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Abstract

Nonheme iron enzymes are prevalent throughout nature and utilize oxygen as the
oxidant. While some intermediates are proposed, such as iron(I'V)-oxo and iron(III)-
peroxo species, the nature of the reactivity of these species has not yet been fully
explored. Nonheme synthetic iron model complexes allow for easy modification to probe
the reactivity of such species, and allow for characterization for later comparison with
enzymes.

This dissertation explores the reactivity of iron(IV)-oxo species supported by a
tetramethycyclam framework. Interesting, in contrast to what had been reported
previously, the electron-donating properties of the axial ligand do not correspond to the
hydrogen atom transfer (HAT) reactivity, while a consistent trend for oxygen atom
transfer (OAT) is observed. Ligand tethering is found to have a large impact on the
enthalpy of activation. It is proposed that the iron(IV)-oxo moiety rises out of the plane to
react, which forces tethered ligands to weaken the axial bond.

The activation of oxygen by synthetic iron complexes, in the presence of either a
hydrogen atom donor or an acid and a proton source, has been proposed to mimic
enzymatic activity. However, the reexamination of mechanisms previously reported to
follow an enzyme-mimicking pathway are instead due to peroxyl radicals. This highlights
the importance of testing such mechanisms, as autooxidation is a common problem with
many compounds in the presence of dioxygen.

Finally, species such as iron(IV)-oxo and iron(III)-peroxo complexes, as well as
related complexes, are characterized by resonance Raman spectroscopy. Many of these
complexes have a ligand with a carboxylate moiety, as seen in nonheme enzymes.
Characterization of these complexes show similarities between iron(I'V)-oxo and
iron(II1)-peroxo and chromium(IV)-peroxo species reported previously, having similar
vibration values, while major differences exist in vibrations between previously reported

iodosylarene-iron(III) complexes and new iodosylarene-iron(III) complexes.
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Chapter 1
Nonheme Iron Enzymes and their Synthetic Model
Complexes



1.1 Nonheme Iron Enzymes

Nonheme iron enzymes are able to catalyze a wide variety of interesting reactions
utilizing oxygen as the oxidant.!” Some of the major nonheme monoiron enzymes and
enzyme families include extradiol catechol dioxygenases, Rieske dioxygenases, 2-
oxoglutarate-dependent oxidases and oxygenases, tetrahydropterin-containing
oxygenases, isopenicillin N-synthase, fosfomycin synthase, and 1-aminocyclopropane-1-
carboxylate oxidase. This subset of nonheme iron enzymes utilize similar active sites,
where an iron is bound to a 2-His-1-carboxylate facial triad. The commonality of this
motif, along the common use of dioxygen as the oxidant, makes the diversity of substrate
transformations all the more surprising. Despite the variety of oxidative transformations
that these enzymes catalyze, several similar mechanistic pathways are proposed for many
of the enzymes."? These mechanisms often involve oxygen binding to the iron(Il),
formation of a peroxo species, and cleavage of the O-O bond to provide a high-valent
iron intermediate, often proposed to be an iron(IV) or iron(V), which is implicated as the
reactive intermediate (Scheme 1.1).

A particularly well-studied enzyme family, 2-oxoglutarate-dependent oxidases
and oxygenases, has been shown to require a co-substrate to form the reactive
intermediate.’? The co-substrate, 2-oxoglutarate, binds to the active iron center, changing
the enzyme, which allows the substrate can enter the active site (Scheme 1.2). Upon
oxygen binding, an iron-superoxo species forms. The terminal oxygen then attacks the
co-substrate to form an alkylperoxo species. This species loses CO> and forms an
iron(IV)-oxo species responsible for hydrogen atom abstraction from the substrate. The S
= 2 iron(IV)-oxo0 species has been trapped in taurine:a-ketoglurate dioxygenase, TauD,>
and prolyl-4-hydroxylase,® as well as related halogenase enzymes CytC3”® and SyrB2.°
The isomer shift of 0.30 mm/s = 0.03 mm/s is reported to be indicative of an iron(IV)-oxo
intermediate in all enzymes, though the quadrupole doublet absolute value varies from
0.70 to 1.09 mm/s. Only the TauD iron(IV)-oxo intermediate has been characterized by
resonance Raman spectroscopy, where a band at 821 cm™ was assigned to an Fe-O
stretch.” EXAFS of this species indicated a short Fe-O bond of 1.62 A.!° The iron(IV)-

oxo intermediate was determined to be the reactive intermediate due to a large deuterium
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Scheme 1.1: Generalized mechanism of many nonheme iron enzymes
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effect with the substrate taurine estimated at ~37.!! The large KIE > 7 indicates a
tunneling mechanism.

Iron(IV)-oxo intermediates are not just proposed in the mechanisms of 2-
oxoglutarate-dependent oxidases and oxygenases and halogenases. Tetrahydropterin-
containing oxygenases are proposed to form an iron(IV)-oxo intermediate after the
cleavage of an alkylperoxo species. An iron(IV) intermediate has been detected by
Mossbauer for members of this family: intermediates of phenylalanine hydroxylase (6 =
0.28 mm/s, AEq = 1.26 mm/s)'?and tyrosine hydroxylase (0.25 mm/s and AEq = 1.27
mm/s)'? are consistent with an iron(IV)-oxo formulation.

While they have not been trapped, an iron(IV)-oxo intermediate is proposed for 1-
aminocyclopropane-1-carboxylate oxidase (ACCO) and isopenicillin-N-synthase.'*
ACCO is proposed to follow a similar pathway to the 2-oxoglutarate-dependent oxidases
and oxygenases.!'* The substrate 1-aminocyclopropane-1-carboxylate binds to the iron at
the active site. A superoxo intermediate is proposed that then attacks the substrate to form
a peroxo species. This peroxo species undergoes O-O bond cleavage to form an iron(IV)-
oxo intermediate. The iron(IV)-oxo intermediate is proposed to attack the substrate to
allow for the final products to form.

For isopenicillin-N-synthase, the substrate is proposed to bind through a sulfur
atom.!>!5 This leaves the site trans to the aspartate open, which is different from the
other enzymes. After the dioxygen binds to form a putative superoxo intermediate, the
terminal oxygen is proposed to abstract a hydrogen atom to form a substrate radical. The
peroxo intermediate is proposed to abstract a proton, which allows for the formation of an
iron(IV)-oxo intermediate and the first ring closure of the substrate. This intermediate is
proposed to abstract another hydrogen atom to form a substrate radical, which allows for
the second ring closure and the product formation.

While many of the intermediates, especially for TauD, have been trapped and
characterized, there is no consensus on what governs the rate of each step, particularly the
iron(I'V)-oxo species reacting with the substrate. How do ligand electron-donation, spin
state, and sterics allow the enzyme to achieve the goal of turning substrate into product?

The understanding of these intermediates can be achieved two ways: through the
4



investigation of the enzymes themselves, with more attempts to trap and characterize
intermediates, and through synthetic model complexes that mimic the reactivity seen in
these enzymes. Synthetic model complexes have an advantage of easy changes to the
coordination sphere, and thus can be modified to probe a variety of different factors that

might affect reactivity, as will be seen in the next section.

1.2 Synthetic Model Systems
1.2.1 Iron(IV)-oxo Complexes

Through the efforts of the Que group and others, many different iron(IV)-oxo
complexes have been synthesized. These complexes have allowed for modeling of not
only the spectroscopy of the iron(IV)-oxo intermediates found in enzymes, but also the
reactivity. A large focus has been investigating the reactivity of these synthetic
complexes towards hydrogen atom transfer (HAT), the proposed rate-determining step in
many enzymes. These model systems allow for modifications that probe what factors
yield more reactive complexes towards HAT. With these biomimetic complexes in hand,
investigations pursued factors such as steric, spin, and ligand electron-donation.

Sterics are always a factor that must be evaluated with new iron(IV)-oxo
complexes because a decrease in reactivity may be attributed to the inability of the
substrate to access the iron(IV)-oxo moiety. For example, [Fe(Tp™™)(BF)], upon addition
of oxygen, was reported to form a putative iron(IV)-oxo intermediate (Scheme 1.5).!¢
This was tested by interception of both oxygen atom transfer (OAT) and hydrogen atom
transfer (HAT) substrates. The sterically less hindered cyclohexene was able to intercept
the iron(IV)-oxo moiety at much lower concentrations than the more sterically hindered
ethylbenzene, even though both substrates have similar bond dissociation energies.
Sterically hindered ligands thus counteract productive electronic changes e.g. weakening
the ligand field. It is therefore of the utmost importance to control the steric factors when
modifying a ligand, so to hinder reactivity.

Spin is another variable of considerable interest in iron(IV)-oxo reactivity as
enzymatic intermediates have an § = 2 spin state, while most synthetic iron(IV)-oxo

species have an S = 1 spin state.!” The high-spin state found in nature is predicted to be
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more reactive based on exchange-enhanced reactivity.'® With the exchange-enhanced
reactivity, same spin electrons are stabilized by exchange energy. As seen in Scheme 1.6
there is greater exchange energy in the product, but the opposite is true for Scheme 1.7.
This exchange is balanced by the d-orbital splitting, which forces electrons to pair up if
the splitting energy is too large. The high-spin complexes benefit from the smaller
splitting by allowing the d.2 orbital to be the orbital involved in hydrogen atom
abstraction. Upon breaking a C-H or O-H bond, the electron obtained is able to occupy
the d,2 orbital and have the same spin as the other electrons (Scheme 1.6). This stabilizes
the product as compared to the product of the S = 1 spin state (Scheme 1.7).

Some iron(IV)-oxo complexes have been synthesized with an S = 2 spin state.
One way to generate an S = 2 spin state synthetically is to use a ligand that enforces
trigonal bipyramidal geometry (Scheme 1.8). This strategy allowed the dx2-y2 and the dxy
orbitals to become degenerate (Scheme 1.9), as compared to a pseudo-octahedral
complex, preventing the S = 1 spin state from being achieved. While the TMGs-tren
ligand was the first to employ this strategy, several complexes have been subsequently
synthesized based on this idea.!*?? Unfortunately, the steric constraints of the ligand
made the iron(IV)-oxo species very slow to react with bulky substrates.!” While 9,10-
dihydroanthracene (DHA) and 1,4-cyclohexadiene (CHD) have similar bond dissociation
energies, the reaction of the iron(IV)-oxo complex with CHD is over 10 times faster than
the reaction with DHA, indicating the bulkier DHA is prevented from accessing the oxo
moiety as readily as CHD. This was also seen with the iron(IV)-oxo complex with tpa®™
as the ligand.?® However, a modified version of TMGs-tren, which is missing the third
arm, not only allowed an open site cis to the oxo, but increased reactivity by an order of

magnitude.?! Therefore, sterics were a major reactivity factor in this class of complexes.



Scheme 1.3: Hydrogen atom transfer (HAT) example with [Fe(O)TMC(NCCH3)]** and a generic

substrate.
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Scheme 1.6: An S =2 iron(IV)-oxo complex reacts with a C-H bond. The product has all
electrons with the same spin, which enhances the stability of the complex. Modified from Shaik

etall®
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Scheme 1.7: An S = 1 spin iron(IV)-oxo complex reacts with a C-H bond. The n* orbital interacts

with the bond instead of the d,2 orbital, as in the S = 2 case. The molecule is less stable due to
lowering of the exchange energy. Modified from Shaik et al.'®

c* 0 77 o

7?2 mm—
G2y ? e G y2.y?
Tz T |r n*yz Tz |r J T Tc*yz

S_J'% —H—GCH 6_H, +¢c




Scheme 1.8: Synthetic high-spin iron(IV)-oxo complexes with ligands that enforce trigonal
bipyrimidal geometry.
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Scheme 1.9: The orbital splitting diagram of the d-orbitals for pseudo-octahedral (left) and
trigonal bipyramidal (right) geometries.
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To avoid these steric issues, a pseudo-octahedral iron(IV)-oxo complex,
[Fe!V(O)(TQA)(NCMe)]**, was synthesized with an open site cis to the oxo.?* This
complex has an § = 2 state, like those of the enzymatic iron(IV)-oxo intermediates, and is
very reactive compared to most S = 1 complexes. However, a similar complex, [Fe'Y(O)(
MesNTB)(NCMe)]**, has an S = 1 ground state was characterized and has very similar
reactivity.?* There is a proposal that the S = 1 complex has a low-lying S = 2 state that
may affect the reactivity. However, the similar reactivity of these complexes calls into
question whether high-spin complexes are truly more reactive.

Another major component of reactivity of iron(IV)-oxo species that has been
investigated is the effect of electron donation from the ligands. This is based not only on

1* has a

what ligands are bound, but where they are bound. For instance, [Fe'V(O)(L®py2)
site trans to the oxo moiety that is occupied by solvent, whereas [Fe!V(O)(TPA)]*" has a
site cis to the oxo moiety that is occupied by solvent (Scheme 1.11). Upon the addition of
pyridine N-oxides, the solvent is replaced by this new ligand.?® The comparison of HAT
reactivity of cis vs. trans ligand replacements indicated the position of the ligand affects
the reactivity in different ways. The cis ligands simply affect Lewis acidity of the
iron(IV)-oxo moiety, while trans ligands may have influenced the iron(IV)-oxo bond
strength, as more electron-donating ligands increased reactivity .

Another study showed that the more electron-donating trans ligands of TMC-
based complexes led to complexes that were more reactive.?® A study of four iron(IV)-

Scheme 1.11: Iron(IV)-oxo complexes used to compare the reactivity of changing ligand at the
site cis to the oxo versus trans.
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oxo complexes using the TMC framework had four different axial ligands: CH3CN,
CF;COOQO, N3, and RS™ (Scheme 1.12). The most electron-donating ligand, RS", resulted
in the slowest rate for oxygen atom transfer, but the fastest rate for HAT. A trend was
seen between reaction rate and reduction potential of all complexes: OAT reactivity
followed an electrophilic trend, while HAT followed an anti-electrophilic trend.

The anti-electrophilic trend was explained by the two-state reactivity (TSR)
model. This model has many incarnations, which will be explored in chapters 2 and 3;
however, a brief description will be given here. The iron(IV)-oxo complexes having an S
= 1 ground spin state may be able, according to the TSR model, to access an § =2 spin
state, either as a cross-over to the S = 2 transition state, or by a blending of the two
barriers. The gap between the reactant ground S = 1 state and the S = 2 state is determined
by the donating properties of the ligands. More electron-donating axial ligands were
calculated to have smaller gaps between the S =1 and S = 2 state, thereby increasing their
reactivity.

The modification need not be simply to the axial ligand. Changing the methyl
groups to benzyl groups to create tetrabenzylcyclam increased HAT reactivity ~150-fold
of [FeY(O)TBC(CH3CN)]?** from [Fe'V(O)TMC(CH3CN)J**.?” The distortion caused by
the benzyl groups increased the bond length of both the axial iron-acetonitrile and the
equatorial Fe-N bonds. This stabilized both the dx2-y2 orbital and the d.2 orbital, which in
turn decreased the gap between the S= 1 and S =2 states. [Fe'V(O)TBC(CH3CN)]*" was
explained to be more reactive because of this smaller gap between the two states, which

allowed for a lower energy transition state.
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Scheme 1.12: Cyclam-based iron(IV)-oxo complexes used in various studies.
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The TSR model aided in the explanation of much of iron(IV)-oxo reactivity
towards HAT. However, there were a few examples that did not fit the model. A series of
pentadentate iron(IV)-oxo complexes actually increased in HAT rate with increasing
reduction potential,?® counter to what had been seen in the [Fe!V(O)TMC(X)]*" case.
Also, with the ligand BQCN, there are two different topologies. The more reactive
iron(IV)-oxo complex had the higher reduction potential (Scheme 1.13).2° As will be
explored in chapters 2 and 3, the TSR model may not be able to account for all HAT
reactivity seen with iron(IV)-oxo complexes, which calls into question how relevant the

high-spin § = 2 state is to reactivity.
Scheme 1.13: Tron(IV)-oxo complexes with different topologies, but the same BQCN ligand.
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1.2.2 Synthetic Iron-peroxo to Iron(IV)-0xo Mechanisms

While the iron(IV)-oxo species is the reactive intermediate in many nonheme iron
enzymatic cycles, how this species forms is just as important for understanding reactivity
as the hydrogen abstraction step performed by the iron(IV)-oxo moiety. Synthetic model
complexes form iron(IV)-oxo species, utilizing either hydrogen peroxide or oxygen as the
oxygen atom source.

One iron complex that purports to mimic an iron heme enzyme, horseradish
peroxidase, is [Fe''(TMC)]**. Interestingly, upon addition of a single equivalent of
hydrogen peroxide and pyridine, nearly quantitative yield of [Fe!V(O)(TMC)]** formed.*

This was proposed to be due to a proton being shuttled from the oxygen bound to the iron
14



to the terminal oxygen, allowing for heterolytic cleavage to occur (Scheme 1.14). The
requirement of base is similar to how horseradish peroxidase has an imidazole in the
active site proposed to participate in the same proton shuttle mechanism.

Generation of side-on peroxo complexes has also been achieved. Two different
groups confirmed that [Fe(OO)(TMC)]** could be synthesized.*!*** This complex was
protonated to form an end-on hydroperoxo species, which then formed [Fe!V(O)(TMC)]*
(Schemel.15). However, depending on the solvent, heterolytic or homolytic cleavage
could occur. In acetonitrile, the conversion of [Fe™(OOH)(TMC)]?** to [Fe'V(O)(TMC)]*
upon the addition of perchloric acid showed a first-order dependence.?! Conversely, the
same conversion in a 3:1 acetone:trifluoroethanol mixture showed no dependence on acid
concentration.?? A similar reaction also occurred with Lewis acids used in the place of a
proton source.**=* The addition of the Lewis acid formed side-on peroxo species with the
Lewis acid bound to the peroxo moiety. [Fe'V(O)(TMC)]** was still able to form, as long
as there was an electron source.

Recently, [Fe"BDPP] has been shown to react with oxygen to form an iron(I1I)-
superoxo species.*> This assignment was aided by resonance Raman, which showed a
vibration at 1125 cm™! that shifted to 1062 cm™! upon '30-labeling. Interestingly, this
iron(I1)-superoxo species reacted with 9,10-dihydroanthracene. The reaction had a KIE
of 7, indicating that the HAT was the rate determining step. This may produce an
iron(I1l)-peroxo species as an intermediate; studies are underway to characterize the
products to see an iron(IV)-oxo species forms.

Oxygen was also a source for potential peroxo formation. While not directly
trapped or characterized, peroxo species were proposed to form when [Fe''( TMC)]** was

exposed to dioxygen and either an acid source and an electron source,*>-¢7

ora
hydrogen atom donor.>® In the case of the acid and electron source, two different electron
sources could be used: BNAH, an NADH mimic, or a tetraphenylborate salt. Both
scandium triflate and perchloric acid were used with tetraphenylborate salts to generate
[Fe'V(0)(TMC)]*". These were previously proposed to form an iron(I1I)-peroxo species
before undergoing O-O bond cleavage to form the iron(IV)-oxo species (Scheme 1.12). A
similar reaction was proposed for the hydrogen atom source, which was cycloalkenes.
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However, the scandium and tetraphenylborate reaction was recently reported to generate
peroxide radicals, which were the main source of [Fe!V(O)(TMC)]** formation.* Both the
proton-coupled electron transfer and hydrogen atom transfer mechanisms are reevaluated

in chapter 4.

Scheme 1.14: Proposed reaction mechanism for the reaction of [Fe"TMC]?** to produce the
iron(IV)-oxo complex
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Scheme 1.16: Previously proposed oxygen activation mechanism.
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1.3 Scope and Aims of Thesis

This thesis explores the properties of synthetic complexes, lending insight to the
biological community for factors to consider in enzymes, as well as spurring new insights
for the synthetic community.

The aim of this thesis is to elucidate what factors affect the reactivity of synthetic
iron(IV)-oxo complexes, what mechanism allows for oxygen to react to form iron(IV)-
oxo complexes, and how biologically-relevant complexes can be characterized and
compared using resonance Raman spectroscopy.

The focus of chapter 2 is the reactivity of iron(IV)-oxo conjugate acid-base pairs.
Using very similar systems, which only vary in electronics, allows us to test one factor
and how this changes reactivity. Interestingly, although the complexes vary widely in the
electron-donating ability of the axial ligand, their reactivity in hydrogen atom abstraction
changes insignificantly.

Chapter 3 focuses on axially-bound carboxylate iron(IV)-oxo species, some of
which have the axial ligand tethered to the main ligand framework. Although the axial
ligands have very similar electron-donating abilities, as verified by cyclic voltammetry,
the rate constants vary by approximately 100-fold for both HAT and OAT.

Chapter 4 re-examines the mechanisms of oxygen activation. Instead of first
reacting with the iron as previous proposed, this work suggests that dioxygen reacts with
the different substrates to form peroxyl radicals. These radicals are trapped by the iron(II)
complex, which allows for the formation of iron(IV)-oxo species.

Resonance Raman spectroscopic investigations are the focus of chapter 5. The
characterization of these complexes aids the understanding of how synthetic iron-oxo
complexes form, why certain metals are prevalent in biology, and the properties of new,

bioinspired complexes.
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Chapter 2
Electrochemistry and Reactivity of Oxoiron(IV)

Conjugate Acid-Base Pairs
Part of this work appeared in: England, J.; Bigelow, J. O.; Heuvelen, K. M. V.; Farquhar,

E. R.; Martinho, M.; Meier, K. K_; Frisch, J. R.; Miinck, E.; Que, L. Chem. Sci. 2014, 5,
1204-1215.
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2.1 Introduction
Iron(IV)-oxo species are implicated as the reactive intermediate in a wide array of
non-heme iron-containing mononuclear enzymes.>** Iron(IV)-oxo intermediates have

46.79.12.13 and are proposed to react with substrate by

been trapped in several enzymes,
abstracting a hydrogen atom from a C-H bond, the crucial step for product formation.*°
Given this, the importance of understanding the factors that affect the reactivity of the
iron(IV)-oxo moiety are clear: understanding how enzymes tune the iron(IV)-oxo moiety
aids in elucidating the key step of hydrogen atom transfer (HAT).

However, iron(IV)-oxo intermediates in the enzymes are unstable and the enzyme
framework is not easily modified, unlike synthetic systems. Synthetic systems can vary
factors like electronics, sterics, and spin state systematically to investigate the reactivity
of iron(IV)-oxo moieties.

Even with this ability to vary different factors, understanding the reactivity of
synthetic iron(IV)-oxo complexes has proved complicated. The most systematic study of
iron(IV)-oxo reactivity in complexes with similar ligand structures employed TMC-based
ligands for Fe!¥(O)TMC(X), where X was a ligand coordinating trans to the oxo
moiety.?® As expected, the oxygen atom transfer (OAT) reactivity trend of increasing rate
constants with increasing reduction potential, which was due to the two-electrons that
must be transferred in OAT, was consistent with other the synthetic systems studied. In
contrast to OAT, an anti-electrophilic trend was observed for HAT, which was explained
using a two-state reactivity (TSR) model. This model states that there is greater
contribution of the lower-lying S = 2 state when there is a smaller the gap between the S
= 1 state and S = 2 state in the reactant. The difference in energy of these states is
controlled by the ligand environment. In Fe'Y(O)TMC(X) complexes, this is controlled
by the change of the axial ligand X. More electron donating ligands decrease the gap
between the S = 1 state and the S = 2 state, which, if this correlates with a decrease in the
spin-inversion probability, would account for the anti-electrophilic trend.*! The quintet
transition state is lower in energy than the triplet, so the greater the contribution of the S =

2 state would lower the overall energy required for H-atom transfer.
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Scheme 2.1: Conjugate acid-base pairs with TMC-based ligands used in this study
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In a subsequent study with pentadentate iron(IV)-oxo complexes reported by
Wang et al., the HAT reactivity increased with increasing redox potential.?® This is not an
isolated case: Hong ef al. reported higher HAT and OAT rates for the cis-a
[Fe'V(0)(BQCN)]** than the cis-p [Fe'V(O)(BQCN)]*" complex, where the a-complex
was shown to have a higher redox potential than the B-complex.? These results suggest
that the TSR model may not be universally applicable.

Given the lack of a consistent trend in the HAT reactivity and reduction potential
of synthetic iron(IV)-oxo complexes, a larger series that investigated a similar ligand
framework would aid in clarifying the factors that affect HAT rates. The earlier TMC-
based study?® varied the potential by switching the axial ligand, it was complicated by
several factors: the tethering, or lack thereof, of the axial ligand to the TMC-framework;
change in the solvent systems used; and the type of the atom coordinated to the iron at the
axial position. To minimize these problems, iron(IV)-oxo complexes with very similar
TMC-based ligands were synthesized. Herein we report our investigations of two sets of
iron(IV)-oxo complexes were that are conjugate acid-base pairs; these species are the first
reported. Complex 1 can be deprotonated with a base to form 2, while 3 can be
protonated to form 4. These pairings allow for the comparison of iron(IV)-oxo complexes
that vary little with respect to the ligand framework, keeping structure nearly constant,
including the atoms coordinated to the iron center. With these complexes in hand, the

TSR model can be effectively tested without complicating factors.

2.2 Experimental
2.2.1 General Methods

All reagents were purchased from Sigma-Aldrich, unless otherwise noted.
Iodosylbenzene was synthesized by a previously published method.*? The ligand for 1, 3,
and 5 were synthesized using previously published methods.*%*6 Fe(OTf)2(CH3CN),
was synthesized using previously published methods.*” TMC was purchased from
Angene International Limited or Strem. The iron(I) precursor to § was prepared using
the published method.*® The iron(II) precursor to 6 was generated by a modification of
the previously reported method.*® Generally, 1 mmole of Fe(OTf)2(CH3CN), was
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dissolved in dichloromethane with 1 mmole of TMC. This was stirred for 2-3 hours
before being filtered into diethyl ether. A precipitate formed immediately. The solution
was filtered and the solid collected. The solid was dissolved in dichloromethane and set
up for vapor diffusion with diethyl ether in a -40 °C freezer. After several days, the
solution was filtered and the solid collected. A typical yield was 64%.
Triphenylphosphine was purified by dissolving in hexane and running through a silica gel
column. Ferrocene, decamethylferrocene, and cobaltocene were purified by sublimation.
2.2.2 Instrumentation

A BAS 100B/W Electrochemical Analyzer potentiostat was used for all cyclic
voltammetry experiments. All electronic spectra were obtained using a HP8453A diode
array spectrometer equipped with a cryostat from Unisoku Scientific Instruments (Osaka,
Japan). '"H NMR was carried out on Varian Inova 500 MHz, 300 MHz or Bruker AV-500
and referenced to residual solvent peaks. >'P NMR were carried out on a Bruker AV-500.
All resonance Raman species were collected Spectra-Physics Model 2060 Kr" laser with
an Action AM-506 monochromator equipped with a Princeton LN/CCD data collection
system,
2.2.3 Complex Synthesis
Syntheses originally conducted by Jason England, except for attempts to generate 4.
Synthesis of 3 was based on my data using Dr. England’s method.

[Fe''(Mescyclam-CH,C(O)NMe»)](OTf), (precursor to 1): A mixture of
Mescyclam-CH2C(O)NMe: (0.34 g, 1.04 mmol), Fe(OTt)2(CH3CN), (0.46 g, 1.04 mmol)
and THF (10 mL) was stirred overnight. The pale green precipitate that formed during
this time was isolated by filtration, washed with THF (2 x 5 mL) and diethyl ether (20
mL), and dried under vacuum to give the product as a cream-colored solid (0.49 g, 69%).
Crystals suitable for X-ray analysis were grown by vapor diffusion of diethyl ether into a
concentrated acetonitrile solution of complex. 'H-NMR (CDsCN, 293 K, all peaks appear
as broad singlets): 0390.0 (1H, CH>), 376.5 (1H, CH>), 338.8 (1H, CH>), 314.7 (1H,
CH>), 251.2 (1H, CH>), 207.6 (1H, CH>), 195.6 (1H, CH>), 171.1 (1H, CH>), 168.4 (1H,
CH>), 108.4 (3H, NMe), 105.5 (1H, CH>), 103.6 (3H, NMe), 98.5 (4H, NMe + CH.>),

101.9 (1H, CH>), 79.9 (1H, CH), 50.5 (3H, NMe), 34.8 (1H, CH>), 17.3 (1H, CH.), 12.4
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(4H, NMe + CH3), 7.5 (1H, CH.), 4.0 (1H, CH>), -16.9 (1H, CH>), -34.5 (1H, CH>), -

36.8 (1H, CH>), -97.3 (1H, CH:). MS (+ESI): m/z 532.1 [(M-OT£)"]. Anal. Calcd. (found)

for C1oHs7FeFeNsO-Sa: C, 33.49 (33.51); H, 5.47 (5.52); N, 10.28 (10.11),
[Fe''(Mescyclam-CH2COO)][B(CeFs)4] (precursor to 3): The ligand precursor

Mescyclam-CH,COOH*4HCI (0.6246 g, 1.4 mmole) was neutralized with sodium

methoxide (0.3025 g, 5.6 mmole) in methanol and stirred for 15 minutes. The solvent was
removed by rotary evaporation, and then dichloromethane was added. After stirring, the
solution was filtered. The solvent was removed by rotary evaporation and dried by
vacuum. Under a nitrogen atmosphere, methanol, Fe(OTf)(CH3CN), (0.5571 g, 1.3
mmol) and trimethylamine (0.85 mL, 6.1 mmol) were added and stirred overnight.
Lithium tetrakis(pentafluorophenyl)borate diethyl ether complex (0.9667 g, 1.3 mmol)
was added and a precipitate formed. The solid was filtered and washed with diethyl ether.
Yield 23%. '"H NMR(CDsCN, 293 K, all peaks appear as broad singlets): d337.7, 332.5,
321.8,189.4,163.4, 149.8, 144.7, 133.5, 103.1, 95.9, 88.3, 80.2, 60.4, 24.9, 7.9, -0.3, -
14.3,-29.4, -54.5.

Attempts at generating [Fe'(Mescyclam-CH2COO)][B(CeFs)4] (precursor to 4): In
all attempts, the ligand precursor Mescyclam-CH2COOH-4HCI was neutralized with
NaOMe as in the synthesis above. Addition of Fe(OTf)2(CH3CN), in methanol and
precipitation with either NaBPhy or lithium tetrakis(pentafluorophenyl)borate diethyl
ether complex did not yield the expected iron(II) species, but rather seemed to yield the
precursor to 3. If the solvent was removed instead of attempting to precipitate the
complex, a similar species was formed. Iron(II) chloride in place of Fe(OTf)>(CH3CN)2
with acetonitrile instead of methanol formed a slurry to which AgSbFs was added. A
precipitate formed, which was filtered from the solution. The solution was put in a -40 °C
freezer over two days and filtered. The filtrate solvent was removed by vacuum. Testing
by iodosylbenzene formed a species that was not 4.

Complexes 1 and 3 were generated in acetonitrile with the appropriate Fe(II)
precursor using an excess (~3x) of iodosylbenzene, stirred for approximately 15 minutes,

and then was filtered prior to use, a method developed by Dr. Jason England.
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Generation of 2 was accomplished by addition of NBusOH or NBusOMe to 1. The
quantity of NBusOH added equates to the minimum amount required for full conversion
of 1 to 2, which was established by titration at -40 °C using electronic spectroscopy.
Conversion of 3 to 4 was accomplished by addition of a solution of perchloric acid to 3.
2.2.4 Cyclic Voltammetry

All cyclic voltammetry experiments were performed either inside a nitrogen
atmosphere glove box, or under a positive pressure of argon in a vial sealed with a
septum. Acetonitrile solution containing 0.1 M tetrabutylammonium
hexafluorophosphate (NBusPFs) as the electrolyte, a glassy carbon working electrode, a
platinum wire counter electrode, and a Ag'/Ag reference electrode were used throughout.
The latter was prepared by inserting a Ag wire into an acetonitrile solution of 0.1 M
NBu4PFs and 0.01 M AgPFs contained within a glass tubing capped with a porous vycor
tip and heat shrink tubing (BASi, Inc., West Lafayette, IN, USA, part no. MF-2064).
Temperature was maintained using a methanol/liquid nitrogen bath for -40 °C
experiments. All scans were conducted at 100 mV/s unless otherwise noted. All
potentials are referenced against the ferrecenium/ferrocene (Fc'/Fc) couple.

2.2.5 Titrations

Stock solutions of Fc, Fc*, and CoCp»> were prepared. Varying amounts of these
solutions were added solutions of iron(IV)-oxo species in CH3CN. The solution was
allowed to equilibrate based on absorption features detected by the UV-vis spectrometer.
These were plotted using methods mentioned previously.**->°
2.2.6 Reaction Kinetics
Kinetic reactions with PPh; were conducted by Jason England.

All kinetic studies were performed under a nitrogen atmosphere. Acetonitrile
solutions were prepared of 0.5 mM (1 and 3) or either 1 mM (5). The yields of
oxoiron(IV) complex were assessed using electronic spectroscopy and found to be near
quantitative based on molar absorptivities calculated from Mdssbauer results. Generation
of 2 was achieved by addition of 1.2-1.3 equivs of NBusOH dissolved in dry CH3CN (0.1
mM solution) relative to iron concentration. Generation of 4 was accomplished by
addition of 1.4 eq. perchloric acid to 3, the amount established necessary for full
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conversion at 0 °C. Dichloromethane solutions of the substrates PPh;, PMePhs,
thioanisole, and 1,4-cyclohexadiene (CHD) were added in > 10-fold excess to solution of
the aforementioned oxoiron(IV) complexes at 0 °C. The resulting reactions were
monitored by decay of their respective near-IR features and some were found to display
pseudo-first order kinetics. Data was fit with an exponential fit macro using Origin
software. Plots of effective rate constants (kefr) vs. substrate concentration were found to
be linear in all cases, thereby yielding second order rate constants (k2).
2.2.7 Product Analysis

In order to determine the products from kinetic reactions, solutions of 1 and 2 at
0.5 mM and 2 mM were generated in CD3CN and the reaction carried out at 0 °C. The
3P NMR delay time was lengthened to 30 seconds to allow for proper integration of the
phosphorus peaks. A sample with just CD3CN and organic reactant was used to account
for any amount of product already present in the starting material in all cases. The
products generated were compared with the concentration of iron(IV)-oxo species
generated based on the absorbance at each respective Amax with UV-vis spectroscopy to
determine yield.
2.2.8 Resonance Raman Spectroscopy
Spectra of 1 and 2 were collected by Johnathan Frisch and Kathy Van Heuvelen.

Resonance Raman experiments were conducted using a laser line of 406.7 nm at
20-30 mW of power or 568.2 nm at ~90 mW of power. Both lines were calibrated to
indene. Generation of 1 and 3 was accomplished by the mixing of excess iodosylbenzene
or '80-labeled iodosylbenzene with the iron(II)-precursor, which was then frozen on a
cold finger. A similar method to generate was used to generate 4, with the additional step
of adding 2 eq. perchloric acid to 3 to generate 4 before freezing. The cold finger was
evacuated and kept cold with liquid nitrogen. These samples were rastered as photodecay
has been noted to be an issue with iron(IV)-oxo complexes with such a high energy laser.

Species 2 could not be generated in the same manner, so instead anhydrous
NBu40OMe methanol solution was added to an acetonitrile solution of 1 cooled to -44 °C.

At -20 °C in a flat-bottomed NMR tube, a resonance Raman spectrum could be obtained.
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2.2.9 Mossbauer Spectroscopy
Data was collected and analysed by Marléne Martinho and Eckard Miinck.

The Mossbauer spectra were recorded with a home built spectrometer, using a
Janis Research (Wilmington, MA) Super Varitemp dewar. Isomer shifts are quoted
relative to Fe metal at 298 K

Frozen solution samples of 2 suitable for Mossbauer spectroscopy were generated
in butyronitrile solution at -60 °C, by addition of 2.5 — 5 equiv of a 0.2 M toluene
solution of NOct4OH.

2.2.10 X-ray Absorption Spectroscopy
Data was collected and analyzed by Erik Farquhar and Greg Rohde.

X-ray absorption data was collected on beamlines 9-3 (1, 7 scans, 16 mM,
quantitative yield by UV/Vis) and 7-3 (2, 15 scans, 6.94 mM, yield of 90% by UV/Vis)
of the Stanford Synchrotron Radiation Lightsource (SSRL) of SLAC National
Accelerator Laboratory with storage ring conditions of 3.0 GeV and 80 — 100 mA. Fe K-
edge XAS data were collected for frozen solutions maintained at a temperature of ca. 15
K over an energy range of 6.9 — 8.0 keV using a Si(220) double crystal monochromator
for energy selection and an Oxford Instruments CF1208 continuous flow liquid helium
cryostat for temperature control. Harmonic rejection was achieved at both beamlines
using a vertically collimating Rh-coated mirror located upstream of the monochromator.
Data were obtained as fluorescence excitation spectra with a 30-element solid-state
germanium detector array (Canberra). An iron foil spectrum was recorded concomitantly
for internal energy calibration and the first inflection point of the K-edge was assigned to
7112.0 eV. The edge energies of the XAS samples were routinely monitored during data
collection for red-shifts indicative of photoreduction. While 1 exhibited no evidence for
photoreduction, a red-shift of ~0.5 eV was observed for 2 when a single spot was
exposed to the x-ray beam for two or more hours (equivalent to 6 complete EXAFS
scans). Consequently, the position of the x-ray beam was moved to a fresh portion of 2
following three complete scans at individual spots, and the averaged data reflects the sum

of the first three scans only at all exposed spots.
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Data reduction, averaging, and normalization were performed using the program
EXAFSPAK.*!' Following calibration and averaging of the data, background absorption
was removed by fitting a Gaussian function to the pre-edge region and then subtracting
this function from the entire spectrum. A three-segment spline with fourth order
components was then fit to the EXAFS region of the spectrum to obtain X(k). Analysis of
the pre-edge features was carried out with the program SSExafs.>? Theoretical phase and
amplitude parameters for a given absorber-scatterer pair were calculated using FEFF
8.40 at the single-scattering level of theory, and were utilized by the opt program of the
EXAFSPAK package during curve-fitting. In all analyses, the coordination number of a
given shell was a fixed parameter, and was varied iteratively while bond lengths (7) and
Debye-Waller factors (G°) were allowed to freely float. The amplitude reduction factor So
was fixed at 0.9. For each sample, Ey (the point at which k=0 A™!) was taken to be the
first inflection point of the rising Fe K-edge, and the edge shift parameter AEy was
allowed to float as a single value for all shells. AEy values were between -10 and +10 eV
in all reported fits. In any given fit, the number of floating parameters = (2 x num shells)
+ 1. The goodness of fit F was defined simply as T (Xexpti-Xcalc). In order to account for
the effect that additional shells have on improving fit quality, an additional goodness-of-
fit metric F” was employed. F’=F?/ (Nipp — Nvar), where Nyar is the number of
floated variables in the fit, while Nipp is the number of independent data points and is

defined as Nipp = 2AkAr/TT>*

2.3 Results and Discussion
2.3.1 Previous Characterization

Initial investigations of complex 1 by our group showed a surprising new
electronic absorption spectrum upon the addition of methoxide or hydroxide (see Figure
2.1). The reaction was found to be reversible by the addition of perchloric acid, with an
80 % yield of 1. This initial finding led to an investigation of what gave rise to this new
spectrum. ESI-MS, '"H NMR, Méssbauer, resonance Raman, and XAS spectroscopy

confirmed that a new species had formed. The ESI-MS spectrum showed a new peak
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corresponding to an iron(IV)-oxo species similar to 1, except for the loss of a proton.
This finding, combined with the acid-base studies, indicated that new species was likely
formulated as 2. 'H NMR spectroscopy indicated that two species were present and that
the axial ligand was still bound in 2. The Mdssbauer spectrum confirmed that 2 was an
iron(IV) species that was distinct from 1. Resonance Raman spectroscopy showed a peak
at 833 cm™! for 1 and a peak at 823 cm! for 2, which were consistent with iron(IV)-oxo
stretches and a weakened Fe=O bond for 2. These peaks shifted to 798 cm™ and 787 cm™,
respectively, which was consistent with Hooke’s law. The XAS spectra also confirmed
two distinct species that each had an O scattering atom in the EXAFS within the range
commonly detected for iron(IV)-oxo moieties: 1.63 A for 1 and 1.67 A for 2. The XAS

spectra indicated that the two species were similar although distinct.

2.3.2 Acid-Base Titrations

Titration of 1 with NBusOH showed that 1.2 eq. were needed for the maximum
conversion (91-93 % yield based on ¢) at -40 °C. Determining the pKa was complicated
by the fact that there is water in the tetrabutylammonium hydroxide salt that was used,
and that the pK. of hydroxide in acetonitrile is not well established. However, a linear
trend has been determined between pK, values in acetonitrile and pK, values in water,>
which approximated the pKa value of hydroxide in acetonitrile to be ~26. Using this
equation and the pKa of water in water, the pKa of 1 was determined to be approximately
23, close to the pKa of water in acetonitrile. Complex 1 is therefore a very weak acid,
confirming the need for strong bases like hydroxide and methoxide to deprotonate it.

Another conjugate acid-base pair was discovered by adding perchloric acid to 3.
The spectrum of species 3 converted to a new spectrum upon addition of perchloric acid.
A near-IR feature similar to, but distinct from that of 1 formed. This indicated that the
carboxylate did not dissociate from the iron upon protonation, because a UV-vis
spectrum was not similar to 6 (Figure 2.4). Titration reveals that 1.4 eq. of perchloric acid
are needed for the maximum conversion to be reached, indicating that the likely
carboxylate oxygen that is being protonated has a pKa of 4-5 at 25 °C, based on the range
of pKa values of perchloric acid in acetonitrile reported,*® which are complicated by the
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water present due to the perchloric acid stock solution. Like the generation of 2, the
conversion was reversible; addition of an equal amount of 2,6-lutidine to 4 showed 97%
recovery based on the molar absorptivity of the two peaks assigned to 3. The resonance
Raman spectroscopy also indicates that a new species is formed. The peak corresponding
to the iron(IV)-oxo vibration shifts from 825 cm™ to 836 cm™ upon the addition of acid.
Upon labeling with 80, the peak associated with 4 shifts to 795 cm™!, four cm™! larger
than predicted by Hooke’s law. While it is unusual for the 'O shift to be larger than
expected, this was seen in the original values reported for 3, where 831 cm™ shifted to
791 cm’!, which was below the predicted 794 cm™'.>’ The resonance Raman data,
combined with the new near-IR feature, indicates that 3 and 4 are two different species
and that they are an acid-base pair. Attempts to synthesize 4 independently of addition of

acid to 3 by first generating the iron(Il) acid complex were unsuccessful.
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Figure 2.1: Electronic spectra recorded of the titration of 1 mM solution of 1 with

tetrabutylammonium hydroxide (0.2 eq. per spectrum) from the starting spectrum (red) to the
final spectrum of 2 (blue).

30



0.5

0.4- .

0.3+

0.2+

014 =

Abs. at 588 nm

0.0+ - . : . : . . ,
0.0 5.0E-4 1.0E-3 1.5E-3 2.0E-3
Concentration NBu,OH added (M)

Figure 2.2: Titration curve of 1 mM solution of 1 titrated with tetrabutylammonium hydroxide
versus the absorption feature at 588 nm of 2.
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Figure 2.3: The electronic spectra at 0 °C of a 1 mM solution of 3 (black) upon addition of 1.5

eq. perchloric acid to generate 4 (red) and once 1.5 eq. of 2,6-lutidine is added to recover 3 (blue).
Complex 3 was recovered in 97% yield based on the Amax absorbances.
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Figure 2.4: Comparison the near-IR portion of the UV-vis spectra of 4 (black), 1 (red), and 6
(blue) at 25 °C. The spectrum of 4 has features closer to what is seen in 1.
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Figure 2.5: The electronic spectra at 25 °C of a 1 mM solution of 3 (red) titrated with HCIO4.

Each new spectrum represents the addition of 0.2 eq. HC1O, until the final spectrum at 2 eq.
HCIOy is obtained (blue).
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Figure 2.6: Titration curve of a 1 mM solution of 3 titrated with perchloric acid versus the
absorption at 811 nm at 25 °C.
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Figure 2.7: Resonance Raman spectra of 3 with (red) and without (black) '*O-labeling. The 'O
spectrum has been smoothed. The data is similar to what was reported in the thesis of Frisch.%’
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Figure 2.8: Resonance Raman spectra of 4 with (red) and without (black) '*O-labeling. The
difference is similar to what is predicted by Hooke’s law for an iron-oxo stretch.
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Figure 2.9: XAS spectra of 3 (black) and 4 (red), indicating that the species are very similar.
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The generation of 4 by the protonation of 3 allowed for the comparison of their XAS
spectra, which showed very little difference. This indicates that 3 and 4 are very similar
and likely do not have complicating factors when comparing HAT reactivity.

2.3.3 Determination of Epc Values of Fe'Y(O)TMC(X) Acid-Base Pairs by Cyclic
Voltammetry

From previously reported Fe!V(O)TMC(X) cyclic voltammograms,?® it was
known that iron(IV)-oxo complexes only show reductive peaks, which are occur at more
negative potentials than expected when compared with their reactivity with certain
substrates. With irreversible peaks such as these, there are two explanations. One
explanation is that a chemical reaction occurs after the reduction, so the oxidative peak is
not detected. The second is that the reduction rate is so slow that the peak separation is
beyond the solvent window and therefore cannot be detected or both. Certain studies with
6 show a more quasi-reversible peak at faster scan rates.’® Also, 6 was able to oxidize
ferrocene, which would impossible if the E, ¢ (-0.32 V vs. F¢'/Fc) represented a value
close to the E12. Therefore, the E, ¢ values of Fe'V(O)TMC(X) are lower than the E;eq and
do not reflect the true oxidative potential of the iron(IV)-oxo complexes.

While these values do not represent the full oxidative potential of iron(IV)-oxo
complexes, the Ep ¢ is often easier to obtain than the actual Ereq, (vide infra). These E, ¢
values cannot be used to assess true redox potential or used in calculations of
thermodynamic parameters; however, it is possible to use E, values in a relative fashion
for comparison, as long as the assumption that the kinetics at the electrode are similar for
all species being compared. Using only TMC-based ligands for iron(IV)-oxo complexes
allows for a similar enough set of complexes for comparison with such a method.

An interesting feature occurred in the cyclic voltammogram of 1: there was a
second reduction peak. Species 1 is known to form 2 upon addition of base, which, as
stated before, is proposed to be the conjugate base. To test whether this second feature
was related, the vial of solution was cooled to -40 °C. After an initial scan, 1.4 eq. of
tetrabutylammonium hydroxide was added. This increased the current associated with the
lower potential E, c while the higher potential E, . decreased in current. A similar cyclic
voltammogram was recorded with the addition of tetrabutylammonium methoxide as the
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base. As a control, tetrabutylammonium hydroxide was added to 5, which does not form
a detectable conjugate base, and the E, . decreased in current, indicating that a typical
Fe!VY(O)TMC(X) complex should be destabilized by addition of base, as would be

0" would be even more unstable with fewer protons

predicted given that the reduced Fe
available. The increase of the second E, ¢ of 1 with the addition of base indicates 2 is
being formed, as this is the dominant species at -40 °C with the addition of base.

Given that Fe''-O" moiety is a very basic species formed in a reducing
environment, it was postulated that some of the 1 at the surface of the electrode was
reduced to an Fe"-O species, which then could abstract a proton from the remaining 1 in
solution to form 2. If this were true, addition of acid would prevent the formation of the
conjugate base. Indeed, upon addition of pyridinium triflate, the higher E, ¢ increased
slightly in current, but the second peak became almost non-existent. When the same
experiment is carried out with 5, the E, ¢ increased in current similarly to the first peak
seen in 1. This indicates that upon the reduction of 1 to an Fe''-O- species, the Fe'-O"
species will abstract a proton either from solution, if possible, or from remaining 1 to
form 2. Thus, both 1 and 2 had E, ¢ values that could be utilized for reactivity studies.

Complex 3 showed a peak at -0.92 V vs. Fc*/Fc under the same conditions as
were reported for previous Fe'V(O)TMC(X) complexes.

The E,c value for 4 could not be measured due to interference of acid and water in
reduction potentials of iron(IV)-oxo complexes. As reported in Wang et al., the reductive
peak becomes reversible upon the addition of enough water and increases in potential.
This is likely due to the ease at which an iron(III)-hydroxo is formed compared to an
iron(Ill)-oxide. Without a way to synthesize 4 independently, it was impossible to obtain

an accurate E, ¢ value.
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Figure 2.10: Cyclic voltammograms at -40 °C of a 1 mM solution of 1 (red) and after the
addition of 1.4 eq of tetrabutylammonium hydroxide (blue).
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Figure 2.11: Cyclic voltammograms at room temperature of a 1mM solution of 1 (red) and after
the addition of 0.1 eq. pyridinium triflate (blue) and 0.2 eq. of pyridinium triflate (grey).
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Figure 2.12: Cyclic voltammograms at -40 °C of a 1 mM solution of 5 (red) and after the

addition of 0.4 eq of tetrabutylammonium hydroxide (grey) until a final concentration of 1.2 eq of
tetrabutylammonium hydroxide (blue).
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Figure 2.13: Cyclic voltammograms at room temperature of a ImM solution of 5 (black) and
after the addition of 0.2 eq. pyridinium triflate (red).

38



2.3.4 Determination of Redox Potential of Fe!Y(O)TMC(X) Acid-Base Pairs by
Chemical Reduction

Determining redox potentials for iron(IV)-oxo species is complicated by the
irreversible nature of the cyclic voltammograms for iron(IV)-oxo complexes. The
irreversible nature is likely caused by the instability of the reduced form, Fe''-O". The
instability could decrease the rate of electron transfer to the iron(IV)-oxo complex and,
when formed, decays rapidly so no return peak is observed. However, Fukuzumi has
reported success in using ferrocene based reductants for the purpose of determining redox
potentials of Fe'¥(O)TMC(X) species.’® Addition of varying amounts of reductant to
solutions of the same concentration of Fe!Y(O)TMC(X) allows for the equilibrium
constant for electron transfer to be found and therefore the redox potential of the
iron(IV)-oxo complexes. This is preferable to the determination by cyclic voltammetry
because the redox potential can be obtained and not just the Ep .

In reproducing Fukuzumi’s results with 6, a value of 3 for K¢ was found instead
of 2 that was reported. Although larger spread of values was seen, this affects the value of
the redox potential very little (0.39 V vs SCE and 0.40 V vs SCE) (Figure 2.14). Given
the reproducibility of the data, it seemed that the method could be used to determine the
redox values of the different Fe'Y(O)TMC(X) complexes.

However, the Fe'V(O)TMC(X) complexes tried showed a large amount of scatter
and error in the data. The error was partly due to decamethylferrocenium absorbs in the
same region as 1; this was taken into account by subtracting out the absorbance that was
due to the 1 from the 780 nm peak forming from Fc*", but this increased the error.
Instead, the values were determined based on the absorbance of the iron(IV)-oxo species,
with the rest calculated assuming mass balance. This was first tried with the data for 6
(Figure 2.15), which showed good agreement with K¢ =2, in good agreement with the
previously reported results. When the same method was applied to 1, K¢ was found to be
0.72, which gives a redox potential of -0.09 V vs SCE (-0.46 V vs. Fc'/Fc). This value is
higher than the E ¢ value reported (-0.63 V vs. Fc'/Fc) but not as dramatic a difference as
reported for other Fe(O)TMC(X) species. This value is lower than all other redox
potentials given for TMC-based iron(IV)-oxo complexes investigated using ferrocene

39



derivatives by the Fukuzumi group.>® The value is consistent with the anionic nature of
the appended ligand and the more electron-donating methylene group as compare to the
trifluormethyl group of trifluoroacetate, which had a value of 0.13 V vs SCE.>

The reduction of 2 showed a curve instead of a line for K¢t with varying amounts
of cobaltocene. Cobaltocene required the use of tetrabutylammonium methoxide as the
base, solubilized in methanol, to generate 2 because cobaltocene would react with any
excess water from the tetrabutylammonium hydroxide. A line could be fit, which
indicated that K¢ = 6.6, which would correlate with a reduction potential of ~-1.5 V vs.
SCE (-1.9 vs. Fc¢'/Fc). This number is actually lower than the Ep value (-1.16 V vs
Fc'/Fc). The Kt was determined at -40 °C, whereas the E, . value was determined at 0
°C, but still this is a large difference towards a more negative value. As 2 was not
generated by the same method in both cases, this may account for some of the
differences.

The difference in reduction potentials between 1 and 2 using this method is larger
(1.4 V) than the E, ¢ values (0.53 V) (vide supra). This may be due to the errors in
measurement from the K¢ determinations. The redox potentials also change based on the
redox potential chosen for the decamethylferrocene or cobaltocene from the literature,
which has some reported variation. There is also the issue in each of two equilibria: that
between the Fe'V(0) and the reductant and the equilibria between 1 and 2. Considering
reducing 1 seems to allow for formation of 2 (vide supra), this may lead to error in the
measurements. However, the general trend reported with the E, . values is maintained, as
2 is much harder to reduce than 1, and correspondingly the ligand of 2 is more electron-
donating.

Addition of Fc* to 3 showed some curvature, although a line could be fit for a Ket
= 1.3, which gave a redox potential of -0.07 V vs SCE (-0.44 V vs. Fc*/Fc). There seems
to be more error in this measurement, as the fit does not pass close to zero, and the errors
in both the slope and the intercept are greater than the values. There seems to be even
more unreliability in these measurements than the others measured in these studies, so the

value of -0.07 V is more tentatively suggested.
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The conjugate acid 4, generated by the addition of perchloric acid to 3, showed
strange reactivity with diacetylferrocene. From UV-vis spectra, the formation of
diacetylferrocenium was instantaneous as well as the reformation of 3. The ferrocenium
species decayed as an increase of 3. Likely perchloric acid, which has water present,
interfered with the reaction. As 4 could not be synthesized independently of 3 in the

presence of strong acid, the approximate redox potential could not be determined.
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Figure 2.14: The linear fit that provides K for 6 using the equation rearrangement from
Fukuzumi.®® K, = 3, in good agreement with what was previously reported.

0.8

0.6+

0.4

0.2

[Fe"|[Fc ) [Fe] (mM)

0-0 4 | % I L I

0.0 0.1 0.2 0.3
[Fc] (mM)

Figure 2.15: The linear fit that provides K¢ for 6 using the unmodified equation for equilibrium.

Ket = 2, in good agreement with what was previously reported.
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Figure 2.16: Fitting of titration data of 1 with Fc* at 25 °C. While a straight line can be fit there
is a lot of scatter. The linear fit gives a K¢ = 0.72.
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Figure 2.17: Titration data of 2 with CoCp; at -40 °C. Fitting with a line shows the scatter. The
linear fit gives K¢ = 6.6.
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Figure 2.18: Fitting of titration data of 3 with Fc* at 25 °C, the error of the slope and the
intercept are greater than the slope and intercept, respectively. The linear fit gives a K¢ = 1.3.
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Figure 2.19: UV-vis absorption spectra of 4 (orange) after the addition of diacetylferrocene (red)

at 25 °C. The peak associated with the diacetylferrocene forms instantaneously, and then decays
as more 3 forms based on the near-IR feature.
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2.3.5 Reactivity of Fe(O)TMC(X) Acid-Base Pair
2.3.5.1 Oxygen Atom Transfer

Oxygen atom transfer (OAT) involves the transfer of an oxygen atom from the
iron(IV)-oxo to a substrate, as well as the transfer of two electrons to the iron.
Thioanisole or phosphine derivatives are often used, with phosphine derivatives being
chosen when reaction rates are slow. In the previously reported study on Fe!V(O)TMC(X)
complexes, triphenylphosphine was chosen for this reason.

To be consistent with this study, the reaction with triphenylphosphine was first
attempted, except in the case of 4, where the pKa of perchloric acid used to generate the
species was similar to that of PPhs. Species 1 and S reacted with triphenylphosphine, with
triphenylphosphine oxide yields of 90% and 93%, respectively. Species 2 reacted too
slowly with this substrate for an accurate rate to be determined. Instead, 2 was reacted
with methyldiphenylphosphine and produced methyldiphenylphosphine oxide in 83%
yield. Species 1 was reacted with the same substrate, showing a rate over an order of
magnitude faster (Table 2.1). From these reactions, the rate of reactivity increased in the
order 2 <3 <1 <S5, with 3 and 1 being over an order of magnitude different, as well as 1
and 5. Over a hundred-fold difference in rates is present between complex 3 and 5,
indicating how strong an influence the axial ligand has on reactivity of iron(IV)-oxo
complexes in this series.

The reactions with triphenylphosphine allowed for comparison of reactivity
among the TMC-based iron(IV)-oxo complexes. From the previous study, there was a
correlation between the Ep ¢ values and the k> for OAT. When E; . values were plotted
against log(k2), a linear, electrophilic trend was observed. The electrophilic trend
indicated that the increasing electron-donating power of the axial ligand inhibited OAT.
This result was unsurprising as OAT involves a two-electron transfer to the iron, so the

less electron density around the iron, the easier the transfer of oxygen to the substrate.
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Figure 2.20: Comparison of the trendline (grey line) generated from the Sastri et al. study of E;¢
vs log(kz) of PPh; at 0 °C. Note that the complexes from this study (1, red; 2, blue, 3, purple, 5,

brown) fall close to the line generated previously. The rate constant of 2 had to be estimated from
the rate with PMePh;, and comparing that with the rate of 1 and PMePh,.
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Figure 2.21: Comparison of the trend of E, . vs log(k2) of 1,4-cyclohexadiene at 0 °C from Sastri
et al. (black line) from the complexes reported therein (black squares) and the trendline formed
from the complexes in this study (1, red; 2, blue, 3, purple, 5, brown). There is no overall
correlation of E, . value and rate constant for this HAT reaction.
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Our results for OAT were consistent with what was presented previously. The
values for 1, 2, 3, and 5 are close to the line generated from the previously reported
Fe!V(O)TMC(X) complexes. Species 2 was estimated from comparing the k> from
PMePh; for 2 with that of 1; a predicted k> for the reaction with PPhs could be generated
with the use of the k> for 1 from this reaction.

Overall, these findings support the conclusion that OAT rates for iron(IV)-oxo
complexes are correlated with reduction potentials. This correlation has been noted in

26.28.29 indicating that likely the electron density at the iron directly affects

several papers,
the rate of reaction of OAT.
2.3.5.2 Hydrogen Atom Transfer

Reaction of 1,4-cyclohexadiene and complexes 1, 2, 3 and 5 allowed HAT
reactivity to be probed. Benzene was obtained as the major product in the cases where
product analysis was conducted ( reactions with 1, 2, and 5), in 60-80% yield. The k>
values of 1, 2, and 3 were all on the same order of magnitude, with § being an order of
magnitude more reactive. Interestingly, while 1 has a similar in E, ¢ value to
Fe!Y(O)TMC(N3), the latter was approximately 40 times more reactive. However, even
though 1 and 2 had reduction potentials 0.53 V apart, 1 was only twice as reactive as 2.
While no E, ¢ data could be gathered for 4, 4 is twice as fast as 3, similar to the difference
in the reactivity between 1 and 2.

All these observations are counter to what has been reported previously. In Sastri
et al., the four complexes showed increased reactivity for HAT correlated with a decrease
in Ep ¢ value.? This anti-electrophilic trend indicated that the greater the electron donating
power of the axial ligand, the more reactive the iron(IV)-oxo moiety would be to HAT.
However, our complexes create a new trend line that is opposite to the one proposed
before. Instead, our complexes follow an electrophilic trend.

Our results differ from the prevailing model of two-state reactivity (TSR), which
indicates that the smaller the gap between the triplet state and the quintet state for the
intermediate, the more reactive the iron(IV)-oxo species will be with respect to HAT. The
gap between the triplet and the quintet states is governed by the electron donating power
of the ligand. Thus, based on this model, 2 should be more reactive than 1, yet the
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opposite is true; in fact, there is very little difference in reactivity of these two complexes.
DFT calculations indicate that the only significant bond-length difference between these
two complexes is the ligands in the axial position, as would be expected from changes in
the trans ligand. The electron donating power of the ligand #rans to the oxo moiety
should correlate directly with a smaller triplet-quintet gap, yet the reactivity does not
reflect this. Therefore TSR cannot explain the reactivity differences seen between this
acid-base pair.

While there is no overall trend for HAT with all the TMC-based complexes, it is
interesting that both acid-base pairs exhibit only a two-fold difference in rate constants.
Since each pair is more similar to one another than the TMC-based complexes reported
previously, it stands to reason that these complexes are more likely useful in indicating
how axial ligand basicity changes the reactivity. While structurally similar, these
complexes differ in charge, yet little reactivity difference is seen. Other factors likely

influence the reactivity of these complexes more than the charge of the ligand.

Table 2.1: Reaction rates of different iron(IV)-oxo complexes from this chapter.

ka [M! 5717 in CH3CN, 0 °C Epc(V vs Fc'/Fc

Complex 2 CHD¢ PPh; PMePh, 25 %C -40 C)C

1 5days | 0.037(2) | 0.19 5.903) 20.63 20.74
(25 °C)

2 ~15hrs | 0.016(1) | <0.0047 | 0322) | -1.16 123
(0°0)

3 48 (25 °C)| 0.023(1) | 0.006 N/A 20.92 N/A

5 7 hrs¢ 0.22(1) 3.8 N/A -0.48 N/A
(25 °C)

2.4 Conclusion

HAT reactivity allows us to connect the reactivity of the synthetic iron(IV)-oxo
model complexes to the reactivity of their nonheme iron enzyme counterparts. While
previous studies have correlated decreasing reduction potential of iron(IV)-oxo
complexes with an increase in HAT rate, the complexes had differences with the
tethering of the axial ligand to the TMC-framework, the solvent systems used, and the

type of the atom coordinated to the iron at the axial position.?® Two acid-base iron(IV)-
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oxo pairs were identified and characterized. By cyclic voltammetry, the E, c values for 1
and 2 were obtained. The reactivity of these complexes were compared with the data

1.2 While new OAT data fit into the previously reported trend of

reported in Sastri ef a
increasing reactivity with increasing E, ¢ values, the new HAT data did not follow the
previous trend of decreasing reactivity with increasing Ep ¢ value. The acid-base pair
allowed for the unique opportunity to compare reactivity of two very similar complexes.
The structures of 1 and 2 were very similar based on DFT calculations. However, 1 was
more reactive than 2 even though it had a higher reduction potential. This indicates that
the TSR model is unable to explain all HAT reactivity seen in iron(IV)-oxo species, and

likely, a new model will have to be formulated that encompasses all iron(IV)-oxo

complexes.
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Chapter 3
Reactivity of Iron(IV)-oxo Species Axially Ligated with
Carboxylates

This work is based on a paper in progress by: Jennifer O. Bigelow, Jason England,
Marléne Martinho, Erik R. Farquhar, Jonathan R. Frisch, Victor J. Young, Jr., Eckard

Miinck,* and Lawrence Que, Jr.*
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3.1 Introduction

Nonheme mononuclear iron enzymes are essential for a wide variety of reactions
in the biological world that utilize molecular oxygen as an oxidant.!* Despite this wide
array of reactivity, many have a common motif: a 2-His-1-carboxylate facial triad.' This
motif allows for a similar, reactive high valent iron-oxo intermediate to form in many
cases. %%11-13 This high-valent species has been implicated as the reactive intermediate.
An iron(IV)-oxo intermediate has been trapped and characterized in several
enzymes.*>!%!! This intermediate is proposed to abstract a hydrogen atom from the
substrate; a radical rebound mechanism can follow, where the hydroxo moiety reacts with
the newly formed radical to form the product.! However, the exact factors affecting the
reactivity of this iron(IV)-oxo species are still unknown.

While much has been investigated with the actual enzymes, modifications are
more easily achieved in synthetic model systems. With these model complexes, factors
such as spin state, electronics, and sterics can be modified to investigate how these
different components can affect reactivity.!®2%%0 The most systematic of these studies
involved iron(IV)-oxo complexes using tetramethylcyclam (TMC)-based compounds.
Initial work by Sastri ef al. indicated that oxygen atom transfer (OAT), a two-electron
process, was correlated with the electron-donating capability of an axial ligand, whereas
hydrogen atom transfer (HAT), was inversely correlated with electron donating ability of
the axial ligand.?® This difference could be explained by the Two-State Reactivity (TSR)
model 264!

The original explanation of TSR indicated that the difference in energy between
the ground S = 1 and the excited S = 2 states of the Fe'V=0 species controlled the
reactivity of the iron(IV)-oxo complexes.?®*! The smaller the gap, the more contribution
of the § = 2 transition state to the reaction, which was lower in energy than the S =1
transition state. The gap was controlled by the axial ligand electron donating ability, so
that the complexes with the more electron donating ligands were more reactive.

The TSR model was recently challenged by a conjugate acid-base pair (1 and 2)
utilizing the same TMC framework.®® While 2 had an axial ligand much more electron-
donating than 1 based on cyclic voltammetry, the HAT rates of 1 were faster than 2. This
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Scheme 3.1: Conjugate acid-base pair from a previous study
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case of two very similar iron(IV)-oxo complexes that only differed by the loss of a proton
indicates that reactivity of these complexes is not just based on electron-donating ability
of the axial ligand alone.

In response to this, a modified version of TSR was recently presented wherein
tunneling accounts for the anti-electrophilic response.®! Tunneling contributions indicate
that the reaction primarily proceeds through the S = 2 transition state, as the KIE values
are non-classical, but in the range of 10-60. The S = 1 transition state would result in KIE
values in the hundreds. While all the complexes have non-classical KIE values, a
noticeably larger one is proposed for [Fe(O)TMCS]", which originally contributed to the
anti-electrophilic trend. The study predicts that more electron-donating ligands will have
higher KIE values for HAT, while OAT cannot proceed through this path because of the
larger size of the oxygen molecule. This explanation indicates that KIE will have a more
important role in predicting reaction rates than before.

Herein, we continue the investigation of TMC-based iron(IV)-oxo complexes
with a series of axially bound carboxylate ligands. These ligands vary in the nature of the
attachment to the framework, allowing for the flexibility of the ligand framework to be
examined. Two complexes involve linked carboxylates: 3, an acetate and 7, a propionate,
while two complexes have free anions bound axially: 8, an acetate, and 9, a propionate.
These modifications of the ligand framework greatly affect HAT reactivity.
Investigations into this reactivity indicate that likely TSR cannot fully explain the
reactivity differences seen among these complexes, but rather the tethering of the ligand

has unexpected consequences.

3.2 Experimental
3.2.1 General Considerations

All reagents were purchased from Aldrich and used as received unless noted
otherwise. Diethyl ether and tetrahydrofuran were dried by prolonged reflux, under a
nitrogen atmosphere, over sodium metal with a benzephenone ketyl indicator and
distilled freshly prior to use or bought anhydrous. Acetonitrile, dichloromethane and
triethylamine were treated in a similar manner, but using calcium hydride as the drying
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agent, or were bought anhydrous. Methanol was dried by reaction of the water present
with excess sodium metal and then distilled under a nitrogen atmosphere or bought
anhydrous. Iodosobenzene (PhlO),** its #0-labelled isotopomer PhI'*0,%?
Fe(OTf)2(CH3CN),,*" 1,4,8-trimethyl-1,4,8,11-tetraazacyclotetradecane, >4 4,8,11-
trimethyl-1,4,8,11-tetraazacyclotetradecane-1-acetic acid tetrahydrochloride salt
(TMCACcH4HCI),* and NBusOP% were all prepared according to published procedures.
[FeTMC(CH3CN)](OTH), was prepared either by a previously published procedure*®: or
by the method outlined in the previous chapter. TMC was purchased from Angene
International Limited or Strem. Triphenylphosphine was purified by dissolving in hexane
and running through a silica gel column. 9,10-dihydroanthracene (DHA) was purified by
a published procedure®® and d*-DHA was synthesized by a published procedure.®’

All moisture and oxygen sensitive compounds were prepared using standard high
vacuum line, Schlenk, or cannula techniques. A standard nitrogen-filled glove box was
used for any subsequent manipulation and storage of these compounds. NMR spectra
were recorded using Varian Inova 500 MHz or 300 MHz spectrometers. Chemical shifts
(ppm) were referenced to the residual protic solvent peaks. Elemental analyses were
performed by Atlantic Microlab (Norcross, GA). UV-Visible studies were performed
using a HP8453 A diode array spectrometer equipped with a cryostat from Unisoku
Scientific Instruments (Osaka, Japan). Electrospray ionization mass spectrometry
experiments were carried out on a Bruker BioTOF II mass spectrometer using a spray
chamber voltage of 4000 V and a gas carrier temperature of 60 °C. FT-IR spectra were
recorded in CH3CN solution at ambient temperatures in a CaF» solution cell
(International Crystal Labs), using an Avatar 370 spectrometer (ThermoNicolet).

3.2.2 Synthetic Procedures

Dr. Jason England developed the TMCPrAH-4HCI synthesis, along with the
method of generating the iron(II) complexes and iron(IV)-oxo complexes, except for 9.

TMCPrAH4HCI: To a solution of Mescyclam (1.00 g, 4.13 mmol) in
acetonitrile (40 mL) was added 20 equivalents of fert-butyl acrylate (12.1 mL, 82.5
mmol) and the resulting mixture was allowed to stir under argon for 72 hours.
Subsequently, all volatiles were removed under vacuum to provide a yellow oil. 'H-NMR
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(CDCl3, 500 MHz): 02.76 (t, 2H, NCH2CCO»), 2.54 (m, 4H, NCH>), 2.44 (m, 12H,
NCH»), 2.35 (t, 2H, CH2CO), 2.22 (s, 3H, NMe), 2.21 (s, 3H, NMe), 2.20 (s, 3H, NMe),
1.64 (p, 4H, NCCH,CN), 1.44 (s, 9H, ‘BuO). >*C-NMR (CDCl;, 125 MHz): J172.28,
54.71, 54.45, 54.25, 53.69, 53.62, 53.42, 50.58, 50.47, 50.22, 43.62, 43.58, 43.29, 33.18,
28.15, 24.40. MS (+ESI): m/z 371.5 [(M+H)"].

The ester was dissolved in trifluoroacetic acid (40 mL) and stirred in a sealed
flask, at ambient temperature, for 96 hours. Removal of all volatiles yielded a brown oil,
from which an off-white solid could be obtained by trituration with diethyl ether
overnight. This solid was isolated by filtration, washed with further diethyl ether and air
dried. '"H-NMR (D0, 500 MHz): d3.51 (m, 2H, NCH>), 3.43 (m, 4H, NCH,), 3.20 (m,
6H, NCH>»), 3.12 (t, 2H, NCH>), 2.97 (t, 2H, NCH2CCOy), 2.86 (t, 2H, NCH>), 2.83 (s,
3H, NMe), 2.82 (s, 3H, NMe), 2.78 (s, 3H, NMe), 2.60 (t, 2H, CH2COy), 2.01 (m, 2H,
NCCH2CN), 1.83 (m, 2H, NCCH2CN). MS (+ESI): m/z 315.2 [(TMCPrA+2H)"]. Anal.
Calcd. (found) for C24H3sF12N4O10: C, 37.41 (37.42); H, 4.97 (4.94); F, 29.59 (29.37); N,
7.27 (7.40); O, 20.76 (20.94).

Dissolution of the trifluoroacetate salt in methanol and addition of concentrated
hydrochloric acid caused precipitation of a solid, which was isolated by filtration, washed
with methanol, followed by diethyl ether, and air dried to give the title compound as a
white powder (2.44 g, 77 % overall). 'H-NMR (D0, 500 MHz): J3.58 (m, 2H, CH>),
3.50 (m, 4H, CH>), 3.26 (m, 8H, NCH>), 3.07 (t, 2H, NCH>), 2.99 (t, 2H, NCH2CCOy),
2.86 (s, 3H, NMe), 2.85 (s, 3H, NMe), 2.81 (s, 3H, NMe), 2.65 (t, 2H, CH2COz), 2.05 (m,
2H, NCCH2CN), 190 (m, 2H, NCCH2CN). Anal. Caled. (found) for
Ci16H33ClsN40O2.3H20: C, 37.36 (37.76); H, 8.62 (8.42); Cl, 27.57 (27.29); N, 10.89
(10.87).

Synthesis of Iron(Il) Complexes (referred to by the iron(IV)-oxo complex #’)

[3’][BPhs]: To a methanolic suspension of TMCAcH.4HCI (0.63 g, 1.41 mmol)
was added 4 equivalents of sodium methoxide (0.30 g, 5.63 mmol). After 15 minutes of
stirring, all volatiles were removed to yield a residue, to which dichloromethane was
added. This dissolved the monoprotonated ligand, but not the sodium chloride by-

product, which was removed by filtration. The dichloromethane extracts were reduced to
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dryness to provide TMCAcH as a waxy solid, which was then dissolved in methanol,
treated with triethylamine (0.65 g, 6.40 mmol) and Fe(OTf)(CH3CN), (0.56 g, 1.28
mmol), and stirred for 12 hours. Subsequent addition of sodium tetraphenylborate (0.44
g, 1.28 mmol) caused precipitation of a white powder, which was isolated by filtration,
washed with methanol and diethyl ether, and dried under vacuum to give 0.77 g of
product (89 % yield). 'H-NMR (CDsCN, all peaks appear as broad singlets): d342.9 (1H,
CH:>), 337.3 (1H, CH>), 335.8 (1H, CH>), 322.6 (1H, CH>), 193.2 (1H, CH>), 167.0 (1H,
CH>), 155.2 (1H, CH>), 146.3 (2H, CH>), 131.8 (3H, NMe), 96.0 (3H, NMe), 88.2 (2H,
CH:>), 81.7 (3H, NMe), 63.1 (1H, CH>), 35.3 (1H, CH>), 22.9 (3H, NMe), 7.4 (8H, BPha),
7.0 (8H, BPhs), 6.9 (4H, BPh4), -13.5 (1H, CH>), -30.1 (1H, CH>), -58.1 (1H, CH>). MS
(+ESI): m/z 355.3 [(M-BPhs)"]. Anal. Calcd. (found) for C3oHsiBFeNsO,: C, 69.45
(69.59); H, 7.62 (7.66); N, 831 (8.18). The analogous [3’][B(C¢Fs)s] could be
synthesized through a similar procedure, except replacing sodium tetraphenylborate with
lithium tetrakis(pentafluorophenyl)borate diethyl ether complex.

[7°][BPhs]: this complex was prepared in an analogous fashion to [3’][BPhs],
using 0.60 g (1.30 mmol) of TMCPrAH.4HCI and 0.21 g (5.21 mmol) of sodium
hydroxide to provide the ligand TMCPrAH; and 0.60 g (5.92 mmol) of triethylamine,
0.52 g (1.18 mmol) of Fe(OTf)2(CH3CN), and 0.41 g (1.18 mmol) of sodium
tetraphenylborate in the subsequent complexation. The product was obtained as a white
powder in 78 % yield (0.70 g). 'TH-NMR (CDsCN, all peaks appear as broad singlets): d
308.7 (1H, CH>), 294.8 (2H, CH>), 282.7 (1H, CH>), 275.8 (1H, CH>), 153.9 (1H, CH.),
148.4 (1H, CH>), 132.6 (3H, NMe), 121.0 (1H, CH>), 112.1 (1H, CH>), 103.1 (3H, NMe),
97.1 (3H, NMe), 68.0 (2H, CH>), 51.2 (1H, CH>), 34.2 (1H, CH>), 26.9 (1H, CH>), 20.7
(1H, CH2), 15.6 (1H, CH>), 12.6 (1H, CH>), 7.4 (8H, BPh4), 7.0 (8H, BPhs), 6.9 (4H,
BPhy), -1.4 (1H, CH>), -5.8 (1H, CH>), -16.0 (1H, CH>), -19.3 (1H, CH). MS (+ESI): m/z
369.1 [(M-BPhs)"]. Anal. Calcd. (found) for C40Hs3sBFeN4O,: C, 69.78 (69.83); H, 7.76
(7.78); N, 8.14 (8.02). The analogous [7’][B(CsFs)s] could be synthesized through a
similar procedure, except replacing sodium tetraphenylborate with lithium

tetrakis(pentafluorophenyl)borate diethyl ether complex.
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[8’][BPhs]: A mixture of TMC (0.20 g, 0.78 mmol) and iron(Il) acetate (0.14 g,
0.78 mmol) were stirred together in methanol (10 mL) for 12 hours. Subsequent to
filtration, the filtrate was treated with sodium tetraphenylborate (0.27 g, 0.78 mmol),
which caused a white precipitate to form. This solid was isolated by filtration, washed
with methanol (2 X 5 mL) and dried under vacuum to give the product as a white powder
(0.45 g, 84 %). 'H-NMR (CD;CN, all peaks appear as broad singlets): d 274.3 (4H,
NCH>), 109.7 (12H, NMe), 55.3 (4H, NCH>), 40.1 (4H, NCH>), 7.3 (8H, BPhs), 7.0 (8H,
BPhs), 6.9 (4H, BPhs), -9.4 (2H, CCH:C), -10.2 (2H, CCH>C). MS (+ESI): m/z 371.3
[(M-BPhs)]. Anal. Calcd. (found) for C40HssBFeN4Oz: C, 69.57 (70.03); H, 8.03 (8.10);
N, 8.11 (8.14).

Iron(1V)-oxo Complex Synthesis

Synthesis of 3 and 7: To acetonitrile solutions of iron(Il) complex was added
excess PhIO (approximately 3 equivs) and the resultant mixture was stirred together at
ambient temperatures for 5 — 20 minutes. Subsequent removal of unreacted oxidant
provided solutions of the desired complexes, suitable for spectroscopic and kinetic
studies.

Synthesis of 8 and 9: To preformed acetonitrile solutions of
[Fe!V(O)TMC(CH3CN)]** was added 2.5 — 5 equiv of tetrabutylammonium acetate or
tetrabutylammonium propionate, dissolved in acetonitrile. This reaction proceeded
smoothly at temperatures > -20°C, but was prohibitively slow at lower temperature.

3.2.3 X-ray Crystallography
([8’][BPh4] characterization was carried out by Victor Young)

Diffraction quality crystals of [8’][BPhs] were grown by vapor diffusion of
diethyl ether into concentrated CH3CN solutions of complex. A crystal (approximate
dimensions 0.25 x 0.21 x 0.13 mm?) was placed onto the tip of a 0.1 mm diameter glass
capillary and mounted on a Bruker CMOS diffractometer for a data collection at 123(2)
K.!" A preliminary set of cell constants was calculated from reflections harvested from
three sets of 20 frames. These initial sets of frames were oriented such that orthogonal
wedges of reciprocal space were surveyed. This produced initial orientation matrices

determined from 782 reflections. The data collection was carried out using CuKa
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radiation (graphite monochromator) with a shutterless data collection procedure. A
randomly oriented region of reciprocal space was surveyed to the extent of one sphere
and to a resolution of 0.84 A. The intensity data were corrected for absorption and decay
(SADABS).2 Final cell constants were calculated from the xyz centroids of 9904 strong
reflections from the actual data collection after integration (SAINT).3

For [7’][B(C¢F5s)4], a concentrated solution in CH3CN was layered with diethyl
ether and put in a -40 C freezer for two years. Selected single crystals were placed onto
the top of 0.1 mm diameter glass capillaries and mounted on a Bruker SMART V5.054
CCD area detector diffractometer for data collection. A preliminary set of cell constants
was collected from reflections harvested from three sets of 20 frames. These initial sets of
frames were oriented such that orthogonal wedges of reciprocal space were surveyed and
then used to produce initial orientation matrices. Data collection was carried out using
MoKa radiation (graphite monochromator). A randomly oriented region of reciprocal
space was surveyed to the extent of one sphere, with four major sections of frames being
collected using 0.30° steps in o at four different ¢ settings and a detector position of -28°
in 20. The intensity data were corrected for absorption and decay (SADABS). Final cell
constants were calculated from the actual data collection after integration (SAINT).

The structures were solved and refined using Bruker SHELXTL. Space groups
were determined based on systematic absences and intensity statistics. In all cases, a
direct-methods solution was calculated, which provided most non-hydrogen atoms from
the E-map. The remaining non-hydrogen atoms were located by full-matrix least squares/
difference Fourier cycles. All non-hydrogen atoms were refined with anisotropic
displacement parameters. All hydrogen atoms were placed in ideal positions and refined
as riding atoms with relative isotropic displacement parameters.
3.2.4 Resonance Raman Spectroscopy
Collection and analysis was performed by Jonathan Frisch.

Resonance Raman spectra were obtained using a liquid nitrogen cooled CCD
detector (model LN/CCD-1340 x 400PB, Princeton Instruments) attached to a I-m
polychrometer (model MC-100DG, Ritsu Oyo Kogaku). An excitation wavelength of

406.7 nm was provided by a Kr" laser (Spectra Physics BeamLok 2060-RM) with ca. 20
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mW power at the samples. All measurements were carried out in frozen solution with
samples mounted on a brass cold finger. Raman shifts were calibrated with indene, and
the accuracy of the peak positions of the Raman bands was *+ 1 cm™'. Samples of 3, 7,and
8 were prepared from 10 mM solutions of the corresponding iron(Il) precursors, as
described above. Samples of the ®0-labelled isotopomers of 3 and 7 were generated by
reaction with 2 equiv of PhI(OAc),, in the presence of 100 equiv of H>'®0. In the case of
8, generation of the precursor [Fe'Y(O)TMC(CH3CN)J*" using PhI'®O was found to
preferable.

3.2.5 Mossbauer Spectroscopy

Data collection and analysis performed by Marléne Martinho and Eckard Miinck.

The Mossbauer spectra were recorded with a home built spectrometer, using a Janis
Research (Wilmington, MA) Super Varitemp dewar. Isomer shifts are quoted relative to
Fe metal at 298 K.

3.2.6 DFT Calculations

Calculations performed by Marléne Martinho and Eckard Miinck, except for 9.

Gaussian was used for the calculations of 3, 7, and 8, using a B3LYP functional
with the basis set 6-311G and default settings for geometry optimizations. The initial
coordinates were based on the crystal structure of [8][BPh4], as no iron(IV)-oxo complex
was crystallized..

The structure for 9 was calculated by modifying the structure from 8 and using a
mixed basis set with def2-SVP for all atoms except iron, for which def2-TZVP was used.
The model was calculated in the triplet ground state using a b3-lyp functional, with an
energy convergence of 107,

3.2.7 Kinetic Experiments
PPh; reactions were conducted by Jason England, except for those of 9.

Acetonitrile solutions of the iron(IV)-oxo complexes were generated as
mentioned in the synthetic section. Stock solutions of 0.5 mM 3, I mM 7, 1 mM 6 were
generated for each k> set with 1,4-cyclohexadiene. Displacement of the axial acetonitrile
was achieved by addition of 2.5-3 equivalents of the proper tetraalkylammonium salt 2-4

minutes before addition of the substrate. Addition of the salt before temperature
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equilibration was necessary for the lower temperature reactions. Each k> was generated
from 4-5 time traces with differing concentrations of 1,4-cyclohexadiene. For NBusOPr
substituted complex at 0 °C, high concentrations were too fast so 5-25 eq. was the range
of substrate used; however, for all other runs, 10 eq. was the minimum substrate
concentration. Dihydroanthracene reactions were conducted at 0.5 mM or 1 mM for the
complexes. For the calculation of the Eyring parameters, all reactions were recorded at
four temperatures with a span of 30 K. Each temperature was repeated 3 times, and fit
with the exponential form in Origin 9.1 with 1/k»* weighting.

3.2.8 Cyclic Voltammetry

Scans were conducted at room temperature under a nitrogen atmosphere in a
glove box or in a septumed vial under argon that had been sparged for 15 minutes. Scan
rate of 100 mV/s was employed, unless otherwise noted. The electrolyte was 0.1 M
NBusPFs. The electrodes used were a glassy carbon electrode for the working electrode, a
platinum wire for the auxiliary electrode, and a Ag/Ag" reference electrode with 0.1 M
NBu4PF¢ and 0.01 M AgPFs acetonitrile solution.

The iron(Il) complexes were generated at 1 mM concentrations for the cyclic
voltammograms. 3 and 7 were generated by addition of excess iodosylbenzene to a 1 mM
acetonitrile solution of iron(II) complex, as reported in the synthesis section. 8 and 9 were
generated by first generating 6 and then adding the appropriate tetraalkylammonium

carboxylate salts at 3 minutes before scanning.

3.3 Results and Discussion
3.3.1 Characterization
3.3.1.1 X-ray Crystal Structures of Fe(I) Complexes

The crystal structures of [7°][B(CsFs)]4 and [8’][BPhs] both show 5-coordinate
geometries in-between square pyramidal and trigonal bipyramidal (7 =0.42 and 0.46,
respectively). Both cyclam rings are in the trans-I conformation (Figures 3.1 and 3.2).
The bond lengths of the crystal structures and the paramagnetically shifted '"H NMR

spectra indicate that these are high-spin iron(II) complexes.
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While [7°][B(CsFs)]s and [8’][BPh4] could be crystallographically characterized,
3> was highly disordered due to the co-crystallisation of enantiomers. Still, we were able
to determine [3’][B(CsFs)4] had 5-coordinate frans-1 conformation (Figure 3.3). The same
ligand, TMCAc, had been used previously by Wieghardt and co-workers to form iron
complexes with trans-1Il geometries.*® However, the Wieghardt complexes were
synthesized from iron(III) starting materials, while [3’][B(CsFs)4] has an iron(II) center.
The larger iron(II) center may force the complex to adopt the ¢rans-1 conformation.
3.3.1.2 Spectroscopic Characterization

Upon addition of iodosylbenzene to 3’ and 7° in CH3CN, each formed a new
species. These species exhibited near IR features similar to other reported S =1 iron(IV)-
oxo complexes. These features are likely due to d-d transitions, which has been
previously been reported as the source of the near IR features for iron(IV)-oxo
complexes.®® For 8°, use of iodosylbenzene yielded similar features, but a higher yield
was obtained with addition of NBusOAc to 6. A similar method was used to generate 9.
All spectra exhibited a double-hump feature, which seems to be characteristic of
iron(IV)-oxo species with axially ligated carboxylates.

Additional characterization of these complexes also indicated the formation of
iron(IV)-oxo species. The electroscpray mass spectra of 3, 7, and 8 showed m/z values
and isotope patterns consistent with the predicted formulas (Figures 3.S1-3.S3 in the
appendix). Vibrations from 822-833 cm™ were observed by resonance Raman
spectroscopy (Table 3.1). These vibrations downshifted by 32-37 cm™ upon 80-labeling,
in accordance with Hooke’s law. Moreover, the '"H NMR indicated a single paramagnetic
species of C; symmetry (Figure 3.S5-3.S6 in the appendix). Initial data for 9 indicates
similar 'TH NMR spectrum.
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Figure 3.1: Crystal structure of [7°][B(C¢F5)4] with the counterion [B(CesFs)4]” removed for
clarity. Hydrogen atoms placed at idealized locations, ellipsoids at 50% probability.

Figure 3.2: Crystal structure of [8”][BPh4] with counterion [BPhs]" removed for clarity.
Hydrogen atoms placed at idealized positions, ellipsoids at 50% probability.
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Figure 3.3: Disordered structure of [3”] with hydrogens and counterion removed for clarity.
While there is disorder, the structure shows the three methyl groups sy to the acetate. Ellispoids
are at 50% probability.
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Figure 3.4: The electronic spectra of iron(IV)-oxo species recorded in CH3CN solution at 0°C: 3
(purple), 7 (dark yellow) 8 (blue), and 9 (red).
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Table 3.1: Spectroscopic properties of the iron(IV)-oxo carboxylate series

Complex JAmax, NM yre-o (em™) AEq J (mm/s)°
(&max, M em™) (mm/s)P

3 811 (180) 831 0.74 0.13
962 (160) (-0.14) (0.14)

7 831 (110)* 822 0.82 0.17
1033 (0.13) (0.17)

8 831 (160) 826 0.99 0.19
997 (140) (0.38) (0.18)

9 830 N/A N/A* N/A

# Estimation based on quantification of OPPh; after reaction with PPhs.

*No Mdgssbauer data

64




3.3.1.3 Mossbauer Spectroscopy
(This work and analysis was contributed by Marléne Martinho and Eckard Miinck)
Zero-field Mdssbauer studies of 3, 7, and 8 show that they exhibit quadrupole
doublets indicative of an integer spin ground state, with isomer shifts J typical of
iron(IV). Fitting of the high-field spectra of these complexes provided zero-field splitting
and hyperfine parameters similar to those of previously reported S = 1 oxoiron(IV)
complexes. Unsurprisingly, the zero field spectrum of 3 displayed a doublet with = 0.13
mm s and AEq of 0.74 mm s!, typical of an anion bound oxoiron(IV) complexes with
TMC-based ligands. Notably, an increase was observed in both & and AEq upon
increasing the length of the pendant donor arm to the propionate-appended complex 7 (&
=0.17 mm s and AEq = 0.82 mm s™), and moving to the non-appended acetate complex
8(0=0.19 mm s and AEq=0.99 mm s™'). Given that the magnitude of AEq can crudely
be viewed as a reflection of the degree of asymmetry in the electron density around the
iron center and O is inversely related to the electron density at the iron nucleus, the
smaller AEq and & seen in the TMCAc complex is partially a reflection of the slightly
greater donor strength of the appended acetate, relative to the other carboxylate bound
complexes 7 and 8. This is presumably a consequence of the small 5-member chelate ring
formed by coordination of the appended acetate in 3 and any conformational changes in
the cyclam ring that result. This slightly greater donor strength is also observed in cyclic

voltammetry experiments (vide infra).

3.3.2 Reactivity

In previous work, a series of TMC-based iron(IV)-oxo complexes had been found
to exhibit an anti-electrophilic pattern to HAT reactivity, which was explained by the
Two-State Reactivity model, but subsequent work has shown that the reactivity of TMC-
based iron(IV)-oxo complexes is more complicated.?¢2%%° Given that no single trend
based on the electrophilic nature of the complexes was found, we set out instead to
investigate how changing structural components of the TMC framework affects reactivity

with a series of axially bound carboxylate complexes.
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As previous work connected the electron donating power of the axial ligand with
Ep peak from cyclic voltammetry,?® the same method was chosen to compare the new
carboxylate series. It was found that of 3, 7-9 exhibited E, values very similar to each
other (see Table 3.2) with the complex with the appended acetate having the lowest value
of -920 mV vs F¢'/Fc and the free acetate anion complex having the highest value at -790
mV vs Fc'/Fc. While there is some difference among these complexes, the span of 130
mV is small, indicating that the electron donating power of the carboxylate changes little
with the structural changes.

Oxygen atom transfer (OAT) reactivity within the carboxylate series in the
reactions with PPhs showed two orders of magnitude difference between the slowest
complex (3) and the fastest (9) (Table 3.2). The appended complexes were slower, with 3
having a k> of 0.006 M! s! and 7 a k> 0f 0.071 M s”!, while the free anion complexes
showed similar k> of 0.57 M 57! for 8 and 0.64 M s”! for 9. A comparison with Ej
values indicates that a higher OAT rate corresponds to a higher redox potential. This
electrophilic trend for these carboxylate complexes is similar to what has been reported
before for other iron(IV)-oxo complexes, especially those employing the TMC
framework (Figure 3.5).2%?8 The consistency in OAT towards the electrophilicity of
iron(I'V)-oxo moieties shows that electrophlicity of iron(IV)-oxo TMC-based complexes
is predictive of OAT reactivity.

Surprisingly, HAT reactivity was also found to be correlated with E, ¢ values. For
1,4-cyclohexadiene (CHD), the order of reactivity was 3 (0.023(1) M s71) <7 (0.33(6)
M1sh)<8(3.62) M!s1)<9(4.3(2) M!s). A similar trend was seen in the reactivity
of 9,10-dihydroanthracene (DHA), with an order of 3 (0.044) M s71) <7 (0.66(4) M s°
1) <9(10.9(6) M sy < 8 (13(1) M! s°1). While the order of reactivity of 8 and 9
switches between CHD and DHA, the rate constants are almost within error of each
other, indicating that the extra methylene group does not change reactivity much.
However, there was a hundred-fold increase in the reactions with DHA and CHD from
the appended acetate complex, 3 to the free anion acetate, 8 (Table 3.2). This difference

does not follow the anti-electrophilic trend proposed previously (Figure 3.6), as 3 has the
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least electrophilic iron(IV)-oxo moiety and is the least reactive. This indicates that
electron donating power of the axial ligand is not the reason for the reactivity differences.

While TSR has been proposed previously to explain the differences in reactivity,
there are other models about what controls the reactivity of iron(IV)-oxo complexes.
Bond strength, for example, is often correlated with reactivity. Probing this can be
accomplished with resonance Raman spectroscopy. Iron(IV)-oxo frequencies were
obtained for 3 (831 cm™), 7 (822 cm™) and 8 (826 cm™). The resonance Raman
frequencies, when compared to reactivity show no trend, with the most reactive species,
8, having the intermediate frequency. The frequencies are also very similar, which may
indicate similar bond strength between the iron(IV)-oxo species. From resonance Raman
spectroscopy, there is no evidence that Fe-O bond strength determines the reactivity.

Steric factors could be different among these complexes. We investigated this by
use of DHA as well as CHD, where DHA is bulkier, though it has a BDE of 76.3
kcal/mol, which is practically indistinguishable from the BDE of 76.0 kcal/mol of CHD.
However, little difference was seen in the reactivities of each of these complexes with
these two substrates (Figure 3.7). It seems unlikely that sterics is the major cause in the
changes in reactivity.

A recent addendum to TSR theory indicates that tunneling plays a major role in
determining the reactivity of these different TMC-based complexes, and may account for
the reverse of an expected electrophilic trend. While not applicable in OAT, the hydrogen
atom is small enough that HAT rates may increase due to a tunneling contribution. This
contribution alters what is expected from different iron(IV)-oxo complexes. To test how
much tunneling is affecting the reactivity, we performed KIE studies on the carboxylate
complexes with DHA. All had KIE values greater than 7, indicative of tunneling.
However, the KIE values fall within a small range (15-30) indicating that tunneling
contributes similarly to the HAT reactivity of all complexes. While the most reactive
complex, 8, does have a KIE value of 30, the lowest value of 15 is for both the second
most reactive species 9 and the estimation for the least reactive species 3. The KIE values
also do not follow the predicted anti-electrophilic trend. Instead of the most electron-
donating ligands having the highest KIE value, the highest KIE found here was due to the
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Figure 3.5: Log of the rate constant of OAT from TMC-based iron(IV)-oxo complexes versus the

reductive peak from cyclic voltammetry. Black, Sastri et al.; grey, England et al.; red filled, 3;
blue filled, 7; red open, 8; blue open, 9.
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Figure 3.6: Log of HAT rate constants of 1,4-cyclohexadiene with iron(IV)-oxo species from this
study (circles) and a previous study (black squares) versus E, . shows no correlation between
iron(IV)-oxo TMC-based complexes: red filled, 3; blue filled, 7; red open, 8; blue open, 9.
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least electron-donating ligand, as indicated by E, ¢ values. While there are some
differences, small changes in the reaction rate create large differences in KIE. The large
reactivity difference between the free anion complexes compared to the tethered
complexes cannot be explained by invoking tunneling.

These tests of previous models indicate that the reactivity of these complexes is
controlled by a factor outside of tunneling, sterics, or bond strength. We instead turned to
computational and experimental methods of understanding the transition states of these
complexes to better understand what factor contributes to the hundred-fold difference in

reactivity.

3.3.3 Transition State Investigations

The Eyring equation provides a useful way to experimentally probe the difference
between the ground state and the transition state energy. While this is the best way to
gather information about the transition state experimentally, several concerns arise with
the experimental implementation and reliability of the parameters obtained. To avoid
these concerns, we followed the best practices outlined previously.®® A short explanation
of the new way of fitting the data is instructive for others who attempt to calculate Eyring
parameters, as several literature sources have utilized less reliable methods.

Although it is generally known that linearization of exponential equations leads to
less reliable parameters, this has been shown to be less important for the Eyring
equation.®” Comparing the parameters calculated in three different ways from our own
study shows that little error is indeed present, as has been mentioned previously, but to
err on the side of caution, the best fit with the exponential equation was chosen. These
parameters are all calculated at four different temperatures over a range of 30 K and
repeated three times. As can be seen in Table 3.4, the errors for the entropy of activation
are in the range expected as compared to those from the enthalpy of activation (errorAH*
~0.003 K-'errorAS*).”® These values have been carefully and rigorously determined,

allowing for the full use of errors in analysis.
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Figure 3.7: The log of HAT rate constants for all published iron(IV)-oxo TMC-based complexes
(in order of decreasing E, . value: 6, 5, [Fe!Y(O)TMC(OOCCEF;)]*, [Fe™V(O)TMC(N3)]*", 1, 8, 9,
7, 3) with 1,4-cyclohexadiene (black) and 9,10-dihydroanthracene (red). The rates between DHA

and CHD are similar for each complex.

Table 3.2:Reactivity and electrochemistry of the carboxylate series

Complex k2 PPhs k21,4-CHD | k2 DHA (M™ |  Epc (V) KIE DHA
(M-ls-l) (M-ls-l) ls-ls-l)
3 0.006 0.023(1) 0.033(4) -0.92 ~15%
7 0.071 0.33(6) 0.66(4) -0.84 21
8 0.57 3.6(2) 13(1) -0.79 30
9 0.64(2) 4.3(2) 10.9(6) -0.81 15

* Only estimation based on 100 eq. d*-DHA due to long reaction time

Table 3.3: DFT geometry values

Angle | Average

Fe- O=Fe- | Fe-N
Complex Fe=O | Ocarb | O distance
3 1.67 1.93 176 2.10
7 1.67 1.90 179 2.12
8 1.66 1.96 174 2.13
9 1.66 1.96 174 2.13
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Table 3.4: Eyring Parameters Determined with Exponential equation

Complex AS* (J*mol1*K?) AH?* (kJ/mol)
3 -119+6 43 +£2
7 -108 £ 7 39+2
8 -115+6 32+2
9 -108+5 34+2
Table 3.5: Eyring Parameters Determined with Linear Equation
Complex AS* (J*mol1*K1) AH* (kJ/mol)
3 -119+£5 43 +£2
7 -106 £ 6 40+2
8 -114+6 33+2
9 -106 + 5 34+1

The importance of using the exponential equation instead of the linear equation
can be seen with comparison of the entropy of activation. With the normally used linear
equation, AS* =-106 + 6 J/mol-K for 7 and AS* =-106 + 5 J/mol-K for 9, which is
different from the value for 3 of -119+ 5 J/mol-K (Table 3.5). This would suggest some
entropic component to the reactivity. However, when the exponential equation is used,
the entropy of activation is within error for all complexes (Table 3.4). The error for this
value is small for each, but all complexes are within error of each other, indicating that
the major difference in activation energy is not from the entropic component.

Using the more reliable determination method, the entropy of activation
parameter is large and negative for all complexes from -108(7) to -119(6) J/mol-K, which
is consistent with a bimolecular reaction. As they are all within error of each other, this
indicates that the entropic component is not what controls the reactivity of these
complexes.

Instead, both free anion complexes show lower enthalpies of activation (32(2)
kJ/mol for 8 and 34(2) kJ/mol for 9) than the appended complexes (43(2) kJ/mol for 3
and 39(2) kJ/mol for 7). The difference seen between the reactivity of the appended and
the unappended complexes is therefore due to these enthalpic differences.

To gain insight into what causes the differences in enthalpy of activation, we
turned to DFT. Calculations indicate that the iron-oxo bond lengths are the same within

error (1.66 — 1.67 A), the O-Fe-O bond angle is nearly 180 ° for all complexes (174 —
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179), and the average Fe-N distance varies little (2.10 —2.13 A). The largest change is
seen in the axial carboxylate ligand, from 1.90 — 1.96 A, which is still small. This
distance also does not correlate with reactivity. Instead, 7 has the shortest Fe-Ocarboxyate
bond length at 1.90 A, 3, the next longest at 1.93 A, and 8 and 9 are the longest at 1.96 A.
Given these similar geometries, it seems unlikely that the geometry of the reactant ground
state is responsible for the differences in reactivity.

For these reasons, we propose it is the attachment of the axial ligand that
increases the enthalpy of activation. As the geometries are minimally different in the
ground state between the appended and unappended complexes, it is likely the geometry
of the transition state that is affected. More bonding interactions are likely to be
weakened in the transition state. This can be accomplished if the iron(IV)-oxo moiety has
to lift out of the N-plane of the TMC ligand as the Fe=O moiety abstracts an H-atom
from the substrate. With the unappended anionic axial ligands, this shift is easily
accomplished as only minor steric interactions would interfere. However, with a
constrained system, such as the appended ligand, the bond between the axial ligand and
the iron might need to weaken for the correct transition state to be obtained. This
explanation also explains the 10-fold difference in HAT reactivity seen between 3 and 7,
as 7 has a longer appending arm, and therefore is more flexible. Although the enthalpies
of activation are within error for these complexes, this change would be a combination of
enthalpic and entropic factors, which may appear within error of each other.

The difference between unappended and appended ligands shows up in the
currently reported iron(IV)-oxo species utilizing the TMC-framework. If species are
divided up into those with appended ligand and those without, the anti-electrophilic trend
reported by Sastri ef al. holds only for the free anion complexes from this study.
However, comparing the other complexes as a group shows no anti-electrophilic trend,
and even an electrophilic trend if only complexes with axial ligands that form five-
membered rings are considered. These subset shows the importance of comparing related

complexes, as even connecting the anion to the ligand framework alters reactivity greatly.
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3.4 Conclusion

We have synthesized a series of TMC-based iron(IV)-oxo complexes with axially
coordinated carboxylate ligands. There was over a hundred-fold OAT and HAT reactivity
difference between the slowest iron(IV)-oxo species, 3, and the fastest, 8 and 9. No anti-
electrophilic HAT trend was seen with reduction potential, the second TMC-based series
to contradict the original correlation between HAT and E, values. While tunneling was a
factor in HAT for all the complexes, a small range of values (15-30) was obtained, with
no trend related to the increase in reactivity. Instead, Eyring parameters revealed a
significant difference between the enthalpies of activation for the appended carboxylate
complexes versus the unappended carboxylate complexes. The increase in enthalpy of
activation for the appended complexes is proposed to be due to the iron(IV)-oxo moiety
rising out of the plane. This weakens the axial bond in the appended complexes, as the
appending does not allow as great a movement of the axial ligand. Therefore, the design
of new ligands must not only focus on the axial ligand electron-donating capability, but

also the connection, or lack of one, towards the overall ligand framework.
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Chapter 4
Evidence of Radical Formation in Oxygen Activation of

Nonheme Iron Model Complexes
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4.1 Introduction
Nonheme monoiron enzymes activate dioxygen to form putative iron(IV)-oxo
intermediates that are proposed to break the strong C-H bonds of a variety of

4,6,9,12,13 and

substrates.!”!”2 Iron(IV)-oxo intermediates have been trapped in enzymes
shown to convert substrates to their final product. These iron enzymes generate the
iron(IV)-oxo intermediate by the cleavage of dioxygen, presumably through a peroxo
intermediate.! Mimicking the oxygen activation of these nonheme iron enzymes with
synthetic model complexes is one step towards the goal of using oxygen for the activation
of strong C-H bonds using synthetic catalysts.

A proposal for activation of oxygen in nonheme iron enzymes involves the initial
binding of dioxygen to the iron(II) center to form an iron(Ill)-superoxo complex; this
superoxo complex can bind to a carbon or hydrogen atom to form the putative iron(III)-
peroxo intermediate. The iron(Ill)-peroxo intermediate decays through either homolytic
cleavage or, upon the addition of a proton and an electron, heterolytic cleavage. The
decay product is the iron(IV)-oxo intermediate.

While synthetic model complexes have been proposed to activate dioxygen in this
way as shown in Scheme 4.1,33-3%38 recent studies implicated peroxyl radical formation as

7374 where the formation of either

part of the mechanism for the activation of dioxygen,
peroxyl radicals or their peroxide products are responsible for the iron(IV)-oxo complex
formation. For example, in a reaction with isopropanol, [Fe!¥(O)TMC(NCCH3)]*" (6)
was generated in the presence of dioxygen through two proposed mechanisms.”
Although initial formation of some iron(IV)-oxo complex from a peroxo intermediate
was proposed (Scheme 4.2), only a small amount of the oxoiron(IV) species formed
through this mechanism. The small amount of 6 initiated a radical pathway by abstracting
a hydrogen atom from isopropanol to form hydroxyisopropyl radicals and an iron(III)-
hydroxo species. The hydroxyisopropyl radical reacts with oxygen to form a peroxyl
radical. This species then decays to a hydroperoxyl radical and acetone. The

hydroperoxyl radical abstracts a hydrogen atom from another isopropanol to generation

hydrogen peroxide and hydroxyisopropyl radical. The majority the iron(IV)-oxo complex
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formed was proposed to be the result of the reaction of [Fe"TMC(NCCH3)]*" (10) with
hydroperoxide generated from hydroxyisopropyl radicals.

Likewise, Comba found that the reaction rates of iron(II)-bispidine complexes
with dioxygen and 1,2-dimethylcyclohexane depended on the purity of the substate and
the presence of radical scavengers, or of radical initiators.”* While this work was in
progress, the Nam and Fukuzumi groups also investigated the Sc(OTf); and NaBPhs4
system with oxygen and showed that it likely also was radical based.>* While they did
react triflic acid with NaBPhy in the presence of 10 and O, the reaction was not
extensively investigated.>

Because of these new findings, we reinvestigated the reaction of 10 and oxygen
under two reaction conditions: in the presence of strong acid with BPhs™ and in the
presence of cycloalkenes. These systems showed sensitivity to radical initiators, traps,
and/or substrate purity, like those reported by Nam, Fukuzumi, and Comba. Taken
together, the accumulated data indicate a universal mechanism of dioxygen reacting with
autoxidizable substrate to generate peroxyl radicals, which are crucial to the formation of

the iron(IV)-oxo product in these synthetic systems.

4.2 Experimental

All chemicals were purchased from Sigma-Aldrich unless otherwise stated.
Fe(OTf)2(CH3CN),, was prepared according to previously reported procedures.*” TMC
was purchased from Angene International Limited or Strem. [FeTMC(CH3CN)](OTf)
was prepared by the method outlined in chapter 2. Galvinoxyl radical was purchased
from TCI America. 2,6-di-tert-butyl-4-methylphenol was purified according to
previously published methods.” Cyclohexene was either used directly from Sigma-
Aldrich (99 %) as noted or was run through an alumina column prior and vacuum
distilled before use. It was stored under argon in a -80 °C freezer. Cyclooctene was
purchased from Sigma-Aldrich (99 % or >99.5 %) and used with and without alumina

column purification as noted.
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Scheme 4.1: Previously proposed oxygen activation mechanism for 10 with a hydrogen atom
source or a proton source and an electron source.
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Scheme 4.2: Proposed reactivity of 10 with oxygen in the presence of isopropanol. Reproduced
with permission from Morimoto, Y.; Lee, Y.-M.; Nam, W.; Fukuzumi, S. Chem. Commun. 2013,
49 (25), 2500-2502. Copyright © 2013 Royal Society of Chemistry.
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All reactions were recorded using a HP8453 A diode array spectrometer with a
cryostat from Unisoku Scientific Instruments (Osaka, Japan) that maintained temperature
at 0 °C or 25 °C as necessary. A Bruker AV-500 NMR instrument was employed for
detecting products. GC analysis of products was conducted using Perkin-Elmer Sigma 3
gas chromatograph (AT-1701 column, 30 m) with a flame ionization detector.
Identification of possible impurities of cyclohexene were conducted by the Mass
Spectrometry laboratory at the University of Minnesota using a Finnigan MAT 95.

All FeTMC(OTY), samples were dissolved in anhydrous acetonitrile. Individual 2
mL samples were either exposed to air for 15 minutes for air saturated conditions or
bubbled with oxygen for one minute prior to introduction of the substrates. Perchloric
acid (70%) was diluted with acetonitrile for a 0.1 M stock solution. Sodium
tetraphenylborate was dissolved in acetonitrile for a 0.1 M stock solution. After reactions,
GC determinations were conducted after an esterification procedure used by our lab
previously’® or were determined by "H NMR using non-deuterated solvents spiked with

1,1,2,2-tetrachloroethane (D1 = 30 seconds, 64 scans).

4.3 Results and Discussion
4.3.1 Hydrogen Atom Transfer

Previously, Nam reported the reaction of cycloalkenes with 10 under air that
showed rapid production of 6. This rate was shown to depend on the strength of the
allylic C-H bond and a kinetic isotope effect (KIE) of 6.3(3) was reported for
cyclohexene, showing that C-H bond cleavage was an important component of the rate-
determining step.*® It was postulated that this step involved an incipient iron(I1I)-
superoxo species.>® However, this species was never detected. With reinvestigation of
this system, we detected no superoxo species, but rather found evidence for a radical
mechanism.

Addition of cyclohexene directly from a commercial source to 10 under air, using
the conditions reported previously, generated 6 with a rate constant of 0.70 M! s, which
is similar to the value reported by the Nam group of 1.2 M! 57128 Addition of the radical

scavenger galvinoxyl resulted in the observation of a lag phase (Figure 4.1), indicating
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that a radical chain reaction may be occurring. While some initial absorbance at 820 nm
was seen (Figure 4.1), this was not due to the formation of 6; rather, the galvinoxyl
radical absorbs in that region as well. This can be seen by comparing the 820 nm
absorbance with the other absorbance feature of the galvinoxyl radical at 428 nm, which
decreases to the point where the 820 nm absorbance reaches the minimum before
increasing again (Figure 4.3). Given this information, a more thorough investigation of a
possible radical mechanism was carried out.

Interestingly, as also found in the Comba study on 1,2-dimethylcyclohexane
oxidation, purification of the substrate made a significant difference in the reaction rate
and the length of the lag phase. Upon passing cyclohexene through an alumina column
and vacuum distilling prior to use to remove minor impurities, a lag phase of ~500 s was
seen in the reaction in air with 6 (Figure 4.2, black), and the observed sigmoidal time
course is typical of autocatalytic reactions.”” GCMS analysis of the cyclohexene substrate
showed far fewer impurities in the purified sample than in the original bottle from our
commercial source, suggesting an impurity in the substrate was acting as a radical
initiator. '"H NMR showed a peak corresponding to 2-cyclohexen-1-ol in the unpurified
substrate, while GCMS analysis indicated a number of impurities, some of which could
easily be obscured by cyclohexene peaks in the 'H NMR spectrum.

Indeed, addition of 2-cyclohexen-1-ol or 1,3-cyclohexadiene affected the reaction.
Addition of 2-cyclohexen-1-ol to the reaction showed an increase in reaction rate and no
lag phase (Figure 4.2, red). Addition of 1 equiv. 1,3-cyclohexadiene showed an even
higher reaction rate with no lag phase (Figure 4.2, blue), indicating both compounds
could be acting as radical initiators, given their having weaker C-H bonds than
cyclohexene. These impurities or similar impurities in the cyclohexene likely act as
radical initiators and give the reactivity seen upon exposure to air in the presence of 10.

The difference observed upon use of radical scavengers and the presence of
impurities in the original reaction suggests that peroxyl radicals are generated and a
peroxyl radical binds to the iron center of 10 (Scheme 4.3). This is in accordance with
what has been seen in the previous studies implicating radicals.”®’* It is interesting to

note that the likely impurities in cyclohexene that induce autoxidation are also the
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Figure 4.1: Time course at 820 nm of 0.5 mM 10 under air at 25 °C with ~100 eq. cyclohexene
in the presence (red) and absence (black) of 13 uM galviinoxyl radical. The slight increase at 820
nm at the start of the reaction with galvinoxyl is due to some absorbance of the radical at 820 nm.
The lag time between the two reactions indicates that the galvinoxyl radical delays the reaction,
indicating the presence of radical formation prior to formation of 6.
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Figure 4.2: Time course of the reactions of ~100 eq. cyclohexene with 0.5 mM 10 under air at 25
°C under varying conditions: magenta, cyclohexene used from new bottle from Sigma-Aldrich;
black, cyclohexene purified by passing through an alumina column and vacuum distilling prior to
reaction; red, addition of 2 eq. 2-cyclohexene-1-ol with the purified cyclohexene; blue, addition
of 1 eq. 1,3-cyclohexadiene with the purified cyclohexene. It should be noted that 1,3-
cyclohexadiene can only be purchased with the radical scavenger 2,6-di-tert-butyl-4-
methylphenol as a stabilizer.
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products of autoxidation.

Cyclooctene shows similar results. When radical traps are used, there is a
decrease in the rate of formation of 6 (Figure 4.5). Even when using the highest purity
available (>99.5%), there is a distinct difference between when cyclooctene is purified
first by an alumina column for the reaction and when a fresh bottle of cyclooctene is used
for the stock solution (Figure 4.4). Trace impurities are therefore likely the radical
initiators present and may account for the differences in reactivity seen in the original

experiments reported by Nam and co-workers.
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Figure 4.3: Time traces at 428 nm and 820 nm for the reaction of ~100 equiv. cyclohexene with
0.5 mM of 10 in the presence of 13 uM galvinoxyl radical under air at 25 °C. The absorbance at
428 nm is attributed the galvinoxyl radical, which decreases, along with some absorbance at 820
nm, until both disappear, and the feature that corresponds to 6 grows in.
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Figure 4.4: Time course at 820 nm of 0.5 mM 10 under air at 25 °C with ~100 eq. cyclooctene
when cyclooctene is used without further purification (black) and when cyclooctene is purified by
alumina column (red).
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Figure 4.5: Time course at 820 nm of 0.5 mM 10 under air at 25 °C with ~100 eq. cyclooctene in
the absence (black) and presence of 1 eq. 2,6-tert-butyl-4-methylphenol (red) or 1 eq.
diphenylamine (blue). Both the rate of reaction decreases as well as the yield.
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Scheme 4.3: Proposed mechanism for 10, cyclohexene and oxygen.
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4.3.2 Proton Coupled Electron Transfer

Previously, 6 was reported to form in the reaction of 10 and dioxygen in the
presence of NaBPhs and either HC1O4 or Sc(OTf)3.%%*¢ As Nam and Fukuzumi recently
reported an evaluation of the mechanism with Sc**,*® the mechanism with perchloric acid
will be the focus of the next part.

For the reaction with 10, NaBPhs4, HCIO4, and Oz, we conducted some control
experiments, the results of which are listed in Table 4.1. Under oxygen saturated
conditions at 0 °C, addition of 1 equiv. NaBPh4 and 1 equiv. HCIO4 to a 1 mM solution
of 10 in CH3CN afforded 6 in~75%-80% yield based on the intensity of the near-IR band;
0.6 mM biphenyl and ~0.6 mM of phenol were also formed as byproducts based on GC
analysis. Surprisingly, comparable amounts of biphenyl(~0.5 mM) and phenol (0.6 mM)
were obtained under the same conditions but in the absence of 10. When no iron or acid
was present, NaBPhs did not react with O,.

Given the fact that GC analysis relies on an additional esterification step, the
products of reaction were also determined by '"H NMR. Phenol and biphenyl were

observed as products when BPhs” was exposed to Oz and strong acid without 10, and in
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relatively similar yields to when 10 is present (see Table 4.1). Interestingly, there were
also peaks present that correspond to diphenylborinic acid. TOCSY showed a connection
of'a 7.75 doublet to peaks from 7.37 to 7.52 ppm (Figure 4.6), which is similar to the
values reported for diphenylborinic acid. Diphenylborinic acid has a doublet at 7.69 ppm
and multiplets from 7.45-7.48 ppm and a triplet at 7.40 ppm.”®

Nam and Fukuzumi assigned the 7.75 ppm peak and the multiplet from 7.37-7.52
ppm as arising from triphenylborane,*® but an authentic standard in CD3CN did not
produce the same peaks (Figure 4.7). Our triphenylborane sample has a multiplet from
7.20-7.26 ppm and a triplet of triplets at 7.15 ppm (Figures 4.8 and 4.9). Given that
triphenylborane reacts rapidly with air, the previously reported peaks may be the product
of this reaction, rather than triphenylborane itself. Therefore, 'H NMR data likely
indicate that another species is formed from the NaBPhs, HC104 and O; reaction, which
is likely the diphenylborinic acid.

Although not previously considered in the dioxygen activation study of 10 using
NaBPhy as a reducing agent, tetraphenylborate has been reported to react under acidic
conditions with dioxygen in a water-dichloromethane mixture to produce phenol and
biphenyl.”” While no mechanism for the formation of phenol and biphenyl was proposed
for the reaction of tetraphenylborate with dioxygen under acidic conditions, previous
studies indicated that under acidic conditions, a proton will attack the ipso position to
form triphenylborane and benzene.® It has also been noted that tetraphenylborate can
intramolecularly form biphenyl.®! Given these data and our own control experiments, the
possibility of a radical-based mechanism was explored.

The well-known radical scavenger 2,6-di-tert-butyl-4-methylphenol was
employed for the HC1O4 reaction with BPhs™. The addition of 2,6-di-tert-butyl-4-
methylphenol slowed down the reaction of HC104, NaBPh4, O, and 10, lowering the
yield of 6 to 50% (Figure 4.10). While it is known that 2,6-di-fert-butyl-4-methylphenol
reacts with 6,2 this reaction is slow compared to iron(IV)-oxo formation from HCIOs4,
NaBPhs, and oxygen. With 50 equiv. of 2,6-di-tert-butyl-4-methylphenol, over 50% of 6
remains even after two hours in our control experiment, while the radical scavenger
reaction occurs in less than 1000 seconds with only one equivalent of 2,6-di-fert-butyl-4-
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Figure 4.6: '"H NMR spectrum of products from 1 mM HCIO4 and 1 mM NaBPhy in oxygen-
saturated CD3;CN at 0 °C (black) and TOCSY spectrum using peak doublet at 7.75 ppm (red)
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Figure 4.7: '"H NMR spectrum of products from 1 mM HCIO4 and 1 mM NaBPh, in oxygen-
saturated CH3CN at 0 °C (black) compared with a spectrum of an authentic sample of
triphenylborane in CD3CN (red). Triphenylborane does not correspond to any of the peaks
detected in the reaction of HC104, NaBPhy, and oxygen.
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Figure 4.8: '"H NMR spectrum of triphenylborane in CD;CN.
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Figure 4.9: '"H NMR spectrum of triphenylborane in CDsCN, focusing on the peaks
corresponding to triphenylborane.
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Table 4.1: Products of reactions determined by GC analysis and '"H NMR quantification

Conditions Biphenyl Phenol BPh,OH BPhs
Concentration Concentration Concentration Concentration
(mM) GC/'H (mM) GC/'H (mM) 'THNMR | (mM) '"H NMR
NMR NMR
10+ O+ 0.6/0.6 0.6/0.8 0.4 0.2
BPhs + HC1O4
O+ BPhy + 0.5/0.4 0.6/0.6 0.1 0
HCIO4
O, + BPhy 0/0 0/0 0 1.1
0.3- 7~
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Figure 4.10: Time cource of 1 mM 10 in acetonitrile with 1 eq. HCIO4 and 1 eq. NaBPh4 under
saturated oxygen conditions at 0 °C without radical scavenger (black) and with 1 eq. 2,6-di-tert-
butyl-4-methylphenol (red).

Scheme 4.4: Reaction of TEMPO under acidic conditions with peroxyl radicals.
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methylphenol. This indicates that the 1 equivalent of 2,6-di-fert-butyl-4-methylphenol
reacts as a radical scavenger in the dioxygen activation reaction to reduce the yield of 6.

TEMPO was used to further probe the type of reaction occurring. TEMPO has
been shown to react readily with peroxyl radicals to form peroxides in the presence of
acid.®? Since these reactions are normally conducted under acidic conditions, addition of
TEMPO seemed like a reasonable choice to see if peroxyl radicals were forming.
Addition of 1 equiv. TEMPO to a solution with 1 equiv. NaBPhs, 1 equiv. HCIO4 acid
and 1 mM 10 slowed the reaction dramatically, compared to that without TEMPO, and
lowered the yield of 6 to ~28 % (Figure 4.11). This lowered yield upon the addition of
TEMPO suggests peroxyl radicals could be forming and reacting with the TEMPO to
form peroxides, which still are reactive towards 10 and may be responsible for the 6
produced in the presence of TEMPO.

Both radical scavengers employed show a decrease in 6 yield, indicating that

radicals are crucial to the formation of 6, against what has been previously proposed.
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Figure 4.11: Time course for 1 mM of 10 under saturated oxygen conditions at 0 °C with 1 eq.
NaBPhy and 1 eq. HCIO4 without (black) and with (red) 1 eq. TEMPO.
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4.4 Conclusion

We have expanded the set of reactions involving nonheme iron complexes that are
proposed to react through radical-based mechanisms in the presence of oxygen to form an
iron(IV)-oxo complex. The reactions of 10 with cycloalkenes or NaBPhs4 and HCIO4 in
the presence of dioxygen were already reported to form 6 through an HAT or PCET
mechanism, respectively. The dependence on purity in the case of cycloalkenes and the
fact that pseudo-first order reactivity is regained upon addition of impurities, which act as
initiators, support the generation of peroxyl radicals from dioxygen. Radical traps used in
both types of reaction decreased the yield of 6, which implicate radical formation as a
necessary part of both mechanisms. The product formation in the absence of iron in the
cases involving BPh4™ indicates that all reactions with BPhy™ react through a similar
radical-based pathway and that the iron(Il) is merely a trap for this radical. These radical-
based mechanisms, in the context of the work of Comba, Nam, and Fukuzumi,**’374
indicate that formation of peroxyl radicals in the presence of dioxygen is a very common
reaction that allows for synthetic iron(I) complexes to form iron(IV)-oxo species. This
more generalized mechanism likely explains much of the reactivity of synthetic iron(II)

complexes, and should be strongly considered whenever oxygen is present in a system.
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Chapter S
Resonance Raman Spectroscopic Characterization
Metal-Peroxo, Oxo, and Iodosylaryl Species in

Collaboration with Other Groups

Part of this work appeared in: de Sousa, D. P.; Bigelow, J. O.; Sundberg, J.; Que, L.;
McKenzie, C. J. Chem. Commun. 2015, 51, 2802-2805.

90



5.1 Introduction

In order to understand the mechanisms of metalloenzymes, an important step is
trapping and identifying intermediates species in the enzymatic cycle. One way of
identifying intermediates is resonance Raman (rRaman) spectroscopy.®* By exciting into
an absorption band, resonance enhancement is achieved, thereby requiring less of the
species under investigation as compared to Raman spectroscopy. This aids in
characterizing both enzymatic and synthetic species at low concentration. Resonance
Raman spectroscopy has been used to identify oxo and peroxo species, which are
proposed to lie along metalloenzymatic pathways."!” Intermediates can be compared to
model complexes to help identify the trapped species. By comparing similar rRaman
features, identification of fast decaying intermediates is made easier by longer lasting
synthetic complexes, which can be characterized more fully by other techniques.

Besides allowing for comparison, characterization of synthetic model complexes
also expands our knowledge of how electronics and sterics influence bond length and
strength. In order to illuminate why certain metals are prevalent in nature, metals can be
changed, a task more easily accomplished for synthetic complexes than enzymes. The
comparison of these complexes allows for an understanding of what factors affect
bonding.

Herein, the resonance Raman features of several synthetic complexes relevant to
metalloenzymes are reported. These complexes utilize two ligand systems, PyMac =
2,7,12-trimethyl-3,7,11,17-tetra-azabicyclo[11.3.1]heptadeca-1(17),13,15-triene and
tpena = N,N,N'-tris(2-pyridylmethyl)ethylenediamine-N'-acetato (Scheme 5.1). Different
complexes are generated using these ligands, including oxo, peroxo, and iodosylarene
species. The features of each of these species are compared with other, similar species
from the literature, and highlight the changes that metals and ligand environment can

have on different Raman vibrations.
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Scheme 5.1: Main ligands used in this study.
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chapter.
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Scheme 5.3: Steps in the reactions from [Fe'(PyMac)]*" and isopropyl 2-iodoxybenzoate.
Reprinted with permission from Wanhua Ye; Douglas M. Ho; Simone Friedle; Taryn D.
Palluccio; Elena V. Rybak-Akimova; Inorg. Chem. 2012, 51, 5006-5021. Copyright © 2012
American Chemical Society.
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5.2 Experimental
5.2.1 General Methods

Resonance Raman spectra were collected using Spectra-Physics Model 2060 Kr*
and 2030-15 Ar" lasers with an Acton AM-506M3 monochromator equipped with a
Princeton LN/CCD data collection system. Spectra were obtained at 77 K and kept cold
with liquid nitrogen in an EPR dewar. Raman frequencies were calibrated to indene prior
to data collection. The monochromator slit width was set for a bandpass of 4 cm™! for all
spectra. Appropriate notch filters and, if necessary, pass filters were used. All solvents
were used as received from Sigma-Aldrich unless otherwise noted. Synthesis of
complexes were reported previously.’*® Jodosylbenzene, '*O-labeled iodosylbenzene,
and 2-(tert-butylsulfonyl)-iodosylbenzene were synthesized according to published
procedures, 2628788
5.2.2 Oxo Species

Tests for generation of [Fe''(PyMAC)]** derived oxo complexes: Complex 11b
was generated in 65 % yield with a 2 mM sample at -40 °C as reported previously.®*

Since isopropyl 2-iodoxybenzoate was not very soluble in acetonitrile, only a 26
mM solution could be made where it completely dissolved. Therefore, 1 mL of 26 mM
solution of isopropyl 2-iodoxybenzoate was added to 1 mL of a 20 mM solution of
[Fe''(PyMAC)]* under argon. Unfortunately, two problems occurred: the Amax was closer
to 696 nm than 705 nm and the yield was low (40 %). A second attempt to generate 11b
with double the volume (2 mL) of 20 mM solution [Fe''(PyMAC)]** and 1.2 eq of
isopropyl 2-iodoxybenzoate solution was tested. This still had low yield, until it was
quickly warmed up in room temperature air and cooled again to -40 °C. The yield was
then nearly quantitative, but again the Amax was closer to 696 nm (the feature associated
with 1d) than 705 nm (the feature reported to be due to 11b). However, the original
authors indicated that a feature around 500 nm should be present if the complex was 11d.
Because this feature at 500 nm was not present, the spectra was assigned to 11b.

Due to the success of warming the sample, the generation was tried at -20 °C, but
the sample decayed rapidly; rather than form 11b, it appears 11d was formed. The molar
equivalents of oxidant were increased by adding 100 puL of 3.6 M cooled solution of
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[Fe''(PyMAC)]*" to a 2 mL solution of 22 mM of isopropyl 2-iodoxybenzoate at -40 °C
so that 18 mM [Fe''(PyMAC)]** could be achieved with 1.2 eq. of oxidant. However, the
yield was even lower than before (12 %). Therefore, iodosylbenzene was used as an
alternative oxidant by stirring with [Fe'(PyMAC)]*>" and then filtering off the excess, but
this did not improve yield either.

Tests for the generation of [Fe!”(O)(tpenaH)]*": Formation of
[Fe'(O)(tpenaH)]** in high enough concentration for rRaman proved to be a challenge.
The starting complex had trouble dissolving in pure water; the most concentrated solution
that completely dissolved was 4.2 mM with respect to the monomer. However, when a
1:1 mixture of acetonitrile/water was used, the complex turned from green to brown upon
freezing. Upon warming, it returned to a green color, and then upon freezing it became
brown again. Due to the color change, only pure water solutions were used in preparation
of rRaman samples.

Generation and rRaman conditions of 11b: To 2 mL of a 20 mM solution of 11 at
-40 °C, 1 mL of a 26 mM acetonitrile solution of isopropyl 2-iodoxybenzoate was added
(0.57 eq) under argon. This did not generate a high enough yield of 11b, so a total of 1.2
eq. of isopropyl-2-iodoxybenzoate was added. The yield was still not high enough, so the
solution was taken out of the cuvette and warmed up in the presence of air. The solution
was returned to the cuvette and cooled to -40 °C for a UV-vis spectrum, which confirmed
the species as 11b (see Figure 5.1b). This sample was frozen on a cold finger and rRaman
spectrum taken with rastering. An excitation wavelength of 406.7 nm at ~25 mW power
was used. The spectrum resulted from 60 second exposures for 32 accumulations

Generation and rRaman conditions of 11f: A 1 mL of a 20 mM solution of 11 in
acetonitrile was combined with 1 mL of a 26 mM solution of isopropyl 2-iodobenzoate in
acetonitrile at -40 °C under argon. A portion of the solution was allowed to warm up to
room temperature for approximately 30 minutes and turned a brick red color. To an argon
filled schlenk cuvette, 1 mL of this brick red solution and 1 mL of 26 mM solution
isopropyl 2-iodoxybenzoate were added (2.5 equivalents of isopropyl 2-iodoxybenzoate).
This was stirred at room temperature, and then cooled to -40 °C for a UV-vis spectrum.
This sample was frozen on a cold finger for rRaman with rastering. An excitation
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wavelength of 406.7 nm at ~25 mW power was used. The spectrum resulted from 60
second exposure for 64 accumulations.

Generation and rRaman conditions of [Fe(O)(tpenaH)]**: A 4.9 mM solution of
[Fe'(tpena)]*" was generated by dissolving [Fe'>(O)(tpenaH)z] (Cl04)4(H20)2 in water.
To this solution, 11 eq. of cerium ammonium nitrate (CAN) was added and stirred at 25
°C. The sample was frozen on cold finger, evacuated and rastered during collection. An
excitation wavelength of 406.7 nm was used ~20 mW power. The spectrum was collected
with 30 second exposures, with 64 scans accumulated.

Generation and rRaman conditions of [Fe!" (O)(N4Py)]** sample: 0.5 mL of DI
water was added to 0.0066 g of [Fe(N4Py)](CH3CN)(CIO4),. To completely dissolve, 5.4
eq. CAN was added at 25 °C, resulting in an 18 mM solution of [Fe'V(O)(N4Py)]** by
UV-vis spectroscopy. This was frozen on a cold finger and rastered during collection. An
excitation wavelength of 406.7 nm at ~20 mW of power was used. The spectrum was
collected with 60 second exposures for 16 accumulations.

Generation and rRaman conditions of [Fe(O)(Bn-TPEN)]*": 0.5 mL of DI water
was added to 0.0035 g [Fe(Bn-TPEN)](OTf).. Approximately 6 eq. of CAN was added to
the solution at 25 °C and stirred. The solution was frozen on a cold finger and rastered
during collection. An excitation wavelength of 406.7 nm at ~20 mW power was used.
The spectrum was collected with 15 second exposures for 256 accumulations.

Generation and rRaman conditions of [V(O)(tpenaH)]** sample: 0.0079 g of
[V(O)(tpenaH)](ClO4), was weighed out and stirred in 0.5 mL of DI H>O. As not all the
complex dissolved, the solution was filtered and then frozen on a cold finger. An
excitation wavelength of 406.7 nm at ~30 mW power was used. The spectrum was
collected with a scan rate of 1 second, with 1920 scans accumulated due to high
fluorescence
5.2.3 Iodosylarene Species

Generation and rRaman conditions of [Fe (tpena)]’* : the dimer
[Fe'',(O)(tpenaH),]*" when dissolved in acetonitrile generates the major species, a low
spin [Fe''(tpena)]*" monomer.®> Assuming all of the dimer converts to monomer, the
concentration of the sample used was 9.5 mM. This was frozen in an EPR tube. This
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sample was used for an excitation profile with ~30 mW at 406.7 nm, ~55 mW at 457.9
nm, ~60 mW at 488.0 nm, and ~ 80 mW 514.5 nm. These samples were collected at
either 30 s or 60 s exposures with 32 accumulations

Generation and rRaman conditions of [Fe™ (tpena)OIPh]*": a sample of
[Fe">(O)(tpenaH)2]*" was dissolved in CH3;CN (8.8 mM with respect to the monomer)
and treated with an excess of solid iodosylbenzene, a bright orange color appears which
corresponds to the complex [Fe(tpena)OIPh]**. This was frozen in an EPR tube. This
sample was used for an excitation profile with ~30 mW at 406.7 nm, ~55 mW at 457.9
nm, ~60 mW at 488.0 nm, and ~ 80 mW 514.5 nm. A similar procedure was followed for
¥0-labeled iodosylbenzene. These samples were collected at either 30 s or 60 s
exposures with 32 accumulations

For a higher concentration sample, the complex [Fe(tpena)OIPh]** was
generated with a 16 mM sample of [Fe'''(tpena)]*" dissolved in acetonitrile at 25 °C, to
which excess iodosylbenzene was added. This sample was filtered, transferred to an EPR
tube and frozen. A similar procedure was followed for '*O-labeled iodosylbenzene.
Excitation at 488 nm with ~40 mW power was used. Exposure of 60 seconds and 32
accumulations was used for both.

Generation and rRaman conditions for [Fe(tpena)OIAr]**: Using a 17 mM
solution, 2-(tert-butylsulfonyl)-iodosylbenzene was added, following the procedure
above. Excitation at 488 nm with ~40 mW power was used. Exposure of 15 seconds and
128 accumulations was used.

5.2.4 Peroxo Species

All Fe(OOR)tpena spectra were collected using a 568.2 nm laser line (50 mW) for
32 accumulations of 120 second exposures, except for the t-butylperoxo species, which
was collected at the same wavelength, but at 65 mW power for 60 second exposures for
32 accumulations.

Generation of cumenyl peroxo species: a 6.5 mM solution of the [Fe(tpena)]*"
was generated in CH3CN. A 0.98 mL sample was cooled to -40 °C in a 0.5 cm cuvette,
and 40 pL of a 37 mM stock solution of 80% cumene hydroperoxide diluted in CH3CN
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was added with stirring. Once the species was generated as determined by UV-vis
absorption features, the sample was frozen in a NMR tube.

Generation of hydroperoxo species: a 10.4 mM solution of the [Fe(tpena)]** was
generated in CH3CN. A 1 mL sample was cooled to -40 °C in a 0.5 cm cuvette, and 40
pL of a 40 mM stock solution of 30% hydrogen peroxide diluted in CH3CN was added
with stirring. Once the species was generated as determined by UV-vis absorption
features, the sample was frozen in an EPR tube.

Generation of t-butylperoxo species: a 7.7 mM solution of the [Fe(tpena)]**

was
generated in CH3CN. A 2 mL sample was cooled to -40 °C in a 1 cm cuvette, and 100 puL
of a 5-6 M stock solution of tert-butyl hydroperoxide was added with stirring. Once the
species was generated as determined by UV-vis absorption features, the sample was
frozen in an EPR tube.

Generation of the 9 mM samples for the chromium analysis were carried out as

described in de Sousa et al.®®

5.3 Results and Discussion
5.3.1 Iron(IV)-0xo Species

Iron(IV)-oxo0 species are important intermediates in nonheme iron enzymes.!
They are proposed in several enzymatic cycles to be the reactive intermediate that
abstracts a hydrogen atom from certain substrates. Developing an understanding of the
factors that affect the rRaman frequencies of the iron(IV)-oxo species will help us
understand their reactivity and allow for the classification of new intermediates.

The Que group has developed a number of techniques to obtain resonance Raman
spectra of iron(IV)-oxo species.’” A major problem with excitation into the ligand-to-
metal charge transfer (LMCT) band of the iron(IV)-oxo species is that it also leads to
their decay. This means that a slightly lower energy laser than the true LMCT band will
be required so the sample does not photodecay as rapidly. However, changing the
wavelength of excitation from that of the LMCT band decreases the resonance
enhancement; therefore high concentrations of the iron(IV)-oxo complex must be used.
This generally means that a frozen sample works better, although high concentration
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solution samples have been shown to work.®>*° The frozen sample must be rastered to
avoid decay. Given these parameters, we chose to start with a 406.7 nm line with the
frozen sample and raster to obtain good rRaman spectra of the iron(IV)-oxo complexes.
5.3.1.1 rRaman Studies Fe''(PyMAC) Derived Species

A major way of determining Fe=0O bond strength is rRaman spectroscopy.
Stronger bonds generally have higher frequencies. Interestingly, [Fe'(PyMAC)]*" has
been shown to form three different iron(IV)-oxo species upon the addition of isopropyl 2-
iodoxybenzoate (Scheme 5.3).34 Previously, in the Rybak-Akimova group, low
concentration samples of [Fe'(PyMAC)]** could generate complex 11b (Scheme 5.3).
This complex was stable at -40 °C for several hours and has a Amax = 705 nm (g = 240 M™!
cm™!). However, the oxo moiety can attack the ligand, producing the decay product, 11c,
from species 11b. The decay product 11¢ can react further with isopropyl 2-
iodoxybenzoate, producing 11d, an oxoiron(IV) species with Anax = 696 nm. The decay
of 11d is proposed to occur by the oxo moiety attacking the ligand again to form 11e. The
final product, 11f, is obtained by adding even more of the oxidant. The three different
oxo species, 11b, 11d, and 11f provide a rare opportunity to compare Fe-O bond strength
among similar complexes. The modification of the ligand should increase the electron
donation from the ligand, and thus lower the Fe-O stretching frequency.

rRaman spectra were obtained for two of the species present in Scheme 5.3. One
exhibited a UV-vis spectrum (Figure 5.1b) that was assigned to 11b, although the
spectrum was offset from 705 nm, which was reported previously.®* The Amax Was closer
to 696 nm than 705 nm, which was closer to the Amax of 11d. However, there was no
feature around 500 nm identified, which is present for 11d. This species was therefore
assigned 11b rather than 11d. The rRaman spectrum for 11b had a feature at 835 cm™,
consistent with an iron(IV)-oxo stretch (Figure 5.1a).

While 11d could not be characterized, a rRaman spectrum associated with 11f
was obtained. No absorbance maximum was assigned for 11f previously, so this spectrum
with a UV-vis feature at 665 nm was assigned to 11f (Figure 5.2b).%* The resonance
Raman spectrum shows a feature at 831 cm™ (Figure 5.2a), consistent with an iron(IV)-
oxo stretch.
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While complexes 11b, 11d, and 11f cannot be generated in high yield,** and often
form a mixture of products, the rRaman spectra of 11b and 11f show features in the range
of iron(IV)-oxo species previously reported.!” There is a minor shift from the peak at 835
cm’! of 11b to the peak at 831 cm™! of 11f. This is consistent with the ligand of 11f being
more electron-donating, but the shift is very small. This may be due to a mixture of
iron(IV)-oxo species, which may broaden the features of the iron(IV)-oxo peaks. This
may affect the wavenumber assignment of the peak. While there may be some impurity,
the close values of the iron(IV)-oxo stretching frequencies indicates the ligand of 11f is
not different enough from 11b to change the iron(IV)-oxo stretch significantly.
Therefore, the electronic differences in these systems are not greatly influencing the

rRaman stretching frequency for these iron(IV)-oxo species.
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Figure 5.1: a) rRaman spectrum of sample associated with 11b. Starred peak corresponds to
acetonitrile. The broadness of the peak may indicate that more than one species is present.
Aexcitation = 406.7 nm. b) UV-vis data collected at -40 °C before freezing solution on a cold finger
for resonance Raman spectroscopy. The high intensity indicates that ~10 mM of 11b was

produced.
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Figure 5.2: a) rRaman spectrum what was associated with 11f. Starred peak corresponds to
acetonitrile peak. Aexcitation = 406.7 nm. b) UV-vis spectrum at -40 °C right before freezing to cold
finger for resonance Raman spectroscopy. The Amax is 665 nm.
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5.3.1.2 Water Solutions of Iron(IV)-oxo Species

While many iron(IV)-oxo species have been characterized by rRaman
spectroscopy, rRaman spectroscopy has not been used before on synthetic iron(IV)-oxo
species with only water as the solvent.!**! Synthetic water-soluble iron(IV)-oxo species
share the solvent in common with nonheme iron enzymes, making them of particular
interest to generate and characterize. Vad et al. have demonstrated that
[Fe'V(O)(tpenaH)]** can be generated in water by the addition of cerium ammonium
nitrate (CAN).% This method of generating iron(IV)-oxo species in water led to the
characterization of such species by rRaman spectroscopy.

Initial measurements of [Fe'v(O)(tpenaH)]*" were complicated as the maximum
solution concentration that could be generated was 5 mM, which only produced a rRaman
spectrum with a very small iron(IV)-oxo peak. Other iron(IV)-oxo complexes were
generated in water with the addition of CAN to test if an increase in concentration could
be achieved. While the iron(Il) complex had limited solubility in water, the addition of
CAN generated the iron(IV)-oxo complex, which allowed for higher concentration of
iron(IV)-oxo complex to dissolve as it formed in water. Concentrations of 18 mM for
[Fe!V(O)(N4Py)]*" and 7 mM for [Fe'V(O)(Bn-TPEN)]**were generated in water in this
manner (Scheme 5.4). However, the sample of [Fe'v(O)(tpenaH)]** showed increased
fluorescence with an increase in concentration, so the 5 mM solution sample was used.

Of the iron(IV)-oxo species generated in water by the addition of CAN,
[Fe!V(O)(N4Py)]**, [Fe!V(O)(Bn-TPEN)]*", and [Fe'V(O)(tpenaH)]*" all produced peaks
that were in the range of an Fe-O stretch. Both [Fe!Y(O)(N4Py)]*" and [Fe'(O)(Bn-
TPEN)]*" had Fe-O frequencies that could be compared to those obtained in non-aqueous
solutions. The 842 cm™! peak for [Fe'V(O)(N4Py)]*" (Figure 5.5) was within error of 841
cm’!, which had been reported previously in acetonitrile, and the peak at 837 cm™! for
[Fe!V(O)(Bn-TPEN)]*" (Figure 5.6) was also within error of the peak at 835 cm’!
previously reported in acetonitrile.”® As the frequencies are not significantly different, the
species being in generated in water by CAN is the same as the one generated in
acetonitrile. This established that CAN addition is a new way of generating iron(IV)-oxo

species in water in high concentration for the study by rRaman spectroscopy.
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The spectrum of [Fe!Y(O)(tpenaH)]**showed a peak at 833 cm™! (Figure 5.3),
which could be an Fe-O stretch. However, due to a solution of pure water being
necessary for generation, no isotope labeling experiment was tried. Instead, a vanadium-
oxo complex was generated with the tpena ligand system to compare the V-O stretch with
the Fe-O stretch, as an inexpensive version of an isotope-labeling test, but comparison
was challenging due to fluorescence, which created a noisy baseline (Figure 5.4).

In summary, the generation of iron(I'V)-oxo species in high concentration with the
addition of the oxidant CAN has been proven to be an effective method of producing
aqueous iron(I'V)-oxo species for detection by rRaman spectroscopy. The excess of CAN
needed does not seem to necessarily protonate the species, as two complexes with
reported iron(IV)-oxo stretches showed no significant change in frequencies from a
sample generated in acetonitrile using iodosylbenzene as the oxidant. Interestingly, a new
iron(IV)-oxo species was characterized, [Fe'Y(O)(tpenaH)]**, which has a frequency that
falls within the range Fe-O stretches reported previously. As Fe'Y(O)(tpenaH)]** has only
been generated in water, we were able to show that it could be compared with other
iron(IV)-oxo complexes that showed the same frequencies generated in water or

acetonitrile.

Scheme 5.4: Other iron complexes generated using CAN in water and characterized by rRaman
spectroscopy.
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Figure 5.3: rRaman spectrum of [Fe'V(O)(tpenaH)]*" generated in water with CAN collected with
406.7 nm excitation; inset shows the region that has a peak that could correspond to an Fe-O
stretch.
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Figure 5.4: Noisy spectrum of [V(O)(tpenaH)]*" in water collected in a similar manner to
[FeV(O)(tpenaH)]**. The oxo related peak may be shifted from the iron complex, but due to the
noise, no conclusive assignment was made. Aexcitation = 406.7 nm.
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Figure 5.5: : rRaman spectrum of [Fe'V(O)(N4Py)]*" generated in water with CAN collected with
406.7 nm excitation; inset shows the region that has a peak that corresponds to an Fe-O stretch.
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Figure 5.6: : rRaman spectrum of [Fe'V(O)(Bn-TPEN)]** generated in water with CAN collected
with 406.7 nm excitation; inset shows the region that has a peak that corresponds to an Fe-O
stretch.
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5.3.2 Iodosylarene-iron(I1T) Complexes

Iodosylbenzene and similar species are often used as oxidants in the generation of
metal-oxo species.!” However, some species instead react with iodosylarenes to form
iodosylarene-metal complexes.®**? An iodosylarene-iron(III) species was proposed in
recent work to be an precursor to an unstable iron(V)-oxo species.®® Understanding this
species may illuminate the factors necessary for the generation of a new iron(V)-oxo
species.

The dimer [Fe"»,(O)(tpenaH),]*" when dissolved in acetonitrile generates the
major species, a low spin [Fe!'(tpena)]*>*. When this is treated with an excess of solid
iodosylbenzene, the solution turns a bright orange color which corresponds to the
complex [Fel(tpena)OIPh]*". The Raman spectra of [Fe'!'(tpena)]** and
[Fe''(tpena)OIPh]*>" were conducted to investigate their stretching frequencies.

Excitation profiles of both complexes were collected, as both were new species
and no other method of characterization had been established. [Fe'''(tpena)]** has a
feature with a Amax = 380 nm, while [Fe(tpena)OIPh]** has a broad shoulder at ~450 nm.
Based on internal comparison of major peaks (815 cm™ and 1286 cm™') in the spectra of
[Fe(tpena)]** to the main solvent peak at 922 cm™! allowed for a general trend to be
established of decreasing intensity associated with the features from the complex with
decreasing energy of the line (Figure 5.7). It should be noted, however, that the 406.7 nm
and 457.9 nm lines produced very noisy spectra, and the 514.5 nm line spectra did not
contain the 1286 cm™! peak due to the smaller spectral window. However, the basic trend
of the excitation profile conducted indicates that 815 cm™! is resonance enhanced and that
the 406.7 nm line is closest to what appears to be a LMCT or n-to-n* transition. Changes
in the collection could allow for better spectra with the 406.7 nm and 457.9 nm, so a
better peak comparison con be used for a more quantitative analysis.

The [Fe'(tpena)OIPh]*" complex unfortunately blackens upon irradiation with
the 406.7 nm line, indicating some kind of photodecay. However, given that many
complexes bleach instead of becoming darker upon irradiation with the 406.7 nm line,

this indicates that the 406.7 nm laser may aid in unmasking the FeV=0 species proposed
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Figure 5.7: Excitation profile of [Fe'(tpena)]** comparing the intensity of the peak at 815 cm™ to
the solvent peak at 922 cm™!.
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Figure 5.8: Resonance Raman excitation profile of [Fe(tpena)OIPh]** following the 665 cm™
peak seen in all spectra.
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as the reactive intermediate in the catalysis of the oxidation of thioanisole in the presence
of excess iodosylbenzene.

Even though decay occurs in with the 406.7 nm line, it is still included in an
excitation profile of the 665 cm™ peak from the iodosylbenzene complex (Figure 5.8).
This was the only peak to be seen clearly in all the spectra collected and does not have a
corresponding peak in the [Fe''(tpena)]** spectra. It seems that the 488.0 nm line is where
the greatest resonance enhancement occurs, which is not surprising given the increased
absorbance in this area from [Fe'(tpena)]** to [Fe"((tpena)OIPh]?".

The resonance enhancement of the 488.0 nm spectrum allowed for many peaks
attributed to [Fe'''(tpena)OIPh]*" to be clearly observed (Figure 5.9). This allowed for the
possibility of 130 labeling experiments to be worthwhile. Comparison of the labeled and
unlabeled spectra (Figure 5.9) did not show any isotope-induced shifts. The fault does not
lie in the '®0O-labeled iodosylbenzene, as the same ®0-labeled iodosylbenzene was used
later for successful labeling of an unrelated species. The lack of peak shifting indicates
that the vibrations of [Fe''(tpena)OIPh]*" may not be affected by labeling, which could
be due to a linear bond or exchange with water present in the solution which may have
decreased the labeling of the complex. Coupling may also result in the Fe-O stretch and
the I-O stretch moving together, making isotope labeling inconsequential. It is also
possible these vibrations are not due to I-O or Fe-O bonds.

To aid in the determination of the origins of the vibrations in the rRaman of
[Fe(tpena)OIPh]**, [Fe(tpena)]*" was reacted with 2-(tert-butylsulfonyl)-
iodosylbenzene to form the analogous species [Fe'''(tpena)OIAr]*". The rRaman of this
new complex is shown in Figure 5.10. Peaks shifted compared to the iodosylbenzene
complex, from 434 cm™ to 448 cm™! and from 668 cm™! to 679 cm™. Since the peaks both
shift upwards with use of 2-(tert-butylsulfonyl)-iodosylbenzene, it seems unlikely that
one of the vibrations represents the Fe-O bond and the other the I-O bond. If they were,
the bond strength of one should increase while the other decreases. The lower frequency
could be the I-O bond, as 431 cm™! and 488 cm! have been reported as the I-O stretching

for iodosylbenzene” — in fact, there is a 488 cm™! peak in both spectra.
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The resonance Raman spectra of a related complex [Fe(OC1)(MeN4Py)]** have
been reported, where MeN4Py = 1,1-di(pyridin-2-yl)-N,N-bis(pyridin-2-
ylmethyl)ethanamine.®* Three major frequencies are assigned: Fe-O stretch at 653 cm™,
O-Cl at 580 cm’!, and a symmetric Fe-O-Cl bend at 673 cm™'. The symmetric bending
mode is not perturbed by '®O-labeling, but slightly be the replacement of the chloride
with a bromide. The small shifting frequency upon a larger atom being used is analogous
to the replacement of iodosylbenzene with 2-(tert-butylsulfonyl)-iodosylbenzene for the
formation of iodosylarene complexes from [Fe!'(tpena)]**. While no peaks shift upon
¥0-labeling of [Fe!''(tpena)OIPh]**, two peaks shift upon changing the iodosylarene. The
peak at 668 cm™! for [Fe''(tpena)OIPh]*>" and at 679 cm™ for [Fe'''(tpena)OIAr]*" is very
similar to the Fe-O-Cl bend of [Fe(OCI)(MeN4Py)]?>" at 673 cm™'. It may be that these
peaks in [Fe''(tpena)OIPh]*" and [Fe"(tpena)OIAr]** represent an Fe-O-I bending mode.
This assignment could explain the lack of sensitivity to '30-labeling for
[Fe(tpena)OIPh]*": the peaks are not isolated stretches, e.g. Fe-O and I-O, but rather
bending modes or combined stretching frequencies.

Very few other nonheme iodosylarene-iron(I1I) species have been characterized
by resonance Raman. Two nonheme examples was characterized by the Nam group,’? yet
there are startling differences between these complexes and the iodosylarene-iron(I11)
complexes reported herein. First, the Amax = 660 nm for the Nam complees, while no such
feature exists for [Fe''(tpena)OIPh]?". Instead, there is a feature around 450 nm. The two
types of complexes are also different in the rRaman features. For the window shown for
the Nam group complexes, only small peaks at 772 cm™! for [Fe'"(13-TMC)(OIArFs)]**
and 783 cm’! for [Fe™(13-TMC)(OIPh)]*" were seen. These areas are unfortunately often
obscured by notch filter bleed in our samples, so small peaks may go undetected.
However, even in spectra where there is less notch filter bleed, we do not see peaks in
that region. While these four complexes are all iodosylarene-iron(III) species, there
obviously is some difference due to the peaks in both the electronic spectra and the
rRaman spectra. This may be due to ligand effects. The negatively charged tpena ligand
forms a seven-coordinate iodosylbenzene complex based on the crystal structure, while

the neutral 13-TMC may only provide a five-coordinate compound. This can alter both
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the bond strength and angle of the iodosylarene, and may contribute to the differences

seen.
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Figure 5.9: Comparison of rRaman spectra of *O-labeled (blue) and unlabeled (black)
[Fe(tpena)OIPh]** upon 488.0nm excitation. The spectra are very similar, indicating either
exchange with water, a linear bond, or that these vibrations do not involve oxygen. The peak at
around 800 cm™! seems likely to be notch filter bleed.
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Figure 5.10: A comparison the rRaman spectra of [Fe"(tpena)OIPh]*" (black) and
[Fe"(tpena)OIAr]*" (red) collected with a 488.0 nm excitation. The peaks of [Fe(tpena)OIPh]**
labeled by the black circles shift to the peaks of [Fe(tpena)OIAr]*" labeled by the red squares:
434 cm! to 448 cm! and from 668 cm™ to 679 cm!. The 488 cm™! peak does not move and 603
cm’! decreases in intensity.
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5.3.3 Peroxo Complexes
5.3.3.1 Iron(III)-peroxo Species

Peroxo species are implicated as intermediates in many different metalloenzymes,
most importantly nonheme iron enzymes.! Building a library of such compound allows
for comparison between synthetic and new enzymatic intermediates that can only be
trapped and characterized by rRaman spectroscopy.

Upon addition of hydrogen peroxide, cumene hydroperoxide, t-butyl
hydroperoxide to [Fe(tpena)]** in CH3CN, intense purple features appeared, typical of
iron(I11)-peroxo species. The rRaman spectra of these complexes indicate that these are
end-on low-spin iron(I1I)-peroxo species.

The t-butylperoxo species had a frequency at 682 cm™', which we assign to the Fe-
O stretch, and a frequency and at 790 cm™! that we assign to O-O stretch (Figure 5.11).
These signals are consistent with what has been reported previously for end-on low-spin
iron(I1I)-t-butylperoxo species, where Fe-O stretches from 685 cm™ to 696 cm™ and O-O
stretches between 790 cm™ and 796 cm™! have been reported.”>*’ A previously reported
end-on low-spin iron(IlI)-t-butylperoxo species using the tris(2-pyridylmethyl)amine
(TPA) ligand was reported to have an Fe-O stretch at 696 cm™ and an O-O stretch at 796
cm™!,% while an iron(11I) t-butylperoxo species with a modified version of the ligand, 6-
Mes;TPA, was high-spin and had an Fe-O stretch at 648 cm™ and a Fermi doublet at 844
and 880 cm™!.”® The shift to a much higher O-O stretch and a lower Fe-O stretch indicates
the transition from a low spin complex to a high spin complex. However, our complex
was not at such high or low values, as is consistent for a low-spin iron(III)-peroxo
species.

The hydroperoxo species exhibited two features, one at 615 cm™ that was
assigned to an Fe-O stretch and another at 789 cm™ that was assigned to an O-O stretch
(Figure 5.12). These values fall within the range of end-on low-spin iron(III)-
hydroperoxo species, which have Fe-O stretches from 609 cm™ to 632 cm™ and O-O
stretches from 790 cm™! to 811 em™..! For comparison, a much higher O-O stretch (830-

891 cm™) is reported for high-spin iron(III)-peroxo species.?!**102
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Interestingly, the cumenylperoxo iron(III) species showed a higher Fe-O stretch
than had been previously reported for low-spin iron(I1I)-cumenylperoxo species. While
the cumeneperoxo iron(I1I) species had a frequency at 685 cm™ assigned to the Fe-O
stretch (Figure 5.13), previously reported low-spin cumenylperoxo-iron(III) species have
Fe-O stretches that occur at 615 cm™ to 631 cm™!.1%%1% While the Fe-O stretch is higher
than expected, the possible O-O stretches of 770 cm™! and 786 cm™! is close to the range
of previously reported species: 795-799 cm™.!%31% Likely, the difference in Fe-O
frequencies between this work and what is reported previously results from a sulfur
ligand bound axially in all previous cases. Without such an electron-donating species, the
Fe-O bond would likely be stronger.

The iron(I1I)-peroxo species shows similar results as what has been reported
previously, but add to the collection with an example of carboxylate ligation often found
for the active sites of nonheme iron enzymes. This ligation change did not bring about a
high-spin complex, and it does not seem the free pyridyl arm interacted with the peroxo

portion in any significant way.
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Figure 5.11: Resonance Raman spectrum of [Fe™(OOtBu)(tpenaH)]** shows distinct peaks at
682 cm’!, corresponding to an Fe-O stretch, and 790 cm™, corresponding to an O-O stretch. These

are indicative of a low-spin iron(IIl)-peroxo species. Solvent peaks marked with asterisks. Aexcitation
=568.2 nm.
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Figure 5.12: Resonance Raman spectrum of [Fe"™(OOH)(tpenaH)]*" shows peaks at 615 cm™,
corresponding to an Fe-O stretch, and 789 cm™, corresponding to an O-O stretch. These are
indicative of a low-spin iron(Ill)-peroxo species. Solvent peaks marked with asterisks. Aexcitation =
568.2 nm.
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Figure 5.13: Resonance Raman spectrum of [Fe™(OOCm)(tpenaH)]** shows peaks at 685 cm’!,
corresponding to an Fe-O stretch, and a doublet at 770 cm™! and at 786 cm™, corresponding to an
0O-O stretch. These are indicative of a low-spin iron(Il)-peroxo species. Solvent peaks marked
with asterisks. Aexcitation = 568.2 nm.
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Table 5.1: rRaman stretching frequencies of Fe(OOt-butyl) species

Species Fe-O stretch (cm™?) | 0-O stretch (cm™') | Spin Ref.
Fe(TPA) 696 796 LS 93
Fe(L) 694 790 LS %
Fe(B-BPMCN) | 685 793 LS 77
Fe(6-MesTPA) | 648 880/844 HS %8

Table 5.2: rRaman stretching frequencies of Fe(OOH) species

Species Fe-O stretch (cm™) | 0-O stretch (cm™') | Spin Ref.
Fe(N4Py) 632 790 LS 105,706
Fe(Py5) 627 806 LS 105
Fe(H-TPEN) 625 801 LS 107
Fe(Me-TPEN) 617 796 LS 107
Fe(Pc-TPEN) 617 796 LS 107
Fe(pb)2 623 811 LS 108
Fe(TPA) 626 789 LS 106
Fe(Me-TPPN) 609 799 LS 109
Fe(TMC) 676 870 HS 31
Fe(Hzbbpa) 621 830 HS 100
Oxyhemerythrin 503 844 HS 101
E11A-SOR 567 838 HS 102
Fe(cyclam-PrS) 419 891 HS 99

Table 5.3:

rRaman stretching frequencies of Fe(OO-cumenyl) species

Species Fe-O stretch (cm™) | O-O stretch (cm™') | Spin | Ref.
Fe([15]aneN4)(SAr) 615 795 LS 103
Fe([15]aneN4)(SAr) 623 799 Ls | '™
Fe([15]aneN4)(SArF4SArFs) | 631 797 LS 104
Fe([15]aneN4)(SArNOz) 625 798 LS 104
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5.3.3.2 Side-on Peroxo Chromium Complex

While chromium is not usually a metal utilized by biology, it still can form oxo
and peroxo species.? 11116 These species are interesting to compare with more common
metals utilized in biology to learn what makes certain abundant metals more common for
enzymes.

A side-on chromium-peroxo species could be generated using the same tpena
ligand. Addition of excess hydrogen peroxide to a solution of [Cr'"(tpenaH)]*" in
acetonitrile allowed a purple species to be generated.®® This solution was frozen and
characterized by rRaman spectroscopy. Three laser excitation wavelengths were used:
413.0 nm, 514.5 nm, and 647.1 nm. All showed a peak at 878 cm™!, the intensity of which
varied little compared to the solvent peaks. The spectrum from the 413.0 nm excitation
was compared with spectra for [Cr!{(tpenaH)]*" and [Cr(OH)(tpena)]*" with the same
excitation wavelength (Figure 5.15). Neither spectrum had a peak in that region. Based
on this, the 878 cm™! peak was assigned to an O-O stretching frequency. No '#O-labeling
was attempted as the equivalents of hydrogen peroxide needed for formation of the side-
on peroxo complex would make labeling too expensive. Interestingly, the spectrum of the
peroxo species excited by 647.1 nm laser line displayed a second peak, which may be the
Cr-O stretch (Figure 5.14).

The frequency of the O-O stretch for the side-on peroxo species is comparable to
other side-on peroxo species that have been reported previously (Table 5.4).!'%!17 The
only other known Cr side-on complex generated in acetonitrile [Cr(n2-O2)(12-TMC)CI]*
has a peak at 865 cm™! corresponding to an O-O stretch,'!® which is similar to the 878 cm’
! reported here.

The O-O stretching frequencies are larger than those reported for side-on
iron(I1I)-peroxo species (see Table 5.4), which is interesting, as there is a trend among
TMC-based complexes from Fe to Co to Ni, where the O-O frequency increases across
the row. However, chromium(IV) cannot donate into the O-O ©* orbital like the more
electron rich metals can. Perhaps this donating ability is why later periodic metals are

often incorporated into metalloenzymes.
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Table 5.4: rRaman stretching frequencies of side-on peroxo species

Complex 0-O stretch ('*0) cm’! Reference
Cr(n2-O2)(tpena) 878 89
Cr(p-02)(12-TMC)CI 865 (820) I
(m1-00)(1n2-02)CrO2(Xe) 917 (861) 17
Fe(12-02)TMC 825(781)/826(785) 332
Co(2-02)(12-TMC) 902 (845) IS
Ni(12-02)(12-TMC) 1002 (945) 19
Fe(N4Py)(12-O2) 827 (780) 103
Fe(TPEN)(12-02) 817 107
Fe(EDTA)(m2-02) 816 (776) 0
Fe(trispicMeen)(12-02) 819 (776) 107
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Figure 5.14: Resonance Raman spectrum of [Cr(OO)(tpenaH)]*>" with an excitation of 647.1 nm.
A peak at 878 cm! was observed, which was assigned to the O-O stretch. Lower frequency
features may correspond to the Cr-O stretch. Solvent peaks marked with asterisks.
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Figure 5.15: Resonance Raman spectrum of [Cr(OO)(tpenaH)]*" (blue), [Cr(OH)(tpena)]" (red),
and [Cr(tpenaH)]*" (black) with an excitation of 413.0 nm. A peak at 878 cm™! was observed only
for [Cr(OO)(tpenaH)]**, which was assigned to the O-O stretch.
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Figure 5.16: Resonance Raman spectrum of [Cr(OO)(tpenaH)]*" (red) and [Cr(tpenaH)]*>* (black)
with an excitation of 514.5 nm. A peak at 878 cm™ was observed only for [Cr(OO)(tpenaH)]*",
which was assigned to the O-O stretch.
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5.4 Conclusion
Resonance Raman spectroscopy remains a spectroscopic tool especially useful in

the bioinorganic field.®* Resonance Raman spectroscopy allows us to probe the vibrations
associated with a specific transition. The excitation into a LMCT band probes the metal
bonding interactions. We have characterized a wide variety of complexes. While
complexes, such as the iron(Ill)-peroxo species and the iron(IV)-oxo species, have been
reported before, new techniques and comparisons increased the library of complexes to
call upon. Newer complexes, of which there are few examples reported, such as the side-
on Cr(IV)-peroxo and Fe(IlI)-iodosylarene species, allow for such a library to begin to
expand our understanding the bonding of these complexes. Understanding the bonding of
synthetic model complexes allows for us to better understand the bonding in

metalloenzymes.
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Chapter 6
Conclusions

120



6.1 Conclusions

While a wide array of topics have been covered within the field of biomimetic
synthetic model complexes, each has a major conclusion that applies to the larger scope
of synthetic model complexes.
6.1.1 Reactivity of Oxoiron(IV) Complexes

The iron(IV)-oxo complexes presented in chapters 2 and 3 show how variable the
reactivity of iron(IV)-oxo complexes actually is, even using the same TMC-framework.
Within the TMC-based iron(IV)-oxo complexes, there is no consistent correlation
between HAT reactivity and Ep ¢ values. Because the TSR model rests on a more
electron-donating axial ligand bringing the S = 1 state closer to the S = 2 state, this data
calls into question how relevant the TSR model is to understanding the HAT reactivity of
iron(IV)-oxo complexes. While modifications to this model indicate the importance of a
large tunneling component, this was not shown to be the deciding factor in the reactivity
of axially ligated carboxylate complexes. Eyring plots of these complexes indicated the
difference between tethered and untethered ligands was enthalpically based, likely due to
axial bond weakening appearing necessary with the less flexible ligands.
6.1.2 Reactivity of Iron(II) Complexes with Dioxygen

Some reactions appear initially to be biomimetically relevant, but actually
proceed through a different pathway. Such is the case of the radical reactions involving
oxygen and either a proposed hydrogen atom transfer reagent or a reductant and a proton
donor. While previously proposed to proceed through an iron(III)-superoxo that was
converted to an iron(III)-peroxo, the sensitivity of rates to purification, radical traps, and
radical initiators all indicate that the oxygen is first being activated to form peroxyl
radicals that then react with the iron(IT) complex. Careful evaluation of oxygen reactions
for such radical involvement is absolutely necessary for the creation of true oxygen-
activating synthetic model complexes.
6.1.3 Resonance Raman Spectroscopy of Metal Complexes

While many synthetic model complexes have been characterized, the expansion
of the library of those complexes characterized by rRaman spectroscopy is especially
illuminating. Some complexes fit well into previously defined categories: iron(IV)-oxo
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complexes often have an Fe=O stretch in the range of 800-850 cm™ and low-spin
iron(I1I)-peroxo complexes have O-O vibrations from 790-810 cm™,"!7 which our
complexes also showed. However, nonheme iron(Ill)-iodosylarene complexes are less
well defined, and two distinct peaks, not previously seen, are indicative of these types of
complexes. Also, the chromium side-on peroxo complex shows a similar O-O frequency

to the only other recorded complex studied in solution of this type.

6.2 Future Work

The work in this thesis has attempted to answer many questions pertaining to
nonheme synthetic model complexes, but questions still remain.
6.2.1 Reactivity of Iron(IV)-oxo Complexes

One intriguing question that still has not been fully answered is what factors
affect HAT for iron(IV)-oxo complexes. Chapters 2 and 3 have tried to address
differences with previously proposed models, but there still is no general understanding
of the factors that contribute to HAT reactivity. The enthalpic difference between
tethered and untethered axial ligands is especially intriguing. Some initial results have
shown that higher enthalpies of activation are common for tethered ligands, but more
enthalpic data would indicate if this is a common factor for all tethered systems.
Systematic studies of the Eyring parameters for HAT reactions of oxoiron(IV) complexes
are underway by our group and the Costas group, which should help illuminate the
important components of HAT, especially if combined with computation studies.

The lack of a general correlation to E, ¢ values also indicates that the rate of HAT
with iron(IV)-oxo complexes having TMC-based ligands are not controlled by electron
transfer. Resonance Raman spectroscopic studies indicate that either the reactivity is not
correlated to bond strength or that the iron(IV)-oxo stretches are not based entirely on
bond strength. As there is also no correlation with KIE values, it seems likely that a new
explanation must be proposed for the reactivity. One method for understanding the
reaction better would be to characterize not just the organic products, but the iron
products as well. This would likely require isolating the proposed iron(II)-hydroxo
complexes, a challenging task within itself, as no one has to date isolated an
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Fe'"'(OH)TMC complex. TMC-based ligands are a candidate for trapping such a product,
as they have been shown not to dimerize. Isolating the species produced after HAT
reactions will help with DFT calculations and understanding the transition state. This
information, combined with the Eyring parameters, will aid in determining what factors
actually affect reactivity.
6.2.2 Reactivity of Iron(II) Complexes with Dioxygen

The results from radical formation in the presence of oxygen are especially
important for evaluating both past and future work done with oxygen as the oxidant. All
studies should rule out radicals before proposing any intermediate based on oxygen
binding directly to iron. In fact, there are still studies in the literature that have not ruled
out peroxyl radical formation in what has been proposed as dioxygen activation. For
example, Nam has proposed that 10 reacts with dioxygen in the presence of a NADH
mimic, BNAH, and an acid.*® However, given the new information about dioxygen
activation, it seems likely that this reaction also involves peroxyl radicals. Tests for
radical formation should be conducted for it to be established as true dioxygen activation.

To actually pursue biomimetic dioxygen activation, second sphere modifications
seem a likely avenue. The ability to stabilize certain intermediates may allow the iron
center to activate dioxygen. Introduction of proton and electron donors in the second
sphere may allow peroxo intermediates to be trapped and characterized. One complex has
been able to complete these steps, but it has not yet led to the formation of an iron(IV)-
oxo species from the peroxo complex.’® A ligand with second sphere interactions may
allow for an iron(II) complex to form a superoxo, then a peroxo, and finally an oxo
species, all utilizing the same ligand.
6.2.3 Formation of Iron(V)-oxo Complexes

Formation of iron(V)-oxo complexes, which would mimic a proposed
intermediate of Rieske dioxygenases, is an active area of research. lodosylareneiron(III)
complexes may allow for the formation of an iron(V)-oxo complex based on their
previously proposed reactivity.® Photolytic reactions seem to hold promise for the
generation of iron(V)-oxo complexes. By unmasking the iron(V)-oxo species, OAT
reactivity can be compared to iron(IV)-oxo complexes, especially the reactivity of the
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iron(IV)-oxo complex utilizing the same ligand system. Such systems will be helpful in

understanding Rieske dioxygenases, and may react with similar substrates.

6.3 Larger Scope

Returning to the enzymes that inspired the investigations of this thesis, there is
much to be applied from the studies of these biomimetic complexes. As mentioned in
chapter 5, the library of complexes characterized by rRaman spectroscopy has grown, and
even metal-replaced enzymes will likely have small molecule models available for
comparison. The iron(IV)-oxo complexes do tease out some important features for
nonheme monoiron enzymes to test. For instance, the importance in the flexibility of the
carboxylate ligand towards reactivity indicates that a similar ligand flexibility could be
present in heme or nonheme monoiron enzymes that allows for greater reactivity of the
iron(IV)-oxo intermediate. It also seems likely that the ligands present in the active site
are not there due to simply the electron-donating power of such ligands. Likely, the
diversity seen in these ligands is promoted by second-sphere residues, which is emerging
as a strategy to trap reactive intermediates and create effective catalysts in biomimetic
systems. Focusing on these differences in nonheme monoiron enzymes might illuminate

why such similar active sites have such a range of reactivity.
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Appendix
Figure 3.S1. The electrospray ionization mass spectrum (ESI-MS) of 3(BPhs) showing
the observed (top) and expected (bottom) isotope distribution patterns for the ion

fragment 3. Work performed by Dr. Jason England.
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Figure 3.S2. The electrospray ionization mass spectrum (ESI-MS) of 7(BPhs), showing
the observed (top) and expected (bottom) isotope distribution patterns for the ion

fragment 7. Work performed by Dr. Jason England.
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Figure 3.S3. The electrospray ionization mass spectrum (ESI-MS) of 8[OTf], showing

the observed (top) and expected (bottom) isotope distribution patterns for the ion

fragment 8. Work performed by Dr. Jason England.
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Figure 3.S4. Resonance Raman spectra (Aex = 407 nm, power = 20 mW) of the
carboxylate bound oxoiron(IV) complexes (black lines) and their !30-labeled
isotopomers (red lines), recorded in frozen CH3CN solution. Top panel: 3; middle panel:

7; bottom panel: 8. Work performed by Dr. Jonathan Frisch.
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Figure 3.S5. "H-NMR spectra of 3 (upper panel) and 7 (lower panel) recorded in CD;CN
solution at room temperature. Acquisition time = 0.064 sec.; relaxation delay = 0.03 sec.;
line broadening factor = 30 Hz. Comprehensive peak assignments are provided below.

Work performed by Dr. Jason England.
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Figure 3.S6. "H-NMR spectra of 3 (upper panel) and 8 (lower panel) recorded in CD;CN
solution at -20°C. Acquisition time = 0.064 sec.; relaxation delay = 0.03 sec.; line
broadening factor = 30 Hz. Comprehensive peak assignments are provided below. Work

performed by Dr. Jason England.
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