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ABSTRACT

The enzymes have important biological functions. Metalloenzymes have metal as
cofactor bound to proteins. The metal ions in active site of enzymes allow it to
perform redox reactions. Metals were used in most developed civilizations since ages
in therapeutic purposes but the mechanism was not known properly. With advent of
computer, the theoreticians could compute structures and reaction pathways within
reasonable time. The quantum mechanical methods have been of great help in
devising competing methods for explaining involved phenomena. With advancement
in technology, these theoretical results were validated by experimentalists as well.
Hence both began working in close collaboration. Their concerted efforts have helped
develop highly benchmarked computational methods that produce reliable results.

Now modeled structures have grown in size and complexity.

Metalloenzymes may be broadly classified into heme and non-heme enzymes. While
former have been well documented, latter is in growing phase but has immense
potential for exploring various reaction pathways that may further be fine-tuned. In
this work, iron(IV)-oxo species have been studied in great detail. Reaction pathways
have been proposed that closely match with experimental results. Aliphatic
hydroxylation catalysis reactions by synthetic models of variously ligated complexes
have been considered that exhibited low activation barriers compared to known
efficient catalysts. Also, comparative study between iron(IV)-oxo versus iron(V)-oxo
complexes has been attempted for the first time. In another work, alkane synthesis by
intramolecular methyl and hydrogen atom transfer has been studied and reaction

mechanism has also been deduced.



PREFACE

Metalloenzymes are found in many life forms having a variety of functions. Primarily
they act as vital catalysts in many crucial metabolic and biosynthetic biological
pathways. Iron being most abundant in earth’s crust is also found in prominence in
most enzymes. Iron containing enzymes are classified as heme and non-heme
enzymes. These enzymes may also contain other transition or non-transition metals
(homo/hetero-nuclear metals systems). Man has known therapeutic applications of
these metal complexes but their mechanism was unknown until chemistry developed
both experimentally as well as theoretically. Lack of technology may impair
characterization of given substrate but theoretician emerged with promising tools that
blossomed fruitful results and gave deep insights into reaction mechanisms of these
complexes and their impact on health of living organisms as well as ecosystem.
Nowadays computational techniques have matured to a level that one has various sets
of extensively tested and benchmarked methods and procedures that produce reliable
results that predate experimental data by many years. There are many instances when
experimentalists have reproduced and validated theoretical results once technological
advancements allowed them to do so. In study of transition metal complexes, the
basic hindrance in experiment is their short life time. Computational study helps in
studying the properties of short lived intermediates and transition state complexes and
help in determining reaction pathways or in fine-tuning a known reaction mechanism.
This thesis will focus on reaction mechanism of metalloenzymes having transition

metal (iron) into their active sites. Activation of molecular oxygen in hydroxylation
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reactions is main focus. Various synthetic models are used to models reactions. This

thesis contains six chapters.

Chapter 1 presents a literature survey of work done so far on heme and non-heme
enzymes with a focus on various computational quantum mechanical techniques

prevalent in the arena.

Chapter 2 discusses mathematical details of quantum mechanical methods. It also
gives a glimpse of the theoretical methods helpful in study of transition metal

complexes.

Chapter 3 attempts at exploring effects of axially coordinated nitride iron porphyrin
ligand in molecular orbital interactions of the metal(IV)-oxo group. It reports
complexes that are efficient oxidants of aliphatic hydroxylation reactions and suggests

design of efficient and powerful oxidants of hydrogen-atom-abstraction reactions.

Chapter 4 is focused on study of methane hydroxylation by axially ligated iron(IV)-
oxo0 porphyrin cation radical models. It emerges that axial ligand dramatically reduces

activation barriers and gives an scheme for design of efficient oxidant.

Chapter 5 describes one of the first attempt at comparison of the reactivities of non-
heme iron(IV)-oxo versus iron(V)-oxo species. Here effect of outer-sphere (long
range) electron transfer on C-H bond strength of the substrate was studied in relation

to a more efficient H-transfer.

Chapter 6 deals with exploring reaction mechanism for intra-molecular methyl and
hydrogen atom transfer in a tri-metal carbine complex that act as precursor to alkane

synthesis.
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CHAPTER 1

INTRODUCTION

1.1: Role of Metals in life

Metals play a vital role in living organisms. They form functional components (cofactors)
of several essential enzymes. In humans, they perform a variety of tasks: oxygen
transport, electron transport, (hemoglobin- an iron containing protein), formation of
bones that form structural framework of human body, protein stabilization (calcium
containing enzymes), electron mediation, catalysis of redox reactions, storage and/or
activation (copper containing enzymes), specific functions in metabolism and DNA
stabilization (zinc containing enzymes), skeletal development, detoxification of free
radicals (manganese containing enzymes), free radical reactions (cobalt containing
enzymes) etc. These metals find crucially important role in animal as well as plant
kingdom. It is believed that precursors of metalloenzymes may have played a key role in
catalyzing reactions necessary for synthesis of prebiotic macromolecules. As metals have
been extensively used by nature in biological systems, it seems obvious to think of their
potential medicinal usage. Although medicinal inorganic chemistry has been practiced
since long (Indians, Egyptians, Arabs, Chinese, Europeans and others), the reaction
mechanism is poorly understood. There is huge potential for drug design and discovery

once the properties have been well understood.

Enzymes are understood to be biological catalysts that play major role in chemical
reactions in living systems. Metals easily lose their electron to become an ion while

1



enzymes are assumed to be electron rich. Thus metal ions are potent enough to bind to
enzymes. Transition metals have large ionic volumes and display multi oxidation states,
thus they have tendency to bind to large number of proteins and assist in electron/proton
transfer mechanism. Metals are so inevitable to enzymes that the catalyzed reactions
would proceed very slowly without them. Hence they are called metalloenzymes and

constitute more than one third of enzymes.[1]

Various metabolic functions play key role in all living forms, e.g. methane hydroxylation
in methanotrophs (bacteria), fatty acids desaturation (plants), DNA and RNA repairs,
biosynthesis of B-lactam antibiotics (animals) etc. These functions require controlled
oxidation of organic substrates which is carried out by activation of dioxygen (O,) and is
mediated by metals.[2-6] Transition metals activate dioxygen to facilitate oxidative
transformation. This gains importance industrially as it helps in making efficient use of
naturally abundant oxidant (i.e. O,) in oxidation reactions.[7-9] Consequently, research is
focused on understanding mechanism of activation of dioxygen in a number of heme and
non-heme monooxygenase enzymes which contain mononuclear and homo- and hetero-
dinuclear active sites.[3,10-24] Although active site of enzymes is quite diverse in nature,
a common mechanistic hypothesis may quite be helpful in understanding dioxygen

activation.

1.2: Metal Complexes

Organic compounds form a large class of compounds vital to all life forms. More

sophisticated compounds may be created by redistribution of C—C and C-H bonds in



hydrocarbons which generally requires activation of bonds. Such bond activation may be
selectively controlled efficiently in catalysis regulated by transition metals. Though such
reactions are not new to experimentalists, selective bond activation was a severe
drawback. Different situations arise depending on transition metal and substrate under
study. While oxidative mechanism is the most common process, o-bond metathesis,
electrophilic substitution and 1,2-substitution are other methods proposed for such
reactions. Transition metal ions play innumerable and varied essential roles in the
chemistry of living systems, in particular at the active sites of metalloenzymes.[25] The
transition metal ions behave as electrophiles and are capable of accommodating multiple
ligands. The metal ion plays dominant role in chemistry exhibited by metal complexes.
Over the years, it has now been established that metal active centre interacts with
substrate to form metal-oxo, metal-hydroxo, metal-peroxo, metal-hydroperoxo, and
metal-alkoxo or bimetal p-oxo species during reaction. These transition states proceed in
a number of ways via electron transfer, hydrogen abstraction or rebound mechanism to
get products. Even if reaction mechanism has been fully established by a theoretician in
collaboration with experimentalist, it has been found that ligand substitution plays

dominant role in fine tuning these reactions.

Nature performs regioselective as well as stereospecific substrate conversions vide
efficient catalysts and is capable of speeding up biochemical reactions successfully
through chemical systems known as enzymes. In general, latter contain transition metal
as catalytic centres. Due to abundance of iron in earth’s crust, iron comprises active sites
in most enzymes,[2,3,26-40] besides numerous other examples of copper-,[41-43]

vanadium-,[44,45] molybdenum-,[46,47] and other transition- as well as non-transition



metal-containing enzymes. Also some enzymes have clusters of two or more transition
metal atoms as active sites, for instance, diiron enzyme ribonucleotide reductase [48-50]

or the multi-center cluster in photosystem II.[51-54]

The mononuclear iron-containing enzymes can be classified as heme [26-33] and non-
heme.[2,3,34-40] Two typical examples of these categories are cytochrome P450 and
taurine/a-ketoglutarate dioxygenase,[55,56] whose active site structure is shown in figure
1.1. The crystal structure coordinates of P450 were taken from human enzyme
cytochrome P450 2A13 found in liver responsible for detoxification of endogenous
compounds. The heme group is linked to protein via a direct bond of the metal with the
thiolate group of Cys439. The latter acts as a ligand and is found to fine-tune the
electronic properties of the oxidant and attributes it the functional properties to act as a
monooxygenase.[57] Other heme enzymes include peroxidases typically having histidine
group as axial ligand [58-62] and catalases have a tyrosinate group.[63-65] The
intermediates of catalytic cycles of enzymes are difficult to detect and characterize as
they are short-lived which necessitates completion of experimental work in the field to be
done by theoretical studies. Computational modeling has come as a useful aid in assisting
experimentalists by establishing fundamental properties and successfully predicting
changes upon ligand substitution in metalloenzymes and their catalytic features.[66-69]
As an example, one can see that theory proposed a high valent iron(IV)-oxo heme cation
radical, known as Compound I (Cpd I), reacting with substrates via radical mechanism
with low barriers [70-72], 10 years before first characterization of the active species of

P450 enzymes. It should be noted that Rittle et al. have characterized Cpd I using



electron paramagnetic resonance (EPR), absorption and Mdssbauer spectroscopy

recently.[73]

The crystal structure of taurine/a-ketoglutarate dioxygenase, a non-heme iron enzyme , is
shown in Figure 1(b) where metal is bound via a facial triad represented by two histidine
(His) and an aspartate amino acid (Asp). This enzyme performs biodegradation of taurine
and functions as sulphur source. Computational modeling was instrumental in
comparison of properties between heme and non-heme iron enzymes and origin of
efficiency of hydrogen-atom abstraction.[74-77] Effects of axial and equatorial ligand in
oxidation of substrate by heme and nonhme iron complexes have been extensively
reviewed [78,79] and it seems obvious that theory assists experimental studies in
biocatalysis and biotransformation and gives insight into reaction mechanism and

pathways.

(a) Cytochrome P450 2A13

(b) Taurine/a-ketoglutarate dioxygenase

Figure 1.1: Active site structures of typical mononuclear iron enzymes: (a) cytochrome
P450 (PDB: 4EJG), (b) taurine/a-ketoglutarate dioxygenase (PDB: 10S7).

High valent metal-oxo complexes have been found to be the key oxidizing intermediates

in various oxidation reactions catalyzed by heme and non-heme enzymes.[3,29,33,80-88]



An iron(IV)-oxo porphyrin m-radical cation species is implicated to be a reactive
oxidizing intermediate in the catalytic cycle of P450 monooxygenase family of
enzymes.[29-83-85] Oxygen evolving center of photosystem II (PSII) involves high
valent manganese-oxo radicals.[89-92] Non-heme iron(IV)-oxo intermediates are
believed to be oxidizing species in the catalytic cycles of taurine o-ketoglutarate
dioxygenase (TauD), prolyl-4-hydroxylase, and halogenase CytC3.[93-97] Various
groups have put in tremendous efforts in examining the biomimetic reactivities of high-
valent metal-oxo complexes in respective enzymatic activities [98-108] and are trying to
systematically overview the fundamental electron-transfer properties of high-valent

metal-oxo species.

Besides iron(IV)-oxo species, iron(Ill)-superoxo, iron(Ill)-peroxo and iron(III)-
hydroperoxo complexes have often been detected as key intermediates in the catalytic
cycles of dioxygen activation by heme and non-heme iron enzymes. Studies of structural
and spectroscopic properties and reactivities of synthetic analogues of these key

intermediates have greatly improved our understanding of their chemistry.

A mononuclear non-heme iron(IV)-oxo complex of the tetraazamacrocyclic TMC ligand
(TMC, 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane) was one of the first
biomimetic model systems, where an iron(IV)-oxo species was trapped and structurally
characterized and has since been intensively studied to gain valuable insights into its
physical properties, axial ligand effects and its reactivities with substrates.[109] This iron
complex has since been intensely studied, and valuable insights into its physical
properties, axial ligand influences, and reactivities with substrates have been gained from

this work. Studies of reactivity patterns in ligand influences have unveiled considerable



differences with respect to analogous intermediates in the catalytic cycle of CYP 450
enzymes. Various models of other ligated heme or non-heme enzymes have been
characterized for their reactivity patterns over recent years. A combination of
experimental and computational techniques has helped gain new insights into intrinsic
properties of non-heme metal-oxygen complexes. Thus short-lived catalytic cycle
intermediates such as the iron(IV)-oxo, iron(Ill)-superoxo, iron(Ill)-peroxo and iron(III)-
hydroperoxo species have been synthesized and spectroscopically characterized via
biomimetic non-heme ligand systems. Furthermore a comparison between heme and non-
heme iron systems has been established and remarkable differences have been
discovered. For instance, in some biomimetic porphyrin complexes, Cpd I was found to
be the only viable oxidant in oxygen atom transfer reactions, in such systems, studies
have suggested the existence of a single active oxidant in heme enzymes (e.g. P450). By
contrast, some non-heme based superoxo and hydroperoxo complexes have revealed
reactivity patterns that are considerably different from those of their heme analogues with
occasionally higher reactivities for these intermediates than for the corresponding

iron(IV)-oxo complexes.[101]

In recent years, many workers have reported significant progress in understanding the
geometric and electronic structure of the active sites of non-heme iron enzymes and the
contributions of these sites to molecular mechanisms. These enzymes have been found to
participate in a range of reactions as extensive as those found in heme chemistry but are
much less well understood. Dioxygen is one of the reactants for most of the enzymes.
The uncatalyzed reactions of O, with organic substrates are thermodynamically

favorable. The reaction is found to be kinetically slow as it is spin forbidden and the one-



electron reduction potential of O, is low. While the mononuclear non-heme iron enzymes
catalyze reaction either by a high spin ferrous site which is involved in dioxygen
activation or by a high-spin ferric site which activates substrates. In some of the ferrous
enzymes, an additional organic cofactor (e.g. a-ketoglutarate or pterin) may participate in
a coupled reaction with dioxygen where both the substrate and cosubstrate are

oxygenated.

1.3: Metalloenzymes

Metalloenzymes are known to catalyze many difficult reactions under mild conditions
and with selectivity.[110] For instance, nitrogen fixation,[111] hydrocarbon oxidation
[112,113] generation of radicals for subsequent catalysis,[114] and dismutation of
superoxide (a radical anion) [115,116] require metalloenzymes at play. The transition
metals form catalytic sites in them, some of which are Fe, Zn, Mn, and Cu (in order of
prominence based on a current analysis utilizing the metalloprotein data bank-
MDB).[117] Generally, the transition metal active sites are redox active, and there can be
coupling between electron transfer (eT) and proton transfer (pT) as well.[118] These
redox active sites aid in typical forming and breaking of bonds in catalytic reaction
cycles. While in ‘pure’ eT metalloproteins, geometric reorganization is usually kept at a
minimum to facilitate efficient eT, many redox active metalloenzymes undergo
significant conformational changes at or near the active site.[119] Fe and Mn
metalloenzymes (and related eT proteins) usually have high-spin (HS) metal sites in some

or all steps of their catalytic cycles.[118,120] In dinuclear or polynuclear enzymes, these



metal sites are often spin-coupled.[121] In other cases, as in Zn-Fe or Cu-Zn enzymes,
bridging ligands link the metal sites electronically.[122,123] The positively charged
metal ions and the negatively charged first shell ligands exhibit strong metal-ligand
covalency, which can either tune the redox potential of the active site and/or shift the
acidity of bound ligands.[25,118] In other non-redox case, the catalytic cycle is initiated
either by some charge transfer to the metal (glyoxalase I, Zn), or spin coupling between a
metal and a ligand radical (Cu-tyrosine in galactose oxidase). Here the ligands are

‘noninocent’, and can be radicals in some cases.

The monooxygenases and the dioxygenases are two types of oxygen-using
metalloenzymes in nature. The monooxygenases bind molecular oxygen and transfers
one atom of O; to a substrate, while the other atom is reduced to water. By contrast, in

the dioxygenases both atoms of molecular oxygen are relayed to one or two substrate(s).

1.3.1: Heme enzymes

In heme enzymes, the proteins contain a heme cofactor, i.e., a porphyrin ring with an iron
ion in the center. This heme cofactor functions to transfer electrons, to store and transfer
molecular oxygen and plays major role in catalysis. The heme group can alternate
oxidation states between the Fe(Il) and Fe(IIl). This makes it suitable for an electron
transfer cofactor either in electron transfer proteins (e.g. cytochromes) or as cofactors

inside an enzyme for transporting electrons to an active site in the same enzyme.[124]

Cytochrome P450 is a large family of heme enzymes. This superfamily has many
different enzymes (isoforms). Heme group is the main part of their active site in all
isoforms. The heme-copper oxidase superfamily is another family of enzymes in which

the heme cofactor also plays a catalytic role. The heme-copper oxidases are membrane
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enzymes.[30,125,126] This superfamily also contains different types of cytochrome c
oxidase and nitric oxide reductase. These enzymes have a binuclear active site. Apart

from the heme group they also contain a non-heme metal, either copper or iron.

The cytochrome P450 (commonly termed P450s or CYPs) are a superfamily of heme-
binding enzymes that have immense biotechnological potential and are widely studied as
a consequence of their multitude of physiological functions in organisms (from
prokaryotes through to man).[30] The P450s catalyze the reduction of dioxygen bound to
their heme iron and the insertion of an atom of oxygen into organic substrates bound in
their active site and proximal to the heme.[127] It performs this function in a regio- and
(usually) stereoselective manner so that it is a highly prized chemically process as
synthetic chemistry methods are not able to achieve such otherwise difficult
regioselective oxidation of non-activated C-H bonds. The P450s are found
predominantly in endoplasmic reticulum and mitochondria, and in greatest abundance in
liver. They catalyze a variety of reactions and convert chemicals to potentially reactive
product as well as make compounds less toxic. They are best known for their functions in
the metabolism of drugs and other xenobiotics in humans. Thus they aid in catalyzing a
variety of reactions, conversion of chemical to potentially reactive products and making
compounds less toxic. The hepatic isoforms are known to play pivotal roles in chemical

detoxification and health.
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Figure 1.2: Active site of P450 (2WM4 pdb file).

Cytochrome ¢ oxidase is located in the mitochondrial or bacterial membrane. It is the
terminal enzyme found in the respiratory chain which has a binuclear center (BNC)
consisting of a heme group and a histidine-ligated copper as active site. One of the
histidine has a cross-linked tyrosine, which employs four electrons in the process of
reducing molecular oxygen to water. These electrons are delivered to the BNC through
two cofactors, one copper complex and another heme group located near the binuclear
center. The membrane provides protons needed for charge compensation.[128] With
difference in the exact form of the heme cofactors, the cytochrome ¢ oxidase enzymes
can be divided into subfamilies on the basis of the presence of different numbers of

channels for proton transfer and in the number of pumped protons per electron.
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Figure 1.3: Active site of Cytochrome ¢ Oxidase (5DJQ pdb file).

Nitric oxide reductase (NOR) catalyzes the nitric oxide to nitrous oxide and water by
reduction of two-electrons. The active site of NOR is very similar to that of cytochrome ¢
oxidase, with a non-heme Feg. Using a synthetic model of the BNC based on the X-ray
determined structure of NOR, a DFT study of the catalytic NO reduction revealed that
calculated energy profile was in agreement with the most important points with
experimental information.[129] The calculations also explained the non electrogenicity of

NO reduction reaction.[130]
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Figure 1.4: Active site of Nitric oxide reductase (3WFB pdb file).
1.3.1.1: Recent DFT model calculations of drug metabolism by cytochrome P450

Cytochrome P450 enzymes are the major catalysts involved in the oxidative metabolism
of most drugs, steroids, carcinogens, and other chemicals.[131,132] They have been
stated to be among “the most versatile biological catalysts known” [133] and its
capability of oxidizing xenobiotic substances (e.g. drugs) has motivated scientists to
focus on its viability in toxicology, drug metabolism and pharmacology. In
pharmacology, knowledge of drug metabolism and its mechanism plays indispensible
role in early phases of drug discovery process. More than 75% of drugs in clinical use are
metabolized by P450s in phase I metabolism.[134] The effects of these oxidations may be
manifested in poor drug bioavailability and various acute and chronic toxicities, including
adverse drug interactions, cancer susceptibility, and birth defects.[135] The catalytic
cycle of P450s is quite complicated and requires proper understanding for drug

discovery.[20,86,133,136,137] After the substrate binds to the heme center, a series of
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events are triggered. These events lead to two reduction and two protonation steps and
the formation of a high-valent oxo-ferryl species. This oxo-iron species (Compound I,
Cpd I) in P450 enzymes has ultrashort lifetime and degenerate multiple ground spin
states and hence is declared as an elusive oxidant due to difficulties in its detection
experimentally until successful determination by Green’s group in 2010.[73] A revelation
by theoretical studies of Shaik’s group have implicated, Cpd I of P450 as an elusive
“chameleon”,[138,139] for its ability to adapt its electronic structure as a response to the
variation of the environment, making the chemical process catalyzed by P450 much more

complicated.
1.3.1.2: DFT studies on the chemical process of drug metabolism catalyzed by P450
(a) Ethanol oxidation

Ethanol is an intoxicating ingredient, serves as a central nervous system depressant and a
primary constituent of liquor. It is rapidly absorbed from the gastrointestinal tract into the
bloodstream and is oxidized primarily in the liver. Earlier it was believed that alcohol
dehydrogenase (ADH) was the only significant enzyme involved in ethanol metabolism
until Lieber et al. suggested the microsomal ethanol oxidizing system, mainly involving
cytochrome P450 2E1 (CYP2E1), as being responsible for alcohol oxidation.[140-142]
Extensive experimental studies of ethanol oxidation by P450 were carried sooner [143—
146] due to its key role in toxicology (e.g. in acidosis, fatty liver disease etc.). Three
mechanisms have been proposed for ethanol oxidation by P450 (shown in Figure 1.5).
The conventional mechanism is the gem-diol mechanism (Figure 1.5A) [143-148], in

which the rate determining H-abstraction from the C, of ethanol is followed by oxygen

rebound to C, radical to form the gem-diol intermediate, which then undergoes
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dehydration to form the acetaldehyde and water. The second mechanism (Figure 1.5B)
involves an initial H-abstraction from C, of ethanol, like the gem-diol mechanism,
followed by a second H-abstraction from the hydroxyl group of the radical, and is hence
called the dual hydrogen abstraction (DHA) mechanism.[147,148] The third mechanism
(Figure 1.5C) is called reverse dual hydrogen abstraction (R-DHA) mechanism and starts
with a H-abstraction from the hydroxyl group of ethanol, followed by a second H-
abstraction from C,. DFT calculations were carried out to explore all the three
mechanistic hypotheses. R-DHA mechanism was the one discovered for the first time in

computational study by de Visser et al. [149] and is shown diagrammatically below:
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Figure 1.5: Three mechanistic hypothesis for ethanol oxidation by CYP2E1.[149]
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(b) Acetaldehyde oxidation

Acetaldehyde is the primary product of ethanol oxidation and is more active. CYP2E1
could catalyze both ethanol and acetaldehyde.[150] It is considered to be responsible for
many of the toxic effects caused by ethanol (acidosis, fatty livers etc.).[151] CYP2E1,
accompanies the well-known acetaldehyde dehydrogenase (ALDH), in efficient oxidation
and detoxification of acetaldehyde in the human body. The mechanism of CYP2EI1-
catalyzed acetaldehyde oxidation was investigated experimentally using kinetic
deuterium isotope reactions.[146] A theoretical study was performed by using both the
PorFe-SH model and the PorFe SMe model.[152] It was proposed that the reaction starts
with hydrogen transfer from the aldehyde group of acetaldehyde to the oxygen of Cpd I
on both HS and LS states, leading to a pair of transition states, >*TS. This H-abstraction
step is then followed by an O-rebound process, which leads to C—O bonding and
formation of the ferric-acetic acid products, 2*PC. The rate determining step is H-
abstraction step. The activation energy is 11.7/14.0 kcal/mol and 11.8/13.8 kcal/mol in
the PorFe SMe model system and the PorFe SH model system respectively. The C-H
bond activation barrier of acetaldehyde hydroxylation is about one-third to one-half of
that needed for alkane hydroxylation due to weaker C—H bond of acetaldehyde than that
of alkane.[153] The PorFe-SH model exhibits a barrier-less rebound phase, while PorFe
SMe model system shows a quite low rebound barrier on both HS and LS states (0.6
kcal/mol for HS and 0.7 kcal/mol for LS). As such, the reaction proceeds in an effectively
concerted rebound pattern. Consequently, acetaldehyde hydroxylation by CYP2EI

follows the TSR rebound mechanism,[153-156] similar to that of alkane hydroxylation,
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showing a much lower C-H bond activation barrier (about one-third to one-half of that of

alkane hydroxylation) and a barrierless rebound process on both HS and LS state.

(¢) Amine N-dealkylation

The alkylamine structure is found in numerous natural products, drugs and drug
candidates, many of which undergo P450-catalyzed N-dealkylation with loss of the alkyl
group.[157,158] The N-dealkylation reaction of amine has been the subject of several
experimental and theoretical investigations.[158—173] It is proposed that N-dealkylation
of amine results from hydroxylation of a carbon adjacent to the N atom, forming the
unstable carbinolamine, which decomposes subsequently to give rise to a carbonyl
product and a dealkylated amine. N-Dealkylation reaction of amine has been of great
interest and is one of the most intriguing reactions debated for many decades. After years
of discourse, two alternative mechanisms (Figure 1.6) have survived. One is a hydrogen
atom transfer (HAT) reaction,[159-162] labeled as (i), on the carbon adjacent to the N
atom, followed by oxygen rebound to form the carbinolamine, which decomposes
subsequently to formaldehyde and a dealkylated amine. An alternative mechanism
involves a single electron transfer (SET) on the N atom itself,[163,164,171] labeled as
(i1), followed by proton transfer, and then oxygen rebound to form the carbinolamine,
which then decomposes as outlined above. A theoretical study on a series of p-X-DMAs
which were used in experimental studies also supported the HAT mechanism and
explained the experimental observations that had been considered to be typically
associated with the SET mechanism on the basis of HAT process.[174] This DFT study
resolves the HAT-SET controversy and provides a consistent mechanistic view on the

mechanism of the N-dealkylation reaction of amines.
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Figure 1.6: Mechanistic hypothesis for N-dealkylation of amine hydrogen atom transfer
(HAT) mechanism and single electron transfer (SET) mechanism.[174]

(d). Amide N-demethylation

Amide compounds exist in insect repellents, industrial solvents and drugs, possessing
important biological activities.[175—-177] Many of these compounds undergo oxidative
N-dealkylation mainly by P450.[178—183] The amide N-demethylation is understood in
continuation of amine N-dealkylation. In the dimethylaniline N-demethylation study, the
Tpr—Tin-c conjugated system in the p-X-DMAs (X =H, CI, CN, NO,) bridges the p-X
substituent and the C-H moiety that undergoes cleavage in the transition state, and thus,
make the transition state acquire a polar character.[184] To interrogate the precise role of
the mpy—Tin.c conjugation, an analogous series of substrates, para-substituted N,N-
dimethylbenzamides (p-X-DMBAs, X=MeO, H, Cl, NO,, shown in Figure 1.7), in which

the conjugative interaction is disconnected and will thus not show the “polar-type”
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substituent effect on the reactivity, were studied by Wang et al. following the p-X-DMAs

work.[185]
1 N,N Dimethylanilines 2 N,N Dimethylbenzamides
H4C
©)\
CH4 N——CHj
X N (Z)
~ X
CH,

Figure 1.7: N,N-Dimethylanilines (DMA) and N,N-Dimethylbenzamides (DMBA).
1.3.2: Non-heme enzymes

Our understanding of how non-heme iron enzymes catalyze the activation of dioxygen in
the course of oxidizing a range of substrate has progressed significantly.[3,102,186,187]
Now protein crystallography has made it possible to visualize the metalloenzymes’ active
site not only in its isolated state but also in various other states leading to and deriving
from the activated oxygen species. Generally there are one of the two types of active sites
in oxygen activating non-heme iron enzymes: (a) the first comprises a mononuclear iron
center coordinated to two histidines and a carboxylate that occupy one face of an
octahedron, (b) the second active site is a diiron center with two histidines and four
carboxylates as ligands and is associated with methane and toluene monooxygenases,
fatty acid desaturases, and ribonucleotide reductase.[187] At one hand, in (a) the
arrangement is called a 2-His-1-carboxylate facial triad recognized as a common
structural motif for many mononuclear non-heme iron enzymes,[188] this motif is known

to confer mechanistic flexibility by allowing three coordination sites on the metal center

19



to be available for binding exogenous ligands such as substrate, cofactor, and/or O;; on
the other hand, in (b) at least one coordination site on each iron is available for
exogenous ligand binding, and it has been shown that O, binds to both iron centers in the

course of catalysis.
1.3.2.1: Mononuclear Non-heme iron
1.3.2.1.1: Lipoxygenases

Lipoxygenases (LOs) are non-heme iron dioxygenases that catalyze the regio- and stereo-
specific hydroperoxidation of 1,4-Z,Z-pentadiene-containing polyunsaturated carboxylic
acids.[189-193] They are found in all plants and animals and some lower organisms
(alga, molds, and corals) but have not yet been found in bacteria or yeast.[194]
Arachidonic acid is a major substrate of LOs in mammalian systems and its positional
specificity serves as its basis of classification (e.g., 5-LOs biosynthesize leukotrienes and
lipoxins which act as mediators of anaphylactic and inflammatory disorders,[192] 15-
LOs aid pore formation in organelle membranes to initiate organelle degradation,[195]
12-LOs may play a role in tumor cell metastasis [196] etc.). All LOs are monomers
containing one iron atom. The molecular weight of plant LOs is higher than their
mammalian LOs.[191] Sequence alignment of known LOs exhibits the conservation of a

set of histidines found to be clustered in a His(X)4His(X)4His(X)17His motif.[197]

Crystal structures of the ferrous form of two of the Soybean LOs (SLOs): SLO-1 were
characterized by Boyington et al. at 2.6 A resolution at room temperature (PDB ID:
2SBL) [198] and by Minor et al. at 1.4 A resolution at 100K (PDB ID: 1YGE) [199]
while SLO-3 structure was characterized by Skrzypczak-Jankun et al. at a resolution of

2.6 A at room temperature (PDB ID: 1LNH).[200] Gillmor et al. characterized
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mammalian LOs by structure available for the inhibited ferrous form of reticulocytic

rabbit 15-LO at 2.4 A resolution at liquid N, temperature (PDB ID: 1LOX)
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Figure 1.8: Structures of active site of ferrous LO: (a) SLO-1 (PDB: 2SBL) (b) SLO-1
(PDB: 1YGE) (c) 15-RLO (PDB: 1LNH).

A single ferrous ion contained in an isolated LO is activated to ferric by the
hydroperoxide product. The intermediate formed in the reaction of ferric enzyme with
substrate has not been characterized. A mechanism of hemolytic cleavage of the C-H
bond to produce a substrate radical and a ferrous species is argued by many.[201] Others
favor production of a carbanion coordinated to the ferric center in heterolytic cleavage of
the C—H bond. A hybrid mechanism is also proposed in which the formation of an

organo-iron complex follow the hydrogen-atom abstraction step.[202-204]

1.3.2.1.2: Intradiol dioxygenases

Aromatic ring cleaving dioxygenases are found predominantly in aerobic soil bacteria
besides vertebrates. In bacteria, these enzymes degrade lignin, terpene, tannin, and
xenobiotic pollutants while in mammals they catabolise tryptophan and tyrosine. They
insert both atoms from dioxygen into the substrate aromatic ring leading to ring
cleavage.[205-208] Based on the position of the ring cleavage, it is divided into intra- and

extradiol dioxygenases. Figure 1.9 shows its correlation to the metal ion oxidation state.
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Sequence homology comparisons show that the intra- and extradiol dioxygenases have
evolved independently;[209-211] however, in some cases a slow substrate (3-chloro-
catechol) may be cleaved by an intradiol dioxygenase in an extradiol fashion. This

indicates that the redox state is not the sole determining factor in specificity.[212]
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Figure 1.9: Classification of intradiol and extradiol dioxygenases.

Intradiol dioxygenases cleave a more limited set of aromatic substrates than extradiol
dioxygenases. The most well-studied intradiol dioxygenases are protocatechuate 3,4-
dioxygenases (3,4-PCD), catechol 1,2-dioxygenases (pyrocatechase; 1,2-CCD); and
chlorocatechol 1,2-dioxygenases (1,2-CCD). They cleave catecholic substrates to
produce muconic acid derivatives. The 3,4-PCD enzymes are found in divergent bacterial

11

sources. They usually consist of 4-12 afFe" protomer units.[211,213-216]
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X-ray crystallography (via infra) has indicated the active site of 3,4-PCD containing an
axial tyrosine which dissociates upon substrate binding. The crystallographic structure of
3,4-PCD from Pseudomonas putida has been characterized at 2.15 A resolution
indicating highly symmetric nature of enzyme with numerous 2- and 3-fold axes. The
active site occurs at the subunit interface; however, all of the ligands originate from the [-
subunit. 3,4-PCD has a 5C distorted trigonal-bipyramidal active site with Tyr447 and
His462 coordinated in the axial positions, and His460, Tyr408 and water (i.e. hydroxide)
are coordinated in the equatorial plane.[217,218] The reaction of intradiol dioxygenases

has been shown to have a sequential order, with substrate binding before dioxygen.
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Figure 1.10: Active-site of X-ray crystallographic structures of (a) 3,4-PCD, (b) 3.,4-
PCD-IHB, (c) 3,4-PCD-FHB, (d) 3,4-PCD-PCA, (e) 3,4-PCD-INO-CN,
and (f) Y447H 3,4-PCD. (PDB files 2PCD, 3PCI, 3PCF, 3PCA, 3PCL,
3PCD, respectively).
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1.3.2.1.3: Extradiol dioxygenases

Extradiol dioxygenases, successfully isolated form many divergent soil bacteria
(Pesudomonads), have Fe" active site [219] (or rarely, Mn").[220-222] They catalyze the
insertion of both atoms of dioxygen into catechol derivatives, thus forming the ring-
cleavage product 2-hydroxymuconaldehyde acid.[205,223-225] They are classified into
proximal or distal dioxygenase based on position of ring cleavage relative to the
substituent (Figure 1.9). They are being investigated for their directed evolution to
facilitate degradation of specific pollutants: the recalcitrant polychlorinated biphenyls
(PCBs).[207,226] The bacteria appears to evolve quickly to degrade new substrates
supposedly due to the location of the gene on a plasmid rather than in chromosomal
DNA; latter is assumed to evolve more slowly.[227] These have been divided into one-
and two-domain enzymes.[228] Representative bacterial extradiol dioxygenases, 2,3-
dihydroxybiphenyl 1,2-dioxygenase (1,2-DHBD), catechol 2,3-dioxygenase (2,3-CTD),
and protocatechuate 4,5-dioxygenase (4,5-PCD, ) which have (aFe)s, (aFe)s and a,f,Fe
quaternary structures.[229-232] have been reviewed excellently.
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Figure 1.11: Active-site X-ray crystallographic structure of 1,2-DHBD (PDB: 1HAN).
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Crystal structure of 1,2-DHBD has been reported for different forms: active ferrous (1.9
A resolution) and inactive ferric (1.8 A resolution), substrate-bound ferrous, and
substrate-bound ferric (2.6 A),[230,233-235] and more recently determined ferrous 2,3-
CTD (2.8 A resolution), ferric 4,5-PCD (2.2 A resolution), and substrate bound to ferric

4,5-PCD (2.2 A resolution).[236,237]

The extradiol dioxygenases are 5C in the resting ferrous form yet they are not highly
reactive towards dioxygen in the absence of substrate. Similar to intradiol dioxygenase,
these and related enzymes appear to have an ordered mechanism in which substrate binds

before dioxygen.[238-240]
1.3.2.1.4: Pterin-Dependent Hydroxylases

Several tetrahydropterin-dependent monooxygenases have been isolated. Some of them
are phenylalanine hydroxylase, PAH (phenylalanine 4-monooxygenase);[241-243]
tyrosine hydroxylase, TyrH (tyrosine 3-monooxygenase);[244] anthranilate hydroxylase
(anthranilate 3-monooxygenase);[245,246] tryptophan hydroxylase, TrpH (tryptophan 3-
monooxygenase);[247,248] mandelate hydroxylase (mandelate 4-monooxygenase) [249]
etc. They require mononuclear Fe" for function. Anthranilate and mandelate enzymes
have not been characterized much, but the three amino acid hydroxylases (PAH, TyrH,
and TrpH) are known to share many physical, structural, and catalytic properties.[250-
253] Several neurological disorders, including schizophrenia and Parkinson’s disease are
suspectedly attributed to disruption of TyrH function, while dysfunction of PAH is
known to lead to severe mental retardation (phenylketonuria, PKU). Of the PKU-
inducing PAH mutants, most appear to affect protein stability.[254-259] The active site

of PAH is in the Fe" oxidation state in isolated state, which may be an artifact of
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" to the catalytically active Fe" state by

purification. The enzyme is reduced from the Fe
BH, and analogues.[260-263] This reduction is postulated to occur at a site distinct from

either the regulatory or catalytic sites.[264] Several crystal structures have appeared on

truncated forms of both PAH and TyrH.[252]
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Figure 1.12: Structure of the active sites of (a) Fe"'"PAH. (PDB: 1PAH) (b) Fe"'TyrH
with cofactor analogue 7,8-BH2.(PDB: 2TOH).

The first published structure of PAH consists of the catalytic and C-terminal
tetramerization domains of the enzyme, minus the N-terminal regulatory domain. A 5C
site is formed upon substrate and cofactor binding, this directly implicates the iron in
coupled hydroxylation and this fact is also consistent with the ordered mechanism of

PAH wherein substrate and cofactor must be present before any product is released.[250]
1.3.2.1.5: a-Ketoglutarate-Dependent and related enzymes

The a-ketoglutarate (a-KG or 2-oxoglutarate) is required as a cosubstrate in a large class

of mononuclear non-heme iron enzymes.[265-267] They are present in animals, plants,

26



and microorganisms, and play important roles in an array of primary and secondary
metabolic pathways. Prolyl 3-hydroxylase, prolyl 4-hydroxylase, and lysyl hydroxylase
are involved in post-translational processing of collagen in animals.[268] In plants, Prolyl
4-hydroxylase is critical in the synthesis of hydroxyproline-rich glycoproteins responsible
for regulating the extensibility and digestibility of the cell wall.[269] Aspartyl -
hydroxylase is known to catalyze the post-translational hydroxylation of aspartyl residues
in many epidermal growth factors in mammalian systems.[270] Deacetoxycephalosporin
C synthase (DAOCS) catalyzes the first committed step in the biosynthesis of antibiotic

cephalosporin to deacetoxycephalosporin C.

All a-KG-dependent non-heme iron enzymes require ferrous ion, o-KG, and O, for

reactivity but have different quarternary strucutres.[265]

The enzymes of this class are known to catalyze the reaction where o-KG
decarboxylation is uncoupled from the substrate oxidation, either in the absence of

substrate or in the presence of a substrate analogue.[271-275]
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Figure 1.13: Structure of the active site in DAOCS: (a) the apoenzymes, (PDB: 1DCS)
(b) the complex of DAOCS/Fell, (PDB: 1RXF).[276]
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Valegard et al. have reported the first crystal structure of DAOCS.[276] Figure 1.13
shows apo (i.e., metal removed) DAOCS (PDB ID: 1DCS) and the DAOCS complex

with Fe' (PDB ID: 1RXF).
1.3.2.1.6: Rieske-Type Dioxygenases

The Rieske iron-sulfur center is a two iron-two sulfur cluster ([2Fe-2S]) having a 2His
(on one iron), 2Cys (on the other iron) coordination environment, instead of the 4Cys
present in plant ferredoxins. It assists prominently in electron transport pathway in
membrane bound cytochrome complexes as well as in some dioxygenases.[277] The
latter are mainly comprised of two protein components, namely a reductase containing
flavin and a ferredoxin, [2Fe-2S] and a terminal oxygenase containing a Rieske [2Fe-2S]
cluster and a non-heme iron active site.[278] Most of the Rieske-type oxygenases have a
mononuclear iron site. This is known to be the site of dioxygen activation and substrate
oxygenation.[278,279] Alkene monooxygenase was reported to have a binuclear iron site

in its terminal oxygenase by F. J. Small and S. A. Ensign in 1997.
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non-heme iron site. (b) Schematic structure of the Rieske site, the non-
heme iron site, and the posposed route of ET between them in NDO
(Adapted from work by Kauppi et al. (1998) and Kurtz et al. (1999).

The majority of the Rieske-type mononuclear non-heme oxygenases are known to be
aromatic-ring-hydroxylating dioxygenases. These catalyze the regio- and stereospecific
cis-dihydroxylation of an aromatic ring using dioxygen and NAD(P)H. For instance,
benzene dioxygenase (BDO),[280] phthalate dioxygenase (PDO),[281] toluene

dioxygenase,[282] and naphthalene 1,2-dioxygenase (NDO),[283] which initiate the
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aerobic degradation of aromatic compounds in the soil bacteria. They have been proved
to be targets for bioengineering in bioremediation. This step in the reaction pathway (cis-
dihydroxylation) ultimately leads to ring cleavage by the intra- and extradiol
dioxygenases.[279] Besides these bacterial dioxygenases, other Rieske-type mononuclear
non-heme oxygenases are anthranilate 1,2-dioxygenase,[284] which deaminates and
decarboxylates the substrate to produce catechol; chlorophenylacetate 3,4-
dioxygenase,[285] which converts substrate to catechol with chloride elimination; and 4-
methoxybenzoate O-demethylase (putidamonooxin),[286] which catalyzes the conversion

of 4-methoxybenzoic acid to 4-hydroxybenzoic acid and formaldehyde.
1.3.2.1.7: Bleomycin

Investigation of bleomycin (BLM) as a cancer chemotherapy agent began in 1965. This
antibiotic possesses therapeutic benefit against squamous cell carcinoma and malignant
lymphoma.[287] Since then, this drug has been characterized clinically and
chemically.[288-294] BLM is isolated from Streptomyces verticillus as a copper
complex. It is administered clinically in a metal-free form to reduce irritation and is
believed to cleave DNA as an Fe" complex in vivo.[295] BLM is shown to have
reactivity with other metals like Cu, Co, Mn, Ru, and V.[293] The structure of this
glycopeptide antibiotic has typically three domains (Figure 1.15): the bithiazole tail,
which intercalates into DNA; the sugar moiety, believed to be involved in drug uptake
into cells; and the [-aminoalanine, pyrimidine, and p-hydroxyhistidine groups,
collectively known as the metal-binding region. There is some controversy regarding the

B-aminoalanine and/or mannose carbamoyl ligands (vide infra).
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Figure 1.15: Structure of BLM.

The association constant of BLM with DNA is of the order of 10° M™,[296,297] while
the ratio of DNA base pairs to BLM in the cell nucleus are estimated as 10>%:1.[298,299]
It is quite likely that virtually all of BLM is bound to DNA once it enters the nucleus and

it is the DNA-bound species that is activated.[292]

The three-dimensional structure of BLM has been interpreted from the crystal structures
of the Cu" complex of the BLM synthetic precursor P-3A and model complexes (Cu",
Co™, zn") [300-305] and from multinuclear NMR studies with and without a bound

oligonucleotide.[306-325] There is no crystal structure on the complete BLM molecule.
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1.3.2.2: Binuclear Non-heme iron
1.3.2.2.1: Hemerythrin

Hemerythrin (Hr) is the first characterized binuclear non-heme iron protein,[326-328]
This metalloprotein is capable of reversible O, binding that also includes hemoglobin
[329] (possessing a heme-iron active site) and hemocyanin [330] (having a binuclear Cu

active site). Hr was first recognized as a dioxygen carrier in 1873.[331]

It is found in four phyla of invertebrates. It usually occurs as an octamer of virtually
identical subunits. But sequences of monomeric (myoHr), dimeric, trimeric, and
tetrameric proteins and a number of other Hr species have also been reported.[326-328]
In addition to the iron ligands (vide infra) there are other conserved residues that are also

believed to be of direct relevance for proper functioning of the protein.[328]

There were indications that two iron centers are involved in binding one dioxygen
molecule during early experiments on Hr.[332] Two physiologically relevant forms of Hr
as deoxyHr were identified by Klotz et al. [333], containing a diferrous site, and oxyHr,
possessing a two-electron-reduced O, species bound to an oxo-bridged diferric site.
Loehr and Klotz et al. [334-336] were successful to show that the O, moiety in oxy-Hr is
a hydroperoxide, terminally bound to one Fe center and exhibiting a hydrogen-bond
interaction with the bridging oxide. A third form of extensively studied Hr is met-Hr. It is
the most stable form of the protein.[326-328] This physiologically irrelevant form also

contains a diferric site but lacks the peroxide moiety.[328]
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Figure 1.16: First coordination spheres of the diiron sites in deoxyHr and oxyHr
[Adapted from Brunold et al. (1999)].

The three-dimensional molecular structures of myoHr and several octameric Hr species
have been determined by X-ray crystallography at 2 A resolution.[328] The folding of the
polypeptide chain in the monomeric subunits is fairly simple. It consists of four R-helices
that pack roughly parallel to one another. One characteristic of this packing is that there is
only one small close-contact region, and the helices slightly diverge from one another
away from the contact region. Thus a channel between the helices is produced that can
accommodate the heme group in cytochromes and the binuclear iron cluster in Hr. The
interior of the channel is very hydrophobic. It provides a suitable binding environment for

dioxygen.

The active site of Hr consists of two iron centers roughly 3.25-3.50 A apart. In deoxyHr
(Figure 1.16), the ferrous ions are bridged by two carboxylates and an exogenous

hydroxide ligand.[328,337]
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To gain molecular-level insight into proton-coupled two-ET process associated with the
interconversion of deoxyHr and oxyHr, the corresponding reaction coordinate was
explored through DFT calculations evaluated and calibrated by the experimental

data.[338]
1.3.2.2.2: Methane Monooxygenase

Methane monooxygenase (MMO) catalyzes NADH-dependent dioxygen activation and
the insertion of an oxygen atom into the exceptionally stable C—H bond of methane (bond
dissociation energy 104 kcal mol™) to form methanol.[339-341] Subsequently, methanol
dehydrogenase converts methanol to formaldehyde which in turn may be catalyzed to
formate by formaldehyde dehydrogenase in concert with NAD+ reduction. Finally,
formate dehydrogenase oxidizes formate CO, with help of NAD' as an oxidant.
Methanotrophs grow on methane through this pathway as the sole source of carbon and
energy.[340,342,343] Methanotrophs have been classified as type I, II, or X on the basis
of metabolic pathway utilized, their morphology, and types of MMO expressed.[342,343]
Types I and X methanotrophs utilize a ribulose bisphosphate pathway (ribulose 5-
phosphate is condensed with formaldehyde), while type II methanotrophs utilize a serine
pathway (glycine is condensed with formaldehyde to initiate carbon assimilation). Type I
methanotrophs possess only a particulate, membrane-bound form of MMO. In types II
and X methanotrophs, either a particulate (pMMO) or a soluble (sSMMO) form of the
enzyme is expressed depending on growth conditions.[340,342,343] When the growth
media contains a high concentration of copper and a low concentration of iron, the
particulate form is exclusively expressed.[344,345] Less is known about pMMOs because

of difficulties in purification of active enzyme.[346-351] However, there has been some
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recent progress towards the more detailed characterization of pMMO chemistry.[352-
360] X-ray crystal structures of MMOH have been reported for both the M.

trichosporium [113] and M. capsulatus enzymes.[361-363]
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Figure 1.17: Representation of the crystallographically determined binuclear active sites
of MMOH. (a) Diferric MMOH with (PDB: 1MTY, right) and without
(PDB: IMMO, left) acetate bound from M. capsulatus. (b) Diferric MMOH
(PDB: IMHY) from M. trichosporium.[362])

1.3.2.2.3: Ribonucleotide Reductase

The enzymatic reduction of ribonucleotides is catalyzed by ribonucleotide reductase

(RR). It generates deoxyribonucleotides, that are essential for DNA synthesis.[364-366]
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This involves reduction of the hydroxyl group on the 2’-carbon of the ribose moiety of
nucleoside diphosphates and triphosphates.[367,368] There are at least four classes of
RR.[368,369] Each class has its unique composition and cofactor requirement, but all
contain a metal site and involve radical chemistry.[368-370] Class I has an ayf;
quaternary structure.[371,372] Homodimers a, and B, are generally referred to as R1 and
R2. Each R1 contains one substrate-binding site and two separate allosteric sites, and
each R2 contains a binuclear non-heme iron active site with a stable tyrosyl radical
essential for enzymatic reactivity.[364,371-376] Dioxygen is required in this class of RR
to generate the binuclear active site and the radical. Hence it does not function under
anaerobic conditions.[377-379] They are found in all eukaryotes and some
microorganisms. RR from E. coli is characterized the most.[380] Class I RR has an a or
o, homodimer structure. The radical required for reactivity is generated by adenosyl
cobalamin.[381,382] This class of RR functions both aerobically and anaerobically. It is
found in some microoganisms but not in higher organisms. The most characterized
enzyme is from Lactobacillus leichmannii.[383] Class III RR is also found in E. coli and
functions only anaerobically. [368,384-386] These class of enzymes are iron-sulfur
proteins with a glycyl radical and have an a3, quaternary structure. [387,388] Structures
of R2 proteins in different oxidation states and from various sources have been

determined by X-ray crystallography.[371,372,389-395]
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Figure 1.18: Representation of the crystallographically determined binuclear active sites
of the R2 subunit of ribonucleotide reductase: (A) Binuclear oxidized
[Fe"Fe''] active site from E. coli (PDB: 1RIB), (B) Binuclear reduced

[Fe'-Fe"] active site from E. coli (PDB: 1XIK), and (C) Binuclear [Mn"-
Mn"] active site from E. coli (PDB: IMRR).

1.3.2.2.4: A’ Desturase

The acyl-bound acyl carrier protein (acyl-ACP) desaturases activate dioxygen in a
desaturation reaction involving the insertion of a cis (or Z) double bond. Desaturation is
an essential step in fatty acid biosynthesis. In eukaryotes, desaturation is a post synthetic
modification catalyzed by NADPH- and dioxygen-dependent binuclear non-heme iron
enzymes. Both membrane bound and soluble enzymes have been identified, besides a
large variety of isoforms varying in substrate specificity and regiospecificity.[396-398]
The number and position of double bonds in fatty acids is known to have profound

effects on their physical and, therefore, physiological properties.[399-402]
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The three-dimensional structure of reduced A’D from castor seeds has been determined

by X-ray crystallography at a resolution of 2.4 A (PDB ID 1AFR).[403]
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Figure 1.19: Representation of the crystallographically determined binuclear Fe"Fe'
active site of stearoyl-acyl carrier protein A’ desaturase from caster seed
(PDB:1AFR).

1.4: Computation of structure and properties of transition metal

complexes

The computation of electronic structures of transition metal complexes has been
developed in recent years to such an extent that with the help of ab initio and semi-
empiricial quantum-chemical methods, a large variety of spectroscopic properties and
reactivities of mono- and oligonuclear transition metal compounds can be computed
efficiently and interpreted reliably. These computations are often based on known

structural data. The electronic structures are usually interpreted by the comparison of
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computed and experimentally observed spectroscopic data and/or reactivities. This helps
in proposing new models and refining existing theories that may lead to rules for
improving relevant properties of a new class of compounds. Many a times, close
collaboration of theoretically oriented chemists with experimentalists has culminated into
novel types of compounds or novel mechanistic ideas, e.g. the discovery of the first
molecular Fe"' species,[404] the experimental characterization of HgF4,[405] the
prediction and observation of multi-state reactivity in iron-based oxygen
activation,[406,407] the discovery of an -elusive, biologically relevant Cu-O;
complex,[408,409] the investigation of copper-oxygen intermediates, capable of
hydroxylating areas [410] and the search for elusive high-spin Fe'Y=0 model

system.[101,411-414]

An initial protein structure derived from crystallography, where possible, serves as
starting point for calculations. Then geometry and self-consistent-field (SCF)
optimizations are performed. The complete system is generally divided into the quantum
cluster and the environment.[415-417] For the environment, dielectric and electrostatics
approaches are employed. Either direct geometric constraints on the location of the active
site cluster are imposed or force field derived approaches for steric constraints are

implemented.
1.4.1: Correlation of molecular structure and properties

Structure correlation is a classical method for the thorough analysis and interpretation of
molecular properties.[418] In transition metal coordination chemistry, the properties of a
complex are largely determined by the type of donor atoms and their arrangement around

a metal center, which may be tuned by structural modifications due to (a) the variation of
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substituents at the periphery of a ligand to modify solubility (used, e.g., for metal-ion-
selective extractions;[419] note that hydrophobicity has also been proposed to change the
properties of the metal center,[420] and charged peripheral substituents have been shown
to influence the electronics of the metal center in a similar way as electrostatic fields in
metalloproteins are tuning the electronics of the reactive center [421]); (b) the
substitution at the ligand periphery to modify the ligand conformation and the complex
stability;[422,423] and (c) the modulation of the shape of the active transition metal ion
site to stabilize specific substrate-catalyst interactions and destabilize others (used, e.g.,
in the area of enantioselective catalysis [424] and for the stabilization of meta-stable
intermediates in mechanistic biomimetic studies [425]). The role of the protein in
enzymes in shaping the environment is another well-appreciated structural aspect of
importance, and there are various examples of modeling these particular structural
features.[426-428] In this section, the coordination geometry and its influence on the

electronics of the coordination center is concentrated upon.

Classical methods for interpreting the properties of transition metal complexes are (a) the
Hard and Soft Acids and Bases principle (HSAB): the types of donor atoms and metal
centers are classified and rules for preferences in metal-donor combination have been
derived,[429-432] and (b) ligand-field-theory-based approaches: one analyses the
geometric arrangement of the donors around the metal center and uses to interpret
spectroscopic and magnetic data [433] and also stabilites and reactivies,[434] e.g., using
the empirical Irving-Williams series.[435-437] A demonstration of how various
properties can be derived from the type and geometric arrangement of the donors around

a metal ion, an example is given in Table 1.1 [438-440] and Fig. 1.20.[438] It is shown

40



that donor set (N vs S) and the size of the macrocycles (13- to 16-membered) correlates
with the redox potentials as well as electronic and EPR spectra of macrocyclic-ligand-

copper(Il) complexes.

Table 1.1: Electronic parameters and redox potentials of copper(Il) complexes
containing macrocyclic ligands with various donor sets (the
Me(NO;)[n]aneNy ligands are those shown in Fig. 1.20a.[438-440]

Compound Electronic transition (cm™) EPR E.(V) vs NHE
g|| g,
[Cu{Me(NO,)[13]aneN,}]* 18,020 2.18 2.05 -0.34
[Cu{Me(NO,)[14]aneN,} 1> 20,830 2.19 2.05 -0.54
[Cu{[14]aneN,} 1> 19,610 2.19 2.05 -0.47
[Cu{Me(NO,)[15]aneN,}]* 18,180 221 2.06 -0.42
[Cu{Me(NO,)[16]aneN,} > 17,240 2.21 2.06 -0.22
[Cu{Me(NO,)[14]aneN,-cisS,}]*" 18,730 2.16 2.038 -0.025
[Cu{[14]aneN,-cisS,} > 18,760 2.145 +0.075
[Cu{[14]aneS4}T* 17,540 2.10 +0.60
[Cu{Me(NO,)[14]aneN,-cisO,} ** 17,300 -0.51
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Figure 1.20: Correlations of spectroscopic and electrochemical data of a series of
copper(Il) compounds in (a), with tetrahedral twist (b), EPR parallel
hyperfine coupling (c), redox potential (d), dd transition energy (e), dd
transition intensity (f).[438]
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The important observation is that the structure of these copper(Il) complexes is enforced
by the ligand (square pyramidal vs square planar vs. tetrahedral, described by the angle 6
in Fig. 1.20b; the 14-membered macrocycle has the right size for square planar
coordination to Cu", the 13-membered ring is too small and leads to a square pyramidal
distortion, the 15- and 16- membered rings are too large and lead to tetrahedral
distortions), and this define the redox and spectroscopic properties, i.e. there is a good
linear correlation of 0 with the various molecular properties (Fig. 1.20c-f).[441-444]
These correlations might be accepted as a particularly well-behaved quantitative
structure-property relationship (QSPR), others have been described in the area of metal-
ion-selective extractions.[445-448] Empirical force field calculations (molecular
mechanics, MM) were quite expectedly shown in most of these examples to be reliable

predictive approach for the various QSPRs.

It is obvious that prediction and interpretation of properties is possible only by a detailed
understanding and knowledge of how to influence molecular structures. In transition
metal complexes, the metal-ligand distances and the ligand-metal-ligand angles are much
more elastic than the organic backbone of the ligands. Due to this, the coordination
geometries and, hence, the properties of the metal center may be enforced by a careful

choice of ligands.[438, 449-451]
1.4.2: Computation of molecular properties

MM may be used to compute properties directly derived form steric effects and has
proved to be an appropriate and efficient approach in relevant areas and is quite reliable
and accurate. It also proves to be competitive and quite often the only approach which

allows to fully separate steric from electronic effects.[452] Major contributions to
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complex stabilities and metal ion selectivities such as ligand preorganization and
complementarity, derived from the shape and size of ligand cavities (host molecules) and
their flexibility and elasticity, as well as the corresponding preferences of metal ions (the
guest) have been successfully predicted.[450,453-455] Redox potentials have been shown
to be related to complex stabilities (Fig. 1.20). For particular classes of metal complexes,
it has been successful in computing redox properties with acceptable accuracies.[456-
458] MM helps in optimizing transition states and, serves as an efficient way to optimize
catalyst selectivities.[459] Conformational searches, based on MM and data mining, have
been used to explain novel mechanistic details of metalloprotein-catalyzed

reactions.[460,461]

Often quantum-mechanical methods (QM) compute bonding, spectroscopy and reaction
pathways efficiently and reliably; approximate density functional theory (DFT) is
generally used for mechanistic work, and time-dependent DFT (TD-DFT), spectra-
oriented CI (SORCI) and ligand-filed-based DFT methods (LFDFT) are the methods
appropriate for computing the spectroscopic parameters that were developed, validated

and used during the last decade.[462-474]

Electronic structure calculations are typically used for interpreting experimental data.
Therefore, when experimental structural data are available, the QM methods then used
are single point calculations based on the data. The challenge arises when these are not
available from experiments; it is obvious to demand the sources of accurate structural
data. Obvious possibilities are structures optimized by MM or QM methods. One must
however be careful regarding efficiency, reliability and accuracy of these methods.

Where structure optimization is based on QM methods, the electronic properties may be
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refined with the help of a more expensive single point QM calculation, based on structure
data obtained by a less costly QM model.[475] The basic disadvantage is that the
structure may not be a minimum on the potential energy surface (wavefunction is slightly
distorted) but the errors are small and generally reliable. It is generally believed that the
approximations used in DFT lead to a situation where it is apt to use slightly different
methods for structure optimization, the calculation of energetic properties and various
electronic features. This methodology becomes handy particularly in the field of

transition metal complexes.
1.4.3: Molecular structure optimization

Reliable structure prediction is required for the design of novel compounds possessing
improved properties, in general and of transition metal complexes in particular. It is
observed that empirical force-field-based methods (MM) are highly efficient, reliable and
accurate if appropriate methods are employed for conformational analysis and structure
optimization.[451,476-482] MM have undisputably higher efficiency with respect to
electronic-structure-based methods. The QM structure optimization fails to be
competitive enough for more than average sized molecules for molecular design purposes
with current hardware and software capabilities. Also, the reliability of an optimized
structure is related to the global energy minimum structure on a warped potential energy
surface or to a set of structures with similar energy. This necessitates a conformational
search to define the relevant structure,[477,483] which proves to be computationally
expensive with QM methods. In terms of accuracy, it is believed that MM calculations
may be equivalent or even superior to QM structure optimizations, provided a well-tuned

force field is used.[451,477,484-487] This proves to be the major drawback of MM as
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parameter sets for specific problems are missing, additionally the parameterization
procedure is tedious if published force fields are not available,[488] although different

force-field fitting schemes have been described.[489-501]

Generally, in QM studies, accuracy of the optimized structures is not the point of
contention. However when accurate structural data are required, the tuning of the model
used (functional and basis set) may also be difficult,[502-504] and a thorough
comparison of experimental with computed data based on MM on one hand and DFT on
the other quite often indicates that the former are of superior quality.[458,476,505] The
quality of both MM and DFT calculations depend on the method used (force field,
functions and parameterization; functional and basis set), this is obvious from the fact

that both are empirical and semi-empirical methods, respectively.

Transition metal complexes have long proved notorious that applied methods could not
probe their properties correctly because of (a) the multifarious coordination numbers and
geometries, resulting into difficulties in defining the coordination angles and functional
forms to describe them,[449,451,484] (b) the many possible oxidation states and
corresponding electronic structures,[451,484,485,506,507] and (c) the electronic
influence exerted by the partially filled d-shell.[493,508-514] Thus theoretical methods
may require some adaptation for efficient, reliable and accurate methods for prediction of

structures of specific type of transition metal complexes
1.5: C-H bond activation in transition metal species

Homogeneous catalysis mediated by transition metal complexes acts as one of the most

efficient ways to achieve high activity as well as control of the selectivity in C—H
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activation. Different situations may occur depending on the nature of the metal M and
ligand set L, in the active L,M species. Thus the C—H activation processes are classified

into four main different mechanisms, extensively studied and reviewed by David et

al.[522]
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Figure 1.21: Schematic representation of the different mechanisms for C—H activation.

Oxidative addition is typically common in electron-rich, low-valent complexes of the late
transition metals (Re, Fe, Ru, Os, Ir, Pt) for which the higher oxidation state of the metal
in the product and the necessary change in geometry upon formation of the two new
bonds are not energetically penalizing. Oxidative process is not possible for early
transition metals (groups 3 and 4, lanthanides and actinides) with d° electronic
configuration. The preferred mechanism is 6-bond metathesis which usually involves an
alkyl or a hydride complex. In o-bond metathesis mechanism, there is essentially the

concerted formation (M—C and C'-H) and breaking (M—C' and C—H) of bonds at the
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transition state. A reactivity formally equivalent to c-bond metathesis is observed for

> or Pt**, Hg®"), usually in a strongly polar

late- or post-transition metals (Pd*", Pt
medium. The electrophilic attack of the metal forms the putative intermediate. In the
product, the hydrogen atom of the substrate is seen to be formally substituted by the
metal center acting only as a Lewis acid, due to this it is classified as electrophilic
substitution. Finally, the C—H bond can add across an unsaturated M—X bond in a 1,2
addition (Figure 1.21). This mechanism is similar to 6-bond metathesis but differs in fact
that the newly formed X-H bond does not lead to release of X—H because of the presence
of the M—X o-bond in the product. The functional groups X leading to such reactivity are

generally amido and alkylidene complexes of early to middle transition metals, but C—H

bonds have also been shown to be activated by alkoxy and alkylidyne complexes.

In homogeneous catalysis, computational studies of the structure and reactivity of
organometallic complexes serves as an essential tool.[515-519] Density functional theory
(DFT) has been proved and established to be a reliable method of studying
organometallic activity by various comparative studies.[520,521] Since the seminal
review by Niu and Hall,[516] the majority of the computational studies have employed
DFT methods in general and the hybrid B3LYP approach in particular. With rise in
computing power, systems could now be modelled closer to the actual experimental
situation thus allowing access to information difficult to obtain directly from experiment.
One key piece of information obtained in such studies of reaction mechanisms is the
characterization of the transition state (TS) on the potential energy surface (PES), which
is not accessible in other methods. The energy barrier (AE or AH) or the activation barrier

(AG) can be evaluated from the energy of transition state, which may be compared with
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experimental values from kinetic studies, if (or when) available.[522] The electronic
structure of the TS allows a more detailed characterization of the mechanism of the
reaction in terms of bonds that are broken and made during the process. The reactants and
products connected by a given TS can be easily obtained from calculations, thus the
thermodynamics of the reaction may be well understood. Generally intermediates are
short lived and unobservable, so calculations help locate intermediates and suggest
modifications to the experimental systems to favor or disfavor the intermediate enabling
the discovery of new pathways for C—H activation. Thus one can improve activity and
selectivity by proposing modifications of the catalyst and experimental conditions.
However computing energy profile for the entire catalytic cycle is a tough task, which if
accomplished, may lead to understanding of the relative activation barriers for the
individual steps and rate-determining step for transformation of interest. It should
however be noted that C—H bond is inert in nature and one of the most difficult

transformation. Hence emphasis is often put on the C—H bond-breaking step.
1.5.1: Mechanisms of C—H Bond Activation

The breaking of a 6(C—H) bond in the coordination sphere of a transition metal complex
occurs due to the weakening and cleavage of o(C-H) bond and is attributed to two
synergic transfers of electron density: o-donation from the bonding o(C—H) molecular
orbital (MO) into a symmetry adapted vacant orbital on L,M and n-back donation from
an occupied d; MO on L,M into the antibonding ¢*(C—H) MO. However, a vacant site is
required to be created on the metal to allow coordination of the ¢ bond. The observation
of a o-complex is experimentally challenging because the interaction between the metal

and the C—H bond is usually weak.[523—-527] Computationally, such intermediates often
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occur prior to the C—H cleavage step. The back donation from the metal is usually
effective from a non-bonding dn MO on L,M, but in principle, any high-lying occupied
MO could be involved in electron transfer into 6*(C—H) if symmetry allows. The actual
nature and magnitude of the o-donation from o(C—H) and n-back donation into ¢*(C-H)

determines the various mechanisms for C—H activation.

(a) Oxidative Addition

The oxidative addition mechanism is mainly characterized by the concerted breaking of
C—H and formation of M—C and M—H in the TS, the formal increase by 2 units of the
oxidation state of the metal, and the change of geometry of the complex to accommodate
the two new o bonds. Efficient C-H activation through the oxidative addition mechanism

depends on the electronic configuration of the metal in the fragment L,M.

(b) 6-Bond Metathesis

The o-bond metathesis is a one-step reaction wherein two ¢ bonds are broken and two
new ¢ bonds are formed in a concerted manner without any change of the metal oxidation
state (Figure 1.22a). A review describes the current understanding for this reaction.[528]
This mechanism has been proposed for early and late transition metal complexes.
However, in the case of the late transition metal complexes exhibiting multi-oxidation
states, the transformation can be formally achieved either by c-bond metathesis or by
successive oxidative addition and reductive elimination (Figure 1.22b). Preference for

either of these mechanisms has been the topic of a number of theoretical studies.
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Figure 1.22: Various mechanisms for formal 6-bond metathesis.
(c) Electrophilic Substitution

This pathway for C—H activation is closely related to the c-bond metathesis pathway.
Here, coordination of the alkane C—H bond at an electrophilic metal center leads to a
C—H bond weakening that facilitates the following loss of a proton and generates the
M—CH3; species. An external base or solvent or a sufficiently basic group in the
coordination sphere of the metal may act as the proton acceptor. It is anticipated that soft
electrophiles with low-lying, polarizable LUMOs should be most effective for this mode

of C—H activation.[529]
(d) 1,2 Addition

If an early transition metal is coordinated to a ligand with =m-bonding capability
(alkylidene, alkylidyne, amide, imide, alkoxide, aryloxide), m-donation from the ligand
stabilizes the unsaturation at the metal center. The M=X functionality (X= CR;, CR, NR,,
NR, OR) adds to a C—H bond in a [2,; + 2,]-type reaction (Figure 1.23). The 1,2-addition

product M(XH)(R) could lead to a hetero-functionalized hydrocarbon upon reductive
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elimination. If the regeneration of the M=X group could be made catalytic, this would
constitute a major advance. The net 1,2-addition of a C—H bond across a metal-oxygen or
metal-nitrogen bond is a key step in this catalytic cycle. Similar to oxidative addition,
vacant site on the metal should be created for the C—H bond to coordinate and engage in

an interaction with M=X.
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Figure 1.23: Hypothetical catalytic cycle for hydrocarbon heterofunctionalization
through C—H 1,2-addition across M=X.

1
1,2-addition

1.5.2: Substrate-activation by dehydrogenation in homogeneous transition metal

catalysis

The substrate has been reported to be activated by catalytic dehydrogenative oxidation. A
bond construction step follows this activation. These steps proceed under ‘one-pot’
conditions generally with a single catalyst or at most two catalysts acting together. In
alkane substrate, alkanes are dehydrogenated to alkenes, which react further to give final
products. In alcohol case, alcohol dehydrogenation leads to aldehydes or ketones that
react further with nucleophiles. Besides these two best established reactants, amines also
figure in dehydrogenative activation reactions, although to a lesser extent. Here, reactive

imines are generated as intermediates.
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A number of characteristics are common to these reactions. In each case a less reactive
species, such as an alkane or alcohol, is converted to a more reactive one, an alkene or
organic carbonyl compound, that then reacts further in a tandem ‘one-pot’ procedure.
Tansition metal complexes catalyze the first step wherein a C—H bond is cleaved; next
steps may or may not be catalyzed. The green chemistry has emerged and drawn attention
to bond construction strategies that promote atom economy and avoid mutagenic
reagents.[530] This is termed green in sense that atom economy is very high (minimize
waste formation) and helps avoid the need to introduce activating groups (bromide or

tosylate) by using unfunctionalized alkanes and alcohols.

These types of reactions can best be illustrated by taking examples of alkane metathesis
and amine alkylation (Figure 1.24), where ‘cata’ refers to the dehydrogenation/
hydrogenation catalyst. While the initial dehydrogenation is endoergic, particularly for
alkane dehydrogenation, third step is necessarily as exoergic approximately as the first
step is endoergic but with the opposite sign. Thus third step may help drive the first step

and the resulting arrangement has a great thermodynamic advantage.

Alkane Metathesis Amine Alkylation
cata
cata
RN ﬁ R R ~"0OH R/\O
metathesis HNR
LM L MH; cata’ 2NR
LM LMHy -H,0

RU R
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Figure 1.24: Representative reactions featuring Dehydrogenative activation.
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1.6: High valent Non-heme Iron-oxo Complexes

In a superfamily of enzymes, mononuclear non-heme iron centers carry out vital
metabolic processes by activating O, (oxidative transformations) [3,186] and are known
to catalyze substrate oxidations, including hydroxylation, halogenation, desaturation,
epoxidation and cis-dihydroxylation. Electron donors for O, activation include the
commonly used reductant NADH, o-ketoglutarate (a-KG),[4] tetrahydrobiopterin,
[250,531] and ascorbate.[532,533] In isopenicillin N synthase (IPNS), the substrate is
reported to undergo 4-¢” oxidation, thus providing all necessary electrons required for O,
activation.[534-536] An Fe''=0 species is the oxidant most commonly postulated for
these enzymes, while a cis-HO-Fe"=0 oxidant is proposed for the Rieske dioxygenases
which catalyze cis-dihydroxylation of arene double bonds.[186,537,538] However no
experimental evidence was reported for the putative Fe''=0 oxidizing intermediate in

this enzyme superfamily until 2003.[87,411,539]
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Figure 1.25: Proposed structures for Fe''=0 intermediates for TauD, CytC3, and PheH.

The non-heme iron enzymes were found to catalyze substrate oxidations similar to those
by heme enzymes. This encouraged chemists to investigate the use of synthetic non-heme
iron complexes as oxidation catalysts. Thus began the search for evidence for high-valent
Fe=0O species in these oxidations. Costas et al. have seminally reviewed the extensive

work carried out prior to 2000.[540] Ascertaining the involvement of a metal-based
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oxidant rather than metal-free oxy radical species proved to be considerable challenge for
long.[540] It was overcome in 1997 with a discovery that [Fe"(TPA)(NCCH;),J*"
catalyzed stereospecific alkane hydroxylation with H,0,.[541] With cis-1,2-
dimethylcyclohexane as substrate, the tertiary alcohol product showed complete retention
of configuration, thereby establishing absence of an oxy radical as oxidant. Subsequently,
this system was established as catalyst in epoxidation and cis-dihydroxylation of olefin

substrates with high stereoselectivity.[542]

Borovik’s report in 2000 of an unprecedented oxoiron(IIl) complex, [Fe'"(O)(Hsbuea)]*
proved to be a milestone in synthetic efforts to make high-valent non-heme Fe=O
complexes.[543] This breakthrough initiated intense investigations into non-heme Fe=0
chemistry with many excellent reports detailing their generation and the characterization

of their structural, electronic, and spectroscopic features.[14,101,103,104]
1.6.1: Synthesis

The first direct evidence for the generation of a non-heme Fe''=0 complex was reported

by Wieghardt.[544] A green chromophore was yielded by reaction of [Fe™

(cyclam-
CH,CO,)(OT1)]PF¢ with ozone (O3) at —80°C in acetone/H,O. This was assigned to an
S=1 Fe'¥ species by Mossbauer spectroscopy. However the yield was very low. Although
one could not obtain any evidence for an Fe''=0 moiety, the green chromophore was
postulated to be [Fe'"(O)(cyclam-CH,CO,)]", its assignment as an Fe''=0 complex was
proven to be correct by favorable comparison of its characteristic NIR absorption band
and the Mossbauer parameters with those of better characterized Fe''=0 complexes

subsequently prepared. Another breakthrough in non-heme Fe''=0 chemistry came with

the high-yield synthesis of [Fe'(0O)(TMC)(NCCH3)]*" and the solution of its crystal
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structure in 2003 and its thorough characterization of an Fe''=0 species for the first time.
[Fe"(O)(TMC)(NCCH;)]*" was generated by the reaction between [Fe'(TMC)(OTf),]
and iodosylbenzene (PhIO) in CH;CN at —40°C. More than 90% yield of Fe''=0
complex was reported.[109] The half life of [Fe'¥(O)(TMC)(NCCH3)]*" was 10 h at 25°C
and persisted for at least a month at —40°C, this facilitated its crystallization.[109] It
represents the first crystallographically characterized synthetic complex with an Fe'V=0
unit. de Visser et al. have presented a seminal review on intrinsic properties and

reactivities of Fe=0 complexes bearing the TMC ligand.[78]

Bakac and co-workers characterized a synthetic S = 2 Fe'V=0 complex for the first time,
and did it without a supporting polydentate ligand.[545] The reaction between aqueous
[Fe"(H,0)s]*" at pH 1.0 and Os yielded [Fe'V(0)(H,0)s]*" in 50% efficiency, with a
mononuclear Fe" by-product. Its S = 2 spin state was established by high-field
Mossbauer analysis, its Fe'' oxidation state was further corroborated by the X-ray
absorption which was reported to be 1-2 eV higher than observed for other synthetic
Fe''=0 complexes. In Fe'V=0, though both S=1 and S=2 are d* systems, their electronic

configuration is (xy)z(xz,yz)2 and (Xy)l(xz/yz)z(xz—yz)1 respectively.

1.7: Corrole derivatives

Corrole is fully aromatic analogue of the corrin ligand found in By, cofactors. It was first
synthesized by Hohnson and Kay via photocyclization of an a,c-biladiene,[546] which
was itself the end product of a many-step synthesis. Multiple stable, formal Fe(IV)

derivatives of octaethylcorrole were reported by Vogel and co-workers.[547] Will et al.
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reported formal Ni(III) and Cu(IIl) corroles soon thereafter.[548] A number of synthetic

routes have since been reported for synthesis.

The coordination chemistry of corroles is quite extensive and quite different from that of
porphyrins.[549] Latter generally behave as dianionic ligands but free-base corroles are
triprotic acids and coordinate as formally trianionic ligands.[550] As contracted

porphyrins, they provide tight, sterically constrained environments for coordinated atoms.

Even as late as the year 2000, only few people, besides a handful of well-informed
porphyrin specialists, had heard of corrole. Now its chemistry has grown explosively due
to dedicated efforts of many. Corroles are important because of strong fluorescence of
their lighter main-group element complexes, ubiquitous ligand non-innocence among
first-row transition-metal corroles (Mn, Fe, Co, Cu etc.). It exhibits remarkable efficacy
as group transfer catalyst. Although huge theoretical investigation has been reported for

corroles, this area offers immense potential for research.

1.8: Importance of metal complexes

Metals have been used in treatment purposes since ancient times. As positive charge of
metals readily interacts with proteins, some metal containing drugs are being developed
which interact with active sites in metalloproteins to get desired reaction pathways for
disease control.[551] Living organisms have evolved CYP 450 that serves in catalysis of

specific chemical processes of drug metabolism.

Environment is infected with pollutants originating form industrial activities (mining,

industry effluents, chemical weapons production etc.), anthropogenic activities
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(agriculture, traffic etc.), scientific activities (chemical, nuclear or other experiments) etc.
which affect living forms (animals or plants alike) in various ways. The quality of life is
linked directly to quality of environment. Besides incineration or chemical
decomposition, bioremediation is important arena of research. It refers to microorganism
mediated transformation of contaminants wherein pollutants are attacked enzymatically
to convert them into innocuous products. Various metalloenzymes like methane
monooxygenases (hydrolysis of methane), peroxidases (degradation of phenols,
chlorophenols etc.), catechol dioxygenases (chlorophenol oxidation), aromatic
hydrocarbon dioxygenases (oxidation) etc. have great potential in controlling pollutants.
Also understanding their mechanism serves in search of environmentally benign
procedures for synthesizing useful chemicals (green chemistry- atom economic reactions

minimize waste formation).

Chemical warfare agents (CWAs) are a serious threat to living world. While usually
prepared on mass scale during war (mustard gas, cyanide gas, sarin etc.), Nations are left
with huge stocks posing severe threat to life during times of peace worldwide. Agents
capable of detoxification of CWAs must be reactive to them and produce non-toxic (or
less toxic) byproducts. Decontamination proceeds in multiple pathways, mostly by
hydrolysis [552] and oxidation.[553] Water and Oxygen are ubiquitious in atomosphere
and serve as excellent reactant/oxidant. While enzymes have come to rescue in
eliminating these weapons of mass destruction (for instance, cyanidase hydrolyses
cyanide gas to formate and ammonia), a comprehensive study in this area is the need of

the hour. Terrorists may get a hand on these lethal weapons which may prove disastrous.
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METHODOLOGY

2.1: Quantum mechanical calculations of atomic orbitals

The aim of a scientist is to explore new properties in a known material or to discover and
characterize a novel substance displaying unique characteristics for service of the living
world. These materials are made up of molecules, which are made up of atoms, which in
turn are composed of electrons, protons and neutrons; classification may go on
continuously through quark theory, field theory etc. While each nucleon possesses energy
in its own manner, materials properties may primarily be attributed to electronic
structure. While classical mechanics is capable of predicting trajectory of atoms, it finds
itself inadequate to explain most properties at atomic level; quantum mechanics comes to
the rescue. Though former aims at describing trajectory of a particle under study, latter
aims at finding not an accurate motion but probability distribution function.While earlier
works of Born, Hartree, Pauli, Dirac etc. helped in formal development of the subject
during early stage, Schrodinger is undoubtedly the premier who helped build the
foundation of the mechanics that was to have severe influence in what science has
become today.[1] Modern day science is indebted deeply to Schrodinger for his

celebrated wave equation [2]

Hy =Ey (2.1)
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Here H represents Hamiltonian operator of the system-comprising of kinetic energy and

potential energy term, E is eigen value representing energy and y represents eigen
function. i is well behaved mathematical function such that y *y represents probability

density.[3] While this equation is solvable for hydrogen or hydrogen-like atom easily-
with little or no approximation- depending on property of interest. Howsoever simple
equation it may be and capable of correctly describing the system fully, the only problem
lies in solving it for a given system. In fact, it is beauty of this equation that almost any
molecular system can be explained by merely solving it completely and yet, the basic

problem lies with method of solving it.

Even for the simplest system like Hydrogen atom, the motion of constituents of system
viz electrons and nucleus (the eigen function) may be represented by total wave function
comprising of electronic as well as nuclear wave function. The Hamiltonian may be

expanded as:

2 2 2 2 2
H :_Zzh_vz _z /] V2 _ZZ ZAAe +Zi_+ZZArA (22)
i i AB

me A 2m, i oA F i) lj A

where 1, j represent summation over electrons while A, B stand for nucleus. First and
second terms represent kinetic energy of electrons and nucleus, third term stands for
electron-nucleus potential energy, while fourth and fifth terms denote inter-electron and
inter-nucleon interaction energy. After Born-Oppenheimer’s realization that electrons
adjust instantaneously with any changes in nucleus, the Schrodinger’s equation was
resolved by variable separable method, it got solvable for electronic wave function

separately for a given arrangement of nucleus.[4-6]
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Changing nuclear positions necessitates addition of nuclear repulsion term to electronic
energy to get correct total energy of new configuration. Although variation in nuclear
position may be dealt-with easily in atoms, scenario complicates in energy levels of even
the simplest molecule (e.g. diatomic or linear multi-atomic etc.). As has been discussed
earlier that Hamiltonian comprises of (a) kinetic energy as well as (b) potential energy
term also, which is sub-divided into (i) nucleus-nucleus interactions (ignored due to
Born-Oppenheimer approximation), (ii) electron-nucleus potential energy and (ii) inter-
electron interaction energy; it is this last term that creates complexity. Hamiltonian due to
electrons only is written as:

Ho= 2 VT3 ey 3

i i<j N
Here first term is kinetic energy, second term is nucleus-electron potential energy and last
term is electron-electron interaction energy. With this H, in hand, one gets E, and y as

solution. Thus the modified Schrodinger wave equation for n electron system is written

as: [7]
H,(L2,...n),(1,2,...n)=E.w,(1,2....,n) (2.4)

It should be noted, this gives only the electronic part and not the nuclear part. The results
obtained at electronic equation are used to get total energy and total wave function of
given system. Nuclear interactions do not play important role in atomic wave functions
but become important in molecular wave functions (commonly called as molecular

orbitals).
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Multi-electron systems are solvable only with approximation methods and many workers
have proposed numerous methods for solving it. D. R. Hartree made earliest attempts in
1928 by assuming the total wave function to be product of wave functions of individual

electrons (assuming Z-electron atom): [8]

We(r19019¢1;r2’029¢2;"‘;rz’929¢Z)= l//l(rl’91’¢l )WZ(r2’02’¢2)"'WZ(rZ ’92’¢Z) (25)

As Schrodinger’s equation involves potential energy operator which if known will
provide wave function and eigen value. But potential energy term is not known fully for
such system. Also wave function must carry coordinates for all Z-electrons. Variable
separable method would guarantee Z-independent linear differential equations from a
single Schrodinger’s equation for Z-electron atom (ignoring electron-electron potential
term), which may later be solved by beginning with an approximate trial solution and
solving for a field which converges to certain value after substantial number of iterations,
commonly called as self consistent field. Alternatively, variational principle may be used
to get desired solutions. However application of such trial wave function was soon
discarded due to such total wave function not being anti-symmetric- a condition imposed
by Pauli’s exclusion principle. After Fermi-Dirac statistics,[9] electrons were assumed to

possess spatial as well spin functions:
Vo = I//(F)Xg(s) (2.6)

Here y(F)represents spatial wave function while &(S) stands for spin wave function
(commonly represented by « .or £).[10] Slater devised a method for obtaining such

total electron wave functions (anti-symmetric) [11] from spatial and spin coordinates

with the help of so-called Slater determinant: [12]
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Zl(l) Zz(l) An (1)
02 %) w(2)

(2.8)

1
YN

Zl(N) Zz(N) ZN(N
Using Slater’s method, Hartree and Fock improvised the method of Self-consistent field
theory, whereby each electron is assumed as moving in a fixed field arising due to
nucleus and remaining electrons. This method proved to be a great success as the

electron-electron interaction term posed a severe hindrance in variable separation

method. The energy of the atom or molecule is given by:

"H
E-— M (2.9)
[v vz
or, in Dirac Notation,[13-15]
H
E= <l/2V|/—W|I>//> (2.10)

Besides being anti-symmetric, the wave functions are assumed to be ortho-normal:
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vy dr =6, OR (W V1) = O 2.11)

2.2: Hartree Self-consistent field method

As stated earlier, nucleus is much heavier than electron, hence nuclear contribution in
Hamiltonian does not play important role in atoms. However in molecules, configuration
of nucleus of atoms adds to nuclear potential. Though Born-Oppenheimer helped in
resolving such problem, this field (having constant value for a given geometry) must be

added appropriately to get total energy and total wave function of the molecule.[16-17]

The Hamiltonian for N-electron system may be re-written as:

He=zhi+zzgij +Vnn (212)

i i

where
1 YA
h=—xvi-)_Z2 .
==V ZA:IRA—riI (2.13)
and
1
gy =—— (2.14)
K-

Note that one electron operator h, describes the motion of the i™ electron in the field of

all nuclei of given molecule and must be the only operator in absence of any inter

electronic or inter nuclear interaction, g; is two electron operator giving mutual
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repulsion between two electrons while V,, is nuclear-nuclear interaction energy. From

Dirac’s notation for energy,

E :Z<Zi | h; |Zi>+%Z(<ZiZi |gij |Zj}(j>_<7(i7(j |gij |Zi7(j>)+vnn (2.15)

Alternatively, it may be written as

E=Z<Zi|hi|Zi>+Z(Jij_Kij>+Vnn (216)

i<j

Here first term represents energy due core Hamiltonian operator in absence of any

interaction, J; represents Coulomb operator (classically it is repulsion between two
charge distributions), K; represents exchange operator (for which there is no classical

analogue and is a result of Pauli’s exclusion principle).[18] Evidently, this is many body
problem (unlike Hydrogen atom, which is at most a two body problem) for which there is
no ‘exact’ solution. Hence one solution can only be ‘better’ than another. To determine
the Molecular Orbital (MO) which has minimum energy (stable configuration),
variational principle is used. A better wave function will have minimum energy lesser
than a less ‘correct’ one. Such type of optimization is obtained subject to constraint that
MOs should remain orthogonal and normalized. For this, Lagrange’s method of
undetermined multipliers may be used.[16,19] Thus the problem is minimization of

energy subject to orthonormality constraint:
Sj ZJZiZde:<Zi|Zj>=§ij (2.17)

The Lagrange function will now be stationary with respect to variations in orbitals:
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L:E_Z/lij(<li|7(j>_5ij) (2.18)

1]

For extremum of Lagrange function:

A =&-5Y 1\ 2,)-5;)=0 (2.19)

Here 4;is often identified as energy and related to molecular orbital energies. Under

such formulation, one is now forced to find solution which takes into consideration
motion of all electrons simultaneously, which in turn are so interconnected that change in
one’s coordinates (spatial or spin) is bound to affected others as well. To avoid such
difficulty, one is forced to consider motion of one electron under the influence of field of

nuclei and other electrons in their fixed orbitals y;. The resulting equation may then be

tidied up as follows:[16,20]

Fi zzgijﬂ(j (2.20)
i
where F; is called Fock operator:
F)=h0+ 3 (3,0)-K, () @21
i

Here 1 in parentheses denotes operator for one particular electron, J is Coulomb
operator (electron repulsion term) and K is exchange operator (spin correlation term). If
Lagrangian multipliers are chosen zero unless indices 1 and j are same, one gets standard

eigen value problem:

Fri=&x (2.22)
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It should be noted that solutions of above equations are not unique as determinant is
unaffected by row/column transformations. Also, Fock operator is evaluable only if
orbitals of remaining electrons are known. To counteract this vicious cycle, iterative
method is employed which assumes trial solutions to get Fock operator (via Coulomb and
Exchange operators) till solutions are ‘self-consistent’. The Hartree Fock method is also
known as mean field approximation method in which average electron-electron repulsion

is taken into account.[21]

2.3: Roothaan Hall equation

Fock proposed extension of Hartree’s SCF procedure by introducing Slater’s
determinantal wave functions (obeying Pauli’s exclusion principle). Although very
elegant method for solving atoms, direct solution of Hartree Fock equation was not so
practical for molecules. Roothaan and Hall independently recast the HF equation in
matrix form by expanding MOs in terms of basis functions, conveniently called as atomic
orbitals. This method is advantageous as it also helps in interpretability of results as
properties of molecules are commonly traced back to those of constituent atoms. In this

scheme, spatial wave function is expressed as linear combination of basis functions:
¢i = ZC/JiHIJ (2.23)

Energy minimization techniques help in evaluation of coefficients c ;. Thus one gets a

set of self consistent LCAO molecular orbitals ¢ . Such orbital will be best for any

particular set of basis function. Roothaan Hall equation is obtained after variational
technique: [22]
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> (F, -5, 5, =0 (2.24)

where F,, is the Fock operator and S, is the overlap integral:

AO AO

P =<9V [h 9#>+ZZD75(<9v97 9] 9y95>_<9V97 |9 |959#>) (2.25)

s,.=(6,10,) (2.26)

The density matrix is defined as

occ.MO

D,s= 2.CiC; (2.27)
]

These equations were originally developed by Roothaan [22] and Hall [23]
independently. Equations as mentioned above are a set of algebraic equations

conveniently written as a matrix equation:
FC =SCE (2.28)

The Fock matrix and C matrix are square matrix while E is a diagonal matrix whose
elements are the orbital energies. Here the elements of Fock matrix depend on orbital

coefficients c,; which appears on both sides of matrix equation, hence iterative
procedure is adopted.[16]
Roothaan-Hall equation can be simplified to a form solvable by standard methods:

F'C'=C'E (2.29)

where F'=S 72FS 2 and C'= §/°C (2.30)
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and solution exists only if determinant |F'—EI| is zero. For larger matrices,

diagonalization of matrix F' is preferred. The matrix of coefficients C' gives eigen

vectors of F'.

2.4. Computational scheme for solving Roothaan Hall equation

Schrodinger equation is solved in Hartree-Fock method by setting up equations to solve

all individual one-electron wavefunctions:
F (1) (1)=56(1) (2.31)

where 1 within parenthesis represents one electron equation. With certain basis set at
hand, trial wave functions are formulated to get overlap matrix S; and Fock matrix Fj.

These are then used to calculate energy ¢; and coefficients C,; and iteration is followed

until desired convergence is achieved. The motion of electrons is not correlated in HF
equations.[24] The electron correlation is included in configuration interaction (CI)

[25,26] and Mgller-Plesset [27] perturbation theory.
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Figure 2.1: Algorithm for solving Roothaan Hall equation

2.5: Basis set

A basis set is a set of functions used to describe the shape of orbitals in an atom or a
molecule. In principle, a complete set must represent orbitals completely and use of
infinite number of basis functions may be necessary to get Hartree Fock energy close to
that given by variational principle. Such proposition is not computationally feasible

leading to unavoidable basis set truncation error. Hence it will be necessary to choose
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lesser basis functions set (to reduce computational costs) and to choose them cleverly (to
minimize computational effort by getting simpler integrals) yet getting least possible
error. The atomic functions prove to be the obvious choice for basis functions. For
diatomic molecules, atomic orbitals are chosen as basis functions, some centered on one
atom, others on the other atom. In an approach commonly called as Linear Combination
of Atomic Orbitals (LCAO),[28] each atomic orbital can be represented as a linear
combination of one or more Slater-type Orbitals (STOs); [29,30] and is used to describe
the molecular wave functions. Here a set of virtual atomic orbitals is also chosen besides

all occupied orbitals:

4= Cas (2.32)

Clearly, the number of active and virtual orbitals taken decides the quality of molecular
orbitals thus obtained. This choice is crucial so that calculated energy gets converged

within the basis set limit.

STOs are a general class of chosen basis sets. The STO for an s-type atomic orbital has

form:
S(r)=N.,e " (2.33)

where r is radial distance from the nucleus, N is normalization constant, and constant C is
known as the orbital exponent governing the size of the orbital. Another popular choice
of basis set is Gaussian-type Orbital (GTO) [16,31] which has given form for s-type

atomic orbital:

g(r)=N,e " (2.34)
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To obtain higher orbital basis functions, the STO or GTO is multiplied by appropriate
exponents of coordinates to produce p-type, d-type or higher functions. A general GTO

has following form in Cartesian:
g(r)=N, x*y"z°%e™" (2.35)

where values of a, b and ¢ are chosen appropriately for desired orbital type. During the

SCF convergence of a molecule, atomic orbitals mix to form molecular orbitals.

The STO basis set provides direct physical interpretation and is naturally good basis set
for molecular orbitals. Unfortunately they are not implemented in molecular orbital
calculations because required integrals to be calculated in SCF procedure are
computationally expensive. The corresponding integrals are quite simple in GTO basis
set, although it is susceptible to underestimating values near and far away from nucleus.

This problem may however be solved by using linear combination of Gaussian functions.
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It can be seen that Gaussian expansion contains two parameters: contraction coefficients
and exponents. In molecular orbital calculations, both parameters are allowed to vary and
such calculation is said to use uncontracted or primitive Gaussians. If these are
predetermined and remain constant and number of terms in expansion is contracted, this

1s called contracted Gaussian function.

A minimal basis set is a set constructed with just the number of functions required to
accommodate all filled orbitals in the shell.[32] It uses one basis function for each type of
occupied orbital. It has been found that at least three Gaussian functions are required to
represent STO closely. STO-3G is the most commonly used minimal basis set. This
notation indicates that basis set approximates shape of STO by single contraction of three
GTO orbitals. It has been proved to be absolute minimum in molecular orbital
calculations. In general STO-nG basis set is minimal basis set in which n Gaussian
functions are used to represent each orbital (in general n=2-6). However, such minimal
basis set is not helpful in representing compounds containing atoms at the end of a period
and are unable to describe non-spherical electronic distribution. This problem is solved
by using more than one function for each orbital. Such an increase in the number of basis

functions also helps in getting closer to exact energy value.

One is thus led to construct basis sets which have more basis function than the number of
basis functions in minimal basis set. The Double Zeta (DZ) basis set uses two basis
functions of each type of minimal basis functions for the separated atoms, differing in
their orbital exponents C. This type of basis set is generally sufficient in DFT calculations
for geometry optimizations.[33] The coefficients of hybrid density functional theory were

benchmarked against the experimental data using calculations through double- quality
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basis set. In a slight variation of this method, only double number of functions is used to
describe valence electrons but single function is used for inner shell. It is called slit
valence double-{ basis set and is useful in non-isotropic charge distribution. For instance
in 3-21G, three Gaussian functions describe the core orbitals, while valence electrons are
represented by three Gaussians: the contracted part by two Gaussians and the diffuse part
by one Gaussian. Other methods include triple-{, quadrupole-{ etc. which may not

necessarily improve the calculations.

The charge around atom in a molecule is usually perturbed than in an isolated atom. This
distortion can be attributed to mixing of character of other type of orbitals (occupied or
unoccupied) into occupied orbitals. Use of polarization functions into basis set helps in
solving problem and generally comprises of higher angular momentum orbital (normally
unoccupied) and are indicated by ‘*’. They give wave functions with more flexibility to
change shape. For molecular systems having electron density significantly away from
nucleus (anions, lone pairs etc.), highly diffuse functions are added to the basis set and

2

are indicated by ‘+’. These diffuse functions are primitives with small exponents
(resulting in large spread of Gaussian function). The effect of adding diffuse functions is
to usually change the relative energies of the various geometries associated with these

systems. Such basis sets with diffuse functions are also called augmented basis

sets.[34,35]

The Pople basis set [34,36] is another family of basis sets denoted by 6-31G, popular for
organic molecules. It indicates that each core orbital is described by a single contraction
of six GTO primitives which describe each core orbital and two contractions, of which

one with three primitives and another with one primitive describe each valence shell
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orbital. It is sometimes modified to 6-31G* or 6-31G**. A single asterisk (*) indicates
addition of d primitives to atoms other than hydrogen while two asterisks mean that a set
of p primitives has been added to hydrogen as well. One or two plus signs can also be
added (6-31+G* or 6-31++G*). A single plus (+) sign indicates addition of diffuse
functions to atoms other than hydrogen while two plus signs indicate diffuse function for

all atoms.

To account for presence of large number of electrons in transition metals, several special
basis sets have also been developed. They include an effective core potential (ECP) [37]
for accounting all electrons. As core electrons do not participate in bond formation, an
electric potential in Hamiltonian replaces such orbitals in the ECP treatment. Relativistic
corrections may also be incorporated to improve energies. For iron, typical ECP
containing basis sets are from Los Alamos type, eg., LACVP or LANL2DZ.[38] In our
work, triple-{ basis set (LACV3P+) has also been used that employs diffuse and
polarization functions on metal. Kumar et al. [39] have used two different basis sets,
namely BS1 (double-{ on iron and 6-31G on the rest of the atoms) and BS2 (triple-{ on
iron and 6-311+G* on the rest of the atoms) in a test calculation on substrate
hydroxylation potential energy profile by a Cpd I model of cytochrome P450. This
resulted in very little changes in optimized geometries and virtually identical relative
energies along a reaction profile. As such, geometries are usually optimized using

double-{ basis set followed by single point energy calculations with a triple- basis set.
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2.6: Density functional theory

The ab initio methods provide excellent technique in molecular orbital calculation using
HF approximation but are computationally difficult due to involvement of large basis
sets. In contrast to obtaining eigen functions and eigen values by this quantum
mechanical method, Kohn et al. argued for obtaining such results using functional of

electron density.[40] A functional enables a function to be mapped to number:
QL (r)]= [ f(r)dr (2.36)

The key idea is that the energy of a given electronic system can be written in terms of
electron probability density. It was proved that ground-state molecular energy, wave
function and all other molecular electronic properties are uniquely determined by the
ground state electron probability density. This methodology has proven quite successful
due to being computationally inexpensive while providing results in close agreement with
experimental values for relatively large systems.[41] It is popular because it acts as an
alternative to HF methods and takes care of electron correlation as well. The concept of
electron density proved extremely useful in early but approximate model by Thomas and
Fermi. A major development in DFT came when a set of one-electron equations were
derived from which electron density could be obtained. In this calculation, total energy is
split into kinetic energy term, electron-nucleus interaction energy term, electron-electron
Coulombic term and an exchange correlation term (Exc).[41,42] The first three terms

resemble terms in Hartree-Fock Hamiltonian:

1 Z 1
oY @3

i i<j ri—rj‘
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2

Eelzg;%(r{_v_j%(r)dr_gj 2 p<r>dr+gﬁ%dnde+Exc<p<r>>

2 IR, —T| r,|

(2.38)

Hohenberg and Kohn proved that for an extremely slowing varying density with position,

Eyc [p] is accurately given by

Exc"[o]

[ p(r)eyc(p)dz (2.39)

\%

where LDA stands for Local-Density Approximation, &, (p) is the exchange plus
correlation energy per electron in a homogeneous electron gas with electron density p .

Kohn and Sham assumed the density of the system as the sum of square moduli of a set

of one-electron orthonormal orbitals:
2
p(r)=2li(r) (2.40)
Using such electron density and applying variational principles gives one-electron
equation as:

{_lvz - (iﬂj + jMdrz +Vyeln ]}wi (r)=ewi(r) (2.41)

2 At N LIPS

where

Vie [r]=(éEXC—[p(r)]} (2.42)

op(r)

Now self-consistent approach may be adopted in above equation beginning with trial
electron density to get a set of orbitals. Convergence for density is tested and total energy

1s hence evaluated.
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The exchange-correlation functional is not known apriori, so approximate equations are
set-up to estimate its contribution. It is generally split into an exchange functional (Ex)
and a correlation functional (Ec). While former represents interactions of two
ferromagnetic spins in different orbital, latter denotes pairing energy of electrons in same
orbital.[43,44] The exchange energy is usually estimated from the Slater exchange

function:

Slater __ 9 3 s 4 %
Ex ——E(Ej Zy:“ﬂl ()] e (2.43)

Here, a,, is an exchange scale factor, which has the value 2/3 for electron gas.

Commonly used correlation energy functional EJ*" is attributed to works by Vosko,

Wilk and Nusair. For a gas with spin densities p”and p/ , it represents correlation

energy per electron &, [pl”‘ ol ]:

EX™ = [ py(r e o (v). o0 (v, (2.44)

Combination of Slater exchange and Vosko-Wilk-Nusair correlation gives Local Density
Approximation. Both are derived directly from homogeneous electron gas equations. To
correct the non-local terms, better exchange and correlation functionals have been
developed by various workers. Lee, Yang and Parr (LYP correlation functional),[44]
Perdew and Wang (PW91 correlation functional) [45] and Becke (B96 correlation
functional) [46] are the popular ones among others, each having their own merits and/or

demerits.
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Becke developed the hybrid density functional procedures.[47] This proved a great
breakthrough in DFT as he was able to benchmark DFT methods against a test set of
experimentally known ionization energies, electron affinities and proton affinities with
high accuracy. Contributions of exchange and correlation functions were estimated using
a three parameter (hybrid) density functional method. These fit parameters (A, B and C)
were optimized against the experimental data in the test set. Out of many possibilities
combining the various exchange and correlation functionals, B3LYP method has
emerged as most popular one throughout the years, although it may not necessarily be the
most accurate one. Essentially the hybrid density functional method B3LYP has the

following form:
ESYF = AES™ +(1- A)EST + BAEZ™ + EX"™ + CAES™ (2.45)

Thus it is hybrid in sense that it takes the LDA functions of Slater and Vosko-Wilk-
Nusair, the Hartree-Fock exchange, a correction term to the exchange due to Becke and,
Lee-Yang-Parr correction for non-local correlation factors. The coefficients A, B and C
are essentially fit-parameters obtained through fitting the energies of B3LYP/6-31G*
calculations against experimentally obtained ionization energies and electron affinities.
Consequently, B3LYP method is not truly an ab initio method. In strict sense, the term ab
initio means starting from scratch without prior knowledge of experiment. However,
these fit-parameters have created an accurate and low-cost computational method and as
a result B3LYP has emerged as one of the widest used techniques in science over the past
decade. The hybrid as well as non-hybrid DFT methods (including B3LYP) have been
tested to be extremely accurate and versatile in computational techniques. Although high

level ab initio methods such as coupled cluster method (CC, CCD, CCSD,...), Moller
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Plesset perturbation theory (MBPT, MP, MP2, ...) etc. promise good results than DFT
calculations, their speed in combination with reasonable accuracy makes them a very

popular and useful methodology.

This technique has developed over years so much that fitting parameters have improved
considerably by enlarging the test set. In his original paper, Becke already published
calculated energies within 2 kcal/mol of experimental values. Pople et al. have defined
ultimate accuracy goal of computational chemisty to 1 kcal/mol.[7] Hence DFT has
become one of the most extensively used methods in Chemistry which combines
reasonable accuracy with speed. In fact, BALYP methodology presents a considerable
improvement over HF as well as MP2 calculations.[48] In some cases DFT is capable of
reproducing results obtained with much more computationally demanding G2
methodology of Pople et al. Clearly DFT provides a low-cost alternative to quantum
mechanical procedures and is highly suitable candidate for performing calculations on

biochemical systems.[49]

2.7: Solvent effects

The quantum mechanical calculations refer to an isolated molecule or for gas-phase.
However reactions in a laboratory generally occur in solutions. The molecule under study
may induce polarization in the solvent molecules lying in its vicinity, generating an
electric field that may tend to distort the solute’s molecular electronic wave function from
what it was in the gas phase. Thus molecular properties in solution will tend to differ to

some extent from those in gas-phase. Solvent effect may be dealt with by rigorous
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calculations on molecular properties on system comprising of solute molecule surrounded
by many solvent molecules and re-optimizing resulting structures. But solvent molecules
may exist in several conformations.[50] Various methods are proposed for mimicking
solvent into the calculations (Continuum solvent model, Quantum-Onsager self consistent
reaction field method, multipole expansion method etc.) but they prove computationally
expensive and time consuming. Hence instead of adding solvent molecule, it is deemed
better to add solvent corrections to energetics using implicit solvent model. This can be
done at single point level (energy is recalculated with a solvent model on gas-phase

optimized geometry) or by re-optimizing structure using a solvent model.

Software packages like Gaussian and Jaguar include solvent models like Polarizable
Continuum Model (PCM) [51] wherein calculations are done by assuming solvent as a
perturbation of the molecule with a dielectric constant. The molecular structure of the
solvent is ignored and the solvent is modeled as a continuous dielectric of infinite extent
that surrounds a cavity containing the solute molecule. The molecule is assumed to be
placed in a cavity surrounded by dielectric continuum. The cavity is described as the area
around the molecule that contains less than pre-defined amount of electron density of the
molecule and is often based on van der Waals radii of atoms. The classical Poisson
equations are then used to calculate the electronic potential arising from the molecule-

solvent interactions using a defined dielectric constant.
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CHAPTER 3

ORIGIN OF THE ENHANCED REACTIVITY OF ASYNTHETIC N-
BRIDGED DIIRON(IV)-OXO PORPHYRIN COMPLEX OVER

CYTOCHROME P450 COMPOUND I

3.1: Introduction

Cytochrome P450 enzymes are versatile enzymes in human physiology that mainly react
with compounds through oxygen atom transfer to substrates with the aim to initiate their
metabolism and detoxification, but, on the other hand, also assist in biosynthetic
pathways of, e.g., hormones.[1-7] For instance, the biodegradation of long chain fatty
acids and xenobiotics is catalyzed by P450 liver isozymes through a mechanism that is
considered to proceed via an iron(IV)-oxo heme cation radical intermediate called
Compound I (CpdlI). To understand the fundamental features of the oxidant in the P450
enzyme structure, synthetic models have been prepared that contain the critical features
of the enzyme active sites.[8-12] These, so-called biomimetic model complexes enable
one to study the reactivity patterns and the intrinsic chemical properties of the iron-
porphyrins and gain understanding on the intricate structural and electronic features of
the active site. Biomimetic work indeed confirmed a high-valent iron(IV)-oxo porphyrin

cation radical to be the active oxidant and ruled out many alternative suggestions.[13-15]

Recent biochemical studies isolated and characterized Compound I in a P450 isozyme

and established the electronic configuration with spectroscopic methods.[16] Although
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the P450s are known to be efficient and powerful oxidants in nature, native enzymes do
not catalyze the conversion of methane to methanol, which requires the breaking of a
very strong C—H bond. Using PhIO as an oxidant, it was shown that CYP153A6 is able to
oxidize CHy although with very low turnover numbers of 0.02-0.05.[17] Guest/host
activation of P450 BM3 using perfluorocarboxilic acids was proposed to initiate the
oxidation of light alkanes including methane.[18] However, Watanabe et al. showed that

this approach failed in methane oxidation even under 0.5 MPa methane pressure.[19-20]

substrate

cysteinate

Figure 3.1: Comparative structural features of the active site of P450.,, and N-bridged
diiron-oxo porphyrazine complex 1 used as the model for N-bridged diiron-
oxo phthalocyanine A.

Over the years, work on synthetic iron-porphyrins has focused on improving the
oxidative power of the active species through modifications of the porphyrin scaffold, in

particular with the aim to find a metal-porphyrin system able to hydroxylate methane, but
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so far only a few of these studies have been successful. Thus, N-bridged diiron-oxo
phthalocyanine A was shown to be able to hydroxylate methane efficiently.[21-23] It
appears, therefore, that this diiron complex is a more potent oxidant than the active
species of P450 enzymes of which we show the active site structure from P450., as

taken from the protein databank [24] for structural comparison in Figure 3.1.

The question is, then, what makes A a better oxidant than the enzyme, and what is the
effect of the bridging nitrido group on the chemical properties of the oxidant and the
catalysis? To understand the differences between A, modeled with the corresponding
porphyrazine dimer 1 having simpler pyrrole units instead of the isoindole moieties of the
phthalocyanine core (Figure 3.1), and an iron(IV) oxo-porphyrin cation radical (2,
[Fe'(O)(Por™)SH]) as a mimic of the active species of P450 enzymes, it was decided to

do a computational study on methane hydroxylation using both complexes.

3.2: Methods

Extensively benchmarked and calibrated methods were used by us and others [25-26] on
analogous chemical systems that are known to give the correct spin-state ordering and
kinetics. Alternative DFT methods (Table 3.1) were tested but all give similar electronic
configurations and the same spin state ordering, which gives us confidence that the
results represent the chemical system well. The electronic properties and reactivity of 1
with 2 were compared and an active site model complex was taken because previous
QM/MM studies showed these complexes represent the enzyme features well.[27]

Furthermore, the small model complexes enable one to understand the fundamental
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chemical differences between the active site of P450 and the synthetic model 1 by
elimination of the protein interactions. Our initial studies focused on the low-lying
electronic configuration of reactant 1, in which the lowest lying doublet, quartet, sextet
and octet spin states were calculated. In addition, we calculated it with an acetate ion
ligated in the axial ligand position of the second iron atom (**1.) as well as an elaborate

model containing the N-bridged diiron-oxo tetraphenylporphyrin (*3).

Table 3.1: A breakdown of relative spin state ordering, in kcal mol™, reported for several
different DFT methods. All values are related to the doublet (*1) energies for
each of the methods, whilst values for the quartet (*1), sextet (°1) and octet
(*1) were also determined. Values are recorded for the systems; electronic
energy AE, zero point corrected energy AE+ZPE and free energy AG.

B3LYP AE  AE+ZPE AG B3LYP* AE  AE+ZPE AG

’1 0.00 0.00 0.00 |°1 0.00 0.00 0.00
1 0.58 0.52 024 |4 0.55 0.50 -0.10
61 1442  13.80 1231 | %1 2552 2595 28.18
81 49.73  46.51 4548 |81 63.76  62.17 66.97
BPS6 AE  AE+ZPE AG MO06 AE  AE+ZPE AG

’1 0.00 0.00 0.00 [°1 0.00 0.00 0.00
1 3.94 3.82 074 |41 1.99 1.65 0.84
51 4739  48.79 53.80 | °1 1332 1229 8.74
1 47.15  45.50 214 |1 4486 4133 39.14

3.3: Results and Discussion

In agreement with experimental electron paramagnetic resonance (EPR) spectra the
electronic ground state for all three complexes is a doublet spin state.[28] The optimized
geometries of *1 , 15 and 3 are given in Figure 3.2 and are in line with crystal structure
coordinates of [Fe™(Por)-N=Fe'(Por)],[28] as well as with iron(IV)-oxo complexes
calculated before with a porphyrin ligand.[29-31] As such the optimized geometry of 3

does not give hints on why it would be a better oxidant than 2. However, 1 and 3, have an
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electronic configuration and orbital occupation different from 2, which has an electronic
ground state with 7*,,' n*yzl ay,' configuration with close lying ferromagnetically
coupled quartet and anti-ferromagnetically coupled doublet spin states that represented a
triplet spin on the iron(IV)-oxo group coupled with a doublet spin on the macrocyclic
ligand.[32] By contrast, the orbital interactions in 1 have changed due to the addition of
an axial nitrido-iron-phthalocyanine group as shown in Figure 3.2. The center of Figure
3.2 highlights the orbital interactions of the key valence orbitals of 1. Due to alignment of
the O, Fel, N and Fe2 atoms in 1, their atomic orbitals interact and form new molecular
orbitals that span the complete z-axis. The orbital interactions of the two iron 3d,./3d,,
with the 2p,/2py orbitals on the oxo and bridging nitrido group leads to a set of bonding
and antibonding combinations. This gives rise to a set of four pairs of molecular orbitals
labeled as mi /Ty, Mox/Moy, M3x/M3y and m*4,/n*4y, which is fundamentally different
from the orbital energy splitting in P450 Cpd I, where only a pair of n/n* orbitals is
found. Therefore, the difference in molecular valence orbitals between 1, on the one
hand, with 2, on the other hand, will affect the relative energies of the molecular orbitals,
such as the HOMO-LUMO energy gap, and as a consequence also the ionization
potential, the electron affinity and pK, values of the oxidant. As the H-atom abstraction
involves a combined proton and electron transfer, these factors influence the reactivity

patterns with substrates.

In agreement with earlier DFT studies on complex 1,[29] an electronic ground state with
orbital occupation ng,xT 713,yL 7r"‘4,xT ay,” for 21and ng,)f n3,yT Tc*4,xT a5, for *1 was found,
therefore, complex 1 can be formally described as [O=Fe" (Pz)~(N *)Fe'V(Pz)], Pz =

porphyrazine. By contrast, Compound I of P450 was found to have a ground state
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described as [O=Fe''(Por")Cys]. An alternative doublet spin state of 1 with radical
character on the porphyrazine ring was also calculated, but it was considerably higher in
energy than the state mentioned above (+26 kcal mol "), which implies that the orbital
energy splitting shown in Figure 3.2 will raise the m* orbitals in energy and as a
consequence double occupation of the Pz a;, and ap, orbitals is favored. It appears,
therefore, that the axially ligated nitrido-iron group affects the molecular orbital
interactions and removes radical character from the macrocycle and changes the
electronic configuration from that found for mononuclear iron(IV)-oxo complexes such
as Compound I of P450, where the a,, orbital is singly occupied. Thus, the alignment of
the axial N—Fe unit with the iron(IV)-oxo group destabilizes the n* orbitals well above
the ap, orbital of the porphyrazine ring and creates a [O=F¢"(Pz)~(N *)-Fe'V(Pz)] state

rather than the expected Compound I-like state [O=Fe'"V(Pz")-N=Fe"V(Pz)].

Our assignment of the electronic ground state of 21 disagrees with that reported in Ref 28
for an analogous N-bridged diiron-oxo porphyrin species, where a [O=Fe" (Por™)-
N=Fe""(Por)]° electronic state with significant radical character on the Por ligand was
proposed on the basis of EPR, Mdssbauer and UV-vis data. In particular, EPR
spectroscopic data implicated considerable radical character on non-metal atoms. To find
out whether our calculated doublet spin state could be represented by these spectroscopic
results, a detailed study into the electronic and spectroscopic features of “1 and *14. was

done.

Firstly, the group spin densities of 1 was analysed by us, and, although no significant

spin density on the two porphyrazine rings was found, there is considerable spin located
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on non-metal atoms, and, in particular, the bridging nitrogen atom has accumulated —1.52
(1.51) spin density in ?1 (*1). Indeed, the singly occupied orbital shown on the right-

hand-side of Figure 3.2 gives considerable amount of electron density on the nitrido-

bridge.
Z
2121, 1?3} y
X 3d,,,, 30! - ,
D 1.548 [1.679] {1.727} (Fe2) (Fel)
| 2.173 [1.996] {1.978} Nt/
 1.662 [1.840] {1.650} © ”
c e ~Fe—
D | N S
[ N QF
—Fe=— _“‘-T::“.
b -|~|© T “
pr.ly pr
N) (0)

Figure 3.2: Optimized geometry of >1 , 21, and *3 and orbital splitting observed for the
mixing of metal 3dy,y, with 2py, on N and O. Also given are two singly
occupied valence orbitals.

The spin densities further indicate values of about 1 (Fel) and about 0.5 (Fe2). The spin
density on Fel, N and Fe2 is consistent with orbital occupation 713,,(T 1tg,y¢ 11”‘4,,(T a2u2 . Note
as well that due to an additional axial ligand the optimized geometry of “1,. has the

nitrido group almost midway between the two iron atoms, whereas it forms a double

bond with Fe2 in 1 and *3.

Subsequently, we investigated the hydrogen atom abstraction from methane by **®*1 and
*%2. Thus, methane hydroxylation by all oxidants was found to occur via a stepwise
mechanism via a radical intermediate with an initial hydrogen atom abstraction via a

transition state (TSy) followed by hydroxyl rebound to form methanol. For 1 a solvent
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and dispersion corrected barrier of AE + ZPE = 6.7 kcal mol ™' on the doublet spin state is
found, which implies efficient hydrogen atom transfer even from methane in agreement
with experiment. By contrast, at the same level of theory the P450 model gives barriers of
17.8 (18.5) kcal mol for *TSy (*TSy), respectively.[33-34] Therefore, 1 is a
considerably better oxidant than 2 for aliphatic hydroxylation reactions. To understand
the electronic differences between the transition states TSp(l) and TSu(2), their
optimized geometries, group spin densities and dipole moments is displayed in Figure

3.3.

21S,,(1) 4T5,,(2)

i1484.8 cm™ i645.6 cm™

AE + ZPE +E 6.7 AE + ZPE +E 18.5

solv — solv —

Figure 3.3: Optimized geometries with bond distances in angstroms and the imaginary
frequency in wavenumbers of “TS1(1) and *TS1(2). Also given are group
spin densities (p) and the degree of charge-transfer (Qcr) as taken from the
UB3LYP/ B2//UB3LYP/B1 calculations. The dipole vector is indicated with
an arrow sign.

Geometrically, there are no dramatic differences between the two transition states and the

O-H and H-C distances are very similar. This is also the case for the degree of charge
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transfer from substrate to oxidant and the resulting spin density accumulated on the
methyl group. However, a considerably larger dipole moment is found for TSy(1) of 4.7
Debye versus that for TSy(2) [0.8 Debye], and, additionally, it points in the opposite
direction. Obviously, an enlarged dipole moment will lead to stabilization of the complex
in solution and interactions with polar solvent molecules; this may further enlarge the gap
between TSy(1) and TSu(2). Note as well the considerably larger imaginary frequency in
the transition state for “TSy(1) as compared to “TSy(2), which should lead to dramatic
kinetic isotope effects (KIE) for the replacement of the transferring hydrogen atom by

deuterium.

Experimental studies on hydrogen atom abstraction reactivities showed that the rate
constant generally correlates with the strength of the C—H bond of the substrate that is
broken (BDEcy) as well as with the strength of the O-H bond that is formed
(BDEogn).[35-37] However, the latter can be split into an electron transfer (electron
affinity, EA of the oxidant) and a proton affinity of the reduced oxidant (AH,.i4) that are
connected via the thermodynamic cycle as shown in Figure 3.4 with IEy (the ionization
potential of a hydrogen atom) as taken from the NIST database.[38] Extensive
experimental studies, however, implicated a dominant component related to the acidity of
the oxo group, i.e. AHgiq.[39-41] Thus, the values of BDEoy, EA and AH,q4 for 1 and 2
were calculated. In the gas-phase, a value of BDEop(1) = 88.3 kcal mol ™' was calcualted,
which is almost identical to the value we calculated before for 2, BDEoy(2) = 88.9 kcal
mol'.[42] However, 1 has an electron affinity that is about 10 kcal mol ™' lower than that
for 2, and as a consequence has an 11.4 kcal mol ™! larger AH,.iq value. It is this acidity

change that will make 1 a better oxidant than 2 for substrate hydroxylation reactions.
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Figure 3.4: Definition of thermodynamic variables.

3.4: Conclusions

In summary, the calculations presented in this work highlight how small external
perturbations, such as those of an axially coordinated nitride-porphyrin ligand can lead to
changes in molecular orbital interactions of the metal(IV)-oxo group with aligned ligand-
orbitals as well as the dipole moment of the oxidant. In particular, an N-bridged diiron-
oxo complex, with either porphyrin or phthalocyanine, has an increased basicity of the
oxo group that is highly susceptible to hydrogen atom abstraction. Indeed, very low

activation barriers are calculated in agreement with experiment.
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CHAPTER 4

METHANE HYDROXYLATION BY AXIALLY LIGATED

IRON(1V)-OXO PORPHYRIN CATION RADICAL MODELS

4.1: Introduction

Methane hydroxylation is a challenging chemical process that few enzymatic systems are
able to perform due to the strength of the methyl C—H bond that needs to be broken in the
process. Nature has developed only a single class of enzymes that perform this task
efficiently, namely the methane monoxygenases.[1-3] These are generally dicopper
enzymes that utilize molecular oxygen and convert methane to methanol. Nature utilizes
a large range of metalloenzymes with a broad functional scope, yet most of these
enzymes cannot activate methane. For instance, non-heme iron dioxygenases are efficient
oxidants of hydrogen atom abstraction and oxygen atom transfer reactions and therefore
are well studied. In particular, the non-heme iron enzymes taurine/a-ketoglutarate
dioxygenase,[4-7] prolyl-4-hydroxylase [8] and cysteine dioxygenase [9-13] are known
to react with substrates efficiently with large turnovers. Our computational modelling
predicted relatively small hydrogen atom abstraction barriers of methane by the high-
valent iron(1V)-oxo intermediate of taurine/a-ketoglutarate dioxygenase,[14] but so far
no experimental support of methane hydroxylation by non-heme iron enzymes exists.

Similarly, heme monoxygenases, which are considered as highly efficient in hydrogen
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atom abstraction processes, do not naturally utilize methane during their activity

either.[15-19]

Cytochrome P450 enzymes are heme-based monoxygenases found in all forms of life and
have important biochemical functions that essentially include the chemical modification
of substrates. Thus, they are involved in the biosynthesis of hormones, such as estrogen.
In addition, the P450s catalyze the metabolism of drugs [20] and the detoxification of
xenobiotics in the liver.[21] The P450s have a characteristic structure with a central
protoporphyrin IX group (heme) that is attached to the protein via an Fe-S linkage using
a conserved cysteinate residue of the protein; the axial ligand. Figure 4.1 displays the
active site structure of the mammalian P450 isozyme P450,cs with the drug molecule
diclofenac bound, as taken from the crystal structure coordinates.[22] The substrate is
located in a tight binding pocket and is positioned in such a way that promotes a
regioselective and stereospecific oxidation. The heme is linked to the protein via an
interaction of the metal with a cysteinate group in the axial position. In addition, the
heme is placed in position through a number of hydrogen bonding interactions, for
instance, toward the propionate side chains of the heme. Molecular oxygen binds trans to
the cysteinate moiety, i.e. on the distal site. Prior to substrate hydroxylation, however, the
heme needs to be activated and an active species is generated. This process includes the
binding of molecular oxygen, two reduction and two protonation steps and ultimately
leads to the formation of a high-valent iron(IVV)-oxoheme cation radical species, called
Compound | (Cpd 1).[15,18] The P450s, therefore, have an intricate hydrogen bonding
network surrounding the heme active site that delivers protons.[23] Interestingly,

hydrogen bonding interactions, for instance through water molecules, were found to
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affect also reaction barriers of substrate activation, and, hence they are often non-
innocent.[24-26] Moreover, the spin state ordering and relative energies often gives a
dependence on environmental effects, such as hydrogen bonding [27] or a point

charge.[28]

Diclofenac substrate

Cys axial ligand

Figure 4.1:  Extract of the active site of P450,c5 with substrate diclofenac bound.

P450s are efficient oxidants in nature and react with substrates via aliphatic
hydroxylation,[18] aromatic hydroxylation,[29-36] olefin epoxidation [4,5,37-54] and

sulfoxidation.[24,55-57]
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Enzymes with a structure closely resembling the P450 active site feature are, for instance,
the peroxidases and catalases, but these systems lack the cysteinate axial ligand of P450.
Instead, the peroxidases and catalases contain either a histidine or a tyrosinate axial
ligand, respectively.[58,59] The difference in chemical structure of the P450s, on the one
hand, and peroxidases and catalases, on the other hand, has led to speculation that the
axial ligand is responsible for the change in reactivity and the chemical properties of
these enzymes. Indeed, quantum chemical calculations of Cpd I with either a cysteinate, a
histidine or a tyrosinate axial ligand as mimics of Cpd | of P450, horseradish peroxidase
and catalase, respectively, showed dramatic differences in their electron affinities, and,
consequently their ability to pick up electrons from substrates.[28,60,61] This was further
highlighted through a push-effect of electron density from the axial ligand upon the heme
and, in particular, the mixing of a lone pair of the axial ligand with the heme ay,

orbital.[62]

In order to understand spectroscopic and reactivity differences of these enzyme classes,
synthetic model complexes have been developed: the so-called biomimetic models.[63-
64] Thus, Gross et al. [65] showed that for synthetic iron(l11)-porphyrins, there was an
axial ligand effect on the reactivity differences of the various complexes but there also
were spectroscopic differences as a result of binding an alternative axial ligand.
Theoretical modelling can assist in understanding the fundamental differences in
reactivities and establish the key factors that determine the reaction mechanism. To gain
insight into the axial ligand effect of iron-porphyrins, we investigated the properties and
reactivities of a range of iron(IV)-oxo porphyrin cation radical models with varying axial

ligand description: 1x, X = F, CI", CN", OH", CH3COOQO", CF;COO™ and SH", (Figure
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4.2). Then the reaction of a selection of these oxidants with methane on the doublet and
quartet spin state surfaces was studied and reactivity differences were compared and how

this is affected by the axial ligand of the oxidant.

ok

L=F, CI5, CN-, OH", CH,COO0", CF;COO0-, SH~

Figure 4.2:  Chemical structure of the reactants studied in this work.

4.2: Methods

The studies presented in this work use density functional theory methods as implemented
in the Gaussian-03 program package.[66] Following previous experience in the field,[67-
69] the unrestricted hybrid density functional method UB3LYP [70-71] was used in
combination with a double-¢£ quality LACVP basis set on iron and 6-31G on the rest of
the atoms: basis set BS1.[72] A full geometry optimization (without constraints) followed
by an analytical frequency was performed. All reactant structures were confirmed as local

minima and had no imaginary frequencies. Single point calculations using a triple-C
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quality LACV3P+ basis set on iron and 6-311+G* on the rest of the atoms were used
throughout: basis set BS2. All data reported here include zero-point corrections and

solvent corrections using an acetonitrile solvent.

Subsequently, methane hydroxylation by several iron(IV)-oxo oxidants was investigated.
Thereafter a reactant complex, radical intermediate and product complex at
UB3LYP/BS1 on the doublet and quartet spin state surfaces were optimized. Extensive
geometry scans linking reactants with radical intermediates and of radical intermediates
with products were performed. The maxima of these scans were used as starting points
for the transition state searches and established first order saddle points characterized by

a single imaginary frequency for the correct mode.

Previously, the effect of substituents to the periphery of the porphyrin scaffold was tested
and few changes to the chemical structures and reactivities were found.[73,74]
Furthermore, full geometry optimization with basis set BS2 reproduced all calculations
well. The methods and procedures used here were extensively tested and benchmarked
and, for instance, were found to reproduce experimental rate constants within about 4
kcal mol™ [75-77] but also reproduced experimental infrared spectra [50] and resonance

Raman spectra.[78]

4.3: Results and Discussion

Before going through the reactivity studies, let us first discuss one of the reactant
complexes, namely [Fe'V(O)(Por™)F] or 1, in more detail as an example of a Compound

I model. Figure 4.3 displays the high-lying occupied and low-energy virtual orbitals that
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are relevant for the electronic description and the subsequent reactivity with methane.
The molecular orbitals follow close analogy to those found for P450 Compound I.[54,
79-81] The metal orbitals form bonding and antibonding pairs of orbitals, e.g. there is a
pair of my./n*y, set of orbitals for the interaction of the 3dx.(Fe) with 2p«(O). Similarly,
the atomic 3dy,(Fe) and 2p,(O) mix to form the m,/n*y, pair of orbitals. In addition, there
is a nonbonding orbital in the plane of the porphyrin ring: 8x—y.. Finally, two virtual
orbitals for the o* interactions along the O-Fe axis (c*,) and in the plane of the
porphyrin ring (c*x,) complete the set of iron-type orbitals. In addition to the metal-type
orbitals there are two w-orbitals for the conjugated porphyrin system high-lying, which
under D4, symmetry have the labels aj;, and az,. The latter orbital strongly mixes with a
lone-pair orbital on the axial ligand and influences the electron affinity of the oxidant

strongly.

The set of orbitals displayed in Figure 4.3 is occupied with the following configuration:
“2Compound | = T, 1y, Sxa_y2 T Ty, 6% 200 % %y a1,” azu™. The three unpaired electrons
in the system are either ferromagnetically coupled into a quartet spin state (*A,y State) or
the two n* electrons are up-spin and the a,, electron down-spin to give it an overall
doublet spin state (°A,, state). These two spin states are close in energy and for all

systems considered here they fall within 1 kcal mol™.
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Figure 4.3:  Molecular orbitals of 1.

Next, a geometry optimization of doublet and quartet iron(IV)-oxo porphyrin cation
radical models with varying axial ligands, namely, >*1x with X = CF;CO0™, CH;COO",
CIY, F, ImH (imidazole), acetonitrile, OH™ and SH™ was done. Key geometric and

vibrational parameters obtained for the doublet spin state structures are given in Figure

132



4.4. As follows from the data shown in Figure 4.4, the Fe-O distances vary strongly
dependent on the axial ligand bound to the iron-porphyrin system. Thus, an axially
ligated fluoride ligand gives a relatively long Fe—O distance of 1.681 A, whereas a
neutral acetonitrile molecule bound gives a much shorted Fe-O bond of 1.645 A. This is
further reduced to 1.630 A when the axial ligand is removed altogether.[54] The opposite
trends are found for the Fe—O stretch vibration (veeo), Whereby an axial thiolate ligand
gives the highest mode at 870.6 cm™. Strong electron-donating axial ligands, such as F~
and OH", by contrast, give dramatically reduced Fe-O stretch vibrations of the order of
817.7 and 816.6 cm™, respectively. Note that without an axial ligand the Fe—O vibration
is located at 920.0 cm™. Consequently, the axial ligand affects the strength of the Fe—-O
bond and as a result the Fe—O frequency is shifted by about 100 cm™. This will have

major effects on the oxygen atom transfer reaction with substrates.
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Figure 4.4: (a) Fe-O bond distance (Rreo) for various complexes *1x. (b) Fe-O stretch
vibration (veeo) for various complexes *1x.

Subsequently the methane hydroxylation mechanism by %*1x with X = OH™, F~ and CN~
was investigated. As an example, the potential energy profile of methane hydroxylation
by *1o4 is shown in Figure 4.5, the results for **1¢ and **1cy are very similar. The
reaction is stepwise with an initial hydrogen atom abstraction via transition state TSya
leading to an iron(1V)-hydroxo complex with a radical, IM. The OH and radical are

combined via a rebound transition state TSy, to form the alcohol products P. This
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mechanism is analogous to earlier hydrogen atom abstraction reactions calculated for
similar complexes and substrates.[4,5,8,14,20,30,35,41,42,45,47,48,73,79,82-110]. As
described before, the rebound barriers are small on the high-spin surface and negligible

on the low-spin surface, which is also seen here.[111]

D _ “TSya on
AE + ZPE B C_Q)
[kcal mol |) 8.5 (!50} [2 470]
4Tsnrh,()[ | . ’
7.7(16.1) [1 858]
44 (10.6)
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Yon + CHy (aes
fe6¢ll)
0.0 ¢0.0)

[i333.5cm™]
[QTSreb,OH]

oy + CH4

%.263 [2.267] N
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*Pon
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Q
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Figure 4.5: Potential energy landscape of methane hydroxylation by 104 with energies
in kcal mol™. All energies obtained with UB3L.YP/BS2//UB3LYP/BS1 and
contain ZPE corrections. Values given out of parenthesis refer to gas-phase
data and those inside parenthesis include solvent corrections. Optimized
geometries of local minima and transition states give bond lengths in
angstroms and the imaginary frequency in the transition state in wave
numbers.

For *1on, small hydrogen atom abstraction barriers of 8.5 (10.8) kcal mol™ on the

doublet (quartet) spin states are found in the gas-phase, whereas those with a dielectric
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continuum included with & = 4.7 are raised to 15.0 (17.5) kcal mol™. Nevertheless, these
barriers are accessible at room temperature and imply that >*1o4 should be able to
hydroxylate methane efficiently. The hydrogen atom abstraction barriers are narrow with
a large imaginary frequency of i1233.3 (i1524.2) cm™, which implies they will proceed
with a large kinetic isotope effect for replacing the transferring hydrogen atom by
deuterium.[30,84] Geometrically, the barriers are late with long C-H bonds and much
shorter O-H bonds, similarly to H-atom abstraction barriers calculated before for

methane by [Fe'V(O)(Por**)SH].[44,86]

After H-atom abstraction a radical intermediate is formed representing an
[Fe'V(OH)(Por)OH] complexed to CHs® with a small exothermicity of 4.2 (4.4) kcal mol”
! for 2lMon (*IMop), respectively. The rebound barrier is negligible on the low-spin
surface, whereas a OH rebound barrier of 3.5 kcal mol™ is obtained in the high-spin state.

The overall mechanism to form alcohols is strongly exothermic as expected.

Subsequently, we replaced the OH axial ligand of *1, by alternative ligands, namely L =
F~and CN™ and the results are given in Table 4.1. In general, the potential energy profile
for all complexes follows the same pattern as that seen in Figure 4.5, with a rate
determining hydrogen atom abstraction barrier and negligible rebound barrier at the low-
spin pathway. The only differences obtained are due to the axial ligand interactions with

the metal and oxygen atom.
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Table 4.1: Relative energies (AE+ZPE, in kcal mol™) of local minima and transition
states for methane hydroxylation by >*1,, L = OH™, F~, and CN". Values in
the gas-phase and in solvent are in given.

L=0H" L=F L=CN"
gas solvent gas solvent gas solvent

1. 0.0 0.0 0.0 0.0 0.0 0.0

1, 0.6 1.1 2.1 2.6 0.6 1.1

“TSha 10.8 17.5 15.5 22.2 18.4 25.1

‘IM 4.4 10.6 9.2 15.4 13.0 19.2

TSrep 1.7 16.1 ND ND ND ND

P -33.1 -26.9 ND ND ND ND

“TSua 8.5 15.0 26.2 32.7 16.3 22.8

’IM 4.2 10.4 9.0 15.2 13.2 19.4

P -44.4 -37.5 ND ND ND ND

ND = not determined.

The studies presented in Table 4.1 implicate that the axial ligand has a profound effect on
the catalytic efficiency and performance of the active oxidant. This is not surprising and
has been seen before for the reactivity of iron(IV)-oxo porphyrin radical cation models
with substrates.[33,48,53,88,96] To understand the electronic features of the reaction
mechanism and find factors that determine the rate constant we set up a valence bond
(VB) curve crossing diagram (Figure 4.6). Previously, the VB technique to rationalize the
hydrogen atom abstraction reactions of heme and non-heme iron(IV)-oxo-complexes
[14,20,92,96] as well as double bond epoxidation reactions [52,54] and sulfoxidation

reactions was used.[56]
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Figure 4.6: Valence bond curve crossing diagram rationalizing the methane
hydroxylation reaction by P450 Cpd I. Dots represent valence electrons and
lines (curved or straight) are chemical bonds.

Thus, in VB one starts on the left-hand-side with the reactant state ¥, which in our case
is Compound I and substrate (methane). The reactant state is connected to an excited state
in the radical intermediate as well as in the product geometry. Similarly, the product state
¥, although the ground state in the product geometry, is an excited state in the radical
intermediate and reactant geometries. The radical intermediate state (V) bisects the
reactant and product wave functions and creates a stepwise hydrogen atom abstraction-
radical rebound mechanism by creating a stable radical intermediate. The height of the
barrier for hydrogen atom abstraction (AEna®) is equal to the energy where the two

curves cross, e.g. crossing point of the blue and black lines, minus the geometric
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distortion (resonance energy B) upon moving from reactants to the transition state. It has
been shown previously [92] that the curve crossing energy is a fraction (usually with
value of 0.3) of the excitation energy (G) from the reactant state (V;) to the radical
intermediate state (V\*) in the geometry of the reactants. The analysis of the VB
structures for the reactant and excited states enables one to determine the factors that
influence the barrier. The VB structures give dots for key valence electrons. For instance,
in Compound | the mty,/n*y; Set of orbitals has three electrons, which is given on the right-
hand-side of the Fe—O bond with three dots. Similarly, the ny,/n*y, pair of orbitals have
three electrons and these are given with three dots on the left-hand-side of the Fe-O
bond. In addition, there is of course a radical on the porphyrin ring for single occupation

of the ay, orbital. Two electrons occupy the C—H bond of the substrate.

A look at the VB structure of the radical intermediate shows the same my,/n*y, occupation
with three electrons, however, the my./n*y, Set of orbitals has ceased to exist and has
reverted back into atomic orbitals (3dx, and 2px). The 3dy, orbitals remains as a
nonbonding orbital and singly occupied, while the 2pyx orbital on the oxo group pairs up
with the 1s orbital of the incoming hydrogen atom to form the new O-H bond (con). As
the mty./m*y, set of orbitals had three electrons, this implies that one of these electrons will
have to move to another orbital and indeed fills the a,, orbital with a second electron.

This change in orbitals is summarized and highlighted in the inset of Figure 4.6.

As a result, the hydrogen atom abstraction barrier will depend on the energy to split the
Tixzl T*x, Orbitals back into atomic orbitals (E/+x;) and an electron excitation from my, to
a2u (Eexc). In addition, the excitation energy refers to the breaking of the C-H bond and
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the formation of the O—H bond. The bond dissociation energy (BDEcy) of the C-H bond
of methane is AE+ZPE = 101.6 kcal mol™.[92] The O-H bond strength from Eq 4.1 for
1, with L =F, CI', OH", CH3COO", CF3COO™ and SH™ was calculated, (Table 4.2). As

follows the strength of the O—H bond that is formed varies by as much as 14 kcal mol™

between L = CF3COO and L = OH".

[Fe"Y(OH)(Por)L] — [Fe"V(O)(Por*)L] + H® + BDEoy (4.1)

Table 4.2: Calculated thermochemical properties (AE+ZPE) for selected 1, species (L
= CF3COO, CI, SH7, CH3COO", F and OH"). All energies are in kcal

mol™.

BDEon EA(L1) AHacig BDEFreL Ernmoxa Eexc
CF;COO 85.4 85.8 314.3 90.7 ND ND
Ccr 87.6 79.2 305.5 ND ND ND
SH™ 89.3 71.6 296.3 112.2 81.2 88.2
CH3;COO™ 89.4 80.5 305.0 103.6 75.5 84.8
F 94.0 78.9 298.8 128.4 86.3 86.0
OH" 994 76.0 290.5 137.5 75.2 79.4

In addition to the BDEgy values for the oxidants, we calculated several other
thermochemical properties. Firstly, the electron affinity (EA) of all complexes 1, from
the difference in energy of *1, and its one-electron reduced species (*1,") was calculated.
Technically, a hydrogen atom transfer is the sum of an electron and a proton transfer, so
that the BDEoy can be split into a the electron affinity of the oxidant, the acidity of the

iron(1V)-hydroxo complex (AHaciq) and the ionization potential of a hydrogen atom (IEy),

140




Eq 4.2. The latter was taken from the NIST database [112] and has a value IEy = 313.9

kcal mol™.

BDEon = EA(1L) — AHacid + IEH (4.2)

As discussed above, the electron affinity of 1, is dependent on the amount of mixing of
the axial ligand orbitals with the a,, orbital on the porphyrin. With L = SH™ this
interaction is strong and as a consequence 1gy has a very low EA of 71.6 kcal mol™. A
weak anionic ligand like CF3COO™ gives weak interactions with the ay, orbital and has a
considerably higher EA of 85.8 kcal mol™. Neutral axial ligands, such as a solvent
molecule or an imidazole group of a histidine give a further rise in electron affinity and
removal of the axial ligand altogether gives a maximum electron affinity of about 8.2 eV

[54] as determined by mass spectrometry.

The BDEoy Vvalue of the various complexes depends on the electron affinity and AHqgig
differences of the complex. As mentioned the electron affinity differences depend on the
mixing of axial ligand and ay, orbitals. The AHgq value, however, contains an electronic
component for the splitting of the m../n*y, orbitals back into atomic orbitals and
formation of the O—H bond. We analyzed the orbitals of the complexes in detail and
determined the E./+x; and Ecx. energy gaps and report those in the last two columns of
Table 4.2. Both parameters vary by as much as 10 kcal mol™ for the four iron(IV)-oxo
species studied. The smaller the my./n*x, energy splitting and the smaller the excitation

energy from miy, to ayy, the lower in energy the hydrogen atom abstraction barrier will be.
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4.4: Conclusions

In this work a series of computational studies are presented on the methane hydroxylation
mechanism of models of Compound I of cytochrome P450, whereby the axial ligand is
replaced by alternative anionic ligands. The work shows that an axial ligand at a distance
well over 4 A from the reaction center has a profound effect on the catalytic properties of
the oxidant. We identified several key components. Firstly, there are thermochemical
impacts on the electron affinity and iron(IV)-hydroxo acidity due to differences in orbital
occupation. In addition, during the rate determining hydrogen atom abstraction the =-
bond of the iron-oxo group needs to be broken and the n,,/n*y; energy splitting affect the
hydrogen atom abstraction. Finally, during the hydrogen atom abstraction step an
electron migrates from the oxo group to the heme. In general, a hydroxide axial ligand

gives small reaction barriers, and should be the best oxidant.
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CHAPTER 5

PROPERTIES AND REACTIVITIES OF NONHEME IRON(IV)-
OXO VERSUS IRON(V)-OXO: LONG-RANGE ELECTRON

TRANSFER VERSUS HYDROGEN ATOM ABSTRACTION

5.1: Introduction

Nonheme iron dioxygenases are important enzymes for human health with essential
functions that include DNA base repair mechanisms and oxidative cleavage of
carotenoids.[1-7] In several organisms, natural product biosynthesis is catalysed by
nonheme iron dioxygenases, and, therefore, they have important functions in biology
as well as in biotechnology. In order to understand enzymatic reaction processes,
synthetic model complexes have been developed and designed.[8-14] These
biomimetic model complexes of nonheme iron oxidants are well studied and many
biomimetic high-valent catalytic intermediates have been characterized in recent
years.[15-20] For instance, to tackle the controversy in Rieske dioxygenases regarding
the active oxidant in the reaction process, several biomimetic model complexes with
iron(V)-oxo(hydroxo) as reactive features have been studied and their reactivity

patterns were also established.[21-26]

All biomimetic Rieske dioxygenase models contain a hydroxo group in a Cis-position
of the iron(IV/V)-oxo group. Only few examples exist of biomimetic iron(V)-oxo

intermediates without this cis-hydroxo ligand and spectroscopic studies gave indirect
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evidence of its existence.[27,28] Thus, McKenzie and co-workers reported the
structural characterization of an iron(V)-oxo species with a monoionic multidentate
ligand and found it to react with thioanisole efficiently.[29,30] Kim and co-workers
used a tetradentate ligand system and formed the corresponding iron(V)-oxo species
by heterolytic cleavage of an iron-acylperoxo intermediate.[31] They determined
kinetic isotope effects (KIE, ku/kp), Ho'*O exchange reactions and measured product
distributions. Using a tetraamido macrocyclic ligand, Collins and co-workers studied
the sulfoxidation of substrates by an iron(V)-oxo species and compared the rates with
analogous iron(IV)-oxo species.[32] Finally, Nam and co-workers studied the reaction
of [Fe"(BQEN)]*", BQEN = N,N’-dimethyl-N,N’-bis(8-quinolyl) ethane-1,2-diamine,
with CH3CO;H and found evidence of competing reaction mechanisms originating
from two oxidants in the reaction mixture that were tentatively assigned as
[Fe"(O)(BQEN)]*" and [Fe"(O)(BQEN)]’".[33] Their studies failed to unequivocally
assign the active oxidant in the reaction mechanism, and therefore could not assign
the relative reactivity of iron(IV)-oxo versus iron(V)-oxo. In order to resolve this
dichotomy and gain general insight into the relative reactivity of iron(IV)-oxo versus
iron(V)-oxo with nonheme ligand systems a computational study was conducted using
the [Fe' (O)(BQEN)(NCCH3)]*" (1) and [Fe"(O)(BQEN)(NCCH3)]*" (2) systems,

Figure 5.1.

Currently, very little is known on the catalytic activity of iron(V)-oxo intermediates
and to the best of our knowledge, no direct comparison in reactivity between iron(IV)-
oxo and iron(V)-oxo has been reported. We present here a DFT study to to gain

insight into the potential use of iron(V)-oxo intermediates as catalytic oxidant with
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ethylbenzene as the selected substrate. Here, we present the first comparative study of
the aliphatic hydroxylation by iron(IV)-oxo versus iron(V)-oxo using the BQEN
ligand system in Figure 5.1 and follow the mechanism of ethylbenzene activation

leading to benzyl alcohol product complexes.

1: [Fe(O)(BQEN)(NCCHg)]?*
2: [Fe(O)(BQEN)(NCCH,)®*

QN
N=Fe=NCCH
NN o @7052

CH3;

N O
NZFe=NCCH; 4 @—QH
N'N CHs

Figure 5.1:  Iron-oxo oxidants and ligand system studied in this chapter.
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5.2: Methods

All studies reported here utilize density functional theory (DFT) methods as
implemented in the Jaguar and Gaussian program packages.[34,35] We initially did
exploratory gas-phase optimizations on [Fe(O)(BQEN)(NCCH3)]3+/ ** in Jaguar at the
UB3LYP level of theory [36,37] and explored the -catalytic mechanism of
ethylbenzene hydroxylation. However, as most of our chemical systems are multiply
charged ions we decided to do a subsequent set of calculations, where the complete
project was done using a polarized continuum solvent model included during the
geometry optimizations. These studies gave considerable differences from the gas-
phase results and therefore our focus will be on the solvent optimized calculations
mainly. Thus, all geometry optimizations and frequencies were performed with a
solvent model included with a dielectric constant mimicking acetonitrile. All local
minima are characterized with a frequency calculation and have real frequencies only,
whereas the transition states have one imaginary frequency for the correct mode. As
transition metal containing complexes give close-lying electronic and spin
states,[38,39] the [Fe(O)(BQEN)(NCCH;)]** complexes in the lowest lying doublet,
quartet and sextet spin states and the [Fe(O)(BQEN)(NCCH3)]*" complexes in the

singlet, triplet and quintet spin states were calculated.

The reproducibility and reliability of the density functional method by applying a
range of unrestricted DFT methods have been tested, including B3LYP,[36,37]
B3LYP-D3,[40] B3LYP*,[41] and OPBE.[42,43] There is a certain degree of

fluctuation observed in the relative energies, spin state ordering and geometric details
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as commonly observed in nonheme iron complexes.[44] However, the results
confirmed the assignment of the electron configuration of all complexes and

reproduced experimental trends.

All optimizations and frequencies use a triple-{ quality basis set (BS2) with
LACV3P+ on iron and 6-311+G* on the rest of the atoms.[45,46] Previously, these
methods were extensively used for the description of nonheme iron complexes and
reproduced experimental free energies of activation within several kcal mol '.[47-49]
To test the effect of the overall charge on the calculations, we performed a set of test
calculations to neutralize the reactants and rate determining transition states by adding
counter-ions at a fixed distance of 15A from the axial nitrogen atom and with an angle
of 120 degrees with respect to iron and the axial nitrogen atom. Point charges, Cl
counter-ions and OH ™ counter-ions were applied, but all results reproduced the solvent

optimized results and did not give changes to the charge and spin distributions.

Kinetic isotope effects (KIEs) were calculated for the hydrogen atom abstraction
reaction of ethylbenzene by 1 for the replacement of one or more hydrogen atoms of
the substrate by deuterium atoms. Initially the semi-classical Eyring equation (Eq 5.1)
was used to calculate KIEg from the difference in free energies of activation (AG*) of
the substrate and its deuterium substituted form following previously reported
methods.[50,51] Eq 5.1 uses the gas constant (R) and the actual temperature (273.15

K).

KIEE = ki/kp = exp{(AG*p — AG*y)/RT} (5.1)
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Further corrections due to tunnelling were applied using the Wigner model [52] that

corrects KIEg with the tunnelling ratio (Qu/Qip) as described in Eq 5.2 and 5.3.

KIEW = KIEEXQtH/QtD (52)

2
Qt :1+i l
24\ kgT

In Eq 5.3, kg represents the Boltzmann’s constant, h is Planck’s constant and v is the

(5.3)

imaginary frequency in the transition state.

5.3: Results

5.3.1: Isolated reactants 1 and 2.

Our study uses density functional theory (DFT) methods and is focused on the
chemical systems of Ref. 33 as described in Figure 5.1, where we included an
acetonitrile solvent molecule in the sixth ligand position of the metal:
[Fe(O)(BQEN)(NCCH3)*" (1) and [Fe(O)(BQEN)(NCCH:)]*" (2). These structures
have the metal in formal oxidation state iron(IV) and iron(V), respectively. Before
looking into the reactivity patterns of structures 1 and 2 with substrates, we describe

the electronic properties of the optimized geometries of 1 and 2, Figure 5.2.

The lowest lying singlet, triplet and quintet spin states of 1 were calculated, but the
singlet state was found to be high in energy. Similarly, 2 was investigated in the

doublet and quartet spin states only. Figure 5.2 displays the molecular valence orbitals
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of 1 and 2, which are determined by the mixing of the metal 3d orbitals with its
ligands. Thus, there are three n* molecular orbitals (n*yy, n*y,, *,) representing the
anti-bonding interactions of the 3d iron orbitals with 2p orbitals on the oxo group.
High in energy are two c* orbitals for the anti-bonding interactions of the metal with
the ligands in the Xy-plane (6*y, y2) and with ligands along the z-axis (c*,,), whereby
the z-axis is defined as parallel to the Fe—O bond. In the iron(IV)-oxo complex, i.e.
31, the set of orbitals shown in Figure 5.2 is occupied by four electrons, which gives
two low-lying solutions with either triplet or quintet spin: 1 has a triplet spin ground

ln*yzl (’1) that is somewhat lower in

state with electronic configuration TC*XYZTE*XZ
energy than the quintet spin state with configuration n*xyln*len*yzlc*xz,yzl (1), vide
supra. In both spin states 1 has the metal in formal oxidation state iron(IV). The spin
state ordering matches previous studies on hexa-coordinated nonheme iron
biomimetic model complexes and also supports the experimentally reported

absorption band at Ay.x = 740 nm characteristic for triplet iron(IV)-oxo species and

assigned by Nam et al. on [Fe(O)(BQEN)(NCCH3)]?*.[15-20,33,53-55]

Upon oxidation of 3’51, however, several possibilities arise for the electronic
configuration of 2. Firstly, *1 can lose an electron from n*y, to give a doublet spin
configuration with n*xyzn*le orbital occupation or lose an electron from the doubly
occupied mw*, orbital to give a quartet spin complex with n*xyln*len*yzl
configuration. These two states have the metal in formal oxidation state iron(V) and
are labelled as **2 in Figure 5.2. In addition, the oxidation of *1 can expel an electron

from a ligand m-type orbital, such as n*gqgn, and lead to an electronic configuration
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n*xyzn*len*yzln*BQENl, whereby the radical on the ligand can be either
ferromagnetically or anti-ferromagnetically coupled to the metal-based unpaired
electrons in an overall quartet or doublet spin state (**2”). The latter, therefore, can be
seen as an iron(IV)-oxo ligand cation radical species with configuration
[Fe'V(0)(BQEN™)(NCCH;)]*" and is reminiscent of Compound I of cytochrome P450
enzymes, which was characterized as an iron(IV)-oxo heme cation radical species, i.e.

[Fe"(O)(heme™)Cys].[56-58]

X o2 o*2 a2 a2 o*,2
"2 42 02,2 "2 y2
+ 0",2_,2
o'2.y2

“xxz-l— + Ty + + rr‘xz+ — + + ‘T'xz+ + ™y
Tz | Ty Tz Ty ( \ )
n n* n*
L xy ™y xy Ty T BQEN

31 51 22 42 22| (42-)

Figure 5.2: High-lying occupied and low-lying virtual orbitals of 1 and 2. The top
panel gives the different electronic configurations of 1 and 2 considered
and the bottom gives the orbital shapes of the valence orbitals.
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Freo = 1.664 (1.658)
Frencme = 2.033 (2.025)
TkeN,average = 2.057 (2.056)

Fteo = 1.656 (1.653)
Francve = 2.031 (2.316)
Feenaverage = 2053 (2,122

Pre = 1.11(3.09) Pre = 1.05 (1.08)
Po =0.97 (0.76) po=1.08 (1.02)
Paen = —0.08 (0.15) 3 Pagen = ~1.06 (0.90)
31 (51) 22’ (42’)

Figure5.3: Gas-phase optimized geometries (UB3LYP/BS1) of *°1 and **2 with
bond lengths in angstroms and group spin densities (p) in atomic units.

Details of the optimized geometries of *°1 and **2” in the gas phase are reported in
Figure 5.3. In the gas-phase the triplet spin state is the ground state by AE+ZPE (AG)
= 2.0 (0.2) kcal mol™'. Optimized geometries are in line with previously reported
structures on non-heme iron(IV)-oxo complexes with a short Fe—O bond of 1.66 A,
which implicates a double bond.[53-55,59-63] Group spin densities and charges
confirm the orbital assignment of *°1 as described in Figure 5.3 with electronic

1

configuration of n*xyzn*len*yzl for °1 and n*xyln*xz n*yzlc*xz,yzl for °1.

Nam and co-workers [33] using absorption and infrared spectroscopy and extended
X-ray absorption fine structure (EXAFS) studied the [Fe(O)(BQEN)(NCCH3)]*
complex experimentally. They identified an iron-oxo bond of 1.67 A and an average
Fe—N distance of 1.97 A. Our calculated Fe—O distances for *~1 in Figure 5.3 match
the experimental values excellently. The experimentally reported Fe—N distances are
in good agreement with the triplet spin structures, but not with the quintet spin state
structures due to single occupation of the c*,, ,, orbital that elongates the distances
between the metal and its ligands. Therefore, the computational studies support the

characterization of a triplet spin ground state of 1.
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Geometry optimizations of >*2’, however, gives a low-lying solution with two singly
occupied m* orbitals coupled to a radical on the BQEN unit with spin densities of
peoeN = —1.06 (0.90) in the doublet and quartet spin states. The optimized geometries,
therefore, correspond to an electronic state [Fe' (O)(BQEN")(NCCH3)]*", i.e. 22" in
Figure 5.2, rather than an iron(V)-oxo species. Although we attempted to swap
molecular orbitals to generate the iron(V) solution (**2) these calculations converged

back to %*2’, which therefore is the molecular ground state.

As the complex has a large overall charge of +3, it was decided to re-optimize these
structures using the polarized continuum model mimicking an acetonitrile solution.
However, the new model did not affect the spin state ordering and electronic
configuration of the ground state and the same electronic state was found. It appears,
therefore, that 2’ is the electronic ground state that can be described as
[FeIV(O)(BQEN+°)(NCCH3)]3+ with an iron(I'V)-oxo group coupled to a ligand radical.
As both doublet and quartet spin states represent the same orbital occupation, namely
T T %, T¥poen', we calculate them within 2 kcal mol ™. This result is similar
to the spin state energies of ferromagnetically versus antiferromagnetically coupled
doublet and quartet spin states of Compound I of P450, where these spin states were
also found to be within a couple of kcal mol™ from each other. Moreover, the energy
gap was found to be sensitive to the local environment, including hydrogen bonding
interactions to the oxidant as well as solvent effects.[64-67] Furthermore, these two
spin states result in two-state-reactivity patterns with substrates on competing spin-
state surfaces.[68] Analogously to P450 Compound I, the iron(V)-oxo species is an

excited state of the molecular ground state with  configuration
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[Fe'(0)(BQEN)(NCCH3)]*". Geometrically 242" has metal-ligand bond lengths

close to those found for *1, which also is an iron(IV)-oxo species.

5.3.2: Reactant complexes

Subsequently, ethylbenzene (EB) was added to the model complexes to create a long-
range reactant complex (RC) as this was one of the substrates used in the
experimental study and the benzyl hydroxylation processes were investigated. The
electronic features of *°RC; or **[Fe(O)(BQEN)(NCCH;)---EB]*" and *'RC, or
2’4[Fe(O)(BQEN)(NCCH3)-—-EB]3+ will be discussed prior to the investigation of the
catalytic mechanism. Considering that computational modelling occasionally is
sensitive to the choice of the density functional used as well as on environmental
variables,[69] some thorough testing of the structures, spin-state energetics and
electronic configurations of *’RC; and **RC, using a selection of density functional
methods and procedures was carried out. Thus, geometry optimizations of all
complexes in the gas-phase at UB3LYP/BS1 were performed, but also a full geometry
optimization in a dielectric constant mimicking acetonitrile at UB3LYP/BS2 was
done and finally a full geometry optimization in a dielectric constant at the UB3LYP-
D3/BS2 was performed. In addition, single point calculations on the UB3LYP/BS2
optimized geometries using B3LYP with 15% HF exchange (B3LYP*), UB3LYP-D3
and OPBE were performed. Finally, single point calculations in the gas-phase with
additional counter-ions or point charges included in the model at a distance of 15A

that neutralize the chemical systems were carried out.
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Table 5.1 presents the optimized Fe—O distance and spin-state energies as obtained
using these different DFT models and methods. As can be seen all methods, models
and optimization techniques give the same spin state ordering, but a certain degree of
variation in the relative energies is observed typical for DFT calculated iron
complexes.[69] In all cases °RC, and °RC; are characterized as
[Fe"(O)(BQEN)(NCCH;)---EB]*" with orbital occupation n*xyzn*len*yzl and

ln*len*yzlc*xz,yzl, respectively, in agreement with what was found for structure

¥y
331 above. Regardless of the method and whether the optimization is done in the gas-
phase or in solvent, a triplet spin ground state that is well separated from the quintet
spin state by 2.4 — 10.3 kcal mol ' is found. Although this appears to be a large
variation in spin state energies, actually for transition metal complexes, and, in
particular iron(IV)-oxo complexes a strong variation of the ordering and relative
energies is normal in DFT upon changing the density functional method or

environmental effects.[70-72] Nevertheless, all methods give a triplet spin ground

state in support of experimental studies.[45,46]

Table 5.1: Spin state energies and optimized geometries of reactant complexes as
calculated with various DFT methods.

AE+ZPE

UB3LYP  UB3LYP  UB3LYP-D3  UB3LYP-D3  UB3LYP  UB3LYP*  OPBE
Structure ab b.c be Gas®™®  Solv®?  Solv®¢ Solv¥® pcef Solv®? Solv®¢

rFeO rFeO rFeO

3RC1 1.656 1.633 1.657 0.0 0.0 0.0 0.0 0.0 0.0 0.0
SRC, 1.653  1.627  1.653 103 2.5 74 8.2 8.7 6.0 24
RC, 1.664  1.638  1.656 0.0 0.0 0.0 0.0 0.0 0.0 0.0
‘RC, 1.664  1.631  1.653 0.6 3.6 10.0 8.4 10.0 6.9 3.8

*UB3LYP/BS! geometry optimization in the gas-phase. ® Values in A. © UB3LYP/BS2 geometry optimization in
solvent, AE+ZPE value with energies at BS2 level of theory in kcal mol™. © UB3LYP-D3/BS2 geometry optimization
in solvent, ‘Structure with added point charges that neutralize the system at 15A
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The situation is dramatically changed when **RC, is investigated with these methods
and models. Whereas >*2” was found as the electronic ground state with configuration
[Fe"V(O)(BQEN")(NCCH3)]*" with two unpaired ©* electrons coupled to a radical on
the ligand, by contrast, in >**RC, we find yet another electronic configuration with
two unpaired ©* electrons that are coupled to an ethylbenzene radical, i.e. orbital

occupation n*xyzn*len*yzln*BQENanB1, where the latter orbital is a singly occupied n-
orbital on ethylbenzene. Therefore, addition of an ethylbenzene molecule to 2’
results in an intermolecular electron transfer from the substrate into the n*ggen orbital
of the oxidant and the creation of a complex [Fe'(O)BQEN)(NCCH;)]*"---EB™".
This happens regardless of the method and whether gas-phase or solvent models are
used. It implies that [FeIV(O)(BQEN+')(NCCH3)]3+ is a strong oxidant and can

abstract electrons from substrates readily. Most probably this is caused by its

extremely large electron affinity, vide supra

Note that outer-sphere electron transfer upon approach of a substrate onto a metal-oxo
species has been calculated before on metal-porphyrins,[73,74] including a potential
intermediate of nitric oxide synthase, where the arginine substrate was found to
donate an electron to an iron(IV)-oxo heme cation radical species quickly.
Furthermore, approach of a Zn*" ion onto a high-valent manganese(V)-oxo
corrolazine also led to the formation of a manganese(IV)-oxo corrolazine cation
radical through valence tautomerization.[74] Finally, studies on the comparative
electronic features of the iron(IV)-oxo heme species of cytochrome C peroxidase
(CcP) versus ascorbate peroxidase implicated differences in electronic configuration

as a result of a bound cation at a distance of 15 A from the heme. DFT modelling on
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Compound I of CcP tested the effect of a point charge with magnitude Q = —1/+1 on
the electronic configuration.[75] It was found that a charge of Q = +1 gave an
electronic state [Fe' (O)(heme™)---Trpo;], whereas a value of Q = —1 resulted in an
alternative state corresponding to [Fe''(O)(heme)---Trpio;”"]. These studies have
shown that seemingly small external (but long-range) perturbations can have a major
impact on the electronic configuration of the oxidant and consequently on its ability to
react with substrates. However, for nonheme metal-oxo species this would be the first
example of outer-sphere electron transfer upon substrate approach and is likely caused
by the large electron affinity of the ligand. In the following we will describe whether
the change in electronic configuration is beneficial or disadvantageous to the

catalysis.
5.3.3: Ethylbenzene hydroxylation by 1 and 2

Subsequently, the benzyl hydroxylation of ethylbenzene by *’RC, and **RC, was
calculated. Figure 5.4 displays the calculated reaction mechanism with optimized
geometries of the rate determining transition states of the reaction starting from
“RC,. A stepwise mechanism with an initial hydrogen atom abstraction from the
benzyl position of ethylbenzene via a transition state (TSpa) to form a radical
intermediate (l) followed by hydroxyl rebound via a transition state (TSp) to form
alcohol products (P) was calculated. In all cases the hydrogen atom abstraction is rate
determining and the rebound barriers are small or negligible, so that we will focus on
TSua pathway only here. In the gas phase very little energy difference between
hydrogen atom abstraction from the pro-S versus pro-R site of the benzyl position of

ethylbenzene by iron(IV)-oxo complexes was found. Recent computational studies on
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S-mandalate synthase showed that the shape and size of the substrate binding pocket
determines whether the pro-R or pro-S hydrogen atom can be abstracted.[76] Indeed,

site-selective mutations confirmed the computationally proposed hypothesis.
rye = 1.147 ? o
TS, fow = 1.473 Fuc = 1.366
— £ rou=1214 |
. -

freo = 1.793
Groc = 151.1
i994.4 cm™!

Teoo = 1.668
Orepc = 134.2
i104.7 cm™

(-46.0)

Figure5.4: DFT calculated potential energy profile for the hydrogen atom abstraction
from EB by *°1 with energies given in kcal mol'. Also shown are
optimized UB3LYP/BS2(solvent) geometries of >* TSy, with bond lengths
in angstroms, angles in degrees and the imaginary frequency in wave
numbers. Relative energies represent AE+ZPE+E,, values obtained after
a full geometry optimization in solvent at UB3LYP/BS2 (out of
parenthesis) or at UB3LYP/BS2//UB3LYP/BS1 level of theory on a gas-
phase optimized geometry

Geometrically, the 35 TSya structures are quite distinct due to differences in electron
transfer processes that happen in these transition states. In the triplet spin state the
hydrogen atom transfer is accompanied with electron transfer from the substrate into

the ¥, orbital and hence the substrate attacks under an angle (ar.oc = 134.2°) to get
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ideal orbital overlap between donor and acceptor orbitals.[77] In the quintet spin state
the hydrogen atom abstraction is accompanied with electron transfer from substrate
into the vacant c*,, orbital and hence the substrate attacks from the top with
considerably larger Fe-O-C angles than found in the triplet spin state (ap.oc = 151.1°),
which gives an iron(Ill)-hydroxo complex with fully exchange coupled metal 3d
system with five singly occupied orbitals that is anti-ferromagnetically coupled to a
benzyl radical: °I has electronic configuration m*,,'n*,,'1t*,,'6* 12 6%, ' mgs'. This
exchange stabilization makes °| considerably lower in energy than the corresponding
triplet spin complex. As a consequence, ~ TSy, is stabilized over *TSy,, although
dispersion corrections make them almost degenerate. Nevertheless, the barrier heights
on both spin state surfaces are small and implicate an efficient hydrogen atom
abstraction process in agreement with experiment.[33] When the enthalpy values from
Figure 5.4 are converted to a free energy of activation, a value of AGs.y = 10.8 kcal
mol ' on the triplet spin state surface is found, which is in reasonable agreement with

the experimentally reported free energy of activation of Nam et al.[33]

The experimental studies on ethylbenzene hydroxylation by RC; were found to
proceed with a kinetic isotope effect (KIE) of 10 for the replacement of hydrogen
atoms by deuterium in the substrate. To estimate the isotope effects for replacement of
the transferrable hydrogen atom by deuterium in the reaction passing *TSua the
Eyring and Wigner models (see Methods section) were used to estimate the KIE.
Values of KIEg and KIEw of 4.9 and 5.4 were obtained, whereas these values
increased unto 5.1 and 5.7, respectively when the fully deuterated substrate was used.

Our calculated isotope effect is, therefore, predicts the same trends as experiment.
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Figure 5.5. DFT calculated potential energy profile for the hydrogen atom
abstraction from EB by **2 with energies given in kcal mol™'. Also
shown are optimized UB3LYP/BS2(solvent) geometries of **TSya with
bond lengths in angstroms, angles in degrees and the imaginary
frequency in wave numbers. Relative energies represent AE+ZPE+E;q,
values obtained after a full geometry optimization in solvent at
UB3LYP/BS2 (out of parenthesis) or at UB3LYP/BS2//UB3LYP/BSI
level of theory on a gas-phase optimized geometry.

Then a reaction complex of 2 with ethylbenzene (**RC,) in the gas phase as well as
with solvent models included during the geometry optimizations was calculated. As
mentioned above, the optimized geometry and group spin densities of *RC,
characterize the reactant complex as 3[FeIV(O)(BQEN)(NCCH3)]2+---2EB+'. The
hydrogen atom abstraction from EB™ by the iron(IV)-oxo complex then leads to
electron transfer from the substrate into the m*,, orbital of the oxidant and spin

density changes that are very similar to those observed for *TSpa. Technically, the
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differences in hydrogen atom abstraction barrier between *RC; and *RC, should be
very small as both are an iron(IV)-oxo oxidant. However, the outer-sphere electron
transfer from the substrate to the oxidant has oxidized the approaching substrate, and
hence the differences in barrier heights observed in Figs 5.4 and 5.5 relate to
hydrogen atom abstraction of the C-H bonds of EB and EB™, respectively.
Previously, it was shown that the hydrogen atom abstraction barrier correlates with
the strength of the C—H bond of the substrate that is broken in the process.[78] Indeed,
experimentally determined rate constants of hydrogen atom abstraction reactions by
nonheme iron oxidants were shown to correspond to the bond dissociation energy
(BDEcp) for the breaking of the C—H bond of the substrate.[79] It was, therefore,
decided to calculate the BDEcy values of EB and EB™ into C¢HsCHCH;”" and a
hydrogen atom and find values of AE+ZPE = 82.3 and 41.2 kcal mol ' in the gas
phase, respectively. Thus, the oxidized ethylbenzene substrate has considerably
weaker benzyl C—H bond strength as compared to the neutral system, and, therefore,
the barrier heights for hydrogen atom abstraction obtained for 2’ are significantly
lower than those for 1 in agreement with the differences in BDEcy. Although, the
higher reactivity of 2’ versus 1 is perceived as due to differences in oxidation state of
the two oxidants, it actually represents the same oxidant but a difference in ionization
state of the substrate with weakened BDEcy. Also the reaction of 2’ with
ethylbenzene incurs a significant KIE value, where a KIEg = 5.6 and a KIEw = 7.2

was found. These values, therefore, are similar to those found for 1 above.

Also an alternative quartet spin state of 2’ and the hydrogen atom abstraction via
*TSua was calculated. Thus, *RC, has orbital occupation n*xyzn*szn*sznEBT and
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similarly refers 3[Fe"(O)(BQEN)(NCCH3)]**---*EB™, but in contrast to ’RC, the spin
on EB is ferromagnetically coupled to the unpaired electrons on the metal.
Energetically, “RC, and ‘RC, are close in energy. However, during the hydrogen
atom abstraction in TSy, the unpaired electron from EB™ is transferred with down-
spin to give a n*xyzn*xzzn*yzl configuration, but in *TSya the unpaired electron has

1n*yz10*221 configuration is formed. As this involves a higher

up-spin so a TE*XszC*XZ
lying orbital than in the corresponding doublet spin pathway, the barrier height for

4TSHA is higher in energy than that for 2TSHA.
5.4: Discussion

Our DFT calculations on **1 and **2” reported above show that both systems are in
the iron(IV) oxidation state and the oxidation of 2’ does not oxidize the metal to
iron(VI) but rather keeps it at iron(IV) due to electron release from the BQEN
macrocycle rather than the metal. Therefore, although 2’ is perceived as an iron(V)-
oxo0 species, it actually is an iron(IV)-oxo with BQEN cation radical. Moreover, the
DFT calculations reported in this chapter show that approach of a substrate, e.g.

4227 leads to a long-range electron transfer upon formation of the

ethylbenzene, onto
reactant complex “’RC,: *[Fe'(O)(BQEN)(NCCH;)]*"---’EB", Figure 5.6. The

subsequent hydrogen atom abstraction then gives an iron(IlI)-hydroxo complexes and

a C¢HsCH ' CHj cation.

In previous studies, it was shown that the driving force of a hydrogen atom
abstraction correlates linearly with the free energy of activation.[67,72,78] Therefore,

to understand the thermodynamics and kinetics of the reaction mechanisms reported

168



in Figures 5.3 and 5.4 above, a detailed analysis of the individual thermodynamic
reaction steps for electron and hydrogen atom transfer processes was done, which are
summarized in Figure 5.7. Panel (a) in Figure 5.7 starts on the top left with *2 and the
reaction to the right reflects a one-electron abstraction to form 1 and the subsequent
one-clectron abstraction to form [Fe"(O)(BQEN)(NCCH3)]". The vertical arrows
reflect the hydrogen atom abstraction processes from both 2" and ‘1.
Thermodynamically, the energy for these reactions is associated with the bond
dissociation energy of the O—H bond in the metal-hydroxo complex to revert back
into the iron-oxo and an isolated H-atom, as defined as BDEqpy. The calculated
BDEoy values for 22° and 1 are virtually the same in the gas phase, which is not
surprising as both complexes are iron(IV)-oxo intermediates. Therefore, geometrically
very little differences in the hydrogen atom abstraction reactions will be obtained. The
energy gap between the two BDEqy values widens to 10.2 kcal mol™ in favour of 22

when solvent, thermal and entropical corrections to the energy are included.

H

CHs3 + CHj
Hydrogen

Abstraction

Electron

\V Transfer

—_— —_— H
/“ 12+ ‘('E/ 12+
3+ "
o D2
—Fp=— [Fe'V(O)(BQEN)(NCCHy)]?* [Fe''(OH)(BQEN)(NCCH3)]?*

4

2" [Fe!V(O)(BQEN**)(NCCH3)]**

Figure 5.6:  Calculated reaction mechanism for 2 with oxidation states of critical
intermediates identified.
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Figure 5.7:  (a) Thermodynamic reaction pathways for electron and hydrogen atom
abstraction by 1 and 2. (b) Thermodynamic reaction pathways for
electron and hydrogen atom abstraction by EB. All data obtained from
a geometry optimization at UB3LYP/BS2. Data (in kcal mol™)
reported are AE+ZPE in the gas-phase (AE+ZPE in solvent) [AG in
solvent].
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Figure 5.8:  Thermodynamic reaction pathways for electron and hydrogen atom
abstraction by [Fe(O)(BQEN)(OH)]*" and [Fe(O)(BQEN)(OH)]". All
data obtained from a geometry optimization at UB3LYP/BS2. Data (in
kcal mol™) reported are AE+ZPE in the gas-phase (AE+ZPE in
solvent) [AG in solvent].

In the case of BDEoy, solvent corrections stabilizes the value of 2’ over 1 by 7.3 kcal
mol ', whereas thermal and entropic corrections add a further 4.9 kcal mol . These
BDEoy values, therefore, would predict higher reactivity of 22” over °1 in solvent for

hydrogen atom abstraction reactions.

The major differences between 1 and 2’, however, are related to their electron
affinities or reduction potentials. Thus, *2” has a large electron affinity (EA;) of 316.9
kcal mol! in the gas-phase and AGgoly = 190.5 keal mol L. It is worth noting that for
all calculations, equal values for AE+ZPE+E,,, and AGs, were found, therefore,
entropic and thermal corrections to the solvent corrected enthalpies have a negligible
effect on the individual reactions studied. The electron affinity of *2 is considerably

larger than that found for 1, where values of EA; = 201.5 kcal mol ™' in the gas-phase
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and AGgy = 126.0 keal mol™! are found. Consequently, 22" has a AGgory = 63.5 kcal
mol ™' larger electron affinity than *1 and will be more susceptible to react by electron

abstraction from substrates.

For completeness we also include in Figure 5.8 the thermodynamics for ethylbenzene
substrate for removal of an electron and the C—H bond strengths of the benzyl group
of ethylbenzene and ethylbenzene cation radical. As already mentioned above
ethylbenzene cation radical has a considerably weakened C—H bond strength of AGgy
= 35.9 kcal mol ' as compared to EB. Consequently, hydrogen atom abstraction from

EB"" will have a low barrier.

To find out whether a reaction of *2’ and °1 with EB would lead to a large
thermodynamic driving force for electron transfer, the free energy in solvent for the
reactions given in Eqs 5.4 and 5.5 was calculated. Thus, the electron transfer from EB
to 22’ is calculated to be exergonic by 33.5 kcal mol ', whereas the one originating
from 1 is endergonic by 31.0 kcal mol ™" instead. These two reactions implicate that in
a collision between *2” and EB the driving force will trigger an electron abstraction
from EB, whereas that will not be the case in a collision between *1 and EB. The large
EA; value will, therefore, lead to a large driving force for electron transfer from
suitable substrates including ethylbenzene to 2’. Moreover, the thermodynamic
reaction pathways given in Figure 5.7 give further evidence of a likely electron

transfer between EB and %2,

2’+EB  — °1+EB" [AGsoly = —33.5 kecal mol '] (5.4)
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1+EB > ‘[Fe"™(0O)(BQEN)(NCCH3)]" + EB™

[AGsory = +31.0 keal mol™'] (5.5)

Despite the fact that the BDEoy values of 1 and 2’ are virtually the same, actually at
the free energy level with solvent included they are separated by about 10 kcal mol .
However, much more dramatic differences in the electron affinity of both complexes
are found. Thus, the bond dissociation energy to break the A—H bond (BDEAy) — or
hydrogen atom abstraction ability of compound A — can be split into an individual
electron and proton transfer via Eq 5.6, whereby AG,.iq the acidity of the weak acid
AH represents, EA4 is the electron affinity of A, and IEy the ionization energy of a H-

atom. The experimentally reported value of [Ey is 13.598 eV.[80]

A-H — A +H + BDEay (5.6a)

BDEAH = AGacid,AH — EAA - IEH (56b)

Using the data from Figure 5.7 and the known IEy value, a AG,iq of 590.5 kcal mol ™!
for [Fe'(OH)(BQEN)(NCCH3)]*" was calculated, whereas proton transfer to 1 gives
the complex [FeHI(OH)(BQEN)(NCCH3)]2+ with AGqeiq = 515.9 keal mol ™. The large
difference between EA; and EAj, therefore, has a direct impact on the acidity of the
iron(Ill)-hydroxo group and makes it considerably more acidic. The origin of the

difference in electron affinity of 1 and 2’ is due to difference in electron transfer
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processes. Upon reduction of 22” an electron is transferred into the low-lying T*BQEN
orbital to form a triplet spin n*xyzn*len*yzln*BQENz configuration. On the other hand,
reduction of *1 leads to filling of the virtual *,, orbital with a single electron. As the
c*,, orbital is significantly higher in energy than the m*ggen orbital this means the
reduction of 1 will incur a much smaller electron affinity than adding an electron to

n*gqen, Which is indeed what is found in Figure 5.7.

To find out whether the cis-ligand of the metal-oxo group affects the EA and AGyiq
values, we did a further set of calculations on the electron and hydrogen atom transfer
reactions for complexes [Fe' (O)(BQEN)(OH)]*" and [Fe'V(O)(BQEN)(OH)]', i.e.
complexes 2’ and 1 that have the acetonitrile ligand replaced by OH . We should note
here that replacement of the acetonitrile equatorial ligand by hydroxide does not
change the spin state ordering and electronic configuration and these complexes are
characterized like 2’ and 1 above. Figure 5.8 displays the thermodynamic reaction
pathways for [Fe' (O)BQEN")OH)]*" and [Fe'(O)(BQEN)(OH)]" Firstly, very
little effect of replacing the acetonitrile with hydroxide is found on the BDEoy values
of the complexes. For [F eIV(OH)(BQEN)(OH)]2+ we find a BDEoy value of AGgoy =
84.0 kcal molfl, whereas its one-electron reduced counterpart has a AGsoy = 75.2 kcal
mol . These values are within 2.5 kcal mol ' from those obtained with an acetonitrile
molecule in the cis-position. The situation, however, changes dramatically for the
electron affinities and acidity values of the complexes when the acetonitrile ligand is
replaced by hydroxide. Thus, [Fe' (O)(BQEN™)(OH)]*" has an electron affinity of

AGygory = 150.6 keal mol ™!, whereas the much lower value of 82.8 kcal mol™ is found
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for [Fe'Y(O)(BQEN)(OH)]". These lowered electron affinities with respect to
complexes 2’ and 1 also mean reduced acidity of the protonated complexes, for which

values of 548.2 and 471.6 kcal mol ', respectively were found.

In addition, a reaction of [Fe" (O)(BQEN")(OH)]*" with ethylbenzene is calculated to
give an endergonic electron transfer of 6.4 kcal mol ' using the data given in Figures
5.7 and 5.8. Therefore, replacing the acetonitrile equatorial ligand in complex 2’ with
an anion such as a hydroxide will affect the stability and reactivity of the complex and
will prevent a long-range electron transfer with substrates like ethylbenzene. The
electron transfer from ethylbenzene to [Fe'(O)(BQEN)(OH)]" is calculated to be
even more endergonic (AGsoy = 74.2 kcal mol_l) and consequently is not likely to

happen.

In summary, we establish reasons for the large thermodynamic driving force for
electron transfer from ethylbenzene to 2’ as originating from a high electron affinity
of the oxidant of AGy,y = 190.5 kcal mol!. This implies that the electron transfer to
the approaching substrate could be spontaneous for substrates with an ionization
potential below 190.5 kcal mol ' or 8.26 eV. Although, an ionization energy of 8.54
eV in the gas phase was calculated, actually in solution the value drops to AGgo =
6.81 eV. Therefore, in solution the ionization potential of ethylbenzene is sufficiently

low to incur a long-range electron transfer to the oxidant and create

3[Fe'(0)(BQEN)(NCCH3)]* ---*EB™.

Finally, the thermodynamics values of Figures 5.8 and 5.9 also enable us to predict

the hydrogen atom transfer driving force in complexes RC, and RC,. As described
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above, RC, wundergoes a Ilong-range electron transfer and converts to
[Fe'V(O)(BQEN)(NCCH3)]*" and EB™. This complex reacts via hydrogen atom
transfer via Eq 5.7 with a free energy change of —40.4 kcal mol'. The DFT
calculations for this process implicated a free energy change of AGgoy = -42.4 kcal
mol™! for the formation of the radical intermediate 2I, and therefore its calculated

value is in good agreement with the value estimated from our thermodynamic cycles.
[Fe"(O)(BQEN)(NCCH;)]" + EB" -
[Fe'(OH)(BQEN)(NCCH)]*" + C6HsCH'CHj

[AGgor, = —40.4 kcal mol '] (5.7)

By contrast, if the same for complex RC; is done and the difference in free energy
between the BDEcy and BDEoy values of oxidant and substrate is taken, an almost
thermoneutral hydrogen atom abstraction reaction, Eq 5.8 is found. Indeed, the DFT
calculations above predict a radical intermediate with exergonicity of 6.9 kcal mol™
with respect to the reactant complex in good agreement with the thermodynamically

estimated value.

[Fe"(O)(BQEN)(NCCH;)]*" + EB —»  [Fe'(OH)(BQEN)(NCCH;)]*"

+C¢HsCH'CH;
[AGgoy = —1.2 keal mol ] (5.8)

To test whether the electron transfer observed here in our reactant complexes is a

general feature that could be found in alternative iron(V)-oxo complexes as well, it
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was decided to also investigate the well-studied [Fe(O)(TPA)(OH)]*", TPA = tris-(2-
pyridylmethyl)amine, system of Costas and co-workers.[8] Previously,
[Fe(O)(TPA)(X)]*" with X = halide or OH™ has been used in studies of the cis-effect
on substrate activation by metal-oxo species, but also as a model for non-heme iron
halogenases. Technically the [Fe(O)(TPA)OH)]*" is an iron(V)-oxo complex as
indeed confirmed by DFT calculations.[81-84] The question, of course, arises whether
the oxidation state of the complex stays in the iron(V) state upon approach of an
ethylbenzene molecule. Thus, we optimized the reactant complex [Fe(O)(TPA)(OH)--
-EBJ*" in the doublet and quartet spin states at UB3LYP-D3/BS2 level of theory and
show the structures and group spin densities of the complexes alongside those of

4’ZRCQ in Figure 5.9.

Pes = —0.70 (=0.66)

Pes = —1.00 (~1.00)

Pre = 1.17 (3.16) Pre = 1.13 (2.71)
po = 0.92 (0.69) po =0.90 (0.74)
Prpa = —0.09 (0.15) Pon =—0.29 (0.30)

Pren = —0.05 (0.08)

RC,, [Fe(O)(BQEN)(NCCH;)---EB]** [Fe(O)(TPA)(OH)---EB]?*

Figure5.9. Group spin densities of *’RC, and [Fe(O)(TPA)(OH)---EB]*" as
calculated with UB3LYP/BS2 in solvent. High-spin data in
parenthesis.
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The results in Figure 5.9 show that upon approach of an ethylbenzene molecule to an
iron(V)-oxo center, a long-range electron transfer takes place from substrate to
oxidant. Therefore, the group spin densities of 2YRC, and [Fe(O)(TPA)(OH)---EB]*
both refer to an iron(IV)-oxo complex with a nearby EB™ ion. Both complexes have a
doublet spin state with n*xyzn*len*yzlnggl configuration, i.e. a triplet spin iron(IV)-
oxo complex with a nearby doublet cation radical ethylbenzene. By contrast the
quartet spin state configurations of these complexes have orbital occupation

ln*yzlc*zzlnEBI configuration with the ethylbenzene radical anti-

Ty T
ferromagnetically coupled to three unpaired electrons on the iron(IV)-oxo complex.
Note that in absence of ethylbenzene, the [Fe(O)(TPA)(OH)* complex converges to
an iron(V)-oxo species and no ligand radical is found. The TPA ligand, therefore, has
much lower lying molecular orbitals than a BQEN ligand system and as a result the
ngQeN orbitals become competitive with the n*,,/n*,, orbitals on the FeO group. As a
result of this [Fe(O)(BQEN)(NCCHj3)]*" has an electronic configuration representing

an iron(IV)-oxo coupled to a ligand radical, whereas [Fe(O)(TPA)(OH)]*" is an

iron(V)-oxo species.

5.5: Conclusions

In summary, we present here the first comparative study on the reactivity patterns of
nonheme iron(IV)-oxo versus iron(V)-oxo intermediates. Upon approach of the
substrate to the iron(IV)-oxo ligand cation radical it abstracts an electron from

substrate readily, and thereby creates an iron(IV)-oxo ligand cation radical species.
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The perceived reactivity of the iron(V)-oxo species, therefore, is due to activity of the
iron(IV)-oxo ligand cation radical instead. It was also shown that oxidation of
ethylbenzene weakens the C—H bond strength of the substrate and thereby lowers the
hydrogen atom abstraction barriers and leads to higher reactivity. This is an example
of how outer-sphere (long-range) electron transfer can change the C—H bond strength
of the substrate so that a more efficient H-transfer becomes possible. The outer-sphere
electron transfer may be a common feature in transition metal catalysis, but further

research will be needed to find more examples of this type of reactivity patterns.
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CHAPTER 6

A TRIMETAL CARBENE WITH REACTIVITY REMINISCENT OF

FISCHER-TROPSCH CATALYSIS

6.1: Introduction

In Industrial Fischer-Tropsch catalysis alkanes are being synthesized from H, and CO gas
on a metal surface, which is a process that was developed and exploited in Germany in
the 1920s and 1930s as an alternative to fossil fuels.[1-4] With dwindling supplies of
fossil fuels, urgent alternative sources are needed, however, the Fischer-Tropsch process
is energetically demanding and usually requires high pressures and/or temperatures as
well as expensive heterogeneous catalysts.[5-7] Research on improving Fischer-Tropsch
catalysis is hampered due to the lack of knowledge of details of the reaction mechanism
and the properties played by the metal surface. In addition, few homogeneous catalysts

are known that perform a Fischer-Tropsch-type reaction.[8-9]

Recently, the Matsuzaka group [10] reported the synthesis and spectroscopic
characterization of [(Cp*Ru)2(pn2-CHz)( p3-NPh)Pt(P(CHj3)s)2], which was treated with
CH;OTf in diethyl ether and after heating in toluene produced a unique structure
(labelled as 3 in Ref 10) with a trigonal sp” hybridized carbon atom linked to three
transition metal atoms. It was reported that structure 3 reacted via a Fischer-Tropsch-type
reaction via H and CH; migration from the RuH and PtCHj3 ligands to form p,-CHCHj3

products, Figure 6.1. Therefore, structure 3 catalyzes the C—C and C—H bond formation
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reactions for the synthesis of alkanes alike to the Fischer-Tropsch process, which are
thermodynamically difficult processes. As such, structure 3 is one of the few
homogeneous Fischer-Tropsch catalysts available currently. However, little is known on
the reaction process and the overall potential of this type of chemical system. In order to
explore its possibilities further, it is important to fully understand the origin of the
reaction mechanism and the chemical properties that drive the process. Currently,
however, there is limited knowledge on the chemical system displayed in Figure 6.1 and
experimental studies failed to identify intermediates along the reaction mechanism.
Hence it is unclear how and why this chemical system operates and how it can be further
improved. Moreover, there are very few examples in the literature of analogous processes
and this chemical system may pose a novel synthetic route for the generation of alkanes

on a carbene center.

H H
~ t+ ~ t+
\N > X >
Ph'/ \R‘uﬁ Ph/ \R‘uﬁ
_Ru Ru
% |‘_|\C\(|3H3 — Q} \%_H + Pt(P(CHa3)3)2
CH
| “P(CHa)s ’
P(CH3)s

Figure 6.1: Chemical reaction investigated in this work.

The aim of the studies in this work, therefore, is focused on establishing the reaction
mechanism of alkyl chain growth on the carbene center and the chemical properties of the
reaction center shown in Figure 6.1. Firstly, the chemical properties of the tri-metal

carbene center are poorly understood and this theory may give insight into, whether it
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would be a suitable catalytic center. Secondly, it is unclear whether there is an initial H-
transfer followed by CHs-transfer or the reverse. Moreover, it may very well be that both
mechanisms are kinetically and thermodynamically possible. Thirdly, as shown in iron-
porphyrin chemistry for many examples the reaction can take place via proton transfer,
hydrogen atom transfer or hydride transfer.[11,12] Furthermore, hydrogen atom and
hydride transfer processes may happen via proton-coupled-electron-transfer (PCET),
whereby the electrons move to a different donor site than the protons involved in the
reaction. Theory is the ideal tool to distinguish between these mechanistic pathways and
to establish the electronic features that drive this important mechanism. In addition to the
reactivity questions and the synthesis of alkyl groups on this carbon center, there are also
questions related to the chemical structure of the central carbon atom in 3 itself. Thus, an
sp” hybridized carbon atom would make 3 a carbocation with planar conformation, which
is unlikely given the fact that the carbon atom is surrounded by positively charged metal
ions. On the other hand, if the carbon atom is negatively charged, i.e. a carbanion, it
would have pyramidal structure because of its sp® hybridization, which is in disagreement
with the experimental crystal structure coordinates. Clearly, the structural and reactivity
features of this complex are poorly understood and theory may provide insight into its

electronic and structural features.

The Ru,PtC core of structure 3 is an unusual structure in chemical catalysis but shows
some resemblance to Grubbs catalyst,[13-15] where the metal is covalently linked to a
carbon atom through either a single, a double or a triple bond. However, as far as we
know, there are no reported catalysts in the literature, where the carbon atom is ligated to

two Ru atoms and a Pt atom. There are several examples in the literature of carbido
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centered structures, where the carbon atom is bound to three or more metal atoms,[16-23]
but very few of these show catalytic activity. It, therefore, remains unclear why structure
3 is reactive for the formation of alkyl groups from individual methyl, hydrogen and
carbon groups. In order to gain insight into the peculiar structure and reactivity of 3, it
was decided to do a computational study and establish the electronic and thermochemical
features. As we will show here, our studies give fundamental insight into the nature of the
metal-carbon bond and characterizes structure 3 as a tri-metal carbene that can react via
sequential methyl and hydrogen atom transfer to form p,-CHCHj;. These results may

have direct relevance to heterogeneous catalysis on metal surfaces.

6.2: Methods

The calculations reported in this chapter were performed using density functional theory
(DFT) methods as used previously on transition metal complexes by our groups.[24,25]
DFT methods as implemented in the Jaguar 7.7 [26] and Gaussian-09 [27] program
packages were used. Initial geometries were optimized (without constraints) in Jaguar
using the hybrid density functional theory method B3LYP [28,29] coupled with an
LACVP basis set (including a core potential) on ruthenium and platinum and 6-31G on
the rest of the atoms: basis set BS1.[30] A subsequent analytical frequency in Gaussian
confirmed the structures as local minima with real frequencies only or first order saddle
points with one imaginary frequency for the correct mode. Energies were then improved
by running a single point calculation in Jaguar using a triple-C quality LACV3P+ basis

set on iron and 6-311+G* on the rest of the atoms: basis set BS2. The effect of dispersion
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on the reaction energies was also tested by doing a UB3LYP-D3 single point calculation
in Jaguar using the model of Grimme and co-workers.[31] For a selection of chemical
systems, i.e. reactants and transition states, geometry optimizations at UB3LYP/BS2 and
UB3LYP-D3/BS2 were also carried out, but found very little changes with respect to
those obtained at UB3LYP/BSI. Since, transition metal complexes often react via multi
state reactivity,[32,33] the complete potential energy profile on the lowest lying singlet,
triplet and quintet spin states was also calculated, however, in all cases the singlet spin
state was the ground state and well separated from the other spin states. Energies reported
in this work contain B3LYP/BS2 energies and contain zero-point and solvent corrections
(calculated with B3LYP/BS2 using the polarized continuum model with a dielectric

constant mimicking toluene).

As occasionally DFT calculations on spin state ordering and relative energies of
transition metal complexes shows fluctuations depending on the choice of the density
functional method,[34,35] it was decided to do a series of test calculations with
alternative DFT methods, namely B3LYP-D3,[31] BP86,[36,37] M06,[38] OPBE and
PBEO.[39,40] Similar to previously reported calculations on analogous systems,[41,42]

these studies confirmed the trends and did not change the conclusions.

The methods described here were used previously for analogous transition metal
containing systems in comparison with experimentally determined data and reproduced
free energies of activation within 4 kcal mol™,[43,44] but also gave reasonable agreement
for spectroscopic data, where they reproduced resonance Raman, EXAFS and Mdssbauer
data excellently.[45-48] To locate transition state structures, extensive geometry scans

were run between the various local minima, and used the maximum of those scans as a
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starting point for the actual transition state searches. Moreover, these scans confirmed

that reactants and products indeed connect via the transition state.

Our chemical model, Figure 6.2, is based on the crystal structure coordinates of
[(Cp*Ru)a(uo-H)( po-NHPh)( p3-C)PtCH3(P(CH3)3)2]",[10] whereby we replaced the Cp*
groups with Cp and phenyl by methyl: Structure A. The stereo-chemical effects of the
methyl groups of the P(CH3); groups on the reaction mechanism was investigated by
replacement of the P(CHj3); groups with PH;. The latter structures are identified as A’,
lame’ and 1o, As the chemical system is saturated in carbon monoxide, we also created
a model with two CO molecules bound (one on each Ru center): Structure B. We
investigated the pathways starting from structures A and B for hydrogen atom abstraction
to form lami/lgm intermediates via transition state TSaui/TSpui as well as the
alternative pathway for initial methyl transfer via transition states TSamer/TSeMmer tO
form intermediates Iame1/lsmer- Subsequently, the methyl group is transferred to
lami/lgm via transition state TSa meo/ TSeme2 to form products or the hydrogen atom is

relayed to Ia me1/lMer Via transition state TSa 1o/ TS 2 (Figure 6.2).
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Figure 6.2: Definition of the chemical model, and nomenclature of structures along
the reaction mechanism.

Charges reported in this work were obtained from a Natural Bond Occupation (NBO)
calculation as implemented in Gaussian program package at B3LYP/BS2 level of

theory.[49]

In order to fully understand the thermodynamics and kinetics of the mechanism of the
overall chemical reaction, we calculated the bond dissociation free energies (BDFE) of
key Ru/C—H and Pt/C—CH3 bonds in complexes A, B, Iamei1, IBMet, 1am1, s, Panand
Pgx. The release of either H', H', CH;" and CH;" from these four complexes as described
by Egs 6.1 — 6.4, whereby each individual structure was calculated through a full
geometry optimization to give the adiabatic bond dissociation free energies. In addition,
the methylenium transfer Gibbs free energy (MTFE) and the proton transfer Gibbs free

energy (PTFE) were calculated. The latter was calculated through the use of HyO/H;0"
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couple to balance the equation. As there were large structural changes upon H/CH3 bond
breaking on the various complexes we also calculated the diabatic bond dissociation free
energies, or vertical bond dissociation free energies, whereby we took the optimized
geometries of A, B, lamer, Ismel, lam, Isni, Pan and Pgy and ran single point

calculations with either H, H', CH;" or CH;" removed.

A" [A-H]"+H + BDFEy (6.1)
A'— [A—-CH;]" + CH;' + BDFEy (6.2)
A"+ H,0 » [A—H]"+H;0" + PTFE (6.3)
A"> [A - CH;]" + CH;" + MTFE (6.4)

6.3: Results and Discussion

Before discussing our calculated reaction mechanisms, let us briefly summarize the main
results on our reactant structures, A and B, and establish their chemical properties. The
optimized geometries of A and B are shown in Figure 6.3. The obtained bond distances
of A are to within 0.011 A of the crystal structure coordinates reported in Ref 10 and as
such the DFT calculations give reasonable chemical structures. The Pt-C bond of
1.960/1.947A in A/B represents a single bond and is in good agreement with several
reported Pt—C containing crystal structures from the literature.[50-53] The two Ru—C
bonds are very close in bond length in A and the fact that one of the two atoms is
protonated, therefore, appears to have little effect on its interaction with carbon.

However, addition of two CO molecules strongly affects the Ru—C bond lengths and one
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of those is elongated to 2.126 A in B. Ru—C bond lengths found here are typical for a
single bond and compare to analogous structures reported before.[54-59] Therefore,
addition of two CO molecules to structure A does not appear to have drastically changed

the molecular geometry and keeps its original features.

1.970
& 1.960
0.1 1
AE ] HooN H
@ “Ru Y4
Feusy = 2.531 ]
1.938 o= 1610 YR p— Pt Pt
Ficiis=2:119 ] e
A B T*RuC TRC TRuC ORuC
0.2
E lpc
03] Ho N H N
2108 i Ru/ \Ru Eu/ \Ru
] Pt
051
] Opic Ipc
b ORuC
Mg = 2.736 0 6: ORuC \
Faoss = 1.635 e 4‘&' x \/;
Foome = 2.124 %PiC Yy

Figure 6.3: Optimized geometry of A and B as calculated with B3LYP with bond
lengths given in angstroms. The right-hand-side displays the natural bond
orbitals of A and their ordering for those involving the central carbon atom
with it ligands.

The experimental studies of reference 10 implicate the hydride to bind as a bridging
ligand to both Ru atoms, whereas Figure 6.3 gives a terminal-hydride atom that is linked

to a single Ru atom. We created starting structures for a geometry optimization using
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both a bridging hydride atom as well as a terminal hydride atom. However, both of these
calculations (whether CO was used as ligands or not) converged to the structure with a
terminal hydride atom. This implies that a structure with bridging hydride atom will be a

higher energy state and possibly inaccessible.

As transition metal complexes containing iron or ruthenium generally contain close-lying
spin states and often react via multistate reactivity patterns,[32,33] structure A was
optimized in the singlet, triplet and quintet spin states. The closed-shell singlet spin state
is the ground state and is well separated from the triplet and quintet spin states by AGg,s =
17.1 and 44.8 kcal mol ™, respectively. These values change by less than 1 kcal mol™
when solvent corrections are included. Clearly, structure A is a closed-shell species that
will react via single-state reactivity in contrast to metal(IV)-oxo and metal(IV)-nitrido

complexes from the literature.[60,61]

In order to shed light on the bonding pattern of the central carbon atom, Natural Bond
Orbital (NBO) analysis of structure A was done. Thus, the NBO analysis reveals three
bonding type orbitals for the central carbon atom, namely three single bonds for the
interaction with the two Ru atoms and the Pt atom. The opc orbital represents the o-
bonding orbital between Pt and C and is built up from the interaction of the 5d,, orbital
on Pt with the 2p, orbital on C. In addition, there are two single bonds between the
carbido atom and the two Ru atoms, which result from the mixing of the 2s, 2px and 2p,
atomic orbitals on C with the 4d,, orbital on Ru or the 4dy, ,» on Ru(H). As such the
central carbon atom is sp hybridized. However, the fourth valence orbital on carbon is a

virtual 2py atomic orbital. The NBO analysis, therefore, assigns the central carbon atom
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as a carbene with three sp2 hybridized orbitals that are occupied with two electrons in an
orbital donating to Pt (cp«), and two bonding orbitals where both C and Ru donate one
electron each into the bond (oruc, Oruc). This hybridization scheme gives the central

carbon atom its planar structure, Figure 6.4. As such the chemical structure of Ru,CPt
represents a Fischer-carbene, where the lone pair of the carbon atom interacts with an
empty Pt orbital and the n-type Pt orbitals give back-bonding into the empty 2p, orbital
of the carbene.[62-64] The NBO charges displayed in Figure 6.3 reveal a charge-neutral
carbon atom (Qc = 0.04) that is surrounded by slightly negatively charged metal atoms.

Consequently, there is very little charge built-up in this chemical system.

Ru Ru

\
Pt

Figure 6.4: Hybridization scheme of A and B.

Subsequently, the potential energy profile for p,-CHCHj formation starting from A and B
was calculated. Two mechanisms were tested as shown in Figure 6.5: (i) initial hydrogen

transfer from RuH to the carbene followed by methyl abstraction and (ii) initial methyl
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transfer from PtCH; followed by hydrogen/proton transfer. Figure 6.5 starts from the
center with A/B and follows the two possible reaction mechanisms: The initial H-transfer
(mechanism to the right) and the initial CH; transfer (mechanism to the left). The two
mechanisms are described as follows: In the first case, the metal-carbene group abstracts
a hydrogen atom from the RuH group via a transition state TSy to form the H-transfer
intermediate ly;. A subsequent CHj transfer from the PtCH3 group via a barrier TSye:
gives the p,-CHCH; bound product P. We also tested the alternative pathway starting
with an initial CH; abstraction by the metal-carbene group via transition state TSy
leading to the methyl-transfer intermediate ly;. This intermediate then reacts further by

H-abstraction from RuH via a transition state TSy, to form product P.

We attempted to also locate the alternative synchronous transfer of both hydrogen and
methyl group at the same time to the carbene atom, however, all calculations converged
to one of the lower lying transition states (or local minima) described in this work.
Previously, we calculated the concerted epoxidation reaction of an olefin by an iron(IV)-
oxo heme cation radical system and found it to be a second order saddle point that is well

higher in energy than the stepwise transition states.[65,66]
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Figure 6.5: Gibbs free energy profile of alkyl chain growth on A and B via either (i)
CHs-transfer followed by H-transfer (mechanism from the center to the
left) or (ii) H-transfer followed by CHj-transfer (mechanism from the
center to the right). Energies (AE+ZPE) and free energies (AG, in
parenthesis) obtained with B3LYP/BS2 with values in kcal mol . All data
include solvent corrections to the energy. Optimized geometries report
bond lengths in angstroms, angles in degrees and the imaginary frequency
in the transition states in wave numbers.

Dramatic differences in relative energies and optimized structures are found for the
pathways starting from A or B, however, in both cases the H-atom transfer reaction has

the lowest Gibbs free energy of activation of AG* = 19.6 (3.1) kcal mol™ for A (B).
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Nevertheless, in both the cases it is not the rate determining step as the subsequent CH3-
transfer to form products gives an additional barrier with a maximum of 23.1 (24.2) kcal
mol ™. Therefore, the reaction that is initiated with H-atom transfer from A has an
unfeasible Gibbs free energy of activation of 42.7 kcal mol ' for TSa me> With respect to
A and will not be able to proceed through that pathway. On the other hand this barrier for
structure B is much lower in energy, but still would imply a relatively slow reaction
process. This is in agreement with experimental observation that found evidence of a
structure with analogy to Iy, but the methyl group bound to one of the Ru atoms, which
would imply a fast hydrogen abstraction followed by a much slower methyl transfer. The
origin of the enhanced stabilization of CO bound intermediate I with respect to 1a
comes from the structural differences. Thus, without CO bound the carbene carbon atom
pyramidalizes much more and the dihedral angle dcryrupt = 43.3° in |4 1, Whereas it is
25.7° in lg ;. The large pyramidalization causes contraction of the chemical system and
more stereochemical repulsions of the P(CHj3); groups with the RuCp groups that

destabilize the structure.

The alternative pathway with an initial CHs-transfer, on the other hand, has a calculated
Gibbs free energy of activation of AG* = 21.5 (25.4) kcal mol™" for A (B) and, therefore,
is disfavored over the initial H-atom transfer process. However, this reaction leads to a
very stable intermediate 1 ve1 With an exergonicity of almost 10 kcal molfl, whereas the
reaction is endothermic for the formation of Igwmer. Its subsequent H-atom transfer
leading to products only has a Gibbs free energy of activation of 18.3 (6.2) kcal mol™
from intermediates for A (B). Therefore, product formation is a viable, but kinetically

slow, pathway through this channel for both structures A and B, whereby it is the
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dominant mechanism for A and competitive with initial hydrogen atom abstraction for B.
Binding of CO molecules to the reaction center, therefore, changes the regioselectivity of
the chemical reaction in favor of initial hydrogen atom abstraction. In previous work on
the regioselectivity of substrate epoxidation versus hydroxylation by iron(IV)-oxo
complexes we showed that changes to the ligand system of the iron or even replacing
hydrogen atoms of the substrate by deuterium atoms can reverse a regioselectivity and as
such the Ru,Pt-carbene complex is another example of a chemical catalyst that changes

its reactivity upon ligand modifications.[67,68]

The origin of the differences in stability of 1 me1 versus Igmer stems from differences in
location of the transferring hydrogen atom. Thus, in 14 me1 the hydrogen atom is located
close to one Ru atom with distances Rul-H and Ru2—H of 1.604 and 2.521 A, whereas
they change to 1.736 and 1.943 A, respectively, in Igmei. The structure with the bridging

proton is considerably destabilized with respect to singly protonated Ru atom.

In summary, DFT establishes a possible alkyl synthesis mechanism for A as a stepwise
mechanism with an initial CHs-transfer followed by H-atom transfer, whereas structure B
proceeds with competitive mechanisms via either initial CHs- or H-transfer processes. An
analysis of the group spin densities and charges along the complete reaction mechanism
shows that all local minima and transition states are closed-shell singlet species with no
radical built-up during the reaction. Accordingly, the reaction starts with either proton

transfer or CH;' transfer.

So why is the reaction displayed in Figure 6.5 stepwise with consecutive CHj3 or H-

transfer processes and what is the function of the Ru,Pt scaffold? These questions will be

199



answered in the following discussion. Structurally, there are major changes happening at
the Ru,Pt-carbene center during the reaction mechanism. Although A and B have an sp2
hybridized carbon atom that lies in the plane of the Ru,Pt atoms, upon H/CHj-transfer the
planarity is distorted and the carbon atom relaxes to a pyramidal conformation due to sp3
hybridization. The pyramidalization is considerably more pronounced for the CHjs-
transfer process than in the H-atom transfer pathway as dihedral angles C—Ru—Ru—Pt of
50.4° for Iamer and 43.3° for 1o are found. At the same time the Pt—Ru distances in
IaMe1 shorten by as much as 0.8A with respect to A to well below 3A, while in Iy they
stay considerably longer: Ipr, = 3.086 and 3.370A. These large structural changes for the
CHs-transfer pathway will have an effect on the reaction energetics and kinetics as well
as on the relative stability of 15 me1 versus I gi. Thus, the Pt atom in 14 pe1 only has three
ligands due to CHj-transfer to the carbon atom, which means limited stereochemical
interactions between the two P(CHs3); groups and the rest of the molecule so that the Pt
atom can approach the two Ru atoms closely. In lam the Pt atom remains tetra-
coordinated and the stereochemical interactions between all ligands and the rest of the
molecule prevent a close approach to the Ru,C center. As a consequence of the
stereochemical repulsions 5y is considerably destabilized over 15 mer and the reaction

pathway with initial H-atom transfer is energetically disfavored.

To further establish these stereochemical interactions in I m; versus lame1, @ subsequent
set of calculations on these structures was done, but with the P(CHs); groups replaced by
PHj: structures la 1’ and lamei’, Figure 6.6. The optimized geometry of A’ (Figure 6.6)
is very close to that reported above for A in Figure 6.3 and only minor changes in bond

lengths are obtained. Clearly, the P(CH3); groups have little effect on the structure of the
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Ru,PtC core of our chemical system. A similar situation occurs for lamei’, which has
large structural similarities with I e reported in Figure 6.2. Major changes, however, are
seen when l5 1 is compared to I m;’. Thus, one of the Ru—Pt distances decreases from
3.370 to 3.116 A and as a consequence the pyramidality of the carbon center changes
from dcryrupe = 43.3° in 1o 1 to a value of 51.9° in 15 ;. This has a major effect on the
stability of Ixu;” and it is stabilized by 6.0 kcal mol™" with respect to A’, however, the
IaMe1” remains the most stable conformation. This implies that the P(CHs); groups incur
a destabilizing effect on the reaction mechanism, but will not reverse the preference of

initial CHs-transfer over H-atom transfer.

Ru-Ru = 2.534 TRu-Ru = 2.553 MRu-Ru = 2.628
ree.n = 1.609 Foppy = 2.778 Iptpy = 3.057
Fop.c = 2.108 Fpegy = 2.915 Ipepy = 3.116
Iren = 1.604 Fopc = 2.122
Aepupupt = 48.5 depupur = 51.9
’ ’
A IA,Mel IA,H1’

Figure 6.6: Optimized geometries of A’, lame” and lam’ with bond lengths in
angstroms.

To gain insight into the electronic changes during the reaction mechanism, a NBO

analysis was also performed on the intermediate and product complexes. The NBO
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calculation reveals a configuration on the central carbon atom of 2108 2p2'92f0r A Me1 and
281 2p*10 for lam. Both intermediate complexes, therefore, have an electronic
configuration close to sp> hybridization, and as a consequence their geometries have

changed from planar to pyramidal in agreement with the optimized structures.

In order to fully understand the thermodynamics and kinetics of the mechanism displayed
in Figure 6.2, and, in particular, gain insight into the electron transfer mechanisms during
the reaction processes we set up Valence Bond (VB) curve crossing diagrams (Figure
6.7) for the methyl transfer and hydrogen atom transfer steps. These VB curve crossing
diagrams were applied previously to rationalize the reaction mechanisms of substrate
activation (hydroxylation, epoxidation, desaturation and sulfoxidation) by Compound I of
cytochrome P450 enzymes as well as the nonheme iron(IV)-oxo species of
dioxygenases.[69-72] These studies rationalized reaction mechanisms, and, for instance,
explained why a reaction was stepwise via a radical intermediate rather than synchronous
(concerted). Furthermore, in the case of P450 Compound I several possible electron
transfer pathways in substrate hydroxylation by Compound I were identified via either an
iron(IV)-hydroxo intermediate or an iron(Ill)-hydroxoheme cation radical, and different
activation barriers (and consequently rate constants) were identified that passed these
individual intermediates.[73] VB diagrams explained the differences in electron transfer
pathways and rationalized the ordering of the various electronic and spin states. Finally,
the VB diagrams were used to find patterns in activation energies/rate constants and
create predictive models. As such these VB curve crossing diagrams may also find its use
in organometallic chemistry and, therefore, we applied it to the chemical system

described here.
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The VB curve crossing diagrams start at the bottom-left with the reactant electronic
configuration and wave function (¥r) of A/B, which is a carbene where two sp” electrons
form bonding orbitals with electrons on the two ruthenium atoms and the other two
electrons represent a lone pair orbital that donates a bond to Pt. Each of the dots in Figure
6.7 represents one of these valence electrons. In part (a) in Figure 6.7 the reaction follows
the methyl transfer from Pt to carbene and the structure on the right-hand-side gives the
electronic configuration of Iy with wave function Wys. In Iy the central carbon atom is
sp> hybridized and forms a single bond with Ru, Ru, Pt and CH;. In VB theory the wave
functions of the reactant and product complexes cross, i.e. Wr and Wy, in Figure 6.7a,
and lead to an avoided crossing and a transition state for the reaction from reactants to
intermediates.[74] Thus, the curve crossing energy (AEx) is above the actual transition
state (AEne") by a factor B, which is called the resonance energy. It has been shown that
the barrier height can be described by the difference in energy by a fraction (f) of the
promotion gap (G) and the resonance energy B: AEmet = fGywr — B. The promotion gap
signifies the excitation energy from the ground state wave function to the product wave
function in the geometry of the reactants, i.e. Gur is the energy difference between Wr
and Wr* in the reactant geometry. The VB diagrams also give chemical structures of the
reactant and product wave functions of the ground and excited state species with valence

electrons identified with a dot.
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Fire RLyC.
- Ru *Pt

Methyl transfer

Hydrogen transfer

Figure 6.7: Valence bond curve crossing diagrams for methyl transfer (part a) and
hydrogen atom transfer (part b) from reactants (A or B). Valence electrons
are identified with a dot.

A close inspection of the VB diagrams in Figure 6.7 shows that the promotion gap for
methyl transfer (Gur) represents the breaking of the Pt—CH3 bond and the formation of a
new C—CHj; bond. In addition, the VB structures of Wr and Wr* shows that the carbene

carbon is rehybridized from sp” to sp> hybridization and one electron of the lone pair
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orbital pointing toward Pt is promoted into the new sp’ orbital. At the same time the
electron from the broken Pt—CH; bond moves into the carbene-Pt bond. Thus, the
promotion gap also contains a component for the excitation energy of the carbene from
sp> to sp3 hybridization (Eexc), which essentially requires a promotion of an electron
from the opic orbital to the virtual 2p, molecular orbital on carbon. Energetically Gyt can
be described in terms of the bond dissociation energies (BDEs) of the respective bonds
that are broken and formed in the reaction process, Eq 6.5, whereby BDEpcy3; represents
the Gibbs free energy to break the Pt—~CHj3; bond in A/B and BDEccys3 is the Gibbs free

energy to form the C—CHj3 bond in 1 me1/ 18 Me1-
Gmroc BDEpicrs — BDEccns + Eexc (6.5)

The situation is dramatically different for hydrogen atom transfer from A/B as shown in
Figure 6.7b. Thus, the barrier height for hydrogen atom transfer (AEy") is proportional to
the promotion gap for hydrogen atom transfer (Gyt), which correlates with the strength of
the Ru—H bond that is broken (BDEgyy), the strength of the C—H bond that is formed
(BDE(y) and again the excitation energy for the carbene to change from sp” to sp
hybridization. In addition to these three terms, the promotion gap Gyr also contains a
component for the electron transfer energy from Ru to Pt (ETry—p¢). The hydrogen atom
transfer process, therefore, incurs extra electron reorganization energy in the Ru,Pt-
carbene scaffold, which is not necessary for the methyl transfer step. The overall
preference of hydrogen atom transfer versus methyl transfer will depend on the relative

strengths of the bonds that are broken and formed in the process and the electron
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reorganization energy. To find out whether there are major differences between the BDE

values in Eq 6.5 and those in Eq 6.6, we decided to calculate their values with DFT.
GurocBDERuH — BDEcH + Eex.c + ETrusspt (6.6)

As the VB drawings in Figure 6.7 only give qualitative analysis of electron transfer
processes and no actual quantitative values, it was decided to calculate BDEs and bond
dissociation free energies (BDFEs) of key Ru/C—H and Pt/C—CHj; bonds in complexes
A,B,la e, and I, by calculating the release of a H', H', CH3" and CH;3" from these
four complexes according to Eqs 6.1 — 6.4 above. Figure 6.8 displays the diabatic driving
forces for H/CHj; release from complexes A, B, a1 and lamer. We initially calculated
the adiabatic BDFE calculations, whereby we did a full geometry optimization of all
individual chemical structures in Eqs 6.1 — 6.4 and then took the difference in Gibbs free
energy for each of these reactions. However, due to considerable rehybridization of the
central carbon atom and as a consequence large geometrical changes in some of the
structures, the adiabatic BDFE values gave unrealistic results. For instance, the adiabatic
bond dissociation energy for the breaking of the Ru—H bond in A appears negative, which
would imply spontaneous dissociation in disagreement with the experimental crystal
structure. However, this did not happen during the geometry optimization and
consequently there is a significant barrier for this process. Another reason why the
adiabatic energies give unrealistic results is the dramatic structural changes upon removal
of one ligand, i.e. H or CHj3, which changes systems from hexacoordination to penta-
coordination, i.e. from octahedral to trigonal bipyramical structure, which leads to major
changes in electronic structure.[75] Conversely, when we calculate the diabatic Gibbs

free energy change by taking the H and [A — H] products in the geometry of A then the
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BDFE is positive. The same is found for the dissociation of a methyl group from A. By
contrast to structure A, the adiabatic and diabatic bond energies in structures I e and
lam are very similar and vary by less than 6 kcal mol !, In the following, however, we

will focus on the diabatic bond dissociation free energies.

-+

H'.
N ‘Q N N+\O G %

BDFEye = 47.6 (45.5) BDFEy = 68.0 (34.5)
C M| MTFE = 178.2 (116.7) C M| MTFE = 268.0 (183.4)
BDFE, = 65.7 (66.0) ~P(CH BDFE, = 41.1 (8.0) ~P(CH
3)3 3)3
PTFE = 112.8 (54.7) PTFE = 215.3 (127.4)
P(CH3)s P(CHg);
A B
H" + H", +
Ph 1 % Ph“\N\Ru{Q
Ru_d CH, | BDFEye=75.9 (72.8) Rﬂ—c' CH
Qs Y \ o2 | MTFE = 236.0 (173.5) % N s
| “P(CHy)s TP(CHy)s
P(CHa)s BDFEy, = 108.6 (107.4)|  p(CHy),
PTFE = 264.2 (202.9)
IaMe1 IaHL

Figure 6.8: Bond dissociation free energies (BDFEs in kcal mol ™) of key bonds in
structures A, B, 1ame1 and 14 m1. Reactions calculated according to Eqs 6.1
— 6.4. Values in parenthesis are solvent corrected free energies, whereas
those out of parenthesis are gas-phase data. PTFE and MTFE are the
proton and methyl transfer Gibbs free energies, respectively.

As can be seen the strength of the C—H bond in A is considerably different from that
obtained for B. This, the BDFEy for A is 45.5 kcal mol ™ in solvent, whereas a value of
34.5 kcal mol ™' is found for B and as a consequence the hydrogen atom transfer should be
much easier with the CO bound complex than with complex A. Indeed, the potential
energy landscape in Figure 6.2 shows that formation of Igy; is exergonic by —1.2 kcal

mol ™', while it is endergonic for 15 i1. Thus, CO binding affects the chemical structure of
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the Ru centers and weakens the Ru—H bond and makes it more susceptible for hydrogen
atom transfer. Despite the fact that the subsequent methyl transfer still has a barrier of
about 28 kcal mol ' (virtually unchanged with respect to A), it is now sufficiently low to
cross at ambient temperatures and pressures. On the other hand, the platinum-methyl
bond is much stronger in the CO bound structures and results in a considerable raise in

the Igme1 energy.

Thermodynamically, the driving force to form Ia me1/lam from A represents the breaking
of a weak Pt—-CHj3 or Ru—H bond and the formation of a much stronger C—CH;/C—H
bond. Hence the reaction should be strongly exergonic, which is seen for the reaction via
lamer in Figure 6.2, but not for the one via I i;. Thus, the hydrogen atom transfer from
Ru in A to the carbine to form I i results in the breaking of the Ru—H bond of BDFEy =
65.7 kcal mol ' in the gas-phase and the formation of a C—H bond with a diabatic value of
108.6 kcal mol ' and, if the driving force was solely dependent on the change in bond
strength the reaction would have been exergonic by 42.9 kcal mol™'. As shown in Figure
6.2, however, this reaction is endergonic by 17.2 kcal mol™', which implies that the
stereochemical and electronic effects, i.e. the sp” to sp’rehybridization(Eey.c) and the Ru
— PT electron transfer (ETry-pt) accounts for a destabilization of I i1 by about 60 kcal
mol ™' in Gibbs free energy. This is explained schematically in Figure 6.9, where we
deconvolute the processes from A to Iamer and from A to lapn; into factors for bond
breaking and formation (SBDFE) and quantum mechanical effects (Eqm). Thus, the
methyl transfer reaction from 3 results in the breaking of the Pt—-CH3; bond, which
requires a BDFEe giabatic = 47.6 keal molfl, and at the same time the formation of the C—

CH; bond (BDFEwe dgiabatic = 75.9 kcal molfl). Therefore, the change in bond dissociation
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Gibbs free energy for the methyl transfer is —28.3 kcal mol . The reaction mechanism in
Figure 6.2 found the methyl transfer process to be exergonic by 9.9 kcal mol ', which
implies that the quantum mechanical effect of the process accounts for 18.4 kcal mol .
The quantum mechanical effect includes the rehybridization energy of the carbene group
and the geometric and stereochemical factors associated with the methyl transfer. By
comparison, the hydrogen atom transfer shows a much larger change in bond dissociation
energy due to the strong C—H bond that is formed (6BDFEp giabaic = —42.9 kcal mol_l).
However, this reaction incurs a large quantum mechanical effect of 60.1 kcal mol™ and
thereby makes the overall process highly endergonic. The quantum mechanical effect
includes the rehybridization of the carbon atom, which will probably be of the same order
of magnitude as that found for the methyl transfer process, i.e. about 18 kcal mol™. In
addition, there are the above mentioned stereochemical repulsions of the methyl groups
of the P(CHs); moieties that raise I g by about 6 kcal mol . Finally, the electronic
effects (Eqm) for the hydrogen atom transfer reaction include the electron transfer energy

from Ru to Pt as described in the VB diagram in Figure 6.7.
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Figure 6.9: Energy decomposition of the methyl and hydrogen atom transfer reaction
from A. Gibbs free energies given are in kcal mol .

In addition to removal of H/CHj; from our reactant complexes and intermediates, the
breaking of the bond into two ions was also investigated and is described as the proton
transfer Gibbs free energy (PTFE) and methyl transfer Gibbs free energy (MTFE). As
follows from the data in Figure 6.8, it requires considerably more energy to break the
Ru-H and Pt-CHj3 bonds than a homogeneous splitting into Ru"+H" and Pt*+CH;". The
thermodynamic analysis confirms the results described above in Figure 6.5 where either

H*® or CH;" is transferred rather than H" and CH;".

So what about the next step for the formation of p,-CHCH; products? The reaction from
lamer to products results in the breaking of the Ru—H bond and the formation of a new

C—H bond. By contrast, the pathway from |, jy; leads to the breaking of the Pt—~CHj3 bond
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and the transfer of the methyl group to carbon. However, this process breaks the C—Pt
bond and the Pt(P(CHs)3), group is left behind with two unpaired electrons. Thus, an
electron on Pt is promoted into a virtual orbital and the reaction proceeds via a high
energy pathway. Indeed, the DFT calculated potential energy profile in Figure 6.5 gives a

high barrier for TSa me2 in agreement with this.

In summary, DFT calculations presented here show a novel pathway for the synthesis of
linear alkanes on a trimetal-carbene center. The chemical system discussed here,
however, is inefficient as the lowest lying initial barrier is for hydrogen atom transfer,
which leads to a dead-end reaction intermediate. By contrast, the initial methyl transfer
can be followed by hydrogen atom transfer to lead to products. The question is how this
catalyst may be improved for alkane synthesis. The thermodynamic and VB Schemes
above give some clear indication to this. As shown in Eqs 6.5 and 6.6 above, the barrier
heights TSy, and TSyer are dependent on the Ru—H and Pt—CHj; bonds that are broken
and the C-H and C—CHj3 bonds being formed. Consequently, a chemical system with a
weaker metal-CH3 bond should react predominantly via initial methyl transfer and may
be more efficient. The work described here may have relevance to biological and
heterogeneous catalysis for the synthesis of alkanes. In particular, in heterogeneous
catalysis linear alkanes are generated on a metal surface using often CO and H, are
reactants. It may very well be that the trimetal-carbene structure discussed here is a
common type intermediate in heterogeneous catalysis, but further research will have to be

performed to establish this.
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6.4: Conclusions

In summary, the calculations establish the key features of a synthetic homogeneous
catalyst for alkyl chain growth. A combination of DFT, NBO, VB and thermochemical
studies has been performed and established the intrinsic chemical properties of A or B.
Firstly, reactants were characterized as having a Ru,Pt-carbene core where the lone-pair
is donated to Pt via bonding/back-bonding configuration. Secondly, we find a low energy
mechanism of alkyl formation through consecutive CH;* and H® transfer to the carbene
with low Gibbs free energy of activation and exergonic driving force. We show that the
reverse process is thermochemically hampered and would lead to an excited triplet

configuration.

Overall, our work identifies a novel reaction for the synthesis of alkanes that starts from a
trimetal carbene. This unique structure is shown to be capable of intramolecular methyl
and hydrogen atom transfer to the carbene to form p,-CHCHj; products as precursor to

alkanes.
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CHAPTER 7

CONCLUSIONS

The work done in this thesis highlights following general conclusions:

A. Technological advancements and recent developments in theory have enabled
evolution of highly accurate, efficient and inexpensive methods applicable to
‘real life’ systems. Now enzymatic intermediates and synthetic catalytic
reactions may be modeled successfully even in absence of full experimental
verification. The latter is not possible due to ultrafast nature of these reactions
but these modeled reaction pathways have been validated as and when

experimentalists became capable of suitable measurements.

B. The reaction studies established mechanisms for hydrogen and oxygen atom
transfer reactions and electron transfer mechanism in transition metal
containing complexes. Active oxidants were characterized in given reaction
processes and rate determining step was established. Models were devised to
rationalize reaction processes and barrier heights to predict rate constants of

jprocesses.

C. The difference in reactivity of heme and nonheme iron-oxo intermediates was
established. The rate constants and reaction mechanisms were established. The

electron transfer and hydrogen abstraction mechanism was found out.
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D. The extensively tested and highly benchmarked methods used by our research
group were proven to be in consonance with experimental data and helped
draw useful inferences for biomimetic chemical systems presented in this

thesis.

E. The studies present in this thesis work are expected to bridge the
computational and  experimental work being carried out in
biomimetic/enzymatic reactions. Also they are expected to meet challenges of
drug synthesis (pharmaceutical reactions), methane hydroxylation
(environmental pollutants) and hydroxylation and oxidation of common

chemical warfare agents (cyanides, mustard gas etc.).
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ABSTRACT: pu-Nitrido-bridged diiron porphyrins and phtha-
locyanines are known to be efficient oxidants that are able to
oxidize some of the strongest C—H bonds in nature, such as
the one in methane. The origin of their catalytic efficiency is
poorly understood, and in order to gain insight into the
structural and electronic features of this chemical system, we
performed a detailed and systematic study into their chemical
properties and reactivities using density functional theory. Our

> >¢%

P450 Compound |

methane hydroxylation rates

work shows that y-nitrido-bridged diiron porphyrins and phthalocyanines are highly active catalytic oxidants, which react with
methane with very low reaction barriers and a rate-determining hydrogen-atom-abstraction step. Furthermore, the y-nitrido-
bridged diiron porphyrin and phthalocyanine complexes react with a free energy of activation that is more than 10 kcal mol™
lower in energy than that found for cytochrome P450 Compound I, which is known to be one of the most efficient C—H
hydroxylating agents in Nature. We have analyzed the electronic configuration of reactants and transition states in detail and have
identified the key properties of the oxidants that lead to this rate enhancement. In particular, the potency of the oxidant is related
to the orbital mixing patterns along the Fe—O axis, whereby the axial iron(IV)-nitrido group donates sufficient electron density to
affect the pK, of the oxo group as well as the strength of the O—H bond formed in the iron(IV)-hydroxo complex. The studies
confirm that p-nitrido diiron-oxo complexes should react via oxygen atom transfer readily even with strong C—H bonds as in
methane. The results are analyzed with orbital diagrams, valence bond, and thermochemical cycles and explain the intricate

details of the mechanism and the properties of the oxidant.

KEYWORDS: biomimetic models, hydrogen abstraction, hydroxylation, iron, ligand effects

Bl INTRODUCTION

Cytochrome P450 enzymes are versatile enzymes in human
physiology that mainly react with compounds through oxygen
atom transfer, including the hydroxylation of C—H bonds.
P450s activate their substrates with the aim to initiate their
metabolism and detoxification but, on the other hand, also
assist in biosynthetic pathways of e.g, hormones." Thus, the
biodegradation of long chain fatty acids and xenobiotics is
catalyzed by P450 liver isozymes through a mechanism that is
considered to proceed via an iron(IV)-oxo heme cation radical
intermediate called Compound I (CpdI). To understand the
fundamental features of the oxidant in the P450-enzyme-
catalyzed reaction mechanism, synthetic models have been
prepared that model the enzyme active site composition and

-4 ACS Publications  © Xxxx American Chemical Society 2230

coordination.” These so-called biomimetic model complexes
enable one to study the reactivity patterns and the intrinsic
chemical properties of iron porphyrins and gain understanding
into the intricate structural and electronic features of the active
site. Biomimetic work indeed confirmed a high-valent iron(IV)-
oxo porphyrin cation radical to be the active oxidant in
chemical transformations of substrates and ruled out many
alternative suggestions.3

Recent biochemical studies isolated and characterized
Compound I in a P450 isozyme and established the electronic
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Figure 1. Comparative structural features of the active site of P450,,,, (a) and y-nitrido-bridged diiron-oxo porphyrin and phthalocyanine complexes

(b).

configuration with spectroscopic methods.” Although the P450s
are known to be efficient and powerful oxidants in nature,
native enzymes do not catalyze the conversion of methane to
methanol, which requires the breaking of a very strong C—H
bond with a bond dissociation energy (BDE) of 104.9 kcal
mol™". However, using iodosylbenzene as an oxidant, it was
shown that CYP153A6 is able to oxidize methane at room
temperature, although very low turnover numbers of 0.02—0.05
were obtained.” On the other hand, guest/host activation of
P450g,;; with perfluorocarboxylic acids as decoy molecules
enabled the oxidation of all short alkanes tested except for
methane.”’

Structurally, the P450s all contain an active heme group
(Figure la) linked to the protein through a cysteinate bridge.
To mimic the active site features of P450 Cpdl, over the years,
work on synthetic iron porphyrins has been performed with the
aim of improving the oxidative power of the active species
through modifications of the porphyrin scaffold. In particular,
research was done to find a metal porphyrin system able to
hydroxylate methane, but so far, only a few of these studies
have been successful. Thus, several y-nitrido-bridged diiron-oxo
phthalocyanines and porphyrin (A and B, Figure 1b) complexes
prepared using H,0, or m-chloroperbenzoic acid (m- CPBA)
are able to oxidize methane to methanol efficiently.*”
Experimental and computational studies on these exciting
catalysts also show that these p-nitrido-bridged systems are
stable and maintain their dimerization throughout the reactions
that they catalyze, unlike many of the y-oxo dimers.”

It appears, therefore, that these diiron complexes are more
potent oxidants than the active species of P450 enzymes, an
example of which is shown using the active 51te structure from
P450,,, as taken from the protein databank'® for structural
comparison in Figure 1. The question is, then, what makes A/B
a stronger oxidant than the enzyme, and what is the effect of
the bridging p-nitrido group on the chemical properties of the
oxidant and the catalysis?

The origin of the reactivity differences between p-nitrido-
bridged diiron complexes and P450 CpdI may derive from a
range of chemical and structural differences. First, some P450
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isozymes have a tight substrate binding pocket and selectively
activate substrates,’' and the pocket may not be setup to
hydroxylate methane efliciently, resulting in an uncoupling
reaction. However, the use of decoy molecules, such as inert
perfluorocarboxylic acids, makes it possible to accommodate
methane into the cavity, but this did not lead to the oxidation of
methane.” On the other hand, there are clear structural
differences between A/B and P450 Cpdl and particularly
related to the axial ligand (ie., cysteinate versus nitrido-
iron(IV)-phthalocyanine).

It is known that the axial ligand of iron-porphyrins has a
major effect on catalysis as well as on the spectroscopic
properties (e.g, Fe—O vibrations) of the oxidant.'” These
biomimetic studies on axial ligand effects in iron(IV)-oxo
complexes are in analogy to those derived from biochemical
work on enzymes including heme-peroxidases and heme-
monoxygenases. Thus, peroxidases generally have a histidine
axial ligand coordinating the heme, whereas heme-monoox-
ygenases such as the P450s have a cysteinate axial ligand. The
axial ligand incurs a push- or a pull effect of electron density
and thereby gives fundamental differences between the two
heme enzyme classes.'> This difference in function of P450
monoxygenases, heme peroxidases, and catalases has been
assigned to the axial ligand bound to the heme.'* In addition,
biomimetic work has shown equatorial ligand may also have an
effect on reactivity patterns but usually to a lesser extent than
the axial ligand."

Clearly, the reactivity and electronic properties of iron
porphyrin/heme complexes is sensitive to the axial ligand
bound and, in particular, experimental evidence appears to
suggest that an axial y-nitrido iron(IV) makes the oxidant so
powerful that it can even hydroxylate methane. Therefore, we
decided to investigate the electronic properties and reactivity
patterns of p-nitrido-bridged diiron-oxo complexes and find out
the key factors that influence their catalytic activity with strong
C—H bonds. The work shows that the axial g-nitrido iron(IV)
group has 7 and 7* orbitals that mix with the iron(IV)-oxo 7/
7* orbitals and thereby make the oxidant more reactive.
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Scheme 1. Models of p-Nitrido-Bridged Diiron Porphyrazine (1) and Porphyrin (2) as well as P450 CpdI (3) Investigated in

This Work

B METHODS

Models. To understand the chemical properties of A/B, we
created a number of models with different equatorial and axial
ligands included, see Scheme 1. First, we created a “small” p-
nitrido-bridged diiron-oxo chemical structure of 68 atoms,
whereby the phthalocyanine units were abbreviated to
porphyrazine macrocycles (1). However, experimental Moss-
bauer studies indicated the possible presence of an anionic axial
ligand in p-nitrido-bridged high-valent diiron porphyrin oxo
species,” when a concentrated solution of the complex and m-
CPBA was used at very low temperatures. Although the
presence of the axial ligand could not be ascertained under
catalytic conditions in the experiments, we decided to include a
model with an axial acid anion ligand and investigated its
possible influence on the oxidizing properties of the oxo species
in model 1,. As a comparison, we also investigated the
properties of y-nitrido-bridged diiron-oxo porphyrin without an
anionic axial ligand attached to Fe, (structure 2) and with 3-
chlorobenzoate ligated (structure 2,.) to reflect the use of m-
CPBA experimentally. Structures 1 and 2 are overall charge
neutral, whereas 1,. and 2,  have a total charge of —1.

A complete model with tetraphenylporphyrin (TPP) ligands
(27pp) was also studied, but the addition of substituents to the
meso-position of the porphyrin had little effect on the optimized
geometries and electronic configuration of the reactant
complexes, see Supporting Information for details.

All structures and reactivities were compared with model
complexes of P450 Cpdl, which was modeled, as before,' as an
iron(IV)-oxo-porphyrin cation radical (3¢, [Fe'V(O) (Por**)-
SH]) but also with an elaborate cysteinate axial ligand
description (3¢, [Fe'(O) (Por**)Cys]). In previous work,
we extensively tested various enzyme models and compared
those to results obtained from QM/MM studies and experi-
ment.'” Indeed, in recent work, model clusters were compared
to QM/MM results with increasing QM size.'”” The energy
differences upon the barrier heights fluctuated within a range of
a few kcal mol™! and did not affect the shape of the landscape
or the overall conclusions. The models discussed here were
shown to reproduce QM/MM obtained results well and gave
similar electronic configuration as well as reactivity patterns
with barrier heights reproduced within 1.1 kcal mol™."”* For
example, the charge and spin distributions of Cpdl and the
spin-state ordering and relative energies follow similar trends.
In addition, studies on product isotope effects through
bifurcation pathways gave excellent agreement with exper-
imentally determined values.'” The small model complexes
used here enable one to understand the fundamental chemical
differences between the active site of P450 and the synthetic y-
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nitrido-bridged diiron-oxo complexes described here by
elimination of the protein interactions. The P450 models
were overall charge neutral and were calculated in the lowest-
lying doublet and quartet spin states. Our study produced a
comprehensive set of data of which the highlights are presented
here, and all the details can be found in the Supporting
Information.

Computational Procedures. The studies presented in this
work used density functional theory methods as implemented
in the Gaussian-09, Jaguar 7.8, and ORCA program packages.'”
The potential energy surfaces of the reaction of methane with
1, 1,4 27pp, and 3 on all low-lying spin states were initially
explored at the UB3LYP level of theory’® in Gaussian-09 in
combination with a double-{ quality LACVP basis set on iron
with core potential and 6-31G on the rest of the atoms: basis
set BSL1.”' Subsequently, full geometry optimizations of local
minima and transition states were calculated at UB3LYP*” and
UBP86>” level of theory and followed by an analytical
frequency, see Supporting Information for details. Transition
states were characterized with a single imaginary frequency for
the correct mode, while local minima had real frequencies only.
Subsequently, single-point calculations were done using a
triple-C type LACV3P+ basis set on iron with core potential
and 6-311+G* on the rest of the atoms: basis set BS2. Test
calculations, whereby the geometries were optimized with
UB3LYP/BS2 gave a potential energy profile of substrate
hydroxylation that was within a few tenths of a kcal mol™ from
those obtained with UB3LYP/BS2//UB3LYP/BS1;** there-
fore, the rest of the systems were geometry optimized with
UB3LYP/BSI.

As the experimental work used acetonitrile as a solvent, we
performed solvent calculations using the polarized continuum
model (PCM) with a dielectric constant of & = 37.5 and a probe
radius of 2.183 A as implemented in Jaguar using a triple-{ or
better basis set on all atoms. Test calculations, whereby the
geometry was optimized with a solvent model included, were
performed (see Supporting Information Figure $19). However,
this did not lead to changes in the electronic structure of the
local minima and gave very similar optimized geometries.

Detailed geometry scans along one degree of freedom were
performed between reactants and intermediates as well as
between intermediates and products. These constrained
geometry optimizations had one degree of freedom fixed,
while all other coordinates were optimized. Geometry scans
confirmed the reaction mechanisms and electron-transfer
processes. Due to the size of the chemical systems investigated
here, we only were able to run Intrinsic Reaction Coordinate
(IRC) scans for a selection of systems. Those studies confirmed
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the mechanism and did not give results that were dramatically
different from the geometry scans. The methods and
procedures used in this work were extensively tested and
benchmarked. For instance, in previous work, we reproduced
experimental free energies of activation within 3 kecal mol™,**
but also experimental rate enhancements,” as well as kinetic
isotope effects.*

The calculations of the reaction mechanism of methane with
2 and 2, were explored at the UB3LYP/BSI level of theory in
Jaguar with basis set BS1, and with Orca using a basis set that
contains LANL2DZ on iron and 6-31G on the rest of the
atoms. As for the porphyrazine species, stationary points were
characterized with a frequency calculation with minima and
transition states having all real or one imaginary frequency,
respectively. In the latter case, the imaginary mode was
displayed using the Orca Pltvib utility'” and GOpenMol'*? to
check its nature. Solvent effects were incorporated through the
Conductor-like Screening Model (Cosmo) as implemented in
Orca using a dielectric constant of 37 mimicking acetonitrile.
Optimizations for both minima and transition states were done
in solvent at the UB3LYP/BSI level of theory, but the resulting
structures, spin densities, and energy differences were very
similar to the gas-phase results. Single points at the UB3LYP/
BS2 level of theory were also performed on stationary points.
Natural bond order analysis calculations were performed in
Gaussian-09.

Structure 1 and 1, were investigated in Gaussian-09 on all
low lying spin states: doublet, quartet, sextet and octet. As
before,”” we tested a range of ferromagnetically and
antiferromagnetically coupled spin-state occupations of the
reactant complexes. In particular, we attempted to create a
P450 CpdI-type electronic configuration with a metal radical
coupled to a ligand radical. However, all our attempts to
generate an electronic state with ligand radical failed, and
converted back to a state with only radical character on the
OFe;NFe, atoms. The same efforts were also done for 2 and
2, in Orca and Jaguar with the same effects: namely, no radical
character on the macrocycle was obtained. Although several
spin states were investigated, the doublet spin state was found
to be the ground state and well separated from the nearest
quartet, sextet, and octet spin states. Therefore, the other
models were calculated in the doublet spin state only.

To test the reproducibility of the work, we did a range of
single-point calculations on the UB3LYP/BS1 optimized
geometries in Gaussian using a number of (unrestricted)
density functional methods with basis set BS2, namely
B3LYP,”® BP86,”> B3LYP* (B3LYP with 15% HF),*®
dispersion-corrected B3LYP (B3LYP-D3),”” M06-L,* and
PBEO0.*' In general, the same spin-state ordering is obtained
regardless of the density functional method, and all chemical
trends are reproduced. For clarity, we will focus in the main text
on the B3LYP results, but all other results can be found in the
Supporting Information.

Multireference perturbation theory of the N-electron valence
type (NEVPT2) was applied to test the electronic configuration
of the reactant and radical intermediate complexes. These
calculations were done in Orca using procedures described
previously.*”

Kinetic Isotope Effects. We estimated the kinetic isotope
effect (KIE) for the hydrogen-atom-abstraction reactions by
replacing one or more of the hydrogen atoms of the substrate
by deuterium atoms. Thus, the ratio of the rate constants of the
substrate and the deuterated substrate (ky/kp) is a measure of
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the KIE, whereby we estimated the primary KIE for replacing
the transferring hydrogen atom by deuterium as well as the
secondary KIE, where the other hydrogen atoms of the
substrate were replaced.” Semiclassical KIEs (eq 1) were
estimated from the Eyring equation using the free energies of
activation (AG*};) of the deuterium substituted and reference
systems.

KIEg = ky/kp = exp{(AG*, — AG",)/RT} (1)

In this equation, R is the gas constant, and T the temperature
(298.15 K). Further corrections due to tunneling were obtained
from the Wigner model (KIEy, eq 2) by multiplying KIE; with
the tunneling ratio (Qu/Qup, eq 3) as follows:

KIE,; = KIEg X Q .,/Q ) (2)

Q, =1+ (hw/kyT)* /24 3)
Here, kg is Boltzmann’s constant, & is Planck’s constant, and v
is the magnitude of the imaginary frequency in the transition
state. Kinetic isotope effects were calculated using the data from
the Gaussian frequency calculations for the hydrogen-atom-
abstraction process from methane by 1, 1,. and 3.

Thermochemistry. The O—H and C—H bond dissociation
energies (BDEgy and BDE(y) were determined from the
relative energy (AE + ZPE + E,) for the following two
equations:

11

Fe'¥ = O(L) + H* — Fe'OH(L) + BDEy (4)

©)

Electron affinities (EA) and ionization energies (IE) reported
here are adiabatic values calculated with UB3LYP/BS2 with
ZPE and solvent included.

A +H* > A—-H+ BDEqy,

B RESULTS

In this work, we focus on the chemical properties of the y-
nitrido bound diiron complexes and their reactivity with
methane and, in particular, aim to elucidate why A/B react
faster by hydrogen atom abstraction than P450 Cpdl. We used
extensively benchmarked and calibrated methods, which on
analogous chemical systems are known to give the correct spin-
state ordering and kinetics.”* Subsequently, the electronic
properties and the origin of the reactivity differences of 1/2
versus 3 were elucidated through thermochemical cycles,
valence bond schemes and electronic properties of the various
species involved.

Substrate Hydroxylation Mechanism. Let us start with
evaluating the reactivity differences of methane hydroxylation
by 1, 1, 2, 25, and 3 as obtained with B3LYP. We investigated
the methane hydroxylation by 1, 1, 2, and 2,. and compare
the obtained result with those calculated previously for
[FeV(O) (Por**)SH] or 3.> We initially created a long-range
complex (Re) of structures 1, 1, 2, and 2,  with methane and
optimized the geometries in the doublet, quartet, sextet, and
octet spin states. However, the doublet spin state was the
ground state in isolated reactants as well as the reactant
complexes and remained the lowest-lying spin state along the
full reaction mechanism. The results of the alternative spin
states are given in the Supporting Information Figures S2—S4
and S6—S8, Tables S5 and S9—S16.

The reaction is stepwise with an initial hydrogen atom
abstraction via transition state TSy, to form the radical

DOI: 10.1021/acscatal.5b02720
ACS Catal. 2016, 6, 2230—2243


http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b02720/suppl_file/cs5b02720_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b02720/suppl_file/cs5b02720_si_001.pdf
http://dx.doi.org/10.1021/acscatal.5b02720

ACS Catalysis

Research Article

1S HA,3SH [2TS HA,3Cys]

4
TSha 3sH

25.9[27.2]
25.9

AG"'Esolv
[kcal mol™]

2
Ih,3sH [“IH,3cys]

23+ CH,
0.0
, - 2.8[8.0]
1ac + CH4[24c + CHy 2.9[6.9]

21 + CH4[22 + CHy)

17.5 [17.4]

218

*TSyenasH 23.5
TS ep,35H 20.8

reb

11485 [i1365] cm™
2TSHA,1 [ZTSHA,Z]

1381 42](%

[13.0] 1.14[1.20]

-31.4 *Pash
-39.9 2Py, 351

-43.4[-16.6]

11511 [i1154] cm™

2TSHA, 1Ac [ZTSHA,ZAC]

Figure 2. DFT calculated methane hydroxylation pathway by 21, %1, %2, 22, and >*3. Data for 1/1,, and 3 were calculated in Gaussian at the
UB3LYP/BS2//UB3LYP/BS1 level of theory, whereas the values for 2/2, are obtained in Orca at UB3LYP/BS2//UB3LYP/BS1. Free energies are
in keal mol™ and include ZPE, entropic, thermal, and solvent corrections. Also shown are optimized geometries of the rate-determining transition
states with bond lengths in A and the imaginary frequency of the TS in wave numbers. Data for model 1/2 are given in blue, 1,./2,. in black and

values for complex 3 are shown in red.

intermediate I;, which is a complex of iron(IV)-hydroxo with
CH;". In the next step, the OH rebounds to the CH;* group via
transition state TS, to form the methanol-bound product
complex Py. In all cases, TSy, is the rate-determining reaction
step, and TS, is smaller. This is in agreement with previous
aliphatic hydroxylation mechanisms for iron(IV)-oxo com-
plexes.*

Figure 2 shows the free energy landscape for methane
hydroxylation by 21, 21, *2, *2,,,, and **3. For comparison, in
previous work, a free energy of activation of 25.9 kcal mol™" in
solvent using the same computational methods was obtained
for the reaction of [FeV(O) (Por**)SH] + CH,.**® However,
the free energy of activation of hydrogen atom abstraction from
methane by 1, in contrast, only has a value of AG* = 15.7 kcal
mol ™., which raises to 19.4 kcal mol™! when acetate binds as an
axial ligand. The ratio of the rate constants for methane
hydroxylation by 3 versus 1 would imply a rate enhancement of
about 107 for this reaction. As such, it appears that y-nitrido-
bridged diiron-oxo complexes are highly effective oxidants of
substrate hydroxylation reactions and should be able to
hydroxylate methane at ambient temperatures and pressures.
Indeed, experimental work of Sorokin and co-workers
confirmed methanol products from the reaction of y-nitrido-
bridged diiron phthalocyanine with methane.*” To further
ascertain that this rate enhancement is not due to the choice of
the density functional method, we repeated the calculations of
all rate-determining steps with alternative density functional
methods (see Supporting Information Tables S9, S10, and
S60—S63 for details). However, in all cases, the free energy of
activation for the reaction of methane with 1/1,. was
considerably lower than that with a P450 CpdI model.
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In order to test whether the rate enhancement from 3 to 1/
1, is due to the phthalocyanine ligand or the y-nitrido-bridged
diiron arrangement, we decided to also investigate the reactivity
of the analogous porphyrin complexes 2/2,.. As follows from
the data shown in Figure 2, the same trend is obtained for the
couple ?2/%2,, where the hydrogen-atom-abstraction barrier is
raised by 2.2 kcal mol™" for the latter. Consequently, all u-
nitrido-bridged diiron-oxo complexes (1, 15, 2, 24.) give low
free energies of activation for methane hydroxylation, which
implies that they should catalyze the reaction at room
temperature, which is in agreement with experimental data.®®

Geometrically, all transition states are product-like with
considerably longer C—H than O—H distances. Previous
studies on aliphatic hydrogen abstraction reactions by iron-
(IV)-oxo complexes showed that methane hydroxylation
generally proceeds with a barrier characterized by a short O—
H distance, a much longer C—H distance, and a geometry
resembling the radical intermediate.>*° The two Fe,—N and
Fe,—N distances for the bridging nitrido group in TSy, ; and
TSy, 14c are considerably different due to the electron-donating
properties of the acetate ligand that pull Fe, into the plane of
the phthalocyanine/porphyrin ring.

All hydrogen-atom-abstraction transition states are charac-
terized with a single large imaginary frequency of well over
i1100 cm™ that reflects a mode for the asymmetrical stretch
vibration along the O—H—C bond and hence corresponds to a
hydrogen atom transfer. These values are typical of hydrogen-
atom-abstraction barriers by metal-oxo oxidants and implicate a
narrow barrier with potentially significant amount of tunnel-
ing.”” The nature of the barrier and its connection to reactants
and radical intermediates was further established by initially
running constraint geometry scans (with one degree of freedom
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fixed) as well as IRCs, see Supporting Information for details,
which confirmed the mechanism shown in Figure 2.
Interestingly, we find a considerably larger dipole moment
for TSy, of 47 D versus that for TSy,; [0.8 D], and
additionally, it points in the opposite direction. Similar dipole
moments are found for the reactant complexes. Obviously, an
enlarged dipole moment will lead to stabilization of the
complex in solution and interactions with polar solvent
molecules, which may affect the relative reactivities through
their environment. To find further electronic factors that
contribute to the transition state energy, we calculated the
change in polarizability volume (Sa) for the geometric change
from reactants to TSy, eq 6.°° The value da was calculated
from the difference in polarizability volume between the
transition state structure and those of the isolated reactants.

(6)

Previously, we showed that the polarizability change
correlates linearly with enthalpy change for chemical reactions
as well as for transition state formation.””*” This polarizability
change is then plotted as a function of barrier height for a range
of hydrogen-atom-abstraction reactions by [Fe'(O) (Por**)-
SH] in the doublet and quartet spin states (Figure 3). As can be

0a; = apg — & = ey 1= 1, Iy,

25 1
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[keal mol ']
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Figure 3. Plot of the change in polarizability volume (6a) as a function
of barrier height (AE + ZPE) for the reaction of [Fe™(O) (Por**)SH]
with aliphatic substrates.

seen, the correlation is reasonably linear, which implies that all
transition states are characterized as electronically similar and
are connected through the same electron-transfer processes.
The calculated values for *TSy,; and *TSy, 4 fit the trend
and support the obtained correlation.

As the rate-determining step in the reaction mechanism is a
hydrogen atom abstraction, we investigated the kinetic isotope
effects (KIE) by replacing one or more hydrogen atoms of the
CH, reactant with deuterium atoms. Thus, we replaced the
transferring hydrogen atom of methane by deuterium to get the
primary KIE but also the three other hydrogen atoms
(secondary KIE); lastly, we replaced all hydrogen atoms of
CH, by deuterium atoms and the obtained results for reactions
with 1, 1., and 3 are given in Table 1. We calculated KIE
values using the semiclassical Eyring model but also the Wigner
model with tunneling corrections included. The KIE values are
dependent on the magnitude of the imaginary frequency in the
transition state and the free energy of activation, see Methods
section for details. Although a considerably larger imaginary
frequency in the transition state for 2TSHA,1 (11485 cm™) is
found as compared to **TSy;, 5 (values of 1946 and i791 cm™
for doublet and quartet spin states, respectively), actually, the
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Table 1. Calculated Kinetic Isotope Effects Using the Eyring
(Wigner) Models for Replacing Hydrogen Atoms in
Methane by Deuterium Atoms”

oxidant O-D-CH, O-H-CD;, 0-D-CD,
1 7.0 (9.9) 22 (23) 16.3 (23.4)
1, 7.1 (10.1) 14 (1.4) 10.3 (14.9)
3 5.7 (92) 14 (2.3) 8.6 (13.7)

“Data from Gaussian frequency calculation at 298 K for doublet spin
states.

Wigner KIE effects are not dramatically different for the two
complexes. Nevertheless, replacement of the transferring
hydrogen atom by deuterium leads to major differences in
KIE values. We calculated KIE values of 7.0 (9.9) using the
Eyring (Wigner) models for 1 for replacement of the
transferring hydrogen atom by deuterium. Note that a
significant secondary KIE value of about 1.4—2.3 for replacing
the nontransferrable hydrogen atoms by deuterium atoms is
obtained for all systems. The results in Table 1 show that 1
should give a considerably larger KIE value than 1,. and 3 for
hydrogen atom abstraction from unactivated, sp® hybridized,
carbon centers.

B DISCUSSION

As shown in the previous section and in agreement with
experimental observation, p-nitrido-bridged diiron-oxo com-
plexes are efficient oxidants of aliphatic hydroxylation reactions
and can even hydroxylate methane at room temperature. To
understand the origin of these reactivity differences with P450
Cpdl, which does not hydroxylate methane at room temper-
ature, we did a detailed analysis of the physicochemical
properties of the reactants and an evaluation of the obtained
transition states, which will be covered in detail in the
following.

Electronic Configuration of the Reactants. To gain
insight into the nature of the reactivity differences observed
above, let us start our analysis with an evaluation of the
electronic configuration of the isolated reactants (i.e.,, without
methane) and compare 1/1,./2/2,. on the one hand with 3 on
the other hand.

Figure 4 displays the orbital energy levels of P450 Cpd]l, that
is, [Fe(O) (Por**)Cys], and how the mixing with an axial
iron(IV)-nitrido group of [Fe™(N) (Por)] gives the new orbital
energy levels for the p-nitrido diiron-oxo complexes 1 and 2.
Thus, P450 Cpdl is a triradical system with two unpaired
electrons in 7%, orbitals and a third one in a heme orbital
with a,, symmetry (Figure 4: left-hand-side). These three
orbitals are either ferromagnetically coupled into a quartet spin
state or antiferromagnetically coupled into a doublet spin state
and usgaﬂ)y DFT calculations find the two states within 1 kcal
mol 1"

The 7p.o/7* g orbitals reflect the interaction of the 3d,,/
3d,, atomic orbitals on iron with the 2p,/2p, orbitals on
oxygen, whereas the a,, orbital is a nonbonding heme orbital.
Addition of an axial ligand to CpdI leads to mixing of orbitals
on the ligand with both the a,, and 7%, orbitals. In particular,
a cysteinate axial ligand results in mixing of the 3p_ orbital of
the sulfur atom with the a,, orbital on the porphyrin and the
antibonding combination (3p,—a,,) is raised in energy with
respect to the original a,, orbital.*' This change in orbital
energy lowers the electron affinity of CpdlI and it has been

DOI: 10.1021/acscatal.5b02720
ACS Catal. 2016, 6, 2230—2243


http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b02720/suppl_file/cs5b02720_si_001.pdf
http://dx.doi.org/10.1021/acscatal.5b02720

ACS Catalysis

Research Article

Ce @ TC*4,X CcCe @
% 8 —0.195 @O _. % 8
T 1 ‘ T PO 0 L \ .
FeO — _Q‘: _ 2u™%2u 8\\\ _‘;/,— — T FeN
Aoy ayy
b
FeO TEeN

(0] o
—FelVa? e~ *
| ’I‘Il ce
Cys —Fgm—
1

Figure 4. Orbital energy splitting of y-nitrido-bridged diiron(IV)-oxo phthalocyanine and porphyrin species and how the orbital mixing originates
from iron(IV)-oxo porphyrin cation radical (left-hand-side) and iron(IV)-nitrido (right-hand-side). Orbital energies are given for *2 in au.

proposed that this could make it a better oxidant than an
iron(IV)-oxo porphyrin without axial ligand.***!

On the right-hand-side of Figure 4, we give the orbital
occupation of the iron(IV)-nitrido group, which is essentially
the one-electron reduced form of CpdI with orbital occupation
Teens TeeNys @ T'eenps T'reny,'- The iron(IV)-nitrido
group has the same orbital shapes as the iron(IV)-oxo species
with a pair of 7p /7%y orbitals and a close-lying a,, orbital.

Upon formation of a p-nitrido-bridged diiron-oxo complex,
the orbitals along the molecular z-axis (i.e., along the O—Fe,;—
N—Fe, axis) will mix and form a new set of orbitals, as shown
in the middle panel of Figure 4. Thus, addition of an axial
iron(IV)-nitrido group to an iron(IV)-oxo porphyrin cation
radical changes the orbital interactions and energies along the z-
axis dramatically. Due to alignment of the O, Fe;, N, and Fe,
atoms along the molecular z-axis in 1, their atomic orbitals
interact and form new molecular orbitals that span the
complete molecular z-axis. The orbital interactions of the two
iron 3d,,/3d,, atomic orbitals with the 2p,/2p, orbitals on the
oxo and bridging nitrido groups leads to a set of bonding and
antibonding combinations; namely four sets of molecular
orbitals along the x and y-axis labeled as 7, /7, , ),/ 7, ,, 7%,/
m*5,, and 7*,,/m*, . In addition, the porphyrin 7-orbitals, such
as the aj, and a,, orbitals, mix and form bonding and
antibonding sets of orbitals due to z-stacking interactions as
well as the mixing with the 6,,/6%,, orbitals on Fe, and Fe,.

The orbital diagram in Figure 4 shows that complexes 1/2
should have a dominant doublet spin state with a singly
occupied z*; orbital and a closed-shell ligand system. This
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contrast of the orbital occupation and energy levels of P450
Cpdl, where the high-lying 7% orbitals are close in energy to
the a,, orbital, so that a combination of ferromagnetically and
antiferromagnetically coupled spin states are possible. In
structures 1/1,./2/2,, the separation between the a,, and
75 orbitals is large, and no low-lying states were found with
radical character spread over metal and ligands. In particular,
antiferromagnetic (or ferromagnetic) coupling of spin states
where unpaired electrons on the metal(s) is coupled to an
unpaired electron on the porphyrazine group was attempted
but did not converge to stable, low-energy conformations.
Furthermore, the spin-state ordering, relative energies, and
group spin densities of the calculated doublet, quartet, sextet,
and octet spin states of 1 and 1, all show little radical character
on the porphyrazine ligand (see Supporting Information,
Tables S11 and S15).

Experimental Mossbauer spectra implicated a doublet spin
ground state, which is reproduced excellently by our
calculations. We attempted to create an electronic state with
porphyrazine or porphyrin radical by swapping molecular
orbitals or imposing local spin polarizations. Therefore, an
extensive series of additional calculations were done to locate
the alternative *A,, state with occupation (core) 71'*3,)(2 71*3'},2
7,0 (a,—a,,)". However, in all cases during the SCF
convergence the system reverted back to the *II state described
in Figure 4. Test calculations with a range of unrestricted
density functional theory methods, ie. B3LYP, B3LYP-D3,
BP86, M06, PBEO and B3LYP*, either after a full geometry
optimization or a single-point calculation at the UB3LYP/BS1
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geometry consistently gave the same spin state ordering and
predicted the ’I1 state as the ground state, Supporting
Information Table S17. Group spin densities obtained with
these methods show small differences as seen in Table 2. In all

Table 2. Group Spin Densities of Reactant Configurations of
1, 1, 2, and 2, As Calculated with Various Computational
Methods”

oxidant method POFeNFe Prot/Prs
1 UB3LYP 1.16 —0.10
UBP86 1.01 0.00

UB3LYP* 1.11 —0.01
UB3LYP-D3 0.85 0.02

MO6-L 1.12 —0.12

1 UB3LYP 118 —0.04
UBP86 1.02 —0.01

UB3LYP* 1.20 —0.04

UB3LYP-D3 1.20 —0.04
NEVPT2 1.00 0.00

2 UB3LYP 1.16 —0.05
UBP86 1.01 0.00

UB3LYP* 1.11 —0.01
UB3LYP-D3 0.86 0.01

2 UB3LYP 118 —0.02
UBP86 1.02 0.00

UB3LYP* 1.20 —0.02

UB3LYP-D3 1.21 —0.02

“Data obtained for 1/1,. are from a Gaussian single-point calculation
with basis set BS2 on a UB3LYP/BS1 optimized geometry, whereas
data for 2/2,  were calculated in Orca.

cases the spin density on the equatorial ligand, i.e. porphyrazine
or porphyrin, is negligible and all radical character is
dominantly located on the OFeNFe group. The spin density
contributions in Table 2 characterize all structures as a “II state
with a single unpaired electron in the 7*;; orbital.

The optimized geometries appear reasonably consistent
between the various density functional theory methods
(Supporting Information, Table S17). Thus, without an axial
ligand bound, the Fe;—O and Fe,—N bond lengths are short
(most values are between 1.62 and 1.66 A) and implicate a
double bond for both the Fe;=O and Fe,=N groups.

Interestingly, upon addition of an acetate ligand to 1, the
nitrido group moves more to the center of the Fe;—Fe, atoms
at distances of 1.81 and 1.88 A. Although to a much lesser
extent, the same is true for structure 2, where binding of an
chlorobenzoate axial ligand leads to Fe,—N bond elongation.
Optimized geometries of 1 and 2 are virtually the same for each
density functional method and implicate little changes upon
replacing the porphyrin ligand with porphyrazine. This is in line
with previous studies on meso-substituted metal-oxo porphyr-
inoid systems that showed little changes upon ligand
substitution.'>****> The BP86 optimized geometries of the y-
nitrido diiron oxo species supported by phthalocyanine ligands
provided the following distances: Fe;—O = 1.73 A, Fe,—N =
1.77 A, and Fe,—N = 1.61 A.**" These values are very close to
those obtained for 1 and 2 with the same BP86 functional.

To test the effect of the environment on the spin state
ordering and the nature of the electronic state of *1,, we
performed a full UB3LYP/BS2 optimization in solvent, for
structure *1,.; however, there was very little structural or spin
density change during the optimization as compared to the
structure minimized in the gas-phase with basis set BS1
(Supporting Information Figure S19).

In a final attempt to unequivocally establish the molecular
ground state of complexes 1 and 1,,, we performed a NEVPT2
single-point calculation on these chemical systems. In support
of the DFT studies, a molecular ground state with *II
configuration with no radical character on the porphyrin/
porphyrazine ligands observed. Therefore, the most likely
ground state of complexes 1, 1, 2, and 2, is the “II state in
the gas-phase. However, the presence of explicit solvent
molecules, electric, and/or magnetic fields as well as the
inclusion of entropy and interactions of the oxidant with ions
and solvent may change the ordering of the electronic states.*’
Thus, DFT calculations of P450 Cpdl models showed that
hydrogen bonding interactions toward the thiolate ligand, or an
electric field effect changed the electronic description of CpdI
and moved radical character from the axial ligand to the
porphyrin manifold.**" Furthermore, CpdI models of both of
cytochrome ¢ peroxidase and ascorbate peroxidase, showed that
the addition of a point charge at 12 A distance from the iron
center changed the electronic configuration from a heme cation
radical to a tryptophan radical.”* As such, environmental

Scheme 2. Electron-Transfer Pathways for the Hydrogen Atom Abstraction from Methane by CpdI (top) and p-Nitrido-Bridged

Diiron-Oxo Species (bottom)
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Figure S. Group spin densities of hydrogen-atom-abstraction barriers and radical intermediates as taken from the B3LYP/BS2 results.

perturbations can have a major effect on spin-state ordering and
relative energies. However, single-point calculations using the
conductor-like polarized continuum model (CPCM) on species
1, 1,, 2, and 2,  did not change the electronic ground states.

Our DFT studies on 1 are in good agreement with
calculations reported in the literature.”> All these reports
predict a doublet spin ground state, in agreement with
experiment, with most unpaired spin density located on the
O—Fe;—N-Fe, group. Interestmgly, Anasari et al.” report an
electronic ground state of *1 with spin densities of 3.78 and
—2.92 on Fe, and Fe,, respectively, which implicates a state
with four unpaired electrons on Fe; antiferromagnetically
coupled to three unpaired electrons on Fe,. This state is
different from the state proposed on the basis of experimental
Méssbauer and EPR spectra”*® and also to the considerably
larger chemical model studied here.

Electron Transfer during the Mechanism. The hydro-
gen-atom-abstraction reaction from a substrate leads to
formation of a hydroxo bond and the transfer of an electron
from the oxo group into the metal—ligand system. Scheme 2
summarizes the main electron-transfer pathways that were
observed in the hydrogen-atom-abstraction step from methane
by 3 (top) and 1/1,. (bottom). Thus, the breaking of the C—H
bond leads to the splitting of the oy orbital into an atomic
hydrogen orbital (1sy) and a substrate radical orbital (o). The
1sy orbital then mixes with a 2p orbital on oxygen to form the
0on bond with two electrons. This process results in the one
electron transferred from the oxo group into a metal or ligand
type orbital and in P450 it moves into the a,, orbital.

In the p-nitrido-bridged diiron-oxo species the electron
transfer is different from P450 Cpdl due to a closed-shell a,,
orbital in the reactant state. As a result the electron moves into
the 7*;  orbital to fill it with a second electron. Indeed, the
group spm densities of the hydrogen-atom-abstraction
transition states (Figure S) give a considerable reduction of
the spin on the OFe NFe, group, which drops to almost zero in
the radical intermediates. At the same time, a spin density of
about +1 on the substrate rest-group is obtained.

We tested several possibilities for alternative radical
intermediates and electron-transfer pathways with ferromag-
netically and antiferromagnetically coupled states, but all those
attempts gave higher energy structures. Therefore, the lowest-
lying electron transfer appeared to lead to a radical intermediate
with configuration 7*;,” 77.'*3’),2 oc!. A subsequent NEVPT2
single-point calculation gave spin density contributions
corresponding to the same electronic state and confirms it to
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be the lowest-lying radical intermediate and hydrogen-atom-
abstraction barrier. Attempts to swap molecular orbitals were
done to generate the electronic state with occupation 7*;,*
ﬂ'*3yT 7%, oc'; however, during the SCF convergence, they
fell back to the state shown in Scheme 2, and hence, it is an
excited state. Similarly, attempts to swap orbitals and generate a
state with the (a,,—a,,) orbital singly occupied failed and led to
the radical intermediate described above.

Group spin densities of the hydrogen abstraction transition
states and radical intermediates are given in Figure 5. As can be
seen, significant radical character on the CHj; group is
accumulating already in the transition state, which grows to a
value of around 1 for the radical intermediates. The growth in
spin density on the CHj; group happens simultaneously with
the loss of total spin density on the OFeNFe, group. The
radical character on both porphyrin or porphyrazine groups
remains small and never grows beyond a value of 0.2.
Therefore, the calculations, in contrast to those on P450
Cpdl, give no porphyrin radical in the oxidant and also not
along the calculated reaction mechanism.

Physicochemical Properties of Reactant Complexes.
The above studies show that structures 1 and 2 have well-
separated electronic states, which are fundamentally different
from the electronic ground state (**A,, state) found in P450
Cpd I with three unpaired electrons and ”*Feo,xl ”*Feo,yl a,'
occupation. Therefore, the difference in molecular valence
orbitals between 1 or 2, on the one hand, with 3, on the other
hand, will affect the relative energies of the molecular orbitals,
such as the HOMO—LUMO energy gap, and as a consequence
also the ionization potential, the electron affinity and pK, values
of the oxidant. This means that the spectroscopic and catalytic
properties of the oxidants will be dramatically different as well
as the H atom abstraction reaction, which involves a combined
proton and electron transfer.”” These factors influence the
reactivity patterns with substrates and in this particular case
enhance the reactivity. In addition, the potential energy
landscapes shown in Figure 2 above shows that the binding
of an axial ligand raises the hydrogen-atom-abstraction barriers
by several kcal mol™" and hence make it a weaker oxidant.

To understand how the intricate details of individual
components can cause a change in the electron affinity of 1
and 1, as compared to P450 Cpdl, we dissected the electron
affinities into several factors, namely the electric field effect due
to the axial ligand (Eguq), 2 quantum mechanical effect from
orbital overlap between the oxidant and the axial ligand (Eqy)
and a 7-stacking effect of the two porphyrazine groups (E, ),
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see Figure 6. Thus, we took the optimized structures of 1 and
1, and in one set of calculations removed the axial nitrido-
iron(IV)porphyrazine group (no ligand, NL) and did a single-
point electron affinity calculation to give EAy;.

Subsequently, we did another set of single-point electron
affinity calculations on these systems without axial ligand,
where a point charge (PC) was placed in the position of the
nitrido group (EApc). The difference in energy between EA
and EA,, represents the quantum mechanical effect (EQM) of
the axial ligand group due to mixing of axial ligand orbitals with
the iron(IV)-oxo group, eq 7. On the other hand, the difference
in energy between EApc and EAy gives the electric field effect
of the interaction of the charges of the axial ligand with the
iron(IV)-oxo group, eq 8.

EQM = EA — EAp¢ (7)

(8)

In a final set of calculations we attempted to estimate the z-
stacking contribution for the two porphyrazine ligands. To this
end, we replaced the porphyrazine group of the iron(IV)-
nitrido group by (NH;),(NH,™),, which keeps the same charge
and coordination number but lacks the second porphyrazine
unit, and calculated the electron affinity of [O=Fe(Pz)—N=
Fe(NH;),(NH,"),] with and without Ac axial ligand. We call
this electron affinity, the z-stacking electron affinity, EA,, as it
lacks the s-stacking interactions. The resulting data on EA,
EApc, EAyy, and EA, as well as the values of Eqy and Eggq are
depicted in Figure 6 for comparison. On the basis of the orbital
energy levels above, we predict an increased EA upon axial
ligand binding, which indeed is confirmed with the calculations
in Figure 2. This contrasts the behavior of P450 CpdI that sees
a decrease in electron affinity upon addition of an axial ligand
(cysteinate) or replacing it with a neutral molecule or solvent
molecule.”” The reason for this disparity comes from the orbital
interactions that raise the antibonding a,,-axial ligand
interaction in P450 Cpdl, whereas the z™; orbitals are
stabilized (and z*, orbitals destabilized) in 1,. with respect
to 1 due to the additional acetate ligand.

The latter also is highlighted from our dissection of the
electron affinity contributions, where 1 has a much larger

Egq = EApc — EAyp
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quantum mechanical contribution of the axial ligand than 1,
(Equ is 55.7 keal mol™" for 1 and 30.2 kcal mol™ for 1,.). As
such, binding of an acetate group has a major influence on the
electron distribution within the oxidant and changes the orbital
interactions so drastically that the electron affinity is raised by
about 25 kcal mol™, which will affect its oxidation potential
with substrates. Needless to say, the electric field effect due to
the iron(IV)-nitrido porphyrazine group is virtually the same
for 1/1,. at a value of 67.0/67.2 kcal mol™". By contrast, the 7-
stacking energy (E, ,) is small, and only in the order of 3.7—7.5

kcal mol™, and hence will not be the dominant factor.
However, the electron affinity of both complexes 1 and 1,_ are
larger with a porphyrazine group attached to the iron(IV)-
nitrido unit (compare EA,, vs EA,), which confirms an
important interaction between the axial ligand and the
porphyrazine moiety exists.

The values of Egg and Eqy calculated previously for the axial
ligand effect of [Fe™V(O) (Por**)SH] were 54.0 and 38.8 kcal
mol™!, respectively.** The field effect calculated here is
somewhat larger as the point charge was placed in the position
of the bridging nitrogen atom at 2.06 A, whereas in P450 Cpd],
it was in the position of the sulfur atom at 2.49 A.*® Obviously,
a shorter distance will lead to a larger Coulomb interaction and
a larger field effect. In addition to an increased field effect, a
comparison of 1 and [Fe'V(O) (Por**)SH] also gives an
increased quantum chemical effect by 16.9 kcal mol™" due to
better orbital interactions along the O—Fe,—N—Fe, system.
However, most of this benefit is lost when acetate binds to Fe,.
Nevertheless, 1 has a considerably lower electron affinity than
P450 Cpdl (BAcyq = 92.9 keal mol™"), which is partially due to
a larger electric field effect and partially as a result of a quantum
mechanical effect. Based on the much smaller electron affinity
of 1 versus 3, one would expect the former to be a much
weaker oxidant in hydrogen-atom-abstraction reactions. Never-
theless, as will be shown later in this work, system 1 has also a
decreased pK, value, which makes it more basic and leads to a
larger driving force for hydrogen atom abstraction as shown
previously.”

Thermochemical Properties Affecting Reactivities. In
order to assign the origin of reactivity differences one has to
take the thermochemical properties of the oxidant and substrate
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into consideration. Experimental studies on hydrogen-atom-
abstraction reactivities showed that the rate constant generally
correlates with the strength of the C—H bond of the substrate
that is broken (BDE(y) as well as with the strength of the O—
H bond that is formed (BDEqy).* The BDEqy and BDEqy
values are defined for the reactions described in eq 4 and S
above. However, the BDEy value can be split into an electron
transfer (electron affinity, EA of the oxidant), a proton affinity
of the reduced oxidant (AG,yy) and the ionization energy
(IEy) of a hydrogen atom as described in eqs 9—11.

AH —» A + H' + AG,4 (9)
A — A + EA, (10)
H — H' + [E, (11)

Combination of reactions 9—11 adds up to reaction 4 and will
give a BDEqy description as given in eq 12.

—BDEqy = AG,q — EApo — IEy (12)

The ionization energy of a hydrogen atom is taken here from
the NIST database.”” Subsequently, we calculated the EA,
AG, 4, and BDEqy values of 1, 1,, and 3 and give the results
graphically in Figure 7 but also tabulate the results in Table 3.

BDEoy
1:86.7
o] 15 82.3 OH
1 .
Fe'V H ﬂg Fe', AGqcig
1:2914
1pe: 331.4
+° 3:327.2
EA e e
1:64.2 Q Q
150 99.7 Fe +H Fe'V
o (" @
+ H®
IEy = 313.9

Figure 7. Calculated thermochemical variables for 1 and 1,. Data
represents AG + E, values with free energies that include solvent,
thermal, and entropic corrections (in kcal mol™).

Table 3. Calculated Thermochemical Variables for 1, 1,
and 3

oxidant BDEqy AG,.q EA
1 86.7 291.4 64.2
1, 82.3 3314 99.7
3em 79.6 3272 92.9

“Free energies with solvent corrections given in kcal mol~L.

Extensive experimental studies implicated that the dominant
component to the BDEyy trends relates to the acidity of the
oxo group (ie, AG,.).”" With a solvent model included, we
calculated a value of BDEq;(1) = 86.7 kcal mol™, which is only
slightly higher in energy than the value we calculated before for
1,, BDEqoy(1,.) = 82.3 kcal mol™ and the one for 3gy,
BDEqy(3gy) = 79.6 keal mol™.*** This change is likely due to
the push-effect of electron density from the axial ligand to the
metal-oxo group, which affects the orbital energies and
consequently the electron affinity as well as the acidity of the
iron(IV)-hydroxo group. However, 1 has an electron affinity
that is about 35 kcal mol™' lower in energy than that for 1,
and as a consequence, 1 has a 40 kcal mol™" lower AG, 4 value.
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It is this acidity change that will make 1 a much better oxidant
than either 1, or 3¢y for substrate hydroxylation reactions.

Therefore, 1 is found to be a more powerful oxidant of
hydrogen-atom-abstraction reactions than 3 due to an increased
basicity of the iron(IV)-hydroxo complex that is formed, which
is mainly due to orbital reorganization that affects the electron
affinity of the oxidant. Figure 7 breaks down this basicity
change into BDEy and EA components for species 1, 1, and
3.

In summary, the p-nitrido diiron(IV)-oxo complexes have
dramatically altered electronic configurations with respect to
P450 Cpdl, which is mainly due to charge and orbital
delocalization along the O—Fe;—N—Fe, axis. Because of this,
the electron affinity of 1 is much lower than that of P450 CpdI;
however, its interaction with ligands bound to the iron(IV)-
nitrido group is also less. These orbital interactions lower the
ability to abstract hydrogen atoms efficiently and make 1 a
considerably better oxidant of hydrogen-atom-abstraction
reactions than P450 CpdL In addition, these electronic effects
also influence the pK, value of the corresponding iron(IV)-
hydroxo group. As such, both thermochemical and electronic
analysis point to the reasons for the reactivity differences of p-
nitrido-bridged diiron oxo complexes with respect to P450
Cpdl.

Valence Bond Rationalization of the Reaction Mech-
anism. Finally, we have tried to understand the reaction
mechanism obtained and rationalize why structures 1 and 2 are
better oxidants than P450 Cpdl in methane hydroxylation
processes by setting up a valence bond (VB) curve crossing
diagram, see Figure 8. These diagrams were used previously to
rationalize hydrogen-atom-abstraction barriers and double
bond epoxidation barriers by iron(IV)-oxo complexes and
explained the obtained rate constant trends, but also identified
the origin of the stepwise processes.””***”* The figure starts
on the bottom left with the reactant states, and in the case of 1
and 2, the system has orbital occupation (core) 7*;.* 7*; !
(ayy—ay,)* in a doublet spin ground state, which essentially
implicates an iron(V)-oxo that is connected to an iron(IV)-
nitrido group. This system has electrons in the 7, , 7,,, and
7*;, orbitals as identified by the dots next to the O, Fe;, N, and
Fe, atoms. The dots on the right-hand-side of the labels refer to
the six electrons in 7117,} 7, Jz 7r*3,X2, and those on the left-hand-
side of the labels represent the five electrons in ”l‘yz ﬂ27y2 71'*3,},1.
In the VB structures, the equatorial ligand is given as a bold
horizontal bar and both doubly occupied a,, orbitals on each of
the porphyrazine groups are identified with two dots next to
these bars. Lastly, the C—H bond is occupied with two
electrons and is given as a bar connected with two dots.

In the transition state for hydrogen atom abstraction, the C—
H bond splits back into atomic orbitals, whereby the up-spin
electron is retained by the CHj radical, while the down-spin
electron leaves as a 1sy orbital with hydrogen. In addition, in
the transition state the m,,/m, /7%, /n*,  set of orbitals is
rehybridized and separated into a 2p, orbital on oxygen with
two electrons and three new orbitals for the interaction
between Fe, N, and Fe, (#',,/7’,,/7*'5,). One of the
electrons of the 2p, orbital forms a bond (6oy) with the
incoming 1sy orbital of hydrogen, whereas the other electron is
transferred into the #',,/7’,,/7*';, that ends up with five
electrons. In the subsequent step in the reaction mechanism,
namely, the OH rebound step (not shown in Figure 8), the set
of m,/my,/m*s,/m*,, orbitals is split into a 2p, and a set of
new 7', orbitals. The radical on the substrate then forms a bond
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Figure 8. Valence bond curve crossing diagram for the methane hydroxylation by 1 (panel a) and P450 Cpd I (panel b). Dots represent valence

electrons and lines (curved or straight) implicate chemical bonds.

with the electron in 2p, to form the methanol product complex.
These electron-transfer pathways and orbital occupations agree
with the spin densities reported above.

The reactant configuration can be described quantum
mechanically with a reactant wave function (¥,) and the
radical intermediate with the intermediate wave function ¥;. In
valence bond theory, the reactant wave function represents an
excited state in the intermediate geometry (i.e.,, W,*), whereas
the intermediate configuration links to an excited state in the
reactant geometry (ie, ¥*).

It has been shown that the barrier height from reactants to
products is proportional to the excitation energy (or promotion
gap G) from ¥, to W,* 5> A comparison of the VB structures of
the ¥, and W;* (ie, TS) configurations gives insight into the
chemical and physical components that determine the
transition state for the reaction and enable us to estimate the
promotion gap of 1 or 2. Thus, the barrier is determined by the
energy of the ocy bond of the substrate that is broken into
atomic orbitals (i.e, Eyc_m))- In addition, it is based on the
energy of the ooy bond that is formed (ie, EU(O_H)). As
discussed above, the barrier height is also dependent on
molecular orbital changes (Eyo) in the oxidant and particularly
on the electron-transfer energies and rehybridization of some of
the orbitals due to bond formation and breaking. For instance,
the Ey;o value contains the energy to split the m,,/m,,/7%;,/
7, set of orbitals into a 2p, on oxygen and a 7', /7', /7*'5,
set of orbitals along the Fe,—~N—Fe, axis. The overall value of
the promotion gap of 1 or 2 is given in eq 13.

G = Eyc-m — (13)

Es0-m,1 + Emon
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On the right-hand-side of Figure 8, we show the analogous
VB curve crossing diagram for methane hydroxylation by P450
Cpdl. Thus, the dots along the Fe—O bond represent the three
electrons in the 7,,/7*,, (in red) and the three electrons in the
7,./w*,, (in black) orbitals. Similarly, as discussed above for 1
and 1, the x> 7*,' orbitals split into atomic orbitals with
two electrons in 2p,(O) and one in the metal 3d,,. One of the
electrons of 2p,(O) forms the oy bond with the incoming 1sy
hydrogen atom, whereas the other atom of 2p,(O) is promoted
to the nearest available electronic orbital, namely, the a,,
orbital. The promotion gap for this reaction (Gcpar)
described in eq 14. Obviously, since we use the same substrate
(methane) as in the reaction with 1, the value E,_g will be
the same for 1 and 3.

Gepar = Esc—n) = Es(0-m)3 + Emo3 (14)

In principle, the E,o_p represents the strength of the O—H
bond that is formed and will be proportional to the BDEyy
value. As shown above in Table 3, the BDEqyy value for 1 is
about 4.4 kcal mol™" larger than that for 1, and 7.1 kcal mol™
larger than that found for 3. Therefore, we expect a smaller
promotion gap for 1 than for 1, and 3, which should result in a
lower hydrogen-atom-abstraction barrier for 1 than for 3.
Indeed, the potential energy profiles (Figure 2) show a TSy,
ordering of TSy, ; < TSya1ac < TSha; in agreement with the
promotion gap differences. Thus, part of the differences in
BDEqy values relate to differences in the acidity of the iron-
hydroxo complex. However, part of this benefit is canceled out
by changes in the electron affinity of the oxidants, Table 3.

The major difference between complex 1 and 3 is related to
the rehybridization energy or Ey;o, which is determined by the
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difference in electron affinity of 1 versus 3. Thus, in 3, the 7,,/
7*,, couple is rehybridized into atomic orbitals 2p,(O) and
3d,,(Fe) of which the 2p,(O) mixes with the lsy orbital to
form the new oy orbital. By contrast, in 1 the set of four
coupled orbitals (7, ,/7,,/n*;,/7%,,) is reduced to a set of
three coupled orbitals and the atomic 2p,(O) orbital, which
amounts to a much lesser orbital reorganization and
consequently a much smaller E,;, value. Therefore, 1 will
have a smaller E,;; value than 3 and hence also a smaller
excitation energy as well as higher reactivity in H atom
abstraction reactions. Because of the larger quantum chemical
changes upon reduction of 3 versus the reduction of 1 and the
increased stability of the product, it is evident that 3 will be a
lesser good oxidant of hydrogen-atom-abstraction reactions.
Indeed, that is what is observed by the relative methane
hydrogen-atom-abstraction reactions when 1 and 3 are
compared.

B CONCLUSION

The calculations presented in this work highlight how small
external perturbations, such as those of an axially coordinated
nitrido iron porphyrin ligand can lead to dramatic changes in
molecular orbital interactions of the metal(IV)-oxo group with
aligned ligand-orbitals as well as the dipole moment of the
oxidant. In particular, an p-nitrido-bridged diiron-oxo complex,
with either porphyrin or phthalocyanine, has an increased
basicity of the oxo group that is highly susceptible to hydrogen
atom abstraction. This explains the enhanced reactivity
observed for A/B over P450 Compound I. Moreover, these
insights will assist in the design of efficient and powerful
oxidants of hydrogen-atom-abstraction reactions. A detailed
thermochemical, valence bond, and orbital analysis has given
insight into the intricate details of y-nitrido-bridged diiron(IV)
complexes and gives hints on how this complex can be further
modified to improve its catalytic properties.
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Methane hydroxylation by axially ligated iron(IV)-oxo porphyrin cation radical models

Devendra Singh', Devesh Kumar', and Sam P. de Visser**

Abstract

Methane hydroxylation is a thermochemically
difficult process due to the strength of the C-H
bond that needs to be broken in the process. In
Nature only the methane monoxygenases have a
catalytic center that is active enough to perform
this task. Other
mononuclear  iron

metalloenzymes, such as,
monoxygenases  and
dioxygenases, including the cytochromes P450,
are not known to catalyze methane
hydroxylation. The cytochromes P450 contain an
iron heme group that in a catalytic cycle is
converted into an iron(IV)-oxo heme cation
radical (Compound I). To gain insight into the
features that affect methane hydroxylation by
Compound I and synthetic model complexes, we
have done a detailed computational study. Thus,
we investigated the chemical properties of
iron(IV)-oxo porphyrins with varying axial
ligands, including SH, F, OH, CN", CF;COO"
and CH;COO". In addition, we calculated the
methane hydroxylation pathways for a selection
of these oxidants and rationalize the obtained
trends with thermochemical cycles and valence
bond schemes. In general, the rate determining
hydrogen atom abstraction barrier is dependent
on the m,/n*y, energy splitting along the Fe-O
bond, the excitation energy from my, to a, as
well as the bond dissociation energies of the
methane C—H bond and the newly formed O-H
bond. Our studies predict that iron(IV)-oxo
porphyrin cation radical models with hydroxide
as axial ligand should be efficient oxidants of

substrate hydroxylation reactions and able to

activate methane at room temperature. However,
changing the axial ligand to a weaker electron
donating group decreases its activity and raises
the hydrogen atom abstraction barriers
dramatically. These studies show that subtle
modifications to the oxidant can have a great
impact on the catalytic ability of the active
center.

Keywords: cytochrome P450, Compound I,
hydroxylation, hydrogen abstraction, valence
bond, density functional theory.

1. Introduction

Methane hydroxylation is a challenging chemical
process that few enzymatic systems are able to
perform due to the strength of the methyl C-H
bond that needs to be broken in the process.
Nature has developed only a single class of
enzymes that perform this task efficiently,
namely the methane
(Balasubramanian et al., 2007; Shiota et al,.,
2009; Himes et al., 2010). These are generally

dicopper enzymes that utilize molecular oxygen

monoxygenases

and convert methane to methanol. Nature utilizes
a large range of metalloenzymes with a broad
functional scope, yet most of these enzymes
cannot activate methane. For instance, non-heme
iron dioxygenases are efficient oxidants of
hydrogen atom abstraction and oxygen atom
transfer reactions and therefore are well studied.
In particular, the non-heme iron enzymes
taurine/a-ketoglutarate dioxygenase (de Visser,
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2006a,b; de Visser, 2007a; de Visser, 2009),
prolyl-4-hydroxylase (Karamzadeh et al., 2010)
and cysteine dioxygenase (Aluri et al., 2007; de
Visser et al., 2009a; Kumar ez al., 2011a; Kumar
et al., 2012a; Sallmann et al., 2015) are known to
react with substrates efficiently with large
turnover numbers. Our computational modelling
predicted small hydrogen atom
abstraction barriers of methane by the high-valent
iron(IV)-oxo
ketoglutarate dioxygenase (Latifi et al.,., 2009),
but so far no experimental support of methane
hydroxylation by non-heme iron enzymes exists.
Similarly,
considered as highly efficient in hydrogen atom
abstraction processes, do not naturally utilize
methane during their activity either (Meunier et
al., 2004; Abu-Omar et al., 2005; Kryatov et al.,

2005; Shaik et al., 2005; de Visser et al., 2011a).

relatively

intermediate of taurine/o.-

heme monoxygenases, which are

Cytochrome P450 enzymes are heme-based
monoxygenases found in all forms of life and
have important biochemical functions that
essentially include the chemical modification of
Thus, they are
biosynthesis of hormones, such as estrogen.In
addition, the P450s catalyze the metabolism of
drugs (Ji et al., 2015) and the detoxification of
xenobiotics in the liver (Munro et al., 2007). The
P450s have a characteristic structure with a
central protoporphyrin IX group (heme) that is

substrates. involved in the

attached to the protein via an Fe—S linkage using
a conserved cysteinate residue of the protein; the
axial ligand. Figure 1 displays the active site
structure of the mammalian P450 isozyme
P450,cs with the drug molecule diclofenac
bound, as taken from the crystal structure
coordinates (Wester et al., 2003). The substrate is
located in a tight binding pocket and is positioned
in such a way that promotes a regioselective and
stereospecific oxidation. The heme is linked to
the protein via an interaction of the metal with a
cysteinate group in the axial position. In addition,
the heme is placed in position through a number
of hydrogen bonding interactions, for instance,

Vol. 1, No. 2 July-December, 2015

toward the propionate side chains of the heme.
Molecular oxygen binds trans to the cysteinate
moiety, i.e. on the distal site.Prior to substrate
hydroxylation, however, the heme needs to be
activated and an active species is generated. This
process includes the binding of molecular
oxygen, two reduction and two protonation steps
and ultimately leads to the formation of a high-
valent iron(IV)-oxo heme cation radical species,
called Compound I (Cpd I) (Meunier et al., 2004;
Shaik et al., 2005; de Visser et al., 2003). The
P450s, therefore, have an intricate hydrogen
bonding network surrounding the heme active
site that delivers protons (Kumar et al., 2005b).
Interestingly, hydrogen bonding interactions, for
instance through water molecules, were found to
affect also reaction barriers of substrate
activation, and, hence they are often non-
innocent (Sharma et al., 2003b; Sharma et al,
2004; Kumar et al., 2005¢). Moreover, the spin
state ordering and relative energies often gives a
dependence on environmental effects, such as
hydrogen bonding (Sahoo et al., 2015) or a point
charge (de Visser, 2005).

Diclofenac substrate
J—

—— ey

Cys axial ligand

Figure 1: Extract of the active site of P450,cs with
substrate diclofenac bound.

P450s are efficient oxidants in nature and react
with substrates via aliphatic hydroxylation (Shaik
et al., 2005), aromatic hydroxylation (de Visser
et al., 2003b; de Visser 2006¢; de Visser et al.,
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2007; Hazaner al., 2007; de Visser et al., 2009b;
Kumar et al., 2012b; Latifi et al., 2012a; Sahu et
al,, 2013), olefin epoxidation (de Visseret al.,
2001a,b,c; Ogliaro et al., 2002b; de Visser et al.,
2002a,b; de Visser et al., 2003c; de Visser et al.,
2004b; Kumar et al., 2005a,d; de Visser
2006a,b,c,d,g; de Visser 2008; de Visser et al.,
2008b; Kumar et al, 2010; Kumar et al.,
2013;Sainnaet al., 2015a)) and sulfoxidation
(Sharma et al., 2003b; Kumar et al., 2005¢;
Kumar et al., 2011b; Prokop et al., 2011).

Enzymes with a structure closely resembling the
P450 active site feature, are, for instance, the
peroxidases and catalases, but these systems lack
the cysteinate axial ligand of P450.Instead, the
peroxidases and catalases contain either a
histidine or a tyrosinate axial ligand, respectively
(Veitch et al., 2000; Vidossich et al., 2012). The
difference in chemical structure of the P450s, on
the one hand, and peroxidases and catalases, on
the other hand, has led to speculation that the
axial ligand is responsible for the change in
reactivity and the chemical properties of these
enzymes. Indeed, quantum chemical calculations
of Cpd I with either a cysteinate, a histidine or a
tyrosinate axial ligand as mimics of Cpd I of
P450, horseradish peroxidase and catalase,
respectively, showed dramatic differences in their
electron affinities, and, consequently their ability
to pick up electrons from substrates (de Visser et
al., 2003a; de Visser 2005; de Visser 2006f).
This was further highlighted through a push-
effect of electron density from the axial ligand
upon the heme and, in particular, the mixing of a
lone pair of the axial ligand with the heme a,
orbital (Ogliaro et al., 2002a).

In order to wunderstand spectroscopic and
reactivity differences of these enzyme classes,
synthetic model complexes have been developed:
the so-called biomimetic models (Bruijnincx et
al,, 2008; Costas 2011). Thus, Gross et al,
(Gross et al,, 1994) showed that for synthetic

iron(Ill)-porphyrins, there was an axial ligand

28

effect on the reactivity differences of the various
complexes but there also were spectroscopic
differences as a result of binding an alternative
axial ligand. Theoretical modelling can assist in
understanding the fundamental differences
inreactivities and establish the key factors that
determine the reaction mechanism. To gain
insight into the axial ligand effect of iron-
porphyrins, we investigated the properties and
reactivities of a range of iron(IV)-oxo porphyrin
cation radical models with varying axial ligand
description:1x, X = F, CI', CN", OH", CH3COO"™
, CF;COO  and SH', see Figure 2. We then
studied the reaction of a selection of these
oxidants with methane on the doublet and quartet
spin state surfaces and compare reactivity
differences and how this is affected by the axial

ligand of the oxidant.

L
L = F~, CI, CN-, OH-, CH,COO", CF,CO0~, SH-

Figure 2: Chemical structure of the reactants studied
in this work.

2. Methods

The studies presented in this work use density
functional theory methods as implemented in the
Gaussian-03 program package (Frisch et al,
2013). Following previous experience in the field
(Quesne et al., 2014; de Visser et al.,, 2014;
Sainna et al., 2015b), we use the unrestricted
hybrid density functional method UB3LYP
(Becke, 1993; Lee et al., 1988) in combination
with a double-{ quality LACVP basis set on iron
and 6-31G on the rest of the atoms: basis set BS1
(Hay et al., 1985). We performed a full geometry
optimization (without constraints) followed by an
analytical frequency. All reactant structures were
confirmed as local minima and had no imaginary
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frequencies. Single point calculations using a
triple-C quality LACV3P+ basis set on iron and
6-311+G* on the rest of the atoms energies were
used throughout: basis set BS2. All data reported
here include zero-point corrections and solvent
corrections using an acetonitrile solvent.

Subsequently, we  investigated  methane
hydroxylation by several iron (IV)-oxo oxidants.
We optimized a reactant complex, radical
intermediate  and  product complex at
UB3LYP/BS1 on the doublet and quartet spin
state surfaces. Extensive geometry scans linking
reactants with radical intermediates and of radical
intermediates with products were performed. The
maxima of these scans were used as starting
points for the transition state searches and
established first order saddle points characterized
by a single imaginary frequency for the correct
mode.

Previously, we tested the effect of substituents to
the periphery of the porphyrin scaffold and found
few changes to the chemical structures and
reactivities (Kumar et al, 2009; Neu et al,
2014). Furthermore, full geometry optimization
with basis set BS2 reproduced all calculations
well. The methods and procedures used here
were extensively tested and benchmarked and,
for instance, were found to reproduce
experimental rate constants within about 4 kcal
mol ™! (Vardhaman ef al., 2011; Vardhaman et al.,
2013a; Jastrzebski et al, 2014) but also
reproduce experimental infrared spectra (de
Visser 2008,) and resonance Raman spectra
(Draksharapu et al., 2015).

3. Results and Discussion

Before going through the reactivity studies,
let us first discuss one of the reactant

Vol. 1, No. 2 July-December, 2015

complexes, namely (Fe''(O)(Por™)F) or 1,
in more detail as an example of a Compound
I model. Figure 3 displays the high-lying
occupied and low-energy virtual orbitals that
are relevant for the electronic description and
the subsequent reactivity with methane. The
molecular orbitals follow close analogy to
those found for P450 Compound I (Ogliaro et
al., 2000b; Ogliaro ef al., 2001a,b; Sainna et
al., 2015a). The metal orbitals form bonding
and antibonding pairs of orbitals, e.g. there is
a pair of my/n*y, set of orbitals for the
interaction of the 3dy(Fe) with 2py(O).
Similarly, the atomic 3d,,(Fe) and 2p,(O) mix
to form the my/n*,, pair of orbitals. In
addition, there is a nonbonding orbital in the
plane of the porphyrin ring: 8y . Finally,
two virtual orbitals for the o* interactions
along the O—Fe axis (6*,) and in the plane of
the porphyrin ring (c*y) complete the set of
iron-type orbitals. In addition to the metal-
type orbitals there are two m-orbitals for the
conjugated porphyrin system high-lying,
which under D4, symmetry have the labels a;,
and ay,. The latter orbital strongly mixes with
a lone-pair orbital on the axial ligand and
influences the electron affinity of the oxidant
strongly, see below.

The set of orbitals displayed in Figure 3 is
occupied with the following configuration:
*2Compound I = nxzznyzzé‘)xz_
2T % 0% Yan ay,'. The  three
unpaired electrons in the system are either
ferromagnetically coupled into a quartet spin
state (*Ay state) or the two m* electrons are up-
spin and the a,, electron down-spin to give it an
overall doublet spin state (*Ay, state). These two
spin states are close in energy and for all systems
considered here they fall within 1 kcal mol ™.

29



NERAKAHPR
uuuuuuu

e ok International Journal of Science, Technology & Society (Vol. 1, No. 2 July-December, 2015)

Figure 3: Molecular orbitals of 1.

Next, we did a geometry optimization of doublet
and quartet iron(IV)-oxo porphyrin cation radical
models with varying axial ligands, namely, **1x
with X = CF;COO", CH;COO, CI, F, ImH
acetonitrile, OH and SH .Key
geometric and vibrational parameters obtained
for the doublet spin state structures are given in

(imidazole),

Figure 4. As follows from the data shown in
Figure 4, the Fe-O distances vary strongly
dependent on the axial ligand bound to the iron-
porphyrin system. Thus, an axially ligated
fluoride ligand gives a relatively long Fe-O
distance of 1.681 A, whereas a neutral
acetonitrile molecule bound gives a much shorted
Fe—O bond of 1.645 A. This is further reduced to

30

1.630 A when the axial ligand is removed
altogether (Sainna et al., 2015a). The opposite
trends are found for the Fe—O stretch vibration
(mre0), whereby an axial thiolate ligand gives the
highest mode at 870.6 cm'. Strong electron-
donating axial ligands, such as F~ and OH", by
contrast, give dramatically reduced Fe—O stretch
vibrations of the order of 817.7 and 816.6 cmﬁl,
respectively. Note that without an axial ligand the
Fe-O vibration is located at 920.0 cm .
Consequently, the axial ligand affects the
strength of the Fe—O bond and as a result the Fe—
O frequency is shifted by about 100 cm'. This
will have major effects on the oxygen atom
transfer reaction with substrates.
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Figure4: (a) Fe—O bond distance (Rp.0) for
various complexes 1x. (b) Fe—O stretch vibration
(Ureo) for various complexes *1x.

We subsequently investigated the methane
hydroxylation mechanism by **1x with X = OH",
F and CN". As an example, the potential energy
profile of methane hydroxylation by **1oy is
shown in Figure 5, the results for 2’41F and 2’4ICN
are very similar. The reaction is stepwise with an

initial hydrogen atom abstraction via transition
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state  TSpa leading to an iron(IV)-hydroxo
complex with a radical, IM. The OH and radical
are combined via a rebound transition state TS,e
to form the alcohol products P. This mechanism
is analogous to earlier hydrogen atom abstraction
reactions calculated for similar complexes and
substrates (Ogliaro et al., 2000; de Visser et al.,
2002a,b; Sharma et al, 2003a; Kumar et al.,
2003; Kumar et al, 2004a,b; de Visser et al,
2004a; Shaik et al., 2004b; Kumar et al., 2005a;
de Visser 2006a,b,c.d,e; Wang et al., 2007; de
Visser, 2007b; de Visser et al., 2008a; Godfrey et
al., 2008; Shaik et al., 2008; Heyes et al., 2009;
Kim et al., 2009; de Visser et al., 2009; Latifiet
al., 2009; Tahsini et al, 2009; Kumar ef al.,
2009; de Visser, 2010; Prokop et al, 2010;
Karamzadeh ef al., 2010; de Visser et al., 2011b;
Latifi et al., 2011a,b; de Visser 2012; Latifi et al.,
2012a,b; de Visser, 2013; de Visser ef al., 2013;
Latifi et al, 2013; Pratter et al, 2013;
Vardhaman et al., 2013b; Kumar et al., 2014,
Karamzadeh et al, 2014; Ji et al, 2015). As
described before, the rebound barriers are small
on the high-spin surface and negligible on the
low-spin surface, which is also seen here (Shaik
et al., 2004a).
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Figure 5: Potential energy landscape of methane hydroxylation by **1oy with energies in kcal mol .
All energies obtained with UB3LYP/BS2//UB3LYP/BS1 and contain ZPE corrections. Values given out
of parenthesis refer to gas-phase data and those inside parenthesis include solvent corrections.
Optimized geometries of local minima and transition states give bond lengths in angstroms and the
imaginary frequency in the transition state in wave numbers.
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For **1oy, small hydrogen atom abstraction
barriers of 8.5 (10.8) kcal mol”" on the doublet
(quartet) spin states are found in the gas-phase,
whereas those with a dielectric continuum
included with 0= 4.7 are raised to 15.0 (17.5)
kcal mol'. Nevertheless, these barriers are
accessible at room temperature and imply that
**1ou should be able to hydroxylate methane
efficiently. The hydrogen atom abstraction
barriers are narrow with a large imaginary
frequency of i1233.3 (i1524.2) cm ', which
implies they will proceed with a large kinetic
isotope effect for replacing the transferring
hydrogen atom by deuterium (Kumar et al.,
2004a; de Visser, 2006e). Geometrically, the
barriers are late with long C—H bonds and much
shorter O-H bonds, similarly to H-atom
abstraction Dbarriers calculated before for
methane by (Fe'V(O)(Por™*)SH), (de Visser et
al., 2004).

After H-atom abstraction a radical intermediate
is formed representing an (Fe''(OH)(Por)OH)
complexed to CH;" with a small exothermicity
of 4.2 (4.4) kcal mol” for “IMon (‘IMop),
respectively. The rebound barrier is negligible
on the low-spin surface, whereas a OH rebound
barrier of 3.5 kcal mol™ is obtained in the high-
spin state. The overall mechanism to form
alcohols is strongly exothermic as expected.

Subsequently, we replaced the OH axial ligand
of **1. by alternative ligands, namely L = F
and CN™ and the results are given in Table 1. In
general, the potential energy profile for all
complexes follows the same pattern as that seen
in Figure 5, with a rate determining hydrogen
atom abstraction barrier and negligible rebound
barrier at the low-spin pathway. The only
differences obtained are due to the axial ligand
interactions with the metal and oxygen atom.

Table 1: Relative energies (AE+ZPE, in kcal
mol‘l) of local minima and transition states for
methane hydroxylation by 1., L = OH, F,
and CN'. Values in the gas-phase and in solvent
are in given.

L=0H L=F L=CN
gas | solvent | gas | solvent | gas | solvent
. 100 00 0.0 0.0 0.0 [0.0
I 106 |11 2.1 2.6 06 |1.1
"TSua | 108175 |155[222 |184]25.1
™M |44 [106 |92 [154 |13.0]192
TSw | 77 | 16.1 |ND [ND |ND |ND
‘P, |- [-269 |[ND [ND |ND [ND
33.1
“TSua | 8.5 [ 150 [262]327 |[163]22.8
M 42 [104 (9.0 [152 [132]194
‘P, |- [-375 |[ND [ND |ND [ND
44.4
ND = not determined.

The studies presented in Table 1 implicate that the
axial ligand has a profound effect on the catalytic
efficiency and performance of the active oxidant.
This is not surprising and has been seen before for
the reactivity of iron (IV)-oxo porphyrin radical
cation models with substrates (de Visser, 2006d;
Wang et al., 2007; de Visser et al, 2009b; de
Visser 2010; Kumar et al, 2013). To understand
the electronic features of the reaction mechanism
and find factors that determine the rate constant we
set up a valence bond (VB) curve crossing
diagram, see Figure 6. Previously, we used the VB
technique to rationalize the hydrogen atom
abstraction reactions of heme and non-heme
iron(IV)-oxo complexes (Shaik et al., 2008; Latifi
et al., (2009); de Visser, 2010; Ji et al., 2015) as
well as double bond epoxidation reactions (Kumar
et al., 2010; Sainnaet al., 2015a) and sulfoxidation
reactions (Kumar et al., 2011b).
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Figure 6: Valence bond curve crossing
diagram rationalizing the methane
hydroxylation reaction by P450 Cpd I. Dots
represent valence electrons and lines (curved or
straight) are chemical bonds.

Thus, in VB one starts on the left-hand-side
with the reactant state [J;, which in our case is
Compound I and substrate (methane). The
reactant state is connected to an excited state in
the radical intermediate as well as in the
product geometry. Similarly, the product state
[y, although the ground state in the product
geometry, is an excited state in the radical
intermediate and reactant geometries. The
radical intermediate state ([1;) bisects the
reactant and product wave functions and creates
a stepwise hydrogen atom abstraction-radical
rebound mechanism by creating a stable radical
intermediate. The height of the barrier for
hydrogen atom abstraction (AEua*) is equal to
the energy where the two curves cross, e.g.
crossing point of the blue and black lines,
minus the geometric distortion (resonance
energy B) upon moving from reactants to the
transition state. It has been shown previously

Vol. 1, No. 2 July-December, 2015

(Shaik et al., 2008) that the curve crossing
energy is a fraction (usually with value of 0.3)
of the excitation energy (G) from the reactant
state (L;) to the radical intermediate state ([I;*)
in the geometry of the reactants. The analysis
of the VB structures for the reactant and excited
states enables one to determine the factors that
influence the barrier. The VB structures give
dots for key valence electrons. For instance, in
Compound 1 the my/m*y, set of orbitals has
three electrons, which is given on the right-
hand-side of the Fe—-O bond with three dots.
Similarly, the m,/n*,, pair of orbitals have
three electrons and these are given with three
dots on the left-hand-side of the Fe—O bond. In
addition, there is of course a radical on the
porphyrin ring for single occupation of the a,,
orbital. Two electrons occupy the C—H bond of
the substrate.

A look at the VB structure of the radical
intermediate  shows the same m/n*,,
occupation with three electrons, however, the
T /T*y, set of orbitals has ceased to exist and
has reverted back into atomic orbitals (3dy, and
2px). The 3dy, orbitals remains as a nonbonding
orbital and singly occupied, while the 2py
orbital on the oxo group pairs up with the 1s
orbital of the incoming hydrogen atom to form
the new O—H bond (con). As the my,/n*, set of
orbitals had three electrons, this implies that
one of these electrons will have to move to
another orbital and indeed fills the a,, orbital
with a second electron. This change in orbitals
is summarized and highlighted in the inset of
Figure 6.

As a result, the hydrogen atom abstraction
barrier will depend on the energy to split the
T /m*y, orbitals back into atomic orbitals
(Emm+,) and an electron excitation from 7y, to
ay (Fexc). In addition, the excitation energy
refers to the breaking of the C—H bond and the
formation of the O-H bond. The bond
dissociation energy (BDEcy) of the C—H bond
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of methane is AE+ZPE = 101.6 kcal mol™
(Shaik et al., 2008). We calculated the O-H
bond strength from Eq 1 for 1. with L =F, CI,
OH , CH;COO ", CF;COO and SH, see Table
2. As follows the strength of the O—H bond that
is formed varies by as much as 14 kcal mol™
between L = CF;COO™ and L = OH".

(Fe'Y(OH)(Por)L) — (Fe'Y(O)(Por™™)L) + H® +
BDEon

Table 2: Calculated thermochemical
properties (AE+ZPE) for selected 1y, species
(L = CF;COO, CI, SH, CH;COO, F and
OH)). All energies are in kcal mol™.

BDEon | EA(11) | AHucia | BDEger, | EMmtey, | Eexe
CF;CO0™ | 854 85.8 3143 | 90.7 ND ND
cr 87.6 79.2 305.5 | ND ND ND
SH™ 89.3 71.6 2963 | 1122 | 81.2 88.2
CH3;CO0" | 89.4 80.5 305.0 | 103.6 | 75.5 84.8
F 94.0 78.9 298.8 | 1284 | 86.3 86.0
OH" 99.4 76.0 290.5 | 1375 | 752 79.4

In addition to the BDEoy values for the
oxidants, we calculated several other
thermochemical  properties.  Firstly, we
calculated the electron affinity (EA) of all
complexes 1p. from the difference in energy of
*1. and its one-electron reduced species (*1.)).
Technically, a hydrogen atom transfer is the
sum of an electron and a proton transfer, so that
the BDEopy can be split into a the electron
affinity of the oxidant, the acidity of the
iron(IV)-hydroxo complex (AHgaiqd) and the
ionization potential of a hydrogen atom (IEp),
Eq 2. The latter we took from the NIST
database (Linstrom ef al., 2014) and has a value
IE = 313.9 kcal mol .

BDEoy = EA(IL) — AH,iq + IEqy
As discussed above, the electron affinity of 1.
is dependent on the amount of mixing of the

axial ligand orbitals with the a,, orbital on the
porphyrin. With L = SH™ this interaction is

34

strong and as a consequence lsy has a very low
EA of 71.6 kcal mol™'. A weak anionic ligand
like CF;COQO™ gives weak interactions with the
a,, orbital and has a considerably higher EA of
85.8 kcal mol '. Neutral axial ligands, such as a
solvent molecule or a imidazole group of a
histidine give a further rise in electron affinity
and removal of the axial ligand altogether gives
a maximum electron affinity of about 8.2 eV
(Sainna et al., 2015a) agljetermined by mass
spectrometry.

The BDEon value of the various complexes
depends on the electron affinity and AHgciq
differences of the complex. As mentioned the
electron affinity differences depend on the
mixing of axial ligand and a,, orbitals. The
AH,.q value, however, contains an electronic
component for the splitting of the my,/m*y,
orbitals back into atomic orbitals and formation
of the O—H bond. We analyzed the orbitals of
the complexes in detail and determined the
Enm«, and E. energy gaps and report those in
the last two columns of Table 2. Both
parameters vary by as much as 10 kcal mol™
for the four iron (IV)-oxo species studied. The
smaller the m,/m*y, energy splitting and the
smaller the excitation energy from my, to as,
the lower in energy the hydrogen atom
abstraction barrier will be.

4. Conclusions

In this work a series of computational studies
are presented on the methane hydroxylation
mechanism of models of Compound I of
cytochrome P450, whereby the axial ligand is
replaced by alternative anionic ligands. The
work shows that an axial ligand at a distance
well over 4 A from the(@;action center has a
profound effect on the catalytic properties of
the oxidant. We identified several key
components. Firstly, there are thermochemical
impacts on the electron affinity and iron (IV)-
hydroxo acidity due to differences in orbital
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occupation. In addition, during the rate
determining hydrogen atom abstraction the 7-
bond of the iron-oxo group needs to be broken
and the m/n*y, energy splitting affect the
hydrogen atom abstraction. Finally, during the
hydrogen atom abstraction step an electron
migrates from the oxo group to the heme. In
general, a hydroxide axial ligand gives small
reaction barriers, and should be the best
oxidant.
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Properties and reactivities of nonheme iron(iv)—
oxo versus iron(v)—oxo: long-range electron
transfer versus hydrogen atom abstractionf
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Recent work of Nam and co-workers [J. Yoon, S. A. Wilson, Y. K. Jang, M. S. Seo, K. Nehru, B. Hedman,
K. O. Hodgson, E. Bill, E. I. Solomon and W. Nam, Angew. Chem., Int. Ed., 2009, 48, 1257] on a biomimetic
iron complex implicated a mixture of iron(iv)—oxo and iron(v)—oxo intermediates but the latter could not
be spectroscopically characterized, hence its involvement was postulated. To gain insight into the relative
activity of these iron(iv)—oxo versus iron(v)—oxo intermediates, we have performed an extensive density
functional theory (DFT) study on the chemical properties of the chemical system of Nam et al, namely
[Fe(O)(BQEN)(NCCH3)I?*"** with BQEN = N,N’-dimethyl-N,N’-bis(8-quinolyllethane-1,2-diamine and
their reactivity in hydrogen atom abstraction from ethylbenzene. We show that the perceived iron(v)—
oxo species actually is an iron(iv)—oxo ligand cation radical, similar to cytochrome P450 compound I.
Moreover, this intermediate has an extremely large electron affinity and therefore can abstract electrons

Received 11th July 2014, from substrates readily. In our particular system, this means that prior to the hydrogen atom abstraction,

Accepted 8th September 2014 an electron is abstracted to form an iron(iv)—oxo species, which subsequently abstracts a hydrogen atom
DOI: 10.1039/c4cp03053b from the substrate. Thus, our calculations show for the first time how some nonheme iron complexes
react by long-range electron transfer and others directly via hydrogen atom abstraction. We have

www.rsc.org/pccp rationalized our results with detailed thermochemical cycles that explain the observed reactivity patterns.

characterized in recent years.” For instance, to tackle the con-
troversy in Rieske dioxygenases regarding the active oxidant in the

Introduction

Nonheme iron dioxygenases are important enzymes for human
health with essential functions that include DNA base repair
mechanisms and oxidative cleavage of carotenoids." In several
organisms, natural product biosynthesis is catalysed by nonheme
iron dioxygenases, and, therefore, they have important functions
in biology as well as in biotechnology. In order to understand
enzymatic reaction processes, synthetic model complexes have
been developed and designed.” These biomimetic model com-
plexes of nonheme iron oxidants are well studied and many
biomimetic high-valent catalytic intermediates have been
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reaction process, several biomimetic model complexes with
iron(v)-oxo(hydroxo) as reactive features have been studied
and their reactivity patterns established.”

All biomimetic Rieske dioxygenase models contain a hydroxo
group in a cis-position of the iron(iv/v)-oxo group. Only few
examples exist of biomimetic iron(v)-oxo intermediates without
this cis-hydroxo ligand and spectroscopic studies gave indirect
evidence of its existance.” Thus, McKenzie and co-workers reported
the structural characterization of an iron(v)-oxo species with a
monoionic multidentate ligand and found it to react with thio-
anisole efficiently.® Kim and co-workers used a tetradentate ligand
system and formed the corresponding iron(v)-oxo species by
heterolytic cleavage of an iron-acylperoxo intermediate.” They
determined kinetic isotope effects (KIE, ky/kp), H,'*0 exchange
reactions and measured product distributions. Using a tetraamido
macrocyclic ligand, Collins and co-workers studied the sulfoxida-
tion of substrates by an iron(v)-oxo species and compared the rates
with analogous iron(iv)-oxo species.® Finally, Nam and co-workers
studied the reaction of [Fe"(BQEN)]**, BQEN = N,N'-dimethyl-N,N'-
bis(8-quinolyl) ethane-1,2-diamine, with CH;CO3;H and found
evidence of competing reaction mechanisms originating from

Phys. Chem. Chem. Phys., 2014, 16, 22611-22622 | 22611
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1: [Fe(O)(BQEN)(NCCH)]**
2: [Fe(O)(BQEN)(NCCH3)]**

QN
NzFe=NCCH; @Cljz
CHs
N OH
NZFe=NCCH; @-{H
N CHs

Scheme 1 Iron-oxo oxidants and ligand system studied in this work.

two oxidants in the reaction mixture that were tentatively assigned
as [Fe'Y(O)(BQEN)*" and [Fe¥(O)(BQEN)J**.” Their studies failed to
unequivocally assign the active oxidant in the reaction mecha-
nism, and therefore could not determine the relative reactivity of
iron(wv)-oxo versus iron(v)-oxo. In order to resolve this dichotomy
and gain general insight into the relative reactivity of iron(iv)-oxo
versus iron(v)-oxo with nonheme ligand systems a computational
study was conducted using the [Fe'V(O)(BQEN)(NCCH,)]*" (1)
and [Fe"(O)(BQEN)(NCCH;)]*" (2) systems, Scheme 1.
Currently, very little is known regarding the catalytic activity
of iron(v)-oxo intermediates and to the best of our knowledge,
no direct comparison in reactivity between iron(iv)-oxo and
iron(v)-oxo has been reported. We present here a DFT study to
gain insight into the potential use of iron(v)-oxo intermediates as
catalytic oxidants with ethylbenzene as the selected substrate. We
present the first comparative study on the aliphatic hydroxylation
by iron(iv)-oxo versus iron(v)-oxo using the BQEN ligand system
shown in Scheme 1 and follow the mechanism of ethylbenzene
activation leading to benzyl alcohol product complexes.

Methods

All studies reported here utilize density functional theory (DFT)
methods as implemented in the Jaguar and Gaussian program
packages.'® We initially did exploratory gas-phase optimizations

22612 | Phys. Chem. Chem. Phys., 2014, 16, 22611-22622
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on [Fe(O)(BQEN)(NCCH3;)]***" in Jaguar at the UB3LYP level of
theory™" and explored the catalytic mechanism of ethylbenzene
hydroxylation. However, as most of our chemical systems are
multiply charged ions we decided to do a subsequent set of
calculations, where the complete project was done using a
polarized continuum solvent model included during the geometry
optimizations. These studies gave considerable differences from
the gas-phase results and therefore we will focus on the solvent
optimized calculations mainly. Details of the gas-phase calcula-
tions can be found in the ESI.{ Thus, all geometry optimizations
and frequencies were performed with a solvent model included
with a dielectric constant mimicking acetonitrile. All local
minima are characterized with a frequency calculation and
have real frequencies only, whereas the transition states have
one imaginary frequency for the correct mode. As transition
metal containing complexes give close-lying electronic and spin
states,'”> we calculated the [Fe(O)(BQEN)(NCCH,)]*" complexes
in the lowest lying doublet, quartet and sextet spin states and
the [Fe(O)(BQEN)(NCCH;)]*" complexes in the singlet, triplet
and quintet spin states.

We tested the reproducibility and reliability of the density
functional method by applying a range of unrestricted DFT
methods, including B3LYP,"" B3LYP-D3,"* B3LYP*,'* and OPBE."
There is a certain degree of fluctuation observed in the relative
energies, spin state ordering and geometric details as commonly
observed in nonheme iron complexes.'® However, the results
confirmed the assignment of the electron configuration of all
complexes and reproduce experimental trends.

All optimizations and frequencies use a triple-{ quality basis
set (BS2) with LACV3P+ on iron and 6-311+G* on the rest of the
atoms."” Previously, we used these methods extensively for the
description of nonheme iron complexes and reproduced experi-
mental free energies of activation within several kcal mol *.'®
To test the effect of the overall charge on the calculations we also
performed a set of test calculations on charge neutral complexes,
whereby the reactants and rate determining transition states
were modified by counter-ions at a fixed distance of 15 A from
the axial nitrogen atom and with an angle of 120 degrees with
respect to iron and the axial nitrogen atom. Point charges, C1~
counter-ions and OH ™~ counter-ions were applied, but all results
reproduced the solvent optimized results and did not give
changes to the charge and spin distributions.

Kinetic isotope effects (KIEs) were calculated for the hydrogen
atom abstraction reaction of ethylbenzene by 1 for the replacement
of one or more hydrogen atoms of the substrate by deuterium
atoms. We initially used the semi-classical Eyring equation (eqn (1))
to calculate KIE; from the difference in free energies of activation
(AG") of the substrate and its deuterium substituted form following
previously reported methods.'® Eqn (1) uses the gas constant
(R) and the actual temperature (273.15 K).

KIEg = ky/kp = exp{ <AG11') — AG%_[)/RT} (1)
Further corrections due to tunnelling were applied using the

Wigner model®® that corrects KIEg with the tunnelling ratio
(Qu/Qrp) as described in eqn (2) and (3).

This journal is © the Owner Societies 2014
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KIEw = KIEg X Qui/Qum (2)
1/ hw\?
Or=1+ ﬁ(kB—T) 3)

In eqn (3), kg represents the Boltzmann’s constant, # is Planck’s
constant and v is the imaginary frequency in the transition state.

Results

Isolated reactants 1 and 2

Our study uses density functional theory (DFT) methods and is
focused on the chemical systems of ref. 9 as described in
Scheme 1, where we included an acetonitrile solvent molecule
in the sixth ligand position of the metal: [Fe(O)(BQEN)(NCCH,)]**
(1) and [Fe(O)(BQEN)(NCCH3)[** (2). These structures have the
metal in formal oxidation state iron(v) and iron(v), respectively.
Before we will look into the reactivity patterns of structures 1 and
2 with substrates, we will describe the electronic properties of the
optimized geometries of 1 and 2, Fig. 1.

The lowest lying singlet, triplet and quintet spin states of 1
were calculated, but the singlet state was found to be high in
energy. Similarly, 2 was investigated in the doublet and quartet
spin states only. Fig. 1 displays the molecular valence orbitals

Paper

of 1 and 2, which are determined by the mixing of the metal 3d
orbitals with its ligands. Thus, there are three n* molecular
orbitals (n*y,, n*,,, ©*,;) representing the anti-bonding interac-
tions of the 3d iron orbitals with 2p orbitals on the oxo group.
High in energy are two c* orbitals for the anti-bonding inter-
actions of the metal with the ligands in the xy-plane (6*,2)
and with ligands along the z-axis (0*,2), whereby the z-axis is
defined as parallel to the Fe-O bond. In the iron(i)-oxo
complex, i.e. >°1, the set of orbitals shown in Fig. 1 is occupied
by four electrons, which gives two low-lying solutions with either
triplet or quintet spin: 1 has a triplet spin ground state with
electronic configuration m*,,> m*.,' n*,,"' (°1) that is somewhat
lower in energy than the quintet spin state with configuration
Ty Ty T)," 6%e." (*1), vide infra. In both spin states 1 has
the metal in formal oxidation state iron(wv). The spin state
ordering matches previous studies on hexacoordinated non-
heme iron biomimetic model complexes and also supports the
experimentally reported absorption band at Ag.x = 740 nm
characteristic for triplet iron(iv)-oxo species and assigned by
Nam et al. on [Fe(O)(BQEN)(NCCH,)]**.>2%

Upon oxidation of *°1, however, several possibilities arise
for the electronic configuration of 2. Firstly, *1 can lose an
electron from n*), to give a doublet spin configuration with
m*,° m*' orbital occupation or lose an electron from the

z
y
X c*,2 6,2 c*,2 c*,2 c*,2
G*xz—yz "2 y2 . ok _y2
o2

Tc*xz #[*yz
Tt*
Tc*xy-H- Xy Tyy
3 5

*
T xz

E3
T BQEN

2y

Fig. 1 High-lying occupied and low-lying virtual orbitals of 1 and 2. The top panel shows the different electronic configurations of 1 and 2 considered

and the bottom shows the orbital shapes of the valence orbitals.
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doubly occupied n*,, orbital to give a quartet spin complex with
m*y' Tty ¥, configuration. These two states have the metal
in formal oxidation state iron(v) and are labelled as **2 in Fig. 1.
In addition, the oxidation of 1 can expel an electron from a
ligand n-type orbital, such as m*pqen, and lead to an electronic
configuration m*,,” T*,," 7*,,' T*gqen', whereby the radical on the
ligand can be either ferromagnetically or anti-ferromagnetically
coupled to the metal-based unpaired electrons in an overall
quartet or doublet spin state (*>2/). The latter, therefore, can be
seen as an iron(iv)-oxo ligand cation radical species with
configuration [Fe'(O)(BQEN"*)(NCCH;)]** and is reminiscent
of compound I of cytochrome P450 enzymes, which was char-
acterized as an iron(iv)-oxo heme cation radical species, i.e.
[Fe"™(0)(heme**)Cys].>?

Details of the optimized geometries of *°1 and in the gas
phase are reported in Fig. 2. In the gas-phase the triplet spin
state is the ground state by AE + ZPE (AG) = 2.0 (0.2) kcal mol .
Optimized geometries are in line with previously reported struc-
tures on non-heme iron(iv)-oxo complexes with a short Fe-O
bond of 1.66 A, which implicates a double bond.*""** Group spin
densities and charges confirm the orbital assighment of *°1 as
described in Fig. 2 with electronic configuration of m*,> m*."
! for °1 and )" m*,," 1%, 0% ! for °1.

Nam and co-workers® using absorption and infrared spectro-
scopy and extended X-ray absorption fine structure (EXAFS)
studied the [Fe(O)(BQEN)(NCCH;)]** complex experimentally.
They identified an iron-oxo bond of 1.67 A and an average Fe-N
distance of 1.97 A. Our calculated Fe-O distances for *°1 in Fig. 2
match the experimental values excellently. The experimentally
reported Fe-N distances are in good agreement with the triplet
spin structures, but not with the quintet spin state structures
due to single occupation of the c*,._,» orbital that elongates
the distances between the metal and its ligands. Therefore, the
computational studies support the characterization of a triplet
spin ground state of 1.

Geometry optimizations of >*2’, however, gives a low-lying
solution with two singly occupied m* orbitals coupled to a radical
on the BQEN unit with spin densities of ppqrn = —1.06 (0.90) in the
doublet and quartet spin states. The optimized geometries, there-
fore, correspond to an electronic state [Fe™(O)(BQEN™)(NCCH;)[**,
ie. "2’ in Fig. 1, rather than the anticipated iron(v)-oxo species.
Although we attempted to swap molecular orbitals to generate
the iron(v) solution (**2) these calculations converged back
to >*2’, which therefore is the molecular ground state.

2,491
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Ieeo = 1.664 (1.658)
Irencme = 2:033 (2.025)
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Pre = 1.05 (1.08)
po = 1.08 (1.02)
Paqen = —1.06 (0.90)

22' (42')

Fig. 2 Gas-phase optimized geometries (UB3LYP/BS1) of *°1 and 242 with bond lengths in angstroms and group spin densities (p) in atomic units.

As the complex has a large overall charge of +3, we decided to
reoptimize these structures using the polarized continuum model
mimicking an acetonitrile solution. However, the new model did
not affect the spin state ordering and electronic configuration of
the ground state and the same electronic state was found. It
appears, therefore, that >*2 is the electronic ground state that can
be described as [Fe™(O)(BQEN"*)(NCCH,)[*" with an iron(iv)-oxo
group coupled to a ligand radical. As both doublet and quartet
spin states represent the same orbital occupation, namely *,,>
T*y' %, Tpqen’, we calculate them within 2 keal mol ™. This
result is similar to the spin state energies of ferromagnetically
versus antiferromagnetically coupled doublet and quartet spin
states of compound I of P450, where these spin states were also
found to be within a couple of kcal mol ™" from each other.
Moreover, the energy gap was found to be sensitive to the local
environment, including hydrogen bonding interactions to the
oxidant as well as solvent effects.>* Furthermore, these two spin
states result in two-state-reactivity patterns with substrates on
competing spin-state surfaces.>> Analogously to P450 compound
I, the iron(v)-oxo species is an excited state of the molecular
ground state with configuration [Fe'Y(O)(BQEN'*)(NCCH,)J*".
Geometrically >*2' has metal-ligand bond lengths close to those
found for *1, which is also an iron(iv)-oxo species.

Reactant complexes

Subsequently, ethylbenzene (EB) was added to the model com-
plexes to create a long-range reactant complex (RC) as this was
one of the substrates used in the experimental study and we
investigated the benzyl hydroxylation processes. The electronic
features of **RC; or *°[Fe(O)(BQEN)(NCCHj;)- - -EB]*" and **RC,
or >*[Fe(O)(BQEN)(NCCHj;)- - -EB]** will be discussed prior to
the investigation of the catalytic mechanism. Considering that
computational modelling occasionally is sensitive to the choice of
the density functional used as well as on environmental variables,®
some thorough testing of the structures, spin-state energetics
and electronic configurations of >’RC; and >*RC, using a selection
of density functional methods and procedures was carried out.
Thus, we performed geometry optimizations of all complexes in
the gas-phase at UB3LYP/BS1, but also did a full geometry
optimization in a dielectric constant mimicking acetonitrile at
UB3LYP/BS2 and finally a full geometry optimization in a dielectric
constant at the UB3LYP-D3/BS2. In addition, single point calcu-
lations on the UB3LYP/BS2 optimized geometries using B3LYP
with 15% HF exchange (B3LYP*), UB3LYP-D3 and OPBE were
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Table 1 Spin state energies and optimized geometries of reactant complexes as calculated using various DFT methods

AE + ZPE

UB3LYP UB3LYP UB3LYP-D3 UB3LYP-D3 UB3LYP UB3LYP* OPBE
Structure Teeo Treo ¢ Treo ¢ Gas®? Solv®4 Solv®4 Solv®¢ pcef Solv®4 Solv®4
3RC1 1.656 1.633 1.657 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5RC1 1.653 1.627 1.653 10.3 2.5 7.4 8.2 8.7 6.0 2.4
2RCZ 1.664 1.638 1.656 0.0 0.0 0.0 0.0 0.0 0.0 0.0
‘RC, 1.664 1.631 1.653 0.6 —3.6 10.0 8.4 10.0 6.9 3.8

“ UB3LYP/BS1 geometry optimization in the gas-phase. ? Values in A. © UB3LYP/BS2 geometry optimization in solvent. ¢ AE + ZPE value with

energies at the BS2 level of theory in kcal mol . °

neutralize the system at 15 A.

performed. Finally, single point calculations in the gas-phase
with additional counter-ions or point charges included in the
model at a distance of 15 A that neutralize the chemical systems
were carried out.

Table 1 presents the optimized Fe-O distance and spin-state
energies as obtained using these different DFT models and
methods. As can be seen all methods, models and optimization
techniques give the same spin state ordering, but a certain
degree of variation in the relative energies is observed typical
for DFT calculated iron complexes.”® In all cases *RC; and *RC,
are characterized as [Fe"(O)(BQEN)(NCCHj)- - -EB]*" with orbital
occupation m*,” T*,' %), and %' m¥,,' ¥, 0%, respec-
tively, in agreement with what was found for structure *°1
above. Regardless of the method and whether the optimization
is done in the gas-phase or in solvent, a triplet spin ground
state that is well separated from the quintet spin state by
2.4-10.3 kecal mol ™ is found. Although this appears to be a large
variation in spin state energies, actually for transition metal
complexes, and, in particular iron(v}-oxo complexes a strong
variation of the ordering and relative energies is normal in DFT
upon changing the density functional method or environmental
effects.”” Nevertheless, all methods give a triplet spin ground state
in support of experimental studies."”

The situation is dramatically changed when **RC, is inves-
tigated with these methods and models. Whereas >*2’
found as the electronic ground state with configuration
[Fe™(O)(BQEN"*)(NCCH,)]*" with two unpaired n* electrons
coupled to a radical on the ligand, by contrast, in >*RC, we find
yet another electronic configuration with two unpaired n* electrons
that are coupled to an ethylbenzene radical, i.e. orbital occupation
Ty T T T™eoen” Tws', Where the latter orbital is a singly
occupied m-orbital on ethylbenzene. Therefore, addition of an
ethylbenzene molecule to >*2’ results in an intermolecular electron
transfer from the substrate into the n*pqy orbital of the oxidant
and the creation of a complex [Fe"(O)(BQEN)(NCCH,)[*"---EB™.
This happens regardless of the method and whether gas-phase or
solvent models are used. It implies that [Fe™(O)(BQEN™)(NCCH,)[*
is a strong oxidant and can abstract electrons from substrates
readily. Most probably this is caused by its extremely large
electron affinity, vide infra.

Note that outer-sphere electron transfer upon approach of a
substrate onto a metal-oxo species has been calculated before

on metal-porphyrins,***° including a potential intermediate of

was
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UB3LYP-D3/BS2 geometry optimization in solvent. / Structure with added point charges that

nitric oxide synthase, where the arginine substrate was found to
donate an electron to an iron(iv)-oxo heme cation radical species
quickly. Furthermore, approach of a Zn>* ion onto a high-valent
manganese(v)-oxo corrolazine also led to the formation of a
manganese(iv)-oxo corrolazine cation radical through valence
tautomerization.*® Finally, studies on the comparative electronic
features of the iron(iv)-oxo heme species of cytochrome ¢ peroxidase
(CcP) versus ascorbate peroxidase implicated differences in electronic
configuration as a result of a bound cation at a distance of 15 A
from the heme. DFT modelling on compound I of CcP tested
the effect of a point charge with magnitude Q = —1/+1 on the
electronic configuration.®® It was found that a charge of Q = +1
gave an electronic state [Fe'V(O)(heme™®)- - ‘Trp;o;], whereas a
value of Q = —1 resulted in an alternative state corresponding
to [Fe"(0)(heme)- - Trp;o;**]. These studies have shown that
seemingly small external (but long-range) perturbations can
have a major impact on the electronic configuration of the
oxidant and consequently on its ability to react with substrates.
However, for nonheme metal-oxo species this would be the
first example of outer-sphere electron transfer upon substrate
approach and is likely caused by the large electron affinity of
the ligand. In the following we will describe whether the change
in electronic configuration is beneficial or disadvantageous to
the catalysis.

Ethylbenzene hydroxylation by 1 and 2

Subsequently, the benzyl hydroxylation of ethylbenzene by
*RC; and *'RC, was calculated. Fig. 3 displays the calculated
reaction mechanism with optimized geometries of the rate deter-
mining transition states of the reaction starting from **RC,. We
calculate a stepwise mechanism with an initial hydrogen atom
abstraction from the benzyl position of ethylbenzene via a transi-
tion state (TSya) to form a radical intermediate (I) followed by
hydroxyl rebound via a transition state (TSep) to form alcohol
products (P). In all cases the hydrogen atom abstraction is rate
determining and the rebound barriers are small or negligible, so
that we will focus on the TSy, pathway only here. Full details of
the rest of the mechanism are given in the ESL{ In the gas phase
very little energy difference between hydrogen atom abstraction
from the pro-S versus pro-R site of the benzyl position of
ethylbenzene by iron(iv)-oxo complexes was found. Recent
computational studies on S-mandalate synthase showed that
the shape and size of the substrate binding pocket determines
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Fig. 3 DFT calculated potential energy profile for the hydrogen atom abstraction from EB by *°1 with energies given in kcal mol™. Also shown are
optimized UB3LYP/BS2(solvent) geometries of TS, with bond lengths in angstroms, angles in degrees and the imaginary frequency in wave numbers.
Relative energies represent AE + ZPE + E, values obtained after a full geometry optimization in solvent at the UB3LYP/BS2 (out of parenthesis) or at
UB3LYP/BS2//UB3LYP/BS1 level of theory on a gas-phase optimized geometry.

whether the pro-R or pro-S hydrogen atom can be abstracted.*
Indeed, site-selective mutations confirmed the computationally
proposed hypothesis.

Geometrically, the *>TSy, structures are quite distinct due
to differences in electron transfer processes that happen in these
transition states. In the triplet spin state the hydrogen atom
transfer is accompanied with electron transfer from the substrate
into the n*,, orbital and hence the substrate attacks under an
angle (apeoc = 134.2°) to get ideal orbital overlap between donor
and acceptor orbitals.**> In the quintet spin state the hydrogen
atom abstraction is accompanied with electron transfer from the
substrate into the vacant o*,. orbital and hence the substrate
attacks from the top with considerably larger FeOC angles than
found in the triplet spin state (apeoc = 151.1°), which gives an
iron(m)-hydroxo complex with a fully exchange coupled metal
3d system with five singly occupied orbitals that is anti-
ferromagnetically coupled to a benzyl radical: °I has electronic
configuration m*,," m*,," 1*,,' 6*,2_2" 6%,2" mgg'. This exchange
stabilization makes °I considerably lower in energy than the
corresponding triplet spin complex. As a consequence, >TSyj, is
stabilized over *TSy,, although dispersion corrections make them
almost degenerate. Nevertheless, the barrier heights on both spin
state surfaces are small and implicate an efficient hydrogen atom

22616 | Phys. Chem. Chem. Phys., 2014, 16, 22611-22622

abstraction process in agreement with experiment.” When the
enthalpy values from Fig. 3 are converted to a free energy of
activation, a value of AG,, = 10.8 kecal mol " on the triplet spin
state surface is found, which is in reasonable agreement with the
experimentally reported free energy of activation of Nam et al.’
The experimental studies on ethylbenzene hydroxylation by
RC; were found to proceed with a kinetic isotope effect (KIE) of
10 for the replacement of hydrogen atoms by deuterium in the
substrate. To estimate the isotope effects for replacement of the
transferrable hydrogen atom by deuterium in the reaction passing
TSy, we used the Eyring and Wigner models (see Methods section)
to estimate the KIE. Values of KIEg and KIEw of 4.9 and 5.4 were
obtained, whereas these values increased up to 5.1 and 5.7, respec-
tively, when the fully deuterated substrate was used. Our calculated
isotope effect, therefore, predicts the same trends as experiment.
We then calculated a reaction complex of 2 with ethylbenzene
(**RC,) in the gas phase as well as with solvent models included
during the geometry optimizations. As mentioned above, the
optimized geometry and group spin densities of >RC, characterize
the reactant complex as *[Fe™(O)(BQEN)(NCCH,)]*"-- -*EB™.
The hydrogen atom abstraction from EB'® by the iron(iv)-oxo
complex then leads to electron transfer from the substrate into
the n*,, orbital of the oxidant and spin density changes that are
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Fig. 4 DFT calculated potential energy profile for the hydrogen atom abstraction from EB by 242 with energies given in kcal mol™. Also shown are
optimized UB3LYP/BS2(solvent) geometries of 24TS with bond lengths in angstroms, angles in degrees and the imaginary frequency in wave numbers.
Relative energies represent AE + ZPE + E, values obtained after a full geometry optimization in solvent at the UB3LYP/BS2 (out of parenthesis) or at
UB3LYP/BS2//UB3LYP/BS1 level of theory on a gas-phase optimized geometry.

very similar to those observed for *TSy,. Technically, the
differences in the hydrogen atom abstraction barrier between
*RC, and *RC, should be very small as both are an iron(iv)-oxo
oxidant. However, the outer-sphere electron transfer from the
substrate to the oxidant has oxidized the approaching sub-
strate, and hence the differences in barrier heights observed in
Fig. 3 and 4 relate to hydrogen atom abstraction of the C-H
bonds of EB and EB'*, respectively. Previously, it was shown
that the hydrogen atom abstraction barrier correlates with the
strength of the C-H bond of the substrate that is broken in the
process.”® Indeed, experimentally determined rate constants of
hydrogen atom abstraction reactions by nonheme iron oxidants
were shown to correspond to the bond dissociation energy
(BDEgy) for the breaking of the C-H bond of the substrate.**
We, therefore, decided to calculate the BDE(y values of EB and
EB" into C¢H;CHCH,*"* and a hydrogen atom and find values of
AE + ZPE = 82.3 and 41.2 kcal mol ™" in the gas phase, respectively.
Thus, the oxidized ethylbenzene substrate has considerably
weaker benzyl C-H bond strength as compared to the neutral
system, and, therefore, the barrier heights for hydrogen atom
abstraction obtained for 2’ are significantly lower than those for
1 in agreement with the differences in BDEqy. Although, the
higher reactivity of 2’ versus 1 is perceived as due to differences
in the oxidation state of the two oxidants, it actually represents

This journal is © the Owner Societies 2014

the same oxidant but a difference in the ionization state of the
substrate with weakened BDE¢y. Also the reaction of 2’ with
ethylbenzene incurs a significant KIE value, where we find a
KIEg = 5.6 and a KIEy, = 7.2. These values, therefore, are similar
to those found for 1 above.

We also calculated the alternative quartet spin state of 2’
and the hydrogen atom abstraction via “TSy,. Thus, *RC, has
orbital occupation n*xyz ™y, n*yZT ngs! and refers to
3[Fe™(O)(BQEN)(NCCH;)]*"-- *EB™, but in contrast to °RC,
the spin on EB is ferromagnetically coupled to the unpaired
electrons on the metal. Energetically, >RC, and “RC, are close in
energy. However, during the hydrogen atom abstraction in
*TSya the unpaired electron from EB'® is transferred with
down-spin to give a 1*,,” n*,,” ¥, configuration, but in *TSy,
the unpaired electron has up-spin so a m*,,” %' m%,' c*.'
configuration is formed. As this involves a higher lying orbital
than in the corresponding doublet spin pathway, the barrier
height for “TSy, is higher in energy than that for >TSua.

Discussion

Our DFT calculations on *°1 and *>*2/ reported above show that
both systems are in the iron(v) oxidation state and the oxidation
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of activation.?**2743% Therefore, to understand the thermo-
dynamics and kinetics of the reaction mechanisms reported
in Fig. 2 and 3 above, we did a detailed analysis of the

T b 2e T H~O/ T2+ individual thermodynamic reaction steps for electron and
IV 4 ! . . .
3+ 7 7 hydrogen atom transfer processes, which are summarized in
o : R .
-%%g_ [Fe(O)(BQEN)NCCHyZ* [Fe"{OH)BEN)NCCH* Fig. 5. Panel (a) in Fig. 5 starts on the top left with *2’ and

2" [Fe'V(O)BQEN**)(NCCHZ)]**

Scheme 2 Calculated reaction mechanism for 2 with oxidation states of
critical intermediates identified.

of 2 does not oxidize the metal to iron(vi) but rather keeps it at the
lower oxidation state of iron(v) due to electron release from the
BQEN macrocycle rather than the metal. Therefore, although 2’ is
perceived as an iron(v)-oxo species, it actually is an iron(iv)-oxo
with BQEN cation radical. Moreover, the DFT calculations reported
in this work show that approach of a substrate, e.g. ethylbenzene,
onto “?2/, leads to a long-range electron transfer upon formation of
the reactant complex “’RC,: *[Fe™(O)(BQEN)(NCCH,)]*"- - -*EB™,
Scheme 2. The subsequent hydrogen atom abstraction then gives
an iron(m)-hydroxo complex and a CsHsCH'CHj cation.

In previous studies, we showed that the driving force of a
hydrogen atom abstraction correlates linearly with the free energy

the reaction to the right reflects a one-electron abstraction
to form *1 and the subsequent one-electron abstraction to
form [Fe™(O)(BQEN)(NCCH,)]". The vertical arrows reflect the
hydrogen atom abstraction processes from both 2’ and *1.
Thermodynamically, the energy for these reactions is associated
with the bond dissociation energy of the O-H bond in the metal-
hydroxo complex to revert back into the iron-oxo and an isolated
H-atom, as defined as BDEqy. The calculated BDEqy values for
%2/ and *1 are virtually the same in the gas phase, which is not
surprising as both complexes are iron(iv)-oxo intermediates.
Therefore, geometrically very little differences in the hydrogen
atom abstraction reactions will be obtained. The energy gap
between the two BDEgy values widens to 10.2 kcal mol™* in
favour of 2’ when solvent, thermal and entropical corrections to
the energy are included.

In the case of BDEgy, solvent corrections stabilize the value
of 2’ over 1 by 7.3 kcal mol ™', whereas thermal and entropic

@) EA, = 316.9 EA,=2015
192.0) 2+ (129.5) +
-3+ ( a n
(,F?, [190.5] s [126.0] o,
7° - 70" - 7T
22" [Fe"V(O)(BQEN"*)(NCCH3)]** *1: [Fe'V(O)(BQEN)(NCCHg)[** [Fe"'(O)(BQEN)(NCCH,)]*
BDEOH,Z =915 BDEOH11 =93.5
(96.9) (91.6)
[86.5] [76.3]
H\O -3+ H\O -2+
II:/ II:/
/|e /|e
[Fe'V(OH)(BQEN)(NCCH3)** [Fe'l(OH)(BQEN)(NCCHa)]?*
(b) |Egg = 196.9
(157.7)
C CH,4 [157.0] . CHj
BDECH,EB =823 BDECH,EB+ =41.2
(82.0) (41.4)
[75.1] [35.9]
Fig. 5 (a) Thermodynamic reaction pathways for electron and hydrogen atom abstraction by 1 and 2. (b) Thermodynamic reaction pathways

for electron and hydrogen atom abstraction by EB. All data obtained from a geometry optimization at UB3LYP/BS2. Data (in kcal mol™) reported are

AE + ZPE in the gas-phase (AE + ZPE in solvent) [AG in solvent].
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corrections add a further 4.9 kcal mol™*. These BDEqy values,
therefore, would predict higher reactivity of ?2’ over *1 in
solvent for hydrogen atom abstraction reactions.

The major differences between 1 and 2/, however, are related
to their electron affinities or reduction potentials. Thus, >2’ has
a large electron affinity (EA,) of 316.9 kcal mol™ ' in the gas-
phase and AG,y, = 190.5 kecal mol . It is worth noting that for
all calculations we find almost equal values for AE + ZPE + Eyq,
and AGs,, therefore, entropic and thermal corrections to the
solvent corrected enthalpies have a negligible effect on the
individual reactions studied. The electron affinity of *2’ is con-
siderably larger than that found for *1, where values of EA; =
201.5 keal mol " in the gas-phase and AGq, = 126.0 kecal mol ™"
are found. Consequently, 22’ has a AGs.y, = 63.5 keal mol™* larger
electron affinity than *1 and will be more susceptible to react by
electron abstraction from substrates.

For completeness we also include in Fig. 6 the thermodynamics
for the ethylbenzene substrate for removal of an electron and
the C-H bond strengths of the benzyl group of ethylbenzene
and the ethylbenzene cation radical. As already mentioned
above the ethylbenzene cation radical has a considerably
weakened C-H bond strength of AG, = 35.9 keal mol™" as
compared to EB. Consequently, hydrogen atom abstraction
from EB"® will have a low barrier.

To find out whether a reaction of *2’ and *1 with EB would
lead to a large thermodynamic driving force for electron transfer,
the free energy in solvent for the reactions given in eqn (4) and
(5) was calculated. Thus, the electron transfer from EB to *2/ is
calculated to be exergonic by 33.5 kcal mol ', whereas the one
originating from °1 is endergonic by 31.0 kcal mol " instead.
These two reactions implicate that in a collision between 2’ and
EB the driving force will trigger an electron abstraction from EB,
whereas that will not be the case in a collision between *1
and EB. The large EA, value will, therefore, lead to a large driving

Paper

force for electron transfer from suitable substrates including
ethylbenzene to 2’. Moreover, the thermodynamic reaction path-
ways given in Fig. 5 give further evidence of a likely electron
transfer between EB and 2’

22/ + EB — *1 + EB™ [AGyo, = —33.5 kcal mol™']  (4)

*1 + EB — “[Fe"(O)(BQEN)(NCCH,)]" + EB™*
[AGgol = +31.0 keal mol ™) (5)

Despite the fact that the BDEqy values of 1 and 2’ are
virtually the same, actually at the free energy level with solvent
included they are separated by about 10 kcal mol*. However,
much more dramatic differences in the electron affinity of both
complexes are found. Thus, the bond dissociation energy to
break the A-H bond (BDE,y) - or hydrogen atom abstraction
ability of compound A - can be split into an individual electron
and proton transfer via eqn (6), whereby AG,.iq represents the
acidity of the weak acid AH, EA, is the electron affinity of A, and
IEy the ionization energy of a H-atom. The experimentally
reported value of IEy is 13.598 eV.*

A-H - A+ H + BDE,y (6a)

BDEan = AGacidan — EA — IEy (6b)

Using the data from Fig. 5 and the known IE value we calculate
a AG,eq of 590.5 kcal mol ™" for [Fe'V(OH)(BQEN)(NCCH,)]*",
whereas proton transfer to 1 gives the complex [Fe™(OH)-
(BQEN)(NCCH3;)]*" with AG,eiq = 515.9 keal mol™". The large
difference between EA, and EA;, therefore, has a direct impact
on the acidity of the iron(ur)-hydroxo group and makes it consider-
ably more acidic. The origin of the difference in electron affinity of
1 and 2’ is due to difference in electron transfer processes. Upon
reduction of >2 an electron is transferred into the low-lying T*BQEN

orbital to form a triplet spin ¥, n*,,' 7*,," T*pqen’ configuration.

EA = 232.1 EA = 108.4
- R Y I
Si- — - — Sié=
[Fe'V(O)(BQEN**)(OH)1** [Fe'V(O)(BQEN)(OH)[* [Fe"(O)(BQEN)(OH)]°
BDEoy = 93.5 BDEoy = 93.6
(94.6) (90.0)
[84.0] [75.2]
H\(?/ o o,
7 7

[Fe'V(OH)(BQEN)(OH)]?*

[Fe''(OH)(BQEN)(OH)]*

Fig. 6 Thermodynamic reaction pathways for electron and hydrogen atom abstraction by [Fe(O)(BQEN)(OH)I?** and [Fe(O)(BQEN)(OH)*. All data
obtained from a geometry optimization at UB3LYP/BS2. Data (in kcal mol™) reported are AE + ZPE in the gas-phase (AE + ZPE in solvent) [AG in solvent].
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On the other hand, reduction of *1 leads to filling of the virtual c*,
orbital with a single electron. As the o*,. orbital is significantly
higher in energy than the m*gqgy orbital this means the reduction
of 1 will incur a much smaller electron affinity than adding an
electron to m*pqeN, Which is indeed what is found in Fig. 5.

To find out whether the cis-ligand of the metal-oxo group
affects the EA and AG,.q values, we did a further set of calcula-
tions on the electron and hydrogen atom transfer reactions for
complexes [Fe™(O)(BQEN™)(OH)J** and [Fe'(O)(BQEN)(OH)]",
i.e. complexes 2’ and 1 that have the acetonitrile ligand replaced
by OH . We should note here that replacement of the aceto-
nitrile equatorial ligand by hydroxide does not change the spin
state ordering and electronic configuration and these complexes
are characterized like 2’ and 1 above. Fig. 6 displays the
thermodynamic reaction pathways for [Fe™(O)(BQEN")(OH)]**
and [Fe™(O)(BQEN)(OH)]". Firstly, a very little effect of replacing
the acetonitrile with hydroxide is found on the BDEqy values of
the complexes. For [Fe"(OH)(BQEN)(OH)** we find a BDEgy
value of AG,, = 84.0 keal mol !, whereas its one-electron reduced
counterpart has a AGy,, = 75.2 kcal mol ', These values are
within 2.5 kecal mol ™" from those obtained with an acetonitrile
molecule in the cis-position. The situation, however, changes
dramatically for the electron affinities and acidity values of the
complexes when the acetonitrile ligand is replaced by hydroxide.
Thus, [Fe™(O)(BQEN")(OH)]** has an electron affinity of AGsqy, =
150.6 kecal mol ™, whereas the much lower value of 82.8 kcal mol™*
is found for [Fe'¥(O)(BQEN)(OH)]". These lowered electron affinities
with respect to complexes 2" and 1 also mean reduced acidity of
the protonated complexes, for which we find values of 548.2
and 471.6 kcal mol ™, respectively.

In addition, a reaction of [Fe™(O)(BQEN"*)(OH)J** with ethyl-
benzene is calculated to give an endergonic electron transfer of
6.4 kcal mol~ " using the data given in Fig. 5 and 6. Therefore,
replacing the acetonitrile equatorial ligand in complex 2’ with an
anion such as a hydroxide will affect the stability and reactivity
of the complex and will prevent a long-range electron transfer
with substrates like ethylbenzene. The electron transfer from
ethylbenzene to [Fe"™(0)(BQEN)(OH)]" is calculated to be even
more endergonic (AGgy, = 74.2 keal mol ') and consequently is
not likely to happen.

In summary, we establish reasons for the large thermo-
dynamic driving force for electron transfer from ethylbenzene
to 2’ as originating from a high electron affinity of the oxidant of
AGqq1, = 190.5 keal mol ™. This implies that the electron transfer
to the approaching substrate could be spontaneous for sub-
strates with an ionization potential below 190.5 kcal mol™* or
8.26 eV. Although, we calculate an ionization energy of 8.54 eV in
the gas phase actually in solution the value drops to AGgoy =
6.81 eV. Therefore, in solution the ionization potential of ethyl-
benzene is sufficiently low to incur a long-range electron transfer
to the oxidant and create *[Fe™(O)(BQEN)(NCCH;)**- - ->EB™*.

Finally, the thermodynamics values of Fig. 6 and 7 also
enable us to predict the hydrogen atom transfer driving force in
complexes RC, and RC;. As described above, RC, undergoes a long-
range electron transfer and converts to [Fe"(O)(BQEN)(NCCH,)[*
and EB'. This complex reacts via hydrogen atom transfer via

22620 | Phys. Chem. Chem. Phys., 2014, 16, 22611-22622
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Peo ==0.70 (~0.66)

% pes =—1.00 (~1.00)

pre=1.17 (3.16) pre = 113 (2.71)
po = 0.92 (0.69) o =0.90 (0.74)
Prea=—0.09 (0.15) Poy =—0.29 (0.30)

Prea==0.05 (0.08)

RC,, [Fe(O)(BQEN)(NCCH,)--EB]** [Fe(0)(TPA)(OH)---EB]>*

Fig. 7 Group spin densities of “?RC, and [Fe(O)(TPA)(OH)---EBI** as
calculated with UB3LYP/BS2 in solvent. High-spin data in parenthesis.

eqn (7) with a free energy change of —40.4 kcal mol . The DFT
calculations for this process, see ESI,{ implicated a free energy
change of AGg,, = —42.4 kcal mol™' for the formation of
the radical intermediate *I, and therefore its calculated value is
in good agreement with the value estimated from our thermo-
dynamic cycles.

[Fe™(0)(BQEN)(NCCH,)** + EB** — [Fe(OH)(BQEN)(NCCH,)*" +
CeH5CH'CH; [AGq, = —40.4 keal mol '] (7)

By contrast, if we do the same for complex RC; and take the
difference in free energy between the BDEy and BDEqy values of
oxidant and substrate, we find an almost thermoneutral hydrogen
atom abstraction reaction, eqn (8). Indeed, the DFT calculations
above predict a radical intermediate with an exergonicity of
6.9 kecal mol " with respect to the reactant complex in good
agreement with the thermodynamically estimated value.

[Fe™¥(0)(BQEN)(NCCH;)]*" + EB — [Fe''(OH)(BQEN)(NCCH,)]**

+ CgHsCH*CH;  [AGgop = —1.2 keal mol '] (8)

To test whether the electron transfer observed here in our
reactant complexes is a general feature that could be found
in alternative iron(v)-oxo complexes as well, we also decided
to investigate the well-studied [Fe(O)(TPA)(OH)]**, TPA = tris-
(2-pyridylmethyl)amine, system of Costas and co-workers.'%”
Previously, [Fe(O)(TPA)(X)]*" with X = halide or OH™ has been
used in studies of the cis-effect on substrate activation by metal-
oxo species, but also as a model for non-heme iron halogenases.
Technically the [Fe(O)(TPA)(OH)** is an iron(v)-oxo complex as
indeed confirmed by DFT calculations.*® The question, of course,
arises whether the oxidation state of the complex stays in the
iron(v) state upon approach of an ethylbenzene molecule. Thus,
we optimized the reactant complex [Fe(O)(TPA)(OH)- - -EB]** in
the doublet and quartet spin states at UB3LYP-D3/BS2 level of
theory and show the structures and group spin densities of the
complexes alongside those of “?RC, in Fig. 7.

The results in Fig. 7 show that upon approach of an ethyl-
benzene molecule to an iron(v)-oxo center, a long-range electron
transfer takes place from substrate to oxidant. Therefore, the group
spin densities of **RC, and [Fe(O)(TPA)(OH)- - -EB]** both refer to
an iron(v)-oxo complex with a nearby EB™ ion. Both complexes

have a doublet spin state with ©¥,,> T*,;' 7*,," Tgg' configuration,
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i.e. a triplet spin iron(iv)-oxo complex with a nearby doublet
cation radical ethylbenzene. By contrast the quartet spin state
configurations of these complexes have orbital occupation n*wz
Ty T, %' mgg! configuration with the ethylbenzene radical
anti-ferromagnetically coupled to three unpaired electrons on
the iron(iv)-oxo complex. Note that without ethylbenzene the
[Fe(O)(TPA)(OH)]*" complex converges to an iron(v)-oxo species
and no ligand radical is found. The TPA ligand, therefore, has
much lower lying molecular orbitals than a BQEN ligand
system and as a result the ngqpy orbitals become competitive
with the m*,,/n*,, orbitals on the FeO group. As a result of
this [Fe(O)(BQEN)(NCCH,)*" has an electronic configuration
representing an iron(iv)-oxo coupled to a ligand radical, whereas
[Fe(O)(TPA)(OH)]*" is an iron(v)-oxo species.

Conclusions

In summary, we present here the first comparative study on the
reactivity patterns of nonheme iron(v)-oxo versus iron(v)-oxo
intermediates. Upon approach of the substrate to the iron(iv)-oxo
ligand cation radical it abstracts an electron from the substrate
readily, and thereby creates an iron(wv)-oxo ligand cation radical
species. The perceived reactivity of the iron(v)-oxo species, there-
fore, is due to the activity of the iron(iv)-oxo ligand cation radical
instead. We also show that oxidation of ethylbenzene weakens the
C-H bond strength of the substrate and thereby lowers the
hydrogen atom abstraction barriers and leads to higher reactivity.
This is an example of how outer-sphere (long-range) electron
transfer can change the C-H bond strength of the substrate so
that a more efficient H-transfer becomes possible. The outer-
sphere electron transfer may be a common feature in transition
metal catalysis, but further research will be needed to find more
examples of this type of reactivity patterns.
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ABSTRACT: Metal-carbenes are common reaction intermediates in

chemical catalysis; however, very few catalysts are known with a trimetal- i
carbene active center. In this work, we describe a computational study /R'u
into the chemical and catalytic properties of a unique trimetal carbene »

containing a Ru,Pt-carbene core, [(CpRu),(4,-CH,)(us-NCH;)Pt(P- PR \R@ P(CHs)s
(CH;);),]), with and without bound CO. The chemical structure and |

individual orbital interactions are identified from a natural bond orbital <

analysis, and the reaction pathways for consecutive intramolecular CH;

and H transfer (or vice versa) are investigated. The studies show that CO binding has dramatic effects on the reaction mechanism
and weakens the Ru—H bond strength. The reaction processes are rationalized by valence bond models and thermochemical
bond strength studies. The work leads to suggestions on how to improve this chemical system for enhanced alkane synthesis.

Bl INTRODUCTION Scheme 1. Chemical Reaction Investigated in This Work

In industrial Fischer—Tropsch catalysis, alkanes are being H ., H .

synthesized from H, and CO gas on a r.net:q surface, whiFh is a Ph“}/ \Ru{ﬁ Ph“)’ \Ru%

process that was developed and exploited in Germany in the Rue ) Rie

1920s and 1930s as an alternative to fossil fuels." With Q} TN —_— %—H + PP(CH3)s)2

dwindling supplies of fossil fuels, urgent alternative sources are |‘\P(CH3)3 CHs

needed; however, the Fischer—Tropsch process is energetically P(CHa)s

demanding and wusually requires high pressures and/or 3

temperatures as well as expensive heterogeneous catalysts.”

Research on improving Fischer—Tropsch catalysis is hampered reaction mechanism and the chemical properties that drive the

due to the lack of knowledge of details of the reaction process. Currently, there is limited knowledge on the chemical

mechanism and the properties played by the metal surface. In system displayed in Scheme 1, and experimental studies failed

addition, few homogeneous catalysts are known that perform a to identify intermediates along the reaction mechanism. Hence,

Fischer—Tropsch-type reaction.> it is unclear how and why this chemical system operates and
Recently, the Matsuzaka group4 reported the synthesis and how it can be further improved. Moreover, there are very few

spectroscopic characterization of [(Cp*Ru),(u,-CH,)(us- examples in the literature of analogous processes, and this

NPh)Pt(P(CH,);),], which was treated with CH;OTf in chemical system may pose a novel synthetic route for the

diethyl ether and, after heating in toluene, produced a unique generation of alkanes on a carbene center.

structure (labeled as 3 in ref 4) with a trigonal sp® hybridized The aim of the studies in this work, therefore, is focused on

carbon atom linked to three transition-metal atoms. It was establishing the reaction mechanism of alkyl chain growth on

reported that structure 3 reacted via a Fischer—Tropsch-type the carbene center and the chemical properties of the reaction

reaction via H and CH; migration from the RuH and PtCH, center shown in Scheme 1. First, the chemical properties of the

ligands to form u,-CHCH; products (Scheme 1). Therefore, trimetal carbene center are poorly understood, and theory may

give insight into whether it would be a suitable catalytic center.
Second, it is unclear whether there is an initial H transfer,
followed by a CHj transfer or the reverse. Moreover, it may
very well be that both mechanisms are kinetically and
thermodynamically possible. Third, as shown in iron-porphyrin

structure 3 catalyzes the C—C and C—H bond formation
reactions for the synthesis of alkanes alike to the Fischer—
Tropsch process, which are thermodynamically difficult
processes. As such, structure 3 is one of the few homogeneous
Fischer—Tropsch catalysts available currently. However, little is
known of the reaction process and the overall potential of this
type of chemical system. In order to explore its possibilities Received: February 7, 2015
turther, it is important to fully understand the origin of the Published: April 30, 2015

W ACS Publications  © 2015 American Chemical Society 1651 DOI: 10.1021/acs.organomet.5b00305
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Scheme 2. Definition of the Chemical Model, and Nomenclature of Structures along the Reaction Mechanism
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chemistry, for many examples, the reaction can take place via B METHODS

proton transfer, hydrogen atom transfer, or hydride transfer.’
Furthermore, hydrogen atom and hydride transfer processes
may happen via proton-coupled electron transfer (PCET),
whereby the electrons move to a different donor site than the
protons involved in the reaction. Theory is the ideal tool to
distinguish between these mechanistic pathways and to
establish the electronic features that drive this important
mechanism. In addition to the reactivity questions and the
synthesis of alkyl groups on this carbon center, there are also
questions related to the chemical structure of the central carbon
atom in 3 itself. Thus, an sp> hybridized carbon atom would
make 3 a carbocation with a planar conformation, which is
unlikely given the fact that the carbon atom is surrounded by
positively charged metal ions. On the other hand, if the carbon
atom is negatively charged, i.e., a carbanion, it would have a
pyramidal structure because of its sp*> hybridization, which is in
disagreement with the experimental crystal structure coor-
dinates. Clearly, the structural and reactivity features of this
complex are poorly understood, and theory may provide insight
into its electronic and structural features.

The Ru,PtC core of structure 3 is an unusual structure in
chemical catalysis but shows some resemblance to Grubbs
catalyst,® where the metal is covalently linked to a carbon atom
through either a single, a double, or a triple bond. However, as
far as we know, there are no reported catalysts in the literature,
where the carbon atom is ligated to two Ru atoms and a Pt
atom. There are several examples in the literature of carbido
centered structures, where the carbon atom is bound to three
or more metal atoms,” but very few of these show catalytic
activity. It, therefore, remains unclear why structure 3 is reactive
for the formation of alkyl groups from individual methyl,
hydrogen, and carbon groups. In order to gain insight into the
peculiar structure and reactivity of 3, we decided to do a
computational study and establish the electronic and
thermochemical features. As we will show here, our studies
give fundamental insight into the nature of the metal—carbon
bond and characterizes structure 3 as a trimetal carbene that
can react via sequential methyl and hydrogen atom transfer to
form p,-CHCHj. These results may have direct relevance to
heterogeneous catalysis on metal surfaces.
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The calculations reported in this work were performed using density
functional theory (DFT) methods as used previously on transition-
metal complexes by our groups,® and are implemented in the Jaguar
7.7° and Gaussian 09'° program packages. Initial geometries were
optimized (without constraints) in Jaguar using the hybrid density
functional theory method B3LYP'' coupled with an LACVP basis set
(including a core potential) on ruthenium and platinum and 6-31G on
the rest of the atoms: basis set BS1.'> A subsequent analytical
frequency in Gaussian confirmed the structures as local minima with
real frequencies only or first-order saddle points with one imaginary
frequency for the correct mode. Energies were then improved by
running a single point calculation in Jaguar using a triple-{ quality
LACV3P+ basis set on iron and 6-311+G* on the rest of the atoms:
basis set BS2. We also tested the effect of dispersion on the reaction
energies by doing a UB3LYP-D3 single point calculation in Jaguar
using the model of Grimme and co-workers.'* For a selection of
chemical systems, i.e., reactants and transition states, we did geometry
optimizations at UB3LYP/BS2 and UB3LYP-D3/BS2, but found very
little changes with respect to those obtained at UB3LYP/BS1. Since
transition-metal complexes often react via multistate reactivity,'* we
calculated the complete potential energy profile on the lowest-lying
singlet, triplet, and quintet spin states; however, in all cases, the singlet
spin state was the ground state and well separated from the other spin
states. Energies reported in this work contain B3LYP/BS2 energies
and include zero-point and solvent corrections (calculated with
B3LYP/BS2 using the polarized continuum model with a dielectric
constant mimicking toluene).

As occasionally DFT calculations on spin state ordering and relative
energies of transition-metal complexes show fluctuations depending on
the choice of the density functional method,'® we decided to do a
series of test calculations with alternative DFT methods, namely,
B3LYP-D3,"* BP86,'® M06,"” OPBE, and PBEO; see the Supporting
Information.'® Similar to previously reported calculations on
analogous systems,'® these studies confirmed the trends and did not
change the conclusions.

The methods described here were benchmarked previously on
transition-metal-containing systems and compared with experimentally
determined data, which gave free energies of activation within 4 kcal
mol ™! from experiment,”® but also gave reasonable agreement for
spectroscopic data, where they reproduced resonance Raman, EXAFS,
and Méssbauer data excellently.*" To locate transition-state structures,
we ran extensive geometry scans between the various local minima and
used the maximum of those scans as a starting point for the actual
transition state searches. Moreover, these scans confirmed that
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Figure 1. Optimized geometry of A and B as calculated with B3LYP with bond lengths given in angstroms. The right-hand side displays relative
energies of the natural orbitals of A and gives drawings of the metal-carbon interactions.

reactants and products indeed connect via the reported transition
state.

Our chemical model (Scheme 2) is based on the crystal structure
coordinates of [(Cp*Ru),(u,-H)(u,-NHPh)(u;-C)PtCH;(P-
(CH,);),]%* whereby we replaced the Cp* groups with Cp and
phenyl by methyl: Structure A. The stereochemical effects of the
methyl groups of the P(CHj;); groups on the reaction mechanism
were investigated by replacement of the P(CH,); groups with PH,.
The latter structures are identified as A’, Iyy', and Iy’ As the
chemical system is saturated in carbon monoxide, we also created a
model with two CO molecules bound (one on each Ru center):
Structure B. We investigated the pathways starting from structures A
and B for hydrogen atom abstraction to form Iy, /Ipy; intermediates
via transition state TS, 11,/ TSp; as well as the alternative pathway for
initial methyl transfer via transition states TS y;/TSppe; to form
intermediates Ij1/Ippe;. Subsequently, the methyl group is
transferred to Iy /Iy, via transition state TSy e/ TSp e to form
products. Alternatively, in the reactant, a methyl group is relayed to
form Inne1/Igmer, followed by a hydrogen atom migration via
transition state TS, y,/TSg 4, to form products (Scheme 2).

Charges reported in this work were obtained from a natural bond
occupation (NBO) calculation as implemented in the Gaussian
program package at the B3LYP/BS2 level of theory.””

In order to fully understand the thermodynamics and kinetics of the
mechanism of the overall chemical reaction, we calculated the bond
dissociation free energies (BDFEs) of key Ru/C—H and Pt/C—CH,
bonds in complexes A, B, In e, Ipners Tapis Iy Pasy and Pryy. The
release of either H®, HY, CH;*, or CH;" from these four complexes as
described by eqs 1—4, whereby each individual structure was calculated
through a full geometry optimization to give the adiabatic bond
dissociation free energies. In addition, we calculated the methylenium
transfer Gibbs free energy (MTFE) and the proton transfer Gibbs free
energy (PTFE). The latter was calculated through the use of the H,0/
H;0" couple to balance the equation. As there were large structural
changes upon H/CH; bond breaking on the various complexes, we
also calculated the diabatic bond dissociation free energies, or vertical
bond dissociation free energies, whereby we took the optimized
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geometries of A, B, Iyne1, Inmeny Iamn Iy Pap and Ppy and ran
single point calculations with either H®, H', CH,*, or CH;" removed.

A" > [A—H]" + H* + BDFE, (1)
A" — [A-CH;]" + CH;" + BDFE,,, (2)
A" + H,0 - [A-H]’ + H,0" + PTEE (3)
A" > [A—CH;]’ + CH," + MTEE (4)

B RESULTS AND DISCUSSION

Before we discuss our calculated reaction mechanisms, let us
briefly summarize the main results on our reactant structures, A
and B, and establish their chemical properties. The optimized
geometries of A and B are shown in Figure 1. The obtained
bond distances of A are to within 0.011 A of the crystal
structure coordinates reported in ref 4, and as such, the DFT
calculations give reasonable chemical structures. The Pt—C
bond of 1.960/1.947 A in A/B represents a single bond and is
in good agreement with several regorted Pt—C containing
crystal structures from the literature.”> The two Ru—C bonds
are very close in bond length in A, and the fact that one of the
two atoms is protonated, therefore, appears to have little effect
on its interaction with carbon. However, addition of two CO
molecules strongly affects the Ru—C bond lengths, and one of
those is elongated to 2.126 A in B. Ru—C bond lengths found
here are typical for a single bond and compare to analogous
structures reported before.** Therefore, addition of two CO
molecules to structure A does not appear to have drastically
changed the molecular geometry and keeps its original features.

The experimental studies of ref 4 implicate the hydride to
bind as a bridging ligand to both Ru atoms, whereas Figure 1
gives a terminal-hydride atom that is linked to a single Ru atom.
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We created starting structures for a geometry optimization
using both a bridging hydride atom as well as a terminal
hydride atom. However, both of these calculations (whether
CO was used as ligands or not) converged to the structure with
a terminal hydride atom. This implies that a structure with a
bridging hydride atom will be a higher energy state and possibly
inaccessible.

As transition-metal complexes containing iron or ruthenium
generally contain close-lying spin states and often react via
multistate reactivity patterns, = structure A was optimized in the
singlet, triplet, and quintet spin states. The closed-shell singlet
spin state is the ground state and is well separated from the
triplet and quintet spin states by AGg,, = 17.1 and 44.8 kcal
mol™!, respectively. These values change by less than 1 kcal
mol ™" when solvent corrections are included. Clearly, structure
A is a closed-shell species that will react via single-state
reactivity in contrast to metal(IV)-oxo and metal(IV)-nitrido
complexes from the literature.”

In order to shed light on the bonding pattern of the central
carbon atom, we did a natural bond orbital (NBO) analysis of
structure A. Thus, the NBO analysis reveals three bonding type
orbitals for the central carbon atom, namely, three single bonds
for the interaction with the two Ru atoms and the Pt atom. The
Opc orbital represents the o-bonding orbital between Pt and C
and is built up from the interaction of the 5d: orbital on Pt
with the 2p, orbital on C. In addition, there are two single
bonds between the carbido atom and the two Ru atoms, which
result from the mixing of the 2s, 2p,, and 2p, atomic orbitals on
C with the 4d,> orbital on Ru or the 4d,>_,> on Ru(H). As such,
the central carbon atom is sp* hybridized. However, the fourth
valence orbital on carbon is a virtual 2p, atomic orbital. The
NBO analysis, therefore, assigns the central carbon atom as a
carbene with three sp* hybridized orbitals that are occupied
with two electrons in an orbital donating to Pt (6p), and two
bonding orbitals where both C and Ru donate one electron
each into the bond (6p,c, Orac)- This hybridization scheme
gives the central carbon atom its planar structure (Scheme 3).

Scheme 3. Hybridization Scheme of A and B

RuQ ORU
QD
0
¥
Pt

As such, the chemical structure of Ru,CPt represents a Fischer-
carbene, where the lone pair of the carbon atom interacts with
an empty Pt orbital and the 7-type Pt orbitals give backbonding
into the empty 2p, orbital of the carbene.”® The NBO charges
displayed in Figure 1 reveal a charge-neutral carbon atom (Qc
= 0.04) that is surrounded by slightly negatively charged metal
atoms. Consequently, there is very little charge built up in this
chemical system.

Subsequently, we calculated the potential energy profile for
H,-CHCHj; formation starting from A and B. We tested two
mechanisms as shown in Figure 2: (i) initial hydrogen transfer
from RuH to the carbene, followed by methyl abstraction, and
(ii) initial methyl transfer from PtCHj, followed by hydrogen/
proton transfer. Figure 2 starts from the center with A/B and
follows the two possible reaction mechanisms: The initial H
transfer (mechanism to the right) and the initial CH; transfer
(mechanism to the left). The two mechanisms are described as
follows: In the first case, the metal-carbene group abstracts a
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hydrogen atom from the RuH group via a transition state TSy
to form the H-transfer intermediate Iy;;. A subsequent CHj
transfer from the PtCH; group via a barrier TSy, gives the y,-
CHCH; bound product P. We also tested the alternative
pathway starting with an initial CH; abstraction by the metal-
carbene group via transition state TSy, leading to the methyl
transfer intermediate I;,;. This intermediate then reacts further
by H abstraction from RuH via a transition state TSy, to form
product P.

We attempted to also locate the alternative synchronous
transfer of both hydrogen and methyl group at the same time to
the carbene atom; however, all calculations converged to one of
the lower-lying transition states (or local minima) described in
this work. Previously, we calculated the concerted epoxidation
reaction of an olefin by an iron(IV)-oxo heme cation radical
system and found it to be a second-order saddle point that is
well higher in energy than the stepwise transition states.””

Dramatic differences in relative energies and optimized
structures are found for the pathways starting from A or B;
however, in both cases, the H-atom transfer reaction has the
lowest Gibbs free energy of activation of AG* =19.6 (3.1) keal
mol™ for A (B). Nevertheless, in both cases, it is not the rate-
determining step as the subsequent CHj transfer to form
products gives an additional barrier with a maximum of 23.1
(24.2) kcal mol™. Therefore, the reaction that is initiated with
H-atom transfer from A has an unfeasible Gibbs free energy of
activation of 42.7 kcal mol™ for TS, ., with respect to A and
will not be able to proceed through that pathway. On the other
hand, this barrier for structure B is much lower in energy, but
still would imply a relatively slow reaction process. This is in
agreement with experimental observation that found evidence
of a structure with analogy to Iy, but the methyl group bound
to one of the Ru atoms, which would imply a fast hydrogen
abstraction, followed by a much slower methyl transfer. The
origin of the enhanced stabilization of CO bound intermediate
I 15, with respect to Iy, comes from the structural differences.
Thus, without CO bound, the carbene carbon atom
pyramidalizes much more and the dihedral angle dcgupupe =
43.3° in Iy, whereas it is 25.7° in Iyy;. The large
pyramidalization causes contraction of the chemical system
and more stereochemical repulsions of the P(CH;); groups
with the RuCp groups that destabilize the structure.

The alternative pathway with an initial CHj transfer, on the
other hand, has a calculated Gibbs free energy of activation of
AG* = 21.5 (25.4) kcal mol™ for A (B) and, therefore, is
disfavored over the initial H-atom transfer process. However,
this reaction leads to a very stable intermediate Iy, with an
exergonicity of almost 10 kcal mol™', whereas the reaction is
endothermic for the formation of Iyz;. Its subsequent H-atom
transfer leading to products only has a Gibbs free energy of
activation of 18.3 (6.2) kcal mol™ from intermediates for A
(B). Therefore, product formation is a viable, but kinetically
slow, pathway through this channel for both structures A and B,
whereby it is the dominant mechanism for A and competitive
with initial hydrogen atom abstraction for B. Binding of CO
molecules to the reaction center, therefore, changes the
regioselectivity of the chemical reaction in favor of initial
hydrogen atom abstraction. In previous work on the
regioselectivity of substrate epoxidation versus hydroxylation
by iron(IV)-oxo complexes, we showed that changes to the
ligand system of the iron or even replacing hydrogen atoms of
the substrate by deuterium atoms can reverse a regioselectivity,
and as such, the Ru,Pt-carbene complex is another example of a
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Figure 3. Optimized geometries of A’, I \s.,", and 1,yy,” with bond lengths in angstroms.

chemical catalyst that changes its reactivity upon ligand
modifications.*®

The origin of the differences in stability of I, ., versus Ip
stems from differences in location of the transferring hydrogen
atom. Thus, in I, s, the hydrogen atom is located close to one
Ru atom with Rul—H and Ru2—H distances of 1.604 and
2.521 A, whereas they change to 1.736 and 1.943 A,
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respectively, in Iyyg;. The structure with the bridging proton
is considerably destabilized with respect to singly protonated
Ru atom.

In summary, DFT establishes a possible alkyl synthesis
mechanism for A as a stepwise mechanism with an initial CH,
transfer, followed by H-atom transfer, whereas structure B
proceeds with competitive mechanisms via either initial CH;-
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or H-transfer processes. An analysis of the group spin densities
and charges (Supporting Information) along the complete
reaction mechanism shows that all local minima and transition
states are closed-shell singlet species with no radical built up
during the reaction. Accordingly, the reaction starts with either
proton transfer or CH;" transfer.

So, why is the reaction displayed in Figure 2 stepwise with
consecutive CHj;- or H-transfer processes, and what is the
function of the Ru,Pt scaffold? These questions will be
answered in the following discussion. Structurally, there are
major changes happening at the Ru,Pt-carbene center during
the reaction mechanism. Although A and B have an sp’
hybridized carbon atom that lies in the plane of the Ru,Pt
atoms, upon H/CHj transfer, the planarity is distorted and the
carbon atom relaxes to a pyramidal conformation due to sp®
hybridization. The pyramidalization is considerably more
pronounced for the CHj-transfer process than in the H-atom
transfer pathway as dihedral angles C—Ru—Ru—Pt of 50.4° for
Inner and 43.3° for Iy, are found. At the same time, the Pt—
Ru distances in I, shorten by as much as 0.8 A with respect
to A to well below 3 A, while, in I, they stay considerably
longer: rpg, = 3.086 and 3.370 A. These large structural
changes for the CHj-transfer pathway will have an effect on the
reaction energetics and kinetics as well as on the relative
stability of Iy versus Iny. Thus, the Pt atom in Iy only
has three ligands due to CHj transfer to the carbon atom,
which means limited stereochemical interactions between the
two P(CH,); groups and the rest of the molecule so that the Pt
atom can approach the two Ru atoms closely. In Iy, the Pt
atom remains tetracoordinated and the stereochemical
interactions between all ligands and the rest of the molecule
prevent a close approach to the Ru,C center. As a consequence
of the stereochemical repulsions, Iy, is considerably
destabilized over Iy, and the reaction pathway with initial
H-atom transfer is energetically disfavored.

To further establish these stereochemical interactions in I,
versus I 1, we did a subsequent set of calculations on these
structures, but with the P(CH,); groups replaced by PHj:
structures Iy, and Iy.,” (Figure 3). The optimized
geometry of A’ (Figure 3) is very close to that reported
above for A in Figure 1, and only minor changes in bond
lengths are obtained. Clearly, the P(CH;); groups have little
effect on the structure of the Ru,PtC core of our chemical
system. A similar situation occurs for I, ,’, which has large
structural similarities with I,y reported in Figure 2. Major
changes, however, are seen when I,y is compared to Ly,
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Thus, one of the Ru—Pt distances decreases from 3.370 to
3.116 A, and as a consequence, the pyramidality of the carbon
center changes from dcgypyp; = 43.3° in I 5 to a value of 51.9°
in Iy, This has a major effect on the stability of I, ", and it
is stabilized by 6.0 kcal mol™" with respect to A’; however, the
I me1” remains the most stable conformation. This implies that
the P(CHj;), groups incur a destabilizing effect on the reaction
mechanism, but will not reverse the preference of initial CH;
transfer over H-atom transfer.

To gain insight into the electronic changes during the
reaction mechanism, a NBO analysis was also performed on the
intermediate and product complexes. The NBO calculation
reveals a configuration on the central carbon atom of 2s"%2p*%?
for I pr; and 25M182p%10 for I, z;- Both intermediate complexes,
therefore, have an electronic configuration close to sp’
hybridization, and as a consequence, their geometries have
changed from planar to pyramidal, in agreement with the
optimized structures.

In order to fully understand the thermodynamics and kinetics
of the mechanism displayed in Figure 2, and, in particular, gain
insight into the electron transfer mechanisms during the
reaction processes, we set up valence bond (VB) curve crossing
diagrams (Figure 4) for the methyl transfer and hydrogen atom
transfer steps. We applied these VB curve crossing diagrams
previously to rationalize the reaction mechanisms of substrate
activation (hydroxylation, epoxidation, desaturation, and
sulfoxidation) by Compound I of cytochrome P450 enzymes
as well as the nonheme iron(IV)-oxo species of dioxygenases.””
These studies rationalized reaction mechanisms and, for
instance, explained why a reaction was stepwise via a radical
intermediate rather than synchronous (concerted). Further-
more, in the case of P450 Compound I, several possible
electron transfer pathways in substrate hydroxylation by
Compound I were identified via either an iron(IV)-hydroxo
intermediate or an iron(IIl)-hydroxo heme cation radical, and
different activation barriers (and consequently rate constants)
were identified that passed these individual intermediates.*® VB
diagrams explained the differences in electron transfer pathways
and rationalized the ordering of the various electronic and spin
states. Finally, the VB diagrams were used to find patterns in
activation energies/rate constants and create predictive models.
As such, these VB curve crossing diagrams may also find their
use in organometallic chemistry, and therefore, we applied it to
the chemical system described here.

The VB curve crossing diagrams start at the bottom-left with
the reactant electronic configuration and wave function (¥y) of
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A/B, which is a carbene where two sp® electrons form bonding
orbitals with electrons on the two ruthenium atoms and the
other two electrons represent a lone pair orbital that donates a
bond to Pt. Each of the dots in Figure 4 represents one of these
valence electrons. In part (a) in Figure 4, the reaction follows
the methyl transfer from Pt to carbene and the structure on the
right-hand side gives the electronic configuration of Iy, with
wave function Wy. In Iy, the central carbon atom is sp’
hybridized and forms a single bond with Ru, Ru, Pt, and CH;.
In VB theory, the wave functions of the reactant and product
complexes cross, i.e., Wy and Wy, in Figure 4a, and lead to an
avoided crossing and a transition state for the reaction from
reactants to intermediates.>’ Thus, the curve crossing energy
(AEy) is above the actual transition state (AE,y;¥) by a factor
B, which is called the resonance energy. It has been shown that
the barrier height can be described by the difference in energy
by a fraction (f) of the promotion gap (G) and the resonance
energy B: AEyF = fGyr — B. The promotion gap signifies the
excitation energy from the ground state wave function to the
product wave function in the geometry of the reactants; ie,
Gyr is the energy difference between Wy and Wy* in the
reactant geometry. The VB diagrams also give chemical
structures of the reactant and product wave functions of the
ground and excited state species with valence electrons
identified with a dot.

A close inspection of the VB diagrams in Figure 4 shows that
the promotion gap for methyl transfer (Gyr) represents the
breaking of the Pt—CHj; bond and the formation of a new C—
CH,; bond. In addition, the VB structures of Wy and Wy* show
that the carbene carbon is rehybridized from sp> to sp’
hybridization and one electron of the lone pair orbital pointing
toward Pt is promoted into the new sp® orbital. At the same
time, the electron from the broken Pt—CH; bond moves into
the carbene—Pt bond. Thus, the promotion gap also contains a
component for the excitation energy of the carbene from sp® to
sp® hybridization (E, ), which essentially requires a promotion
of an electron from the op, orbital to the virtual 2p, molecular
orbital on carbon. Energetically, Gy can be described in terms
of the bond dissociation energies (BDEs) of the respective
bonds that are broken and formed in the reaction process (eq
5), whereby BDEy ¢y, represents the Gibbs free energy to break
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the Pt—CH; bond in A/B and BDEccy, is the Gibbs free
energy to form the C—CH; bond in I pp.1/Tp per-

Gyr &« BDEpcy, — BDEccy, + Eq ¢ (5)

The situation is dramatically different for hydrogen atom
transfer from A/B, as shown in Figure 4b. Thus, the barrier
height for hydrogen atom transfer (AEy) is proportional to
the promotion gap for hydrogen atom transfer (Gyr), which
correlates with the strength of the Ru—H bond that is broken
(BDEg.y), the strength of the C—H bond that is formed
(BDEcy), and again the excitation energy for the carbene to
change from sp” to sp* hybridization. In addition to these three
terms, the promotion gap Gyr also contains a component for
the electron transfer energy from Ru to Pt (ETg,_p,). The
hydrogen atom transfer process, therefore, incurs extra electron
reorganization energy in the Ru,Pt-carbene scaffold, which is
not necessary for the methyl transfer step. The overall
preference of hydrogen atom transfer versus methyl transfer
will depend on the relative strengths of the bonds that are
broken and formed in the process and the electron
reorganization energy. To find out whether there are major
differences between the BDE values in eq S and those in eq 6,
we decided to calculate their values with DFT.

Gyr &« BDEpy — BDEcy + E ¢ + ETpyp

(6)

As the VB drawings in Figure 4 only give qualitative analysis
of electron transfer processes and no actual quantitative values,
we decided to calculate BDEs and bond dissociation free
energies (BDFEs) of key Ru/C—H and Pt/C—CH; bonds in
complexes A, B, Iy, and I, ;; by calculating the release of a
H*, H*, CH;®, and CH;" from these four complexes according
to eqs 1—4 above. Figure S displays the diabatic driving forces
for H/CH, release from complexes A, B, Iy, and Iy, We
initially calculated the adiabatic BDFE calculations, whereby we
did a full geometry optimization of all individual chemical
structures in eqs 1—4 and then took the difference in Gibbs free
energy for each of these reactions. However, due to
considerable rehybridization of the central carbon atom and,
as a consequence, large geometrical changes in some of the
structures, the adiabatic BDFE values gave unrealistic results.
For instance, the adiabatic bond dissociation energy for the
breaking of the Ru—H bond in A appears negative, which
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Figure 6. Energy decomposition of the methyl and hydrogen atom transfer reaction from A. Gibbs free energies given are in kcal mol™.

would imply spontaneous dissociation, in disagreement with
the experimental crystal structure. However, this did not
happen during the geometry optimization, and consequently,
there is a significant barrier for this process. Another reason the
adiabatic energies give unrealistic results is the dramatic
structural changes upon removal of one ligand, ie, H or
CH;, which changes systems from hexacoordination to
pentacoordination, ie., from an octahedral to a trigonal
bipyramical structure, which leads to major changes in
electronic structure.’”” Conversely, when we calculate the
diabatic Gibbs free energy change by taking the H and [A—
H] products in the geometry of A, then the BDFE is positive.
The same is found for the dissociation of a methyl group from
A. By contrast to structure A, the adiabatic and diabatic bond
energies in structures Iy, and Iy are very similar and vary
by less than 6 kcal mol™. In the following, however, we will
focus on the diabatic bond dissociation free energies.

As can be seen, the strength of the C—H bond in A is
considerably different from that obtained for B. Thus, the
BDFEy for A is 45.5 kcal mol™ in solvent, whereas a value of
34.5 kcal mol™ is found for B, and as a consequence, the
hydrogen atom transfer should be much easier with the CO
bound complex then with complex A. Indeed, the potential
energy landscape in Figure 2 shows that formation of Iyy; is
exergonic by —1.2 kcal mol ™', whereas it is endergonic for Lo mi-
Thus, CO binding affects the chemical structure of the Ru
centers and weakens the Ru—H bond and makes it more
susceptible for hydrogen atom transfer. Despite the fact that the
subsequent methyl transfer still has a barrier of about 28 kcal
mol™" (virtually unchanged with respect to A), it is now
sufficiently low to cross at ambient temperatures and pressures.
On the other hand, the platinum—methyl bond is much
stronger in the CO bound structures and results in a
considerable raise in the Iy, energy.

Thermodynamically, the driving force to form Inpnei/Iam
from A represents the breaking of a weak Pt—CHj; or Ru—H
bond and the formation of a much stronger C—CH,;/C—H
bond. Hence, the reaction should be strongly exergonic, which
is seen for the reaction via I s, in Figure 2, but not for the one
via I 7;. Thus, the hydrogen atom transfer from Ru in A to the
carbene to form Iy, results in the breaking of the Ru—H bond
of BDFEy, = 65.7 kcal mol™" in the gas phase and the formation
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of a C—H bond with a diabatic value of 108.6 kcal mol™?, and if
the driving force was solely dependent on the change in bond
strength, the reaction would have been exergonic by 42.9 kcal
mol™ . As shown in Figure 2, however, this reaction is
endergonic by 17.2 kcal mol™', which implies that the
stereochemical and electronic effects, ie., the sp* to sp’
rehybridization (E.c) and the Ru — PT electron transfer
(ETgy—p), account for a destabilization of Iy, by about 60
kcal mol ™" in Gibbs free energy. This is explained schematically
in Figure 6, where we deconvolute the processes from A to
Ispe1 and from A to Iy, into factors for bond breaking and
formation (6BDFE) and quantum mechanical effects (Eqy).
Thus, the methyl transfer reaction from 3 results in the
breaking of the Pt—CHj; bond, which requires a BDFE), 4i.patic
= 47.6 kcal mol™, and, at the same time, the formation of the
C—CH; bond (BDFEy giupasc = 75.9 keal mol™). Therefore,
the change in bond dissociation Gibbs free energy for the
methyl transfer is —28.3 kcal mol™". The reaction mechanism in
Figure 2 found the methyl transfer process to be exergonic by
9.9 kcal mol™', which implies that the quantum mechanical
effect of the process accounts for 18.4 kcal mol ™. The quantum
mechanical effect includes the rehybridization energy of the
carbene group and the geometric and stereochemical factors
associated with the methyl transfer. By comparison, the
hydrogen atom transfer shows a much larger change in bond
dissociation energy due to the strong C—H bond that is formed
(SBDFEy gipatic = —42.9 keal mol™"). However, this reaction
incurs a large quantum mechanical effect of 60.1 kcal mol™" and
thereby makes the overall process highly endergonic. The
quantum mechanical effect includes the rehybridization of the
carbon atom, which will probably be of the same order of
magnitude as that found for the methyl transfer process, i.e.,
about 18 kcal mol™!. In addition, there are the above-
mentioned stereochemical repulsions of the methyl groups of
the P(CH,); moieties that raise Iy, by about 6 kcal mol ™.
Finally, the electronic effects (Eqy) for the hydrogen atom
transfer reaction include the electron transfer energy from Ru
to Pt, as described in the VB diagram in Figure 4.

In addition to removal of H/CH; from our reactant
complexes and intermediates, the breaking of the bond into
two ions was also investigated and is described as the proton
transfer Gibbs free energy (PTFE) and methyl transfer Gibbs
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free energy (MTEFE). As follows from the data in Figure S, it
requires considerably more energy to break the Ru—H and Pt—
CH; bonds than a homogeneous splitting into Ru® + H* and
Pt* + CH;". The thermodynamic analysis confirms the results
described above in Figure 2, where either an H® or CH;® is
transferred rather than H* and CH;".

So what about the next step for the formation of u,-CHCH,
products? The reaction from I, to products results in the
breaking of the Ru—H bond and the formation of a new C—H
bond. By contrast, the pathway from I, 3, leads to the breaking
of the Pt—CH; bond and the transfer of the methyl group to
carbon. However, this process breaks the C—Pt bond and the
Pt(P(CHs,);), group is left behind with two unpaired electrons.
Thus, an electron on Pt is promoted into a virtual orbital and
the reaction proceeds via a high energy pathway. Indeed, the
DEFT calculated potential energy profile in Figure 2 gives a high
barrier for TSy pre, in agreement with this.

In summary, DFT calculations presented here show a novel
pathway for the synthesis of linear alkanes on a trimetal-carbene
center. The chemical system discussed here, however, is
inefficient as the lowest-lying initial barrier is for hydrogen
atom transfer, which leads to a dead-end reaction intermediate.
By contrast, the initial methyl transfer can be followed by
hydrogen atom transfer to lead to products. The question is
how this catalyst may be improved for alkane synthesis. The
thermodynamic and VB schemes above give some clear
indication to this. As shown in eqs 5 and 6, above, the barrier
heights TSy, and TS, are dependent on the Ru—H and Pt—
CH,; bonds that are broken and the C—H and C—CH; bonds
being formed. Consequently, a chemical system with a weaker
metal—CHj; bond should react predominantly via initial methyl
transfer and may be more efficient. The work described here
may have relevance to biological and heterogeneous catalysis
for the synthesis of alkanes. In particular, in heterogeneous
catalysis, linear alkanes are generated on a metal surface using
often CO and H, as reactants. It may very well be that the
trimetal-carbene structure discussed here is a common type
intermediate in heterogeneous catalysis, but further research
will have to be performed to establish this.

B CONCLUSIONS

In summary, our calculations establish the key features of a
synthetic homogeneous catalyst for alkyl chain growth. A
combination of DFT, NBO, VB, and thermochemical studies
has been performed and establish the intrinsic chemical
properties of A or B. First, we characterize reactants as having
a Ru,Pt-carbene core where the lone pair is donated to Pt via a
bonding/backbonding configuration. Second, we find a low
energy mechanism of alkyl formation through consecutive
CH,* and H°® transfer to the carbene with low Gibbs free
energy of activation and exergonic driving force. We show that
the reverse process is thermochemically hampered and would
lead to an excited triplet configuration.

Overall, our work identifies a novel reaction for the synthesis
of alkanes that starts from a trimetal carbene. This unique
structure is shown to be capable of intramolecular methyl and
hydrogen atom transfer to the carbene to form p,-CHCH;
products as precursor to alkanes.
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