 

barrier heights (Fig. A2), so B1 was used to reduce computer time for these repetitive 

calculations. The results are shown in Table 4; for conciseness, the notation 3.X is used to 

indicate that the pair of backbone amide(N)-sulfur distances is 3.X1 Å for AlaN(H)•••S 

Table 4: Energetic data for the portion of the PES from Cpd 0 to TS3 

NH···S distance ΔEp
TS2 ΔEdp

TS2 ΔEsci
TS3

3.1 Å 4.38 1.18 5.50
3.2 Å 4.30 0.96 5.20
3.3 Å 4.21 0.98 5.16
3.4 Å 4.11 1.03 5.11
3.5 Å 4.00 1.07 5.05
3.6 Å 3.88 1.14 5.03

Model A 2.05 2.81 4.71

∆EpTS2 is the barrier for protonation of Cpd 0 (∆EpTS2 = ETS2-ECpd 0), ∆EdpTS2 is 
the barrier for deprotonation of protCpd0 (∆EdpTS2 = ETS2-EprotCpd0), and 
∆EsciTS3 is the barrier for O-O bond scission to form Cpd I (∆EsciTS3=ETS3-
EprotCpd0). 
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and 3.X6 Å for LeuN(H)•••S. It was found that the barrier for protonation of Cpd 0 is 

directly correlated with hydrogen bond strength, while the stability of protCpd0 (as 

judged from ∆EdpTS2, the barrier for deprotonation of protCpd0) is inversely correlated 

with the hydrogen bond strength.3  While the changes in barrier heights might appear 

modest, assuming a simple Arrhenius relationship leads to the prediction that the NH•••S 

hydrogen bonds decrease the rate of protonation of Cpd 0 by a factor of up to 49 and 

increase the rate of deprotonation of protCpd0 by a factor of up to 22 at 300 K for the 

range of structures given in Table 4. The rate of transformation of protCpd0 into Cpd I is 

increased by a factor of up to 3.7. These results reinforce the observation that the NH•••S 

hydrogen bonds contribute to the preference of full-enzyme models of CPO for hybrid 

homo-heterolytic rather than classic heterolytic O-O bond scission. 

The proximal region influences some key bond lengths (Table 2a and 2b). 

Inclusion of the proximal region weakens the Fe-S bond and strengthens the Fe-O bond 

for the Cpd 0, protCpd0, and Cpd I species, as it does for FeHOOH. The O-O bond is 

slightly shortened by inclusion of the proximal region in all species. The effect is about 

an order of magnitude smaller than the effects on the Fe-S and Fe-O bonds. These 

observations are reinforced by corresponding trends as the NH•••S hydrogen bond 

distances are varied (Table 19). 

We conclude this section with two remarks concerning hydrogen bonding in the 

distal pocket. The first pertains to two hydrogen bonds that stabilize protCpd0, one 

                                                            
3 The reverse barrier for the shortest hydrogen bond (S-N distance of 3.1 Å ) deviated 
from this trend due to a methyl rotation in the proximal region of the protCpd0 species 
that helped to stabilize the structure. 
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between Odist (donor) and porph(NA), and another between Odist (donor) and the Glu183 

carboxylate. Inclusion of the proximal region (model B vs model A) weakens the 

Odist(H)-porph(NA) hydrogen bond (the N-H distance is increased from 1.749 Å to 1.762, 

and the N-H-O angle is reduced from 151.9° to 149.9°), while strengthening the Odist(H)-

OGlu183 hydrogen bond (OGlu183-H distance decreased by 0.05 Å), pulling the OdistH2 

moiety away from NA and yielding a process closer to hybrid homo-heterolytic. 

The second remark concerns the importance of Asp106. In initial attempts to 

obtain a reaction profile for the transformation of Cpd 0 into Cpd I, the model A system 

was built without Asp106. In the full enzyme, His105 is doubly protonated, with the 

imidazole nitrogens forming hydrogen bonds with the Glu183 carboxylate and the 

backbone carbonyl oxygen of Asp106. We maintained this His105 protonation in the 

model systems, but without Asp106, obtaining the reaction profile in reverse to test for 

hysteresis was problematic. Although Cpd 0 is a stable stationary point, obtaining it 

beginning from protCpd0 required a complicated, two dimensional constrained 

optimization, probably because the pKa of His105 is unrealistically low without the 

stabilizing influence of Asp106. When Asp106 was included in the system, hysteresis 

effects and the need to use multiple constraints to obtain the reaction profile disappeared. 

We conclude that Asp106 is an essential part of a “proton shuttle triad” consisting of 

Asp106, His105, and Glu183, and that inclusion of Asp106 in the QM region during 

modeling may be essential for obtaining correct reaction profiles. 
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3.3.3. Quartet surface  

 

The quartet PES lies at higher energy than the doublet PES. The doublet-quartet splittings 

are in the range 12-14 kcal/mol for model A except at the FeHOOH and Cpd I endpoints 

(Table 5). For model B, the splittings are reduced by ~5-7 kcal/mol for all stationary 

points except TS1 and Cpd I, for which the splittings are nearly the same for both models. 

In Fig. 13, the quartet PES is depicted referenced to the 2FeHOOH zero of energy for the 

respective model, A or B. The quartet PES is somewhat flatter than the doublet PES in 

the Cpd 0-to-protCpd0 region but is otherwise quite similar for the two models. Thus the 

influence of the NH•••S hydrogen bonds on the quartet PES mimics that on the doublet 

PES. As on the doublet PES, there is a small barrier to protonation of Cpd 0 that 

disappears once the ZPE is included, for both models. The mechanism on the quartet 

surface is also best described as classic heterolytic for model A but hybrid homo-

heterolytic for model B. The peroxide and iron interact only weakly in the 4FeHOOH 

binding complex, leading to a large Fe-O distance (2.726 Å and 2.681Å for models A and 

B respectively), due to a π*[dz2(Fe)-p(O)] antibonding interaction. The doublet-quartet 

splittings are qualitatively similar to those obtained in QM/MM calculations on a full-

enzyme model of CPO53 except for the 4FeHOOH binding complex, which is more 

tightly bound in the earlier calculations (Fe-O distance 0.212 Å shorter and energy 7.1 

kcal/mol lower than in model B). This difference is probably due our use of a larger basis 

set, which included polarization and diffuse functions on all atoms during geometry 

optimization. 
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Table 5: Doublet-Quartet splitting (kcal/mol)* 
  Model A Model B 
FeHOOH 6.8 2.2 
TS1 13.2 13.4 
Cpd 0 13.9 9.1 
TS2 13.8 7.7 
protCpd0 12.5 7.4 
TS3 12.6 7.8 
Cpd I 0.5 0.3 

 
*Quartet energy minus doublet energy, B3//B2 level, including ZPE calculated at B1 
level. Absolute energies of all stationary points are given in the SI. 

 
 

3.3.4. Polarity effects   

 

The influence of the portion of the protein environment omitted from the model systems 

was estimated by employing an implicit solvation model with a dielectric constant 

representative of the protein interior.  The in vacuo calculations described thus far 

effectively use a delectric constant of unity. To represent the protein interior, the implicit 

solvation model PCM152, 153 was employed using a dielectric constant of ε = 5.7 and a 

scaled van der Waals radius for the solute-solvent boundary (α=1.1). Single-point 

energies were calculated with the B1 basis set at the B1-optimized geometries for the 

doublet surface, for both models A and B. All energies were reduced relative to the gas 

phase, with the greatest effect being on Cpd 0.  

Inclusion of the increased-dielectric environment reduces the barrier and reaction 

energy for Cpd 0 formation.  For models A and B, TS1 is reduced by 12.3 and 10.0 

kcal/mol, respectively (Table 6). The contribution of the NH•••S hydrogen bonds to the 

reduction of the TS1 barrier is decreased by 2.3 kcal/mol (from 6.2 to 3.9 kcal/mol).  For 



74 
 

model B, inclusion of the dielectric environment produces a Cpd 0 that is more stable 

than FeHOOH by 1.7 kcal/mol. The deprotonation of FeHOOH for model B with the 

increased-dielectric environment closely resembles the results obtained with QM/MM 

work.53  It is reasonable to expect a stable Cpd 0prox intermediate for both models A and 

B when the dielectric environment is included. 

Although the increased-dielectric environment reduces the deprotonation barrier 

of Cpd 0, it increases the protonation barrier of Cpd 0. For model B, the energy of the 

transition state leading to protCpd 0 is reduced by 3.3 kcal/mol; however, since the 

dielectric environment significantly stabilizes Cpd 0 by 10.0 kcal/mol, the overall effect 

is an increase in the protonation barrier (by 6.7 kcal/mol). ProtCpd0 is no longer a stable 

intermediate in either model system, even without inclusion of the ZPE corrections. Since 

protCpd 0 is no longer stable, we conclude that both the increased-dielectric environment 

and the NH•••S hydrogen bonds contribute to the preference for a single-step conversion 

of Cpd 0 into Cpd I.  The barrier for the Cpd 0 to Cpd I step is significantly increased, 

and is primarily attributed to the significant stabilization of Cpd 0. Overall, the effect of 

NH•••S hydrogen bonds on the reaction profile in the higher-dielectric environment is 

similar that in gas phase even though the reaction profile looks quite different because of 

the large stabilization of Cpd 0 relative to other species. 
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Table 6: Influence of the Dielectric Environment (kcal/mol)  

 

 

3.4. Discussion 

 

3.4.1. Formation and stability of Cpd 0  

 

The proximal region causes a substantial increase in the stability of Cpd 0 and a reduction 

of the barrier to its formation. The energy of Cpd 0 is 14.7 and 9.5 kcal/mol for models A 

and B, respectively, with ZPE included. The corresponding barriers for formation of Cpd 

0 are 19.0 and 11.3 kcal/mol (Figure 12). On this basis, the NH•••S hydrogen bonds are 

predicted to increase the rate of the forward reaction to form Cpd 0 by a factor of 3.8 x 

105 at 300 K. These differences are mainly a pKa effect resulting from a reduction of the 

bound peroxide’s pKa by the NH•••S hydrogen bonds. Overall, the proximal region 

reduces the relative energy and the barrier to formation of Cpd 0 by over 30%, enabling 

more facile formation of Cpd 0 and increasing its concentration in reaction mixtures. 

 

3.4.2. Stability of Cpd I   

 

The proximal region impacts the stability of Cpd I, an important factor for the reactivity 

of the enzyme that has been related to the Cpd 0/Cpd I relative energy (ECpd0-ECpdI). Here 



76 
 

we discuss energies without ZPE corrections for comparison with literature values for 

other enzymes. Inclusion of the proximal region raises the energy of Cpd I by 1.5 

kcal/mol and lowers the energy of Cpd 0 by 5.4 kcal/mol, resulting in a 6.9 kcal/mol 

reduction (from 29.2 to 22.2 kcal/mol) in the Cpd 0/Cpd I relative energy. The model B 

value is near the upper end of the range of values obtained in QM/MM calculations on a 

set of structures selected from MD simulations of the entire enzyme (15.0 to 23.8 

kcal/mol).138  By comparison, Cpd 0/Cpd I relative energies of 27 kcal/mol and 8-10 

kcal/mol have been calculated for horseradish peroxidase (HRP)140, 154 and P450cam,141 

respectively. Experimentally, the stability of Cpd I in horseradish peroxidase (HRP), 

CPO, and P450 follows the order HRP>CPO>P450. Thus the proximal region reduces 

the Cpd 0/Cpd I relative energy, primarily by stabilizing Cpd 0 (as noted previously by 

Lai et al.138), and is needed to give a correct ordering of the stabilities of Cpd I in the 

three enzymes when model B is taken to represent CPO.  

 

3.4.3. Mechanism of O-O bond scission   

 

In HRP, CPO, and P450cam, calculations have found a heterolytic mechanism for O-O 

bond scission, in contrast to NOS and heme oxygenase (HO), which exhibit homolytic 

cleavage mechanisms. Even among the heterolytic mechanisms, a variety of subtypes has 

been observed. In P450cam, protonation of the distal oxygen to yield a stable 

intermediate prior to electron transfer and scission of the O-O bond (classic heterolytic 

mechanism) has been calculated for one channel of the reaction, the Glu366 channel. In 

full-enzyme calculations on HRP and CPO, a hybrid homo-heterolytic has been observed. 
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The Asp251 channel of P450cam yielded homolytic cleavage to give an OH radical 

hydrogen bonded to Cpd I, followed by proton and electron transfer to convert the OH 

radical to water. 

Our calculations yield a classic heterolytic process for O-O bond scission for 

model A, with protonation of Cpd 0 preceding O-O bond scission. Protonation of Cpd 0 

is facile, as the barrier separating the nearly isoenergetic species Cpd 0 and protCpd0 is 

small and disappears upon inclusion of ZPE. Model B disfavors protonation of Cpd 0, 

presumably because the NH•••S hydrogen bonds raise the pKa of protCpd0. With ZPE, 

protCpd0 lies 3.0 kcal/mol higher than Cpd 0 with no intervening barrier, so 

transformation of Cpd 0 into Cpd I will occur in a single, concerted step. These results 

indicate that the preference of CPO for a hybrid homo-heterolytic rather than a classic 

heterolytic mechanism for O-O bond cleavage53, 138 is at least in part due to the influence 

of the NH•••S hydrogen bonds. 

The importance of the axial ligand for promoting the protonation of a distal ligand 

was also observed in computational studies of model systems related to P450nor, a fungal 

nitric oxide reductase.155-157 The model studies showed that the “push effect” of the axial 

thiolate renders the ferrous heme-HNO species sufficiently basic to accept an additional 

proton and form the key catalytic species “Intermediate I,” while an analogous complex 

with an axial imidazole will not yield a stable protonated intermediate. In that P450nor 

study, the identity of the axial ligand (thiolate vs imidazole) was key. In CPO, we have 

shown that even the environment of an axial thiolate can alter a distal ligand’s pKa 

enough to affect the catalytic mechanism. 
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It is likely that the pKa of the catalytic protonating residue, Glu183 in the case of 

CPO, is important in determining the nature of the O-O bond cleavage mechanism. The 

formation of a fully-cleaved OH radical prior to proton and electron transfer in the 

Asp251 channel of P450cam may be attributable to the relatively high pKa of Thr252. 

Even in the Glu366 channel of P450cam, in which a protCpd0 intermediate can be 

located, the barrier is very high (~26 kcal/mol) and not competitive with a homolytic 

mechanism. The lower pKa of Glu183 in CPO may be responsible for protonation of Odist 

prior to completion of O-O bond scission, giving a hybrid homo-heterolytic mechanism 

in the full-enzyme calculations and in model B, and a classic heterolytic mechanism in 

model A. 

 

3.4.4. Distal-side hydrogen bonding   

 

The distal oxygen forms two hydrogen bonds that are probably critical for the stability of 

protCpd0, as noted in the Results. One of these, with the Glu183 carboxylate, was present 

in prior full-enzyme calculations of the O-O bond scission step of CPO.53 The other, with 

porph(NB), was not, although such a hydrogen bond has been noted before in similar 

contexts.141 It is interesting to note that the transition state obtained for the O-O bond 

cleavage step in the full-enzyme calculations is very similar to protCpd0, with the acidic 

proton of Glu183 almost completely transferred to the distal oxygen while the O-O bond 

undergoes scission (Odist-H distance of 1.059 Å vs 1.045 Å for protCpd0 in our model B). 

This suggests that protCpd0 was just barely unstable, and one can speculate that the 

presence of a hydrogen bond with a porphyrin ring nitrogen or a water molecule might 
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provide stability. Furthermore, since the strength of distal-side hydrogen bonding is 

sensitive to modulation of the heme bound substrate’s pKa by the NH•••S hydrogen 

bonds in the proximal region, there appears to be a co-dependency of the distal- and 

proximal-side hydrogen bond networks, as predicted by Poulos.12 

 

 

3.4.5. Quartet Potential Energy Surface   

 

The influence of the proximal region on the quartet surface mirrors that of the doublet 

surface. As on the doublet surface, the barrier for Cpd 0 formation is reduced by the 

NH•••S hydrogen bonds (2.9 vs 7.7 kcal/mol, quartet vs doublet), as is the Cpd 0/Cpd I 

relative energy (10.8 vs 6.2 kcal/mol, with ZPE included). Again, model A proceeds via a 

classic heterolytic mechanism, and inclusion of NH•••S hydrogen bonds and ZPE 

correction leads to the preference for a hybrid homo-heterolytic mechanism for O-O 

cleavage. The probability of a spin-forbidden transition between the doublet and quartet 

surfaces during the formation of Cpd I is small because the two surfaces do not cross, and 

the energy difference is 7+ kcal/mol (B3//B2 level, ZPE-corrected) for all stationary 

points for the transformation of FeHOOH to Cpd I except for the reaction endpoints. 

 

3.5. Conclusion 

 

DFT calculations of the chloroperoxidase models presented here demonstrate the 

significant influence amide hydrogen bonds to the sulfur atom of the proximal cysteine 
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residue have on regulating the mechanism of Cpd I formation. On the doublet surface, 

which is energetically preferred, these hydrogen bonding interactions reduce the pKa of 

the bound peroxide substrate, stabilizing the Cpd 0 intermediate by 5.2 kcal/mol relative 

to FeHOOH and thereby providing a thermodynamic driving force for facile 

deprotonation of FeHOOH. The barrier for formation of Cpd 0 is stabilized by 7.7 

kcal/mol. Comparable results are found on the quartet surface. 

Our model active-site system lacking NH•••S hydrogen bonds manifests a classic 

heterolytic mechanism for O-O bond scission. Facile protonation of Cpd 0 leads to the 

nearly isoenergetic species protCpd0, after which electron transfer and departure of water 

give Cpd I. The addition of four proximal-side residues to the model to create the native 

NH•••S hydrogen bonds destabilizes protCpd0. Cleavage of the O-O bond then occurs in 

a single, concerted step consistent with the hybrid homo-heterolytic process identified in 

QM/MM calculations on the full enzyme.53 Thus, by stabilizing Cpd 0 and destabilizing 

protCpd0, the NH•••S hydrogen bonds increase the favorability of a hybrid homo-

heterolytic relative to a classic heterolytic mechanism for O-O bond scission. 

Furthermore, because the NH•••S hydrogen bonds reduce the push effect, these findings 

support the hypothesis that the push effect makes protonation of Cpd 0 more favorable, 

leading to facile O-O heterolysis.78, 80 

Altogether, we find that the hydrogen bond networks on the proximal and distal 

sides of the heme function together to modulate the mechanism of reaction, as suggested 

by Poulos.12 These results confirm and extend long-standing theories that the NH•••S 

hydrogen bonds in heme thiolate proteins influence reactivity by reducing the thiolate 

“push effect”. Additionally, the influence of the NH•••S hydrogen bonds may be 
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augmented by the dipole of the alpha helix present in the proximal pocket. As was 

mentioned by Ueno et al.,87 the α-helical conformation coupled with NH•••S hydrogen 

bond is one of the effects thought to cause a positive shift of the FeIII/FeII redox 

potential in the native folded proteins. This could be studied using a model system with 

the full helix represented and would be an interesting topic for future research. 

 

Additional Data 

 

The following data is given in Appendix A: Superposition of optimized structures, 

energies of stationary points, zero-point energies, imaginary frequencies of first-order 

saddle points, Mulliken charges and spins, influence of basis set on relative energies, 

influence of NH•••S hydrogen bond distance on selected interatomic distances, and 

Cartesian coordinates of stationary points.  

. 
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4. The Influence of the NH•••S hydrogen bonds and Proximal Helix Dipole on the 

Catalytic Mechanism of the Chloroperoxidase-Catalyzed Epoxidation of Cis-β-

Methylstyrene 

Reproduced in part with permission from Morozov, A. N.; Pardillo, A. D.; 

Chatfield, D. C., Chloroperoxidase-Catalyzed Epoxidation of Cis-β-Methylstyrene: NH–

S Hydrogen Bonds And Proximal Helix Dipole Change The Catalytic Mechanism And 

Significantly Lower The Reaction Barrier, J. Phys. Chem. B, 2015, 119, pp 14350–63 

Copyright 2015 American Chemical Society. 

 

 

4.1. Introduction  

  

The findings presented in Chapter 3 show that NH•••S hydrogen bonds in heme thiolate 

proteins reduce the thiolate push effect. The reduction of the push effect is evident from 

the reduction of the pKa in the heme-bound substrates of the model systems. Herein, we 

continue our analysis of the NH•••S hydrogen bond contribution to the reduction of the 

“push effect”, now focusing our attention on Cpd I catalyzed epoxidation of cis-β-

methylstyrene. Additionally, we extend our model system to include the proximal helix 

dipole contribution to the reduction of the “push effect”. The results show that the 

combined influence of the NH•••S hydrogen bonds and the proximal helix dipole reduce 

the barrier for the rate limiting step by about ~4.6 kcal/mol, while Cα-O-Cβ ring closure 

becomes barrierless. We have determined, as a lower bound, that ~1/3 of this barrier 

reduction can be attributed to the dipole moment of the proximal helix, and the remainder 
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to the NH•••S hydrogen bonds. The stabilization of the reaction barrier correlates with an 

increased electron density transfer to residues of the proximal pocket, resulting in an 

increased redox potential of Cpd I.  The effect is most pronounced on the doublet spin 

surface and involves a change in the electron transfer mechanism. In addition to our 

findings, we have established a minimal representation of the proximal region required 

for small model systems to realistically mimic the active site in CPO, as the full-enzyme, 

QM/MM calculation yields essentially the same result as our small model system. 

  

4.2. Methods 

 

DFT calculations of Cpd I-catalyzed epoxidation of cis-β-methylstyrene (CBMS) were 

carried out. Cpd I was modeled as an R--Fe4+O2-(N4C20H12)- moiety having a heme 

without the vinyl and propionate side chains, with R- = (SCH3)- in model A (Cpd I-B) and 

R- =CH3-NH-Asn-Leu-Ala-Pro-Cys--Pro-Ala-CO-CH3 in model B (Cpd I-B). The Cpd I-

A model represents Cpd I with a bare thiolate ligand (Fig. 16 A), and the Cpd I-B model 

represents Cpd I with the proximal pocket, where the thiolate ligand is the deprotonated 

side chain of Cys29 and the proximal apoprotein environment includes residues 27-33 of 

CPO (Fig. 16 B). In the Cpd I-B model, the proximal region was restricted to residues 27-

33 due to the limits of our computer resources; however, these residues are the most 

extended representation of the proximal pocket of CPO within our limitations.  Residues 

27-33 include the proximal amino acid residues with Cα atoms within 8 Å of the 

proximal sulfur. The steric environment of the axial sulfur, the A31:NH-C29:S, and 

L32:NH-C29:S hydrogen bonds, the electrostatic environment provided by the N-terminus 
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of the proximal α-helix, and the dipole moment imposed on the active center by the 

C29:CO-N33:NH and P30:CO-A34:NH backbone hydrogen bonds of the proximal helix 

are all represented. Due to our limitations, residues 35 to 38 of the proximal helix were 

not included, and thus our calculations provide a lower bound to the actual effect of the 

backbone dipole moment of the proximal helix. 

 

Fig. 16 Bare-thiolate (A) and CPO-like (B) proximal pocket models of Cpd I. 

 

4.2.1. Cpd I models  

 

All calculations on the 43-atom Cpd I-A species (Fig. 16 A) were performed without 

geometric constraints. All transition state structures have one imaginary normal mode 

frequency while all stable structures have only positive, real frequencies. All calculations 

on the 141-atom Cpd I-B species (Fig. 16 B) were performed using geometric constraints 

on the proximal peptide fragment to maintain backbone and side-chain hydrogen bonds, 
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backbone φ,ψ dihedrals, and the orientation of the proximal helix relative to the heme 

moiety as in the crystal structure of CPO (PDB code 1CPO).3 The stationary points have 

normal modes with imaginary frequencies caused by the applied constraints. The axial 

sulfur/amide backbone hydrogen bonds were not constrained. The Cartesian coordinates 

of all structures presented are given in Supplementary Information (SI) Section A. The 

details of the applied constraints are given in SI Section B1. 

 

4.2.2. Gas phase calculations 

 

Unrestricted DFT calculations were performed using the B3LYP105, 107 hybrid density 

functional (UB3LYP). No symmetry restrictions were used in the calculations. Geometry 

optimizations and numerical frequency calculations were carried out with the LANL2DZ 

ECP double-𝜁𝜁 basis set for Fe144 and the 6-31G* basis set for H, C, N, O,158 and S159 

atoms (basis set B0) using NWChem 6.1 software.114 The stability of the density 

functions for the optimized structures was checked with the B0 basis set using Gaussian-

09 software.115 Energy refining was performed with the LANL2TZ+ ECP triple-𝜁𝜁 basis 

set for Fe160 and 6-311++G** basis set for H, C, N, O,161 and S162 atoms (basis set B1) 

using Gaussian-09. Natural Population Analysis163 (NPA) of spin/charge densities and 

Natural Bond Orbital164 (NBO) analysis of bonding patterns were carried out using NBO 

6.0 software.165 

 

 

 



86 
 

4.2.3. QM/MM calculations 

 

The results of our previous molecular dynamics (MD) simulations of a reactant and a 

transition-state complex (the latter was parameterized using the Q2MM methodology166) 

of the CPO-catalyzed 1S2R epoxidation of CBMS13, 42 on the doublet spin surface were 

used to estimate the effect of the protein and solvent beyond those captured by model B. 

A snapshot of CPO solvated in a truncated octahedron of about 7000 TIP3P167 water 

molecules from the MD simulation of the transition state13 was used as the initial 

structure for the QM/MM setup. The Cpd I-B/CBMS gas phase optimized structures were 

embedded into this CPO snapshot to replace the corresponding portion of the snapshot 

structure and ultimately become the QM region of QM/MM calculations. The internal 

coordinate facility of the CHARMM software package125 was used to do this. The 

systems thus obtained were then minimized at the MM level of theory using the 

CHARM22 force field110 and CHARMM software. During these minimizations i) atoms 

in the region later to be treated at the QM level (“QM atoms”) were kept fixed; ii) QM 

atoms were assigned point charges obtained from the gas phase QM calculations using 

the ESP facility of NWChem; iii) the solvent and protein atoms were fixed if they were 

more than 6 Å apart from a QM atom. After the minimizations, the dangling bonds at the 

QM/MM boundary were saturated with hydrogen atoms. MM atom groups closer than 2 

Å to these hydrogen atoms were removed to avoid spurious electrostatic interactions. In 

the QM/MM systems prepared in this manner, the QM portions had exactly the same 

coordinates as in the corresponding gas phase optimized Cpd I-B/CBMS structures. This 

allowed gas-phase molecular orbitals to be used as the initial guess for the QM/MM 
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calculations. The latter were carried out at the UB3LYP/B0 level of theory for the QM 

portion of the calculation and CHARM22 for the MM portion, using an electrostatic/Van 

der Waals embedding scheme.113 Only single-point energy calculations were performed 

with this QM/MM approach. 

 

4.3. Results and Discussion 

 

For both low- and high-spin surfaces, the observed stabilization of the rate-limiting 

barrier for CPO-Cpd I catalyzed epoxidation of CBMS correlates with an increased 

electron density transfer to the proximal pocket upon crossing of the Cβ-O transition-state 

barrier. Natural analysis163, 164 reveals an intricate difference between Cpd I-A and Cpd I-

B epoxidation along the low-spin surface. The Cpd I-A oxyferryl π* radical attack on the 

C=C double bond initiates release of an electron having the same spin as the thiolate-

porphyrin radical, as opposed to Cpd I-B, where the same mechanistic step results in the 

release of an electron having the opposite spin as the thiolate-porphyrin radical. In Cpd 

I-A, this step reduces FeIV to FeIII and is the first and rate limiting kinetic event, followed 

by a second barrier, where transfer of an electron to the thiolate-porphyrin orbital occurs 

with formation of the Cα-O-Cβ ring. Since the release of the electron has the opposite 

spin as the thiolate-porphyrin radical in Cpd I-B, this electron is directly transferred to the 

thiolate porphyrin. This step is followed by a barrierless Cα-O-Cβ ring closure 

concomitant with the FeIV/FeIII reduction. The change in the electron transfer mechanisms 

derives from the proximal pocket’s stabilization of the doubly occupied thiolate-
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porphyrin a2u+ S orbital relative to the oxyferryl π* orbitals in the Cpd I-B model. On 

the quartet spin surface, the electron transfer mechanism is the same for both Cpd I-A and 

Cpd I-B, where initial electron transfer is to the oxyferryl a2u+ S orbital. However, Cα-

O-Cβ ring closure and FeIV/FeIII reduction on the high-spin surface for Cpd I-A possesses 

a barrier similar to the low-spin surface. QM/MM calculations were carried out to 

confirm the reported effect in the full-enzyme environment.  

 

4.3.1. Potential Energy Surfaces of CBMS Epoxidation 

 

Formation of the 1S2R epoxide enantiomer is the main channel for CPO-catalyzed 

epoxidation of CBMS.39 The calculated UB3LYP/B1//B0 doublet and quartet potential 

energy surfaces (PES) for 1S2R epoxidation of CBMS by model species Cpd I-A and 

Cpd I-B are shown in Fig. 17. The results include zero point energy corrections 

calculated at the UB3LYP/B0 level. For both models, the reactant state (R) is Cpd I + 

CBMS bound complex. The reactant states on the low- and high-spin surfaces are nearly 

degenerate. In the case of Cpd I-A catalyzed epoxidation, both high- and low-spin 

surfaces were found to have an intermediate state (I) with the beta-carbon covalently 

bonded to the distal oxygen and the Cα-O-Cβ ring not yet formed. On both spin surfaces, 

I is separated from E by a relatively small barrier (TS2) for Cα-O-Cβ ring closure. In the 

case of Cpd I-B catalyzed epoxidation, TS1 is converted into E in a barrierless manner on 

both the doublet and quartet spin surfaces. For the rest of this chapter, abbreviations will 

be used to designate the stationary points; for example, 2TS1-A designates TS1 on the 

doublet spin surface for Cpd I-A-catalyzed epoxidation of CBMS. 
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Fig. 17 The doublet and quartet potential energy surfaces (B0/B1 in kcal/mol) for 
1S2R epoxidation of CBMS. 
 

The calculations show that, on both spin surfaces, the rate-limiting TS1 barrier is 

significantly stabilized by the proximal helix dipole and NH•••S bonds, by -4.6 kcal/mol 

and -3.1 kcal/mol for the doublet and quartet surfaces, respectively, while electron charge 

transfer (CT=Natural ChargeTS1-Natural ChargeR) to the proximal moiety in transition 

state TS1 is increased (Table 7). The stabilization of TS1 is stronger on the doublet spin 

surface, which correlates with a large increase of CT to the proximal moiety (primarily to 

the sulfur), -0.10 e and -0.06 e for the doublet and quartet surfaces, respectively. At the 

same time, the spin densities of, the O and Fe atoms and of the CαH atom pair indicate 

that, on the doublet spin surface, the Cpd I-A and Cpd I-B species have different 

mechanisms of electron transfer (Table 8). We shall elucidate this difference in terms of 

occupancies of molecular orbitals involved in the reaction. 
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Table 7. Barriers (kcal/mol)/Charge Transfer to the proximal moiety. 

 doublet quartet 

TS1-A 14.8/-0.03 14.1/-0.02 

TS1-B 10.2/-0.13 11.0/-0.08 

 

Table 8. Natural Group spin densities/Charges of the optimized structures on the 
doublet spin PES surfaces. 

 Natural Spin Densities/ Natural Atomic Charges 
S-R Por Fe O CβH CαH R1

† R2
† 

2R 

A -
0.75/ 
-0.05 

-0.30/ 
-0.49 

 1.10/ 
 0.91 

 
0.95/ 
-0.37 

 0.00/ 
 0.06 

 0.00/ 
-0.03 

 0.00/ 
-0.05 

 0.00/ 
 0.02 

B -
0.60/ 
-0.27 

-0.50/ 
-0.32 

 1.15/ 
 0.95 

 
0.95/ 
-0.36 

 0.00/ 
 0.06 

 0.00/ 
-0.03 

 0.00/ 
-0.05 

 0.00/ 
 0.02 

CP
O 

-
0.50/ 
-0.38 

-0.58/ 
-0.22 

 1.12/ 
 0.95 

 
0.96/ 
-0.35 

 0.00/ 
 0.03 

 0.00/ 
-0.01 

 0.00/ 
-0.04 

 0.00/ 
 0.02 

2TS1 

A -
0.70/ 
-0.08 

-0.30/ 
-0.58 

 0.95/ 
 0.90 

 
0.75/ 
-0.44 

-
0.10/ 
 0.15 

 0.30/ 
 0.04 

 0.10/ 
-0.02 

 0.00/ 
 0.03 

B -
0.30/ 
-0.40 

-0.25/ 
-0.51 

 1.40/ 
 0.96 

 
0.50/ 
-0.42 

-
0.05/ 
 0.18 

-
0.20/ 
 0.08 

-
0.10/ 
 0.07 

 0.00/ 
 0.04 

CP
O 

-
0.23/ 
-0.48 

-0.22/ 
-0.49 

 1.40/ 
 0.98 

 
0.45/ 
-0.42 

-
0.06/ 
 0.19 

-
0.21/ 
 0.09 

-
0.13/ 
 0.08 

 0.00/ 
 0.05 

2I* 
A -

0.60/ 
-0.09 

-0.30/ 
-0.60 

 0.95/ 
 0.94 

 
0.20/ 
-0.65 

 0.00/ 
 0.27 

 0.55/ 
 0.13 

 0.25/ 
-0.01 

 0.00/ 
 0.02 

B -
0.05/ 
-0.43 

-0.05/ 
-0.67 

 1.20/ 
 0.97 

 
0.25/ 
-0.54 

 0.00/ 
 0.27 

-
0.25/ 
 0.23 

-
0.10/ 
 0.14 

 0.00/ 
 0.04 

2I A  
0.00/ 
-0.22 

-0.25/ 
-0.71 

 0.99/ 
 0.88 

-
0.05/ 
-0.73 

 0.00/ 
 0.33 

 0.25/ 
 0.24 

 0.10/ 
 
0.165 

 0.00/ 
-0.05 

2TS2 A  
0.25/ 
-0.17 

 0.10/ 
-0.69 

 0.85/ 
 0.86 

 
0.15/ 
-0.66 

 0.00/ 
 0.28 

-
0.25/ 
 0.26 

-
0.10/ 
-0.02 

 0.00/ 
 0.01 

2E 
A  

0.05/ 
-0.12 

-0.05/ 
-0.83 

1.00/ 
0.86 

 
0.00/ 
-0.56 

 0.00/ 
 0.33 

 0.00/ 
 0.32 

 0.00/ 
-0.02 

 0.00/ 
 0.02 

B -
0.05/ 
-0.27 

-0.05/ 
-0.77 

1.10/ 
0.94 

 
0.00/ 
-0.56 

 0.00/ 
 0.33 

 0.00/ 
 0.32 

 0.00/ 
-0.02 

 0.00/ 
 0.03 

†R1 - benzylic group of CBMS; R2 - methyl group of CBMS. *Not a true 
intermediate.  
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4.3.2. Cpd I orbitals 

 

The key Kohn-Sham (KS) molecular orbitals involved in the epoxidation reaction are the 

oxygen 2p-, iron 3d-based orbitals and the thiolate-porhyrin a2u+σS orbital. The 

occupancies of these orbitals, as shown in Fig. 18, describe the experimentally 

established doublet tri-radical ground state of the  Cpd I species of CPO,128, 168 i. e. 

(𝛿𝛿x2−𝑦𝑦2)2(𝜋𝜋𝑥𝑥𝑥𝑥∗ )1(𝜋𝜋𝑦𝑦𝑦𝑦∗ )1(𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆)1 . The highest doubly occupied orbital is the 

nonbonding δ-type iron 𝑑𝑑x2−𝑦𝑦2-based orbital. Two singly occupied π* orbitals are the 

antibonding combinations of the iron 𝑑𝑑𝑥𝑥𝑥𝑥 (𝑑𝑑𝑦𝑦𝑦𝑦) with the oxygen 𝑝𝑝𝑥𝑥 (𝑝𝑝𝑦𝑦) atomic orbitals. 

The singly occupied thiolate-porphyrin orbital mixes the porphyrin a2u orbital with the 

sulfur σ-type orbital. The virtual orbitals are antibonding: the 𝜎𝜎𝑧𝑧2
∗ , which involves 

interaction of the iron 𝑑𝑑𝑧𝑧2 orbital with the oxygen and sulfur σ-type orbitals, and the  𝛿𝛿𝑥𝑥𝑥𝑥∗ , 

which involves interaction of the iron 𝑑𝑑𝑥𝑥𝑥𝑥 orbital with the nitrogen orbitals. The 𝜋𝜋𝑥𝑥𝑥𝑥∗  and 

𝜋𝜋𝑦𝑦𝑦𝑦∗ electrons of Cpd I are ferromagnetically coupled with each other, i. e., 𝑆𝑆𝜋𝜋𝑥𝑥𝑥𝑥∗ ,𝜋𝜋𝑦𝑦𝑦𝑦∗ = 1, 

and antiferromagnetically coupled with the 𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆 electron, i.e., 𝑆𝑆
𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆

𝑧𝑧 = −1 2⁄  

when 𝑆𝑆𝑧𝑧
𝜋𝜋𝑥𝑥𝑥𝑥∗ ,𝜋𝜋𝑦𝑦𝑦𝑦∗ = 1, so that 𝑆𝑆𝐶𝐶𝐶𝐶𝑑𝑑 𝐼𝐼 = 1 2⁄ . For the rest of this chapter, the ferromagnetic 

and antiferromagnetic relationship of the 𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆 electron to the 𝜋𝜋𝑥𝑥𝑥𝑥∗ ,𝜋𝜋𝑦𝑦𝑦𝑦∗  electrons is 

referred as belonging to alpha and beta electron manifolds, respectively. 
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Figure 18 Key Kohn-Sham molecular orbitals of Cpd I (doublet) involved in the 
epoxidation reaction. 
 

4.3.3. Electron transfer mechanisms on the doublet spin surface of Cpd I-A  

 

In the 2R-A state the methyl group of CBMS interacts weakly with the oxygen atom of 

the heme (Fig. 19). The epoxidation reaction starts with the Fe-O 𝜋𝜋𝑦𝑦𝑦𝑦∗  (in our system of 

coordinate) radical attack on the π orbital of the Cα=Cβ double bond of CBMS (Fig. 20a), 

whereby the Cα=Cβ double bond is converted into a Cα-Cβ single bond and the Cβ-O 

bond is formed. Formally, Cβ-O bond formation is described as a one electron reduction 

of the heme-thiolate moiety in which the electron is transferred from the olefin π bond to 

either the 𝜋𝜋𝑦𝑦𝑦𝑦∗  or the 𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆 orbital. NBO analysis of 2TS1-A revealed that the π orbital 

of the substrate Cα=Cβ double bond donates the beta electron to the incipient Cβ-O bond 

while the alpha electron remains localized in the π bond. Since the 𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆 orbital is 

already occupied by a beta electron, the electron from the olefin π bond is formally 

transferred to 𝜋𝜋𝑦𝑦𝑦𝑦∗  orbital (Scheme 2). The resulting (𝜋𝜋𝑥𝑥𝑥𝑥∗ )1(𝜋𝜋𝑦𝑦𝑦𝑦∗ )2(𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆)1(𝜑𝜑𝐶𝐶𝐶𝐶)1  
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triradical state is readily evidenced by the spin densities of the 2I*-A structure (Table 8). 

2I*-A follows 2TS1-A and has the Cβ-O bond almost formed, but it is not a true 

intermediate yet. Relative to 2R-A, 2I*-A has the O-Fe bond length increased ~0.08 Å and 

the Fe-S bond length decreased ~0.07 Å (Fig.5). 2I*-A is characterized by a buildup of 

alpha spin density on the substrate’s Cα carbon, with corresponding reductions on the 

oxygen and iron atoms, while the thiolate-porphyrin beta spin density is little changed 

(Table 8). (𝜑𝜑𝐶𝐶𝐶𝐶)1 corresponds to the KS HOMO in the alpha manifold of 2I*-A (Fig. 

20b). The true intermediate state 2I-A is reached when 2I*-A’s benzylic group is 

rearranged to have a weak C-H-O interaction (Fig. 19). Interestingly, this rearrangement 

is paralleled by a further ~0.15 Å stretching of the O-Fe bond and by ~0.18 Å shrinking 

of the Fe-S bond while the spin density changes indicate a delocalization of the 

substrate’s alpha radical from the Cα carbon into the heme moiety (Table 8). For styrene 

epoxidation by Cpd I, a transfer of the 𝜑𝜑𝐶𝐶𝐶𝐶 electron to either the 𝜎𝜎𝑧𝑧2
∗  or the 𝛿𝛿𝑥𝑥𝑥𝑥∗  orbital 

was proposed by Kumar et al. to describe the possible electronic structures of the 

carbocationic intermediate.47 For the case of CBMS epoxidation by Cpd I-A on the 

doublet spin surface, we found that both the 𝜎𝜎𝑧𝑧2
∗  and 𝛿𝛿𝑥𝑥𝑥𝑥∗  KS orbitals remain virtual in the 

intermediate state 2I-A. It follows that the only opportunity left for the substrate’s alpha 

electron is to be delocalized into the 𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆 orbital. Indeed, the second highest occupied 

orbital in the alpha manifold of 2I-A is a mixture of 𝜑𝜑𝐶𝐶𝐶𝐶 and 𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆 (Fig. 20c). Thus the 

2I-A structure has a character quite similar to the product state 2E-A, although the Cα-O 

bond is not formed yet. Taking into account that 2I-A has significant spin density left both 

on the porphyrin moiety and on the Cα carbon (Table 8), we propose that the intermediate 
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state 2I-A has mixed (𝜋𝜋𝑥𝑥𝑥𝑥∗ )1(𝜋𝜋𝑦𝑦𝑦𝑦∗ )2(𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆)1(𝜑𝜑𝐶𝐶𝐶𝐶)1: (𝜋𝜋𝑥𝑥𝑥𝑥∗ )1(𝜋𝜋𝑦𝑦𝑦𝑦∗ )2(𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆)2 character 

(Scheme 2). Consequently one would expect a small barrier for the last stage of the 

reaction, which should lead to the second reduction of the heme-thiolate moiety to reach 

the (𝜋𝜋𝑥𝑥𝑥𝑥∗ )1(𝜋𝜋𝑦𝑦𝑦𝑦∗ )2(𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆)2 resting state and the epoxide product. In accord with this 

expectation, the calculations showed that the 2TS2-A barrier is 1.5 kcal/mol (Fig.3). In 

2TS2-A, the Cα-O distance is just ~0.17 Å shorter than in 2I-A (Fig. 19). The resting-state 

electronic structure (𝜋𝜋𝑥𝑥𝑥𝑥∗ )1(𝜋𝜋𝑦𝑦𝑦𝑦∗ )2(𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆)2 of the heme-thiolate moiety (Scheme 2) was 

confirmed by an analysis of KS orbitals.  

 

Figure 19: Optimized structures (2I*-A is not a stationary point) for Cpd I-A 
catalyzed epoxidation on the doublet spin surface. Key bond parameters are given 
in Å. 
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Figure. 20 a: 𝝅𝝅𝒚𝒚𝒚𝒚∗  radical attack on C=C bond; b: Cα radical corresponds to KS 
HOMO in the alpha manifold of 2I*-A; c: second highest occupied orbital in the 
alpha manifold of 2I-A is a mixture of 𝝋𝝋𝑪𝑪𝑪𝑪 and 𝝋𝝋𝒂𝒂𝟐𝟐𝟐𝟐+𝝈𝝈𝑺𝑺. 
 

Scheme 2. Cpd I-A catalyzed epoxidation on the doublet spin surface. 

 

4.3.4. Electron transfer mechanisms on the doublet spin surface of Cpd I-B 

 

In reactant state 2R-B, similarly to 2R-A, the methyl group of CBMS has a steric contact 

with the oxygen atom of Cpd I-B (Fig. 21). Compared to 2R-A, 2R-B has a S-Fe bond ~ 
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0.16 Å longer while  the distribution of the 𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆 radical is shifted from the sulfur to 

the porphyrin by ~0.15 e (Fig. 21, Table 8). The dipole moment of the proximal helix and 

the NH•••S hydrogen bonding stabilize the sulfur’s valence orbitals more than those of 

the iron and porphyrin, causing a decrease in the contribution of 𝜎𝜎𝑆𝑆 to 𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆. The 

proximal pocket also results in weaker mixing of the 𝜎𝜎𝑆𝑆 and 𝜋𝜋𝑆𝑆 with the iron d orbitals, 

leading to the weakening of the S-Fe bond. In transition state 2TS1-B (Fig. 21), the 

substrate’s orientation is appropriate for 𝜋𝜋𝑥𝑥𝑥𝑥∗  radical attack on the π orbital of the Cα=Cβ 

double bond. NBO analysis of 2TS1-B showed that the π orbital of the substrate’s Cα=Cβ 

double bond donates its alpha electron to the incipient Cβ-O bond while the beta electron 

remains localized in the π bond. Consequently the alpha electron from the olefin π bond 

is formally transferred to the 𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆 orbital (Scheme 3). It follows that the proximal 

pocket stabilizes the electrons in the 𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆 orbital relative to those in the  𝜋𝜋𝑥𝑥𝑥𝑥∗ /𝜋𝜋𝑦𝑦𝑦𝑦∗  

orbitals. This is likely the result of interplay between the decreased push of the proximal 

thiolate and the exchange interactions of the transferred electron. The 

(𝜋𝜋𝑥𝑥𝑥𝑥∗ )1(𝜋𝜋𝑦𝑦𝑦𝑦∗ )1(𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆)2(𝜑𝜑𝐶𝐶𝐶𝐶)1  triradical state is consistent with the spin densities of the 

2I*-B structure. 2I*-B has the beta spin density on the substrate’s Cα carbon while the 

beta spin density on the porphyrin and sulfur has almost vanished (Table 8). The 

(𝜋𝜋𝑥𝑥𝑥𝑥∗ )1(𝜋𝜋𝑦𝑦𝑦𝑦∗ )1(𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆)2(𝜑𝜑𝐶𝐶𝐶𝐶)1  triradical state of 2I*-B was also confirmed by analysis 

of the KS orbitals. The last stage of Cpd I-B catalyzed epoxidation of CBMS is reduction 

of FeIV to FeIII (Scheme 3). Formally this is described as electron transfer from the 𝜑𝜑𝐶𝐶𝐶𝐶 to 

the 𝜋𝜋𝑥𝑥𝑥𝑥∗  orbital. Reduction of FeIV to FeIII follows 2I*-B in a barrierless manner to reach 

the (𝜋𝜋𝑥𝑥𝑥𝑥∗ )2(𝜋𝜋𝑦𝑦𝑦𝑦∗ )1(𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆)2 resting state of the heme-thiolate moiety and the epoxide 
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product. The resting state electronic structure (𝜋𝜋𝑥𝑥𝑥𝑥∗ )2(𝜋𝜋𝑦𝑦𝑦𝑦∗ )1(𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆)2 of the heme-

thiolate moiety (Scheme 3) was confirmed by an analysis of the KS orbitals.  

 

Figure. 21 Optimized structures (2I*-B is not a stationary point) for Cpd I-B 
catalyzed epoxidation on the doublet spin surface. Key bond parameters are given 
in Å. 
 

 

Scheme 3. Cpd I-B catalyzed epoxidation on the doublet spin surface. 
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4.3.5. Electron transfer mechanisms on the quartet spin surface 

 

The effect of CPO’s proximal moiety on the reactant state is similar on the quartet and 

doublet spin surfaces. The S-Fe bond is ~0.13 Å longer in 4R-B than in 4R-A (doublet 

surface: ~0.16 Å). In 4R-B, the distribution of the 𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆 radical is shifted from sulfur to 

porphyrin by ~0.15 e (Table 9) (doublet surface: ~0.15 e). Electronic structure analysis 

revealed, however, that the electron transfer mechanism is the same for the Cpd I-A and 

the Cpd I-B models on the quartet surface, rather different as on the doublet surface. In 

the rate limiting event on the quartet surface, the π orbital of the Cα=Cβ double bond 

donates its beta electron to the newly formed Cβ-O bond; for both models this electron is 

formally transferred to the 𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆 orbital (Scheme 4). Analysis of the spin densities 

(Table 9) and KS orbitals clearly confirms that 4I has a (𝜋𝜋𝑥𝑥𝑥𝑥∗ )1(𝜋𝜋𝑦𝑦𝑦𝑦∗ )1(𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆)2(𝜑𝜑𝐶𝐶𝐶𝐶)1  

triradical state. In the second step of the reaction, the Cα radical is formally transferred to 

the 𝜎𝜎𝑧𝑧2
∗  orbital and the Cα-O-Cβ ring is formed. This costs ~5 kcal/mol in the case of Cpd 

I-A. For Cpd I-B it is a barrierless step, a result of the stabilization of the 𝜎𝜎𝑧𝑧2
∗  orbital by 

the proximal pocket. For both models the resting state electronic structure of the heme-

thiolate moiety, (𝜋𝜋𝑥𝑥𝑥𝑥∗ )1(𝜋𝜋𝑦𝑦𝑦𝑦∗ )1(𝜎𝜎𝑧𝑧2
∗ )1(𝜑𝜑𝑎𝑎2𝑢𝑢+𝜎𝜎𝑆𝑆)2 (Scheme 4), was manifested by the spin 

densities (Table 9) and confirmed by an analysis of KS orbitals. 
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Table 9. Natural Group spin densities/Charges and bond lengths (Å) of the 
optimized structures on the quartet spin PES surfaces. 

 Natural Spin Densities/ Natural Atomic Charges Bond Lengths 

S-R Por Fe O CβH CαH R1
† R2

† S-Fe Fe-O O-Cβ O-Cα A31: 
N-S 

L3

2: 
N-
S 

4R 

A

†† 

 
0.75/ 
-0.05 

 
0.25/ 
-0.49 

 
1.05/ 
 0.91 

 
0.95/ 
-0.37 

 
0.00/ 
 0.04 

 
0.00/ 
-0.01 

 
0.00/ 
-0.04 

 
0.00/ 
 0.01 

2.62
2 
 

1.62
4 
 

- - - - 

B

†† 

 
0.60/ 
-0.26 

 
0.40/ 
-0.32 

 
1.05/ 
 0.94 

 
0.95/ 
-0.36 

 
0.00/ 
 0.04 

 
0.00/ 
-0.02 

 
0.00/ 
-0.04 

 
0.00/ 
 0.02 

2.75
5 
 

1.62
1 
 

- - 3.76
2 
 

3.7
48 
 

4TS

1 

A  
0.60/ 
-0.07 

 
0.15/ 
-0.61 

 
1.00/ 
 0.88 

 
0.85/ 
-0.43 

-
0.10/ 
 0.17 

 
0.35/ 
 0.04 

 
0.15/ 
-0.01 

 
0.00/ 
 0.03 

2.45
8 
 

1.69
8 
 

1.97
9 
 

2.69
7 
 

- - 

B  
0.30/ 
-0.34 

 
0.15/ 
-0.51 

 
1.20/ 
 0.93 

 
0.90/ 
-0.42 

 
0.00/ 
 0.18 

 
0.30/ 
 0.07 

 
0.15/ 
 0.05 

 
0.00/ 
 0.04 

2.50
5 

1.68
5 

2.02
9 

2.68
1 

3.72
4 

3.7
71 

4I A  
0.15/ 
-0.09 

-
0.10/ 
-0.59 

 
1.60/ 
 0.96 

 
0.35/ 
-0.59 

-
0.05/ 
 0.28 

 
0.70/ 
 0.07 

 
0.30/ 
-0.06 

 
0.05/ 
 0.02 

2.30
9 

1.80
5 

1.41
4 

2.43
2 

  

4I* B -
0.10/ 
-0.32 

-
0.10/ 
-0.56 

 
1.90/ 
 1.08 

 
0.35/ 
-0.58 

 
0.00/ 
 0.27 

 
0.65/ 
 0.11 

 
0.30/ 
-0.02 

 
0.00/ 
 0.02 

2.45
6 

1.79
3 

1.43
7 

2.36
5 

3.76
8 

3.7
97 

4TS

2 
A 

 
0.30/ 
-0.24 

-
0.10/ 
-0.71 

 
2.15/ 
 1.13 

 
0.00/ 
-0.66 

 
0.00/ 
 0.28 

 
0.45/ 
 0.19 

 
0.20/ 
 0.01 

 
0.00/ 
 0.00 

2.39
9 
 

1.95
2 
 

1.40
8 
 

2.15
4 
 

- - 

4E 
A  

0.55/ 
-0.36 

 
0.05/ 
-0.86 

 
2.40/ 
 1.20 

 
0.00/ 
-0.57 

 
0.00/ 
 0.31 

 
0.00/ 
 0.30 

 
0.00/ 
-0.03 

 
0.00/ 
 0.01 

2.42
7 

2.78
5 

1.44
0 

1.43
7 

- - 

B  
0.45/ 
-0.52 

 
0.05/ 
-0.78 

 
2.50/ 
 1.28 

 
0.00/ 
-0.58 

 
0.00/ 
 0.31 

 
0.00/ 
 0.30 

 
0.00/ 
-0.03 

 
0.00/ 
 0.02 

2.52
1 

2.64
3 

1.44
5 

1.44
0 

3.63
0 

3.6
66 

†R1 - benzylic group of CBMS; R2 - methyl group of CBMS. ††A - Cpd I-A, B - Cpd I-B. *Not a true 
intermediate.  
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Scheme 4. Cpd I-A/B catalyzed epoxidation on the quartet spin surface 

 

4.3.6 Separating NH•••S and helix effects 

 

Having calculated the energetic effect of CPO’s proximal pocket (Fig. 17) on the CPO-

catalyzed epoxidation of CBMS, it is interesting to separate the effect of the proximal 

amide bonds from that of the proximal helix. For this purpose model A was modified by 

adding a blocked alanine dipeptide (model A+NH•••S) to mimic the A31:NH-C29:S and 

L32:NH-C29:S hydrogen bonds (Fig. 22). The orientation of the blocked alanine dipeptide 

was constrained to reproduce the orientations of the proximal NH•••S hydrogen bonds in 

the 1CPO x-ray structure.3 The details of the applied constraints are given in SI Section 

B2. The reactant and the rate limiting TS1 stationary points were optimized and 

frequency calculations were performed for the doublet spin state. The calculations 

showed (Table 10) that ~1/3 of total barrier lowering is from the helix dipole and ~2/3 is 
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from the A31:NH-C29:S and L32:NH-C29:S hydrogen bonds. It should be noted that, since 

model B is a partial representation of the proximal helix, this estimation gives a lower 

bound for the proximal helix effect. 

Table 10. 2TS1 reaction barriers (B0, kcal/mol). 

 
A A+NH•••S  B 

2TS1 14.1 12.7 11.9 
 

 

Figure 22: A+NH•••S model. 

 

4.3.7. Protein and solvent effect 

 

The effect of the full enzyme and solvent, in addition to the portion already included in 

model B, was estimated for the doublet reactant binding complex (2R-CPO) and Cβ-O 

transition state (2TS1-CPO) on the basis of QM/MM calculations. The QM-optimized 

2TS1-B structure neatly replaced the corresponding portion of the Q2MM-optimized 



102 
 

CPO/CBMS transition state structure without unfavorable steric interactions with the 

distal pocket (see Methods). The 2R-B structure, however, did not “fit” directly because 

of unfavorable interactions between the substrate, CBMS, and the hydrophobic core (V67, 

L70, A71, F103, I179, V182, F186, I234, and V237),13, 42 and thus had to be re-optimized with 

additional constraints to force CBMS to adopt the orientation of the free energy minimum 

of the solvated CPO/CBMS binding complex at room temperature.13 The details of the 

applied constraints are given in the SI Section B2. The modified 2R-B structure thus 

created “fitted” into the full enzyme to constitute 2R-CPO’s QM region, without steric 

clashes. This is consistent with our previous results, which found that the steric 

interactions of CBMS in the distal pocket of CPO favor the transition sate over the 

binding complex.13, 42 This is a manifestation of one of the general principles of enzyme 

catalysis.169 

Table 11. 2TS1-CPO/B reaction barriers (B0) broken into specific contributions 
(kcal/mol). 

 

QM/MM QM QM/MM 
Electrostatic 

QM/MM 
VdW 

MM 

CPO 11.5  9.7 4.0 -1 -1.2 

B  - 11.9  -  -  - 

 

Table 11 presents the 2TS1-CPO reaction barrier broken into specific 

contributions. The decrease of the QM part of the 2TS1-CPO barrier relative to that of 

2TS1-B is the result of the above-described reorientation of the substrate by the distal 

pocket’s hydrophobic core in the reactant structure. Overall, the effects of the 

enzyme/solvent environment (beyond the effects of the proximal pocket already included 

in model B) nearly cancel each other out, so that the 2TS1-CPO barrier is almost the same 



103 
 

as the barrier of 2TS1-B (11.5 vs 11.9 kcal/mol, Table 11). The natural spin densities 

obtained from the QM/MM calculations on 2TS1-CPO (Table 8) showed that the electron 

transfer mechanism in the full enzyme environment is the same as that for model B. This 

demonstrates that the proximal region effects quantified for model B remain significant in 

the full enzyme environment. 

We also attempted to carry out QM/MM calculations for the quartet spin surface 

using the MM part of the full-enzyme structure as for the doublet, as no such structure 

was available for the quartet state. This resulted in spurious MM contributions to 4TS1-

CPO barrier, which indicates that the apoenzyme structure may be altered in the quartet 

state. Investigation of this matter is beyond the scope of this paper. 

 

4.4 Conclusion 

 

The results of this study demonstrate that the NH•••S hydrogen bonds and the proximal 

helix dipole tune the catalytic reactivity of CPO, which is consistent with the previously 

reported DFT calculations of P450-catalyzed epoxidations.45-47 In the case of the CPO-

catalyzed epoxidation of CBMS, the proximal pocket reduces the rate-limiting barrier, 

which is for an electron transfer from an olefin π bond to the heme-thiolate moiety, by 

∼4.6 kcal/mol relative to a bare thiolate Cpd I. About 1/3 of the decrease is due to the 

dipole moment of the proximal helix, while the rest is due to the effect of the NH•••S 

hydrogen bonds. On the doublet spin surface, the electronic effects of CPO’s proximal 

pocket alter the preferred electron transfer mechanism of the epoxidation reaction, which 

involves the interplay between the relative stabilities of the doubly occupied thiolate-
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porphyrin a2u+σS and the oxyferryl π* orbitals. This shows that the bare thiolate heme 

model is not sufficient to reproduce the mechanism of CPO-catalyzed epoxidation. Our 

results suggest that the C-P-A-L and C-L-G-X peptide fragments are the minimal realistic 

models for theoretical calculations of CPO- and P450-catalyzed epoxidations, 

respectively. Using these fragments allows a good representation of the experimental 

geometries, of radical delocalization in Cpd I, and of tuning of the push effect by the 

proximal pocket, as well as capturing a significant portion of the proximal pocket effect 

on the reaction barrier for epoxidation. 

 

 

5. Overall Conclusion 

 

The goal of this work was to determine to what extent the proximal amide hydrogen 

bonds and the proximal helix dipole influence the catalytic activity of chloroperoxidase. 

The initial stage of investigation was on the formation of the catalytic species, Cpd I, 

focusing exclusively on the influence of the amide hydrogen bonds. The research was 

then expanded to study the Cpd I-catalyzed epoxidation of CBMS, and the proximal 

region of the model system was enlarged to include the influence of the proximal helix 

dipole. It was determined that the NH•••S hydrogen bonds reduce the push effect, thereby 

regulating the mechanism of Cpd I formation and increasing epoxidation activity. 

Additionally, the proximal helix dipole augments the influence of the NH•••S hydrogen 

bonds by significantly contributing to the increase in epoxidation activity (approximately 

1/3 contribution). 
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For Cpd I formation, the proximal NH•••S hydrogen bonds stabilize the Cpd 0 

intermediate relative to all other species and reduce the barrier for Cpd 0’s formation 

from FeHOOH. Additionally, the protCpd 0 species is destabilized, increasing the 

favorability of a hybrid homo-heterolytic relative to a classic heterolytic mechanism for 

O-O bond scission. The modulation of the overall mechanism for Cpd I formation is a 

result of the proximal NH•••S hydrogen bonds reducing the push effect, which in turn 

decreases the pKa of the distally bound heme substrate.  

In regards to the catalytic capability of Cpd I, the proximal NH•••S hydrogen 

bonds in conjunction with the proximal helix dipole favor a higher electron affinity at the 

expense of the proton affinity of Cpd I. In the case of CBMS epoxidation, the proximal 

pocket reduces the rate-limiting barrier for an electron transfer from an olefin π bond to 

the heme-thiolate moiety (Cβ-O bond barrier), and the Cα-O-Cβ ring closure becomes 

barrierless. The process occurs via a change in the electron transfer mechanism, which 

derives from the proximal pocket stabilizing the thiolate-porphyrin a2u+σS orbital relative 

to the oxyferryl π* orbitals.  

In 1996, Poulos suggested that the hydrogen bond networks on the proximal and 

distal sides of the heme function together to modulate the mechanism of reaction.12 In 

work published by Harris and Loew in 1998, as well as in work published by Yoshioka in 

2002, it was hypothesized that the push effect makes protonation of Cpd 0 more 

favorable, leading to facile O-O heterolysis.78, 80 Experimental data by Ueno et al.in 1998 

suggested that the proximal helix may amplify the NH•••S effect and thus be of 

significant importance for the catalysis in heme-thiolate enzymes.87 Our work confirms 

and extends all of these long-standing theories. 
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Having confirmed the significance of the proximal NH•••S hydrogen bonds and 

the proximal helix dipole on catalytic activity, the next logical step in continuing this 

work is to perform simulations of CPO mutants for whose catalytic activity has been 

determined. Of particular interest are mutants R26A and N33A, which have both lost 

hydrogen bonding interactions responsible for stabilizing the orientation of the proximal 

helix.  Interestingly, both of these mutants have increased epoxidation and peroxidation 

activity however, they posses no chlorination activity and little to no catalase activity.  

The increased epoxidation activity is counterintuitive, since the orientation of the 

proximal helix is important for increasing the redox potential, and should be investigated. 
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Appendix A: Supplement to Ch. 3 
 
 
 
 

 

Figure A1. Superposition of all optimized structures obtained for both model A and 
model B at B3LYP/6-31G* plus LANL2DZ(Fe) level  (16 species). This figure shows 
that proper constraints were utilized in order to maintain residues in the correct 
orientation relative to the heme while still allowing for side-chain flexibility.  
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Table A1 : Energies of stationary points on the doublet surface (in hartrees) 

 
 
 
 

  

The distance given in the left column for some Model B energies represents the H-S 
distances for the two NH···S hydrogen bonds, as defined in the paper. Energies are 
without zero-point energy. 
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Table A2: Energies of Stationary points of the doublet surface (in kcal/mol) 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The distance given in the left column for some Model B energies represents the H-S 
distances for the two NH···S hydrogen bonds, as defined in the paper. Energies are 
without zero-point energy. 
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Table A3: Energies of Stationary points on the quartet surface 
 

 
 
Table A4: Zero Point Energy corrections (doublet) 
 

  ZPE correction (kcal/mol) 
  Model A Model B 
FeHOOH 384.9 503.4 
TS1 prox 383.5 501.9 

Cpd0 383.0 501.7 
TS2 379.1 497.5 

protCpd0 382.2 501.5 
TS3 383.3 501.2 
CpdI 382.2 500.1 

 
Table A5: Zero Point Energy corrections (quartet) 
 

  ZPE correction (kcal/mol) 
  Model A Model B 

FeHOOH 384.8 502.4 
TS1 383.1 501.9 

Cpd0 383.22 501.9 
TS2 380.6 498.5 

protCpd0 383.6 501.9 
TS3 382.8 500.3 
CpdI 382.5 501.0 
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Table A6: Imaginary frequencies obtained from saddle point optimizations (doublet).  
 

  model frequency (cm-1) 

TS1     

 
Model A -248.55 

 
Model B -200.69 

 
    

TS2     

 
Model A -817.23 

 
Model B -667.51 

 
    

TS3     
  Model A -435.83 
  Model B -442.68 

Optimizations and frequencies were performed at the B3LYP/6-31G* plus LANL2DZ(Fe). 
 
 
Table A7: Mulliken Charges, B1 level 
 
 

  

Species highlighted in grey are for model A; unhighlighted are model B. Prox 
region refers to Pro30, Ala31, and Leu32. * TS1 is optimized at B1 level. 
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Table A8: Mulliken Charges, B3//B2 Level 
 

 
Species highlighted in grey are for model A; unhighlighted are model B. Prox region 
refers to Pro30, Ala31, and Leu32. 

 
 
Table A9: Mulliken Spin, B1 level 
 

 

 
 
 
 
 
 

Species highlighted in grey are for model A; unhighlighted are Model B. Prox Region 
refers to Pro30, Ala31, and Leu32 
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Table A10: Mulliken Spin, B3//B2 level 
 

 

 
Figure A2. Influence of Basis Set 

 

The zero of energy is taken as FeHOOH in all cases, as described in the paper. 

Species highlighted in grey are for model A; unhighlighted are model B. Prox region 
refers to Pro30, Ala31, and Leu32. * TS1 is optimized at B1 level. 
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Table A11: Influence of NH···S hydrogen bond distance (Å) on selected interatomic 
distances, including those involved in the trans influence. 
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Structures 
 
 
 
Doublet; Basis set B1; Model A; Fe+HOOH 
 
 74 
  
 O                   -10.23775876     4.86717411    -5.10559318 
 C                   -10.79006742     5.81200037    -4.53561869 
 N                   -11.91121001     5.63230593    -3.78783177 
 C                   -12.54123948     4.33606356    -3.59470296 
 C                   -10.25079946     7.23133917    -4.65549405 
 H                   -12.33407191     6.44091835    -3.35520750 
 H                   -13.56946369     4.34188583    -3.97304861 
 H                   -12.55331943     4.06110316    -2.53405879 
 H                   -11.95867684     3.60143595    -4.15070464 
 H                   -10.84846115     7.97733097    -4.12278827 
 H                   -10.20750318     7.49857408    -5.71545939 
 H                    -9.22795159     7.25392933    -4.26661251 
 C                    -4.17783890    -1.63116949    -0.83854219 
 C                    -3.28299182    -0.50794158    -0.69059765 
 N                    -1.99252997    -0.98077352    -0.42685745 
 C                    -2.08636974    -2.36801222    -0.39235392 
 C                    -3.44991028    -2.76636769    -0.64981656 
 C                    -3.69379614     0.83724414    -0.81013044 
 C                    -2.75037600     1.88944966    -0.64306757 
 N                    -1.37896525     1.78535404    -0.35899150 
 C                    -0.88091846     3.09140572    -0.29520127 
 C                    -1.95863634     4.01614913    -0.54701777 
 C                    -3.09061228     3.28587556    -0.76339509 
 C                     0.45552404     3.49642166    -0.04179004 
 C                     1.49864201     2.56834923     0.14513982 
 N                     1.39128361     1.17723184     0.14987877 
 C                     2.68409891     0.68671992     0.35410297 
 C                     3.59905266     1.79613413     0.47211813 
 C                     2.87582450     2.94479060     0.34959953 
 Fe                   -0.33693285     0.10609056     0.06054112 
 S                    -0.76181761     0.01943449     2.24035543 
 C                    -0.47062561     1.67982645     2.94543121 
 C                     3.09104703    -0.66507144     0.42750153 
 C                     2.15863679    -1.71307863     0.30163565 
 N                     0.78633295    -1.59899808     0.07642663 
 C                     0.29285543    -2.89755266     0.04103790 
 C                     1.37353454    -3.83458801     0.23532165 
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 C                     2.51550017    -3.10954668     0.38864285 
 C                    -1.04252395    -3.28662767    -0.15952512 
 H                     4.13646932    -0.89661761     0.58995977 
 H                     1.25875636    -4.91141805     0.24223528 
 H                     4.66650119     1.69453027     0.62505017 
 H                     3.23513350     3.96603696     0.38043256 
 H                     0.68258479     4.55556860    -0.02252259 
 H                    -1.84940258     5.09356231    -0.56972888 
 H                    -4.08157400     3.65348739    -0.99951214 
 H                    -4.72423628     1.07313120    -1.04171006 
 H                    -5.23248949    -1.54529260    -1.06821917 
 H                    -3.79169499    -3.79317283    -0.69111346 
 H                    -1.28034133    -4.34405490    -0.15612068 
 H                     3.52240969    -3.47499290     0.54850401 
 H                    -0.71781764     1.61021473     4.01052044 
 H                     0.57440165     1.98274567     2.84477273 
 H                    -1.11453861     2.43150686     2.48266569 
 C                    -2.28548002    -0.85852520    -5.41369694 
 C                    -3.19818935     0.34650816    -5.55941382 
 O                    -2.86104626     1.39406172    -6.08470103 
 O                    -4.40843985     0.11969514    -5.04171826 
 H                    -1.32955182    -0.65794419    -5.89953762 
 H                    -2.75435907    -1.74337297    -5.85695174 
 H                    -2.12210709    -1.07324774    -4.35159163 
 N                    -6.02119634     2.33170847    -5.37544155 
 C                    -5.53344679     3.47844470    -5.96692433 
 C                    -6.52864057     4.42374543    -6.06310806 
 N                    -7.64855515     3.82495774    -5.51032888 
 C                    -7.29267225     2.57539983    -5.11759940 
 C                    -6.56134790     5.81538796    -6.61262139 
 H                    -6.86867046     6.54137015    -5.84814515 
 H                    -5.56715320     6.10335789    -6.96563129 
 H                    -7.25731501     5.90850556    -7.45641238 
 H                    -8.57645494     4.24545318    -5.42388026 
 H                    -7.98628685     1.88660391    -4.65516964 
 H                    -4.98510118     0.94102425    -5.16546218 
 H                    -4.50063232     3.52882563    -6.28270195 
 
 
 
Doublet; Basis set B1; Model A; FeHOOH 
 
 78 
  
 O                   -10.29405337     4.60148294    -5.39415006 
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 C                   -11.10286674     5.48593869    -5.09706261 
 N                   -12.32991001     5.18692138    -4.59650838 
 C                   -12.79051208     3.82581192    -4.37156007 
 C                   -10.77003393     6.95879431    -5.28747052 
 H                   -12.96061800     5.94736036    -4.38700322 
 H                   -13.68125278     3.61119614    -4.97229150 
 H                   -13.02604020     3.66348853    -3.31392814 
 H                   -11.98662865     3.15271240    -4.66949990 
 H                   -11.58137482     7.63511027    -5.00192175 
 H                   -10.51897365     7.12670418    -6.33906190 
 H                    -9.88316269     7.19997756    -4.69299166 
 C                    -4.33179670    -1.24645166    -0.98692998 
 C                    -3.28768349    -0.25304974    -0.90164472 
 N                    -2.05896086    -0.80438044    -0.74996908 
 C                    -2.30328652    -2.14065488    -0.74091278 
 C                    -3.70741878    -2.44482064    -0.87363365 
 C                    -3.48495072     1.08487413    -1.00692709 
 C                    -2.54956779     2.10889265    -0.87356765 
 N                    -1.20691885     1.96088052    -0.64815032 
 C                    -0.67756040     3.23269506    -0.59891943 
 C                    -1.72588371     4.20673108    -0.78917671 
 C                    -2.88214473     3.51111551    -0.96879879 
 C                     0.66755376     3.53288721    -0.40689240 
 C                     1.67301496     2.56419137    -0.27923599 
 N                     1.48929770     1.18923475    -0.36539487 
 C                     2.74374434     0.61196010    -0.19285374 
 C                     3.72332516     1.65053721    -0.00995690 
 C                     3.06679625     2.84788834    -0.06170970 
 Fe                   -0.28271085     0.20891924    -0.45955309 
 S                    -0.57888926     0.05076799     1.73727873 
 C                    -0.06140636     1.61860284     2.52201307 
 C                     3.02666883    -0.76064153    -0.22081942 
 C                     2.03302653    -1.74545598    -0.37085018 
 N                     0.67033760    -1.53530070    -0.50952114 
 C                     0.07296961    -2.77585321    -0.57823623 
 C                     1.09159294    -3.79840568    -0.50432428 
 C                     2.29285845    -3.16690148    -0.37964022 
 C                    -1.30526001    -3.05718927    -0.67416666 
 H                     4.05600402    -1.08069539    -0.10501647 
 H                     0.89764761    -4.86320773    -0.54252888 
 H                     4.78245828     1.47715735     0.13504730 
 H                     3.48507554     3.84242508     0.03200606 
 H                     0.96124555     4.57631427    -0.35887700 
 H                    -1.57596989     5.27911008    -0.79780550 
 H                    -3.87610919     3.89304661    -1.16354589 
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 H                    -4.50324249     1.41860317    -1.19163428 
 H                    -5.38290589    -1.02723381    -1.12064074 
 H                    -4.12489841    -3.44323415    -0.89104622 
 H                    -1.56977151    -4.11097366    -0.69340727 
 H                     3.27637298    -3.61256067    -0.29630608 
 H                    -0.27875931     1.52088567     3.59098125 
 H                     1.00883251     1.80059697     2.39445144 
 H                    -0.62207033     2.46852345     2.12464609 
 O                    -0.14362095     0.29800341    -2.73034075 
 C                    -2.40883897    -0.77679689    -4.38026536 
 C                    -3.01949519     0.58975853    -4.22824706 
 O                    -2.36030082     1.58705806    -3.93866819 
 O                    -4.32906344     0.58226141    -4.41500092 
 H                    -1.45934760    -0.70369402    -4.91506141 
 H                    -3.08863547    -1.45123495    -4.90527122 
 H                    -2.18896566    -1.19373926    -3.39422699 
 N                    -5.81166136     2.83342805    -4.40317561 
 C                    -5.37659582     3.97650446    -5.03538135 
 C                    -6.44805773     4.71965134    -5.46984277 
 N                    -7.56493948     4.00404287    -5.08221307 
 C                    -7.13159447     2.88109546    -4.45368797 
 C                    -6.49212498     6.01741231    -6.20829506 
 H                    -7.01020119     6.80235294    -5.64091144 
 H                    -5.47324621     6.36571214    -6.39903559 
 H                    -6.99994172     5.92374934    -7.17698838 
 H                    -8.54052178     4.26841991    -5.24607744 
 H                    -7.80507014     2.13282831    -4.05980702 
 H                    -4.76181786     1.49079327    -4.29361070 
 H                    -4.32115728     4.18724206    -5.14169878 
 O                     1.09578247     0.87503714    -3.22358795 
 H                     1.48914596     1.13736017    -2.36423065 
 H                    -0.81724977     0.92813881    -3.10108503 
 
 
 
Doublet; Basis set B1; Model A; Transition State 1 
 
 78 
  
 O                   -10.14878634     4.52209956    -4.97710288 
 C                   -10.89625578     5.42342368    -4.56966681 
 N                   -12.05650975     5.15165442    -3.92996922 
 C                   -12.54229531     3.80225657    -3.67797109 
 C                   -10.54784860     6.88830233    -4.74280918 
 H                   -12.63527679     5.92744097    -3.64110244 
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 H                   -13.49833877     3.63306582    -4.18462727 
 H                   -12.67182672     3.63316389    -2.60384052 
 H                   -11.80191935     3.10413007    -4.06781567 
 H                   -11.32267852     7.56981196    -4.38078098 
 H                   -10.36805088     7.08746732    -5.80364837 
 H                    -9.61812897     7.09940629    -4.20381673 
 C                    -4.08718458    -1.41206812    -1.02123934 
 C                    -3.08946958    -0.36683752    -0.92586047 
 N                    -1.84377475    -0.89600482    -0.77265696 
 C                    -2.02068742    -2.24540292    -0.75451898 
 C                    -3.41764679    -2.58929660    -0.90557924 
 C                    -3.36677215     0.98210960    -0.96753429 
 C                    -2.45016631     2.02755914    -0.81251872 
 N                    -1.09500255     1.90276719    -0.65463498 
 C                    -0.58124882     3.17250590    -0.57546060 
 C                    -1.65471451     4.13808559    -0.67093265 
 C                    -2.80886379     3.42952789    -0.82119953 
 C                     0.77110607     3.49621748    -0.42808265 
 C                     1.81195676     2.56367587    -0.35469923 
 N                     1.67234501     1.19121748    -0.44103292 
 C                     2.93878430     0.65837783    -0.27800924 
 C                     3.89503486     1.72856682    -0.11472320 
 C                     3.20237420     2.90212895    -0.16206989 
 Fe                   -0.09389663     0.16152615    -0.58880033 
 S                    -0.38301740     0.01740158     1.70485558 
 C                     0.16852401     1.57055842     2.50226024 
 C                     3.26764341    -0.70422462    -0.24369703 
 C                     2.29763681    -1.72546253    -0.34585436 
 N                     0.93244046    -1.57119311    -0.50232536 
 C                     0.37423299    -2.82865484    -0.51013311 
 C                     1.42570651    -3.81667137    -0.36901419 
 C                     2.60361833    -3.14086614    -0.27077558 
 C                    -0.99427620    -3.15337307    -0.61809132 
 H                     4.30533160    -0.98920327    -0.11153449 
 H                     1.26606694    -4.88803454    -0.34629197 
 H                     4.95974723     1.58539056     0.02494227 
 H                     3.58528645     3.91122667    -0.06928448 
 H                     1.03441240     4.54744957    -0.36214160 
 H                    -1.52463435     5.21278315    -0.62632183 
 H                    -3.81938335     3.80719276    -0.92444529 
 H                    -4.40730411     1.27169242    -1.09290860 
 H                    -5.15020713    -1.24427105    -1.14437526 
 H                    -3.80880121    -3.59916004    -0.91701443 
 H                    -1.24318737    -4.21054213    -0.60133162 
 H                     3.60013516    -3.54904468    -0.15210871 
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 H                    -0.00121382     1.46885623     3.57982830 
 H                     1.23361307     1.75823505     2.33489639 
 H                    -0.39997435     2.43375422     2.14173069 
 O                    -0.09848280     0.11121203    -2.49839319 
 C                    -2.27209801    -0.83370750    -4.52332405 
 C                    -2.95356970     0.47378633    -4.29736419 
 O                    -2.24569023     1.49609292    -3.87100106 
 O                    -4.15414270     0.60925073    -4.57711915 
 H                    -1.82605831    -0.81473753    -5.52691269 
 H                    -3.00271723    -1.64267154    -4.48314410 
 H                    -1.46120182    -0.98285596    -3.80384899 
 N                    -5.70760085     2.63259798    -4.71667421 
 C                    -5.30786389     3.77225524    -5.36980942 
 C                    -6.41829433     4.53906977    -5.59925859 
 N                    -7.48404654     3.83347922    -5.06589515 
 C                    -7.02402552     2.68259632    -4.54783313 
 C                    -6.51032506     5.87594071    -6.25228811 
 H                    -6.87749787     6.64359852    -5.56026091 
 H                    -5.51977330     6.18252449    -6.59636899 
 H                    -7.18056889     5.86114702    -7.11993421 
 H                    -8.47268879     4.14002103    -5.06664096 
 H                    -7.62978841     1.92355595    -4.07818128 
 H                    -5.03065673     1.81083915    -4.51121729 
 H                    -4.27063483     3.94618097    -5.61141544 
 O                     0.53399571     1.24903427    -3.19433774 
 H                     1.16384478     1.54621812    -2.51170822 
 H                    -1.36596747     1.21532978    -3.48826250 
 
 
 
Doublet; Basis set B1; Model A; Compound 0 
 
 78 
  
 O                   -10.20852097     4.65725355    -5.33655635 
 C                   -11.00144314     5.51510551    -4.92201829 
 N                   -12.22575663     5.18519427    -4.45087281 
 C                   -12.73031788     3.82021202    -4.40126764 
 C                   -10.64154818     6.98775610    -4.89536786 
 H                   -12.83656190     5.92990293    -4.14644796 
 H                   -13.63239836     3.71831005    -5.01370113 
 H                   -12.96304738     3.53106657    -3.37092487 
 H                   -11.95401659     3.16431627    -4.79458612 
 H                   -11.45987745     7.63381704    -4.56533524 
 H                   -10.32942624     7.29492692    -5.89804958 



137 
 

 H                    -9.78928227     7.13399177    -4.22315966 
 C                    -4.16937583    -1.43457475    -0.81221556 
 C                    -3.16781569    -0.38908030    -0.73116279 
 N                    -1.92371556    -0.94594767    -0.58077860 
 C                    -2.10480956    -2.30281995    -0.55946758 
 C                    -3.51140103    -2.61955671    -0.69819218 
 C                    -3.45604863     0.97468359    -0.78312991 
 C                    -2.50523304     1.99651091    -0.64650505 
 N                    -1.14363256     1.83221425    -0.51426554 
 C                    -0.59686981     3.09427565    -0.41214374 
 C                    -1.64677984     4.08388996    -0.47930551 
 C                    -2.82192732     3.40593615    -0.62677155 
 C                     0.76950879     3.38090329    -0.29234758 
 C                     1.79133842     2.42614196    -0.24066543 
 N                     1.62872635     1.06197192    -0.29421920 
 C                     2.88999024     0.51388777    -0.16935706 
 C                     3.86996922     1.57239343    -0.05472599 
 C                     3.19394199     2.75270765    -0.09906546 
 Fe                   -0.14910012     0.06244174    -0.44108358 
 S                    -0.31815959    -0.09524587     1.86050799 
 C                    -0.18450808     1.56902117     2.61191325 
 C                     3.20660474    -0.84947507    -0.12526868 
 C                     2.22008412    -1.85921376    -0.20712273 
 N                     0.85463221    -1.69035138    -0.35559692 
 C                     0.28294458    -2.94271683    -0.34382732 
 C                     1.32430533    -3.94097499    -0.20374756 
 C                     2.51026973    -3.27696688    -0.12183689 
 C                    -1.09162864    -3.24892793    -0.43349994 
 H                     4.24276434    -1.14632151    -0.01003241 
 H                     1.15298190    -5.01017309    -0.16924906 
 H                     4.93615991     1.41298830     0.05152805 
 H                     3.59066481     3.75876693    -0.03634278 
 H                     1.05818851     4.42592808    -0.23427284 
 H                    -1.49172763     5.15438686    -0.41686550 
 H                    -3.82291135     3.81333532    -0.70711321 
 H                    -4.49507473     1.26920410    -0.89455473 
 H                    -5.23269813    -1.26292477    -0.92916411 
 H                    -3.92080357    -3.62244310    -0.70569913 
 H                    -1.36943354    -4.29787632    -0.41103226 
 H                     3.50318891    -3.69496620    -0.00730561 
 H                    -0.25882372     1.44823634     3.69821207 
 H                     0.77646365     2.03887168     2.38011328 
 H                    -0.98864120     2.23305210     2.27978701 
 O                    -0.10003694    -0.06880428    -2.35018187 
 C                    -2.44835026    -0.75210330    -4.56203802 
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 C                    -3.20811046     0.52120806    -4.36883956 
 O                    -2.55806734     1.59475019    -3.99344967 
 O                    -4.42590733     0.57159712    -4.61585018 
 H                    -1.88202858    -0.68216155    -5.49992175 
 H                    -3.13959215    -1.59288880    -4.62515839 
 H                    -1.71870734    -0.89656770    -3.75403959 
 N                    -5.81446212     2.70961951    -4.79243823 
 C                    -5.34912109     3.90963499    -5.27571048 
 C                    -6.43169051     4.70683877    -5.53873918 
 N                    -7.54624266     3.95736093    -5.19609347 
 C                    -7.14075241     2.75519646    -4.75791420 
 C                    -6.50078337     6.09096063    -6.08845313 
 H                    -6.98075085     6.78453653    -5.38746291 
 H                    -5.49182126     6.46121913    -6.28573049 
 H                    -7.06325055     6.12363917    -7.02903756 
 H                    -8.52913637     4.27039069    -5.27308270 
 H                    -7.79002535     1.95618797    -4.43558012 
 H                    -5.18594579     1.83425908    -4.60184593 
 H                    -4.29191256     4.09493495    -5.38771373 
 O                    -0.14323734     1.19452704    -3.12620540 
 H                    -0.03845867     1.85819582    -2.41840012 
 H                    -1.59235301     1.39192595    -3.66300554 
 
 
 
Doublet; Basis set B1; Model A; Transition State 2 
 
 78 
  
 O                   -10.22100913     4.61464116    -5.38483524 
 C                   -11.03362158     5.43734800    -4.94465381 
 N                   -12.24950555     5.05855709    -4.48101427 
 C                   -12.70899117     3.67774063    -4.46640230 
 C                   -10.71323927     6.92107003    -4.89246466 
 H                   -12.88029690     5.77534361    -4.15166066 
 H                   -13.60714447     3.56052400    -5.08228711 
 H                   -12.93210303     3.35364630    -3.44415746 
 H                   -11.91061122     3.05889076    -4.87552401 
 H                   -11.53611459     7.53606800    -4.51675374 
 H                   -10.44691866     7.25935328    -5.89834677 
 H                    -9.83991399     7.07306268    -4.24977235 
 C                    -4.20000481    -1.36831111    -0.77346258 
 C                    -3.18210982    -0.33847211    -0.70160373 
 N                    -1.94492089    -0.91428673    -0.56087189 
 C                    -2.14791536    -2.26857165    -0.53424640 
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 C                    -3.56002410    -2.56313255    -0.66093908 
 C                    -3.45315044     1.02913052    -0.74666414 
 C                    -2.48802062     2.03739939    -0.61116934 
 N                    -1.12314557     1.85261762    -0.50293993 
 C                    -0.55681803     3.10954499    -0.39517229 
 C                    -1.59486732     4.11050456    -0.43456950 
 C                    -2.78191514     3.44948189    -0.57089469 
 C                     0.81651232     3.36997452    -0.30986445 
 C                     1.82216300     2.39821950    -0.27552489 
 N                     1.63775810     1.03613825    -0.31628153 
 C                     2.89347143     0.47035440    -0.20741084 
 C                     3.89048118     1.51469335    -0.11707739 
 C                     3.23153925     2.70436616    -0.16061410 
 Fe                   -0.15486805     0.06532623    -0.42985009 
 S                    -0.29335882    -0.09554590     1.85370762 
 C                    -0.13319579     1.56660166     2.60290959 
 C                     3.19060323    -0.89670103    -0.15989372 
 C                     2.18705484    -1.89052171    -0.23002201 
 N                     0.82242626    -1.70021125    -0.37064219 
 C                     0.23073525    -2.94448183    -0.34232596 
 C                     1.25730021    -3.95716762    -0.20483825 
 C                     2.45444209    -3.31156058    -0.13819629 
 C                    -1.14914999    -3.23018150    -0.41335794 
 H                     4.22303944    -1.20937624    -0.05481711 
 H                     1.06946994    -5.02313429    -0.16145929 
 H                     4.95568339     1.34000378    -0.02739535 
 H                     3.64391913     3.70480557    -0.11310548 
 H                     1.12501281     4.40951425    -0.25723924 
 H                    -1.42602758     5.17840902    -0.36748929 
 H                    -3.77722372     3.87239041    -0.63506594 
 H                    -4.48863217     1.33832259    -0.84811663 
 H                    -5.26118647    -1.17975135    -0.88199223 
 H                    -3.98516017    -3.55933817    -0.66263435 
 H                    -1.44298176    -4.27436589    -0.38193063 
 H                     3.44139985    -3.74472122    -0.02964454 
 H                    -0.18664135     1.44106001     3.68968358 
 H                     0.82645685     2.02881542     2.35270297 
 H                    -0.94004642     2.23547898     2.28870725 
 O                    -0.15023777    -0.04137157    -2.37948880 
 C                    -2.51989014    -0.72184870    -4.53676923 
 C                    -3.17666555     0.60953904    -4.35642868 
 O                    -2.49769944     1.62076922    -3.97574560 
 O                    -4.41127686     0.68932688    -4.64911351 
 H                    -2.02888343    -0.73282566    -5.51878548 
 H                    -3.26416062    -1.51893105    -4.51218484 
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 H                    -1.74817494    -0.87930642    -3.77435519 
 N                    -5.74528156     2.76290086    -4.80868608 
 C                    -5.32184052     3.99445874    -5.24973715 
 C                    -6.41567886     4.77549713    -5.52669196 
 N                    -7.51513070     3.98785577    -5.23719851 
 C                    -7.07035690     2.78496405    -4.81604322 
 C                    -6.48116330     6.18067384    -6.02927190 
 H                    -6.97068758     6.85254105    -5.31283434 
 H                    -5.46865303     6.55568130    -6.19880219 
 H                    -7.02927619     6.25066064    -6.97687708 
 H                    -8.50119237     4.26725626    -5.33176233 
 H                    -7.71484815     1.96569884    -4.53461358 
 H                    -4.98063392     1.73488160    -4.63526887 
 H                    -4.27068792     4.22859093    -5.33260304 
 O                    -0.24535044     1.26761164    -3.09261148 
 
 H                    -0.26055436     1.88472240    -2.32872446 
 H                    -1.41289010     1.37793089    -3.57516244 
 
 
 
Doublet; Basis set B1; Model A; protonated Compound 0 
 
 78 
  
 O                   -10.30258578     4.67856907    -5.35904159 
 C                   -11.09709555     5.54051711    -4.96950690 
 N                   -12.32676596     5.21163844    -4.49677015 
 C                   -12.80992680     3.84234804    -4.40988445 
 C                   -10.74182861     7.01941965    -5.00671525 
 H                   -12.94434275     5.95682234    -4.20813840 
 H                   -13.70631039     3.70563763    -5.02471610 
 H                   -13.04456251     3.57691692    -3.37316769 
 H                   -12.01895634     3.18972317    -4.77926231 
 H                   -11.54360503     7.67472998    -4.65343426 
 H                   -10.48582353     7.29165221    -6.03502708 
 H                    -9.85307254     7.18486900    -4.38947583 
 C                    -4.13411380    -1.45276903    -0.84993722 
 C                    -3.12699738    -0.41531902    -0.75183334 
 N                    -1.88659712    -0.97391264    -0.58955234 
 C                    -2.08116028    -2.32985509    -0.56662054 
 C                    -3.48558869    -2.64060482    -0.72507006 
 C                    -3.41799317     0.94569594    -0.78040276 
 C                    -2.48206352     1.97255115    -0.62071216 
 N                    -1.10356492     1.81277943    -0.53961125 
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 C                    -0.56651482     3.08434010    -0.37134063 
 C                    -1.62663422     4.05445089    -0.36503677 
 C                    -2.80134391     3.37109873    -0.52154086 
 C                     0.80017950     3.35352616    -0.29987319 
 C                     1.81669835     2.39322365    -0.26148215 
 N                     1.65210757     1.02915282    -0.27747007 
 C                     2.91625852     0.48426968    -0.16770642 
 C                     3.89873495     1.54303253    -0.09675476 
 C                     3.22195233     2.72154874    -0.15698128 
 Fe                   -0.10955938     0.02349654    -0.39733873 
 S                    -0.28931379    -0.13162494     1.85965021 
 C                    -0.17309822     1.53655647     2.60218106 
 C                     3.22829512    -0.87628810    -0.11112262 
 C                     2.24126908    -1.88767130    -0.18187227 
 N                     0.87549850    -1.71878796    -0.33929903 
 C                     0.29868676    -2.97116873    -0.31688151 
 C                     1.33800428    -3.96664865    -0.16170573 
 C                     2.52587477    -3.30374056    -0.08232101 
 C                    -1.07748743    -3.27511866    -0.41716338 
 H                     4.26446320    -1.17522654    -0.00203512 
 H                     1.16594045    -5.03515771    -0.11931843 
 H                     4.96654072     1.38493161    -0.00943501 
 H                     3.61898531     3.72868576    -0.12827229 
 H                     1.10051389     4.39503774    -0.23859871 
 H                    -1.48506701     5.12291074    -0.25920964 
 H                    -3.80492228     3.77565689    -0.56521189 
 H                    -4.45786670     1.23641557    -0.88990800 
 H                    -5.19288723    -1.27133921    -0.98609555 
 H                    -3.89857151    -3.64153618    -0.73896424 
 H                    -1.35629345    -4.32343346    -0.38929417 
 H                     3.51691853    -3.72381662     0.03829339 
 H                    -0.23075506     1.41094763     3.68847502 
 H                     0.77754477     2.01837439     2.35627534 
 H                    -0.99391721     2.18435984     2.28085710 
 O                    -0.01641621    -0.05793650    -2.38370665 
 C                    -2.44930800    -0.75625568    -4.49043272 
 C                    -3.12437579     0.57123793    -4.32942848 
 O                    -2.48078134     1.60834322    -4.09570110 
 O                    -4.42084056     0.53659646    -4.49256956 
 H                    -1.96624322    -0.78235566    -5.47570141 
 H                    -3.16744830    -1.57575042    -4.43297840 
 H                    -1.66805965    -0.87834017    -3.73291667 
 N                    -5.85005136     2.74831687    -4.59214307 
 C                    -5.40002721     3.94379935    -5.10458190 
 C                    -6.46453397     4.74153565    -5.44804924 
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 N                    -7.58883232     4.00415694    -5.12718455 
 C                    -7.16989578     2.81663863    -4.62377130 
 C                    -6.50310673     6.10958001    -6.04449299 
 H                    -7.00322627     6.83458517    -5.38853849 
 H                    -5.48346725     6.46635375    -6.21412172 
 H                    -7.02698892     6.12349955    -7.00886746 
 H                    -8.56205368     4.29913695    -5.25425422 
 H                    -7.84914343     2.04015388    -4.30159412 
 H                    -4.88530472     1.45601875    -4.43620658 
 H                    -4.34231678     4.14954410    -5.19335681 
 O                    -0.16862601     1.32189102    -2.96669962 
 H                    -0.48658814     1.78098830    -2.12219548 
 H                    -1.03380690     1.30808368    -3.53524215 
 
 
 
Doublet; Basis set B1; Model A; Transition State 3 
 
 78 
  
 O                   -10.29502169     4.65039951    -5.32708565 
 C                   -11.08400442     5.52361861    -4.95322411 
 N                   -12.31359863     5.21000193    -4.46970198 
 C                   -12.80143923     3.84477917    -4.35164371 
 C                   -10.72224987     6.99996490    -5.02421361 
 H                   -12.92695898     5.96363836    -4.19425461 
 H                   -13.70020070     3.69791006    -4.96067982 
 H                   -13.03383209     3.60265520    -3.30871143 
 H                   -12.01388468     3.18146820    -4.70913663 
 H                   -11.51921572     7.66650738    -4.68111994 
 H                   -10.47043327     7.24846557    -6.05953465 
 H                    -9.82945125     7.17441607    -4.41539786 
 C                    -4.16078811    -1.41270942    -0.81350263 
 C                    -3.14885881    -0.38181882    -0.72963856 
 N                    -1.90758070    -0.92132475    -0.58354268 
 C                    -2.10396050    -2.26900498    -0.55959712 
 C                    -3.50577559    -2.59602622    -0.69773491 
 C                    -3.40689719     0.96736993    -0.76612116 
 C                    -2.45417795     1.98345214    -0.63063133 
 N                    -1.09170663     1.81956414    -0.49014339 
 C                    -0.54175587     3.08325781    -0.40929530 
 C                    -1.59023289     4.06985589    -0.49640763 
 C                    -2.76591678     3.39161876    -0.63381865 
 C                     0.82333939     3.36740227    -0.29691918 
 C                     1.84372646     2.43472835    -0.21953640 
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 N                     1.66552795     1.07983234    -0.25510637 
 C                     2.92322800     0.53663486    -0.15376378 
 C                     3.91461108     1.58231493    -0.05431024 
 C                     3.24430388     2.76450193    -0.09599239 
 Fe                   -0.11115221     0.09353647    -0.43568407 
 S                    -0.25519596    -0.13320367     1.86095004 
 C                    -0.28612265     1.53570855     2.61180359 
 C                     3.21486268    -0.81597964    -0.13710398 
 C                     2.23168819    -1.82648513    -0.21668765 
 N                     0.86658203    -1.65373005    -0.33974660 
 C                     0.28154538    -2.89843104    -0.33991081 
 C                     1.31907661    -3.90098172    -0.22437598 
 C                     2.51183112    -3.24494110    -0.15338850 
 C                    -1.09620537    -3.19015718    -0.42826459 
 H                     4.24963188    -1.12733055    -0.04432107 
 H                     1.14256095    -4.96925186    -0.20041881 
 H                     4.97997736     1.41143835     0.03587044 
 H                     3.63975552     3.77123866    -0.04740030 
 H                     1.10128963     4.41679523    -0.26279604 
 H                    -1.43349680     5.14077111    -0.45996838 
 H                    -3.76430357     3.79753966    -0.73732650 
 H                    -4.43752725     1.28497298    -0.89218843 
 H                    -5.22014341    -1.22778200    -0.93704883 
 H                    -3.90696518    -3.60156286    -0.70507360 
 H                    -1.36475211    -4.24220245    -0.40759416 
 H                     3.50286055    -3.67137510    -0.05865879 
 H                    -0.33346158     1.39977323     3.69746687 
 H                     0.62034442     2.09903932     2.37132253 
 H                    -1.15914193     2.11130709     2.29136849 
 O                     0.05931794    -0.10669426    -2.17830681 
 C                    -2.45070822    -0.81570803    -4.40457673 
 C                    -3.12672255     0.51709164    -4.24381069 
 O                    -2.49960145     1.56238792    -4.02553907 
 O                    -4.43027905     0.46748486    -4.39327823 
 H                    -1.99097719    -0.85545207    -5.40015544 
 H                    -3.16694896    -1.63409968    -4.31702548 
 H                    -1.65373134    -0.92588551    -3.66336176 
 N                    -5.84605880     2.71658529    -4.53009072 
 C                    -5.39245117     3.89867915    -5.07148079 
 C                    -6.45420916     4.69472444    -5.42915016 
 N                    -7.58093733     3.96984505    -5.08702779 
 C                    -7.16520722     2.79193203    -4.55853553 
 C                    -6.50032767     6.04794470    -6.05957498 
 H                    -6.98881834     6.79017630    -5.41411576 
 H                    -5.48343796     6.39932953    -6.25547204 
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 H                    -7.04014304     6.03744259    -7.01513349 
 H                    -8.55288979     4.26550914    -5.21910525 
 H                    -7.84759615     2.02668267    -4.21634595 
 H                    -4.88149362     1.38725014    -4.34983613 
 H                    -4.33393396     4.09617468    -5.16928129 
 O                     0.01467581     1.35373840    -3.18332124 
 H                     0.02314251     1.99290258    -2.44279637 
 H                    -0.94588233     1.36061290    -3.51809328 
 
 
 
 
 
 
 
 
Doublet; Basis set B1; Model A; Compound I 
 
 78  
 
 O                   -10.27731313     4.69594143    -4.95975597 
 C                   -10.95189345     5.58890520    -4.43952250 
 N                   -12.12622634     5.31640749    -3.81115859 
 C                   -12.67830618     3.97576974    -3.69944904 
 C                   -10.50980166     7.04516957    -4.49086349 
 H                   -12.64955104     6.08534589    -3.41773258 
 H                   -13.65562338     3.91361602    -4.19092946 
 H                   -12.78861727     3.68507443    -2.64877253 
 H                   -11.98568816     3.29301912    -4.19168485 
 H                   -11.19966493     7.73387311    -3.99367359 
 H                   -10.40437611     7.34043875    -5.53911970 
 H                    -9.52440413     7.13103633    -4.02251529 
 C                    -3.90778566    -1.70151204    -1.00938894 
 C                    -2.98395082    -0.60404692    -0.85302628 
 N                    -1.70344970    -1.09272737    -0.68786386 
 C                    -1.80410742    -2.46871074    -0.73726392 
 C                    -3.18228472    -2.85100289    -0.93099644 
 C                    -3.36490835     0.74628730    -0.85266324 
 C                    -2.44472916     1.78407755    -0.67210685 
 N                    -1.07178712     1.64951973    -0.47635295 
 C                    -0.56214076     2.93171446    -0.37883477 
 C                    -1.63884105     3.88703576    -0.47754140 
 C                    -2.78915824     3.18425532    -0.66176763 
 C                     0.78367725     3.28373494    -0.22357036 
 C                     1.84713756     2.38301385    -0.18148983 
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 N                     1.74473279     1.01616082    -0.24028205 
 C                     3.03832107     0.53642572    -0.16297743 
 C                     3.96610542     1.63497566    -0.04254642 
 C                     3.22905296     2.77869119    -0.05253996 
 Fe                    0.03876150    -0.03795747    -0.61036574 
 S                    -0.59485212     0.04517404     1.91524180 
 C                     0.46484073     1.25620781     2.75694590 
 C                     3.41114625    -0.80331753    -0.18150862 
 C                     2.47963580    -1.85425634    -0.29501976 
 N                     1.10763749    -1.73501248    -0.40619977 
 C                     0.60168683    -3.01473761    -0.48711227 
 C                     1.68416983    -3.96622937    -0.41256453 
 C                     2.83962277    -3.25163607    -0.29757417 
 C                    -0.74962386    -3.37708038    -0.62978825 
 H                     4.46284214    -1.05589392    -0.10644717 
 H                     1.56205020    -5.04152558    -0.44797550 
 H                     5.04039131     1.52558685     0.03582742 
 H                     3.57159721     3.80347328     0.01363388 
 H                     1.01647968     4.34207893    -0.17559639 
 H                    -1.50944336     4.96094341    -0.43554644 
 H                    -3.79277116     3.56620757    -0.79835265 
 H                    -4.40759293     0.99537649    -1.00935526 
 H                    -4.97332412    -1.58750483    -1.16147500 
 H                    -3.53253678    -3.87303423    -1.00219485 
 H                    -0.98321137    -4.43513556    -0.67974459 
 H                     3.85294062    -3.62519952    -0.21900127 
 H                     0.20380862     1.28914492     3.81883960 
 H                     1.52328708     1.01419066     2.63070114 
 H                     0.28560859     2.24857101     2.32485878 
 O                     0.20503364     0.03091096    -2.22667081 
 C                    -2.21200862    -0.81230877    -4.87028564 
 C                    -3.07180218     0.43649680    -4.86340687 
 O                    -2.62364256     1.56395777    -5.03236459 
 O                    -4.36390478     0.18812715    -4.66581371 
 H                    -1.71142212    -0.89133600    -5.84122512 
 H                    -2.80338160    -1.71052917    -4.68482790 
 H                    -1.43261007    -0.71259349    -4.10664920 
 N                    -5.87839369     2.47679449    -4.84127753 
 C                    -5.42517287     3.66243370    -5.38283748 
 C                    -6.47432330     4.53544601    -5.56099865 
 N                    -7.59057740     3.85170388    -5.10756596 
 C                    -7.18175975     2.62686019    -4.69262211 
 C                    -6.57820428     5.91444247    -6.13260827 
 H                    -6.96675877     6.63658975    -5.40196180 
 H                    -5.59161716     6.26466556    -6.44942951 
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 H                    -7.23959715     5.94193657    -7.00806151 
 H                    -8.55052740     4.20426243    -5.10223674 
 H                    -7.86093895     1.88442756    -4.29664380 
 H                    -4.88183877     1.05949940    -4.69828658 
 H                    -4.37569239     3.79573041    -5.60569890 
 O                    -0.19821664     2.57658517    -3.68671918 
 H                     0.09117785     1.74744230    -3.26758854 
 H                    -0.97907824     2.30415414    -4.20300292 
 
 
 
 
 
 
 
 
Doublet; Basis set B1; Model B; Fe+HOOH 
  
 96 
  
 O                   -10.13146837     4.71973034    -4.72350041 
 C                   -10.68407198     5.69165271    -4.20046680 
 N                   -11.76230848     5.54193177    -3.38663291 
 C                   -12.34891446     4.24962761    -3.06916221 
 C                   -10.19253925     7.11059095    -4.45282246 
 H                   -12.19053155     6.37092064    -3.00029663 
 H                   -13.38674952     4.19558646    -3.41633076 
 H                   -12.32421850     4.06498019    -1.98949745 
 H                   -11.76051175     3.48704757    -3.57942524 
 H                   -10.77807125     7.87867525    -3.93847097 
 H                   -10.21967136     7.30237174    -5.52963163 
 H                    -9.14940790     7.18502065    -4.12997344 
 C                    -4.03747678    -1.69496100    -0.99991067 
 C                    -3.13189117    -0.58526908    -0.82847560 
 N                    -1.84678212    -1.04225906    -0.58978639 
 C                    -1.94626694    -2.41956420    -0.59592024 
 C                    -3.30565646    -2.83055357    -0.84845785 
 C                    -3.51750420     0.74705247    -0.91197012 
 C                    -2.60868413     1.81407275    -0.75725054 
 N                    -1.23886852     1.73107200    -0.51051163 
 C                    -0.77373749     3.04388917    -0.43874705 
 C                    -1.87100377     3.95223723    -0.65086177 
 C                    -2.99056598     3.20019330    -0.85216230 
 C                     0.55418323     3.45339981    -0.21439840 
 C                     1.61118604     2.54375962    -0.06934629 
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 N                     1.51025309     1.15640009    -0.07707268 
 C                     2.80806159     0.67842470     0.07894768 
 C                     3.72322151     1.78774375     0.18291790 
 C                     2.98872876     2.93215131     0.09673230 
 Fe                   -0.19459510     0.06543119    -0.13386902 
 S                    -0.58263349    -0.02864518     2.07607786 
 C                     0.00021084     1.53667007     2.82541062 
 C                     3.21026791    -0.66719322     0.11795199 
 C                     2.29665566    -1.72301548     0.00070312 
 N                     0.92216064    -1.61446234    -0.18872989 
 C                     0.44074076    -2.91424634    -0.23059657 
 C                     1.52944178    -3.84655083    -0.07766793 
 C                     2.66969795    -3.11470480     0.05812577 
 C                    -0.89278731    -3.30450239    -0.40597018 
 H                     4.26181007    -0.89506518     0.24729708 
 H                     1.42078152    -4.92375663    -0.08354317 
 H                     4.79517215     1.68860727     0.29977064 
 H                     3.33895786     3.95629496     0.12708664 
 H                     0.77100878     4.51505047    -0.18674776 
 H                    -1.78130755     5.03132436    -0.66004872 
 H                    -3.99584609     3.54338364    -1.06147455 
 H                    -4.55201795     0.98395733    -1.13004314 
 H                    -5.09178546    -1.59569211    -1.22286089 
 H                    -3.63460209    -3.85977119    -0.91413541 
 H                    -1.10826727    -4.36755770    -0.41840801 
 H                     3.68348645    -3.47256081     0.18724309 
 H                    -0.31603376     1.52025386     3.87413508 
 H                     1.08861370     1.61486626     2.78324618 
 H                    -0.44817654     2.40345167     2.33520218 
 C                    -2.11513100    -0.95152767    -5.10252477 
 C                    -3.02302918     0.25849227    -5.25216266 
 O                    -2.71984831     1.26293990    -5.87203646 
 O                    -4.19357509     0.08701598    -4.62729091 
 H                    -1.16810073    -0.76457589    -5.61062105 
 H                    -2.59829936    -1.83689639    -5.52995245 
 H                    -1.93567966    -1.15685566    -4.04157892 
 N                    -5.87036206     2.26766163    -5.03081656 
 C                    -5.45022926     3.37178908    -5.74323741 
 C                    -6.47174438     4.28860855    -5.85025861 
 N                    -7.53880460     3.71678085    -5.17902737 
 C                    -7.12899526     2.50969378    -4.71164121 
 C                    -6.55382468     5.63607118    -6.50021129 
 H                    -6.75257622     6.43402152    -5.77199096 
 H                    -5.60610839     5.86809613    -6.99432451 
 H                    -7.34566158     5.67802092    -7.25908741 
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 H                    -8.47039187     4.12457452    -5.06843704 
 H                    -7.77756485     1.84782363    -4.15418051 
 H                    -4.77801173     0.89673173    -4.78006136 
 H                    -4.44184420     3.41757827    -6.13089735 
 N                    -0.57759802    -1.95435012     4.95066220 
 C                     0.66123917    -2.37611426     5.57525612 
 C                    -1.78607488    -2.48305625     5.30300965 
 C                    -2.98580264    -1.99449824     4.45653111 
 N                    -3.08818820    -0.54502013     4.33077352 
 C                    -3.43990535     0.25497629     5.38236264 
 C                    -3.45337064     1.75098012     5.08501261 
 C                    -3.02378075    -2.68343069     3.08960824 
 O                    -1.93184955    -3.33587768     6.16983249 
 O                    -3.73624254    -0.18755714     6.48476373 
 H                    -0.52485937    -1.35014007     4.13963843 
 H                     1.30558726    -2.91456495     4.86785783 
 H                     1.21766618    -1.51723171     5.96997005 
 H                     0.40158697    -3.04426530     6.39794602 
 H                    -3.84891153    -2.32080328     5.04433126 
 H                    -2.16542823    -2.41528707     2.46733314 
 H                    -3.01508338    -3.76868558     3.23305546 
 H                    -3.93717970    -2.41313971     2.54892868 
 H                    -2.77667664    -0.12513211     3.46236726 
 H                    -3.25614727     1.99671190     4.03655675 
 H                    -4.42952375     2.15522598     5.36953658 
 H                    -2.70364563     2.24399469     5.71324609 
 
 
 
Doublet; Basis set B1; Model B; FeHOOH 
   
 100 
  
 O                   -10.27708700     4.49546998    -5.17994838 
 C                   -11.10259823     5.36078734    -4.87105973 
 N                   -12.32409659     5.03316780    -4.37645351 
 C                   -12.76239344     3.66109586    -4.17337375 
 C                   -10.79681172     6.84194599    -5.03871064 
 H                   -12.96835148     5.77938441    -4.15713229 
 H                   -13.65155787     3.44313113    -4.77509187 
 H                   -12.99208286     3.47721518    -3.11802546 
 H                   -11.94910971     3.00580601    -4.48511702 
 H                   -11.61689026     7.49903396    -4.73407438 
 H                   -10.55877804     7.03285538    -6.08950504 
 H                    -9.90873395     7.08821091    -4.44821909 
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 C                    -4.24624691    -1.33075699    -0.89914580 
 C                    -3.20767717    -0.33475028    -0.78729114 
 N                    -1.97687871    -0.88384939    -0.63779145 
 C                    -2.21499911    -2.22143452    -0.66379503 
 C                    -3.61666228    -2.52884768    -0.81103680 
 C                    -3.40957730     1.00353394    -0.87532924 
 C                    -2.47682439     2.02840348    -0.73452080 
 N                    -1.13042484     1.88212072    -0.52841523 
 C                    -0.60495935     3.15564495    -0.46848024 
 C                    -1.65887098     4.12713518    -0.62935772 
 C                    -2.81506078     3.42953721    -0.80446380 
 C                     0.74211136     3.45848879    -0.29811869 
 C                     1.75271674     2.49194228    -0.20312035 
 N                     1.57139573     1.11672680    -0.29532867 
 C                     2.83101915     0.54270877    -0.14980367 
 C                     3.81040004     1.58325356     0.02067861 
 C                     3.14907296     2.77859040    -0.01092542 
 Fe                   -0.20035162     0.13201885    -0.37362003 
 S                    -0.46184634    -0.00427837     1.85762887 
 C                     0.27540144     1.47676989     2.64243131 
 C                     3.11701142    -0.82889761    -0.18916661 
 C                     2.12297897    -1.81333356    -0.32945549 
 N                     0.75719239    -1.60503106    -0.44677619 
 C                     0.16340453    -2.84827559    -0.52377718 
 C                     1.18532907    -3.86717392    -0.47245444 
 C                     2.38609888    -3.23281480    -0.35564527 
 C                    -1.21277460    -3.13463609    -0.61580579 
 H                     4.14860831    -1.14756959    -0.09258205 
 H                     0.99416622    -4.93192515    -0.51945484 
 H                     4.87257768     1.41251491     0.14394352 
 H                     3.56575625     3.77377316     0.08138553 
 H                     1.03331040     4.50218117    -0.24425599 
 H                    -1.51335407     5.19998263    -0.62353887 
 H                    -3.81272369     3.81063001    -0.98038712 
 H                    -4.42932456     1.33636202    -1.05236848 
 H                    -5.29742625    -1.11377794    -1.03513510 
 H                    -4.02917985    -3.52837555    -0.85359758 
 H                    -1.47227312    -4.18890568    -0.65394116 
 H                     3.37181883    -3.67609182    -0.28924438 
 H                     0.04995589     1.41357442     3.71237752 
 H                     1.35941062     1.50082980     2.51022504 
 H                    -0.15966955     2.39554998     2.24294399 
 O                    -0.11086718     0.22173625    -2.59870225 
 C                    -2.36880205    -0.81664983    -4.28222251 
 C                    -2.96889640     0.54947371    -4.09252359 
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 O                    -2.29861573     1.53092345    -3.77005099 
 O                    -4.27543144     0.55911173    -4.28285540 
 H                    -1.42273692    -0.73662146    -4.82247498 
 H                    -3.05605411    -1.47311306    -4.81986347 
 H                    -2.14566566    -1.26091670    -3.30908541 
 N                    -5.76818357     2.78754101    -4.22189856 
 C                    -5.35345463     3.94396650    -4.84334953 
 C                    -6.43788207     4.67689805    -5.26230590 
 N                    -7.54193578     3.94180779    -4.87576029 
 C                    -7.08950568     2.81735760    -4.26412662 
 C                    -6.49563791     5.98397722    -5.98376477 
 H                    -7.01758976     6.75719426    -5.40416271 
 H                    -5.48036832     6.34282710    -6.17377588 
 H                    -7.00670939     5.89885770    -6.95142803 
 H                    -8.52282967     4.19198663    -5.03445079 
 H                    -7.75026401     2.05499840    -3.87591353 
 H                    -4.71133563     1.46662116    -4.14236162 
 H                    -4.30218496     4.17201619    -4.95489811 
 O                     1.12144701     0.77248227    -3.13574791 
 H                     1.53728950     1.06086592    -2.29551723 
 H                    -0.79012668     0.85312698    -2.96569065 
 N                    -0.39503662    -2.00727572     4.67811430 
 C                     0.85356454    -2.51860167     5.20918719 
 C                    -1.60672375    -2.48059381     5.09220484 
 C                    -2.82461404    -1.90326917     4.33230631 
 N                    -2.85244061    -0.44748977     4.24859576 
 C                    -3.09570620     0.34026275     5.33886482 
 C                    -3.01660628     1.84231157     5.08460584 
 C                    -2.98348753    -2.55358528     2.95593448 
 O                    -1.74728427    -3.34461355     5.94917762 
 O                    -3.37425216    -0.11388410     6.44162491 
 H                    -0.35796189    -1.40143722     3.86612915 
 H                     1.39809795    -3.11180928     4.46234803 
 H                     1.50226450    -1.70058174     5.54489903 
 H                     0.61091336    -3.15792424     6.05954923 
 H                    -3.66853403    -2.19571282     4.96406507 
 H                    -2.14689179    -2.32265205     2.29135029 
 H                    -3.03430018    -3.64078678     3.07530609 
 H                    -3.90735023    -2.21378038     2.47585516 
 H                    -2.52938609    -0.02276040     3.38578597 
 H                    -2.83804506     2.10588910     4.03725400 
 H                    -3.95266501     2.30298795     5.41487181 
 H                    -2.21401837     2.26346771     5.69957441 
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Doublet; Basis set B1; Model B; Transition State 1 
 
 100 
  
 O                   -10.13818606     4.54801001    -4.91859294 
 C                   -10.86146774     5.47197202    -4.51632589 
 N                   -12.01505587     5.23646807    -3.85223958 
 C                   -12.52351438     3.90271232    -3.56300949 
 C                   -10.48732271     6.92601792    -4.72025541 
 H                   -12.57121985     6.02969448    -3.56618544 
 H                   -13.50549619     3.75535173    -4.02439789 
 H                   -12.60916723     3.74735847    -2.48235413 
 H                   -11.82020792     3.18109438    -3.97784221 
 H                   -11.24996499     7.62817534    -4.37223056 
 H                   -10.30482895     7.10028545    -5.78496464 
 H                    -9.55396854     7.13251974    -4.18550006 
 C                    -4.14658574    -1.47953279    -1.06058673 
 C                    -3.16329650    -0.42804106    -0.91278077 
 N                    -1.91859734    -0.94695050    -0.71832590 
 C                    -2.08515263    -2.29823784    -0.72449895 
 C                    -3.47127081    -2.65248945    -0.93525371 
 C                    -3.44886826     0.91766238    -0.94758131 
 C                    -2.54613315     1.97019824    -0.75732379 
 N                    -1.19463776     1.85758116    -0.56336283 
 C                    -0.69351784     3.13222332    -0.46881009 
 C                    -1.77330244     4.08695944    -0.58758038 
 C                    -2.91674775     3.36831226    -0.76952261 
 C                     0.65164600     3.46949306    -0.28837268 
 C                     1.69717813     2.54219529    -0.19368883 
 N                     1.57197790     1.16625951    -0.28493931 
 C                     2.83998903     0.64237144    -0.09137142 
 C                     3.78125991     1.72090496     0.09591834 
 C                     3.07928221     2.88901011     0.03320541 
 Fe                   -0.18351511     0.12610543    -0.48819243 
 S                    -0.55434073     0.01240685     1.84356336 
 C                     0.19953834     1.47014757     2.66501806 
 C                     3.17852516    -0.71947992    -0.05193530 
 C                     2.21562663    -1.74464187    -0.17880670 
 N                     0.85236847    -1.59745699    -0.36826614 
 C                     0.30249280    -2.86026177    -0.39524194 
 C                     1.35601332    -3.84053822    -0.22785652 
 C                     2.52685430    -3.15752910    -0.09861074 
 C                    -1.05863440    -3.19815563    -0.55124270 
 H                     4.21429781    -0.99815286     0.10447386 



152 
 

 H                     1.20272841    -4.91268147    -0.21091554 
 H                     4.84343884     1.58763350     0.26118341 
 H                     3.45238330     3.90057342     0.13742253 
 H                     0.90522351     4.52220065    -0.21386362 
 H                    -1.65451594     5.16246211    -0.53673369 
 H                    -3.92724354     3.73727564    -0.89881049 
 H                    -4.48670366     1.20093474    -1.10396851 
 H                    -5.20532993    -1.31912488    -1.22218928 
 H                    -3.85173198    -3.66545485    -0.97343660 
 H                    -1.29774296    -4.25729891    -0.54849636 
 H                     3.52220364    -3.56024568     0.04452724 
 H                     0.00810709     1.38980456     3.74083349 
 H                     1.28076197     1.50349507     2.50606015 
 H                    -0.23937991     2.40376474     2.30204036 
 O                    -0.14241603     0.10318809    -2.36960188 
 C                    -2.26230259    -0.87587496    -4.47923798 
 C                    -2.95990768     0.42382525    -4.25845388 
 O                    -2.26538871     1.44060725    -3.79079282 
 O                    -4.14874916     0.56027797    -4.57327082 
 H                    -1.72863758    -0.81920862    -5.43747804 
 H                    -2.99282864    -1.68369442    -4.53375324 
 H                    -1.51410933    -1.06145624    -3.70380363 
 N                    -5.73850869     2.57310649    -4.70974235 
 C                    -5.32772607     3.69261814    -5.39052614 
 C                    -6.42674331     4.47737849    -5.61067179 
 N                    -7.49590272     3.80301827    -5.04399085 
 C                    -7.05035654     2.65227200    -4.51518867 
 C                    -6.50579096     5.80536618    -6.28113381 
 H                    -6.84972834     6.58821748    -5.59433772 
 H                    -5.51580759     6.09084611    -6.64443607 
 H                    -7.18969329     5.79018115    -7.13798122 
 H                    -8.47896128     4.13089221    -5.03078499 
 H                    -7.66205459     1.91451877    -4.01997709 
 H                    -5.07148603     1.75698961    -4.49768330 
 H                    -4.29240394     3.84101498    -5.65562397 
 O                     0.56517341     1.20992539    -3.02218726 
 H                     1.26157080     1.38924366    -2.36193568 
 H                    -1.40998531     1.14028633    -3.37598412 
 N                    -0.50540623    -1.93024044     4.70631151 
 C                     0.74370640    -2.36868728     5.29628991 
 C                    -1.70494101    -2.46232073     5.07924172 
 C                    -2.91787639    -1.96706821     4.25488353 
 N                    -3.01934439    -0.51667771     4.13963096 
 C                    -3.35189482     0.27483581     5.20098992 
 C                    -3.24683327     1.77535291     4.94203991 



153 
 

 C                    -2.97719882    -2.64739479     2.88442428 
 O                    -1.83785502    -3.31120465     5.95482083 
 O                    -3.73130750    -0.16534566     6.28098230 
 H                    -0.46214927    -1.35786922     3.86520035 
 H                     1.34108895    -2.95758584     4.58708639 
 H                     1.34360829    -1.51175866     5.62600426 
 H                     0.50073842    -2.99291780     6.15790470 
 H                    -3.77322726    -2.29165089     4.85420920 
 H                    -2.12812471    -2.37326650     2.25348261 
 H                    -2.96961529    -3.73433744     3.01965820 
 H                    -3.89684965    -2.36780660     2.35935960 
 H                    -2.56530611    -0.09549410     3.33039226 
 H                    -3.00522402     2.02750836     3.90494706 
 H                    -4.19527224     2.24654082     5.21831787 
 H                    -2.47394619     2.19257856     5.59692705 
 
Doublet; Basis set B1; Model B; Compound 0 
 
 100 
  
 O                   -10.20287761     4.64936010    -5.23922912 
 C                   -10.97550796     5.52606632    -4.82386738 
 N                   -12.18703780     5.22173650    -4.30687902 
 C                   -12.70429954     3.86416625    -4.20495793 
 C                   -10.60188241     6.99478163    -4.84469066 
 H                   -12.78084241     5.98081048    -4.00413211 
 H                   -13.62781063     3.75779975    -4.78360994 
 H                   -12.90493505     3.60444771    -3.16018418 
 H                   -11.94927679     3.18921025    -4.60726657 
 H                   -11.40536090     7.65674927    -4.50994471 
 H                   -10.31377707     7.27393924    -5.86266435 
 H                    -9.73110143     7.15025871    -4.19869987 
 C                    -4.15888603    -1.48429995    -0.87853543 
 C                    -3.17410500    -0.42887731    -0.75737141 
 N                    -1.92678309    -0.97343859    -0.57763247 
 C                    -2.09260188    -2.33209573    -0.58156131 
 C                    -3.48973734    -2.66362694    -0.76345265 
 C                    -3.47651279     0.93142864    -0.80996845 
 C                    -2.53849359     1.96202176    -0.65655641 
 N                    -1.17695379     1.81255554    -0.50699753 
 C                    -0.64586523     3.07922394    -0.39440406 
 C                    -1.70561538     4.05780526    -0.47107641 
 C                    -2.87072276     3.36768227    -0.63575207 
 C                     0.71616638     3.38207613    -0.25871884 
 C                     1.74667852     2.43895736    -0.20159833 



154 
 

 N                     1.59726454     1.07127409    -0.25107557 
 C                     2.86493497     0.53771729    -0.11996280 
 C                     3.83209257     1.60636447    -0.00434887 
 C                     3.14373262     2.77972599    -0.05527355 
 Fe                   -0.16617568     0.05476245    -0.42701234 
 S                    -0.44018610    -0.04936342     1.92035398 
 C                     0.15953551     1.50513883     2.68852784 
 C                     3.19715486    -0.82185595    -0.07147495 
 C                     2.22109921    -1.84047325    -0.16136211 
 N                     0.85494586    -1.68487098    -0.31903296 
 C                     0.29693701    -2.94466098    -0.32385257 
 C                     1.34757393    -3.93191919    -0.17609211 
 C                     2.52484644    -3.25562645    -0.07862260 
 C                    -1.07058236    -3.26716657    -0.44111848 
 H                     4.23562777    -1.10774761     0.04854470 
 H                     1.18741969    -5.00278011    -0.14849161 
 H                     4.89929710     1.45864616     0.10662564 
 H                     3.52964101     3.78983346     0.00651274 
 H                     0.99217277     4.43013309    -0.19782551 
 H                    -1.56287296     5.12940971    -0.40222688 
 H                    -3.87495280     3.76408497    -0.72694791 
 H                    -4.51616940     1.21467496    -0.94036616 
 H                    -5.22034129    -1.32409002    -1.02315179 
 H                    -3.88643008    -3.67078525    -0.79489729 
 H                    -1.33548524    -4.31936032    -0.43440953 
 H                     3.52082486    -3.66353481     0.04376109 
 H                     0.00770997     1.42765737     3.77070765 
 H                     1.22550800     1.65599951     2.49766107 
 H                    -0.39036401     2.37571643     2.32003486 
 O                    -0.09872938    -0.08364618    -2.29880453 
 C                    -2.40236586    -0.77394456    -4.58081646 
 C                    -3.17177834     0.49127607    -4.36754350 
 O                    -2.52604682     1.56862947    -3.97944166 
 O                    -4.38790871     0.53956430    -4.60566110 
 H                    -1.81176477    -0.67540634    -5.50080777 
 H                    -3.08952938    -1.61367676    -4.68516371 
 H                    -1.69386962    -0.94118835    -3.75967412 
 N                    -5.81907156     2.67288443    -4.78744023 
 C                    -5.35737230     3.85626576    -5.31372484 
 C                    -6.44057755     4.65662203    -5.56209896 
 N                    -7.55062217     3.92609687    -5.16760796 
 C                    -7.14392179     2.73115657    -4.71311403 
 C                    -6.50922603     6.02892302    -6.14044930 
 H                    -6.96324756     6.74281044    -5.44276386 
 H                    -5.50191944     6.38297561    -6.37252488 



155 
 

 H                    -7.09616906     6.04689479    -7.06628800 
 H                    -8.53375202     4.24818855    -5.22018177 
 H                    -7.79015115     1.94667501    -4.35144029 
 H                    -5.19255642     1.81205120    -4.59007570 
 H                    -4.30277532     4.02936807    -5.46261797 
 O                    -0.07475178     1.16134412    -3.09257348 
 H                     0.08436683     1.83673106    -2.40661926 
 H                    -1.57088327     1.37447513    -3.65669161 
 N                    -0.26775566    -1.97883232     4.78723685 
 C                     1.00488365    -2.40931769     5.33077661 
 C                    -1.45026943    -2.51087289     5.20976066 
 C                    -2.69726402    -2.02223109     4.43381691 
 N                    -2.81166977    -0.57342680     4.31399618 
 C                    -3.10475007     0.22346875     5.38270724 
 C                    -3.03929742     1.72301621     5.10577576 
 C                    -2.81174308    -2.71177766     3.07134925 
 O                    -1.54624388    -3.35927660     6.09078706 
 O                    -3.42235104    -0.21248630     6.48409656 
 H                    -0.25844688    -1.39846877     3.95073419 
 H                     1.58745405    -2.97597428     4.59196330 
 H                     1.60344496    -1.55035850     5.65817862 
 H                     0.79730841    -3.05232620     6.18783285 
 H                    -3.52545071    -2.34712686     5.07017470 
 H                    -1.99165448    -2.43807163     2.40321765 
 H                    -2.79355958    -3.79762734     3.21390607 
 H                    -3.75412629    -2.43974850     2.58384571 
 H                    -2.41011515    -0.15645746     3.47585869 
 H                    -2.86797986     1.96942173     4.05343622 
 H                    -3.97584359     2.18163816     5.43778759 
 H                    -2.23334096     2.15875463     5.70659219 
 
 
 
Doublet; Basis set B1; Model B; Transition State 2 
 
 100 
  
 O                   -10.24266886     4.60588757    -5.40210140 
 C                   -11.07074411     5.42728399    -4.98956034 
 N                   -12.29246333     5.04392898    -4.54471745 
 C                   -12.73993385     3.65935332    -4.52045862 
 C                   -10.76358518     6.91474828    -4.95354687 
 H                   -12.93618835     5.75937821    -4.23822730 
 H                   -13.62415324     3.52549765    -5.15291785 
 H                   -12.98125465     3.34713146    -3.49864914 



156 
 

 H                   -11.92777291     3.04242443    -4.90462940 
 H                   -11.59706722     7.52797763    -4.59884819 
 H                   -10.48517700     7.24084365    -5.96018769 
 H                    -9.90112456     7.08303235    -4.30040666 
 C                    -4.22064798    -1.38762525    -0.80806200 
 C                    -3.20910330    -0.35697507    -0.69844571 
 N                    -1.97232877    -0.93215408    -0.53700135 
 C                    -2.17265758    -2.28681760    -0.53962928 
 C                    -3.57954333    -2.58313269    -0.70190719 
 C                    -3.48302342     1.00965508    -0.73849740 
 C                    -2.52128950     2.01830005    -0.58772961 
 N                    -1.15602643     1.83617408    -0.47127531 
 C                    -0.59380618     3.09393320    -0.35197807 
 C                    -1.63410349     4.09196217    -0.39096171 
 C                    -2.81821727     3.42882418    -0.53970433 
 C                     0.77918059     3.35653532    -0.26298204 
 C                     1.78471577     2.38678543    -0.23336396 
 N                     1.60109830     1.02275731    -0.27215026 
 C                     2.85943668     0.45999864    -0.16725509 
 C                     3.85369077     1.50577737    -0.07991431 
 C                     3.19246001     2.69452224    -0.12277240 
 Fe                   -0.18714324     0.05158252    -0.40242678 
 S                    -0.39638469    -0.06605711     1.92049252 
 C                     0.21732235     1.48662793     2.67812346 
 C                     3.16091578    -0.90617801    -0.12198470 
 C                     2.15830027    -1.89947124    -0.19831761 
 N                     0.79332026    -1.70965113    -0.34208760 
 C                     0.20397919    -2.95698939    -0.32683858 
 C                     1.23160152    -3.96785215    -0.18855909 
 C                     2.42675359    -3.32043675    -0.11230307 
 C                    -1.17250518    -3.24684174    -0.41456479 
 H                     4.19369737    -1.21718343    -0.01770422 
 H                     1.04537665    -5.03408309    -0.15189538 
 H                     4.91926068     1.33309477     0.00682336 
 H                     3.60324462     3.69544990    -0.07683832 
 H                     1.08585481     4.39620670    -0.20720117 
 H                    -1.46860710     5.15958896    -0.31575904 
 H                    -3.81379197     3.84962091    -0.60891537 
 H                    -4.51729503     1.31732213    -0.85301053 
 H                    -5.27947058    -1.20043951    -0.93749079 
 H                    -4.00135482    -3.58005107    -0.72843737 
 H                    -1.46333298    -4.29191252    -0.39806763 
 H                     3.41376281    -3.75242977    -0.00151766 
 H                     0.09085956     1.39820912     3.76247209 
 H                     1.27773816     1.64038964     2.46232653 



157 
 

 H                    -0.34523845     2.35682350     2.32944901 
 O                    -0.18434007    -0.05096303    -2.32613975 
 C                    -2.52328582    -0.71863847    -4.53240891 
 C                    -3.16279107     0.61442985    -4.31593717 
 O                    -2.48455301     1.61319662    -3.92241741 
 O                    -4.40699902     0.69388132    -4.59708756 
 H                    -2.04720053    -0.71641716    -5.52162799 
 H                    -3.27454898    -1.50908902    -4.51089263 
 H                    -1.74475486    -0.89886039    -3.78354546 
 N                    -5.75990242     2.78666568    -4.71900046 
 C                    -5.34030753     4.01203045    -5.18185209 
 C                    -6.43163371     4.78766579    -5.48436085 
 N                    -7.53184878     4.00494606    -5.18882744 
 C                    -7.08445485     2.81096305    -4.73983409 
 C                    -6.48936737     6.18409259    -6.01108095 
 H                    -6.98475085     6.86889983    -5.31080483 
 H                    -5.47443688     6.55490607    -6.17595909 
 H                    -7.02771307     6.24166946    -6.96522375 
 H                    -8.51722016     4.27882699    -5.29885828 
 H                    -7.73391962     1.99842704    -4.44918584 
 H                    -4.93465216     1.68699385    -4.55288389 
 H                    -4.28994273     4.25140277    -5.26436925 
 O                    -0.23548151     1.25672348    -3.04371083 
 H                    -0.23792128     1.88386897    -2.28657062 
 H                    -1.37365754     1.36854278    -3.51572157 
 N                    -0.19066478    -2.02507856     4.76505124 
 C                     1.08639694    -2.48708557     5.27158273 
 C                    -1.37375252    -2.53346275     5.21546450 
 C                    -2.62947171    -2.00900829     4.47840737 
 N                    -2.71295859    -0.55695535     4.37418449 
 C                    -2.95809145     0.23634040     5.45847242 
 C                    -2.89643282     1.73711371     5.18923703 
 C                    -2.79932778    -2.68458066     3.11511673 
 O                    -1.46465744    -3.38889462     6.08931131 
 O                    -3.23282648    -0.20665259     6.56787828 
 H                    -0.19170465    -1.43249557     3.93897717 
 H                     1.63432084    -3.06665811     4.51643065 
 H                     1.71396128    -1.64340640     5.58366578 
 H                     0.88726974    -3.12674746     6.13306239 
 H                    -3.44683501    -2.32023418     5.13536389 
 H                    -1.99109189    -2.42783683     2.42607428 
 H                    -2.80514453    -3.77144687     3.24984098 
 H                    -3.74779781    -2.38544763     2.65608165 
 H                    -2.35515325    -0.13917657     3.51875315 
 H                    -2.73409563     1.99091556     4.13715157 



158 
 

 H                    -3.83182810     2.19227063     5.52932108 
 H                    -2.08826811     2.17099360     5.78804196 
 
 
 
Doublet; Basis set B1; Model B; protonated Compound 0 
 
 100 
  
 O                   -10.30702288     4.66098856    -5.39164354 
 C                   -11.11581968     5.51269509    -5.00752342 
 N                   -12.34613919     5.16895444    -4.54909364 
 C                   -12.81692536     3.79448253    -4.47365781 
 C                   -10.77677475     6.99519699    -5.03267728 
 H                   -12.97495742     5.90654575    -4.26516891 
 H                   -13.70539470     3.65237679    -5.09855510 
 H                   -13.06002341     3.52230470    -3.44071266 
 H                   -12.01602279     3.15103789    -4.83762629 
 H                   -11.59139264     7.63972859    -4.68928161 
 H                   -10.50762410     7.27538615    -6.05549113 
 H                    -9.90004040     7.16816650    -4.40038900 
 C                    -4.16254197    -1.43996669    -0.87237538 
 C                    -3.15745586    -0.40531815    -0.74650450 
 N                    -1.91978484    -0.96799979    -0.56639175 
 C                    -2.11607986    -2.32326933    -0.56774352 
 C                    -3.51698501    -2.63067823    -0.75266838 
 C                    -3.44477351     0.95580213    -0.77710663 
 C                    -2.50669034     1.97958287    -0.61047493 
 N                    -1.12929105     1.81754612    -0.52349302 
 C                    -0.59045847     3.08736391    -0.35296374 
 C                    -1.64866846     4.05950003    -0.34784726 
 C                    -2.82363910     3.37829580    -0.50999959 
 C                     0.77759146     3.35400567    -0.28537507 
 C                     1.79020663     2.39191860    -0.25423481 
 N                     1.62087468     1.02657007    -0.26365200 
 C                     2.88544212     0.47976267    -0.16006935 
 C                     3.86995518     1.53613872    -0.09888133 
 C                     3.19565677     2.71632684    -0.15997314 
 Fe                   -0.14267241     0.02845866    -0.39050815 
 S                    -0.37994868    -0.07549552     1.90879294 
 C                     0.19482680     1.49394294     2.66143603 
 C                     3.19672412    -0.88115456    -0.10121436 
 C                     2.20565148    -1.88756481    -0.17129982 
 N                     0.83975023    -1.71409928    -0.32847311 
 C                     0.26049687    -2.96711351    -0.31106588 



159 
 

 C                     1.29720017    -3.96452574    -0.15488728 
 C                     2.48593803    -3.30438209    -0.07262114 
 C                    -1.11350570    -3.27052187    -0.41857696 
 H                     4.23223651    -1.18245776     0.00529533 
 H                     1.12236967    -5.03240690    -0.11368983 
 H                     4.93773305     1.37572010    -0.01740698 
 H                     3.59540536     3.72237781    -0.13730602 
 H                     1.08037541     4.39473306    -0.22592103 
 H                    -1.50539924     5.12736133    -0.24001891 
 H                    -3.82623151     3.78458745    -0.55701585 
 H                    -4.48262774     1.24955460    -0.89572992 
 H                    -5.21860923    -1.25627035    -1.02438895 
 H                    -3.93035300    -3.63071951    -0.78581790 
 H                    -1.39228148    -4.31880973    -0.40134257 
 H                     3.47573637    -3.72672681     0.04898940 
 H                     0.06305793     1.40447600     3.74490515 
 H                     1.25288535     1.66866295     2.45113897 
 H                    -0.38471820     2.35024938     2.30685489 
 O                    -0.07645141    -0.05892623    -2.34602419 
 C                    -2.47387242    -0.74085598    -4.48899166 
 C                    -3.13155759     0.59303948    -4.31358972 
 O                    -2.47234373     1.61720020    -4.05311255 
 O                    -4.42243538     0.58176979    -4.49299951 
 H                    -1.99533889    -0.76447595    -5.47655132 
 H                    -3.20366818    -1.55035121    -4.43805826 
 H                    -1.69296407    -0.88258608    -3.73562188 
 N                    -5.84653440     2.77322622    -4.59780185 
 C                    -5.40460215     3.97521147    -5.10158206 
 C                    -6.47453072     4.76374531    -5.44887743 
 N                    -7.59347580     4.01429432    -5.13945467 
 C                    -7.16745998     2.82852041    -4.63893105 
 C                    -6.51117656     6.13633760    -6.03576466 
 H                    -7.01206017     6.85700923    -5.37581434 
 H                    -5.49062769     6.49256221    -6.20043226 
 H                    -7.03288758     6.15748051    -7.00105336 
 H                    -8.56948492     4.29990525    -5.27331548 
 H                    -7.84134653     2.04370519    -4.32614209 
 H                    -4.89042438     1.50760448    -4.43822009 
 H                    -4.34872125     4.19282790    -5.18298485 
 O                    -0.18342258     1.31226729    -2.95205313 
 H                    -0.47619682     1.80183924    -2.11989478 
 H                    -1.06849473     1.31651864    -3.51457145 
 N                    -0.20047025    -2.01624949     4.76761477 
 C                     1.07265944    -2.46688961     5.29449905 
 C                    -1.38689610    -2.52893995     5.20509744 
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 C                    -2.63571579    -2.01656208     4.44832221 
 N                    -2.72598782    -0.56553609     4.33450114 
 C                    -2.99011231     0.23272742     5.41120707 
 C                    -2.95223765     1.73219444     5.13121624 
 C                    -2.78398509    -2.70144350     3.08719513 
 O                    -1.48397341    -3.38134097     6.08069335 
 O                    -3.26182903    -0.20738551     6.52204043 
 H                    -0.19455588    -1.42412728     3.94239077 
 H                     1.63391079    -3.04938585     4.55148667 
 H                     1.69097231    -1.61723652     5.60863759 
 H                     0.86550209    -3.10106078     6.15808243 
 H                    -3.45999186    -2.32889525     5.09610218 
 H                    -1.96818692    -2.44478911     2.40697439 
 H                    -2.78507713    -3.78734506     3.22885205 
 H                    -3.72850458    -2.41142872     2.61431880 
 H                    -2.38213930    -0.14929019     3.47380404 
 H                    -2.77886260     1.98177549     4.07978353 
 H                    -3.90136073     2.17205687     5.45284577 
 H                    -2.16228861     2.18585291     5.73943419 
 
 
 
Doublet; Basis set B1; Model B; Transition State 3 
 
 100 
  
 O                   -10.30292108     4.63693274    -5.35497073 
 C                   -11.09847006     5.50597835    -4.98292539 
 N                   -12.32675383     5.18604104    -4.50142891 
 C                   -12.80888029     3.81848067    -4.38508499 
 C                   -10.74529228     6.98410580    -5.05157534 
 H                   -12.94494925     5.93658330    -4.22858295 
 H                   -13.70528327     3.66808798    -4.99660680 
 H                   -13.04302067     3.57536287    -3.34284923 
 H                   -12.01755684     3.15870367    -4.74069940 
 H                   -11.54787525     7.64559150    -4.71198194 
 H                   -10.49004960     7.23501022    -6.08549640 
 H                    -9.85671174     7.16394224    -4.43808460 
 C                    -4.19327248    -1.41207003    -0.86262614 
 C                    -3.18827992    -0.38091810    -0.73761098 
 N                    -1.94887968    -0.92018128    -0.56334720 
 C                    -2.14243755    -2.26807400    -0.57157892 
 C                    -3.53781607    -2.59632839    -0.75056733 
 C                    -3.44823096     0.96722841    -0.77754281 
 C                    -2.49896260     1.98418939    -0.62830883 
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 N                    -1.13683586     1.82373685    -0.47849065 
 C                    -0.59035331     3.08745943    -0.38739310 
 C                    -1.64062706     4.07195677    -0.47678441 
 C                    -2.81322212     3.39150514    -0.62721897 
 C                     0.77496363     3.37212269    -0.27124086 
 C                     1.79260494     2.43980222    -0.19712180 
 N                     1.61334412     1.08260816    -0.22496311 
 C                     2.87427078     0.54255728    -0.12555222 
 C                     3.86326031     1.58916474    -0.03312225 
 C                     3.19136959     2.77057850    -0.07889585 
 Fe                   -0.15517026     0.09927337    -0.42474226 
 S                    -0.39530574    -0.07123699     1.92189387 
 C                     0.19469271     1.48453003     2.69122595 
 C                     3.17163105    -0.80815585    -0.10733250 
 C                     2.18912808    -1.81859476    -0.19095078 
 N                     0.82435729    -1.64550046    -0.31881685 
 C                     0.24067229    -2.89251593    -0.33058206 
 C                     1.27860699    -3.89406250    -0.21022060 
 C                     2.46966832    -3.23727704    -0.12924675 
 C                    -1.13368462    -3.18786168    -0.43608972 
 H                     4.20692533    -1.11694298    -0.01469665 
 H                     1.10269890    -4.96233979    -0.19038622 
 H                     4.92887361     1.41945548     0.05477445 
 H                     3.58543845     3.77794698    -0.03585269 
 H                     1.05316424     4.42119343    -0.23561128 
 H                    -1.48697442     5.14290261    -0.43308818 
 H                    -3.81171422     3.79544441    -0.73617445 
 H                    -4.47695160     1.28313025    -0.92074515 
 H                    -5.24936726    -1.22816534    -1.01159667 
 H                    -3.93531793    -3.60250757    -0.78460343 
 H                    -1.39938878    -4.24056129    -0.43073253 
 H                     3.46042260    -3.66290165    -0.02950723 
 H                     0.01452724     1.40504180     3.76858033 
 H                     1.26586499     1.62685017     2.52794036 
 H                    -0.34405778     2.35527200     2.30904152 
 O                    -0.01077958    -0.10137665    -2.14908615 
 C                    -2.46375673    -0.80328576    -4.41458893 
 C                    -3.13087433     0.53309568    -4.24336724 
 O                    -2.49702337     1.57050707    -4.00000937 
 O                    -4.43002144     0.49623345    -4.41164351 
 H                    -2.00400708    -0.83758367    -5.41036259 
 H                    -3.18700233    -1.61643002    -4.33700108 
 H                    -1.66884400    -0.92801598    -3.67434155 
 N                    -5.84904384     2.72707834    -4.55608362 
 C                    -5.40162325     3.91270836    -5.09480343 
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 C                    -6.46748388     4.70271236    -5.45327692 
 N                    -7.59016443     3.97088747    -5.11471578 
 C                    -7.16926587     2.79462598    -4.58736374 
 C                    -6.51200458     6.05934810    -6.07714691 
 H                    -7.00526875     6.79706324    -5.43035820 
 H                    -5.49416336     6.41226201    -6.26487573 
 H                    -7.04604139     6.05389070    -7.03587212 
 H                    -8.56431522     4.26180659    -5.24678074 
 H                    -7.84797508     2.02471500    -4.24848598 
 H                    -4.88617074     1.41879952    -4.37160431 
 H                    -4.34445346     4.11814515    -5.19099284 
 O                    -0.00347969     1.35909791    -3.16293863 
 H                     0.02115061     2.01100234    -2.43391638 
 H                    -0.96990336     1.37696486    -3.49846184 
 N                    -0.24486860    -2.07764615     4.73672798 
 C                     1.01992849    -2.56358858     5.25203116 
 C                    -1.44026988    -2.58142850     5.15927051 
 C                    -2.67913373    -2.02376566     4.41849099 
 N                    -2.74101600    -0.56873424     4.34640210 
 C                    -2.99140939     0.20372448     5.44512719 
 C                    -2.92232430     1.70941223     5.20842552 
 C                    -2.84277059    -2.66654357     3.03916977 
 O                    -1.55336498    -3.45785182     6.00880502 
 O                    -3.27106204    -0.26294684     6.54297602 
 H                    -0.22769510    -1.45700280     3.93291390 
 H                     1.58212499    -3.11427795     4.48600832 
 H                     1.64318568    -1.73588874     5.61211689 
 H                     0.79986715    -3.23646212     6.08251027 
 H                    -3.50856898    -2.33823902     5.05868826 
 H                    -2.02485161    -2.40352874     2.36405839 
 H                    -2.86192276    -3.75590108     3.14928320 
 H                    -3.78364037    -2.34727708     2.57806120 
 H                    -2.39468804    -0.13522860     3.49544952 
 H                    -2.77225858     1.98598449     4.16014770 
 H                    -3.84975069     2.16323053     5.57076798 
 H                    -2.10323549     2.12483662     5.80565199 
 
 
 
Doublet; Basis set B1; Model B; Compound I 
 
 100 
  
 O                   -10.28013989     4.67864101    -4.96027930 
 C                   -10.97264840     5.56658240    -4.45430786 
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 N                   -12.15569015     5.28509889    -3.84775419 
 C                   -12.69930439     3.94019405    -3.74412443 
 C                   -10.54071487     7.02591121    -4.49476332 
 H                   -12.69267645     6.05021152    -3.46551144 
 H                   -13.66861430     3.87120960    -4.25015177 
 H                   -12.82330954     3.64896736    -2.69516929 
 H                   -11.99453047     3.26238367    -4.22576516 
 H                   -11.25817175     7.71151865    -4.03380551 
 H                   -10.38973105     7.31573353    -5.53882701 
 H                    -9.57866178     7.12361427    -3.98191200 
 C                    -3.92656048    -1.71034107    -0.96530533 
 C                    -2.99789588    -0.61816866    -0.80384910 
 N                    -1.71956032    -1.11027092    -0.63804224 
 C                    -1.82689010    -2.48721062    -0.69458724 
 C                    -3.20575048    -2.86352938    -0.89125350 
 C                    -3.37219532     0.73619768    -0.80333339 
 C                    -2.44697375     1.77019956    -0.62209591 
 N                    -1.07299713     1.62913437    -0.43576114 
 C                    -0.56091996     2.90800981    -0.33135869 
 C                    -1.63480160     3.86927400    -0.41694267 
 C                    -2.78770936     3.17229040    -0.59979778 
 C                     0.78861106     3.25436324    -0.17744060 
 C                     1.84982531     2.34902690    -0.13641114 
 N                     1.73932189     0.98298078    -0.19740280 
 C                     3.03146947     0.49843649    -0.12227225 
 C                     3.96464890     1.59152538    -0.00084127 
 C                     3.23274841     2.73882570    -0.00776995 
 Fe                    0.02794368    -0.06347122    -0.56034236 
 S                    -0.54962611    -0.01636099     1.98113669 
 C                     0.42895132     1.29392786     2.78702692 
 C                     3.39801749    -0.84432917    -0.14560854 
 C                     2.46203987    -1.89299424    -0.25708021 
 N                     1.09036334    -1.76637654    -0.36671017 
 C                     0.58045594    -3.04356318    -0.44705498 
 C                     1.65752704    -4.00082929    -0.37314255 
 C                     2.81647607    -3.29149500    -0.25958627 
 C                    -0.77484308    -3.39901771    -0.59073269 
 H                     4.44889174    -1.10131913    -0.07336678 
 H                     1.53033697    -5.07541991    -0.40691882 
 H                     5.03827321     1.47720998     0.07726982 
 H                     3.58018606     3.76164762     0.06093642 
 H                     1.02517860     4.31164251    -0.12556423 
 H                    -1.50125361     4.94215930    -0.36612520 
 H                    -3.79088292     3.55828388    -0.72703495 
 H                    -4.41370330     0.99040801    -0.96028826 
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 H                    -4.99127227    -1.59171015    -1.11870373 
 H                    -3.56063521    -3.88353066    -0.96587483 
 H                    -1.01268038    -4.45602844    -0.64250030 
 H                     3.82777573    -3.67004770    -0.18103426 
 H                     0.13742892     1.36039445     3.84035356 
 H                     1.50045116     1.09379118     2.70880144 
 H                     0.22097087     2.26032668     2.31296012 
 O                     0.19328935     0.00015457    -2.17768331 
 C                    -2.23282613    -0.82166948    -4.82509215 
 C                    -3.07824160     0.43732407    -4.79472262 
 O                    -2.61711060     1.56157037    -4.95122507 
 O                    -4.37103352     0.20105354    -4.59189852 
 H                    -1.74553233    -0.89551977    -5.80316023 
 H                    -2.83273982    -1.71508646    -4.64392217 
 H                    -1.44255746    -0.73993520    -4.07077061 
 N                    -5.87411176     2.48898470    -4.77627027 
 C                    -5.42037829     3.67765684    -5.31098929 
 C                    -6.47192268     4.54483957    -5.50289199 
 N                    -7.59024700     3.85461587    -5.06542873 
 C                    -7.18062612     2.63198691    -4.64574676 
 C                    -6.57125644     5.92614490    -6.07049680 
 H                    -6.97633874     6.64259423    -5.34344536 
 H                    -5.58047108     6.28188997    -6.36730429 
 H                    -7.21650482     5.95550964    -6.95773483 
 H                    -8.55270796     4.20198653    -5.07298152 
 H                    -7.86148738     1.88526082    -4.26090618 
 H                    -4.88464290     1.07699448    -4.62440674 
 H                    -4.36919369     3.81766842    -5.52143645 
 O                    -0.22718091     2.57099446    -3.56522371 
 H                     0.08023899     1.72291393    -3.20089822 
 H                    -0.99946738     2.31407363    -4.10270097 
 N                    -0.70904694    -1.74475205     4.97427042 
 C                     0.49808949    -2.13120809     5.67799577 
 C                    -1.93885007    -2.24513897     5.29920849 
 C                    -3.08713336    -1.79739046     4.36409379 
 N                    -3.15804845    -0.35615140     4.15110794 
 C                    -3.55263156     0.50333906     5.13955917 
 C                    -3.48371516     1.98283591     4.77510574 
 C                    -3.06227829    -2.56811169     3.04084649 
 O                    -2.12975974    -3.04760024     6.20374889 
 O                    -3.95735389     0.12469152     6.23143256 
 H                    -0.62889869    -1.15838142     4.15345488 
 H                     1.19280040    -2.66706553     5.01832779 
 H                     1.01447383    -1.25772476     6.09512524 
 H                     0.20049617    -2.79263816     6.49336954 
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 H                    -3.98558195    -2.07559386     4.92216754 
 H                    -2.16252263    -2.35734229     2.45540327 
 H                    -3.08746434    -3.64262495     3.24921674 
 H                    -3.93591953    -2.31203147     2.43235532 
 H                    -2.71216822     0.01721381     3.31954525 
 H                    -3.09339113     2.17375501     3.77023090 
 H                    -4.48795059     2.41166714     4.85356285 
 H                    -2.85467579     2.49722664     5.50869436 
 
 
 
Doublet; Basis set B2; Model A; Fe+HOOH 
 
 74 
  
 O                   -10.26155645     4.87152330    -5.13513256 
 C                   -10.83826656     5.80768655    -4.56799125 
 N                   -11.97514256     5.61026327    -3.84914019 
 C                   -12.60869871     4.30950481    -3.67778641 
 C                   -10.29808631     7.23064188    -4.66296320 
 H                   -12.40721697     6.41234737    -3.41076068 
 H                   -13.63403411     4.32749933    -4.06315143 
 H                   -12.62644163     4.02340183    -2.62016035 
 H                   -12.02860234     3.57593865    -4.23838122 
 H                   -10.91104876     7.96933851    -4.13646753 
 H                   -10.23232222     7.50866290    -5.71929535 
 H                    -9.28517001     7.25109850    -4.24840847 
 C                    -4.18056959    -1.61629546    -0.81104567 
 C                    -3.27723822    -0.49778521    -0.66864208 
 N                    -1.98883138    -0.97744299    -0.41068875 
 C                    -2.08866195    -2.36353437    -0.37499470 
 C                    -3.45648700    -2.75678938    -0.62469263 
 C                    -3.67891142     0.85086778    -0.78991117 
 C                    -2.73027782     1.90035139    -0.62920833 
 N                    -1.35911034     1.79052476    -0.34835539 
 C                    -0.85303331     3.09281312    -0.29275697 
 C                    -1.92631448     4.02463544    -0.54496814 
 C                    -3.06479331     3.29900111    -0.75482581 
 C                     0.48845989     3.48926013    -0.04804385 
 C                     1.52961348     2.55731661     0.13642914 
 N                     1.41547145     1.16766260     0.14586960 
 C                     2.70631557     0.66987258     0.34089650 
 C                     3.63010168     1.77454789     0.45004280 
 C                     2.91116370     2.92852792     0.32955431 
 Fe                   -0.32086806     0.10365489     0.06446314 
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 S                    -0.73209530     0.02063288     2.24004087 
 C                    -0.45097644     1.68218779     2.94484169 
 C                     3.10461128    -0.68537172     0.41286882 
 C                     2.16749914    -1.73119735     0.29466258 
 N                     0.79499981    -1.61095044     0.07902963 
 C                     0.29413839    -2.90596567     0.04575241 
 C                     1.37125406    -3.85050956     0.23277590 
 C                     2.51965397    -3.13026901     0.37927758 
 C                    -1.04580509    -3.28597621    -0.14783113 
 H                     4.15056682    -0.92212676     0.56820243 
 H                     1.25075145    -4.92712223     0.24086746 
 H                     4.69845513     1.66744153     0.59558264 
 H                     3.27614019     3.94833008     0.35570842 
 H                     0.72167205     4.54775128    -0.03451686 
 H                    -1.81055016     5.10158410    -0.57403969 
 H                    -4.05458318     3.67088691    -0.99104947 
 H                    -4.70901246     1.09215047    -1.02043345 
 H                    -5.23599768    -1.52479509    -1.03697916 
 H                    -3.80393744    -3.78223433    -0.66357186 
 H                    -1.28796764    -4.34302516    -0.14473493 
 H                     3.52605927    -3.50093651     0.53300146 
 H                    -0.68324847     1.60766387     4.01376343 
 H                     0.58962583     1.99704439     2.83188993 
 H                    -1.11025572     2.42745746     2.49248744 
 C                    -2.30464230    -0.85879845    -5.39865702 
 C                    -3.19776837     0.35905580    -5.52147508 
 O                    -2.83602704     1.42167321    -6.00522135 
 O                    -4.42785352     0.13817034    -5.04650425 
 H                    -1.31085224    -0.63026912    -5.78720698 
 H                    -2.73793514    -1.69746540    -5.95566456 
 H                    -2.23293394    -1.16697321    -4.34977745 
 N                    -6.01666904     2.35208498    -5.34745300 
 C                    -5.52605463     3.50329110    -5.93067281 
 C                    -6.52431886     4.44607547    -6.03093664 
 N                    -7.64714163     3.84233854    -5.48754353 
 C                    -7.29223914     2.58969666    -5.09760943 
 C                    -6.55190836     5.83581840    -6.58385624 
 H                    -6.84511136     6.56447607    -5.81631061 
 H                    -5.55804755     6.11382550    -6.94729355 
 H                    -7.25568991     5.93028090    -7.42116585 
 H                    -8.57986012     4.25513024    -5.41209178 
 H                    -7.98751521     1.89527154    -4.64586673 
 H                    -5.00178194     0.96760748    -5.15671406 
 H                    -4.49090242     3.56281748    -6.23850722 
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Doublet; Basis set B2; Model A; FeHOOH 
 
 78 
  
 O                   -10.33625978     4.60637951    -5.34919264 
 C                   -11.16168794     5.48131002    -5.05507118 
 N                   -12.39192137     5.14381066    -4.59648541 
 C                   -12.80115317     3.75357471    -4.42881402 
 C                   -10.83314057     6.96187095    -5.19047854 
 H                   -13.04894909     5.87706583    -4.37080975 
 H                   -13.84391678     3.73504851    -4.10504184 
 H                   -12.18043925     3.25443297    -3.67768408 
 H                   -12.70384869     3.20945490    -5.37301789 
 H                   -11.66783222     7.62039070    -4.92984248 
 H                   -10.53005996     7.16241192    -6.22269020 
 H                    -9.98332973     7.19620282    -4.54103751 
 C                    -4.26256442    -1.35883552    -0.85182470 
 C                    -3.24128974    -0.33928614    -0.77508409 
 N                    -1.99746605    -0.89162193    -0.65395029 
 C                    -2.21121280    -2.24141967    -0.63744699 
 C                    -3.61689070    -2.55237715    -0.75493842 
 C                    -3.48848192     1.01207249    -0.82811827 
 C                    -2.54349344     2.02963215    -0.69033736 
 N                    -1.18913768     1.86306647    -0.52244243 
 C                    -0.64612845     3.12728585    -0.46413311 
 C                    -1.69130791     4.11766313    -0.58699744 
 C                    -2.86388389     3.43786479    -0.73259998 
 C                     0.70963796     3.41935014    -0.31902595 
 C                     1.72569467     2.46752710    -0.22990150 
 N                     1.54571305     1.09753626    -0.31614931 
 C                     2.80705476     0.53514874    -0.17913133 
 C                     3.79041234     1.57723546    -0.02643125 
 C                     3.12340558     2.77002482    -0.05668341 
 Fe                   -0.23448345     0.11196020    -0.36608941 
 S                    -0.48124549    -0.06453518     1.82808005 
 C                     0.00185636     1.51396224     2.61211023 
 C                     3.09310150    -0.83074725    -0.21085014 
 C                     2.11010650    -1.82915103    -0.32441008 
 N                     0.74526762    -1.63666025    -0.43696701 
 C                     0.16660333    -2.88738703    -0.46914681 
 C                     1.19783591    -3.89845356    -0.39587335 
 C                     2.39379089    -3.24744088    -0.31269880 
 C                    -1.20725116    -3.17556237    -0.54466882 
 H                     4.12807724    -1.14349287    -0.11938407 
 H                     1.01613652    -4.96639777    -0.40919169 
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 H                     4.85433215     1.40744628     0.08697164 
 H                     3.53258936     3.76960388     0.02634884 
 H                     0.99650193     4.46560086    -0.26983595 
 H                    -1.53030784     5.18883499    -0.57676230 
 H                    -3.86089159     3.83635483    -0.87377914 
 H                    -4.51864711     1.32828051    -0.96687726 
 H                    -5.32142340    -1.16322905    -0.96611313 
 H                    -4.02935509    -3.55367039    -0.76955805 
 H                    -1.48393965    -4.22612435    -0.54232330 
 H                     3.38633197    -3.67613902    -0.24343129 
 H                    -0.16301878     1.39333888     3.68886140 
 H                     1.05718278     1.74308040     2.44109006 
 H                    -0.61204928     2.34428026     2.25286752 
 O                    -0.14338120     0.22805603    -2.65111479 
 C                    -2.43989588    -0.75301822    -4.43243746 
 C                    -3.03095919     0.61003736    -4.20734860 
 O                    -2.36664118     1.57325474    -3.82564984 
 O                    -4.33605604     0.64216644    -4.43449991 
 H                    -1.42309546    -0.67052572    -4.82045831 
 H                    -3.06303830    -1.34085164    -5.11115280 
 H                    -2.38268253    -1.28084310    -3.47444822 
 N                    -5.82572144     2.87546026    -4.30729421 
 C                    -5.39357992     4.04268196    -4.89880539 
 C                    -6.46808145     4.78264001    -5.33459439 
 N                    -7.58238649     4.04142378    -4.98705211 
 C                    -7.14594094     2.90476497    -4.38185811 
 C                    -6.51496090     6.09160447    -6.05152850 
 H                    -7.04078973     6.86471805    -5.47488686 
 H                    -5.49590696     6.44801311    -6.22942572 
 H                    -7.01494296     6.00861165    -7.02548980 
 H                    -8.55911337     4.28834762    -5.17090773 
 H                    -7.81569354     2.13448603    -4.02521616 
 H                    -4.77456038     1.54197865    -4.26265517 
 H                    -4.33953752     4.27253571    -4.98040072 
 O                     1.08652143     0.76740034    -3.20571240 
 H                     1.52506258     1.05300450    -2.37601796 
 H                    -0.81562531     0.87741521    -2.98829595 
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Doublet; Basis set B2; Model A; Compound 0 
 
 78 
  
 O                   -10.19129959     4.67269502    -5.20366005 
 C                   -10.92509423     5.57870879    -4.77231485 
 N                   -12.11389781     5.29577978    -4.19869454 
 C                   -12.61301293     3.93014319    -4.06256104 
 C                   -10.51391430     7.03785858    -4.83153368 
 H                   -12.68846911     6.05798316    -3.86771771 
 H                   -13.61510237     3.96839697    -3.63128208 
 H                   -11.96085980     3.34407169    -3.40727649 
 H                   -12.65644663     3.43980136    -5.03937234 
 H                   -11.28778683     7.72299928    -4.47275122 
 H                   -10.26259652     7.29778641    -5.86451730 
 H                    -9.61455971     7.17905107    -4.22222075 
 C                    -4.17488574    -1.50580473    -0.92808665 
 C                    -3.19545222    -0.44082944    -0.82189823 
 N                    -1.94528808    -0.97240290    -0.63610683 
 C                    -2.09919993    -2.33266687    -0.61856985 
 C                    -3.49542109    -2.67929064    -0.79461953 
 C                    -3.50556345     0.91834012    -0.88628523 
 C                    -2.57931662     1.95893339    -0.72058477 
 N                    -1.22133520     1.82140002    -0.53983884 
 C                    -0.70252447     3.09193340    -0.42743574 
 C                    -1.76757514     4.06455181    -0.53598864 
 C                    -2.92567928     3.36330947    -0.71927524 
 C                     0.65326857     3.40778680    -0.25950263 
 C                     1.69534503     2.47638047    -0.17056555 
 N                     1.56102626     1.10933697    -0.22916147 
 C                     2.82837031     0.58504612    -0.06754678 
 C                     3.78490979     1.66186117     0.07808637 
 C                     3.08665363     2.83129326     0.01402773 
 Fe                   -0.19683309     0.07460807    -0.42236438 
 S                    -0.45122442    -0.08570868     1.85661372 
 C                    -0.35149781     1.57940490     2.61047308 
 C                     3.16790512    -0.77331128    -0.01767564 
 C                     2.20624426    -1.80467997    -0.13222208 
 N                     0.84245761    -1.66299072    -0.31550470 
 C                     0.29661405    -2.92646547    -0.33087626 
 C                     1.35381831    -3.90611541    -0.16925315 
 C                     2.52505047    -3.21747641    -0.04931519 
 C                    -1.06949766    -3.25768472    -0.46431058 
 H                     4.20678728    -1.05018947     0.12508956 
 H                     1.20387859    -4.97925035    -0.14834007 
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 H                     4.85067041     1.52330190     0.21706032 
 H                     3.46215617     3.84497723     0.08968146 
 H                     0.91634868     4.45957111    -0.19251108 
 H                    -1.63377225     5.13830324    -0.47372544 
 H                    -3.93154777     3.75057965    -0.83516166 
 H                    -4.54616608     1.19379328    -1.03237748 
 H                    -5.23811121    -1.35548045    -1.07542644 
 H                    -3.88444160    -3.69054069    -0.81211397 
 H                    -1.32703370    -4.31253296    -0.45310552 
 H                     3.52329697    -3.61618057     0.08888911 
 H                    -0.47901186     1.45992360     3.69274813 
 H                     0.62080807     2.04733591     2.42517049 
 H                    -1.13933192     2.24198194     2.23800395 
 O                    -0.06424931    -0.06853768    -2.35931575 
 C                    -2.34371342    -0.78305927    -4.63230961 
 C                    -3.11979085     0.48101499    -4.46487156 
 O                    -2.49624964     1.56404780    -4.06393166 
 O                    -4.33068582     0.52616339    -4.75014548 
 H                    -1.74207703    -0.70467703    -5.54792257 
 H                    -3.02543049    -1.62945402    -4.72567036 
 H                    -1.64260874    -0.92900096    -3.79972607 
 N                    -5.79377509     2.63183093    -4.91292451 
 C                    -5.33482087     3.80177457    -5.47083038 
 C                    -6.41523600     4.61515925    -5.68900191 
 N                    -7.52075138     3.90567555    -5.24316222 
 C                    -7.11361457     2.70833421    -4.78924475 
 C                    -6.48149174     5.97973943    -6.28251260 
 H                    -6.86861489     6.71760845    -5.56902835 
 H                    -5.47993904     6.29967053    -6.58208198 
 H                    -7.12379536     6.00330542    -7.17110170 
 H                    -8.50045230     4.23447814    -5.26544744 
 H                    -7.75709709     1.93641624    -4.39555775 
 H                    -5.16281713     1.77018219    -4.72824921 
 H                    -4.28368157     3.95887814    -5.66035979 
 O                    -0.08641832     1.17611167    -3.16049174 
 H                     0.16855295     1.85732110    -2.51177739 
 H                    -1.54179084     1.38995791    -3.70066330 
 
 
 
 
 
 
 
 



171 
 

Doublet; Basis set B2; Model A; Transition State 2 
 
 78 
  
 O                   -10.24491677     4.63495116    -5.44506191 
 C                   -11.08472878     5.44187236    -5.01679245 
 N                   -12.31576731     5.04366421    -4.61524504 
 C                   -12.77948022     3.66180389    -4.65544054 
 C                   -10.76424473     6.92442705    -4.90515386 
 H                   -12.95852837     5.75019669    -4.28329667 
 H                   -13.67741760     3.57812877    -5.27668643 
 H                   -13.00462317     3.30096190    -3.64590729 
 H                   -11.98699411     3.05057008    -5.08765366 
 H                   -11.60900785     7.53029596    -4.56315434 
 H                   -10.43786148     7.28976107    -5.88367230 
 H                    -9.93295692     7.05522545    -4.20430359 
 C                    -4.19316111    -1.35117522    -0.71108175 
 C                    -3.16726203    -0.32762924    -0.65554067 
 N                    -1.93119636    -0.90939824    -0.52933843 
 C                    -2.14197554    -2.26269502    -0.49711735 
 C                    -3.55792513    -2.55094986    -0.60323245 
 C                    -3.43086992     1.04176846    -0.69880519 
 C                    -2.46063643     2.04631286    -0.56943868 
 N                    -1.09390381     1.85465509    -0.47767652 
 C                    -0.51990019     3.10909385    -0.37840799 
 C                    -1.55300240     4.11632314    -0.40596084 
 C                    -2.74707083     3.45997346    -0.52560059 
 C                     0.85697682     3.35939587    -0.32021716 
 C                     1.86006354     2.38348259    -0.29445134 
 N                     1.66733747     1.02268400    -0.32024532 
 C                     2.92145197     0.44959465    -0.23643582 
 C                     3.92758446     1.48806543    -0.17224076 
 C                     3.27372438     2.68341144    -0.21062827 
 Fe                   -0.13310161     0.06166503    -0.39675143 
 S                    -0.25028172    -0.10239750     1.86743961 
 C                    -0.05591437     1.55706152     2.61299559 
 C                     3.20911396    -0.92021715    -0.19498343 
 C                     2.20102450    -1.91096836    -0.25128900 
 N                     0.83551361    -1.71297525    -0.36845361 
 C                     0.23730715    -2.95416889    -0.33687547 
 C                     1.26013469    -3.97419913    -0.21996060 
 C                     2.46374814    -3.33419104    -0.17001561 
 C                    -1.14641489    -3.22985294    -0.38935363 
 H                     4.24220925    -1.23876006    -0.10946889 
 H                     1.06738034    -5.03974769    -0.17919453 
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 H                     4.99379713     1.30767982    -0.10360376 
 H                     3.69311777     3.68197147    -0.17941186 
 H                     1.17224273     4.39795954    -0.27873332 
 H                    -1.37778305     5.18384070    -0.34373556 
 H                    -3.74121563     3.88802273    -0.57904357 
 H                    -4.46572123     1.35590750    -0.79550916 
 H                    -5.25414627    -1.15581631    -0.81213407 
 H                    -3.98851331    -3.54518626    -0.59921733 
 H                    -1.44637830    -4.27272251    -0.35487282 
 H                     3.45036270    -3.77331293    -0.08008158 
 H                    -0.08207056     1.42925982     3.70128559 
 H                     0.90162303     2.00993129     2.33844076 
 H                    -0.86625471     2.23242549     2.32169785 
 O                    -0.13245598    -0.03413645    -2.39395995 
 C                    -2.55622773    -0.71929157    -4.49820724 
 C                    -3.19920912     0.62445193    -4.34267753 
 O                    -2.48684499     1.62908833    -4.01340453 
 O                    -4.44307988     0.70611686    -4.59306389 
 H                    -2.05494986    -0.75131976    -5.47535580 
 H                    -3.30718726    -1.51131724    -4.47043740 
 H                    -1.79207836    -0.88394558    -3.73117087 
 N                    -5.78336893     2.77494476    -4.77692403 
 C                    -5.34134418     4.01221246    -5.18120271 
 C                    -6.43185477     4.79632423    -5.46068865 
 N                    -7.53892401     4.00247190    -5.20914591 
 C                    -7.10876589     2.78879104    -4.80804751 
 C                    -6.49807522     6.20321221    -5.94903676 
 H                    -6.99216644     6.86737164    -5.22843282 
 H                    -5.48539332     6.58271994    -6.11099120 
 H                    -7.04153966     6.27845916    -6.89904382 
 H                    -8.52314329     4.28117154    -5.32670909 
 H                    -7.75303532     1.95853715    -4.56001847 
 H                    -5.08126281     1.82883085    -4.60604570 
 H                    -4.28659068     4.23836329    -5.23879777 
 O                    -0.24734989     1.29113461    -3.07913030 
 H                    -0.29518890     1.89540968    -2.30329259 
 H                    -1.30163462     1.36608037    -3.54422787 
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Doublet; Basis set B2; Model A; protonated Compound 0 
 
 78 
  
 O                   -10.30708747     4.68732611    -5.35605873 
 C                   -11.10396305     5.54359769    -4.94952683 
 N                   -12.33118446     5.20536922    -4.47723327 
 C                   -12.82232885     3.83528650    -4.40236319 
 C                   -10.73950244     7.02286443    -4.96573417 
 H                   -12.94040669     5.94741692    -4.16005188 
 H                   -13.75971057     3.73462745    -4.95975539 
 H                   -12.98898675     3.53861073    -3.36070964 
 H                   -12.06998556     3.18210529    -4.84518452 
 H                   -11.54001621     7.67590827    -4.60381968 
 H                   -10.48225034     7.30877557    -5.99026790 
 H                    -9.85185056     7.17435354    -4.34305779 
 C                    -4.14561682    -1.45358491    -0.83591174 
 C                    -3.13648604    -0.41634833    -0.74706271 
 N                    -1.89556216    -0.97444108    -0.58627488 
 C                    -2.08986452    -2.33007611    -0.55836002 
 C                    -3.49569746    -2.64280761    -0.70887519 
 C                    -3.42389384     0.94565357    -0.78354015 
 C                    -2.48843518     1.97376877    -0.62113205 
 N                    -1.11202427     1.81411752    -0.52518200 
 C                    -0.57532152     3.08499791    -0.36902968 
 C                    -1.63405424     4.05960131    -0.38419457 
 C                    -2.80947212     3.37493551    -0.54185285 
 C                     0.79246477     3.35458419    -0.29273914 
 C                     1.81157642     2.39663527    -0.24590672 
 N                     1.64685970     1.03262351    -0.25992295 
 C                     2.91065190     0.48739478    -0.14946437 
 C                     3.89472056     1.54585820    -0.07729401 
 C                     3.21717389     2.72643117    -0.13986151 
 Fe                   -0.11884925     0.02763685    -0.37744949 
 S                    -0.32256057    -0.12863646     1.86533859 
 C                    -0.14532197     1.52984670     2.61609088 
 C                     3.22094891    -0.87463498    -0.09557625 
 C                     2.23547240    -1.88790649    -0.17167468 
 N                     0.86985738    -1.71886784    -0.32898189 
 C                     0.29367115    -2.97172776    -0.31248497 
 C                     1.33309848    -3.96907147    -0.16069946 
 C                     2.52242708    -3.30490588    -0.07772450 
 C                    -1.08349178    -3.27450659    -0.41212973 
 H                     4.25757060    -1.17384105     0.01417136 
 H                     1.16136423    -5.03821175    -0.12259441 
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 H                     4.96282863     1.38793428     0.01162871 
 H                     3.61472988     3.73382055    -0.11232079 
 H                     1.09121422     4.39747977    -0.23851818 
 H                    -1.49116562     5.12943069    -0.29082644 
 H                    -3.81261359     3.77961930    -0.60148382 
 H                    -4.46342738     1.23770422    -0.89886299 
 H                    -5.20506181    -1.27230493    -0.97058982 
 H                    -3.90906962    -3.64409865    -0.71760269 
 H                    -1.36206352    -4.32343955    -0.38345105 
 H                     3.51392694    -3.72518278     0.04212001 
 H                    -0.22345470     1.40200483     3.70168232 
 H                     0.82890656     1.97122316     2.38584717 
 H                    -0.93467588     2.21231688     2.28706432 
 O                    -0.02281040    -0.04582469    -2.40389753 
 C                    -2.44488174    -0.75774181    -4.49019250 
 C                    -3.11167053     0.57494342    -4.37464667 
 O                    -2.46242630     1.61328205    -4.15231432 
 O                    -4.40697869     0.54938632    -4.55545013 
 H                    -1.93825063    -0.80943571    -5.46319924 
 H                    -3.17118770    -1.57081596    -4.43366606 
 H                    -1.68104242    -0.87383811    -3.71417475 
 N                    -5.84130233     2.73465332    -4.63827817 
 C                    -5.39116205     3.93544516    -5.14027389 
 C                    -6.45825575     4.73857897    -5.46521658 
 N                    -7.58207874     4.00030506    -5.14126400 
 C                    -7.16224393     2.80361806    -4.65656928 
 C                    -6.49591804     6.10654728    -6.05820823 
 H                    -6.98911333     6.83259662    -5.39800803 
 H                    -5.47525546     6.45966802    -6.23305368 
 H                    -7.02481364     6.12245226    -7.02013782 
 H                    -8.55653352     4.29261459    -5.26497188 
 H                    -7.83941011     2.02321363    -4.33868140 
 H                    -4.88491634     1.46887759    -4.50890028 
 H                    -4.33374106     4.14111142    -5.23642875 
 O                    -0.16052867     1.33542560    -2.98277111 
 H                    -0.45634195     1.80944985    -2.14687021 
 H                    -1.02378107     1.33275023    -3.55059405 
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Doublet; Basis set B2; Model A; Transition State 3 
 
 78 
  
 O                   -10.34809495     4.68698325    -5.34040948 
 C                   -11.13461197     5.56863502    -4.96855303 
 N                   -12.36020003     5.24403636    -4.49002725 
 C                   -12.81120369     3.86018772    -4.38876047 
 C                   -10.76171773     7.04340426    -5.02795689 
 H                   -12.98402565     5.98338925    -4.19914108 
 H                   -13.84230173     3.85643634    -4.02920863 
 H                   -12.18291882     3.29773973    -3.69055122 
 H                   -12.76514815     3.37010315    -5.36586598 
 H                   -11.56430542     7.71074185    -4.69825255 
 H                   -10.48849854     7.29659512    -6.05698290 
 H                    -9.88245855     7.21173918    -4.39753992 
 C                    -4.14571105    -1.47479597    -0.80811498 
 C                    -3.14464866    -0.42985747    -0.72933308 
 N                    -1.90062978    -0.98304696    -0.57100019 
 C                    -2.08074585    -2.34386509    -0.54043724 
 C                    -3.48710378    -2.65995389    -0.68207420 
 C                    -3.43103390     0.93398775    -0.78796311 
 C                    -2.48652781     1.95358866    -0.64573620 
 N                    -1.12507083     1.79355197    -0.48484441 
 C                    -0.58699479     3.06233577    -0.41089047 
 C                    -1.63903887     4.04637229    -0.51898722 
 C                    -2.80954769     3.36090549    -0.66563073 
 C                     0.77366898     3.35924949    -0.29366655 
 C                     1.80036901     2.40762436    -0.20038751 
 N                     1.63993508     1.04164610    -0.22627322 
 C                     2.90403709     0.49129214    -0.11022351 
 C                     3.88092842     1.55263716    -0.01047797 
 C                     3.20263406     2.73465095    -0.06818450 
 Fe                   -0.12522838     0.04593734    -0.40810846 
 S                    -0.30266155    -0.17460846     1.87666440 
 C                    -0.25035009     1.49409303     2.62513975 
 C                     3.22396299    -0.87239837    -0.08211166 
 C                     2.24466809    -1.88933055    -0.17064942 
 N                     0.87657428    -1.72655254    -0.30811295 
 C                     0.30479215    -2.98214002    -0.30909375 
 C                     1.35197013    -3.97469523    -0.18210595 
 C                     2.53878647    -3.30591785    -0.10129665 
 C                    -1.07131727    -3.29243939    -0.40336250 
 H                     4.26282855    -1.16489342     0.02231289 
 H                     1.18592924    -5.04509207    -0.15724585 
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 H                     4.94825932     1.39698273     0.09092276 
 H                     3.60060496     3.74125594    -0.02361628 
 H                     1.05861431     4.40650986    -0.26321796 
 H                    -1.48587294     5.11844792    -0.49099495 
 H                    -3.80962666     3.75828889    -0.78805502 
 H                    -4.46623210     1.22851724    -0.92887867 
 H                    -5.20707859    -1.30215258    -0.93857724 
 H                    -3.89609738    -3.66310174    -0.68705811 
 H                    -1.34868934    -4.34139472    -0.38121162 
 H                     3.53342562    -3.72258574     0.00375273 
 H                    -0.32536367     1.36282746     3.71059076 
 H                     0.69165942     2.00383756     2.40096939 
 H                    -1.08420523     2.11725417     2.28886324 
 O                     0.04035265    -0.15604548    -2.16669935 
 C                    -2.43987616    -0.75156873    -4.50953742 
 C                    -3.10846573     0.57647872    -4.30941591 
 O                    -2.47568125     1.60184839    -4.02052862 
 O                    -4.40978002     0.54817269    -4.49745322 
 H                    -1.90473015    -0.73199106    -5.46770386 
 H                    -3.16812096    -1.56432510    -4.53094702 
 H                    -1.69966942    -0.92472137    -3.72203056 
 N                    -5.87009203     2.76042838    -4.55020381 
 C                    -5.41782236     3.94809330    -5.08232373 
 C                    -6.48193219     4.74302008    -5.43890199 
 N                    -7.60780586     4.01322078    -5.10366235 
 C                    -7.19065204     2.83017383    -4.58190654 
 C                    -6.51276484     6.09795667    -6.06545934 
 H                    -6.98644437     6.84629728    -5.41578192 
 H                    -5.49039519     6.43291565    -6.26454629 
 H                    -7.05611054     6.09684516    -7.01939427 
 H                    -8.58182918     4.29988702    -5.24112804 
 H                    -7.87185901     2.05900098    -4.25011938 
 H                    -4.88004626     1.45827162    -4.41774663 
 H                    -4.35982372     4.15241736    -5.17659167 
 O                     0.04825009     1.29010304    -3.17974680 
 H                     0.16456072     1.95597769    -2.47396717 
 H                    -0.91977552     1.36864230    -3.47337710 
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Doublet; Basis set B2; Model A; Compound I 
 
 78 
  
 O                   -10.28197995     4.78304457    -5.12089661 
 C                   -10.94529260     5.71394731    -4.64605062 
 N                   -12.13420778     5.47354534    -4.03889351 
 C                   -12.68271166     4.12732024    -3.91848439 
 C                   -10.46011933     7.15575416    -4.72331186 
 H                   -12.66135385     6.25113408    -3.66763274 
 H                   -13.65899197     4.19219414    -3.43338256 
 H                   -12.02250084     3.49236323    -3.31894829 
 H                   -12.79699220     3.66959889    -4.90581694 
 H                   -11.15813708     7.87609208    -4.28479389 
 H                   -10.29375605     7.41471365    -5.77349047 
 H                    -9.49950522     7.23376696    -4.20396727 
 C                    -4.10124601    -1.62413756    -0.93178182 
 C                    -3.14462976    -0.55083926    -0.79572300 
 N                    -1.88812248    -1.05862870    -0.57650219 
 C                    -2.02560809    -2.42715454    -0.57704048 
 C                    -3.40760338    -2.78873982    -0.79073361 
 C                    -3.47662345     0.80215953    -0.87768553 
 C                    -2.56752697     1.85177754    -0.73352577 
 N                    -1.21795269     1.73065885    -0.47417039 
 C                    -0.71700507     3.01044806    -0.41840097 
 C                    -1.78100620     3.96476481    -0.63098879 
 C                    -2.92342950     3.24925061    -0.82829787 
 C                     0.61710650     3.36399696    -0.18453504 
 C                     1.66028462     2.44454625    -0.01705824 
 N                     1.54780527     1.06540352    -0.03168440 
 C                     2.83670610     0.56304732     0.10638740 
 C                     3.76544023     1.65921367     0.23949463 
 C                     3.04387240     2.81433753     0.16771665 
 Fe                   -0.14945302     0.00537241    -0.46033278 
 S                    -0.14198287     0.00664474     2.12346749 
 C                    -0.71557238     1.61923932     2.72627457 
 C                     3.19914389    -0.78606010     0.11138904 
 C                     2.25728944    -1.83450754    -0.01299689 
 N                     0.88632402    -1.71009903    -0.16775270 
 C                     0.36241021    -2.99033099    -0.23698507 
 C                     1.43871413    -3.94546201    -0.10846965 
 C                     2.59939653    -3.23746624     0.02361768 
 C                    -0.99283985    -3.34759857    -0.41262889 
 H                     4.24590939    -1.04627048     0.22203823 
 H                     1.31168884    -5.02120560    -0.12284990 
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 H                     4.83535332     1.54493589     0.36367493 
 H                     3.40521900     3.83423925     0.21624605 
 H                     0.86779119     4.41951385    -0.17267248 
 H                    -1.64882634     5.03946072    -0.64517799 
 H                    -3.92038078     3.61550048    -1.03913956 
 H                    -4.51100375     1.05735897    -1.08345357 
 H                    -5.15777302    -1.48508593    -1.12324207 
 H                    -3.77914619    -3.80515925    -0.83468889 
 H                    -1.23363146    -4.40524852    -0.43729767 
 H                     3.60541083    -3.62193540     0.14021860 
 H                    -0.76282208     1.60002458     3.81960878 
 H                     0.00592530     2.38989215     2.42574563 
 H                    -1.68989439     1.87891811     2.30400120 
 O                     0.10605948     0.02910937    -2.06047671 
 C                    -2.26570439    -0.81772513    -4.56678856 
 C                    -3.10455595     0.43323544    -4.69239434 
 O                    -2.63087476     1.54513173    -4.90568253 
 O                    -4.41237188     0.21929023    -4.54644767 
 H                    -1.63670205    -0.91500648    -5.45807561 
 H                    -2.88597492    -1.70835080    -4.44827564 
 H                    -1.59228781    -0.71582690    -3.70802827 
 N                    -5.90516343     2.48786582    -4.86031694 
 C                    -5.41609397     3.65216867    -5.41886013 
 C                    -6.44540096     4.53940738    -5.64195603 
 N                    -7.58501338     3.88775313    -5.19795367 
 C                    -7.21000500     2.66339021    -4.74497459 
 C                    -6.49690312     5.90221520    -6.25498883 
 H                    -6.87086721     6.65863931    -5.55175342 
 H                    -5.49361741     6.20879565    -6.56649117 
 H                    -7.14363494     5.92405516    -7.14180666 
 H                    -8.54062570     4.25203176    -5.22670807 
 H                    -7.91212821     1.94137175    -4.35088145 
 H                    -4.92812469     1.08955359    -4.64589397 
 H                    -4.35971571     3.76453544    -5.62205804 
 O                     0.09372131     2.26345228    -4.03068647 
 H                     0.21496619     1.56095587    -3.36561329 
 H                    -0.78956292     2.08444394    -4.40772977 
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Doublet; Basis set B2; Model B; Fe+HOOH 
 
 96 
  
 O                   -10.63283246     4.17496959    -4.58274756 
 C                   -11.52307087     4.98296384    -4.28733436 
 N                   -12.79853912     4.56465958    -4.09538822 
 C                   -13.18178473     3.16357233    -4.23097194 
 C                   -11.22371393     6.46671308    -4.11501887 
 H                   -13.50855799     5.24533818    -3.86550359 
 H                   -14.25945010     3.08158159    -4.07463531 
 H                   -12.66123901     2.54677820    -3.49136818 
 H                   -12.92956003     2.79146581    -5.22857016 
 H                   -12.11119875     7.06959209    -3.89784752 
 H                   -10.75426441     6.83987966    -5.03029677 
 H                   -10.50590701     6.58907025    -3.29724846 
 C                    -4.65753437    -2.09466131     0.14328749 
 C                    -3.72415789    -1.04808870     0.48212520 
 N                    -2.46300531    -1.57100532     0.73326708 
 C                    -2.61368496    -2.93120927     0.56761804 
 C                    -3.96995742    -3.26566239     0.20011148 
 C                    -4.06762449     0.29386509     0.54294234 
 C                    -3.10056187     1.29311026     0.84334448 
 N                    -1.72959519     1.12365082     1.07135694 
 C                    -1.19806769     2.39591198     1.30670244 
 C                    -2.25855763     3.37088965     1.20405126 
 C                    -3.41379922     2.70035581     0.91979117 
 C                     0.15214477     2.72909889     1.57507857 
 C                     1.17616885     1.74520720     1.63449865 
 N                     1.04246082     0.36001115     1.49151752 
 C                     2.33358762    -0.18506644     1.60348011 
 C                     3.27285868     0.88973436     1.80899027 
 C                     2.57028051     2.06218172     1.83221129 
 Fe                   -0.73073563    -0.61722122     1.33158022 
 S                    -1.15048954    -0.72326241     3.52525717 
 C                     0.45386754    -0.88631955     4.39121375 
 C                     2.70403930    -1.55943298     1.54421660 
 C                     1.70544010    -2.54349654     1.34492570 
 N                     0.32595287    -2.32717620     1.18761197 
 C                    -0.25048169    -3.57517128     0.97365620 
 C                     0.77821392    -4.58719931     1.02069693 
 C                     1.96937650    -3.95761880     1.24586240 
 C                    -1.60697438    -3.87097596     0.69044468 
 H                     3.74331329    -1.84588004     1.64682247 
 H                     0.60239583    -5.64742857     0.88388105 
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 H                     4.34262631     0.75577645     1.91706028 
 H                     2.95903629     3.06535674     1.96060224 
 H                     0.41887017     3.76996271     1.71516440 
 H                    -2.12349614     4.43941078     1.32193924 
 H                    -4.40055447     3.11589474     0.75540552 
 H                    -5.08482808     0.60412947     0.33648882 
 H                    -5.69377479    -1.92687185    -0.12101200 
 H                    -4.32410094    -4.27021975     0.00448906 
 H                    -1.85645485    -4.91580535     0.53631876 
 H                     2.95267069    -4.40501776     1.32821374 
 H                     0.23944177    -1.02267268     5.45688143 
 H                     1.00535970    -1.75823470     4.03252791 
 H                     1.06214323     0.01214162     4.26738007 
 C                    -2.72878994    -1.11534436    -3.36088906 
 C                    -3.50812440     0.18167376    -3.37088278 
 O                    -3.03191487     1.26379335    -3.67803184 
 O                    -4.78604147     0.00437498    -3.01622349 
 H                    -1.67163690    -0.91526464    -3.54427359 
 H                    -3.11492061    -1.78044136    -4.14265698 
 H                    -2.85452691    -1.62977144    -2.40342364 
 N                    -6.26779015     2.26507840    -3.29222096 
 C                    -5.76821612     3.48763222    -3.69427660 
 C                    -6.79810719     4.31721910    -4.07593598 
 N                    -7.95134013     3.56884643    -3.89406106 
 C                    -7.57892959     2.34777785    -3.43160378 
 C                    -6.82876843     5.70677627    -4.62184148 
 H                    -7.38875624     6.39418587    -3.97346531 
 H                    -5.80929916     6.09463122    -4.71159197 
 H                    -7.28779640     5.74229071    -5.61853125 
 H                    -8.90248139     3.85363824    -4.14331702 
 H                    -8.28702334     1.55834439    -3.21924083 
 H                    -5.29725480     0.87976508    -3.08907080 
 H                    -4.70284477     3.67365795    -3.70049132 
 N                    -2.48524236    -2.06248043     6.42293375 
 C                    -1.54631141    -2.64492024     7.36458634 
 C                    -3.80057021    -2.41535702     6.37775121 
 O                    -4.30534703    -3.27736297     7.09069269 
 C                    -4.60772174    -1.68865692     5.26999375 
 C                    -4.27208905    -2.45551137     3.97462504 
 N                    -4.17354546    -0.30291971     5.06825596 
 C                    -4.64617061     0.73796669     5.82116350 
 C                    -4.14314108     2.11972857     5.42785479 
 O                    -5.42721087     0.57464322     6.75575696 
 H                    -2.18823514    -1.28963010     5.84419282 
 H                    -0.70008418    -3.10807559     6.84195514 
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 H                    -1.16374367    -1.89054579     8.06407823 
 H                    -2.07570793    -3.41325460     7.93164984 
 H                    -5.66398043    -1.71988929     5.53823925 
 H                    -3.20610205    -2.40317155     3.75093233 
 H                    -4.55001405    -3.50934940     4.08490611 
 H                    -4.83188041    -2.04773060     3.12544689 
 H                    -3.56594710    -0.10075784     4.28465404 
 H                    -3.40156188     2.10706198     4.62285261 
 H                    -4.99783911     2.72963724     5.11538099 
 H                    -3.70662395     2.59724305     6.31111020 
 
 
 
Doublet; Basis set B2; Model A; FeHOOH 
 
 100 
  
 O                   -10.54965826     4.09720438    -4.51631529 
 C                   -11.42838816     4.92099756    -4.22705351 
 N                   -12.68026901     4.51251922    -3.90750271 
 C                   -13.05327184     3.10220043    -3.88358145 
 C                   -11.14281008     6.41607764    -4.21417226 
 H                   -13.37779191     5.20573057    -3.67678160 
 H                   -14.12171067     3.02906184    -3.67022777 
 H                   -12.49300076     2.56482536    -3.11148553 
 H                   -12.84281237     2.63561623    -4.85041794 
 H                   -12.02086194     7.02698738    -3.98204020 
 H                   -10.75457112     6.70895201    -5.19451832 
 H                   -10.36485374     6.62136252    -3.47143997 
 C                    -4.66215059    -2.05490195     0.10760912 
 C                    -3.73639613    -0.99229685     0.42464303 
 N                    -2.48301748    -1.51216096     0.66788999 
 C                    -2.60231625    -2.87449711     0.52620682 
 C                    -3.96165007    -3.22161665     0.17679022 
 C                    -4.07411347     0.35634267     0.47791246 
 C                    -3.16382499     1.37603110     0.77893729 
 N                    -1.81555896     1.21539597     1.01798435 
 C                    -1.30513554     2.48093190     1.23263050 
 C                    -2.36754969     3.45794730     1.13538938 
 C                    -3.51270799     2.77609524     0.85223687 
 C                     0.03256581     2.80296320     1.47812958 
 C                     1.07842323     1.84909449     1.54496005 
 N                     0.97471831     0.46983174     1.35371646 
 C                     2.25510169    -0.06937961     1.52840648 
 C                     3.17307796     1.00685995     1.79845088 
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 C                     2.45682754     2.17504082     1.81028328 
 Fe                   -0.77180037    -0.53051194     1.13729323 
 S                    -1.16192944    -0.65206738     3.34891431 
 C                     0.43511778    -0.81571426     4.22745869 
 C                     2.61412013    -1.44051887     1.46744378 
 C                     1.66845488    -2.44458691     1.25246121 
 N                     0.30958999    -2.25227055     1.07360894 
 C                    -0.23292629    -3.50565178     0.90649940 
 C                     0.80384821    -4.51089675     0.98455710 
 C                     1.97879653    -3.85465965     1.19577658 
 C                    -1.57415847    -3.80417597     0.65963594 
 H                     3.65568816    -1.70830764     1.60520820 
 H                     0.63714730    -5.57623773     0.88205132 
 H                     4.23684169     0.88062651     1.96102913 
 H                     2.82918801     3.17776584     1.98298982 
 H                     0.29395861     3.84483009     1.62939223 
 H                    -2.23400703     4.52606523     1.25677483 
 H                    -4.50795248     3.16983449     0.68737216 
 H                    -5.10097875     0.63905691     0.27083378 
 H                    -5.70812165    -1.90851343    -0.13226226 
 H                    -4.31571680    -4.23128262     0.00813709 
 H                    -1.83166233    -4.85149370     0.53336511 
 H                     2.97318452    -4.27068328     1.30242973 
 H                     0.21946369    -0.91656079     5.29635382 
 H                     0.97670028    -1.70435237     3.89538618 
 H                     1.05867657     0.06904210     4.08156788 
 O                    -0.57994308    -0.33012208    -1.03491580 
 C                    -2.56840666    -1.09505250    -3.41859648 
 C                    -3.22672727     0.19244108    -3.00504551 
 O                    -2.65956667     1.04997566    -2.32686705 
 O                    -4.47856809     0.27447353    -3.42583690 
 H                    -1.48862188    -0.96570257    -3.50766623 
 H                    -2.99027325    -1.46250838    -4.35765365 
 H                    -2.75363542    -1.85164607    -2.64646394 
 N                    -6.09076525     2.41518445    -3.21334447 
 C                    -5.65440727     3.64326886    -3.66110633 
 C                    -6.71218745     4.38458121    -4.13508442 
 N                    -7.82268084     3.58102183    -3.95960129 
 C                    -7.39911744     2.41008678    -3.41224570 
 C                    -6.72523136     5.75619327    -4.73047506 
 H                    -7.32390921     6.46214533    -4.13918667 
 H                    -5.70301054     6.14358210    -4.77330407 
 H                    -7.12699616     5.75748119    -5.75219332 
 H                    -8.78870692     3.81279751    -4.21079315 
 H                    -8.06899103     1.59159333    -3.18768512 



183 
 

 H                    -4.97643324     1.12365266    -3.17082031 
 H                    -4.60829547     3.91656324    -3.62162717 
 O                     0.67916300     0.16675757    -1.55887239 
 H                     1.09545074     0.46635478    -0.72210649 
 H                    -1.23637002     0.32010653    -1.41096487 
 N                    -2.42467699    -2.02718216     6.26201025 
 C                    -1.44427562    -2.61940659     7.15362373 
 C                    -3.72994227    -2.41438196     6.23838900 
 O                    -4.19995024    -3.28980631     6.95978017 
 C                    -4.57237793    -1.70827849     5.14377778 
 C                    -4.23629914    -2.47222549     3.84674645 
 N                    -4.17537968    -0.31359951     4.93035578 
 C                    -4.69948238     0.72548049     5.64811707 
 C                    -4.19308635     2.11017471     5.26866375 
 O                    -5.52882448     0.56363740     6.54157883 
 H                    -2.13588689    -1.29334721     5.63062771 
 H                    -0.67573315    -3.16870091     6.59423818 
 H                    -0.95661887    -1.85122154     7.76649672 
 H                    -1.96773252    -3.31694092     7.81060218 
 H                    -5.62342384    -1.76043671     5.42707739 
 H                    -3.17679982    -2.38783830     3.60307071 
 H                    -4.48004407    -3.53368319     3.96623986 
 H                    -4.82205038    -2.08418048     3.00661243 
 H                    -3.51149037    -0.11257487     4.19241699 
 H                    -3.42713293     2.10127509     4.48693536 
 H                    -5.04131678     2.71509810     4.93027854 
 H                    -3.78599633     2.59021495     6.16475261 
 
 
 
Doublet; Basis set B2; Model B; Compound 0 
 
100 
 
O    -10.30387113     4.24045115    -4.01734621 
C    -11.00298460     5.17047917    -3.57725999 
N    -12.18340699     4.92704062    -2.97161191 
C    -12.71634190     3.57763769    -2.80263613 
C    -10.55506285     6.61705598    -3.66047015 
H    -12.72460634     5.70848805    -2.62930338 
H    -13.71791203     3.65106902    -2.37492791 
H    -12.08064656     2.99097965    -2.13165883 
H    -12.77017083     3.06667238    -3.76801680 
H    -11.30501367     7.32598067    -3.29725246 
H    -10.31421641     6.85923468    -4.70024588 
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H    -9.64285732     6.74200202    -3.06674848 
C    -4.55198671    -2.19093087    -0.02944248 
C    -3.64504342    -1.11153463     0.30456802 
N    -2.41634182    -1.62150212     0.64476060 
C    -2.51879521    -2.98255489     0.53764623 
C    -3.85491617    -3.35223694     0.12093680 
C    -3.99308190     0.23951447     0.28365256 
C    -3.12310438     1.29267792     0.60238394 
N    -1.78505148     1.18237446     0.90923681 
C    -1.31705080     2.45888502     1.12321267 
C    -2.39702827     3.40693332     0.96014908 
C    -3.51042116     2.68564157     0.63551495 
C    0.01046554     2.80587835     1.41482420 
C    1.06991765     1.90098493     1.54419525 
N    0.97747364     0.53152371     1.43366906 
C    2.24241844     0.03487470     1.68551921 
C    3.15350377     1.13004128     1.93561663 
C    2.43086048     2.28350260     1.84791658 
Fe   -0.72772773    -0.53937885     1.05365190 
S    -1.20210625    -0.72469170     3.36505628 
C    -0.59700256     0.77349768     4.23693913 
C    2.61303504    -1.31590115     1.73372126 
C    1.69179524    -2.36499252     1.50599772 
N    0.34645894    -2.25029701     1.20441982 
C    -0.15758004    -3.52622602     1.08157074 
C    0.90729741    -4.48432897     1.30927550 
C    2.04054671    -3.77197182     1.56789277 
C    -1.48631258    -3.88696467     0.77421734 
H    3.64271940    -1.57136927     1.95808582 
H    0.78711287    -5.56055820     1.27340137 
H    4.20802994     1.01418642     2.15579343 
H    2.77144457     3.30327927     1.98201437 
H    0.23471546     3.86076800     1.54282339 
H    -2.30193162     4.47950853     1.08179850 
H    -4.51182934     3.05174900     0.44096601 
H    -5.01679077     0.49508430     0.02668753 
H    -5.58526806    -2.05953062    -0.32826275 
H    -4.19686925    -4.36936726    -0.02809994 
H    -1.70652951    -4.94699268     0.69351069 
H    3.03233986    -4.15079004     1.78484389 
H    -0.85057008     0.67855640     5.29922972 
H    0.48884139     0.86787034     4.14878134 
H    -1.06250986     1.68465784     3.85117868 
O    -0.43697247    -0.62271566    -0.82592729 
C    -2.42374110    -1.26909235    -3.39646326 



185 
 

C    -3.24230954    -0.03031580    -3.22973950 
O    -2.68085515     1.04520448    -2.71568853 
O    -4.42163404     0.01172840    -3.61403099 
H    -1.72905628    -1.12108585    -4.23408585 
H    -3.07404704    -2.11631392    -3.61692420 
H    -1.81434321    -1.46196649    -2.50456210 
N    -5.96403828     2.08773210    -3.80834583 
C    -5.48598859     3.24315053    -4.38046133 
C    -6.55009876     4.08044785    -4.58538249 
N    -7.66468062     3.39998845    -4.11737569 
C    -7.28014981     2.19621230    -3.66256357 
C    -6.58139498     5.45004188    -5.17137229 
H    -6.93382021     6.19505179    -4.44766363 
H    -5.57444896     5.73859915    -5.48412860 
H    -7.23588129     5.49963873    -6.04983762 
H    -8.63717805     3.75469284    -4.12095642 
H    -7.93569168     1.44405168    -3.25087467 
H    -5.34236595     1.23743123    -3.60634858 
H    -4.43473760     3.37577592    -4.58616753 
O    -0.31662325     0.63167201    -1.58559490 
H    -0.01113423     1.27390067    -0.91867226 
H    -1.77159802     0.87832271    -2.28444212 
N    -2.43713820    -2.23142163     6.22443743 
C    -1.44288346    -2.87505598     7.07000022 
C    -3.70189410    -2.72630107     6.14788864 
O    -4.10846931    -3.64919256     6.85225877 
C    -4.57789284    -2.09578229     5.03397093 
C    -4.12701529    -2.83788259     3.75441663 
N    -4.30411826    -0.67653023     4.80436248 
C    -5.04598917     0.32657217     5.34837115 
C    -4.60269023     1.73796830     4.98285213 
O    -6.01101368     0.13189308     6.09098830 
H    -2.09221460    -1.65862142     5.45957365 
H    -1.20952997    -3.89224573     6.72731377 
H    -0.52960003    -2.27451698     7.05392082 
H    -1.81485643    -2.94150170     8.09638707 
H    -5.62837127    -2.23982677     5.28370914 
H    -3.07379199    -2.65273279     3.54404865 
H    -4.27266194    -3.91739989     3.87528016 
H    -4.71246542    -2.50784682     2.89005823 
H    -3.53612650    -0.45000214     4.17200831 
H    -3.83413462     1.76793273     4.20438220 
H    -5.47708300     2.30672433     4.65076970 
H    -4.21482934     2.22788760     5.88345969 
 



186 
 

Doublet; Basis set B2; Model B; Transition State 2 
 
 100 
  
 O                   -10.41623255     4.19262593    -4.56471778 
 C                   -11.27244794     4.98582987    -4.14222202 
 N                   -12.51892941     4.56167231    -3.83524774 
 C                   -12.92928163     3.16924168    -3.98929004 
 C                   -10.96059403     6.45758967    -3.92937798 
 H                   -13.19516985     5.23423197    -3.50215768 
 H                   -13.98427748     3.08667234    -3.72080312 
 H                   -12.33900002     2.51842571    -3.33653016 
 H                   -12.79072444     2.84081135    -5.02364542 
 H                   -11.81954043     7.03949315    -3.58145340 
 H                   -10.60089439     6.88472987    -4.87074978 
 H                   -10.15570933     6.54703818    -3.19221631 
 C                    -4.67208169    -2.00416607     0.17040434 
 C                    -3.70118097    -0.97473977     0.47877347 
 N                    -2.48267311    -1.55369709     0.75348714 
 C                    -2.65763809    -2.90701270     0.63106491 
 C                    -4.02852791    -3.20098601     0.27288992 
 C                    -3.99313691     0.39273564     0.50506829 
 C                    -3.05267501     1.38855718     0.81291061 
 N                    -1.69241029     1.19302424     1.01350194 
 C                    -1.13811862     2.43549103     1.26763317 
 C                    -2.17271634     3.43756444     1.22726046 
 C                    -3.34718445     2.79248589     0.94410515 
 C                     0.23028639     2.68122268     1.45076948 
 C                     1.24190929     1.73496523     1.48558154 
 N                     1.06351060     0.38118800     1.38167813 
 C                     2.31243793    -0.17111697     1.54675384 
 C                     3.30164112     0.86747733     1.73338589 
 C                     2.63694300     2.05467779     1.69296110 
 Fe                   -0.72100196    -0.58724151     1.09870922 
 S                    -1.05850579    -0.80173674     3.39054717 
 C                    -0.36839177     0.66315561     4.25234909 
 C                     2.59946778    -1.52980101     1.56689048 
 C                     1.61793916    -2.52599665     1.37410069 
 N                     0.27072313    -2.33762340     1.12841496 
 C                    -0.30414797    -3.58662176     1.03471865 
 C                     0.71635695    -4.59942187     1.20969030 
 C                     1.89580615    -3.94771329     1.41643661 
 C                    -1.66149866    -3.86882999     0.80431622 
 H                     3.62259378    -1.84917457     1.73416769 
 H                     0.53764728    -5.66741932     1.17778037 



187 
 

 H                     4.36016565     0.68959622     1.87903030 
 H                     3.03242208     3.05742013     1.79944904 
 H                     0.52015956     3.71995811     1.58446213 
 H                    -2.01455050     4.49715195     1.38836419 
 H                    -4.33365988     3.22629033     0.83206760 
 H                    -5.01336292     0.70308103     0.30427338 
 H                    -5.70899118    -1.81697476    -0.08149473 
 H                    -4.42845700    -4.19645348     0.12301460 
 H                    -1.94460224    -4.91393384     0.72555164 
 H                     2.87575854    -4.37711676     1.58714239 
 H                    -0.57752827     0.55135752     5.32242144 
 H                     0.71414527     0.72568897     4.11498628 
 H                    -0.82617609     1.59345707     3.90614092 
 O                    -0.58588004    -0.58145616    -0.87938573 
 C                    -2.74756380    -1.15688081    -3.38735870 
 C                    -3.41452882     0.16901932    -3.17936560 
 O                    -2.76167596     1.13838117    -2.68846056 
 O                    -4.63161093     0.25697566    -3.55807929 
 H                    -2.16811396    -1.10967380    -4.31943183 
 H                    -3.48891024    -1.95231280    -3.48593471 
 H                    -2.05069841    -1.38151151    -2.57396190 
 N                    -5.97929905     2.31550475    -3.71512102 
 C                    -5.52422542     3.58117728    -4.00189888 
 C                    -6.59518529     4.37885179    -4.31907396 
 N                    -7.70993657     3.56517404    -4.21105775 
 C                    -7.29773564     2.32956415    -3.85437277 
 C                    -6.62672737     5.81842936    -4.70876273 
 H                    -7.20156658     6.42489518    -3.99713369 
 H                    -5.60725084     6.21327280    -4.73342217 
 H                    -7.06846646     5.96432795    -5.70243231 
 H                    -8.68591226     3.84563529    -4.38082404 
 H                    -7.95559974     1.48460316    -3.71405105 
 H                    -5.24209503     1.32089792    -3.55007113 
 H                    -4.47169033     3.82154784    -3.95945741 
 O                    -0.63861969     0.78592525    -1.47877876 
 H                    -0.86000274     1.31653105    -0.67171854 
 H                    -1.57674131     0.85165181    -2.08271240 
 N                    -2.21856080    -2.30272812     6.28414306 
 C                    -1.21727817    -3.02684081     7.05238574 
 C                    -3.51665048    -2.70833570     6.27721915 
 O                    -3.94086235    -3.61970262     6.98292136 
 C                    -4.41160747    -1.98665383     5.23640242 
 C                    -4.09445722    -2.71565325     3.91142283 
 N                    -4.05205282    -0.58244670     5.02975066 
 C                    -4.64499221     0.44271720     5.70486785 



188 
 

 C                    -4.16046724     1.83998080     5.33884430 
 O                    -5.51670505     0.27198267     6.55825128 
 H                    -1.89123302    -1.71438629     5.52601358 
 H                    -1.04306067    -4.03515160     6.65286670 
 H                    -0.27976013    -2.46517707     7.02468319 
 H                    -1.54877467    -3.12664379     8.08959670 
 H                    -5.45252290    -2.06780537     5.54778244 
 H                    -3.04632236    -2.59669574     3.63782600 
 H                    -4.30721151    -3.78585701     4.01184126 
 H                    -4.70989873    -2.32045025     3.09658269 
 H                    -3.35543007    -0.37982982     4.31553958 
 H                    -3.43861053     1.85489220     4.51638595 
 H                    -5.02660291     2.45244148     5.06764086 
 H                    -3.70224344     2.29484279     6.22410529 
 
 
 
Doublet; Basis set B2; Model B; protonated Compound 0 
 
 100 
  
 O                   -10.44356590     4.22689991    -4.40566621 
 C                   -11.24672422     5.08549199    -4.01310515 
 N                   -12.48867607     4.73517529    -3.60286474 
 C                   -12.94306599     3.34849061    -3.59757539 
 C                   -10.87481137     6.56015265    -3.96614323 
 H                   -13.12237456     5.45704437    -3.29014913 
 H                   -13.99241474     3.32801002    -3.29638038 
 H                   -12.35409793     2.74945780    -2.89542838 
 H                   -12.84255626     2.91025727    -4.59481983 
 H                   -11.69520277     7.20733611    -3.64043920 
 H                   -10.54825866     6.87400254    -4.96236275 
 H                   -10.03085336     6.69094372    -3.28075881 
 C                    -4.61207992    -2.06726068     0.06518435 
 C                    -3.66649833    -1.02017513     0.39098108 
 N                    -2.44452150    -1.57394565     0.69744204 
 C                    -2.59544012    -2.93104929     0.58221835 
 C                    -3.95100417    -3.25185437     0.19230855 
 C                    -3.98639143     0.34010442     0.41004752 
 C                    -3.07979164     1.35701066     0.73829897 
 N                    -1.71392449     1.19206935     0.95106117 
 C                    -1.19827719     2.44842684     1.23430253 
 C                    -2.25668118     3.42137456     1.18899059 
 C                    -3.41045598     2.74965509     0.88035999 
 C                     0.15960105     2.71854791     1.43399983 



189 
 

 C                     1.18718852     1.78965422     1.49464016 
 N                     1.03532703     0.43169503     1.40653429 
 C                     2.29102028    -0.09591274     1.59690013 
 C                     3.25806837     0.96242270     1.78704844 
 C                     2.57275765     2.13666608     1.72074587 
 Fe                   -0.71355627    -0.57709273     1.09693829 
 S                    -1.09189588    -0.78928641     3.36955029 
 C                    -0.44761158     0.69175787     4.23901656 
 C                     2.60093614    -1.44866006     1.63246607 
 C                     1.64690415    -2.46674707     1.42943155 
 N                     0.30340412    -2.30616082     1.15168417 
 C                    -0.24462739    -3.56620408     1.05528309 
 C                     0.78964557    -4.55779166     1.26365073 
 C                     1.95155055    -3.88177506     1.49114729 
 C                    -1.58939464    -3.87240516     0.79089361 
 H                     3.62705149    -1.74598437     1.82149936 
 H                     0.63168929    -5.62910232     1.23673196 
 H                     4.31709588     0.80582243     1.95167288 
 H                     2.94841743     3.14766594     1.82012994 
 H                     0.43013053     3.76223572     1.56974894 
 H                    -2.12913836     4.48292028     1.36313124 
 H                    -4.40518984     3.16016450     0.75616336 
 H                    -5.00960154     0.62759549     0.19064907 
 H                    -5.64504868    -1.89856959    -0.21401801 
 H                    -4.32930381    -4.25531373     0.04003812 
 H                    -1.85464410    -4.92258477     0.71690825 
 H                     2.93540850    -4.29045387     1.68770917 
 H                    -0.66928816     0.57467867     5.30586399 
 H                     0.63498936     0.77788360     4.11674368 
 H                    -0.92112388     1.61131319     3.88591303 
 O                    -0.48234588    -0.57408824    -0.88678726 
 C                    -2.60530674    -1.20897953    -3.41229133 
 C                    -3.30914508     0.09559423    -3.21024771 
 O                    -2.70780681     1.10365846    -2.78948692 
 O                    -4.57146146     0.08899864    -3.53766902 
 H                    -1.98691731    -1.13304939    -4.31641270 
 H                    -3.31558293    -2.02707303    -3.54472379 
 H                    -1.93601764    -1.41544101    -2.57103586 
 N                    -6.00781846     2.25310803    -3.57342936 
 C                    -5.53499346     3.47019168    -4.01256859 
 C                    -6.58613528     4.28539291    -4.35855086 
 N                    -7.72301407     3.53751702    -4.11228394 
 C                    -7.32727814     2.32451416    -3.65053553 
 C                    -6.59304639     5.67680965    -4.89783899 
 H                    -7.09187311     6.38244582    -4.22021035 



190 
 

 H                    -5.56410760     6.02180763    -5.03618967 
 H                    -7.09965120     5.73692939    -5.86972152 
 H                    -8.69274494     3.83548711    -4.26551112 
 H                    -8.01881553     1.53453417    -3.39323535 
 H                    -5.07376967     1.00344503    -3.45253767 
 H                    -4.47465880     3.67927826    -4.05236883 
 O                    -0.55349159     0.82017768    -1.43425131 
 H                    -0.91811059     1.27866764    -0.61870176 
 H                    -1.37428261     0.83360576    -2.08086892 
 N                    -2.28436840    -2.30155103     6.24403545 
 C                    -1.28742812    -3.00612941     7.03599647 
 C                    -3.57543134    -2.72992410     6.21149030 
 O                    -3.99854743    -3.64695755     6.91162410 
 C                    -4.46130828    -2.02716135     5.14995291 
 C                    -4.10427258    -2.75380210     3.83391074 
 N                    -4.12212180    -0.61745457     4.94581318 
 C                    -4.73115822     0.39666849     5.62456562 
 C                    -4.26538398     1.80254055     5.26793700 
 O                    -5.60064101     0.20760136     6.47547449 
 H                    -1.95125908    -1.70761658     5.49356778 
 H                    -1.08988115    -4.01356932     6.64535417 
 H                    -0.35838231    -2.43000070     7.02417196 
 H                    -1.63795018    -3.10596719     8.06690068 
 H                    -5.50662707    -2.12643887     5.44076944 
 H                    -3.05211757    -2.62092996     3.58334969 
 H                    -4.30387197    -3.82669158     3.93216924 
 H                    -4.70757045    -2.36974333     3.00465084 
 H                    -3.42477421    -0.40319798     4.23666819 
 H                    -3.57422427     1.83579196     4.41994020 
 H                    -5.14308044     2.41619847     5.04133194 
 H                    -3.77521494     2.24259693     6.14373540 
 
 
 
Doublet; Basis set B2; Model B; Transition State 3 
 
 100 
  
 O                   -10.45067123     4.24890733    -4.30056849 
 C                   -11.21362041     5.14409743    -3.91042610 
 N                   -12.44110469     4.84336243    -3.42345313 
 C                   -12.92441123     3.46972167    -3.32970790 
 C                   -10.80763926     6.61025911    -3.95549935 
 H                   -13.04195801     5.59392878    -3.11342551 
 H                   -13.95901973     3.48856634    -2.98107162 



191 
 

 H                   -12.31684295     2.89093252    -2.62635921 
 H                   -12.87921531     2.98216709    -4.30790488 
 H                   -11.59187799     7.29150791    -3.61064701 
 H                   -10.53774933     6.87018610    -4.98374886 
 H                    -9.91949274     6.75115009    -3.33079035 
 C                    -4.60630169    -2.08587511     0.05398416 
 C                    -3.67751977    -1.02422776     0.37507777 
 N                    -2.45424729    -1.55780760     0.69867528 
 C                    -2.58283923    -2.92173172     0.59380432 
 C                    -3.93079142    -3.26031794     0.19729841 
 C                    -3.99945433     0.33147790     0.36142145 
 C                    -3.09187738     1.35152126     0.67110299 
 N                    -1.74775622     1.19166305     0.96277300 
 C                    -1.23064910     2.45667828     1.15748959 
 C                    -2.27822336     3.43818131     0.99833621 
 C                    -3.42191086     2.75572885     0.69665598 
 C                     0.11259066     2.75810534     1.40932532 
 C                     1.14428593     1.84476209     1.54168343 
 N                     1.00323464     0.48739388     1.45470467 
 C                     2.26092919    -0.03484991     1.66297621 
 C                     3.21216140     1.03012337     1.87916040 
 C                     2.51960087     2.20028518     1.80170322 
 Fe                   -0.72682577    -0.51982212     1.06223758 
 S                    -1.12805090    -0.77296090     3.38464193 
 C                    -0.53600152     0.73526769     4.24466374 
 C                     2.58854314    -1.38396071     1.68012900 
 C                     1.65113456    -2.41286433     1.46591063 
 N                     0.30495984    -2.26787772     1.19745515 
 C                    -0.22992179    -3.53313271     1.08611444 
 C                     0.81788823    -4.51259427     1.28677992 
 C                     1.97222181    -3.82483873     1.51610940 
 C                    -1.56960548    -3.85426024     0.81450806 
 H                     3.61788000    -1.66799117     1.87170363 
 H                     0.67238717    -5.58544620     1.25360940 
 H                     4.26876048     0.88141731     2.06485190 
 H                     2.88601267     3.21353823     1.91101965 
 H                     0.36401553     3.81025710     1.50946472 
 H                    -2.14149150     4.50799792     1.09874755 
 H                    -4.40771561     3.15660026     0.49579961 
 H                    -5.01381889     0.61660939     0.10305404 
 H                    -5.63830953    -1.93301381    -0.23698470 
 H                    -4.29540341    -4.26975986     0.05170320 
 H                    -1.82457812    -4.90665618     0.73917710 
 H                     2.96099050    -4.22318164     1.70885335 
 H                    -0.80977265     0.64500933     5.30203315 



192 
 

 H                     0.55095227     0.82768996     4.17529394 
 H                    -0.99885905     1.64055673     3.84367086 
 O                    -0.41618319    -0.64593403    -0.66998596 
 C                    -2.55924693    -1.24566173    -3.42663143 
 C                    -3.27864820     0.04525571    -3.18402042 
 O                    -2.70503324     1.04215803    -2.72974263 
 O                    -4.54630067     0.02095901    -3.52339189 
 H                    -1.92101848    -1.12772539    -4.31170932 
 H                    -3.25907290    -2.06372392    -3.60581015 
 H                    -1.90785331    -1.48077839    -2.57942063 
 N                    -6.01841413     2.20855704    -3.58030249 
 C                    -5.54265702     3.39199586    -4.10231655 
 C                    -6.59102282     4.21638986    -4.43941343 
 N                    -7.73044504     3.50929828    -4.10199747 
 C                    -7.33781561     2.31025810    -3.59920802 
 C                    -6.59064190     5.58767199    -5.03289722 
 H                    -6.97847430     6.34219985    -4.33519502 
 H                    -5.56701695     5.87287951    -5.29338571 
 H                    -7.19557288     5.64053796    -5.94709967 
 H                    -8.69944291     3.82154118    -4.22490025 
 H                    -8.03468501     1.55129341    -3.27201367 
 H                    -5.04776723     0.92128693    -3.43133904 
 H                    -4.48130550     3.57495760    -4.20175277 
 O                    -0.31451477     0.79387888    -1.60540156 
 H                    -0.32659617     1.45416590    -0.87904382 
 H                    -1.24258244     0.83940376    -2.03044893 
 N                    -2.31280810    -2.34293879     6.23123987 
 C                    -1.30966191    -3.03345213     7.02795059 
 C                    -3.59443131    -2.79650253     6.18512987 
 O                    -4.00326302    -3.72996093     6.87192827 
 C                    -4.48739994    -2.09956965     5.12618419 
 C                    -4.10676470    -2.80556971     3.80588576 
 N                    -4.17396283    -0.68184990     4.93722665 
 C                    -4.80245544     0.31495071     5.62370716 
 C                    -4.36674217     1.73219737     5.27385606 
 O                    -5.66768819     0.10269651     6.47329483 
 H                    -1.98379543    -1.73100996     5.49329671 
 H                    -1.10057984    -4.03998710     6.64123717 
 H                    -0.38720360    -2.44692670     7.01519083 
 H                    -1.66007803    -3.13385271     8.05898400 
 H                    -5.53259294    -2.22215991     5.40852857 
 H                    -3.05454244    -2.65149912     3.56812489 
 H                    -4.28837191    -3.88279380     3.89069018 
 H                    -4.70853587    -2.42268500     2.97512788 
 H                    -3.47850298    -0.44842385     4.23204415 



193 
 

 H                    -3.65591246     1.78157632     4.44302972 
 H                    -5.25504755     2.32056098     5.02221318 
 H                    -3.91183191     2.18874536     6.16000203 
 
 
 

Doublet; Basis set B2; Model B; Compound I 

 100 
  
 O                   -10.40333113     4.23010781    -3.87035933 
 C                   -11.07166935     5.13186897    -3.34745478 
 N                   -12.25678202     4.85498889    -2.75006919 
 C                   -12.79480551     3.50046788    -2.68713812 
 C                   -10.59679256     6.57878912    -3.35422926 
 H                   -12.78188077     5.60891461    -2.33030719 
 H                   -13.78317928     3.54040080    -2.22449828 
 H                   -12.14390460     2.85040446    -2.09327794 
 H                   -12.88060064     3.07709720    -3.69222428 
 H                   -11.30067145     7.27205257    -2.88282257 
 H                   -10.43064024     6.88943596    -4.39032365 
 H                    -9.63770426     6.63891162    -2.82962008 
 C                    -4.37387685    -2.34798925    -0.10826314 
 C                    -3.49677227    -1.26351576     0.26128130 
 N                    -2.25088441    -1.75135515     0.58770078 
 C                    -2.32548677    -3.11883418     0.43023945 
 C                    -3.65160668    -3.49814691     0.00554012 
 C                    -3.88391720     0.08040580     0.29498469 
 C                    -3.02691027     1.12430698     0.65404685 
 N                    -1.68791859     1.00044663     0.99940401 
 C                    -1.22010618     2.28243464     1.21425940 
 C                    -2.29817417     3.22802541     1.04354908 
 C                    -3.40600312     2.51668467     0.69351674 
 C                     0.09946228     2.63944828     1.50908985 
 C                     1.17186256     1.75888797     1.61752729 
 N                     1.09150190     0.39761450     1.50093877 
 C                     2.37541678    -0.06787682     1.68883896 
 C                     3.27688694     1.03154178     1.93808235 
 C                     2.52831548     2.16876755     1.89406312 
 Fe                   -0.55285532    -0.67094395     0.91547720 
 S                    -1.32796671    -0.68782328     3.46356700 
 C                    -0.33149932     0.53408012     4.37371473 
 C                     2.75272226    -1.40177329     1.66148744 
 C                     1.85962626    -2.46567653     1.41391779 



194 
 

 N                     0.50876422    -2.36333861     1.15259792 
 C                     0.04005844    -3.64526529     0.95918389 
 C                     1.12478314    -4.58413489     1.12180642 
 C                     2.24672253    -3.85652297     1.39895825 
 C                    -1.27767898    -4.01466213     0.62734013 
 H                     3.79447880    -1.65030759     1.83627351 
 H                     1.02960547    -5.65897209     1.02892020 
 H                     4.33989964     0.92858221     2.11708445 
 H                     2.84772195     3.19485304     2.02656725 
 H                     0.30773106     3.69906422     1.62084912 
 H                    -2.19602983     4.30079068     1.14940179 
 H                    -4.39515772     2.88814752     0.45691466 
 H                    -4.90020474     0.32927399     0.00922908 
 H                    -5.40401071    -2.22536559    -0.41772607 
 H                    -3.97072301    -4.51547245    -0.18410060 
 H                    -1.47982759    -5.07223506     0.49060408 
 H                     3.25155097    -4.21871840     1.57846304 
 H                    -0.65579928     0.56319306     5.41971599 
 H                     0.73393212     0.29729493     4.32145867 
 H                    -0.48940454     1.53150688     3.94497543 
 O                    -0.22241125    -0.51423473    -0.66157987 
 C                    -2.31464482    -1.27152752    -3.53477488 
 C                    -3.18049968    -0.03247209    -3.59038781 
 O                    -2.72471304     1.10246626    -3.69299070 
 O                    -4.48554276    -0.28659176    -3.51190771 
 H                    -1.62676389    -1.26400134    -4.38659330 
 H                    -2.91417979    -2.18388270    -3.54551968 
 H                    -1.70351467    -1.24055525    -2.62508935 
 N                    -6.01512072     1.95905620    -3.71541994 
 C                    -5.53225469     3.15693794    -4.20408537 
 C                    -6.56831261     4.04428315    -4.39214388 
 N                    -7.70591841     3.35834063    -3.99820739 
 C                    -7.32354409     2.11533264    -3.60728038 
 C                    -6.61874736     5.43875164    -4.93058872 
 H                    -7.00432830     6.15437193    -4.19197169 
 H                    -5.61286077     5.76482555    -5.21229893 
 H                    -7.25485859     5.50692147    -5.82260379 
 H                    -8.66502374     3.71602808    -4.01245819 
 H                    -8.02308174     1.36639681    -3.26184616 
 H                    -5.02328461     0.57770529    -3.56478566 
 H                    -4.47477970     3.29262203    -4.38601387 
 O                    -0.31437322     1.99372891    -2.25364602 
 H                    -0.17390976     1.18321585    -1.73078504 
 H                    -1.07154172     1.77576018    -2.83093418 
 N                    -2.86228791    -1.96741183     6.28847612 



195 
 

 C                    -1.99149124    -2.49722806     7.32585142 
 C                    -4.12762047    -2.43541269     6.11730236 
 O                    -4.62357306    -3.29833821     6.83634509 
 C                    -4.86471947    -1.85520268     4.88323915 
 C                    -4.31726447    -2.67264560     3.69350160 
 N                    -4.53602216    -0.45168071     4.62503890 
 C                    -5.24029122     0.58508746     5.17026955 
 C                    -4.76525174     1.97961802     4.78479899 
 O                    -6.19402223     0.41706132     5.92793210 
 H                    -2.50263187    -1.28094803     5.64057631 
 H                    -1.76559950    -3.55670814     7.15444553 
 H                    -1.05774480    -1.92877021     7.32666165 
 H                    -2.46811668    -2.40815296     8.30750434 
 H                    -5.93829534    -1.96727319     5.03297513 
 H                    -3.23637872    -2.56195322     3.60111526 
 H                    -4.53742836    -3.73575448     3.83991963 
 H                    -4.78358818    -2.35528178     2.75525891 
 H                    -3.76346369    -0.25354182     3.99732018 
 H                    -3.97051748     1.98406316     4.03180044 
 H                    -5.61969217     2.54980092     4.40656337 
 H                    -4.40645921     2.48920893     5.68611500 
 
 

 

Quartet; Basis set B2; Model A; Fe+HOOH 

 74 
  
 O                   -10.28636211     4.47791229    -4.92928880 
 C                   -10.98886550     5.40385925    -4.50323733 
 N                   -12.14365114     5.14521042    -3.84087706 
 C                   -12.60740677     3.78380054    -3.59723745 
 C                   -10.59094040     6.86042073    -4.70338386 
 H                   -12.70139081     5.91850235    -3.50737504 
 H                   -13.57470280     3.83149314    -3.09256507 
 H                   -11.89706446     3.23917993    -2.96683115 
 H                   -12.71623142     3.24138193    -4.54124347 
 H                   -11.32151960     7.57178492    -4.30513610 
 H                   -10.46059372     7.04515724    -5.77408680 
 H                    -9.62692792     7.03413524    -4.21425248 
 C                    -3.96218763    -1.31415020    -0.72755026 
 C                    -2.99072482    -0.25200897    -0.67658536 
 N                    -1.72253293    -0.71443794    -0.51448297 
 C                    -1.87026582    -2.06506113    -0.53207522 



196 
 

 C                    -3.25045650    -2.46841878    -0.63119807 
 C                    -3.26110349     1.06077613    -0.88821859 
 C                    -2.35081807     2.11210057    -0.84777282 
 N                    -1.00004850     2.01123877    -0.59852953 
 C                    -0.51146489     3.29746649    -0.59465749 
 C                    -1.57780340     4.22968422    -0.85784840 
 C                    -2.71437308     3.49424174    -1.02815970 
 C                     0.81489383     3.65818738    -0.38709874 
 C                     1.87350030     2.79602634    -0.23518688 
 N                     1.75754815     1.43593696    -0.26521784 
 C                     3.04387712     0.97133133    -0.17268637 
 C                     3.98417057     2.05784467    -0.05904384 
 C                     3.24929204     3.20362949    -0.09488199 
 Fe                    0.00833979     0.36705466    -0.16867036 
 S                    -0.19287630     0.46758618     2.20827985 
 C                    -0.41942582    -1.26312986     2.77087194 
 C                     3.38153024    -0.35824903    -0.23326253 
 C                     2.45208152    -1.40177636    -0.36143435 
 N                     1.07126928    -1.27368596    -0.40078234 
 C                     0.55261615    -2.54715309    -0.53565812 
 C                     1.63271208    -3.49698651    -0.59384940 
 C                     2.80053332    -2.79222170    -0.48213671 
 C                    -0.80435600    -2.90111420    -0.58818792 
 H                     4.43120700    -0.63255993    -0.18869883 
 H                     1.50646510    -4.56720335    -0.70406856 
 H                     5.05730894     1.93958065     0.02512207 
 H                     3.58757376     4.23120740    -0.04740616 
 H                     1.03185721     4.72314786    -0.38012310 
 H                    -1.45557745     5.30412029    -0.91811835 
 H                    -3.71381171     3.83986692    -1.26038404 
 H                    -4.29188682     1.33659041    -1.09356940 
 H                    -5.02665133    -1.17024306    -0.85909097 
 H                    -3.59625900    -3.49418565    -0.65481919 
 H                    -1.00180573    -3.96785470    -0.66701042 
 H                     3.81398474    -3.17468553    -0.48543252 
 H                    -0.49084574    -1.25953176     3.86373474 
 H                    -1.33844231    -1.69415853     2.36194755 
 H                     0.42906125    -1.88800053     2.47651699 
 C                    -2.12840773    -0.84825677    -4.25237331 
 C                    -2.90892653     0.43726791    -4.44926753 
 O                    -2.42223060     1.48365582    -4.84772012 
 O                    -4.20835450     0.27625123    -4.16982833 
 H                    -2.24951437    -1.47118497    -5.14795505 
 H                    -2.50650784    -1.41407815    -3.39851622 
 H                    -1.06742516    -0.62422188    -4.12565139 



197 
 

 N                    -5.77948819     2.45985648    -4.63956765 
 C                    -5.37443977     3.60384742    -5.29617429 
 C                    -6.45911852     4.41198931    -5.55307526 
 N                    -7.54707444     3.73291062    -5.02980519 
 C                    -7.08888035     2.56924331    -4.49895935 
 C                    -6.59699700     5.71796398    -6.26552513 
 H                    -7.09404348     6.47633869    -5.64592629 
 H                    -5.60844424     6.10328769    -6.53363373 
 H                    -7.17818077     5.61738213    -7.19194313 
 H                    -8.52265541     4.04096878    -5.05388349 
 H                    -7.73660181     1.84138075    -4.02966821 
 H                    -4.72952825     1.12663767    -4.34770008 
 H                    -4.33280350     3.76019452    -5.54267013 
  
 
 

Quartet; Basis set B2; Model A; FeHOOH 

 78 
 
 O                   -10.38058307     4.48577756    -5.16879131 
 C                   -11.19287320     5.34456199    -4.81219871 
 N                   -12.39930311     5.00629816    -4.28691672 
 C                   -12.83171885     3.63008920    -4.10159108 
 C                   -10.88833362     6.82899886    -4.95470389 
 H                   -13.03412985     5.74755508    -4.02727503 
 H                   -13.73811452     3.42456975    -4.68174083 
 H                   -13.03034455     3.42247998    -3.04428760 
 H                   -12.02776285     2.98252123    -4.45143030 
 H                   -11.69985012     7.48046540    -4.61666574 
 H                   -10.67438073     7.04187508    -6.00635086 
 H                    -9.98610246     7.06090656    -4.38002258 
 C                    -4.07786446    -1.27761930    -0.92090434 
 C                    -3.08181530    -0.23860022    -0.81589503 
 N                    -1.82605679    -0.74506459    -0.70958517 
 C                    -2.00704353    -2.08975154    -0.71666470 
 C                    -3.39780487    -2.45062848    -0.85107422 
 C                    -3.33798499     1.09758829    -0.79020568 
 C                    -2.39125400     2.11562128    -0.65853640 
 N                    -1.03057776     1.95662884    -0.53243315 
 C                    -0.48370084     3.21921743    -0.47412981 
 C                    -1.53482413     4.20048928    -0.54992271 
 C                    -2.71080017     3.51934638    -0.66616045 
 C                     0.87250413     3.53204400    -0.38733160 



198 
 

 C                     1.92188818     2.64889713    -0.36350857 
 N                     1.76292609     1.29264287    -0.45073733 
 C                     3.03140065     0.77902450    -0.36671380 
 C                     4.00796623     1.83122208    -0.25671056 
 C                     3.31286384     3.00294722    -0.25309180 
 Fe                   -0.04818544     0.27319088    -0.34772629 
 S                    -0.27261888     0.33815147     2.05335395 
 C                     1.10713201    -0.64244997     2.76154677 
 C                     3.29799780    -0.56869615    -0.36903196 
 C                     2.32545795    -1.57593654    -0.42604731 
 N                     0.95326133    -1.40206496    -0.47154523 
 C                     0.38863746    -2.66008703    -0.51587206 
 C                     1.43192263    -3.65068465    -0.48846569 
 C                     2.62264497    -2.98348746    -0.43755821 
 C                    -0.97397262    -2.96771551    -0.60807582 
 H                     4.33370537    -0.89028944    -0.31751933 
 H                     1.26562502    -4.72015021    -0.51862355 
 H                     5.07731508     1.67768005    -0.18720234 
 H                     3.69028421     4.01498666    -0.18217849 
 H                     1.11213346     4.59076382    -0.33809840 
 H                    -1.37832461     5.27163129    -0.53088381 
 H                    -3.71145678     3.91903209    -0.76819619 
 H                    -4.36977644     1.42171739    -0.89111523 
 H                    -5.14044417    -1.10555008    -1.03041725 
 H                    -3.77411920    -3.46488439    -0.88606760 
 H                    -1.21178889    -4.02835229    -0.62023524 
 H                     3.62170208    -3.40053341    -0.41539227 
 H                     1.01168069    -0.62498908     3.85184171 
 H                     1.07351451    -1.68177415     2.42277611 
 H                     2.07532326    -0.21092825     2.49041133 
 O                     0.07317664     0.54860146    -3.05712692 
 C                    -2.37428871    -0.78798807    -4.40550452 
 C                    -3.02139465     0.55587419    -4.17975152 
 O                    -2.39311016     1.58648682    -3.94928936 
 O                    -4.34049129     0.49907189    -4.29687071 
 H                    -2.18911576    -0.90165643    -5.48170171 
 H                    -3.04396736    -1.59353750    -4.09657627 
 H                    -1.41584411    -0.85902881    -3.89337860 
 N                    -5.83997742     2.75350628    -4.38636834 
 C                    -5.44443570     3.92796947    -4.98707974 
 C                    -6.54215562     4.66919275    -5.35640998 
 N                    -7.63367164     3.91858225    -4.96103794 
 C                    -7.16117241     2.78036972    -4.39141940 
 C                    -6.64581673     5.99039751    -6.04757195 
 H                    -7.13011320     6.75262950    -5.42231018 



199 
 

 H                    -5.64531707     6.35448483    -6.29727625 
 H                    -7.21845963     5.91926779    -6.98125556 
 H                    -8.61803204     4.17055396    -5.08562065 
 H                    -7.80861338     2.00593179    -4.00439017 
 H                    -4.78229061     1.40862364    -4.22734542 
 H                    -4.39658026     4.16099457    -5.11839974 
 O                     1.24202157     1.32416023    -3.43687177 
 H                     1.62444286     1.45426018    -2.54709095 
 H                    -0.66825994     1.13409279    -3.35304910 
  
 
 
Quartet; Basis set B2; Model A; Transition State 1 
  
78 
  
 O                   -10.25569247     4.47041389    -5.06600706 
 C                   -11.03449618     5.33221002    -4.63255000 
 N                   -12.20384472     5.00139410    -4.03892115 
 C                   -12.66274765     3.63015045    -3.86741394 
 C                   -10.71613835     6.81174088    -4.71812559 
 H                   -12.80645095     5.74798887    -3.72315933 
 H                   -13.61287771     3.47205336    -4.38836979 
 H                   -12.79370458     3.39601477    -2.80562228 
 H                   -11.90655125     2.97075278    -4.29270589 
 H                   -11.52507624     7.45590695    -4.36223148 
 H                   -10.49072342     7.06686810    -5.75792684 
 H                    -9.81949831     7.01826404    -4.12389492 
 C                    -4.11893760    -1.33304591    -0.94551251 
 C                    -3.10717506    -0.28981820    -0.87023773 
 N                    -1.88009162    -0.83906271    -0.76297011 
 C                    -2.04090659    -2.17990512    -0.74184872 
 C                    -3.44996602    -2.51873560    -0.86169412 
 C                    -3.31440775     1.08081932    -0.85608219 
 C                    -2.38335741     2.10819707    -0.71152543 
 N                    -1.02801289     1.97308956    -0.59854966 
 C                    -0.49176942     3.22729094    -0.49761029 
 C                    -1.55754314     4.20315581    -0.53520339 
 C                    -2.72497836     3.51191692    -0.67296037 
 C                     0.85976275     3.55499042    -0.38260268 
 C                     1.95504709     2.70458688    -0.37499334 
 N                     1.84254286     1.36126559    -0.54064686 
 C                     3.08031794     0.83686885    -0.33895680 
 C                     4.04139827     1.89815488    -0.10453166 
 C                     3.33774924     3.06660648    -0.12722502 



200 
 

 Fe                   -0.04189330     0.26934879    -0.57280309 
 S                    -0.30204096     0.40793387     1.81819441 
 C                     1.01983242    -0.56651772     2.63492187 
 C                     3.30917869    -0.52917757    -0.27549598 
 C                     2.32925931    -1.54937514    -0.35563966 
 N                     0.95715038    -1.41693447    -0.46658140 
 C                     0.39845645    -2.68141455    -0.48918599 
 C                     1.46759559    -3.64888151    -0.38673614 
 C                     2.64379579    -2.95886331    -0.30269654 
 C                    -0.96557802    -3.04180326    -0.60504774 
 H                     4.33151649    -0.86951822    -0.13472408 
 H                     1.32678492    -4.72315111    -0.38280598 
 H                     5.09983411     1.75687950     0.07842744 
 H                     3.70455702     4.07354284     0.03143499 
 H                     1.07062496     4.61657235    -0.27107666 
 H                    -1.41429773     5.27461398    -0.46584219 
 H                    -3.73309403     3.90363432    -0.73744680 
 H                    -4.34913135     1.41071454    -0.93632066 
 H                    -5.18694367    -1.17101144    -1.03247903 
 H                    -3.85888018    -3.52208243    -0.86734930 
 H                    -1.16554429    -4.11026576    -0.59323023 
 H                     3.64558355    -3.36260864    -0.21792864 
 H                     0.84995614    -0.51652038     3.71622018 
 H                     0.99977165    -1.61603633     2.32752482 
 H                     2.01049520    -0.15359377     2.42153480 
 O                    -0.09086105     0.21812256    -2.55560669 
 C                    -2.34933231    -0.81386589    -4.49775286 
 C                    -3.03422816     0.50090524    -4.30855076 
 O                    -2.33762433     1.53879332    -3.89803025 
 O                    -4.23217313     0.62854716    -4.60215565 
 H                    -1.95487827    -0.84531360    -5.52224364 
 H                    -3.07197531    -1.62280410    -4.38117875 
 H                    -1.50673412    -0.92091398    -3.80780476 
 N                    -5.77719159     2.66864838    -4.78984842 
 C                    -5.38997813     3.85312849    -5.36736981 
 C                    -6.51410959     4.60428873    -5.58511822 
 N                    -7.57469722     3.84360377    -5.12132301 
 C                    -7.09854432     2.67770155    -4.65453592 
 C                    -6.62637795     5.97125400    -6.17196719 
 H                    -7.05616559     6.68617343    -5.45999582 
 H                    -5.63301089     6.33185407    -6.44903990 
 H                    -7.25291826     5.97877961    -7.07176531 
 H                    -8.57035855     4.12624942    -5.13191601 
 H                    -7.69559483     1.87971566    -4.24167009 
 H                    -5.09575456     1.85062304    -4.58812074 



201 
 

 H                    -4.35171305     4.06683265    -5.56954589 
 O                     0.45107829     1.40198252    -3.23268983 
 H                     1.14031124     1.67312107    -2.59524243 
 H                    -1.44590420     1.28532911    -3.52907259 
  
 
 
Quartet; Basis set B2; Model A; Compound 0 
 
 78 
 
 O                   -10.26935036     4.57340712    -5.10107870 
 C                   -11.00992817     5.44816286    -4.61995681 
 N                   -12.18586229     5.12179254    -4.04271072 
 C                   -12.66197931     3.74382146    -3.95916072 
 C                   -10.62099642     6.91484078    -4.61989330 
 H                   -12.76683011     5.85980182    -3.67061190 
 H                   -13.65596363     3.74703326    -3.50790950 
 H                   -11.98867214     3.13920671    -3.34332774 
 H                   -12.71710643     3.29704167    -4.95610304 
 H                   -11.40612068     7.57294778    -4.23567427 
 H                   -10.37174267     7.21949237    -5.64097961 
 H                    -9.72522039     7.04540444    -4.00284940 
 C                    -4.06023279    -1.46877063    -0.89003959 
 C                    -3.09552291    -0.38335186    -0.79956457 
 N                    -1.84395418    -0.89739060    -0.65991698 
 C                    -1.95205640    -2.25047289    -0.65362607 
 C                    -3.34912626    -2.63155564    -0.79596145 
 C                    -3.37234452     0.98880727    -0.81948024 
 C                    -2.42200621     2.01127714    -0.67993254 
 N                    -1.05262698     1.87050754    -0.57014221 
 C                    -0.51669800     3.13209417    -0.42734171 
 C                    -1.58337272     4.10504778    -0.45774423 
 C                    -2.75294338     3.41430798    -0.61544639 
 C                     0.83979487     3.46326362    -0.30438081 
 C                     1.93309247     2.60406188    -0.26584104 
 N                     1.83067545     1.25238534    -0.33513480 
 C                     3.09333471     0.75380392    -0.22372319 
 C                     4.04844438     1.84011164    -0.09793106 
 C                     3.32437322     2.99700813    -0.12450416 
 Fe                   -0.01189918     0.17930093    -0.47215662 
 S                    -0.36857537     0.16859354     1.93141665 
 C                     1.24937928    -0.12417118     2.73971412 
 C                     3.37554717    -0.60867849    -0.19314408 
 C                     2.40774740    -1.62914404    -0.28577992 



202 
 

 N                     1.03655490    -1.49328369    -0.41290884 
 C                     0.49297046    -2.76175536    -0.43328499 
 C                     1.55982727    -3.73114013    -0.32908721 
 C                     2.73246889    -3.03671044    -0.23886907 
 C                    -0.86138530    -3.11702069    -0.53894918 
 H                     4.41016118    -0.92268628    -0.09018675 
 H                     1.41697261    -4.80519793    -0.32486545 
 H                     5.12082460     1.72179287     0.00444465 
 H                     3.68388240     4.01654118    -0.04920890 
 H                     1.05324880     4.52681212    -0.22390031 
 H                    -1.44382942     5.17549926    -0.36381699 
 H                    -3.75997495     3.81088283    -0.67392804 
 H                    -4.41063759     1.29646849    -0.91142910 
 H                    -5.13171493    -1.34867559    -1.00344634 
 H                    -3.72373266    -3.64844783    -0.81645735 
 H                    -1.07267929    -4.18330721    -0.53836849 
 H                     3.73731540    -3.43149935    -0.14610802 
 H                     1.09808534    -0.11259637     3.82532933 
 H                     1.66612396    -1.09662118     2.45677041 
 H                     1.97262968     0.65615646     2.48204860 
 O                     0.00896379     0.10376458    -2.56706181 
 C                    -2.35473269    -0.77420580    -4.67594209 
 C                    -3.17343361     0.46800339    -4.54169561 
 O                    -2.58482892     1.58124468    -4.17626384 
 O                    -4.38829505     0.46711638    -4.81938959 
 H                    -1.81510400    -0.73037921    -5.63186200 
 H                    -3.00511466    -1.65031323    -4.67923168 
 H                    -1.59922686    -0.84114188    -3.88119593 
 N                    -5.83758390     2.59000396    -4.96115955 
 C                    -5.40350474     3.79201387    -5.47043530 
 C                    -6.49952078     4.59724241    -5.63883603 
 N                    -7.58812817     3.84969679    -5.21263342 
 C                    -7.15662264     2.64030354    -4.81820361 
 C                    -6.60868878     5.98356758    -6.17436983 
 H                    -7.00267696     6.68109545    -5.42507287 
 H                    -5.62075879     6.34185012    -6.47599513 
 H                    -7.26582689     6.02572598    -7.05128918 
 H                    -8.57274454     4.16357609    -5.20792515 
 H                    -7.78229401     1.84131826    -4.45063041 
 H                    -5.20003730     1.72373311    -4.80757039 
 H                    -4.35718447     3.97417394    -5.66419424 
 
 O                    -0.16701271     1.36067459    -3.32575493 
 H                    -0.04446814     2.03979962    -2.63670005 



203 
 

 H                    -1.60644112     1.45091106    -3.83190786 
 
 
 
Quartet; Basis set B2; Model A; Transition State 2 
 
 78 
  
 O                   -10.26067079     4.57728057    -5.19264119 
 C                   -11.06254038     5.39016540    -4.70312122 
 N                   -12.27566164     4.98973901    -4.26423799 
 C                   -12.71878068     3.60104834    -4.34893715 
 C                   -10.71331408     6.85874485    -4.54049538 
 H                   -12.90688607     5.67897769    -3.88065058 
 H                   -13.75233510     3.54470230    -4.00205244 
 H                   -12.09297268     2.95639579    -3.72349668 
 H                   -12.66209281     3.24452279    -5.38148173 
 H                   -11.54458397     7.46520706    -4.16832134 
 H                   -10.38789314     7.25772211    -5.50609676 
 H                    -9.87544925     6.94962988    -3.84067005 
 C                    -4.02048326    -1.48705649    -0.81061372 
 C                    -3.02026492    -0.44064799    -0.72211463 
 N                    -1.77546438    -0.99422038    -0.63690587 
 C                    -1.93854759    -2.34263956    -0.66674296 
 C                    -3.34673486    -2.67374575    -0.76911105 
 C                    -3.27219179     0.92932729    -0.70847974 
 C                    -2.29715332     1.92667484    -0.57327121 
 N                    -0.92747435     1.74461305    -0.51714830 
 C                    -0.35320192     2.98962309    -0.37412392 
 C                    -1.39189652     3.99130329    -0.34521396 
 C                    -2.58598685     3.33551176    -0.47096702 
 C                     1.01937968     3.26902555    -0.31185143 
 C                     2.07094443     2.36712646    -0.33889098 
 N                     1.91436560     1.01696473    -0.40382508 
 C                     3.16960669     0.48393707    -0.37450127 
 C                     4.16257756     1.53540564    -0.29684340 
 C                     3.47610548     2.71413656    -0.27568537 
 Fe                    0.06312366     0.01429079    -0.48631856 
 S                    -0.22363001    -0.13257122     1.95050797 
 C                     0.75071464     1.20876195     2.73412399 
 C                     3.42834527    -0.88021330    -0.39362582 
 C                     2.43175717    -1.86973997    -0.47840763 
 N                     1.06133536    -1.68986621    -0.56599218 
 C                     0.48223340    -2.94255781    -0.57843715 
 C                     1.52290479    -3.94484702    -0.52104979 



204 
 

 C                     2.71673531    -3.28723372    -0.46118247 
 C                    -0.88512263    -3.25295873    -0.62053737 
 H                     4.45896255    -1.21765958    -0.34224458 
 H                     1.34725817    -5.01396389    -0.52196060 
 H                     5.23402652     1.37841191    -0.26168588 
 H                     3.86833822     3.72259731    -0.21947110 
 H                     1.27996322     4.32196630    -0.23275654 
 H                    -1.21906040     5.05585206    -0.24046656 
 H                    -3.58271068     3.76046893    -0.48753870 
 H                    -4.30610066     1.25747258    -0.76827657 
 H                    -5.08890046    -1.32327237    -0.88821193 
 H                    -3.75112278    -3.67837825    -0.80664560 
 H                    -1.13608738    -4.31022353    -0.62836361 
 H                     3.71202281    -3.71154596    -0.40392151 
 H                     0.73455938     1.06498062     3.82052131 
 H                     1.79178453     1.19786125     2.39626432 
 H                     0.32012356     2.19133940     2.50997156 
 O                     0.01033784     0.07138917    -2.66750803 
 C                    -2.44196841    -0.76795517    -4.61707952 
 C                    -3.20163209     0.51169850    -4.46096657 
 O                    -2.56452705     1.58501866    -4.11526228 
 O                    -4.43254843     0.53573499    -4.71099567 
 H                    -1.96236117    -0.76343780    -5.60571018 
 H                    -3.12344023    -1.61938932    -4.56794806 
 H                    -1.64350286    -0.85299337    -3.86925560 
 N                    -5.79922596     2.66661841    -4.82845721 
 C                    -5.35510304     3.91629089    -5.19384157 
 C                    -6.45187119     4.71614878    -5.38734543 
 N                    -7.55425160     3.91632858    -5.12294492 
 C                    -7.12556811     2.68425766    -4.79773247 
 C                    -6.55711641     6.13927584    -5.81605882 
 H                    -7.03934792     6.76245045    -5.05277487 
 H                    -5.55833071     6.54642399    -5.99584102 
 H                    -7.13338703     6.23890444    -6.74389466 
 H                    -8.54191223     4.20991718    -5.18039869 
 H                    -7.76114196     1.84570087    -4.55673030 
 H                    -5.15343910     1.77061187    -4.69822907 
 H                    -4.30066952     4.13119148    -5.28310128 
 O                    -0.27118811     1.38066240    -3.31326055 
 H                    -0.24548865     1.98733391    -2.54711127 
 H                    -1.49395784     1.42225557    -3.75269686 
 
 
 
 



205 
 

Quartet; Basis set B2; Model A; protonated Compound 0 
 78 
  
 O                   -10.25092876     4.62349710    -5.04167018 
 C                   -10.98994789     5.47411962    -4.52779011 
 N                   -12.17406249     5.13532833    -3.95624103 
 C                   -12.68356342     3.77128543    -3.89314814 
 C                   -10.60008164     6.94701758    -4.51917928 
 H                   -12.73848560     5.87306967    -3.55626768 
 H                   -13.66193838     3.70536299    -4.38107906 
 H                   -12.77651188     3.44002434    -2.85286879 
 H                   -11.97875403     3.12318874    -4.41466382 
 H                   -11.34898244     7.59661259    -4.05497149 
 H                   -10.43745562     7.27211425    -5.55139386 
 H                    -9.65377233     7.05844128    -3.98008332 
 C                    -3.99417118    -1.55871514    -1.01604815 
 C                    -3.02155097    -0.49669982    -0.87752080 
 N                    -1.76438006    -1.01754014    -0.74173170 
 C                    -1.90898173    -2.37168558    -0.78424503 
 C                    -3.30015848    -2.73050421    -0.95058288 
 C                    -3.32418838     0.85689367    -0.85337002 
 C                    -2.39287182     1.88470602    -0.67275280 
 N                    -1.01210323     1.73805940    -0.61034628 
 C                    -0.48301999     2.99975064    -0.39177298 
 C                    -1.55091309     3.96293519    -0.34922847 
 C                    -2.72300892     3.27649300    -0.52523640 
 C                     0.87949590     3.29765321    -0.30128790 
 C                     1.93660444     2.40622553    -0.30142008 
 N                     1.80552309     1.05033782    -0.34953569 
 C                     3.07661663     0.55098737    -0.29717404 
 C                     4.04275493     1.62294067    -0.21507367 
 C                     3.33014258     2.78468819    -0.21891272 
 Fe                    0.01662602     0.00708917    -0.45919955 
 S                    -0.36348648    -0.13241367     1.94744024 
 C                     0.57261200     1.21372991     2.76924086 
 C                     3.37934538    -0.79918608    -0.30965157 
 C                     2.41952180    -1.81987290    -0.42038724 
 N                     1.04966785    -1.67131621    -0.54942142 
 C                     0.50259153    -2.93683123    -0.59024520 
 C                     1.56330053    -3.91467136    -0.50216565 
 C                     2.73881762    -3.22910339    -0.40042252 
 C                    -0.85659701    -3.26802534    -0.69277780 
 H                     4.41949068    -1.10078120    -0.23463051 
 H                     1.41381596    -4.98748828    -0.51618022 
 H                     5.11619177     1.48782245    -0.16373681 



206 
 

 H                     3.69535069     3.80335077    -0.17108201 
 H                     1.12780367     4.35198863    -0.20676500 
 H                    -1.41570771     5.02794389    -0.20423399 
 H                    -3.73019294     3.67415232    -0.55191156 
 H                    -4.36698754     1.14737233    -0.94020799 
 H                    -5.05956232    -1.40996194    -1.14274806 
 H                    -3.67781705    -3.74391803    -1.01148149 
 H                    -1.09437724    -4.32783970    -0.71573607 
 H                     3.74154649    -3.63002636    -0.31480615 
 H                     0.54366011     1.05056405     3.85205787 
 H                     1.61744486     1.22792630     2.44443655 
 H                     0.12442102     2.19018331     2.55473387 
 O                     0.15809498     0.12165975    -2.77514637 
 C                    -2.28980417    -0.79941185    -4.69583206 
 C                    -3.04692597     0.48815240    -4.60198277 
 O                    -2.48034050     1.57417042    -4.37926562 
 O                    -4.33623291     0.38415836    -4.80549673 
 H                    -1.88684044    -0.88726326    -5.71406027 
 H                    -2.94435488    -1.65464352    -4.51351344 
 H                    -1.44442520    -0.80029431    -3.99893597 
 N                    -5.77638171     2.57504789    -4.82963319 
 C                    -5.35163879     3.78814935    -5.32743730 
 C                    -6.42924114     4.62082696    -5.51499330 
 N                    -7.53070973     3.88641565    -5.10997973 
 C                    -7.09051501     2.66567776    -4.71463555 
 C                    -6.53278889     6.00601598    -6.05648689 
 H                    -6.93392596     6.71190862    -5.31680050 
 H                    -5.54172128     6.36492987    -6.35032936 
 H                    -7.18089187     6.05021970    -6.94129691 
 H                    -8.50622661     4.19960011    -5.12767335 
 H                    -7.74842847     1.88427226    -4.36047788 
 H                    -4.84218127     1.28976071    -4.75633044 
 H                    -4.30396724     3.97859758    -5.51578532 
 O                    -0.17074987     1.51425635    -3.22607318 
 H                    -0.46449382     1.89702055    -2.35544630 
 H                    -1.04123857     1.45487294    -3.77662173 
 
 
 
 
 
 
 
 
 



207 
 

Quartet; Basis set B2; Model A; Transition State 3 
 
 78 
  
 O                   -10.28948427     4.61524939    -5.07683776 
 C                   -11.02974157     5.47789745    -4.58446195 
 N                   -12.21902637     5.13481278    -4.03305978 
 C                   -12.68386845     3.75249474    -3.99030289 
 C                   -10.63792594     6.94868119    -4.57157616 
 H                   -12.80559650     5.85927964    -3.64393135 
 H                   -13.68294234     3.73563303    -3.54983912 
 H                   -12.01161981     3.13594824    -3.38491752 
 H                   -12.72416640     3.33070986    -4.99902512 
 H                   -11.40457837     7.60134667    -4.14220731 
 H                   -10.43276903     7.26780122    -5.59803915 
 H                    -9.71438323     7.06395390    -3.99471271 
 C                    -4.00114817    -1.54283203    -0.96983704 
 C                    -3.02743875    -0.48171230    -0.84077652 
 N                    -1.76943319    -1.00464225    -0.70643612 
 C                    -1.91631028    -2.35981844    -0.74713716 
 C                    -3.30863074    -2.71571179    -0.90458963 
 C                    -3.32798101     0.87258674    -0.83422782 
 C                    -2.39093069     1.89948910    -0.67447916 
 N                    -1.01473700     1.74834075    -0.59578686 
 C                    -0.48227489     3.01009974    -0.40266319 
 C                    -1.54652979     3.98106546    -0.38810596 
 C                    -2.71898983     3.29651493    -0.55868345 
 C                     0.88027851     3.30828038    -0.30123389 
 C                     1.93522241     2.41334133    -0.28309112 
 N                     1.80165974     1.05647298    -0.32323954 
 C                     3.07318531     0.55510958    -0.28163643 
 C                     4.04018927     1.62577690    -0.20457648 
 C                     3.32904830     2.78894001    -0.20684317 
 Fe                    0.01000529     0.01770375    -0.43055739 
 S                    -0.38580875    -0.11328018     1.96702694 
 C                     0.72781426     1.07061463     2.81785238 
 C                     3.37693454    -0.79588846    -0.30657407 
 C                     2.41520421    -1.81454448    -0.42330185 
 N                     1.04348197    -1.66409846    -0.54215424 
 C                     0.49493021    -2.93022431    -0.58354404 
 C                     1.55602446    -3.90852334    -0.51012202 
 C                     2.73284898    -3.22418145    -0.41440554 
 C                    -0.86562070    -3.26032910    -0.67100304 
 H                     4.41733314    -1.09844234    -0.24062711 
 H                     1.40562286    -4.98116265    -0.52764570 



208 
 

 H                     5.11380499     1.48933868    -0.16041161 
 H                     3.69636598     3.80708103    -0.16504792 
 H                     1.13025344     4.36325983    -0.22073296 
 H                    -1.40641656     5.04822814    -0.26560032 
 H                    -3.72475790     3.69614391    -0.60283411 
 H                    -4.36968719     1.16454419    -0.92725391 
 H                    -5.06666332    -1.39282301    -1.09370122 
 H                    -3.68790380    -3.72870125    -0.96218620 
 H                    -1.10550061    -4.31946852    -0.69609677 
 H                     3.73580551    -3.62644164    -0.33801043 
 H                     0.64367221     0.91579506     3.89896393 
 H                     1.77019405     0.92049924     2.52149577 
 H                     0.44340737     2.10437340     2.59361205 
 O                     0.18662386     0.05247469    -2.70828633 
 C                    -2.31033494    -0.78961240    -4.67725969 
 C                    -3.06756463     0.49831779    -4.57773063 
 O                    -2.50048388     1.58613265    -4.37479522 
 O                    -4.36217902     0.38941915    -4.75316963 
 H                    -1.87302513    -0.85431419    -5.68277380 
 H                    -2.97127419    -1.64712879    -4.53446652 
 H                    -1.48639971    -0.80682163    -3.95598095 
 N                    -5.79913674     2.59103409    -4.79032063 
 C                    -5.36860014     3.80663168    -5.27770896 
 C                    -6.44529165     4.63554680    -5.48770820 
 N                    -7.55228265     3.89605695    -5.10740820 
 C                    -7.11580393     2.67678815    -4.70352923 
 C                    -6.54714203     6.01939254    -6.03423104 
 H                    -6.98028930     6.72125382    -5.30907807 
 H                    -5.55153255     6.38961554    -6.29718371 
 H                    -7.16629716     6.05417636    -6.93999632 
 H                    -8.52906765     4.20385775    -5.14424238 
 H                    -7.77850064     1.89265314    -4.36470049 
 H                    -4.86232224     1.29612300    -4.70919781 
 H                    -4.31781679     4.00076166    -5.44386761 
 O                    -0.12940311     1.59955815    -3.31058223 
 H                    -0.38130476     1.96101793    -2.42641295 
 H                    -1.02442581     1.49599861    -3.80084997 
  
 
 
 
 
 
 
 



209 
 

Quartet; Basis set B2; Model A; Compound I 
 
 78 
 
 O                   -10.28762344     4.69491427    -4.91502280 
 C                   -10.94475644     5.60206505    -4.38841406 
 N                   -12.10353244     5.32635145    -3.73935923 
 C                   -12.62491611     3.96836072    -3.63136326 
 C                   -10.48527998     7.05297852    -4.44674919 
 H                   -12.62554892     6.08481735    -3.32395944 
 H                   -13.58712015     4.00563305    -3.11615130 
 H                   -11.93627931     3.33223289    -3.06587589 
 H                   -12.76110493     3.53022572    -4.62468882 
 H                   -11.17733701     7.75073365    -3.96454525 
 H                   -10.36195192     7.34062163    -5.49536636 
 H                    -9.50730535     7.13378801    -3.96129582 
 C                    -3.92785237    -1.70675763    -1.02072799 
 C                    -3.00798426    -0.60446939    -0.86366244 
 N                    -1.72714893    -1.08845862    -0.69130245 
 C                    -1.81963602    -2.46411333    -0.73761597 
 C                    -3.19652468    -2.85431840    -0.93587551 
 C                    -3.39014546     0.74581927    -0.86960720 
 C                    -2.47919833     1.78985390    -0.67483932 
 N                    -1.10806540     1.66294172    -0.46780793 
 C                    -0.60399577     2.94651469    -0.35821588 
 C                    -1.68408962     3.89819074    -0.46824052 
 C                    -2.83112562     3.18882939    -0.66769470 
 C                     0.74083360     3.30116025    -0.19848424 
 C                     1.81086848     2.40791103    -0.14548921 
 N                     1.71640001     1.04119215    -0.20078471 
 C                     3.01013195     0.56566326    -0.11668213 
 C                     3.93419763     1.66881725     0.00741531 
 C                     3.19148382     2.81115784    -0.00994441 
 Fe                    0.01250176    -0.02210426    -0.58816966 
 S                    -0.63871058     0.04955596     1.92212476 
 C                     0.42312965     1.24252703     2.78370248 
 C                     3.38586492    -0.77424899    -0.13360168 
 C                     2.46243632    -1.83210078    -0.25791870 
 N                     1.09153483    -1.72117362    -0.37732687 
 C                     0.59121731    -3.00131420    -0.47018789 
 C                     1.67847284    -3.94960430    -0.39456215 
 C                     2.83110787    -3.22876540    -0.26697775 
 C                    -0.75889218    -3.36608303    -0.62404930 
 H                     4.43886789    -1.02226184    -0.05312768 
 H                     1.56274883    -5.02567561    -0.43943481 



210 
 

 H                     5.00907860     1.56460791     0.09044774 
 H                     3.53018480     3.83783377     0.05352392 
 H                     0.96899217     4.36129651    -0.15115155 
 H                    -1.56064010     4.97325777    -0.42535935 
 H                    -3.83474906     3.56676207    -0.81794608 
 H                    -4.43264621     0.99122794    -1.03755182 
 H                    -4.99325898    -1.59809982    -1.18100734 
 H                    -3.54228939    -3.87833826    -1.00718595 
 H                    -0.98806769    -4.42557532    -0.67697233 
 H                     3.84622004    -3.59808034    -0.18568803 
 H                     0.16799623     1.25233765     3.84799950 
 H                     1.48149911     1.00581888     2.64539680 
 H                     0.23873908     2.24446187     2.37518271 
 O                     0.20985201     0.04284969    -2.19567830 
 C                    -2.19133010    -0.80479139    -4.87686347 
 C                    -3.04428697     0.44315549    -4.90825214 
 O                    -2.58558831     1.56889247    -5.07621648 
 O                    -4.34394769     0.20780301    -4.73219320 
 H                    -1.56899515    -0.83482624    -5.77723502 
 H                    -2.80062022    -1.70838896    -4.81110733 
 H                    -1.51311790    -0.75271575    -4.01689389 
 N                    -5.86836716     2.46739603    -4.89382237 
 C                    -5.42122825     3.65415162    -5.44003370 
 C                    -6.47303298     4.52880900    -5.59815070 
 N                    -7.58296420     3.84603531    -5.12636964 
 C                    -7.17011050     2.61704100    -4.72170451 
 C                    -6.57482390     5.90346216    -6.17709827 
 H                    -6.94669183     6.63414727    -5.44618102 
 H                    -5.58875676     6.24216604    -6.50961749 
 H                    -7.24719164     5.92911111    -7.04456748 
 H                    -8.54473884     4.19428892    -5.10688313 
 H                    -7.84370652     1.87303029    -4.31877136 
 H                    -4.87088483     1.07683244    -4.76853687 
 H                    -4.37571633     3.79064857    -5.68118687 
 O                     0.07606569     2.35449201    -4.06383927 
 H                     0.21699058     1.62105031    -3.43695235 
 H                    -0.78190851     2.15143706    -4.48411874 
 
 
 
 
 
 
 
 



211 
 

Quartet; Basis set B2; Model B; Fe+HOOH 
 
 96 
  
 O                   -10.15667184     4.64601556    -4.79409331 
 C                   -10.75309158     5.59262087    -4.26394140 
 N                   -11.84357124     5.37548276    -3.48813488 
 C                   -12.36178888     4.03552116    -3.23526530 
 C                   -10.28952354     7.03113338    -4.45874512 
 H                   -12.30620818     6.16595182    -3.06155780 
 H                   -13.31404220     4.12485093    -2.70828149 
 H                   -11.66401069     3.45319300    -2.62366380 
 H                   -12.51633050     3.50657940    -4.17979766 
 H                   -10.93497406     7.76816503    -3.97015974 
 H                   -10.25175929     7.24612381    -5.53095799 
 H                    -9.27471243     7.13256664    -4.06043629 
 C                    -4.09165271    -1.59837074    -1.05811945 
 C                    -3.15827305    -0.51618434    -0.89508682 
 N                    -1.88394621    -0.97632004    -0.69071719 
 C                    -2.00331287    -2.33867377    -0.72842766 
 C                    -3.36672328    -2.74501237    -0.94687164 
 C                    -3.48752498     0.81032637    -0.96797564 
 C                    -2.59996084     1.87438012    -0.82616441 
 N                    -1.24427475     1.78061428    -0.58228784 
 C                    -0.77664055     3.07905098    -0.50935796 
 C                    -1.86103918     4.00281318    -0.71715605 
 C                    -2.98683868     3.25789275    -0.91936706 
 C                     0.54722573     3.45462243    -0.29265493 
 C                     1.60068308     2.56839623    -0.16521316 
 N                     1.48368116     1.19651043    -0.19998705 
 C                     2.77078877     0.71941783    -0.08937528 
 C                     3.70682724     1.80530363     0.02945147 
 C                     2.97759690     2.95745360    -0.01623672 
 Fe                   -0.22680660     0.11128281    -0.20561927 
 S                    -0.62784179    -0.02266352     2.18649740 
 C                     0.14131827     1.48617458     2.90166406 
 C                     3.12581057    -0.61693680    -0.10825561 
 C                     2.23617796    -1.67256314    -0.24633757 
 N                     0.86906658    -1.55511434    -0.38200366 
 C                     0.38852757    -2.84244073    -0.47003729 
 C                     1.47395375    -3.78640037    -0.39646336 
 C                     2.62068371    -3.06043427    -0.26120733 
 C                    -0.94477998    -3.20070744    -0.61502405 
 H                     4.17949531    -0.86003534    -0.00902947 
 H                     1.35814812    -4.86179062    -0.44872393 



212 
 

 H                     4.77906973     1.68708912     0.12385599 
 H                     3.32705807     3.98122656     0.03288211 
 H                     0.76822277     4.51705445    -0.25773600 
 H                    -1.75844345     5.08090807    -0.72033188 
 H                    -3.99313791     3.60027791    -1.12521826 
 H                    -4.52333783     1.06450068    -1.17074901 
 H                    -5.14933440    -1.47451215    -1.25069387 
 H                    -3.69989176    -3.77265266    -1.01839718 
 H                    -1.16173774    -4.26476621    -0.65628997 
 H                     3.63955041    -3.41778275    -0.17862192 
 H                    -0.06836657     1.50380264     3.97643397 
 H                     1.22487599     1.47964225     2.75638473 
 H                    -0.27515151     2.39064840     2.44994492 
 C                    -2.05820461    -0.91796726    -4.78147892 
 C                    -2.92402240     0.28808017    -5.09150536 
 O                    -2.54236056     1.25366908    -5.73452051 
 O                    -4.15194801     0.18081041    -4.56889335 
 H                    -1.13935171    -0.87160298    -5.36859226 
 H                    -2.59916934    -1.84485376    -4.99815200 
 H                    -1.80778353    -0.92438898    -3.71445695 
 N                    -5.78028377     2.35194209    -5.06270349 
 C                    -5.37943447     3.49605444    -5.72264283 
 C                    -6.43273824     4.37746900    -5.83272124 
 N                    -7.49808611     3.74219422    -5.21652639 
 C                    -7.05848712     2.53340088    -4.77743908 
 C                    -6.54826811     5.72959149    -6.46501707 
 H                    -6.88782098     6.49092843    -5.75009776 
 H                    -5.57182394     6.04482090    -6.84532498 
 H                    -7.25182794     5.72989580    -7.30797167 
 H                    -8.45061978     4.10510783    -5.12585862 
 H                    -7.69844326     1.82724679    -4.26612739 
 H                    -4.70704544     1.00148498    -4.78336441 
 H                    -4.36279076     3.60145111    -6.07689202 
 N                    -0.64095934    -1.97841455     5.04069883 
 C                     0.57286004    -2.45844521     5.68091032 
 C                    -1.86092456    -2.47659767     5.37714763 
 C                    -3.05843733    -1.94971691     4.55038632 
 N                    -3.13475485    -0.49484237     4.44935713 
 C                    -3.46237883     0.30693204     5.50658406 
 C                    -3.39958272     1.80525893     5.23552234 
 C                    -3.12957663    -2.61151593     3.16989824 
 O                    -2.01303153    -3.34689536     6.23227320 
 O                    -3.81811772    -0.13347680     6.59688995 
 H                    -0.55929079    -1.36782946     4.23270885 
 H                     0.72523366    -3.53000030     5.50023280 



213 
 

 H                     1.42300711    -1.90054389     5.27980692 
 H                     0.51912244    -2.30590597     6.76398635 
 H                    -3.92427441    -2.26781080     5.13881988 
 H                    -2.28344741    -2.33539604     2.53397059 
 H                    -3.12769365    -3.70039061     3.28811617 
 H                    -4.05434675    -2.31945756     2.65967790 
 H                    -2.71826903    -0.07011650     3.62478281 
 H                    -3.00584468     2.05686923     4.24520007 
 H                    -4.40817684     2.22199344     5.33184245 
 H                    -2.77624330     2.27540562     6.00294869 
 
 
 
Quartet; Basis set B2; Model B; FeHOOH 
 
 100 
 
 O                   -10.31953661     4.52459843    -5.24698195 
 C                   -11.12922549     5.38576403    -4.88890839 
 N                   -12.34428272     5.05161593    -4.38268745 
 C                   -12.79210771     3.67720119    -4.22064723 
 C                   -10.81014853     6.86905574    -5.00542528 
 H                   -12.97577503     5.79524902    -4.12144631 
 H                   -13.69479741     3.48924516    -4.81227376 
 H                   -13.00325476     3.45733565    -3.16829912 
 H                   -11.99144101     3.02624677    -4.57164641 
 H                   -11.62332111     7.52253709    -4.67552892 
 H                   -10.57279476     7.09423397    -6.04944086 
 H                    -9.91838326     7.08646919    -4.40901448 
 C                    -4.19472920    -1.34448137    -0.92880403 
 C                    -3.17035269    -0.33795566    -0.81956838 
 N                    -1.93035837    -0.87474893    -0.68728440 
 C                    -2.15256390    -2.21447187    -0.70758863 
 C                    -3.54903610    -2.53631791    -0.84903573 
 C                    -3.38945572     0.99978018    -0.86035826 
 C                    -2.44924495     2.01500082    -0.73457323 
 N                    -1.09917123     1.85260720    -0.54941171 
 C                    -0.55859445     3.11795313    -0.50354104 
 C                    -1.60161636     4.10041119    -0.65090012 
 C                    -2.77092355     3.41718261    -0.79893722 
 C                     0.79037616     3.41370341    -0.35705574 
 C                     1.80943175     2.48143551    -0.26936838 
 N                     1.62807977     1.11651741    -0.35050897 
 C                     2.89047179     0.56656345    -0.24322402 
 C                     3.87420918     1.60282963    -0.10018224 



214 
 

 C                     3.20324718     2.79201483    -0.11573104 
 Fe                   -0.15740178     0.13105247    -0.34761766 
 S                    -0.48199111    -0.05030393     2.09731139 
 C                     0.30798432     1.44494037     2.81842856 
 C                     3.15876619    -0.79032623    -0.28700810 
 C                     2.17677729    -1.77900757    -0.40450271 
 N                     0.80904979    -1.57828949    -0.48797215 
 C                     0.22570485    -2.82635065    -0.55376026 
 C                     1.25274467    -3.83584781    -0.52170410 
 C                     2.45184058    -3.19190884    -0.43407042 
 C                    -1.14214734    -3.11682175    -0.63727525 
 H                     4.19160732    -1.11458024    -0.21702022 
 H                     1.06714624    -4.90151076    -0.56483625 
 H                     4.93907889     1.43278123    -0.00557965 
 H                     3.60697841     3.79337574    -0.03767087 
 H                     1.06623822     4.46294573    -0.31506312 
 H                    -1.44177516     5.17107503    -0.65263013 
 H                    -3.76709558     3.81028494    -0.95466466 
 H                    -4.41389056     1.33059614    -1.00879424 
 H                    -5.24967404    -1.14001216    -1.05349705 
 H                    -3.95102170    -3.54017463    -0.88750448 
 H                    -1.39726663    -4.17245961    -0.66637965 
 H                     3.44281346    -3.62565752    -0.39111117 
 H                     0.14493167     1.43443804     3.90092126 
 H                     1.38444419     1.45116468     2.62738026 
 H                    -0.13159058     2.35795795     2.40721371 
 O                     0.04291515     0.41517718    -3.00648581 
 C                    -2.38341240    -0.84169873    -4.31933393 
 C                    -3.00647510     0.52302821    -4.16076457 
 O                    -2.35092908     1.54693054    -3.97206030 
 O                    -4.32455591     0.48995068    -4.27451587 
 H                    -2.00024484    -0.93083813    -5.34365570 
 H                    -3.12408371    -1.62733152    -4.15909153 
 H                    -1.53693532    -0.97120581    -3.64677801 
 N                    -5.80821189     2.73880358    -4.44089131 
 C                    -5.39586436     3.91893086    -5.01813797 
 C                    -6.48255982     4.67503654    -5.38976973 
 N                    -7.58470317     3.92857386    -5.01922770 
 C                    -7.12958751     2.77730859    -4.46174024 
 C                    -6.55214339     6.01558459    -6.04924769 
 H                    -7.01906170     6.77307795    -5.40548763 
 H                    -5.54158953     6.35891050    -6.28711729 
 H                    -7.12333323     5.98278379    -6.98577407 
 H                    -8.56596486     4.19263604    -5.14929376 
 H                    -7.78892313     2.00255652    -4.09623078 



215 
 

 H                    -4.75853770     1.40830036    -4.24685955 
 H                    -4.34482482     4.14544385    -5.13471893 
 O                     1.26438924     1.11160220    -3.37039538 
 H                     1.62113117     1.26635829    -2.47493414 
 H                    -0.65634669     1.02809144    -3.34929018 
 N                    -0.49109802    -2.07700138     4.90159641 
 C                     0.73767631    -2.60948132     5.45578406 
 C                    -1.71807627    -2.53245360     5.28732837 
 C                    -2.91289414    -1.91977488     4.51700930 
 N                    -2.91186882    -0.46311998     4.45387186 
 C                    -3.15973851     0.31099860     5.55240795 
 C                    -2.99937785     1.81252859     5.33488614 
 C                    -3.06025303    -2.54542600     3.12634940 
 O                    -1.89068338    -3.41011133     6.12538381 
 O                    -3.50408629    -0.15026292     6.63373205 
 H                    -0.42806428    -1.43732611     4.11520328 
 H                     1.31471939    -3.15928741     4.70030519 
 H                     1.36923774    -1.80874692     5.86010784 
 H                     0.46533734    -3.29345391     6.26134481 
 H                    -3.77327161    -2.20477123     5.12907939 
 H                    -2.20998557    -2.31337462     2.47884751 
 H                    -3.12853501    -3.63375199     3.22598948 
 H                    -3.97225114    -2.18280531     2.63982630 
 H                    -2.50169602    -0.03859627     3.62667960 
 H                    -2.79151250     2.08858531     4.29626143 
 H                    -3.91436007     2.31423316     5.66416284 
 H                    -2.18394026     2.17664743     5.96939182 
 
 
 
Quartet; Basis set B2; Model B; Transition State 1 
 
 100 
  
 O                   -10.19272405     4.54270315    -5.12365782 
 C                   -10.96638357     5.41668609    -4.70398977 
 N                   -12.15663522     5.10542973    -4.14383526 
 C                   -12.64915587     3.74277695    -3.99695713 
 C                   -10.61721733     6.88985948    -4.76778141 
 H                   -12.75281569     5.86182689    -3.83925083 
 H                   -13.58793032     3.60989597    -4.54471369 
 H                   -12.81397856     3.50312033    -2.94121047 
 H                   -11.89613581     3.07060091    -4.40757144 
 H                   -11.42008993     7.54649574    -4.42135515 
 H                   -10.36611796     7.15151809    -5.80012729 



216 
 

 H                    -9.72885091     7.07254251    -4.15364202 
 C                    -4.22305578    -1.41189043    -1.02783773 
 C                    -3.19216041    -0.40162395    -0.89375823 
 N                    -1.97728474    -0.97115255    -0.74083409 
 C                    -2.18196157    -2.30821669    -0.75879124 
 C                    -3.58659266    -2.61357446    -0.93675325 
 C                    -3.37976812     0.96206764    -0.89818617 
 C                    -2.44924065     1.97806925    -0.71675193 
 N                    -1.10058652     1.83138850    -0.54614121 
 C                    -0.56716334     3.08890007    -0.44732359 
 C                    -1.62396120     4.06982990    -0.53523247 
 C                    -2.78733514     3.38209129    -0.70676202 
 C                     0.78028122     3.40415372    -0.29619551 
 C                     1.84094837     2.50561368    -0.24223725 
 N                     1.69108639     1.15188310    -0.36030839 
 C                     2.93149011     0.60253131    -0.18531242 
 C                     3.91030936     1.64803205     0.01234260 
 C                     3.23224681     2.83258581    -0.02344227 
 Fe                   -0.14864687     0.10467634    -0.52100323 
 S                    -0.52106988    -0.01643218     1.98429773 
 C                     0.28015896     1.44868559     2.75293877 
 C                     3.16990307    -0.76683824    -0.15636468 
 C                     2.17348991    -1.76577949    -0.27161942 
 N                     0.80572209    -1.60482569    -0.43214428 
 C                     0.22479173    -2.86061072    -0.47434770 
 C                     1.27279171    -3.84721452    -0.34102040 
 C                     2.45770975    -3.18161774    -0.21878401 
 C                    -1.14292558    -3.19975706    -0.61855555 
 H                     4.18922677    -1.11221984    -0.01687082 
 H                     1.10977095    -4.91802901    -0.34064648 
 H                     4.96968700     1.48775193     0.17080237 
 H                     3.62641797     3.83390792     0.09985738 
 H                     1.02267256     4.46005521    -0.21056270 
 H                    -1.47555525     5.14085062    -0.47372939 
 H                    -3.79130656     3.77400740    -0.81401844 
 H                    -4.40550492     1.30326367    -1.02716568 
 H                    -5.28034157    -1.21607619    -1.15685997 
 H                    -4.01142253    -3.60885722    -0.97666759 
 H                    -1.36500429    -4.26302211    -0.62452307 
 H                     3.44788252    -3.60423266    -0.10044666 
 H                     0.16019318     1.38754743     3.84031986 
 H                     1.34964976     1.47795431     2.52517270 
 H                    -0.17657005     2.38081119     2.40641602 
 O                    -0.14165654     0.12588786    -2.52586657 
 C                    -2.38284869    -0.87641511    -4.39131412 



217 
 

 C                    -3.05134685     0.45126683    -4.25133320 
 O                    -2.33258159     1.49988661    -3.90022171 
 O                    -4.25170551     0.58100134    -4.52574611 
 H                    -2.03547091    -0.96970393    -5.42925913 
 H                    -3.10700470    -1.67028136    -4.20144453 
 H                    -1.51330342    -0.95537654    -3.73338442 
 N                    -5.76589314     2.64754888    -4.75995906 
 C                    -5.33995983     3.82624621    -5.32234499 
 C                    -6.44285309     4.60283129    -5.55638470 
 N                    -7.52910182     3.86345905    -5.11774898 
 C                    -7.08939421     2.68473229    -4.64980430 
 C                    -6.52145680     5.97215248    -6.13963208 
 H                    -6.93855175     6.69473836    -5.42781294 
 H                    -5.51968917     6.31198533    -6.41279116 
 H                    -7.14451076     5.99487643    -7.04147979 
 H                    -8.51897568     4.16839031    -5.14839515 
 H                    -7.71221018     1.89771659    -4.25423835 
 H                    -5.10841910     1.81924118    -4.54817731 
 H                    -4.29340405     4.01630846    -5.50413391 
 O                     0.45987253     1.29284539    -3.17524280 
 H                     1.12193917     1.55695644    -2.50883741 
 H                    -1.44289271     1.24172463    -3.53524700 
 N                    -0.44765439    -1.93911342     4.85997270 
 C                     0.80340778    -2.37994509     5.44318799 
 C                    -1.64596278    -2.46761376     5.24076831 
 C                    -2.86479801    -1.96867259     4.42636300 
 N                    -2.96263057    -0.51825647     4.31132444 
 C                    -3.28575950     0.27385997     5.37490186 
 C                    -3.16332917     1.77372196     5.11924408 
 C                    -2.93608579    -2.64698672     3.05432344 
 O                    -1.77536221    -3.31759494     6.11636805 
 O                    -3.67103145    -0.16366520     6.45413669 
 H                    -0.40877799    -1.36171942     4.02043689 
 H                     1.40176742    -2.95826042     4.72608282 
 H                     1.40163710    -1.52525564     5.78210559 
 H                     0.56409289    -3.01501094     6.29794546 
 H                    -3.71634285    -2.29159905     5.03176778 
 H                    -2.09405255    -2.36680931     2.41593540 
 H                    -2.92353522    -3.73428086     3.18645015 
 H                    -3.86245915    -2.36869625     2.54009026 
 H                    -2.49474461    -0.10027373     3.50707324 
 H                    -2.91314795     2.02454467     4.08389175 
 H                    -4.10793075     2.25509263     5.39129291 
 H                    -2.38948118     2.18119354     5.77910376 
 



218 
 

Quartet; Basis set B2; Model B; Compound 0 
 
 100 
  
 O                   -10.18260296     4.58749630    -5.06729991 
 C                   -10.90688761     5.46060963    -4.55795904 
 N                   -12.08280170     5.14498115    -3.97463885 
 C                   -12.58849218     3.77806113    -3.88851598 
 C                   -10.49855617     6.92201688    -4.53815806 
 H                   -12.62512730     5.88551837    -3.55151453 
 H                   -13.67394895     3.80947133    -3.77123213 
 H                   -12.14937240     3.24486789    -3.03733063 
 H                   -12.33791121     3.24193973    -4.80590088 
 H                   -11.26933985     7.58399898    -4.13230903 
 H                   -10.26033108     7.24053084    -5.55765775 
 H                    -9.59243066     7.03064061    -3.93207811 
 C                    -4.08989792    -1.52807626    -1.00913790 
 C                    -3.11178688    -0.46985357    -0.86378388 
 N                    -1.86497466    -0.99278075    -0.69022866 
 C                    -2.01304888    -2.34341046    -0.72472958 
 C                    -3.40270647    -2.70163493    -0.91703428 
 C                    -3.38693665     0.88503809    -0.89078083 
 C                    -2.45820694     1.91780829    -0.72217193 
 N                    -1.09716995     1.78433166    -0.56620699 
 C                    -0.58023713     3.05179948    -0.41952412 
 C                    -1.65000827     4.01811339    -0.48905559 
 C                    -2.80793303     3.31656139    -0.67796487 
 C                     0.77198758     3.37553253    -0.25874847 
 C                     1.83122568     2.47216311    -0.19062819 
 N                     1.70683369     1.10990048    -0.24896853 
 C                     2.97397804     0.59644944    -0.13575842 
 C                     3.93167113     1.67219361    -0.00303346 
 C                     3.22264587     2.83789591    -0.03743983 
 Fe                   -0.07283906     0.06568836    -0.48184836 
 S                    -0.52199719    -0.02454710     2.04933271 
 C                     0.40744524     1.35576867     2.83271999 
 C                     3.28557391    -0.76357279    -0.13532702 
 C                     2.31972126    -1.77894140    -0.26919239 
 N                     0.95129936    -1.62708959    -0.43237154 
 C                     0.39839444    -2.89129462    -0.47675425 
 C                     1.45372188    -3.87076183    -0.35441391 
 C                     2.62992103    -3.18914598    -0.22976715 
 C                    -0.95966753    -3.23161225    -0.60809642 
 H                     4.32210814    -1.06365738    -0.02315483 
 H                     1.30020685    -4.94312454    -0.35814725 
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 H                     5.00149471     1.53977286     0.10429120 
 H                     3.59386911     3.85312179     0.03508231 
 H                     1.01413694     4.43182088    -0.18031950 
 H                    -1.52023594     5.08981607    -0.39727705 
 H                    -3.81653869     3.70146304    -0.77046067 
 H                    -4.42367422     1.18485538    -1.01982184 
 H                    -5.15272410    -1.37696291    -1.15457160 
 H                    -3.78252595    -3.71471380    -0.96974288 
 H                    -1.18721900    -4.29376304    -0.62556019 
 H                     3.62738804    -3.59499989    -0.11181142 
 H                     0.28395534     1.30743679     3.92084277 
 H                     1.47553345     1.29140685     2.60358784 
 H                     0.03553244     2.32635978     2.48815949 
 O                     0.04969782     0.06744674    -2.57939836 
 C                    -2.30419305    -0.82338221    -4.56517304 
 C                    -3.14216890     0.41056072    -4.52017654 
 O                    -2.56742061     1.55275306    -4.20744487 
 O                    -4.35055984     0.38638798    -4.81203448 
 H                    -1.69809662    -0.79791669    -5.48126671 
 H                    -2.94432986    -1.70627022    -4.59199557 
 H                    -1.59602510    -0.85981640    -3.72634763 
 N                    -5.78933314     2.53249661    -4.99495506 
 C                    -5.34051235     3.73563845    -5.48996425 
 C                    -6.42613792     4.55897068    -5.63480251 
 N                    -7.52183938     3.82121378    -5.20833303 
 C                    -7.10636313     2.60006239    -4.83728916 
 C                    -6.52872240     5.95464483    -6.14424745 
 H                    -6.89408481     6.64332271    -5.37259291 
 H                    -5.54414379     6.30568488    -6.46486879 
 H                    -7.20746498     6.02207304    -7.00272883 
 H                    -8.50234615     4.15033840    -5.19113729 
 H                    -7.74044515     1.80544864    -4.47461266 
 H                    -5.16748628     1.66334255    -4.84307453 
 H                    -4.29345677     3.90424855    -5.69104767 
 O                    -0.13207092     1.31748466    -3.33888157 
 H                     0.04062197     2.00276990    -2.66801373 
 H                    -1.60012476     1.43631453    -3.86221928 
 N                    -0.58382494    -1.92447786     4.94036028 
 C                     0.62323118    -2.41537896     5.58298759 
 C                    -1.80837677    -2.40576194     5.28055265 
 C                    -2.99256953    -1.88121305     4.43268611 
 N                    -3.04767874    -0.42715163     4.30475779 
 C                    -3.37267670     0.39792962     5.34189321 
 C                    -3.20492069     1.88750948     5.06261322 
 C                    -3.05371147    -2.56636960     3.06323928 
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 O                    -1.97758259    -3.25139254     6.15973149 
 O                    -3.80900608    -0.00501354     6.41994262 
 H                    -0.48998776    -1.36088245     4.09402047 
 H                     0.75714174    -3.49289014     5.42051304 
 H                     1.48072135    -1.87986666     5.16690316 
 H                     0.57876139    -2.24333664     6.66373428 
 H                    -3.86974308    -2.17642078     5.01608358 
 H                    -2.19549126    -2.31032234     2.43614718 
 H                    -3.06951104    -3.65317949     3.20202540 
 H                    -3.96693233    -2.27002576     2.53497350 
 H                    -2.53287992    -0.03224183     3.51567165 
 H                    -2.77611395     2.10228226     4.07855936 
 H                    -4.18404670     2.37312598     5.14119279 
 H                    -2.56244445     2.31864682     5.83766584 
 
 
 
Quartet; Basis set B2; Model B; Transition State 2 
 
 100 
  
 O                   -10.22357143     4.57202121    -5.15198157 
 C                   -10.98455532     5.40919386    -4.64600856 
 N                   -12.16774176     5.05036596    -4.08955489 
 C                   -12.65879003     3.67864142    -4.03543473 
 C                   -10.62058153     6.88694072    -4.62225936 
 H                   -12.75064982     5.77851655    -3.69894592 
 H                   -13.61780725     3.59395170    -4.55764615 
 H                   -12.78435362     3.35488712    -2.99648472 
 H                   -11.92622603     3.03780867    -4.52652335 
 H                   -11.39329113     7.52146128    -4.17713030 
 H                   -10.43496264     7.21961005    -5.64816664 
 H                    -9.69225527     7.01359757    -4.05563903 
 C                    -4.11146797    -1.47572392    -1.01313795 
 C                    -3.12100339    -0.43271135    -0.86134766 
 N                    -1.87789334    -0.97219062    -0.68727035 
 C                    -2.05057157    -2.32354712    -0.71970999 
 C                    -3.44282759    -2.65895003    -0.91745475 
 C                    -3.39696273     0.92146356    -0.86707579 
 C                    -2.46339243     1.94670893    -0.68147164 
 N                    -1.09485709     1.79686562    -0.56872588 
 C                    -0.56459178     3.06049189    -0.39169062 
 C                    -1.62798020     4.03253866    -0.40821702 
 C                    -2.79688958     3.34492073    -0.58956766 
 C                     0.79790527     3.35468978    -0.27897140 
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 C                     1.83580415     2.42769030    -0.24116067 
 N                     1.68835809     1.06437251    -0.27377003 
 C                     2.95435096     0.53733118    -0.18435126 
 C                     3.92820337     1.60078124    -0.09662310 
 C                     3.23467389     2.77465880    -0.13394842 
 Fe                   -0.09191542     0.04794964    -0.44727420 
 S                    -0.50268738    -0.03768966     2.05302793 
 C                     0.47904743     1.31190412     2.82513435 
 C                     3.25630599    -0.82286643    -0.16617605 
 C                     2.27975129    -1.82967773    -0.28154212 
 N                     0.91301392    -1.65985006    -0.44872229 
 C                     0.34286011    -2.91838531    -0.46917030 
 C                     1.38442017    -3.90984766    -0.33465969 
 C                     2.57030497    -3.24277554    -0.22257994 
 C                    -1.02104076    -3.23621773    -0.59317733 
 H                     4.29145289    -1.12959502    -0.06089845 
 H                     1.21619313    -4.97985964    -0.32340317 
 H                     4.99838284     1.45337662    -0.01776842 
 H                     3.61971135     3.78623418    -0.09125794 
 H                     1.06706169     4.40445010    -0.20478505 
 H                    -1.48957242     5.10085227    -0.29473604 
 H                    -3.80237431     3.74246839    -0.65419339 
 H                    -4.43372519     1.22369471    -0.98474788 
 H                    -5.17054514    -1.30586045    -1.16342993 
 H                    -3.83596976    -3.66667809    -0.97200473 
 H                    -1.27203584    -4.29281369    -0.60145657 
 H                     3.56244618    -3.66070745    -0.10241941 
 H                     0.36212235     1.26484889     3.91363657 
 H                     1.54160545     1.21088992     2.58585825 
 H                     0.13519859     2.29377576     2.48486485 
 O                    -0.00228154     0.12307287    -2.65957043 
 C                    -2.36088686    -0.79001187    -4.55617595 
 C                    -3.08183996     0.51565553    -4.49918371 
 O                    -2.47306333     1.59380437    -4.23698323 
 O                    -4.34033029     0.49227901    -4.76953588 
 H                    -1.93888833    -0.89919258    -5.56495438 
 H                    -3.05343583    -1.61674126    -4.38647457 
 H                    -1.53016557    -0.80620446    -3.84116014 
 N                    -5.73330339     2.60348122    -4.91430951 
 C                    -5.32219560     3.82752759    -5.39460292 
 C                    -6.41389018     4.63981745    -5.58764781 
 N                    -7.50589534     3.88113505    -5.20513872 
 C                    -7.05277057     2.66605482    -4.81525967 
 C                    -6.50267732     6.03911543    -6.10264573 
 H                    -6.91983542     6.73085776    -5.35947660 
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 H                    -5.50272760     6.39587961    -6.36580812 
 H                    -7.12796013     6.10019258    -7.00237507 
 H                    -8.48850180     4.18023018    -5.22560457 
 H                    -7.69834030     1.86832286    -4.47662526 
 H                    -4.87632188     1.44699854    -4.76790825 
 H                    -4.27629438     4.04104942    -5.56471428 
 O                    -0.22752534     1.46533301    -3.26029762 
 H                    -0.35504169     2.01380996    -2.45524001 
 H                    -1.30685186     1.47074131    -3.78472589 
 N                    -0.54815197    -1.93883194     4.94356266 
 C                     0.68636532    -2.41367298     5.54311312 
 C                    -1.77234274    -2.41169586     5.30816201 
 C                    -2.96012526    -1.87026771     4.47417456 
 N                    -2.99648066    -0.41565454     4.34785638 
 C                    -3.29824186     0.41175248     5.39221930 
 C                    -3.10872371     1.89944577     5.11860903 
 C                    -3.04682716    -2.55361320     3.10535673 
 O                    -1.94983238    -3.25607053     6.18517101 
 O                    -3.72045501     0.00864108     6.47552315 
 H                    -0.48035166    -1.36168731     4.10547051 
 H                     1.26414858    -3.02347742     4.83561232 
 H                     1.30822741    -1.57081544     5.86791839 
 H                     0.42954921    -3.02589541     6.40981034 
 H                    -3.83304186    -2.15276623     5.06964878 
 H                    -2.19271313    -2.30818168     2.46824739 
 H                    -3.07411155    -3.64023795     3.24290069 
 H                    -3.96296802    -2.24575942     2.58895078 
 H                    -2.50083928    -0.02212400     3.54793144 
 H                    -2.78644073     2.11975601     4.09586847 
 H                    -4.05260091     2.41712723     5.31917938 
 H                    -2.36420701     2.29265093     5.81970407 
 
 
 
Quartet; Basis set B2; Model B; protonated Compound 0 
 
 103 
  
 O                   -10.24378426     4.60128199    -5.12037885 
 C                   -10.99523484     5.45666953    -4.63179730 
 N                   -12.18379904     5.12139101    -4.06886542 
 C                   -12.68793194     3.75610837    -3.98763715 
 C                   -10.61360736     6.93149340    -4.64068944 
 H                   -12.75676985     5.86284421    -3.68879955 
 H                   -13.65408068     3.67364054    -4.49695785 
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 H                   -12.80411210     3.44834547    -2.94258375 
 H                   -11.96775510     3.10047373    -4.47764090 
 H                   -11.37565713     7.58432581    -4.20343136 
 H                   -10.43111140     7.24014918    -5.67462890 
 H                    -9.67958369     7.05766011    -4.08357257 
 C                    -4.07825728    -1.50441653    -1.03646962 
 C                    -3.09369324    -0.45792199    -0.88038775 
 N                    -1.84701203    -0.98883329    -0.70117289 
 C                    -2.01554667    -2.34166555    -0.73809736 
 C                    -3.40431546    -2.68399278    -0.94045000 
 C                    -3.38173738     0.89188507    -0.88025784 
 C                    -2.46246261     1.92703224    -0.69591609 
 N                    -1.08798638     1.78730599    -0.59889059 
 C                    -0.57153832     3.05766343    -0.40038295 
 C                    -1.64381654     4.01627905    -0.40096097 
 C                    -2.80746044     3.31859061    -0.58519460 
 C                     0.78756895     3.35456351    -0.29040983 
 C                     1.82797084     2.43046476    -0.24732926 
 N                     1.68791196     1.06594831    -0.26816497 
 C                     2.95823521     0.54735970    -0.19083424 
 C                     3.92593809     1.61628043    -0.11225055 
 C                     3.22508426     2.78571462    -0.14929119 
 Fe                   -0.07508268     0.03524791    -0.43156554 
 S                    -0.50217601    -0.03948127     2.04523200 
 C                     0.44631595     1.33305343     2.81816186 
 C                     3.26973019    -0.80957210    -0.18081181 
 C                     2.30424627    -1.82539953    -0.29217479 
 N                     0.93654850    -1.66452548    -0.45182150 
 C                     0.37625237    -2.92675206    -0.47994538 
 C                     1.42457618    -3.91127158    -0.35072592 
 C                     2.60604136    -3.23594025    -0.23906280 
 C                    -0.98525151    -3.24951939    -0.60930826 
 H                     4.30870203    -1.10652348    -0.08497221 
 H                     1.26394986    -4.98241776    -0.34449878 
 H                     4.99747499     1.47547745    -0.04188727 
 H                     3.60401834     3.79978083    -0.11459377 
 H                     1.05584367     4.40455607    -0.21564417 
 H                    -1.51670591     5.08471085    -0.27686744 
 H                    -3.81673402     3.70738323    -0.64082541 
 H                    -4.42117382     1.18374450    -1.00032530 
 H                    -5.13650409    -1.33821289    -1.19467333 
 H                    -3.79109865    -3.69372627    -1.00007505 
 H                    -1.23163142    -4.30712352    -0.62488675 
 H                     3.60160280    -3.64679050    -0.12385556 
 H                     0.32302173     1.28516339     3.90574672 
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 H                     1.51196711     1.25321336     2.58533945 
 H                     0.08226987     2.30564747     2.47302666 
 O                     0.11548739     0.12525392    -2.68165853 
 C                    -2.31823451    -0.80469920    -4.54898298 
 C                    -3.05123662     0.49896502    -4.50827800 
 O                    -2.45982650     1.58117318    -4.31556426 
 O                    -4.33645778     0.41491454    -4.71779239 
 H                    -1.87788839    -0.92056455    -5.54880343 
 H                    -2.99943193    -1.64102596    -4.37836234 
 H                    -1.49844278    -0.81262287    -3.82364310 
 N                    -5.76722158     2.58198690    -4.82875199 
 C                    -5.34231779     3.78995939    -5.33773386 
 C                    -6.42238761     4.61299174    -5.55118841 
 N                    -7.52510047     3.87851347    -5.15132812 
 C                    -7.08429794     2.66630608    -4.73300522 
 C                    -6.51160781     5.99273677    -6.11096812 
 H                    -6.93193036     6.70687041    -5.39045805 
 H                    -5.51284941     6.34720133    -6.38288602 
 H                    -7.13577073     6.02602195    -7.01320770 
 H                    -8.50311500     4.18530792    -5.18667094 
 H                    -7.74253088     1.88606193    -4.37727977 
 H                    -4.84753219     1.33013492    -4.70152336 
 H                    -4.29377475     3.98461055    -5.51633662 
 O                    -0.16641315     1.50066006    -3.19743513 
 H                    -0.43273889     1.94681451    -2.35160800 
 H                    -1.05928473     1.44694807    -3.73654512 
 N                    -0.56473343    -1.92731353     4.94415869 
 C                     0.66410957    -2.39335001     5.56201966 
 C                    -1.79188220    -2.40138865     5.29890082 
 C                    -2.97401799    -1.86765291     4.45258500 
 N                    -3.01742254    -0.41421228     4.31706201 
 C                    -3.33248446     0.41796156     5.35368072 
 C                    -3.16654978     1.90602123     5.06727537 
 C                    -3.05075816    -2.56143598     3.08800971 
 O                    -1.97507731    -3.24301990     6.17699675 
 O                    -3.75044774     0.01749355     6.43859972 
 H                    -0.48998735    -1.35044424     4.10735664 
 H                     1.24651889    -3.01801807     4.87137400 
 H                     1.28464607    -1.54530839     5.87541264 
 H                     0.39952336    -2.98836252     6.43823276 
 H                    -3.85069124    -2.15037346     5.04261295 
 H                    -2.19576754    -2.31593340     2.45189378 
 H                    -3.07222471    -3.64703197     3.23368563 
 H                    -3.96708351    -2.26326490     2.56620092 
 H                    -2.52945180    -0.02151568     3.51294769 
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 H                    -2.82751802     2.12173932     4.04883875 
 H                    -4.12495050     2.40649759     5.24140261 
 H                    -2.44589438     2.32221997     5.77975893 
 
 
 
Quartet; Basis set B2; Model B; Transition State 3 
 
 100 
  
 O                   -10.27756490     4.59802145    -5.02878058 
 C                   -11.00949179     5.47783291    -4.55432511 
 N                   -12.19698365     5.15706209    -3.98645888 
 C                   -12.66994848     3.77932533    -3.90269730 
 C                   -10.60881983     6.94618860    -4.58306257 
 H                   -12.77538552     5.89518725    -3.61080462 
 H                   -13.67226258     3.78194443    -3.46941363 
 H                   -12.00581460     3.17826959    -3.27307426 
 H                   -12.70530922     3.32655412    -4.89796091 
 H                   -11.36748315     7.61438430    -4.16346001 
 H                   -10.41174811     7.23768309    -5.61929578 
 H                    -9.67921704     7.07054362    -4.01796537 
 C                    -4.03094236    -1.57975231    -0.98951389 
 C                    -3.05750247    -0.52511620    -0.83312090 
 N                    -1.79814148    -1.04934668    -0.66546854 
 C                    -1.96064455    -2.40500621    -0.71792442 
 C                    -3.34770178    -2.75392051    -0.91053808 
 C                    -3.36669717     0.81637592    -0.85704878 
 C                    -2.45413360     1.86702002    -0.68263903 
 N                    -1.10364615     1.73361808    -0.49383364 
 C                    -0.58348177     2.99987953    -0.38132260 
 C                    -1.65165581     3.97176427    -0.49032987 
 C                    -2.80701012     3.26984194    -0.67911739 
 C                     0.77467088     3.31251782    -0.21863951 
 C                     1.81782926     2.39153229    -0.13530733 
 N                     1.69347827     1.02320642    -0.17625202 
 C                     2.96762637     0.51976815    -0.10135390 
 C                     3.92247617     1.59702214     0.01743555 
 C                     3.20933018     2.75923801    -0.00504327 
 Fe                   -0.04629378    -0.02904001    -0.50535750 
 S                    -0.51270825    -0.02632731     1.92116733 
 C                     0.39282562     1.33175974     2.74489064 
 C                     3.30162347    -0.83470711    -0.14552140 
 C                     2.34922065    -1.85677847    -0.29449182 
 N                     0.97367939    -1.71000974    -0.43886637 



226 
 

 C                     0.43214815    -2.97986461    -0.50158358 
 C                     1.49652832    -3.95350694    -0.41181660 
 C                     2.66856145    -3.26595853    -0.28958659 
 C                    -0.92795810    -3.31269662    -0.62416816 
 H                     4.34470259    -1.11958644    -0.05874342 
 H                     1.35111570    -5.02662932    -0.43590807 
 H                     4.99449342     1.46563335     0.09856895 
 H                     3.57600373     3.77670600     0.05483736 
 H                     1.03533015     4.36547299    -0.16152542 
 H                    -1.51959647     5.04545372    -0.43296212 
 H                    -3.81073161     3.65306657    -0.81505200 
 H                    -4.40546118     1.09140120    -1.01395125 
 H                    -5.09068154    -1.41886540    -1.14272807 
 H                    -3.72513591    -3.76653077    -0.97987294 
 H                    -1.16916043    -4.37068266    -0.66401262 
 H                     3.67025485    -3.66712598    -0.19412548 
 H                     0.16835858     1.28454948     3.81678028 
 H                     1.47193522     1.24102298     2.60055795 
 H                     0.05843309     2.30308445     2.36858800 
 O                     0.13494208     0.17869101    -2.22950921 
 C                    -2.27210190    -0.81516945    -4.54812703 
 C                    -3.03853216     0.47400702    -4.44226505 
 O                    -2.48768498     1.56100496    -4.22324205 
 O                    -4.33510514     0.34572591    -4.62903917 
 H                    -1.75689896    -0.83520653    -5.51707156 
 H                    -2.93750130    -1.67851338    -4.48846376 
 H                    -1.50741522    -0.86582286    -3.76699027 
 N                    -5.79734783     2.55499383    -4.70781338 
 C                    -5.36247391     3.75730201    -5.22464898 
 C                    -6.43525479     4.58658743    -5.45544537 
 N                    -7.54537457     3.86149474    -5.05765441 
 C                    -7.11380155     2.65017664    -4.62414455 
 C                    -6.52512367     5.96019435    -6.03266652 
 H                    -6.95838266     6.67997134    -5.32542312 
 H                    -5.52527153     6.31782484    -6.29689028 
 H                    -7.13815677     5.97972841    -6.94302720 
 H                    -8.52077702     4.17348742    -5.09892014 
 H                    -7.78133107     1.87820417    -4.26720906 
 H                    -4.83985372     1.24498372    -4.59704312 
 H                    -4.31099824     3.94353311    -5.39559978 
 O                     0.06580235     1.48286190    -3.37927350 
 H                     0.16098118     2.21608358    -2.74573124 
 H                    -0.89375811     1.50491822    -3.68351015 
 N                    -0.61829333    -1.81925261     4.87850915 
 C                     0.57849727    -2.30902614     5.54451414 



227 
 

 C                    -1.85332878    -2.28572571     5.21501571 
 C                    -3.02297946    -1.79111299     4.33112804 
 N                    -3.07475088    -0.34294252     4.14912436 
 C                    -3.41555350     0.51967063     5.15308730 
 C                    -3.29817606     1.99979878     4.81021748 
 C                    -3.07027666    -2.53047209     2.99017522 
 O                    -2.03523446    -3.09737742     6.11969445 
 O                    -3.81756447     0.14496337     6.25237462 
 H                    -0.50995757    -1.30739513     4.00815077 
 H                     0.74847066    -3.37487279     5.34309486 
 H                     1.43806401    -1.73474634     5.18864324 
 H                     0.48235028    -2.18192521     6.62683795 
 H                    -3.90790494    -2.06267428     4.91451024 
 H                    -2.20319198    -2.30911771     2.36149319 
 H                    -3.09373454    -3.61026667     3.17264724 
 H                    -3.97478736    -2.25257904     2.43823632 
 H                    -2.62324683     0.03213781     3.31811891 
 H                    -2.93424103     2.18880031     3.79503831 
 H                    -4.28151200     2.46693490     4.92995389 
 H                    -2.62158803     2.47423939     5.52909564 
 
 
 
Quartet; Basis set B2; Model B; Compound I 
 
 100 
  
 O                   -10.28411055     4.68598856    -4.94562404 
 C                   -10.98141430     5.56618201    -4.42508445 
 N                   -12.16167722     5.27209136    -3.81923034 
 C                   -12.71129092     3.92582188    -3.72650970 
 C                   -10.54324806     7.02641270    -4.44821099 
 H                   -12.69233269     6.03227130    -3.41570968 
 H                   -13.69995746     3.88183260    -4.19612967 
 H                   -12.79572547     3.61248833    -2.67987659 
 H                   -12.03575196     3.24908246    -4.25045127 
 H                   -11.25994621     7.70724938    -3.97783537 
 H                   -10.39351807     7.32936938    -5.48899404 
 H                    -9.58155806     7.11388589    -3.93252996 
 C                    -3.93949272    -1.71085216    -0.98039399 
 C                    -3.01252146    -0.61775258    -0.80717792 
 N                    -1.73572616    -1.10980432    -0.63286354 
 C                    -1.83906715    -2.48629514    -0.69542049 
 C                    -3.21680823    -2.86457699    -0.90473612 
 C                    -3.38397320     0.73780948    -0.80592753 



228 
 

 C                    -2.46432449     1.77455348    -0.60923882 
 N                    -1.09082277     1.63583948    -0.42000041 
 C                    -0.57914918     2.91426006    -0.30610370 
 C                    -1.65401559     3.87569778    -0.39338739 
 C                    -2.80742354     3.17670272    -0.58472951 
 C                     0.77222317     3.25840764    -0.15955651 
 C                     1.83764705     2.35690625    -0.11731313 
 N                     1.72961278     0.99127199    -0.17105605 
 C                     3.02083099     0.50624686    -0.09956567 
 C                     3.95536150     1.60082299     0.01456194 
 C                     3.22192001     2.74945255     0.00417848 
 Fe                    0.01257686    -0.05869104    -0.53489599 
 S                    -0.55486854    -0.01685828     1.99365825 
 C                     0.42418526     1.29769505     2.78900881 
 C                     3.38468101    -0.83829345    -0.12206797 
 C                     2.45220050    -1.89086247    -0.23679574 
 N                     1.08129425    -1.76778246    -0.34620093 
 C                     0.57194885    -3.04331080    -0.43612839 
 C                     1.65064209    -4.00137708    -0.36735181 
 C                     2.81012064    -3.28998460    -0.24783481 
 C                    -0.78429663    -3.39564745    -0.58774655 
 H                     4.43640737    -1.09453125    -0.05060938 
 H                     1.52567185    -5.07635036    -0.40956079 
 H                     5.02994004     1.48812055     0.08741357 
 H                     3.56982997     3.77308242     0.06431362 
 H                     1.00820005     4.31673068    -0.11162196 
 H                    -1.52240092     4.94923568    -0.34137855 
 H                    -3.81023390     3.56262423    -0.71845569 
 H                    -4.42504554     0.99206506    -0.97020574 
 H                    -5.00320360    -1.59297765    -1.14442513 
 H                    -3.57004167    -3.88512320    -0.98648494 
 H                    -1.02134559    -4.45314459    -0.64617248 
 H                     3.82223192    -3.66823093    -0.17251541 
 H                     0.15321468     1.35848673     3.84847264 
 H                     1.49613097     1.10878881     2.68826795 
 H                     0.19691077     2.26488758     2.32458700 
 O                     0.20016164     0.00422216    -2.14481435 
 C                    -2.22669878    -0.81406188    -4.82487915 
 C                    -3.06253467     0.44669424    -4.82538884 
 O                    -2.58759393     1.56823308    -4.97675195 
 O                    -4.36398187     0.22647861    -4.65135999 
 H                    -1.72360919    -0.90402107    -5.79415174 
 H                    -2.83415501    -1.70269518    -4.64233612 
 H                    -1.44718676    -0.73010925    -4.05963222 
 N                    -5.86483210     2.48963481    -4.81001767 



229 
 

 C                    -5.41424621     3.68398901    -5.33697839 
 C                    -6.46857710     4.55266495    -5.51035794 
 N                    -7.58360377     3.85867532    -5.06820737 
 C                    -7.17139371     2.62942859    -4.66514918 
 C                    -6.56517598     5.93196133    -6.07976158 
 H                    -6.96616225     6.65192314    -5.35388019 
 H                    -5.57253762     6.28219737    -6.37902031 
 H                    -7.21129656     5.95925565    -6.96678842 
 H                    -8.54817804     4.20084948    -5.06924420 
 H                    -7.84829470     1.87722875    -4.28355272 
 H                    -4.88401648     1.10276515    -4.68723584 
 H                    -4.36532702     3.82966688    -5.55679373 
 O                    -0.02225777     2.44355220    -3.82968767 
 H                     0.15534923     1.65427907    -3.28591062 
 H                    -0.84437175     2.22354578    -4.30924094 
 N                    -0.70571562    -1.75102881     4.98389197 
 C                     0.50979285    -2.12797242     5.68463900 
 C                    -1.93577948    -2.24883576     5.30434221 
 C                    -3.08828068    -1.80083816     4.37357215 
 N                    -3.16521101    -0.35752786     4.16118137 
 C                    -3.55716035     0.51473044     5.13966042 
 C                    -3.48231434     1.99050618     4.76863588 
 C                    -3.07666416    -2.56941567     3.04855784 
 O                    -2.12880036    -3.05798820     6.20725500 
 O                    -3.96921829     0.14713601     6.23664228 
 H                    -0.62797234    -1.16338154     4.16209259 
 H                     1.19426540    -2.67569237     5.02427877 
 H                     1.02775471    -1.24420932     6.07679655 
 H                     0.22850636    -2.77436877     6.51810555 
 H                    -3.98462317    -2.08056437     4.93492554 
 H                    -2.19750902    -2.33907783     2.43972267 
 H                    -3.07559747    -3.64501388     3.25461524 
 H                    -3.97217302    -2.32944998     2.46511090 
 H                    -2.71396029     0.01527745     3.33105865 
 H                    -3.07568028     2.17350869     3.76847988 
 H                    -4.48880445     2.41853920     4.82661174 
 H                    -2.86454843     2.50862290     5.50963047 
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Appendix B: Supplement to Ch. 4 

 

Structures 

 

2R-A 

 C                    -4.05965173    -4.22751100    -3.09559911 
 H                    -5.12301723    -4.17175111    -3.31261557 
 C                    -3.12976565    -3.66127010    -3.97080489 
 H                    -3.46793906    -3.16914530    -4.87932950 
 C                    -3.60688758    -4.88787822    -1.94987284 
 H                    -4.31828192    -5.34945674    -1.26960836 
 C                    -1.76320118    -3.73628665    -3.69758233 
 H                    -1.05320563    -3.32202707    -4.40545154 
 C                    -2.24105531    -4.96566653    -1.68148021 
 H                    -1.89556949    -5.48918053    -0.79244519 
 C                    -1.29017877    -4.37257595    -2.53518667 
 C                     0.14150898    -4.47859298    -2.19121732 
 H                     0.40999804    -5.40330262    -1.67940107 
 C                     1.12448188    -3.57898355    -2.37537710 
 H                     2.11624213    -3.87475724    -2.03166605 
 C                     1.04729009    -2.18976462    -2.93955543 
 H                     1.54616060    -1.48270995    -2.26477606 
 H                     1.56643115    -2.12728191    -3.90738172 
 H                     0.01987185    -1.84732161    -3.08229346 
 O                     1.93873150     0.30553604    -0.44150423 
 Fe                    0.87729982     0.98085981     0.58372181 
 N                    -0.72587486     0.67157628    -0.59050983 
 N                     1.07909505     2.83172662    -0.19160535 
 N                     2.27557137     1.42768219     1.98050454 
 N                     0.49360424    -0.74542178     1.55990274 
 C                    -1.51271223    -0.44898000    -0.62808791 
 C                    -2.48475286    -0.34734963    -1.69058189 
 C                    -2.27034538     0.85163226    -2.29849480 
 C                    -1.17036650     1.47772938    -1.60496830 
 C                     0.39784692     3.34943763    -1.26630778 
 C                     0.92477592     4.64670773    -1.61388332 
 C                     1.93806988     4.90408886    -0.74199032 
 C                     2.02858458     3.76316731     0.13662760 
 C                     3.05960782     2.55760453     2.02840294 
 C                     4.04372670     2.43731924     3.07626358 
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 C                     3.86606369     1.21412084     3.64540030 
 C                     2.76883927     0.58483241     2.95378202 
 C                     1.22224193    -1.29526370     2.58239085 
 C                     0.71259932    -2.60421636     2.91384823 
 C                    -0.33425866    -2.83965882     2.07753767 
 C                    -0.45868361    -1.67790243     1.23099974 
 C                    -1.40096815    -1.54247092     0.22241418 
 H                    -2.08717450    -2.36790066     0.06262325 
 C                    -0.65150198     2.72622380    -1.92553544 
 H                    -1.10276405     3.25549494    -2.75926896 
 C                     2.94503165     3.64701809     1.17723303 
 H                     3.63963320     4.46878182     1.32303493 
 C                     2.29037259    -0.68484665     3.22908703 
 H                     2.77852065    -1.24219541     4.02253550 
 H                    -2.79700559     1.28743429    -3.13800097 
 H                    -3.21406503    -1.10992109    -1.93111383 
 H                     0.55604513     5.26512694    -2.42232505 
 H                     2.57472353     5.77786608    -0.68521826 
 H                     4.77529786     3.19621597     3.32315584 
 H                     4.41956079     0.76230877     4.45866793 
 H                     1.11301366    -3.24149663     3.69193407 
 H                    -0.97268504    -3.71186552     2.02158179 
 S                    -0.56819292     1.95306037     2.54593416 
 C                    -0.41169722     3.76223240     2.56603845 
 H                    -1.01940512     4.16863910     3.37987414 
 H                     0.63643033     4.02709668     2.75291484 
 H                    -0.71122784     4.20003365     1.61036102 
 
 
 
2TS1-A 

    62 
  
 C                     0.49994733    -6.21568428    -1.75723859 
 H                     0.37947922    -7.29381671    -1.69465994 
 C                    -0.36972707    -5.45255605    -2.54140086 
 H                    -1.16895026    -5.93943249    -3.09457511 
 C                     1.52931815    -5.57715117    -1.05875460 
 H                     2.21473051    -6.15764048    -0.44633263 
 C                    -0.22292713    -4.07105094    -2.62903737 
 H                    -0.90296433    -3.51291306    -3.25834640 
 C                     1.68021223    -4.19827757    -1.14539078 
 H                     2.47803822    -3.70760255    -0.59306178 
 C                     0.80657162    -3.40046511    -1.92551594 
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 C                     1.06046262    -1.97345247    -1.96309625 
 H                     1.98016222    -1.68040185    -1.46173146 
 C                     0.29578588    -0.91361479    -2.43145770 
 H                     0.82531774     0.03172120    -2.48213175 
 C                    -0.93968865    -0.99037052    -3.28998591 
 H                    -1.35990285     0.00980088    -3.42353129 
 H                    -0.70962462    -1.40078285    -4.28328701 
 H                    -1.70981022    -1.61241525    -2.82615664 
 O                    -0.65376620    -0.36304414    -0.77764289 
 Fe                   -0.24475553     0.82794728     0.37181286 
 N                    -1.75869949     2.02167295    -0.22130070 
 N                     1.04563329     1.88461247    -0.75338742 
 N                     1.31335475    -0.19389489     1.15592030 
 N                    -1.50145800    -0.09822302     1.66809653 
 C                    -3.06123614     1.97263132     0.19278837 
 C                    -3.85539276     2.93869662    -0.53158116 
 C                    -3.01242982     3.56529564    -1.39676245 
 C                    -1.70455316     2.98583404    -1.19038887 
 C                     0.72313910     2.87896781    -1.64716176 
 C                     1.91085581     3.35572380    -2.31424193 
 C                     2.95781090     2.64715105    -1.80716026 
 C                     2.40782103     1.73236291    -0.83627474 
 C                     2.64296228    -0.07924069     0.82625840 
 C                     3.42106611    -1.06620006     1.53670135 
 C                     2.54382380    -1.79481644     2.28126782 
 C                     1.23082336    -1.24658764     2.04052305 
 C                    -1.20051365    -1.16397530     2.47024059 
 C                    -2.38619912    -1.62340783     3.15982901 
 C                    -3.40504193    -0.81353537     2.76590415 
 C                    -2.84294148     0.12998812     1.82515160 
 C                    -3.56860135     1.10743762     1.15790678 
 H                    -4.62800173     1.18313271     1.38443326 
 C                    -0.55390980     3.38179934    -1.86397454 
 H                    -0.65777058     4.16840477    -2.60563828 
 C                     3.15906402     0.82597004    -0.09312934 
 H                     4.23169710     0.80996409    -0.26269009 
 C                     0.06685467    -1.71283528     2.63336544 
 H                     0.15860261    -2.56018519     3.30612591 
 H                    -3.23551289     4.35046801    -2.10808661 
 H                    -4.91600097     3.09985356    -0.38578669 
 H                     1.92618284     4.13761686    -3.06304547 
 H                     4.00867298     2.72575028    -2.05573626 
 H                     4.49524310    -1.17831148     1.45900741 
 H                     2.75121523    -2.62543261     2.94402896 
 H                    -2.41296913    -2.45227874     3.85575142 



233 
 

 H                    -4.44442537    -0.84009558     3.06763771 
 S                     0.19031981     2.25294449     2.44629945 
 C                     1.74641964     3.16823341     2.22967507 
 H                     1.93314601     3.76801731     3.12574052 
 H                     2.57630292     2.46147833     2.11128521 
 H                     1.71251795     3.81147070     1.34617134 
 
 
 
2I*-A 

    62 
  
 C                    -0.33678630    -5.91370161    -0.97292900 
 H                    -0.69477657    -6.93606207    -0.88779667 
 C                    -1.20942364    -4.91225752    -1.41535903 
 H                    -2.27136826    -5.12488121    -1.50706976 
 C                     1.02090291    -5.61460347    -0.79362780 
 H                     1.69133421    -6.38107043    -0.41331749 
 C                    -0.74648376    -3.63030833    -1.68113180 
 H                    -1.44551058    -2.85929387    -1.97966388 
 C                     1.48350537    -4.32677026    -1.00203161 
 H                     2.52155425    -4.07856690    -0.79975193 
 C                     0.62527330    -3.29463599    -1.49087313 
 C                     1.18512883    -2.02109074    -1.71704896 
 H                     2.23818179    -1.92902629    -1.45599454 
 C                     0.52186451    -0.74823404    -2.15454818 
 H                     1.24263338     0.06896794    -2.17682151 
 C                    -0.30058307    -0.80516760    -3.44472455 
 H                    -0.68268380     0.19588095    -3.66096529 
 H                     0.27656332    -1.18917803    -4.29416626 
 H                    -1.15596824    -1.47114319    -3.30983500 
 O                    -0.42483171    -0.36073600    -1.13955856 
 Fe                   -0.15699554     0.81232170     0.21674191 
 N                    -1.76245338     1.87820488    -0.36213462 
 N                     1.07075996     2.06972133    -0.76880137 
 N                     1.45150326    -0.17302021     0.95843032 
 N                    -1.37232306    -0.35659675     1.35709271 
 C                    -3.07640447     1.62711180    -0.08133822 
 C                    -3.93030820     2.56344179    -0.78149726 
 C                    -3.10672951     3.38072372    -1.49202816 
 C                    -1.75448708     2.94331881    -1.22220813 
 C                     0.69468765     3.14594144    -1.53150302 
 C                     1.85669459     3.77447655    -2.11322945 
 C                     2.94218652     3.07097451    -1.68444175 
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 C                     2.44142811     2.01295162    -0.84038811 
 C                     2.77509843     0.06239164     0.65316315 
 C                     3.60869848    -0.94953767     1.25537323 
 C                     2.78175179    -1.77377974     1.95911207 
 C                     1.43730151    -1.29638798     1.75506885 
 C                    -1.00153396    -1.43427549     2.11280125 
 C                    -2.16675258    -2.08368390     2.67414430 
 C                    -3.24400640    -1.35629924     2.27786275 
 C                    -2.73865240    -0.31084120     1.41222123 
 C                    -3.53698338     0.62226500     0.76357338 
 H                    -4.61039335     0.54161611     0.90695257 
 C                    -0.61948868     3.55752858    -1.74486074 
 H                    -0.78156772     4.34406329    -2.47630066 
 C                     3.23652803     1.07190396    -0.18740270 
 H                     4.30895575     1.13061316    -0.35011007 
 C                     0.30486289    -1.86074524     2.32493879 
 H                     0.44805531    -2.74337418     2.94071020 
 H                    -3.37909028     4.20164164    -2.14366431 
 H                    -4.99563099     2.66240156    -0.61404480 
 H                     1.84525473     4.60689042    -2.80589259 
 H                     3.99469133     3.21641064    -1.89350272 
 H                     4.68517321    -0.98818981     1.14253105 
 H                     3.06132681    -2.64505548     2.53817239 
 H                    -2.13642858    -2.94344298     3.33117638 
 H                    -4.29213369    -1.52892709     2.48769814 
 S                     0.13207803     2.03913146     2.34756216 
 C                     1.63710251     3.05293136     2.28490156 
 H                     1.77495669     3.53001934     3.26018424 
 H                     2.50920144     2.40790001     2.12428192 
 H                     1.59955777     3.79471591     1.48315954 
 
 
 
2I-A 

    62 
  
 C                    -0.58095443    -5.72796185    -0.52660513 
 H                    -1.01122498    -6.63476500    -0.10961097 
 C                    -1.13528687    -4.48377185    -0.20889260 
 H                    -1.99035366    -4.42077574     0.45746304 
 C                     0.53557829    -5.81813761    -1.37786666 
 H                     0.95906570    -6.78942047    -1.61657489 
 C                    -0.58870695    -3.31617160    -0.72691599 
 H                    -0.98779848    -2.33647650    -0.49697522 
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 C                     1.08800038    -4.66865329    -1.90817098 
 H                     1.94773301    -4.72780870    -2.57099832 
 C                     0.53637271    -3.38498975    -1.60361597 
 C                     1.10329079    -2.24041839    -2.19227155 
 H                     1.95488349    -2.41170525    -2.85214684 
 C                     0.70820455    -0.81746083    -2.07883957 
 H                     1.67910069    -0.32695730    -1.82122471 
 C                     0.40398559    -0.28485816    -3.53236966 
 H                     0.24643172     0.79202986    -3.44937579 
 H                     1.22250804    -0.48179067    -4.23359133 
 H                    -0.51428922    -0.75007105    -3.90163043 
 O                    -0.29087647    -0.49110389    -1.22817683 
 Fe                   -0.16693843     0.79555372     0.25401575 
 N                    -1.81050369     1.72404075    -0.46967156 
 N                     1.03317867     2.03464585    -0.79148375 
 N                     1.46903421    -0.16008648     0.95408340 
 N                    -1.37768317    -0.44428283     1.30951489 
 C                    -3.12047312     1.42003458    -0.22559569 
 C                    -3.99043931     2.33434896    -0.93373297 
 C                    -3.18227937     3.19957501    -1.60200646 
 C                    -1.82078251     2.80756082    -1.30419453 
 C                     0.62593650     3.08739628    -1.56938966 
 C                     1.77199660     3.75514167    -2.14319692 
 C                     2.87543789     3.08346237    -1.71103781 
 C                     2.40102874     2.01237057    -0.86585969 
 C                     2.78160974     0.08926469     0.64576594 
 C                     3.64545347    -0.82442094     1.35816753 
 C                     2.83504611    -1.62122604     2.10821791 
 C                     1.47677347    -1.20041930     1.84764302 
 C                    -0.97079103    -1.42585185     2.17003843 
 C                    -2.11802881    -2.08144735     2.76055191 
 C                    -3.22237317    -1.48203400     2.23611773 
 C                    -2.74709558    -0.45732540     1.33320592 
 C                    -3.56604458     0.39915953     0.60747503 
 H                    -4.63962691     0.27738213     0.71766111 
 C                    -0.69578048     3.44783137    -1.81238387 
 H                    -0.86350715     4.30229505    -2.46166808 
 C                     3.22109987     1.08913889    -0.21826823 
 H                     4.29236784     1.17859183    -0.37426758 
 C                     0.35144160    -1.78687749     2.41624962 
 H                     0.51953924    -2.60028793     3.11616482 
 H                    -3.46071581     4.02987512    -2.23883466 
 H                    -5.07244799     2.30548976    -0.90428261 
 H                     1.72124204     4.62014909    -2.79264151 
 H                     3.91675730     3.28549703    -1.92891675 
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 H                     4.72624597    -0.83393438     1.29076272 
 H                     3.11411175    -2.42257990     2.78100236 
 H                    -2.06577299    -2.88667380     3.48291406 
 H                    -4.26520190    -1.69213250     2.43861459 
 S                    -0.22046678     2.20431348     2.06954815 
 C                     1.44489393     2.90887435     2.34451843 
 H                     1.37995257     3.55268841     3.22807316 
 H                     2.18679726     2.12844892     2.53776205 
 H                     1.77536161     3.51329461     1.49504468 
 
 
 
2TS2-A 

    62 
 
 C                    -0.71724496    -5.64014813    -0.92020420 
 H                    -1.18798427    -6.60787900    -0.76957802 
 C                    -1.50033838    -4.52733173    -1.26267215 
 H                    -2.57678069    -4.63428785    -1.36110035 
 C                     0.66475805    -5.50189695    -0.74547524 
 H                     1.26703269    -6.36017308    -0.46155812 
 C                    -0.91397838    -3.28623306    -1.45092598 
 H                    -1.51293701    -2.40528764    -1.64682925 
 C                     1.26226868    -4.26232895    -0.92536607 
 H                     2.33381897    -4.14700709    -0.78630801 
 C                     0.49578980    -3.13008898    -1.31914418 
 C                     1.18621601    -1.92409242    -1.60351334 
 H                     2.23872830    -1.91311013    -1.32532037 
 C                     0.61864818    -0.67408121    -2.20610618 
 H                     1.42585510     0.06977245    -2.24594483 
 C                     0.06323713    -0.83040038    -3.63002007 
 H                    -0.36900425     0.12864836    -3.93425705 
 H                     0.85566845    -1.09901932    -4.33992926 
 H                    -0.71921825    -1.59325294    -3.67713393 
 O                    -0.38268949    -0.31086277    -1.30086887 
 Fe                   -0.11012425     0.78301597     0.23586919 
 N                    -1.77179326     1.78042967    -0.34182225 
 N                     1.05979253     2.08882529    -0.75919197 
 N                     1.53952527    -0.24402866     0.78196716 
 N                    -1.28947366    -0.51816646     1.26121633 
 C                    -3.07197582     1.47782524    -0.04967520 
 C                    -3.96225572     2.43600951    -0.67034759 
 C                    -3.17592940     3.32390374    -1.33447743 
 C                    -1.80638251     2.90482670    -1.12024029 
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 C                     0.63008647     3.18223315    -1.46499775 
 C                     1.75888902     3.88765885    -2.02832552 
 C                     2.87581369     3.20343396    -1.65578673 
 C                     2.42785287     2.08223803    -0.86263440 
 C                     2.85183102     0.05981195     0.49479528 
 C                     3.72974350    -0.89607946     1.12365869 
 C                     2.93645179    -1.76735808     1.81206633 
 C                     1.57203405    -1.34951877     1.60606132 
 C                    -0.86211912    -1.58801897     1.99592966 
 C                    -1.99250914    -2.27552295     2.58503203 
 C                    -3.10604106    -1.60352779     2.18831342 
 C                    -2.65351912    -0.50712527     1.35845238 
 C                    -3.49151574     0.41711020     0.74599779 
 H                    -4.55999913     0.30569867     0.90571136 
 C                    -0.69707171     3.56477645    -1.63503491 
 H                    -0.88192107     4.45562757    -2.22832757 
 C                     3.26852588     1.13483320    -0.28422812 
 H                     4.33700982     1.25451923    -0.43868449 
 C                     0.46395965    -1.97966300     2.15783868 
 H                     0.65086758    -2.84874623     2.78175170 
 H                    -3.47367379     4.18642028    -1.91746535 
 H                    -5.04202792     2.41644540    -0.59165998 
 H                     1.68798484     4.78606696    -2.62865200 
 H                     3.91062894     3.42468796    -1.88559146 
 H                     4.81034327    -0.88289376     1.05226640 
 H                     3.23686593    -2.61205984     2.41959045 
 H                    -1.92166683    -3.15281107     3.21582513 
 H                    -4.14167476    -1.81167209     2.42654277 
 S                    -0.03648668     1.97395822     2.21401267 
 C                     1.56575492     2.83902398     2.37101655 
 H                     1.56473356     3.37345868     3.32605988 
 H                     2.40096991     2.13187197     2.36781182 
 H                     1.71066797     3.55711901     1.55890195 
 
 
 
2E-A 

    62 
  
 C                    -2.03445844    -5.21214978    -2.43683144 
 H                    -2.69070602    -5.99640374    -2.80446561 
 C                    -2.38054646    -3.87027138    -2.60549319 
 H                    -3.31056720    -3.60637717    -3.10222862 
 C                    -0.84397919    -5.54283832    -1.78431229 



238 
 

 H                    -0.57066841    -6.58505087    -1.64223478 
 C                    -1.53988821    -2.86019491    -2.13365566 
 H                    -1.81052598    -1.81554306    -2.24710645 
 C                    -0.00568976    -4.53585937    -1.30748554 
 H                     0.91656882    -4.79706320    -0.79270501 
 C                    -0.34148825    -3.18654428    -1.48659150 
 C                     0.58897446    -2.13780992    -0.97395467 
 H                     1.01688198    -2.34501835     0.00642564 
 C                     1.36836895    -1.21237811    -1.83568334 
 H                     2.28404983    -0.81831555    -1.39743103 
 C                     1.30622369    -1.18874866    -3.33876939 
 H                     1.35223879    -0.15438795    -3.69729358 
 H                     2.16536905    -1.72951255    -3.75349612 
 H                     0.38986036    -1.65004398    -3.71463865 
 O                     0.18681255    -0.76061355    -1.13240674 
 Fe                    0.08485583     0.82953908     0.49494653 
 N                    -1.66054554     1.31160934    -0.38768997 
 N                     1.08629416     2.02763679    -0.77237405 
 N                     1.84785288     0.19212980     1.23482836 
 N                    -0.89446765    -0.53484274     1.61100913 
 C                    -2.90938891     0.81936369    -0.10655378 
 C                    -3.90613951     1.49075260    -0.90893593 
 C                    -3.24418368     2.40184501    -1.67156304 
 C                    -1.84207320     2.28121677    -1.34074799 
 C                     0.52513953     2.89521356    -1.67772277 
 C                     1.55589195     3.64344943    -2.35732636 
 C                     2.74816821     3.21830270    -1.85523276 
 C                     2.44601588     2.21589244    -0.86214315 
 C                     3.11093380     0.62379917     0.89569933 
 C                     4.09836854    -0.01301590     1.73218561 
 C                     3.42068207    -0.82470365     2.59100807 
 C                     2.01921150    -0.69206230     2.27451206 
 C                    -0.34753813    -1.31786981     2.59829272 
 C                    -1.37803547    -2.09008417     3.25349855 
 C                    -2.55406259    -1.76321520     2.65326467 
 C                    -2.24410819    -0.78524289     1.63702565 
 C                    -3.18899014    -0.16831626     0.82849523 
 H                    -4.22679574    -0.46072934     0.95606638 
 C                    -0.83352288     3.02556712    -1.93715830 
 H                    -1.12903280     3.75767700    -2.68274593 
 C                     3.39766283     1.55623179    -0.09394539 
 H                     4.44085398     1.80718321    -0.26120488 
 C                     1.00227060    -1.38943392     2.91631395 
 H                     1.28940106    -2.05695393     3.72329251 
 H                    -3.64821169     3.09499347    -2.39871408 



239 
 

 H                    -4.96782514     1.28087891    -0.87592716 
 H                     1.37347621     4.39000947    -3.12021941 
 H                     3.74642717     3.54535849    -2.11807458 
 H                     5.16602729     0.15367994     1.66257319 
 H                     3.81848212    -1.46311554     3.36998327 
 H                    -1.20427869    -2.78818546     4.06275971 
 H                    -3.54796943    -2.13533057     2.86742496 
 S                    -0.23699936     2.39456516     2.03849510 
 C                     1.32565871     3.30913001     2.29162937 
 H                     1.12766492     4.05823905     3.06556272 
 H                     2.12672321     2.64997873     2.63573940 
 H                     1.64411273     3.82058440     1.37976248 
 
 
 
2R-B 

   160 
  
 C                    -4.80803611    -2.82162247    -2.91793404 
 H                    -5.84839970    -2.52084122    -3.00740391 
 C                    -3.85627735    -2.34923724    -3.82519371 
 H                    -4.15645228    -1.68345366    -4.63039657 
 C                    -4.41367654    -3.70887948    -1.91232985 
 H                    -5.14772003    -4.10317130    -1.21411307 
 C                    -2.52101596    -2.74177937    -3.71964582 
 H                    -1.80312979    -2.39549798    -4.45540075 
 C                    -3.08013624    -4.10367631    -1.81191437 
 H                    -2.78370522    -4.80635222    -1.03577779 
 C                    -2.09995339    -3.61197137    -2.69693701 
 C                    -0.70255465    -4.05850605    -2.53140355 
 H                    -0.60170689    -5.07729120    -2.15613943 
 C                     0.43581012    -3.36993868    -2.73099008 
 H                     1.36335598    -3.90944825    -2.53740744 
 C                     0.61966226    -1.93642804    -3.13851031 
 H                     1.32650055    -1.43985107    -2.46191875 
 H                     1.04472485    -1.86516962    -4.15030097 
 H                    -0.31346286    -1.36863380    -3.12260518 
 O                     2.13346343     0.12343458    -0.45222132 
 Fe                    1.37410155     0.82815365     0.79246073 
 N                    -0.39552499     0.95870763    -0.16364491 
 N                     1.80908067     2.70662464     0.21059653 
 N                     2.98212725     0.84060952     2.00434997 
 N                     0.78000916    -0.91223178     1.61426745 
 C                    -1.31517965    -0.05194396    -0.32156645 
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 C                    -2.35007872     0.34681876    -1.24541186 
 C                    -2.05112123     1.61344756    -1.64501454 
 C                    -0.81959565     1.97674643    -0.98921768 
 C                     1.09893585     3.48993685    -0.66281867 
 C                     1.80874818     4.71562741    -0.93460171 
 C                     2.96701362     4.66197920    -0.22089723 
 C                     2.95807786     3.40696759     0.48836057 
 C                     3.96421808     1.79388679     2.05908196 
 C                     5.00125927     1.40090767     2.98287167 
 C                     4.63210617     0.19371773     3.49030075 
 C                     3.37548825    -0.14736713     2.86823733 
 C                     1.48158946    -1.68599785     2.50648045 
 C                     0.81813833    -2.95074890     2.70745146 
 C                    -0.28286703    -2.94543480     1.90739289 
 C                    -0.29713301    -1.67294850     1.22935452 
 C                    -1.26724737    -1.28353091     0.31611596 
 H                    -2.04704981    -1.99901819     0.07484393 
 C                    -0.13840678     3.16335996    -1.20950147 
 H                    -0.60592024     3.88938698    -1.86572749 
 C                     3.96374144     2.98631121     1.34656664 
 H                     4.81381232     3.64802258     1.48110509 
 C                     2.67771453    -1.32383922     3.11048322 
 H                     3.11576532    -2.02800976     3.81108597 
 H                    -2.59343289     2.25624921    -2.32566285 
 H                    -3.18018810    -0.28044246    -1.54435170 
 H                     1.45590900     5.49819508    -1.59399964 
 H                     3.76211114     5.39441771    -0.16672529 
 H                     5.88477268     1.98565220     3.20397811 
 H                     5.14862443    -0.42174052     4.21538296 
 H                     1.16836587    -3.73140586     3.37031869 
 H                    -1.02579107    -3.72118137     1.77504025 
 S                    -0.04123244     1.91192143     2.92079664 
 C                    -0.58991827     3.59380833     2.46882425 
 H                    -0.33134447     4.22417834     3.32994679 
 H                    -0.01770829     3.95870664     1.61493982 
 H                    -2.31175845     3.32351721     1.20688037 
 C                    -2.09488024     3.78188783     2.16867478 
 C                    -2.96416585     3.18324423     3.28841946 
 N                    -3.78908343     2.15041595     2.98490782 
 C                    -4.67298639     1.57790361     4.02180899 
 C                    -3.94715293     1.00715690     5.24711377 
 N                    -2.76260851     0.38892249     5.01299869 
 C                    -2.01538216    -0.28388366     6.07657850 
 C                    -1.44840658     0.71813661     7.10655933 
 N                    -0.76983430     1.78227587     6.58991265 
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 C                    -0.25375133     2.83412947     7.46294213 
 C                    -1.36574393     3.57115570     8.24073827 
 N                    -2.50977277     3.89511457     7.56782306 
 C                    -3.57097811     4.57324557     8.30884618 
 C                    -4.17177714     3.73245458     9.46427793 
 N                    -4.32936924     2.40851707     9.20986589 
 N                    -2.34778206     5.20738505     2.00385445 
 C                    -2.73570386     5.71439227     0.79708178 
 C                    -3.00393070     7.23544592     0.71788183 
 N                    -2.30281127     8.03382621     1.74259251 
 C                    -2.90181053     8.21664942     2.95711616 
 C                    -2.14890759     9.02861675     4.02730727 
 N                    -2.98145243     9.24514784     5.18447356 
 C                    -3.45131933    10.49215657     5.48224754 
 C                    -4.29754475    10.57129511     6.74333504 
 H                    -4.36540586     9.61887487     7.27592877 
 H                    -5.30436079    10.90779172     6.47395958 
 H                    -3.86970587    11.32861189     7.40759719 
 O                    -3.21067380    11.48293171     4.79373582 
 H                    -3.22363926     8.43542469     5.76289511 
 H                    -1.89726629    10.01701178     3.62886842 
 C                    -0.87253461     8.27076655     4.46483725 
 H                    -0.30331675     8.89770149     5.15682011 
 H                    -1.15121725     7.35449400     4.99737675 
 H                    -0.22419428     7.99987639     3.62626100 
 O                    -3.96170964     7.62697022     3.19786425 
 C                    -1.25199700     8.89045667     1.15282242 
 H                    -1.58380675     9.93667259     1.13387194 
 H                    -0.32405729     8.84064484     1.72769537 
 C                    -1.09499772     8.33193531    -0.26851198 
 H                    -0.72127455     9.08674543    -0.96618696 
 H                    -0.38597323     7.49470297    -0.26530784 
 C                    -2.50621197     7.82976681    -0.61091589 
 H                    -3.14853435     8.66999740    -0.89709594 
 H                    -2.53169391     7.08578172    -1.40810541 
 H                    -4.08352705     7.35947065     0.84941746 
 O                    -2.86416192     5.01605238    -0.20888058 
 H                    -2.45128523     5.76843104     2.83994449 
 O                    -2.85826205     3.62051832     4.44479777 
 C                    -4.17979128     1.70651205     1.62367019 
 H                    -4.20357388     2.54586076     0.92588026 
 H                    -3.46113510     0.97098749     1.24760165 
 C                    -5.56430743     1.07973209     1.83667921 
 H                    -6.33934837     1.85320984     1.78231983 
 H                    -5.79267595     0.32216753     1.08142501 



242 
 

 C                    -5.48090906     0.50967247     3.25898412 
 H                    -4.93116264    -0.43897882     3.25875932 
 H                    -6.45363482     0.33544784     3.72478188 
 H                    -5.33202744     2.36010676     4.41410724 
 O                    -4.48653052     1.04848355     6.35001541 
 H                    -2.30641955     0.52931102     4.11688656 
 H                    -2.72470585    -0.88691181     6.64903185 
 C                    -0.91845116    -1.17433667     5.49286162 
 H                    -1.34649311    -1.93510519     4.83205212 
 H                    -0.18729380    -0.59147350     4.92358552 
 H                    -0.39102695    -1.68001823     6.30749031 
 O                    -1.54249696     0.50262534     8.30869720 
 H                    -0.86122918     1.97880812     5.59968575 
 H                     0.33135984     2.35584714     8.25118169 
 C                     0.61523702     3.84072316     6.69373395 
 H                     0.00063491     4.31195267     5.91229075 
 H                     0.87516753     4.63888300     7.40122947 
 C                     1.90764505     3.28017134     6.06457180 
 H                     1.63015019     2.49851326     5.34346393 
 C                     2.84779907     2.65366930     7.10481115 
 H                     3.76679377     2.29551482     6.62529775 
 H                     3.13274758     3.38659428     7.87090155 
 H                     2.38847792     1.80023945     7.61437362 
 C                     2.62868382     4.39126856     5.28578894 
 H                     3.51846700     4.00022632     4.77839426 
 H                     1.97762950     4.83466729     4.52204156 
 H                     2.95098253     5.19754155     5.95768660 
 O                    -1.17045184     3.90779623     9.40178051 
 H                    -2.64656122     3.63087205     6.59839491 
 H                    -3.15595816     5.46323878     8.78568812 
 C                    -4.72655901     4.98276250     7.39523042 
 H                    -5.54266918     5.32716361     8.04368467 
 H                    -5.10463643     4.11167538     6.84531379 
 O                    -3.52560142     6.96207950     6.69090511 
 C                    -4.40344562     6.12563466     6.44292050 
 H                    -4.93002755     6.86362569     4.61424690 
 H                    -5.79429916     5.43308957     5.10378577 
 O                    -4.58673842     4.29942804    10.47036695 
 H                    -3.91716864     2.01137307     8.37499011 
 C                    -4.83346521     1.48405987    10.20733361 
 H                    -5.17084367     2.07001740    11.06363619 
 H                    -5.67463568     0.90487971     9.80786203 
 H                    -4.04749806     0.78961814    10.52695134 
 N                    -5.19517573     6.20686333     5.34887472 
  



243 
 

2TS1-B 

   160 
  
 C                    -2.45839534    -5.63936697    -2.38338919 
 H                    -3.23804349    -6.36802860    -2.58686846 
 C                    -2.05226276    -4.74783723    -3.38216463 
 H                    -2.51446629    -4.78800343    -4.36461614 
 C                    -1.84925162    -5.59298604    -1.12545665 
 H                    -2.15417664    -6.28553295    -0.34585485 
 C                    -1.05478366    -3.81203421    -3.13274245 
 H                    -0.74634077    -3.15005423    -3.93063778 
 C                    -0.84894120    -4.66285584    -0.87273470 
 H                    -0.37668833    -4.62717535     0.10558082 
 C                    -0.42992377    -3.73878057    -1.86335106 
 C                     0.62406905    -2.81752294    -1.50159183 
 H                     1.07405412    -3.02108061    -0.53311532 
 C                     1.10913925    -1.68514797    -2.13452936 
 H                     2.00436077    -1.26346080    -1.68927129 
 C                     0.76414799    -1.16159383    -3.49811840 
 H                     1.17934320    -0.15914364    -3.62662773 
 H                     1.18552755    -1.80607998    -4.28300253 
 H                    -0.31692751    -1.09890505    -3.64594598 
 O                    -0.02336500    -0.25920540    -1.08688327 
 Fe                    0.19509306     0.57428687     0.32942854 
 N                    -0.10837928     2.29838532    -0.68391749 
 N                     2.18097398     0.80207698     0.11209616 
 N                     0.51061295    -1.03711836     1.49286960 
 N                    -1.78634677     0.45288101     0.70784598 
 C                    -1.31845961     2.85802133    -1.00236443 
 C                    -1.12551586     4.00622559    -1.85956718 
 C                     0.21393259     4.12617125    -2.06148913 
 C                     0.83970757     3.04372195    -1.33818006 
 C                     2.82207160     1.75176020    -0.64769959 
 C                     4.24776802     1.54083346    -0.60629412 
 C                     4.46366477     0.45876327     0.19302242 
 C                     3.16964104     0.00149358     0.63328522 
 C                     1.72120190    -1.58024997     1.84458593 
 C                     1.52384624    -2.74605302     2.67296157 
 C                     0.17871491    -2.90032136     2.81721345 
 C                    -0.44469008    -1.82562253     2.08187226 
 C                    -2.43412757    -0.56825718     1.35261069 
 C                    -3.86416455    -0.38488521     1.26783479 
 C                    -4.07052678     0.75558595     0.55528512 
 C                    -2.76687227     1.26538774     0.19922518 



244 
 

 C                    -2.55752628     2.39170473    -0.58426069 
 H                    -3.43551638     2.93176956    -0.92554242 
 C                     2.20436183     2.79631542    -1.32642737 
 H                     2.83979155     3.48627863    -1.87157480 
 C                     2.96303736    -1.10294468     1.44923665 
 H                     3.84033793    -1.63874492     1.79760879 
 C                    -1.81684692    -1.62715747     2.00368066 
 H                    -2.45584028    -2.34996689     2.50104771 
 H                     0.75026116     4.87375199    -2.63033533 
 H                    -1.92420087     4.62721383    -2.24530100 
 H                     4.97531055     2.15320410    -1.12387307 
 H                     5.40470714    -0.00020854     0.46806477 
 H                     2.32112175    -3.35108264     3.08541206 
 H                    -0.35770520    -3.65356247     3.38013445 
 H                    -4.59724319    -1.05256779     1.70202698 
 H                    -5.00934899     1.21761865     0.27758477 
 S                     0.31046681     1.95461702     2.49323881 
 C                     1.64897031     3.20059898     2.33511503 
 H                     2.23497884     3.13951968     3.26010770 
 H                     2.31098264     2.93676748     1.51095244 
 H                     0.81296156     4.78253643     1.13807212 
 C                     1.20414407     4.66826712     2.14592162 
 C                     0.16352825     5.07468363     3.20279585 
 N                    -1.08043733     5.41926632     2.78577592 
 C                    -2.09833205     5.84693580     3.76560761 
 C                    -2.43912471     4.80436060     4.83833202 
 N                    -2.44996482     3.50650944     4.44341262 
 C                    -2.85080064     2.43262591     5.35383778 
 C                    -1.82976143     2.22631197     6.49495627 
 N                    -0.52449388     2.11792519     6.12305537 
 C                     0.52798143     1.99333199     7.12825126 
 C                     0.60630019     3.21795305     8.06499966 
 N                     0.48630151     4.45907188     7.50722037 
 C                     0.54701076     5.61559247     8.39775405 
 C                    -0.60394530     5.67649139     9.43445181 
 N                    -1.82524486     5.29435473     8.98237195 
 N                     2.38921234     5.51600589     2.22034041 
 C                     2.82241349     6.21794681     1.13476577 
 C                     4.08372566     7.09733636     1.31052355 
 N                     4.97924179     6.67419387     2.40487107 
 C                     4.74759964     7.14728111     3.66567261 
 C                     5.66016342     6.66027000     4.80675708 
 N                     5.36917034     7.36624407     6.03007581 
 C                     6.26256508     8.25658659     6.55181928 
 C                     5.82427371     8.91195924     7.85243654 



245 
 

 H                     4.86981468     8.53063071     8.22516582 
 H                     5.74539817     9.99301198     7.69521819 
 H                     6.59987867     8.74997500     8.60748849 
 O                     7.34381490     8.51311098     6.02322918 
 H                     4.46414957     7.20023100     6.48026593 
 H                     6.70502827     6.87413771     4.55862954 
 C                     5.45004789     5.14524199     5.04165775 
 H                     6.16586686     4.79603273     5.79111797 
 H                     4.44273423     4.96804466     5.43514263 
 H                     5.57616292     4.54779541     4.13380992 
 O                     3.75042760     7.84850383     3.87060704 
 C                     6.25828035     6.13501466     1.89799113 
 H                     7.06573385     6.86056600     2.06191937 
 H                     6.53162339     5.20569686     2.40398618 
 C                     5.98926080     5.93253305     0.39989703 
 H                     6.90789756     5.98293180    -0.19171869 
 H                     5.53263084     4.94924177     0.23178029 
 C                     4.98463790     7.04593986     0.06477626 
 H                     5.50451602     8.00377400    -0.04942571 
 H                     4.39798154     6.85833262    -0.83538838 
 H                     3.72203370     8.10883096     1.51991669 
 O                     2.26100381     6.17145557     0.03974624 
 H                     2.76218214     5.72489434     3.13723737 
 O                     0.46261349     5.03788306     4.40648724 
 C                    -1.48416104     5.74440372     1.39611356 
 H                    -0.66114658     6.19979618     0.84160482 
 H                    -1.78638047     4.83219208     0.87162842 
 C                    -2.66842174     6.70233256     1.58477591 
 H                    -2.30592931     7.73070403     1.69964687 
 H                    -3.35446542     6.68234609     0.73270590 
 C                    -3.31199143     6.21637963     2.89036929 
 H                    -3.92016971     5.32274878     2.70680943 
 H                    -3.94524612     6.96153433     3.37762646 
 H                    -1.73455445     6.72081339     4.31738391 
 O                    -2.77627280     5.17668248     5.95998283 
 H                    -1.99448948     3.25459559     3.57018227 
 H                    -3.76088666     2.75645151     5.86464621 
 C                    -3.10883020     1.13590536     4.58691539 
 H                    -3.89703427     1.27772407     3.84031857 
 H                    -2.20682551     0.78533551     4.07564766 
 H                    -3.42865413     0.35822997     5.28759888 
 O                    -2.20587477     2.10734854     7.65594784 
 H                    -0.26399496     2.30442009     5.16071478 
 H                     0.25713807     1.17810167     7.80301711 
 C                     1.90181812     1.72438754     6.49665754 
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 H                     2.14238200     2.54952257     5.81038358 
 H                     2.63680072     1.77680877     7.31062671 
 C                     2.06273818     0.37861970     5.75961091 
 H                     1.34658257     0.35125597     4.92729310 
 C                     1.78930470    -0.82859394     6.66871017 
 H                     1.94424327    -1.76571670     6.12012614 
 H                     2.46311135    -0.83165653     7.53560456 
 H                     0.76131844    -0.83611561     7.04586351 
 C                     3.47418366     0.29162180     5.15861505 
 H                     3.60338239    -0.63839229     4.59244438 
 H                     3.67093762     1.12677647     4.47531795 
 H                     4.23952377     0.31459779     5.94573206 
 O                     0.84910965     3.05521330     9.25454787 
 H                     0.30469975     4.57801971     6.51626856 
 H                     1.46390944     5.56079364     8.98772544 
 C                     0.52541359     6.93132610     7.61913519 
 H                     0.40206754     7.73761769     8.35388827 
 H                    -0.34937073     6.96773733     6.95786138 
 O                     2.90310456     6.78433989     7.19529868 
 C                     1.80220365     7.22966761     6.84636891 
 H                     2.45384585     8.20184821     5.17485041 
 H                     0.73791527     8.28694574     5.45044447 
 O                    -0.39805802     6.17621371    10.53651863 
 H                    -1.90053832     4.84327455     8.07906126 
 C                    -2.98922651     5.24828078     9.84606968 
 H                    -2.71706357     5.71021385    10.79638321 
 H                    -3.82458869     5.79982583     9.39819123 
 H                    -3.30420392     4.21254019    10.02039520 
 N                     1.65991215     8.08126642     5.80465768 
  



247 
 

2I*-B 

   160 
  
 C                    -2.37758516    -5.60579481    -2.54686313 
 H                    -3.13045936    -6.34096611    -2.81671672 
 C                    -1.91524865    -4.69232196    -3.50090708 
 H                    -2.30753565    -4.72177028    -4.51348399 
 C                    -1.86092135    -5.57329971    -1.24732512 
 H                    -2.21170827    -6.28222560    -0.50275861 
 C                    -0.95192419    -3.74809335    -3.16707460 
 H                    -0.59919515    -3.06692238    -3.92949951 
 C                    -0.89455394    -4.63548911    -0.90919958 
 H                    -0.49398545    -4.60874316     0.10083642 
 C                    -0.41883141    -3.68967171    -1.85459333 
 C                     0.59391526    -2.76852201    -1.40482709 
 H                     0.96559101    -2.97105383    -0.40402076 
 C                     1.13234305    -1.61954551    -1.99322811 
 H                     2.01352900    -1.23248568    -1.49281523 
 C                     0.91280170    -1.10499505    -3.38509078 
 H                     1.34635655    -0.10683812    -3.48108849 
 H                     1.40007002    -1.75992840    -4.12172503 
 H                    -0.15011560    -1.03661527    -3.62791579 
 O                    -0.07826641    -0.28119973    -1.04595143 
 Fe                    0.16642191     0.58913867     0.36944421 
 N                    -0.11521560     2.29169779    -0.69174957 
 N                     2.15151718     0.78318153     0.14014202 
 N                     0.45731376    -1.01509070     1.54868046 
 N                    -1.82099897     0.48568922     0.72785980 
 C                    -1.31750382     2.86483718    -1.01067687 
 C                    -1.11042038     3.99579743    -1.88783177 
 C                     0.22922169     4.08805934    -2.10177314 
 C                     0.84151031     3.00783617    -1.36320933 
 C                     2.80434756     1.70646857    -0.64443065 
 C                     4.22674584     1.48232273    -0.58832028 
 C                     4.42902808     0.42359222     0.24594503 
 C                     3.12999089    -0.01062029     0.69263264 
 C                     1.66165423    -1.55755587     1.92245184 
 C                     1.44666112    -2.71227785     2.76166078 
 C                     0.09858087    -2.86003626     2.88801829 
 C                    -0.51121255    -1.79103052     2.13337218 
 C                    -2.48192628    -0.52571652     1.37382617 
 C                    -3.90933058    -0.32654032     1.27858398 
 C                    -4.09864101     0.81382066     0.56100767 
 C                    -2.78742438     1.30748902     0.20915708 



248 
 

 C                    -2.56281381     2.42445563    -0.58331281 
 H                    -3.43302604     2.97394756    -0.92913867 
 C                     2.20223456     2.73993359    -1.35205429 
 H                     2.84713761     3.40645666    -1.91472575 
 C                     2.91037483    -1.09518533     1.53156357 
 H                     3.78112784    -1.62823671     1.89934761 
 C                    -1.88110998    -1.58576466     2.03781179 
 H                    -2.53051587    -2.29872867     2.53578552 
 H                     0.77415718     4.81642272    -2.68713179 
 H                    -1.90096295     4.62437274    -2.27809500 
 H                     4.96305692     2.07252433    -1.11917485 
 H                     5.36484740    -0.03402952     0.54046571 
 H                     2.23530047    -3.31579921     3.19259437 
 H                    -0.44845854    -3.60455941     3.45252128 
 H                    -4.65251031    -0.98378937     1.71168782 
 H                    -5.03060040     1.28562395     0.27647775 
 S                     0.30132293     1.94191022     2.48480555 
 C                     1.63869112     3.19135211     2.30845528 
 H                     2.24011902     3.13162133     3.22300404 
 H                     2.28512127     2.93167417     1.47150926 
 H                     0.78934439     4.77506193     1.12332932 
 C                     1.18567830     4.65791561     2.12875118 
 C                     0.14860553     5.05831729     3.19129732 
 N                    -1.09701320     5.40526028     2.78134653 
 C                    -2.11035026     5.83066888     3.76656298 
 C                    -2.44140311     4.78961064     4.84406069 
 N                    -2.44884150     3.49026747     4.45443845 
 C                    -2.84013771     2.41798980     5.37096179 
 C                    -1.81066484     2.21840105     6.50574596 
 N                    -0.50759931     2.11538415     6.12703175 
 C                     0.55048580     1.99285828     7.12654299 
 C                     0.62742720     3.21747946     8.06289204 
 N                     0.49808192     4.45788530     7.50633202 
 C                     0.55953694     5.61425768     8.39703029 
 C                    -0.58591568     5.66948185     9.44020200 
 N                    -1.80869115     5.28401361     8.99475054 
 N                     2.36789133     5.51002131     2.20077291 
 C                     2.79087005     6.22246916     1.11856936 
 C                     4.05400115     7.10055129     1.29007541 
 N                     4.95870209     6.67067069     2.37400872 
 C                     4.73673539     7.13321888     3.64030306 
 C                     5.65420354     6.63282316     4.77159219 
 N                     5.37525064     7.33166423     6.00182997 
 C                     6.27620489     8.21440711     6.52322088 
 C                     5.84631022     8.86951214     7.82671541 



249 
 

 H                     4.88932071     8.49524387     8.20000793 
 H                     5.77667035     9.95169821     7.67281214 
 H                     6.62213611     8.69856547     8.57959497 
 O                     7.35822674     8.46398314     5.99264543 
 H                     4.46642229     7.17937288     6.44932230 
 H                     6.69866679     6.84245424     4.51835518 
 C                     5.43698885     5.11734832     4.99672080 
 H                     6.15514771     4.75845058     5.73935660 
 H                     4.43094122     4.94271093     5.39490788 
 H                     5.55393899     4.52583531     4.08370400 
 O                     3.74462314     7.83736308     3.85822098 
 C                     6.23078085     6.12836702     1.85392839 
 H                     7.04304813     6.84896906     2.01596563 
 H                     6.50369141     5.19455718     2.35196975 
 C                     5.94883685     5.93636301     0.35671207 
 H                     6.86286594     5.98758394    -0.24195247 
 H                     5.48770816     4.95559029     0.18612302 
 C                     4.94480499     7.05482638     0.03676075 
 H                     5.46649778     8.01189837    -0.07575083 
 H                     4.35033862     6.87411198    -0.85970289 
 H                     3.69494859     8.11107273     1.50804290 
 O                     2.21872766     6.18818270     0.02871577 
 H                     2.75323332     5.70422633     3.11555278 
 O                     0.45450345     5.02389704     4.39336839 
 C                    -1.51073513     5.72432330     1.39346544 
 H                    -0.69327301     6.18231904     0.83278549 
 H                    -1.81189557     4.80916794     0.87376352 
 C                    -2.69821432     6.67736653     1.58670372 
 H                    -2.33987221     7.70787828     1.69537322 
 H                    -3.38986290     6.65092607     0.73932104 
 C                    -3.33105308     6.19334917     2.89824887 
 H                    -3.93723231     5.29697088     2.72171074 
 H                    -3.96357674     6.93793942     3.38731610 
 H                    -1.74688110     6.70695970     4.31477347 
 O                    -2.77596239     5.16565996     5.96530906 
 H                    -1.99289719     3.23624547     3.58186718 
 H                    -3.74812550     2.74003964     5.88646053 
 C                    -3.09748772     1.11814887     4.60960894 
 H                    -3.89037231     1.25490004     3.86708339 
 H                    -2.19694646     0.77025708     4.09391926 
 H                    -3.40980609     0.34105132     5.31436454 
 O                    -2.17886472     2.10537932     7.67021136 
 H                    -0.25274676     2.27929846     5.15891177 
 H                     0.28763023     1.17608488     7.80271160 
 C                     1.92307519     1.73298001     6.48826818 



250 
 

 H                     2.14588827     2.55010317     5.78679384 
 H                     2.66368719     1.80832560     7.29527754 
 C                     2.09876832     0.37806675     5.77180330 
 H                     1.37357559     0.32415561     4.94865754 
 C                     1.85884955    -0.81790614     6.70500491 
 H                     2.02572404    -1.76169088     6.17146749 
 H                     2.54235034    -0.79261702     7.56394548 
 H                     0.83564279    -0.83864577     7.09444282 
 C                     3.50499587     0.30670554     5.15643799 
 H                     3.64768035    -0.63283556     4.60963160 
 H                     3.67612255     1.12996643     4.45227642 
 H                     4.27836086     0.36306779     5.93399212 
 O                     0.87879615     3.05601336     9.25094645 
 H                     0.30577770     4.57588084     6.51723954 
 H                     1.48005935     5.56270507     8.98153552 
 C                     0.52856301     6.92936033     7.61775290 
 H                     0.40867728     7.73636665     8.35218928 
 H                    -0.35111673     6.96225992     6.96287330 
 O                     2.90522802     6.79832908     7.18650721 
 C                     1.79918448     7.22858264     6.83532361 
 H                     2.43456229     8.18269609     5.14766964 
 H                     0.71880499     8.24634763     5.42414146 
 O                    -0.37577978     6.16882155    10.54171918 
 H                    -1.88608765     4.82869118     8.09378115 
 C                    -2.96550613     5.22757656     9.86749902 
 H                    -2.69262305     5.69934082    10.81276551 
 H                    -3.81125674     5.76476160     9.42187190 
 H                    -3.26527873     4.18885625    10.05107795 
 N                     1.64416711     8.06387272     5.78210864 
 
  



251 
 

2E-B 

  160 
  
 C                    -3.15191294    -2.91520812    -4.32468356 
 H                    -3.86630334    -3.08973812    -5.12450157 
 C                    -2.47902940    -1.69510707    -4.23828124 
 H                    -2.67135716    -0.91449378    -4.96948859 
 C                    -2.90918049    -3.90862597    -3.37273781 
 H                    -3.43424658    -4.85827695    -3.42860415 
 C                    -1.55988687    -1.46774973    -3.21215449 
 H                    -1.04613923    -0.51532353    -3.13167907 
 C                    -1.99652572    -3.68164841    -2.34333381 
 H                    -1.81604965    -4.45475266    -1.59945528 
 C                    -1.30707154    -2.46371446    -2.26021115 
 C                    -0.32642020    -2.26974407    -1.15235692 
 H                    -0.63386205    -2.67998614    -0.19171360 
 C                     1.13782385    -2.10376022    -1.33874277 
 H                     1.75532516    -2.39154984    -0.48921581 
 C                     1.83484663    -2.08774938    -2.67099598 
 H                     2.63915651    -1.34384819    -2.66351225 
 H                     2.28363888    -3.06981592    -2.86159803 
 H                     1.14719403    -1.85581843    -3.48756120 
 O                     0.28999290    -0.96568597    -1.03443951 
 Fe                    0.39902047     0.33599515     0.78026944 
 N                     0.12895730     1.81796860    -0.54134197 
 N                     2.38296190     0.42471309     0.43274610 
 N                     0.66468038    -1.29986406     1.93943386 
 N                    -1.59228149     0.07547543     0.94564497 
 C                    -1.07635575     2.35013677    -0.92801059 
 C                    -0.86822050     3.42042734    -1.87609483 
 C                     0.47501199     3.52431288    -2.06559003 
 C                     1.08857169     2.51205758    -1.24071808 
 C                     3.05193786     1.28464159    -0.40722129 
 C                     4.47374495     1.05421035    -0.33032024 
 C                     4.66056219     0.05300535     0.57404824 
 C                     3.35242478    -0.33504053     1.04333568 
 C                     1.87235336    -1.79692945     2.37208476 
 C                     1.66274118    -2.88180654     3.30059852 
 C                     0.31620174    -3.03565813     3.42962087 
 C                    -0.29812137    -2.04143215     2.58467392 
 C                    -2.26555006    -0.87425032     1.67759932 
 C                    -3.69105185    -0.69434452     1.54167874 
 C                    -3.87390145     0.37820546     0.72390732 
 C                    -2.55999700     0.84995094     0.35448575 



252 
 

 C                    -2.32659150     1.91331310    -0.50772146 
 H                    -3.19456389     2.42403235    -0.91408434 
 C                     2.45323844     2.26605693    -1.18841877 
 H                     3.09877370     2.89420234    -1.79370377 
 C                     3.12217526    -1.35465552     1.95892436 
 H                     3.99050325    -1.85871458     2.37160487 
 C                    -1.66909057    -1.86169959     2.45048763 
 H                    -2.32093744    -2.53287567     3.00084686 
 H                     1.01857519     4.22084627    -2.68949786 
 H                    -1.65941081     4.00378306    -2.33013263 
 H                     5.21810375     1.59635685    -0.89980329 
 H                     5.59001662    -0.39602121     0.90058149 
 H                     2.45398448    -3.44408778     3.77990944 
 H                    -0.22594902    -3.74664751     4.03988431 
 H                    -4.43883503    -1.31882327     2.01364939 
 H                    -4.80411202     0.81389317     0.38173638 
 S                     0.47605122     1.67014804     2.63450532 
 C                     1.70563140     3.00920693     2.35471894 
 H                     2.32957682     3.03724196     3.25499990 
 H                     2.34598149     2.75511621     1.51222101 
 H                     0.70811112     4.45999995     1.11718524 
 C                     1.13606589     4.42613576     2.11595171 
 C                     0.09792073     4.81075414     3.18480363 
 N                    -1.17841621     5.04220192     2.78519830 
 C                    -2.19897788     5.46279860     3.76639135 
 C                    -2.43567657     4.48043014     4.91986333 
 N                    -2.36111495     3.15963145     4.62115320 
 C                    -2.66842934     2.12702148     5.61217937 
 C                    -1.61257641     2.07604360     6.73885279 
 N                    -0.31095937     2.03675066     6.33910359 
 C                     0.77066129     2.06388181     7.32064252 
 C                     0.78024547     3.35552241     8.16527889 
 N                     0.55438853     4.54165712     7.52622059 
 C                     0.55819517     5.75934641     8.33365614 
 C                    -0.56366890     5.81286077     9.40195874 
 N                    -1.76778630     5.31773316     9.01809868 
 N                     2.25236628     5.36513616     2.10980179 
 C                     2.59492823     6.04532976     0.97758863 
 C                     3.79202275     7.02194903     1.06473282 
 N                     4.75251269     6.72210741     2.14403263 
 C                     4.52429694     7.23979519     3.38774878 
 C                     5.50256512     6.87929226     4.52085780 
 N                     5.19634942     7.62675380     5.71549985 
 C                     6.03683721     8.60584641     6.16107433 
 C                     5.58539263     9.30280193     7.43525651 



253 
 

 H                     4.67047756     8.87746313     7.85632366 
 H                     5.42511687    10.36474922     7.22035118 
 H                     6.38936898     9.23965252     8.17516643 
 O                     7.08408513     8.90543090     5.58867413 
 H                     4.31147989     7.43258424     6.19323159 
 H                     6.52161427     7.15338624     4.22860434 
 C                     5.41047009     5.36755814     4.83758251 
 H                     6.16915975     5.11042745     5.58204318 
 H                     4.42937647     5.13890916     5.26909777 
 H                     5.55704689     4.73444732     3.95730286 
 O                     3.48467473     7.87669960     3.59105333 
 C                     6.05064094     6.25110782     1.61858672 
 H                     6.80747756     7.03995841     1.71904007 
 H                     6.40728338     5.37033750     2.15850542 
 C                     5.74899213     5.95470701     0.14232797 
 H                     6.64144774     6.04297420    -0.48381750 
 H                     5.36269882     4.93337562     0.03723803 
 C                     4.65289575     6.97274748    -0.20940263 
 H                     5.09499902     7.95917727    -0.38883984 
 H                     4.05313203     6.69666883    -1.07754071 
 H                     3.36238436     8.01344403     1.23754167 
 O                     1.99765880     5.90983770    -0.08978359 
 H                     2.64219483     5.64106743     3.00152953 
 O                     0.42904607     4.85448531     4.37991504 
 C                    -1.63498486     5.26547554     1.38982547 
 H                    -0.86063675     5.75318423     0.79414270 
 H                    -1.87642626     4.30692015     0.91912768 
 C                    -2.88498316     6.14019279     1.55825043 
 H                    -2.60081286     7.19807574     1.60464981 
 H                    -3.58732739     6.01832002     0.72835108 
 C                    -3.45819895     5.68464140     2.90660137 
 H                    -3.99902494     4.73772613     2.79194810 
 H                    -4.13584470     6.40673989     3.36809945 
 H                    -1.88539178     6.39728109     4.24495814 
 O                    -2.76406599     4.90901273     6.02351843 
 H                    -1.95487494     2.87734619     3.73453621 
 H                    -3.59014395     2.42028939     6.12097483 
 C                    -2.84473998     0.76452494     4.94346534 
 H                    -3.65053903     0.79798708     4.20265837 
 H                    -1.92694917     0.44049467     4.44327603 
 H                    -3.10036059     0.01921430     5.70302775 
 O                    -1.95474313     2.00306440     7.91348859 
 H                    -0.08886956     2.21064632     5.36584452 
 H                     0.57576624     1.28221099     8.05799271 
 C                     2.14546742     1.85028274     6.67049416 



254 
 

 H                     2.30642037     2.63708953     5.91882034 
 H                     2.89347203     2.01851465     7.45633249 
 C                     2.39186303     0.46858985     6.03010249 
 H                     1.66238042     0.32494440     5.22164602 
 C                     2.22856649    -0.68373827     7.03214097 
 H                     2.44424582    -1.64534776     6.55064803 
 H                     2.91693994    -0.57114430     7.87999139 
 H                     1.21139235    -0.74002688     7.43350699 
 C                     3.79401687     0.44141745     5.40211644 
 H                     3.98201656    -0.51509279     4.90058999 
 H                     3.91554662     1.23677575     4.65656691 
 H                     4.57000025     0.57778642     6.16692448 
 O                     1.06188009     3.29739926     9.35593816 
 H                     0.34771693     4.57858648     6.53396894 
 H                     1.49289944     5.80846489     8.89548393 
 C                     0.42313066     7.01259160     7.46902336 
 H                     0.26108960     7.85823544     8.15003871 
 H                    -0.46818781     6.94231869     6.83277764 
 O                     2.79024678     6.97120713     6.96843496 
 C                     1.65616063     7.34106526     6.63916440 
 H                     2.19818692     8.25918631     4.90066637 
 H                     0.49005956     8.28205581     5.23894241 
 O                    -0.36176096     6.40082064    10.46019471 
 H                    -1.83590651     4.80064767     8.15022902 
 C                    -2.89935868     5.25057069     9.92270293 
 H                    -2.63072445     5.79039113    10.83206222 
 H                    -3.78395162     5.71524818     9.47077206 
 H                    -3.13709068     4.20977855    10.17272974 
 N                     1.43324131     8.13125476     5.56371384 
 

 

4R-A 

    62 
  
 C                     2.61048996    -4.91041708    -1.26929258 
 H                     3.20751491    -5.40419691    -0.50655286 
 C                     1.81223083    -3.81304571    -0.93942650 
 H                     1.79309600    -3.44045414     0.08181430 
 C                     2.64799894    -5.35945075    -2.59190515 
 H                     3.27431245    -6.20549754    -2.86443925 
 C                     1.04417607    -3.17428459    -1.91457466 
 H                     0.46705201    -2.29615687    -1.64317787 
 C                     1.88473755    -4.72052673    -3.56664634 



255 
 

 H                     1.91936236    -5.07369071    -4.59520608 
 C                     1.05347685    -3.62965450    -3.24724169 
 C                     0.26819638    -2.99740861    -4.32393718 
 H                     0.73365011    -3.05072991    -5.30888108 
 C                    -0.94039329    -2.41184769    -4.25372670 
 H                    -1.33172141    -1.99791033    -5.18355239 
 C                    -1.84537753    -2.27874761    -3.06080747 
 H                    -2.89442892    -2.36786355    -3.36969947 
 H                    -1.64299586    -3.04418665    -2.30539832 
 H                    -1.73148966    -1.30387861    -2.56772347 
 O                    -0.51346333    -0.14854199    -0.64261541 
 Fe                   -0.37156145     0.90897668     0.58099531 
 N                    -1.52937425     2.30428664    -0.29894801 
 N                     1.26637950     1.79461791    -0.19288121 
 N                     0.81344068    -0.26687122     1.71787491 
 N                    -1.98113036     0.20956422     1.58187628 
 C                    -2.88998055     2.42284509    -0.20307953 
 C                    -3.36552215     3.47113861    -1.07362786 
 C                    -2.27221074     3.97886296    -1.70533425 
 C                    -1.13231887     3.24293726    -1.21365860 
 C                     1.29019168     2.79599519    -1.13344233 
 C                     2.64623852     3.05461909    -1.55350903 
 C                     3.44143267     2.19385308    -0.86155841 
 C                     2.56941829     1.40960456    -0.02082947 
 C                     2.18561233    -0.36300157     1.65212335 
 C                     2.65211436    -1.42253936     2.51210954 
 C                     1.54972043    -1.98495863     3.07959551 
 C                     0.40578607    -1.26674297     2.57666133 
 C                    -2.01691042    -0.85117701     2.44892652 
 C                    -3.37570787    -1.12730868     2.84902380 
 C                    -4.16263092    -0.21598805     2.21585074 
 C                    -3.28493275     0.60902306     1.42111589 
 C                    -3.71164610     1.64599983     0.60525113 
 H                    -4.77673041     1.85491081     0.58002327 
 C                     0.17922844     3.47569019    -1.60951647 
 H                     0.34737110     4.25197680    -2.34964261 
 C                     3.00577503     0.41594648     0.84956304 
 H                     4.07262190     0.21807753     0.88606860 
 C                    -0.90793447    -1.55228870     2.90691752 
 H                    -1.08417758    -2.37577775     3.59180683 
 H                    -2.22279452     4.77694311    -2.43502447 
 H                    -4.40262266     3.76372211    -1.17665539 
 H                     2.93312702     3.80022799    -2.28398597 
 H                     4.51747136     2.08424344    -0.90550049 
 H                     3.69160625    -1.69461554     2.64374381 



256 
 

 H                     1.49791638    -2.81128386     3.77695451 
 H                    -3.66842208    -1.91425443     3.53220557 
 H                    -5.23756394    -0.09938002     2.26788440 
 S                    -0.11602760     2.32351787     2.77347873 
 C                     1.52119263     3.10884688     2.79221508 
 H                     1.62597999     3.70276418     3.70495310 
 H                     2.29139334     2.32757044     2.79940150 
 H                     1.67459432     3.73451697     1.90929553 
 
 

4TS1-A 

    62 
  
 C                    -0.52033163    -6.24922958    -1.57778445 
 H                    -0.92854537    -7.25618794    -1.57197681 
 C                    -1.05325511    -5.27616708    -2.42861200 
 H                    -1.88126332    -5.52704162    -3.08673672 
 C                     0.54300624    -5.91206985    -0.73443766 
 H                     0.96693126    -6.65739973    -0.06628491 
 C                    -0.53640945    -3.98425136    -2.44587859 
 H                    -0.97251419    -3.25673237    -3.11661826 
 C                     1.06009166    -4.62251797    -0.74693912 
 H                     1.88436325    -4.36573969    -0.08595979 
 C                     0.54034836    -3.61744591    -1.60166110 
 C                     1.16623774    -2.31320831    -1.54856638 
 H                     1.97201322    -2.24536739    -0.82171587 
 C                     0.88034127    -1.12251422    -2.21206892 
 H                     1.63569057    -0.35519284    -2.08086622 
 C                     0.02307126    -0.95429044    -3.44120445 
 H                     0.04882196     0.08635204    -3.77405097 
 H                     0.38189231    -1.59026770    -4.26185562 
 H                    -1.02117320    -1.20512990    -3.23825950 
 O                    -0.36889910    -0.16154016    -1.01470779 
 Fe                   -0.17261402     0.88177592     0.31024602 
 N                    -1.78942858     1.92540851    -0.25960035 
 N                     1.02248996     2.14297292    -0.72741655 
 N                     1.49293172    -0.08527751     0.99612090 
 N                    -1.31257890    -0.23782068     1.52551410 
 C                    -3.08539310     1.71044403     0.12189577 
 C                    -3.96689902     2.64101201    -0.54875686 
 C                    -3.18220041     3.42091543    -1.33834447 
 C                    -1.82112445     2.96988327    -1.14594721 
 C                     0.60780056     3.15508042    -1.55423905 
 C                     1.74370591     3.76866216    -2.19866331 



257 
 

 C                     2.85037349     3.10796307    -1.75692404 
 C                     2.38914988     2.08960773    -0.84495984 
 C                     2.79911782     0.17304596     0.66365355 
 C                     3.67587542    -0.76995501     1.31973175 
 C                     2.88092759    -1.60019612     2.05010393 
 C                     1.51972207    -1.16183289     1.84494330 
 C                    -0.90259565    -1.29823234     2.29610571 
 C                    -2.03780985    -1.90139753     2.95330297 
 C                    -3.13561233    -1.19545256     2.56969820 
 C                    -2.67405419    -0.16432992     1.67076016 
 C                    -3.50410615     0.74575231     1.02914506 
 H                    -4.56705015     0.68753761     1.24262360 
 C                    -0.71315772     3.54380312    -1.75296807 
 H                    -0.89037732     4.36994510    -2.43510925 
 C                     3.22163950     1.18565600    -0.19048090 
 H                     4.28856503     1.26939880    -0.37517025 
 C                     0.40576693    -1.73916308     2.44025261 
 H                     0.57294500    -2.59358355     3.08891488 
 H                    -3.47560015     4.23429899    -1.98992313 
 H                    -5.04072357     2.67765223    -0.41583010 
 H                     1.68528244     4.59464884    -2.89624356 
 H                     3.88720393     3.27923216    -2.01767139 
 H                     4.75446623    -0.77920295     1.22508287 
 H                     3.17321703    -2.42906773     2.68250071 
 H                    -1.98188247    -2.75369388     3.61845197 
 H                    -4.16936965    -1.34799904     2.85268656 
 S                     0.15511530     2.18809889     2.36606362 
 C                     1.52425528     3.37061973     2.16941587 
 H                     1.59889236     3.96216724     3.08730764 
 H                     2.46549338     2.82571892     2.03508225 
 H                     1.37206019     4.02844617     1.31056094 
 
 

4I-A 

    62 
 
 C                    -3.25745838    -1.70270452     1.90548451 
 C                    -2.71444368    -0.57078422     1.19046722 
 N                    -1.34626957    -0.59035890     1.25361661 
 C                    -1.00655367    -1.70008386     1.98163512 
 C                    -2.19884734    -2.40786580     2.38671542 
 C                    -3.47877868     0.36502338     0.50884059 
 C                    -2.96691196     1.40656167    -0.25330968 



258 
 

 N                    -1.63844378     1.71185757    -0.40486278 
 C                    -1.57839264     2.75738872    -1.29329829 
 C                    -2.91003389     3.12630857    -1.70824628 
 C                    -3.77048576     2.29734374    -1.05518622 
 C                    -0.42043952     3.40131215    -1.70628355 
 C                     0.85721161     3.10895329    -1.24492989 
 N                     1.17746802     2.10287602    -0.36664701 
 C                     2.52916381     2.20172031    -0.13731413 
 C                     3.07386361     3.30414326    -0.88941620 
 C                     2.04109605     3.85858038    -1.58436597 
 Fe                   -0.08130198     0.73884119     0.41121475 
 S                    -0.24251214     1.97954099     2.35244259 
 C                    -0.55992951     3.72191910     1.91218859 
 C                     3.28001736     1.34276383     0.65508041 
 C                     2.78324838     0.22109290     1.30457256 
 N                     1.47359547    -0.19079127     1.30106715 
 C                     1.42864970    -1.35158874     2.02848970 
 C                     2.75149415    -1.69107423     2.49361242 
 C                     3.58889129    -0.71182499     2.05388338 
 C                     0.28260622    -2.07565256     2.32901023 
 H                     4.34304024     1.54343934     0.74302941 
 H                     2.98765505    -2.56482813     3.08747848 
 H                     4.11624924     3.59645908    -0.88347226 
 H                     2.06072822     4.70298622    -2.26167030 
 H                    -0.52516152     4.22330906    -2.40730664 
 H                    -3.13823325     3.92271016    -2.40523688 
 H                    -4.85131913     2.26811356    -1.10971103 
 H                    -4.55757161     0.24951793     0.53839995 
 H                    -4.31389280    -1.91695284     2.00564010 
 H                    -2.20287121    -3.32103027     2.96794913 
 H                     0.40109048    -2.98125530     2.91492499 
 H                     4.65619582    -0.61649116     2.20809399 
 H                    -0.63648864     4.27748947     2.85229488 
 H                     0.26082003     4.13617138     1.32077284 
 H                    -1.49485439     3.82706344     1.35621138 
 O                     0.03242079    -0.31551236    -1.04912552 
 C                     1.15905592    -0.71107867    -1.80657312 
 C                     1.50554257    -2.16729403    -1.61249802 
 C                     0.62182965    -3.27458489    -1.59072482 
 C                     1.16168635    -4.59424384    -1.52191613 
 C                     0.34326473    -5.71308533    -1.51939662 
 C                    -1.05030634    -5.57073145    -1.58424400 
 C                    -1.60723531    -4.28595412    -1.64560769 
 C                    -0.79986495    -3.15677613    -1.64497067 
 C                     0.86844168    -0.38795493    -3.28993985 



259 
 

 H                     0.00643664    -0.96142724    -3.64370923 
 H                     1.73429569    -0.63982371    -3.91341861 
 H                     0.65236298     0.67989116    -3.39962948 
 H                     2.03447086    -0.12295276    -1.50353623 
 H                     2.57074622    -2.38986361    -1.57490573 
 H                     2.24201826    -4.71319997    -1.47618461 
 H                     0.78616723    -6.70489151    -1.46984564 
 H                    -1.69155885    -6.44792709    -1.58351801 
 H                    -2.68731282    -4.16794184    -1.68834576 
 H                    -1.24023034    -2.16711004    -1.66624726 
 

 

4TS2-A 

     62 
  
 C                    -2.70009082    -1.79338094     2.73282558 
 C                    -2.32133660    -0.78185312     1.77291328 
 N                    -0.96814043    -0.58242762     1.81096058 
 C                    -0.47537155    -1.43993567     2.75655871 
 C                    -1.55402572    -2.20562865     3.33919386 
 C                    -3.20764340    -0.13889874     0.91953466 
 C                    -2.85230641     0.78977732    -0.04931743 
 N                    -1.58251990     1.24819605    -0.29874590 
 C                    -1.68383950     2.11622388    -1.35683228 
 C                    -3.05780902     2.20982975    -1.78751194 
 C                    -3.78217879     1.39332442    -0.97294220 
 C                    -0.63181226     2.82737643    -1.91857852 
 C                     0.68310077     2.78420041    -1.47346507 
 N                     1.15538831     2.00339829    -0.44465663 
 C                     2.49666290     2.28819997    -0.32490286 
 C                     2.87600665     3.27544186    -1.30313767 
 C                     1.75531506     3.57725553    -2.01866062 
 Fe                    0.09820711     0.71392681     0.66483274 
 S                    -0.26209412     2.33563547     2.39632363 
 C                    -0.70693858     3.91384893     1.58862313 
 C                     3.37752912     1.69496440     0.56981547 
 C                     3.04253367     0.69688534     1.47527466 
 N                     1.79100888     0.15758482     1.63447398 
 C                     1.90096972    -0.79454921     2.61519684 
 C                     3.26659183    -0.86938456     3.07685584 
 C                     3.97325363     0.05922301     2.37467956 
 C                     0.85762535    -1.55437421     3.12950856 
 H                     4.41110119     2.02572270     0.54668186 



260 
 

 H                     3.61917295    -1.54336751     3.84743886 
 H                     3.87624689     3.67334632    -1.41860448 
 H                     1.64788351     4.27592787    -2.83877763 
 H                    -0.85855108     3.48918333    -2.74856751 
 H                    -3.40616027     2.82969738    -2.60408000 
 H                    -4.84758746     1.20116617    -0.98555097 
 H                    -4.25801091    -0.40130517     0.99762781 
 H                    -3.71382335    -2.13391990     2.90140325 
 H                    -1.43072494    -2.95289756     4.11294760 
 H                     1.09945524    -2.27218277     3.90719153 
 H                     5.02564908     0.30284267     2.44691247 
 H                    -0.87125292     4.65769315     2.37475766 
 H                     0.09629994     4.26465177     0.93400946 
 H                    -1.62481315     3.81235433     1.00220519 
 O                     0.31694926    -0.76225860    -0.59396959 
 C                     1.45199750    -1.23120165    -1.28359570 
 C                     1.03800741    -2.67041168    -1.28633220 
 C                     0.02394683    -3.30661801    -2.06234041 
 C                    -0.05219053    -4.72578810    -2.02704137 
 C                    -0.96505114    -5.41914563    -2.81018880 
 C                    -1.85636258    -4.72063325    -3.63275568 
 C                    -1.82974408    -3.31967069    -3.65105873 
 C                    -0.91202419    -2.61827745    -2.88178167 
 C                     1.74059262    -0.57860521    -2.63902195 
 H                     0.88847306    -0.63181968    -3.31994738 
 H                     2.59060326    -1.08276107    -3.11630958 
 H                     2.00260174     0.47259376    -2.49908107 
 H                     2.35360257    -1.13060761    -0.66107964 
 H                     1.48923895    -3.28713452    -0.51047290 
 H                     0.63634464    -5.27175067    -1.38665580 
 H                    -0.99150069    -6.50494491    -2.77607642 
 H                    -2.57766308    -5.26109814    -4.23939278 
 H                    -2.54403751    -2.77338619    -4.26131739 
 H                    -0.94254004    -1.53661417    -2.84958399 
 

 

4E-A 

    62 
  
 C                    -1.88721088    -5.52644496    -2.55849362 
 H                    -2.49004633    -6.35929481    -2.91053806 
 C                    -2.27144048    -4.21352812    -2.83725450 
 H                    -3.17848864    -4.02076920    -3.40435679 



261 
 

 C                    -0.72746110    -5.76429130    -1.81624406 
 H                    -0.42498881    -6.78306207    -1.58834575 
 C                    -1.49871955    -3.14187032    -2.38554259 
 H                    -1.79859593    -2.11804817    -2.58443294 
 C                     0.04220982    -4.69466569    -1.36025509 
 H                     0.94017163    -4.88375914    -0.77562859 
 C                    -0.33030484    -3.37414687    -1.64887290 
 C                     0.52122164    -2.25214927    -1.15257170 
 H                     0.91772841    -2.39668195    -0.14640452 
 C                     1.29017917    -1.33303453    -2.02967863 
 H                     2.17315958    -0.87480986    -1.58164753 
 C                     1.30038182    -1.40151681    -3.53413363 
 H                     1.29667789    -0.38956217    -3.95561614 
 H                     2.21063005    -1.90690861    -3.87896287 
 H                     0.43454392    -1.94363253    -3.92208436 
 O                     0.06809574    -0.91033357    -1.39624359 
 Fe                    0.04686984     0.99935888     0.63853111 
 N                    -1.72009937     1.46902806    -0.20951056 
 N                     0.99292075     2.15127772    -0.72002659 
 N                     1.83315883     0.25477299     1.21536737 
 N                    -0.87748732    -0.43614338     1.71548331 
 C                    -2.95972234     0.99043255     0.13635537 
 C                    -3.98573334     1.66784424    -0.61726314 
 C                    -3.35389258     2.56444717    -1.42330554 
 C                    -1.94149034     2.43157483    -1.16527978 
 C                     0.40551791     3.01793008    -1.61275773 
 C                     1.41456120     3.75275424    -2.33234174 
 C                     2.62130496     3.32137705    -1.87021204 
 C                     2.35033266     2.32541560    -0.86437596 
 C                     3.08063570     0.68813390     0.82266514 
 C                     4.10387240     0.00128830     1.56808510 
 C                     3.46720584    -0.84951040     2.42157506 
 C                     2.05435442    -0.68757395     2.19562325 
 C                    -0.29372419    -1.28553098     2.62687780 
 C                    -1.30184449    -2.06340216     3.30261720 
 C                    -2.50313845    -1.67726785     2.79193875 
 C                    -2.23024440    -0.65995890     1.80766206 
 C                    -3.20686918    -0.00076980     1.07538105 
 H                    -4.24098005    -0.27870380     1.25272131 
 C                    -0.95919279     3.16214366    -1.81705117 
 H                    -1.28160314     3.89049295    -2.55448113 
 C                     3.32912143     1.64856648    -0.14895337 
 H                     4.36555659     1.89217770    -0.36099065 
 C                     1.06850933    -1.40284700     2.86177937 
 H                     1.38856760    -2.11624879     3.61474311 



262 
 

 H                    -3.78739559     3.25515202    -2.13531264 
 H                    -5.04647822     1.47036287    -0.52830644 
 H                     1.21011002     4.49606754    -3.09244617 
 H                     3.61157379     3.63893456    -2.17163595 
 H                     5.16767471     0.16106379     1.44500479 
 H                     3.90138262    -1.53191662     3.14127063 
 H                    -1.09914944    -2.80616762     4.06364630 
 H                    -3.49185035    -2.03653368     3.04759161 
 S                    -0.15889389     2.69181163     2.36659990 
 C                     1.47975352     3.50103220     2.51180946 
 H                     1.41207244     4.27479019     3.28279985 
 H                     2.25195402     2.78284896     2.80351201 
 H                     1.77226664     3.97222124     1.56860668 
 

 
4R-B 

   160 
  
 C                     2.91300044    -4.59702892    -2.14101868 
 H                     3.21001179    -5.49168049    -1.59977358 
 C                     1.82633052    -3.83605711    -1.70437847 
 H                     1.27853388    -4.13011962    -0.81244027 
 C                     3.62248655    -4.19198073    -3.27461313 
 H                     4.47619868    -4.76968117    -3.62004911 
 C                     1.43823052    -2.68793055    -2.39717980 
 H                     0.61955616    -2.08846493    -2.01325756 
 C                     3.23741009    -3.04500377    -3.96545867 
 H                     3.79399530    -2.73574639    -4.84761638 
 C                     2.12831441    -2.28012350    -3.55521665 
 C                     1.76991834    -1.07957425    -4.33303953 
 H                     2.61295883    -0.60524608    -4.83675356 
 C                     0.55738392    -0.53269091    -4.53422891 
 H                     0.52992804     0.36686220    -5.14987102 
 C                    -0.78042651    -1.02076884    -4.05168586 
 H                    -1.55319623    -0.80924881    -4.80073607 
 H                    -0.77807816    -2.09749685    -3.85607531 
 H                    -1.08446845    -0.52396550    -3.12011014 
 O                    -0.98337946    -0.60028743    -0.53335403 
 Fe                   -0.67710921     0.24816787     0.81233729 
 N                    -1.39072474     1.98261480     0.08152517 
 N                     1.17685677     0.78647322     0.24114770 
 N                     0.09608630    -1.32154671     1.81248751 
 N                    -2.47659533    -0.12612882     1.63655244 



263 
 

 C                    -2.71190172     2.36012952     0.01134249 
 C                    -2.84680702     3.57507314    -0.75455384 
 C                    -1.59433445     3.93434146    -1.14854189 
 C                    -0.69684537     2.92438046    -0.64700635 
 C                     1.52925743     1.87538662    -0.51390813 
 C                     2.93574560     1.83747684    -0.83153248 
 C                     3.43229626     0.70302716    -0.26717873 
 C                     2.32961016     0.05505699     0.39818651 
 C                     1.39204722    -1.76187639     1.77601568 
 C                     1.53629222    -2.97647566     2.54252886 
 C                     0.30610412    -3.26535782     3.04749526 
 C                    -0.58392576    -2.22974802     2.58054312 
 C                    -2.82343181    -1.21067649     2.40530654 
 C                    -4.24564773    -1.22515655     2.64379564 
 C                    -4.76257957    -0.14825252     1.99147323 
 C                    -3.65375935     0.52839217     1.36537013 
 C                    -3.76930509     1.67849751     0.59711704 
 H                    -4.76662990     2.08158612     0.44905825 
 C                     0.66273365     2.88820017    -0.91276946 
 H                     1.07913152     3.71207755    -1.48200731 
 C                     2.43543198    -1.12975531     1.11090236 
 H                     3.41255462    -1.59995413     1.15427427 
 C                    -1.94241488    -2.17934721     2.86597311 
 H                    -2.35316458    -2.97592050     3.47857357 
 H                    -1.28520714     4.79363886    -1.72849937 
 H                    -3.78604929     4.07535788    -0.95389877 
 H                     3.45402208     2.58324341    -1.42039253 
 H                     4.44510505     0.32256534    -0.29156656 
 H                     2.46406517    -3.51909128     2.66924927 
 H                     0.01073282    -4.09539770     3.67608454 
 H                    -4.76450558    -1.97384553     3.22830503 
 H                    -5.79485815     0.17139559     1.92887746 
 S                    -0.29625117     1.69959610     3.12246158 
 C                     0.92696163     3.01545677     2.79694984 
 H                     1.63406573     2.96592234     3.63574913 
 H                     1.48568189     2.79255702     1.88706994 
 H                    -0.14720922     4.56919492     1.76588780 
 C                     0.39287839     4.46360076     2.70375015 
 C                    -0.49886382     4.80594944     3.91044198 
 N                    -1.80527341     5.09628059     3.68907759 
 C                    -2.68178717     5.47495424     4.81738902 
 C                    -2.81271508     4.41619733     5.91999126 
 N                    -2.82739485     3.12163902     5.51456498 
 C                    -3.04497080     2.01800386     6.45100532 
 C                    -1.85903157     1.84510797     7.42553329 



264 
 

 N                    -0.62142916     1.80370030     6.85439144 
 C                     0.58053745     1.71983769     7.68093587 
 C                     0.75353303     2.93482938     8.61816807 
 N                     0.49308613     4.17657585     8.11145673 
 C                     0.63561704     5.32357112     9.00571203 
 C                    -0.34548130     5.31475326    10.20591808 
 N                    -1.60248626     4.87925694     9.93631622 
 N                     1.53675128     5.36137621     2.61522706 
 C                     1.76582942     6.09206655     1.48466565 
 C                     2.98886968     7.03830328     1.48492163 
 N                     4.05579897     6.65762561     2.43131392 
 C                     3.98484323     7.11072859     3.71862600 
 C                     5.09035287     6.68692577     4.70330160 
 N                     4.93957698     7.36782013     5.96529455 
 C                     5.83872753     8.31777695     6.35741369 
 C                     5.56359838     8.93322844     7.72057590 
 H                     4.71122846     8.47918090     8.23312500 
 H                     5.38037019    10.00567622     7.59478034 
 H                     6.45858655     8.82806470     8.34158880 
 O                     6.80279195     8.65416449     5.67117764 
 H                     4.13208796     7.12931625     6.54827962 
 H                     6.06827343     6.97438251     4.30322174 
 C                     5.02346816     5.16035832     4.94807923 
 H                     5.86620396     4.86142813     5.57761994 
 H                     4.10133023     4.91253281     5.48572062 
 H                     5.05365366     4.57468796     4.02450950 
 O                     2.98150419     7.73718804     4.07929379 
 C                     5.27934513     6.20837381     1.73320295 
 H                     6.05247094     6.98575120     1.78768715 
 H                     5.68438829     5.29700216     2.17961311 
 C                     4.80601380     5.99656125     0.28831124 
 H                     5.62274431     6.10704087    -0.43060377 
 H                     4.39054237     4.98749991     0.17475724 
 C                     3.69822602     7.04789735     0.11985795 
 H                     4.13728422     8.03636038    -0.05505988 
 H                     2.99858959     6.83074988    -0.68824921 
 H                     2.60629772     8.02616760     1.76070954 
 O                     1.05121020     6.01357690     0.48495999 
 H                     2.01639247     5.60207358     3.47348591 
 O                    -0.02190284     4.76170207     5.05489875 
 C                    -2.42641497     5.41585467     2.37995851 
 H                    -1.71598059     5.91247287     1.71612764 
 H                    -2.76481365     4.49649145     1.89054529 
 C                    -3.60883302     6.31853910     2.75737778 
 H                    -3.27724468     7.36092219     2.83016767 



265 
 

 H                    -4.41330931     6.27393603     2.01748574 
 C                    -4.02747510     5.79610770     4.13819386 
 H                    -4.61871961     4.87829441     4.03668172 
 H                    -4.61122882     6.50982190     4.72409958 
 H                    -2.27461259     6.36168680     5.31537895 
 O                    -2.98410935     4.76647418     7.08473125 
 H                    -2.52421410     2.90192168     4.57096473 
 H                    -3.88546460     2.29061718     7.09420127 
 C                    -3.35371538     0.72115792     5.70286870 
 H                    -4.24889009     0.83426812     5.08270495 
 H                    -2.52082784     0.41998999     5.05939871 
 H                    -3.53229048    -0.08030416     6.42622862 
 O                    -2.05101674     1.67367948     8.62302462 
 H                    -0.52402085     2.09882329     5.88950746 
 H                     0.45134587     0.88476311     8.37262726 
 C                     1.84456261     1.51389761     6.83273116 
 H                     1.95106723     2.36642325     6.14546262 
 H                     2.69874641     1.56658394     7.52026109 
 C                     1.91723987     0.19529368     6.03485132 
 H                     1.06371153     0.16224493     5.34311161 
 C                     1.84417393    -1.04527265     6.93729557 
 H                     1.92837492    -1.96067664     6.33923671 
 H                     2.66074281    -1.04762578     7.67105531 
 H                     0.90000688    -1.09855263     7.48932545 
 C                     3.19916804     0.17169321     5.18827610 
 H                     3.24452573    -0.73310106     4.57079680 
 H                     3.25282233     1.03674755     4.51559250 
 H                     4.09258956     0.18922147     5.82610472 
 O                     1.18357872     2.76659682     9.75227275 
 H                     0.16046206     4.30182034     7.16173725 
 H                     1.63314689     5.30445921     9.44867757 
 C                     0.43733310     6.64700400     8.26616379 
 H                     0.39359349     7.43683485     9.02734723 
 H                    -0.52969804     6.65281165     7.74755935 
 O                     2.71938596     6.59029479     7.46330822 
 C                     1.56571108     7.01194083     7.31180483 
 H                     1.91386427     8.05463985     5.59185509 
 H                     0.26576360     8.09751954     6.15398087 
 O                     0.00344361     5.80803920    11.27390882 
 H                    -1.79479188     4.44309665     9.04341426 
 C                    -2.61930573     4.76686898    10.96454054 
 H                    -2.22348443     5.21995109    11.87474004 
 H                    -3.53345933     5.29255040    10.66360588 
 H                    -2.86411966     3.71554260    11.15660863 
 N                     1.23589561     7.88948828     6.33642385 



266 
 

4TS1-B 

   160 
  
 C                    -1.24095963    -6.07251068    -2.73427692 
 H                    -1.79411091    -6.99185575    -2.90449451 
 C                    -1.44326811    -4.96546085    -3.56536319 
 H                    -2.15357007    -5.02671825    -4.38536700 
 C                    -0.31746168    -5.98877991    -1.68697716 
 H                    -0.15013112    -6.84373365    -1.03764601 
 C                    -0.73966097    -3.78434923    -3.35784519 
 H                    -0.90713024    -2.95206317    -4.02770517 
 C                     0.38942830    -4.81210375    -1.47680523 
 H                     1.10402387    -4.74870913    -0.66013786 
 C                     0.19625910    -3.67154991    -2.29899862 
 C                     0.99163461    -2.50362474    -2.00052576 
 H                     1.72047133    -2.65851038    -1.20856228 
 C                     0.93746515    -1.19866796    -2.48526683 
 H                     1.77528654    -0.57727432    -2.18794053 
 C                     0.15717384    -0.68843857    -3.66438978 
 H                     0.26363143     0.39624038    -3.74022049 
 H                     0.52772160    -1.13498036    -4.59782488 
 H                    -0.90814466    -0.91373422    -3.57190808 
 O                    -0.22517815    -0.29543169    -1.08882597 
 Fe                   -0.00543514     0.56714392     0.34202883 
 N                    -1.03591895     2.13558735    -0.32379604 
 N                     1.71513257     1.40302151    -0.33881944 
 N                     1.08744969    -0.95906554     1.14989012 
 N                    -1.66669178    -0.21361080     1.13848461 
 C                    -2.38620741     2.34518749    -0.20309151 
 C                    -2.76343127     3.56835379    -0.87318271 
 C                    -1.62848857     4.09002291    -1.40996949 
 C                    -0.55437913     3.18631318    -1.07233769 
 C                     1.82407466     2.53144986    -1.10704007 
 C                     3.20281844     2.76158235    -1.46453930 
 C                     3.92747705     1.75709523    -0.89684974 
 C                     2.99034343     0.90864426    -0.20142623 
 C                     2.44764899    -1.12216251     1.09409818 
 C                     2.82726931    -2.36051405     1.73559971 
 C                     1.67585122    -2.94589310     2.16636416 
 C                     0.59660905    -2.06033297     1.79327402 
 C                    -1.78946918    -1.43521678     1.75628600 
 C                    -3.17419483    -1.69195188     2.07648140 
 C                    -3.88396369    -0.61356578     1.64739047 
 C                    -2.93521728     0.29819630     1.05264087 



267 
 

 C                    -3.27579804     1.50029569     0.44697909 
 H                    -4.32432873     1.78225307     0.44790311 
 C                     0.76523437     3.36871161    -1.45296494 
 H                     0.99445735     4.24914259    -2.04455531 
 C                     3.33776895    -0.25552801     0.47293862 
 H                     4.39050845    -0.51892730     0.49904528 
 C                    -0.74749477    -2.29746811     2.06208501 
 H                    -0.99984950    -3.22376370     2.56862927 
 H                    -1.50401931     5.00806844    -1.96833358 
 H                    -3.77178071     3.95996348    -0.91734924 
 H                     3.55419575     3.58947786    -2.06726091 
 H                     4.99625088     1.58999664    -0.93780756 
 H                     3.84430084    -2.71779443     1.83470288 
 H                     1.55190322    -3.87984794     2.69957390 
 H                    -3.53594586    -2.58657838     2.56697860 
 H                    -4.95088763    -0.44033565     1.70729414 
 S                     0.48663867     1.67025963     2.53710628 
 C                     1.23998424     3.32133902     2.24865935 
 H                     2.12391911     3.39555671     2.89061191 
 H                     1.56657877     3.40154751     1.21249092 
 H                    -0.43084616     4.58551105     1.76050354 
 C                     0.31662859     4.52616963     2.54742416 
 C                    -0.33565693     4.41553610     3.93543205 
 N                    -1.68853250     4.31384415     3.99560685 
 C                    -2.37031625     4.24440072     5.30340622 
 C                    -1.95948388     3.05606309     6.18216247 
 N                    -1.70029045     1.88785423     5.54329503 
 C                    -1.39306225     0.65956149     6.27794259 
 C                    -0.02368418     0.73964125     6.98987921 
 N                     1.02798966     1.15767837     6.23344519 
 C                     2.34697672     1.34187518     6.83402118 
 C                     2.35324534     2.41751334     7.94124094 
 N                     1.65650275     3.57100809     7.71893038 
 C                     1.66465126     4.58407588     8.77151067 
 C                     1.00541106     4.12362228    10.09680398 
 N                    -0.10951200     3.36059337     9.96684998 
 N                     1.11513790     5.74245155     2.44331260 
 C                     0.87730513     6.65843018     1.46044667 
 C                     1.76364419     7.92663681     1.43782296 
 N                     3.07851299     7.76787700     2.08910777 
 C                     3.17779753     7.99398167     3.43310147 
 C                     4.54426419     7.78075810     4.11051639 
 N                     4.50201068     8.20269706     5.48883711 
 C                     5.18521343     9.31016910     5.90127385 
 C                     5.05766014     9.62281174     7.38422234 
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 H                     4.47807589     8.87526496     7.93246693 
 H                     4.58446893    10.60374971     7.50002101 
 H                     6.06046543     9.69363311     7.81691690 
 O                     5.85978651    10.00578209     5.14284710 
 H                     3.92256933     7.66541267     6.14058575 
 H                     5.30099978     8.39692216     3.61381395 
 C                     4.93296082     6.28392635     4.05740279 
 H                     5.94181434     6.16110017     4.46127779 
 H                     4.24933117     5.70183175     4.68564266 
 H                     4.90966371     5.86933458     3.04519627 
 O                     2.15249326     8.24235757     4.07740950 
 C                     4.18871907     7.80496440     1.11453662 
 H                     4.72148874     8.76225512     1.18492467 
 H                     4.90933685     7.00347969     1.29534859 
 C                     3.47753693     7.66313773    -0.23891197 
 H                     4.05189412     8.11480014    -1.05281138 
 H                     3.33318938     6.60183803    -0.47609310 
 C                     2.11903520     8.34058507    -0.00052079 
 H                     2.22461830     9.43007642    -0.05087857 
 H                     1.34105750     8.03321124    -0.70045385 
 H                     1.19818011     8.70116468     1.96513458 
 O                     0.00324992     6.51056870     0.60668862 
 H                     1.70495291     5.98705711     3.22807095 
 O                     0.37183444     4.37683499     4.95299519 
 C                    -2.64184340     4.59882078     2.89339280 
 H                    -2.26054910     5.38056565     2.23331804 
 H                    -2.80409778     3.69517248     2.29578774 
 C                    -3.91982378     5.02491034     3.62894558 
 H                    -3.88800088     6.09909670     3.84599973 
 H                    -4.81954677     4.82924868     3.03810768 
 C                    -3.86603441     4.21741426     4.93252283 
 H                    -4.18374665     3.18320736     4.75462813 
 H                    -4.48478400     4.62708605     5.73434818 
 H                    -2.12946179     5.13624520     5.89238713 
 O                    -1.96839044     3.17355946     7.40506797 
 H                    -1.57032201     1.89671113     4.53636480 
 H                    -2.11412817     0.57345705     7.09454151 
 C                    -1.48468089    -0.55954462     5.36093117 
 H                    -2.48676413    -0.64349650     4.92693644 
 H                    -0.75686997    -0.50469914     4.54544340 
 H                    -1.27935503    -1.46499112     5.94044166 
 O                     0.09231348     0.38623804     8.15822477 
 H                     0.86514482     1.49954893     5.29263101 
 H                     2.60654390     0.42710900     7.37154727 
 C                     3.42171581     1.66475444     5.78576226 
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 H                     3.12136820     2.57046642     5.23889180 
 H                     4.33117732     1.92793485     6.34166506 
 C                     3.75755807     0.54369024     4.78061592 
 H                     2.85447395     0.31631298     4.19834527 
 C                     4.22234179    -0.74702705     5.47108988 
 H                     4.48828119    -1.50771899     4.72692040 
 H                     5.10700686    -0.56506226     6.09527992 
 H                     3.44451456    -1.17484170     6.11203156 
 C                     4.83001127     1.04606219     3.80138580 
 H                     5.06878304     0.28190138     3.05226485 
 H                     4.49656495     1.94385330     3.26673332 
 H                     5.75881135     1.29668329     4.33066036 
 O                     3.03706564     2.24887113     8.94351107 
 H                     1.11478773     3.70715874     6.87227367 
 H                     2.69909101     4.81785936     9.03049901 
 C                     0.95241174     5.86368187     8.33261268 
 H                     0.85030222     6.49668275     9.22372739 
 H                    -0.06390594     5.63453561     7.98825328 
 O                     2.93558894     6.62696822     7.17443407 
 C                     1.70484903     6.68187548     7.29288943 
 H                     1.37437058     7.99281096     5.76513163 
 H                    -0.06164422     7.43628704     6.57630807 
 O                     1.42289331     4.56456335    11.16348526 
 H                    -0.35433247     2.99346425     9.05551862 
 C                    -0.80787834     2.81241250    11.11353286 
 H                    -0.38008745     3.26308029    12.01041999 
 H                    -1.87786098     3.04689386    11.06197168 
 H                    -0.68781494     1.72342512    11.15979463 
 N                     0.94264182     7.53189148     6.56668307 
 
 
 
4I*-B 

   160 
  
 C                    -1.71586768    -5.57517410    -3.94527969 
 H                    -2.27122474    -6.35044592    -4.46550901 
 C                    -1.76490851    -4.24845417    -4.39212482 
 H                    -2.36804460    -3.99358274    -5.25973838 
 C                    -0.94114604    -5.89140124    -2.82031659 
 H                    -0.89576438    -6.91658814    -2.46164750 
 C                    -1.05622756    -3.24823343    -3.74093226 
 H                    -1.12010579    -2.23598712    -4.11388932 
 C                    -0.23172393    -4.90045940    -2.16181953 
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 H                     0.36957125    -5.15483991    -1.29219801 
 C                    -0.25603955    -3.53735564    -2.59532041 
 C                     0.52973333    -2.60933432    -1.86574863 
 H                     1.03589929    -3.02601723    -0.99711824 
 C                     0.72610925    -1.12159836    -1.97926992 
 H                     1.76245606    -0.91778088    -1.68037136 
 C                     0.49464800    -0.43705575    -3.33178960 
 H                     0.87100529     0.58857497    -3.27966057 
 H                     1.02196976    -0.96237143    -4.13603609 
 H                    -0.56982990    -0.38458511    -3.57210187 
 O                    -0.14988123    -0.50872935    -1.01843332 
 Fe                    0.12284501     0.40112978     0.50278259 
 N                    -1.11270016     1.85911283    -0.12573634 
 N                     1.68775556     1.38251771    -0.29982621 
 N                     1.38497816    -1.02244437     1.20939224 
 N                    -1.41381877    -0.52700924     1.40840434 
 C                    -2.47225037     1.90769549     0.04388052 
 C                    -3.01444797     3.05519466    -0.64467900 
 C                    -1.96681986     3.69476450    -1.23325046 
 C                    -0.78285475     2.93453405    -0.91489688 
 C                     1.63729182     2.52287014    -1.06870712 
 C                     2.96411374     2.88360310    -1.49706669 
 C                     3.81570428     1.95560680    -0.97553991 
 C                     3.01235274     1.01707599    -0.23599725 
 C                     2.75067285    -1.05099319     1.07406490 
 C                     3.28421624    -2.23321460     1.70703010 
 C                     2.22497685    -2.91548135     2.22277028 
 C                     1.04215607    -2.14852341     1.91155429 
 C                    -1.38061191    -1.74606974     2.04263300 
 C                    -2.71331963    -2.13554044     2.43166549 
 C                    -3.55036075    -1.14337038     2.02069843 
 C                    -2.73267273    -0.14848712     1.37078591 
 C                    -3.23356858     0.98895038     0.75348998 
 H                    -4.30628792     1.14943120     0.79282724 
 C                     0.49073308     3.25071432    -1.36304239 
 H                     0.60200263     4.14684104    -1.96352138 
 C                     3.51688307    -0.10389815     0.41093055 
 H                     4.59003646    -0.26090064     0.37500149 
 C                    -0.24560619    -2.50411152     2.28814918 
 H                    -0.37253513    -3.43902732     2.82421152 
 H                    -1.97186563     4.59838229    -1.82818482 
 H                    -4.06411573     3.31973639    -0.66538479 
 H                     3.19709443     3.74033290    -2.11638667 
 H                     4.89106935     1.89159306    -1.08231015 
 H                     4.33509505    -2.49004000     1.74436290 
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 H                     2.22630110    -3.84616032     2.77566043 
 H                    -2.95795676    -3.05484323     2.94818216 
 H                    -4.62639535    -1.08360705     2.12270760 
 S                     0.55342990     1.56752245     2.62060820 
 C                     1.31152256     3.20857758     2.29849805 
 H                     2.17057223     3.28862110     2.97401962 
 H                     1.68766920     3.25295919     1.27814011 
 H                    -0.33063641     4.46898545     1.71886287 
 C                     0.39459696     4.43096292     2.52771445 
 C                    -0.29619591     4.37844126     3.90148907 
 N                    -1.65030921     4.29235794     3.93391299 
 C                    -2.36469537     4.29749146     5.22680035 
 C                    -1.98520670     3.15174924     6.17355372 
 N                    -1.72252083     1.95151860     5.59898881 
 C                    -1.44638139     0.75355177     6.39331364 
 C                    -0.09325057     0.85591964     7.13236985 
 N                     0.97720228     1.23246806     6.37933184 
 C                     2.28731857     1.43099037     6.99431147 
 C                     2.28145236     2.55321915     8.05397878 
 N                     1.59855263     3.70219546     7.77173055 
 C                     1.59554898     4.75462175     8.78622685 
 C                     0.90547172     4.34468249    10.11265033 
 N                    -0.21207733     3.58574279     9.98216983 
 N                     1.20898240     5.63399674     2.39896762 
 C                     0.99986447     6.50911728     1.37225222 
 C                     1.88713584     7.77490535     1.32415923 
 N                     3.18189487     7.64161193     2.01992078 
 C                     3.24001712     7.92164385     3.35520109 
 C                     4.59256212     7.76967679     4.07398770 
 N                     4.50344489     8.24319159     5.43289232 
 C                     5.14765519     9.38285455     5.81952432 
 C                     4.97282510     9.74883411     7.28521866 
 H                     4.40297102     9.00500133     7.84850057 
 H                     4.46634354    10.71776683     7.35040985 
 H                     5.96152169     9.86789119     7.73923766 
 O                     5.82358272    10.06624252     5.05148181 
 H                     3.92356358     7.71085891     6.08857555 
 H                     5.34825975     8.38286880     3.57219418 
 C                     5.01499268     6.28043557     4.09377601 
 H                     6.03012064     6.19956320     4.49310939 
 H                     4.34946160     5.71874602     4.75852599 
 H                     4.99011264     5.81209501     3.10548651 
 O                     2.19015830     8.16203168     3.96290753 
 C                     4.32059959     7.65251384     1.07773840 
 H                     4.84184092     8.61755859     1.12498575 
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 H                     5.04255626     6.86650797     1.31234215 
 C                     3.65130314     7.44951659    -0.28880866 
 H                     4.24765234     7.87055399    -1.10328808 
 H                     3.51814476     6.37842386    -0.48492386 
 C                     2.28468521     8.13130070    -0.11870061 
 H                     2.39024014     9.21811002    -0.21022735 
 H                     1.52832970     7.79374592    -0.82839241 
 H                     1.30778559     8.56974583     1.80437033 
 O                     0.15520135     6.32186858     0.49658161 
 H                     1.75118199     5.92494683     3.20275341 
 O                     0.38563212     4.37461148     4.93855704 
 C                    -2.57461243     4.51967172     2.79460078 
 H                    -2.17384898     5.26170828     2.10145136 
 H                    -2.72807754     3.58479721     2.24523123 
 C                    -3.86656458     4.99386798     3.47351772 
 H                    -3.82989134     6.07813070     3.63181858 
 H                    -4.75393177     4.77395156     2.87276855 
 C                    -3.85118263     4.26095293     4.82118934 
 H                    -4.17315839     3.22055046     4.69422533 
 H                    -4.48647330     4.71997824     5.58231554 
 H                    -2.12971632     5.21664417     5.77452015 
 O                    -2.01759123     3.33455275     7.38788508 
 H                    -1.58491087     1.90886924     4.59395527 
 H                    -2.18696984     0.70650565     7.19577417 
 C                    -1.52440973    -0.50372182     5.52855876 
 H                    -2.52146290    -0.61120777     5.08877108 
 H                    -0.78946565    -0.47960882     4.71780316 
 H                    -1.32148845    -1.38273672     6.14811905 
 O                    -0.00312437     0.54727198     8.31530617 
 H                     0.82625782     1.56462885     5.43382606 
 H                     2.53219877     0.53688673     7.57156568 
 C                     3.37814665     1.70738943     5.94923796 
 H                     3.08841968     2.59200757     5.36334159 
 H                     4.28194496     1.99006503     6.50472269 
 C                     3.72063693     0.54498751     4.99487728 
 H                     2.81414949     0.27421093     4.43654510 
 C                     4.21576013    -0.70307097     5.74083014 
 H                     4.46375035    -1.50233932     5.03203958 
 H                     5.11833449    -0.48069722     6.32508969 
 H                     3.46283787    -1.09767665     6.43109964 
 C                     4.77160800     1.01427258     3.97691537 
 H                     5.01603855     0.21527739     3.26737184 
 H                     4.41462159     1.87569556     3.39927759 
 H                     5.70095307     1.31082852     4.48095908 
 O                     2.93788610     2.41874211     9.07943540 
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 H                     1.08951006     3.82298655     6.90291903 
 H                     2.62620884     4.99139646     9.05710226 
 C                     0.90063295     6.02120699     8.28544870 
 H                     0.77340517     6.68439264     9.15116573 
 H                    -0.10565156     5.78335998     7.91804085 
 O                     2.91668536     6.70827364     7.13702559 
 C                     1.68697032     6.80177796     7.24171637 
 H                     1.40940443     8.07463555     5.67476241 
 H                    -0.04810849     7.59941908     6.49620512 
 O                     1.30496047     4.81559271    11.17318690 
 H                    -0.43503278     3.19183358     9.07655800 
 C                    -0.92911798     3.06257237    11.12919182 
 H                    -0.50575846     3.52149294    12.02401138 
 H                    -1.99569173     3.30949712    11.06420654 
 H                    -0.82238666     1.97314027    11.19082094 
 N                     0.95903970     7.66281968     6.49273593 
 
4E-B 

   160 
  
 C                    -2.92800187    -4.75815844    -3.51754458 
 H                    -3.71130886    -5.37032441    -3.95604294 
 C                    -3.08178001    -3.37305235    -3.43599848 
 H                    -3.98965436    -2.90371021    -3.80578226 
 C                    -1.76454263    -5.35507181    -3.02505314 
 H                    -1.63920705    -6.43310829    -3.07981826 
 C                    -2.07639674    -2.58412785    -2.87326846 
 H                    -2.19436038    -1.50805804    -2.79620564 
 C                    -0.76181582    -4.56917668    -2.45835986 
 H                     0.13975078    -5.03879631    -2.07043750 
 C                    -0.90396075    -3.17616538    -2.38688465 
 C                     0.19577405    -2.36571006    -1.78369999 
 H                     0.65299813    -2.81128250    -0.89921942 
 C                     1.04105776    -1.40604005    -2.53725582 
 H                     2.03383045    -1.21859971    -2.12596362 
 C                     0.88565606    -1.10672618    -4.00422441 
 H                     1.03057406    -0.03568717    -4.18717590 
 H                     1.64514073    -1.65185259    -4.57730939 
 H                    -0.10117199    -1.39429170    -4.37456872 
 O                    -0.00869269    -0.94562944    -1.65814310 
 Fe                    0.37096961     0.36093386     0.60772877 
 N                    -1.25767736     1.35962034    -0.03156109 
 N                     1.53134216     1.58841482    -0.48055027 
 N                     1.96597836    -0.83527836     0.92941150 
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 N                    -0.81555483    -1.03518000     1.42766533 
 C                    -2.57220686     1.04885348     0.22268843 
 C                    -3.44090201     2.04615163    -0.35044275 
 C                    -2.63801757     2.97083595    -0.94827873 
 C                    -1.27988266     2.53258063    -0.74983200 
 C                     1.13834332     2.74546449    -1.11952709 
 C                     2.27957281     3.41495840    -1.68268741 
 C                     3.37027164     2.64780655    -1.39464607 
 C                     2.89796986     1.51520860    -0.64391517 
 C                     3.27534183    -0.57993142     0.58701812 
 C                     4.14057222    -1.59876031     1.12543210 
 C                     3.34748018    -2.46598870     1.81370684 
 C                     1.99555064    -1.98332692     1.68881135 
 C                    -0.41995668    -2.17063963     2.10072997 
 C                    -1.56833320    -2.87804381     2.60226987 
 C                    -2.66747701    -2.16975357     2.21804909 
 C                    -2.19224788    -1.02295259     1.49009515 
 C                    -3.01650121    -0.05762363     0.93236712 
 H                    -4.08780363    -0.17929505     1.05644350 
 C                    -0.16634428     3.20244015    -1.23435892 
 H                    -0.32410470     4.14570951    -1.74511663 
 C                     3.71664143     0.50756357    -0.15116514 
 H                     4.78080397     0.58252935    -0.35039868 
 C                     0.88939212    -2.60743636     2.24577554 
 H                     1.05666066    -3.51462914     2.81716034 
 H                    -2.92186761     3.86529044    -1.48780844 
 H                    -4.52212041     2.02281869    -0.29947866 
 H                     2.23354960     4.34740915    -2.22986374 
 H                     4.40490599     2.81910533    -1.66341668 
 H                     5.21447562    -1.62740706     0.99262623 
 H                     3.63563710    -3.35390337     2.36163553 
 H                    -1.52457714    -3.80168943     3.16484421 
 H                    -3.71061740    -2.39461804     2.39962993 
 S                     0.62131936     1.58125797     2.79993337 
 C                     1.49233827     3.16648523     2.44816938 
 H                     2.28956396     3.26698592     3.19249049 
 H                     1.95457342     3.13521655     1.46197653 
 H                    -0.06229445     4.42724057     1.65972644 
 C                     0.59325809     4.41932587     2.52674995 
 C                    -0.20676299     4.44324418     3.83904302 
 N                    -1.56043835     4.38215307     3.76705513 
 C                    -2.36909908     4.41912985     5.00106002 
 C                    -2.08677016     3.28098866     5.99261237 
 N                    -1.80553432     2.06662932     5.45545997 
 C                    -1.60479246     0.88584497     6.29680092 
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 C                    -0.30702541     0.97300051     7.13150475 
 N                     0.82407356     1.30819624     6.45366768 
 C                     2.09012537     1.48966051     7.15872066 
 C                     2.03447752     2.63469126     8.19298334 
 N                     1.40042093     3.78865987     7.83022662 
 C                     1.33712365     4.87421855     8.80533423 
 C                     0.53759332     4.52508777    10.08630010 
 N                    -0.58160725     3.78124066     9.89600201 
 N                     1.44161951     5.60073704     2.40856164 
 C                     1.34043947     6.43246079     1.33307587 
 C                     2.26703561     7.67156189     1.30411502 
 N                     3.49708200     7.53349241     2.10816081 
 C                     3.46244429     7.86880124     3.43211984 
 C                     4.74291554     7.67519874     4.26596855 
 N                     4.57443846     8.21147611     5.59394159 
 C                     5.25111818     9.32980121     5.98696881 
 C                     4.98867702     9.76303363     7.42110342 
 H                     4.35059498     9.06566763     7.97057291 
 H                     4.51744174    10.75180619     7.41174410 
 H                     5.94702288     9.86535192     7.93948318 
 O                     6.01812087     9.94659370     5.24834368 
 H                     3.92919917     7.73248363     6.22946499 
 H                     5.56853276     8.22671525     3.80420156 
 C                     5.08053727     6.16881950     4.37536430 
 H                     6.04402491     6.05257115     4.87963905 
 H                     4.32264610     5.66382401     4.98458805 
 H                     5.13220066     5.66763283     3.40426421 
 O                     2.38470614     8.19765963     3.94122768 
 C                     4.70549799     7.45254676     1.26135870 
 H                     5.26512516     8.39579312     1.31038529 
 H                     5.37075457     6.64856371     1.58589445 
 C                     4.13844237     7.21561087    -0.14583868 
 H                     4.81421136     7.57800289    -0.92590444 
 H                     3.97720944     6.14291553    -0.30938913 
 C                     2.79038143     7.95235535    -0.11447386 
 H                     2.94361698     9.03001356    -0.24066818 
 H                     2.07983691     7.61101349    -0.86836113 
 H                     1.67602979     8.50290315     1.70100079 
 O                     0.56271003     6.22990154     0.39960118 
 H                     1.93230140     5.91014431     3.23779346 
 O                     0.38893634     4.48851029     4.92552357 
 C                    -2.39199072     4.55300380     2.55257419 
 H                    -1.93043487     5.25543589     1.85534955 
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 H                    -2.51745268     3.59268506     2.03974727 
 C                    -3.72504783     5.07123297     3.10878129 
 H                    -3.68563475     6.16112112     3.22116110 
 H                    -4.56581047     4.83122800     2.45125488 
 C                    -3.82271353     4.39656945     4.48394028 
 H                    -4.15838212     3.35858484     4.37558333 
 H                    -4.50219372     4.89912316     5.17633657 
 H                    -2.16091332     5.34331650     5.55073554 
 O                    -2.21978568     3.47775095     7.19830746 
 H                    -1.51777178     2.01656808     4.48154526 
 H                    -2.40136008     0.87659504     7.04466219 
 C                    -1.65705261    -0.39268942     5.45932876 
 H                    -2.62494690    -0.48494139     4.95554857 
 H                    -0.86777685    -0.41075095     4.70093548 
 H                    -1.52277759    -1.26066600     6.11227324 
 O                    -0.31515602     0.70131670     8.32749278 
 H                     0.76562043     1.56149698     5.47244146 
 H                     2.27057586     0.60434251     7.77328484 
 C                     3.26174331     1.71085659     6.19007192 
 H                     3.04708936     2.59636810     5.57441384 
 H                     4.13455325     1.96696306     6.80495775 
 C                     3.62355457     0.52208958     5.27543915 
 H                     2.74533516     0.27585963     4.66355945 
 C                     4.02346090    -0.72985035     6.07041708 
 H                     4.30958510    -1.54254036     5.39129504 
 H                     4.88052289    -0.52460048     6.72520018 
 H                     3.20595406    -1.09834855     6.69902010 
 C                     4.75226235     0.93536682     4.31806750 
 H                     5.00011115     0.11993796     3.62827949 
 H                     4.46592419     1.80620214     3.71569399 
 H                     5.66348566     1.19656837     4.87249214 
 O                     2.61591632     2.51458712     9.26434537 
 H                     0.94860505     3.88219063     6.92674608 
 H                     2.34804997     5.10458375     9.14737488 
 C                     0.70799460     6.13277447     8.20605722 
 H                     0.51537686     6.82547100     9.03562754 
 H                    -0.26503736     5.89419836     7.75890234 
 O                     2.82708368     6.78216522     7.23152230 
 C                     1.59245169     6.86923740     7.20933728 
 H                     1.46340528     8.08363372     5.57253446 
 H                    -0.06369055     7.60889191     6.25610357 
 O                     0.86105295     5.02956337    11.15761097 
 H                    -0.74971175     3.35981560     8.99095802 
 C                    -1.41321235     3.34002922    10.99880080 
 H                    -1.06582228     3.84588476    11.90102336 
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 H                    -2.46345379     3.59770165    10.81687877 
 H                    -1.33580434     2.25484968    11.13622797 
 N                     0.93780874     7.68538211     6.35140550 
 

 

2TS1*-A 
 
 C                    -0.09430445    -6.21778372    -1.56005032 
 H                    -0.38365815    -7.26113859    -1.46896857 
 C                    -0.67560536    -5.40954114    -2.54193551 
 H                    -1.41496110    -5.82754618    -3.22000509 
 C                     0.86737594    -5.67517279    -0.70218119 
 H                     1.32917788    -6.29550017     0.06139295 
 C                    -0.31293251    -4.07209546    -2.66568351 
 H                    -0.76490995    -3.47682359    -3.44797071 
 C                     1.23692710    -4.34135062    -0.82598142 
 H                     1.98265642    -3.92108407    -0.15588218 
 C                     0.64999993    -3.49759218    -1.80139110 
 C                     1.10705685    -2.12463863    -1.85299564 
 H                     1.97774962    -1.92485920    -1.23303729 
 C                     0.57943041    -1.00910024    -2.48294449 
 H                     1.20432603    -0.12293833    -2.44633490 
 C                    -0.56775919    -0.94994637    -3.45184432 
 H                    -0.84796486     0.09100068    -3.62986927 
 H                    -0.29422123    -1.39802334    -4.41824047 
 H                    -1.44543840    -1.47279686    -3.06363134 
 O                    -0.46273627    -0.30019410    -0.86846641 
 Fe                   -0.17116699     0.83922208     0.33107227 
 N                    -1.76105015     1.94136382    -0.25592290 
 N                     1.05292280     2.01204460    -0.74938235 
 N                     1.44322037    -0.12702224     1.06898811 
 N                    -1.37259714    -0.18775007     1.59029102 
 C                    -3.06231815     1.79428355     0.14273002 
 C                    -3.90474520     2.75093244    -0.53949072 
 C                    -3.09256106     3.47722424    -1.35210141 
 C                    -1.75303631     2.96748335    -1.16150268 
 C                     0.67542582     3.03694919    -1.58375308 
 C                     1.83431065     3.61022688    -2.22164205 
 C                     2.91778956     2.92274512    -1.76454243 
 C                     2.42252575     1.92587997    -0.84869219 
 C                     2.75662951     0.05125126     0.71402017 
 C                     3.59177755    -0.90940076     1.39546950 
 C                     2.76394844    -1.67381009     2.16069336 
 C                     1.42409960    -1.17874630     1.95021967 
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 C                    -1.00114468    -1.23211985     2.39453845 
 C                    -2.15754634    -1.77748628     3.06715151 
 C                    -3.22892657    -1.04621556     2.65866229 
 C                    -2.72863277    -0.05966557     1.72946931 
 C                    -3.52185355     0.86823362     1.06835264 
 H                    -4.58502382     0.86440806     1.28777445 
 C                    -0.62598310     3.47552475    -1.79125207 
 H                    -0.76902015     4.29744042    -2.48608691 
 C                     3.22182535     1.00883394    -0.17869689 
 H                     4.29130362     1.04817425    -0.36165019 
 C                     0.29372335    -1.70194995     2.56218545 
 H                     0.43595253    -2.53962872     3.23804544 
 H                    -3.35311938     4.29063825    -2.01735806 
 H                    -4.97422737     2.84032639    -0.39698496 
 H                     1.80536972     4.43371968    -2.92392835 
 H                     3.96169306     3.06492875    -2.01423242 
 H                     4.66796211    -0.97244374     1.29417004 
 H                     3.02094054    -2.49093100     2.82306683 
 H                    -2.13106620    -2.60829644     3.76074043 
 H                    -4.26776043    -1.15099338     2.94477541 
 S                     0.04825750     2.34286717     2.31738643 
 C                     1.66314363     3.19084353     2.25590631 
 H                     1.70214429     3.85260539     3.12915869 
 H                     2.49489471     2.48349852     2.32709035 
 H                     1.77749100     3.79719083     1.35352332 
 
 

 

 

 

 

 

 

 

 

 



279 
 

Appendix C:  Computational and Submission Scripts 

 

C1: NWCHEM Single Point Calculation 

 

START Example #Example is the name of the job.  
PERMANENT_DIR ./perm #Subdirectory to store checkpoint files. 
MEMORY total 4 gb 
ECHO 
# 
geometry noautosym nocenter print xyz 
 O                   -10.28013989     4.67864101    -4.96027930 
 C                   -10.97264840     5.56658240    -4.45430786 
 N                   -12.15569015     5.28509889    -3.84775419 
 C                   -12.69930439     3.94019405    -3.74412443 
 C                   -10.54071487     7.02591121    -4.49476332 
 H                   -12.69267645     6.05021152    -3.46551144 
 H                   -13.66861430     3.87120960    -4.25015177 
 H                   -12.82330954     3.64896736    -2.69516929 
 H                   -11.99453047     3.26238367    -4.22576516 
 H                   -11.25817175     7.71151865    -4.03380551 
 H                   -10.38973105     7.31573353    -5.53882701 
 H                    -9.57866178     7.12361427    -3.98191200 
 C                    -3.92656048    -1.71034107    -0.96530533 
 C                    -2.99789588    -0.61816866    -0.80384910 
 N                    -1.71956032    -1.11027092    -0.63804224 
 C                    -1.82689010    -2.48721062    -0.69458724 
 C                    -3.20575048    -2.86352938    -0.89125350 
 C                    -3.37219532     0.73619768    -0.80333339 
 C                    -2.44697375     1.77019956    -0.62209591 
 N                    -1.07299713     1.62913437    -0.43576114 
 C                    -0.56091996     2.90800981    -0.33135869 
 C                    -1.63480160     3.86927400    -0.41694267 
 C                    -2.78770936     3.17229040    -0.59979778 
 C                     0.78861106     3.25436324    -0.17744060 
 C                     1.84982531     2.34902690    -0.13641114 
 N                     1.73932189     0.98298078    -0.19740280 
 C                     3.03146947     0.49843649    -0.12227225 
 C                     3.96464890     1.59152538    -0.00084127 
 C                     3.23274841     2.73882570    -0.00776995 
 Fe                    0.02794368    -0.06347122    -0.56034236 
 S                    -0.54962611    -0.01636099     1.98113669 
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 C                     0.42895132     1.29392786     2.78702692 
 C                     3.39801749    -0.84432917    -0.14560854 
 C                     2.46203987    -1.89299424    -0.25708021 
 N                     1.09036334    -1.76637654    -0.36671017 
 C                     0.58045594    -3.04356318    -0.44705498 
 C                     1.65752704    -4.00082929    -0.37314255 
 C                     2.81647607    -3.29149500    -0.25958627 
 C                    -0.77484308    -3.39901771    -0.59073269 
 H                     4.44889174    -1.10131913    -0.07336678 
 H                     1.53033697    -5.07541991    -0.40691882 
 H                     5.03827321     1.47720998     0.07726982 
 H                     3.58018606     3.76164762     0.06093642 
 H                     1.02517860     4.31164251    -0.12556423 
 H                    -1.50125361     4.94215930    -0.36612520 
 H                    -3.79088292     3.55828388    -0.72703495 
 H                    -4.41370330     0.99040801    -0.96028826 
 H                    -4.99127227    -1.59171015    -1.11870373 
 H                    -3.56063521    -3.88353066    -0.96587483 
 H                    -1.01268038    -4.45602844    -0.64250030 
 H                     3.82777573    -3.67004770    -0.18103426 
 H                     0.13742892     1.36039445     3.84035356 
 H                     1.50045116     1.09379118     2.70880144 
 H                     0.22097087     2.26032668     2.31296012 
 O                     0.19328935     0.00015457    -2.17768331 
 C                    -2.23282613    -0.82166948    -4.82509215 
 C                    -3.07824160     0.43732407    -4.79472262 
 O                    -2.61711060     1.56157037    -4.95122507 
 O                    -4.37103352     0.20105354    -4.59189852 
 H                    -1.74553233    -0.89551977    -5.80316023 
 H                    -2.83273982    -1.71508646    -4.64392217 
 H                    -1.44255746    -0.73993520    -4.07077061 
 N                    -5.87411176     2.48898470    -4.77627027 
 C                    -5.42037829     3.67765684    -5.31098929 
 C                    -6.47192268     4.54483957    -5.50289199 
 N                    -7.59024700     3.85461587    -5.06542873 
 C                    -7.18062612     2.63198691    -4.64574676 
 C                    -6.57125644     5.92614490    -6.07049680 
 H                    -6.97633874     6.64259423    -5.34344536 
 H                    -5.58047108     6.28188997    -6.36730429 
 H                    -7.21650482     5.95550964    -6.95773483 
 H                    -8.55270796     4.20198653    -5.07298152 
 H                    -7.86148738     1.88526082    -4.26090618 
 H                    -4.88464290     1.07699448    -4.62440674 
 H                    -4.36919369     3.81766842    -5.52143645 
 O                    -0.22718091     2.57099446    -3.56522371 
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 H                     0.08023899     1.72291393    -3.20089822 
 H                    -0.99946738     2.31407363    -4.10270097 
 bqH                  -0.30533029     6.39043169    -3.46447214 
 bqH                  -1.30187651     5.84914350    -4.65744550 
 bqH                  -0.30938721     5.80142272    -4.26851399 
 N                    -0.70904694    -1.74475205     4.97427042 
 C                     0.49808949    -2.13120809     5.67799577 
 C                    -1.93885007    -2.24513897     5.29920849 
 C                    -3.08713336    -1.79739046     4.36409379 
 N                    -3.15804845    -0.35615140     4.15110794 
 C                    -3.55263156     0.50333906     5.13955917 
 C                    -3.48371516     1.98283591     4.77510574 
 C                    -3.06227829    -2.56811169     3.04084649 
 O                    -2.12975974    -3.04760024     6.20374889 
 O                    -3.95735389     0.12469152     6.23143256 
 H                    -0.62889869    -1.15838142     4.15345488 
 H                     1.19280040    -2.66706553     5.01832779 
 H                     1.01447383    -1.25772476     6.09512524 
 H                     0.20049617    -2.79263816     6.49336954 
 H                    -3.98558195    -2.07559386     4.92216754 
 H                    -2.16252263    -2.35734229     2.45540327 
 H                    -3.08746434    -3.64262495     3.24921674 
 H                    -3.93591953    -2.31203147     2.43235532 
 H                    -2.71216822     0.01721381     3.31954525 
 H                    -3.09339113     2.17375501     3.77023090 
 H                    -4.48795059     2.41166714     4.85356285 
 H                    -2.85467579     2.49722664     5.50869436 
end 
# 
BASIS spherical 
* library 6-31G* except Fe 
bqH library H 6-31G 
Fe library LANL2DZ_ecp 
END 
ECP 
Fe library LANL2DZ_ecp 
END 
######################################## 
DFT 
CONVERGENCE energy   1e-7 
CONVERGENCE density  1e-6 
CONVERGENCE gradient 5e-6 
vectors output SampleSP.mos 
semidirect memsize 80000000 filesize 0 
iterations 2000 
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xc b3lyp 
odft 
mult 2 
# grid lebedev 160 18 H 90 14 C 100 17 N 100 17 O 100 17 S 125 18 Fe 160 18 
grid lebedev 125 18 H 75 11 C 90 14 N 90 14 O 90 14 S 90 14 Fe 125 18 
#grid lebedev 90 14 H 75 11 C 75 11 
grid  ssf  euler 
END 
title "SampleSP" 
task dft   
 
 
 
C2. NWCHEM Geometry Optimization Job 
 
 
 
RESTART EXAMPLE  
#NOTE: RESTART CONTINUES PRIOR JOB 
PERMANENT_DIR ./perm 
MEMORY total 4 gb 
ECHO 
# 
#NOTE: Geometry is no longer needed as this is a continuation job 
#NOTE: Geometry constraints remain as they are evaluated at each step 
geometry adjust noautosym nocenter 
ZCOORD 
# O-O scission 
bond 55 76    
# N20-H77 
bond 20 77  
# His:N-H 
bond 63 74    
# Glu:O2-H 
bond 58 78  
# distal O-H 
bond 76 78  
# Glu:O2:H-Oprox 
bond 78 55  
# Fe-O 
bond 30 55 
#System Orientation Constraints 
bond 18 79 constant 
bond 24 79 constant 
bond 33 79 constant 
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bond 39 79 constant 
bond 56 79 constant 
bond 68 79 constant 
angle 18 79 80 constant 
angle 24 79 80 constant 
angle 33 79 80 constant 
angle 39 79 80 constant 
angle 56 79 80 constant 
angle 68 79 80 constant 
torsion 18 79 80 81 constant 
torsion 24 79 80 81 constant 
torsion 33 79 80 81 constant 
torsion 39 79 80 81 constant 
torsion 56 79 80 81 constant 
torsion 68 79 80 81 constant 
angle 68 65 80 constant 
#fix ghost atoms as well 
bond 56 80 constant 
bond 56 81 constant 
bond 68 80 constant 
bond 68 81 constant 
bond 80 18 constant 
bond 81 18 constant 
angle 81 18 24 constant 
angle 80 18 24 constant 
angle 81 18 24 constant 
torsion 79 18 24 33 constant 
torsion 80 18 24 33 constant 
torsion 81 18 24 33 constant 
# 
bond 80 79 constant 
bond 81 79 constant 
bond 80 81 constant 
# 
#fix orientation of ASP 
angle 2 66 67 constant 
angle 3 66 67 constant 
angle 5 66 67 constant 
torsion 5 2 66 67 constant 
torsion 3 2 66 67 constant 
# 
#fix prox region 
#  
torsion 15 30 31 82 constant 
torsion 30 31 82 84 constant 
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torsion 31 82 84 85 constant  
torsion 82 84 85 86 constant 
torsion 84 85 86 87 constant 
angle 30 31 82 constant 
bond 31 86 3.41 constant 
bond 31 82 3.46 constant 
# 
end 
end 
 
# 
#NOTE: Basis set data is no longer needed as this is a continuation job 
######################################## 
#NOTE: CONVERGENCE DATA LEFT AS IT IS EVALUATED AT EACH STEP 
DFT 
CONVERGENCE energy   1e-7 
CONVERGENCE density  1e-6 
CONVERGENCE gradient 5e-6 
vectors input SampleSP.mos output SampleOpt.mos 
semidirect memsize 80000000 filesize 0 
iterations 2000 
xc b3lyp 
odft 
mult 2 
# grid lebedev 160 18 H 90 14 C 100 17 N 100 17 O 100 17 S 125 18 Fe 160 18 
grid lebedev 125 18 H 75 11 C 90 14 N 90 14 O 90 14 S 90 14 Fe 125 18 
#grid lebedev 90 14 H 75 11 C 75 11 
grid  ssf  euler 
END 
driver 
#GMAX   0.0015 
#GRMS   0.0010 
#XMAX   0.0024 
#XRMS   0.0018 
# trust 0.1 
 default; maxiter 200; eprec 1e-6; xyz ./XYZ/ExampleOPT-1 
END 
title "SampleJob" 
task dft optimize  
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C3. NWCHEM Saddle Point Optimization 
 
 
 
RESTART EXAMPLE  
#SaddlePoint Optimization 
#NOTE: RESTART CONTINUES PRIOR JOB 
PERMANENT_DIR ./perm 
MEMORY total 4 gb 
ECHO 
# 
#NOTE: Geometry is no longer needed as this is a continuation job 
#NOTE: Geometry constraints remain as they are evaluated at each step 
geometry adjust noautosym nocenter 
ZCOORD 
# O-O scission 
bond 55 76    
# N20-H77 
bond 20 77  
# His:N-H 
bond 63 74    
# Glu:O2-H 
bond 58 78  
# distal O-H 
bond 76 78  
# Glu:O2:H-Oprox 
bond 78 55  
# Fe-O 
bond 30 55 
#System Orientation Constraints 
bond 18 79 constant 
bond 24 79 constant 
bond 33 79 constant 
bond 39 79 constant 
bond 56 79 constant 
bond 68 79 constant 
angle 18 79 80 constant 
angle 24 79 80 constant 
angle 33 79 80 constant 
angle 39 79 80 constant 
angle 56 79 80 constant 
angle 68 79 80 constant 
torsion 18 79 80 81 constant 
torsion 24 79 80 81 constant 
torsion 33 79 80 81 constant 
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torsion 39 79 80 81 constant 
torsion 56 79 80 81 constant 
torsion 68 79 80 81 constant 
angle 68 65 80 constant 
#fix ghost atoms as well 
bond 56 80 constant 
bond 56 81 constant 
bond 68 80 constant 
bond 68 81 constant 
bond 80 18 constant 
bond 81 18 constant 
angle 81 18 24 constant 
angle 80 18 24 constant 
angle 81 18 24 constant 
torsion 79 18 24 33 constant 
torsion 80 18 24 33 constant 
torsion 81 18 24 33 constant 
# 
bond 80 79 constant 
bond 81 79 constant 
bond 80 81 constant 
# 
#fix orientation of ASP 
angle 2 66 67 constant 
angle 3 66 67 constant 
angle 5 66 67 constant 
torsion 5 2 66 67 constant 
torsion 3 2 66 67 constant 
# 
#fix prox region 
#  
torsion 15 30 31 82 constant 
torsion 30 31 82 84 constant 
torsion 31 82 84 85 constant  
torsion 82 84 85 86 constant 
torsion 84 85 86 87 constant 
angle 30 31 82 constant 
bond 31 86 3.41 constant 
bond 31 82 3.46 constant 
# 
end 
end 
##NOTE: Basis set data is no longer needed as this is a continuation job 
######################################## 
#NOTE: CONVERGENCE DATA LEFT AS IT IS EVALUATED AT EACH STEP 
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DFT 
CONVERGENCE energy   1e-7 
CONVERGENCE density  1e-6 
CONVERGENCE gradient 5e-6 
vectors output SampleSP.mos 
semidirect memsize 80000000 filesize 0 
iterations 2000 
xc b3lyp 
odft 
mult 2 
# grid lebedev 160 18 H 90 14 C 100 17 N 100 17 O 100 17 S 125 18 Fe 160 18 
grid lebedev 125 18 H 75 11 C 90 14 N 90 14 O 90 14 S 90 14 Fe 125 18 
#grid lebedev 90 14 H 75 11 C 75 11 
grid  ssf  euler 
END 
driver 
#GMAX   0.0015 
#GRMS   0.0010 
#XMAX   0.0024 
#XRMS   0.0018 
# trust 0.1 
 default; maxiter 200; eprec 1e-6; xyz ./XYZ/ExampleSaddle-2 
END 
title "SampleJob" 
task dft saddle 
 
 
 
C4. NWCHEM Frequency Calculation 
 
 
 
RESTART Example 
PERMANENT_DIR ./perm 
MEMORY total 4 gb 
ECHO 
# 
#NOTE: Geometry is no longer needed as this is a continuation job 
#NOTE: Geometry constraints are not needed as the structure is not optimized 
#NOTE: Basis set data is no longer needed as this is a continuation job 
#NOTE: CONVERGENCE DATA LEFT AS IT IS EVALUATED AT EACH STEP 
######################################## 
DFT 
CONVERGENCE energy   1e-7 
CONVERGENCE density  1e-6 



288 
 

CONVERGENCE gradient 5e-6 
# direct 
#vectors output  
semidirect memsize 80000000 filesize 0 
iterations 2000 
xc b3lyp 
odft 
mult 2 
# grid lebedev 160 18 H 90 14 C 100 17 N 100 17 O 100 17 S 125 18 Fe 160 18 
grid lebedev 125 18 H 75 11 C 90 14 N 90 14 O 90 14 S 90 14 Fe 125 18 
#grid lebedev 90 14 H 75 11 C 75 11 
grid  ssf  euler 
END 
hessian 
  print "hess_follow" 
end 
freq 
 animate .03 
end 
title "SampleJob" 
task dft hessian numerical 
task dft freq numerical 
 
 
 
C5. NWCHEM Mulliken Job 
 
 
 
RESTART EXAMPLE  
#NOTE: RESTART CONTINUES PRIOR JOB 
PERMANENT_DIR ./perm 
MEMORY total 4 gb 
ECHO 
# 
property;Mulliken;end 
#NOTE: Geometry is no longer needed as this is a continuation run 
# 
#NOTE: Basis set data is no longer needed as this is a continuation run 
######################################## 
#NOTE: CONVERGENCE DATA LEFT AS IT IS EVALUATED AT EACH STEP 
DFT 
CONVERGENCE energy   1e-7 
CONVERGENCE density  1e-6 
CONVERGENCE gradient 5e-6 
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#NOTE: vectors not included/not necessary/RESTART file/vectors unchanged 
semidirect memsize 80000000 filesize 0 
iterations 2000 
xc b3lyp 
odft 
mult 2 
# grid lebedev 160 18 H 90 14 C 100 17 N 100 17 O 100 17 S 125 18 Fe 160 18 
grid lebedev 125 18 H 75 11 C 90 14 N 90 14 O 90 14 S 90 14 Fe 125 18 
#grid lebedev 90 14 H 75 11 C 75 11 
grid  ssf  euler 
END 
driver 
#GMAX   0.0015 
#GRMS   0.0010 
#XMAX   0.0024 
#XRMS   0.0018 
# trust 0.1 
 default; maxiter 200; eprec 1e-6; xyz ./XYZ/ExampleOPT-1 
END 
title "cpd1towards0withprox" 
task dft   
task property 
 
 
 
C6. NWCHEM NBO file generator (*.gen) 
 
 
 
RESTART EXAMPLE  
#NOTE: RESTART CONTINUES PRIOR JOB 
PERMANENT_DIR ./perm 
MEMORY total 4 gb 
ECHO 
# 
property;NBOFILE;end 
#NOTE: This will output .gen file. Change .gen to .47/Then run  
#GENNBO using NBO submission script 
#NOTE: Geometry is no longer needed as this is a continuation run 
# 
#NOTE: Basis set data is no longer needed as this is a continuation run 
######################################## 
#NOTE: CONVERGENCE DATA LEFT AS IT IS EVALUATED AT EACH STEP 
DFT 
CONVERGENCE energy   1e-7 
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CONVERGENCE density  1e-6 
CONVERGENCE gradient 5e-6 
#NOTE: vectors not included/not necessary/RESTART file/vectors unchanged 
semidirect memsize 80000000 filesize 0 
iterations 2000 
xc b3lyp 
odft 
mult 2 
# grid lebedev 160 18 H 90 14 C 100 17 N 100 17 O 100 17 S 125 18 Fe 160 18 
grid lebedev 125 18 H 75 11 C 90 14 N 90 14 O 90 14 S 90 14 Fe 125 18 
#grid lebedev 90 14 H 75 11 C 75 11 
grid  ssf  euler 
END 
driver 
#GMAX   0.0015 
#GRMS   0.0010 
#XMAX   0.0024 
#XRMS   0.0018 
# trust 0.1 
 default; maxiter 200; eprec 1e-6; xyz ./XYZ/ExampleOPT-1 
END 
title "cpd1towards0withprox" 
task dft   
task property 
 
 
 
C7. Gaussian Single Point Calculation Job 
 
 
%CHK=SampleFeHOOH 
%MEM=1GB 
#UB3LYP/gen GFInput scf=(tight,XQC) nosymm int=(grid=ultrafine)   
  
SP energy calculation of doublet FeHOOH ! Title 
  
0 2  
 O                   -10.27708700     4.49546998    -5.17994838 
 C                   -11.10259823     5.36078734    -4.87105973 
 N                   -12.32409659     5.03316780    -4.37645351 
 C                   -12.76239344     3.66109586    -4.17337375 
 C                   -10.79681172     6.84194599    -5.03871064 
 H                   -12.96835148     5.77938441    -4.15713229 
 H                   -13.65155787     3.44313113    -4.77509187 
 H                   -12.99208286     3.47721518    -3.11802546 
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 H                   -11.94910971     3.00580601    -4.48511702 
 H                   -11.61689026     7.49903396    -4.73407438 
 H                   -10.55877804     7.03285538    -6.08950504 
 H                    -9.90873395     7.08821091    -4.44821909 
 C                    -4.24624691    -1.33075699    -0.89914580 
 C                    -3.20767717    -0.33475028    -0.78729114 
 N                    -1.97687871    -0.88384939    -0.63779145 
 C                    -2.21499911    -2.22143452    -0.66379503 
 C                    -3.61666228    -2.52884768    -0.81103680 
 C                    -3.40957730     1.00353394    -0.87532924 
 C                    -2.47682439     2.02840348    -0.73452080 
 N                    -1.13042484     1.88212072    -0.52841523 
 C                    -0.60495935     3.15564495    -0.46848024 
 C                    -1.65887098     4.12713518    -0.62935772 
 C                    -2.81506078     3.42953721    -0.80446380 
 C                     0.74211136     3.45848879    -0.29811869 
 C                     1.75271674     2.49194228    -0.20312035 
 N                     1.57139573     1.11672680    -0.29532867 
 C                     2.83101915     0.54270877    -0.14980367 
 C                     3.81040004     1.58325356     0.02067861 
 C                     3.14907296     2.77859040    -0.01092542 
 Fe                   -0.20035162     0.13201885    -0.37362003 
 S                    -0.46184634    -0.00427837     1.85762887 
 C                     0.27540144     1.47676989     2.64243131 
 C                     3.11701142    -0.82889761    -0.18916661 
 C                     2.12297897    -1.81333356    -0.32945549 
 N                     0.75719239    -1.60503106    -0.44677619 
 C                     0.16340453    -2.84827559    -0.52377718 
 C                     1.18532907    -3.86717392    -0.47245444 
 C                     2.38609888    -3.23281480    -0.35564527 
 C                    -1.21277460    -3.13463609    -0.61580579 
 H                     4.14860831    -1.14756959    -0.09258205 
 H                     0.99416622    -4.93192515    -0.51945484 
 H                     4.87257768     1.41251491     0.14394352 
 H                     3.56575625     3.77377316     0.08138553 
 H                     1.03331040     4.50218117    -0.24425599 
 H                    -1.51335407     5.19998263    -0.62353887 
 H                    -3.81272369     3.81063001    -0.98038712 
 H                    -4.42932456     1.33636202    -1.05236848 
 H                    -5.29742625    -1.11377794    -1.03513510 
 H                    -4.02917985    -3.52837555    -0.85359758 
 H                    -1.47227312    -4.18890568    -0.65394116 
 H                     3.37181883    -3.67609182    -0.28924438 
 H                     0.04995589     1.41357442     3.71237752 
 H                     1.35941062     1.50082980     2.51022504 
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 H                    -0.15966955     2.39554998     2.24294399 
 O                   -0.11086718     0.22173625    -2.59870225 
 C                    -2.36880205    -0.81664983    -4.28222251 
 C                    -2.96889640     0.54947371    -4.09252359 
 O                   -2.29861573     1.53092345    -3.77005099 
 O                   -4.27543144     0.55911173    -4.28285540 
 H                    -1.42273692    -0.73662146    -4.82247498 
 H                    -3.05605411    -1.47311306    -4.81986347 
 H                    -2.14566566    -1.26091670    -3.30908541 
 N                    -5.76818357     2.78754101    -4.22189856 
 C                    -5.35345463     3.94396650    -4.84334953 
 C                    -6.43788207     4.67689805    -5.26230590 
 N                    -7.54193578     3.94180779    -4.87576029 
 C                    -7.08950568     2.81735760    -4.26412662 
 C                    -6.49563791     5.98397722    -5.98376477 
 H                    -7.01758976     6.75719426    -5.40416271 
 H                    -5.48036832     6.34282710    -6.17377588 
 H                    -7.00670939     5.89885770    -6.95142803 
 H                    -8.52282967     4.19198663    -5.03445079 
 H                    -7.75026401     2.05499840    -3.87591353 
 H                    -4.71133563     1.46662116    -4.14236162 
 H                    -4.30218496     4.17201619    -4.95489811 
 O                    1.12144701     0.77248227    -3.13574791 
 H                     1.53728950     1.06086592    -2.29551723 
 H                    -0.79012668     0.85312698    -2.96569065 
 N                    -0.39503662    -2.00727572     4.67811430 
 C                     0.85356454    -2.51860167     5.20918719 
 C                    -1.60672375    -2.48059381     5.09220484 
 C                    -2.82461404    -1.90326917     4.33230631 
 N                    -2.85244061    -0.44748977     4.24859576 
 C                    -3.09570620     0.34026275     5.33886482 
 C                    -3.01660628     1.84231157     5.08460584 
 C                    -2.98348753    -2.55358528     2.95593448 
 O                   -1.74728427    -3.34461355     5.94917762 
 O                   -3.37425216    -0.11388410     6.44162491 
 H                    -0.35796189    -1.40143722     3.86612915 
 H                     1.39809795    -3.11180928     4.46234803 
 H                     1.50226450    -1.70058174     5.54489903 
 H                     0.61091336    -3.15792424     6.05954923 
 H                    -3.66853403    -2.19571282     4.96406507 
 H                    -2.14689179    -2.32265205     2.29135029 
 H                    -3.03430018    -3.64078678     3.07530609 
 H                    -3.90735023    -2.21378038     2.47585516 
 H                    -2.52938609    -0.02276040     3.38578597 
 H                    -2.83804506     2.10588910     4.03725400 
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 H                    -3.95266501     2.30298795     5.41487181 
 H                    -2.21401837     2.26346771     5.69957441 
 
H C N S O 
6-31G* 
**** 
Fe 
LANL2DZ 
**** 
 
Fe 
LANL2DZ 
 
 
 
C8. Continuation Gaussian Single Point Calculation Job 
 
 
 
%CHK=SampleFeHOOH 
%MEM=1GB 
#UB3LYP/gen GFInput guess=read pseudo=read scf=(tight,XQC) nosymm 
int=(grid=ultrafine) geom=checkpoint   
  
Continued SP energy calculation of doublet FeHOOH ! Title 
  
0 2  
 
 
H C N S O 
6-31G* 
**** 
Fe 
LANL2DZ 
**** 
 
Fe 
LANL2DZ 
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C9. Gaussian Solvation Script 
 
 
%CHK=SampleFeHOOHsolv 
%MEM=1GB 
#UB3LYP/gen GFInput guess=read pseudo=read scf=(tight,XQC) 
SCRF=(solvent=chlorobenzene) nosymm int=(grid=ultrafine) geom=checkpoint  
  
Solvation ! Title 
  
0 2  
 
H C N S O 
6-31G* 
**** 
Fe 
LANL2DZ 
**** 
 
Fe 
LANL2DZ 
 
 
 
C10. Gaussian 09 Frequency Calculation 
 
 
 
%CHK=SampleFreq 
%MEM=1GB 
#UB3LYP/gen GFInput guess=read pseudo=read scf=(tight,XQC) nosymm 
int=(grid=ultrafine) freq geom=checkpoint   
  
Frequency Calculation ! Title 
 
  
0 2  
 
H C N S O 
6-31G* 
**** 
Fe 
LANL2DZ 
**** 
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Fe 
LANL2DZ 
 
 
 
C11. Gaussian 09 Stability Check 
 
 
 
%CHK=SampleStabilityCheck 
%MEM=1GB 
#UB3LYP/gen GFInput guess=read pseudo=read scf=(tight,XQC) nosymm 
int=(grid=ultrafine) stable test geom=checkpoint   
  
Stability Check ! Title 
 
  
0 2  
 
H C N S O 
6-31G* 
**** 
Fe 
LANL2DZ 
**** 
 
Fe 
LANL2DZ 
 
 
 
C12. Gaussian 09 NPA job 
 
 
 
%CHK=FeHOOH-NPA 
%MEM=256MB 
#UB3LYP/gen GFInput guess=read pseudo=read scf=(tight,XQC) pop=npa nosymm 
int=(grid=ultrafine) geom=checkpoint  
  
SP energy calculation of doublet Shaik 
  
0 2  
 
H C N S O 
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6-31G* 
**** 
Fe 
LANL2DZ 
**** 
 
Fe 
LANL2DZ 
 
 
 
C13. NWChem submission script 
 
 
# BSUB -a intelmpi 
# BSUB -q normal 
# BSUB -n 32 
#BSUB -R "rusage[mem=2048]" 
# BSUB -oo "sample.log" 
# BSUB -eo "sample.err" 
. $MODULESHOME/../global/profile.modules 
module load nwchem/6.1.1/intel-mkl-scpk 
mpirun.lsf nwchem sample.nw 
 
 
 
C14. Gaussian 09 submission script 
 
 
 
# BSUB -q normal 
# BSUB -n 1 
# BSUB -eo "sample.err" 
. $MODULESHOME/../global/profile.modules 
module load gaussian/09 
g09 sample.com sample.log 
 
 
 
C15. CHARMM Topology File (selected segments of file) 
 
! This section defines the atom type and mass 
 
MASS     1 H      1.00800 H ! polar H 
MASS     2 HC     1.00800 H ! N-ter H 
MASS     3 HA     1.00800 H ! nonpolar H 
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MASS     4 HT     1.00800 H ! TIPS3P WATER HYDROGEN 
MASS     5 HP     1.00800 H ! aromatic H 
MASS     6 HB     1.00800 H ! backbone H 
MASS     7 HR1    1.00800 H ! his he1, (+) his HG,HD2 
MASS     8 HR2    1.00800 H ! (+) his HE1 
MASS     9 HR3    1.00800 H ! neutral his HG, HD2 
MASS    10 HS     1.00800 H ! thiol hydrogen 
MASS    11 HE1    1.00800 H ! for alkene; RHC=CR 
MASS    12 HE2    1.00800 H ! for alkene; H2C=CR 
MASS    13 HA1    1.00800 H ! alkane, CH, new LJ params 
 
! This section declare the atom types that will be referenced in adjoining residues 
 
DECL -CA   
DECL -C   
DECL -O   
DECL +N   
DECL +HN   
DECL +CA   
 
!Default path for residues 
 
DEFA FIRS NTER LAST CTER    
AUTO ANGLES DIHE    
 
!Atoms in a defined residue divided into integral charge groups, 
with their respective individual charge. Additional connectivity 
included.  
 
RESI ALA          0.00 
GROUP    
ATOM N    NH1    -0.47  !     | 
ATOM HN   H       0.31  !  HN-N 
ATOM CA   CT1     0.07  !     |     HB1 
ATOM HA   HB      0.09  !     |    / 
GROUP                   !  HA-CA--CB-HB2 
ATOM CB   CT3    -0.27  !     |    \ 
ATOM HB1  HA      0.09  !     |     HB3 
ATOM HB2  HA      0.09  !   O=C 
ATOM HB3  HA      0.09  !     | 
GROUP                   ! 
ATOM C    C       0.51 
ATOM O    O      -0.51 
BOND CB CA  N  HN  N  CA   
BOND C  CA  C  +N  CA HA  CB HB1  CB HB2  CB HB3  
DOUBLE O  C  
IMPR N -C CA HN  C CA +N O    
CMAP -C  N  CA  C   N  CA  C  +N 
DONOR HN N    
ACCEPTOR O C    
IC -C   CA   *N   HN    1.3551 126.4900  180.0000 115.4200  0.9996 
IC -C   N    CA   C     1.3551 126.4900  180.0000 114.4400  1.5390 
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IC N    CA   C    +N    1.4592 114.4400  180.0000 116.8400  1.3558 
IC +N   CA   *C   O     1.3558 116.8400  180.0000 122.5200  1.2297 
IC CA   C    +N   +CA   1.5390 116.8400  180.0000 126.7700  1.4613 
IC N    C    *CA  CB    1.4592 114.4400  123.2300 111.0900  1.5461 
IC N    C    *CA  HA    1.4592 114.4400 -120.4500 106.3900  1.0840 
IC C    CA   CB   HB1   1.5390 111.0900  177.2500 109.6000  1.1109 
IC HB1  CA   *CB  HB2   1.1109 109.6000  119.1300 111.0500  1.1119 
IC HB1  CA   *CB  HB3   1.1109 109.6000 -119.5800 111.6100  1.1114 
 
 
 
C16. CHARMM Parameter File (selected segments of file) 
 
 
 
BONDS !  
! 
!V(bond) = Kb(b - b0)**2 
! 
!Kb: kcal/mole/A**2 
!b0: A 
! 
!atom type Kb          b0 
! 
!Carbon Dioxide 
CST  OST   937.96      1.1600 ! JES 
!Heme to Sulfate (PSUL) link 
SS   FE    250.0       2.3200 !force constant a guess 
           !equilbrium bond length optimized to reproduce  
           !CSD survey values of 
           !2.341pm0.01 (mean, standard error) 
           !adm jr., 7/01 
C    C     600.000     1.3350 ! ALLOW ARO HEM 
                ! Heme vinyl substituent (KK, from propene (JCS)) 
CA   CA    305.000     1.3750 ! ALLOW   ARO 
                ! benzene, JES 8/25/89 
CE1  CE1   440.000     1.3400   !  
  ! for butene; from propene, yin/adm jr., 12/95 
CE1  CE2   500.000     1.3420   !  
  ! for propene, yin/adm jr., 12/95 
 
ANGLES 
! 
!V(angle) = Ktheta(Theta - Theta0)**2 
! 
!V(Urey-Bradley) = Kub(S - S0)**2 
! 
!Ktheta: kcal/mole/rad**2 
!Theta0: degrees 
!Kub: kcal/mole/A**2 (Urey-Bradley) 
!S0: A 
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! 
!atom types     Ktheta    Theta0   Kub     S0 
! 
!Carbon Dioxide, JES 
OST  CST  OST    3000.00  180.0000 ! CO2, JES 
!Heme to Sulfate (PSUL) link 
CS   SS   FE    50.0      100.6    !force constant a guess 
                !equilibrium angle optimized to reproduce 
                !CSD survey values 
                !107.5pm0.6 (mean, standard error) 
                !adm jr., 7/01 
SS   FE   NPH   100.0       90.0    !force constant a guess 
                !adm jr., 7/01 
! 
CA   CA   CA    40.000    120.00   35.00   2.41620 ! ALLOW   ARO 
                ! JES 8/25/89 
CE1  CE1  CT2    48.00    123.50   ! 
                ! for 2-butene, yin/adm jr., 12/95 
CE1  CE1  CT3    48.00    123.50   !  
  ! for 2-butene, yin/adm jr., 12/95 
CE1  CT2  CT3    32.00    112.20   !  
  ! for 1-butene; from propene, yin/adm jr., 12/95 
CE2  CE1  CT2    48.00    126.00   !  
  ! for 1-butene; from propene, yin/adm jr., 12/95 
CE2  CE1  CT3    47.00    125.20   !  
  ! for propene, yin/adm jr., 12/95 
 
DIHEDRALS 
! 
!V(dihedral) = Kchi(1 + cos(n(chi) - delta)) 
! 
!Kchi: kcal/mole 
!n: multiplicity 
!delta: degrees 
! 
!atom types             Kchi    n   delta 
! 
!Heme to Sulfate (PSUL) link 
X    FE   SS   X        0.0000  4     0.00 ! guess 
                !adm jr., 7/01 
X    CS   SS   X        0.0000  3     0.20 ! guess 
                !from methanethiol, HS S CT3 HA 
                !adm jr., 7/01 
 
C    CT1  NH1  C        0.2000  1   180.00 ! ALLOW PEP 
                ! ala dipeptide update for new C VDW Rmin, adm jr., 
3/3/93c 
C    CT2  NH1  C        0.2000  1   180.00 ! ALLOW PEP 
                ! ala dipeptide update for new C VDW Rmin, adm jr., 
3/3/93c 
C    N    CP1  C        0.8000  3     0.00 ! ALLOW PRO PEP 
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                ! 6-31g* AcProNH2, ProNH2, 6-31g*//3-21g AcProNHCH3 
RLD 4/23/93 
CA   CA   CA   CA       3.1000  2   180.00 ! ALLOW   ARO 
                ! JES 8/25/89 
 
NONBONDED nbxmod  5 atom cdiel shift vatom vdistance vswitch - 
cutnb 14.0 ctofnb 12.0 ctonnb 10.0 eps 1.0 e14fac 1.0 wmin 1.5  
                !adm jr., 5/08/91, suggested cutoff scheme 
! 
!V(Lennard-Jones) = Eps,i,j[(Rmin,i,j/ri,j)**12 - 
2(Rmin,i,j/ri,j)**6] 
! 
!epsilon: kcal/mole, Eps,i,j = sqrt(eps,i * eps,j) 
!Rmin/2: A, Rmin,i,j = Rmin/2,i + Rmin/2,j 
! 
!atom  ignored    epsilon      Rmin/2   ignored   eps,1-4       
Rmin/2,1-4 
! 
!carbons 
C      0.000000  -0.110000     2.000000 ! ALLOW   PEP POL ARO 
                ! NMA pure solvent, adm jr., 3/3/93 
CA     0.000000  -0.070000     1.992400 ! ALLOW   ARO 
                ! benzene (JES) 
CC     0.000000  -0.070000     2.000000 ! ALLOW   PEP POL ARO 
                ! adm jr. 3/3/92, acetic acid heat of solvation 
CD     0.000000  -0.070000     2.000000 ! ALLOW  POL 
                ! adm jr. 3/19/92, acetate a.i. and dH of solvation 
CE1    0.000000  -0.068000     2.090000 !  
  ! for propene, yin/adm jr., 12/95 
CE2    0.000000  -0.064000     2.080000 !  
  ! for ethene, yin/adm jr., 12/95 
 
 
 
C17. CHARMM Coordinate File (selected segments of file) 
 
 
 
* CRYSTAL COORDINATES WITH ALL ATOMS BUILT 
*  DATE:     2/15/11     11: 5:59      CREATED BY USER: morozov 
* 
      5540  EXT 
! Atom #, residue #, Residue name, Atom name, coordinate (x,y,z,), 
!segment, segment #)  
         1         1  PCA       CB             33.7430000000        
3.5270000000       25.5350000000  CPO       1              
14.9100000000 
         2         1  PCA       HB1            32.8843889852        
2.9733267094       25.9699817679  CPO       1               
0.0000000000 
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         3         1  PCA       HB2            33.9393423444        
4.4292330678       26.1517668126  CPO       1               
0.0000000000 
         4         1  PCA       CG             33.5000000000        
3.8850000000       24.0780000000  CPO       1              
14.5900000000 
         5         1  PCA       HG1            34.1814676269        
4.6969277166       23.7462816280  CPO       1               
0.0000000000 
         6         1  PCA       HG2            32.4481098032        
4.2015049893       23.9136423794  CPO       1               
0.0000000000 
         7         1  PCA       CD             33.7980000000        
2.5880000000       23.3250000000  CPO       1              
13.9700000000 
         8         1  PCA       OE             33.8210000000        
2.5830000000       22.0800000000  CPO       1              
16.4000000000 
         9         1  PCA       N              34.9340000000        
2.0370000000       24.0770000000  CPO       1              
13.4500000000 
        10         1  PCA       HN             35.5975768546        
1.3608775913       23.7799094434  CPO       1               
0.0000000000 
 
 
 
 
C18. CHARMM Protein Structure File (selected segments of file) 
 
 
* Generate PSF and CHARMM coordinate set for  
* CPO resting state with sugars 
* 
! 
stream  ../datadir.def 
! Read in Topology and Parameters for peptides and shugars 
read RTF card name  @0/top_all22_prot_cmap_cpo.inp  
read RTF card name  @0/top_allxx_sugar_cpo.inp append 
read PARA card name @0/par_all22_prot_cmap_cpo.inp 
read PARA card name @0/par_allxx_sugar_cpo.inp append 
! Stream file for heme and patch 
stream @0/stream/toppar_all22_prot_heme_cpo.str return 
 
! Read sequence CPO 
READ SEQU CARD 
* CPO sequence 
* 
299 
PCA GLU PRO GLY SER GLY ILE GLY TYR PRO TYR ASP ASN 
ASN THR LEU PRO TYR VAL ALA PRO GLY PRO THR ASP SER 
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ARG ALA PRO CYS PRO ALA LEU ASN ALA LEU ALA ASN HSP 
GLY TYR ILE PRO HSP ASP GLY ARG ALA ILE SER ARG GLU 
THR LEU GLN ASN ALA PHE LEU ASN HSP MET GLY ILE ALA 
ASN SER VAL ILE GLU LEU ALA LEU THR ASN ALA PHE VAL 
VAL CYS GLU TYR VAL THR GLY SER ASP CYS GLY ASP SER 
LEU VAL ASN LEU THR LEU LEU ALA GLU PRO HSP ALA PHE 
GLU HSP ASP HSP SER PHE SER ARG LYS ASP TYR LYS GLN 
GLY VAL ALA ASN SER ASN ASP PHE ILE ASP ASN ARG ASN 
PHE ASP ALA GLU THR PHE GLN THR SER LEU ASP VAL VAL 
ALA GLY LYS THR HSP PHE ASP TYR ALA ASP MET ASN GLU 
ILE ARG LEU GLN ARG GLU SER LEU SER ASN GLU LEU ASP 
PHE PRO GLY TRP PHE THR GLU SER LYS PRO ILE GLN ASN 
VAL GLU SER GLY PHE ILE PHE ALA LEU VAL SER ASP PHE 
ASN LEU PRO ASP ASN ASP GLU ASN PRO LEU VAL ARG ILE 
ASP TRP TRP LYS TYR TRP PHE THR ASN GLU SER PHE PRO 
TYR HSP LEU GLY TRP HSP PRO PRO SER PRO ALA ARG GLU 
ILE GLU PHE VAL THR SER ALA SER SER ALA VAL LEU ALA 
ALA SER VAL THR SER THR PRO SER SER LEU PRO SER GLY 
ALA ILE GLY PRO GLY ALA GLU ALA VAL PRO LEU SER PHE 
ALA SER THR MET THR PRO PHE LEU LEU ALA THR ASN ALA 
PRO TYR TYR ALA GLN ASP PRO THR LEU GLY PRO ASN ASP 
 
GENErate CPO SETUp first none last CTER 
 
!rename to pdb notation 
rena resn HIS sele resn HSP END 
!rena resn HIS sele resn HSP END 
rena atom CD1 sele resn ILE .AND. type CD end 
rena atom O sele resn ASP .AND. type OT1 end 
rena atom OXT sele resn ASP .AND. type OT2 end 
 
patch DISU CPO 80 CPO 88  
 
!Read SUGAR sequence in CPO 
READ SEQU CARD 
* sugar sequence 
* 
21 
BNAG 
BNAG BNAG BMAN AXYS AXYS AMAN BNAG BNAG AMAN AMAN AMAN AMAN 
AXYS AMAN AMAN AMAN AMAN AXYS AMAN AMAN 
GENErate sugr setup 
 
patch SSO3 sugr 7 sugr 6 
patch XSO6 sugr 6 sugr 4 
patch XSO3 sugr 5 sugr 4 
patch SSO4 sugr 4 sugr 3 
patch SSO4 sugr 3 sugr 2 
patch SSO4 sugr 9 sugr 8 
patch XSO4 sugr 19 sugr 18 
 
!rename to pdb notation 
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rena resn ARB sele resn AXYS .AND. resid 19 END 
rena resn MAN sele resn AMAN END 
rena resn XYS sele resn AXYS END 
rena resn BMA sele resn BMAN END 
rena resn NAG sele resn BNAG END 
rena atom N2 sele resn NAG .and. type NL END 
rena atom C7 sele resn NAG .and. type CLP END 
rena atom C8 sele resn NAG .and. type CL END 
rena atom O7 sele resn NAG .and. type OL END 
 
patch SASN sugr 1 cpo 13 
patch SASN sugr 2 cpo 94 
patch SASN sugr 8 cpo 217 
patch STHR sugr 10 cpo 239 
patch SSER sugr 11 cpo 240 
patch SSER sugr 12 cpo 242 
patch SSER sugr 13 cpo 243 
patch XSER sugr 14 cpo 249 
patch STHR sugr 15 cpo 251 
patch SSER sugr 16 cpo 252 
patch STHR sugr 17 cpo 253 
patch STHR sugr 18 cpo 276 
patch STHR sugr 20 cpo 284 
patch STHR sugr 21 cpo 294 
 
!Read HEME sequence in CPO 
READ SEQU CARD 
* heme sequence 
* 
1 
HEME 
GENErate heme setup 
 
patch PCYS CPO 30 HEME 1 setup 
 
!rename to pdb notation 
rena resn HEM sele resn HEME END 
 
!Read Manganese in CPO 
READ SEQU CARD  
* Mn sequence 
* 
1 
MN 
GENErate MN setup 
AUTOgenerate ANGLes DIHEdrals 
! 
!read crystall waters 
goto water 
label water1 
! 
! Read CPO pdb file (mod) 
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open unit 1 card read name 1cpo.pdb 
read coor pdb unit 1 
close unit 1 
! 
! 
! Reneame atoms and residues back to charmm format 
rena resn HSP sele resn HIS END 
rena atom CD sele resn ILE .AND. type CD1 end 
rena atom OT1 sele resn ASP .AND. type O end 
rena atom OT2 sele resn ASP .AND. type OXT end 
! 
rena atom NL sele resn NAG .and. type N2 END 
rena atom CLP sele resn NAG .and. type C7 END 
rena atom CL sele resn NAG .and. type C8 END 
rena atom OL sele resn NAG .and. type O7 END 
! 
rena resn TIP3  sele resn HOH END 
rena atom OH2 sele resn TIP3 .AND. type O end 
coor copy comp 
! 
define junk sele .not. init show end 
! one must check that junk are only waters  
!deleting junk waters 
define junk sele (.not. init) .and. .not. type h* show end 
set njunk ?nsel 
label loopD 
 set iGRP 1 
 define grpDUM sele junk .subset. @iGRP end 
 set sres ?selresi 
 dele atoms sele resi @sres .and. segid. WCRST end  
 define junk sele (.not. init) .and. .not. type h*  end 
 set njunk ?nsel 
 if njunk ge 1 goto loopD 
! 
define junk sele (.not. init) .and. .not. type h* show end 
!print coor 
! 
ic fill 
ic para 
ic build 
!define junk sele .not. init show end 
define junk sele (.not. init) .and. .not. type h* show end 
coor init sele type h* end 
hbuild 
define junk sele .not. init show end 
! 
ener 
coor orient rms sele .not. type h* end 
open write card unit 1 name 1cpo.crd 
write coor card unit 1 
* crystal coordinates with all atoms built 
* 
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! 
! write the protein structure file (psf) and 
open write formatted unit 27 name 1cpo.psf 
write psf card unit 27 
* PSF for CPO+crystal waters 
* 
! 
stop 
!================================================ 
label water 
! 
!actually there are 194 crystal waters in 1cpopdb 
!for technical reason we read in 672 
!while later junk waters are deleted 
read sequence tips 672 
generate WCRST setup noangle nodihedral 
rena atom O sele resn TIP3 .AND. type OH2 end 
rena resn HOH sele resn TIP3 END 
goto water1 
!================================================== 
!!!!!!! Morozov: sugars for Carlos stuff !!!!!! 
!ic gene  
!ic dele bynu 5070 10055 
!ic gene sele segid SUGR end 
!ic gene sele segid CPO end 
!ic fill 
!print ic 
!open unit 1 card write name cpo_sugr.ic 
!write ic unit 1 
!* sugr ic 
!* 
!close unit 1 
!stop 
!print coor 
!stop 
!================end Morozov's=================================== 
 
 
 
C19. CHARMM Minimization Script  
 
 
 
* CHARMM script for initialization and early heating phase of NVE 
dynamics 
* dcc 1/24/09 
* 
!bomlev -2 
stream  ../../datadir.def 
!== Read in Topology and Parameters for peptides and 
shugars================ 
stream @0/stream/toppar_water_ions.str 
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read RTF card name  @0/top_all22_prot_cmap_cpo.inp  
read RTF card name  @0/top_allxx_sugar_cpo.inp append 
read PARA card name @0/par_all22_prot_cmap_cpo.inp 
read PARA card name @0/par_allxx_sugar_cpo.inp append 
stream @0/stream/toppar_all22_prot_heme_cpo.str return 
!===================================================================
========== 
set IN  1cpo_to 
set OUT 1cpo_to_min1 
! 
read psf card name @9/prepare/solv/@IN.psf 
read coor card name @9/prepare/solv/@IN.crd 
! 
! Specify nonbond parameters and evaluate energy once 
! 
set cub 78.0 
calc xsiz @cub * sqrt (0.75) 
calc ysiz @cub * sqrt (0.75) 
calc zsiz @cub * sqrt (0.75) 
! 
set angle 109.4712206344907 
crystal define octahedral @XSIZ @YSIZ @ZSIZ @angle @angle @angle 
crystal build cutoff 14.0 
 
image byresidue sele resn tip3 .or. resn sod end  xcen 0.0 ycen 0.0 
zcen 0.0 
shake bonh 
 
nbonds cdie eps 1.0 atom vdw vswitch cutnb 12.0 ctofnb 10.0 ctonnb 
8.0 - 
  cutim 14.0 wmin 1.5 - 
  ewald pmewald kappa 0.4 fftx 64 ffty 64 fftz 64 order 6 
 
ENER 
define SOLUTE sele segid CPO .or. segid SUGR .or. segid MN .or. 
segid HEME .or. segid WCRST end 
CONS fix sele SOLUTE end 
 
mini abnr nstep 25 nprint 5 
mini sd nstep 25 nprint 5 
 
 
open write card unit 31 name @OUT.crd 
write coor card unit 31 
* slightly minimized coordinates 
* 
 
stop 
 
 
 
 



307 
 

C20. CHARMM Solvation Script 
 
 
 
*NAME: Solvate.inp 
*PURPOSE: solvation n 
* 
 
!bomlev -2 
stream ../../datadir.def 
!!== Read in Topology and Parameters for peptides and 
shugars================ 
stream @0/stream/toppar_water_ions.str 
read RTF card name  @0/top_all22_prot_cmap_cpo.inp  
read RTF card name  @0/top_allxx_sugar_cpo.inp append 
read PARA card name @0/par_all22_prot_cmap_cpo.inp 
read PARA card name @0/par_allxx_sugar_cpo.inp append 
stream @0/stream/toppar_all22_prot_heme_cpo.str return 
!===================================================================
========== 
set IN comp1 
set OUT 1cpo_cub 
read psf card name @9/prepare/@IN.psf 
read coor card name @9/prepare/@IN.crd 
!===================================================================
========== 
! find out where protein is and put it with center at origin 
coor stat sele segi CPO .or. segid heme  .or. segid sugr end  
coor stat sele all end  
! orient molecule with moments of inertia along x,y,z-axes 
! everything will be translated/rotated, but the bpti segment 
determines by how much 
coor orie sele segid CPO .or. segid SUGR .or. segid MN .or. segid 
HEME end 
coor stat sele segi CPO .or. segid heme  .or. segid sugr end  
coor stat sele all end  
 
! Add water; here no ions are added, this should perhaps also be 
done 
! Box size could be autmatically determined here by adding say 8A on 
each side to the  
! dimensions of the protein, we also make the sizes integer numbers 
(not necessary) 
 
set cub 78.0 
 
calc XSIZ = INT( ?XMAX - ?XMIN + 16) 
calc YSIZ = INT( ?YMAX - ?YMIN + 16) 
calc ZSIZ = INT( ?ZMAX - ?ZMIN + 16) 
  
set XSIZ @cub 
set YSIZ @cub 
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set ZSIZ @cub 
! 
! 
define SOLUTE sele all end 
stream mod-solvent-box.str 
! 
! save the PSF and coordinates for cubic 
open write formatted unit 27 name @OUT.psf 
write psf card unit 27 
*  solvated with TIP3 waters, cube @XSIZ 
* 
close unit 27 
! 
open write card unit 28 name @OUT.crd 
write coor card unit 28 
* solvated with TIP3 waters, cube @XSIZ 
* 
! slice box into truncated-octahedral  
set A @cub 
define SOLUTE sele segid CPO .or. segid SUGR .or. segid MN .or. 
segid HEME .or. segid WCRST end 
 
! The nonbond specifications below are only to keep the lists small 
while 
! the water box is being made and shaved down. They are not 
realistic 
! for actual energy calculations. 
nbonds atom fshift cdie vdw vshift cutnb 5.0 cutofnb 4.0 ctonnb 3.0 
- 
       wmin 1.5 eps 1.0 
! 
stream setup-truncated-octahedron.str 
! 
coor conv align symm @ax @ax @ax @b @b @b  !do not put this in 
dynamics !! 
! 
! Add ions randomly in WAT 
set MND 1       ! ion exclusion radius 
set SEED 1111   ! RNG 
set ANION SOD   ! Add Na ions randomly in WAT 
set I 15        ! Add 15 
set ANID SOD            ! Segid 
set PROT segid CPO .or. segid SUGR .or. segid MN .or. segid HEME 
.or. segid WCRST  
stream add-random-ions.str 
! save the PSF and coordinates for later use 
set OUT 1cpo_to 
open write formatted unit 29 name @OUT.psf 
write psf card unit 29 
*cpo resting state + crystal waters solvated and neutralized in TO 
* 
! 
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open write formatted unit 30 name @OUT.crd 
write coor card unit 30 
*cpo resting state + crystal waters solvated and neutralized in TO 
* 
! 
stop 
 
 
 
C21. CHARMM Dynamics – Heating Script 
 
 
 
* CHARMM script for initialization and early heating phase of NVE 
dynamics 
* dcc 1/24/09 
* 
!bomlev -2 
stream  ../../../datadir.def 
!=== Read in Topology and Parameters for peptides and 
shugars================ 
stream @0/stream/toppar_water_ions.str 
read RTF card name  @0/top_all22_prot_cmap_cpo.inp  
read RTF card name  @0/top_allxx_sugar_cpo.inp append 
read PARA card name @0/par_all22_prot_cmap_cpo.inp 
read PARA card name @0/par_allxx_sugar_cpo.inp append 
stream @0/stream/toppar_all22_prot_heme_cpo.str return 
!===================================================================
========== 
set INPSF 1cpo_to 
set IN  1cpo_to_min3 
set OUT heat 
! 
read psf card name @9/prepare/solv/@INPSF.psf 
read coor card name @9/prepare/solv/@IN.crd 
!===================================================================
========== 
! Specify nonbond parameters and evaluate energy once 
 
set cub 78.0 
calc xsiz @cub * sqrt (0.75) 
calc ysiz @cub * sqrt (0.75) 
calc zsiz @cub * sqrt (0.75) 
 
set angle 109.4712206344907 
crystal define octahedral @XSIZ @YSIZ @ZSIZ @angle @angle @angle 
crystal build cutoff 14.0 
 
image byresidue sele resn tip3 .or. resn sod end  xcen 0.0 ycen 0.0 
zcen 0.0 
shake bonh 
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nbonds cdie eps 1.0 atom vdw vswitch cutnb 12.0 ctofnb 10.0 ctonnb 
8.0 - 
  cutim 14.0 wmin 1.5 - 
  ewald pmewald kappa 0.4 fftx 64 ffty 64 fftz 64 order 6 
 
ener 
 
! Open files for writing dynamics data. 
open write card unit 31 name @OUT.rst 
open write file unit 41 name @OUT.trj  
 
set st 10000 
set fr  1000  
 
! Dynamics command with options described 
DYNAMICS - 
 - ! algorithm 
  LEAP   - ! use leapfrog verlet algorithm 
  VERLET - ! 
 - ! start/restart/initialization info 
  START    -  ! START for initial run;  RESTART to pick up from 
previous run 
  IASORS 1 -  ! specifies scaling (0) or assigning (other value) of 
velocities 
  IASVEL 1 -  ! species method of assigning velocities during 
heating  
  ISCVEL 0 -  ! specifies method of scaling velocities (0=same 
factor) 
  ECHEck 9999. -        !max variation of energy step-to-step 
 - ! time step info 
  NSTEP @st   - ! number of steps 
  TIMESTEP 0.001  - ! timestep in picoseconds 
  IPRFRQ @fr    - ! frequency for calculating averages and 
fluctuations 
                  - ! (must be at least as large as NTRFRQ unless 
NTRFRQ=0) 
 - ! heating info 
  IHTFRQ @fr   - ! heating frequency  
  FIRSTT  50.0  - ! initial temperature 
  FINALT 298.0 - ! final temperature 
  TEMINC  24.8 - !temperature increment 
 - ! equilibration info 
 IEQFRQ 50000  - ! frequency for assigning or scaling velocities 
(during equil.) 
!  ICHECW 0     - ! every IEQFREQ steps, always change velocities 
(0)  
               - ! or change only if temperature is outside window 
(other value) 
!  TWINDH  10.0 - ! upper temperature window limit 
!  TWINDL -10.0 - ! lower temperature window limit 
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  NTRFRQ @fr  - ! frequency for removing overall translation and 
rotation 
 -! io units 
  IUNREA -1 - ! unit number for readiing restart info (-1 means no 
restart) 
  IUNWRI 31 - ! unit number for writing restart info 
  IUNCRD 41 - ! unit number for writing coordinates (coordinate 
trajectory) 
  IUNVEL -1 - ! unit number for writing velocities (velocity 
trajectory) 
  NPRINT @fr - ! frequency for printing output info 
  NSAVC  100 - ! frequency for saving coordinates 
  NSAVV    0 - ! frequency for saving velociti4es 
- ! energy  
!  nbonds cdie eps 1.0 atom vdw vswitch cutnb 12.0 ctofnb 10.0 
ctonnb 8.0 - 
!    cutim 14.0 wmin 1.5 - 
!    ewald pmewald kappa 0.4 fftx 72 ffty 72 fftz 72 order 6  - 
  INBFRQ -1    ! frequency for undating nonbond list- 
 
open write card unit 1 name @OUT.crd 
write coor card unit 1 
* Coordinates of CPO after 1000 steps NVE heating from 
* 0 K to 298 K, 1 fs time step, with SHAKE.  
* 
 
ener 
 
stop 
 
 
 
C22. CHARMM Dynamics – Equilibration Script 
 
 
 
* CHARMM script for initialization and early heating phase of NVE 
dynamics 
* dcc 1/24/09 
* 
!bomlev -2 
stream  ../../../datadir.def 
!===================================================================
============ 
!=== Read in Topology and Parameters for peptides and 
shugars================ 
stream @0/stream/toppar_water_ions.str 
read RTF card name  @0/top_all22_prot_cmap_cpo.inp  
read RTF card name  @0/top_allxx_sugar_cpo.inp append 
read PARA card name @0/par_all22_prot_cmap_cpo.inp 
read PARA card name @0/par_allxx_sugar_cpo.inp append 
stream @0/stream/toppar_all22_prot_heme_cpo.str return 
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!===================================================================
========== 
set INPSF 1cpo_to 
set IN  heat 
set OUT equil 
! 
read psf card name @9/prepare/solv/@INPSF.psf 
read coor card name @9/prepare/solv/dyn/@IN.crd 
!print coor  
!stop 
!===================================================================
========== 
! Specify nonbond parameters and evaluate energy once 
set cub 78.0 
calc xsiz @cub * sqrt (0.75) 
calc ysiz @cub * sqrt (0.75) 
calc zsiz @cub * sqrt (0.75) 
set angle 109.4712206344907 
crystal define octahedral @XSIZ @YSIZ @ZSIZ @angle @angle @angle 
crystal build cutoff 14.0 
! 
image byresidue sele resn tip3 .or. resn sod end  xcen 0.0 ycen 0.0 
zcen 0.0 
shake bonh 
! 
nbonds cdie eps 1.0 atom vdw vswitch cutnb 12.0 ctofnb 10.0 ctonnb 
8.0 - 
  cutim 14.0 wmin 1.5 - 
  ewald pmewald kappa 0.4 fftx 64 ffty 64 fftz 64 order 6 
ener 
 
!==================================================== 
! 
!EQUILIBRATING the system AT 298 K and P=1 atm 
! 
! open restart files 
OPEN READ card UNIT 21 NAME @IN.rst 
 
! Open files for writing dynamics data. 
open write card unit 31 name @OUT.rst 
open unit 41 write unform name @OUT.trj  
 
set nst 50000 
set nfr 5000  
set nsv 100 
 
DYNAmics LEAP VERLet RESTart - 
NSTEp @nst TIMEstep 0.001 - 
NPRInt 1000 IPRfrq 1000 -  
! IPRfrq -The step frequency for calculating averages and rms 
fluctuations of the major energy values 
CPT hoover - 
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Pcons Pref 1.0 Pmass 500.0 Pgamma 5.0 refT  298.0 Tmass 1000.0 - 
IXTFrq 1000 - ! Recommended value: 1000 (if running CPT dynamics)  
The crystal update generates a new list of 
!                   allowed symmetry 
transformations.  
! temeprature control & equlibration  
FIRSTT 298.0 FINALT 298.0 - !  
TWINDL -10.0 TWINDH 10.0 -  ! 
ICHECW 1 - ! ICHECW 0 - do not check temeperature window 
IEQFrq @nfr - !IEQFrq The step frequency for assigning or scaling 
velocities to FINALT temperature if ICHECW 1 
NTRFrq @nfr - ! NTRFrq  The step frequency for stopping the rotation 
and translation  of the molecule  
! 
INBFrq -1 - ! The frequency of regenerating the non-bonded list 
IHBFrq 0 - 
IMGFrq 50 - ! IMGFrq -update image byresidue xcen 0.0 ycen 0.0 zcen 
0.0 select  all end  
! io units 
IUNRead 21 IUNWrite 31 - 
iuncrd 41  nsavc @nsv 
! 
close unit 21 
! 
ener 
! 
open write card unit 1 name @out.crd 
write coor card unit 1 
* Coordinates of CPO-R after @nst steps cpt equlibrating 
*  
! 
Stop 
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